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Abstract

Cri t ical gas flow rates were measured for f luidizing i n i t i a l l y static

beds of particles and for sett l ing of fluidized beds in a stationary pool of

l iqu id. Experiments were conducted with beds of glass, nickel and UO2 par t i -

cles ranging in size from 11 to 548 urn in pools of water, ethanol, Freon-113

and water-glycerine solutions. Beds of particles smaller than 328 pm were

fluidized by a mechanism of individual particles being carried off of walls of

channels in the bed, and beds of particles larger than 328 wn slugged before

breaking up to a fluidized state. The data were empirically correlated.



- 1 -

The suspension or f luidization of solid particles in a two-phase gas-

l iquid f lu id has been of considerable interest in chemical processes and

recently in nuclear safety analysis. Dhir and Catton [1] and Cho, et a l . [2]

analyzed heat removal from nuclear core debris assuming f luidizat ion of the

particulate debris in boiling coolant. Extensive work has been conducted on

three phase f luidization with both the l iquid and gas phases flowing [3 ] .

However, in batch processes and certain special situations, such as boiling in

a bed of nuclear core debris, gas bubbling through a bed of particles in a

non-flowing or stationary pool of l iquid must be considered.

The c r i t i ca l gas velocity required to completely suspend or f luidize a l l

of the particles in a stationary pool has had some limited investigation.

Kato [4] measured the air velocity to completely f luidize glass spheres (74 to

295 ym) and magnetite particles (74 to 175 urn) in 0.2 H sodium su l f i te

solution. Kato correlated the data with the following functional relationship:

(1)

Roy, et a l . [5] correlated their data in terms of the maximum quantity of

solids suspended as a function of the bubble velocity. Their empirically

developed correlation depended on the superficial gas Reynolds number, Re-r,

based on the tube diameter.

. -0 23 Ut • ° - 1 8 -3
rtm=N, = 6> 8 4 x 10 [ReT MR * (TT-) ( Y 1 ) C ] ReT < 500 (2)max L i D R ^ '

-1 0 2 - 0 23 Ut "0<18 -3H m a v = 1.072 x 10 [ReT* NR ' U-) (y') C ] ReT < 600 (3)max L i D B
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where Cp = 1 - 0,5892 log ua + 0.1026 log2 y^ (p2 in centipoise).

The data were obtained for various solid materials ranging in size from

127 to 675 vim and water, alcohol, and various o i l s .

Narayanan et a l . [6] considered the minimum gas f luidization velocity as

a pickup velocity in which energy is transmitted from the gas phase to the

l iqu id . The velocity to in i t ia te particle suspension was theoretically deter-

mined to be:

A correction factor to adjust the theoretical value oc Umf to that exper-

imentally observed was empirically correlated as a function of solids concen-

t rat ion.

The gas holdup, Hg> was empirically determined to be:

H = 0.062 U U < 6.7 cm/s (5)

Hg = 0.133 U0-38 6.7 < U < 21.34 cm/s (6)

Their data was based on 84 to 508 urn quartz in water.

Imafuku et a l . [7] determined the cr i t ica l gas velocity to completely

suspend the particles in l iquid by observing the pressure drop. As for the

case of single phase f luidization the pressure drop across the bed increases

with gas velocity unti l the particles are f luidized. After incipient f l u i d -

ization the pressure drop is independent of gas velocity. They worked with
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various solid particles ranging from 64 to 180 \m in size and water and

glycerine solutions.

While the above cited efforts make a significant contributions in analy-

sis and data, correlations of incipient f luidization in the three-phase system

are basically empirical. The mechanisms of transfer of momentum from the gas

phase to the l iquid anc1 particulate phases are not as simple as for a single-

f lu id phase flowing througn a particle bed. Scheidegger [8] has summarized

a considerable amount of work on two-phase flow through packed beds. Tutu,

et a l . [9] recently experimentally and theoretically analyzed the forces

involved in momentum transfer from a flowing gas to beds of 3.18, 6.35, and

12.7 mm stainless steel spheres in a pool of water. These forces include the

gas-solid drag, l iquid-sol id drag, gas-liquid drag, and the surface binding

force. This work on two-phase flow through packed beds is lot completely

applicable to conditions of incipient f lu id izat ion. The gas flow through

unconfined beds of smaller and less dense particles w i l l force open channels

in the bed (this phenomena is described below). This changes the original

packing structure and alters the flow distribution through the bed. This

structural change as well as the various interacting forces involved severely

complicates modelling concepts. However, i f the packing remains f ixed, the

modeling can be simplif ied. Cho, et a l . [2] observed flooding to occur in

their bed of rather large dense particles (387 to 650 urn copper) before

f luidization began. Therefore, a correlation developed by Wen aid Yu [10] for

single-phase f luidizat ion could be used since the flooded bed contained essen-

t i a l l y no l iquid phase. The flooding velocities were calculated using the

correlation of Sherwood and Lobo as reformulated by Wallis [11] and were con-

sistently below the observed and calculated incipient f luidization velocit ies

for their copper particle beds.
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Where structural changes occur in the bed, i . e . , channel formation, cor-

relations of incipient three-phase f luidization are primarily empirical.

Impl ic i t in an empirical correlation is i t s l imitat ion to the range of varia-

bles in the data base. This work contributes additional data to expand the

data base and observations which should aid in developing models of incipient

three-phase f lu idizat ion.

Experimental

Experiments were conducted with Lucite columns 49.3, 50 and 100 mm in

diameter (see Fig. 1). Beds of 127 to 548-wm glass, 311-um nickel, and 11-jim

UO2 particles were f luidized. Water, Freon-113, glycerine-water solutions,

and ethanol were used for the l iquid phase. The l iquid level was at least 50

mm above the bed under static conditions (no air flow). In these tests, the

incipient f luidization velocities remained the same with this l iquid level or

higher levels. Air was dispersed at the base of the beds by a 0.312 mm thick

sintered stainless steel plate with an average pore opening of 10 urn. Pres-

sure taps were in the plenum beneath the gas distributor plate and at the base

of the bed just above the distributor plate. The pressure above the plase was

measured with a Statham Laboratories PM6TCb pressure transducer, and the pres-

sure below the plate with a Data Sensors, Inc. PB415 D-10 pressure transducer.

The bed pressure drop was determined with the pressure tap just above the

distributor plate. The line to this tap had to be continuously flushed with

l iquid to keep air bubbles from backing into i t . The pressure drop across the

distr ibutor plate proved inconsistent from experiment to experiment apparently

because of partial capillary clogging of the pores in the distributor plate.

The air flow was gradually increased unti l the bed was f luidized. Fluidiza-

tion was indicated by observation as well as by the pressure drop leveling off

without further increase as the air flow was increased. This behavior, which
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Figure 1. Apparatus for Determining Minimum Fluidization Velocities.
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was also observed by Imafuku et a l . 17], is identical to f luidizat ion by a

single phase f l u id . Assuming negligible resistance to air flow by the l iquid

phase the pressure drop for the fluidized bed is equivalent to the weight of

the particle bed. During f luidization the effective density of the l iquid

phase is increased by the weight of the suspended particles and this is

reflected in the pressure at the base.

Results

The minimum f luidizat ion velocity is plotted as a function of static bed

depth in Figures 2 to 4. Fig. 2 describes glass-water systems, Fig. 3 glass-

Freon-113 systems, and Fig. 4 11-um U02 in water. A complete data tabulation

is given in the Appendix. There is a significant difference in behavior

between glass particles 327.5 \im in diameter and larger in water and for par-

t icles 310 urn and smaller. The incipient f luidizat ion velocity for particles

310 um in diameter and smaller is independent of bed depth, whereas i t is

dependent on bed depth for particles 327 urn in diameter and larger.

The air flow forced open channels (~ 5 mm wide) in the particle beds of

both large and small particles. For beds of the smaller particles, the

particles were stripped off the channel walls un'-H a l l the particles were

suspended. Since the particles were individually removed from the channel

walls and carried up into suspension in the l iquid pool above the bed, the

velocity required for incipient f luidization was independent of the bed

depth. However, with larger particles the entire bed was observed to slug up

and down off the base before complete breakup to minimum f lu id izat ion. Since

the entire bed was elevated before large particle f lu id izat ion, the incipient

f luidizat ion velocity was dependent on bed depth (or bed weight).
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The same behavior was observed with the glass-Freon-113 beds. However,

the c r i t i ca l particle diameter of 390 pm was somewhat larger than the 327.5 ym

value for the water system. Buoyancy would be greater in the Freon-113, since

Freon-113 is denser (1635 Kg/m3) than water (998 Kg/m3).

The sett l ing velocity was determined by gradually decreasing the air flow

after the particulate phase was completely suspended in the l iquid pool.

There was a hysteresis effect in that the cr i t ica l velocity for the transition

from a suspended bed to a settled bed was lower than that required to

i n i t i a l l y f luidize a settled bed.

The f luidization mechanism is too complex for theoretical analysis of

incipient f luidization at present. The data were analyzed empirically by de-

termining the effect of each parameter on the minimum fu id iza t ion velocity.

These parameters we: 3 combined in the form of dimensionless groups. For the

smaller particles in which the minimum fluidization velocity is independent of

bed height the data were correlated by (see Fig. 5):

U* U f Dn P. 2 A Dn P. 9 ( P C - P J °*7 5 „ 0.375
, i _ K J ^ P _ l ) . 8 > 2 x 1Q-4 [ p i s i j { _ ^ j D <328 urn
Umf UZ wj g DJ(P S - P J I )

 P

or in terms of dimensionless numbers:

(gJL) R e ^ 2 = 8.2 x 10"4 N f
1 < 5 M E ^ ' ° '

3 7 5 D < 328 ym (7)
mf

The coefficient 8.2 x 10"* was determined by regression analysis for a'

curve with a slope of 1. The best least squares fit resulted in a curve with

a slope of 0.97 and a coefficient of 9.5 x 10~4. However, the data scatter

does not justify this precision.
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The cr i t ica l velocity for sett l ing of the particles was correlated by

(see Fig. 6):

(g£ ) Rest
2 = 8.67 x 10"5 N f

2 f ^ ' 0 - 5 0 D < 328 wn (8)

The cr i t ica l velocity for settl ing was not as precisely determined as

that for i n i t i a l f luidization since some judgment was required as to when the

fluidized bed began to collapse.

The terminal velocity was calculated from the following:

g 0 .71 D 1.14 ( ,0 .71

U t - 0.153 > Q ; 4 3 * (9)
PZ VZ

The correlations (7) and (8) are somewhat similar to

CD Re2 = 7 N f
2 (10)

used for determining terminal velocities. Rowe [12] used this functional

relationship for correlating the minimum f luidizat ion velocity for the single

phase flow of either l iquid or gas by correcting the coefficient of f r i c t i on ,

CQ, by a factor of 68.5 to account for the presence of the neighboring par t i -

cles. This is consistent with the observed mechanism of small particle incip-

ient f luidization in which individual particles are stripped from the channel

walls unt i l the entire bed is suspended.

The. 311 Mm nickel particles were somewhat smaller than the smallest size

copper particles (387 .vim) used in the tests by Cho, et a l . [12]. Since both

copper and nickel were the same density, i t was of interest to apply the

flooding cr i ter ia given in Wallis [10] to the 311 urn nickel particle bed. The

flooding velocity was calculated to be about 0.10 m/s, which is less than
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observed f luidizat ion velocit ies. I t should be noted that 311 vm is well

below the smallest packing size (6 mm) used for the flooding correlation. The

mi.iimum f lu idizat ion velocity for the 311 vm nickel particles based on a

flooded bed with only a i r flow through the part icle bed, using the Wen and Yu

[11] correlation is 0.26 m/s. This was below the observed 0.4 to 0.6 m/s

range for the three phase system.

For the larger beds in which the minimum f lu id izat ion velocity is depend-

ent on bed height the data were correlated by (see Fig. 7):

p. U 2 1.75 D2g(p-p, )*5 gDn
 1*° ,

r * " * ! [ * - * J L l [ P ] = 77.0 H-5 D_ > 328 ym
v 3 * "" umf

or in terms of dimensionless groups:

jmf3 '5 Umf~"5 F rmf"1 #° = 7 7 * ° H '5 Dp > 3 2 8 m

The above expression can De simplified to:

H . S g . 2 5 D 75 ( . j l . 2 5
U . = 77.0 .JL L Dn > 328 urn (12)

mf pU/5 Q v.b p

A least squares analysis indicated that the data would be better corre-

lated with H to the 0.55 power and a constant of 67.9. However, i t was f e l t

that the data scatter did not just i fy this precision. Therefore, a least

squares f i t was forced to H to the 0.5 power with a resulting constant of

77.0.

The c r i t i ca l velocity for settl ing of fluidized particles was correlated

by (see Fig. 8):



-15-

CO <
*

uuuu

1000-

100-

I

<

o - GLflSS - WRTER
• - GLRSS - FREQN 113
A = GLRSS - GLYCERINE SOL
v - GLflSS - ETHRNOL

o

V

3-O
c

[

*

c

i i

• &

r
c n

s
V

.fi

$ §

V

1

M

10 100 1000

Figure 7. Correlation of Minimum Fluidization of Particles Greater
v than 328 urn.



-16-

10000

CO +J

1000

100-
10

o - GLflSS - WRTER
a = GLflSS - FREON 113
A - GLflSS - GLYCERINE SOLN.
v - GLflSS - ETHRNOL

d6f
o

o

o
o

£_8_
Eg Q
1 v
inn

100 1000

H

Figure 8. Correlation of Critical Settling Velocities of Particles
Greater than 328 wn.



-17-

F r s t " 1 # ° = 57*7 H '5 Dp > 328 m

which can be rearranged to:

H-5 g ' 2 5 D - 7 5 ( P - P J 1 ' 2 5

ust = 5 7 '7
 p 1?75 p *& Dp > 328 ™

Without force f i t t i n g , the least squares analysis yielded H to the 0.57

power and a constant 43.1.

The data scatter was greater for the cr i t i ca l sett l ing velocity than for

the minimum fluidization velocity, and the data scatter was greater for the

larger particles than for the smaller particles. The onset of f luidizat ion

was more catastrophic with the larger particles. The entire bed slugged

before breaking up into the fluidized state. The breakup of the slugging bed

was not as sharply defined as the smoother process of f lu idiz ing the smaller

particles individually. The stabi l i ty of the particulate slugs was sensitive

to the column diameter. Within the range of data scatter, the minimum f l u i d -

ization velocity was observed to be inversely proportional to the column

diameter (to the f i r s t power). Narayanan et a l . [6] assumed a power of 0.5

for particles greater than 200 urn for their correction factor based on work at

slurry transport through pipes. Additional data are needed to confirm the

column diameter dependency for three-phase f luidizat ion since the current data

are limited to one series of measurements with 548 urn glass particles for two

different column diameters.
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Conclusions

1. Bed pressure drop increased with increased gas flow and then leveled off

after incipient fluidization in a manner similar as for fluidization with

a single phase fluid.

2. The critical gas velocity required for fluidization was independent of

particle bed depth for particles less than 328 wn. The particles were

individually stripped off the channel walls until the entire bed was

fluidized.

3. The minimum fluidization gas velocity required for beds of particles

larger than 328 wn was dependent on particle bed depth. These beds

slugged before breaking up into a fluidized state.

4. Further work is needed on ttie effect of tube diameter.

5. Further analysis is needed to determine the criterion for beds fluidized

by stripping of individual particles off the channel walls and for beds

fluidized by breakup of slugging.
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NOMENCLATURE

CQ drag coefficient

Cy viscosity correlation factor

Dp particle diameter

D t tube diameter

Fr Froude number, U^/g Dp

g acceleration due to gravity

H static particle bed depth

Hg gas hold up

H£ static liquid depth
Hmax maximum quan t i t y of so l i ds t h a t can be held i n suspension

Hs so l ids concentrat ion, Kg of sol id /Kg of l i q u i d

HsA static slurry height

i* up/'Mg VP S -P £ )J - 1 / 2

L bed loading, kg/m2

N B modi f ied bubble f low number, a/Ug v^

NEo Eotvos number, 9 D
p
 { p

s "
 pl)/a

N f inverse v i s c o s i t y , [D 3 PA g ( P S - P ^ ) J 1 /

Re Reynolds number. U D Pl/^SL

ReT U DT p^/jijj

U superficial gas velocity

U* U V/Q\ g ( P S - p £ )

Up bubble velocity

U m terminal velocity of largest particle

Ut particle terminal velocity in liquid phase

s particle bed voidage



-20-

Y

y'

H

pg
p*

ps

a

•

wettability factor

Y less wettable solid/Y most wettable solid

liquid density

gas density

liquid density

particle density

surface tension

shape factor

Subscripts

mf

st

minimum fluidization

settling
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. r- r. r- f - f - r . r . r- 1*. r- r- r- r- . r . f- : . f*. 1 - p . i »

• c - •?• <j« j - •*• ••»• •?•

© "3 -3 © -3 © -3 •: i © © © O © © 3 -3 © 3 © © © © © © © © © "• © -3 © -3 © © © © © © © © © © -3 C

. r-. •••- r. p. f» r. f- I - f • r

i © •=• © © © © © © © {

CO CO © © © © -3 © © © IP tp ' 3 © -3 © '3 U* IP ti*- If* O © tft IP © © IP ii"4 V* IP -3 © tf^ !J> -3 © b"» IP U*1 IT* © •:
w* ^* p̂ ^ *£̂  ' ^ 1 'i *™̂  ^^ p̂ vT^ u^ ^ • *T* C1 ^^ ^^ '*•! *""( "̂1 ' ^ ^^ 4("' P» I*™ '3 C1 1 'J **•/ *'J i*'i U™' ^^ f"~ P* '3 *3 *"•! *̂J "̂™ ' ™ "3 **

•» •-»* r - I s- © • ? •

© © © -3 © © -Z> • ! © 3 © © '3 -3 © © © •- 3 © © © © © C- O © © 5 3 C

»Vi i v . ^ i ^ . ^ «^ i ^ 1^. <̂ i »̂» ^^ ^^ »̂» I^J ^ji t ^ i ^ y . y™i ^*| j | ^ I^I .^i ^ •< ^*f (^i i ^ ^^ ^^ j * i ĵ
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