o
A
ORNLTM6448 NTls

One Source. One Search. One Solution.

) HYDRODYNAMICS OF THREE-PHASE FLUIDIZED
BEDS |

OAK RIDGE NATIONAL LAB., TN

JUL 1978

U.S. Department of Commerce
National Technical Information Service




One Source. One Search. One Solution.

Providing Permanent, Easy Access
to U.S. Government Information

National Technical Information Service is the nation's
largest repository and disseminator of government-
initiated scientific, technical, engineering, and related
business information. The NTIS collection includes

almost 3,000,000 information products in a variety of

formats: electronic download, online access, CD-
ROM, magnetic tape, diskette, multimedia, microfiche

and paper.

Search the NTIS Database from 1990 forward
NTIS has upgraded its bibliographic database system and has made all entries since
1990 searchable on www.ntis.gov. You now have access to information on more than
600,000 government research information products from this web site.

Link to Full Text Documents at Government Web Sites
Because many Government agencies have their most recent reports available on their
own web site, we have added links directly to these reports. When available, you will
see a link on the right side of the bibliographic screen.

Download Publications (1997 - Present)
NTIS can now provides the full text of reports as downloadable PDF files. This means
that when an agency stops maintaining a report on the web, NTIS will offer a
downloadable version. There is a nominal fee for each download for most publications.

For more information visit our website:

www.ntis.gov

o
fxg\ U.S. DEPARTMENT OF COMMERCE

- Technology Administration
‘\ k : National Technical Information Service
gt Springfield, VA 22161



ORNLTM6448
L UL AT IO B ORI

ORNL/ TM-6448

Contract No. W-7405~eng-26

CHEMICAL TECHNOLOGY DIVISION

HYDRODYNAMICS OF THREE-PHASE FLUIDIZED BEDS

J. M. Begovich

This report was prepared as a thesis and submitted to the Faculty of the

Graduate School of The University of Tenmessee in partial fulfillment of
the degree of Master of Science in the Department of Chemical,
Metallurgical, and Polymer Engineering.

Date Published: July 1978

OAK RTDGE NATTONAT. LABORATORY
Oak Ridge, Tennessee 37830
operated by
UNTION CARBIDE CORPORATION
for the

DEPARTMENT OF ENERGY

—
—



RCKNOWLEDGMENTS

This research was sponsored by the Department of Energy
undsr contract with the Union Carbide Corporation.

The writer wishes to acknowledge +the support and
numercus helpful suggestions of Dr. J. S. Watson of the
Chemical Technology Division, Oak Ridge Wational Laboratory
and the Chemical, Metallurgical, and Polymer Engineering
Department, University of Tennessee.

The writer is grateful to K. Je Beach of the
Tennessee Technological Gniversity, J. D. Cohill and M,
R« BHcClure of the University of Tennessee, D. Sellinger of
the Georgia TInstitute of Technology, and J. D. Hewitt of -
the Chemical Technology Division for their assistance in the
ccliection of data.

The writer is particularly indebted to C. L.
Begovichk, his wife and a member of the Computer Sciences
Division of the Oak Ridge National Laboratory. She not only
was constantly supportive and understanding, but she was
also responsible for a large: part of the typing and computer
analysis presented herein.

Special appreciation is expressed to M. G. Stewart of
the Chenmical Technology Division for editing this
manuscript. The 1lime drawings were prepared under the
supervision of R. P. Eiwards of the Engineering Division,

Oak Ridge Wational Laboratory.

iii




ABSTRACT

The hydrodynamics of three-phase (gas-lijuid-solid)
fluidized beds has been studizd in two columns with inside
diameters of 7.62 and 15.2 cm respectively. The ainimum gas
and liquid velocities necessary to fluidize varioas types of
solids were determined and correlated as a function of the
particle size and Jensity and the 1liquid viscosity; no
effect of the initial bed height or column diameter was
found.

Overall phase holdups, or volume fractions, determined
from a homogeneous bed model were combined with similar
literature data to yi21d correlations for the overall gas
and solid phase holdups. 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 salid/liquiad
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 systen.
The holdup profiles were fitted using the error function,
and the mean and standard 3Jeviation of the solid holdup
profile, along vith the gas and solid holdups in the regions
vhere they were constant, were measured for each set of run
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conditions, Gse of these <five parameters, which were
correlated with the physical parameters of the systenms
studied, permits each of the three phase holdup profiles to
be predicted. This gives the reactor designer more
information concerning phase distributions than was
available previously; thus it will aid in +the design of
reactors where 1local conditions throughout the bed nust be

considered.
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CHAPTER 1
INTRODUCTION AND SIGNIFICANCE

B 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 the
solid phase by the upward cocurrent filow of gas and 1liguid.
The 1liquid forms +the continuous phase, while the gas ard
solids are discontinuous phases. Applications for this type
of system ipclude the hydrogenation of 1liguid petroleum
fractions [Pichler et al., 1957], the hydrogenation gf
unsaturated fats, liquid-phase methanation [Blum and Toman,
19771, coal conversion processes, and some biological
reactors [ Scott et al., 1976 I.

0f particular interest is the coal liguefaction process
known as the WH-Coal processY [Hellwig et al., 19687, whickh
involves cocurrent contact of hydrogen with a slurry of
dried and ‘pulverized coal in a coal-derived liquid in a
reactdr containing fluidized catalyst particles. sSimce the
use and importance of three-phase fluidized beds are
expected to increase with development o0f coal conversion
processes, a program was initiated in the Advanced
Technology Section (formerly the Experimental Engineering
Section} of the Ckemical Technology Division of Oak Ridge
National Laboratory to study the opsrating characteristics
of these contactors. Rlthough sore mass transfer

experiments had been conducted in three-pkase fluidized beds
1
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[Saad et al., 1975; Burck et al., 1975], it became apparent
that the hydrodynamics of these reactors was not understood
well enough to permit meaningful interpretation of the mass
transfer data. In addition, accurate design of three-phase
fluidi zed bed reactors is complicatel by such factors as (a)
knowledge of the @minimum fluid velocities 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 a limited amount of data
exists for predicting minimum fluijization velocities in
three-phase fluidized beds. Once these hydrodynamic
characteristics are known, mass transfer experiments can

then be intelligently planned and the results accurately

interpreted.




CHAPTER 2

THEORY

Measurement of Holdups and Minipup Filuidization Velocities

The holdup of one phase in a multiphase system is
defired as the fraction of the systenm volume occupied by
that phase. Thus, a three-phase £flvidized bed has three

suck volume fractions related by the following equation:

£ + €e + g = 1, &)

where
g = holdup,

and subscripts

G gas phase,

L

liquid phase,

5 solid phase.
If wall shear effects are mneglected, the volunz
fractions are also related to the pressure drop over the bed

[Ostergaard, 19717:

AP = gH(stL + eqh, F esps) s (2)
where
AP = pressure drop over the bed,
g = acceleration due to gravity,
H = expanded bed height,
p = density.



u
The solids volume fraction can be calculated €from the

expanded bed height using Eq.(3):

€g = MS/QSAH s (3)
where
Ms = total mass of solids,
A = cross-sectional area of the bed.

Equations (1)-(3) are sufficient to solve for the three
holdups, provided the pressure drop and 2xpanied bed height
measurements are accurate. Gas holdup can also be
determined by simultaneously stopping all flows and
measuring the settled liquid height, HL . Th2 gas volume

b

fraction is then calculated since

e .= (d, - H O)/H , ()

where

HL = dynamic height of the liquid in the column.

The gas and liquid holdups could be determined from
measurements of the mean residence times of th= fluid phases
using tracer techniques. These techniques measure the

actual 1linear velocities in the bed. The volume fractions

are then easily calculatead:
e. =10 /ﬁ ’ (5,

e, =U /U, (6)

where
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U

superficial velocity based on ar empty colunrn,

G

#

actual velocity in the bed.

The minimum fiuid velocities requireid to achieve
filuidization are determined by measuring the pressure &rqp'
across the bed. At the minimum fluiiization valocities, the
upvard inertial and drag forces exerted on the sclid
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 fluidization until

entrainment occurs.

Discussion of Holdup Heasurement Technigues

o e ™ e m——

Use of Egs. (1)-(3) to determine the three phase
holdups requires an accurate measurenent of the expanded bed
height and =assumes that each phase volume fraction is'
constant over this bed keight. This is, in general, true
for heavy or large solid particles and mﬁderate flow rates.
Virtﬁally all tke data from the literature have been
reported for such systems. While some processes - are
expected to operate withk distinct bed heights, it is quite
likely that the flov rates and solid particle &enéities in
many processes will be in operating regions where the bed
heights are not clszarly defined and the volume fractions are
not gniform over the entire bed.

An example is shown in Fig. 1, where -8+10 mesh
alurina was <fluidized by water and air in a 7.62-cm-ID

rlexiglass column. The water and gas velocities were 2.5
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7
and 3.8 cm/sec, respectively. Alumina, which has a density
of appro#imately 1.8‘g/cm3, is the most 1likely catalyst
support for a coal liquefaction process. As can be seern in
the figure, the fluidized bed does not occupy the entire
column, The concentration of solids appears to be uniform
in the lower sectior of the column, while a more dilute
region exists in the middle. Above sanmple port 5, the
column is essentially a bubble column witk wno solids
present. The bed height is certainly not distinct;
therefore, Eg. (3) could not be used.

A bed height could be obtained from the measured'
pressure gradient as suggested  by Kim et al. t1972] and
Bhatia and Epstein [1974 ]. The bed height obtained in this
manner, kowever, is that height at -wﬁich the pressuré
gradients in the two—- and three-phase regions intersect, as
showyn in ¥Fig. 2, and is based on a uniform bed. As shown
in Fig. 1, this is an unrealistic assumption at high fleid
fiouy rates.

| By simultaaeously.shutting off all filows, one could use
EQa (8) to obtaier anr average gas volume fraction over the
entire column. The gas holdup in the fluidized-bed region
could be separatei from that in the bubble column region by
using tvo differsnt bed heights. This results in two
simultanecus eguations which carn bz solved fﬁr the holdups
in the fluidized bed ard in the baubble column.
Unfortunately, this method alsoc reguires distinct bed

heights.
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Another possible method for obtaining ths solid holdup
as a function of height (and thus ths remaining holdups
using Egs. (1) and (2)) is a photographic technigue
[Watson, 1975]. Pictures taken of a bed with a known ratio
of particles distinguishable from the remainder of the solid
particles in the bed can be statistically evaluated for the
incremental solids volume fractiomn.

Use of a tracer technique and Egs. (5) and (6) vyvields
an average value for the liquid and gas holdups over the
measurement interval. Consequently, the koldups could be
obtained at various bed heights by selecting sufficiently
small measurement intervals. However, since the fiuids filow
cocurrently, the measuring devices would need to have
shorter (fasfer) response times than those presently
availebie.

kn electrical conductivity method for obtaining the
liguid holdup in two-phase packed beds has been described by
Achwal and Stepanek [ 19757]. Although thsse investigators
applied the method only to a packed column with no liquid
fiow, it could also be utilized for incremental sectiors of
a three-phase fluidized bed. Their method involves.
measuring the conductivity of a liguid between two
electrodes. The condactivity of a liquid system with a
fixed ion concentration at constant conrditions is
proportional to the cross-sectional area of the corducting
liquid and inversely proportional to the length of the path

between electrodes. Thus, if the tortucsity factor ramains
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approximately constant, the conductivity should vary 1in
proportion to the liquid volume fraction between the

electrodes:

e =YY, (M

where

Y conductivity in the bed,

Y conductivity in the liquid alone.

o}

Similar procedures based on the same principle have
been reported by several investigators. Turner [1976]
measured the conductivity of liquid fluidized beds of both
conducting and nonconducting solids. He founi that his data
for nonconducting solids followed the Maxwell [1881)]
equation, simplified for the case of nonconducting-

particles, as follows:

Y/Yo = (1 - ES)/(l + eS/Z) . (8)

For two-phase fluidization, Eq. (8) can be presented in

terms of liquid holdup as:

e, = GYNY)/Q2+y/y) . (9)

Other investigators have proposed equations which yield
results similar to those given by thz Maxwell equationg
these have been reviewed by Meredith and Tobias (1962]).
Buyevich [ 1974] and Prancl and Kingery [1954] measured
the thernal conductivity of granular beids ani, through the

lathénatical analogy between thermal and electrical
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conductivity, arrived at Eq. (7). OuT own measurements on
two- and three-phase fluidized beds, as will be shown later,
also indicate that Eg. (7) was more applicable.
Once the liquid holdup is deterrineld as a <function of

height in the bed, Egq. (1) as well as a modification of Eq.

(2),
dp/dh = g(ELpL +€Pg F Eg0S) s ‘ (10)

vhere

h = axial column position,
can be used to obtain the solid and gas holdups as functions
of height. This method does not reguire a distinct bed
height and hence allows the study of systems with high fiuiad .

flow rates, which are of particular commercial interest.



CHAPTER 3
LITERATURE SURVEY

Three~phase fluidization has only recently become the
subject of systematic research. Thas, the relevant
information available in the 1literature is scattered and
incomplete. This review will consider each hydrodynamic
variable separately and will include the overall holdup of

each phase and minimum fluidization velocities.

Gas Holdup

Adlington and Thompson [1965] reported results fronm
experiments on two systems. In the first system, alumina
particles with diameters ranging from 0.3 to 2.7 =am vwere
fluidized by whit2 spirit in a 7.62-cm-diam column. The bed
height varied from 0 to 610 cn. In the second systen,
0.3-mm-diam sand particles were fluidized by water in a
25.4-cmp-diam column with bed heights ranging from 0 to 2ug
cm. Qualitatively, their results showed that the gas holdup
(@) increased with height up the column, (D) increased
markedly with gas rate, (c) was inlependent of liquid flow
rate over the rangs investigated, anl (d) was independent of
the settled bed height. They also found that the presence
of solids had 1little influence »>5n 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 comparai to a solids-free system, particularly in
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the denser beds pravailing at lovwer liggid flov rates.

Visvanathar 2t al. [1964] measared gas holdaep in a
5.08-cm-diam column using air,‘water, and both glass beads
and gquartz particlies. The glass beads vwere 8 mm im
diameter, while ths quartz particles had diameters of either
0.928 or 0.649 mn. The holdup  was determined by
simultaneous closing of two valves within the fluidized bed.
In comparing the three-phase fluidized bed with a bubble
colurn, they fournd that +the presence of the glass beads
increased the gas holdup, whereas the presence of the quariz
particles decreased the gas holdup.

Skerrard [1966 ] estimated thke gas holdup by
measurenents of gamma-ray transmission immediately above the
bed surface in a column that was 6.35 cm sguare and 183 ce
long. Water and air were used as the fluidizing media.
Sherrard's results showed that gas holdup decreased with
increasing 1liguiid flow rate in beds of 6.35-mr glass
spheres, 6.35—mm acrylic spheres, and 12-14 meshk lead@ shot,
whereas it was independent of liguid flowv rate in beds of
12-184 mesh and 36-UL4 mesh glass beads.

Schugerl [1967 ] measured gas hsldup in an air-water
fiuidized bed of 0.25-mnm solid particles in a 13.5-cn-dianm
column by sipultaneousliy stopping all flows. ARithkoagh the
amount of solids used was low (2 kg of solids in a 46-liter
column), it wvas observed 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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systems increased with air flov rate and decreasel with
vater flow rate.

Vail et al. [1970] studied an air-water-solids systenm
in a 14.6-cmn-dianm colunmn 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 wvere used: (a) 0.73-mm-diam glass
beads, (b) 0.77-am~diam alumino-silicate particles, and (c)
0.740-mm alumino-cobalt-molybdenum particles. The gas
distributors were perforated plates with free zross sections
of 1.03 and 0.26% of the vessel's frze cross saction. These
investigators found that the gas holiup was directly
proportional to the gas/liquid velocity ratio, inversely
proportional to the solids concentration, and independant of
the free cross section of the distributors usei.

Efremov and Vakhrushev (1970] studied air, water, and
glass spheres in 10~cm-diam fluidized b2is. Five sizes of
glass spheres, with diameters ranging from 0.32 to 2.15 ana,
were used. The amount of solids used variad from 1 to 9 kg.
The gas holdup was determined by using the differencs of the
change in manometer readings of the entire column and the
bubble column region divided by the bed height. They found
that the gas holdup increased with gas flow rate and
decreased with increasing solids concentration.

Osterqaard and Michelsen [ 1968] measured gas holdup for
air-water fluidized beas of 0.25- ,1- , and 6-am glass

spheres contained in a 21.6-cm~-diam -olunmn using a tracer



15

rethod over the enrtire bed. They found that gas holdup
increased with increasirg gas velocity for all solids used.
For beds of 6-an spheres ard a babble column, gas holdup
decreased ¥vith increasimg 1liguid velocity. However, £for
beds of smaller particles, gas holiup increased with
increasing liguid velocity. The gas holdup was alse found
to be markedly lover for beds of spall particles (0.25 and 1
mn) than for solids~free systemss fhe reverse was true for
beds of 6-mn particles. Hovever, as the liquii velocity wvas
increased, all three solids systens teadei-to approximate to
the values for gas holdup ir a bubble column.

Bhatia and Epstein [ 1974] utilized two methods im
measuring gas holdup for air-vwater fluidized beds of 1-mm
glass spheres ard 2-mn lead shot in 3 5.08-cm-diam colugmn,.
These were: (a) the simultaneous shutoff of 211 filows, and
(b) measurensnt of the pressure graiient. Although their
bed heights were not distinct, an -experimental bed hkeigkt
was determined by finding the interssction of the pressure
gradient over the three-phase region with that over the
bubble colunn region. Bed heights obtaired in -this manner
represent the height of the three-phase region for uniform
solids distribution, whereas the visuwal upper limit of
solids may be considerably higher. 6Gas holiup irn bads of
1-mn glass spheres increased with imcreasing gas f£flow rate
but was unaffected by liguid flov rate. Gas holdup was
siightly less in the thrée—phase system than in a bubble

colunn. Gsing beds of 2-mn lead shot, thess investigators
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found that the gas holdup decreased with incresasing liquid
flow rate and was proportional to the gas flov rate.

Kim et al. [ 1972] studied gas holdup in a
"two~dimensional" bed of 6-mm glass spheres fluidized by air
and vater. The column was 244 cm high by 66 ca wide by 2.54
cm thick. They found that the presence of the solids
decreased the gas holdup as compared vith a bubble column.
Gas holdup again increased with increasing gas flow rate and
decreased slightly with increasing liquid flow rate.

Bloxom et al. (1975] studied gas holdup in a
7.62-cm-diam columa using air, wvater-glycerol solutions, and
4.6-ma glass spheres. They found that the gqas holdup wvas
unaffected by the viscosity of the liquii in the range 1 to
11.5 cP and vas only slightly influencel by the 1liquid

velocity. Their data fit the following correlation:

0.100

€, = 0.150(u 0, /U 0, 8) , (11
vhere
€ = overall phase holdup,
Oy = liquid~-gas interfacial tension.

Solid Holdup and Bed Porosity

Bed porosity is defined as the volume fraction of the
bed not occupied by the solid phase. Thus, bel porosity, €,
is the sum of the gas and 1liquid volume fractions. Using

BEgq. (V) :

E=¢e +e =1-¢ . (12)
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An examination of Eg., (12) shows that a discussion of bed
porosity is actually a discussionr of solii holiup.
When a bed of particles is fluidized by a 1liquid, the
porosity of the bed is proportioral to ths liquid flow rate

and has been empirically correlated by Richardsonr and Zaki

(1954 73:
= 1/n
€ = (Ui/Ut) s (13}
vhere
0, = terminal free fall velocity of the particle,
n = a function of the particle Reynolds number at G..

However, if the liquid floy is maintained at a constant
level, thke introduction of gas can sonetimes decrease the
bed porosity. This unique phemomenor has been +the subject
cf considerable study.

Stevart and Davidson [ 1964] have advanced the following
explanation based@ on experiments with 0.046-cm-diam glass,
iron, and lead beads in a 0.635~cR X 6.35-cm two-dimensional
colunn. As an air bubble rises through the water-fluidized
bed, it is followed by water which is almost particle-free.
They described this wvater as a wake and assumed that it
traveled at a velocity similar to the bubble vzlocity, which
may be much greater than the average liguid velocity. For.
the same superficial 1iguid velocity, the actuwal 1liquid
velocity in the liquid fluidized phase is therefore reduced
and the bed porosity decreases in the manper indicated by

Eg. (13).
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Efremov and Vakhrushev [1970], using the systen
described earlier, found that the bed porosity decreased
with increasing gas and decreasing liquii flow rates in beds
of 0.61-mm-diam glass spheres. The effect of liquil 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 wer2 founl to be in good
agreement with the data of Ostergaarl ani Thiesen [1966 ].

Rigby and Capes [ 1970] reported similar results using
three sizes of glass beads (0.29, 0.47, and 0.775 mm diam)
in a 10-cm-diar coluan. They defineld another volume
fraction, €y as the fractional bed volume occupied by
bubble wakes and studied the ratio %J/gcf - This ratio was
directly proportional to the particle diameter and the
liquid flow rate but inversely proportional to tha gas
bubble diameter and gas flow rate. From a photographic
study of the 0.775-mm particles in a two-iimensional column
(15 x 45 x 0.7 cam), they also concluled that the contraction
of a liquid fluidized bed upon injection of a jas 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 Michelsen [1968], using the systen
described previously, found bed porosity to be strongly
affected by particle size. Their results showed that the

porosity of a bed of 6-mm glass spheres was proportional to

both liquid and gas flow rates for a superficial gas
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velocity less thar 15 cm/sec. At higher gas velocities, gas
slugs formed whick increased the bubble rise velccity and
decreased the bed porosity, In beds of 3-mm particles, fiow
changed from a bubble breakup regime for high 1liquid fiow
rates and low gas flow rates to a bubble-coalescence regime
for high gas flovw rates. They observed that, as the 1iquid
velocity was reduced, the transition from the bubble breakup
regim= to the coalescence regime took place at 1ower gas
velocities: finally, at very low 1liguid velogities,
coalescence Voccurred at all gas velocities. During
operation in thes bubble breakup regime, the bed porositf
increased with increasing gas vélocity; howvever, during
operation im tha coalescence rtegime, the bed porosity
decreased with increasipg gas velocity. rhﬁs, in beds of
1-mm particles, w#here coalescence occurred evea at low gas
fiow rates, the bsi porosity décreased with increasing gas
velocity.

Dakshinamurty et al. [1971] studied the . effects of
particle size, dp « and demsity, 1iqﬁii—gas interfacial
tension, and fliuid flow 1rates on bedi ©porosity in a
5.6-cn-diam coluni. They observed a. reduction irn bed
porosity upon injection of air into liquii fluidized beds of
0.13-cm rock wool shot and 0.33-cm gléss beads in water and
beds of 0.106~ and 0.22-cm sand particles in water. These
systens correspond to operation in the bubble coalescence
regime. For systems operating in ths bubble bréakup regime

(0.49-cn and 0. 68-cn glass beads in both water and kerosezng,
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O0.3-cm iron shot in both water and kerosenz, and the above
rock wool shot and glass beads 1in kerosené), the bed
porosity increased with increasing gas flow rate. They

correlated their results as follows:

for R%:> 500,

€ = 2.65(u, /0% (/0,000 (18)
for Ret< 500,
€ = 2.12(UL/Ut)O’41 (uLUG/cLV)O‘O8 , (15)
where
Re, = Reynolds number = %}%dp/uL,
W= liquid viscosity.

In a later publication [ Dakshinamurty et al., 1972], these
investigators changed the coefficient in Eq. (14) from 2.65
to 2.85. They claimed that the porosity can be estimated
with an average deviation between 3.7 anl 5.6% by using Egs.
(14) and (15).

Bruce and Revel-Chion [ 1974] tested Egs. (14) anl (15)
for 2- , 4- , 6- , and 8-mm-iiam glass spheres in a
4.63-cm-diam column. They concluded that the correlations
of Dakshinamurty were limited to gas flow rates of less than
7.5 cm/sec. In addition, they observed that contraction of
the bed upon injection of a gas occurred only when the
2-mm-3iam particles were used and when the2 1liquid velocity

was less than 14 cm/sec.
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Bhatia et al. [1972], in a commenrt upon the paper by
Dakshinamurty et al, [1971],- Teported bed porosity
experiments in a 5.08~cm—diam column using i-mm glass beads
and i1-mm Teflon-coated glass bheads. At each liquid velocity
used, the beds of clean glass beads contracted with the
injection of gas, whereas the beds of Teflon-coated beads
expanded. They explain these results in terms of the Ywork

> [ ] .
of adhesion, WSL :

Y
WSLV = O‘LV (L 4+ cos @ (i6)
where
Wy = the emergy that must be expenied par
unit interfacial area to separate a solid phase
and a liguid phase in the presence of a gas,
@ = contact angle of the liquid on the solid

surface in the presence of the gas.
Thus, the increase of © from 0 for glass to almest 7
for Teflon particles brings about a continuous decrease in

cos© and hence W Therefore, bed expansion, instead of

SLv*®
an expected contraction, may occur upon introduction of gas
flow.

Using their previously described system, Kim et al.

[ 19727 concluded that a critical particle size existed which

determined the type o0f three-phase flnidization--either

bubble coalescence or bubble breakup. For particles having
a density similar to glass (2.5 g/cm3), this critical size

was about 2.5 mm. In a later paper [Kim et al., 19753, they
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report results using the same ejuipment with various
solutions to test the effects of 1ligquid viscosity and
surface tension. From an analysis of literature and their
data, they founi that solids having a minimum fluidizing
velocity in the liquid phase alone of less than 1.28 cm/sec
initially contracted upon injection of gas into the bed but
expanied 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 correlations, in terms of the Weber and Proude
numrbers, have stanlard errors of estimate equal to 0.040.

Using continuity considerations, Epstein [ 1976] shoved
that the inital contraction or expansion of a liquiGA
fluidized bed upon introduction of gas could be predicted by

the following:

n = KVS
Y= (G + 00 - A+ U +—7] 17
where
¥ = criteria for expansion or contraction of bed upon
injection of gas,
K = ratio of wake volume to bubble volume,
v = relative slip velocity between gas and ligquid.

S
A positive value of y signifies a bed expansion, while a

negative value denotes contraction. An estimate of K for

zero gas holdup is obtained from:

K = 3.5(1 - es)3 . (18)
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For bubbly flow, the siip velocity is the rising bubble
velocity, as detsrmined experimentally, while the following

is used in slug flows
vg = 0.2 U +0.35 /EB: , (19)

where

D, = colump diameter.

Epstein applied Eg. (17) to the data of Bhatia and Epstein
[ 1974] and correctly matched the experimental resualts in all
of the 31 ruas corducted.

Razumov et al. [1973] measured the solid holdup in a
30~cm-diam column using a capacitance probe. For these
neasuremnents a wids size distribetion of quartz sand with an
equivalent mean diameter of 0.82 mnm Was fluidized by air and

water. Their data yielded the following dimensional

correlation:

Eé = 0.578 - 0.03198 U - 0.00538 U, - (20)
Sazd et al. [1975] fiuidized 6.2-mm alumina beads by
air and water in a 7.62-cm-diam column and found that the
bed porosity increased for both increasing 1liquid and gas
ficw rates. However, Burck et al. [1975]'used the same
system and found the bed porosity to be independent of gas
flow rate. Iﬂ addition, results obtained by Burck using
6.3-pn plexiglass and 1.9-mn alumina beads 1led him to
ccnclude that the bed porosity was inverssly proportional to

the particle density.
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Bloxom et al. [1975] combined their data obtained for
bed porosity on the system previously described with data
obtained by Khosrowshahi et al. [1975], who used the same
system with 1.9-mm and 6.2-mm alumina beads, and found the

following correlation:

0.094 -0.026
a

€ =1 - €g = 1.027 FrL G L s 21)
vhere
2
Pr = Froude number = li/gdp p
3 2
Ga = Galileo number = dp‘%ﬁ/uL .

Bloxom also abstracted more than 1200 points from the
literature and, after combining all the data, obtained the

following correlation:

€=1-¢c =0.427 Re. 027> ¢, 70.171

S L L (22)

Liguid Holdup

Razumov et al. [1973] studiel 1liquid holdup in a
9-cm-diam column using sand and slag beads for the solid
phase, with the average 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 over the entire column prior to flow stoppage.

Their results yielded the following correlation:

0.562

e - 0.0182 U, (23)

= 0.422 + 0.0180 UL/dp

d = average particle diameter, cm,
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1

i

[E,i 4 cn/sec,

1

ia

Ug:i 5 cn/sec.
The difference between the experimental data and the values
calculated by Eg. (23) did not exceed 10%.

Mukherjee et al. [1974] measursd liquid holdup in a
S5.2-cm-diam columr 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 Jensities of 2.92, 2.86,
2.92, and 2.78 g/cm3® respectively, were ussd as the solid
phase. Liguid holdup was found to increase with increasing
1iquid velocity and decreasing gas velocity.. At the sanme
time, 1ligquid holdup decreased with an increase in particle
size until it reached a critical valee (2.8 mm) beyonrd which
it increased with further increase in particle size.

Michelsen and Ostergaard [ 1970] measured liquid holdup
in Yeds of - , 3- , and 6-nm-diam glass sphefes in a
15-cm-~diam colums using a radioactive tracer. They £found
that the liquid holdup increased with increassd liquid flow
rate, decreased gas flov rate, and decreased particle size.
The same investigators [Ostergaari and Michelsen, 1968 ]
found similar results in a 21.6-cm-diam column for beds of
0.25- , 1- , and 6-mm glass spheres.

Kimn et al. [1972] studied 1liquil holdup in their
previously described system using the pressure drop over the
bed and the bed height to calculate the 1liquii holdup. The
solid phase was either 6-mm glass beads or 2.6-mm irregular

gravel. They observed that the liquid holiup increasei with



26
increasing gas aad liguid velocity, and that it was greater
in the bed of jravel than in the bed of glass beads. OUnder
ths same experimental conditions, they found that the
presence of solids reduced the liquild holdup, as compared
with a bubble =column. In a related study [Kim et al.,
19751, the investigators found that the 1liquid holdup
increased with viscosity, the effect being more marked as
the particle size decreased. The 1liquid holdup decreased
with increasing surface tension (40 to 73 dynes/cm), in beds
of 1-mm glass beads, but was proportional to the surface
tension in beds of 2.6-mm gravel. The following

dimensionless correlation was obtained:

€ = 1.504 Fr 0.234 Fr ~-0.086 Re -0.082 we0.092

L L G L ’ (24)
where
Re = Reynolds number = Ig_“d;kﬂv v
We = Weber number = UGV/OLV .
V = generalized viscosity constant = k8™t
k = fluid consistency index,

standard error of estimate = 0.039,
In a comparison of Egs. (24) and (23), Kim found that the
correlation of Razumov slightly underestimates the liquid
holdup. However, it should be noted that E3. (23) was

derived from experiments in which the only liquid phase used

was vater.
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Bloxom et " al. [1975], using the system described
previously, found liquid holdup to be directly proportional
to the liquid viscosity and velocity. They obtained the

following dimemsional correlation:

- 0.269 __ -0.146 -1.072
e = 0.4 -
5 51 U U (pg = o) s (25)

where the velocities are in cm/sec and the densities are 1in
g/cn3. They were unsuccessful in €iniing a correlation

which combined their own data with data from the literature.

Minipup Fluidization Velocities

Wen and Yu [1966 ] combined experimental and literature
data on two-phase fluidized beds and arrived at the
following correlation, which is applicable to both 1liguid

and gas fluidized beds:

Re_ = V(33.7)2 + 0.0408 Ar - 33.7 (26)
where
Rene = Prlnedp/ip s
3 2
ar = 4o (pgmepde/u " .

Burck et al. [1975], in their systam described
previously, pressnted the minimum fluwidization velocities
for three-phase fluidized beds as a function of packing and
initial bed height. These results are shown in Fig. 3. It
can be seen that I&umf decreased with increasing gas flow
rate, particle size, and particle density. The differences

due to initial bed height were explained as end effects
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since the gas and liquid distributors were sepafatei by a
distance of 3.8 cn.

Using 4.6-mm glass spheres and aqueous glycerol
solutions in a 7.62-cmn-diam column, Bloxom et al. (197513,
found that, for a given gas velocity, the nminimum 1liguid
fluidization velocity decreased as the 1liquid viscosity
increased. Bloxom et al. presented their results based on
& computer analysis of their pressure drop-versus-liguid
velocity data. Hovever, Begovich [19787 compared tke
computer analysis with analysis by hand and found that the
minimum fluidization velocities obtained by the computer
method were too high. The corrected results are showz in
Fig. 4. The conclusious reported by Bloxom =t al. have
not been altered. For -a given gas wvelocity, the minimum
liquid fluidizatiorn velocity decreased as tke liguid
viscosity dincreased; however, the infiuence of the ligquid
viscosity appeared to decrease for the higher viscosities.
Also, the gas velocity d4id not appreciably affect the
minimum liquid fluidization velocity for the more viscous

aqueous glycerol solutions studied.
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CHAPTER U4
EXPERIMENTAL

Experimental Apparatus

The experimental appératus shown in Fig. 5 was located
in Taboratory 38 of Building 4505 ét the Oak Ridge KFatiomal
Laboratory. Various solids were fluidized by air and liguid
in either a 7,62- or a 15.2-cm-ID plexiglass columr.

Liguid was pumped from one or both 55-gal feed tanks by
centrifugal pumps through an'appropriate rotameter to the
bottom of one of the two columns which were conrnected in
parallel. Process air was fed through the desired rotameter
to the side o0f the fiuid distribator throagh t¥o.
6.35-mm-diam channels forming a cross and then passed upward
into the column througk seventeen 1.59-mr-dianm holes.
Rpproximately thirty-six> 1.59-nm—-dian holes were drilled
entirely througk the distributor, as shown in Fig. 6, imn
each guadrant (between cross arms) to allpw liquid to enter
the bed. Thus, the gas and liguid phases were intimately
mixed at the top of this filwid distributor, which also acted
as the packing support. The air was vented to the
atmosphere, while the water exited through a glass tee and
returned to the fe=d tamks. A wire-mesh screen across the
glass tee preventzd solids from flowing out of the columm.
The physicel characteristics of the solids and the range of
experimental conditions wused in this study are detailed in

Takies 1 and 2. A series of liquid mancoreters located at
31
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Physical characteristics of solid beads
used in three-phase fluidization studies

Diameter Density
Solid (cm) (g/ca3)
Glass 1! 0. 32 2. 24
Glass 0.06 2,24
Glass 1! 0.62 2. 20
Plexiglass 0.63 1.17
Alumina 0.62 1. 99
Alumino-silicate 1! 0.19 1.72

1ysed only in minimum fluidization experiments.

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

Superficial gas velocity, UG' cm/sec 0 - 17.3

Superficial liquid velocity, U© ca/sec 0 - 12.0

L'
Columa diameter, D.,cCm 7.62, 15.2

Initial bed height, H , cn 22 - 45
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9-cm intervals (8-cm intervals for the 15.2-cm-ID coiumna
along the column wall provided the pressdre gradient in the
column.

Two platinum electrodes, each with an area of
approximately 1.5 cm2, were attached 180° apart on the
inside of a movable plexiglass ring. The ring, which had a
radizl thickness gf 4.7 mn and an agial width of 19 mm, was
loverad or raised by two 3.2-mnp-0D stainless steel tubes
threaied into the ring. Imsulated wires were passed through
the tubing and soldered to the electrodes. These wires were
then connected by coaxial cable to a Radiometer Copenhagen
Type CDM2e coniuctivity meter. A digital millivoltmeter and
a resistor-capacitor circeuit (i5-sec  time constant)
connected to the conductivity meter permitted a-
tine-averaged digital readout. Potassiﬁmvchlo:iﬁe was added
to the water in the fesd tanks to allov readings on the

5-mnho scale of the conductivity meter.

Experimental Procedure

The electrical conductivity was fifst .measured above
the bed in the 1igquid w=alone. After the 1liquid and gas
velocities had beer adjusted to their desired £flov rates,
the 1liguid mnanomster heights were recorded. Then the
conductivity between adjacent pressure taps wvas also
recorded. The ligquid manometer heights were recorded a
seconl time with the conductivity probe positiored in the

middle of the bed, Eguations (1), (7)), and (10) could then
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be solved to yiell values for each of the three phase
holdups as a function of position in the column.

The minimum fluidization velocities required to achieve
fluidization were determined from the intersection of the
fixed- and fluidized-bed pressure drop 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 4.6-mm-diam glass
beads in the 7.62-cm-ID column and water with no air flow
would be numbered GO5A13. 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 conductivity probe either in or above the

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

Runs were nunbered based on a six-digit systen:
Digits
1 Type of particle:

Glass, diam: C = 0.32 ¢cm, G = OQHG cn, K = 0.62 cnm
Plexiglass: 7P
Alunina: &
Alumino-silicate: S

2-3 Ezperiment number with particular solid ir column

4 Gas flow rate (percent of maximunm)

0 R 50 H
2.5 B 60 1
S c 70 J
10 b 80 K
20 E 90 L
30 F 100 M
40 G
5 Liquid viscosity (cPB)

6 Column diameter (in.)




CHAPTER 5

EXPERIMENTAL RESULTS

The minimum fluid flov rates requirei to achieve
fluidization wvere determined by a plot of the pressure drop
across the bed versus the superficial liquid velocity at a
constant gas flow rate. The flow rates at which a break in
the curve occurred correspond to the minimum fluidization

(MF) velocities.

Effect of column diameter and static bed height. The
effects of coluan diameter and static bed height (or bead

mass) on the MF valocities for the air-water-glass beads and
the air-water-plexiglass beads systems are shown in Figs. 7
and 8, respectively. 1In each systea, the aminimunm liquid
velocity required to fluidize the bed with no gas phase
present is indicated by the arrov on the ordinate of the
plot as calculated from the two-phase correlation of Wen and
Yu [1966]. Excellent agreement between the calculated and
experimental points for each system can be observed, as was
the case for each system studied.

Neither the column diameter nor the mass of solids

present in the column appeared to have any significant

effect upon the MF velocities. A slight dependence on
column diameter might be indicated for the
air-water-plexiglass beads system; however, the small

38
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density difference between the water and sclid phases made
the breakpoint in the pressure drop-versus-liquid velocity
curve very difficult to determine and subject toc error.
Since filuidization of a bed is achieved when the upward
inertial and drag forces exerted on the particles by the
fiuids egual the buoyant weight of the bed, an effect of
static bed height on the MF 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. HNF velocities are

shovn in Fig. 9 for each of the systems studied. ©Note that
the smooth curves of Figs. 7 and 8 correspond to those
shovyn in Fige 9. As the gas velacity was increased, the
pinimunr liguid velocity required to achieve fluidization in
each of the systems decreased. The magnitude of this
decrease is considerably different for the plexiglass beads
with their small solid/liquid density difference. In their
two-phase correlation, Wen and Yu [ 19667 noted that the NF
velocity increases with increasing particle diameter and
increasing solid/liquid density difference but decreases
with increasing fluid viscosity. Althongh the plexiglass
beads have the same diameter as the alumina particles and

one set of the glasé beads, they have a much smaller
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solid/liquid density difference; thus, they f£fluidize at
lover velocities. The alumina and alumino-silicate beads
have approximately +the same density, but the smaller
diameter of the latter particles causes them to fluidize at
lover velocities.

" Likewise, the 3.2-mm~diam glass beads fiuidize at lover
velocities than do the U4.6-mm-diam glass beads, which in
turn fluidize at lower velocities than do the 6.2-mn-diam
glass beads. It is of interest to note that the curves of
the alurina apd 6.2-mp-diam glass beads start at éssentially :
the same point for zeroc gas velocityﬁ hovever, as tke gas
velocities increase, they rapidly diverge until the gas
velocities exceed & cm/sec. At that point, the curve for
the alunina beads merges with the curve of the #.6-mnp-diam

glass beads.

Overall Phass Holiups

The assumption of a homogeneous bed may be justified in
cases where the fluid velocities are sufficiently 1low that
they result in only slightly expanded fleidized beds. Since
the conductivity of the bed and the pressure gradient were
neasured over the entire column 1length, an overall, or
average, phase holdup could be calculated for each phase in
tvo ways: (a) using the conductivity reading at the center
of the bed and Egs. (1), (2), anri (7); and (b) using the
average measured pressure gradient over the column to obtain

an equivalent homogerecus bed height and substituating that
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height in Egs. (1)-(3)., Both of these methods assume that

the phase holdups are constant over the entire bed.

comparison of overall phase holdups. The holdups
obtained by the conductivity and pressurz gradient methods
are compared in Figs. 10-16.

The overall gas holdup determined by eaczh method is
shown in Fig. 10 for air-water flow only (i.e., no solids
present) in both columns. A least-squares fit of the data
yields a line with approximately unity slope ani zero
intercept.

The glass and plexiglass beals wsre used in both
columns without any difficulty; however, ths conductivity
readings obtained using the porous alumina beads, which ig
the likely catalyst support for a coal liquefaction reactor,
had to be corrected by a factor approximately 2squal to the
volume fraction of the liquid residing in the internal pores
of the solids. This factor, which was found to vary with
varying gas or liquid velocities, was determinad by assuming
that the 1ligquid 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 Eq. (7), along with Egs. (M-,
over the 9-ca intervals along the =zolumn <that both
conductivity and pressure were measursi. This average

internal pore volume fraction was then used in the
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appropriate equations to solve for the holiups 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 methoi. 1In
Figs. 12-16, similar comparisons are male for air-water
fluidization of each of the systems studied. Least-squares
fit of these data also results in 1lines of approximately
unity slope and zero intercept, as indicated in Table 4.

As expected, disagreement between the <two methods
occurs chiefly for 1low values of so0lid holiups--that is,
vhere 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. Since the bed really
goes from a fairly uniform 1lower section through a
transition region of decreasing soliil holiup to a region of
only gas and liquid, the so0lid holiup obtained fronm
measurements of the conductivity at the mijdle of the bed is
lower that that obtained from the pressure gralient mathod.

Since the homogeneous bed model has been assumed by
most of the investigators in the literature, as have Egs.
(1)-(3), the effects of s0lid characteristics and fluil flow

rates on the overall' holdups determinad by the pressure

gradient method will be discussed next.
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Table 4. Conmparison of overall solid holdup by
tvo different methods
s,c - 2t bBeg
Column Value Value Namber
diameter of of Correlationm of
Solid (cn) a b coefficient points
Glass T62 -0.052 1. 067 0. 985 g6
Glass 15.2 ~0.016 1. 005 0. 985 56
Plexiglass T7.62 0.005 0. 862 0. 916 6
Alumina T62 -0.023 1. 058 0. 985 98




holdups. The effect of fluid flow rates on the overall
phase holdups in a typical example with the glass beads
system is shown in Fig. 17. As the liquid velocity was
increased, the bel expanded, thereby reducing the solid
holdup. The gas holdup was not significantly affected by
changes in the liquid velocity. Since the holdups of the
three phases must sum to unity, the increased 1liquid
velocity in turn increased the overall 1liguid holdup. At
constant liquid velocity, increasing the gas velocity caused
the overall gas holdup to increase and the overall solid and
liquil holdup to decrease.

Similar behavior is shown in Fig. 18 for the alumina
beads. The 1liquid 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; howevar, its effect on the other ¢tvo phase
holdups is less pronounced, with the solid and liquid
holdups showing a range, or band, of values for the gas
velocities used.

Increasing the liquid velocity in the plexiglass beads
systems, as shown in Pig. 19, decreased the overall solid
holdup but had essentially no effect on the gas holdup.
Increasing the gas velocity again increased the overall gas
holdup while substantially reducing the overall solid

holdup. The solil holdup was apparently reduced to a larger
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extent than the gas bholdup was increased, so that the liquid

holdup was increased.

Effect of column diameter on the overall phase holdups,
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 hollup was thz 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
column.

Data obtained by using a constant gas velocity of 0.64
cm/sec in the plexiglass beads system shown in Fig. 21
showed that the overall phase holdups followed +the same
trehd with increasing liquid velocity in both columns. The
gas holdup vas similarly unaffected by column 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 veldcities below 3.5 cm/sec, the overall solii holiup
was greater in the 7.62-cm-ID column than in the 15.2-cm-ID
column. For liquid velocities in excess of 3.5 cm/sec, the
overall solid and liquid holdup curves for the two coluans

merged into single curves.

Effect of solid characteristics on the overall phase

holdups. The three systems used in the 7.62-cm-ID
column--glass, plexiglass, and alumina beals--are shown in

Fig. 23 as a function of the liquil velocity at a constant




59
ORNL DWG 77-1950

[.0
G.8
Ug =3.5 cm/sec
D¢
(cm)| 7-62/15.2
0.8
E | A A
és 8 l!
0.7 -
W €| @ | ©
%‘ Q
o 0.6
5 & A
= © A
c‘:@’ 00 A
g 0.5 ©
- %
o )
-
< A © o
& o4 s, &
o Azﬁ (o}
& ©
0.3 A ©
A
0.2
o] 5 5,
a] 2 @
0.1 . B ¥ @
T B © B
0 i I i | ! 1
2 4 6 8 0 12
SUPERFICIAL LIQUID VELOCITY, U, (cm /sec)
Figure 20. Effect of liquid velocity and colunmn diameter

on the overall phase holdups obtained ,
using the air-water-glass beads.



60

ORNL DWG 77-1945

1.0
0.9+
0.8 A
A A
A
A
A
0.7 - A
W A
o U, *0.44 cm/sec
2 0.6 ¢
o ¢ e De 1762 |15.2
T {cm)]™ )
§ © E|a|a
: 05 2 =
o €& |l ols
- A
.| -
; €s | O @
w 0.4 — A (%
>
o)
®
0.3+
O e
®
(0]
0.2 o
{ ]
(0]
O.I
0] | |
0 ™ 8 g | ® g, " o] - "
| 2 3 4 5 6 7 8
SUPERFICIAL LIQUID VELOCITY, U, (cm /sec)
Effect of liquid velocity and column diameter

Figure 21.

on the overall phase holdups obtained
using the air-water-plexiglass beads.




61
ORNL DWG 77-1947

i.0
0.9+
0.8 - A
A A A A
A
AN
0.7 4 .
W A
[«
S Ue =1.77 cm/sec
& 0.6p A ¢
= A (g;, 7.62|15.2
@ © E. | & | A
< 05 A _
o 6 o) B
- o
< E.lo| e
E o0.afA
3 ©
o
0.3 o
° g
0.2 +
© o
© © ©
o.1
g ol | 4 [ 1)
L 4 E [ L
L F
@ o]
0 | | 1 1 | 1
| 2 3 4 5 6 7 8

SUPERFICIAL LIQUID VELOCITY, U, (cm /sec)

Figure 22. Effect of liquid velocity, column diametexr, and
a high gas velocity on the overall phase hcldups
cbtained using the air-water-plexiglass teads.




62
ORNL DWG 77-1944

1.0
0.9+ Ug = 3.5 cm/sec
7.62-cm-1.D COLUMN
HOLDUP | €, | €| €,
0.8 4.6-mm
A GLASS Alolo
BEADS
PLEXIGLASS
o7 A F BEADS | & | 9 | @
’ ALUMINA alale
v a BEADS
a o} A
2 0.6 A
3 8
T ya)
5 ol s 6 :
< .
a 8 0 A
4 ¢
I
5 04 o A 4 o
) A ©}
8
0.3+ o e G.’
=]
0.2 - °
o] ; o 8
- °] °} e o)
0.1 ® sem g a e °]
0 ] ] ] i ] ]
o} 2 4 6 8 10 12

SUPERFICIAL LIQUID VELOCITY,f U_ (cm /sec)

Figure 23. ©Effect of liquid velocity and solid
characteristics on the overall
rhase holdups chbtained in the 7.62-cm-ILC cclumn.



63

gas velocity. The overall gas holdup was essentially the
seme ir all three systems, although use of the plexiglass
beads resultad in slightly lower values. The glass and
alumina beads gave the same values for the so0lid and liquid
holdups while the plexiglass beads gave significantily lowver
solid and higher 1ligquid holdups. The higher density of tﬁe
glass beads, as compared with that of the alumina beads,
compensated for .their swmaller diameter; on the other hand,
the much lower demsity of the plexiglass beads did not
conpensate for their large diameter. Thus, while the glass
and alumina bead bsds were exparded tc the same degree ds
the liquid velocity was increased, expansion of the
plexigiass bead bsd occurred to a considerably greater
degree.

Similar behavior can be observeid imn Fig. 24 for the
two systems stuiied in fhe 15. 2-cn-ID colunn. For a
constant gas velocity of 2.2 cm/sec, the overall gas holdup
was neearly identical im the glass and pleziglass bead beds.
Again, however, the lower—-density plexiglass beads, while
fiuidized at 1less than half the liguid velocity needed 4o
fluidize the glass beads, expanded %5 a considerably greater
degree, This yielded a lower overall solid holdup and, in
turn, & 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

e o s e e e S S

The effects of injecting g=s into a liguid-only
fluidized bed wers studied in several systems. Imn addition
to mnoting whether the 1liquid floidized bed  initially
expanied or contracted upon injection of gas, perfinent data
were recorded so that tke criterion of Epstein [1976], Eq.
(17) , could be applied.

The results, presented in Table 5, show that each of
the systems expanded upon the intrsduction of gas when 1low
liquil velocities were used. As +the 1liguid velocity was
increased irn @a liguid-only filwidized bed, the tendency of
the bed to expand upon the introduction'éf gas decreased in
each of <the systems studied. Recalling that & positive
value for ¥ indicates expansion and a negétive value
denotes contraction, Eqg. (17) cosrrectly ,predicted the
expansion characteristics of eack system studied except for
the plexiglass beads at the two highest liguid velocities
used. At those two liquid fiow rates, Eg. (17) predicted
that the bed woteld contract wupon injection of gas;:
experimental observations, on the other hand, indicated that
it would expand. The experimental observations were based
on the bed heights calculated from the pressure gradients
measured before and after gas was introduced into the
columns. The plexiglass beads, with £heir small
solid/liguid demsity difference, yielded a small change ih
pressure over the columng thas the pressure drop

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

o, e, at  vg Y Bxperimental
Systen (cm/sec)eG =0 (cm/sec) k (cm/sec) Jbservation
4.6-mm-diam 4,77 0.432 32.5 0.282 9.4 Expansion
glass beads, 5.96 0.481 32.7 0.389 8.7 Expansion
7.62-cm-ID 8.35 0.553 33.3 0.592 7.4 Expansion
column,
=41.4 cm/sec,
= 2.39
4.6-mm-diam 4.77 0.404 45.1 0.231 9.7 Expansion
glass beads, 5.87 0.456 45.3 0.332 7.8 Expansion
15. 2-cm-1ID T34 0.522 5.6 0.u498 3.9 Expansion
column,
U0 =41.4 cm/sec,
= 2.39
6.2-mm-diam 4.77 0.381 32.8 0.194 13,7 Expansion
alumina beads, 5.29 0.411 32.8 0.243 13.0 Expansion
7.62-cn~1ID 5.96 0.u481 33.0 0.300 12.4 Expansion
column, 7.16 0.488 33.2 0.407 11.4 Expansion
U =u2.8 8.35 0.526 33.4 0.509 10.5 Expansion
du/sec, 9.54 0.575 33.6 0.665 7.6 Expansion
n = 2.39 10.74 0.616 33.7 0.818 4.8 Expansion
11.93 0.6u49 33.9 0.957 2.5 Expansion
6.3-mm-diam 1.83 0.393 25.0 0.212 3.0 Expansion
plexiglass 3.67 0.558 25.0 0.712 -3.9 Contraction
beads, 15.2- 5.50 0.698 25.0 1.190 -10.5 Expansion
cn-1D column, 7.348 0.785 25.0 1,693 -18.3 Expansion
U =18.4 cmn/sec,
o= 2.39
1.9-mmn-diam 1.22 0.292 31.1 0.087 4.2 PExpansion
alumino- 2,45 0.470 31.4 0.278 -1.7 Contraction
silicate 4,77 0.621 31.8 0.838 -7.4 Contraction
beads,

U =17.9 cm/sec,
= 2.49
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largest potential relative error of any of the systens

studied.

Axial Variatior im Holdups

As discussed previously, bed heights are indistinct at
high flov rates, and +the holdups calculated using Egs.
(1)-(3) are based on ar unrealistic homageneces-bed model.
The holdups could be determined as fanctions of axial
position within the column by using the electroconductivity
of the bed and the measured pressure gradient

A typical plot of the axial variation of the phase
holdups is shows in Fig. 25. The liguid holdup remained
essentially uniform near the bottom of the bed but increased
with distance £from the bottom to a constant value in the
gas-liquid region above the bed. The calculated bed height
(8 cn) was that obtained from the pressure gradient in and
above the bed. This corresponded to the height of a bed
with uniform solid holdap as indicated by the horizontal
dashed line. However, the actual solid holdup decreased
with dincreasing axial position in the bed, so that the
ohserved upper 1limit of solids ¥ould be between 60 and 76
Cha The area under the solid holdap carve should be egqual

to the folloying modification of Eg. (3):

H .
= 27
% ggdh MS/pSA . (27)

If the solid koldup is not a function of height im the 'bed,

Eq. (27) reduces to Eg. (3).
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Figure 25. Axial variation of phase holdups in the 7.62-
co—-ID column using the air-water-glass teads.
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Effect of column diameter. The effect of colunmn

diameter on the axial wvariation of the solid and liquid
holdups can be sesr ir Figs. 26 and 27. These results,
typiczal of most of the data, were obtained in the 7.62- and
15.2=-cm-ID columns under identical conditions (i.cn,
identical gas velocities, liquid velocities, particle type,
and stetic bed height).

Neither figures indicates a dependence of the holdups on
column diamester ir the lower portion of the beds. However,
for the 1lower 1liquid velocity used in Fig. 26, the
transition region from three phases (gas-liquid-solid) to
two phases (gas—-liquid) appeared to be broader in the
smalisr colunn. The liquid holdup also rose to a slightly-
lover value in the 7.62-cm-ID column as compared with the
15.2-cp-ID coluzn. These effects are not evident in Fig.
27, where the same relationship between the holdups and

height was obtained in both colunmns.

Effect of liquid velocity. The effect of 1liquid
velocity on the axial variation in the glass bead koldup is
shoyn in Fig. 28 under conditiomns of constant gas velocity
in the 7.62-cm-ID column. The bed expanded, and thus the
solid holdup decreased, as the liquid velocity was
increased. The calculated bed bheight, as found from the
intersection of the measured pressure graiients in and above
the bed, is indiqated orn the curves for each flow rate.

This value corresponds to the height the same bed would have
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if the solids ik the columa were uniformly distributed. The
highest point at which solids were detectei was higher +than
this calculated bed height, hovever, since the bed contaias
a rather wide transition region over whick fiow changes fronm
a three-phase to a two-phase column. The width of this
transition region appeared to remain approximately comstant
with changing 1liquid velocity; that is, the solid holdup
decreased fron the approxinately constant value in the bed

to zero over about 20 cz of columan height.

Effect of gas velocity. When the liquid velocity was
held constant and the gas velocity was increased, the width
of the +transition region increased substantially, as
iliustrated 4in Fige. 29. The s51id holdup in the lower .
portion of the bed was decreased slightly by the increase in
gas velccity fronm 3.58 to 17.26 ca/sec; hovever, the width
of the tramsition region increased fron 20 cnm to
approximately 35 cm. As expected, the calculated bed height
for the higher gas velocity indicated a nuch 1lover bed
keight than that observed visually (kighest position with
solids). |

These results demonstrate the shcrtconiﬂgs_of- assaping
a distinct bed@ height and a unifsrm bed. The tramsition
region is a significant fraction of the total bed height and
rmust be considered in realistic designé of three-phkase
systens. If conmercial units operate with talier beds, the

transition region vwould becone less important; however, the
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higher gas rates often employed by suck units couild still
cause the tramsition <regions to remain a significant

fraction of the total bed height.

Discussion of Error

Four runs werz performed using the #.6-mm-diam glass
beads in the 7.62-cn-ID column unier identical conditions
(i.e., gas and liquid flow rates and initial bed heights).
Runs GUS5R13, 646A13, GL7A13, and GU48BA13 were made Witk no
air flow and with initial bed heights of 36 ca. Although
the systens consisted of only two phases, it is felt fhat
the errors associated with measuring bed heights band
pressure drops znrd calculating bed heights and holdups are
substantially eguivalent to those assgciated vith a
three-phase systen.

Rt a defimed 1liguid velocity, the pressure and
conductivity gradisnts were measured as deéctibed eazrlier in
the section oz Y"Experimental Procedﬁre“ (see page 35 . The
bed height and bzd pressure drop were calculated from these
data. Then the overall phase holdups were calculated based
on either the conductivity method or the pressure gradient
methoi. Finally, the phase holdups were calculated as a
function of column position.

Table 6 shows the results obtained in the four rums,
which vwere made with a lighkiad velocity of 8.35 cm/sec. Amn
average and a standard deviation can be calculated for each

variable at this liquid wvelocity. By using the Student's t



Table 6. Calculated values for four identical runst?

Run
Parameter GUSA13 GU6AR13 G4T7A13 GUBA13
Bed height, cm 53.7 52.1 52.2 52. 6
-u -~ - 'ay
AhBed , Cm water 27.48 28.37 28.56 28.60
EL c 0.649 0.647 0.647 0.643
ES c 0.442 0.04u42 0. 642 0.u4?2
£ . - 54 » 50 -5
EL, AP 0.578 0. 548 0.546 0.548
€5, AP 0.431 0. 440 0.443 0.4u3
iconditions for each run: UL = 8..35 cm/sec; UG =0
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distribution and a given confidence level, a confidence
interval about the mean can be found. TFor a confidence
level of 95%, the average value and its confidence interval

for each variable shown in Table 6 are given below:

H = 52.6 £ 1.22, : € o = 0.882 x 0,
EL,C = 0@6“7 i O\COO"!’O' SS,AP = O.uﬁo i 0‘-0098-

These results are typical of all of those found at each of
the six liquid velocities used in these rums.

Taking the average of a variable at each liguiad
velocity, an overall standard deviation can be found for the
variable based on its values at all of th=s liguid wvelocities
for +the <£four runs. The confidence interval for each
variable and a confidence interval psrcentage based on an
average value for the entire set of runs are shown in Table
7 for a confidence level of 95%.

The confidence intervals shown in Table 7, which are
based on all six liquid velocities used in the four runs for
& total of 24 points, are lower than thosz calculated at a
single 1ligquid velocity of 8.35 cm/sec, which are based omly
on a total of four points. Regardlass of the method of
calculation of the confidence interval, it is apparent that
the agreement between the four runs was quite gocd and that
each variable could be determined with a small confidence

interval at a high degree of certainty.
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Table 7. Confidence intervals of calculated values
for four identical runs
Percent Average value
Confidence confidence of variable
Variable interval interval used as basis
H 0.18 0.4 47
AhBed 0.260 1.2 22
%”c 0.0021 0.4 0.60
E - .G .8
ES’C 0.0019 0 0. 48
%”AP 0.0035 0.7 0.52
£ 0.0016 0.3 0.48

S, AP




CHAPTER 6
CORRELATION OF RESTLTS

The results shown in the previous chapter for minimum
fluidization velocities, overall phase holiups, and local
phase holdups were correlated with the physical parameters
of the systems studied by using multiple linear regression.
Dimensional correlations were first tried, £followed by
dimensionless correlations whenever possible. The
predictive eguations presented in this chapter represent the

best correlations of the many that wsre attempted.

Minimap Fluidization

-3

he minimum liguid fluidization velocities shown in
Fig. & and F¥Figs. 7-9 (see pp. 30, 39, 40, and 42) were
correlated with the system parameters and rTesulted in the

folloying dimensicrless correlation:

_ b c
Re o = a Ar Fr,~ (28?

where the constants and their 95% confidsnce limits are:

a = 5.131 x 10-3 £ 0.002,
b

0.661 £ 0.034,
-0.120 £ 0.025.

c
Equation (28) had a correlation coefficient of 0.94 and an
F-value of 478, using a total of 135 poiants, and is shown im

Figs. 30-32 as predicted-versus-experimental MF curves.

7¢
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It should be noted that Eg. (28) is not valid for a
Zzero gas rate whers it would predict a ligpid HF velocity of
zero. FKowever, Figs, 30-32 shov that the MF curves can be
reliably extrapoiated to zero gas flow rate if a predicted
MF curve is generated starting with gas velocities dust
greater than zero. Alterratively, at zero gas velocity, the
two-phase correlation of Wen and Yu [ 19667, Eg. (26}, can

be used to predict the HMF velocity.

Overall Phase Holdups

a————

The overall solid koldups from this study were combined
with 1355 points from the literatare [Bhatia and Epstein,
19743 Bruce ard Revel-Chion, 1974; Dakshinamurty et al.,
1571; Efremov ' ari Vakhrushev, 1970; Kim et al., 1975;
Hichélsen and Ostsrgaard, 19703 Ostergaard, 1965; Ostergaard
and Michelsen, 1968; Ostergaard and rhieéen, 1966; Rigby and

Capes, 1970] to yizld thke following dimensional correlation:

~oytgey fps 29
pL) dP uo D, s (29)

where the constants and their 95% confideznze limits are:

a = 0.371 £ 0013, e = -0.268 =z 0.008,
b= 0.271 £ 0.008, £ = 0.055 £ 0.006,
c = 0.041 £ 0.004, g = -0.033 = 0.010,
d = -0.316 £ 0.008, |

and centimeter-gram-second (CGS) units are used for each
paramater. Equatior (29), shown as a parity plot in Fig.

33, his a correlation coefficient of 0.87 and an F-valoe of
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1178; it was based or a total of 2381 points.

Combining the gas koldup with 1169 points available from
the literaturs [Bhatia and Estein, 1974; Efremov and
Vakhruskev, 1970; Kim ef al., 1975; Michelsen and
Ostexrgaard, 1970; Ostergaard and Michelsen, 19687 resulted

in the following correlation:

EG = a UG dP DC s (30)

where the constants and their 95% confidence limits are:

L

0.048 £ 0.008, c = 0.168 % 0.046,

a

b

0.720 + 0.021, d = -0.125 * 0.067,

and, again, CES units are used for each parameter. Eguation
(30), based on a total of 913 points, had a correlation
coefficient of 0.93 and an F-value of 1793; it is showr as a

parity plot ipm Fig. 34.

local Holdups

Figures 25-29 (see pp. 68, 70, 71, 72, and 74) clearlf
indicated that each of the holdups is approximately constant
in two regions: (a) the lower portion of the bed, ani (b)
the gas-liquid region above the bed. The transition region
betwesn these two extremes was seen to depéni on the gas
velocity and the physical characteristics of the solid
particles. Am inflection point was observed on each curve
with & spread about that point proportional to the wiith of
the transitior region.  If eack carve were differentiétea,

these: two parameters would correspond to the mean and the
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standard deviatior of the normalized Gaussian curves. The
error function was wused to fit the gas ami solia koidup
curves, and the liguid holdup curve was determined as the
residual of Eg. (1) - Use of the =2rror function was
essentially eguivalent to use of the probability integral

since the tvo are related by the following:

erf(x) = 29 (VY2 ) (31)

Thus, the gas holdup curves were fitted by the

following:

‘1

ee = (2, - 1)/—2]eG"' [y + 1)/z]eG' , (32)
where
Pc = erf [(h -~ IG)/GG]‘ < 33)

The s0lid holdup was fitted in a similar nanner using the
error function and the knowledge that the solid holiup in

the gas-liquid region of the column is zero:

117

g5 = [(g+ D/2eg (3t)
where
Pg = —erf [(h - I)/o] (33)
and
T = inflection point in 1local holdup-versas-height

cuarve,
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o = standard deviation in 1local holdup-versus-height

curve.

The liquid holdup at each point was obtained from the

residual of Eq. (1)

e 11

Thus, knowledge of seven parameters—--¢ v g ’
Ty

€q ¢+ Ogr Ocelgs and IG——allovs one to construct each of

G

the curves showing phase holdup versus axial column
position. An example of such a fit in shown in Pig. 35.

For the system shown, the seven parameters are:

EG”' = 0.072, IG = 45.7 znm,

eG" = 0.129, o5 = 2.83 cm,

es”' = 0.511, Oy = 2.64 =m.
I = 44.8 cnm,

Treatment of the experimental data in this vay and
correlation of the seven parameters vith 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 of the column

was successfully correlated by the following:

tee

- 5.0 _ b 36
€c = a [UG (pS pL)/UL g oLV] , (36)

where the constants and their 95% confidence limits are:

a 0.159 % 0.008,

b

0.150 ¢ 0.006.

Equation (36), shown as a parity plot in PFig. 36, had a
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correlation coefficient of 0.89 and an F-value of 2155, and
was based on a total of 555 points.
The gas holdup in the two-phase portion 2f the column
can be predicted using the following dimensioniess

correlations

Ty

eg =2 [0g (oo /g o 1P 37)

vhere the constants anrd their 95% confidence limits are:

a 0.237 = 0.010,

b

0.185 = 0.006.
Equation (37) khad a correlation coefficient of 0.93 and an
¥F-value of 4266. The 634 points on which it was based are
shown as a parity plot in Fig. 37.

The solid holdup in the bed was correlated as the bed

porosity as followus:
1~ = a AP ReLc (H/H c))d 5 (38)

where the constants and their 95% confidsnce limits are:

a 1.990  0.273, c = 0.197

I4

0.0117,
b

-0.178 = 0.012, _ d 0.298 £+ 0.018. .

A parity plot of Eg. (38 1is sho#n in Fig. 38. The
eguation had a correlation coefficient of 0.95 and an
F-value of 2529, ard was based on 762 points.

The expanded bed height used in Eq. (38) was also
correlated with A the systenrn properties and resulted in the

folloving:

_ b c  d ' e
H/Ho = a FrG ReL Ar [(ps—pL)/pL] s (3%)



EXPERIMENTAL LOG VALUE

92

ORNL DWG 78-393

Ll 1 L T ]
SOLID COLUMN DIAM , cm
O PLEXIGLASS 7.62
+ PLEXIGLASS 15.2
—0.54 o GLASS 7.62 N 7
X  GLASS 15.2
A ALUMINA 7.62 %%
¥ _Xx R
X
-1 S o .
x ; X
b
B o
-1.5+ e -
[a]
e
i
—21] I I b s i
4 8
+ a
+ + x
-2 .5 o '1
+ a
-3 T -+ T T T T
-3 2.5 -2 -1.5 -1 -0.5 0
PREDICTED LOG VALUE
Figure 37. Predicted versus experimental values of the

gas holdur in the two-phase region.




EXPERIMENTAL 1.0G VALUE

ORNL DWG 78-394
0-05 1 i [] [] [} i ' [ t [
SOLID COLUMN DIAM , cm

0.00 - 4

0 PLEXIGLASS 7.62

+ PLEXIGLASS 15.2 .
0.054 © GLASS 7.62 ]

X  GLASS 5.2

& ALUMINA 7.62
-0 .10 - 4
-0 .15+ 4
~0.20 - i
—0.25 - i
~0.30 - i
~0.35 -
~0 .40 - _
0 .45 - -
-0.80 T T 7 ] N T T T T T

~0.50-0.45 —0.40 -0.35 —0.30 —0.25 —~0.20 -0.15 -0.10 -0.05 0.00 0.05
PREDICTED LOG VALUE

Figure 38. Predicted versus experimental values of the

sclid holdup in the three-phase regiocn.




94

vhere the constants and their 95% confidence limits are:

a3 = 10.483 + 5.7, d = -0.295 + 0.039,
b = 0.069 + 0.005, e = -0.305 ¢ 0.027.
c = 0.429 ¢ 0.025,

Equation (39), based on a total of 706 points, had a
correlation coefficient of 0.90 and an F-value of 762; it is
shown as a parity plot in Fig. 39.

The inflection point in the solid holdup curve followed
the calculated bed height fairly closely and could be

correlated by the following:
I.=aulu®pdpge (80)

where the conStants and their 95% confidence limits are:

a3 = 2.354 ¢ 0.uu0, d = 0.061 &+ 0.031,
b = 0.017 ¢ 0.008, e = 0.628 ¢+ 0.0u45,
c = 0.247 ¢ 0.017,

Equation (90), which is shown as a parity plot in Fig. 40,
had a correlation coefficient of 0.92 and an F-value of 875:
it vas based on a total of 689 points.

Similarly, the inflection point in tha gas holdup curve
followed that in the solid holdup curve, vyielding the

following correlation:

- _ b c d e (s1)
IG/H0 a (ps pL) dp DC IS s
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where the constants and their 95% confidence limits are:

a = 0.027 + 0,006, d 0.170 + 0.0845,

b = ~-0.250 ¢ 0.026, e 0.875 £ 0.049.

c = -0.145 ¢+ 0,123,

Equation (41), based on a total of 635 points and shown in
Fige 41 as a parity plot, had a correlation coefficient of
0.85 and an F—value‘of 408.

The standard deviatiouns in the local
holdup-versus-height curves were ths most difficult
parameters to Esasure (a slight wvariation im the 1local,
holdup affected the standard deviation considerably) and
hence to correlate. The standard deviation inmn the soliad

phase holdup curve can be estimated from the following:
(52)

vhere the constants and their 95% confidence limits are:

a = 5.510 x 10-® ¢ 3.3 x 16-¢,

[«
h

-1.015 = 0.052,
¢ = -0.840 £ 0.048,

and
C., = (p~p.)d /p_ T 2
D S "L p'L e ?
2
FrH = UG /eE

Egunation (&2), showm in Fig. 62 as a parity plot, had a
correlation coefficient of 0.84 and an F-value of 752; it

vas based on a total of 635 points,
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The standard deviation in the gas phase holdup curve,
unfortunately, was even more difficult to correlate than
GS‘. A very rough estimate of 0. can be obtained from the

following:

v "' h c d e f
= - - u
GG/H0 a (g, € ) (ps pL) dp B og , (43)

where the constants and their 95% confidence limits are:

b= 0.132 ¢t 0.061, e = 0.693 + 0.242,
c = -0.362 & 0,094, f = 0.029 &£ 0.090.

Equation (43), which was based on a total of 609 points, had
a correlation coefficient of 0.66 and an FP-value of 93. fhe
parity plot, shown in Pig. 43, indicates that a large
amount of the variation between the measured and calculated
values of O, was due to the two plexiglass beads systenms.
These beads, with their small solid/liquid density
difference, made the pressure gradient (and thas the
holdups) difficult to measure--hence the large amount of
scatter in the parity plot. However, in the fitting of the
local holdup-versus-height curves, it wvas noted that
smoother fits resulted when the gas and solid phase
inflection points and standard dsviations 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 predicztedi solid phase

values rather tham by using Egs. (41) and (43).
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Figure 44 shows the inflection points in the gas phase
holdup curves plotted against the solid phase holdup
inflection points. Similarly, the standard 3leviations 1in
the gas phase holdup curves are plotted against those in the
solid phase holdup curves, as shown in Fig. 45. Although a
fair amount of scatter is evident in Pig. 64 and especially
in Pig. 45, the data in Figs. 41 and 43, which represent
least~-square fits, are also scattered. In fact, because of
the scatter in the correlated fits, it is recommended that
both the inflection point and the standarl deviation of each
of the three holdup curves be estimated by a single
equation. Equation (42) should be usel for the standard
deviation in the holdup curves.

A further simplification can be made for the inflection
point in the holdup curves. As mentioned previously, the
inflection point in the so0lid holdup curve followel the
calcul ated bed height closely. The two parameters are shown
plotted against each other in Pig. 46. The agreement
between the two 1is gquite good, as expected, since the
calculated bed height represents that height in the coluamn
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 beals 1is
shovn in Fig. 47. Under the set of conlitions indicated,
the concentration of solids decreased very gradually to

zero, giving a solid phase inflection point of 36 cn.
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Hovever, the pressure gradient over the two- and three-phase
regions yielded a calculated bed height of 89 cm. Tt has
been mentioned several times +that the 1lov solid/liquid
density difference of the plexiglass beads made calculation
of the bed heights amd pressure drops subject to larger
potential errors than thoses associated with the other solids
studisd. Thus, with the possible exception of very low
solid/iiquid density difference systems, it is reconmended
that Eq. (39) be used to predict both the expanded bed
heights and the inflection poimts ir the three holdup
curves.

In summary, them, it is reconmended ﬁhat the <£folliowing
dimensionless corrslations be used to comnstruct phase holdup
versus colunn position curves: (a) Eguations (36)-(38) - for |
estimating the gas and solid phase héléups in the fwo- and
thres-phase regions, (b) Eguatiog (39) for: determining the
inflection point 'in each of the three phase holdup curvés;
and (c) Equation (42) for calculating the standard deviation
in each of the three phase holdup curves.

A1l of the paramsters employed in tﬁese ;
[ Egse (36)-(u3) ] are eipresseﬂ in CGS units. The
correlations were based on a varying number of total pqints,
depending on hoy many of the points used were zero (i.e.,
eG"' v EG" ¢ Ogs
zero gas floy rates. .Such points could not be logarithn

and I,) and how many were associated with

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 determined under such
conditions; therefore, only the s0lid phase holdup vas
measured.

Care should be exercised vhen applying these
correlations to systems with physical parameters far removed
from those used in this study. All of the beads used
herein wvere spherical, and the remaining physical parameters

covered in these correlations are given in Tables 1 and 2

(see page 34).




CHAPTER 7
CONCLUSTIORNS

The minipum gas anrd liquid velocities vrequired to
filuidize various types of solids were determined and
correlated as a function of particle size, particle density,
and liquid viscosity; no effect of the initial bed height or
cclumn diameter was found.

Overall phase holdups determined from a homogeneous bed
nodel were conbined with similarly determined literature
data to yield correlations for the overall solid and gas
phase holdﬁps. The overall solid holdup, which was
primarily a function of the 1liguid velscity, solid/liquid
density difference, and the particle diameter, varied
proportionally with the latter two parameters and inversely
with the 1liquid velocity. The overall gas holdap was
primarily a function of the gas velocity and was almost
proportional to it.

An electroconductivity technigué was adapted for use in
three-phase fluidized beds and permitted measmrément of the
local phase holdups to be détermined as a function of
position 3in the colunus. This technigue has shown 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 goncentration drops to zero was found to
increase in widtk with increasing gas éelocity,Abut was

unaffected by changes ip liguid velocity or column diameter.
109
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One disadvantage of the techniqua is that it can only be
applied to systems with electroconductive liquids. However,
since most real or prototype systems either use water or can
be simulated with a fluid capable of being made
electroconductive, this handicap is not overly restrictive.
The technique can be successfully appliel to a number of
systems, 1including porous alumina beads if a correction is
made for their internal porosity.

Using the seven parameters determined 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 Just five of these
parameters-- €G”', EG”, €S'”, Og o and H-- should give a
reactor designer more information concerning important phase
distributions than is available from the simplar homogeneous
bed model, and thus aid in the rational design of reactors
in which 1local conditions throughout the bed must be

considered. 0f course, the correlations should not be used

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