Density Fluctuations in Fluidized Beds

P. K. BAUMGARTEN and R. L. PIGFORD

The effectiveness of fluidized beds is limited by the presence of demsity fluctuations such
as those caused by gas bubbles. The size and frequency of such bubbles were measured in gir-
fluidized beds of glass beads and silica-alumina catalyst with @ gamma-ray absorption technique

used.

The results showed that the gas bubbles developed owing to an influx of gas from the con-

tinuous dense phase. With increasing elevation in the bed the volumetric rate of bubble flow |

approached as a limit the total air flow minus the flow through the dense phase corresponding
to minimum fluidization. The growth rate of bubble diameter was as much as 0.17 in./in. of
elevation. Fluidization was most uniform with the cracking catalyst, for which the apparent
density of the dense phase decreased with increasing gas velocity.

Gas-fluidized beds of fine particles are
characterized by the presence of density
fluctuations. Gas bubbles or pockets
appear and result in an effective by-
passing of the bed. The gas bubbles
form spontaneously and grow in size
as they rise through the bed. This action
is evident to the eye and is an important
factor in the performance of the bed in
terms of mass transfer, heat transfer, or
chemical reaction accomplished.

For instance measuring gas composi-
tion in a commercial cracking catalyst
regenerator, Askins et al. (1) noted
incomplete utilization of the regenerat-
ing air because a large fraction of the
gas flow took place in bubble form.
Wamsley Johanson (18) concluded that
the nonuniformity impaired gas-solid
heat transfer. Excessive pressure drop
and fluctuations in pressure drop have
also been attributed to the density fluc-
tuations (16, 15).

Direct measurement of density fluc-
tuations have been carried out in two
cases. Morse and Ballou (12) measured
local density variations with a capaci-
tance probe, and Grohse (5) measured
line-average densities by X-ray absorp-
tion. In both investigations it was ob-
served that the density fluctuations be-
came more pronounced with increasing
gas velocity and at greater heights in
the bed. Data obtained by Morse and
Ballou also indicated that good initial
gas distribution and increased bed
height improved bed uniformity at
lower levels. Conclusions regarding by-
passing were chiefly qualitative, as no
attempt was made in either study to
determine gas bubble sizes or volu-
metric bubble flow rates.

Because of the recognized importance
of this information to any attempts to
compare efficiencies of fixed and fluid
bed reactions, the chief objective of the
present investigation was to measure the
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size and frequency of the gas bubbles
appearing in fluidized beds and to com-
pute the extent of gas bypassing from
the data. It was also planned to investi-
gate the relationships between appear-
ance of bubbles, density gradients, and
pressure drop through the bed. As
suggested by different authors (9, 16)
the Hluidized bed consists of two phases:
the continuous or dense phase composed
of a more or less uniform mixture of
solid particles and interstitial gas, and
the discontinuous or bubble phase con-
sisting of gas bubbles that are essentially
free of solids. One aim of the present
study was to determine the density of
the dense phase and to study its rela-
tionship to the uniformity of density of
the whole bed.

The experimental approach to the
problem consisted of measuring con-
tinuously the fluctuating absorption of
a horizontal gamma-ray beam that was
directed through the bed from an ex-
ternal source. As the extent of absorp-
tion varied with the concentration of
solid material in the path of the beam in
accordance with the Lambert-Beer law,
a detector placed opposite the source on
the other side of the bed gave a con-
tinuous record of the fluctuating density
within the bed. The similar technique
employed by Grohse (5) was published
after the present investigation had be-
gun, but the published information (5)
did not permit a detailed interpretation
to be made of the magnitude of the
fluctuations themselves.

This study was concentrated on the
fluidization of spherical glass beads and
silica-alumina cracking catalyst with
air under atmospheric pressure used. In-
dependent variables investigated in-
cluded gas superficial velocity, particle
size and size distribution, and bed
height. Density measurements were
made at different elevations in the bed,
at different displacements from the
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center line of the bed, and along two
horizontal paths of different length.

EXPERIMENTAL

Apparatus

The fluidization and gamma-ray ap-
paratus is shown diagrammatically in Fig-
ure 1, and the fluidization column is shown
with the gamma-ray source and detector
in Figure. 2. Figure 3 shows the arrange-
ment used for calibration. Fluidization was
carried out in a 3- X 6-in. rectangular col-
umn of transparent acrylic resin. Filtered
and dried air entered the column through
a packed section and a 3/32 in. thick sin-
tered bronze distributor plate (pressure
drop 0.8 in. of water at 2 ft./sec. superfi-
cial air velocity). Entrained solids were
separated in a disengaging zone of large
cross section situated above tthe column.
Pressure taps equipped with filters were
located just below the distributor plate and
at different levels above it. Pressures were
read on water U-tube manometers damped
by constricting the base of the U. The
gamma-ray apparatus consisted of the
source and source holder, a collimator to
form the gamma-ray beam, one or more
attenuators to reduce beam intensity, and
instruments to detect the transmitted radia-
tion, record its mean intensity, and meas-
ure the size of its fluctuations.

Preliminary experiments with a 100-mil-
licurie source of cerium 144-praseodym-
fum 144 demonstrated the importance of
providing a gamma-ray beam of the right
intensity and penetration for a given bed
of solids. Best results were obtained when
the fraction of incident radiation trans-
mitted by the bed was between 0.05 and
0.50. The final absorption measurements
were carried out with a 200-mg. source of
thulium 170. This source (I7) provided
a high intensity gamma-ray beam of rela-
tively low penetrating power, required to
minimize the effect of source noise re-
sulting from the random nature of radio-
active decay (13). Ordinarily source noise
can be reduced by lengthening the period
of observation, but in this case the need
to observe frequent density fluctuations
made this impossible. Reduction of source
noise permitted detection of air bubbles
having a diameter as small as 0.35 in. in
the case of the glass beads or about 0.7
in. in the case of the cracking catalyst, as
calculated from statically determined noise
levels and absorption coefficients. The
difference in the two cases was due to the
larger absorption coefficient of the glass
beads.

The shielded “source holder could be
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Fig. 1. Schematic diagram of apparatus.

freely positioned to irradiate different
portions of the fluidized bed. By proper
placement of the source the fine gamma-
ray beam, a 3.2 deg. cone, was made to
have the same average diameter of 0.44
in. within the fluidized bed for both the
3- and 6-in. paths.

Instruments for detecting tthe trans-
mitted radiation and for indicating and
recording the resulting signal were chosen
for their rapid response to changes in the
level of the transmitted radiation. This
radiation, usually in the range of 10,000
to 60,000 counts/sec., was sensed by a
scintillation detector and converted to
electrical pulses. A pulse-rate meter em-
ploying an especially designed circuit
emitted a voltage that depended on the
pulse rate. The rate-meter output was
passed on to a direct-writing oscillograph
for continuously recording the bed’s ap-
parent density. A thermomilliammeter was
also provided to measure the root-mean-
square voltage of the rate-meter output.
Calibration in terms of bed density per-
mitted conversion of the thermomilliam-
meter reading to the standard deviation
of the densiy Huctuations. To minimize
detection of scattered radiation the scintil-
lation detector intercepted the ‘major
portion of the gamma-ray beam and was
positioned at a sufficient distance from the
fluidization column. The rate meter gave
approximately logarithmic response so that
its output was an approximately linear
function of fluidized-bed density.

The instruments were periodically cali-
brated with different thicknesses of the
powdered material under study used. As
shown in Figure 3 the material used for
calibration was contained in U-shaped
brass cells, the front and back of which
consisted of tightly stretched paper, giving
negligible absorption: Calibration compen-
sated for a number of factors difficult to
assess ocherwise, such as source decay,
unequal absorption of different portions
of the gamma-ray spectrum, scattered radi-
ation, and rate-meter coincidence loss.

Materials

Table 1-lists the physical properties of
the materials ‘wsed: commercial spent
silica-alumina cracking catalyst and four
grades of spherical glass beads. Three
grades of the glass beads were relatively
narrow size fractions, The fourth grade
was a blend prepared by mixing the largest
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and smallest size narrow fractions in pro-
portion, so that the mean particle diameter
would be the same as for the intermediate
size narrow fraction. The mean particle
diameters given are the volume-surface
means (7). The particle density was de-
termined by displacement in methy! alcohol
and represents the skeletal density. The
settled bed density was the density of the
bed that had settled from a vigorously
fluidized state after the flow of air was
suddenly stopped and no external means
were used to compact the bed. The mini-
mum fluidizing velocity was determined as
described later. Under the microscope the
glass beads appeared almost spherical,
while the cracking catalyst particles were
rounded and oblong in shape like pebbles.

- Procedure

The column was charged with the pow-
der, and pressure drop and the depth of
the bed were observed with both increasing
and decreasing gas velocity from below the
minimum fluidizing velocity to about
2 ft./sec., the highest air velocity employed.
The source and detector were then put in
position. Instantaneous and time-average
oscillographs, with integrator time con-
stants of 0.015 and 5.25 sec. used, respec-
tively, were obtained. The thermomilliam-
meter reading was obtained, usually an
average of ten random readings to even
out the meter fluctuations. The calibra-
tion curve for the powder and the par-
ticular attenuation was secured either
before or after the fluidization runs. The
absorption by the settled bed was also
determined. -

ANALYSIS OF GAMMA-RAY DATA

The original oscillograms and thermo-
milliammeter readings required suitable
interpretation to obtain values for
bubble size, bubble frequency, and
bubble velacity. Figure 4 shows typical
strip-chart oscillograms. The two instan-
taneous oscillograms taken at different
speeds, both with an integrator time
constant of 0.015 sec., indicate the time
dependence of line-average density of
the fluidized bed along the path of the

gamma-ray beam. The trace obtained
with the long-time constant of 5.25 sec.
gives the time-average density. In the
instantaneous oscillograms the small
fluctuations near the top of the trace
represent the background noise at an
average level equivalent to the den-
sity of the dense phase. The large pulses
extending below the dense-phase den-
sity result from the passage of bubbles
through the gamma-ray beam. The
distance of the peaks below the dense-
phase density corresponds to the maxi-
mum thickness of the bubble as sensed
by the gamma-ray detector.

Also indicated on the charts are the
calibration of the oscillograms in terms
of the specific gravity of the bed relative
to the settled bed and the number of
trace pulses counted as bubbles. The
standard deviation of the instantaneous
oscillogram, including the source noise,
is given by the thermomilliammeter
reading o... Fluctuations in the oscillo-
grams of the same order of magnitude
as the source noise were omitted in the
bubble count, with statistical criteria
used as a guide. Specifically oscillogram
fluctuations extending less than three
times the standard deviation of the
noise below the dense-phase density
were excluded. Also, adjoining bubble
traces were counted separately only if
they extended more than 3\/20y be-
yond the trough between them.

The treatment of the experimental
data consisted of calculation of a mean
apparent bubble thickness from the
thermomilliammeter reading and the
mean bed density, conversion of this
quantity to the mean bubble diameter,
correction of observed bubble frequency
to include bubbles outside the gamma-
ray beam, and calculation of superficial
and true bubble velocities. The first
step could also have been accomplished
by measuring individual bubble sizes on
the strip charts, but this method proved

TasLE 1. PrysicAL PPOPERTIES OF MATERIALS

Mean

particle
diameter, Particle-size . Py Uomt,

Dy, range, p g./cc. g./ce. e e ft./sec.
Glass beads, narrow fractions

74 38-124* 2.44 1.40 0.427 0.429 0.024
119 61-175* 2.45 1.42 0.421 0.426 0.054
234 147-495* 2.60 1.56 0.400 0.404 0.17
Blend of glass beads

(45.1 wt.% of D, = 7T4u and 54.9 wt.% of D, = 2344)

116 38-495* 2.52%% 1.60 0.365 0.379 0.035
Silica-alumina cracking catalyst

41 - 0-120% 217 0.813 0.628 0.628 0.024

# Determined by screen analysis.

## Calculated from the properties of the two components.

+ Determined by Boller analysis.
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Fig. 2. Source and detector with fluidized
bed.

too time consuming for all but a few
cases and the alternate statistical method
described below was devised.

Mean Apparent Bubble Thickness

The calculation of the mean apparent
bubble thickness will be illustrated by
the idealized oscillogram depicted in
Figure 5. a(x, 8) is defined as the con-
centration of dense phase or fraction of
fluidized bed occupied by the dense
phase at any point within the fluidized
bed. According to its definition a can be
either zero if x lies inside a bubble or
one if x lies in the dense phase. Then
along the beam the line-average concen-
tration of dense phase at any time is

a(9) =—X1—j: a(x, 8)dx (1)

As ¢ is a function of time, the time-
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Fig. 4. Typical strip-chart oscillograms; glass beads, D, = 119 u;

6-in. path, uo = 0.20 ft./sec.; 15-in. settled-bed height, 8-in. level.

average of the line-average concentra-
tion of dense phase is given by

l T
<a> = Lim——fo a(e)ds (2)
T—>o0 T
and the variance of the line-average
concentration by
o3 _ Lim 1

J:,T (a— <&>)°ds

T—> o0 T
1 T
= Lim [? f a’dﬂ] —<a>* (8)
T— o0

The value of <g> was obtained from
the oscillograms by the equation

Fig. 3. Source and detector during calibration.
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<a> =L (4)
Pp
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The value of o; * was obtained from
the thermomilliammeter reading o in
terms of settled-bed density by allowing
for the density of the dense phase, by
the use of

Yo

s ( 1
o, =
.")DJa
1

L

Po

(5)

[‘Tm2 - G'NZ]

Subtraction of the variance of the source
noise o,® corrected for the small in-
crease in the observed variance caused
by random emission. In the few cases
where o,® was a substantial fraction of
o.’, the mean apparent bubble thick-
ness was determined from the strip
charts.

The mean apparent bubble thickness
was caleulated from <g>and o7 by
assuming that the passage of individual
bubbles through the beam could be
represented by separate rectangular de-
flections on the oscillogram, all of which
were uniform in size. As shown by Fig-
ure 5 each bubble trace was assumed to
have duration § and height x,/X, so that
the value of @(#) during the passage of
the bubble was (X — x,)/X. In the ab-
sence of bubbles from the beam the ra-
diation intensity reverted to that cor-
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Fig. 5. ldealized strip-chart oscillogram.
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responding to the dense-phase density,
with a = 1. Bubble traces occurred at
random intervals, with a frequency f..

Equations (2) and (3) for <g@> and
o;* were applied to the idealized oscillo-
grams to yield expressions in terms of
fe» 8, and 5. The results were combined
and solved for x, and

1 i
<g> = Iil:'g?{[j: ado
for the dense phase]

+ [ j;?z 2 d# for bubbles ]}

L
:Brg?{[l-(T——Tf,,S)]

+ [ @ [}

X = [1—'<d>+

Solving Equations (6) and (7) si-
multaneously one gets

0,2

=l ®

_ 1—-<a>
(/X ) o

Since all bubble traces were assumed to
be of the same size, x, = ;.

In spite of the drastic assumptions
employed in this derivation values of
x, calculated by Equation (8) with the
use of 0. from the thermomilliammeter
were found to agree substantially with
means of values obtained from the strip
charts by measuring individual pen
deflections beyond the background
noise. The remarkable agreement is seen
in Figure 6, where values of

and

or?

X [ 1—<a>+ ———]

1 —<g>
are plotted against strip-chart values of
x, for eleven different runs. No improve-
ment in these results was obtained by
modifying Equations (6) and (7) to
allow for the varying shapes of the bub-
ble traces. x, was therefore calculated
by Equation (8) in most cases.

It might be thought that the diameter
of the gamma-ray beam had an effect
on the value of mean bubble thickness.
It was found experimentally however
that reducing the diameter of the beam
by one half had no appreciable effect

on the values of , obtained.

When a bubble passed through the
gamma-ray beam, transmission of
gamma radiation was largest at the in-
stant the bubble center was at the same
horizontal level as the beam’s axis. At

=1—f, 8(x/X) (6)
e’ = %'{ [ J‘:T&a
for the dense phase ]
+ [ j;rcia d# for bubbles ]}
—<a>*
_ %ggif{u-(r—rfa 51
+ [( X ;xb )2 Tf, 8] } Bubble Diameter
—<g>*
- (ix ) o8 — f2 81 (7

20
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»
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MEAN APPARENT BUBBLE THICKNESS, X, , FROM STRIP CHARTS, IN.

Fig. 6. Comparison of bubble thicknesses from variance and

oscillogram.
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this instant however the bubble center
may have been some horizontal distance
y away from the beam axis. On the as-
sumption that the bubbles were spheres
and that all values of y within the
bounds set by the column walls were
equally probable, the bubble’s diameter
was obtained from the mean apparen®

bubble thickness as follows:
oo dy

Xp =

S dy
2 [ /(Do/2) — 4" dy
- D,/2
w
=—D, 10
1 (10)
Hence
Db == i;b (11)
Kl

This relationship was used except in the
few cases where Equation (11) indi-
cated a value of D, larger than the
width of the bed; then the bed dimen-

sion itself was used as D,.

Bubble Frequency

To obtain the value of the bubble
frequency for the entire bed cross sec-
tion it was necessary in some cases to
apply a correction factor to the bubble
frequency read from the oscillograms.
The correction factor allowed for the
fact that not all bubbles passed through
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the gamma-ray beam. It was assumed
that the gamma-ray instruments probed
a bed width equal to the sum of the
beam diameter and twice the average
bubble diameter in the direction across
the gamma-ray beam. For the 6-in. path
the corrected frequency was
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Fig. 8. Horizontal bubble-frequency profiles;
glass beads; D, = 74 u, 15-in, bed.
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3
2(Dy)sin. + D,
Here (D,)s-.. is the average bubble
diameter measured along the 3-in. path,

and (f;)e.n. is the observed bubble
frequency measured along the 6-in.

fr = (fo)eswm.  (12)

VYol. 6, No. 1

path and read on the strip-chart oscil-
logram. As a rule the bubble frequency
for the 6-in. path was employed for the
calculation of f," because the factor cor-
recting f, was usually smaller for the
6-in. path than for the 3-in. path and
could often be omitted.

Bubble Velocity

The volumetric flow of the gas in the
form of bubbles equals the product of
the mean bubble volume and the fre-
quency of bubbles at the given bed
level. Tt was assumed that the average
bubble volume was the same as that of
an ellipsoid having horizontal axes equal
to the experimentally observed bubble
diameters along the 3- and 6-in. paths
and having a vertical axis equal to the
geometric mean of the two diameters.
This assumption could be made for
superficial gas velocities of 0.7 ft./sec.
or less, since in these cases the visually
observed bubbles were about the same
size horizontally and vertically. The
superficial bubble velocity was obtained
by dividing the volumetric bubble flow

by the column cross section giving

1
Ugo = ?'%(Db)a—xn.lhs(Db)"-’“}.s v (13)

Values of u, were not calculated for
gas velocities greater than 0.7 ft./sec.,
since there was no way of estimating the
vertical elongation of the bubbles. Since
the source noise associated with the
gamma-ray measurements set a lower
limit to the size of the bubbles detected,
Equation (13) and all other equations
involving us, should be understood to
include only bubbles larger than the
minimum size detectable.

If <g> is close to the average frac-
tion of the bed occupied by the dense
phase at any given level, the true bub-
ble velocity is

Uzo
Uy == ———————
1—-<a>

The superficial velocity of the gas
through the dense phase was obtained
by

(14)

Ups = Uy — Uge (15)

Combining Equations (14) and (15)
one obtains

Upo = Uy — U, (1 — <a>) (16)

This equation shows that if <a> is the
same at all heights above the distrib-
utor, then the portion of gas passing
through the dense phase will decrease
with increasing true bubble velocity.

Reproducibility

The precision of the results was de-
termined by making frequent duplicate
determinations. The standard deviations
of error for single determinations were
0.018 for p,*, 0.24 in. for D,, and 0.29
sec.™ for f,. Representative standard
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deviations for us, and u, were from 30
to 509, as calculated with well-known
principles of the propagation of inde-
pendent errors (14) used. Most of the
data presented herein have about half
this variability because of the duplicate
determinations.

The reproducibility obtained was
good, considering that conditions in the
fluidized bed changed constantly owing
to the nature of the bed itself. Measure-
ments over much longer time periods
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would have been necessary to improve
reproducibility to any large extent.

RESULTS AND DISCUSSION

Bubble Size, Frequency, and Density
Observed values of mean bubble
diameter, bubble frequency, and hori-
zontal density are shown for a 15-in.
bed of 74-u glass beads.in Figures 7, 8,
and 9, respectively. The estimated cross
sections of an average bubble at differ-
ent elevations in the bed are shown for
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the blend of glass beads in Figure 10.
Results are presented in detail else-
where (3).

The fast growth of the rising bubbles
from the initially small size is apparent
from Figures 7 and 10. Bubbles are
seen to grow until they approach or
even reach the walls of the column.
Then as a result of wall effects they be-
come elongated in the direction of the
longer dimension of the rectangular
column. Bubble size is very evidently
affected by superficial air velocity in-
creasing with increasing u,.

Bubble frequencies measured at dif-
ferent locations in the bed and along
the 3- and 6-in. paths ranged from 0.3
to 7.3/sec., as shown by Figure 8.
When the bubbles were large, the bub-
ble frequency was highest at center of
the column. A large bubble cross sec-
tion forced the bubbles away from the
walls. Small bubbles were found some-
what more frequently near the wall
than along the axis, growth of large
bubbles by coalescence apparently be-
ing easier away from the walls. Bubble
frequencies measured along the 6-in.
path were usually greater than along
the 3-in. path, as would be expected
if about the same number of bubbles
occurred in any given path length. In
cases where bubbles were large, bubble
frequencies for the 3- and 6-in. paths
were about the same, indicating that
only a single bubble could occur in
the available bed cross section in a
given time interval.

The combined effects of bubble size
and frequency resulted in nonuniform
horizontal profiles of mean relative
density, as shown by Figure 9. The
mean density ranged from 55 to 99% of
the settled bed density, depending on
air velocity and location in the bed. As
might be expected the density of the
bed was found to be low where bubbles
were frequent and large. Except when
beds were very turbulent, the average
bed density calculated from the ob-
served height of the bed came within a
few percentages of the densities deter-
mined by gamma-ray absorption. In
some cases where bubbles were large,
the time-average density measured
along the 6-in. path was less than along
the 3-in. path. In those cases it must be
presumed that the greater wall inter-
ference along the 3-in. bed dimension
prevented the bubbles from assuming
random positions in that direction.

Therefore the maximum bubble di-
mension, and the lowest bed density,
tended to concentrate along the center
6-in. path.

Data were also obtained for a shal-
lower bed of 74-p glass beads, 7.5 in.
tall. Results almost duplicated data for
the 15-in. bed taken at the same bed
level, as seen in Figure 7 for the case
of average bubble diameter. Similar
good agreement was also found for bub-
ble frequency and bed density. These
data indicate that the depth of the bed
did not affect its uniformity at a given
level. Uniformity therefore appears to
be independent of the mass of fluidized
material that may be present above the
level in question.

Although no direct observations were
made of solids circulation patterns, the
results on bubble size, frequency, and
bed density give indications of what
these patterns may have been. When
bubbles were small and well distrib-
uted over the cross section of the bed,
the solid particles must have been
pushed aside by the bubbles or possibly
lifted a short distance until the bubble
passed. When bubbles were large how-
ever and rose in the center of the
fluidized bed, the solid particles would
have been raised by the bubbles in the
center of the bed for a considerable dis-
tance and then would have moved
downward near the walls. Thus an in-
crease in the air velocity would be ex-
pected to change the circulation pattern
of the dense phase from small, localized
motion to increasingly larger patterns
extending throughout the beds.

Pressure Drop through the Bed and -
Vertical Density Profiles

In the past, variation of the pressure
drop through the fluidized bed and of
the rate of bed expansion with increas-
ing gas velocity has been used to char-
acterize fluidization quality. Gamma-ray
determination of line-average densities
now permits closer examination of the
meaning of such information. If the
friction experienced by the gas as it
flows through the interstices of the bed
is just sufficient to support the weight
of all the particles in the bed, the ver-
tical pressure gradient will be propor-
tional to the density of the bed, as in
the case of a liquid. The relationship
between pressure gradient and bed den-
sity is then expressed by the hydrostatic
equation

TasLE 2. PREDICTION OF PRrESSURE Drop
Total pressure drop, in. Water, 15-in. bed of 74-x glass beads

Superficial air velocity; ft./sec.
Observed manometer reading
Calculated from gamma-Ray measurements
from density along 3-in. path, center
from density along 3-in. path, off center
from density along 6-in. path, center
Calculated from weight of powder
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0.05 0.2 0.7 2.0
20.8 20.5 20.8 22.0
21.1 20.2 17.6 17.1
20.4 20.3 21.3 23.5
20.6 19.2 175 19.2
20.8 20.8 20.8 20.8
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d ,
L&,

dzZ g.
Integration gives

47

pr— 2§ vz (18)

for the pressure at a distance of Z,
above the distributor plate. For Z, = 0,
and in terms of water manometer read-
ings, H, and bed density relative to
settled bed this equation becomes

Ps 1
."o o dz
Pw

H= (19)

where ps/pw is the specific gravity of
the settled bed relative to water, the
gauge fluid. When one assumes a uni-
form bed, the value of H also should be

given by
1 g (W

n-—-g(5) @

Table 2 shows a comparison of values
of H obtained from manometer read-
ings, calculated from vertical density
profiles measured by gamma-ray ab-
sorption with Equation (19) used, and
calculated from the weight of the pow-
der with Equation (20) used. The
value of L, used in Equation (19) was
the visually observed average height of
the bed.

It will be noted that agreement be-
tween the pressure drops is good at the
lowest air velocity but that it becomes
increasingly poorer with increasing air
velocity. Agreement among the gamma-
ray data obtained along different paths
also becomes poorer with increasing air
velocity. It is thus seen that when the
fluidized bed is not uniform, the analogy
between fluidized bed behavior and hy-
drostatic behavior of a liquid no longer
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Fig. 12. Bubble flow rate as function of height
above distributor.
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Fig. 13. Fraction of fluidized bed occupied by bubbles.

holds. It can also be inferred that the
slow increase of the manometer reading
at air velocities from 0.2 to 2.0 ft./sec.
results at least in part from the uneven
horizontal distribution of the powder in
the bed. Similar occurrence of excess
pressure drop reported by some authors
(9, 16) was probably also due in part
to wall effects, that is to the accumula-
tion of solid particles near the walls
when large bubbles occupied the cen-
ter of the column.

Bubble Flow Rate

The superficial bubble velocity was
calculated from the gamma-ray data on
bubble size and frequency with the cal-
culation scheme as outlined earlier used.
The value of u;, is in effect a measure
of gas bypassing and is of real interest
in the interpretation of gas-particle heat
transfer and chemical reaction data ob-
tained in fluidized beds. Figures 11 and
12 give values of us plotted against
height above the distributor for two
sizes of glass beads. Only total air ve-
locities of 0.7 ft./sec. or less are in-
cluded, because the calculation scheme
does not apply if the bubbles are ap-
preciably elongated in the vertical di-
rection. The data show that the bubble
flow rate in bubbles of detectable size
increases almost linearly with increasing
elevation in the bed. By detectable size
is meant the bubble size that could be
detected and identified by gamma-ray
absorption. The minimum detectable
bubble diameter was about 0.35 in. in
the case of the glass beads. As indicated
by the data the measured bubble flow
rate has a value close to zero just above
the distributor. As Z is increased, 5,
approaches the quantity u, — <a> thoms
indicated by the vertical straight lines.
This quantity is the total gas low minus
the gas flow that would occur in the
dense phase at the minimum fluidizing
velocity, all based on the column cross
section. When 1tz = ty— <a@> tUomr,
the dense phase carries the quantity of
gas corresponding to quiescent fluidiza-
tion, as suggested by Toomey and John-
stone (16). It will be noted from the
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data however that this condition was
reached only at an appreciable eleva-
tion above the distributor and did not
occur in the bottom of the fluidized
bed.

Although very small bubbles were
not included in the measured value of
5, the gas flow contained in them was
probably quite small. Very many of
these bubbles would have been neces-
sary to carry the same quantity of gas
as the large bubbles actually detected.
The presence of such a large number
would have had the effect of reducing
the density of the dense phase. Such a
reduction was not observed in the case
of the glass beads. Hence the observed
increase in bubble flow rate with in-
creasing height above the distributor is
believed to reflect at least qualitatively
the actual situation.

As a result of this reasoning the fol-
lowing picture may be given of the
formation of bubbles in fluidized beds.
Tust above the distributor the fluidized
bed is a relatively uniform mixture of
solid and gas. The gas velocity through
the interstices of the bed is greater than
the velocity needed to support the par-
ticles. Thus there is an excess of gas
flowing in the dense phase. As the
dense phase becomes unstable, the
supporting gas flows into local regions
of accidentally low density in the solid
structure and forms embryo bubbles es-
sentially free of solids. The gas en-
counters frictional resistance in flowing
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out of the dense phase. Hence there is
a finite time of bubble formation. Once
the bubbles are formed, they grow by
coalescence with neighboring or slower
rising bubbles and by sweeping up
additional gas from the dense phase.
Finally some distance above the dis-
tributor the gas flow through the dense
phase becomes equal to tiom,, the quan-
tity which is just needed to support the
particles. Beyond this point bubbles

grow only by coalescence.

The Minimum Fluidizing Velocity

As noted above the minimum fluidiz-
ing velocity is an important parameter
needed for understanding fluidized-bed
behavior. It marks the transition from
a settled or quiescent bed, in which all
of the gas flow takes place in the inter-
stices between the particles, to a fully
fluidized bed, in which the gas flow
supports the weight of the solids and in
which part of the gas flow may be in
the form of bubbles. Although the tran-
sition is not necessarily sharp, the fol-
lowing relations may be assumed to
hold for ©, = tiom,:

<a>=1
D, =0 (21)
uBo:()

Values of the minimum fluidizing ve-
locity were determnined by the method
of Miller and Logwinuk (11). They are
listed in Table 1. These values agreed
well with the air velocity at which
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bubbles were first observed to break
through the surface of the bed. They
also agreed with values of t,n, obtained
from the correlations of Baerg et al.
(2), which were developed from heat
transfer data. Values of the experimen-
tal minimum fluidizing velocity were
correlated within 10% by

b, Dﬂa (Pp - P!)gl:
144(1 — ) ay

Here ¢’ is observed after decreasing the
air velocity slowly from the fluidization
range. The equation is a combination
of the well-known equation of Carman-
Kozeny (4), applicabe to randomly
packed fixed beds, with the condition
that the pressure difference equals bed
weight per unit cross section. The con-
stant 144 in Equation (22) is empirical
and only slightly different from the
value 180 commonly employed in the
packed-bed correlation. The equation
represented the minimum fluidizing ve-
locity both for the spent cracking cata-
lyst and for the glass beads. Since the
catalyst had probably lost most of its
porosity compared with fresh catalyst,
the skeletal density (given as p, in
Table 1) could be employed in Equa-
tion (22) without introducing appre-
ciable error.

(22)

Uoms —

Effect of Air Velocity ond of
Particle Parameters

The volume fraction of the fluidized
bed occupied by bubbles is shown in
Figure 13 as a function of the super-
ficial air velocity minus the minimum
fluidizing velocity. The upper line is a
plot of the equation

1—<a> = 0.3(t — Uomr)™* (23)
and represents the points for the glass

beads. Points for the cracking catalyst
fall on a separate line. Values of <a>
are those for the centered 6-in. path at
the 8-in. level, which are believed to
represent closely the average values of
<a> over the whole bed. The plot in-
dicates that the chief factor affecting
the concentration of bubbles in the bed
is the gas flow. Subtraction of the min-
imum fluidizing velocity from the super-
ficial gas velocity recognizes that bub-
bles do not appear until the bed is a
minimum fluidization.

The superficial bubble velocity at the
8-in. level is similarly plotted against
Uy — Uom, in Figure 14 for total superfi-
cial gas velocities up to 0.7 ft./sec.
Separate lines are again obtained for
the glass beads and the cracking cata-
lyst, with the glass beads giving the
greater bubble flows. Although corre-
lation of the glass-bead data is rela-
tively good, some scatter is evident,
showing that correction of u, by sub-
tracting u,,, does not compensate com-
pletely for different particle size or
particle-size range. Comparison of the
points for the blend and narrow fraction
of the same particle size indicates less
gas bypassing for the blend at wu,—
tomr ~ 0.16 ft./sec. but little or no dif-
ference at 1w, — tigm; ~ 0.668 ft./sec.
Hence no clear-cut advantage is indi-
cated for using a wide rather than a
narrow size fraction to reduce gas by-
passing.

As shown by Figures 11 and 12 the
bubble velocity reached the value
1, — <a> Uom, at a sufficient elevation
in the fluidized bed. For this reason the
differences in 3 shown for different
powders in Figure 14 are chiefly indi-
cations of different rates of bubble
growth. The rate of bubble growth
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is shown to be a function of particle
size and other particle parameters; it
is very noticeably smaller for the crack-
ing catalyst than for the glass beads.

Density of the Dense Phase

In spite of the turbulent motions
existing in a vigorously fluidized bed it
was interesting to note that the density
of the dense phase of the glass beads
did not differ greatly from that of the
settled bed. Table 3 presents the ob-
served specific gravity of the dense
phase for the different materials and
different air velocities. For the glass
beads the dense-phase density was al-
ways within 2% of the settled-bed den-
sity with the single exception of the
blend of glass beads at u, = 0.08 ft./
sec., where the difference was still only
8%.

Widely different results were ob-
tained for the silica-alumina cracking
catalyst however. For this material the
dense phase expanded to a density
only 60% of the settled-bed density.
Only part of this indicated expansion
may have been a uniform expansion of
the dense phase, the rest being due to
the appearance of many small bubbles
not detectable by gamma-ray absorp-
tion. The minimum detectable bubble
size for the cracking catalyst was about
twice that for the glass beads. Hence
an appreciable portion of the bubble
flow through this material could have
been in the form of small bubbles. It is
therefore possible that the actual vol-
umetric bubble flow for the cracking
catalyst was just as large as for the glass
beads. The average bubble size how-
ever was much smaller for the cracking
catalyst. This would be advantageous
from the standpoint of achieving good
gas-solids contact, since gas interchange
between bubbles and dense phase
would occur more readily through the
greater bubble surface.

It is interesting to speculate whether
a blend of glass beads could be pre-
pared which would fluidize as uni-
formly as the cracking catalyst, that is
whose dense phase would undergo large
expansion and whose measured bubble
flow rate would be as small. The data

TasLE 3. DENsSE-PrASE DENsrTY RELATIVE
t0 SETTLED-BED DENSITY

Superficial air velocity, u,,

Material ft./sec.
005 008 02 07 20

Glass beads
D, = 234y — — — 1.00 1.00
D,=119% — 098 099 1.00 100

, = T4p 098 — 100 1.00 0.99
D, = 116u

(Blend) — 092 098 098 098

Cracking catalyst
D,= 41 083 — 084 077 0860

March, 1960



on the blend of glass beads indicated no
clear-cut improvement from using a
wide particle-size range. Also the
smaller glass beads gave results not ap-
preciably different from the larger glass
beads when correlated on the basis of
o — Uoms. The only other important dif-
ference between the glass beads and
cracking catalyst is the 45% lower bulk
density of the catalyst. If bulk density is
indeed a major factor in fluidized bed
performance, it would not be possible
to reproduce the behavior of the crack-
ing catalyst with some size blend of the
glass beads. On the other hand sufficient
information is not available to state
definitely that the smaller particle size
and smoother particle-size distribution
would not be factors, (Differences in
particle shape and surface roughness
are not believed to be important fac-
tors.)

Linear Bubble Velocity

In the case of gas bubbles rising
through liquids the velocity of rise is a
function of the bubble diameter. It is
interesting to prepare a plot of this
kind for the rise of bubbles in fluidized
beds in order to compare the two cases.
Such a plot is given in Figure 15. Lines
are .drawn for the terminal velocity of
bubble rise through liquids according to
Newton’s law (motion governed by
inertial forces only) and according to
Stokes” law (motion governed by vis-
cous forces only) for liquid viscosities of
10 and 100 poise (6).

Although showing appreciable scatter
data points for the fluidized bed fall in
a region bounded by the Newton’s-Law
line above and on the left and right by
the two Stokes-Law lines. If a single
line were drawn to correlate the points,
it would have a slope intermediate be-
tween those of the Newton’s- and
Stokes™-Law lines. It is interesting to
note that Kramers’ data on the shear
stress-shear rate relation in fluidized
beds (8) indicated viscosity values of
the order of 40 poise. The plot therefore
suggests that the rise of bubbles in
fluidized beds is affected both by vis-
cous and inertial forces and that the
fluidized bed acts as if it possessed a
viscosity in the range of 10 to 100 poise
opposing bubble motion.

The plot also suggests the hypothesis
that bubble velocity is an increasing
function of bubble size. A bubble of a
given size would therefore always have
the same velocity regardless of its pre-
vious history, and its velocity would
increase as its size grew. If this is true,
it can be reasoned that bubble growth
is partly due to the interception of small

bubbles by larger bubbles. Small bub- -

bles rising in the fluidized bed would be
captured continually from below by
larger bubbles rising faster than they
do. The larger bubbles would continue
to grow, so that near the top of a bed
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the small bubbles would have prac-
tically disappeared and only large bub-
bles would be left. This conclusion

agrees with visual observation of large
fluidized beds.

CONCLUSIONS

The gamma-ray absorption results
indicate that bubbles grow chiefly from
an influx of gas from the dense-phase
mixture or from continuous capture of
tiny bubbles too small to be detected
in these experiments. The gas velocity
in the dense phase ultimately drops to
a value close to the minimum fluidizing
velocity. Columns of limited cross sec-
tion limit the horizontal growth of bub-
bles and may result in channeling. Good
uniformity in cracking catalyst was
characterized by a low rate of bubble
growth and apparent expansion of the
dense phase from the settled-bed den-
sity.

ACKNOWLEDGMENT

This work was carried out with the aid
of a fellowship provided by the Et.hyl
Corporation.

NOTATION

Q

= concentration of dense phase,
fraction by volume, 0
= line average of a, 0
> = time average of g, 0
= diameter, L
= bubble diameter, mean of de-
terminations along 3- and
6-in. path, L
fo = bubble frequency as seen by
scintillation detector, T
bubble frequency for the en-
tire column cross section, T
acceleration of gravity, LT
conversion factor, MLT°F*
pressure head, L
intensity of radiation, counts
per unit time
= height of bed, L
= pressure, FL™*
cross section of column, L*
time interval, T
linear velocity, LT
weight of solids, F
horizontal dimension parallel
to gamma-ray beam, L
= mean apparent bubble thick-
ness, L
X = length of gamma-ray path, L
y = horizontal dimension perpen-
Z

p]cé\lnl

—~
.
l

I (i

Rg:&;m‘eh

i

ad

dicular to gamma-ray beam, L
= distance above distributor, L

Greek Letters

3 = duration of square bubble
trace, T

= void fraction, 0

= time coordinate, T

= viscosity, ML™T"

= density, ML™®

° = density relative to settled

T DA

® v
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bed, 0

standard deviation
variance

shape factor, 0

o

€ ]
i

w

ubscripts

individual bubble
bubble phase

= dense phase

fluidized bed
supporting fluid
measured

minimum fluidization
noise

individual particle
settled bed

water )
superficial, taken over the en-
tire bed cross section

y = gamma-ray beam

[
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|

Dimensions of the variables are
given in terms of M, mass; F,
force; L, length; T, time; and 0,
dimensionless.

Note:
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