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A new wavelet-threshold criterion was developed to distinguish the cluster and the
void phases from the transient solids holdup/concentration fluctuation signals when
measured in a 108 mm-i.d. 3 5.75 m-high circulating fluidized bed with FCC particles
(dp 5 78 lm, qp 5 1,880 kg/m3). An appropriate level of approximation subsignal was
systematically specified as a threshold for cluster identification, based on multiresolu-
tion analysis (MRA) of wavelet transformation. By the established threshold, the
dynamic properties of clusters including the appearance time fraction of clusters Fcl,
average cluster duration time scl, cluster frequency fcl, and local average solids holdup
in clusters esc, at different radial and axial positions were determined under the turbu-
lent, transition and fast fluidization flow regimes. The results also describe the dynamic
properties of clusters and flow patterns in the splash zone along with the dense bottom
region of the circulating fluidized beds. � 2009 American Institute of Chemical Engineers
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Introduction

The hydrodynamics and performance of circulating fluid-
ized beds (CFBs) are often characterized by the presence of
particle clusters, especially with the use of fine bed materi-
als.1 Over the past two decades, the study of the particle
clusters has received considerable attention by experimental
and numerical works in CFBs.2–7 The dynamics of particle
clusters have been found to significantly influence many im-
portant operational characteristics of CFBs, e.g., radial distri-
bution of solid particles, heat-transfer rate, reaction kinetics,
mixing of solids and gas, and pressure drop, etc.

Although there are different types of clusters existing at
different positions in CFBs, i.e., streamers or strands in core
and particle sheets or swarms near the bed wall region, they

are usually detected as high-intensity of solids holdup/con-
centration fluctuation signals by fiber optic probes2,8,9 or
capacitance probes.10–12 To quantitatively and objectively
characterize the dynamic behavior of clusters from solids
holdup fluctuation data, an unambiguous criterion is neces-
sary to determine the threshold that discriminates the dense
cluster phase from the continuous phase.

Soong et al.10 proposed that general guideline for the iden-
tification of clusters: (a) the solids fraction in a cluster must
be significantly above the time-average solids fraction at the
same operating condition at the local position, (b) the pertur-
bation in solids fraction, due to occurrence of cluster, must
be greater than the random fluctuations in background solids
fraction, and (c) the concentration increasing must be sensed
for a sampling volume with characteristic length scale greater
than 100 particle diameters. Based on this guideline, they
defined a threshold criterion that a cluster would be identified
as the transient solids holdup is greater than the time-aver-
aged solids holdup by more than three times the standard
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deviation. According to Soong et al.’s10 criterion, Tuzla
et al.11 introduced the standard that the solids holdup of a
cluster must be greater than the time-averaged solids holdup
by at least two times the standard deviation (2rs criterion).
Sharma et al.12 also modified Soong et al.’s10 criterion and
proposed a mean-referenced criterion. They introduced the
concept that the starting time of a cluster is the last time its
density/solids holdup exceeds mean density/solids holdup es
before satisfying the 2rs criterion, and the ending time of a
cluster is the first the density/solids holdup falls below es, af-
ter falling below the 2rs limit.

Independent researchers (Manyele et al.9 and Liu et al.13)
recently considered that the coefficient n of rs is not unique
with respect to Soong et al.’s10 criterion, and should be esti-
mated systematically by quantitative analysis under different
operating conditions including superficial gas velocity, solid
mass flux, axial levels and radial position of riser bed. Many-
ele et al.9 proposed a sensitivity analysis to identify the opti-
mal threshold of solids concentration. They introduced the
cluster time fraction as a sample parameter, and obtained a
sharp change as the coefficient n of rs increases beyond the
optimal value that demarcates the particulate and the cluster
phases. In addition, they stated that the optimal n varies with
the solid-mass flux; hence, different n values should be
applied for different operating conditions. Liu et al.13 charac-
terized the particle clustering behaviors by the phase Doppler
particle analyzer (PDPA) measurement and proposed a semi-
empirical method to identify the optimal coefficient n. They
plotted the cluster occurrence frequency as a function of n
for some typical operating conditions, and examined the opti-
mal value of n by the overlap of the first plateau of all the
curves in the plots. However, the aforementioned studies
based on Soong et al.’s10 criterion were called into question
by Guenther and Breault.14 They asserted that the identifica-
tion criterion of clusters based on the mean and standard
deviation was statistically meaningless, because the optic
fiber signal in this case is not normally distributed and non-
stationary. The fiftieth percentile of their fiber optic data is
suggested as the threshold to identify the particle clusters.

So far, a clear-cut definition or satisfactory criterion of
cluster identification is still lacking especially for FCC par-
ticles in the dense bottom region of CFBs. A proposed crite-
rion should be able to precisely characterize the properties of
particle clusters, and also be physically meaningful. In addi-
tion, the gas-solids flow in CFB systems usually exhibits
time-variant, multiscale and nonlinear dynamic behaviors
conduced by the chaotic interaction between the void and the
solids (dense cluster) phases.7,15–17 These behaviors are
always reflected by the fluctuations of solids holdup data.
Employing the time-averaged parameters, i.e., mean and
standard deviation, as the threshold criterion for cluster iden-
tification might neglect the time-variant, multiscale and non-
linear components of solids holdup fluctuations. It eventually
leads to the wrong estimation of cluster dynamic properties.
Hence, an analytic method taking readings of the aforemen-
tioned considerations should be adopted for cluster identifica-
tion from the transient solids holdup fluctuation signals.

Wavelet analysis is a powerful tool for signal processing,
and has been widely applied in various scientific and engi-
neering fields over the last decade. It is especially applicable
in dealing with time-variant signals comprising nonlinear and

multiscale features. In recent years, several studies have
applied wavelet analysis to characterize the dynamic behav-
iors of clusters in fluidized beds. The first study of wavelet
analysis on the time series of solids holdup was proposed by
Ren and Li18 who decomposed the solids holdup signals into
three scales of components: microscale, mesoscale and mac-
roscale, which correspond to the particle, cluster and equip-
ment size, respectively. Ren et al.19 proposed a principal
component method, deduced by the wavelet spectrum func-
tion, for phase separation from the solids holdup signals in a
90-mm-i.d. CFB with FCC particles. They separated the
dense cluster phase (cluster scale), and dilute phase (particle
scale) from original solids holdup signals, based on the maxi-
mum scale parameter of wavelet spectrum function, however,
no further discussion on cluster properties was presented.
Ellis et al.20 carried out wavelet transform on the voidage
fluctuation data at the bubbling and turbulent flow regimes.
They determined skewness and kurtosis of detail and approx-
imation subsignals to characterize the motions of voids and
dispersed particles in different wavelet scales. Wang et al.7

specified the flow patterns of clusters and the dispersed par-
ticles in a riser by positive and negative peaks of the detail
signals from wavelet multiresolution analysis of the simu-
lated particle concentration fluctuations. Lu et al.21 also
determined the cluster frequency and size by the cross-corre-
lation and wavelet analysis of local voidage signals in a
downer CFB. Guenther and Breault14 analyzed the fiber optic
signals by using discrete wavelet analysis to characterize the
dynamic behavior of clusters of cork particles at different
axial and radial positions in a large scale CFB operated at
three different flow regimes. They proposed two rules of
wavelet analysis to determine the length and count of clusters
based on the 50th percentile value of the reconstructed signal.

In this study, a wavelet-threshold criterion was established
by means of multiresolution analysis (MRA) of wavelet
transform that made it possible to distinguish the dense-clus-
ter phase from the gas-void phase for FCC particles. In addi-
tion, by this criterion an attempt was also made to determine
the dynamic properties of clusters at different radial positions
in the splash zone and the dense bottom region, in order to
gain deeper insight about the dynamic behaviors of clusters
in a laboratory-scaled CFB unit.

Experimental

Experiments were carried out in a circulating fluidized bed
of 108 mm-i.d.35.75 m-high as shown schematically in
Figure 1. It is a transparent Plexiglas column equipped with
a loop-seal type nonmechanical valve for returning the
entrained particles. An expanded top section made of stain-
less steel is 1.5 m in height, with five times the cross-sec-
tional area of riser bed as employed by Shou and Leu.22 A
perforated plate, distributed with 250 holes of 1.5-mm dia.,
giving an open-area ratio of 4.8 % is used as the gas distrib-
utor. Ambient air is supplied by a Roots blower to fluidize
the particles. The spent FCC particles with an average parti-
cle size of 78 lm, and particle density of 1880 kg/m3 are
used as the bed material. The static bed height of the bed
material is 0.6 m. The minimum fluidization velocity esti-
mated based on Wen and Yu23 is 4.5 3 1023 m/s. The tran-
sition velocities Uc and Uk, characterized by the standard
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deviation of pressure fluctuations, are 0.65 and 1.19 m/s,
respectively, as shown in Figure 2. The transport velocity
Utr, obtained from the maximum Gs vs. Ug (proposed by
Schnitzlein and Weinstein24) is 1.58 m/s, which coincided
well with the blowout velocity Use, as predicted by Bi
et al.25 Based on the transition velocities Uc, Uk and Utr,
three superficial gas velocities of 0.91, 1.45, and 1.86 m/s
are taken to investigate the cluster dynamics in the turbulent,
transition and fast fluidization flow regimes, respectively.
The solids holdup measurements were carried out at six ra-
dial positions from the bed wall to the bed center (r/R 5 1,
0.8, 0.6, 0.4, 0.2 and 0) in the dense bottom region (z 5 0.5
m), and the splash zone/transition region (z 5 1.15 m) of the
riser bed. For each run of experiments, the solids holdup

fluctuation signals were acquired by a reflective-type fiber
optic probe and recorded by an AD/DA card at a sampling
rate of 103 Hz, with a total sampling time of 24.6 s. Multire-
solution analysis (MRA) of wavelet transformation on the
solids holdup fluctuation signals were performed by a wave-
let toolkit of S-PLUS software (MathSoft, Inc.).

Calibration of fiber optic probe

A reflective-type fiber optic probe composing of plastic
fibers of 1-mm and 500-lm dia., similar to the probe D intro-
duced by Ishida and Tanaka,26 was used to measure the tran-
sient solids holdup fluctuation signals in the circulating-fluid-
ized bed. The dimensions of the probe are shown in Figure
3. A calibration procedure proposed by Zhang et al.27 was
carried out. The calibration apparatus which mainly consisted
of a controllable solids feeding system, a 16.6 mm-i.d.30.4
m-long test pipe and a shutter valve, as shown in Figure 4,
was used. First, the fiber optic probe was installed on the
wall of the test pipe between the two slide plates of the shut-
ter valve. FCC particles dropping from the storage tank
through the test pipe were stably provided by regulating the
vibrator or replacing the orifice with different open areas to
keep particles flowing through the pipe with different solids
holdups. When FCC particles passed the tip of fiber optic
probe, the receiving optical fiber transmitted the reflective

Figure 1. Experimental setup.

Figure 2. Standard deviation of APF, cross-sectional
average solids holdup and maximum solid
mass flux vs. the superficial gas velocity.

Figure 3. Schematic diagram of the fiber optic probe.
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light from the surface of FCC particles to a photomultiplier.
As the fiber-optic signal data were logged into a personal
computer via an AD/DA card, the shutter valve was closed
in a very short time period. Thus, FCC particles were imme-
diately trapped in the test pipe between the two slide plates
of the shutter valve, and were taken out to be weighed. Then
the solids holdup was able to be determined by the following
relationship

es ¼
m

SDL qp

(1)

where m is the mass of FCC particles captured in length DL
between the two slide plates of the shutter valve; S is the
cross-sectional area of the test pipe.

To make sure the different measurements are made on the
same basis, the intensity of reflective light should be normal-
ized as follows (Herbert et al.28)

�I ¼ I1 � I0
Imax � I0

(2)

where I1 is the intensity of measured reflective light at any
condition; I0 is the intensity of light in empty bed, and Imax

is the intensity of reflective light in loosely packed bed. By
linear regression of I and es in logarithmic coordinates, two
correlations for FCC particles in the dilute (0 \ es � 0.0266)
and dense (0.0266 \ es � 0.545) flow conditions were
obtained as shown in Figure 5.

Data Processing

Wavelet theory

Wavelet analysis was used for transforming the transient
solids holdup fluctuation signals in this study. Similar to a
windowed Fourier transform, a wavelet transform can mea-
sure the time-frequency variations of spectral components,
while providing more flexible time-frequency resolutions.
The transform on a discrete signal can be carried out by dis-
crete wavelet transform (DWT). The essence of DWT is to
expand a signal, x(t) (t 5 1, . . ., N), as a sum of base func-
tions /j,k(t) and wj,k(t) produced by dilations and translations
of the orthogonal father wavelet function /, and the mother
wavelet function w shown as follows

/j;kðtÞ ¼ 2�j=2/
t � 2jk

2j

� �
j; k 2 I (3)

wj;kðtÞ ¼ 2�j=2w
t � 2jk

2j

� �
j; k 2 I (4)

where k 5 1, 2, . . ., N/2j is the time shift and j 5 1, 2, . . ., J
is the transformed level. J is the maximum level of wavelet
transform and is dependent on /, w and N. Thus, the wavelet
transform of x(t) can be obtained by Eq. 5 and Eq. 6

aJ;k ¼
Z

xðtÞ/J;kðtÞdt (5)

dj;k ¼
Z

xðtÞwj;kðtÞdt (6)

where aJ,k and dj,k are called the approximation and detail
coefficients, respectively. Roughly speaking, aJ,k mainly rep-
resents the smooth/low-frequency behavior of x(t) at the
coarser scale, and dj,k represents the detail/high-frequency
part at the finer scale.

Multiresolution analysis developed by Mallat29 can be
applied to decompose the signal x(t) into orthogonal signal
components of hierarchical scale. The approximation subsignal
AJ(t), and the detail subsignal Dj(t), which represent the compo-
nents of x(t) at different resolutions, are calculated as follows

Figure 4. Calibration system of the fiber optic probe.

Figure 5. Relationship between the normalized inten-
sity of reflective light and the solids holdup.
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AJðtÞ ¼
X
k

aJ;k/J;kðtÞ J; k 2 I (7)

DjðtÞ ¼
X
k

dj;kwj;kðtÞ j; k 2 I (8)

Dj(t) contains an approximate frequency band of [fs/2
j11–

fs/2
j] Hz and AJ(t) contains an approximate frequency band

of [0–fs/2
J11] Hz. Here fs is the sampling frequency and 2j is

the scale factor at level j. The ranges of approximate frequency
band of Dj(t) and Aj(t), based on the sampling frequency (fs 5
103 Hz) in this study were summarized in Table 1. Based on
the two-scale correlation of wavelet function, the approximate
frequency bandwidth and center frequency of Dj(t) are half
those of Dj21(t), as well as Aj(t) against Aj21(t).

Consequently, the finer scales of Dj(t) mainly capture the
detail/high-frequency feature of x(t), while the larger scales
of Dj(t) and Aj(t) mainly reveal the whole-view/low-fre-
quency feature of x(t). By MRA, the signal x(t) is hierarchi-
cally decomposed into a series of Dj(t) and AJ(t); inversely,
it also can be reconstructed from Dj(t) and AJ(t) by the
inverse discrete wavelet transform (IDWT) algorithm. The
decomposition and reconstruction/synthesis processes are
schematically shown in Figure 6.

The energy of AJ(t) and Dj(t) are defined as follows

EA
J ¼

XN

t¼1

AJðtÞj j2 (9)

ED
j ¼

XN

t¼1

DjðtÞ
�� ��2 (10)

Based on the orthogonality and the energy conservation of
MRA, the total energy of x(t), E, can be calculated by the
sum of ED

j (j 5 1, 2, . . ., J) and EA
j as follows

E ¼
X
t

xðtÞj j2¼ EA
J þ

XJ
j¼1

ED
j (11)

Because of good localization and extremely small error of
reconstruction (the relative error is smaller than 10215), the

third-order Daubechies’ wavelet (Daublet3) is used to carry-
out MRA on the solids holdup fluctuation signals in this
study.

Calculation of dynamic properties of clusters

Dynamic properties of clusters determined in this study
included the appearance time fraction of clusters Fcl, average
cluster duration time scl, cluster frequency fcl, and local aver-
age solids holdup in clusters esc. The definitions of these
properties similarly used by Sharma et al.12 are given as
follows:

� Appearance time fraction of clusters Fcl: the fraction of
total time when clusters exist at the sampling volume of
probe. This is calculated by the ratio of total cluster duration
time to total sampling time T

Fcl ¼
Pncl

i¼1 si
T

(12)

where si 5 tb-ta is the time length of the ith cluster, as
depicted between 4 and 5 s at the abscissa in Figure 9d. It is
calculated from the product of the sampling time interval (1/
fs), and the counts of data point above the threshold value
between ta and tb.

� Average cluster duration time scl: total cluster duration
time averaged by total number of clusters ncl in a sampling
time. ncl is equal to the number of peaks above the corre-
sponding threshold values and is determined by a built-in
program of LabVIEW software (National Instrument Co.) in
this study

scl ¼
Pncl

i¼1 si
ncl

(13)

� Cluster frequency fcl: the average number of clusters
identified per second during total sampling time

fcl ¼ ncl=T (14)

� Local average solids holdup in clusters esc: since the dis-
tribution of solids fraction in clusters is approximately a
Gaussian type30 esc can be determined by integrating sampled
solids holdup values of each cluster esc,i, and averaged by
total number of clusters detected

esc ¼
Pncl

i¼1 esc;i
ncl

(15)

Table 1. The Approximate Frequency Bands of the Detail
and Approximation Subsignals Based on the Sampling

Frequency of this Study

Level j

Approximation frequency band [Hz]
(for fs5103 Hz)

Approximation Aj(t) Detail Dj(t)

1 02250 2502500
2 02125 1252250
3 0262.5 62.52125
4 0231.3 31.3262.5
5 0215.6 15.6231.3
6 027.81 7.81215.6
7 023.91 3.9127.81
8 021.95 1.9523.91
9 020.977 0.97721.95

10 020.488 0.48820.977
11 020.244 0.24420.488
12 020.122 0.12220.244
13 020.0610 0.061020.122

Figure 6. Multiresolution analysis for (a) signal decom-
position, and (b) signal reconstruction.
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Results and Discussion

Cluster identification

Cluster identification was systematically performed by
MRA on the solids holdup fluctuation signals in this study.
We developed an alternative procedure to determine the
threshold for solids holdup which delineated the transition
between the dense cluster and the gas void phases. The pro-
cedure is introduced as follows.

First, a transient solids holdup fluctuation signal was
decomposed into D1, D2, . . ., D13 and A13 subsignals by the
decomposition procedure of MRA (the maximum level J of
decomposition was determined by the number of sampling
points N). As shown in Figure 7, the multiscale behaviors of
the original solids fluctuation signals were presented along
the evolution of time.

Second, the energy of each level of subsignal was calcu-
lated by Eqs. 9 and 10. Figure 8 shows the normalized wave-
let energy distribution describing the contribution of each
level of subsignal involved in the original solids holdup fluc-
tuation signal. As demonstrated by Ren and Li,18 the multi-
scale behaviors exhibited in a fluidized bed lead to multiple
components in the original solids concentration signals. They
are recognized as three scales: microscale (particle size),
mesoscale (cluster size), and macroscale (equipment size).
These three scales were also discriminated from the energy
distribution in Figure 8. Subsignals D1–D4 of small scale/
high frequency mainly originated from noise or individual
particles passing the probe tip in both gas void and dense
cluster phases. Subsignals D5–D11, referred to as mesoscale,
mainly captured the dynamics of clusters. They contained
most of the energy of the original signal. Ren et al.19 stated
that if the size of the probe is in the same order of magni-
tude as clusters, the predominant scale in the original signal
should contain the information of cluster behavior. The resid-
ual subsignals D12, D13 and A13 originating from the back-
ground fluctuations of the entire CFB system were referred
to as macroscale, which oscillated at a frequency lower than
0.25 Hz. Hence, a threshold separating the cluster scale from

the background unit scale might be between the dominant
scale and the largest scale in Figure 8.

Third, A13 and D13 were synthesized to yield the finer
scale approximation subsignal A12. Continuously, A12 was
taken to be synthesized with D12 to yield the approximation
subsignal A11. This reconstruction process was repeated until
the dominant level j 5 8 was approached, in the same way,
the approximation subsignals from A8 to A13 were obtained.
Figure 9a–f show the approximation subsignals from A8 to
A13 plotted with the original solids holdup fluctuation signal
in a segment of sampling period. The relatively larger peaks
in the original solids holdup signal mainly represented the
appearance of particle clusters with higher solids holdup near
the probe tip. The approximation subsignals of different lev-
els j characterized the variation of the original solids holdup
signal in different time scales 2j or frequency bands. With
decreasing the level of approximation subsignal from j 5 13
to 8, the amplitude of approximation subsignal Aj became
larger and most of the large peaks in the original solids
holdup signal was eventually covered by Aj as like A8 shown
in Figure 9a. On the contrary, when the level increased, the
approximation subsignal became smoother and eventually

Figure 7. MRA of solids holdup fluctuation signals at (a) z 5 0.50 m, and (b) z 5 1.15 m (Ug 5 0.91 m/s, Gs 5 0 kg/
m2s, r/R 5 0.6).

Figure 8. Normalized wavelet energy distribution.
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approached the mean value of the original solids holdup fluc-
tuation signal, as A12 or A13 shown in Figure 9e or 9f. If A8

was used as a threshold for cluster identification, most of the
peaks (clusters) in the original solids holdup fluctuation sig-
nal were filtered out. This was because many peaks in A8 vs.
time curve almost overlapped the peaks in the original solids
holdup fluctuation signal, e.g., the large peak between the
time 0.75 and 1.50 s in Figure 9a. However, if an approxima-
tion subsignal with larger time scale, like A12 or A13, was
specified as a threshold, the time-variant feature of original
solids holdup fluctuation signal would be ignored. For exam-
ple, the original solids holdup at the time from t 5 0 to 1 s
and from t 5 3 to 5 s was lower than that at other moments,
but no clear trend could be observed from A12 or A13. A
detailed description of different levels of approximation sub-
signals for cluster identification is shown in the Appendix.

According to the earlier discussion, an approximation sub-
signal of a suitable level considered as the threshold should
not only identify most of the clusters, but also characterize
the time-variant features of the original solids holdup fluctua-
tion signal. Once the appropriate level was specified, clusters
could be directly identified from the peaks, which had higher
solids holdup than the threshold value. However, the main
problem this study would like to address is which level of
the approximation subsignal should be taken as the threshold
for cluster identification, and whether it is suitable for the
solids holdup signals measured from other conditions (flow
regimes, radial and axial positions in bed). These problems
were required to have been resolved prior to the following
investigations of the cluster dynamic behaviors.

To decide which level of the approximation subsignal was
adopted as a threshold, the relationships between the cluster

Figure 9. Fluctuations of the original solids holdup signal, and the approximation subsignals of (a) A8, (b) A9, (c)
A10, (d) A11, (e) A12 and (f) A13.
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dynamic properties (esc, Fcl and fcl), and the approximation
subsignals of different levels (from A8 to A13) at different ra-
dial positions were investigated under various experimental
conditions, as shown in Figure 10a–f. These figures indicated
that the dynamic properties of clusters were more or less
affected by the level of approximation subsignals. With the
increase of the level, the average solids holdup in clusters esc
gradually increased to relatively higher values and kept
almost constant beyond level j 5 11, as shown in Figure 10a
and b. The appearance time fraction Fcl, and the frequency
of clusters fcl attenuated with the increase of the level, and
also began to level-off at level j 5 11, as shown in Figure
10c–f. Besides, the difference of cluster properties deter-
mined by another approximation subsignal adjacent to A11,
i.e., A10 or A12, was quite small with the relative error of less
than 10 %. Recalling the discussion in the last paragraph, an
approximation subsignal with too large or too small scale
would somewhat lose the time-variant feature of original sol-
ids holdup fluctuation signals or the dynamics behavior of
clusters, respectively. Hence, the approximation subsignal
A11 was a compromise choice as the threshold for cluster
identification from the solids holdup fluctuation signals. It
comprised the fluctuations with a period of 211/fs (fs is the
sampling frequency), and also operated similar to the mov-
ing-averaged line of the original solids holdup fluctuation
signals. A cluster was then identified when the transient
solids holdup exceeded the value of A11; it existed until the
solids holdup once again dropped below the value of A11.
Based on the approximation subsignal A11, the dynamic prop-
erties of clusters, consequently, could be determined by Eqs.
12–15.

Recently, Guenther and Breault14 investigated cluster
length and count of cork particles by wavelet analysis. They
took the 50th percentile value of reconstructed solids holdup
signal as the threshold for cluster identification. Their thresh-
old criterion was also applied to our experimental data, and
compared with the wavelet A11-threshold here. As shown in
Figure 11, both of the thresholds could identify particle clus-
ters from the distinct peaks in the original solids holdup fluc-
tuation signal. It was found that the wavelet A11-thershold
had the intensity of solids holdup quite close to the 50th per-
centile threshold (see the middle row plots of Figure 11), and
nearly no obvious difference was observed in the cluster
phase fluctuations for both thresholds (see the bottom row
plots of Figure 11). The dynamic properties of clusters
obtained by these two thresholds are shown in Figure 12. It
reveals that both thresholds generated similar radial cluster
distribution for the four dynamic properties. Furthermore, the
difference of Fcl determined by the two thresholds was not
significant, as well as fcl and scl; esc based on the two thresh-
olds being almost the same. The slight difference could be
ascribed to the fact that the 50th percentile threshold was a
constant value, while the wavelet A11-thershold was not,
which tracked the time-variant features of the original solids
holdup fluctuation signals.

Figures 13 and 14 show the global view of original solids
holdup fluctuation signals and the corresponding wavelet
A11-threshold (represented by a dashed line) at different ra-
dial positions in the dense bottom region and splash zone of
the bed. Both figures clearly showed that at constant Ug, the
intensity of wavelet A11-threshold increased when increasing
the relative radial distance from the center of the bed, as

Figure 10. Dynamic properties of clusters vs. the approximation subsignals of different levels.

(l: r/R 5 1.0, *: r/R 5 0.8, ~: r/R 5 0.6, ~: r/R 5 0.4, n: r/R 5 0.2, h: r/R 5 0).
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well as the corresponding original solids holdup fluctuation
signal. In addition, the wavelet A11-threshold captured the
global tendency of original solids holdup fluctuation signal,
and simultaneously separated the cluster phase (large peaks)
from the background dilute phase (small fluctuations with
low solids holdup).

In the dense bottom region (Figure 13), a great quantity of
large peaks, corresponding to the particle clusters with higher
solids holdup, was clearly observed in the turbulent flow re-
gime (Ug 5 0.91 m/s, Gs 5 0 kg/m2s). As Ug increased, the
particle clusters became sparser and their solids holdup
became more diluted in the transition and fast fluidization
flow regimes. At higher elevation (Figure 14), the particle
clusters in the core of the bed were rarer than those near the
bed wall in both the turbulent and the transition flow
regimes. Besides, the particle clusters in the transition flow
regime had somewhat higher solids holdup than in the turbu-
lent flow regime, especially near the bed wall. This was
because in the turbulent flow regime, most solid particles

kept in the dense bottom region, while in the transition flow
regime, significant amount of solid particles in the dense bot-
tom region was entrained to the splash zone by higher gas
velocity. Some of those entrained solid particles tended to
aggregate into larger clusters and then fell downward near
the bed wall. When Ug further increased over the transport
velocity of particles, the aforementioned phenomenon
became more and more significant. The solids holdup in
clusters near the bed wall was even one-order higher than
that near the core region of bed, as revealed in the subplot at
the bottom row of Figure 14.

Probability density function (PDF) analysis

Probability density function (PDF) analysis mainly pro-
vides information about the frequency count of the number
of times that a specified interval occurs in a sequence. To
get more clear understanding of the cluster phase structures
in the lower portion of the riser for different operating condi-

Figure 11. Cluster identification by using the wavelet A11-threshold and 50th percentile threshold.
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tions, PDF of the original solids holdup fluctuation signal
(the solid line), PDF of wavelet A11-threshold (the short-
dashed line), PDF of the solids holdup in the dense cluster
phase (the dot-dashed line), and the median (or the 50th per-
centile) of the corresponding solids holdup fluctuation signal
(the vertical straight line) are shown in Figure 15. In the
splash zone of the riser (z 5 1.15 m), PDF of original solids

holdup fluctuation signal revealed a unimodal distribution
without obvious change when the flow regime varied from
the turbulent to the transition flow regime (Figures 15a and
b). However, it quickly shifted to very narrow solids holdup
distribution when the flow regime transformed from the tran-
sition to the fast fluidization flow regime (Figure 15c). PDF
of the dense cluster phase first displayed a similar unimodal

Figure 12. Comparison of cluster dynamic properties determined by the wavelet A11-threshold and 50th percentile
threshold.

Figure 13. Cluster identification by the wavelet A11-threshold at various experimental conditions for z 5 0.50 m.
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distribution as that of original fluctuations in the turbulent
flow regime (Figure 15a), while a distinct peak appeared
near the median in the transition flow regime (Figure 15b).
This might be ascribed to the acceleration of clusters associ-
ated with enlarged dilute cloud structure around the clusters.
When Ug further increased, the difference between the solids
holdup in the dense cluster phase, and in the surrounding
cloud phase gradually reduced because of the increase of
shear force acting on them; eventually, the coexistence of
these phases disappeared. Therefore, PDF of dense cluster

phase again formed in a unimodal distribution in the fast flu-
idization flow regime, as shown in Figure 15c. In addition,
both the solids holdup of the original fluctuation signal and
the dense cluster phase in this flow regime had much lower
value (\0.003) than those in the transition flow regime. This
implies that both the dense-cluster phase and the surrounding
gas void phase became more dilute in the fast fluidization
flow regime. Comparing the PDFs of the dense cluster phase
in the splash zone, a unimodal distribution with its tail bias-
ing to higher solids holdup could be observed both in the tur-

Figure 15. Probability density function of original solids holdup ��, the dense-cluster phase � � �, and the wavelet
A11-threshold ----.

Figure 14. Cluster identification by the wavelet A11-threshold at various experimental conditions for z 5 1.15 m.
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bulent and the fast fluidization flow regimes, while the solids
holdup of dense cluster phase in the turbulent flow regime
(0.02 \ es \ 0.164) was significantly higher than that in the
fast fluidization flow regime (3.88 3 1024 \ es \ 3.44 3

1023).
In the dense bottom region of the riser (z 5 0.5 m), PDF

of the original solids holdup fluctuation signals showed a
clear bimodal distribution in the turbulent flow regime
(Figure 15d); this was also observed by other authors.30–32 It
gradually changed to the unimodal distribution as the gas ve-
locity increased (Figure 15e and f). PDF of the dense cluster
phase having the unimodal distribution quickly biased from
the righthand side to the lefthand side when the gas velocity
increased. This implies that the solids holdup in the dense
cluster phase was significantly affected by the operation con-
ditions, and the effect was apparently more pronounced than
that in the splash zone. For PDF of wavelet A11-threshold,
there was no clear rule of dependency with the increase of
gas velocity. However, we found that PDF of A11 was mainly
distributed around the median value, and showed similar bias
as that of the original solids holdup fluctuation signal in each
plot. This result implies that the wavelet A11-threshold was
suitable for cluster identification by analyzing the solids
holdup fluctuation signals, which were usually not normally
distributed.

Radial distribution of cluster dynamic properties

Radial distribution of dynamic properties of clusters in the
dense bottom region (z 5 0.5 m), and in the splash zone (z
5 1.15 m) were determined based on the wavelet A11-thresh-

old, as shown in Figures 16 and 17. They will be discussed
in this section individually.

Appearance time fraction of clusters Fcl

In the dense bottom region (z 5 0.5 m), the radial distri-
bution of Fcl was relatively higher near the bed wall, and
gradually decreased toward the core region as the riser was
operated in the turbulent flow regime (Figure 16a). When the
flow regime changed to the transition state by increasing Ug,
Fcl at all radial positions (except near the bed wall) appa-
rently became lower due to the significant number of FCC
particles in the dense bottom region injected into the splash
zone. However, Fcl became slightly higher again, and the ra-
dial profile of Fcl became flatter as the flow regime changed
to the fast fluidization. That was because the solid-mass flux
in the riser bed increased simultaneously.

In the splash zone (Figure 17a), similar radial profiles of
Fcl for the transition and the fast fluidization flow regimes
could also be observed. However, the radial profile of Fcl for
the turbulent flow regime here was rather different from that
observed in the dense bottom region. It showed a relatively
lower value between r/R 50.4–0.8, with relatively higher
values near the center and the bed wall regions. This profile
might demonstrate that some clusters of FCC particles were
injected from the dense bottom region into the splash zone
by the eruption of gas void near the center of the bed, and
returned to the lower dense bottom region through flowing
downward near the bed wall. Thus, Fcl between r/R 5 0.4–
0.8 was lower than that near the center and the wall regions
of the bed.

Figure 16. Radial distribution of dynamic properties of clusters in the dense-bottom region (z 5 0.5 m).

(l: Ug 5 0.91 m/s, Gs 5 0 kg/m2s; *: Ug 51.45 m/s, Gs 5 1.14 kg/m2s; ~: Ug 5 1.86 m/s, Gs 5 19.5 kg/m2s).

AIChE Journal March 2009 Vol. 55, No. 3 Published on behalf of the AIChE DOI 10.1002/aic 623



Cluster frequency fcl

For the turbulent flow regime, fcl in the dense bottom region
increased slightly from the bed center toward the bed wall,
while a sharp increase was observed near the bed-wall region
(r/R % 1) as shown in Figure 16b. It was ascribed to the sig-
nificant wall effect near the bed wall that caused the solid par-
ticles agitate violently there, thus, a relatively higher fcl was
obtained. In the splash zone, as shown in Figure 17b, fcl
revealed a similar radial profile as Fcl in Figure 17a due to the
motion of FCC particles discussed in the last paragraph. For
the transition flow regime, fcl at the core region was lower
both in the dense bottom region and the splash zone. Compar-
ing fcl in Figures 16b and 17b, the value of fcl is observed to
increase with increasing axial elevation. This result implied
that clusters were gradually accelerated from the dense bottom
region to the splash zone, thus, a larger amount of clusters per
sampling period was obtained at a higher elevation. For the
fast fluidization flow regime, fcl between r/R 5 0–0.8 in the
splash zone was apparently higher than that in the dense bot-
tom region; on the contrary, fcl near the bed wall (r/R % 1) in
the splash zone was obviously lower than that in the dense
bottom region. This could be ascribed to the fact that the in-
tensive solids acceleration at the core region quickly injected
the particle clusters upward from the dense bottom region to
the splash zone, and reduced the cluster size. Hence, a rela-
tively higher fcl was found between r/R 5 0–0.8. Meanwhile,
a part of the particle clusters in the splash zone moved trans-
versely from the core region to the bed wall, and then flowed
downward with enlarging its size. Therefore, fewer clusters
per sampling period (equivalent to lower fcl) were obtained
near the bed wall.

Average cluster duration time scl

In Figure 16c, scl near the center of the bed (r/R 5 0–0.4)
apparently became lower with increasing Ug. However, the
radial profile of scl at 0.4 \ r/R \ 1 was rather complex.
Since scl was dependent on both the cluster vertical length
and velocity, e.g., a long scl might represent a long length of
cluster or a cluster with slow velocity near the tip of the
probe, and vice-versa. It was difficult to characterize which
parameter contributed the more significant effect on scl in
this region. In the splash zone (Figure 17c), the radial profile
of scl in the turbulent flow regime was quite similar to that
in the transition flow regime due to the approximate range of
the local average solids holdup es in both flow regimes (es 5
0.01920.082 for the turbulent flow regime; es 5 0.0220.18
for the transition flow regime). This result was also con-
firmed by Manyele et al.9 who demonstrated that scl is posi-
tively dependent on es. In the fast fluidization flow regime, a
smaller scl, generally responding to a higher fcl, was obtained
at the core region (r/R 5 0–0.8); on the other hand, a larger
scl responding to a lower fcl, was clearly observed near the
bed wall (r/R % 1). Therefore, the radial profile of scl in the
splash zone revealed a typical core-annulus flow structure in
the fast fluidization flow regime. A more clear description of
the cluster structure would be obtained by combining the
radial distribution of cluster velocity and scl.

Local average solids holdup in clusters esc

The radial distribution of the local average solids holdup
in clusters esc showed a smooth increase from the bed center
toward the bed wall in the turbulent fluidization regime

Figure 17. Radial distribution of dynamic properties of clusters in the splash zone (z 5 1.15 m).

(l: Ug 5 0.91 m/s, Gs 5 0 kg/m2s; *: Ug 51.45 m/s, Gs 5 1.14 kg/m2s; ~: Ug 5 1.86 m/s, Gs 5 19.5 kg/m2s).
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(Ug 5 0.91 m/s) in both the dense bottom region and the
splash zone. While esc in the splash zone was apparently
smaller than that in the dense bottom region (Figures 16d and
17d). It revealed that most of the FCC particles were kept in
the dense bottom region of the riser in the turbulent fluidiza-
tion flow regime. As the superficial gas velocity increased (Ug

5 1.45 m/s), esc in the dense bottom region came to a dramat-
ically lower value as compared to the turbulent flow regime
due to significant entrainment of solid particles. However, in
the splash zone esc did not change apparently within the core
region of 0 � r/R � 0.6. esc near the bed wall (r/R [ 0.6)
increased obviously owing to the increasing amount of particle

clusters/swarms moving downward there. When further
increasing the gas velocity (Ug 5 1.86 m/s), a core-annulus
structure, characterized by the flat radial profile of esc in the
core region (0 � r/R � 0.8), and the sharp increase of esc
near the bed wall (0.8 \ r/R �1.0), was clearly observed both
in the dense bottom region and in the splash zone.

Cluster dynamic properties near the bed wall region

Numerous efforts on characterization of cluster dynamic prop-
erties in previous studies33–38 have focused on the near-wall
region of CFBs, and the formation of clusters in this region
have always played an important role on the bed-to-wall heat
transfer and erosion. Since the solids holdup esc, and appearance
time fraction of clusters Fcl, had a substantial effect on these
phenomena, they are quantitatively discussed in this section.

Figure 18 shows the dependency of Fcl on the average
cluster solids holdup esc near the bed-wall region. Apparently
Fcl increased with increasing esc in both the splash zone and
the dense bottom region of the riser bed. The data Lints and
Glicksman33 obtained using the particle impact probe also
clearly revealed Fcl increased with increasing esc for quartz
sand particles. This result implied that the increase of Fcl

equated to increase the wall coverage fraction of particles,
leading to the stronger particle-particle interaction near the
bed wall. The enhanced particle-particle interaction caused
the particles in clusters to aggregate more tightly. Conse-
quently, esc near the bed wall increased. Besides, the slope of
Lints and Glicksman’s33 data in Figure 18 was much sharper
than that in this study. The exact reason is not yet clear;
however, it might be ascribed to the use of different kinds of
particles.

Increasing the cross-sectional average solids holdup \es[
also increased Fcl near the bed wall region for the dense bot-
tom region or the splash zone. This result had been con-
firmed by previous studies33,34,35 as shown in Figure 19.
Again, different slopes of data for different studies were
observed in this figure. It revealed that the slope might

Figure 18. Appearance time fraction of clusters vs.
average solids holdup in clusters near the
bed wall region.

Lints and Glicksman33 defined a cluster as any group of
five or more sequential particle strikes with 2 ms maxi-
mum time between any two sequential strikes. esc was
calculated by the square root of cross-sectional average
solids fraction in their study.

Figure 19. Appearance time fraction of clusters near the bed wall region vs. the cross-sectional average solids
holdup.

The operation conditions are, Ug 5 2.3–4.5 m/s, Gs not mentioned for Lints and Glicksman33; Ug 5 2.1 m/s, Gs 5 40 kg/m2s for Jiang
et al.34; Ug 5 2-3 m/s, Gs 5 8–60 kg/m2s for Rhodes et al.35
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depend on the particle density; namely, the higher density
the particles had, the larger the slope was. However, there
was not enough data to address any further conclusion. To
verify the relationship between the slope and particle density,
further study should be done.

Figure 20 shows the relationship between the local average
solids holdup in clusters esc near the bed wall region, and the
cross-sectional average solids holdup \es[. The data by Lin
et al.,30 Lints and Glicksman,33 Gidaspow et al.36 and Horio
et al.37 are also plotted in this figure for comparison. It was
observed that esc increased apparently with increasing\es[, and
the data in this study revealed the similar trend as that reported in
literatures. This result was also consistent with Harris et al.’s38

study. They proposed that esc near the bed-wall region is a function
of\es[, rather than an uniform solids holdup profile.39

The particle clusters were not only observed near the bed-
wall region, but also in the core region of CFBs.7,30,40,41 As
shown in Figures 16d and 17d, esc was relatively smaller in
the core region, and increased toward the bed wall. This
trend was smoother in the turbulent flow regime, while it
was rather sharp near the bed wall region in the transition
and the fast fluidization flow regimes. Similar profiles were
also reported by Manyele et al.9 For FCC particles in the
freeboard region (z 5 6.34 m), they found the radial profiles
of esc, are quite similar to that of the local average solids
holdup es. Based on PDPA measurements, Liu et al.13 found
that the voidage/solids holdup inside clusters seems to be a
function of es in bubbling and turbulent fluidized beds. In
this study, the variation of esc at different radial positions,
including in the core and near the bed wall regions, with the
corresponding es was also investigated. Figure 21 shows that
there was a positive relationship between esc and es. The
experimental data could be fitted quite well with a sigmoid
formula as follows

esc ¼
0:595es1:143

0:165 þ es1:143
(16)

The square of correlation coefficient of curve fitting is
0.981 for es, ranging from 0.4 to 8.0 3 1024. Figure 21 also
reveals that no matter in the splash zone or in the dense bot-
tom region, esc could be predicted well by Eq. 16.

Conclusions

By multiresolution analysis of wavelet transform on the
transient solids holdup fluctuation signals, a wavelet-thresh-
old criterion was developed to distinguish the cluster phase
and the void phase from the measurements in the splash
zone, and the dense bottom region in a circulating fluidized
bed. Significant results of this study were summarized as
follows:

� The values of cluster dynamic properties obviously
depended on the approximation subsignal of different levels.
After considering most of experimental conditions in this
study, the approximation subsignal A11 was specified as the
threshold. It not only successfully identified the particle clus-
ters phase, but also tracked the time-variant features of the
original solids holdup fluctuation signals.

� PDF of solids holdup in the cluster phase revealed a
unimodal distribution in the dense bottom region of the riser
bed. It gradually skewed from the lefthand side to the right-
hand side as the flow regime changed from turbulent to fast
fluidization.

� The radial distribution of cluster dynamic properties in
the dense bottom region was rather complex in comparison
with that in the dilute freeboard region as shown in litera-
ture,10,12,33,35,40 while the core-annulus flow pattern also was
observed in the splash zone at higher gas velocity.

� Near the bed-wall region (r/R % 1), both Fcl and esc
increased with increasing \es[. At different radial positions,
including in the core and near the bed wall regions esc, could
be simply expressed as a function of es and predicted well by
Eq. 16.

Notation

aJ,k5 approximation coefficient of level J
AJ(t)5 approximation subsignal of level J
APF5 absolute pressure fluctuations, Pa
dj,k5detail coefficient of level j
dp5mean particle size, lm

Dj(t)5detail signal of level j
E5 energy of original signal
EA
J 5 energy of approximation signal of level J

ED
j 5 energy of detail signal of level j

Figure 21. Average solids holdup in clusters vs. the
local average solids holdup.

Figure 20. Average solids holdup in clusters near the
bed wall region vs. the cross-sectional
average solids holdup.
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fcl5 cluster frequency, s21

fs5 sampling frequency, s21

Fcl5 appearance time fraction of clusters
Gs5 solid mass flux, kg m22s21

Gs,max5maximum solid mass flux, kg m22s21

Hs5 static bed height, m
I5 integer
I05 intensity of light in empty bed, volt
I15 intensity of measured reflective light at any condition, volt

Imax5 intensity of reflective light in loosely packed bed, volt
I5 normalized intensity of measured reflective light at any condi-

tion, volt
m5mass of FCC particles trapped in the shutter valve, kg
n5 the coefficient of rs

ncl5 total number of clusters in a sampling period
N5number of data points

PDF5probability density function
r5 radial distance from the centerline of riser bed, m
R5 radius of riser bed, m

r/R5 relative radial position
R25 square of correlation coefficient
S5 cross-sectional area of test pipe for calibration of probe, m2

t5 time, s
ta5 the time at which the es increases beyond the threshold, s
tb5 the time at which the es decreases below the threshold, s
T5 total sampling time, s

Uc5 transition velocity at which the standard deviation of pressure
fluctuations reaches a maximum, m s21

Ug5 superficial gas velocity in the riser, m s21

Uk5 superficial gas velocity corresponding to the leveling-off stand-
ard deviation of pressure fluctuations as Ug increases, m s21

Use5onset velocity of significant solids entrainment, m s21

Utr5 transport gas velocity, m s21

x(t)5 time series signal
z5 axial position of probe above the gas distributor, m

Greek letters

DL5 length between the two slide plates of shutter valve, m
es5 transient solids holdup

\es[5 cross sectional average solids, holdup
es5 local average solids holdup
esc5 local average solids holdup in clusters

esc, i5 local average solids holdup in the ith cluster
/5 father wavelet function

/j,k(t)5dilated father wavelet
qp5particle density, kg m23

w5mother wavelet function
wj,k(t)5dilated mother wavelet
rAPF5 standard deviation of absolute pressure fluctuations, Pa

rs5 standard deviation of solids holdup fluctuation signal
scl5 averaged cluster duration time, s
si5duration time of the ith cluster identified, s

Subscripts

i5 index
j5decomposition level of MRA
J5 the maximum decomposition level of MRA
k5 time shift
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Figure A1. Cluster identification by different levels of approximation subsignals (a) A8, (b) A9, (c) A10, (d) A11, (e) A12

and (f) A13.
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Appendix: Comparison of Cluster
Identification by Different Levels of
Approximation Subsignals

Figure A1 shows the solids holdup fluctuations of cluster
phase (represented by the solid line) identified by different
levels of approximation subsignals (represented by the
dashed line). In Figure A1a, the approximation subsignal A8

between t 5 0.75 and 1.6 s almost covered up the original
solids holdup fluctuation signal in this time interval, so that
only small peaks of cluster phase could be identified. With
an increase in the level, the approximation subsignal became
more and more smooth, and the larger peaks gradually pro-
truded beyond the threshold line, as shown in the time inter-
val t 5 1–1.5 s in Figure A1b and c. When further increasing
the level beyond 10, the difference among the cluster phase

identified by different levels of approximation subsignals
gradually reduced, as shown in Figure A1d–f.

However, if the original solids holdup fluctuation signals
exhibited considerably violent oscillations, especially in the
dense bottom region, some peaks of cluster phase might not
be identified by the approximation subsignals with too large
a level. Figure A2 shows the cluster identification by A11,
A12 and A13 in the dense bottom region. The result showed
that with increased the level of threshold from 11 to 13, a
clear peak at about t 51.8 s gradually reduced its height
(Figure A2c) and eventually disappeared (Figure A2d). It
might be ascribed to that A12 and A13 were too smooth to
characterize the global time-variant feature of the original
solids holdup fluctuation signal.
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Figure A2. Comparison of cluster identification by A11, A12 and A13 in the dense bottom region.
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