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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. 
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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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bulence may be used to estimate the 
mean drop size in stirred vessels, with 
suitable adjustment of the dirnension- 
less constant: 

0.4 

For stirred vessels the power/mass is 
determined directly from experiments, 
or one may take 

0 
I I 

The measurements of drop size or 
interfacial area reported by Vermeulen, 
Williams, and Langlois (12) ,  Calder- 
bank ( l ) ,  Kafarov and Babanov ( 7 ) ,  
and others indicate that as a first ap- 
proximation Equation (1) gives the 
mean drop size in stirred vessels. In 
general the data from these three in- 
vestigations show that C, is of the 
order of 0.1 for the systems studied 
(no mass transfer). Some effects of + 
and of L or L / D  on C, are demon- 
strated (12, 7), but one will neglect 
these in the first analysis. Independ- 
ently some observations of drop size 
made during mass transfer studies with 
the kerosene-butylamine-water sys- 
tem in another stirred device indicate 
that C, for this system is two to three 
times that for systems having similar 
properties but with no transfer occur- 
ring. Therefore one will take C, = 0.25 
in the analysis of the propeller and 
spiral turbine data. 

A drop-side coefficient k,a is de- 
fined in terms of the Newman equa- 
tion: 

Propellers, 
diameter, in. 

A 4  

0 6  

0 8  

0 10 

L1 

and the experimental coefficients &a, 
based on the kerosene (feed) phase, 
are calculated from 

Here d is obtained from Equation (1). 
Values of C$I and E were taken directly 
from the experiments (9), and the fol- 
lowing properties were used: p c  = 1.0 
g./cc., u = 25 dyne/cm., and D 
= 1.2 x sq. cm./sec., where D is 
estimated (13) with a molecular weight 
of 180 for the kerosene phase assumed. 

The ratio (Kka/kDa)  is given as a 
function of the power input in Figure 
1 for marine propellers of 4-, 6-, 8-, 
and 10-in. diameter and for spiral 
turbines of 4-, 6-, and 8.5-in. diam- 
eter, with those runs in which 4 and 
P were determined used. The %in. 
propeller data include runs at three 
impeller submergences, three residence 
times, and three kerosene/water flow 
ratios, and the 6-in. turbine data in- 
clude runs at two impeller submer- 
gences. The data scatter fairly uni- 
formly around a ratio K,a/k,a = 1.0, 
and the average deviation from this 
ratio is 26% for the propellers and 
32% for the spiral turbines. Some ef- 
fect of impeller size remains, which 
may be the result of an effect of L on 
K ,  or an effect of L or L / D  on C,. 

The flat-blade turbine data from 
this same investigation (9) that were 
analyzed by Treybal are not given on 
the figure. They show about the same 
scatter as for the propellers and spiral 
turbines, but they give an average 
value of 2.3 for &a/kDa, with c, = 
0.25; this agrees with the effective 

Spiral turbines,  
diameter, in. 

A 4  

W 6  

0 8 . 5  

? n .  

- . " I  I 
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diffusivity, 2.25 D, used by Treybal 
(11). Various speculations can be 
made as to why the flat-turbine data 
do not agree with those for the other 
two impeller types. 

The results are not entirely conclu- 
sive in view of the limitations of the 
analysis and of the data. Nevertheless 
the implication is clear that for some 
drop systems motion within the drop is 
largely suppressed despite the turbu- 
lent motions outside the drop. Similar 
findings have of course been shown 
more conclusively for simpler transfer 
environments; one recent example is 
the single-drop study of Johnson and 
Hamielec (6). 

NOTATION 

C, = dimensionless constant 
C ,  = power coefficient for geo- 

metrically similar impellers 
in baffled vessels (10) 

D = vessel diameter 
d = mean drop size 
D 

H = liquid depth 
L = impeller diameter 
m = distribution coefficient 
Qk 
t 

V = vessel volume 
%,yl,y0 = solute concentrations in the 

outlet water and inlet and 
outlet kerosene phases, re- 
spectively 

= molecular diffusivity of solute 
in drop phase 

= flow rate of feed phase 
= V4/Q. = average drop resi- 

dence time 

E = power/mass 
C$I = measured volume fraction of 

dispersed phase in vessel 
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