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I. INTRODUCTION

A problem of specilal iﬁyﬁr@&nmﬁﬁin reactor de-
 sign has been the reduction of tempereture gradients
%ﬁ%hﬁn the reaction ness. A%t@m§%g toward the solution
of this problem have been made by the petroleum indusﬁfy
in the eracking of crude oils, where exect control of
temperatures is eggential, The Houdry unit developed in
1@3? ubllized inned tubes located throughout the Ilzed
catalyst bed to meintein wniform temperature., Later,
in the Thermofor process, reactor %@mg@r$tuyﬁ WAE CONe
trolled by continuously moving beds, whieh; with their
rﬁl&tiv%ly‘higbfagﬁcifia heat, ag@?i&é out the excess
heat. The most recent catelyst bed technique, fluiéi-
zation, is & unit operation in which solid catalyst
particles iﬁAviﬁlﬁat agltation are suspended in a rising
stream of gas, This @rmm@sé bas pracktically eliminated
bed tempersture gradients. | |
Although flﬁiéiﬁéﬁi@ﬁ'vﬁﬁﬁiVﬁﬁlitﬁ first spplication
in the é%&@kiﬁg of petroleum, its principle has been ap= ‘
- plied in geveral other industriss, including the synthesis
of pascline and &1@@&@13 from natural gas, the fa&avery

of oil from shale and Lar sands, and ﬁﬁa'gaaifﬁﬁatiaﬁ ef



coal for gubsequent synthesls inbe liguld products.
Numerous otber industrial spplications are now in the
- sbage of resesrch and development.

Th

yraﬁkisal_ayglﬁaaﬁiaas of fluidization have been
,mtiiizﬁﬁ'farAiﬁ.aﬁv&ﬁaé Qf,agfﬁnﬁamwmﬁal study of ite
begsle physiecal ah&ﬁéateyiséiaa, particularly the sffect
of the v&riéms~§w@§@rtiﬁa of the system on the local
individual coefficients @f h@&é %f&m&f&r at the bed wall
boundary. Limited gtm&iéa bave been &ﬁﬁ@rtaﬁembwhie&'
ﬁm@iﬁyﬁﬁ'ﬁ&ﬁﬁlyﬁtvghﬁﬁbﬁfﬁ of 2;'3; and 4e-ineh 1nside
&i&m@ﬁ&r,-flmﬁ&iﬁimg media of air,vmar%@ﬁ dioxide, and
hélimm, and b$ﬁ wa11 t$&§@?&$mres of 200 %@ 800 °F, Thﬁ
vesults of this work have shown the effective particle
"ggﬁmatﬁwfam&*tﬁalfimiéiéimg @%ﬁ“v3iﬁﬁiﬁ§”tﬂ have the
 §$@&@%@%.@ff&@t»am_ﬁéuﬁﬁavy coefficient @f’&ﬁat'transf@r;
| ‘It 18 the @aﬁ?@aé of %hiﬁ,iﬁVﬁéﬁigﬁ%i@m»tﬁ‘ﬁ%&iﬁat@
the effects of suy@ﬁfieiﬁi aiy velociby and @@myﬁréﬁura‘
driving force on #&@ coefficlent of heat transfer at the
bmﬁ wall of an ﬁiﬁ@rm&ilg heated, fluidized bed of Ottaws
sand, aﬁilisingx@?y air at approximately 80 op, bed wgliv
| temperatures of 200, 400, and 600 °F, and mess superficisal

air velocltles of 82,5 to Bl7.5 pounds per hour-square foot,



IT. LITERATURE REVIEW

The use of finely ?owdafaﬁ golics as gatalysts wes
first ﬁuea&safﬁliy‘apyli&ﬂ to large scale commerclal opera-
ti@ﬁs in the cracking of pﬁﬁg@l@&m in the early part of
1842, Its outsbtanding success in this fleld ig attested
by the rapid growth of fluld catalytic eracking capacity
‘frsm‘%e,ﬁQﬂ barrels per day at the end of 1942 to an egbi-~
mated 1,000,000 barrels per day at the snd of 1948. The
r&aaéﬁﬁ for this wide and irmedlate accepbance of the prow
cens by the inﬁﬁﬁ%ry lay in several unique characteristics
inherent in the fluidized sollids system. The most ime
pért&ﬁt of these characteristics is 2 substantial reduce
tion in channeling a&s compared to flzed beds, and subgzoe
guent elimination of resulbing "hot spota.” Another ade
vantage of the fluldlized system iﬁ‘ﬁﬁﬁ esse with which
the solids may be transportsd from vessel to vessel which
permits the most efficient wtilization of heat and the
y@méy'&&ﬁel@pm@ﬂﬁvmf a continuous Prouess. %h@@@‘aharaeé
| ﬁ&riﬁtiaﬁ‘mﬁk@‘ﬁha use of fluldized solids particularly
.a@pli@&%i@ to %ﬁﬁ&e processes wvhere large amounts of heat
must be tranaferred and/@@ l&rg@ amounts wfvsaliéa.m&ﬁﬁ
be treated, as in catalyst regemeratiom. Accordingly,

a great deal of work is in progress invelving the applie



cation of the fluld=-golids teahniqwa to processes such
as hydrocarbon synthesgls, coal gaﬁifiaatigﬁ, and the ree
duction of ores, |

The most sfficient use of this ﬁ@w processing teche
nigue requires an understanding of the fundamental fac-
tors controlling the bshavior of fluid-solid and gas-solid
systems. This lnvestigation pertains to one of the funda-
ménﬁ&i characteristics of & gas-solid system; the ccefl-
ficient of heat trensfer at the bedwall of a fluldized
ved,

FPrinciples of Fluldlzation

The practical applications of fluiéiz&tiaﬁvhéV@ 80
far preceded a complete scientific study of the phenomena
involved that ne exaet or complete body of laws has'yet
%aam fermulated. Howevsr, studies of & limited é%gra&
have been carried out on the §aaiﬂ‘qualitativa and guane
titative principles of fluidlization within the last lew
years. The work thus far e@mpi&tsﬁ pertaine, in & large
part, to those variables that affect the flmidia&&‘staté
and which mey be observed directly by zye. These variables
inelude the sffect of gas veloeity, vessel dimensions,
particle diameter, density, amd'ahage, and mathematical

correlations of these variasbles,
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Definitions of Fluidization Werme. The field of

fluidization hag expanded so rapldly that the terminology
used in papers by different authors has often been over=

| lepping and confusing. Murphy, et al(71), have presented
4 glossary, which, 1t is h@pﬁ&,‘will establish & basis

for a permenent nomenclatire in the fleld of flmidized
golids technigues. o

(76}

Fluidizastion. Patterson has defined flulde-

ization as "That unit operetion in which & mess of
5eliﬁ'§artialﬁg, usualiylfimely divided, is meine
tained by means of an upwardly wmoving licguid or gas
stream, in e bturbulent, dense state.”™ Cempbell(5,5,6)
was comprehensive, indicating that fluldization is
avnew unit operatlon in which gases and solids can
be c@ﬂtaat@&§.wiﬁ& ﬁhﬂ saliﬁ& in s turbulent pseudo=
liguid state, topped by a pseudegaseous phase, and
by which the sollds can be fed and withdrawn from
& chamber by the use of the standpipe combination
down- and up-¥eg principle. ‘,
Pixed Bed. & rized beal) 15 o body of motion=
less particles supported by direet contact with each
other and the retaining walls.

Moving Bed. In 2 moving b@a(?li, the particles

remain in direct contact and are substantially fixed
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in position with resgpsct to each other, but move
'Wiﬁh respect to the retaining wsll, _
Pluidized Mass. A fiuidized mess{7l) 1s a bed

of solid particles that &xhibits %ha‘ms%iiity and
hydrostatlic pressure of & fluld,

Channeling, @h&nnalingivl} is the establish-

ment of fleow paths within a bed of fluldized solids
through which a disproportionate gquantity of the
'flﬁiﬁl§aasesg

&lu@gimgfﬁi} is & condition in whieh

poskets or bn@bias_af thawaupgarﬁimg fluid grow to

the diameter of the containing vessel, and the mass
of partigleavﬁrap?@é batwea&.aéj&a&ﬁt.§@eketg noves
ap@aré:ia S pis%@nﬁlik@ faghion,

ﬁaehaﬂiamﬁ‘@f Fiuldizetion. It 1ls necessary that

the basie meahaﬁiﬁmg that cause fluldizetion be underw
sﬁmm@ before & study of the variables affecting fluidi-
zation be attempted. Thasa:m@@hanisma include the forces
scting upon the fluidized bed, the menner in which 2 gas
traverses a bed of Fine particles, bypes of fluidized

beds, and the varlous types of dense phase flow,

Navner in Which a (Gas Traverses a Bed of Fine
Particles. In this discussion, the manner in which
a gas traverses a bed of fine particles ig divided

into three seetions; ges rates lower than that necesw
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sary to cause fluidization, minimum gas rate for
fluidization, and gas rateés greater then the wminlimum
for fluidization, but less than the rates requlred to
blow the bed out of the resctor. |
At very low gas velccltles, thé pr@ssura'ﬁ?@?
aeross the bed is less than that @@ﬂiﬁ%ﬁ@ﬂﬁ to the
%@igﬁt_&f the bed, and éhé gas merely percolates
through without agitatlon of the partielasiﬁ&}. Lova
(28,80,35,34) anﬂ,%arﬁmfﬁg} agree that the pressure
drop incresses with inereasing ges valeéity;k&ndkthat
when the pressure drop ascross a ssetion of the bed
é@uala the welght per unit of cross-sectlonal area, the
bed will begin bto expand, Beginning at this point, as
shown by Leva, et 31(133, the bed expands with increas-

ing gas velocitles, with the pressure drop remalining

s

aggentlially constant,

Fluldizatien actually boegins when the gas veloelty

ls suffiecient to expand the bed to a degree at which the
particles become disengaged and internal particle motion
is @armiﬁpeéggﬁﬁgg}.’ In order for the bed to become
fluléized, 1t must reach a degree of expension known as
the Mmintmun fluld voildage," €ne. The Limiting bed den-
sity, me, iz the density of thﬁ.%ad at the bﬁﬁinﬁiﬂg
of fluiéiz&tiw@.'Tﬁ T |

When the geas va1$ciﬁ§Qi@:iﬂﬁT®&99ﬁ slightly

above winimum fluldization v@l@ﬂity(%gﬁgé), the bed
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eontinues ﬁ@vaxpam&, with intensifisd particie motion.
Thﬁ bed reaches its greabest expansion with stable
ecnfiguration Just as the gas veloelty lneresses sufw-
fielently to cause bubbling flow, or slugging, Cone
‘tinued increass In gas velocity causes larger portions
of the gas te flow in @& disconbinuous phase through
the bed, and ultimetely reaches & point where & sine
gle dilube phase is formed., It has been shown by
 Metheson!®8) thet the veloeciby required for this
single dilute phese ls conslderably grester than
that predicted by Stoke's law, This deviatlon has
been attributed to the hindered settling ocourring
because of the relsblively small spaces between par=

Types of Fluldized Beds. The types of fluidized
badg have ba@ﬁ,ai&asifiéd,%agarﬁing-tg é@ﬁﬁi%3‘b§ Patore
VS@E{?%} as followss {1} ,higb:&@maiﬁg; yged in sbande
pipes; (2) wedium density, used in reactors; and (3)
low density, used in lines transferring the fluld mixe
ture, Anobher method often used in classification depends
on the type of process used: (1) bgﬁaﬁ fluldization,
in whlch the solids remain within the unit with practlcalw
1y ﬁm.émtr&inm@nt, and (8} eontinuous fluidizetion in

wﬁiah.tha solids flow continuously through the unit.
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that}ahanm@iing_aﬁgurr%ﬁ in beds eﬂngiﬁtimg of particles
less than 26 mierons in diameter. Vertlcal passages formed
thr@mgﬁfwhiah the gas p&s&@d.ﬁyﬁafﬁ with relatively 1&%@1@
contaet with the bulk of the solids in the bed. Tn the
higher range of veloscities, it was noted that a tyﬁ@vaf
flow occurred in @hiehlth@ ah&nn@1s were broken and the
bed moved about im large cbhesive messes that continually
broke and reflormed. |

Aggregative Fluidization. Norse'$4) derinea

: agg?@gativg fluidization with a gas as that %?pﬁ’
in w&ieﬁ'£h$ bed contalns channels and large clﬁmps‘

‘mf only slightly separated particles, %ﬂat are &aﬁ~
tinuvously falling and being torn apert by high ?@1&@%&3 |
gaes. W%ilhelm and Kwauk (88) stated it in apnother mane
ner, saying that aggregative finidizatlion 1n a @ﬁiiéw
air system more closely resembled a 1iguid than a

| gas, They alse noted a dlspersed ”vé@@r ghﬁaa,” in
evidence gbove the maln sggregeted "liguid Phese."
L@v&(ﬁﬁ} noted t&at pressure fluctuablons for this
type of flulidigation were very low, | Eﬁa@%ﬁ@ﬂﬁnw@}” .
termed ag agg@eg&tévﬁ'flﬁiﬁiaatimg.tha conditions
ﬁgigting when ﬁhﬂygﬁﬁ‘@@ﬁ@dlgtea thr&ﬁgh the %%&;%sﬁé

at higher gas velocities, the condition of bubble
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formetion which causes turbulence, snd carries the

exesns gas through the bed.

particulate Fluidization. Morse(64) observed
a type of f&ai@i%aﬁiom~iﬁ & liguidesolld system in |
which there was very little circulatlon of particles,
known as parbiculate fi&iﬁiza%iﬁn, Other investi-
petors (88) noted that in this type of fluldization,

the solid particles separated in the manner of a

gas system, the mean free path increasing wlth fluid
voloolity.

Iportant Characteristice of s Normally Fluidized Bed.
inaluﬂaé in the @igaﬂasimé below are the characteristics
e &ﬁﬁéfiﬁﬁiqn of & desirable, normally finidized bed,
Theﬁ@'iﬁﬂl&ﬁ@ & general descripbtion, quelity, densiity,
@yg&guﬁé arﬁp, relabion of sressure drop gﬁ voloelby of
rhaids ﬁiﬁﬁgﬁi%y? contact time, mixing, entralnment, heat
%ramafarv&mﬁ temperature conbrol, and ease of solids v
tf&f&Sfﬁzﬁ . . |

General Desoription, Under normal conditions

5%

of fiuidizatlon, as noted by %a%héswn(sgj, the bed
consisted of & gag\@haﬁﬂrriging in‘%ha form of bub-
bles through & fluid system composed of the solid
particles, fluidized by e smsll fraction of the total

amount of gas passing up through the bed. ﬁa&pbe&li%)



degseribed the system as & pseudoliguid phase in
.whieh the soplld perticles are completaly alrs«borne,
remaining r%l&ﬁi%aig'al@s& to each other in & cone
centrated mixture, flowing about in eddylng fashion.

i " AN R - . 7 . & 2 . &
ﬁﬁ?yﬁfﬁé{ﬁ’}‘&ﬁa Pattersonl7s) reported the sclid-

as mixbture to be in extremely turbulent motion,

o

3

:&ﬂmhliﬁg & bolling liguid, or as expressed by
‘Egm@h@llié), the mass w&é@mﬁiﬁd waver with slr
bubbling through it. As brought out by Ergun and
ﬁrniﬂgilggvawd Ea@hﬁﬁﬁﬁﬁﬁg), the gystem eontained

enge phase and a rela-

two phagepe-s liquid-like ;”
tively dilute suspenslon iﬁ'whish solids are tobally
entralined. 8amybﬁll{@} observed that a dilute
phase of ﬁéliﬁ& suspended In the gas usually existed
immediately above the dense phase, |

7. The guelity of a fluildized bed, as

defined by mgr$$€§33, ig the uniformity of partiele
dispersion and of gas velocity throughout the bedy
‘the more uniform, the higher the Guality. He obe
served that water-fluldized beds of sand approach
perfect quaiity@_wheraag, & bsed wﬁichys&uga or chane
nels iz of poorest guality. It is his beliefl that
the bed of intermedlate qualiby, with small end
unlform gas pockets 1s optimum as to mixing &Ré ﬁﬁﬁ-b

sequently lends itself best to temperature control.
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%mrse(gg) has @miﬁtaﬂ out that the degree of segrew
gatlion is the dynamic balance between the tendency
for a fluid te separvate from solid particles and the
tendency to remix. IF b segregation rate is high,

mostly sggregetive fluidizabtlon will cceur, 1If the .
segregatlon rate is low, the fluldlzation will be
wainly of ths ?%?tiéﬂl&ﬁﬁg desirable .type..

,(40)

Hatheson poinbed out that the

dengity of the dense phase fluldesolid ﬂygtemfﬁé‘
'vaimtﬁwaat from both fundamental snd @mbipnazimg
conglderations, liﬁ wWEH alag noted that maximum bod
density wag obtalined when the pressure droep soross
the bed was a maximum with the bed asrated and few
‘bubbles rising. The maximum bed density, therefore,
represents the denslty of the conbtinuous phase of

the bed apd is snalogous to the density of & true li-

2?5

'ﬁmié,' Lewis (86) observed that at songbant gas ve-

Clocity there was considerable varistion in bed
height and conseguently variation in average bed
dengity or average fraction wvolds.

R

Pressure brop. According to %gra@(ﬁ%§5 the

pressure drop through the fluldized bed is less than
that through the cervmﬁpaﬂalnv fixed bed &h the sane
gasg veloeity, Ehﬁ foregeing novations h&v@ shown

that bnowledge of the pressure drop within o fluldized



system is an important eriterion 1ln determining
state or type of fluidization,

Relation of Presmure Urop to Veloelty of the

Flulde ﬁemm{ﬁﬁig?) has plﬁﬁt&& g gehematiec summary
of particle~gas Tlow shapgﬁﬁ@riaﬁiaaﬁ where the
prassure drop per mﬁ_%ulaﬁgﬁhmﬁfmﬁﬁﬁ‘?ﬁ?&ﬂﬁ'SH$&F*
fieial fluld veloeity has been plotted on a log-
log scala. The ﬂmrvé ropregentdng th%~fraati@m
volds in a ﬁémaaiy\sattlaﬁ fixed bed, Figure 1,
ﬁﬁgigmataﬁ @g;ég, %ﬁﬁviﬁéluﬁﬂﬁ ag & comparison to
the p&ﬁﬁllalLQ&TV@‘ﬁ@@?@ﬁ%ﬂtiﬂg the v@iﬁ&gé‘in ﬁha
loosest ga@%ihﬁ@‘fiﬁ@& bod configuration, éaéigﬁataﬁ
&ﬁlémf. He noted that at velocities through Cue,

whers nrassure drop eguals waight of material per

unit eross section, the bed becomes [fluidlzed, He

cbserved that as the bed ex

indg, the ‘voidage ine
‘cwﬁa§§$s thus @aﬁﬁﬁinﬁ the pressure drop, The fluid-
ization curve intersects ﬁh@_yraﬁsar@ drop line for
the empty plpe at ug, the terminel veloclty of the

vartieles. For s small change in velocity at high

voldages, thoere is & large chéngs in pressurd.

. . 41, 49,45Y v, v
Vigeosity. Eﬁﬁh@wamiﬂlﬁh~'@“} has shown, by
comparison of fluldized selid pyatems with peas Tlow
Lhrough liguide, thet fluld-golld systems nogsess

& property similasr to that of viscoslity in liguids.
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FICURE 1. RFLATION OF PRESSURE DROP TO
FLUID VELOCITY IN A FLUIDIZED BED.

ZENZ, F.A-: TWO-PHASE FLUID-SOLID FLOW, IND. ENG. CHEM.,
41, 2804 (1949)-



ﬁ;ne&maliy flvldized bed was gompared bo upward flow
of gos throvgh & low viscosity liguid snd slug flow
was compared Lo gas flow tﬁrmmgh a vigcous Ilquid,

He defined the wise sﬂity of the bed as "the Stormer

ﬁ@ﬁ'%@ig:; {grams) determined with & superficial

éiﬁ %él@ﬂiﬁy through the bed Just elightly higher
than that at which the Stermer terque becomes indew
pendsnt of alvr veloelty," He observed that the ten-
;ﬁﬂmcy for a solld to ﬁl&ﬁ inereased with increaged
viscoglty of ﬁhﬁ syetem,

Conbaeb Time, It was reported by Gﬁmphalliv}

E

that the time of eéﬁ%&e% of sollds iIn the denze fluid
bed somebimes affects the degree of completion of

the desired change, The time can be varied by changing
the rate of @alidﬁvinpat or by chengling gas v@léciﬁi@a
wiﬁhiﬁ the 1iwgi of Tluidizatlion, However, it waa
brﬂuaht out by ?5% P“@ﬁ(74 7€) thet gag flow vates
are relatively low, wsually between 1.5 and 2.0 feet
per second; therefore, the procéss is insppllicable
where short cont aé% time is required,
€?53

According to Patterson , mizing

within the fluidized bed is complete and virtually
instantaneous beceuss of violent agitation. 'The

‘property of instanbanecus mixing has been shown by



6}

Patterson and ﬁ&mpb@ll£ " by the fact that samples
drawn from eny section of the bsd show 1little varl-
ation in particle distribution or regidence time,

Ag explained hy'mgraa(gg),‘ﬁhﬁ mein advantage of

3

$oets
)

this mizxing sction in fluidized resctors is the
great reduction 1n the duration of hot spots within
the resction mass,

Partiele Intralrmment. Eamph%ilié} has shown

that air veloelby may be considerably greater than
would be predicted by Stokels law without ezcesglve

entralmment of particles from the system,

Heat Transfer and Temperaturs Control., Miekley
and @filliﬂ%gﬁﬁ} h&?@ found that the fundamental
advantage of a fluidized system 1s 1te bendeney to
m%imtﬁin @ u@“fﬁrm't@m@ﬂ?aﬁa?@ diletribution throughe

{55) (68)

out the hed. Mlckley and Trilling and ¥urphree

goncluded that 1t iz the repid cireculation of =mollds
whilch tend to hold a unliform temperature throughout
“the massn, ?aﬁt@rsoﬁ{?é} gxplained that the sssen-
tinlly Instantancous rate of heat transfer resulbs
from the very high surface to mass ratio as well

_éﬁ to the agltation of the solids, 5&mpb&11(?? L
deduced that heat flow by direct contacting 1s ine
herent within the bed, According %o %mrphra@iﬁg},

the temperatures variation from bottom to top in large



reactor vessels is less then 5 °F, Accordin Q to
ﬁdmgbe?lig)g @L%v“ﬁtﬁfjﬁ” geg comdy almost aﬁ oncea
to bed tempersture, burphree(70) ana P@%ﬁ@rQ&nivé)
have poinbed cul thatb, as & result of this v&r uni=
form temperature dlstributicn within the bﬁﬁ, LEmMpera-
ture control is facilit&t&d. ‘
%&thﬂﬁﬁmeﬁ%}fhﬁg'f@&ﬁ@ﬁﬁﬁ that the axtrém@
turbulence of the golld-gas suspension allows €xe-
cellent heat transfer to and from the system, Fate
terson{74) Pound that heat transfer rates batwne&
the Pluidized bed and the vessel walls are aboub
the same or better than are obtained with bolling
liguids, Mickley and %willimg(gg}, in thelir studies
of heat tronsfer in an axteymally:h@&t&ﬁ fluidizged
bed, obtained ecefficlents of heat transfer ranging

from 5 to 70 times as great as those obtalined with

%

¥

the same gas flow rates in the absence of particles,
Erﬁckﬁn(l) found the heat transler coeffieclent for
a fluidized bed of sove beads to be 13.7 times as
great as for an empty bed at the sape mass alr flow
'fatag. Cn the other hand, for low gas veloelties,
Farﬁmt(vg} ocbtained coefficients of hesat transfer

3 p@% cent lower for fiuidized beds thmﬁ for emgtv

bedg, Howsver, at higher velocitiss, he ahﬁ@ ned



el

heat traﬁafar coefficlents vhich were about $ per
cent greater for fluiﬁiz@é golids than for em@ty
%@é&a

According to ?att@raﬂn{?%), for @nﬁgth@ﬁmﬁc
reactions, heat may be supplied Ey’wfmh@ating the
splld to well above the reaction bte w*@rwﬁnra with
no dengsr of overheating the reactin g assy As pointed
out by FPattersdn and by Frgun and Orning(1l), for
axothermic regctions, 1t 1s possible to op&ratﬁ at
higher average bemperatuves and conseguently higher
roesction rates without excessive decomposition bee

4,

asauss of Lo oba

dhILr

oF
&‘ﬂ

Ed

(&) and Mur Pre@(?ﬂ} ?aimt@ﬁ,gat that

Campbell ‘
the umiiﬁ mass within the veszsel lmparts heat capacle
ty to the system, thus guarding egainst rapld tempera=
ture fluctuatlions. giekl@y ané’%ri&lingfﬁﬁ} noted
that this heat capaclty is an Important factor in
close temperabure ccntrol of the system,

Hickley and Trilling hsve summarized the methods
Tor tewperature contrel In e fluidized reactor ass
(1) control of temperature snd flow rete of entere
ing}fluid, (2) control of temperature and cyeling

rate of selid particles entering the syztem, (3)



transfer of hest to heat exchanger surfaces within
the bed, and {4) transfer of heat to the walls of

the veszasl,

'ﬁaag of Bplids Transfer, According to Hariu and
ﬁglstaﬁilﬁ), &av&gg&i, and %&th@gaﬁ(ﬁg), thﬁ.@ﬁS&
witﬁ which fluldized sollda may be twﬁnﬁparﬁéﬁ from
vesgel to vessel is an inherent a&?antﬁge of the syse=
tem which facllitates appllication te & continuous
type process, Matheson haes reasconed that such eade
of transport permits the most @ffiai@n@vutiiizaﬁﬁan
of hest. |

Varisbles Affecting the State of Fluldlzation. It 1s

absolutely essential that the effects of variabls cone
ditions upon the flﬁiéiﬁ@@ state be understood in order
that fluidized beds mey be utilized as fully and effilc-
iently as possible. These varisbles are discussed in
three groups: characteristics of the solid, the pas,
end the containing vessol.

Chsrscteristics of the Fluidized Masterial., The

important ebaracteristics of the solid being fluidized
are dismeter, density, shape, surface tension, and

o

electrostatic charge. The most jwporbant of these
properties is partiele dlameter, Fatterson(?d)
showed that as particle dlesmeter ineresseas, &n increase

in gés flow rate 1s required to meintaln a given



. e e {40 o
fluidized bed density. Maﬁh@gam{“@} noted that for
& bed of sclids of narrow size Y&QQ&, the Stormer viss
‘cosity lnereassed wlith imar@asing particle dlameter,

&nd that the rate of bubble growth increased with

{27)

clameter. Leva observed thet fine materials have

the greatest bendency %o chsrmel, but on the other

{8

‘hand, Horse ) foune that an increese in particle

3w,
A

i

s couged segregation.

X

It has been shown by pattersont™) that for a
given flow rate and partlcle size, bed densitien
are essentislly constent, regardlese of the absolute

(41} howsver, found

dengity of the sollids., HMatheson
t%at ma xlmum bed c&@% Lty i”ﬂfﬁ s@a‘Wat% greater pars-
ticle density. Lﬁva0593 ﬁhﬁW@ﬁ‘thﬁt the veloelty
of gas necessary for fluidization is proportional to
the éﬁﬁﬁity of the solid, Worse(86) steted thet the
tﬁﬁﬁ@ﬁ&g of the perticles tc segregate incressed as
the particle density Increased. |

feeording bo %&ﬁﬁéﬁaﬁm{qﬁ),-litﬁle is known about
ﬁhe effect of partlele shape on the state of fluidi-
zatigm._iit was reasoned, hovever, that from theoretie
cal considerations, smeoth sphericel particles would
reqguire higﬁ@?'g&ﬂ velocities fﬁ?»fimiﬁi%ﬁﬁi@ﬁ.ﬁﬁ%ﬁ

would rough, irregular perdticles of the same slze
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distribution and density. ﬁaiﬁﬁl(q?},‘stuayiﬂg jel:S
tiei%ﬁ of dissimilar shaps, but with 1ike bulk dene
sities, however, concluded that there was no deflinite
ﬁ@&atianghip betwesn particle shape and the pressure
drop over the fluidized bed,

iﬁatt&raﬁn alsc found that electrostatic charge
is a very minor factor in the fluidized state, ex-
eept thet for very fine p&%ﬁigle%Q an electrostatic
charge tends to facllitate flmi&iza@is&, as like charged
particles tend to repel each other, thus requiring
ia%er ges veloclties.

Characteristics of the Fluidizing Medium. The

effects of veloclity, density, and viseosity of the
medium on the fluidized state have been found to be
the most Imporbant factors affeeting the &e&igﬂ-@f
fluidization eguipnment.

Yaximum bed den@iﬁy‘wag found st minimum gas
veloecity for fluldizatlon by all Investigators.
F&tta@ﬁ@ﬁ(?ﬁ3 and ﬁathasﬂn(%ﬂ)‘ahsarveé that bed dene
sity decreased with increasing ges velocity, Part
of this decreased density, however, is due to the
presence of gas bubbles In the bed. Patterson(73)
noted that pressure drop %hramgﬁ g fluldized bed

is nearly independent of ges velocity., Leval®5)



obasrved that dﬁannaiiﬁg wag maﬁ@ pronounced at
low flow rates. Vioclent agitation destroyed channels
at higher velocltles. | :
It ié g enerally mbwa@a!55’éi’v5)‘that the
fect of gas density on the fluldized state irwn@gw
1&@§@15, becauss tha gas denaJﬁy_i& slight in cowme
parison with the solld density.
sathepon{4l) observed that r ~&ximﬂmv&@ﬁ ﬁeﬁ&iﬁy

incereasged with decrease Iin gas viscosity, while
d

gas was inversely mr@mmrﬁiaﬂﬁl to the gas viscesliby.

thars oberistics of the Vessel., The only eri-

teria of vessel design yef establisghod is that the

Y

greater the ﬁa&%@ﬁ“?m%&ml@ﬂ&%@ ratio, the le

r)
'43

3 the
tendency for slugging to oseur,'keaauﬁa the bubbles
which form ere given mor '8 time to expand aaé combine
in the la@ba? vessel B

'%a?%@ma%i&m %ﬂi&tfanmhiw%. As explained by Camps

b@llfiﬁag many of the empiricel relations that have been

developed are reasonably sa@isf&atgrﬁ‘fmr ﬁﬁ?t&iﬂ-CGm*

mereial uses, but are unsafe to &x%rupcl be fcﬁ unive

sel appliﬂaﬁiﬂn‘ Bome of the methods of enleulating

pressurs drop, gas veloelbty, and bed density are dlscussed.
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Pressure Drop. It has been shown by Patterson

{74,76) that, within prectiecal limits, the pressure
drop through the fiuldized bed 1s approximately equal

to the stetic hesd of the bed:

AP & pressure drop through bed, 1b/sq £t

#
5
birk
s,
bt
o
iy

solids in bed, 1b
D z dismeter of bed, It
P g = density of bed, iv/eu %
L = depth of bad, It.

Lﬁwﬁmfﬁﬁ) Likewlse ﬁ%ﬁ@iﬁﬁ@ﬁ that the pressure
drop is eg&@ﬁti&llg‘@quﬁlltﬁyﬁh@ w@igbt~mf the
sollds, @ﬁlj For beds with small ratl o5 of length
to diamefter. DBeds wiﬁh large ratlios of lengbh to
diameter are likely to be in congiﬁ@rahze erroT.
ﬁﬂ.fﬁﬁﬂﬁ_@hﬁt ﬁq@a; on 1 was. igfact Py FToOr pare
tleles of small dlemeter, 0,0004 to O, 0C06=inch,
with good fluidizatlon characteristics end mo

+Y

whiles partlcles of large dlsmeber,
«08Z~1inch, vhich gave slugging conditions,

wrger pressure drops than would be indleated

ie head., Only at the lowest fluidization



velocities, under conditions of slug flow, did
observed pressure Jdrops %pprmxiﬁﬁte %&aﬁ r@pr&géﬁtﬁé
by Hquatlon 1.

Acecording to Harlu aﬁﬁ'%mlgﬁaﬁ(lé), the total

' pressure drop can be cenziderad egual to the sum

of

rey .};)?fggg‘urh@ drongs that resulting from the
gas flowing through the empty tubs, and 2 solids
pressure drop consisting of the static haad and a
frietion loss resulting from partlicle-to-partlcle
and particle-to~wall contach.

Wilhelm and Kwamkigﬁ} derived the following.

agquation, based wpon ths coneent thet fluidizatlon

%
1

7

takes plece vhen the welight gr

b
ik

Alent of the solid

¥
4

2

bed 1s equal to the pressure gradisnt through the
bed:

ar
L

(1 -€) (r=Fp) (2)

where

4¥§,g pressure gradient, lb/$Q hig % 4

1 « €= fraction sollid at height L, £t

o 1}

Py = density of particles, 1b/ou rt
| F? = density of fiuid, 1b/ou Pt
Leva (82} pag developed a formule for pressure
drop through the expanded bed which is essentlally

the same ags Fgquation £ aboves



BF = YT (1 -¢) (Pg - Pp) (3)
..é%;;ig , . .
where _
ﬁg? = yregamr@ drop through bed, 1b/saq ft
Vg = veiumé éf dumped bed, cu It
Ap = craas~ﬁ&9§inmal area of bed, sq fb
€ =z fraction %ﬁiﬁage in dumped b@é
F’# = ﬁ@ngitﬁbﬂf particles, ib/cu £t
- Pp 5 density of flmié, ib/eu ft.

Gag ?@lﬁﬁitg. &avacgﬁ} hasyder&veé the following

equation for %h@,ﬁ@ss flow of gas Pﬁguir@é for flulds-

izationg _ ‘
6= 0.008 0p% 8 (g - ep) Py g (4)
N (1-e)p |
where |

- mass superflieiml gas velocity, 1b/hr-sa ft

o
#

= aversge effective particle dlameter, It

M
woowu

- fraction volds in dumped bed

4

et
LS

Pa ﬁﬁnai

u

y of particles, 1b/eu I't

J3

e
o
o™

Jeta

Py = density of fluld, lb/cu %

acceleration ‘dus to gravity, 4.18 x

i
[ £

10% £/ by e

particle~ghape factor, dimonsionless

S 1

H = viscosity of fluld, 1b/hr-ft,



%@vatg?a stated that ?h@ mass veloelty regulred
for bagznnxn of flujdizetion may be predicted by
’ﬁubﬁtit&timg the fraction voldage of bed at minimum
flnidization, €,p, for fraction voldage in avmped
bed, €, in Foustion 4.

The genersl cxpression, given by Leva(2B), for
ga&Aflaz rate at the beginning of fluldization is:

6,2 = Dp&Fp (s - Pp) €ws (B

2rN =B (1 .e)® -0
@kﬁr@

&mf

1

minimum mass)superficial fluid veleolity
f@@&ﬁﬁ@ﬁ;fav fluiéizaﬁien, 1b/hr-sq e

D, = avarag@~effaétiV@ partiele diemeter, ft

i1
1]

acceleration due to gravity, 4.18 x
108 rt/nr/n ' |
fe ; demﬁ;y of fiuld, 1b/eu Tt
fs = density of particles, iv/eu f%»
Emr = frﬂatioﬁ voldage of bed et winimum
fiuvidization

modified frietion factor, dimensionless

"

N = perticle chape factor, dimensionless

n = stete-of-flow-factor, éim@nsieﬁles&¢



Bed Density. E&g&m and %vningflﬁ} found that

the lowest bulk density of any type of particles

could pe obtained by Tluldizling the particlss with
& gas and then slowly reducing gag flaw*’ Kmawi@ége
~of the lowest bulk density is sufficient to estimate

flow rates corrssponding incidence of bHwow

o
{51
{’:""x
oF
&
o¥
ey
@
i

phage fluldizaticn,
%aﬁh@samiég}-femnﬁ %hat for irreguvlar particles,
ranging ln size from 28 to 486 mierons diasmeter
and with densitics ranging from 72 to 490 pounds per
cublic foot, the maximum bed density,  yB,,mgy be
represented by the following eguation:
log Dp = 2.81 Pyp | A
- &5 +1 {8)
where |
Ey = average effective ?articze diém@%er, i
Py = maximun bed density, 1b/eu £t
Ps = denslty of partieles, 1b/eu ft,
fie noted that smaller microspheres had maximum bed
densitics cons i‘-; bly greater than those predicted
by Equation &, but established no quantitative ree

lationghivg.,

ES
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ﬁtilizatian;af,?1mi&iﬁati$m_?y@c@3§@$

- The advent of the flnidized technigue has opened
up & whele new field Witﬂin:th% chemical industry. 'ﬁémw
sidering the petroleun industry es an exemple, this riald
of sppllcation has Inereased 25 fold in aig&t‘y@arg, in
1942, the fipst commereial sesle fluid eatalytio eracke
ing unit waas put on streem, and the tofel fluid eracking
gapaclity at the end of thatb ya&?>was 40,000 %ﬁﬁrﬁlﬁ par’
day. At the end of 1949, the‘éxtimat@ﬁ total capaai@y
of fluld cracking unite was Iin excess mf}I,QGG,OGQ barrels
per daye.

’ﬁeﬁm@rci@l:ﬁpgliaati@ﬁg. By far the greatest ade-

vences in commerelal applieation of fluidization have

been made in the petroleum industry, However, there

are many other practieal aﬁplia&ﬁiaﬁﬁvgf the fluldized

bed now in @p@?&ﬁiaﬁw Yﬁaga include hyﬁraeawb@n synthesis,
coal gasification, ore r@éuc@iﬁm,»&ryin@'0§ dolomite,
h&aﬁing-of.air'ﬁmé steam bo high temperatures, snd alky-
lation,.

Future spplications. The most promising field for

future application of fluidization appears to be the
earrying out of Fischer~Tropseh reactions, previously
too complex and costly for commercial scale processing.

Other fields in which fluidizetion seems to offer many



advantages over present methods includey; (1) devolatilie
zationy {(2) ecaleinationy; {(B) mixing of solidsy (4) dry=
ing of solids; (B) seperation end purification of gasesj

and {8) recovery of vapors from gases,

Iimitations. Patberson(78) listed the present limi-
tations of fiuiﬁig&tiaﬁ'asa {1) 'ﬁﬁ@?ﬁ gas-to-golid cone
tact bimes (2} ﬁif?imﬁity in a@nﬁwalling BVOPRES TE-
tention time of solids within the bed because of violent
_agiﬁaﬁi@ﬁ; ané (3) iimiﬁ@ﬁ flexibllity of cperation
%@eaugﬁ of necesglty of keeping gas flow within narrow
limits,

' Advanbages of Fluidized B8Bd Reactors. The main

aévamtd »e of 8 fluidized bed reactor over any bther type
of reaction vessel is thé'mnifarm temperature distribue
tion throughout the fluld bed, Channeling 1s greatly
reduced by the extrsmesm bturbulence @flﬁhe fluidized
soiias, thus eliminating hot spobs. Other advanbages
over fixzed bed reactors imelude: (1} Dbetter heat trans-
f@g within the reactor; {%} lﬁwar'm@ﬁhanical energy

regulrementss and {3} silmple sguipment construction,



B

General Theory of Heat Transmission

The problem of heat transmission is encountered in
almost every industry, and in an almost infinlte variety
of speclial césss anc applications. However, the prine.
ciples underlying the problem ars evesrywhere the same,
and it is the intent of the following topiecs to present
the baslc Tundamentale of heat trangfer, sco that the next
seotion, on its applications to fluldization, mey be more
thoroughly understood. The basle types of heat trense
mission are defined, the mechanism of heat trensfer bee
tween flulds and solids ls ineluded, and the film cone
cept and development of squatlions for the locel oversw
all and local individual ccefficients of heat transfer
are covered,

Hodes of Hsat Transmission. Heat may flow by three

distinct mechenisms, conduvetion, convection, and radiation.

ﬁgﬁé@ﬁti@ﬁ, Gonduction, according to VchAdams
(44,52) 14 "The transfer of heat from one pert of
g2 body to another part of the ﬁ&&@ body, or from
one bedy te snother in physicsl contaet with 1t,
withmﬁt appv@ciébig displacenment of the particles

of the body,?
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Vathematleally expressed, Fourler's law for
the econductlen is as follows:
48 5 - kA gt J (7)
d8 - ax
where
a6/ ae

k

rate of heat flow, Btu/hr

4]

proportionallity factor or the

it

thermal conductivity, Btu/hre
8q PE-OF/ft

A = ara& @f.saatimm taken at righ%
angles to the direction of heat
flow, sq ft

«dt/dx

n

rate ol echange Qf‘ham@@ratuwe, ts

with ?ﬁgpéct to length of path,
| x, O¥/Tt,
- The differential Torm glven above is general for
unidirectional conduction and may be applled to
cases in which the temperature gradient -dt/dx varies
with time as @ﬁ&i_aa.with t&e location of the point
- considered. In every case of heat flow by condue~
tlon, a temperature gradlont must cxist,

The process of heat flow In a case In which

temperature variss with both time and position

is ealled heat conduction in the unsbeady staﬁa{QE}.«



&Qiu

As contrasted with hest conduction in the complie=
cated unsteady state, heat @@ndﬁatimﬂ in the steady
gstate refers to bhoge caseg in ¥hich the tempers-
ture et any givén peint in the system ig inﬁapéﬁ—
dent of time.

(45)

Hehdams gives the basic equation for ther-

mal condvetion in the steady stete as followst
az -kidt (&)
ax
where ‘
g = stéady rate of heat flow, Btu/hr
k ¢ thermal conductivity at temperature,
t, Btu/hr-sq £t-"F/rt
A =z area of section taken at right angles
to the direction of heat flow, sg ft
~dt/dx & temperature gradient, °F/ft.

Convection, Conveetlon, as delined by Me=-

&é&m%‘éé?ﬁga, is "he transfer of heat from cne
point to ancther within e fluld, ges or liquid, by
the mixing of one portion of the fluld with another,
The motion of the Tluid may be entirely the result

| of differences afvé@ngiﬁg resulting from the tempe
erature dlfferences, aﬁvin natural convection} or
the motion may be produced by mechanical means, as

in foreced convectlion,”
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Hadiation. Thermal radiation, as sxpressed

by E@t%elflslie*l?},'mﬁnaiata’gf that radlant enere
gy emitted by a substence whieh 1is entirely depenw
dent on the btemperature level of ths substance,
Conduction and convection are controlled by temp=-
erature difference alonei in econtragt, radiation
depends on temperature difference and on the absolube
temperatures of the emitting end recelving substances,
Thus, wnlle conduction and ecnvection mey be the
1imiting facto®ms of heat transfer at lover tempe
eratures, radlation becomes the controlling fector

at some higher temperature, |

Heat Iransfer Between Flﬁ&@a;anﬁ Bollide,. 'ﬁeéﬁ&m$(5@)

indieated thet meny types of industrial heat-transfer
equipment involve hesat transfer bstwaém a gurface and

a fluid without evaporation or condensation, He listed
such @@@igmﬁnt as Tire~tube bollers, Eup@rﬁ%atﬁrg,'%&@na.
omizers, preheaters, and condensers in the power-plant
fi@lé, Other industries imaluﬁé heat transfer to air,
fiue gas@g, water, steam, products ranging from fixgﬁ
hydrocarbon gases to the very viscous liquids such as
lubricating olls &ﬁé asphalts in the petredéum industry,
molten metals, slags, broken aoiids, &giﬁé, and organie

solvents. The following dlascussion includes the film



-d %

concept of resistenee to heat flow at the boundary of a
fluid and sellid with espeeial reference to turbulent
motion and the éevaiaﬁm@m%‘mf basic ecnations for the
local over-all and leoeal Individusl coeffiecients of hesat
transgfer,

¥1Im Concept. As explsined by Walker(80),

large regletance be heat flow i1s found at the boune
dary of a fluid and a solld because of 2 thin fllm
of Fluiéd st the Interface through whish heat ecan

be transmitted by conductien only. He also noted
that the capacity of heat transfer a praratus is
frevuently limited by the thermsl resistance of the
Pluid £lwms rgthef than by the retaining wall of
the vessel, henee individual f1lm resistances bew
come centrolling facters in equipment gizing., Aece-
cording to Meadams (51458) | tne mechenism of heat
transfer by conductlon and amnvé&ﬁi@m.iﬁ'aamplia

cated for the case of turbulent flow, He pointed

sut thaet the veloeclty zradisnt sorogs &8 stresm
g B !

apparently *¢vwl es, in addition to the laminar
film, 2 buffer layer between the f1lm snd the ture

bulent core. ﬁalker{gg} brought out that the most

aeffective mesns

43
3

f reducling houndary reslistence ls

to reduce film thickness, usually by increasing



fluid veloecity, As pointed out by Mé&ﬁams(sg),

certain factors, of whieh average weloclty of the

flvid past the %ﬁei*t?&ﬁgfﬁr *wrﬁacm 1z the wost

notable, will g@n@ﬁaily have a grester effect on

esistance for ths cage of flow In the turbulent

range thap for streamline flow,

ﬁaas? Overwall GawT%Lﬂ snt of Heat Transfer,

Accoriding to NMehd am%iéé) ang W%lkﬂr(§l) in most

instences of industrial heat transfer, the flow of

heat is from ons fluild through & solid wall %o a

The @ov&ti@ﬁ »1vﬁn by,ﬁi?kﬁriéaiig} for the

3

locel ever-all ¢ veaffieiant of heab ﬁ’%i&f%? ia bassd

G

n the gensral law for the rave of flow of energys

40 = CAF o (9)

9 = guantity of mass or energy transferred

@
it

time gorresponding to transfer of

U = o conastant
AB‘ - 615 fTorence in driving Fovoas
= difference in driving forces
R' = resistance to trensfer,

Acecording to Kirkbride(28), in chemical engineer-

ing w@wggt?mnsfer is usuvally carried cut through



known area whieh ls perpendicular to the direction
of energy flow. The rete of energy transfer is

direetly proportional to thie areat
49 = 0AF A  (10)

where
A = aresn §ayp§nﬁi@mlar to direction of
transfer |
‘ R = resistance to transfer per unit area,
WeAdams (47:54) Kirkbride(19), and walker(82)
‘have shown the baslec relation for heat transfer
between two flulds separated by a retaining wall

to be represented by the following eguations

dq = U 6A At (11)
where dq | _
dgq = &iff@?@ﬂtial rate of heat transfer,
’vrﬁtu/hr
U = local over-sil coefflcient of heat

transfer, Eta/hfnég PLuOF

i

dA ¢ differentlal area through which

| heat 1s transferred at right ane
‘gles to direction of heat flow,
8q It

A = @ver~a11 difference In temperature bee

tween the warmer and colder fluids, °F,
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It must be remembered, however, that the use
' of the over=sll coefficient of heat transfer, U,
is sllowable and very éaﬁvaniant, but 1t is o very
eonplex fumc%iamfmf th@’@@@fﬁtimg,c&nﬁitiang. _és»
the indlividual aééf?ﬁmiemﬁ depends on fewer v§r14‘
ables than does the aﬁa%»&i& aaeffﬁﬁié&ﬁ, thé COr=-
relation of éﬂt&yﬁﬁ&lﬁ be &imﬁlifiéﬁ by ﬁ%ﬁﬁying:_
individual r&thﬁrrthan over=all ccefficlents., The
resistance of the Intervening solids méy=b@ tdaters
mined by use of their known physieal properties.

Local Znéivi&a&l;Gﬁ&fﬁiaient @f Heat @yanafér.

heeording to Ea&&&@3(4@7'an& %alkﬁrigl}, the h@&t
flow rate 1s @rﬁyavziﬁxai to %hé &iff@?ﬁﬂﬁe in tempw
%r&tﬂféVbﬁﬁwﬁﬂﬁ the ﬁ@lﬁﬁ wall and the fluld, and |
%o the heat transfer surflacet
| dq = h" dA"AL? - (12)
where ‘ ‘
dq gz diffevential rabe @f:haat tramaf@y, ﬁtu/hr
h" = 1@@&1 individual coefficient of heét
. 4ransfer, Btu/hr-sq £5-°F |
dA" = differentiszl, surface area of wall digectly
beneath the fluld film, sq 't
At” = ﬁiffﬁr&na@ in tém@arﬁtura'b@tW$an~thé solid
| wall and the bulk temperaturs of the

fiuid, °w



Kendams 48) ang WA xer(80) nave pointed out
of

that %h@,inﬁiviéual feient of hest transfer
is ﬁ@% congtant even for & gliven Tlulé, buf is a
complex fmmatﬁéﬁ of such variables as the physical
nreperties of the fluid, nabture and shape of the

solid surface, and the fluild veloeity vast the solid

boundary.

Heat Twaﬁ for zm rlnid1&&é Emdg

Less bhasgle ressarch hes been dons on heat transfer
in the fluldized state than on any other phase of fluld-

{5
5%) stated thet when the

ization, Hickley and Trilling’
factors controlling the rabte of heat transfer to and from
fluidized system are determined and properly correlated,
a more efficlent utilization of the bemperature control
§aasibiliﬁia&$ and hence e wider application of the fluide
ized technigque wiil be possible, The following dis scugsion

will cover these boplesy (1) _b@ﬁ‘t@mpﬁﬁatmr% distri-

bution; (2) mechanism of heat trensfer; (3) varisbles

affecting heat transfer; and (4) ecorrelation of variables,

Fluidized Bed Temperature Distribution. Mickley and
Triilimg{ﬁg) Tound th&_t@mp®rature varistion in fluidized

beds to be very slight. Theitr deta showed that the maxe



diameter, 2B-inch tube, externally heated to 500 r,

was 13 °F, The moximum horizontal temperature gradlent
in the same test was 6 ®F, measured from the tube axis

to =inch from the heating wall, Other tests under varye
ing Qﬁﬁéiﬁi@@%'gavﬁ smaller t@m@@?ﬁtwra variati&ﬁa,'

%ﬁ@h&niém.af Hoat T rawaf@r in the ﬁluﬁﬁim“ Et&&a,
{59,60)

ﬁicklﬁf'ané_?vizliﬁg coneluded, "The eliminatlon
of t@m@ara%u?@ gradients in the bulk vortion of the streanm
by virtue of %?ﬁn port @1 heat by the particles locallzes
the temperature gradient to g thin laver near the hented
wall, The sffeﬁtiv$,ﬁhimkm@5$ af this 1a§@r 18 probably
reduced by the mobion of the particles, The tem erature
difference across %&ig_lay§? is esgentially the differ-
ancayh%tw&ém the bulk stream temperature end the wall
temperature. Heat flows through thls layer by meeans of
Saﬁﬁﬂatiﬁmm&ﬁﬁﬂ Hs@aam@ of the disturking influsnce ef
the solild particles, probsbly by ¢ convection. In aéﬁiﬁlan,
1t is resscnable to agsume that h@aﬁ is trangferred éﬁrsss
the laver alsoc by the movement of the heat-carryiag selid

@avticles,“

?ur;ablﬁs f fecting Heal Transfer in the Fluidlzed

| — (
gtate, Several inve %%@ﬁ%ara(gﬁ’ﬁé} have llsted the
following gariables as being those which uffac% heat

transfer In the fluldized state: (1) properties of the
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materials, such as thermal conductiviity, density, and
viseosity of the fluidizing ges, denslty, specific heat,
and thermal c@m&naﬁivity of the fluidized sclidsy (2)
operating conditions, such as slze, éiza distribution,
end shape of the solld particles, concentratlion of the
solids in the bed, superfieial velocity of the gas, feed
or ?eéyﬁla r&tﬁ ef the s@iiéggfaﬁé?ﬁemp@ratur@.1avai and
magnitude of the temperature “riving forces; {3) equip~
ment deslgn.

%Qliﬁ&‘ﬁgncén%?a%iam,‘ ?rébabiy the greatest

influence on heat transfer in a fluldized bed is the
concentration of solids Frésent. HMickley and Trlle-
1ing (58,59} roung that the logarithm of the coef-
fiei@ﬂt}af heat transfer incﬁeasﬁé proportionately

| Withy%h%.lﬁaarithm‘of the solide concentration,
mp‘ta‘ﬁhe‘traméitiﬁﬂ reglon in the curve of solids

- eoncentration v@rgﬁ% mass air flow rate, It should
be noted, howewver, that the gas flow rate is & funge-
tion of the solids concentration, &nd is thervefore
'inéireﬁtly responsible for the chenge in heat transe
fer properties, |

Particle Density. L@V&<203 pbaerved thet pare
: ¥

ticle density exerted no effect on the coefficlent
of heat transfer when partlcles whose densitlies varied

by as much asg 100 per cent were nged,



B2 o
gl fem

?mrti cle Dismeter, 411 date so far sveileble

show concluslvely that the heat trangfer coefficilent
increages with decrsese ip particle diometer, of ther
factors being equal, However, L@v&(91§ hag shown

that heal transier depends on fluidization af"ici@ney,
which #lso Increasss vith decreasing particle diameter,

(22,25)

VYesgel s3lze, Leva obgerved that bed

o

© helght and diameter had lnsignificant elfects on

the ccefficient of rapsfor in 2~ and 4-Inch

dilametor c@lumﬂﬁu Tt was hls belief thaet in much

largeor tubesn, where the horizontsl LhﬂwﬁfﬂihM” Erade

5

ients are likely to become much steeper, the diameter
'wmulﬁ’bﬁv% wmore effeet on hest transfer,

ﬁm?ﬁﬁ&& don oof Vsrlabi

ﬁﬁ%ff’?lﬁﬁim iﬁ Fluidized wrstens

,1&ﬁg§ﬁl} found, s a result of thel

fer in ex nally hested fluld

soafficlent of hest

g

A - o PR 5
h", was plotted asgainst the fg @/ﬁp-, on & log &?i@ﬁﬁ&@
secale, & astralght lins coulé be dravn vhich would it
all of their data within 25 per cent. The eguation

is given below:
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i}

)
o
i it

.=

- 0118 P, gC-863
= 0.0118 Py GS (13]

Joeal individual coel f;nlaﬁt of heat
tra isfer at bedewall boundery, Btu/hre
£1.0p
density of bed, 1b/cu It
masg ﬁ&t?ﬁfwﬂi 1 gas velocity, 1b/hr-sqg 4

average effective particle diameter, .

They bellieved that thie preliminary cerrelation does

not include all the important variables, based on the

postulated mechénisn of heat transfer in the fluldized

state,

VMPVifﬁﬁ}

obtained 2 line of slope sgual to 1 when

&

log h"/k versus log ¢ Bg/M was plotted, The Tollowing

eguation was obtained:

where

n"

it

h" 2 0.64 k G E, (14)

=1

local individual coefficient of heat transw
fer at bed-wall boundary, Btu/hresq ft°F
th@rmalﬂeﬂnﬁaa%ivity of the flwié,_gtu/hvu

89 £t=-0F/rt

M = viseosity &f fluid, 1b/hr~ft

E¢ -

efficlency af_rlﬂidizatiﬁn,nne dimensions.



For geses where ﬁﬁli/k~@§ua1$.@.V4, Haquation 14

beecomess
h" 5 0,86 C, 6 Eg (15)
whare |

h' z leeal individusl coefficlent of heat
tf&r},ﬁi‘er at bedewall boundary, Btw/hr
sg-L5-0F

€p = specific heat of gas at constant pressure,
Btu/1b-OF

¢ » mass supsrficial gas weloclty, lb/hr-sq ft

Ey = efficiency of fluldization, dimensionless,
Leva found that Fcuation 15 represented all datsn with

an avérsge deviatlon of x 82 per cent,
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The experimental yﬂﬁa&du?ﬂ in the investigation of
heat transfer to a filuidized he& includes the purpose
of investigation, the plan of experimentation, the ma-
“terials and apparatus uvsed, the method of procedure; the

data and results, and the sawmp 1@ caleulations.

?ﬁrpm%@ of Investigation

It wes the purpose of this investiy tien to evaluate
the effects of superficlal sir veloclty snd temperature
ériviﬂg foree on the ccefficlent of heat trensfer at the
bed wall of anﬂﬁxta@nally heated, fluldised bed of Gttawa
sand, ubtilizing dry air at approximately 80 G?, bed wall
temperatuves of 200G, 400, and @6@ r, and mnass superfieial

air velocities of BZ.E to 217.5 pounds per hour-square f@atg

Plen of Fxperimentation

- The plan of experimentation followed in this invesw
tigation consisted of a survey of the literature, modie

fication of the Breckon(l) fluidization unit, preliminary



tests on the 561%&16??) catalyst, test apparatus, a«papi-
mental procedure, and evaluation of the datsa obtained.

Liter aﬁh e Survey. & literature search vas made

ﬁm éb%ain & genersal i@tyﬁﬁﬁctiém’ﬁw the fleld of flutde
iZﬁtiQﬂ‘%H@ to &at@rmiﬂ@ the ﬂuglﬂantiﬂﬁ@ of the flulde
é@lids ﬁeghmi%me, % fé?iﬁwbwaa'made of the
of heat transmisslon applicable to the stud
ca&if;e ents, and of the spes ific field of heat transfer.
in the fluidized stabte.

Determination @f,FEﬂi&iﬁ&ﬁi@m Properties of Bed

Meterial. A catalyst test apperatus, designed and con-

, 2 477) " . . ot
gstructed by Seldsl 5 was wsed to determine ths flulde

ot

ization properties ﬁfvﬁhﬁ Q&t&wa'gaﬁd employed as the
bed metorial. Th@»?fim&ry purvoss. of the &@é@s COTL=
ducted on the ﬂ&i&el unit was Lo determine the ruange of
maas_swyariiaiﬁl‘&ifIVﬁlﬁéiti@s to be used iﬁ the ine
vestigation on heat transfer to a fluldized bed.

Modification of the Hreckon Fluidization Unit. The

apparatus used in this investl gat;un wag essentlally the
unit designsd anééﬁﬁﬁﬁtfmﬁtﬁﬁ'by Evaakaﬁil}. The only
modification made in t$1$ wnlt is d@&e?ih% balow,

The gas exit of the fluidization column was changed
from & horlaontal §aéiti&ﬁ to an upward inclined posi-

tion (Figure £), msking an angle of 46° with the vertical



w5 e

axis of the column., The éhamg@ was mads to r&dﬁﬂ@
carry-over of the dispersed solids, and thelr consequent
entrapment in the exit line, The inelined sxhsust nive
permitted the solid particles to fall back into the fluide
ization chamber,

Experimental Procedure, The fluidized bed consisted

of Ottawa gand es the sclld and air as the fiuldizing
medlum, Tests were made at bed wall temperatures of 200,
400, &n&_%ﬁ@ OF, snd at four mass superficial alr velociw
ties ranglog from 82.5 o 217.5 pounds per hour-souare
foot at each wall temperature. |

In meing a test under specific conditions, ths alr
flow through the fluidized bed was adjusted %o the de=
sired rate as indicated by the sir Inlel crifice mano=-
meter., _The desired bed @all %@my@rat&re was maint&imﬂﬁ
by means Gf‘th@ "capaclirol” temperature cmﬁt?@li&f.
When it was apparent that steady st&telaanéitiama'ﬁéd
been yeaahaé, ﬁat&’warﬁ r@aar&@d of bed snd bsd wall
temperatures, pressurs drop across the fluldized bed,
energy input te the bed heating unit, anﬂ’tﬁmgar&tura

and flow rete of the entering alr.

%v&la&%iéﬁ of Hesults. The operating characterige

ties of the fluidization unit were observed and éiscusssd



in aﬁngunqti@n with the data obbtained from the experl
mental tests. The ealeulated repults were based on the
sverape of at least three readings taken at esch point
over & recorded period of time, nmd@f steady state con-
ditions., %he e@ﬁffiai&ﬁ%ﬁ of heat transfer were based
onn the internal areas of the pipe wall and the iﬁtggraﬁady
m&am”ﬁempﬁrﬁtufﬁwéiffaren@a»b@ﬁ%@&ﬂ tﬁs'Wﬁll and the
bulk bed, @h@ effects of mass superfleial alr-veloslty
and temperature driving—force on the coefficient of heat
tpansfer were svaluated, ~ﬁad+tam§@y%ﬁura‘graéiﬁﬁﬁs wérﬁ
determined in an effort to substant’ate previously de«
seribed hest—transfer charecheristics in the fluidized

shate,

Materlals
 ‘Th@<f¢i1ﬂwing meterisls were used in this investlgaw-
tion: | ‘

Air, Compressed air, humidity, 0.0l pounds water
v&pgr‘pér pound dry air, supplied from the Nash Hytor
e@mpr33$§$, Department of ﬁha@igal‘ﬁngima&@img,'Vifginia
Fﬁlyt&ﬁﬁgiﬁ Institute, Blacksburg, Virginia. Used as
the fluidizing medium. |

Sand. Ottaws, 99.98% 8i0p; 100% through U. S.
Sk&n&aré sieve #20, 100% retained on U, S, Standard



sieve #5303 wmeets speclifications of A, 8, T, ¥, Tesigw
nation €=109; 0.086-inch aversge partlcle dismeter.
Obtained fr&miﬂsgartm@ﬁt of Ceramlc Fngineering, Virginle
Polytechnic Institute, Biacksburgp ?ﬁrgiﬁia. Used as the

Fluidized zolid,

| The following pisces of apparatus were used in this
iﬁvestigaﬁiam:

Battery, Dry Cell. "Hveready," 1.5 volt, number

6, Manufscibured by the ﬁgtigﬁ&l Carbon Company, Clevew

land, Ohio, Used in conjunction with the potentiometer.

Cell, Standard, ﬂmmﬁer 302684, 1.,0184 volts, igw
ternal reslatance not over BOO ohms, HNenufectursd by
Epperly %abﬁratavggbzma,, ¥ewport, B. I. Obtained from
Fisher Ecieﬁtifia_ﬁa.g'Fittgburgh, Po. Used in conjunc-

tion with the potentiometer.,

Fluiéizatisﬂ_ﬁnit,anﬁﬂﬁceeﬁsﬁry'Eggimmﬁnt. A1l
materials required for the construction of the fluiﬁiQ_
zation unit end ascecessory equipment are included in Tahle I.

Galvanometer. Center zero type, catalog number

570-201. MNanufactured by G=-M Laboratories, Ihc¢, Chiw

cago, Ill. Used in conjunction with the patentiamﬁter¢



Ty . .

HVratarsi FA L

gparvenst Faf e

-
Y

g 8w

T¥es # ooen

w58-
. TABLE %

Bill of Materials for
Fluldization Unit




= mwwmmM@W@wwww

-

freal 'tag wmﬁwww

m*&@ mwmw%

*&M o
mﬁ%@k 7

i
%#%@Wﬁ %*@%

frour w*%m %&wwmm

5 faman
frour fran pragon

w%w,»@&@wwww
- mﬁmww .@w

%wﬁw ww%w%@ww

‘e mw
ise ,

. mmw&m@wwwww

fro5 DEIiIueIeg

o Mww% -

*gs *Egmgenoeta TeRng RaHl
Ao B3 RAIA e
Spe o5TATes U JjeaT

g fSgmagac WMM‘Wwwmwww -
stunas MMMmW gyariaga ¢ m@&
80 aIeg 0341980

£amn gy w*&%»www

g; *JangInonTy

wnwmwwwww %%ﬁw% Wtﬁ

oTAATNT ‘outa

&%M%m N@

Wi 2o peaonige
ieege

s;&wM@@Mm
*pasrness fgouien/y

e 0 e &

yurs fgurel
& fuone.

HEMED APRIL TGemMpen/t

ToaT sosrs *uourenfy

UGI] NOETY *QoMie3/T

el

St
Bld ‘sl W 3/

m%Mw
HEq Tnouiel ® 1

Aeetg

‘qeui~f ® p/e

&%&w
21 fuourer ¥ 1

e ;wwwwﬂmwwmw

o2 3oata fauief
e T mﬁm

Wuww»&w ﬁw, - s@

-

oddsy

8T mwﬁmwwwm%@

saesninagg

HOUD § % 2

THUT ST/t ¥ 80 ¥ BiC

ou: o/ = 1 %

i ubTIwe

mww

oo ot oy

o
I

o

28

e

-

o

8BS

=

3T

¥

#1

#L

3T

¥i

L

Mwywmwﬁ




a

Metor, Cas. ﬁumb%ﬁ 4354740, capsecity 30 to 600
cuble feet oer hour, g aduated in cuble faet and tenths
of cubie feet, Emawfgwfxra by the American Meter Coe

DANY 5 ﬁTh&ﬁﬁ, N. Y. Used to measure the alr Ilow ln

bhe © i e calibratlion.,
Classware, Miscellaneous heakers, funnels, snd
e & £ 3 N E
flasks, Obkalned from Fisher Seclenbtific Company, Pittse

burgh, Pa. Used for handling the %Qv&‘hﬁ ds and the
menometer flulds.

Potentiometer. Pype v, renge O to 0.017 and O to

1, 70 volta, Henufactured by Fiﬁhﬁr Scientific Co,,

H0 meLsure eiﬁﬂhr tive foroee

Pittsburgh, Pa.
fram.ﬂh%rmaaaagl@@.'
Temperature 9ﬁntw@ 1 "ﬁhy“c trol," wodel 28&,

rdﬂm@ 0 to 1000 ©¢, rating 110 to 220 volts, 3B empere.

Er 4
P
o5
21‘3

nufactured by ¥heelco Instrument Co., Chiecago, Elln‘

Uzed to sﬁ%r 3 %m@ temperaturs of the fluidized bed

L»‘#

Timer, "Preclslicn Time~it," O to 9999.0 seconds,
graduated in tenths of & seccnd, 1185 volt, 60 cyele, 5

watt, Manufactured by the Precleion Seclentifie Co.,

=

Sﬁ%ﬁﬁgﬁ, Ill, Used in conjunction with the gos mete

he ealibrobs the orifice,



Meter, Watt~hour, Type OB, single phase, 60 cycle,

115 to 280 volts, 25 ampere, serial number 12346738,
Henufactured by Westinghouse Electric snd ¥enufacburing
Co,, Fewark Works, Vewark, W, J, Used to messure energy

input to the fluldized bed heatlng unit.,

Hethod of Procedurs

The procedure f@llewaﬁvin~e&mréin@ cut ﬁhja invese
‘tigatian ingla@@ﬂ'thﬁ calibraﬁies of orifice manometer,
aal@%rahiﬁn of th@’“aapaaitralﬂ temperature ﬁéntﬁallar,
determinstion of optimum operating conditions, and the

operation of the fluldization unit,

V%aiib;&tiﬁn»mf Orifice Menomester, The orifice
mamﬂﬁétaﬁ on the alr inlet line was ealibrated in the
faliaﬁing,m&nmar. The one-ineh air line dirvectly below
the ovifice waﬁ‘ﬂaﬁﬂﬁata& to 8 dry ges meter of 30 to
%@ﬂ,eubie foet per heur capacity. Callbration readings
were taken at a constant oriflce pressure drop by obe
taining ﬁhé V@lmma of alr flow through the meter for a
measured length of time. Three readings were msde for
_a&ehigw@aﬁur@‘évﬁp, mn& the averapge of @Qa% set &fvré&éinga
wag plotted versus tha pressure drop to give the cali-

bration for the orifice,



B -

Galibra%imm_@f}“Gapaaitr&l“ Temperaturs Controller,

The “caﬁﬁcitrﬁlﬂ»waa calibrated as follows: The wire
lead from the control thermecouple was athached Lo the
aaﬁﬁraz poles of # double«pole, double-throw tegglé‘
switbh, & set of leads from one side of the switeh

wag connscted to a @@ﬁeﬂtiomatar. Another set of leads
from the other side of the switch was connected %9 the
temperature indiecstor of the “capaecitrol.” Thus, the
switeh could be used to direct the current generated in
the th&rmﬁeaﬁ@le to either the potentiometer or the |
Teapacitrel.” The main h@ﬁting alﬁmemﬁ'af_the column
‘was then energized, and the column wall temperature was
allawaﬂ,%w‘reaah approximately 200 @F, The th@rm@céﬁyia
was connected to the potentiometer snd the emf observed
gnd re cﬁrQWﬁ. As soon o8 the @QténtiQme%ar reading was
detormined, the themmocouple was switched to the "Capacl~
trol," and 1ts indicated tempersture was record ed. This
procedurs wag repeated for temperatures of 400 an 1 600 OF,
which were the temperatures t¢ be used in operalion of
the unit., The calibratlion was zccomplished by determine
ing the bemperature o er?emwamaﬁnﬁ to the potentiometer
readlng, and Qﬂm?ﬁfiﬁg it with the @ampﬁratava indleated
by the "ecapacitrol." ﬁ‘HUAﬁ&bEG correction was made to

the "capaecitrol®™ reading.
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Determination of Optimum Uperating Conditioms. The

material te be usaﬁ‘as the fluidized solid was pleced in
& tr&ﬂsmﬁranﬁ iucite plastic fluidization test apparatus,
congtructed @y Sﬁi&ﬁl‘z )g Alr was gaassé through ths
é@iiﬁ_p&phiélas at known mess surverficial alr ?ﬁlccitiﬁﬁp
The v&ﬁge ef veloeltles at which the bed was fluidized
wag determined and later used ag the range of @?ﬁ?afiﬁﬁ
in th@ investigation of heat translfer characteristics

ﬁ* t?% aéliﬁ in the fiui&im@ﬁ state, The physieal apm
pearance and charscteristlcs of the solld were observed
and mﬁggrdéﬁ over the renge of fluldization veloc akias,

Operation of the Fluidigation Unit, Preliminary

to éﬁﬁaiﬁiﬁg,ﬁé&t é@ta, the fluidizatlion colurn was
ili@é to 1@V%i 29 inches above the bottom of the
beating unit with 20.% pounds of Otbtawa send, The sand
was iﬁﬁréﬂaceé te the column th@mﬁgh the alr ezhauvsi
pipe ﬂ% ﬁh@,ﬁiﬁamgagiﬁg section (Pigure £). The exhsust

pipe was then connected by meens of a flange to the

syatemgéf outlet pipe.

Fach test resulted in & series of experimental data

obtalnéd under steady state conditions of operation.

. v./ i ” ; 3 .

Fach @aaﬁ was conducted at a2 constent bed wall tenperas
f

huﬁ@ 'and mass sL?arf?ciﬁj air veloeclty. ’@na test varied

frn4 ancther in that the wall temperature and/er the alr
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Figure 2. Schemetic Diagram
of Fluidisation Unig
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flow rate were ehﬁng@é; Tests at fiv@'air,V%leait%ﬂsl‘
were made at each of thres bed-wall temperatures,

| At the stert of z test, the bed traversing there
mecouples were placed ét the L=30 {30 inchesg sbove %hé
b@ti@m of the heating unit) position in the fluidization
chamber, The traversing mechsnism was then held in place
with & rod extending through the two matehing holes on
the rod and the unit support for thed particular posie
tlon. The temperature controller was théﬁ get et the
desired bed-wall tempersture, The main line switahAaﬁél
then the secondary gwiteh for the column h@éting unit
were closed, When the fluidilzetion chamber wall ré&ﬁh&é
the desired temperature, as indlested on the tempera-
tura_iﬁéiea@mr of the tewmperature controller, the air
flow through the flmiéisagi@n ahamkar wes aﬁﬁﬂﬂﬁ&&“tw the
desired rate by menipulabtion of valv@3>nmmb®r’§l‘éﬁa'
Vg, Figure 2. Valve number Eg‘in the feinch bywpass
air line was used for fine adjustment of the elr flow
rate. The sir-flow contrel valves were constantly ad-
justed to assure s constant rate of flow of alr.

Valves number Vz through fiﬁ* Figure 2, wsﬁe used

to direet the fléw ﬁf @ntaring‘air thraughvth& left

chambery A, In the orlginal design of the unidb, the two



- -

chambers, A, were used singly for drying the inlet air,
However, the alr veloclities used in this investigation
were so low {4.24 to 9,00 pounds dry alr per hour} that

the exheust gases from the fluidization unit were at ame

‘chember through which the inlet air was not passing, and
thus were useless for regenorabtion of lte &bﬁﬁr%in@ mgﬁi&m.
For this reason, the sir used in all the tests was directed
through the left chamber, &ﬁé a constant cheek was made
ﬁ¢}amawye that 1ts humidity remaim@ﬁ»ﬁﬁth constant and low
{0.,01 pound water vapor per pound dry air)., To thus die
?@et‘ﬁae s&ﬁ@fiﬁg aipg valves numbser Eﬁ,&mé,fﬁ were opened
and valves number Vs and vg were closed. To pass the exe
h&&gt;g&&@@whhrﬁugh the ?éghﬁ ghanber, valves number Vg
amé'?ié were opened and valves number V3 ané‘ﬁz were cloged,
oF.5.-8 .4

The manometer control board shown in Flgure £ was

P

1382 in eonjunction with two manometers to mesasure the

??egsur@ drop. through the fluidized bed. Froper manle
ymlgtisn of the l/Sainah valves located on the control
panel allowsd the pressure drop het@@@n ﬁmﬁimﬁnamet@f
taps in the fluldization chamber to be messured.

- preliminary

After about a two-hour heabing
temperature readings wore made at 1lB-minute intervals

to aseertaln when steadyv-state econdliions were reached,
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The preliminery temperature readings were taken at thers
mocouple positions number 4, 8, 18, and 15(Table II).
Then successive readings were @ﬁ&@ﬂﬁiaily constant, the
seriss of readings constituting the test were bagun.

The ﬂata sbaerved during a btest comsisted of the
energy input to the bed hﬁ&ting upit, orifice yressur@.

dif f@ﬁ@ﬁtkal (a@ld constant), glr 1;nﬁ pressure above

the orifice, th@ pressure drop over vericus sschblo of
the fluldlized bﬁﬁ, insviation temperature, temperature.

of the alr Pﬂﬁ@Zsﬁ& the unlt, the bed wall temperature
at six-inch Iintervals along the aﬁwinﬁﬁ heating ﬁﬁiﬁ,
_h@é bempepabures st sach siz-inch level, wall terperas
ture one inch above and one inoh below the heatlng unit,
room temperaturs, and barogeirie pressure. Hecesgary
time intervals werce recorded during each series of ré&éQ
ings, The indicator on the temperature controller was
chacked e@ﬁ&ﬁ&ﬁ%ly't@-snsafa that the wall temperature
of the column was maintained constant, The potentiometer
ﬁ%%ﬁ‘fﬁ? indleating thermoecouple data was re-standardized
several times during esch set of readings. |
Data wers obtained @ith Ottawa sand as the ”lv¢ﬁzzeﬁ
solid and alr as the fluldi zing mediuw for a serles of

FESm

15 tests. The variables considered were three bed wall

e

temperatures (800, 400, snd 600 9F) and four mass, super=
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fleial air veloeities (82,5, 123.2, 170.3, and 2817.5
pounds per hour-square foot). An addlitional test was

nade at each bed wall towmperature at & mass superficial

fot

r veloelty of 178.0 pounds per hourssquare foot with

¢

no sclids present in the unit to determine the rolative
value of the presence of fluidized sollids in incroashhy
the coefficlient of heat transfer. Bach tewmperaturs re-

corded In & test was checked at least three times during

the btest over a peried of aboubt twe hours, and the values

presented herein are averagses of the bemperatures thus

recortsd,
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Data and Resulba

Thﬂ data end resulls of this investigation on heat
transfer to a fluidized bed are arranged in the following
order.

Ohssrvation cf F1ai ization ﬁharae%erzgtzes of a

Bed of Ottawa Pand. Ped expsnsion, degree of fluldization,

and physicel sprearance of the bed are listed as Tunctions

4

of mess superficial air veloecity in Table ITI, as deter-
mined in a transparent luclie plestic fluldizatlon test
spparatus,

Calibration Data for Orifice in Inlet Alpy Line,

Volume flow per unit time 1s listed with corresponding

’i

pres SBUTe nraps =¥ mbsﬂwv ot inlet air line orifice

ﬁanﬁmﬁ*“r, in Pable IV,

Alr Tnlet Orifice Celibration Curve. The data listed

In Teble IV 1s plotted in Figure 3.

Swrmary of Dete snd Regulte of Heat Transfer to sn

Alr Fluidized Bed of Ottawe Sapnd st Bed Wall Temperaturss

of 200, 400, and 600 °F. Included in Teble V are air
flow rates, Insulation temperatures, bulk bed and bed-
jwall temperatures, heat flow rates, mean t@mperatuféé
‘differences, bed-wall temperature drops, and caeffidi@ﬁ%a

of hest trensfer for 16 tests conducted on the preckon (1)

fluidized bed heat transfer apparatus.
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TARIE

v

Calibration Dats for Air Inlet Qrifice

Orifice Pressure Afir Flow®
":gvrggg 5 ﬂ&t@ S
tn, 'gga eu Tt/ min

0.256 1.20
1.20 2,09
2.18 2,90
4,12 3.87
6,0 4.82
8.00 5,58

% Hessured at Y7 OF and 28,1 inches of mercury,



CU FT/MIN

AIR FLOW RATE,

70

" ORIPICE PRESSURE DROP, IN. WATER

FIGURE 3. CALIBRATION CURVE
FOR AIR INLET ORIFICE.
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Frp

ng Data umi w __g Heat Transfer
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TABLE ¥

Summary of Data and Results of H8at Transfer to an Alr Fluidized Bed

of Ottawa Sand st ¥all Yempervatures of 200, 400, and 600 °F
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Vertical Wall and Bulk B@d'?amgéraﬁmr@.Graﬁiantg for

Individveal Teatg, The vertical wall and bulk bed temperasw

ture gradient of each of the 15 tests made on the fluidized
bed heat transfer apparatus are pletted in Figure 4 iIn

such a manner that mean temperature difference between

bed and wall may be determined graphically.

Effect of Mass Superficisl Air Velocity on Heat

Flow to an Alr Fluidized Bed of Ottaws Sand, The heat

flow to the fluidlzing medium in Btu per hour ie plotted

in Flgure B ageinst the mass superfileial Air veloclty .

for bved wall temperatures of 200, 400, and 800 °p,

Effect of Mass Superficiel Air Velocity on the Bed-

Vall Coefficient of Heat Transfer in an #lr Filuidized

Bed, The bed-wall coefficlent of heat trensfer of an

e

ol

againat the mass superficial air velocity at external

bed-wall temperstures of 200, 400, and 600 °F,
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Samwple Calculations

The %&m@13'¢&lﬁﬁl&%iaﬁﬂ in¢lude the determination
of volume reabe of air‘flmw,.maa& superflelial air veloeclty,
?ate of heat fi@# to flaiﬁix%d bed, over-all int@grateé
m@aa'ﬁém@sr&tnre:ﬂiffaranaa, temperature drop éu@_ta pipe
wall, bed wall boundary mean temperature difference,
coefficient of heat transfer at the h@@_wall b$&néary,
ané,a h$&t balance over the entire fluiéizatiﬁn unite.

The ecalculations that were made from the data of
Test B are shown as follows:

'Q&lmulaﬁiaﬂ nflﬁglum@vﬁat@faf Alr Flow at Standard

?rasgura, The alr inlst orifice pressure drop was G,?S
inch of water, which corrssponded to & volume flow rate
:Gf 108.,0 eubice feet per hour as indicated on the orifice
calibration curve, Figufﬁ_@,.pag@ 72, This indicated
flow rate must be corrected for increase in line prege
sure ceused by resistence of the fluidized bed and the

exhaust line.
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The pressure in the line was caleulated as follows:

Po = Pyt Py | (18}
whers

Ps = absolute line pressure, in., mercury

gt
foud
i

» Indicated line pressure, in. mercury

b
L
1

= barometric pressure, in. mercury. ..

"Fs,= 6.3 + 88,1
"?g‘- 34.4 in, wmercury, absolubte,
The ecrreeted volume flow rate for stendard pres-
sure was determined from the f@ll@%ing relationt

Vo = Po
e Pz
5 v

(17)
where
Ve = corrected volume flow rate, cu ft/hr
Py = sbandard atmospherle pressurs, 20.9 in,
MePEUry,

V, = 34.4

¢

(105.0)
Ve = 120.9 cu ft/hr.
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Caleulation of Mass Superflclsl Alr Velocity. The

wet and dry bulb temperatures of the entering alr were
found to be 64 and 77 OF, respectively, amfr@&pamding to
an absolute humidity of 0.0l pound water per pound dry

alr. %h@ gpecific volume-of the air was found to be

13,72 eubic feet per pound, from humidity tebles, The
mass superficial alr veloelty, ¢, based on an empty column,

was determined as followss

G Ve S .
I e (18)
Pg %
where
G = wass superfielial alr vai&aity, 1b/hr-sq £t

gspecific volume of air, cu Ft/1b

Pg

= cross section area of fluidizetion chamber,

P
o B
i

s fh.

¢ = 171.5 1b/hr-sq f£t.
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Calculation of the Rate of Heat Flow to the Fluidized

Bed, The rete of heat flow to the fluidized bed over
the 30-inch heating section was based on the increase in

\.airfkﬁm@@rature.baﬁwe&ﬂ inlet and exlt streams.

Q=W O, (b, = b1) | (19)
where ' - | '
4 = rate of heat flow to fluidized bed, Btu/hr

mass flow raﬁﬁgﬁf air, 1b/hr

i

Cp = specific heat.capacity of air over the range
between 77 and 400 °F, Btu/1b-°F

<'Qutl@t ﬁ@mp@yaﬁu?@ of &i?) @F

¥
O
i

Lcs
i
1

= inlet temperature of air, op,

(8.82)(0.244)(368 - 77)
624 Btu/hr.

"
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Celeulation of Over-all Integrated Mean Temperature

5@iff§r@m@$; The over-all mean temperature difference

 between the ocuter wall surface snd the bed mass was

1 ﬁb%&iﬁéé‘g@a@hiaally, as indicated in Figur$~é; page 75,
The ares betwesn the outer wall temperature and the bulk
bed t@myératu?ﬁ curves was divided by the longlitudinal
distence along the column to obtain the mean temperature

difference,
AT | (20}

@h@vav

L

Aty = over-sll integrated mean t@mpayaﬁur@‘
ﬁiffﬁrene@, O
A' = area between outer wall surface and bulk
bed temperature curves obtained graphe
leslly from Figure 4, Ofmin,

L height of column, in,

Aty w 750.8
R o

nty = 25,03 OF,



faleulation of Temperature Drop Across Pipe Vall.

The bed wall resistance to heat flow was calculeted ap

ﬁall&ws:
By = X% = (21)
where
HwAg %ﬁ&rmal'?aséatﬁmc@-t&r@u@h pipe wallg
~ OFhr/Btu |
% =z plpe wall thickness, i

")
]

thermal conductivity of iron pipe, Btu/hr-
sq t=CF/ft |
By = lea mean area of 30-inch &@cti@n mf %ipe,

i sq ft,

0.000310 mw’r

gﬁ
®

Th@ temperature ér@p thramgb %h@ plpe wall was de-

tarmin@ﬁ from the r@lﬁtiﬁﬁship | |
| Aty = q Ry | {22)
where a | , ‘
Axﬁw g *emparatuzo ﬁray seross pipe wall, _F,
Aty g (5?%){@ O@Q&l&} |
Aty = 0.193 OF.,



faleulation of Fed ¥Wall Boundary Mean Temperaturs

Difference, The boundary mean temperature difference

- was obtalned by éubtraatim@ the temperature drop caused
by the bsd wall resistance from the over~-sll int&grataé'
méaa temperature difference.
Aty" = Aby =~ Aty (23)
vhere
Aty" ="boundary mesn teﬁﬁ@ratara difference, °F
Aty 2 25,03 ~ 0,19
Atn® = 24,84 °P,

Calevlation of the Coefficient of Heat Trancsfer at

the Bed %ﬁll’%ﬁaﬁd@fﬁg The coefficient of heat transfer

wes caleuleted as Tollowsd

h" = &,q , (24)

where v
h" o coeffleient of heat transfer at the bed
wall boundary, Biu/hr-sq rt-OF
A" = area of heat transfer surface, inner pipe
wall area between levels L=0 (botbom)

end L-30 ({top), sq ft.

B" = 12.50 Btu/hr-sq £t-OF,
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E@ﬁa?&in&tien of Heat Balance Over Fluidization Unit.

The calculation of a heat balence across the fluidization
unit involved the fellowlng: the rete of heat input by
eise@rie energy, thﬁ‘rate of heat content increase by air
stream, the éaﬁ& of h&é@ loss up end down bed wall, and
rate of heat loss through insulatlon surrounding the
fluidized bed, |

Beat Input by Flectric Fnergy. The total heat

invut was eslculated uﬁing the eoustion: ‘
g = Kﬁ, P . {2B)
where |

q = heat inpit, Btu/hr

L4

By = rate of electric energy input, Kwehr/hr

P

H

conversion factor, kw-hr to Biu,

g = (0.516)(5413)
g = 1070 Btu/hr.



Conductl

on Loss at Top of Column ¥sll. The

heat loss by

wag obbainsd

wWheEre

conduction at the top of the pips wall

frem the ralaﬁiam&hips‘

G e ko Ay Gy30 = bySl (26)
B

= thermal conduetivity of iron plpe,

Btu/hresy fE=9F/ft

1

cross sechbion ares of pipe wall, sq £t
= temperaturs of column wall ab Le=30

level, OF

_a-btemperature of column wall at L-31

level, “F

= disgbtance between levels L-30 and L=31, ft.

(27)(0.0155) (37

T

g = 70,3 Biu/hr,.

similarly, the conduction loss at the bottom

of the pipe wall was found to be 80.2 Biu/hr.
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Heat Loss Through Insulation, The heat loss

through the celite insulation was ealculated from
the following eguationt

q s kip Ayg til~“ tig, . (27)
mmuggmmmw

kgwm = thermal conductivity of celite at
mean temperalure, Btu/hr-sy Ft-CF/ft

logarithmic mean ares of ingsudabion,

%
B
1

gg 't
b3l = tempersture of insulation at inner
 position, OF

temperature of insulation at outer

&

=
e
"

position, °OF
Xy = thickness of inswlation between the
two thermocouple positions, It

q = (0.040)(5.51) -1

o] 4

g = 254 Btu/hr.

Corrected Heat lﬁﬂa@itarﬁlﬁiﬁis@dlﬁsé, The

corrected heat input was cbtained by ﬁﬁbﬁﬁ&e%ing“
the sum of the calculated heat losses from the
slectric @n@wgy’ihpu%‘

Qg 1070 = (70,5 + 60.2 + £54,0)

q = 685.5 Btu/hr,



Brror Based on Heot Flow to Alr., The percentage

error in the ecalculated amount of heat flow was de=-
terminsed, based on the heat flow to alr through the
fluldized Eeﬂ.

4 error = {666 - 624 ) ;
g ) et 106
=5 {100)

error = 10.0%
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IV. DISCUSSION

The discusslon secticn of the in *s tion mf heat
transfer to an @Et%?ﬁﬁll?vhﬂ&téé, fluidized bed of of-
tawa‘éan&,c@ntaina a presentation of the data and r@éulﬁs
abtaiﬁéé,vr@é@mmam&atiénﬁ for further work on the sube
3@@%,'anﬁ the limitations involved in the experimental

procedure,

Discussion of Hesults

This seetion iﬂﬁl&i & @ilscussion of the varilocus
factors of consequence in obtaining the results of the
investigation, Toplecs covered include: the use of
humiﬁ_aiy as fluldizing medium, fluldization charactere
istice of bed materisl, condltions of operstion, determine
atign of equilibrium eonditlicneg, horizontal bed temperas

ture gradier is, temperature drep through bed wall, ver=

tical bed btemperabture gradients, %Gmmﬁary mean bemperas

ture dlfference effect of mass superllclel alr veloelty

on the bed wall coefficlient of heat transfer, and cole
‘parison of coefficlent of heat transfer betwsen ewpty

and fluidized bads,
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Use of Humid Alr as Fluidizing HMedlum. The fluidl-
(1),

zatlon wnit, as designed and constructed by Brechor
ineluded two ailr drying chambers (Figmf@ 2} filled with
sova bead déﬁica&ﬂﬁ, These chembers were originally
used for drying the alir amt@wiﬁg the fluidized bed.

For eny given test, one chember was used for drying vwhile
the other was being regenerated by passing hot exhaust
gases from the fluidization unit through it. The ef«
fectiveness of this procedure is somewhat doubtful be-
cause there was no way of checking on the drying effici=-
ency of the mnitlﬁuring a test, and there was no assurance
thaﬁ-thé molsture content of the air entering the unit
wa# econstant, even tﬁmmgh 1t may have been very low. In
one of the preliminary tests of this investigation, the
mass sir flow rates emploved wers so low, 4.24 to 9.00
pounds per hour, that.by ﬁh@ time the‘&ir bad passed
through thﬁ’unimﬁula@é& piping between the fluldized bed
and the chember being regﬁm@ﬁate&,}its_tamy&@atﬁra‘ha&
d@@?&%S@é to that @f‘ﬁhg surroundling atmesphere, Thus

it wa& impossible Lo remove moisture from the desiccant
at such & low t@mper&tur@; SBeversl tests werse made to
determine the moisture content of ths aip su@@lykwitheut
drying, and the absmlute humldity over & perilod of two

weeks was Tound to be constant at 0.0l pounds water vapor
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per pound dry air, Furthermore, these tests showed no
gigns of entrained water droplets; thus it was assumed
that the alr used in this invesitlgation had & consiant
gpecific heat for all tests %VQ?’& ziven temperature
range . |

Fluidizetion Charseteristics of Bed Materiel. Obe

servations were made af'ﬁhﬁkchﬁracﬁ@risﬁims éf‘& flﬁiﬁimﬁ&
bed of Ottawa sand pricr to masking the experimental tests,
The apparatus used for these observations was a transe
parent lucite plastic fluidization test unlt constructed
by 3@1&@1§??}. ‘8ince this unit @aﬁ 2,75 inches in diae
meter &s compared to the §~inah standard dlameter pipe
used in the heat transfer énv@@ﬁigaﬁi&n; tﬁ@ 3h&rﬁﬂ%6?m
istics of & Bluidized bed would be similar in both units
under the same conditions.

watheson(59) has indicated that in gas fluidized

~ beds, particles in the waﬁgﬁ of 0,018~inch diameter show
the best fluidization characteristiecs. A ty@é'éf tur-
bulent flow im which small gas bubbles rise through the
fluidized bed was obtained with particles of this size,

A gimilar type of fluldization was obtained in %hﬁ%vin»
vestigation using gaf%ialﬁs of 0.026~inch average @iaé'
meter. The range of mass air veloclty for optimum fluide

| ization was found to be €1.0 %o 1?5.& pounds per hourw



aquara’faat, At 66,05pounds per hngwﬁéaar@ foot, it

was noted that only the upper surface of the bed showed
gﬁy sign of mction, ¥Wo movement was visible in the
sgimgpmse at the bed wall, The bed was not fluidized.
At 90.0 @@ﬁﬁﬁ% per hﬁurst&&v@‘fﬁat, & slight sgitation
ﬁéau??éﬁ'all'aimmg the bed wall ﬁﬁ&rﬁhﬁﬁﬁ cne small
bubble per s&aamﬁ‘a&nlﬁ'bﬁ seen bﬁrsting at the surfsce,
At 109,0 pounds per hour-square foot masgs veloelty,

the bed showed inecreased sigmg of agitation, and about
tﬁr@%:%ﬁb&}@s p@?;a@eané buret at the surface. AL
1%§.Qf§anmés per haﬁfaaquar@ fé&t, bubbles iaarﬁas&d in
size untll they reached the dlameter of the ﬁmlémm in

the upper inch of the bed, BSolid partiecles were thrown
as high as 1,5 inches above fhﬁ.ﬂﬁp ﬁf the bed by burst-
ing éiugs,»'At 162,6 paunﬁs por hour-sguare famtﬁvslﬁge
ging ﬁaﬂ&fﬁ@ﬁ in ﬁﬁ@ upper half of the bed, throwing sand
as high as three inches above the surface level. At 210.0
p&umﬁgvgﬁf hovr-gguare foot slugsing aaaﬁrfaﬁ in the enw
tirve bed,

A mess superficial air velocity of 82.6 pounds per
hcmfmsgmgr@:fe@t was selected because 1% e&rr@spmnéaﬁ: i
to &‘ﬁéﬁ conditlon occurring just prior to fluldizationg
Velocities of 128.2 and 170.3 pounds per hour-sguare foot

were chosen because they ocecurred at intermediste points



of fluldization, The highest veloclty used, 217.5 pounds
per hﬁﬁ?w%@ﬁﬁf@ fﬂoﬁ, was 3@1&@t$d bé$au3a it caused

& slugging conditlony i, 6., 1t was h%gh@r then ﬁ&ﬁ
ldeal fluidizatlon range, ’Tﬁ@\fﬁﬁ? mass velocities gi?én
&ﬁaré thereforse should indicate the ch&racterisﬁiés of
the bed over the entire range of nonfluidized, fluldized,
and slug flaw:aandi%i@ﬁaglamé data eauiﬁ be obtained
that would indicate the effeet of each state on the

over=all coefficient of heat tranafer,

'Gmmaiti@ﬁg ﬁf Oueration. Ottawva sund was chosen
as the solid o be fluidized for an investigation of
heat transfer f@f'ﬁwg reagons: firsgt, because it had
previously been used in similar studies under different
@aﬂﬁigi@ﬁs fotﬁm@@ratureﬁ,m@g%aflﬁw,ratsﬁ and particle.
éiﬁ@5 &né second, béa&uae its fluiﬁizaﬁion properéies,
%ﬁﬁh'ﬁ% air flow rate reduired for fluidization, and
lack of sclids entreinment in gag stream, Wé?@ idesl
for use with the aypa@&ta&fl} and faellities available,

?ha size of ths fimi&iﬁéd bed was fixed by the unit
thet had been constructed; bed diameter was that of 8
three-inch nowinal diameter @ig@, and the heating seecs
tiﬁﬁvwﬁs'ﬁﬁ inehes high., Alr was chosen as the fluidlzw
ing medium becmase of its availability in the qu&mti%i@s

reguired, and because the physicsl properties of the
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common gases have practically no effect on the fluldi-
gation characteristics, and no effect on the coefficlent
’@f heat trensfer between the bed sclids and bed wall,
Alr flow rates were selected as ﬁ@s&%ibgﬁ in the pre-.
é@ﬁimg paragraph,

Bed wall temperatures of 200, 400, and QQG %% were
uged in ﬁhe tests to evalusts the effects of tempersture
driving force on the ceefficient of heat ﬁramsféﬁ.

ﬁ@t@@ﬁiﬁ&ﬁi@&‘@frgguilihrium‘Gﬁnditiaﬁﬁ@ It was

sagential that &t@&éﬁwﬁtaﬁ%AG&ﬁﬁiﬁiﬁﬁs exist in the heat
%raugf@fgﬁeat unit over the period of time when data for
a2 test were belng recorded, Preliminary t@mp@ra@ﬁre
resdings at significsnt peints in the fluidization unit
Wﬁré takaﬁ at 20-minute intervalsz until steady-state
&&g&itiﬁna were indieuted, These signifiecant pointe
ineluded the bed wall at six-inch intervals from L-0
(lawar 1@?&1 of heating al&mﬁaﬁ),‘%wrﬁzﬁg {cervespanﬁiﬁg
to temperature of exit air), and the cuter and inner
temperatures of the insuletlon (as indigated by theer*
counles 13 and 14, resg%a%i#ﬁly}. Gmmgtamt_r@&&iﬁgs

by ﬁﬁ@?ﬁ@ﬁ@ﬂ?i@ number 138 located In the outer portion
\ﬁf the eolumn iﬂﬁulgtiﬁﬂ,‘agmgtitmt@ﬁ the most accurate

indication of steady-state conditions, beecause in all



testa, this thermocouple tock longer to become constant
kth&ﬂ,any of the other above-mentioned thermocouples.

In each test, the mass alr veloclity and central, sxbtérnal
bed wall tﬁmp@v&tmﬁa, as indicated by the "ecapaeitrol”
temperature contreller, were held consibant during the
entire period of attaining sguilibrium and recording of
data,

>
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Horizontal RPed Temperature Ursdient. The horizon-

tal bed temperature gradlents at each bed level for each
of the 15 tests may be determined from Table V. Beveral
points of interest may be zeen, as discussed below,

Effeect of Bed ¥alil Tempsrature., An incresse

in horizontal bed temperature gredlent occurred
~with an inppease in bed well tﬁmpératﬁra. At 2
constant mass alr valoelty of 82,5 pounds ver hour=
square foot, the average horizontal bed temperature
gradient inecreased ffﬂm~l to 4 to 5 °F while o corw
responding increase from 200 to 400 to 600 ®p in bed
wall tempersture occurred., At 123,2 pounds per
hour=square foobt, the increase was frem O to 4 to
5 OF, A%t 170.3 pounds per hour-square foot, the
heotizontal temperature grad’ ent inecreased from O
te 1l to & 0?5 and the at the highest mass air velo=-

eity employed, 217,65 pounds per hour-sguare foor,



the horizontal t@m§eraﬁuva gradient Increased

from O to 3 to 5 °F for wall temperatures of 200,

400, and 600 BF;- It 1a of imt@rést te note that

even at ﬁhﬁ highest mas a air veloelty used, the
ﬁgghesﬁ*horiz@n%a} temperature gradient obita ned

in this study was ﬁpgrwmim@w@3§ sgual to the iﬁweét
value ob%ained by Ereakmn{;) {4 ¢}, This fact serves
to indicate the high quality of fluidization that
existed in the tests of this investigation.

Effect of Mass Alir Flow, Ho gensral state-

ment may bs mede Qﬁﬂﬁﬁviﬁﬁ effect of mass alr flow
rate on the horizental bed temperature gradient.

?h@ date obtalned showed that the gradlent fluctuw
ated by about 2 9% over the range of mess flow rates
et esch of the controlled wall ta%y&raﬁure& of 200,
400, and 600 °F, The gredient varied from 0 to 1 op
at 200 °F, 1 to 4 °F at 400 °F, and 5 to 6 °F at
600 °F, These facts indiceted that the state of
flvidization had very 1little effect on the horle
ﬁ?ﬂt 1 temperature gradient,

ﬁampafisan‘mf Bmpty to Fluldized Bed. gty

number b, 10, and 15 were conducted under conditlons
similar to those of Testg 3, 8, and 15 (at 200, 400,

and 600 °F and 175.0 pounds per hour~-gquare foot},
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gxcept that there were nc bed solids present in
the former, The average horizontal temperature
gradients obtained with empty bede were 4, 9, and
18 G?, as compared with O, i, and 6 °F for fluidized
beds st wall %@m@%fatur%ﬁ of 200, 400, and 600 ﬂﬁt
”GTbu$ it is shown that the iﬁtﬁ?&iﬁiﬁgvef solids
in the fluidized state Peéwaaslemﬁsi@er&biy'thﬁ temp -
erature gradient acress the bed.

Temperaturs Drop Through Bed Wall., With reference

to T&bl@ Vs, the ﬁaia@lat@ﬁ ﬁém&&ratéyg drop thfﬁagﬁ tﬁ@
ﬂbﬁﬁvwall varied from &vmjnimum of 0,028 G?’im Test 1
 §% 200 ©F and 82.5 pounds p@ﬁ h@ﬁf«sguara foot ﬁ@ a mQXw
imum of 6.$ﬁ%vOF in Test 14 at 600 °F and 217.5 @ganém‘
per hour-sguare foot. The tﬁmpﬁﬁatura drop ineressed

S B

ayﬁ%gﬁimataly in preportion with with mass air velocity
at e given béﬁ wall tempefmsture and incressed, althaugh
not linearly, wlth bed tsmpar&ﬂuy@'aﬁ a é@ﬁat&mt mess

alr veloeity., The bed wall temperature drop was cal-
culated yrimarily to determine if the bed wall ﬁffar@é
'any'appreciahle resistance to heat flow frowm the h@atév
ing element, It was ghown aanelusivelé that the resis.
tﬁﬁ@é'ﬂffer@@,ﬁaﬁ'nggligiblag im eve&y cage the tenpera-
ture drop across the bed wall was less than one per cent

of the btotal dra? vetwesn the outer wall end fluldized bed.



Vertical Bed Tewperature Gradient. The vertiecal

bed and bed wall tempsralture prafi%@s fer ssch of the 16
ﬁ@s@é'awﬁ shown in Pigure %, page 75. The effecte of
m&8$,air7flaw rate and bsd wall temperafure on the pros
files can be noted by reading the curves from left to
right and top to bottom, respectively. The curves for
Teazts 6, 10, and 13 corvespond to those of Tests 3, B,
and 13, where conditions were simllar, aﬁaé?ﬁ-tha% no
bed solids were @f@g@ﬂt in the former tests,

Effect of Bed wall Temperature, Referring to

Figure 4, page 75, and Table V, page 73, it way be seen
that the curvature of the bed temperature profile ine
eresges with ilncreasing bed wall temperatures. At
2@@ @Fvwail t@m@@r&tﬂr@,‘ﬁh@ av%r&gﬂ bed temperature
incygésad frem 162 °F at the L-0 level to 165 °F at
the L-12 level snd decreased to 163 °F at the L-30
level. For tests at 400 °F snd 600 °F, the ranges
were from 364 to 393 to 371 °F, and 546 to 576 to

b3 ﬁF,yT@S@@@@i?%lY. Phus the meximum %efkiﬁal

bed gradients were 6, £9, and 43 OF for temperatures
of 800, 400, and 600 °F, It is jwmedistely spparent
that in the btests at 600 ©F, the mversge tempera-
ture et the top of the bed, L-50, was lower than

the temperature at the bottom, L-C0. This would seem



to indicate that the fluidizing medium, eir, wag
beling cooled at the top of the bed, It must be
noted, however, that the temperaturses reported are
thosz of the @ﬁﬁbﬁﬁliég and not those of the gas
p&ssiﬁg thr@ug% it,‘ Leva(20) reported that a a1 f=
ference in temperature may exist between the solld
particles and the gas phase, but that‘h&r@‘theymoa
couples, such as the onex used in this Investigo-
tion, indicste only the tempersture of the solids,
This fact becomes immediately evident when the bed
ﬁempﬁv&ﬁﬁfes at th@_&;ﬁll@vwl sre exemlined f@r'téﬁ

several tests conducted., Immediately below the

L~0 level, air is being distributed to the bed

st 1ts entering bemperature of approximately BO OF;
howevery, the bed temperatures indicated at ths L0
iéval'are within 30 9F of the maximm temperabure
of the bed, it is a physical impossibility for the
gas to increase in t@m@aﬁaﬁ&r@ by several hundred
degrees at the Iinstant 1t enters the bed., Thusg it
‘becomes logleal that the t@mpﬂraﬁufa of the bed
solids is affected more by scme varisble other than
the masgs v@iasiﬁg'anﬂ temperature Qf:ﬁh@ fiuidiming
medium then it iz by these two faetarsq It is EUZ-
gested, in view ol the inveried Gnsﬁapad curves

ocbtained for verticasl temperature profiles (Figure 4)
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in this invesbtigstion, that the temperature of the
solid perticles is a function of the distance from
the center level (L-15) of the heating element,
This statement would be true only when the fluldie-
za%iam apperatus used was similer to the one empi@y&é
in this investigetion, in that the bed wall was in-
sgulated only over the 30-inch sectlon contalning
the heating coll, and conslisted of several feet

of exvosed wmetal surface agbove and below the heakw
ing unit., The bare wetal provided s weans for hest
to escapé to the atmosphere by rediation snd con=
ductlion, thus ereating a tempersture gradient in
the bed wall that extended from the top of the
‘column teo the Le=15 level and from the bﬁﬁ&@m of
the eolumn to the L-15 level, This gradient Waé_-
refleected in the bulk bed t@mp&r&ﬁmr%ﬂ over the
geme intervel in s similaer manner,

The preceding p&?&gfaph is ﬁéﬁ %é be constpusd
in such & memner that it is thought that the £1uid=
izing medium never reached the average bed temperds
tﬁr% in its progress up tﬁreﬁgh the bad., The gas
roached bed tempersture very rapidly, but the main
point in the sbove discussion was that the gas does

not asgume the bed temperatures on firest contsed
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with solid particles. In caleulating the sensible
heat hdded to the aif gtream, the incresse in temper-
ature of the air was tsken as the difference between
the entering ailr tempersture of approximately 80 °F
‘(;ngt@a& of the L-0 bed level temperature)} and the
average bulk bed temperaturs at the L-30 level. Thus
the alir weg assumed to resch the tempersture of the
bed at some polnt during its pessage through the bed,

Heat Flow to the Fluidized Béd. The heat input to

the fluidized bed was ecaleulated by two methods. One,

an indirect method, consisted of determining the total
heat inpuﬁvby electric energy, and subtracting from this
value the sum of the calculated heat losses by conduce ‘
tion along the bed wall and through the celite imsuiatimn;
The other method, a direct meazns, was based on the ine
éy@agé in temperature of the air stresm passing through
the fluidized bed. The temperature iner@aaa of the air
wag multiplied by the product of the welght of alr passing
through the column end the average specific heat of air
avar‘%h@ range of temperatures involved. The latter
methed was conaidered to be the more accurate; first,

it wes a direct &atarﬁin&%i@ny and second, the values

of heat input by electric energy were at best good ape

proximations, becauvse of the extreme difficulty encoun=



tered in‘r@aéimg guantities as low as three- or four-
tenths of & kilewatt~hour on the kilowabt-hour meter,
The dlscrepancy between the two metheods of calculation
vearied from 7.7 to 14,7 per cent of the heat flow caleulate
ed by'th@ direct method, with the Indirect method show=
ing more heat flow im every test,

The effect of mass superfliclal alr veloeity on the
rate of heat flow to the fluidized bed was linear for

a given temperature, as shown in Figure 5,

Boundapry Hesn Temperature Difference Between Bed

and Bed Wall, The boundary mesn ﬁamyaratﬁrﬁ differences,
listed in Teble V, were obtained by the method of graph=
ical integration suggested by Leval®8), The apeas be~
twsen the verticasl bed and wall temperature profile curves,
plotted in Figure 4, were used to obtain the over-all
temperature difference from the outer wall surface 4o
the bed mass. _

¢?h&le V¥ shows that at & constant bed wall temperse
ture, the boundery mean temperature difference inecressed
with“inﬁfeaaed mags alr veloclty. At 200 @?, the tenmpera-
ture difference increased from 18.72 to 19.52 to 26.73
to 25,90 OF for increased In mass air rate from 82,5 to
183.8 tb 170.3 to B17.5 pounds per hour-square foot.

At %GG QF’%&& inerease in tempersture 4ifference was
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more pronounced, chenging from 16,86 to 17.67 to 24,84
to 31.28 O over the same range of mess velecities, At
&00 @?@ the temperature difference inereased from £26.10
bo £7.30 to 37,00 to 44.00 9F over same range of mess
valgaitieé as abovs. The major point worthy of ﬂﬁtﬁﬁ
hers ﬁﬁ that at all three wall temperstures, the témp@ran
ture difference inecreasecdbebwsen 82.5 and 123.2 pounds
per hovre-squar-e foot mass valgeiti&s WEs very amall
(less then 2 %P} as compared with sn average incresse of
8 °F between mass veloeitles of 123.2 and 170.3 pounds
per hour-gguare foot. The only varisble in conditions
of operation that can be related to the low increase in
temperature differentizl between 82,5 and 123,2 pounds
pergh@&r-s%ﬁ&r@ foob is th@ atate of fluidization of the
bed, At 82,5 pounds per hour-squere foobt, the bed was
not flﬁiﬁiz&ﬁ, while it was fluldized at lﬁﬁaz_ﬁanﬁés
per hﬁﬁ?wﬁ@ﬂé?& foot. From the definition of the term
fluidization, 1t becomes evident that the conditions
whieh %leﬁ téﬁé toward reduection of m@&ﬁ'temwﬁratura
difference exist in the fluidized state, but do not ap=-
pear in the nonfluidized state, It should be noted,
however, that there is no sudden change in conditions,

or in the effect of these conditions, 2s shown by the
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faet that the rate of change of mean temperature dif-
ference s only slightly modified as the bed becomes
fluidized,

‘Bed Wall Coefficient of Hest Transfer, The values

of the bed wall ccefflclent of heat tram@f@rlﬁbtaineﬁ
in this investigation are listed in Teble V, and arve
pl@ttéﬁ in Pigure 6 as & funection of mass superficliel
air veleclty and of bed wall temperature,

Bffect of Mass Superficlal Alr Veloeity. The

- eurves of ?igur&vs indleate that the effsct of mass
s&gerficialrair,v@%éaity on the bed wall coefficient
of ﬁ@&% transfer lg th@ same st each of the bed wall
temperatures used (Qg@,14@Q; and €00 °F) in this in-
vestigation, At ench bed wall temperature employed,
the lowest cosfficlent of heat transfer oceurred
8t %h@‘laﬁﬁst‘maﬁﬁ'&ir rﬁﬁé, G245 paunés‘paryh&ur-
sguare fe@tf,gﬁﬁﬁ'ﬁaﬁffiai@mt‘inam@agﬁd‘far the nexi
higher masgs velocity, 1%§¢E'§ﬁnnﬁs per hour-squesre
foot, and then r&maiﬁeéﬂassamtiaily constant for
the other twm.flaw f&tes, 170.3 and 217.5 pounds
rer hour-sguare foobt, It was to be expected that
the-é@@ffisi@ﬁt of heat transfer would be lowest
at Eﬁ.ﬁipguﬁ&ﬁ per hour-sguars fool, because 1%

had previocusly been shown (Table III) that the
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minimum mass alr veloelty for fluldization of the
bed material was 91.0 pounds nper hour-sgquars foot.
At velocities lower than that required for fluldiza-
tion, a laver of stabionsry solid particles existed
“at the bed @&11_(&3 observed iﬁ se1aell77) apparatus)
as Qpﬁaaaé to a state of continuous agitation at
the bed wall in the fluidized condition. Thus
the heat being trén&fery@é through the column wall
to ths bad would have to pass through thies layer
of stationary particles before being transmitted
teo the turbulent mass of particles that constitubed
the bed mass. Th@r@f@fs the laver of psritielss
would offer a reskstance to heat flow not encountered
in the fluidlzed state, where heat would be trans-
mitted to the bed by movement of hested perticles,
&s well as by conduction through the particles,
Thus the coefficient of heat transfer would be
lower st a mess alr velocity below that recuired
fér fluidization than at & veloclity in ﬁh@}fluiﬁiza»
tion renge. |

The fsct that the coefficlient of heat transfer
is &ff&ét@ﬁ very little by mass velocitles above
the minimum required for fluldization has been shown

by Lova(®3), 1In this Investigaticn It was shown
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{Figure 6) that once the bed was fluidized, the
coefficlent of heat tranafer varied by lsﬁgvtham'
four per cent over bthe range of masgs veloclties
employed at & constant bed wall @am@awatmra;

Effect of Integrated Mean @@mgaya%ﬁf@_@iffer@naﬁa

The curves of Figure 6 indicate that the coefficient |
of hs&t'iraﬁafar,waa approximately C.D Btu per hour-
Cgquare foot-9F greater at s bed wall temperature

of 600 °F than at 800 °p, as compared with an
average increase of about & Btu per hour-square
foot-"F between bed wall tenperatures of 200 and

éﬁ& g, 1In Table Vs the date are listed from which
the cosfficient was calculated, and 1t may be seen
that the mean temperature difference uged in the
caleulation was the factor responsible for the
smaller increase in coefficlents at 600 °F. The

relationship ﬁs@é in the caleulation was as Tollows:
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=
"

. coefficient of heat transfer, Btu/hr-
su Ft-OF |

& 2 inner bed wall ares, sq ft‘

&
¥

= rate of heat flux, Btuw/hr

integrated mesan temperature difference

Aty

n

bﬁtwésn bed wali and bulk bed, ©OF,

The factor théﬁ‘da%$fmin@d the coefficlent 1s
‘th@refmre the relatlan, “gw, aa Als a cnﬁstant and

does not affect the relative leﬂ&ﬁ obtained from

the equatien. The valuse Qf efﬁ imaraa&es with‘g

between bed wall temperatures of 200 OF and 400 OF

g0 s@iﬁh@ly that the value of Axgm is‘affaetéﬁ
primerily by the relative change in g alone, which
abaw&d an imcraasa. Eatwaen b@ wall tawwevaﬁures
of 400 and 600 F, hgwavar ,_;m showed & marked in—
ar@asa; in fact its relative Increase over the 400=-
800 OF range was almost as great as that exhlbited
by g over the same range. Thus the value of 7;%;~
and censequently, the coeffleient of heat transfer,
lncreased @nly slightly at & bed wall temperature

above 400 °F,



Comparison of ﬂaﬁffiﬁieﬂh of Heat @ramgf&r Between

Empty and Fluidixséfﬁaéﬂ, For purpcoses of comparison,
'testﬁynum%ar B, 1&;‘&nﬁ.15 were made under the same cone
ditions as tests number 3, 8, and 13 {200, ééﬁ, and @Oé op
at 170 pounds per hmurmsgﬁ&f@ foot), except that no bed
sollids were present in the f@rmevytésts, Thua the value
@f‘thé DreBencs of fluidized solids can be effectively
compared with an amyty.reaa§¢w in terms of heat traﬂgw

for coefflicients. Test 5, at 200 ®p, resulted in a heat
transfer coefflclent of 1,33 Btu per hour-square foot-OF,
a8 comg&raé with 3.54 %tu’par'h@arﬁsguara foot-2F f@r'%@st
& with solids present. The g@li& garticl@s-ﬂhaﬁaé even
grester ﬁff@etivané&s st higher temperatures. Values

of E.30 améilﬁ.éﬁ Btu pér hour-sguare rmﬁtweF were obw
tained at 400 ?F for empty and fluidized beds, respece
tiv&iﬁ, At 600 °F, the coefficient for an empty b@d‘w&s
2,57 Btu per hour-sguare foot-"F as compared with 18,31
Btu per h@mfmﬁqu&ra‘féﬁtnaﬁ for & béé with solids present,

Summary of Discussion. The results of this ilnvestie

‘gation on the coefficient of heat transfer to a fluidized
bed were four-folds (1) the ceoefficlent of heat transw
fer 1s about 20 per cent greater in a fluidized bed than |

in 2 ponfluldized bed of the same solid particles;
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(2) the coefficient of heat trensfer is lncressed an
average of four times by the presence of fluidized sollids
as compared with an empty rescbory (3} the caeffiei@nh

of hent transfer inaf&as&& with increasing bﬁé wall tempers
ature, but the rate of increase decreases &s higher bed
’wakl temperatures are ugaﬁ;"{éi when massg aly veloclty
~has reached thaﬂminimﬁm rate for fluidization, the coef-
ficient of heat transfer i3>n9%‘afﬁgat®ﬁ 5§ further iﬂ%
a?eaaﬁﬁlinfm&ss air fl@wvraﬁ@;'if,a,; slugging has no

effect on the coefficient of heat transfer,

Becommendations

Th@‘reasmM®né&@imns evolving from the observationa
- made during this investigation of heat transfer to @
fluidized bed of Ottaws sand include varistlon of operake

‘ing conditions end egquipment modifications,

Variaﬁiamimf éir Velocities, It was belleved tha%
the maximum:maaa‘aif-vﬁlaqity f@érﬁﬁﬁﬁ fluiﬁizatian‘
ffii?ﬁ.@‘paﬁnds per hﬂur«squaré’f@ot) was employed iﬁ thiﬁ
Cinvestlgation. However, good flaiéigatiog of Ottawa sand
W&g.f&&mé to Iinclude & wide range ﬂf mass air v&lﬁcztiasg
from 91.0 to 176.0 pounds per hour-square foot., Only

two of these (123,28 and 170.3) pounds per hour-sguere
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foot) are herein reported. It is recommended that future
work be dome using veloeclties of 100 and 180 pounds per
hour-square foot. In addition, special emphasis should

be put on meszs flow retes within 10 pounds per hour-sguare
foot of 90 pounds per hour-sguare foot, the minimum veloelity
necegsary for fluldization. -

Variation of ¥Wall Temperature. It 1s strongly re=

commended that wall tomperatures of 800 and 1000 Op be
aﬁyl@y@d in future investigstions, ﬁh@se are the tempera-
tures most often employed in catalytle opsratlions, end
heat transfer coefflcients in ths.KGGQVQF range would
be of more value ﬁh&ﬁ those obtained a2t lower tempera-
tures., It would be necessary, however, to enlarge the
present heating capacity by removing the old unit and
replacing 1t with & unit consisting of more colls or
with a wire off@piﬁg‘@reaterlﬁl%etrimal resistance,
because the present upper temperature limit of the
heating unit is ab about 700 9?;

Use_of Cttawa Sand as Bed Solid. It is recommended

that the use of Ottawa sand be continued in future in-
vestigation, The use of this material makes possible
the employment of the simplest form of apparatus and

eliminates several hardebo-control variasbles from
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consideration, Semé of these are: separation of entrained
particles from exit sir stream, method éf introducing

fresh or recycled solids bteo the unit, heat correction

for cold sclids added, and height of column in recyele

- standpipe necessary to feed solids to unit.

Installation of Additional Thermocouples. Thermo=

couples should be installed at two-inch iﬁterg&ig for
six»iﬁchsg above &ﬁﬁvk@lﬁﬁ the heating unit in ﬁha column
wall ih aré@r to determine hore accurately the heat
losses by conduction in a direction parallel to the column
axlg, & thermoecouple shouléd glso be installed in the
entering air line just below the alr distribution plate,
8¢ that the inlet alr tempersture could be better evalu=
at@é@,ané used to give a more sccurate caleulstion sf‘
h@atvflux~tm the air stream. Additional thermocouples
Shaulé'bﬁ“piaeaé}in th@ insuza%iﬁﬁ at aix~in¢h‘vertiﬁa1
’int&rvala,atarting_fr@m the bottom of :the h@ﬁ@i@g unit,
in order that a”béﬁﬁar:avaiu@h&an,ﬁffheat loss by conduc-
tion in a direction perpendicular to the coluwmm axis
_Qcmulﬁxﬁé maﬁe,, -

Installation of Additional Insulation. The present

‘finsulatiemg-%hich%n@w‘cavara only the 30-ineh heating
seétién ahau@%lb% eﬁtamﬁeﬁ at least onme foot above and

below its @reS%nt'pagiﬁiﬁa. fhis change would enable a
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more accurate determinabtion of a heat balance over the
. unit, mnd would tend to smooth out the vertiezl temperae
ture profiles obtained in this investigation.

iﬁmmgarisaﬁ of Data Between Eiff&ﬁ@ﬁ@ Pluidization Units.

A trenspasrent lucite ylas%ia fluidization test unit was
used In thls investigatlon te make possible the abger&&»
tion of flaiéizﬁticn.ahar&cteﬁistiés of the bad material.
The phenomena thuz observed were essumed to be ldentieal
@iﬁhgﬁhoae cceurring in the metsl column of the fluidized
beé h@at trensfer spparatus. It is guite possible, howe
4@V@r,‘£hat the data obkained in the lucite emiﬁmnieanld
not be applied dif@stiy to a unlt constructed of &nathér
materisl, The walls of the lucite unit were smooth anﬁ |
even, while the metal column walls displayed a aiighﬁ
surface rouvghness, Therefore, it seems likely that

the eriticsl pcintﬁ,im the ﬁlmi&iﬂatiaﬂ range (@ﬁsa@_@f_
fl&iﬁigatign and beginning of ﬁlﬁagimg'éonditians) would
ocour a# somewhat lower velocities in the plagﬁia unlt
than in the unit with metal walls, ﬁlﬁé, in the heat
transfer ﬁyparatua_usaﬁ, a §-inech pipe was used as a
th@f&éﬁ&yl@bﬁfﬁvﬁrﬁing red in the center axia of the
fluidized bed, The presence of this féé could concelivably
have reduced the formetion of slugs within the bed, and
thus inereased the velocity %a@uir@d for slugging tﬁraﬁgh+

out the bed,



~112-

It 1s recommended that future investigations iﬂalﬁﬁ&
a study of the varians}@ffes%s described above, together
with en evaluation of the reliability of tr&ﬁsf&rring‘
data ébﬁaiﬁ@@ in the pperation of one umit't@ the operae

tion of another wnit,.

Data Necessary f@fvgﬁﬁfélﬁti@ﬂ of Variables, Insuf-
fleient data were avallable from this investlgatlon to
aerrsiat@ the coafficlent of h@ai transfer with the
variaﬁies @ﬂ&ﬁuﬁﬁ@?@é,iﬂ operetion of a fluildization
unitk’ The most completd correlations yet developed have

been those by ﬂ@va(gﬁ),

in which the concept of efficlency
of fluidization, E , was an important factor. Fluidiza-
tion éffiéﬁeﬁcy is determined by the falléwimg faéﬁcrs:
c@m@ﬁsiﬁ@,éi&m@t@?'af bed and 1ts composition, ﬁeﬂaiﬁy
of bed materlal, shape of particles, kiasm&tie viscosity,
and rate of flow of Ffluldizing medium through the bed,
The aééitia@al information thalt would be nacass&?y‘for
ﬂ&l@ﬁlﬁtiaﬁ of &ffici@nay of flujdization in the tests
of thiﬁ invasﬁigatianbwamlﬁ be the kin&m&tie‘visaasity
of the fluidized bed over the rangse of mass velocities
&@plmy@ﬁ.

It is reammmemésé that dats be taken on the kinematie
viscosity &f.th@ bed material used in future inve%ﬁigatiaas.

The necessary measurements could be msde with s stormer=



type viscosimebter Inserted in the %oy of & fluidization
tegt unit, as deseribed %E‘ﬁ&%&@ﬁ@ﬁﬁél}c

Determinstion of Pffepct of Tempersiurs on Heat Transw

Fer Coeffleient, Fromw the tests made in this investloge

timﬁﬁ~%ﬁ'ma§'§@ g%&m thet bade-wsall temperature hes @
pronounced effect on the soefficlent of heat transfer,
The coefficlent ineressse with bedewsll temperature, but
the sate of Ilmeresse decvoames with ineressing tempera-
ture. It may be noted thet the Dittus-Boslter eoustion
for il coefficlent of hest tranefer by conduction émnw
talips noe berm that s directly sffected by temperaturse,
Yet, so stated above, temperature does have an effect
on the heat trassfer cosfficlent in Flnldized beds,
E%yﬁaﬁ besn shown In thls Invesbligstion thet %%ﬁ bed
solids are heated by the hed wall, and that the fluidiz.
ing medium, alr, is heated by the solids. It is thoughd
that the mechanlem of the heat transfor 1z se Toliows:
The fluldised solids ars hested by radistion from the
bed wally this would ascount for the veristion of heat
trangfer cosificlent with temperature,; as radiation ls
a funetion of the fourth pawar of ﬁamp@rgﬁm@m. The aly
stream recelves its hest by conduction frem the soliids,

end thus is affected wory little by temporature, T3
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should slse be moted that st eguilibrium condltlons,
Boat flov bo the aly from the solids pust %ﬁb@l hest
flow teo the nolids from the bed we 1, A% ahﬁlzﬁwar
temperatures, in the range from BOC to 400 ﬁ?, the hest
Bransfer b raﬁi&ﬁimm is controiling, and the bed-wsall
coefficient of heat transfler Increeges «lth incrsasing
temperabure. A% the higher temporstures {400 to 600 OF),
hewever, hoat transfer by cenduction is the limiting face
tor, and the coefTiclent of heet transfer roemains relo-
tively constent for further inorsazss in tempersture,

dogrees

It 1s recommended Lhet bed gollds of varyl
of bisekness be used In fobture investigations, in ordey
to debernine 17 radiation ls & significant factor in

h@@% travafor to 8 bed of Finidiged sollde.

Limitations

Thls investigation was conducted with the folleowling
limitations:

Fiuidization Chewber., The fluldizetlon chamber used

waas congtruetes Ifrom o Uive-foot length of thres-inch
nominel diaweber black iren plipe of %.0680.inch insids
diametar, The ecentral 30-ineh section constituted the

hesting seostlion.
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Flulidlzed Zolid. The materlsl empleyed ss the

fiuldised selid woe rounded Obbaws seand (80/30 U, 8.
Btanderd sleve) with an avorsge perticle dliametsr of
0.088-4nch,

Pluddizling Bedium, Alr at spprosimately 80 @

and contelning C.0L pound water vapor per pound dry aly
wag used as the fluldizing seditm.

rfieial alr volocltiss

Air Flow Hutes. Hass s
of B2.8, 180,38, 170.3, snd £17.5 pounds per hour-squsre
foot were employed.

@ﬁii,?&mpﬁratﬁ?@%, Bed 311 temperstures st the

gontrel polnt of 800, 400, and 8OO W wove ampldyed,
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V.  GONCLUSIONS

v'&n evaluation of the results of the study
heat-tramafer characteristlics Qf & 51miéimeﬁ had of
0.028-Iinch average diemeter Ohtawa sand amﬁ’&ir'ﬁnba
3,068-~1nch iﬁﬂidarﬁi&mﬁﬁﬁﬁ filuidization column for &
5&~in¢h axtermaily’n@at%é vartiaﬁl %@Ctimﬁ, where wall
temperatures of 800, 400, and 8600 Qﬁ_amé'av@ra@@ mass

-superfieial air veloclities of 82,5, iﬁﬁkﬁ, 170.3, and
217.,5 pounds pev hagrmgguaye foot were the varlishbles,

led to the following conecluslons:

1; The raﬁgv of mass gup@rfiaial_airfvalﬂciti@ﬁ
&urinnghiﬁhvthg %@é,@atﬁﬁi&l, Ottaws sand, was Iluldized,
’bﬁﬁ did not slug throughout 1ts entirety, was 91,0 o
210.0 pounds per hour-sguare foaﬁ {as determined in a
transparent plastic ﬂuicﬂmﬁaﬁ* test gﬁit}; thus fluide
ization wrs not atbtained in the three tests conducted

et 86,3, 82.Y, and 79.4 p@nnﬁ@ @ar héﬁr;aqua?a foot.

2., The harizémt&l bed temperature graﬁiaat-ﬁn&r@asad
wiﬁh’imﬁraaﬁiﬁg bed wgli temperatures, ?@w’ba& wall tempayw
atuﬁe& of 200, 400, and 600 OF, the gradient increased
from 1 to 4 to § °F, from 0 to 4 to 5 ®p, frem O to 1 %o

& OP, and from O te 3 to 5 °F for mass superfilelal alr



wllBe

velocities of 82.5, 123.2, 170.3, and 217.8 pounds per
hour-square foot, resgactivelyQ

3, The temperature drop across the bed wall ine-
ereaged with Ineressing bed wall btemperature, from an
averags of G.ﬁég OF. at 200 Op wall temperaturs to 0.169 °F
and @.ﬁﬁ&reF at wall temperatures of 400 and 6@0 O,
?as§activa1y,

4, The temperature drop scross the bed wall in-
creased with Inersasing mass air veloelty, from an
average of 0.092 °F st 82,5 pounds per hour-square foot
to 0,170, 03185, and 0.227 °F for mass veloclties of
123,28, 170.3, and 217.5 pounds per hourwsquars foot,

5, Tne heat flow to the fluldized bed &t eonstant
_ b@ﬁ_ﬁ&l} temperaturs inereaged with tnereased mass air
%elacity, inecreesing at 200 ©F fr@ﬁ 84 to 220 Btu per
‘hwnr, from 311 to 788 Btu per hour st 400 °F, snd from
8500 to 1172 Btu per hour at 600 GF; at mass air flow
rates from 82,6 to 217.% pounds per hour-gquars foob,
respectively.

6. The boundary mean temperature difference st
constant bed wall h@mgératura.inarﬁas@d with inaraaaiﬁg
mags alr velmaity,‘f@gchimg meximm of 44.00 °F at s bed
wall t%mp%raturé_@f 800 Op and mass alr veloelty of 2175

pounds per hour sguare foot, The minimum dlffervence was



16,88 @F, peeurring at 400 °F and 82.5 pounds per houpre
square foot.

- 74 The boundary coefflclent of heat transfer ine
'craaséé'at constant mass air veloecity from & minimum af
'ﬁﬁﬁ;aﬁit@ g maximum st 600 SF, At a ;Gnaﬁamt bed wall
temperature of 200 OF, the coefficlent of hﬁat trensgfer
reached 8 maximum of 3.78 Btu per hour-souare Foot=0F
at & mags veloeity of 217.6 yaumﬁshger hour-aquare foot.
£t 400 °F & mazimum of 1ﬁ.gl'ﬁﬁﬁ7§BF hsuwwggmare foot="F
was resched at a superficiel mass air veloelty of 120,3
?@unﬁs per hour-gquare femﬁ, At 800 QF, a maximuamn gaefﬁ
flcient of 13.40 Btu per hguraaﬁﬁaralfamtwﬂﬁ was cbtained
at 123.2 pounds per hour-square fﬁ@t'v At each bed wail
. tém@@ﬁaﬁur@, the mimimum coafliclent of heat trensfer
was found at 82.5 pounds per hour-square foob.

8. The boundary coefficient of bhesat transfer wes
increased 2,66-fold at 200 °F, 5,48-fold at 400 OF,
end 5,18-fold at 600 OF by the presence of fluldized
" solids as compared with an empty e@lﬁmm, at & mass su@ev-

 fieial air veloelty of 170.3 pounds per hour-sguare foot.
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VI. BSUMBARY

Fluldizstlon, a relatively new unit opsration by
which e solid and ges or liquid may be contscted, is
héimg wldely developed in the field of catalytic cracks
ing of petroleum because of 1ts cherscteristlec reduction
ﬁf temperaturs gradients within the rescbion mass.
 asiﬁ regenreh éf the hest transfer ??6?@?@2%% of fluldized
systems has lagged far behind industrisl applications,

Tt was the purpose of this 13v@$ti§$tiaﬁ.tclﬁv&iuatéxthe
effect of temperature driving force and wass superficial
air velocity on the coefficient of hest transfer at the
béé,wail of an externally heated, fluiﬁizﬁé'beﬁ,éf ottaws
ﬁaﬁﬁ‘at wall t@mp&fatmrag of 200, 400, and 600 °F, and
average mass superficlal air velocities of 82,5, 123.8,
170,53, and 217.5 poundsz per heur-square foot,

- The tests were casrried cut under steady state
conditions ¢f air flow and bé& wall temperature, A
complete ﬂéat and ﬁ&ﬁ@ﬁ’él balance,vimalméiﬁg @valuzgimﬁ
of nest losses, was made Tor each test. The boundsry
aéﬁfﬁ%ciem%s based on the imﬁ@rnai area and temperature
of thé'ﬁi§s wall @a?@ caleulated., The effeets mf~mé@a

vperficial air veloclty and wall temnsrabure on the boune
e ¥ X
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dary coefflclont aflh@aﬁ tranafer andé on bed and bed wall
temperature gradients were studied,

From observatlions wade 1t was noted thet the fluide
ization range of the Uttaws sand beé began at a mass
'guperfiaia1 &ir veloelty of 21.0 ?@ﬂm@é per hour-sguare
_fﬁat‘anﬁ ended at £10.0 pounds per hour-sguard foot, the
\valaaity at wvhich éiﬁggimg scourred throughout the bed,
| The horizontal ﬁ@mﬁeﬁatuﬁ@ pradisnt across the bed
’iﬁcraas@é with Increasing bed wall t%mpeﬁatuf@, inereasing
from a}minﬁmum Qf}G‘“§ atlﬁﬁﬂ ﬁ?,wgll temperature to 6 OF
- at 600 °w, The rate gf heet flux to the alr stream passe
ing through the fluldized bed Incressed with mags alr llow
rate at constent bed wall temperature., The minimum heat
fgﬁx was 84 Btu per hour and occurred at 200 p and 82.8
géumﬂs ver hour-square foot, while the meximum was 117e
Eén per hour and oceurred at 600 °F and 217.5 ?ﬁﬂﬁéﬁ per
hour~square foot. The coeffliclent of hest ﬁraﬂaf@r in-
ereased with bed wall tewmperature, réaghing maximun valmea
of 9‘55;'13,4é; 185,31, amﬁ 13,30 Btu per hour~square foobe
O at 600 °F and at msss superfiecisl aﬁrkvﬁiaeitiﬁﬁ of
82.5, 123.8, l?@a%; aend 217.5 pounds per hour-sgusre foob,

respectively.
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