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ILLUSTRATIVE PROBLEM

It is desired to carry out a given reaction
with a magnetite catalyst at a space velocity
of 125. The reactor is 6 inches in diameter
and 1 foot high. Considerations of the kinetics
of the reaction have shown that the smallest
possible particle will be the most desirable, but
pressure drop across the bed is limited to 1
ps.i. No change is expected in the density
of the flowing gas. Visual comparison of the
catalyst with the photographs of figure 67
reveals that the material is identical in shape
with that designated as A=1.73. The gas
viscosity at operating conditions is estimated at
0.018 cp. It is desired to find the smallest
particle diameter for which the pressure drop
will not exceed 1 p.s.i.

Solution:
® _(125) (1) .
U= 3600 ==0,0347 ft./sec.
A 1 .
T—I—-l.OO p.S.l./ft.
A=1.78

#=0.018 cp.
Xu=3.47(X=100)
Y=0.018(Y=1.0)
XY =100
XYAP[L=100,

As the desired value sought is D, D,/A should
be the last axis encountered. Thercfore, the
bottom order given in the key is followed.
Xu=3.47 is alined with XYAP/L=100 to
obtain & point on reference 1. This point is
connected with ¥u=0.018 to obtain a point on
reference 2. Alining this point With an assumed
value of §=0.52 gives a value of D,/A=0.0020
inch, or D,=0.00346 inch. Figure 94 shows
that such a small particle would yield a voidage
of about 60 percent. Repeating this process
for an assumed §=0.60, D,/A=0.0013 inch
and 1);=0.00225 inch. A particle of this size
should have a voidage of about 61 percent,
which is as close to the last assumption of 60
percent as the accuracy of the curves permits.
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Figvre 41.—MODIFIED FRICTION

GENERALIZED PRESSURE-DROP EQUATION

TRANSITIONAL RANGE

It has been shown previously that flow
through packed beds, like flow through empty
pipes, takes place in two distinctly different
modes—the laminar and the turbulent. This
also can be scen in figure 41. For the transi-
tional region, which, for packed tubes, is
deseribed by a range of modified Reynolds
numbers 10-100, neither equation (21) nor
tquation (40) will give accurate results. Equa-
tion (5) can be written in the form:

=‘2fG2L)\3“"(1 —3)3-n

AP
Dygeps®

’ (41)

which is ‘the one recommended for use in the
Itermediate range. Equation (5) shows that

¢

FACTORS VS. MODIFIED REYNOLDS
NUMBER.

n can be evaluated from the slopes of the curves
of figure 30. The values thus obtained were
used to plot the inset in figure 41.

Values of f were obtained by measuring all
other variables in equation (41) and solving.
Figure 41 thus permits the evaluation of pres-
sure drop in any range of Reynolds number.
The continuity between laminar and turbulent
flow which this procedure yields is furthexr
verified in figure 42, which shows the pressure
drop for two different packings over a flow range
covering the laminar, transitional, and turbu-
lent regions. The gradual change in slope from
1 to 1.9 is clearly established in the Reynolds-
nunmber range of 10 to 100.

The importance of correct evaluation of the
void function (1—68)*"/8® has been stressed
previously. As an additional aid in the use of
equation 41, figure 43 is presented for the
evaluation of the void function.
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FicrrE 42.—PRESSURE DROP FOR LAM-
INAR, TRANSITIONAL, AND TURBU-
LENT FLOW OF AR THROUGH
PACKINGS.

DIFFERENTIAL EQUATION

The development of equations (41), (21), and
(4) is based on isothermal measurements at
moderate pressure drops. For the more general
case, equation (41) can be considered applicable
over a differentia] length, dL, and used in
Bernoulli’s energy balance equation for g unit
weight of fluid:

ZdP+“T‘“‘+dp=o- (2)
The first term Tepresents the change in pressure
head of the fluid, the second term the kinetic-
energy change, and the third term the irrevers-
ible work. This assumes the usual condition
of negligible change in static head.
As the irreversible work is exactly the
quantity that was measured in the isothermal,

]ow—pressure-ch-op experiments, one may write

from equation (41)

dP 2fG?}\3—-n (1_8)3—71 dL
dF_ . .
P ngc 8 p? (b)
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F16URE 43.—~GRAPHICAT, REPRESENTATION OF
THE VOID FUNCTION.

For any given set of flow and equipment
conditions, all the factors within the brackets
will be constant along the length of the Pipe,
except for the possible effect of temperature on
viscosity (and hence on the Reynolds number),
which might produce g small change in f and 7.
Equation (b) can be written, therefore,

dF=C %:C’EML- (e)

Asu=5Gand du=@Gy ¥, substitution in () yields

adp+m;;‘”+cmL=o. . ()

From definition of the compressibility factor, Z,

__ZRT
=Zrr @
Dividing (d) by 72, substituting (e) in the first
term of the result, and rearranging gives the
generalized differential equation for pressure
drop in packed beds:

ZRG, dF,  ZR :
—Pd P_Tcﬂ— T5+C5FTdL- )

For isothermal conditions, (f) integrates to

Pi—P2 ZRGT L) ZR
\2 —ﬁgcﬂl—- In <T)—'1 +C TI TL,

R
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(42)

which equation may be used when high-pressure
drups or large fluid-density changes are to
be anticipated.

NOMOGRAPH

Consideration of the preceding section led to

{he construction of a simple nomograph for the
evaluation of a correction factor, which may
be applicd to results obtained by using the
nomograph previously constructed for viscous
fow.
: If the factor C is defined as the ratio of the
pressure drop calculated on the basis of the
transitional-flow  formula to that calculated
from the viscous-flow formula, then

o2 ELN (=)
- Dygepd®
M= (1= i g 17,

X -D77.(/¢:P63x _
27 GALN(1—5)2

where f’ is the friction factor which would be
obtained by extrapolation of the viscous-flow
seetion of the 7 versus Re-number curve to the
Reynolds nuniber in question. Asn and f/f are
each complex functions of Re, the nomograph
of figure 44 could be constructed.

(10,0
9.0

Reletence lLine

SITION RANGE.

Bl‘i_cﬁy, the procedure for estimating pressure
drop in paclked beds consists of the determina-
tion of the various properties of the system,
I.’OSSIbly' with the aid of figure 25 or 94 and
‘uk:ulatmn of the Reynolds number. If the
£€1s greater than 200, figure 11 is used; if Fe
sless than 10, Agure 40 is used; if Re is between

PRESSURE DROP THROUGH PACKED TUBES, VISCOUS FLOW 51

10 and 200, figure 40 is used along with figure
44 to determine a value of €, by which the
pressure drop (determined from figure 40) is to
be multiplied to obtain the correct value.

SHAPE-FACTOR ESTIMATIONS

The sands through which flow was investi-
gated are shown in figures 45 to 49, which are
presented here to enable others to estimate
shape factors for similar material. At present,
visual observation seems to be the only prac-
tical method (except for experimental deter-
mination) of arriving at approximate shape-
factor values of fine granular particles. This
procedure requires some experience, but carcful
training should permit the determination of
representative values.

Discussion of fluidization will show that
shape-factor estimations are sometimes required
when dealing with small granular materials.
Tn reactors with co-gravity fluid flow, the
particles are usually large enough to permit
calculation of the shape factor by direct
measurement of the particle dimensions. Small
particles of iron Fischer-Tropsch catalyst are
shown later to be considerably more irregular
than sharp sand granules. In ordinary cataly-
sis with finely divided granular materials, the
shape factors most frequently encountered
range between 1 and 1.75. Some silica gel
cracking catalysts are spherical and approach
a shape factor of 1. Most granules have shape
factors of about 1.5. As granular catalysts
progress in age, shape changes sometimes occur,
most materials becoming more round. For
design purposes, it is therefore desirable to base
the shape factor estimations on the new
catalyst.

Frequently, considerable difficulty is involved
in the estimation of shape owing to the presence of
a large fraction of fine materials. If a standard
magnification is applied to such a sample, the
shapes of the larger pieces might be easily
recognizable, whereas the finer particles might
be indistinet. Although no systematic at-
tempts have been made in this work to deter-
mine whether the fine particles have the same
shape as the coarser particles, the general correla-
tions of friction factor versus modified Rey-
nolds number suggest that shape is independent
of particle size. No attempt has been made
with shape mixtures to arrive at any rule other
than the straight arithmetical one of averaging
shapefactor values. It seems that greater
refinement was not justified with the present
experimental accuracy.
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A=1.16.

/ Ficure 45.—UNIFORM ROUND SANDS.

//

PRESSURE DROP THROUGH PACKED TUBES, VISCOUS FLOW

0.00290 inch (i)

0 0625"
i 1 i

Figrre 46.—UNIFORM ROUND SANDS. A=1.16.
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0.0163 inch (3M)

0 0625"
L { |

Fiavre +7.—MIXTURES OF ROUND SANDS. A=1.16.
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- 0.00976 inch

0.01346 inch (6M')
( mixture)

0 .0625"
| . ! |

FIcURE 49.—~UNIFORI SHARP SANDS.

A=1.50.
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FLUIDIZATION OF SOLIDS

GENERAL

Investigation of fluidization phenomena was
andertaken with the aim of developing simple
corrclations that were primarily intended for
use by design engincers and process develop-
ment men. The present studies are essentially
concerned with the mechanics of the operation
preliminary to a more complex analysis of heat
transfer through such systems. Further at-
tempts were made to arrive at some quantitative
means for describing fluidization performance.

VESICULAR AND NONVESICULAR PARTICLES

Fluidization studies showed that for an
accurate development of quantitative relation-
ships, knowledge of the fraction of effective
voids in a fluidized bed is important. Study
of pressure drop through fixed beds has em-
phasized the importance of the effective-void
concept. For fixed beds composed of com-
parutively large particles, determination of the
effective voids by direct measurement is not
difficult. For beds composed of small particles

£ such as prevail usually in fluidized wunits,
however, direct measurement of effective voids

is possible only with nonvesicular materials.
If the conventional water-displacement method
is used for the determination of voids in beds
of porous (vesicular) materials, a value will
be obtained that is too high by an amount
depending on the porosity of the particles.
In order to preclude these difficulties, in-
vestigation of {luidization phenomena was
extended first to typical nonporous materials
before porous materials were considered.

FLUIDIZATION OF NONPOROUS PARTICLES
DESCRIPTION OF FLUIDIZATION

. When a fine granular material is dumped
Into a vessel, the resulting bed has (as later
ata confirm) a definite bulk density. This
Uk. density depends on the size, shape, and
vensity of the individual particles. When the
the wall of the vessel is tapped during dumping,
e bed packs somewhat more densely than

| Let us assume that
stration (a) in figure 50 represents such a
aei}sﬁ‘ly packed bed. If a fluid is admitted at
o ery low rate (@) into the bottom of this
» & small pressure drop will be indicated

Q. b. C.

Den'se Bed Intensely
bed ot fluidized
Smf bed

ap |-

Gl
Ficure 50.—0PER.—\TIj\3']E:}S’SI‘.&GES OF FLUIDIZED

by the manometer. As the rate of flow is
gradually increased, the pressure drop rises to
a point of equilibrium at which the weight of
the bed in the fluid stream is equal to the fluid
pressure drop across the column multiplied by
the cross-sectional area of the vessel. Mlathe-
matically, this may be expressed by the simple

relation:

,
AP=2" (1-8)(ps—p)- (43)
<1t

As the rate of fluid flow increases still further,
the bed begins to expand. This expansion in-
creases the percentage of voids in the bed suf-
ficiently to keep the pressure drop essentially
constant despite the accelerated flow rate. At
a certain fluid velocity (G5), the bed will have
expanded to such a density that the individual
particles have been disengaged from each other
sufficiently to permit internal motion of the
particles in the bed. This internal motion is
induced by the fluid moving through the
interstices of the bed and indicates the begin-
ning of fluidization. This condition is illus-
trated by sketch (b) of figure 50. Just like the
bulk density that results from dumping the
material into a vessel, this limiting bed density
at which fluidization begins depends also on the
size and shape of the particles of the bed and
has been termed “maximum fluid density.”
The fractional voids associated with this con-
dition have been called “minimum fluid void-
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DATA AND CORRELATIONS

Original and caleulated data of the investiga-
tion are shown in tables VII to X of the ap-
pendix. Figures 52 to 55 present the data
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- graphically in a form of log AP versus log G.

: .thc. runs appear as characteristic flat hines,
Indicating slight variation of pressure drop with
OW rate. For the initial point of bed expan-

sion:
"r
AP=I: (1—8)(ps—n); (43)
and, if the flow s viscous,
AP=200GrLN(1—8)% (40)
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Ficure 55—FLUIDIZATION OF MIXTURES OF
ROUND AND SHARP SANDS.

Equating the two expressions and solving for G
yields:
G=V£(1 -—5)(ps—p)D,,2pg¢63
A 200xLa(1—6)?
As - ‘
Vi
A,

(44)

L,

equation (44) becomues:

_ < Dy?geo(p—p)8
G=0.005=2 522> (45)
If the bed has a voidage equal to §,, incipient
fluidization prevails and the mass flow rate for
this condition is then given by:

0.0051)172909(93 _P)amfz R
AL —3my)

ILLUSTRATIONS
NO. 1

Microscopic examination of a sample of
silica sand indicates that its shape is inter-
mediate between “round” and “sharp.” For
the following operating conditions, find the
air velocity which will just expand the sand:

Vessel diameter___. .. _:._._.__._ 4 in.

Weight of sand bed_ .- ___ ... 10 Ib.

Bed height . ______ ... ______ 1.25 ft.
Particlesize (150- to 200-mesh)_.... 0.00345 in.
Specific gravity of sand__________ 2.65

Inlet air pressure- .- o __ 15.00 p.s.i.a.
Air temperature. .o - oo 70° F.

The voids in the bed are first calculated by the
expression:
10

(0.0872) (1.25) — 55 1y @.6%)
(0.0872) (1.25)

(1—9)
5

=0.445,

So==

=6.30.
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(29) (492) (15.00)

The density of the air: p==

Shape factor: A= 11—6_2’;10-0= 1.33

Viscosity of air: 0.043 1b. hr.-t ft,—1
For solid-gas systems. p is small as compared
to p. and equation (45) may be simplified to:

2 3
6= (0.003) (g.) (M (45b)

rAE(1=3) )"
Substituting into (45b),

, L (0.00345)2(0.0765) (165) (0.445)7
(= (0.005) (+.18) (109 (149) (0.043) (1.33) 7 (1~ 0-4335°

G=1.54

4.54
u ——(mbm =0.01 64 ft./SEC.

NO. 2

Water is passed upward through a column
of glass spheres.  Find the linear water velocity
necessary to expand the column, given the
following conditions: '

D,=0.205 in.
ps=146.5 1b./ft,3
p=62.4 1b./ft,3
#=2.42 1b. hr.-1 f,-1
§=0.382
A=1.00
Because the bed is composed of large particles,

turbulent flow is anticipated, and a similar
relation may be developed:

_2.007 G2 (1—8)T,
AP= ‘W (14)

Equating (14) with (43) and solving for @
vields:

/;WE:D P(P.‘:_P)‘s3
G=—\ 0.5 *“‘Df’\?’

where for smooth particles
D, G\—0.1
=175 L) .

f 13< »

Assuming f=1, a first trial for @ vields:
S PO (0.205) (62.4) (84.1)(0.382)3
¥=y 0319009 a2)(I—-0382)()

G=41400

(359)(530) (1.7 =0.0765 Ib./ft.3

DG _ (41400)(0.205)
T_“ (12)(2.42) =292.
From figure 10, #=0.95 for

D—”G=292.
°

Recaleulating @ on the basis of f=0.95 vields
G'=42400 and

D”G=300.
I

Because a value of 300 for

DG

©

Is in good agreement with J=0.95, the calcy-
lation of @ is close enough

.o 42400 ,
N ﬂ—m—olgs ft/.sec.

This value is of the same order of magnitude
as 0.136 ft./sec., a value observed by Wilhelm
and Kwauk % for the conditions specified.

MINIMUM FLUID VOIDAGE

In the previous section of the paper, a corre-
lation has been developed permitting the pre-
diction of bed expansion for counter-gravity
flow. Before an ordinary dense bed of particles
can exist in a fluidized State, it must pass
through this point of expansion. Moere ex-
pansion, however, is not hecessarily enough to
permit fluidization. The experimental data
indicated that before fluidization could begin a
definite amount of expansion was necessary,
depending primarily on the original static bed
density. For high initial densities, a ‘com- /
paratively large amount of expansion was
needed, whereas, for low initial densities, very
little or no expansion was required. In fact, a
static bed at its “maximum fluid density,” ‘as
this necessary condition for incipient fluidiza-
tion is defined, does not require any expansion
at all before the bed is ready for fuidization.
Any bed that has the maximum fluid density
or 1s composed of the corresponding “minimum

uid voidage” will begin to fluidize uncer the
influence of very small fluid quantities moving
up the column.” It is apparent, therefore, that
the prediction of the minimum fluid voidage is
of fundamental importance if it is desired to
estimate reliably the onset of fluidization,

he minimum fluid voidage of a bed of fine
particles is easily determined by fluidizing the

bed intensely and gradually reducing the fluid

9 Work cited in footnote 95, p, 7.
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to zero. This permits the particles to settle
radually into a position from which they may
readily be picked up again and fluidized. For
sands, the minimum fluid vqldage could be
closely approximated by pouring the ms_zterlal
into & vessol at a moderate rate. The voidages
{hus obtained are somewhat smaller than &,
although the difference is insignificant. Values
of 6 reported in tables 14 to 18 were obtained
by charging rather than by settling. As
charging is more convenient, it is preferred for
rapid determinations,

Figure 56 shmys a plpt of 8., versus D,. It
gppears that 8., is considerably higher for sharp

065 T
66 %}: o-Round sand
) -}*_3& AH=Shorp sond
« 55 5 SN
NE ’ S\
o ﬁ\J\ A —
5 % TN 2,50
45 b g |
* 0 {
40 & é‘@\i A=1L16
o 0.004 0008 0.0 0016 0.020
Dp,INGH

Fricore 36.—MINIMUM FLUID VOIDAGE, b,
FOR ROUND AND SHARP SANDS IN RELA-
TION TO PARTICLE DIAMETER.

sands than for round sands and lowest for mix-
The differences in 8., for the various
materials may be explained from considerations
«of the shape of the particles.  1When sharp sand
18 poured from a definite height into a vessel,
It comes to rest sooner than round sand.
(Owing to the sharp corners and uneven sur-
faces, there is a greater amount of “catching”
of particles with sharp particles than with
ronnder bodies.) These results are similar to
the observations made in connection with
Packing densities of large particles in packed
towers, where it was observed that rough, large
Particles build Deds that arve less dense than
those composed of smooth particles of the same
Shape, provided loading methods were com-
Pparable, Values of 8, ; for the round sand are
Somewhat smaller than 46 percent (the voidage
of the loosest arrangement that spheres can
ave),  This may be explained by assuming
that ‘the sands (though close cuts) are, never-
cless, mixtures containing a certain proportion

Of smaller particles.  The small bodies tend to
the spaces hetween the larger particles and
Teduce the over-all voidage to below 46 percent.
- ‘lgll{'(x 56 shows that é,, increases for de-
fasing values of D,. This observation is
Embﬂbly related to the ratio of surface area to
lame for the sands in question. The finer
ex}@”particles, the greater the surface area
ited by a unit weight of sand. When

FLUIDIZATION OF SOLIDS 61

loaded into a vessel, the sand normally comes
to rest when the frictional work between the
individual particles, expended in their down-
ward motion into the vessel, is equal to the
change in potential energy of the sand between
its initial position and final resting position in
the tube. Because the frictional work in-
creases with the exposed surface area, a unit
weight of small worn or angular sand should
come to rest sooner than large sand of the same
weight and type. The result should be a
higher voidage for the smaller sand. The
height of the sand column seemed to have no
significant effect upon 6.

CORRELATION

Analysis of the fluidization data is based
primarily upon the possibility of applying the
standard pressure-drop equations to the ex-
panded bed. Because, as indicated by the
order of magnitude of the modified Reynolds
numbers, the observed data extend over the
viscous flow range, application of equation (40)

200GuML(1—35)?

AP
Dngcp63

(40)

is suggested.

Consider a bed of particles of uniform size
and of unit height in an unexpanded, static
condition. The bed voidage, 8, is determined
by the shape characteristics and the mode of
packing. Admission of a fluid at an increasing
rate increases the pressure drop across the bed
until a value of

v,
AP=" (1—38)(ps=p) (43)

isreached, after which the pressure drop remains
essentially constant despite further increases
in rate of flow. Because, for a given material,
the particle diameter, D,, and the shape factor,
\, in equation (40) can be considered constant,
equation (40) may be rewritten:

GuL (107 _, (46)
p &
where
_AP D.lg.
C="5500 (462)

Let the ratio of the height of the expanded bed.
L,, to the height of the static bed, L, be desig-
nated by the symbol /. If, for convenience,
L=1, [, not only represents the instantaneous
bed height related to any particular fluid flow
rate but also the ratio of expansion :

L.
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[ -t
: Therefore, equation (46) may be rewritten: does not obey equation (40). 'The apparen; i
; I (I . wregularity of the numerical values of the slopeg {
i : GE o (1;6)- -t (4¢7y  Indicates greater complexity.
SNy | ‘ e
= 100 [T T T A
. C . . . . Ly Y }
g ?: ’ ! From equation (47), it follows that, if fluid 0 a‘;e B 3
g ; Gl flow through a fluidized bed conforms with S0 BN%; e g
F 1 e equation (40), a plot of O g "x%—x- {q’-l_ 5
. o S 30—+ e R 2, — 4
a3 :}“z Gul, RIS AR
by (*] " o I\ ST :
§ i i ;'1 against Z)e w0 h \ iﬁ e ]
ki a—ae e T e R s 4
oy 3 WA : 12 - ¥
| 5 i Sk e
N g using logarithmie coordinates should produce a S v LBy |
Y straight line of slope m=—1. L i i | i §
o ‘;"»’f\ . All the experimental data have been analyzed 2 x-C0, | tdzarion i {fi'z_‘ :_'2:,'2 inciperr | 4 |
4 ;F’u . In this manner. Figures 57 and 58 show oe | ’ , " oope [3U00 | f
I8 o b5 o7 z o o7 3 o5 o7 1 l
ik log G 41 g :
e ' og — le 5
(34 : P
s ’;5)' . Fiov = - g -
il IGCRE 58.—FLUIDIZATION OF SMALL, UNL
"‘:ii plotted against (s FORM, ROUND SANDS IN 2L-INCH TNIT.
il log ~—— .
- 8 5%
i _ |
: é‘} ! for large and small round sands. Figure 59 ’_IU: :
‘ 4‘; , shows a similar correlation for sharp sands. All g
i these data were observed with the 2.5-inch unit, i B
| i lx . Figuro 60 shows a correlation of data obtained A .

'#!; with round and sharp sands fluidized in the 4- 12 i
il inch unit. Figure 61 represents data, pertaining t :
e to mixtures of sands. In the above figures, each e !
B line refers to one particular type and size, or " ] ¢
- S mixture of sizes, of sand. The slopes of ‘the L I
ST various lines differ from each other and deviate i

: ‘ é’; ' markedly fromm=—1. This suggests immedi- tﬂ: l
| ately that fluid flow through a Auidized bed el
i 1 LT1 I I
R | I
_ e I I L | [ .
E:[ ‘ o—Air T @..Ag incipient 03 08 10 20 o.s“_-s)zo.s 10 03 o5 10 }
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R ™\ & e SHARP SANDS IN 24-INCH UNIT. z
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Fievre 61 —FLUIDIZATION OF MIXTURES OF
SANDS IN 25-INCH AND 4-INCH UNITS.

i Figure 62 relates D, with m, the slopes of the

lines represented in figures 57 to 61. In view
of the variety of sizes, shapes, and mistures of

B <nds tested in vessels of different diameters

t and using fluids of greatly different physical
k. properties, the correlation should be considered

significant.
E -1.0 TSy =]
i
x4 » A
¥ 2.0
» g - E-30 e - Uniform round sond, 2% fube
.%’ 4 @ - Uniform shorp saond , 2 -lél tube
el 4 O - Uniform round sand, 4 “ tube
A -4,0 A ~ Uniform sharp sond, 4 " tube —
Co L 7 - Mixed round sand , 2-'2-“ tube
e ¥ - Mixed shorp sand , 4" tube
3 -5.0 [ | I
zi 3 0 0.004 0.008 0.0i2 006 0020
& Dp ,INCH
R Fievre 62— VALUES OF m IN RELATION TO
o D, FOR SAXDS.
FLUIDIZATION EFFICIENCY
H In figure 63, let the straight line @,,G; be a
g Plot of
log G ‘—; I
8rainst
(1—9)2
log ~—g—
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Figure 63.—FLUIDIZATION AND EXPANSION
LINES OF A TYPICAL SMALL SAND.

For illustration purposes, let the slope of this
line, m, equal —2. @,,G, is another straight
line of slope, m, equal —1. If the void factor,

(1—8)2
P

corresponding to @, is the void factor of a bed
of minimum fluid voidage, the fluidization line,
Gns@;, relates the required mass velocities of
the fluid with the respective voidages in the
fluidized bed. Because m=—1, it 1s also evi-
dent that line GG, the expansion line, relates
the required mass velocities of the fluid with the
same values of
(1—3)°
&

not for a fluidized bed, but merely for an ex-
panded bed. As both the fluidization and the
expansion lines are lines of equal and constant
pressure drop, the ordinates

G4,
p

with reference to the proper line, are propor-

tional to the energy involved in the rate of flow

of fluid through the fluidized bed and through

the expanded bed, respectively. Furthermore,
-~ because the ordinates

gy,
P

—_—

Rt e e S
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for the same values of

(1—~3)*

63

are always higher for the fluidization line than
for the expansion line, it follows that more en-
ergy is expended to pass fluid through a fluidiz-
an expanded bed without fluidization. With
this interpretation of the experimental data, it
is possible to define fluidization efficiency:

LB g B
et Ol

=l e PP 4
E, g v, I (48a)
fp e
or simply:
G,—G,
E,=%=C 48
¢ Gf ( )
EQUATIONS

From equation (48) it appears that for the
evaluation of fluidization cfficiency it is neces-
sary only to know the mass velocity, Gy,
required to fluidize the bed and the mass
velocity, @, required to expand the bed. As
@. refers to an expanded bed without fluidiza-
tion, it may be calculated directly from equa-

_ tion (40) provided the necessary data are

o

available. G, may be calculated from @,
using the relationship developed below.

From figure 63, it appears that for the
fluidization line

log (Gfl/ i)"l‘)g <ij‘l"u' E)
___.:;L)é“ 2L —=m. (49)

i (18,02
log( 5 —log 6"'/3”

Cancelling out £ and rearranging, equation (49)

may be written:
[ Gyly
Gm/lmf

Solving equation (49a) for

1,’m__(1__5)25m/.3.
T (I=5p)%

(49a)

(1—3)2

63

recalling that [,,,=1, and replacing I, by

I’?T(l_‘s)nf) (4"-T) i (1 _6:11.]‘)
ArVz(1—-8) — (1=9)

ly=l= (50)

finally yields:

—)2HlUm Ym —_ 2+1/m
(1 §) . EL) (1 6"1/) . (51)

& - Gmf 5mf3
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ing bed than would be needed for flow through.

A similar analysis is possible for the eXpansigy
line. Thus:
" —1
Oleo | _a—syu,p ]
tl (I8 (52)
Gmllmf ;

Substituting (52) into (49a) and cancelling oy
% yields: ) ’
Gllf l/m_ Gmflmf‘

Gm/lmf - Ge Ze (53)
Recalling that I,,=1 and L=I, equation (53) "
becomes: S
Gy [ Gup\™ :
6,=Sn! G‘l’) : (50)

Since m is inherently negative, equation (54q)

may be written in the form:

— Gmf Gc le (m]
6= (g2)

This is an important equation in connection

with fluidization calculations, and its applica-

tion will be demonstrated in a practical problem."

From equation (52), it also follows that:

o0 (bl (6]

88 Omt G.l,

Substituting (50) into (51a) vields:

(1—5)_(1—5m) Gm = g '3
8 5;,;;‘3/ [G—c!] (55) .

It is of interest to observe that equation (51) i :
reduces to the form of equation (55) if m=—1" -,

and if G,= @, is substituted.

Equation (49) permits the caleulation of G

if Gnyy G, and m are known. For a given size
of sand, m may be obtained from ﬁgure 60.
From figure 54, 3, can be evaluated and can be
used with equation (40) to predict G, From

the same equation, @, can be calculated for any - )

expansion ratio, Z, and then. through applica-
tion of equations (49) and (51), the necessary

mass velocity for fluidization and the efficiency . .

of the operation are easily obtained.

DISCUSSION

The fluidization of round and sharp sands

was investigated with air, carbon dioxide, an
helium in 2.5-inch- and 4-inch-diameter vessels.
Table 25 lists the physical propertics of the
gases which, according to equation (40), affect
flow through nonfluidized beds.

,..m‘;}.*;l‘i, o e el e 3

(54)
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TABLE 25.—Ph yeical properties of carbon dioxide,
air, and kelium at 70° F. and 14.7 p.s.i.q.

I B e plo=n | ngas/2CO:
|
COz--mm--- ‘ 0.0350 | 0. 1140 0. 307 1. 00
Mmoo io- | .0435 | .0750 | .580 1.89
Helium- -~ --- l . 0488 . 0103 4. 350 14. 18

The kinematic viscosity, 5, of helium is 14.18
times that of earbon dioxide and 7.5 times that
of air. The agreement in figures 52 to 56 is
therefore signifieant. For small sizes of sand
(especially in the 2.5-inch tube), a peculiar
inverted S-shaped trend persists for which no
catisfactory explanation could be found. The
Jata indicate that the kinematic viscosity of the
fluid affects fluid flow through a fluidized bed
just as it affects flow through fixed beds.

Ever since fluidization was considered as a
possible operation by which catalysts may be
contacted  effectively by gases or fluids in
general, the phenomenon of slugging has re-
ceived much attention. The reasons for this
~ consideration were simple, as it was postulated
- with good evidence that in slugging beds the
contact between the solid phase and the fluid
is not as effective as would be desirable, pri-
marily because of poor dispersion. There are,
of course, other features, primarily mechanical
in nature, that render excessive slugging in a
fluidized column undesirable.

%02
y .
A xexx 7 O
g I8
Xe o o e ¥
Kol —
Fog P
X oS ot
007 |- [
¢.“ d
5?'005 X+ + X7
o
z
& HoRXed + X
003 3 5
002 .
Symbols in the following sequence indicate increasing
bed heights for round sand: « x O A v,
+ shorp sand , ¢ mixtures of sand
001 | | I |
] Ly 1.2 1.3 1.4 1.5

le

Flovre 64— SLUGGING POINTS IN 24-INCH
UXIT.

FLUIDIZATION OF SOLIDS 65

During many of these simple tests, attempts
were made to find the onset of slugging in the
various beds. Thus, in the various graphs just
discussed, incipient slugging points were indi-
cated, and the results are shown graphically in
figure 64. Primarily due to the considerable
particle range involved, for the purpose of
condensation of scales, the logarithm of the
particle diameter was plotted against the expan-
sion ratio of the individual beds. There is a
distinet downward trend of the data, indicating
that small-diameter particles begin to slug at
higher expansion ratios than larger particles.
This means simply that with small particles in
general the smooth fluidization range, as indi-
cated by mass velocities, is greater than with
large materials. The data also seem to indicate
that incipient slugging occurs more readily with
tall beds than with short beds. This latter fact
is to be expected from general observation of
the formation of gas slugs. With taller beds,
the opportunity for large bubble formation is
more favorable, because the travel time of the
gases up the column is greater.

In general, the steadiness of the pressure drop
was a reliable indication of slugging in the tube.
For smooth fluidization—that is, operation with
good gas dispersion—the pressure drop fluctu-
ated very little, perhaps 1 to 3 percent. Ior
incipient slugging, however, variations of 5 to 10
percent usually were observed. TFor severe
slugging, the fluctuations of the pressure drop
were above 10 percent.

Slugging phenomena have been of consid-
erable interest ever since application of fluidi-
zation to process work was considered. Investi-
gation of heat transfer through fluidized beds
has shown that slugging apparently does not
affect the coefficients as much as one might
anticipate. No systematic data on the effect
of slugging upon other process variables are
available. Besides inefficient gas-solid distri-
bution, another objection to slugging is the
inereased wear and tear on the equipment.

Figure 65 shows caleulated values of fuidi-
zation efficiencies for all the materials plotted
against the expansion ratio. The graphs follow
a regular pattern and indicate that fine mate-
rials may be fluidized more efficiently than coarse
particles. If, for example, a bed composed of
particles of D,=0.00632 inch is compared with
a bed of particle size D,=0.01100 inch, then,
for an expansion ratio [,=1.20 it appears that
the bed composed of small particles utilizes
almost 49 percent of the total flow energy for
fluidization, whereas the large-particle bed
utilizes only about 17 percent of the total
energy. The remaining 51 and 83 percent,
respectively, of the total encrgy of the gas are
dissipated otherwise. The data analysis reveals
here, too. that the mixed particle sizes correlate
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. ROUND sanD SHARP SAND Determine )
09 0o 0002257 1. For the operating conditions stated, wil]
N 1999z 000303 ﬂulchzatlon_ occur?
w s 000445" oc034s" 2. If fluidization oceurs, estimate:
g, ocosss a. Efficiency of fluidizati ati
g. 000488 . ¢y ol flmidization operation. ‘
g 6 ‘ b. Expand.ed bed height and bulk density
& 000632" 1000488" at fluidization.
z N 200858 (0g) 00075 (%) ¢. Fluidization energy.
Z 4 {
g, 00335 SOLUTION ;
2 sa082 Effective particle diameter:
g 2 oaiog o002 ective particle diameter:
J 001346’
‘ D,=+/{0.0041) (0.0058) =0.00488 in.
1 Lt L2 ! ] 1.2
EXPANSION. RaTIO 1, The estimated shape factor of the sang:
Fiovre 65.—FLUIDIZATION EFFICIENCIES FOR '
ROUND AND SHARP SANDS. A=1.3.
well when the diameter of the mixture is From figure 56, Bmf?0-50 (value estimated
chosen according to the rule - betwepq round and sharp sand).
‘ Fluidization pressure drop:
7=z
¥ D,=3" (Xd,)s. (20) 20 - ,
= AP—W2—230 Ib. /gt
‘ A comparison of fluidization efficiencies for . v
round and sharp sand is not conclusive at this Static column height:
time. It appears that investigation of many 20 _
more irregularly shaped particles is necessary L=(2.65)(62.-1) (0.50) (0.38)2(0.785) — 278 ft.
before a definite trend can be predicted. ]

One of the most Important variables to be Gy may now be calculated from equation (40): ¢
considered in a study of fluidization is the B re s
percentage voids in the bed, particularly the 230=(200)0(&"18)8(2‘0:%‘;).81'31'1(82 "%3(0'80_)6(3144) ; 1
minimum fluid voidage. The materials investi- 0. )*(0-0750) (+.18) (10° (0.50) |
gated offered little difﬁculty in evaluating from which @,,,=14.6 1b. hy ft.~2, L 4
dms correctly, because tho individual particles ) ) 4
were uniformly dense and had well-defined The mass velocity of the operation: i

o surfaces. A bed of coke or other honeycombed (40) (0.0750)

material has a much greater voidage than a sand = =
° . P (0.0850)

» bed of comparable particle size. Hoswever, v
not all these voids in the coko bed are effective Because @,> Gny and because, from figure 62,
in permitting the fluid to pass through the bed. it appears that for this sand Mm=—2.05 the ;
Any correlation that would apply to flow bed will be in a fluidized condition, ‘
through a vesicular bed should “take into Next, it S necessary to calculaj:e the per-
account the fraction of effective voids, This  centage voids in the bed when 1t fluidized.
will be discussed in detail in connection with  Since at this point @, Guns, 6my, and m are

=35.2 1b. hr.~1 ft,~2

fluidization phenomens of coal particles, known, equation (51)
ILLUSTRATION (1 —.5) (Z-H/m)_ (_G_/-> m (1 _5mf) @+1/m) 1.
8 - Gy Smsd .
PROBLEM

may be applied immediately. Thus:

A sandy material is poured into a cylindrical
vessel, and air is admitted into the basc of the

1 1 1
2= T L2
(1__5) 2.OD>=<35 2 2.05 (1_0‘50) 2.05

k"k vessel through a distributor, The operating , |
4 R conditions are as follows: & 1.6 (0.5)3
A Sl Sand: : i
1 e Weight. .. ______ - 201b. from which o
L (TR Speeifie gravity_____ " 2.635. (1—s)1s =1.740
b3 ) Size_______-__________)___ 100- to 150-mesh. & T .
i ¥ 'L Shape factor (estimated - 1.8. . _
Ly jiBE Air: By trial and error, 6=0.535.
¥ . Temperature_.___________ 70° F. Then
4 Jutlet pressure___________ 14.7 psia. _
: ‘{,;» Rate (standard conditions) . 40 cu. ft./hr. 1 =1*5mf___ 1-0.50 =1.122
el } 4 Vessel diameter___________ " 4in, *1—s 1—0355 122
o
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Now cquation (54) may be applied to find G..

_ 146 ['G, 1.22272
Tri22 L7146

from which #,=21.01b. hr.~*{t.~*

35.2

Efficieney:
Ey=—" 55 =0,402,

Fluidization energy:  TW,=(230)(40)(0.402)
—3.700 ft.-1b. or 0.112 hp,

The expanded bed height is (2.78) (1.122)=
3.12 {t., and the bulk density at fluidization will
be (62.4)(2.65)(1-0.555)="73.5 Lb./it.3

FLUIDIZATION OF AN IRON FISCHER-
TROPSCH CATALYST

In the previous section, correlations were
developed that apply to the fluidization of
nenporous solid particles. The materials used
for these studies were round and sharp silica
¢ands. Although the correlations apparently
indicate that the density of the particles is not
involved, an investigation of materials with
densities sufficiently different from that of sand
was undertaken to provide a broader basis for
application of the correlations. In view of
recent interest in synthetie liquid fuel processes
and the possible extension of the fluidization
technique to these and other operations, it
scemed particularly worth while to investigate
the fluidization characteristies of a typical iron
Fischer-Tropsch (hydrocarbon) catalyst.

MATERIAL AND OPERATION

The chemical composition of the iron Fischer-
Tropsch catalyst corresponded closely to the
fcrm}lla Fe;04, magnetite. The pyenometric
density was 5.00 g./ce. and in satisfactory
nercement with that of FesO, (5.18 g.fec.).

he material was ferromagnetic of low reman-
ence, Figure 66 shows the weight-size dis-
tribution of the various materials investigated.

| the beds were composed of mixtures con-
taining 5 to 10 different particle sizes ranging
from 28- to 325-mesh. Figure 67 shows photo-
graphs of the materials. Comparison with the
earlier photographs of samples of round and
Sharp sands shows the iron-catalyst particles
to he considerably more irregular than sharp
sand,  For.this reason, the shape factor of the
:“t,ﬂl.\’St particles could not be estimated
"atisfactorily by comparison with sand par-
ieles, and a separate shape-factor determina-

100 was necessary.
wora &, Apparatus and experimental technique

re the same as those described in connection
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100 T T 7  ——
/ Symbol Cy  Dp,inch
80 e — LI 0.01518
/ )K / b — 124 0.01215
60 o - 1.54 0.00823
- / ;/ A — 128 0.00702
Z 40— ® -~ 144 0.00430
o r f / v — 2.09 0.00278
4 20 vV - 1.24 0.01214
/%J A — 325" 0.00480
; o o i | ) . J
iz 100 Zad ! f e
S v
2 80 % 4
8 A Al
60 r /]
oA 4
20 ’/
y '/HA_,,_.‘»X/// /
D
0 0004 0008 0012 006 0020

CIAMETER OF SPEGIFIC SIZE COMPONENT, dp, INCH

FIGURE 66.——“’EIGHT-SIZE DISTRIBUTION OF
TRON FISCHER-TROPSCH CATALYST BEDS
INVESTIGATED.

with sand fluidization. Known weights of cat-
alyst were charged into a 4-inch-diameter tube,
and the static height of the column was re-
corded. As the catalyst particles were non-
vesicular, the percentage voids could be calcu-
lated immediately. Air and helium were used as
fluidization mediums. When increasing quan-
tities of gas were admitted, the pressure drop
increased until the bed began to expand; at this
point, a small increase in fluid-flow rate caused
a considerable decrease in pressure drop and the
formation of channels through the bed. As the
gas-flow rate was increased, the pressure drop
slowly but steadily recovered, and the channels
were destroyed, indicating improved agitation.
From the comparatively large bed expansion
that preceded internal particle motion (fluidiza-
tion), it was apparent that the static bed void-
age differed appreciably from the minimum fluid
voidage, 8.y, fov this material. As the forma-
tion of channels made the beginning of fluidiza-
tion rather difficult to observe when gas was
admitted into the static bed at increasing flow
rates, 8,, had to be determined in another way.
It was observed that the cessation of fluidiza-
tion could be ascertained clearly when the bed
was fluidized intensely and when the gas flow
was gradually reduced. For the flow rate where
fluidization ceased, the column height was re-
corded, and §,, was calculated. The apparent
deviation between the static bed voidage and
8my was the chief difference observed between
the iron catalyst and light sands. There were
also indications that the catalyst exhibited
greater slugging tendencies than the sand.
Otherwise, a fluidizing catalyst bed closely re-
sembled a similar sand bed.
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DATA AND CORRELATIONS

The original data of this investigation are re-
ported in table XTI in the appendix.  Table 26
Jists pertinent orienting information. The static
bed voidage is generally 2 to 5 percent lower
than the values of 8, In figure 68, §,,,1s shown
in relation to D,. For comparison, the curves
pertaining to sands also are shown. The data
for the iron catalyst lie above those of the sharp
sand and agree with the shape requirements.

In figure 69, modified friction factors ave
shown for the iron catalvst in relation to the
mnlified Rexynolds number.  The plot permits
the evaluation of the catalyst shape factor.
Thus, for I!,=1, f=100 for spheres, and /=300
for the catalyst particles. From this:

,
l\'_‘l‘()—oi
and
A=1.737

In figure 70, pressure drop, AP, is shown in
relation to mass flow rate, &. The fixed-bed

slope 41 (indicating laminar flow) and the
fluidization portion by the flat, almost horizon-
tal, section. The data show clearly the exist-
ence of a peak where the two branches join,
which was considerably more pronounced for
iron catalyst than for earlier data on sand. The
data from the iron catalyst show the slow,
steady recovery of the pressure drop with in-
creasing fluid-flow rates. At high rates of flow,

0.65 T ] I [ I I
@ —lron Fischer-Tropsch cotolyst

60—
e .55 \%\g
had % \ \Q%-@— A=L73

] —— 1 A= 1
\\ Shorp sond7 As1.50
45
40 Round m}\\_ A= LIS
o 0.004 0.008 0.012 0.0l6 0.020
Dp, INCH

Fiatre 68 —MIXIMTUM FLUID VOIDAGE s,
FOR SAND AND IROXN FISCHER-TROPSCH
CATALYST IN RELATION TO PARTICLE

portion is characterized by the straight lines of DIAMETER.
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L \‘\Q o
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Figrre 69.—FRICTION-FACTOR PLOT FOR VARIOUS MATERIALS.
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the pressure drop across the fluidized bed may
be approximated closely by the earlier equation

(43)
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Fiovre 70.—PRESSURE DROP IN RELATION
TO MASS VELOCITY FOR FLUIDIZATION OF
IRON FISCHER-TROPSCH CATALYST.
Figure 71 shows log
Guy,
P

(1-5)?
63

in relation to log

Runs d-1 and d-2 were made with ajr and
helium, respectively. The satisfactory agree-
ment observed between the two runs when
plotted in this manner and a comparison of the
plot with figures 47 to 51 indicate that the
kinematic viscosity of the fluid affects the
fluidization of light and heavy materials alike.
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Frevre 71L.—FLUIDIZATION OF IRON FISCHER-
TROPSCH CATALYST.
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Table 27 reports the slope, m, of various lineg
of figure 71. Figure 72 shows values of 1, for the
iron catalyst in relation to D, ; lines establisheq
earlier pertaining to round and sharp sands gpg
shown also. Although some deviations exist
between the new data and the old correlation, ng
definite trend is indicated.

Figure 73 shows fluidization efficiencies fop
all the materials at three expansion ratipg
le=1.05, l,=1.15, and I=1.25. Tith fow
exceptions, the agreement is quite satisfactory,
It appears, therefore, that general correlations
developed on the basis of sand data are appli-
cable to nonvesicular materials of different,
specific gravities and to shapes more irregular
than sand.

-1.0 F'__i:,:; =;J:m~—— F:—-:
-15 il I
s 7
~20 2 -
’
R4 Approximate overage line
-2.5 v/ for sands ond irgn —f—n
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o |
-3.5 ,I
-20 ) Proposed correlation
) ! for round and
—as Nl ] sharp sands
5.0 ®-iron Fischer-Tropsch calalyst data
-5. ! 1 : . ; .
(o] 0.004 0.008 0.0i2 0.016 0.020
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Figure 72—VALUES OF m IN RELATION TO
D, FOR SANDS AND IRON FISCHER-TROPSCH
CATALYST.
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TapLE 26.—Fluidization experiments performed with iron Fischer-Tropsch catalyst

[ _
Fluidization pressure drop,
AP, Ib./ft.2 for—
- Statie Statie
Run {) 3 Weight,  yoioht,  fractional | 8ms Gas [

P gm. ft. voids, & Low | High

‘ ’ : > Calcu-

| | gas 1 gas lated

flow flow

] | |
a-Toeme- ‘ 0. 01518 4, 262 ‘ 0. 685 0.499 | 0.520 | Air_ ... 102 110 108
b-lo----! L 01215 5,011 ! . 820 . 506 L5825 ... do_____.___ 118 130 127
e=looeo--i . 00823 4, 650 .77l . 510 L5539 ... s [ TSRS 109 118 118
d-1_..-- .00702 5,229 ¢ 915 L6336 ... 1o Lo T 126 140 133
d-2. - . 00702 - 5.229 . 885 | .2 I PO Helium_._______ 119 132 133
P D . 00430 3,086/ L7241 . 535 LB76 | Alro ..o 75 101 101
P T . 00430 | 6. 019 [ 1. 063 . 542 L8738 |oo--- do_-o_-.-- 132 152 152
[ . 00278 | 5, 580 ! 1. 061 | . 574 L6100 jo_... dooeooaooo 104 137 141
U U S01214 | 7,234 | 1. 210 . 517 .525 [o_... do..o_.-___ 179 189 182
h-1..-.- . 00480 | 7, 863 1. 310 ;3 T PR U do_.-____.. 150 201 199
h-2_-...-| .00480 i 5, 637 L9435 CBL7 | doo. .. 137 143 143

TapLE 27.— Slopes of experimental runs made
with the tron Fischer-Tropsch catalyst as shown
in figure 71

R D, Tube di-
un ! Al ! ameter, m
{‘ inch inches

a-l_ - 0. 01518 4 —1.02
b-1___ ... T . 01215 4 -1.27
[y S . 00823 4 —1.73
d-landd-2_ . ... . 00702 4 —1. 84
e-lande-2.. . . _. . 00430 : 4 —2.64
-1 o . 00278 - 4 —3.25
ool R L 01214 4 —1. 10
h-land h-2.._ ... l . 00480 | 4 —2. 44

APPLICATION TO PROCESS DESIGN

The fluidization correlations developed so far
were obtained under nonreaction conditions.
The application of the relationships to systems
undergoing a chemical reaction requires due
consideration of specifie process characteristics.
The syvnthetic liquid fuels process is complex in
that waxes are formed at low temperatures and
carbon is deposited on and throughout the cat-
alyst at high temperatures. Ixcessive wax
formation will have the effect of binding the
individual catalyst particles together and, if
allowed to proceed uncontrolled, will eventu-
ally solidify the catalyst bed. Carbon forma-
tion will substantially reduce the density of the
ed and might conceivably lead to larger
agglomerates, Tt is appavent, therefore. that
excessive formation of waxes and carbon will
seriously affect the fluidization operation.

t is currently believed that excessive wax
ormution cun be controlled by operating the
Teactor above 300° C. If in this temperature
fange the formation of carbon may be regu-

lated by a proper choice of catalyst, the fluid-
ized reactor seems feasible for carrying out the
Tischer-Tropsch reaction. Aside from consid-
erations of temperature and the chemical nature
of catalyst, it is necessary to adapt the correct
catalyst grain size to a particular mode of
operation. The physical properties and linear
velocities of the reacting mixture change mark-
edly during the reaction, and such a change
large enough to affect significantly the quality
of the fluidization operation is conceivable.
These studies have revealed that the kinematic
viscosity of the fluid,

bt ]

largely determines the efficiency of fluidization.
Let us assume that

s
p

of the fluid decreases hv 50 percent as the
reactants and products pass through the reactor.
For a definite fluid flow rate, the use of one
particle size may result in fluidization at the
inlet to the reactor while essentially a fixed
bed exists at the exit. Because of a compara-
tively poor transfer of heat through a fixed bed.
such a condition will result in uncontrollable
temperatures, excessive methane and carbon
formation, and early deterioration of the
catalyst. It is important, therefore, to know
how small the catalyst particles must be to
assume ecfficient fluidization throughout the
entire unit.

The results of some calculations are presented
below, which show how the maximum particle
size (for which fluidization still occurs through
the entire reactor) depends on the diameter of
the reactor and the ratio of fresh gas to recycle
gas. The calculations were made for recycle
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72 FLUID FLOW THROUGH PACKED AND FLUIDIZED SYSTEMS &
ratios of 1:0, 1:4, and 1:9. For each opera- All the water is condensed out of the recvele i
tion, 12-inch, 18-inch, and 24-inch diameter gas, and CO, is allowed to accumulate. [t Was i
reactors were considered. The following con- assumed that catalyst activity was not signi. o)
ditions served as the basis for the calculations: ficantly influenced by the particle size, and that
Jperating temperature, © G.__________ 320  no liquid product films existed under the given
Qperating pressure, atm_ . ~7TTTTTTTo o m o 20 operating conditions. The calculations that
Space velocity (ft.s fresh gas)/(ft.5 cat.)jhr. . 27 300 served as the basis for table 29 were made op
*-"“tgi‘)sw §3s composition, percent: 57 the assumption that synthesis on the iron
HQ_'__.::::::::.—__:::::__::::::::::: 38 catalyst proceeds chiefly according to the
N I 5  following reactions:
Conversiop ofC sgnii}llesis 8as, pereent___________ L5 91
sag Sl T o
A\'Zi':ggfzahxc;;olecular weight of hydrocarbon n(CO+2H2)=CnH2n+nH20 and 2(2CO+H,) =
product.... T . Tfrocarbon CrHyy CrHon4-2C0,.

TABLE 28.—Caleulated inlet- and exit-gas compositions Jor three recyele rotios

et

Recyele 1:0, Reeyele 14, Recyele 1:9, | Viseosite

mol-percent mol-percent mol-percent I Viscosity
Constituent at 320° G,

T T —————— b, hr,~1

Inlet Exit Inlet I Exit Inlet " Exit ( f.~

CO 57.0 12. 10 22,8 14. 0 18. 5 141 0. 070
Moo 27T 38.0 8. 05 15. 8 9. 4 12, 3 9.4 . 034
Noo o LIIIIITTITees 5.0 10. 60 11.0 12. 3 1i. 8 12. 5 . 068
e R N 48. 85 45. 0 56. 20 51. 8 56. 5 064
MO I e 1215 | .. la2g . . .6 050
X 9 . 060

(CHp)p . 2777770 / __________ 8. 75 5.4 6. 96 6. 07 6

For a reliable application of fluidization prin-
ciples to the process, an accurate evaluation of
the physical broperties, such ag viscosity and {
density, of the fluids becomes necessary. The |
literature # Teports various empirical expressions 3
for calculating the viscosity of gas mixtures if i
values for the individual components are known. |

062 GO mixture in re- heir application is limited, however, to the {
lation 'fo temperature i
! 3

;

;

1

;

; ! specific conditions under which these relation-

100 200 300 400  ships were obtained. An application to higher
TEMPERATURE, e, temperatures, bressures, and different fuid
compositions, such as those prevailing in a
ischer-Tropsch reactor, does not seem justified.
Tigure 74 shows hoyw the viscosity of H,~CO
mixtures varies with composition and temper-
ature. The data gare those of Trautz and
Baumann According to table 29, the fresh BE
gas contains some nitrogen. Trautz and '
Baumann have shown that the viseosities of
H:-CO mixtures are not greatly different from
those of Hy~N,. TFor this reason, it is probably
permissible to consider the fresh gas as being
made up of 0.38 H, and 0.62 CO. In figure ~
o 30 7 50 % o0 74, the viscosity of such g mixture has bheen ‘
PERCENT H, BY VOLUME IN H, ~co MIXTURE P :

TR POUNgS PER HOUR PER FOOT

o
(4]

VISCOSITY

, » crr : 8237, 6414, 'and 604,
TR SRR o e

# Zipperer, L., and 3 ueller, G.: Gas und Wasserfach, vol, 75, 1932, 2 T
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evalnated for the reaction temperature by
extrapolating the data to 320° C. Although
the viscosity of the fresh gas could be thus
estimated with reasonable accuracy, no informa-
{ion is available for the other gas mixtures for
which, beeause of their complexity, the vis-
cositios cannot be estimated from figure 74.
For a 0.38 H,-0.62 CO mixture, the viscosity
at 320° C. is 0.06655 ib. hr. 7 ft.7L If the vis-

cosity is calculated on a mol-fraction additive-
rule basis, p=0.0564 lb. hr.=! ft.=%, The re-
sulting error is therefore only 14.8 percent.
For lack of a better method, the viscosities of
all mixtures will be estimated by this additive
rule, and the values thus obtained will be used
as a basis for fluidization calculations. The
kinematic viscosities estimated in this way are
recorded in table 30.

TapLE 20.—Fstimated kinematic viscosities of inlet and exit gases for a Fischer-Tropsch fluid reactor

Viscosity, 1b, hr.7! ft.71 Density, 1b./ft.3 LA\'erage E
R S tzinematic 7 Exit
Reeyele ratio : viscosity 1, - Tolot
Inlet Exit Inlet ' Exit ft.2/hr.
i .

1:0. . e 0. 0562 | 0. 0607 0. 466 0. 986 0. 091 0. 51
) U . 0609 | . 0628 . 902 1. 031 . 064 .90
| 3 USRS . 0616 1 . 0622 . 957 1. 014 . 063 .95

The ealenlations indicate that for low recycle
ratios the kinematic viscosity decreases sig-
nificantly as the reaction mixture proceeds
through the unit. For higher recycle ratios,

TasLe 30.—Caleulated data pertaining to the

however, the “huffer action” of the diluent gas
is more significarit, so that, at a ratio of 1:9,
the kinematic viscosity varies only little between
the inlet and outlet of the umit.

operation of a fluid Fischer-T; ropsch reactor

T Reeyvele Dy, ‘ u, . Dpmax,, Do, i -

Number ratio inch ¢ ft./sec. inch inch e Lo
Ino . ... ... 1:0 9 1054 0. 629 0. 0116 0. 00696 1. 273 C. 387
e .- 1:0 12 . 593 . 353 . 00785 . 00471 1. 219 . 424
le - 1:0 18 264 . 157 . 00475 . 00285 1. 152 . 575
Ido . 1:0 24 148 . 088 . 00335 . 00201 1. 105 . 632
2 T 1:4 21 1 1873 . 577 . 0162 . 00972 1. 237 . 199
b4 S 1:4 24 1438 . 443 . 0141 . 00846 1. 182 . 235
20, . 1:4 30 ‘ 920 . 284 . 0105 . 00628 1. 162 . 326
P23 [ 1:4 36 | 641 . 198 . 00818 . 00491 1. 095 . 384
3o . 1:9 30! 1950 . 566 . 0165 . 00990 1. 242 . 185
W 1:9 33 | 1612 -, 469 . 0152 . 00912 1. 187 . 206
Qe . 1:9 36 1353 . 393 . 0137 . 00822 1. 167 . 238

The data of table 30 were used to calculate
the values reported in table 31. As pointed
out carlier, the calculations are based on a
space velocity of 300 referred to fresh gas.
For this rate and the kinematic viscosity at
the outlet, the maximum particle diameter
for which fluidization will still occur was cal-
culated, and these values ave tabulated in
colimn 6. Because the operation of a fluidized
Ded composed of particles of maximum diameter
IS critieal, values of D, max. cannot be used
I process development work. A practical
Particle djameter must therefore be smaller
thun D, max. Thus, column 7 of table 31
Teports  values of D,=0.60 D, max. D,
Vilues, together with the corresponding fluid-
Zation mass flow rates, @, were then used
to obtain 7, and K,;. Because of the somewhat

involved nature of the calculations, data
pertaining to 2b are reproduced as a sample
problem at the end of this section.

Figure 75 shows the variation of the particle
diameter with the diameter of the vessel for a
constant space velocity. For all three recycle
ratios, D, decreases rapidly with increasing D;.
In the limiting case, D, should approach zero
for very large reactors. Furthermore, it ap-
pears, as one would expect, that the lowest
recycle rates require the smallest particle
diameters.

Figure 76 emphasizes the relationship be-
tween the bed-expansion ratio, [, and the
reactor diameter. The expansion ratio is
high for beds composed of large particles
requiring high rates of flow for fluidization.
For high recycle ratios, the expansion ratio is
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74 FLUID FLOW THROUGH PACKED AND FLUIDIZED SYSTEMS
i 0.012 T greater than for low ratios. In the lowep particl
! | e-1:0 section of the figure, the variation of fluidizatiop entivel;
o-1:4 efficiency with reactor diameter is showmn. Tt such ¢
olo)—X= 19 N Is surprising that E; increases with increasing reacto
@ 3\ \ | reactor diameter. For large values of D,, E, the su
t z X asymptotically approaches a value, the magni- ticles v
= \< y tude of which seems to depend on the recyvele aggreg
008 S ratio. For very small diameter reactors, E, bed sh
a \ approaches zero. tion u
o Table 31 lists the inlet velocities of the gas the m
' L \ into thereactcr. The highest velocity recorded A thir
w 1006 ' is 0.629 ft./sec. Industrial developments have tered
= \h shown the desirability of working with higher rior 0.
e \ N velocities ranging from 0.5 to 2.0 ft./sec.  As served
' W 604 the particle diameters reported in table 31 are associ |
3 well in accord with those employed in industria] time,
E N practice, it would appear that industrial units greatl,
: g \\ could operate with considerably larger partiele fects
b 002 — diameters without approaching the limits of bull
fluidizability of the bed. Expansion ratios expan
o S 0 30 70 in excess of those calculated in this paper have origin.
o REAGTOR DIAMETER, D, INGHES been  reported in industrial equipment, an violen
‘ indication that the particle diameters used in over \
AN Fiovre 75—PARTICLE DIAMETER D, industrial units are small in comparison with unifor
i VS, RE:\_C;I‘OR DIAMETER D, FOR A the relatively hich flow rat bhol
4 SPACE VELOCITY OF 300 AND VARI- 1 epuvey figh flow rates, P carno]
J OUS RECYCLE RATIOS. At the fluidization velocities recorded in cally
a column 5, the rate of carry-over from the fluid
‘ beds was negligible. Work aimed at finding a S
' relation between the rate of carry-over and the ,
L3 gas velocity has shown that the rate of elutria- '
\ tion from fluidized beds increases unusually For
. -~ \\ \ quickly with the lincar fluid velocity, once a the b
o Q2 certain flow rate has been surpassed. This cataly
L = ) @\<< observation is in agreement with industrial hr.7?
' « experience where significant catalyst losses react:
K 8 ¢ =10 recycle \ are reported for the comparatively high oper- - data .
L 2 —o-pa ating velocities at which Iarger units ave work- Ca
. & ®-19 Ing. L
& Finally, the rate of attrition in the bed should
' be of interest. At low flow rates and nonchemi- :
1O cal reaction conditions, attrition rates are Sy
) negligible; it is believed, however, that with '
‘ -7 T higher flow rates and in the presence of chemical
W *-1:0 recycle // reactions, which are accompanied by intense
5 o-k4  w heat effects, attrition can become important.
o & CRIE-T Furthermore, if the bed is composed initially of For
r e S particles that are too fine, it is difficult to see 1.
{ re / how formation and loss of fines can be pre-
= /" / vented. o _ ‘ 2.
S . ,J One of the chief difficulties encountered in the
. =3 operation of fluidized beds in Fischer-Tropsch
. a / /@/@/ reactors is the formation of carbon on and
v 5 / e throughout the catalyst. In an evaluation of
’ L .lo 4 =5 = P itflho leﬂ"ects that carbon formation will lmvfe ﬁn F
uidization, it is necessaty to consider carefu g
REACTOR DIAMETER, Dy ,INGHES the manner in ywhich the carbon is deposited in
Frerne 76.—FLUIDIZATION EFFI- the bed. If the carbon appears suddenly,
%I\Iﬁt\lg’li %4 %}chg‘%‘%?f\ﬁ;%{gﬁ owing to rapid cracking of waxy substances (a
) R Y SPACT - N J iti likely t rat th 1wventional .
! D, FOR A SPACE VELOCITY OF 300 condition not likely to occur at the conve wh
. AND VARIOUS RECYCLE RATIOS. operating temperatures), large agglomerates of ,
i ¢
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particles will result that may immobilize the bed
entirely. A catalyst bed that has experienced
quel a change must be discharged from the
reactor. If the carbon forms more slowly on
the sirface of the catalyst, the individual par-
ticles will be enlarged; however, no substantial
aceregation should occur.  This change in the
bed should not interfere seriously with fluidiza-
tion unless the particles have enlarged beyond
the maximum size that can still be fluidized.
A third formation mechanism may be encoun-
tered in which the carbon deposits in the inter-
ror of the catalyst particle. It has been ob-
served that this type of formation is always
associated with size disintegration. At the same
time, the bulk density of the bed is reduced
ercatly. This change has very pronounced ef-
focts on fluidization. Owing to the reduced
bulk density, such a disintegrated bed will
expand considerably beyond the limits of the
orizinal bed, and fluidization will become more
violent.  As a consequence, the rate of carry-
over will inerease.  As the carbon is dispersed
uniformly throngh such a bed, separation of
carhon by blowing over parts of the bed periodi-
cally is not possible.

SAMPLE CALCULATIONS AND COMMENTS

PROBLEM

For a 1:4 recyele ratio, 300 space velocity (on
the basis of fresh gas), and 3.33 ft.2 of dumped
catalyst, the mass velocity, @, equals 1,438 1b.
hr.-" ft.~% if flow through a 24-inch diameter
reactor is considered. Additional operating
data are as follows:
Catalyst:
l’nlll'li(i}e density, (ps): 5.00 gm./cc.=312
v /ft2

~ Shape factor, X: 1.73.

Synthesis eas:
Inlet viscosity, x: 0.0609 1b. hr.-* ft.-!
Inlet density, p: 0.902 1b./ft.2
Sxit viscosity, p:0.0628 1b. hr.-* ft.-!
Exit density, p: 1.031 Ib./ft.3

For the above operating conditions, determine:

1. Maximum particle diameter, D, max., ab

minimum fluidization.

2. Using D,=0.60 D, max., find the expansion
Eutio, l., and the fluidization efficiency,

1"
he

SOLUTION
For minimum fluidization:

200G L A1 —8,)2

Dnegcpﬁs (a)

—\I):L.{P.«-P)(l"‘amf)=
Where 1), is the maximum particle diameter,
» s From this equation,

40247 —01——0

OF SOLIDS 75

Dofnft_ 200GuN2
ch(Pa_P)

T—3,, )

As all the quantities in the right-hand expression
are known, it follows that:

D%, (200)(1438)(0.0628) (1.73)2(144)
T—o6my  (4.18)(10)%(1.031)(312—1.031)

58.2% 107 in.2

In figure 77, values of

have been plotted against D,. The curve per-

(x10%)
80

" ~

60

30 /

v

o] 0004 0.008 0.012 0016
PARTICLE DIAMETER, Dp(INGH)

2 3
Frovms 77— 2285% v§ D, FOR THE IRON

1_6":
FISCHER-TROPSICH CATALYST. (SHAPE
FACTOR A=1.73).

tains to the Fischer-Tropsch iron catalyst and
was constructed from the curve shown in figure
68. From figure 77, it follows that for

25 3
lzp oﬁmj =58.2X107%, Dp max, =0.0141 in.
“=Omf

Working particle diameter, D,: (0.75)
(0.0141)=0.00846 in.

From figure 68, the minimum fluid voidage for
D,=0.00846 in.: §,,;=0.548.

From figure 72, m=—1.46.

Next, it is necessary to find the minimum fluid

mass flow, Gn,, for D,=0.00846 in. This may

be calculated from:

200 G,,,f/J.L,)\E(l —5,,,;)2
Dyge ping® ’

AP=L,(ps—p)(1—8umns)=

e e

e

el
~ %

AmtnTres




76

whence

fluidization,

a plot of log @ versus

1—3
tog (=)

should be helpful for the

expansion ratio and efficiency.
As

mf

In
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R { T
by coming down from this point to the exp{;%{é
¢ !=(312—0-967)(0-967)(4-18)(10)5(0-00846)2(0-548)3= sion line, @,=1,100 Ib. hrt ft.~2%  Rop thy 3
” (144)(200) (0.0619)(1.73)2(1—0.548) expanded bed, s
614 1b. hr.t £t,—2, Tl
A=) 5
For obtaining values of G, L, and E,, a simple &
graphical method may be used. Because, at

27.(1—35)2
AP=L(1 _5)(,,_'_,,):%

determination of the

8my=0.548, @=2.73.

figure 78, the point of minimum fluidization

1500

1,000

800

600

400

fluid mass velocity was 1,438 1b. h

and, from figure 43, §=0.642. Finally,

1—8  1—-0.548
T, T 06611202
and

~Gr—G._1,438—1,100

The difficulties of evaluating
cosities of reaction mixtures hav
previously. It is fortunate th

kinematic -
e been stresse
at the partj

the kinematic viscosity as show
(b) of the illustration. Furthermore, the ;
ticle diameter is also proportional to the

root of the mass flow rate, As mags flow, ¢;
e calculated with Precisio

n, the calculated
particle diameter D, o should be fairly: e

curate, even though considerable uncerty,
exists as far as the true viscosities of the fl
through the reactor are concerned, :

The calculations made in

granular beds. From equation (b) it appears:
that the maximum particle diameter is diregtly:
proportional to the shape factor of the particlés-
At present the only practical approach to evilu- *
ating the shape factor of Particles is to comp

them with particles for which the shape fag¢

67 may be used for this purpose. Omnce the sh
factor has been established, values of §

estimated from figures 68 or 94 providing. {He
clue for further caziculations.

ABRIDGED EQUATIONS FOR ESTIMATING ‘ B
-ONSET OF FLUIDIZATION B

Inspection of figure 68 shows that with in:
creasing values of A, both Omy as well as

Fisure 78 —GRAPHICAL SOLUTION (1=b,y)
FOR EXPANSION OF IRON Fi§.

CHER-TROPSCH CATALYST BED. ipcrease.

is readily located by plotting log @,, against  the value of

] (1—38) Smys®
og 5. by

Through this point two straight lines are laid. remains sufficiently constant to permit equaﬁ?ﬁ
e slope, m, of the fluidization line is —1.46 d

(452) to be written in the following abridge
and, for the expansion line, —1.00. Operating  form: ;




Gns=CD?gc(ps—p) —f, (56)

* here C'is a function of D, as shown in figure 79.
B 11 the fluid density may be neglected when
Wompared to the solids denmsity, the equation
Pray be simplified further to read:

Gmf=CDngcPa E' (57)

: The equatviori is only applicable to solid-gas
B stems for modified Reynolds numbers that
e smaller than 10.

oot |t [ 1 I 1)

b ‘Minimum fluidization mass e
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Equation (57) has been tested by the use of
the extensive data Logwinuk # obtained with
silicon carbides, silicon dioxide, silica gel, and
aluminum oxide. The results are shown in
figure 80. It appears that the relation gives
values that are somewhat high. The following
expression suggested by Logwinuk,

0.0045 D 2-19(p,— p)0-80,1.004 0.98
Grnr= Al ’

fits the data somewhat better than equation
(57); owing to the various fractional exponents,
the Logwinuk equation is not too convenient
for rapid use, however.

CORRELATION OF WILHELM AND KWAUK 4

In their excellent study, fluidization charac-
teristics of comparatively large .particles were
investigated. Diameters ranged from 0.0113
to 0.205 inch. The materials were glass beads,
Socony catalyst beads, sea sands, lead shot,
and crushed rock. Air and water were used as
fluids in columns of 3 and 6 inches diameter.

A distinction was made between what the
authors termed aggregative and particulate
fluidization. Aggregative fluidization usually
referred to solid-gas systems, being character-
ized by the coexistence of comparatively large
bubbles in the interior of the bed, whereas
particulate fluidization was chiefly observed
with solid-liquid systems, in which the particles
were individually and uniformly dispersed.

In their correlation, Wilhelm and Kwauk
substantiated the validity of equation (43) for
all the materials. For their generalized cor-
relation, they show values of Kip or Ka, in
relation to

DG,
©
By definition
2°0ge AP

KAP: 2}1.2L0

which is the product of the Chilton and Colburn
modified friction factor ¥ multiplied by the
square of the modified Reynolds number,

3 p—
KA,,=D” pgé,ifa p),

which constitutes the product of the drag co-
efficient of particle settling under the influence
of gravity and the square of the modified Rey-
nolds number.

It will be observed that the two equations
transform into each other by either using

43 Work cited in footnote 98, p. 7.
#4 Work cited in footnote 95, p. 7
45 Work cited in footnote 19, p. 4.
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AP
I oF (pe—p)

as the pressure gradient.

According to Wilhelm and Kiwauk,* the onset
of fluidization is estimated by evaluation of
either Kap or Ka,. These values are then used
in combination with plotted data to establish
the Reynolds number at which the material
begins to fluidize. The expanded bed height
for any particular flow is then estimated by
proceeding along the particular curve to the
desired Reynolds number. Intersection with
the corresponding percent void curve gives then
the density of the bed in the expanded state.

Wilhelm and Kawuk’s correlation for caleys. .-
lating the onset of fluidization is based opn the.
assumption that all solid materials have 5 Mory
or less constant minimum fluid voidage g4
6~0.40. Although this is true for comparg:.
tively large and spherical particles, it may be i
error for small particles, especially if the shapeg; -
deviate considerably from that of g sphere, .

In table 31, calculated fluidization data pep: 4
taining to both small and large particles are . 3
compared with values actually observed, and:
the comparison emphasizes that more accuraty
results will be obtained if individual values of
Oms are chosen for the particles in question,

TasLE 31.—Voidage and Jlow for start of fluidization Jrom experimental results and as caloulated by,
zarious correlations Y

Experi-

Experiment mental

Long form Short form

Wilheimj; o4 :

. 00838
. 00458
. 00310
. 00202
. 00202
. 00658

. 0201
. 0201
. 0201
. 0113
. 205

. 125 149

1 Table numbers in accord with work of Wilhelm and Kwauk (see footnote 95, . 7).

For runs characterized by Reynolds numbers
larger than 10, the following general form
(obtained by combining equations (41) ‘and
(43)) for calculating Gny was used:

D gcpamfs
G, 2= pIclImf |
mf 2]'}\3_,,(1 amf) —n (450)

FLUIDIZATION OF MIXED MATERIALS

During the course of catalytic reactions,
catalysts frequently undergo significant phys-
ical changes. Discussion  of application of
fluidization principles to the Fischer-Tropsch
synthesis has disclosed that in this particular
case the density of the bed decreased signifi-
cantly as a result of carbon formation., Thus,
aside from catalyst losses, the bed becomes
heterogeneous as far as material density is con-
cerned. An investigation of the behavior of
beds containing more than one solid component,
therefore, was of. interest. The systems chosen
for investigation consisted of various mixtures

8 Work cited in footnote 95, p. 7.

of iron Fischer-Tropsch catalyst and sha
sand. As a fluid, air was used, and the expe
ments were performed in the 4-inch-diameter;:
column. Table 32 describes experimental dé:
tails; the original data are given in table XII i
of the appendix. n

STRATIFICATION

During the experimental procedures, which
were identical with those described earlier, .it: P
was observed that stratification of the mate-:
rials occasionally occurred. Although no de-
tailed separation studies were made, it ap::
peared that fluid flow rates intermediate be= -
tween G, values for sand and iron catalysts:
caused eventual separation. When flow rates:

with G, values larger than those for.irom; =3

catalysts were used, stratification did not tak(-,‘,}
place. Slight vibrations of the equipment were;
helpful in promoting the rate of material sep:
aration. Before the sand particles moved 102
the surface of the bed, the formation of tinyys &
channels through the bed could be observed;.




%4 these served as passageways for the sand
e If separation was permitted to pro-
d, the light-colored sand collected on the
of the bed and fluidized very smoothly,
ereas the catalyst fraction below remained
ntially a fixed bed. The tendency toward
P tification seemed to depend somewhat on
e composition of the bed; stratification be-
e more difficult as the percentage of the
W -density component increased.

4 B LE 32.—Orientation of experimental work and
characteristics of system

Weight percent gand

'd anc, | Specific
B sample volume | SPeC
‘> P Iron percent gravity
- catalyst

on S EorE g ]
BBAREBRe

—

CORRELATION

At flow rates with G,, values greater than
those for iron catalysts, the bed behaved like
PAny other system composed of one type of ma-
Terial. The point of minimum fluidization was
Basily observed as that point at which all the
ticles were in motion. Values of 8§,, for
fome mixtures are listed in table 32. Com-
Wbarison with figure 68 indicates that most
Yalues are in good agreement with the data for
gon catalyst and sharp sand.
¥ Several two-component systems of D,=
00135 inch and 0.00633 inch were examined,
id values of

log —=

fiave been plotted against

—8)2
log Q_SSL)
pt fizures 81 and 82. Because the slopes of
8 various lines are not influenced by the com-
Asltlop of the beds, it may be concluded that
} Pansion characteristics and fluidization-effi-
g oncy characteristics of mixed beds are not
pesentially different from systems comprised of
je ¢ type of material.
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Ficure 81.—FLUIDIZATION OF MIXED
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Weight, % ifi
Fe,0, | Sond |grovity
100_{| === 5.00
96.7 3.3 4.86
899 | 101 4.60
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Frcurs 82.—FLUIDIZATION OF MIXED BEDS.

Al

SOLID-LIQUID SYSTEMS
EXPERIMENTAL

The relationships developed so far have been
shown to apply to the flow of gases through
beds of solid particles. In many industrial

processes, however, liquids also are passed up

through beds of solid particles such as in the

briadi X Se LS

ar




washing of coal, backwashing of rapid sand
filters, and leaching of solids.

Original data observed during the fluidiza-
tion of sands and iron catalyst particles in
water and in oil are reported in tables XIIT and
XIV in the appendix. A glass tube 1.32 inches
in diameter was employed, and a glass cloth
was used as a false bottom. Weighed quan-
tities of sand or iron catalyst were mtroduced
into the column, and defnite rates of water or
oil were passed upward. The height of the
expanded bed was measured for the individual
rates, but pressure-drop measurements were
omitted. The data have been correlated in
figure 83 in the usual manner;

G
log p
was plotted in relation to

(1=9)2.
Fx]

log

In figure 84, data of other investigators are
shown in the same manner.
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Fieure 83.—EXPANSION IN LIQUID MEDIUMS.
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CONCLUSIONS

Consideration of the slopes, m, of the "3
individual plots of solid-liquid systems showg
remarkable deviation from the behavigr of ’
solid-gas systems observed thus far, Althoygy,
for solid-gas systems the slopes for runs Using:
particles of D,>.0.01 inch were essentially
equal to (—1.00) and became progressivgly,
more negative with decreasing values of D ']
the solid-liquid data exhibit a slope of (~1_06’)’~' P
over the entire range. There is reason ‘'t o
believe that the variation of m with D, iy
related to the rate of turnover of the solids iny ]
the bed. oy

The intensity of agitation of a fluidized beg} .
should not be related to fluidization efficiency, ' &
but rather to fluidization energy. 'This bes 3
comes apparent from consideration of th
fluidization of large-diameter particles.
cording to the data shown in figure 72, fluig
zation efficiency approaches zero for particles
of D,>0.01 inch. Visual observation, hoy:
ever, has indicated that the degree of Mixing;
in such beds is not essentially different from;
that experienced in beds of smaller particles:
In figure 85, fluidization efficiencies and fuids
ization energies are shown in relation to D.
for flows of G=5@,, and Gr=2.5@,,. 3
though efficiencies decrease consistently with: -;%
increasing D,, the fluidization energy increases: .
at first, reaches a maximum near D,=0.09: "
inch, and slowly decreases beyond this point;
The reason for this maximum is not known.; .

DATA INTERPRETATION ON THF BASIS OF THE FLOC;‘Q
CULATION THEORY ‘

In an attempt to explain the deviations ob:;
‘served between pressure-drop data and fluid= *
ization data (as shown by figure 72, where m: °
is plotted in relation to D,), Morse# calculated
modified friction factors according to equation:
(40) for the data recorded in tables VII to X
of the appendix. When the modified friction’® -
factors were plotted against the modified Rey- %
nolds numbers, severe deviations from the
fixed-bed correlation seemed to exist. For the: &
largest sands considered, the friction factors;: 4
proceeded parallel to the f vs. Re curve.- As; %
the particles decreased in size, the slopes of the;
calculated f values became increasingly more:
negative. All the data were “anchored” abl g
the f line at the point of minimum fluidization.” 74

# Work cited in footnote 96, . 7. BT

etor o i A g g

,«
4

il

‘

et




: FLUIDIZATION OF SOLIDS 81

108 Material Dp,(inch) H,O-fidn. Air-fldh. M  Reference
0.0147 A A 100
Sea sand----10.0219 v \v/ 1.00
9 0.0393 ¢ -- 105
I 0.0N3 ¢ ¢ ogg| Wihelm
Glass beads---40.020I é o) 080 uwouk
S 0.205 . - U7
. 7,8 \| 0 Leod shot----- 0.0505 ® —-— 118 [[ parent
10 = GCrushed rock---- 0.05507 -+ - 1.00J} Yagol
N N Coke--—~—70-325mesh === ® 250 Steiner
Y S Sand----100-200 mesh & -~ 1.00—Hatch
- X 000155 -4 - L00) .
sand-—---4 0.004i5 ” -~ 100
'\' @l 0.0179 a o 1.00 research.
For runs 7 ond 8 \.\- N 12,13,25 |3l2:
multiply ordinate by 100 \ ’
10° m— . ?@ !!! 2 \;'\\G\/ : i0*
3 < S _— 2,22/_4¢ Y 4
o — AN S@J SN =2
o FIN X N AN [0 3o
n I T[T Y, = :
N AN S @ t
% .)< N .\ r .\ b%v\ )
(3 Y +\ LI N .\ s ¢ 2 ‘}.; .
10°— = S g NS 10 Nk
o 5 N N =1
AANIFLRN O Ay Y 4 "!
X‘\‘ \+ > ® g% A d | !
N ) oy
J N N LI N v
O N T A ‘
{ e \q \;\ 16,24,26 VAN 1
N 0 R i R
S M \‘+\ A Y < 10 ERRE]
—— Numbers refer to s X T A
3 tables in poper -+ AN Y
by Wilhelm and Kwauk S S . BT 4
% Nb \‘ , e
:' \ 4 Bt 6
- })\ Note chonge in s::ale s R T P
T N L 10° 4 :
s 00l 002 005 Of 02 05 | 2 5 10 o2 05 | 2 5 10 o
: (3-n) : :
{-3) R e
83 g
. Figure 8¢.—CORRELATION OF LITERATURE DATA. i
e wo fro 50 1000 Morse observed that the calculated friction RN ]
3 P f- mf : : B
2=--E,, vs D, for G¢ =256 factors could be brought into agreement with po § :
3=ty v D: for G =56 ¢ the f vs. Re line if, for the specific sizes, 1t was A
4=--Wy vs D, for G =25 Ge 800 assumed that the effective particle diameter in- Atk
creased with increasing flows. It was sug- I
\ y gested, therefore, that immediately beyond the ik
3 §00 minimum-fluidization point (in the fluidized i L
! D! : i
L >  range) particle flocculation occurred (that is, a ialdl il
: 2 ™~ 400 certain number of particles joined into a definite o l
N Pz complex). As the flow increased, the complexes (B E 1§

/ >\ thus formed expanded (swelled) gradually but Seatd R
S 4 ] 200 remained inherently intact as a unit. As a Hila
s B _ ~ result of this swelling, the effective particle " ff;j%;
r LT diameter was believed to increase sufficiently ool i
; s : : to cause the negative deviation. Although this S :;i Ll

' 008 D.ff’r?m. oos .00 012 theory explains the negative deviations, there L ‘iE s

' . ri jections: DR A &

122 85— CALCULATED FLUIDIZATION EFFL are some serious objections oo MEE
ARLIO%ES AND FLUIDIZATION WORK FOR 1. No complexes were observed during fluidization sl )

8 MASS VELOCITIES. with sand or any other of the materials tested. RS ¥ A
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2. It is hard to visualize that such complexes should

; 7 J shou _ T
remain stable under the influence of the inereasing in- . . - .- Vg
terr:lal motion of the particles caused by the inereasing 332)1 It)g‘ll“eﬁfr(sﬁ% aﬁ aé;?;giri ?:3‘ il?é dfsio“ S toxfr :;I‘ an
fluid rates. . o Sug:,

3. One would certainly expect that the tendency to ges.ffd' tOhOWgV?I‘, fthai?’ thcf dmll ation betiwe.en-,
form complexes will depend on the nature of the particles urdization data for liquids and gases jg Intep;,
such as shape, density, roughness, and size distribution.  related with the nature of fluidization as pros
Fri)m ﬁggreb72 aslwell as f;gurﬁ 9 ’,rit is ex}zlident that not posed by Wilhelm and Kwauk—th at is, par.
only sands but also iron Fischer- TOpsch catalyst par- : . . s =
ticles and coke showed similarly large deviations ticulate for the water runs and ageregatiye fop

The following observations were made on the Eﬁe zﬁl'" h. %he S(ﬁem dei)watlons observed fgy

( 3 v ' ¢ nigh-Reynolds-number range were
data of Wilhelm and Kwauk. : s ey &

Lne lieved to be a result of the inherent mstability o ;
For a friction-factor plot of the unexpanded  fluidized beds of large particles. A s

pressure-drop data, the runs using air wep teridency of the solids and the f]

for water fluidization lay considerably below comparable fixed beds,
the friction-factor curve

) » though paraliel to it. To provide a more Tigorous exa
; on the other hand, the data, friction factors for the dg

The air-fluidization data .
were considerably above this curve. A friction-  and of Wilhelm and Kwaulk were

factor plot for the high-Reynolds—number data  Because many of the data fall into 4
(large and heavy particles) was severs] hundred gng low turbulence range, equation
percent above the recommended line for com- by Morse, is not adequate, becau
parable fixed beds. Moreover, the datg showed  only to the laminar-flow range wh

a complete lack of correlation.

Morse does not offer an explanation f,

1 S uid to segre
observed to give somewhat higher friction  ag given as the chief cause for the deviati

factors than the runs using water. The data  the calculated friction factors from th

Using the general friction-factor expression;,
3 IJ i
10 i
I
K ]
1]
2 F 2 - o- Air fl ;
10 2 i " How Wilhelm and Kwauk
. ¢~ Water flow f : |
- TG — ©~-Water flow - Hatch 4 |
m‘ . : ~:
8 o] O o o I ¥ ‘
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i tion (41), a recalculated voidage of the beds
geined from the observed pressure drop at

glor plots, were calculated and are shown in
Qares 86 and 87. From figure 86, it is appar-
BRthat no separation of air and water fluidiza-

i data exists. Moreover, the data are in
L dgreement with the friction-factor curve
fixed beds proposed earlier. From figure 87
BRE Observed that up to Re=200 there is no
gvimental difference between fixed-bed and
BZed-bed data for the comparatively large

Rcles investigated. The data in the high-
lolds-number range, however, disagree with
gixed-bed correlation. This deviation may
A lalned in the following manner: In the
“11 derivation of equation (41) it was
fhed that the interstitial pores are of the
R order of magnitude as the particles them-
- . Although this is more or less true for
' Cldages ranging from approximately 40
R Percent, the supposition is violated for
Y -expanded beds. As the data in the

Bal fluidization, and equation (43), friction-
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2o |o.0383| » [ > A S oSteN § glos, efc. 11
21, {oo2i9| « [ < A
22 |o.0@7| @ | > AN
23 |o0at4 | €| < %
24 |oonz | ¢ « 1
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MODIFIED REYNOLDS NUMBER, ’T'

- Fieure §7.—MODIFIED FRICTION FACTOR VERSUS MODIFIED REYNOLDS NUMBER
2 FOR DATA OF WILHELM AND KWAUK.

high-Reynolds-number range pertain to highly
expanded columns, it is reasonable to expect the
deviations indicated in the figure. For the
purpose of correcting the data, a larger (effec-
tive) particle diameter (as suggested by the
increased interstitial channel diameter) should
be chosen to bring the data into agreement with
fixed-bed behavior.

FLUIDIZATION OF POROUS MATERIAL
GENERAL

From the preceding chapters it appears that
for accurate fluidization calculations a knowl-
edge of the percentage voids (effective as far
as fuid flow is concerned) is indispensable.
With materials of little or no internal porosity,
void determinations are readily made by the
water-displacement method. However, when
dealing with materials such as coal or coke,
which have an appreciable internal porosity,
the voidage thus obtained will include the
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0.01646 inch (d)
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0.00658 inch (h)
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Frevre 88,—CLOSE CUTS AND MIXTURES OF ANTHRACITE,
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§ crevices inside the particles and therefore does
I 1ot represent the truly effective voidage as far
% a5 fluid flow is concerned. The problem of
rriving at a representative voidage for beds
f porous materials is vita] if it is intended to
utilize the fluidization correlations in connection
with most commercial materials. In an effort
% to demonstrate a more general approach than
B! that discussed so far, typical data collected
b with an anthracite will be discussed, and the
IR steps necessary to permit the use of the corre-
f 1ations previously developed will be outlined.

. EXPERIMENTAL DATA

The coal was prepared by crushing egg-size
lumps to pieces of approximately 0.25 inch.
t The fragments were reduced further in a ball
fmill and passed through standard sieves.
EFigure 88 shows the various cuts enlarged
[sufficiently to permit recognition of the charac-
eristic shape of most particles. Densities
determined by immersion in water and mercury
Pwere 2.37 and 1.97 gm./cc., respectively.
Assuming that the water fills all the internal
revices and that the mercury does not pene-
trate into the particles at all, an average internal
fhorosity of 16.9 percent

] 2.37—1.97
3 2.37°
Dased on the apparent solid volume of the
iDarticles, is calculated.

b Cumulative size distributions of the fluidized
Muaterials are indicated in figure 89. The uni-
formity coefficient, a concept frequently used
In size classification, is defined as

X 100>,
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Ficore 89.—WEIGHT-SIZE DISTRIBUTIONS OF
BEDS INVESTIGATED.

dgo and dy, being sieve openings that permit pas-
sage of 60 and 10 percent, respectively, of the
weight of sample to be sieved. Itisa convenient
though approximate index for expressing the
degree of homogeneity of & mixture of particles.
Figure 89 reveals that all beds were mixtures
containing a number of separate components.

The apparatus used was the same as that
employed in the study of iron Fischer-Tropsch
catalyst. Weighed quantities of the solid were
charged into the 4-inch-diameter glass column,
and pressure drops were measured across the
beds. For definite rates of flow of air or
helium, the height of the column was observed
as well as the general behavior during fluidiza-
tion.

1 Table XV of the appendix gives the original

ata.
work is given in table 34. The data, asrecorded
in figure 90, show the pressure drop in relation
to the modified Reynolds number.

Ficure 90.—ANTHRACITE-FLUIDIZATION DATA.
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TABLE 33.—Characteristics of anthracite particles and orientation of experimental work

Weight,

D,, inch
» inches Cu pounds

0. 03819
. 02795
. 02321
. 01646
. 01211
. 00940
. 00844
. 00844
. 00658
. 00658

$O L0 DD DO 0O 00 1t st i

L, feet Range of 1,

. 605 1-1.
. 903 1-1.
. 259 1-1.
. 778 1-1.
. 002 1-1.
. 129 1-1.
. 862 1-1.
. 613 1-1.
. 106 1-1.
. 094 1-1.

CORRELATION AND COMMENTS
The data may be correlated by plotting

" Grut-n],
p

lo

against
(1—g)sn

log 5

In an analysis of the anthracite data, the
tate of the flow factor, n, must first be eval-

3 mber range
0.002-25, and, therefore, ‘that n=1, as eval-
uated from the inset of figure 41.

Next, it is important to find the effective
voidage in the various beds, As the water-
immersion method will give high porosity
values, and sas density measurements by dis-
placement in mercury also are in doubt because
of uncertainties in the extent of penetration of
the mercury into the pores, it was found more
practical to proceed as follows:

1. Procurement of fixed-bed pressure-drop data for
definite flows. Measurement of bed height and weight,

2. Estimation of particle-shape factor by comparison
with particles of known shape factor.

3. Application of equation (40) for caleulation of the
effective voidage.

Examination of the plate showing details of
the particles indicates that all of them were more
or less of the same shape. Further comparison
of these photographs with those of sands and
iron Fischer catalyst particles (figs. 45-49 and
67) suggested that the shape of the coal frag-
ments was intermediate between that of sharp
sand and iron catalyst. Because these particles
had shape factors of 1.5 and 1.7 3, respectively, a
value of A=1.6 was assigned to the coal particles,
This value of \ was then used in combination
with pressure drops through the unexpanded
beds, as recorded in figure 90, and effective
voidages were calculated for all the runs by
solving equation (40) for 5. In figure 91, the

Lo 07

S/ @

6 3

0 0.0l 0.02

Dp, INCH

Ficure 91.—EFFECTIVE VOIDAGE IN
ANTHRACITE BEDS

total voidage, 8, (calculated on the basis of? %
water density), the effective voidage, &, and; .
the proportion of effective voids, k;, are shown>

in relation to the composite particle diameter? -
of the individual cuts. The total voidage is virz. .
tually independent of D,. However, both '4;
and k; pass through s maximum near D,=0.02: . §
inch. On the basis of the available data, thisis: 4
not readily explainable without having to resort;
to various unsubstantial hypotheses. In view of

the considerable variation in sizes as well as:. 3%

the rather wide distribution of sizes, these;
results should be looked upon as characteristic: -
of the material investigated. ‘

tion of voids. Ttis readily seen that most values: -
of N suggested for the coal particles are con*:
siderably higher than would be expected from:
visual examination. : &
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i ypLE 34.—Shape factors calculated on the basis
of water density and mercury density of the

Packing

Dy g0 Mg
_____________ 0. 03819 2. 23 1. 40
_____________ . 02795 2.22 1. 36
___________ . 02321 1. 96 1. 26
___________ . 01646 2.15 1. 40
___________ . 01211 2. 80 1. 70
___________ . 00940 4, 43 2.71
........... . 00844 3. 64 | 2. 22
_____________ . 00658 5. 47 3. 45

Pl With » and &,

properly evaluated, figure 92
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‘ GURE 93, —VALUES OF m IN RELATION TO
y. D, FOR VARIOUS MATERIALS.

and

1—35)2
for all the data. The correlation is satisfactory,
and the slopes, m, of the individual lines, plotted
in figure 93 are in substantial agreement with
the other data as well as with some of Wilhelm
and Kwauk’s *® measurements.

MINIMUM FLUID VOIDAGE

With substances such as sand or iron catalyst
particles, determination of 8., was simple.
Attempts to evaluate 8., for the coal were less
successful, however, chiefly because of excessive
channeling. This was especially true of the
smaller sizes where the beds fluidized only in
sections when under the action of low gas flow
rates. Reliable data could be collected only
with sizes larger than 0.01 inch. For these
particles, figure 94 shows the values of 3,,in re-

lation to the particle diameter. From the
0.8 o-Mixed i'ound'sorld,'?\= .16
. d b-Uniform round sand, A =1.16
b\\'k._\c- Py &
E .4 g
«® ¢-Sharp sand , A= .50
2 d-lron Fischer-Tropsch catolyst,\= .73
e- AlnthroFite c'ool,7}= |.69
0 0008 0016 0024 0032  0.040
Dp, INCH

Figure 94.—MINIMUM FLUID VOIDAGE, 6.1
FOR VARIOUS MATERIALS IN RELATION
TO EFFECTIVE PARTICLE DIAMETER D,.

other data recorded in the figure, the mutual
dependence of 8,, and N is readily observed.
Particles of high shape factor require greater
minimum fluid” voidages than rounder bodies.
The 8n,; values for the coal agreed with this
requirement and were observed to be inter-
mediate between those of the sharp sand and
the iron catalyst, which had, respectively,
smaller and larger shape factors than the coal
fragments. This agreement may serve as an
indirect check for the rather close estimation of
M for coal.

CHANNELING IN FLUIDIZED BEDS

Channeling may be defined as that condition
that exists when fluids are flowing through beds
of fixed or fluidized solids in such a manner
that the rate of flow is not constant over the
cross section of the bed. This condition results
from the presence in the bed of paths or
“channels’’ that have greater hydraulic radii
and that afford a shorter path of travel through

48 Work cited in footnote 95, p. 7.
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the bed than the average winding route between
solid particles normally taken by the fluid; as a
l‘eslélt, less resistance is offered to the flow of
fluid.

The effects of channeling are always un-
desirable, as they decrease the interfacisl area,
the existence of which is generally the reason for
using the bed. Furthermore, channeling is
self-propagating; the high velocity through
one path increases the diameter of that path
at the expense of the low-velocity paths, which
tend to become further- choked with fines,
This is especially deleterious to fluidized beds,
where the velocity in the unchanneled portion
of the bed may drop below that necessary to
keep the solids fluidized, with the result that
a high velocity stream may create a “pipeline”
containing very little solids.

In work involving chemical reactions, chan-
neling causes a variation in the effective amount
of solids exposed to a given flow of gas. Under
these conditions, interpretations based solely
on measured values of space velocity may
yield entirely spurious conclusions.

Channeling 'is essentially a function of
randomness of particle distribution. It must
therefore be analyzed either by complex
statistical methods or by comparison with
beds of some assumed standard distribution.
As most of the relations derived previously
have been based upon beds packed with the
maximum possible uniformity, these correla-
tions were used as references for pressure-drop
flow relations of channeling beds.

Channeling may occur in a fluidized bed
in any of the ways indicated in figure 95. A
fluidized bed may develop a channel sufficien tly
greater than the average to cause unequal dis-
tribution in gas flow, but not great enough to
cause the pressure drop through the rest of
the bed to fall below that necessary for fluidi-
zation. This situation is represented by figure
952. The channel may be large enough also to
form a ‘‘pipe,” as described earlier in this sec-
tion and as represented in figure 95b. ~ In this
case, fluidization will stop. A channel of either
type may be formed in a limited length of the
bed, as in figure 95c. If this channel is of
form “b,” fluidization may stop in certain
zones of the bed but persist in others.

An attempt to analyze situation (2) may be
made if it is assumed that equations that have
been derived, such as equation (41), hold for
any longitudinal section of a bed in which the
channels are of constant diameter. For fur-
ther simplification, one may assume that the
flow is laminar and that equation (40) de-
scribed the flow through the fluidized bed.
This equation can be written as

88 FLUID FLOW THROUGH PACKED AND FLUIDIZED SYSTEMS

Freure 95—TYPES OF CHANNELING IN FLUID-:‘; .

_ (1—3) L@ Q=2
AP=} LG % or AP=} T_I'a) B (1—6,",) i
(58],

As in case (a), under consideration, the beq is
fluidizing, and .as AP, (1—6,,) and L., are.
constant, equation (58) may be converted tg-
equation (59).

P&

I}

N\

4] b
i-— Flui&izotion

IZED BEDS

bed such that voids increased from 0.50 03 .
0.55, equation (59) would indicate that they #
flow for this part of the bed would become 1.48;3 -+
times the initial low. If the voidage in another: JE& -
part of the bed decreased from 0.50 to 0.45,. .
the flow in this latter section would become:. : j
0.663 times the initial flow. If the section of/
increased flow represented the same volume 2
the section of decreased flow, and if the value®
of the decreased flow was still sufficient to keep):
the bed fluidized, the total voidage and, hence
the bed expansion would remain essentially
constant, but the flow would have increased to;
1.14 times its initial value. i
This line of reasoning shows that unusual
relationships between @ and § for a fluidizing: -
bed may be attributable to channeling, but
further quantitative treatment is difficult be-
cause of the infinite combinations of channel:
diameters and number of channels capable of . -4
giving the same total voidage. LV
If ‘the zonal channeling represented by:
figure 95c is the same type as that of “a’): 3
it is even less subject to analysis. If it is of the




pipe”’ type, of which “h” is the limiting case,
. will make itself evident by the fact that the
sressure drop across the bed will be substantial-
7 less than that predicted from the weight of
fhe bed, even though fluidization exists. It
has, in fact, been noted that observed pressure-
Rirop flow relations deviate most widely from
hhe theoretical for those materials that show
Mo greatest tendency to channel.

Figure 96, curve “‘a’, represents a typical
B ossure-drop curve of a material of moderate
K} anneling tendencies. The pressure drop will
P case in the usual manner until the weight

Bt the bed per unit area is exceeded and then
Rl drop sharply to a minimum value AP,
Riter which it will rise toward the value
P p—wt.[A,. Observation will generally show
Biat the solids circulation is most erratic and
Bhe channeling tendency most severe at the
Woint corresponding to AP, As the flow is
W®.reased beyond this point, agitation in the
fidized portions of the bed increases and
M¥nds to destroy the channels in stagnant zones.
s o result, the entire bed becomes more
W iform, and channeling decreases. Applica-
.1 of this theory to figure 95¢ explains the
e in pressure io the theoretical. If flow is
M:reased much bevond this point, a new
B} enomenon—slugging—becomes evident, and

LOG G

F1auRE 96.—PRESSURE-DROP CURVES FOR
g - CHANNELING BEDS.

jie Dressure drop exceeds the theoretical
Because of the increased friction between bed
g wall.  For very badly channeling materials,
{6. pressure-drop curve will be erratic, and
LVer approach the theoreticel, as in figure 96b.
BThe pressure deficiency ratio (AP—AP,) /AP,
tcre AP represents the value wt./4, and where
< 1S the pressure drop at the dip of the curve,
Y be used to define a_channeling factor,
i nbolized by x;. From the interpretation of
gure 95¢, a physical significance may be
jribed to y, as the_ equivalent fractional
-.,5; of bed unfluidized. However, this
pcept may be used quantitatively only with
§‘eme caution, inasmuch as x, cannot include
W channeling of the form of figure 95a,

ich does not affect the pressure drop.
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xa can, however, be used as a means of qualita-
tively comparing the channeling behavior of
various beds. A larger value of x; implies a
greater tendency to channel.

Figure 97 shows typical pressure-drop mass
flow relations for four materials. From data
such as these, figure 98 has been constructed

A——1- —-ap =900~ 1100
o HT o
AP | AP l-le;l?‘:s 5
s br\ ‘\ e 40q,
N e
L [N FANRS
A LT Nl 7
LT
/\A A \x‘?
100 |y QWL 10
80 A /
60|aP=5954% T ‘_#:_:— 2
40 . T
%0 _?/ —1 [ 1ap=330 -
d po—-g—+01 ]
20 %S‘ymbol Material  Pplinch)  Xg _| |
9}—Rouna sand 0.00155 8?&20
10 ﬁ}-fe—catqust 0.00164-':«0.8'0
07 10 2 3 4 6 810 20 30 SO
G

Fioure 97-—TYPICAL PRESSURE DROP VS. MASS
FLOW RELATIONS IN CHANNELING SOLIDS.
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Treuvrs 98.—CHANNELING FACTORS IN RELA-
TION TO EFFECTIVE PARTICLE DIAMETER
FTOR A VARIETY OF MATERIALS.

showing values of x; in relation to D, for round
sand, sharp sand, iron Fischer-Tropsch catalyst
particles, and also anthracite. In all cases, it
is observed that x; decreases sharply with
increasing values of D,. This emphasizes, as
has been substantiated almost universally, that
reduced channeling tendencies are to be expected

for operation with large particles.
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show, within certain limits, the effect of Vo
diameter and bed height upon the (’hanne]sisd
factor indicate that, for the materials inves?g
gated and for the size of apparatus used, !

coordinated relation exists,

SUMMARY

Basic fluidization calculations require estin
. . x 2~
tion of the follow ing factors:

1. Flow causing initial bed expansion.
2. Minimum flow required for fluidizatioy,

ng |

3. Height of expandeq bed and bulk density g4 -

operating mass flow rate.
4. Fluidization efficiency and energy.,
- Slugging tendency.
anneling tendency,

For the solution of problems the follom'ng

data are required:
a. Rate of flow.
ensity and viscosity of flujd,

¢. Effective particle diameter,

d. Shape factor,

e. Minimum fluid voidage,

As factors a to ¢ are usually availpble from
process - specifications, solution of problemg
requires only estimation of the shape factor
and the minimum fluid voidage.

In order to estimate the flow necessary for
initial bed expansion, the most important
quantity is probably the percentage voids iy
the bed. Knowing ‘the voids, cither equation
(40) or (21) will give the desired information,
depending ‘on whether the flow is laminar
or turbulent.

For estimation of the minimum flow required
for fluidization, it is necessary to use the
minimum fluid voidage in combination with
either equation (40) or (21).  When working
with nonporous materials, the voidage in the
bed may he estimated” from Pycnometric
density data of the material. From pressure
drops “across a fixed bed and by means of
equation (40), the shape-factor value may be
caleulated. Trom g knowledge of the shape
factor and the effective particle diameter, the
minimum fluid voidage may be obtained with
the aid of such dats as those shown in figure 94.

f no facilities are available for obtaining
pressure-drop data, estimation of the shape fac-
tor will suffice for most engineering work. The
estimated value may then be used for obtaining
values of the minimum fluid voidage.

When porous particles are used, the pycno-
metric density cannot be used for void deter-
minations. At present it appears that the only
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wav to arrive at a representative minimum
flutd voidage value is to estimate the shape
factor of the particles by comparison with other
articles, the shape factors of which have been
determined by prior experiment. Use of the
estimated shape factors in one of the representa-
tive pressure-drop equations will permit solution
for the effective bed voidage.

The height of the expanded bed is readily
obtained by either using equations (49) to (55)
or, preferably, the brief graphical method

OF SOLIDS 91

described in connection with the fluidization of
the iron catalyst. The series of calculations for
bed density also will permit calculation of ef-
ficiency and fluidization energy.

Slugging points may be estimated from the
correlation between particle diameter and ex-
pansion ratio previously developed. An indi-
cation of channeling may be obtained in some
cases by comparison of measured pressure
drops with those expected from a knowledge of
the weight of the bed.
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The shape factor for any particle is given by
>\=o.205-1—,%- (9)

Pressure drop across fixed beds for turbulent
flow (Re > 100) may be caleulated according to:

2fGELAL1L(1—3)

aP= Dvgcl’és

) (14)

or the slightly more abridged form:

_2.12/GUN(1—3)
apP Dvch53

(21)

For smooth particles (glass, porcelain, brass)
and turbulent flow (Re > 100)

=175 < D ”G>"°'l- (13)
©

For rougher particles (alundum)
< /Dy

F=2.625 (T) (16)

and for still rougher particles (Aloxite, MgO

granules)

D G —0.1

—1.0( 226 ) : 17

s=1.0 (22 (17)

With the above values of friction factors substi-
tuted into equations (12) or (21), the pressure
drop will be obtained as pounds per square foot
if all dimensions are expressed in English units.

For a granular charge which is a mixture of
sizes, the average particle diameter to be used
in equations (12), (21), and (40), given below,
may be calculated according to:

Dyp=(Xd,)+(Xd,)o+ ... (Xdp)z. (20)
The characteristic volume of a packing was
defined as:

F%’ : 23)

and the characteristic area as:

i,

=5 (2¢)
In the above equations 8 was termed the bed
characterization factor and for turbulent flow
(Re>>100) was given by

Lx\(1—53)
B=W . (22b)

The true space velocity through a reactor
charged with a granular catalyst is given by

S (30)

S
T Le(1=9)’

SUMMARY OF DESIGN EQUATIONS

which expression assumes that the reactor wyg
packed in such & manner as to render the entirg
charge equally active.

For a cylindrical pellet, the shape factor may
be estimated immediately if the ratio of length

dﬁc=a, A=0.757 a¥ [%—1—51‘] (33a)

For viscous flow (Re<C10)

r=100 (224)7. 33) §

Substituted into (12) yields:
=200GpL)\'-’(1 —3)*?

“

AP

which will give the pressure drop for the viscous
flow range.” With English units, the answer will
be in pounds per square foot.

For the Revnolds number range 10-100,
commonly referred to as the transition range,
the general form

_2fGLN~»(1—5)3-n
S

is recommended. The state of flow factor 2 is a
function of the Revnolds number and is readily
evaluated from figure 41. -

Pressure drop across a fluidizing bed is
given by:

AP=1 (1-8) (ps—p) - 43

For a given bed the minimum fluidization mass
velocity may be calculated according to:

(G f)g__ Dvgcpam/3

=T R (l by (45b)

For flow characterized by Re<{10, one obtains:

0.005D %0 (ps—p) 8y 5
Gy D mf”, (45¢)
4 #N(1—6,,)

For gas-solid systems, equation (452) may be
abridged to read:
Gmf=CDpechs 5. (57)

The constant C'is available from figure 79.

D2g.ps? (40) -

to diameter of the pellet is known. Thus for, ¥

@




F—Force

L—Length\If no dimension is stated, the con-
M—2Mass cept is dimensionless.

g—Time

a—Height /diameter ratio of cylindrical pack-

: v h
ing element; =

(Le
¢,—Uniformity  coefficient of a mixture of
particles,
d—Differential,
: d—Diameter of evlindrical pellet (L).
§ J,—Diameter of a specific component in a
- mixture of particles (L).
e J-dr-di—Adjacent sieve sizes; expressed in
fractions of an inch.
b, —dw—Size openings in a sieve, expressed in
fractions of an inch, that will pass 10
percent and 60 percent, respectively, of
a mixture of particles. By definition:

- Uniformity coeflicient c,,=d—6"~
* 10

E ¢—Height of protuberances on packing parti-
1 cles, causing roughness (L).
J—Modified friction factor.
b fa—Aodified friction factor (Happel).
ic-—C(mversmn factor, 4.17 x 10° ft./hr.2
—Height of cylindrical pellet (L).
k, I'—Constant.
k k—Constant, denoting the proportion of effec-
tive surface area in a packed bed.
E k,—Constant, denoting the proportion of effec-
b tive volume in a packed bed.
bi—Constant, denoting the proportion of effec-
tive voids in a packed bed.
'lrE.\'pansion ratio or expanded packed bed
height on basis of 1 foot of unexpanded
y - section (L),
l—Height of fluidized hed, on basis of 1 foot of
P unexpanded seetion (L).
I-r‘*H(*l_ght of packed bed at onset of fluidiza-
tion, basis 1 foot of unexpanded section

m—Constant, indicating the deviation of fluid-
... 1zation from fixed bed behavior.
—State of flow factor.
-Modified hydraulic radius of a packing
clement in a packed bed (L).
h2Ueneral denomination of the radius of a
: Particle ().
I\Ra(lms of the vessel (tube) holding the
A Ditcking (L),
e Avery ge linear fluid velocity through packed
b, ol (LoD,
“Pecific volume of fluid passing through
Dacked bed (LAY,

NOMENCLATURE

w—Weight rate of flow (A£671).

wt.—Weight of bed (14).

z—Compressibility factor of gaseous fluids.

A—Sul;%%e area of a particle of arbitrary shape

A—Characteristic surface area of a packing
element in a bed (L?).

A,—Surface area of a sphere of equivalent
volume (L2).

Ap—Total surface area of 1 cubic foot of
dumped packing (L?).

A—Cross-sectional area of vessel, holding the
packed bed (Z7).

C—Constant. :

D,—Diameter of a particle of arbitrary shape

D,—Diameter of packing particle. For all
particles except granular, this denotes
‘the diameter of the equivalent volume
sphere. For granules, the particle diam-
eter is obtained from sieve ratings (L).

D —Diameter of vessel holding the packed
bed (L).

E¢—Efficiency of fluidization.

F—Friction loss of fluid flowing (feet of fluid).

G—Mass velocity of fluid flowing, on basis of
open cross-section of tower (JLL~2671).

G—Mass velocity required for packed bed
expansion (JLL™267Y).

Gy—Mass velocity required for fluidizing a bed
of solid particles (ALL~2971).

Gry—Minimum fluidization mass velocity for a
bed of solid particles (3£L~%07%).

L—Height of packed bed (L).

L—Height of expanded bed (L).

L,—Height of hypothetical bed compacted to
zero voidage (L).

M—Molecular weight.

N—Number of packing elements in a packed
section of 1 foot in height.

Ngg—Aodified Reynolds number (Happel).

R—GQGas constant. .

Re—Modified Reynolds number.

S—Space velocity (672).

T—Absolute fluid temperature, ° K. or ° R.

Ve—Characteristic volume of a packing element
in a bed (L8). :

V,—Solid volume of one individual packing
element (Z3).

Vi—Volume of the vessel holding the packed
bed (L?).

Ve—Total solid volume of 1 cubic foot of
dumped packing (Z?).

W,—Energy required for bed expansion (L}).
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W —Total energy required for fluidization and
bed expansion (LA[).

W.—Energy required for fluidization of a
bed (La1).

A—Weight percent of any component of
particles in a packed bed.

Z—Number of component sizes in a mixed
packed bed.

o—Area-shape factor of a particle.

/3——130(}i characterization factor in turbulent

ow.

B:—Bed characterization factor in laminar flow.

y—Volume shape factor of a particle.

8-—Gross bed voidage.

s.—Effective bed voidage.

8m—Minimum fluidization voidage.

3—Total voidage in bed (equal to §).

Ap—Pressure drop per unit bed height (FL-2F,-1

Apy—Pressure drop per unit bed height, cor.
rected to 40-percent voids reference
state. (FL2L-1).

Ap—Pressure drop across entire bed (FL™,

Ap,—DPressure drop minimum for channeling
solids (FL-2).

A—Particle shape factor.

p—Fluid viscosity (FL-167).

p—Fluid density (ML-3).

ps—Solids density (ML-3).

¢—Function of

¢’—Turbulent flow factor (FL-2).

xa—Channeling factor.

:
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papLE L—Pressure-drop data for flow through

smooth particles

APPENDIX

TaBLe I—Pressure-drop data for flow through

smooth particles—Continued

L]
CH=column height=L; CT=temperature of gas,

e} G
w, ? A A pa 0, ) A p, A Do,
Ib.hr. | "1"]‘1.“_'12 Be lem, E'zo psige| [ Run b./hr. I%'rft_‘l RBe | om Ho|p.s.igit.| I
Glass beads, Dp=0.172 in,, D:=2,067 in., air, #=0.0886, Glass beads, Dp=0.388 in., D,=2.067 in., air, p=0.0871,
CH*=33.375 in., CT*=66° F., voids=37.2 percent CH=35.875in., CT=70° F., voids=42.5 percent
57 2,220 751 252 0,984 0.820 LSS PR 95.8 4,115 3,096 232 | 1.385 0.740
46, 5 1,998 675 200 .81 .§02 88.9 3,820 2,970 200 | 1.196 .742
41.3 1,773 509 160 .627 .820 79.4 3,408 2, 562 160 . 957 747
25.8 1,539 520 121 474 .523 £8.8 2,054 2,218 120 .719 .748
28. 4 1,220 412 80 .313 . 860 62.7 2,695 2,024 100 .599 747
23.2 995 236 50 .1954 . 808 56.3 2,416 1,815 80 .479 745
19, 62 841 285 36 L1407 .812 4.4 1,908 1,433 50 . 209 746
13.21 567 192 17 L0665 . 850 gg. S % égé 1, égg gg Hgg . zgg
3 , . W7
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0.4 3,015 1 1,332 225 1.392 0.778 CH=34.88 in., CT=75° F., voids=41.5 percent
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TABLE I.~Pressure-drop data for flow through  TamLy I.—Pres.s-ure-drop data for flow ﬂlrough
smooth particles—Continued smooth particles—Continued
Run w, b ﬁ'_, Re Ap, A py, ! Run w, b % - | PRe Ag, Ap,
Ib./hr, ! Br—t cm, H:0 | p,s.i./it. Ib./or, | B, <1 v em. CCLp.s.ijie. | 7
—— ]
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34.88 in., CT=82° F., voids=41.5 percent CH=14.75n., CT=255° C,, Voids=40.8 pere, d
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' \
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349 1, 500 L870 | 17 . 0936 .695 10,93 2765 | ao0 784 15 782
2.0 1R 1,400 | 10 L0364 | (675 g 7152 885 553 1-0,,2 760
! 341 1,605 2,000 | 20 L1193 718 1-8- 1583 51‘1’ 280 - 027 857
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! . CH=36.135 in., CT=71° F., voids=37 percent o2 19.32 5215, 2,037 155.5 4.85 0.81p
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IR S T Co220 ams) sl ool sy | g nSl P | 2, na 83
o 55.5 2381 L49( 709 .916 : e | b - : -T91
I 0.0 | 316 ] s 160 56 1 logs 58| pE vl 8Ty o | BT

| 0 i: 8ir | 1 &5 | 120 g ‘o2 569 1,587 “gup 13 408 [ 1

TR 36. 550 12 1 B 7 —_ -

; w1 | b @on el B Fassbeads, Do=0224 in, Di=0.24 in, ai, p=00813, .

: 13.70 587 357 " 1 0390 | 1833 CH=14,125 in, CT=253°C., voids=47 percent R

I Mixed_beads, D,=0303 In, De=2.067 in., air, p=0.0874, 2. ... 216 5,840 | 2,408 161 5.70 0.942

i =36.75 in,, CT=75 F., voids=36.2 pereent 18.20 4910 2104 116.5 4,11 850
! , Cams] weml T T 193y #3010 Les sis, 32 |
. .. . - 15.35 145 773 . .

iy e 2.4 3,108 | 2,338 954 0.820 | 0.783 ‘ 2 -1 . . .

HIne o5 | 2me| Sow. B 633 | g BH| gml Ll g Ligel .ms

g 547 2381 L76S| 145 468 785 : d it = : :

. R im ow] OB G -

‘In 1,432 7 5 .177 797 : i i 3

AT | 4 4 p Glass heads, D,=0.391 0., D;=0.82¢ in., air, p=0,0826,

o ’f e Lus o 1 R 308 CH=1401n., CT=25.5°0.) void 5o percent ' o I

" "/v I . \ P 7,’

! { iCylinders, D,=0.403 in., D¢=2.067 in., air, »=0.0364, CFH= 2. ! 35.8 9,670 | 7,235 145.5 7.92 0720 . &

i , ‘ 35.01in., CT=73% F., voids=45.8 percent ' 30.38 8,250 { 6,165 114 6.20 . 785 .

b = . Coma| el e | IR

i k-l 83.0 30865 1 2,006 2155 1745 1121 3h. 62 ¥ 9.330 Lo - . !

g 9 340 sl 0| v S Sog| :0| tew o | B om0
. | 7L2 3,000 | 2,496  1gp 1203 | 1134 15 50 15 3 ooe 35| 1o ‘860

Ei | g0 S| ¥l 120 R b e 3 07| Toss | e i
: K . , 195 2 .65 1.1 ) 2 R . . : i
: } , | a2 1,684 | 10331 46 373 1 107 C %02 2400 1sx 95 L8168 | .78 }
. S 1,205 | “osg 25 -2024 1 10133 R

" . bomos 775 633 0 “0815 | LI Porcelain balls, D,=0.5075 in., D,=0.52 in., air, p=0.0810, . ¢
. \\ CH=11.625 in., OT=75° F., voids=65.1 percent :
- 1 ) !

1 " G, ap | Ap, O T U B R B

%! Run IbJhr, | -2 1 Re [em, Goy, p.s.ijtt.| f 2. 67.0 18,125 | 17,635 117,5! 20.3 0.673 L

f ; e ] hro= [ 604 16,330 | 15, 900 9.8 1 16.84 -639 S

g T e 23| maR M) =5lnw | m }

: N 7. 2,875 | 12, 5 . . 62 . k
: . Leud spheres, Dp=0,0885 in,, Dy=0.824 in,, air, »=0.0840, 45.0 11, 333 11_330 48,2 820 . 4
/I H , CH=1151in., CT=77.5° F., voids=43.3 percent 30.7 8,230 | 8165 27.8 4.80 Zﬁg .

il ' i) ) al) Eoig | o ‘
| 8. PR a1 si20 gs8] 4o 0.975 2 - 030 1 5,880 22 2 ;
il 0.5 28| asg] 1%0| a8 .07 BB p0s | s vel L2 8
i 9051 20880 | 441 t 96| 318 1949 9.58 1 2,50 | 252 261 .48 :

H i 811 2190 314 .0y 254 .925 N
. i) bl B oss] iR Coppes s D=0z, Do i 00
i é . 4.9 1,152 197 22.6 716 1,071 CH=1475in., CT=25° C., voids=34.7 percent .
i !
i \l - ' -
i1 Gluss beads, D,=0 169 in., D=0.824 | : - 82 .. 27.14 7,310 . 3,035 154, 5 ’ 9,60 0.775
g H =1401n., OT=36° & 0824 In, air, p=0.0340, 2300 6610 350 535! oo 788
. ’ . CH=l40in, CT=30% C., voids=43.7 percent fé?g | oasss §'§89 lgo 3 ) i;? gg;
! b2 . 1583 | 4976 1 365 f 165 4.43 0.921 w2 pagc 258 828 CoAm .50
Vi } i 14.020 57840 1208 139 3.55 939 13411 3620 16us 430 2067 -912
. 11,93 3,222 | 1029 [ 2.64 959 10031 27705 - 1433 2.9 149 8
| 18| 2745 79 70 188 .950 7511 3032 1 gdp 124 771 &
iy ‘i §.13 2,198 703 42 1.128 . 497 138 733 4‘ : .85
3 j} A
' H !
i1
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Aow through

smooth particles—Continued smooth particles—Continued
[—
‘ G l 6 !
w, A Ap, A pan, w, {2 Ap, i ADw,
Run mobr. RS Re em, COL o il 7 Run bhr. | 12007 | Re rent. €L p.s. L. I
Copper pellets, Dp=0.274 in., D,=0.824 in., air, p=0.0830, Cylinders, Dp=0.403 in., D,=3.068 in., air, p=0.0755,
CIH=14.01in., CT=25° C., voids=52.5 percent CH=15.875 in., CT=22.5° C., voids=38.2 percent
o 25.56 ! 6,985 | 3,730 156.8 8.68 0. 768 e-3 ... 88.9 1,735 | 1,150 1.7 0.292 0. 665
93,99 1 6,265 | 3,370 127.0 7.03 21 75.7 1,478 975 13.2 218 . 683
20. 03 | 5,405 ' 2,405 96.9 5.36 843 66.1 1,290 850 10.5 .1728 .71
17.28 4,660 2,508 743 411 .870 55.6 1,084 715 7.5 1234 723
14.59 3,940 2,116 5.9 . 3.03 .901 45.6 888 587 5.2 0859 746
11,2 3,040 1,632 319 1767 .881 37.3 726 480 3.5 0578 752
897 . 2,370« 1,272 17.4 . 966 797 28.6 557 367 2.3 .0384 8§40
5.06 1,368 735 7.0 . 387 . 955 16. 42 320 210 .8 .0132 919
Aluminum pellets, Dp=0.254 in., D:=0.824 in,, air, p= Cylinders, Dp=0.188 in,, D;=1.049 in., air, p=0.0870,
0.0823, CH=8.625 in., CT=77° F., voids=49.3 percent CH=12.25in., CT=80° F., voids=42.5 percent
o= b 5 a5
N T— 720 3420| 18| e | om e 19.38) 3,201 L1} 119.2 1 234 | 0.835
et ot 4 17.48 2,910 | 1,043 97.6 2.7 843
6,710 { 3,155 137.7 9.63 . 800 - = =
> oo 29 =86 221 16.21 2,700 970 81. 2,258 .813
6.005) 2,820 112 i . 13.87 | 2,312| S30| 6.7 [ 1.788 .892
5175 | 2,332 85.6 | 5.99 .903 1295 2082 723 50.3 1415 a4
400 2,064 64.0 4. 52 . 865 . ’ 3 N =
§~ 0 »ud 8ol 35 oo 10.80 1,804 618 38.6 1.080 .80
3115 1475 210 2374 “801 9.87 1, 650 592 33.6 .944 .825
2,600 § 1,220 22.3 1. 562 . 857
1,694 796 11.6 812 oo Brass rings, Dp=0.350 in., D=1.049 in., air, p=0.0830,
CH=10.5 in., CT=75° F., voids="74.4 percent
Cylinders, Dp=0.403 in., D(=0.824 in., air, p=0.0810, N
CH=12.25 in., CT=80° F., voids=65.9 percent b-4. ... 83.8 14,000 | 9,330 121 46.6 0. 814
74.0 12,350 | 8,230 95.5 36.9 825
66.6 11,100 7,410 78 30.1 .834
| T f0.5 | 16,350 | 10,800 | 1162 | 19.60 0. 560 8.8 9,820 | 6,550 615 | 23 .839
L1 ¢ 14,650 | 9,700 04.8 | 15.95 . 568 48.8 §,150 | 5,450 42.0 16.2 833
46.3 12,500 | 8,280 70.0 11,80 575 36.8 6,150 | 4,110 23.5 9.05 .818
39,7 10,720 | 7,090 | 51,4 8.66 574 4.1 4,025 | 2,690 10.0 3.85 . 806
e Resl sl Wil 2 | o6
25, § £, 95 X 23.5 .97 .62 - ; .
21, 5850 | 3,570 16.4 2,77 617 Copper cylinders, Dp=0.420in., D;=1.049 in., air, p=0.0830,
i 4,625 | 3,260 11.7 1,976 620 CH=11.125 in., CT=75° F., voids=56.25 percent
Cmizml ou| )
3,155 1 2,09 - - 17, . T S 64.2 10,800 | 8,640 132 12.25 0.815
| 2,420 | 1,600 2.3 388 .404 52,1 $,800 | 7,050 90 8.34 . 835
43.6 7 :380 5, 900 62 5.75 .826
7 75 o3
Glass beads, Dp=0.22 in., Dr=3.068 in., air, p=0.0762, 81 o201 IRl sl NS &
CH=17.375 in., CT=24° C., voids=37.5 percent 291 3,730 | 2.990 16.0 1182 ‘592
15.2 2,560 | 2,050 7.0 647 L764
10 R2.8 1,616 711 38.1 0. 469 0.835
4.1 1,447 636 3.6 .390 . 865 R . .
05, 4 { 1,276 561 25,0 .308 880 Glass spheres, Dp=0.393 in., D;=1.049 in., air, p=0.0830,
56.6 | 1,105 456 19.4 .239 .005 CH=12.0in., CT=78.5° F., voids=51.3 percent
45.6 888 361 13.1 L1612 .950 )
d—4. 63.1 10,875 8.175 132 7.79 0. 568
7. 55 592
Glass beads, Dp=0.388 in., De=3,068 in., &'r, p=0.0750, B9 | a0 Tl M) 4% %02
CH=14.0 in,, CT=24° C., voids=40.9 percent 35: 85 5: 970 4: 480 41.0 2: 41 . 550
b 28.55 4.755 | 3,565 28.2 1.66 627
xS, 0.2 1,742 | 1.302 13.4 0.282 0.719 26.32 4,385 | 3,285 23.3 1.372 . 613
8.3 1,528 1 1,141 11.3 L2376 . 788 21.60 3.600 | 2,695 15.1 890 .589
YL 1,401 1,048 8.9 L1872 740 13.92 2,320 | 1,736 5.7 335 .335
] 1,031 T2 1 5.6 L1176 . 860
' Porcelain balls, Dp=0.505 in., D:=1.048 in., air, p=0.0830,
Puorceluin balls, Dp=0.5073in., D=3.068 in., air, p=0.0751, CH=11.875in., CT=78.5° ¥, voids=52.0 percent
Cl1=14.5in., CT=23° C., voids=38.1 percent 7
o3 e~4. . 66. 95 11,170 ; 10,730 129.7 8.11 0.718
---------- 88,9 1,734 | 1,697 118 0.1832 | 0.623 58.9 ,460 | 9,140 95.8 1 6.00 733
845 1,650 | 1,613 10.7 1672 .626 47.2 7,860 | 7,590 66. 4.17 .72
ER] 1, 460 1,428 8.8 1378 657 7.8 6,300 | 6,085 43.4 2.7 L7382
G4, 8 1,263 | 1,235 6.8 1017 68 31.0 5,160 | 4,980 28.0 1.753 723
A6, 0 1,002 1,068 5.2 .0814 . 696 25,35 4,220 1 4,070 20.1 1. 256 7138
45.0 876 858 3.3 0501 .664 18.98 3,165 | 3,050 10.6 662 e
59,1 761 745 2.6 L0407 L7158 14.00 2,330 | 2,250 5.3 330 .671
20.4 573 561 1.5 0234 .703
218 425 416 0.90 .0140 787
Cylinders, Dp=0403 in., D,;=1.049 in., air, p=0.0820,
CIH=12.25in., CT=75° F., voids=356.6 perecent
Poreelain b)ull_s,_ Dp=0.73 nol D,=3.068 in,, air, p=0.0745,
_ CH=21.51n,, CT=24° C., voids=47.5 percent et 64.05 10,700 | 8,350 181.6 | 11.37 0.738
' 56.0 9,340 7,255 101. 2 8.77 . 746
------ w25 0.1562 47.4 6.125 70.9 6. 14
N6 L1227 3 5, 005 47. 4.10
.1010 4,130 2.63
L0722 3,355 1.865
L0459 2,635 1.055

o
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TaBLE IL.—Pressure-drop data for flow
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beds composed ogh
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R P T
th./hr. | 10 T € ’

cmé 8bhf

A py,
D. s. i./ft.

“ Ib (fé -2 | R
Ib/or. | ) Re

Ap Apy,
em. OCL | p.'s. 1.1t

B RS

Glass beads, Dp=0.228 in., D=

CH=11.75in., CT=71.5° F., voids=40.4 per:

1.049 in., N2 mas, p

cent

5.02 o7 | 4y
606 1010 { 458
9.14 | L& 692
9.5 Lex| 737

13.77 2,292 | 1,037
15,82 2,638 1 1,192
1T 14 2,852, 1,201

8 0. 1838

7.
8.
[
3
2

200 09 bt it

0.
3.
9.
S,

oo
[=- 3
-

6

0

0

6 .

0 .531
2

6

8

8

Ll

Clay balls, D,=0.368 in
CEi

s, ] o Di=3.068 in., air, p=
T*=25.5 in,, CT*=23°%C

.y V0oids=43.8 percent

87.1 1,700 | 1.203
76.4 1,490 { 1,056
67.0 1,308 8
55.6 1,085 770
46.1 808 637
37.3 726 513
28.5 555 394
21.4 416 295

21.5 0.322

17.5 - 261

13.7 . 2044
9.9 - 1478
7.8 . 1165
4.8 L0717
3.2 0478
1.9 . 0283

Glass beads, Dp=0.228 in., D=

1.049 in., N2 eas, p

CH=11.75in., CT=172° F., voids=40.{ percent

Clay _balls, D,=0.310 in.,, D,
CH=10.875 in., CT=77% F., voids=>51.5 percent

=0.824 in,, air, p=

6. 14 1,022 463
9. 24 1, 540 698
10.57 1,738 796
12.40 2,066 937
14,52 2,420 { 1,09

2230 3710 i 1,682

6.6 0.159
12.8 | 300
6.2 302
210 |  s07
2861 691
3.4 1750
33.0 1 .509
3r.2| a0
42,4 | 1,022
4401 1,060
46.4 1 1.119

31.3 8,450 [ 5,054
25.45 7,685 { 4,594
26.2 7,085 | 4,238
23.8 6,435 | 3.844
21.3 5,755 | 3.440
17.98 4,850 | 2,900
15,15 4,002 | 2,445
12,34 3,330 { . 1,990

9. 59 2.590 1 1,547

6.57 L7756 | 1,059

4. 53 1,224 735

130.3 ¢ 8.01
13.7 7.79
96.7 6.61
81.6 5. 38
65.7 4.49
49.0 3.35
35.9 2.46
23.8 1.627
13.8 -946
8.2 361
3.6 246

Glass beads, Dp=0.228 in., D=

CH=11,73in., CT=70.5° F., voids=

1.049 in,, N7 gas, p=0.1355,
40.4 percent

Clay balls, .D,=0.298 in,, D¢=0.821 in
ClI=1401in., CT=255°'C

474 789 350
6611 1,103) 502
61| L2359
L5 L2920 588
9.92| 1655|753
10.53 { 175 | 799

0. 0820

SV oMo
00O 10 1D v b T 10 00 4
5
=]

CORD 1 =t vt

32,

%)
b
.
©
o
R

o
o
=)
=,
=3
xn
»

47.4 1.140

27.4 7,400 1 4,200
247 6,670 | 3,790
21. 46 5,800 | 3,204
15.46 4,985 2,82
15.25 4,115 | 2,835
12,52 3,380 | 1,920

9.07 2,452 1 1,392

5.86 1,584 901

0.45

106. 5 7.80

82 6.00

61.5 4,50

43 3.15
28 2.055
13 .933
6.5 475

Clay balls, D,=0.325 in,, Di=1.040 |
CH'=12.625 in., CT=72% F., voids=51.7 percent

Glass bea

ds, Dp=0.228 in,, D;=1.049 in., Na gas, p=0.1670,
CII=11.75in., CT=73.5° F., voids=40.4 percent

40.8 8,300 [ 5240

441 7,360 [ 4,640
33.6 6,440 | 4,055
30.9 5.150 | 3 245
25.5 4,250 [ 2, 675

128. 4 10,24
101.6 8.25
] 6.16
48.8 3.95
35.5 2.87
22.2 L7
13.8 112

7.3 . 592

Raschig rings, D,=0.252 in.,
H=16.251in., CT=23° C.

D,=3.068 in., air, p=0.0761,
» voids=34.7 percent

5.41 903 406 3.5 0.0918
7.4 1,291 581 6.0 . 1442
8.46 1,412 636 7.2 L1732
9.74 1,625 73l 9.0 L2164
11,18 1,863 8§39 1.2 .270
12,02 5 902 13.0 .313
12.92 2,153 969 14,6 .352
15.82 2,638 | 1,184 20.8 . 501
Glass beads, Dp=0,228 in,, D;=1.049 in., N3 gas, p=0,1840,
CH=11.75in., CT=77.5° F., voids=40.4 percent
' '
5. 44 906 406 3.2 0.0772
8,07 1,348 604 6.3 . 1516
9,22 1, 540 690 7.8 . 1880
12.45 2,075 930 12.6 .304
14, 40 2,400 1,072 16.4 .39

8.3 1, 665 809
78.3 1,529 743
63.7 1,340 651
59.8 1,168 567
52,1 1,015 493
43.6 849 412
34.0 663 321
27.9 544 264
2.3 4151 201

*CH=column height=L; ¢T=tem perature of gas.

TNak e e

., air, p=0.0815,
., voids=56.1percent !

n., air, p=0.0824,

o
<

BBG L

e
=]

-3
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TasLe T1.—Pressure-drop data for flow through
beds composed of rough particles—Continued

: .
: a A A Do, G,
w, = i ;) , -2 Ap A Do,
Ib. b, ‘ Il | Re jom. Eeu|p.sifie| 7 Run |y b, | b ft2 | Re |em Con|psifie.|
Ruschiz rings, Dp=0.252 in., D;=0.524 in., air, p=0.0823, Aloxite (rou —=0.170} —0.894 § e e
Ny RS oy » SIS ’ ) gh), Dp=0.170in., D,=0.824 in,, air, p=0.0830,
CH=11.75in,, CT=50° F., voids=62.2 percent CH=1451n., CT=20.5 C.) voids=57.3 percent
29,1 7,855 | 3,700 | 152.8 | 21.05 Lot _ _
6.4 7,125 | 3,432 128.2 | 17.72 1.245 0. 17.17 4,640 { 1,502 153.7 | 11.83 2.06
239 6,450 | 3,005 106.1 14.65 1. 256 14,94 4,140 | 1,341 117.5 9. 06 1,985
2.2 5,720 | 2,756 84.7 1 11.68 1,270 13.40 3,620 1,17 94.2 7.27 2.08
1n, 20 4,910 | 2,370 53.8 8.80 1.30 11, 59° 3,130 ; 1,015 68.6 5,29 2.02
14.20 3,830 | 1,845 41.0 5. 67 1.37 10,01 2,702 877 49.0 3.78 1. 936
11. 42 3,085 | 1,485 26.1 3.60 1.4 7.39 2, 0600 649 3L.7 2. 444 2.28
5 65 2,340 | 1,128 13.5 1.928 1.25 5,06 1,370 444 15.1 1.165 2,33
H. Ol 1,622 781 7.6 1.048 1.42
3,43 1,062 512 3.2 L442 1.39
S i Aloxite (rough), Dp=g;179 gx., D_g=0.8_24 in., air, p=0.0830,
Ruschie rings, Dy=0.252 in., Dy=1.049 in., air, p=0.0530, CH=1451n., CT=25.5° C., voids=38.0 percent
CII=12.75 in., CT=72° F., voids=61.2 percent
10 o 18.08 4,875 1,582 156.7 + 12,72 2.04
401 7,680t 3,750 134.2 ) 15.7 0.948 15.62 4,210 1,368 124.8 10.12 2.16
37.85 6,305 | 3,130 §7.7 | 10.29 LO17 13.45 3,628 1,178 93 7.55 2.28
3L8 5,300 1 2,585 61.7 7.24 L9015 11.36 3,063 997 66 5,36 2.16
251 4,350 1 2,120 44.5 5.21 .978 9.05 2, 466 §03 40.1 3.26 2, 0?
14, 93 3,320 | 1,620 23.4 2.745 . 888 6.67 1, 803 586 30 2.44 2.85
14. 42 2,400 | 1,170 11.4 1.330 .824 4.34 1,172 381 11.6 . 943 2.60
Ragehiz rings, Dy=0.252 in,, D,=1.049 in,, air, p=0.0830, Aloxite, D,=0.159 in., D;=2.067 in., air, p=0.0837, CH=
CH=11.5in., CT=72° F., voids=57.0 percent " 36:51n., CT=87° F., voids=54.4 percent
41.0 6,840 | 3,340 135 12.80 0.975 . N .
35,2 5,800 { 2,865 98.5] 9.37 . 969 3 SRR | 59.3 2,542 744 148 3.596 1.974
31.0 5170 | 2,525 75 7.13 . 946 i 523 2,244 656 115 2. 800 1.982
25,15 4,190 | 2,142 §3.4 5.07 1.030 ', 44.6 1,915 559 §2. 5 2. 019 1. 960
19.97 3,200 1,606 30.5 2.90 . 950 i 35.2 1,511 442 52.0 1. gga 1. 965
1442 2,400 | 1,170 152 1.4 . 892 | a7 1,160 348 33.0 -770 1.934
10,93 1,825 892 8.2 .780 .835 | 16.24 G‘.’_JG 204 13.5 .329 2.42
| 12.97 556 163 9.0 .219 2.52
Aluxite (round), Dy=0.170 in,, D;=0.824 in., air, p=0.0834, '
CII=14.425 in., C7=20.5° C., voids=54.2 percent ! Alundum, D,=0.180 in., Dy=0.824 in., air, p=0.0845, CH=
. | 14.5in., CT'=23.5° C., voids=48.5 percent
14,32 4,140 1,342 160.5 9.86 2.30 i
13. 43 g 6?)3 1, 2)65 l}g 551 7.34 2. 1'67
11. 48 31 1,007 0. 5.56 2.1 120 ccemeeee 16.86 4,550 | 1,582 165.5| 6.40 1.09
9. 48 2, 562 834 58 3.56 2.06 14.00 3,780 | 1.817 116.5{ 4.51 1.1
.24 1,958 637 40 2.46 2.44 11.73 3,168 | 1,102 81.0] 3.22 1.13
5,31 1,435 467 21.4 1,312 2,42 0,84 2,658 926 55.5 2,14 1.07
v vm| @ H| v |
Aloxite (round), Dp=0.170 in., D,=0.824 in., air, p=0.0834, 46 2 ! ' i 121
CII=14.75 in., CT=25.5° C., veids=255.6 percent
i Alundum, D,=0.180 in., D.=0.824 in,, air, p=0.0845,
17.03 4,505 | 1,490 158.7 | 10,57 1.910 H=14.5in., CT=23.5° C., voids=44.7
1000 | 129 1938 & o Tom CH=14.5in,, C 3.5 , voids=44.7 percent
§. é‘é‘é 1, %23 95. (1) 6. 35 2. 000
2, 90 . L 27 . 92,
92, 9%() 712 g; 4 é 56 % 252 ) b 14.83 4,000 | 1,392 166. 3 5.02 1.10
Yaa | 5 5 - .73 3,168 | 1L,102| 106.5| 3.244 | 1130
1, 708 555 3.1 1.872 2.47 = - et
LS| 373 ms| . | 29 9.84) 2088 926 L5t 2175 | L8
; 6.36 1,720 599 35.9 1,001 1.28
4.16 1,125 393 14.1 .430 1.19
Aloxite (rough), D;=0.165 in., D.=3.008 in., air, p=0.0760,
CIT=12,625 in., CT'=23° C,, voids=54.0 percent
Alundum, D,=0180 in.,, D,=0.824 in., air, p=0.0845,
1. 5700 541 2.4 | 1.55¢ 1.800 CH=12.0in., CT=77° F., voids=44.2 percent
1478 470 171 1.240 1.904
1,260 410 13.3 . 965 1. 954 j
1,084 3:1_5 9.8 679 2.118 120 el 15.33 4,145 | 1,434 159.8 ' 5.23 1.09
§Li3 274 6.4 444 2.000 13.33 3, 600 1,276 124.0 }  4.06 1.11
762 242 4.4 .319 1.840 11.05 \ 2, 980 1,057 86.9 1 2.84 1.14
548 174 3.2 .232 2. 596 9.42 . 546 905 60.0 ' 1.964 1.08
421 134 2.0 L1450 2.742 7.03 ' 1,900 675 35.7 i 1,168 1.15
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