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The introduction of reactant gas into a fluidized-bed chemical reactor as a jet is
a common design practice. However, the shape and extent of the void formed by
a jet into a fluidized bed and the manner in which the void breaks up into bubbles
have still not been described well.

An experimental study of a horizontal jet into a 15 cm by 38 cm cross-section
fluidized bed was carried out using an X-ray system. Instantaneous solid fraction
averaged along 15-cm chords across the bed were measured. The mean value and
the fluctuating component of solid fraction were determined for two initial jet
diameters, 0.64 and 1.27 cm, and three initial jet velocities, 23, 46 and 69 m/s.
Maps of the mean solid fraction and of statistical properties of the fluctuating
component show that there are three discernible regions in the jet-influenced area
of the bed. These are a coherent void, bubble trains, and a surrounding compaction

Zone.

introduction

In industrial fluidized-bed reactors, reactant gas is often
introduced into a reactor as a horizontally directed jet. Un-
derstanding the dynamics of the gas and solid motion resulting
from the introduction of the jet can have considerable signif-
icance for improving reactor design.

The literature to date reveals little of the dynamic behavior
of gas and solid arising from a horizontal jet. Lummi and
Baskakov (1967) injected a CO, tracer with an air jet and
measured subsequent CO, concentrations in the bed to obtain
mixing rates. Zenz (1968) presented a curve to predict hori-
zontal jet penetration depth. Shakhova (1968) derived an
expression for horizontal jet penetration depth. Kozin and
Baskakov (1967) proposed a penetration correlation which re-
ferred to a specific design of a cap-type air distributor. Merry
(1971) measured the penetration depths of horizontal air jets
injected into fluidized beds of sand, kale seed and steel shot
and derived a simple model for jet penetration depth. These
workers were mainly concerned with the expression for jet
penetration depth. The dynamics of a jet discharged into a
fluidized bed was reported on by Shakhova and Minakev (1971),
using the ratio of the length of the gas plume to the height of
the fluid bed above the nozzle to describe two characteristic
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modes of jet behavior, bubble flow and coherent flow. Two
recent articles by Xuerub et al. (1991a,b) described the behavior
of thin, two-dimensional, horizontal and inclined jets. They
showed several important jet characteristics such as the pro-
clivity of bubble tracks to hug the wall through which the jet
is introduced. Further, they discussed the existence of a drag-
ging zone of particles from the dense phase into the jet near
the injection zone. However, the behavior of a two-dimen-
sional system is expected to be quite different from that of a
three-dimensional system because, in the latter case, this is a
path for gas and solid to move around the sides of the jet.
This prevents the jet ceiling from becoming a stagnant zone
as it does in the two-dimensional geometry where the jet and
the bubble track isolate the ceiling from the rest of the bed.
Thus, the extent of the void formed by the three-dimensional
horizontal jet and its coherence or integrity, as well as the
distortion of the fluidized bed by the jet flow is still not under-
stood well. Furthermore, a general technique for identifying
the gas jet flow region and the bubble track region based on
measurement is still lacking.

The objective of this work is to investigate the hydrodynamic
behavior of a three-dimensional fluidized bed with a horizontal
gas jet. The technique employed is to use an X-ray system to
obtain maps of the mean and fluctuating solid fraction. With
these maps the extent of the void formed by the horizontal jet
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Figure 1. Experimental apparatus.

and the region compacted by the entrained gas can be obtained.
Furthermore, the regions of coherent jet flow and bubbling
bed flow can be determined from the autocorrelation and power
spectrum of the fluctuating signal. Finally, jet penetration
correlations from the literature are compared with the unique
X-ray data obtained in this work.

Experimental Studies
Apparatus

A schematic diagram of the apparatus used is shown in
Figure 1. The bed was contained in a rectangular vessel of
Plexiglas, with dimensions 0.15 m x 0.38 m x 1.22 m high. A
cyclone was located at the gas outlet of the vessel and exhaust
from the cyclone passed through a bag filter. The solid dis-
engaged in the cyclone was returned to the bed through a dipleg.
The fluidized height was maintained at about 0.85 m. The solid
powder was an Englelhard HFZ-33 FCC cracking catalyst, and
its properties are given in Table !. The fluidizing gas used for
the experiment was air at ambient conditions. Rotameters were
fitted into the line to meter the air-flow rate. The superficial
fluidizing velocity was held at 0.04 m/s for the experiment. A
circular jet nozzle module, either 0.64 or 1.27 ¢cm in diameter,
was located 0.31 m above the gas distributor. The jet was
injected horizontally into the fluidized bed using a second
metered compressed air supply.

An X-ray absorption system was used to obtain the solid
fraction mean and fluctuation data. The system is described
in detail by Feindt (1990). The X-ray source was designed for
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continuous output and high intensity operation. The X-ray
image of the bed was projected onto an 23-cm image intensifier
screen. It converted the X-ray into visible light and projected
it onto a 8 cm output screen. A mirror with an angle of 45°
to the screen projected 90% of the light onto a curved 15 cm
screen through a lens. The screen was equipped with 48 pho-
totransistors, all at equal distance from the image intensifier
screen. Of these, 13 phototransistors were arranged in a row
scanning the projected image of the bed across a horizontal
plane were used, as shown in Figure 2. The entire X-ray system
was mounted on a platform that could be moved up and down
along the vessel.

Data analysis

The measurement principle is based on the Lambert-Beer
law:

dl = - pulds (1)

Table 1. Solid Properties for Engelhard FCC Catalyst,

HFZ-33
Mean Particle Size, d, (um) 59
Particle Size Range, (um) 20~120
Sphericity (¢) 1
Particle Density (kg/m®) 1,450
Minimum Fluidization Velocity u,,, (cm/s) 09"
Minimum Void Fraction 0.48

*Measured value.
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Figure 2. X-ray adsorption system.

where dI is the change of the intensity of the beam passing
through the adsorbing medium, s is the length of beam passing
through the absorbing medium, and u is the attenuation coef-
ficient.

Introducing k£ for the mass attenuation coefficient and p for
the medium density:

p=k-p (2)

In the system, Eq. 1 can be expressed as:

In ﬁ—'ﬂ—ln I—w= - S kpé (x, y)ds 3)
I() 10 s

where s is the chord length and £ is the local solid fraction.

Therefore, the instantaneous solid fraction at any desired
elevation and horizontal position can be obtained by averaging
on a chord through the 0.15-m thickness of the bed used,
assuming that the attenuation coefficient of the air is negligible.

The voltage-time signals corresponding to the changes of
intensity were sampled at the rate of 50 Hz by a Dell 386/20
mHz computer with an Metra-byte Das-20 analog-to-digital
converter board. By means of Eq. 3, the signals were converted
to instantaneous solid fraction signals. The data acquired in
this way was used to calculate the mean values, the autocor-
relation functions, the power spectrum and the normalized
standard deviations of the solid fraction values.

The mean solid fraction through the bed was computed as:

.
l—e=~7—_ SO (1 —e)dt )]

The difference between the time-mean solid fraction of the
bubbling bed without the jet and with the jet was interpreted
as a void or ‘‘hole’’ resulting from the jet gas in the bed:
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g—eg=(1-e)p—(I-e)y, &)

This term is called herein the solid fraction decrement. In order
to use this data to calculate the statistical properties of the
solid fraction, we define a fluctuating component (¢') as:

l—-e=(1-8)—-(1—¢)’ 6)
and
-(l1-¢)'=¢ 0]
since a fluctuation in solid fraction is the negative of a fluc-
tuation in void fraction.
The standard deviation (rms) of the apparent solid fraction

fluctuation, ¢, normalized by the X-ray mean value of the solid
fraction (NSD) can be expressed as:

NSD =—— ®)
1-%¢

The autocorrelation function and the autocorrelation coeffi-
cient can also be expressed, respectively, as:

]
Re,(T)=}im%_5 6'(t)el(t+'r)dt (&)
'~ o
R ’
oot =27 (10)

The power spectral density function can also be calculated by
the fast Fourier transform (FFT):

S (H= S R.. (1)e "dr (11
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Figure 3a. Solid fraction decrement as a function of
horizontal position with vertical position as
parameter: 23-m/s jet velocity; 0.64-cm noz-
zle diameter.
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Figure 3b. Solid fraction decrement as a function of
horizontal position with vertical position as
parameter: 69-m/s jet velocity; 0.64-cm noz-
zle diameter.

and then, multiplying the complex spectrum by its complex
conjugate, S, yielding:

S

PSDF=S.,,-S. =S, (12)

For each run, the instantaneous solid fraction with the jet
turned on and with the jet turned off at 78 different vertical
and horizontal positions were obtained by moving the X-ray
imaging system up and down along the bed. At each selected
location, a set of 9,216 data points were obtained for every
experimental run. This set corresponds to about a 3-min record
length, which was found experimentally to be sufficient to give
a true steady-state value.

Results and Discussion

Four experimental series were carried out with the two jet
nozzles, comprising two different jet velocities for each jet
diameter: for the 0.64-cm nozzle, 23 and 69 m/s; for the 1.27-
cm nozzle, 23 and 46 m/s.
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Figure 3c. Solid fraction decrement as a function of
horizontal position with vertical position as
parameter: 23-m/s jet velocity; 1.27-cm noz-
zle diameter.
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Figure 3d. Solid fraction decrement as a function of
horizontal position with vertical position as
parameter: 46-m/s jet velocity; 1.27-cm noz-
zle diameter.

Extent of the void formed by the horizontal jet

Mean solid fraction decrements as a function of horizontal
position with vertical position as a parameter are plotted in
Figures 3a-3d. These figures indicate the locations at which
the void fractions are increased and decreased by the presence
of the jet. The origin, (0, 0), corresponds to the center of the
nozzle position. As seen from these maps, the horizontal jet
void discharges one or more bubble trains from its upper sur-
face. The bubble trains do not all leave from the far end of
the void. One chain of bubbles is stabilized along the nozzle
wall of the vessel. In addition, other bubble trains emerge from
the void over its length. It is also seen from these figures that
the length of the void or hole increases with increasing jet
momentum, and the bubble trains move further from the noz-
zle. Furthermore, the solid fraction decrements in the void
region increase with the increasing mass-flow rate of the gas
jet. This indicates that the dimension of the hole parallel to
the X-ray beam path also increases.

Two other observations of some importance can be made
from these figures. The first is that the jet void curves upward
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69-m/s jet velocity; 0.64-cm nozzle diameter.
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46-m/s jet velocity; 1.27-cm nozzle diameter.
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tions horizontal position as parameter:
69-m/s jet velocity; 0.64-cm nozzle diameter.

away from the nozzle, as would be expected. The second is
that the jet entrains gas from the bed underneath and to the
right of the jet void causing a wake-like compaction (negative
solid fraction decrement) of the solid. This latter point will be
discussed in a later section.

The data shown in Figure 3 are replotted in Figures 4a-4d
by marking horizontal and vertical position with solid circles
where the solid fraction decrements are larger than 0.01. Also
plotted as open circles are the locations at which the decrement
is negative. The dashed lines represent the bubble track paths.
Examination of these figures leads to the conclusion that jet
gas entering the bed produces a void region along the top of
which bubble trains are discharged. In the case of the lower
jet velocity, for the nozzle diameter of 0.64 cm two trains of
bubbles are formed. Both of them are located close to the
vessel wall. In the case of the higher velocity, one of the two
bubbile trains moves farther away, about 4 cm from the wall,
as indicated by an arrow in Figure 4b, widening the high
voidage area. For the nozzle diameter of 1.27 cm, both jet
velocities have higher mass-flow rates than the two cases with
the 0.64-m nozzle diameter, establishing more bubble paths
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Figure 5d. Normalized standard deviation of solid frac-
tions horizontal position as parameter:
46-m/s jet velocity; 1.27-cm nozzle diameter.

with higher voidage, as shown in Figure 4c and Figure 4d. In
these figures, it is also seen that one train of bubbles still stayed
close to the end wall, while the others moved farther out along
the jet axis.

A statistical analysis of the solid fraction fluctuation signals
yields further confirmation of these results. The normalized
standard deviations of the fluctuation as a function of vertical
position with horizontal position are plotted in Figures 5a-5d,
respectively. In Figure Sa, the smallest air flow rate in the
experimental range, the solid fraction fluctuation signals re-
corded at both 2.96 and 5.1 cm away from the wall did not
change along the bed height. This means that the jet did not
discharge bubbles to these regions. However, the signals at the
position near the wall showed large fluctuations, especially at
1.34 cm away from the wall. As mentioned above, this was
the path of bubble train. In Figure 5d, the largest flow rate in
the experimental range, signals received from every position
all showed extremely large fluctuations which indicated that
bubble trains passed through all measured positions and cov-
ered a large region. The picture of the bubble region discharged

AIChE Journal
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from the jet derived from Figures 5a-5d is similar to that
derived from Figures 4a-4d. Thus, there is agreement between
the bubble track paths obtained from the mean void fraction
with those obtained from the standard deviation of the fluc-
tuation.

Penetration length

To define a jet penetration length, it was assumed that the
jet did not penetrate beyond the horizontal position at which
all solid fraction decrements were measured at different vertical
positions within +£0.015. This value was chosen empirically,
because it appeared to always separate the void-bubble train
zone on the right from the compaction zone. Using this def-
inition of penetration length, the experimental penetration
length was compared with the values predicted by various
correlations as plotted in Figure 6. The figure shows that the
experimental data agreed well with the data predicted by the
correlations of Merry (1971), as well as Shakhova (1968). The
experimental data also confirmed Merry’s conclusions that the
penetration depth increases with nozzle diameter and jet nozzle
velocity. The data of Xuereb et al. (1991a) also agreed rea-
sonably well with the correlations of Merry and Shakhova.

Compacted region formed by the horizontal jet

Another characteristic region of the jet field, the compacted
solid or wake region, is also illustrated by the figures discussed
above. From Figures 3a-3d or Figures 4a-4d, it can be seen
that the compacted region, which is shown by negative solid
fraction decrements is extensive. This region forms because
the pressure in the lower part of the void formed by the jet is
lower than that in the surrounding two-phase region. The gas
from the bed is entrained into the void and bubble trains. This
compacted bed region below the void appears to be similar in
nature to the wake below a bubble in a fluidized bed. Fur-
thermore, as the bubble trains rise, the upper part solid carried
up by the bubbles moves back down to the right of the train
compacting this region of the bed. The compaction appears
to be particularly strong in the regions below and just beyond
jet void penetration. It appears that this compacted region
coincides with the dragging zone of particles described by
Xuereb et al. (1991a).
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Figure 7. Comparison of autocorrelation function at a
fixed position: Y=1em, X=1.34 cm.

Differentiation between void, bubbles and compaction
regions

The presence of a periodic component in the solid fraction
fluctuations at a location in the bed is indicative of the presence
of a bubble train. Thus, by comparing the auto-correlation
functions of signals at the different positions, the locations of
jet void and bubble train can be differentiated. The upper
graphs in Figures 7 and 8 show the signals from the fluidized
bed without a jet, while the middle and lower graphs show
signals with different velocity jets. Figure 7 shows that a pe-
riodic oscillation of the signal is present at (1 cm, 1.34 cm)
with the 23-m/s jet, but this is not present without the jet or
with the 69 m/s jet. Similar to Figure 7, Figure 8 shows pe-
riodicity only with the 69 m/s at (3 cm, 5.1 cm). As can be
seen in Figure 3a, the 23-m/s jet has a strong solid fraction
decrement at the point (1 cm, 1.34 cm). Coupling the two
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Figure 8. Comparison of autocorrelation function at a
fixed position: Y=3 cm; X=5.1 cm.

pieces of information supports the conclusion that a bubble
train has already formed at this point. For the 69-m/s case,
the solid fraction decrement is also large but the apparent lack
of periodicity, as shown by the autocorrelation, leads to the
conclusion that the coherent void occupies this space. Further
away from the nozzle, the point at (3 ¢cm, 5.1 cm), Figure 8
shows an autocorrelation function consistent with the com-
paction zone shown in Figure 3a for the 23-m/s jet. However,
for the high velocity jet, the autocorrelation function shows a
bubble train consistent with the large solid fraction decrement
shown at this point in Figure 3b.

Another characteristic feature for identifying a coherent void,
bubble track or compacted region is the power spectrum of
the fluctuations of solid fraction. Figure 9 shows the power
spectrum calculated from the same signals as that of Figure
8. There is a single major frequency peak in the power spectrum
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Figure 9. Comparison of power spectral density func-
tion of solid fraction fluctuation signals at a
fixed position: Y=3 cm; X=5.1 cm.

with the 69-m/s jet, which represents the characteristic fre-
quency of the periodic component of the fluctuations in the
bubble track. Due to the random component in the compacted
region, such as solid entrained by the jet, no clear frequency
peak is observed in the power spectrum of the signals with the
23-m/s jet. The power spectrum for a coherent void, which is
not shown, also does not exhibit any characteristic peak region.
This analysis is in agreement with the results of the autocor-
relation functions. Consequently, for identification of the var-
ious regions in the fluidized bed formed by the horizontal jet,
this method is proposed which utilizes the distinctive features
of the mean solid fraction decrement, the autocorrelation func-
tions and the power spectrum functions of fluctuating signals.
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Figure 10. Map of flow regions: 69-m/s jet velocity; 0.64-
cm nozzle diameter.
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Based on this methodology, a description of the individual
regions can be constructed. A typical flow region map obtained
by analyzing the autocorrelation functions is shown in Figure
10. As schematically displayed in this figure, three regions can
be located in the X-ray field. Region 1 is the coherent void
region, which does not show the periodicity typical of bubble
trains. The bubble track region is region 2. The jet gas leaves
the coherent void region as bubbles and the autocorrelation
functions in the tracks show a clear periodic shape. The com-
pacted region, 3, results from the wakelike behavior under and
to the right of the void and the downflow of solids to the right
of the bubble tracks. As shown in Figure 8, the autocorrelation
function in this region also does not exhibit a clear periodic
pattern.

Conclusions

The following conclusions can be drawn from the analysis
of the experimental results presented herein:

* This experimental technique clearly shows that the hori-
zontal jet forms three regions in the fluidized bed: a coherent
void, bubble trains, and a surrounding compaction zone.

® Wake jets turn upward close the inlet wall and form bubble
trains along the wall. Strong jets penetrate deeper into the bed
and form muitiple bubble trains which leave from across the
upper surface of the void.

® The jet penetration lengths measured agreed with the cor-
relations of Merry (1971) and Shakhova (1968).

Notation
d, = nozzle diameter, m
d, = mean particle diameter, m
dl = change of the intensity of the beam passing through the
adsorbing medium
g = acceleration of gravity, m/s®
I = intensity of X-ray beam
I, = intensity of the reference X-ray beam
I, = intensity of X-ray beam passing through the solid
I, = intensity of X-ray beam passing through the wall of the bed
k = mass attenuation coefficient
L = penetration length, m
NSD = normalized standard deviation
PSDF = power spectral density function
R, = autocorrelation function

chord length

Fourier transform of the autocorrelation of ¢’
superficial gas fluidizing velocity, m/s

jet velocity, m/s

minimum fluidization velocity, m/s

length of beam passing through absorbing medium
coordinate, horizontal direction

coordinate, vertical direction

| U | B (O TR

Greek letters

€ void fraction

¢, = void fraction without the jet
e; = void fraction with the jet
€, = void fraction at minimum flujdization
u = attenuation coefficient
¢ = local solid fraction
o = density of solid particle, kg/m’
p.’ = autocorrelation coefficient
o = standard deviation
¢ = sphericity of the solid particle
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