
was regulated by the injection of air into the absorption cham- 
ber in order to make the carbon dioxide concentration in the gas 
phase similar to the carbon dioxide concentration which would 
be expected for longtime absorption. 

RESULTS AND DISCUSSION 

The desorption of air from water and the condensation 
of water vapor occurring in a bubble in the bubble column 
and in the absorption chamber of vertical jet or of hor- 
izontal water flow were investigated. 

1. Bubble column. It was found experimentally that 
the concentration of air in a bubble increases continuously, 
and the volume of the bubble progressively decreases 
with the rise of bubble in falling water in a column. 
Accordingly, there occurs, in general, a maximum con- 
tent of air, the transition point in Figure 1, in the course 
of absorption of a bubble into flowing water. At such a 
point, neither desorption nor absorption of air but the 
condensation of water vapor in gas phase is thought to 
occur in spite of the progressive contraction of the bubble 
with the absorption of carbon dioxide into water. The 
maximum content of air varies widely in the range of 
about 20 to SS% and seems to be correlated with the 
height of column, the rate of falling water, and the total 
interfacial area of bubbles in the bubble column. The 
excessive increase of the percentage of air in the bubble 
beyond the maximum content of air results in a transi- 
tion of the direction of diffusion of air from the bubble 
to the water to keep equilibrium of air between the 
bubble and the water. Namely, N A  > 0 and N B  > 0; 
therefore (Y > 0 (see Figures 1 and 2) .  

When a becomes small, the absorption of a bubble 
of carbon dioxide is regarded as unidirectional diffusion, 
but the partial pressure of air in the bubble cannot be 
neglected in the final period of absorption because of 
its high concentration. The rise in temperature of the 
water by the heat of dissolution of carbon dioxide into 
water and by that of condensation of water vapor is 
negligible in this experiment but will not be necessarily 
the same for the absorption of a great many bubbles 
into a liquid. The variations of the condensation of 
water vapor in bubbles with time and with X A O  are 
shown in Figures 1 and 2. 

2. Vertical jet and horizontal flow. In water jet and 
horizontal water flow systems, the volume of the gas 
phase is constant. Accordingly, no maximum volume of 
air appears in the gas phase, and the change of humidity 
in the gas phase may be neglected, As the concentration 
of air increases with time, namely, as X A O  decreases in 

the absorption chamber, (Y is found to tend somewhat to- 
ward - 1, the equimolal counterdiffusion, as shown in Fig- 
ure 2, which can also be understood theoretically from 
Equation (9). 

NOTATION 

A = interfacial area between gas and water, cma 
n = n A  + n B  + nc, gmole 
nA,  n B ,  nc = mole concentrations of carbon dioxide, air, 

and water vapor, respectively, gmole 
spectively, gmole 

N A  = absorption rate of carbon dioxide, grnole/cm2 s 
N B  = desorption rate of air,gmole/cmZ s 
Nc = condensation rate of water vapor, grnole/cm2 s 
P = total pressure = [pL(Zc - Z)/lOSO] + Po, atm 
Po = atmospheric pressure, atm 
po = vapor pressure of water at 1 [atm], atm 
R = gas constant = 82.05 cm3 atm/gmole OK 
T = absolute temperature, O K  

u L  = velocity of water, cm/s 
V = V A  (volume of carbon dioxide) + VB (volume 

0’ = rate of gas indicated at soap-film flowmeter, cms/s 
XAO,  XBO,  XCO = mole fractions of carbon dioxide, air, 

2 
Zc 

of air) + VC (volume of water vapor), cm3 

vapor, respectively 
= height of bubble in column, cm 
= effective height of column, cm 

(Y = N B / N A  
a’ = N c / N A  
B = time, s 
PL 
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Wall Region Mass Transfer for Large Schxnidt 
Numbers in Turbulent Pipe Flow 

G. A. HUGHMARK 
Ethyl Corporation 
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Shaw and Hanratty (1976) have presented experi- 
mental mass transfer data for the Schmidt number range 
of 693 to 37200 with turbulent flow in a circular pipe. 
The authors suggest that a greater precision was attained 
than in previous investigations because of the care given 
to the execution of these experiments. The fully de- 
veloped mass transfer coefficients were correlated by 

k = 0.0889 u ’ N s ~ - ~ . ~ ~ ~  (1) 

AlChE Journal (Vol. 23, No. 4) 

Excellent agreement is shown between Equation (1) 
and the experimental data. 

Hughmark (1975) proposed the equation for fully de- 
veloped mass transfer in a circular pipe: 

1 1 1 -= + 
k +  1 ‘ 1  + ,Nsc-2/3 - + 0.0615 Nsc-1/2 

1.6 Nsc  33 Nsc  
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This equation is consistent with the experimental ob- 
servation of Popovich and Hummel (1967) that yf = 
1.6 is the limit of the laminar sublayer, and y+ = 34.6 
is the limit of the transition region. Hughmark (1973) 
has shown that the eddy term for the transition region 
is consistent with the penetration model and the mean 
period of fluctuation near the wall. The eddy term for 
the transition region was also shown to be consistent 
with experimental data for the eddy diffusivities of heat 
and mass. Hughmark (1971) has also shown that the 
two-thirds exponent for the laminar region is consistent 
with developing laminar boundary-layer model. The core 
term and the molecular diffusion term for the transition 
region represent a negligible contribution with high 
Schmidt numbers. Thus, for this case, Equation ( 2 )  
reduces to 

1 1 1 
k+ 1 ’ 0.0615 N s c - l 1 2  + n N s c - 2 / 3  

1.6 Nsc 
(3)  

Equation (3)  with the Shaw and Hanratty data provides 
an average value of a: = 0.047. Comparison of Equation 
(3)  with this value and the data shows an average ab- 
solute deviation of about 2%, and comparison of Equa- 
tion (1)  with the data shows an average absolute devia- 
tion of about 3.6%. Thus, both equations represent ex- 
cellent correlations of these experimental data. 

Equation (3 )  provides an estimate of the relative 
contributions of the laminar and transition regions. At 
a Schmidt number of 100000, about 12% of the total 

resistance would appear to be in the transition region, 
and molecular diffusion represents about 20% of the 
laminar layer resistance. These estimated values are con- 
sistent with Shaw and Hanratty’s conclusion that the 
commonly proposed relations N s ~ - ~ / ~  or N s ~ - ~ / ~  are 
incorrect for the Equation (1) mode1 with high Schmidt 
numbers. 

NOTATION 

D = molecular difFusivity 
f = friction factor 
k = mass transfer coefficient 
k+ 
Nsc = Schmidt number 
R 
u’ = shear velocity 

y 
Y = kinematic viscosity 
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= dimensionless transfer coefficient, k/u’ 

= core radius for circular pipe 

y+ = yu*p 
= radial distance from pipe wall 
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Detailed modeling of an incompletely mixed reactor 
is complex and usually calls for data and parameter 
values which are inaccurately known or possibly inac- 
cessible. These difficurties are particularly marked when 
we consider complex (that is, multistep) reactions. In 
this case, only knowledge of the reaction mechanism and 
a few kinetic data are usually available, and the effort 
required to obtain all the kinetic and hydrodynamic 
parameters required by a full modeling can probably 
be justified for only a few frequently occurring reactions. 
Furthermore, no model has been sufficiently well tested 
to allow its general application. 

With knowledge of the reaction mechanism, but with- 

out the kinetics, a simple method can be applied which 
docs not determine quantitatively the extent of a mixing 
effect but rather indicates qualitatively how partial seg- 
regation and feed configuration influence the rates of 
formation of the desired and undesired products and 
hence the selectivity. This method was previously applied 
in the detailed development for a second-order reaction 
(Toor, 1962; Vassilatos and Toor, 1965; Toor, 1975). 
It will be illustrated here for some complex reactions, 
where the objective is to produce an intermediate. ( I t  
is also applicable in other situations, for example, when 
producing the final product of a sequence of reactions.) 
In this note we consider both’ incompletely mixed con- 
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