
tween solid particles. I t  proved to be a significant con- 
tribution. 

The results of these calculations led to the Arrhenius 
plot of Figure 1, where a single straight line reasonably 
correlates Fulton's data. The slope of this line gives an 
activation energy of 11.4 kcal./g.-mole. According to the 
present interpretation, no shift in the reaction mechanism 
need be invoked. 

In Figure 2 some data taken by the author are re- 
ported. They show a higher frequency factor than that 
obtained by Fulton, although the data were taken with 
the use of a catalyst containing approximately the same 
nickel percentage as in Fulton's work. This apparently 
higher frequency factor may be due to an improved puri- 
fication system used in the present experimental work. 
The complete procedure outlined above as well as a de- 
scription of the equipment are reported in reference 6. 
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Cocurrent Flows of Two Immiscible Viscous 
Fluids Over a Flat Plate 

HSU-CHIEH YEH and WEN-JEI YANG 
University of Michigan, Ann Arbor, Michigan 

Consideration is given to the laminar boundary-layer 
flow over a permeable flat surface through which an im- 
miscible foreign fluid is released into the boundary layer. 
Thus, there is formed a buffer between the surface and 
the main stream, that is, there coexist two boundary lay- 
ers. The drag reduction characteristics of the two-phase 
boundary layer were investigated by Sparrow et al. ( 1 )  
through the use of the series expansion method. The pres- 
ent analysis extends the study to include its heat transfer 
characteristics; other literature pertinent to the work in- 
cludes references 2,3, and 4. 

.08 

B ( = - f , l o l )  

Fig. 1. Effects of the release rate of air into water stream on heat 
transfer and skin friction. 

The application of the conservation principle of energy 
produces two laminar boundary-layer equations, one for 
the main stream fluid and the other for the foreign fluid. 
Each equation is reduced to an ordinary differential equa- 
tion by similarity transformation 

8" + ivP7 fq = o (1 )  
for both boundary layers. The matching and boundary 
conditions are 

Plate surface: 

Interface : 
e , (o)  = 1 @a> 

( 2b) 

8 2 ( 0 0 )  = 0 (2c) 

e l ( d  = 8 2 ( 0 )  

elp(qa) = (k2/kl) (vl/vz)iw;(o) 

Free stream: 

The Nusselt number N N ~  at the plate surface may be 
expressed in dimensionless form as 

= - 1/2 e lyo )  (3) 
Consideration was given to two cases: the release of water 
into air stream and vice versa. Fluid properties corre- 
sponding to 100°F. were used. With the solutions for f l  
and fi obtained in reference 1, as input data, Equations 
(1) for both inner and outer boundary layers were nu- 
merically integrated for 81 and 8 2  by the Runge-Kutta 
method with an IBM 7090 digital computer. The results 
are illustrated in Figures 1 and 2 for the release of air 
into water stream corresponding to [ (pp)  2/ ( p p )  1 1 1 / 2  = 
177 and ( k Z / k l )  ( v l / ~ 2 ) ~ / ~  = 117 and that of water into 
air stream corresponding to (fipz/~~1p1)~/~ = 0.00565 and 
( k z / k l )  ( v l / v Z )  l l2  = 0.00853, respectively. fl" (0) repre- 
sents the skin friction grouping 4 N R e 1 / 2 / p l U , 2  as obtained 
in reference 1. The figures show that the release of foreign 
fluids to form a buffer between the main stream and the 
wall affects appreciably the transport phenomenon, caus- 

Page 396 A.1.Ch.E. Journal March, 1967 



.0°9'$ 

B ( = - f , t O ) )  

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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