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I, INTRODUCTION 

A problem of special importance in reactor d¢- 

sign has been the reduction of temperature gradients 

within the reaction mass, Attempta toward the solution 

of this problem have been made by the petroleum industry 

in the cracking of crude olls, where exact control of 

temperatures is essential. The Houdry unit developed in 

1957 wollized finned tubes located throughout the fixed 

catalyst bed to maintain uniform temperature. Later, 

in the Thermofor process, reactor temperature waa cone 

trolled by continuously moving beds, which, with their 

relatively high specific heat, carried oul the excess 

heat. The most recent catalyst bed technique, fluidi- 

gation, is a unit operation im which solid eatalyst 

particles in violent agitetion are suspended in a rising 

stream of gas, This process nas practically eliminated 

bed temperature gradienta. | | 

Although fluidization received its first application 

in the cpacking of petroleum, its principle has been ape 

plied in several other industries, including the synthestea 

of pasoline and alcohols from natural gas, the recovery 

of oil from shale and tar sands, and the gasification of



| coal for subsequent synthesis inte liculd products. 

Numerous seer indosteie) apptivat sone are now in the 

stage of résearch and development. 

fhe practical applications of fluidization have been 

stilized far in advance of a fundamental study of its 

begie physical characteristics, particularly the effect. 

of tha various properties of the system on the local 

nédividual coefficients of heat transfer at the bed wall 

boundary. Limited studies beve been undertaken which 

employed eatelyst chambers of a5 67 and 4-inch inside 

dlameter, fluidizing media of alr, carbon dioxide, and 

helium, and bed wall temperatures er £00 to 600 °F, The 

results of this work have shown the effective particle 

| creme ter and the fluidizing gae velocity to have the 

createst effect on boundary eoetfic Ler of heat transfer. at 

‘ 
f
e
 

. 
me it is the purpese of this investigation to evaluate 

‘the effects of superficial air velocity and temperature 

driving force on the coefficient of heat transfer at. the 

bed wall of an externally heeted, fluidised bed of Ottawa 

send, utiliging dry sir at approximately 80 °F, bed wall 

temperatuved of 200, 400, and 666 Op, ard Mass superficial 

air velocities of 82,5 to 217.5 pounds per houresquere foot.



IY, LITERATURE REVIEW 

The use of finely powdered solics a8 catalysts was 

first successfully applied to large scale commercial opera- 

tions in the cracking of petroleum in the early part of 

1942, dts outstanding success in this field is attested 

by the rapid growth of fluid catalytic cracking capacity 

from 40,000 barrels per day at the end of 1942 to an esti-~ 

mated 1,000,000 barrels per day at the end of 1948. The 

reasons for thia wide and inmedlate acceptance of the pro» 

eéss by the industry lay In several unique characteristics 

imherent in the fluidized solids syatem. The most im-« 

portant of these characteristics is a substantial reduc» 

tion Im channeling 45 compared to fixed beds, and subse«# 

Guent elimination of resulting "hot spota." Another ade 

ventage of the fluidiged syetem is the ease with which 

the solids may be transported from vessel to vessel which 

permits the most. efficient utilization of heat and the 

ready development of a continuous process, These charace 

terlatics make the use of fluidised solids particularly 

applicable to these processes where large amounts of heat 

must be transferred and/or large amounts of solids must 

be treated, as in catalyst regeneration, Accordingly, 

a great deal of work Is in progress involving the appli-«#~
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eation of the fluid-sollds technique to precesses such 

as hydrocarbon aynthesis, coal gasification, and the r¢~- 

duction of ores, | 

The most efficient use of this new processing tech» | 

nigue requires an understending of the fundemental fac~ 

ters controlling the behavior of fluid-solid and gasesolid 

systems. This inveatigation pertains to one of the funda- 

mentel characteriatics of a gasesolid aystem; the coef 

ficient of heat transfer at the bedwall of a fluidized 

ced, 

Principles of Fluidization 

the practical applications of fluidization have so 

far preceded a complete selentifie study of the phenomena 

involved that no exeeb or complete body of laws’ has yet 

been formulated. However, studies of a limited depres 

have heen carried out on the basic aualitative and quane 

titative principles of fluidization within the last few 

years, The work thus far conipleted pertains, in a large 

part, to those varlables that affect the fluidized state 

and which may be observed directly by eye. These variables 

inelude the effect of gas velocity, vessel dimensions, 

particle diameter, density, snd shape, and mathematical 

correlations of these variables,
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Definitions of Fluidization Perma. The field of 

fluidization bas expanded sa rapidly that the terminology 

used in papers by different authors hag often been over+ 

| Lepping and confusing. Murphy, et ai(71), have presented 

a glossary, whieh, it is hoped, will establish a basis 

for a permanent nomenclature in the fleld of fluidized 

solids techniques. | 

Fluidization. Patterson! ’®) has defined fluid- 

ization as "Phat unit operation in which a mass of 

solid particles, usually finely divided, is main« 

talned by means of an upwardly moving liquid or gas 

stream, in a turbulent, dense state," Campbe11(5,5,6) 

was comprehensive, indicating that fluidization is 

@ new unit operation in whieh gases and solids can 

be contacted, with the solids in a turbulent psendo» 

liquid state, topped by a pseudogaseous phase, and 

vy which the solids ean be fed and withdrarn from 

a chamber by the use of the standpipe eombination 

down- and up-Heg principle. 

Pixed Bed. A fixed veal 71) ie a body of motion. 

less particles supported by direet contact with each 

other and the retaining walls. 

Woving Bed. In a moving peal™)) the particles 

remain in direct eontact and sre substantially fixed



} 

in position with respect to each other, but move 

with respect to the retaining wall. 

  

Fluidized Mass. A fluidized massa'7+) 1s a bed 

of solid particles that exhibits the mobility and 

hydrostatic cressure of a fluid. 

Channeling, Channeling(71) 45 the establish- 

  

ment of flew paths within a hed of fluidized solids 

through which a disproportionate quantity of the 

fluid passes, 

‘Slugging. Slugging 72) is @ condition in which 

pockets or bubbles of the supporting fluid grow te 

the diameter of the containing vessel, and the mass 

of particles trapped between adjacent pockets Moves 

upward in & piston-like fashion. 

Mechanisms of FPluidigation, It ls necessary that 

the basic mechanisms that cause fluidigation be under« 

stood before a study of the variables affecting fluidi- 

zation be attempted. These mechanisms include the forces 

acting wpon the fluidised bed, the manner in which a gas 

traverses a bed of fine particles, types of fluidized 

beds, and the varlous types of dense phase flow. 

Manner in Khich a Gas Travergses a Bed of Fine 

Particles. In this discussion, the manner in which 

a gas traverses a bed of fine particles is divided 

into three sections; gas rates lower than that neces~
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gary to cause fluidization, minimum gas rate for 

fluidigation, and gas ratés greater than the minimum 

for fluidization, but less than the rates required to 

biow the bed out of the reactor. 

t very low gas velecitics, the pressurs drop 

aeross the bed is less than that equivalent to the 

weight of the bed, and the gas merely percolates 

through without agitation of the particles) , Leva. 

(26 550,55, 54) and Morse 64) agree that the pressure 

dpop increases with inereasing gaa velocity, and that 

when tae pressure drop across a section of the bed 

equals the weight per unit of cross-sectional area, the 

bed will bexin to expand, Beginning at this point, aa 

shown by Leva, et ai (12), the bed expands with iIncreas= 

ing gas velocities, with the oressure drop remaining 

essentially constant, | 

Fluidigation actually begins when the gas velocity 

is aufficient to expand the bed to a degree at which the 

particles become Claengagec anc internal particle motion 

Ls permitted (PE, 29), Tn order for the bed to become 

fluidized, it must reach a degrees of sxpension known as 

the "ainiman fluid voidage," Ene. The limiting bed den} 

ality, Pint? is the density of the bed at the beginning 

of fiafatzation, — | - 

When the gas velocity.is increased slightly 

above minimum fluldigation velocity (29s 64) | the bed



continues to expand, with intensified particle motion. 

The bed reaches its areabest expansion with stable 

configuration just as the gas velocity Inereases suf} 

ficlently to eause bubbling flow, or slugging, Con~« 

tinued increase in gas velocity causes larger portions 

of the gas to flow in a discontinuous phase through 

‘the bed, and ultimately reaches a point where a sin- 

gle dilute phase is formed, It has been shown by 

Matheson (58) that the velocity required for this 

single dilute phase is considerably greater than 

that predicted by Stokets law, This deviation has 

Beer attributed to the hindered settling ecourring 

because of the relatively small spaces between par- 

ticles. ae ; | 

Types of Fluidized Beds. The types of fluidized 

beds have been classified according to density by Pater- 

son(74)} as follows: (1) high éonsity, used in stand-~ 

pipes; 2} medium density, used in reactors; and (3) 

low density, used Iu ilnes transferring the fluid mix~ 

ture, Another method often used in elassification depends 

on the type of process used: (1) bateh fluidization, 

in whieh the solide remain within the unit with practical- 

LY no entrainment, and (2) continuous Pluidigation in 

which the solids flew continuously through the unit.
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types of Dense Phase Flow. Matheson(58,59) opserved 

that channeling occurred in beds consisting of particles 

less than 26 microns in diameter. Verticel passages formed 

through which the gas passed woward with relatively little 

eonteet with the bulk of the solids in the bed. Tn the 

higher range of velocities, it was noted that 6 type of 

flow oceurrec in which the channels were broken and the 

bed moved about in large cbhesive masses that continually 

broke and rerormed. 

Aggregative Pluidization. Yorse (S4) defined 

ageregative fluidiagation with a gas aa thet type 

in which the bed contains channels and large clumps 

of only slightly separated particles, that are Gore 

tinuously falling and being tor apart by high velocity 

ges. Wilhelm and Kwauk (85) stated it in another mane — 

air system more closely resembled a liquid than a 

gas. They alse noted a dlapersed "vapor phase," in 

evidence above the main aggregated "Lignid: phase." 

teval29) noted that preasure fluctuabions for this 

type of fluidization were very iow, Matheson (39) " 

termed as aggregative Pluldigation the cenditions 

existing when the gas pereoletes through the bed, and 

at higher gas velocities, the condition of bubble.
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formation which causes turbulence, and carries the 

exeéss gas through the bed, 

Particulate Fluidizetion, Morse (64) observed 
  

a type of fluidisation In a liquidesolic system in 

which there was very little circulation of particles, 

o known as particulate fluidization. Other investi~ 

gators (85) noted that in this type of fluidization, 

the solid particles separated in the manner of a 

gas system, the mean free path increasing with fluid 

vyeloaLty. 

  

Important Characteristics of s Normaiiy Fluidized Bed. 

Ineluded in the discussion below are the characteristics 

and dezeription or a acsirable, normally fluidized bed. 

Theas imelude a general description, quality, density, 

te pressure drop, relation of cpeasure drop to velocity of 

fluic, viscosity, contact time, mixing, entrainment, heat 

transfer and temperature control, and ease of solids 

transfer. | 

General Pesoription, Under normal conditions 

of fluidization, as noted by Matheson (59), the ved 

cotisLated of a gas phase rising in the form of bub« 

bles through &@ fluid system composed of the solid 

particles, Pluidiazed by a small fraction of the total 

anount of gas passing up through the bed. Campbeii 4)



described the system as a peevdoligquid phase in 

whieh the solid particles are completely air-borne, 

2 remaining relati wely close te @ach other in @ cone 

centrated mixture, flowing about in eddying fashion. 

Murphree (87) and Patterson(7&) reported. the solide 

gas mixture to be in extremely turbulent motion, 

resembling a bolling, liquid, of &8 @xpressed by 

Campbell (4), - the mass resembled water with air 

bubbling through it. As brought out by Ergun and 

orning@2) ena Matheson ®6), the avyetem contained 

two phasés-8 liguidelike dénse phase and a relae 

tively dilute suspension in which solids are totally 

entrained. Canipbe 21144) observed that a dilute 

phase of solids suspended in the gas usually existed 

immediately above the dense phase, 

SuUuBL ls The quelity of a fluidised bed, as     

defined by Norse (65), 18 the uniformity of particle 

dispersion and of gas velocity throughout the bed: 

the more uniform, the Nigher the quality. He obe 

served that water-fluidized beda of send approach 

perfect quality, whereas, & bed which sluge or chane 

nels is of poorest quality. It is his belief that 

the bed of intermediate quality, with small end 

iformm gas pockete is optimum as to mizing and cone 

sequently lends itself best to temperature control.
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orse (64) has pointed ont that the degree of segre~« 

gation is the dynemic balance between the te endency 

for a fluid te separate from aolid particles and the 

tendency to remix. If the segregation rate is high, 

mostly aghregetive fluidization will oceur, If the. 

segregation rate is low, the fluidization will be 

mainly af the particulate, desirable .type.. 

(40)    Density. Matheson 

  

pointed out that the 

deagity of the dense phese fluidegolid system ‘La 

of interest from both fundamental and engineering 

considerations Th was also noted that maximum bed 

density was obteined when the pressure drop across 

the bed was & maximun with the bed aerated and Pew. 

bubblee rising. The maximum Hed density, therefore, 

representa the density of the continuous phase of 

the bed and ig analogous te the density of a true if. 

fa
 gag Vee 

a 7 Aye . . vat OY 4 . a . ' 

quia, Lewis (86) observed that at eonstant ga: 

locity there was considerable variation in bed 

heignt and consequently variation in average bed 

e 

density or averaze fraction voids. 5 

Pressure Drop. According to Morse (689, the 

pressure crop bhrough the fluidized bed is less than 

that through the corresponding fixed bed ab the game 

ie,
 gas velocity. ‘he foregoing netations have shown 

that enewledge of the pressure drop within a Pluldiged
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syetem is an Important eriterion in determining 

state or type of fluidization. | 

Relation of Pressure Droo te Velocity of the 

FPlnid. gengz (86587) nas plotted a schematic summary 

of particlieegag flar charactoristica, where the 

prassore epop per ian Lt-Leng theof-bed versus super~ 

fielal fluie velocity has been slotted on a log- 

Log acale,. The curve representiig the fraction 

voids in a densely settled fixed bed, Figure 1, 

designated as ©g, was included as a comparison to 

the parallel curve representing the veidage in the 

Loosest possible fixed bed config gupation, designated 

as &mp. He noted that at velocities through fame, 

DPSS St 08 arop equals weight cf material per 

unit eross section, the bed becomes Piuidised, He 

observed that as the bed expands, the vdidage in- 

creases, thus reducing the pressure drop, The fluid- 

ization curve intersects the préasure crop line yor 

the empty pipe abt u,, the terminal velocity of the 

varticles. For a amall chance in velocity at high 

yoldages, there ie « large change in PPESSUTE 

: zm , a {8 ae spy oe ‘ 

Viscosity. Matheson (41, 48,45) haa shown, by. 

  

comparison of fluidiaec selid aystems with gas flow 

through Liquids, thet fluid-solic systems possess 

@ property similar to that of viscosity in liquids. Be
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a. 
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© 
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FIGURE |. RELATION OF PRESSURE DROP TO 

FLUID VELOCITY IN A FLUIDIZED BED. 

ZENZ, F-A-: TWO-PHASE FLUID-SOLID FLOW, IND- ENG. CHEM., 
41, 2804 (1949)-
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K normally fluldized bed was compared te upward flow 

of gas through a low viscosity liquid and slug flow 

was compared to ges flow through a viscous Liquid. 

He defined the viscosity of the bed as "the Stormer 

net e@isht (grans) determineg with a auperficial 

air velocity through the bed Just slightly higher 

than that at which the Stormer torque becomea inde= 

x 
$ pendent of aly velocity,” He observed that the ten- 

dency for a sclid te slug inereased with inereased 

viscosity of the SY SCCM» | 

Contact Time, It was reported py Campboi1!7) 

that the time of contact of solids in the dense fluid 

bed sometimes affects the degree of completion of 

the desired change, The time can be varled by changing 

the rate of solids input or by changing gas velocities 

within the limits of fluidization, However, it was 

brought out by Patterson 74976) chat gas flow rates 

are relatively low, usually between 1,6 and 2,0 feet 

per second: therefore, the oracéss is inapplicable 

WLS TS short contact time is peauired, 

Mixing. According to Patterson?) , mMLELNE 

within the fluidised bed is complete ang virtually 

inatantaneous becauss of vielent agitation, ‘The 

property of instantaneous mixing haa been shown by



6) 
Patterson and Campbell! ) by the fact that samples 

drawn from eny section of the bed show little vari- 

ation in particle distribution or resicence time. 

As explained by Vorse (82), the main advantage of 

this mixing action in fluidized reactors is the 

great vedvction in the duration of hot epote within 

the reaction mass. 

Particle Entrainment. compbe1i (4) has shown 

Chat alr velocity may be considerably greater than 

would be predi sted by Stoke's law without excessive 

He
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Heat Transfer anc Temperature Control. Mickley 

and Triiling!®5) nave found o
m
e
 

that the fundamental 

advantage of a fluidised system ia ite tendency te 

maintain a vniform temperature dietribution through= 

out the bed, Mickley and Trilling 85) and Murphree‘ 68) 

concluded that it igs the repid circulation of solids 

which tend to hold a uniform temperature throughout 

“the mass. Patterson '74) explained that the essseans 

tially Instantarncoug rate of heat transfer results 

from the very high surface to mass ratio as well 

as to the agitation of the solids, Campbe11 07) 

hy deduced that heat flow by direct contacting is ine ‘€ 

herent within the bed, According to Murshree (68) | 

the temperature variation from bottom to top in large



we ae on 

eactor vessela is less than 5 OF, Aecording to 

“ 
Campbell the entering ¢as comes almost att once 

to bed temperature, Murphree (70) and Patterson(74) 

have pointed out thet, as @ result of this very unio 

form temperature distribution within the bed, tempera 

ture control is facilitated, 

WNetheson 464 38 ) hs Peesoner that the extreme 

OF allows axa Fe fe
te

 

2%
 

Aa
 turbulence of the solidegas suapens 

ex to and from the system. Pate 

vomannt'?4) found that heat transfer rates between 

the Pluidized bes and the vessel walls are about 

the game or better than are obtealned with bolling 

liquids. Mickley and Tri iting (59), in their studies 

of heat transfer in an externally heated fluidized 

aed bed, obtained coefficients of heat transter ranging 

from 3 to 70 times as great as these obtained with 

the same gas flow rates In the absence of particles. 

veckon'1) found the heat trar safer cosffielent for 

e fluidized bed of sova beads to be 13.7 times as 

great as for an empty bed at the same mags air flow 

rates, On the cther hand, for low gas velocities, 

Parent 72) obtained coefficients of heat transfer 

& per cent lower for fluidized beds than for empty 

beds, However, at higher velocities, he obtained



heab transfer coefficients vhich were about & per 

cent greater for Pluidised solids than for empty 

peds. ° 

4 ce okey, | Tha dae (74) According to Pattverdon ‘, Por encoth rermic 

reactions, heat may be supplied py preheating the 

2
 olid te well above the reaction tempersture with 

no danger of overheating the reacting Hass As pointed 

out by Pattersdn and by Prgun and Oring (11), for 

exothermic reactions, 16 is possible to operate at 

higher average temperatures and consequently higher 

on bee bi
s reaction rates without excéssive decomposit 

Campbell‘ ©) sna Rouep phree(” 70) pointed out that 

the solid mass within the vezsel imparts heat capacl- 

ty to the system, thus guarding against rapid tempera= 

ture fluctuations. Wickley and Trt ling (55) noted 

that this heat capacity is an important factor in 

close temperature control of the syatem. 

Bickley and Trilling have summarized the methods 

for ternperature control in ea fluidiged reactor as? 

(1}. control of temperature and flow rate of enter- 

ing fluid, (2) control of temperature and creling 

rate of solid particles entering the system, (5)



a transfer of heat to heat exchanger surfaces within 

the bed, and (4) transfer of heat to the walls of 

the vessel. 

Fase of Solids Transfer, According to Hariu and 
  

volstaa(t3), Leva (28), ATIC. Matheson (28), the ease 

with which fluidised solida may be transported from 

vesse] to vessel is an Inherent advantage of the sys- 

tem which facilitates application to a continuous 

type procesa, Matheson has reasoned that such eage 

of transport permite the most efficient ubilization 

of heat. | 

Variables Affecting the State of Fluidization. It is 

absolutely essential that the effects of variable cone 

ditions upon the fluidized state be understcod in order 

that fluidised beds may be utilised as fully and effice 

iently as possible. ‘These variables are discussed in 

three groups: characteristics of the solid, the gas, 

and the containing vessel. 

Characteristics of the Fluidized Material, The 

important echaracteristiesa of the solid being fluidized 

are diameter, density, shape, surface tension, and 

electrostatic charge. The most important of these 

properties is particle dlameter, Patterson'’5) 

showed that as particle dlameter inereasés, an inereass 

in gas flow rate is required to maintain a given



Pluidigzged bed density. Matheson! 40) noted that for 

a bed of solids of narrow size range, the Stormer vis~ 

eosity increased with inereasing particle dlameter, 

and that the rate of bubble growth increased with 

(27) , beeryed thet fine materials nave ciemeter,. Leva. 

the greatest tendency to channel, but on the other 

hand, Morse (66 } found thah an inmerease in particle 

¥t has been shown by Patterson! 75 ) that for a 

given flow rate and particle size, bed densities 

are essentially constant, regardiess of the absolute 

density of the solica. Natheson(4), however, found 

thet maximum bed density increased with greater pare 

ticle density. Leva! (30) showed thab the velocity 
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* of gas neces for fluidization is preportional to 

the Gensity of the solid. Morse (66) stated that the 

tendency of the particles to segregate incressed as 

the particle censity iInereased. 

feccording be Patterson (75), little is known about 

the effect of particle shape on the atate of fluidi- 

vation. “It Was Pre easoned, however, thet from theoreti«€ 

eal consiéerations 2 smooth spherical particles would 

require higher gas velocities for fluidization then 

it
s would pough, irregular particles of the same size
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distribution and density. Seider'77) , studying pare 

tieles of dissimilar shape, but with like bulk dene 

sities, however, concluded that there was no definite 

rehabionship between particle shape and the pressure 

drop over the fluidized bed, 

Patterson also found that electrostatic charge 

is a very minor factor in the fluidized state, ex~ 

cept thet for very fine particles, an electrostatic 

charge tends to facilitate fluidization, as like charged 

particles tend to repel each other, thus requiring 

lower gas velocities. 

Characteristics of the Pluidizing Medium. The 

effects of velocity, density, and viseosity of the 

medium on the fluidiged state have been found to be 

the most important factors affecting the design of 

Pluicization equipment. 

Maximum bed density was found at minimum gas 

velocity for fluidization by all investigators. 

Patterson(75) and Matheson(40) observed that bed den- 

sity decreased with increasing gas velocity. Part 

of this decreased density, however, is due to the 

presence of gas bubbles in the bed. Patterson(73) 

noted that pressure drop through a fluidized bed 

ig nearly independent of ges velocity. Leval®5)



observed that channeling was more pronounced at 

lew flow rates. Violent agitatton destroyed channels enol Re 

at higher velocities. 

Tt ig generally ag sree) Os au, 76 ) that the ef~ 

gas density on the fluldiazed state is neg~ 

ligible, because the gas density is slight in come 

parison with the solid density. 

Wathevon(41) observed that maximum bed density 

increased with decrease in gas viscosity, while 

newis (38) founa that the velocity of the fluidizing 

gas was inversely proportional to the gas viscosity. 

Characteristics of the Vessel. The only eri- 
af 

  

Ye 

teria of vessel design yet ssgtablished is that the 

greater the dlametor-to“length ratio, the less the 

tendency. for slugging to OCCUR, because the bubbles 

i
 whieh form are given mot eo time to expand an a conbing 

in the longer vessels, 

Mathematical Relationships. As explained by Camp- 

perl (10) , many of the empiricel relations that have been 

developed sre reasonably satisfactory for certsin come 

merelal uses, but are unsafe to extrapolate for univer» 

gal application. Some of the methods of calculating 

pressure drop, gas velocity, and bed density are discussed,
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Presaure Drop, It has been shown by Patterson 

(74,76) that, within practicel limits, the pressure 

drop through the fluidized bed is approximately equal 

to the static 

wos Ppt (1) 
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# Woe welgnt of solids in bed, 1b 

D = diameter of bed, ft | 

Pum density of bed, Llb/en ft 

Le devth of bed, ft. 

Lewis (55) likewise concluded that the pressure 

> 
Xd .Gpop is essentially equal to the weight of the 

sSolilds, omivy for beda with small ratios of Length 

to diameter, Beda with large patios of length te 

diameter are Likely to be in considerable error. 

He Found that Squation 1 Was satiavactorpy Por pare 

ielea of lameter, ©,0004 to 0,000G#inch, t%
 eS co
 

fo
d a
 

a
 

with good fluidization characteristics and no 

ere PB yay son | ‘get ae yey goa yey ee SB * . am tk Eee 4 <p ma He gee ot r slugging; While particles of large diameter, 

0.01 ta 0,O062-inch, which gave slugging conditiona, 

showed larger pressure drops than would be Ilndleated 

by the atvie head. Only at the lowest fluidization



velocities, under conditions of slug Flow, did 

observed pressure droos approximate that represented 

by Equation 1. 

Ascording te Hariu and Moistad(14), the total 

pressure drop can be considered equal te the sum 

of ty pressure drops; that resulting from the 

gas flowing through the empty tubs, and a solids 

pressure drop consisting of the etatiec haad and a 

from yvarticle-to-eparticis 

@etoews ll contact. a Sy
 

i te
e & hg
 

cP
 

: 
is
 

=
 

o 

Wilhelm and Kwank (4) derived the Follow. The | 

uation, based wnon the concent thet flnidiscation i o
d
 

ct sakes place when the weight cradiant of the solid 

o equal to the pressure gradient through the ws
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(1 = €) (Pg = Cp) (2) 

where 

AFP = pressure gradient, Le/sa fteft 

fraction selid at height L, ft Hn lw € 

Ps = density of particles, Ib/eu ft 

Pp = density of fluid, ib/eu Pee 

teva lS?) nes developed a formula for nressura 

drop through the expanded bed which is essentially 

the game as Equation & above:



AP 

where 

Ps 

Pp 

ok im 

= (1 = €) (= Pp) (3) 

pressure drop through bed, Lb/sq ft 

volume of dumped bed, ou ft 

cross-sectional aréa of bed, sq fb 

fraction yoidage in dumped bed 

density of particles, lb/eu ft 

density of fluid, lbfeu £t. 

Gas Velocity. Leva ‘S2) has derived the following 

equation for the mass Plow ef gas required for fluid» 

izations 

Ge G008 Dp Ee" (Pg ~ Cr) Peg (4) 
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Hn 

  

nN” (Lee) p 

mass superfleial gas velocity, Llb/hrsaq ft 

average effective particle dlameter, ft 

fraction voids in Gurmped bed 

acceleration ‘due to gravity, 4.18 x 

10° ¢ t/far/far 

particle-shape factor, dimonsionisss 

4 
fo
 

Bde sae ‘ mee 4 j fy a viscosity of Pluic, 1lb/hreft.



teve!®7) stated that the mass velocity required 

for beginning of fluidization may be predicted by 

substituting the fraction voldage of bed at minimum 

fluidization, Cyr, for fraction velidage in dumped 

bed, €, in Fauation 4, 

The general expression, given by teval25), ror 

Pividigabion iss: a)
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Gir os Dp 6 Py (5 ~ Py) Ems. (6) 
  

where 

Cat gt
 minimum mass, superfieial fluid velocity 

required for fluidization, lb/hresq ft 

average effective, particle dlameter, ft. 

&
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/ acceleration due to gravity, 4.18 x 

108 ft/bx/he | a 

Po = density of fluid, lb/eu ft 

density of particles, lb/cu rt Ps = 

Cwr ¢ fraction voidage of bed at minimum 

Pluidigation 

a 3]
 modified friction factor, dimensionless 

ba
 particle shape factor, dimensionless 

He. state-of+flow-factor, dimensionless.



Bed Density. Rreun and Orning (12) found that 

the lowest bulk density of any tyne of particles 

eculd be obtained by fPluidiging tho particles with 

& gas and then slowly reducing gas flow. Knowledge 

(of the lowest bulk censity is sufficient to estimate 

flow rates corresponding to the incidence of twoe 

phase fluidization, 

Matheson’ #0) found that for lrreavlar carticles, 

ranging In size from 26 to 456 microns diameter 

+ ‘ 

he
fe
 

p
a
 and with densities ranging Prom 72 te 490 pounds per 

ied euble foot, the maximum bed density, ypp., may be 
kat 

as 

represented by the following equation: 

a +1 (6) 

where 

Dy x average effective particle dia meter, ft 

Pyg = maximum bed density, ibfeu ft 

densities considerably greater than those predicted 

by Equation 6, bub established no quantitative ree 

lationships.



Utilization of Fluidizeation Frecesses 
  

The advent of the fluidized teennique has opened 

up @ whele new field within the chemical Industry. Cone 

sidering the petroleum industry as an examole, this fiald 

of application has Imereased @5 fold in elght years, In 

1942, the first commercial seale fluid eatalytic eracks 

ing unit was put on stream, and the total fluid cracking 

capacity at the end of that year was 40,000 barrels per 

day, At the end of 1049, the extimated total capacity 

of fluid cracking unite was in excess of 1,000,000 barrels 

per day. 

Commerciel Applications. By far the greatest ade 

yances in commercial application of fluidigation have 

been made in the petroleum industry, However, there 

are many other practical applications of the fluidized 

bed now in operation. *heso include hydrocarbon synthesis, 

coal gasification, ore reduction, drying of dolomite, 

heating of air and steam to high temperatures, end alky- 

lation. | 

Future Applications. The most promising field for 

future acplication of fluidization appears to bea the 

earrying out of Fiseher-Tropsch reactions, previously 

too complex and costly for commercial geale processing. 

Qther fields in which fluidigation seems te offer many
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advantages over present methods include: (1) devolatili- 

gation; (@) calcinationg (5) mixing of solids; (4). dry- 

ing of solids; (5) seperation and purification of gases3— 

and (6) recevery of vapors from gases, 

(imitations. Patterson'?6) tistea the present limi-~ 

tations of fluidization as: (1) short gas-to-scllid con» 

tact time; (2) difficulty in controlling average re- 

tention time of solids within the bed because of violent 

agitation; and (3) limited flexibility of operation 

because of necessity of keeping gas flow within narrow 

Limits, 

Advantages of Pluidized Béd Reactors. The main 

advantage of a fluidized bed reactor over any Other type 

ef reaction vessel is the uniform temperature distribu~ 

tion throughout the fluid bed, Channeling 1s greatly 

reduced by the extremem turbulence of the fluidised 

solids, thus eliminating hot spots, Other advantages 

ever fixed bed reactors include: (1) better heat trans~ 

fer within the reactor; (2) lower mechanical energy 

requirements; and (3) simple equipment construction,
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General Theory of Heat Transmission 

The problem of heat transmission is encountered in 

@lmost avery industry, and in an almost infinite varlety 

of special cases and applications, However, the prine 

ciples underlying the problem are everywhere the samé, 

and it is the intent of the following topics to present 

the basic fundamentale of heat transfer, so that the next 

seetion, om lts applications to fluidization, may be more 

thoroughly understocd, The basic types of heat trans- 

mission are defined, the mechaniam of heat transfer ba- 

tween fluida an¢é solids is included, and the film con» Ss 

cept and development of equations for the locel over» 

ail and locel individual coefficients of heat transfer 

are covered, 

Motes oF Heat Transmission. Heat may Plow by three 

distinct mechanisms, conduetion, convection, and radlation. 

Conduction, Conduction, according to McAdams 

(44,52) | is "Phe transfer of heat from one part of 

a body to another part of the sane body, or from 

be 

one body te another in physical conmtach with it, 

without appreciable displacement of the particles 

of the body.”



Vathematically expressed, Fourler's law for 

the econducticn ita as follows: 

dQ = + kA dt — (7) 

where 

d@/d@ = rate of heat flow, Btu/hr 

k = proportionality factor or ths it
 

thermal conductivity, Btu/hre 

sq ft-OP/Tt 

A = arsa of section taken at right 

angles to the cirection of heat 

flow, aq ft 

edt/dx 2 rate of change of temperature, ty, 

with respect to length of path, 

x, OP/Tt. 

The differential form given above is general for 

unidirectional conduction and may be apilied to 

cases in which the temperature pradient ~dit/fax varies 

with time as well as with the location of the point 

ar
 considered, Im every case cof heat flow by condue- 

tion, a temperature gradient must cxlist, 

The procégs vee “ve a cage in which 

temperature varies with both time and position 

is ealled heat conduction in the unsteady state (45),



mim 

As contrasted with heat conduction in the eccompli- 

cated unsteady state, heat conduction in the steady 

state refers to those cases in which the tempera- 

ture at any given pelnt In the system is indepen- 

dent of time. 

(45) VeAdams gives the basie equation for ther- 

mal conduction in the steady state as follows: 

Q- - RA at (8) 

ax 

where 
4 

@ = steady rate of heat flow, Btu/hr 

# thermal conductivity at temperature, 

t, Btu/hr-sq ft-°F/ft 

area of section taken at right angles > a 

to the direction of heat flow, sa ft 

-dt/dx «= temperature gradient, OF/ft. 

Convection, Convection, as defined by Veo 

Adame (44,52), is "fhe transfer of heat from one 

point to another within a fluid, gas or liquid, by 

the mizing of one portion of the fluid with another, 

The mation of the fluid may be entirely the result 

of differences of density resulting from the tempe 

erature differences, as in natural convection; or 

the metion may be produced by mechanical means, as 

in forced convection.”
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Radiation, Thermal radiation, as expressed 

by Hotte] (45,16,17) , consists of that radiant ener 

gy emitted by a substence which is entirely depen« 

dent on the temnerature level of the substance. 

Conduction and convection are ccontrelled by temp- 

erature difference alone; im contrast, radiation 

depends on temperature difference and on the absolute 

temperatures of the emitting and receiving substances. 

Thus, Walle conduction and. convection may be the 

limiting factogs of heat transfer at lower temp. 

eratures, padlation becomes the controlling faeter 

at gome higher temperaturs. 

Heat Transfer Between Fluids and Solics. NeAdams (50) 

indicated thet many types of industrial heat.transfer 

equipment involve neat tranafer between a surface and 

a fluid without evaporation or condensation. He listed 

such equipment aa Pire-~tube bollere, superheaters, econ 

omiszers, preheaters, and condensers in the power-plant 

field, Other industries include heat transfer to air, 

flue gases, water, ateam, products ranging from fixed 

hydrocarbon gases to the very viscous liquids such as 

lubricating cils and esphaite in the petroleum industry, 

molten metals, slags, broken solids, acids, and organic 

solvents. The following diacussien includes the film
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concept of resistence to heat flow at the boundary of 4 

fluid and solid with especial reference to turbulent 

motion and the develonment of basic ecnetions for the 

local over-all and local individual coefficients of heat 

transler. 

Film Concept. As explained by Walker (80), 

large resistence te heat flow is found at the boun- 

dary ef a fiuid and a solid because of a thin film 

of Tluid at the interface through whieh heat can 

be transmitted br conduction only. He also noted 

that the eapacity ef heat transfer apraratus is 

frequently linited by the thermal resistance of the 

Tluid f'lrs rather then by the retaining wall of 

fs the vesgel, henee individual film resistances be- 

# 

come controlling factors in equipment siaing, At- 

cording to McAdemg (51253) . the mechenisam of heat 

tranafer by conduction and convection ise compli« 

cated for the case of turbulent flow, He pointed 

out that the velocity gradient across «4 stream 

apparentiy involves, in additi to the Laminar 

film, ea buffer Laver between the film end the tur» 

bulent core, Welker (80) brought out that the most 

effective means of reducing boundary resistance ig 

# bo reduce film thickness, usually br increasing
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fluid velocity, As pointed out by MeAdams (5°), 
gir eertain factors, of which average velocity of the 

floid past the heatetransfer surface is the most 

notable, will senerally have a greater effect on 

resistance for the ease of flow in the turbulent 

rance than for streamline flew, 

Local Ovyereall Coeffiel ent of Feat Ere mater. 
  

Accords ng te MoAdams'46) ang Walker (81) , in most 

instencesa of industrial heat transfer, the Plow of 

heat is from one fluid through a golid wall te a 

The ecuation eiven by Kirkhride!29) ror tne 

‘et otaent af heat transfer ts based 

oe “ne mit ate is ey hes G Ayes 4 . a es 7 "i oy grat tt on the general law for the rate of flow of energy: 

dQ 2 CAP | (9) 
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Aecording to Kirkbride (18), in chemical engineer- 

ing works transfer is usually carried out through a ae



known area which is perpendicular to the direction 

of energy flow. The rate of energy transfer is 

directly proportional to this areat 

82 2 OAPA (10) 
<2 20 ER 

where 

Ag area perpendicular te direction of 

transfer | 

R = resistance to transfer per unit area. 

MeAdams (47,54), Kirkbride!19), and Walker (82) 

have shown the basic relation for heat transfer 

between two fluids separated by a retaining wall 

to be representcd by the following equations 

aq : GA At (11) 

where dq 

dq = differential rate of heat transfer, 

Btu/hr 

Uo = local overeail coefficient of heat 

transfer, Btufhr-sq ft-OF 

ad. differential area through which 

| heat is transferred at right ane 

gles to direction of heat flow, 

aq ft 

At = over-all difference in temperature be 

tween the warmer and colder fluids, °F.



whi wo 

It muat be remembered, however, that the 

of the over-all coefficient of heat transfer, 

is sllowable and very convenient, but it is a 

complex function of the operating conditions. 

use 

U, 
very 

AS 

the individual coefficient depends on fewer vari~ 

ables than dees the over-all coefficient, the cor- 

relation of data would be simplified by shudying 

individual pather then overeall eccsfficients. The 

resistance of the intervening solids may be deter. 

mined by us¢ of their known physical proverties. 

Locel Individual Coefficient of Heat Transfer, 

According to Mofidoms #8) ang Walker(81) , the heat 

flow rate is proportional to the difference in temp» 

erature between the solid wall and the fluld, and 

to the heat transfer surface: 

| dq = h” aa"ate 

where 

ag = differential rate of heat transfer, Btu/hr 

(12) 

h™ =» local individual coefficient of heat 

transfer, Btufhr-sq ft~°F 

aa" 2 differentiel, surface area of wall difectly 

beneath the fluid film, sq ft 

At" 

tt
 difference in temperature between the solid 

well and the bulk temperature of the 

fluid, °F
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Me Adame (48) and Wal ker (80). nave pointed out 

that the inéividual ccefficient of heat transfer 

is not constant even for a given fluid, but ia a 

complem function of such variables as the physical 

uroperties of the flnid, nature and shape of the 

scelild surface, and the fluic velocity vast the solid 
u 

he ue 

poundary. 

Heat Transfer in Pluitdiaed Bods 

Less basic research has been done on heat transYrer 

in tho fluidized atate than on any other phase of fluid. 

(55) og 
, ) stated that when the ization, Mickley and Trilling 

factors controlling the vate of heat transfer to and from 

a Pluidized ayatem are determined anc properly correlated, 

amore efficient utilization of the temperature control 

possibliiities, and henes ea wider application of the fluid. 

iged teehni que will be possible, The following discussion 

will cover these topics; (1) bed temperature distri- 

bution; (2) mechanism of heat transfer; (3) variebles 

affecting heat transfer; and (4) correlation of variables. 

Pluidized Red Temperature Distribution. Mickley and 

frilling (58) found the temperature variation in fluidiged 

beds to be very slight. Their data showed that the max# 

imum longitudinal temperature difference in a 4<€inch



diameter, @8«inch tube, externally heated to 500 Or 

was 18 °F, The maximum horizontal temperature gradient 

in the same test was 6 SF, measured from the tube axis 

to #-ineh from the heatin ne wall, Other tests under vary- 

ing conditions gave smaller temcerature variations. 

Mechanism of Heat Transfer in the Fluidigzed State. 
  

fickley and frills ing (59 760) coneluded, "Phe slimination 

temperature gradients in the bulk vortion of the stream 

by virtue of transport of heat by the particles localizes 

a the temnerature gradient ta a thin layer near the heated 

wall, The effective thickness of this layer is probably 

reduced by the motion of the particles, The tem erature 

difference across this layer is essentially the <« 

ence between the bulk stream temperature and the wall 

temperature. Heat Plows through thie layer by means of 

conduction EMC because of the disturbing influence of 

the solid particles, prebsebly by convection. In addition, 

it is reasonable to assume that heat is trensferred across 

the layer also by the movement of the heat-carrying solid 

particles.,”™ 

20,56). | . 
state, Several inves stactana(®0588 have listed the 

following wartables as being those which affect heat 

transfer in the fluidised state: (1) properties cof the



materials, such as thermal conductivity, density, and 

viseosity of the fluidizing gas, density, specific heat, 

and thermal conductivity of the fluidised solids; (8) 

operating conditions, such as size, size distribution, 

and shape of the solid particles, concentration of the 

solids in the bed, superficial velocity of the gas, feed 

or recytle rate of the solids, and temperature level and 

magnitude of the temperature ¢riving forces; (5) equip- 

ment design. 

Solids Concentration. Probably the ureatest 

influence on heat transfer in a fluidized bed is the 

concentration of solids present. Mickley and Tril- 

Ling (58,59) found that the logarithm of the coef 

ficient of heat transfer increased proportionately 

with the logarithm of the solide concentration, 

up to the trangition region in the curve of solids 

concentration versiis mass alr flow rate, It should 

be noted, however, that the gas flow rate is a fune- 

tion of the solids concentration, and ig therefore 

indirectly responsible for the change in heat trans~ 

fer properties, 

Particle Density. teval®0) opserved thet pare 

tiele density exerted no effect on the coefficient 

of heat transfer when parbicies whose densities varied 

by as much as 100 ver cent were used,
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Particle Diameter, All date so far aveilable 

show conelusively that the heat transfer coefficient 

inereases vith decresse im particle ciometer, abner 

factors being equal. However, Leval #2) has shown 

that heal transfer derends on Pluidigation efficienay, 

whieh ales inereases vith decreasing particle diameter. 

; . . Povey eS . 
Yessel Size. Leva! °2s23) observed that bed 
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Correlation of Varlables Affecting Heat Dranafer 

2 ec ay he oe eg : SE ee py OE ese rte tes oh ee ey : x Coefficients in Fluidised oystems, Hickley and Oh
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“sy # om . x wt EP oy FT Bg ah Mew ee Eure a! og hoes . ee fer in externally heeted Pluidized beds, that when the 

eoerfieclent of heat trensfer at the bedewall boundary, 

4 : t % 3 _ 

nh, was plotted ape net the Py G/Dp > on a logaritinaic 

tty
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or
 seale, a straight line coule be drawn which vould 

Bim herd e, rh bb, 24 Pye, cs yy de Pte ¢ pepe te dps all of their data within @5 per cent, The equation



2 = 0,0118 Pp gle265 
(13) 

  

where 
i 

transfer at bed-wall boundery, Btu/hr- 

aq fb-OF 

density of bed, ib/feu ft 

o
 

t 
a 

= Wass superficial gas velocity, lbfhr-~sq ft 

U,, = average effeetive particle clameter, ft. 

They believed that this preliminary correlation does 

not include a1] the important variables, based on the 

a 
a postulated mechanism of heat transfer in the fluidized 

ws 

ty . n ne 4 
nova!" ) ontained line of slope equal te 1 when 

log h"/k versus leg G Bg/M was plotted. The following 

equation was obtained? 

hY 2 0.64 EGE, | (14) 

zt
 

where 

bh" = local individual coefficient of heat trans- 

fer at bed-wall boundary, Btufhresq ft-°F 

k = thermal conductivity of the fluid, #tu/hr- 

sq £t-Or/tt 

M = viscosity éf fluid, lb/hr-ft 

By # efficiency of fluidization, no dimensions.



For gases where CM fe equals 0.74, Equation 14 

becomes: 

h* 2 0,86 Cy & Eg (15) 

where | . 

h” = lonal individual coefficient of heat 

transfer at bedewall boundary, Bou/br 

ago-ft.OP 

bf
 specific heat of gas at constant préssure, 

Btu/lbOP 

G = mass superficial gas velocity, lb/hr-sq ft 

Ee s efficiency of fluidization, dimensionless. 

Leva found that Sonation 15 represented ail data with 

ar average deviation of +22 per cent.



EIT. AP ERIMENTAL 

The experimental procedure in the investigation of 

heat transfer to a fluidized bed ineludes the purpose 

of investigation, the plan of experimentation, the ma-= 

terials and apparatus used, the method of procedure, the 

data and results, and the sample calculations. 

Purpose at Investig pation 

It was the purpose of ee to. ¢valuate 

the effects of superficial air velocity and temperature 

driving force on the coefficient cf heat transfer at the 

bed wall of an externa aLLy heated, fluidiaed bed of Ottawa 

sand, ublliging dry air at approximately &0 Cp, bed wall 

temperatures of 00, 400, and 600 °F, and mass superficial 

air velecities of SE.5 to 217.5 pounds per heure-square Lootes 

Plan of Experime snteation 

The plan of experimentation followed in this inves~ 

tigation consisted of a survey of the Literature, modi« 

fication of the Breckon(1) fluidization unit, preliminary 
¢
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teats on the setae (77) catalyst, test apparatus, experle 

mental procedure, and evaluation of the date obtained. 

Literature SULVey. A literature search vas made 
  

to obtain a general introduction to the field of fluide 

ization and bo determine the applicetione of the fPluid~ 

solids technique. A preview was made of the principles 

of heat transmission applicable to the stucy of boundary 

coefficients, and of the spesifie field of heat transfer. 

in the fluidized state. 

Determination oF ial digation Properties of Bed 

Material. A catalyst test apparatus, designed and cor-~ 

structed by Seidel Was used to determine the fMuide 

dgation properties of the Ottawa sand employed as the 

bed material. The peimary purpose of the tests con- 

ducted on the we@Lldel unit was te éetermine the range of 

maes superficial air velocities to be used in the ine 

vestigation on heat transfer to a fluidized bed, 

Modification of the Dreckon Eunisiantics Unit. The 

apparatus used in this investigation was essentially the 

unit designed and: constructed by srastont?, The only 

modification made in this unlit is deseribed below. 

The gas exit of the fluidization column was changed 

from @ horizontal position to an upward inclined posi-+ 

tion (Figure 2&2), making an angle of 45° with the vertical



axia of the colwm. ‘The change was meds te reduce 

carry~over of the dispersed solids, and thelr consequent 

entrapment in the exit line. The inelin red exhaust nine 

permitted the solid perticles to fall back into the fluid- 

igation chamber, 

Experimental Procedure, The fluidized bed consisted 
  

of Ottawa sand as the sclid and air as the fluidizing 

medium. Tests were made at bed wall temperatures of 200, 

400, and 600 SF, and at four mass superficial air veloci-~= 

ties ranging from S2,5 to 217.5 pounds per hour-scquare 

foot at each wall temperature. 

In mak’ng a test uncer specific cunditions, the air 

flow through the fluidized bed was adjusted to the de- 

sired rate as indicated by the air inlet crifice mano- 

meter. The desired bed wall temperature was maintained 

by means of the "canpacitrol”" temvoerature controller. 

When it was apperent that ateady state conditions had 

been reached, data ware recorded of bed and bed wall 

temperatures, pressure drep across the fluidized bed, 

energy input te the bed heating unlit, and tenperature 

and Plow rete of the entering air. 

Evaluation of Hesults. The cperating characteris~ 

ties of the flulcigation unit were observed and discussed
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in conjunction with the data obtained from the experi- 

mental tests. The calevlated results were based on the 

average of at least three readings taken at-esch point 

ever a recorded period of time, under steady state cone 

ditions, The eoefficie nts of heat transfer were besed 

on the internal ares of the oice wall and the intes grated 

mean temperaturedifference between the wall and the 

bulk bed. The effects of mass superficial alr- velocity 

and temperature driving-force on the coefficient of heat 

transfer were evaluated, Bed-teyrmerature gpredients were 

a = Mb A fs: oe fk * we Fe - ety “Beh joty asin 4 sao determined in an effort to substant’ ate previously da- 

seribed heatetransafer characteristics in the fluidized 

State, 

Materials 

‘The following materials were used in this investiga- 

tiont 

Aix. Compressed alr, humidity, 0.01 pounds water 

vapor per pound dry air, supplied from the Nash Hytor 

compressor, Department of Chomical Engineering, Virginia 

Polytechnic Institute, Blacksburg, Virginia, Used as 

the fluidizing medium. 

Sand. Ottawa, 99.98% S109; 100% through U. 5. 

Standard sieve #20, 100% retained on U. 8. Standard



sieve #30; meets specifications of A. &, T, MW. Desig» 

nation C#109: 0,086-inch average particle diameter, 

Qotained from Department of Ceramic Engineering, Virginia 

i
 Polytechnic Institute, Blacksburg, Virginia, Used as the 

e 

fluidised sokid, 

“DATA tUS     

The following pieces of apparatus were used in this 

investigation: | 

Battery, Dry Cell. “Uveready," 1.5 volt, number 

6, Manufactured by the National Carbon Company, Cleve+ 

lanc, Ohio, Used in conjunction with the potentiometer. 

Cell. Standard, Number 302684, 1.0164 volts, in- 

ternal resiatance not over 500 ohms, Senufactured by 

Epperly Laboratory, Inc., Newport, &. IT, Obtained from 

Fisher Seientific Co., Pittsburgh, Pa. Used in conjune- 

tion with the potentiometer, 

Fluidization Unit and Accessory Equipment . All 

materials required for the construction of the fluidl- 

zation unlit and accessory equipment are included in Table I. 

Galvanometer. Center zero type, catalog number 

570-201. Nanvfactured by GeM Laboratories, Ines, Chie 

eago, Ill. Used in conjunetion with the potentiometer,
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Meter, Gas. umber A3BBATAO , capacity 20 to 600 

cubic feet ver hour, gredus nted in @ublie Peet and benths 

a 

ot cubie feat .. Manufentured by the American Meter Cotte 

pany, Alpang, WN. ¥. Used to measure the air flow in 

the orifice calibration, 
Glassware, Miscellaneous peakors, funnels, and 

flaska. OQbkeined from Fisher Seienttfic Company, Pitts 

burgh, Pa. Used for handling the save beads and the 

manometer fluids. 

. See mms FES : , re yi 
Potentiometer. Yyne a, pense 0 to 0.017 and 6 to 
  

1.670 volta, tianufactured by Fisher Selentific Co,, 

Pitteburgh, Pa. Used to meagure eleebtromotive force 

from thermocouples. 

Temperature Contro slier, "Cepacitrol,”® model e684, 
  

range 0 to 1000 SC, rating 110 te 820 volts, 35 empere. 

Manufactured br “beelco Instrument Go., Chicago, T1l.- 

Ueaed to scornbrol the temperaturs of the fluidized be 

Timer, "Precision Time-it," © to $999.0 seconds, 
_, Reeicatapianeincsneee mire 

graduated in tenthe of a seccnc, 115 volt, 80 cyele, 5 

wath, Manufactured by the Precision Selentifie Co., 

Chieago, Tll. Used in conjunction with the gas meter 

to ealibrats the orifiee,



GO 

Meter, Watt-hour. Type OB, single phase, 60 cycle, 
  

L115 te 220 volts, 25 ampere, serial number 12546738. 

Manufactured by Westinghouse Electric and Manufacturing 

Co,, Hewark Vorks, Newark, MN. Jd. Used to measure energy 

input to the fluidized bed heating unit. 

Method of Procedure 

The orocedure followed in carrying ent this invege 

tigation included the c@libration of orlfies manometer, 

calibration of the “eapacitrol" temperature controller, 

determination of optimum operating conditions, and the 

operation of the fluidization unit. 

Calibration of Orifice Manometer, The orifice 

manometer on the alr inlet ling was calibrated in the 

following manner. The one-inch air line direetly below 

the orifice was connected to a dry gas meter of 30 to 

600 cubic feet per heur capacity. Csallbration readings 

were taken at a constant orifice preasure drop by ob- 

taining the volume of air flow through the meter for a 

measured length of time. Three readings were made for 

each pressure crop, and the average of each set of readings 

was plotted versus the pressure drop to give the eali- 

bration for the orifice,
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Calibration of “Capacitrol" Temperature Controller. 

The “capacitrol" was calibrated as follows: Thea wire 

lead from the control thermocouple wan attached te the 

central poles of a double-pole, double-throw toggle 

switbh. A set of leada from one side of the switch — 

was commected to a potentiometer. Another set of leads 

from the other side of the switch was connected to the 

temperature indicator of the "“capacitrol.” hus, the 

switeh could be used to direet the current generated in 

the thermocouple to either the potentiometer or the 

"capacitrol." The main heating element of the column 

was then energized, and the column wall temperature was 

allowed to reach approximately 200 OF. The thermocouple 

was connected to the votentiometer end the emf observed 

and recorded, As scon as the potentiometer reading was 

me
 determined, the thermocouple was switehed to the “tapaci- 

trol,” and ite indicated tempernture was recorded. This 

procedure was repeated for temperatures of 400 and GOO OF, 

whieh were the temperatures to be used in operaliion of 

the unit. ‘he calibration was accomplished by determin- 

ing the temperature corresponding to the notentiometer 

reading, and comparing it with the temperature indicated 

by the "“capseitrol.* A suitable corveetion waa made te 

the "ecapacitrol" reading.



ae 

Determination of Optimum Overating Conditions, The 

material te be used as the fluidised selid was placed in 

a transparent lucite plastic fluidization test apparatus, 

(7). constructed by Seidel Air was passed through the 

fe
at

 

golld particles at knorn mess sucerficial air velocities, 

The range of velocities at whieh the bed was fluidized 

was determined and later used as the range of operation 

in the investigation of heat transfer characteristics 

of the solid in the fluidised state. The physical ap} 

pearance and characteristics of the solid were observed 

anc peeorded over the pangs of Pluldilaation velocities. 

Operation of the Pluidigation Unit, Preliminary 

be obtaining best date, the fluidization colurn was 

filled. bo a level 28 inches above the bottom of the 

heating unit with £0.06 pounds of Ottawa sand, The sand 

WES introduced to the column through the alp exhaust 

ing section (Pigure ©). The exhaust 

  

pipe of the disengeg 

pipe was then connected by means of a flange te the 

system of outlet pipe. 

Bach test resulted in a seriscs of experimental data. 

obtained under steady state conditions of operation. 
/ ‘ 

Each best | was conducted ata constant bed wall tempera« 

ture | lavia Mass superficial air velooity, One test varied 

frog | another in that the wall temperature and/or the air
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Figure 8. Schematic Diagram 

of Fluidisation Unit
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flow rate were changed. Teets at five air velocithes | 

were made at each of three bed-wall temperatures, 

At the starh of a test, the bed traversing ther« 

mocouples were placed at the Le30 (30 inches shove the 

bottom of the heating unit) position in the fluidization 

chamber, The traversing mechanism was then held In place 

with & rod extending through the two matching holes on 

the rod and the unit support for thah particular posi«- 

tion. The temperature controller was then set at the 

desired bedewall temperature, The main line switeh and. 

then the secondary switeh for the column heating unit 

were closed, hen the fluidization chamber well reached 

the desired temperature, as indleated on the tempera« 

ture indleator of the temperature controller, the air 

flew through the fluidization chamber was adjusted to the 

desired rate by manipulation of valves number Vy atid 

Va, Figure 2, Valve number Vg in the #-inch bypass 

air line waa used for fine adjustment of the air flow 

rate, The air-flow control valves were constantly ad- 

justed to assure 4 constant pate of flow of air. 

Valves number Vz through Vio, Figure 2, were used 

te direct the flow of entering air through the left 

chamber, A. In the original design of the unit, the two



en
 

a .  & 6 

chambers, A, were used singly for drying the inlet air. 

However, the air véloclties used in this investigation 

were so low {4,24 to 9,00 pounds dry air per hour) that 

the exhaust gases from the fluidization unit were at am« 

bient temperature Dy the time they had reached the drying 

chamber through which the inlet air was not passing, and. 

thus were useless for vageneration of ite ebhsorbing mediwne 

For this reason, the sir used iv, Ali the tests was directed 

through the left chamber, and a constant cheek was made 

te ensure that its humidity remained both constant and low 

{0.01 pound water vapor per pound dry air), Te thus di- 

reet the entering alr, valves number V4 and Vg were opened 

and valves number V5 and Vo were ologed, To pass the exe 

haust gasesthrough the pight chamber, valves number Veg 

and Vyo were opened and valves number Vz and Vy wers closed. 

The manometer control board shown in Figure = was 

used in conjunction with two manometers to measure the 

pressure drop. through the fluidized bed, Proper mani-+ 

pulation of the 1/8-inch valves located on the control 

panel allewed the pressure drop between any manometer 

taps in the fluldiszation chamber to be measured. 

After about a twoehour heating per riod, prelininary 

temperature readings were made at lSeminute intervals 

to ascertain when steadvestate sonditicns were preached
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The preliminary temperature peacings were taken at ther- 

wocouple positions number 4, 9, 15, and 15(Table IT). 

When successive readings were essenbially comstant, the 

series of readings constituting the test were begun. 

The data observed duping a teat consisted of the 

energy input to the bed heating unit, orifice pressure 

eifferential (held censtant), air line pressure above 

the orlvTiee, the preasnre drop over verious sseticns of 

the fluidized bed, insulation temperature, temperature. 

of the air entering the unit, the bed wall temperature 

at six-inch intervals along the SO-ineh heating unit, 

bed temperatures at each six«incn level, wall tempora= 

ture one inch above and¢ one inoh below the heating unit, 

room temperature, and barometric pressure, Necessary 

time Intervals were recorded during each series of read- 

INS The indieater on the temperature controller was 

checked constantly te ensure that the wall temperature 

of the column was maintained constant, The potentlometer 

uged for indleating thermocouple date wes réeestandardized 

several times. during each set of readings. 

Daba were obtained with Ottawa sand as the Plvidiged 

gh Py ga # 
gsolid€ and ah, A Fa

tt
 

vas the fluidiaing medium for a series of 

8 tests, the variables considered were three bed wail a
 

temperatures (200, 400, and 600 SF) and: four mass, supers



aides 

ficial air velocities (62,5, 123.2, 170.3, and 217.5 

pounds per houre-square foot}. An additional test was 

made at each bed wall tomperateres at a mass superPricial 

air veloelty of 175.0 pounds per OUP. s square | foot with 

no solids present in the unit bo deter nine the relative 

value of the presence of. fluidize ad solids in iners sashhg 

the coefficient of heat transfer, Each temperature re= 

corded in a test waa checked at least threes times curing 

the test over a perlod of about twe hours, and the values 

cP
 presented herein ere averages of the temperatures thus 

pecorced.
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Data and Results 
  

the date and resuits of this investigation on heat 

transfer to a fluidized bed ere arranged in the following 

order. 

Sbservation of Fluidization Characteristics of a 
  

Eed of Ottawa Band, Fed expansion, degree of Tluidization, 
  

Bo
 and physical appearance of the bed are listed as functions 

& of mess superficial air velocity In Table ITT, as detere 

mined in a trangparent Lucite plastic fluidization test 

apparatus. 

Calibration. Data for Orifice in Inlet Al > Tine. 
  

Volume flow per unit time is listed with corresponding 

orpessure Gpops as observed on iniet air line orifice 

MeNnoMmever, in Table IV. 

  

Air Inlet Orifice Calibration Curve, The data listed 

Rs ett gs ‘ sh — , ey 3 in Teble IV is pletted in Ft igure Oe 

Summery of Date and Results of Heat Transfer to an 
  

Air Pluidized Red of Ottawa Sand et Red Vell Pemperatures 
  

  

of 200, 400, and 600 °F. Included in Table V are air 

flow rates, insulation termperatures, bulk bed and bed-~ | 

wall temperatures, heat flow rates, mean Lemperatures 

differences, bed-wall temperature drops, and coefficients 

of heat transfer for 25 tests conducted on the Breckon!) 

fluidized bed heat transfer apparatus,
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TABLE IV 

  

Calibration Data for Air Inlet Orifice 

  

Orifice Pressure Aiv Flow* 
BPOP » Rt» 

in. Hp_0 ou ft/min 
  

6.25 1.20 

0.70 o 1,62 

es 2,09 

2.18 2.90 

4.12 00 | 3.87 

G.1G | 4.88 

8,600.50 S58       
  

% Measured at 77 CF and 28.1 inches of mercury.
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ORIFICE PRESSURE DROP, IN. WATER 

FIGURE 3- CALIBRATION CURVE 

FOR AIR INLET ORIFICE.
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Vertical Well and Bulk Bed Temperature Gradients for_ 

individual Tests. The vertical wall and bulk bed tompera« 
  

ture gradient of each of the 15 tests made on the fluidized 

bed heat transfer epparatus are plotted in Figure 4 in 

such & manner that mean temperature difference between 

bed and wall may be determined graphically. 

Bffect of Masa Superficisl Air Velocity on Heat 

Flow to on Air Pluidized Bec of Ottawa Sand, The heat 

flow to the fluidizing mecium in Btu per hour je plotted 

in Figure 6 ageinst the mass superfielal Air velocity. 

for bed wall temperatures of 200, 400, and 600 on, 

Effect of Wass Superficial Air Velocity on the Bed- 

Well Coefficient of Heat Transfer in an Air Fluidised 

Red, The bed-wall coefficient cf heat transfer of an 

externally heated fluidised bec is plotted in Figure 6 

against the mass superficial air velocity at external 

bed-wall temperstures of 200, 400, and 600 OF,
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Sample Calculations 

The sample calculations include the determination 

of volume rate of air flow, mass superficial air velocity, 

vate of heat flow to fluidized bed, over-all integrated 

mean tempersture difference, temperature drop due to pipe 

wall, bed wall boundary mean temperature difference, 

coefficient of heat transfer at the bed wall boundary, 

and a heat balance over the entire fluidization unit. 

The calculations that were made from the data of 

Test 8 are shown as follows? 

Calculation of Volume Rate of Air Flow at Standard 
  

Pressure, The air inlet orifice pressure drop was 0-75 

inch of water, which corresponded to a volume Plow rate 

of 105.0 euble feet per hour ag indicated en the orifice 

ealibration eurve, Figure S, page 72. This indicated 

flow vate must be corrected for increase in line pres- 

sure ceused by resistance of the fluidized bed and the 

exhaust line.
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The pressure in the line wag calenulated as follows: 

ee 

Po 2 absolute line pressure, in. mercury 

Py 2 indicated line pressure, in, mercury 

P, 2 barometric preesure, in, mercury. 

Pe = Gd + Beeld 

Po m 34.4 in, mercury, absolute. 

fhe corrected volume flow rate for atandard preg- 

sure was determined from the following relation: 

Vos Pe 
fo * Fey (17) 

Ps 

where 

Ve = corrected volume flow rate, cu ft/hr 

Ps s standard atmospheric pressure, 29.9 in. 

MOPCULY 

Yo ™ gate (105.0) 
i @ 

Ve Fr 120.9 en ft/hr.
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Calculation of Mass Superficial Air Velocity. The 

wet and dry bulb temperatures of the entering alr were 

found to be 64 and 77 °F, respectively, corresponding te 

an absolute humidity of 0.01 pound water per pound dry 

air. fhe specific volume-of the alr was found to be 

13.72 cuble feet per pound, from humidity tables. The 

mass superficlal alr velocity, G, based on an empty column, 

was determined as follows: 

G 2 Ve. 

Ps Mt § 

where 

Ge mass superficial air walocity, Lb/hresq ft 

L = specific volume of air, cu ft/lb 

5 

eross section area of fluidigsation chamber, oe
 

ce
 it 

ea £t. 

  

G ~ 171.5 lb/hr-sq ft.
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Calculation of the Rate of Heat Flew to the Fluidized 

Bed. ‘The rate of heat flow to the fluidised bed over 

the SOQ“inch heating section was based on the increase in 

alr temperature between inlet and exit streams... 

Ge fF Oy (t, - ty) (19) 

where | | . 

rate of heat flow te fluidized bed, Btu/hr & a 

-mass flow rate of air, lb/hr ee 

Cp » specific heat. capacity of alr over the range 

between 77 and 400 °F, Btu/lb-°r 

, outlet temperature of air, °F ee
 

o ne 

cr
 

_ 
be

 tt inlet temperature of air, OF, 

(8.82)(0,.244)(368 ~ 77) 

624 Btu/br. 

H 

ft
 

it
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Celoulation of Overm-all Integrated Mean Temperature 

Difference. The over~«all mean temperature difference 

between the outer well surface and the bed masse was 

obtained graphically, as indicated in Figure 4, page 75. 

The area between the outer wall temperature and the bulk 

bed temperature curves was divided by the longitudinal. 

distance along the column to obtain the mean temperature 

difference, 

ae
 A ty = (20) 

where 

+ Atm 2 overeall integrated mean temperature 

difference, Op 

A't »- area between outer wall surface and bulk 

bed temperature curves obtained graph- 

ically from Figure 4, °F«in, 

L' ¢ height of column, in. 

Aty, = 750.8 
; 20 

Atm = 25,08 OF,



on 

Caleulation of Temperature Drop Across Pipe Wall, 

The bed wall restetance to heat flow wae caleulated ar 

follows: 

Ry = _* = (21) 

a
:
 

= i thermal resistances through pipe wall, 

Ofehr/Bbu 

. pipe wall thickness, ft rv " 

thermal conductivity of iron pipe, Btu/hr- un 

sq ft-OR/ft 

Ay = Log mean area of 30-inch section of pipe, 

aq ft, 

Rwy = 6 * O18 

a 

  

, 6.000510 hr-°F 
; Sea 
The temperature drop through the pipe wall was de- 

- at
 

termined from the relationship 

| At, s QRy | (22) 

where — | 

A tw # temperature drop across pipe wall, °F, 

Aty = (624)(0.000310) 

Atw = 06.195 °F,
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Calculation of Bed Wall Boundary Mean Temperature 

Difference, The boundary mean temperature difference 

was obtained by subtracting the temperature drop caused 

by the bed wall resistance from the over-all integrated 

me an temperature differences 

A ty" z Atm ~ Aty (23) 

where 

A ty" 2x*boundary mesn temperature difference, OF 

Atty” = 25.03 - 0.19 

Atm" «= 24.84 °F, 

Calculation of the Coefficient of Heat Transfer at_ 

the Bed Wall Eoundary. The coefficient cf heat transfer 

was calenlated as follows: 

h" s x aq (24) 
PA Er,” 

where 

h” « coefficient of heat transfer at the bed 

wall boundary, Btu/hresq ft-°F 

A" = area of heat transfer surface, inner pipe 

wall area between levels LeO (bottom) 

end L-SO (top), sq ft. , 

nh” os 

  

h® 

oe 12,580 Btu/hr«sg £t-OF,
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Determination of Heat Balance Over Fluidization Unit. 

The calculation of a heat balance across the fluidization 

unit involved the following: the rate of heat input by 

electric energy, the rate of heat content inerease by air 

stream, the rate or heat loss up end down bed wall, and 

rate of heat loss through insulation surrounding the 

fluidized bed. | 

Heat input by Blectric Energy. The total heat 

input was calculated using the ecneation: 

G2 KF (25) 

where | 

Q = heat inpfit, Btu/hr 

Ry 2 rate of electric energy input, Kwehr/hr 

Pp 

if
 conversion factor, kwehr to Btu, 

Q@= (0.515)(5413)



Conduction Loss at Top of Column Vall. 

neat loss by 

wee obtained 

where 
a ”
 

&S
 ' ce
 

The 

eonduction at the top of the pine wall 

from the relationship: 

q 
3 

G 

fe 

thermal conductivity of iron pipe, 

Btufhresg fb.OR/frt 

cross section area of pipe wall, sq ft 

temperatures of column wall 

Level, °F 

“temperature of column wall at LeSL 

- o, 
level,  F. 

distance between levels L-3O and LeSl, ft. 

    
= (27)(0.0155)(374 - 360) 

; . G,08SS - 

= 76 e 4 Bow he gS 

mimllarly, the conduction loss at the bottom 

of the pipe wall was found to be 60.2 Btu/hr, |
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Heat Loss Through Insulation. ‘The heat loss 

throuch the celite insulation was calculated from 

the following equation: 

4s Kim Aim tal ~ t12 (27) 
#4 

where 

Kym = thermal conductivity of celite at 

mean temperature, Btufhr-sq ft-OF/ft 

a
 

i B it logarithwic mean area of insulation, 

aq ft 

tg] = temperature of insulation at inner 

| position, OF 

ty2 = temperature of insulation at outer 

position, °F 

wy = thickness of insulation between the 

| two thermocouple positions, ft. 

78) Q= (0.040)(5.51) (274       
G = 254 Btu/hr. 

Corrected Heat Input to Miuidized Bed, The 

corrected heat input was obtained by subtracting 

the sum of the caleulated heat losses from the 

electric energy input, | 

@ = 1070 = (70.5 + 60.2 + 254.0) aH
 

625.5 Btu/hr. a a
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Error Based on Heat Flow to Air. The percentage 

error in the calculated amount of heat flow was de-~ 

terminsd, based on the neat flow te air through the 

fluidized bed. 

% error = (686 = 624’      (100) 

error = 10,0%



IV. DISCUSSION 

The discussion section of the investigation of heat 

transfer to an externally heated, Tluidiazed bed of ote» 

tawa sand contains a presentation of the data and results 

ebteined, recommendations for further work on the sub- 

ject, and the limitations Involved in the experimental 

procedure, 

Piseussion of Results 

a This seetion includes a discussion of the various 

factors of consequence in obtaining the results ef the 

investigation. Topics covered include: the use of 

humid alr as fluidizing medium, fluidization character 

istice of bed material, conditions of operation, determing 

ation of equilibrium conditions, horigental bed tempera~ 

ture gradients, temperature drop through bed wall, ver- 

tical bed temcerature gradients, boundary mean tempera~ 

ture difference effect of mass rfieclal air velocity 

on the bed wall coefficient of heat transfer, and com-~ 

parison of coefficient of heat transfer between empty 

and fluidiged beds,
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Use of Humid Air as Fiuidizing Medium. The fluidi- 

gation unit, as designed and constructed by Breckon'*?, 

included two air drying chambers (Figure 2) filled with 

sova bead desiccant. These chambers were originally 

used for drying the air entering the fluidized bed.) 

For any given test, one chamber was used for drying while 

the other was being regenerated by pagsing hot exhaust 

gases from the fluidization unit threugh it. The ef. 

fectiveness of this procedure is somewhat doubtful be+ 

cause there was no way ef checking on the drying effici- 

ency of the unit during a test, and there was no assurance 

that the moisture content of the air entering the unit 

was constant, even though it may have been. very low. In 

one of the preliminary tests of this investigation, the 

mass air flow rates employed were so low, 4.24 to 9.00 

pounds per hour, that by the time the sir bad passed 

through the uninsulated piping between the fluidized bed 

and the chamber being regenerated, its temperature had 

decreased to that of the surrounding atmosphere. Thus 

it was impossible to remove moisture from the desiccant 

at such a low tempsrature, Several tests were made to 

determine the moisture content of the air supply without 

drying, and the absolute humicity over a period of two 

weeks was found to be constant at 0.01 pounds water vapor



per pound dry air. Furthermore, these tests showed no 
signs of entrained water droplets; thus it was assumed 

that the air used in this investivsation had a eenstant 

specific heat for all teats over a given temperature 
PANES « 

Vluidization Characteristics of Bed Material. Ob- 
  

servations were made of the characteristics of a fluidized 

bed of Ottawa sand pricr to making the experimental tests. 

The apparatus used for these observatioria was a trans- 

parent lucite plastic fluidization test unit constructed 

by seider'?”?, Since this unit was 2,75 inches in dia@# 

meter as compared to the d-inch standard clameter pipe 

used in the heat transfer investigation, the charactere 

isties of a Bluidized bed would be similar in both units 

under the same conditions, | 

vatheson'5®) has indicated that in gas fluidized 

beds, particles in the range of 0,015-inch dlameter show 

the best Pluidigation characteristics, <A tyne of burs 

bulent flow in which small gas bubbles rise through the 

fluidized bed was obtained with particles of this size. 

A similar type of fluidization was obtained in this in- 

vestigation using particles of 0,026-inch average dia- 

meter, The range of mags air velocity for optimum fluid. 

ization was found to be 91.0 to 175.0 pounds per houre
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square foot, At 66.0cpounds per houresquare foot, 1t 

was noted thet only the upper surface of the bed showed 

any sign of mction, No movement was visible in the 

solids phase at the bed wall, The bed was not fluidized, 

“At 90.0 pounds per hour-square foot, a slight agitation 

occurred all along . the bed wall and about one small 

bubble per second could be seen bursting at the surfece, 

At 109,060 pounds cer hour-square foot massa velocity, 

the bed showed inereased signs of agitation, and about 

three bubbles per second burst at the surface, At 

123.0 pounds per houregquare foot, bubbles increased in 

size unbll they reached the diameter of the column in 

the upper inch of the bed, Solié particles were thrown 

as high as 1.5 inches above the top of the bed by burst} 

ing slugs. At 162.0 pounds per hour-square foot, slug- 

eing occurred in the upper half of the bed, throwing sand 

as high ae three inches above the surface level, At 210.6 

pounds per hovr-square foot slugging oceurred in the en- 

tire bed. 

A mass superficial air velocity of S@.5 pounds per 

houresquare foot Was selected because it corresponded . 

bo 8 hed condition occurring just prior te Pluidizetiong 

Yelocities of 125,28 and 170.5 pounds rer hour-squere foot 

were chogen because they occurred at intermediate points
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of fluidization. ‘The highest velocity used, 217.5 pounds 

per houresquare foot, was selected because it caused 

& Slugging condition; 1. @e, it was higher then the 

ideal fluidigation range. The four mass velocities given 

abo.e therefore should indlieate the characteristics of 

the bed over the entire range of nonfluidized, fluidized, 

and slug flow wenditions, and data could be obtained 

that would indicate the effect of each state on the 

over-all coefficient of heat tranafer. 

Conditions of Operation. Ottawa sund was ehosen 

as the solid to be fluidized for an investigation of 

heat transfer for two reasons: first, becuuse it had 

previously been usea in similar stucies under different 

conditlons of temperature, mass flow rate, and particle, 

E: a aige, and second, because its fluidigsation properties, 

guch as air flow rate required for Pluidisation, and 

lack of sclids entrainment in gas stream, were ideal 

for use with the apparatus (1) and facilities available. 

The size of the fluidized bed was fixed by the unit 

thet had been constructed; bed diameter was that of a 

three-inch nominal dilemeter eine, and the heating sec~ 

tion wag SC inches high, Air was chosen as the fluidig» 

ing medium because of its avallabllity in the quantities 

required, and because the physical vroperties of the



common gases have practically no effect on the fluidi- 

gation characteristics, and no effect on the ccefficient 

of heat transfer between the bed solids and bed wall, 

Aly flow rates were selected as deseribed in the pre~ 

eading paragraph. 

Bed wall temperatures of 200, 4CO, and 6c0 °F were 

used in the tests to evaluate the effects of temperature 

driving force on the coefficient of heat transfer. 

Determination of Equilibrium Conditions. It was 

egsential that steady-state conditions exist in the heat 

transfer test unit over the period of time when data for 

a test were being recorded, Preliminary temperature 

n the fluidization wit bet
s readings at significant points 

were taken at 2O-minute intervals until steady-state 

conditions were indicsted. These significant points 

included the bed wall at six-lneh intervais from L-O 

(lower level cf heating element), to L350 (corresponding 

to temperature of exit air}, and the cuter and inner 

temperatures of the insulstion (as indicated by thermo- 

eourles 15 and 14, respectively). Constant readings 

by thermocouple number 15 located in the outer portion 

of the eolumn insulation, constituted the most accurate 

indleation of steady-state conditions, because in all



tests, this thermocouple tock longer to become constant 

than any of the other above-mentioned thermocouples. | 

In each test, the mass alr velocity and central, external 

bed wall temperature, as indicated by the “‘capnecitrel” 

temperature controller, were held constant during the 

entire period of attaining sequdlibrium and recording of 

data. 

Horizontal Bed Temperature Gradient. The horizon~ 
  

tal bed temperature gradianta at gach bad level for each 

of the 15 tests may be determined from Table V. Severel 

points of interest may be eeen, as cdiseusged below, 

Effect of Bed Vall Temperature. An increase 
  

in horizontal bec temperabure aredient cecurred 

with an inewease in bed wall temperature. At 

constant mass alr velocity ef 2.5 pounds per hour~ 

square foot, the average horizontal bed temperature 

gradient increased Prom 1 te 4 to 5 OF while e cor- 

responding inerease from 200 to 400 to 600 Sp in bed 

Wall temperature occurred. At 1083,2 pounds per 

houresquere foot, the increase was from 0 to 4 to 

5 °F, At 170.3 pounds per hour-square foot, the 

hotiacntal temporalure grad’ ent increased men © 

l te 6 Om and the at the highest mass air velo- 

city employee, @17,5 pounds per hour«square foor,
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the horizontal temperati ure gradient Increased 

from 0 to 5 to & SF fcr wall temperatures of 200, 

400, and 660 °F, Tt is of interest to note that 

even at the highest masa air velocity used, the 

highest horizontal temperature gradient obte ned 

this stud ly was aporo: ximately equal to the lowest 

yalue obtained by Breckon'?) (4 °F). This fact serves 

to indicate the high quality of fluidization that. 

existed in the tests of this investigation. 

Prfect of Mass Air Flow, No general state- 

ment may be mace about the effect of mass air flow 

rate on the horizontel bed tepmerature gradient. 

The data obtained showed that the gradient fluctu- 

ated by about @ °F ever the range of mass flow rates 

at each of the controlled wall tesperatures of 800, 

400, and 600 °F, The eredient varied from 0 to 1 OF 

at 200 °F, 1 to 4 OF at 400 °F, and 5 to 6 OF at 

600 °F, These facts indicated that the state of 

fluidization had very little effeet on the hori- 

zontal temperature gradient, 

Comparison of Bmpty to Flat diged Bed. Tests 

mumber 6, 10, and 15 were conducted under conditions 

similar to those of Tests 5, 8, and 13 {at 200, 400, 

and 600 °F and 175.0 pounds per houresquare foot),
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except that there were no bed solids present in 

the former. The average horizontal temperature 

gradients obtsined with smpty beds were 4, 9, and 

18 OF as compared with O, 1, and 6 °n for fluidized 

er
 

eds at wall temoeratures of 2006, 400, and 600 °F, 

Thus it is shown that the intermixing of solids 

in the. fluidized state reduces considerebly the tenmp- 

erature gradient, acrass the bed, 

Tomperature Drop Through Bed Wall. With reference 

to Table VY, the calculated temperature drop through the 

bed wall varied from a minimum of 0,026 Op in Pest 1 

at eco °F and 68.5 pounds per houresquare foot to a maze 

imum of 0.364 °F in Test 14 at 600 °F and 217.5 pounds 

per hour~square foot. The temperature drop increased 

approximately in proportion with with mass air velocity 

at a given bed wall temperature and increased, although 

not linearly, with bed temperature at a constant mass 

air velocity. The bed wall temperature drop was cal- 

cule ted primarily to determine if the bed wall offered 

we 

any appreciable resistance to heet flow from the heat. 

ing element. It was shown conclusively that the resis+ 

tance offered was negligible; in evety case the tempera 

ture drop across the bed wall was less than one per cent 

of the total drop between the cuter wall and fluidized bed.
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Merbieel. Bed Temporaturé Gradient. The vertical 

bed and bed wall temo: erature profides for each of the 15 

bests are shown in Figure 4, page 75, The effects of 

mass air flow rate and bed wall temperature on the pro- 

files can be noted by reading the curves from left to 

right and top to bottom, respectively. The curves for 

ts 5, 10, and 15 correspond te those of Tests 3, 8, 

and 14, where conditions were similar, excépt thet no 

bed solids were present in the former tests. 

uifect ot Bed Wall Temperature, Referring to 

Figure 4, page 75, and Table V, page 73, it may be seen 

that toe curvature of the bed temperature orofile in- 

creases with increasing bed wall temperatures. At 

200 OF wall temperature, the average bed temperature 

bu
te
 increased from 159 °F at the L-O level to 165 °F at 

the L-1& level and decreased to 163 °F at the L-30 

level. For tests at 406 °F and 600 On, the penges 

were from 564 to 393 to 371 SF, and 546 to B75 to 

052 OF, respectively. Thus the maximum vertical 

bed gracients were By ao, and 45 Sf for temperatures 

of BCO, 400, and 600 °F, It is immediately apparent 

that in the tests at 600 °F, the average tempera- 

ture at the top of the bed, Ero, was lower than 

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



to indleate that the fluidizing medium, air, was 

being cooled at the top of the bed, It must be 

noted, however, that the temperatures reported are 

those of the bed solid, and not those of the gas 

passing through ite teval®0) reported that a dif. 

ference in temperature may exist between the solid 

particles and the gas phase, but that bare thermo- 

couples, such as the one: used In this investiga- 

tion, indicate only the temperature of the solids. 

This fact becomes immediately evident when the bed 

temperatures at the LeQ level are examined for the 

several tests conducted. Immediately below the 

LQ level, alr is being distributed to the bed 

at its entering temperature of approximately 80 OR: 

however, the bec temperatures indicated at the L-~o 

level are within 30 OF of the maximum temperature 

of the bed, +t is a physical impossibility for the 

as to increase in temperature by several himdred 3 ta 

degrees at the instant it enters the bed. Thus it 

becomes logical that the temperature of the bed 

golidca is affected more by some varieble other then 

the mass velocity and temperature of the fluidizing 

medium than it is by these two factors. It is sug 

gested, in view of the inverted Ueshaped curves 

ebtained for vertical temperature profiles (Pigure 4)
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in this investigation, that the temperature of the 

solid cartieles is a function of the distance from 

the eenter level (L-15) of the heating element, 

This statement would be true only when the fluidi- 

gation apperatus used was similar to the one employed 

it 

in this investigation, in that the bed wall was in= g 

sulated only over the 30-inch section containing 

the heating coll, and consisted of several feet 

ef exposed metal surface above and below the heat- 

ing unit. The bare metal provided a means for heat 

to escape to the atmosphere by rediation and con= 

duction, thus ereating a temperature gradient in 

the bed wall that extended from the top of the 

column to the Lel5 level and from the bottom of 

the column to the Lel5 level, This gradient was 

reflected in the bulk bed temperatures over the 

genie inbervel in a similar manner. 

The preceding paragraph is not bo be constnuad 

in such a manner that it is thought that the fluide 

ising medium never reachec the average bed tempera~ 

ture in its vrogress wp through the bed. The gas 

reached bed temperature very Papidly, put the main 

point in the above discussion was that the gas does 

not assume the bed temperature on first contact
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with solid particles. In ealeulating the sensible 

heat Baded to the alr stream, the increase in temper~ 

ature of the air was taken as the difference between 

the entering air temperature of approximately 80 OF 

(instead of the LeQ bed level temperature} and the 

average bulk bed temperature at the L-50 level. Thus 

the air was assuved to reach the temperature of the 

bed at some point during its passage through the bed, 

Heat Flow to the Fluidized Béd. The heat input to | 
  

the fluidized bed was calculated by two methods. One, 

an indirect method, consisted of determining the total 

heat input by electric energy, and subtracting from this 

value the sum of the caleulated heat losses by conduce 

tion along the bed wall and through the celite insulation. 

The other method, a direct means, was based on the ine 

crease in temperature of the air stream passing through 

the fluidized bed. The temperature increase of the air 

wag multiplied by the product of the weight of air passing 

through the column and the average specific heat of air 

over the range of temperatures Involved. The latter 

method was considered to be the more accurate; first, 

it was @ direct determination, and second, the values 

of heat input by electric energy were at best good ape 

proximations, because of the extreme difficulty encoun.



tered in reeding quantities as low as three- or four- 

tenths of e kilowatt~hour on the kilowatt-hour meter. 

Vhe discrepancy between the two methods of calculation 

varied from 7.7 to 14.7 per cent of the heat flow caleulate 

ed by the direct method, with the Indirect method show- 

ing more heat flow in every test. 

Tre effect of mass superficial alr velocity on the 

rate of heat flow to the fluidiged bed was Linear for 

a given temperature, as shown in Pigure 5. 

Boundary Hean Temperature Difference Between Bed 
  

and Bed Wail. The boundary mean temperature differences, 

listed in Teble V, were obtained by the method of graph- 

ileal integration suggested by teva l25), The areas beé-= 

tween the vertical bed and wall temperatures prefile curves, 

plotted in Figure 4, were used to obtain the over-all 

temperature difference from the outer wall surface to 

the béed mass. 

fable V¥ shows that ab a constant bed well temperse 

ture, the boundery mean temperature difference increased . 

with increased mags air velocity, At 200 °y, the termpera« 

ture difference increased from 18.72 to 19.52 to 25,75 

to 25.90 OF for increased in mass air rate from 82.5 te 

123.8 to 170.3 to 217.5 pounds per hour-square foot. 

At 400 °P the increase in temperature difference was
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more pronounced, ehanging from 16.86 te 17.67 to 24,84 

to 51,288 op over the same range of mase velocities, At 

é00 On, the temperature difference increased from 26.16 

to 27,30 to 37,00 to 44,00 °F over same range of mass 

velocities as above. The major point worthy of note 

here is that at all three wall temperatures, the temperae 

ture difference inersasecdbetween 82.5 and 123.2 pounds 

per houresquare foot mass velocities was very smell 

(less than 2 “Py as compared with en average increase of 

& °F between mass velocities of 123.2 and 170.3 pounds 

per hour-square foot. The only variable in conditions 

of operation that can be related to the low inerease in 

temperature differential between 62.5 and 1293.2 pounds 

per hour-square foot is the atate of fluidization of the 

bed, At @2,.6 pounds ber hour-square feot, the bed wag 

not fluidized, while it was fluidized at 123.2 pounds 

per hour-square foot. From the definition of the term 

fluidization, it becomes evident that the conditions 

whieh would tend toward reduction of mean temperature 

cifference exist in the fluidized state, but do not ape- 

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, as shown by the
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fact that the rate of change of mean temperature dif. 

ference is only slightly modified as the bed becomes 

Bed Wall Coefficient of Neat Transfer, The values 
  

of the bed wall ecefficient of heat transfer obtained 

in this investigation are listed in Teble V, and are 

4 plotted in Figure 6 as 4 funetion of mass superficial 

air velocity and of bed wall temperature, 

Effect of Mass Superficial Air Velocity. The 
  

curves of FPigure 6 indleate that the effect of mass 

superficial gir velocity on the bed wall coefficient 

of heat transfer is the. same at each of the bed wall 

temperatures used (200, 400, and 600 °F) in this in- 

vestigation, Ab each bed wall temperature employed, 

the lowest coefficient of heat. transfer oceurred 

at the lowest mass air rate, O2 45 pounds per houre 

square foots - Phe coefficient ineres see for the next 

higher mass velocity, 23,2 pounds per hour-square 

foot, and then remained essentially constant for 

the other twe flow rates, 1760.4 and 217.6 pounds 

per houreaguare Toot, It was to be expected thet 

the coefficient of heat transfer would be lowest 

at 82.5 pounds per hour-squars foot, because 1% 

had previously been ghown (Table TII) that the



“LO4« 

minimum mess air velocity for fluidization of the 

bed material was 91,0 pounds ner houresquare foot. 

At velocities lower than that required for fluidiza- 

tion, a layer of stationery solid particles existed 

at the bed wall (as observed in Seidel 77) apparatus) 

as opposed to a atate of continuous agitation at 

the bed wall in the fluidized eondition. Thus 

the heat being transferred through the column wall 

to the bed would have to pass through this layer 

of stationary particles hefore being transmitted 

be the turbulent mass of particles that constituted 

the bed mass, Therefore the layer of particiss 

would offer a reskstance to heat flow not encountered 

in the fluidized state, where heat would be trans- 

mitted to the bed by movement of heated pverticles, 

és well as by conduction through the particles. 

Thus the coefficient of heat transfer would be 

lower at a mags air velocity below that required 

for fluicization than at a velocity in the fluidiza- 

tion renge. 

The fact that the coefficient of heat transfer 

is affected very little by mass velocities above 

the minimum required for fluidization has been shown 

by teval®3), In this investigation it was shown
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(Pigure 6) that once the bed was fluidized, the 

coefficient of heat transfer varled by less than - 

four per cent over the range of mass velocities 

employed at a constant bed wall temperature, 

Effect of Integrated Mean Bemperature Difference. 
  

The curves of Pigure 6 indicate that the coefficient | 

of heat transfer was approximately 0.5 Btu per hour 

square foot-°F greater at s bed wall temperature 

ef 600 °F than at 200 °F, as compared with an 

average increase of about 8& Btu per hour-~square 

foot-°P between bed wall temperstures of 200 and 

400 °F, In Table V¥, the data are listed from which 

the coefficient wae calevulated, and it may be seen 

that the mean temperature difference used in the 

calculation was the factor responsible for the 

smaller increase in coefficients at 600 °F, The 

relationship used in the calculation was as follows:



LOG 

oe a , coefficient of heat transfer, Btu/hr- 

sq ft.CF 

& 2 inner bed wall area, sq ft 

4 = rate of heat flux, 5tu/hr 

Atn 

Ww 
ce integrated mean temperature difference 

batween bed wall and bulk bed, SOF. 

The factor that determined the coefficient is 

therefore the relation, —S_, as A is a constant and 
A tm ~~ 

does not affect the relative values obtained from 

the equation. The value of At, Increases with g 

between bed wall temperatures of 200 °F and 400 OF 

  

so slightly that the value of ae 1a affected 

primarily by the relative change wn g alone, which 

showed an increase. Between bed wall temoeratures 

of 400 and 606 On however, Ati showed a marked ine 

crease; in fact its relative Increase over the 400- 

600 °F range was almost as great as that exhibited 

by @ over the same range. Thus the value of a 

and consequently, the ceoeffisient of heat transfer, 

increased only slightly at a bed wall temperature 

above 400 °F,
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Comparison of Coefficient of Neat Transfer Between 

tmpty and Fluidized Beds. For purposes of comparison, 
  

tests number 5, 16, and 15 were made under the same con~« 

ditions as tests number 3, 8, and 13 (200, 400, and 600 OF 

at 170 pounds per hour-square foot), exeept thet no bed 

solids were present in the former tests. Thus the value 

of the presence of fluidized solids can be effectively 

compared with an empty reactor in terms of heat trans 

fer coefficients, Test 5, at 200 °F, resulted in a heat 

transfer coefficient of 1.335 Btu per hour-square foot«oP, 

as compared with 3.54 Btu per hour-square foot-oF for test 

S with solids present. The solid particles showed even 

erester effectiveness at higher temperatures, Values 

of £2.30 and 12.45 Bhu per hour-square foote°F were ob- 

tained at 400 °F for expty and fluidized beds, respece 

tively. At 600 °F, the coefficient for an empty bed was 

2,57 Btu per hourssquare foote"F as compared with 15.81 

Btu per hour-square foote°r for a bed with solids present. 

Summary of Discussion. The results of this investi-« 

gation on the coefficient of heat transfer to a fluidized 

bed were four~«folds (1) the coefficient of heat trans~ 

fer is about £5 per cent greater In a fluidized bed than | 

in a nonfluidized bed of the same solid particles;
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(2) the coefficient of heat transfer is increased an 

average of four times by the presence. of fluidized solids 

as compared with an empty reactor; {3) the coefficient 

of heat transfer increases with increasing bed Wall temper- 

ature, but the rate of increase decreases as higher bed 

wall temperatures are used? (4) when mass air velocity 

has reached the minimum rate for fluidization, the coef. 

ficient of heat transfer is not affected by further ine 

ereases in mass air flow rates 1, 6,, slugging nas no 

effect on the coefficient of heat transfer, 

Recommendations 

The recommendations evolving from the observations 

mace during this investigation of heat transfer to a 

‘fluidized bed of Ottawa sand include varlation of operate _ 

‘ing conditions and equipment modifications, 

Variation of Air Velocities, It was belleved that 

the maximum mass alr velocity for good fluidization, | 

(175.0 pounds per hour-square foot) was employed in this 

investigation, However, good fluidiaation of Ottawa sand 

was found to inelude a wide range of mass air velocities: 

from @1.0 to 178.0 pouncs per hour-square foot. Only 

two of these (1283.2 and 170.3) pounds per hovr-square
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foot) are herein reported. tt is recommended that future 

work be done using velocities of 100 and 150 pounds per 

hour-square foot. In addition, especial emphasis should 

be put on mass flow pates within 10 pounds ver hour-sqnare 

foot of 90 pounds per hour-square foot, the minimum velocity 

necessary for fliyvidisation. . 

Variation of Wall Temperature. It Is strongly re- 

commended that wall t-mperatures of 600 and 1000 OF be 

employed in future Investigations, These are the tempera- 

tures most often employed in catalytic operations, and 

heat transfer coefficients in the 1000 OF range would 

be of more value than those obtained at lower tompera- 

tures. It would be necessary, however, to enlarge the 

present heating capacity by removing the old unit and 

replacing it with a unit consisting of more coils cor 

with a wire offering greater electrical resistance, 

because the present upper temperature limit ef the 

heating unit is ab about 700 °F, 

Use of Ottawa 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 

G@liminates several hardeto-control variables from
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consideration. Some of these are: separation of. entrained 

particles from exit sir stream, method of introducing 

fresh or recycled solids te the unit, heat correction 

fer cold solids added, and height of colwnn in reeyele 

gtandpipe necessary to feed solids te unit. 

installation of Additional Thermocouples. Thermo« 

eouples should be installed at twowineh intervals Lor 

six inches above and below the heating unit in the eelumn 

wall in order to determine hore accurately the heat 

losses by conduction in a direction parallel to the column 

axis. A thermocouple should gilse be installed in the 

entering air line just below the air distribution plate, 

BO that the inlet air temperature could be better evalu= 

abed, and used to give a more securate calculation of 

heat flux to the air stream. Additional thermocouples 

should be placed in the insulation at six-inch vertical 

intervals starting from the bottom of the heating unit, 

in order that a better evaluation of heat joss by conduc- 

tion in a direction perpendicular to the eolunm axis 

gould be made, 

  

Installation of Additional Insulation, The present 

“insulation, which now covers only the 30-inch heating 

section shouBd be extended at least one foot above and — 

below its present position. This change would enable a
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more accurate determination of a heat balance over the 

unit, and would tend te smooth out the vertical tempera. 

ture profiles obtained in this inveatigation. | 

Comparison of Date Between Different Fluidization Unites. 

A transparent lucite plastie fluidization test unit wae 

used in this investigation to make possible the observa- 

tion of fluidization characteristies of the bed material, 

The phenomena thus observed were assumed to be identical 

with those occurring in the metal column of the fluidized 

bed heat transfer apparatus. It is quite possible, how. 

ever, that the data obbeained in the Lucite column could 

not be applied directly to a unit constructed of another 

material, The walle of the lucite unit were smooth end 

even, while the metal column walls displayec a slight 

surface roughness, Therefore, it seems likely that 

the eriticel points in the fluidization range (onset of 

fluidization and beginning of slugging conditions) would 

occur at somewhat lower velocities in the plastic unit 

than in the unit with metal walls, Also, in the heat 

transfer apparatus used, a geinch pipe was used as a 

thermcouple traversing rod in the center axis of the 

fluidized bed. The presence of this rod sould conceivably 

have reduced the formation of slugs within the bed, and 

thus inereased the velocity reculred for slugging through- 

out the bed,



~L1lfe 

it is recommended that future investigations include 

a study of the various effeets described above, together 

with an evaluation of the reliability of transferring 

data obtained in the operation of one unit to the opera 

tion of enotner unit. 

Py, 

Data Necessary for Correlation of Variables. Insuf- 
  

ficient data were availeble from this investigation to 

correlate the coefficient of heat transfer with the 

variables encountered in operstion of a fluidization 

unit. The most completé correlations vet developed have 

been those by neve (20) | in which the concept of efficiency 

of fluidization, E , was an important factor. Fluidizae 

tion effietency is determined by the following factors: 

pa
ke
t 

composite diameter of bed and Its composition, density 

of bed material, shape of particles, kinematie viscosity, 

and pate of flow of fluildiging medium through the bed, 

The additional information that would be necessary for 

caleulation of efficiency of fluidization in the tests 

of this investigation would be the kinematic viscosity 

of the fluidiged bed over the range of mass velocities 

employed. 

It is pecommended that data be taken on the kinematic 

viscosity of the bed material used in future investigations. 

The necessary measurements could be made with a stormer-



type viseosimeter ingerted in the top of & fleidization 

test unit, as deseribed by Kathoson!4)), 

Determine tion of Pifeot of Tarpers ture on Beat Trans« 

fer Coeffiolient. Peem the tests made in thie investigge 

tion, 16 may be geen thet bed-vall temperature has « 

urenonneed effect on the eseffielent of heat transfer. 

The coefficient imereanene with bed-wali temperature, but 

the oate of Ineresaee deoroanes vith increasing tempern- 

ture. It may be noted thet the Dittus«foelter equation 

for film coeffielent of heat tranefer by conduction core 

talne mo term that ie dlreetly affected by temperature. 

Yet, a6 stated above, temperature deer have an effect 

on the heat transfer cosffleient in Fiuldiaed beds. 

It hes Been shown in this inveetiention that the bed 

slide are heated by the bed wall, and that the fluidige 2 2 

ing medium, air, ia heated by the solids. It La thought eat 

sr
ee
 

nat the mechaniem of the heat transfer la sa follows: 

The Pluidiseé solida are heated by radiation from the 

bed wall: thia sould asccunt for the variation of heat 

transfer coefficient with temperature, as radiation is 

a funetion of the fourth power of temperatures, The alr 

atrean receives ite heat by eonductien from the salids, 

end thus is affeoted very little by tempereture, I%
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should also be noted that at equilibrium conditions, 

nant Plow bo the air from tho eolide must é@qual heat Soy
er 

flow to the solids from the bed wa 1, At the lover 

‘om B00 te 400 PR, the heat 

  

temperatures, im the range 

hransfer by radiation ie controlling, and the bed-wall a 

temperature, At the higher temperatures (400 to 606 ST), 
Bae 

eoeffietLent of heat trenefer increases with incressing 

however, heat tranater br comduction fs the dimiting fac 

ter, and the coeffiatent of heet transfer semaine rela» 

tively constant for Purther Lneresames in tompereture, 

it is reeommended thet bed solids of verying dogrees 

  

of bigebmness be used in:Poture investigations, in onde 

to debermmaine if racitation ls a slenificens factor in Yr 

heat tranafer ta a bed oF Finieiged solide. 

ied med tations 

thie imveatigation was eormueted with the fellewing 

limitationa: 

Fluidigeation Chawber, The fluildigetion chamber used 

waa congtructec from a five-feot length ef three-inech 

  

nowinal diameter black iron pipe of 8,068=inch inside 

diameter, The central SO9-lneh section constituted the 

heating se@otlone



Plufidized Solid. ‘The material empleyed as the 
fluidised sclid wae rounded Ottawa sand (80/80 U. Sa 

Standard sieve) with an avereye particle dlameter of 
Oe O8G-ine ns 

Ee Air at approximately 80 °F and containing C.Cl pound water vapor per pound dry alr 

wae weed as the Tluidising 

  

Air Flow Hates, hags 
oe iy Oy LO» at i L7O6S » and £17,.& PGMS War hour wEQUE TSC 

foot were employed. 

Vell Temperatures. Bec wall temperatures at the 
control point of 200, 400, and 600 °F were employed.
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¥. CONCLUSIONS 

An evalustion of the results of the study of the 

e@ had of o
 heat transfer characteristics of a fividt 

0,026«inch average diameter Obtawa sand and air in e 

“7
 

$.068~-ineh inside dlemster fluidization column for a 

50-inch externally heated v eptical section, where wall 

temperatures of 200, 400, and 600 °F and average mass 

superfieia ai air velocities of G2,5, 125,2, 170.3, and 

217.5 pounds per houresquare foot were the variables, 

led to the following conclusions: 

1. The range of mass superficial air velocities 

during which the bed material, Ottawa sand, was fluidised, 

as
 but did not slug throughout its entirety, was 91,0 to 

210.0 pounds per hour-square foot (as determined in @ 

transparent plastic fluidization test unit); thus fluide 

isation was not attained In the three tests conducted 

at 86.3, 88.7, and 79,4 pounds per hour «square foot. 

2. The horizontal bed temperature gradient increased 

with increasing bed wall temr perature s. For bed wall temper 

atures of 200, 400, and 600 Op, the gradient LInereased 

from 1 to 4 to 5 Sp, from O to 4 to 5 °F, from O to 1 to 

op, and from O to & to & Sr for mass superficial air
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welocities of 82.5, 123.2, 170.8, and 217.8 pounds per 

hour-square foot, respectively. 

3. fhe temperature drop across the bed wall in- 

ereaged with Increasing bed wall temperature, from an 

average of 0.049 °F at 200 OCF wall temperature to 0.169 oF 

and 0,263 °F at wall temperatures of 400 and 600 OF, 

respectively. 

4. The temperature drop across the bed wall in- 

creased with increasing mass air velocity, from an 

average of 0.092 °F at 82.5 pounds per hour-square foot 

to C170, On1B5 and 0.227 °p for mass velocities of 

123.2, 170.3, and 217.5 pounds per hour=square foot. 

5, ‘the heat flow to the fluidized bed at constant 

bed wall temperatures increaged with inereased mass air 

velocity, increasing at 200 SF from 64 to 220 btu per 

hour, from 311 to 785 Btu per hour at 400 °F, and fron 

800 to 1172 Bhu per hour at 600 °F, at mass air flow 

rates from 62,5 to £17,6 pounds per hour-agquare foot, 

respectively. 

6. The boundary mean temperature difference at 

eonstant bed wall temperature increased with increasing 

mass air velocity, reaching maximum of 44,00 oe at a bed 

wall temperature of 600 °F and mass air velocity of 217.5 

pounds per hour square foot. The minimum difference was
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16,86 oF, eccurring at 400 Sp and 82.5 pounds per hour- 

square foot. 

%, The boundary coefficient of heat transfer in« 

creased at constant mass air velocity from a ni nium at 

200 OF to a maximum at 600 SF. At a constant bed wall 

temperature of B00 CF, the coefficient of heat transfer 

reached a maximum of 3.78 Btu per hour-square foot#°F 

at @ mass velocity of 217,56 pounds per hour-square Poote 

At 400 °F a maximum of 12.81 Btu per hour -2 duare foote°F 

was preached at a superficiel mass alr velocity of 120.3 

pounds per hour-squsre Foot. Ab GOO OF, a meximum coef= 

ficient of 13.40 Btu per hour-square foote°F was obtained 

at 125,28 pounds per hour-square foot. At each bed wall 

temperature, the minimum coefficient of heat transfer 

was found at @2.5 pounds per houresquare foote 

8. The boundary coefficient of heat transfer was 

increased 2.66+fold at 200 °F, 5,42-fold at 400 OF, 

and 5,18fold at 600 °F by the presence of fluldized 

solids ag compared with an empty column, at & mass super~ 

ficial air velocity of 170.3 pounds per hour-sovare foot.
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VI. SUMMARY 

o
3
 Filvuidization, a relatively new unit operation by 

os
. whieh @ golild and gas or Liguid may be contacted, is 

being widely developed in the field of catalytic crack- 

time of petroleum because of tts charscterietice reduction ert £ 

of temperature gradients within the reaction mass. 

Basic research of the heat transfer propertiss of fluidized 

systems has lagged far behind Inéustrial applications, 

lt was the purpose of this investigation to evaluate the 

effect of temperature driving force and mass superficial 

air velocity on the coefficient of heat transfer at the 

bed wall of an externally heated, fluidized bed of ottawa 

sand at wall temperatures of 200, 400, and 600 OF, and 

average mass superficial air velocities of 82,5, 123.2, 

170. 4, and 217.5 pounds per hour-scquare foot. 

The tests were ¢arried cut under steady state 

eonditions of air flow end bed wall temperature, A 

complete heat and material balance, ine¢luding evalus tion 

of heat Losses, was made for asch test. The boundary 

coefficients based on the interna ul area and te moerature 

of the pipe wall were calculated, The effeets of mass 

superficial alr velocity and wall temperature on the boune
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dary coefficient of heat transfer and on bed and bed wall 

temperature gradients were studied, 

From observations made it was noted that the fluid- 

igation range of the Ottawa sand bed began at 4 mass 

superficial air velocity of 91.6 pounds per houresquare 

foot and ended at £19.0 vnounds per houresoquare foot, the 

vt
 velocity at which slugging oceurred throughout the bed, 

The horizontal temmerature gradient across the bed 

inereased with increesing bed wall tame erature » increasing 

from a minimum of 0 °F at 200 °F wall temperature to 6 OF 

at 600 °F, ‘The vate of heat flux to the air stream pags 

ing through the Pluidized bed inereased with mass air flow 

rate at constant bed wall temperature, The minimum heat 

flux was 84 Btu per hour and occurred at 260 OF and 82.5 

pounds per hour-square foot, while the maximum wee Live 

Btu per hour and ocevrred at 600 °F and 217.5 pounds per 

hour~square foot, The coeffictant of heat transfer ine 

ereased with bed wall temperature, reaching maximum values 

of 9.55, 13.40, 18.31, and 15.30 Btu per hour-square foot. 

Or at 600 OF and at mass superficial air velocities of 

B2.5, LfS.2, 170.8, snd 217.6 vounds ner hour«square foot,. 

respectively.
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