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Pseudoplastic Falling Films with Concurrent 
Gas Streams 

An experimental and theoretical study on gas and pseudoplastic liquid 
films in vertical downward flow is reported. Good agreement was obtained 
between predicted and measured values of the film thickness as a function 
of liquid shear properties and interfacial shear except in the case of the 
most dilute solution. Measured pressure drops in the gas in two-phase flow 
depend strongly on liquid shear properties and are up to five times higher 
than when gas flows alone. 

A. H. P. SKELLAND 
and 

V. 0. POPADIC 
Department of Chemical Engineering 

University of  Kentucky 
Lexington, Kentucky 40506 Aqueous Carbopol solutions were used as pseudoplastic liquids. 

SCOPE 
The industrial significance of gas-liquid film flow has 

inspired many experimental and theoretical studies. Most 
published work deals with Newtonian films, and no such 
investigation has appeared on non-Newtonian liquids as 
far as we know. Non-Newtonian liquids, however, are in- 
creasingly involved in food engineering, polymer process- 
ing, suspension and emulsion processing, and bioengi- 
neering. This work has been conducted to provide experi- 
mental evidence on the behavior of a pseudoplastic thin 
film flowing in parallel with an adjacent gas stream. When 

high shear is imposed at  the gas-liquid interface, the film 
velocity profile depends strongly not only on liquid flow 
rate and shear properties but also on the interfacial shear. 
This makes an analytical solution of the momentum equa- 
tions highly complex when dealing with non-Newtonian 
liquids. A semi-empirical method developed by Dukler 
(1959) for gas-Newtonian film flow is here extended to 
a gas-pseudoplastic film flow. Pseudoplastic liquids were 
selected because they are encountered more in practice 
than most other types of non-Newtonian liquids. 

CONCLUSIONS AND SIGNIFICANCE 
The experimentally determined dependence of film 

thickness on liquid shear properties, liquid flow rate, and 
gas velocity agrees satisfactorily with the theoretical pre- 
dictions. Only in the case of the lowest concentration of 
Carbopol in water are the predicted values significantly 
higher. It is thought that a drag reduction effect might 
have been present and that it disappeared for higher con- 
V. 0. Popadic is with the Institute for Chemistry, Technology and 

Metallurgy, Belgrade, Yugoslavia. 

centrations, as is known to occur for turbulent flow in 
tubes. 

The wavy gas-liquid interface greatly enhances mo- 
mentum transfer, and measured values of the gas-phase 
pressure drop were several times higher than when gas 
alone was used. 

It is of practical importance that a semi-empirical anal- 
ysis successfully predicted the film thickness and its de- 
pendence on interfacial shear in gas-liquid flow. 
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EXPERIMENT 
The apparatus resembles that described by Tailby and Portal- 

ski ( 1962) and Tyler (1971). As a vertical plate a glass mirror 
34 cm wide and 180 cm long was used. Standard care of con- 
stant level head, knife-edge top of the plate, and of isothermal 
conditions was taken. The surtace area of the plate was large 
enough to provide accurate measurements of the average film 
velocity and thickness by measuring the liquid holdup on the 
plate. The confidence in the holdup measurements has been 
checked by running 30 runs with water for 3 different flow 
rates. The mean deviation was 0.82%. The validity of this 
holdup procedure was also shown by Tyler ( 1971) for viscous 
aqueous glycerol solutions. The use of the glass mirror as a plate 
and a plexiglass cover sheet for the gas flow channel enabled 
sensitive observations of the film characteristics. There were no 
local measurements of gas velocities. The gas flow rate was 
measured with a standard orifice meter and the average gas 
velocity calculated from the cross section based on H 1  - 60, 
where H1 is the distance between the mirror and the plexiglass 
plate (1.587 cm). The local problems of the moving gas-li uid 
interface are beyond the scope of this work (Dukler, 19727. 

As pseudoplastic liquids, aqueous solutions of Carbopol 934 
(B .  F. Goodrich Chemical Company) were used. This choice 
was made because aqueous Carbopol solutions offered several 
advantages. They obey the power-law constitutive equation 
over the range of shear rates and concentrations studied. The 
consistency index and flow behavior index could be changed at 
will by changing the polymer concentration and the pH of the 
solution. The surface tension of these solutions is independent of 
polymer concentration and remains virtually at the value for 
water. The molecule has only short side branchings and is not 
greatly susceptible to shear degradation. Aqueous Laroopol 
solutions were reported to be free from elastic effects for low 
polymer concentrations (Bogue and Metzner, 1963). The con- 
stitutive equation for these liquids in a viscometric flow has a 
simple form 

~ = K ( i . ) n  ( 1 )  
where K and n are consistency factor and flow behavior index, 
respectively, and + is the rate of shear. The rheological con- 
stants K and n were measured with a Brookfield viscometer 
with a straight spindle. 

Air was used as the gas stream. The air velocities applied 
were up to 15 m/s. Each of our data points is an average of 
3 to 4 measurements. 

ANALYSIS 

A macroscopic momentum balance on the film gives 

70 = PLgSO + ( P G g  - ") d L  2 

where 70 and 7 are wall shear stress and shear stress a t  
any position in the film, respectively, ( d P / d L )  is the 
gas pressure gradient, and H = H1 - 80, with H' being 
the distance between the two vertical planes which form 
the channel for gas-liquid film flow, 80 is the film thickness, 
and y is the coordinate normal to the film flow. Note that 
practically H1 = H for a thin film. 

Together with the momentum balance, a macroscopic 
mass balance has to be considered: 

Q = s," u dy, ( 4 )  

In terms of universal parameters, that is, 

Equation (2) gives 
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After a few rearrangements, Equation ( 6 )  can be written 
in a convenient form 

2n 2n 

(7)  2- n+2 + I /3/(S0+)3=1 27-  1 = 0 

where the dlmensionless interfacial shear /3 is 

and 

9) 

The dimensionless interfacial shear f l  takes into account 
the gas-phase pressure drop, liquid properties, and channel 
geometry. From Equations (2) and ( 3 ) ,  an equation for 
shear stress distribution in terms of (r and So+ can be 
written in the following convenient form: 

As usual, to make practical use of the equation for shear 
stress distribution, a relationship between stress and veloc- 
ity gradient is needed. As d m e  by Dukler (1959), we do 
not anticipate a priori either laminar or turbulent flow. 
For pseudoplastic liquids, then, we have 

T = K ( $ ) ~  + P L E -  d u  

dY 
It is necessary now to have an expression for the eddy vis- 
cosity. In  his original work on Newtonian falling films, 
Dukler (1959) used Deissler's expression for y+ 6 20, 
developed for the eddy viscosity of flow in full tubes. As 
suggested by Dukler and justified in this work, the dimen- 
sionless film thickness does not exceed 20, and for pseudo- 
plastic liquids we suggest that Deissler's expression is ap- 
plicable to y+ A 20" and that the expression takes the 
form 

r = r n Z u y /  1 - e x p  - m 2 u y  
n-l 

I 
(12) 

where m is a numerical constant determined by Deissler 
from the tube flow velocity distribution; m = 0.124. The 
justification for this suggestion is left until the comparison 
with experimental data. 

In  terms of universal parameters, after substitution of 
Equations (11) and (12) into ( lo) ,  an equation for the 
velocity distribution across the film is obtained 

du + 

+ m z n u + y +  [ l - e x p ( - m 2 u +  ( y + ) l / n ) ] -  
dY + 

(13) 

Deissler's equation was developed for use in the neigh- 
borhood of solid surfaces, and for film flow in the neigh- 
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borhood of the plate ut -+ 0 and y+ -+ 0 so that aho 
[ 1 - exp ( - m2 u+ ( y + ) l/n] + 0 and the velocity distri- 
bution is given by 

P U +  ' 

n 
0 0 - 

E 
2 0 0 4 ~  - 

We also express the mass balance, Equation (4), in terms 
of universal parameters: 

n 
0 0 - 

E 
2 0 0 4 ~  - 

1-n 

u+ (y+),dy+ 
n 

(4 

U? m W 

- 
2 0 0 3 , ~  

- E 

JZ + 

C 002 

(15) 
This expression is readily related to the liquid Reynolds 
number, which could be defined as (Skelland, 1967) 

n 

0 n 

0 o Q = 2 7 7 3  cm3/cm sec - 
Q :  759 " 

(16) 
12n PLgSO lln 

R e = -  (2) (7) 
2n + 1 gS0 

(4 

U? m W 

- 
2 0 0 3 , ~  

- E 

JZ + 

C 002 

Also an expression for the film thickness is obtained from 
Equation (9) 

where 

2 
N6 = u (&+)- (17) 

1 

n 

0 n 

0 o Q = 2 7 7 3  cm3/cm sec - 
Q :  759 " 

We have obtained equations which express the depen- 
dence of the film thickness on liquid %ow rate and shear 
properties, as well as on the interfacial shear, but the cal- 
culation is quite lengthy. Equations ( 7 ) ,  (14), (15), and 
(17) have to be solved simultaneously. For numerical in- 
tegrations the Continuous System Modeling Program 
(CSMP) , version 1.3, for the IBM/360 computer, was 
applied. Tabulated numerical and experimental data may 
be found elsewhere (Popadic, 1974). For n = 1 the 
analysis reduces to Dukler's analysis for Newtonian liq- 
uids. This case is compared with the experimental data 
for zero interfacial shear in Figure 1. Very good agree- 
ment is obtained, which is of particular significance for 
higher values of Re. The dependence of the film thick- 
ness on interfacial shear for water is shown as the de- 
pendence of 60 on the air velocity in Figure 2. For each 

0 Q . 0 9 1 5  " 

- , I I 

m 1  

m in 

z 
Prediction for  n - 1  

% ' -  (Dukler's A n a l v s t s ) l  

D Fal lah et a1 (19341 
0 Friedman 8 Miller (1941) 
o Tyler ( 197 I ) 
x This Work 

c a, 
i n ,  
6 I$'+= 

E 
a 

10 1 0 2  103 I o4 
Reynolds Number R e  

Fig. I .  Dependence of the film thickness on liquid Reynolds number 
for Newtonian liquids (no gas flow). 

O.O' t 
0. I 

Fig. 3. The solution of Equation (7) for liquids studied. 

air velocity and liquid %ow rate the air pressure drop 
was measured, from which values of dimensionless inter- 
facial shear were calculated and corresponding theoretical 
values of SO determined as described. The predicted de- 
pendence of u, and hence SO, on the interfacial shear for 
the pseudoplastic liquids studied is shown in Figure 3. 
It is seen that for a given value of the interfacial shear 
films become thinner when pseudoplasticity increases and 
that for a particular liquid the film thickness decreases 
when interfacial shear increases. Comparison with experi- 
mental data is shown in Figures 4, 5, and 6. The mean 
deviations are as follows: 

Liquid 
Mean 

deviation, % 

Water 4.05 
n = 0.930; K = 0.124; C = 0 . 0 5 % ~  ( + 118.84 
n = 0.740; K = 1.444; C = 0 . 1 0 % ~  4.82 
n = 0.417; K = 7.048; C = 0 . 1 6 % ~  4.28 

O The relative deviation is defined as Rd = (predicted-experimental)/ 
experimental. 

It is seen that the biggest deviation is in the case of the 
lowest concentration of Carbopol in water. I t  seems that 
in this case an effect of drag reduction may be occurring 
so that the liquid 00ws faster than expected for the given 
gas %ow rate. For higher concentrations this postulated 
drag reduction effect disappears, as is known to occur for 
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-.- 0 Q = L O j 2  cm3/cm s e c ;  i i e ,=78  
A 0 = 1.649 'I  Re ,=126 

1 O Q  ~ 2 6 2 1  'I  Re, 1203 

---- 

5 10 15 
Air Ve loc i t y ,  v 4  ( r n / s e c )  

Fig. 4. Dependence of the film thickness on air velocity. Liquid: 
n = 0.930; K = 0.124. 

0 Q = 0 745 cm3/cm sec R e ,  = 7 3 I aQ.1 375 I' R e ,  = 14 3 
OQ;3\ Re,z35 3 
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Fig. 5. Dependence of the film thickness on gas velocity. Liquid: 
n = 0.740; K = 1.444. 

I I 

0 Q 3 019 c m 3 / c m  sec Re, = 70 

A Q =  1266 " R e , = 2 2 7  

5 0 1 5  O Q . 0 8 6 4  " Re,= I 1  8 

I 
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Fq. 6. Dependence of the film thickness on air velocity. Liquid: 
n = 0.417; K = 7.048. 

turbulent flow in a tube, and the predicted film thickness 
agrees very well with experiment. 

The agreement between predicted and measured film 
thicknesses allows an indirect judgment of velocity pro- 
files in the film. Velocity profiles depend not only on the 
liquid flow rate and shear properties, but also on inter- 
facial shear. In Figure 7 it is shown how velocity profiles 
depend on pseudoplasticity for the same dimensionless 

7 

6 

5 

lJ+ 4 

3 

2 

I 

0 1 2 3 4 5 6 7 8  

Y +  
Fig. 7. Velocity profiles for liquids studied; 

n+2 

-2-n 
- 

ni-2 

interfacial shear and the parameter */(so+ ) lln. The 
velocity is higher for the liquids with higher pseudo- 
plasticity. 

To calculate the interfacia! shear for the prediction of 
film thicknesses, the air pressure drop was measured for 
every velocity of the air and a given liquid flow rate. 

42 
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0, 3 0  
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d 24 
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E! 
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Fig. 8. Dependence of air pressure drop on liquid properties and 
gas velocity, (AL  = 4 ft.) 
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Some of the data are presented in Figure 8 to show that 
the gas phase pressure drop de ends highly on liquid 

for by the liquid Reynolds number. As is evident from the 
figure, pressure drop in the gas phase when a falling film 
is present is up to five times higher than when gas flows 
alone. Our observations during experiments were that a 
high level of gas velocity (> 10 m/s) is accompanied 
by the formation of somewhat regular rolling waves over 
the full width and length of the plate. Interfacial shear 
produces higher waves than those that already exist on 
the liquid film surface, and waves enhance the pressure 
drop. This effect was more pronounced for the case of 
liquids with higher apparent viscosities because larger film 
thicknesses allowed easier deformation of the surface. This 
problem of a moving gas-liquid interface is discussed in 
detail by Dukler (1972). 

As far as we know, these are the first available data on 
gas-pseudoplastic film flow. It was thought, however, that 
the amount of data is not large enough to construct an 
empirical correlation for the dependence of gas-phase 
pressure drop on liquid shear properties. 

NOTATION 

C 

$1 

K 
L 
n = flow behavior index 
Q 

u 
u+ 
u* = friction velocity, cm/s 
v,, = gas velocity, m/s 
y 

physical properties, much more ti! an could be accounted 

= Carbopol concentration in water, %w 
= gravity acceleration, cm/# 
= distance between planes which form the channel 

for gas-liquid flow, cm 
= consistency factor, dyne sn/cm2 
= length of plate, cm 

= liquid volume flow rate per unit width of the 

= velocity of the liquid film, cm/s 
= dimensionless liquid velocity, see Equation ( 5 )  

plate, cm3/cm s 

= coordinate normal to the film flow 

y+ 

Greek M e n  
p = dimensionless interfacial shear 
y = rate of shear, s-1 a0 = film thickness, cm 
So+ = value of y+ at y = SO 
p = density, g/cm3 
u = defined by Equation (9) 
T = shear stress, dyne/cm2 
r0 = wall shear stress, dyne/cm2 
Su bscripts 
L = liquid phase 
G = gas phase 

= dimensionless distance from the wall, see Equa- 
tion ( 5 )  
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Grouping of Many Species Each Consumed 
by Two Parallel First-Order Reactions 

The behavioral features of a mixture containing many species each of 
which participates in two competing parallel first-order reactions may 
deviate significantly from those of the individual species. For example, the 
grouped selectivity may depend on the conversion and attain up to N-2 
extremal values where N is the number of the reactants in the mixture. The 
kinetics of the grouped species depends on the composition of the feed and 
can be of an unconventional functional form. The use of empirical grouped 
kinetics may lead to unexpected pitfalls. For example, grouped rate ex- 
pressions based on experiments carried out in one reactor may not be ade- 
quate for predicting the behavior in a reactor with a different residence 
time distribution. 

DAN LUSS 
and 

SUDHIR V. GOLlKERl 
Department o f  Chemical Engineering 

University of Houston 
Houston, Texas 77004 

S. V. Golikeri is with The M. W. Kellogg Company, Houston, Texas. 

AlChE Journal (Vol. 21, No. 5) September, 1975 Page 865 




