
Chemical Engineering Journal 112 (2005) 23–31

Flow structures in the downer circulating fluidized bed
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Abstract

The flow structures in downers have been investigated by a micro-video and by analysis of local voidage signals in this work. The experiments
of micro-video action shot were performed in a downer with an internal diameter of 0.09 m. The local voidage signals were collected in a
downer with an internal diameter of 0.285 m. The micro-video action shot showed that there were particle-clustering phenomena in the downer
and the clusters existed mainly in the form of floc and stick. Through wavelet analysis of local voidage signals, the cluster size and frequency
were obtained. However, the probability density distributions of local voidage signals confirmed that the clusters in the downer were unstable
and could not form a stable phase.
© 2005 Elsevier B.V. All rights reserved.
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. Introduction

The complex structures and its dynamic variation are
he common characteristics of a complex multiphase sys-
em, causing the difficulties for the study and quantitatively
escription and project of the system. A downer reaction sys-

em belongs to this class of multiphase systems. Besides the
ommon structures of the flow, the different phases (gas and
olids) in a downer can aggregate to form also meso-scale
tructures. There are a dilute phase (more dispersed) and
cluster phase (more dense). These meso-scale structures

an be affected by the system boundaries and by its own
nteractions forming complex macro-structures characterized
y mean radial and axial solids distributions. Therefore, the
tudy of these transient flow structures in downers can eluci-
ate which mechanisms are important for the control of flow
ehaviors, and for the downer design, scale-up and overall
ontrol.

Many investigations have been performed to study the flow
tructures in downers. Yang et al.[1] showed that in a downer,
he particle concentration was uniform in the radial direction

zone (r/R= 0.86–0.95) existed and the particle density
2–3 times higher than that of bed center. Krol et al.[2] studied
the cluster formation in down flow reactors by using a
optical sensor, the CREC-GS-Optic probe. They found
the solid evolved as strings of particles and the average c
size was ranged from 2 to 6dp with most probable string siz
of 3.5dp. Zhang et al.[3] presented that there existed part
clusters in the downer, but a stable cluster phase with s
fraction of 1-εmf was not observed. However, presently,
opinions on the existence of cluster in a downer are ra
divergent. A definition of “cluster” in a detectable way is
great importance as well. Sharma[4] has proposed a criterio
for detecting the starting and ending time of a cluster on
has been detected by the 2σs criterion of Soong et al.[5].

Nowadays, there are numerous studies on flow struc
and clusters in risers[6–16]. Li et al. [9] first observed th
clusters in the riser of CFB by using the micro-camera. H
et al. [10–11] used the multiple laser-sheet technique
observe the three-dimensional flow structures of dilute
pensions in the circulating fluidized bed. The cluster
and their velocity distributions were determined from
xcept for the position near the wall, where a dense phase

∗ Corresponding author. Tel.: +86 10 62572591.
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video image analysis. Using the high-speed video technique
in combination with the laser sheet technique, Lackermeier
et al. [12] visualized the local flow structure inside upper
dilute zone of CFB and successfully obtained shapes and
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Nomenclature

dp particle diameter (m)
Dcluster cluster size (m)
D̄cluster average cluster size (m)
f cluster frequency at a certain point (1/s)
g acceleration of gravity (m/s2)
Gs mass flow rate (kg/m2 s)
i i th cluster
l bed length from the solids entrance (m)
n cluster number
r radial interval (m)
R bed radial (m)
Re Reynolds number
tc,after back peak time around cluster position in

wavelet resolution signal (s)
tc,before former peak time around cluster position in

wavelet resolution signal (s)
tc,end end time of cluster through an optical fiber (s)
tc,start start time of cluster through an optical fiber (s)
�tcf time of cluster through a certain point (s)
∆t̄cf average cluster falling time (s)
�twhole whole time of time series (s)
�t1 cluster falling time through the point of an opti-

cal fiber (s)
�t2 cluster falling time from wavelet analysis (s)
Ug gas velocity (m/s)
Ut terminal velocity of particle (m/s)
Usolid solid velocity (m/s)
V output signal voltage of optical probe (V)

Greek letters
ε voidage
εmf voidage at minimum fluidization
ε̄s mean solids holdup
µ gas viscocity (Pa s)
ρg gas density (kg/m3)
ρp particle density (kg/m3)
σs standard deviation of solid volume fraction

velocities of the flow structures. According to the hetero-
geneous structure consisting of a solid-rich dense phase
(Cluster) and a gas-rich dilute phase, Li et al.[13] devel-
oped a comprehensive model of the energy-minimization
multi-scale (EMMS) approach. Horio et al.[14] predicted
the cluster size in circulating fluidized beds. Harris et al.[15]
developed the correlations for predicting the properties of
clusters of particles traveling near the riser wall such as clus-
ter mean solid concentration, cluster size, cluster velocity,
cluster shape, and time fraction of cluster appearance at the
wall. Sharma et al.[16] studied the cluster characteristics, as
determined by capacitance probe measurements of instanta
neous local solid concentrations, and the results indicates the
clusters can strongly affect operational characteristics, and

the particle size, superficial gas velocity affects the duration
time, occurrence frequency, time-fraction of existence and
solid concentration in clusters. However, with gas–solids flow
behaviors in downers researched further, the studies on the
flow structure in a downer, especially with respect to clusters
are attracting the researchers in the world[2–3,17]. This paper
also focuses on experimentally studying the flow structures
in a downer, attempting to explain the flow behavior from the
viewpoint of the so-called “multi-scale approach”[18–20],
which can be used to explain the “structure/interface” in a
complex system.

2. Experimental

The experiments on flow structures in the downer were
performed in two setups with different scales, shown
schematically inFig. 1. The voidage time series experiment
was carried out in a large-scale downer. The micro-video
action shot experiment was carried out in the smaller scale
downer. The large scale indicates the larger diameter of
downer tube and high solids circulation, and the small scale
indicates the small diameter of downer tube and low solids
circulation.

The large-scale downer system includes an elevator, a bag
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lter, a hopper, a screw, a fluidized bed feeder, a gas–
iffuser and a tubular downer. The total height of the dow

s 3.5 m with an inner diameter of 0.285 m, as show
ig. 1(a). The solid materials used in the experiment w
lass beads with an average diameter of 57.6�m and a
ensity of 2500 kg/m3. The smaller scale downer with

nner diameter of 0.09 m and a height of 8.2 m is show
ig. 1(b). The FCC particles with a density of 1350 kg/3

nd an average diameter of 76�m were used as the b
aterials.
In a downer, the local gas–solids slip velocity is norm

uch higher than the terminal velocity of a single part
21], which indicates that the particle clustering phenom
ay exist. However, it is difficult to directly observe the in

idual cluster. In order to observe the micro scale gas–s
ow structures on line in the downers, the micro-vi
amera developed by the Institute of Process Engine
as used in the experiment. The measuring unit cou
microscopic lens with a new type CCD micro-cam

he optical glass rod and the compound lens sleeve c
nserted into the bed. When the compound lens is foc
n a desired position in the downer, the shoot starts an
ideo of the local micro flow structure at the position can
ogged in a computer. The schematic diagram of the v
ystem is illustrated inFig. 2.

If the cluster size is assumed to be the length of a cl
n the falling direction, Eq.(1) can be employed to estima
he cluster size

cluster= Usolids�tcf (1)
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Fig. 1. Schematic diagram of experimental facilities.

Fig. 2. Schematic diagram of the video system for micro gas–solid flow
structures.

whereDcluster represents the cluster size;Usolid the solids
velocity; tcf the time of cluster through a certain point.

The solids velocity and bed voidage can be measured by
the double optical fiber probe system, which can simultane-
ously collect the local voidage data at two vertical points.
In each probe, two beams of light, a reference light and a
measuring light, were used. Through the cross-correlation
calculation of two voidage signals, the delay time can be
obtained. Thus, the solids velocity can be acquired from the
interval of two optical fiber probes divided by the delay time.
The principle of velocity measurement with double optical

fiber probes is shown inFig. 3. More details for the two probes
and calibration method to determine the relationship between
the output signal voltage and bed voidage are given by Li et
al. [22], Zhang et al.[23], Zhu et al.[24] and Lin et al.[25]. In
this experiment, the relationship of the output signal voltage
and bed voidage can be described as

ε = 1 − 0.185V (2)

3. Results and discussion

3.1. Cluster observation by the micro-video action shot
in the downer

The images of clusters are shown inFigs. 4 and 5at dif-
ferent conditions and different radial positions in the downer.
l is the interval from the downer tube to the solids entrance,
which locates below the air distributor shown inFig. 1(b).
The results of the micro-video action shot inFigs. 4 and 5
confirm that there exist the solid clustering phenomena in

Fig. 3. Velocity measurement system o
f double optical fibers and its signals.
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Fig. 4. Images of solid clusters in the downerGs = 75 kg/(m2 s),Ug = 2.1 m/s,l = 4.5 m.

the downer. The configurations of clusters are anomalous
and often in the form of floc and stick structures. However,
the spherical and elliptic structures were sporadically
observed. Near the bed wall with the relatively high density
of particles, the occurrence probability of spherical clusters
was higher than that in the bed center with the low particle

concentration, and the size of cluster near the wall was also
larger than that in the bed center. According to the obser-
vation, it is deduced that the clusters in the near wall zone
may be more than that in the center zone, indicating that the
cluster concentration in the center is lower than that near the
wall.

downeG
Fig. 5. Images of solid clusters in the
 rs = 50 kg/(m2 s),Ug = 1.4 m/s,l = 4.5 m.
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Fig. 6. Flow structures in the downer.

According to Li’s multi-scale strategy[18–20], it is
deduced that there should be a compromise of particle and
gas interactive action in the downer. In the downer, the energy
dissipated by the gas to suspend the particles tends to the
minimum, and the solid down flow resistance inclines to
the minimum as well. The impulsion of particles pursuing
the maximum falling velocity induces particles gathering
together to make the gas–solids slip velocity much higher
than the terminal velocity of a single particle. At the same
time, the clusters are broken under the function of the gas
flow shear and minimum suspension energy. Thus, the flow
structures in the downer can be assumed as those shown
schematically inFig. 6. In a word, the compromise of the
above two behaviors should be the cause of the cluster for-
mation and dispersion.

3.2. Average cluster size and frequency in the downer

Sharma[4] defined the starting time of a cluster for particle
density signal, which is the time when its density exceeded the
mean density satisfying the 2σs criterion. The ending time of
a cluster was defined as the time when the density falls below
ε̄s after crossing the 2σs criterion. In this work, we attempt to
gain the time of a cluster passing a position in the downer by
wavelet analysis of voidage signals. The wavelet transform
c nd
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Mallat’s pyramidal algorithm was used for one-dimensional
orthonormal wavelet transform of a signal[28]. A typical
set of results is shown inFig. 7. It can be seen that when
a cluster occurs, the voidage is decreased. The wavelet
analysis illustrates that the multi-resolution signals manifest
a negative peak followed by a positive peak in the “cluster”
position, but other variations cannot cause obvious changes
in their corresponding positions.

On the other hand, it is important for us to determine the
cluster boundary surface because the solid concentration
of the cluster in the downer is varied gradually from the
bed zone to the cluster center zone. We deem that the solid

Fig. 7. Characteristics of wavelet analysis of a voidage signal on a cluster.
an provide information of a random signal with time a
pace. The original signal time-series can be resolved
ulti-resolution signals with different frequency bands
avelet transform. For example, the raw data can be de
osed into different scale signals and detail signals, an
riginal signal may be reconstructed from the informa
ontained in the last scale signal and detail signals.
ncreasing the resolution, the amplitude of the resolved
als decreases for the pulse change (noise), increas

he gradual change and keeps constant for step variat
esolution-independent[26,27].

The experiments were performed at the condition
s of 0.56 kg/s without the solids dispersed gas (Ug = 0 m/s)

o avoid the high electrostatic interface on the meas
ent. The data acquisition frequency was 20,000 Hz.
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Fig. 8. Definition of cluster boundary and determination of the cluster falling time.

concentration around the boundary should not be regarded
as the solid concentration of the bed, so in this paper, the
cluster boundary surface is the position, in which the solid
concentration is changed half from the concentration of the
bed to that of the cluster center zone, as shown inFig. 8(a).
Thus, the cluster can differ distinctly from the bed solids.

Fig. 8(b) shows an example, in which a “cluster” variation
in the original signal causes a positive peak and a negative
peak in the resolution signals. According to the above defini-
tion of the cluster boundary,tc,start, the start time of a cluster
through an optical fiber, can be defined as the time when
the solid concentration increases half from the concentration
of the bed to that of the cluster center zone. Accordingly,
tc,end, the end time of a cluster through an optical fiber, can
be defined as the time when the solid concentration decrease
half from the concentration of the cluster center zone to that
of the bed. At the same time,tc,beforeis the time of the fore
peak around cluster position in the wavelet resolution sig-
nal, corresponding to the time when the solid concentration
increased to that of cluster center zone. Accordingly,tc,after
is the time of the hind peak around cluster position in the
wavelet resolution signal, corresponding to the time when
the solid concentration decreased to that of the bed.

Thus, the period of a cluster passing through the tip of the
optical fiber probe is

�

a

�

FromFig. 8(b), it can be seen obviously

tc,before− tc,start = tc,after − tc,end (5)

The relationship between�t1 and�t2 is

�t2 = �t1 = �tcf (6)

where�tcf is the period of the cluster passing through the
probe tip, which can be obtained by

�tcfi = tci,after − tci,before (7)

The average time can be calculated from the following
equation

�t̄cf =
∑i=n

i=1�tcfi

n
(8)

The average cluster size is defined by

D̄cluster= Usolid�t̄cf (9)

The average frequency of clusters appeared at a certain point
for time series is

f = n

�twhole
(10)

To study the flow structure in a downer using the above-
described procedure, the cluster characteristics with the bed
l to
t ease
t for
a and
c

ize and
t1 = tc,end− tc,start (3)

nd the time between two peaks in resolution signals is

t2 = tc,after − tc,before (4)

Fig. 9. Solid velocity, average cluster s
ength, which is the interval from the particle entrance
he measuring point, were investigated. In order to incr
he reliability, 116,000 points of the signal were used
nalyzing.Fig. 9 shows the results of the measurement
alculation.

average frequency in the downer (r/R= 0.93).
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Fig. 10. Probability density of cluster sizes at different bed lengths.

In order to compare the velocity of a cluster with the termi-
nal velocity of a single particle, Eq.(11) is used to determine
the flow type of a single particle at the terminal velocity

Ret = d3
p

18µ2 (ρp − ρg)ρgg = K3

18
(11)

When ρg = 1.20 kg/m3, ρp = 2500 kg/m3, dp = 57.6�m
andµ = 1.81× 10−5 Pa s,K is equal to 2.57 due to Eq.(11).
Because ofK < 2.62, the flow of the particle is in the Stokes
region. Thus, Eq.(12) can be used to calculate the terminal
velocity of a single particle, which is equal to 0.25 m/s.

Ut = d2
p

18µ
(ρp − ρg)g (12)

The results of solid velocity measurement inFig. 9(a)
show that the solid velocity at the measurement point in the
downer is more than the terminal velocity of a single parti-
cle, which indicates that the particle clustering phenomena
should exist. Through the wavelet analysis of voidage sig-
nals, the average cluster size and average frequency in the
wall region (r/R= 0.93) as a function of the bed length are
obtained as shown inFig. 9(b) and (c). It is illustrated that
the average cluster size increases with an increase of the bed
length. However, the average frequency first increases with
the bed length and declines slightly with a further increase of
t gth is
i l, and
t the
c sters
c

ter
s , the
a tion
i ster
s th of
3

3
i

bil-
i led

that there is a strong relationship between the distribution
and the two-phase structure of fluidized bed. The curve of
the voidage probability density is symmetric corresponding
to the homogenous fluidized bed. It is because the bed is
homogeneous in the time and spatial coordinates. Thus, the
curve of the voidage probability density displays a rectan-
gular distribution. When the fluidization is in the particulate
expansion zone at a low fluid velocity, the curve of the proba-
bility density is of left steep. With increasing the velocity, the
peak moves rightward, and left gradient is weakened. With
a further increase of the fluid velocity, the curve becomes
of right steep. When the bubbling fluidization starts, two
phases (dense phase and bubble phase) co-exist, and the
curve transits from a single peak to double peaks corre-
sponding to the dense phase and bubble phase. In the fast
fluidization, there are also two peaks representing the co-
existence of the two phases, dense phase (cluster) and dilute
phase. The mapping of the gas–solid flow regime by the
distribution of the voidage probability density is shown in
Fig. 11.

In this experiment, the results of the probability density
curves of voidage signals at the radial position ofr/R= 0.93
with different bed lengths and at the bed length of 3.246 m
with different radial positions are shown inFig. 12 and

F age
p

he bed length. The reason may be that as the bed len
ncreased, the particles tend to move toward the bed wal
he particle concentration inclines a little, which induces
luster size increasing. Thus, the formation of larger clu
auses the frequency decline.

Fig. 10shows the probability density distribution of clus
izes at different bed lengths. At the bed length of 2.646 m
verage cluster size is relatively small, and the distribu

s concentrated. At the bed length of 2.946 m, the clu
izes are relatively concentrated as well. At the bed leng
.246 m, the cluster size varies in a wide range.

.3. Probability density distribution of voidage signals
n the downer

Liu [29] studied the distribution of the voidage proba
ty density at different regimes of fluidization and revea
ig. 11. Mapping of the gas–solid flow pattern by distribution of void
robability density[29].
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Fig. 12. Probability density distribution of voidage signals with different
radial positions.

Fig. 13, respectively. It can be seen that the probability
density curves of voidage signals are all single-peaked,
which is different from the curves of bubbling bed and fast
fluidized bed demonstrating the double-peak distribution
caused by the obvious two-phase structure. Furthermore, in
the fast-fluidized bed, the dynamic evolution and dissolution
of clusters is one of important characteristics[30]. According
to the characteristics of the voidage probability density in
Fig. 11, the single-peak voidage distribution in the downer
in Fig. 12 and Fig. 13 indicates that only one phase may
exist in the downer, meaning that the particles may not form
a stable cluster. The probability density curve in the bed
center (r/R= 0.02) is narrow, while the distribution curve
in the near-wall zone (r/R= 0.93) is relatively wide. It is
because the random alternative changes of the dense and
dilute solids concentration are increased in the wall zone
with relatively high particle concentrations. The shapes of
curves in the same radial position at different bed lengths are
similar.

Fig. 13. Probability density distribution of voidage signals with different
bed length positions.

4. Conclusion

(1) The experiment of the micro-video action shot showed
that there existed the particle clustering phenomena. The
clusters in the downer were mainly in the form of floc
and stick.

(2) The cluster size can be calculated from the solid velocity
and time of a cluster passing a position in the downer.
By the cross-correlation and wavelet analysis of local
voidage signals, the average cluster size and frequency
as a function of bed length were obtained. The results
showed that the cluster size and frequency in the downer
were changed with different bed heights.

(3) The probability density distributions of local voidage sig-
nals in the downer exhibited only a single peak, which
may indicate that only a single phase existed in the
downer. The cluster in the downer observed by the micro-
video action shot may be unstable with fast evolving and
dissolving processes.
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