
tray fall on the single line in Figure I 
labelled "uniform vapor distribution." 

The following condensed table gives 
the efficiency ratio for the limiting 
vapor distributions at various values of 
EX: 
Eh ( E d E  ) "  ( E d E ) '  
0.5 1.30 1.37 
1.0 1.70 2.00 
1.5 2.32 2.96 
2.0 3.20 4.42 

0-Uniform vapor distribution 
1-First row of caps inactive 

As in Lewis' analysis the effect is 
more pronounced at  higher values of 
EA, and as would be expected the ef- 
fect increases monotonically with the 
amount of imbalance in the vapor 
flow. The error in the predicted tray 
efficiency can be as high as 20 or 30% 
if the vapor flow i s  sufficiently non- 
uniform. Figure 1 can be used to de- 

termine the efficiency ratio for com- 
bined vapor flow and concentration 
gradients. 
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NOTATION 

E = Murphree point efficiency 
E,, = Murphree tray efficiency 
g 

rate 
G 

tire tray 
L = liquid flow rate 
m 

= point value of the vapor flow 

= flow rate averaged over en- 
- 

= slope of equilibrium line, yo 
= m x + b  

w 

y = vapor composition 
I+ = vapor composition under the 

tray 
yo = vapor composition at exit of 

tray ( w  = 1) 
y* = vapor Composition in equilib- 

rium with liquid at any point 
y = vapor composition averaged 

over entire tray 
z = fractional imbalance in vapor 

flow rate at end of tray (for 
linear - vapor-flow gradient) 

= distance along the tray, as a 
fraction of the total 

- 

= -  G--g evaluated at w = 0 
n 
b 

X = mG/L 
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A Note on Transport to Spheres in Stokes Flow 
I 

Mass and heat transfer to spheres at 
Reynolds numbers sufficiently large for 
a velocity boundary layer to exist have 
received a considerable amount of at- 
tention in the literature. Experimental 
data have been obtained over wide 
ranges of NRe and N,,, and a satisfac- 
tory theory has been developed for 
calculating the transfer rate at least up 
to the point of separation of the veloc- 
ity boundary layer. 

Mass transfer at Reynolds numbers 
below about 1, the range of Stokes 
flow, has received less attention This 
range is of importance for drops smaller 
than about 100 p falling through air, 
bubbles smaller than about 100 p 
rising through water, and for particles 
and drops moving through liquids. 
Transport in the Stokes flow region is 
relatively difficult to study experi- 
mentally, and only a few data are re- 
ported in the literature. Theory indi- 
cates that unlike the result for high 
N,,, the Shenvood number (the Nus- 
selt number for mass transport) is a 
function only of the PBclet number 
N p ,  and not of N R ,  and N8, separately. 

An approximate theoretical curve for 
the Sherwood number over the entire 
Peclet number range has been obtained 
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by the author of this note (1 ) who as- 
sumed the existence of a concentration 
boundary layer and used the von Kar- 
man integral method. For N,, = 0.3, 
1, 3, and 10 Yuge (6) has calculated 
what are presumably more accurate 
values for the Sherwood number by a 
numerical solution of the complete 
diffusion equation. A better curve 
than that given in (1 ) can be obtained 
by the use of the Yuge numerical data 
for low N,, and the Levich-Lighthill 
( 3 ,  4 )  thin boundary-layer method 
for N, ,  .+ 00. 

For thin concentration boundary 
layers it is necessary to take into ac- 
count only the first term in an expan- 
sion of the velocity in the region near 
the wall when the equation of convec- 
tive diffusion is solved. For the region 
close to the surface of the sphere the 
diffusion equation can be written (2) 
as 

Let = 01- l '~  y. sin x1/(rlsin3 x'' dx',) 

and assume c = f ( q ) .  Substituting in 
(1) one gets 

The solution which satisfies the bound- 
ary condition c, = 1 at 7 = 0 and c1 
= O a t q =  cois 

e -aNP,P//l2dn' 

J; e-~~h'~,P/lZdn' cl= 1- (4)  

The Shenvood number is given by 

sin' xI1 dx', 
( s11)sin2xl"dx1") 

- - 

n 

( 5 )  
From Equation (4) 

The first tesms in the expansion of the 
Stokes velocities give for u1 and 0, 

u, = (3/2) yl sin x, 

Hence ( 5 )  becomes* 
* Using the thin concentration boundary-layer 

theory Natanson ( 5 )  finds for Bow normal to a 
single cylinder: 

N S H  = 1.17 N p r ' / * / 2 ( 2  - In N R E )  o1 = - ( 3 / 2 )  ~ 1 2  cos XI 
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Fig. 1. Transport to spheres in  Stokes flow. 

(3.r) ’‘’ Np,‘I3 

4(2)’” r(4/3)  
N.m = 

= 0.991 Np.1I3 ( 7 )  
Levich finds for the numerical value of 
the constant 0.997 (3).  The complete 
N,,  vs. N,, curve is shown in Figure 1 
based on the values calculated by Yuge 
and Equation (7) .  The thin boundary- 
layer approximation is probably satis- 
factory for N,,  > lo’, but it would be 
desirable to have more numerical cal- 
culations for the range los > N,, > 10. 
The Sherwood number is very close to 
2 for N,,  < 0.3. It should be noted 

that the approximate curve given in 
( 1 )  falls quite close to Figure 1. 

ACKNOWLEDGMENT 

This work was supported by NSF Grant 
G 5079. 

NOTATION 

a = radius of sphere (or cylin- 
der), cm. 

cl = ratio of point concentration to 
surface concentration, dimen- 
sionless 

D = diffusion coefficient, sq.cm./ 
sec. 

k = mass transfer coefficient, cm./ 
sec. 

N,. = PBclet number, 2aU/D,  di- 
mensionless 

N,, = Reynolds number, 2aU/v, di- 
mensionless 

Nsr  = Schmidt number, vNU/D, di- 
mensionless 

N s ,  = Sherwood number, 2ak/D, 
dimensionless 

u1 = ratio of point velocity in x di- 
rection to U ,  dimensionless 

U = fluid velocity at infinity, cm./ 
sec. 

w1 = ratio of point velocity in y 
direction to U ,  dimensionless 

x1 = ratio of distance measured 
along a meridian from the 
stagnation point to a, dimen- 
sionless 

yl = ratio of distance normal to 
surface to a, dimensionless 

Greek Letters 
O! = arbitrary constant, dimension- 

less 
= boundary layer variable, di- 

mensionless 
v = kinematic viscosity, sq.cm./ 

sec. 
primed quantities denote dummy vari- 
ables 
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Mass Transfer in Stirred Vessels 
R. B. OLNEY 

Shell Development Compony, Emeryville, California 

Treybal (11 ) has analyzed certain 
liquid-liquid mass transfer data ob- 
tained in b d e d  vessels equipped with 
flat-blade turbines (3, 9) .  For his 
model he used the Calderbank-Kor- 
chinski (2) approximation for diffusion 
in the drop phase, while the coefficient 
for the outside liquid film was esti- 
mated from the equation of Johnson 
and Huang (5) for dissolution of solid 

rings fixed in place in a b d e d ,  stirred 
vessel. Other over-all transfer data 
(9) were obtained with the system 
kerosene-water-butylamine (solute) 
with marine propellers and spiral tur- 
bines in a 15-in. diameter baaed ves- 
sel, but the results were not included 
in Treybal’s analysis. I t  seems worth- 
while therefore to show a similar analy- 
sis of these data. 

One will use a still simpler idealiza- 
tion in which one neglects the continu- 
ous phase resistance and assumes that 
the over-all transfer rate is limited 
solely by molecular diffusion in the 
drops. One assumes spherical drops, 
so that a = 6+/d.  Further one assumes 
that the Kolmogorov (8) or Hinze ( 4 )  
mechanism for maximum stable drop 
size in an isotropic homogeneous tur- 
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