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a b s t r a c t

The characteristics of gas streaming in a deep gas–solid fluidized bed containing Geldart’s Group A powder
has been investigated in a 30-cm ID cold flow unit. Four different experimental configurations includ-
ing forced streaming flow, high and low-velocity jetting and natural streaming flow in deep beds were
designed and conducted for bed depths and gas velocities ranging from 0.4 to 1.6 m and from 0.04 to
0.20 m/s, respectively. The range of gas velocities corresponds to 10–50Umf which covers the bubbling
fluidization regime. The effect of fines content was studied using two particle size distributions with
Sauter mean diameters of 48 and 84 �m, corresponding to 20% and 3% fines content, respectively. Anal-
ysis results using autocorrelation and power spectral density (PSD) indicated that the natural streaming
closely resembles the forced streaming flow at the wall in which flow of gas is also present in the remain-
ing regions of the distributor. Application of supporting secondary jet injection in addition to the primary
gas flow enhanced the fluidization quality to some extent, but was not sufficient to provide fully bubbling
fluidization throughout the entire bed. Increasing the primary gas velocity from 10 to 50Umf was found to

reduce the effect of supporting jets. It was found that higher fines content improved fluidization. Wavelet
analysis of pressure fluctuations showed that in deep fluidized beds, bubbling activity with the typical
dominant frequency coexists with the streaming flow, however with a minor contribution to the overall
fluidized bed behaviour compared to the prevailing streaming flow. Based on the coexistence of several
bubble streams in a bubbling fluidized bed as reported in the literature, Wavelet findings suggested that
the streaming flow can be considered to form by increasing the relative importance of one of the available

ncrea
streams of bubbles with i

. Introduction

Fluidized bed technology is applied in a range of industrial sec-
ors, including oil refining, coal gasification and combustion, and
harmaceutical manufacture. In certain applications, it is neces-
ary to operate with very deep fluidized beds to control solids
nd/or gas residence time to achieve reactor performance targets.
ecently, it has been revealed that in a sufficiently deep bed of Gel-
art’s Group A particles [1], gas bypassing may occur when the
ow rate of the fluidizing gas is increased beyond the minimum
uidization velocity [2–5]. When this phenomenon occurs, the flu-

dizing gas bypasses the bed in the form of streams of gas, leaving a
arge fraction of the bed unfluidized or poorly fluidized. Since many

ndustrial fluidized bed processes might work with deep beds, gas
treaming is a potential problem that can decrease the efficiency of
hese chemical and physical fluidized bed processes.
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The concept of gas streaming was first reported in the litera-
ture by Wells [2]. He studied the effects of fines content (particles
smaller than 44 �m), distributor design, anti-static agents, baffles,
and bed depth in large scale units with up to 2.5 m diameter and
5 m bed depth. He reported no influence of the various parameters,
with the exception of bed depth and baffles. The streaming phe-
nomenon was attributed to gas compression caused by the pressure
head of the deep bed over the distributor. The onset of streaming
corresponded to an increase in the emulsion suspension density
above that at minimum fluidization. The bed then partially deflu-
idized and gas streaming occurred. Karri et al. [3] investigated the
formation of streaming flow in a column of 0.3 m inner diameter
and 4.9 m height. They found that the standard deviation of pres-
sure drop in a bed exhibiting streaming was much greater than a
uniformly fluidized bed. Karri et al. [3] also evaluated the use of
baffles and found that two baffles separated vertically by a dis-

tance of 0.76 cm eliminated the streaming flow. Issangya et al. [4]
performed another study in a 0.9-m diameter and 6.1 m tall test
unit. They attributed the larger differential pressure fluctuations
measured by certain transducers to the passage of streams closer
to that transducer. Issangya et al. [4] also concluded that the max-

dx.doi.org/10.1016/j.cej.2010.05.040
http://www.sciencedirect.com/science/journal/13858947
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Nomenclature

A1–4 approximate components of the pressure fluctua-
tions time series

ACF autocorrelation function
D1–4 detail components of the pressure fluctuations time

series
PSD power spectral density (Pa2/Hz)
t time (s)
U0 superficial gas velocity (m/s)
w wavelet transform operator
x pressure fluctuations time series (Pa)
X wavelet transform

Greek letters
 mother wavelet
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� dilation of the mother wavelet
� translation of the mother wavelet

mum in the plot of standard deviation of the pressure fluctuation
easured across the entire bed versus gas velocity, which has been

hown in the literature to be an indication of the transition between
he bubbling and turbulent fluidization regimes, is not present for
eep beds that are subject to streaming.

Recently, Karimipour and Pugsley [5] have done a systematic
tudy on the streaming flow in a 30-cm ID cold flow unit of FCC
articles with two different distributor designs. They discussed
he characteristics of the streaming flow based on analysis of the
ressure fluctuations time series measured in the fluidized bed
t 8 locations from 4 to 150 cm above the gas distributor for bed
epths and gas velocities ranging from 0.4 to 1.6 m and from 0.04 to
.20 m/s, respectively. They also studied the effect of fines content
n gas streaming using two particle size distributions with Sauter
ean diameters of 48 and 84 �m for each bed depth and gas veloc-

ty. They concluded that streaming flow emerges gradually in beds
ith greater than 1 m depth. Increasing gas velocity and fines con-

ent was found to delay the onset of streaming, but were not able to
ompletely eliminate it over the range of velocities examined. They
howed that two different distributor designs with much different
ressure drops had no measurable effect on the streaming flow.

Wavelet transform is valuable analysis tool for understanding
he details of the intrinsic features of fluidized beds. One of the first
irect applications of wavelets in fluidized bed research was by He
t al. [6]. They used wavelet analysis to decompose the pressure
uctuations time series measured in a fluidized bed with 30 cm
iameter and 60 cm bed depth. They argued that the gas jetting at
he distributor and formation of small bubbles near the distributor
re important sources of Gaussian random noise in the pressure
uctuations. These effects are transmitted upward and reduced
radually by the increase in height and finally superimposed on
he larger fluctuations caused by bubble growth and motion. Lu
nd Li [7] obtained the average peak frequency of different scales
f pressure fluctuation time series measured in a 3.3 cm fluidized
ed using wavelet decomposition. They found the peak frequency
f the scale 4 detail of the wavelet analysis to be equivalent to the
ubble frequency obtained from Darton’s correlation [8]. Guo et al.
9] decomposed the time series of pressure fluctuations obtained
n a 8.2 cm bed with 11.5 cm bed depth operating at high temper-
tures. By comparison of the detail part of the decomposed signals

o the power spectral density (PSD) of the original signal, they con-
luded that the frequency of peaks in the scale 6 decomposition
f detail signal is equal to the major frequency obtained from the
SD plot, thus each peak represents a bubble passing through the
ressure probe. Zhao and Yang [10] used wavelets to decompose
eering Journal 162 (2010) 388–395 389

the pressure time series measured in a 30 cm bed with 46 cm bed
depth into several components or “levels”. They classified the dif-
ferent levels as micro-, meso- and macro-scales based on the Hurst
exponent calculated at each level. Ellis et al. [11,12] studied the
effect of probe scale on the voidage data measured by optical probes
using wavelets. They showed that the probe size affects the scale
of the detected voidage fluctuations in a way that smaller probes
reflect small-scale fluctuation, while a larger probe reveals meso-
scale fluctuations caused mostly by bubble motion [12]. Sasic et
al. [13] extracted and analyzed the time series representing single
bubbles, exploding bubbles and pressure waves from the original
pressure fluctuations time series using wavelets. These phenomena
were identified as distinct local maxima in the energy distribution
over wavelet scales. Guenther and Breault [14] studied the cluster
size and count at various radial and axial positions in a large scale
circulating fluidized bed using fiber optic probes. To remove high
frequency noise from the voidage time series, they used wavelets to
decompose and then reconstruct the time series excluding scales 1
and 2 of detail components. Their results showed that remarkable
changes in the cluster size and count occurred when flow condi-
tions changed from one regime to another. They also found that
cluster count generally decreased towards the wall and increased
towards the center of the riser.

Although the general appearance of the streaming flow has
been studied, a more detailed look at the nature and behaviour
of the streaming is still absent in the literature. The objective of
the present work is to execute a more fundamental investiga-
tion of the streaming flow using a comparative analysis of the
streaming with other well-defined phenomena in order to further
improve the understanding of streaming gained in the previous
works by our group and other researchers. Time series analysis
and wavelet decomposition of the pressure fluctuations time series
will be used. For this purpose, three well-defined configurations of
forced streams and jetting have been designed in order to com-
pare their dynamic behaviour with that of normal streaming flow
in deep fluidized beds. Pressure fluctuations have been measured
and analyzed in all of these configurations for various combinations
of bed depth, gas velocity and particle size.

2. Experimental

The fluidized bed unit used in this study was comprised of a
cylindrical Plexiglas column with an inner diameter of 30 cm and
height of 3.3 m. Details of the experimental setup, instrumentation
and the bed particulate material have been reported in the work of
our group [5]. In order to fully understand the nature of the stream-
ing flow in the deep bed (referred to here as “normal streaming”),
three configurations for the addition of air to the bed were designed
and implemented. The first configuration was a double-jet nozzle
made of a copper tube with 4 mm inside diameter and mounted
vertically upward at a height of 19 cm above the distributor plate.
The arrangement of the nozzle can be seen in Fig. 1. The distance
between the two jets was equal to 8 cm. Compressed building air
was used for gas flow to the nozzle and the flow rate was measured
using a rotameter before entering the nozzle system. The jetting
experiments were performed at two combined jet gas velocities of
62 (No. 2) and 120 m/s (No. 1). To force the creation of a stream
flow at the wall of the fluidized bed column as opposed to “nor-
mal streaming”, a lateral opening was cut in the distributor at a
location near the pressure transducers. The opening area is sup-

ported by a flange from below in a way that gas can enter from the
wind-box, but particles cannot leak back into the wind-box. This
stabilized the stream in the desired region of the bed for the pur-
pose of further analysis. A diagram of this modified distributor is
also shown in Fig. 1. The primary fluidization air through the dis-
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Fig. 1. Schematic diagram of the experimental apparatus, showing the double-jet
nozzle and the distributor modified to produce a force streaming flow in the bed:
(1) fluidized bed unit, (2) primary air flow from blower, (3) orifice plate, (4) wind-
box, (5) distributor, (6) double-jet nozzle, (7) jet air flow from building air, (8) flow
meter, (9) pressure transducers, (10) PC and data acquisition system, (11) modified
distributor, (12) perforated area, (13) opening area. Arrows in the figure indicate the
direction of the air flow.

Table 1
The range of operating conditions studied in this work.

Variable Range

Bed depth (cm) 40, 160
U0/Umf 10, 50
Fines content 3%, 20%
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Distributor 1 mm holes, square pitch and 0.54% opening;
2 mm holes, square pitch and 2.15% opening

Jet velocity (m/s) 62 (No. 2), 120 (No. 1)

ributor for both natural and imposed streaming was supplied by a
0 hp Kaeser® positive displacement blower. The air flow rate was
easured using an orifice plate with a colored water manometer.

he ranges of the studied variables are summarized in Table 1.

. Analysis methods

In our previous study [5] the well-established analysis meth-
ds of autocorrelation function, cross correlation function, power
pectral density (PSD) and coherency were applied to the fluidized
ed pressure fluctuations. In the present study the wavelet decom-
osition technique has been utilized to decompose the pressure
ime series into its basic components and extract more detailed
nformation about the streaming phenomenon.

The present theoretical form of the wavelet concept was first
roposed by Jean Morlet and the team working under Alex Gross-
ann in France [15]. The theory of wavelet transformation first

ppeared in the literature with the work of Grossman and Morlet
16] and was motivated by application to the analysis of seismic
ata. The main algorithm of wavelet analysis dates back to the
ork of Mallat [17,18]. Following these efforts in the context of
ultiresolution signal analysis, Daubechies [19,20] introduced the

rst highly practical families of orthogonal wavelets.
The wavelet translation of a signal x(t) is defined in terms of

rojections of x(t) onto a family of functions that are all normalized
ilation and translation of a prototype wavelet function  (t) such

hat

{x(t)} = X�v =
∫ ∞

−∞
x(t) �v (t) dt (4)
Fig. 2. (a) Daubechies number 5 wavelet (“db5”) which has been used in the present
work as the mother wavelet. (b) Decomposition of a signal (S) into its components
using Wavelet transform.

 �v (t) =
∣∣�∣∣−1/2

 
(
t − v
�

)
(5)

The prototype wavelet, , also called the mother wavelet, possesses
some basic properties which are discussed in the wavelet literature
[20]. The family of orthogonal wavelets proposed by Daubechies
has been broadly used for analysis of time series generated in the
fluidized beds in the recent years [9–14]. Daubechies originally
provided nine sets of coefficients corresponding to wavelet num-
bers 2–10 (“db2–db10”) [20]. The regularity of wavelets increases
with increasing their number. Decomposing the original time series
using wavelets with increased regularity provides smoother time
series [20]. Considering a trade-off between complexity and reg-
ularity, Daubechies number 5 wavelet (“db5”) was chosen as the
mother wavelet for this study. A plot of this wavelet is provided
in Fig. 2a. According to the theory of multi-resolution analysis, an
original signal can be decomposed into successive lower resolu-
tion components. Fig. 2b demonstrates a schematic diagram of a
four level decomposition process. Each level of decomposition con-
tains information associated with a scale. The scale is inversely
proportional to the frequency of the Fourier analysis. During the
decomposition process, the main body of the signal, with lower
frequencies, will be stored as the approximation part (A) and the
fluctuating component of the time series as the detail part (D). Con-
tinuing the decomposition process makes the approximation part
more and more depleted of the high frequency fluctuating compo-
nents. Therefore, the first detail time series contain the most high
frequency fluctuations of the pressure time series.

4. Results and discussions

4.1. Effect of bed depth
Plots of the autocorrelation function and PSD corresponding to
a 40 cm bed depth and a gas velocity of 10Umf through the dis-
tributor are provided in Fig. 3a and b. Pressure fluctuations were
measured at 30 cm above the distributor. As Fig. 3a illustrates, all
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ig. 3. (a) Autocorrelation and (b) PSD of pressure fluctuations for the different test
onfigurations, 40 cm bed depth, 3% fines content, U0 = 10Umf .

onfigurations but one exhibit similar periodic oscillations in the
utocorrelation function with a rapid initial decrease of correlation
r predictability, signifying extensive mixing in the systems. The
orrelation for the case of high-velocity jet (No. 1 jet) with no pri-
ary air flow through the distributor remains higher than other

onfigurations after an initial decrease. This indicates that the gas
et with higher velocity is able to pass through the entire 40 cm
ed, with its basic structure remaining intact. Hence, the system
xhibits a greater extent of predictability, as evidenced by a higher
alue of the autocorrelation function. It should be noted that the
utocorrelation for this configuration also tends to zero at higher
elay times.

The PSD of the various configurations, provided in Fig. 3b, shows
hat the PSD is spread over a wider frequency domain and the
ominant frequency is less distinctive when gas flow only avail-
ble through the distributor. As can be seen, the presence of a more
oherent gas flow in other configurations imposes a clear dominant
requency in the PSD graph. The dominant frequency is 3–4 Hz for
ll configurations, which is the typical frequency of bubbling beds.

Plots of the autocorrelation function and PSD of the different
onfigurations for a 160 cm bed depth and primary gas velocity
f 10Umf are provided in Fig. 4a and b. Pressure fluctuations were
gain measured at a location of 30 cm above the distributor. As
an be seen, there are clear differences between these graphs and
he previous graphs for the 40 cm bed depth. Especially, the peri-
dic oscillations are absent in the autocorrelation function and the

unction decays much more slowly. Furthermore, there is a clear
hift of dominant frequency towards lower frequencies in the PSD
raphs of the fluidized bed with 160 cm bed depth. We have pre-
ented these phenomena previously [5] and consider them to be
Fig. 4. (a) Autocorrelation and (b) PSD of pressure fluctuations for the different test
configurations, 160 cm bed depth, 3% fines content, U0 = 10Umf .

characteristic of non-uniform flow and streaming in deep beds.
According to Fig. 4a, the configurations that resulted in similar
fluidization for the shallow bed, create three different classes of
behaviour in the deep bed. These classes are: jets with primary gas
flow; natural and imposed streams; and jets without primary gas
flow. As can be seen, there is a gradual change in the autocorre-
lation function between these groups. The two jet flows without
primary gas, show a gradual decrease plus no observable peri-
odic behaviour. Therefore, these configurations represent a clear
departure from the normal fluidization in shallow beds discussed
above. The two configurations of natural and imposed streaming
produce very similar behaviour, illustrating the similarity in hydro-
dynamic behaviour between these configurations for the 160 cm
bed fluidized bed. As can be seen in the figure, adding jet flow to
the fluidized bed affects all characteristics of the autocorrelation
graph, including a more rapid decrease of the autocorrelation and
the return of periodic oscillation. This indicates an improvement
of the fluidization quality when jets are implemented in the bed
with fluidizing gas already entering through distributor. The PSDs
of all configurations in the 160 cm bed (Fig. 4b) all exhibit a shift
towards lower frequencies with no clear dominant frequency. The
configuration which includes both primary gas flow through the
distributor and high-velocity jet again displays a tendency to have
some local frequencies, although trivial compared to the general
trend towards lower frequencies.

These results for the 160 cm bed depth suggest that the stream-

ing flow most closely resembles a fluidized bed in which a
maldistribution of gas on the distributor leads to bypassing of gas
through the bed. Streaming cannot be thought of as a pure jet-
ting fluidized bed with no primary gas flow through the distributor
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ig. 5. (a) Autocorrelation and (b) PSD of pressure fluctuations for the different test
onfigurations, 40 cm bed depth, 3% fines content, U0 = 50Umf .

ecause of both relatively larger size of streams compared to jets
which allows the gas to diffuse into and fluidize other parts of the
ed) and availability of the gas entering through the distributor to
rovide a minor component of gas into the bed cross sectional area.

.2. Effect of gas velocity

Fig. 5a and b provides the autocorrelation function and PSDs
f the pressure fluctuations for the same conditions as Fig. 3a
nd b, but with a higher primary gas velocity of 50Umf. The two
onfigurations of jets without primary gas flow (which are evi-
ently not affected by the primary gas flow) are not shown in
hese figures. Comparing Figs. 3a and 5a illustrates that increas-
ng the primary gas velocity has a minor effect on the fluidized bed
ehaviour. Furthermore, a slight increase of dominant frequency
y about 2 Hz with increasing gas velocity from 10 to 50 times the
inimum fluidization velocity can also be observed by comparing

igs. 3b and 5b. There is a general agreement on the fact of increas-
ng the dominant frequency with increasing superficial velocity
n the literature [21–23]. Fan et al. [22] measured the bubble rise
elocities in several fluidization regimes, including bubbling, slug-
ing, and turbulent fluidization. They showed that for the bubbling
egime both the dominant frequency and the bubble rise veloc-
ty increased with increasing superficial velocity. Therefore, the
ncrease of dominant frequency observed here can be attributed

o the formation of more, faster-rising bubbles with increasing gas
elocity.

Fig. 6a and b provides the autocorrelation and PSD of the pres-
ure fluctuations in the 160 cm bed at the primary gas velocity
f 50Umf. In this case, a more prominent effect of gas velocity
Fig. 6. (a) Autocorrelation and (b) PSD of pressure fluctuations for the different test
configurations, 160 cm bed depth, 3% fines content, U0 = 50Umf .

on the behaviour of the fluidized bed can be seen by compar-
ing Figs. 4a and 6a. As Fig. 6a illustrates, the rate of decrease of
correlation and the amplitude of the periodicity are greater at
50Umf. This is indicative of improved mixing in the bed at the
higher gas velocity. However, as the PSD graph of Fig. 6b shows,
the frequency domain does not show a significant change com-
pared to Fig. 4b. It can be concluded that although increasing the
gas velocity leads to slight improvement in mixing, it is still not
able to provide normal bubbling with bubble frequencies in the
typical 3–4 Hz range for fluidized beds. Fig. 6b also signifies that
at high primary gas velocities through distributor, the PSD graph
of jetting and non-jetting configurations approach each other and
the effect of jets for enhancing the fluidization becomes negligi-
ble.

4.3. Effect of particle size distribution (fines content)

Fig. 7a and b provides the autocorrelation function of the pres-
sure fluctuations corresponding to 20% fines content, a primary gas
velocity of 50Umf and bed depths of 40 and 160 cm. The pressure
measurement for imposed stream was not available for fine FCC
experiments. Comparison of Figs. 3a and 7a illustrates that flu-
idized beds with 3% and 20% fines content exhibit very similar
behaviour in the case of 40 cm bed depth. The rate of decline of
autocorrelation is somewhat more for the case 20% fines content
which can be related to the tendency to form channeling flow in flu-
idized beds of fine particles. A comparison between Figs. 4a and 7b

reveals that particle size has a visible influence on the character-
istics of different flow regimes studied here in the 160 cm deep
bed. As can be seen the appearance of the graphs mostly resemble
Figs. 3a and 7a of 40 cm bed depth, thus, showing the tendency of
the system towards a normal bubbling fluidized bed. The two cases
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ig. 7. The autocorrelation function of pressure fluctuations for the different test
onfigurations, 20% fines content, U0 = 10Umf , (a) 40 cm bed depth, (b) 160 cm bed
epth.

f jet flows without primary gas flow decline very slowly compared
o Fig. 4a of FCC particles with 3% fines content. As mentioned above,
his feature can be attributed to the intrinsic characteristics of fines
articles to form channels and possible effect of jets to create these
henomena in the bed. The endurance of the pressure fluctua-
ions they cause, and the statistical similarity of the events in the
ed at different times might lead to these types of autocorrelation
raphs.

.4. Wavelet decomposition and analysis

The time series of the pressure fluctuations measured using the
% fines content FCC has been used for wavelet analysis here. For
his purpose, the time series is decomposed into 6 levels or scales.
hen, the PSD of the resulting approximate and detail parts of the
ime series have been calculated. The PSD of the approximate and
etail parts for 40 cm bed, 160 cm bed, imposed stream and high-
elocity jet are provided in Figs. 8–11. As can be seen in Fig. 8a, the
hape of the PSD graph and the dominant frequency of the approxi-
ate time series remain almost constant at around 3 Hz until scale
of the decomposition. This dominant frequency is equal to the

ominant frequency of the original pressure fluctuation time series
Fig. 3b) and is related to the bubbling activity in the fluidized bed.
ollowing scale 3, a decrease in the dominant frequency and power
ccurs. This indicates that by transferring from scale 3 to scale 4

ecomposition, a change in the content of the time series occurs
hat removes the contribution of bubbling activity from the main
ody of the time series. Studying Fig. 8b shows that the first two
etail time series contain very high frequency fluctuations. How-
Fig. 8. The PSD of the approximate and detail parts of the pressure fluctuations
measured for U0 = 10Umf , 3% fines content in 40 cm bed. (a) Approximate (A). (b)
Detail (D).

ever, the power of these fluctuations is very low relative to the
power of the next detail time series, which indicates their limited
contributions in the main pressure time series. The PSD of scale
4 detail time series shows the higher power and a dominant fre-
quency of less than 4 Hz, which is similar to the dominant frequency
of the approximate time series of less than scale 3 decomposition.
Hence, the contribution of the bubbling activity in the original time
series transfers from scale 3 approximate to the scale 4 detail time
series by continuing the decomposition. As the figure shows, scale 5
detail presents a dominant frequency of 2 Hz. Since the presence of
several bubbling activities with different dominant frequencies has
been reported in the previous literature [23], scale 5 detail may be
indeed presenting another bubbling activity. After decomposition
of scale 4, the dominant frequency of the detail parts shifts towards
lower frequencies with lower power in the PSD graph. Therefore,
it can be concluded that the dominant frequency of 3 Hz, found
for 40 cm fluidized bed, is a superposition of these two bubbling
activities.

As Fig. 9a indicates, all the approximate times series for 160 cm
bed depth provide similar PSD graphs. Only the contribution of
the higher frequencies decreases in the PSD with continuing the
decomposition, which is generally considered to be trivial. As Fig. 9b
shows, scales 4 and 5 detail time series of the 160 cm bed exhibit
dominant frequencies of 4 and 2 Hz, respectively, which is simi-
lar to the 40 cm bed depths. However, the relative power of the

scale 5 component with 2 Hz frequency increases compared to the
scale 4 part with 4 Hz frequency. Furthermore, contrary to the 40 cm
bed, the power of scale 6 part which possesses lower dominant fre-
quency, increases compared to the previous scales. This signifies the
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ig. 9. The PSD of the approximate and detail parts of the pressure fluctuations
easured for U0 = 10Umf and 3% fines FCC in 160 cm bed. (a) Approximate (A). (b)
etail (D).

ppearance of other activities with greater influence on the overall
uidized bed hydrodynamics. This can be related to the emergence
f streaming flow in the 160 cm fluidized bed. Therefore, it can be
ostulated that similar bubbling activity that exists in the 40 cm
ed fluidized bed is present for 160 cm bed fluidized bed, however,

ts contribution is much less than the streaming flow that is present
t the same time.

Figs. 10 and 11 illustrate the PSD of the approximate and detail
arts of the pressure fluctuations for the imposed stream and high-
elocity jet configuration in the 160 cm bed fluidized bed. As these
gures demonstrate, the power of the higher scale decompositions
ith lower dominant frequencies gradually increases. The ratio of

he power of scale 5 to scale 4 detail compartments, that was found
o be the transition point, are calculated as 1, 2.3, 3.6 and 10, respec-
ively, for normal bubbling in the 40 cm bed, natural streaming in
he 160 cm deep bed, imposed stream in the 160 cm deep bed and
igh-velocity jet without primary air flow. These numbers reveal
gradual change of power ratio from a case of shallow fluidized

ed containing normal bubbling activity with a uniform distribu-
ion of gas towards a packed bed with one internal jet. Therefore,
treaming flow can be considered to form by increasing the relative
mportance of one available stream of bubble activity compared
o other activities with increasing the bed depth and suppressing
he uniform gas distribution. It should be noted that although flu-

dized beds with different bed depths apparently have PSD powers

ith different orders, the calculated values, discussed above, are
imensionless power ratios and thus, are not influenced by absolute
alues of power.
Fig. 10. The PSD of the approximate and detail parts of the pressure fluctuations
measured for U0 = 10Umf and 3% fines FCC in 160 cm bed with imposed stream. (a)
Approximate (A). (b) Detail (D).

A thorough review of the literature reveals that these find-
ings can be explained by the observations reported previously
by other authors. Rowe and Yacono [24] compared the bubbling
fluidization of different particle sizes based on the concept of per-
meability. The permeability is defined as the ability of gas to diffuse
into the bed of particles and is related to the bed voidage. They
found that the permeability decreases for deeper fluidized beds.
The presence of preferred bubble tracks and channeling has also
been reported in the literature by various researchers [24–26]. Fur-
thermore, Matsuno and Rowe [27] have argued that bubbles prefer
to rise successively along the preferred paths and increasing the
superficial gas velocity increases the number of bubbles, thus their
frequency, in a specific path rather than generating new paths. It
is probable that some adjacent streams of fast bubbles join each
other to form streams of gas in the fluidized bed. Since perme-
ability is expected to be much lower at the bottom of very deep
beds, these bubble streams can be stabilized in the bed, especially
at the bottom region. Other available bubble streams can gradu-
ally join this stream and provide a lower pressure drop passage for
the gas flow. Therefore, the streaming would be directly related
to lower permeability at the bottom of the deep bed for fluidized
beds of small particles. This is in conformity with visual observa-
tions reported in our previous work [5] and the findings of this
work which indicate that streams form by changing the relative

importance of the activities present in the bed with increasing bed
depth. Other, less important bubble streams that have not attached
to the main stream can also be simultaneously present in the
system.
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ig. 11. The PSD of the approximate and detail parts of the pressure fluctuations
easured for U0 = 10Umf and 3% fines FCC in 160 cm bed with NO. 1 jet. (a) Approx-
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. Conclusions

Study of natural streaming flow, forced streaming, and jetting
ows revealed that there is no significant difference between the
onfigurations for a fluidized bed with 40 cm bed depth. However,
ifferences emerge by increasing the bed depth to 160 cm. It was
ound that the natural streaming in a deep fluidized bed closely
esembles the case of forced stream in which the gas flow is also
resent in the remaining regions of the distributor. The jet flows
ithout the primary gas flow could be considered as the cases of

evere streaming that might happen in very deep beds with possi-
le formation of completely non-fluidized regions. Application of
upporting jets with primary gas flow could enhance the fluidiza-
ion quality to some extent. Increasing the primary gas velocity
rom 10 to 50Umf was found to reduce the effect of supporting jets.

t was also found that finer FCC particles relatively represent better
uidization. Wavelet analysis showed that even in deep fluidized
eds that are dominated by the streaming flow, bubbling activity
ith the same dominant frequency as the shallow bed coexists,

lthough with a minor contribution. These findings suggested that

[

[

eering Journal 162 (2010) 388–395 395

the streaming flow can be considered to form by increasing the rel-
ative importance of available stream of bubbles compared to other
activities as the bed depth increases.
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