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~BSTR~CT 

The hydrodyna miz s of three-phase (gas-li~ mid-solid) 

fluidized beds has been studied in two columns with inside 

diameters of 7.62 and 15.2 zm respectively. The minimum gas 

and liquid velocities necessary to fluidize varioL, s types of 

solids were determined and correlated as a function of the 

particle size and ~ensity and 

effect of the initial bed height 

found. 

from 

the liquid viscosity; no 

or column diameter was 

Overall phase holdups, or volume fractions, determined 

a homogeneous bed model were combined with similar 

literature data to yield correlations for the overall gas 

and solid phase hol@ups. The overall gas holdup increased 

as the gas velocity was increased, while the overall solid 

holdup was decreased by increased liquid velocity and was 

increased by increased particle diameter or s31id/liquid 

density difference. 

An electroconductivity technique was developed for use 

in the three-phase fluidized beds which allowed each of the 

phase holdups to be determined at any point in the column. 

The technique has shown the existence of a transition region 

as the bed goes from a three-phase to a two-phase system. 

The holdup profiles were fitted using the error function, 

and the mean and standard deviation of the solid holdup 

profile, along with the gas and solid holdups i, the regions 

where they were constant, were measured for each bet of run 

~v 



conditions. Use of 

correlated with the 

v 

these five parameters, which were 

physical parameters of the systems 

studied, 

be predicted. This gives the 

information concerninq phase 

available previously; thus it will 

reactors where 

considered. 

permits each of the three phase holdup profiles to 

reactor designer more 

distributions t h a n  was 

aia in the aesign of 

local conditions thronghout the bed must be 
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CHAPTER I 

INTRODUCTION AND SIGNIFICANCE 

A three-phase fluidized bed consists of solid phase 

particles fluidized by a gas and liquid flow. Although many 

schemes for contacting the three phases are possible 

[Ostergaard, 1971 ], a common approach is to fiuidize %he 

solid phase by the upward cocurrent flow of gas and liquid. 

The liquid forms the continuous phase, while the gas and 

solids are disuontinuous phases. Applications for this type 

of system include the hydrogenation of liquid petroleum 

fractions [ Pichler et a!., 1957 ], the hydrogenation of 

unsaturated fats, liquid-phase methanation [Bium and Toman, 

1977], coal con;ersion processes, and some biological 

reactors [ Scott et al., 1976 ]. 

Of particular interest is the coal liquefaction process 

known as the "H-Coal process" [Hellwig et al., 1968], which 

involves cocurrent contact of hydrogen with a slurry of 

dried and pulverized coal in a coal-derived liquid in a 

reactor containing fluidized catalyst particles. Since the 

use and importance of three-phase flaidized begs are 

expected to inurease with development of coal conversion 

processes, a program was initiated in the Advanced 

TechnDlogy Section (formerly the Experimental Engineering 

Section) of the Chemical Technology Division of Oak Ridge 

National Laboratory to study the op=_rating characteristics 

of these contactors. Although some mass transfer 

experiments had been conducted in three-phase f!uidized beds 
,1 
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[Saad et al., 1975~ Burck et al., 1975], it became apparent 

that the hydrodynamics of these reactors w~s not understood 

well enough to permit meaningful interpretation of the mass 

transfer data. In addition, accurate design of three-phase 

fluidized bed reactors is complicate~ by such factors as (a} 

knowledge of the minimum fluid velozities required to 

achieve fluidization, and (b} axial variations in reactor 

properties, particularly distribution of the solid phase. 

No published data or equations are available for predicting 

reactor performance under high fluid flow rates where axial 

variations are important, and only ~ limited ~mount of data 

exists for predicting minimum flui~ization velocities in 

three- phase fluidized beds. 

characteristics are known, mass 

then be intelligently planned 

i nterpre ted. 

Once these hydrodynamic 

transfer experiments can 

and the results accurately 



CHAPTER 2 

THEORY 

~easurement of Holdups and Minimum Fluidization Velocities 

The holdup of one phase in a mu!tiphase system is 

defined as the fraction of the system volume occupied by 

that phase. Thus, a three-phase fluidized bed has three 

such volume fractions related by the following equation: 

eL + EG + ES = 1 , ( I )  

where 

e = holdup, 

and subscripts 

G = gas phase, 

L = liquid phase, 

S = solid phase. 

If wall shear effects are neglectedi the volume 

fractions are also related to the pressure drop over the bed 

[Ostergaard, 1971]: 

AP = glI(ELO L + EGp G + eSp S) 

where 

AP = pressure drop over the bed, 

g = acceleration due to gravity, 

= expanded bed height, 

p = density. 

, ( 2 )  

3 
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The solids volume fraction can be calcullted 

expanded bed height using Eq.(3}: 

from the 

gS = MS/OsAH ' (3} 

where 

MS = total mass of solids, 

A = cross-sectional area of the be~. 

Equations (I}-(3) are sufficient to solve for the three 

holdups, provided the pressure drop and expanded bed height 

measurements are accurate. Gas holdup c~n also be 

determined by simultaneously stopping all flows and 

measuring the settled liquid height, H . The gas volume 
L,o 

fraction is then calculated since 

where 

H 

eC = (HL - HL,o )/HL ' ( Q| 

= dynamic height of the liquid in the zolumm. 
L 

The gas and liquid holdups could be determined from 

measurements of the mean residence times of the fluid phases 

using tracer techniques. These techniques measure the 

actual linear velocities in the bed. The volume fractions 

are then easily calculated: 

£G = UG/UG ' (5) 

EL = UL/~ L , (6} 

where 
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U = superficial velocity based on an empty column, 

= actual velocity in the bed. 

The minimum fluid velocities requi re~ to a~hieve 

fiuidization ore determined by measuring the pressure drop 

across the bed. At the minimum flui~ization v_=!ocities, the 

upward inertial and drag forces exerted on the solid 

particles by the fluids balance the buoyant w=_ight of the 

solids. There is no further change in pressure drop across 

the bed at velocities above minimum fluidi zation until 

entrainment occurs. 

Discussion of Holdup Me~asur@men~ Techniques 

Use of Eqs. (I)-{3) to determine the three phase 

holdups requires an accurate measurement of the expasded bed 

height and assum.=s that each phase volume fraction is 

constant over this bed height. This is, in general, true 

for heavy or i~rge solid particles and moderate flow rates. 

Virtually all the data from the literature have been 

reported for su=h systems. While some processes are 

expecte~ to operate with distinct bed heights, it is quite 

likely that the flow rates mud ~lid particle densities in 

many pro=esses will be in operating regions where the bed 

heights are not cl.=arly defined and the volume fractions are 

not uniform over the entire bed. 

An example is shown in Fig. 

alu~in a was fluidized by water 

plexiglass column. 

I, where -8+10 mesh 

and air in a 7.62-cm-ID 

velocities were 2.5 The water and gas 
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Figure 1,, Flui~ization of -8÷12 mesh molecular sieves with 
air and water. 
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and 3.8 cm/sec, respectively. 

of approximately 1.8 g/cm3, is 

Alumina, which has a density 

the most likely catalyst 

support for a coal liquefaction process. As can be seen in 

the figure, the fluidized bed does not occup[ the entire 

column. The concentration of solids appears to be uniform 

in the lower section of the column, + while a more dilute 

region exists in the middle. Above sample port 5, the 

column is essentially a bubble column with Bo solids 

present. The bed height is certainly not distinct 

therefore, Eq. (3} could not be use~. 

A bed height could be obtained from the measured 

pressure gradient as suggested by Kim eta!. [ q972] and 

Bhatia and Epstein [ 1974 ]~ The bed height obtained in this 

manner, however, is that height at which the pressure 

gradients in the two- and three-phase regions intersect, as 

sho~n in Fig. 2, and is based on a uniform bed. As sho~n 

in Fig. I, this is an unrealistic assumphion at high fluid 

fio~ rates. 

By simultaneously shutting off all flows, one could use 

Eq. (a} to obtain an average gas volume fraction over the 

entire co!urea+ The gas holdup i, the fluidized-bed region 

could be separate~ from that in the bubble column region by 

using two different bed heights. This results in two 

simultaneous equations which can b. = solved for the holdups 

in the fluidize~ bed and in the bubble column. 

Unfortunately, this me%hod also requires distinct bed 

height s. 
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Another possible method for obtaining the solid holdup 

as a function of height (and thus th_ = remaining holdups 

using Eqs. ~ I} and (2) } is a photographic technique 

[Watson, 1975]~ Pictures taken of a bed with a known ratio 

of particles distinguishable from the rem~inder of the solid 

particles in the bed can be statistically evaluated for the 

incremental solids volume fraction. 

Use of a tracer technique and EqSo (5) and (6) yields 

an average valoe for the liquid ~nd g~s holdups over the 

measurement interval° Consequently, the holdups could be 

sbtained at various bed heights by selecting sufficiently 

small measurement interwa!s. 

cocurren t! y, the 

shorter (faster) 

available. 

measuring 

response 

However, sinze the fiui~s floe 

devices would need to have 

times than those presently 

An electrical conductivity method for obtaining the 

liquid holdup in two-phase packed 5eds has been described by 

Achwal and Stepanek [ 1975]. Althou~h these investigators 

applied the method only to a packed column with no liquid 

flow, it could also be utilized for incremental sections of 

a three- phase fiuidized bed. 

measuring the conductivity of a 

e!ec~r odes. The conductivity 

fixed ion concentration at 

of 

constant 

Their method involves, 

liquid between two 

a liquid system with a 

conditions is 

proportional to the cross-sectional area of the conducting 

liquid and inversely proportional to the length of the path 
f 

between electrodes~ ~hus, if the tortuosity factor remains 



approximately constant, the 

proportion to the liquid 

electrodes: 

10 

conductivity should vary in 

volume fraction between the 

w here 

EL = YIYo " (71 

Y = conductivity in the bed, 

yo = conductivity in the liquid alone. 

Similar procedures based on the same 

been reported by several investigators. 

measured the conductivity of liquid flui~ized beds 

principle have 

Turner [ 1976 ] 

of both 

conduzting and nonconducting solids. 

for nonconducting solids followed 

equation, simplified for the case 

particles, as follows: 

Be foun~ that his data 

the ~axwell [ 1881 ] 

of nonconducting 

Y/Yo = (i - ES)/(l + ES/2 ) 

For two-phase flui~ization, Eq. (8) can 

terms of liquid holdup as: 

(8) 

be presented in 

~e = (3Y/To)/(2 + Y/Yo) 

Other investigators 

results similar to 

(9) 

h a v e  p r o p o s e d  e q u a t i o n s  which y i e l d  

t h o s e  g i v e n  by th~ Maxwell  e q u a t i o n :  

t h e s e  have been r e v i e w e d  by M e r e d i t h  and T o b i a s  [ 1 9 6 2 ] J  

Buyevich [197~] and Francl and Kingery [1954] measured 

the thermal conductivity of granular be~s an~, through the 

mathematical analogy between thermal and electrical 
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conductivity, arrived at Eq. (7). O~r own measurements on 

two- and three-phase fluidized beds, as will be shown later, 

also indicate that Eq. (7) was more applicable. 

Once the liquid holdup is determined as a function of 

height in the bed, E~. (I} as well as a modification of Eq. 

(2), 

dP/dh = g(eLp L + eGp G + EsPs) , (I0} 

where 

h = axial column position, 

can be used to obtain the solid and gas holdups as functions 

of height. This method does not require a distinct bed 

height and hence allows the study of systems with high fluid . 

flo~ rates, which are of particular zommerzia! interest. 



CHAPTER 3 

LITERATURE SURVEY 

Three-phase fluidization has only recently become the 

subjezt of systematic research. Th~s, the relevant 

information available in the literature is scattered and 

incomplete. This review will consider each hydrodynamic 

variable separately and will include the overall holdup of 

each phase and minimum fluidizatiou velocities. 

Gas Holdup 

~dlington and Thompson [1965] reported results from 

experiments on two systems. In the first system, alumina 

partizles with diameters ranging from 0.3 to 2.7 am were 

fluidized by white spirit in a 7.62-cm-diam column. The bed 

height varied from 0 to 610 cm. In the second system, 

0.3-ram-alias sand particles were fluidized by water in a 

25.a-zm-diam :olum, with bed heights ranging from 0 to 2~ 

cm. ~ualitatively, their results showed that the gas holdup 

(a) increased with height up the column, (b) increased 

markedly with gas rate, (c) was independent of liquid flow 

rate over the range investigated, an~ (d| ,as independent of 

the settled bed height. They also found that the presence 

of solids had little influence on gas holdup below 

superficial gas velocities of 1.5 cm/sec. At higher gas 

velocities, the presence of solids caused a decrease in gas 

holdup as compare~ to a solids-free system, particularly in 

12 
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the denser beds pravailing at lower liquid flow rates. 

Viswanathan et aL [196~] measured gas holdup in a 

5.08-zm-diam =olumn using air, water, an~ both glass beads 

and quartz particles. The glass beads were ~ mm in 

diameter, while tha quartz particles had diameters of either 

0. 928 or 0. 68 9 mm© The ho!d~ p was determined by 

simultaneous closing of two valwes within the fluidized bed. 

In comparing the three-phase fluidized bed with a bubble 

column, they found that the presence of the glass beads 

increased the gas holdup, whereas the presence of'the quartz 

particles decreased the gas holdup. 

Sherrard [ 1966 ] estimated the gas ho!d~p by 

measurements of gamma-ray transmission immediately above the 

bed surface in a uolumn that was 6.35 cm s~uare and 183 cm 

long. Water and air were 

Sherrar~'s results showed that 

increasing li~ui~ flo~ rate 

used as the fluidizing media. 

gas hold,~ p decreased with 

in beds of 6.35-me glass 

spheres, 6.35-mm acrylic spheres, an~ 12-1~ mesh lead shot, 

whereas it was independent of liquid flow rate in beds of 

12-Ia mesh and 36-~a mesh glass beads. 

schugerl [ 1967 ] measured gas holdup in an air-water 

f!uidized bed of 0,25-mm solid particles in a 13.5-cm-diam 

column by simultaneously stopping all flows. Although the 

amount of solids used was low (2 kg of solids in a ~6-1iter 

column), it was obserwed that the gas holdup was smaller in 

the three-phase fluidized bed than in a cocurrent bubble 

column. Also, the difference in gas holdup between the two 
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air flow systems increased with rate and decrease~ with 

water flow rate. 

Vail et al. [ 1970] studied an air-wlter-solids system 

in a 14.6-cm-diam column using a range of solid 

concentrations and two gas distributors. Gas holdup was 

determined by simultaneously stopping all flows and using 

Eq. (4). Three solids were usea: (a) 0.73-ram-alias glass 

beads, (b) O.77-mm-diam alumino-silicate particles, and (c) 

0.740- am alumino- cobalt- tool ybd enua partizles. The gas 

distributors were perforated plates with free :ross se:tions 

of 1.03 and 0.26~ of the vessel's free cross section. These 

investigators found that the gas hol~ up was ~irectly 

proportional to the gas/liquid velocity ratio, inversely 

proportional to the solids concentration, and independent of 

the free cross section of the distributors use~. 

Efremov and Vakhrushev [1970] studie~ air, water, and 

glass spheres in 10-cm-diam fluidized be~s. Five sizes of 

glass spheres, with diameters ranging from 0.32 to 2.15 ms, 

were used. The amount of solids use~ varied from I to 9 kg. 

The gas holdup was determined by using the difference of the 

change in manometer readings of the entire zolumn and the 

bubble column region divided by the bed height. They found 

that the gas holdup increased with ~s flow rate and 

decreased with increasing solids concentration. 

Ostergaard a,d Nichelsen [ 1968] measured gas holdup for 

air-water fluidized beds of 0.25- ,I- , and 6-ram glass 

spheres contained An a 21.6-cm-diam zolumn using a tracer 
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method over the entire be~. They foun8 that gas holdup 

increased with increasing gas velocity for all solids used. 

For beds of 6-ram spheres and a bubble zo!umn, gas holdup 

decreased with increasing liquid velocity. However, for 

beds of smaller particles, gas hol~ up increased with 

increasing liquid velocity. The gas hol~up was also found 

to be markedly lo~er for beds of ssa!l particles [0.25 and I 

mr) than for solids-free systems~ the reverse was true for 

beds of 6-ram particles~ However, as the liqui~ velocity was 

increased= all three solids systems tende~ to approximate to 

the values for gas holdup in a bubble column. 

Bhatia and Epstein [ 197~] utilize@ two methods in 

measuring gas holdup for air-~ater flui~ize~ beds of 1-mm 

glass spheres and 2-ram lead shot in ~ 5.08-cm-~iam column. 

These were: (a) the simultaneous shutoff of ~!! flows, and 

(h) measurement of the pressure gradient. Although their 

bed heights were not distinct, an exp~rimenta! bed height 

was determined by finding the intersmc%ion of the pressure 

graeient over the three-phase region with that over the 

bubbl~ col~mn region~ ~Bed heights ~taiae~ ia ~i~ aaaner 

represent the height of the three-phase region for uniform 

solids distribution, whereas the visu~! upper limit sf 

solids may b8 considerably higher. Gas hol~up in bsas of 

l-ram glass spheres increased with inzreasing gas fio~ rate 

but was unaffected by liquid flow rate. Sas holdup was 

slightly less in the three-phase system than in a bubble 

column. Using beds of 2-ram lead shot, these investigators 
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found that the gas holdup decreased with increasing liquid 

flow rate and mas proportional to the gas flow rate. 

K im et al. [ 1972 ] studied gas holdup in a 

"two-dimensional', bed of 6-ram glass spheres fluidized by air 

and water. The column was 24q cm high by 66 cm wide by 2.5q 

cm thick. They found that the presence of the solids 

decreased the gas holdup as compared with a bubble column. 

Gas holdup again increased with increasing gas flow rate and 

decreased slightly with increasing liqui~ flow rate. 

B loxom et al. [ 1975] studied gls holdup in a 

7.62-cm-diam columm using air, water-gl~erol solutions, and 

~.6-mm glass spheres. They found thlt the gas hol~up was 

unaffected by the viscosity of the liqui~ in the range I to 

11.5 cP and was only slightly influence] by the liquid 

vel~ity. Their data fit the following correlation: 

-£G = O. 150 (UG5 PL/ULULVg ) O. i00 ( 1 I) 

where 

= overall phase holdup, 

ely = liquid-gas interracial tension. 

Solid Holdu_R aa__d B_~_d P_o_rosi_~ 

Bed porosity is defined as the volume fraction of the 

bed not occupied by the solid phase. Thus, be~ porosity, c, 

is the sum of the gas and liquid volume fractions. Using 

Zq. [ 1) : 

a = e G + g L = i - g S (12) 
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An examination of E~.. {12) shows that a ~iscussion of bed 

porosity is actually a discussion of soli~ holdup. 

When a bed of particles is fiui~ized by a liquid, the 

porosity of the bed is proportional to the liquid flow rate 

and has been empirically correlated by Richardson and Zaki 

[ 195  ]: 

E = (UL/Ut)!/n ~ (13| 

where 

U t = terminal free fall velocity of the p~r%icle, 

n = a fsnction of the particle Reynolds number at U t- 

~o~ever, if the lisuid flo~ is maintained at a zonstant 

level, the introduction of gas can sometimes decrease the 

bed porosity. This unique phenomenon has been the subject 

of considerable study. 

Stewart and Dawidson [ 196~] have advanced the following 

explanation based on experiments with 0.046-:m-diam glass, 

iron= and le~d beads in a 0.635-cm x 6.35-zm two-dimensional 

column. As an air bubble rises through the water-fluiaized 

Dee, it is foli~ue~ by water which is a!sost particle-free. 

They described this water as a wake and assumed that it 

traveled at a velocity similar to the bubb!e velocity, which 

may be much greater than the average liquid velocity. For 

the same superficial liquid velocity, the actual liquid 

velocity in the liquid fluidized phase is therefore reduced 

and the bed porosity decreases in the msnner indicated hy 

Eq. ( 13). 
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E fremov and Vakhr ushev [ 1970], using the system 

described earlier, found that the be~ porosity decreased 

with increasing gas and decreasing liqui~ flow rates in beds 

of 0.61-mm-diam glass spheres. The effect of ligui~ flow 

rates was observed to be the same, in beds of 2.15-mm glass 

spheres; however gas flow rates had essentially no effect on 

the bed porosity. These results wet_ ~ foun~ to be in good 

agreement with the data of Ostergaar~ an~ Thiesen [1966]. 

Rigby and Capes [1970] reported similar results using 

three sizes of glass beads (0.29, 0.47, ind 0.775 m~ diam) 

in a 10-cm-diam column. They define~ 

fraction, ew , as the fractional bed 

bubble wakes and studied the ratio eW/eG. 

direct ly proportional 

liquid flow rate but 

bubble diameter and 

to the 

inversely 

gas flow 

another volume 

volume occupied by 

This ratio was 

diameter and the 

study of the 0.775-mm particles in a two-dimensional column 

(15 z 45 z 0.7 cm|, they also concluded thlt the contraction 

of a liquid fluidized bed upon injection of a ~as is caused 

by the presence of wakes and that these wakes consist of a 

stable portion carried with the bubbles as well as vortices 

shed by the bubbles. 

Ostergaard and aichelsen [ 1968], using the system 

described previously, found bed porosity to be strongly 

affected by particle size. Their results showed that the 

porosity of a be~ of 6-urn glass spheres was proportional to 

both liquid and gas flow rates for a superficial gas 

part ic le 

proportional to the gas 

rate. From a photographic 
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velocity less than 15 c~/sec. At hi~her gas velocities, gas 

slugs formed which increased the bubble rise velocity and 

decreased the bed porosity° In beds of 3-ram particles, flow 

changed from a bubble breakup regime for high liquid flow 

rates and low gas flow rates to a bubble-coalescence regime 

for high gas flow rates. They observed that, as the liquid 

velocity was reduce~, the transition from the buSb!e breakup 

regim = _ to the coalescence regime took place at lower gas 

velocities: finally, at very low liquid velocities, 

coalescence occurred at 

operation in th_= bubble 

increased with increasing 

operat ion in the 

all gas velocities. During 

breakup regime, the bed porosity 

gas velocity: however, during 

coalescence regime, the bed porosity 

decreased with increasing gas velocity, thus, in beds of 

l-ram particles, where coalescence occurred even at low gas 

flow rates, the b.=~ porosity decreased with increasing gas 

velocity. 

Dakshinamurty et al. [1971] studied the effects of 

particle size, dp , and density, liquid-gas interfacia! 

tension, and fluid flow rates on be~ porosity in a 

5, 6-cm-diam column. They observed a reduztion in bed 

porosity upon injection of air ~ into liqui~ f!uidized beds of 

O. 13-cm room wool shot and 0.33-cm glass beads in water and 

beds of 0.106- and 0.22-cm sand particles in water. These 

systems correspond to operation in the bubble coalescence 

regime. For systems operating in the bubble breakup regime 

(O.~9-cm and 0.68-cm glass ~bemds in both water and kerosen~e, 
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0.3-cm iron shot in both water and kerosene, and 

rock wool shot and glass beads in 

porosity increased with increasing gas 

correlated their results as follows: 

the above 

kerosene) , the bed 

flow rate. They 

for Re > 500, 
t 

for Ne t < 500, 

where 

= 2.65(UL/Ut)0"6 (~LUG/OlV)0"08J , (I~) 

-E = 2.12(UL/Ut )0"41 (~LUG/CLV)0"08 , ( 1 5 )  

Re t = Reynolds number = PLUtdp/~L, 

~L = liquid viscosity. 

In a later publication [Dakshinamurty e% ~I., 1972], these 

investigators changed the coefficient in Eg. (14) from 2.65 

to 2.85. They claimed that the porosity can be estimated 

with an average deviation between 3.7 and 5.6~ by using Egs. 

( lq) and (15). 

Bruce and Revel-Chion [ 1974] tested Egs. (14) an~ (15) 

for 2- , 4- , 6- , and 8-mm-~iam glass spheres in a 

4.63-cm-diam column. They concluded that the correlatio, s 

of Dakshinamurty were limited to gas flow rates of less than 

7.5 cm/sec. Im addition, they obserwed that contraction of 

the bed upon injection of a gas occurre~ only when the 

2-mm-~iam particles were used and when the liquid velocity 

was less than 14 cm/sec. 
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Dakshinamurty et 
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[ 1972], in a comment upon the 

al~ [ 1971 ], reported bed 

paper by 

porosity 

experiments in a 5.08-cm-diam column using 1-mm glass bears 

and l-ram Teflon-coated glass beads. At ea=h liquid velocity 

used, %he beds of clean glass beads contracted with the 

injection of gas, whereas the beds of Tel!on-coated beads 

expanded. They explain these results in t-=rms of the "wor~ 

of adhesion," WSL V • 

WSLV = ~LV (i + cos 8) , 

where 

WSLV 

(16) 

= the energy that must be expen~ed p-=r 

unit interfacia! area to separate a solid phase 

and a liquid phase in the presence of a gas, 

8 = contact angle of the liquid on the soiid 

surface in the presence of the gas. 

Thus, the increase of (3 from 0 for ~!ass to a!sost 

for Teflon particles brings about a continuous decrease in 

cos8 and hence W SLV" Therefore, be~ expansion, instead of 

an expected contraction, may occur upon introduction of gas 

flow. 

Using their previously described system, Kim et a!. 

[1972] concluded that a critical particle size existed which 

determined the type of three-phase fl~ idiz dijon--either 

bubble coaleszence or bubble breakup. For particles having 

a density similar to glass (2.5 g/cm s) , this critical size 

was about 2.5 ram. In a later paper [Kim et al., 1975], they 
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report results using the same e~uipment with various 

solutions to test the effects of liquid viscosity and 

surfaze tension. From an analysis of literature and their 

data, they foun~ that solids having a minimum fluidizing 

velocity in the liquid phase alone of less than 1.28 cm/sec 

initially contra.-ted upon injection of gas into the bed but 

expanded otherwise. A notable exception to this was the 

results of Bhatia et al. [1972]. Two correlations are 

presented for the bed porosity, depending on whether the bed 

initially expands or contracts upon introduction of the gas 

phase. The zorrelations, in terms of the Weber and Froude 

numbers, have standard errors of estimate equal to 0.0~0. 

Using continuity considerations, Epstein [ 1976] showed 

that the init al contraction or expansion of a ligui~ 

fluidized bed upon introduction of gas could be predicted by 

the following: 

where 

K 

v 
S 

n 

= (n---~ + K)UL 
KVs ] 

- [(i + K)U e + , ( 1 7 )  

= criteria for expansion qr contraction of bed upon 

injeztio~ of gas, 

= ratio of wake volume to bubble volume, 

= relative slip velocity between gas and liquid. 

A positive value of ~ signifies a bed 

negative value ~eaotes contraction. 

zero gas holdup is obtained from: 

3 
K = 3.5(1- £S ) 

expansion, while a 

An estimate of K for 

(18) 
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For bubbly flow, the slip velocity is the rising bubble 

velocity, as determined experimsntally, while the following 

is used in slug flow: 

= 0.2 U L + 0.35 I/g--~c , ( 1 9 )  v s 

where 

D c = column diameter. 

Epstein applied Eq. (17) to the data of Bhatia and Epstein 

[ 197~] and correctly matched the experimental results in all 

of the 31 runs conducted. 

Razumov et alo [1973] measured the solid holdup in 

30-cm-diam column using a capacitance probe. For these 

measurements a wide size distribution of q~artz sand with an 

equivalent mean diameter of 0.82 mm was fluidized by air and 

water. Their data yielded the following dimensional 

corre!at ion: 

S--S = 0.578 - 0.03198 U L - 0.00538 U G 

Saad etal. 

air and water 

(2o) 

[ 1975] fluidized 6.2-ram alumina b e a ~ s  by 

in a 7=62-cm-diam column and found that the 

bed porosity increased for both increasing liquid an~ gas 

flow rates. However, Burck et al. [1975] used the same 

system and found the bed porosity to be independent of gas 

flow rate. IB addition, results obtained by Burck using 

6.3-ram p!exiglass and 1~9-mm alumina beads led him to 

conclude that the bed porosity was inversely proportional to 

the particle density. 



B loxom et al. 

bed porosity on 

2~ 

[1975] combined their ~ata obtained for 

the system previously described with data 

obtained by Khosrowshahi et al. [ 1975], who used the sane 

system with 1.9-mm and 6.2-ram alumina beads• and found the 

following correlation: 

- - 0.094 -0.026 
e = i - es = 1.027 Fr L Ga L , (21) 

where 

Fr = Froude number = U2/gdp 

~a = Galileo number = d 30Lg/UL2 p 

Bloxom also abstracted more than 1200 points from the 

literature and, ifter combining all the data, obtained the 

following correlation: 

= 1 - e-- S = 0.427 ReL0"275 GaL-0"I71 (22) 

Razumov et al. 

9-cm-diam column 

[ 1973 ] studie~ liquid holdup in a 

,,sing sand and slag beads for th~ solid 

phase, with the awerage diameter ranging from 0.57 to 1.275 

mm. The method used was simultaneous stoppage of all flows. 

This required that the solid phase be evenly and completely 

distributed ower the entire column prior to flow stoppage. 

Their results yielded the following correlmtion: 

where 

P 

eL = 0.422 + 0.0180 UL/d--p 0"562 - 0.0182 U G , (23) 

= average particle diameter, cm, 
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I < U L _--_< ~ cm/sec, 

1 < U < 5 cm/sec. 

The difference between the experimental data and the values 

calculated by Eq. (23) did not exceed I0~. 

Zukherjee et al. [ 197~] measured liquid holdup in a 

5.2-cm-diam column using the method based on determination 

of the pressure drop over the bed. Particles of four sizes, 

0.287, 1.4, 2~8, and 4.12 mm with densities of 2.92, 2.86, 

2.92, and 2.78 g/cm~ respectively, were used ms the solid 

phase. Liquid holdup was found to increase with increasing 

liquid velocity and decreasing gas velocity. At the same 

time, liquid holdup decreased with an increase in particle 

size until it reached a critical value (2.8 me) beyond which 

it increased with further increase in particle size. 

Miche!sen and Ostergaard [1970] measured liquid ho!d~p 

in beds of I- , 3- , and 6-me-aide glass spheres in a 

15-c=-diam column using a radioactiv~ trazer. They found 

that the liquid holdup increased with increased liqGid flow 

rate, decreased gas flow rate, and decreased particle size. 

The same investigators [ Ostergaard and Mizhe!sen, 1968 ] 

found similar results in a 21.6-cm-dias zo!umn for beds of 

0.25- , I- , and 6-me glass spheres. 

Kim et al= [ 1972] studied liquid holdup in %heir 

previously described system using the pressure drop over the 

bed and the bed height to calculate the liquid holdup. The 

solid phase was either 6-me glass beads or 2.6-me irregular 

gravel. They observed that the liquid holdup increased with 
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increasing gas add liquid velocity, and that it was greater 

in the bed of ~ravel than in the bed of glass beads. Under 

the same experimental conditions, they found that the 

presence of solids reduced the liqui~ h31dup, as compared 

with a bubble :olumn. 

1975], the investigators 

increased with viscosi ty, 

the particle size decreased. 

In a related study [Kim et al., 

found that the liquid holdup 

the effect being more marked as 

The liquid holdup decreased 

with in=reasin~ surface tension {~0 to 73 dynes/cm), in beds 

of l-ram glass beads, but was proportional to the surface 

tension in beds of 2.6-ram gravel. The following 

dimensionless correlation was obtained: 

£~L = 1.504 FrL0"234 FrG-O'086 ReL-0.082 We0.092 . (2~) 

where 

Re = Reynolds number = U2-nd Up/v , 
P 

We = Weber number = UGV/aLV , 

V = generalized viscosity constant = k8 n-I , 

k = fluid consistency index, 

standard error of estimate = 0°039. 

In a comparison of Eqs. (2U) and (23), Elm found that the 

correlation of Razumov slightly underestimates the liquid 

holdup. However, it should be note@ that E~. (23} was 

derived from experiments in which the only liquid phase used 

was water. 
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Bloxom et al. [ 1975], using the system described 

previously, found liquid holdup to be directly proportional 

to the liqui~ wis~osity and velocity. They obtained the 

fo!lo~ing dimensional correlation: 

E-- L = 0.451 UL0"269 UG-0"I46 (Ps - PL )-1"072 ' {25} 

where the velocities are in cm/sec and the densities are in 

g/cm ~. They were unsuccessful in finRing a correlation 

which combined their own data with data from the literature. 

Minimum Fluidization Velocities 

Wen and Y~ [1966] combined experimental and 

data on two-phase fiuidized beds an~ arrived 

following correlation, which is applicable to both 

and gas fiuidized beds: 

literature 

at the 

liquid 

where 

Eemf = 

Ar = 

S urck 

previously, 

Remf = ~(33.7) 2 + 0.0408 Ar - 33.7 , (26) 

PLUmfdp/IJ L , 
3 2 

d pL(Ps-PL ) g/1~ L . P 

et al. [ 1975], in their system described 

presented the minimum flui~ization velocities 

for three-phase fluidized beds as a function of packing 

initial bed height. These results are shown in Fig. 3. 

can be seen that UL,mf decreased with increasing gas 

rate, particle size, and particle density. 

due to initial be~ height were exp!aine~ 

and 

It 

f!o~ 

The differences 

as end effects 
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since the gas 

distance of 3.8 cm~ 

Using 4. 6-ram glass spheres end ~queous 

solutions in a 7.62-cm-diam column, Bloxom et a!. 

found %ha%, for a given gas velocity, 

fluidization velocity decreased as 

29 

and liquid distributors were separate~ by a 

glycerol 

[1975], 

the minimum liquid 

%he liquid viscosity 

increased. Bloxom et al. 

a Computer analysis of 

velocity data. However, 

presented their results based on 

their pressure ~ rop-versus-!iqui~ 

Begovich [ 1978 ] uompared the 

computer analysis with analysis by hand and found that the 

minimum fluidization velocities obt~ine~ by the computer 

method were too high. The corrected results are shown in 

Fig. 4o The conclusions reported by B!oxom e% al. have 

no% been altered. 

liquid fluidization 

viscosity increased; 

For a given gas velocity, the minimum 

velocity decreased as the liquid 

however, the influence of the liquid 

viscosity appeared to decrease for the higher viscosities. 

~iso~ the gas velocity did not appreciably affect the 

minimum liquid fluidization velocity for the more viscous 

aqueous glycerol solutions studied. 
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CHAPTER 

EXPERIMENTAL 

Experi me nta ! A_~atus 

Th~ experimental apparatus shown in Fig. 5 was located 

in L~boratory 38 of Building a505 at the Oak Ridge National 

Labor~tory. Various solids were fluidized by air and liquid 

in either a 7~62- or a 15o2-Cm-!D plexig!ass column. 

Liquid was pumped from one or bsth 55-ga! feed tanks by 

centrifugal pumps through an appropriate rotameter to the 

bottom of one of the two columns which were connected in 

parallel. Pro=ess air was fed through the desired rotameter • 

to the side of the fluid dist ribstor through two 

6.35-me-dine channels forming a cross and then passed upward 

into the column through seventeen I. 59-mm- diam holes. 

Approximately thirty-six 14 59-me-dine holes were drilled 

entirely through the distributor, as sho~n in Fig. 6, in 

each quadrant (between cross arms} to ailow liquid to enter 

the bed. Thus, the gas and liKuid phases were intimately 

mixed at the top of this flmi@ ~is~crihbuTor, which also acted 

ms the packing support~ The air was vented to the 

atmosphere, ~hile the water exited through a glass tee and 

returned to the fe=_~ tanks. A wire-mesh screen across the 

glass tee prevented solids from flowing out ~ of the column. 

The physical char~uteristics of the solids and the range of 

experimental con~itions used in this stm~y are detailed in 

TaSics I and 2. A series of liquid manometers located at 
31 
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Table 1.  Physical characteristics of solid beads 
used in three-phase fluidization studies 

Di a met e r Den s it y 

Solid (cm) (g/cm3) 

Glass * 0.32 2.2U 

Glass 0.a6 2..2~ 

Glass * 0.62 2.20 

Plexiglass 0.63 1.17 

Alumina 0.62 1.99 

Alumino-silicate I 0.19 1.72 

*Used only in minimum fluidization experiments. 

Table 2. Range of experimental conditions used in 
three-phase fluidization studies 

Superficial gas velocity, U G, cm/sec 

Superficial liquid velocity, UL, cm/sec 

Columa diameter, Dc, cm 

Initial bed height, Ho, cm 

0 - 1 7 . 3  

0 - 12 . { )  

7 . 6 2 ,  1 5 . 2  

22 - q,5 
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intervals for the 15.2-cmlID column) 

the 

9-cm intervals ~8-cm 

along the coluzn wall provided the pressure gradient in 

column. 

Two platinum eiectroaes, each with an area of 

approximately 1,5 cma, were attached 180 ° apart on the 

inside of a movable plexiglass ring. The r'ing, which had a 

radial thickness of ~.7 mm and an axial width of 19 ram, was 

lower~d or raised by two 3.2-mm-OD stainless steel tubes 

threa~ed into the ring~ Insulated wires were passed through 

the tubing and soldere~ to the electrodes. These wires were 

then connecte~ by coaxial cable to a Radiometer Copenhageh 

Type ZDZ2e conductivity meter. A digital millivo!tmeter and 

a resistor-capauitor circuit {I 5-sec time constant) 

connezted to the conductivity meter permitted a 

time-averaged ~igitai readout. Potassium chloride w~s added 

to the water in the feed tanks to allow readings on the 

5-mmho scale of the conductivity meter. 

Experimental Procedure 

The electrical conductivity was first meas~re~ above 

the bed in the liqui@ ~imnm. ~fter -t he -liquid and gas 

velocities had been adjusted to their desired flow rates, 

the liquid manometer heights were recorded. Then the 

conductivity between adjacent pressure taps was also 

recorded. The liquid manometer heights were recorded a 

secon~ time with the conductivity prsbe positioned in the 

middle of the bed. Equations (I), (7), and (I0) could then 
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be solved %o yiel~ values for each of the three phase 

holdups as a function of position in the c~lumn. 

The minimum fluidization velocities required to achieve 

fluidization were determined from the intersection of the 

fixed- and fluidized-bed pressure dr~p curves on the plot of 

bed pressure drop versus superficial liquid velocity at a 

constant gas flow rate. 

Runs were numbered according to the system shown in 

Table 3. Thus, the fifth run using the a. 6-mm-diam glass 

beads in the 7°62-zm-ID column and water with no air flow 

would be numbered 805A13. A two-letter code, either IN or 

AB, was added to the run number to distinguish between 

parameters calculated using the pressure gradient as 

measured with the zonductiwity probe either in or above the 

bed, respectively. 
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Table 3. System for numbering runs made in 
three-phase fiuidization studies 

Runs were numbered based on a six-digit system: 

Digits 

I 

2-3 

5 

6 

Type of particle: 

Glass, diam: 

P!e xigl ass: 

Alumina: A 

A !u mino-si!ic at e: 

C = 0.32 cm, G = 0.~6 cm~ K = 0.62 cm 

P 

S 

50 H 

60 I 

70 J 

80 K 

90 L 

100 M 

0 A 

2.5 B 

5 C 

10 D 

2O E 

30 Y 

40 G 

Liquid viscosity (cP} 

Column diameter (in.) 

Experiment number with particular solid in column 

Gas flow rate (percent of maximum) 



CHAPTER 5 

EXPERIMENTAL RESULTS 

Minimum Fluidiz art_o_, 

The minimum fluid flow rates require] t o  achieve 

fluidization were determined by a plot of the pressure drop 

across the bed versus the superficial liquid v~locity at a 

constant gas flow rate. The flow rates at which a break in 

the curve occurred correspond to th~ minimum fluidization 

(MP) velocities. 

Effect of g_qlKmn diameter and ~a_t_ic bed_ _he_!si hi_-_ The 

effects of column diameter and static bed height (or bed 

mass} on the BF v.~locities for the air-water-glass beads and 

the air-water-plexiglass beads systems are shown in Figs. 7 

and 8, respectively. In each system, the minimum liquid 

velocity required to fluidize the bed with no gas phase 

present is indicated by the arrow on the ordinate of the 

plot as calculate~ from the two-phase correlation of Wen and 

Tu [1966]. Excelleat agreement between the calculated and 

experimental points for each system can be observed, as was 

the case for each system studied. 

Neither the colunn diameter nor 

present in the column appeared 

effect upon the MF 

column diameter 

air-water-plexiglass 

velocities. 

might 

b e a d s  

be 

system; 

38 

the mass of solids 

to have any significant 

slight dependence on 

indicated for the 

however, the small 
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density difference between the water and solid phases made 

the breakpoint in the pressure drop-versus-liquid velocity 

curve very difficult to 

Since fiuidization of a bed 

inertial and drag forces 

determine and subject to error. 

is achieved when the upward 

exerted on the particles by the 

fluids equal the buoyant weight of the bed, an effect of 

static bed height on the ~F velocities would be expected 

only if end effects were present in the bed. Likewise, one 

would not expect the MF velocities to be a function of 

column diameter unless the size of the gas bubbles 

approached that of the column diameter or unless channeling 

occurred. 

Effect of particle size and density._ HF velocities are 

shown in Fig. 9 for each of the systems studied. Note that 

the s~ooth curves of Figs. 7 and 8 correspond to those 

sho~n in Fig~ 9~ As the gas vel3city was increased~ the 

minimum liquid velocity required to achieve fluidization in 

each of the systems decreased. The magnitude of this 

decrease is considerably different for the p!exiglass beans 

with their small solid/liquid density differences In their 

two-phase correlation, Wen and Yu [1966] noted that the ~F 

velocity increases with increasing particle diameter and 

incre~ sing solid/liquid density difference but decreases 

with increasing fluid viscosity. Although the plexiq!ass 

beads have the same diameter as the alumina particles and 

one set of the glass beads, they have a much smaller 
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solid/liquid ~ensity 

lower velocities. 

have approximately 

,3 

difference; thus, they fiuidize at 

The alumina an~ alumino-siiicate beads 

the same density, but the smaller 

diameter of the latter particles causes them to fiuidize at 

lower velocities. 

Likewise, the 3.2-mm-diam glass beads fluidize at lower 

velocities than ~o the ~.6-mm-diam glass beads, which in 

turn fluidize at lower velocities than ao the 6.2-mm-diam 

glass beads. It is of interest to note that the curves of 

the alumina and 6.2-mm-diam glass beads start at essentially 

the same point for zero gas velocity; however, as the gas 

velocities increase, they rapidly diverge until the gas 

velocities ex=ee~ 8 cm/sec. ~t that point, the ~ curve for 

the alumina beads merges with the curve of the ~6-mm-diam 

glass beads. 

Overall Phas_ = Hoi~u_p~ 

The assumption of a homogeneous bed may be justified in 

cases where the flui~ velocities are sufficiently low that 

they result in only slightly expanded fl~idized beds. since 

the =onductiwity of the bed and the pressure gradient were 

measured over the entire column length, an overall, or 

average, phase holdup could he calculated for each phase in 

two ways: (a) using the conductivity reading at the center 

of the bed and Eqs. (I), (2), and (7); and (b) using the 

average measured 'pressure gradient over the column to obtain 

an equivalent homogeneous bed height and substituting that 



height in Egs. [I)-{3). Both of these methods assume 

the phase holdups are constant over the entire bed. 

that 

~_o_m~a_ri_son of overall h~e_ holds p s__~. The holdups 

obtained by the conductivity and pressur~ grldient methods 

are compared in Figs. 10-16. 

The overall gas holdup determined by each method is 

shown in Fig. 10 for air-water flow only (i.e., no solids 

present) in both columns. ~ least-squares fit of th~ data 

with approximately unity slope and zero yields a line 

intercept. 

The glass 

column s without 

and plexiglass bea~ s w.=re used in both 

any difficulty: however, th~ conductivity 

readings obtained using the porous alumina beads, which is 

the likely catalyst support for a co~l liquefa=tion reactor, 

had to be corrected by a factor approximately ~qual to the 

volume fraction of the liquid residing in the internal pores 

of the solids. This factor, which w~s found to vary with 

varying gas or liquid velocities, was determined by assuming 

that the liquid holdup described by Eq. (7} was the 

external liquid holdup plus the internal pore volume 

fraction occupied by the liquid. The average internal pore 

volume fraction was determined for a particular set of 

conditions by applying Eg. 

over the 9-cm intervals 

conductivity and 

in tern al pore 

(7), along with Egs. 

along the =olumn 

pressure were 

volume fraction 

( 1 ) - ( 3 ) ,  

that b o t h  

m e a s u r _ ~ .  T h i s  a v e r a g e  

was  t h e n  u s e d  i n  t h e  
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appropriate equations to solve for the hol~ups by both the 

conductivity and pressure gradient methods. 

For water fluidization only (i.e., no gas phase 

present), values of the overall solid holdup determined by 

the conductivity method are shown in Fig. 11 plotted 

against values obtained by the pressure gradient method. In 

Figs. 12-16, similar comparisons are ma~e for air-water 

fluidization of each of the systems studied. Least-squares 

fit of these data also results in lines of approximately 

unity slope and zero intercept, as indicated in Table 4. 

As expected, disagreement between the two methods 

occurs chiefly for low values of soli~ hol~ups--that is, 

where the fluid flow rates are high and the bed height is 

not distinct. Under such conditions, the pressure gradient 

method yields a solid holdup based on a uniform bed. The 

conductivity method, however, yields a solid holdup based on 

conditions in the middle of the bed. Sinz8 th~ bed really 

goes from a fairly uniform lower section through a 

transition region of decreasing soli~ hol~up to a region of 

only gas and liquid, the solid holdup obtained from 

measurements of the conductivity at the middle of the bed is 

lower that that obtained from the pressure gradient method. 

Since the homogeneous bed model has been assumed by 

most of the investigators in the literature, as have Eqs. 

(q)-(3), the effects of solid characteristics and flui~ flow 

rates on the overall holdups determined by the pressure 

gradient method will be discussed next. 
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Table ~ Comparison of overall solid holdup by 
two different msthods 

m 

eS, C = a + beS,AP 

Solid 

Column Value Value 
diameter of of Correlatio~ 

(cm) a b coefficient 

Number 
of 

points 

Glass 

Glass 

Plexigiass 

Plexiglass 

Alumina 

7.62 -0. 052 I~ 067 O~ 985 

15.2 -0.016 I. 005 0,, 985 

7.62 0.005 0,~ 862 O~ 91Q 

15.2 -0.0 28 O~ 8Q 1 0,, 875 

7.62 -0.023 I. 050 O~ 985 

96 

56 

~8 

8~, 

98 
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Effect of fluid 

h o l__q~s_~. The effect of 

phase holdups in a typical 

system is shown in Fig. 

increased, the be~ 

holdup. The gas 

f!oMw rates on ~h~ overall Rhea@ 

fluid flow rates on the overall 

example with the glass beads 

17. As the liquid velocity was 

expanded, thereby reducing the solid 

holdup was not significantly affected by 

changes in the liquid velocity. Since the holdups of the 

three phases must sum to unity, the increased liquid 

velocity in turn increased the overall li~uid holdup. At 

constant liqui~ velocity, increasing the gas velocity caused 

the overall gas holdup to increase and the overall solid and 

liqui~ holdup to decrease. 

Similar behavior is shown in Fig. 18 for the alumina 

beads. The ligui~ velocity had a negligible effect on the 

overall gas holdup; it mainly affected the degree of bed 

expansion. Increasing the gas velocity again increased the 

gas holdup: bowevar, its effect on 

holdups is less pronounced, with 

holdups showing a range, or band, of 

velocities used. 

Increasing the liquid velocity in the pleKiglass 

the other two phase 

the solid and liquid 

valQes for the gas 

beads 

systems, as shown in Fig. 19, decreased the overall solid 

holdup but had essentially no effect on the gas holdup. 

Increlsing the gas velocity again increased the overall gas 

holdup while substantially reducing the overall solid 

holdup. The soli~ holdup was apparently reduced to a larger 
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SUPERFICIAL LIQUID VELOCITY, U L ( c m / s e c )  

Effect of fluid velocities on the overall phase 
holdups obtained in the 7.62-cm-ID column 
using the air-water-alumina beads. 
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SUPERFICIAL LIQUID VELOCITY, g L (cm/sec) 

Effect of fluid velocities on the overall phase 
hcldu~s obtained in the 15o2-Cm-iD column 
using the air-water-p!exiglas~ beads,. 
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extent than the gas holdup was increased, so that the liquid 

holdup was increased. 

_Effect of c_ _o l _u l_ n_ di_ameter on the overal_!l R has___e holdu.E2s L 

The effect of column diameter on the overall phase holdups 

at a constant gas velocity is shown in Fig. 20 for the 

glass beads. The overall solid hol~up was th.~ same in both 

columns over the range of liquid velocities tested, while 

the gas holdup appeared to be slightly decreased in the 

large column as compared with that in the smaller 7.62-cm-ID 

col umn. 

Data obtained by using a constant gas velocity of 0. qq 

cm/sec in the plexiglass beads system shown in Fig. 21 

showed that the overall phase holdups followed the same 

trend with increasing liquid velocity in both columns. The 

gas holdup was similarly unaffected by zolumn diameter in 

the same system at a higher gas velocity of 1.77 cm/sec, as 

shown in Fig 22. However, at this gas velocity and at 

liquid velocities below 3.5 cm/sec, the overall solid hol~up 

was greater in the 7.62-cm-ID column than in the 15.2-cm-ID 

column. For liqaid velocities in excess of 3.5 cm/se~, the 

overall solid and liguid holdup curves for the two columns 

merged into single curves. 

Effect of s_oli_d characteristics on the overal[ Rhase 

holdups_. The three systess used in the 7.62-cm-ID 

column--glass, pleziglass, and alumina beads--are shown in 

Fig. 23 as a function of the liquid velocity at a constant 
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on the overall phase ho!aups obtained , 
using the air-water-glass beads. 



p 

o.. :D 
E3 
_1 
O 
3: 

ILl 
(n 
,< 
1- 
0. 

_1 
_1 

n- 
LIJ 
> 
O 

1.0 

0 . 9  

0 . 8  

0 . 7  

0 . 6  

0 . 5  

0 . 4  

0 . 3  

0 . 2  

0.1 

0 

60 
ORNL DWG 77-1945 

A • 

A 

(9 

& 

A 

% 

U e = 0 . 4 4  c m / s e c  

D¢ 1 7 . 6 2 1 1 5 . 2  .(cm) 

[:, Q • 

E) 

E) 

E) 

i13 • • • 
I IIl o I • o i m [] IB 

2 3 4 5 6 7 

Figure 21. 
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The overall gas holdup was essentially the 

three systems, although u s e  of the plexiglass 

beads resulted in slightly lower values. The glass and 

alumina beads gave the same values for the solid and liquid 

holdups while the plexiglass beads gave significantly lower 

solid and higher liquid holdups. The higher density of the 

glass beads, as compared with that of the alumina beads, 

compens£ted for their smaller diameter; on the other hand, 

the much lower density of the plexig!ass beads did not 

compensate for their large diameter. Thus, while the glass 

and a!u~ina bead beds were expanded to the same degree ~s 

%he liquid velocity was increased, expansion of the 

plexig iass bead bed occurred to a considerably greater 

degree. 

Similar behavior can be observed in Fig. 2~ for the 

~wo systems studied in the 15. 2-cm-ID column. For a 

constant gas velo:ity of 2.2 cm/sec, the o;erall gas ho!aup 

was nearly identical in the glass and plexig!~ss bead beds. 

Again, however, the lower-density plexiglass beads, while 

f!uidized at less than b~if the liquid selocity needed ~o 

f!uidize the glass beads, expanded t3 a considerably greater 

degree~ This yielded a lo~er overall solid holdup and, in 

turn, a higher overall liquid holdup. 

The overall phase holdup results are in good agreement 

with those of other investigators mentioned in the 

literature survey. 
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Bed Expansion Characteristics 

The effects of injecting g~s into a liquid-only 

fluidized bed were studied in several systems. In addition 

to noting whether the liquid fluidized bed initially 

expanded or contrazted upon injection of gas, pertinent data 

were recorded so that the criterion 3f Epstein [1976], Eq. 

(17), could be applied~ 

The results, presented in Table 5, show that each of 

%he systems expanded upon the introduction of gas when low 

liqui~ we!ocities were use~ As the !iq~id velocity was 

increased in a liquid-only fluidized bed, the tendency of 

the bed to expand upon the introduction of gas decrease8 in 

each of ~he systsms studied. Recalling that a positive 

value for V indicates expansion and a negative value 

denotes contra=tion, Eq~ (17) csrrectly predicted the 

expansion characteristics of each system studied except for 

the plexiglass beads at the two highest liquid velocities 

used. At those two liquid flow rates, Eq. (17) predicted 

that the bed would contract upon injection of gas: 

experimental observations, on the o~her h~nd, indicated ~Kat 

it would expand. The experimental observations were based 

on th~ be~ heights calculated from the 

measured before and after gas was 

columns. The plexiglass beads, 

pressure gradients 

introduced into the 

with their small 

solid/liquid ~ensity difference, yielded a small change in 

pressure over the column; thus the pressure drop 

measurements for the plexig!ass beads were subject to the 
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Table 5. Bed expansion characteristics of liquid fluidized 
beds upon injection of gas 

System 
U L e L at 

( c m / s e c )  E G =0 
v s ~ Experimental 

{cm/sec) k (cm/sec} 3bservation 

4.6-mm-diam u.77 
glass beads, 5°96 
7.62-cm-ID 8.35 
column, 
U =~I., cm/sec, 

2 . 3 9  

q. 6-mm-diam Q=77 
glass beads, 5.87 
15.2-cm-ID 7=3~ 
column, 
U =~1. .~  cm/sec, 

= 2 . 3 9  

6.2- mm-diam 4.77 
alumina beads, 5.,29 
7.62-cm-ID 5.96 
column, 7.16 
U =~2..8 8.35 
C~=/sec ,  9 . 5 ,  
n = 2 . 3 9  1 0 . 7 4  

11. .93 

6.3-mm-di am 1.8 3 
plexiglas s 3.. 67 
beads, 15.2- 5.50 
cm-ID column, 7.3~ 
g = 1 8 . ~  c m / s e c ,  

2 . 3 9  

1.9-mm-diam 1.22 
alumino- 2.,5 
silicate ,.77 
beads, 
U =17.9 cm/sec, 

= 2.49 

0.,32 32. 5 0.282 9., Expansion 
0.481 32.7 0.389 8.7 Expansion 
0.553 33.3 0.592 7u, Expansion 

0.404 ,5.1 0.231 9.7 Expansion 
0.,56 ,5.3 0.332 7,,8 Expansion 
0.522 ,5.6 0.,98 3.9 Expansion 

0.381 32.8 0.194 13=7 Expansion 
0.all 32. 8 0=243 13.0 Expansion 
O.,al 33.0 0.300 12., Expansion 
0.Q88 33.2 0.407 11.4 Expansion 
0.526 33.4 0.509 10.5 Expansion 
0.575 33.6 0.665 7.6 Expansion 
0.616 33.7 0.818 4.8 Expansion 
0.6,9 33. 9 0.957 2.5 Expansion 

0.393 25.0 0.,212 3.0 Expansion 
0.558 25.0 0.712 -3.9 Contraction 
0.698 25.0 1.190 -10.5 Expansion 
0.785 25.0 1.693 -18.3 Expansion 

0.292 31. I 0.087 4.2 Expansion 
O. U70 31. U 0.278 -1.7 Contraction 
0.621 31. 8 0.,838 -7.,, Contraction 
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error of any of the systems 

A_~ Variation in ~oidu~s 

As discussed previously, bed heights are indistinct 

high fio~ rates, and %he holdups 

(I)-(3) are based on an unrealistic 

The holdups could be determined 

a% 

calculated using Eqs,. 

hom3geneoss-bed mode!,. 

as fsnctions of axial 

position within the column by using the e!ectroconductivity 

of the bed and the measured pressure gradient 

R typical plst of the axial variatisn of the phase 

holdups is sho~s in Fig. 25~ The liquid holdup remained 

essential!y uniform near the bottom of the bed but increased 

with distance from the bottom to a csnstant value in the 

gas-!iquid region above the bed. The calculated bed height 

(~8 zn) was that obtained from the pressure gradient in ann 

above the be~. This corresponded to the height of a bed 

with uniform solid holdup as indicated by the horizontal 

dashe~ line. Hoeever, the actual solid holdup decreased 

with increasing axial position in the bed, SO that the 

ohserve~ upper limit of solids would be between 60 ann 70 

cn. The area under the solid ho!aap c~rve should be equal 

to the fo!lo~ing modification of Eq. (3) : 

H 
/o esdh = Ms/PsA • (27} 

If the solid holdup is not a function of height in the be@, 

Eq. (27} reduces to Eg. (3). 
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Effezt of c olum___n diameter. The effect of column 

diameter on the axial variation of the solid and liquid 

holdups can be seen in Figs~ 26 and 27. These results, 

typic=-l of most of the data, were obtained in the 7.62- and 

15~2-z m-ID columns under identical conditions (i.e., 

identical gas velocities, liquid velocities, particle type, 

and static bed height). 

Neither figure indicates a dependence of the holdups on 

column diameter is the lo~er portion of the beds. Eo~ever, 
/ 

for the lo~er liquid 

transition region from 

two phases (gas-liquid) 

velocity used in Fig. 26, the 

three phases (gas-liquid-solid) to 

appeared to be bro ader in the 

smallar column. The liquid holdup also r6se to a slightly 

lo~r value in the 7.62-cm-ID column as compared with the 

15~2-zm-ID column. These effects are not evident in Fig. 

27, where the same relationship between the holdups and 

heighh was obtaine~ in both columns. 

Effect _of li_~u_id_ velocity. The effect of liquid 

velocity on the axial variation in the glass bead holdup is 

sho~n in Fig. 28 under conditions of constant gas velocity 

in the 7.62-cm-ID column. 

solid holdup decreased, as 

increased. The calculated 

The bed expanded, and thus the 

the liquid re! ocity was 

bed height, as found from the 

intersection of the measured pressure gradients in and above 

the bed, is indicated on the curves for each flow rate. 

This value corresponds to the height the same bee wou!~ have 
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if the solids i~ the colum~ were uniformly distributed. The 

highest point at which solids were detecte~ was higher than 

this calculated bed height, however, since th~ bed contains 

a rather wide transition region over which flow changes from 

a three-phase to a t~o-phase column. The width of this 

transition region appeared to remain approximately constant 

with changing iiguid ¥e!ocity; that is, the so!in holdup 

decreased from the approximately constant value in the be~ 

to zero over about 20 cm of column height. 

Effect of ~ velocity_ When the liquid velocity was 

held constant and the gas velocity ~as increased, the width 

of the transition region increased s~bstantially, as 

illustrated in Fig. 29. The s~lid holdup in the lo~er 

portion of the ben was decreased slightly by the increase in 

gas velocity from 3.58 to 17.26 cmCsec; however, the width 

of the transition 

approximately 35 um~ 

for the higher gas 

height than that 

solids). 

region increased from 20 cm to 

As expected, the calculated bed height 

velocity indicated a much lower bed 

observed visually (highest position with 

These results demonstrate the shortcomings of assuming 

a distinct bed height and a uniform bed. The transition 

region is a significant fraction of the total bed height and 

must h8 considered in realistic designs of three-phase 

systems. If commercial units operate with taller beds, the 

transition re~ion would become less important; however~ the 



7a 

0.6 

0,5 

0.4 

(L 
:D rl 
JO.  3 0 
Z 
r~ 
-J  
0 0 . 2  
f,n 

0.1 

0 
0 

ORNL DWG 77-145 

' A I R -  WA:rER- GL,~SS BEA'DS ' ' ' ' 

~ 0 ~ . ~  0 - ' - - - - -  " ~ _ ~  SUPERFICIAL7.62LIQUID_ cm- IDVELOCITYcoLUMN°358 cm /$e¢ 

~ Z ~ ,  SUPERFICIAL GAS VELOCITY 
~z~ cm/s • c 

\ o s . ~ e  

0 A 17.26 
~ INDICATES CALCULATED BED HEIGH 

\ 

I0 20 30 40 50 60 70 80 90 
HEIGHT (cm) 

Figure 29. Effect of gas velocity on the axial variaticn 
in the solid phase holdup. 



75 

higher gas rates often employed by ssch units 

cause the transition regions to remain a 

fraction of the total bed height. 

could still 

significant 

Discussion of Error 

Four runs wars performed using the ~.6-mm-diam glass 

beads in the 7.62-cm-ID column under identical conditions 

(i..e., gas and liquid flow rates and initial bed heights). 

Runs Ga5A13, G46A13, Ga7~13, and g~8A13 were made with no 

air flow and with initial bed heights of 36 cm. A!tho~gh 

the systems consisted of only two phases, it is felt that 

the errors associated with measuring bed heights and 

pressure drops ~nd calculating bed heights ann holdups are 

subs%a ntia!ly equivalent to those associated with a 

t tree-phase system. 

Kt a define~ li~ui~ velocity, the pressure and 

conduztivity gradi=-nts were measured as describe6 earlier in 

the section on "Experimental Procedure '~ (see page 35). The 

bed height and b.=d pressure drop were calculated from these 

data. Then the overall phase holdups were calculated based 

on either the conductivity method or the pressure gradient 

method. Finally, the phase holdups were calcQ!atea as a 

function of column position. 

Table 6 shows the results obtained in the four runs, 

which were made with a liquid velocity of 8.35 cm/sec. An 

average and a standard deviation can be calculated for each 

variable at this liquid ve!ocity. By using the Student's t 
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Table 6. Calculated values for four identical runsl 

Run 

Parameter GU5A13 Ga6k13 GQ7~13 Ga8~13 

Bed height, cm 53.7 52.1 52.2 52..6 

A~e d , cm water 27.aa 28.37 28.56 28.60 

~L,C 0.6~9 0.6S7 0.6U7 0.6a3 

~S,C 0.4~2 Oo U~2 O.,a~2 O.aa2 

~L,AP 0.578 0.5a8 0.5a6 0.Sa 8 

~S,AP 0.431 0. ~aa 0. ~U3 0.~u3 

~ m ~  ~ m m m  

IConditions for each run: U = 8..35 cm/sec; U = 0 
L G 



distribution and a given 

interval about the mean 

level of 95~, the average value and its confidence 

for each variable shown in Table 6 are given below: 
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confidence level, a confidence 

can be found. For a confidence 

interval 

H = 52.6 _+ 1.22, 

Ahse d = 28.2~ _+ 0~886, 
N 

~L,C = 0~647 ± 0.00~0, 

SS~C = 0. a~2 +_ 0, 

eL~AP = 0.555 _+ 0.02aQ, 

eS,AP = 0.~0 +_ 0.0098. 

These results are typical of all of those found at each of 

the six liquid velocities used in these runs. 

Taking the average of a variable at each liquid 

velocity, an overall standard deviation can be found for the 

variable based on its values at all of the liquid velocities 

for %he four r~ns. The confidence interval for each 

variable and a confidence interval percentage based on an 

average value for the entire set of runs ~re shown in Table 

7 for a confidence level of 95~. 

The confidence intervals shown in T~ble 7, which are 

based on all six liquid velocities used in the four runs for 

a total of 24 points, are lower than those caizulated at a 

single liquid velocity of 8.35 cm/sec, which are based only 

on a total of four points. Regardless of the method of 

calculation of the confidence interval, it is apparent that 

%he agreement between the four runs was quite good and that 

each variable could be determined with ~ small confidence 

interval at a high degree of certainty. 
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Table 7. Confidence intervals of calculated values 
for four identical runs 

Variable 

Percent Average value 
Confidence confidence of variable 
interval interval used as basis 

H 

A~Bed 
EL,C 
ES,C 

~L,AP 

ES,Ap 

0 . 1 8  0.{$ U7 

0 . 2 6 0  1.. 2 22 

0 . 0 0 2 1 1  O. • O. 60 

0 . 0 0 1 9  O..U 0.. 08 

0.0035 O. 7 O. 52 

0 .0016  0 . 3  0.118 



CHAPTER 6 

CORRELATION OF RESULTS 

The results shown in the previous chapter for minimum 

fluidiz~tion velocities, overall phase hol~ps, and local 

phase holdups were corre!atea with the physics! parameters 

of the systems studied by using multiple !ine~r regression. 

Di~ensiona! correlations were first tried, fo!!oHed by 

dimens ionless correlations whenever possible. The 

predictive equations presented in this chapter represent the 

best correlations of the many that w=_re ~ttempted. 

Minimum Fiuidiz ation 

T he minimum iiqaid f!uidiz~tion velocities shown in 

Fig. 4 and Figs. 7-9 (see pp. 30, 39, ~0, and ~2) were 

correlated with the system parameters and resulted in the 

fcl!o~ing dimensionless correlation: 

Remf = a Ar b FrGc ~ (28) 

where the constants and their 95B confidence limits are: 

= 5.131 x 10 -s ± 0.002, 

b = 0.661 ± 0.03~, 

c = -0.120 + 0.025~ 

Equation (28) had a correlation coefficient of 0. ga an@ an 

F-val~e of a78, using a total of 135 points, and is shown in 

Figs. 30-32 as p~edi~ed-vers~s-experimental ZF curves. 

79 



80  

6 ! ! 

~ EXP. PRED. 

,~O 5 ........ 

,I, .', ] i+ " . . . . .  

:;> ~ o" 

- =, oSO"  ..... o C~ 

| ! | I 

GLASS 0.46  2 .24  
ALUMINO-SILICATE 0.19 1.72 

GLASS 0.62 2.20 

2 

.a 

o 

L~ 

L 
%% 

! 

0 2 

Ooo~ ....... + 
0 "'*"..... 

0 ..... "'"". ............. 

o • .................................................. .-+ 

8 

0 

A A 

4 6 10 12 14 16 

( ;AS V E L ( ~ I T ¥ ,  U o ( c m / s e c )  
18 

Figure 30. Predicted versus experimental minimum 
fluidiza%ion curves for the glass and 
a lu mino-silica%e beads. 



81 

IS I t 

ORNL DWG 78-542 

~ 5 

u 
0 

0 3 

N 

EXP. PRED. 

i o 

i+ + 

: + 

\ + 
\ 
\ 

%°%% 

SOLID DIAM DENSITY 

GLASS 0.SE E.~5 

PLEXiGLASS 0.63 1.17 

ALUMINA 0.~ 1.99 

+ 

0 "%~",. 

0 "°'°°"°°°~,.°~,°.°. 

~ % ~ + + + + 

I ~" ~ ~ ,  

t 
, , - .  . . . . .  o o -  

0 , , d u i ~ , 

a 6 6 8 lO 1~ 1~ 16 

GAS VELOCITY, U~ (cm/s~e) 

Figure 31. Predic%ed versus experimen%a! minimum 
fluiaiza%ion curves for the glass,p!exig!ass, 
and alumina beads. 



82  

O R N L  D W G  77-2005R 

qJ 
D 

E 
u 5 

E 

I'-- 

o 
. . J  

> 3 

N 

2 

b .  

_~ ,,.4 "7" 

=E 

z 

A I R - - A Q U E O U S  G L Y C E R O L - - G L A S S  BEADS 
• , = - - - - - ' -  INOICATES UL,mf  CALCULATED FROM WEN AND YU ( 1 9 6 6 )  

TWO-PHASE CORRELATION. 

PREDICTED CURVE 
* UL mf pdp -= o *=, . -o.,*o 

R e m f  = • = 5 . 1 3 1 X  10 A r  P r  

\ D A T A  OF B L O X O M  E T  A L .  119751  
.~ ~ LIQUID VISCOSITY (¢P) \ \ ~ - - -  

\ ~ • 3 .e 
\ ~ o z~ 6 6  
\~. ~ • 90 

~.~.  ~ m II . 4  

\ " ~- __ 0 0 

\k~" t o o  ,kk .. 

I I  . 4  

= 1 = I = ! A 1 = I i ! i I = I I 
2 4 G 8 I0 12 14 16 18 

G A S  V E L O C I T Y ,  U e  ( c m / s e c )  

¥ig~re 32. Effect of liquid viscosit T on the predicted 
versus experimental minimum fluidization curves. 



83 

It should be noted that Eq. (28) is not valid for a 

~ero gas rate where it would predict a li~sid ~F velocity of 

zero. However, Fi~s~ 

re !lab ly e xtrapolated 

MF curve is generated 

30-32 show that the MF curves can be 

to zero gas flow rate if a predicted 

starting with gas velocities just 

greater than zero~ Alternatively, at zero gas velocity, the 

two-phase correlation of Wen and Yu [ 1966], Eq. (26), can 

be used to predict the MF velocity. 

Ove___/all Phase Hol~uos 

The overall solid holdups from this study were combined 

with 1355 points from the !iteratsre [Bhatia and Epstein, 

Ig7a; Bruce and Eswel-Chion, 197~; Dakshinamurty et a!., 

1971; Efremov an~ Vakhrushev, 1970; Kim et a!., 1975; 

~iche!sen and Ost_=rgaard, 1970; Ostergaard, 1965; Ostergaard 

and Michelsen, 1968; Ostergaard and rhies~n, 1966; Rigby and 

Capes, 1970] to yield the following dimensional correlation: 

where the constants and their g5% confidenze limits are: 

b = 

c = 

0.371 ± 0,013, 

0.271 ± 0.008, 

0.041 + 0=004# 

= -0.316 ± 0~008, 

e - -0.268 e 0.008, 

f = 0.055 ~ 0.006, 

g =-0.033 +_ 0~010~ 

and centimeter-gram-second (CGS) units are used for each 

parameter. Equation (29), shown as a parity plot in Fig. 

33, hls a correlation coefficient of 0.87 and an F-value of 
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1178; it was based on a total of 2381 points. 

Eo~bining the gas holdup with 159 points available from 

the literature [ Bhatia and Estein, 197~ ; Efremov and 

Vakhrushev, 1970; Kim et a!., 1975; ~iche!sen and 

Ostergaard, 1970; Ostergaard and Miche!sen, 1968] resulted 

in the following =orrelation: 

~G = a UGh d c p Dcd (30) 

where the constants and their 95~ confidenze limits are: 

a = 0.0~8 + 0.008, c = 0.168 +_ 0~046, 

b = 0.720 +_ 0.021, 8 = -0~125 +_ 0.067~ 

and, again, CGS units are used for each parameter. Equation 

(30), based on a total of 913 points, had a correlation 

coefficient of 0.93 and an F-value of 1793; it is shown as a 

parity plot in Figs 3~ 

Local Holdups 

Figures 25-29 (see p~ 68, 70, 71, 72, au~ 72) =!early 

indicated that each of the holdups is approximately constant 

in two regions: (a) the lower portion of the bed, ~n~ (b) 

the gas-!iq~id regic~a aDo~e the bed. The transition region 

between these two extremes was seen to depend on the gas 

velocity and the physical characteristics of the solid 

particles. An inflectiom point was observed on each curve 

with a spread about that point proportional to the width of 

the transition region. If each curve were ~ifferentiate~, 

the~, two parameters would correspond to the mean and the 
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standard deviation of the normalized Gaussian curves. The 

error function was used to fit the gas and solid holdup 

curves, and the liquid holdup curve was determined as the 

residual of Eq° (I}. Use of the ~rror function was 

essentially e~uivalent to use of tha probabi!ity integral 

since the two are related by the following: 

erf(x) = 2_~ (/2 x) • (31) 

w here 

TT! T'I 

eG = [(PG - I)/-2]SG + [(PG + l)/2]eG ' (32) 

PG = erf [(h - IG)/~G] . (33) 

The solid holdup was fitted in a similar manner using the 

error function and the knowledge that the solid holdup in 

the gas-liquid region of the column is zero: 

ITT 

~s = [(Ps + 1)/2]Es ' (3Q) 

where 

and 

! = 

curve~ 

PS = -erf [(h - iS)/~S] 

inflection point in loc~ ! 

, (35) 

holdup-versus-height 

Thus, the gas holdup curves were fitted by the 

follow ing: 



= standard deviation 

curve. 

The liquid holdup at each 

residual of Eq. |I) o 

Thus• 
lIT 

£S • ~S f 

the curves 

position. 

88 

in local holdup- versus-height 

point was obtained from the 

I I !  ! ! 

knowledge of seven parameters-- e G " £G ' 

OG,Is, and IG--allovs one to construct each of 

showing phase holdup versus a xial zolumn 

An example of such a fit in shown in Fig. 35. 

For the system shown• the seven parameters are: 

EG''' = 0.072• I G = ~5.7 zm• 

e G'' = 0.129, o s = 2. 83 "m• 

eS''' = 0.511, o G = 2.6~ zm° 

I s = 44.8 cm• 

Treatment of the experimental data in this way and 

correlation of the seven parameters with fluid and solid 

properties and experimental conditions using least-squares 

multiple linear regression analysis resulted in a predictive 

equation for each parameter. 

The gas holdup in the three-phase region sf the column 

was successfully correlated by the fsllowing: 

e G''' = a [UG 5(0S-0L )/U L g Onv ]b , 136| 

where the constants and their 95~ confidence limits are- 

a = 0o159 ± 0.008, 

b = 0.150 + 0.006. 

Equation (36)• shown as a parity plot in Fig. 36, had a 
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correlation coefficient of 0.89 and an F-walue of 2155, and 

was based on a total of 555 points. 

The gas holdup in the two-phase portion of the column 

can be predict.=~ using the fo!lo~ing dimensionless 

correlation: 

" [UG4(pS_PL) V] b E c = a /g CT ' (37) 

where the constants and their 95% confid_=nze limits are: 

a = 0.237 + 0.010, 

b = 0.185 ± 0.006. 

E~uation (37| had a correlation coefficient of 0.~3 and an 

F-value of 4266. The 634 points on which it was based are 

shown as a parity plot in Fig. 37. 

Th~ solid holdup in the bed was correlated as the bed 

porosity as follows: 

"Y T ! 

z-~ s =aA~ ~e~ c (E/~ o) ~ , (SO) 

where the constants and their 95% confid=_nze limits are: 

a = 1.990 + 0.273, c = 0.197 +_ 0.011, 

b = -0.178 ± 0.012, d = 0.298 +_ 0.018. 

A parity plot of EE. (38) is sho~n in Fig. 38. The 

equation had a correlation coefficient of 0.95 and an 

F-vaiue of 2529, and was based on 762 points. 

The expanded bed height used in Eq. {38) was also 

correlated with , the system properties and resulted in the 

fo I!o~" ing: 

C 
EIE ° = a Fr b Re L Ar d [(pS-PL)/PL ]e (39} 
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where the constants and their 95~ confidence limits are: 

= I0. a83 ± 5.7, 

b = 0.069 ± 0.005, 

c = 0.~29 + 0.025, 

Equation (39), based on 

d = -0.295 ± 0.039, 

e = -0.305 ± 0.027. 

a total of 706 points, ha~ a 

correlation coefficient of 0.90 and in F-value of 762; it is 

shown as a parity plot in Fig. 39. 

The inflection point in the solid hol~up curve followed 

the calculated bed height fairly closely and could be 

correlated by the following: 

UGb c d H e I S = a U t D , (UO| 
C 

where the constants and their 95~ confidence limits are: 

i = 2.35~ + 0.~0, d = 0.061 +_ 0.031, 

b = 0.017 ± 0.008, e = 0.628 , 0.0~5. 

c = 0.2~7 ± 0.017, 

Equation {a0), which is shown as a p~rity plot in Fig. ~0, 

had a correlation coefficient of 0.92 and in F-value of 875; 

it was based on a total of 689 points. 

Similarly, the inflection point in th~ gas holdup curve 

followed that in the solid hold. p curve, yielding the 

following correlation: 

= a (pS-PL)b d c D d IS e (~ID IG/H o p c ' 
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where the constants aBd their 95~ confidence limits are: 

a = 0.027 ± 0°006, 

b = -0.250 ± 0.026, 

c = -0.1q5 ± 0.123, 

d = 0.170 ± 0.0~5, 

e = 0.875 ~ 0.0~9. 

Equation (41), based on a total of 635 points and shown in 

Fig. 41 as a parity plot, had a corre!~tion ~oeffi=ient of 

0.85 and an F-value of 408. 

The standard 

holdup-versus-height 

parameters to measure 

holdup affected the 

deviations in 

curves were th.= 

( a slight va riatio n 

standard 

the local 

most difficult 

in t h e  local. 

~eviation considerably) and 

hence to correlate. The standard deviation in the 

phase holdup curve can be estimated from the following: 

= , 

where the cozstants and their 95~ confidence limits are: 

a = 5.510 z 10 -e ~ 3.3 x 10 -6 , 

]~ = - 1 . 0 1 5  ± 0 . 0 5 2 ,  

c = -0.8~0 ± 0=0~8, 

and 

C D = (ps-PL)dp/PL UG2 , 

Fr H = UG2/g~ • 

Equation (~2), shosn in Fig. 

correl at ion coo fficient of 

was based on a total of 635 points. 

solid 

(~2) 

Q2 as a parity p!ot, ~a~ a 

0.8~ and an F-value of 752~ it 
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The standard deviation in the gas phase holdup curve, 

unfortunately, was even more difficult to zorrelate than 

O 
S " A very rough estimate of c G 

following: 

can be obtained from the 

I !  V l l  

OG/H ° = a (E G -£G )b (pS_OL)C d d H e °S f , (i;3) 
p 

where the constants and their 95~ confidence limits are: 

a = 0.005 + 0.00~, 

b = 0.132 ~ 0o061, 

c = -0.362 ± O. 09U, 

d = -0.861 i 0o~61, 

e = 0.693 + 0.2~2, 

f = 0..Q29 ~ 0.090. 

Equation (~3), which was based on a total of 609 points, had 

a correlation coefficient of 0.66 and an F-value of 93. The 

parity plot, shown in Fig. a3, indicates that a large 

amount of the variation between the measured and calculated 

values of ~G was due to the two plexiglass beads systems. 

These beads, Math 

differ en ce, made the 

holdup s) difficult to 

their small solid/liquid ~ensity 

pressure gra dieut (and thus the 

measure--hence the large amount of 

scatter in the parity plot. 

local holdup-versus-height curves, it was 

smoother fits resulted when the gas and 

inflection points and standard de viations 

However, in the fitting o~ the 

noted that 

solid phase 

were similar. 

Therefore, it might be more appropriate if the inflection 

point and the standard deviation in the gas phase curve were 

estimated by equating them to the predizted solid phase 

values rather than by using Eqs° (41) an~ (,3). 
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Figure U4 shows the inflection points in the gas 

holdup curves plotted against the solid phase 

phase 

holdup 

inflection points. Similarly, the standard deviations in 

the gas phase holdup curves are plotted igainst those in the 

solid phase holdup curves, as shown in FiT. 45. Although a 

fair amount of scatter is evident in Fig. 44 and especially 

in Fig. 45, the data in Figs. 41 and 43, which represent 

least-square fits, are also scattered. [n fazt, because of 

the scatter in the correlated fits, it is recommended that 

both the inflection point and the standard deviation of each 

of %he three holdup curves be estimlted by a single 

equation. Equation |42) should be used for the standard 

deviation in the holdup curves. 

k further simplification can be made for the inflection 

point in the holdup curves. 

inflection point in the solid 

calculated bed height closely. 

plotted against each other in 

As mentioned previously, the 

holdup curve followed the 

The two parameters are shown 

Fig. 46. The agreement 

between the two is quite good, as expezted, since the 

calculated bed height represents that height in the coluln 

of an equivalent homogeneous bed. Disagreements occurred 

chiefly in beds of plexiglass beads, particularly those that 

were highly expanded. 

An example of an expanded bed of plexiglass beads is 

shown in Fig. 47. Under the set of conditions indicated, 

the concentration of solids decreased very gradually to 

zero, giving a solid phase inflection point of 36 ca. 
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However, the pressure gradient over the t~o- and three-phase 

regions yielded a calcu!ated bed height of ~9 cm. It has 

been mentioned several times that the io~ solid/iiquia 

density differen=e of the plexiglass beads made calculation 

of the bed heights and pressure arsps subje~"t to larger 

potential errors than those associated with the other so!ins 

studied. Thus, with the possible exception of very 10w 

solid/liquid ~ensity difference systems, it is recommended 

that Eq. {39) be used to predict both the 

heights and the inflection points 

curves. 

in the 

expanded bed 

three holdup 

In summary, then, it is recommended that the fol!o~ing 

dimensionless uorrelations be used to construct phase holdup 

versus column position curves: (a} Equatisns {36}-(38) for 

estimating the ~as and solid phase h0!~ps in the two- and 

three-phase regions, (b) Equation (39} fsr ~ determining the 

inflection point in each of the three phase holdup curves~ 

and (c) Equation (~2} for calculating the standard deviation 

in each of the three phase holdup curves. 

Rll of the paz~meters employed in these _correlations 

[ Eqs° (36}- {~3) ] are expresse~ in CGS units. The 

correlations Nere based on a varying number of total points, 

depending on ho~ many of the points use~ were zero (i.e., 

V! ! £G' " eG' " ~G' and IG) and how many were associated with 

zero gas flo~ rates° Such points cou!d not be logarithm 

transformed and hence could not be Used in the multiple 

linear regression analysis. Also, a number of experimental 
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conditions were used such that the bed height was above the 

highest manometer tap. The transition between the three- 

and two-phase regions could not be 

conditions ; therefore, only the 

measured. 

Care should 

determine~ under such 

soli~ phase holdup was 

be exercised when applying these 

correlations to systems with physical parlmeters far removed 

from those used in this study. All of the beads used 

herein were spherical, and the remaining physical parameters 

covered in these correlations are given in Tables I and 2 

(see page 34}. 



CHAPTER 7 

CONCLUS IONS 

The minimum ~as and liquid velocities required to 

fluidize various types of solids were determined and 

correlated as a function of particle size, particle density, 

and liqui~ viszosity~ no effect of the initial bed height or 

column diameter was found. 

Overall phase holdups determined from a homogeneous bed 

model were combined with similarly determiaed literature 

data to yield correlations for the 3veral! solid and gas 

phase holdups. The overall solid holdsp, which was 

primarily a function of the liquid velocity, solid/liqui~ 

density difference, and the parh icle diem eter, v dried 

proportionally with the latter two parameters and inversely 

with the liquid velocity. 

primarily a function of the 

propor%iona! to it~ 

gas 

The 3veral! gas holdup was 

velocity and was~ almost 

An electroconductivity technique was adapted for use in 

three-phase fluidized beds and permitted meassrement of the 

local phase holdups to be determined as a function of 

position in the columns. This technique has sho~n the 

existence of a transition region as the bed goes from a 

three-phase to a two-phase system. The transition region 

where the solids concentration drops to zero was found to 
t 

increase in width with increasinq gas velocity, but was 

unaffected by changes in liquid velocity or co!urea diameter. 
I09 
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One disadvantage of the technique is that it can only be 

applied to systems with electroconduztive liquids. However, 

since most real or prototype systems either use water or can 

be simulated with a fluid capable of being l a d e  

electroconductive, this handicap is not overly restrictive. 

The technique can be successfully applie~ to a number of 

systems, incl~,ding porous alumina beads if a correction is 

made for their internal porosity. 

Using the seven parameters determine~ from the local 

gas and solid holdup profiles, it was possible to fit each 

of the holdup- versus-column height curves. Use of the 

dimensionless correlations of J ust five of these 

parameters-- e G''', eG''' eS'''' ~S , ~n~ H-- should give a 

reactor designer more information concerning important phase 

distributions than is available from the simpl~r homogeneous 

bed model, and thus aid in the rational ~esign of reactors 

in which local conditions throughout the bed must be 

considered. Of course, the correlations shoula not be used 

for conditions far beyond the range on which they are based. 
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