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" When you can meésure what "yoy are speakfng
. about and express it in numbers, ydh know

" something about it; but when you cannot
measuré it, when you cannot express it in
numbers, your knbwledge is of a meager and
qpsatisfactory kind: it may be the begiﬁning

of - knowledge, but you have scarcely, ihuyour

. thoughts, advanced to the stage of science "

- Lord Kelvin
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Hésults of an experzmental study of the flow
characteristics and 1mmersed surface heat transfer rates' in a

vertically V1brated aerated bed of model particles are presented

and - discussed. Var1ab1e5 .- examined  included vibrational

acceleration (.0—4 times gravity ), vibration ftequency ( 0-105

- rad/s '}, vibration ampiitude'( 0-4.25x10"3 m ), air flow (

0—0 60-m/s ), surface stickiness ( 0-0.006 kg glycerine/ kg dry

'partlcles), particle sxze ( 0.325x10-3-2)36x10-3 m ), bed height

partlcles ), part1c1e moisture co\tent\izf—o .40 kg water/ kq dry

¢
( 80%10-°-130x10-2 m ). and cy11nder diameter ( 25x10-3-38.1x10-3

.m ). Glass ballotini and molecdfsr sieve particlea were used as

The flow experiments were performed in a two-dimensional

bed (0. 20 m x 0.05m ). The effect of vibration cnrfluidization

and m1x1ng characterlstlcs'fgt beds of dry and sticky particles

" is examlned. The effects-of the various parameters on the

fluidized bed pressure drop are also discussed briefly. " Flow

v1sual1zat10n stud1es were performed to observe flow patterns

around horlzontal,_r1g1dly mounted immersed c1rcular cylxnders.
Y .parametrlc study of the effect of vibration on’

surface-tq;bed heat” transfer is presented - Application of

nibratdon was found to enhance heat transfer rates severalfold

Development;of .particle-free a1r . gaps around 1mmersed cyllnders

-
were observed to affect .the heat transfer- rate. ‘A dramatic
increase in the heat transfer rate was found to - occur during

X

n

removal of surface moisture for molecular sieve particles. Below

]
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the £ritical moigturé content the h%at-tfansfer.réte approaches.
rapidly that for completely drf'beds'under identical operating

condttions. Finally, a physical model ‘based. on the 'obse(Vedd'

" mixing and flow patterns in a VFB and on existing theories on

contact heat transfer is proposed to predict the ‘average

surface-to-bed heat transfér coefficient in a VFB.
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it? _A. RESUME -

Les resultats d'une i étudé, - expérimentale de;
”caractéristiques';érodynamiques et des vitesses du transfert de
chaleur de surfaces immergées dans un lit aéré en vibration
verticale pour de particules modéls sont pfésentés et discutés.

Les variables étudiées induent l'accélération des vibrations {
0-4 fois la gravité ), la fréquence de vibration ( 0-105 rad/s
), l'amplitUAe de;vibratioq ( 0-4.25x10"3 m "), la vitesse de
i'aif (I.O-O.SO n/s ), i'adhésivité de la surface ( 0-0.006 kg
glycerine/kg paréiculeé saches ')} lateneur enhumidité des
: particules ( 0-0.4 kg gau/kg particules séches ), la grosseuf

-. des‘partic{.lles { 0.325xi0'3- 2.36x10-3 m ), la hauteur du 1lit ‘(
80x10-2-130x10-% m ) et le diamétre des cylindre '('
25x10-3-38.1x10"- 3 m-). Duverre baliotini- et de la sidérosé
méléculaire etaient utilisés comme particules modéles,

o Les expériences aérodynamiqggs.fdrent' faites dans un 1lit
4 deux dimensions ( 0.20 mx 0.05 m ). L'effet de la vibration
sur la fluidiéation et sur les cafactéristiqués dé mélange pour
deé lits. de particules séches et collantes -a été &tudié. Lés
~effets des différents paramétres sur -;a chute de 'ﬁresSion des .
1it fluidisés sont aussi brievément discutés. Des études de
Qisualiﬁation aérodynamique fﬁrent exécuté pour observér les
'diagraﬁmes"d'ecoulément 4 1'entour de cylindres circulaires
.immérgés et monté rigidement. | | . AN

.Uné étude de l'effet de la- vibration sur le traﬁsfert de
‘chaleur de 1la surface au lit- présenteé. 11 a.été trou?é que

l'utilisation des vibrations augmente grandement le transfert de



-iv- : S

chaleur. La vitesse du transfert de chaleur est aéfectée bar le
développment de trous . d'air sans particules 4 1'entour des
cylindres -immergés. | f). B - : -

Une augmentéfion marquée dans la vitesse du transfert de
chaleur a été observée lorsque 1l'humidité de surface est
eliminee des particules moiequ%fire de sidérose. Au-dessous du
taux dfhumiditécritique, la ‘viﬁessej du trénsfert de chaleuf_
approche rapidement celUF obtenu.poﬁ}_ des lits complétment' secs
dans des conditions sin%laires, Finalement, un' modéle'ph§sique
Basé.gur le mélange observé et les diagfammes découlement dans
un LFV et sur les theories existantes décrivant le tfahsféft de
chaleur de contact‘est proposé pbur pfédire le cdéfficieht méyen,

du transfert de_éhaleur de la surface au lit dans um LFV.
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o _Density‘bf fluid? kg/m3
Py ' "Part?clé densiff, kg/m?
o ) Angular frequency of vibration, rad/s
Irmax Value of I at hmax .
r- ,”—Extended vibrational acceleration number, -
Y " Accomodation COefficient i

. Dimensionless Numbers

Ar Archimedes number, gdp’(pp/q - l)gp/h)z
Bi " Biot number, hb/Rc o :
‘N { Nu - Nu® )/( Numax - Nu® )

Nu Nusselt nuﬁper, hD/Ks

Rumax Maximum Nusselt number, hmax D/Ks

Nu® Nusselt number at =0, hoD/Ks

Pr Prandtl number, Cﬁ“ /K |

Re Reynold; ‘niimber, DUp sy
-ﬁép | Particle Reynolds number, .dpU f/H |

r vibrational acceleration number,'Aul/g

-

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

-~

o
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CHAPTER 1

INTRODUCTION

Certain drawbacks of coqvéntional fluidized beds, viz gas
bypassing, rapid solid mixing, attrition and entrainment of:
friable 'materials have a negativer effect upon the contact

.
between phases and .the productivity of some industrial

- processes. To improve performance of fluidized beds many

modifications have evolved. These include fluidization by gas
under pressure, fluidization with impulsed circulation of fluid,
fluidization with simultaneously flowing ‘liquids and gases;

fluidization . in centrifﬁgal field, - impro&ing' hydraulic

resistance of the 'distributor, use of baffles and fluidization

in conica%;vesse}é etc. One of the most successful modification
haé'been ghe.appliéatiod,of vertical and horizontal vibratiJn to
fluidized bedg. |

The application of vibrated fluidized beds ( VFB 5 in
practice has grown substantially duriné the last two decades.

Application of mechanical vibration facilitates fluidization of
: _ -+ P

‘sticky or ‘aggiomeratingﬁ solids . which cannot be fluiﬂizgd'

conventionélly. It is noteworthy that it 1is alsb'possible te "
pseﬁdo-fluidize " beds of solids at vibrational accelerations in
excess. of gravity without the aid of air fléw..Such systems can
be used for heating, cooling or coating applications, and also
fo;‘vacuum contact drying of wet, sticky granular media:

 The major appliéétion of -vibrated fluidized beds remains
in the area of drying. VFB's -are also used frequently for

4
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granula£ion ( e.g." instantizing™ spray dried product ). Some 9§
the appli:ations include the drying of granulated fertilisers,
poiymer chips, inorganic and organic chemicals, pbarmapeuticals,
food products  ( e.g. sugar, cocoa, coffee'), asbestgé.ffares,
clay etc. I addition, a growing. interest. in wutilising
mechanical vibration to improve fluid bed processing in such
diverse applications as calcination, exothermic gas-solid
reactioﬁs, polymer coating, metal sintering and steaminé of pulp
and wood have been reported by Gupta ( 1979 ). Vibrating
equipment has also pfoven' economical in dutiés‘h such as
moistening, aspirating, pickling, separating‘and dewatering.

| An industrial VFB 1is typically a 1long horizontal
réctangular trough which is vibrated at a slight angle té the.
Qerti&al to permit conveying of solids along the trough; The
dégree ofl 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 velocity -requirement

substantially and hence tends to minimize the fines entrainment.

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

power consumption. The operating c¢osts can 'be reduced by
seiedting optimum vibrating parameters as shown by Erdesz and
Ormos ( 1984 ). They reported that in batch-operaéed éystems the
optimum vibrating paraﬁeters are in the r=1-5 range. A number of
commercial VFB systems haée been illustrated by Shah and Goel {
1980 ), Danielsen and Hovmand ( 1978 ), Pye ( 1974 );-Engelmann
( 1958 ) and Hastani et al ( 1984 e
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Despite the marginally increased equipment complexityhdue
to added vibrational motion, the/VFB offers several advantages

accounting for its growing commercial success. These include:

d. Easieﬁ'Eontrol‘of residence "time by manipulating vibrﬁtional'
pafameters ( Amplitude and frequenéf - of vipratibn ) without-
afféc;ing-the gas flow rates? In continuous ppe;étion,qplug-flow‘
conditions can be achieved .théresf making it ideal for the
processingrof heat.seﬁsitive matefiais.

, ' -’ ) . - . . : . \
2.'.Reduced air requirements for ;fluidizationg_at reasonable
vibration#l acqeleratfon levels k'ﬁéy be'as'loy'as 20 per cent
of the minimum flhidization krg?birgment in ;é- cdnventiqnal
non-vibrated bed ') resulting in & remarkable reduction in the

bed pressure drop. This leads to a réduction in bed size,

. air-ducts and dust collecting equipment ( due “to.considerable
. . Vs , ~

¢

reduction in entrainment as well as reduced air volumes ).
/ ] A _ _

g

3. Ability.to hanale'polydisberse materials. The wide particle

size dis;r?bution of” some .products makes the -choice of the:
operatiﬁé 'velocitf ‘in jgonvéntional fiuidized beds 'very
diff?cult. 'In a--’VfB ﬁhe materiai is transported and "
pseudo-f?uidized“ by vibration andﬁtherefore gas flowrates can

be chosen relatively independently.

4. More ;?ficieﬁt and uniform drying of sticky, pasty or

agglomefating particleé due to better qua%%ty  fluidization,
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achieved with the help of mechanical agitation.

5. Drying, éooling and conveying'can  be carried out in the same
equipment simultaneously. _

6. Vibration eliminates " deadzones " within the dryer,
resulting 1in more hygienic operations for food products by

reducing the risk of bacterial Qrowth.

Other featu:eé of .- VFB include higher heat and mass
trénsfer:rates, gentlér _handling of'friable materialé, ease of
closed cycle.drying and recovery of organic solvents ( Daniélsen
and Hovmand ( 1978 }) and an overall more eqdndﬁic operation as
compared to conventional dfying-equipmeht; ‘

Heat éransfer between submerged surfaces and VFB is an
area of significant industrial interest especiaily'in the design
of energy-efficieﬁt thermal brocessing of _hérd—to—fluidize,
éolydisperse and/or sticky granular solids. Soﬁétimes it is
necessary to supply sﬁﬁplemental-heat when the':fluidizing air
. mpsf be at lower temperature or if the air flowrate must bé low

i;f@f_procéés. reasons. The heat exﬁhange surfacés may 'be plane,
bgrtical panél§ _or: multiple tubes arranged  horizontally or

;Qertically. Since the Béd depth is limited due to rapid

-_: attenuation of vibrational energy within the bed, vertical tube

'f'l'iarraﬁgeménts,éppeap to Hhave little industrial potential " in VFB
' 3'apPiications. L S . A o L‘“\\

L Rigidly mounted horizontal tubgs'al;ow'moré heat exchaﬁge,4

' .
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surface to be packed in a given VFB while permitting use of
deeper beds as the tubes impart additional wvibrational energy
within the bed itself. Suspended heat transfer surfaces appear

to be more interesting for practical considerations. Work is in

" progress to evaluate these ( Kwamya and Mujumdar ( 1984 )).

A major part -of all published Qork on immersed surface-
to-bed heat transfer in_VFB's is 1in Russian and is reviewed :
fully by Pakowski et al ( 1984 ). Pakowski and Mujumdar ( 1982 )
reported for ‘the first time a dramatic &iminution' in cylinder
heat trﬁpsfer from~p horizqntal cylinder to a.v{brafgd bed of
sticky glass ballot{pi particles. It was shown that 6this
reduction was capsed' Sy inhibition of particle mixihg and
formation of iarger air gaps around the cylinder as compared to
beds of dry'ballotini._Suriace stickiness was induced by coating
the,lglgss ballotini particles with controlled amounts ®f
glycerine;k_ |

This project deals with immersed surface-to-bed heat
i S '

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 sticky particles in a VFB, including the

effect of various pertinent parameters ¢ $§#§. amplitude and

frequency of vibration, particle size, bed ‘height, aeration rate

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

- VFB, has ‘also been examined. A flow visualization study was

conducted in a two-dimensional bed to examine particle free air

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

-

"sticky particles. The cylinders were in all cases described in
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this thesis, mounted rigidly to the vessel walls 1i.e, the heat
exchange surface also acts as a vibrator.

The main objectives of this project were twofold:
1. To perform heat transfer experimenfs with rigidly-mounted
horizontal circular cylinders immersed in a VFB Pnd study the
effect of vibrational amplitude and frequency, aeration rate,
particle size and type, moisture and stickiness on the heat

transfer rate from the immersed cylinder to the bed.

2. To examine the flow and ﬁixing behaviour of dry and sticky
[
particles in a VFB with immersed horizontal cylinder in order to

explain the heat transfer results.

This thesis is divided into two main sections-
aerodynamics and heat transfer. Chapter ’k_ deals with
aerodynamics and includes the effect of vibrational acceleration
on flujdiqgtion curves for dry and sticky particles; rbgg
pressure drﬁp;_ mixing; flow patterns aéound immersed cylinders
and extended ;ibrational acceleration number. Chapter 5 presents
a parametric study of~avérage surface~ to-bed heaﬁ transfer
coeffiéient.and a phfgical 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 thei.subjeét, while Chapter 3 aescribes the

experimental facility and procedures.
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CHAPTER 2

REVIEW OF RELATED LITERATURE

2,1 INTRODUCTION

As discussed in the précéding chapter fluidization of
solids with the aid of mechanical vibration has been one of the
most successful operations commercially. Intense reéearch and
development activity in conventional fluidized beds ( CFB's)
started in the late fifties, afteé pioneering work in the
theoretical*modelling of the formation, stability and size of
bubbles in conventional fluidized beds ( CFB ) by Kunii and
Levenspiel ( 1967 ), Harrison and Leﬁnéﬂ( 1961 ) amongst others,
was completed. The understanding of the flow mechanism iq CFB's
helped in the development of modifications to improve the
performance of Eluidized beds. |

Most of the available_lite;ature on VFB research and
development is from East European countries, the USSR and Japan.
Gupta ( 1979 ) reported that about 75% of retriévéd literature
citations . ( in 1978 ) were in Russian; about 15 percent in
Polish, Rumanian and Japanese while less than 10 peréent of the
citations were from Engliéh speaking_parts of the world.

Bratu and Jinescu ( 1971 }, Bretsznajder et al { 1963 ),
Bukarwa et al ( 1969 )}, Chelenov aﬁd Mikhailov ( 1965 1},
Yamazaki et al ( 1974 ) and Gutman ( 1974 ) are some of the
early workers 1in the field of vibrated fluidized beds. Apart
from trade literature (- Engelménn ( 1958 ), Pye {( 1874 )) only

one paper ( Danielsenand Hovmand ( 1980 )) appears to have been

B AN
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published by a manufacturer of VFB equipment.
' Déspite the widespread interest in the VFB prdcess, the
complexity df the phenomenon has defied 511 aftempts at
understanding the basic mechanism. The design parameters of
+VFB's have been attempted to be correlated with ﬁhg vibratory
acceleration, o2?A ( Bratu and Jinescu ( 1971 ), ?amaiéki et al (
1974 ), Erdesz and Ormos ( 1984. 5, Pakowski | and ﬁujumdar (
1982)), vibration velocity, oA ( Bretsznajder ( 1963 )) and the
.vibration intensity, o?A ( Gupta ( 1979 )).
Gupta ( 1979 ) has listed factors, some of whiéh are
unigue to VFB literature which make it difficult"to review the
subject - critically. These include: incoaglete reporting of
experimental procedures, incomplete definitions of certain
.terms, lack of specification on the mode of vib}ation employed
and lack of information on the basis of comparison of VFB's with
other coéntactors ( e.qg. ked beds or CFB's ). ) . 3

' This chapter is dijj;gd to a brief survex\of the relevant
literature on the aerodynamic, flow and heat ;rénsfer
. ch%59cteristics of the VFB. A comprehensive review of the

literature can be found in Pakowski et al ( 1984 ).

\

\

©2.2 AERODYNAMICS AND FLOW

2.2.1'0pérating Regimes

If vibration acceleration applfgd to the bed of particles
is strong enough, it may evoke a state 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 operating conditions, aerated
vibrated beds . have been classified ( Pakowski et al ( 1984 ))
ass:
(i) Vibrafgd bed - all beds of particles without forced
gas flow for ‘r>1
(ii) Vibro-fluid;zed bed~ all beds of particles with gas
% velocity U/Umf<l and r>1
(iii) Vibrated-fluid bed w all beds of particles with gas

velocity U/Umf>1 irrespective of the vibrational
. ~

acceleration.

Bragﬁ. and Jinescu ( 1971 ) defined differently three
regimes of operation of an aerated.vibrated bed depending on the
magnitude of the vertical compoﬁenf of . the vibrational
accgleration only,‘with?ut coﬁsidering the influence of air
flow. _ _
d In this stﬁdy the term vibrated fluidizgd ped { VFB ) is
used over the entire range of operating pérameters i.e. Izo'and
U/Umf20. It should be pointed out‘tﬁat the term "fluidization"
is used ;ather loosely ih this report; - it';orre;ponds to the
state of a well ﬁixed bed . and not with U/Umf>1 as . for
‘conventional fluid}zed beds. ' This is in 'accord with the
génerally.ac¢eptéd terminology used in the pertinent literature,.

v

2.2.2 Bed Characteristics

Application of vibration improves . bed homogeneity and

stability ( Bratu and Jinescu ( 1871 ), Gupta ( 1979 )),

P
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probably due to the fact that high frequency vibration prevents

possible coalescence of bubbles resulting in a more uniform bed.

On the other hand, excessive vibration has been shown ( Gupta (

-

1979 }) to deteriorate the'bed structure. The term excessive is-

a relative one; it depends for 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 inrdeterioration of the
bed structuré. |

The effect of vibration on bed porosiﬁy has been reviewed
by Gupta ( 1879 ) and.Pakowski et al.{ 1984 ), Both reduction
and iﬁcrease 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 1i.e~# reduction in bed

porosity was observed as compared to a conventional fluidized -

bed while an increase was observed when compared to a packed

bed.

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

Auv1/g<l and expands for Aw?/g>l, These curves were-reported by

Pakowski et al ( 1984 ) fo vartz sand layers ( dp=0.210.-

0.355 mm, H=40 mm ) for{ non vibrated beds. Furthermore, they
found that bed expansion is a stronger function of the vibration

amplituée 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 improve&ent in the bed fluidity due to breaking up of

S
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- differentiated this phenomenon from ordinary
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interparticle forces ( for fine, agglomerating or sticky
particles 5 by 'vibration 1is reported by ‘Gupta ( 1879 ).
Experiments of Chelenov and uikhailOQ { 1965 ) have shown that
extensive solid ﬁixing takes .place in a VFB ;esulting in an
isothermal bed.

Pakowski and Mujumdar (1982 ) observed c1rculatory mlxlﬁg
patterns in" a VFB fitted with "an immersed horlzontal tube (
Figure 2-2 ). The'intensity of the circulatory streams depends
on I and U/Umf and the angular velocities of circulatioﬁ as high
as 0.17 s-! were observed by Pakowski and Mujumdar t 1982 ).
Similar circulation patterns of solids i.e. from the centre of
the bed towards the walls - and then down fhe wall towards the
distributor have béén reportéd by Bretsznajder et al ( 1963 ):

. To achieve efficient ﬁolids mixing 1in a CFB, operating
veIocities'aré "usually 2-5 times Umf ( Kunii and Levenspiel (

1967 )); -similar cond1t1ons for solids m1x1ng can be achieved in

a VFB by simply v1brat1ng the bed at sufficiently high frequency

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

s fluidization by

labelling‘ it "pseudo-fluidization". Fig 2-3 shows the

éxperimentally observed ( Gupta ( 1979 ))  fombinations of

vibration and amplituae'. that generate this state of

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

Mujumdar ( 1980 ) proposed that pseudo-fluidization occurs when

( Ae?/g)rms 2 1

»
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Figure 2-2 Circulatory patterns in a VFB with a

horizontally immersed cylinder
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Figure 2-3 Map for onset of pseudo—-fluidization
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Gupta and Mujumdar ( 1980 - ) further investigéted the
effect of air flow on the .phenomenon'of pseudo-fluidization;
their observa£ions are presented in Figure 2-4. It should be
pointed out that this figure is a qQualitative one based - on

vistal observations with no quantitative measure for - the onset

oy -

" of mixing.

"An empirical correlation for their newly defined minimum
mixing- velocity, Umm ( minimum air velocity at which solids
mixing commences in presence of vibration } is expressed by
Gupta and Mujumdar ( 1980 )} as follows:

Unm/Umf = 1,952 ~ 0.275 1 - 0.686 r?

in the range

0 srs4
12.5x10-3 < H's 75x10-% m |
T 2.2x007% sdp < 39x107% m .
§50 <Pp < 890 kg/m? -
0.77 <¢ 5 1.00
CE

I
. G

Pakogski apdé:Mufumdar_k 1982 ) observed bg? separation
frém the‘ supportiné plate at rzl. They aléo reported bed
separation at the surface of the immersed horizontal heater
forming air gaps above the heater when qhe.bed is asceqﬂing anﬁ'

below the heater when it is descending. Such situations increase

2 :
the heager-to-bed resistance causing the heat transfer
- cweffigi Rf to drop. ' ‘ By . _
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'Figure 2-4 Minimum mixing velocity as a function

of vibrational acceleration
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"structure. L -

" At high 'vibrational acceleretion levels ~and -?i{
velocities in the nelghbourhood . the. mlnlmum fluidization
velocity, beds of the smaller 'partlcles (\?dp 0.454 #g )

displayeﬁjpresence of attached.axr bﬂbble% on the upper surface

' of the immersed horifental cylinder ( Pakowskl and- Mugumdar (
. 1982 )) as

shown in' Figure 2-5. Visual observat1ons of the _.

. & )
of the overall begd, indicated that higher air
¢
veloc1t1es in excess of 1.4Umf } tend to

bubble patter

velocities ( i.eWw

RS

reduce the average bubble size and thus improve -the bed.

§
“ .

Pakowgki and Mujumdar ( 1982 ), while studying the effect

of surface stickiness on heat transfer, observed ‘permanent air

\@eps | ardgpd immersed’ heater surface. -.They-.proposeg an

3 . . . . ofs
explanation in terms of increased internal friction of the bed

P . 3 B .
- reflected- by the 1ncreased angle of * repose of the sticky

pertiEles, which 1mpedes the'collepse' of the bedﬂa:ohnd' the.

- ‘ 3
heater after the gap 1is férmed. This makes the air gap more

. \ ) . . . )
stable until finally at higher levels of stickiness, the gap is
pe;EEhently formed so-that thé’heater . oscillates cnééfing an -

oval Space, contacting the bed fully only in . the uppermost and

LI

lowermost configurations. This phenomenon is- cruc1ally 1mportant

_in . determlnlng the surfacertOjbed heat transfer as will be

discussed.fully in Chapter 5.

w . -
~ - . ]

2.2.4'Bed Pressure Drop ) o

_The effect of v1brat10na1 parameters on‘tﬁefbed pressure

: drop has. been studied by Bretsznajder et al ( 1953 ), Chelenov

& ' . >
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Figure 2-5 Air gap.formation around a ho izgntally .

immersed cylinder in a VFB
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“intensities of vibration (

~19--

and Mikhailov ( " 18965 ), Bratu and Jinescu ( 1871 ), Gupta and .

Mujumdar ( 1980 ) and Erdesz and Ormos ( 1984 ). All these

studies .show a strong dependence of bed. pressure drop _on

vibration parameters, A and .

Upto 35 percent reduction in bed préssure drop has been

reported by Bratu and Jinescu { 1971 . ) as a conseqguence of

vibration. Gupta and Mujumdar-{ 1980 ) found the VFB pressure

drop to be lower than the pressure drop in a non-vibrated bed

- over the entire range of operating-conditions used in their

, - study ( A=0-4.25 mm, w=0-105 rad/s ). The minimum fluidization

pressure drop- was found to decrease with. an’ increase in

frequency and amplitude. They coﬁfined 'their_'attention' to

shallow beds { 25-50 mm ).

>

More recently ‘Erdesz and ‘Ormoé ( 1984 )  performed

.hydrodfnamic -experiments with sand particles in the range
r=0-13.4. A:O.sxl}QS“mmj).‘They observed that in. the presence
‘of‘__vibratioh the characteristic pressﬁré peak .of gas

fluidizMion’ 'is' missing. and the . relative bed expansion is’

l;négf.‘Coﬁtrary ﬁo Gupta and Muﬁumdar's ( 1980 ) observations
theylggpoftéd bed compact}] n‘(.higher pressure drop )} ;t~lower

tgggl ) fdllowed_by exbansion'at higher
vibrational accelerations. ‘

- A considerable attenuation of the. effect of vibration“on

- APmf with inéreéée in the bed heighnhigfreportea by Gupta and

Mujumdar ( 1980 ). They reported almost no -effect of vibration.

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

Er@zsi and Ormos ( 1984 ) observed that with in;reasing
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pérticle:sizé the pressure reducing effects of vibration e
hindered. On the cohtraay, Gupté and Mujumdar ( 1980 ) repbrted
‘lérger sized particleé to be affected to a greater extent by
vibration than smaller ones. It should however be noted, that
the bed heights and particle density in Erdesz and Ormos’'s study
were twice as much as compared té_Gupta and Mujumdar.

An interesting result presented by Erdesz and Ormos
1984 ) is a reduction’'in the minimum fluidization ﬁréssure drop
{ over the entire range ) with less permeable support plates
i.e. higher support resistance, 'Pakowéki et al ﬁ 1984 ) hagg
Yndicated that the design of the gas.distributor érid and

measuring technigue can effect the pressure drop measured in

fluidized beds. Erdesz ¥nd Ormos ( 1984 ) have not étatgd the

4

technique used in the measurement of the bed pressure drop.

Gupta and Mujumdar ( 1980 ) conducted experiments to’

. . determine the effect of vibration on the'fluidizafion of sticky

materials commonly encouh;ered in 'd;ying applications. For this
purposé they mixed dry'parti;les with épntrokled émountslofloil.
Severe gas channelling éhd n; fluidizat%gp was ébse ed by‘the@
under conditions of no vibration. With vibration it was possible

to fluidize the bed and APmf decreased with an increase in

vib;ation frequency, althoggh-it was alwaYS'ﬁ?bher when compafeé_

: . L : _
to aPmf for a dry bed. This ¥can be -attributed to the momentum

-’

lost in overcoming surifface forces.: of%nj%rparticle adhesion due

iy

to the presence of : oil film.T

In qon%gusion, 2t can be stated that the effect of

vertical sinusoidal vibration on bed pressure drop has been

. - " B * Ta
N = | |
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investigated experimentally by many researchers. Bed height,
. CA .
particle size, particle density and surface properties have been

_reported to exert first order effects. In addition, vibration

aids in fluidization of.sticky and agglomerating solids.

2.3 HEAT TRANSFER

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 wvibrational

paraﬁeters, mechanism of heat transfer in a VFB and drying is
also ﬁresented. Finally, a section on heat transfer in a
graﬁular.bed ( packed, agitated-or fluidized )  is pfesentéd.
This section is further discussed in depth in Chapter 5 where it

is used to propose a model for im?g}sed surface heat transfer in

a VFB.

2.3.1 Introduction

A compre@enﬁive review of the available world literatﬁre
on heat transfer in VFB's is available' in Pakowski et al ( 1984
). Not much,progfgbs has been reported since in the area of
surface-to-bed Heat transfer in VFB's except by Pakowéki"and
Mujumdar ( 1982 ), Ringer and Mujumdar ( 1982, 1984a, 1984b ),

Mujumdar and Pakowski -( 1983 °) and Malhotra and Mujumdar ( 1984

). A brief outline of ‘the relevant literature is_presented in

. Phred
D B

the following gext.-

oy b T e

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

the dryiné of granulér solids, the bulk of literature . pertains
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to heat transfer between a heating 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 to 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 vibra;ion being imparted only to thg bed,
only to the heater or to both simultaneously. In‘scope of the
present work tﬁe review is focussed ﬁrimarily at surface-to-bed
heat transfer from immersed tubes or heaters attached rigidly to
the vibrating bed. ‘ -

= @

2.3.2 Contact Heat Transfer

Heat transfer by contact is a commonly employed mode of
heat supply 1in 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
* - ; . -

fluidiied beds use this type gf heat as an agxilliafy source of
heat, because of the low aeration rates ( U/Unfsl ) commonly
employed. ”

In discussion of contact heat tegansfer from verticgl
heatérs itx}s necessary‘to_ distinguish between two distinct'
cases; thé\heater may_bé attached to the vibrating'veﬁsel or ‘it

may be suspended: into the bed. Strumillo and Pahowski { 1980 )
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have performed. heat transfer studies in a bed with 6n1y the
vessel bottbﬁ-( i.e. distributor ) vibrating. |
The dependence .oflcontact heat transfer coefficient on
vibrational Ecceleration' has. been shown to follow an S-shaped
,cufve ( Pakowski et al { 1984 ))}. This shape \of the curves has
' been attributed to the féliowing two.processeS:
(i) écouring‘Bf the gas film frbm 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 Aw?/g is increased. At high
levels of vibration a state is reached when the bed inertia
prevails and the bed no more pulsates but-remaihs in a kind of
suspended state.lcirculatory motions_also_ decrease._ﬁs a result
heat transfer coefficient décreases or remains-constanf. For-
heated bottom plates when Auw?/g increases a point is reached
when the bed starts to separaﬁe from the heater. This air gap
then isolates thé the bed from the heater to a great extent

_causing in many casé§ heat.transfef coefficient,K to drop.
?Bretézn$5der et al ( 1963 ) reported aﬁ increase of 17-19
times in heat transfer due to vibration for aluminiuﬁ, kaolin
and zinc and 9 times fér grhphite as compared to non-vibrated
packed beds. A different critical value of vibration velécity
corresponding to the onset of "fluidization"” was" reported b§

them for various materigls, below which vibration djd not
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impfove h.
| " A model for heat transfer from a vertical heater is ‘
described in Pakowski et al ( 1984 ). It assumes that particles
in their vibrating motion scour a gas film from the heatef which
results in reduction of the neat transfer | resistance.
Cerrelations for calculating ;he average  film thickness have
also been presented by Pakowski et al ( 1984 ). )

Flow of gas through the vibrated bed upto a certain
velociny increases the heat transfer coefficient. For U>Umf, h.
in cenventional ‘fluidized beds increases because of more
vigorous mixing in the ”bed: in VFB h tends to a value which is
independent of vibration frequency but depends on particle
diameter and vibration amplitude. Recently Ringe; and Mujumdar
1982 , 1984a, 1S984b ) presented some results on the flow and
immersed-snrface heat transfer in a vertically vibrated VFB.
They ﬁrovided a simple design cnart to enable selection-of the’
range of gas velosity and vibrational acceleration in which both

. . e » 3 D )
,contact heat transfer .and transportation properties of ‘the bed

14

. are the best.

. A simple. model for evaluating the heat transfer

. .
coefficient in VFB on the basis of  the heat transfer

 coefficient in, a conventional non-vibrated fluidized bed, time

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

pressure drop has been proposed by ﬁinger and Mujumdar ( 1982,

1984b ). ) | '
Expe;imentel results for heat transfer from immersed

horizontal cylinders in a VFB have been reported by Mujumdar[and

Ny 7

n
¥

-+
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Pékowski ( 1983 ), Pakowski and-Mujumdar { 1982 ) and Malhotra
aﬁq Mujumdar ( 1984 ). Surprisingly, no prior studies could be
found in the literaiure on heat transfer from rigidly mounted
horizontal tubes immersed in a VFB, even thougb such aﬁ
arrangement allows more heat exchangé surface to be packed in a
given VFé while - permitting use of deeper beds Ias the tubéé
impart additional vibrational energy within the bed itself.
VMujumdar and Pakowski, ( 1983 ) performed experiments with
glass ballotini in a VFB vibrated at a constantl‘amplitude of
4.25 mm. They " reported - a significant enhancement in heat

transfer rate in presence of /vibration and more so at lowver

aeration rates. The heat transfer coefficient for non-aerated

beds becomes nearly independent of vibrational acceleration.when

4 - ,
the latter 1is 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 feproduced in Figure 2-6.
It can be seen from Figﬁfe 2-6. that superposition of air
flow makes the- transition froﬁ:fixed bed  to vibrofluidized one

to occur at lower values of I. The influence of gas flow on the

* heat transfer coefficient is significant only in the range

U/Umf<l, A 10-20 percent rise in peak_ heat transfer coefficient
at U/OUmf=1.2 in a VFB as compared té corresponding"value for a
non-vibrated ‘bed can be seen frém Figure: 2~6. The mark z on the
figure corresponds - to the heat tranéfér coef?iéient in "fluid
beds predicted by Zabrodski's ( 1966 ) correlatidn:

Pakowski and Mujumdar ( 1982 - ) and Mujundar and Pakowski

{ 1983 )} propos;é the following empifidal correlation oHtaihed

L
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Figure 2-6 A typié¢al h versus I plot - e

for a-bed of dry glass ballotini .
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from their experiments with beds of dry giﬁﬁs ballotini:
' r
Nu=C1 ( C2U/Umf )C3~C4

With constants C) = 2.27, C =0.67, C3=2,63 and_C@ =1.95, this
~eguation describes the Peat tranffer coefficient for glass
ballotini, d§=0.454 mm ;ﬁ the range U/Umf=0.6-1.2 with 20%
accuracy. With conétants'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 theirange U/Umf=0.4~1.2 with same

accuracy as before. This equation is not general enou to be

useful,
_Visual observations made during the.:experiments by .
‘Mujumdar and Pakowski ( 1983 ) showed an i érg Sé’ljn bed
circu}gtory motion with an increése in E{Umf and r. For rz2l and
U/Umf20 théy' Eeported"gap-formatidn‘ arounthhgﬁﬁpeater'suéféce
which inhibits the heat transfer process. A ‘similar'bghagigur
. was qlso observed by Bukéreva et al\( 1965 ) in non*aerateé beds
if the vibration.frequency was higﬁ enough.
| Pako&ski and Mujumdar ( 1982 ) studied the;effect' of
surface stickiness on égat transfer for 'élass ballotini and
reported a dramatic drop .in heat transfer goefffcign;.,with

addition of minuté guantities of glycerine. A typical h .versus r -

[

-

plot for .a stidkﬁ bed is {llustrated in Fiqure 2.7. Surface
stickiness(. .or presence of surface moisture .} decreases. the

degree of mixing in the bed as observed visuéllf'by Pékowﬁki and
. L . [ -
Mujumdar ( 1982 .),. 1§1though surface stickines§ has. been

-

o,
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) 1
recognized to be an important particle characteristic ( Varsayni

and Puskas-Nadai ( 1977.)) 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 Convectlve Heat Transfer

oy e—

3 )
Convectlve heat transfer from a hot gas to the bed is
perhaps the -most commonly emplqyed method oi heat supply in a
drylng process. The factors affectlng this process have been

classified into the followlng four caté%orles by Pakowski et al

-

©4.19847): , ‘ S S

(1) disturbances of a boundary lejer around parficles or~

their.aggloﬁerates ( positive or negative-effect y
(ii) backmixing of gas ( negative effect ) - 4
(iii) changes to total area eﬁposed to heat transfer ( positive >

effect ) - o

" . Y

{iv) edualization-of‘bed temperetures'by_inxernal mixing

_— / s
( positive effect ). , T 7@-

‘The extent to which these phendmena contribute to the total heat
“transfer coefficient, h, dependsc on the range of vibratienal

acceleratidh and ges flow rate as well as on the bed por051ty (
-whlch 1n turn is affected by the former parameters ).

. g -_;A npmber of correlations relat1ng h and T for convectfve
h ég t

:'Qansfer in a VFB for different materials { coal, cerea;s,

r
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polymers etc ) have been reviewed$by Pakowski et al 41984 ). A
typical correlation for r<é obtained by drying of calcium
carbonate spheres in the constant rate period is shown .below:

1.04

. -~ 0.483
Nup = 0.827 Rep ( dp/H])lz r )0 4

2.3.4 Effect of-Vibrational Parameters

*~  The aegree of influence of vibration on heat trapgséfer has

e~ .

been found to depend on the relative magnitude of vibration

oot B
- N

velocity, Af, air flow rate, U, and the . minimum fluidization
vélocit&, umf . Gupta ( 1979 ) reported that at ' large air flow

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

estimation of h, while Yamazaki et al ( 1974 ) found h . tbf‘

" improve .with air flow rate upto U/Umf<l  and then stabilize.”

Gupta ( 1979 ) from his liferature survey presented the

correlation =~ ‘ , ‘ 4

h/ho = l.l(ZHAf/U) 0-‘4 for 2“Af>ﬂ " ‘ f “_
with h aepending on‘thel'moisture_coh;ent of solid, indicating

' Y] - N . - _ -
: the influence of mass transfer on heat transfer performance.

Pakowski et al ( 1984 ) also _reported that ‘vibration. .

greatly infiuences heat transfer in VFB's of fine particlqﬁf
Heat trapsfer'in;beds of large particles increases slightly with
an increase ip vibration and can -even decrease under. some

conditions.

GI-

v
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*& 3. 5 Mechan}sm of Hea; T:aﬁsfer . 5“ﬁ & : \
A ' © . . -

= T Varlous mechanlsms éave been proposed £o explain the? .

. ar. oy . @
surface to- bed heat transfer phenomena 1n WFB g% Gut if [ 1976 )

-~ \, 7*-.#1 % 4:‘-} O .
successfully modified the film model for v1brated “hon- aegaée

beds whlle Mickley and Fairbanks ( 1955 ) model -for u;; eady
state ‘heat conduct1on has been shown { E@pta {1979 )) to
predlct fairly accurately for aerated beds, |
Yamaaaki et al ( 1974 ) modelled the VFB on the
assumstigqothat vibration results in-puisation of aigy eﬁ?%elab
the distriShtor‘ and this pulsatlngr« cdmﬁonent.'actsf as an
»ag§1tlonal air veloczty over and above the ‘mean veloc1ty' This
effeqtive air veloc:ty, ( U+ Uf ) was used in the equatlon for

,non—v1brated ~beﬂs and found tov glve good. agreement between

' predlcted and exper1mental<§a1u s, Thus, the vibration veloc1ty
may be considered equivalent t03\:\1ncrease in gas velocity.

S . Recently' Ringer and Mujumdar ( 1982 ) presentea a‘ji ;; :4

calculationf model . for surface—to-particle ~ heat transfer |

coefficient. Fok ‘the purpose of modelllng they assumed that bed . -

mixing 'gorerns heat transfer rate and is aYresult of the |

éperating forces’ during one ycle of the particle and eonﬁeyorj

motion, The finaf;equation tained by thea isE' | ‘ j S

, - . %) _ S .“f'ﬁ‘

=h/hem ='O.éte/ti «.( aP/aPmf )( 1-0.8te/t¥ ) -

'where hcm is the maximum heat transfer coefficient_lfor_-a;f..
‘non-vibrated bed, te 1s the flight timer of the bed and ti tﬁe.'_‘ t\\;
time beriod of " osc%llat%on. The above'mode; -matcﬁéd qﬁéte'weli: [

. M
\' ) i . | s I{. \’1-



¢ ~ -32- PR

with the experimentally obtained results of angef and Mujumdar.

(.1982 ) for vertically suspendedhifﬁersed,cylindersr
2.3.6 Drxlng B L _
H ' )

Drying 1n VFB s has been" studied by J1nescu et at ( 1982

),AChelenov -and Mikhailov ( 1965 ), Kazachinskaya and: Bllyk (:

©1975 )}, Gupta and Mujumdar ( 1980 ), Suzuki et al i}980a,

-‘ * ’ . . . .
1980b, 1980c, 1884 ) among others. An extensive. review is

favaiiable-fnnpakowski et al { 1984 ). Almost all the prior‘work

has been in the area of convective drying.

Vibration has been found to affect drying rates in a

fluidized bed in” a complex uay;lFor operation at Au‘/gZI both

improvement and impairment .in heat transfer has __been reported

" with an Optimum value of A and o existing for all the materials

1nvestlgated | RS CL ' : S

The amplltude of v1brat10n has. been reported to 1nfluence'f

AdrYihg rate .more strongly than the vibration frequency. A

reduotlon in - Xc for smaller particles has also been reported.

‘The other wvariables affecting the,dryihg'rate, are: bed he1ghtdh

'pahticle"size aeratlon rate and .the 1nterpart1cle forces of

'fadhe51on and coh951on

4

Recently Suzuk1 et al ('1984')'studied freeze drjing of .
. =50 ;

granularr materlals in a VFB. ‘They -reported ~uniform . bed

_temperatures and thorough mlxlng 1nduced by v1bratlon. The;‘

#

overall heat transfer coeffltlent between the heater and the bed

o was found to depend upon the bed moisture content; the value of

-y

hwdecreaSed from 300-500 W/m?K in the initial__perlod of drylnga

- .
. a g
LAy -
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= 1981 ), Baskakov et.al ( 1873 ), Adams ( 198la,
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to 60-B0 W/m3K in the latter half of the drying period.

In modelling the drying ﬁrocess it is - essential to know

A

A

.the thermal conductivities of the wet pPirticles. A nﬁ@EEQ'QQﬁ,

[ TR .,
¢orrelations to determine the thermal conductivity of wet and

.

porous particles hébe-beenkgiven by Catala and Maupséy { 1981 ), .-
Cermak ( 198la, 1981b ), .Kendall ( 1980 ), Toei ( 1984 ) and

SZQntgyoréyi et al (- 1981 ) among othérs.
‘ (: . | :
2.3.7 Surface-to-Bed Heat Transfer in a Granular Bed

The wall-to-bed average heat transfer coefficient 'is

. o

defined as:

B

h = Q/( Ac{ Ts - T, )}

-
-

where Q/Ac is the heat flux through the surface area of the heat
exchanger element, Ts the average surface temﬁerathre and Tb the

average bed temperature at a sufficient distance from the heated

{ or cooled ) surface.
. Most authors of the more recent literatuyre ( Martin (-
‘ 1981b, 1982a,
l982b, 1982c, 1984 ), Abubakar et al (-1983 ), Ofkaynak and Chen
( iSBQ Y, Heyde-and1Klocké ( 1980 -}, Schlunder/( 1982 .), Bock (
1981a; 1981b )}, Bock ana Molerus (7 1380 Y. eﬁc ) agree that thé
Qéll%to-bed -heat.' tfadsfgr'.is_ compoééd;-oi three parallel

mechanisms: Particle-convectiocn, Gas convection -and Radiation.

h = he + hg + hr

DALY
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Particle convection denotes"the mechanism of enérgy
transfer throggh t%g moving particles: . Heat is transferred to a
particle during its contact with the heated suﬁ%ace.;méinly by
conducti;n through the-gasedUS gap in the vicinity of the
contact point increasing the particle's internal energy. By the
random motion of the particles that surplus ofﬁinternal'enérgy
is carried out ihto the bulk of ~the bed where it is transferred
('iﬁstantaheouély ) to-the gasgnd the other particles. Th; most
impogtant parameter in é?éluation 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 1is the direct wall-to-gas heat transfer
over those parts of the surface ,which are not in contact w;th
particles; The gas convection component increases with
increasing gas veiocity. In fluidized beds of large‘part;cles (
ép23amm ), wh%ch conséquently nééd-higher gas velocities to be
fluidized, the gas convective component becomes the domiﬁant
mechanism. |

The radiative component of heat transfer is difectly
‘grqPortional to the fourth power ofw{ Ts - Tb )‘ and becomes
imﬁirtant ‘only for higher temperaturés ( >-800 K ) and is
therefore not discussed here. . -

The particle and gas convective heat transfer mechanisms

are discussed in depth in Chapter 5.
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CHAPTER 3 .

2

EXPERIMENTAL .APPARATUS AND PRQEEDURES

3.1 THE APPARATUS

A schematic sketch of the apparatus and instrumentation
used for the experiméntal work 15 shown in Figure 3-1.

Different fluidized beds were used for the flow and heat

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

two-dimensional fluidized bed of a rectangular cross-section,

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

shbwn in Fiqure 3-2. The " heat transfér experiments were
conducted in a vessel of square cross-section, 0,202 h X 0.202 m
('Figurg 3-3 ). ﬁo;h beds were constructed from plex;-glgs to
" allow visual observation. |

The two-dimensioqgl vibrated fluidized bed ( VFB ) was
used primérily to e#amine the flow and‘bed circulation patterns
around the rigidly mounfed, horizontal circular cylinders. To
reduce the effect of three-dimensionality, one side of the bed (
along fhe axis of the cylinder ) was made very small,.glthough
it could not be made very thinldue to poggibie wall effects. (
The ratio of depth of the béd'to average size of the largest
particle should be greatef'than 50 for wall effects té vanish }.
The top of the bed had a Eircular outlet that was connected by a
" flexible hoée to a dry gas air floﬁmeter. ) -

Two perforated plate air‘distributofs with 4% freedarea
{ 1° mm diameter holes on 4.76 mm triangula; pitch ) and 18 %

free area ( 1.6 mm diameter holes on 3.60 mm triangular pitch )

ua
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. Control valve 5. O
. Vibratory mechanism
. Dry gas flowmeter
11, Wattmeter 12. Dig
14, Voltage regulator
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. Air filter 2, Blower 3. By-paés valve
rifice meter 6. Heater

8. Bed thermocouples
10. U-tube manometer

ital thermometer 13. Power source

15. The VFB-

Figure 3-1 Experimental Setup-

10
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Figure 3-2 Isometric sketch of the two-dimensional

fluidized bed
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i . were used. A very fine nylon mesh ( 258 mesh ) was fitted on the

v - distribytor to preveqt particle leakage. The flow patferns
. . " _‘ ) - I}
" around rigidly-mounted horizontal cylinders were visually

- Sbserved aqd/or,'ﬁhotographed using- a 35 mm étill camera. The
cylinder was always located in the middie.of fhe bed.

The sguare vessel used for thé 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 otpef two were used to change the héa;ef. The sampling
ports were used to Eollect samples for moisture determination.
This bed also had two circular outlets-én the top surface which
could be cpnnected to the air 'flowmetey. The outlets were found
to have no measurable' or visible effect on the particle flow
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,:;artnidge heater, and extended on both sides by
Teflon tubes of same diameter to minimize axial heat losses (
estimated to be 1less than-0.5% ). The heater temperatures were
measured by 5 tﬁermocouples ({ Teflon-coa&gd Iron-Constantan of
‘nominal size 0.43 mm ) mounted flush wi?h thé‘ heater surface

’ L}

along its circumference. The 'bed temperature was measured at
threé locations in the bed -with bare .thermocouples (
Teflon-coated Iron-Constantan of nominal ﬁize 1.3 mm ). The
cylinder axi;' was always located 60 mm aﬁgbe the distributor

plate. Two thermocouples were located in the-béd;'each one 40 mm
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Figqre 3-4 Exploded assembly of the circular . cylinder

1
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on ejther side of the cylinder axis’ and at the same height." The

_4i_ . . ‘ , .

thifd thermocouple to monitor the bed temperaturefwas placed 60

- mm from ‘the cylinder axis on the hbrizontal plane and .40 mﬁl

below it. .
All thermocouple readings were monitored oﬁ an electronic

digital thermometer { Omega type 2160-A ). The thermometer had a

readiné raté of é.S readings per second and a response time to

réted acéuracy of iess thaﬁ 2 seconds.'The temperaturé range of

the thermometer was ~74.4 to 537.7°C, resolution and

repeatability was 0.115C with 'a maximum error of % 0.67°C (

The power input to the heater was varied with a 0-140
ZWAC voltage regulator and measured on an AC/DC type single'

————— »

Aﬁ?#égittmeter Q Yo?ogawa Electf}c Wofks, Tokyo, Japan). It had
a‘ﬁbﬁer factor of ;.O'and an; accuracy of 0.5%. |
The whole bed was vgbrated nearly sinusoidally in the
vertical plane by méans of . an eccentric mechanism which
‘ converted the rotary motion ‘of an eléct:ic ﬁotér to linear
motion. The amplitude-of'the'éystem could be varied by a@ﬁusting
'the'eccentriéity of the drive system. The frequency of vibrafion~
was varied continuously with.a 1 hp DC motor contéollgd by a
. silicon controlled rgétifier_( SCR ) Variablé-speed RATIOTROL
drive; manufactured by M/S Boston Gegrs. The motorg'had a
maximum rating of 1050 RPM. The motor RPM, i.e. ereqhency of
vibrétioﬁ, was measured using a pre-calibréted' digital

tachometer. :
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A 2 hp '(-banadian “Blower and .FOrge’Co. Ltd %f\blower
f1tted wlth an a1r fllter, was used to. supply atmospherzc air to
the 'system. The gibyer was-connected td" the VFB by a series of .
flexible and*rzgld pipes. A by-pass valve was used pr1mar1ly to
control the air flow; finer control was‘obtained by.mahipulating
‘the 1line pressure drop downstream of the ' bed. A celibrated
orifice_plate vas used to measure air flow rates ( superﬁieiel
air ‘velocity in the bed ) above 0.0085 m3/s, while"ibwer air
flowrates vere measured on a pre—celibrated dry.gas floﬁmeter (.
Canadian Meter Co.). The pressure drop across the or1f1ce plate
was.measured by an inclined manometer ( M/S . Wllh Lambrecht KG, ¢
Golligen”) with a ménometric'fluid { Meriah :ed ) of specific
7gra§ity 1.0. The maximum possiple error ('at an inclination of
- 30° ) in the pressure4E§op'reading was estimated to be 4.9 N/m?
The bed pressure drop was measured on a U-tube danometer‘
with a manometric 11qu1d of spec1f1c gravity 1.0. One pressure .
tep was located flush ®ith the distributor surface, while the
othe:_one ‘was ﬁell ‘abdve the bed height, £flush with the bed
walls. Thus, the bed pressure drop was measured directly.
~ The levelled’ bed height .was measured by means of
graduated tapes on _tﬁeésides of the bed. The particle size-and
. shape were determined from microscopic analysis of a random ‘
sample of Serticles. Tﬁe perticle density and properties Qgée-
supplied 'by the manufatturer, while the bult‘ densit; w;s

calculated from the-.weight of given volume of . sample. A

o weighrng balance ( OHAUSS Cent-0O-Gram ; accuracy + 0.01 gm ) was
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TABLE 3.1 (a) . b
PHYSICAL PROPERTIES OF MODEL PARTICLES e ot T
3 . ‘ -'.' p . A
TYPE . dp Ph < Py ¥ - Cp Kp.  Xc | - Xe ¥ UmE -0 R
) (kg/m3)  (kg/m3) ’ (I/kgk)  AW/mk) LY. A
Glass ballotini  0.325 2480 - 1375  0.44  0.95° 753,12 0.837 —  ~ 0.085% " LT
Glass ballotini  0.454 - 2470 . 1385 . 0.44  0.95  753.12 . 0837 -- 0.146
Glass ballotini  0.595 2480 _ 1405  0.43 *° 0.95 753,12  0.837  — - 0.201". - _ ‘
e . v 7 o -'_.:- o o
Glass ballStini  0.667 2470 1405  0:43  0.95  753.12  0.837  -- -- 0.276 & -
. . ‘_ . . . ‘.:;’!. 'h;:_"' . ) ,‘-‘* R -
Glass-ballotini . 1.017 2480 1415  0.43  0.95 » 753,12 0.837 —  =— #O:BGZg N
. ' ) h o ‘ = ;:d v ME
. Molecular sieve 1.4 1250 750  0.40  1.00 962,00  0.589 < 0.24  0.16 P36 . &
Molecular sieve  2.36 1250 740 0.40 1,00  962.00  0.589  0.24  0.16 0.485% %
* at 300 K < - .
yoo _ 2 : -
. . - « ,g.-
, '.r ’ ﬂ (g} ~"
‘5;}‘ - ‘ " “’_',
TE - N -. 'Z; |\-;.‘."r
- Tl
L [] ",
—A J"__ .
3 i '
' 3
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- : TABLE 3.1 (b) . -
) . .
aderodynamic and Thermal Classification ‘ A
N R . of Model Particles * -
b ' '
Type of dp (mm) Aerodynamic 'Therma% Rep
particle . Group .- __ Group
Glass ballotini  0.325 B .small/large pm-lf.ﬁ
' Glass ballotini 0.45¢ . B ~ 'Bpall/large 0-3.9 f
. giel . A . z
Glass ballotini  0.595 B - ' small 0-7.1.
Glass ballotini ~ 0.667 B/D large . . 0-10.9
Glass ballotini s 1.017 D - large 0-21.9 =
9 . . .
Molecular sieve  lud . D ‘large 0-30.4
Molecular sieve ' 2.36 = ' D large . 0-67.4
£ N oo
' vr‘ B - ' g‘.

* - Refer to Abﬁendices B.and C for definitions.’
& :
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{ A » TABLE 3.2
, e
Range of Operating Parameters .
. ¢
VARIABLE - RANGE OF OPERATION :
' § Né ) .
MINITMUM - "MAXIMUM .
1%4;“ Vibration amplitude, A 0 4,.25%10-3
A Vibration'frequghty, o 0 ¢ 105
: \ . - .
Bed h:}ght, H B0x10-3 130x10-2?
Mean particle size, dp - .-0.325x10-3 2.36x10-%
e Bulk density Py 760 425
Particle density , 1250 2480
- U/Umf 0, 1.2
<, . L "
" Particile §E§£recity - % 0.95 1.0
Particle surface | dry keg{ ticky
‘Bed Aréa, Ac , - .4 . 0.20x0.05 - '
o . Y. oYX . B ' v - N
. % > . Vibration fumber, T . A0 —
Y - ) v i) . b 1 :
N . g B , 'E@ ‘ .
- - .. & 4 A R I A
oL ' g . wE
9. \ . ' T A
N . , ol
Tt & )
& * <
i - hy B
- . -4
. . a ?;'Q&
L . /

" UNITS

B

rad/s

kg/m?
kg/m?
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used for moisture determination. The wet samples were bone-dried .

in: an electric oven at 200°C for ‘45; minutes .and  weighed
immediately thereafter;i

" For 1ndpc1?g surface stickiness 1in glass baliotini;

- glycerlne ¢ vapour pressure Imm Hg at 120 C ) was. mlxed with dry‘

glass ballotini . in a double cone mixer for 6 hours. Molecular
sieve'"particies weT® saturated with water by dippihg\ them

overn1ght in water and then draining off the excess water.

~ " Table 3.1 shows the propertles-of the model partlcles

'

used,iwﬁf_e ‘Table 3.2 shous the range of opeggting parameters

. . . J
used. in the study. /

1 . -~

3.2-BATA ACQUISITION

. . \
i
T
-

'3.2.1_F1ow Visualization and Pressure Drop &
- : < | 3
' The objective of thlgjpart og the project _was to e the

&

size and,shape of the t1me averaged partlcl Tee air gaps
. . . PR st W

around immersed circular: cylinders-and study'
) A o . L _ .
pertinent parameters thereon. Tlme-averaged ( 0.5 t6 3 second

. L

’exposure ) adﬁ, 1nstantaneous ( 1/250 to 1/3% second exposure )

"the effects of..

: photographs were also taken for some runs. The bed pressure wasl'

recorded for all the runs.

y ' '
in the following. After flxzng the " test cyllndes rigidly-to the
bed at approprlate distance above the distributor, the bed was
wlth particles to the desired level. The ajr _by-pass

\(‘

valve was obenbazgirofé“ switching the blower on and the air

J

The experimental procedure adapted is described briefry-‘
»
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: flowrate“setltO»the desired..vaIué,’ The vibratory mechanism was

then ~ adjusted to_-achzeve ;thef loﬁest‘ value of vibrational

| acceleration (. eg 325 RPM. for 4. 25 mm amplatude of vlbratlon )

and set into operatlon. The bed pressure drop and flow patterns

-ianound‘ the 1mmersed cyllnder(s) ‘were then . recorded (
ophotographed ,1f de51red ). The.~£requehcy of.vib;etion‘waS'theh

'set to the next hlgher .value. For a different-set'of experiment

@

o the-air flowrate was, changed to another pre selected value and -

slmllar- procedure as- before followed O

experfﬁents;‘ the v1bratory mechan1sm was. syitched off first,

followed by the blower. The partlcles dls 'arged-from the‘bed

B : - ,
fluctuated, the lowﬁg: and upper ' limits of fluctuat1ons -were
. . ik ) R ‘

_ recorded.

1.:_ e &

Heat transfer experiments were performed to examine the

type, moisture confent and cyllnder szqg on’ the average

. -‘
5 A

surface-to-bed heat transfer coefficient. The experimental

hl
'

paragraph.

The perticles werep weighed carefully and then ‘charged
into the bed and the air fioe set to the desired U/Umf ratio:
After adjusting the. frequency of ‘ibration , the ﬁeater' was
turned on. Steady state thermocouple‘readihgs.were recorded when

the heater and bed temperature changes were less than 0.1°C over

eompletlon of . the.

-} effect of v1bra;1onal ampl1tude and fg%qnency, partlcle size and

procedure followed is briefly described in the following

weré 'then welghed. In' situatlons where. the bed pressure drop"
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5 minutes ( under conditions of poor mixing in the bed this took
more than an hour, while with gé%d mixing in the béd it was
obtained'tyﬁically within fifteen minutes )r‘The heat input and
bed presshre drop. readings were noted. Thé frequency of
vibration was then changea. to the next higher level and the
aforementioned procedure followed. Note: For expériﬁents with
wet particlés, samples were withdrawn every 7-10 _minutes while .
simulténeously the thermocouple and . power feadings were
reéordéd. The sqmbles Qere later analysed for their moisture
content. F

During the course of an expefiment, the air fléw changes

due to changes in the bed 'pressure drop; this was corrected .

continuously by adjusting the bypass valve to ensure the same

U/UTf\jD a given run.

3.3 CALIBRATION

3.3.1 orifice Callbratlon : ‘E:
‘9

.As mentloned earller, flow rates &Eove 0.0085 - m3/s were
measuréé$;s1ng a-- flat plate type‘2r1f1ce.“%;e or1f1cé plate, (
38.1 fim diamgkgr ) "was placed in the 108 mm  diameter air duct,
The upstream pressure tap was located two pipe-radii from the
orifice plate, whfle the downstream one was one pipe radius
distant.‘ Measurements were madé with an inclined- ﬁube

“"manometer A ~precalibrated dry gas fiowﬁeter g%s. used to

1

callbr%te the orificemeter. Pressure fluctuatlons transmitted by
»

v1brat10n of the bed did not gffect the manometer reading. The

orifice calibration curve for the 0.202 m X 08.202 m bed ( all

rL.
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the flow experiments in the two dimensional bed were pefformed

with the flowmeter )} shown in Figure 3-° is represented by:
U m/s) = 0.022 ( APo { N/m?))3/3

3.3.2 Wattmeter Calibration

The wattmeter was calibrated using a precalibrated
digital multimeter. The power factor aﬁd the resistance of the
heater were measured. The wattmeter has two rangés, 0-24 W and
0-120 W. The calibration curQe‘for the lower range 1is given in

Figure 3-6. The relationship obtained was,

Actual Power = 1,267 X wattmetegr reading

»

I
r

4

The wattmeter was accurate in the'larger range.

3.4 DATA REDUCTION

3.4.1 Flow and Pressure Drdgﬁﬁ}ﬁ _
"Firstly, the m;nimumi}lﬁidiiation‘ velocifies ‘for all
‘model particles used k dry as well as wet ) 'werg.determined
using the- AP versus U data at r=0. Figure 3-7 shows a typical
AP versus U curvé for a bed of dry particles whicﬁ was used to
obtain the minimum fluidization velocity. The raw data obtained
was plotted as AP versus I at constant U/Umf as shown in Figuré‘
3- 8. Subsequent analysis and cross;plots were obtained from the

=i - - -
above curves. Approximate shapes and sizes of air gaps around

the im@ersed cylinders were recorded concurrently.

I4
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H-105x 10° m
D-25x%10°m
dp - 0.454 x 1073 m

1600 [~

1200 —

AP
( N/m2 )

80O

o
400.
—

-

* A ] ®

U/UmE, 0.3 0.6 0.9 1.2 ° .
0 | I I —— ‘ I
o 1 2 3, 4
" ! : r ‘.. .

-

Figure 3-8 A typical AP versus I plot

.
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3.4:2 Heat Transfer

A‘sémple.data sheet used 1in heat transfér experfments is
shown in Appendix D. All five heatér thermocouples. were used in
deterﬁiningl the 'a?erage cylinder temperature. A  minor
'temperature variation around the cylinder was noted . which is é
result of the expected peripheral wvariations in the heat
transfer coefficient around the cylinder surface. The ogjeétivé
of this work was to examine only the average heat transfer rate
for imme;sed cylinders. The Biot number {( h D/Kc ) was found to
be 1less than 0.02 which allowed assumption of a uniform
temperature in the cylinder.

The choice of the bed temperature fo be wused in the
definition of h was dependent on* fhe mixing conditions in the
bed. Figure 3- 9 shows a " mikiaéfregime map " fér a bed of dry

particles. This map was obtained. from detailed temperature

. -
the bed temperature at vgrious - locations

surveys
~thermocouple nu bert33, 35, 37 in the data sﬁeét- .35 being the
farthest from t.e hgater ) In the region I of Figure 3-9 the
difference in tbe;tempé;gture between the éhesmocouples nearest .
to'énd‘farthest"ffom‘the heater was éignificant. ( ‘greater than
5°C with heating input of 3-4 W ). Such large température
‘'variations .indicated that the bed was poorly mixed. Region II
was a transition phase during‘which time the bed mixing was
classified moderate and the temperature variation was . typically
below 1.5°C with a heat input of 7-8 W. Regibn I1IT of the map
was cohsidered well-mixed with tererétdré variations of. less

than 0.25°C. It must be pointed out that the boundary between
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. Figure 3-9 Map showing mixing characteristics for.

‘ﬂf a bed of dry particles i
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fegioﬁ% I and II was noted to be a sha;p ohe, whl}e ';helone

between II and III was not sharp. ' e P

P

In region I the bed -temperature used in calculatiﬁg_h.was'

L]

Tepresented by the"thermocouple‘ﬁa?thest ( number 35t) from the

heater, while-;n the other two flow regimes, the average of all

the bed thermocouples was selected as the appfop:iate bed
tempecature. It may be noted that for simila; measurements in
cooventional fluidized beds, the bed tempefacﬂies are normally
measored by two to,thcee thermocouples, ‘one each located well
Iabove and below the'imme:sed surface, as reported by Grewal and
Saxena ( 1980, 1983 ); Cﬂandran et al ( 1980 ') and Goel_et al (
1984 ). - o | |

T

' The ‘average heat transfer coefficient was:calculated‘fo;-

‘differént conditiops Gf U/UmE and r ‘and the raw data plotted as
shown in Figdfe 3-10. Subsequent data for cfoss— pths “and

-ﬂ&mensxonless plots were extracted from sxm1lar graphs. For runs
L“s‘

with wet molecular s!eve part1cles, 'h versus X was plotted fog

'glvéh condltlons of U and T. The bed §§s always' in reglon IIr'oi

Flgure 3- 9 for experiments with wet particles ( because of the
fly ' ' . .

obvious part;clé'samplihg ngﬁlem*when the bed{is noét well-mixed

)- o ! . ‘ o . ) L
- : - . oo,
- 1

-k i

-

3.5 EXPERIMENTAL UNCERTAINTY -

The estimated maximum - errors and . experimental

uncertainties for both independent and dependent variables’are

K
- . ! . . : - Lo



ey

) . 500

400

e

100

T . . DS . - N - ‘: ..; . i fi [ 7
W .. A .- SRS N i : - . % . -
o " o . - 3 R TR TR iy o
s e T N R |
TR } 2 . . : ‘
S S o . :
'i:.‘-. * T N

\ " "'.';V. . .
>”=, Figure 3-10 A typical h-versus T plot forkdgy beds -

L N =N
Glass balﬂot1n1L

A oan Mét' ;'iél' -
¥ . T

v

@

N o | -
b v



.7

e ———

~
- .
\ N

tabulated in Table 3.3. The determination of these experimehtal

uncertainties is,

explained in Appendix A. The

reproducaﬁili;y of the heat tﬂfnsfer runs was +3%.
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B TABLE 3.3
: - Experimental Uncertaiﬁty for Independent and
T ‘ H - . N . . o
ST Dependent Variables
- u - SN
' ’ ) . Y ' |
Ty ’ - VARIABLE . . EXPERIMENTAE UNCERTAI NEE |
. vibration amp%itqdé, A . ()io.lxiO" m
Vibration frequency,” u' +06.3 radss
Bed height, H +0.2x10°7 m
Particle size, dp ® ' + *5% .
. _‘ 4 " )
Bulk density, fy - +25 kg/m3
Air velocity, U . £0.55% - +1.673h )
RO RN . ‘ ¢
Moisture content, X +0.4% jf~
-& - “ 1,
. Bed pressure drop,.AP. +#9.81 N/m? :
- 1 "
Vibration number, Tr=Ao?/q , +0.109 .
. U/Umf = 80.77%° <. +2.36%
_ _ s |
AT ( Ts - T ) ) _»xl°C
.. Heat input, Q 3 '£0.5% .\
‘s o
- Overall heat transfer .
coefficient, h - +B8%
2
' { - N ﬁ’tu.s N . _..ﬂ :
. ‘ . '-,._’.
) -
C N - N H
' . R ! N ~
.(:.. a'\. .
. | %1
w - :
TR S .
o .
: . ' .hd “ . : (4'"
o e 1 )
_ .l . , — .
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CHAPTER 4
v

7 RESULTS AND DISCUSSION- AERODYNAMIC ASPECPS— ™ el ~—
. . -
' a s _ . N
4, 1 INTRODUCTION o

\

" Among the numerous advantages of a V“!mare its ability to
;Beuéo fluidizé ‘solids at 1ow 'aeration rates ( U<Umf ),
dleacult—to:tluldrze-sticky"or wet particles;-hgentle handling
etc. '.Th;s chapter 'presentsiresuits on the fluidization and'
mixino characteristics of dry and sticky particlesjin a vibrated

f1u1dlzed bed

g .

\',

It is often lmp0551 le to supply adequate heat for drylng
-

- of pdrtlculates '1n a dire tly heated ( i.e.- purely ¢onvect1ve

dryer ) dryer. It is then necessary’ to install heat exchange
surfaces w1th1n the bed of particles to suppL§ additional heat -

skfectly “The flow patterns around thesehimmersed .surfaces .and

m1x1ng patterns in the bed play an 1mportant role in determ1n1ng

Y

~ the surface to- bed heat transfer.h‘ R S L

' Slnce the rlgldly mounted 1mmersedvheat transfer surfacdes
within' the bed— act:_as dlstrlbutpd v1brators and 1mpart
additionel eneﬁgy tol'i the results of bed pressure drop w1th

immersed cylinders are also presented It should be noted that

allﬁjhe resu‘ s in. this chapter are-for a VFB fitted with a 4%

»
!

free a;e 1str1butor plate ',-/ S v

.

Finalli//the extended vibrational acceleration numbern

proposed™~hy Rihger and Mugumdar { 1982 ) to evaluate ‘the minimum

fluidization ¢ veloc1ty in presence of v1bratlon is briefly
- . i . ) . .~ ) - o

discussed. ‘ o .
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4.2 FLOW RESULTS

4.2.1 Dry Particles

Figures 4-1'and 4-2 present typical 4P versus U data for

dry ‘glass, ballotini ( dp=0.454 mm and dp=0.667 mm ). The curves

~

for r= 0 are those for conventional fluidization. As T

increases the pressu*e dfop initially rises above the r=0 curve >

-~

dver The mayimum positive deviation for

glass balléﬁnnl partlcles from the r= 0 curve occurs at r=0.5 in
the range EQQXU/Umf=Ov6_O.7' With an 1increase in I, this

om the r=d-curve becomes small until at higher r's
the entire ptesépre drop curve is below the r=0 curve.

‘._The initial surge in the bed pressure dtop due té
vibration 1is‘ascribed to compaction of the bed as observed
viéually too: Up to r=1i-1.5 the bed compacts; above this ialue, ';9
it exéands if the vibrational intensity '1s .high enough ( rzz ).

A similar f%ndlng has been reported by Erdesz and Ormos { 1984 )

8
who carried out their experlments in a bed of sand particles, (

dp= 0,15-0.6 mm ), 100- 120 mm high and Wlth amplltudes upto 1.85 .

-mm, They reported compaction in all cases for r<i and U/Umf<l.

The . above results were lso- verified for molecular sieve

particles ( A=2.75 mm )} as shown in Figure 4-3.

From Figures 4-1 and 4-2 ifaléén~be seen-fhat for smaller

b ]

lQlass ballotini ( dp=0.454 ﬁm ), application of vibration over

. : e , e N
the entire T© range 'increased the bed pressure drop for

U/UmE<0.6-0.7. .For larger ballotini { qP=0.667‘mm ) the Dbeq

expands Qéyond r>2 i.e. fq;§§>2 the bed pressure drop is-always

lover than for a non-vibrated-‘bed. This result. suggests that-

. LT . g
! 1 ' ' ’ N . . N
’ 7 -
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Figure 4-1 Effecdt of vibrational acceleration on a bed of

dry glass ballotini at A=4.25 mm
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;vzbration-induced bed compaction is more pronounced in the case

‘of finer particles- higher compaction implies greater resistance

to flow. Pigure 4- 3’ conflrms th1s Statement 1n case .of molecular

sieves’ (. dp 1.4 mm ) where the bed pressure drop for~ r>1lls

always lower than. that for r=0. -
i ‘ - . i

The aforementloned results ‘are in accordance with data

presented by Gupta and Mujumdar '( 1980 q’ for polyethylene

particles'("dpQB.l;mm } and  Mujumdar ( 1984 ) for molecular
sieve particles ( dp=2.5 mm ) where all7the:pressure'drop versus
veloclty cnrves for T>0 'lie below_the r=3 curfeiover the entire
air velocity range. Although the results presented by Gupta and

Mujundar ( 1980 ) are- for very shallow%ads ( 25 mm'high ) these

VreSults have also been-further ver1f1ed using polyethylene

partlcles ( dp=3. 25 mm ) for bed depths upto 120 mm.

In the case of finer partlcles, the 1n1t1al compaction {

»

r<i.5.) is so 51gn1f1cant that even vibrational acceleratlon r4

and U/Umf20.7-0.8 are inadequate to Dlower ‘the pressure “drop

_below the r=0 curée. It should be noted‘_that the materials

—

tested had different’ bulk densities, The effect'oﬁ_)v1brat10n'

decreases wlth a decrease in partlcle densi ( Gupta ( 1979 ) )

and therefore ﬁor polyethylene and mol_cular ‘sieve part1cles,'

- the partlcle size effect is coupled w1th th ensity'effect.

: ce
,/ T F1gure 4- 4 shows the effect of ~-T on bed porosity For

glass * ballotini particles. The effect_ of ‘_vibrational

e : - . : . . W
acceleration on bed compaction, also shown in Figures 4-1 and

. DA . P
4-2 is clearly eviden_. For U/Umfs0.6 the bed always-compactsr

4 .

.“ ' "._ ) . -.‘ & ’i\,_}

. .
RN . e P .
» N 1 ) - +
. - N N ,
: * . a - s

~ for %<1;?f6; U/Uﬁfsblrvibrgtlon compacts the bed over the entiﬁe""
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Figure 4-3 Effect of vibrational acceleration on a bed of dry -
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Figure 4-% Effect of vibrational acceleration on bed porosity
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for glass ballotini
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range tested althdugh 1ess:severely for r22. Higher T values {

-Fr22 ) loosen up the bed for 'U/Umf20.3. At air flow rates close
to minimum - fluidization ( U/Umf20.9 ) vibrational acceleration

increases the ‘bed porosity over the entire range. This i%.true

in l1ght of the fact that at higher air flow ratesxvibration

alds in 1mprov1ng the bed’ structure ( Bratu and Jlnescw ( 1977 )
f

)=_rather than support1ng? if. A sharp rise qn bed. por051ty

‘between r=0.5il.5'£er U/Umf=0.9 is" due to early flu1dlzat10n of

]

fhe bed under \the influence of vibrat;on, a fadt also v1sually
' Q N
ver1f1ed by the presence of bubbles. . e

Pakowskx et al ( 1984 ) havénreported 1n1t1al compactlon'
.of bed for quart? sand part1cles ( dp 0.210-0. 355 mm H =40 mm§
r=0-3°) ‘and more severely %or smaller partxcles over a large

‘range of 1 f=b-5 ). They also reported that hlgher amplltudes g
of vibration résult in greater bed\ v01dage - at ’,the' same
- . . ' -

acceleration. ,Their results could “not be verlfled due 'to the .-

'1imitation”on_1the frequency and amplitude of vibration in the
“current %ork.‘ i .' e S - o R ' v .
‘1t should be pointed od;iLthét the results -presented -in

o

Flguremﬁ;A are visually 'determin’ average bed porosities. at

dlfferent sets\of r and U/Umf L iéher‘r s { rz3 ) and U/Umf‘(

U/UmE20.6 ) the bed helght and the pressure drop EIUCtuated very"

-

,51gn1f1cantly At hlggat s and,U/Umf the average bed he1ght was

CE7
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| | | .
determined, which waéi then ‘used to calculate the average
éorqsity from the foilowing relationship ( 'Kunii aad Levenspiel
:(-;967 )); |
=1 - ( %Irzoqi ( 1- ¢6;)) o

— - .

4.2.2 Sticky Particles = . -

.Despite their extensive industrial applications,

particulafly for drying of sticky pafticulateéh'littre is -known

about the aerodynamlc behavioquog’éhch_systems} An attempt is

Fd

? ¥ L . s s '
surface stickiness, an.important parameter in  determining the

3

Y

" .bed characteristics in any drying process. : T,

- C e . 3 S . : .
The flu;dlzatfon curves for sticky particles are shown in

W

Figures 4-5 through 4-~7, It can be seen-that curves for r=0 ar

very similar to’ those . for.Conventionalg fluidization. Moderate

'stlckrness ( glycerlne content. less than 0.006 kg glycerlne per.
kg, dry ballot1n1 ) does not seem to have any effect on the shape -

of the fluxd;zatlon curves althqugh the minimum flu1d1:at10n'

»

veloc1ty increases and the bed structure is hiéhl} irregular.

The shape of the AP ~-U-curvee for r>0 are‘ similar to.the ones
reported by Gupta d Mugumdar ( 1980 ). _
Seville and Clift ( 1984 Y, who StUﬁled the- eféecé of
- thin liquid layers on f;uidizatgon characterlstlcs in a bed.of
:g}ass ballotini using ' a light ~noh~volatile' 0il ( di-2—ét§yl
“ hexyl sebacate. ) reported- an"inCEEase ﬁ the minimum
N fluiéizatien “;elocfty, Umf, with-liéuid lbadihg. They also
. ‘... .' ‘ . . LA - o.- ,'_'

. made here to 'observe some flow behaviour of particles with

A
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reported a shjft in béhaviour of the bed ~from Groub B ('saﬁd"
like ) through A ( aeratable ) to Group .C { cohesive } of:
Geldart's " ( 1973 ) classification i.e. ;frqm‘w; regular to

irreqular bed structure ( See Aﬁpendix—“B and Table 3.1(b) for

dlassification-of particles ). Increasing interparticie cohesive

_forceéx in a bed of Group?hB material cause the fluidizat%on

characteristics to move‘-through Group A to GrouplC. Incréasing

interparticle cohesion generally increases 'bed voidage and

reduces éhg.pfessure gradient for given gas' velocitfa('Seville

"aqd ciift ( 1984 )) and hence increases the minimum fiﬁidization

velocity. | -' N | N

it should. be noted from Figures 4-5 through 4-7 that with

: iﬁcreasing r the pressure arop is always higher than that for
r=0 over ﬁhe aefation.;éte U/UmESl. Tt is also very important to

note that beyond U/Umf=1, all éw curves Teach a . plateau.

However, unlike the dfy particle Be for:ﬁhich all flow curves.
reach a cegmmon plateau;, for sficky.beds the plateau levels are

differént and. a function of X and T. This difference 1is mgze
: prqnougced;"with increasing éstiqkinéss ’ dug to increaséd
- chaﬁneiling in more sticky .beds afpef_fluidizatién-has startéd.

.The pressure gr%p is consistently lower for higher I's after the

-

plateau is reachéd;.fhis may be attributed to a looser and more

Y

v

-

homogeneous structure of the bed as a result of applied-#"
' [

-~ vibration. .
' o3 ‘ ‘ : : S

For non—vibrated beds highly irregular flow patterns were_

. - . R Q‘ . . )

\

observea throughout the bed of sticky particlés i.e. cragkslahd .

,irreguiar channels covered the whole- bed. For X=0.006 the bed

r
t

-

-

-

-
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often separated as-.-a wvhole from the distributor plate and
remained suspended until it was ' tappea 'down. This irregular
behaviour of the bed diminisﬁed with application of vibration;
above I'=s 1.5, no discernible channelling occurred.

In Figure 4-5, the dotted line for TI=0 represents a
typical alternative AP versus U curve which is an indicator of
the poor reproducability of the flow curves for sticky beds. The
hump disappears when the bed is 1lightly tapped to break the
bridges and channels formed due to stickiness of the particles.
A very significant feature'of’ e stitky beds was'the absence of.
bubbling over the .entire fange_of I's and air flowrates cerreﬂ.
For corresponding dry beds, there is considerabld fluctuation in
the bed pressure drop under similar conditions.

Another observation was the entrainment of particles at
much 1owe£ superficial air velocities for. sticky beds at r>2
viz., in the range of 1.4-2 times Umf ( Note: Umf here is the
measured value for the sticky ( not dry ) particles ). 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 wvelocity’
the air velocity withiqhthese channels and crevices can be high
enouéh to cause localized entrainment of loose particles. Such
local entrainment is aided by wvibration which besides providing
"extra lift, breaks up some of the larger lumps into sﬁaller ones

which can be readily entrained.
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4.3 MIXING |

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 gquantitative 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 ci;culatory 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 4-8Ithrough 4-10 show the fiow regimes 1in a VFB
as far as seolids 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 ( 1579 ).

Figure 4-8 also compares .very well 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 compéred to thé region ‘of péor -
mixing. These maps were developed on the basis of wvisual
observations as well as the measured spatial variations in bed
temperature with a heated cylinder in the bed. Fhese results are
sémi—duantitative in nature.

Figures 4-9 and 4-10 show the mig}ng char;cteristics for
sticky beds of glass ballotini. Comparison with Figure 4-8 shows
that all the curves shift towards the right for a bed of sticky
particles i,e. the region of poor mixing extends to higher T
values.'fhis can be explained in terms of the adhesive bonds
formed between two particles which inhibit the initial mixing of .
bed by providing additional resistance to granular flow,.

Figure 4-10 shows the mixing regime map for lafger glass
ballotini, but at the same stickiness level as in Figure 4-9.
It can be seen ‘that for ‘1arger ballotini the region of pobr
mixing 1is smaller as compared to the smaller ballotiﬁi, and
vigorous mixing is initiated at lower -values of r. In fact, at
the stickinesé level used Figqure 4-10 1is very similar to Figufe
4-8 i.e. larger'siéed pafticles ~are less affecfed by stickiness
as compared to the smaller ones. |

“ The characteristic of Grohp B ( sand like ) particles of
Geldart's ( 1973 ) classification 1s that, interparticle forces
are negligible as compared to fluid drag. Seville and Clift (
1984 } have postqlated a simple criterion for particles to.be'iﬁ

Group B as:

g{ pPp= ¢ (1 dp3/6 )/ Fy > constant
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where Fh is the adhesion force transmitted in a single contact
between two adjacent particles. The constant in the above
equation is a function of particle characteristies.

Therefore, for a given stickiness level ( i.e, Fp =
constant ) larger the particle size better are the structure and
mixing characferistics of the bed. This peobably explains why a
bed of sticky glass ballotini ( dp=1.017 mm ) behaves much like

a dry one as compared to a sticky bed of ballotyni with dp=0.325

4.4 BED PRESSURE DROP

The dperation at very low air flow rates leading to
reduced pressure drops ie a key hydrodynamic’ feature of the VFB.
This leads to a qore economic operation, due to requirements of
smaller dﬁcts, smaller dust collection equipment and reduced
overall eneréy and power consumption. Since, rigidly .mounted
cylinders themselves act as distributed vibrators, the results
presented are for a bed with a rigidly ;m0unted horizontal
immersed circular cylinder. The effects of amplitude and
freéuency of vibration, particle size, bed height and particle

stickiness were examined in this study.

4.4.1 Effect of VibratiouaI/Acceleration

The AP versus T results for beds of 0.454 mm and 0.667 mm

glass bailotini, ‘with.a 25 mm diameter c¢ylinder mounted
centrally in the bed are presented in Figqures 4-11 and 4-12,

respectively. It can be seen from these figures that for
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4

U/Umf<0.6 vibration first increases the pressure drop across the

bed from r=0 through r=1 due to compaction, before lowering it

gradually. up to r= 3.5; beyond this value there 1is a

considerable reduction in the bed pressure drop.

For U/Umfz0.6, the initial phase of bed compaction is
absent aléogether and there 1is a monotonic decline 1in bed
pressure.dfop from r=q through r=4. This observation implies
that at higher wvalues of U/Umf the effect of air flow rate

overrides the effect of wvibration as stated among others, by

Bratu and JineScu { 1971 ).

An important observation from Fiqures 4-11 and 4-12 is
that ghe bed pressure drop is 10-20% lower-in the case of larger
ballotini as- coﬁba:ed £6 the smaller one; 'Erdesz'and Ormoé‘(f'
1984 ) carried out experiments with éand particles ranging from
0.15 mm to 0.8 mm in size and r=0-14. Their result that pressure
drop curve for smaller particies is ‘iower htan that for beds of
larger pafticles is contradicto:y to(fggftpresent/£g;ul;s. It
should be noted{ howevér, that Erdesz and Ormos { 1984 ) used
very small amplitude of vibration ( 1.85 mm }, and their results
in the r=1-4 range were very inconsistént. The exact cause for
éhis diécrepancy is not‘knoyﬁ.

Typical bed pressure drop versus I results for sticky

beds are prEEﬁﬁi:k;i\Figures 4-13 throygh 4-15. As discussed

/ : -
earlier, for stix particles the- bed structure 1is very
irregular. Bach time the material was charged into the bed the

starting pressure drop was different . i.,e. the flow pattern is

not reproducible., Without vibration the whole bed often moved
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Fiqure 4-15 Effect of I' on AP for sticky glass ballotini,

dp=1.017 mm at A=4.25 mm and X=0.0006 kg

glycerine per kg dry glass ballotini
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as a piston, momentarily raising thg pressure drop to very high
values. To ensure uniformity, each time before the start of an
experiment the bed was vibrated at I=2 to loosen it and obtain a-
nominally similar 1initial 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 aase showing the influence
the initial state of the bed of sticky particles has on bed
pressure drop. Referring to the case of U/Umf=0.7, there was
strong channelling initially ( lower AP ) followed by a sudden
rise in pressure drop at I=0.5-0.75 due to vibration-induced
homogeneity of the bed, For U/Umf=0.4 no 1initial period of
adjustment was observed. At U/Umf=0.8 the whole bed moved as a
piston raising the pressure drop considerably until at TI=1 it
suddenly disintegrated. It should be noted that in all cases an
identical procedure‘was.employed to obtain these data.

The curves for decreasing I'. are smooth right through r=0
because the béd is already in a homogeneous state. The trends of
the pressure drop curves are similar to those those f;r 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 thaﬁ the same

pressure drop 1is obtained at the same U/Umf ratios but not at

kS
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the same absolute superficial velocity as compared to the case
of dry ballotini. The increase in bed pofosity due to cohesion
as reported'by Seville and Clift ( 1984 )} leading to formation
of channels and an increase in minihum fluidization velocity is
a probable explanation for this phenomenon.

- Figures 4-14 ahd 4-15 show the effect of T on bed
pressure drop for a bed of sticky particles but at much lower
levels of sti&kiness ( 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=0.9 while it decreases for lower
values of U/Umf. It 1is important to note thaﬁ there 1is
considerable reduction in pressure drop from r=1 té 4 ( Figure

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

ballotini { dp=1.017 mm )} and_at smallef amplitude of vibration.

4.4.2 Effect of Amplitude of Vibration

¢

Figu}e 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 0 ),
versus I'. It can be seen that higher is the amplitude greater is
initial:&ompactign and pressure drop reduction thereof. |

For U/Umf=0.9, Fhe effect of vibration i& practically
nonexistent. At U/ﬁmf=0.3, the pressure reducing effecf of
vibration is'gfeater for large amplitudes as reported earlier by
Gupta ( 1979 ).-it should be noted that the initial compaction
of the bed is greater for higher amplitudes., For a bea of sticky

i,
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 liquﬁd bonds between the particles are
not easily broken at smaller amplitudes. Such a mechanism can
lead to rhe observed more appreciable 1initial compaction at

lower r's for smaller amplitudes.

4,443 Effect of Bed Heigﬁt

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

pressure drop. As expected the effect of vibratidn diminishes
with an 1ncrease in bed height, i.e. pressure redffE}on due to
vibration +is lower for deeper beds. Similar “¥ 5ult5 were
reported by Gupta and Mujumdar (. 1980 ) but with much smaller
bed heights ( 12 5 - 37.5mm ). Beyond H= 100 mm the effect of
vibration on the bed pressure drop is marginal.

For sticky beds the trends are much the same except for
some 1rreéular1t1es at hlgher air flow rates i.e. U/Umf=0.9 and
'r<1.5, when the bed is unstable and strong chanelling leads to
non-reproducible results. Data presented for glass ballot1n1 (
-dp=0.595"mm } indicate that the .initial compactlon of-tﬁe bed is
also reduced considerably with an° inérease in bed height
possibly because the upper layers of the'bed do ndt compact as

much as the lower layers of the bed.

4.4.4 Bffect of Particle Size

The effect of particle size on Fv versus T curves 1is

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 smallef
particle size. Gupta and Mujumdar ( 1980 ) reported similar
observations 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 abSolﬁte

pressure drop is also slightly lower for ldrger particles.

9 . .
4.4.5 Effect of Frequency of Vibration

Figure 4-19 shows Fv as a function of wvibrational
frequency, . It can be seen that thg pressure‘reducing effect
of T is a stronger function of amplitude than of the freguency
of vibratién. The curves for higher amplitude are always lower
than those for smaller amplitude. Further compaction of the bed
occurs at lower T's in the case of higher amplitudes. From the
definition of I and the fact that the. bed compacts for r<j, it
is obvious that compaction would occur at lower frequencies for

f

higher amplitudes. .

4.5 FLOW ovgn' IMMERSED CYLINDERS

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
intenested.in time averaged overall heat transfér rates, it was
considered adequate to examine the time éveréged spatial
variation of the two-dimensional gaps ( i.e. particle free zones
) formed around immersed horizontal cflinders.'
| This does not necessarily imﬁly' that average heat
transfer ;;tes are directly and exclusively correléted to the
time-averaged gap distributions around the cylinder. The
:'partic}e flow patterns - within the bed are equally importént in
'defermining the bed-to-surface heat transfer ratesg The effect
. of'flowl pétterns in the bed and averége gaps af;und immersed
c&linders on the avérage overall heat trénsfer'rate is presented
iand discussed in the following chapter,i |
'_ A' typical séquence of gap formation around a rigidly
" .mounted hbrizont;l' éylinder_( 25 mm diameter )} immefsed in a
viSfatéd bed of glass ballotini ( ;dp=0.454 mm ) ié shown in
Figurg 4—20."The cylinder,éxis was 1in the cén;ral midplane of .
tpé bed. For U/Umf=0.3 gap forma£ion is initiated over the lower
sprféce,of the dylinder around r=1.5, while the ga§  on the top
surfadg Eegins to dgveldp only around f=2.5, beyond which both
ﬁhe - uppéf aﬁd | lower gaps grow in thicknessés nearly
‘propor;ionately uﬂtil‘ r=4 - the upper iimit. of practiéal
interest. _ | | -
Fér;U%UmféO.G, the upper gap develops only‘aboﬁt r=2 but
with q‘rathér. unique,shépe i.e. two smalf?sfmmetfically placed
ears. Thesé‘ ears grow in size- progféssively: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 U/Umf is increased to
:0.9, distinct bubbles appear at about r=0.5 with simultanéoﬁs
gap formation pb the loﬁér surface.

It seems thét until r=2 vibration aids bubbliné; but
beyond this valqé it prbgreséively dampens it . out. At
vibrational accelerations beyond r=3.$. bubbling tbrough‘the bed
visibly vanishes. Vibration appears' to aid bubbling by first
‘looseﬁing ‘the bed bubbling at U/Umf=0.9 ), but later the
rapidly vibrating .grid seemingly breaks .up bubbles asjtheg'fo:m.
For example, at U/Umf=l;2 and TrI=4 ﬁd discernible bubbling
occurred. At IU/Umfél.Z the lowér gap -initiates around TI=0.5
while tbe - top gap in the peculiar form of " ears." begins to
develop around I'=s1-1.5. Also noticeable is the fact that even at
r=4 the upper gap retaines its ear-like shape without
disintegratingAinto a continuous gép.

Similar observations were recorded for the 38.1 mm
diameter cylinder immersed 1in 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>1 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, ¥, versus

r for dry glass ballotini ( dp=0.667 mm ) for a 25 mm diameter
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Figure 4-21 Effect of vibrational acceleration on gap widths

around immersed cvlinder in a bed of dry glass ballotini
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immersed horizontal cylinder. These results were obtained, by
visual measurements of the average gaps around the cy;inder.

It can be seen from Figure 4-21 that with increasing

U/Unf ratio the gaps start forming at lower values of r: Tﬁe gap
thickness increases with an increase in T for a fixed U/Umf
ratio. The magnitudes of the gap widths ét r=4 are different fog
all flow rates; the gap widths were greater with increasing
U/Umf ratio. For U/Umf20.9 the gap widths seemed ¢to reach a
common plateau at TI=4 suggesting that at higher air flow rates
and vibrational accelerations the effect of wvibration on gap
formation is negliéible.

Fiqure 4-22 shows the angular coverage of the
particle-free gap around the cylinder as a function ¢f T. 1In
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 transmiséion.

It can be seen thaﬁ for U/Umf20.6 and r>1 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 I<l there is almost no gap
preéent for U/Umf<0.3 while for U/Umf20.6 the extent of gap is
greater at higher air flow rates. Figure §—22 along with the
mixing maps ( Figures 4-8 thfough 4-10 } are important starting
steps towards understanding and physically modelling the
surface-to-bed heét transfer process in a VFB.

A typical sequence of gap formation around a 25 mm
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Figure 4-22 Extent of gap around an immersed cylinder as a

function of I for a bed of dry glass ballotini
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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 £;~easy to see that . the gap begins to
form at r=2.5 for U/Umf=0.3 and that both the uppef and lower
gaps appear simultaneously with nearly the same size. For
U/Umf=0.6 the gap formation -initiated at r¥2. For U/Umf=i 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-aefined cresgeht. Such a gap should conceivably have
little effect on the heat transfer from the cylinder to the bed.

In all the aforementioned cases, ‘the presence of
particles within the air gaps was visﬁally observed at r=3.5-4.
These particles seemed to form a continuous shower .in the gap.
Similar trends were obtained with the larger diameﬁer 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 ovefekposure.
Flash photographs did confirm the presence ﬁf particles in very -
diiute conéentrétions in the gab. These can be effectivg heat
- carriers and should be accounted fér in a rigorous physical
model. |

Figure 4-24 shows the gap width: plétted.as a function of
r for a. bed of "sticky"™ glass ballotini. Note that the
stickiness-lével is much lower in this case. It can be seen that
for U/Umf=0.3 the gép'widths are nearly the same after r>2. For
r<2 lower U/Umf ratios have .smallér gép 'thiﬁknesses. For

non-aerated case the gaps are much smaller for rs3 but at r=4
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all 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, rVFB , for
characterization of aerated vibro-fluidized beds. g takes

into account the pressure drop and mass of the VFB. It Iis

defined as:

s = T{ Mg/(Mg - Apx{f A ))

where M is the mass ¢f the bed, Ab the cross-sectional area of
the bed and aAPmf 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 Tygp

>1.4. They also proposed a relationship
Umf yrs /Unfcpg = (1 - I/Typg )3/ 2

where Umfypg 1S the minimum fluidization velocity for a VFB,
while Umfcpp is the minimum fluidization velocity for a
conventional bed. It must be pointed out that due to
non-availébility of any reliable correlation to predict Umfypp
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 Umﬁmg , the
results although not exact, give a good insight ‘as to the
trends.

Tables 4.1 and 4.2 show the values obtained for opgdnd
corresponding experimental and theoretical values of Umf yrB /Umf cFB
for glass ballotini and moleculgr 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 Umf ypg /Umferg ratio for
a VFB. Beyond rzl the experimental and calculated values for
glass ballotinil 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

notedf however, that molgcular 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 g /Umfpg

works well as is shown in Figure 4-25 . The variation between

"axpe‘rimental and calculated wvalues for larger glass ballotini (

dp=0.667 mm ) in Figure 4-25 1is within 10%. The correlation
proposed by Ringer and Mujumdar ( 1982} is thus wuseful for
engineering purposes since in practice one is interested only in

r>1 -

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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Material - Glass ballotini
dp - 0.667 x 10 m
M-1.9 kg

® Experimental

Ay - 0.20 m x 0.05 m

0.6 | 5 | |

Figure 4-25 Effect of vibrational acceleration on

the minimum fluidization velocity
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a vibration-induced compaction for dry beds of particles 1in a
VFB at low vibrational accelerations ( Tr<l ). There is good
solids mixing in a VFB at low aeration rates and moderate
vibrational intensities {( U/Umfs0.3, Tr=2l.5 }. Addition of
surface stickiness delays good solids mixing to higher I values,
and larger sized particles are 1less affected by stickiness as
compared to the smaller ones.

The bed pressure drop decreases with an 1increase in
vibrational acceleration beyond r>»1 following an 1initial rise
~ due to bed compaction. The effect of vibration attenuates with
an increase in air flow and béd height ‘and a decrease in
particle size. The pressure reducing effect of vibration 1is a
stronger function of the amplitude than 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 )
predicts the minimum fluidizétion velécity in presence of
" vibration better for gfass ballotini as compared to molecular
sieve particles and overlooks the effect of initial bed

-

compaction.
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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 , A, = 0.0101 m?, M= 1.75 kg

r 0 0.5 1 2 3 4

APmE (N/m2) 1618 1618 1520 1471 1398 . 1054
Umf (m/s) ~-0.146 0.156 0.140 0.133 0.113 0.101

Umfyrn 1.00 1.07 0.96 0.91 0.77 0.69
—— (expt)
UmeFB .
r 0.0 10.5 9.5 - 14,9 ° 16.9 10.5
1.00 0.97 0.94 | 0.93 0.90 0.79
(pred) !
Umfpg '
.. error 0.0 ~-9.4 -1.3 1.9 14.3 11.7
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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 = 2.36 mm, Ay = 0.0408 m2, M= 4.4 kg

T 0 0.5 1 1.5 2 -3

APmE (N/m?) B19 834 736 647 559 471

Umf (m/s)  0.50 0.52 0.491 0.484 0.458 0.421.

Unfypg 1.00 1.04 0.98 0.97 0.91 0.84

— (expt) —_—

MG'B , - .

T 0.0 -  2.65 3.52 4.05 4.39 5.54

Umfypg 1.00 0.90 0.85 0.79 0.74  0.67
— (pred) . :

Umforp

jerror 0 15.5 15.2 22.7 22.9 25.37
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CHAPTER 5

RESULTS AND DISCUSSIQON - HEAT TRANSFER

5.1 INTRCDUCTION

This chapter discusses the contact heat transfer results
obtained experimentally for single,.tigidly-mounted, horizoﬁtal
circular cylinders immersed in a VFB, The results are presented
in both dimensional and non-dimensional form,. Effect of
amplitude and £frequency of vibratiop, aeration fate, particlé
diameter, particle stickiness and moisture content, . on
surface~to-bed heat transfer are examined experimentally. The
effect of vibrational acceleration oﬁ heat transfer coefficient
during a dfying process is also discussed. Finally, an attempt
is " made to explain the experimental results, using exisfing
theories on packed and fluidized bed heat transfer and
information ;;om the preceding chapter on mixiné and flow
patterns around immersed cylinders in a VFB. Note>thét without
exception, heat transfer in this thesis refers to surface-to-bed
heaﬁft;ansfer. All the heat transfer experiments were pefformed

in a VFB fitted with a 18% free‘area distributor plate.

5.2 EXPERIMENTAL RESULTS . <

5.2.1 Effect of 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 giass ballotini vibrated
at a constant amplitude of A=4.25 mm. For U/Umf=0 i.e. a

non—-aerated bed, vibration enhances the heat transfer
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Figure 5-1 Effect of vibrational acceleration on heat transfer

coefficient for dry glass ballotini {(a}) dp=0.325 mm

(b) dp=1.017 mm at A=4.25 mm
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coefficient by more than 20 times. The lower plateau of this
S-shaped curve ends at r=1 while the upper plateau is fully
formed at rz2. The increase in h, in the transition range, 1.e.
r=1-2, 1is associated with the transition from steady to
vibro-fluidized - bed and onset of vigorous 'particle mixing
trénsition from regime of poor mixing to one of vigorous mixing
in Figure 4-8 ). Pakowski and Mujumdar ( 1984 ) and Bretsznajder
‘et al ( 1963 ) have reported similar findings. Bretsznadjer et
al( 1963 ) also reported a heat transfer enhancement of 17-19
times for aluminum oxide, kaolin and zinc particle when vibrated
moderately in non-aerated 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 iﬁproved particle mixing induced by the air
flow in the -range Tr<l1.5, h increases with 1increasing gas
velocity. The peak reached by each curve alsol shifts
progressively towards lawer T vaiues with an increase in U/Umf.
A simple linear relatiopship was’:ébtained from e;perimental
observations correlating U/Umg to Imax ( wvalue of I at hmax )
and is presented in figure 5-2.

It is easy to notice from Figure 5-1 ;hat for U/Umf=0
upper platéau values for h are 1arggr than those for U/Umf>0. In
fact the increase of gas velocity makes tﬁe.bed expand and mékes
the transfer of vibration energy from the distributor iess
_efficient.JWith increasing U/Umf the bed does not follow the
vibration ;f_ the distributor grid but more or less levitates

-
while the vessel vibrates.
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Figure 5-1 shows that after reaching a maximum, around
r=1.5 curves start to decline; this 1is attributed to the
formation of stable pg[ticle;free air gaps around the immersed
cylindér which inhibit the heat transfén;( Pakowski and Mujumdar
(1982 ) Mujumdar and Pakowski ( 1983-)). Referring back to
Figure 4(%0 it is easyyto notice that stable gaps form around
the cylindé}s\ beyond rméx. Altiugh TI'max also corresponds to
the onset of ;Eabrous particle mixing in the bed ( i.e. higher
particle convective heat transfer ), counteraction of the
“influence of mixing and air gap foTmation givés maxima in h
versus I gurves iﬁ the range I'max=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/ﬁﬁf=0 is
: a

considérably lower than that for the smaller glass ballotini (

dp= 0.325 mm ). The values of rmax are the same as those for
. N

dlass bellotini, although the decline in the curves after the

peaks 1s not as steep. This is ascribed to smallet particle-free

S~

! _ ’ P .
air gaps around the cylinder for molecular sievéaipartlcles.

_Further,' the heat transfer curves for lower U/Umf are alyéys

below the higher U/Umf curves, over the entire I range examined.
) < ;

The reduction "in the heat transfer enhancement for'

‘molec¢ular sieve particles at U/Umf=0 is possibly related more to

the theory of particle contact time and heat transfer ré;he:

than to the effect of vibration. at the condition'of U/Umf=0 and

r>2 ( vigorous mixing ), the particle contact time with the heat
transfer surface is solely determined by fregquency and amplitude

a

=~z
.’r ‘
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of vibration. Hence, for a fixed §alue of T the contact tjmes
for all particles may be assumed to be uniform. However, the
particle size and bed effective thermal conductivities are
different. The particle contact heat  transfer résistance

proposed by Baskakov et al { 1973 } is

Ry = dp/( 2Ks )

It can be seen from the above equation that an increase
in particle size increases the thermal resistance lowering the
heat transfer rate. Therefore the heat transfer enhancement at
U/Umf=0 for larger glass ballotini ( ap=l.017 mm ) and smaller
molecular sieves ( dp=1.4 mm ) 1s much smaller than glass
ballotini, dp=0.325 mm. It should be noted that the thermal
conductivity of beds of molecular sieve partig}es and glass
ballotini are within 10-15% of each other as shown la;ér in ¢
Table 5.1.
"It 'is observed = that heat transfer coefficients for
mélecular sieve particles at higher U/Umf's are larger than
those for sﬁalle: U{Umf'g%éver‘ghe entire T range and not so for
glass ballotini. Although the ﬁinimﬁm fluidization velocities

for molecular sieve particles ( dp=1.4 mm ) and glass ballotini

( dp=1.017 mm ) and bed thermal conductivities are almost the

same the reason for the  above “-discrepancy could not be

explained. It should however, be noted that molecular sieve
particles are twice as light 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 ballofini andé'molecular sieve particles, aerated as well
as non-aerated, is displayed 1in 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, It can be seen that the

€h *
enhancement factor decreases with an increase in particle size
and air flow. The effect of vibration diminishes with an
increase in air flow rate, and is virtually negligible beyond
U/Umf>1,2. The effect of vibration falls beyond rmax, reaching
asymtotic values for r>2., In fact Mujumdar and Pakowski ( 1983 ).
reported a negative enhancement for glass ballotini particles ('

dp=0.454 mm } for U/ﬁmf21,4 beyond r=>2. No physical explanationb

could be given for this.

Traditionally the heat transfer data are presented 1in a

, s
dimensionless form viz. the Nusselt number. The data obtained in

. ‘ ! .
this study were also plotted as Nusselt number versus. TI. The
Nusselt number was defined as Nu=hD/Ks, where D is the cylipder

diameter and Ks the effective bed thermal conductivity. The bed
effective thermal conductivities were calculated from the

correlation proposed by Wakao and kagqﬂﬁ { 1982 ) as:
4

e

»
[
- s

Ks = Ks® + 0.1(Pr}(ReD)K ¢ ceeees 52201

o
- »” - ) ' ’ - ) - ‘I iy R .
where Ks® 1s the thermal conguctivity of the packed bed at.nc
{V \ ;,J . )
air flow-or% vibratipn. Ks® was determined from the correlation

probgsed by Wakao and Faguei ( 1982 ) as:
. e '
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Figure 5-4 Heat transfer enhancement factor for

(a) glass ballotini, dp=0.325 mm

(b) molecular sieve particles, dp=1.4 mm
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Ks®/K g = (2/( 1-Ke/Kp ))( 1In( Kp/K £ )/( 1-Kg/Kp 9 = 1 )

ceveses 5.2.2

Schlunder { 1982 ) also proposea a more complex relationship to
evaluate Ks® 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 1in
thermal conductivities obtained by Schlunder's ( 1982 } complex
correlation and Equation 5.2.2 was found to be negligible. Hence
Equation 5.2.2 was used because of 1ts simplicity in evaluating
Ks®.

In a conventional fluidized bed the thermal conductivity
of the fluid 1is used in%Sialuating the Nusselt number, because
at U>Umf, the gas convqﬁtﬁie heat transfer is the dominant heat
transfer mechanism. Since this study 1is concerned with low
aeration rates, 1i.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
;egimes of moderate and vigorous mixing when the bed -could be
consideredJ"fluidized",'0.5( Ks + K¢ ) was used as the effectiﬁe
bed thermal conductivity. Table 5.1 lists sample calculations
for effective bed thermal conductivitieé for glass ballotini and
molecular sieve particles respectively. Note thaf this
fepreseggation of the Nusselt number is being présented for the

firs; 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, K¢=0.0268 W/mK

Ks®=0.141 W/mK, Ks = Ks° + 0.1(Pr)(Rep)K¢ (5.1.1)

U/Umf | T 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
Ks°=0.126 W/mK, Ks = Ks® + 0.1(Pr){(Rep)K. (5.1.1)
U/Umf T 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 0.054 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 1is a
discontinuity 1in the wvalues of thermal conductivity when
shifting from the regime of poor-mixing to moderate ‘mixing (
Figure 4-8 ). The results for Nusselt number versus I for the
regimes of poor, moderate and vigorous mixing ( Figure 4-8 ) are
plotted on the same figure in this thesis ( Figqures 5-5 and 5-6
); however, due to the discontinuity in the values of thermal
conductivities chosen the Nu versus T curves should be plotted
séparately ~for the regimes of poor mixing and moderate and
vigoroué mixing.

Figure 5-5 presents a typical Nusselt number versus T
plots for beds of molecular sieve particles ( dp=l.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 Vin magnitude because of an
increase in effective bed thermal conductivity as shown in Téblé
5.1. Similar results were obtained for other particles too.

Figure 5-6 pre;ents 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 tran;fer around.a'horizon;al tube
in tgg freeboard region of fluidized beds, in a normalized
non-dimensional form. Figure 5-6 presents the heat transfer
}esults_plotted as N=( Nu - Nu®° }/{ Numax - Nu°® ).versus,r/rmax,
for giass ballotini and molecular sieves.

It can be noticed from Figure 5-6 that all curves in the

range I'/Tmax<l ( the practical range of interest ) fall ‘within a



-122-

U/Umf
150 ° 0 —
v 0.6
¥ 0.9

120 j—

H- 100 x 10> m
A-2.75x%x10m

90
Nu

60

0 l | ]

- 0 1 . 2 3

Figure 5-5 Nusselt number versus I for a bed of molecular

sieve particles, dp=l.4 mm

2



‘ - .
. T T | l l
L 103 -3 (D~25x103m  A-4,25x103n
D - 38. 10 A - 4.25 x 10 -
% m .25 x 1 . | dp - 1.4 x 103 m
1.00 dp - 0.325 X 10 °’ m _ 1.00
0.75 - — 0.75
N N
" U/UmE
0.50 - 0.50
0
003 4
025 0.6 0.25
) 0.9
0 ' 0 '
0 - 1 : 2 : 3 0 1 2
I'/Tmax ~ : r/rmax

(a) (b)

Figure 5-6 N versus I'/rmax for a bed of (a) glass ballotini,

v dp=0.325 mm (b) molecular sieve particles, dp=1.4 mm

-£2T-



S . I ] — I i
D-381%10°m A-~275x10"m , D-38.1x10°m A-275x10"m
, dp - 1.017 x 10> m d-1.4%x120 >m
199 | S - 1.00

-beT-

0.75 0.75
N N
0.50 0.50
0.25 10,25
0 | I | o
0 1 2 3 N
' - T/Tnax c . I'/Tmax

(c) - _ - (@)

Figure 5-6 N _versus:[/I'max for a bed of (c) glass ballotini,

dp=1.017 mm (d) molecular sieve particles, dp=1.4 mm
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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

generate an empirical correlation of the form:
Nu = £( N, r/rmax, U/Uumf ) eeeses 5.2.3

The development of such a correlation was t a part of this

study and further work in this area is/

5.2.2 Effect of Surface Stickiness

'The objective in these experiments was to 'determine-the
effect of particle surface adhesion.on the heat transfer rate in
the absen;e of evaporation. This was achieved by wetting glass
ballotini particles with controlled amounts of glycerine. The
effect of drying on the contact heat tfansfer rate 1s presented
in a later section. 3

" Two levels of particle stickiness, X=0.0003 and 0.0006

were examiﬁed. Here X is kg glycerineskg dry glass ballotini.

It was found that X=0.0003 had no appreciableveffeﬁt' on heat -

» _ . .
transfer rates for large ballotini ( dp=1.017 mm )}, while a

slight decrease [ 5-10% ) was observed for smaller glass

ballotini - ( dp=0.325 mm). This can be attributed to stickiness
- affecting the smaller particles more ' strongly than 1arger'oneé;
~as_discussed eafligr in sectién 4.2. |

fxpicél h wversus T curves for beds of sticky: glass
'ba{lotini  Z=0.0006 kg glycerines/kg dry glass ballotini, are

L

o
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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 ( @p=0.325 mm ) the heat
transfer coefficients are 40-50% lower as compared to dry beds;
also no characteristic peaks ( in the heat transfer curves ) of
- dry beds can be observed. The lower plateau of all the curves is
extended while the upper plateau 1is altogether absent. The heat

transfer rate rises continuouély although more slowly beyond

r>3. .
The aforementioned observati&% suggests that particié
mixfng is a dominant factor influencing the heat transfer rates
in thg I range examined. Moreover, for U/Umf<0.9 and r22 the bed
strycture 1is homogeneous ( po. bubbling ) and ggpl formations
around the immérsed cylinder are smaller. For larger ballotini,
simitar observations were recorded although the difference in
heat transfer 55 compared éo dry beds was smaller and the'upﬁer
plateaus were fully formed. ‘ s

| Figure 5-8 shows a compariséh between fhg heat transfer
'dafa for beds of sticky and dry glass ballotigi. Clearly for
smaller glass baliot?ni the heat traﬁsfer ;oefficient for sti%ky
beds is lower than that for dry beds over the epti:g r fange;
.fér.U/ﬁmf=0.9, Ehe value of h, at r=4 was same for both sticky
-and dry“glass Sallotini. At such high levels of aeration and

vibrational acceleration mixing in the bed is intense and is

#

n .

'.%gdependeht of the degree of inter-particle forces of adhesion;
n

der these - operating conditions the particle-to-particle

L3
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contact 1s reduced to a nminimum.

For larger glass ballotin} the difference 1in h wvalues
between the Ery and sticky partféies s much less proncunced and
peyond rz3, a,  common plateau is reached for all- the curves. In
fact, for U/Umféb.B and T22.5, sticky beds displayed higher heat
transfer rate: The above observation <could be attributed to the
followfhg ﬁacts. Firstly, stickiness affects larger )Particles
less'Severely than smaller ones ( ‘because of fewer interparticle
contacts per unit bed wvolume ) and secondly} once the

interparticle bridges are broken{ i.e. Tr23 ), beds with low

stickiness levels were observed more homogeneous when compared .

to dry beds.

Figure 5-9 presents the samé results as above, but at a
lower amplitude of vibrationi Since stickiness bonds are brokern
more efficlently at higher amplitudes of wvibration to induce
particle mixing, smaller amplitucdes have a lower heat transfer

rate at a given value of T and U/Umf>0.

5.2.3 Effect of Particle Size . o =%

Figures 5-10-a through 5-10-d display for VFB's the. well

known trend verified repeatedly for conventional fluidized'beds
viz. H is higher for smgllér particlgs. Examination of.Figprés
5-10-a through 5-10-c leads to the_c?nclusion that decrease of h
.Wlth 1increase iﬁ particlelsizé is more significant at f%fwer
U/Umf and larger particle si;es { dp=0.595 mm to dp=1.017 mm )
as compared to that for smaller particles 'dp=0‘325 mm- to

’dp=OL595 mm ).

=
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Chandran et al ( 1980 ) and Biyikili and Chen{ 1882 )
réported a 16% dec:eqsé in h from dp?0.325~mm to dp=0;5§% mm,
and a 25% decrease from 'ép=0.595_ mm to dp=1.017 'mm, in
conventional fluidized beds. From Figure 5-10-c, at U/Umf=0.9
and r=1.5 ( 1initiation 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 mmj? The difference 1in h between smaller and larger
particles is much less pronounced at 'highér U/Umf; at higher
U/Umf 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 veriﬁied'by Biyikili and
Chen ( 1982 ) and Chandran, et al ( 1980 ). Figure 5-10-d
verifies this for a VFB of molecular sieve pafticles, where the
difference in h between dp=1.4 mm and d;=2.36 mm is reduced
consid?rably.

~ The decreasé in h with increase in particle diameter {
dp<l mm ) is explained predomiﬁantly due to an 1increase in the
average gas conduction paths between the heat transfer surface
and the first row of particles and between particles. The

increage in the gas conducticn path increases tﬁe resistance to
‘heat flow, as shown by Schlunder ( 1982 ), Heyde and Klocke (
-lBBO ), Martin ( 1981 ) and Baskakov-et al ( 1973 ). Baskakov et
al ( 1973 ),‘reported the thermal':eéistance between the fi:ét

row of particles and the surface tc be half of that between
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adjacent layer of particles in the lattice and equal to:
»

: 4
Rg=dp/2Ks -~ ..., . 5.2.4

It can be seen that this resistance is directly proportional to
the particle diameter. Furthér,-the particle surface area per
unit volume of the bed 1is 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 terms of
£ - Figﬁre 5-11 shows that ¢, decreases with 1increase in dp,
regardless of U/Umf. The actual decrease depends upon U/Umf too.
Thus larger particles are less sensitive £o 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 hair case ( 38% for U/Umf=0 and 20% for
U/Umf=0.6 ) as compareq to this study.

Figure 5-12 shows the effect of particle size on the
contact heat transfer for beds of sticky glass baliotini. It can
be noticed that , wunlike the Eéds of dry particles,' beds of
sticky larger particles have a.higher heat transfer rate for
U/Umf>0 and TI<3. This is attribﬁted to stronger interparticle
forces for smaller particles ( dp=0.325 mm } as compared to
largg: cnes ( ép=1.017 mm ). Thus strong ligquid bridges inhibit

.initial particle convective heat transfer process for small

\‘-‘_\
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particles. Beyond r>3, w;en the bed is homogeneous and well
mixed, . the smaller- particles have a higher hgat transfer
coefficient as can be seen from Figure 5-12-b.

‘ For non?aerated beds, the difﬁerence in heat transfer
coefficients for both particle sizes is nééiigible for r<2.5,

since the heat transfer mechanism for U/Umf=0 1is predominantly

due to particle convective heat transfer which is inversely

-
proportional to the particle size. Therefore, the effects of

stickiness { to reduce heat transfer for smaller particles ) and

o

particle heat transfer ( higher for smaller particles ) cancel

each other out to a great extent.

Pakowski and Mujumdar ,{ 1582 ) repofted no significant

effect of particle size on heat transfer coefficient at X=0.0006.

for glass ballotini, dp=0.454 mm ang/dp=0.667 mm. It should be

noticed that the difference in th€se particle sizes 1is half of

what was used in the current study.
~

5.2.4 Effect of Amplitude of Vibration

-

Three amplitudes of wvibration- 1.5 mm, 2;75 mm and 4.25
mm, were examined. It should be noted that this study was
limited to lower I''s at smaller A's since the upper fregquency
level of the vibratory mechanism was fixed. Figures 5-13-a
through 5-13-d portray the effect of amplitude of vibration. At
higher U/Umf, I values seem to couple effectively the combined

influenc

{5

ci A and ¢ ( Figures 5-13-c and 5-13-d'}.
9
figure 5-13-a shows that £for U/Umi=0 heat transfer 1is

higher for A=4.25 mm as compared to A=2.75 mm, but lower as
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s - e .- : T ' .
'qomparaaito A=l,5j§mh-Th§s olfgervation can he attributed td the’

- | ¥ o ; . i ‘
effect of .the freqﬂgpcy of vibratlon;-gfa It can be. seen froqn

Figure 5-14-a, that hebt transfer is higher ’ for. higher

amplitudes at same value of o, aithough when represented on-Hi~

versus I plot, h is hﬁgher'fqr A=1.5 mm. Moreover, the curve for

A=1.5 mm in Figure 5-14-a rises above the other two curves

beyond w>95 rad/s due to the fact that gap formation at r=1.5

and A=l1.5 m@ﬁ,is much smaller as compared to that at higher

' amplitudes. ‘ J

./

-

Similar h versus o ;ploté were 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 I curves narrows

: - '
down, _ <

' Increase in amplitude, for a given .frequency, reduces the
contact. 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 rq&es since particle

contact heat transfer is inversely proporti&nal to the square
roct of contact time., Gupta ( 1979 ) also postulated that
" increase in amplitude results 1in a decrease in the "emulsion
density” around the immersed.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 dé%érmine to what exﬁent‘ these two mechanisms

counteract each other. It is clear that the effect of amplitude

must be examined in some detail over # wider range of A and T.

-
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5.2.5 Drying

-

' A
The drying experiments were performed with molecular

sieve_particles ( porous ) of two sizes ( dp=1.4 mm and 2.36 mm

o,
) at two amplitudes of vibration ( A=2.75 mm and 4.25 mm ). The
’ . & -
mass of the bed agﬁ Ehe heat .input were _,kept constart mbient
—r N T L

air ( 28-30°C ) was employed to minimize the

: ' ' . SN L LS
that quasi-steady state could be .attained permitting measurement~

of h°* .(-héat transfer . coefficient for wet molecular sieve
particles. ) withéutk resortiﬁg to the ‘%gre comélex -transient
technigue. A tgpi$al drying run took about 2 hours. Fuf%he;moré,
since only 'the'average. moisture content could be measured by
sampling the bed during operation, the choice of T and U/Umf'was
dictated by the Areq%irement of good mixing ig the’ “bed. No data
could be obtained at low I's and U/Umf values.

The following observations were recorded during the

course of an eﬁperimght. Smaller molecular sieve particles {

LY o
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dp=l.4 mm ) formed lumpé initvially ( X=0.33-0.42 kg water/kg dry
particles ) hampering good mixing of the bed. The larger
particles ( dp=2.36 mm )} were free flowing over the entire range
of X. Strong interparticle liguid bonds for smaller particles
account for the above effect. In the range 0.30<X<0.39 vibration
caused interparticle moisture to free 1itself, which on many
cccasions distorted the actual average moisture content of the
collected samples. Note, X here 1s 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 homogenecusly with good
particle mixing without the help of vibration. Both the
particles retained their original physical properties- size,
shape and appearance,  on compietibn of an experiment.
Elutriation and attrition were negligible, due to gentle
handling of the particles. Another important observation was ﬁhe
presence of a thin film of folecular sieve material on the test
cylinder during the experi;ent, leading to lowgr heat transfer
rates. |

Figures 5-17 through 5-19 display the appreciable
increase’ in 'h® 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 h®, In the range 0.30£X50.35 wvibration

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 inqrease of h“l from 475 W/m?K at Z=0.35 to about 600
W/mZK.at X=0.30 as can be seen from Figure 5-17. Note that this
effect was not observea in all the runs. With decrease in X, h°
also decreased markedly.

Presence of moisture is- expected to increase the
effective thermal conductivit of the porous molecular sieve
material, although not very significantly ( thermal conductivity
of water 1s only 4% higher than that of mélecular sleve
particles ), as.demonstrated. by Toe: ( 1984 ). Therefore the
moisture and thermal diffusivity values are not expected to
increase h°® significantly with an increase in x;

It is noteworthy that the decrease - in h® occurs 1in the
vicinity of the c¢critical moisture eontent .of the particles.

Below X=0.20, the heat transfer values apprcach those obtained

earlier for dry particles. Indeed, in experiments the

measured values were slightly lower than obtained for dry
particles, due to formation of a . thin @ilm of molecular sieve
material on th; cylinder as mentioned .earlier. The fact thay
below'XSXc n® approaches h subézantiateé the progosed argument
thaﬁ-fhe rise in h® is predomiﬁéntiy due to.the presence of
surface moisture and evaporation mechanism, rather than to the
internal particle characteristics.

. Pigures -5-20 and 5-21 depict the effect of air fiow and

vibratiocnal acceleraticon on h® versus X curves respectively. It

E S
.

may be neticed Irom Figure 5-20 that the shape of the h° versus

I curve remains wunaltered with an increase in air flow. As

-

expected the £inal value of h® 1is greater for higher air flow
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rate. Due to different initial moistugg distribuqtoh in the bed
the two curves dc not match at high wvalues of X al;hough the
heat transfer coefficients.are almost identical.

.

Figure 5-21 shows that vibrational acceleration béyond
the level reguired for good mixing has no apparent effect on h°.
From the above discussions it can be concluded that  effect of
vibrational acceleration { rz2 ) and air flow ( U/Umfsl ) on h°
is insignificant. S

It is observed from Figures 5-17 through 5-21 that the
maximum value of h® for Z>Xc 1s greater fo:z largér particles as
compared to smaller ones; reduced initial mixing 1in beds of
smalle} particles leads to a lower heat transfer as compared to
larger particles.k., ) '

Only exploratory experiments were carried out in this

study to demonstrate the, rather dramatic effect of wwater

‘; evaporation d&n contact heat transfer- a phencmena that has

w0

apparently not been examined at all in the open llteratuge.

Further work 1is needed to quantifv and then model this- very
. ~ . [ :

important practical oproblem in contact drying of granular

N

solids. . - S
. ? .
. -
5.3 HEAT TRANSFER MELHANISM s ’ . _
2.
5.3.1 Introduction : .

The average overall wall-to~bed heat transfer ceoefficient

fu

for any granular bed { ©

"

- . ’ 3 . . . ~
of three parallel mechanisms: particle convection, gas

cked, agitated or fluidized ) consists

convection and radiation.

]

a



i

//f*\\ifansfer rate,. : _ ~--

N

~154-

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 ( <800 K } radiative component of heat transfer
is negligible as compared to the others. '

At low aeration‘rates i.e. U/UmE<l and small particle
sizes ( dp<l mm ) the gas convective heat transfer component
contributes marginally ( less than 5% ) towards the overall heat
transfer. At higher aeration rates ( U/Umf23 ) and large

T
bartié&e sizes { dp>3 mm ) the particle convective heat transfer
becomes small ( <15% ) as compared to the'gas convective heat
transfer. )

A detalled explanat;on of the particle and gas convectlve

A

heat transfer mechanism is presgnted later in this chapter.
! ) ,

AW

(.. I - d"‘. “
- 4
3 2 'T‘he MOde "“ v - . . R |
—“-—’L ”# " ' vy -
h“ . In a VFB partlcle*free qﬁr gaﬁgfgre ,observed a;ound the
- , A L .
imme rsed syrface@ as dlscussed sln dgnfh the' “preceding

\/ ’
P

chao r.t_These pa;ticle-free alir .gaps act as poor'coﬁdJctors of
heét, loweringlth efficiency of the system. On the other hand
these gaps effectively reduce the contaq;‘time between the bed
and the surface as shown in Figure 5-22. Moreover, 1t 1is
postuléted that it is the extent %f—coverage of the gaps rather

than its width that is important in determining the overall heat

~
.
S

The following assumptions were proposed :in modelling the
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._ Particle-free air gap -
f

Downward
half
cycle

wvy

Figure 5-22 Extent of gap around a circular cylinger

as a function of cylinder position

<t

4
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\

immersed surface-to-bed heat transfer in A VFB.
' | . i

1. The model is aﬁplicable for well-mized beds .e. 1in regimes
of mbderate and vigorous mizing { Figure 4-8 .

2. The particles aré QSSumed to be spherical. ' T

3. The air gaps around the immersed cyli nder are assugec to be
particle-free.

4. The extent and width, of gaps used in calculations are at

w

. the peak positions of cylinder vibration cycle i.e. at
P )

LR

fnZZ and 3w/2 in Figure 5-22. These measurements were mace
visually and arelsubSect to uﬁcertaintg of at reast LU-L15 .
5. The applitude of vibrétion has no effect on tiﬁ heat transfer
rate ! contdct time ) and the contact time fgﬁénly a
ﬂhfuncfignLof Erequency of vibration. { This iDt:learly an

0versrmp11f1cat10n for . the purpose of develorment of a simple

.

model ) "

‘,

6. The bed porosﬁty is assumed to be independent of the
; L

amplitude of vibration. 3
N . ' . h]
7. The gas'convec€?ve component of heat transfer is neglected

¢

fo; U/Umfs0.6. "

B. Radiative heat transfer is negligible because of the low

temperature differences used. %{ .
9. The extent of the gap 1s assumed td’remaiﬂ the same and —~
- only the gap w1dth changes with position in the vibration
-7/‘ ' cycle. _ . : % q//v
[ ' : ' - Ty i
) N1n order toﬂépclude the effect of particle-free air gaps °
8 T & : q e~

) ) g . 5"\_\.

A
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that develop in a VFB the overall heat transfer\Lquation can be
. - \\
written as: :
Overall heat tragsfer = ( particle convegtive heat
} N
transier E& surface-to-particle
] centact region ; + ( gas
x. ) convective heat transfer In
surface-to-particle contact b
region )} + ( heapt transfer in
‘particle-free gap zone )
1
-
4,
P

he = (1 -8/360 }( he.+ hg ) + hves/360

~ :
where.8 1s the extent of coverage of gap in rsdegrees around ihe

cylinder, during one half cycle of the cylinder vibration and hv
1s the heat transfer coefficient for the particle-free air gaps

( Figure 4-20 ).

o

The heat transfer coefficient for the gaps, hv,J’was

P

Ao

calculated using the following correlation ( Perry and Chilton {
’ .

I
N
i
1<)
o

0.385 for Re

0.466 for Re

Nl

il
=]
o

1
e
<
<
o

ce.. 5.3.1 / _
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Eguation 5.3.2 predicts the heat transfer coeliiicient for
gas flow over a circular cylinder with 1ts axis gperpendicular to

cbservation that the air

1t

low., The gaps around the mmersec

cylinder are essentially particle free allows the use oi above

correlaticn to determine hv.

e and gas

th

convective heats

}-+

artic

The evaluation o

U

° v A ) ~ . . . ) - N -
transfer componetitsl of eqguation is discussed below.

s

;3,

-_.{.g.ta rez
a7

]

et al ( 1983 ) determined euxperimentally and

3

modelled instantaneous azimuthal heat
¢

a heated horizontal cylinder immersed in a three-dimensicnal air

transfer coefficients for

fluidized bed. They aisc performed flow visualizaﬁfon studies 1in

a two-dimensional bed to evaluate the applicabil?ty of the heat

transfer model.

The model consisted of two regions around the

submerged cylinder - fluidized and unfluidized., The heat

transfer from the fluidized region was evaluated by determining
the particle convective heat transfer coefficient,,K he, while the
] o B

unfluidized region was assumed to behave like a moving bed.

3

5.3.3 Particle Convective Heat Transfer
‘a
cenvection model

The particle presented by

1882 ) proposes three basic mechanisms as follows:

(i) wall-to-particle heat transfer
(i%) heat conduction in packed beds

(iii) heat convection by particle motion .

{ 3 .

Schlunder (-
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Vul

all-to=Particle Heat Transfer

The minimum heat transfer resistance between a rigild wall

and an adjacent sphere 1s buil up by heat conducticn through

zhe gaseocus Gap between the wall and the sphere.. Taking into

account the ciscontinulity effect at the interfaces, Schluncer!
1382 ) propesed the lccal wall-te-particle heat transier
coeff:icient due tc heat conducticn as

hp,ioc = ( Ke/0 § + - . 5,3.3
where i

where Kf 15 the thermal conductivity of the interstitial gas; g
-

1s the local gap width between the surfaces of the wall and

sphere, 6 15 the sum of the roughnesses of both the surfaces, A

is the mean free path of the gas molecules and » 1is the

. . . - ¥
accomodation coefficient. o *

-

Integration of Eguation 5.3.3 yieldé-the aQerage value hp
; :

with respect to the projection area of the sphere as :

Bp = 4Kp/dp((1 + 2( o+ 6)73p)In(l + dp/2( g+ 6)) - 1)
l‘o“oooc 5“.304

The above  equation gives the maximum possible

surface-to-bed particle heat transfer cocefficient i.e. under the

condition of contact time tending to zero ( Schlunder ( 1982 ),

Martin ( 1981 ), Bock and Molerus {( 1980 ))..

The mean free path of Tthe 3as molecules is given by

3
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Martin ( 1981 ) as

A= 16/5 ( RT/2am )/ ( w/D ) ... 5.3.53
Martin ( 1981 ) has also given an empirical eguation for
the accomodaticn cecefficient 7. For air v ( 310 K ) = 0.9.

4]

guation 5.3.4 i3 walid for heat exzchange between a
single particle and a wall. For heat transfer to a fized bed, it

is necessary to tare into account the voids which exist between

the particles at the wall and which contribute only negligibly

to heat exchange. On the average the volds are apprgkimately
equal to the bed porosig;, i.e. the ratio of the free volume
between the particles to the total wvolume 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 =~ v ) ' ceeess 5.3.6

"

Heat Conduction in Packed Beds
- The heat ;ranéfer coefficient for the heat conduction in
packedibeds;was first proposed by Mickley and Fairbanks ( 1855 )

under the condition of isothermal wall as

hc = 2( KsCpepl 1 - ¢ }/( wt })Y*/2 .. .... .. 5.3.7
where t is the contact time between thewbed'agd the wall.

'gig{stUId be pointed out :that the Ks value used in this

e
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*

-equation is the thermal conductivity of rthe bed over the entire
I range and not the avérage of the fluid "thermal conductivity
and bed thermal conductiYity .35 wWas the,cése for evaluating. the
Husselt number, in the appropriate mixing regime in-VFB'e. .
Tﬁe effect of heat convecgion by particle mbtian'Qn the
heat Eransfer can be neglected if the bulk material particles
are mized perfectly ( Toei et al ( }#84. )). This limits the
| application ¢f the proposed heat transfer modél'to }égimes of
moderate and vigorous mixing ('Figure. 4-8 ) 1i.e. when the
temperature gradients in the bed are élmogt-negligible.

é

Overall Particle Convective Heat ‘Transfer

The overall particle convection heat tfansfer can be
considered to comprise of a resiétance‘in the wall-to-bed hgét
transfer in series with ghat of heat conduction in packed beds.
?he average particle conveétive heat transfer coefficient can

then be written as ( Bock.and Molerus ( 1981 ), Heyde and Klocke

: 3
( 1980), Martin ( 1881 ), Toei et al ( 1984 )):

l/he = 1/hs + l/hc }}'

or

1/he = 1/(kp(1-4) + (u®/2/2)(t/(KsCpap(1-4))i/2 "

A

3
N

—
;t shoulﬁégé noted from Equation 5.348 ~that for low.

céﬂtact‘times &?'t<<l ) the second term on the right hand side

< ™
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becomes insignificant compared to the first one, 1l.e. the
contact resistance of the gaseous gap dominates and the heat
transfer coefficient depends upcn the thermal conductivity of

the gas, particle siég/aﬁd bed voidage ( Eguation 5.3.4 ). Eor

7
. ~ s ﬁfn
large contact times— ( t>>1 ) the value KsCpsp( 1 - v ) of “the
emuision phase 1is the dominant factor. Therefore in the '

-
]

limiting cases weghave:

he = hp( 1 - ¢ ) as t = 0 * ’
and .
i he = 2/(w)3/2({( KsCpep(1-v))/t )1/1  ast - =
o
Equation.5.3.8 is a general one and gén be iappligd for
packed, agitated, moving. .qr ﬁluidized beds. /Since. iﬂ a

conventional fluidized bed there are .two "~ phases- bubble and

emulsion, Equétion 5.3.8 has to be modified slightly. Bubbles

act as voilds and contribute almost nothing towards the heat
transfer process‘ and therefore the overall particle convective

heat transfer coeff1c1ent gsr a CFB can'be written as ( Bock and

! -,

Molerus ( 1980 ), Martin ( 1981 ), Heyde and Klocke { 1980 )):

~ L

1/he’ = (1/(.1 -y ) LAEY 0 ..., 5.3.10

where "is the mean volume fraction of the bubb%gs- in the bed

and around the impersed surface and he' is the particle

~

conveBtive heat'ttansfer coefficient for CFB's. &

It can be seen from Equation 5.3.10 that in a CFB an
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- : ) ‘
increase 1in bubble fraction decreases the heat transfer rate. On
the other Hand an increase in porosity { higher air flowrates )
is accompanied by reduced contact time which enhances the heat
transfer rate. The céunteract%ng effects of these two phenomena“

give rise to an optimum heat transfer coefficient for CFB's.

Contact Time . ; -
- The . most important step in évaluation of he is the

calculation of contact time:. For conventional fluidized beds a

" fumber of cortelations areée available. - Martfn‘( 1981 ) considers -

the contact time to be proportional to the time taken to cover a
path with length of one particlev.diameqsr‘in free flight (-i.e.
t = dp/Up,. where Up is the particle velog}ty ).

Bock and Molerus ( 1981 ) defined the contact time of the
L 8 . : |

o

- e
t=(l-¢)4£,3\ ~ .

‘ -
\l

where  fg is the 1local bubble frequency 'ih_\vicjnity of the

immersed surface. , C s

"In the above equations for ;contactvtime the problem~lies‘

in‘evaluag}ng Up or\§B..Baskak9v'et al ( 1973 )‘proposeg/ﬁ very
. : C L L S

comprehensive. empirical correlation for evaluating the contact

time as

- R

© t'= 0.44(dp ¢/(Umf*(U/Umf-a)?)0 13(dp/D)° 233 s

$

A R o ... 5.3.11
"\ - " \
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L

where ra’ is 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. o,
Baskakov et al { 1973 ) also determined an emirical
correlation for ¢ - the fraction of the total time when the

L]

.":“.

probe is shrouded by gas bubbleo, as
Y - - _‘? ‘.
¢ = 0.33(( Umf?{ U/Umf-a )2/dp. g )°-14 s 5.3.12
4 ' .
The advantage of Equations 5.3.11 angd 5.3.12 lies in the
» ' , Q} R N

fact that t#o and v20 at U=Ume‘This is attributed ( Baskakov

)
:

et al ( 1973 )J) to aAtenQenoy for a void to form beneath the

v

* cylindrical obstruction even at UsSUmf. Bubbles periodically form

L

from this void and rise along the probs surface causing partacie
= ‘

-movement even before the bed "is flu1dlzed. Equatlon 5.3.1% was

‘thus used to .evaluate contact time for U/Umf20.9 and T>1 for a

‘—v1brated bed, - when the effect .of v1brat1on dlmlnishes— and

-below the cylinder and a particle freefi

[N

-

bubbllng 1n1t1ates throughout §§o bed ( Figure 4-20 ).
y

- For a.rigidly mounted c¢

in a VFB, the contact time

gf”thgfpartic%Fs with the “immerse is dependent upon the *

‘frequency of ‘vibration and the formation of partlcle free air

\

gaps around the immersed surface. Figure 5-22 displays the

proposed mechanlcs ;?fbed and 1mmersed surface 1n%eraction.

f the immersed

Figure %}22 shows one full' osc1llatlon
’ ot 1

cylinder. On-the upwa;d swinb,tﬁere is a, pafticle-free air gap

ir gap above it on its

- -
a - . -
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downwards swing. The gaps shown are. the peak gaps observed at
cylinder positions u/é and 3n/2. It 1s assumed that during-the‘
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 function of cylinder position was
not examined; it is_fécogni;ed that this might play én important
. role in determining the exact mechaqism—df heat transfer. In tﬁe
currént study only the peak gaps were used 1in all model
- calculations. High speed cine photography may be employed ,to
eﬁaﬁine this aspect in depéh in future. |
It.can be seen from Figdgé 5-22 that in the upper half
?cycle only the top half;of the cylindéf'contaéts - the bed while
in the lower cycle the bottom haif contacts the bed..Since the

time period'of oscellation, t ;Yis

- . . - - A \.

SRR . &~
g .

.-

the gontact time can be written as . -

t =-1/2f,  eiven. 5.3.13

It ‘éhould be pbintéd eut that this model ‘completely
ignores the amplitude of - vibragioh - a parameter thch has a
significant effg;?\on heat transfer as verified expeé%hentélly {
Malhotra and Mujumdar ( 1984 )). Equation 5.3.i3 was used to
evaluate the conﬁact"iiﬁe for U/UmE<0.9 6;er the entire range of‘

. T in for well mixed beds. : =t

-

Equatiog 5.3.13 is only valid for regimes of moderate and

. . ' o ».
* . ] —
. . . -



-166~

vigorous mixing when gaps start forming. This model 1s therefore
not valid for poorly mixzed beds as stated earlief.

Suarez et al {( 1983 } defined the contact time for the
fluidized region around the immersed c¢ylinder as the time
between successive minimum values of the experimentally
determined- instantaneous heat transfer coefficients. The
discrepancy between their predicted and experimental results was

. about 17 percent. ’ #

Heat Transfer in a Poorly Mixed .VFB
. )

rr* .
"B . _ :
" In“the. region of poor mixing the bed can be considered as
cyclically, moving past the 1immersed 'cylinder and the

'corregponding contact time;“calculated .knowing the particle

circulation rates, Toei'ét al ( 1984a, 1984b ) lhave performed
'studies in a bed agitated by a circumfere&tially fmo;ing heat
source ( impeller ). Thef calculated the particle contact téme
as the ratio of the lenéth. of circumference to the impeller
speed“lHowever, in the current study the particlé cifculation
rates -were- not deter?ined and therefore a theoretical
approximation of the heat tfahsfer coefficieﬁt in the poorly
mixed regime could not be obtained.

The case of r;O and 0< U/Umf <0.9 is the packed bed
with/without air flow. Correlations to predict the heat transfér
coefficients have been given by Adams .( 1981 - ), Perry- and
Chilton ( 1973 ), Wakao and Kaguei ( 1982 ) and Gabor ( 1970 ),
among others. -

¥V

Gabor ( 1970 ) proposed the foiIEﬁing Fg}relation to
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predict the heat transfer coefficient from immersed circular

L3

cylinders to packed beds:

h = ( &KsC:Up /( oL y)1/2 + Ks/D e 5.3.14

i
-

where L 1s the heater length.
The above correlation predicts very 1low values of h as
compared to experimentally obtained values. lTablé 5.2 shows the

experimental and predicted values of . immersed surface. heat

- transfer coeffi:\iif for packed beds. The large deviation for

smalle;.particles as compared to larger ones can be seen from

TagTé 5.2.

For U/Umf=0 and r=0 Eguation 5,3.14 reduces to
h = Ks/D . ' . 4

This means that for U/Umf=0 and Tr=0" the heat transfer
coefficient is a function of bed thermal conductivity and

| - ¥
cylinder diameter only.

5.3.4 Gas Convagtive Heat Transfer

The second component in evaluation of the overall heat

s

transfng 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 in contact with particles.

_An increase in particle size leads to an increase in Umf and

hence an increase in the convective .heat transfer for a given
° .

4t ae
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, TABLE 5.2

Comparison Between Experimental and Predicted ( Gabor ( 13870 ))

Values for h at r=0 ¢

Particle “dp U/Umf h(pred) h{expt}
Type - mm W/m3K W/m2K
Glass ballotini 0.325. 0 1.7 18.0
Glass ballotini - 0.325 0.3 13.5 28.5
Glass ballotini- £.325 0.6 17.5 36.5
Glass ballotini v 0.325% 0.9 21.0 B4.5
Glass ballotini 1.017 0 3.7 19.5
Glass ballotini 1.017 0.4 29.0 54.0
Glass ballotini 1.017 0.8 37.5 Be.0
" Molecular sieve 1.4 0 3.3 . -——--
Molecjlar sieve 1.4 0.3 24.0 - 37.0
Molecular sieve 1.4 0.6 35.0 49.0
Molecular sieve 1.4 © 0.9 44.0 114.0
Molecular sieve 2.36 0 3.3 7.0
Molecular sieve 2.36 0.6 45.0 39.0
Molecular sieye 2.36 0.9 59.0 87.0

k4]
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U/Umf value.

Baskakov et al ( 1973 } measured the rate of sublimation
from napthalene coated cylindrical sUrféces immersed , 1in
fluidized beds to evaluate the gas convective heat tradsfer

coefficient. The best fit to their experimental data for hg

Pl (%
[

yielded
i
hg = ( Kg/dp ) 0.009 Pr® -33 Ar®.5 ( U/Uopt )°.-3

- e i e e 5.3.16

The above equation is valid for U>Umf. However, this
equation was used for evaluating hg for U/Umfz 0.6 for large
particles { dp> 1 mm )‘in this thesis. This assumption did not
lead to any significant error due fo low air flowrates uéed
because of the relative inq?;nificance of the gas convective
heat transfer as compared to\SgPticle convective heat transfer
in a VFB as shown later.

1 g

It can be seen from Equation 5.3.16 that hg is

"prgpoftional to dp while he decreases with an increase‘ in
particle diameter. Therefore at high air flowrates ( UzUopt )
5;"in‘_é“CEB ;pf large particles ( dp>3 mm ) the average heat
_ﬁransfer coeffic{eﬁt, h, is made up primarily of hg {( > 75% ).
For dp>4.5 "mm, h 1is nearly entirely made up of the é;§

[
convective heat transfer term.

- a
o ' 4
5.3.5 Radiation Heat Transfer »

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 by Baskakov et al ( 1973 ), it will not Dbe discussed
here, The maximum bed énd surface temperatures in this study are
less than 330 K. Correlations predicting the radiative heat

transfer coefficient can be found in Martin {( 1981 ), Baskakov

et al ( 1973 ) among others.

5.3.6 Theoretical Prediction of Overall Heat

Transfer Coefficient -

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 tabulate the. various parémeters
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 effeéts of amplitude of vibration and
cylinder diameter.

The deviation between experimental and predicted values
of h is very significant at U/Umf=0 and Tr=1.5 for all the
particles. This deviation 1is less significant for larger size
particles possibiy due to thé 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. The above ‘discrepancy is explained 1in details as
follows.

It can be seen from Table 5.3 that wheq the extent of thé'



TABLE 5.3

Comparison of CFB and VFB Heat Transfer Models

Conventional Fluidized Bed

® Uu> umf
Q‘ rE0
e 9 ® [ ]
%D . . e © .
0
Bubbles
"Emulsion
»E*
™
. ‘ .
.. °
Air Flow

Overall Heat Transfer Coefficient

h = he + hg

Particle Convective Heat Transfer

1/he' = { 1/0 1 - 43 ){ L/he )

veerees 5.3.10

Vibrated Fluidized Bed

U< Umf

Emulsion

Particle-free
“ air gap
Overall Heat Transfer Coefficient
h = (1 -6/360 )( he + hg ) + hve/360
e ) 5-3-1

Particle Convective Heat Transfer

1/he = 1/(hp(1-y¢} + (n'/2/2)(t/(KsCppp(l-y)})?t /2
vesesess D.3.8

-continued-

=1L1-



t = 0.44(dp g/(Umf3(U/Umf-a)2)0 «13(dp/D)0-22% g

TABLE 5.3 ( CONTINUED )

Gas Convective Heat Transfer Coefficient

hg = ( Kg/dp ) 0.009 Pre-33 apre-s U/Uopt )o *3

Contact Time

U >Umf

LI I

Bubble Fraction in the Bed

U > Umf

5.3.11

vB = 0.33(( Umf2{ U/Umf-a )3/dp g )¢° .14

5.3.12

where

t =

hv

Cr

’Cr

t

Contact Time

= 1/2f v evee

' U/UmE <0.6

5.3.13

Mixing regimeé I1 & III

{ Figure 4-8 )

0.44(dp g9/(Umf?(U/Umf-a)2)e.1%(dp/D)s. 223 g

=

Heat Transfer Coefficient for Particle-

I..l’.l 5.301

U/Umf> 0.9

Free Air Gaps

Cr ( Re )m( Pr )tAKs/D

0.911, m

0.683, m

n

0.385 for Re = 4 - 40

0.466 for Re

40 - 4000

1

5.3.2

2L T~
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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=0

r 1.5 2 3 4

hp (W/m2K) 1875 1875 1875 1875
Ks (W/mK) 0.141 .0.141 0.141 0.141
t (s) 0.053 0.046 0.0375 0.0325
¥ 0.35 0.40 - 0.41 0.44
he (W/miK) 761 731 746 730
hg (W/m2K) 0 0 0 0

hv (W/m2K) 0 0 0 0

e - \Y" 0 15 60 120

h {(W/m3K) _ 761 701 622 487
h(expt) (W/m2K} 225 458 400 390

% error 238 53 55 22

r 1.5 2 3 4

hp (W/m2K) 1875 1875 1875 1875
Ks (W/mK) 0.142 0.142 0.142 0.142
t (s) 0.053 0.046 0.0375 0.0325
¥ 0.466 0.477 0.489 0.513
he (W/m2K) 651 653 662 649
hg (W/m2K) 0 0 0. 0

hv (W/m2K) K] 3 3 3

2] 40 80 150 180

h (W/m2K) 579 509 387 326
h{expt) (W/m2K) 431 4413 - 401
serror 34 15 -- 19
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TABLE 5.4 ( CONTINUED )
ja

U/Umf=0.6 '

T 1 1.5 2 3
! |
hp (W/m3K) 1875 1875 1875 1875
Ks (W/mK) 0.143 0.143 0.143 0.143
t (s) 0.065 0.053 0.045 0.0375
¥ 0.45 0.47 0.497 0.506
he {(W/m2K) 641 645 633 644
‘hg (W/m2K) 0 0 ‘0 0
hv (W/m2K) 4 4 4 4
2] 120 145 160 180
h (W/m3K) . 429 387 353 324
h{expt} (W/m2K) 268 409 404 -
T %error 60 5.1 12.5 --

U/Umf=0.9

r 0.5 1 1.5 2 3 4
1

hp (W/m2K) 18758 1875 1878 1875 1875 1875
Ks (W/mK) 0.144 0.144 0.144 0.144 0.144 0.144
t' (s) 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/miK) 547 526 465 461 456 448
hg (W/m2K) 25 25 25 25 25 25
hv (W/m2K) 5 5 5 5 5 5
2] 40 120 145 160 180 190
h (W/m2K) . 509 369 294 272 243 215
h{expt) (W/m3K) 253 338 376 321 -— 271
terror . 100 9,25 22 20 -- 21
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TABLE 5.5

Theoretical Prediction of Overall Heat Transfer Coefficient

J
A=4.25 mm, U/Umf=0

1.5

Glass ballotini, dp=0.595 mm, D=38.1 mm dia

r 2 3 4

hp {(W/m2K} 1132 1132 1132 1132

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/m2K) - 540 513 517 501

hg (W/m3K) 0 0 0 0

hv (W/m?K) 0 0 0 0

o 0 15 60 120

h (W/m2K) : 540 491 431 . 335

h(expt) (W/m?K} 175 440 400 367

%error 208 12 8 - 9
U/Umf=0.6 -

r 1 1.5 2 3 4

. A

hp (W/m2K) . 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

¥ 0.45 0.47 0.497 0.506 0.513

he (W/m2K) 458 455 441 444 445

hg (W/m2K) 0 0 0 0 0

hv (W/m2K) 6 6 6 6 6

0 , 120 . 145 160 180 1380

h (W/m2K) . 307 274 248 225 213

h(expt) (W/miK) 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=38.1 mm dia

A=4.25 mm, U/Unf=0

r 1.5 2 3 4

hp (W/m3K) 687 687 687 687

Ks (W/mK) 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/miK) 356 > 340 341 337

hg (W/m3K) 0 0 0 0

hv (W/m3K) 0 0 0 0

e 0 © 1% " 60 120

h (W/m2K) 356 326 284 224
h(expt) (W/miK) 215 245 228 198
$error 66 33 25 13.5 .
r 1.5 2 3 4

hp (W/m2K) 687 687. 687 687

Ks (W/mK) 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/m2K) 313 311 311 303

hg (W/miK) 0 0 0 0

hv {W/m3K) 6.5 6.5 6.5 6.5

6 : a0 120 160 180

h {W/m2K) 236 210 175 155
h{expt) {(W/m2K) 238 177 - 156
%error 0.6 : 19 -- 0.5
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TABLE 5.6 ( CONTINUED ) )
U/Umf=0.8

r 1 1.5 2 3 4
hp (W/m2K) 687 687 687 687 687
Ks (W/mK) 0.176 0.176 0.176 0.176 0.176
t (s) 0.065 0.053 0.046 0.0375 0.0325
v 0.468 0.481 0.495 0.501 0.503
he (W/m3K) 305 303 298 299 301
hg (W/m2K). 43 43 43 . 43 43
hv {W/m2K) 9 9 9 9 9
6 120 145 160 180 190
h (W/m?*K) 236 210 193 175 172
h(expt) {(W/m2K) 212 207 180 - 172
$error 11 2 7.5 - 3
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TABLE 5.7

Theoretical Prediction of Overall Heat Transfer Coefficient

Molecular sieve particles, dp=l.4mm, D=38.1 mm dia

A=2.75 mm, U/Umf=0

r - 1.5 2 3

hp (W/m2K) - 546 546 546
Ks (W/mK) v 0.126 0.126 - 0.126
t (s) 0.043 0.037 0.030
¥ 0.385 0.40 0.415
he (W/m32K) 280 295 274
hg (W/m2K) 0 0 0

- hv {W/m2K) 0 0 0
2] 90 _ 135 ‘ 160
h (W/m2K) 210 184 152
h(expt) (W/m3K) 158 184 170
$error 33 0.25 10.5

. U/Umf=0.3
r ///// 1.5 2 3
( . P

hp (W/m3K) : 546 : 546 546 ,
Ks (W/mK) 0.143 0.143 0.143
t (s) ' ~0.043 0.037 0.03
L4 ' 0.412. 0.424 - 0.435
he (W/m3K) 271 . 269 _ 268
hg (W/m3K) 0 0 0
hv. (W/m3K) : 5.5 5.5 -~ 5.5
o 120 145 : 170
h (W/m2K) 183 164 144
h(expt) (W/m2K) 158 175 174

%error 15.5 6.5 : 17
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TABLE 5.7 ( CONTINUED )

U/Umf=0.6

r 1 1.5 2 3
hp (W/m2K} 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/m2K) 270 272 270 269
hg (W/m2K) 0 0 0 0
hv {(w/m2K) 8 8 B 8
2] ap 135 160 180
h (W/m2K) 204 173 154 138
h{expt) (W/m2K) 160 . . 195. 189 175
$error 26 -11.5 18 22
U/UmE=0.9
—<—_ = \
r 0.5 1 1.5 2 3
hp (W/m2K} 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?K) 249 219 216 212 239
hg (W/m2K) 36 36 36 36 36
hv (W/m2K) 9.5 9.5 9.5 9.5 9.5
e 90 120 135 160 - 180
h {(W/m32K) 216 163 144 129 187
h(expt) (W/m23K} 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/m3K) 1874 1874 1874
Ks (W/mK) ' 0.142 0.142 0.142
t (s) 0.043 0.037 0.030
v 0.466 0.477 "~ 0.489
he (W/m3?K) : 672 - . 676 685
hg (W/m2K} 0 0 0

hv (W/m2K)} 3 3 X 3

) 120 150 180

h (W/m3K) 449 396 343
h(expt) (W/m?K) 440 437 430

Ferror ‘ 2 9.5 20
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gap, 6, 15 less than 180° the contact time t=1/2f is applicable
only to the sector of the cylinder covered by the angle 6 i.e.
the section of the cylinder shown by crossed hatched lines has a
contact time different from t=1/2f. In that region the contact .
time can be determined from the frequency of vibration and
particlke circulation rates. The contact times én this case are
expected to be 10-20 times higher giving much lower heat
transfer rates. Unfortunately no quantitativé measurements are:
available to verify this postulate.

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 arfe inaccurate for low values of o
<120° }.

A sample of the heat transfer coefficients obtained by
using contact times of the order o¢f the ones obtained in moving

beds ( Toei et al ( 1984a, 1984b )) is given below.

428 W/m2K

t = 0.5 s h =
t =1s h = 337 W/mK
t =2 s h = 259 W/mK
t ==3 s h =

220 W/m2K

The above values 6f h were predicted from Equation 5.3.1

and 5.3.8 at U/Umf=0 and r=1.5 for glass ballotini particles (
7
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dp=0.325 mm ). The experimental value for the corresponding case
is 225 W/m2?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.

Pakowski and Mujumdar ( 1982 ) have reported angular
velocities of circulation as high as 0.17 revolutions per sec at’
r=4 i.e. ap=6.28 rad/s for a cylinderoimmersed in fhe central
midplane of a bed of cross section 0.20 m x 0.20 m and H=100 mm.

Therefore the contact time for Pakowski and Mujumdar's { 1882 )

case can be estimated, to be t=up/2n l s ( Toei et al ( 1984b
)). Hence the contact time for I<4 must be higher than 1 s. For
the case of Tr=1.5 the contact time can be estimated to be
QEetweén 2-3 s. 1t 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 each other. Therefore the knowledge of particle
circulation rates can lead to good prediction of h using
Equation 5.3.8.

" The assumption that tﬁe ‘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 1is e#pécted'to affect the heat
transfer rate significantly, i.e. the fractional area available
for he?t transfer changes continuously and the extént of gap at
cylinder positions /2 and 3n/2 cannot be wused in a more.

comprehensive model,

Further work to determine the instantaneous extent of gap

3
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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 transfef and to
-develdp a better physical gnd mathematical model of the
phenomenon.

In view of the aforementioned assumptions and the fact
that at 6<180° the partiéle contact time, t=1/2f, is valid only
for the c¢ylinder surface covered by angle 6, the model should
not predict the results accurately for <180°, However, the
predicted aﬁd experimental values of h for 6>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-¢ )° )} are not low enough to
affect the- overall heat transfer coefficient significéntly.
Therefdre, the model seems to predict the overall heat transfer
coefficient reasonably well for ¢>120° ( the regimes of moderate
and vigorous mixing for U/Umf=0.3 ). 7

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 1is made up
entirely of he while for U/Umf<0.6 hg and hv are negligible.
compafed”'tb'rhe. ~ At higher air flow i.e. UkUmf=0.9 the
contribution of hg'towards h is 5% for smaller particles and 12%
for laréer particles. Heat transfer through the gaps makes up
less than 2% of; the total contribution, according to the

proposed model.

The effectsof amplitude of vibratiog on predicted values

¥
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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 égn be observed that predicted -
values of h are greater for higher amplitude ( A=4.25 mm. ) as
compared to the smaller amplitude ( A=2.75 mm }, although the
contact times are lower for smaller amplifude at the
corresponding values of T.

The above effect can be attributed to the fact that at
lower amglitdde the.extent of gaps 1is larger ( although the
width isl smaller ) as compared to higher amplitude for
corresponding values of F. On the other hand the bed porosity is
assumed to remain constant for both aﬁblitudes of vibration.

The overall heat transfer coefficient 1is. primarily
dépendent 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. éor
given particle °§pecifications the heat transfer coefficient is
primarily a function of bed porosity and contact time. A 10%
increase in bed porosity leads to 38 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 4Pnoted that discrepancy in
estimation of contact times may be as high as 50 - 100% (
changes heat Eransfer rates by 8-12% ) and therefore it 1is
essential to estimate the contact time and bed pofﬁsity both as
accurately as possible. Moreover the ‘' bed porosiﬁy 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 signifigant 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 compafed
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 ratios over the entire range of T
for molecular sieve particles. The model based on gaps and
contact time predicts a slight decrease in ®eat tranéfer
coefficient with an increase in U/Umf for all ' particles due to
an increase in bed porosity. This éiscrepancy for the molecular
Ssieve 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 in-tﬁese
figures i.e. these fiqures refer to the wupper half of. the
vibration cycle. -No predictions could be made for the zone of
poor mixing, while the predicted values for r=0 were 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 shfinks 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 surface
stickiness and the bed porésity 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 - conductiviﬁy, the 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
particles. The_ enhancement decreases with an increase in air

\‘ .
flow and surface stickiness. The heat transfer coefficient

decreases with an increase in particle size mo;e significantly
at smaller ﬁarticle sizes ( dp<l mm )} as compared to the larger
particle sizes ( dp2l mm }). At a éiven frequency of vibration
higher amplitudes of vibration lead to ﬂigher heat tfansfer
rates.

Presence of surface moisture enhances the heat transfér.
considerably for molecular sieve particles. Below the critical
moisture 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 6 >120°. The knowledge of

particle circulation rates is essential for prediction of the

heat transfer coefficient in the regime of poor mixing.
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CHAPTER 6

CONCLUSIONS

This study presents experimental results of the effect of
vibration on flow and immersed surface—td-ﬁéd heat transfer in a
vibrated fluidized bed.

Immersed heat transfer surfaces mounted horizontally and
rigiﬁly to the bed allow use of deeper beds as compared to
suspended surfaces Because rigidly mounted surfaces themselves
act as vibrators. ®

This study was divided into two sections - flow and heat
transfer. The flow experiments were performed to obtain data in
order.to explain ;he:heat transfer results. The flow experiments
vere 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 sur(gifs. The heat transfer experiments were
performed in a bed of sguare cross-section ( Figure 3-3 ). Glass
ballotini and mdlecular- sieve particles were selected as model
particles and Table 3.1 lists their-physical properties. Table
3.2 presents the range of operating paJ;meters(

The important conclusions reached with regard to the flow

behaviour of VFB's are:

l. Application of vibration facilitated homogeneous
-fluidization,cf sticky and agglomerating solids beyond
r>1. For X>0.006 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 .particles.
The bed pressure drop decreased with.an increase in
vibrational acceleration béyond r>1 following an initial
rise due to bed compaction for rsl. The effect of
vibration attenuated with increase in the air flow rate
and bed height_aﬂh a deérease in particle size. The
amplitude of vibration exerts a‘strongef influence on
théibed characteristics as compared to the frequency of

vibration at a_given vibrational acceleration.

Semi-quantipétive maps for solids mixing in a VFB are
presented for dry and sticky particles ( Figures 4-8

through 4-10 ). Addition of surface stiékiness delayed

‘the onset of good solids mixzing to higher T values.

Small particles were more affected by stickiness as

compared to the larger ones.

Depending upon the aeration-rate and vibrational
acceleration , application of vibration gives rise to
particle-fﬁge air gaps around the immersed circular
cylinders for "beds of both dry and sticky particles

( Figures 4-20 and 4-23 ). These gaps, which act as poor
conductors of heat incrgased in size with an increase

in T. At higher aeration rates these gaps formed at

lower values of T.
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The important conclusions reached from experimental

studies on heat transfer are:

1. Vibration enhancea the overall heat transfer coefficient
severalfold ( 'upto 20 times ) when the bed shifted from
the regime §f poor mixing to that of moderate and
vigoroﬁs mixing of Figure 4-8. This enhancement was

| maximum'for,a‘non-aeréted bed and decreased with an
-. increase .in.the U/Umf ratio. Aﬁdition of surface sticki-
ness caused the heat transfer enhancement to be more

gradual and lower in magnitude.

2.'Addition of surfécefsfickineSS decreasea the heat
transfer rate. Smaller patticleé were more affected by
-s;ickinesé as-compated.to the larger ones. The heat
fransfer‘coefficienf decreased with in 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 mélecular sieve particles in the region of unbound
moisﬁure. Below the critical meoisture 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.

The proposed'elementary model ( Table 5.3 ) 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 parficle-free air gaps. The
proposed model does not incorporate the effect of

amplitude of vibration.
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APPENDIX-A

EXPERIMENTAL UNCERTAINTY

~

A.l Definitions and Terminology -

ACCURACY refers to the fixed amount an instrument reading
deviates from its known or qalibrated input, regardless of how
many,ﬁimes the measurement is made. Accuracy error is a fixed
one.

PRECISION ERROR refers to the ability of an instrument to

replicate its readings. Measurements may be precise or imprecise

depending on how well an instrument <can reproduce subseqguent

readings of an unchanged input. Precision error is not a fixed
one.
ERROR is a number, 2 rpm, 0.6°C etc, and is defined as

the calibrated or - known input reading minus the instrument

reading. Error 1s thus known or predicted only when we can.

calibrate or otherwise check the test apparatus.
. UNCERTAINTY, like error, is a number that would be if it
.could be measured by calibration.

In this project the errors referred to are, the ones
supplied by the manufacturers or are .estimated by the method
suggested by kline and McClintock ( 1953 ) and Schenck ( 1968 ).
The rule of thumb ia_estimation 1s, that the maximum possible
error is equal to one half the least count of the insgrument.
The probability of the readings lying between this error bound
is 95%. ' 'H

3]
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A.2 Error and Uncertainty in Complete Experiments

In most of t%e éituations, the final result of an
experiment is dependent én measurements from several instruments
combined through some mathematical process. In dealing with
several instruments, the error whéther uﬁcertainty error ﬁgr
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

e

function of the two measured variables V and W:

E + e = £{ Vv, We+w )

A2
- \,/,,

if this function is continuous and has derivatives, it

.1

can be expanded in a Taylor series and using the first two terms

only and with

R

"

£( VvV, W)

the result 1is
e = ( AE/3V),v + { IE/IW Jyw S A.2.2

{ the 1lower case letters apply to deviations from the correct

reading }.

-

Te? = ( 3E/3V )§ Iv? + 2( JE/V ), ( 3E/IW )vﬁvw

+ { aE/awW Lj Iw?

-~ >
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4 e'}

The term Ivw goes to 0 and s&fp= te?/n ( standard deviation ) so

that,
s = BE/BV'); s2 + - ( 3E/9W )2 352 ' "A.2.3

and for any uncertainty interval q,

@? = ( JE/3V ) g2 + ( IE/aW ) g? A.2.4
W v v W

Equation A.2.4 is very important in determining experimental
error. - A few equations of ‘error determined from Equation A.2.4

are given in the table below.,

Equations of Error

Function E . Error in Result g
ROV Ew) : ( a3 + g3, )3/2
KVW E(( oV )3+ (gu/W )3 )1/3
KV,/W n - )
KvP | - bEgy /V
Kexp( V ) . Eq,
Kln{ Vv ) EqQ,/( VinV )
KSinv “j A égv/Tanv

( K is a constant of proportionality )
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A.3 Sample Calculation

The average surface-to-bed heat transfer coefficient is

defined-as:

1

h = Q/( Ac AT ) ' ' A.3.1

Assuming no error in determining the heater surface area, Ac,

dq /Q
AT

¥

+0.5% = +0.005

1§

\\: -

il

TS"Tb '

qqp = $0.67°C ( error in thermometer reading )

The maximum error 1in ' average heater or bed temperatures is

therefore +0.67°C.

// Referring to Appendix-D for theﬁexperimental' values of

the variables:

Ts =
Ty =
0 AT =
S
qT‘ =
Q
Therefore,

pa—

i
~

36.67°C
26°C
10.67°C

Equation -A.3.1 and the Eguations of Error give:

(( 0.67 )2 + ( 0.67 )2 )1/2
0.94°C : )



-198-
= 1/2
q11/h {( qQ./Q 12 o+ qTP/AT y2 )
qtl/h = (( 0.005 )* + ( 0,94 )32 yi/ 2

0.088

B.8% //

I

Thus, the maximum error in the heat transfer coefficient
is about B8-9%. It should be noted that this 1is the maximum
possible error due to the fact that temperature gradients used

in the experiments were always greater than 10°C.

L% BN
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APPENDIX-B

< AERODYNAMIC CLASSIFICATION OF PARTICLES

’

/

The bé%aviour of solids fluidized by gases falls into
four clearly recognizable groups, cRaracterized by density
difference ( op - p ) and mean particle size. A general
criterion for distinguishing between bubbling ( aggregative,
heterogeneous ) and non—bubblingi?(‘particulate, homocgenecus }

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?® ) generally fall
in this group ( e.g. some cracking catalysts ). Beds of powders
in this group expand considerably before bubbling cémmences.
When the gas supply 1is suddenly cut-off the *bed collapses
slowly,.f}pically at a rate of 0.3-0.6 cm/s, this being similar

to Superficial velocity of the gas in the dense. phase. Gross

gk E
ol

circulation of the powder ( akin to convection currents in
liquids ) occurs even when few bubbles are present, producing
rapid mixing,. e

Group B - This group contains most materials in the mean size
and density ranges 40 m < dp < 500 m, 4 gm/cm3?> - > 1.4
gn/cm?, 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 very rapidly when the gas supply is cut-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 1is 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 1is due to the interparticle
forces being greater than those which the fluid can exert on the
particle, "and these are generally the result of very small
particle size, stroﬁg electrostatic charges or the presence in
the bed of very wet or sticky material. Pé{Ficlé mixing and
conseguently heat transfer between a surface and the bed is mucb

poorer than with the powders of groups A or B,

Group D - This group 1is 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; conseguently
back mixing of the dense éhase gas is small.

A powder classification diagram for fluidization by air ({
ambient conditions ) is shown 1n Figure B-1. This diagram
derived from theoretical considerations, matches very well with

experimental results and is widely accepted.
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APPENDIX-C

THERMAL CLASSIFICATfON QF PARTICLES

Geldart's ( 1973 ) classification of particles addresses

énly the fluid dynamic aspect of fluidization. Although flu%d
dynamics 1s important for bed behaviour, particles could be

classified according to their performénce in heat transfer,
solids mixing and other types of proéessing characteristics for
fluidized beds. Thermal classification of particles is made on
the basis of the heat transfer component contributing most to
the overall  heat transfer between the bed ané an immersed
surface. Jovanic and Catipovicl( 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 1s considered ™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 constitute 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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{
Ly . . . . . .
particle motion 1s a mechanism of " particle convective

constant
mode of heat transfer " discussed in depth by Schlunder ( 1982
). The surface-to-packet heat transfer 1is Qiewed in terms of
two resistances in sériés: a) the contact resistance and b) the
resistance Within‘;he emulsion packet phase. With increasing
particle diameter the contact resistance constitutes a rapidly
increasing portion of thé total particle convective resistance.
Therefore, regardléss of the gas velocity, the contact
resistance can be used in place of the total resistaﬁce 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 ) as a definition of thermally larg¢ particles. For small
particles, the emulsion packet resistance. is significantly
greater thén the contact resistance. |

Jovanovic and Catopovic ( 1983 } used the particle
thermal time constant, tp = °p Cp dp? / 18 Kf to therﬁally
cléssify the particles. The particles are large 1if tp 1is
significantly larger than the averagé 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 the tﬁérmal classification of particlei
as a function of three dimensionless groups, as proposed by

. )
Jovanovic and Catipo¥ic { 1983 ).

3
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APPENDIX-D

SAMPLE DATA SHEET

Date: 24 Nov 1983 Data Sheet Time:60 min

Cylinder Diameter: 38.1 mm . Particle Type:'Glass Ballotini
‘ ' Size: dp=0.595 mm

.

Heat Transfer Area ( Ac ): 67.15x10-+%* m2 APc ( N/m2 ):117

Distributor Type: 18% free area Flowmeter Reading:--
Umf ( m/s ): 0,201 Bed Height: 110 mm
U/Umf: 0.6 Temperature ( ;C )
r:0;5 The;mocoupie.Néz
Wattmeter Reading: 33 Heater: Bed:
Muitiplying Constant: 0.2534 1: 36.7 _ 33: 32.1
Actual Heat Input ( Q ): 8.3622 W 4: 36.7 .35: 26
Bed Pressure Drop ( AP }: 902 N/m?3 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
47

Temperature Gradient ( AT }: 10.67°C

Average Surface-to-Bed Heat Transfer Coefficient (" W/m3?X ): 116.7

AN
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