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In a circulating fluidized bed (CFB) the cross-sectional solids distribution in the top zone may differ
from that in the lower zones. Particularly, the solids concentration distribution around the exit could be
noticeably higher than that in other places. As an important factor affecting heat transfer in CFBs, cross-
sectional solids concentration has rarely been investigated by means of online process tomographic (PT)
visualization. This work uses electrical capacitance tomography (ECT) to visualize the solids distributions
in the top zone of a CFB. In addition, wavelet methods are used for de-noising and image enhancement,
CT image reconstruction
low visualization
FB

and the effects are found in three aspects: (1) the influence of noise in the raw data can be reduced,
which improves the quality of the reconstructed images; (2) the noise in the reconstructed ECT images
can be reduced, providing a means for further image enhancement; (3) the rough patches of the images
can be visibly smoothed, which is valuable for image refinement under coarse image pixel divisions.
Experimental data revealed important features of the solids distribution, including (1) the core-annulus
flow pattern, (2) the high solids concentration in the corners of the riser, (3) the moderate effect of the

e hig
cap of the riser, and (4) th

. Introduction

Solids distribution in the top zone of a circulating fluidized bed
CFB) is one of the very important factors that influence strongly
he heat transfer rate. Skewed solids concentration profile has been
bserved around the exit of the riser. However, this has not been
learly visualized by cross-sectional concentration measurement.
ue to the opaque nature and erosive environment, it is very diffi-
ult for conventional methods to perform such a measurement.

Electrical capacitance tomography (ECT) was developed in the
0s of the last century [1], and has been under rapid development

n recent years. Yet ECT is not a mature technology and its applica-
ions are appliance-dependent, i.e. the sensor design, calibration,
nd data interpretation, etc., depends on the understanding of the
pecific dielectric and geometric properties of the objects for ECT
easurement.
ECT has been used successfully in the measurement of the solids

istributions in the lower part of CFBs where the solids concentra-

ion usually exceeds 20–30% [2]. However, a particular problem for
CT is the very low solids concentration in the top of a CFB combus-
or. For example, in a CFB combustor, the solids concentration in the
op part can often be lower than 2–3%. ECT measurements under
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h solids concentration near the exit.
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such a condition tend to produce signals with very low signal-
to-noise ratio, resulting in low image quality. Therefore, effective
image reconstruction algorithms and noise reduction methods are
of vital importance for accurate measurements.

Wavelet methods, or similar techniques, have been proven
effective in noise reduction and image refinement [3–6]. Although
they have been widely applied in other fields, their advantages in
ECT image enhancement and de-noising have not been fully imple-
mented. It is one of the main motivations of this work to explore
the effects of the wavelet methods, in association with ECT image
reconstruction methods, for the visualization of dilute solids con-
centration in the vicinity of the exit of CFBs.

In this study, ECT technology is used to investigate the solids
distributions in the top zone of a model CFB combustor; meanwhile,
the characteristics of the wavelet method in de-noising and image
enhancement for ECT image reconstruction are also explored.

2. ECT image reconstruction

There are two major computational aspects in the image recon-
struction for ECT: the forward problem and the inverse problem.

The forward problem in ECT determines the inter-electrode capac-
itances from the permittivity distribution inside the interrogated
zone, while the inverse problem aims to determine the material
distribution from the measured capacitance values. The results can
also be presented as visual images, and hence this process is called

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:liushi_ncepu@yahoo.com.cn
dx.doi.org/10.1016/j.cej.2009.12.031
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mage reconstruction. Suppose in a measurement m capacitance
ata are acquired and the image is divided into n pixels, in prac-
ice, the model of image reconstruction is often expressed by the
ollowing matrix equation [7]:

G = C (1)

here C is an m × 1 dimensional vector indicating the capacitance
alues; G is an n × 1 dimensional vector standing for the permittiv-
ty distribution, or in other words the material distribution; S is a

atrix of dimensions m × n, often called the sensitivity matrix, or
ensitivity map [2].

The task of inverse problems of ECT is finding G from known S
nd C. There are three major difficulties with image reconstruction
n ECT [8]: (1) in reality the relationship between the permittivity
istribution and capacitance is non-linear and the electric field is
istorted by the material, this is the so-called “soft field” effect [2];
2) the number of independent measurement data is usually far
ewer than that of the pixels in the reconstructed image, i.e. avail-
ble data are far fewer than what need to be decided; (3) the inverse
roblem is ill-posed and ill-conditioned. The solution is very often
nstable and sensitive to noise in the input data.

One of the most commonly used image reconstruction algo-
ithm is the Linear Back Projection (LBP). Based on Eq. (1), LBP
ethod can be expressed by:

= STC (2)

he advantages of LBP are numerical simplicity and high com-
utational speed because it only involves a single matrix-vector
ultiplication. However, the quality of the reconstructed image is

elatively low for complex object distributions. Various methods
re available to improve the quality of reconstructed images, and
ore details can be found in [8]. Currently, iterative algorithms are

ften very effective. One of the successful iteration algorithms is
he Landweber algorithm [7,9,10] expressed as:

0 = STC (3)

k+1 = Gk + ˛kST (C − SGk) = Gk + ˛kSTrk (4)

here k is the iteration step. In each step Gk is modified by adding
kS
T (C − SGk) to form a new Gk+1. The expression rk = (C − SGk) is

he error between the measured capacitance C and the simulated
apacitance value SGk. ˛k is a relaxation factor, or the step length.
he iteration is repeated until a certain stop criterion is met [10].

A drawback of iterative methods is the cost of time. One of the
emedies for this problem is the authors’ recently derived OIOR
lgorithm [11,12], described by:

0 = ST (5)

k+1 = (I − ˛kSTS)Dk + ˛kST (k = 1,2, . . . , z), (6)

= DzC (7)

The algorithm is executed in two stages. The first stage is an
ffline process, in which Eq. (6) is iterated for z times and a coef-
cient matrix Dz is generated, where z can be decided in the same
ay as for the Landweber algorithm. In the second stage, Dz is used

or online image reconstruction by Eq. (7). The algorithm improves
mages in the same way as the Landweber method. However in
IOR the coefficient matrix Dk is updated offline thus will not delay

mage reconstruction during online measurement. Furthermore,
he algorithm does not involve a regularization parameter that is
ften difficult to determine [13]. Due to the above merits, OIOR is

hosen for the current study.

In addition to the above linear methods, non-linear methods
re also advantageous in certain types of applications. Because the
urrent study is not focused on the development of image recon-
truction methods, therefore, linear methods are adopted for faster
g Journal 158 (2010) 61–68

image reconstruction speed and easier implementation, and the
effects of non-linear methods will be investigated in further studies.

3. Wavelet technique

Wavelet analysis is an effective method for signal or image pro-
cessing that has found a wide range of applications in physics,
signal or image processing and applied mathematics [6]. In prac-
tice, wavelet analysis includes mainly two aspects: decomposition
and reconstruction. Decomposition is a process where a signal or
an image is decomposed into the wavelet space, which includes the
detail components containing high frequency information, and the
approximate components containing low frequency information. In
the reconstruction process a signal or an image is reconstructed by
both the approximate components and the de-noised detail com-
ponents [6].

3.1. Wavelets considered

Often adopted wavelet functions include the Haar wavelet, the
Daubechies wavelet, the Mexican Hat wavelet, the Morlet wavelet,
the Biorthogonal wavelet, Complex Shannon wavelet, etc. The pur-
pose of this study is to probe the effects of a wavelet method with
ECT applications, rather than searching for an optimal wavelet func-
tion. Therefore, at this stage, we only consider several commonly
used wavelets, namely the Haar wavelet, the Daubechies wavelet
and the Biorthogonal wavelet.

The Haar wavelet Ha(x) is the simplest wavelet. It was the first
known wavelet and was proposed in 1909 by Aifred Haar. This
wavelet is a step function:

 Ha(x) =
{

1, 0 ≤ x ≤ 1/2
−1, 1/2< x ≤ 1
0, other

(8)

The Daubechies wavelet was invented by Ingrid Daubechies. The
Daubechies wavelets  DbN(x), where N is the order, are compactly
supported wavelets with extremal phase and highest number of
vanishing moments for a given support width. Associated scaling
filters are minimum-phase filters. In general these wavelets are not
symmetric. They have no explicit expression except for N = 1.

The Biorthogonal wavelet family uses in fact two wavelets, one
for decomposition and the other for reconstruction, instead of the
same one like the Daubechies wavelet transform.

3.2. Wavelet de-noising and image enhancement

Practically, the reconstructed images may contain artefacts
or errors due to the noises in the measured capacitance data,
the unsuitable selection of parameters (especially regularization
parameters), the spread and accumulation of errors during numer-
ical iterations, etc. Therefore, it is desirable to carryout both
post-processing of the reconstructed images and noise-reduction
for the raw data for improved results. Wavelet techniques are con-
sidered for these purposes.

Images or signals containing noise can be expressed as f = fT + e,
where fT is a vector of the true values and e is a noise vector.
The task of image or signal de-nosing is to recover the true values
from the noisy values f. According to the multi-resolution analy-
sis [14–17], the property of a signal or an image can be described
by the wavelet coefficients of orthogonal transformation, where
the “large” coefficients correspond to the “true values”, and the

“small” ones represent mostly the noise. Therefore we can choose
a threshold, e.g. s, and reserve the coefficients larger than s and dis-
card those smaller than s. Then the signal or image is reconstructed
using the reserved wavelet coefficients. When a suitable threshold
is selected, this de-noising method may lose hardly any informa-
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Fig. 1. Effect of wavelet de-

ion in the signal or image because the large coefficients contain
early all characteristics of the signal or the image.

There are 3 steps for de-noising based on wavelet techniques
17,18]: (1) decomposition of the image or signal using a suitable
avelet function; (2) processing of the wavelet coefficients using
suitable thresholding scheme; (3) image or signal reconstruction
sing the reserved wavelet coefficients.
. Image reconstruction and de-nosing

For convenience and clarity in the subsequent analyses, simula-
ions are conducted to produce the images to reflect the effects of
g on reconstructed images.

different algorithms. A commonly adopted squire sensor with 12
electrodes [2] is simulated; and images on a grid of 32 × 32 pixels
are generated. LBP, OIOR and wavelet algorithms are facilitated by
the software Matlab.

Four typical object setups are simulated. For each setup LBP
and OIOR are used to reconstruct the initial images of the objects.
Then noise is added to the images for the deterioration effects, and

wavelet de-noising methods are applied afterwards to alleviate the
deteriorations of the images. In addition, noise is also added to the
capacitance data to simulate the noisy data acquired online.

The effects of the above mentioned algorithms are summarized
in Fig. 1. The first row shows the setups of the objects. The black
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Fig. 2. Effect of wallet de-

ircular images correspond to the objects having a relative permit-
ivity of 2.6; and the rest denotes a free area with a low permittivity
f 1.0. As the noise will tend to distort the images of the objects,
ttentions are thus focused on the boundaries of the images. There-
ore, the ECT images in the following rows are further converted
nto gradient maps using software Photoshop7.0. Such maps assign
ifferent grey values (or different colors for a color map) according
o the tonal values in the original images before the conversion.
s the difference in tonal values are usually the largest across a
oundary of an image, the sharpest changes of the grey value in the
radient map will therefore correspond to the boundaries of the
riginal image. By this way, the boundaries of an image can be well
istinguished.

Basic findings are as follows:

1) For comparison purposes the second row shows the images
reconstructed using LBP, one of the most basic algorithms.
Apparently the two objects are not discriminated but encir-
cled by one boundary, as pointed by an arrow. The low spatial
resolution is one of the shortcomings of LBP.

2) The third row listed the images reconstructed by OIOR algo-
rithms. It can be seen that the boundaries of the images, one
of them being indicated by an arrow, are well defined corre-
sponding to the original object setups. With much improved
spatial resolution yet fast speed, OIOR appears to be a favorable
algorithm for this study.

3) Even for the above simulated “noise-free” images, when
wavelet de-noising is applied, visible improvement can also
be seen. The fourth row demonstrates the images after
Bior2.4 wavelet de-noising for the above OIOR images. In the
images we can clearly seen that the boundaries are visibly

smoothed, and the size of the “grains” in the images are also
reduced.

4) Now the noise is added to the OIOR images. It can be seen from
the fifth row that after 20% noise is added to the images, the
boundaries become significantly distorted, in some places the
on raw capacitance data.

boundaries even break into discontinuous lines, as indicated by
the arrows.

(5) Two wavelets, i.e. Bior2.4 and db3, are applied to reduce the
noise effect in the above images. The de-noised images are listed
in the sixth and seventh rows showing similar features. First, the
boundaries of the images are largely restored and become con-
tinuous lines. Second, the grains in the images are somewhat
smoothed as compared to the above.

(6) Finally, Fig. 2 shows the effect of wavelet de-noising for the
contaminated raw data, i.e. the noisy capacitance data. By ana-
lyzing Fig. 2, it can be found that the quality of reconstructed
images is enhanced when the noise in the raw capacitance
data is reduced using the wavelet. As a result, it can be
said that in general the effects of the wavelet techniques are
significant.

5. Experiment and results

5.1. Experimental apparatus

As depicted by Fig. 3, the experimental apparatus is a CFB
with one ECT sensor for bottom concentration measurement and
another for the top at the exit level. As the upper part is the main
subject of this investigation, measurement using the upper ECT
sensor will be reported in this paper and the work on the bottom
sensor will not be described. The riser is 2.8 m in height with a
140 mm × 140 mm cross section. Sands with a mean diameter of
0.28 mm and a material density of 2328 kg/m3 are used as the bed
material. The fixed bed is 200 mm before fluidization with a loosely
packed voidage of 0.43. The superficial minimum fluidization veloc-
ity Umf is 0.04 m/s [2]. The cross section on the upper ECT sensor

level is depicted in Fig. 4. Sixty millimetres from the left wall is the
exit with a width of 50 mm.

It has been noted that the height of the cap, i.e. the height of the
portion above the exit, will affect the solids distributions in the top
zone of a CFB. With the capability of ECT, in this work two different
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Fig. 3. Circulating fluidized bed and ECT sensor.
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Fig. 4. Plan view CFB.

ap heights are used to investigate this effect. The height of the first
ap is 160 mm and that of the second is 330 mm.

The upper ECT sensor is installed immediately below the exit
f the fluidized bed to measure the solids concentration profile.
he ECT device is an AC based logging system with a data collec-
ion speed of up to 140 frames per second [2]. The ECT sensor is
epicted in Fig. 5. There are 12 electrodes, numbered from 1 to
2, attached to the outer wall of the riser that also serves as the
rame of the sensor. A copper foil encloses the whole sensor as the

hielding. The length of the electrodes is 100 mm, and the width of
ach electrode is 80 mm, with a gap of 2.5 mm between each pair
f electrodes.

Fig. 5. ECT sensor.
g Journal 158 (2010) 61–68 65

5.2. Results and analysis

Solids concentrations over the cross section below the exit of the
CFB are measured. The signals are processed using the Db3 wavelet
for noise reduction and image refinement. This de-nosing process
is carried out offline due to the amount of calculations being not
suitable for online imaging. The images are displayed in Fig. 6. In
the figure, 10 images are selected for both the low cap and the
high caps as indicated in the figure. The number above each image
indicates the frame in the series of reconstructed images. The time
span between each frame will be the invert of the sampling speed,
e.g. 0.025 s for a 40 fps sampling speed.

Analyzing Fig. 6, essential features are found as follows:

(1) The solids distribution presents an essentially core-annulus
pattern: most solids are concentrated near the walls. This phe-
nomenon has been identified for most CFBs, see, e.g. [19]; the
measurement in this study provides further evidence for the
top zone of CFBs.

(2) The corners tend to hold more solids. It is seen in most of figures
that, apart from the exit, the corners of the riser seem to hold
more solids than the other locations.

(3) Distinctively the solids concentration is higher near the exit,
as indicated by the doted circle in the first figure. The mea-
surement results agree with those in the literature, such as by
Castilho and Cremasco [19], who stated that for the exit zone,
the distributions show high values of solids holdup both near
the wall and on the axis. Such a phenomenon could be the
result of the stronger fluid drag that causes more solids to flow
through a relatively narrow region near the exit.

(4) Comparing the images, it seems that the effect of the height of
the cap is not very strong, which may implicatively agree with
suggestions by Lackermeier and Werther [20], who measured
the solids concentration by means of a two-channel fibre-
optical probe, and found insignificant differences between the
solids concentrations corresponding to a T-shaped exit (i.e. an
equivalent to a high cap) and to an L-shaped exit (i.e. equivalent
to low cap) on a much larger CFB.

The effect of different shapes of the exits has been analyzed by
Chen et al. [21] and outlined by Jin et al. [22]. According to their
reports, an L-shaped exit was said to result in “higher solids
concentration” at the riser top, and a T-shaped exit would be
more restrictive and also produce higher solids concentration
at the riser top. This type of effects were also commented by
Lackermeier and Werther [20] as a phenomenon usually related
to small rigs, and will not be significant with large rigs. The
images from our ECT visualization seem to agree more with the
latter.

(5) It is shown that the grey levels in the images vary in a rather
smooth way without coarse patches, indicating the smoothing
effect of the wavelet de-noising.

Most of the above features can be seen more clearly if the
ECT data are plotted in Matlab surface maps, i.e. 3D represen-
tations of the data. This is demonstrated in Fig. 7, in which
we select 5 representative frames, numbered 1, 250, 500, 750
and 1000, from 1000 images collected in one experimental run.
The images are represented using an 80 × 80 pixel division. The
ordinate ranges from 0 to 255, i.e. in an 8 bit grey level scale,
representing 0% to the maximum (i.e. full range) concentration
of solids.
Analyzing Fig. 7, it can be seen clearly that: first, the core-
annulus structure of solids distribution generally maintains;
second, the solid concentration very often has a high peak in the
vicinity of the exit (indicated by the arrows). In fact, solid distribu-
tions in the other images also follow the same pattern.
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In addition to the above, measurements were also carried out
ith a cap of an intermediate height 180 mm. The running con-
itions remained the same as the previous test. The lateral solids
oncentration distributions are presented in Fig. 8. Instead of filled
aps, contour maps are used to reveal more details of the distribu-
ion. Compared with the previous measurements shown in Fig. 6, it
an be seen that all the basic features largely remain, i.e. the core-
nnulus pattern, higher solids concentration in the corners, higher
olids concentrations near the exit. Therefore, different heights of
he caps may not cast distinctively different influence. Examining

Fig. 7. High concentration of solids distribu
ly below the exit of the CFB riser.

the concentration contours, the highest concentration can be found
of a value around 60, and occasionally 80. As in our case the value
256 corresponds approximately to loosely packed solids concentra-
tion of 57%, the contour values of 60–80 indicate the highest local
solids concentration of 13.4%, and occasionally 17.8%, respectively

in a very small region just below the exit of the riser, albeit the
average solids concentration remains relatively low over the cross
section. A recent investigation by Wang et al. [23] on a dense flu-
idized bed reactor also indicated a rather high solids concentration
in the upper part of the riser, due to the reflux effect, with even

tion near the exit of the riser of CFBs.
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igher values on the wall than the ECT reconstructed values, which
hows similar features of a CFB riser as used in this study.

. Conclusions

ECT has been applied to visualize solid concentration distribu-
ion over the top cross section, and near the exit, of a CFB riser.
imulation results demonstrated the effects of the wavelet in noise
eduction and image smoothing under coarse pixel division. For
he comparatively low solid concentration in the CFBs that usually
auses low signal-to-noise ratio in the ECT data, wavelet de-noising
roves to be effective. Its effects are found in three aspects: (1)
he influence of noise in the raw capacitance data can be reduced,
hich facilitates the reconstruction of higher quality images; (2)

he influence of noise in the reconstructed ECT images can also
e reduced, and the quality of the images can be enhanced; (3)
he coarse patches in the images can be significantly smoothed,
hich is valuable for edge shape improvement of the reconstructed

mages under coarse pixel divisions.

The experimental data revealed basic characteristics of the

olids distribution. First, the core-annulus flow pattern in the riser
as been presented by ECT images. Second, high solids concentra-
ion in the corners of the upper part of the riser is also reflected by
he ECT images. Third, the high solids concentration in the vicin-
w the exit of the 180 mm cap CFB riser.

ity of the exit appears a noticeable feature, which is of particularly
interests for the evaluation of heat transfer properties in the top
zone of CFBs. Meanwhile, within the operating range of this study,
acquired data suggest only moderate effect of the cap height on the
overall solids concentration distributions, which provides a refer-
ence for further investigations on this matter.

The study is still in its preliminary stage, more simulations and
experiments are needed to verify the findings of this study, and to
improve the methods used here.
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