
C = 3/2 [ 1 - y2] = dimensionless mean velocity pro- 
file, &‘/u,,, 

2Lm 
X 

Y 

a 
x 

P 
Y 

;($ 

= average velocity in the film, cm./sec. 
= dimensionless Cartesian coordinate in direction of 

= dimensionless Cartesian coordinate normal to the 

= dimensionless wave number, 2rh/h 
= wavelength, cm. 
= kinematic viscosity, sq.cm./sec. 
= density, g./cc. 
= surface tension, dyne/cm. 

flow, xQ/h 

plate, yQ/h 

r )  = dimensionless amplitude of disturbance stream 
function 
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Liquid Surface Area Effects in a 

Wetted-Wall Column 
J. ROBERT REKER, C. A. PLANK, and E. R. GERHARD 

University of Louisville, Louisville, Kentucky 

Vaporization of methanol and carbon tetrachloride into air and carbon tetrachloride into 
helium was carried out in a counterflow wetted-wall column at  10” to 20°F. These data show an 
influence of liquid rate upon the mass transfer coefficients. Liquid rate influence has been 
empirically accounted for by a function of surface area increase caused by rippling of the 
liquid film, 

Kafesjian et al. (5, 6) showed that the liquid flow rate 
must beeconsidered as a variable in the correlation of gas 
phase mass transfer in wetted-wall columns. Except for 
very low liquid Heynolds numbers, thin films do not flow 
smoothly down a vertical wall. The surface becomes cov- 
ered with ripples, increasing the interfacial contact area; 
in fact four different flow regimes have been defined (2, 
4, 11, 19 ) .  Most of the data concerning wetted-wall cor- 
relations and performance whch were published prior to 
1960 have been reviewed previously (5 ,  6) .  

More recently, Parrish (10)  obtained data by vapoiiz- 
ing methanol into nitrogen and also into helium. Sebulsky 
(14, 18)  vaporized benzene into nitrogen and also the 
binary benzene-acetone into helium. Strumillo and Porter 
(15) showed that the liquid rate increased the rate of 
mass transfer for carbon tetrachloride vaporizing in a 
wetted-wall column. Pertinent studies of thin liquid films 
in rippling flow have been published by Portalski et al. 
(11, 12, 15, 17) .  An excellent review of phenomena as- 
sociated with flow of liquids in thin films has been given 
by Fulford ( 3 a ) .  

J. Robert Reker is with E. I. du Pont de Nemours and Company, Cbat- 
tanooga, Tennessee. 

EXPERIMENTAL APPARATUS A N D  PROCEDURE 

In the present investigation data have been obtained on 
low-temperature ( 10” to 20°F.) vaporization of methanol and 
carbon tetrachloride into air and carbon tetrachloride into 
helium in a counterflow wetted-wall column. This apparatus 
was similar to that described by Kafesjian (6).  Complete de- 
tails can be found in reference 13. Temperatures of the inlet 
and exit gas and liquid streams were measured by fine wire 
copper-constantan thermocouples to an accuracy of f. 0.05”F. 
Exit compositions of the gas stream were measured by a 
thermal conductivity cell for the carbon tetrachloride runs. 
Wet and dry bulb thermometry was used for the methanol. 

CALCULATION PROCEDURE 

The mass transfer coefficient may be properly defined 
for small rates of mass transfer in a differential section 
by the equation 
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Attention must be given to the evaluation of the inte- 
gral on the right-hand side of Equation ( la ) .  If the liq- 
uid remains at constant temperature, p" is constant and 
simple integration and rearrangement yield a logarithmic 
mean driving force at the two ends of the column. Data 
of most investigators have shown that the liquid tempera- 
ture varies. Accordingly, some authors have used a value 
of p" evaluated at the arithmetic average of the inlet and 
optlet li uid temperatures, while others have used specific 

liquid temperature at that position. Neit er of these pro- 
cedures is mathematically correct. It is necessary to con- 
sider the simultaneous transfer of heat and mass through- 
out the column. The technique used here is based on the 
following equations: 

Mass transfer: 

K values o 9 p" at each end of the column a propriate to the 

dW = kGM ( p "  - p ) d A  (2) 
Heat balance (gas) : 

Heat balance (liquid) : 
LCLdtL = XdW + h ~ ( t ~  - tG)dA + U ( t ,  - t f ) d A  

(4) 

These equations were solved by using a modified Euler 
technique ( 8 )  with the aid of an IBM 1620 computer. In 
this procedure the various transfer coefficients were as- 
sumed and a step-by-step calculation was made from the 
bottom to the top of the tower. The calculated values of 
concentration and temperatures at the to of the tower 

fer coefficients were changed and the iteration continued 
until calculated and measured values were in agreement. 
Values of k G  calculated in this manner deviated from 
those calculated with a logarithmic driving force by as 
much as 10%. 

were then compared with the experimenta H values. Trans- 

RESULTS AND DISCUSSION 

Data for the air-carbon tetrachloride system are shown 
in Figure 1. Similar data were obtained for the other 
systems. These data show that liquid flow conditons af- 
fect the mass transfer. Cross plots indicate that an expo- 
nent of 0.83 satisfactorily accounts for the effect of gas 
phase Reynolds number. The value of 0.83 has been 
found valid by many authors. The value of 0.68 recently 
reported (152) for vaporization of carbon tetrachloride 
into air appears to be lower than usually found, a fact 
noted by the authors themselves. 

4 0  

30 
'1 
8 
3 2 0  
b 

1 0 60% 
I 

200 Joo 400 500 700 900 
LIQUID REYNOLDS NUMBER 

Fig. 1. Vaporization of carbon tetrachloride by air. 

.O 

.O 

2 3 4  6 6 1 0  20 30 40 
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Fig. 2. Effect of surface area increase on vaporization mass transfer. 

In vaporization of pure liquids, the most significant ef- 
fect of surface rippling would appear to be an increase in 
surface area. Starting with the theoretical development of 
Kapitsa (7) Portalski (11, 16) made a number of sim- 
plifying assumptions and derived an equation relating the 
fractional increase of surface area by rippling to flow con- 
ditions and physical properties. For liquid Reynolds num- 
bers of ten or greater, Portalski's equation can be trans- 
formed into: 

( 5 )  
CLL AS = 0.721 ( N R ~ L )  5'3 (g V L )  1'3 - 
G- 

Based on this concept the Shenvood number divided 
by the gas phase Reynolds number to the 0.83 power was 
plotted against the percent surface area increased as 
shown in Figure 2. The data for all three systems showed 
less scatter when plotted in this manner than when plot- 
ted vs. the liquid Reynolds number. Lines in Figure 2 are 
represented by the following equations calculated by the 
method of least squares: 

Helium-carbon tetrachloride: 

Air-carbon tetrachloride: 

Air-methanol : 

(6) 

(7) 

(8) 

(MTG) = 0.0204 (As)0.064 

(MTG) = 0.0224 (As)0.072 

(MTG) = 0.0159 (AS)o.206 

For convenience the term N S h ( N A e G )  -0.83 (7) PBM is re- 

ferred to as the mass transfer group (MTG). While the 
exponent in Equations (6),  (7) ,  and (8) varies from 
system to system, the same trend is noticed when the 
liquid Reynolds number is used as a variable. Equation 
(7 )  also correlated data taken at room temperature ( 5 ) ,  
indicating no specific temperature effect. The above equa- 
tions should be valid for 100 < N R ~ L  < 800. 

When the surface area is constant or known the gas 
phase Schmidt number is normally used to correlate data 
for various systems. The molecular weights of the carrier 
gas and vaporizing liquid are widely different; therefore 
a gas phase Schmidt number evaluated at film log-mean 
conditions was used. Values of (MTG)/(AS)' were plot- 
ted as a function of the Schmidt number. The present 
results along with the data of Kafesjian ( 5 ) ,  for which 
6 = 0.125, are shown in Figure 3. A similar plot with a 
Schmidt number evaluated at bulk conditions showed 
more scatter. A line with a slope of 0.5 is a good re re- 
sentation of the data shown in Figure 3. This proce B ure 
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Fig. 3. Wetkd-wall mass transfer correlation. 

evaluates the mass transfer effects at conditions where 
liquid rates and hence AS is small. Under these circum- 
stances an exponent of 0.5 on the Schmidt number seems 
reasonable and is more in agreement with mass transfer 
theory than other exponents frequently used. The result- 
ing equation which correlates the four sets of data is 

where c takes on Werent  values for each system. 
There appears to be some disagreement in the litera- 

ture (3a )  as to the amount of surface area increase 
caused by wavy flow. Some authors suggest that Portal- 
ski’s equations predict values that are too large. The 
small values of e noted in this work may lend some 
credence to this. 

If, on the other hand, it is assumed that the AS values 
calculated from Equation ( 5 ) ,  based upon the work of 
Portalski, are correct, then the varying values of Q indi- 
cate that the effect of the surface area increase is not 
constant for all systems. Therefore the values of a should 
be a function of the system physical properties. Except for 
the methanol data, these exponents do show a systematic 
decrease with the Schmidt number. 

CONCLUSIONS 
It is concluded that: 
1. Vaporization data in wetted-wall columns can be 

correlated by Equation (9) .  This equation correlated 
data over temperature ranges of 15” to 80°F. 

2. The effect of liquid flow variations can be empiri- 
cally correlated by Portalski’s function of surface area in- 
crease as given by Equation ( 5 ) .  
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NOTATION 
a = interfacial area/unit volume 
A = interfacial area 
CG, Cr. = specific heat of gas and liquid, respectively 
d = tower diameter 
0, = vapor diffusivity 

gC 
= acceleration of gravity, cm./sec.2 
= mass flow rate of gas/unit area 

& 
k G  
L 
M ,  Mavg = molecular weight of vaporizing liquid and 

= heat transfer coefficient, liquid to gas 
= gas phase mass transfer coefficient 
= mass flow rate of liquid 

bulk gas stream, respectively 

(MTG) = NSh ( - *;) N R ~ G - ~ . ~ ~  

NReG = gas Reynolds number, dG/pc 
N R ~ L  = liquid Reynolds number, &/pL 
Nscc = gas Schmidt number, p ~ / p D ~  

N S A  = Shenvood number, - 
p ,  p* = partial pressure and vapor pressure, respectively, 

pBM = logarithmic mean partial pressure of nondiffusing 

P = total pressure 
t G ,  t ~ ,  tf = temperature of gas, bulk liquid film, and jacket 

U = heat transfer coefficient from liquid to jacket fluid 
W = vaporization rate, mass/time 
Z = height 

Greek Letters 
r 
AS 

E 
A 
pG = gas viscosity 
c ~ r ,  = liquid viscosity, poise 
VL 
p = gas density 
u = surface tension, dynes/cm. 

kGRTd 
Dv 

of diffusing material 

component 

fluid, respectively 

= mass flow rate of liquid per unit perimeter 
= percent increase in liquid surface area [Equa- 

= exponent on ( A s )  term 
= latent heat of vaporizing fluid 

tion (5)] 

= kinematic liquid viscosity, sq.cm./sec. 
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