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ABSTRACT

Mixing is an important unit operation encountered in chemical and allied industries. Mixing can be achieved by
many ways. One such way is fluidized bed. The efficiency of conventional fluidized bed is enhanced by semi-
fluidized bed reactor. Semi-fluidization is a novel solid-fluid contact technique conceived in the late eighties. Many
investigations have been made into the various aspects of the phenomenon which have been reported in the
literature. Semi-fluidization will become increasingly important, specifically in the design of several physical and
chemical systems. This review presents a concise picture of the various aspects of semi-fluidization (momentum
transfer and industrial applications) for a better understanding of the phenomenon and to provide more rational
approaches to the design of semi-fluidization systems.
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INTRODUCTION

A Semi-fluidized bed can be viewed as the comhimatif a batch fluidized bed at the bottom and adiked at the
top within a single vessel. The possible alteratibthe internal structure allows the device taltikzed for a wide
range of physical, chemical and biochemical appiboa. Very few information is available on semiiflization in
the liquid-solid two phase systems, which can bestised as immobilized cell bioreactor. A Semidizéation bed
has the advantages of both the packed and thezidgideds. It is a new and unique type of fluidesabntacting
technique which has been reported recently. In mbsgte chemical plants we come across situatidmsreva solid
phase has to be kept in contact with a fluid phaséor example diffusional operations like dryingjsarption,
reaction kinetics, solid catalysed reactions, heatsfer, etc. The development and advantageseafehi-fluidized
bed relating to studies on hydrodynamics, massteanreaction kinetics and filtration . Fixed badpacked bed,
batch and continuous fluidization and semi-fluitiiza all are two phase phenomena. In case of Hhtithzation if
the free expansion of the bed is restricted byittieduction of porous disc or sieve and the fluilocity is
increased the particles are fluidized and the esiparstarts with further increase in velocity afil—the particles
will be carried and the formation of a fixed beduks at the top. A restraint provide at the topghef bed prevents
the escape of the particles from the system angshel form a packed-bed section just below theaiedt This is
known as semi-fluidization which can be consideasd new type of solid-fluid contacting method vahiombines
the features of both fixed and fluidized beds .

Semi-fluidization technique overcomes the disadsges of fluidized bed namely back mixing of solialrition of

solids and problems involving erosion of surfaddss also overcomes certain draw backs of packddwie., Non-
uniformity in temperature in the bed, channel flamd segregation of solids. The present articleesigthed to
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review the available literature on semi-fluidizationder the following headings: momentum transfascellaneous
industrial applications.

1.1 Momentum Transfer:
This part deals with the determination of (a) puesdrop (b) minimum semi-fluidization velocity) (maximum
semi-fluidization velocity (d) height of top packbdd formation.

1.1.1 Pressure Drop:
In semifluidization the total pressure drop is itlethe algebraic sum of the pressure drop acroesdltidized and
the packed sections. Hence,

AP AP
APp = (T) (h— hpa)+< ) hp,
pa

Through an overall mass balance Fan and co-wo[R¢t8] presented that the following relationshipséexbetween
the magnitude of the space occupied by the packddibd that by the fluidized bed in a semifluidibed

hpa = (he =) = (1)
While there is essentially only one generalisedaéiqn[9,15] for the prediction of the pressure dmegoss a
fluidized bed,

AP

—) = (ps—p) (1—¢€) 2
(), =

there are various correlations available for theheination of the pressure drop across a packddTdese include
the Kozeny-Carman equation[15] Leva's equation,[@&j Ergun's equation[85] The equation for pressuiop
across a semifluidized bed using Ergun's equasi@iven by

(-6p)? wrVo Gt ¢ 1-¢f (1-€pa) (hy—h)
(@P)y = o150 e 175 oz e || (o ) ] [y~ C20) (1)) (os - o)
3

Fan and Wen[11] measured the pressure drop in Bxedfluidized beds separately and obtained tte¢ poessure
drop using equation (1). This was compared with tiaéculated using equation (4). The experi-mevadlies were
nearer to those calculated using equation (1) vetseequation (4) gave lower values. For small argjidar-shaped
particles, Kurian and Raja R8groposed equation the following to take into actdhis additional pressure drop.
They observed that the pressure drop was greatettiiat given by equation (4).

AP, = 2.10 X 1073G3%d;, ***h)3° 4
To overcome wide discrepancies between the expetahand the calculated values, Roy and Sen Guptadd
Roy and Sarma[31] have suggested a correc-tioorfa@, in terms of system parameters. The cornedaator is

defined as

— A(PT)exp (5)
A(PT)cal

The calculated values afP; were obtained using equation (4). The proposerklation for the correction factor is
given below

a=rer ()T (E)T ()T
. ( :p. >o.oa (R)o-00
e

Another dimensionless correlation for pressurgdndiquid-solid have also suggested by

(6)
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Roy and Sarma[35,36] is given below

%%'.“_ 195 (11),,' - (—-)°' (R)ot8 (hm) .

For regular mixtrures, Roy and Sarma[14] proposedetation for the pressure drop across the bei/en below

AP, = AP, +AP,, + AP, o

AP, = M,g +150(1—8pa‘)' l‘zl"zl’pf .\ .“1 pa P1U /)pa
) (.@Sdp )~ (6 )- qo-’dp

Epa)
©)

The maiden investigations relating to hydrodynanaeicquid-solid semi-fluidized bed with irregulilomogeneous
ternary mixtures have been reported by (Samal, Miyhand Roy)[43]. The correalation developed from
dimensional analysis approach is as

Apy/APm":zx 10’(p / A l.GYS(D/dmv)S.}.IS(Gsﬂ'Gmf) B.W(H/Df)-OAMR_UDBS

sav

(10)

1.1.2 Minimum Semifluidization Velocity, G

The minimum semifluidization velocity, or onset oety of semifluidization, is defined as the fluiglocity at
which the top of the fluidized bed just touches titye restraint of the semifluidizer. A number ofmaations have
been proposed to predict this velocity which amamarized below.

For water —solids (Roy and Sarma,1971)[28]

Cost . — 0015 (R)-+ (log Ar-+2-456)/52
Gmar

G

osf

= 0.105R + 0.0577 log d,
G, + 0.0192 log [P, (P, - P Jl+"208

Gost=0-2042 G267° [1—(1/R) (l—epa)]>¥ _g&_)
| . N

For water —solids (Roy and Sarma,1972)[29]

GG::: 0:30 (dp )-o.n (E:-)M‘ R)o

For water — non spherical and non spherical padifiRoy and Sarma,1972)

Goat - 14625 (Do) 0.26¢ ( p.>-v 228 (R)”"

Gmt p Pt
Goaf ) Pl)—.'m

= 187 R)e.588
Gmr ’ (d (R)
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For liquid —solids (Roy,1975)[21]

g::: 0-475 ( ) P-)’"' (R)038

For irregular particles, Roy and Sarma[34] haveegithe following correlation for the prediction e&mi-
fluidization velocity of irregular particles in ligd solid systems from a knowledge of the propsrtéthe system
and the solid and fluid properties. The proposeadetation is

Fi 0945(Dc —OIS(Ps )—0.11

msf
(R)0-57 ( hy )0 10 ( hpa )() .66
Dc (11)

Roy and Sharatchandra[25] obtained the data ondhsplid semifluidization characteristics for sysi® of a
heterogeneous mixture, viz. dolomite-chromite, dote-baryte, dolomite-iron ore, iron ore-chromitedaron ore-
baryte. They have substituted an average density for the term particle density by

W
(Psa.v) = W/ X—
Ps

12)
in the equation for minimum semifluidization propdsoy Roy[21]
G D, \0.20 0.17
L _ 0473 (> -‘9—“-) (R)0-58
Gmsf D Pt , (13)

The values of G were calculated from equation (12) replacing thetigla density term with the average patrticle
density is defined in the equation (10) and congharith the experimental values.

1:85% 104 d%5 [ pp (pg— pr)]0-5°

mgt = 0.1
) Fg (14)

For homogeneous mixture, Roy and Dash[24] develapedrrelation by substituting average particlee Sid,)ay
instead of gin the above equations, wherg)(glis given by

(dpav dp
For regular particles, Roy and Sarma[14] preseatetimensional correlation for the minimum semidiaation

velocity where it is correlated with initial statbed height, bed expansion ratio, particle size landd viscosity.
The developed correlation is

(15)

Upsr =0.14R*%d ) "
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- y
Unsf = O.D/z?'SSRO‘mdg'G"u[ 0-47

(17)
The dimensionless minimum semi-fluidization velgdit,s/U,y) can be represented as
U,y
—=f(h.D,.d,.p,.p;.14;.R)
U mf
. (18)
U h, dy p. 1

OSf:f

‘ ey a
U D. D. p, u,

19)
Since the column diameter and the density of sanl@constant, the variation in the liquid densityéegligible and

the effect of static bed height is not relevanthvthe help of the remaining experimental paransetibie equations
developed are;

Uosf

- — 0.388d;O.37‘11]().1R0-92

U mf (20)
, ;5 \=037, (114

Uoss :0_45| d_p i' (R)*-92

Umf \ Dc , \ ) | 21)

The values of the dimensionless minimum semi-fzation velocity predicted from above equations iargery
close agreement with the experimental values witaadard deviation of 2.59%.

A new correlation has been proposed for the priegiaif U.s/UnstiS given below

—0.05, 0.16

- -0.3, . ‘ .
U osf . d_p ' H (R )0_3
D, |

/1\1' /

_ 0.254| 5 |

Umsf \De )

(22)
The maiden investigations relating to hydrodynanaeicquid-solid semi-fluidized bed with irregulilomogeneous

ternary mixtures have been reported by (Samal, Mighand Roy)[43]. The correalation for minimum semi
fluidization velocity developed from dimensionaladysis approach is given as

-

U f/ Umf=296.5( pm/pf)MSI( D u./dpm')- 136 py /Dc)o.zzs ROTSS

(23)

1.1.3 Maximum Semifluidization Ve ocity, Gng

This is defined as the fluid velocity at which sdilid particles are supported by the fluid in tleeked portion of the
bed. There are three methods [35] for the detetivimaf G,s; experimentally. (a) from the plot of G Vs porosity
the fluidized bed (b) from the plot ot,,,/hs Vs G graphs are also available for its rapid predicfimmliquid-solid
and gas-solid systems respectively. The correlativeve been developed for its prediction from thenimum
fluidization velocity[33,26fhre presented below

140



Deepika J. et al J. Chem. Pharm. Res,, 2015, 7(1):136-148

For liquid —solids (Roy,1975)[21]

1-85 % 10 (dp)®*® [py (ps—pt)]**?
pr 01

For liquid-solid (Roy and Sarma)[28]

Gugt = 0-3 (Ar)0-8¢ (pr/dp)

Gumst/Gmp = 571 (Dy/d p)043 (py/pr)®*7

For liquid-solids (Poddar and Dutta, 1969)[18]

Gmgt =

18 Reper+27 Rcl 687 = Ga

For regular particles, a new correlation has bemreldped by Roy and Jena[14] from the experimerdhles of
UnsfUms With a correlation factor of 0.973

0.36, d. ) -0.08

( h. | i
Ns '_p |/1 (R)*-%°

L‘rmsf —1.565
C 7"_f

(24)

The maiden investigations relating to hydrodynaneickquid-solid semi-fluidized bed with irregulaiomogeneous
ternary mixtures have been reported by (Samal, Mihand Roy)[43]. The correalation for maximum semi
fluidization velocity developed from dimensionaladysis approach is given as

U /U =0.001 0680() /d  V2AR(H /D) )O613R0633
s/ Uns (pa/P)**(Dysd  )**(H/D) 25

1.1.4 Height of Packed Bed

It is important to know the variation in the heigl the packed bed-formed below the restraint-liga change in
fluid mass velocity for the purpose of design, lihets for the same being values correspondindnbdnset and the
maximum semifluidization conditions.

The methods available for the prediction of theghedf the packed section in semifluidization apthe method of
Fan, et al[9] based on a material balance apprd@gah.and Wen[11] and Wen, et al[11] have also sstggea
dimensionless correlation for the prediction of {hecked-bed height (b) experimental determinatioth wthe
parameters such as the position of screen andldige rhass velocity (¢) Poddar and Dutt[19] haveegiva
mathematical explanation for the packed bed fomatinder semifluidized condition, and have proposed
correlation for the estimation of the same for kBdsliquid system, based on the proper-ties ofdsalnd liquid and
the flow conditions. Since the formation of the lgeat bed begins at the onset of semifluidization emdls with the
maximum semifluidization velocity, the introductiaf the onset velocity of semifluidization,& instead of
minimum fluidization velocity was considered to iere relevant by Roy and Sarfhin the derivation of Fan and
Wen* and Wen, etlfl1] . Correlations proposed for the predictiompatked bed height are presented below,
For solid-liquid (Fan and Wen ,1961)[45]

hpa = (hy—hy) fl, _:;.))

For solids-liquids (Poddar and Dutta, 1970)[19]
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= hl! (I "“ps) - hs .(1 _Gps)
(e1—€pa) (e2—€pa)

- (18 Re 4 2:7 Rel-t#7)0.2128
Ga

hpa

€1
For solid —liquid (Roy and Sarma, 1971)[28]

(heg—hy) _ 7 Ger—Gost )"”
(hl!_hpa) Gmu""Go.g

For liquid- non-spherical and spherical solids (Rog Sarma,1973)[30]

1—2’-: = 1:09 (Gat/Gmat)**! (Do/dp)®®(py/py) 017 (R)0:¢ (hy/D)=0-18

Bpa/hy = 2:21 (Gy/Gumar)*9® (Do/dp)0% (pyfp)0-17(R) =088 (1ny/D)~2-18

For regular particles, Roy and Jena[14] has beetteraa attempt to propose a correlate the experahdata for
the larger size regular particles and obtaineddhewing relationships for the entire range @perimentation

S 048
h—h | Us =U mf

(26)

The correlations developed were given below

( \6-6 —0.08 —0.21 0.09
n ( U \ .’ \ d, ) ( \ _
pa _ 0.05[ s l l Is I l P l I )27 | (R)©42
/IS L U OSf | \ DC J | Dc‘ ) | /1“' !
for /ipa/hs < 0.42.
/ ~ \0-97 —0.05, ,—0.13 ,0.05
llpa — 03251 {”’S l l ]’S | dP l A l (R )—0,36
715 \Uosr ) D ) D¢ ) \ Ay )

for lipa/fts = 0.42.

For liquid-solid semi-fluidized bed with irreguldlomogeneous ternary mixtures[43], correalation Height of
packed bed has been developed from dimensionajsasapproach reported by (Samal, Mohanty and Raog)it
is given as

H,/H=1x10%(p,,/p)*"*(D/d

Mv) 1510

(G/G,)**(H/D,)**4R"¥"

(27)

Poddar and Dutt[19] have reported data on semiflatibn in liquid-solid systems. They employed twrelation
of Wen and Yu[11] for the voidage function and tle&tionship between f and the voidage fucntioohtain the
condition for minimum . semifluidization. Roy andr&a[28] obtained the experi-mental data for a feater-solid
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systems, and developed the following correlatiorttie prediction of minimum semifluidization velogi

1.1.5 State of semi-fluidization

when the bed is in a semifluidized condition ,Engair equations based on the dimensional analygisoaph have
been proposed to relate the various parameterss, Timsed on the dimensional analysis of the catyirand
momentum equations for particle fluidization propdsby Fan and Wen[11l] have obtained the follow-ing
relationship for a semifluidized bed

(h—hy) + G—Gm¢
‘ [(h—hpa) T Gt—'Gmt] 0

(28)
A two-parameter fit by Kurian and Rajarao yieldedexplicit form of the relationship as
G — Gmt _ 0.61 b —hpa -
Gi—Gpe -
t—Gm¢ h — hy (29)

On the other hand, Roy and Sarma[30] introducedrtimémum semifluidization velocity in place of filiization
velocity in equation (29) and developed the follogvexpression

h - hg — G — GOSI'] 0.2
h — hpa - Gt “-Gos!

(30)
Other investigators empirically correlated theestaftsemifluidization in various forms of the fuioect
G hm Dc ps hg '
f ,R,=| =0
Gt hs dp pr Dc
(31)

All these correlations for the state of semi-flaation are given below

For liquid — spherical solids (Roy and Sarma, 1883)

oo ()" ()™ (&)™ ()" 0

For liquid-solids (Roy, 1975)[21]

~0.18

=018 s b 4\ 092 0.43
Gmlt dp (ﬁ) (R)

For liquid-irregular particles (Roy and Biswal, 19[22]

G,, D, \ 018 pg\ 012 0.43 0,52
= 0-925 _-) , ( )
Gmﬂ dp Pt

2. MISCELLANEOUSINDUSTRIAL APPLICATIONS
The application of semifluidized beds has been disoaescribed by Fan and Hsu[7] and Babureoal[2]
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Semifluidized beds find wide application as reatdor exothermic and bioreactions) in filtratiopevations for
the removal of suspended particles from gasesgardé and ion exchange. A brief description of tiiéty of
semifluidized beds in each of the above operati®gé/en below.

2.1 Filtration

For filtration purposes the fixed bed section fimts as a deep bed filter, and turbulence genematigk fluidized

section scours the deposited solids, delaying thiedop of pressure drop. When the fixed portionadiltration

bed is used in conjunction with a fluidized portiohthe bed, as is possible in a semi-fluidized, batique

advantages are obtained. During the filtration eyulost of the filtered particles are retained ie finidized bed
portion. As the cake of the filtered particles eotk at the bottom of the fixed-bed portion, theerfed particles
then circulate with the fluidized media in the b&this action eliminates the blinding of the filteed and thus
prolongs the filtration cycle. Moreover, the pragsdrop across the fixed bed can be maintaineaumiy.

Hsu and Fan[12] carried out an experimental studfilteation of a slurry composed of 50-mesh coalrtjxles
dispersed in water. The filtering medium consistéd—20 to +50-mesh silica sand. Filter performance was
determined with 25, 50, 75 and 100 per cent of fihering medium initially in the packed section tiie
semifluidized bed. Filtration with 100 per centtbé bed particles corresponds to the conventiopdlaw deep
bed filtration. Samples of the filtrate were cotkt intermittently from a sample point located bestw the upper
porous plate and the outlet. These samples wenefittered to determine the solid content.

The results of the study showed that the performariche semifluidized bed filter was far supetioithat of the
deep bed filter. It was also established thatafiibm runs lasting as long as 6 times that of #epdoed filter could
be attained without apparent deterioration in thality of the filtrate.

2.2 lon Exchange

semifluidized beds found wide applications with-exchange resins[7]. This action arises from tlsealiery that a
fluidized bed followed by a fixed bed increaseséHiciency of resin . utilization by improving ligd-resin contact.
The fixed bed acts as a polishing section, harttileson leakage from the fluidized bed and prevehigiation of

resin particles[16,6]. In addition to a higher resitilization efficiency, a semifluidized bed alstinimizes the

volume of regenerant and wash water needed, reduassure drop and operates more consistently tien
conventional fixed bed process.

2.3 Bio-Rectors

The unique advantage of a semifluidized bed agr@eactor has been presented by Fan and Hsu[7 8lieS have
shown that when micro-organisms are attached @ supports their effectiveness is immensely impibin the
degradation of hazardous organic contaminants &najan compounds, in the reduction of total orgacarbon
(TOC), BOD and total suspended solids (TSS), anthénconversion of volatile solids to methane dapacked-
bed operation using immobilized micro-organismsairaerobic waste-water treatment achieved removaiaé
than 70 TSS, 50 BOD and 60 TOC with a residence tifrless than 5 hours[8].

In fluidized bed operations the use of immobilizeitro-organisms can achieve near complete remdvatganic
toxicants, nitrogen and BOD with a residence timhe dew minutes compared to 1 to 3 hours for cotiveal
processes. The use of a semifluidized bed wouldimdite the disadvantages of a fluidized bed, fangXe
elutriation of the particles coated with micro-angans, and un-stable bed expansion. The semifieddibed would
also reduce or eliminate plugging of the bed byidso(waste or microbial cells) experienced in fixestl
operations.

The comparative study of immobilized cell bioreastwith semi-fluidized bed reactors for the treattnaf waste
water was briefly explained by Roy, Meikap[13]. Tie¢ative advantages of various modern bioreastarkingon

immobilization technique have been projected. A pamative picture with respect tovarious moderndmsators has
been presented and the uniqueness of the fluidimddsemi-fluidized bed bioreactors in the treatnoéntastewater
has been emphasized.

Performance Characteristics of Semifluidized bedfiloh reactors with liquid phase oxygen utilizat{oRPO) was

analysed by Narayanan[17]. The study also confitimesapplicability of LPO (Liquid Phase Oxygen) iztition
forthe operation of aerobic biofilm reactors. Dad PO utilization, the operation of the bioreaateduces to that of
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a two phase system (conventional aerobic reacteirgglthree phase systems) and it also significdothers the
overall operating cost of the bioreactor.

The application of semifluidized bed bioreactor the treatment of palm oil mill effluent (POME) shdbeen
mentioned in detail by Abass O. Alade, Ahmad T. delfi] .other conventional methods have been reddud be
less effective for the treatment of increasing waduof POME. Therefore The use of semifluidized bexteactor
containing immobilized cells for the biodegradatmfrvarious high strength organic wastewater haentreported
as highly efficient treatment method.

The uniqueness of the fluidized and semi-fluidibed bioreactors in the treatment of phenolic waatemhas been
emphasized by Roy and Jena. semi-fluidized becthator is a novel and efficient one, which can tepéed for
the treatment of industrial wastewater containifgerwlic compounds and other pollutants even at dowe
concentration.

2.4 Chemical Reactors

Cholette, Blanche and Cloutier[4,5] have shown thatombination of mixed and tubular reactors isemft
theoretically more efficient than either of thesaators operated independently. For endothermaxtiens, a
tubular reactor is always superior, while for exthic reactions a CSTR is superior to a tubulactogaup to a
certain conversion after which a tubular reactanise efficient.

For an exothermal adiabatic reaction the first terashould be a CSTR which will give an outlet cersion
corresponding to the maximum reaction rate. Thelgets can then be led into a tubular reactor fhiesting the
final degree of conversion required. The theoréti@dvantage of the mixed reactor-tubular reactorTYM
combination has been practically realized in a gnmpactor system utilizing the principle of semiflization[2].
For this purpose, a bundle of rigid plastic tubesenfixed to a perforated plate. This bundle waited into a
fluidized bed reactor. It was possiliteform fixed beds in the tubes while at the samestietaining a portion of
the solids in a fluidized state at the bottom @& thactor. The proportion of solids in the tubdibeed and fluidized
beds was varied both by varying the velocity of flaéd and the portion of the tubular bundle. Thtigs type of
reactor can be operated as an MT combination,awerl fluidized bed providing the mixed reactor ahd top
packed portion as the tubular reactor. With thisvession as the starting point the length of thmutar reactor for
attaining a given conversion can be calculated Withhelp of available methods. The reactor ofgheve type
has specific advantages for fast exothermic reastisuch as the vapour-phase oxidation and chlaymaif
hydrocarbons.

CONCLUSION

The review of the literature reveals that the infation on semifluidization is highly incomplete.Bietion of
pressure drop is still not very accurate. Much tolaal work is required for the accurate deternioraf packed
and fluidized bed heights.The literature on theedsination of the heights-of packed, fluidized dedn beds in
semifluidization' is very limited. In recent yeatbe application of semifluidization., to differemhysical and
chemical processes is gaining momentum. Recentfiafawents of semifluidized; bed ion-exchangers, dubs,
filters and reactors on a laboratory scale arehigignificant. Hence, there is additional neediforestigations on
bed semifluidized systems on a broader spectruodige their suitability to different process apptions that have
become common for other fluid-solid systems suchaaked and fluidized beds. Any developments madsimi-
fluidized bed reactors to enhance mixing are alwegicome.
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NOMENCLATURE

a specific surface area of the particle
dp ~ diameter of particle

f friction factor -

go gravitational constant

G mass velocity of fluid

Gmt  minimum fluidization mass velocity
Gost  onset mass velocity of semifluidization
Ggt - semifluidization mass velocity

Gy  free-settling mass velocity of the solid
h  height of semifluidized bed

he height of empty section

hy height of fluidized bed

hyy free fluidized bed height

hypz height of lean bed zone

hpa height of packed bed

hg static bed height

hgt height of semifluidized bed
APx " total pressure drop-across a semxﬂmdlzcd bed

R bed expansion ratio.=hg/hpa.
Vo . linear velocity of fluid
Wy weight of solid in packed section in semiflui-
dization
" Ws weight of solid in initial static bed
w weight of the solid mixture

Gréek letters

Ps density of solid material

pt density of fluid

B constant

€ porosity. of initial static bed

€pa. porosity of the packed bcd section of:
semifluidized bed :
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€f porosity of the fluidized bed section. of
. semifluidized bed
Ly viscosity of fluid
bs shape factor
Subscripts
a additional .
av average -
f fluidized bed
fo free fluidized bed .
msf maximum semifluidization condition
osf - onset of semifluidization
pa packed bed condition
-sf - semifluidization condition

Dimensionless groups/numbers
d3gops(ps—pr)

Ar Archimedis number = "
f
3
Ga Galileo number — d"p'(’::z Pg
£
io mass transfer factor
Ju heat transfer factor ‘
: Hd,
Nuy particle Nusselt number, = o
Nen Sherwood number, kph/D
Nro - d,G

or Rep particle Reynolds number, —;;.-
t

Nee  Schimdt number, ug/pD
Rem[ Dp Gl[lf(l-—ef) .
Sf Semifluidization number, =(ws—=wo)/(h=hs) pg
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