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Semifluidization: a Review

J. S. N. MURTHY AND G. K. ROY

Department of Chemical Engineering, Regional Engineering College, Rourkela 769 008

Semifluidization is a novel solid-fluid contact technique conceived
in the late fifties. Over the last two-and-a-half decades con-
siderable investigation has been made into the various aspects
of the phenomenon which have been reported in the literature.
In view of its unique usefulness, semifluidization 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,
heat and mass transfer, design of reactors and industrial
applications) for a better understanding of the phenomenon
and to provide more rational approaches to the design of semi-
fluidization systems.

HE phenomenon of semifluidization, a unique

and novel technique of fluid-solid contact propo-

sed by Fan, et al.' in the | ate fifties, can be viewed
as a combination of a batch fluidized bed at the bottom
and a fixed bed at the top. Thisis obtained by providing
enough space available for free expansion of the bed,
and increasing the flow rate of fluid through the bed
of particles sufficiently high to buoy the solid particles.
A restraint provided at the top of the bed prevents the
escape of the particles from the system and helps to
form a packed-bed section just below the restraint. A
semifluidized bed overcomes certain inherent dis
advantages of fluidized and fixed beds. Semifluidized
beds find wide applications as exothermic chemical
reactors,” ion-exchangers,® filters,®>* and for the removal
of fine particles suspended in gases or liquids and
bioreactors.®®

The present articleis designed to review the available
literature on semifluidization under the following
headings: (a) momentum transfer, (b) heat and mass
transfer, (c) application to the design of reactors, and
(d) miscellaneous industrial applications.
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Momentum Transfer

This part dealswith the determination of (a) pressure
drop, (b) minimum semifluidization velocity (onset of
semifluidization velocity), (c) maximum semifluidiza-
tion velocity (d) height of the packed bed and lean bed,
and (e) residence-time distribution.

Pressure Drop

In semifluidization the total pressure drop is ideally
the algebraic sum of the pressure drop across the fluidized
and the packed sections. Hence,

arr=(B) b + (85) B 0

Through an overal mass balance Fan and
co-workers"® established that the following relationship
exists between the magnitude of the space occupied by
the packed bed and that by the fluidized bed in a
semifluidized bed

1 —
hps = (hy — h) <t

o
prpcr. @
While thereis essentially only one generalised equation™’
for the prediction of the pressure drop across a fluidized
bed,

(8) ~—ma—e 3)
there are various correlations for the determination of
the pressure drop across a packed bed. These include
the Kozeny-Carman equation,” Leva's equation,® and
Ergun's equation.® The equation for pressure drop
across a semifluidized bed using Ergun's equation is
given by
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Fan and Wen® measured the pressure drop in fixed
and fluidized beds separately and obtained the total
pressure drop using equation (1). This was compared
with that calculated using equation (4). The experi-
mental values were nearer to those calculated using
equation (1) whereas equation (4) gave lower values.
For small and irregular-shaped particles, Kurian and
Raja Rao'® observed that the pressure drop was greater
than that given by equation (4), and the following
equation was proposed to take into account this addi-
tional pressure drop

Ce=
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To overcome wide discrepancies between the
experimental and the calculated values, Roy and Sen
Gupta'! and Roy and Sarma' have suggested a correc-
tion factor, G, in terms of system parameters. The
correction factor is defined as

A(Prexp f
( A P. 'r) cal ’ (6)

The calculated values of (APr) were obtained
using equation (4). The proposed correlations for the
correction factor are presented in Table .

Roy and Sarma’*'* have also suggested another
dimensionless correlation for pressure drop in liquid-
solid and gas-solid systems (Table II).

TABLE I

CORRELATIONS FOR THE CORRECTION FACTOR

Sl. No. Correlation

System

. @ C=73x10 (d,, )‘”’ ( )“' |
(—’—> z.otv (R)l,“ (,h_l:_._)o.“

) C= 195X 101 (d,, )"’ -59 __)0-“ _hﬁ,;)-o.u

Pt

()"

e (2 (2)7 (B

Gas-spherical solids11
(Roy and Sen Gupta, 1973)

*

Gas-non spherical solids!

(R)o-72 (Roy and Sen Gupta, 1973)

Liquid-solid1?

( :”‘) ’ (R)o0.08 (Roy and Sarma, 1974)
¢ |
TABLE 11
CORRELATIONS FOR APr/APost -

ISN;. Correlat:on System

0,
. AR D, 02 0.8 on \1# Gassolidst® ,
N S ) ( £e)"" @y ( ) (Roy and Sarma, 1977)

APr a5 (Do \T0 7 py \048 2 /hpa)®  Liquid-solidsi¢
2. =195 (=2 (—P—:- (R)o-2s (—h'—) (Roy and Sarma, 1978)

A Post dp
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Saha and Dutt™ have put forward a generalized
correlation for the prediction of pressure drop in a
solid-liquid semifluidized bed. The correlation includes
two friction-factor terms, one for the fluidized section
and the other for the packed section of the bed. The
correlation obtained for the prediction of pressure drop
in a semifluidized bed is

. 130 Ps \ 02 —0.15
APT=<Ref+I-25) (m) RO
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where F' is the fraction of solids transferred to the packed
bed section.

Minimum Semifluidization Vel ocity, Gog

The minimum semifluidization velocity, or onset
velocity of semifluidization, is defined as the fluid
velocity at which the top of the fluidized bed just
touches the top restraint of the semifluidizer. A humber
of correlations have been proposed to predict this
velocity which are summarized below.

Poddar and Dutt™ have reported dataon semiflui-
dization in liquid-solid systems. They employed the
correlation of Wen and Yu'’ for the voidage function
and the relationship between f and the voidage fucntion
(Wilhelm and Kwauk,'® Lewis, et. al. Richardson
and Zaki®) to obtain the condition for minimum
semifluidization. Roy and Sarma?' obtained the experi-
mental datafor afew water-solid systems, and devel oped
the following correlation for the prediction of minimum
semifluidization velocity

=0 - — —c * "2';
Gost=0-2042 G [1—(1/R) (1 pa)]“’v( d,,) (8)

Empirical correlations are also available in the form
of equation (9)2'-2% and presented in Table III

£ [Gosr or Gosf De v f_s_'
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A few monographs?:28 are also available for the

rapid estimation of minimum semifluidization velocity
(Figures 1 and 2).

TABLE Il

CORRELATIONS FOR PREDICTION OF MINIMUM SEMIFLUIDIZATION VELOCITY

Sl. No. Correlation System
L ((';’,:T', = 0-015 (R)+(log Ar-+2-456)/52 }%’?;r;?clii%a:; .
. . R J
2 GE.:‘E = 030 .?f)ﬂ'n (f':' " @y Yx‘it‘i’ o gs:rlma, 1972)
3. (a) % = 1625 (%’)"’" (% "’_‘”’ (R)o9s _.%ﬁ%‘?i}’,‘f’é‘:ﬁiﬁy‘{;"ﬁ“ﬁ"‘ .
R N ) R (S Ry Sarmas1872)
L@ St mrenaao (2 () o Epmaeigl e
® g = v (B) (8)™ qon Grheinl et

- G
5. (a) _—G::x

: Gost
© Gt

6. Gogt

mst

. D,\—0.20 0.17
= 0475 (3= ('-’5 R)o.
d,,) )" Ry,

=‘ 0-071'(1‘)c>-°'.20 (g;ﬂ)"'" (R0

) D, (0.2 ~1.05
= 480 (== Ps R)0.64
dp) Pl) ) ( ) :

Liquid-solids

(Roy, 1975)

Gas-solids®
(Roy, 1975)

Gas-solids?e

" (Roy and Sen Gupta, 1975)
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Fig. 1 Prediction of minimum semifluidization velocily for liquid-solid systems
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Fig. 2 Prediction of minimum semifluidization velocity for air-solid systems

Roy and Sharatchandra® obtained the data on
liguid-solid semifluidization characteristics for systems
of a heterogeneous mixture, viz. dolomite-chromite,
dolomite-baryte, dolomite-iron ore, iron ore-chromite
and iron ore-baryte. They have substituted an average
density (psav) for the term particle density by

w
(psav) = X W[ X —

Ps _ {19)
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in the equation for minimum semifluidization proposed
by Roy?®

Gost ~' : P.‘i. 0.20 / po \ 017
gt =08 () (L) e

The values of G, were calculated from
equation (12) replacing the particle density term with
the average particle density as defined in equation(lO),
and compared with the experimental values

(11)

1-85 X 104 2 [pr (pg—pr)]055
Pt

mst =

(12)

For homogeneous mixtures, Roy and Dash®
developed a correlation relating the ratio of maximum
semifluidization velocity to minimum semifluidization
velocity with the system parameters, substituting
average particle size (dp)gy instead of d, in
equations (11) and (12), where (dp)ay Was given by

1 X '
(dp)av Zd_; , = (13)

X being the mass fraction of the components of the
mixtures.

Maximum Semifluidization Velocity, G

This is defined as the fluid velocity at which all
solid particles are supported by the fluid in the packed
portion of the bed. There are three methods™ for the
determination of Gng experimentally (Figures 3 and 4
refer to two of them).

—_—
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0.1

POROSITY OF FLUIDIZED BED (€4)

.

(o]

[~

MASS VELOCITY OF FLUID, G msé

Fig. 3 Determination of Gay from e vs. G plot

A number of correlations are also proposed in the
literature™®?+28303% for the prediction of maximum
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semifluidization velocity from system properties. Nomo-
graphs are also available for its rapid prediction as
shown in Figures 5 and 6 for liquid-solid and gas-solid
systems respectively.”’*° Equations have also been

10
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hpa /hg
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mst
MASS YZLOCITY CF FLUVID,G

Fig. 4 Determination of Guag f7om hypg/by v5. G plot

developed for its prediction from the minimum fluidi-
zation velocity®*. These correlations are presented
in Table IV.

Roy and Dash®** developed a correlation for
maximum semifluidization velocity in homogeneous
mixtures. A similar correlation for heterogeneous
mixtures has also been proposed by Roy and Sharat
Chandra.®
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Fig. 5 Predition of maximum semifluidization velocity for
liquid-solid systems

TABLE IV

CORRELATIONS FOR PREDICTION OF MAXIMUM SEMIFLUIDIZATION VELOCITY

Sl No. Correlation System
L. 18 Roge+27 Rel® = Ga Liquid-solids (Poddar and Dutta, 1969)1-
2. Gygt = 0-3 (Ar)0:58 (go/d) Liquid-solids (Roy and Sarma, 1971)2
3. Gst/Cms = 571 (Dg/d )43 (p5/pg) 087 Liquid-solids (pr and Sarma, 1974)32
4. (2) Regey = 11510 (G,)0-t16 Gas-solids (Roy and Sen Gupta, 1975)

(5) Regey = 115X 1073 (Ar)o-918

3. (6) Gmst

— 185 104 (dp)*#® [py (pa—pr)]***

[P

() Gugt = 1:37x 104 (dl.,)"'“ [os (pa—pe)]0®

7 0-10

6. Gmsl/sz = 130 (Dc/dp)o.s (Psle)Lo‘“

Gas-solids (Roy and Sen Gupta, 1975)4

Liquid-solids (Roy, 1975)%

Gas-solids (Roy, 1975)23

Gas-solids (Roy and Saratchandra, 1976)33

WNote: Equation (5): dy in meires; py and py in kglm®s py in kg/mkr; Gy in kglmhr,
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Height of Packed Bed

For purposes of design it is imperative to know the
variation in the height of the packed bed-formed below
the restraint-with the change in fluid mass velocity,

4 Gt o2 PylPe-P)ko2 g 210'®
4y ™ .x10 w::’o‘-/g' Jgs 'D9%e

ta) THE VALUES OF dp AND fy tfy - #4) ARE NOTED
tb) THE POINT OF dp AND ¥y ( £y - £51 ARE JOINED
CUTTING THE LINE OF Gpyy,
16) THE VALUE OF Gmet (Kg/hr m2)14S NOTED
DIRECTLY FROM THE- GRAPH , FROM THE ABOVE
" POINT OF INTERSECTION.

Fig. 6 Prediction of maximum semiffuidization velocity for air-solid systems
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the limits for the same being values corresponding to
theonset and the maximum semifluidization conditions.

The methods available for the prediction of the
height of the packed section in semifluidization are:
(@) experimental determination with the parameters
such as the position of screen and the fluid mass velocity,
and (b) the method of Fan, et al.' based on a material
balance approach. Fan and Wen® and Wen, et al.*
have also suggested a dimensionless correlation for
the prediction of the packed-bed height. Poddar and
Dutt*” have given a mathematical explanation for the
packed bed formation under semifluidized condition,
and have proposed a correlation for the estimation of
the same for a solid-liquid system, based on the proper-
ties of solid and liquid and the flow conditions.

Since the formation of the packed bed begins at the
onset of semifluidization and ends with the maximum
semifluidization velocity, the introduction of the onset
velocity of semifluidization, Gy, instead of minimum
fluidization velocity was considered to be more relevant
by Roy and Sarma?! in the derivation of Fan and Wen*
and Wen, et a.® .

All the correlations proposed for predicting the
height of the packed-bed are presented in Table V.

TABLE V
CORRELATIONS FOR PREDICTION OF PACKED BED HEIGHT

S1. No. Correlation System
L p. o be(—ew) _ by (I—cp)
P {a—ep) (er—¢pa)
_ (I8 Re 27 Retssjo.atas “Liquid-solids

€1

(Poddar and Duita, 1970)

Ga
: o (1 —¢) Liquid-solids10,3¢ ‘
2. hy = (h.x—h.:) o _6;‘) (Fan and Wen, 1961; Wen, et al., 1963)
g (hey—hy) _ { Gar—Gopt \*% Liquid-solids?1 .
(e Gm) (Roy and Sarma, 1971)
h - " Liquid-non-spherical solidsts
4 (&) 12 = 109 (GufGuusi)** (Deldp)0:2(py]p)0" (R)~0:38 (hy/De) 55 (Roy and Sarma, 1973)

(b) hpa/hs = 221 (G;t/Gst)*® (Dcldp)u'“ (pe! p‘)o.17(R)40.88 (hy/Dg)0:18
5. (a) hpafhg = 1:07 X 107% (Ggy/Gmey)®+22 (Do/dp) 017 py/pg) %18 (hg/De) % (R)~2:%8

(5) Tpafby = 1:25 X 1075 (Gy/Gungs)®13(Difdlg) 078 (pafpr) - (hy/Dg) 218 (R)""“!

Liquid-spherical solidsts .
(Roy and Sarma, 1973)

" Gas-non-spherical solidsts
" (Roy and Sen Gupta, 1974)

Gas-spherical solidst®
(Roy and Sen Gupta, 1974)
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Lean Bed Zone

It has been observed by Wen, et a.® and Rao and
Ramalingam that there exists a zone more or less
devoid of solidsin between the fluidized and packed-bed
sections of a fluid-solid semifluidized bed and that
this was more prominent in the case of gas-solid systems.
Murthy, et al.”* obtained data on the heights of the
|ean-bed zone in semifluidized beds for air-solid systems.
Based on the lines of statistical design and dimensional
analysis, an equation was presented for the prediction
of the height of the lean-bed zone in terms of solid,
fluid and bed properties as given below

Y = 138.74+2.5 X2+5.1 X3+20.6x3-+6.0 X3 +2.5
T X2—16.1 X,4-26.3 X,+19.5 X 4103 XX,
+X,(16.8 X,—17.4 X,—16.9 X,—10.2 X,) (14)

The equation has been found to hold good within--
15 per cent.

Total Bed Height

Sunkoori, et al. ** have ovserved an exponential
relationship between the ratio of free surface fluid-bed
height to fluid-bed height in semifluidization; and the
ratio of total semifluidization height to static-bed
height is given by the following equations

() =Acow o (15)
A =0.007 (l}’:) 25 e

These authors have expressed the variation of the bed
height with mass velocity in a phase diagram for the
water-quartz system as shown in Figure 7.
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Fig, 7 Phase diagram : variation of bed height with
mass velocity (h;=20 cm)
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Residence Time Distribution (RTD)

Thisis an essential aspect of the design and proper
working of semifluidized bed reactors. The only reported
study on this aspect is by Saxena and Pandey.** They
have measured RTD in semifluidized beds for glass
beads and crushed calcite with water as the fluidizing
medium. The effect of different variables has been
studied and interpreted in the light of work done for
fixed and fluidized systems.

It has been found that particle size has no effect
on RTD for a fluidized bed but has an effect on a
fixed bed. In the case of a semifluidized bed, the effect
of particle diameter on residence time depends upon
the extent to which the fixed-bed portion is formed.
There was an increase in residence time with decrease
in column diameter which has been attributed to the
greater wall effect. The relationship between particle
Reynolds number and residence time was given by
the equation

- d.\0.72 '
1378 108 (Nrg)0 ()7 (17)

with the maximum deviation of 2-20 per cent.

By considering the semifluidized bed as a combina-
tion of fluidized and packed beds, they proposed .
another correlation relating tg to ti, (mean residence
time of free fluidized bed, i.e. without top restraint
under similar conditions)

tsr [ (1—e,) ep ] 0.42
— =8,3x10~1 X 18
(Ero) cale X (Y—eto ca1) ~ eto.carl ( )

Pandey and Saxena® studied the axial dispersion
in Iquid semifluidized beds in glass columns of varying
diameters with glass beads of different sizes as the bed
material and. water as the fluidizing medium. The
effect of different variables has been investigated and
the following correlation has been developed for the
determination of the axial dispersion coefficient in
a semifluidized bed

/DY B 1.85 o
(V;,L)s: = 1.3 % 107 (Ngem) g (dp/Dc)=0% (19)

Sate of Semifluidization

Empirical equations based on the dimensional
analysis approach have been proposed to relate the
various parameters when the bed is in a semifluidized
condition. Thus, based on the dimensional analysis
of the continuity and momentum equations for particle
fluidization proposed by Beranek® and Beranek and
Klumper,*® Fan and Wen® have obtained the follow-
ing relationship for a semifluidized bed



(h—h) - G—Guy S
f [(h—h,,,) , Gt_Gmt] 0 (20)

A two-parameter fit by Kurian and Rajarao'
yielded an explicit form of the relationship as

G — Gmf _ s h — hpa ~1.2 .
o =0l [—-—-h — ] , @

On the other hand, Roy and Sarma® introduced the
minimum semifluidization velocity in place of fluidi-
zation velocity in equation (21) and developed the
following expression
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h—hy
h—hpa_

G— G.,,,,“] 0.
— 2
L[G=Cox 22

Other investigators 23284548 empirically correlated
the state of semifluidization in various forms of the
function

tha. De ps hyg _" . ' !
f[Gths’dp er,D‘] o . (23)

All these correlations are given in Table VI

TABLE VI

.EQUATIONS WHICH DESQRIBE STATE OF SEMIFLUIDIZTAION
‘Sl1. No. : Equation Systems
Gy 462 e Caz-solidst?
1. Et!' =D'c—o,s7z (Ga)-o-18 (Sf)~0-106 (be?raosand Doraxswamy, 1967)
a 0 1.0 0.3 "Liquid-spherical solidst®
2, () 0684( )’” )-" ” ( )_" "( ) (R) (Roy and Sarma, 1973)

. @ St G,, _ 0945( >-o .18

8 () G(if: = 37.07

Gsl Dc 0.23
o = 3516 (—=—
(b) Gmﬂ dp (
. '+ Gt -0,18 —0.38 By \&F 2 . 0.81
=48 R
4 @ Gust (pr ) ) )
1 -0.12 .32
(b) G" = 0-925 o ( * ( )"
5 G,,. - ~0.1% -0.13 0.43 ( )o.aa
* mst P: a .

)-n m( >—u W11 ( pa )o .88 (R) 0;51
id)pi)o.za <_l};;:;>-o.so (%)—o.u. (_1},1%)0.33 ®) 0.5 |
_o.as(%)—o.es (‘%’})Ml (R‘) 0.51 |

Liquid-non-spherical solids#®
(Roy and Sarma, 1973)

Gas-spherical solids2e
(Roy and Sen Gupta,1975)

" Gas-non-spherical solids2®
(Roy and Sen Gupta, 1975)

Gas-solids?
(Roy, 1975)

Liquid-solids?s
" (Roy, 1975)

Liquid-solidst®
(Irregular particles)
(Roy and Biswal, 1977)
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The hydrodynamic behaviour of semifluidization
has been investigated by S.H. Chem, et al.* Various
parameters under extensive analysis include pressure
drop, gas hold-up, onset liquid velocity for semifluidi-
zation and the height of the packed bed and the fluidi-
zed bed sections. The pressure drop of the semifluidized
bed obtained experimentally was found to compare
favourably with that predicted by the model equations.

Heat and Mass Transfer Operations

A brief review dealing with heat and mass transfer
studies was made by Murthy, et a.® A summary of
the investigations conducted so far on heat and mass
transfer in semifluidized beds is given below.

Heat Transfer

There are three important aspects that may be
investigated in connection with semifluidized bed heat
transfer: (i) fluid-to-particle heat transfer; (ii) wall-
to-fluid heat transfer; and (iii) particle-to-fluid heat
transfer. The published literature refers to wall-to-fluid
heat transfer.

Purnachandra Rao and Kaparthi®® reported the
studies on the wall-heat transfer coefficients of semi-
fluidized beds in a 25 mm copper column, employing
different sizes of glass beads, quartz and aluminium
particles fluidized with air. The overall heat transfer

coefficient of the bed was predicted using Leva and
Grummers™ equation for packed bed, the equation
of Urie** for the fluidized bed and the Sieder Tate®®
equation for the empty-section heat transfer coefficient
from a knowledge of the heights of the various sections
of a semifluidized bed. The equation was given as

r o Hpa..hpa. + Hf hf + He he _ ll_I'_I }

H“?“ “hps Thr+bhe R (@4

Based on experimental observations, the authors
concluded that the wall-to-bed heat transfer coefficients
decreased with porosity and particle density and
increase with particle diameter.

Verma, et al.> studied the heat transfer character-
istic of semifluidized beds using liquid-solid systems and
reported similar observations as those by Rao and
K aparthi*® for gas-solid systems.

Murthy, et al.® obtained data for heat transfer
coefficients for air-solid systems. With the help of
dimensional analysis and based on statistical experi-
mental design, an equation was formulated to predict
the Nusselt number in terms of different system variables.

Empirical equations reported in the literature for
the prediction of heat transfer coefficient in semifluidized
beds are given in Table VII

TABLE VII o
EQUATIONS FOR PREDIC’ﬁON OF HEAT TRANSFER COEFFICIENTS
SL. No. Equation - VSysten.:.. )
1—¢ 0t Gas-solids®

1L Nup = 0014 (Rep) (

2. (a) Nup = 00285 (Rey)™t1(Br)o (R)-n( )""

(6 Nup— 0-0032 (Rep)1-81 (Pr)o-s (R)—l 1 (dp )—o .58

3. Z =0 975 0 067 Y, —0- 052 Y,+0 -093 Y,-—O -043 Y, +4-0-07 Y1 Y.

(Purnachandra Rao and
" Ramalingam, 1969)

Wafc‘t’-glhss beadsss
(Verma, et al. 1972)

Water-aluminium particlest4
(Verma, et al. 1972)

Air-solids®® -
. (Murthy, etal 1983)
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Mass Transfer

Fan, et al." initiated the studies in the fidd of mass
transfer with a benzoic acid-water system, and corre-
lated the mass transfer data in terms of the jq4 factor
and the modified Reynolds number. Fan, et al* aso
suggested the correlations in terms of the Sherwood and
Reynolds numbers for a packed bed and fluidized bed
and for a combination of the fluidized and packed beds.

Rai, et a.® under took the work to study the
effect of variables, viz. the properties of the solid particles
(density, shape and size) and the fluid (density
and viscosity) and operating conditions (fluid velocity
and diffusivity). Benzoic acid, cinnamic acid and
2-naphthol were used as the solid particles with water
as the fluidizing medium. Govindargjan and Sen
Gupta®’ obtained mass transfer data for the benzoic acid-
water system for various particle sizes and initial static
bed heights. The correlations proposed by the various
investigators relating to mass transfer studies are
presented in Table VIII.

Design of Semifluidized Beds
The application of a semifluidized bed reactor was
illustrated by Baburao®® in a study involving the
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Oxidation of benzene. The optimal conversion condition
was obtained by modelling the semifluidized bed reactor
as a CSTR and a tubular reactor in series. After the
relative sizes of the fluidized and the packed sections
were determined, the equation for the state of semi-
fluidization described earlier 48 was used to determine
the operating parameters. Experimental conversion
values of the semifluidized bed, the mixed and the
tubular reactors were compared and an improved
performance was obtained in the case of the semifluidized
one.

Murthy, et al.*® suggested a detailed procedure for
the design of a semifluidized bed reactor. They proposed
a modified form of the reactor suggested by Baburao,
et al.? Equations proposed for the study of momentum
transfer operations and the optimal criteria suggested
by Baburao®® were made use of in the suggested design
procedure. Upadhrashta, et al. have presented the
salient design features of a semifluidized bed reactor
for the vapour-phase oxidation of napthalene to phthalic
anhydride (an exothermic reaction). They have ovserved
that the lowest catalyst-to-reactant-flow rate ratio is
achieved for such a reactor.

TABLE VHI _ |
‘CORRELATIONS FOR MASS TRANSFER IN SEMIFLUIDIZED BEDS

$1. No. Correlation

System

1. Jo = 1:865 (Rey)"18; Rey=Rey/(1—e); 5<Ren<30

2. N.u. = 2:040-312 (Rep)0-808 (N,,)0-323

3. (a) Ny = 00637 ('3'_',;‘1‘> d].%)"'“ (Nm)}..m (N,)o5

-0.588

0 =02z (52) ()

4. (a) Jp = 2745 (Npep)0etes
(6) Jp = 235 (Nyep)0-484

() Jp == 1865 (Nyep) 0:48¢

5. lka=2512x10- (__d*’”c" " (R)-es
4

(Nner) 0:729 (N,q)0-8

Water-benzoic acid?
(Fan, et al., 1959)

Water-solids®
(Fan, et al., 1960)

Water-solidsss
(Rai, et al., 1970)
’ Water-benzoic acidss
(Rai, ¢t al., 1970)

Water-benzoic acid®s
(Rai, et al., 1970)

o Water-cinnamic acid®s
. (Rai, ¢t al., 1970)

Water-2-naphthol?®
© (Rai, et al., 1970)

Water-benzoic acid?
(Govindarajan, 1976)

Note: ky in cm[sec
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The design of a semifluidizer for a liquid-solid
system was given by Roy®® and for a gas-solid system
by Roy and Sen Gupta.®® The method of calculating
the various quantities including (a) the range of semi-
fluidization operation, (b) the height of the packed and
fluidized sections, (c) semifluidization velocity, and
(d) the power requirement, were described for given
operating conditions in the case of a dolomite-water
system.

Miscellaneous Industrial Applications

The application of semifluidized beds has been
broadly stressed by Fan and Hsu® and Baburao, et al.?
Semifluidized beds find wide application as reactors
(for exothermic and bioreactions) in ion exchange and
in filtration operations for the removal of suspended
particles from gases or liquids. A brief description of
the utility of semifluidized beds in each of the above
operations is given below.

lon Exchange

Mobay Chemical Company, Asahi Chemical Com-
pany of Japan, Bayer A G (Germany) and its U.S.
counterpart, Lewatit Company, are advocating the use
of semifluidized beds with ion-exchange resins.® This
action arises from the discovery that a fluidized bed

followed by a fixed bed increases the efficiency of resin .

utilization by improving liquid-resin contact. The fixed
bed acts as a polishing section, handles the ion leakage
from the fluidized bed and prevents elutriation of resin
particles.®®-®* |n addition to a higher resin utilization
efficiency, asemifluidized bed also minimizes the volume
of regenerant and wash water needed, reduces pressure
drop and operates more consistently then the conven-
tional fixed bed process.

Filtration

For filtration purposes the fixed bed section func-
tions as a deep bed filter, and turbulence generated in
the fluidized section scours the deposited solids, delay-
ing the build-up of pressure drop. When the fixed
portion of a filtration bed is used in conjunction with
a fluidized portion of the bed, as is possible in a semi-
fluidized bed, unique advantages are obtained. During
the filtration cycle most of the filtered particles are
retained in the fluidized bed portion. As the cake of
the filtered particles collects at the bottom of the fixed-
bed portion, the filtered particles then circulate with
the fluidized media in the bed. This action eliminates
the blinding of the filter bed and thus prolongs the
filtration cycle. Moreover, the pressure drop across the
fixed bed can be maintained uniformly.

This method of filtration has application in the
removal of insoluble ash and mineral matter from coal
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oil obtained from the hydrogenation and dissolution
of coal; and in the removal of fine particles in a hot
flue gas from power plants or from the product gases
of coal-conversion reactors.

Hsu and Fan® carried out an experimental study of
filtration of a slurry composed of 50-mesh coal particles
dispersed in water. The filtering medium consisted of
—20 to +50-mesh silica sand. Filter performance was
determined with 25, 50, 75 and 100 per cent of the
filtering medium initially in the packed section of the
semifluidized bed. Filtration with 100 per cent of the bed
particles corresponds to the conventional up-flow deep
bed filtration. Samples of the filtrate were collected
intermittently from a sample point located between the
upper porous plate and the outlet. These samples were
then filtered to determine the solid content.

The results of the study showed that the perfor-
mance of the semifluidized bed filter was far superior
to that of the deep bed filter. 1t was also established that
filtration runs lasting as long as 6 times that of the
deep bed filter could be attained without apparent
deterioration in the quality of the filtrate.

Bio-Rectors

The unique advantage of a semifluidized bed as a
bioreactor has been mentioned in detail by Fan and
Hsu.>® Studies have shown that when micro-organisms
are attached to inert supports their effectiveness is
immensely improved in the degradation of hazardous
organic contaminants and nitrogen compounds, in the
reduction of total organic carbon (TOC), BOD and
total suspended solids (TSS), and in the conversion of
volatile solids to methane gas. A packed-bed operation
using immobilized micro-organisms in anaerobic waste-
water treatment achieved removal of more than 70
TSS, 50 BOD and 60 TOC with a residence time of
less than 5 hours.”

In fluidized bed operations the use of immobilized
micro-organisms can achieve near complete removal of
organic toxicants, nitrogen and BOD with a residence
time of a few minutes compared to 1 to 3 hours for
conventional processes.

The use of a semifluidized bed would eliminate the
disadvantages of a fluidized bed, for example elutriation
of the particles coated with micro-organisms, and un-
stable bed expansion. The semifluidized bed would
also reduce or eliminate plugging of the bed by solids
(waste or microbial cells) experienced in fixed-bed
operations.

Initially, the semifluidized bed may be seeded by
introducing micro-organisms and nutrients to the bed
under flow rates slightly higher than the minimum
fluidization velocity. Themicro-organismswill first grow
in suspended phase and then attach themselves to the



available surface area, i.e., the column wall and the
fluidizing particles. The particles may consist of sand,
coal or packings with large surface area. Once the
particles are covered with microbes the semifluidized
bed reactor is in operation.

The fluidized bed portion of the bed will carry the
main load of digestion with the packed bed acting as a
polishing section. The fluid reaching the latter section
will be lean in nutrients (or waste constituents) and
thus will not contribute excessively to an increase in
cell masses that can clog the bed. To control the micro-
bial population the entire bed should periodically be
fluidized. A saving of about 95 per cent in space can be
realized by installing a semifluidized bed bioreactor
instead of a conventional suspended-growth waste-
treatment unit.

Chemical Reactors

Cholette, Blanche and Cloutier®®®” have shown
that a combination of mixed and tubular reactors is
often theoretically more efficient than either of these
reactors operated independently. For endothermic re-
actions, a tubular reactor is always superior, while for
exothermic reactions a CSTR is superior to. a tubular
reactor up to a certain conversion after which a tubular
reactor is more efficient.

In carrying out an exothermal reaction under
adiabatic conditions in a tubular reactor two opposite
influences may be noted: (i) an increase in reaction
rate due to an adiabatic rise in temperature, and (ii) a
decrease in reaction rate due to a decrease in reactants'
concentration. In the earlier action of the reactor the
influence of the temperature is normally more marked
leading to an increase in reaction rate. After a certain
stage the effect of concentration exerts a greater in-
fluence leading to a decrease in reaction rate. That
portion of the reaction which occurs in the increasing-
rate zone can be advantageously carried out in a fully
mixed reactor. The subsequent part, occuring in the
decreasing rate zone, should be carried out in a tubular
reactor.

It is clear from the above argument that for an
exothermal adiabatic reaction the first reactor should be
a CSTR which will give an outlet conversion corres-
ponding to the maximum reaction rate. The products
can then be led into a tubular reactor for achieving the
final degree of conversion required.

The theoretical advantage of the mixed reactor-
tubular reactor (MT) combination has been practically
realized in a simple reactor system utilizing the
principle of semifluidization.” For this purpose, a
bundle of rigid plastic tubes were fixed to a perforated
plate. This bundle was inserted into a fluidized bed
reactor. It was possible to form fixed beds in the tubes
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while at the same time retaining a portion of the solids
in afluidized state at the bottom of the reactor. The
proportion of solids in the tubular fixed and fluidized
beds was varied both by varying the velocity of the
fluid and the portion of the tubular bundle. Thus, this
type of reactor can be operated as an MT combination,
the lower fluidized bed providing the mixed reactor
and the top packed portion as the tubular reactor. The
fraction of the bed that should act as a CSTR can be
calculated from the equation developed by Aris.®®
With this conversion as the starting point the length of
the tubular reactor for attaining a given conversion
can be calculated With the help of available methods.

The reactor of the above type has specific advantages
for fast exothermic reactions such as the vapour-phase
oxidation and chlorination of hydrocarbons.

Scope for Future Work

The review of the literature reveals that the
information on semifluidization is highly incomplete
especially with respect to heat and mass transfer studies.
In addition, information relating to the design of
semifluidized systems is too meagre.

Available work in the field of heat transfer is too
limited to assess the effect of the system variables, viz.
fluid and solid properties and the operating conditions.
Hence, systematic and thorough investigations are
warranted in this field to study the effect of the above
variables on heat transfer rate.

Further, for the prediction of heat transfer rates in
a semifluidized bed the formulation of equations based
on a theoretical standpoint will be more dependable
and of wider applicability then the empirical relations
developed so far.

Mass transfer in a semifluidized bed is considered to
be a gray area, most of which still remains unexplored.
Available information is highly empirical in nature and
of limited use. Hence it is desirable to make a detailed
study of the effect of all the variables on mass transfer
rate in a semifluidized bed, and to propose correlations
based on a theoretical background which will be of a
general nature and valid beyond experimental
conditions.

Prediction of pressure drop is still not very accurate
due to non-availability of a suitable method for the
correct determination of porosity in the packed section
of the semifluidized bed. Hence;, independant determina-
tion of this important parameter is required,.

The literature on the determination of the heights-
of packed, fluidized and lean beds in semifluidization'
is very limited. Much additional work is warranted
for the accurate determination of these heights.

The design of semifluidized beds for various
applications is a field virtually untouched. Hence,.
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there is wide scope to deal with the design aspects of
a number of important systems of both a chemical and
physical nature where the semifluidized bed can find a
potential use in view of its proven advantages over the
conventional fixed and fluidized beds.

Dynamic and microscopic studies, e.g. analysis of
pressure fluctuations and particle motion, need to be
intensified.

Conclusion

In recent years, the application of semifluidization.,
to different, physical and chemical processes is gaining
momentum. Recent developments of semifluidized; bed
ion-exchangers, adsorbers, filters and reactors on a

NOMENCLATURE

a specific surface area of the particles

c . pressure drop correction factor

Cot specific heat of fluid

Cps specific heat of solid’

D diffusivity

D, diameter of column

dp - diameter of particle

f friction factor -

ge - gravitational constant

G mass velocity of fluid
" Gt minimum fluidization mass velocity
Gost onset mass velocity of semifluidization
Gat - 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

hye free fluidized bed height
hip height of lean bed zone
hpa height of packed bed

hg static bed height :
" hgt - height of semifluidized bed
He heat transfer coefficient of solids free section
H; heat transfer coefficient of fluidized section
" Hpa heat transfer coefficient of packed bed section
" Hagt “heat transfer coefficient of semifluidized bed'
section
K thermal conductivity of the: ﬂuld
" kg, mass transfer coefficient '
APt total pressure drop-across a- semxﬂuldlzed bed'
R bed expansion ratio.=hg/hpa. '
tro mean residence time for free fluidized bed
tat mean residence time for semxﬂunhzed bed
Vo . linear velocity of fluid
Wp weight of solid in packed section-in semiflui-:
dization
"W weight of solid in initial static bed

W weight of the solid mixture
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laboratory scale are significant in this respect. There
has been a conceptual development of a semifluidized
bed reactor in the form of the MT-reactor on a labora-
tory scale, which is advocated as being more efficient
than either the fixed or the fluidized bed (for fast exo-
thermic reactions). However, attempts to scale up and
analyze its performance are few. Hence, there is need
for investigations on bed semifluidized systems on a
broader spectrum to judge their suitability to different
process applications along the lines that have become
common for other fluid-solid systems such as packed and
fluidized beds.
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X mass fraction of the material
X De/dp -

Xy ps/pt

Xg Gé!{Gmst

Xy R

X5 hg/dp

X, (x,—77.16)/(25.72)

X, (x,—77.16)(25.72)

X, (xg—0.6)/(0.15)
X,  (x—3.5)/(0.5)
X, (x5—144.05)/(20.55)

Y hinz/dp

Y1 . Git/Gmit

Ya ps/ps-

¥s  CpefCyt |

Y R -

Y, (y1—0.575)/(0.175)

Y, (y.—2.725 % 10%)/(0.275 % 103)

Y, (ys—0.87)/(0.207)

'Y, (ys—3.25)/(0.75)

Z hdp/kf

Greek letters o

Ps density of solid material

pt ~ density of fluid

B constant

€ porosity. of initial static bed ,

€pa. porosity of the packed bed section of

semifluidized bed '

€f porosity of the fluidized bed. section. of
. semifluidized bed

1%, viscosity of fluid

ds shape factor

Subscripts

a additional.

av average - :

o f fluidized bed
fo free fluidized bed
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msf maximum semifluidization condition.
osf onset of semifluidization
pa packed bed condition

. sf semifluidization condition

Diménsionl_ess groups/numbers

dpgcps(ps-—m)

Ar Archimedis number = 2
t
. pt(ps—p1)g -
Ga . Galileo number = —Le—(%%—ﬁ-)—g-
. P¥
io mass transfer factor
iu heat transfer factor .
. . Hd,
Nuy particle Nusselt number, = T
‘ kg
Nsn Sherwood number, k h/D
Nre | 4G
or Rep particle Reynolds number, —;—-
, t
Nge Schimdt number, p/p¢D
Remr Dp G/]Lf(l—sf)
Sf Semlﬁuldlzatxon number, -(ws—-wo)/ (h—hs) Ps
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