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INTRODUCTION

Coal reserves are vast and therefore will play an ever-increasing role in supplying
our growing energy demands. However, because of predicted shortages of liquid and
gaseous fuels and because of environmental considerations, future utilization will
include the development of processes to desulfurize coal as well as to convert it
to liquid and gaseous fuels that would also be desulfurized.

Thus, processes such as pyrolysis, desulfurization, gasification, hydrogasification,
carbonization, as well as fluid-bed combustion, are being developed to allow coal
to broaden its role in satisfying future energy and chemical demands. These pro-
cesses have at least two features in common: First, they will likely utilize char,
derived from coal, as a feed or a constituent in some reactor zone. Second, as a
corollary of the particulate nature of char, the processes can use fluidized-bed
reactors to take advantage of the improved heat and mass transfers, easier flow
operations, good mixing, and ease of control. The design of reactor systems to
carry out the above processes therefore requires knowledge of the fluidization
properties of coal chars, as well as knowledge of reaction thermodynamics and
kinetics.

This study was made to provide the necessary fluidization data for the design of
fluid-bed hydrogasifiers of both laboratory and commercial scale. An excellent
summarization of fluidization data for various materials appears in the literature.
Additional data on chars are also available .23 However, the char we will be
fluidizing is so different that use of the published data is precluded. The cor-
relations presented here should allow extension of data to the design of any other

fluid-bed reactor system using coal chars that have the same physical characteristics.

Apparently, no universal correlation has been developed to account perfectly for all
the physical parameters involved in fluidization; thus, no single correlation now
exists that suits all particulate materials regardless of constitution or especially
particle shape. Separate correlations still appear to be needed for widely varied
materials, as will be demonstrated here. The particular char used in these experi-
ments was produced by rapid hydrogasification of raw high-volatile bituminous coal
in a "free-fall" reactor. 1In our overall process concept to produce pipeline gas
from coal, this lightly converted char (25 to 30 percent carbon conversion) would
fall into a fluid-bed reactor for additional carbon conversion and for the removal
of sufficient hydrogasification heat to maintain the reaction temperature at 1,600°
to 1,700° ¥. The free-fall reactor system has been analyzed4 and an 1ntegrated
reactor system is now being designed to add a fluid-bed reactor below this dilute
phase to allow both an experimental and an engineering evaluation of the overall
process thus integrated.

EXPERIMENTAL

Material. The char used in this study was produced by concurrent injection of raw
bituminous coal and hot hydrogen:methane (1:1) mixture into the top of a 5 ft x 3 in.
id reactor at 1,000 psig and 1,650° F. Very rapid devolatilization, gasification of
the volatiles, and partial hydrogasificacion of char all occur. The resultant char
falls freely in the slowly down-flowing gas. Carbon conversion in the above reactor
i1s from 25 to 30 percent. :
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Apparatus. The fluidization studies were conducted at atmospheric pressure with
the majority of the tests in a plexiglass column of 3.69-inch id. The fluidizing
gas was introduced at the bottom of the column through a porous sintered stainless
steel distributor plate, 1/4 inch thick with an average pore size of 5 microns.
Thinner, more porous distributors were avoided when found to induce more channeling

-in the fluid bed, especially at the reactor bottom. The bed depth was varied from

almost 3 feet to a few inches with no appreciable change in fluidization properties.
Two experiments were made in a two-inch id tube with static heights of approximately
five feet to observe the fluidization behavior of this char at conditions antici-
pated for a bench-gscale fluidized-bed char hydrogasifier. Gas rates and pressure

“drops were measured with the usual rotameters and manometers.

RESULTS

Char Properties. A char property important to fluidization is the effective particle
density. Because of the sudden heating in the dilute-phase hydrogasifier as
described above, this char has a very large fraction of internal void space so that
the density is much less than that of the feed coal or chars from slow carbonization.
A photomicrograph of a typical char particle is showm in figure 1 to illustrate the
internal structure of this char.

Because of the vesicularity of this char, the effective density of the char barticles
is not known directly, but can be calculated from bulk density and gas-flow pressure
drop measurements made on packed beds according to the procedure recommended by

Leva’ using Ergun's correlations.®

As shown in figure 2, the particle densities measured in the above manner fall into
two categories, depending on the particle diameter. For fine particles where d.
<.003 in., the effective particle density is about 26 lb/cu ft while for the coarser
particles where d_>.01 in., the particle density is about 16 1b/cu ft. For .003 < d
<.0l1 there seems Eo be a transitional region, although only one date point is
included in this particle size range. The most likely explanation of this behavior
is that below a certain particle diameter, the particles cannot be vesicular and
therefore must have a higher effective solid density than larger particles which can
contain many vesicules. This explanation is consistent with the microphotograph
shown in figure 1 because the approximate size range of the vesicules is about equal
to the particle diameter at which the density transition occurs. Therefore, because
the vesicules seem to have a limiting minimum size, particles smaller than this
minimum size are nonvesicular. Physical interpretation of this effect is possible.
Volatile matter evolved inside small particles of rapidly heated coal can escape
without forming a vesicule because of the shorter diffusional path, or because any
"skin' of coal in its plastic phase is too thin and bursts before a sizable vesicule
can form. The larger particles can have thicker, stronger plastic layers to contain
the evolved volatile matter long enough to make vesicules, and the diffusional escape
of gas is, of course, more restrained. ’

P

The bulk density dependence on mean particle size is showE in figure 3. The mean
particle diameter is here defined, as recommended by Leva, by 1 _ T Xi . The

q, dpy

discontinuity of bulk density versus size occurs at the same particle diameter as
was observed for the discontinuity of particle density versus size. However, the
bulk density curve for the vesicular particles is slightly above the curve for the
nonvesicular particles in spite of the higher solid density of the nonvesicular
particles. The most likely explanation for this experimental observation is that
the wider variety of particle shapes one finds in the larger particle size mixtures

permits closer packing which more than compensates for the decreased solid density,
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The smaller sized particles, being more spherical, apparently pack with a higher
void space, causing a decrease in the bulk density.

Minimum Fluidization Velocity.  The minimum fluidization velocity was found to
~depend on the properties of the solid and fluid in a way that permits use of the
dimensionless Galileo number, Ngg for correlation. A correlation that empirically
fits the data was obtained by plotting log (Ngpe) against log (Ngg), as suggested
by Wen and Yu.! The resulting correlation i{s shown in figure 4. An excellent
straight line results for both narrow and wide particle si{ze distributions when
the mean particle diameter as defined above is used.

Some other salient features of the correlation presented in figure &4 are:

(1) Though self-consistent, our correlation using mean particle sizes does not
agree with that of Wen and Yu.l (2) For narrow size distributions, as expected,
it does not make much difference whether mean or maximum particle size is used; a
self-consistent correlation occurs either way. (3) For the few points available
for broad size distributions, attempted correlation is poor when maximum particle
size, as recommended by Wen and Yu, is used instead of mean particle size.

In view of the above three features, it is recommended that average particle
diameters be used with our correlation for predictive purposes with similar chars.

In general, the chars used in these studies require much larger velocities to
fluidize than predicted by reference 1. The difference hetween the correlations

ls too great to attribute to inaccuracies in measuring og which is the least
accurate term in the Galileo number. Examination of the char particles reveals

the most likely reason for the deviation between correlations is the configuration
or shape of the respective particles. A picture of some typical char particles in
figure 5 shows that the "particles" consist of a sizable fraction of agglomerates
of small particles and that these agglomerates can readily interlock. Thus, colli-
sions between particles in the fluid bed will frequently result in the particles 41
catching together which results, momentarily, in an increase in the effective

particle diameter in the bed and the requirement of additional energy to move the
combination or to unhook the particles. Because this additional energy can. only

be supplied through increased gas velocity, these particles fluidize at higher
velocities than particles having identical properties escept for less ability to I
-interlock upon collision. In deciding whether to use the correlation based on
these results or that based on more '"regular" particles, it would probably be
sufficlent to examine the particles to see whether they contain shapes that can
cause them to hook together and thereby require the use of higher fluidization b
velocities. ’ )

A summary of the fluidization data in given in table 1 to illustrate the range of

particle sizes and bed heights used to derive the correlation in figure 4. The .

minimum fluidization velocity was obtained in the classical manner by plotting the

experimentally measured bed pressure drop against the gas velocity, and defining

the velocity at which AP just reaches AP = Wy as the minimum fluidization velocity.
AT

A typical AP vs u curve is shown in figure 6a for a relatively narrow particle size

range.

-

14
In general, fluidization was visibly smoother for narrow size fractions of particles.
However, wide fractions of only coarser particles also behaved well. The most
irregular fluidization was experienced with wide size fractions having appreciable
concentrations of fine particles, leading to behavior illustrated in figure 6b,
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where precise definition of Ups was difficult. Appreciable channelling and segre-
gation was noted with the particle size range illustrated in figure 6b, but this
could be overcome by going to velocities considerably higher than Uys where per-
formance stabilized even with the relatively high L/D ratio used in this test.

‘Design Considerations. To design a fluid-bed chemical reactor, it is generally

not sufficient to know only Uy, because one must operate at a velocity sufficient
to give vigorous mixing and prevent the segregation of particles. With the narrow
particle size ranges, it was found that a gas velocity twice that of Uys was

- sufficient to provide good mixing and to prevent segregation. However, as mentioned
above, for the wide particle size distribution (100 percent -14 to. 34 percent -325)
in table 1, it was necessary to operate at U/Upns>7 before complete mixing was
achieved. :

To. calculate the mean solids residence time in a fluid-bed reactor requires knowing
the amount of bed expansion as a function of operating conditions. The data below
indicate that the expansion ratio depends on the mean particle size as well as
U/Upf. A summary of experimental results is shown in figure 7a and 7b where L/L¢
is plotted against U/Upf for various particle sizes. As the mean particle size
decreases, so does the bed expansion ratio for a fixed U/Umf until d, reaches about
0.025 in., below which further reductions in particle size do not change the expan-
sion behavior. For wide particle size ranges, the previously defined mean diameter
determines the bed expansion as is indicated in figure 7b where expansion ratios
for fluid beds having char particles from 14 to325 mesh are plotted. Also in figure
7b, data are shown for narrower particle size distribution tests made with particle
diameters below .025 inch.

CONCLUSIONS -

The minimum fluidization velocity of coal chars, physically similar to those studied
here, can be predicted for various particle sizes and gas conditions by computing
the Galileo number and fitting it to the correlation developed here. To get the
Galileo number requires knowledge of mean particle size, particle density, and gas
density and viscosity at conditions for the desired system. The correlation applies
to both narrow and wide particle size distributions and over a range of 'Reynolds
numbers at minimum fluidization" from less than 0.1 to over 100. The minimum
fluidization velocity predicted by our experimental correlation is comsiderably
higher than one would calculate from existing theory and from other correlations
because of small agglomerates in the char which causeentanglement and thus require
an additional energy input to either separate them or fluidize the more massive
combination. Correlations are also presented for fluid-bed expansion that indicate
that the mean particle size is the main factor in determining how bed expansion will
vary with gas velocity.

NOTATION
U = superficial gas velocity, ft/sec
Unf = superficial gas velocity, at minimum fluidization, ft/sec
op = density of fluid phase, lb/cu ft
pg = efféctive density of solid phase, 1lb/cu ft

0, = bulk density of bed, lb/cu ft
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dpi = particle diameter, £t
Xi = weight fraction of particles having diameter-dpi

dp = mean particle diameter, ft

u = gas viscosity, lb/ft-gec

Wg = weight of solid in bed, 1b

" A = cross sectional area of tube, sq ft

AP = pressure drop across bed, lb/sq ft
L = bed height, ft
Lmf = bed height at minimum fluidization, ft

Dy = tube diameter, ft

g = acceleration of gravity, ft/sec2

Nga = Galileo number = dppf(ps-pf),gu_'2

(NRe) = Reynold's number at minimum fluidization

= dp Uns Pf u'l
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FIGURE 1.- Cross Section of Typical Char Particle
at 220 Magnification.
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FIGURE 5.- Char Produced by Dilute-Phase
Hydrogasification, 12x14 U.S. Sieve Series
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