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A~STRACT 

The basic hydrodynamic variables of minimum fluldizatien and 
phase holdups were experimenta|]y de'{emined in a three-phase 
fluidized bed. Packings ef 4x8 and 8x12 mesh alumina and 0.25-in. 
Plexiolas were fluidizod b.~ a coourrent f1~w of aim ~nd watei" in 
3- and 6-in.-diam Plexiglas columns. The holdups and minimum flui- 
diza~ion ve]ocities were calculated from a pressure profile of the 
column. Correlations for the solid holdup as a function of the 
phase properties and operating parameters are presented. 
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I .  SUMMARY 

Applications of three-phase fluidized beds such as catalytic hydro- 
genation, coal liquefaction~ and biocllemical conversion require a better 
understanding of the design and operating characteristics of these con~ 
tactors. A study was undertaken to correl~te the hydrodynamic parameters 
important to the design of these beds. 

The experimental apparatus consisted of two columns of 3- and 6-in.-ID, 
0,25-in., spherical, Plexiglas beads, and 4x8 and 8x12 mesh alumina beads 
were fluidized with gas and liquid in the two columns. Pressure drop was 
measured for differen~ flow rates~ and the corresponding holdups were cal- 
culated from the equations defining the system, Incipient fluidization 
was determined From a plot of pressure drop as a function of liquid velocity 
at the point where the pressure drop becomes independent of liquid velocity. 
Correlations for the three holdups were att.empted. The following equations 
were obtained for solid holdup: 

l - ~s = 0.596 ca~ 0°0059=0'0042 Fr~ '069±0"006 

1 - ~$ = I.IZ Re~ "231±O'Ong ArZ 0'157±0"005 

Liquid and gas holdups could not be corre]ated. 

2, INTRODUCTION 

2.1 Background 

A three-phase fl~lidized bed is a bed of solid particles suspended by 
an upward cocurrent flow of gas and liquid, The principal application of 
these contactors is as catalytic reactors involving gas and liquid reactants 
and a solid catalyst. This application includes the hydrogenation of liquid 
petroleum fractions, the hydrogenation of unsaturated fats, and Fisher- 
Tropsch type processes, in coal liquefaction processes currently under 
development, the solid phase of the t luidized bed contains both a catalyst 
and a solid reactant. Knowledge of the flow behavior in a three-phase 
fluidlzed bed is essential to the analysis and design of such indus~rial 
operations, 

2.2 Theory 

When a fluid is passed upward through a bed of solid particle.~, 
pressure drop occurs. [his pressure increases linearly with distance 



through the bed of solids. The total pressure drop across the bed inm'eases 
linearly with the fluid flc~ rate~. At the minimu~ fluldizati~n w~locit.y 
the drag force exerted on the pa~'ticles by the fluid exactlj~ c(~ur~terbalance:; 
the buoy,~nt v~eight of solids, The~"e "is no further inc,'ease in p,-e.~;sure drop 
across the bed at velocities above ~ninimum fluidizatio~, 

2,3 Previou~ Work 

Kim et al. (5_) studied the charactP.ristics of two.- and three-phase 
fluidized-~eB~. Three-phase syste~,s of water, air, and soI id~ (gravel a~d 
glass) ranging in size from 3 to 6 ~m were studied va~-yi~g Lh~ superficia',. 
liquid ve'iocity f~'om 1.4 to I0.2 c~/sec and the super~?icia| qa~ velocity Iro~,~ 
0 to 26 cm/sec ,n a t~o-dime.nsional colu~:~ (243.8 x 66 :c 2.5 cm), The ex.- 
~anded be.d height, w.as measured and solid holdup was obtained frown the bed 
e~ght with Eq. "I). The g~s and liqu.id holdups ( ~  and ~L~ ~ere determined 

by simultaneous solution of Eqs. (2) and (3), 

~3 = .~,I/PsAH B ('I) 

% + c G + c S = 1,0 (~) 

AP ~ {CLPL ÷ CGPG + ¢SPs)gH B (3) 

Ki(n also measure~i photographically the bubble diametm- and velocity and 
reports two forms of thrc~e-phase fluidizatioP,: bed contractim; on inti'oduc- 
tion of gas and bed expansion on introduction of gas. These ;:wo far~s de- 
pend on a critical particle size, above which only bed ex~pansiori is obse~'ver~. 
Kim found that for particles with d.enslties of 2,5 gm/ci~, 71uidlzed by air 
and water, the critical diameter is 2,5 ram, In an extension of this inves. 
tigation, Kim et al. (6) em.p.loyed the sa.~w~ gas and solid phases but va~'ie~ 
the viscoslty ~ToDTI iT5 70 cp with sugar and carboxymeLhyl cellu~ose so lu -  
t i o n s  and va~'ied the surface t~nsion from 40 to }'3 dy~es/cr~l ~ith acetm~e, 
Kim also performed experimonts with l-ram glass oeads in the tvo-dimen~ioaal 
columa varying superficial liquid velocity fro~J 2.7 to I0,2 cm/cec an~ 
superficial gas velocity from 0.70 to 16.1 cm/sec. He obtained three coFre- 
lations for three phase fluidlzed beds, For beds which il~itially expand on 
introduction of gas: 

CL ÷ ~G = I'4(FrL)O'I70(CaG )O'07B (4) 

For bed~ which in i t ia l ly  contract on introduction o f  gas: 

CL + ~G = 1.301(FrL)O'ig8(CaG) 0'073 eO'O31(VLIVG)~L2 (5) 



where is liquid holdtlp fronl a two-pl~ase (liquid-solio) fluidized bed 

c~ 2 -- 1,3Bl (F~-L)0"2°6 (Rel)'O'IO (6) 

For liquid holdup, Kim et al, proposed 

~L = l'50~(FrL)O'234 (FrG)"O'O86 (Rel.)'O'082 (CaG)0"092 (7) 

Dakshinamurty et al, (2) studied the fluidizatie~) ci{aracteristics of 
a~,~-water-sol~ds an~-a~r-kerosene-sollds syste,ns ~n a column 6-cm ~n d}ameter 
and 150-cm high varj~ing the superficial gas velocitj/ from O,l to 7,5 cm/scc 
and the superficial liquid velocity from l to ?.0 cm/sec, Several solids 
including rockwool .,;hot, glass spheres, glass beads., iron shot, a~d sand 
ranging in density and diameter from ~,4 to 7,7 gm/cm3 and from 0,1 i;o 0.7 
cra, ~espectively, were fluidized. They reported a correlation for bed 
porc.sity in terms of the teminal v~looity: 

F~r Re t - PLI;tDE > 500, 
'~L 

+  5(UL) o,6 ("LUG)o.o8 

For Re t < 500, 

CL + ~G = 
,UL~O, 41 I~LUG~o,08 

2,2kOTt~ k o s (9) 

Osterga~rd and Michelsen (~) investigated the effect of gas and liquid 
veloclt(es and particle size on 9as holdup using a trace~ technique. The 
experiments w~re car~led out with water', air, and glass ballotini, The 
fluidiz~tion column of borosllicate tubing was 21.6-cm ID and 4,7 m long; 
the total height of the experimental section was 4.4 m. Flm.~ rates of gas 
and liquid were ,measured by callbrat~d rntameters. The tracer mat~ri~Is 
were radioactive gamma-ray emitting iBotopes: bromlne-82 in tile liquid phase 
(in the form of aqueous a~monium bromide solution) and argon-41 in the gas 
phase. @stergaard obtained a correlation for the gas holdup a~ B function 
of the superficial gas and l~quid velocities: 

~G = ().BO ~.OB) xI0"2(0,193 UL)"O'16~O'02{l,2 UG) I'05÷--0"03 (I0) 



gurck ~ a~,. (~) performed experlments in a 3-~n,-15 column vary~n~ 
gas and liqu~d-supe~'ficial velocities, Burck studi,ad three packings: 4x8 
a~umina, 8xI~ alumi=~a, and O,ZS-In. Ple:,:i~las beads m+~d doveloped a c,)rre+ 
lac~on fo~" .~olid holdup in ten~}s of th~ minimum f!uid+zation velo~.~+y, 

~S : O,5]~,ULmit,UL.~'O'076~~'O~ 

W~:n and Yu (~) studied liquid-solid f~(u~dized becL~ of g]as~ and .~[~_e] ba1~.s, 
varying dia~ete~" from 0,08 to 0+~!5 cm and density f~'om 2,36 to 7.84 ,]~/cm Li. " 
W=.,. corm'elated his data with a large amo~mt of llterature data and obtained 
~ correlation for bed porosity. 

Fergusoa et al, (4) perfomed, experim~nts in 6-in,-ID a~d 3-~n.-IC~ 
bubble columns-'~aT~i.~g"gas and liq,Jid ~uperfici~l v~Iocitles, Fergu.~,(,n 
obtained a correlati(m for gas holdup 

4 
, LUGxo,219 : 

2.4 Objectives 

The objectives were to correlate the hydrodynamic variab1~s of niniT~um 
fluidization velocities and phase hol(lups in a three phase fluidized bed 
over a range of ope~'~ting conditions, a~d to recommend improven~nt i~ the 
experimental apparatus and to make suggestions for the continuation of thi~ 
investigation. 

2.5 Method of Attack 

The hydrodynamic variables affecting the operation of three-p~a~e f !u i -  
dized beds wore studied in two Plexiglas columns of 3- and 6-in, 6im~ete~s. 
~he pressm'e drop across the bed ,~es ~onitored at a range of f lu id  v~loci~.ies 
to deterT~ine the minimum fIu~dization veloc~Cies. The phase holdups ~;erc, 
calculated f~'om the bed height and pressure drop across the bed. For opera+ 
ring conditions where there is a well-d~Fined bed height, the solid holdup 
was calculated from Eq, (1). The liq.uld and .eas holdups we,'e deteYm~n~d 
by the simL~ltaneous solution of ~;:~+ (~} an~ (3). For flow rates ~,lh~re a 
definite bed height could not be determined, photographs were taken in an 
attempt to calculate th~ solid holdups, 



To develop reasonable correlations for the solid, liquid, and gas 
l~oldups in the l imi t ,  the Following criteria were established: (I) the 
corre]ation should approach known two-phase correlations as one of the 
phases vanisites, and (2} the sum of the holdups has to be unity, From 
previous investigations, the variables which were considered for corre- 
lating the pease ho'Idups are: 

PS' PL' PG, UL, U$, L, L, c~, g, Dp 

The di;nension]ess groups that were formed are consistent with those of 
previous investigators and are: 

Re L, Re G, CaG, Fr L, Fr G, Ar L 

With these holdup cri teria in mind and the above dimensionless groups, 
several cm'relations were attempted using a multivariab]e linear regres- 
sion technique. The correlations were based on I05 experimental data 
points and 721 dat~ points from the literature ~2., 3., 5, 6 , . _  _7), 

3, APPARATUS AND PROCEDURE 

3, l Apparatus 

A flowsheet of the experimental apparatus is shown in Fig, I, Three- 
phase fluidized beds were operated in two Plex~glas columns of 3- and 6-in,- 
ID, Water is pumped from two 55-gal feed tanks through a series of r:~ta- 
meters to the bottom of one of the columns where a screen acts as a liquid 
distributor, Similarly, air from an air line flov#s through a series of gas 
rotameters to a gas distributor located directly ~bove the l iquid distribu- 
tor screen, The a i r  and wa.~er flow cocurrently upwards through the column, 
The exit air  is vented to atmosphere and the water overflows and is recir- 
culatad to the feed temks. A series of water-f i l led man~,,eter,s are located 
at intervals along beth coIumns. 

3.? Procedure 

Three packings were f Iu ld ized in the two columns: 4x8 and 8x12 mesh 
alumina beads and O,Z5-in,-diam P1exiglas spheres, The alumina beads were 
pretreated wltb water to allow for ad:~orption in the porous material. The 
alumina was drained and sorted to eliminate broS:en particles, AI] packings 
were weighed, the densities determlned by water displacement, and an average 
particle dian~.ter determined by measurement with a micrometer. In i t ia l  
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readings of the manon~ters were taken, and the readings adjusted relative 
to the bottom manon~ter by the addition of a correction factor. This pro,, 
cedure corrects for elevation differences in the posi tion of the ~a~o~tete~" 
scales, 

Gas was r~tered into the column at a specified superficial gas velocity. 
The liquid superficial velocity was varied over the range from 0 to 23 
cm/sec, The pressure profi le along the column was determined at each liqtlid 
velocity from the series of water manometers. "ihe pressure drop due to 
flow was nmasured as the difference between tl}e bottom manon~ter readinq 
and each corrected manometer reading, The bed height occupied by solid 
particles and pressure drop across the bed were deter~ined by a plot of 
pressure drop against distance up the column as shown in Fig. 2, Under 
some operating condltions~ the points on this plot showed curvature near 
the maximum; in these cases a curve was f i t ted to the points around the 
maximum, and the bed height and pressure drop were taken at the apex of the 
curve. The values of pressure drop and bed height were substituted into 
Eqs, (1), (2), and (3) to calculate the phase holdups. A series of such 
meas~irements was made at several different l iquid flow rates, The minimum 
fluidization velocity was determined by a plot of the pressure drop across 
the bed against the l iquid superficial veloci',y, A typical minimum f lu id i -  
zation curve is shown ir~ Fig, 3. 

A photographi~ technique for the determination of solid holdup In 
regions of indefinite bed height was examined, Polaroid pictures of a 
Plexiglas packing consisting of a known ratio of black to cTear particles 
were taken at. intervals up the column, Equations (2) and (3) can then be 
applied over small intervals for the determination of holdups, 

4, RESULTS AND D~SCUSSION OF RESULTS 

4,1 Pressure Drop 

The reduced pressure drop through the be~ as a flmction of superficial 
l iquid velocity is shown in Fig. 4 for three superficial gas velocities 
with 8x12 mesh alumina in the 3-1n. column, A11 pressure drop ~.easurements 
were subject to ÷ 2 mm error in reading the manon~ter. The pressure drop 
increases with increasing liquid velocities below minimum fluidization. Tile 
minimum ~iqL~id fluidization velocities were determined as the points at 
which the pressure drops became ir~d~ependent of further increases in l iquld 
velocities. At these points the beds are said to be fluidized. ~/itll in- 
creasing gas superficial velocities the fluidization points occurred at 
lower superficial l iquid velocities and reduced pressure drops. 

4.2 Minimum Gas and Liquid Fluidizatlon Velocities 

The minimum gas and liquid superficial velocities as a function of 
packing and column diameter are i1' iustrated in Figs, 5 and 6. The weak 
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dependence of minimum liquid velocities on the large range (0 ~ 20 cm/sec) 
of minlmum g~,s velocities for the 8x12 mesh alur,}ina in the 3.it1. colu~q is 
shown in Fig, 5, Attr i t ion losses of the 8x12 mesh alumina occurred especi- 
ally at higrt superficial gas velocities. In i t ia l l y  1894 gm el 8x12 mesh 
alum}inn having a mean particle d}ameter of 0.~10 cm ~ere charged to the 
3Ti'!: opium,n, During exper',n~ntai;!on w~th this packing, a decrease In 
static ben nelght equlva~ent to a ~oss of 485 gn} of alur,~ina occurred, 
Particle at tr i t ion was noticed b.v the prosence of several hundred grams 
of solid alumina settled in the. liquid stora~je tanks, The solid bed height 
for al l  these experimer(ts with .9x12- mesh al~mina were cor'rected, Since the 
static bed height was recorded befo.re each ~un, the change in bed mass was 
back-calculated b~u Eq, (14) assut~dng a constant a~id independentl~ measured 
static solid l~oldup. 

where * ~eans static conditions. 

The decrease in particle diameter was calculated ~'om the calculated 
bed mass~ Mt assulalng equal at tr i t ion of each pari'icle, The c~Iculated 
m.~ss and particle diameter were then assun~d to be constar, t throughou~ the 
run. The calculated partlc1~ diameter of the 8x12 mesl~ alumiJ~a removed 
from the 3-in, colui,~n after the last run was 0.191 cm, c~mpared tDa mea- 
sured mean dlan~ter of 0,189 c=~, "Iha thre~ 9a. ~ velocities in the range of 
0,55 to ~,7 cnVs.ec ~ere ~ud~.ed ~fter ~,he mos~ severe ai;~rition i~d occurred, 
The particles were .~maller by this tlme and fl~idlzed at ]o~qe~ liquid veloci., 
t ies as i,~ observed in Fig, 5, 

A more pronounced dependence of minimu~ l'iquJd veloclti,~s on gas ve':oci- 
ties for Plexi.q.las and 4x8 mesh alumina in tt~e 6-in, column is sl~o,,vn in 
Fig, 6, Fluidizatlon occur~ at lower gas and liquid veloci~Ji~,~s for the. 
Plexiglas because of Its low density diffet'ence wlth water t'ela%ive to 
alumina, The insensitivity of minimum liquid fluldlzatlon velocities to 
large gas velocltles for 4xB ~sh alumina in ~he 3-1n, column may be due to. 
the transition into a slugging regime, ?be possibil i ty of slugging in the 
3-1n, coluram exists because of large superficial f luid velocities, 

4,3 ttoldups 

4.3, l H_oldut  ELwl t_ h ALumna P  kjLn.¢ 

The effects of l iqu id and gas s up~,~rficial velocit ies on sol id,  l iqu id,  
and gas holdups for 8x17 and 4x8 mesh alumin~ a~e shown in Figs, 7 through 
10, Due to the increase in bed height,~ the sol id ho'ldup decreases wlth 
increasing liquid velocities at a con:~tar,~ gas velocity. As the liquid 
velocity increases, the liquid holdup increases fas'~er than the solid holdup 
decrea.~es. Since the sum of the hol¢Iups must equa] one, the result is 
that the gas holdup decreases slight'ly with increasing liquid veloclties, 
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The increase o f  gas superficie, l velocity l,:~ers the liquid holdup without 
an apparent change in the sol~d holduI~, 

The solid phase tIDldup is det~!~n~ed by the application of Eq. (1) 
assuz, ing the existence of a we11-defi~led bed in which the solid holdup is 
constant, As the fluid velociti,os a~re increased, entrainment of solid 
particles bec(~;es significant and the holdups vat.,, ~s a function of axial 
position in the colu~n. Under these circun~tances ~qs, (1) and (3) are no 
longer applicable. The effect of liquid superficial velocit1~ on the holdups 
for 0,25-in.-diam P1exigla:i is sho~n in Fig. 11, As liquid velo~:ity ~n- 
creases, the calculated solid and gas hold~ps increase and the calculi, ted 
liquid holdup decreases, ?his is contr~r~' to experi~en%al observ~t~on since 
the b~.d is visually observed to expand slgnifiuantly due to the er, tr~in~.~nt 
of the low density PIE~.xiglas sphere~ at these suoerficial liquid v~loclties. 
The height determined b:~ the intersection of the ,~P-H curves "is tha bod. 
height of the non-entrained particles, ?his calc~lated height decreases 
wi~h increasing liquid velocity as ~)re particle'.', become entrained above 
the bed. Eqvation (I) cannot be applied to solve fo~ the ~olid holdup 
when this entrainment occurs, Another n~ethod of dete~nining the Solid 
holdup as a function of position in the colu.~n was atten~ted. Flexiglas 
packing in the ratio of one black to n ine  clear partlcle,.~ was fluidized at 
entrainment velocities. Several photographs ~ere taken in an attempt to 
count the particles as a function of ~istance up the colur.~n, Visual counting 
was possible in the low particle density regio~, Unfortunat~)ly the nu~er 
counted for differe~}t ~hotograpns of the same region at the same conditions 
varie{} b:¢ n;ore than a factor of two, The nu~nI}er of photograph~ taken 'aas 
not sucMcient to provide a good statist ical average particle density for 
each region, To enable a .~t~tisticalIv valid count in the lea pacticle 
density regions, the best packing ~'atlo of black to clea~ Plexigla~. beads 
ha~ tO be det~.nnined, Once the number of pari~icles in the I(~ de~slty 
region ~s know, n, the particle count in the high density region ,~av h~ 
obtalned by difference, 

4.4 Cor,~elatlons 

The solid holdups wer~ correlated by a ¢r~ultivaeiable linear r,~gre~sion 
progratn choo.:'ing the sa,~ i~nle~ g;oups as Eq, (4). Zqu~t;,.n (15) 
corr~lates the experimental d~+,~ JnH Eq. (16) correlates the exp~:riJ,~ent~l 
and liter,:~L~re data, 

% " ~'S = 0,636 C~ 0'011!' Fr O'IoTL (i5) 

where the regression coefflcien'L Is 0,87, 
I 
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I - ~S = O.Sg6 Ca~ 0"005gt-0"0042 Fr 0'06g+0'006 (16) 

~here the regression coefficient is 11,44. The exponents for Zq. (I5) ~Ye 
not in agreement ~i%h those of Eq. {4). The deviatiol, can be seen in F;g. 
12 where the experimental values for solid holdup are plotted against ti~e 
values of solid holdup calculated by Eq. (4), The experimental data con. 
sistently fal l  below the calculated v~lues. A possible explanation i~ thor 
Eq. (4) is on!y valid when no bed contraction is observed, The disccep~cy 
between th~ correlations t~sult from co~elating data for bomb exp~r, Hi~g 
and contracting b~ds in a single equation [Eq. (16)]. Equations (4), (IS), 
anJ (16) a}~ not valid for the two phase solid-liquid fluidization where 
all predict a solid holdup of unity. In Fig. 13 the experi~ent~l values 
of solid holdup are plotted against holdup~ calculated from Eq, (16). 

~quation (4) was altered by ~eplacing the capillary and Froud~ numbers 
by the Rey~olds and Archimedes numbers for liquid. A ~uch better corre~-- 
lation was obtained for a11 data points: 

wh~re the regression coefficient is 0.~q~, Figure 14 sh~s the expe~'i~ntal 
data plotted against the calculated hold@ from Eq. (17}, The data q~'e 
scatt~redmore e~enly about the diagonal indlcating a bett~r cor~-elatio~ 
than 9r~vlou~ ones. 

Nuu,d approach The fern of Eq, (4) was modified so ~hat the cor~elatlon ~ "- 
the L~own limltln0 value of bed p~rosity fron~ ~q. (l~) as gas velocity 
approached zero: 

E ............ 

Atte~pts to calculate the coefflclent~ for this correlation fa i~J s in~ 
vJhen the f i rs t  term on the righ~ h~xnd sld~ of Eq, {1~} is transferred to 
the left  side, the result is a ne~tive nurnber for a portio}~ of the Cola. 
As the lngarithm of negative ~us~r~ is P.~t defined, the multivarlabl~, 
linear ~'egression technique could not be e~ployed to deter~.i~e the consSa~t~ 
a, b, and C. 

4,4,2 _ ~ . ~ L h  uid HotduD._ 

The liquid holdup w~s c~Prelated with an equation in the forr~ of Eq. 
(7). The resulting exponents w~r~ not i~ ~greement with the correl~tlon 
exponents presented by Kim; very s~aml statistical I values were obtai,~ed 

m 
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for each of the correlated variables. A com~orisor~ of the exp~r~T~nta] 
l iquid holdups a,~d holdups calculated by Eq. ( l) is shown in Fig. 15. 
The experimental l iquid h~,Idups fa l l  above and below ~'he calculated holdup-~ 
crosslng the diagonal. 

A second correlation of the; form: 

~8 ReL ÷ 2.7 ReZ'687~'0'213 

was attempted. As in the previous corrc, lation, the statistical T va~.,~s 
for the exponents were very small and a significant correlation v:a~, no~ 
obtained. 

4.4,3 G.~s HoVdup 

A correlation for gas holdup of the form 

c G -- 0,322 
L g°. 

0,219 

+_ ac.~ b Fr~. F d Re~ (~o) 

was attempted. As in the case o f  sol~d holdup, the transfer of the f i rs t  
term on the right side of Eq, (20) to the le f t  side often yields n~g~tive 
nun~ers and therefore the ~ultivariable linear regression technique could 
not be applied. 

5. CONCLUSkONS 

I. The following correlations 'Rote obtained for the solid holdup using 
all the data available: 

1 " ¢S 

1 - ~S 

: o.sgG c~.°'°°-~9+- °'°°~12 F~°'°6t~: °'°°6 

= 1,1z Re~'231-~P '°°9 ,~r{. °'157+°'('°5 

2, Solid holdup can be measured b.v the: pressure drop teehnCque c,~ly 
i f  there e;Hsts a definite bed height. 

3. As previously reported, the three-phase min~mL, m liquid ¢luidiza- 
tion ve'iocity decreases w'ith increasing gas velocity o~er ti~e ,'ang~ ~tu,:i'e,~. 
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The solid holdup decrease~ as the liq,dd velocity is increased, The gas 
holdup dccreases as the liquid velocity is increa~,ed. 

4, Att~iti.on of 8xl~ ~T~Sh alu~in~ ?.ar&iclas in a th~'ee-phas,e flL~idized 
bed is significa:}t at high ga~ flo~ rates, 

6. RECO~ ,~. E~IDAT I O:~S 

I. Develop photographic technique to measure c~ in the region of 
undefined bed height by detem~ning the number of pictures nece~sa}-y for 
a statistical time average in the region, the. o[,timum black-to-cl~a.r b~ad 
ratio, and the max~n~um allowable coIun~:n dlamet(.~r. 

2. Improve accuracy of the pressure dro~ measurement along the column 
by dec.teasing the d~ameter of the column-to-m~.nometer connectin~ lines to 
dampen oscillations at high gas velocitie~ and to prevent the small alunHna 
from clogging the lines. A continuous pressure profile cou%d be obta~ed 
usinq a single ~,~nveable J-shaped maneuverer inside tl~e column~ small enough 
not to disrupt the flow pa~tern, 

3. Increase the operating manages of th.= system by u~ing la~'Oer pun~ps, 
removing the gas regulator, increasing the column height, and increasing 
the. siz~ of the sypho~l breaker tube for fast, er overflo~ in the .~-in, column, 

4, Us~ smaller~ more abrasion resistant and c~nstant dian;ete~" packing 
such as glass marb!es, plastics~ o,-ba'~l bearings, 

7, A CKI~O'AL E OGi,~,~t,(r 

The authors ~.~ish to thank J,M, B~gov'(ch ~nd J,S. Watson for th~i'r help 
during the project.. 
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8. APP£NI}IX 

8,1 Derivation of Holdup Fm~nulas 

The holdup of any particular phase is deft~led as the volume fraction 
of that phase In the bed, This definit|on Is writ.ten for the genera] case 
as 

= VilVB (zl) 

For the solids holdup, the volume of solids may be written as 

v s = MS/o s (n) 

The volume of the bed J,ay be wrltten as 

V B : 

Substi tuting Eqs, 

AH B 

(2~) and (23) into Eq. (21) yields 

(23) 

M 

In Eq. (I) the m~ss and density of solids and the column area are known, 
and the bed h~ight i~ determined by the pressure p~ofile in the columr~ as 
shown in Fig, 2, 

The equations for %he liquid and gas holdups are derived from the bed 
height and pressure drop across the bed. Thu pressure drop ~cross any 
segment of thB column is equal to the total weight of the material in that 
seg(nent. The pressure drop may be represe~Jted by 

~F = ,~[~gH B (24.} 

whe,-e the. density is the weighted den.~ity of th.~. material in the segment, 
This weighted density may be written in term¢ of the holdups" 

pp~ = ~SPS ÷ ~LPL + ~GpG (25) 



This equatiot, may be substituted into Eq, (~4) to yield 

~P = (~.sPs + CL~ L + ~GpG)gH B (3) 

The ~um of %he holdups must equal oae 

Equations (2) and (3) are -'+olved simultaneou.~ly to yield 

aP 
gH-'B" " CSPS "' PL + ~SPL 

CG : PG "' PL (2S) 

and 

e L =' 1 - c S - ~G (~7) 

The pressm'e drop in the above fon~mlas was m+masured by the water 
manometers located along the ¢i~lumn, As shown in Fig, 16, the pre~u~e-~ " at 
the to9 of the bed ~++as ~asured b~l 

PB " Patm : PLOHm B 

The pressure drop at the bot~om of the bed was measured by 

PO- Patm = PLgHII~ (29) 

The height of the bottom manometer may be }'ev'~-itten as 

Hm o = H B ÷ HmB + Ah (30) 

Substituting Eq. (30) into Eq~. (24), (28), and (29), the pressure drop 
across the bed was found by 

AP : Po " PB : PLg(HB + Bh) ( 3 i )  
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Subst;it~ting thi~ pressure drop In~;o Eq. (~6)= the gas ~oldup is found by 

• ~ :°:h 

.... ~'i'B "~- PL " ~'SPS " PL ~ ~SPL 

~:G = PG " PL [ ~;') 

and the liqt=Id holdup wa¢ found by substituting for ~G in Eq, 

8.2 Sample C~]c~,~l~tions 

Sample calculations are shown for Run 31 (ORNL Oataboo~ A-7~7-G}, 
The 3-i=},-dia~ colur~ w~s charge~ with ~210 gm Of 4x8 t~esn a~u~na h~ving 
a density of 1,94 q~/cm ~ and a 0.35~-c~ particle dlameter~ The ~ott~ 
~n~T~ter read 90,7 c~, and the top ~anom~ter 6B,5 cm at s~atlc conditions. 
A static pressure correction factor o6 {BO,? - 68,5) or 2~,~ c~ vias deter- 
m~nld for the last mane~ter, At a s{)perflcia) gas ~el~clty of 13.~ c~/sec 
and a superficial liquid velocity of ~,98 cm/sec~ a height of 84.0 c~ ~as 
recocded in the b~ttomma~mete~ and a h~i~ht of 55.5 cm in t~ top ~no~ete,'. 
Thus, the p~essure drop due ~o f loa ~s 

Ah = B4.0- (55,5+ 22.2) ~ 6,3 cra 

l he bed height and bed pressure drop Ys determlned by a pig, of the 
~h readings agalnst the distance up the column, Figure 2 i|lustrate~ thi~ 
procedure fop a gas ,~elocity of 13.~4 ~Vsec a~d a l iqu id veloci ty of 2,9~ 
~m/seG in R~n 31. A bed height of ~6.0 ~m and a pressure d~op of ]~,3 c~ 
of water were calculated, The pressure d~p across the bed was obtai~d 
for several liquld flo~$ rates and plotted foe Run 31 i~ Fig, 3~ Fv{~ this 
plot t~e ~Inlmu~ flui~izatlon po|nt fE~ tha bed in Run 31 is l.B~ cnV~ec of 
water and 13,24 c~/sec of ai~, 

The so)Id holdup ~or the fluidize~ bed in Run 31 at a gas velocity of 
13,74 c~ and liquid veloci ty of Z,9~ c~ was calculated 

M 

~S = pS--"/I)~ 

= 0 , ~ 5 7  

The gas holdup was ¢~tculated~ 
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, (3~) 
~G OG " PL 

46+15.3 cmt m n m .... . . . ~  .... ,..g95 n~  -0.,)57(1, 9,1~ ~:}-0,9"35 ~ +( ,557)(~g95 ~ ' -  ~ 

0,0012 - 0.995 gm/cn~3 

= 0.196 

The liquid holdup'was calculat=d, 

'~L = 1 - ~S " ~G = ~ - 0 , 5 5 7  - 0 , 1 9 5  = 0 , 2 4 8  ( ~ 7 )  

8.3 Locat:.on of Origlnal Data 

The orlginal data are located in ORNL Datobooks AL121/-G, pp. 17-I00, 
an~ A-7215-G, pp. 13-23, The databooks and calculations are on f i l e  at 
the HIT School of Chemical Engineering Practice, Bldg. 3001, ORNL, 

8.4 Nomenclature 

(I 

A 

Ar L 

b 

C 

Ca G 

d 

Pc 

D~ 

e 

correlation constant 

cross sect ional  area, c~ 2 

Archimedes number, lJqu|d phase, D3~L(p S - oL)g/I= ~ 

correlation constant 

correlation constant 

~aplllary nu~er, based on ga~ veloclty, UG;%/G L 

correlat| on constant 

diameter of column, in. 

diameter of packinB,, cm 

corre'iatlon constant 
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F~- i F~'oude nugget', based on ~.,hase ~;, U2i/~Dp 

g ~ravitational constant~ cm.h~ec 2 

H height along c~l~.w~n~ cm 

h incremental manor~eter' height, c~t of H~TCI 

M {.?ass (,f solids in bed, gm 

P p~ess,~re, dyne/c~ 2 

Re L Reynolds number, liquld phas~ ULDpPL/L; L 

R regression coefficient 

U superficial veiocIL3,, o~/sec 

U L te~ir¢al velocity, cmts~c 

V volume, Cm 3 

Sut~crip.ts ' 

B bed 

G gas phase 

t i th phase 

L 1 iquid phase 

m manc~eter 

MF at minimum fluldlzatlon 

o manonete~" at bottom of  colb~n 

p particle 

S solld phase 

G,'eek Symbols : 

holdup (volume f~'action) 

p ~ensity, gmlcm 3 

surface ten~ion, dyne/cm 

t~ vi Scos i t y ,  .~/cm-sec 
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