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Fig. 2. Effects of the release rate of woter into air stream on heat 
transfer and skin friction. 

in a decrease in both heat transfer and skin friction. The 

stream, for which ( p 2 ~ 2 / ~ 1 ~ 1 ) ~ / 2  can attain very high val- 
ues. Therefore the cocurrent flow may be applied as a 
means to reduce the drag experienced by bodies moving 
through liquids and transpiration cooling of heated surface. 

NOT AT ION 

B = blowingparameter 
f 

e P ect will be most severe for the release of air into water 

= dimensionless stream function defined as 
JI/ ( Vwm) 1'2 

k 
"4 
NP, 

1 

Tul 
Tm 
um 

= fluid thermal conductivity 
= Nusselt number 
= Prandtl number 
= Reynolds number 
= fluid temperature inside the boundary layer 
= wall temperature 
= free-stream temperature 
= free-stream velocity 

B 
2 V1 

x = coordinate along late 
y 
Greek letters 
6 
7) 

= blowing velocity at surface, - ( V,vl/x) 112 

= coordinate norma P to plate 

= thickness of inner boundary layer 
= similarity variable, r]l = 1/2 y( U , / V ~ X )  1'2, v2 = 

9 8  = 1/2 6 ( um/vlx) l" 
e = (T - T J / ( T ~ -  TJ 
p = absoluteviscosity 
v = kineticviscosity 
p = fluid density 
T = wall shear stress 
JI = stream function 

Subscripts 
1 
2 

= inner boundary layer (foreign fluid) 
= outer boundary layer (main stream) 
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A Generalized Equation for Solids Distribution in the 

Semifluidized MT Reactor 
K. BABU RAO and I.. K. DORAISWAMY 

National Chemical laboratory, Poona, India 

A new type of fluid-solid contact operation, called semi- 
fluidization, was proposed by Fan et al. ( 1  1 ), and a few 
further studies on this technique have also been reported 
(6, 10) .  Babu Rao et al. (3) have utilized the principle 
of semifluidization for proposing a new type of combined 
MT reactor system. The MT combination denotes a fully 
mixed reactor followed by a tubular reactor. The char- 
acteristic features of MT reactors have been discussed at 
length (1 ,  9, 1 4 ) ,  and the advantages of using the semi- 
fluidized bed for an MT combination have been outlined 
( 3 ) .  However, the existing information on the mechanics 
of semifluidization (which is essential in designing an MT 
semifluidized bed reactor) is fragmentary, and the cor- 
relations of Fan and collaborators provide significant 
guidelines for further work in this area. 

The dimensionless relationship proposed (6, 10) 

has been derived for a semifluidized bed without the 
com licatin features introduced by the use of a tubular 

semifluidized bed reactor the height of the tubular portion 
will vary, depending on the number of tubes, since the 
total quantity of solids formin the packed bed below the 
restraining plate would be B e  same regardless of the 
number of tubes at a given semifluidization velocity. 
Equation (1)  cannot therefore be applied to this reactor. 
Another feature of Equation (1)  which needs closer anal- 
ysis is the assumption that the height of the packed 
section when all the solids have been conveyed to the 

bun 8 i  le at t e top for promoting piston flow. In an MT 
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upper - -  portion of the reactor is equal to that of the least 

0' 

static bed. 
The object of the present communication is threefold: 

to verifv the correctness of the assumption implicit in 

/' 
0 

Equation ( l ) ,  to develop a generalized equation for pre- 
dicting the distribution of solids in an MT semifluidized 
bed reactor, and to assess the correctness of the general- 
ized equation for predicting the onset of semifluidization 
(that is, the minimum semifluidization velocity). 

EXPERIMENTAL STUDIES 

The experimental assembly used was essentially similar to 
that reported earlier (Figure 3 of reference 3)  but with 
provision for solids discharge at the reactor bottom. TWO 
semifluidized columns were used, one of 1.54 in. diam. and the 
other 4 in. diam. Column 1 was constructed from glass, while 
column 2 was made of stainless steel. Both these columns 
could be used either as simple semifluidization columns with 
perforated restraining plates which could be kept at any height, 
or as MT reactors with tubular bundles which could also be 
maintained at any height. The tubular bundle for the glass 
reactor was composed of five tubes of 0.24 in. diam. and 3 
in. high, while that of the larger reactor was composed of 
nineteen stainless steel tubes of 0.4 in. diam. and 9.5 in. high. 
Experiments were carried out both with and without the 
tubular bundles. 

ate or 

the reactor and compressed air was passed through it at the 
desired velocity, To obtain the exact static bed height at the 
beginning of a run, the bed was fluidized and resettled several 
times and the average static height measured. The velocity 
of the fluid was then increased until the onset of semi- 
fluidization as indicated by a sharp rise in the AI' vs. G curve 
(see Figure 4 of reference 3 ) .  As the velocity is increased 
beyond the semifluidization point, the height of the packed 
bed increases until eventually at the terminal velocity the 
entire bed is in ithe packed portion. 

To measure the distribution of the solids in the packed and 
fluidized portions for a given velocity (above the minimum 
semifluidization velocity), the packed portion was allowed to 
form and the fluidizin portion at the bottom was then re- 

In carrying out a run (with a simple restraining 
a tube bundle), a weighed quantity of solids was p f' aced in 

moved through the out P et provided, and weighed. 

DEVELOPMENT OF GENERALIZED EQUATION 

The fluidized bed exists between two extreme limits of 
velocity: velocity for the onset of fluidization, and the 
terminal velocity of the solids involved. For the semi- 
fluidized bed, on the other hand, the significant velocity 
is the terminal velocity, and while theoretically the semi- 
fluidized bed can exist beyond Gt, it is trul not a semi- 

tion. The minimum fluidization velocity is not significant 
since the upper packed portion is absent until the onset 
of semifluidization. 

Maximum Semifluidization (Terminal) Velocity 
Fan and co-workers (6, 10) have suggested three meth- 

ods of estimating Gt: linear extrapolation of Ej vs. G 
curves to E f  = 1; extra olation of hJh, vs. G curve to 

velocity. Normally the correctness or otherwise of the use 
of these methods for estimating Gt can on1 be established 

semifluidized reactor at cr ifferent velocities (greater than 
Gms). For this purpose a suitable orosity measurement 

Several methods for determining the porosity of fixed 
and fluidized beds are available. The most commonly 
used methods are: measurement of the emitted light by 
a photocell (18), light absorption (17), use of a capaci- 
tance probe (7, 8 ) ,  acoustic method (13), electric 
charge method ( 2 ) ,  use of a modified thermister probe 

fluidized bed in the absence of the lower f r  uidizing por- 

&/hs = 1; and use of t I: e equation for free-fall terminal 

by measuring the porosit of the packe 2 portion of the 

device was developed which is brie P y described below. 

I Lb*IInr n . 9  !f > 

Fig. 1. Determination of Gt, from fluidization data. 

( 4 ) ,  and use of x-rays (16). Among these methods it was 
found that instruments based on capacitance measure- 
ment are reliable and relatively simple to make. A tech- 
nique was therefore devised in which the fluidization col- 
umn was held between two capacitance plates YZ cm. 
wide (thus eliminating any disturbances caused by using 

calibration curve was 

Figure 1. I t  can be seen that for the particular solid used, 
Gt at Ef = 1 has a value of 1,000. This method is not 
considered very accurate since the measurement of the 
porosity of thin1 populated beds is not very accurate. 

sumption that the height of the packed portion is equal to 
that of the least static bed. This assumption can be veri- 
fied by measuring the porosity of the packed bed as a 
function of velocity. A typical plot is shown in Figure 2, 
from which it is clear that the ratio E p / E s  first decreases 
and then levels off as Gt is approached (as evidenced by 
the carryover of all the solids to the packed portion). 
There is a fall in porosity to the extent of 15%. The cor- 
rect method of measuring Gt by this method would be to 
determine experimentally the actual value of E p / E ,  for 
a given solid and then to apply the necessar correction 
to the value obtained by extrapolating the l p /hs  vs. G 
curve to hp/hs = 1. A t pica1 h,/h, vs. G curve is shown 

the 15% correction to the 
value obtained from this figure, the value of Gt works out 
to 816. But when this correction is not applied the value 

The second met l od for determining Gt involves the as- 

in Figure 3. After appying r 

Fig. 2. Effect of semifluidizotion velocity on the porosity of the 
pocked bed. 
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Fig. 3. Determination of Gt from h,/hs data. 

of Gt is considerably higher (960). This accounts for the 
consistently higher values of Gt obtained with this method 
by Fan and co-workers. 

The third method of calculating Gt involves the use of 
the equation 

4 1 . 1 4  gc0.714 (.,, - pF)0.714 

Gt = 0.152 p0.428 pF0.428 (2) 

which is based on Stokes-Einstein equation. Gt calculated 
by this equation (for the same solid considered for the 
other two cases) has the value 855. It will thus be seen 
that the second method, after applying the necessary cor- 
rection, gives approximately the same value as obtained 
from Equation (2) .  This has been found to be true for 
all the solids included in the present study. Since E ua- 
tion (2)  is general, and the use of the second methorgin- 
volves experimental data, Gt for all the systems in this 
investigation has been calculated by the third method. 
Correlation of Data 

As pointed out earlier, Gt is the principal parameter in 
defining the performance of a semifluidized MT reactor, 
in addition to the static and semifluidized bed heights 
and properties of the solids and fluids. The limits of the 
fluidized bed have generally been expressed in terms of 
the Archimedes group ( 4 ,  5, 1 2 ) .  For the semifluidized 
bed the Archimedes group can be defined as 

(3) 
dp3 gc PS (PS - PF) 

f 
AT = 

Since the semifluidization velocity lies between the ter- 
minal and minimum semifluidization velocities, the Archi- 
medes group logically can be expected to account for the 
viscous and gravitational forces in the bed. In addition, 
the semifluidization characteristics have to be defined by 
a separate roup, which would account for the distribu- 

and also the heights of the static and semifluidized beds. 
Such a group can be defined as 

tion of soli li s between the packed and fluidized portions 

(4) 

For a reactor of given diameter, the performance of a 
semifluidized M T  reactor can therefore be expressed as 

where G,/Gt represents the ratio of the semifluidization 
velocity to the terminal velocity. This equation should be 
of general applicability since the distinctive features of 
the semifluidized bed as well as the hydrodynamic and 
drag features of the fluidized bed are accounted for. 

To test the validity of E uation ( 5 )  several runs were 
carried out in the 1.54-in. 8iam. reactor described earlier. 
The limits of the different variables studied are given 
below. 

Density of the particle 
Diameter of the particle 
Initial static bed height 
Overall height of the 
semifluidization column 

The principal features of the solids used are summa- 
rized in Table 1. About six hundred experimental deter- 
minations were made by changing the variables syste- 
matically within the limits mentioned above. The data 
were then programmed on a CDC 3600 computer and 
the constants of Equation ( 5 )  were determined. The re- 
sulting equation is 

67.5 to 144.2 lb./cu.ft. 
0.0006 to 0.0018 ft. 
About threefold variatian 
About threefold variation 

( 6 )  

which represents all the experimental points with a stand- 
ard deviation of 0.07051 and percentage deviation of 14.5. 
Only six experimental points showed deviations of 
the order of 50% while more than three hundred points 
showed deviations of less than 10%. Unlike the earlier 
correlations (6, l o ) ,  which were derived for a simple 
semifluidization column without a tubular section, Equa- 
tion (6) holds regardless of the number and length of 
tubes in the tubular bundle, since it is based on the distri- 
bution of solids between the mixed and tubular portions. 
This was confirmed b carrying out several experiments 

tubes. It should be noted, however, that Equation (6)  
is restricted to particles of narrow size range, since the 
quantity of solids in the packed portion would obviously 
be greater in the presence of a larger proportion of fines. 

The new group postulated, which may be termed the 
semifluidization group, is based on a characteristic length 
( h  - h,) which is more important than either the static 
height or the overall height of the semifluidized bed. It 
may be noted that a third, very dilute, phase can some- 
times be recognized between the packed and fluidized 
portions, and in the present analysis this has been treated 
as part of the fluidized bed. It was found experimentally 
that for a given overall height of the semifluidized bed, 
G, decreases with the height of the static bed, that is, as 
( h  - h,) increases the semifluidization velocity increases. 

G8 
Gt 
_. = 2.15 (&) -0.15 ( S f )  -0.188 

with and without tu l es and with varying number of 

TABLE 1. PROPERTIES OF SOLIDS USED 

Particle 
density, Static bed 

lb./cu. ft. Size range, ft. porosity Material 

Polystyrene beads 67.5 0.0006 to 0.0018 0.40 to 0.45 
Sand 144.2 0.0006 to 0.0018 0.51 to 0.56 
Glass beads 108.0 0.0006 to 0.0018 0.44 to 0.49 
Bauxite 130.0 0.0006 to 0.0018 0.48 to 0.52 
Silica gel 83.0 0.0006 to 0.0018 0.55 to 0.80 
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Fig. 4. Comparison of experimental and calculated minimum semi- 
fluidization velocities. 

Preliminary analysis of the data clearly established a cor- 
relation between ( h  - h,) and G,. 

To generalize Equation (6) for semifluidized beds with 
different diameters, the constant 2.15 has to be suitably 
altered. For this purpose the term (Ws - W,) in the 
semifluidization number has to be expressed in terms of 
unit area. To maintain the dimensionless character of the 
semifluidization number, (W, - W,) can be retained as 
such and the area term taken out and a new constant 
defined as 

( 7 )  
G. 
Gt 
- = k (AT) -0.15 (Sf) -0.186 

where 
17.3 k =  (D) -0.372 

. .  
(D is in feet). 

To test the applicability of Equation (7), experiments 
were carried out in the 4-in. diam. reactor (2% times 
the diameter of the first column) described earlier, and 
it was found that by using the constant calculated from 
Equation (8)  the data could be correlated by Equation 
( 7 )  to within about 15%. Thus Equation (7) can be 
considered as a general equation for predicting the per- 
formance of semifluidized MT reactors. 

The onset of semifluidization (that is, the minimum 
semifluidization velocity) for several combinations of bed 
dimensions and particle properties was also determined 
by the usual LP vs. G curves, and it was found that Equa- 
tion (7) represents the onset of semifluidization to within 
about 11%. Figure 4 shows a graphical comparison of 
the experimental and calculated minimum semifluidization 
velocities for a few randomly selected experimental points, 

CONCLUSION 

In this communication the earlier equation proposed 
for predicting the performance of semifluidized beds has 
been modified to give equations which predict the per- 
formance of MT semifluidized bed reactors with an aver- 
age deviation of 14.5%. The same equations hold equally 
well for estimatin the onset of semifluidization. I t  has 
been found that t a e assumption that the porosity of the 

acked bed is equal to that of the least static bed would 
t a d  to an error of the order of 15%. The proposed equa- 
tions employ two dimensionless groups: the Archimedes 
group and a new grou termed the semifluidization 

ity of the proposed equations for reactors of very large 
diameters is required. 

group. More work on a pi P ot-plant scale to test the valid- 
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NOTATION 

Ar = Archimedes number, dimensionless group 
dp = geometric mean diameter of particle, ft. 
D = diameter of reactor, ft. 
E f  = void fraction in the fluidized bed 
E ,  = void fraction in the packed bed 
E ,  = void fraction in the static bed before fluidization 
g, = gravitational constant, ft./sec.2 
G = mass velocity, lb./(hr.) (s  ft.) 
Gf 
G,f = minimum fluidization velocity, lb./( hr.) (sq.ft.) 
G,, = minimum semifluidization velocity, 1b.l (hr.) (sq. 

G, = semifluidized velocity, lb./ (hr. ) (sq.ft. ) 
Gt = terminal velocity, Ib./ (hr.) (sq-ft.) 
h = overall height of the semifluidized bed, ft. 
hp = height of the top packed bed in semifluidized 

h, = height of the initial static bed, ft. 
k = constant of dimensionless Equation ( 5 )  
MT = mixed tubular reactor system 
AP = pressure drop, lb./sq.ft. 
Sf = semifluidization group, dimensionless group 
W, = packed bed weight, lb. 
W, = initial weight of the static bed, lb. 
p~ = density of the fluid, Ib./cu.ft. 
p, = density of the solids, Ib./cu.ft. 
p = viscosity of the fluid, lb./hr.ft. 

=: fluidization velocity, lb./( 3r' r.) (sq.ft.) 

ft.) 

bed, ft. 
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