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Abstract

Experiments were conducted in three circulating fluidized beds of 70 mm-i.d. x 2.21in high, 108 mm-i.d. x 7m high and 108 mm-i.d. x 5.75m
high (with an expanded top section of 1.5 m high) at ambient condition. The spent fluid cracking catalyst (FCC), glass beads and sand particles
were taken as bed materials. The transition velocities U, and U} were analyzed by means of traditional statistic analysis and multi-resolution
analysis (MRA) of wavelet analysis on the absolute pressure fluctuation (APF) signals acquired at different axial positions in the beds. According
to the standard deviation of APF, the effects of axial positions and static bed heights on U, and Uj were systematically investigated. An
appropriate measuring interval of relative axial position was recommended to identify Uy and two correlations calculated by regression of data
in literatures and this work were proposed to predict U, and Uy for absolute pressure measurement. By means of MRA of wavelet analysis, a
redefined variable, homogeneous index HI, deduced from the energy of SF and LF subsignals, was successfully applied to determine the U,
and Uy and demarcated the dynamic behaviors of Geldart group A (spent FCC) and group B (sand particles and glass beads) particles in the

circulating fluidized beds.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Gas—solid fluidized bed system has been extensively
employed in many industrial processes including mixing,
drying, fluid catalytic cracking, coal combustion, gasification,
etc. Among these processes, wide range of operating conditions
is covered from the bubbling, the turbulent to the fast fluidiza-
tion flow regimes among which the performance of fluidized
beds is quite different. Thus, effective and exact discrimination
of flow regimes is quite important and essential prior to any
practical application. Yerushalmi et al. (1978) first proposed a
quantitative criterion by means of relative fluctuations of pres-
sure drop across the bed. They defined U,., where the relative
pressure fluctuations reach a maximum, as the onset veloc-
ity of the transition from bubbling to turbulent flow regime
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and Uy as the onset velocity of turbulent flow regime where
the relative pressure fluctuations decay from U, and begin to
level off. However, some researchers considered that the tur-
bulent regime starts at U, (Cai et al., 1990; Chehbouni et al.,
1994; Chen and Bi, 2003; Grace and Sun, 1991; Kashkin
et al., 2003; Lee and Kim, 1988; Makkawi and Wright, 2002;
Rhodes, 1996, etc.). Also, inconsistent position of Uy exits in
literatures. Rhodes and Geldart (1986) stated that Uy, at which
a “reflux transport” is presented, is akin to choking velocity. Uy
is affected by the position of pressure tapping and is considered
to be strongly affected by the configuration and solids return
system. Lee and Kim (1988) used the skewness and flatness of
pressure fluctuations to determine the transition from bubbling
to turbulent regime. They found the maximum point of flatness
and the minimum point of skewness indicate the transition
velocity U,, however, Uy is not obtained in their studies. Bi
and Fan (1992) found turbulent flow regime exists only for
Geldart group A particles (Ar < 125) and Uy which marks the
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end of this regime decreases with the increasing of the column
diameter. For Geldart group B and D particles (Ar > 125), Uy
is equal to Uy and does not change apparently with the col-
umn diameter. Chehbouni et al. (1994) stated that Uy is just
an artifact due to using differential pressure measurement and
turbulent flow regime starts then at U, and ends at the U.
Recently, Makkawi and Wright (2002) demarcated U, and Uy
by means of electrical capacitance tomography (ETC) and elu-
cidated that turbulent fluidization begins at U, and ends at Uy.
Nowadays, U, is generally accepted as the onset gas veloc-
ity of turbulent fluidization; however, U is not a well-defined
transition velocity and exists doubtfully.

Numerous tools had been presented—visual observation,
capacitance probe, pressure probe, optical fiber probe and
X-ray—to examine the transition velocities discriminating the
different flow regimes in the fluidized beds. Among these
tools, pressure fluctuation measurement by pressure probe
was utilized most frequently and more suitable to industrial
application. In addition, various kinds of analysis method on
pressure fluctuations had been applied to examine the regime
transitions, for instance, standard deviation, higher order mo-
ments (skewness and flatness), power spectral density function
(PSDF), probability density function (PDF), chaos analysis and
recent wavelet analysis. Although the amplitude (expressed
in standard deviation) of pressure fluctuations was most com-
monly applied as an indicator of the state of fluidization, it
alone was not sufficient to elucidate the composition of the
fluctuating signals and to quantify the bed dynamics. A sig-
nificant loss of information is inevitable if one just applies
the standard deviation as an indicator of regime transitions
(Dhodapkar and Klinzing, 1993). Power spectral density func-
tion examined the dominant frequency in pressure fluctuations
which represented the frequency of bubbles/slugs or gas voids
passing through the bed. However, deciding which peak in
power spectrum is treated as a dominant frequency may be
subjective (Johnsson et al., 2000). The definition of major
frequency for the turbulent regime was rather difficult as its
PSDF often spread widely. Thus, a combination of different
kinds of analysis should be necessary and gave a better view
of hydrodynamic behavior in fluidized beds.

In the last decade, wavelet transform has been widely ap-
plied to various engineering and scientific fields and discovered
much useful information. However, only few attempts have so
far been made for the multiphase flow system. Lu and Li (1999)
indicated that wavelet filters the signals of pressure fluctuations
in a bubbling fluidized bed and the scale 4 detail signal reflects
the bubble behaviors. Ren and Li (1998) used wavelet trans-
form to decompose the original pressure fluctuations into three
scales corresponding to macro-scale, meso-scale and micro-
scale in a circlulating fluidized bed. The first one characterizes
the effect of the processing unit on the system behavior, the
second one describes the interaction of clusters or bubbles and
the third one mainly characterizes particle motion in clusters or
dilute phase. They verified that a fluidized bed exhibits multi-
scale behaviors causing multi-resolution components in origi-
nal time series. But how to diagnose the transition regime from
pressure fluctuation signals was not presented in their results.

Park et al. (2001) used wavelet transform to obtain the approx-
imation and detail signals of pressure fluctuations in a pressur-
ized bubble column. They found the detail signals may directly
relate to the bubble behaviors and their energies provide anal-
ogous information as the change of major frequency in Fourier
power spectrum. Ellis et al. (2003) characterized the dynamic
behaviors of void and dense phase in the turbulent flow regime
by wavelet analysis on the local voidage fluctuation signals.
They considered that the finer-scale details of the decomposed
voidage signal are originated from the particle movement and
the coarser-scale detail sand approximations are mainly pro-
duced from the void movement. Furthermore, the statistical dis-
tribution (skewness and kurtosis) of these decomposed signals
in the turbulent flow regime shows significant difference from
that in the bubbling flow regime. Shou and Leu (2005a,b) suc-
cessively characterized different flow regimes of fluid cracking
catalyst (FCC) and sand particles in a circulating fluidized bed
by the wavelet energy distribution of pressure fluctuating data.
They further determined the transition velocities U, and Uy by
the method combining the power spectral density function and
wavelet analysis of absolute pressure fluctuations.

So far the wavelet analysis has been considered as a pow-
erful tool for investigating the signal with multi-scale compo-
nents as well as the pressure fluctuations in the fluidized bed
systems. In this study we attempted to examine the transition
velocities U, and Uy in circulating fluidized bed systems via
traditional statistical analysis and multi-resolution analysis of
wavelet transformation on the absolute pressure fluctuation
signals. The effects of the axial position of pressure probe and
the static bed height were also investigated. Multi-resolution
analysis was formulated in order to relate the energy of wavelet
multi-scales and the characteristic hydrodynamics in the
fluidized beds with different kinds of bed materials. This
methodology was expected to express better capability and
higher flexibility on analyzing multi-scale structure from the
bubbling to the turbulent flow regimes in the fluidized beds.

2. Experimental

Experiments were carried out in three circulating fluidized
beds of 70 mm-i.d. x 2.2 m high (CFB-A), 108 mm-i.d. x 7m
high (CFB-B) and 108 mm-i.d. x5.75 m high (CFB-C). The de-
tails of CFB-C were shown elsewhere (Shou and Leu, 2005a).
Both CFB-A and CFB-B were made of transparent Plexiglas
column equipped with an L-valve for returning the entrained
particles, as shown schematically in Fig. 1. The perforated
plates with free area of 3.02% (CFB-A) and 9.33% (CFB-B)
were used as the gas distributor. Ambient air was supplied by
Roots blower to fluidize the particles. The absolute pressure
fluctuation signals were measured at different axial locations
along the risers. To avoid the blockage by fine particles, all tips
of the pressure probes were covered with screen of 400 mesh
and were flushed with the inside wall of the risers. In each run
of experiments, the discrete fluctuating data were recorded by
an AD/DA card at a rate of 100 Hz and the total sampling time
was 81.92s. An S+ wavelet toolkit of the S-PLUS software was
used to perform the wavelet transformation and multi-resolution
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Fig. 1. Circulating fluidized beds (a) CFB-A: 7mm-i.d. X 2.2m high, (b) CFB-B: 108 mm-i.d. x 7m high.

Table 1
Experimental conditions and properties of bed materials

Bed material FCC Glass beads Sand
Geldart group A B B

Mean particle size, d;, (1m) 78 159 194
Particle size range ([m) 0-160 105-210 177-210
Particle density, p, (kg/m?) 1880 2593 2635
Minimum fluidization velocity, Uy,r (m/s)* 0.0045 0.025 0.038
Terminal velocity, U; (m/s)° 0.27 0.98 1.26
Archimedes number, Ar 32.4 378 698

Static bed height, H; (m) 0.4 0.4 0.4, 0.5, 0.6
Superficial gas velocity, U, (m/s) 0.05-2.0 0.1-2.4 0.1-3.8

4Estimated from Wen and Yu (1966).
bEstimated from Haider and Levenspiel (1989).

decomposition. Table 1 lists the experimental operation condi-
tions and the properties of particles employed as bed material
in this study.

3. Data processing
3.1. Statistic analysis

For a given discrete pressure fluctuation signal x (¢), its stan-
dard deviation is defined mathematically as follows:

1

N
v G0 =9

t=1

Oy =

where

1 N
= thl:x(t). (1)

A standard deviation of pressure fluctuations is gener-
ally regarded as a measure of bubble size and is extensively
applied to mark the flow regimes. In Section 4.1 of this pa-
per, the dependency of standard deviation on the superficial
gas velocity in circulating fluidized beds was particularly
discussed to determine the transition velocities from the bub-
bling to the turbulent fluidization under different operational
conditions.
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Fig. 2. Scaled and translated 4th-order “Symlet” wavelet.

3.2. Discrete wavelet transform

Wavelet transform is a relatively novel mathematical tool for
signal processing. Similar to a windowed Fourier transform, a
wavelet transform can measure the time-frequency variations
of spectral components, but it provides more flexible time-
frequency resolutions. The transform on a discrete signal can be
carried out by discrete wavelet transform (DWT). The essence
of DWT is to expand a signal, x()(r =1, ..., N), as a sum of
base functions ¢ () and ¢ j.k(1). They are produced by dila-
tions and translations of the orthogonal father wavelet function
¢ and the mother wavelet function y as follows:

. —2Jk

¢j,k(t)=2_.l/2¢(t > )’ J kel, )
. — 2k

Yik(t) = 27912y (f = ) . jkel, (3)

where time shift k = 1,2,...,N/2j and level j=1,2,...,J.
J corresponding to scale 27 of the base functions is the max-
imum level of wavelet transform and it is dependent on ¢,
and N. Fig. 2 shows the dilated and translated forms of the
Symlet wavelet. When j gets larger, the scale 2/ gets larger and
the functions ¢ i, () and Y i, £ (t) become wider and spread out
(Bruce and Gao, 1996). In this study, the fourth-order Symlet
wavelet (sym4) was used as transform function to carryout
DWT on pressure fluctuation signals. Thus, the wavelet trans-
form of x(¢) can be obtained by

o= / XDy () de, @)

djx= / X0 dr, )

where s; and d; ; are called the approximation/smooth and
detail coefficients, respectively. Roughly speaking, s x mainly
represents the smooth behavior of x(¢) at the coarser scale
and d; ; represents the detail part at the finer scale. The latter
also provides the deviation between two successive scales of
smooth coefficients s; x and s;_1 x. Consequently, x(t) can be
reconstructed by

X(O) %Y s1ab i O+Y iy O+ dyi g (1)
k k

k

o Y dia (). (6)
k

3.3. Multi-resolution analysis (MRA)

MRA decomposes the signal into orthogonal signal com-
ponents which represent the components of x(¢) at different
resolutions/scales. At each level j, the approximation signal
Ay(t) and the detail signals D;(t) can be obtained by the
following:

A=) sixdy®), Jkel, (7)
k

Dj(t)=Y djxy; (1), Jj kel (8)
k

Thus x(¢) is expressed in terms of these signals:
x()~Aj@)+Dy@)+ Dyj—1(t) + -+ D1 (). )

Based on energy conservation, the total energy of x(¢) can be
obtained by

J
E=Y"lxOP =) [A;0F +) ) ID;0P,
t t o j=1

t=1,...,N, (10)



1954 T.-Y. Yang, L.-p. Leu / Chemical Engineering Science 63 (2008) 1950—1970

the percentages of energy of A;(t) and D;(t) are defined as
follows:

N
1
EP = = Z ID;(1)> x 100%, (11)
t=1
1 N
E?:E;m,(mzx 100%. (12)

So, the energy distribution of x(¢) can be obtained by calculat-
ing Egs. (11) and (12) under various levels.

4. Results and discussion
4.1. Statistic analysis on pressure fluctuations

Fig. 3 shows the dependency of the standard deviation of
absolute pressure fluctuations on superficial gas velocity for
FCC and glass bead particles with pressure probes located at
different axial positions (z = 0.1-0.8 m). As gas velocity was
increased in bubbling flow regime, the standard deviation in-
creased rapidly due to coalescence of small bubbles into large
bubbles/slugs. The transition velocity U, corresponding to the
gas velocity at which the standard deviation reached a maxi-
mum, was plainly detected at each position in the beds. Over
U,, large bubbles/slugs gradually erupted into small gas voids
which fast coalesced and split alternately. Fine particles were
elutriated from the bed and the amount of particles in the free-
board zone increased with the increase of the gas velocity. Thus,
the level of dense bed surface decreased and became more and
more fuzzy. These phenomena led to attenuation in amplitude
and rise in the oscillation frequency of pressure fluctuations in
the beds. As gas velocity was further increased, the standard
deviation was found to level off to a plateau. The critical ve-
locity Uy, after which the change of the standard deviation was
not obvious or became much smoother with increasing gas ve-
locity, was obtained from the intersection of the extended lines
of the attenuation and the plateau parts. Table 2 summarizes the
transition velocities U, and Uy obtained from absolute pressure
fluctuation measurement and the corresponding experimental
conditions in literatures. No doubt the transition velocity U,
can be specified by all of the authors listed in Table 2; how-
ever, Uy is not always found. The influence of particle size
dp, density p e and riser bed diameter D; on U, and Uj have
been widely discussed by authors (Bi et al., 2000; Bi and Fan,
1992; Cai et al., 1989; Ellis et al., 2004; Rhodes and Geldart,
1986; Yerushalmi and Cankurt, 1979; Zhao and Yang, 1991,
etc.). However a systematic investigation about the effects of
axial position of pressure probe z and static bed height H; on
U, and Uy obtained from absolute pressure fluctuations is still
lacking. In the following sections, the effects of z and Hy had
been appropriately discussed.

4.1.1. U, and Uy, at different axial positions

As shown in Fig. 3, U, was almost independent of axial
positions from the gas distributor for both FCC and glass bead
particles. However, Uy, decreased slightly with heightening the
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axial position of pressure probe and was only detected at the
specific axial positions (see Figs. 3(c) and (d) for FCC and
Figs. 3(h)—(k) for glass beads). This result differed from the

result of Chehbouni et al. (1994) who proposed that Uy cannot
be found by using absolute pressure fluctuation measure-
ment and is only detected by means of differential pressure
transducer. Based on our observation, beyond U, increasing

0.9 » ' the superficial gas velocity would lead the level of bed sur-

static b‘:ld_%efm face (i.e. the interface between the dense bed and the splash

E 081 s zone) to drop downward. Meanwhile, the standard deviation

< splash zone of the absolute pressure fluctuations attenuated gradually. As

£ 0.7 1 further increasing the gas velocity, more and more solid par-

o ticles were entrained into the splash zone. Then the level of

0.6 A }

B E bed surface dropped below the pressure probe and exposed

- 0.5 - [ 4 it to the splash zone. The variance of the standard deviation

g * . } consequently became smoother. In such case, the pressure
pressure probe: z=0.4 m A . o

C 04— }{} probe at higher axial position was exposed to the splash

pressure probe: z=0.3m | zone earlier than that located at lower axial position. There-

03 ———=—m 1 { fore, a lower value of Uy was obtained at higher position.

02 dense phase vy Rhodes and Geldart (1986) also found that U; decreases with

00 05 10 15 20 increasing the distance of the upper pressure tapping from

the distributor, though differential pressure fluctuation (DPF)
measurement was used in their study. To further verify the
above contention, the change of dense bed height of FCC

superficial gas velocity U,, m/s

Fig. 4. Dense bed height versus superficial gas velocity for FCC in CFB-A.
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Fig. 6. (a) Standard deviation of APF versus solid hold-up, (b) solid hold-up
versus superficial gas velocity for FCC particles.

particles with the superficial gas velocity was observed virtu-
ally, as shown in Fig. 4. When the superficial gas velocity was
increased from 0.6 to about 0.97 m/s, the height of dense bed
surface H; then gradually decreased from its maximum value
to 0.4 m. Further increasing the superficial gas velocity to about
1.05m/s, H; would decrease to around 0.3 m, as indicated by
the vertical arrows in Fig. 4. The superficial gas velocities of
0.97 and 1.05m/s were well consistent with Uy depicted in
Figs. 3(c) and (d), respectively. Thus, Uy was preferentially de-
tected by the pressure probe located at higher positions in the
dense bed. In other words, when the pressure probe was lo-
cated near the gas distributor or in the splash zone/freeboard
during the whole range of operation, the transition velocity Uk
was difficult to be detected, as shown in Figs. 3(a), (b), (¢) and
(f) for FCC and Figs. 3(g) and (1) for glass beads.

The same result was also confirmed for sand particles in
Figs. 5(a)-(c) which showed the standard deviation of absolute
pressure fluctuations obtained at different axial positions in the
CFB-B system with 0.4, 0.5 and 0.6 m of static bed height (Hy),

1200 |
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Fig. 7. Standard deviation of APF versus solid hold-up for sand particles.

Table 3
Transition velocities U, and Uy determined by statistic analysis

Bed material H; (m) z (m) U, (m/s) Uy (m/s)
FCC 0.4 0.10 0.54 a
0.20 0.54 a
0.30 0.54 1.11
0.40 0.55 0.94
0.60 0.52 0.90°
0.80 0.63 a
Glass beads 0.4 0.10 0.86 a
0.20 0.85 1.62
0.30 0.86 1.52
0.40 0.86 1.45
0.60 0.72 1.53
0.80 0.86 a
Sand 0.4 Plenum 1.22 1.86°
0.10 1.22 1.82°
0.30 1.22 1.82
0.40 1.22 1.78
0.60 1.15 1.72
0.5 0.10 1.29 2.25b
0.25 1.24 2.08
0.40 1.25 1.90
0.60 1.29 1.85
0.6 0.10 1.50 2.85P
0.30 1.48 2.83b
0.50 1.58 2.70°
0.70 1.58 2.68°
4Not found.
b Ambiguous.

respectively. As well as FCC and glass beads in the CFB-A, the
U, of sand particles could be detected easily from each peak
value of fitting curve; however, Uy in the plenum or the low-
est axial position (z = 0.1 m) was somewhat ambiguous. Even
an obvious plateau was observed for each of these measuring
positions at much higher gas velocity (about 3.1-3.3 m/s); we
would like to refer this condition to significant entrainment of
sand particles from the riser bed rather than the indication of
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0.6m): (a) time domain, (b) frequency domain.

Uy. Similar trend was also observed in Fig. 3(1) for glass beads
at U, = 1.8 m/s. Beyond this superficial gas velocity, the mag-
nitude of APF began to decrease to an extremely small value
which was almost identical with that in an empty bed, so Ui
was not found in this case. In addition, the gas velocities cor-

responding to the above condition for different axial positions
and static bed heights were quite close to each other and were
well consistent with the blow-out velocity, U, (3.13m/s for
sand particles and about 1.7 m/s for glass beads), proposed by

Bi et al. (1995).
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Fig. 9. Transition velocities U, and Uy at different axial positions for (a)
FCC and (b) glass bead particles.

Further insight of the regime transition at different axial po-
sitions could also be characterized by the relationship between
the standard deviation of pressure fluctuations and the corre-
sponding solid hold-up (&;). Bai et al. (1996) investigated the
standard deviation of DPF against the corresponding & at vari-
ous experimental conditions. They demonstrated that the stan-
dard deviation of DPF increases with the decrease of & from
the minimum fluidization to the transition velocity U, (where
&g = 0.35), followed by a sharp decrease of standard deviation
with decrease in the &; till the critical velocity between the tur-
bulent and the fast fluidization regimes (where ¢ = 0.15). A
relatively small decreasing rate of standard deviation with de-
crease of ¢ preserves until the pneumatic transport regime is
approached (where &; < 0.05). To discover the influence of axial
position on the transition velocities U, and Uy, the dependency
of standard deviation of APF on the corresponding &, deduced
by the mean pressure drop, was presented for FCC and sand
particles in this study. Fig. 6(a) shows the standard deviation
of APF at z=0.2 and 0.5 m against & for FCC particles in the
CFB-C system. This diagram indicates that the peak values of

standard deviation of APF (where ¢;=0.32) measured at the up-
per (z=0.4m) and the lower (z=0.1 m) positions of dense bed
were almost the same and the corresponding gas velocity was
close to the U, determined by the standard deviation of APF
versus the riser gas velocity. It implied that U, was almost not
affected by the axial positions of APF measurement. When the
gas velocity was continuously increased to 1.18 m/s, the flow
pattern observed at the upper position began to change from
the turbulent to the fast fluidization flow regime, since the cor-
responding &; = 0.14 approached the critical solid hold-up be-
tween the turbulent and the fast fluidization as suggested by Bai
et al. (1996). Simultaneously, the flow pattern at the lower po-
sition still maintained in the turbulent fluidization flow regime
with ¢; = 0.24. Besides, the ¢; at the lower position was some-
what larger than that at the higher position between U, ranged
from 1.00 to 1.45m/s, as shown in Fig. 6(b). The superficial
gas velocities, U, =1.1m/s at z=0.5m and U, = 1.36 m/s at
z=0.2m, beyond which the ¢ suddenly dropped were almost
identical with the points where the standard deviation of APF
began to level off in Fig. 6(a). This velocity was consequently
regarded as Uy. The same result could also be found for the
sand particles, as shown in Fig. 7. This figure indicates that
there was an obvious leveling-off of standard deviation as the &
of sand particles decreased from 0.3 to 0.1 and the gas velocity
corresponding to the critical solid hold-up (¢, =0.19) was quite
close to Uy determined from Fig. 5(b) by standard deviation of
APF. Summarizing these results we could conclude that:

e Regime transition from turbulent to the fast fluidization hap-
pened earlier at the upper axial position, as well as mentioned
by Rhodes and Geldart (1986), then developed downward in
the dense bed.

e The leveling-off of the standard deviation of APF at Uy cor-
responding to the regime transition was mainly attributed to
the sudden decrease of solid hold-up at the observation po-
sition, in other words, Uy was apparently related to the vari-
ation of mean solid hold-up around the pressure probe and
could be identified as the pressure probe was exposed from
the dense phase to the relatively dilute phase.

Table 3 summarizes the transition velocities U, and U} de-
termined from Figs. 3 and 5. For FCC and glass bead particles
with constant static bed height, U, showed almost independent
with the axial positions along bed height as similar results ob-
served in literatures (Bi and Grace, 1995; Chehbouni et al.,
1994; Chen and Bi, 2003; Rhodes and Geldart, 1986; Shou and
Leu, 2005a). However, U; decreased slightly with heighten-
ing the axial position, as discussed above. For sand particles in
CFB-B system, U, also did not change significantly with axial
position (Chehbouni et al., 1994; Shou and Leu, 2005b) and
Uy followed the same trend as FCC and glass beads in CFB-A
system.

4.1.2. Effect of static bed height on U, and Uy

In addition to the axial position, the static bed height was also
found evidently to affect the U, and Uy. Rhodes and Geldart
(1986) found that U, slightly increases from 1.1 to 1.2m/s



z/H, dimensionless

T.-Y. Yang, L.-p. Leu / Chemical Engineering Science 63 (2008) 1950—1970

1961

b
16 14
sand, Hg=0.6 m o U, sand, Hg=0.5 m
1.4 1 _
O U, 1.2 [ ) (@]
121 L4 o o 1.0
8
1.0 - Q2
§ 08 1 ° o
0.8 1 o © 5
g 0.6 -
0.6 - o o - ® e)
I |
04 ] 5 04
e U,
0.2 1 [ ] 0
0.2 1 o O o Uk
0.0 T T T T T 0.0 T T : : .
0.5 1.0 15 2.0 25 3.0 3.5 0.5 1.0 15 2.0 25 3.0 3.5
transition velocity U, Uy, m/s transition velocity U, Uy, m/s
C
16
14 1 ¢ © sand, Hg=0.4 m
1.2 1
g 1.0 - ° 0
5
@ 0.8 A PY o
€ 06-
£
%w 0.4
0.2 1 e ©
o U,
0.0 - O Uy
'02 T T T T T
0.5 1.0 1.5 2.0 2.5 3.0 3.5

Fig. 10. Transition velocities U, and Uy at different axial positions for sand particles with (a) Hy

transition velocity U, Uy, m/s

=0.6m, (b) H; =0.5m, (¢c) H; =0.4m.

108

102 { Eq.(13)

Re =0.837Ar>*
R?=0.908

(8]
& 10" 1

100 1

FCC

sand

Bi et al. (2000)
Re =0.56Ar
for APF

0.461

IR EETIT
T

Satija & Fan (1985)
Jin et al. (1986)

Lee & Kim (1988)

Mori et al. (1988)

Son et al. (1988)

Judd & Goosen (1989)
Sun & Chen (1989)
Cai et al. (1990)

Leu et al. (1990)

Horio et al. (1992)
Tsukada et al. (1993)
Chehbouni et al. (1994)
Bi & Grace (1995)

Cui et al. (2000)
Kashkin et al. (2003)
Shou & Leu (2005a)
Shou & Leu (2005b)
this work

BXx%POXOROSOGIAD>POO®

100

107

107"
10"

102
Ar

103 104

108

Fig. 11. Correlation for Re. in terms of Archimedes number.

and Uy increases from 1.7 to 2.33 m/s, as the static bed height
varies from 0.2 to 0.9m. These data were obtained from a
76 mm-i.d. x 4m high column with 69 um sand particles as

bed material

. Zjierveld et al. (1998) observed that bubbles/slugs

coalesce and grow for a longer time for deeper beds by chaos
analysis. On the other hand, slugs are partly broken up easier
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for the shallow bed as gas velocity was beyond 2m/s. Ellis
et al. (2004) studied the dependency of U, of FCC particles on
the aspect ratio H/D;. At constant elevation, a significant in-
crease of U, with increasing static bed height (H; =0.6-1.5m)
is also presented in their data.

The transition velocity U, is well known as the gas velocity
at which bubbles/slugs grow to a maximum size and begin to
collapse into smaller bubbles/voids. In our experimental obser-
vation, the big bubbles/slugs quickly formed and persisted for
higher gas velocity on increasing the static bed height. Thus,
the breakup of big bubbles/slugs was delayed especially for
H; = 0.6m of sand particles. Fig. 8 shows the pressure fluc-
tuations for different static bed heights of the sand particles
and the corresponding PSDF at the same measurement posi-
tion (z =0.1m) and approximately with the same gas veloc-
ity. Saw-toothed pressure wave caused by big bubbles/slugs
was measured clearly for higher static bed height; however,
the breakup of big bubbles/slugs already began for lower static
bed height as small and high-frequency pressure fluctuations
were observed interweaving among the large ones. This phe-
nomenon also directly projected on the PSDF of pressure fluc-
tuation signals. As shown in Fig. 8(b), the bandwidth of PSDF
became wider as the static bed height decreased and some
minor frequencies appeared at higher values. It provided the ev-
idence that bubbles/slugs collapsed earlier for the lower static
bed height thus caused U, to decrease with decreasing static
bed height. Besides, the decrease of Uy can be contributed to
the descent of interface between dense bed and splash zone as
the static bed height is decreased (Mori et al., 1992). Lower
level of interface exposed the pressure probes in the splash
zone at lower gas velocity, thus a smaller value of Uy was
obtained.

4.1.3. The choice of appropriate measurement location
According to the above discussion, different flow patterns
could be observed at different axial positions in the fluidized
beds. The transition velocities between different flow regimes
were affected by both static bed height and axial position of
pressure probe. Thus, an appropriate measurement location
should be necessary in order to accurately detect the regime

transition. Figs. 9(a) and (b) show the relative axial position
(z/ Hy), defined as the ratio of the axial position of probe above
the gas distributor to the static bed height, versus transition ve-
locities U, and Uy of FCC and glass beads. The result showed
that U, of both FCC particles and glass beads showed no
obvious change with z/H; however, Uy decreased with in-
creasing z/ H except at z/Hs; = 1.5 where the eruption of bub-
bles/slugs was considerably violent for glass beads. Besides, no
Uy was identified at the highest measuring position (z/H; =2.0
for FCC and glass beads) where the pressure probe was ex-
posed to the splash zone during the whole experimental run.
On the other hand, Uy at the lower measuring portion of the
bed (z/Hs < 0.5), where the flow pattern was mostly affected
by the structure of gas distributor, gas jetting or solid reflux
system, was usually not found or ambiguous. Similar trend was
also obtained for sand particles as shown in Fig. 10. Some rec-
ommendations about the measuring positions had been given
by other authors. Brereton and Grace (1992) suggested that
the pressure probes should be immersed below the surface of
bottom dense bed at all time to avoid the region where bub-
bles/slugs erupt when using instantaneous differential pressure
measurement. Bi and Grace (1995) also recommended keep-
ing away the pressure measurements from the bed surface for
avoiding the apparent transition. It was worthy to note that in
Table 2, some of the authors, who had the pressure probes lo-
cated approximately between 0.5 and 1.0 of z/ H, were able to
identify Uy (Horio et al., 1992; Mori et al., 1988; Tsukada et al.,
1993). On the contrary, no Uy was determined by the authors
who had the pressure probes located at relatively lower posi-
tions (Bi and Grace, 1995; Kashkin et al., 2003; Shou and Leu,
2005a,b; Son et al., 1988; Sun and Chen, 1989) or just above
the gas distributor (Chehbouni et al., 1994; Judd and Goosen,
1989). Based on the data from Table 2 and this study, an ap-
propriate position of absolute pressure fluctuation measurement
for identifying transition velocity Uy was consequently consid-
ered between 0.5 and 1.0 of relative axial position z/H;. Nev-
ertheless, there were still some authors (Bi and Grace, 1995;
Chehbouni et al., 1994; Kashkin et al., 2003; Lee and Kim,
1988; Shou and Leu, 2005a,b) who carried out the APF mea-
surements in the interval (0.5 < z/Hy < 1.0) did not detect any
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Fig. 13. (continued).
100 and 0.5 m for sand particles) were averaged and taken in com-
FCC, Hg=0.4m, z=0.2 m — f,f:: parison with the literature data in Table 2. For the sand particles,
80 p——— the U, and Uy of H; = 0.6 m showed a significant deviation
o | ™ . .
N from those of Hy = 0.4 and 0.5 m owing to the formation of
> . .
2 serious slugging flow, thus, they were excluded from the data
S 60 - regression. In Figs. 11 and 12 the dependency of Re. and Rey
G of these data on the Archimedes number was shown. The cor-
(] . .
2 20 relation equations calculated for these data were expressed as
= follows:
o
g 0.487
20 1 " | Re. = 0.837Ar" (0.562 < Ar < 43270, 0.05
o
.: ? < D; <0.80m), (13)
o0 I i

0.14 031 055 0.7 089 101 121 143
superficial gas velocity U,, m/s

Fig. 14. Energy plot of SF, LF and DC subsignals for FCC in CFB-A,
Hy=04m, z=0.2m.

Uy. The reason was probably related to the structures of exper-
imental apparatus (e.g. expanded-top section, bubble cap gas
distributor, position of solid particles recycled back to the riser,
etc.) employed by these authors. Further future works should
be done in order to verify the inference.

The transition velocity Uy obtained between 0.5 and 1.0 of
z/H (Hy =0.4m for FCC particles and glass beads; H; =0.4

Rep = 1.174A/°°8 (6.45 < Ar < 3220, 0.05

<D, <0.108m). (14)

As shown in the figures, Re. and Re; obtained from this study
showed good agreement with the correlation equations. The
equation proposed by Bi et al. (2000) for predicting U, with
APF measurement was also given in Fig. 11. The Re. pre-
dicted from Eq. (13) was a little higher than that predicted by
Bi et al’s equation. It was probably because they introduced
some transition velocities, determined from the dimensionless
standard deviation of APF, into curve fitting, hence lower val-
ues of U, were obtained. On the other hand, Eq. (14) showed
only a little difference in comparison with the correlation
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equations proposed by Horio (1986) and Perales et al. (1991)
for Geldart A and B group particles, respectively.

4.2. Wavelet analysis on pressure fluctuations

4.2.1. Multi-scale analysis on pressure fluctuations

In this study, the pressure fluctuation data were separated
into three specific scales of subsignal by resorting to wavelet
multi-resolution decomposition as introduced in Sections 3.2
and 3.3. They were the micro-scale corresponding with higher
frequency and small fluctuations (SF), meso-scale correspond-
ing with intermediate frequency and large fluctuations (LF) and
macro-scale corresponding with lower frequency (DC). Here
the SF subsignal is defined as follows:

SF=>"D;(®). (15)
j=1

where m =4 in this work. The SF subsignal represents a hybrid
of details of original signal x(¢) below level m and has an ap-
proximate frequency interval [50/2%, 50] Hz. It mainly captures

the fluctuations contributes from small and rapid bubbles/voids.
And the definition of LF is given by

J
LF= > D;®, (16)

Jj=m+1

where J =7 is the maximum decomposition level set in this
study. The LF subsignal with approximate frequency interval
[50/27, 50/2*] Hz captures the behavior of large bubbles/voids
or slugs. The residual part, DC subsignal, equals to A ;(z) with
approximate frequency interval [0, 50/27], indicates the inten-
sity of moving-average in the original fluctuation signal.

Figs. 13(a)—(c) show the original absolute pressure fluctua-
tions and its three scales of subsignal obtained from multi-scale
analysis of wavelet transform for FCC particles at 0.14, 0.55
and 0.83 m/s of superficial gas velocities, respectively. The cor-
responding PSDF was also applied for each scale of subsig-
nal to estimate their frequency contents. In the bubbling flow
regime, the LF subsignal (the middle top of Fig. 13(a)) mainly
captured the large fluctuations caused by relatively large bub-
bles which had a major frequency about 1.2Hz. The small
fluctuations interweaving in LF subsignal was mostly captured
by the SF subsignal (the middle center of Fig. 13(a)) which
had a higher major frequency about 4 Hz and it was probably
produced by passage of small bubbles and interstitial gas void
near the pressure probe or the slight oscillations of bed sur-
face. Further increasing superficial gas velocity, bubbles were
promoted to coalesce larger and it caused the increasing in the
amplitude of LF subsignal, as shown in Fig. 13(b). On increas-
ing superficial gas velocity beyond U, of FCC particles, the
large bubbles/slugs erupted into small voids that induced de-
creasing in amplitude of LF subsignal, as shown in Fig. 13(c).
In this flow regime, higher degree of turbulence was observed,
the coexistence of the burst of slug-like behavior and the fast-
fluidization-like motion, as mentioned by Brereton and Grace
(1992), could also be captured by the LF and SF subsignals.

4.2.2. Homogeneous index

To understand the relationship between multi-scale subsig-
nals and change of flow regimes, the energies of the three
subsignals were calculated under different superficial gas ve-
locities, as shown in Fig. 14. With increasing superficial gas
velocity (U, < 0.55m/s) in bubbling/slugging flow regime, the
energy of LF subsignal gradually increased due to the coales-
cence of small bubbles into big bubbles/slugs. Meanwhile, the
energy of SF subsignal decreased in the opposite direction. In
other words, the formation of big bubbles/slugs would cause the
energy content of pressure fluctuation signals to transfer from
the smaller scale to the larger scale subsignal. When the flow
pattern was shifted to turbulent fluidization (U, > 0.55m/s) by
further increasing the superficial gas velocity, the energy of LF
subsignal attenuated due to the breakdown of big bubbles/slugs
into small gas voids. On the contrary, the energy of SF sub-
signal increased until large bubbles/slugs were diminished and
substituted by irregular gas voids. A competition, therefore,
was observed between the energy of LF and SF subsignals as
the flow regime change. In this sense, we defined a variable,
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Fig. 16. Homogeneous index versus superficial gas velocity for H; = 0.4m with (a) FCC, z =0.1m, CFB-A, (b) FCC, z =0.4m, CFB-A, (c) glass beads,
z=0.1m, CFB-A (d) glass beads, z =0.4m, CFB-A, (e) sand, z=0.1m, CFB-B, (f) sand, z =0.4m, CFB-B.

called homogeneous index (HI), determined by the energy III. Thus, region I was difficult to be differentiated from region
ratio of the SF and LF subsignals, to characterize the transition  II for fine particles. Following region II was region III after

of flow regimes. Its definition is given as follows: which large slugs began to collapse. In region III there was

4 ) a progressive extinction of large bubbles/slugs and augmented

HI = energy of SF _ Esr _ ijle (t). (17) formation of small gas void inside the bed causing increasing

energy of LF  Epf 2325 D? (t) of HI. The homogeneity kept increasing with superficial gas ve-

locity until large bubbles/slugs completely disappeared. Here-

4.2.3. Determine U, and Uy by HI after, HI leveled off and the flow regime gradually changed
Figs. 15(a) and (b) show the dependency of HI upon the su-  from the turbulent to the fast fluidization.

perficial gas velocity for FCC and glass beads, respectively. Cooperating the above discussion and statistic analysis in

Four different regions (at least three regions for FCC) can be Section 4.1, the transition velocity U, could be marked as the
distinguished in the diagrams. Regions I and II represented the ~ superficial gas velocity after which HI began to increase ob-
bubbling/slugging flow regime; region III represented the tur- viously, i.e. the interface between regions II and III, the big
bulent flow regime and region IV was the fast fluidization flow  bubbles/slugs began to collapse hereafter. The corresponding
regime. In region I, bubble coalescence dominated and bubble ~ gas velocity at the interface between regions Il and III was ap-
size increased with increasing gas velocity causing attenuation ~ proximately equal to the U, obtained from standard deviation
of HI. Near the end of region I, for glass beads, bubbles en- of absolute pressure fluctuations (Figs. 3(b) and (h)). And the
larged rapidly to a stable maximum size which was only subject ~ approach to the Uy for FCC particles was accompanied by the
to the diameter of bed (Chen and Bi, 2003), large squared-nose gas velocity at which the HI began to level off after a gradual
slugs appeared and existed for a wide range of gas velocity as  increase, i.e. the interface between regions III and IV. While
the region II shown in Fig. 15(b). The corresponding HI kept Uy for glass beads and sand particles could be identified by
in a low value and did not vary apparently till the slugs began ~ the gas velocity at which the HI reached to a maximum. Fur-

to breakup at higher gas velocity. However, for FCC particles, ~ thermore, the minimum slugging velocity, Uy, could only be
the stable maximum bubble size was small (usually less than ~ found for glass beads and sand particles. It was located by a
10cm) and clear slugs were not observed (Mori et al., 1988). sudden change of HI at the interface of regions I and II. Beyond
The bubbles appeared to split and coalesce frequently, so that ~ Ums, the HI did not change obviously due to the maximum
the HI decreased monotonously to a minimum and then in- stable bubble size had been developed. For FCC particles, bub-

creased immediately with increasing gas velocity into region ~ bles are considered unable to grow to be of comparable size
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Fig. 17. Homogeneous index versus superficial gas velocity at z=0.1 m with
different Hg of (a) 0.6m, (b) 0.5m, (c) 0.4m for sand particles.

to the column diameter (Grace and Bi, 1997). Thus, no signif-
icant transition between regions I and II was marked from the
HI diagram.

4.2.4. Effect of axial position on HI

Fig. 16 shows the homogeneous index versus superficial gas
velocity near the bottom (z = 0.1 m) and the top (z = 0.4m)
of dense bed for FCC, glass beads and sand particles. For FCC
particles with pressure tap at z=0.1m (Fig. 16(a)), U, and Uy
obtained here were almost the same as that in Fig. 15(a). The HI
curves of z=0.1 and 0.2 showed a similar trend before region
IV; however, the former persisted in increasing beyond U} pos-
sibly owing to the interference of gas jetting near the gas dis-
tributor. At higher position (z=0.4 m), as shown in Fig. 16(b),
the change of HI in regions I & II was not obvious between
0.45 and 0.5. It represented that no bubble growth happened
here and the bubble coalescence and split reached to a dynamic
equilibrium. As increasing U, into region III, the HI increased
sharply to comparative larger values than that in Fig. 16(a).
It was because the breakage of large bubbles and agitation
of solid particles were rather vigorous, thus caused higher
degree of homogeneity near the bed surface. Nevertheless,
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Fig. 18. Homogeneous index versus superficial gas velocity at z=0.4 m with
different Hg of (a) 0.6m, (b) 0.5m, (c) 0.4m for sand particles.

the U, and U} determined in Figs. 15(a), 16(a) and (b) were
almost the same.

For glass beads and sand particles at lower position, as shown
in Figs. 16(c) and (e), U,,s, U, and Uy were clearly determined.
At the axial position near the top of bed (z = 0.4m), no Uy
were characterized because large bubbles/slugs grew fast to sta-
ble maximum size subjected to the bed diameter at relatively
lower gas velocity. So HI did not vary apparently in regions I &
I, as shown in Figs. 16(d) and (f). Furthermore, the transition
from regions III to IV was rather early at higher axial position.
That was because the bottom dense bed height decreased with
increasing superficial gas velocity, thus the pressure probe was
exposed to the dilute phase/splash zone earlier for higher po-
sition. This result coincided with that obtained by the statistic
analysis in Section 4.1.1.

4.2.5. Effect of static bed height on HI

Figs. 17 and 18 show the HI at z=0.1 and 0.4 m, respectively,
with different static bed heights for sand particle in CFB-B
system. Evidently the higher the static bed height was, the
lower the HI values was obtained. The reason corresponding
to this result was that the higher Hy; might produce more stable
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of APF and HI with predicted values calculated from Eqgs. (13) and (14).

and larger bubbles in the beds, therefore, less change and lower
values of HI were found. Additionally, the U, determined from
HI for H; = 0.4 and 0.5 m were almost the same (Figs. 17(b)
and (c) and 18(b) and (c)); however, it was quite different for
H; = 0.6m (Figs. 17(a) and 18(a)). Significant slugging flow
was observed for sand particles of H; =0.6 m and the breakup
of large bubbles/slugs would be delayed, as discussed in
Section 4.1.2. Hence, the U, of Hy; = 0.6 m, beyond which an
obvious increase of HI was observed, was higher than those of
H; =0.4 and 0.5 m. The Uy in these diagrams seemed to be in-
dependent of Hy and was somewhat lower/higher than the blow
out velocity Uy, as mentioned above. This fact could imply
that the slugging flow for the sand particles still existed in the
turbulent flow regime and the big bubbles/slugs kept breaking
down until the fast fluidization flow regime was approached.
Based on Figs. 15 and 16, the transition velocities U, and
Uy were successfully determined by the HI curve even at the
lower axial position of dense bed where no remarkable Uy was
detected by the classical standard deviation curve. Shou and

Leu (2005a) also proposed another method to identify U, and
Uy of FCC particles by wavelet energy in PSDF of absolute
pressure fluctuation signals. At the same time, they successfully
identified U, and Uy of sand particles by the standard devia-
tion of wavelet reconstructed pressure signals (Shou and Leu,
2005b). Therefore, it can be concluded that wavelet analysis is
indeed an effective tool for analyzing the pressure fluctuations
and identifying the transition velocities between different flow
regimes in fluidized beds.

Fig. 19 shows the comparison of U, and Uy, obtained from
standard deviation curves (in Figs. 3 and 5) and HI curves
(in Figs. 15 and 16), with the predicted values calculated by
Egs. (13) and (14). In Fig. 19(a), the transition velocity U,
determined by the standard deviation of APF and HI curve
coincided well with each other. However, they were somewhat
smaller than the predicted values owing to the relatively lower
H; used in this study. Besides, the transition velocity Uy of
sand particle obtained from HI curves was higher than that
of standard deviation curves and predicted value, as shown in
Fig. 19(b). This result was attributed to that gas voids in dense
phase continued to collapse with increasing gas velocity even
over the turbulent flow regime where the level-off of standard
deviation appeared. Thus, HI persisted in increasing till the
breakdown of gas void stops. To confirm whether the results
were dependent on the properties of particles, further studies
should be explored.

5. Conclusions

Transition velocities of FCC (Geldard A group), glass beads
and sand particles (Geldard B group) from the bubbling/slugging
to the turbulent flow regimes in circulating fluidized bed sys-
tems had been characterized by using statistical and wavelet
multi-resolution analysis on the absolute pressure fluctuations
acquired from different axial positions and static bed heights.

Based on statistical analysis, the transition velocity U, was
independent of the axial position of pressure probes, however,
Uy decreased along the axial position due to the relationship
between the change of the standard deviation of APF and the
corresponding solid hold-up in the axial direction. Besides, in-
creasing static bed height caused both U, and Uy to increase.
Uy could not be clearly identified at the bottom of the dense
bed (z/Hy < 0.5) or the above splash zone (z/H; > 1) and was
ambiguous for the deeper bed of sand particles (H; = 0.6 m).
An appropriate interval of the relative bed depth (z/H;) from
0.5 to 1.0 was recommended for identification of U, and Uy by
the APF measurement. U, and Uy obtained in the specific in-
terval of z/ H; fitted with Eqgs. (13) and (14) are deduced from
the data in this study and the literatures.

From wavelet analysis, the multi-scale behaviors of APF in
circulating fluidized beds had been extracted by means of multi-
resolution analysis (MRA). It provided a deep insight of the
absolute pressure fluctuation signals and more information that
the conventional statistic analysis was unable to do. A redefined
variable, homogeneous index HI, obtained from the energy ratio
of the SF and LF subsignals, contributed an alternative way
on determining the transition velocities and characterizing the
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flow regimes. It not only marked the transition velocity Uy,
U, and Uy, but also discriminated the bubble growth dynamics
of different kinds of particles in different flow regimes.

Notation

Ay(t) approximation signal of level J, N/m?

Ar Archimedes number, dimensionless

APF absolute pressure fluctuation, N/m?

djk detail coefficient of level j, dimensionless

dp mean particle size, pm

Dj(1) detail signal of level j, N/m?

D; bed diameter, m

DC DC trend of original signal, N/m?

DPF differential pressure fluctuations, N/ m?

E energy of original signal, (N/m?)?

E ? energy fraction of approximation signal of level
J, (N/m?)?

E jD energy fraction of detail signal of level J,
(N/m?)?

Hy bottom dense bed height, m

H; static bed height, m

HI homogeneous index, dimensionless

1 integer, dimensionless

LF large-pressure-fluctuation subsignal, N/m?

N number of data points, dimensionless

PF pressure fluctuations, N/In2

PSDF power spectral density function, (N/m?2)?%s

R2 square of correlation coefficient, dimensionless

Re, Reynolds number based on U, dimensionless

Rey. Reynolds number based on Uy, dimensionless

STk approximation smooth coefficient, dimension-
less

s.d. standard deviation of APF, N/m?>

SF small-pressure-fluctuation subsignal, N/m?>

t time, S

U, transition velocity at which the standard devia-
tion of PF reaches a maximum, m/s

Uk superficial gas velocity corresponding to the
leveling-off standard deviation of pressure fluc-
tuations as U, increases, m/s

Uny minimum fluidization gas velocity, m/s

Unpns minimum slugging gas velocity, m/s

U, superficial gas velocity in the riser, m/s

Use onset velocity of significant solids entrainment,
m/s

U; terminal velocity, m/s

Uy transport velocity, m/s

x mean of x(r), N/m?

x(1) time series of pressure fluctuation signal, N/m2

Z axial position of pressure probe above the dis-

tributor, m
Greek letters

& solid hold-up, dimensionless
Pp particle density, kg/m>

Oy standard deviation of time series signal x(f),
N/m?

¢ father wavelet, dimensionless

¢ ik dilated father wavelet, dimensionless
mother wavelet, dimensionless

npj, X dilated mother wavelet, dimensionless

Subscripts

Jj level of MRA

J the maximum level of MRA

k time shift

m the specific level in this work
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