
sulfur, and oxygen, the following three independent linear 
combinations are found: 

 AN^^ + ANMC + ~ N O C S  + ANMCS = 0 (18) 

ANacid + H O C S  + H M C S  = 0 (19) 

+ o w a t e r  = 0 (20) 

aNoc f A ~ M C  + bNacid + ~ ~ O C S  4- ~ANMCS 

The material balance over hydrogen is dependent of 
these three equations since the rank R = 3. However, since 
only the two reactions (16) and (17) occur, the following 
equations, which cannot be obtained from the material 
balances over the elements, must be satisfied 

a o c  4- ANocs = 0 

~ M C  + ANMCS = 0 

Thus there are two linear combinations in excess. How- 
ever, only four of the Equations (18) to (22) are inde- 
pendent equations. Equation (22) ,  for example, can be 
obtained by combining (18) and (21).  Therefore, the 
number of independent linear combinations in excess, 
NLCE = 1. This means that Equation (15) gives the 
right number of independent reactions also in this case. 

(21) 

(22) 

NOTATION 

 AN^!, ANac . . . hNoc etc. = change in number of moles 
NLCE = the number of independent linear combinations 

of AN-values, which remain zero during reaction, 
in excess over those derived from material bal- 
ances over the elements. 

NRX = number of independent reactions 
NSP = number of species 
R 
xi 

= rank of the elements-by-species matrix 
= molar extent of the ith reaction 
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(1966).  

Re& to Biornbom’s Note 
J. C. WHITWELL and S. R. DARTT 

Deportment of Chemical Engineering 
Princeton University, Princeton, New Jersey 08540 

The case described by Bjornbom, where the number of 
independent reactions exceeds the difference between the 
numbers of species and the rank of the element-by-species 
matrix, contains kinetic constraints on ratio of product spe- 
cies. The equality 

should be replaced by 

NRX = NSP - NC 

NRX NSP - NC 

as noted by Aris (1963). 
In our original paper (1973) we did not consider com- 

positional constraints in cases that did not involve isomeric 

species. These constraints can, however, easily be added 
to the program by defining a new variable (for example, 
CONSTR) , which takes on integer values equal in number 
to the constraints of the type described by Bjornbom. This 
variable would be subtracted from Equation (3)  in OUT 
original paper. 

We wish to thank Dr. Bjombom for bringing this in- 
teresting case to our attention. 
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Mass Transfer to the Free Interface in a Stirred Vessel 

R. E. FARRITOR and G. A. HUGHMARK 
Ethyl Corporation 

Baton Rouge, Louisiana 70821 

A turbulent, free interface occurs at the liquid surface 
with liquid and gas phases in a mechanically stirred vessel. 
At low stirring speeds in baffled vessels, the interface is not 
broken by gas entrapment and the turbulence at the inter- 
face appears to correspond to the turbulence in the stream 
generated by the impeller. This note presents an analysis 

of the mechanism of liquid phase mass transport at  this 
free interface by comparison of the impeller stream turbu- 
lence to that for turbulent flow in a circular pipe. 

PIPE FLOW 

Transition region turbulence in pipe flow appears similar 
to that for a free interface because both show a penetration 
model response. Hughmark (1973) has shown that the 

Correspondence concerning this note should be addressed to G. A. 
Hughmark. 
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Fig. 1. Mass transfer data. 

penetration model applies to the transition region of pipe 
flow with a contact time corresponding to the mean period 
of fluctuations in the wall region. This is represented by 

U’2t - = 338 
V 

The fluctuating velocity in the transition region is related 
to the shear velocity by 

Ui = 0.8 U* (2)  

t = 218 v/t$ (3) 

So the contact time can be expressed in terms of the fluc- 
tuating velocity 

IMPELLER STREAM MASS TRANSFER 

Equation (3)  can then be applied to the impeller stream 
of a stirred vessel. Levins and Glastonbury (1972) report 
fluctuating velocity data for b d e d ,  stirred vessels which 
indicate 

Thus combination of Equations ( 3 )  and ( 4 )  provides an 
estimate of the mean contact time for the impeller stream. 

ui = (cD)”3/3 (4) 

t = 1962 v/ ( rD)2/3  (5) 
The penetration model provides the mass transfer co- 

efficient: 

k = 2 G  ?rt (6) 

Substitution of Equation (5) yields 

k = 0.0256 ( E D )  ‘13 Nsc-1/2 (7)  
Average energy dissipation for a stirred vessel is 

N p  n3 0 5  
c =  

U 

Substitution in Equation (7) then provides 

EXPERIMENTAL DATA 

Experimental mass transfer data for an unbroken inter- 
face in a stirred vessel are reported by Goodridge and Robb 
(1965) for C 0 2  absorption in water; Kozinski and King 
(1966) for helium, hydrogen, oxygen, argon, and carbon 
dioxide desorption from water; and Bossier et al. (1973) 
for two organic systems with the Schmidt number range 

of 150 to 690. The Goodridge and Robb and Bossier et al. 
data were obtained with six-bladed impellers and the 
Kozinski and King data with a four-bladed impeller. The 
impeller diameters were from 4 to 6.35 cm and were all 
about one-half the tank diameter. A 0.76 m3 (200 gal.) 
vessel of 100-cm diameter with a 50-cm diameter, six- 
bladed impeller was used to obtain surface mass transfer 
with a large impeller. Water was degassed under reduced 
pressure followed by air absorption at 21.5”C and 43 rev./ 
min. to provide mass transfer corresponding to k = 0.057 
cm/sec. Figure 1 shows the experimental data in the form 
indicated by Equation (8) with a power number of 4. 
The data are shown as a function of impeller tip speed 
and the data indicate a coefficient of 0.030 for Equation 
(8) rather than the value derived from the pipe flow- 
impeller stream analogy with the assumption of equal en- 
ergy dissipation in the liquid phase of a stirred vessel. The 
coefficient of 0.030 corresponds to an energy dissipation 
for the impeller stream at the surface 60% greater than 
the average value for the vessel. Cutter (1966) reports 
that the energy dissipation in the impeller plane at the 
vessel wall is about three times the average value for the 
vessel. The indicated surface value is consistent with this 
observation since the free surface of the liquid can be 
thought of as a containing wall deflecting the flow of the 
impeller stream. Thus the experimental data indicate that 
the pipe flow-impeller stream analogy for surface turbu- 
lence is valid. 

NOTATION 

D = impeller diameter 
D = molecular diffusivity 
g 
k = mass transfer coefficient 
N p  
Nsc  = Schmidt number 
n = impeller speed 
P = power input 
t = contact time 
u’ = friction velocity 
ui = fluctuating velocity 
o = vessel liquid volume 

Greek Letters 
e = energy dissipation 
v = kinematic viscosity 
p = density 

= acceleration due to gravity 

= power number, Pg/n3D5 p 
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