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It is important to investigate the behavior of circulating fluidized beds (CFB) for
efficient coal combustion. Electrical capacitance tomography (ECT) was applied to the
measurement of gas/solids distribution in square CFBs. An iterative method was used
to achieve improved image reconstruction over the commonly used linear back-projec-
tion algorithm. The solids concentration profile, temporal variation of average solids
concentration, and frequency spectra, which were obtained from the ECT data, are

presented.

Introduction

Gas/solids distribution in the bottom zone of circulating
fluidized beds (CFBs) has not been well understood. Al-
though some assumptions for the bottom region of CFB ris-
ers have been made, for example, turbulent flow and fast flu-
idization as opposed to bubbling fluidized bed (Grace and
Lim, 1996; Werther and Hirschberg, 1996), they have not been
comprehensively verified by experiments (Grace and Lim,
1996). Because the flow patterns are closely related to the
gas/solids distribution in the zone, it is necessary to investi-
gate the gas/solids distribution and to measure solids concen-
tration profiles in this region. Unfortunately, it is difficult to
make measurements on profiles, or distributions of solids
concentration, due to the relatively dense and transient na-
ture of the flow.

The recent development of electrical capacitance tomogra-
phy (ECT) provides the possibility of on-line measurement of
the cross-sectional solids concentration profiles in CFBs. ECT
is particularly suitable for packed or dispersed gas/solids
two-phase systems. It has been used to investigate pneumatic
conveying and fluidization in circular geometry, and encour-
aging experimental results have been obtained (Halow, 1995;
Wang et al., 1996; Liu et al., 1997, Williams et al., 1998;
Dyakowski et al., 1997, 1999; White and Zakhari, 1999;
Dyakowski and Jaworski, 2000).

Correspondence concerning this article should be addressed to W. Q. Yang.

AIChE Journal

A simplistic image reconstruction algorithm, which is com-
monly used, is called linear back-projection (LBP). It has been
employed for CFB measurement. LBP is fast, which is essen-
tial for on-line monitoring, but performs poorly for complex
distributions such as multiple objects in close vicinity. It is
also difficult in reconstructing material distributions in the
areas of low sensitivity, especially in the central area of the
sensor. This is more pronounced if there are other objects
near the measurement electrodes. For example, if there is a
layer of solids near the wall of the CFB, it would be difficult
to reconstruct images in the central area. The existing mea-
surements on the bottom zone of the CFBs often display a
“crown-like” solids distribution, that is, a ring of high solids
fraction along the wall with an almost empty central area.
Since it has been reported that the average solids concentra-
tion ranges from 35% to 40% (Svensson et al., 1996), there
must be noticeable solids in the central area, raising a ques-
tion about the crown-like solids distribution.

Another concern of ECT measurements on CFBs is the
geometry. ECT has been applied only to circular CFBs in the
past. However, the rectangular cross sections are common in
CFB combustors, highlighting the need to develop a rectan-
gular ECT system. The uncertainty of the performance of a
square ECT sensor arises because of its more complicated
sensitivity distributions than circular ones.

The present study is to apply an iterative algorithm in
square CFB measurements. Iterative algorithms are more
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powerful for complicated image reconstruction than LBP
(Landweber, 1951; Isaksen, 1996; Yang et al., 1999; Liu et al.,
1999). However, reports on the application of iterative meth-
ods to CFB measurement have been scarce. It will be of great
interest to carry out ECT imaging of CFBs using iterative
reconstruction algorithms. Square ECT sensors have been
developed, for laboratory tests, jointly by UMIST and the In-
stitute of Engineering Thermophysics of the Chinese
Academy of Sciences (Yang and Liu, 1999a,b). This is the
first time that comprehensive tests in real CFB environments
have been reported.

Image Reconstruction

An ECT system collects capacitance data from a multielec-
trode sensor and reconstructs cross-sectional images from the
data. The LBP algorithm uses sensitivity maps, S; ;, and cal-
culates the gray levels of the image elements at all locations
(x, y) (that is, pixel) by the following equations
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where G(x, y) is the gray level of the image element at loca-
tion (x, y), C;77* is the measured capacitance between elec-
trode pair i, C},‘}W is the capacitance between electrode pair
i-j when the sensing area is full of a lower permittivity mate-
rial (such as empty), C/'#" is the capacitance between elec-
trode pair i when the sensing area is full of a higher permit-
tivity material, C; ; is the normalized capacitance, m is the
number of electrodes, and §;; (x, y) is the sensitivity of elec-
trode pair i-j corresponding to an object at position (x, y).

In the preceding equations, the number of independent
combinations of m electrodes is C2 = m(m —1)/2. Since a
normalized approach for the sensitivity map is adopted, each
image element G(x, y) is analog to a weighted average of
C;; with S; (x, y) acting as the weighting factors. All sensi-
tivity elements form an n X C2 matrix where 7 is the number
of pixels assigned to the sensing area. The concept of sensi-
tivity maps is well established. General information on sensi-
tivity maps for circular geometry is abundant in the litera-
ture, for example, Reinecke and Mewes (1997).

For convenience, Eq. 1 can be written in a vector form

G=S8TcC )
where G is the image vector containing n elements of G(x,
y)in Eq. 1, ST is the transpose of the normalized sensitivity
map matrix, and C is the vector of all normalized capaci-
tance.

In solids concentration measurement, image G effectively
corresponds to the solids concentration profile. Although the
relationship between G and C is nonlinear, LBP simplifies
this problem into a linear function as an approximation. In
equation (2), C contains only 66 elements for a 12-electrode
ECT system, whereas normally G would contain, say 1024
(on 32 % 32 pixels) elements or even more. Obviously Eq. 2 is
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ill-posed, and such linearization would cause poor perfor-
mance.

To address the nonlinear problem, there are various meth-
ods such as iterative, neural-network, and regularization. Al-
though each method may be useful for certain problems, iter-
ative methods are the most effective for general applications.
In such a method, an image is reconstructed in an iterative
manner, with a correction in each step, thus, improving the
image quality progressively. There are a variety of iterative
algorithms. A few examples are:

e Chen’s method, which requires updating sensitivity maps
for each step (Isaksen, 1996)

e Isaksen’s model-based reconstruction (MOR) algorithm,
which optimizes certain parameters by using a capacitance
simulator and an optimization routine (Isaksen and Nordvedt,
1993)

e Reinecke’s ART-like iterative method, which uses an ad-
ditive function to evaluate iterative step length (Reinecke and
Mewes, 1997, 1995)

e Landweber iteration (Landweber, 1951; Yang et al,
1999).

The iterative method used in this study is based on
Landweber’s algorithm expressed by the following equations

GV =57C 3

GUHD = GO 4 q(RgTek)

=GP+ a®ST(C-SGP), (k=0,12,...) (4)

A first image vector is reconstructed by Eq. 3. Each subse-
quent image vector, G* ™, is obtained from the previous im-
age, G®, with an added correction term a®S7(C — SG).
In Eq. 4, the term (C — SG®) is the error between the mea-
sured capacitance, C, and the calculated capacitance, SG*.
This error is used to reconstruct an error image, ST(C —
SG™), which is then used to correct the next image. The
process continues until a certain criterion is met, for exam-
ple, (C-SG®)/C < 0.01. Here « is the step length, which is
often chosen between 1 and 2 empirically. Too large an «
will lead to divergence, and too small an « will slow down
the iteration. The authors have developed an optimized
method to dynamically determine « in each step, leading to
fast convergence (Liu et al., 1999).

Experiment Setup

To image square channels using ECT, it is necessary to
generate square sensitivity maps and to design and construct
square sensors. The square sensitivity maps have been gener-
ated using finite difference solutions to the electromagnetism
Laplace equations (Yang and Liu, 1999a). Details of the
square sensors will be given in the subsection on CFB setup.

Stationary object setup

Experiments were carried out to evaluate the iterative im-
age reconstruction method for square sensors first. As it is
difficult to know the real gas/solids distribution in a running
CFB, ECT images have to be compared with a stationary ob-
ject setup for evaluation purposes. The test sensor has 12
electrodes with a measuring area of 60 X 60 mm. Its structure
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Figure 1. Square ECT sensor on a bottom zone of CFB.

is similar to those later used on CFBs, as shown in Figure la
and 1b in the following section. It is arguable whether more
measurement electrodes should be used. More independent
measurements can be obtained by using more electrodes, and,
hence, higher image resolution may be achieved. However,
too many electrodes will reduce the size of the electrodes,
and consequently the strength of the signal, resulting in a low
signal-to-noise ratio (SNR). Currently a 12-electrode ECT
system gives a reasonable balance between image resolution
and SNR. Further details about the sensor design can be
found in the literature (Yang and Liu, 1999a,b).

The test materials were plastic beads with an effective per-
mittivity of 1.8 (Note that the effective permittivity is lower
than that of the plastic material itself because of gaps be-
tween beads) and plastic rods with a permittivity of 2.6. The
test materials were placed inside the sensor to get the de-
sired distribution.

In the ECT system used for the following experiments, the
data-logging electronics is controlled by a PC, which takes
capacitance measurements between the sensor electrodes. A
data-capture rate of 18 frames per second was chosen. Both
LBP and an optimized iterative method (Liu et al., 1999) were
used for image reconstruction.

CFB Setup

For the CFB tests (see Figure 2), two square beds have
been built using 6-mm Perspex plates. The inner cross-sec-
tional dimensions were 140X 140 mm and 250 X 250 mm, re-
spectively. Both beds have the same height of 2.8 m. The
distributors consist of a perforated steel-plate grid and a mesh
wire of 200 mesh beneath it. The 140X 140-mm distributor
has 81 holes of 6 mm in diameter, and the 250 X250 mm one
has 159 holes of the same diameter. The thickness of both
distributors was 12 mm. The bed material was sand with a
material density of 2328 kg/m?® and a mean diameter of 0.28
mm. The loosely packed voidage was 0.43. A fixed bed was
200 mm at the beginning of every experimental run. The su-
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perficial fluidization velocity U, , was chosen to cover a range
from bubbling to circulating fluidization, with a minimum ve-
locity of 0.04 m/s and a maximum velocity of 6 m/s.

The frames of the sensors are the walls of the fluidized
beds. Three electrodes are mounted on each side. The width
of the electrodes was modified to fit the width of each wall.
The sensor is then enclosed by a grounded shielding to elimi-
nate electric interference. The height of the measurement
electrodes is 100 mm. Located both below and above the
electrodes are grounded copper screens of 50 mm high.

During the experiments, LBP was used to reconstruct im-
ages for on-line monitoring, whereas the optimized iterative
method (Liu et al., 1999) was used for off-line image recon-
struction. In the beginning of each experiment, the ECT sys-
tem was calibrated by first measuring the capacitances with
an empty sensing area to obtain the lower limit, and then
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Figure 2. Experimental setup (not to scale).
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Figure 3. LBP and iterative image reconstruction for
stationary objects.

measuring the capacitances with the sensing area filled with
the solids to obtain the higher limit. The calibration data were
stored in memory and used for the normalization of the mea-
sured capacitances.

Experimental Results

Comparison between iterative and LBP image
reconstruction

Due to the scope of this article, only a limited number of
experimental data are presented. Three typical results taken
from stationary tests are shown in Figure 3. The sensing area
is 60X 60 mm. A reconstructed image represents a cross-sec-
tional view of the objects, that is, a “slice” across the sensing
plane. In the simplest case, a rod (18 mm in diameter) was
placed in the center. Comparison between images (d) and (g)
shows that the image reconstructed by the iterative algorithm
is closer in size to the true image, and with a smaller blurred
edge surrounding the object. In the other two cases, LBP is
unable to show the plastic rod (10 mm diameter) above the
bed (10 mm thick) of plastic beads [see image (e)], nor could
it distinguish the three plastic rods (18 mm in diameter) [see
image (f)]. In contrast, the iterative method clearly presents
the objects [see images (h) and (i)].

The significance of image (h) is that the iterative method
can display materials both near the wall and in the center,
which is a particular weakness of LBP. Image (i) further shows
the better resolution of the iterative method than LBP.

Figure 4 shows six typical cases in different fluidized-bed
conditions. The minimum superficial fluidization velocity,
U,.s» is 0.04 m/s. The fluidization conditions are also given in
the plots. Images (a), (b), (¢), (d), (e), and (f) show two cases
of high solids fraction. In images (a) and (d), the red color
represents solids and the blue color represents voids (that is,
air bubbles). Images (b) and (e) are contour maps of the con-
centration, and each circled line represents a concentration
level. In surface-map images (c) and (f), the elevations of the
surface also represent the solids concentration levels. Com-
paring the images by LBP with those by the iterative method,
the iterative images show smaller bubbles and slightly higher
solids fraction in the central area. This result indicates that
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LBP can be used in dense-phase image reconstruction, when
the measurement signals are so strong that the relatively low
sensitivity away from the electrodes becomes less of a prob-
lem.

Images (g), (h), (i) and (j), (k), (1) demonstrate two cases of
relatively low solids concentration. In image (g) reconstructed
by LBP, only one large bubble can be seen near the central
area. The surface image (i) presents a crown-like solids frac-
tion distribution with a single void near the center, which
agrees with those for circular geometry in the previous litera-
ture. Comparing these images with images (e) and (h) in Fig-
ure 3, where the objects were not separated in the image, we
see that we are unable to distinguish closely positioned ob-
jects in any of them, either higher permittivity objects in a
lower permittivity background (rods in Figure 3) or lower
permittivity objects in a higher permittivity background (bub-
bles in Figure 4). In contrast, improved results by iterative
image reconstruction indicate higher solids fractions in some
parts of the central area, and several bubbles are identified
instead of only one, as shown in images (j), (k), and (1) in
Figure 4. This coincides with the improved images using the
iterative method in images (f) and (i) in Figure 3.

Two cases for intermediate solids fractions are presented
by images (m), (n), (0), (p), (@), and (r) in Figure 4. Essen-
tially, the characteristics are similar to the preceding ones. In
images (m), (n), and (o) reconstructed by LBP, a large void
appears in the center. However, images (p), (q), and (r) re-
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constructed by the iterative method demonstrate significantly
higher solids fraction in the center, together with several
bubbles around the edges.

In summary, the iterative algorithm can reconstruct more
detailed solids concentration profiles in the bottom zone of
the CFB risers than LBP can. The distributions agree with
the common opinion that the bottom region is bubbling or
turbulent. However, images reconstructed by LBP appear to
have neglected some solids areas in the middle, reflecting the
deficiency of LBP.

Solids concentration characteristics in bottom zone of CFBs

As the flow rate of the fluidization air increases, the flu-
idization condition evolves through several stages from bub-
bling to circulating fluidization. The following part presents
three characteristic cases, namely, bubbling, slugging, and cir-
culating fluidization.

In each experiment, 1,000 data were sampled in 55 s. Solids
distribution profiles were reconstructed from the data. Mean-
while, the average solids concentrations over the cross sec-
tion, A, were calculated from the solids concentration distri-
bution. The results are summarized in Table 1, showing the
mean A, the standard deviation (std) in A, and the maximum
and minimum A. Two sets of data are listed for each flow
regime under the same operating conditions.

Bubbling Fluidized Bed.  For bubbling fluidization tests, the
superficial fluidization velocity was 0.09 m/s. The gas/solids
distribution is shown in Figure 5. Bubbles appear throughout
the bed. The solids concentration profile is similar to that for
high solids concentration in Figure 4d. The solids distribution
(or the position), the size, and number of the bubbles can be
seen, which provides information on the fluidization charac-
teristics.

From the ECT data, the history of the events in the bed
can be observed. In Figure 5, the air fraction increases from
images (1) to (6) and decreases from images (7) to (10). Such
a pattern repeats over the time, from which the frequency of
bubble occurrence can be estimated. From Figure 5, it ap-
pears that 10 frames of images take 0.55 s to complete one
passage of the bubbles. This corresponds to 1.8 Hz in fre-
quency.

In addition to the information in spatial distribution, the
characteristics of A and its temporal variation are important
because (1) it is a parameter for the design and operation of
CFBs, and (2) like pressure measurements, A can reflect the
flow fluctuations or the dynamic behavior of the bed. In Table
1, A ranges from 29.2% to 56.8% for the first case and 24.7%
to 56.8% for the second case, with mean values of 51.4% and
50.6%, respectively.

Table 1. Statistical Characteristics of Three Fluidization

Regimes
Bubbling Slugging Circulating
Case-1 Case-2 Case-3 Case-4 Case-5 Case-6
Mean A 0.514 0.506 0.338 0.35 0.225 0.229
Std. 0.0581 0.0618 0.0925 0.0876  0.0425  0.045
Max. A 0.568 0.568 0.563 0.561 0.387 0.432
Min. A 0.292 0.247 0.1 0.148 0.111 0.118
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The preceding data are comparable with an earlier investi-
gation that used both a pressure sensor and an ECT sensor
on a circular fluidized bed (Liu et al., 1997). In the previous
study, the mean A ranged from 50% to 56% by pressure
measurement, and from 47% to 57% by circular ECT mea-
surement in the bubbling fluidization regime. The data from
this study lie within the range just given.

It has been reported that the pressure fluctuations in the
bottom of the bed occur at 0.5 and 1.4 Hz (Svensson et al.,
1996). For comparison purposes, fast Fourier transform (FFT)
is performed on A to obtain its frequency spectra. The results
are shown in Figure 6.

Figure 6a shows the variation of A with time between 30%
and 57% (the low values corresponding to large air fractions).
There are 1,000 data sampled over a time period of 55 s. To
view it more clearly, Figure 6b shows the selected data from
the first 10 s, in which the periodic nature of the curve can be
seen. The frequency spectrum from FFT is shown in Figure
6c, which clearly illustrates a peak corresponding to a fre-
quency of about 1.6 Hz. This result agrees with that from the
pressure measurement of Svensson et al. (1996). Although
Svensson’s low frequency of 0.5 Hz does not appear here, one
reason for it may be the different geometry of the fluidized
beds and a different operating temperature. In the Svensson
study, the bed was 1.47X1.42 m and the temperature was
850°C.

- W\"i ,{J\:}‘\rtm}‘[" o ‘ e @)
1 [ S N .
© 40 ‘ il UL Time series of
° 30 ! I | N
20
10
0 5 10 15 20 25 30 35 40 45 50 55
Time (s)
60~ AN ~. - - NP —
" TRARTIRYA A ®)
%0 y i Zoomed view
20 of picture (a)
10
0 1 2 3 4 5 6 7 8 9 10
Time (s)
03 ]
€ o2 ‘ (©)
g Spectrum
8 .
& 04 ) analysis
I
LT

[ 0.5 1 1.5 2 25 3 35 4 45 5
Frequency (Hz)

Figure 6. Average concentration and frequency spec-
trum in bubbling bed.

August 2002 Vol. 48, No. 8 1635



Werther and Molerus (1973a,b) used needle-type sensors
to measure the bubble velocity and the mean number of bub-
bles that struck the sensor per unit time, at different heights
above the distributor and radial locations in circular fluidized
beds. When the height was 8 cm, the volume fraction of the
bubbles was found to be particularly high in an annular re-
gion close to the wall. In Figure 5 (4)-(7) and Fig.4 (p), (g),
and (r), the ECT images show qualitatively an annular region
wherein more bubbles occur than in other regions. This sug-
gests certain similarities to Werther and Molerus’ measure-
ments, though they are far less regular. Therefore, further
studies are needed to verify these discoveries. Moreover, in
our case there are often high solids concentrations in the cor-
ners of the bed, which is a good demonstration of a special
feature of square beds. Also, according to Werther and
Molerus’ data, the mean number of bubbles that struck the
sensor per unit time ranged from about 0.5 to 3—4, a large
number being within 1 to 2. This may be compared with our
case, that is, about 1.6 Hz.

Slugging Bed. The images reconstructed for slugging flu-
idization are shown in Figure 7, which correspond to a super-
ficial fluidization velocity of 1.5 m/s. Slugging occurred when
bubbles grew to sizes similar to the cross section of the bed.
It is well known that slugging fluidization is characterized by
the largest pressure fluctuations. In our measurements it cor-
responded to the largest fluctuations in solids concentration
profiles. Our measurements focused on the characteristics of
the solids distribution in the slugging bed, instead of the un-
set point of slugging. Therefore, images presented in this ar-
ticle correspond to the condition wherein the largest fluctua-
tion in solids concentration occur. The images show large
variations in the gray level, for example, images (2) and (5).
There are conditions like bubbling fluidized bed with scat-
tered bubbles, as well as conditions when the majority of the

(16) an as 9 (20)

Figure 7. Cross-sectional solids concentration in bot-
tom of slugging bed.
Black color is the highest voidage.
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Figure 8. Average concentration and frequency spec-
trum in slugging bed.

bed is occupied by large voids. In Figure 7, solids concentra-
tion decreases from image (1) to a minimum at image (7). It
then increases until image (12) is reached, and starts to fall
again until it reaches image (16). It further increases toward
image (20). This again shows its periodical nature.

The temporal variation of mean A with time and its fre-
quency spectrum are shown in Figure 8. Compared with Fig-
ure 6, the overall solids concentration is lower in the slugging
bed, but the fluctuation is stronger (roughly from 10% to 57%)
than the bubbling bed. This is also shown in Table 1, in which
A varies from 10% to 56.3% in one case, and from 14.8% to
56.1% in the other, with mean values of 33.8% and 35%,
respectively. These data are also comparable with the previ-
ous study (Liu et al., 1997) in which A ranged from 37% to
48% by pressure measurement, and from 24% to 41% by cir-
cular ECT measurement. The higher value by pressure mea-
surement than by ECT may be due to the effect of solids
acceleration in the slugging zone, which affects pressure mea-
surements, but not ECT data.

The frequency spectrum by FFT shown in Figure 8c indi-
cates a few peaks around 1.6—2.2 Hz, with the highest peak
at 1.9 Hz.

Circulating bed. The images of solids distribution in a cir-
culating bed are shown in Figure 9 and correspond to a su-
perficial fluidization velocity of 4.3 m/s. The velocity ex-
ceeded the transport velocity (Basu and Fraser, 1991) by a
considerable margin. This means that the condition was in

Figure 9. Cross-sectional solids concentration in bot-
tom of circulating bed.
Black color is the highest voidage.
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Figure 10. Average concentration and frequency spec-
trum in circulating bed.

the fast fluidization regime. A distinctive feature is the large
voids over the cross section. Meanwhile, solids clusters, that
is, the white patches, are clearly visible in the central area,
which provides more information than do images recon-
structed by LBP. This again shows the advantage of the itera-
tive image reconstruction algorithm. The improvement is sig-
nificant in the bottom zone, whereas in the upper part of a
CFB riser, the crown-like solids distribution is reasonable.

The temporal variation of mean A with time and its fre-
quency spectrum are shown in Figure 10. Figure 10a shows
that A ranges from 10% to 40%, substantially lower than the
bubbling bed. Table 1 shows the same feature, in which A
ranges from 11.1% to 38.7% in the first case and 11.8% to
43.2% in the second case, with a mean A of 22.5% and 22.9%
respectively.

The data can be compared with those in the literature. For
example, Kunii and Levenspiel (1991) gave the value of solids
fractions in the lower dense region of CFBs as 16-22%, and
Basu and Fraser (1991) gave 0.12-0.22%, compared to the
22.5 and 22.9% that were obtained from the ECT data.

The frequency spectrum in circulating fluidization is more
irregular than those in bubbling and slugging fluidizations.
The peaks occur mostly below 2 Hz, with the highest peak at
0.3 Hz. This feature reflects the chaotic flow pattern in the
circulating fluidization or its relatively weak periodicity. This
pattern can be compared with the less distinct periodic varia-
tion of the flow pattern in Figure 9. The low frequency peak
at 0.3 Hz indicates large bubbles or the prolonged time it
takes for the air bubbles to pass. The irregularity may be
caused by insufficient data. To analyze the low-frequency
phenomenon, it seems that more data over longer periods of
time are needed. Therefore, the preceding speculations need
to be investigated further.

Conclusions and discussion

Measurement of the solids concentration in the bottom
zone of CFB risers using LBP often produces a crown-like
profile, which tends to lose information on the solids distri-
bution in the central area. The iterative image-reconstruction
method can measure the solids concentration in square CFBs
more accurately than LBP can.
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The results reveal noticeable solids fraction in the central
region of the CFBs. This agrees with the nature of bubbling
or turbulent fluidization in the bottom zone. Meanwhile,
closely distributed multiple voids (gas bubbles) can be distin-
guished. Such results correspond well to those from the ex-
periments on the stationary objects.

In the bubbling fluidization regime, A varies between 24%
to 57%, with a mean A of 51% and a peak at 1.6 Hz in the
frequency spectrum. In the slugging fluidization regime, the
fluctuation is much larger than in the bubbling and circulat-
ing fluidized beds. In the addition, A varies between 10%
and 56%, with a mean A of 34% and a peak at 1.9 Hz in the
frequency spectrum. In the circulating fluidization regime, A
becomes much lower than in the other two regimes, in a range
from 11% to 43%, with a mean A of 23%, plus the frequency
spectrum is more complicated, with an apparent peak of about
0.3 Hz.

The square ECT system has been successfully used in
imaging the bottom zone of CFBs. The data obtained are
valuable references for further studies. With rapidly growing
computer speed, on-line iterative reconstruction is expected
to be available in the near future. The capability of ECT in
providing simultaneous spatial and temporal information on
two-phase flow is unique, and can be of immense value in the
study of fluidization processes.

As a new technology, ECT has not been applied to large-
scale facilities. Some problems must be addressed before ECT
can be tested on large geometries. First, the electronic cir-
cuits must be designed to provide a relatively large charge
current and to use long signal cables. Second, image recon-
struction methods for ECT must be improved for higher reso-
lution and accuracy, as they are lower than some other tomo-
graphic techniques such as gamma-ray tomography. This in-
volves a trade-off between high speed, high accuracy, and low
cost. Third, the sensors must be more carefully designed and
fabricated for a high SNR, and to reduce electrical interfer-
ence from the outside.
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Notation

C =normalized capacitance vector
C; ;=normalized capacitance between electrode pair i+
C ['j“-“( =measured capacitance between electrode pair i-j
C,-lf‘;-w=capacitance between electrode pair i when the sensing
~area is full of a lower permittivity material
C,{‘}gh =capacitance between electrode pair i-j when the sensing
area is full of a higher permittivity material
E =electric field, V/m
G =image vector
G(x,y) =gray level of the image element at location (x, y)
i, j=capacitance pair index
k =iteration number
m =number of electrodes
n =number of pixels assigned to the sensing area
p(x,y)=area of pixel (x, y), m>
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S =normalized sensitivity-map matrix
ST =transpose of normalized sensitivity-map matrix
S; j(x, y) =sensitivity of electrode pair i~ corresponding to an object
at position (x, y)
U,,; = minimum superficial fluidization velocity, m/s
V =voltage, V
x, y =orthogonal coordinates, m

Greek letters

a =iteration step length

€ =relative material permittivity

A =average solids concentration in cross section
¢ =electric potential, V
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