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X-ray absorption is presented as a unique tool for the study of the fundamentals
of gas fluidization. For example, bed-density profiles, valuable indexes of the quality
of fluidization, are readily determined by means of X-ray absorption. No internal
probes, to interfere with the normal action within a fluidized bed, are involved.

As an initial application of X-ray absorption to fluidization, the results of a study
of the effect of mode of distribution of gas to a fluidized bed are presented. The
importance of this variable, only superficially discussed in previous literature, is
clearly shown by these results. Application of X-ray absorption to other chemical
engineering operations is readily conceivable.

Although a considerable number
of experimental investigations of
gas-fluidized solid systems have
been reported during the past 5
years or so, with notable excep-
tions these have been confined to
the study of gross phenomena of
fluidization. For example, over-all
bed expansions and over-all co-
efficients of heat transfer between
fluidized beds and confining sur-
faces have been rather profusely
reported. On the other hand, very
little study of local phenomena
within fluidized beds has been re-
ported. Furthermore, very little
disclosure has appeared in the
literature of the important effects
of certain variables, such as mode
of gas distribution to a bed of
solids, upon the quality of fluidiza-
tion produced.

A major deterrent in the ad-
vancement of fundamental knowl-
edge in fluidization is presented by
the lack of a reliable, comprehen-
sive index of the quality of fluidiza-
tion occurring in a given appa-
ratus. Several indexes of quality
of fluidization have been proposed
(2, 8, 10), but none of these appear
adequate for general use. Of those
already proposed, the index of
Morse and Ballou(8) holds the
most promise, as its calculation is
based upon the measurement of
local phenomena within a fluidized
bed. The correlation of this index,
or of the measurements involved,
with simultaneous measurements
of heat and/or mass transfer be-
tween the fluidized solids and the
fluidizing gas would be expected to
lead to a superior, more nearly
complete, index of the quality of
performance of a fluidized bed.
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This paper represents the initial
report of a continuing investiga-
tion, the main goals of which are
(1) development of fundamental
information on the operation of
gas-fluidized beds of solids, (2)
study of the effects upon fluidiza-
tion of variables which heretofore
have been inadequately investi-
gated, or not at all, and (3) ulti-
mate development of a reliable,
comprehensive index of the quality
of performance of gas-fluidized
beds.

In this paper is presented the
use of X-ray absorption as a gquan-
titative tool for the study of local
phenomena within fluidized as well
as static beds. For example, local
bed densities, as well as fluctua-
tions thereof, at any level of a
fluidized (or static) bed of solids
are readily determined by means
of X-ray absorption. As a specific
illustration of the utility of this
tool, the results of a study of the
importance of the mode of distri-
bution of gas to a fluidized bed are
presented.

In the use of X-ray absorption
there are no internal probes to
interfere physically with the nor-
mal action within a fluidized bed,
or to be affected by detrimental in-
ternal conditions such as high tem-
perature and corrosion. Applica-
tion of X-ray absorption is not re-
stricted to materials of low elee-
tric conductivity, as, for example,
in the case of the capacitometric
technique of Morse and Ballou. By
means of special features which
were specifically designed into the
X-ray equipment employed in the
present study, semiquantitative in-
terpretation of the data obtained
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can be made almost instantly
(which is especially useful in ex-
ploratory experimentation), and
thorough interpretation of data
can be effected much more rapidly
than would be otherwise possible.

The application of X (or
gamma)-ray absorption to other
chemical engineering studies, such
as, studies of liquid holdup and
flooding in packed and wetted-wall
columns, entrainment studies, ete.,
is readily conceivable.

ELEMENTS OF X-RAY
ABSORPTION*

X-ray absorption has been en-
ployed qualitatively and semiquan-
titatively for the X-ray examina-
tion of the human body, for the
location of structural imperfections
in equipment, etc., since shortly
after the discovery of X-rays by
Roentgen in 1895. The use of X
rays for these purposes was great
ly stimulated by the invention o
the modern X-ray tube by Coolidg:
in 1913. Quantitative applications
of X-ray absorption, however, be-
came prevalent only about 10 years
ago, when for the first time con-
venient, precise measurement of
X-ray intensities was made possi-
ble by the development of the
phosphor-activated multiplier pho-
totube (7 and 11). The latter is the
basis- of the most sensitive device
generally available today for the
measurement of X rays and simi-
lar high-energy radiation, the scin-
tillation counter.

Following the development of
these convenient, precise instru-

*The principles discussed here also apply for
the most part to the absorption of gamma rays.
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Fig. 1. Schematic diagram for X-ray absorption.

ments for the measurement of
radiation, extensive applications of
X-ray absorption for chemical
analysis were made (4, 5, 6, 9, 12,
17, and 18). Indeed, the techniques
proposed here for the study of
fluidization were developed from
many preliminary experiments car-
ried out with the X-ray photometer
employed by Smith, Tanis, Liebhaf-
sky, and Winslow in their pioneer-
ing quantitative absorption studies
(5 and 11).

The outstanding characteristic
of X rays, from which others de-
rive, is their high energy, or short
wave length. Because of this char-
acteristie, the absorption of X rays
usually involves only electrons near
the atomic nucleus. (The absorp-
tion of ultraviolet, visible, or in-
frared radiation, on the other hand,
affects the outer, or valence, elec-
trons, which determine the chemi-
cal properties of the elements in-
volved.) X-ray absorption, there-
fore, which is essentially a process
for counting the number, and indi-
cating the kind, of atoms by which
the radiation is being absorbed, is
virtually independent of the chemi-
cal or physical state of the atoms.
An oxygen atom per se, for ex-
ample, will show essentially the
same absorption in oxygen gas and
in ice, water, steam, and sand.

The absorption of essentially
parallel, monochromatic X rays by
a homogeneous material of density
¢ and thickness ! is described by
Lambert’s law:

[=1,¢" )

or

In(/I) =InI —Inl, = —pmpl
(1a)

where I, and I denote the intensi-
ties of the incident and trans-
mitted radiation, respectively, and
w,, denotes the mass absorption co-
efficient of the absorbent. In the
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application of Equation (1) to a
fluidized bed, ! becomes the inside
diameter of the column and 7 the
bulk density of the bed, the vari-
able under study.

The mass absorption coefficient,
tm, for a given element is inde-

‘pendent of the physical state and

for chemical compounds is in the
first approximation additive from
the mass coefficients of the constit-
uent elements. For elements, w,,
depends only upon the wave length
of radiation involved; moreover,
this dependency is much less com-
plex than for the absorption of
radiations of low energy. In the
regions of continuous absorption
(1) most commonly encountered in
quantitative  X-ray  absorption
studies, u, varies in accordance
with the following approximate re-
lationship (11a):

pm = NCZ* \'/A 2)

where N is Avogadro’s number, C
is approximately constant in wave-
length ranges between adjacent
critical absorption wave lengths or
“absorption edges,” Z is the atomic
number, A the atomic weight, and
% the wave length in Angstrom
units.

In practice polychromatic X-ray
beams are much more frequently
employed than  monochromatic
beams, because they are easier to
produce. Equation (1) applies rig-
orously only to individual mono-
chromatic components of a poly-
chromatic beam, and so for an
entire polychromatic beam, use of
an integral form of Equation (1)
is theoretically required. Fortu-
nately, however, for many practi-
cal cases in which polychromatic
X radiation is employed, the direct
application of Equation (1) serves
adequately over the limited ranges
of conditions usually encountered.

PRINCIPLES OF X-RAY ABSORP-
TION APPLIED TO A FLUIDIZED
BED

A Pyrex-walled fluidization col-
umn was employed in the present
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study (Figure 3), a simplified rep-
resentation of which is given in
Figure 1. Zone A represents the
walls of the column, and zone B
the fluidized (or static) bed. Ab-
sorption of the primary radiation
by air or by the fluidizing gas is
negligible, and consideration of
other constant absorbing mediums,
such as the protective enclosure of
the scintillation erystal, can be in-
cluded with that of the column
walls in zone A. For precise work
the X-ray beam reaching the phos-
phor must not be too divergent;
otherwise different portions of the
beam will have penetrated different
thicknesses of the material.* The
area of the phosphor should be
sufficient to intercept all direct un-
absorbed primary radiation, but
not so large as to intercept much
scattered and background radia-
tion.

Applying Equation (Ia) to zones
A and B results in

InI, —Inl = pipals
InZ —lnh = U pBlB

Inly —Inly = phpsls+ umpsle

= "¢ell constant” 4
#g PB lz; (3)

If two different absorbers, B and
C (e.g., a fluidized or static bed
and a standard thickness of pure
aluminum, respectively) produce
identical attenuation of a given
incident beam (i.e., I, as well as I;
are the same for both cases), the
densities and thicknesses of the
two absorbers are related by means
of Equation (3) as follows:

#f PB lB = #75 pc lo (4)

C
pp = —n ’l’c lo = Klg (4a)
B

B
Mm
Be P
K = -—1;; —i— (4b)
K = —’zcﬁ- (40)

*For_purpose of smlphﬂcatwn of the present
discussion, it is assumed that on a time-average
basis, the small localized volume of a fluidized
bed (or static bed) under examination at a
given time is effectively homogeneous: i.e., it is
uniformly fluidized (or uniformly packed)
This in no way precludes the possibility of
gross instantaneous variations in bed densities
within a column, as illustrated in later sec-
tions of this paper.
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Fig. 2. Over-all view of fluidization apparatus including
X-ray photometer.

Equation (4¢) is the basic equa-
tion employed in thig study for the
determination of local bed densi-
ties. For this purpose, I, becomes
the thickness of calibration stand-
ard (aluminum) which will pro-
duce identical attenuation of the
incident beam as produced by a
localized volume of bed of bulk
density, ¢p. The quantity [ be-
comes the inside diameter of the
column.

When, as in the present study,
polychromatic radiation is em-
ployed, and comparisons between
the absorption of X rays by the
“unknown” and standard materials,
respectively, cannot be made under
geometrically identical conditions,
it is preferable to determine K
empirically, by the use of Equa-
tion (4c), on standard densities of
the actual materials contained in
the actual vessel to be employed in
the investigation proper (silicon

Fig. 3. Close-up of fluidization column
showing X-ray source and detection
probe.
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TYPE A
(MULTI-ORIFICE)

TYPE B
{SCREEN)

rates, which adequately covers the
ranges of fluidized- as well as fixed-
bed operation. Five Meriam well-type
manometers measure various pressure
differentials, including those pro-
duced by the gas distributor, the
entire bed, 6-in. sections of the bed,
and the cyclone-filter system employed
for the collection of entrained fines.
A multiple flange arrangement at
the bottom of the column permits
easy changeover of the gas distributor
as well as of the charge of solids.
With the flange and pressure-tap
arrangement employed, the bottom %4
in. of the bed is excluded in the
measurement of bed pressure dif-
ferentials and included in the meas-
urement of distributor pressure dif-
ferentials.

Carryover of solids into manom-
eter lines is effectively prevented
by the use of short lengths of ordi-
nary pipe cleaners and/or glass wool

TYPE C

(POROUS PLATE)}

J6-IN. SHEET METAL PLATE.
ONE 0.052-IN DRILLED HOLE
PER SQUARE INCH OF BED
CROSS SECTION

PITCH

300-MESH SCREEN SUPPORT-
ED ON O.0I7-IN. PERFORATED
METAL CONTAINING 24 0021~
IN. HOLES PER INCH ON 60°

+-IN. SINTERED METAL PLATE.
MEAN PORE OPENING IS
APPROXIMATELY 20 MICRONS
10.0008 IN)

Fig. 4. Gas distributors.

in the Pyrex fluidization column in
the present case). In this case
standard densities must be known
or measurable by means other than
X-ray absorption. The application
of Equation (4a), including the de-
termination of K values, is dis-
cussed later.

When absorption comparisons
can be made under geometrically
identical conditions, it is frequent-
ly possible to avoid empirical cali-
brations through the use of pub-
lished values of mass absorption
coefficients of the elements involved
(1 and 16).

APPARATUS

An over-all view of the experi-
mental setup is given in Figure 2.
The fluidization apparatus proper is
relatively conventional, although de-
signed for maximum versatility. The
column proper is Pyrex glass, 3.33
in. I.D. This diameter was considered
to be about the minimum required in
order to avoid excessive “wall effects”
and about the maximum with which
precise density measurements could
be made with relatively low-energy
X rays. A bank of five Flowrators
provides a 30,000-fold range of gas
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inserted in the pressure taps. This
proved much more satisfactory than
the use of “blow-back” devices, which
were initially tried.

The unique feature of the present
study is the use of the X-ray absorp-
tion techniques already discussed. Al-
though believed to be widely applica-
ble to other problems, components of
the X-ray photometer employed were
specifically designed or selected for
the study of fluidization. By means
of this photometer, therefore, the
action within a fluidized bed can be
interpreted in a semiquantitative man-
ner, at least, almost instantly. This
is an important advantage in explora-
tory experimentation. Also, because
of the special design features incor-
porated into the photometer, thorough
interpretation of experimental data
can be effected much more rapidly
than would be otherwise possible.

The X-ray source consists of stand-
ard components of the General Elec-
tric XRD-3D X-ray diffraction unit
with a Machlett AEG-50T tungsten
target X-ray tube. The detection
equipment consists of a modification
of the rate meter in a standard Gen-
eral Electric SPG X-ray detector, fed
by a General Electric scintillation
probe. The rate-meter response is
logarithmic over most of its range
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of sensitivity; hence, in accordance
with Equation (la), the recorder
reading varies approximately linear-
ly with the local bed density being
measured. For the purpose of de-
termining instantaneous as well as
time-averaged local bed densities,
rate-meter time constants ranging
from 0.01 to 30 sec. may be employed
(cf. Figure 8). X-ray intensities are
recorded on a General Electric fast-
response photoelectric recorder. De-
tails and further discussion of this
equipment are given in the Appen-
dix.*

The X-ray tube and radiation probe
are mounted on a crank-operated,
counterweighted carriage, which ean
be moved up and down the fluidiza-
tion column. In this way vertieal
density traverses of the bed can be
made very quickly. The X-ray tube
and radiation probe can also be ro-
tated about a vertical axis, by means
of which horizontal traverses can be
made. Figure 3 shows a close-up of
the movable X-ray assembly.

mE TYPE 8- MULTIORIFICE _TISTRIBUTOR

BED_EXPANSION

SETILED

L]
PRESSURE
R

INCHES 'oF
SILICONE

oI
1856097)

Fig. 5. Bed expansion and pressure differentials:

TYPE 8 ~SCREEN_ DISTRIBUTOR

r BED EXPANSION >

PRESSURE DIFFERENTIALS

SUPERFICIAL AIR VELOCITY, FT/SEC

several minutes, then allowed to set-
tle by gradual shutoff of the air flow
over a period of at least several
minutes. At this point a run was
begun.

The lowest practical air velocity
obtainable was then applied to the
column and maintained for a 3-min.
period, following which the total bed
expansion and pressure differentials
were measured. The flow rate was
then increased to a new value and
the foregoing procedure repeated.
After reaching the maximum veloe-
ity for the given run, the entire
sequence was repeated in order of
decreasing velocity. Figure 5 sum-
marizes the pertinent results for
three distinctly different types of gas
distributors described in Figure 4.

A of Figure 4 simulates the type
of gas distributor frequently em-
ployed in commercial fluidization col-
umns. It is designed to produce a
reasonably high pressure drop, which
ordinarily is required for stable
operation of a fluidized column. B

TYPE C- POROUS PLATE_GiSTRIBUTOR

BED_EXPANSION ”

PRESSURE DIFFERENTIALS

UO})O Oé(}(JA‘-;j ™ i et v

(O, data obtained in order

of increasing velocity; @ data obtained in order of decreasing velocity; 38.33
in. LI.D. column, 4.0-lb. charge of silicon (all through 200 mesh).
Roller-particle-size Analysis

Micron range

0—10
10—20
20—40
40—57
57—74

74

BED-EXPANSION AND PRESSURE-
DROP STUDIES

Preliminary to the X-ray studies
of fluidization, conventional data on
bed expansion and pressure drops
were obtained in the following man-
ner: 4.00 Ib. of commercial silicon
powder (all through 200 mesh; see
Figure 5) was charged through the
top flange of the column while a small
flow of air was passed through the
distributor in cases where the design
of the distributor permitted powder to
fall through it, i.e., types A and B of
Figure 4. The vent of the column was
temporarily closed and the column
pressurized with air to about 20 in.
of water while a check for gas tight-
ness was made. The bed was ex-
panded and vigorously fluidized for

*Copies of the Appendix will be gladly sup-

plied by the author upon request.
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% in range
2
8
34
50
4
2

characterizes the type of distributor
frequently employed in laboratory
investigations of fluidization (e.g.,
reference 2), which offers negligible
resistance to gas flow, but tends to
produce unstable fluidization. C com-
bines the opportunity for uniform
gas distribution inherent in the de-
sign of B with the high pressure drop
for operational stability incorporated
in the design of A.

The distinet superiority of the
porous-plate distributor, at least
for the single powder composition
reported here, appears obvious
from Figure 5. Superior bed ex-
pansion, for example, is obtained
with the porous-plate distributor
over the practical range of operat-
ing velocities, which is limited by
entrainment considerations. Seri-
ous gas channeling, visibly obvious
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during operation with the multi-
orifice and screen distributors, is
graphically indicated by the dis~
continuities in the pressure-drop
curves for these distributors.
The foregoing differences in
fluidized-bed performance are even
more dramatically brought out by
X-ray absorption measurements, as
discussed in the following sections.
In Figure 5 pressure differen-
tials across the distributors are
shown to be considerably higher
when the column is filled with
powder than when it is empty, ex-
cept at the higher gas velocities
corresponding to vigorous or vio-
lent fluidization. These discrepan-
cies are due partly to the inclusion
of the bottom 4 in. of the bed in
the measurement of distributor
pressure differentials under filled
column conditions (¢f. p360). From
experiments with coarser powders,
however, these discrepancies are
indicated to be due mainly to ob-
structions within the gas passages.
in a distributor caused by the finer
particles present in a charge of
powder. At sufficiently high veloci-
ties these obstructions become:

largely dispersed.

X-RAY ABSORPTION STUDIES
Preliminary Calibrations

Local bed densities were deter-
mined by application of Equation
(4a) in the following manner:

1. With an incident X-ray beam of
the quality* and intensity* employed
in the fluidization experiments, the
empty column is “calibrated” against
a range of standard thicknesses of
pure aluminum,} which produces the
same range of transmitted intensi-
ties as produced by silicon beds in
the fluidized as well as unfluidized
states. Figure 6 shows a plot of
typical results so obtained. Over the
thickness range of major interest the
plot is essentially a straight line, in
accordance with Equation (la).
Slight curvatures in Figure 6 are
due to (a) the use of polychromatic
instead of monochromatic X rays,
(b) deviations from logarithmic
amplification at counting rates below
around 50 counts/sec. (c¢f. Figure
7), and (¢) appreciable coincidence
counting errors at counting rates
exceeding about 1,000 counts/sec.
(E.g., at a rate of 2,400 counts/sec.
intercepted by the phosphor, the esti-
mated coincidence counting error is
approximately 10%.)

2. Detector readings obtained dur-
ing density-profile determinations
were translated into local bed densi-
ties by means of Equation (4a) as
follows: When Equation (4a) is ap-

*Functions only of the target voltage and:
emission current for a given X-ray tube.

tAluminum is particularly suitable as a cali-
bration standard in the present study, since:
aluminum and silicon dlfpr by only one ‘in
atomic number and hence have- closely similar
X-ray-absorption characteristics.
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plied, !/; becomes the inside diameter
of the fluidization column and I, the
thickness of calibration standard
which will produce identical attenua-
tion of the X-ray beam as produced
by a volume of solids of bulk density,
¢z The ratio of the mass absorption
coefficients ., 0/p,, B can be expected
to be approximately constant over
the range of wave lengths involved,
since aluminum and silicon are ad-
jacent in atomic number, and the
critical absorption wave lengths for
these elements are sufficiently re-
moved from the range of “effective
wave lengths” of the polychromatic
X-ray beams employed (I and 5).
Hence it is to be expected that varia-
tions of K under the conditions of
the present study would be small,
and the local bed densities, therefore,
would be approximately proportional
to the equivalent thickness of alumi-
num, l;.

Values of K as a function of ¢p
were determined in the identical
column employed in the fluidiza-
tion investigation. The column,
equipped with the porous-plate
distributor, was charged with
4.00 Ib. of silicon powder. (See
Figure 5 for particle-size analy-
sis.) After a brief initial period of
fluidization to homogenize the bed,
the gas velocity was reduced to
produce bed conditions at which
total bed heights could be accurate-
ly measured and, hence, average
bed densities accurately calculated.
Average bed densities were so de-
termined from the charge weight,
column cross-sectional area, and
total bed height for bed conditions
ranging from those for a densely
packed bed, through increasing
states of expansion, to conditions
approximating those for ineipient
fluidization, (2 and 14). As noted
in Figure 5, when the porous-plate
distributor is employed bed ex-
pansion under conditions of in-
cipient fluidization 1is actually
greater than for conditions for
active fluidization, within the
range of practical air velocities.
Hence this technique permitted the
determination of K values corre-
sponding to actual densities which
may be encountered in a fluidized
bed, ranging from the densities of
static or stagnant zones to the
dengities of vigorously fluidized
Zones.

At each condition of bed ex-
pansion transmitted X-ray intensi-
ties were measured over the en-
tire bed height. The value of I,
employed in Equation (4¢) was
selected to correspond to the aver-
age recorder reading, obtained by
integration of a plot of the re-
corder readings as a function of
the bed level. Since over the range
of conditions involved, bed density
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Fig. 6. Typical ealibration of X-ray

photometer: target voltage, 27,000;

emission current, 3 ma.; phototube
voltage, 850.

varies essentially linearly with re-
corder reading, this procedure per-
mitted rigorous evaluation of K
values. The eight K values so de-
termined (0.622 to 0.635) varied
over a range of only 29. It is of
interest to observe this almost
exact agreement with the range of
K wvalues (0.620 to 0.635) calcu-
lated from literature values of the
mass absorption coefficients for
pure aluminum and silicon for the
energy range of 10 to 30 kv. (16).
However, this remarkable agree-
ment must be considered at best a
coincidence, since significant dif-
ferences would be expected owing
to the small concentrations of ele-
ments of higher atomic number
present in commercial silicon, such
as iron, which have much higher
mass absorption coefficients than
pure silicon. [Cf. Equation (2).]

The density curve in Figure 6
follows directly from Equation
(4g¢) upon substitution of the ex-
perimentally determined K values.

Probable Error of Density Measurement

In the determination of average
local bed densities (Figures 10
and 11) recorder readings taken
with a rate-meter time constant
of 10 sec. (cf. Appendix and Fig-
ure 8) and a chart speed of 36 in./
hr. were averaged over a period
of 1 or 2 min. Maximum and
minimum instantaneous local bed

Lelef

densities (Figure 11) were de-
termined by averaging the mini-
mum and maximum recorder read-
ings, respectively, over a period
of 5 sec., corresponding on the
average to about 25 to 30 cycles
of fluctuation of the recorder read-
ings. (c¢f. Figure 8.) For these
measurements a time constant of
0.01 sec. and a chart speed of 36
in./min. were employed.

Sample chart records, obtained
under typical conditions of vigor-
ous fluidization, are shown in Fig-
ure 8 for the entire range of time
constants incorporated into the de-
sign of the rate meter (Cf. Ap-
pendix.) The “fast” and “slow”
chart speeds correspond, respec-
tively, to 36 in./min. and 86 in./hr.

In X- or gamma-ray absorption
some fluctuations in the measure-
ment of transmitted intensities—
and hence apparent fluctuations in
bed densities—are inherent, even
in the measurement of static sys-
tems, owing to the random nature
of X or gamma radiation.* These
random fluctuations, which must
be taken into account in the rigor-
ous analysis of radiation measure-
ments made under conditions of
fluidization, in order to distinguish
between aectual and apparent den-
sity fluctuations, depend upon the
total number of photons, or
“counts,” recorded by the detector.
This number is equal to the prod-
uct of three factors: transmitted
intensity, duration of the intensity
measurement, and detection effi-
ciency. In the present study the
transmitted intensity is determined
by the incident intensity and
energy level and the bed density
being measured. Duration of in-
tensity measurement is determined
by the rate-meter time constant.
The detection efficiency is essen-
tially 100%. By proper combina-
tion of these factors, random

*Under the conditions employed in this study
the random nature of rays arises chiefly
from the randomness of the electron emission
from the X-ray tube filament as well as from
the random nature of the atomic excitation
process which results in the emission of the
X rays.
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Fig. 7. Relationship between recorder reading
and counting rate.
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fluctuations in transmitted intensi-
ties—and, hence, in bed densities
—can be made negligible.

For the X-ray conditions gen-
erally employed in this study, ran-
dom fluctuations in bed density,
as a function of actual bed density
being measured and rate-meter
time constant, are given in Fig-
ure 9 by the vertical distances be-
tween pairs of curves labeled with
the same time constant. For ex-
ample, if at a given moment the
true density of a zone of the bed
were 0.75 g./cc., the probable in-
stantaneous density measurement,
employing a time constant of 0.01
sec., would range from approxi-
mately 0.72 g./cc. minimum to 0.79
g./cc. maximum. Figure 9 was
constructed from X-ray measure-
ments taken with various time
constants on thicknesses of alumi-
num equivalent to the bed densities
given by the data points. The
ranges of fluetuation given in Fig-
ure 9 were obtained by averaging
the maximum and minimum re-
corder readings over a suitable
time interval (e.g., 1 or 2 min. for
the 10-sec. time constant and about
5 sec. for the 0.01-sec. time con-
stant).

Under conditions of the present
study random fluctuations in the
measurement of average local bed
densities, determined with the 10-

sec. time constant, were negligible. -

On the other hand, instantaneous
local bed densities, which were
determined with the 0.01-sec. time
constant, were subject to the fol-
lowing probable errors of measure-
ment due to random fluctuations
{approximated from Figure 9):

True
instantaneous Approximate probable

bed density, Error of measurement, ¢
g./cc. Positive Negative
0.70 3 3
0.75*% 5 4
0.8 8 6
0.9t 20 7
1.0 30 10

*Approximate density corresponding to “incip-
ient fluidization.”

tApproximate settled bed density with porous-
plate distributor,

Under most conditions of active
fluidization encountered in this
study, therefore, the probable
errors of measurement of instan-
taneous bed densities were not
excessive,

Increased precision of measure-
ment of higher bed densities for
a given time constant is readily
attained by the use of an increased
target voltage, hence, an increased
transmitted intensity.
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Bed-Density Profiles

In Figure 10 profiles of time-
averaged local bed densities, as
functions of gas velocity, are given
for the three gas distributors pre-
viously discussed. All the results
apply to the single powder com-
position given in Figure 5. The
corresponding instantaneous bed
density profiles, along with the
time-averaged density profiles for
comparison, are given in Figure
11.

As a check of the reliability of
the time-averaged density profiles,
these were integrated over the en-
tire bed height in order to obtain
length-average bed densities which
could be compared with the corre-
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sponding values calculated from
the weight of powder charged and
the total bed height. Under settled
bed conditions and at an air veloc-
ity of 0.05 ft./sec., corresponding
values of length-average bed den-
sity agreed within 8% or better.
At velocities of 0.15 and 0.25 ft./
sec. it was difficult to measure total
bed heights accurately, because of
excessive turbulence of the menisci,
and discrepancies as great as 9%
(and in one case 15% with the
multiorifice distributor at 0.25 ft./
sec.) were noted.

Before any further discussion of
Figures 10 and 11, it is of interest
to report the results of an auxil-
iary series of experiments. In this
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8. Sample of X-ray absorption measurements of fluid-bed performance.
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Fig. 9. Apparent fluctuations in bed density due to random
fluctuations in the measurement of transmitted radiation
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series the air flow (0.15 ft./sec.) to
a vigorously fluidized bed,* employ-
ing the porous-plate distributor,
was abruptly terminated, and the
resulting settling of the bed, with
corresponding increased bed densi-
ties, was followed by X-ray absorp-
tion. A time constant of 0.01 sec.
and chart speed of 36 in./min.
were employed, The procedure was
repeated at various levels of the
bed up to the 12-in. level. After
an initial rapid increase in bed
density immediately following gas
shutoff, a distinct leveling off, or
“plateau,” in the density-time
curve was observed, before final
settling of the bed began. The
duration of these plateaus, ranging
from 1 to 15 sec., varied roughly
linearly with bed level. The
“plateau bed densities” so obtained
were essentially constant at 0.74 =
0.01 g./cc.

The foregoing results follow
logically from the fact that upon
termination of gas flow to a fluid-
ized bed, collapse or settling of the
bed obviously must progress up-
ward from the distributor, and
partial expansion of the upper
zones of the bed is therefore main-
tained by the gas liberated from
the lower zones of the bed for
periods of time roughly propor-
tional to the bed level under con-
sideration.

As postulated by a number of
investigators, the general gas-fluid-
ized system includes two “phases’:
a continuous phase, consisting of
uniformly distributed particles in
a supporting gas stream, and a
discontinuous phase, consisting of
essentially solids-free gas, which
may pass through the bed in the
form of bubbles, channels, or slugs.
This is “two-phase” or “aggre-
gative” fluidization. A bed of solids
fluidizes when the superficial gas
velocity is sufficient to support the
particles; this is the point of “in-
cipient” fluidization. At appreci-
ably higher gas velocities, a dis-
continuous phase appears and
imparts convective motion to the
continuous phase to produce “ag-
gregative” fluidization. For certain
gas-solid systems it may be possi-
ble for “single-phase” or “par-
ticulate” fluidization to exist over
a short range of velocities exceed-
ing that required for incipient
fluidization, without the appear-
ance of a second, discontinuous
phase. Toomey and Johnstone(18)
postulate that the appearance of
the discontinuous phase imposes
no significant changes upon the
physical character of the con-
tinuous phase; e.g., the voidage or
density of the continuous phase
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understanding of the mechanism
of gas fluidization.
The essentially constant plateau

and the interstitial velocity re-
main essentially constant, in@e-
pendent of increasing superficial
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Fig. 10. Average bed-density profiles. 3.33 in. L.D. column; 4.0-lb. charge of

silicon (see Figure 5 for particle-size analysis); target voltage: settled-bed

data, 31,000, all other data, 27,000; emission current, 3.0 ma.; phototube voltage,
850; time constant, 10 sec.
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Fig. 11. Instantaneous bed-density profiles (same data as in Figure 10 except
for time constant, which is 0.01 sec. for instantaneous densities and 10 sec.
for average densities).

velocities. The latter is doubtless
an oversimplified concept, although
very useful for promoting clearer

bed density reported above is be-
lieved to correspond closely to the
condition of incipient fluidization.
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Applying the value 0.74 g./cc. for
the incipient fluidization density
to the total Dbed-expansion data
given for the porous-plate dis-
tributor in Figure 5 enables the
incipient fluidization air velocity
to be estimated at approximately
0.030 ft./sec. if arrived at from a
lower velocity and 0.017 f£t./sec.
if arrived at from a higher veloe-
ity. Also, from the porous-plate-
bed-expansion data, along with
visual observations, the transition
between -particulate and aggre-
gative fluidization (i.e., the condi-
tion of maximum bed expansion
without more than intermittent
appearance of appreciable gas
bubbling) was estimated to occur
at a length-average bed density of
0.64 g./cc. and a superficial air
velocity of 0.085 ft./sec. if arrived
at from a lower velocity and 0.020
ft./sec. if arrived at from a higher
velocity. Hence 0.030 to 0.035 ft./
sec, and 0.017 to 0.020 ft./sec.,
arrived at from a lower and higher
velocity, respectively, represent the
approximate velocity ranges at
which particulate fluidization oc-
curs for the given combination of
powder and gas properties, col-
umn design, and gas distributor
design. There was no evidence that
particulate fluidization could even
be approximated with either the
multiorifice or screen distributors.

Local bed densities (Figures 10
and 11) greater than 0.74 g./cc.
(i.e., greater than the incipient
fluidization density) are indica-
tive of completely or periodically
stagnant zones within the bed. In
a fluidized reactor stagnant bed
conditions would give opportunity
for hot spots, tar formation, de-
activation of catalyst, powder
caking and gas channeling to oc-
cur. On the other hand, densities
appreciably less than 0.64 g./cec.
indicate zones in which an appreci-
able, and frequently a major, pro-
portion of the incoming gas flow
is short-circuiting the bed. Actual-
ly it is possible for short-cireuit-
ing of the gas flow to occur within
zones of the bed possessing densi-
ties exceeding 0.64' g./cc., or even
within stagnant beds, when gas
channeling or intermittent com-
pression of the continuous phase
takes place.

The distinct superiority and in-
feriority, respectively, of the por-
ous-plate and screen®* distributors,
previously indicated by the bed-
expansion and pressure-drop ex-
periments, are emphasized by the
X-ray absorption studies. Over the
entire range of bed levels possi-

*Same charge and particle-size analysis as
employed in the density-profile determinations.
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ble to probe accurately with the
X-ray photometer (to within about
an inch from the bottom or from
the top of the bad), extremely uni-
form average bed-density profiles
are shown for the porous-plate dis-
tributor, even at the lowest gas
velocity reported (0.05 ft./sec.).
On the other hand, results for the
screen distributor exhibit appreci-
able nonuniformities of the bed
at the highest velocity reported
(above which entrainment losses
become objectionably high) and
extremely nonuniform, incomplete,
and erratic fluidization at the
lower velocities. Performance dafa
for the multiorifice distributor
again fall intermediate in quality,
compared with those for the por-
ous-plate and screen distributors.
It is of interest to mnote that the
screen distributor employed in the
present study, described in Figure 4,
is essentially identical in design to
that employed by Lewis, Gilliland,
and Bauer for the fluidization of
Scotchlite glass beads (3). Whereas
particularly poor performance was
obtained with the screen distributor
in the present study of the fluidiza-
tion of silicon, no mention of similar
performance deficiencies was made
by Tewis et al. The apparent dif-
ferences in performance are believed
likely attributable to inherently dif-
ferent fluidizing characteristics of
Scotchlite beads, which are quite
round and smooth, and silicon pow-
ders, which are of a sharp, gritty
nature. It is planned to investigate
this apparent anomaly by fluidization
of Scotchlite beads in the present ap-
paratus. .
Stagnant zones of powder were
clearly visible in -the operations
with the screen and multiorifice
distributors. Even with the porous-
plate distributor, a small amount
of powder inactivity could be ob-
served immediately adjacent to the
distributor. In the latter case,

however, this is believed likely to .

have been simply a small “wall”
or “corner” effect, extending for
only a very short distance above
the distributor.

Powder-packing tendencies, which
give rise to stagnant zones in
fluidized beds, are further indi-
cated by the settled bed-density
profiles for the screen and multi-
orifice distributors. They are less
uniform and include appreciably
higher densities than in the case
of the porous-plate distributor.

Operation of the porous-plate
distributor at 0.05 ft./sec. is shown
in Figure 11 to be the only case
in which the instantaneous bed
densities all fell closely within the
range corresponding to particulate
fluidization, 0.64 to 0.74 g./cc., and,
indeed, from visual observations

AILCh.E. Journal

fluidization appeared most uniform
under these conditions.

CONCLUSION

Reported above is a preliminary
interpretation of the results of
the X-ray absorption studies of
fluidization. More thorough analy-
sis of such results can be shown
to lead to an improved understand-
ing of the mechanism of gas flnid-
ization. Such an analysis, based
upon additional experimentation,
including the use of high-speed
movies, is currently in progress.
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