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" When you can measure what'you are speaking

about and express it in numbers, you know

something ~boutit; but when you cannot
.

~easure it, when you cannot express it in

numbers, your knowledge is of a meager and

unsatisfactory kind: it may be the beginning
.r ~ .~

~. ~
of· knowledge, but, you have scarcely, ln your

thoughts, advanèed to the stage of science "

- Lord Kelvin

(

. ,



•

- ,

-i-

AB5TRACT "

Rêsults of an

4
::_~--E::

experimenta'î study of

'i .

the flow

characteristics and immersed-surface heat transfer rates in a

, vertically vibrated aerated bed of'model particles are presented

and discussed. Variables e)Camined included vibrational

The f~ow experiments were performed in a two-dimensional

bed ( ,Ô.20'm x 0.05 ml. The' effect. of vibration èn, fluidization

and mixi~g characteristi~s"fi{r beds of dry and sticky particles

is examined. The effects· 'of the yari'ous parameters on the

f1uidized bed pressure drop are also discussed brief1y •. Flow

a~c'eleration ( 0-4 times' gravity l, vibration frequency ( 0-105

rad/s, 'l, vibration amplitude' ( O,-4;25'xlO-' ml, air f10w (

O-O.GO-m/s l, surface stickiness ( O-O.OOG kg glycerine/ kg dry

part icles l, particle moi'stur·e coriè'e<ll.~(0-0.40 kg waterTKg dry

'particlesl r particle size ( 0.325xlO-'-2, 3Gx10- 3 m l, bed height
, ( .

( 80klO- 3 -130xlO- 3 m " and cylinder diameter ( 25xlO-'-38.lxlO- 3

)

\

m l: Glass ballotini

model particles.

an~ molec'::).r sieve particles were used as

, , .
visuali~ation studi.es were pedormed to observe flow patterns

around horizontal, rigidly mounted immersed circular cylinders.'. ..... ."

A parametric study of the

surface-to-bed heat~ transfer is

effect of vibration on

presented. Application of

vibration was fotind to enhance heat transfer rat~s severalfold.. '

(

.
DeveloRment,ofparticle-free air, gaps around immersed cylinders

A

were observed to affect ,the heat tré\nsfer, rate. 'Adr,amatic
"

, increase in the heat transfer rate was found to occur during

removal of surface moi sture for molècular sieve particles. Below

(
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the ~cal moi sture content the
./

hkt transfer, rate approaches

"

rapidly that for comple,tely dry beds under identical operating

concHt ions. Finally, a physical model base'd, on the ' observed,

mixing anp flow patterns in a VFB and-on existing theodes on
. _ r· ~

contact heat transfer is proposed' to predict the 'average

surface-to-bed heat transfer coefficient in a VFB.

,

...

•
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RESUME .

.Les résultats. d'une étude .expérimentale des

·caractérisiiques aérodynamiques et des vitesses du transfert de

chaleur de surfaces immergées dans un lit aéré en vibration

verticale pour de particules modèls sont présen~és et discutés.

Les variables étudiées induent l'accélération des vîbrations (

0-4 fois la gravité l, la fréquence de vibration (0-105 radis

l, l'amplitude de.vibration (0-4.25xlO- 3 m' l, la vîtesse de

l'air ( O-O.GO mis l, l'adhésivité de la surface ( O-O.OOG kg

glycerine/kg particules sâches >i lateneu~ enhumidité des

particules ( 0-0.4 kg eau/kg particules séches l, la grosseur

des'particules ( 0.325xlO- 3 - 2.3GxlO-'m l, la hauteur du lit (

BOxlO-'-130xlO- 3 · m et le diamètre des cylindre

25xlO- 3 -3B.lxlO-' m l. Duverre ballotini et de la sidérose

moléculaire étaient utilisés comme particules modèles.

Les expériences aérodynamiques furent· fa i tes dans un lit
. f'p'

â deux dim~nsions ( 0.20 ID x 0.05 m). L'effet de la vibration

sur la fluidisation et sur les caractéristiqués de mélange pour

des lits de particules séches et collantes ërété étudié. Les

effets des différents paramètres sur la chute de pre~sion des

·lit fluidisés sont aussi brievèment discutés. De~ études de

visualiSation aérodynamique furent exécuté. pour observer les

diagrammes d'ecouleltlent â l'entour de cylîndres circulaires

.immergès et monté rigidement. '\.
Une étude de l'effet de la· vibration sur le transfert de

( chaleur de la surface au lit présenteé. Il a·été .trouvé que

l'utilisation des vibrations augmente grandement le transfert de
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~, chalèur. La vitesse du transfert de chaleur est affectée par le

:::::::::~:~e::é:~O,US,~i) sans particules a l'entour des

Une augmentation ~qUée dans la vitesse du transfert de

chaleur a été observée lorsque l'humidité de surface est

eliminée des particules mol~cuùaire de sidé~ose. Au-dessous du

taux d 'humidi técri tique,\la vi tesse
~\

approche rapidement celur obtenu pout

du transfert de chaleur

des lits complètment'secs

(

dans aes conditions sinilaires. Finalement, un modèle physique
"

basé sur le mélange observ~ et les diagrammes décou;emènt dans

un LFV et sur les theories existantes décrivant le transfert de

chaleur de contact est proposé p~ur prédire le c6efficie~t moyen

du transfert de chaleur de la surface au lit dans u~LFV.

/

,

\
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Surface-to-bed 'heat transfer coefficient, W/m 2 K
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Radiation,heat transfer coefficient, W/m 2 K
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Thermal conductivity, of fluid, W/mK

Thermal conductivitrof particles, W/mK'

- Effoectivei:led thermal conductivity, w/mK
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Temperature drop ( Ts,- Tb ), K

Particlecontact time, s

Modified particlecontact time, s

Flight time, ..s

~ime period of one oscillation, s

Packet residence time, s

Superficial air velocity through the bed, mis

Fluctuating ~omponent of air velocity, mis

'Minimum fluidization velocity fo.r non-vibrated bed,mls

Minimum mixing' velocity, .mls

.Air·velocity for maximum heat transfér in a CFB, mis
, '

.Particle velocity, mis

Moisture/stickiness content o.f particles, kg water/'
glycerine per kg dry particles

Critical moisture co~ent of parti·cle-s, kg water
per kg dry particles ",. , ,

Equilbrium moisture content ofparticles, kg· water
per kg dry particles

Maximum gap width, around immersed cylinder, m

Greek letters

é

Il.

Eh

e
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,
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Total roughness of the wall surfac~.andthe sphere, m

Mean free path of gas mol~cùles, m

Hrt transf~renha~:emen,~ factor, h/ho,
V<
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void fraction for non-aerated, non-vibrated bed, ­

Viscosity of fluid, Pa.s

Bulk density of the bed, kg/m'

Density of fluid, kg/m'

Particle density, kg/m'

Angular frequency of vibration, rad/s

Valu~ of r at hmax

Extended vibrational acceleration number, -

Accomodation coefficient

Dimensionless Numbers

Ar

., Bi

Archimedes number, gdp' ( Pp/ri

Biot l1umber, hO/Kc

N ( Nu - Nuo )/( Numax

Nu

Numax

Pr

Re

Rep

r

Nusselt numper, hO/Ks

Maximum Nusselt number, hmax D/Ks

Nusselt number at r=O, hoD/Ks

Pr~ndtl number, Cp Il /K

Reynolds ntimber, DUP /11

Particle Reynolds number, .dpU P/Il

Vibrational acceleration number, AIoI~~g

Note: Since this thesis is typed on a word processor ( McGill
MUSIC SCRIPT ) lower case characters are used instead
of subscripts.

( ..
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CHAPTER 1

INTRODUCTION.

Certain drawbacks of conventional fl~idized beds, viz sas

bypassing, rapid solid mixing, attrition and entrainment of

friablé 'materials have a negative' effect upon t~'e contact
,. ..

bet,ween phases and the productivity of sorne industrial

processes. To improve performance of fluidized beds many

modifications have evolved. These include fluid~zationby gas

under pressure, fluidization with imp'ulsed circulation of fluid,

fluidization with simultaneously flowing liquids and gasesl

fluidization , in centri fugal field, , improving hydraulic

resistance of the distributor" use of baffles and fluidization

in conical,vessels etc. One of the most successful modification
" 1

'_ hasbeen the application of vertical and horizontal vibration to

fluidized beds.

The application of vibrated f~uidized beds (VFB in

practice has grown substantially during the last two decades.

Application of mechanical vibration

'sticky or .agglomerating' solids,'

facilitates fluidization of
~

which cannot be fluidized

,-

conventionally. It is noteworthy that it is also' possible to n

pseudo-fluidize n beds of solids' at vibrational accelerations in

excess. of gravity without the aid of air flow. Such systems can

be used for heating, cooling or coating applications, and also

for vacuum contact drying of wet, sticky granular media~

The major application of vibrated fluidized beds remains

in the area of drying. VFB'sare also usedfrequently for
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granulation ( e.g." instantizing" ,spray dried product ). Sorne of..
~

the applications include the drying of granulated fertilisers,

polymer chips, inorganic and organic chemicals, pharmaceuticals,
"':.,". ...,..;r,

food products (e.g. sugar, cocoa, coffee), asbestos fibres,

clay etc. I~addition, a growing interest in utilising

mechanical vibration to improve fluid bed processing" in such

diverse applications as calcination', exothermic gas-solid

reactions, polymer coating, metal sintering and steaming of pulp

and wood have been reported by Gupta (1979 ). V~brating

equipment has also proven economical in duti~s . such as

moistening, aspirating, pickling, separating and de~atering.

An industrial VFB is typically a long horizontal

rectangular trough whtch is vibrated at a slight.angle to t~e.

verti~al to permit conveying of solids along the trough. The

degree of vibration required depends upon the material being,

processed, its particle size, its readiness to fluidize and the

desired rate of feed along the trough. The combination 'of air

and vibration reduces the fluidizing velocityrequirement

substantially and hence'~ends to minimize th~ fines entrainment.

VFB's are mounted on well-designed resonance springs to minimize

power consumption. The operating costs can be reduced by

selecting optimum vibrating parameters as shown by Erdesz and

Ormos ( 1984 ). Theyreported that in batch-operated systems the

optimum vibrating parameters are in the r=1-5 range~ A number of

commercial VFB systems have been illustrated by Shah and Goel (

(,
1980 ), Danielsen and Hovmand (1978 ), Pye

( 1958 ) and Hastani et al ( 1984).'

1974 " Engelmann
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1
"-. 'Despit~ the marginally increased equipment complexity due

to added vibrational motion, the!VFB offers several advantages

accounting for its growing commercial success. The~e include:

-1. Easier' control of reside'nce 'time by manipulating vibrational

parameters (. ampli tude and f requency 'of vi,brat ion) wi thout

affecting the gas flow rates! In continuou?'pperation,~P1U9-flow
. '

conditions can be achieved the'reby making i,t ideal for the

processing of heat sensitive materials.
, ,

2. Reduced air requirements .for,. fluidization" at reason,able

vibrational acceleration levels, (- may be as low"as 20 per ~ent

0'

of the minimum

non-vibrated bed

fluidization _r~irement in! ccinventional

resulting in ~ remarkable reduction in the

bed pressure drop. This leads to a r~duc~ion in bed size,

air-ducts and dust collecting equipment (due
./. -,

reduction in entrainment as well as reduced ,air
6

'to. cons iderable
ç

volumes ).

3. Ability to handle polydisperse matedals.Th~ wide particle

size disçribution of- sorne ,products makes the 'choice of the,.'
very

"

i

, ,
)

operatin~

di ff icult.

velocity in conventional

In a' 'VFB the material

fluidized beds

is transported and "

,

" '

pseudo-fluidized" by vibration and therefore gas flowrates can

be chosen relatively indépendently.

agglomerating particles
(,

4. More uniform drying

due to better

of sticky, pasty o~

qua~ty ,fluidization,'. ,
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achieved with the help of mechanical agitation.

5. Drying, cooling and conveying can be carried out in the same

equipment simultaneously.

\
6. Vibration eliminates ft deadzones ft within the dryer,

resulting in more hygienic operations for food products by

reducing the risk of bacterial growth.,

Other features of, VFB include higher heat and mass

transfer' rates, gentler handling of friable materials, ease of

closed cycle drying and recovery of organic solvents ( Danielsen

and Hovmand ( 1978 » and an overall more economic operation as

compared to conventional dryingequipment.

Heat transfer between submerged surfaces and VFBis an

area of significant industrial interest especi~llyin the design

of energy-efficient thermal processing of hard-to-fluidize,

polydisperse and/or sticky granular solids. Sometimes it is

necessary to supply supplemental heat when the fluidizing air

must be at lower tempe rature or,if the air flowrat~ must be lo~

'. forprocess reasons. The heat exchange surfaces may 'be plane,

vertical panels or mul~iple tubes arranged, horizontally or

vertically. Since the b~d depth is limited due to rapid

attenuation of vibrational en'ergy.within the 'bed, vertical tube

Ri~idly mounted hotizontal tubesallo~ more heat exchange ~
(

, ,

arrangementsappear to

applications.

hava littl~ indu~trial potential

~
"

in VFB
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,. surface to

deeper beds

be packed in a

as the tubes

given VFB while permitting use of

impart additional vibrational energy

within the bed itself. Suspended heat transfer surfaces appear

to be more interesting for practical considerations. Work is in

progress to evaluate the se ( Kwamya and Mujumdar ( 1984 )).

A major part 'of aIl published work on immersed surface­

to-bed heat transfer in, VFB's is in Russian and is reviewed

fully by Pakowski et al 1984 ). Pakowski and Mujumdar ( 1982 ) •

reported for 'the first time a dramatic diminution in cylinder

heat tr~sfer

sticky glass

reduction was

f~om~ horizontal cylinder

ballotini particles. It

caused' by inhibition of

to avibrated bed of

was shown that (this

particle mixing and

'.

formation of larger air gaps around the cylinder as c~mpared to

beds of dry ballotini. Surtace stickiness was induced by coating

the gl~ss ballotini particles with controlled amounts Of

g1ycerine.
(.

This project deals with immersed surface-to-bed heat

transfer in a VFB of dry and wet (sticky) particles. Since the

,heat transfer process is governed by the bed aerodynamics, flow

behaviour of dry and ~~icky particles in a VFB, including the

effect of various pertinent parameters t ~~~. amplitude and

frequency of vibration, 'particle size, bed .'height, aerat-i-on rate

and moisture content ) on the flow past a cylinder immersed in a

VFB, has also been exàmined. A flow visualization study was

conducted in a two-dimensional bed to exa~ine particle free air
.

gaps'around immersed horizontal cylinders'in a VFB of dry and

sticky particles·. The cylinders-were in al! cases described in



thisthesis, mounted rigidly to the vessel walls i.e. the heat

exchange surface also· acts as a vibrator.

The main objectives of this project were twofold:

1. To perform heat transfer experiments with rigidly-mounted

horizontal circular cylinders immersed in a VFB ~nd study the

effect of vibrational amplitude and frequency, aeration rate,

particle .size and type, moi sture andstickiness on the heat

transfer rate from the immersed cylinder to the bed.

2. To examine the flow and mixing behaviour of dry and sticky
'"

particles in a VFB with immersed horizontal cylinder in order to

explain the heat transfer r~sults.

This thesis is divided into two main sections-

aerodynamics and heat transfer. Chapter '\. deals with

(

aerodynamics and includes the effect of vibrational acceleration

on fluidi3ation curves for dry and sticky particles; bed

pressur~ drop; mixing; flow patterns around immersed cylinders

and extended vibrational acceleration number. ~hapter 5 presents

a parametric study of ~verage surface- to-bed heat transfer
ç

coefficient and a physical model based on the observed mixing

characteristics of the bed and particle free air gaps around the

cylinder. Chapter 2 briefly surveys the available relevant

literature on the subject, while Chapter 3 describes the

experimental facility and procedures.

1
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CHAPTER 2

REVIEW OF RELATED LITERATURE

2.1 INTRODUCTION

As discussed in the preceding chapter fluidization of

solids with the aid of mechanical vibration has been one of the

most successful operations commercially. Intense research and

development activity in conventional fluidized beds ( CFB'sl

started in the late fifties, after pioneering work in the

theoretical-modelling of the formation, stability and size of

bubbles in conventional fluidized beds CFB l by Kunii and
.. ~

Levenspiel ( 1967 " Harrison and Leung '( 1961 l amongst others,

was completed. The unders~anding of the flow mechanism in CFB's

helped in the development of modifications to improve the

performance of fluidized beds.

Most of the available literature on VFB research and

development is from East European countries, theUSSR and Japan •

Gupta ( 1979

citations

•reported that about 75% of retrieved literature

in 1978 l were in Russian; about 15 percent in

Polish, Rumanian and Japanese while less than 10 percent of the

citations were from English speaking parts of the world.

Bratu and Jinescu ( 1971 " Br~tsznajder et al ( 1963 "

Bukarwa et al ( 1969 " Chelenov and Mikhailov (19~5 l,

Yamazaki et al 1974 land Gutman (1974 lare some of the

<,

early workers in the field of vibrated fluidized beds. Apart

from trade literature (' Engelmann ( 1958 l,Pye ( 1974 II only

one paper ( Danielsenand Hovmand ( 1980 II appears to have been
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published by a manufacturer of VFB equipment.

Despite the widespread interest in the VFB P~"" the

complexity of the phenomenon has defied all attempts at

understanding the basic mechanism. The design parameters of

.VFB's have been attempted to be correlated with the vibratory

acceleration, u2 A ( Bratu and Jinescu ( 1971 ), Yama~aki et al (. .

1974 ), Erdesz and Ormos 1984 i, Pakowski Jand Mujumdar

1982», vibration velocity, uA (Bretsznajder (1963» and the

.vibration intensity, u'A ( Gupta ( 1979 ».

Gupta ( 1979)' has listed factors, some of which are

uni~ue to VFB literature which make it difficult to review the

subject critical1y. These include: incomplete reporting of

experimental procedures, incomplete definitions of certain

terms, lack of specification on the mode of vibration employed

anà lack of information on the basis of comparison of VFB's with

other contactors ( e.g. ~ed

This chapter is dèvot~

beds or CFB's ). ,
to a brief surve~ of the relevant

li terature on the aerodynamic, flow and heat transfer

in Pakowski et al ( 1984 ).

cha~ct~ristics df the

literature can be found

VFB. A comprehensive review of the

(

'2.2 AERODYNAMICS AND FLOW

2.2.1 Operating Regimes .

If vibration ~cceleration apP1i\d to ~he bed of particles

is strong enough, it may evoke astate corresponding to

particulate fluidization. This state of "pseudo fluidization "

can also be achieved by a combined effect of' air flow and
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·vibration. Based on the range of op~rating conditions, aerated

vibrated beds. have beenclassified ( Pakowski etaI ( 1984 Il

as:'

.'

(il vibrated bed - aIl beds of particles without forced

gas flow forr>l

(iil Vibro-fluidized bed- aIl beds of particles with gas

~ velocity U/Umf<l and r>l

(iiil Vibrated-fluid bed, aIl beds of particles with gas

veloci~y U/Umf>l irrespective of the vibrational

acceleration.

Bra~u and Jinescu (1971 defined differently three

regimes of operation of an aerated.vibrated bed depending on the

magnitude of the '(ertical
,

comporient of the vibrational

airinfluence oftheconsidering

In this study the term vibrated fluidized bed ( VFB 1 is

used over the en~ire range of operating parameters i.e. r~O and,

flow.,
acceleration

U/Umf~O. It should be pointed out that the term "fluidization"

is used rather loosely in this'report; it corresponds to the

state of a weIl mixed bed. and not with U/Umf>l as for

conventional fluidized beds. This is in accord with the

generally. accepted terminology used in the pertinent literature.

2.2.2 Bed Characteristics

(
Application of vibration

stability (Bratu and Jinescu

improves . bed homogene i ty

(' 1971 l,' Gupt~ 1979

and

Il,
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" ~probably due to the fact that high frequency vibration prevents

possible coalescence ofbubbles resulting in a more uniform bed.

On the other hànd, excessive vibration has been shown ( Gupta (
.

1979 ». to deteriorate the bed structure. The term excessive is'

a 'relative one; it dependsfor a given bed of particles, upon

the air flow rate through the bed·i.e. a combined action of high

vibration intensity and air flow results in deterioration of the

bed structure.

The effect of vibration on bed porosity has been reviewed

by Gupta ( 1979)' and Pakowski et al.(·1984 l. Both reduction

and increase in bed porosity with vibration have been reported

in Gupta's review. The discrepancy in the above results is

attributed to the basis of comparison i.e~ reduction in bed

porosity was observed as compared to a conven~ional fluidized

bed while an increase was observed when compared to a packed

bed.

Figure 2-1 illustrates the fact that the bed compacts for

AQ'/g<l and expands for AQ'/g>l These curves were reported by

Pakowski et al ( 1984 l fo ua~tz sand layers ( dp=0.210.-

(

0.355 mm, H=40 mm ) fo non vibrated .beds. Furthermore, they

found that bed expansion s a stronger function of the vibration

amplitude than of frequency.

2.2.3 Mixing and Flow Characteristics

Particle mixing 'and flow patterns are of great importance

for modelling drying and heat transfer processes in a VFB.
,

An improvement in the bed fluidity due to breaking up of /
(
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interparticle forces ( for fine, agglomerating or sticky

o particles by 'vibration is reported b~' Gupta 1979 ) •

Experiments of Chelenov' and Mikhailov ( 1965) have shown that

extensive sol id mixing takes.,place in a VFB resulting in an

isothermal bed.

Pakowski and Mujumdar (198~ ) observed circulatory mixing
, ....

patterns in' a VFB fitted with an immersed hotizontal tube (

Figure 2-2'). The intensity of the circulatory streams depends

on rand UlUmf and the angular velocities of circulation as high

as 0.17 5- 1 were observed by Pakowski and Mujumdar ( 1982).

Similar c.ircu1ation patterns of solids i.e. from the centre of

the bed towards the walls - and then down the wall towards the

distributor have been reported by Bretsznajder et àl 1963 );

To achieve efficient solids mixing in a CFB, operating

velocities' are' usua1ly 2-5 times Umf' ( Kunii and Levenspiel (

1967 )); ,similar conditiqns for solids mixing can be achieved in

a VFB by simply vibrating the bed at sufficiently high frequency
.

and/or amplitude. Gupta ( 1979 ) and Gupta and Mujumdar ( 1980 )

Gupta ( 1979 ) )' ombinations of

s fluidization by

2-3 shows theFigu...............

experimentally observed

labelling it "pseudo-fluidization".

differentiated this phenomenon from ordinary

vibration and amplitude that generate this state of

pseudo-fluidization in the absence of air flow. Gupta and

Mujumdar ( 1980 ) proposed that pseudo-fluidiz ion occurs when

,

(
'.
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Gupta and Mujumdar '( 1980') further investigated the

effect of air f10w on the ,phenomenon of pseudo~f1uidization;

their observations are presented in Figure 2-4. It shou1~ be

pointed out that this figure 'is a qualitative one ,based ' on
-

vistJa10bse'rvations with.
"...",

.
no quantitative measure for' the onset .-

of mixing.

'An empjrica1 correlation for their new1y defined minimum

mixing' ve1ocity, Umm (minimum air ve10city at which solids

mixing commences in presence of vibration) is expressed by

Gupta and Mujumdar ( 1980 ) as fo11ows: ,

Umm/Umf = 1.952

in the .range

0.275 r - 0.68& r 2

0 s r s 4
,
1..,

12.5x10· 2 S H 's 75x10· 2 m \

2.2x10· 2 S dp S 3.9x10- 2 m --i!
,

'0

0

550 kg/m 2 .;;'S Pb S 890

0.77 S 4> S 1.00
~'...

""..
,~

Pakowski and . Mujumdar 1982 ) observed beJ separation
~

from ~he supporting plate at r21 •. They a1so reported bed

separation at the surface of the immersed borizonta1 heater

forming air' gaps abov~ the heater when the bed is ascenâing and

be10w the heater when it is descending. Such situations increase

<.

D
the heater-to-bed

c~~t to drop.

resistance causing

..

the heat transfer
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high 'vibrational

"

acceler~tion

,. ).-,
"•levels and

airthat higher
~'

velocities in the neighbourhood, of the minimum fluidizaiion

velocity, beds of the small'r ~artic~es (\ dp=O.454 ~ )

displayecf presence of attached ,air bt1Lbl'es on the upper surface

f
'Ù

of the immers~d hori ontal cylinde~ (pak6wski and" Mujum~ar (

1982 Il as hown in Figur~ 2-5. Visual observations of, the
~

bubble patter of the overall be~ indicated

"

immersed' heater surface. ',They' proposed an
.',

term's of incre'ased internal 'friction of the bed

. \gaps aro\!.nd
·f' \ •

è~plana t ion in
, ,

reflected' by the
,

increased angle of' repose of the sticky

finall'y at higher levels of "stickiness~'the gap is

the' heater oscillates cx:f;àting
. • 1 .

bedfully only in. the uppermost

whiclî impedes

an

and

the_
d

moregap

bed aroUnd'

the air

of the

This makes

the collapse·

the

is f6rmed.

50, that

the gap

formed

oval space" contact ing

pa'rticles,

heater after
......

stable until

pe~nentlY

, .
(

•

lowermo~t configurations. This phenomerion: is icFuc,ia'Îly impo,rtant
... .

in, determining the surface~to-bed heat trans~er as will be

dflcusse~"fully in Chapter 5.

"

•
2.2.4Bed Pressure Drop

,The eifect of vibrational parameters on the bed pressure

.-.
drop has.been studied hy Bretsznajder et al 1963 l, Chelenov

•
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and Mikhailov ( 1965'), Biatu and Jirt~scu ( 1971), Gupta and

1 .

Mujumdar ( 1980 and Erdesz and Ormos 1984 ~. All the se

studies ,show a strong dependence of bed pressure drop ,on

v~bration parameters, A and ~.

Upto 35 perçent reduction in bed pressure drop has been

reported by Bratu and Jinescu (1971 ) as a consequence of,

ovec the- entir~ range of operatingconditions used in their

,study (A=0-4~25 mm, ..=0-105 rad/s') • The minimum fluidization

pressure drop in a
, . .

vibration. Gupta and Mujumdar, ( 1980.
drop to be lower than the

found the VFB pressure

non-vibrated bed
.~

,. '.

pres~ure drop was lound to decreaSè with, an increase in

frequency and amplitude. They confined their attention' to

shallow beds ( 25-50 mm ).
> "

More recently 'Erdesz and Ormos 1984 perf?rmed

,hydrodynamic ,experiments wi th s~nd part icles in the' range

r=0-13.4"( A=0.6""h85 'mm.). They observed,~hat in the presen'ce

'.

of vibration the characterist'ic pressure peak .of gas

fluidizohion' 'is' 'inissing, and the relative bed expansion is'
.. ,

linéar •. contrary to Gupta and Mujumdar's ( 1980) observations

~hey ,~,~p~rte~ be: .co~pact.àrn ( hi gher pressure drop

. lntQ>nsltles of vlbratlon (~Sl ) followed by expansion,'

vibraiional acceleration~.

) at'lower

at higher

A considerable attenuation of th~ ~ffect of vibratiort'on

APmf with increase in. the bed he Ï,ght....}y. reported by Gupta and
-~""

Mujumdar <" 1980 ). ,They reported almost no 'effect of vibration.

on APmf .for bed heights in excess of.50 mm.

and Ormos 1984 ) observed that with increasing
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particle size the pressure reducing effects

hindered ~ On the con.tra~, Gupta and Mujumdar

of vibration~e
( 1980 ) rep~ed

larger sized particles to be affected to a greater extent by

vibration than smaller ones. It should however be noted, that

the bed heights and particle density i'n Erdesz and Ormos' s study

were twice as much as compared to .Gupta and Mujumdar.

An interesting result presented by Erdesz and Ormos

1984 ) is a reduction' in the minimum fluidization pr~ssure drop

(over the entire range) with less permeable support plates

i.e. higher support resistance. Pakowski et al (1984 have

Yndicated that the design of the gas.distributor grid and

measuring 'tec~nique can effect the pressure drop measured in

fluidized beds. Erdesz -and Ormos 1984 ) have not s'tated the - >
• j)

• technique used in the measurement of the bed pressure drop •

Gupta and Mujumdar ( 1980 conducted experiments to

determin'e the effect of vi~on on the fluidization of sticky

• materials commonly encountered in dUing applications. For this

oil.purpose they mixed dry'particles with contro\led amounts,of

and no fluidization was ~bse~ed bytqe~....Severe gas channelling
• •

under conditions of no vibration. with vibration it was possible

..

to fluidize the bed and ~mf decreased with an.'vibration frequen~y, althoughit was always~gher. .~. ~

to b,Pmf for a dry bed.This ·can be·attributed to
~ .' .

lost in o~ercoming. sU~faceforces_ O.f ,~~~t~rparticle
to the pr~sence of Q oil fi+m. ;" 1 ~. '.

increase in
.

when compared

the momentum

adhesion due

(

In conclusion. ~t can
. ~

vertic~l. sinusoidal vibration

• ~ \-t>

be stated .that the effect of

on bed pressure drop has been
. Cl' .
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investigated experimenta11y by many researchers. Bed height,
. "-.

partic~ size, partic1e density and surface properties have been

_reported to exert first order effects. In addition, vibration

aids in fluidization ofstièky and agglomerating solids.

2.3 HEAT TRAN5FÈR

This section reviews primarily the contact heat transfer

process from immersed surfaces in a VFB. A brief review on the

convective heat transfer in a VFB, effect of vibrationa1

parameters, mechanism of heat trans~er in a VFB and drying is
,

a1so presented. Final1y, a section on heat transfer in a

•
granular bed packed, agitated-or fluidized)' is presented.

2.3.1 Introduction

A comprehensive review of the available wor1d literature
\

on heat

) • Not

transfer in VFB's is available' inPakowski et al ( 1984

mUChPrOgre\'s has been reported since in the area of

'----

(

surface-to-bed heat transfer in VFB's except by Pakowski and

Mujumdar (1982 ), Ringer and Mujumdar (19~2, 1984a, 1984b ),

Mujumd~r and Pakowski ,( 1983 ') and Malhotra and MujUrodar ( 1984,

,). A brief out},ine of ,'the relevant literature is presented in
""""'" "~:,\.",J 1~"

the following "l;ext.,
" . .L ,.... ."'t'Co'.

Despite ,the fact that the -major application of VFB is in

the drying of granu1ar solids, the bulk of literature ,pertains
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ta heat transfer between a h~ating surface and the conventional

fluidized bed. Included in this area of research are:

(a) heat transfer from plate heaters .( horizontal or vertical )

(b) heat transfer from the walls of the vessel

(c) heat transfer from the distributor ta the bed

(d) heat transfer from coaxial rods

(e) heat transfer from.immersed objects i.e. spheres, tubes.

Studies have been 'conducted with both aerated and

non-aerated beds, with vibration being imparted only ta the bed,
•

only ta the heater or ta both simultaneously. In scope of the

present work the review is focussed primarily at surface-to-bed

heat transfer from immersed tubes or heaters attached rigidly to

the vibrating bed.

~v
2.3.2 Contact Heat Transfer'

Heat transfer by contact is a commonly employed mode of

heat supplY in non-aerated vibrated beds. Limitations on air

flow and temperature make it the only feasible way of supplying

sufficient heat in some drying processes. In contrast vibrated
. ~

r
fluidized beds use this type of heat as an a~xilliary source of

heat, because of the low aeration rates (U/UmfSl ) commonly
•

employed.

In discussion of contact heat t~ansfer from vertical

( \

heaters ~ necessary to distinguish between two distinct·

cases; the\heater may be attached ta the vïbrating 've?sel or ît

may be suspended' into the bed.Strumillo and Pa~owski (19BO)
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have performed heat transfer studies in a bed with only the

vessel bottom ( i.e. distributor ) vibrating.

The dependence of contact heat transfer coefficient on

vibrational acceleration' has, been shown to follow an S7shaped

,curve ( Pakowski et' al ( 1984 ». This shape of the curves has

\ been attributed to the following two processes:

(i) scouring'of the gas film from the heater surface by the

bed particles.

(ii) transport of heat outside the heater zone by circulation

of solids.

For vertical heaters, Pakowski et al ( 1984 ) reported an

increase in both processes when A~2/g is increased. At high

levels of vibration astate is reached when thebed inertia

prevails and the bed no more pulsates butremains in a kind of

suspended state. Circulatory motions also. decrease.~s a result

heat transfer coefficient d~creases or remains constant. For'

heated bot tom plates when A~2/g increases a point is reached

when the bed starts to separate from the heater. This air gap

then isolates the the bed from the heater to a great extent ,

.causing in many cases heat ,transfer coeffic~ent.to drop.. .
tBretsznajder et al ( 1963 ) reported an increâse of 17-19

times in heat transfer due to vibration for aluminium, kaolin

and zinc and 9 times for graphite as compared to non-vibrated

packed beds. A different critical value of vibration velocity

corresponding to the ons.e.t of "fluidization" was', reported by

them for various materië)ls, below which vibréltion dj.d not
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improve h.

A model for heat transfer from a vertical heater is

described in Pakowskiet al ( 1984 J. It assumes that particîes

in their vibrating motion scour a gas film from the heater which

results in reduction of the heat transfer resistance.

Correlations for calculating the average film thickness have

also been presented by Pakowski et al ( 1984 J•
•

Flow of gas through the vibrated bed upto a certain

velocity increases the heat transfer coefficient. For U>Umf, h,

in conventional fluidized beds
..

increases because of more

vigorous mixing in the "bed; in VFB h tends to a value which is

independent of vibration fr~quency but depends on particle

diameter and vibration amplitude. Recently Ringer and Mujumdar (
, '

1982, 1984a, 1984b J presented some results on the flow and

immersed-surface heat trarisfer in a vertically vib~ated VFB.

They provided a simple design chart to enable selection of the'

range of gas velocity and vibrational acceleration in which both
•

",contact heat transfer ·and transportation properties of

" are the' best •

A simple, model for
, ,

evaluatlng the heat

'the bed

transfer

"

coefficient in VFB
"

on the basis of the hea t transfe.r

coefficient ln ~ conventional non-~ibrated ,fluidized bed, time
.

of ,flight of the bed, time period of oscillations and bed

pressure drop has been proposed by Ringer and Mujumdar
~,

1984b J.

1982,

Experimental results for heat transfer from immersed

horizontal cylinders in a VFB have been reported by Mujumdar: and
, .

. )
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Pakowski (1983 ), Pakowski and Mujumdar (1982 ) and Malhotra

and Mujumdar' ( 1984 ). Surprisingly, no prior stud.ies could be
, '

found in the literature on heat transfer from rigidly mounted

horizontal tubes immersed in a VFB, even thoug~ such an

arrangement allows more heat exchange surface to be packed in a

given VFB while . permitting use of deepe'r beds as the tubes

impart additional vibrational energy within tne bed itself.

Mujumdar and Pakowski, ( 1983) pedormed experiments with

glass ballotini in a VFB vibrated at a constan~amplitude of

4.25 mm. They reported a significant enhancement in heat

transfer rate in presence

aeration rates. The heat

of jration and more so at lower

transfer coefficient for non-aerated

becomes nearly independent of vibrational acceleration",when. . ...beds,
.:. .
the latter is above about 1.5 times gravity. A set of

experimental curves for a bed of dry glass ballotini as reported

by Mujumdar and Pakowski ( 1983 ) are reproduced in Figure ~-6.

It"can be seen from Figure 2-6.that superposition of air

flow makes the· transition from· fixed bed to vibrofluipized one
"to occur at lower values of r. The influence of gas flow on the

" heat transfer coefficient is significant only in the range

,17 '

U/Umf<l. A 10-20 percent rise in ,peak. heat trans.fer coefficient

at U/Umf=1.2 in a VFB as compared to corresponding value for a

non-vibrated'bed can be'seen from Figure 2-6. The mark z on the

figure corresponds ' to the heat transfer coefficient ip 'fluid

( 1983) proposed the following empirical correlation obtained
(

beds p~edièted by Zabrodski's ( 1966

Pa.kowski and· Mujumdar ( 1982 '

correlation.

and Mujumdar and Pakowski

~.
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Figure 2-6 A·typièal h versus r plot

for a-bed of dry glass ballot.ini
...
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from.their experiments with bèds of dry g~S ballotini:

Nu = Cl ( C2 U/Umf ) C3 - C4 r

with constants Cl = 2.27, C2 =0.67, C3 =2.63 and C4 =1.95, this

"
equation describes the heat transfer

"
coefficient for glass

ballotini, dp=0.454 mm in the range U/Umf=0.6-1.2 with 20%

accuracy. With constants Cl =2.20, C2 =0.55, C3 =1.35 and C4

=0.98 it describes heat transfer coefficient for larger

ballotini (.dp~0.667 mm) in the range U/Umf=0.4-1.2 with same

Visual observations made during

accuracy. as before. This equation is not

useful.

C'Mujumdar and Pakowski 1983 showed

ge"'~' e])ê7 be

the.·:'ex erj.lIlents by

sé~ ,in bed

circulatory motion with an increase in g/UmÏ and r. For r2:1 and
~'. ~

U/Umf2:0 they reporte~·9ap·formation

.which ..inhibi ts
~ . the heat transfer.

around·th~i"heater surface
.. ,' "r::-.'(;

process. A similar behaviour
• ~'..l"'l'

,.

...
. was also observed by Bukareva et al ( 1965 ) in non-aerated beds

.
if the vibration.frequency was high enough.

Pakowski and ~ujumdar (1982 ) studied theeffect' of

surface stickiness on heat transfer for ~lass ballotini and
~.

reported a dramatic drC?p. in heat transfer coeffi'cient .with

addition of minute quantities of glycerine. A typical hyersus r <,

plot for .a sti~ki bed is
..

illustratedin Figure 2.7. Surface

stickiness<: .or presence cf surfac'e moistuz:e .) decreases. the
. .

degree of mixing in ~he bed as observed visually by PakowsKi and •
( Mujumdar

'.

1982. .). ~lthough
••

surface stickiness ha& been

".
.,
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1
recognized to be an important particle characteristic ( Varsayni

and Puskas-Nadai 1977. n surprisingly no other report on. the

effect of stickiness on heat transfer in VFB' s'. has appeared in

open literature. It is not clear how the particle stickiness can

.' be quantified. . .

2.3.3
'. ---. Convective Heat Transfer

~Convectlve heat transfe~ from. a hot gas to the bed is

perhaps themost commonly emp19~ed ~ethod of heat supply in a

drying process. The factors affectingthis process have be~n

c'lassified in\:0 the following four càt~gor~!:! by Pakowski et al
. '

,.. ~.1984~):

•

(i) disturbances of a boundary l~yer around particles or-
o ~ • •thelr agglomerates ( posltlve or negative·effect )

(ii) bQckmixing of gas ( negative effect )••." J'

(,i i i), changes to total

effect )

~,

area exposed to heat transfer positive

1

.,
,(iv) equalization· of bed temper~.tures'by interna'l mixing

).
1. ~-J1_ .'"( positive ,effect '

'l'lîé extent to which these phenèmena contribute to the total 'hea~ g

,.
acceleratién and gas flow rate as weIl as on the bed porosity (

, -,

.' tr~nsfer éoefficient, h, depends on the range oft:.. ' ••
vibratiGnal

. ,
]oihich in:turn is affected by the former parameters ). ,, ~ .

.'
·.~?A number'of correlations relating ,h and

he'Ff'rans'fer in, a VFB for different materials
~ .' , "

r for convective

coal, cereals,
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polymers etc have been'reviewed4by Pakowski et al '~(1984 ). A

typical correlation for r<6 obtained by dry~ng of calcium

carbonate spheresin the constant rate period is shown .below:

2.3.4 Efféct of~vibrational Parameters

, ,

The degree o~,influerice of vipration ~n bas

vibrationtb~ relative magnitude of"found to depend onbeen

...

VEÜOC i ty·, Af,
it:.~ •

air flow rate, U, ,and the· minimum flùidization
,

velocity, Umf. Gupta 1979 ) reported that at ' large air flow

rates, the effect of vibration is not' important in the

"
estimatjon ?f h, while Yamazaki et al 1974) fo~nd h ' to'

improve ',wit,h air flow rate uP.to U/Umf~l and then stabilize. "
, .

Gupta ( 1979 )", fr,om his li€erature survey ,presented. the
,

correlation
~:

...
,"

..
h/ho = 1.1.{ 2trAf/U' ') 0 ..41 . for 2lfAf>Ù (

.
wlth h depending on thè ~oisture,content of solid, indiciting

,il •

,the influence of mass transfer on heat transfer performance. '
, ,

" '

also ~repo.rted that vibration,.Pakowski ,et ,al {19é4
, ~,

grea'tly infiuences .heat· transfer in VFB',s of fine pq.rtic·~ei•

.H'eat transfer in
o

.beds of l~rge particies.'inc(eàS~S slightly wi€b

"

an lncrease
ri,

conditions.

.
ip vibratio~' and can ·even decrease un~ei sorne
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of Hea~ T~dsf~r
me~ria~;s ~ave'tr:

... ;:- ;..,. .
; [j ' ..'1'.."
''':2.3.5 Mech~ism" ;s::

VarlOUS been proposed to expiain the"
, ~.(',~ ~-o '.. '; (J (,

surface-to-bedheat transfer ph.enomena in;)VF.B' s. '?,~~.;,J~1916. ).;;,~

.' successfully modified the film !'I0del for vibrated"-n'6iJ-.I~~tra~e<if.Çl
V beds while Mickley a'nd Fairba,nks (1955 ) model 'fÇ>r U~~~adY

state 'heat conduction' has been shown ~Pta '.' ( ,1979 ) to

, 'lo •• •:.

modelled the VFB on the

in, pulsation of ai~~~bel~;;'
. 0

pulsatingr, component' acts' as anthisand

.
et al ( 1974

/ "
vibratio~~esults

Yamazaki

~ ,

predict fairly accurately for aerated beds.
'(

assumption .that. .
the distriputor

,.
~~itional air

4 ,
and above the meany,elocity. Thisvelocl ty , over

~ , J . ,-
effeo:tive '. vel,ocity,. ( U' ) used in the Equation forair U + was

~

,non-vibrated. ~bép's and found to" give good agreemen·t between
, .

/). ' , ... .
?redicted a~d e'xperim~n,tal~,-lu~ ,ThUS,. the vibrationvelocity

may beconsldered egulvalent to an\rncrease in gas velocity,

Recently. Ringer and Mujumdar 1982 presented a

calculation' mddel for sUfface-to-part~cleJ heat transfer

coefficient. Fo~ the purpose of modelling they assumed that'bed.. ~. "
mixing 'governs heat transfer rate and is a'result of the; 'j;' ~6perating forc~s' ~ur'ïng ,on~ yc~e of the particle al'!d conveyor

motion. The flnal'equatlon t lnedbi them is',
, ". ',.,. ,

";N

~h/hcm = O.8te/t·i +. ( t.P/t.Pmf ) ( 1-O.8te/ti)

where hcm is the maximum hea~ transfer coefficient for a

'(

(

non-vibrated bed, te is the flight time, of the bed and ti the,

time period of' oscillation. The above mOdel 'matched q,ite well :

\..
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~îth the experime~tally obtained results of Rïnget and Muj~mdar.

(. 1~82 1 fpr vertically

2.3,6' Dryinq

suspende~e~sed cylinders ..

.~ ,

Drying in WB' s has been', stuciied' by Jinescu et a'l ( 1982 , ,

I,Chelenov and Mikhailov 1965 l, Kazachinskaya and' Bilyk (,

'1975 l,
J '
1980b,

Gupta and Mujumdar

i980c; 1984 1 among

1980 l,

others".

5uzuki et

An eitensive, review is

'.

:

'/ 'avaiiable' in, Pakowski et al (1984 1. Almost aIl the pt-ior ,work

has been in the area of convective drying,

vibration hasbeen found to affect drying rates in a

fluidized bed in" a cOlllplex way, For operation at A,,'/g2:l, both
.' ~ u

.improvement and impairment .in hea.t transfer,has' .been. reported

with an optimum value of A and "existincj for aIl the materials

investig~ted.

The amplitude of vibration,has been reported to influence
, ,

, "dt-yïng rate more str.ongly than the vibration frequenc::y. A

reduction in· Xc for smaller particles'has also, been'reported.

,The othervariables affecting the ,diyïng rate are:bed height~',

. Par,tic~e si~e,' aera'tion rate and ,the interparticleforces of

.'adhesion ·anci! cohesion.

Recently 5uzuki et al ( 1984 1 studied heeze drying of

overall heat; transfer cpe,ff,icient between the heater and the .bed

/l1,s found to depend upon the bed moisture content; the value of

h decreased from 300""500 W/m'K in the initial .period of dryincj.

l,

granular materials in a
. j,

te~peratures and thorough

WB. Theyreported uniform

mi}ting induced' by vibration.·

.béd

The
l .'
~.

L'
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to 60-80 W/m 2 K il'! ,the latter half of the drying period.

In modelling the dryin~ process it is essential to know

_,the thermal conductivities o'f' the wet ~àrticles. A n~oL,

""" ~ô''rrel;a t ions to determine the thermal con9,ucti vi ty of wet and

particies "porous have 'been gïven by Catala and Maupsey ( 1981 ) , ,

~

"
Cermak 1981a, '1981b ) , ,Kendall ( 1980 1, Toei 1984 ) and.

, ~'

Szentgyorgyi et al (. 1981 ) among othérs.

(
2.3.7 Surface-to-Bed Heat Transfer in a Gra~ular Bed

The w~ll-to-bed average heat transfer coefficient 'is

defined as:

h = Q/( Ac( Ts - Tb »

wh~re Q/Ac is the heat flux thr6ugh the surface area of the heat

exchanger element, Ts the average surface temperat~re and Tb the

average bed tempera~ure at a sufficient dis~anc from the heated

( or cooled ) surface.

Most authors of th~ more recent literat re ( Martin (

1981 l, Baskakov et,al (1973 ), Adams (1981a, 1981b,1982a,
\

1982b, 1982c, 1984 l, Abubakar et al ('1983 1,0 kaynak and Chen

(

, '.

.' , ( 1980 l, HeydeandKlocke ( 1980), Schlunder 1982,1, Bock (

1981a, 1981b l, Bock and Molerus

wall~to-bed heat

1980 ), etc

trarisfer is co~posed 0'
agree that the

thrée parallel.
mechanismsi ,Particle "conv,ection, Gas convection 'and Radiç,tion.

~'

h = he + hg' + pr .
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Particle conve~~ion denotes the mechanism of energy

moving particles: ',Heat is transferred to atransfer through

particle during

the
/"

its contact 'wi th
, ,

. ;"4t

the heated surface .mainly by

cond.uction through the 'gase.ous gap in th~ vicinity of the

contact point increasing the particle's internal energy. By the

random motion of the particles that surplus of, internal'energy,

is carried out ihto the bulk of the bed where it is transferred

(' iristantaneously ) to·'the gas ~nd the other particles. The most
... ".. .

important parameter in evaluation of he is the particle-surface

contact time,' which varies greatly depending upon the type of

granular bed ( i.e. packed, fluidized or agitated ).

Gas convection is the direct wall-to-gas heat transfer

over those parts of the surface .which are not in contact with

particles. The gas convection component increases with

increasing gas velocity. In fluidized beds of large particles (

dp~3°mm l, which consequently need higher gas velocities to be

fluidized, the gas convective component becomes the dominant

mechanism.

The .. radiative component of. heat transfer is directly
•

proportio~al to the fourth
~.

important only for higher

power ob'( Ts-

tempe ratures

T
b

> BOO

and becomes

K and is

therefore not discussed here. ?
The particle an~ gas convective he~t transfer mechanisms

are discussed in tiepth in Chapter 5.'
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CHAPTER 3

EXPERIMENTAL APPARATUS AND PROCEDURES
•

3.1 THE APPARATUS

A schematic sketch of the apparatus and instrumentation

used for the experimenta1 work is shown in Figure 3~1.

Different f1uidized beds were used for the f10w and heat

transfer studies. For the f10w and pressure drop experiments, a

two-dimensiona1 f1uidized bed of a rectangu1ar cross-section,

0.202 m X 0.05 m was used. An isometric sketch of the bed is'

shown in Figure 3-2. The heat transfer experiments were

conducted in a vessel of square cross-section, 0.202 m X 0.202 m

(Figure 3-3 ). Both beds were constructed from plexi-glas to

al10w visual observation.

The two-dimensiona1 vibrated fluidized bed (VFB ) was
"

used primarily to examine the flow and bed circulation patterns

around the rigid1y mounted, horizontal circu1ar cylinders. To

reduce the effect of. three-dimensiona1ity, one side of the bed (

along the axis of the cylinder ) was made very sm~ll; although
.~,

it could not be .made very thin due to possible wall effects. (

The ratio of depth of the bed to average .size of the largest

particle should be greaterthan 50 for wall effects to vanish ).

The top of the bed had a ci rcular out let that· was connected by a. '

•flexible hose to a dry gas air flowmeter.

Two perforated plate air distributors with 4 % free area
•

1 mm diameter holes on 4.76 mm triangular pitch and 18 %

free area ( 1.6 mm diameter holes on 3.60 mm triangular pitch
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'1. Air filter 2. Blower 3. By-pass valve
4'. Control valve 5. Orifice meter 6. Heater
7. Vibratory mechanism B. Bed thermocouples
9. Dry gas flowmeter 10. U-tube manometer '
Il. Wattm~ter 12. Digital thermometer 13. Power source
14. Voltage regulator 15. The VFB'

•

Figure 3-1 Experimental Setup'
1 •

'.
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AIR OUTLET TO FLOW'
METER

1+---- 200

50

DUMMY PLEXI­
GLAS CYLINDER

REMOVABLE S IDE-

ff----:-------- PLENUM CHAMBER ,
AIR INLET -....

,"

MATERIAL: PLEXI-GLAS

Note: AlI dimens~ons in mm

Figure 3-2 Isometiic sket~h of the two-di~ens{onal

fluidized bed
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1+----0.202 fi ---I>r

AIR lNIEI' -..

. '

"

•

PIENUM CHAMBER

o

\.

BED
THERMX'OUPIE

POS!TICN

AIR-oorœr

HFATER
POSITI0N

REMJVABIE
, SIDE

;.. -

MA.TERIAL OF CCNSTRtJCrICN : PIEXI-GIAS

!\OrE: DRAW]N; NOl' 'ID SCAIE

, ,

(
Figure 3-3 Isometric sketch of the bed used for

heat transfer experim~nts
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were used.' A very fine nylon mesh ( 25~ mesh ) was fitted on the
"

distr'i~or :.to prevent

around rigidly-~ounted

particle leakage. The

horizontal cYf~nders

flow patterns

were visually

observed and/or. 'photographed using a 35 mm still camera. The,
cylinder was always located in the middle of the bed.

The square vessel used for the heat transfer experiments

had three removable sides and two sampling ports as shown in

3-3. One side of the bed was used to discharge the material

while the other two were used to chang~ the heater. The sampling

ports were used to collect samples for moi sture determination.

This bed also had two circular outlets.on the top surface which

could be c~nnected to the air flowmeter. The outlets were found

to have no measurable' or visible effect on the particle flow. ,

minimize axial heat los ses (
V

heater temperatures were..lèss than~0.5% ). Theestimated to be

patterns inside the bed.

Cylindrical heaters were used as the' immersed heat

source. An' exploded assembly of the test cylinder is shown in

Figure 3-4. The assembly consisted.of a copper cylinder imbedded

with a 140 ohm, ·cartr.idge heater, an4 extended on both sides by

Teflon· tubes' of same diameter to. .

measured by 5 thermocouples (Teflon-coated Iron-Constantan of

nomina.l size 0.43 mm ) mounted flush with the heater surface,, ,

along i ts ci rcumferencl;!' .Thebed tempera'ture was measured a t

three locations in the bed wi th ba're. thermocouples

Teflon-coated Iron-Constantan of nominal .size 1.3 mm'). The

cylinder axis' was always located GO
'("mm above the distributor

plate; Two ther~ocouples' wer~ located in the· bed, each one 40 mm
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l ,.

on ~~ther side of the cylinder axis' and at the same height.' The
1

'. third thermocouple to monitor the bed temperature was placed 60

mm from the, cylinder axis on the horizontal plane and ..40 mm

below it.

AlI thermocouple readings vere monitored on an electronic

digital thermometer ( Omega type 2l60-A ). The thermometer had a

reading rate of 2.5 readings· per second and a response timeto

rated accuracy of less than 2 ~econds. The tempe~ature range of

the thermometer lilas -74.4 to 537.7°C, resolution and

regulator and measured on an AC;PC type single-
Yokogawa Electric Works, Tokyo, Japan) . It had

1
1.0 and a~accuracy of ± 0.5%.

bed 'vas v~rated nearly sinusoidally in the

factor of

The whole

The P9wer input to the heater was varied with a 0-140
('::i

~.~~~C voltage

ttmeter (

repeatability was 0.1l o C with a maximum error of ± 0.67°C

i cluding reference junctio~ and co~formity error ). A selector
. ,-- ....

wi·tch was used to scan the readings of aIl the thermocouples.
p

vertical pla~e by means of an eccentric mechanism which

converted the rotary motion of an electric motor to linear

motion. The amplitude-of the' system could he var1ed by a~justing

-theeccentricity of the dri~e system. The f~equency of vibration

vas'varied continuously ~ith.a 1 hp DC motor controlled by a

si 1 icon controlled r,,\cti fier ( SCR

dr-ive; manufactured by M/S Boston

. .
~ariable-speed RATIOTROL

Gears. The motor t had a

maximum rating of 1050 RPM. The motor RPM, i.e. ~. fr,eq'uency of

vibration, was measured using a pre-calibrat'ed' digital

tachometer.

:
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•

an air filter, was used to.supply,. .' .

Th~Sl'io.wer was, connected ter' -the

fitted with

th~ ·system.

r

,A 2 hp •Canadian 'Blower and
t

Forge Co. Ltd }~biower. ,~'

a~mospheric air ~o

VFB by a seriés of ..
•.'

flexible and -rigid pipes, A by-pass valve was usee'! pI'imaril-y to

coptrol ~he air.flow; finer control was obtained by manipulating

the linè pressure drop downstream of the bed. A calibrated

orifice plate was used t6 measure air flow. rates super,ficial

air 'velocity in the bed ) above 0.0085 m'/s, while ' Ibwer air
." .flowrates were measured on a pre-calibrated dry gas flowmeter (

Canadian Meter Co.).' The pressu~e drop across the orifice plate
, (]

was measured by an inclined manometer ( M/S , Wilh Lambrecht KG,
~-;"è

,Golligen') with a mànometric' fluid Meriam red) of specific
,

gravity l,O. The maximum poss~ple error ('at an inclination of
,

30· ). 'in the pressure ~op' reading waS estimated to be ±4.9 N/m%

The bed pressure drop was measured on aU-tube manometer'

with a manometric liquid of specific g~avity 1.0. One pressure,
.

tap was located flush~ith the distributor surface, while the

othe!;, one 'was weIl above the bed height, flush with the bed

walls. Thus, the béd press~re drop was measured directly.

--
•

The levelled bed height, was measured by means of

grad4ated tapes on
, ,~

the sides of the'bed, The particle size'and

shape were determined ~rom microscopic analysis of a rando~

il" • ,
sample of particles. The particle densitY,and properties were

suppÙed by the manufaçturer, while the bulk densi1:y was

calculated from the· ,weight of given volume of', sample. A

weighing' balance ( OHAUSS Cen't-O-Gram ;, accuraey ± 0.01 gm ) was
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TABLE 3.1 (a) ,
, .

PHYSlCAL POOPERrIES OF MJÔEL PARI'ICIES

dp p' . Pb ljJ ~. , Cp. Kp. Xc
P

(lll11) (kgjm3) (kg/m3) (J!kgK) '(V1/mK)

"0.325 2480 . 1375 0.44 b.9S' 753.12 '0.837

0.454 . 2470 1385 0.44 0.95 753.12 O. 83~-if<

0.595 2480 1405 0.43 0.95 753.12 0.837

0.667 2470 1405 0:43 0.95 753.12 0.837
.~

1.017 2480 1415 0.43 0.95 " 753.12 0.837
'J-

1.4 1:250 750 0.40 1.00 962000 0.589 .' 0.24

2.36 1250 740 0.40 1.00 962.00 0.589 0.24

<-

TYPE

Glass ballotini

* at 300 K

Glass ballotini

Glass ballo.tini
â" -

Glass ball~ini

Glass ballotini.

M::llecular sieve

M::llecular sieve

,
}.~. "

(J.

,~.

'.

,

'0 ~

~ i .'. 5

. ;- J~ .
"

..... ' ..

..~

"..
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TABLE 3.1 (b)
~.

' ..

;"..

• 0

Aerodynamic and Thermal Classification

of M0del Particles * .

",

* - Refer to APr2endices B .and C -for ~e f ini-t ions . ..,
(~ ..,.. ',.:.;...

.'

l '
. . -" . ~'-

Rep. .

0-1.6
"ftl
0-3.9

0-7.1 .

0-10.9

0-21.9 ...

0-30.4

0-67.4

......
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1· 3.2, ~ Il TABLE,

Operating
~

Range of Parameters

VARIABLE·

(
RANGE OF OPERATION .. : UNIT5

M~- "MAXIMUM ~ .,

Vibration amplitude, A o 4.25xlO-:J

80xl0-:J

... '0 :325xl0 - :J

• "IA-.

Vibration frequency, ~.

. ~

B~d he~ght, H

Mean par'ticle size, dp

ticky

2.480

1.2

130xlO-:J

105

;- . l
o
0.:20xD.D5

760

1250

o ~

'dry

'0

, 0.95'

..c ....

,;

, ..
.~ ,

\ ",

Partic'1e
'f '.Partlc1e

U/Umf

Bulk densi ty Db

Particle densi'\:y Pp

~recity

surface
·il,.

~~ed Area, Ac ft •

.. : "l

Vi;brat~~n~UDÙ>~r br
Ç>" •• '~) .~~
,t (l, < ......

"

~:.

" "

• f'

l
:

, r

.-'

",Il

.lo>

" ;LJ....~.
( ./

."..

"

lb "
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1:/
.J used for moi stu,"e tdetermina t ion. The wetsamples were bone-'-dried

in, an e1ectric oven at 200°C' ,for 45~,: miriutes ,and, weighed

immediate'ly the,reafter.

For inqpcing surface sticklness in glass ballotini,
. ' 1

glycerine (vapour pressure 1mm Hg at'120·C ) was,mixed with dry,
, . ,

glass ballotini in a double'cone ~ixer for 6 hours~ Molecu1ar

sieve'particles w-ê?'è saturated lIith water by dippihg' them

overnighi: in water and then drain'ing of.f 'the' excess water.

, - Table 3.1 show~ the propertie& of

us,eG, wh~ 'Table 3.2 show!; the range of
J

the model particles

ope~ting parameters

used. in the study. ;

•3.2.1 Flow Visualization and Pressure Drop ,

, ,
3'secona0.5 té

, .
~econdexposure )

around i~ersèd ci rcular, cylindèr,So and
. ,. . ~ .

pertinent paraiÎ1eters' thereon'. Time"'"averag,ed (. " ~

exposure ) an€ instantaneous ( 1/-250 to l/~

Th,; objective of thiJpa,rt o~. t,tte, proj:ct,'lJwas to
'~I' " '1Il;'

size and,shape of the time-averaged 'particl r e a'ir gags ;";
,'\> ' ,~ )!/"

study t e effect~ of. ~
.' . ~.~r

..

•

•

~hotographs were also taken for ~ome run~.' The bed pressure was

recorded for aIl the runs •,.
The experimental procedure adapted is described brief~'

•,
in the following. After fixing the test cyl,indé!il' rigidly' to, the

bed at appropriate distance above rhe distributor, the bed was

'~filled wi th partic;les to the desired level. The ~r by-pass

valve was ope~dL:fore'- switching th:, blower on and the air

.
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.
flowrate'~et ,to· the desired, val'ue." The'vibratory mechanism was

theri ',adjusted to . ',achieve ... ,the' lowest' value of vibrational

acceleration l~g. 325 RPM,for

and set into operation; The bed

4.25 mm amplitude. of ,vibration"")
fi.

ptessuredrop and,flow patterns

ar.ouod , theimmerseq cylinder(s) were the'n recorded

'photogra'phed ,i.f desired ). The' frequency of. vibrationwas then

setto the next higher.value; Fora different set 'of experiment

. ,

. '

, th~'air flowrate was 'changed to·another pre-select~d value and

similar procedure as before 'followed. 0 co~pletion of. the

èxperi'inents, the vibr~t'ory mechanism was, s itched off fi~st,
,'ra .

foll.owed by the blower. The particles dis arged from the bed

weighed.ln' si.tuations wherewerê :theJ;l
,~'

fluctuated,

recorded:

the :ow,..' and, upper limits

bed pressure.drop

of fluctuations 'were

"-eff~ct of vibrational

experiments were performed to examine the

amplitude and fJ~eq~e~cy, 'p~rticle size and
"

sùrface-to"bed

the average

èxperimental

on'

The

si"
) .t....

coefficient.

cylindercontent and

heat transfer

. ..
mOl sture

Heat Transfer
,:4-

HI!a,t transfer

type,

"

,

..:: 01'

,',..",:;,; ,;

'( ~

.~ -2.-3 '3 •2,: 2

~. .

pro'cedure .. followed is briefly described in the followin~

paragraph.

The particles wer~ weighed carefully and then 'charged

into the bed and the air flow set to the desired UlUmf ratio.'

turned on. Steady state thermocouple readi~gswere recorded when
• l "

•
AÎter adjusting the frequency of Vibration the heater was

the heater and bed temperaéure changes were less than a.loe over
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5 minutes ( under conditions of poor ,mixing in the bed this took
".

more than an hour, wnîle with good mixing in the bed it was

obtained typically within fifteen minutes ). The heat input and

f

bed pressure drop readings were noted. The frequency of

vibration was then changed to the next higher level and the

aforementioned procedure followed. Note: For experi~ents with

wet particlés, samples were withdrawn every 7-10 minutes whiie

simultaneously the thermocouple and ,power readings were ,
recorded. The s~mples were later analysed for their moisture

content. •

During the course of an experiment, the air flow changes

due .to changes in the bedpressure drop; this was correc't,ed

continuously by adjusting the bypass valve to ensure the same

b

U/U~ a given

3.3 CALIBRATION

run.

3.3.1 Orifice Calibration
9 .;

"~;,..~en~ioned earlier, flow.. rates ~'t,Je

measured using & fIat plate type orifice. The
. . .

. . ('l,
3S.1 ~ diameter ) 'was placed in the lOS mm

0:00S5~J/s were

ori~ice plate, {

diameter air duct.

The upstream pressure tap was located two pipe radii from the

orifice plate, while the downstream one was one pipe radius

distant. Measurements were made with an inclined- tube

.$';':'IlIanometer.
..,,-.;~ t~

A . precalibrated dry gas fiowmeter ~s used to

",

calibrate the orificemeter. Pressure fluctuations transmitted ~y
,.t

vibratIon of the bed did not effect the manometer reading. The
!

orifice calibration curve for the 0.202 m X (h202 m bed àll

,
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the flow experiments in the two dimensional bed were performed

with the flowmetèrshown in Figure 3-5 is represented by:

U( m/s) = 0.022 ( APO ( N/m 2»1/2

3.3.2 Wattmeter Calibration

The wattmeter was calibrated using a precalibrated

digital multimeter. The power factor anp the resistance of the

heater were measured. The wattmeter has two ranges, 0-24 W and

0-120 W. The calibration curve for the lower range is given in

Figure 3- 6 • The relationship obtained was,

Actual Power = 1.267 X wattmet~r reading

The ~attmeter'was accurate ~n the 'larger tange... .,

3.4 DATA REDUCTION

3.4.1 Flow and Pressure
,~,

Drop "\

-Firstly, the minimum fluidization veloci.;;ies 'for aIl

model particles used dry as well as wet) were determined

using the' AP versus U data at r=O. Figure 3-7 shows a typical

AP versus U curvè for a bedof dry particles which was used to

obtain the minimum fluidiza~ion velocity. The raw data obtained

was plotted as AP versus r at constant U/Umf as shown in Figure

3-8. Subsequent analysis and cross-plots were obtaineâ from the

~above curves. Approximate shapes and sizes of air ga~s around

the immersed cylinàers were recordeà concurrently.
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-3H - 105 x 10 m
D - 25 x 10-3 m

dp - 0.454 x 10-3 m
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• •
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figùre 3-8 A typica1 âP versus r p~ot
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3~4~2 Heat'Transfer

A sample data sheet used in heat transfer experiments is

shown in Appendix D. ALI five heater thermocouples. were used in

determining the average cylinde,r temperature. A minor

temperature variation aroundthe cylihder was noted which is a

result of the expected peripheral variations in the heat

transfer coefficient around the cylinder surface. The o~jectivé

of this work was to examine only the average h~at transfer rate

for immersed cylinders. The Biot number { h D/Kc } was found to

he less than 0.02 which allowed assumption of a uniform

temperatu~e ln the cylinder.·

The choice of the bed temperature to be used in the

definition of

This

h was dependent on/ the m~xing cond.itions in the

bed. Figure 3- 9 shows a " mi~ regime map" for a bed of dry
.~

map was obtained', from detai Led tempera tu'reparticles.

). In the region l of F fgur.:e 3- 9 the
.

between the ther,mocouples nearest

35, 37 in th~ data sheet- 35 being the
. ., .. .

locations

1

{ 'grea tèr than

•bed temperature at v,riou~

di~ference in the~~empera~ure. . .. ::-

to 'and. farthest' 'f~om the heater wa!S significant

5°C with heating input 9f 3-4 W}~ Such large. temperature

'varia~ions .~ndicated that the bed was poorly mixed. Region II

was a transition phase during which tim'e the b'ed mixing was

classified moderate and the temperature variation was.typically

below 1.5°C with a heat input'of 7~8 w. Region III of the map

was considered well-mixed wi th t'empera tu're variations
.

of. less

thai O.25°C. It must be .pointed out that the boundary between
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.
regi.ons l and II was noted to be a shéY"!' one, wh~e,the one

6etween II ~nd III was 'not Sharp. "

In region l the bed·temperature used in calculatirig h was

repcesented by the thermocouple_~arthest ( riumber 35 ') from the

he~ter; while in the other two ~low regimes, the avei'ge of all

the bed thermocouples was selected as the appropr.ia te be'd '\'.

temperature. It may be noted that for similar measurements in

c'onventional flu~dized ,beds, the .bed temperatlfres .are normally

measured by two to.three thermocouples, one each located well

above and below theimmersed surface, as reported by Grewal'and

Saxena ( 1980, 1983 l, Chandran et al (1980 l'and Goel et al (

1984 ).
",

The'average heat transfer
.". .

coefficient wa~:calculatedftir

, ,
'differént conditions o.f U/Umf and r and the raw data plotted as

shown in Figure 3-:10. Subsequent .data for cross·- plqts ~ànd

·.mensï~nless ·pl';,.ts were extracted from, similargraphs •.For runs
~. . . -.

wfth wet molecular s!eve particles, h versus X wai plo~ted fo~'

givl!n èond~tions of.U.and 'r. Tp.e bed"s a,lways'i~ reg'io·n.Ilro.f

Figur~ '3 i 9 ~o~ experiments with '~et particl~s ( becaûse of. the. ~ . .
obvfous parti.clé· s'amplihg li!t;oolein~ when the bed {is n6t 'well-mixed

). -.
,.

•

,1.

3.5 EXPERlMENTALUNCERTAINTY

The estimated maximum errors

,..
and .. expèrimenta~. ,

uncertainties for
•

,,~

both'independent and dependent'. ,~

•

variàbles:are

q

'.
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3-10 A Jltypical h 'versus r plot for ).dry beds
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"

tabulat~d in Table 3.3. The determination of these experimental

uncertainties i!? 1 also' explained in Appendix A. The

reproducability of the heat trtnsfer runs was ±3% •

. "

• •

•

:

' ..

-J,.

. i

"

..

• •
..

!'

,
....~ ,

,
"'~-~-
'J'

o

'.

J •

,
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TABLE 3.3

,

kg/m'

:t9.BI N/m'

tO.55% - :t1.6~~~._."(

,
:t'O. 2xl'O -, ID

:to.n

:t5%
.<J

±25

• 400 •

EXPERIMENTAC ÜNCERTAIN]f,

( :to:lxio-' m'

:tO.3 rad/s

. .

Dependent Variàbles .

,.

,
ampli t 4de, A

) , .
frequency," lol'

VARIABLE

" ~ ~

EXperimental Oncertainty for Independent ànd
\.

..Bed h~eigh1;, H

Vi!:lration

Particle size, dp

Bùlk. 'density, Pb.

Ai r veloci (y, 0
. • " Jo

Mois~ure content, !
~~ .d •

Bed pressure drop,-Ap.

Vibrat,ion
. ,

'" , •Vibration number; r=Alol'/g

, U/Omf-

AT t Ts - Tb) )
~~,

. Heat input, Q
......

Overall hea.t traris~er
coef fic ient, h

..

:tO.I09

l1±O.77%'~.:t2.36%,
~. ±l oC

·;!:O.5~ ..

."" '.
:'Q ,

1. .. ~~',:.
,.,

'1" .". ~' \,.. '.

.'.

.' <l't,'~
v •. ,: . : ..

':[.'
, -.

,;,.

•• • '--",..'- . ......,

•

J ......
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CHAPTER 4
•

:.;RE=S-=UL.::..:.T-=S~AN=D--=D.:.I-=S-=C-=U-=S-=S.:.I-=O.:.;N,--~A=E.:.;R=O-=D.::.Y.:.;N.:.;AM=I-=Cc....:.;A=S.::.P-=E"'C'1V-=. --., -___..

\
4.1 INTRODUCTION

Among the numerous advantage~ of a VF~re its ability to

~d?-fl\.üdiZê :solids' at Iowaèràtion rates U<Umf),

diificU1t-tO:fluid:t='s_~ic'k1'or wet particles, gent le handling

etc. '. This chàpter' presents results on the fluidization and'

mixi~g characteristics of dry and sticky particle: in a vibrated
"

fluidiz'êd bed.

'"

addi tional ener;gy to i t l' ,the' resul ts 'of bed pressu're drop wi th
, . i~

immersed cylinde'rs are also presented. It shou1d be noted t,hat

/if ' It is oiten impOSSii"le to supply adeguate heatfor drying

of pàrt i:ulates 'in a di re tl'y • heated ( i. è.' purely tonvect ive

dryer) dryer.It is the necessary' to install heat exchange

surface~ within the ped of particles to supp1Y additional heat

',~ectl;.T.~e flo~ . patterns around these" immers,:d . surfaces ,and

mixing'patterris in th~ bedplay an important role ih determining
, ' , \ .

the surface~to-béd heat transfer:~. ~ . /~

Since the"rig,idly mounted imuier5e~,heat tran!;fer sur.taJes
.... ,

/

(

.. '

), -
",\!lr

wi.thin.' the be.d:" act, as distdbut~d, vibrators and impart

"

!

4%
/.

(

•

a11~tte res.~ Si in, thi.~ chapter are' for a VFB fitted with a

free âz.a ~tributor plate. 6-

Fina'lly~" 'extended "vibrational acceleration number.

propose YR~ge~ and Mujumdar'( 1982 ) to evaluate the ~inimum
•

fluidization 'velocity in presence of vibration is briefly
• J

discuss·ed.
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4.2 FLOW RESULTS

4.2.1 Dr~ Partic1es

figures 4~land 4-2 present typical ~P versus U data :or

dry'glass, bal10tini ( dp=O.454 mm and dp=O.667 mm ). The curves

for r= 0 are those for conventional f1uidization. As r

"

increases the.pressur~.d~op initially rises above the r~O curve

,arid t~en /~>~se;,s ~,<~tt~r,;~':Th~ ma,JFimum positive deviation for

glass ball~ni particles from the r= 0 curve occurs at r=O.5 in

the range 'Ii U~mf=O ...6-0. 7. With an increase in r, this

devia:~on f;~~~he r=o curve becomes smal1 until at higher r's

the entire press~re drop curve is be10~ the r=O curve.

The initial surge in the bed pressure drop due to

vibraiion is"ascribed to compaction of the bed as observed

visual1y too" Up to r=1-;I..5 the bed compacts; above this value,
r

'-

,.,.,

it expands if the

A similar fi~ding

who carried out

vibrat;onal intensity is.high enough r~2 J.
o

has been reported by Erdesz.and OrmoS ( 1984 )
, ~)

thei, experiment:-s in a bed of sand particle"sJ (
. ,

dp= 0.15-0.6 mm ), 100-120 mm h~gh and with amplit~desupto 1.85

pa,rticles ( A=2. 75 mm ) as shown in F'ïgure 4-3.

,
JII1Il. They reported compaction 'i'n aIl cases for r<l and U/Umf<l •

• The above results were 'Also' 'verified for mqlec.ular sieve, .

From Figures 4-1 and 4-2 i{
/

ê'iln-be seen4-:hat for smaller

, .

-glass ballotini

the' ent'trè r

dp=O.454 mm ),
/ ,

range lincreased

application of vibratio~ over
"

'the bed pressure drop for'

(,

f

U/Umf<0.6-0.7. ,For larger ballotini ( dp=O.667 mm .) the. beq

expands ~;'y0nd ~2 i. e. fo..::.., ~2 the bed pressu.re drop i'S always

lower than. for a non-vibrated'bed. This result, suggests that·

"
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l
', . ,r '

vlbration-induced bed compaction is more pronounced in the case
,.-A'

of finer particles; higher compact ion implies greater resistance
. . . . .'

to flov. Pi~ure 4-3'confirms t,his st:.atement 'in' case of molecular

sieves' <. dp=1,4 mm l, vher'e the bed pressure drop for" r>lc is '- "
.. '.

alvays low.er than, that for r=q.
~ i~

'Theaf'orementiooed resûlts 'are in accordance vith data

and' Mujumdar ( 1984 l for molecular

pres!!nted

particles

by Gupta and Mujumdar

dp=3.1~mm

1980..r.f for
<.

polyethyl\!ne. ..

sieve particles.( dp=2~5 mm l where all 'the .pressure drop versus
t

velocity curves for r>O lie belo~ the r=s cur~e'over the entire

ah velocity range. A~though the results presented by Gupta and

Mujumdar

results

( 198'0 l are' for very shallow, beds
, ~,

have' 'also 'been ,further' veri~ed

( 25 mm' h'i~h l the se

using po~yethylene

. , par.ticles (,dp=3.25 mm l for bed depths upto 120 mm.
Q

In the case of finer particles, the initial compact ion (
,
" ,

r<1.5.l is so significant that ,even vibratlonal acceleration r~4

Inadequate to

tes't.ed had different'bulk

U/Umf~0.7-0.8 are pressure 'drop

that the materia1s
, ,

effect oL)vibration .'

lower . th~
~

notedbe

densities. The

shouldcurve. Itthe r=Obelow

and

decrease~ with,a dëcreasein partic~e dens' Gupta' '( 1979 )

and therefore for polyethylene and mol cular' sieve particles(

" .
bed compact ion, also shown in
J ."

eVide,n».' For U/UmfSO. 6 the bed •

.
vibrational

Figures 4-1 '~rid
J '

always 'compacts
"" " -

of

bed porosity

ens.i,tyef fect.
'. "',

effectThe

effect is coupled with tH

shows thè effect of··r on

is ç:learly
. il'"
'r<'1;~ for G/Umf=Ol: vibration. a . .foor

4-2

glass • ballotini particle~.

acceleration on

the partic}e size

j :-' .Figu;e' 4-~

..
" . . ....
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rang~ tested although less'~everely for r22. Hi~her r values '1

.r22 ) loosen up the bed for'UlUmf~0.3. At air flow rates'crose

to'minimumfluidization 1 UlUmf20.9 vi~ratiorial acceleration

increases the'bid porosity'over:thi entire range. This is true..
in light of the fact that at,

, ,

higher air flo,w rates vibration

a~ds 'in 'improving the beq'struct~re ( Bratu and Jinesc~
" ~

) • rathèr than suppotting~ iJ;. A sharp, rlse ,.i~ bed

l ,1977 ),

'between r=O. 5:',1. 5' for UlUm~=0.9 is' "due ,to early fluidization of,

the bed under,
verified by the

the influence of vibrati.on, a
, (l

presence of bubbles.

fa~~'also ~isually
''', ' ., .

"

quart'2, sand pa'rticles; 1 dp=O. 210-0 :355
, '

pàkowski et al 1 1984

,o'f bed for

)' hayé'> reported ini.tialcompaction
'rmm, tt~40 mmi

r=O-j' ) ana more ~eve~ely ~or ~maller particles over, a large..
'~ange of, rI r=o-!;j). They also reported that higher alÎlpÙt1.Îde-s

of vibration rèsult in greater
.. c

bed'. voiqage at', the' same
\

• accel,eration ..:rheir results' could "not be verified due to the',' '

"

, ",

in the ,
. ,

"bed porositfes, at

igher r s 1 r23 ) and UlUmf ,1

amplitude of vibration, '
;,

UlUmf20.6

)imï-tation' on "the frequency and

"current wor~. "

Il: should be pointed 'ou+- tiliit the' results 'presented -in
. / ~ ". . .'F;gurey are vlsually 'de~ermln'

different se~s\of rand' Ù/uinf.'\At
. .:~. ~ , .

the bed height ~nd' ,the pres,sure drop fluçtuated very

•

"

"

•
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deterfuined, which was then ~sed to calculate the average

porqsity from the following relationship (Kunii and Leve,nspiel

( 1967 )):

= 1 - ( 'H r=ltIi.

~;2.2 Sticky Particles

1 - 1jI ))
o

:

, .

, Despite their èxtensi,ve industrial ap'plica·tions,

par~i~u~ahy for drying of s~idy particul~t~s,_'littl'e is 'known

about' the 'aerçldynàmic ,

,made here toobserve

benaviour of such systems. An attempt is
, '-, '

some'flow behaviour of particles with
, ,

IJ _,'•

. surface sticldness, an,important parameter in' defer,mining the

·bed characteristic;:s in any, drying proce~s'.

jhe fluidizat~on curves f6l sticky particles are shown in

Fig~res 4-:; through 4-7.
, . ,"

, .
v~ry similar to' those '

.' , "It can be, seen·that curves ~or r=O ar~

,for. conventionaJ., fluidization. Moderate •
"

,

'sticki'nes~ ( glycerine content. It:!ss than 0'.006 'kg glyce(ine per

".' ,kg, dry' ballotini, ) does not Seem t;o ~ave àny éf fect on .the shape

of the fluidization ctir~es altho'ugh the minio;um -fluidizoation
" ,

velocity increasesand the bed structure is highly irregular•. '

The 'shape of the '~P - ~ curves f~r r>o are similar to the ones
, "

reported by Gupta ~dMujumdar ( 1980 ). " "

"" . ~" ~Seville and Clift ( '1984 r, who "Stlidiedthe, effect of
" ' , '

thin liquid layers on flMidization characteristicsin a bed,o~

wi th, liquid loadi'ng. They also

no~-volatile' oil ( di-2-'thyl,

anincrease i-;l" the minimum'

.
'glass ballotirii' using • a light,
'hexyl sebacate :) reported

• fluidization 'velocity, 'Umf,

.' " .,
, . '
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•reported a shift in behaviour of the bed from Group B (sand

like ) through A .( aeratable to Group C .( cohesive ) of'
</' .JI1>'
~ Geldart's ( 1913 classification i. e. ~from a regular to

irregular bed structure ( See Appendix ' B and Table 3.1(b) for

c'1assification of particles ). In~reasing interparticle cohesive

forces in a bed of Group ~·'·B material cause the fluidization

generally increases

characteristics to move

interparticle cohesipn

through Group A to Group C. Increasing
1

'bed voidage and

)

)

reduces t~ pressure gradient for given gas velocity ( Seville

and Clin ( 1984 ).) and hence increases the minimum f'1uidization

velocity.

I~ should be notedfrom Figures 4-5 through 4-7 t~at ~ith

increasing r 'the pre.ssure drop is always higher than that for'

,

"r=O over the aerationrate U/ÙmfSl. It is also very important to

note tha-t beyond U/Umf=l, aIl p~w

However, unlike the dry particle~

curves 'reach a ,plateau.
i,

for which aIl flow curves

, reach a cQmmon plateau; for sticky beds the plateau levels ar.e
, ~

differênt and, a function of X and r. Th~~ difference is more

after fluidizati~n has startéd~

prollounced, with increasing
,. ., ' '

channe'lling in more sticky, .beds

,stiqkiness' due to
)

increased

. Th~ pressure ~r~p is consistently low,er for higher r' s after, the
"," ..',.,:,J. .

plate&lu is reachèd: Thi.s may b'e attributed to a 1005er and more
, (applied .; ." '

the bed as a result of"homogeneous structure of

vibration. ,.,
FO,r non-vibrated beds ,highly irregular flow patterns were

,~ , ,

observed throughout the bed of stic~y particlis i.e. craçks thd

irregular channels covered the whole· bed. For X=Q.OOG the bed

"Cl. •.
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often separated as·a ~hole from the distributor plate and

remained suspended until it was 'tspped 'down. ~his irregular

behaviour of the bed diminished with application of vibration;

above r= 1.5, no discernible channelling occurred.

In Figure 4-5, the dotted line for r=D represents a

typical alternative ~p versus a curve which is an indicator of

the poor reproducability of the flow curves forsticky beds. The

hump disappears when the bed is lightly tapped to break the

bridges and channels formed due to stickiness of the particles.

A very significant feature of e sticky beds was the absence of.

bubbling over the .entire range of r's and air flowrates covered.

For corresponding dry beds, there is considerabl~ fluctuation in

the bed pressure drop under similar conditions.

Another observation was the entrainment of particles at

much lower superficial air velocities for sticky beds at r>2

viz., in the range of 1.4-2 times amf ( Note: amf here is the

measured value fpr the sticky ( not dry) particles l. For dry

beds, there was no discernible entrainment under similar

operating conditions.· This is attributed to the formation of

channels in the sticky bed; for a given superficial air velocity

the air velocity withi~,these channels and crevices can be high

enough to cause localized entrainment of loose particles. Such

local entrainment is aided by vibration which besides providing

. extra lift, breaks up some of the larger lumps into smaller ones

which can be readily entrained.
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.4.3 MDJCING

For efficient heat and mass transfer operations to take

place in a VFB, it is important to accomplish good solids mixing

in the bed. One of the main advantages of the VFB is that solids

mixing commences at very low gas velocities and moderate

vibrational accelerations. Gupta and Mujumdar (1980 ) studied

the mixing phenomena in a VFB and defined a new " minimum mixing

velocity". Their observations were purely visual and provided

no quantitative measure of onset of mixing.

Mixing besides affecting the heat transfer rates is also

an indicator of the temperature gradients through out the bed

and vice-versa. Therefore, the temperature variations in the bed

provide a means of estimating the degree of particulate mixing

as well as the circulatory patterns which are induced in a VFB

under the joint action of vibration and aeration. The details

of the procedure employed to obtain the mixing map are discussed

in Chapter 3.

Figures 4-8 through 4-10 show the flow regimes in a VFB

as far as solids mixing is concerned. It should be noted that

all these figures are independent of the amplitude of vibration.

Figure 4-8 shows the mixing characteristics for a bed of dry

particles. The regions of moderate and vigorous mixing

correspond to the "pseudo-fluidization" regime as reported by

Gupta ( 1979 ).

Figure 4-8 also compares very weIl with the plot of

minimum mixing velocity as a function of vibratory acceleration
~

presented by Gupta and Mujumdar ( 1980). ·As discussed later in

Chapter 5, the heat transfer rates are much higher for moderate
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and vigorous mixing regimes as compared to the region 'of poor

mixing. These maps were developed on the basis of visual

observations as weIl as the measured spatial variations in bed

temperature with a heated cy+inder in the bed. These results are

semi-quantitative in nature.

Figures 4-9 and 4-10 show the mixing characteristics for-.
sticky beds of glass ballotini. Comparison with Figure 4-8 shows

that aIl the curves shift towards the right for a bed of sticky

particles i.e. the region of poor mixing extends to higher r

values.'This can be explained in terms of the adhesive bonds

formed between two particles whièh inhibit the initial mixing of

bed by providing additiona1 resistance to granular flow.

Figure 4-10 shows the mixing regime map for larger glass

ballotini, but at the same stickiness level as in Figùre 4-9.

It can be seen that for larger ballotini the region of poer

mixing is smaller as compared to the smaller ballotini, and

vigorous mixing is initiated at lower values of r. In fact, at

the stickiness level used Figure 4-10 is very similar to Figure

4-8 i.e. larger' sized particles are less affected by stickiness

as compared ~o the smaller ones.

The characteristic of Group B ( sand like ) particles of

Geldart's <.1973 ) classification is that, interparticle forces

are negligible as compared to fluid drag. Seville and Clift (

1984 ) have postulated a simple criterion for pa!ticles to be in

Group Bas:

g( Pp - P ) < il dp'/6 )/ F h > constant
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where F
h

is the adhesion force transmitted in a single contact

between two adjacent particles. The constant in the above

equation is a function of particle characteristics.

Therefore, for a given stickiness level

mm.

a dry

constant ) larger the particle size better are the structure and

mixing characteristics of the bed. This probably explains why a

bed of sticky glass ballotini dp=1.017 mm ) be~aves much like

ooe ., cOIDpaced 10 • ,'icky bed of ballO'~'h dp-O.325

4.4 BED PRESSURE DROP

The operation at very low air flow rates leading to

reduced pressure drops is a key hydrodynamic'#eature of the VFB.

This leads to a more economic operation, due to requirements of
1

smaller ducts, smaller dust collection equipment and reduced

overall energy and power consumption. Since, rigidly .mounted

cylinders themselves act as distributed ~ibrators, the results

presented are for a bed with a rigidly'mounted horizontal

immersed circular cylinder. The effects of amplitude and

frequency of vibration, particle size, bed height and particle

stickiness were examined in this st~dy.

, 4.4.1 Effect of Vibrati~~cceleration
The ~P v~sus r results for beds of 0.454 mm and 0.667 mm,

glass ballotini, with. a 25 mm diameter cylinder mounted

centrally in the bed are presented in Figures 4-11 and 4-12,

respectively. It can be seen from these figUre~ that for

"
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Figure 4-11 Effect of vibrational acceleration'on ~p ,

for a bed of dry glass ballotini
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U/UmfSO.6 vibration first increases the pressure drop across the

bed from r=O through r=1 due to compaction, before lowering it

gradua11y up to r= 3.5; beyond this value there is a

•

considerable reduction in the bed pressure drop.

For U/Umf~0.6, the initial phase of bed compaction is

absent altogether and there is a monotonie decline in bed

pressure drop from r=O through r=4. This observation implies

that at higher values of U/Umf the effect of air flow rate

overrides the effect of vibration as stated among others, by

Bratu and JineScu ( 1971 ).

An important observation from Figures 4-11 and 4-12 is

that the bed pressure drop is 10-20% lower in the case of larger

ballotini as compared to the smaller one. Erdesz and Ormos (

1984 ) carried out experiments with sand particles ranging from

0.15 mm to 0.8 mm in size and r=0-14. Their result that pressure

drop curve for smaller particles is 'low~hân that for beds of

larger particles is contradictory to(fhe. present~ults. It

should be noted, however, that Erdesz and Ormos (1984 used

very small amplitude of vibration ( l.85 mm ), and their results

in the r=1-4 rangewere very inconsistent. The exact cause for

this discrepancy is not known.

Typical bed pressure drop versus r results for sticky

ed in Figures 4-13 thro4gh 4-15. As discussedbeds are
J

earlier, for St~l-7o-t....,..~ particles. the' bed structure is very

(
\,.

irregular. Each time th~ material was ~harged into the bed the

starting pressure drop was 'different i.e. the f10w pattern is

not reproducib1e. Without vibration the who1e bed often moved
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Figure 4-13 Effect of vibrational acceleration on ~p

for a bed of sticky glass ballotini
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as a piston, momentarily raising the pressure drop to very high

values. To ensure uniformity, each time before the start of an

experiment the bed was vibrated at r=2 to loosen it and obtain a

nominally similar initial state of the bed structure. In many

cases even this did not alleviate the problem of intial

adjustment in the bed structure.

Figure 4-13 presents a typical ~ase showing the influence

the initial state of the bed of sticky particles 'has on bed

pressure drop. Referring to the case of U/Umf=O.7, there was

strong channelling initially (lower ~p ) followed by a sudden

rise in pressure drop at r=O.5-0.75 due to vibration-induced

homogeneity of the bed. For U/Umf=O.4 no initial period of

aa'djustment was obsérved. At U/Ümf=à.8 'the whole bed moved 'as a

piston raising the pressure drop considerably until at rel it

suddenly disintegrated. It should be noted that in all cases an

identical procedure was employed to obtain these data.

The curves for decreasing r, are smooth right through r=O

because the bed is already in a homogeneous state. The trends of

the pressure drop curves are similar to those those for dry

glass ballotini except that - the initial compaction is lower.

This can be attributed to the interparticle forces due to

stickiness which resist, the initial "compacting" effect of

vibration.

The magnitudes of pressure drop for sticky ballotini are

about the same as compared to those for dry ballotini. However,

in this case the Umf is much higher which means that the same

pressure drop is obtained at the same U/Umf ratios but not at
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the same absolute superficial velocity as compared to the case

of dry ballotini. The increase in bed porosity due to cohesion

as reported by Seville and Clift ( 1984) leading to formation

of channels and an increase in minimum fluidization velocity is

a probable,explanation for this phenomenon.

Figures 4-14 and 4-15 show the effect of r on bed

pressure drop for a bed of sticky particles but at much lower

levels of stickiness ( used in the heat transfer runs ). It can

be seen that unlike dry particles the maximum compaction and

decrease in AP occurs for U/Umf=O.9 while it decreases for lower

values of U/Umf. It is important to note that there is

considerable reduction in pressure drop from r=l to 4 ( Figure

4-14 ) but not as much in Figure 4-15 which is for large glass

ballqtini ( dp=1.017 mm ) and at smaller amplitude of vibration.

4.4.2 Effect of Amplitude of Vibration
r

Figure 4-16 presents the effect of amplitude of vibration

on the bed pressure drop. The results are plotted in a

dimensionless form as Fv, vibration factor ( AP/AP o ) ,

"

versus r. It can be seen that higher is the amplitude greater is

initial~ompaction and pressure drop reduction thereof.

For U/Umf=O.9, the effect of vibration is practically

nonexistent. At U/Umf=O.3, the pressure reducing effect of

vibration is greater for large amplitudes as reported earlier by

Gupta (1979 ). It should be noted that the initial compact ion

of the bed is greater for higher amplitudes. For a bed of sticky
{/

glass ballotini, the pressure reducing effect of vibration is
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greater for higher amplitudes beyond r>1.5. On the other hand

the initial compaction is more significant for smaller amplitude

of vibration because the liquid bonds between the particles are

not easily broken at smaller amplitudes. Such a mechanism can

lead to the observed more appreciable initial compactlon at

lower r's for smaller amplitudes.

diminishespressure drop. As expected the effect of

4.4~3 Effect of Bed Height

Figure 4-17 presents the effect of bed heigh on the bed

in bed height, i.e. pressurewith an increase

vibration is lower for deepei beds.

red ~,t.i.on due to
,v:-,

Similarci::'èiults were

reported by Gupta and Mujumdar (, 1980 ) but with much smaller

bed heights 12.5 - 37.5 mm). Beyond H=lOO mm the effect of

vibration on the bed pressure drop is margin'al.

For sticky beds the trends are much the same except for

some irre~ularities at higher air flow rates i~e. U/Umf=0.9 and

r<1.5, when the bed is unstable and strong c.hanelling leads to

non-reproducible results. Data presented for glass ballotini (

dp=0.595 mm ) indicate that the initial compaction of the bed is

also reduced considerably with an° increase in bed height

possibly because the upper layers of the'bed do not compact as

much as the lower layers of the béà.

4.4.4 Effect of Particle Size

The effect of particle size on Fv versus r curves is

presented for molecular sieves of two sizes in Figure 4-18. The
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pressure reducing effect of r is smaller for the smaller

particle size. Gupta and Mujumdar (1980 reported similar

observation~ and their explanation that the effect of vibration

diminishes with an increasing H/dp ratio seems to be the most

plausible one. A higher H/dp ratio, results in reduced

transmission of vibration per unit length of the bed. It can be

seen from Figures 4-11 and 4-12 that the magnitude of abSolute

pressure drop is also slightly lower for lârger particles .

..
4.4.5 Effect of Freguency of Vibration

Figure 4-19 shows Fv as a function of vibrational

frequency, ~. It can be seen that the pressure reducing effect

of r is a- stronger function of amplitude than of the frequency

of vibration. The curves for higher amplitude are always lower

than those for smaller amplitude. Further compaction of the bed

occurs at lower r's in the case .of higher amplitudes. From the

definition of r and the fact that the bed compacts for r$l, it

is obvious that compaction would

higher amplitudes.

4.5 FLOW OYfR IMMERSED CYLINDERS

occur at 10wer frequenci~s for

(

Heat transfer from heat exchange surfaces immersed in the

bed is influenced by the particle and gas flow patterns around

them. While the gas flow patterns cannot be readily visualized

in the VFB, the more important particle flow patterns can be

visualized - relatively simply in the two-dimensional
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configuration used. Since in engineering practice one is more

interested in time averaged overall heat transfer rates, it was

considered adequate to examine the time averaged spatial

variation of the two-dimensional gaps ( i.e. particle free zones

formed around immersed horizontal cylinders.'

This does not necessarily imply' tha t average hea t

transfer rates are directly and exclusively correlated to the

time-averaged gap distributions around the cylinder. The

. particle flow patterns' within the bed are equally important in

determining the bed-to-surface heat transfer rates. The effect

offlow patterns in the bed and average gaps around immersed

cylinders on the average overall heat transfer rate is presented

and discussed in thefollowing chapter.

A typical sequence of gap formation around a rigidly

·mount;ed horizontal cylinder ( 25 mm diameter

vibrated bed of glass ballotini ( .dp=O.454 mm

immersed in a

is shown in

Figure 4-20 •. The cyl inder ,ax is was in the central m.idplane of

t~e bed. For U/Umf=0.3 gap formation is initiated over the lower

surface, of the cylinder around r=l. 5, whi le the gap on th,e top
-surface begins to develcip only around r=2.5, beyond which both

the . upper and lower .gaps grow in thicknessès nearly

proportionately until r=4

interest.

the upper limit of practical

For UlUmf=0.6, the upper gap

wit;h a rather unique, shape Le. two

develofs only about r=2 but

small\symmetrically placed

ears. These e'ar::s grow in size' progressively with vibrational

intensity until about r=3.5 when they merge to form a continuous
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gap on the upper surface. As the ratio of UlUmf is increased to

0.9, distinct bubbles appear at about r=0.5 with simultaneous

gap formation on the lower surface.

It seems that until r=2 vibration aids bubbling, but

beyond this value it progressively dampens it out. At

vibrational accelerations beyond r=3.5 bubbling through the bed

visibly v.anishes. Vibration appears· to aid bubbling by first

looseningthe bed (bubbling at UlUmf=0.9 l, but later the

rapidly vibratinggrid seemingly breaksup bubbles as they form.

For example, at UlUmf=1.2 and r=4 no discernible bubbling

occurred. At UlUmf=1.2 the lower gapinitiates around r=0.5

while the top gap in the peculiar form of ft ears ft begins to

develop around r=1-1.5. Also noticeable is the fact that even at

r=4 the upper gap retaines its ear-like shape without

disintegrating into a continuous gap.

Similar observations were recorded for the 38.1 mm

diameter cylinder immersed in a bed of ballotini dp=0.454 mm

). An important observation was that, although the size of the

cylinder increased 50%, the size of the gaps was only 10 - 15%

larger than that for smaller cylinder, although the extent of

the gaps were nearly the same.

For a small change in particle size, the magnitudes and

trends of the air gaps did not change. For larger particles (

dp>l mm as with molecular sieves, the gap formation was

delayed and the magnitudes and extent of gaps were smaller.

Figure 4-21 presents a graph of the maximum gap width, Y, versus

r for dry glass ballotini ( dp=0.667 mm ) for a 25 mm diameter



-98-

A - 4.25 rnn

D - 25 rrm dia.

LOO

1.25

0.75

Y -( cm )

0.50 U;'Unf

e· a
.t- 0.3

0.25
0.6...

• 0.:1.. 1.2
a 1

....
0 l 2 3 4

r

?igure 4-21 Effect of vibrational acceleration on gaD widths

around immersed cylinder in a bed of dry olass ballotini



-9~,

-~)

immer~ed horizontal cylinder. These results were obtained. by

visual measurements of the average gaps around the cylinder.

It can be seen from Figure 4-21 that with increasing

U/Umf ratio the gaps start forming at lower values of r. The gap

thickness increases with an increase in r for a fixed U/Umf

ratio. The magnitudes of the gap widths at r=4 are different for

aIl flow rates; the gap widths were greater with increasing

U/Umf ratio. For U/Umf~0.9 the gap widths seemed to reach a

common plateau at r=4 suggesting that at higher air flow rates

and vibrational accelerations the effect of vibration on gap

formation is negligible. ·;i:

Figure 4-22 shows the angular coverage of the

particle-free gap around the cylinder as a function of r. In

determination of heat transfer rates it is the extent of the gap

rather than its thickness that is important, because

irrespective of the thickness the particle-free air gap acts as

a poor thermal conductor for heat transmission.

It can be seen that for U/Umf~0.6 and r>l the extent of

gaps is unchanged while for U/Umf~0.3 the extent of gaps, is

lower,although for U/Umf=0.3 it is almost equal to those for

higher U/Umf ratios at r=4. For r<l there is almost no gap

present for U/Umf~0.3 while for U/Umf~0.6 the extent of gap is

greater at higher air flow rates. Figure 4-22 along with the

mixing maps ( Figures 4-8 through 4-10 ) are important starting

steps towards understanding and physically modelling the

(
surface-to-bed heat transfer process in a VFB.

A typical sequence of gap formation around a 25 mm
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diameter immersed cylinder in a bed of smaller ballotini

dp=0.454 mm ) and X= 0.003 kg glycerine per kg dry ballotini is-shown in Figure 4-23. It is easy to see that, the gap begins to

form at r=2.5 for U/Umf=0.3 and that both the upper and lower

gaps appear simultaneously with nearly the same size. For

U/Umf=O.G the gap formation·initiated at r=2. For U/Umf=l the

gaps started forming at r=0.75 but the top gap was isolated from

the cylinder surface and was above the cylinder in the shape of

a well-defined crescent. Such a gap s~ould conceivably have

little effect·on the heat transfer from the cylinder to the bed.

In aIl the aforementioned cases, 'the presence of

particles within the air gaps was visually observed at r=3.5-4.

These particles seemed to form a continuous shower in the gap.

Similar trends were obtained with the larger diameter cylinder

but with marginally larger gaps. For films exposed for over one

or more seconds, the presence of particles in the gaps. could not

be seen as it was effectively washed out due to overexposure.
"

Flash photographs did confirm the presence of particle~ in very v

dilute concentrations in the gap. These.can be effective heat

carriers and should be accounted for in a rigorous physical

model.

Figure 4-24 shows the gap width plotted.as a function of

r for a bed of "sticky" glass ballotini. Note that the

stickiness.level is much lower in this case. It can'be seen that

for U/Umf~0.3 the gap widths are nearly the same after r>2. For

r<2 lower U/Umf ratios have smaller gap thicknesses. For

non-aerated case the gaps are much smaller for rs3 but at r=4
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aIl the curves meet at the same level- a feature not observed

for bed of dry particles. "

4.6 EXTENDED VIBRATIONAL ACCELERATION NUMBER

Ringer and Mujumdar ( 1982) suggested the use of an

extended vibrational acceleration number, r VFB ' for

characterization of aerated vibro-fluidized beds. r VFB takes

into account the pressure drop and mass of the VFB. It is

defined as:

rVFB = r( Mg/(Mg - t;"Prif ~ »

the cross-sectional area ofwhere M is the

the bed and

mass

t;"Pmf

of the bed, Ab

is the bed pressure drop at minimum

fluidization in presence of vibration.

According to Ringer and Mujumdar ( 1982) for VFB's the

desired state of homogeneous fluidization is reached for rVFB

>1.4.~hey also proposed a relationship

Umf VFB /UmfCFB = ( 1 - r/rVFB ) 1/ 2

..
where UmfVFB is the minimum 'fluidization velocity for a VFB,

while UmfCFB is the minimum fluidization velocity for a

conventional bed. It must be pointed out that due to

non-availabillty of any reliable correlation to predict Umf VFB

it was visually determined as the point when the first

disturbance ( a small bubble ) appears on the surface of the
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bed. Due to the qualitative nature of determining Um~ the

results although not exact, give a good insight as to the

trends.

Tables 4.1 and 4.2 show the values obtained for rand
VFB

corresponding experimental and theoretical values of Umf VFB /UmfCFB

for glass ballotini and molecular sieve particles respectively.

It can be seen from these tables that the theoretical

correlation for prediction of the Umf does not predict the

initial compaction and hence a rise in UmfVFB /UmfCFB ratio for

a VFB. Beyond r~l the experimental and calculated values for

glass ballotîni are within 14% of each other.

In case of molecular sieves" the experimental values are

"always higher than the calculated ones by 16-24%.It should be

noted, however, that molecular sieves are almost twice as light

as glass ballotini and the results of Table 4-2 were determined

,in the three-dimensional bed at a lower amplitude of vibration.

For glass ballotini the correlation for predicting Umf VFB /Umf CFB

works well as is shown in Figure 4-25 • The variation betwèen

~Kperimental and calculatedyalues for larger glass ballotini (

dp=O.667 mm ) in Figure 4-25 is withinlO%. The correlation

proposed by Ringer and Mujumdar ( 1982 is thus useful for

/

engineering purposes since in practice one is interested only in

Pl.

4.7 CONCLUSIONS'

The VFB helps in fluidization of sticky and agglomerating

solids which are impossible to fluidize conventionally. There is
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\_1

a vibration-induced compaction for dry beds of particles in a

VFB at low vibrational accelerations ( rSl J. There is good

solids mixing in a VFB at low aeration rates and moderate

surface stickiness delays good solids mixing to higher r values,

and larger sized particles are less affected by stickiness as

compared to the smaller ones.

'.
vibrational intensities UlUmfSO.3, r~1.5 J. Addition of

The bed pressure drop decreases with an increase in

vibrational acceleration beyond r>l following an initial rise

due to bed compact ion. The effect of vibration attenuates with

an increase in air flow and bed height and a decrease in

particle size. The pressure reducing effect of vibration is a

st ronger function of the amplitude ilin of the frequency of

vibration.

Flow patterns in a VFB show a presence of particle-free

air gaps around the immersed circular cylinders for both dry and

sticky beds of particles. These gaps increase in size with an

increase in vibrational intensity and initiate at lower values

of r with an increase in air flow rate.

The correlation proposed by Ringer and Mujumdar ( 1982 J

predicts the minimum fluidization velocity in presence of

vibration better for glass ballotini as compared to molecular

sieve particles and overlooks the

compaction.

effect of initial bed
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TABLE 4.1

Effect of Vibrational Acceleration on Minimum

Fluidization Velocity for a VFB

Material - Glass ballotini, Amplitude of Vibration- 4.25 mm

dp = 0.454 mm 0' Ab = 0.0101 m2 , M= 1.75 kg

r a 0.5 l 2 3 4

l cr. 5

0.79

1054

0.101

0.69

16~9

0.90

1398

0.113

0.77

1471

0.133

0.91

0.94 ~

9.5

1520

0.140

0.96

10.5

0.97

1618

0.156

1.07

0.0

1.00
(pred)

(expt)
UnfVFB

UrnfCFB

r

~Pmf (N/m 2 ) 1618

Umf (m/s) 00.146

1.00

, %error 0.0 -9.4 -1.3 1.9 14.3 Il.7

(

\
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Effect of Vibrational Acceleration on Minimum

Fluidization Velocity for a VFB

Material - Molecular sieve, Amplitude of Vibration- 2.75 mm

dp c 2.36 mm, Abe 0.0408 m', Mc 4.4 kg

r 0 0.5 1 1.5 2 '3

5.54

0.67

471

0.421.

0.84

4.39

0.74

559.

0.458

0.91

4.05

0.79

647

0.484

0.97

3.52

0.85

736

0.491

0.98

2.65

0.90

834

0.52

1.04

0.0

1.00
(pred)

.c.Pmf (N/m') 819

Umf (m/s) 0.50

UTIfVFB 1. 00
(expt)

UTIfCFB

r

UTIfVFB

UmfcrB

-
%error o 15.5 15.2 22.7 22.9 25.37

-
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CHAPTER 5

RESULTS AND DISCUSSION - HEAT TRANSFER

5.1 INTRODUCTION

This chapter discusses the contact heat transfer results

obtained experimentally for single, ri~idly-mounted, horizontal

circular cylinders immersed in a VFB. The results are presented

in both dimensional and ~on-dimensional form. Effect of

amplitude and frequency of vibration, aeration rate, particle

diameter, particle stiekiness and moi sture content, . on

surface-to-bed heat transfer are examined experimentally. The

effect of vibrational acceleration on heat transfer coefficient

during a drying process is also discussed. Finally, an attempt

is made to explain the experimental results, using existing

on mixing and

theories on

information

packed

•
from the

and fluidized bed

preceding chapter

heat transfer and

flow

patterns around immersed cylinders in a VFB. Note that without

exception, heat transfer in this thesis refers to surface-to-bed

heat?transfer. All the heat transfer experiments were performed

in a VFB fitted with a 18% free area distributor plate.

, 5.2 EXPERIMENTAL RESULTS

5.2.1 Effect oi Vibrational Acceleration

Figures 5-1-a and 5-1-b show the effect of r on the heat

transfer coefficient, h, for a VFB of glass ballotini vibrated

at a constant amplitude of A=4.25 mm. For UlUmf=O i.e. a

non-aerated bed, vibration enhances the heat transfer



.\

4

o

0.4

U/Unf

0,8

1.2

3

e.
Â

"Y
o

2

r

1

-3D - 38.1 x 10 m
Il - 110 x 10-3 m

.0

o

400

300

200

100

ujUnf

• 0

À 0.3

"Y 0.6

• 0.9

0 1.2

1 2 3 4

D - 38.1 x 10-3 m
H - 110 x 10-3 m

o
o

500

300

400

200

100

r

Figure 5-1' Effect of vibrational acceleration on heat transfer

coefficient for dry glas5 bal10tini (8) dpc O.325 mm

(b) dp c 1,017 mm at Ac 4.25 mm
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coefficient by more than 20 times. The lower plateau of this

S-shaped curve ends at r=l while the upper plateau is fully

formed at r~2. The increase in h, in the transition range, i.e.

r m l-2, is associated with the transition from steady to

vibro-f1uidized. bed and onset of vigorous particle mixing 1

transition from reglme of poor mixing to one of vigorous mixing

in Figure 4-8 ). Pakowski and Mujumdar 1 1984 and Bretsznajder

et al 1 1963 ) have report~d simi1ar findings. Bretsznadjer et

aIl 1963 ) also reported a heat transfer enhancement of 17-19

times for aluminum oxide, kaolin and zinc particle when vibrated

moderately in non-@erated beds.

Superimposition of air flow on vibration makes the

transition to higher levels of heat transfer to occur at lower

values of r. Due to improved particle mixing induced by the air

flow in the range r<1.5, h increases with increasing gas

ve1ocity. The peak reached by each curve also shifts

progressively towards Ipwer r values with an increase in UlUmf.

A simple 1inear relatiopship
/

was obtained from experimental

observations correlating UlUmf to rmax 1 value of r at hmax)
o

and is presented in Pigure 5-2.

It is e?sy to notice from Figure 5-1 that. ;
for UlUmf=O

upper plateau values for h are larger than those for UlUmf>O. In

fact the increase of gas velocity makes the bed expand and makes

the transfer of vibration' energy from the distributor less

efficient. with increasing UlUmf the bed does not f0110w the

vibration of the distributor grid but more or less levitates

•whi1e the vessel vibrates. , .
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Figure 5-1 shows that after reaching a maximum, a~ound

r=1.5 curves start to decline; this is attributed to the

7 formation of st.able Pi1iticle-'free air gaps around the immersed

cylinder whiéh inhibit the heat transfe~ { Pakowski and Mujumdar

(1962 1: Mujumdar and Pakowski (1963 ). Referring ,back to

Figure 4~0 it is easysto notice that stable gaps form around

the cylinde~s beyond rmax. Alt~ugh rmax also corresponds to
"

the onset of vigïorous pa~ticle mixing in the bed (i.e. highe~

particle convective heat transfer ), counteraction of t,he

"influenceofmixing and air gap fo1mation gives maxima in h

versus r durves in the range rmax=1-2.

The effect of vibrational acceleration on heat transfer

coefficient for beds of molecular sieve particles is shown in

Figure 5-3. Here the enhancement in heat transfer at U~f=O is
>

considerably lower than that for the smaller glass ballotini (

dp= 0.325 mm). The values of rmax are the same as those for
,;

glass ~llotini, althoug~ the decline in the curves after the
~

~aks is not as steep. This i5 ascribed to smaller particle-free

air gaps around the cy,linder for molecular sie~. /particles.

,Further,' the heat transfer curves for lower U/Umf are al,,:,ays

below the higher U/Umf curves, over the ent.ire r range examined .
...

The reduction in the heat transfer enhancement for

"moleèular' sieve particles at U/Umf=O is possibly related more to

the ,theory of particle contact time and heât \transfer rather

,than to the effect of vibration'. At the condition of U/Umf=O' and

r>2 ( vigorous mixing l, the particle contacttime with the heat

transfer surface is solely determined by frequency and amplitude
"

a
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of vibration. Hence, for a fixed value of r the contact times

for aIl particles may be assumed to be uniform. However, the

particle Slze and bed effective thermal conductivities are

different. The particle contact heat transfer resistance

proposed by Baskakov et al ( 1973 ) is

Rk = dp/{ 2Ks )

It can be seen from the above equation that an increase

ln particle size increases the thermal resistance lowering the

heat transfer rate. Therefore the heat transfer enhancement at

U/Umf=O for larger glass ballotini ( dp=1.017 mm and smaller

...

mol~cular sieves ( dp=1.4 mm) lS much smaller than glass

ballot ini, dp=O. 325 mm. l t should be noted that the thermal
"

conductivity of beds of molecular sieve particles and glass
'-.'

ballotini are within lO-15% of each other as shown lat~r ln

Table 5.l....
It is observed· that heat transfer coefficients for

molecular sieve particles at higher U/Umf's are larger than
'~1

thos~ for smaller- u/Umf'~:?Ver ~he entire r range and·not 50 for

gr'ass ballotin.i. Althou~ the minimum fluidization velocities

for molecular sieve particles (dp=1.4 mm) and glass ballotini

(dp=l.017 mm) and bed thermal condUctiviti.es are almost the

same the reason for the above "-.Giscrepancy could not be

explained. It should however, be noted that molecular sieve

\
j

part.ic'les are twice as li~!1t as glass ballotini.

An alternate representation of the enhancement in contact
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heat transfer effected by mechanical vibration of a bed of dry

glass ballotini and~molecular sieve particles, aerated as well

as non-aerated, is displayed in Figure 5-4. Here the heat

transfer rates are normalized in terms of the heat transfer rate

in the absence of vibration under otherwise identical conditions

to yield enhancement factor, Eh' It can be seen that the

enhancement factor decreases with an increase in particle size

and air flow. The effect of vibration . ". .dlmlnlshes with an

•

increase in air flow rate, and is virtually negligible beyond

U/Umf>1.2. The effect of vibration falls beyond rmax, ~eaching

asymtotic values for r>2. Infact Mujumdar and' Pakowski < 19!f3 ).

reported a negative enhancement for glass ballotini particles

dp=O.454 mm ) for ?/6mf~1.4 beyond r>2. No physical explanation~

could be given for this.

•

Traditionally the heat transfer data are presented in a
.0<

dimensionless form viz. the Nusselt number. The data obtained in
/

thi 5 study were also plot ted as Nussel t number versus. r. The
!

Nusselt number was definedas Nu=hD/Ks, where D is the cylipder

diameter ~nd Ks the effective bed thermal conductivity. The bed

effective thermal conductivities were calculated from the

correlation proposed by Wakao and Kaguw .< 1982 ) as:
,<Ç;\

•

from the correlation

at,no

5.2.1

.'"of the packed bed

..
= Kso + O.l(Pr) (Rep)K fKs

\

" /
,.' ,

~here Kso is the thermalconouctivity
/V', '~

air flowor~ vibrati~n. Kso was determined
~

propdsed by Wakao and Kaguei ( 1982 )-.as:
.'1-
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KsO/K f = (2/( l-Kf/Kp ) ( In( Kp/K f )/( l-Kf/Kp ~ - l )

....... 5.2.2

Schlunder ( 1982 ) also proposed a more complex relationship to

evalùate Ks o including the effects of thermal conductivity of

particles and fluid, particle diameter, void fraction, particle

shape factor, particle size distribution function and relative

flattened particle surface contact area. The difference in

thermal conductivities obtained by Schlunder's 1982 ) complex

correlation and Equation 5.2.2 was found to be negligible. Hence

Equation S.2.2 was used because of its simplicity in evaluating

Ks O
•

In a conventional fluidized

of the fluid is used in ~luating

at U>Umf, the gas conv~t~e heat

bed the thermal conductivity

the Nusselt number, because

transfer is the dominant heat

transfer mechanism. Since this study is concerned with low

aeration rates, l.e. U/Umf<l, the mixing maps ( Figures 4-8

through 4-10) were used in the determination of the effective

thermal conductivities. In the regime of poor mixing, Ks was

used 'as the effective thermal conductivity of the bed-, in

regimes of moderate and vigorous mixing when the bed -could be

consid~red "fluidized n
, U.5( Ks + Kf ) was used as the effective

bed thermal conductivity. Table S.l lists samDle calculations. ,

for effective bed thermal conductivities for glass ballotin1 and

,molecular sieve particles respectively. Note that this

r'eprese~)ation of the Nusselt number is being presented for the

first time in this thesis.
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TABLE 5.1

Effective Bed Thermal Conductivity for Evaluation

of the Nusselt Number

Glass ballotini, dp=1.017 mm, Umf=36.5 cm/s, Kr=0.0268 W/mK

Kso=0.141 W/mK, KS = Kso '" O.l(Pr) (Rep)K f (5.1.1)

U/Umflr 0 0.5 1 1.5 2 3 4

0 0.141 0.141 0.141 0.0839 0.0839 0.0839 0.0839
0.3 0.154 0.154 0.154 0.0904 0.0904 0.0904 0.0904
0.6 0.167 0.167 0.097 0.097 0.097 0.097 0.097
0.9 0.180 0.103 0.103 0.103 0.103 0.103 0.103

•

Molecular sieve particles, dp=1.4 mm, Umf=36.3 cm/s

Kso=0.126 W/mK, Ks = Kso + O.l(pr)(Rep)K f (5.1.1)

U/Umflr 0 0.5 1 1.5 2 3 4

0 0.126 0.126 0.126 0.0764 0.0764 0.0764 0.0764
0.3 0.143 0.143 0.143 0.085 0.085 0.085 0.085
0.6 0.16 0.16 0.094 0.094 0.094 0.094 0.094
0.9 0.178 0.102 0.102 0.102 0.102 0.102 0.102

,
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It should be noted from Table 5.1 that there is a

discontinuity in the values of thermal conductivity when

shifting from the regime of poor mixing to moderate mixing (

Figure 4-8 ). The results for Nusselt number versus r for the

regimes of poor, moderate and vigorous mixing ( Figure 4-8 ) are

plotted on the same figure in this thesis ( Figures 5-5 and 5-6~

); however. due to the discontinuity in the values of thermal

conductivities chosen the Nu versus r curves should be plotted

separately . for the regimes of poor mixing and moderate and

vigorous mixing.

Figure 5-5 presents a typical Nusselt number versus r

plots for beds of molecular sieve particles ( dp=1.4 mm ). It

can be seen that the trends'of the curves are the same as those

of Figure 5-3~a, although the magnitudes have changed. The

curves for higher U/Umf decrease in magnitude because of an

increase in effective bed thermal conductivity as shown in Table

5.1. Similar results were obtained for other particles too.

Figure 5-6 presents heat transfer results in a normalized

non-dimensional form which may be convenient in developing

·correlations in future. Biyikili, et al (1982
•

have also

presented their data for heat transfer around a horizontal tube
4

in the freeboard region of fluidized beds, in a normalized

non-dimensional form. Figure 5-6 presents the heat transfer
•
resultsplotted as N.( Nu - Nu· )/( Numax - Nu· ) versus, r/rmax,

for glass ballotini and molecular sieves.

It can be noticed from Figure 5-6 that aIl curves in the

range r/rmax<l ( the practical range of interest
,

fall·within a
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very narrow bandwidth. The shape of all the curves in that range

is also very similar. Knowing the values of rmax ( Figure 5-2 )

and corresponding Numax and Nu·, it would be possible to

gene~ate an empirical correlation of the form:

Nu = f( N, r/rmax, U/Umf ) ...•..• 5.2.3

The development of such a correlation_~t

study and further work in this area is~ed..

/
5.2.2 Effect of Surface Stickiness

a part of this

The objective in the se experiments was to determine the

effect of particle surface adhesion.on the heat transfer rate in

the absence of evaporation. This was achieved by wetting glass

ballotini particles withcontrolled amounts of glycerine. The

effect of drying on the contact heat transfer rate is presented

in a la ter section. A',

Two levels of particle stickiness, X=0.0003 and 0.0006

were examined. Here x"is kg glycerine/kg dry glass ballotini .

. 11: was found that X=0.0003 had no appreciableeffec't on heat·

"

;?

transfer rates for large ballotin~ dp=1.017 mm ), while a

siight det~~ase j 5-10% ) was observed for smaller gléss

bàllotini (dp=0.325 mm). This.can be attributed to stickiness

affecting the smaller particles more strongly tha~ larger ones,

as. discu~ed earli~r in section 4.2'.

T}~ical h versus r curves for beds of sticky. glas~

ballotini, X=0.0006 kg glycerine/k~ dry glass ballotini, are
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presented in Figure 5-7. It can be noticed from this figure that

the heat transfer coefficients for sticky particles are lower

than those for corresponding dry beds under similar operating

conditions. For smaller glass ballotini ( dp=0.325 mm ) the heat

transfer coetficients are 40-50% lower as compared to dry beds;

also no characteristic peaks ( in the hea~ transfer curves ) of

dry beds can be observed. The lower plateau of all the curves is

extended while the upper plateau is altogether absent. The heat

transfer rate rises continuously although more slowly beyond

r>3.
"

(;;,-)
The aforementioned observatioft· suggests that particle'

"mixing is a dominant factor influencing the heat transfer rates

in the r range examined. Moreover, for U/Umf<0.9 and r~2 the bed

structure is homogeneous !Jo. bubbling) and g.ap formations

- '.
~... ,~

,..- ..

around the immersed cylinder are smaller. For larger ballotini,

simil:ar observations were recorded although tfle difference in

heat transfer as compared to dry beds was smaller and the upper

plateau's were fully formed. ~

Figure 5-8 shows a comparison between the he1t transfer
:;.,
"data for beds of sticky and dry glass ballotini. Clearly for

smalle~glass ballotini the heat transfer coefficient for sticky
, . ~

<'
beds is lower than that for dry beds over the entire r range;

.for.U/Umf=0.9, the value of ~at r=4.was same for both sticky

and dry glass ballotini. At such high levels of ae~ation and

vibrational aCFeleration mixing in the bed is intense and is

inter-particle forces of adhesion;

•
'~ependent of the degree of

}i~~er these' operating conditions the particle-to-particle

'.' •
•
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contact is reduced to a minimum.

For larger glass ballatinj the

between the ~ry and sticky parëitles is

diffe~ence ln h values

much less pronaunced and

beyond r~3, a~common plateau is reached for ail the curves. In

fact, for U/Umf=O.9 and r~2.5, sticky beds displayed higher heat

transfer rate' The above observation could be attributeè ta the

followlng facts. Firstly, stickiness affects larger ,yarticles

less· severely than smaller ones ('because of fewer interparticle

•

" 0

contacts per unit bed volume and secondly') once the

interparticle bridges arebroken( i.e. r~3 ), beds wi th low

stickiness levels were observed more homogeneous when compared ..

to dry beds.

Figure 5-9 presents the same results as above, but at a

..•

lower amplitude of vibration. Since stickiness bonds are brokerr

more efficiently at higher amplitudes of vibration to induce

particle mixing, smaller amplitudes have a lower heat transfer

rate at a given value of rand U/Umf>O.

5.2.3 Effect of Particle Size •

Figures 5-l0-a through 5-l0-d display for VFB's the weIl

known trend verified repeatedly for conventional fluidized beds

viz.H is higher for smaller particles. Examination of .Figures
a

U/Umf and larger particle

5-10-a through leads to the conclusion that decrease of h

.with increase

5-l0-c
l

in particle size

sizes

is more significant at "lower
t......

èp=O.595 mm ta dp=1.017 mm )

as campared to that for smaller particles

•dp=O ..595 mm ).

dp=O.325 mm to
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al ( 1980 and

•

Biyikili and Chen( 1982)

reported a 16% dec~e~se in h from dp,:,0.325'mm to
.;<

dp=0;595 mm,

and a 25% decrease from dp=0.595. mm to dp=1.017 mm, in

conventional fluidized beds. From Figure 5-10-c, at UlUmf=0.9

and r=1.5 ( initiation of bubbling in a VFB ), h decreased by

19% from dp=0.325 mm to dp=0.595 mm and 17% from dp=0.595 mm to

dp=1.017 mm. The difference in h between smaller and larger

particles is much less pronounced athigher UlUmf; at higher

UlUmf the gas convective term becomes significant for larger

particles as compared to the smaller ones.

The effect of particle size on heat transfer diminishes

with increasing particle size until, beyond dp=3 mm it

disappears completely as reported for conventional fluidized·

beds, by Baskakov et al ( 1973 and verified by Biyikili and

Chen (1982 ) and Chandran, et al (1980 ). Figure 5-10-d

verifies this for a VFB of molecular sieve particles, wher~ the

difference in h be'tween dp=1.4 mm and dp=2.36 mm is reduced

i considerably ..
The de.c:::rease in h with increase in particlé diameter (

dp<l mm is explained predominantly due to an increase in the

average g~s conduction paths between the heat transfer surface

and the first row of particles and between particles. The

lncrea~e in the gas conduction path increases the resistance to

heat flow, as shown by Schlunder ( 1982), Heyde and Klocke (

1980 ), Martin ( 1981 ) and Baskakov'et al ( 1973 ). Baskakov et

al (1973 ), reported the thermal resistance between the first

row of particles and the surface to be half of that between
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adjacent Ipyer of particles in the lattice and equal to:,
R k; dp/2Ks 5.2.4

It can be seen that this resistance is directly proportional to

the particle diameter. Further, the particle surface area per

unit volume of the bed is larger for small particles and

therefore small particles are more efficient in exchanging.heat

with the surface.

Another way of examining the effect of dp is in termsof

Eh. Figure 5-11 shows that Eh decreases with increase in dp,

regardless of U/Umf. The actual decrease depends upon U/Umf too.

Thus larger particles are less sensitive to vibration-induced

enhancement of heat transfer. Pakowski and Mujumdar( 1982 ) also

reported a decrease in heat transfer coefficient with an

increase in particle size in a VFB, although the difference

between particles of glass ballotini of sizes dp;0.454 mm and

0.667 mm. is larger in~~ir case ( 38% for U/Umf;O and 20% for

U/Umf;0.6 ) as compare to this study.

Figure 5-12 shows the effect of particle size on the

contact heat transfer· for beds of sticky glass ballotini. It can

be noticed that, unlike the beds of dry particles, beds of

sticky larger particles have a higher heat transfer rate for

U/Umf>O and r<3. This is attributed to stronger interparticle

forces for smaller particles (dp=0.325 mm) as compared to

larger ones ( dp=1.017 mm). Thus strong liquid bridges inhibit

. initial particle convective heat transfer process for small

-----
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o
particles. Beyond r>3, when the bed is homogeneous and weIl

mixed,. the smaller particles have a higher heat transfer
~

coefficien~ as can be seen from Figure 5-12-b.

For non-aerated beds, the difference in heat transfer
. • l'

coefficients for both particle sizes is negligible for r~2.5,

since the heat transfer mechanism for U/Umf=O is predominantly

due to particle convectivé heat transfer which is inversely
~

proportional to the particle size. Therefore, the effects of

stickiness ( to reduce heat transfer for smaller particles ) and

particle heat transfer
•

higher for smaller particles) cancel

no significantPakowski and Mujumdar ,( 1982

effect of particle size on heat transfe_ coefficient at X=O.0006

each other out to a great extent.

for glass ballotini, dp=O.454 mm

noticed that the difference

what was used in the current

dp=O.667 mm. It should be

particle sizes is half of

5.2.4 Effect of Amplitude of Vibration

Three amplitudes of vibration- 1.5 mm, 2.75 mm and 4.25

mm, were examined. It should be noted that this study was

limited to lower r's at smaller A's since the upper frequency

level of the vibratory mechanism was fixed. Figures 5-13-a

through 5-l3-d portray the effect of amplitude of vibration. At

higher U/Umf, r values seem to couple effectively the combined

influence of ft and ~ ( Figures 5-l3-c and 5-l3-à·).

Figure 5-l3-a shows that for U/Umf=O heat transfer is

higher ·for A=4.25 mm as compareà to A=2.75 mm, but lower as
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Ut.' ~".' '"
·comtiare~,.to A=1~5 '~ •. T~s o~ervation can b.eattributed.. td thé· •..... ~ ".
effect'- of .thefre~ülncy of' vibration,' ".c. It can be'. seen from,.

amplitudes at although when representedsaIlle value of ",
. ---~ --

for.. higheris highertransferthat5-14-a,Figure

versus r plot, h is h~gher'fQr A=1.5 =. Moreover, the curve for

A=1.5 mm in Figure 5-14-a rises above the other two curves

beyond ,,>95 rad/s dùe to the fact that gap formation at r=1.5

and A=1.5 ~. much smaller compared that higher~~l 15 as to at.. ,

amplitudes.

Similar h versus" .plots wet~ obtained for higher air

flow rates as shown in Figure 5-14-b and 5-14-c, although at

higher aeration rates the bandwidth of h versus r curves narrows
.'il

down.
'"•

Increase in amplitude, for a given .frequency, reduces the

contac~ time· of' the particles with the vibrating surface ( since

particles are projected at an earlier part of the vibration

cycle). This enhances the heat transfer ra~es since particle

contact heat transfer is inversely proportianal to the squar~

root of contact time. Gupta 1979 also postulabed that

increase in amplitude results in a decrease in the "emulsion

density" around the imm~rsed.vibrating surface and hence results

in reduction in bed thermal diffusivity which in turn decreases

the heat transfer coefficient. with the. present knowledge, it is

not possible to quantitatively predict the aforementioned

effects or to
';,.:1 >t' •

del:ermlne to what e~tent these two mechanisms

counteract each other. It is clear that the effect of amplitude

.. must be examinèd in sorne detail .over~nge of A and r •
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j
The effect of a~plituèe of vibration on heat t~ansfe~ fo~

sticI:Y ~a~ticles lS display~d 'in ;;>icu"e 5- l -=:'. ...... - _.... At highe~

: • e . or.

:-esul teè in .,.hi sh.-e.=­, ~oe~~i-ien-s ,,'n;le a-..... _ ... _1,,;. ... '-," .__ ...

the lower ampl-itude of vib=ation displayed ~isher heat tra~sfe=

=a:es til~ fS2.5. The value of h~a;: was always hishe~ fo~ A=4.~5

:I1Zl as co:npareà !:<J-JM=2.75 :!Wl. ?igure 5-16 showing the h ve=sus ~

curve' for stick:y glass ballotini, confi=~s the fact that highe=

a~plitudes;of vibration induce higher heat t=ansfer rates at. a

given' ,l,Îalue of " ( once <he liquid or-idges a~ oroken ).

5.2.5 Dryino
\

The drying experiments wer-e performed with molecular-

sieve particles ( porous ) of two

) at two amplitudes of vibration (

mm al1d 2.36 mm
.0;
.-'),-

4,.25 mm ). The

•that quasi-steady state could be/~ttained

air( 28-30"C )

t

of drying so~

. . ../
permlttlng measurement"

, J

~

Jhe he~tinput were.~,kePt
". l' 4
employedto minimize thewas

bed ~rjd.of themass

of h" ( h'ea t
o

transfer coefficient for wet molecular

particle~ ) without resorting to the
~~\ t'-
~ore complextransient

..
technique. A typiçal drying run took about 2 hours. Furthermore,

. 1

since only the average. moisture content could be measured oy

sampling the bed during operation, the choice of rand U/Uml'· was
•

dictated by the
. ,

requlrement of good mixing in the' -'bed. No data
~

could be obtained at low r's and U/Umf values.

The following observations were recorde~ during the

course of à:n e,7Periment.

~

Smaller molecular sieve particles

""
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dp;l.·l mm ) formed lumps initially ( X;O.33-0.·12 kg water/kg dry

par-ticles hampering good mixing of the bed. The larger

particles ( dp;2.36 mm ) were free flowing over the entire range

of X. Strong interparticle liquid bonds for smaller particles

account for the above effect. In the range O.30~X~O.39 vibration

caused interparticle moi sture to free itself, which on many

occaslons distorted the actual average moi sture content of the

collected samples. Note, X here is kg water/kg dry particles and

not stickiness level as before.

Due to poor initial solids mixing, smaller particles took

longer to reach steady state as compared to larger ones. It was

impossible. to "fluidize" the bed homogeneously with good

particle mixing without the he~ of vibration. Both the

particles retained their original physical properties- size,

shape and appearance, on complet i-on of an exp-e r imen t .

Elutriation and attrition were negligible, due to gentle

handling of the particles. Another important observation was the

presence of a thin film 6f ~olecular sieve material qn the test..
cyltnder during the experiment, leading to low~r heat transfer

• rates.

Figures 5-17 through 5-19 display the appreciable

increase- in hO due to presence of moisture. When surface

evaporation takes place (Xc for molecular sieve particles is

about 24% dry basis ) evaporation of unbound water causes a

significant rise in hO. In the range O.30~X~O.35 vibration

causes interparticle moisture to free itself. As it is removed

physically the bed mobility rises which is probably responsible
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for the increase of hO from 475 W/m 2 K at X=0.35 ta about 600,

W/m 2 K at X=0.30 as can be seen from Figure 5-17. Note that this

effect was not observed in all the runs. With decrease in x, hO

a1so decreased markedly.

Presence of moi sture is expected ta increase the

effective thermal conductivity of the porous molecular sieve

material, although not very significantly ( thermal conductivity

of water 15 only 4~ bigher than that of molecular Sleve

particles), as demonstrated by Toei ( 1984). Therefore the

moi sture and thèrmal diffusivity values are not expected to

increase hO significantly with an increase in X.

lt is noteworthy that the decrease . in hO occurs in the

vicinity of the critical moi sture ~ontent "of the particles.

Below X=0.20, the heat transfer values approach those obtained

'.' earlier for dry particles. lndeed, in t.experiments the

measured values wer~ slightly lower tha~~~ obtained for dry

particles, due ta formation of a .• thin ~ilm of molecular sieve.,

materialon the cylinder as mentioned earlier. The fact'tha)
,.

below X~Xc hO approaches h substant~ates the proposed argument

that the rise in hO is predominantly due to the presence of

surfacemoistu~e and evaporation mechanism, rather than ta the

internal,particle characteristics. ~ .

• Fjgures5-20 and 5-21 depict the effect of air tlow and

vibrational acceleration on hO versus X curves respectively. lt
~.

~ay ne n9ticed :rom Figure 5-20 that the shape of the hO versus

.,.. curve remains unal tered \;i th an increase in air flow. As

e~pected the final value of hO is greater for higher air flow
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I:ate. Due to diffeI:ent initial moistu~ distI:ibut(on in the bed

the two CUI:Ves do not match at high values 'of X alt.hough the,

heat tI:ansfeI: coefficients ,aI:e almost identical.

FiguI:e 5-21 shows that vibI:ational acceleI:ation beyond

the level I:equiI:ed fOI: good mixing has no appaI:ent effect on he.

FI:om the above discussions it can he concluded that effect of

vibI:ational acceleI:ation ( r~2 ) and 'IiI: flow

is insignificant.

U/UmfSl ) on he

It is ohseI:ved fI:om FiguI:es 5-17 thI:ough 5-21 that the

maximum value of he fOI: Z>Xc is gI:eateI: fo~ laI:geI: paI:ticles as

compaI:ed to smalleI: ones; I:educed initial mixing in beds of

smalleI: paI:ticles leads to a loweI: heat tI:ansfeI: as compaI:ed to

laI:geI: paI:ticles.

Only exploI:atoI:Y expeI:iments WeI:e caI:I:ied out in this

study to demonstI:ate the, I:atheI: dI:amatic,t . effect of ·..;-water ',-',.

~ evap0I:ation ôn contact heat tI:ansfeI:- a phenomena that has

':~appaI:ently not beell examined at allin the open liteI:at~e.

F\lI:theI: WOI:k Ls needed to quantifv and then model this- v,.eI:Y
. ~,

imp6rt~nt pI:actical pI:oblem in contact dI:ying of gI:anulaI:

sol iOds:

5.3 HEAT TRAN5FER MECHANI5M

5.3.1 IntI:oduction

The average overall wall-to~beè heat t=ansfer coefficient

fOI: any gI:anulaI: bed pacJ~eè, agitated or fluidi=ed ) consists

of' thI:ee
".

paI:allel mechanisms: particle convection, gas

convection and raèiation.
"
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h = he + hg + hr

A brief description for each of the above mentioned heat

transfer components is given in Chapter 2. For beds operating at

low temperatures ( <SOO K ) radiative component of heat transfer

is negligible as compared to the others.

At low aeration rates i.e. U/UmfSl and small particle

sizes dp<l mm ) the gas convective heat transfer component

contributes marginally ( less than 5% ) towards the overall heat

dp>3 mm ), the' particle convective heat transfer

transf~r. At.. ~ .., ,
particle sizes

high~r aeration rates ( U/Umf~3 and large

becomes sma11 <15% ) as compared to the gas convective heat

t.ransfer.

A detai1ed ••exp1anation of the partic1e and gas convectlve
r,
~/.

heat transfer mechanism i5 pres~nted,1ater in this chapter.
1

thése gaps effectively reduce the contac! time between the bed

. ,

the other hand

i'

efficiency of the system., On

,.,
5. 3 . 2 ":l'he Mode 6 ~-~f'.

Ina VFB 'pa~ticle"fr:e .~~ 9.~~;,fare·1 o~~'~hed a~o~ni the
.>- • t~ ......\~ ,,'i'(1 'J1:

i;n~ersed syrtace'S as di scussed ~'in 9_~pih~""in, the' :~receding
I~ J •

'ch~p."r. These partic'ié-free air, gaps act as poor conductors of
_.' .. \

heat, 10wering the
•

','

(

..~

and the surface as shown' in Fig~re 5-22. Moreo~er, it lS

postulated that it is the extent ~f coverage of the gaps rather

than its width that is important ln determining tne overall heat

~ransfer rate.

The following assumptions were

'-- ..

proposed ln modelling the
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Figure 5-22 Extent of gap around a circular cy1in~er
\

as a function of cylinder position

.'



,
"/

-156-

immersed surface-to-bed heat transfer in A VFB.

'Î

l.)The model is applicable for ',/el1-mi"ed beds i'. e .

of "- and Figure ,moderate vlgorous ml:<lng ( ~-a 1 • ,
2 . The particles are assumed to be spherictll.

air
' ....

3 . The gaps around the immersed cylinàer" ùre ass~d to be

particle-free.

4. The extElnt and w.idth. of
"

(
gaps used ln calculations are at

. : .
the peak positions of cylinder ~ibration cycle i.e. at

~rr/.2 and 3rr/2 in Figure 5-22. These measurements were made

visually p.nd are subject to ~certaintl of at},ea.st ':O-1'.i c.

5. The amplitude of vibration has no effect on ,t1e heat t::-ansfer

rate {contA-ct time ) pnd the contact time i's'<;;nly a
/

function of frequency of vibration.

oversfmplifica~ion for ,the purpose of

model. )

This i~ clearly

develoJment of a

an

simple

6. The bed porosi~y is assumed to be independent of the
•

amplitude of vibration .. ~

•
7. The gas' convect'i've component of heat transfer is neglected

for U/UmfSO.6. "

8. Radiative heat transfer is negligible because of the low

temperature differences used.

9. The extent of the gap is assumed

, ~_.~"',.... '\ \11; "
td" remail1 the same and

..

only the gap width changes with position in the vibration
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that deve10p ln a VFB the overall heat

written as:

transter~~qUation
\ ,

can be

transfer

Overall heat tra~sfer
}

)

i

particle convective heat
'-

~ surface-to-particle

c'intac: resion ) + ( sas

canvect:ve teat transfer :n

sur:ace-to-particle contact

region ) + ( r.e~t transfer ln

particle-free gap zone )

he = l -e/360 J( h~ + hg ) • hve/360 5.3.1 /

where,e is the "extent of coverage of gap in rdegrees around hhe
cylinder, during one half cycle of the cylinder vibration and hv

is the heat transfer coefficient for the part!cle-tree air gaps

Figure 4-20 J. \
,,--

The heat transfer coefficient for the gaps,

)
calculated using the following carrela,tian,

.. -~
1973 Il.
'.

Perry and Chiltan (

)

f

Cr = 0.683', ID

0.385 far Re

0.466 for Re

= 4 - 40

40 - 4000

5.3.2

/
r
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Sq~ation 5.3.2 predicts the heat tr~nsfe: coe::icient :or

gas flo~ over a circula: cylinder with its a;:is perpendicular to

flo\ol. obser-vation that the~ :';nme:seè

cylinder are essentially particle free allows the use of above

correlation to determine hv.

The evaluation of par-ticlc: anè sas cowJect.i·Je hE:.\;J.t

1983 determined e;:per-i:nentally anè

modelled lnstantaneous azimuthal heat transfe: coefficients for
J

a heated horizontal cylinder i~ûersed in a three-dimensional al:

a two-dimensional bed ta evaluate

fluidized bed. They a~so performed flow visualiz.:~on studies in-the applicability of the heat

transfer model. The model consisted of two regions around the

submerged cylinder fluidized and unfluidized .• The he~t

, .

transfer from the fluidized region was evaluated by determining

the particle convective heat transfer coefficient"he, while the
1 '

unfluidized region was assumed ta behave like a moving hed.

5.3.3 Particle Convective Heat Transfer,
.~

The particle cq'nvection model presented by Schlunder (-

1~82 ) proposes three basic mechanisms as follows:

1
1

1
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The minimum heat transfer resistance between a rigid wall

and an ~djacen: sphere is built up by heat conèuction through

~he gaseous gap between the wall and the sphere. TaJ~~~g in:o

ùccoun: the ëiscontinuity ef:ec: ùt the :n:er:ùces, Schlunèer(

1982 p::-cposeè the

coe::ic:en: ëue te heù: conàuc::cn ùs:

where

hp/lac == j\: / ( 5 + . - 6 : i .... 5,3.3

where Kf is the thermal conductivity of the interstitial gas, 5..
is the local gap width between the surfaces of the wall and

sphere, 6 is the sum of the roughnesses of both the surfaces, A

lS the mean free path of the gas molecules and 7 lS the

accomodation coefficient.

Integration of Equation 5.3.3 yields. the average value hp,.
with' respect to the projection area of the sphere as

onp ~ 4Kf/dp«1 + 2( a + 6)?dp)ln(1 +dp/2( a + 6» -1)

5.3.4

The above equation the maximum passible.

surface-to-bed particle heat transfer coefficient i.e. under the

condition of contact time tending to ze\ro ( Schlunder ( 1982 ),
o •

•
Martin ( !981 ), Bock and Molerus 1980 » •..

The mean free path of the QaS molècules is given by
o'b
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Martin ( 1981 ) as

A = 16/5 ( RT/2rrm )1/2( ~/D ) . • • • •. 5. 3 • 5

Martin ( 1981 ) has also glven an empirical equation for

~he accomodation coefficient 7. For ai~ 7 310 K ) = 0.9.

Equation 5.3.:' is valid for heat exchange between· a

single particle and a wall. for heat transfer to a fixed bed, it

is necessa~y ta take ioto account the voids which ~~ist between

the particles at the wall and which contribute only negligibly

to heat exchange. On the average the voids are appr~i~ately

equal to the bed porosity, i.e. the ratio of the free volume

between the particles to the total volume of the fixed bed.

Therefore the maximum heat transfer coefficient between a fixed

bed and the wall can be written as (Heyde and Klocke,. 1980 ),

Martin ( 1981 ), Bock and Molerus ( 1980), Bock ( 1981 )}:

hs . = hp ( 1 -.. ) •••••. 5.3.6

,. Heat Conduction in Packed Beds

The heat transfer coefficient for the heat conduction in

packed: beds ,was fi rst proposed by Mickley and Fa i rbanks ( 1955 )

unde. the condition of 1sothermal wall as

..

hc = 2 ( KsCppp ( 1 - " )/ ( rr t )} l /2
•

.5.3.7

if'
where t is the contact time between the bed and the wall.

• A -=-_, :~. ù

- ;--.... ·.. :,,·.,··-;It should be pointed out ·that the Ks value used in this
.' r,.~ ~"':d../(-:.:.~>~ ..~.~~:l,".'

.-

,
.;

/



.:..

-161-

,
,equation i~ the thermal cDnductivity of the bed over the entire

r range and not the average of the fluid 'thermal conductivity

and bed thermal conductivity ~s was the case for evaluatingthe
•

Nusselt number, in the'appropriate mixing regime in·VFB''G .. '

The effect of heat convection ~y particle mbtionon the

, -

h'èat transfer can be neglected., if' the bull: màterial particles

are mixed perfectly ( Toei et al (f;B84, )). This limits the. '

application of the proposed heat transfer modèl to regimes of

moderate and vigorous mixing Figure,. 4-8 i.e. when the

temperature gradien'ts in the bed are almost. negligible ...
Overall Particle Convective Heat '~ransfer

The ove raIl particle convection heat transfer can be

cons idered to compr i se of ares i stance ï'n the wall-to-,bed hea t
"

transfer in series with that of heat conduction in packed beds.

The average particle convective heat transfer coefficient can

then be written as ( Bock and Molerus ( ,1981 l, Heyde and Klocke

1

J

( 1980), Martin

or

•

)

1981 l, Toei et al ( 1984 )):

) .

5.3.8

...
-../

It shoul~e noted from Equation 5,.3,18 that for low.

c~ritact'times (', teel
. . ." ' l' rii'

"

the second ter~ on the right hand side

. \



"

-162-

becomes insignificant compared to the first one, l . e . the
"

contact resistance .of the gaseous gap dominates and the heat

transfer coef f icient depends upon the thermal conductivity of,

•
•

the gas, particle si~/arîd bed voidage (Equation 5.3.4

" /large contact tim~~ ( t»l ) the value KsCppp( 1 - ~

" F;or
(f-

of "'the

cf emulsion phase is the dominant factor. Therefore in the
~,

limiting cases we.have:

... .. '

he = hp( 1 - " as t - 0

and

he = 2/ ( w) 1/" ( (, KsCPPp(l-..-) )/t ) l /', as t - 00

r

'"

•

"

Equation 5.3.8 is a general one and can he ,applied for

packed, agitated, moving or fluidized be~s.)Since 'in' a

conventional fluidized bed there are ,two' phases- bubble and

emulsion, Equation S.3.8 has to be modified slightly. Bubbles

act as voids and contribute almC?st nothing towards tne peat

ttarisfer process" and therefore the overall particle convective

CFB'can' be w~{ttenas ( Bock and

, .

heat tians:er coefficient \or a

Molerus (1980 ), Martin, ( 1981 ), Heyde and Klocke 19,80 ):

..
l/he' = ( 1/(.1 -," ) ( l/ht) 5.3.10

forCFB's. fil

mean volume fraction of thewhere " -is the

and. aro~nd the, im1ersed surface

conve~tive heat tran5fer coefficient

and he'

,
bubbl/s

is the

in the bed

particle
..,

; ,
It can be seen fro~ Equation 5.3.10 that in a CFB an

\
/-­1· " _... ..
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(

increase in bubble fraction decreases the heat transfer rate. On

the other èfand an increase ln porosity( higher air f1o'W'rates )

is ~ccompanied by reduced contact time which enhances the heat

transfer rate. The counteracting effects of these t'W'o phenomena'..

give rise to an optimum heat transfer coefficient for CFB's .

.0

Contact Time

The. most important 5tep in évaluation of he i5 the

ca1~u1ation of contact time: ~or conventiona1 f1uidize~ beds a
" ,

number of corl-elations aré available. Martin ( 1981 ) ,considers

,

the çontact ~im~ to be proportiona1 to the time taken to cover a

path with length 0l o~e parti,cle. diame~r. in free f1ight (·i .e.

.~~) t = dp/Up,. where Up is the particle veloctty ).

.'

..
Bock and Molerus ( 1981

emulsJon pha~e in ~ cri as

defined the contact time of the
r

(

t = 1 - -V )~.f>~ .J

where ,fB is the local bubble frequency in ,vic,ini ty of the
. .

immersed surface. ~

In the a'bove equation5 for ·cont·act time the problem·1Les

in -evaluating Up o~B.' "Baskakov' et ~l ( 1973 ) proposera v~ry

comprehensive. e~piricàl correlation for evaluating

time"as

( ..
the contact

. t = O.44(dp

•·1

• \

g/ (Umf 2 (U/UlIif -a) 2 ) o. 15 (dp/D) 0 .22-5 S

5.3.11
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where ',l' lS an empirical constant allowing for effects of'

probe diameter and particle shape. It tends to diminish as· the

probe diameter increases and as the particles become more

spherical.

Baskakov et al (1973 also determined an en~~rical

correlation for' • - the fraction of the total time when the

probe is shrouded by gas bubbles, as
r ..

= 0.,33,( ( Umi' ( U/Umf:"'a' ) '/dp, 9 ) O. H 5.3.12

,
•

The ad~antage of Equations

fact that t~oo a~d .~O at u=Umf.

5.3.11
"0

This is

a~d ~.3.12 lies in ihe

attributed ( Baska~ov

et al ( 1973 )J to a tenden~y for
o \

a void'to form
.

beneath the

, cylindrical obstruction even at USUmf. Bubbles periodically form

from this void and rise, ,

movement even before

along the probe surface ca~sing partic1~r,
the bed 'is fluidized. Equation' 5.3.1'1 was

thus used to ..eval,uate contact time for U/Umf'=0.9 and r>l for a

vibrated bed, " when the effect ,of dimini~hes. and
" .

bubbling initiates throughout '~~ b~d ( Figure 4-20 ).

For a, rigidly mounted cir1n WB, the contact time. ...../
of -the partic\es with .the ·îmm~.se is dependent upon the'

frequency of 'vibr~'ti'~n and the formation of particle-free air' /

gaps around the immersed surface. F,igure 5-22 d~splays the. ~

propos~d mechanics;o~~bed and immersed surface inter~ction.

Figure 5J22 shows one full' oscillation tf the immersed
~ t

cylinde'r. On the upwa;d swing there is~ a ticle-free air gap

,below,the cylinder and a particle free~'ir ga~above it on its

. ~ . •
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downwards swing. The gaps shown are the peak gaps observed at

cy1inder positions rr/2 and 3rr/2. It is assumed that duringthe

upper half of the cycle there is always a lower gap present and,

for the _bottom cycle there is always a -top gap present. The

variations of these gaps as a funct1Qn of cylinder position was
'-

not examined; it is 3ec~gni~ed that this migh~ play an important

,rale in determining the exact mecha~ismof heat transfer. In the

current study only the peak gaps were used in all mode1

calculat'ions. High speed cine photography may be emp10yed ,tO
,

examine this aspect in depth in future.

It_can be seen from Figure 5~22 that in the upper half

~cycle only the top half"of the cylindeicontacts the bed while

in the lower cycle the bottom half contaèts the bed .. Since the

time period ot oscrllation, t ,-' is

t = l/f

the çontact time can be written as

, .

..

t = 'l/2f_ , ...... . .• 5.3.1;3

It èhould be - point~d qut that this model 'completely

ignores the' amplitude of - vibration - a parameter which has a

Sign~ficant effec'0.0n heat 'transfer as verLfied exper:'~mentàllY
Malhotra and Mujumdill:··(. 1984''). Equation 5.3.13 was used .to

..
evaluate the contact'''t(~e for U/U)11f<O.9 over the entire range of

r in for well mixed beds .

Equatio~ 5.3.13 'is only valid for regimes of moderate and
.(
l,

• -. ..
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vigorous mlxlng when gaps start forming. This model is therefore

not valid for poorly mixed beds as stated earlier.

Suarez et al ( 1983) defin~d the contact time for the

fluidized region around the immersed cylinder as the ti,me

between successive minimum values of the exper imentally

determined· instantane,ous heat transfer coefficients. The

discrepanc~ between their predicted and experimental results was

c about 17 percent.

Heat Transfer in a Poocly Mixed.YFB
,r" .J
~ .

In'the,region of poor mixingthe bed can be considered as

cyclically. moving past the immersed 'cylinc;1er and the

corresponding contact
1<--

times calculated knowing the particle

,

circulation rates. Toeiet al

studies in' a bed agitated'by

1984a, 1984b) have performed
"

a circumferentiallymoving heat

source (impeller J. They calculated the particle contact time

as the' ratio of the length of circumference ' to tJ:1e impeller

speed., However,
•

in the current study the particle circ,ulation

rates ' were not determined and therefore a theoretica1

approximation of the heat trahsfer coefficient in the poorly

mixed regime could not be obtained.

The case of r=o and O~ UlUmf ~0.9 is the packed bed

with/without air flow. Correlation~ to predict the heat transfer

coefficients have been given by Adams ( 19~1' l', Perry and

Chilton ( 1973 ) , Wakao and Kaguei 1982 1 and Gabor 1970 ),

among others. •
folî:'èw i ng

rn

Gabor ( 1970 proposed the g'trelation to
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predict the heat transfer coefficient from immersed circular

cylinders to packed beds:

h ; 5.3.14

•

where L is the heater length.

The above correlation predicts very low values of h as

compared to experimentally obtained values. Table 5.2 shows the

experimental and pred~cted values of, immersed surface. heat

transfer coeffi~t for packed beds. The ,large deviation for

smalle", particles as compared to larger ones can be seen from

Tab!è 5.2.

For UlUmf;O and r;O Equation 5.3.14 reduces to

h ; Ks/D 5.3.15

'L'his means that for U/'pmf=O and r=O' the heat transfer

coefficient is a function of

cyiinder diameter only.
"

bed thermal conductivity and
-d-o

5.3.4 Gas Convective Heat Transfer,

The second component in evaluation of the overall heat

transf~1b' coefficient is the gas convective one hg). Gas

convection is the direct wall-to-bed heat transfer over those

parts of the surface which are not ln contact with particles.

,An increase in particle size leqds to an increase in Umf and

hence an increase in the convective .heat transfer ~or a given
~

'.
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TABLE 5.2

Comoarison Between Exoerimental and Predicted ( Gabor ( 1970 »)

Values for h at r~O

. .

Particle
Tyoe

Glass ballotini
Glass ba110tini
Glass ba11otini­
Glass ballotini
Glass ballotini
Glass ba110tini
Glass ballotini
Molecular sieve
Moleclliar sieve
Molecular sieve
Molecular sieve
Molecular sieve
Molecular sieve
Molecular sievè

. dp
mm

0.325.
0.325
tl.325
0.325
1. 017
1.017
1.017
1.4
1.4
1.4
1.4 ..
2.36
2.36
2.36

~',

. -.

U/Umf

o
0.3
0.6
0.9
o
0.4
0.8
o
0.3
0.6
0.9
o
0.6
0.9

h(pred)
W/m 2 K

3.7
13.5
17.5
21.0
3.7
29.0
37.5
3.3
24.0
35.0
44.0
3.3
45.0
59.0

h(expt)
W/m 2 K

18.0
28.5
36.5
84.5
19.5
54.0
86.0

37.0
49.0
114.0

7.0
39.0
87.0
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U/Umf value.

Baskakov et al ( 1973) measured the rate of sublimation

from napthalene coated cylindrical surfaces immersed) ln

fluidized beds to evaluate the gas convective heat
1

tra,nsfer

coefficient. The best fit to their experimental data for hg

yielded

hg = ( Kt / dp ) O. 009 Pr 0 .JJ Ar 0 .' ( U/Uopt ) 0 • J

5.3.16

The above equation isvalid for U>Umf. However, this

equation wasused for evaluating hg for U/Umf~ 0.6 for large

particles ( dp> l mm) in this thesis. This assumption did not

lead ~o any significant error due to low alr flowrates used

becaus~ of the relative insfgnificance of the gas convective

heat transfer as compared to ~ticle convective heat transfer

in a VFB as shown later.

It can be seen from Equation 5.3.16 that· hg is

'prgportional to dp while he decreases with an increase in

particle diameter. Therefore at high air flowrates (U~Uopt)

in . a CFB ..(lf large particles dp>3 mm the average heat

~ansfer coefficient, h, is made up primarily of hg ( > 75% ).
(

For dp>4.5 mm, h is nearly entirely made up of the gas
<;>

convective heat transfer term.

5.3.5 Radiation Heat Transfer
A

The third component making up the overall heat transfer
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coefficient is the radiative one. Since radiative heat transfer

becomes significant only at high temperatures ( T>800 K ) as

reported b1 Baskakov et al (1973 l, it will not be discussed

here. The maximum bed and surface temperatures in this study are

less than 330 K. Correlations predicting the radiative heat

transfer coefficient can be found in Martin

et al ( 1973 ) among others.

5.3.6 Theoretical Prediction of Overall Heat

Transfer Coefficient·

1981 ), Baskakov

Table 5.3 summarizes the equations used in modelling the

immersed surface-to-bed heat transfer in a VFB.

Tables 5.4 through 5.8 tabula te the various parameters

used in predicting the overall heat transfer coefficient. The

average bed porosity and the extent of gaps have been estimated

from Figures 4-4 and 4-22. It should. be noted that ' the model

employed overlooks the effects of amplitude of vibration and

cylinder diameter.

The deviation between experimental and predicted values

of h is very significant at U/Umf=O and r=1.5 for aIl the
•

particles. This deviation is less significant for larger size

particles possibly due to the much lower values of hp for larger

particles as compared to the smaller ones, i.e. the second term

in Equation 5.3.8 is comparable to the first one for larger

particles. T&e above discrepancy is explained in details as

follows.

It can be seen from Table 5.3 that when the extent of the



TABLE 5.3

Comparison of CFB and VFB Heat Transfer Models

Conventional Fluidized Bed Vibrated Fluidized Bed

•
• • • •• •

• ••• •••• Emulsion.. . .:.-.--------'
Vibcocio""1:: \C>"l'__~ .:. 1

• • • Particle-free 1-'

• ......_,/Ot--=--=--- air gap ;j
• •• •• 1• •.. ~.

U < Umf
r '0

c:::,
• •

• C>

• U' Umf
~. r=o

• •• •• • • •.. ~.
•• • •
~

• •

• •
.~ .... . ..

Bubbles~ ••

• • •
. Emulsion~ •··0 .... ..... .<=>. • ••• •......

Air Flow Air Flow

Overall lIeat Transfer Coefficient Overall Heat Transfer Coefficient

h c he + hg

h c ( 1 -9/360 )( he + hg ) + hV9/360

.... 5.3.1

Partic1e Convective Heat Transfer Partie le Convective Heat Transfer

l/he' c ( 1/ ( 1 - "n ) ( l/he )

....... 5.3.10
l/he c l/(hp(l-,,) + (11

'
/'/2) (t/(RSCpPp(l-,,»';'

........ 5.3.8

-continued-



TABLE 5,3 ( CONTINUED )

Gas Convective Beat Transfer Coefficient
hg " ( K f/dp 0.009 Pro'» Aro'l (U/Uopt )0"

U > Umf ........ 5.3.16

Contact Time Contact Time

......
t " 0.44(dp g/(UmP(U/Umf-a)')O .11(dplD)O ,"1 s

5.'3.11

U >Umf

Bubb1e Fraction in the Bed

t " 1/2 f ••••••• 5. 3 •13

U/Umf ::0.6
Mixing regimes II & III

( Figure 4-8 )

t " 0.44 (dp gl (UmP (U/Umf -a) , ) O. 11 (dp/D) O. "1

5.3.11

U/umf.:: 0.9

Beat Transfer Coefficient for Particle­

Free Air Gaps

1
.....
~

5 N
1

"B" 0.33( ( UmP( U/Umf-a )'/dp 9 )0.1<

....... 5.3.12
where

....... 5.3.2

Cr " 0.911, m = 0.385 for Re " 4 - 40

Cr = 0.683, m = 0.466 for Re = 40 - 4000
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TABLE 5.4

Theoretical Prediction of Overall Heat Transfer Coefficient

Glass ballotini, dp=0.325 mm, D=38.1 mm dia

A=4.25 mm, U/Umf=O

r

hp (W/m'K)
Ks (W/mK)
t (s)-

'!<
he (W/m'K)
hg (W/m'K)
hv (W/m'K)
a .
h (W/m'K)
h(expt) (W/m'K)
% error

r

hp (W/m'K)
Ks (W/mK)
t (s)
'!<
he (W/m'K)
hg (W/m'K)
hv (W/m'K)
a
h (W/m'K)
h(expt) (W/m'K)
%error

1.5 2

1875 1875
0.141 0.141
0.053 0.046
0.35 0.40
761 731
0 0
0 0
0 15
761 701
225 458
238 53

U/Umf=0.3

1.5 2

•1875 1875
0.142 0.142
0.053 0.046
0.466 0.477
651 653
0 0
3 3
40 80
579 509
431 443
34 15

3 4

1875 1875
0.141 0.141
0.0375 0.0325
0.41 0.44
746 730
0 0
0 0
60 120
622 487
400 399
55 22

3 4

1875 1875
0.142 0.142
0.0375 0.0325
0.489 0.513
662 649
0 0
3 3
150 180
387 326

401
19
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TABLE 5.4 ( CONTI NUED

U/Umf=0.6

r 1 1.5 2 3
l

hp (W/m'K) 1875 1675 1875 1875
Ks (W/mK) 0.143 0.143 0.143 0.143
t ( 5) 0.065 0.053 0.046 0.0375

" 0.45 0.47 0.497 0.506
he (W/m'K) 641 645 633 644
hg (W/m'K) 0 0 '0 0
hv (W/m'K) 4 4 4 4
e 120 145 160 180
h (W/m'K) .429 387 353 324
h(expt) (W/m'K) 268 409 404
%error 60 5.1 12.5

U/Umf=0.9

r 0.5 1 1.5 2 3 4

hp (W/m'K) 1875 1875 1875 1875 1875 1875
Ks (W/mK) 0.144 0.144 0.144 0.144 0.14.4 0.144
t' ( 5) 0.140 0.133 0.200 0.200 0.200 0.200

" 0.44 0.484 0.501 0.506 0.513 0.525
he (W/m'K) 547 526 465 461 456 448
hg (W/m'K) 25 25 25 25 25 25
hv (W/m'K) 5 5 5 5 5 5
e 40 120 145 160 180 190
h (W/m'K) 509 369 294 272 243 215
h(èxpt) (W/m'K) 253 338 376 341 271
%error 100 9.25 22 20 21
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TABLE 5.5

Theoretical Prediction of Overall Heat Transfer Coefficient

Glass bal1otini, dp=0.595 mDJ.. D=38.1 mm dia
f

A=4.25 mm, U/Umf=O

r 1.5 2 3 4

•. ! ,

hp (W/m 2 K) 1132 1132 11320.32
Ks (W/mK) 0.141 0.141 0.14 .141
t ( s) 0.053 0.046 0.03 0.0325
'!- 0.35 0.40 0.41 0.44
he (W/m 2 K) 540 513 517 501
hg (W/m 2 K) 0 0 0 0
hv (W/m 2 K) 0 0 0 0
e 0 15 60 120
h (W/m 2 K) 540 491 431 335
h(expt) (W/m 2 K) 175 440 400 367
%error 208 12 8 9

U/Umf=0.6

r 1 1.5 2 3 4
..

hp (W/m 2 K) 1132 1132 1132 1132 1132
Ks (W/mK) 0.149 0.149 0.149 0.149 0.149
t ( s) 0.065 0.053 0.046 0.0375 0.0325
.j. 0.45 0.47 0.497 0.506 0.513
he (W/m 2 K) 458 455 441 444 445
hg (W/m 2 K) 0 0 0 0 0
hv (W/m 2 K) 6 6 6 6 6
e 120 145 160 180 190
h (W/m 2 K) 30LJ~ 274 248 225 213
h(expt) (W/m 2 K) 312 375 530 325 310
%error 1. 27 29 31 31

,
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TABLE 5.6

Theoretical Prediction of Overall Heat Transfer Coefficient

Glass ballotini, dp=1.017 mm, D=38.~ mm dia

A=4.25 mm, U/Umf=O

r 1.5 2 3 4

hp (W/m 2 R) 687 687 687 687
Rs (W/mR) 0.141 0.141 0.141 0.141
t (s) 0.053 0.046 0.0375 0.0325

'" 0.37 0.408 0.417 0.43
he (W/m 2 R) 356 '> 340 341 337
hg (W/m 2 R) 0 0 0 0
hv (W/m 2 R) 0 0 0 0
9 0 15 60 120
h (W/m 2 R) 356 326 284 224
h(expt) (W/m 2 R) 215 245 228' 198
%error 66 33 25 13.5 ,

U/Umf=0.4

r 1.5 2· 3 4

hp' (W/m 2 R) 687 687. 687 687
Rs (W/mR) 0.158 0.158 0.158 0.158
t ( s) 0.053 0.046 0.0375 0.0325

'" 0.458 0.468 0.477 0.495
he (W/m 2 R) 313 311 311 303
hg (W/m 2 R) 0 0 0 0
hv (W/m 2 R)' 6.5 6.5 6.5 6.5
9 90 120 160 180
h (W/m 2 R) 236 210 175 155
h(expt) (W/m 2 R) 238 177 156
%error 0.6 19 0.5

..

l
"
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(

TABLE 5.6 ( CONTlNUED

U/Omf=0.8

r 1 1.5 2 3 4

hp (W/m 2 K) 687 687 687 687 687
Ks (W/mK) 0.176 0.176 0.176 0.176 0.176
t ( 5 ) 0.065 0.053 0.046 0.0375 0.0325
~ 0.468 0.481 0.495 0.501 0.503
he (W/m 2 K) 305 303 298 299 301
hg (W/m 2 K). 43 43 43 43 43
hv (W/m 2 K) 9 9 9 9 9
e 120 145 160 180 190
h (W/m 2 K) 236 210 193 175 172
h(expt) (W/m 2 K) 212 207 180 172
%error Il 2 7.5 3
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'. TABLE 5.7

Theoretica1 Prediction of Overall Heat Transfer Coefficient

Molecular sieve particles, dp=I.4mm, D=38.1 mm dia

A=2.75 mm, U/Umf=O

r

hp (W/m:lK)
Ks (W/mK)
t (5)
~

he (W/m:l.K)
hg (W/m:l.K)
hv (W/m:lK)
9
h (W/m:lK)
h( expt) (W/m:lK)
%error

r

hp (W/in:lK)
Ks (W/mK)
t. (5)
~

he (W/m:l,K)
hg (W/m:lK)
hv. (W/m:lK)
9
h . (W.!m:l JÇ.)
h( expt )"':;'(W/m:lK)
%error

1.5 2 3

546 546 546
0.126 0.126 0.126
0.043 0.037 0.030
0.385 0.40 9.415
280 295 274
0 0 0
0 0 0
90 135 160
210 184 152
158 184 170
33 0.25 10.5

".

U/Umf=0.3

1.5 .c) 2 3
./'

546 546 546
0.143 0.143 0.143
0.043 0.037 0.03
0.412 0.424 0.435
271 269 268
0 0 0
5.5 5.5 ;. 5.5
120 145 170
183 164 144
158 175 174
15.5 6.5 17
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~ TABLE 5.7 ( CONTI NUED

U/Umf=0.6

r 1 1.5 2 3

hp (W/m 2 K) 546 546 546 546
Ks (W/mK) 0.160 0.160 0.160 0.160
t (s) 0.055 0.043 0.037 0.030
'!' 0.408 0.415 0.425 - 0.437
he (W/m 2 K) 270 272 270 269
hg (W/m 2 K) 0 0 0 0
hv (w/m 2 K) 8 8 8 8
e 90 135 160 180
h (W/m 2 K) 204 173 154 138
h(expt) (W/m 2 K) 160 195. 189 175
%error 26 - 11.5 18 22

U/Umf=0.9
\ .

~::t.,

r 0.5 1 1.5 2 3

hp (W/m 2 K) 546 546 546 546 546
Ks (W/mK) 0.178 0.178 0.178 0.178 0.178
t' (s) 0.150 0.141 0.227 0.227 0.227
'!' 0.40 0.432 0.45 0.46 0.47
he (W/m 2 K) 249 219 216 212 239
hg (W/m 2 K) 36 36 36 36 36
hv (W/m'K) 9.5 9.5 9.5 9.5 9.5
e

,
90 120 135 160 180

h (W/m 2 K) 216 163 144 129 187
h(expt) (W/m 2 K) 157 194 176 168 209
%error 37 16 18 23 10.5
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TABLE 5.8

Theoretical Prediction of Overall Heat Transfer Coefficient

Glass ballotini, dp=0.325 mm, D=38.1 mm dia
;

A=2.75 mm, U/Umf=0.3

r 1.5 2 3
,,,

hp (W/m'K) 1874 <
1874 1874

\
Ks (W/mK) 0.142 0.142 0.142
t (s) 0.043 0.037 0.030
'i' 0.466 0.477 0.489
he (W/m'K) 672 676 685
hg (W/m'K) 0 0 0
hv (W/m'K) . 3 3 3
9 120 150 180
h (W/m'K) 449 396 343
h(expt) (W/m'K) 440 437 430
%error 2 9.5 io

,.

\

.,
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gap, 8, is less than 180 0 the contact time t=1/2f is applicable

only to the sector of the cylinder covered by the angle 8 i.e.

the section of the cylinder shown by crossed hatched lines has a

contact time different fromt=1/2f. In that region the contact

time can be determined from the frequency of vibration and

particle circulation rates. The contact times in this case 'are

expected to be 10-20 times higher giving much lower heat

transfer rates. Unfortunately no quantitative measurements are'

available to verify thispostulate.

The above situation can be considered analogous to heat

transfer in a bed moving across a fixed heat source or a moving

\

heat source in a fixed bed as examined by Toei et al 1984a,

1984b). Unfortunately, the particle circulation rates were not

measured and therefore predictions for heat transfer coefficient

using the proposed model are ïnaccurate for low values of 8 (

<120 0
).

A sample of the heat transfer coefficients obtained by

using contact times of the order of the ones obtained in moving

beds ( Toei et al ( 1984a, 1984b » is given below.

t = 0.5 s h = 428 W/m'K

t = l s h = 337 W/m'K

t = 2 s h = 259 W/m'K

t =. 3 s h = 220 W/m'K

The above values of h were predicted from ,Equation 5.3.1

and 5.3.8 at U/Umf=O and r=1.5 for glass ballotini particles (

!
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dp=0.325 mm ). The experimental value for the corresponding case

is 225 W/m'K (Table 5.4). It should be noted that at r=1.5

moderate mixing just onsets in the bed ( Figure 4-8 and

therefore the particle circulation velocities are low.

Pakqwski and Mujumdar (1982 have reported angular

velocities of circulation as high as 0.17 revolutions per sec at

r=4 i.e. IIp=6.28 rad/s for a cylinder immersed in the central
o

midplane of a bed of cross section 0.20 m x 0.20 m and H=lOO mm.

Therefore the contact time for Pakowski and Mujumdar's ( 1982 )

case can be estimated.~ to be t=llp/2" = 1 s (Toei et al ( 1984b

». Hence the contact time for r<4 must be higher than 1 s. For

the case of r=1.5 the contact time can be estimated to be

\etweèn 2-3 s. It can be seen from the results presented above

that for t=2-3 s the predicted and experimental values of h are

within 10% of eacn other. Therefore the knowledge of particle

circulation rates can lead to good prediction of h using

Equa t i on 5'. 3 • 8 .

The assumption that the extent of the gap remains

constant throughout the entire cycle of vibration ( Figure 5-22

) is a very tentative one. It is conceivable that the gap extent

as well as its width both change with the cylinder position

during one oscillation and this is expècted'to affect the heat

transfer rate significantly, i.e. the fractional area available

for heat transfer changes continuously and the extent of gap at

cylinder pos4-ions ,,/2 and 3lT/2 cannot· be used in a more

comprehensive model.

Further work to determine the instantaneous extent of gap



-183-

as a function of cylinder position during one cycle of vibration

and measurements of particle circulation rates is essential to

.get a better insight into the mechanism of heat transfer and to

develop a better physical and mathematical model of the

the regimes of moderate

phenomenon.

In view of the aforementioned assumptions and the fact

that at a<1800 the particle contact time, t~1/2f, is valid only

for the cylinder surface covered by angle a, the model should

not predict the results accurately for a<1800. However, the

predicted and experimental values of h for a>120° were found to

be within 25% of each other for all the particles i.e. the heat

transfer coefficients for the moving bed region ( the surface of

the cylinder covered by angle ( 180-a 1.° 1 are not low enough to

affect the overall heat transfer coefficient significantly.

Therefore, the model seems to predict the overall heat transfer

coefficient reasonably well for a>120°

and vigorous mixing for U/Umf~0.3 1.

The relative significance of the three components of the

overall heat transfer coefficient - he, hg and hv can be seen

from Tables 5.4 through 5.8. For non-aerated beds h is made up

entirely of he while for U/UmfSO.6 hg and hv are negligible.

campared to he. At higher air flow i.e. U/Umf~0.9 the

contribution of hg towards h is 5% for smaller particles and 12%

for larger particles. Heat transfer through the gaps makes up

less than 2% of the total contribution, according to the

proposed madel.

The effect{pf amplitude of

•

vibration on predicted values
n
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of h for glass ballotini( dp~0.325 mm ) at U/Umf~0.3 can be seen

from Tables 5.4 and 5.8. It can be observed that predicted

values of h are greater for higher amplitude ( A~4.25 mm· ) as

compared to the smaller amplitude A~2.75mm), although the

contact times are lower for smaller amplitude at the

corresponding values of r.

The above effect can be attributed to the fact that at

lower amplitude the extent of gaps is larger although the

width is smaller as compared to higher amplitude for

corresponding values of r. On the other hand the bed porosity is

•assumed to remain constant for both amplitudes of vibration.

The overall heat transfer coefficient is. primarily

dependent on the particle convective heat . transfer. The

parameters affecting the particle convective heat transfer, he

are - particle size) bed porosity, contact time; bed thermal

conductivity, particle density and particle heat capacity. For

given particle '~pecifications the heat transfer coefficien,t is

primarilya function of bed porosity and contact time.· A 10%

increase in bed porosity leads to a 5% decrease in heat transfer

while a 10% increase in contact time decreases the heat transfer

by·2%, for glass ballotini, dp~0.325 mm.

However, it should be
-!' noted that discrepancy in

estimation of contact times may be as high as 50 - 100%

changes heat transfer rates by 8-12% ) and therefore it is

essential to estimate the contact time and bed porosity both as

accurately as possible. Moreover the 'bed porosity is a function

of bed height a phenomenon not examined in this study.
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It should however be noted that the effect of contact

time on overall heat transfer becomes more signi~icant with an

increase in particle size. For example a 50% increase in the

contact time for glass ballotini ( dp=1.017 mm leads to a

decrease of 14% in overall heat transfer coefficient as compared

to 8% for the smaller glass ballotini ( dp=0.325 mm ).

Comparison of Table 5.7 and Figure 5-3 shows that the

theoretical model does not predict higher heat transfer

coefficients for higher U/Umf rat~os over the entire range of r

for molecular sieve particles. The model based on gaps and

contact time predicts a slight decrease in ~eat transfer

coefficient with an increase in U/Umf for all.particles due to
..

an increase in bed porosity. This discrepancy for the molecular

sieve particles could not be accounted for in terms of the

assumptions and the model used.

Figures 5-23 through 5-25 show· a graphical representation

of some typical results of Tables 5.4 through 5.8. The

experimental and predicted values are marked on the figures. It

should be noted that only the lower gaps are shown inthese

figure~ i.e. the se figures refer to the upper half of· the

vibration cycle. No predictions could be made for the zone of

poor mixing, while the predicted values for r=O werè obtained

from Equations 5.3.14 and 5.3.15.

The model presented in Table 5.3 can in principle, be

applied also to wet and sticky particles. The domain of its

application shrinks due to an expanded region of poor mixing for

·sticky particles. Moreover, it is essential to obtain the
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effective bed thermal conductivity in presence of surfacé

stickiness and the bed porosity for wet or sticky beds. Since in

the current study limited data were obtained on gap formation

around cylinders immersed in beds of sticky particles, bed

porosity and bed thermal conductivity, thec'heat transfer

coefficient could not be predicted for beds of sticky or wet

particles. Another key unknown at this time is the estimation ,of

thermal conductivity of beds of wet and sticky particles.

5.4 CONCLUSIONS

In conclusion it can be said that vibration enhances the

heat transfer rates considerably for beds of dry and sticky

barticles. The enhancement decreases with an increa~e in air
. ",

flow and surface st ic k iness. 'The heat transfer cO,ef f ic ient,

decreases with an increase in particle size more significantly

at smaller particle sizes ( dp<l mm ) as compared to the larger

particle sizes (dp~l mm). At a given frequency of vibra~idn

higher amplitudes of vibratio~ lead to higher heat transfer

rates.

Presence of surface moi sture enhances the heat transfer

considerably for molecular sieve particles. Below the critical

moi sture content the heat transfer coefficient is same as that

for the bed of dry particles.

The proposed model for evaluating h, predicts results

within 25% for well mixed beds and e >120°. The knowledge of

( particle circulation rates is essential for prediction of the

h~at transfer coefficient in the regime of poor mixing.
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CHAPTER G

CONCLUSIONS'

'ho
•

This study presents experimental results of the effect of

vibration on flow and immersed surface-to-bed heat transfer in a

vibrated fluidized bed.

Immersed heat transfer surfaces mounted horizontally and

rigidly to the bed allow use of deeper ~eds as compared to

suspended sur~aces because rigidly mounted surfaces themselves

ac't as vibrators. 't

This study was divided into two sections - flow and heat

transfer. The f.low experim~nts were performed to obtaln data in

order to explain the heat transfer results. The flow experiments

were conducted in a two-dimensional bed ( 0.20 m x 0.05 m ) to

allow easy visual observation of flow and mixing patterns around

the immersed

performed in a

sur~s. The heat transfer experiments were

bed of square cross-section ( Figure 3-3 ). Glass

ballotini and molecula~ sieve particles were selected as model

particles and Table 3.1 lists their'physical properties. Table

3.2 presents the range of operating palameters:

The important conclusions reached with regard to the flow

behaviour of VFB's are:

1. Application of vibration facilitated homogeneous

fluidization.of sticky and agglomerating solids beyond

r>l. For X>O.OOG kg glycerine per kg dry glass

ballotini, even vibrational acceleration of r=4 was
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not enough to obtain homogeneous fluidization of

sticky ,paiticles.

•

2. The bed pressure drop decreased with an increase in

vibrational acceleration beyond r>l following an initial

rise due to be9 compaction for r~l. The effect of,

vibration attenuated with increase in the airflow rate

and bed height a;d a decrease in particle size. The

amplitude of vibration exerts a,stronger influence on

the bed characteristics as compared to the frequency of

vibration at a.given vibrational acceleration.

3. Semi-quanti~ative maps for solids mixing in a VFB are

presented for dry and sticky particles ( Figures 4-8

through 4-10 ). Addition of surface stickiness delayed

the onset of good solids mi~ing to higher r values.

Small particles were more affected by stickiness as

compared to the larger ones.

4. Depending upon the aeration·rate and vibrational

acceleration , application of vibration gives rise to

particle-f~e air gaps around the immersed circular
'-

cylinders forl,eds of both dry and sticky particles

( Figures 4-20 and 4-23 '). These gaps, which act as poor

conductorsof heat increased in size with an increase

in r. At higher aeration rates these gaps formed at

lower values of r.
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The important conclusions

studies'on heat transfer are:

reached from experimental

,

1. Vibrationenhanced the overall heat transfer .coefficient
-

severalfold ( 'upto 20 times ). when the bed shifted from

the regime of poor mixing to that of moderate and

vigorous mixing of Figure 4-8. This enhancement was

maximum for a non-aerated bed and decreased with an

increasein.the U/Umf ratio. Addition of surface sticki-

ness causedthe heat transfer enhancement to be more

graduaI arid lower in magnitude.

2. Addition of surfacestickineés decreased the heat

transier rate.SmaIler particles were more affected by

'stickiness ps comparedto the Iarger ones. The heat

transfer coefficient decreased with an.increase in

particle size. Higher'amplitudes of vibration increased

the heat transfer rate at the same value of vibrational

frequency.

3. The heat transfer coefficient increased 4-8 times for

wet molecular sieve particles in the region of unbound

moisture. Below the critical moisture content of the

particles the heat transfer coefficient approached that

for dry particles. Once good solids mixing is achieved,

vibrational acceleration and air flow rate had negligible

effect on the shape of the heat transfer curves for wet
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molecular sieve particles, over the entire range of

parameters examined.

4. The proposed elementary model ( Table 5.3 l for evaluat­

ing the immersed surface-to-bed overall heat transfer

coefficient predicted results with reasonable accuracy

( ±25% ) in the regimes of moderate and vigorous mixing.

In the regime of poor mixing knowledge of particle

circulation rates is essential for predicting the heat

transfer results. The model failed to predict the results

for cases where less than one~third of the cylinder
" -
surface was_covered with particle-free air gaps. The

proposed model does not in~orporate the effect of

amplitude of vibration.
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APPENDIX-A

EXPERIMENTAL UNCERTAINTY

A.1 Definitions and TeLmin010gy

ACCURACY LefeLs to the fixed amount an instLument Leading

deviates fLom its known OL ~alibLated input, LegaLdless of how

many .times the meaSULement is made. AccuLacy eLLOL is a fixed

one.

PRECISION ERROR LefeLs to the ability of an instLument.to

Leplicate its Leadings. MeaSULements may be precise OL impLecise

depending on how weIl an instLument can LepLoduce subsequent

Leadings of an unchanged input. PLecision eLLor is not a fixed

one.

ERROR is a numbeL, 2 Lpm, O.6°C etc, and is defined as

the calibLated OL known input reading minus the instLument

Leading. EL LOr is thus known or pLedicted only when we can.

calibLate OL otheLwise check the test appaLatus.

UNCERTAINTY, like eLLOL, is a numbeL that would be if it

_could be measuLed by calibLation.

In this pLoject the eLLors LefeLLed to are, the ones

supplied by the manufactuLeLs or aLe estimated by the method

suggested by Kline and McClintock ( 1953 ) and Schenck ( 1968 ).

The Lule of thumb in estimation is, that the maximum possible

eLLoL is equal to one half the leastcount of the instLument.

The pLobability of

is 95%.

the readings lying between this eLLOL bound

)

J
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A.2 Errer and uncertainty in Complete Experiments

In most of the situations, the final result of an

experiment is dependent on measurements from several instruments

combined through sorne mathematical process, In dealing with

several inst"ruments, th~ error whether uncertainty errer "ir

precision error shall be treated on a common basis. The general

method of estimating error in the final result is shown below.

Consider the general case of a result E which is a

function of the two measured variables V and W:

E + e = f( V+v, W+w
" ).;;

If this function is continuous and has derivatives, it

can be expanded in a Taylor series and using the first two terms

only and with

R=f(V,W)

the result is

e = aE/av\,v + ( aE/aw )vw A.2.2

(the lower case letters apply to deviations from the correct

reading ) ,"

I:e 2 = aE/av )?, I:v 2 + 2{ aE/av (." ( aE/aw ) I:vw
v

+ ( aE/aw )2 I:w 2
v

•
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f.:))
The term Evw goes to 0 and s~' = Ee 2 /n ( standard deviation ) so

that,

52 = ( aE/aV)~ s~ +( aE/aw )~ 5~

and for any uncertainty interva1 qj

q2 = ( aE/av ) q2 + ( aE/aw ) q2
W V V W

A.2.3

A.2.4

Equation A.2.4 is very important in determining experimental
t

error. A few equati.ons of error determined from Equation A.2.4

are given in the table below.

Equations of Error

Function E Error in Result q.

q 2
V

+ q{., ) 1/ 2

E« q~ )2'+ (qW/W)2 )1/2

K ( V ± W )

KW

"

bEg,/V

"
,

Kel'P( V )

Kln( V

KSinV

E~

Eq,,/( VlnV

Eqv/TanV

( K i5 a constant of proportionality )
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A.3 Samp1e Ca1cu1ation

The average surface-to-~ed heat transfer coefficient is

defined- as:

h = Q/( Ac 6T ) A.3.1

Assuming no error in d ). h h fetermlnlng t e eater sur ace area, Ac,

= ±O.S% = ±O.GOS

Ts - T b

±0.67°C ( error in thermometer reading )

(

The maximum error in' average heater or bed temperatures is

therefore ±0.67°C~ ,
Referring to Appendix-D for the~experimental values of

the variables: ,.,

•
Ts-"= 36.67°C

Tb = 26°C

6T = 10.67°C

0)
Equation -A.3.1 and the Equations of Error give:

"

= « 0.67 )2 + ( 0.67 )2 )1/2

= O.94°C

Therefore,

,



/
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qh/h = ( q /Q )2 + (q /I;.T )2 )112
Q T

= (( 0.005 )2 + ( 0.94 )2 )1/2

= 0.088

= 8.8%

Thus, the maximum error iq the heat transfer coefficient

is about 8-9%. It should be noted that this is the maximum

possible error due to the fact that temperature gradients used

in the experiments were always greater than loge.

:
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APPENDIX-B

AE~ODYNAMIC CLASSIFICATION OF PARTICLES
,.,

/

The bihaviour of solids fluidized by gases falls into

four c lear ly recogni zable groups, diarac'terized by dens i ty

difference Pp P and mean particle s~ze. A general

criterion for distinguishing between bubbling ( aggregative,

heterogeneous and non-bubblin g[: (particulate, homogeneous)"

fluidization, by the way of classifying powders into four

different groups is presented below.

Group A- Materials having a small mean size and/or a low

particle density ( less than about 1.4 gm/cm J generally fal1

in this group ( e.g. sorne cracking catalysts ). Beds of powders

in this group expand considerabiy before bubbling c,ommences.
\

..
When the gas supply is suddenly eut-off the' bed collapses

slowly, typically at a rate of 0.3-0.6 cm/s, this being similar

to èuperficial velocity of the gas in the dens& phase. Gross

circulation of the powder (akin to convection currents in

liquids) occurs even when few bubbles are present, producing

rapid mixing.

Grouo B - This group contains most materials in the ·mean size

and density ranges 40 m < dp < 500 m, 4 gm/cm J > p > 1.4
p

gm/cm J , sand being the most typical powder. In contrast with

group A powders, naturally occuring bubbles start to form in

this type of powder at or only slightly above minimum
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fluidization velocity. Bed expansion is small and the bed

collapses ver~ rapidly when the gas supply is eut-off. There is

little or no powder circulation in the absence of bubbles and

the bubbles burst at the surface of the bed as discreet

entities.

Group C - Powders which are in any way cohesive belong in .this

category. "Normal Fluidization "of such powders is extremely

difficult; the powder lifts as a plug in small diameter tubes,

or channnels badly, i.e. the gas passes up.voids extending from

distributor to bed-surface. This is due to the interparticle

force~ being greater than those which the fluid can exert on the

paiticle, and these are generally the result of very small

particle size, strong electüostatic charges or the presence in

the bed of very wet or sticky material. p~ticle mixing and

consequently heat transfer between a surface and the bed is much

poorer than with the powders of groups A or B.

Group D - This group is confined to large and/or.very dense

particles which are readily spoutable. The gas velocity in the

dense phase is high, solids mixing relatively poor; consequently

back mixing of the dense phase gas is small.

A powder classification diagram for fluidization by air

ambient conditions ) is shown ln Figure B-l. This diagram

derived from theoretical considerations, matches very well with

experimental results and is widely accepted.
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APPENDIX-C

THERMAL CLASSIFICATION OF PARTICLES

Geldart's (i973 classification of particles addresses

only the fluid dynamic aspect of fluidization. Although fluid

dynamics is important for bed behaviour, particles could be

classified according to their performance in heat transfer,

solids mixing and other types of processing characteristics for

fluidized beds. Thermal classification of particles is made on

the basis o( the heat transfer component contributing most to

the overall. heat transfer between the bed and an immersed

surface. Jovanic and Catipovic ( 1983) verified experimentally

that thermally large 'particles remain essentially isothermal

while in contact with the surface.

In a fluidized bed heat is transferred from (to) an

immersed surface by packets of particles, by gas percolating

between the particles of the packet and the surface and by gas

bubbles. When smaller particles contact a hot heat transfer

surface several rows of particles are heated and the emulsion

packet isconsidered ~a continuum having a certain effective

thermal conductivity. However, with increasing particle size,

only one or few rows are heated during the time of packet

contact, and the effective thermal conductivity begins to

approach the thermal conductivity of the solid. Very large

particles c'onstitute a packet' by itself.

The packets rest on the surface for a short time and are

constantly replaced by fresh emulsion from the bed. This
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\..s .
constant partIcle motion is a mechanism of " particle convective

mode of heat transfer" discussed in depth by Schlunder ( 1982

). The surface-to-packet heat transfer is viewed in terms of

two resistances in series: a) the contact resistance and bl the

resistance within the emulsion packet phase. with increasing

particle diameter the contact resistance constitutes a rapidly

increasing portion of the total particle convective resistance.

Therefore, regardless of the gas velocity, the contact

resistance can be used in place of the total resistance for

sufficiently large particles, I.e. the particle convective

component is independent of the emulsion behaviour at the

surface. This argument has been used~by Jovanovic and Catipovic

( 1983 1 as a definition of therm~lly lar~g particles. For small

particles, the emulsion packet resistance~ is significantly

greater than the contact resistance.

Jovanovic and Catopovic ( 1983 used the particle

thermal time constant, tp = Pp Cp dp2 / 18 Kf to thermally

classify the particles. The particle~ are large if tp is

significantly larger than the average packet residence time, t,

and they are small if tp < t; as a consequence, the' heat

transfer coefficient is a function of t.

Figure C-1 shows th~ theimal classification of particles
•

as a function of three dimensionless groups, as proposed by
\

Jovanovic and CatipoVic ( 1983 1.

\

•
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APPENDIX-D

SAMPLE DATA SHEET

Data Sheet Time:60 min---
Cylinder Diameter: 38.1 mm Particle Type: Glass Ballotini

Size: dp=0.595 mm

Heat Transfer Area ( Ac ): 67.15xlO- 4 m' ~Po ( N/m' }:117

Distributor Type: 18% free area Flowmeter Reading:--

Umf ( m/s ): 0.201 Bed Height: 110 mm

U/Umf: 0.6 Temperature { oC

r:0.5 Thermocouple. No:

Wattmeter Reading: 33

Multiplying Constant: 0.2534

Actual Heàt Input

Bed Pressure Drop

•

Q }: 8.3622 W

~P }: 902 N/m'

Heater: Bed:

1: 36.7 33: 32.1

4 : 36.7 35: 26

7 : 36.8 37: 30

10: 36.7 Bed.Exit:

13: 36.7 26: 25.7

Average Bed.Temperature {T }: 26°C

Average Heater Temperature{ Ts }: 36.67°C
é'

Temperature Gradient ( ~T ): 10.67°C

Average Surface-to-Bed Heat Tcansfer Coefficient C W/m'K }: 116.7
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