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BUMMARY

The thesis entitled * QAS+~SOLID FLUIDIZATION IN
ARNULUS". is presented in aeven Chapters.

In Chapter~I , a brief introduction to ﬂu&d&nﬁm and
scope of the present vork are presented.

'Chapter~IX contains the mmem reviev pertaining to
pinimun fluldising velocity, pressure drop and baffled fluidizsed
beds. . .
| Ch‘aptei? «I1X 'p?eamfa the :éqﬁpmmta fabricated for condue~
ting experiments in annulus snd ,.atMcht tu’bi. Experimental proce-
dures for the determination of ph_ysiéa‘i proparties of_mnterinl.a
and for obtaining data in snmulus and straight tube, are discussed.

Chapter=IV desls vith the experimental data obtsined on
variation of pressure drop vith air mass velocity in straight
tubes for three materiale viz., spherical glass besds, crushed
calcite and bauzito, in the aizes ranging from W40, 628 and
927 miorons.

Bxperimental data on varistion of pressure drop with sir
mass veloocity in mmuu 'ia presented in Chapter-V for 1dentica)
~ conditions as in straight tude. The weight of the bed per unit
cross=sectional ares of Qnmmu'n's kept the same as in the
corresponding straighﬁ tube. |

The pressure drop upcrimdedvin annulus was higher than
that 4n a stragght tudbe. There was noticeadle circulation of
the 20144 particles upwards through _t§¢ centre erd down along
the wall of the col uan.



~ At velocities beyond mintmum fluldising velocity, the
bubble sise wag obsarved to bs fuall in an anmulus than in the
corresponding straight tube,

Chapter-VlI embodies the experimental results and
corkmumu to predict minimus fluldising velocity ( O-i-) and
pressure d.mp at the onest of nuidiuuon (8P,¢) in an annulus.
'x'n- tvo correlations are as follovs.

\ Digs ' i '10’90
s 0.12 E"A“ - ‘:’1
| Dy ,Aa
0,02 o'.‘a‘*f'_"'_‘u_

In the annulus with a mllcr ares of cross~section,
n.t s rmmd to increase apprecisbly vith incressing ded
weights, -

 large sized plrtxeln nquirtﬁ a higher vslue or “’n!'

and finer particles resulted in higher AP. _

Ag the anmulus size was d.ernacd. the wzll effact
rtaéor. bﬁl . 3 vas found to exert gmauncad sffect on
the quality af flugdtsation and on the values of G p and AP 4.

Chapter -VII. denls vith the conclusion based on the
present study and acopa' for further work.
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NOMENCLATURE

A | Cross~sectional area of fluidizing coluun, Cma

A Cross=sectional area of snnulus, Cm®

A, Cross=geotional arca of outer tube in anmlus, en®
D, 0.D. of inner tube in anmulus, cm.

Dy ID. of outer tube in annulus, ca.

Doqn l(ﬂa“'l)‘)u eguivalent aimttai' of annulus, cn

Dy = (Dy/2) o cu.

D, Diameter of particle, microns.
ro o= 02.,/ s..bp), Froude mmber, dimensionless.
& = 980 gm/u-ca‘ scceleration of gravity

[ N - 980 o, t}n/(al-wt) ieoag conversion factor.

Gy !“l_uid mags vciocity based on empty column, gu/cna.hr

Gne  Fluid mass velocity at minimum flutdization ga/cm®.kr

Gyey Mintmum numiun; mass velocity in snnulus, m/cna.hr.

Opprevs Ninimum fluidizing mass velocity given by Lava's
Equation, 2q. 2,

k Praportiamlity eanat_mﬁ

L Betght of the solide bed, cm.

Lye Bed height at minimum fluildising condition, em.

AP Pressure drop scross son-da i:ed, m/cna

APye Pressure drop at onset of nﬁid.tntsm, gm/cmz

APy, Pressure drop across the grid plate, Wc:na

| Re“ ‘(b.qu‘ an/ By , R,ynéld’s nunber baded on eaapty

snnular cross~section, dimensicrless.



n.p -(Dp .Gt./n), particle Reynoldts mmber, dnenlionlcn;.-
8,, per cent grid open srea.
Upr Superficial fluid velocity st miniowm fluidizing

| condition, c:l/aoa.

w Weight of aniuda, .
Graak Symdols

% . Void fraction, 4in a bed et minteum fluldising condition,
dinensionless . ‘

s Viscobity of gas, ga/cm.cec.

#ﬁ Py Density of fluld and solid respectively, Wem3

Av o APyp/ (W/A) , dimensionlaess pressure drop
¥y - = Sphericity of a particle, dimensionless.



IBTRODUCTION

The principle of operation of gas~solids fluidised
beds is now well krown because of their vide use in the
petroleus, heavy chemical and metallurglcal industries.
Fluidized bedshave many attractive features, the solids
are mobile and well nixed, heat trumsfer is good and tempera-
ture gradiants largely abaent. However, the good wixing hes
its own disadvantages in that gas~s0lids counter-current
flov 13 not possible in a single stage bed. Although fluidie
2ed beds vere used as long ago as 1921 in the German Winkler
gas generator it was not until the fluidized catalytic
Cracker was developed in the U.S5.A. in 1941 that they
becane w&doiy used. 8ince then more and more use has dbeen
zade of riuida.sod beds not only in catalytic processes
but alzo in the heavy chemical and metallurgical fields,

e.g. the Fluowsolids pyrites roaster, lime calciner snd
drier.

Despite the extansive use of such beds very many
of the factors controlling their performance are not
properly understood, for exsmple why bubbles are formed,
what is the gas flow patitern in the dubbles and why the

heat transfer betweesn the gos and the wall iz so good,
A better understanding of the important factors involved



2

mnce of existing beds can dbe
tit.

11 more of an art than a :science.
lied to a bed of solid particles

at bed from s settled state where
rous solid, to a state where it
erties of flov and surface levelling
iships. I implies, too, that

1y mobile.

fluidiszsation, where the vhole of

° hs & homogeneous fluld is probably
ice the term is loosely :pglicd to
ned to a large degres in a state
rent of fluld. Attempts to define
,sation have besn ude"z, but the
\d indeed it does not appeay that
able to all cases can be mnade.

re pfumtod by literature on this
on by gases follows a distinctly
1zation by liquids. Prior to

Ind state, however, the functioning
ncreasing~flow of gas ia passed
solids resting on & support plate
B ’wcntml.‘!.y resched vhen the bed
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can no longer remsin stadle as a static entity. At this
particular ges velocity the individusl particles loosen
themselves from the permanent contact with each other, and
become freely supported on the rising eurrent. of gas. As
the gas veleeity is mrthar increased, the ted takes on a
Rore nnd more “liquid” or "fluid" sppearence. Mach particle
1s no longer cmmtmimd toa amm.u position aa in the
rixed ded state, but is free to move through out the whole
bed. The entire mass locks like & liquid in continusl
‘agitation, possessing a mobile but nevertheless definite
interface betveen itself and the gas space above. Also,
as the gas velocity is further increased, the particle
circulation within the b§d becomes more and more rapid,

smalogous to that of & wellestirred liquid.

At bigher gas velocities the gos ceases to pass
uniformly through the homogeneous gu-abnd mixture.
Bxcass ';aa nov starts to flov through the system as
pockets or bubbles relatively fres of solid. In this state
the system is very similar in appcamu to that of a boil~
ing liquid, a further aimuarh:y being the ejection of
particles into the free space above the bed xs the budbles
breek the interface. When the gas velocity is made to exceed
toe particle terminal velocity, these ejec ted particles
can never regain the main bed, and so the bed will gradually
be completely evntrained in the nMng gas stream, ag in
_ pnmuc conveying.
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The vhole of the region between the fixed bed
condition and pneusatic conveying is known as the flutdised
state. The condition at low volocitiei. where the whole bed
18 entirely homogenecus, is sometimes called the state of
incipient flutdization, whereas at higher gas velocities where
‘bubbles of gas constituting a second phase sppear, the condis
tion is known as the boiling bed state. It is this latter
type of fluidised ded which is largely enployed in contempo=
rary industrial applications of the technique.

&£ 11quid can equslly well be used as the fludising
medium, although at present this is of less commercial
importance thm the gas system, In liquid-iond systems |
an increase in flov rate above mimm fluldization usually
results in a smooth, yrogruahe n:pmaion of the bed, Gross |
flov instabilities are damped aml remain mll, md large~
scale bubbling or heterogeneity s not o‘burvcd undcr
- normal conditions. This isthomogeneoust or 'parmumtq'

fluidization, . - |

When, however, the uctiuuug flutd :ls s au. only
a limited degree of smooth mtnsim 1a rupcrtad, oe.«mrring
just before incipient ﬂuidintion. &hu*pfter, particlu
are thrown by up duddbles burating ut the bed. sm*fuce imd
the action gets more and more via:f.mt as the flow rate is
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stepped up. Until the bed ie transformed into swirling
clusters of particles filling the fluidization vesael and
ultinately being transported in the gas stream. This is
aggregetive®” or "bubbling® flutdization.

Wilhelm and Knnk3 have suggested using the
Froude group (tﬁf/ & dp) &3 a criterdon for the typo of
fluldization obtained, in gcneral aggregative ﬂuldxutim
is obta:l..nm at values above unity and particulate fluidiza-
tion at values below unity. |

It is generally accepted that 1iquid=solid systeas
result in ‘particulate fluildiszationt and gas-solid system
in 'ngrugativo nuiaiuuon'. But in extreme cases it was
found to be the otharway. TFor example, load shot fluldiged
in wvater and hollow paper cubes fluldized in air resulted
in sggregative and particulate fluidization rupactively;‘. .

_ From a considerstion of the stadbility squations
for the bed-fluid interface, Romero snd Johenson suggested
that the criterion between the tvo modes of fluldization
may be given by

PP Iny .
(Brpp) Re ) (..!.;:-) ,“'3;") < 100 , pargmulm

. wdoe > 100t , aggregative



QUALITY OF PLUIDIZATICN

Although the properties of s0lid¢ and fluid alone
vill deternine vhether smooth or bubbling fluidization occurs,
many factors influence the rate of solid mixing, the sise
of bubbles, and the extent of heterogeneity in the ded. These
factors include ded gecmetry, gas flow rate, type of gas dis-
tributor, and vessel internals such as scresns and baffles.

18luggingt 1is a phenamenon strongly sffected by
the choice and design of the equipment. Gas bubdles coslesce
and grow as they rise, and in a deep enough bed they may
swventually Decoms large enough to spread across the vessel.
Thereafter the portion of the bed above the budble is pushed

upward, ss by & piston. Particles rain down from the slug
and it finally disintegrates. Slugging is ususlly undesiradle
- since At lowera the performance potential of the bed for
both physical and chemical operations. Slugging 1s especially
serious in long, nerrov fluldised beds. In such deda,

bayond the point of the onset of fluidzation, the pressurs
drop vill 1néreau above the value calculated from the veight
of the bed, The pressure excess over the theoretical value
is dus to friction betveen so}i&u slugs and the wall of the
vinul. S8ince one would expect the heavier soudi to slug

more resdily, it may vell be that such factors as particle
shape and size distridbution mmy also de involved,
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position is defined as a function of time and the properties
at any point of the bed are same. !ho» only major dravback
18 that the batch systems are not suitadle for large scale
operations, |

In single stage bateh fluidized :systuna s0lids are
bandled as bdatches and gas is cnntmﬁouch passed through
the bed. The time of operation is usually governed by the
system requirements. The contact of the gas with solids
is once through and the quality of solid product is uniform.
The erriciency of operation spwinhy vith ges phmse will be
low. Depending on the gas volocity the system will be either
in fixed bed state or at incipient fluldized state or fluldi-
sSed state or at elutriation. Thus in single dateh fluldised
' systems, the parambters which govern the behaviour are !

(1) Solid and fluld cherecteristics.
- (131) Minimum fluldizing velocity and
- (144) Bed pressure drop.

The solid and fluld cherscteristics which effect the dehaviour
of the flutdized bed are s0lid particle size, shspe, density
and fluid dsnsmarl, and viscosity. These factors sre normally
utiliged in the pradiction of minimum fluidising velocity.

IMPORTANCE OF THE PRESENT STUDY

Woere large q.isntities of heét must be transferrsd,
for exsmple, in exothermic or endothermic chemical reactions



on cotolytie ocuefacoo, tho fludd=poldid procoss nay bo founrd
advantageovs. Thooo typoo of rcactiong noy aloo requiro
Figid conotont tcapornturo condroly vhich pay bo difficuld

to nchiovo with o otagiomary bed of eotalyot. Ia ndaition,
geao rcactdons fora hot gpots in the bed and dostroy tho
catalyat by ocintoring, docompooition, volntilimation of
proaotorg, obe. Opg 4F clmnonhg occurs, ng is realily
pocdblo 4n fixcd-deda, only part of tho catnlyost nay bo im
aetivo usoy tho catalyse cortact timo may bo dcercaocd ond
tcaporature control may prove o ho'du'ﬁ;m% ond danceurato.
Tho fluid process 0lloviatos many of the tcaperaturo control
ond hcatetsanofor difficultdos cntountorcd in gtationary dedo.

Addition or rcaovnl eof heat 1g dono by passing olthor
otcan op ceoling tator. Unditn with intornnl heategronafop
olconts aro oxtonsivoly usod in industry. Tho oxtorml

hoate¢panofor ourfacos havo govoro lmitations as far as
' ?af:.ﬂ.b of haatutmnai’o? am'ﬂico ta'm:mtor volumo 19 concorncd, |
vhorcas intornally hcated or enoled renators nay bo aguipped
tith virtunlly any onount of heake=transfor gwrincoe. A sioplo
vorticol cylindricnl tubo or rod nay bo caployed, oo tho
intornal heatstranefer olccnd in viow of 48g £olloving
coliont featuros ¢

(o) nmplicﬁy of Qooimn
(b) caso of inptnllation and rcaovol
(c) no intorforcnco vidth caplying tho dod
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() no defluidized regions (dead spots) occur

(o) sdditional sarea is availadble for heat-transfer
purpcses |

() rods of small diameter occupy only a szall fraction

of the volune of the bed.

Coaxial introduction of such a vertical tube in s
eylindrical fluidising column alters the geometry of the
column to result in an annulus. Pormation of such an anfulus
affects the flov pattern. The two extra wvalls poovided dy
the inner tube cause the change in vcloéity distribution of
flutd. In a cylindrical tude the fluid velocity ia adout
equal to Sero at the tvo walls and is maxisum st the center
of the column. But on the other hand, due to pressnce of
four wvalls, the fluid velocity is about equsl to zero at
four points in an annulus. Also the velocity of fiuid will
be maximm at t}u centres motﬁcul to each other in the
annulus.

Wall Effect

Based on observations made during fluidization stu-
dies; there lwi'o_ been certain reports on the influence of
container vall on the fluidisation phenomenon. Levis et al
obtained pressure drops at the minimum fluidisation velooity
higher than the theorsticel ones. Such deviations of ozpcri-"
mental result s from the theoretical ones vere considered to

% -



1)

bo on indicotien of o frietional dmg on tho wollo of Sho
unit, and voro found %o bo indcpcndom of tho I/D ratie.

Durina o ddnocusoion on the phygical baaau of finde
aizatdon, Hansock’ obacrvod Shat tho voloedly of flow 4o
not wniforn ovor me ontiro erosgegcetion of tha containing
colwan, baing fnster at the ocntro and tonding o Sore ad
tho wll ourfoco. Whem tho flutdinotion phcagaicaon wvno
obooeved, tho partdeloo elooo to tho wlls ware geon to bo
£olling continuounly againot o eising curront, Sthorcby presos
ting nizing ond proventing ony particlo ottalndng o gteady
pouﬁt&bm Such offcets woro voforred by Honeoel ao wall
offceto on fluidiscd conditiono.

Moro'cé found £ludd dods of inmo o hcavy pardie
cloo to bo inherontly unotoble vith o otrongtondcney to
oogPogto ond te fora o nomeuniforn bod contninding sdoing
- cuPronts of colddo eonccntratod, 860 of thone curronte
~ voro obgorved to f‘bo lnmnacﬁs u%hom' ontondcd ovoé tho
ontire ded. Tho particles be&ng olmted in thooo eux'x'cmo
oboorbed hinotic enorgy from the amn atrc:m Thiop hinetde
onorgy vaoa evantonlly 10043: by uolm&ona aaang pa?tmlca

and agpinot tho mlla.

Sobtnrts and mgh"? Feportod that voloelty profilo
for (noos floving %hroucm a poched Ded 40 not flat, but baa
o ooodmesy valuo nppmmmealy ono polla% Mamo%ow fron ﬁhb
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pipo ¥all. ¥The namiom oF pcakv ﬁolocx?.y sangos wpto 1008,
highor than tho ecator volocilty as the ratio of fubo dine
notor to porticilo diamotor dcercason. %ho divorgonco of tho
profilo frea tho agm\z:ipuon of o undforn voleeity 1o looo
‘m:m 2053: for ¥ation of nﬁﬁ? of noro thon 9. Applicatien
of tho theoory taood en tho conccp? of neacatv ranafor and
varintion of void fraction with rodial pooition, auagasfn
that 4% 40 catiofactosy to nscunc that vold f£yaetion 4o
conptant ot 4ts oindavm voluo xapto o digtanco of two pollot
asnnotors £rea tho woll. Ag largor rodid vedd fraction ine
CYCaAsen éap'mly.

A% o asfforentinl ddotanco £ren tho tpll tho void
fraction will opproach undlty, oineo tho porticlon con mallo
only o lino o¥ po!.n?; contbe% with tho colvam surfaco. Ncaw
tho ecntor of tho colunn $ho bod chowld mot o agfactcd by
thd will} h,cncc in thio ecntyal coro vold fwnctlon vill ‘
have a congtant odndmes valuo, How elogo o tho wall 4¢ il
rconin congtont 4o u funetion of tho oisSo of pocking. Xf
only void opace &5 conoidored, tho volocity profilo weuld
pove o £Iat eontral seetdon, with tho volocity inepcasing
on c&éhor oddo ag tho pipcs vall 4o oppreached. Actmnyg
tho wnll vill onmort o £rictional forco on tho gag, 00
that tho volw&ty" u@ﬁ dcswcaoes and opproaches o SoF0
ﬁnluo PichS ot tho vall gurfnco. Tho .&wo‘mp::ont of o thoory
gor tho volocity diotribution 4o particulorly Aiffdcult
Deeougo of tho eciplomdtios introduced by tho paching.
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If tho conccpt of £ludd f£lov 4n packod bedo dovolcped
- by Bchwiarts and mzn”m ontendcd %0 an anmalnr bed, it
foy Yo ompeeted thot mumme velocdty mny ecowr at o ghost
@igtance f’rc: tho wall ond then decrcano frem thed peint in'
 both dircetiono, groduslly towaed tho' ecntap, and ohovply
tovard tho wll. Howovor, oineo Sho curvaturen of o
sutor 6nd innor tube aro quﬁ:é- aifforent fren cach othor,
%ho oricngation and tho podd fynction of goldds will bo
aieforont eron that 4n o cylindrical tubo vhich in tura wAll
affoot tho voleocity dictridution of fluid in ¢the bed. Homeo
o tnovle@go of tho volocdty dlotribution in on onnuine

. fluddiscd bod 4o Ldopeortant &n analysing tho epcration of
cotalydie pcactors oe., £or vhich o dotodlcd otudy ohowld
Do modo. |

| Bgtsa ourfoco posvidcd by tho introduetion of a
‘vomienl tubo, 4ncrcaoes tho ciin fyietion conoidorably
vhich in turn incrcaocog tho progoure 4yop aerons tho bed.
Tho portielo movcacnt 48 postricted opprocdabdly and vall
offcet pay bo more. Hcneo intoreparticlo frictien 4o
grcator vhich vould woquire o bighor velocity to unlocl
tho particles ot tho qnadﬁ‘é? flutdication eondition.

<" Yho innor vorddeal durfaco moy holp 4n oupproascing
Sho rato of Lubblo grovth dy dreaking tho buddlos ot tho
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CHAPIIR _IT

LIFTRATURE REVIEY

MAndovo £ludddsing volooity (€af) mny bo dorinca®
oo tho mogo flov #:%0 of fluld guffieicat o oltord tho
ompangion of tho bed vhogo particles aro arranged &n tha

nosot loosoly pockxcd bul g¥ill otablo Bl configuration,

This mngo ﬂwzmtoumlw -c@&ﬁcﬁzﬁca vith tho f£lov o

0% tho intorscetion of tho £fizcd bod preogare grodicad

-

1ino and tho Agcbagie £iuid bed prossurc drop line 47

channoling doon not occuy, \

Gof not only s5o%o o lover 1mid on gno Foto <o
tho £ivddincd dod, bat oloo 4o usoful for prodictdon of
bed ogpancion, Lov calculating hent Sransfor Poatoo, 4n

ho omlynxt}bf‘ hinb%ic dato ond in calqumﬁaing DPPOssuro

d.x’opo

Progsuro dvop Geroos tho flalddscd ‘bo@ influoneoo

‘%ho olsing of tho blovor OF.cauproosor oupplying tho gao

2o tho £inidiscd ded ond 40 woeful ac oa indog of Flud-
@sncfl bed colido ANVEAtory.

Prooouro dvop 4a £Axcd bod kaa bocn otudiod
ontcagdvoly and ho voglio of Einkos Turizo and Plemopy
Chilten and Colbura, Cormam, Degun ond Iovo ovo doperdont.
B?gtm9 pr@poac@ o genorciiocd corrclotions
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Where the first term Bq. (1) accounts primarily for the
v:t_acaua energy losses, whereas the remaining tera is
priasrily related to kinetic losses.

Leva ot 21 considered the inciptent fintdising
condition to be the extreme point in fixed bed conditions
and attenpted a correlation for Gef 4in terms of the
system properties, szhape factor j‘ sy ond bed voldage
&t ninisus fluldising conditions, &g . Leva'' modified
“thi equation by expressing the unknowns d and B.f as
functions of Ra and gave an empirical correlnt&on as

ear = 638 D)2 [0y (0, =00 ]%% 4 puss

Where Onf s in 1b/ft2/br , Dp in inches, P in Ib/cuft.
and 4 in centipoises. Based on & large volume of experi~-
nmttl‘ data covering a wvide varisty of systems, .Wen and
s developed empirical correlations: In this regard works
of Miller and Logvinuk'2, van smm ot 21’3, Wiinern
and Xwvauk> are significant.

Narasiuhan'®, Pinchbeck ana Popperl'’, Goddard
and Bichardmnm proposed correlations for predicting
the miniwum fluidizing velocity using the concept of
free falling velocity.
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Corrolations for prcdicting mindny fiwddising
volocity Bascd on drog foreco congddorntions hovo bo&n
atcptod by I?zantawu Baoyg ot leop mllaﬁ'ana Rajo
Roo'? and Balakrichnon ond Rago Roo™ . Mupthy and Ragn

‘hoo?? attempt o4 to ncagurc P ond coneludod that tho oaly
gofo wy to odtoin Onf io %o mcaouro it for individenl
gnosoolid gystcaase

. Tho p?omm?o drzop in o ﬂﬁﬁ.ﬂiﬁcﬂ bcd (AP)- 2oy
b0 azood So conalnt of tho preocsurc Gvop Guo to tho
diotrAbutor ond thot Guo %o Sho bucynat vodght of tho
portdclos. Fho £irot foctor 4o often nll ond tho &P
in takca ogenl o tho apparcad vodght of tho colida. ¥hio
30 froquontly An orror duo to tho Anhorcnt abaorz0litdoo
proocat in o ghocgolid f&nﬁé&soﬂ’bcﬁ mnoly channoldag,
pubbiing ond olugsing. AGor ond HappodZ2 obsorved Shod
tho chanmnoddng Sconficncion arioing Fron tho proforantiold
£1iov poths davolopcd duo to mon-undfosa VoAds oF poor
oo Giotribdutien govoroly Poduecd tho AP and hcaco fho
porddelo fiuid contact.

Subbling 40 ono of tho inhorcat eharnetordstices
of cny moeooild fluldiscd oyoRcl. Fho mechondca of ho
babblo é‘émat&oa, growth ond ioo Vvozocmy havo boea pf_‘
congidoradlo 113‘%02-90%339 2% pavidoon ond mm::songs
oboorved that tho olng £icy ecoacncos 0f oR oguivolcent
aionotor of about 1/3 Co 1/2 of tho bed dianotor. Honeo
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4% 30 inportant that %o avold Buddiing, tho Giotribulor
dokma chould do propor and tho bed haighe should o a1l

Bmhaegg hao shova that tho qunlity of fho Tabdlding
 £luidization 4o strongly 4nflucnecd by ¢tho typo of tho gno
- distritutor. Hio finding moy bo cemnrised oo followns

For £ov oir inlot opcalngo, tho bed dcnoily
flecttaten appreeindly. Iy 40 nDoro acvoro ot high
agoao voloeildy ami gao channoling noy o SoOvVeEG.

Por wony oip inlot opemningo the flvetwmtdca
in tho bed donsity 4a nogliglble at lov flov pratos
ond beoeeno opprociablo st higher flov patos. Uouwally
tho lm‘bb;.da oro conller nnd ¢hanmolidng is looo.

Dconnoly coasoil:idateﬂ porons ncddn o pinteog itk
nofy 2311 orifieos provido o cuporiop contaoting. Eab
eenarednl coolo cporatien wWith. cuch aiotributors havo
o gorlous dsnwvhach of hipgh pressuro drop and henco hi
povway conmuplion,

Tho hydvedynonic rocistoncoe of tho grid cuot
bo of o cortain moguitude 1€ 4% 10 to ddotyibuto tho
£luidicing ncdira cvonly. Tho wid pooiotance dopondg
en tho rato of flov of tho pno, bBud 48 ooy olgoe Bo ollorcd
‘ by necans of nuobop ond olso of Oposturco in tho grid. Tho
geAd £900 OPca vardon vithin ¢ ho wange of £ren 2 Ge 2277
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of tho totnl cpono=oceiionol awves of tho grid. But geddo
vith o £roe nrcea highor than 5083 havo olso bacn ciploycd.

Fho folloving Folntien O for tho frnctional £roo
aPcy anguring porfcot oixing in tho bed hao bocn obtaincd
£yen onpqrﬂ.men@o uith gﬁda hav:&ng £r00 arPcao mnas.ng
fyon 2 to 104, -

| L Gu‘“h
ﬂp = ?s? (-%——) 9

vhove B, donotea tho £roo oPca amprenged og a £ of tho
total grid area, ond (%mv) 4s ¢ho watio of tho ocporating
(9,) ond 2acipicat fietdising valocity (w,).

Por holon fran § %o 10 m 4n dicnotor, ond fop
stionnl £roo arcas frea 5§ to 4O, tho felleving cpiri-
cal ?olnmon@ ig vnldd?l
8P, o 1.8 x 103 ( )2

- vhore a,i'? is tho gtid prosauro drop 4n I,t@ﬁ:!ao ond
, in o/nec. |

Tho praﬂ'&wﬁm of tho bcd arpansion g NCCOUSOFY
f'or agccﬁ.m:xg 'thé hcﬂ.gh% of tho £luld bcf oquipnent.
Bod czponoSon hos bocn otudicd by 12 tooonD, Matopen
o 32.299 Davidoon ond mma 230 Reooonethy ond S!a‘hba

Raanzg havo obtadnod goaernlitcd cquotiono for prcdieding
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 ded ompongion of annulor Tiquidefivddincd Ybedo by oxtcnding
tho oguation of potion of a oinglo pordiclo 4n o fintd to

o mitipartiele oyolc. They bavo olgoe ohova that tho
DoA omponsica choroetoriotico, 4R ommular  OpaAGon avo

not dLfforcnt ﬁ‘e::: %lmoc tuboo ng long as tho ratio of'

Poa 4 D > 8., |

Dogflon

| 2rP2100 oF othor 00lid objcets aro noenlly
yci 4n u flug.d:&acﬂ bcd (0) oo ﬂé.picaao nonsliog, prodon,
ond otructurnl ncabors necoscory oy tho propor oporatieon
of o proceosy (b) no hordzontal or vorticol Guboo for
.nacn"f’; oxchango enyrying, Sor omaplan otca:s or cecolingy
wator, {¢) oo odbjcets Q.ramos?uca 4n tho bod for precoaoing,
0egs Por drying, honting or coating, or (4) aao obotaelas
£4¢%ca an tho bed (1) o b?c:nx up bubblog and co presoto
"c00thor” f‘lniaﬂ.mmm or (21) to divido tha finddiscd
bl =S dato o m::lbcsr of mgas in gamllax or in pordogs.

Pho offeeto of (u) on tho behuviaur of Sho fimde
a4sc8 gyotc aro raroly _rmwaﬂ 4in $ho 1 eorouturo. Tho
PFOLACID aosocinted vAth (B) o {0) ana(ﬁ} havo pcsadved
much nora attontion. Tho mgoﬂty‘ of’ ctuﬂﬂ.ca in tho
14 toraturc apo concorned with c0o00 (D) tma aa) abovo,

Ao Homsontal Eagfiog = Xaaomoa hoﬂsontal tuboo falde]
0 ecanon featuro of £imidincd bedn o trh:s.ch hm’i’s io
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cupplicd or rcaoved. Tuo dacle proportics of tho howinoatal
Subo oystca that havo boom otudicd aro (1) tho filov patlorn
of porticlon and of Lluddining £iwndd in tho nodehboushood |
of tho tubag, and (33) tho Potes of bo/tubo heat tramofor.
Glaoo and &arriamm havo doserided o pbotographic 2nvontie )
gotion of tho flov pattorns of particzaa and of fuidising
fluid near o horizontal tubo 4n o £luidised bed. ¥a tho
adr=fiuldiscd czporiments, o tubeo was placed gymmotrdenlly
about one quar'taﬁ of the woy up tho portlcieo Bcd fron tha
diotrivutor. Thoy confira thot the particlos eireulnto
wpwards ncar the oidoo of tho tubde and 'ﬂowmr&a-z fuﬁmw
avayp tho cireulation is clooth and contimnoun in tho
Ponobubbling watorefhuwldincd oyatca, but budbloo in tho
oir £luidised bed cauno'%ho circulation to bo orratie gnd
aigean‘%monno

14 2%lo oystcantie worlz hag boon dono on fho
off€cot of nn arrny of horisontal tubes on £lnidization
bohavdour. Glaoos>? oboorved the offoct of thizdoca
1 oo dicnotor cylindoro ‘ﬂm‘taﬁ in threo horisontal
POUD on G 2 cn oquaro piteh on tho behovious of o tué
@incnolonal aip fiwddiscd ded. Tho Dubbdblos abdovo tho
aFray vore not moticcadly ﬁfi’ercn% £rem thooo bolow 4C.
Shiog ‘oboorvatzené- a%ronal& ouggeots that tmiaug_ tha
arroy of Subos 0lmoot £4llp tho bed the influcaco m
has en tho avorago bubblo oiso 4o enll.
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If hcat ¢ranafor 40 &0 bo goed thon tho ourfneo
of heat oxchango mocds to bo brought into eontaet Ao
ropddly oo poosidblo with frosh particles fron rogions of
tho bed oty fpen tho aurfacq;a Thowroforo o doflwtdiscyd |
rogion of tho bcd nesr o horigontal tuba vould bo &othgye
~ Deakal o good heat tranofor and this indiestos that tho
hcat ¢ronofor %o on objeet 4m o £lnddised bed will do o
functicn of tho ordcntation of tho ebjcet in tho bed.

Tho broad &oncluaﬂ.on froa Horgonto vor!zﬁ Lo %haﬁ
et moét finidicing flov vates slightly botier heal tranofor
0 obtaincg by ovranging tubos vorticolly sathoy than
hoﬁaantany; Boriznontal fuln o nay algo bo proforrcd to
vortical ¢tubes 0t fiow ratoo high cnough to givo vioa
%o Bubbdlos = oF slugo © vhich oavelepo vortical tuboo
ovor noot of thoir xongthno

Rorisontal seroons cmd Porforatcd ng.’to’b = Yhen coapoarcd

vish on wAknerlcd bod, o bofl containing horAontal GoFOCAs
or parforatcd 'platob has ecPtoin aﬂvazitagesg for cmploz.
(1) Eubbdlos oisoo tend to do saallor oRd fluldisotion
appcars © do cacother (1331130 ot 013’40 Thid ond crmlcsrgg )
{48) Qro=p0lddo contacting is mpmeﬂ (Lorio ot 0.1 3%,
(3.11) Wth 2 moro unifors 60o ros!.ﬂemo ?Ameg higba?
chcdenl eonvorodons havo doon P@oﬁ:cdo
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Hovcvor, %6 oot ngndnot thoso oavantagoo o0oldds
niming 40 dnpoded by tho bagflon (Ba83%0 ot n1d), and oo
particlor gogPogntion con occur and 4t is ALfFicwle o
flvidigo 01l bod ccoparfncats oimmilancounoly (Vollk ot cﬂ.ﬁ }

B. Vortdenl Pafflas = Vortical Bafflos 4n £1widined dcdo
noy bo elnssdficd occording o thoir shapo ond nccording
to thotr olzo, Volk o ol CSoated vorticnl Bafflos of
vardous ghapes including tubosg halferound gceticno, £ine
oceldons, ond tubeo vith fing, Howevor, nonc of tho noro

comploxr gocmotrios tmo found %o be suporior to tho odnplo
cylﬁ.nda‘ieai shopo. %hig 4c nlso tho shopo of vorticol
Bafflo vddeb 40 odnplaot freea o dosign otand point.

Vartical wods ooy be vclaos:tﬁcd ia tvo groups
aecording to siac (4) rodc wAth dianmotor DB bip crough
thnt thoy do not beecomo oncloocd by roing bubblos,
for thin condition to bo rmt,‘ Dalﬁo ouot B2 grcator thon
obout oncethird ond (41) rods Mch aro canily c:mioucﬁ
by sloing bubbloo, L.G. nafﬁo_ lopo ¢than o bout sao«mm,
B, %o tho dtomoter of tho sphoroe kaving tho mcom
buddblo volvncs

futhorlonas?  fousd that olugging wne preaotod
by a oinglo 7 en dionoter cylindeienl imoord in o % en
ddanotor beod. Fho appreach to olugging conditions 4o
necaapondcd by am 4morcagso 4n bed ozpangion (Voik ot a1
ond a dcercaso 4n heat eranofor coofficicnt botwoon tho
£118d4508 bed ond tho outor woll (Bottord1rd®). Tho total
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amount of heat tranaferred may de increased , however,

Af the vertical rods are used as heat transfer sﬁrhus.

. Gnce and IMruaon,n confirmed experimentally
~ that vertic:l rods reduce tho tendency of bubbdles to
cotlosce ahnqunly and hence the d&volopment of none
uniformities of apat.tal bubble ﬁiatnbntion is nore

~ gradual vhen thin verticsl rods are present. Botton*!
showed that thin vertical rods cause a small reduction
in bed expansion for beds of dismeter less than 1m and
an increase for larger beds. |

‘Channeling Betvesn Vertica) Surfaces - If two surfacessre
too close togetheny, gas 1s dravn from the surrounding

. particulate phaae’_;&nw the gsp detween the surfaces

vbere it rushes upvards at high velocity carrying videly
dispersed particles thus aatab?nshim gas~channeling., To
avoid this phmmemn Grace and Karruonm proposed that
& digtance of atlesst thirty particls diancters should dbe

u.tnt-tnod betwesn all purs of u&jaemt veﬂical surtmu
in gn-ﬂuid:sea bcds. ' |

c.hemieal Reactors with Vertical Buffles = Vertical rods
-vm.ch are too large to be snclosed by rising btubbles tend to
promote slugging. A slugging fluidised bed has certain

- derirpble features including good gas mixing characteristics
and increased gas residence times ( Hovmand and Dm:l.daonu)
On the other hand, vertical rods which are snclosed by
ricing bubbles tend to occupy less space and £o ‘of‘fw
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better surfaces for heat transfer. By reducing the sise

. ©f bubbles and improving the uniformity of bubble distrie
pution, such vertical rods lesd to greater h&ogmutj vith
iamproved gu-sonds;cangact;ns. Thus Iimadunh3 founéd that
@ fluldised bed appesred to be ‘pacifiedt, by the addition
of vertical rods and the _currybwi* of particles vas
refuced. L

Rove and ;Btnplotonw

found that scelingrup’fluldized
beds from first principles presert s complex problems.
Volk etal ¥ proposed a criterion of ccah-upvg that‘ the
equivalent bed dismeter (free cross~sectionsl ares/total
vetted perimetar) be batween 10 and 20 cm. For beds of
disneter si*dter mnv 2 cm 1t van proposed that vertical
rods de ingerted in order to bring the uquimlérxt bed

. diameter within the deaired range. Chemical conversicns

~ in baffled beds were found to be as fhvombig «s in

open beds of the same squivalent diameter.

In view of the fact that the eise of the vertical
rod 1s an important varisble in deterwining the behaviour
of baffled fluildised beds, then the criterion of Volk et al.
appears to be over simplified. The importance of the type
of verticsl baffle s urderlined in that Agarvel snd
D’o:vialﬁ reached a conclusion which $s contradictory to
the Volkx criterion, 1. ‘;’ Agarval and Davis, using vertical
plates at regular intervals, proposed that small beds be
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_ baffled in order to simulate conditions in much larger bdeds,
vhereas Volk et al sdded cylindricel rods to large=-scale
beds to make their bDehavicur similar to the behaviour of
snall-scele fluidised Deds. | ‘

One of the principal reasons for sdding vertical
surfaces to flutdized beds s to provide surfaces for heat
tmmfer. In practice, verucal surfaces in fluidised bdeds
-may be aaaociated with homaontal. surfaces (e.g. Htrdiu"é) .
Industrhl processas vhere vertical baffles have been
reported>’ include the Fisher-fropsch synthesis, gss-making
processes anl the Hydrocol reaction and HeIren reduction
processes. In general, references to large units are few and
this is without doudt bLecause an effective baffle system
for an industrial -ypucation has odbvicus cmeroial value,
and sgo it ia rately reported in the litersture.

Surfaces vhich are inclined both to the horisontal
and to the verticai are s_eldm sdvantageousz, becsuse such
surfaces encourage the channeling of gas on their under-
sides md particle diﬁni.dlntion on their top-sides and
both effects are detrimehtal to gaod gas~solids contacting
and good bed-surface heat exchange.

It 18 not possible to apec:.rr * ainsle type of
| bafﬁ.o_ that is optimuwm for all possible applications, because
each application of the fluldisation technmique depends for
1ts success upon different properties of the bed to varying
degrecs. Vertical rods warrant consideration vhewe heat
transfer is of first importance,



CHAPTER III |
RXPERINENTAL SET~UP AND PROCEDURE

3.1 BXPERIMENTAL SRY-UP

Plow patterns of ﬂni'd«—.;clids contacting operations
are conventicnally indleated by observing the proalmq drops
across the bed as the fluld velocity through the bed 1is
varied. Therefore, the spparstus constructed for these |
studles conaisted essentially of s fluldising column to
hold the s0lids bed and an arrangement to obtain pressure
d_rop across the bed under different conditions of air-
flow through the bed. The experimental set~up is shown
schematically in Figure 3.1. |

3.1.% Oversll Sst-up of the Apmnms

appamtui used in ché presont astudies consisted
of several perspex columns to bold the solids beds,
rotameters to measure the sirflow rates and a vater
ssnometer to indicate the prescure drops across the
~ dolids beds. A scale was attached along the entire
length of the column to messurs the heights of beds. |

_ Compressed sir at § kg/cna vay mippliod by a
compressor to a surge tank from which air was discharged
at & controlled pressure of 1.5 k;g/euz and waa also



3.2 PHYSICAL FROPERTIES OF MATRRIALS

The three materials studied were spherical glass
beads and crushed calcite and bauxite. Glass deads used
vere spherical in shepe. Calcite and dauxite were crushed
and grcurid to the desired particle sises. Sieving of the
products was done by s set of standard B.S. sieves.
fize fractions of (~16+ 18) , (=22425) and (=2 +%40) mesh
numbers vere used, 'rhi arithmetic mean of the two appriures
disneters of steves designating the particulsr material
fractiona, vas taken as the ﬁ;vmgc particle size (Bp) .
The afbmm mesh sises correspornd to an average diameter
of 927 u' 648 and 340 microns respectively.

Determination of solids density was carried out.
by liquid~displacenent method, The 1{quids used were
vater and kerosens. The folloving were found to be
the apparent density of the three materisls bauxite,
glass .‘b“dl and ciiéitc : 2».,25 3 250 umd- 2.80 p/cn3
respectively. |

3.3 EXPERIMENZAL PROCEDURE

: 3-.3;1 Preparation of Solids Bada’”

. Wilbelm and Xveuk>, Leva et a1'® and Miller and
Loguimi'? have considersbly contributed towards an
understanding of flow mttéms exhibitod vhen fluid
streams are passed théough beds of finely divided solids.
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% uno recogmiocd by Hilholn ond Buoulz thot ate=golid
£luddisotion omporincnts woro moro ocnoitivo to tho
nodo oﬁ'» bcd proparcotion thon thoe liquidesolid oyatca.
They porformod their oxporimonts ‘undor conditions of
noxinun and nimimun congolidntion.® Maxdmum congolidate
don was nchieved by tapping the eolunn with o wooden
mallot and the oininum by 20lf gotitling aftor the bed |
oo diaturbed By pogseing o stream of ua.‘r,‘ |

Lovo ot 61 and Hillor ond logvimk folloved
tho 1atier proccdure thoush nonc of theoo vosrltoro mdicauﬂ'
ta vhy ouch nothods for preparation of bodo woroe followved.
DPato of Hilheln and Xwoult and of Lgva ot 0l. (n indticld
bod voddngos inddcato that thay did mot got wdfornm
indtinl voldages for the samz materinl and particlo
aizay ﬁurinf; the various fung.

On tkho othor hond, Apgnswvnl and Stérr 48

Baorg ot 01’ and oven Lava ot a1™? have commanccd
thoir Punc with solids bodo obtolnod by just charging
tho natoriola into the columng, O and P_hts;n%
bolfavcd that mueh of tho dleagrocacnt to be found onong
tho cardior flov datn on fluwldiscd oyotean 1o due to tho
fatlurc %o proparo beods 4n o reprzducidlo monner. It
wng, thoroforo, conoidorcd noconsary %o doﬂné sho

nodo of bed proparation moroe prceeiscly than had hithorte
boca by provioun vorliorg. Bodo obtaincd by éouring
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untformly sised materials into the column from s definite
hetight and through & particular funnel opening were jJust |
flutdised and aliowed to settle freely. Such beds attained
under conditions of minimum consideration were found to

. De zteproducxbla agnd were usged in théprescnt work.

. MBASUREMENTS AND WORKING TECHNLQUES

Wilhela and Kvauk® , Leva et al O and many
other vorkers studied the pressurs drop and air-velocity
relationships at ;mcreaaing ailr velocities starting from
s static or mirimum consolidated bed, vhereas Miller and
Logvinuk'? studied the phenomench increasing as well ss
decreasing velocities. The working proceture sdopted
in the present work is outlined belov.

| A known amount of solids, was poured into the
colunn through & funnel provided at the top of the column.
 The bed was first fluldiszed sand sllowed ta settls freely.
 Then the bed helght ‘was noted vhich was constdered as
the initial bed height. ALr was passed through the bded
st different rates by the control of aire-inlet vé ve
and thet corresponding presgure drops across the bed
a8 well as the bod helghts were ncted.  The point at.
vhich there was s suflden drop in AP and particle move~
ment seen, was noted as the minimum fluldizing condition
and the corresponding mass flov rate tmas noted as &,¢¢
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BPLATE LEXPERIMENTAL SET UP.



| PLATE 2. FLUIDIZING COLUMNS |8
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CHAPTIR IV

BJLPI“EIITA& DATA A'D OBSEAVATIONS I STAATCGHY TUBR

Uxporiments vero conductod in otratght cylindri-
gl colunp to obtain the rozﬁtionsmp‘;hotweon odr nasos
‘ﬁaicciay'and progsourc drop ceross tho bod of golddn, Dota
vory obtaincd in oylindrical poropox colums of 1.4, 7o
5.7 ond 5 ens for ¢hroo materials vis., ophorical glass
beada, crushed caleito and bawtlto of thrao digforont
sisop and thoy aro prescentcd in Tydles IVei to IV-3.

Tho nmdies in stradght columma woro conduetcd
Bath mdcmacavou? % ccapare the mmaaasuon bohnviocuy
t!ith that 4in an onowlusg. To onable puch o coaparigon,
the rotio,voight of the bed por Wit arca of colvan crogs-
o;xsticn 1.0 YW/A , vas kept the samoc in both tho coged . |

Zho velocdty proosuro drop volntionchip obtndans
c@ in these cylindricnl columngs 4o oimilny o that vhich
hag bocn catadlighed By many rogsearch vogitorsc. XI¢ wao
- oboorvod that omly aphnricai finaoo bcado Posultod 4n
snooth ﬁuﬁ.&immma Por largor oiscd particles, tha
G,e Poduirod woo highar. | |

In 0ll tho throo ¢oluana, tho obnorvced G.g
volues vora greator than tho values caleulated using
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Bquation (2) proposed by Max Leva'l. During the operation
it vas observed that only a part of the bad flutdised.
The pressure drop recorded at this velocity was only due
“to the wvaight of that part of the bed supported by the
rising streau of air, DBut at highbr flovw rates; a
_ better dtstribution of air wvas obssrved.

. In so far as the evidence of slugging h conc=
srned , it was found to increase vith increase in aspect
ratio (L) . Slugging was less ﬁredmmnt in 7 cm.
‘column., The crushed bauxite and calcite i@uly slugged
vhereas the tpheﬂcu Blass beads t‘lu!.dued mwthly

 without any sphahing end bmpxng. Sluggins resulted

in severe bded height and prQGWQ drop ﬂwmume vhteh ~
nade tha obsowanm‘na nore axm.mm. |
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TABLE 1IV.14
EXPERIMENTAL DATA = BATCH FLUIDIZATION IN STRAIOR® TUBE
COLUMN DIAMETER » 7.0 cm N Material «~ Glass Beads (848 o)
0‘.;" AP N '.r. AP 1
o/en’tr | gm/en? on . on/cm? cm
1 ) 2 3 f v | 2 3
65.5 1.5 39 658 21 5.8
10 . 32 39 10 b3 5.8
160 b1 39 194 721 58
176 by 39 208 73 5.85
azy Y/ by 256 7.3 6.6
L R b3 288 7.4 7.2
KLY b9 5.1 442 795 7.9
| Run No.3 , W= %22 gnse Run No. & , W= 316.5 gus,
‘ | | ‘(Dp = 927 4)
35 1.8 746 65.5 1.3% 5.7
9%.5 4.0 2.6 130, 2.9 5.7
160 . 2.4 9.6 194 b.? 5.2
211 10.65 7.6 240 6.0 4.9
224 , 10.19 7.7 260 7.5 S 24
256 10.1 8.2 272 7.3 5.7
393 10.3 10.0 3k ' 7.3 6.0
44 10.4% 10.5 393 7.4 6.3

492 10.6 T 1.8 b2 7-6 - 743




p = WO .l‘
1 2 3
Run Ho. §Pauxtite
50 b.5 8.0
51'5 ?'1 800
7.5 2.4 8.1
13 72 8.b
76 7.2 10.2
2h 2.5 10.7
56 7.55 1.5
0 13.5

7+7
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TABLR IV,2 x

BXPERIMENTAL DATA « BATCH PLUIDIZATION IN STRATIGHT TUBB

Column Diametsr = 5.0 em. Material « Olass beeds (648 #)
-Gf ' AP s L gr | AP 2 A
gu/enppy | SV | em. ga/cm” hr | gm/em® | em
LN - 3 | i 1 2 3
‘Run No. 8, W& 65.43 gns Run No. 9 W= 130.86 gms.
98 .1 1.2 2.0 K 74 1.0 5.2
' 160 C 2.b U 2.0 980 2. 4,2
191 © 2.8 2.0 160 hao b2
197 2.8 2.0 222 5.9 © B2
5% 2.8 2.2 250 5.85 ¥.3
5@2 ‘ 3.2 3-“ , 31*‘ 6.9 ’*-9
627 ‘ 3.0 4.0 3 " 81 5.8
770 3.6 ' l"o!" ' i“39 642 Bel
Run No,10,We 196.3 gms Run No, 11, W = 261,92 gn.
68.4% 2.6 6.3 68.4 2.8 8.4
128.3 h.5 : 6.3 128.3 = 5.3 8.4
191 6.6 6.3 191 29 8.h
254 9.0 Gulb - 1" 0.8 8.%
285 9.0 67 209 12.h 8.5
314 9.0 2.4 31h 12.% 9.1
379 '903_ 8»" 379 ' 12.4 10.6
502 9.4 | 10.0 b39 - t2.6 2.
565 - 9.55 11 6465 © 13.0 . 15.0

627 97 12,2 627 - 13.2 6.0




Fablo XVeQ(Ccmta,e)
- Uclght of Chargo = 198.3 mao

1 2 3 | 2 3
- Run Do. 12 , Glnsa beado(bhor) Run Up.13 Paumito (927 &)
3 1.9 Gob  68ed 1.5 9.0
90.% 5.5 Gol "~ 60 3.9 9.0
160 70§ | ﬁch ' ag‘@ 60@ 900
191 8.9 R 25 Db 93
202 8.8 ¥ ™ 9.3 9.8
222, 8.8 6.9 3 9.3 10,5
25% 2.0 Pob . 330 9.3 T 11.h
3 9.2 8.5 379 9.3 12,2
379 %ol 9.0 k70 9.6 13,0
b39 9.6 D7 go2 9.7 1%.2
Rum To.1%, Douxdto (648 #) Rum 00.95, Bxumdto (440 &)
68.b 2.3 . 8.9 . k74 2.7 9.0
128.3 4,9 0.9 . 98,4 6.3 9.0
191 649 8.9 160 9.2 S
agh 9.7 8.9 171 9.3 9.7
260 0.2 0.2 191 9.3 10,9
285 9.2 9.8 222,95 9.3 11.9
3% 9.2 11,0 25% 2.3 12.6
379 9.5 12.8 39b 9.5 1%.5
%39 9.7 5.2 385 9.6 16.0
502 9.9 16.8 kog 9+ 16.0




Table Iv.2 (Contd...)
Welght of Charge = 196.3 gms

1 2 3 1 2 3

68-"’ 309 605 ‘2803 209 707
128.3 745 65 ash 6.3 74?7
185 9.3 7.1 3th 8.% 7.7
191 v 9.2 7.1 365 9.3 8.1
25% 9.2 - 8.3 79 9.2 8.3
285 9.2 9.1 %8 9.2 8.8
10 . 9.2 10.5 o . 9.2 10.3
408 R 11.6 - X X . 9. 1.7
470 9.6 1.8 . 55 = 95 12,0

" Run No. 16,Calcite(lh0 #) " Run ¥o. 17, Calcite (927 M)




‘TABLE IV-3

4o

EXPERIMENT AL DATA - BATCH FLUIDIZATION IN STRAIGHT YUBE

Column Dim . 5.7 cm,

Material = Glsss Beads (448 4)

9k

G . AP L - Gy ap R
go/enbr | gu/en? cm ga/enhr | gn/om? on
T 2 3 T K 3
Run No. 18, W110.5 g» ~ Fun Fo. 19, W= 221.0 gm,
7105 1.6 : 301 - 53-9 » ’08 Ge1
1'07.5 3.1 : 3:1 T "th !.'05 601 '
185 L I 3.1 222 Pl 6e1
189 309 3‘15 2£ 805 6.1
196 3.9 3.15 242 8.1 $.3
22 3.9 3.4 293 8.1 6.6
293 3.9 4.0 339 8.1 7.7
339 4.0 bob 438 8.3 8.6
59 b3 6.0 59% 8.55 %%
734 4.5 5.3 73 8.95 9.6
Run No. 20, W= 331.5 g Run Wo, 21, We W2 gn
99 3.7 9.2 99 b5 12.3
142.5 57 9.2 147.5 6.5 12.3 -
270 12.3 9.2 k418 16.75 12.3
283 1301 90“‘5 338 . 1606 ) 12c8
- 293 12.1 C 9.5 324 8.6  13.
31 2.3 1 363 16.9 1.1
Lay - 13.0 13.0 18.3 12.0




LY
~ fable 1V.3 (Contd..)
Helght of chargo = 331.5 m

3 2 3 ' 2 3

Han ﬂo. 22 o Glaos beade(927 8) Run Hs. 23, Glnos béa&a(%ﬂ tl)‘

52:8 ' 108 9-0 2806 1‘08 ’ ‘ 9.1
RS b9 9.0 1.5 4.0 9.1
242 9:.3% = 9.0 123 6.8 9.1
203 1.8 9.0 171.7 10.0 9.9
3 12.85 Gt 207 12.7 9.2
319 12,7 9.2 222 12,3 9.1
339 12,9 95 2%6.5 12,3 10.2
363 12.7 10 248 ' 12.3 10.6
434 13,0 12 3 12.6 1146
560 13.4 135 . b3 13.1 13.8
- Run lo. 2%, Bauxite (927 #) Run Noe 25, Eauxite (648 #)
52.8 1.9 12,2 52.8 3.05 12.3
149.5 F.2 12.2 99 543 12.3
227 8.7 T 12,2 Ww7.5 8.5 12.3
268 11.5 12.2 198 11.6 12.3
295 12.5 12.5 222 12,6 . 12.b
304 12.6 12.6 238 12.4 1341
308 12.6 12.8 an2 12.6 13.6
319 : 1206 13ﬁ!§ 268 1203 1‘&0? .
387 12,9 1.0 3% T 13.4 17.7

!"35 13-8 - 18.3 ‘ %? 13.9 20.0




Welght of Charge 331.5 g

Tadle ".3 (Contd.. o)

1

293

1 2 3 2 3
Run No. 26V'Baux_t1>‘o (40 1) Run Ho. 27 Calctte (440 #) |
52.8 5.8 2.2 528 W3 9
715 747 12,2 % 7.6 8.k
99 10.2 42.2 . 1495 11.9 9.5
123 12.7 12,2 174 127 10
13 iz.h' 13 - 196 12,5 10.7
s 12,95 13.2 222 12,8 1.5
160.5 12,9 e 268 12.5 13
196 12.9 | 16.2 3 12,7 4.8
242 13.3 17,9 189 13.2 15.0
.0 20 43 13,5

13.3
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| ®ABLE IV.b

EXPERIMENTAL AND CAICULATED VALURS OF Oyp AND APyp IN STRAIGHT TUBR

Naterial D, |DWMy Gar s, Ouriaval Afarodsl av
alcron | g,n/cll2 gn/eme n/ena
. | | _ by br

Glass beads 927 . 955 292 262 7.3 0.89
Glass beads 648 .18 28 137 2.3 '0.8%
Bauxite ) 159 13 62’ ? o2 0 -875
Glass beads L 159 12 68.7 7.1 0.865
Calcite Mo - 159 122 7ob 0.900 -
D=5 cmy WA = 10 gasen? |
Bauxite 922 5L kU3 2% 9,3 0.9%
Beuxite 8 77 260 127 9.2 0.920
Gless beads ) 77 5% - 13 9.2 0.920
Bauxite W0 1M 64 9.3 0.900
Bsux Olass beads W0 114 202  68.7 8.8 0.880
~ Calette W0 1 191 27 9.3 0.9
. Dy = 5.7 co y WA = 12,96 ga/en?
Beuxite = 927 61,5 Db 2 12,6  0.972
Glass beads = 927 619 319 262 12,7 0.9
Bauxite , 68 . 88 a2 12 126  0.972
Glass beads 68 88 282 13 12.1 0.935
Bauxite WO 4z 13 6b 12,8 0.956
Glass beads = MO - 13 222  68.7 12.3 0.95

Calcite W0 1» 196 77 12,5  0.96%




CHAPTERX ¥V

IRPTRIMEITAL DATA AUD OBSERVATIONS IU ANNULUS

Pregsuro drop studioo wero carricd out in threo
onnuli. In 01l tho three coses,; the 4.4, of thoe outor
tubo was 7 em . Paropox tubes of 1.98; 3.27 and 4,52 on
0.d. Hers eaployod as the MOP tubes and tho equivalent
diometor of cach ananlus is 5.%2 , 3.73 ané 2,58 cne
rogpoctivoly. Fluidization bchavicur of thyoe matorinls viso,
glass beads, ealedto and Baumito of throo differont sises Viﬁrhg
027, 6%8 ond LkO nierons waao studiod. %o bed volght wago |
300 g3 in 0dd tho cnson.

Exporimontal data g¥o presented in Thblos V.9 to
Ve3 ; and tho opxporimontal oboservationa ¢con bo sucmoriscd

as follous .

Ag ¥he alr volocily through tho bod waa incrcasoed
tho variation 1in pPeaca?o drop noross the bed aloo incvcaged
Undor these con@itions the molidn wero &n-a gizcd bcd, %ha.
oir channeling through the ingorsticen dotvoca particlas,
whthout any notion of the partdcles. At o otill highor volos
city, tho bod oxparnded olightly and thon only o pard of tho
bed wvop fluidizod. Tho prossurc drop measurcd across
the bcd was laso thon tho veight of tho bed por wnil arcn
of crooo geotion. Hith o otill &nercaso in \az.r floy sato,
bayond tho ongot condition, tho oir distribution wao



L]

boetter and the other parts of the bed, vhich were
inert, to stert with, also started fluidizing. The

‘pressure drop resained :mbgt cpmtant. over a certain
_range of air flow rate beyond O¢ after vhich it gra-
dually 4increased in certain ‘c(asas due to sluggleg.

The quality of fluldisation in the anmilus vith
a cmsa—secﬁoml’ ares of 36.55 ‘cnz, was found to be better
when compared with that in the other two ammuli with ares
of crcess section 3)1 and 23.15 P Slugging, to s great
thcmt, wvas absent and the fluctuations in, pressure drop
snd bed height were comparatively reducsd. The annulus
vith 1 cna area of cross ssction behaved very similar
to the annulus with 36.55 cna._-agiéi&**_q;'.é-msa section.
~ Channeling vas cbserved in 3,55 c;mz annulus. For larger
sized particl-s, the bed slugged st a flovw rate just hishcr'
than G,p vhereas the finer particiles fluidized mmoothly
sven at bigh flov rates beyond the mintwus fluidizing
velocity.



TABLE V.4 .
EXPLERIIMGITAL DATA = BATCH FLUIDIZATION IN ANDULUS

Column Din. Dy = 7 eny Dy o 1.58 eny Material = Glass benda(6484)

G aR L ’ 9?‘ ‘ » AP L
£ .2 S B " enlhe 2
gn/en” he msen en gasen Gy/en e
1 2 3 LB 2 3
‘Run Ho, 28, W= 200 o Run 00,29, ¥ = 300 masg
36.7 1.3 3.8 36.7 1.89 5.8
8506 2a7 338 . '68&8 30’5 508
119.9 3.9 3.8 102.5 51 5.8
153 5.0 3.8 y AT - P67 5.8
162 ' '!50'9 3085 1’57 ?0!" 6.0
185 %:9 3.9 193 7.% 3.0
235 4.9 5.3 168.9 7.4 6o
256 5.0 L 204 7 b 663
336 502 503 270 | 706‘ A 508
547 Solt 6.3 455 7.8 7.9
Run Ho. 30n We o an | | Rnglgga %:‘gag 3(3923%0”@?3
68.8 ‘iﬁoa 795 10205 208 505
138 ' 952 ' 7«5 168&5 ’4’@6 566
153 - 10.2 o 219, 6.8 5.6
15%,5 10.4% 7e 9 7.9 5.8 .
159 10.2 . P4 - 256 7.6 548
185 1020 8.0 270 7.6 5.65
270 102 8.8 - 303 P46 6o
303 - 10.3 - 9.0 3% -+ 7.6 Bob
513 10,5 9.5 B3 7.8 6.9

519 0.7 0.4 " 51p 8.0 7.2




?gbh V.1 (CGntd..)
Welght of charge 300 gms.

1 2 3 ' 1 2 3
Run No, 32 , Glaas beads (LU0 4) Run No. 33, Bauxite (4Wuou)
52.8 3.6 5.7 36.7 k6 7.5
85.6 59 5.7 - 61 ) - 2 7.5
11905' ?09 5"7 63-8 : 708 7.7
121 7.4 5.75 2.5 A 7.9
168'5 70!“ 602 168.5 Co 7"" 9:6
185 755 6.5 236 - - 7 10.5
236 770 6.8 270 2.5 11.0
}“13 7.9 7.8 303 - 7o - t1.b
hes £.0 840 336 Y4 - 11.6
Run No. 3 b o Calodte (W40 #) Run Ng. 35 , Beuxite (648 # )
52.8 bt 9.7 36.7 S
68.8 6.0 Se7 68.8 3.6 7.6
9% 7.8 5.7 - 103, 55 7.6
98 b 5.9 150 7.9 746
‘"905 ?-h 6'5 ‘ 15 3 7»5 7-8
168.5 7 6.9  168.5 7.5 8.0
. 23 Pl 7.3 204 2.5 8.5
2720 705 7.6 270 7.5 9.0
303 2.6 8.0 .303 7.6 9.7




RABLE V.2

o

EXPERIMISITAL DATA = PATCH PLUIDIZAZION IN AUTULUS

Column Dia , Dy = 7 emsy Py = 3.27 ey Matortel Glass bonds (648 )

 ap

Ge L Gp ap L
@/en’he | gasen® ea m/eﬁ?h? W?na @
1 2 3 1 3 3
Run o, 3y Y o 900 gas fun Yoo 37y ¥ = 200 gmo.
bl 11 1.9 Gl 2.4 3.9
8!3 : 3 ._ 1»9 : 10‘%5 ’hz 309
25 2495 2 . k5.5 6ot b9
12305 ' 361 . 21 1"‘9 : 509 i"..3
13 3.1 2.1 . 166 6405 ko5
145,.5 3.1 2,2 - 209 6.5 .8
186#5 30 ,4" _2‘5 "‘ 2‘3’8 6n9 500
248 3.8 2.7 287.5 701 5.3
3569 - Ry 3.1 369 7.8 6.0
4k 5.3 3 968 9.8 749
«Run Do. 38, ¥ o 300 mo - Run Ho. 39, ¥ & %00 gme,
bh 7 2.7 6.0 Ly, 9 3.5 0.3
8 4,9 6.0 8h 6.35 8.3
125 746 6.1 125 9.5 8.3
, 158 . 90_3 66"" 1‘6@ 12»‘?5 867
162 9.2 6.6 1735 12.2 9
186.5 9.2 6.9 18645 12,2 902
205 9.3 7.3 248 12.6 10
a8 . 947 7.7 %9 13.7 12,6
328 . 10.% 9.0 - 50b 5.4 150
10 112 11.1 53 16.3 1643




Tﬂblo V.Q(Conﬁd. t)

Yolght of charge Y = 300 g,

' 2 3

Y

3 2 3

Run Ha. 40, Glacs beado (B4 5)

b4, bl | 6.3
"~ 108.1 8.5 6.8
128 8.5 7.3
166 - 8.5 Btu
1865 = B.6 | 8.9
248 | ' 9.0 ' 0.k
328 9.5 11.7
Yo 10.1 12.7
630 10.9 13.4

Run Do. %2, Tuxdto(Gues)

6l b 5.6 8.5
105.5 . 7.6 1
125 9.3 8.5
335 9.0 9.0
145.5 9.0 9.2
166 9.0 9.9
205 9.2 10.%
287.5 0.2 12,5
349 11 1.8
R Y, w2 ‘ 17

Run Hoo b1, Bousdto (9929 & )

W, % 1.8 8.8
1@%05. !"61 808
166 7.1 8.9
20% 9.8 8.9
218 9.5 Yo 1
- 226 9.5 9.3
ahg 9.5 9.8
2805 9.9 0.7
3H0 10,5 1246
3«1‘6{) ] 1.106 1?;2
Run Ho., 43 Baumido (LkO &)
2k 5e2 8.9
37 7.0 8.5
52.0 9.0 8.7
6h%.4 S S.3
0h.5 8.5 10,3
125 $.0 . 10.7
187 9.6 124
228 © 10 thals
288 17,5 16.9

349 1 20,
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‘Table v.a (cmtdo ® o)

Weight of charge , W= 300 gm

-~

1 ‘ 2 3 1 2 3
Run No, b4, Calcite (W40 4) Run No. 45, Calcite (927 #)
2y 3.2 6.3 44,9 1.6 " 2.9
ah 7.0 6.3 104.5 3.6 2.7
88 8.9 6.9 125 4.6 7.7
10k.5 8.6 7e2 166 6.2 7.7
125 8.6 7.0 205 8.4 7.9
45,5 8.8 2.6 -1 10 7.9
226 9.6 8.8 287.5 10 Bk
308 10k 1 369 - 10.% 10
410 11 .5 13.5 so% 1241 13
Run No. 46, Glass beads (927 & )
6%.4 2.6  Be2
1045 B2 6.2
145.5 6ol 6.2
205 _' 8.8 . 65
22 ¢ 9.6 6.5

. 267 10 74
369 1 9

310 TR 10
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SABLR V.3
EXPIRIMEITAL DATA = BATCH FLUIDIZATION XN AIDULUS

Colwnn Dda. Dyo 7 emy Dy o b.42 cm, Motorial = Glags dbcada (648 )

%g/enahr @gcma | cga g,g/cmahr ggacma g.m
T | 2 3 ] 2 3
Run Do, &, W= 100 m Run No. 48, ¥ = 200 ga. )
109 2.2 2.h 58 2 R
162 3.5 2,% 19 3.8 5.8
189 3.7 2.7 163 506 5ak
216 3.7 2.8 216 8.2 RN
243 S W 3.0 218 7.5 5.8
a9k ' 3.7 3.3 243 7.5 Ho
34y 4.0 3.5 287 705 H07
%20 k.3 b8 %00 747 8.7
615 4.6 5.3 53 8.2 9.5
g20 5.0 5.6 T 820 9.0 1.0
Run No, %D , W= 300 o Run No. 50 , ¥ = 400 gn.

: 83 -307 . 8p3 58 3::3 _1191"
162 ' 5 8.3 162 R 1.4
216 0.5 8.3 218 13.3 M.l
250 2.9 85 243 45,0 1.4
25y 1.2 9.4 267 17.1 11.5
267 1.2 9.6 276 16.0 13.0
29% 112 0.0 29% 16.0  13.8
&by 1.6 11.0 3 16.0 1.9 .
k8o 12,0 . 32,k %27 | 16.8 16,0

655 ’ 12.'@ 1392 5321* 1705 1?05
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Tabl v. Contd...
Weight of charge , = 300 ang.a o !

1 2 3 1 2 3
Run Ro., 51, Olass beads (927 ¥) Run No. 52 , Olass beadsa(dho 1)
109 3.0 8.6 32 2.5 8.3
162 W38 8.6 gl 6.0 8.3
267 9.0 . 8.6 136 9.9 8.3
32? 1101’ 806 152 11.9 . 803
39 13.0. 8.8 165 12.2 8.%
356 12,2 9.2 170 1.5 8.8
wa7 1.9 10.5 243 11.2 11
480 12,2 11.3 ‘322 1.5 12.8
855 = 12.8 2.0 k29 1.8 1%.3
820 130 1340 %80 12,0 15.0
Run Ne. 53, Bauxtte (927 #) Run No. 5%, Bauxtte (648 &)
109 4.0 1.5 58 3.1 1.3
162 6.1 11.5 109 5.7 11.3
216 85 11.5 162 9.0 1143
267 1.2 11.6 189 0.9 1.3
29% 12.8 1.7 20h 12,0 1.3
322 13.7 122 228 13.0 19.7
325 1.8 13.2 234 12.0 12.6
3 1.8 143 24 12,0 13.5
. 27 124 159 374 12,0 16.1

53 12.6 - 17.5 ug0 12,8 18.6




Tadle V.3 (Contd...)

Welght of Charges = 300 gnm.

53

1

2

3

2

3

Run Mo. 55, Bauxite (440 #)

n
78
84
109
21

138

138.5

162
243

3.1
547
8.3
11.0
12,4
13.2
1.5
11,0

10.14

11.0

11.0
1.0
110

11.0

TR
TR
12.3 -
13.5
16.7

18.1

Run No. 56, Caloite (W40 #)

3
58
gh
128
138.5
162
189
267

7

27

3.2
6.1
8.1
11.9
1.7
11.0
10.8
1.0
11.5

11.9

8.5

8.5

8.5
8.5

9.0

10.3
11.0
13.0
13.9
1.5




TABLE V.l

5h

BXPRRIMENTAL AND CAICULATED VALURS OF G, ARD AP, ¢ IN ANNULUS

| Dy | Dap [%ar ova. [af 1eva| ar | ov

Material C ~ :
|mtcrons | chzhr Wcmahr @/enz
- Dym 7 cmy Dy'x 1.58 omy WA = 8,22 gosen®
‘Bauxite 927 29.2 ‘226 2 2.5 o9
Glass beads 927 29.2 296 262 7.6 0.925
Psuxite . 648 . B1.8 153 127 | 2.5 0.9tk
Glass beads = 648 M8 W 137 2.4 0.900
Bauxite Yo 61.5 0.5 64 2.4 0,900
Glass beads Who 61.5 129, 68.7 7.4 0.900
Calcite Wo 61.5 98 77 7.%  0.900
_, Dy = 7 cmy Dy= 3.27 cmy W/A = 10 wcn‘“ |
Bauxite 92y 20.1 218 W 9.5 0.95
Glaps bLead s 927 ' 20.4 226 262 - 9-6 0.96
Bauxite 6"8 28-8 136 12? 900 ’ 0.090
Glass beads 648 28.8 162 137 9.2 0.892
Bauxite W0 ha,h 684 . &4 8.5 0.85
Glass beads W0 42.% 108.1 68.7 8.5 0.85
Calcite W _ ‘02. ’0' ﬂlhos ” 8.6 0 086
- D, = 7 cm p Dy = bob2 emy WA = 12,96 gu/en’

- Bauxite 927 13.9 325 24 11.8 0.913
Olass beads 927 13.9 356 282 12,2 0.9¥3
Bauxite 648 19.9 23 122 12,0 0.927
(Glass deads (LT 19.9 257 137 11.2 0.865
Beuxite o 20,4 138.5 64 115 0.89
Glass deads W0 29.% 170 é8.7 11.5 0.89
Calcite B 29.% 138.5 727 11.7 0.905
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CHAPTIR _ VX

REBEULES AUD DICLCUSBIONE

601 COIPARISC! OF PLWDI&A?ZQH In ANIYLUS UI‘BH THAT
I gIRAIGHT TUBB

‘ ¥ho p?csma darop flou diaa Loy tho threo
nnﬁcrialu vﬁ.mo npboﬁccl glnso beads, emahc& coleito
and Tourtto voro ohtainca in ntm&abt tubo ond ﬁsmﬂraag o
ocping the trodght of tho bed por wnd e emneoscc%&oml
aren of tho colt=n 1.0, s U/0 5 azms in both eacos. gamplog

prinary dnto collceted Queing tho vordous cxporincniald
Fung avo grophicolly preocntcﬁ in Mpa. 6.1 %o .5o yea

m;eh mmacntamono AP acsono a selido dcd and Gn? v /oo 30
dotormincd.

1% vop obooyved that for tho samo oolido le2ding,
por vk orong scetional aren of tho colwm , Gho AP
coporionecd 4n omamlnue vac highor eoaparcd to tmti%@m“
ihe tubo. Pordiclc poosition 4o only o funcltlon of tino h
in on 44cal bateh £Inddincd bod and 4o indcpondcat of tho
gmow of ¢the vescal. Bat 4dn om ammmino  ho proscreo
of tho intornel tubo rostyrieds %ho frog gpaeo avollablo
fb? tho novcacat of golddo. Hemso tho pooidion of o
aolid porticlo goto nffoeted by D/ P, watdo. It 4o
oapcctcﬂ ghnt lowos 40 the DA/D mt&ao grcator wﬂ.n
bo tho renﬁ.stamo %0 £roo nolido movencnt. ¥hio 40
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reflected in the higher AP in annulus,

The G,s observed in annulus vas lower than
that in straight tube. For a particular velocity of
airy AP was more in snnulus and hence lesser air
velocity vas required to reach the onset of fludizd=
tion condition.

In both anmulus and straight tube, at the

~ reported incipient flxﬂdiﬂng condition, only s part
of the bed wasz supported Dy the rising stream of aily
and hence the AP moasured at that condition wes lower
than the theoretical value , W/A. This is clearly an
indication of ‘channelingt, '

6.2 EFFECT OF BED WBIGH!'

The pressure drop flow diagrams fori four wei=
ghts viz., 100, 200, 300 and 400 g of glass beads
(6% # ) in the three annuli are given in Pig, 6.6,
6.7y and 6.8 . Data presented in Tadles IV.4, IV.2,.
and IV.3 of experiments in 38.55 and 30.00 om®
- annular columns indicate that veariations in bed
welghts cause negligible variations in Gue Values.

On the other hand, in a 23.15 “2 column, onset

" of fiuldization was observed to set in at increasingly
higher velocities with increasses in bed weight. Such
an observation pointsg to the fact that in the case
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of 23.15 cm? column , at the incipient dubdbling condie
tions, incremsed osmx?gr requiranents provided dy higher
" gas velocities are needed for the conversion of a f1xed
bed into s fluldized ons. Thus it appears, the wall
effect vith respect to incipient ﬂgiﬂmt&m condie
tions is to s great extent dependent on the nAmp ratioc.

6.3 EPPECT OF PARTICLE &IZE (D)

The pressure drop flow diagrams with D, as
the parsmeter are presentod in Pig. 6.9 to 4.11. It 48
inferred that & larger sised particle required a higher
Gue This i3 in completle accordarc e witk the earlier
findings. But on the other hand s rmaller sized
particle yielded & higher AP since the specific suvlface,
i.0. surfoce per undt volume or weight, increases an
particle size decrcases. Egnce inter-pavticle friction
46 higher for s saeller sized particloe which leads to
higher AP. | |

6.4 EEFECT OF ANNULUS SIZE

Sauple presasurs drop flov diagrame vith
anaulus sile as the -pnmotpr‘ for glass baads, bauxite
and calcite are presented in Fig. 6.12 to 6.1%, For a
particular matarial and siza, G, Tequired in the
annular colulns with a cross-sectional area of 36.55 ana
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30.00 ma wvas nearly the same. But for the 23.15 cﬂa
‘coltnn the G-,. required was higher. nimp vas
comparatively smaller for 23.15 ca? anmilus and hence
the particle movement wvas considerably impeded, wvarrante
ing '; bigher velocity to tunlock * and bring the solids
bed to the state of incipient fluldization. Beyond the
‘onset o ﬂm.duqﬁan; slugging occurred readily in
- 23.15 em® colusn and the sntire bed wvas sesn to bump and
. splash resulting in severe fluctuations in bed height
and pressure drop. The 36.55 om> column vas cbaerved
to yield a smoother fluidization cohpwad to the rexain-
ing two though 4t exhibited channeling tendencies to a
certain extent, ‘

6.5 MINIMUM FLUIDIZING VELOCITIES (G,0)

_ Or values vwere detersined for the three
materials in both cylindrical and anmilar datch flui~
disers. ﬁat equipment used was descridbed in Chapter III
and the expimmtal procedure followed was given in
the same chapter. Materials employed in detergining
Gy Vere spherical glass beads, crushed calcite and
bauxite vith s n# of 927, 648 and 440 microns.

The o:mmmta}. azzd calculated values of Ge
in straight tudbe and anmulus sre given in Tables IVeh
and VY=h yespectively. ' |

Car Mma; vere calculated for annulus using
different materials by Max Leva's equation which is
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presented by Eqn (2) 4in Chapter II. It is noticed that
the calculated values of G,e Vere very much different
frcem the obumcd values,. Levats equation predicts the
G‘f values ntilfacteuly for straight tubes. It would
be end.cr to predict the Gar velue for anmilus using
Levats qcmation vith & correction factor to account for
the difference between a straight tube and annulus.

In an snnulus the particle movement is governed
by the free radial distance (expressed as Dy/Dy) and
the peripheral path (exprassed as Ay/Ag)s For the same
outer tube, different tnner tubes will give diffarent
!)A/Dv ratios and Ay/A, ratios.

larger is the anmulus, easier vill be the
particle névmmt and the observed G,y wvill be closer
to the predicted values using Levats equation. Smsller
is the ammulus, the observed values will be far awey
from the predicted values. As the snnulus size becomes
darger particularly wvhen the inner tube dismetor in
smnllery the G.e values obamc&,'uy approach the
pradicted values by lLevats equation. 8o & correlation
has been proposed for prcdmtmg thc Gue 40 tmmlun

Gpr %
s 3:%3- ) in terms of DasDy, and Ay/Az.

The proposed cowdatian ia‘ as follovws
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) , D‘ A *f .0 -
uf A . 0,12 (=g )05 v 1,
G-f Leva E p : a

l‘hnﬁbéve correlation vai_ obtained on the basis of a
regression analysis so that | the tqn_stién gave minimum
deviation from the obezerved values. Fig. 7.1 shows &
plot of observed wersus correl ated values of

| ‘f A ] and the variation «f 85 £ of the observed
L %ae Lewml] | .
- values in-compirisonswith the predicted values lles

within ¢ 16.5 %.

6.6 PRESSURE DROP AT THE ONGET OF FLUIDIZATION (4P_)

Addttional light is shed on the ..natm of
fluldized Deds by '.nurnng the mmmmxus ‘prnsmn
arop across tﬁe_ bed. Tae latter ias defined as the
ratio of the AP, to the weight of the bed per unit

area of cross section or
ar u Fur

(W/A)

A¥ wag affected to a certain extent by the

settled bed depth or quantity of material. For instance,
in the 36.55 ca? annulus, the 4¥ increased from 0.89%
to 0,931 as the nettled bed depth vas raised from
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3.8 to 7.5 cms. These results indicate that more of
the velght of the bed was supported by rising gas in
déeeper beds than in shallover beds. This provided |
t‘uﬂher evidence that deeper beds more nearly approach
normsl fluldisation than in = hallower ones.

Table V.b gives the AF valuss obtained at
various operating conditions, For idesl fluidised beds
A¥ approaches unity. A scrutiny of the tabulated
results shows that 4Ar 13 iaveriably less than unity
for the three materials studied. Hence the bed of
material vas not supported fully by the rising flow of
gas and 4t must have been supported, in part, dy the
grid plate or the walls. This finding seems to indicate
that the bed hed mores structure and was less fluid~
like than & normal fluldized bed. The extitence of
stagnant, or st least sexi-stagnant areas, were confirmed
by visual observations. |

The lower~than=theoretical valuss for AP muy
be due to channeling which is gquite likely to occur
»vwhm a multis-orifice piate gas d:!.étnmxtar i3 used.
This explanstion is in agresment vith that offered
by Levie ot a1¥, But channeling tendency vas observed
%0 be reduced considerabdly at higher flow; . rates due
to highw solids ofirculation.
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An equation to predict ay., in an annulus
12 proposed of the form

] [2;]‘ , [ﬁ:.r]b

At the minimum fluildising velocity, ﬁ&ncien are suspended.
For a particle to be freely suspended wergy requirement
‘¥ill depend upon resistance to free zovement 1.e. ‘b_,‘lb
reatio. In snmalus, a., values 4iffer depending upon

o A,/Aa and Dn/}) for same material. Thus energy
requiresent which 4s a function of the velocity can

be sxpressed in terms of Reynoldts number (Re). For

" the meterials of the type studied here, the equation
0.02 0.

i» o
][>, .
APpm 0,78 |oe || v 3‘,:]
- In the sbove correlation D,  has been used for
,cnlcuhtmg Ree anct the area calculated on the basts
_of Dm gnprumto the total empty cross~sectional
ares of anmulus through vhich the fiuid flovs. The above
‘correlation vas obtained on the basis of ® Tegression
analysie carried out vith the belp of IEM 1620 wodel
computer. This carrmuan should de used only within the
“rnnsn of mommhl resuits uport.d. Fig. 7.2 shows a

” Plﬂt of mmmtu versus correlated Av and the variation
of 85% of the observed valueo les vithin ¢ 7.4 £,
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CHAPTER VIX

CONC LVBIOHS

| Plui&i.zgng colusns vith an inner vertical tube
may be used for the purpose of hest removal or addition
during ehmical reactions. Introduction of such a verti-
¢al tube changes tho hydmdynuic characteristics, It 1a
‘observed that the quality of fluldization in an ermulus
ssems to be a strong function of D‘/D ratio. Et;hw i

1s the value of bA/D s greatar are the tchamnelingt

~ tendencies. On the other hand,lower is the value of
D,/D, » Grester is the *slugging * phenomenon. There
probably iz an optimum D‘/Dp ratio vhere smooth
fluidization occurs. Purthoer sxperimental investigstions
are required to identify the optimm value ét DA/D;:

and hence the zone of smooth fiuidization in annulus.
Correlations bave been proposed to predict
G‘r and AP“ in ammulus vhich sare as follows o

Ot 4

Cur Lova |

REY . v
(2) ar,, =078} o7 | EM} | 3



6%

These two correlations are spplicable within the range
of the folloving parameters

(1) Yo ¢ D, < 927 Microns

(42) 258 (D, ( 5.42 cms

(111) 375 (Re,, <2165

(iv) 13.9 (-g-’-&-— 14 61.5
P .'

. A, |
(v)  0.602 ¢ = £ 0.9

| ‘ / *‘2 .

For obtaining generalized correlstions further

study $s required in the folloving areas:

1. » Largér variation in particle size, D,

) P
2. Effect of solid and fluld density.
3. Effect of gas distridutors

4,  Iarger number of anmuli.
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APPENDIX

FLUIDIZATION IN ANNULUS SeSeRAMA KRISHNAN HeEo THESIS UoDoRae
MINIMUM FLURDIZAYION VELOCITY CORRELATION
PROGRAMME FOR CURVE FITTING
DIMENSION x€1091008tY(10!v5(105111
READ Sel.sfd -
5 FORMAT(2110)
flowno}
DO 3JalsM
READ 10»!K!134!9!=19N)
10 FORMAT(G6F1245)
9 CONTINUE
DO 20IsleN
00 204wl el .
20 R oJ)nlOGFEX{1oJ1)
PO 30I=1eN
30”5300
VO 40J=1.M
40 SUMaSUN+XLloJ)
30 ¥{I1aSUM
DO 30[=1eN -
Atloty
YiI)aYii)/7an
50 CONTINUE
PUNCH 98otYil1ololel)
55 FORHNAT(OF1268)
PO 601z} N
DO 00Jol ol
60 XtlaJdtaf{lod)=YL})
00 T0lslel
DO 70J=1eN
$t19J300,0
DO T70Ka) oM
3!inJ)ﬂ&(ioJ)#thaK&ﬁlev&l
70 CONTINVE
PUNCH G0oti5(ToJ)adsloldplzlel)
00 FORMATIBF 943}

STCP
END
2 3 1
292 Ce930 0928
292 0.950 . 0a970
31.0 0980 1,200
418 04930 1,070
615 0,950 1,270
61.53 * 0950 1140
6led 0+950 1760
20s} : Q. 7T9 0,899
2041 0779 0,86%
2808 0779 1,070
2848 0779 1,180
H20% Qo779 1,358
4200 0sTY9 1,008
4204 OeT79 1,579
13:9 0a602 1,330
1309 00,0602 1,360
19,9 00,0602 1,040
1909 0,602 1.879

2906 0.602 1,080



2946 00602 2160
2905 0,602 2480
2242490 ~a26951 020234
39860 lol81} o069 10181 o732 -oT&l
€ C PROGRAMME~THO DEVIATION FOR MINMaFLUeVELOGITYCORRELATION
C Mok o THESIS6505.RAMA KR ISHNANe DEPToOF CHeEo UoDoRe
DILENSIONY(50) s YN(S0) o X1 (503 0X2(50) s YPL50)
READS o

3 PORMAT(IS)

READ1Qo (X1 (1}oX2U{E)eY(E)olnlaN)

< K1sDAZDP  A20A1/A2  YoGMFOBS /GHMFLEVA

10 FORMAT(IF1Z0%)

00201=1eM

PalXl(1))1000,55

Qol .0/ (X2{ 11081491

YL 1) 200 120P4Q

YPCIIeCCYNIT =Y (1) /YNI11 1210060
20 CONTINUE

PUNCH 3CotY(I1eYN(T) oY 2(T)oTulol)
30 FORUAT (3159}

5700
END

21

2902 09990 0920
292 0e950 0978
410 0950 1,200
4140 0950 1,070
615 0,990 1,270
6125 00950 1,100
613 0950 1,760
203 DeT7¢ 0095
20,1 0179 0,004
28,0 0710 1,070
2000 0 T79 1,180
4200 0179 1,358
6244 0,779 1,008
42:.4 0,779 1570
139 0002 1.330
13.9 00602 10360
199 00,602 1,860
1969 0,602 1,879
29448 0,602 1,080
294 0,602 20160
2904 0602 25480

C € PROGRAMME=THO DEVIATION FOR MINMsFLULVELOCITY.CORRELATION.

e 92600 084619 =05943208+01
0e97000 0.86019 0o LB TTELOR2
0.12000E+01 0,10307€401  =0,16420E202
0e10700E40) 0010207E4)1  «=0o30000E401
02127C0E+01 001274066471} 036401

0011000E¢Q) 012746E£401 0s13701C+02
01760084012 ' 0012766E401  ~0,30070L¢02
0209900 Qe JUOLGTESI] 00,10013E+02



o

0e218Q0E+01
Gel3580E+01
0¢10050E+01
D«15TO0EOL
0e13300E+401
Cel3500E+0])
0«18400E+01
0al8730E40}
0«18300E+02
0«21600E+01
0+24800£401

Del22464E+01
D415146E4 )
0s15146E+0)
Uel3146E401
Gs13385E+01
0+13385E+9]1
Gel6305E+4901
Oe16305E+0}
Ge20209E+401
Ue20209E401
0e20209E401

0036269E¢01
0s10342E¢02
0«33608E402
“UeBES45EC0L
063220
«“0e16092E4Q})
Qe l2850E+02
“CelO9DEE+02
0o69T08E#D]
~0+68846E401

«0e227T19E402

STOP END AT S 0030 ¢ 0} L 2



FLUIDIZATION IN ANNULUS SoSeRAMA XRISHNAN MoEoTHESIS UoOoRe
PIMENSIONLESS PRESSURE DROP CORRELATION
PROGRAMIME FOR CURVE FITTING
DIMENSION X{100100)oY(10)25(1Co11)
READ SQL?H

5 FORMAT(2110)
Nei+}) -
DO SJeloM
READ 105 (X({ToJiolaloN}

10 FORMAT{6F1265)

5 CONTINUE
DO 201=)eN
DO 20J=1oM

20 X{1oJ)oLOGFtX{Ysd})

DO 301s1oN

SUMel &

DO 40J81oM

40 SUM=SUMHX{]oJ)

30 YiI}aSuM

DO S50I=leN

AMeM

Y{ila¥{Y)/AM

50 CONTINUE

PUNCH 530(Y(I)oInloN}

53 FORMAT(GF12,5)

DO 601=1sN

00 6QJul M

6§60 X{IoJdlaX{loJd)=Y({])

DO M01alel

DO 70Js) N

S‘EOJ,’KOQO

DO TOK=)oM

5(1»J)B$llaJ)*X(KOKDUX(JQK!

TO CONTINUE

PUNCH 80¢t£8t!nJIuJﬁlsN)vl=1’£i

80 FORMAT{B8F9s3}

STOP
END
2 21
29e2 1910, 1 PR £ 9
292 21565, 0,925
41le8 1295, Oo%914
418 1243, 0900
4169 896, G.900
&le8 1023, 0900
61.5 829, 0,900
2051} 1270, 0950
20al 1318, 00960
2800 791 0900
2808 . 943, 00,920
42046 375, 0,850
42.4 630, 0,850
42064 609, 0,860
1209 1309, 0,913
13,9 1432, , 0,943
19,9 942 0,927
19.9 1035, 0865
2904 957 00890
2904 685, ' 0,890

2904 857, 00903



342490
B 960

6.83886
«“10642 = =5 143

-510187

~1.642 3980 «199

€ PROGRAMME TUOLODEVIATIOIN FOR PRESSURE DROP CORRELATYION
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