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ABSTRACT

Gas-solid fluidized beds (GSFB) have been investigated by many research-
ers due its high importance in the industry. Many efforts, both experimen-
tally and theoretically, have been made to predict their behavior. Due to
differences in the particle sizes, particle segregation is a common phenom-
enon in the gas-solid fluidized beds. Particle segregation affects the effi-
ciency of heat transfer and mass transfer in the fluidized bed. In order to
prevent the hot-spots and degradation of products in the fluidized bed reac-
torsinwhich exothermic reaction occurs, proper mixing inthebed isrequired.
To improve the efficiency of these processes at high pressures, in depth
understanding of segregation and mixing phenomena are required. There-
fore, itistheaim of thiswork to examinethe effect pressure, particlesizeand
gas inlet velocity on mixing and segregation parameters in these beds. To
obtain these obj ectives, acommercia computational fluid dynamics package
namely MFI X were utilized and Paraview was al so employed to analyze the
data. The findings of the present study reveal that computational fluid dy-
namics is a powerful tool for assessing the parameters affecting the perfor-
mance of fluidized beds. © 2015 Trade ScienceInc. - INDIA
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INTRODUCTION

The hydrodynamicsof gas-solid fluidized bedsflu-
idsarevery complex in natureastheresult of gravita
tional forcebetweenindividua particlesandtheforce
between the particleand gas. Asaresult, adequate test-
ing and producing rich dataon the particle scaleare not
feasible. Upward motion of bubblesthroughthefluid-
ized solid bed |eadsto mixing and segregation of bed
particles. When bubbles go up through the bed, solid
particlesaredrawninto thestationary part of thebubble
wake. When particlesfrom the bubblewakefall into

the bed and new particlesfrom the dense areaaround
aredrawninto the sequence, axia mixing occurs. When
the bubbl es reach the surface of the bed they get col-
lapsed and the particlesa ong thewakefal down onto
thesurface. Through such amechanism, particleonthe
bed are mixed with particles above the bed. When
bubbles go upinthe bed they create empty spacesthat
arefilled by particlesfdling fromaround bubbles. Mix-
ing and segregation areimmediate phenomenaand are
theresult of balancein thebed, concentration gradient
intheaxid directionand uniform particledistributionin
theradial direction. In bedswherethereissizedis-
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tribution, particlesegregationistheresult of difference
indrag force per unit particlemass?. Several models
have sofar been presented to adequately describe mix-
ing and segregation in beds. Some of these modelsad-
dressjetsamand flotsam particle concentrationsingable
conditions. Model presented by Gibilaro and Rowe
isthestarting point in forecasting concentration profiles
influid bedswith bubbles®®. Inthismodel, bed par-
ticlesaredistributed between two phases: bulk phase,
whichincludesmost of the solidsand thewake phase
that containssolidstrailing thegasbubblesrising through
the bed. Furthermore, inthismodel the particlesare
assumed to beonly of two typesof flotsam and jetsam.
For the massbalance, particle transport mechanisms
including circulation, exchange, axid mixing and segre-
gation are considered. Inthe gas-solid fluidized beds,
circulation isthemovement of solid particlesfromthe
bottom to the surface of the bed by the wake phase.
Therefore, the movement of solids between the bulk
and wake phaseis proportional to the concentration
difference between thetwo phaseswhereaxia mixing
isdefined asapseudo-diffusion mechanism. Asdem-
onstrated by Naimer and co-workersthisterm could
be omitted from the mass balance, since it does not
incdludeany physicaly redistic mechanisminafluidized
bed®. Toimprovetheefficiency of these processes at
high pressures, in depth understanding of segregation
and mixing phenomenaarerequired. Therefore, itisthe
am of thiswork to examinetheeffect pressure, particle
Sizeand gasinlet velocity on mixing and segregation
parametersingas-solid fluidized bedsusng MFIX soft-
ware.

PRESSURE EFFECT

Huidized bedsthat operate at high pressureshave
severa advantages such ashigh rates of heat transfer,
low particle segregation and small equipment size*19,
High pressureleadsto an increasein the gas density
which affectstheforces between particlesand fluid and
theflow patterns. Therefore, theefficiency of gas-solid
bedsat high pressuresisdifferent fromthenormal con-
ditions.

Research on gas-solid fluidized beds operating at
high pressures has begun from 1970 and they demon-
drated that dense bedsexhibit smoother fluidizationwith
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tiny bubbles'*13, Researchershave demonstrated that
anincreasein the pressureenhancestherising vel ocity,
frequency, theaverage volumefraction of bubblesand
therateof contact accordingly; however, it reducesthe
sizeof thebubbles***¥, Hoffman and co-workersfrom
the cross section of thefluidized bed have shown that
thebubbleflow iscentered intheaxia direction of the
column9l,

Somereserchershasbeen observed that the bubble
break occursmoreat higher pressuresandinthelower
part of the bubbl €8, It has al so been reported that in
gas-solid fluidized beds at high pressures, thebeds are
more extended and the particulate regimeoccursina
larger zones?1Y, Theeffect of pressure on system pa-
rametersother than the minimum fluidizationvel ocity
andin bedsof smaler particles(i.e., groupA), ishigher
thanin bedsof larger particles (groupsB and D)*2%3,

For particlesin gas-solid fluidized bedsin group B,
the assessment of pressure on gasbubblebehavior is
more complicated. Anincrease of pressureup to 16
bars would increases the bubble size accord-
ingly15162425- however, further increasein the pressure
decreases bubble size. They a so repoted that x-ray
photography could reved the hydrodynamic aspects of
bed bubbles(i.e., thebubblesformation, structurefor-
mation, growth and break-up).

MECHANISM SOF SEGREGATION

Inthiswork, three different mechanismshave been
found to be efficient in expressing rel ative motion of
particlesinthe gas-solid fluidized beds. Rising of par-
ticlesinthewakeof arising bubblenot onlyisamixing
mechanismfor particles, but alsoit isthe main mecha
nism of particle segregation. However, only flotsam
particles could betransferred to the upper part of the
bed and for larger and heavier particles of jetsam.
Downward movement of particlesoccursthrough two
mechaniams, ether partidecomesdown by falingwithin
the bubblesor penetrating thelayers between particles.
It isworth noting that the main cause of separationis
thedifference between the magnitudesof drag per unit
weight of different partides Thus, particleshaving higher
drag per unit weight moveto the bed surfacewhile par-
ticleswith lower valuesmovetoward thedistributor.
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Par ameter sinfluencing segregation

Many features affect the complex phenomenon of
segregation in gas-solid fluidized bedsincluding: pres-
aure, inter-particledengty ratio, Sizeratio, particleshape,
the minimum fluidization vel ocity, distribution of fluidi-
zation gas, the bed height to diameter ratio. WU and
co-workersconcluded that whentheratio of bed length
to diameter was|ow, segregationincreases®. Further-
more, anincreaseintheparticdlesize, dengty or reductuin
inthe operating pressure, would enhancesthe segrega:
tion of partidesaccordingly*2. Inthiswork and amongst
the above parameters, the effect of particlesizeand
gasinlet velocity wasinvestigated.

Segregation index
Roweand co-workersdefined the mixingindex for

(),

s X; =1, where (Xy), isthe

abinary system as

fraction of jetsam particlesin the upper part of thebed
and x; isthefraction of jetsam at the state of perfect
mixing. Both and areexpressed asweight fractions.
However, when completemixing or segregation occurs
in the bed, the mixing index iseither 1 or O, respec-
tively.

In 1982, Chibaand co-workersdefined segrega-
tionindex for abinary system asfollowd®4:

)
X7

@)

where istheflotsam weight fraction of particlesinthe
upper part of thebed and istheflotsamweight fraction
at the state of perfect mixing. In addition, when Sis
either 1 or Oit meanscompl ete segregation or mixing,
respectively. Coorel ation existsbetween the above pa-
rametersand are defined as:

1 - SX¢
1-%

1-5
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Xe=1-X;— M= =S+
Evaluation of segregationin fluidized beds

Particlesegregationingas-solid fluidized bedshas
been studied by Goldschmidt in abinary bed and the
following correl ation has been proposed™:
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where, and arethe average height reached by small
and large particlesinthebed, respectively and arede-
finedfollows

A
Xi—y Ry EPsmali(large);

hsmallflarge) = z
[ [ §e ":!'
E;':l EPsmall(large);

(4)

For thebed under investigation inthiswork, since
the samevolume percentage of thetwo particleswith
the samedensity was present in the bed. Furthermore,
the pattern of segregationin thebed wasa so examined
under different operating conditions.

For smaller particles of identical densities, theav-
erage massfraction waseva uated from thefollowing
reldionship:

{M’ = total cells of bed

i = number af cell

EPsmall
EPemall + €Plarge

Xzamall =

©)

Numerical methods
M FI X software

MFIX isacommercia computationa fluid dynam-
ics packagewhose general goal isto describethe hy-
drodynamic ssimulation of chemical reactionsand heat
transfer in gas-solid, dense or diluteflowsusually oc-
curringintheenergy conversion and chemical process-
ing reactord*. MFIX was developed by the US Na-
tional Energy Technology Laboratory in FORTRAN
and could model systemsof multipleparticletypes, two
or threedimensional Cartesian or cylindrical coordi-
nate systems, and systemsinvolving hesat transfer and
masstransfer. MFIX presentsinformation on pressure,
temperature, composition, and vel ocity distributions of
systems as afunction of time. In 1996, MFIX code
wasused in studiesin order to enhancethe accuracy of
calculations, execution speed and ssmulation of fluid-
ized bubblebed. In order to improvethe speed of the
code, implicit dgorithms(numerical methodswith semi-
implicit design and automati c time stepping) replaced

Au Tudian Yournal



CTAIJ, 10(4) 2015

Laleh Rezaeian and Nasser Seghatoleslami

147

old dgorithms. Testsdoneto verify thenew algorithm
reved sthat the execution speedis3to 30 timesfaster
thaninthepreviousagorithm. Withinformation obtained
from thiscode, engineers could study conditionsinthe
reactors, their parametric behavior to obtaininforma-
tionfor designing multiphasereactorq 27]. Theorigind
method used in the old version of MFIX was devel -
oped by Harlow and Amsdenin 1975 which wasimple-
mented inthe K-FIX code. Later on, thismethod was
used by Gidaspow and Ettehadiehin 1983 for describ-
ing gassolidsflowsat thelllinoisInstitute of Technol-
ogy. Chemica processing and energy conversion units
such asFluid Catalytic Cracking (FCC) riser, usualy
use densemultiphaseflow reactorg?.

For years, researchers (Laux and Johansen 1997
Fogt and Peric 1994, Spalding 1980) carried out stud-
iesin order toimprovethe codewhichwasselected as
aCFD commercia code. Thetheoretica and numeri-
ca essenceof MFIX codeisbased on ahydrodynamic
theory of fluidization, and many researchers(Davidson,
1961; Davidson and Harrison 1963; Jackson 1970,
and others) have carried out studies on the devel op-
ment and gpplication of thehydrodynamicmodd of this
codefor fluidization. In these studies hydrodynamic
modelswereused for studying stability of fluidization
and detail sof bubblemotion. Theequationsgoverning
thiscodewill be presentedin thefollowing sections. To
speed up this code, numerical methodswith semi-im-
plicit designand automatic time settingare used. The
MFIX codehassomelimitations. Predictionspresented
by the model might not be accurate dueto avariety of
reasons such asincompleteformul ation of the govern-
ing equations, lack of knowledge about congtitutivere-
lations, inadequateinformation oninitid and boundary
conditions, etc. In addition, usersmight not be skillful
enoughto smulate and analyzetheresults. To describe
thetheory of thishydrodynamic model, aseriesof gov-
erning equations, congstitutiverelationsandinitia and
boundary conditionsare used”.

Geometry

For comparison purposes, the geometry that was
choseninthiswork hasthe same dimensionsaswas
described by Jin and co-workerd®*®. A schematic of
thefluidized bed sudied inthiswork isshowninFigure
1. Sincefor lower pressures the amount of particles

—= PFyll Pgper
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Figurel: Schematic of thefluidized bed studied in thiswork
[30]

transported by gaswould significantly increase; hence,
inthiswork the pressurewas chosen to be higher than
10bars. Inthisstudy, thegasinflow velocity and mini-
mum fluidization vel ocity was changed from 20, 40 and
60 meters per second in the previous work to 5, 15
and 20 meters per second. Furthermore, the column
sizewas changed from 30 x 15 cmto 45 x 15 cm to
prevent particlesfrom being carried by thegas.

I nitial and boundary conditions

Inthiswork, theinitia conditionsuchasinitia esti-
matesfor al computationa cellsand the solid volume
fraction wasintroduced to the softwareby mfix.dat file
manualy. Theveocity with uniform distribution of gas
flow was consdered asan inlet boundary condition for
thelower end of thefluid bed. Furthermore, for the
solid phasetheinlet velocity was set at zero. For the
bed outlet, the pressure boundary condition was cho-
sen to be atmospheric pressure.

For the gas phase on the wall surface, no-dlip
boundary conditionwith zero vel ocity at thewall was
considered; however, thiswasnot the casefor thesolid
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phase. In thiswork, it was assumed that the vertical
velocity of solid particlesonthewall waszero and the
tangentid velocitiesof solid particleswerethefree-dip.
Therefore, theno-dip boundary condition wasused for
the gas phase and thefree-dlip boundary condition for
thesolidsat thewall.

Operating conditions

To study the segregation phenomenon for fluidized
beds at high pressures, thedensity air was cal culated
from thefollowing equation at atmospheric conditions:

s
o ©

Inthiswork, two solid particlesof lithium and tita-
nium have been employed. however, duetotherestric-
tion of softwarethe mean density of particleshavebeen
utilized®. The mean density of particleswas and par-
ticlediameter of lithiumwas 1.5 andtitanium 2.25, 3.75
and 5.25 mm.

For theinitid conditions, the of gasand solid phase
in the bed was considered to be 0.41 and 0.295 re-
spectively. Inthisstudy, the bed wasmodel ed at pres-
suresof 1 and 5 bar for thegasinlet vel ocity of andfor
10, 20, 30 and 60 bar with gasinlet velocity of

Pair = 1.2 x 1078

RESULT AND DISCUSSIONS

Bed pressuredrop

TABLE 1 showsthebed pressuredrop at different
operating pressuresand particlesizeratio. Theresults
reveal that astheratio of diameter of largeto that of
small particlesincreases, gas pressuredropinthebed

increasesaccordingly. Furthermore, enhancement of the
gaspressure drop in the bed increasesthedrag force
applied by thegasto bed particles. Thusincreasing the
drag forceba ancesthe particleswe ght and fluidization
occursfor thelow gasvel ocity.

Theabovedataared so plotted graphically asshown
in Figure 2wherethe horizontal and vertical axisare
the pressure and the gas pressure drop in the bed at
different pressures, respectively.

AsFigure 2 demonstrates, increasing the pressure
and particlesizeratiowould increasesthe pressuredrop
accordingly and hencereducestheminimum fluidiza
tionvelocity of thebed particles.

Fgure 3showsthevariation of thesegregationvaue
at apressure of 1 bar and for different particle size
ratios. AsFigure 3 demonstratesand for aparticlesize
ratio of 1.5 and for the vel ocity of , after 20 seconds

25000

20000

15000

ap

10000 = djetsam/dfloatsam=1.5
= djetsam/dfloatsam=2.5

5000
djetsam/dfloatsam=3.5

0

0 10 20 30 40 50 60 70

P
Figure2:Pressuredrop variationswith theoperating pres-
surefor different particlesizesand for thegasinlet velocity
of 10cm/s

TABLE 1: Thebed pressuredrop at different operating pressuresand particlesizeratio

distsam _ distsam _ distsam _
/dﬂoarsam =15 /dfl'oatsam =25 /dﬂnarsam =3.5 P
dy dy dy
Ap = 6849722 Ap = 86528320 ap = 101127272 1bar
dyn Eyn dyn
n : !
Ap = 1899270 Ap = 2570.825 20 Ap = 308262 Sbar
dyn dyn dyn
ap=3287 ap = 4524127 ap =5610727 10bar
dy dy dy
Ap = 5917.4 2270 Ap = 8253220 Ap = 100492202 20bar
dyn ‘dyn dyn
n : .
Ap = 846220 Ap = 11870420 Ap = 145368 20 30bar
Ay dyn dyn
Ap = 15836 Ap = 220164 Ap = 218774 60bar
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Figure3: Variation of the segregation value at a pressureof
1bar and for aparticlesizeratioof 1.5,2.5and 3.5

the bed reachesthe steady-state condition and theva ue
of the segregation parameter approaches0.09whichis
closeto zero and indicatesa most completemixing oc-
cursinthebed. For thevelocity of and from the start
stability was observed in the bed and segregation pa-
rameters approaches 0.025 whichindicatesthat com-
plete mixing also occursin bed. For the vel ocity of,
from the start stability was observed in the bed and
segregation parameters approaches 0.015 which indi-
catesthat perfect mixing occursin bed.

AsFigure 3 aso demonstrates and for aparticle
sizeratioof 2.5 and for velocity of , after 30 secondsa
stability was observed in the bed and the segregation
parameter approaches 0.63 whichindicatesasignifi-
cant increase compared to previous cases.

—= fFyll Peper

Figure 3 aso demonstratesthat for aparticlesize
ratio of 3.5 and for the velocity of , after 30 seconds
stability was observed in the bed and the segregation
parameter approaches0.51. For thevelocity of , after
20 seconds stability was a so observed in the bed and
compl ete particle segregation was achieved. For the
velocity of and after 20 secondsthe segregation ap-
proaches0.3. Astheseresultsindicatefor larger par-
ticleszeratios, anincreaseinthegasinlet velocity has
no effect on the segregation pattern of particles.

Effectsof pressure, gasinlet velocity and particle
sizeratio

To examinetheeffects of pressure on segregation,
the segregation was pl otted against the pressurefor dif-
ferent operating pressures, asshown in Figure4.

AsshowninFigure4, a particleszeratioof 1.5an
enhancement of pressure had no significant effect on
the segregati on val ue and hence complete mixing oc-
cursinthebed. For particlesizeratioslarger than 2.5
and at velocity of , withanincreaseinthe pressurethe
segregation decreases in the bed accordingly. How-
ever, a higher vel ocitiesthe segregation increaseswith
the enhancement of the pressure. Thesametrend was
also observedinthe particlesizeratio of 3.5.

08

0.7

0.6

0.5 == 1 bar, djetsam/dflotsam=1.5

04 == 1har, djetsam/dflotsam=2.5

€ segregaton

03 ——1bar, djetsam/dflotsam=3.5

i3 =85 bar, djetsam/dflotsam=1.5

=8~5 bar, djetsam/dflotsam=2.5
0.1

—5 bar, djetsam/dflotsam=3.5
0

0 10 20 30 40 50 60 70

p
Figure 4 : Variation of the segregation at operating pres-
suresof Land 5bars

AsFigure5for particlesizeratio of 1.5 demon-
strates, with anincreasein the pressure pressure, seg-
regation became moreintensein bed. For gasinlet ve-
locity of , the segregation in the bed decreaseswith an
enhancement of pressure. However, with further incresse
of thevelocity, the process got reversed. At higher gas
inlet velocities, with anincreasein pressure, the segre-
gation dsoincreasesaccordingly.
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Figure5 : Variation of the segregation at operating pres-
suresof 10, 20, 30 and 60 bar

Figure5. Variation of the segregation at operating
pressures of 10, 20, 30 and 60 bar

For aparticlesizeratio of 3.5 and at pressures of
10 and 20 bar, except for the case of velocity of , an
increasein thepressure did no significant effect on the
rate of particle segregation. However, at gasinlet ve-
locity of , anincreasein the pressure caused higher seg-
regationinthefluidized bed. At the pressureof 30 bars,
only at gasinlet vel ocity of , the segregation waslarger
than similar casesat |ower pressures.

Inthiswork inorder toinvestigatethe s multaneous
effect of particlesizeratio and pressureon particle seg-
regation in the bed, the segregation was plotted against
the pressure (Figures 6 and 7). As Figure 6 demon-

08

0.7
06 VAN /
S
® 05 —4#—1bar, u-umf=20
o0
(7]
?j 04 == 1 bar, u-umf=40
g == 1 bar, u-umf=60
s 03
T i 5 har, u-umf=20
0.2 === 5 bar, u-umf=40
0.1 5 bar, u-umf=60
0
0 1 2 3 4

d jetsam/d floatsam

Figure6: Changesin segregation valueat operating pres-
suresof 1and 5bar based on particlesizeratio
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strates, at velocity of , with anincreasein the pressure
at dl particlesizeratios, thebed segregation decreases
accordingly. Therateof changesin particlesizeratio of
1.5wasvery small and the difference became more
evident with an enhancement of particlesizeratios. Fur-
thermore, at velocity of , with anincreasein the pres-
sureat al particlesizeratios, the bed segregation also
increases accordingly. At velocity of , withanincrease
inthepressureat al particlesizeratios, thebed segre-
gationasoincreases.

1

09 =—10bar, u-
umf=15

08 == w10 bar, u-

07 /N £ umf=25

10bar,u-umf=5

/ N
06 f //
05 - / 7

04 z‘"“ / / \
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umf=15
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03 20bar,u-
umf=25
02 30bar,u-umf=5
0.1
30bar, u-
0 umf=15
0 1 2 3 4

dietsam/d floatsam
Figure 7 : Variation of the segregation at operating pres-
suresof 10, 20, 30 and 60 bar

AsFigure 7 demonstrates, at gasinlet velocity of ,
with anincreasein the particlesizeratio, the segrega-
tionalsoincreasesat all pressures; however, thisin-
creasewasgreater at lower pressures. At gasinlet ve-
locity of , with anincreasein particlesizeratio, the seg-
regation was al so increased at pressuresof 10 and 30
bar. However, at the pressureof 20 bars, it wasinitialy
increased and reached itsmaximum at aparticlesize
ratio of 2.5 and then adeclinein its values was ob-
served. At gasinlet velocity of , with anincreasein par-
ticleszeratio, the segregeation va uewasa so increased
at al pressures..

Numerical validation

Inorder to validate the numerica resultsof present
study, acomparative study hasbeen madewith theex-
perimental dataavailableintheliteratureasshownin
Figure 83031, These comparisonshave been madefor
theparticlesizeratiosof 1.5and 2.5 at apressureof 1
bar and avelocity of 1.1 and 1.3 . Figure 8 showsthat
theresultsof thisstudy arealmost consistent with the
experimental dataavailableintheliterature.
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CONCLUSIONS

The hydrodynamicsof gas-solid fluidized bedsflu-
idsarevery complex in natureastheresult of gravita
tional forcebetweenindividua particlesandtheforce
between the particleand gas. Therefore, itwastheam
of thiswork to examine the effect pressure, particle
sizeand gasinlet velocity on mixing and segregation
parametersinthese beds. To obtain these objectives, a
commercia computational fluid dynamics package
namely MFIX were utilized and Paraview was also
employedtoandyzethedata Thefindingsof thepresent
study could be summarized asfollows:

e Anincreaseinthegasinlet velocity would cause
amost completemixinginthebed

e Theeffect of gasinlet velocity onthe bed particle
segregation wasgreater than that of particlesize
ratios

e  Stability of thebed a particleszeratioof 1.5could
be attributed to the proximity of theparticles

e Thesegregation at particlesizeratio of 1.5 had
littleeffect onthegasinlet velocity

e Particlesegregationinthebed cold bejustified
with theenhancement of the particlesizeratios

e Withanincreaseinthegasinlet velocity, the bed
particle segregation would decreases, however, the
mixingincreases

e For the particle size of 3.5 the segregation was
higher & greater gasinlet velocitiesthan a smaller
gasinlet velocitieswhich could be caused since
the gasinlet vel ocity was approaching the mini-
mumfluidizationveocity.

¢ Withtheenhancement of thegasinlet velocity, a
sharp increase was observed for the separation
whichwasan indication that thegasinlet vel ocity
wasgpproachingtheminimumfluidization vl ocity
for larger particle
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