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ABSTRACT

Studios in Multistage Fluidizotion vere carried
out in a two stage céunter current columm using air as the

fluldizing nDedium. The columm consists of & purponoxsnh
porspox tube of 50 mm internsl diameter mnd cach stage is
225 mm long. Down comers nade of copper tube of 10 mm I.D.x
230 mm long have been provided on the grid plate of each
stage. Tho 50118 are fed through the funnels of different
discharge openings to the top stage and solids averﬂo#: to
the botton stage through the downcomer, The solids from the
botton stage overflov through the dovncamer to & receiver
kept below the columns

It was found that the solids flov rate increases
vith air i‘low rate upto & maximum and then start decreasing
£111 1% got entrained. Solid lomilng retio, that 18 the
velght ratio of solids to alr per unit time vill effect tho
solids dounflov, Under limlted conditione of operation, the
smooth flouw i*egim has been identified for different f{lov
rotos of alr and feed rates of solids. A corelation vas found
'out under' smooth zeme of operation, Vhich is

losl we/Gi') = 949 log (N, ) + C
p
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vhere, the value of constant C depends upon
the density and the particle diameter snd 4t was found for
different materials of different glues as indicated in
the table belows |

L Calclte ] Tawdte Tel T
0.1426 -0,0302 L0145 0,470
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CHAPTER.J

ZILIRODICTION 2

Fluidizetion is a technique for centacting
golids and fluids and finds wido application in Chemdeal,
Hotallurgical end Petroleum industries. In a fluildizod
‘bod of solids duc to intimato contoct betveon solids and
- fluid, botter heot and mass transfer rates are cbtained,

A solld bed 1s considored to be fluidiged
vhen the fluid veloecity is sueh that the solids are sus.
pended. Usually in Gas-Scldd systoms at lov gas veloci.
tiocs tho bed is static and is termed as fixed: In this
zono on inerease in ges velocity leads to an increase in
bed pressure Grop, accompanied by slight ezpansion of the
bod. An increase in velocity of gas beyond tho fixed bed
zone leads to 1ofo§?ng of bed and the solids gots suspen.
ded. This is the onset of fluldization. At the onset the
total pressure drop 1s ncorly equal (o the totpl weight
of solids. Inorcane in gas veloeity beyound mindoun flul.
dization veloclty increases the bed helght, Increascs the
partlele movenent ‘buii: tho bed pressure drop romoing €gsene.
tlally same as at minimum fluidizotion coandition.

| A dense phase gas fluldised bed looks very mch
like a boiling liquid and in memy wayo exhibite liquid |
1ike behaviour. For example, o large, light object 1s
easily pushed into o bed, and o reloase it will pop up



and float on the surfeco, The upper surface of the tjeﬂ
remains horizontal vhen the conteiney is tipped, and when
tvo beds are cunnected thair levels cquilige. Also, the
difforence in pressurs between any two points in a bed is
roupghly approximated by the s tatic head of bed betveen |
theose points. The bed also has liquid like flo¥ proper.
tics, Golids will gash in a jet from a hole in the side
of o container and they can be mede to flow like o liquid
from vessel to vessel,

If the flov rate of fluid is incrcased sbove the
rinipim required to produce a fluidized bed, cne of tvo
things vill occur; cither the bed Vill cantinue to expand
so that the average distance between the particles become
rroater, or the excess fiuld vill pass thraugh the bed in
the form of bubbles, giving rise essentially to & two.phase
\system. These two t&p’e»s of fluldizetion are referred to as
bhaing reSpeétivaiy “particulate” and "Aggregative®s In
goncral perticulate fluldization occurs with liquid solid
systems.: Aggregative fluidization oecurs with all other
pas-s0lid systems, |

| Herrison eﬁ al (1‘) vhm‘suggeste& that the type

of fluldization obtained will be related to the maximunm
stable size of bubble Which can exist within the fluidized
bed. If the eireulstion velocity of gas vithin the bubble

i



(vhich is normally spproximately equal to the bubble rise
veloclity) oxceods the terminal falling velocity of the
particles, porticles will be sucked in at the rear of the
bubble vhich will thus tend be destroyed, Since the bubble
rise veolocitly increases with bubble volume and is substan.
tially indcpendent of the propertiecs of the fluidized bed,
the maximum steble bubble size increases with the terminal
falling velocity of the particles in the fluld., If this
gilzo exceeds say, ten times fhe particle dlameter, the
bubble will be obviocus and the fluidization will be mggre-
gative, but 1f 1t is of samc order as the particle diane.
ter, it can nho 1wigew be distinpguished from the intersti.
tial gos and the fluldization will appear to be porticulate.
On this basis most gos.solid systems will give rise to
oggregative fluldizetion, and most 1iquid-solid systens
vill give rise to perticulate finidizetion.

{ilhelm and Rweuk (2) heve suggosted using the
Troude group (U, 02/ef) as a criterion for the type of flui-
dication obtaineds in general ageregative fluidization is
obtained at values above unity and particulate flutdization
at values bolow unit; From a consideration of the stability
oquations for bed-fluld interface originally given by Rice
and tHihelm (3), Romsro and Johmson (%) suggested four dimena
sionless groups to characterise the quaelity of filuldization.



(F. ) ( y (2% y ¢ ?%?—) C 100, smooth or
ryng ROP@_mf e | ’ partienlate

100, bubbling or
- ageregative.

Slug flov will often oceur in smaller reactors,
bocause bubbles 4n a gas-fluldized bed rapidly coalesce |
abdve the distributor plate. then the bubble diemeter
approaches the column dicmeter, the portion of the bed
above the bubble is pushed upvard in a plston, like manner,
end the fluldized bed 4s oald to be'slugging's Perticles
rain down from the slug and it finally disintegrates. At
about this {ime another slug forms and this unstable osci.
1lokory motion is repeated. Slugging is usually undesirsble
gince i¢ increasos the problems of entrainment and lovers
the performanice potentisl of the boed for both physical and
chemical operations, Slugging is serious in iong, narrov
fluldizod beds, |

e fluid distributor at tho base of the bed can
exert a very strong influence on the structure of the vhole
bed, Ideally it should bo porons in structure with a fino
texture so that the fluid is introduced through a miltitude
of small injcction pointse A coarse diatﬁbutor glves
excossively high injection rates at localized points and
increases the ‘amdenﬁy for channelling within the bed,



If the bed doos not channel readily, more even fluldization
is obtained using a distributor with a high resistance to
gas flov gince the fluld is then introduced fairly evenly
$o the lover porftian of the bed, irrespective of any irre.
pularities in the bed itself. Distribution will be uniform
1f the pressurc drop across the distributor 1s sufficiently
high, generally atleast equal to the pressure drop through
the bod, For a fov air inlet openings the bed density fluc.
tuntes approcizbly at all flo¥ rates and varies with hedght
ond channelling mey be severe, For meny sir inlet openings
the fluctuations in bed density is negiigible at lov flovw
rates but ogeln becomes apprecisble at high flov ratos,

Hiby {5) points out that 4if a channel forms in
& fluidized bed it will offer a low resistance path for the
flow of fluid. Furthermere, there will be a tendencgy for
_ tho channcl to open up progréssively as the velocity is
Increased, e resistence to now'af the section of the dis.
tributor from vhich fluild enters the chenncl will, hovover,
increase with flow rate, In order that the channel should
not be stebilized, the decreaéa in pressure drop wvith fiov
rate ;mross the cﬁannel should be at 1east compensated by
the increase in pressur,e drop a;:i?oss the section of distridbu.
tor. '



in large beds it ié elearly lmpracticable to use |
porous distributors, first because of the expense and sec@dly
because of tholr poor mochanical strength, where good distri.
bution of pgas 15 essentisly either o series of nozzles or of
bubble caps 18 frequently used, with the opomn aperture of
cach eapeble of adjustment in order to give good uniformity.
The minimam fluidizing velocity is found most conslstant using
a porous plate distributor and the bed expension ig then oven,

then a fluid at small flov rates 18 agllowed to pass
upvard through a bed of solids, the fluid enters the vold space
botuoen the particles end moves upwards, vith liquid.soltd

gystems, there aro not normelly any serlous difficulties in
initiating flutdization and mae the systenm hs@s been fluidiged
uniforn conditions are usually obtained, UWith gos.solid sys.
tems there ‘:-LB' very marked contrast in the behaviour of solid
zﬁaMala; some of which will fiuidigze extremely readily and
others of vhich ere virtually incepeble of being fluidized,
Xn pgeneral the following properties of the solid and fluid
are conducive to vgll-fluldized systems: |

(a) Low particle density.
§b§ Small perticle size.

¢} Particle shape approeching spherieal,
(4) High density fluld,



Unfortunately, those propertie-s of solid which
make it capable of giving a well.fluidized system are also
those which tend to mgke the initiation of fiuidization
difficult, If surface foreces between the parﬁcles are sig-
nificant, they will be greater with small perticles because
of their h&.@. specific surfase. If the particles are of low
density, the gravitational forces tending to pull then spart
will be emall, Thus lov density perticles cen give rise
to serious channelling even though they may fluddize well
ance they have been brought into suspension,

At low volocities of flw through @ bed, the par
ticles meintain a fized orientation with respect to one ano.
ther, However, there is evidence that at velocity considerably
below the minimuin fluldiging velocity, some movement of the
1oosely held particles teke place, A5 the fluld veloclty is
increosed fluldizetion of emall iocalized pockets probably
occurs, Then, over & falrly small velocity range, most' of the
bed becomes fluldized, dbut it may ofte:n contain small pockets
of unfiuidized solids at velocities considerebly in excess of
those at which tho bed gives the appearance of being wezi
fluidized,

T on idealized systom, the minimum fluidizing
velocity is that velocity at Which the bed suddenly changes
from a fixed to o fluldized state. At this point the friec.
tional force between & perticle and fluid counter balences



tho velght of tho particles, the verticd4 component of the
- compressive foreo betveen adjecent particles disappeares
and pressure drop through any section of the bed about
cquals the veipght of fluld and particles in that section,
In practice, however, there mey be a large trensitiona
region and the minimum finddizing veloeity will then have
no absoluto ¢%n significance, |

Tho minimn finidizing velocity can be predicted
using a number of different correlations given by different
vorkers., Some of vhich are given below

4 ©.9 '
688 3);‘83[ fet6:-2)] *
Wt

wvhero D, is in inches, G, = 15 in by ££3

and p 18 in c¢pe and Gm:t’ is in 'zm/m"-,hr.

0,005 0% 6% )e
N

nf &

Here, Dp is in emy g the acceleration due to

grovity 45 in cm/seca, ¢ 48 in gn/em.sec and &, & are in
g/ce, and Upe 18 in en/sec.
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Fluidized bedn are oyesrated.as bateh or conti.
nuous systems. In batch fluidiced beds ‘the particles are
out of contact vith each other mmd the particle positicn 1s
defined only as a function of time. Tho bateh fluldizer is
a perfect oxarple of backmixing and the properties at any
point in the bed are sames In a batch process the wnly drav.
back 18 that 1t cannot be used for large scale operatiom,

?»3;1

Batch fluidizers cen be ndopted for continuous
operdtion by contirmially feeding solid material fyom one end
ond Qlscherging from the other end with propear control in
its hold.up time or time of contacting. Fluidized bed being
an offective s801id mixer, the feed, as sown as it enters the
fluidizer, gets distridbuted. The characteristics of the flul.
. dized bed are cssentdally indopendent of foed condition, The
feed as soon a8y 1t enters the bed, is ingtandancously distri.
buted in the bed. Hence thero 18 & possibility of & pertien
of the feed coming out of the discharge immediately aftor
entoring the bod. To void this chort circulting, residence
time has to be incronsed, This is achieved by increésing bed
heights or holding in fluld-solid econtacting systoms..



then o fluidized bed 48 used it 18 necessary
to compare its adventage and disadvantage of Which the most
important gre:

«  Catalyst attrition and entrainment of catalyst
dust with the gns stream,

- Reduction of average concentration of the reac-
ting goses, because of intermiwing of the gas
over tho height of the bed,

- The possibility of gas pagsing in the form of
large bubbles, thich lends to a decrease in the
degree of conversion,

- In somo caoges the use of o fluidized bed leads
to an increase in side.romctions, especially
4n case of homogeneous reactions,

- The rapid mizing of solid pardieles leads to
uneven residence time of solids in the recctor,
resulting in a product quality Wnich is not
und form, |

However ﬁhe' folloving adventages should be noted:
- e system allovs for continuous antomatically

controlled operations with ease of solid handling
for lerge scale operation,
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- Toe rapid mixing of solide gives nearly isother.
nal operating conditions in the bed leading to
cosy cantrol.

-  Large quontitles of heat addition or removal can
be done With ease,

- Since pass and heat trangfer rates betveen gas
and solids are high, smaller oquipments serve
the purpose,

-  Due to shorter time of contacd, larger thermal
gredlents con be used without detrimental effect

-« It has no moving part.

The disadvanfages of a fluldizer can be partly
oliminated by various methods in vhich reémeme tine dlstri-
bubtion of solids and gases are narrowed to give uniform product,
ihis isechioved dn praetice by multistage operation in vwhich
the fluldizer is dévided into segments which sot as individual
unita,.

Due to increased contnct time in mdltl.stage unit.
elther with respect to gas or s61id or both, higher officicndy
is achieved in a transfer process or in s chemical reaction,
Multi-stege units are operated as bateh units or continuous
units, '
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1.3+2 ti-stage batch systems:

|  In these systems sollds are handled in batehes.
Te single stace may be devided into individusl stages
elither fitted one over the other stage or, cach stage 19 e
sgperate unit and kept on the same floor. In the first
scheme solids are fed to cach stage seperately and dis.
charged seperately, Same gas Vis alloved to flovw from one |
to other stages. Dravback 48 to feed solids as batches to
cach stage at dlfferent heights, This difficulty 18 removed
by using second scheme, hovever large floor area is required
per unit solids handled.

In bateh systems high efficienty of performenee
is obtained with .réspect %o gas. But the quality of product
ig different in cach stage. Fach stage being bateh with
rogpect to solid, lerge scale oporations will be difficult
as considerable time is lost in charging and discharging of
501148, |

14343

Continuous contacting of golids can be achieved
by 'the following méthaéss.
{1) Simple miltiple contact system (fig., 1-8)
(11) Cross.-flov cantact system (fig, 1.b)
{ii1) | Continuous counter current system (fig.t.c)
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In these units solids are continuously fed
at ono end end product 1s taken out at the other end.
In simple multiple contact systom the solids are fed cone
t;i.huausly to cach stege, The product is similorly with.
-dvratm continuously., The gas condition diffors substantially
firom stage to sﬁage because the same gas contacds the sollds
in different stages. |

, Better ‘praduct distribution cen be achicved

by increasing x'ésidmca timo of solids as in cross fliov
Systam and counter.current Syst.e;ms. In the cross flow sys.
ten, tho solids are fod at point A, Tho solids flow from
'c?iam’ﬁer to charber and i‘inally get discharged at point B.

As regards gas, 1t is fed seperatoly o cach chamber at
point C and has only once through cantact. The requirement
of fluidizing medium ¥ill be large due to its multiple entry.
Due to mulidiple contacting of solids, the reaidenaev- time
distribution is more uniform, This gives better solid pro-

~ duct quolity. Asiig as the gas 1s concerned, due to single
‘&‘me, through cvontact, process héa 16%1' thermal end conver.
sion efficiency. . o \

The counter current multistage systom shown in
fig. 1e¢ 18 an improvement over the cross-flioW system, Here
the solids enter at the top at point A end move down from
seetion to scotlon through down comor and finally loaves ab

bottom
the/dop.  These units resemble distillation columns., Due 6o
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its miltiple coanteocting the solids product ls uniform.
The rosidecace tloe distribution of gollds has a definite
improvement over single stage unit. The gas requirement
for fluldizotion are less thon in cross flov systoms.
Tais glves botter thermal and conversion efficlency for
tho gas.

Honece the use of multistage counter current
contacting unit is advisgble vhere solids are free flovwing.
An undergtanding of the behaviour of tho multistage counter
current systen like fluid velocity, Pressure droep, slugging,
rostdence tine ete. will help in the careful selection and
uso, of the ‘equipment keeping in mind its limitations,
iiko solid dowm fiov, Threo principsl problems are encouni.
tored vhen attompts are made to mmltistage fluidized beds
as follovws: '

(2) Solid rcecirculation @

DBursting of bubbles, causes the sollds toTantrah
ned., Bowever 1t can be decrcased by increasing free beard, -
but with miltistage beds there 1s a 1imit to the amount of
freo board that can be allowved,

(b) Distributor blockage

Fino sollids entrained in the gas strean may also
cive trouble by depositing in the distributor of sn adjacent
stoce. Tols graduelly inereascs the pressure drop seross the
 @lstributor.



(a) Interstage Solld transfer:

The solids are transferred from stage to stage
using dovncomers, This technique posges problems when a
unit is started up and such devicos may pass gas upvard rather
than solids domﬁwagdﬁ

Lovigson ot al (6) had shown a number of arrangé.
nents to prevent short cireulting of air through the dom.
comep ﬁhich engbles the sollds downflew, FRhombic type of
baffles are installed &n the lover ends of the dovncomers.
Dounconmers with slurry inlet bevoled at a 35° - %5° angle,
do not require any special 'bafﬂm Contactors with this
type of douncomers operatos very satisfectorily and are
gtable under practically any conditions of gountercurrent
adsorption,

Miltistage fluldization for contacting gases
and solids seems to have received fairly wide attention Iaf‘
the industry. A glantat the practice of this technique
shows that it can give better performance in operations like
drying, absorption, heating and cooling of solids. Chamical
resctions, like calcination, roasting, roduction and the like
envolving complicated heat recovery systoms. It een be
botter appreciated from a shord vsumary proirided in the i‘dllou.
ing pages of the recent uses of xmﬂtisfaga gas-g80lid contac.
ting technique.
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As has been mentioned ebove miltistage counter
current fluidization tec!mﬁ.que seems to have beon accepted
in industries. The preectice seems to be way shead of theory.
Thero is very little information availsble regarding design
of multistage fluldizers, especially in fixing the number
of stagos, gpparatus dimensions or predicting performance
and energy roquirements, The prosent practice seems to be
& fecourse to cxpensive bench senle and pilot plant experi-
mentation to arrive at suiteble oquipment size anﬁ operating
condltions for spocific application. |

1»‘1#' RO

Operation with a staged counter-current fiov

plan improves the contacting conditions, elminatae channel
breazc_thrazim of unreacted comporients and staghent zones in
the contactor, and inereases the oporating reability of the
sygtem. The high resbility and effielency of sectionaligod
contactors show up cleorly in severe forms of adsorptive
seporation where the docisive facters becomes complote elimi.
nationof channel break-throughs of feed.stock, vhich lead to
off specfinished product. This phencmenon is not climinated
in shaft contactors but is avolded completely in adsorbers
~of the staged countercurrent type, owving to tho repeated
redistribution of streams of uqu:&d feod stock during adsor-
bent contact by means of the sectionalizing perforated trays.



The advantage of scetlonalized eontactors are especially
important es tho capacity of adsorption unit 1s increased,
sinco vith high through-puts it is difficult to obtain uni-
Torm distribution of feed.stock and adsorbent and conditions
arise that favour the formation of stagnent zones and the
Spontancous sppearance of channcl formaticn with even the
s1ight disruptions of hydrodynamic conditions that ¢am hardly

be avoided in practice.

In operation like sbsorption, single stage conti.
nuous units heve lovw sfficisney though the product is of
pniform quelity, In any operation ‘total mess transfer is
directly dependent on time of econtect. Longer contact or
residence time in sinle stage unit is obiained by decper
beds. But deeper beds have the inherent disadvantage of
slugging. The vwide Residence Time Distribution "of a single
bed gives a non.uniform solid product and is inefficient for
the high ‘conversion of solids, The RTD can be narroved end
greatly imroved by multistage operationss Here each Stage
acts almost like & theoritical stage. The gas and sollds
leaving sach stage are nearby in equilibrium, |

Imltistage units provide a unique system of hond
iing hoat sensitive materials by providing different operating
conditions at different stages, In practice multistago units
aro being used as pro-hoating, reaction and cooling zones in

obrfdndary the samo unit, Thus the external
naterial handling is avoided besides obtaining higher offi-

cioncles,



19

Fluidization finds ite wide applicatioms in
Drying Procosses. Fluldized bed drying has been gpplied
not only to grannuler materials but also to pastes, suspen-
sions, solutions and molten materislss As a result many
.batch procossos have been replaced by contlnuons comtor.

current multistago procosses vhich are mach faster and
ceconomic,

Grain Dryer (7) s
_ The drier contains three sections. o upper
scetlons are used for removing moisture content and lover

section is used for cooling greins. 'i'ne closed rectaongular
chanber hags folloving dimensions:

Cross section 25 xt29m
Holght 3.8 nm

Grid stope 2 0 3°
Grid's round hole dia 14 oo

érid, area in heating zone - 312 n°
rid ares in cooling zone. 2.6 n°

 Interial is delivered to first (to;:) ehanber,
4t is gradually dried and passes to second chamber and then
to the cooling zone Whenee it is discharged through a flop .
valvece ‘



Sometimes mixers are used to ensure uniform
fiuldization and more through drying of very vet or finaly
dovided materials.

Prehcater for coment Rotzry Kiln (8)(9) @

| To efficiently recover heat of the oxid gases
from & Rotary Kiln for cement ciinker. Russien Engineers
enployed counter-current heat exchange fresh cool solids
with hot exlt gasos in a multistage fluidized bed, The
operating data for the unit ares

Pallet feed rato 7 xe/nr.n®

Superficial gas veloclty 4 m/sec

Heat consumption 1100 Keal/Kg.of Clinker
Cross section of tho unit 2.5 mxz 2.5 m

Height of the unit 8 m

Drying air in siliea gel bed (3):

A five stage fluidized abjsorber of 1.2 zna
cross section and 641 sm helght vas used to 're&uce the mois-
ture content of alr from 4.000919 Kg/Ke to 0.0015 Kg/Rg. of
olr by Coxs Silica gel beads of 3.2 to 4,8 mm gize were used.

Recovery of carbon disulfideti1) ¢

Ravson deseribed the first commereial process for
the recovery of C8, fron eshaust gases fr.om a viacow plant
using activated carbon in a mult;istége fluidized bed, The
tover diamcter was 11,6 m and the meteriel depth on cach stage
vas 5 to 8 em.



Activation of chareosl (12) $

Charcoal is aetivated by the gassiflcation vith
atoam ond CO, of uooﬁ in a two stapge countorecurrent und .
Mltisteging gives s more uniforn residence time disteibution
for the solids and also helps recorer heat for the endathem
mic gossification reaction by secondary aambuékion of CO and
H, produced from the golids. | |
Coleination of 1imestons (13) 3

A five stage céuntez*«&zxrren% fluidization columm
is used for the caleinstion of lime.stone. Large amount of
heat in récwered using five stages. The co:mmn diamewr is
b m and helcht of the column is 14 m. This unit can hmﬁle
100 toms of limestone per day. The reaction ‘takes plme is

1000% «

Reduction of iron oxide : |

A three st;age cnunter*current undt vas used to -
rcduce iron oxlde by Alan Wood Steel Company in Censhoholen.
The rocetor vessel for the 50 mcs/day plant 18 about 1.7 m I.B.
oand 29 m high. ‘

FQB% * "’Hz
magnetlto

s de»h‘-ﬂgo



'y,

Roughly 1.+ tone of high grade magnetito ore,
0.051 « 0,056 tons of hydrogen and 0.25 ton of oxygen arc
nocdod to produco 1 ton of iron by this process.

Adporption of Hydrocarbens (14)

Continuous mitistage fluid char adsorption pro-
coos for seporation and recovery of gasoous abmponent Vas
developed by Esso Laboratories. The mein unit, Which 1s simi.
lor to o bubblo cap-distillation column, has 20 bubble cap
trays vith heating and cooling coil. Various products drov.
offs vith euxilliary scrubbers and regenerators. Based on
pilot plent data the ebove unit was found suitable for removal
~and concentration of components like G4 & O, fram effluent
gases in petroleum and petro.chemical plants,

Pyrolysis éf Westorn Bituminous coaml (15)

In order to prevent 'aggl.umeratim of coal multi-
stase fluidized beds ore used for the Pyrolysis of Coal, Coal
is heéted —tcs successively higher temperatures in different
stopes. Each successive temperature 1s sclected to be just
heiw the agglomerating temperature of coal. As the volatile
products are released at ono temperature, the agglomeration
torporature in&aases.. o heated conl cen than be transferred



to a higher temperature stage, but again just below the
agfiomeration temperature in that stage. In this wgy the
e¢oal eould progress through the temperamre renge of 4ovo.
latilization vithout sgglomeration.
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.0l PROPFRTINS OF SOLIDS ¢

inltistegs  fluldizotiom process e’moive flov
of folide from stage Yo stage. Tho nature of flovw of solids
from feed hopper into the systom end flovw through the dom.
coners bawéen the staccs is ensenticlly slipe.stick flovw
( crovity flov) vhereas the ﬂow. of solids from the douncomer
to the overflov veir across the f.ra;v is a case of aerated
flov, Thus it is importent to knov 31:1'16 flov characteristics
of solids before conducting the experiments on mltistage
figdidization units, The materigl used in the experiment
included crushed Bauxite, Celeite and Coal of different sizes
ond for ell these material the folloving flov propertics have
been deteridned,

Pardicle size 3

Crushed material is anaslysed in a sleve shokor
using B.8. shieves ranging from 20 to +60 mesh number. Aire.-
rage opening diameter of the sicve through which 1t pagses
md the sieve on Vhich it is retained, is the diameter of the
porticle. The intermediate sieves were 30, B0 end 50 mosh
number,



Dengity 1

Dengity is dotermined by usual liquid displace-
nont methods The two liquids 1., water and carbon-tetra-
echloride are used to ensure that the solid material is not
intornally porcus. The weighed quantity of solid material
16/%@5?a in a measuring cﬂiﬁﬂer into wvhich the liquid is
kopt before the solid material is poured. The liquid dis.
placed gives the asctual volume of solids. Tms velght of so.
1ids dividing by itc volume gives density.

Vold.Fraction ¢

Void fraction is determined by kmoving the
volume of bed and.the volume of solids, The difference of
the to gives the void volume. Ihe vold volume dividing
by' the volume of bed gives void ﬁac\timﬁ '

ingle of Repose t

The s0lid material 1s first f£illed in a cylinder
and then the cylinder 48 1ifted to o small helght. The
naterial into it starts coming onut and mokes a cone, The base
angle of this cone is the Angle of Repose, which may be caleu.
lated by knowing the dimensions of the cone,



Teble 2.1 shows the various properties of the
moterials used for investigation,.

: "Table 2.1
1 ' Density § POrosity § Goo
, g ﬁ; | uf
Material Mes | me | §, | A /e g e §A % ngthq
20430 0648 2 0443 800
Caleite 30440 0,426 2. 040 47
~50460 0,287 24 0W32 157
| 20430 0.648 2#17 T 04526 725
Banxite 30440 04426 2:17 OB 3%
Coal «20430 0,648 1.6 0455 - 5%




CEAPTER.III

A tvo stage cmmtgrmgcurrmt fluidizer have been
built of prospex 50 mm I,D each stage is 225 mm long, The
tvo stages are seperated by Aluminimum grid, 3 mm thick
(dotalls avo shown in fig, 3.2). The Columm vas tightened:
by tic rods as shon in sketch (fig, 3.1 and 3.3), Te Alu-
mindum grid plates vere drilled with 1.5 mm holes on a tregn.
gular pitch to act as air dlstributor. fThe total opening
provided for air flow 15 sbout 8.9% of the total tover cross.
soction, The grids were covered with fine copper mesh of
100 size to cnsure that the solids supported sbove the grid
do not fall through or chock the air holes in the distridbuter
grid.

Each tray vas provided with copper dowvn comer of
10 mm I.Ds (42 mm 0.D.) and gbout 230 mm long, The dotncomer
fitted on rrid plete by a nut arrangement, For the down.flovw
of solids from the botiom most stage a copper dovwncomer of
same size was provided with & gfend arrangement to adjust the
helght of the everflovw, Fer collection of solids from bottom
a narrow long perspex tube of 39 mm diameter was provided.

i d
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The solids fed to the top most stago by gravity through
openings of different sizes, This was cohieved by utilizing
gloss funncls of different throat openings as feed hoppers.

Alr vap dravn fr'om & compressor via a surge tank
and fed 1% (o the columm through a calibrated Rotmatar.
A cloth bag is provided in the exit ailr line to ensure thot
ony fine solid entrained is collscted, |

Air is introduced in the columm through & packed
cylindrical ecslming soction 50 mm I.D, and 40 mm hoipht,
to engure proper distribution of air.. The packing used vero
mnhigring of 7 om sige.

Tho data vidleébtained on tho ﬂw rate of solids
of different material ond of different sizes for a given
apporatus sotting as a fimction of air veloeity, The solids
otudled included crushed beuwdte, caleite and coal in the
olzes rang&ng from 20460, Different orifice openings used
voro 045 clrf‘tzg 0.6 om and 0.7 cm, |

Bofore conGueting exporiment the entire
unit vwas testeﬁ for air leakages by sosp solution.
Air dravm from Yhe pmp compressor is introduced at
i:he ‘botton of the colurm and alr flovw rates veried from zaro
to 2,500 L.P.H, Solids are fed at the top and the foed rate
.is vordoed by chenging funnels of differcnt ohn dischorge oPonings.



Solids used Were bouxite, caleite and cosl of difforent
mesh sizes,

to
The solids flov down via the downcomer on/the

top stage and the flou atop;éeﬂ. aﬂ‘ soom a8 the materiel

formed é. come below the bottom of dowvneomer. At this stz;go

ody flow was starded and 1t Wés obgerved that the alr floved
through the tray free of golids and the dovncomer of the

stago belows To moke the solids flo¥ on the entire tray air
flov was successively started and stopped so that the solids
balow the feeding downcomor ﬁtarbaﬁ moving oross.wisc. After |
somez affort it vas usuglly observed that the top stage got
loaded more ond more as long s the gas flov continies., This
happanéd dua to the air by.passing the loaded gﬁd and flowing
through t’he. downeomer of the stage below, vhich offéred lesser
rosistance, Vhen the air flow is stopped the soldds moves

from top to bottom stage by small quantity untili the bottom
of the downcomer got covered by the solids. The solids were
made to flov across the stage by Successive alr starting end
stopping. In the operation vhen both the stages hed materiel it
is observed that the column performance Was rather erratdc.
Ofton 1t 45 noticed that solids amccumilated in one of the
steges (usually top stage)l or the solids got completoly dop.
loted in ane of the stages (usually bottom stage). An ommlysis
of' this problem give the clue that air had a tendency to



by«pass tho pgrids loaded vith materisl and {flovw via the
dovmeomers,s  Another problem that con hegppon at high veloel-
$400 of alr 40 the non flow of feed meterial through the fead
funncl. To aveid these problems, small velchtless AL foll
flaps were nedo and attached %o the botfom of dotmeomers.
Tits improved the columm porformones comsiderably as the

flep tended to close the downcomer cpening whenever air hed
o tendency to by.pass tho grid. Such situntion usually oceu-
rod at the stort up vhen doimcomer vas empty ‘ofsolids. The
foil being veightless c;ffere& practicrlly no resistonce to
polids downflov, Even with flaps attached to the downcomers,
the column porformance was smooth over o limited rango of

cos velocities, The data were takon on solid fiov rate under
steady state conditions os the funection of gas flov rate in
the Smooth zone of operation, |
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Data were token for solids flow rate at different
air flow rate and are reported from tsble 4.1 to table
L8, The three systems on which the data vere tshen are
Calcite Air, Banxite Air ond Coal Alr, The data were
taken far a fixed column geomotyy,



Teble k.1

Systen 3

Particle sizes
Density ]
Porosity 3

Calel te-Alr
=20+30

2.4 Kgn/lit,
043

1. 2140 1270 ha7 0.383
2. 2210 1312 786 0,600
3. 2250 1335 1018 0.762
Y, 2300 1362 1180 ~ 0.852
5 2340 1387 1320 0.952
6, 2380 1410 1438 1,02
,BQ = 7 mm
Te 2000 1187 279 - 0e235
2, 2050 1218 ghe 04692
3 290 1270 1172 0.9
. 2210 1312 Ty 1,100
e 2250 1335 1590 1.1
6. 2300 1362 1630 1.235
7s 2340 1387 1690 1.22
8. 2380 %10 1565 1.11
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Tablo g Ye2

Systan 1 Calcite.Air
Portdclo sizo: 3040
Density s 244 kon/iit
Porosity s 0.40 .

T T
gi ieas TIov rato W?é?s Tiow .Hr‘g W,/Cg
Lii?er ?M&am.@ — - g
e 1735 1030 %79 065
2. 1825 108§ 578 | 0,533
3¢ 1900 1428 635 T 0a563
b, 2000 1187 880 ' Ouu2
5. 2050 = 1218 - 9030 T 0.845
6o 210 4270 1320 4,0
7. 2210 1312 890 0,678

DO = 6 m

. 1735 1030 923 0.896
2. 1825 1085 1360 4,253
3. 1900 1128 1380 1225
e 2000 1187 4730 1,458
5. 2050 1218 1900 1,56
6. 280 {270 2030 1,60

7. 2180 1295 2170 1,678
Be 2210 1312 2255 1.718
9., 2250 1335 2180 14633

10, 2300 1362 7m0 1.315



2040

Dy = 7 mm

1. 1735 1030 1670 1.62
2. 1825 1088 2175 2,0
3. 1900 1128 2620 2433
L, 2000 1187 2765 2,33
g, 2050 1248 2830 2.32
6 2140 1270 2890 2,28
7. 2180 1295 14935
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Igbic 4.3

System ~ t Calelte.dr
Particle size 50460
Density 3 2.4 kgn/lit
Poroaity ¢ 0s32

'5 :.-.-!'C'?mm

0:628

SR.J Gas fiow rate{ﬁ ) 8 salids %@w rate i w 1Gf
Now] == L
1. 4738 1030 286 0.278
2, 1780 1055 452 o8
3. - 1825 1085 = 602 0,555
b, 00 1128 701 0.612
5, 2000 1187 659 04555
Dﬂ} e 6 mm
1. 1735 1030 Y 0,370
2, 1780 1055 5% 0,525
3. 1825 1085 665 | 04613
b, 4850 1099 95 0,685
5. 1900 1128 5 0,688
6s 2000 187 o]




Do = 7 mm
1. 1735 1030 L 0,460
2. 1780 1055 614 04582
3. 1825 1085 Aele . 0,685
1, 1850 1009 780 0710
5. 1900 1128 807 0,715
6, 2000 1187 763

0.6k
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Bysten '
:;artic-l—a sizoe : B«-:"jl::;“'f«a-M-x‘i
. engd v
Pms:yw b 2.47 ken/lit
t 04526
= 6 mm
SL. Gas mwmtem) ¥ sans
‘ ratel - ;; zg.igw rawi Y, /Gf
Z: 1935 1149 296
: izz o > m:aés
> mm. 1218 %50 o
" am . 12h5 b6y e,
- o 1270 5 o 3%
74 2210 - | e - o
oo 1312 696 R -
o 1362 86k o
3 1410 980 i
0,695

L LIBRARY JNIVERSITY ur KOUKKee;

L HiRA
roo KEE.



D, = 7 mm
%a 1900 1128 164 0402
2, 1939 1149 531 01462
3. 2000 1187 696 0.587
%, 2050 1218 A5 0,612
5, 2140 1270 800 04630
6, 2180 1295 B6% 04666
9. 2210 1312 40 0.715
8. 2250 1335 980 07
94 2300 1362 1020 0,748
10, 230 1387 950 04685
11, 2380 1410 865 0.61%

1~



Tpblo k.5

Bysten ¥ Banzito.Alr
Perticle sizes B3040
bonsity t 2,17 kop/iat
Povooily 06k

D, = b5 mm
Was oo :atgieg g g:tma g ¥ Fats g“"ﬁg 762
, o e , - -
1. 1780 1035 L37 (PN
2. 1825 1089 e 0,870
3« 1850 7099 1065 0497
b 1900 1928 1325 14475
5. 1935 140 L 1,260
6e 2000 1187 1633 1.377
7. 2020 1997 1662 1.373
8, 2050 1218 1665 1.370
9« 2100 12%5 1810 1,455
10, 290 12720 1990 1,568
14 2180 1209 1885 1455
124 2210 1312 1865 142
——— r- ¥
Dy - 6 o
1y 1735 1030 o0 0,912
2., 1825 1085 1040 0.958

3, 1900 1920 4400 | 1ok



Dy=6m _
b, 2000 1987 1815 1.53
5. 2020 1197 2005 1.675
6. 2050 1218 2170 1.782
7. 2100 125 2330 1,873
8. 20 1270 2270 1,788
9, 2210 1312 2660 2,03
10, - 2300 1362 2450 1,828

Dy=7mm
1. 1780 1055 W 0418
2. 1825 1085 1052 0.97
3. 1850 1099 1690 10
b, 1900 1128 1787 1.585
5, 1935 1149 1885 1,62
6. 2000 1187 2270 1,915
7. 2020 1197 2330 1.95
8. 2050 1218 2525 2,075
9. 2100 125 2630 2,11
10, 2140 1270 2720 2,1
11, 2210 1312 2780 2.12
12, 2300 1362 2815 2,065
13, 2340 1387 2815 2.03
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Table 1 4.6

Systonm 1 Banxite.Air

Particle size § 50460
Denaity 2,17 kgn/1i%
Porosity s O3

D, = %45 mn

1. asﬂawrte(ﬁ)ﬂﬁ"maﬂwmte )
A R --f-o§ R nﬁ ’§ s /g

1s 1735 1030 173 0.168
2« 1780 1055 263 0.249
3o 1825 1085 3% 0.289
b, 1850 1099 . 349,5 0.318
G 1930 1128 - 377 | 0,335
60 1935 1149 338 0. 294
7. 2000 87 516 0.435
8, 2020 1197 562 0470
9. 2050 1218 76 0,627
10, 2100 1245 690 0,602
% 1735 1030 250 0.243
‘2, 1780 1055 534 0,506
3. 1829 1085 M0 0.5%

b, 1850 1099 920 0,655



5. 1900 1128 &2 04746
6. 1935 19 915 0.297
7. 2000 1187 980 0.825
8. 2020 1197 . 1010 0.84%
9. 2050 1218 1030 0.845
10. 2100 145 ok0 0,765
Do=7m
1. 1735 1030 292 0.283
2, 1780 1055 550 0.521
3. 1825 1085 668 0,616
. 1850 1099 763 . 0.695
5, 1900 1128 1000 04887
Ga 1935 1149 1120 0.975
7. 2000 1187 866 0.730
8. 2020 1197 112 (0955
9. 205 1218 1162 0,955
10 2100 125 1142

04917




Table U.7
Systen ¢ Coal.pir
Particle sizer -20430
Density 3 1.6 Kgn/14t
Porosity 1 0.55

Dosbm - e
g%; Gas flow rata(G ) § sSolids flow x-ate,g .‘ | »/»,Gf
Wy Kmfwa.hr. QL
1« 1900 1128 2949 062655
2. 1935 1149 38,9 0.0339
3. 2000 1187 739 0.0622
‘%, 2020 1197 1318 - 04110
5. 2050 1218 189.2 041555
6. 2100 1245 189.2 041520
7. 20 1270 22 0.1762
8, 2180 1295 263 0,203
9, 2210 1312 311 04237
10, 2250 1335 292.5 04219
1. 2300 1362 M2 0.251

12, 2380 140 36 0.258




DQ = 7 mnm

1.
2e
3.
Y,
5o
6o

7.
84’
Qe
10,
1.

1900
1935
2000
2020

. 20%0

2100

2140

2180
2210
2300
2380

1128
1149
1187
1197
1218
1245
1270
1295
1312
1362
1410

335
56
97
126
162
14,7
316 -
293 -

%30

0.0297
0.0488
0.0817
0.1052
04133

0.1402
0.1555
0.24%
0.223
0297
0.305




Tgble 4.6

Systenm 3 Coal.Air

Particle size 1 30440
Density 1. 1.6 Kgn/1i%
Porogity 1 0Wbg
Dy = B.5 mm
Solids f;gw hiam § ws /G
| e, | |
1. 1735 1030 50,2 0,0487
2. 180 1055 1% 0. 145
3. 1825 108y 3% 00 30%
. . 1850 1099 392,5 0,353
5. 1900 1128 48, 0423
6. 1935 1149 770 04670
7. . 2000 1187 923 0779
8. 2020 1197 880 0,810




D‘o = 6 mm
1. 1735 1030 29k 04285
2. 170 1059 b 0.390
3. 1829 1085 560 0+516
b, 3850 1099 5 0468
5. 1900 1128 587 04521
6, 1935  1M9 69 057
7. . 2000 1187 710 0.598
8, 2020 197 . 67 0.567
Dy = 7 mm
1. 1735 1030 %86 0,472
2, 1780 1055 528 0.500
3. 1828 1085 636 04586
b, 1850 1099 711 0,648
5. 1900 1128 755 0.670
6. 1989 19 803 0,700
7. 2000 1187 1030 0.869
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CALLCITE
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FIG.4.3 SOLIDS FLOW RATE VS. GAS FLOW RATE.
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DISCUSSIONS

Graphs were plotted with solid mass flovw rate
based o empty tover crogs.sectlon (ws, Km/m‘?..hr) v,
mass flow rate of air also based on empty tower cross.
section. These are shown for different materigls snd pare
ticle sizes in figures 4.1 to 4.8. As ¢an be seon from
fig. 4.1 for Caleits of -204+30 mesh size (Dp = 0,648 rm)
the solids flow rate increases with gas flow rate for a
glven throat opening of a funnel upto a certain peak value
after which increase in gas rate bhas lead to o decrease in
solid rate,

Looking at fig, %.2 for Calcite of -30440 mesh
size and funnel A(D,=+.5 mm) exm=z carresponding to a
Dafapz‘lo. 55 the solids flow initliated at a certain gas
velocity whose value is nearly 1.033103 kgn/mP.br below
this gas velocity the flow of ga-s' waahfgﬂzfﬂcient to move
the particle away from the downcomer bottom which would have
alloved more fresh solids to enter. Thus it will be obser.
ved that a certain minimm velocity of air is essentisl to
start the flov of solids., An increase in gas rate is accon.
panied by an increase in solid fiow, up;*,o a certain point.
‘This is expected because at higher velocities the particle
novement becomes more vi%oue leading to elearing of area
around tho downcomer bottom. This dncrease the possibility
of fresh colids being loaded into the columm, As the gas



- farce
velocity is increased a new/ which will slowly becomed more

predominent is the upward thrust of gas to entrain the
particles on one hand and to close the flap below the down.
comer. Tms a combination of these two lead to a reduction

in the chances of solids to leave a stage and enter the doun-
comer via the overflow weir, Thus solids rate start decreasing
after the peck value end large incréase in gas veloeity beyond
this gum,t resulting heavy intrainment and fluctuate column
perfommce, Becanss of these reasons much data could not be
token on the flow of s0lids at high gas veloclties approa.
ching the terminal velocity.

In graph 4.2 4t.c¢en also be seen that vhen throat
diameter is increased (funnel By D=6 mm), the flow of solids
initiated. around the same veloclty of gas as was observed in
case of i‘unnel A. But increase in gas velocity for funnel B,
higher solids flow rate then for funnel A at the same air
rate. This only means that the ease of flow of solids throum’ \
an orifice inereases with increase in orifice diameter for
the same perticle diameter, a fuct which i,s well estsblished
in cage of gravity flow of bulk solids., The same trend is
observed for funnel C (D, =7mm) having a st111 lerger throat
dismeter, Similar trends are observed for Caleite of size
«20430 fig, b1, 50460 fig, 4.3.



, It would be observed that an increase in par.
ticle size for the same material and same throat opening
usually leads to lowering in solid flow rate for a given
gas rate, This is due to a decreage in the value of D /D,

°°B
S8imiler praphs of solids flow rate versus gas
flov rate were plotted for crushed bauxite in the size
ranges «20430, ~30440,-50450 for the three funnels A.B,C
as shown in fige. 4%, 4.5, 4.6, Identical plots for cogl
are shown in fig, %.7 and fig. 4.8, The general trend of
s501id flow as a function of' gas rate will be summerized as
follows: ,
-  Smooth solid flow rate for a given condition
 at a certain alr velocity whose value is
higher than the corrosponding minimum fluidiza.
tion velocity.

- For a given throat opening and perticle size,
solids flow rate inereases with inerease in gas
rate upto a certain peak value after which 1t
starts decroasing,

- At high gas velocity beyond the pesk Solid rate
the column operation becomes erratic with large
entrainment of solids,



« For a given particle size and gas flow rate of
& material, the solids flov rate increases with
inerease in throat diameter. Similarly, it may

- be noted that for a glven throat diameter and
gas rate this eolid flov rate decreases with
- increase in paBticle diameter.

- It secems that for o glven apparatus setting
partlcle sizé,, throat diameter, solid f’low*rate
seems to increase with inerease in particle

- Gengdty for a glven gas rates, Hovever, this
needs more ellsborate study before draving cer.
tain econclusion.

To evalueto a functional relation between Go and
¥gy graphs vere plotted with different material, particle
sizes, between perticle Reynolds number in x = aﬁ.s(BPGf/u)
versus the golids loading ratio R vwhich 48 WS/Gf as shown in
fige ¥.9 to b.11 on log-log graph papers.

Looking at fig. 4.9 for Caleite 1t will be obser.
ved that in the zone of smooth flow of solids upto the peak
value the value of R (Wy/Gg) increases almost linearly vith
increase in perticle Reynolds number for a given particle size
and throat opening, Identilcal 1linés wire obtained for diffe.
rent throat openings. It wos observed for most of materials



that R is a'strong fgnction of NRep vith an average ﬂope
of 9.9 for all the materials and all funnel under study.
The results of these graphs may be summerised as unders
- The exact value of R for a glven NRep is
strongly dependent upon -
(1) particle size and ‘
(i1) the throat diemeter to particle dlameter ratio.

The exact nature of this dependence could be deter.
mined as extensive data is required. However, if the nature
of maoteriagl, particle size and throat opening is known the
value of R can be coreclated by a general equation shown below,

log(W s/Gi‘) = 949 10g Npg, + C

the value of constant C being dependent upan the
bod geometry, Dp, D, and  is calculated and shown in the
following ftable,

0,648 -0.0!*15 -0,0426 0,108
0.k26 -0,0302  .0,01%15 0,170

Note: The value of constant ¢ scems to be independent of
throat diameter for a given particle size and material.



CHAPTER .Y

COICIUSIONS & RICOIAIAIDATIONS 1

Sho emperineatol studies on multistage counter.
current fluldizctlon unl$ indicatos that the solid flov is
strongly dependant upon tho gas flow rate, the £io7 proper.
ties of salids, the feeding mechanism snd the epparatus
geomotry. As can be scon from the graphs relating to solid
flov va. oo flov rato, the smooth gone of solids flov is
llmlted o o norroy zone and the initiation of solld flov
tokes place at a gas veloclty slichily hicher thon minimm
fivddization velocity. A% very high gas velocltdes vwhen
the entrainnont of oolid besausss plovly predominent the eolumn
behaviour 19 usuelly erratic,. Thus the designer has $o nece-
ssardly chooso gas veloclty in this narrev gone where smooth
column performonce can be axpeciaod,

mo column operation particularly at stert up
19 rather tricky., In lorge seale industriol units this cen

be o major problem unless some cuoro is takon. Bagsed on limi.

ted experiments that have been conducted 1% can be safoly
prodicted that the rate of solid flow in smooth zone of opers-
“ion for o glven motefriel end system geometyry is strong fimc.
tion of particle Roynolds number. Rouvemer, to predict tho



flow rate for any material snd sny colum's geometdy large
scale experimentation 18 necessary.

The results of present investigation are very
much encouraging and suggeste the need of more Vork,

6§



ROTAMETER CALIBRATION
Rotamoter reading
“—-wm

1000 - -
1250
1500
1750
2250
2500
2750
3000
8250
3500
3750
1250
00
4750
5000
5250
5500
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Appendix . 1

Ectuaj. ‘gasz flow rate
1650
1710
1735
1780
1825
1850
1900
1935
2000

2020
2050
2100
2440
2180
2210
2250
2300
230
2380
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