City Research Online
City St George’s, University of London

ST GEORGE'S

UNIVERSITY OF LONDON

Citation: Khan, S. & Abdullah, F. (1993). Finite element modelling of
multielectrode capacitive systems for flow imaging. IEE Proceedings Circuits
Devices and Systems, 140(3), pp. 216-222. doi: 10.1049/ip-g-2.1993.0035

This is the accepted version of the paper.

This version of the publication may differ from the final published version. To cite
this item please consult the publisher's version.

Permanent repository link: https://openaccess.city.ac.uk/id/eprint/23734/

Link to published version: https://doi.org/10.1049/ip-g-2.1993.0035

Copyright and Reuse: Copyright and Moral Rights remain with the author(s) and/or
copyright holders. Copies of full items can be used for personal research or study,
educational, or not-for-profit purposes without prior permission or charge, unless otherwise
indicated, provided that the authors, title and full bibliographic details are credited, a
hyperlink and/or URL is given for the original metadata page and the content is not changed
in any way. For full details of reuse please refer to City Research Online policy.

City Research Online: http://openaccess.city.ac.uk/ publications@citystgeorges.ac.uk



https://openaccess.city.ac.uk/policies.html
mailto:publications@citystgeorges.ac.uk
http://openaccess.city.ac.uk/

Finite element modelling of multielectrode
capacitive systems for flow imaging

S.H. Khan
F. Abdullah

Indexing terms: Electrical capacitive tomography, Finite element modelling, CAD of instruments, Flow imaging, Field simulation

Abstract: The CAD of a complex multielectrode
arrangement for flow imaging is explored using
the finite element method (FEM). This electrode
arrangement forms the primary sensor subsystem
for an electrical capacitive tomography (ECT)
system. Results are presented in the form of
sensor’s performance parameters as functions of
its various geometric parameters. The per-
formance parameters include the standing and
normalised capacitances, ratio of the maximum to
minimum capacitance of the sensor (Kc) and the
sensor’s spatial sensitivity distributions. Extensive
computer simulation studies were undertaken in
calculating these parameters, and the techniques
in finite element (FE) model definition, mesh gen-
eration and refinement, error minimisation and
checking are highlighted in the paper in relation
to the effective and efficient use of the FEM.
Detailed results for a particular sensor design are
compared with an experimental prototype and
found to give good agreement. The response of the
sensor to various flow regimes is also presented
and analysed to optimise its performance for
image reconstruction.

1 Introduction

In recent years electrical capacitive technique for meas-
urement and imaging of two-phase flows in real time has
gained considerable momentum [1, 2]. The technique
involves a number of capacitive electrodes mounted cir-
cumferentially around a flow pipe, and relies on changes
in capacitance values between electrodes owing to the
change in permittivities of flow components. Capa-
citances are measured between various electrode pairs
and the data thus obtained are used to reconstruct cross
sectional distribution of flow components. Beck et al. [3]
first proposed this technique which has been found to
have considerable potential for use in process industry,
especially oil industry. Compared to other existing tom-
ography systems, electrical capacitive systems are cheap,
fast, noninvasive and simple in construction. From now
on by ‘system’ we will mean the primary sensor sub-
system of the ECT system.
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Fig. 1 shows the cross section of a 12-electrode capa-
citive system which consists of 12 symmetrically mounted
capacitive electrodes on the insulating section of a pipe-
line. The earthed radial screens in-between the electrodes
reduce large capacitances between adjacent electrodes.
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Fig. 1 Cross section of a 12-electrode capacitive system for ECT flow

imaging (not in scale)

The outer screen with radius R; is earthed to shield the
electrode system from stray fields. The empty space
between this screen and the pipe wall outer surface is
filled with dielectric material (¢ = ¢;;) which insulates the
electrodes from the screen. The thickness of the pipe wall
(e=¢,,) 0, =R, — R, can be varied by varying the
outer radius R, while the inner radius R, remains con-
stant for a given pipeline.

For data acquisition, one of the electrodes (‘active elec-
trode’) is given a constant potential and the capacitances
between this and other electrodes (‘detecting electrodes’,
kept at zero potential) are measured by discharging the
active electrode and measuring the discharging currents
(proportional to the unknown capacitances) from the
detecting electrodes [1]. For any given pair of electrodes,
a region of positive sensitivity can be found inside the
pipe within which a unit dielectric increase leads to an
increase in their measured capacitances. For all different
combinations of electrode pairs, these narrow regions of
positive sensitivity create the total positive sensing area
of the electrode system over the pipeline cross section. A
suitable image reconstruction algorithm could be used to
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exploit the functional relationship between the measured
capacitances, dielectric and sensitivity distribution func-
tions, and solve the inverse problem of determining the
flow component distribution over the pipe cross section
[2].

The quality of the reconstructed image and the per-
formance of multielectrode capacitive systems depend on
the uniformity of sensitivity distribution between elec-
trodes which, in turn, depends on the inherently nonuni-
form electric field distribution inside the flow pipe. This
nonuniformity depends strongly on the geometric and
material parameters of the system (6, d,, J,, scgp, scth,
the number of electrodes N, ¢,,, and ¢,;) shown in Fig. 1.
This necessitates the need for the CAD of electrode
systems [4] to optimise their geometric parameters and
achieve the best system performance (the material param-
eters, ¢,, and ¢.; of an electrode system are often fixed).
Basically, this involves the solution of two mutually
integrated problems: (i) the forward problem of field
analysis and (ii) the inverse problem of image reconstruc-
tion. The data obtained from the solution of the forward
problem are fed into the image reconstruction algorithm
in the form of capacitance measurements and the corre-
sponding sensitivity distribution maps over the flow pipe
cross section. Thus it becomes obvious that accurate and
reliable field modelling is vitally important for the CAD
and performance evaluation of ECT electrode systems.
The modelling techniques and strategy adopted in the
paper are directly applicable to the CAD of other electri-
cal tomography systems, such as the electrical impedance
tomography (EMT) and electromagnetic tomography
(EMT). This is because, although these three techniques
represent different physical phenomena, mathematically
their basic underlying principles are defined by the same
set of equations.

2 Finite element modelling of capacitive
electrode systems

2.1 Assumptions and the field equation
Two-dimensional (2D) FE modelling of capacitive elec-
trode systems was carried out under the following
assumptions: (i) The fringing field effects due to the finite
length of electrodes are negligible; this assumes that the
electric field distribution remains the same for any plane
perpendicular to the axial direction of the flow pipe. (ii)
Flow component distribution of a two-component flow
does not change spatially along the pipe axial direction
(at least not within the electrode length). (iii) Permit-
tivities of flow components remain constant and do not
depend on the field; this assumes the linearity of permit-
tivities for any given field.

Under these assumptions, the electric field in the elec-
trode system shown in Fig. 1 is governed by the following
Laplace’s equation

V- [e(x, )VO(x, y)] = 0 (1)

This equation is solved by FEM [5] in terms of electro-
static potential ® = ®(x, y) for given space-varying per-
mittivities of flow component distribution ¢ = g(x, y). Fig.
2 shows the finite element model of the electrode system
shown in Fig. 1 and the boundary conditions under
which eqn. 1 is solved. After solving eqn. 1, field intensity
and flux density vectors E and D = ¢E, and, subse-
quently, capacitance between any pair of electrodes are
calculated from the known potential distributions in the
system (see Section 2.2).

2.2 Different aspects of FE modelling
Considering the sensor’s geometric features, modelling
accuracy requirements and various modelling options the
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Fig. 2
model)

Finite element model of 12-electrode capacitive system (full

following aspects have been taken into account: (i) pre-
processing time and effort required to set up the model;
(i) symmetry of FE mesh for symmetrically positioned
electrodes; (iii) discretisation of the model with finite ele-
ments, and its consistency for various sensor models with
different geometric parameters; (iv) postprocessing:
capacitance calculation; (v) errors.

CAD and FE modelling of capacitive electrode
systems could be very computationally intensive, espe-
cially when evaluating the performance of systems of dif-
ferent geometric parameters, optimising these parameters
and evaluating system response to various flow regimes.
It is therefore often desirable to adopt some suitable pro-
cedures, with which one can set up adequate system
models for given geometric and material parameters and
generate a finite element mesh easily and efficiently.

For empty pipe and radially symmetrical flows (e.g.
core flow, annular flow), electric field distribution inside
the flow pipe is symmetrical along the central line passing
through a given active electrode and the electrode posi-
tioned diametrically opposite to it (Fig. 3). As a conse-
quence, the capacitances between the active electrode and

Fig. 3
symmetry in their distribution

Equipotential lines in 8-electrode capacitive system showing

the electrodes situated symmetrically opposite relative to
this line are equal. For example, if electrode 1 (in Fig. 3)
is selected as the active electrode, the capacitances
between electrode pairs 1-2 and 1-8, 1-3 and 1-7, etc. are
equal. To ensure this, the FE mesh of the electrode
system must be made symmetrical for symmetrically
positioned electrodes (Fig. 2). Furthermore, for the above
flow regimes, the symmetry in electric field distribution
could be exploited by considering only half of the elec-
trode system with appropriate boundary conditions (Fig.
4) for modelling purposes. This reduces time needed for
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model definition and mesh generation, and increases the
accuracy of the FE solution as finer mesh can be gener-
ated for the same number of nodes.

Fig. 4  Finite element model of 12-electrode capacitive system with
boundary conditions (half model)

In FE analysis, discretisation of the problem area into
finite elements plays a key role in the satisfactory com-
pletion of model definition in terms of the accuracy of the
end results. This is particularly applicable to multi-
electrode capacitive systems which, from the FE model-
ling point of view, mostly consist of annular and
curvilinear quadrilateral regions often with sharp corners.
As in most cases of FE modelling, finer and better aspect
ratio triangles should be used for those regions where
rapid changes in potential or field lines are most likely to
occur. To ensure comparability of simulation results for a
wide range of electrode systems of different geometric
parameters, a consistent mesh pattern should be main-
tained.

Most of the postprocessing associated with capacitive
electrode modelling involve capacitance calculations
between electrode pairs from field computation results.
The capacitance C can be calculated from the total
charge Q distributed on the detecting electrode using
C = Q/V, where V is the potential difference between
given electrodes. The charge Q can be obtained from
Gauss’s law [6] expressed as

Q=3€Dnds=§Dcos9ds=§D'nds=(j)D-ds 2)

Eqgn. 2 indicates that the integral of the normal com-
ponent, Dn =D cos 8§ = D -n of flux density vector D
over any closed surface s enclosing the detecting elec-
trode is equal to the total charge Q distributed on it. If
the detecting electrode surface, or a surface very close to
it, is selected as the integration surface s, the calculation
of Q becomes much easier to perform, as there is no need
to find Dn since electric field lines are always normal to a
conducting surface (e.g. the surface of the detecting
electrode). In this case Q = ¢, D ds, which gives C =

($; D ds)/V, where D is the magnitude of D.

The main sources of errors in FE modelling of capa-
citive electrode systems are the discretisation errors and
errors in capacitance calculations. Discretisation errors
are inherent to the FEM itself and in most cases can only
be minimised but never totally eliminated. These errors
which mainly -depend on the sizes and the shapes of dis-
crete elements can be minimised, for given geometric con-
figurations of various models by using, where possible
finer mesh with better aspect ratio triangular elements.
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To ensure comparability of simulation results from
various models, any discretisation error which cannot be
reduced by further mesh refinement and other manipula-
tions should be maintained consistent for these models.

As capacitances are calculated from field computation
results, the associated errors are, first of all, dependent
upon the accuracy of field solutions. Apart from this, the
method used for numerical integration in eqn. 2 also con-
tributes to the errors in capacitance calculations.

3 Realisation of finite element models

3.1 Basic model definition

Although the geometry of the electrode system shown in
Fig. 1 looks simple, it could be, in fact quite complicated
and time consuming to set up the corresponding FE
models. For efficient FE model definition, a systematic
approach is adopted at the preprocessing stage which
exploits the symmetrical geometry of the electrode
system. In this, all FE models of the electrode system
(like the one shown in Fig. 2) are built from the basic
‘building block’ shown in Fig. 5. It constitutes only

0 10 20 30 40 S0 60 70 80 90 100

Fig. 5  Basic ‘building block’ used to create FE models of 12-electrode
capacitive system

1/24th of the whole model and consists mainly of curvi-
linear FE regions defined by the model definition com-
mands in the PE2D (the electromagnetic software
package used for FE modelling described in this paper)
[7]. By successive rotations and mirror reflections of this
elementary block, a half (Fig. 4) or a full (Fig. 2) model is
created using PE2D’s ‘copy’ command options. All these
and other commands are stored in a file (‘command
input’ file) which can be easily updated, modified and
called upon at any time to have the commands
automatically executed to set up FE models with various
geometric parameters.

3.2 FE models for flow response evaluation

FE models of the electrode system could be used to
evaluate system response to typical two-phase flow
regimes likely to be encountered in practice. These are
core, annular and stratified flows as shown schematically
in Fig. 6. Flow concentration f (expressed in %) is given

€,> €, €,>¢

Fig. 6
tered in practice

Various types of two-phase flow patterns likely to be encoun-

a core flow
b annular flow
¢ stratified flow

by the ratio of the cross-sectional area of the higher per-
mittivity component, S, and that of the flow pipe, S;;
namely B = (S,/S,)100%, where S, = nR?. By adding



appropriate FE regions in the basic model defined above,
models for the simulation of these flow regimes are
created. Fig. 7 shows the FE model for core flow simula-
tions which could be used for any given flow concentra-
tion. This model could also be used to annular flow
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Fig. 7  FE model for simulation of flow regimes

10% core flow

regimes simply by interchanging permittivity values of
appropriate FE regions. As core and annular flows have
radially symmetrical flow component distributions, only
a half model of the electrode system needs to be con-
sidered. Full FE models for stratified flow simulations
could be obtained by adding FE regions inside the pipe-
line in the basic model. It should be noted that, for all
these models, appropriate readjustments of FE region
parameters have to be made for different flow concentra-
tions f§ to ensure a consistent discretisation pattern.

3.3 FE models for experimental electrode systems

FE modelling of two different electrode systems which
were used at UMIST for experimental studies have been
carried out. By comparing experimental results with
simulation data, the FE modelling approach can be vali-
dated [8]. Fig. 8 shows the cross section of one of the

electrodes

outer
screen

pipewall

test rod positions

NOOE

o)

Fig. 8  Cross section of experimental electrode system showing various
test rod positions

(only three electrodes are shown)

experimental electrode systems without interelectrode
radial screens. In the course of experimental studies,
capacitances were measured between various electrode
pairs and sensitivities of electrode systems were tested by
inserting axially a perspex rod of circular cross section at
various positions inside the pipeline shown by the encir-
cled numbers in Fig. 8. Fig. 9 shows the FE model of one
of the experimental electrode systems (with radial
screens) built form the basic ‘building block’ shown in

Fig. 10 (different from the one discussed in Section 3.1
owing to the presence of circular regions for rod
positions). Circular regions, representing test rods in Figs.
9 and 10 are made by replicating appropriate annular
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Fig. 9  Finite element model of thick pipe wall experimental electrode

system with radial screens

finite element regions

30 40 50 60 70 80 90

0 10 20

Fig. 10  Basic ‘building block’ for FE model definition of experimental
electrode system

regions in local coordinate systems. Permittivities of
these regions could be easily changed which allows the
modelling of the electrode system with empty pipe as well
as with the simulated test rod inserted at one of the rod
positions.

3.4 Solution of the field equation and modelling
errors
After model definition and FE discretisation, eqn. 1 was
solved using the aforementioned software package PE2D
running under Unix on a standalone Sun Sparcstation 1.
The number of linear triangular elements used for
various models of the electrode system varied, approx-
imately, from 9700 (about 5100 nodes) to just under
10000 (about 5300 nodes). It took about 2-3 minutes to
solve the equation and another 3—4 minutes to calculate
a set of six capacitances between various electrode pairs.
Although comparison of simulation data with experi-
mental results is the ultimate way to evaluate modelling
accuracy, there could be several other alternatives. One
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of these is to compare field computation results for differ-
ent mesh configurations in the same model; this would
normally indicate the necessity for further global mesh
refinement. In the case of capacitive electrode systems,
perhaps the most convenient way of assessing the accur-
acy of the FE solutions is to calculate the assigned poten-
tial difference (given as boundary conditions) A® between
the active and detecting electrodes from the field compu-
tation results using A® = —[ E-dl [9]. Here [ is the
length of the path between the active and the detecting
electrodes.

Although effective, the above two methods do not give
much information about the local errors arising from FE
discretisations. This, however, can be readily obtained
from the package PE2D, which can display both local
and global errors in the field derived from potential solu-
tions [7]. The global error gives indicates the quality of
the overall discretisation whereas the local errors show
where the FE mesh needs local refinement.

4 Some modelling results and discussion

4.1 System performance parameters
The following performance parameters have been used to
evaluate system performance and its responses to varia-
tions in the geometric parameters and various flow
regimes: (i) standing mode capacitance, Cy;;: capacitance
between electrode pair i—j when the pipe is empty (8 = 0,
¢ =1); (i) relative sensitivity of the system, S;; =
AC;j/Co,; = (Cij — Co,)/Co,;» where C;; is the capacitance
between electrode pair i—j when the flow pipe is not
empty (f # 0, &, = 1, &, > 1); (iii) normalised capacitance,
Ct; = (Cf — Co )/(CL; — Cy,), where C¥; is the capacitance
between electrodes i—j for a given flow concentration S
(as defined earlier); C{j-the capacitance between elec-
trodes i—j when the pipe is full of material of ¢ =z¢,
(B = 100%); (iv) ratio of the maximum standing mode
capacitance (C,,,) to the minimum one (C,k;,), K .=
Cmax/cmin e

Standing mode capacitance C,; between diametrically
opposite electrode pairs is usually the smallest for a given
electrode system. Since the sensitivity requirement of a
capacitance measuring circuit depends mainly on this
smallest value, it is quite important to be able to predict
this by simulations. Relative sensitivity S;; is the measure
of the capacitance changes between various electrodes
owing to the presence of a small permittivity material
inside the flow pipe. Normalised capacitances Cj; indicate
a change of capacitances between those of empty pipe
and full pipe for a given flow component distribution. To
avoid saturation of sensor electronics owing to large
capacitance changes and to ensure satisfactory image
reconstruction, it is desirable to limit the values of nor-
malised capacitances so that 0 < C}; < 1[2].

4.2 Validation of FE models

As mentioned earlier in Section 3.3, experimental studies
were carried out at UMIST with two different electrode
systems. Comparison of simulation results for these
systems with the experimental data has validated FE
models and therefore established confidence in the CAD
technique used for sensor design.

Various standing mode capacitances, obtained by
simulations and compared with the corresponding
experimental results confirm the effects of radial screens
and pipe wall thickness on the system performance
parameters. Figs. 11 and 12 show variations in relative
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sensitivities obtained from both experimental and simula-
tion data for sensor models “with and without radial
screens. In these Figures, numbers 1 to 10 and ‘C’ along

5 18 [5cgp=0] scgp=2

m: 3 61 :7_ JG; =7

>

36 z N A1

= 5 1<

g . 41

& 3

2 2

S N

® 9 -~ =
12 3 4 5 C 1 2 3 4 5 C

rod position
Fig. 11 Variation of relative sensitivity S, with rod position showing

the effects of radial screen depth scgp (0, = constant); 3: experimental
error margin; scgp and &, in mm

Other design parameters: R, = 68 mm, d, = 6 mm, 6 = 24°, scth =0 (electrode
system without radial screens scgp =0, 6, = 7mm), scth= 1.6 mm (electrode
system with radial screens scgp =2mm, 6, =7mm), N=12, ¢,, =3, e, =1,
radius of test rod R,y = 4.5 mm, permittivity of test rod material ¢ 4 = 3

1: experimental; 2: Simulated; 3: error-margin

4
.35 I‘g]r p:i‘[l fep=d
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= 2.5 \\ ]]
3 2 Pl 1
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§ |
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5-0.5 I
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rod position

Fig. 12  Variation of relative sensitivity S,,, with rod position

showing effects of pipe wall thickness &, (scgp = const.); scgp and &, in
mm

Other design parameters: for thin pipe wall electrode system (6, = 7 mm,
scgp=2mm) — R, =68mm, 6, =6mm, 0=24° scth=1.6mm, N =12,
e =3, e =1, R y=45mm, ¢, =3; for thick-pipe wall electrode system
(0, =125mm, scgp=2mm) — R, =78mm, §,=6mm, 6=25,
scth=1.6mm,N =12,¢,, =3,6;y =1, R, y=45mm,¢,=3

1: Experimental; 2: Simulated

x-axis represent the test rod positions shown in Fig. 9.
Both simulation and experimental results reflect the
effects of pipe wall thickness (Fig. 12) and radial screen
depth (Fig. 11) on sensitivity distributions inside the pipe.
As can be seen from these Figures, the deviations of
simulation results from experimental ones vary differently
for different electrode pairs and electrode designs.
Although simulation results for sensitivities S,, show rea-
sonable agreement with the experimental ones, some dis-
agreement could be observed for negative sensitivities
S:12 (Fig. 12). This is particularly true for the test rod at
positions 9, 10 and ‘C’, where very small capacitance
changes AC,,, have been obtained. All these differences
between simulation and experimental results are attrib-
uted to various experimental [1] and modelling errors
which could be minimised. Further details on the above
simulation results can be found in Reference 8.

4.3 Effects of variations of system geometric
parameters

The effects of various geometric parameters of the elec-
trode system (Fig. 1) on system performance have been
investigated by FE modelling and analysed in Reference
4. In this Section, some of the most interesting results are
presented.

For a given sensor design, electrode angle 6 is related
to the number of electrodes N. Provided that the



electrode—electrode angular distance remains constant, 6
always decreases with the increase of N. This deteriorates
the system performance by reducing the standing mode
capacitances C,;; and therefore increasing the minimum
detectable void fraction.

It is obvious from the geometry of the electrode system
(Fig. 1) that the capacitances between adjacent electrodes
(e.g. Cpy1, between 1 and 12) are usually the largest and
those between diametrically opposite ones (e.g. C,,) the
smallest. These are referred to as C,,, and C,,;,, respect-
ively. Increased measurement accuracy can be obtained
by minimising their ratio K., the value of which, for
example, depends on 6 (Fig. 13) and the outer screen dis-
tance from the pipe wall §, (Fig. 14). These Figures also

2401

2000 N=12 no rad sceen

160 N=12 with rad screen

£ 1200 /

80}

40f

0 5 10 15 20 25 30 35 40 45
electrode angle,®

Fig. 13 Effects of electrode angle 0 and radial screens on K,

Other design parameters: R, =38 mm, J, =5mm, ,=4mm, scth=0
(electrode system without radial screens), scth = 0.1 mm (electrode system with
radial screens), scgp = O, N = 12,¢,, =3, ¢, = 1

120(
100l N=12 no rad screen
80|
N=12 with rad screen
&L 60
40
20
0 e . " :
0 5 10 15 20 25 30 .
< Gz,mm
Fig. 14  Variation of K_ with outer screen distance from pipe wall &,

Other design parameters: R, = 38 mm, 6, = 5mm, 6 = 22°, scgp =0, scth=0
(electrode system without radial screens), scth = 0.1 mm (electrode system with
radial screens), N = 12,¢,, = 3, ¢, = |

show the positive effects of radial screens in reducing the
capacitances between adjacent electrodes by shielding
electric fields from the active electrode. Qualitatively, this
is evident from the equipotential plots in the vicinity of
the active (electrode 1) and the adjacent (electrode 12)
electrodes for two different electrode designs: without
(Fig. 15a) and with (Fig. 15b) radial screens. The effect-
iveness of radial screens in reducing capacitances (and
hence K,), especially between adjacent electrodes,
depends on the combination of their geometric param-
eters scgp and screen thickness scth (Fig. 16) and pipe
wall thickness J, (Fig. 17). Moreover, as already shown
in the previous Section, the selection of scgp and &, plays
a key role in determining the uniformity of sensitivity dis-
tributions inside the flow pipe and therefore to a great
extent affects the quality of the reconstructed images. It

will be shown in the following Section that scgp and J,

affect the range of normalised capacitances Cj; which also
determines the quality of the reconstructed images.

Q

Fig. 15  Equipotential contours for 12-electrode capacitive systems
showing effects of radial screens

a without
b with radial screens -
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Fig. 16  Variation of standing mode capacitance Cgy,,, with radial

screen depth scgp (0, = const.); radial screen thickness scth in mm

Other design parameters: R, = 76.2 mm, 8, = 19.05 mm, 6, = 5mm, 6 = 25.8°,
N=12¢,, =3,¢5=1
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Fig. 17  Variation of standing mode capacitance Cy,,, with pipe wall

thickness 8, (scth = const.); radial screen depth scgp in mm

Other design parameters: R, = 76.2mm, 6, = 5mm, 0 = 25.8°, scth =1 mm,
N=12¢, =3,¢;5=1
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4.4 System response to various flows

Simulation of various flow regimes discussed in Section
3.2 is essential to the evaluation of system response to
these flows in terms of normalised capacitances Ci;. FE
modelling of the electrode system allows one to vary, and
see, the effects of such key geometric parameters as 6,
and scgp on normalised capacitances for various flow
regimes. Fig. 18 shows some of the modelling results for
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normalised capacitance
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3 /
2
v
E -1
5 scgp=]! scgp=16)
€ -2 [ |

10 30 50 70 90 10 30 50 70 90
flow concentration ,3°/o
b
Fig. 18  Effects of flow concentration B and radial screen depth scgp
on normalised capacitances Ci; (annular flow); scgp in mm

a é, =5mm

b 6, =20 mm

Other design parameters: R, =76.2 mm, §, = 5mm, 0 = 25.8°, scth =1 mm,
N=12¢,, =59 ¢, =46 =1,¢6,=3

annular flow regimes of various concentrations f. Two
extreme cases of pipe wall thickness §, have been con-
sidered: 6, = 5 mm (Fig. 18a) and 6, = 20 mm (Fig. 18b).
As can be seen from Fig. 184, for thin pipe wall electrode
systems, normalised capacitances mostly remain between
0 and 1 and virtually independent of the radial screen
penetration depth scgp. In the case of the thick pipe wall
electrode system, large values of normalised capacitances
between adjacent electrodes C7,, (electrode 1 is the
active electrode) are observed for smaller scgp. These
large C1,, can be reduced by adequately increasing the
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radial screen penetration depth (Fig. 18b). These, and
other simulation results, suggest that almost identical
responses to both core and annular flow regimes can be
obtained from thick and thin pipe wall electrode systems,
provided that the radial screen depth is chosen correctly.

L) Conclusions

An industrial prototype of a 12-electrode capacitive flow
imaging system has been successfully tested at Schlum-
berger Cambridge Research Limited, UK [10]. The
primary sensor system used has been designed and
optimised by the FE modelling techniques described in
this paper. This establishes the importance and effec-
tiveness of such CAD techniques in ECT sensor design. It
has been shown that virtually all aspects of design, per-
formance evaluation and characterisation of these multi-
electrode sensor systems could be tackled effectively and
efficiently by CAD techniques based on FE modelling.
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