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I L L U S T R A T I V E  P R O B L E M  

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 tea  ion" have shown that the smallest 
possible particle will be the most desh'able, but 
pressure drop across the bed is limited to 1 
p.s.i. No change is expected in the density 
of.tl)e flow'.m~ gas. Visual comparison of the 
catalyst with the photographs of figure 67 
reve~{ls that, the material is identical in shape 
with that designated as k----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 pressm'e drop 
will not exceed 1 p.s.i. 

Solution: 
. ( 1 2 5 )  (1 )  . . . . .  
~= ~ =O.Ooal f~./sec. 

Ap l 
-K=i=l.o0 p.s.i.lft. 

k =  1.73 

/~=0.018 cp. 

Xu=3.47 (X= 100) 

Y = 0 . 0 1 8 ( Y =  1.0) 

X Y =  i00 

XYAP/L = 100. 

As the desired value sought is D~,, D~,/X should 
be the last axis encountered. Therefore, the 
bottom order given in the key  is followed. 
Xu=3.47 is alined with XYAP/Z:---IO0 to 
obtain a point on reference 1. This point, is 
connected with Yg--0.018 to obtain a point on 
reference 2. Alining this point With an assumed 
value of 8-----0.52 glves a value of D~,/~=O.O020 
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 8----0.60, D~/X--0.0013 inch 
and D~----0.00225 inch. A particle of this size 
should have a voidage of about 61 percent, 
which is as ('lose to tile last assumption of 60 
percent as the accuracy of the curves permits. 
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G E N E R A L I Z E D  P R E S S U R E - D R O P  E Q U A T I O N  

TRANSITIONAL RANGE 

It  has been shown previously that flow 
tllrough packed beds, like flow throu~n empty 
pipes, takes place in two distinctly mrre~.ent 
ifiodes--the laminar and the turbulent, rlhis 
also can be seen in figure 41. For the transi- 
tional re~ion, which, for oacked tubes, is 
deseribed~by a range of m'odified Reynolds 
numbers 10-100, neither equation (21) nor 
equation (40) will give accurate results. Equa- 
tion (5) can be written in the form: 

~ p =  2.fG~'Lx3-'~(1-~)a-'~ , (41)  
Dpgep~ a 

.Which is the one recommended for use in the 
Intermediate range. Equation (5) shows that 

n can be evaluated from the slopes of t.he curves 
of figure 30. The values thus obtained were 

- -  ° * O? used to plot the reset m fi~ure 41. 
Values o f / w e r e  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 yie!ds is further 
verified in figure 4,,, which shm~s 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- 
number range of 10 to 100. 

The hnportanee of correct evaluation of the 
void funct ion  (1--~)3-"/~ 3 has been  st, ressed 
previously.  As an addi t ional  aid in the  use of' 
equation 41, figure 43 is presented for the 
evaluation of the void function. 
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FIGURE 43.--GRAPHICAL REPRESENTATION OF 
THE VOID FUNCTION. 
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FzotmE 42.~PRESSURE DROP FOR LAh~- 
INAR, TRANSITIONAL, AND TURBU- 
LENT FLOW OF AIR THROUGH 
PACKINGS. 

DIFFERENTIAL EQUATION 

The development of equations (41), (21), and 
(4) is based on isothermal measurements  at 
moderate pressure drops. For  tile more general 
ease, equation (41) can be considered applicable 
over a differential length, dZ, and us " 
Bernoulli's energy balance e,m-*;^~ ~ -  ~d 1.n 
weight of fluid: ,~ ,~ .v ,  ~ur ~ um~ 

v dp  + u--~dU + d F =  O. 
go (a) 

TILe first terns represents the change in pressure 
head of the fluid, the second term tile kinetic- 
energy change, and the third term the irrevers- 
ible work. This assumes the usual condition 
of negligible change in static head. 

As the in'eversible work is exactly the 
quantity that was measured in the isothermal, 
low-pressure-drop experiments, one may  write 
from equation (41) 

dF=dP=r2fG~'M-" (1--6) s-"'] dL 
P L D~,g, -~ .J p-E" (b )  

For a n y  given set of flow and equipment 
concauons, all the factors within the brackets 
will be constant along the length of the pipe, 
except, for the possible effect of tempela ture  on 
viscosity (and hence on the Reynolds number),  
which zifight produce a small change in f and n 
Equation (b) can be written, therefore," 

dF=C dL=c~2dL. (c) 
p -  

As u = ~ G and du = Gd'[, substitution in (a) yields 

~ d P q-G2Y dY q-C~2dL=O" 
go (d) 

From definition of the compressibility factor, Z, 

- Z R T  
v=~'-EEp-" (e) 

Dividino- d b ' ~ 2  • • . . =o .( ) .~ , subshtutmg (e) m the first 
~erm ot the result, and rearranging gives the 
generalized differential equation for pressm'e 
drop in packed beds: 

Z 9 - - P d P - -  ~'RG" T dY ~ Z R  
gem -f/, "q-C ~ T d L .  

For isothermal conditions, (f) integrates to 

Pd--P~2 Z R G2T - 
TL, 

(f) 
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2fk3-,, ( l - -  ~)3-. 
FI~-- P~" : - ' ~  .I) - D ~S 

(42) 

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

NOMOGRAPH 

Consideration of the preceding section led to 
the construction of a simple nomograph for the 
evaluation of a correction factor, which may 
be applied to results obtained by using the 
homograph previously constructed for wscous 
~]0W. 

If the factor C is defined as the ratio of the 
pressure drop calculated on tha basis of the 
transitional-flow formula to that, calculated 
fi.em the viscous-flow formula, then 

C 2I'G~L"xs-"(1--~)~-" D~g~P~s 
• -~"  D~gcpfs X2f'GO-LX~(1--~) ~'= 

where.f' is the friction factor which would be 
obtained by extrapolation of the viscous-flow 
s,,etion of the f versus Re-number curve to the 
Reynolds nun{ber in question. As n and//f' are 
each complex flmctions of Re, the homograph 
of figure 44 could be constructed. 
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.""40 ""''-..... ,o..o..o-°'°°°*'~°~°'"" ,0.6'0'7 
--~ 1.0 " 

Fmt-~E 44.--CORRECTION FACTOR FOR TRAN- 
SITION RANGE. 

Briefly, the procedure for estimating pressure 
aro~ in'packed beds consists of the ¢fetermina- 
uon of the various properties of the system, 
possibly with the aid of figure 25 or 94 and 
~lleula'tion of the Reynolds number. If the 
• e !s greater than 200, figure 11 is used; if Re 
lSkss than 10, figure 40 is~used; if Re is between 

10 and 200, figure 40 is used along with figure 
44 to determine a value of G, by which the 
pressure drop (determined fl•om 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 experhnental deter- 
mination) of arriving at. approximate shape- 
factor values of fine granular particles. This 
procedure requires some experience, but  careful 
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. 
In reactors with co-gravity fu id  flow, tho 
particles are usually large enough to permi~ 
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 g~ianules. In ordinary cataly- 
sis with fnely divided ~,ranular materials, tl~e 
shape factors most @equent.ly encountered 
range between 1 and 1.75. Some silica gel 
cracking catalysts are spherical and approach 
a shape factor of 1. 5Iost 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 thepresen.ee of 
alarge 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 indistinct. 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 @lotion factor versus modified Rey- 
nolds number suggest that shape is independent 
of particle size. No at tempt has been made 
with shape mixtures to arrive at any rule other 
than the straight arithmetical one of averaging 
shape-factor values. I t  seems that greater 
refinement was not justified with the present 
ex-periment al accuracy. 
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PRESSURE DROP THROUGH PACKED TUBES, VISC01_'S FLOW 

0.0034.5  inch (g) 0 . 0 0 3 1 0  inch (h) 

0 . 0 0 2 9 0  inch (i) 0.00202-. inch (j) 

0 .0625" 
I ! ! 

FIG['RE 4 6 . - - U N I F O R l I  R O U N D  SANDS.  X=1.16.  
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FLUIDIZATION OF SOLIDS 

GENERAL 

Investigation of fluidization phenomena was 
umh, rtakcn with the aim of developing simple 
correlations that were primarily hxtended for 
use by design engineers and process develop- 
mcnt men. The present studies are essentially 
,.nncerned 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. 5tudx 
of pressure drop through fixed beds has em- 
phasized the importance of the effective-void 
concept. For fixed beds composed of com- 
paratively 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 units, 
however, direct measurelnent of effective voids 
sf possible only ~xfith nonvesicular materials. 

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 
dependin~ on the porosity of "the particles. 
Ia ordel ,~ to preclude these difficulties, in- 
vestig~_ition of thfidization phenomena was 
extended first to typical nonporous materials 
before porous materials were considered. 

FLUIDIZATION OF NONPOROUS PARTICLES 
DESCRIPTION OF FLUIDIZATION 

When a fine gralmlar material is dumped 
tto a vessel, the resulting bed has (as later 
0t:~ confirm~ a definite bulk density. This 
ulk density "depends on the size, shi~pe, and 
ensity of ihe individual particles. ~ hen the 
le wall of the vessel is tapped during dumping, 
~e bed packs somewhat more densely than 

Under n~ Let us a~zune that i" quiet conditio s. ' .~ , 
=[tUstration (a) in fi~ure 50 represents such a 
~enst, lv packed bed ~ If a fluid is admitted at 

ver~ low rate (G~) into the bottom of this 
e¢l, a small pressure drop ~fill be indicated 

o, 
Dense 

bed  

I 

? 
Gt 

D, C. 
Bed Intensely 
o t  fluidized 

Srnf bed 

5~33 

E~- 3 

T 
Ga 

mf 

? 

T 
G3 

Fmc~E 5 0 . - - O P E R A T I N G  S T A G E S  OF F L U I D I Z E D  
BEDS.  

by the manometer. As the rate of flow is 
gradually increased, the pressure drop rises to 
a point o:' equilibrium at x~hich 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. .Nfathe- 
matically, this may be expressed by the simple 
relation: 

AP ~rt =--~, (1--~)(p~--p) .  (43) 

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 (G2), the bed will have 
expanded to such a density that  the individual 
particles have been disengaged from each other 
sufficientl~h, 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 densitx 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 "maxinmm fluid density." 
The fractional voids associated ~i th  this con- 
dition have been called "minimmn fluid void- 
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D A T A  A N D  C O R R E L A T I O N S  

,al and cah.ulated data of the investiga- 
shown in tables VII  to X of the ap- 
Figures 52 to 55 present the data 
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graphically in a form of lo~ AP versus log G. 
::All.the n{ns apl)ear as characteristic flat lines, 
! ~d~eating slight variation of pressure drop with 
; ~w rate. For the initial point of bed expan- 

sion: 
p V~ =q- (1 - -~ ) (p~- -p ) ;  (43) 

and, if the ttow is viscous, 

: ~ p =  200G~LV(1  - -3)  ~ (40) 
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Equat ing  the two expressions and solving for G 
yields: 

G =  V ~(1 - -  ~ ) (p,  - -  p) D ,+-pgd3 ~ (44) 
A~2Q0#LX-+(1--6)e , • 

.~=L,  

equation (44) becomes: 

G=O.oosD~$g¢p(p _p)~s (45) 
,V(I--~) 

If the bed has a voidage equal to ~,~ incipient, 
ftuidization prevails and the mass flow" rate for 
this condition is then given by: 

O'O05D+'+'gcP(P~--P)G"~ . (45a) 

ILLUSTRATIONS 

NO. 1 

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

Vesse l  d i a m e t e r _  . . . . . .  : . . . . . . . . . .  4 in. 
W e i g h t  of s a n d  b e d  . . . . . . . . . . . . .  I0 lb. 
B e d  h e i g h t  . . . . . . . . . . . . . . . . . . . . . .  1.25 f t .  
P a r t i c l e  s ize  (150- to  2 0 0 - m e s h )  . . . .  0 .00345 i.n. 
Speci f ic  g r a v i t y  of  s a n d  . . . . . . . . . .  2.65 
I n l e t  a i r  p r e s s u r e  . . . . . . . . . . . . . . .  15.00 p . s i . a .  
Aft" t e m p e r a t u r e  ................ 70 ° F. 

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

lo 
~-= (0.0872)  (1 .25)  (62.4) (2.65)  = 0 . 4 4 5 ,  

(0.0872) (] .25) 

( 1 - - ~ )  = 6 . 3 0 .  
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The density of the air: - -- (29) (492) (15.00) . . . .  
" - -  (359) (530) (14.7) =o'oTt~5 lb./ft.3 

Shape factor:  X 1.16+1.50 1 33 
2 

Viscosity of air :  0.043 lb. hr.-~ ft.-1 

For solid-gas systems, p is small as compared 
to p~. and equation (45) may be simplified to: 

G= (0.005) (g~) ( D,,-op p,~3 -~ 
\~X ~ ( 1 -- 6) ]"  (45b) 

Substituting into (45b), 

G= (0.00.~) (4.12) (lO~) ~~o:oz6o'} (lS.~)(0.445)~ 
(144) (0.043) (1.33) ~ (1 --  0.--4~) ; 

G=4 .54  

u --- 4..54 
{3600) (0.0765) =0 .0164  ft./see. 

FLUID FLOW THROUGIK PACKED AND FLUIDIZED STSTE~¢IS 

DT, G (41400)(0.205) 292 
7 - - ( 1 2 ) ( 2 . 4 2 )  = • 

From figure 10,f=0.95 for 

NO. 2 

Water is passed upward through a column 
of gh~ss spheres. Find the linear water velocity 
necessary to expand the column, given tile 
follmvino, conditions: 

particles, 
a similar 

D~ = 0.205 in. 

p , =  146.5 i b . / f t )  

p = 62.4 lb./ft.* 

p = 2 . 4 2  lb. hr.-~ f~;.-1 

~=0.382 

X= 1.00 

Because the bed is composed of large 
turbulent flow is anticipated, anti 
relation may be developed: 

Ap___ 2 .00f  G2Xt.l(1 --6)L 
Dp p g, ~3 (14) 

Equating. (14) with (43) and solving for G 
yiehls: 

where for smooth particles 

f =  1.75 ( ~ - ~ )  -°'~ . 

Assmning t'= 1, a first trial for G yields: 

..... (o.2o.~) ((~2.~) (84.1~o.3--Y~ 
G =  1,/(0.5)(4.1S)(10 a) (12)(1--0.382)(1) - - ;  

G=41400 

DT'G=292. 
# 

Recalculating G on the basis off--0.95 yields 
G-----42400 and 

D~G~300.  
,u 

Because a value of 300 for 

D~___e 
,u 

is in good agreement with ]=0.95,  the calcu- 
lation of G is close enough 

• 4 2 4 0 0  

• " ' /z=(3600)(62.~) =0 .188  f~;/sec. 

This value is of the same order of magnitude \ 
as 0.136 ft./see., a value observed by Wilhelm 
and Kwauk ao for tile 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 fluidize(l state, it must pass 
tln'ough this point of expansion. Mere ex- 
pansion, however, is I~! necessarily enough to 
permit fluidization. ! n e  expcriment.fl data 
indicated that before fiuidization could begin a 
definite amount of expansion was necessary, 
depending-primarily on the original static bed 
aensity. For high initial densities, a com- 
Pa~'~teic[el~:h:/~:age amount of expansion was// 

, " " % for low initial densities, very ' 
little or no expansion was required. In fact, 
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 fluidization. 
Any bed that has the maximum flt, l!d deffsity 
or is conlposed of the correspondin~ minimum 
f l~ l  v°ida°ge" ,,-ill begin to fluidi~e under the 

ence oI very small fluid quantities moving 
up the column. It is apparent, therefore, that 
the prediction of the minimum fluid voidaa.e is 
of fundamental importance if it is desire~'l to 
estimate reliably the onset of fluidization. 

The minimum fluid voidage of a bed of fine 
particles is easily determined by fluidizino" the 
bed intensely and gradually reducing the~fiuid 



FLEIDIZATION 

tgO zero. This permits the particles to settle 
radually into a position from which they may  

rt-'"dily~, . be t)icked_ up again" and fluidized." For 
,ands, the minimum fluid voidage could be 
~osclv approximated by pouring the materiM 
'rote ~vesset a.t a moderate rate. The vmdages 
thus obtain~d are somewhat  ° smaller than ~m~, 
althouoh the differ(nee is insignificant. Values 
of ~ reported in tables 14: to 18 were obtained 
by charging nJhe r  than by settling. As 
charging is more convenient, it is preferred for 
rapid determinations. 

Figure 56 shows a plot, of ~ versus D~. I t  
appears that  ~,,,~ is considerably higher for sharp 

~0 ~¢~." O-Round sond 

~O --" 
0 0.004 0.008 O.012 0.OI6 0 .020 

Dp, INCH 

Fmv~ 5 6 . - - . M I X I ~ I U M  F L U I D  V O I D A G E ,  6=~, 
FOR R O U N D  A N D  S H A R P  S A N D S  IN R E L A -  
T I O N  TO P A R T I C L E  D I A M E T E R .  

sands than for round sands and lowest for mix- 
tures. The differences in ~,~ for the various 
materials may 1,e explained from considerations 

.~f the shape ;)f the particles. When sharp sand 
is'poured fl'om a definite hei.a'ht into a vessel, 
it ('omes to rest sooner tl~an round sand. 
(Owing to the sharp corners and uneven sur- 
faces, there is a greater anmunt  of "catching"  
of particles witl'i sharp particles than with 
rounder bodivs.~ These results arc similar to 
the observatitms made in connection with 
pa('king densities of large particles in packed 
towers, where it was observed that  rough, large 
partMes buihl heds that  are less dense than 
those composed of smooth particles of the same 
shape, provided loading methods were com- 
parable. Values of ~,,~ for tile round sand are 
somewhat smaller than 46 percent (the voidage 
~ f the loosest arrangement that  spheres can 
RIVe'I ' ~  " . . . .  runs may be explained by assuming 
umt the sand.~ ((hough.close cuts) 'are,  nex:er- 

 !iiii iii i t!ii  i:ii : 
creasing values of D~. This observation is  
Prgbablv related to the ratio of surface area uo 
~dume'for  the sands in question. The finer 
,up. partMes, the greater the surface area 
exhibited by a unit  weight of sand. When 
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loaded into a vessel, the sand normally comes 
to res~ 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 sm'face area, ~ 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,,I- 

CORRELATION 

Analysis of the fluidization data is based 
primarily upon the possibility of applying the 
s tandard pressm'e-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) 

A P  = -  200G#x'OL ( 1 - -  6) "~ (40)  

is suggested. 
Consider a bed of particles of uniform size 

and of unit  height in an unexpanded, static 
colldition. The  bed voidage, ~, is determined 
b3 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 

A p = V :  (1 - -~ ) (p~- -p )  (43) 

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

where 

I 

i 

i 

I 

i '~  •. , 

G,uL ( l - -6 )2__C,  (46) p ~a ~ . 

C---- "SP D'~'g° (46a)  ' '! 
2OOk ~ ,, 

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 l~. If, for convenience, 
Z----l, l~ not  only represents tile instantaneous 
bed height related to any particular fluid flow 
rate bu t  also the ratio of expansion 
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Therefore, equation (46) may be rewritten: 

From equation (47), it follows that, if fluid 
flow through a fluidized bed conforms with 
equation (40), a plot of 

p 

against 

FLI.'ID FLOVg TI-IROUGI-I PACKED AND :FLUID:[ZED SYSTEM'S 

does not obey equation (40). The 
irregularity of the numerical values of 
indicates greater complexity. 

(1--~)e 

using logarithmic coordinates should produce a 
straight line of slope m = - -  1. 

A]I the experimental data have been analyzed 
in this manner. Figures 57 and 58 show 

log G -~ l, 
p 

plotted against 
~_ (1-  ~)-" I~  

for large and small round sands. Figure 59 
shows a similar correlation for sharp sands. All 
these data were observed wii,h the 2.5-inch unit. 
Figure 60 shows a correlation of data obtained 
with round and sharp sands fluidized in the 4- 
inch unit. Figure 61 represents data pertaining 
to mixtures of sands. In  the above fig'ur~s, each 
line refers to one particular tsqoe and size, or 
mixture of sizes, of sand. The slopes of the 
various lines differ from each other and deviate 
markedly fl'om m--  1 Thi ~ ~-o.o.--~ • ," 
• . 1 . - - 1  " . . . .  "~--- ". ~ ~UoveSrS Immettl- 
a t e l  3 T lla[~ l lUld flOW through a fluidized bed 
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FIGURE 57.--FLUIDIZATIOX OF LARGE, UNI- 
FORM, ROUND SANDS IN 2½-INCH UNIT. 
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FIGURE 58.--FLUIDIZATION OF SMALL, UNI- 
FORM, ROUND SANDS IN 2}.~-IXCH UNIT. 

. A i r  
' 0 Inciplen 
C 2 s lugging  

II 
:?~ ~--- 

i .I I 

i i I ~ i l'k- "%[a-2 / '~ilt 1 11i4-  
-- , r'l Fluldlzollon ~ 3 - -  

~ 1  I t  I ~ ! I I I 

- Incipient slugging. 

lit'"' II11' 1111 V 
0.3 0.6 1.0 2.0 0.3 0 . 6  1.0 0,3 0.6 LO 

(i@-.~L 

3:~ I IA: ,. , , 2 I I - - 2  J - 

I I I I I I i ~  ° ". I 1 ~  ~ !  J / o - . ,  J.~,.,,o. | 
~oolC?f. ~ 1__ ~ o  / / / 

o f I 1 - %  

,o ~ , ~:. '. ~ . -3 . ,  , 

05 07 I 2 3 (1~ 0,5 0.7 ! 2 3 
( I -SI~ z 

FmVRE 6 0 . - -  F L U I D I Z A T T O N  OF UNIFOB, M 
ROUND AND SHARP SANDS IN 4-INCH uNIT. 

, !  



FLUIDIZATIO-N OF SOLIDS 63 

: 

' • - =  F +  

501-- ~ 

-×  - -4"  tube-o]r-  round s°nd ~1 

~-[-,4:' ,ube-olr-sh?rp sond I I 

Fmu~ 6 1 . - - F I , U I D I Z A T I O N  OF M I X T U R E S  OF 
SANDS IX 2!~-INCH AND 4- INCH UNITS.  

Figure 62 relates D~ with m, the slopes of the 
lines repros,nt¢'d in figures 57 to 61. In view 
of the varit.ty of sizes, shapes, and mixtures of 
sands tested in vessels of different diameters 
and using fltfids of greatly different physical 
properties, th~ correlation should be considered 
significant. 

'-~.0, ( 

-~.o f' 

-5.ei 
0 0 . 0 0 4  0 . 0 0 8  0.01~ 0.016 0 .0~0  

Dp ~ INCH 

Fm~:~ ~2.--VAI,L'ES OF m IN R E L A T I O N  TO 
D,, FOR SANDS. 

FLUIDIZATION EFFICIENCY 

• In  fi~m'e 63, l e t  t h e  s t r a i g h t  l i ne  G,,,s~z b e  a 
Plot of ~ 

against 

log G --# l,, 
P 

(1--~) 2 
log ~3 
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FmuR~ 6 3 . - - F L U I D I Z A T I O N  AND E X P A N S I O N  
LINES  OF A T Y P I C A L  SMALL SAND.  

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

8s 

corresponding to G,,s is the void factor of ~ bed 
of minimum fluid voidage, the fluidization line, 
G,,~G~, relates the required mass velocities of 
the fluid with the respective voidages in the 
fluidized bed. Because m = - - l ,  it is also evi- 
dent that line G~IG~, the expansion line, relates 
the required mass velocities of the fluid with the 
same values of 

(I--S)SL, 
~S 

\ 

riot for ~ fluidized bed, but merely for an ex- 
panded bed. As both the fluidization and the 
expansion lines are lines of equal and constant 
pressure &'op, the ordinates 

G -~ l,, 
P 

with reference to the proper line, are propor- 
tional to the energy involved in the rate of flow 
of fluid tlu-ough the fluidized bed and tha'ough 
the expanded bed, respectively. Furthermore, 

- because the ordinates 
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for the same values of 

FLUID FLOW THROUGH PACKED AND FLUIDIZED SYSTEMS 

A similar analysis is possible for the expansion 
line. Thus: (l--a)- ~ 

are always higher for the fluidization line than  
for tt}e expansion line, it follows that  more en- 
ergy ~s expended to pass fluid tln'ough a fluidiz- 
ing'bed than would be needed for flow through 
an expanded bed wiLhout fluidization. W i t h  
this interpretation of the experimental data, it 
is possible to define Iluidization efficiency: 

t t # 

~-~-E- ~ ;  = , (4sa) 
G: -~ l, p 

oz" simply: 

E ~ = ~ .  (48) 

EQUATIONS 

From equation (48) it appears that for the 
evaluation of fluidization efficiency it is neces- 
sary only to know the mass velocity, Gn 
required to fluidize the bed and the mass 
velocity, G, ' required to expand the bed. As 
G refers to an expanded bed without fluidiza- 
tion, it may  be calculated directly from equa- 
tion (40) provided the neeessarv data are 
available. G: may be calculatecl from G 
using the relationst~ip developed below. 

.Fr.om figure 63, it appears that  for the 
nmmzat ion line 

(49) 

log ( G fl:p)--log ( Gmflm: ~) 
log ( 1 - ~ ) e  ( 1 - G , r ) -  ~-=m" ~ log ~,./~ 

Cancelling out K and rearranging, equation (49) 
p 

may be written: 

(49a) [ Gfl: -]"~=_(.1 - a)'-a.,) 
Gmfl,,,f..] (1 -- it,,r)-~" 

Solving equation (49a) for 

(1 - -~ )  ~ 

(5o) 

recalling that  lm:= 1, and replacing l: by 

--~,,r) fAr) _ ( 1 --~/) 

finally yields: 

(5z) 
(1-a)~+~:.,, { &'~u,,, (1-a,,,:)-~+~/,. 

~G G~I¢ ~- 7 -I -P'~I __ (1 --a)'-~,,r3 
.~fl~: - -  (1 - a~,:) -'~3" (~2) 

Subst i tut ing (52) into (49a) and cancelling out 
# 

yields: 

aft: .~z/,. O=fl~.: 
c~,z~,) = o T t o  (53) 

Recalling that  /,~:=1 and le=I:, equation (53) 
becomes: 

= ~ 7  ka-Z)  " (54~) 

Since m is inherently negative, equation (54a) 
may  be writ ten in tt~e form: 

G: Gin:/G¢l,'~[,.l 
=--K L o-:7~, ) " (54) 

This is an important  equation in connection 
with fluidization calculations, and its apt~lica- 
Zion will be demonstrated in a practical problem/ 

F rom equation (52), it also follows that: 

( 1 - ~ ) - "  (1 -8~ , : ) :  FO,.:] 
- -  ~ LG--J~/~J" (51a) 

Subst i tut ing (50) into (51a) yields: 

(:-~) (1-~,,:) FGm:l. g - =  8 - - ~ w - ?  L G _ I  (55) 

I t  is of interest to observe that  equation (51) i /  
reduces to the form of equation (55) if m = - - i  
and if G:= G~ is substituted. 

Equa t ion  (49) permits  the calculation of G: 
if G,,/, G~, and m are known. For a given size 
of sand, m may be obtained from i~gure 60. 
F rom figure 54, 8m: can be evaluated and can be 
used with equation (40) to predict G~:. From 
the same equation, G~ can be calculated for any i 
expansion ratio, l~, and then. through applica- 
tion of equations (49) and (51), the necessary 
mass velocity for fluidization and the efficiency 
of the operdtion are easily obtaflzed. 

DISCUSSION '- 

T h e  ftuidization of round and sharp sands 
was investigated with air, carbon dioxide, and 
helium in 2.5-inch- and 4-inch-diameter vessels. 
Table 25 lists the physical properties of the 
gases which, according to equation (40), affect : 
flow through nonfluidized beds. 

, 

' .  



FLUIDIZATIO~- 

TABLE 25.--Pt~ysical properties of carbondioxide, 
air, a,~d ]~diu, n~ at 70 ° F. and 1.$.7 p.s.i.a. 

f 

I~ p I~lp=~l ngas/nCO= 

C0~ . . . . . . . . .  ! 0. 0350 1 .00 
Air . . . . . . . .  t . 0435  .0750  ~ . 580  I 1 .89 
,,o, ium . . . .  : :  I / 

The ]dnematic viscosity, n, of helium is 14.18 
times that of carbon dioxide and 7.5 times that 
of air. The agreement in figures 52 to 56 is 
therefore significant. For small sizes of sand 
(espeeiall): in the 2.5-inch tube), a peculiar 
inverted S-shaped trend persists for which no 
satisfactory explanation could be found. The 
data indicate that the kinematic viscosity of the 
fluid affects ihdd 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 slug~ng has re- 
ceived much attention. The reasons for this 
consideration were simple, as it was postulated 
~dth 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. 

0 2  

'X 

A x,+x ~ 0 
¢ ¢ 

io I .  

r~ 

x - { - - - +  X • 

• X 

Symbols in the following sequence indicate increasing 

bed heights for round sond" ° X O A V ,  

+ sharp sand,  ~ mixtures of sand 

I I.I 1.2 1.3 1.4 1.5 
le 

Fzcr~m 6 4 . - - S I . U G G I N G  P O I N T S  I N  2,~/2-I--N'CH 
UNIT 

o~ S0LIDS 6 5  

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 ind.i- 
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 
distinct downward trend of the data., indicating 
that  snaMl-diameter particles begin to slug at 
higher expansion ratios than larger particles. 
This means simpl) 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 ~-ith 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 cohmm 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. For 
incipient slugging, however, variations of 5 to 10 
percent usually were observed. For 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 sho~al 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 slug.'ging is the 
increased wear and tear on the eqmpment. 

Figure 65 shows calculated values of fluidi- 
zation efficiencies for all the materials plotted 
against the expansion ratio. The graphs follow 
a regular pattern and indicate that fine mate- 
r ialsmay be fluidized more efficiently than coarse 
particles. If, for example, a bed composed of 
particles of Dp=0.00632 inch is compared with 
a bed of particle size Dp=0.01100 inch, then, 
for an expansiml ratio/,.=1.20 it appears that 
the bed composed of smM1 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 to!al energy of the gas are 
dissipated otherwise. I'he dat:a analysis reveals 
here, too. that the mixed particle sizes correlate 

!.1 
J 

| 

I 
I 

I 

i ' /  

I '  

I 

i i '  

I 

t 

i 

I 
,j  

J 



I 

A • 

fl 

t 

66 

ROUND SAND" 

= J ' I III ioO: ' 1 1 % 1 :  

i " 7 I ~ 0,00345" 0.00345" 
.00488 " W  O 0.00458" 

= 

_N O.OOIIS" _0 .3 00838" 
I . I / / / / / / / I  .>Jl 'o.o, o6a,, / ooe,s" 
IJ. .~ 10.OiIOO,, 

 oo,os, 
.I ~ ! ~ 0.01346" 

• ~XPAI~JSION RATIO I e I.I I.S 

FIGURE 6 5 - ~ F L U I D I Z A T I O N  E F F I C I E X C I E S  F O R  
R O U N D  A N D  S H A R P  SANDS. 

well when the diameter of the mixture is 
chosen according to the rule 

Z = Z  

D~,= 72, (XG)z. (20) 
Z=I 

A comparison of fluidization effieiencies for 
round and sharp sand is not conclusive at this 
time. It appears that investigation of many 
more irregularly shaped particles is necessary 
before a definite trend can be predicted. 

One of the most important variables to be 
considered in a study of fluidization is the 
pe.rcentage voids in ti~e bed, particulaHv the 
mmmlum fluid voidage. The materials investi- 
gated offered little difficulty in evaluatin~ 
~,~,, correctly, because the inciividual particle~ 
were unifo{mlv dense and had well-defined 
surfaces. A be'd of coke or other honeycombed 
material has a much greater voidage than a san 

in permitting tile fluid to pass through the bed. 
Any correlation that would apply to flow 
through a vesicular bed should ~take into 
account the h'aetion of effective voids. This 
will be discussed in detail in connection with 
fiuidization phenomena of coal particles. 

ILLUSTRATION 

PROBLEM 

A sandy material is poured into a evlindrical 
vessel, and nit' is admitted into the base of tile 
vessel through a distributor. The operating 
comlitions are as follows: 
Sand : 

Weight . . . . . . . . . . . . . . . . .  20 lb. 
Specific gravity___ 2.65. 
Size . . . .  " . . . . . . . .  

. . . . . . . . . . . . . . . . .  100- to 150-mesh. Shape factor  (estimated)___ 1.3. 
Air: 

Tempera tu re  . . . . . . . . . . . . .  70 ° F. 
Outlet  pressure . . . . . . . . . . .  14.7 p.s.i.a. 
Ra te  (standard conditions)_ 40 cu. ft.]hr. 

Vessel dianleter  . . . . . . . . . . . . . . .  4 in. 

FLUID FLOW TI-IROUGI-I PACKED AND FLUIDIZED S 'YSTE~S 

Determine 
1. For the operating conditions stated, will 

fluidization occur? 
2. If fluidization occurs, estimate: 

a. Efficienc) of fluidization operation. 
b. Expanded bed height and bulk density 

at fluidization. 
c.  Fhfidization energy. 

SOLUTION 

Effective particle diameter: 

D~=-~/(0.0041) (0.0058)=0.00488 in. 

The estimated shape factor of the sand: 

X = l . 3 .  

From figure 56, &~s--0.50 (value estimated 
between round and sharp sand). 

Fluidization pressure drop: 

A P T -  20 - 
(0.785) (0.33) 2 = 2 3 0  lb./fl;.s 

Static column height: 

L = - -  20 
(2.65) (62.4) (0.50) (0.33)."(0.785]=2.78 fK 

G,~I may now be calculated f,'om equation (40): 

230--(200)  (G,,f) (0.0435) (1.3)."(2.78) (0.509."(144) 
- '  (0.00488)."(0.0750) ( 4 . 1 8 ) ( l O ~ ;  

from which G~= 14.6 lb. hr. -~ f t . - t  

The mass velocity of the operation: 
as (40) (0.0750) ,- 

3 -  (0.0850) - - - 3 ~ . 2  lb. hr.-1 ft.--" 

Because G/~G,~I and because, from figure 62, 
it appears that for this sand m=--2.05 the 
bed will be in a fluidized condition. 

Next, it is necessary to calculate the per- 
centage voids in the bed when it fluidized. 
Since at this point G/, G,~s , 8,~,, had m are 
known, equation (51) 

may be applied immediately. Thus: 
(2___I '~ i ~_± 

( 1 - @ \  2.o5/ /35 2 h - ~  (1--0.50) zo5 
8, =ki~.s? - - - - ( 0 . 5 ) ,  

from which 
(I--8)'.51 

83 - = 1.740. 

By trial and error, 8=0.555. 
Then 

l~ l--,~j, 1--0.50 1 122 - -  5 - - : - Y  - -  ~ --- • . 
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Now equation (54) may  be applied to find G,. 

_.  14.6 I"g+ 1.222-] ~'°~ 3°'2=L-'~ L J 

fi.om wh ich  # ( = 2 1 . 0  lb.  h r . - ] f t .  -'~ 

Eifici{'ncy: 

35 2 - 2 1  0 . ^ ^  
E+= "3~., " =0.4u~. 

Fhfidization energy: 1 ~ =  (230)(40)(0.402) 
~-3,700 ft.-lb, or 0.112 hp. 

The expanded bed height is (2.78) (1.122)= 
3.12 ft., and the bulk density at fluidization will 
be (62.4)(2.65)(1-0.555)=73.5 lb.flt2 

FLUIDIZATION OF AN IRON FISCHER- 
TROPSCH CATALYST 

In the previous section, correlations were 
developed that  apply to  the fluidization of 
nonporous ..~olid. particles. The materials used.:: 
for these studtes were round and sharp mllca 
sands. Although the correlations apparent ly 
imtieate that  the density of the particles is not 
involved, an investigation of materials with 
densities sufficiently different from tha t  of sand 
wt~s undertaken to provide a broader basis for 
application of the correlations. In  view of 
recent interest in synthetic liquid fuel processes 
and the possible extension of the fluidization 
technique to these and other operations, it 
seemed partieularly worth while to investigate 
the fluidization characteristics of a typical iron 
Fischer-Tropsch (hydrocarbon) catalepsy. 

MATERIAL AND OPERATION 

The chemical composition of the iron Fischer- 
Tropsch catalyst corresponded closely to the 
femmla FelOn, magnetite.  The  pycnometric  
density was 5.00 g./cc, and in satisfactory 
agreement with that  of Fe~O~ (5.18 g./cc.). 
The material was ferromagnetic of low reman- 
ence. Figure 66 shows the weight-size dis- 
tribution of the various materials investigated. 
All the beds were composed of mixtures con- 
taining 5 to 10 different particle sizes ranging 
from 28- to 325-mesh. Figure 67 shows phi)to\ 
graphs of the materials. Comparison with the 
earlier photographs of samples of r o u n d  al~d 
stnarp sands shows the iron-catalyst, pardcws 
o be considerably more irregular than sharp 

sand. F o r  this reason, the shape factor of the 
eat.alyst particles could not, be est imated 
S.ahsfactorilv by comp=~rison with sand par- 
it!eros, and ~ separate shape-factor determina- 
lea was necessary. 

The apparatus and experimental technique 
Were the same as those described in connection 
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FzeT5~ 6 6 . - - W E I G H T - S I Z E  D I S T R I B U T I O N  OF 
I R O N  F I S ( ' H E R - T R O P S C H  C A T A L Y S T  B E D S  
I N V E S T I G A T E D •  

with sand flnidization. IZnown weights of cat- 
alyst were charged into a f i nch -d i ame te r  tube, 
and the static height of the colunm 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 ~vere 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 pressm'e drop and the 
formation of channels through the bed. As the 
gas-flou rate was increased, the pressure drop 
slowly bu t  steadily recovered, and the channels 
were destroyed, indicatil~g improved agitation. 
From the comparativel3~large bed expansion 
tha t  preceded internal particle motion (fiuidiza- 
tion), it  was apparent  that, the static bed void- 
age, differed appreciably from the min imum fluid 
voidage, 6ms, for this material. As the forma- 
tion of eham~els made the beginning of fiuidiza- 
t ion rather difficult, to observe when gas was 
admit ted into the static, bed at  increasing flow 
rates, ~,,s had to be determined in another  way. 
I t  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 colmml height  was re- 
corded, and 6mS was calculated. The  apparent  
deviation between the static bed voidage and 
~,~f was the chief difference, observed between 
the h'on catalyst and lizht, sands. There  were 
also indica.tions that  me catalyst, exhibited 
greater slugging tendencies than the sand. 
Otherwise, a flt{idizing catalyst bed closely re- 
sembled a similar sand bed. 
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DATA AND CORRELATIONS 

Fhe ori~'ina] data  of this investigation are re- 
.'ted in tahh, XI in the appendix. Table 26 
s lWl'tinel]t ol'ientin~ information. The static 
1 {'oida~e is ~enerdllv 2 to 5 percent lower 
in the values of G,s. in fi~ure 08, G, sis shown 
relation to Dp. For conlparison, the curves 
.lathing to sands also are shown. The data 
the iron catalyst lie above those of the sharp 

ld and agree ~'ith the shape requirements. 
In fig'urc 09, modified fl'ietion factors are 
~wn for the iron catalyst in relal]on to the 
,lifted Revnohls nunlher .  The plot permits 
, evaluat{on of the catalyst shape factor. 
us, for I L =  1,.f=100 for spheres, and J=300  
the catalyst partMus. From this: 

300 
,x- ----- TO-- 5 , 

J 
X =  1.73J 

In flgm'e 70, pressure drop, AP, is shown in 
,tion to mass flow ]'ate, G. The fixed-bed 
rlion is characterized hy the straight lines of 
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slope +1  (indicating' laminar flow) and the 
fluidization portion by the flat., ahnost 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-fl'ow rates. At high rates of flow, 

0.65 / I I ~ I ~ i i i 
I I ® - - i r o n  P l sche r -T ropsch  co la lys l  

~ ,55 \ - . . ~  ~ 
.50  \ i , ~.= 1.50 - -  

.45 ~ 1  u ~ S h a r p  sand ~ i r ' ~  - - -  116 
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the pressure drop across the fluidized bed may 
be approximated closely by the earlier equation 
(4:~). 

~I t~ 

k~,~f I IJ.-rLl_ i t 
- I / ~  " - o - i  

IA" l i t  *-~-' 
kk- ," ~' - e - I  

~ .  • : :  ;:~, 

It I I J I i  ° - . - I - I ~ 1 - 1  
H I I 1-FF,~,: "-~-l-F] 

3OO 

~ 200 

~ lOO 

~o 
~o 

,o  

C ~ 

o.~ o~ o~o? , z ~ ~ 7 ,o zo ~o soTotoo ~oo4oo 
,.,,~ss V~.OO,T~ O. ~POU~OS ~. SOU~.~ Foot P~..OUR) 

I"~CVRE 7 0 . - - P R E S S U R E  DROP IN R E L A T I O N  
TO MASS V E L O C I T Y  F O R  F L U I D I Z A T I O N  OF 
I R O N  F I S C t t E R - T R O P S C E I  C A T A L Y S T .  

Figure 71 shows log 

p 
in relation to log 

(1-~)~ 

Runs d-1 and d-2 were made with air 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 
ldnematic viscosity of the fluid affects the 
fluidization of light and heavy materials alike. 
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FIGURE 7 I . - - F L U I D I Z A T I O N  OF I R O N  F I S C H E R -  

T R O P S C H  CATALYST.  

Table 27 reports the slope, m, of various lines 
of figure { 1. Figure 72 shows values of m for the 
iron catalyst in relation to D~ ; lines established 
earlier pertainino, to round and sharp sands are 
shown also. Although some deviations exist 
between the new data and the old correlation, no 
definite trend is indicated. 

Figure 73 shows fluidization effieiencies for 
all the materials at three expansion ratios, 
/,=1.05, /,=1.15, and /e=1.25. With few 
exceptions, the agreement is quite satisfactory 
I t  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. 
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FZO~rRE 72.--VALUES OF m IN RELATION TO 
D~ FOR SANDS AND IRON FISCHER-TROPSCH 
CATALYST. 

i ~  • -  Round sand  _ _ _  

~\D.~, × -  Sharp sand 

o~ x ~ - -O- I ron  Fischer- -- 
\ I Tropsch catalyst 
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~'e~: '.'~'~ i \  ' e : ~ , - - J - -  

I 
e ! , T ,  x "~4' ~ . J  

0 0.004 O.OOI 0.012 0.016 
Dp, INCH 

Fzc, tr~ 73.--FLUIDIZATION EFFICIEN- 
CIES IN RELATION TO PARTICLE 
DIAMETER CALCULATED FOR BED- 
EXPANSIOX RATIOS 1.05, 1.15, AXD 
1.25. 

/ 
k___J 

I 
0.004 

j 
I I ' = -  
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FLUIDIZATIOX OF SOLIDS 

T.~,mm 26.--Fluidization experiments performed with iron Fischer-Tropsch catalyst 

71 

f 

D I , ,  

Run in eh 

b-1 . . . .  i 
a-1 . . . . .  0. 01518 

(11215 
c-1 . . . . . .  00S23 
d-1 . . . . . .  00702 
(t-2 . . . . . .  00702 
e-1 . . . . . .  00430 
e--2 . . . . . .  00430 
f-1 . . . . . .  00278 

01214 g-1 . . . . . .  
h - I  . . . . .  004801 
h-2 . . . . . .  00480 ~ ] 

Stat ic  Sta t ic  
Weight,  height ,  f ract ional  

gm. f{. voids, 

i 

4,262 0. 685 
5,011 •820 
4, 650 .771 
5 ,229 .915  
5.229 .885  
3,986 .724  
6.019 1. 063 
5, 580 1. 061 

7 , 2 3 4  1.210 
7,863 1. 310 
5 ,637 .945  

0. 499 
506 
510 
636 
523 
555 
542 
574 
517 
515 
517 

3=~ G a s  

0 520 Air 
• o2o '- . . . .  do . . . . . . . . .  
. 5 5 9 t  . . . . .  do . . . . . . . . .  

. . . . . . . . . . . . . ,  d o  . . . . . . . . .  

. . . . . . . .  I H e l i u m  . . . . . . . . .  
• 5761 Air  . . . . . . . . . . . .  
. 5 7 3  . . . . .  do . . . . . . . . .  
• 610 . . . . .  do . . . . . . . . .  
. 5 2 5 1  . . . . .  do . . . . . . . . . .  

. . . . . . . .  ~ . . . . .  d o  . . . . . . . . .  

. . . . . . . .  , . . . . .  d o  . . . . . . . . .  

Flu id iza t ion  p r e s su r e  drop,  
_%P, lb./ft.-" f o r - -  

Low ! H igh  
gas  ~ ga~ 
flow i flow 

1 0 9 '  118 
1 2 6 [  140 
1191 

lOl 
152 

04 t 137 
179 I 189 
150 t 201 
137 I 143 

Calcu-  
la ted 

108 
127 
118 
133 
133 
101 
152 
141 
182 
199 
143 

T~Lr~ °7--Sl , ,pt .¢  r,f ¢xperin.ntal runs made 
with the ;r,,n Th.cher-Tropsch catalyst as shown 
in figu,', • 71 

Run 

b--1 . . . . . . . . . . . . . . .  
c-1 . . . . . . . . . . . . . .  
d-1 and d -2  . . . . . .  
e-1 and e -2  . . . . .  
f -1  . . . . . . . . . . . . . . .  
g-1 . . . . . . . . . . . . . .  
h-1 and h - 2  . . . . . . .  

0•01518 
01215 
00823 
00702 
00430 
00278 
01214 
00480 

T u b e  di- 
Do, ameter ,  

inch inches 

4 
4 
4 
4 
4 
4 
4 
4 

--I. 02 
--I. 27 
--I. 73 
--L 84 
--2. 64 
--3. 25 
--I. i0 
--2. 44 

APPLICATION TO PROCESS DESIGN 

The fluidizafion correlations developed so far 
were obtained under nonreaction conditions. 
The application of the relationships to systems 
undergoing a chemical reaction requires due 
consideration of specific process characteristics. 
The synthetic liquid fuels process is complex in 
that x~'axes are formed at low temperatures and 
carbon is deposited on and throughout the cat- 
alyst at hi,zh temperatures. Excessive wax 
formatiml ~(ill have the effect of binding the 
individual catalyst particles together and, if 
allowed to proceed uncontrolled, will eventu- 
ally soil, lily the catah'st bed. Carbon fm'ma- 
tio'n ~ ill sl{bstantiallv'reduce the density of the 
bed and might co'nceivably lead to larger 
agglomerates. It is apparent, therefore, that 
excessive formation of waxes and carbon will 
serioush- all'cot the fluidization operation. 

It is 'currently believed that excessive wax 
fm'nmtion can l~e controlled by operating the 
reactor ah.ve 300 ° C. If in this temperature 
r d n . t r o  " f l m  , L , , . , , ~ . ÷ - L a ~  ~ ' f  p.- , 'v l~ml  ~ n ~ -  ] n ~  P o e ' 1 1 -  

lated by  ~ proper choice of catalyst., the fluid- 
ized reactor seems feasible for carrying out the 
Fischer-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 ,~ particular mode of 
operation. The physical properties ~nd linear 
velocities of the reacting mixture cha.nge mark-  
edly during the reaction, and such ~ change 
large enouah to affect sig~fificantly the quali ty 
of the flm(hzatmn operatmn is concmvable. 
These studies have revealed that  the kinematio 
viscosity of the fluid, 

p 

largely determines the efficiency of fluidization. 
Let  us assume tha~ 

p 

of the fluid decreases by 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 fiuidization at the 
inlet to the reactor while essentially a fixed 
bed exists at the exit. Because of ~ compara- 
tively poor transfer of heat  through ~ fixed bed. 
such a. condition Mll result in uncontrollable 
temperatures, excessive methane and carbon 
formation, and early deterioration of the 
catalyst. I t  is important,  therefore, to know 
how "small the catalyst particles must  be to 
assume efficient 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 
~.q~_ The calculations were made for recycle 
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ratios of 1:), 1:4, and 1:9. For each opera- 
lion, 12-inc% 18-inch, and 24-inch diameter 
reactors were considered. The folloxving con- 
ditions served as the basis for the calculations: 
Operating temperature,  o C . . . . . . . . . .  ____ 
Operat ing pressure, a tm . . . .  - . . . .  320 
~pace velocity (ft.a fresh gas)/if-t-a-c~ . . . . . . . .  20 
~vnrnesis ~as . . . . . . . . . . .  ) /h r .  . . . .  300 

* , ¢ ~ * a *  P U ~ I  [ , l o f t )  percent:  CO . . . . .  
H~_ _ - . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  57 
N2 . . . . . . . . . . . . .  : - -  38 

Conversion of svnthes~s gas, percent . . . . . . . . . . .  5 
Usage ratio, CO : H . . . . . .  90 

• 1.5:1  Average nmlecular weight of hydrocarbon product . . . .  - 
............................... CzH,4 

FLUID FLOW TI-IROUGI-I PACKED AND FLUIDIZED SYSTE~iS 

All the water is condensed out of the recycle 
gas, and COo is allou-ed to accumulate. It 'Was 
assumed that catah-st activity was not s'gni. 
fleantly influenced b'v the particle size, and ~hat 
no liquid product films existed under tile given 
operatin~ conditions. The calculations that S erred as the basis for table 29 were made on 
the assumption that synthesis on tile iron 
catah-st proceeds chiefly according to the 
follm~dng reactions: 

:Recycle 1:0, [ Recycle 1:4, 
Consti tuent  reel-percent  / mol:percenf; 

Inlet  Exi t  ] Inlet  Exit  

CO__ - - - - - - - -  ---------__L____~ ..... 
: : : : : : : : : : : : : : : : : : : : : : : : : : : :  5r. 0 i z  10 22 s 14. 0 
N2 . . . . . .  38. 0 8. 05 15. 8 9. 4 
COn . . . .  - . . . . . . . . . . . . . . . . . .  5. 0 10. 60 11.0 12. 3 
t{~o . . . .  - - : : : : : : : - - : : :  . . . . . . . . . . . . . . . .  4s. a5 45.0 56.20 

n(CO+2K.~) : C,E.~,q-nH20 and n(2COq-H2) 
C,H.~,+ nCOz. 

TABLE 28.~Caleulated inlet- and exit-gas compositions/or three recycle ratios 

0.07 

.05 
P, o 

0. o3  t ~ . - _ F _ f i _ _ ~ a  co m~.r~ i . ' ~ -  
I I lalion ,fo ~ e m p e r a t u , e  " -  

o ' I I I , ~ - i  . . . .  
a: - I 0 0  0 I00 200  

TEMPERATURE, oC. 
300 ~o 

lReevole 1:9, ! ~ . . . .  
reel:percent; 1 lseosz~y 

' at 320 ° C ,  
T n ~ ~  lb. h r -1"  
Inlet  Exit  I ft.-~" 

18. 5 
12.3 
1i. 8 
51.3 

6. 07 

5.5 

14. 1 0. 070 
9. 4 • 034 

12. 5 • 068 
56. 5 .064 

• 6 • 050 
6. 9 • 060 

39. 44 

For a reliable application of fluidization prin- 
ciples to the process, an accurate evaluation of 
the physical properties, such as viscosity and 
density, of the fluids becomes necessary. 

• • • 4 1  , , ° 

h t e l a t u l e  I e p o l  ts ~'al'lOUS e m p n u c a l  expressiTonhs e 
for calculating the viscosity of gas mixtm'es if 
values for the individual components are known. 
Their application is limited, however, to the 
specific conditions under which these relation- 
ships were obtained. An application to higher 

o. tenlperatures, pressures, and different fluid 
compositions, such as those prevailin~ in a 
Yiseher-Tropseh reactor, does not seem jt[stified. 

~0 .07  - - - F - - -  - - - - ' - -  

-2oo.-: ~ ~ :Fio'ure 74 shows how the viscosity of H.,-CO 
d. t ~ ~ ~ nlL'~tures varies with composition and ten'lper- ~2 . °5  - I o o ~  

I ~ attire. Tile data are those o f "  t 
:P rau .z  a n d  

] 3 a u m a n n  4.~ A c c o r d i n g  to  t a b l e  29,  t h e  h ' e sh  - ~1_.~9 ~ ~ 
o gas contains some nitrocen 

" visrosities of 

i -~ permissible to consider the fresh ~as as bein- 
_.__+___ those of t/.o-N> For this reason, it is probably .o,J , c, I 

made up .of 0.38 I-I= And 0.62 CO. in fimu.~ 
0 20 40  60 80 I00 ~-'}, t i l e  V i s c o s i t y  n~ ~ . ~ .  - - .  ~ " . p "  
PERCENT H2B Y VOLUME IN Ha-CO MIXTURE -- ~ . . . . .  .~-~ a m i x t u r e  a a s  b e e n  

FIatrRE 7 4 . ~ V I S C O S I T I E 8  OF Ho-CO -MIXTUR 4~ Zipperer, L., and ~rue]l~, ~ .  ~ . 
AT  VARIOUS T E M P E R : 4 T U I ~ E S . "  " ES PP~ ~2~3a-u[z.64~, and 6,~-4.. " . . . . . . .  as unn Wasserrach, ,'oL r~, ,03~, 

and Baumann, p B Ann Ph i '~ .D PP. 7 3 3 - 3 6 . '  " '  " -: • ys'k, set. 5, vol.., 19'2 , 
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evaluated  for  the  reac t ion  t e m p e r a t u r e  b y  
extral)olat!ng the da ta  to 320 ° C. A l t h o u g h  
the v iscos i ty  of  the fresh gas could be thus  
es t imated  wi th  reasonable  accuracy ,  no i n f o r m a -  
lion is ava i lab le  for the  o the r  gas  mix tu res  for  
whi, 'b, because  of  their  complex i ty ,  the  vis-  
cosities c tmnot  be e s t ima ted  f r o m  fi~ure 74. 

Fo r  a 0.38 IL~-0.62 CO mix ture ,  the v i scos i ty  
at 320 ° C. is 0.0655 lb. hr. -~ ft..-L I f  the vis-  

T:t~-~", 29.--E.~hmated kbwmatic vi.s•cosities of inlet 
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eosity is calculated on a mol-fi'action addilive- 
rule basis, v=0.0564 lb. hr. -~ ft..-L The :'e- 
sultin~ error is therefore only 14.8 percent. 
For l,~ck of a bet ter  method, the viscosities of 
all mixtures will be estimated by  this additive 
rule, and the values thus obtained ~d]l be used 
as a basis for fluidization calculations. The 
kinematic viscosities estimaLed in this way are 
recorded in table 30. 

and exit gases for a Fischer-Trop.¢ch f luid reactor :11, I 

Recycle ratio 

,:o i!iiiiiiiiiiiii [ 1:9. i : : 

Viscosity, lb. hr. -~ ft. -1 

Inlet Exit 

0.0562 0.0607 
• 0609 .0628 
.0616 .0622 

Density, lb.]ft) 

Inlet Exit 

0. 466 0. 986 
• 902 1. 031 
• 957 1. 014 

Average 
kinematic 

viscosity 77, 
f~?/hr. 

0.091 
•064 
.063 

Exit 
Inlet 

0.51 
• 90 
• 9 5  

t 

The  ca lcu la t ions  indica te  t ha t  for  low recycle  however ,  the  "buf fe r  a c t i o n "  of  the  d i luen t  gas  
ratios the k inemat i c  v iscos i ty  decreases  ~i~- is m o r e  signilicafit ,  so tha t ,  a t  a ra t io  of 1:9, 
nif icantly as the  re.~ction m i x t u r e  p roceeds  the  k i n e m a t i c  v i scos i ty  var ies  on ly  l i t t le  be tween  
through the uni t .  F o r  h igher  recycle  ra t ios ,  t he  inlet, and  ou t l e t  of  the  unit.. 

T.~mA.: :~O.--Calculatrd data pertaining to the operation qf a f luid  Fi.~,cher-Trop,~eh reactor 

~ l l l l t l ) l , r  

lb . . . . . . . . . . . . . .  
~C . . . . . . . . . . . . . . .  
ld . . . . . . . . . . . . . . .  
2a . . . . . . . . . . .  
2b . . . . . . . . . . . . .  
20 . . . . . . . . . . . .  
2d . . . . . . . . . . . . . . .  
3a . . . . . . . . . . . . . . .  
~b . . . . . . . . . . . . . .  
3e . . . . . . . . . . . . . . .  

Recvch' I) t, G 
rat io inch 

I:0 
i:0 
I:0 
I:0 
1:4 
1:4 
1:4 
1:4 
1:9 
1:9 
1:9 

9 

12 
18 
24 
21 
24 
30 
36 
30 
33 
36 

1054 
593 
264 
148 

1873 
1438 

920 
641 

1950 
1612 
1353 

U~ D r ,  n l a x • ,  
ft./see, inch 

0.629 
• 353 
.157 
.088 
•577 
.443 
• 284 
.198 
• 566 

. 4 6 9  
.393 

0. 0116 
.00785 
• 00475 
• 00335 
• 0162 
• 0141 
• 0105 
• 00818 
• 0165 
• 0152 
• 0137 

D ~  
inch 

0.00696 
• 00471 

00285 
00201 
00979 
00846 
00628 
00491 
00990 
00912 
00822 

1• 273 
1. 219 
1. 152 
1. 105 
1• 237 
1• 182 
1• 162 
1• 095 
1. 242 
1. 187 
1. 167 

0. 387 
424 
575 
632 
199 
235 
326 

• 384 
• 185 
• 206 
• 238 

tll 

i • . 

) 

° 

The d a t a  of table  30 were used to ca lcu la te  
the values r epo r t ed  in table 31. As p o i n t e d  
out earlier, the  ca lcula t ions  are  based  on  a 
space ve loc i ty  of 300 referred to f resh gas.  
I;or this r a t e  and  the  l dnema t i e  v i scos i ty  a t  
the outlet ,  the  m a x i m u m  par t i c le  d i a m e t e r  
for which t lu id iza t ion  will still occur  was  cal- 
culated, and  these  vahles  are t a b u l a t e d  in 
fohmnl  6. Because  the  ope ra t i on  of a f luidized 
bed composed  of par t ic les  of m a x i n m m  d i a m e t e r  
is oritical, va lues  of D~ max.  calmot, be  used 
in process d e v e l o p m e n t  work.  A p rac t i ca l  
Particle d i a m e t e r  m u s t  therefore  be smal ler  
than D~ max .  T h u s ,  c o l u n m  7 of tab le  31 
reports va lues  of Dp----0.60 Dp max.  Dv 
yalues, t oge the r  wi th  the  co r respond ing  f luid-  
marion mass  flow rates ,  G, were  t h e n  used 
to obta in  I~ and  E~. Because  of the  s o m e w h a t  

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

Figm'e 75 shows the variation of the particle 
diameter with the diameter of the vessel for a 
constant space velocity. For all tln-ee recycle 
ratios, D~ decreases rapidly with increasing Dr. 
In the limiting case, D~ should approach zero 
for very large reactors• Fm'thermore, it ap- 
pears, as one would expect, that the lowest 
recycle rates requh'e the smallest particle 
diameters. 

Figm'e 76 emphasizes the relationship be- 
tween the bed-expansion ratio,• l~, and the 
reactor diameter• The expanmon ratio is 
high for beds composed of large particles 
requiring high rates of flow for fluidization. 
For high rec.yele ratios, the expansion ratio is 
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D,., FOR A SPACE VELOCITY OF 300 
AND VAI{IO'(.'S ~ECYCLE RATIOS. 

greater than for low ratios. In the lower 
section of the figure, the variation of fluidization 
.efficiency. with reactor dianleter is shown. It 
is surpnsmo: that  E~ increases with increasing 
reactor dia~neter. For  large values of D,, E~ 
asymptotically approaches a value, the magni- 
tude of which seems to depend on the recw.le 
ratio. For very small diameter  reaetors, 'E~ 
approaches zero ~. 

Table 31 lists the inlet velocities of the gas 
into the reaetcr. The highest velocity recorded 
is 0.629 ft./sec. Industr ial  developments have 
shown the desirability of working with higher 
velocities rangino, fi'om 0.5 to 2.0 ft./sec. As 
the particle dian[eters reported in tal~le 31 are 
well in accord with those employed in industrial 
practice, it would appear that  industrial units 
could operate with considerably larger partMe 
diameters withou~ approaching the limits of 
fluidizability of the bed. Expansion ratios 
in excess of those calculated in this paper have 
been reported in industrial  equipment,  an 
indication that  the particle diameters used in 
industrial units are small in comparison with 
the relatively hMl  flow rates 

At the fluldlzation velocities recorded in 
eohmm 5, the rate of carry-over fronl the fluid 
beds.was negligible. Work aimed at findin~ a 
relation between the rate of carry-over and the 
gas velocity has shown that. the rate of elutria- 
tion h'om fluidized beds increases umlsually 
quickly with the linear fluid velocity, once a 
certain flow rate has been surpassed. This 
observation is in agreement with industrial 
experience where significant catalyst losses 
are reported for the comparat ively high oper- 
ating velocities at, which larger units  are work- 
rag. 

Finally, the rate of at tr i t ion in the bed should 
be of interest. At low flow rates and none'heroi- 
cal reaction conditions, at tr i t ion rates are 
negligible; it. is believed, however, that with 
higher flow rates and in tile presence of chemical 
reactions, which are aeeonlpanied by intense 
heat effects, attri t ion can become important.  
:Furthermore, if tile bed is composed initially of 
particles that  are too fine, it is difficult to see 
how formation and loss of fines can be pre- 
vented. 

One of the chief difficulties encountered in the 
operation of fluidized beds in Fischer-Tropseh 
reactors is the formation of carbon on and 
throughout the catalyst. In  an evaluation of 
the effects that carbon formation will have on 
fluidization, it is necessai'y to consider carefully 
the manner  in which the  carbon is deposited in 
the bed. If  the carbon appears suddenly, 
owing to rapid cracking of waxy substances (a 
condit!on not likely to occur at tile conventional 
operat ing temperatures), large agglomerates of 
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part ieh,s will result that may immobilize the bed 
m~lirely. A catalyst bed that has experienced 
su,'h a change must. be discharged from the 
rcm'tor. If the carbon forms more sloMy on 
the Sln'faee of the catalyst, the individual par- 
tich's will be t,nlarged; however, no substantial 

" • " o "  " .... • ,,.re,,'utmn shcmhl occur. Flus chan~e m the 
b;~l sh~,ul,l nm interfere seriously with fluidiza- 
tion unless the partMes have enlarged beyond 
the maximmn size that can still be fluidized. 
A third formation mechanism may  be encoun- 
ter,',l in whMl the carbon deposits in the inter- 
ritw of the catalyst particle. I t  has been ob- 
served that this type of formation is always 
ass,,ciated with size disintegration. At the same 
timo, the bulk density of the bed is reduced 
greatly. This ¢'llange has very pronounced ef- 
fects on thlidization. Owing to the reduced 
bulk density, such a. disintegrated bed will 
exp,aml, considerably beyond the limits of the 
original bed. and fluidization will become more 
vM,,nt. As a ,onsequenee, the rate of earry- 
ow,r will im'rease. As the carbon is dispersed 
unif~wnlly tlm,ugh such a bed, separation of 
earh~m hy blowing over parts of the bed periodi- 
cally is not p.ssible. 

SAMPLE CALCULATIONS AND COMMENTS 

PROBLEM 

Fro" a 1:4 recycle ratio, 300 space velocity (on 
th,. tntsis of fresh gas), and 3.33 ft. s of dumped 
eatah'st, the mass velocity, G, equals 1,438 lb. 
hr. -~" ftl -~ if ttow throu~l~ a 24-inch diameter 
rea,,tar is considered. ~Additional operating 
data are as follows: 

Catalyst : 
Pal:tMe density, (p~): 5.00 gm./ce.=312 

lb./ft, s 
,qhape factor, X: 1.73. 

Synthesis ,m;" 
Inh,t visc,Mty, ;~: 0.0609 lb. hr. -~ ft. -~ 
Inh,t density, p: 0.902 lb./ft, a 
Exit viscosity, ;~: 0.0628 lb. hr. -~ ft. -~ 
Exit density, p: 1.031 lb./ft. ~ 

For the ul ore operating conditions, determine: 
1..Xlaximum particle diameter, D~ m~.~., at  

minimun~ fluidization. 
T • o - -  ~ m a x . *  2. ['sing D~-0.60 D~ find the expansion 

ratio, G ann the fluidization efficiency, 
~; .  

SOLUTION 

I',,. minimum thlidizatiou: 

, 200G, L~X"-(1 --~,,:~)~" 
-~l'=L, tp.~-o)(1--o,,~r~= , (a) D~,eg~p6 ~ 

X;ll,,V,, I)~, is the mi~xilnum particle diameter, 
~, ,:,:,. From this ~quation, 

As all the quantities in the right-hand expression 
are kno'wn, it follows that: 

D ~ , , ~  s _  (200) (1438) (0.0628) (1.737(144) 
1--~mr ( 4 . 1 8 ) ( 1 0 ) ~ ( 1 . 0 3 1 )  ( 3 1 2 - -  1 . 031 )  

5 8 . 2 X  10 -~ in . :  

In  figure 77, values of 

have been plotted against D~. The curve per- 

(x to -6) 
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PARTIOL£ DIAMETER, Dp (INGH) 

F I o v ~  77. D"~'~"~s VS. D~, FOIl,  T H E  I R O N  
1 - -  G . /  

F I S C t I E R - T I t 0 P S C t t  C A T A L Y S T .  ( S H A P E  
F A C T O R  X =  1.73). 

tains to the Fiseher-Tropsch iron catalyst and 
was constructed fronl the curve shown in figure 
68. From figure 77, i~ follows that  for 

D--%.s s 
~" = 5 8 . 2 X  10 -6, D~ . . . .  : 0 . 0 1 4 1  in. 

1 - -G, f  

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

From figure 68, the minimum fluid voidage for 
Dp=0.00846 in.: G,I=0.548. 

From figure 72, m = - -  1.46. 
Next, it. is necessary to find the minimum fluid 
mass flow, G~s, for'D~=0.00846 in. This may  
be ealeNated from: 

. 200 a,~rt~L~X~-(1--~,~r)2., 
A P = L e  (pa--p)(1 --~mf) = D~?-gc p.~,~r s 
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whence 
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(144) (200) (0.0619) (1.73)~(1_ 0.548) = 
614 lb. hr.-~ ft.-~. 

For obtaining values of 
graphical method may bG~ l,, and E~, a simple 
fluidization, used. Because, at 

AP=L(1 . . . .  2 0 0  Gt~X~L(I--~)~ 
--o)~p.--p)__ D ~ , ~ g ~  ' 

a plot of log G versus 

log (~-a-----J) 

should be helpful for the determination of the 
expansion ratio and efficiency. 

As 

a~/= 0.548, ~ ~ 2 . 7 3 .  

In figure 78, the point of minimum fluidization 

G 

~,500 

1,000 

8 0 0  

6 0 0  

4 0 0  
1.5 2.0 2.5 3.0 

(I-8) 
a 3 

F~a~E 78.~GRAPHICAL SOLUTION 
FOR EXPANSION OF IRON FIS- 
CHER-TROPSCH CATALYST BED. 

is readily located by plotting log G,,~ against 

log ~ .  

Through this point two straight lines are laid. 
The slope, ~n, of the fluidization line is --1.46 
and, .for the expansion line, --1.00. Operating 

.. ~m/"~ 

remains sufficiently constant to permit ec 
(45a) to be written in the following al 
form: 

~. ~,'~ 

• ? , 

b~;id m_ ~.ss velocity was 1,438 lb. hr.-' ft J - ,i 
. o ~ n g  c~own Irom this point to the ~-~ ~d!;i 

L 
- ~ 1 . 5 7 ,  ~ ii 

and, from figure 43, a=0.642. Finally, ': :~i 

. 1 - a  1 - 0 . 5 4 8  ~ _ ~.. 
and ~" = 1 ---:-~ff- i - ° ' ~  = l'z6z' ';: "':~! 

~ G.-a. 1,43S_~,Io0 0235 ~ '~ 

---w, = ,..,, --.. :, ,i!ii The difficulties of evaluating kinematic.Vj~ 
cosities of reaction mixtures have been stresse~j~. 
previously. It is fortunate that the parti~]~ 
diameter is proportional to the square ro, 
the idnematic viscosity as shown by e, J - roo t  ~oj 

equ~tfo~ (b) of the illustration. Furthermore, the ~ar.'- 
tide diameter is also proportional to the square 
root of the mass flow rate. As mass flow, e~n 
be calculated with precision, the caleulatbd 
particle diameter D~ m~.~. should be fairly!a'c.' 
curate, even though considerable uncert 
exists as far as the true viscosities of the fltad[sl 
through the reactor are concerned. - ~, 

The calculations made in this paper are 'gent' ;  
eral and may be used for any process that'~'.~u;9 
volves the flow of gaseous fluids through fihe 
granular beds. From equation Co) it 
that the maximum particle diameter is dlreo~ ' 
proportional to the shape factor of the parti~l'i!~i 
At present the only practical approach to evgl~/- 
ating the shape factor of particles is to c0mpar'eV 
them with particles for which the shaoe fac'tSr~ 
is l~uown. It  is hoped that figures 45 t-o 49 and:;i 
67 may be used for this purpose. Once the shape 0 
factor has been established, values of a,~/may.,.] ~ :' 
estimated from figures 68 or 94 providiz~g.~l~eet! 
clue for further calculations. . .: ~..~ 

• O N S E T  O F  FLUIDIZATION :./ ~ 

Inspection of figure 68 shows that with m÷i!-~ 
creasing values of X, both ~,,~ as well as ~~ 

~m¢3 : .  " '  :~ 

increase. Analysis t~as shown that for a c0~ ~!ii 
siderable range of particle diameter and shap.e~ 
the value of , :  
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G=~=CD~,~g~(p,--p ) -,P (56)  

~ere C~s a function of D~ as shown in figure 79. 
:f the fluid density may be neglected when 
apared to the solids density, the equation 
y be simplified further to read: 

G~-=C D~,~g~p, ~. (57)  
# 

['he equation is only applicable to solid-gas 
terns for modified Reynolds numbers that  
smaller than 10. 

Velocity Gmf=G D~ gePs--~- 

)010~-- \ Use ony consistent set of unifs 

\ 

0 0.004 ~.- 0.008 0.012 0.016 0.020 
~,~ PARTICLE DI4METr~'R= Dp ,INCH 

7 9 . - - C O N S T A N T  q I N  R E L A T I O N  T O  
i PARTICLE DIA3IETER D~. 

- -  Theoreficol--'/--'/~/ 

I /7,,/0 "° 

. _ ~ q u o l i o n  56 

_ _ w  _ _  

< 
- -  • u -  

, o  

o 

o:  

i 

100 200 s ,; o 8 ,o---q~---~o-60 
ern f ,CALCULATED 

).~311NI31U31 FLUIDIZATION MASS 
[TIES OBSERVED AND CALCULATED 
~ G W I N U E  A N D  C O M P A R E D  W I T H  
[ O N  56. 

Equation (57) has been tested by the use of 
• 4 3  the extensive da~a Logwmuk obtained with 

silicon carbides, silicon dioxide, silica gel, and 
aluminum oxide. The results are sho~n in 
figure 80. I t  appears tha~ the relation gives 
values that  are somewhat l~gh. The following 
expression suggested by Logwinuk, 

Grnf=0 .0045  D~,~'l~(p~--p)°'s~pz'°~gc°'~s 

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 KWAUE ~ 

In their excellent study, fluidization charac- 
teristics of comparatively large .particles ~ ',ere 
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 coe.~stence 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 theh" generalized cor- 
relation, they show values of K~e or K~, in 
relation to 

D~G. 

By definition 
K D~3Pg~A P 
~P= ~ 

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

K D 3pg c (p~--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. 

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

4z Work cited in footnote 98, p. 7. 
~t Work cited in footnote 95, p. 7 

Work cited in footnote  19, p. 4. 

• f ,  ~] 

; .z,, 
ii:;i= 

.~i~i ~ 

. l'h" 

} ; i '  

~ 

• 21 

~j , ,  i 

J 
P 

4 

JL 

a , ,  ~ 

! 

L L 

; , i  

";" .41 

] Z:"~ 

:' ~ r , L  



i 

, a , 

:J i 

i. i- 

i 

"#  
1 

, I 

i/i; 

i!, i~ 
l 

78 
FLUID FLOW TI-IROUGI-I PACKED Ah'D FLUIDIZED SYSTE~IS 

AP 
L'--7 or (~,--~) 

as the pressure gradient. 
According to Wilhelm and Kwauk, ~ the onset 

of fluidization is estimated by evaluation of 
either K~e or K~ .  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 
desu'ed l~eynolds number. Intersection with 
the corresponding percent void curve gives then 
the density of the bed in the expanded state. 

J 

Wilhelm and Kawuk's correlation for ealcu~, 
lating the onset of fluidization is based on the 
assumption that  all solid materials have a raOr~ 
or less constant minimum fluid voidage at: 
~ 0 . 4 0 .  Although this is true for con~para~ 
tively large and spherical particles, it may  be:~.i 
error for small particles, especially if the shapesi 
deviate considerably from that  of a sphere, i : 

In  table 31, calculated fluidization data pel.- 
raining to both small and large particles a re ' .  
compared with values actually observed, and~ 
the comparison emphasizes that  more accurate. 
results will be obtained if individual values ofi 
• 6~/are chosen for the particles in question• :: 

TA~.v. 31.~F'oidage and flow.for start o.f fluidization .from experimental results and as calculated ~ 
various correlations 

Experiment 

2M-1 . . . . . . . . . . . .  
B'-2 . . . . . . . . . . . . .  
D-1 . . . . . . . . . . . .  
j-3 . . . . . . . . . . . . .  
j-1 . . . . . . . . . . . . .  
5M-1 . . . . . . . . . . .  
13 
14 ~ . . . . . . . . . . . . .  
15~ . . . . . . . . . . . . . .  
24 ,---_--_----_--_-- 
18 ~ . . . . . . . . . . . . .  

D~ 

0. 00838 
00458 
00310 
00202 
00202 
00658 
0201 
0201 
0201 
0113 
2O5 
125 

~nf 

0. 417  
.560 
• 492 
.543 
.543 
• 423 

E x p e r i -  
m e n t a l  

Re 

0.50 
• 017 
• 046 
.0014 
.014 
• 125 

3. 84 
3.53 
4.16 
0. 924 

52O 
149 

L o n g  f o r m  I S h o r t  f o r m  

G~ Re 

2 6 . 7  0. 431 
1 . 9 6  . 0 1 7  
6 . 9 1  . 0 4 5  
.569 .0021 
41 .0172 

17. 3 .220 
141 5.43 
141 5. 43 
141 5. 43 
44. 8 0. 97 

1656 652 
638 153 

G,~r I Re 

35. 1 0. 567  
1 . 7 8  . 0 1 6  
7. 48 . 0 4 9  
• 490 .0018 

3. 82 .0149 
24. 3 .309 

139 5. 36 
t39 5. 36 
139 5. 36 
53. 4 1. 15 

W i l h e l m  ~ " 
and ; 

K w a u k ' s  
:o r re l a t ion : ' :  

R e  ' 

• 0 1 " 1 ( ~  ~ 
• 1 5 ~  
• 01;.  
• 0 9 ~  :'~ 
• 4 0 ) .  

8 . 0 ~  ~:~I 
s 

110 ,~(~ 
Table numbers in accord with work of Wilhelm and I~wauk (see footnote 95, p. 7). 
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For runs characterized by  Reynolds numbers 
larger than 10. the followin~ general form 
(obtained by combining equations ( 4 1 ) a n d  
(43)) for calculating G,~s was used: 

G,nI2__ D~g~p~,~/s 
- (45e) 

FLUIDIZATION OF MIXED MATERIALS 

During the course of catalytic reactions, 
catalysts frequently undergo significant phys- 
ical .changes.  Discussion of application of 
nmdlzation 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- 
corned. 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 

~6 Work cited in footnote 95, p• 7. 

) ~ i 

of iron Fischer-Tropsch catalyst and sharp)L 
sand• As a fluid, air was used, and the experi~. ~i! 
ments were performed in the 4-inch-( . . . .  • ~ Jlameter~;~ 
column. Table 32 describes experimental de~', '~ 
tails; the original data are given in table XIIi i~ 
O f the appendix. 

STRATIFICATION " 

During the experimental procedures, which'~i~ 
were identical with those described earlier, it:: -~ 
was observed that  s t ra t~cat ion of the mate,: ii~ 
rials occasionally occurred. Although no de~; "~i I 
tailed separation studies were made, it ap~ )~: 
peared that  fluid flow rates intermediate be-~ 
tween G~f values for sand and iron c a t a l y s t )  
caused eventual separation. When flow rates~ : 
with G~  values larger than those for iron~ "~.i 
catalysts were used, stratification did not  take, ~ ~:.~:~ 
place. Slight vibrations of the equipment were;,' ~ 
helpful in promoting the rate of material sept ~ 
aratmn. Before the sand particles moved to:~ ~ 
~ne sur.fac_e of the bed, the formation of tin~ '~ ~ 
channels through the bed could be observed~iJ  
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these served as passageways for the sand 
is. If separation was permitted to pro- 

he light-colored sand collected on the 
'o the bed and fluidized very smoothly, 
:eas the catalyst  fraction below remained 
~tially a fkxed bed. The tendency toward 
:ification seemed to depend somewhat on 
composition of the bed; stratification be- 

more difficult as the percentage of the 
density component increased. 

~ 32.--Orientatlon of experimental work and 
characteristics oJ system 

Sample 

L . . . . . . . . . . . . . .  

'. . . . . . . . . . . . . . .  

W e i g h t  percent  

I ron  Sand  
ca tah ' s t  

. . . . . . . . . .  lO0 
8.2 91.8 

15.2 84.8 
26.3 73.7 
41.7 58.3 
£~.7 31.3 
77.3 22.7 

I00 . . . . . . . . . .  
96.7 3.3 
89.9 10.1 
85.1 14.9 
79.5 20.5 

Sand,  
v o l u m e  
percent  

100 
95. 4 
91.3 
84.1 
72. 6 
39.2 
29. 3 

6.1 
17.3 
24.3 
32. 5 

Specific &,l 
g rav i ty  

2.65 0.528 
2. 76 . . . . . . . . . .  
2.85 . . . . . . . . . .  
3. 02 . . . . . . . . . .  
~. 30 .543 
4.43 .585 
4.57 . . . . . . . . . .  
5. 00 .567 
4.86 .561 
4.60 .558 
4. 43 .543 
4.23 .558 

a o o ~  

I 00  rovil 

~. ~a. 70 o - -  2.6- = 

~ f  I d 26.5 5.0"~ 

4.42 
4.5"-~ 200 

~00 

- 7o F 
- -  5 0  

- -  30 

I00 ~ 

7O 

_ 

5 0  m =" 1,05 - -  

[ O ~ - - ~ . - - ~ N 0 1 e  scale changes. ( I ~ 

0.50.7 1,0 2 0.5 0.7 t.O 0.5 0.7 I.O--- 

O - S ) ~  

FIGU~ 81.--FLUIDIZATION OF MIXED BEDS. 

CORRELATION 

At flow rates with G,~ values greater than 
ose for h'on catalysts, the bed behaved like 
~ other system composed of one type of ma- 
al. The point of minimum fluidization was 

iily observed as that  point at which all the 
~ticles were in motion. Values of ~m~ for 
me mixtures are listed in table 32. Com- 
rison with figure 68 indicates that most 
lues are in good agreement with the data for 
m catalyst and sharp sand. 
Several two-component systems of D~---- 
~ 35 inch and 0.00633 inch were examined, 

values of 
log G#l-----2 

P 

been plotted against 

(i--~) ~ 
l o g  ~ 

igures 81 and 82. Because the slopes of 
various lines are not influenced by the com- 
tion of the beds, it may be concluded that 
~nsion characteristics and fluidization-effi- 
ey characteristics of mixed beds are not 
ntially different from systems comprised of 
type of material. 

o' m o . ~ - -  L.oo 

e ~ ) . t  LL6° '  

0.5 07 LO Z 05 O.7 LO 2 0.5 0.7 LO 

(t_B)_.._..a 

l~mlm~. 82.--FLUIDIZATION O~ MIXED BEDS. 

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 
tPhrrocesses, however, liquids also are passed up 

ough beds of solid particles such as in the 
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~it shing of  coal, backwashing of rapid sand 
ers, 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 XIII  and 

T "  
I~/ In the appendix. A glass tube 1.32 inches 

in diameter was employe~l, and a glass cloth 
~as used as a false bottom. Weighed quan- 
tities of sand or iron catalyst were introduced 
into the column, and defi'nite rates of water or 
oil were passed upward. The hei ht of the 
expanded bed was measured for ndividual 
rates, but pressure-drop measurements were 
omitted. The data have been con'elated in 
figure 83 in the usual manner; 

log G,~l ,  
p 

was plotted in relation to 

log (1--~)~ 

In figure 84, data of other investigators are 
shown in the same manner. 

%o., '. ?;,,7 
l "  . 4 o.oo o 

o o 

F" v o.oo4, y-  

 _LJ 0.01 0.02 0 . 0 4  0.06 0.1 0.2 . 0.4 0.6 1.0 3 
C t-S.___3~ 

F:mURE 83.~EXPANSION IN LIQUID M2~DII_~IS. 

m m 

"i:' :i ̧ 
CONCLUSIONS 

Consideration of the slopes, m, of tIae 
individual plots of solid-liquk[ systems shows 
remarkable deviation from the oenavior 
solid-~'as systems observed thus far. Althoui 
for sohd-gas systems the slopes for runs usi/ 
particles of D~> 0.01 inch were essenti.. I equal to (--1.00) and became progressiv~ 
more negative with decreasin.~ values of ~i 
the solid-liquid data exhibit a s"lope of (--1.01 
over the entire range. There is reasonS: 
believe that the variation of m with D/;  
related to the rate of turnover of the solids i 
the bed. 

The intensity of agitation of a fiuidized bed~ 
should not be related to fluidization efficienhy, i 
but rather to fluidization energy. This .be-_,, i 
comes apparent from consideration of tl/e~ 
fiuidization of large-diameter particles• Ac ~, '~'~ 
cording to the data shown in figure 72, fiuidj~i.'il 
zation efficiency approaches zero for particles] ~ 
of D~>0.01 inch. Visual observation, h0w.-~' 
ever, has  ~di.cated. that the degree of mLxing~ ~, 
n suon oeas is no~ essentially different fro~ !' 

that experienced in beds of smaller particle S:.~ 
In figure 85, ftuidization effieieneies and fluid~ : I 
ization energies are shown in relation to D~> i:; 
for flows of GI=hG,~ and GI=2.hG,,I. AI~ 
though efficiencies decrease consistently with~ 
increasing D~, the fluidization energy mereases~ ~i 
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 THE BASIS OF THE FLOC:',: ' 
CULATION THEORY 

In an attempt to explain the deviations o5~ i 
"served between pressure-drop data and fluid- ~'~ 
ization data (as shown by figure 72, where ~:. "$ 
is plotted in relation to D~), Morse caleulateldi 
modified friction factors according to equati0d[ !: 
o(~0) for the data recorded in tables VII X~"! to 

the appendix. When the modified friction~ 
factors were plotted against the modified Rex~" " 
nolds numbers, severe deviations from the5 
fixed-bed correlation seemed to exist• For the: : 
largest sands considered, the friction factom~ 
proceeded parallel to the f vs. Re curve.. As/: ;i 
the particles decreased in size, the slopes of the 
calculated ] values became increasingly mor~:" :~j 
nega)!ye. All the data were "anchored" a~, ~ ~} 
me j nne at the point of minimum fluidizatioff:f ". 

~z Work cited in footnote 96, p. 7. : ~" 
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oeEE~ = ~EEEt~ 

F- - -  i-,.--,-.-,.-- 

I0" 

L__  _LLLLU 
For runs 7 and 8 

,multiply ordinate by IOC 
i ̂ ~ i ' - ' - ' -~u i:::::::  ~ - -  __ ~--+'++-++ 

I- . -------- .~ ~ - -  ~ 

_7: ~ 

i0 ~ - -  ~..~_ 

- - . . I - - + - - ~  

I.....--.--.--+----.......t-....4-t-.,++ 
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I t i l l  

..____.__ ...__ 

. \  
m m 
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m m 
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_1o ~ - -  

~o"EEE~ = = :EEE~ m -  = 
I~-"--Numbers refer to ~ -  
, ~ - - ~ , t a b l e s  in paper - - -  

by Wilhelm and Kwauk 

0,01 0.02 0.05 0.1 0.9. 

Material Dp,(inch) 

~ ~'0.0147 
Sea send . . . .  ~ 0.0219 

I I I  L0.O39~ 
ro .o ,~  

Gloss beads---'I 0.0201 
L0.2o5 

Lead shot . . . . .  0 . 0 5 0 5  
Crushed rock . . . .  0 . 0 5 5 0 7  

Coke . . . .  70-32_5 mesh 
Sand . . . .  100-200 mesh ~. F0.00~55 
Sand . . . . .  "~ 0.00415 

_[ Lo.ol79 

- - -  

- ~ =  

0.5 I ~ 5 I0 

. ( i - 8 1  S-hI 

H20-fl'd'n. Air- fl'd'n. 
• A 

b 

( ~  - - -  

. . .  .-+- , 

m 

t.O0' 
1.00 
1.05 

0 .98  
0 .90  

1.17 
1.1S 
1.00 

?-,50: 

Reference 

m 

I0 

l.O0--:-Hatch 

1,00" 
This 

1.00 "~esearcl~ 
1.00 

. p , .  

B , 2 4 , 2 6 "  :I 
io o 

02 0,5 I ?- 5- I0 

FIGURE 84.--CORRELATION OF LITERATURE DATA. 
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I---Ek5 vs Dp for 
2 - - - E ~  vs Dp for 
3- - -W~ vs Dp for 
4 . - -W~ vs Dp for 

/ 
~ _ _  
/ ;  

/ 

~ -- -- -I~,ooo 
Gf =5 Gmf 
Gf = 2.5 Gmf 
Gf =5 Gmf ==. 
Gf =2.5 Grnf /~  ~ -1800 

n 

" - ' - - - - - - -  . . . .  600 
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:T • ~CALCULATED FLUIDIZATION EFFI- 
IES AND FLUIDIZATION WORK FOR 
US I~ASS VELOCITIES. 

l~[orse observed that the calculated friction 
factors could be brought into agreement with 
the ¢ vs. Re line if, for the specific sizes, it was 
assumed that the effective particle diameter in- 
creased with increasing flows. It  was sug- 
gested, therefore, that immediately beyond the 
minimum-fluidization point (in the fluidized 
range) particle flocculation occurred (that is, a 
certain number of particles joined into a definite 
complex). As the flow increased, the complexes 
thus formed expanded (swelled) gradually, bu~ 
remained inherently intact as a u n i t .  A s  a 
result of this swelling, the effective particle 
diameter was believed to increase sufficiently 
to cause the negative deviation. Although this 
theory explains the negative deviations, there 
are some serious objections: 

1. No complexes were observed during fluidization 
with sand or any other of the materials tested. 
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2. It is hard ~o visualize thab such complexes should 
remain stable under the influence of the increasing in- 
ternal motion of the particles caused by the increasing fluid rates. 

3. One would certainly expec6 thai; the ~endency i;o 
form comr) lexes w i l l  depend on/:he nature of 
s u c h  a s  sl~a • . ~ . the particles Fr m , pe, den_s_lt~, roughness, and size distribu " o_._ fi~t!re.72 as well as figure 93 i~ ~o ~-;-~ . . . . .  t.tmn. 

cms ana coke showed similarly far-^ ~ . _. ys~ par- . t~e u e v l a ~ ; l o n s .  

The following observations were made on the 
data of Wilhelm and Kwauk. 

For a friction-factor plot of the unexpanded oPl~essur:d d a t a ,  t h e  r u n s  u s m ~  " 
s - l~p " ~, an" w e r e  

give somewhat higher friction 
factors t han  the runs using water. The data 
for water fluidization lay considerably below 
the f r ic t ion-fac tor  curve,  though parallel to it. 
The  air-fluidization data, on the other hand, 
were considerably above this curve. A friction: 
factor plot. for the high-Reynolds-number data 
(large and heavy particles) ~as  several hundred 
percent above the recommended line for com- 
parable  fixed beds• h~oreover, the data showed 

complete  lack of correlation. 

Morse does not offer an explanation forl 
apparent separation of data flows for of air a 
water through unexpanded beds. It  Was si 
~ested, however, that the deviation betwe 
nuidization data for liquids and gases is iat~ 
related with the nature of fluidization 

as p1 posed by Wilhelm and K w a u k ~ t h a t  is, p~ 
ticulate for the water runs and aggregative~f 
the air. The severe deviations obser~ erred f the high-Reynolds-number range were b'i 
lieved to be a result of the inherent instabilityk 
fluidized beds o f  large particles• A str0~ 
tendency of the solids and the fluid to segrega.t 
was given as the chief cause for the deviatioh:~0 
the calculated friction factors from those}o 
comparable fixed beds. 

To provide a more rigorous examinationofi 
the data, friction factors for the data of Hatei~ 
and of Wilhelm and Kwauk were recalculat " ~ 
Because many of the data fall into the transit~e~: 
and 10w turbulence range, equation (40 a . 
by Morse, is not ad~,-,o*~ ~- - 9., s used~ 

. . . . .  ~ . . . .  , uecause  zt aDD]l~.q, 
only ~o the laminar-flow range where R e - - j ~  
Using the ~eneral fHe~;~, ~ , +  ~ .~0  

• " . . . . . . .  resmon~., 
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!io ! (41), a recalculated voidage of the beds 
me( from the observed pressure drop at  
ll fluidization, and equation (43), friction- 
>r plots, were calculated and are shown in 
es 

:data exists. Moreover, the data  are in 
i agreement with the friction-factor curve 
xed beds proposed earlier. From figure 87 
[obs.~rve(. that  up to Re=200 there is no 
!mental difference between fixed-bed and 
zed-bed data for the comparatively large 
ties inve ~dgated. The data in the high- 
fold.. ~-nu~ ~ber range, however, d isa~ee with 
~edJ~ed correlation. This deviation may  
plained in the following manner:  In  the 
al derivation of equation (41) it was 
~ed that the interstitial pores are of the 
order of magnitude as the particles them- 
• Although this is more or less true for 
~oidages ranging from approximately 40 
percent,, the supposition is violated for 

F-expanded beds. As the data  in the 

o h -  
) 219  I ? ? I 
129 I 6 
3174 I "1' -oi 
~.05 I ~" 
~.05 I i 
?..05 I ÷ 
0 5 0 5 l  • 
0 3 9 3  I • ~7 . 
o ~  I ÷ 
o ~ o l l  ,F 
o~'ol I 
o~oll ÷ 
0 2 0 t  I 
011.% I 
~ z ° 5  i .+ ~[__r__- 

A l o x i l e ,  
f ! " ~  ~MgO g r o n u t e s  

Alundurh a n d  - -  cloy 
-- g k s s  3tc. " 

~ ~ - - - - ' C 0 " , e ,  ploi~cololn: 

i~ Io" 

$7.--MODIFIED FRICTION FACTOR VERSUS MODIFIED REYNOLDS NUMBER 
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 lmowl- 
edge of the percentage voids (effective as far 
as fluid 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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0.0232 inch (c) -().01646 inch (d) 

o.ol21t inch (e) " 

.,:,...,L 
0.00844 inc" (g) 

i 

0.00658 inch (h) 

O. .0625" L___a___j 

FIQ~-~. 88.~CLOSE CUTS AND ~IIXTURES OF ANTHRACITE.  
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! crevices inside the particles and therefore does 
'!~ not represent the truly effective voidage as far 
"as fluid flow is concerned. The problem of 
~ arriving at a representative voidage for beds 
~o~ t porous materials is vital if it is intended to 
i u [[ize the fluidization correlations in connection 
~with most commercial materials. In  an effort 
, to demonstrate a more general approach than 
i that discussed so far, typical data collected 
'with an anthracite will be discussed, and the 
steps necessary to permit the use of the corre- 
lations previously developed will be outlined. 

EXPERIMENTAL DAT~ 

The coal was prepared by crushing egg-size 
k nps to pieces of approximately 0.25 inch. 
T m fragments were reduced further in a ball 
n~ 11 and passed through, standard sieves. 
F ~ure 88 shows the various cuts enlarged 
s~ nclentiy to permit recognition of the charac- 
teristic shape of most particles. Densities 
~determined by  immersion in water and mercury 
~ere 2.37 and 1.97 gm./cc., respectively. 
kssuming that  the water fills all the internal 
revlces and that  the mercury does not  pene- 
rate into the particles at all, an average internal 
orosity of 16.9 percent 

/2.37--'1.97 - \  L 2 - ~ :  xxoo), 
~ased on the apparent solid volume of the 
articles, is calculated. 
i Cumulative size distributions of the flnidized 
iaterials are indicated in figure 89. The uni- 
irmi.'ty coefficient,, a concept frequently used 

sine classification, is defined' as 

I cu=~6o% 

OF SOLIDS 8 5  

I : ' r :  ,;~ I /  I / I / ' ~ . / / . b "  ~ 1 .  I 

40 • ¢U 
e --  Zl 3.29 

~o h -  ® ._.~" . 

(FFEGTIVE DIAMETER OF INDWIDUAL FRAGTION,dp~ 

FIGURE 8 9 . - - W E I G t I T - S I Z E  D I S T R I B U T I O N S  O F  
BEDS INVESTIGATED. 

d~0 and dl0 being sieve openings tha t  permit pas- 
sage of 60 and 10 percent, respectively, of the 
weight of sample to be sieved. I t  is a convenient 
though appro~mate  index for expressing the 
degree of homogeneity of a mixture of particles. 
Figure 89 reveals tha t  all beds were mixtures 
containing a number of separate components. 

The apparatus used was the same as that  
employed in the s tudy of iron Fischer-Tropsch 
catalyst. Weighed quantities of the solid were 
charged into the 4-inch-diameter glass column, 
and pressure drops were measured acr6ss 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. 

Table XV of the appendix gives the original 
data. A brief orientation of the experimental 
work is given in table 34. The data, as recorded 
in figure 90, show tlle pressure drop in relation 
to the modified Reynolds number. 

,, t lllq I..lJ! - ~8°l J .~.l I I .L l J ~ .I .I .I ^ l J ~ L ~ -  ,,,,- .,,~" 
d ~1  I J-" I I '%1: ,- "" " r ,. ~ r ,  i i. i I ,K~,. .J,- ,~.-,~ ,i...j~,JxJ.~t r~ (z :~=  -_._.. 
e ~ L  t . / I  / ,r ~ _ J _ . L ~ . ! - r ! J  2 "  

/[ 
N,ol]==7°'r'rffi, / t/5 

o.oom 0003 0.006 o.ol 0.02 0.04 0.07 o.i 0.2 0.4 0.6 I,o 2 6 .8 to 20 

; MODIFIED REYNOLDS NUMBER DpG P 
i F~G~RE 90.--ANTHRACITE-FLUIDIZATION DATA. 
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TABLE 
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33.~6~aracteristics of anthracite Tarticles and orientatior~ of experimental work ( - :  

i '  

i i ,i 

'I 

Run No. 

a . . . . . . . . .  
b . . . . . . . . . .  
e . . . . . . . . . . .  
d . . . . . . . . . .  

e . . . . . . . . . . .  
f . . . . . . . . . . .  

g-1 . . . . . . . .  

h-2___ i 

D~, inches 

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

Weight, 
pounds .L,, feet Cu  

1.85 9•65 
1•45 5.56 
1.18 7.25 
1.30 4.44 
3.25 5. 96 
3. 0 6.80 
2.5 4.96 
2.5 9.55 
3.1 6.35 
3.1 6.35 

1. 605 
.903 

Range of l~ / Gas 

1-1. 083 ] Air_ 
i-1. 146 m G~o ......... 
1-1. 146 I ..... do ...... ..... do ...... "- 

..... do ...... .~- 

..... do ...... - 

..... do ...... _-_-_- 
Helium . . . . . . . . .  

| Air . . . . . . . . . . . .  
Helium . . . . . . . . .  

1•259 
.778 1-1.603 

1.002 1-1.271 
1.129 1-1.277 
.862 1-1.408 

1. 613 1-1. 332 
1.106 1-1.360 
1. 094 1-1.340 

~ t  ' 

0./:, ~i 

! 

t i  ~ ' ~  

i ' / "  1 

,:,L 
i L , . 

i ' ! 

CORRELATION AND COMMENTS 

The data may  be correlated by plotting 

log G"/~('~-")/~ 

against 
(1-ap-- log - - - - ~ .  

In  an analysis of the anthracite data, the 
state of the" flow factor, n, must first be eval- 
uated. Figure 90 shows that the investiga- 
tions extended over the Reynolds number range 
0.002-25, and, therefore, that n=l ,  as eval- 
uated from the inset of figure 41. 

Next, i t  is important to find the effective 
.voidage in the various beds. As the water- 
m~nersion _method will give high porosity 
v ames, and as density measurement~ hv A~_ 
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 calculation of the effective voidage. 

Examination of the plate sho~,~ng 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 1.73, respectively, a 
value of k = 1.6 was assigned to the coal particles. 
This value of k 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 & In figure 91, the 

1.0 0.7 

.9 ;6 

O0 

-~ .8 ~ .5 

.6 . 5  

0 

v t ~  X ~,:. 

k~ 

/ x  
-X-C--------- 

/ 

• . 

Dp, INCH 

• L 

t , .  i 

o.o: o.o,--"--~ ~ 

FIGURE 91.--EFFECTIVE VOIDAGE IN " 
ANTHRACITE BEDS ,.~ 

total voidage, ~, (calculated on the basis 6f) ::i 
water density), the effective voidage, ~e, anct! /,i 
the proportion of effective voids, ks, are she~n2 ! 
in relation to the composite particle diame~r~ " 
of the individual cuts. The total voidage is v~-', J 
tually independent of D v. However, both/~•. ' 
and k~ pass through a m a ~ m u m  near D~=0 02~ i 
inch. On the basis of the'available data,  thisjs!, ,~ 
no~ reaafly explainable without having to resor~ "J 
to various unsubstantial hypotheses In  view~f '! 
the considerable variation in sizes as well aS ./iJ 
the rather wide distribution of size,.. ~neso. 
results should be looked upon as chart ~tens~m~ 
of the material investigated. : 

Table 34 lists shape factors that would have) .' 
resulted from accepting either the water density/ . 
or the mercury density as a basis for c;alcula~, • 
tion of voids• I t  is readily seen that  most values~ ' 
of k suggested for the coal particles are conZ 
siderably higher than would be expected fromi 
visual examination. "~. : 

i i / . )  : 

L .  

/ 
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~ 34.--Shape factors calculated on th~ basis 
~f u, ater density and mercury density o/ the 
.:oal 

Packing D ~  XH2o 

0. 03819 2.23 
02795 2.22 
02321 1. 96 
01646 2.15 
01211 2.80 
00940 4.43 I 
00844 3.64 . 

.00658 5.47[ 

1. 40 
1. 36 
1. 26 
1. 40 
1. 70 
2. 71 
2. 22 
3. 45 

With n and a~ properly evaluated, figure 92 
Lows the relationship between 

log Gpl----2 
P 

C~_s) z 
8 3 

0.3 0.6 tO 2 3 4 

~ - 

" " 

~ " L ~  

~ 4 6 8 1 0  2 3 4  
~_~1 ~ 

" f - f - [ ' I ~ " " - - ~  ' "  
• For key to vorious -- 

;experimenfs see - - -  
ible 33 -e--- - - -  

" - m = - 1 . 6 2 -  - - - -  

- . . -  

• - - 1 4 - - -  - - -  

6 810 2 3 4 5  

02.--CORRELATION OF ANTHRACITE 
DATA. 

x [ , ~ e  .--,t___~_ 

. i 

5~mbol MofetioI Refere.¢¢ 
A - - S e O  s o n d - -  
o - o  ........ f l  i 

• +--Cfulhed~__L . . . . . . .  rock~'--(Wilhelmlndl Kwouk) . . . .  

- - C o k l - - ( P o r e . l  et al) 

• --Izc. F,T, ¢OIOIxII 

" - V  . . . . .  -r-- 
_ . [  Note ¢h ~i 

. 0,02 0.0~ 0.04 0.05 0 Z 
: PARTICLE DIAMETER Dp,INCH 

93.~VALUES OF m IN RELATION TO ~ 
R~D~ FOR VARIOUS MATERIALS. 

and 
(l--a)= 

log as 

for all the data. The correlation is satisfactory, 
and the slopes, m, of the individual lines, plotted 
in figm'e 93 are in substantial agTeement with 
the other data as well as with some of Wilhelm 
and Kwauk's  ~s measm'ements. 

MINIMUM FLUID VOIDA~E 

With substances such as sand or iron catalyst 
articles, determination of 6~ was simple. 
t tempts to evaluate ~ 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 ~,,~ in re- 
lation to the particle diameter. From the 

0 . 8 - - - -  o-Mixed roundsond ,k= ! .16  
d " 6 ~ b ~  b-U ' fn o~ rm round sond,~.= l .16 

j 
c -Shorp  sond ,~ . - - I . 50  I I l 

.2 - - "  d-  Iron Fischer-Tropsch cotolys?,~. = 1.75-- 

i e -  Anthroc~te cool,  k = 1.60 I I 

O 0 .008 0.016 0.024 0.052 0 .040  
Dp,  INCH 

FXGUR~ 94 . - -MINIMUM FLUID VOIDAGE, a=,, 
FOR VARIOUS MATERIALS IN RELATION 
TO EFFECTIVE PARTICLE DIAMETER D~. 

other data recorded in the figure, the mutual 
dependence of 3~ and k is readily, observed. 
Particles of high shape factor reqmre ~'eater 
minimum fluid voidages than rounder bodies. 
The 3~y values for the coal agreed ~dth this 
requirement and were observed to be inter- 
mediage 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 
k for coal. 

CHANNELING IN FLUIDIZED BEDS 

Channeling may be defined as ~hat condition 
tha t  exists when fluids are flowing through beds 
of fixed or fiuidized 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" tha~ have greater hydraulic radii 
and that  afford a shorter path of travel tln'ough 
4s 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 
result, less resistance is offered to the flow of 
fluid. 

The effects of channeling are always un- 
desirable, as they decrease the interfacial area, 
the existence of which is generally the reason for 
using the bed. Furthermore,  channeling is 
self-propagating; the high velocity through 
one pa th  increases the diameter of tha t  pa th  
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 m a y  drop below tha t  necessary to 
keep the solids fluidized, with the result tha t  
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. I t  mus t  
therefore be analyzed either by complex 
statistical methods  or by  comparison with 
beds of some assumed standard distribution. 
As mos t  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 m a y  occur m a fluidized bed 
in any of the ways indicated in figure 95. A 
fluidized bed m a y  develop a channel suftlcien tly 
greater than  the average to cause unequal dis- 
tr ibution in gas flow, bu t  not  great enough to 
cause t.he pressure drop through the rest of 
the bed to fall below tha t  necessary for fluidi- 
zation. This  situation is represented by figure 
95a. The channel may  be large enough also to 
form a p~pe, as described earher m thin sec- 
tion and as represented in figure 9 5 b .  In  this 
case, fluidization will stop. A channel of either 
type m a y  be formed in a l imited length of the 
bed, as in figure 95c. I f  this channel is of 
form "b," flhidization m a y  stop in certain 
zones of the bed bu t  persist in others• 

An a t t emp t  to analyze situation (a) may  be 
made if it  is assumed that. equations tha t  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 tha t  equation (40) de- 
scribed the flow through the fluidized bed. 
This equation can be wri t ten as 

• . , + :  
• • % -  

F L U I D  FLOW TI-IROUGI:I PACKED A~ND FLUIDIZED SYSTEMS :' " 

AP=kLG(1--~)~orAP--,. L,~+G (1--~)~.. ~ ~ ~- . . . . . .  

(5s)~:' reSSm 
As.  i n  case (a), under  consideration, the b 3  ,L:  :! [!~~le~s 
nulcuzing, and as A (~ - e.. ,~ ~wo ...e ~" P,  ,:--~,~s) and Z~ a "  '! ~ '  m 
constant e uation 5 :_, re~ ~ ~hss, ,, ,. , .  q ( 8 )  ma  be conver ,, +~,..~ , , : x n .  equauon (59). Y te~, ~u," q ~q,~,v~ 

~ i[~e ~ 

= ~  T/-:-~-~" (~q,, , ~ Figu 
i ~ D r e s s u  

a 

I - F l u i c l i z o t i o n  

K X ~  . ;  

xx~x ~x~ ~ ~ 
xxx ~.x> ~.~L: 
X X X  ~ v ~  

il K X X  ~ 

..... XX)  

. . . . .  {__x~_ 

b 

-- No fluidizofiOn ~" •; 

j ~ i n m ;  e~s 
t . e  

' : l B w i u  d, 
: , ~ . a f t e r  

 =.,the 
' . ~ inc rea . '  
' ~ J l u i d i z ,  
- . i 'd;tends t 

a o 

C , ?! m :rea 
:~ pl ~no 

FZGUaE 95.--TYPES OF CHANNELING IN FLUI{~ i~ ~ ' ' 
IZED BEDS. :~ aP 

If  channels were created in one par t  of th~, '~ ~ - 
bed such tha t  voids increased from 0.50 td'~.~ i 
0.55, equation (59) would indicate tha t  the--;' .~.- 
flow for this par t  of the bed would become 1.48"J :~ ~ 
times the initial flow. If  the voidage in another,! 
par t  of the bed decreased from 0.50 to 0.45~. :~ : 
the flow in this lat ter  section would become.:  ,~ 
0.663 times the initial flow. If  the section of Ai ~ ' 
increased flow represented the same volume ~/s i '~'~ i" Fia~ 
the section of decreased flow, and if the value:i ~ ~ ! "  
of the decreased flow was still sufficient to keei~' ""i 
the bed fluidized, the total voidage and, hence ~ ~..becau • ~ , ~ ,  .: 

the bed expansion would remain essentiallfj'~:~ ~ hnd~ 
• . t h e  ] 

constant, bu t  the flow would have increased tB#-,.'..~ ~ 
1.14 times its initial value. " }i  ~:,? :he 

i ~=, 7' ; 
~ " .nevel This line of reasoning sh0;vs that  unusual i / T L  

relationships between O and 8 for a fluidizingJ: ,,)~!. 'wher 
bed may  be attributable to channeling, b u t i - " ~ ' V  hP~i: 
further quanti tat ive t rea tment  is difficult be;i ~ ./~i)~aay" 
cause of the infinite combinations of c h a n n e l i ' " ~  ,symb 
d!ameters and number  of channels capable of~ : ! !  ~ fi~urc 
giving the same total voidage. ~~: ~ ascril 

I f  the zonal channeling represented by, i! ' t i i , ! e n g  t 
figure 95c is the same type as that  of "a",:i : Concc 
i t  is even less subject to analysis I f  it is of tho~ ,extre 

~':~ :whie] 

'i2 

: /  
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ipe" type, of which "b" is the limiting case, 
~vill make itself evident by the fact that the 
~ssure drop across the bed will be substantial- 
less than that predicted from the weight of 
~ even thou_~h fluidization exists It 
~, in fact, been noted that observed pressure- 
)p flow relations deviate most widely from 

theoretical for those materials that show 
~reatest tendency to channel. 

F~gure 96, curve "a", represents a typical 
~ssure-drop curve of a material of moderate 
~nneling tendencies. The pressure drop will 
~.rease in the usual manner until the weight 

~ he bed per ~mit area is exceeded and then 
drop sharply to a minimum value AP~, 

;er ~hich it ~dll rise toward the value 
)--wt./A~. Observation will generally show 
.~t the solids circulation is most erratic and 

channeling tendency most severe at. the 
in~ corresponding to AP~. As the flow is 
:reased beyond this point, agitation in the 
~dized portions of the bed increases and 
ads to destroy the channels in sta.gnant zones. 

a result, the entire bed becomes more 
,iform, and channeling decreases. Appliea- 
in of this theory to figure 95c explains the 
ie in pressure to the theoretical. If flo~ is 
~reased much be~oud this point., a new 
~enomenon--slu~o~in~--becomes evident, and 

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 sho\vs typical pressure-drop mass 
flow relations for four materials. From data 
such as these, figure 98 has been constructed 

_- ,oo_ 

. . . .  , 60 :~:-= Ap = 4 7 . 3 :  ~ 

~4 
lOC o 

~o - ~ - - ~ - ~ - - - - ~ -  

2 0 ~ S y ~ n b o l  Mater ia l  Op( inch)  r _ ~ . d _ _ _ _  

rsr o3-- oooo 
I 0  Z ~ ) - F e -  catalyst  0 . 0 0 1 6 4 - , ~  0 . 8 0  

0 .7  1.0 2 3 4 6 8 lO 2 0  3 0  5 0  

G 
Fzou~ 97.--T~PICAL PRESSURE DROP VS. I ~ S S  

FLOW RELATIONS IN  C H A N N E L I N G  SOLIDS. 

LOG G 

96. - -PRESSURE-DROP CURVES FOR 
C H A N N E L I N G  BEDS. 

pressure drop exceeds the theoretical 
rose of the increased fl'iction between bed 
wall. For very badly channeling materials, 
pressure-drop curve will be erratic and 
r approach the theoretical, as in figure' 96b. 
e pressure deficiency ratio (AP--AP,~)/hP, 

re AP represents the value wt./A~ and where 
is]the pressure drop at the dip of the curve, 

)e used to define a channeling factor, 
bolized by x~. From the interpretation of 
~e 95c, a physical significance may be 
ibed to x~ as the equivalent fractional 
:th of bed unfluidized. However, this 
:ept may be used quantitatively only with 
erae cau~tion, inasmuch as x~ cannot include 

channeling of the form of figm'e 95a, 
ct~ does not affect the pressure drop. 

. . . .  d,1.o..__V-- LSI hea | 2.78 high he, ,.Ri un, 

.2E \ / ?i,~ \ I .-Iron Fischer ~Tropsch cotolyst, 4" dl . . . .  be @ ~ .  lube 

,o.o o .  . . . . . .  ,,o,m,,, 
t- / ~ _ ~ _ _ _ ~  coefficlents of the 
<o ®I,ZL var;ous b e ~ s . ~ . . i ~  _ _  

.,o I ~'~ ~_X'~.,.~ . . . .  
1.28. \ 4~. f 

LO0 

O.OI 0,07. 0.03 0.04 
EFFECTIVE PARTICLE DIAMETER Dp, INCH 

Fmu~ 98.--CHANNELING FACTORS IN I~ELA- 
TION TO EFFECTIVE PARTICLE DIAI~IETER 
FOR A VARIETY OF MATERIALS. 

shox~dng 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 xe decreases sharply with 
increasing values of D~. This emphas{zes, as 
has been substantiated almost universally, that 
reduced channeling tendencies are to be expected 
for operation with large particles. 
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Comparison of individual channelin~ data 
Pez/taming to round ancl sharp sand in~licates 
that  the rounded particles have o'reat 
nehng tenclencies N,- r,~-'.. -. ~ e.r ehan 

• INv - ~ u )  explanation can  

1 D ~ <  
• " "  ~ than 

• -" ' '  "orst channelin~ behavior, and this is significantly refiectec 
higher ehanr^r~¢  . . . .  1 by the much 

• vlm~ I a c / o l  'l'hel e x~ evidene ~ , "" • -as some 
c that the coal differed slightly from 

the other materials, possessing a certain sticki- 
ness as well as a microscopic surface roughness 
not observed elsewhere. Comparison of the 
coal with other materials s o.o. : 
greater irreo.ula,.;~;~ o ; . . . . .  u e~ted, also, 
thes~ ^,.. ~.£ _~. . . . . . . .  a p i l r t w i e  suriace. All 
, : .  =~,ser~-~uons are.. 1actors that  might  

eoncenabl~ ha~e a beanng on the • . 
mt  ~ n~R v of fitud~zed solids, channehng 

NumDers in figure 98 indicate uniformity 
coefficients of the individual beds. Interpreta-  
tion of the scatter of the points in the fgure  
should be a t t empted  in the lial 
reproducibili ty of d,~*.. -~ . . . .  }t. of thegenera l  
examination of . . . . . . .  ,~ u~ m~s rand. From an 

graphs 3 ancl 4 of figure 97 it 
appears that  one important  reason for the 
scatter found in figure 98 is the experimental 
difficulty associated with the measm 
basic data "pro-: . . . . . . .  . "ement of 
. . . .  • . ~,,,~mg m~s rote consideration, 

ellects of raze distribution upon channeling 
may  not be dismissed en th ' e l y ,  although such 
effc'cts are probabh- of secondary importance. 

D a t a  in figure "99, which is designed to 

Symb~t Moteriol OP' inch Or, ~nch 

Anthroc~te COOl 0 .0  I~1 1.32 
~" F ' £ -  COtOlys~ 0 . 0 0 7 5 ~  f.3~' 
A 

0 , 0 0 7 5 2  4 . 0 0  

, " <400 mesh I 32 
- - - -  "r" , ,, , "~400 mesh 4'00 ~0 

,of ~n Scale-  - "  " - -"-- - -  . 

Dt 

A Fmt 'm:  99-~Ct IAXXI . : I , IXG FACTOR xa vs. Dt 

FOR VARIOUS MATERIALS.  

1 FLUID FLOW THROD'GI-I PACIfED ARiD FLUIDIZED SYSTE~IS 

@ow, within certain limits the ' '# 
diameter and b,,r! I,~:~.,., ' effect of v,o. 
factor indicate :{.\:,,~gu~.upon l:lle ellanaS.~e 
gated and fo" +~u~b. Io1' ~lle materials inv~J 
coordinat,m . . : l~-~- ~lze- oI apparatus Use~°u , 

S U M M A R y  

Basic fiuidization calculations require estiraa. 
tion of the following factors: 

l. Flow causing initiM bed expansion. 
2. Minimum flow required for fluidization. 
3. Height of expanded bed and bulk density at operating mass flow rate. 
4. Fluidization efficiency and energy. 
5. Slugging tendency. " 
6. Channeling tendency. 

For the solution of problems the following 
data are required: 

a. Rate of flow. 
b. Density and viscosity of fluid. 
c. Effecti{,e particle diameter. 
d. Shape factor. 
e. Minimum fluid voidage. 

As factors a to c are ustmlly available from 
process specifications, solution of problems 
reqmres only estimation of the shape factor 
and the min imum fluid voidage. ~! 

In  order to estimate the flow necessary for : 
initial bed expansion, the most im o~ 
quant i ty  is ~ro~.-~-~-- -, p 'tan~ +l.., , ,.I ~,.t- u , ~ u t y  t h e  p e r c e n t a o ,  e "v'nL,-l~ " 
~.~ .  ,oecz. l t n o w m ~  t h e  w,;~lo ~ : , , . ? .  - . . . .  7. m 
(40) or (21) will a~ve t h e " ~ : ! . ~ ,  u!er equation ' ,  

o ,-,~--o u'c u lnlormal;ion~ ' 
depending on whether  the flow is laminar or turbulent.  

For  estimation of the min imum flow required 
for .fiuiclization, it is necessary to use the 
min imum fluicl voidage in combination with 
either equation (40) or (21)• ~Vhen working 
with nonporous materials, the voidage in the I 
bed may  be estimated fl'om pyenometrie i 
density clara of the material. From pressure 
drops across a fixed bed and by means of [ 
equation (40), the shape-factor value may be ' 
calculated. From a lmowleclge of the shape 
factor and the effective particle diameter, the 
min imum fluid voidage m a y  be obtained with 
the aid of such data  as those shown in figure 94. i 

I f  no facilities are available fo,. obtaining 
pressure-drop data,  es~imati 
tot. wi n ~..m__ , on of the shape fac- 

- ~umce Ior most engineerina, w ' - ~e estim . . . . . .  o ~ 1 , .  T 1  • 
value2ted ,a.lue may  then be used for obtaining ! 

of the min imum fluid voidage 
When porous particles " 

are used, the pycno- I metric density cannot  be used for void deter- 
minations. At  presen~ it appears that  the only 

9. 
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way to arrive at a representative mininmm 
ttu{d voidage v.flue is to estimate the shape 
factor of the particles by comparison with other 
p.lrtic]es, the shape factors of which have been 

• . , . 

determined by lmor experiment, g se of the 
estimated slmpe factors in one of the representa- 
tive pressure-drop equations will pernlit solution 
for the effertive bed voidage. 

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

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 
eases by comparison of measured pressure 
drops with those expected from a knowledge of 
the weio'ht of the bed. | 

t~ 

t 

1 

| i 

I , , '~ 

3 !  

| , r  

,/,'i' 
I'L' 

.I,J  

i 

I ' q ,  

i i ,  

M~ 

i ¸ 

I 6 

• i ,Yl 

i i 



i 

i" 

I 

i 

i 

i 

! 

i 

,| b 

I ),' 

I 

I 

i, 

SUMMARY OF DESIGN EQUATIONS 

The shape factor for any particle is given by 

x = 0 . 2 0 5 ~ .  (9) 

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

AP = 2"fG2L x~.t ( 1 --  ~ ) 
D~gop~3 - - '  (14) 

or the slightly more abridged form: 

Ap_~2.12fG~'LX(1-8)  . 
D~,gcp83 (21) 

Pot" smooth partM~Re(g.lass, porcelain, brass) 
and turbulent flow ~ I00) 

/D~,GX-oa 
:= ( , -E ) " 413) 

For rougher particles (alundum) 

f =  2-625 (-~'--~G) -°a" (16) 

and for still rougher particles (Aloxite, MgO 
g'nmules) 

f=4.0 ( - ~ )  -°'' ' (17) 

With the above vn]ues of fi'ietion factors substi- 
tuted into equations (12) or (21), tile pressure 
drop will be obtained as pounds per square foot 
if ~!I dinlensions 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: 

D~'=(Xdrh+(Xdp)'2+ . . .  (Xdr)z. (20) 

The characteristic volume of a packing was 
defined as: 

v~=[~ .  (23) 

and the characteristic area as: 

Ao=%e. (24) 

In the above equations B was termed the bed 
characterization factor and for turbulent flow 
(Re)100)  was given by 

~=Lx(1--~). 
D~ ~3 (22b) 

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

G 
S=Lp( l_a) ,  (30) 

92 

which expression assumes that  the reactor Was 
packed in such a manner  as to render the entire 
charge equally active. 

For a cylin(lrical pellet, the shape factor raav 
be estima'ted immediately if the ratio of lengt~ 

. to dianieter of the pellet is known. Thus for, 

h F ,+ l l  ~=a ,  X=0.757 a -°zs L2 aJ" (33a) 

:For viscous flow (Re<10) 

f = I o o  ( D , G ' ) - ' .  ~ / (38a) 

Substi tuted into (12) yields: ' 

Ap=2OOGgLX2(1 --8) 2 
D~.g~p~S (40) • 

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

For the Reynolds number  range 10-100, 
eommonh- refei'red to as the transition range, 
the genel:al form 

AP 2 fG~-LXS-.(1 _~)a- , ,  . , 
=---~D.g----pa'T------  441) , 

is recommended. The state of flow factor n is a : 
hmction of the Reynolds nunlbcr and is readily " 
evaluated fl'om figiu'e 41. 

Pressure drop across a fluidizing bed i s  
given by: 

A P = ~  (1--~) (p , - -p )  • 443) 

For a given bed tiw min imum fluidization mass 
velocity may be calculated according to: 

( G,.D 2=_____D .g~ p~,.P 
2 f V _ . ( l ~ : ) . o _  • (45b! i 

:For flow characterized by R e < 1 0 ,  one obtains: 

G.,:= O.O05D~$g~p (ps--p) 8.,: s 445c ) 
X 2(l-a, . I )  - - "  

For gas-solid systems, equation (45a) may be . i 
abridged to read: . ! 

Gmt= CD:gop~ -P- 457) ~u 

The constant C is available from figure 79. 



NOMENCLATURE 

a~-H::[~ht/dianleter ratio of cylindrical pack- 
h 

ing dement: a =~. 

e.~[hlifornfity eoeffmk'nt of a mixtm'e of 
l) allticles. 

d--Diff~ rcntial. 
d~--Diameter of cylindr!eal pellet (]3). 
de-Diameter  of a sptcific component in a 

nfixture of partieh, s (]3). 
dt-d2-&--.kdjaemlt, sieve sizes; expressed in 

fractions of an inch. 
d,0-xt~0--Size, op,,nings in a sieve, expressed in 

fra,'tions of an inch, that  will pass 10 
' percent and 60 percent, respectively, of 

a mixture of particles. By definition: 
dan 

, Uniformity coefficient c~= d~--~" 

e--tIeight of protuberanees on packing parti- 
• des, eausin~ rou,.,'hness (]3). 
~--Mo,lified friction fac~tor. 
},---Modified friction faetm" (ttappel). o 
g¢-C[mversmn factor, 4.17 x l0 s ft,./hr.- 
h--Hd~ht of cylindrical pellet (]3). 
/¢, k'--(~onst an't. 
k,--Constant, deno!ing the proportion of effec- 
, tire surfa,.e area in a packed bed. 
k,--Constant,, denoting the proportion of effec- 

tive volume in a packed bed. 
h~Constant, denoting the proportion of effec- 

tive voids in a packed bed. 
/,~Expan.~ion ratio or expanded packed bed 
" h d~ht on basis of ' l  foot. of mlexpanded 
• sectiou (L~. . _ . 
/r'-tleight of ftui,lizell bed. on basis of 1 foo~ oi 
'. mwxpamh,d s~ ction (L). 
i,r--IIdght of paeke,l bed at. onset of fluidiza- 
i fion, ba~.i, 1 foot of unexpanded section 

(L). 
a~Constant, indicating the deviation of fluid- 

izafion from fixed bed behavior. 
~Sta le  of flow factor 
~.-[od~hed hydraulic radius of a packing 

dement ' in a packed bed (]3). 
~General  denomination of the radius of a 

pn rti,:.le (Z~. 
'r"ltadius of the vessel (tube) holding the 

. lmckin~ (Z) 
"AVer,-~<e ln~ear fluid velocity through packed 
~S -, 1!~2[ (ZO-'). 
: '~Pee~lie volume of fluid passing tln'ough 
! Dt,:ked bed (Lali-~). 

w~Weigh t  rate of flow (M0-1). 
wt.--Weight of bed (M). 
z--Compressibility factor of gaseous fluids. 
A--Surface area of a particle of arbitrary shape (]3~-). 
A~---Characteristic surface area of a packing 

element in a bed (]32). 
A~--Surface area of a sphere of equivalent 

volume (]32). 
Ae--Tota l  surface area of 1 cubic foot of 

dumped packing (]3-~). 
At--Cross-sectional area of vessel, holding the 

packed bed (]32). 
C--Constant.  
Din--Diameter o f a  particle of arbitrary shape 

(]3). 
D~--Diameter of packing particle. For all 

particles except granular, this denotes 
the  diameter of the equivalent volume 
sphere. For granules, the particle diam- 
e£er is obtained from sieve ratings (]3). 

D~--Diameter of vessel holding the packed_ 
bed (]3). 

E¢--Efficiency of fluidization. 
F--Frict ion loss of fluid flowing (feet of fluid). 
G--Mass velocity of fluid flowing, on basis of 

open cross-section of tower (2IL--0-~). 
G~---Mass velocity required for packed bed 

expansion (3!L-~-l). 
G~--Mass ve]ocity required for fluidizing a bed 

of solid particles (M]3--~0-~). 
G~--Minimum fluidization mass velocity for 

bed of solid particles (3113--~0-:). 
]3--Height of packed bed (L). 
]3~--geight of expanded bed (]3). 
]3c--Height of hypothetical bed compacted to 

zero voidage (L). 
I f - -Molecular  weight. 
N- -Number  of packing elements in a packed 

section of 1 foot in height. 
NR~---Modified Reynolds number (Happel). 
R--Gas  constant. 
Re--Modified Reynolds number. 
S ~ S p a c e  velocity (0-~). 
T--Absolute fluid temperature, ° K. or o R. 
~%--Characteristic volume of a packing element 

in a bed (L3). 
V~--Solid volume of one individual packing 

element (]3a). 
V,--Volume of the vessel holding the packed 

bed (L3). 
G.--Total  solid volume of 1 cubic foot of 

dumped packing (L3). 
W,--Energy required for bed expansion (]3~]~. 
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94 FLUID FLOW TI-IROUGI-I PACKED AND FLUIDIZED S'YSTE~'IS 

W~--Total energy required for fluidization and 
bed expansion (L~£). 

Wo--Energy required for fluidization of a 
bed (LM). 

X--Weight percent of any component of 
particles in a packed bed. 

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

a--Area-shape factor of a particle. 
fl--Bed characterization factor in turbulent 

flow. 
$z--Bed characterization factor in laminar flow. 
~,--Volume shape factor of a particle. 
8--Gross bed voidage. 
~--Effective bed voidage. , 
8,,,I~3[inimum fluidization ~ oidage. 

St--Total voidage in bed (equal to 8). 
Ap--Pressure drop per unit bed height (FL-2L-1) 
Ap~0--Pressure drop per unit bed heigt~t, cot" 

rected to 40-percent ~oids reference 
state. (.FL-2L-I). 

Ap--Pressure drop across entire bed (FL-2). 
Ap~--Pressure drop mi.nimum for channeling 

solids (FL--~). 
),--Particle shape factor. 
~,--Fluid viscosity (FZ-Ie:I). 
p--Fluid density (l]IL-3). 
p~--Solids density (/]£L-S). 
C--Function of 
¢'--Turbulent flow factor (F.L-2). 
xa--Channeling factor. 
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APPENDIX 

TA~u: I.--Pres.,.ure-drop data for flow through 
smooth particles 

W, G, A , A p~o, 
lb. ft.-~ Re  ~ 0  f p. s. i.flt. :Run lb. h r .  hr .  -~ 

Glass 1,cads. ~p=0.172 in., .Dt=2.067 in., air, p=fl.0886, 
Clt*=33.375 in., CT*=66 ° F., voids=87.2 percent 

a - 1  . . . . . . . . .  

b-i . . . . . . . . .  

Iv1 . . . . . . . .  

51.7 
46. 5 
41.3 
35.8 
=08.4 
23.2 
19. t~2 
13. 21 

2,220 
1,998 
1,773 
1, E~9 
1,220 

995 
841 
567 

751 252 
675 200 
599 160 
520 121 
412 80 
336 50 
285 36 
192 17 

0•984 
•781 
•627 
•474 
•313 
.1954 
•1407 
•0665 

0. 820 
• 802 
• 820 
.89.3 
• 860 
. $08 
. S 1 2  
• 850 

Gl~ss, beads, Dp=0.172 in., Dt=2.067 in., air, p=0.0886, 
t . I z= ]5.0 in•, C T = 7 6  ° F. ,  voids=40.0 percent 

57.1 
50.1 
45.0 
39.3 
35.9 
31.7 
25. 2 
20.0 

2,454 
2,150 
1,933 
1,690 
1,542 
1,362 
1,081 

858 

816 261 
715 200 
643 160 
561 120 
513 100 
453 80 
3°0 
285 

1.270 
• 975 
.780 
• 585 
• 487 
.390 
.244 
• 146 

0•855 
•855 
•870 
.830 
. ~ I  
.S50 
•840 
•802 

Glass bead~, Dp=0.228 in., D,=2.067 in., air, p=0.0~4,  
CH=35.375 in•, C T = 0 8  ° F•, voids=41.9 percent  

70.4 
59.4 
51.8 
85.7 
2a. 8 
17.8 
15.~5 

3.015 1 , ~ 2  
~ , 550 1,125 
.,225 985 
1,662 736 
1,152 510 

764 337 
680 301 

236 1•322 
169 •948 
127 •713 
68.5 .384 
34 •1905 
14.8 •0829 
12.0 .0674 

0.778 
•780 
.773 
•745 
• 763 
•762 
•780 

Glass beads. Dp=0.228 in., Dt=2.067 in., air, P=0.0884, 
CH=:~6.t} in., C T = 6 8  ° F.,  voids=38.8 percent 

c~3• 4 I 2, 722 I, 203 251 1.056 O. 771 
56.3 ] 2, 418 I. 067 2007~8 .844 .783 
4L 5 1,912 846 1 .519 .770 
35.6 1, ~ 0  677 .329 .702 
26. 4 1,134 502 43 .1839 .772 

G]a~s beads, .Dp=0.228 in., /):=2.067 in., air, p=0.0884, 
CIt=36.75 in., C T = 7 0  ~ F•, voids=40.0 percent  

t ; 6 . 1  
59. 3 
53. 2 
46.3 
38. 0 
2.% 9 
21.4 
11.7 

2,840 1,257 
2, 550 1,128 
2,285 1,010 
1,988 $81 
1,633 724 
1, 242 550 

918 406 
502 222 

248 I 1151 o 7 7 o ,  
2 0 0 1 . 9 3 0  •772 
1 6 0 ]  •744 •768 120, 558 761 
S0 t .372 .752 
46.5 •216 •755 
2~:~ .1188 .~00 

• 0372 •795 

'CH=column h ,ight = L ;  C T = t e m p e r a t n r e  of gas. 

TABLE L--Pressure-drop data for flow through 
smooth particles--Continu e d  

iv, G, A I:), A ~Io, 
R u n  Ib.fi~r. lb.  ft.  -2 Re  era. H20  p . s .  L/ft. f 

h r .  -1  

Glass beads, Dp=0.388 in., Dt=2.067 in., air, p=0•0871, 
CH=35.875 in., C T = 7 0  ° F. ,  voids=42.5 percent  

c-1 . . . . . . . . .  95.8 
88.9 
79.4 
68.8 
62.7 
50.3 
44.4 
34.7 
28.0 
19.48 

4,115[ 3 ,096t  232 
3,820 2,970 I 200 
3,408 I 2,562 t 160 
2, 954 ] 2, 218 I 120 
2, 695 t 2, 024 [ 100 
2,416 ] 1,815 [ 8O 
1, 908 [ 1,433 I 50 
1,491 [ 1,120 30 
1,203 906 20 

628 10 835 

1•385 
1.196 
•957 
•719 
• 599 
•479 
•299 
•1793 
•1196 
•0599 

0. 740 
• 742 
.747 
• 748 
•747 
• 745 
.746 
• 730 
• 746 
• 778 

G l a ~  beads, Dp=0.388 in., Dt=2.067 in., air, p=0.0871, 
GII=37.25 in., C T = 7 2  ° :F., voids=44.7 percent  

o-1 . . . . . . . . .  104.8 
05.6. 
89.1 
76.4 
70.2 
02.8 
50.3 
39.4 
23.7 

4,495 
4,105 
3,830 
3,285 
3,016 
2,700 
2,160 
1,692 
1,018 

3.378 [ 225 
3,082 [ 184 
2,878 ] 160 
2,468 [ 120 
2,266 [ 100 
2,0301 
1,622 ] 
1,270 30 

766 11 

1.559 
1•278 
1.110 
•835 
•696 
• 556 
.348 
•2082 
•0767 

0.700 
.684 
.681 
•698 
.691 
.688 
•672 
• 057 
•665 

d-1 . . . . . . . . .  

e-1 . . . . . . . . .  

f-I  . . . . . . . . . .  

Porcelain bails, D~=0.5075 in. ,  D==2.067 in., air, p=0.0860, 
CH=34.88 in., C T = 7 5  ° F ,  voids=41.5 percent  

110.2 
99. 6 
91.9 
78.3 
74•1 
65.1 
53.4 
31.5 
22.8 

4, 730 
4, 280 
3, 950 
3, 365 
3,182 
2, 800 
2, 292 
I, 354 

978 

4, 640 
4,195 
3, 870 
3, 295 
8.120 
2, 745 
2, 245 
1,325 

958 

221 1.236 
179 1.050 
152 •910 
111 .624 
99 •555 
76 •426 

17 5 
10 •0561 

0.645 
• 670 
.682 
• 642 
• 653 
• 634 
• 638 
.610 
.684 

Porcelain balls, D~=0.5075 in.,  Dt=2.067 in., air, p=0.0680, 
CH=34.88 in., CT=223 ° F. ,  voids=41.5 percent  

85.6 8,675 3,030 1 7 6 0 . 9 8 6  0•6~0 
76.2 8,275 2,700 142 •768 : =  = I 
51.4 2, 208 1,820 60 .336 
28. 7 1 , 2 3 3  1 , 0 2 3  18 . 1 0 1 0  . . . .  

Porcelain balls, Dp=0.5075 in., Dt=2.067 in., air, p=0.0527, 
CH=34.88 in., CT=340 ° F.,  voids=41.5 percent  

59.4 2,550 I 1,868 I 111 0.624 0.704 
53.4 2,292 I 1,678 86 .462 •675 
4 6 • 1 1 . 9 8 0 [  1,448 426000 .336 . .629 
38.3 1.646 I 1,204 .224 .606 
27• 5 1, 182 868 .1122 . . . . . . . .  
20• 2 866 635 10 . 0562 
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TABLE I.~Pressure-drop data for flow through 
smooth 2articles--Con'tinued 

W, (7, ' " 
Run  lb. /hr  lb.  ft.-~ Re A Pz A P~o, 

n=.-' I IOm.~'~.Olp. s.l.Z,.i / 

}'°rcelainballs,.Dp~o.5075in.,.D~=2.067in. CO.~ = 

~-1 . . . . . . . . .  I - I 4o9ol 75 O4Ol 
~?'~/ 2.2621 2:8251 39 , :2'_;s~/ o.6~ 

;o.~ r ,,60~ / 2.000 / 20 | :11o3 | "~,~g 
• ~ 1,020 / ,.280/ 8.5/ .0,~7~ : ~  

Mi~ed glass beads, D~=0.297in., Dt=2.067in.,  air  p=0  0 
C H - 3 8  u m . ,  C T = 7 2  o F., voids=35 percent 882, 

~-1 . . . . . . .  ~ V-251/ 0.695/ 0.897 u.u | 2,105 ] 1,203 2oo1 .555 / .880 44.1 | 1,895 ] 1,053 / 
38.1 j 1,6:]71 938 ~ 160 J .443 ! .866 
30. 2 ! 1, 298 [ 744 I 120 | .331 I .864 
243 | 1, 043[ 59s/ 80/  .2216t .921 
18.65 t 800 | 458 ] ~ | .1448 t .935 

~u / .083o ! ~i~n 1°7°i 4"~i 2~1 / / lO . o'.,7,~ : ~, 
lk[ixed beads,  D~=0.3141 in. Dr=2 067 in  air  O 

0//=36 I"5 in CT"'71o ~ "..:n. "'. , p= .0875, • " ", - - - -  --., v u , ~ = o 7  percent 
• 

'~ . . . . . . . . . .  , ~ ~:~ZI ~.~.~/ ~ 1  0.841 I 092, 
" ,' m • ==~' ! zUU I ~09 50 0 2 146 ' ~ . "  916 / ,3:o I ,,o,-, f ;,~p,~, ~,~ol 566 ! :9o5 

t 36.1 / i : ~ !  " '~ !  "~/ ._~.~ , .92o 
| 32.6 | I 440 | 85~) ~A | . z~  I .878 
! 26.1 # 1'120 ) ~o, t ,.u | "v45 t .930 
| 13.70 | "587 | ~9~ j '~o I 1592 , 932 t- -~  I °°' I  11| .o390: :~  
13Hxed~b.eads, D , = 0 . ~ ~ 0 6 7  in a:" ' ^^~ 
[ C ' H = 3 6  75 in C'T  75 "d ~' - - :  . . . .  " -- p=u.u574, 
i ~  ' ", = ---, VOluS=~o.2 percent 

~-1 .......... 72.4 3,1031 2,3381 2,,41 0.820 1 - 
• ~.6 2,r32 | 2,0,~7i 106 ~ "~d I 0.7~ 54. 7 2,348 | 1,768, 145 | .785 

•" .785 43.2 1,8.55/ 1,394 8 7 /  :281 | .750 
33.3 1,432 / 1,078 l 55 .1776 | .797 2s. 3 1, 218 | 
15. 84 679 / 919 l 511 / 40 .1292 / .805 

1 2  .0387 / .775 

"s, D~=0.403 in., 2),=2.067 in., a i r  p=0.0864, C H =  
35 0 in., C T = 7 2  o F., voids=45.8 percent 

k-1 . . . . . . . . .  83.0 
80. 0 
71.2 
62. 0 
51.1 
39. 2 

i 2.% 1 
lS. os 

b-2 . . . . . . . .  

3,565 
3,440 
3,060 
2, 662 
2, 195 
1,684 
I, 208 

775 

I-~un W, G, 
lb./hr,  lb .  ft.--* 

hr.  - i  

FLUID FLOW THROUGH PACKED AXD FLUIDIZED SYSTEMS 

1. 745 1.121 
1. 623 ! 1.123 
1. 298 i 1.134 
.975 i 1.132 
• 650 ~ 1.110 
• 373 I 1. 078 
• 2024 ~ 1.133 
• 0815 / 1.114 

p. s.i./tt, f 

2, 906 215. 5 
2. 305 200 
2, 496 160 
2, 174 120 
1, 792 80 
1, 384 46 

988 25 
633 10 

%b ]~e ~m. h 

.4 

TABr,E I.~Pressure-drop data for flow 
smooth particles--Continued through 

an  l b ] h r  lb .  f t . ~  ~ c  A Ap;o, I I 
/ = 4 , °  m., CT=2o.5 c., ,-oi~=~o ~ ~o~o~o ~., 

"" " " • e t l ~  

lO 2 ,~4~ ,o,8 n , . ,  2.3° o.~1 
t .86 2 125 685 ,)" [ • 2 
~. 3 2, ,6o 892 78 2 1 5~ . 7 8 2  

- 28 - "78,5~r 5. 85 1' 583 511 5_. ~ I 1.027 
4.°° 1;095 354 15:~ " ~  / " ~  

' ' I • }6 I "~'~ 
. Glass b e ~  ~ , = n  .~o.t ~ , ~  

' I I , 
I>-2 . . . . . . . . .  ' 17.85 4,815 I 1,664 I 160.2 I 4 60 I 

15.48 4,175 1 ~,3~ ! 116.0 / 3:322 , o . ~  
12•60 3'4°°1 "°° /  ~ 3 /  2•382 / :,~• 

Glass beads, 2)~=0.204 in., 2)t=0.824 in., air, p=O0,~,  . 
CH=14.0 in., C T = 2 6  o G., voids=45.4 perccn~ 

~2 ......... 1932~ 5,215 2,0371 155•51 
16.44 [ 4,445 i 1,733 / 115 | 3.58 I '~,~ 
13•80 | 3,726 ~ 1,454 | 82 2.55 | "~t~a 
11.30 | 3,050 ; 1,188 | 52.5 ~ 1.63 / "~'d 
9.58 / t 5• 69 / 2, 592 1,~8 1'°o~° / 35 lO88, ~ 

_, 13 .406 / :~Z 

Glass beads, D~=0.224 i n ,  D ,=08o4  in a t ,  p-On~u'~ 
CH=14.125 in.,  CT=25.3  ~ C . ,  voi'ds=47 p e r c e n t -  ~'~.' .. 

18.20 4.910 2.104 [ 116.5 ] 3.11 [ .859 
16.90 4,560 1.952 ! 99 [ .50 / .845 
15.35 4.145 1,773 | 81.5 ~ 2.88 [ .845 12. 05 | 3.254 

2,460 / .885 ~ .740 . 
0.10 / 1,3921 48 1.698 .1 . 808 .  

1, 053 / 25 

Glass beads,-D~=0.391 in.,  Dt=0.824 in., air, p=008'2(~ 
C ' I [ = 1 4 . 0  in., G'T=25.5 o C., voids=52.3 percent 

c-2 . . . . . . . . .  ' 3 5 8 /  9,670t 7,23~1 14551 ~92 o ~  
I 30.58 | 8,250 t 6,165 | 114 | 6.20 .785 
i 27.75 | 7, 495,  5, 600 / 89 / 4.84 .741 

26.62 | 7.200 I 5,385 | - " 4.76 .792 
22.96| 6.2001 4.640| ~,'° 3.50 .s~ 
1896 | 5,120 | 3,825 | 46 2.504 .8~ 
1 5 . 3 5 |  4 , 1 4 5 |  3. 0 9 5 |  3 1 . 5 /  1.714 
9 02 | 3,286 | / 12. 18 [ .860 

2,440 / 2.454 | 2 1.086 .868 
1,822 / " 0.5 .516 .7~3 

Porcelain balls, -Dp=0.5075 in  2 ) , - 0  ~o~ ¢, • _ 
ClI=l l .625  in., C T = r 6 o  F :'.¢oi~s"~6-5~.~',., alr, p -O.O~lO, __ • - . percen~ 

67.0 18,125 I 17,&35 I 117.6 20.3 0.5~ 
60.4 16,330" | 15, 900 | 97.8 16.84 .~9  
55.3 14,950 |14 .560 | &3.5 14.39 .699 
47.6 12,875 | 12,530 | 61.6 10.62 .700 
42.0 11,350 | 11•030 [ 48.2 8.29 .704 
30. 7 8, 280 [ S. 165 | 
25.9 6, 975 ~ 6. 795 ~ 27.8 4. 8o .765 

20. 5 : 3 . 5 3  . 7 9 2  j 22.4 6 ,040~ 5,880 15.2 

,o,, ii 
Copper  pellets 2 ) , = 0 o 7 4 i n  Dt O ~O" • = --  ' : ., = o-~ ,n. aw, p=O.0830, 

C H  14.,ore.,  C T = 2 o :  C. vo ids f54 .7pereen t  

27.14 / 7, 3 I0 3, 935 154.5 9. 60 O. 775 
24.50 6,610 3,550 128.2 I 7.90 .783 
21. S0 5, 885 3, 160 103.0 6.40 . 797 
19. 38 5, 235 2, 805 82. 3 ' 5.11 . 803 
16.21 4,37S 2,350 60.0 , 3.73 .gO0 
13.41 3, 620 1. 944 43.0 i 2. 67 . 972 
10. 03 , 2, 708 1. 453 7,51 I 23.9 1.49 .943 2, 032 I, 090 . 870 12. 4 : • 771 
4. 97 1,343 722 5.4 I .336 ,859 ~ .~ 

f-2 . . . . . . . . . .  

g-2 . . . . . . . . .  

Lo,d ~ 2 5  ~, ~ '  ~':~Z 4 ~ %C0 08'0, 
• ", = • • P • ~ u ~  

~-~ . . . . . . . . .  11•3~ ~1701 5421 155.31 403 0~75 
10. 5:3 f 2, 842 [ 485 i 125. O r 3.00 .979 
9. 55 2, 580 | 441 ~ 99.6 / 3.13 .949 
8.11 I 2,190 / 374 ~ 71.0 ~ 2.24 

• 925 6.78 / 1,832 | 313 I 55.8 t 1.767 5.10 J 4.26 / 1,378 | 1. 046 1,152 / 236 I 197 ] 34.7 l 22. 6 [ 1.098 1.145 
_ _  - - ~  .716 1. 071 

Gk~s  beads, .De=0.169 in., Zh=0.824 in., air, p=0.0340, 
• C'Iar=14.0 m. ,  C'T=30 o C., voids=43.7 percent  

15. ~3 4, 276 1, 365 ] 
14.02 3, 784 I, 209 ; ~3( i 4.43 0. 921 

3.55 ' ~o,) .939 11.94 3 . . . .  1,029 ] 2.64 •969 
10. 18 2, 746 379 ~ 70 1.88 . 950 
8. 13 2,198 703 / 42 1.128 • 888 

i 

' i# 



mm 

APPENDIX 97 

TABI, E I.--Pre.~.~ure-drop data .for flow through 
smooth particles--Continued 

W, A p40, 
Run  lb.,hr, lb. ft. -2 ?,e m ~. ~CI ;  p . s .  L/ft. f : hr.-~ c 

C m , p c r  pellets, Dp=0.274 in., D,=0.824 in.,  air, p=O.0S30, 
Ct[=14.O in•, C T = 2 5  ° C., voids=52•5 percent  

g-2 . . . . . . . . .  

h-2 . . . . . . . . .  

25.86! 6,985 3,750] 156.8!  8.68 
~ . 2 2 !  6,265 3,370 127.0 7.03 
20.03! 5 , 4 0 5  2,905 96•9 5•36 
17.28 4,660 2,508! 74.3 4•11 
1 4 . 5 9  3,940 2,116 i 54 .9!  3.03 
11.28 i 3,040 i 1,032 i 31.9 i 1.767 
8 .77,  2,370 1,272 17.4 .966 
5 .06 '  1,368 735 J 7.0 I .387 

0,763 
.828 
.843 
.~70 
.901 
.881 
.797 
,955 

Aluminum pellets, Dv=0.254 in., Dt=0.824 in., air, p =  
0.0825, CH=8.625 in.,  CT=77  ° F. ,  voids=49.3 3ercent 

27.0 
24.86 
22.26 
19.18 
16.30 
13.69 
11.66 
9.62 
6.26 

7,2901 3.4201 158.81 11.03 0.781 
6.710 t 3,155 137.7 I 9.63 .800 
6.005 / o 8~0 112.2 J 7.86 .821 
5,175 } 85.6 I 5•99 •903 
4.400 ] 2,064 i 64.0 I 4.52 •865 
3,690 { 1,733 46.2 I 3•22 •889 
3,145 t 1.475 : 34.0 ~ 2•374 ,891 2,600  1,220  2231 1.562 857 
1,694 / 7961 11•61 •812 ........ 

Cylinders,  Dp=O.403 in., Dt=0.824 in. ,  air, p=O.0810, 
CH=12.25 in•, CT=SO ° F. ,  voids=65.9 percent  

1-2 . . . . . . . . . .  60.5 16, 350 10, 800 116. 2 
54. 1 14, 650 9, 700 94.8 
46.3 12, 500 8. 2 ~  70.0 
39. 7 10, 720 7, 0,e~ 51.4 
:.~0.6 8 , 0 ~  
2~. ~ 6, 955 
21. t~7 5, 850 
1~.27 i 4,925 

a-3 . . . . . . . . .  

15.25 I 4,110 
11,70 3,155 
8.95 ] 2,420 

5, 3 ~  
4, ('~0 
3, 870 
3. 2e~ 
2, 7.°0 
2, O~ 
1.6O0 

31.4 
23.5 
16.4 
11•7 
8.3 
4.6 
2.3 

19.60 
15.95 
11.80 
8.66 
5•30 
3.97 
2.77 
1•976 
1.898 
.775 
.388 

O• 560 
• 568 
• 575 
• 574 
.616 
• 626 
.617 
• 620 
• 626 
• 594 
• 494 

Glass beads,  Dp=0.223 in., Dt=3.063 in.,  air,  p=0.0762, 
C H =  17•375 ill., CT=24  z C., voids=37.5 percent  

$2.8 r 1,616 711 38.1 0• 469 0• 835 
74.1 ~ 1,447 636 31.6 .390 .865 
65.4 J 1,276 561 25.0 .308 .880 
56. 6 ! 1,105 486 19. 4 .239 .905 
45. 6 $88 391 13.1 .1612 .950 

i 

Glass beads, Dp=0.388 in., Dt=3.068 in.,  a:r ,  p=O.0750, 
CH=14•0 in.,  CT=24 z C., voids=40.9 percent  

. £9. 2 1, 742 1. 302 13.4 O. 282 0. 719 
78. 3 1, 528 1,141 11.3 . 2376 • 788 
71.8 I, 401 1,048 8. 9 . 1872 • 740 
52.9 1, 031 772 5. 6 • 1176 • 860 

Por(.ohtin balls, Dp=0.5075 in•, Dt=3•068 in.,  air,  p=0.0751, 
CIt=14.5 in., CT=23 ° C., voids=38.1 percent  

88. 9 
$4. 5 
74.8 
64• 8 
5ft. 0 
~5.o 
39.1 
29.4 
21.8 

I, 734 
I, 650 
I, 460 
1,263 
I, 092 

876 
761 
573 
425 

1,697 l l .S  1.613 
1,428 
1,235 6:5 
1,068 5.2 

SbS 3.3 
745 2.6 
561 1.5 
416 0•90 

0•1842 
.1672 
.1378 
.1017 
.0814 
.0501 
.0407 
.0234 
.0140 

0•623 
•626 
•657 
•650 
.696 
.664 
.715 
.703 
.787 

Porcehdn balls, Dp=O.73 in., D,=3.068 i n ,  air,  0=0.0745, 
CIt=21.5 in.,  C T = 2 4  ° C., voi 1s=47.5 pe "ee i t  

',~2. 5 I, 806 2. 554 6. 5 0.1562 O, 696 
S(I. 6 1,572 2. 220 5.1 .1227 .723 
71.2 t, 390 1,965 4. 2 .1OlO . 758 
59. 8 1,167 1. 649 3• 0 .0722 .771 
48. 6 947 1,335 1.9 .0459 .743 

TABLE I.--Pressure-drop data for .flow through 
smooth particles--Continued 

w ,  I e, ! ',p4o, t~un lb.]hr, lb. ft. -2 Re In Z. ~ ] 4  p . s .  L/ft. f 
hr . -Z !c . I 

Cylinders ,  Dp=0.403 in.,  Dt=3.068 in.,  air, p=0.0755, 
C/-/=15.875 in.,  CT=22.5  ° G., voids=38.2 percent 

e-3 . . . . . . . . .  

a-4 . . . . . . . . .  

88.0 I 1.735i, 1,150 75.7 1,478 ] 975 
66.1 1,290 [ 850 
55.6 1,084 [ 715 
45.6 888 [ 587 
37.3 726 480 
28.6 557 367 

210 16•42 320 

17•7 0•292 
13. 2 .218 
10.5 •1728 
7.5 .1234 
5.2 •0859 
3.5 .0578 
2.~ .0384 

• .0132 

0. 665 
.683 
.711 
.72.3 
• 746 
• 752 
• 840 
.919 

Cylinders ,  Dp=0.188 in.,  Dt=1.049 in. ,  air,  p=0.0870, 
CI~r=12.25 in•, CT=80  ° F•, voids=42•5 percent  

19. 38 
17. 48 
16.21 
13.87 
12. 25 
10.80 
9. 87 

3, 230 1,159 
2, 910 1,043 
2, 700 970 
2,312 830 
2, 042 733 
i, 804 648 
I, 650 592 

119.2 
97. 6 
81.1 
63.7 
50.3 
38.6 
33. 6 

3.34 
2. 74 
2, 253 
1. 788 
1. 412 
1.080 
• 944 

0.835 
• S43 . 
.813 
• 892 
.$84 
• 870 
• 825 

b-4 . . . . . . . . .  

c--4 . . . . . . . . .  

d-4 . . . . . . . . .  

e--4 . . . . . . . . .  

f-4 . . . . . . . . . .  

Brass  rings,  Dp=0.350 in.,  Dt=l .049  in.,  air,  p=0.0830, 
CI~r=10.5 in., C T = 7 5  ° F•, vo ids=74A percent  

83.8 
74. O 
66.6 
58.8 
48.8 
36.8 
24.1 

14, 0OO 
12, 350 
II, I00 
9, 820 
8,150 
6, 150 
4, 025 

9, 350 
8, 250 
7,410 
6, 550 
5, 450 
4,110 
2, 690 

121 46. 6 
95.5 36.9 
78 30.1 
61.5 23.8 
42.0 16.2 
23.5 9.05 
10.0 3•85 

0.814 
• 825 
.834 
• 839 
.833 
.818 
•806 

Copper  cylinders, Dr=0.420 in. ,  Dt=l .049 in.,  air,  p=0.0830, 
(.'I1=11.125 in•, C T = 7 5  ° F•, voids=56.25 percent  

64. 2 
52.1 
43. 6 
36. 8 
28. 0 
22.1 
15. 2 

1O, 800 
8, 800 
7, 350 
6, 200 
4, 720 
3, 730 
2, 560 

8, 640 
7, 050 
5, 900 
4. 970 
3, 780 
2. 990 
2, 050 

I 
132 J 12. 25 

62 5. 75 
44 4. 075 

2. 360 
16.0 1.482 
7.0 .647 

0.815 
.835 
• 826 
.821 
• 819 
• 822 
• 764 

Glass spheres, .Dp=0.393 in. ,  Dt=1•049 in.,  air,  p=0.0S30, 
CI~r=12•0 in.,  CT=78.5 ° F. ,  voids=51.3 percent 

65.1 
56.9 
46. 6 
35. 85 
28. 55 
26. 32 
21.60 
13.92 

10, 875 
9, 460 
7, 760 
5. 970 
4. 755 
4, 385 
3. 600 
2. 320 

1 
8,175 [ 132 
7, 1O0 [ 104. 6 
5, 825 [ 70. 4 
4, 480 } 41.0 
3, 565 J 28. 2 
3, 285 ] 23. 3 
2, 695 15.1 
1,736 5. 7 

7. 79 
6.155 
4. 045 
2. 41 
1.66 
I. 372 

• $90 
•335 

0. 566 
• 592 
• 576 
• 5$0 
• 627 
• 613 
.559 
• 535 

Porcelain balls, Dp=0.505 in. ,  Dt=1.049 in., air, p=O.OS30, 
CII=11.875 in., CT=78.5 ° F., voids=52.0 percent 

66. 95 
56. 9 
47. 2 
37. 8 
31. O 
25.35 
18• 98 
14. 00 

11, 170 
9. 460 
7, 860 
6,300 
5,160 
4, 220 
3, 165 
2, 330 

t 
10. 750 I 129. 7 

9,140 } 95.8 
7, 590 66. 8 
6. 085 t 43. 4 
4, 980 ] 28. O 
4. 070 q 20.1 
3, 05O 10. 6 
2, 250 5. 3 

8.11 
6. OO 
4.17 
2. 71 
1. 753 
1• 256 
• 662 
• 330 

0. 718 
• 735 
• 742 
• 752 
• 723 
• 773 
,728 
• 671 

Cylinders,  .0p=0.403 in.,  /9,=1.049 in. ,  air,  p=0.0$20, 
CI!=12.25 in.,  C T = 7 5  ° F. ,  voids=56.6 percent  

64. 05 
56. 0 
47.4 
38. 65 
31.82 
25. 9 
20. 53 

10. 700 
9, 340 
7, 890 
6•445 
5, 305 
4.315 
3, 420 

8, 350 
7, 255 
6. 125 
5, 005 
4, 130 
3, 355 
2, 655 

131.6 11.37 
101.2 8. 77 

70.9 6.14 
47.5 4.10 
30.4 2.03 
21.5 1. $65 
12. 2 1.055 

0. 738 
• 746 
• 734 
• 732 
.693 
• 741 
• 673 

] 

• :J:' 
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98 FLUID FLO%V THROUGH PACKED AXD FLUIDIZED STSTE.%{S 

T~n~n L~Pressure-drop data for flow through 
smooth particles--Con'tinued 

R u n  I,tlc: .!l w, lb.  ft .  -z A P,o, 
lb . /hr .  [ h r . - ,  .Re p . s .  L/ft. f 

Gl:~s beads , .Dv=0.228 i n . , D t = l . 0 4 9  i n . , N ~  gas,  p=0,0785, 
CH=11 .75  in. ,  CT=71.5 ~ F. ,  vo ids=40 .4  pe rcen t  

5.02 l 987 6.06 1,010 
9.14 1,524 
9.75 1,627 

10.88 1,811 
12,98 2,102 
13.77 2,292 
15.82 2,638 
17.14 2,852 

447 I 7. 
458 8. 
692 16. 
737 18. 
8 °°  22. 
9E 30. 

1,037 33.6 
1,192~ 39.8 
1,291 j 48.8 

0.1838 [ 0.912 
.1932 | .904 
.387 I .795 
.45o I .812 
• 531 | .771 
• 731 | .746 
• 814 | •743 
•964 

1.18o I •664 .691 
I 

O l ~ s b e a d . s ,  .Dr=0.228 in. ,  .0 ,=1.040 in. ,  X.~ ~'as p=0.1040, 
~.z~=~i. o m., CT=72 ° F., voids=40 .4  pe rcen t  

a-5  . . . . . . . .  

1 0  °9 
1:5~5 
1, 758 
2,0riO 
2.420 
2,500 
2, 663 
2,836 
3, 060 
3,110 
3, 242 
3, 710 

4~ 
09~ 
79~ 
937 

1.096 
1,100 
1,207 
1.285 
1,387 
1.410 
1.470 
1,682 

6.6 
12. 8 
16. 2 
21.0 
28. 6 
31.4 
33. 0 
37. 2 
42. 4 
44. 0 
46. 4 
59. 0 

0.159 
• 309 
.392 
• 507 
.691 
• 759 
• 809 
• 900 

I. 022 
1. 060 
1.119 
1.422 

0• 962 
.824 
• 804 
• 754 
• 748 
.734 
.721 
• 713 
.694 
• 605 
.676 
• 650 

b-5  . . . . . . . .  6.14 
9. 24 

10. 57 
12. 40 
14. 52 
15. 38 
16.02 
17. 02 
18. 38 
18.68 
19. 46 
22. 30 

O l ~ s  beads ,  D~=0.22S in.,  D ,=1 .040  in. ,  N'~ gas,  p=0.1355, 
~-,~ = l l . , o  m. ,  C T = 7 0 . 5  o F . ,  vo ids=40 .4  pe rcen t  

789 
1,103 
1,273 
1,292 
1,655 
I, 756 
2, 609 
2, 836 
2. 874 
3, 035 
3. 370 
3, 6~2 
3, 780 

859 
502 
679 
5SS 
7.5,3 
799 

1,138 
I, 289 
1.306 
1,381 
1,633 
1.676 
I, 720 

3.4 / 0. 0820 
5. 8 .1398 
7. 2 .1733 
7. 6 .1832 

11.2 .270 i 
12.4 | .299 
23.2 | .559 
27. 2 .656 
30. 0 .724 
32. 8 • 791 
39. 4 .951 
45.0 1.082 
47. 4 I. 140 

1.089 
• 945 
• 879 
• 899 
.811 
.798 
•736 
• 674 
• 723 
.710 
• 690 
• 658 
• 658 

4.74 
6. 61 
7.64 
7.75 
9.92 

10. 63 
15. 01 
17• 02 
[7. 27 
[8. 22 
.~o. 22 
]2. 12 
• )2. 68 

d -5  . . . . . . . .  L41 903[  400 3 . 5 [  0.0918 I 1.148 
I 1,291, 00 1442  •079 

1,412 ] 636 I 
1,625 [ 731 9.0 •2164 | .832 

) . ~ [  7•2 .17321  .884 

1 .  1,863 | 830 11.2 .270 / .794 
~i!.02 [ 2,003 [ 902 13.0 [ •813 [ .792 

!. 92 / 2, 153 [ 969 
1, 184 11 ~. 82 2, 638 [ 14. 6 / 20.8 [ .352 | .774 

• 501 ] .736 

[ Gla~sbeads ,  ..D~=0._228 i n . . D , = l . 0 4 9  in•, ~N~.. gas,  p=0.1840, 

I . ~-'~=~x.75 In., C"/ '=77.5 F . ,  vo ids=40 .4  p e r c e n t  

~-~ . . . . . . . .  I 6.44[ 966', 466 3 21 . . . . .  i : - ~ . .  
~0~ 1,3~8 604 6:31 ~:Y£;$I ':g~g 
~ . - -  I 1,540 690 7 8 I • 1SSO ] • 890 

12.45 [ 2,076 [ 930 12.6 [ .304 [ .791 
14401 24601 1072 164 / 396 I 770 

T~LE IL--Pressure,drop data for flow through 
beds composed of rough par[~cles 

r lb. fG~;._~ .Re Ap, Ap40, 
Ib./hr• hr•-, era• CCh[p. s.i./ft•[ f 

' I 

ClAy b,[l.~, #.=0.368 in., ~,=3.068 in. , ~  
,~ra =zo.5 m•, C'T*=23 ° C., voids=43.8'per~e~t "-'v'~5 

i ............ 87•1 1,700[ i•203 21•5 0 ~  

i 76.4 1 ,490[  1.050 17.5 .2044 ] 889 67.0 1,308 [ 928 193"~ • 2 6 1  I -:~,~ 
66.6 1,o85, 770 •147s, "~i 
46.1 ~981 637 ~.i~ .1165 1 : ~  
37.3 726 i 515 .0717 i 1.011 
28. 6 565 [ 394 8 .2  

295 1.9 21.4 416 / •0478 ] 1.150 
• 0283 I 1. 219 

2 . . . . . . . . . . .  

3 . . . . . . . . . . .  

ClaYrball,~.~=O._310 ins, .Dt=0•824 in. ,  a ir ,  p - O  681~-" 
~=,=~v.o~om. ,  UT=77 ~•, v o i a s = 5 1 . S p e r c e n t  " ' 

31• 3 8, 460 5, 054 
28.46 7, 685 4, 594 
26. 2 7, 085 [ 4, 238 
23.8 6, 435 3• 844 
21.3 5, 756 3, 440 
17. 98 4, 850 2, 900 
15. 15 4, 092 2, 445 
12.34 3, 330 1• 990 
9• 59 , 2. 590 1,547 
6. 57 1• 775 1, 059 
4. 53 1,224 735 

- - - - - , . , _ _  

130.3 8.91 0.844 
113. 7 7. 79 • 891 
96. 7 6.61 • 891 
81.6 5. 58 • 911 
65. 7 4.49 • 913 
49.0 3.35 .060 
35.9 2•46 •990 
23.8 i .  627 • 935 
13.8 . 946  • 955 
8 .2  .561 1. 209 
3. 6 .246 1.107 

8,300 6,240 1 128.~ I 10.24 1.065 7•360 4,640 101.6 1 8.25 1.686 
6, 440 4, 055 76 I 6.16 1.060 
5.150 3 245 [ 48.8 3.95 1•059 
4, 250 2, 675 [ 35• 5 | 2. 87 1.131 
3, 490 2, 195 22. 2 | 1.79 1. 044 
2,855 1,798 13.8 [ 1,12 .981 
2,120 i, 334 7• 3 ] • 592 . 942 

Rasch ig  rings,  Dp=0•252 in. ,  D t = 3 • 0 6 8  in•,  air,  p=0.0761, 
CH=16.25 in. ,  6 'T=23  o G.,  vo ids=54 .7  percen t  

. . . . . . . . . . .  85.3 
78. 3 
68.7 
50. 8 
52.1 
43. 6 
34• 0 

; 27. 9 
21.3 

1oo 1 I I 809 25. 6 
I, 529 ] 743 22. 3 
1, 340 | 651 I 17. 6 
i,  168 | 567 ] 13. 7 
1, 015 { 403 / 10. 6 

849 | 412 | 7. 4 
6~3! 321! 4.8 
544 p 264 { 3. 0 
415 ~ 201 [ 2• 2 

1.175 I 1.39 
1.023 / I•44 

• 810 1.48 
.63o  / 1.51 
.488 I 1•55 
.840 1.53 
• 221 1 . 6 3  

• lT&q I 1.80 
• 1040 . . . . . . . .  

* CII= co lumn height  = L; C T =  t empera tu re  of gas• 

4 . . . . . . . . . .  "I 49.8 
44• 1 
38. 6 
30. 9 
25. 5 
20. 95 
17.12 
12. 72 

'~l~;,b~s.o~e=0~£5 %~,=1.~0 in., air, .=0.0824, 
~ = ~ , : . o z o m • ,  ~ , . t=7z  2 . ,  v o i u s = 5 1 . 7 p o r c e n t  

C lay  b a l s  .D ,=0o98  in j D , - n ~ o -  ~- ^-'- - 
C:II-1 "" " ""  . .;::, , - , ,  . . . . . . . . .  , ~Lv, p=u•O815 - 4 . 0 m ,  CT=2o .o  0 . ,  vo ids=50.1  pe rcen t  

2741 7,4001 4,209[ 129.0] 9•45 112 
24.7 I 6,670 [ 3, 790 ] 106.5 [ 7. 80 1.139 
21• 40 [ 5, 800 / 3, 294 ] 82 
1S. 46 [ 4, 985 ~ 2, 826 [ 61, 5 / 6• 00 I. 161 4.50 1.181 
15.25 | 4,115 [ 2,335 | 43 / 8.15 1.202 
12.52 [ 3,380 [ 1,920 [ 28 2.055 1.164 
9. 07 [ 2, 452 ] 5 " 8 0 /  1 , 3 0 2 |  .953 1•030 

1'684 / 901 I 13.5 •475 1•231 
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TA:BLE II.--Pres,~'~re-drop data for flow through 
b.ls composed of ro~gh particl'es--Continued 

Run  

6 . . . . . . . . . . .  

. . . . . . . . . . .  

. . . . . . . . . . .  

! . . . . . . . . . . .  

8 . . . . . . . . . . .  

} . . .  . . . . . . .  

i A p ,  ' A P40, y., ' G, 
lb. hr. lb.hr. -lft'-: Re  cm. C C14 p . s .  L/ft. jr 

R : , . i d g  rings, D~=0.252 in., D~=0.824 in., air, p=0.0323, 
(7I=I1.75 in., C T = 8 0  ~ F. ,  voids=62.2 percent  

29.1 
26.4 
23.9 
21.2 
]~,20 
14.20 
11.42 
~65 
,; O0 
3.93 

7,855 
7,125 
6.450 
5,720 
4.910 
3.830 
3,0~5 
2,340 
1 6 °0 

3, 790 
3,432 
3,005 
2, 755 
2,370 
1,845 
1,485 
1,128 

781 
512 

152. 8 
128.2 
106, 1 
84. 7 
63. 8 
41.0 
20.1 
13. 5 

7.6 
3.2 

21. 06 
17. 72 
14.65 
11.63 
8.80 
5.67 
3.60 
1.928 
1. 048 
.442 

1.21 
1.245 
1.256 
1.270 
1.30 
1.37 
1.~4 
1.25 
1.42 
1.39 

Ra.cehig rings, D~=0.252 in., D:=1.049 in., air, p=0.0330, 
(7£=12.75 in., C T = 7 2  ° F.,  voids=61.2 per'cent 

46.1 7. 690 3. 750 134.2 15. 72 0. 948 
37.85 6,305 3,130 87.7 10.29 .917. 
31.8 5, 300 2. 585 61.7 7. 24 • 915 
26. 1 4, 350 2, 120 44. 5 5. 21 • 973 
19. 93 3, 320 1,620 23. 4 2. 745 . 888 
14. 42 2, 400 1,170 11.4 1.330 .824 

Ra.~chig rinus, D~=0.252 in., Dt=l .049 in., air, p=0.0330, 
CII=I1.5 in., C T = 7 2  ~ F., voids=57.0 percent  

41. O 
35.2 
31.0 
25.15 
19. 77 
1t. 42 
10.93 

6,840 
5,860 
5.170 
4,190 
3,290 
2.400 
1,825 

3,340 
2,865 
2,525 
2.142 
1,605 
1,170 

892 

135 
93.5 
75 
53.4 
30. 5 
15. 2 
8.2 

12.80 
9. 37 
7.13 
5. 07 
2. 90 
1.44 

• 780 

0.975 
• 969 
.946 

1.030 
.950 
.892 
.835 

Al,xi te (round),  Dr=0.170 in., D,=0.824 in., air, p=0.OS34, 
CII= 14.025 in., CT=29.5  ° C., voids=54.2 percent  

T 

Alnxite (round),  Dp=0.170 in., Dt=0.824 in., Mr, p=0.0834, 
CII= 14.75 in., CT=25.5 ° C., voids=55.6 percent  

17.03 
14.$2 
12.8g 
10. 75 
S. 44 
6.31 
4.25 

4, 596 
4. 000 
3..174 
2, 990 
2. 2S0 
1, 70_~ 
1. 148 

1,490 
1,299 
1,128 

944 
742 
555 
373 

158.7 10.57 
123.8 8.25 
95.1 6.35 
64. 0 4. 27 
37.4 2.50 
281  
11.3 , 

1.910 
1.957 
2.000 
1.925 
1.852 
2.47 
2. 27 

Aloxite (roue'h), Dp=0.105 In., Dt=3.063 in., air, 0=0.0760, 
CIt=12.625 in., C T = 2 3  ° G., voids=54.0 percent  

S7.1 
75. 7 
66, I 
55, 6 
44.3 
39.1 
2x. "2 
2L 6 

1. 700 
1. 478 
1. 290 
1,084 

8(;.3 
762 
548 
421 

541 
470 
410 
345 
274 
242 
174 
134 

21.4 [ 1.554 
17.1 I 1.240 
13.3 I .965 
9.8 .679 
0.4 .444 
4.4 .319 ~:g 232 

.1450 

1.800 
I. 904 
1.954 
2.118 
2.000 
1.840 

596 
2.742 

T~LE H.--Pres,¢ure-drop data.for flow through 
beds composed of rough ioarticIes--Coutinued 

W, G, £.~ ~0, A ~40, 
Run  lb.]hr,  lb. ft.-'* R e  em.  C C h  p . s .  L/ft. f 

hr.-1 

Aloxite (rough), .O~=O.170 hi . ,  Dt =0.824 in., air, p=0.0S30, 
CH=14.5  in., CT=29.5  ° G., voids=57.3 percent  

10 . . . . . . . . . .  

10 . . . . . . . . . .  

11 . . . . . . . . . .  

12 . . . . . . . . . .  

12 . . . . . . . . . .  

12 . . . . . . . . . .  

17.17 i 4,640 
14. 94 I 4,140 
13.40 I 3, 620 
I1 .59[  3,130 
10.01 [ 2,702 
7.39 2,000 
6.06 1,370 

1, 502 
1,341 
1,173 
1, 015 

877 
649 
444 

153.7 
117.5 

94.2 
68.6 
49.0 
31.7 
15.1 

11.83 
9.06 
7.27 
5.29 
3. 78 
2.444 
1.165 

2. 06 
1. 985 
2. 03 
2.02 
1.936 
2. 28 
2. 33 

Aloxite (rough),  Dp=0.170 in., Dt=0.824 in., air, p=0.0830, 
CH=14.5 in., CT=25.5  ° G., voids=5$.0 percent  

18.08 
15.62 
13.45 
11.36 
9.05 
6.67 
4.34 

4, 875 
4, 210 
3, 628 
3. 063 
2, 466 
1,803 
1, 172 

1,582 
1,368 
1,178 

997 
803 
586 
381 

156.7 
124.8 

93 
66 
40.1 
30 
11.6 

12.72 
10.12 

7.55 
5.36 
3.26 
2.44 

.943 

2. 04 
2.16 
2. 23 
2.16 
2. 02 
2. 85 
2. 60 

Aloxite, 21p=0.159 in., .Dt=2.067 in.,  air, p=0.0837, G H =  
36.5 in., 6 'T=87 ° iv., voids=54.4 percent  

59.3 
52.3 
44.6 
35.2 
27.7 
16. 24 
12.97 

2,542 1 744 
2,244 [ 656 
1,015 [ 559 
1,511 [ 442 
1,190 I 348 

696 204 
556 163 

148 
115 
82. 5 
52. 0 
33.0 
13.5 
9.0 

3.596 
2.800 
2.010 
1.265 
.770 
•329 
.219 

1.974 
1.982 
1.960 
1.965 
1.934 
2.42 
2.52 

A lundum,  Dr=0.180 in., .Dt=0.824 in., air, p=0.0845, O H =  
14.5 in., CT=23.5  ° O., voids=48.5 percen t  

16.86 4.550 
14.00 3,780 
11.73 3.168 
9.84 2.6.58 
6.36 1,720 
4.46 1,206 

1,582 I 105.5 
1.317 I 116.5 
1,102] 81.0 

926 ] 55.5 
599 ] 28.5 
419 [ 12.9 

6.40 
4. 51 
3.22 
2.14 
1.10 

• 499 

1.09 
1.11 
1.13 
1.07 
1.31 
1.21 

A l u n d u m ,  Dp=0.180 in., Dt=0.824 i n . ,  a i r ,  p=0.0845, 
GH=14.5 in., GT=23.5 ° G., voids=44.7 percent  

14.83 
11.73 
9.84 
6.36 
4.16 

4,000 
3.108 
2,658 
1,720 
1,125 

1,392 I 166.3 
1,102i  106.5 

926 i 71.5 
599 35.9 
393 14.1 

5. 02 
3. 244 
2.175 
1.091 
.430 

1.10 
I. 130 
1.08 
1.29 
1.19 

k l u n d u m ,  D~=0.180 in., D~=0.824 in., air, p=0.0845, 
OH=12.0 in., 0 7 = 7 7  ° F . ,  voids=44.2 percent  

15.33 
13.33 
11.05 
9.42 
7.03 

I 
4,145 1,434 I 159.8 
3,600 1,276 i 124.0 
2, 980 1,057 I 86.9 
2,5~6 gO~ 60.0 
1,900 ; 35. 7 

5.23 
4.06 
2. 34 
1.964 
1.163 

I.  09 
I. I i  
1.14 
1.08 
1.15 

Ii!, 

i i 

5 ',,'. 
I I  
| , • 

'1 
! 

I [ "  

| q I . ~  

, i r 

'1 i 
i , 

.I ~,i 
I ,~ 
,1 

I t  
I 1 .  

I ~ 

• ir*i 
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!4  
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