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(a) Same flow phase distribution model as that shown in Fig.da;
% capacitance data ); of flow model (a), calculated for a sensor with
-R,=20mm and with other sensor parameters being the same as those

sta!ed in Fig.4b; (c) same as in Fig.dc; (d) same as in Fig.4d

exhibit much higher degree of non-linearity. Consequently, the reconstructed
image has poorer fidelity (process P4 is again involved). Fig.5d gives the image
reconstructed using the binary sensitivity information mentioned above. It has
been found that, for gas/oil flow, images reconstructed using primary sensors
with pipe-liner thickness R,-R, =5mm and 10mm are all less satisfactory than
those reconstructed using a rlmary semor with R,-R,=15mm (other ‘sensor
parameters remain unchangedg Thérefore, a sensor with pipe-liner thickness

R,=15mm is the optimal choice. Note lhdl for other two-component flows,
such as an oil/water flow, this design is not ncccssanly the optimal one and a
new design has to be perfnrmed Other aspects on sensor design can be found
elsewhere (Khan and Abduliah 1991).

4. CONCLUSIONS

In this paper, a software environment has been demonstrated to be capable of
providing useful tools for the development of new image reconstruction
algorithms and the design of optimal sensors for capacitive tomography.
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Computer
for flow imaging

ed design of process tomography capacitance electrode system

S H Khan  F Abdullah

Measurement and Instrumentation Centre, Department of EE and Information
Engineering, City University, Northampton Square, London EC1V OHB, UK

ABSTRACT:  This paper involves various aspects and results for the
computer aided design of capacitance electrode systems used for imaging
and measurement of two-phase flows. Various 2D finite element models of
a 12-electrode system have been investigated to show the effects of a
wide range of design parameters on system performance. Recommendations
have been made for the selection of some of these parameters which could
give desirable system performance.

1.  INTRODUCTION

Although computer aided tomography is quite established in medical practice
for imaging human internal organs, application of similar techniques but
using capacitance electrode systems for flow imaging in industrial
processes is comparatively new. This technique, in which a number of
capacitance electrodes are mounted circumferentially around the flow pipe
and interrogated in turn by electronic control is based on changes in
capacitance values between electrodes due to the change in permittivities
of flow components. Beck et al (1986) proposed this for imaging multiphase
flows and the idea has been further developed at UMIST by Huang et al
(1989). It has been found that such multielectrode systems have
considerable potential to be used in process industry, especially the oil
industry. Hence, the term 'process tomography' has been introduced. Unlike
other techniques capacitance technique has the advantage of being cheap,
fast, noninvasive, nonintrusive and simple to construct.

The performance of a multielectrode capacitance system depends on its
geometric parameters. The electric field distribution inside the flow pipe
is non-uniform and changes with system parameters. This results in a
non-uniform sensitivity distribution over the pipe cross-section which, for
consistent and effective functioning of the system is undesirable. CAD of
electrode systems which involves accurate field modelling, capacitance
calculations, ctc. is, therefore important to optimize system parameters
and achieve desirable performance. At present there are a few published
works on CAD of such systems. Theoretical aspects and finite element
modelling of an 8-electrode system has been discussed by Xie et al (1989)
Their recent work involves design optimization of a 2-electrode system for
concentration measurement of two-phase flows.

In this paper, particular emphasis is given on critical aspects of CAD and
performance analysis by finite element method (FEM) of a 12-electrode
capacitance system for two-phase flows. A large number of models have been
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investigated to evaluate, quantitatively variations in field and so the
sensitivity distributions inside the flow pipe for a wide range of system
parameters.

2. WORKING PRINCIPLE AND GEOMETRIC PARAMETERS
OF A MULTIELECTRODE CAPACITANCE SYSTEM

Figure 1 shows the cross section of a 12-electrode system which consists of
12 capacitance electrodes, mounted symmetrically on the outer surface of
the insulating wall of a special section of the pipeline. The radial
screens in between electrodes reduce high capacitance between neighbouring
electrodes and force the electric field in towards the central region. The
earthed outer screen with inner radius RS acts as a shield to make the
whole system stray immune. Inner radius, Ri of the pipe wall is fixed but
its outer radius, Rz and hence thickness, 61Re-Ri can vary. The empty
space between pipe wall outer surface and outer screen is filled with
dielectric filling material to insulate electrodes from the screen.

For data acquisition one of the RADIAL SCREEN
electrodes, say 1 (active electrode) \ ouTER SCREEN
is given a constant potential (the

rest - kept at zero potential) and
another electrode, say 2 is selected
as ‘'detecting electrode' and the
capacitance between 1 and 2 is mea- ||
sured by discharging 1 through spe-
cial capacitance measuring circuitry
(Huang et al 1989). In a similar way
capacitances between rest of the

electrode pairs 1-3, 1-4, 1-5, ..., WS L 1cccnvic
1-12 are measured which completes e

one data acquisition cycle. The next
cycle begins with electrode 2, se-

lected as the active electrode; the Fig. 1. Cross section of a
whole process of data acquisition 12-electrode capacitance system
finishes with the 11-th cycle with for flow imaging (not in scale)

electrode 11 acting as the active
electrode. For an N-electrode system this gives a total of n = N(N-1)/2
independent measurements.

The electric field between electrodes and so the above capacitance
measurements change with dielectric distributions inside the pipeline. For
any selected pair of electrodes a narrow region of positive sensitivity can
be found within which an unit dielectric increase leads to an increase in
their capacitance measurements. The presence of a dielectric material
inside this region can thus be detected from measured capacitance values.
These regions for all selected pair of electrodes create, for a given
geometry total positive sensing area of the electrode system over pipeline
cross-section. As shown by Huang et al (1989), by exploiting the functional
relationship between measured capacitance values, dielectric distribution
and sensitivity distribution function one can solve the inverse problem of
determining the flow component distribution over pipe cross-section using
measured capacitance values. A dedicated image reconstruction algorithm can
be used to solve this problem and see the flow component distribution
inside the pipeline (Xie et al 1989).

The quality of the reconstructed image depends on the uniformity of
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sensitivity distribution which, as said earlier depends on following system
geometric parameters shown in Figure 1: number of electrodes N, electrode
angle 6, pipe wall thickness &1, thickness of the space between pipe wall
outer surface and outer screen 62-R3-Rz, radial screen thickness scth and
its penetration depth inside the pipe wall scgp. These parameters need to
be optimized to get the best system performance

3. FINITE ELEMENT MODELLING OF 12-ELECTRODE CAPACITANCE SYSTEM

By assuming that a) fringing field effects due to finite lengths of
electrodes are negligible and b) flow component distributions do not change
spatially along the axial direction (at least within electrode lengths) of
the pipeline (e.g. core flow, annular flow, etc.) the processes in the
electrode system in Figure 1 can be simulated using the 2D finite element
(FE) model, shown in Figure 2. For radially symmetrical flows electric
field distribution between electrodes is symmetrical which allows only half
of the model to be used. This increases accuracy of FE solutions since
finer mesh can be generated for the same number of nodes.

For space-varying permittivities of flow component
distributions, €=€(x,y) the electric  field in the
electrode system can be calculated (assuming free
charge distribution) by solving the following
Laplace's equation in terms of electrostatic
potential, & = &(x,y)

V(eva =0 [¢))
This equation has been solved by FEM ( using Vector
Fields package PE2D on a Sun SPARCstation 1) under
boundary conditions shown in Figure 2 which gives
potential values at nodes from which field component
vectors like E, D can be calculated. As the accuracy
of FE solution depends on various aspects of discre-
tisation special care has been taken to minimise

discretisation errors (with typical total number of  Fig. 2. Finite ele-
elements - nearly 10000). Consistent mesh pattern ment model of the
has been maintained for different models to make  12-electrode capa-
valid the comparability of the results. After  citance system

solving eq. (1) capacitances between electrode pairs
are found by calculating the total charge on the detecting electrode (by
integration using Gauss's Law).

To analyse the effects of geometric parameters following system performance
parameters have been used: a) standing mode capacitance, Coij - capacitance
betueen electrode pair i-j when the pipe is empty (relative permittivity

€ = €0); b) absolute sensitivity of the system, ACij = (C}j - Coij)l
where, Cij - capacitance between electrode pair i-j when only the k-th
elementary finite element region inside the pipe (shown shaded in Figure
10) has permittivity € = ek; 1 - lemgth of electrodes; c) relative

sensitivity of the system, Sij = ((Cfj - Coij)/Coij)=(Ao/Ak) where, Ao is
the cross-sectional area of the pipeline, Ak - area of k-th finite element
region.

4. RESULTS AND DISCUSSIONS

One of the main parameters of multielectrode capacitance systems is the
pumber of electrodes, N the selection of which could depend on the
following: as shown by Xie et al (1989) image resolution of the system
increases as the number of independent capacitance measurements, n
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increases. Since n = N(N-1)/2 the higher the N the better is the image
resolution. At the same time, as N increases the data acquisition and image
reconstruction time increases which should be avoided as flow imaging
system must have high performance speed due to high speed of flow
components. Moreover, as N increases the electrode angle 6 decreases with
which increases the minimum detectable void fraction § (cross sectional
area of an elongated bubble flow rela- 3
tive to Ao) by the system. For example, =°
for a gap of 5 degrees between neigh- gv
bouring electrodes, the angle 6 for 12 &
and an equivalent 24-electrode systems
are 25 and 10 degrees respectively. As
shown in Figure 3 such a 12-electrode
system should be able to detect 3 times
smaller void fraction than the 24-elec-
trode pne. Moreover, capacitances Coij
and Cij decrease as N increases, so
larger N requires more sensitive measu-
ring circuits. Considering all these
N=12 seems to be a reasonable trade off.
However, for slower flows N could be
increased (provided the availability of proper measuring electronics, etc.)
to get higher resolution in flow imaging.
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Fig. 3. Variation of minimum
detectable void fraction, B
with electrode angle, @

For a given electrode system maximum and minimum capacitances Cmax and Cmin
depend on 6. In order to increase measurement accuracy it is desirable to
minimise their ratio Ke = Cmax/Cmin. Figure 4 shows how Kc changes with &
for 8 and 12-electrode systems. This, in conjunction with what has
been said earlier could be used to choose .
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Fig. 4. Variation of Kc with Fig. 5. Variation of Ke with
electrode angle, 6 82 = R - Rz
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The parameter 62 also influences Ke. As shown in Figure 5 Ke increases as
62 increases which suggests that 62 should be taken as small as possible.
Although other results show that B changes insignificantly with 62, various
technological factors should also be taken into account when selecting &2.

Radial screens, proposed by researchers at UMIST are novel features in
multielectrode systems. For obvious geometric reasons capacitances between
active electrodes and their closest neighbours (Cmax) can be much higher
than those between active and farthest electrodes (Cmin). The main purpose
of radial screens is to shield the electric field from the active electrode
to neighbouring onmes and thus decrease Kc. This increases measurement
accuracy. The shielding effects of the radial screen between electrodes 1
(active) and 12 can be seen clearly by comparing equipotential plots for
the 12-electrode system in Figures 6a, b. In Figure 6a, the screen does not
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Fig. 6. Equipotential plots for the 12-electrode capacitance system
showing effects of radial screems a) scgp = O b) scgp = 5 mm

penetrate the pipe wall (scgp=0) but in Figures 6b it does (scgp=5 mm).
Quantitatively, these effects can be seen from Kc = f£(8) and Kc = £(52)
curves shown in Figures 4 and 5. The introduction of radial screens is thus
justified. However, as shown below for a given &1 their effectivemess
depends mostly on scgp and scth which apart from shielding, affect the
sensitivity distribution inside the pipe.

Standing mode capacitances between %
electrodes change with scth although

other results show that it does not
(when scgp=const.) virtually affect the
sensitivity distributions. Figure 7
shows variations of capacitance Cot12
between electrode pair 1 - 12 with scth
for different scgp. It shows that these
capacitances decrease as scgp and scth
increase which suggests that a larger
scgp should be avoided. Furthermore, it
is evident from Figure 7 that from
shielding point of view a shorter and
thicker screen can be as effective as
the longer and thinner one. Technologi-
cally a shorter scgp is more preferable.

SN M CAPATITARE
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Fig. 7. Variations of Co112 with
scth (81=const.); scgp in mm

Figures 8 and 9 show some of the effects of &1 and scgp on sensitivity
distribution between electrode pairs 1- 7 and 1 12. The sensitivities S$17
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Fig. 8. Variations of sensitivities a) S17 and b) S112 with region
position (radial regions); 61 and scgp in mm
and S112 have been calculated through respective changes in capacitances
due to the change in permittivity of elementary regions (one at a time from
€0 to ) along the radius (radial regions) and on an arc (regioms on arc)
close to the pipe wall (Figure 10). In Figures 8 and 9 the numbers
(1, 2,3, ...) along x-axis correspond to positions of these regions. In
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Fig. 9. Variations of sensitivities a) 517 and b) S112 with region
position (regions on arc); 61 and scgp in mm

Figures 8a and 8b 'C's along x-axis represent the position of an elementary
region at the centre of the pipe. Careful amalysis of Figures 8 and 9 shows
that pipe wall thickness plays an i role
in sensitivity distributions - more uniform dis-
tribution could be achieved by using a thinner
pipe wall. Furthermore, for a given &1 an
increase in scgp results in more uniform
sensitivity distribution. However, taking into
account what has been said earlier it becomes
apparent that a thinner pipe wall with shorter |
radial screens could well be a better option.

5.  CONCLUSION

Although details of the CAD of multielectrode
capacitance systems are beyond the scope of this

paper some of the main features and results so Fig. 10. FE model
far obtained have been discussed. These show the showing positions of
effectiveness and importance of CAD approach elementary regions

towards the understanding of electrode systems
and their design optimization. The results of the above study have been
used in the design of 12-electrode prototype systems.
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