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An experimental study was conducted in a 500 mm ID, 8,000 mm high jetting flu-
idized bed with double ®ertical nozzles using frame-by-frame analysis of experimental

( )®ideos. Three different flow patterns separated jets, flow transition, and jet coalescence ,
with the two jets always coalesce within the penetration depth, were first obser®ed in the
jetting fluidized bed. Radial profiles in the fluidized bed were measured with a PC-4
optical fiber probe. Effects of jet gas ®elocity and nozzle distance on the radial and axial
®oidage distribution were studied. The bed hydrodynamic beha®ior was characterized
using a deterministic chaotic theory to analyze effects of jet gas ®elocity, static bed
height, and nozzle distance on the correlation dimension, which increased with increas-
ing jet gas ®elocity and static bed height.

Introduction

The jet in jetting fluidized beds significantly affects the heat
and mass transfer, as well as chemical reactions in the jetting
fluidized beds. Previous studies of the flow characteristics of
jetting fluidized beds mainly focused on jetting fluidized beds

Ž .with a single jet and the gas distributor. Davidson et al. 1985
reviewed the flow characteristics in such jetting fluidized beds.

Ž .Knowltan and Hirsan 1980 identified three penetration
depth definitions: the deepest penetration depth of jet bub-
bles into the bed before losing their momentum L , the pen-b
etration depth of a series of cavities L , and the penetra-max
tion depth of a cavity permanently attached to the nozzle

Ž . Ž .L . Guo et al. 1996 and Luo et al. 1997 studied themin
voidage distribution in a jetting fluidized bed employing an

Ž .optic fiber probe. Yang et al. 1986 used pulse injection of
tracer particles to survey particle mixing and examined the
macroscopic solid circulation behavior with a force probe.

Ž .Yang et al. 1984 , using measured carbon dioxide trace to
determine the gas mixing and gas entertainment, deduced that
the radial gas velocity profiles in the jet were similar and
could be correlated by Tollmien similarity as in a homoge-
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neous jet. Furthermore, the radial gas profiles for various jet
velocities and solid loadings were similar.

Compared with the research for jetting fluidized beds with
a single nozzle, there have been few investigations of the flow
characteristics with multiple jets in the fluidized bed. Instead,
researchers have concentrated their attention on the multiple

Ž .jets in the gas distributor. Darton et al. 1977 found that
coalescence of bubbles in fluidized beds caused the bubble
size to increase with distance above the distributor and then
suggested a simple equation for the coalescence bubble di-

Ž .ameter. Horio and Nonaka 1987 presented a generalized
bubble diameter correlation for gas-solid fluidized beds which
could be applied for both Geldart group A particles and group
B particles. Studies of the grid zone in a shallow fluidized

Ž .bed Fakhimi et al., 1983 showed that a stagnant region ex-
isted between two adjacent jets. Note that since the free area
in the distributor is always less than 3%, the hole pitch is
relatively large. The flow characteristics in the distributor area
are quite different from those in the jetting fluidized bed.

However, several articles have been recently published
about the interaction between gas streams entering the bed
from two or more separate nozzles. Recently, Yates et al.
Ž .1995 employed the UCL X-ray facility to determine the
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bubble coalescence height in a 200=300 mm rectangular cross
section fluidized bed with two nozzles, which was correlated
by the following equation

y1r3h 1 uc 0
s0.57 1Ž .ž /ž /H d um f 0 m f

Ž .Luo et al. 1997 utilized a multipitot tube system to mea-
sure the jet momentum in a bed with two nozzles. They found
single peak distribution and double peak distributions in the
gas momentum distribution in horizontal directions.

There have been few studies of flow pattern transition in
large jetting fluidized beds with double vertical nozzles. The
objective of this work is to present a comprehensive set of
flow pattern transition experiments for the separated jet, the
flow transition, and the jet coalescence in a jetting fluidized
bed, as well as to develop a correlation for predicting flow
pattern transition using dimensional analysis. The voidage
distribution in the fluidized bed was also measured simulta-
neously with an optic probe. Chaotic theory was used to ana-
lyze the flow characteristics in the bed, and effects of jet gas
velocity and nozzle distance on the correlation dimension
were also investigated.

Experimental Apparatus
The experiments were carried out in a semicircular column

with 0.5 m ID and 8 m in height. The experimental apparatus
is illustrated in Figure 1. Air from three Roots blowers was
fed to one nozzle and a semiconical gas distributor. Air to
the other nozzle was supplied by a compressor. The air flow
rate was measured by four rotometers before injection into
the bed. At the bed exit, the solids are separated from the air
by a cyclone and return to the fluidized bed. The front plate
was made of Plexiglas to allow observation of flow phenom-
ena in the bed. The semiconical gas distributor has a 708 cone
angle and was 0.68 m in height. The segregating column had
a diameter of 0.27 m and a height of 0.61 m. The two 0.042 m
ID semicircular nozzles were vertical 11 mm from the front
plate with exits 0.19 m above the top of the semiconical gas
distributor. The distance between the two nozzle axes was
defined as the nozzle distance. The nozzle distance could be
adjusted to vary the experimental conditions. The bed depth
was defined as the height from the jet nozzles exit to the
dense phase bed surface with the background air at a mini-
mum fluidization and without the jet flow. The bed was oper-
ated with depths of around 370 mm, 400 mm, 450 mm, and
660 mm. The back transparent bed window had seven instru-
mentation ports located at 0.16 m, 0.19 m, 0.25 m, 0.31 m,
0.37 m, 0.43 m, and 0.49 m above the nozzle exit, where mea-
suring probes could be introduced into the bed. Millet
Ž . 3Geldart Group D with a density of 1,474 kgrm and mean
diameter of 1.64 mm was used as fluidized material.

Three pressure probes made of 5 mm ID copper pipe were
installed along the bed and connected to pressure transduc-

Ž .ers Micros Switch 140PCO1D . These three transducers were
located at axial heights of 0.11 m, 0.19 m, and 0.31 m along
the back window above the gas distributor. The jet collapse
positions were always around 0.31 m above the nozzle exit.
Thus, the pressure signal at 0.25 m was suitable for investi-

Figure 1. Large jetting fluidized bed with two nozzles.
Ž . Ž . Ž .1 Jetting fluidized bed; 2 nozzle; 3 semicircular distrib-

Ž . Ž . Ž .utor; 4 segregating column; 5 plenum chamber; 6 mate-
Ž . Ž . Ž . Ž .rial tank; 7 conveying pipes; 8 cyclone; 9 rotometer; 10

Ž . Ž .discharge tank; 11 origin 12 differential pressure sensor;
Ž . Ž .13 ArD converter; 14 computer.

gating the bed dynamic behavior. The transducer working
range was 5,000 Pa. The outside opening of each pressure
probe was connected to one of the two input channels of a
pressure transducer, which produces an output voltage pro-
portional to the pressure difference between two channels.
The remaining channel was exposed to the atmosphere. Solid
particles were prevented from entering the pressure probes

Ž .by a piece of stainless steel screen 200 mesh soldered to the
tip of each pressure probe. All pressure signals were sampled

Ž .with a sampling system 12 bit, DAS MAX181 at a frequency
of 111 Hz for 40 s. For each experimental run, images of the
bed were recorded for 180 s using an International M-7
recorder. The images were then analyzed frame by frame with
a Panasonic HD-100 player. The frames were also converted
to the MPEG format for detailed computer analysis.

The particle concentration distributions in this study were
measured with a PC-4 optic fiber probe. A detailed descrip-

Ž .tion of the probe was given by Zhou et al. 1994 and Guo et
Ž .al. 2000 . Experiments indicated that a sampling time of 30 s

was sufficient for the PC-4 probe to obtain repeatable parti-
cle concentration curves.

Results and Discussion
Operating pattern

Typical pictures of separated jets for N s0.28 m and ud 0
s32.15 mrs are shown in Figure 2. The two jets ascend inde-
pendently within the penetration depth, with bubbles detach-
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(Figure 2. Typical separated jets development N =0.28d
)m, u =32.15 m/////s .0

ing from the end of the jets, similar to that in a jetting flu-
idized bed with a single jet. The starting time is defined as
the right jet begins to form. Figure 2 shows that the right jet
begins to form at ts0.04 s, while the left jet is already well
formed. It can be seen from this figure that some particles
are entrained into the right jet. Figures 2b and 2c reveal more
particles entrained into the right jets and the left jet collaps-
ing. In Figure 2d, the right conical jet continues to increase
in size with particles obviously entrained into the right jet,
while the left jet has collapsed completely. Note that forma-

Figure 3. Effect of jet gas velocity on jet formation fre-
quency at N =0.36 m and 0.28 m.d

tion, growth, and collapse of the two jets are asynchronous in
most cases, but have the same jet formation frequency. The
jet formation frequency, which is the average formation fre-
quency of two jets, increases with increasing jet gas velocity
Ž .Figure 3 . Generally, the two jets have the same jet forma-
tion frequencies when their jet gas velocities are equal. The
jet formation frequency in a large jetting fluidized bed with a

Ž .single nozzle was reported by Ettehadieh et al. 1988 and
Ž .Guo et al. 1999 to be much smaller than the 5]8 Hz mea-

Ž .sured by Rowe et al. 1979 and the 20 Hz measured by
Ž .Hsing and Grace 1978 for small beds due to much larger

initial bed heights and jet nozzle sizes in Ettehadieh et al.’s
investigations and ours in contrast to Rowe et al.’s and Hsing
and Grace’s experimental apparatuses. When the nozzle dis-
tance was decreased to 0.23 m and the gas jet velocity was
increased from 21.4 mrs to 50.9 mrs, two types of flow pat-

Ž .terns appeared simultaneously, that is, separated jets 1 with
jets independently growing to the penetration depth and jet

Ž .coalescence 2 with the two jets coalescing into one jet within
the jet penetration depth, as shown in Figure 4. The flow
transition pattern is defined as the jet coalescence pattern,
and the separated jet pattern alternately appears. Figure 5
shows results relating the jet gas velocity to the frequency of
jet formation and jet coalescence frequency at N s0.23 m.d
This figure indicates that the flow behavior of the two jets
not only depends on the nozzles distance, but also on the jet
gas velocity. Since the jets do not coalesce within the jet re-
gion for jet gas velocity from 16.07 mrs to 21.43 mrs, the jet
formation frequency increases with jet gas velocity. On the
other hand, the jet formation frequency decreases for jet gas
velocity from 21.43 mrs to 50.9 mrs. In comparison with jet
formation frequency, the jet coalescence frequency is in-
creased with increasing jet gas velocity. This can be at-
tributed to two effects. The first is that increasing jet gas ve-
locity and the jet gas momentum increases the jet region, so
the probability of jet coalescence increases. The second ef-
fect is that the time difference between the two jets starting
is large enough so that the two jets grow independently. When
the nozzle distance is decreased to 0.18 m, the two jets al-
ways coalesce into a single jet near the nozzle exit, as indi-
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Figure 4. Typical flow transitional pattern.
N s 0.23 m, u s 32.15 mrs.d 0

cated in Figure 6 because the two jets entrain each other as
the flow around each jet pulls the other jet forward. In this
case, the jet coalescence height replaces the penetration

Ž .depth. Guo et al. 2000 defined the height from nozzle exit
to the coalescence point as the jet coalescence height and
presented a correlation for the jet coalescence height. Since
jet coalescence results in the rapid loss of jet momentum, the
jet gas quickly dissipates into the emulsion phase. Hence, the
jet coalescence height is often less than the penetration depth.
At N s0.10 m, the two jets coalesce as soon as they leaved
the nozzle exit. Figure 7 shows that the frequency of jet coa-
lescence for N s0.10 m is slightly less than that for N s0.18d d
m since the smaller nozzle distance brings about more jet
momentum loss.

Flow pattern transition map and correlation
As discussed above, the penetration depth is a critical pa-

Žrameter to distinguish the three flow patterns separated jets,
.flow transition, and jet coalescence in the jetting fluidized

Žbed with two vertical nozzles. Previous studies Yang and
.Keairns, 1979; Guo et al., 1999 showed that the penetration

Figure 5. Effect of jet gas velocity on jet formulation and
jet coalescence frequency for N =0.23 m.d

depth is a function of nozzle diameter, jet gas velocity, gas
density, particle density, and gravitational acceleration. In this

Ž .jetting fluidized bed with double nozzles, Guo et al. 2000
also found that the penetration depth decreases with de-
creasing nozzle distance at the same jet gas velocity. There-
fore, the penetration depth is a function of six variables

L s f d ,u ,r ,r , g , p 2Ž .Ž .j 0 0 g p

(Figure 6. Typical jet coalescence pattern N =18 m, ud 0
)=21.43 m/////s .
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Figure 7. Jet coalescence frequencies for small nozzle
distance.

ŽBecause there are three basic dimension length, mass, and
.time in Eq 2, this equation may be rewritten in the following

dimensionless form

L r u2 p pj g 0 Us F , s F , 3Ž .rž /ž /d r gd d d0 p 0 0 0

r 2ug 0UF sr r y r gdp g 0

Generally speaking, the separated jet pattern, which ap-
pears with greater nozzle distance, is defined as jets existing
independently within the jet penetration depth. As the nozzle
distance decreases, the two jets either coalesce or continue to
grow independently within the penetration depth. As the
nozzle distance is decreased further, the two jets always coa-
lesce within the jet region, even for low jet gas velocity. Coa-
lescence within the penetration depth is defined as the jet
coalescence pattern. Frame-by-frame analysis of the various
jet gas velocities at different nozzle distances was used to
draw the flow pattern map in Figure 8. The boundary be-
tween the jet coalescence pattern and the flow transition pat-
tern is

p
UF s14.2 y4.12 4Ž .r ž /d0

The boundary between the flow transition pattern and the
separated jet pattern is expressed as

p
s6.2 5Ž .

d0

Pressure Fluctuation in Jetting Fluidized Beds

n1
ps p 6Ž .Ý in is1

n1 2
s s p y p 7Ž .Ž .Ý i(ny1 is1

Figure 8. Flow pattern.
Ž . Ž . Ž .1 Jet coalescence pattern; 2 flow transition pattern; 3
separated jet pattern.

The influence of jet gas velocity on the mean pressure fluc-
tuation at five nozzle distance is shown in Figure 9. For N sd
0.36 m, the mean pressure fluctuation has small variations
since two jets are in the separated jet pattern. As the nozzle

Ž .distance decreases N s0.23 m , the mean pressure fluctua-d
tion fluctuates strongly as the jets coalesce at the bed axis.
The bed height expanded with large fluctuations with in-
creasing jet gas velocity. Furthermore, the jets coalescence
frequency increases with decreasing nozzle distance. When
N was further decreased to 0.18 m or 0.10 m, the mean pres-d
sure fluctuation increases more with jet gas velocity since the
two jets always coalesced.

Effect of jet gas ©elocity on the correlation dimension
The correlation dimension used in the deterministic chaos

theory denotes the degree of freedom in the attainable states
Ž .of the system degree of complexity , which is determined

from the slope of the linear part of a log-log plot of the

Figure 9. Mean pressure fluctuations for various nozzle
distances.
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Figure 10. Effect of jet gas velocity on the correlation
dimension for different nozzle distance.
H s 0.66 m.0

Ž .Grassberger-Procaccia 1983 correlation integral vs. the ra-
dius of a given hyper sphere in the phase space. The influ-
ence of the jet gas velocity on the correlation dimension for
different nozzle distances is shown in Figure 10. The correla-
tion dimension tends to increase with increasing jet gas veloc-
ity. For the 0.36 m nozzle distance, the large jet gas velocity
results in a large penetration depth; thus, the bubble diame-
ter is large and the probability of jet and bubble coalescence
increases. When the nozzle distance is equal to 0.18 m or
0.10 m, and the two jets always coalesce and grow as a single
jet in the fluidized bed, the trend of the correlation dimen-
sion variation indicates that the jet coalescence frequency in-
creases with increasing jet gas velocity. Note that for N equald
to 0.23 m, the curve of the correlation dimension vs. jet gas
velocity reaches a maximum increasing rate because the flow
structure is the most complex with separated jets and with
jets and bubbles coalescing in the jet region.

Figure 11 illustrates the effect of the bed height on the
correlation dimension. The correlation dimension increases

Figure 11. Effect of jet gas velocity on the correlation
dimension for different static bed heights.
N s 0.36 m.d

( )Figure 12. a, c Typical particle concentration fluctua-
( )tions in the jet region; b the emulsion

phase.
Ž .N s 0.36 m, H s 0.66 m, u s 42.9 mrs. a y0.216 m,d 0 0

Ž . Ž .0.16 m; b 0 m, 0.16 m; c 0.216 m, 0.16 m.

with increasing static bed height, which differs from the con-
Ž .clusions obtained by other researchers. Hay et al. 1995

stated that the static bed height had little effect on the corre-
Ž .lation dimension, while van den Bleck et al. 1993 reported

that the static bed height had some effect on the correlation
dimension. Further investigations are needed to clarify this
relationship.

Radial ©oidage distribution
A typical particle concentration variation is shown in Fig-

ure 12 for N of 0.36 m and u of 45.3 mrs. The curves ind 0
Figure 12, which represent observation over a 30-s time span,
show significant oscillations in the local instantaneous solid
concentration. The PC-4 optic probe analysis program calcu-
lated time-averaged solid concentration to be 0.322 at 0.16 m
above the nozzle exit, as shown in Figure 12a. The data in
Figures 12a and 12c with symmetry abscissa show that the
particle concentration in the jet region which has the almost
same value fluctuates strongly with many peaks. Each peak
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( )Figure 13. a, c Typical probability distributions of par-
( )ticle concentrations in the jet region; b

emulsion phase.
Ž .N s 0.36 m, H s 0.66 m, u s 42.9 mrs. a y0.216 m,d 0 0

Ž . Ž .0.16 m; b 0 m, 0.16 m; c 0.216 m, 0.16 m.

represents a jet crossing the tip of the probe, so the jet for-
mation frequency can be represented by counting the num-
ber of peaks. The result agreed well with the results of the
frame-by-frame video analysis. The variation of the particle
concentration curve with minor fluctuations in the emulsion

Ž .region Figure 12b can be attributed to gas diffusion from
the jet region to the emulsion region. Typical probability dis-
tributions of the particle concentrations in the two jets re-
gions and the emulsion phase region are presented in Figure
13. Figures 13a and 13c have one peak with a wide distribu-
tion indicating particles are continuously entrained into the
jet region. An almost linear distribution appears in Figure
13b, representing small particle concentration fluctuations in
the emulsion phase region.

The mean voidage as a function of radial position at large
nozzle distance is plotted vs. axial position in Figure 14a. Each
radial voidage profile can be divided into two parts: the jet
region and the emulsion region between the two jet regions.
The voidage profile is elliptic in the jet region and almost flat
in the emulsion region. The voidage distribution in the jet

Ž .region was also described as elliptic by Guo et al. 1996 and
Ž .Luo et al. 1997 . Note that the voidage in the emulsion re-

gion is equal to that in the minimum fluidization condition.

Figure 14a. Radial voidage distribution in the jetting flu-
idized bed.
N s 0.36 m, H s 0.66 m, u s 42.8 mrs. y ` 0.16 m; \d 0 0
0.19 m; I 0.31 m; ^ 0.37 m; e 0.49 m.

With increasing height, the range of the elliptic distribution
expands since the jet continuously entrains particles and the
jet region expands. Also, the two elliptic profiles at a height
of 0.49 m show that the two jets rise independently. The ef-
fect of nozzle distance on the radial voidage distribution is
observed by comparing Figure 14b and Figure 14a. At ys
0.16 m, the radial voidage distribution includes three por-
tions: part one is the two jet regions; part two is the two
emulsion regions near the bed wall; and part 3 is the high
concentration region between the two jets. Only one elliptic
profile appears at ys0.19 m due to the coalescence of the
two jets.

Figure 14b. Effect of nozzle distance on the radial
voidage distribution in the jetting fluidized
bed.
N s 0.18 m, H s 0.66 m, u s 42.9 mrs. y ` 0.16 m; \d 0 0
0.19 m; I 0.31 m; ^ 0.37 m; e 0.43 m.
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Figure 15. Axial voidage profiles for various nozzle dis-
tances.

The time-averaged voidage distributions along the axial di-
rection are presented for a variety of nozzle distances in Fig-
ure 15. The voidage at various axial locations is equal to that
at the minimum fluidization condition when the nozzle dis-
tance is 0.36 m, because the axial positions for N s0.36 md
are always in the emulsion region, which is consistent with
Figure 15a. For the nozzle distance of 0.28 m, the voidage
distributions at both 0.16 m and 0.19 m from the nozzle exit
indicate that these two axial positions are still in the emul-
sion region. However, the voidage at axial position of 0.25 m
has a large increase due to the fact that the two jets have
entrained gas and solids and have widened. It should be
pointed out that jet coalescence does not take place at ys

Ž .0.37 m. For small nozzle distances N s0.18 m and 0.10 m ,d
the two jets coalescing at an axial height of 0.19 m results in
the larger voidage. The axial voidage profile has a ‘‘s’’ distri-
bution, which further supports the observation that the two
jets coalesce into a single jet near the nozzles and then rises
as one jet, as shown in Figure 6.

Conclusions
The frame-by-frame analysis of experimental video indi-

cated the existence of three flow patterns, that is, the sepa-
rated jet, the flow transition, and the jet coalescence occur-
ring in turn with decreasing nozzle distance for the range of
jet gas velocities in this study. The experimental data were
used to draw a flow transition map and develop the equa-
tions for the flow transitions.

The relationship between the mean pressure fluctuations
and various nozzle distances shows that the decreasing nozzle
distance results in greater pressure variation.

Deterministic chaos theory was used to investigate the flow
characteristics in the jetting fluidized bed. The correlation
dimension increases with increasing jet gas velocity for a given
static bed height. The maximum increasing rate the correla-
tion dimension vs. jet gas velocity for N s0.23 m shows thatd
this flow structure is the most complex. Higher static bed
height leads to high correlation dimension.

For larger nozzle distances and lower axial heights, the ra-
dial voidage distribution is divided into two parts: part 1 is

the jet region where the voidage profile is elliptic while part 2
is the emulsion phase where the voidage equals that of the
minimum fluidization condition. At larger axial heights, the
parabolic profiles show that the two jets can exist independ-
ently.

For smaller nozzle distance, the radial voidage distribution
Žat low axial positions flow transition pattern and jet coales-

.cence pattern consists of three parts: the jet region, the high
concentration region and the emulsion region between the
jet region and the bed wall. The radial voidage at greater
heights for the smaller nozzle distance is only a single
parabolic which suggests that the two jets have coalesced into
one jet within the jet region.

The axial profile in the separated jet pattern varies little.
However, axial voidage profile in the coalescence pattern has
an ‘‘s’’ profile which illustrates that the two jets coalesce into
one jet.

Notation
CU sinstantaneously particle fluctuation

CU max smaximum particle concentration
CU minsminimum particle concentration

CU av saverage particle concentration
dsnozzle diameter, m

Dcscorrelation dimension
FU stwo-phase Froude numberr

g sgravitational acceleration, mrs2

h sbubble coalescence height, mc
H ssettled bed height at minimum fluidization condition, mm f

H sstatic bed height, m0
lsnozzle distance in Eq. 1

L spenetration depth, mj
L sdeepest penetration depth, mb

L smaximum penetration depth, mmax
L sminimum penetration depth, mmin

nssampling point number
N snozzle distance between two nozzles, md
p sinstantaneous pressure at various time, Pai

Ž U .P C sprobablity distribution of particle concentration
psaverage pressure, Pa

u sminimum fluidization velocity, mrsm f
usgas jet velocity, mrs
xsabscissa, m
ysordinate, m
e svoidage

r sfluidization gas density, kgrm3
g

r sparticle density, kgrm3
p

s smean pressure fluctuation, Pa
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