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It has been shown (1, 2) that solvent 
extraction and rectification are analogous 
operations. The operation analogous to 
raffinate reflux discussed in the previous 
note is total reboiling (3). In this opera- 
tion a liquid stream from the bottom of 
a rectifying tower is split into two 
streams; one is vaporized and sent back 
to the tower, and the other is a bottoms 
product. Total reboiling also is subject to 
the same objections; it does not aid the 
degree of separation and requires one 
extra plate in a tower. It is not widely 
claimed as being useful and is not dis- 
cussed in any authoritative works on 
distillation. 

Semifluidiz atio n: Mass 
Semifluidized Beds 

In constructing a McCabe-Thiele 
diagram for a desired separation it may 
be noted that the intersection of the 
lower operating line with the diagonal 
has physical significance only for the 
total reboiling operation. This signifi- 
cance has been obtained a t  the expense of 
an extra theoretical plate. The McCabe- 
Thiele diagram is identical for the case 
of partial reboiling, which is advantage- 
ous with regard to equipment. However 
in this case this same intersection of the 
operating line with the diagonal has no 
physical meaning. The use of total re- 
boiling to give a meaning to this inter- 
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section should not lead one to believe 
that it has practical usefulness. 
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ventional fluidized bed, is a function of 
the geometrical characteristics of the 
solid particles, the physical properties 
of the solid Darticles and fluid, and the 



Fig. 4. Heights of packed-bed section whose calculation is based on 
Equation (1) and compared with that experimentally observed. 

Fig. 2. Semifluidization of benzoic acid- 
water system. 

EXPERIMENTAL 

The benzoic acid-water system was 
employed in the present investigation. 
The mass transfer in the fised and fluid- 
ized beds of the system has been investi- 
gated by various researchers (2, 8). 

The experimental apparatus, proced- 
ure for preparing solid particles, and 
the operating procedure employed by 
Evan and Gerald (2 )  were closely fol- 
lowed with the exception of the following 
modifications : 

1. A movable top sieve plate was 
installed within the colump containing 
the solid particlrs so that the expansion, 
and consequently the over-all porosity, 
of the bed could be controlled. 
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2.  To minimize the change in geom- 
etry of the particles during the esperi- 
mental runs none of the individual runs 
esceeded 80 sec. This resulted in a de- 
crease of less than 3% of the initial 
weight of the solid particles for a single 
run. 

A few preliminary test runs indicated 
that reproducibility of the Evan and 
Gerald data are excellent. 

RESULTS OF EXPERIMENTS A N D  
DISCUSSION OF RESULTS 

As the picture in Figure 2 indicates 
it was found that a definite fraction of 
the solid particles formed a fised bed 
immediately below the top sieve plate. 
The remainder of the particles remained 
in fluidized condition below the packed 
section. The name of “semifluidization” 
was taken from this phenomenon. 

The segregation of the particles de- 
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Fig. 3. Weight fraction of packed particles. 

pended on factors such as the particle 
and fluid characteristics, flow conditions, 
and the expansion of the bed allowed. 
This is illustrated in Figure 3. The bed- 
expansion ratio is the height between 
the top sieve plate and the bottom of 
the expanded bed divided by the height 
of the bed before espansion. 

Based on a simplc material balance 
the height of the packed-bed section in 
the semifluidized bed can be derived. If 
the behavior of the particles in a column 
is assumed to be independent and uni- 
form as is the case in a particulate type of 
fluidization, when one refers to Figure 2 

or 

The relationship concerning these yuanti- 
ties and operating conditions have been 
reported in literature (5). Figure 4 indi- 
cates the height of packed section calcu- 
lated based on Equation (1) and that 
obtained from the experiments. 

The weight fraction of solid in packed 
section can be calculated from 

1 - Cf . .___ 

Cf - en, 
The agreement indicated in Figure 4 

is good considering that the large-and 
irregular-size particles of benzoic acid 
were employed and that the data include 
E,  > 0.8 where the measurements of 
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Fig. 5. Generalized correlation of mass transfer data ( I ) .  

bed height could not be made accurately. 
As indicated in the figure the devi- 

ation for the larger particles is greater 
than for the smaller ones. 

The mass transfer data were correlated 
in terms of the Jd factor and the modified 
Reynolds number ( I )  (Figure 5 ) .  The 
mass transfer coefficients were calculated 
on the basis of the over-all logarithmic 
mean driving force, as was 'done by other 
investigators (1, 2) for both packed- 
and fluidized-bed mass transfer. The 
solid line in Figure 5 is a line of a general- 
ized correlation used by Chu and his 
co-workers (1) to correlate the mass 
transfer data in both the fixed beds and 
the fluidized beds. The magnitude of 
the deviations from the line of the data 
by the present authors is of the same 
order as that of the data used by Chu, 
et al. 

The axial concentration gradient within 
the semifluidized bed is being investi- 
gated. 

To illustrate the effect of controlled 
expansion th'e mass transfer coefficients 
under approximately constant operating 
conditions are plotted against expansion 
ratios in Figure 6. 

For a given fluid-flow rate a desired 
mass transfer coefficient can be selected 
by adjusting the position of the top 
sieve plate. The values of kL for semi- 
fluidized bed lie between the limits cor- 
responding to the fixed bed at one end 
and the fluidized bed (9) at the other. 
For a given expansion ratio the mass 
transfer coefficient was found to increase 
as the fluid flow rate is increased. 

CONCLUSIONS 

The following significant conclusions 
could be drawn from the results of the 
present investigation: 

1. The segregation of the solid par- 
ticles into two distinct sections, the 
fixed bed (upper section) and the fluid- 
ized bed (lower section), is caused within 
a fluidized bed by denying it full ex- 
pansion. In  other words it is possible to 
carry out the fixed bed and fluidization 

operations simultaneously within a single 
vessel. 

2. The depth of the packed section, 
and consequently the fluidized section, 
are a function of the flow conditions, 
particle and fluid characteristics, and 
the expansion of the bed allowed. 

The ratio of the depth of the fixed 
bed to the depth of the fluidized bed can 
be fixed arbitrarily for certain particles 
and fluids by controlling the expansion 
of the bed with the upper sieve plate. 

3. The rate of mass transfer is also 
affected not only by the characteristics 
of the particles, fluids, and flow rate 
but also by the amount of expansion of 
the bed allowed. The magnitudes of mass 
transfer coefficients can be controlled 
approximately linearly and within the 
limits of a completely fixed bed and a 
fully fluidized bed by means of bed ex- 
pansion alone. 

The expansion of the bed can be intro- 
duced as an independent factor, in 
addition to such factors as temperature, 
pressure, and flow rate, in controlling 
the rate of mass transfer for any solid 
particles-fluid system. 

The preliminary phase of the present 
investigation was concerned with the 
heights of fixed and fluidized sections 
and the aspect of mass transfer. How- 
ever the result has very significant impli- 
cations to the other aspects of this new 
operation, such as momentum transfer, 
heat transfer, and chemical reaction rate 
in the semifluidized beds. A compre- 
hensive study of these phases of operation 
in semifluidized bed shall be reported 
in a paper to follow this communication. 

The great possibility of the practical 
application of this new operation of 
semifluidization is beyond the need of 
much description since both fixed beds 
and fluidized beds are extensively em- 
ployed in industry as catalytic reactors, 
ion exchange columns, heat exchangers, 
driers, solvent extractors, and other 
process equipments. 

It is difficult to predict the occurrence 
of semifluidization for a large diameter 
column (of the order of 2 - 3 ft.) based 
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Fig. 6. Expansion ratio vs. mass transfer 
coefficient. 

on the evidence from the small lab+ 
ratory-scale column. However it is be- 
lieved that such phenomena are quite 
possible in a particulate fluidization 
but may not be possible in an aggrega- 
tive fluidization. 

NOTATION 

D = diameter of particle, ft. 
G = mass velocity of fluid, lb./(hr.) 

Jd = mass transfer factor, dimensionless 
h = depth or height of particle bed, ft. 
kL = mass transfer coefficient in liquid 

phase, Ib. mole/(hr.)(sq. ft.) 
R = bed expansion ratio, the height 

between the top sieve plate and the 
bottom of the expanded bed 
divided by the height of the bed 
before expansion, dimensionless. 

X = weight fraction of particles in fixed 
bed, dimensionless 

E = void fraction or porosity in the bed 
of particles, dimensionless 

p = viscosity, lb./(hr.)(ft.) 

(sq. ft.) 

Subscripts 

f = fluidization 
L = liquid 
X = solid particle 
pa = packed bed 
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