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A new type of solid-fluid contacting 
device consisting of the features of 
both fixed and fluidized beds has been 
proposed (2,  3 ) .  The expansion of a 
fluidized bed is partially restricted by 
placing a porous plate or screen on top 
of the bed. Thus a packed section is 
formed beneath the top porous plate 
while the particles underneath remain 
fluidized. Such an operation is called 
semifluidization (2 ,  3 )  . 

A semifluidized bed has the advan- 
tages of both a fluidized and fixed bed. 
By adjusting the position of the top 
sieve plate a semifluidized bed can be 
made to suit any particular chemical 
reaction. 

The mechanics of semifluidization of 
single size particles has been reported, 
and the data for solid-liquid systems 
were correlated ( 2 ) .  It is the purpose 
of the present investigation to extend 
the study to solid-gas systems and to 
present a unified correlation for both 
solid-liquid and solid-gas systems. 

By means of a material balance be- 
tween the fully fluidized and partially 
expanded states of the suspension, Fan, 
Yang, and Wen (3)  derived the fol- 
lowing equation, assuming that the 
particles in a column behave inde- 
pendently and uniformly and that the 
voidage of the packed section is con- 
stant: 

(1) 
hP = (h ,  - h )  (1 - El)/(€, - 

Fan and Wen (2) showed that Equa- 
tion (1) is valid for any particle shape 
provided that the particles can be rep- 
resented by the same characteristic di- 
mensions. Their experimental data 
substantiated the validity of Equation 
(1) for large-and-irregular-size parti- 
cles of benzoic acid in liquid systems. 

The total pressure drop across a 
semifluidized bed can be considered 
to be equal to the algebraic sum of the 
pressure drops across the packed sec- 
tion and the fluidized section. 

Accordingly 

APt = AP, + AP,, = 

( A P I L )  ( h  - hpa) + (AP/L),. hpa 
(2) 

1 - E f  1 - - (3) 

In order to evaluate the total pressure 
drop in a semifluidized bed by Equa- 
tion (3) ,  accurate knowledge of fluid- 
ized bed porosity as well as fixed bed 
porosity at the given condition is neces- 

€ f  - €*a 1 g, 

sary. When one emuloys the Ergun equa- 
tion ( I  ) for t h g  piessure dGp in Athe 
packed section, the following equation 

- 
EXPER’MENTAL - -  

is obtained for the total pressure drop me experiments were carried out with 
across a semifluidized bed: the equipment shown schematically in 

TABLE 1. PROPERTIES OF SOLID PARTICLES USED IN THE EXPERIMENTS 
Porosity of 

Dp, in. Absolute least dense 
Spheric- density, p. static bed (geometrical 

Particles mean) Shape ityc Ib./cu.ft. e. 

80- to 100-mesh 
glass beads 0.0061 Sphere 1.00 156.0 0.4386 

High-density Sphere segment (dim- 0.770 57.87 0.4893 
polyethylene 0.0863 eter 0.1042 in. thick- 

ness 0.04218 in.) 
, ,  

High-density Cylinder (diameter 0.867 57.87 0.4448 
The work done by Liang-tseng Fan at Kansas polyethylene 0.1145 0.1077 in., length 

0.1222 in.) State University was su orted by National Sci- 
ence Foundation Grant %. G-14300. 
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TABLE 2. CALCULATED AND OBSERVED ONSET VELOCITIES OF FLUIDIZATION 

Calculated Observed Diameter of 
PI, Grnfr Gmr, particle used 

15.1 22.7 18.0 
80- to 100-mesh 19.0 28.3 25.0 
glass beads 24.2 35.3 30.0 Dp = 0.0061 in. 

27.0 38.9 35.0 

Particles lb./sq. in. abs. Ib./hr.-sq. ft. Ib./hr.-sq. ft. in Equation (4 )  

14.6 550 
17.1 620 
18.3 634 

Polyethylene 
sphere segments 

Polyethylene 
cylinders 

654 
602 

14.5 

729 
704 

16.6 

Fi ure 1. A two-way stopcock was pro- 

manometer so that both the pressure drop 
across the semifluidized bed and the 
pressure at the bottom of the bed could be 
obtained. Air was used as a fluidizing 
medium. The characteristics of the solid 
particles used are listed in Table 1. Canvas 
cloth was used as compressing and sup- 
porting screens for glass beads, while 
brass-wire screens were used for oly- 
ethylene particles. m e  pressure dlrops 
across the brass-wire screens were negligi- 
ble compared with the pressure drop across 
the bed. 

After a weighed quantity of solid par- 
ticles was charged into the glass column, 
the bed was fluidized with air and allowed 
to resettle by slowly reducing the air rate 
to zero. In this way the reproducible 
readings of the initial static bed height 
were obtained. The air velocity was then 
gradually increased up to a point at which 
the desired compression of the fluidized 
bed was produced. It is important to in- 
crease the air veloci 

formed will become compressed, and the 
assumption that the porosity of the packed 
section is constant and e ual to that of 
the least dense static be% will become 
questionable. Upon reaching the steady 
state operation the overall pressure drop, 
the pressure at the bottom of the bed, the 
height of the packed section, and the op- 
erating conditions were recorded. 

vi f ed on the low-pressure side of the 

otherwise the packe ? section very !TaduaUy; already 

mprcrring screen 

Filed bed r e d m  
r Thermometer 

UI(l 
m 

m r h r  

Flow moulaio~ A 
Air d r i n  

Alr in 

Air compressor 

Fig. 1. Schematic diagram of experimental 
equipment. 

500 Diameter of sphere 
600 segment (0.1042 
600 in. ) 

D. = 0.1282 in. 
0, = 0.1145 in. 
D, = 0.1282 in. 

Dp = 0.1145 in. 

600 

730 

The fully fluidized bed experiments 
were conducted under the same operating 
conditions. Since air is compressible and 
the pressure in the semifluidized bed in- 
creases as the air velocity i s  increased, 
experiments with the fully fluidized bed 
were carried out under different bed 
pressures. A regulator valve was mounted 
on the top of the column so that the 
pressure at the bottom of the fully fluidized 
bed could be kept constant by adjusting 
the amount of outlet air through the 
valve. 

In both semifluidization and fluidization 
experiments the outside wall of the glass 
column was heavily coiled with brass 
wire, one end of which was grounded in 
order to reduce as much as possible the 
static electricity induced. 

DISCUSSION AND CORRELATION 

Examples of the porosities of fully 
fluidized beds at various air velocities 
are shown in Figures 2 and 3. Such 
plots are used for interpolation and ex- 
trapolation, required in the analysis of 
semifluidization data. For the same air 
mass velocity the higher the bed pres- 
sure (PI = pressure at the bottom of 
the bed) the smaller the porosity of 
the fluidized beds. However, if the 
correlation is based on linear velocity 
of the gas as shown in Figure 2, the 
pressure effect on porosity disappears. 
Figure 3 shows the effect of bed weight 
(or initial static bed height) on the 
bed porosity for polyethylene cylinders. 

It is evident that G,, (correspond- 
ing to the porosity of least dense static 

u, ft/sac 

Fig. 2. Porosity of fully fluidized bed of 80- 
to 100-mesh glass beads with respect to super- 

ficiol linear velocity of fluid. 

bed E.) is essentially independent of 
the bed weight, which agrees with an 
equation for the onset of fluidization 
(6, 7). The effect of the bed weight on 
the porosity becomes progressively 
smaller after the onset of slugging. 

The calculated velocities for the on- 
set fluidization with Equation (4) and 
the observed values by extrapolating 
the porosity vs. air rate curves to c, = 
c, are listed in Table 2: 

Equation (4) must be corrected if the 
resulting Dp GmJp is larger than 10 
(6, 7). The units of D, and p in Equa- 
tion (4) are inches and centipoise re- 
spectively. 

Height of Packed Section 
Figure 4 shows the observed heights 

of the packed section as they are plot- 
ted against those calculated in accord- 
ance with Equation (1). cpa in Equa- 
tion (1) was assumed to be equal to 
c,. Quantities h, and ct were obtained 
from the fluidization data at the cor- 
responding air velocity and pressure by 
interpolation or extrapolation. The data 
shown in Figure 4 are more scattered 
than those for solid-liquid systems (2, 
3 ) .  At higher air velocities (for exam- 
ple h,. was observed to be larger than 
9 in.), the calculated heights of the 
packed section are consistently smaller 
than the observed values. This is prob- 
ably due to the fact that the extrapo- 
lated porosity values of the fluidized 
bed were smaller than the actual val- 
ues. The height of the fluidized bed 
fluctuated considerably at a high air 
rate. I t  was more logical therefore to 
use the maximum fluidized bed height 
instead of the average bed height in 
the study of semifluidization, since a 
packed section forms as soon as the 
surface of the fluidized bed reaches 
the sieve plate located at the top of the 

10 , , , , , , , , , 
~. - .- - ~. 

I W Ib ha in 

G ,  Iblhr-ti2 

Fig. 3. Effect of bed weight on the porosity 
of fully fluidized bed (polyethylene cylinders). 
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Fig. 4. Comparison of observed heights of 
packed section with theoretical values. 

5 ,  Iblkr-ft '  

5.0' 

4.0 
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2 . 0  

0 4  4 

a3 3 
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G. Iblhr-fl' 

Fig. 5. Overall pressure drops across semi- 
fluidized beds (80- t o  100-mesh glass beads 

and polyethylene cylinders). 

column. When the bed height is fluc- 
tuating, this corresponds to the maxi- 
mum height of the bed at the given 
gas rate. The results of the correlation 
showed that the use of the maximum 
height was to be preferred. Also the 
packed section of the glass beads was 
compressed more severely than that of 
the dumped static bed of polyethylene 
particles owing to larger pressure gra- 
dient. Therefore the assumption that 
epa is equal to E .  is not strictly true. 

Maximum Semifluidization Velocity 
The maximum flow rate of air at 

which semifluidization is possible or 
maximum fluidization velocity corre- 
sponds to the terminal velocity of the 
particles. At an air velocity above this 
point all the particles will be in the 

TABLE 3. MAXIMUM SEMIFLUIDrzATION VEtOCrrY IN 4-IN. COLUMN 

Calculated Extrapolated Observed 

Particles 
Gt, dt,, Gr", 

lb./hr.-sq. ft. lb./hr.-sq. ft. Ib./hr.-sq. ft. 

80- to 100-mesh glass beads 

Polyethylene sphere segments 

Polyethylene cylinders 

TABLE 4. PIPE REYNOLDS NUMBERS AND 
SINGLE PARTICLE REYNOLDS NUMBERS 

Pipe Particle 
Particle DtGt"/fi DpGr"/fi 

80- to 100-mesh 
glass beads 15,794 24 
Polyethylene 

Polyethylene 
sphere segment 28,895 479 

cylinder 41,996 1,202 

packed section. Therefore the maxi- 
mum semifluidization velocity may be 
evaluated by extrapolating the h,./h, 
vs. G curve to h,,/h, = 1.0. 

The terminal velocity for a single 
particle falling in an idbi te  fluid me- 
dium can be calculated by Stokes' law, 
the intermediate law, or Newton's law, 
depending on the range of the particle 
Reynolds number. In the present inves- 
tigation the Reynolds number range for 
the glass beads was such that the in- 
termediate law applied. For nonspheri- 
cal polyethylene particles Pettyjohn 
and Christiansen's sphericity method 
was employed (10). Sphericity + is de- 
fined as AJA,,, where A. is the sur- 
face area of a sphere having the same 
volume as the particle, and A,, is the 
surface area of the particle (nonspheri- 
cal). Therefore the sphericity of a 
nonspherical particle is always less 
than unity (see Table 1) .  

The terminal velocities of the parti- 
cles used in this investigation were 
also determined by actual experiments 
in a 0.75-in. glass tube. Air or water 
was passed through the tube contain- 
ing a single particle until the particle 
was suspended. The experimental val- 
ues obtained were then corrected to 
the values in a 4-in. glass column by 
means of Ladenburg's correction for 
wall effect ( 5 ) ,  Ladenburg's correction 
is applicable as long as the value of 
particle diameter to pipe diameter ratio 
is less than 0.1 ( 4 ) .  

1,200 1,450 2,064 

3,380 3,850 3,776 

5,250 5,600 5,488 

10.0 
8.0 

6.0 

4.0 

3 .O 

I" 2.0 
c 

n- 
a 

.- 

1.0 

0.8 

0.6 

0 tw20.0 in. 
A h e 1 6 . 2  in. 

0.4 

0.3 

0.2 
3 4 6 8 1 0  2 0 3 0  

G, Ib/hr-ft%lOz 
3 

Fig. 6. Overall pressure drops across semi- 
fluidized beds (polyethylene sphere segments). 

Table 3 lists all the terminal veloci- 
ties of solid particles obtained by the 
three methods mentioned above. 

It is seen that the calculated values 
are aIways lower than those obtained 
by extrapolation, The reasons for the 
discrepancy are discussed below. The 
assumption, that the voidage of the 
packed section is constant and is that 
of the least dense static bed E., was 
probably true at low air velocities. The 
porosity of the packed section however 
tended to become slightly smaller than 
E, as the air velocity was increased. 
When all the solid particles were trans- 
ported from the fluidized suspensions 
to the packed section, the height of 
the packed section was smaller than, 
instead of equal to, the initial static 
bed height, and the ratio h,,/h. would 
not reach unity. Consequently the val- 
ues of terminal velocity obtained by 
the extrapolation of the curve to h,./h, 
= 1.0 were obviously larger. Another 

TABLE 5. CALCULATED AND OBSERVED OVERALL PRESSURE DROPS 
AP,, in. Hg 

Air 
D, = 6/S.,' G, Equa- Equa- PI, temp., 

Particles h,in. h.,in. ft. lb./hr.-sq. ft. eso = eo tion (3) tion ( 2 )  Observed in. Hg OF. 

451.1 0.4386 9.89 21.6 23.2 55.0 70.7 80- to 100-mesh glass beads 24.7 17.3 0.000508 
Polyethylene sphere segments 24.9 20.0 0.00474 1,550.0 0.4893 3.18 6.30 5.5 34.3 68.0 

Polyethylene cylinders 24.9 18.4 0.00935 1,483.5 0.4448 1.92 2.54 2.4 31.5 70.5 
* D. is defbed elsewhere as the geometrical mean of particle diameter. In this case it is equal to 6 / S v  as is defined in the &gun equation. 
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TABLE 6. RANGES OF OPERATING CONDITIONS FOR SEMIFLUIDIZATION EXPEFUMENTS 

G, 
Particles Ib./hr.-sq. ft. h, in. he, in. h,,in. hp.,in. 

80- to 100-mesh glass beads 10.9-551.5 24.7 17.3 17.3-36.5 0-13.4 

Polyethylene cylinders 658.7-2162.4 24.9 14.6-22.1 14.8-66.5 0-15.4 
Polyethylene sphere segments 497.5-2260.4 24.9 12.7-20.0 16.5-55.5 0-17.7 

reason is that all materials had definite 
size distribution, even though very 
close size cut particles were used. The 
largest particles should have larger 
terminal velocity than the average 
ones; that is the maximum semifluidiza- 
tion velocity determined by the ex- 
trapolation method should be greater 
than that obtained for the completely 
uniform particles of average size. Since 
the average particle diameters were 
used in the calculation, the calculated 
values should be smaller than the ex- 
trapolated values which were evalu- 
ated when all the particles, including 
the largest ones, were transported from 
the fluidized section to the packed sec- 
tion. Furthermore, since the fluid along 
the center line of the column is moving 
faster than the fluid next to the walls, 
the particles near the walls may be 
falling downward while the particles 
in the center line of the column are al- 
ready being held in suspension. This 
may be another argument for the ex- 
trapolated value to be larger than the 
calculated value. Table 3 also indicates 
that the calculated values are smaller 
than the observed values obtained from 
the actual suspension experiment. 
Needham and Hill (8, 9) investigated 
the velocity required to balance or sus- 
pend a particle situated in an upflow- 
ing fluid. Their results are of consider- 
able interest since they shed some light 
on the mechanism of particle suspen- 
sion in the fluidized systems. Their 
findings are that when both particle 
and pipe Reynolds numbers are in 
either the laminar or the turbulent 
flow, the ratio of the balancing veloc- 
ity to the free fall terminal velocity 
approaches unity. On the other hand 
if one is in the laminar region while 
the other is in the turbulent region, the 
ratio departs considerably from unity. 

For the present investigation both 
pipe and particle Reynolds numbers 
are listed in Table 4. The pipe Reyn- 
olds numbers were well in the turbu- 
lent region, while the single particle 
Reynolds numbers were in the inter- 
mediate region. Therefore the ratio of 
balancing velocity (G,") to terminal 
velocity (G,) was larger than unity. 

Pressure Drop Across Semifluidized Bed 
The observed overall pressure drops 

across semifluidized beds are plotted 
against air rates in Figures 5 and 6. 
The constant pressure drop portions in- 
dicate that the packed sections have 
not yet formed. 

Some difficulties were encountered 
in using Equation (3) to estimate the 
overall pressure drop in a semifluidized 
bed. The porosities in packed and 
fluidized sections cannot be measured 
directly. Although the porosity in the 
packed section can be assumed to be 
equal to that of the least dense static 
bed as in Equation (l), the Ergun 
equation, which is the basis of Equa- 
tion (3) ,  is known to be quite sensitive 
to the variation in bed voidage. A slight 
decrease in bed voidage due to the 
compression of the packed section will 
cause Equation (3) to deviate con- 
siderably. 

The observed and calculated overall 
pressure drops for three particular 
readings are listed in Table 5 for com- 
parison. Pressure drops in a fixed and 
fluidized bed were also measured in a 
separate experiment under the corre- 
sponding conditions, and Equation ( 2 )  
was used to calculate AP,.  It is seen 
that either Equation (3) is not applic- 
able to or the assumption that 5. = 
co is not valid for the solid-air systems 
in the present investigation. 

Minimum Semifluidization Velocity 
The minimum air velocity required 

for semifluidization depends on the 
fluid and particle characteristics, as 
well as the relative quantity of solid 
particles to the column size (h,/h). 
The minimum semifluidization veloci- 
ties for various particle beds and the 
h,/h ratios can be obtained from Fig- 
ures 5 and 6 at the points where the 
pressure drops begin to increase. If the 

Fig. 7. Calculated and observed particles 
Reynolds numbers in 4-in. column. 

ratio h./h is unity, the initial static bed 
height reaches the top sieve plate, and 
the semifluidization begins at the mo- 
ment the bed starts to fluidize. There- 
fore as the ratio h./h approaches 
unity, the minimum semifluidization 
velocity G, approaches the velocity for 
the onset of fluidization Gm,. On the 
other hand when the ratio h./h ap- 
proaches zero, the semifluidization 
cannot be attained until the fluid ve- 
locity reaches the terminal velocity of 
the particles. The ranges of operating 
conditions for semifluidization experi- 
ments are tabulated in Table 6. 

Dimensionless Correlation for the 
Formation of Semifluidized Bed 

Resorting to dimensional analysis 
and use of momentum and continuity 
equations for particulate fluidization, 
Fan and Wen derived the following 
expression ( 2 )  : 

The observed terminal velocities (or 
balancing velocities) Gt" were always 
larger than the calculated values G, as 
was previously mentioned. The experi- 
ments on terminal velocity studies with 
glass beads in water were also made. 
Figure 7 illustrates the linear relation- 
ship on log-log scale between N B ,  and 
NRs". Thus balancing velocity may be 
evaluated from such a plot by calcu- 
lating the terminal velocity with Stokes' 
law, or a modiiication of the law. 

Figure 8 shows graphically the di- 
mensionless relationship expressed by 
Equation ( 5 )  for all three kinds of 
particles used in the present investiga- 
tion. A few of Fan and Wen's data ( 2 )  
for glass bead-water systems are also 
presented after their calculated ter- 
minal velocities (G, = 21,100 and 
33,500 lb./hr.-sq.ft. for 50- to 60- and 
40- to 45-mesh glass beads, respec- 
tively) were corrected to balancing 
velocities (G," = 39,600 and 57,600 
lb./hr.-sq.ft. for 50- to 60- and 40- to 
45-mesh glass beads, respectively) by 
means of Figure 7. 

The result shown in Figure 8 indi- 
cates that the relationships between 
the two factors ( h  - h.)/(h - hpo) 
and (G - G,,)/(G," - G,,) are 
nearly the same for any type of parti- 
cle-fluid system, provided that the 
balancing velocity is used in the corre- 
lation. 

CONCLUSIONS AND 
RECOMMENDATIONS 

The results of the present investiga- 
tion for solid-air systems were quite 
similar to those for solid-liquid sys- 
tems which have been studied previ- 
ously. The following conclusions may 
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Fig. 8. Dimensionless correlation for semifluidized bed forma- 
tion with balancing velocity. 

be drawn based on the results of the 
present study: 

1. The maximum height of a fully 
fluidized bed should be used in the 
correlation of semifluidization when 
the material balance equation h,, = 
(hf - h)  (1  - E r ) / ( E ,  - is used. 
I t  is valid for both solid-liquid and 
solid-gas systems provided one can 
make the assumption that the porosity 
of the packed section is constant and 
equal to the porosity of the least dense 
static bed. It is also applicable to any 
particle shape. 

2. The usual assumption of identity 
between the velocity of fall of a parti- 
cle in a fluid and the velocity required 
to balance a particle within the up- 
flowing fluid is not valid. In the pres- 
ent investigation the balancing veloci- 
ties were always larger than the calcu- 
lated free fall terminal velocities. The 
latter are, again, always smaller than 
the terminal velocities determined by 
extrapolating the h,,/h, vs. G curve to 
h,,/h, = 1.0. 

3. The overall pressure drop of a 
semifluidized bed can be found by 
summing up the pressure drop in the 
fluidized section and that in the packed 
section. 
4. The minimum semifluidization 

velocity has a value somewhere be- 
tween the onset velocity of fluidization 
and the maximum semifluidization ve- 
locity, depending on the value of the 
ratio h./h which has the limiting val- 
ues of unity and zero. It can be ob- 
tained directly from a Apt vs. G plot. 

5. A unique dimensionless relation- 
ship exists between ( h  - h,) / ( h  - 
hpa) and (G - G,,) / (Gt" - G,,) for 
both liquid-solid and gas-solid systems 
of semifluidization. This arises from 
the fact that there is little interaction 
between the packed and fluidized sec- 
tions. 

Although some similar characteristics 
have been observed in the solid-gas 
and solid-liquid systems of semifluid- 
ization, the understanding of the solid- 
gas systems is still far from complete 
owing to the complexity of the aggre- 
gative bed pattern. Further investiga- 

tion of the solid-gas systems is neces- 
sary before this similarity can be con- 
firmed. The study should be extended 
to other types of gases and different 
solids with different particle sizes as 
well as mixed particle sizes. 

NOTATION 

= cross-sectional area of empty 
column, L' 

= particle diameter (geometri- 
cal mean), L 

= diameter of a sphere having 
the same volume as the parti- 
cle, L 

= pipe diameter, L 
= function of 
= superficial mass velocity of 

fluid, MB'L-' 
= minimum fluidization velocity 

(onset velocity of fluidiza- 
tion), MO-1L-2, superficial 

= superficial minimum semifhid- 
ization velocity, MB'L-' 

= superficial maximum semi- 
fluidization velocity, or calcu- 
lated terminal velocity, MB' 
L-= 

= superficial maximum semi- 
fluidization velocity obtained 
by extrapolating h,./h. vs. G 

MB'L-' 
curve to h,./h. = 1.0, 

= superficial terminal velocity 
obtained by fluidization ex- 
periment (corresponding to 
balancing velocity), MB"L" 

= gravitational constant, LO" 
= conversion factor, (lb. mass) 

(ft.)/(lb. force) (sec.)' 
= overall height of semifluidized 

bed, L 
= height of fully fluidized bed, L 
= initial static bed height a t  the 

least dense condition, L. 
= height of packed section in 

semifluidized bed, L 
= calculated particle Reynolds 

number, DpG8/p (dimension- 

= observed particle Reynolds 
number, DpGt"/p (dimension- 
less) 

less) 

PI = pressure at the bottom of the 
bed, FL" 

AP = pressure drop across fully 
fluidized bed, FL" 

AP, = pressure drop across fluidized 
section in semifluidized bed, 
FL-' 

AP,, = pressure drop across packed 
section in semifluidized bed, 
FL" 

= overall pressure drop in semi- 
fluidized bed, FL-' 

(-$), = pressure gradient across 

AP,  

fluidized bed, FL-a 

= pressure gradient across 

packed bed, FLTg 
S, = (surface area of particle)/ 

(volume of particle), L" 
u = superficial fluid velocity, LO" 
ut = terminal velocity of particle, 

LO-= 
W = total weight of particles in 

column, M 
X = weight fraction of particles in 

packed section, dimensionless 

($)#& 

Greek Letters 

E ,  = porosity of fully fluidized bed, 
or porosity of fluidized section 
in semifluidized bed, dimen- 
sionless 

E ,  = porosity of the least dense 
static bed under resting con- 
dition, dimensionless 

= porosity of packed section in 
semifluidized bed, dimension- 
less 

el,,. 

p 
p, 

= viscosity of fluid, MO"L" 
= density of fluid, ML-s 
= density of solid particle, ML" 
= sphericity of solid particle, di- 

mensionless 
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