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The behavior of multiple spouts above a perforated plate in a 400 mm x 15 mm two-dimensional bed of glass
beads with mean diameters from 214 um to 1095 ym was investigated. The operation of the perforated-plate
distributor was taken into account while phase diagrams for the 2-D bed of glass beads were mapped. Two
types of incoherent spouting were observed. The stability of multiple spouts was affected by bed height,

superficial gas velocity, particle size and distributor design.

Introduction

Since the first proposal of the spouted bed tech-
nique by Mathur and Gishler'?, this technology has been
extensively applied. The spouting phenomenon is
defined as the formation of a spout immediately above a
gas inlet. It consists of three principal regions, i.e. the
spout, the annulus and the fountain. Although the major
application of this technique is for coarse particles
greater than 1 mm or more, Mathur and Gishler!? stated
that there is a slight overlap between spoutable and fluid-
izable sizes. Spoutable particles are usually regarded as
group D particles in Geldart’s® classification of parti-
cles. The criteria for spoutability of particles have been
suggested to be related to particle size and the density
difference between the particles and the gas®> ' or to be
dependent on the gas inlet-to-particle diameter ratio" ®.

The behavior of multiple spouts has been investi-
gated in beds with multiple cones'V, with a flat base
equipped with multiple nozzles®, and with a multi-ori-
fice plate!¥’. Even when the gas flow to each inlet is con-
trolled independently, Epstein and Grace® have pointed
out that spouting stability problems arise when: (a) the
pitch between gas inlets is too small, (b) the bed height is
increased excessively (but still below the maximum
spoutable bed height for a single inlet), and (c) the ratio
d,/d, is less than 8%. The study of spouted beds has been
considered to be relevant to the behavior of the grid
region in a gas-fluidized bed with a multi-orifice distrib-
utor”. A comparison of the experimental data and
models between a spout and a jet has been made by Filla
et al.¥. However, work concerning both the behavior of
multiple spouts and the operation of the multi-orifice
distributor is very limited. The jetting phenomenon is
defined as the formation of a jet immediately above a gas
inlet. The jet is a permanent flame-like cavity above the
orifice, and discrete bubbles detach at the end of this
cavity.
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While the fluidizing gas flows through the orifices
of a multi-orifice distributor into a fluidized bed, it may
form different gas discharge modes at the orifices, i.e.,
pulsating jets, bubble plumes or spouts. A spout and a
pulsating jet can be regarded as a permanent jet. Grace
and Lim” have shown that the criterion given by Chand-
nani and Epstein" for the spoutability of particles, d,/d,
<25.4, can be applied to gas-fluidized bed systems. This
criterion has been amply proved for predicting whether
permanent jets or bubble plumes are formed in a system.
However, it is over-simplified because the effects of sev-
eral important factors such as jet momentum, particle
and gas densities, and bed height are not taken into
account. Empirical equations for predicting the transi-
tions of gas discharge modes were presented in a pre-
vious work®.

The purpose of this work is to investigate the
behavior of multiple spouts in a two-dimensional bed
equipped with a perforated-plate distributor. An attempt
has been made to map phase diagrams concerning both
the operation of the distributor and the operation
regimes for glass beads with mean diameters ranging
from 214 um to 1095 um. The interaction between adja-
cent spouts, the pressure fluctuations corresponding to
the regimes observed, and the effect of perforated plate
design on the maximum spoutable bed height have been
investigated.

1. Experimental

A schematic diagram of the experimental apparatus
is shown in Fig. 1. All the experiments were conducted
in a two-dimensional fluidized bed, fabricated from
acrylic plates. The cross-section of the bed was 400 mm
X 15 mm. Iron plates, on which an array of 3 or 7 ori-
fices were drilled, were used as distributors. The orifice
diameters were from 1.5 mm to 5 mm. The plenum was
0.45 m in height. Glass beads with mean diameters from
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Fig. 1 Schematic diagram of the experimental apparatus

Table 1. Experimental Conditions

Bed Cross Section (mm X mm) 400 x 15
Particles Glass Beads
Mean Diameter (um) 214, 359, 545, 650, 1095

Minimum Fluidization Velocity (m/s) 0.048, 0.074, 0.186, 0.283, 0.55

Distributor Perforated Plate
Orifice Number 3,7
Orifice Pitch (mm) 100, 50

Orifice Diameter (mm) 1.5,2.26,3,4.1,5

214 pm to 1095 um were used as the bed materials. A
camera was used to photograph the bed during operation.
All the experimental conditions are shown in Table 1.

On the sidewall and at the centerline of the front
wall, pressure taps were installed 5 mm from the perfo-
rated plate for measuring pressure fluctuations. The
inside opening of the pressure tap was covered with a
200-mesh screen to prevent solids from entering the tap.
The signals measured from the pressure tap on the front
wall were regarded as those measured at the orifice,
because the tap corresponded to the orifice located in the
middle of the plate.

The pressure fluctuations were measured by con-
necting the pressure tap to a SenSym SCX01DNC differ-
ential-pressure sensor having two input channels. The
low-pressure input was exposed to the atmosphere. The
operating pressure of the differential-pressure sensor was
0 to 6.9 kPa. Its accuracy was 0.2 % of the full-scale
span output. The output signal of the differential-pres-
sure sensor was transmitted to an ACUREX 7000-
MDAS modular data acquisition system. The 7000-
MDAS was used to acquire pressure fluctuation signals
as well as the fast Fourier transform of the time domain
data in order to obtain frequency domain data. A per-
sonal computer was used to control the 7000-MDAS for
implementing the sampling and for spectral analysis of
pressure fluctuation signals. The sampling interval of the
pressure fluctuations was 25 ms. For each test 5120
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Fig. 2 Multlple spouts above the perforated plate at various
fluidization numbers. d, =650 um, H=92mm, N=17,
d,=2.26 mm, U/U,,: (a) 1.87 (b) 2.78 (c) 3.31.

points were collected and processed. The total sampling
time was 128 seconds.

The maximum spoutable bed height, H,, was
determined by the following procedure. At a certain bed
height the superficial gas velocity was increased. If a
spout formed at each orifice, the bed height might be
either lower than H,, or equal to H,,. The bed height was
then increased. The bed height must be higher than H,, if
spouts could not be formed at any superficial gas
velocity. The bed height was reduced gradually till a
steady spout obviously formed at each orifice. At this
point, the bed height was taken as the maximum
spoutable bed height.
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(a)
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Fig. 3 Variation of spout shape for (a) type I I.S. and (b) type
II'LS.

2.  Results and Discussion

2.1 Interaction between adjacent spouts

The photographs in Fig. 2 show the multiple spouts
for 650-um glass beads above a perforated plate, which
has seven orifices, at various superficial gas velocities.
The objects appearing in the middle of each photograph
are an array of pressure taps installed on the front wall of
the two-dimensional bed. At a low fluidization number,
1.87, vertical spouts above most of the orifices are illus-
trated in photograph (a). Distortion of the spout shape
occurred near the side wall because of the hindering of
the flow of particles, which caused a nonuniform parti-
cles flow between the two sides of the spout. In the
regions between spouts, particles flowed downward and
radially toward the spout. With the fluidization number
increased to 2.78, photograph (b) shows the distortion of
the spouts. The adjacent spouts on the right side
appeared to interact with each other. The fountains of the
interacting spouts could not be well defined. The parti-
cles flow between the interacting spouts became random.
Photograph (c) shows a very significant interaction
between spouts at a fluidization number of 3.31. The par-
ticles flow pattern no longer resembled that in a conven-
tional spouted bed. The interaction of spouts shown in
Fig. 2 at various superficial gas velocities considerably
resembles the interaction process described by Wu and
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Whiting'® for two jets in a semicircular bed.

When the interaction between spouts occurred at
high gas velocities it was found that the dead zones
between orifices tended to diminish. This resulted from
two causes: (1) particles stirred by the interacting spouts
and (2) particles fluidized by air leaked from the spout.
Wen et al.'> proposed a mechanism for the transition of
the gas discharge mode from jetting to bubbling at ori-
fices. They claimed that, as the gas velocity was
increased, jetting would transit to bubbling if the dead
zones between orifices were eliminated. However, that
process was not observed throughout this work.

It was noted that interacting spouting did not occur
at a bed height less than H,,. At a lower bed height, the
fountain height increased while the gas velocity was
increased. As the gas velocity was further increased,
dancing spouts were observed. The spouts and fountains
would shake left and right.

2.2 Incoherent spout

In a conventional spouted bed, incoherent spouting
(LS.) has been observed! !V, In this work, two types of
incoherent spouting were observed, as shown in Fig. 3.
When type I I.S. occurred, the variation of spout shape is
as shown in Fig. 3 (a). For large particles, type I LS. was
observed when waves appeared along the spout-annulus
interface near the bed surface, which caused the fountain
to collapse. The waves would grow, and eventually this
led to a pinch point where a non-fully developed bubble
formed and erupted on the bed surface. The process was
quite similar to that described by Chandnani and
Epstein). If the bed height was increased when an inco-
herent spouting occurred, the operation regime would
transit to jetting. For fine particles, jets followed by
bubble plumes usually appeared first as the superficial
gas velocity was increased. Then the jet penetration
length increased and the bubbles in the bubble plume
tended to coalesce in the axial direction as the superficial
gas velocity was increased. Type I L.S. occurred when
the pinch point reached a height where a non-fully
developed bubble formed and erupted through the bed
surface.

As to type II LS., the variation of spout shape is
shown in Fig. 3 (b). It occurred when waves appeared
along the spout-annulus interface near the middle of the
spout. This causes a fluctuation phenomenon character-
ized by expanding and shrinking of the spout-annulus
interface. The flow of particles in the regions between
spouts was disturbed during the variation in spout shape.
The type II 1.S. was usually found in multiple-spouted
beds of 214-um and 359-um glass beads.

2.3 Phase diagrams

Figure 4 shows experimental phase diagrams for
214-um to 1095-um glass beads in a multiple-spouted
bed when a perforated plate with three 3-mm orifices
was used as the distributor. To avoid the hysteresis
effect, the superficial gas velocity was quickly increased
to make all the orifices operative. The data shown in the
phase diagrams were obtained by further increasing or
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decreasing the superficial gas velocity. The operation of
the perforated plate was taken into account in these phase
diagrams and is represented by the regions with slanted
lines.

For a given bed height, the lower limit (marked
with blank circle) represents the point at which only one
orifice became operative. The upper limit (marked with
black circle) represents the point at which all the orifices
were operative. Various symbols shown in the phase dia-
grams are used to represent the experimental data points
at the boundary between different phase regions. The
dashed line shown in the phase diagram is used to project
the boundary of different phase regions. The precise
boundary cannot be illustrated for lack of exact data.

By visual observation, an orifice was regarded to be
operative when a spout formed or when bubbles
detached from the end of a jet could flow up to the bed
surface. An orifice, at which a permanent high veid stood
which neither penetrated the bed surface nor broke into a
bubble, was considered to be nonoperative. The upper
limit of the region with slanted lines shown in the phase
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Fig. 4 Phase diagram for glass beads in the multiple-spouted
bed. N =3, d, =3 mm. (a) d, = 1095 um
(b) d, =650 um (c) d, = 359 um (d) d, = 214 ym

diagram, in fact, represents the relationship between the
minimum superficial gas velocity, which made all the
orifices operative, and the bed height in the system
tested. Unlike a conventional spouted bed or a multiple-
spouted bed with independent controlled air flow to each
inlet, the problem concerning even distribution of gas
flow through the orifices of a distributor is very impor-
tant in a gas-fluidized bed. Therefore, in addition to the
interaction of adjacent spouts, spouting stability is also
affected by the nonoperative orifices.

For a bed of 1095-um glass beads, Fig. 4 (a) shows
the regimes with a static bed, spouting and interacting
spouting. For a bed of 650-um glass beads, Fig. 4 (b)
shows the regimes with a static bed, spouting, inter-
acting spouting and jetting. The term “Jetting”, instead
of “Bubbling”, is used to represent the regime in which
jet bubbles formed in the bed. In a fluidized bed
equipped with a multiorifice distributor, the term “Bub-
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Fig. 5 Phase diagram for glass beads In the multiple-spouted
bed. N=7, d,=3 mm. (a) d, = 650 um (b) d, = 359 um

200

bling” can be used for the gas discharge mode when bub-
bles form immediately at the orifices; therefore,
ambiguity can be avoided if “Jetting” and “Bubbling”
are used respectively to characterize the different gas
discharge modes in the phase diagrams. Both type I and
type I 1.S. appear in Figs. 4 (c) and 4 (d) for 359-um and
214-um glass beads. Jetting was found to be followed by
incoherent spouting and then by stable spouting as the
superficial gas velocity was increased. This clearly
implies that, for a bed of fine particles, spouting results
from the increase of jet penetration and the coalescence
of bubbles in the bubble plume at the end of the jets.

In comparison with Fig. 4, Fig. 5 shows the phase
diagrams for 650-um and 359-um glass beads, when a
perforated plate with seven 3-mm orifices was used. It
reveals that the difference between the superficial gas
velocity which made only one orifice operative and that
which made all the orifices operative was larger when a
perforated plate with a higher open area ratio was used.
Generally speaking, the instability of multiple spouts
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Table 2. Relationships of U,and U,,, Uy and U;at H,,

N d, d, H,
()  (mm) (um) (mm)

(Uns) /Ui CUnt) g, fUmp (U 1,/ Vs

3 3 1095 123 1.49 1.49 1.15
650 135 1.37 1.37 1.06
545 141 25 1.44 1.07
359 162 4.83 1.74 1.31
214 123 11.92 0.97 0.58
3 41 1095 124 1.46 1.46 1.07
650 139 1.66 1.18 1.0
545 160 2.61 1.4 1.11
359 157 6.54 1.68 1.28
214 109 11.0 0.98 0.54
7 1.5 1095 -
650 77 1.81 1.81 0.98
545 90 2.03 1.89 1.05
359 80 3.15 1.61 1.07
214 69 1.98 0.77 0.4
7 41 1095 72 1.64 1.64 1.25
650 79 2.19 1.53 1.0
545 81 3.89 1.48 1.13
359 70 8.36 2.0 1.11
214 61 7.35 1.48 0.58

increased when a distributor with a smaller pitch was
used. It is evident that type I L.S. appears in Fig. 5 (a)
for 650-um glass beads. According to the results men-
tioned above, the stability of multiple spouts was
affected by bed height, superficial gas velocity, particle
size, interaction between adjacent spouts, and operative-
ness of the orifices. The last two factors are especially
governed by the multi-orifice distributor design.

The controversy about the relationship of (U,)g,
and U, has been discussed by Littman and Morgan'?.
They claimed that (U,,)y, should be approximately
equal to U, Table 2 shows the relationships of the min-
imum fluidization velocity and the minimum spouting
velocity, the minimum velocity which makes all the ori-
fices operative and the gas velocity which makes only
one orifice operative at H,,. It is seen that the ratios of
(Upon, /Uny are larger than unity, and that very high
values were obtained for fine particles. This resulted
from the fact that there is a connection of (U,,)y, and
U,¢based on the measurement of H,,'?. In this work, H,,
was taken at maximum bed height when a stable spout
could be formed at each orifice. When the superficial gas
velocity was not high enough, spouts formed at some of
the orifices, while jetting or a static bed was observed at
other orifices. The superficial gas velocity had to be
increased so that a stable spout could form at each ori-
fice. Thus, the minimum spouting velocity for a mul-
tiple-spouted bed equipped with a multi-orifice
distributor must be higher than that for a single spout.
Except for 214 um glass beads, Table 2 shows that
(U1, /U,y values are in the range from 1 to 1.3. When
there was only one operative orifice, a stable spout was
usually observed for 359-um to 1095-um glass beads.
This implies that the minimum spouting velocity for a
single spout in a multiple-spouted bed is also close to
U, For 214-um glass beads, the maldistribution of gas
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Fig. 6 Pressure fluctuations and corresponding power spectral
densities for stable spouting. d, = 545 pm, H = 80 mm,
UIU,,;=2.58, N=3,d,=3 mm.

flow through the distributor was more serious. Chan-
neling also occurred easily. At a superficial gas velocity
much lower than U, the gas tended to flow through one
orifice and make it operative. It is thus reasonable that
(UDg,, /Uy is less than unity for 214-um glass beads.
Table 2 also shows that (Uy)y, /U, is in the range from
about 1 to 2.

2.4 Pressure fluctuations

Figure 6 shows the pressure fluctuations and the
corresponding power spectral densities as typical stable
spouting occurred in the two-dimensional bed. Generally
speaking, the power spectral densities show a narrow
distribution with a sharp peak which corresponds to a
high major frequency for stable spouting. No significant
minor frequencies were found. In this case, the major fre-
quencies measured from the taps on the side wall and at
the orifice appear at 11.6 Hz. The signals measured at the
orifice were found to be more significant than those mea-
sured from the tap on the side wall. The characteristics of
the pressure fluctuations shown in Fig. 6 for stable
spouting in the multiple-spouted bed are similar to those
reported in the previous work® obtained in a two-dimen-
sional bed equipped with a single nozzle.

As the spouting began to dance, Fig. 7 shows that
the pressure fluctuations compose a periodic main wave.
This was especially obvious for the signals measured
from the tap on the side wall. This resulted from the fact
that the spouts and the fountains shook left and right
slowly or quickly, depending on the superficial gas
velocity. In this case, the major frequencies were found
to appear at about 0.4 Hz. As interacting spouting
occurred, the pressure fluctuations that occurred are
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densities for dancing spouts. d, = 650 ym, H = 80 mm,
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shown in Fig. 8. In this case, stable spouting occurred at
the orifice near the pressure tap on the side wall. The
spouts at the other two orifices interacted with each
other. A periodic main wave composed by the fluctuation
signals was also found. The power spectral density dis-
tributions measured from the side wall and at the orifice
were found to have a similar trend. The major frequen-
cies still appear at 0.4 Hz. Minor frequencies are
observed at about 6 Hz.

2.5 Maximum spoutable bed height

The effect of orifice pitch to orifice diameter ratio,
P/d,, on the maximum spoutable bed height to orifice
diameter ratio, H,, /d,, is shown in Fig. 9 with mean par-
ticle diameter as the parameter. This figure, in which log-
log coordinates are used, reveals that H,, /d, increases
linearly as P/d, increases. Different slopes of the linear
relationships for group B and group D particles were
found. Solid lines and dashed lines are used in Fig. 9 to
represent the discrepancy. This implies that H,, /d, is a
power function of P/d,. The powers, which are the
slopes of the lines in Fig. 9, are 1.12 and 0.72 for groups
B and D glass beads respectively. According to Geldart’s
classification, 650-um glass beads are usually regarded
to be at the margin between groups B and D; however,
they were regarded as group D particles in this work,
because it was found that 650-um and 1095-um glass
beads had the same power for the relationship between
H,, /d,and P/d,,

At a given P/d,, Fig. 9 also shows that H,, /d,
increases as particle diameter increases for group B par-
ticles. On the contrary, H,, /d, decreases as particle
diameter increases for group D particles. The results

JOURNAL OF CHEMICAL ENGINEERING OF JAPAN



at the orifice

VI ) 0.02+kPa

sidewall 2sec
WWW”WWWWWWWW

at the orifice

————— sidewall

Power spectral density

Fig. 8 Pressure fluctuations and corresponding power spectral
densities for interacting spouting. d, = 545 um,
H =80 mm, U/U,,;=4.15,N=3,d,=3 mm.

shown in Fig. 9 may not be suitably applied under condi-
tions out of the range tested in this work, especially
when P/d, is less than 10. The interactions between
spouts significantly reduce the maximum spoutable bed
height, while P/d, is too small.

Conclusions

In this work, the behavior of multiple spouts was
investigated in a 400 mm X 15 mm two-dimensional bed
equipped with a perforated plate. Glass beads with mean
diameters from 214 um to 1095 um were used as the
particles. Two types of incoherent spout were observed
in this work. Both the operation of the perforated plate
and the operation regimes for the glass beads were taken
into account while a phase diagram was mapped. The
stability of multiple spouts was affected by bed height,
superficial gas velocity, particle size, interaction between
adjacent spouts, and operativeness of the orifices. The
last two factors are, actually, governed due to the distrib-
utor design.

The power spectral density distributions of the
pressure fluctuations measured at the orifice and from
the side wall for the regimes observed in this work
revealed the same major frequency. As stable spouting
occurred, a narrow distribution of the power spectral
density with a sharp peak corresponding to a very high
major frequency was observed.

H,, /d, was found to be a power function of P/d,,.
The powers were 1.12 and 0.72 for groups B and D glass
beads respectively. At a given P/d,, H,, /d, increased as
particle diameter increased for group B glass beads. As
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Fig. 9 Effect of orifice pitch to orifice diameter ratio on
maximum spoutable bed height to orifice diameter ratio

to group D glass beads, H,,/d, decreased as particle
diameter increased.
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Nomenclature
d, = orifice diameter [m]
d, = particle diameter [m]
f = frequency of pressure fluctuations [Hz]
H = bed height [m]
H, = maximum spoutable bed height [m]
N = orifice number [-]
U = superficial gas velocity [ms]
Uy = minimum superficial gas velocity

at which all orifices are operative [m/s]
Umf = minimum fluidization velocity [m/s]
U, = minimum spouting velocity [m/s]
U, = superficial gas velocity at which only one

orifice becomes operative [m/s]
P = orifice pitch
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