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The role of stress-induced migration in falling film flows of dilute polymer solutions is analysed for the 
limiting case of fully developed concentration field (FDCF). This theoretically derived asymptote is 
anticipated to serve as an upper bound on the migration effect and our predictions are shown to be 
consistent with available experimental observations. However, considerable difference between the 
FDCF asymptote and the experimental data suggests lack of fully developed conditions in most 
experiments and hence implies the possibility of flow length dependence, a factor hitherto not 
considered. Finally, a simple approach based on a two-phase model is developed in order to estimate 
the order of magnitude of film thickness variation that develops along the film length as migration 
progresses. 
KEYWORDS Stress induced migration Film flow Polymer solution 

INTRODUCTION 

In laminar falling film flows of dilute polymer solutions. it has been observed that 
the experimentally determined flow rate is considerably greater (as high as 300°h) 
than that predicted by the conventional nowNewtonian theory [I-41. 
Phenomenologically, this flow enhacement can be interpreted as being due to 
effective wall slip caused by the formation of a low-viscosity polymer depleted 
zone adjacent to the rigid surface [2-51. As indicated by Mashelkar and Dutta [6], 
such slip effects can play a prominent role in heat and mass transfer operations 
involving film flows of polymer solutions. Indeed, they show that these effects 
could explain several anomalous observations, which were hitherto unexplained. 
Although many hypotheses, based on thermodynamical arguments [7-81 or  
kinetic theory approaches [9-101 have highlighted the aspects of macromolecular 
migration, the precise mechanism by which such migration of the polymer 
molecules away from the high deformation-rate wall regions occurs is still not 
clearly established. Besides, several other mechanistic interpretations based 
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primarily on pure fluid mechanical arguments have also been suggested and 
salient features of these hypotheses were summarized in an earlier publication 
[121. 

Thermodynamical reasoning, representing one of the schools of thought, sug- 
gests that the macromolecular migration phenomenon is essentially the manifesta- 
tion of the free energy equilibration process necessitated by the non-uniform 
nature of the velocity field [7-91. In particular, it is argued that in any flow process 
with spatially varying velocity gradients, the molecular orientation and extension 
and consequently the free energy level varies with the location within the fluid. 
Compensating concentration gradients are  therefore induced in order to allow the 
free energy to be position independent. The  resultant effect is that the polymer 
molecules tend to move towards region of lower deformation rates. As a result, a 
polymer-depleted low-viscosity layer is formed (at the high deformation rate 
regions) near the rigid walls over which the bulk of the high-viscosity liquid core 
appears to 'slip' through. 

An unanswered question concerning this hypothesis pertains to the order of 
flow times (or lengths) necessary for observable migration effect. Metzner et al. [9] 
suggest that since the migration occurs actually by the very slow process of 
macromolecular diffusion, adequate diffusion time must be available to the 
flowing liquid for appreciable development of the non-uniform concentration 
field. Indeed, for capillary flows, numerical calculations by Tirrell and Malone 
[ l o ]  and Cohen and Metzner [13, 141 predict that very large lengths (up to 5000 
diameters) are  required in order to attain fully developed concentration fields. 
These analyses, however, either neglected the strong viscosity-concentration 
coupling o r  involved several simplifying assumptions and hence the above results 
may be somewhat exaggerated. For a more realistic analysis, the developing flow 
problem needs to be solved more rigorously incorporating the viscosity concentra- 
tion coupling. 

Janssen [ I l l ,  on  the other hand, speculated that owing to the severe coupling 
between the viscosity and the polymer concentration a 'runaway' mechanism will 
be operative and the concentration redistribution will be complete within a 
relatively short time. In support of this notion, he referred to the observation of 
constant film thickness being attained within a short distance for falling film flows 
of polymer solutions. Janssen's analytical development, based on a Hookean 
dumbell model valid for very dilute solutions, however, does not concern with this 
instability postulate but demonstrates the significance of viscosity-concentration 
coupling on the migration process under fully developed conditions. In an earlier 
publication [IS], we have extended Janssen's analysis and compared the theoreti- 
cal predictions with Popadic's data (1) for film flow of Carbopol solutions. 
Significant differences were observed between theory and experiments thereby 
casting some doubt on the instability mechanism invoked by Janssen. Neverthe- 
less, the analytical results served as an upper bound on the migration effect. Apart 
from being applicable to very dilute polymer solutions only, Janssen's approach 
neglects the opposing influence of Fickean diffusion due to concentration differ- 
ence and hence, here too, the theoretical prediction of flow enhancement are 
likely to be  somewhat exaggerated. 
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STRESS-INDUCED MIGRATION 279 

In view of the above, it appears that the uncertainty regarding the exact nature 
of concentration (and subsequently velocity) field development needs to be 
resolved by undertaking a rigorous and detailed analysis of the problem. How- 
ever, prior to initiating such a complex and involved effort, we deemed it 
appropriate to investigate the asymptotic stage of fully developed concentration 
field (FDCF) since this should provide an upper bound on the migration effect. 
Such an approach has successfully been applied to capillary flows of polymer 
solutions [12] and in the present work we extend this approach to an equally 
important problem of falling films. In doing so we develop a detailed analysis of 
the asymptotic case of full development. Following this, the available experimen- 
tal data are compared with the FDCF aymptote in order to assess the state of 
development attained in these experiments. Such informatibn should then 
provide guidelines for further more carefully controlled experimentation. Finally, 
we shall consider the implication of the FDCF asymptote and, in light of the 
present findings, discuss an approach, based on a simple two-phase model, that 
permits estimation of the order of film thickness variation caused by polymer 
migration. 

MATHEMATICAL FORMULATION 

We consider the steady laminar film flow of a polymer solution as shown 
schematically in Figure l(a). Initially (at x =0) the polymer concentration, ci, is 
uniform and as it flows down the inclined rigid surface polymer migration occurs. 
A polymer depleted layer develops near the wall and finally a fully developed 
concentration profile is achieved. At full development, both the concentration and 
the velocity fields are independent of the flow length, x, and therefore the 
transverse velocity, V,,, vanishes. Besides, since migration is effected by a very 
slow diffusive process the axial flux can be taken to be negligible as compared to 
the corresponding transverse flux. Under these conditions, the momentum and the 
diffusion equations simplify to 

and 

where 5 = y/6, y is the transverse distance, 6 the film thickness, and T, = pg6 cos P 
the wall shear stress. The transverse diffusion flux, Jy, comprises two components 
viz. the usual Fickean component and the component arising out of spatial 
entropy variation. Cohen [14], shows that i f f  = f(A, 9 )  represents a dimensionless 
chemical potential function the transverse flux can be written as 

where 0 = c/ci is the dimensionless concentration, A = A(c, j )  is the fluid relaxa- 
tion time, Do the binary diffusion coefficient, @J = &(c) is a correction factor that 
accounts for the concentration dependence of diffusivity, and j = j(c, y) is the 
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FIGURE 1 Schematic representation of (a) falling film flow and (b) two-phase model. 

shear rate given as 

where 7 = ~ ( c ,  9) is the shear viscosity and dJ = V,/ V is the dimensionless 
longitudinal velocity, V being the mean velocity. Since the potential function f 
depends on A which in turn depends on the concentration, c, straightforward 
substitution of Eq. (3) in Eq. (2) yields an implicit equation in dcldr. By 
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STRESS-INDUCED MIGRATION 28 1 

expressing dfldr in terms of appropriate partial derivatives, the following explicit 
expression for the dimensionless concentration gradient can be obtained 1121. 

a f  an ( a f  an a f )  a+ d 5  b+e--+e --+, - 
ah ae aA ay  a7 ae 

Although no boundary condition can be specified for the concentration profile 
obtained as the solution to Eq. ( 9 ,  the latter equation must satisfy the following 
mass balance relationship 

Thus in order to obtain the fully developed velocity and concentration profiles 
Eqs. (4) and ( 5 )  must be  simultaneously solved subject to the conditions $(l) = 0 
and that given by Eq. (6 ) .  In order to d o  so, an explicit expression for the potential 
function f is necessary. For dilute solutions, if the polymer molecule is approxi- 
mated as linear dumbells, f can be expressed as [14 ,  161 

f = ( ~ + ) ~ - $ l n ( l + 2 ( A j . ) ~ )  (7) 

where the relaxation time A can be determined from the following relationship 

A = N1/2rx.+ (8) 

where N ,  is the primary normal stress difference. 
The above formulation is of general nature and is applicable for any given 

description of the rheological behaviour. An interesting conclusion that emerges 
from the analysis is that for any given wall shear stress (7,) and initial polymer 
concentration (c;) ,  the concentration profile, 8(5) ,  is independent of the film 
thickness. This is obvious since all the partial derivatives in Eq. ( 5 )  are  indepen- 
dent of 6. In addition, as the volumetric flow rate per unit width (q) is 

where +*= +(c, t*), it is evident that the apparent wall shear rate, 3q/SZ is a 
function of rw and ci only. Thus, under fully developed conditions, the flow curve 
for a given polymer will be a unique one, representing the maximum possible flow 
enhancement due to migration. 

For most polymer solutions, within the shear rate ranges of practical interest, 
the shear rate dependence of both the shear viscosity and the primary normal 
stress difference can be adequately represented by a power-law behaviour written 
as follows 

In order to solve Eq. ( 5 ) ,  the concentration dependence of the rheological 
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282 A. D U T T A  A N D  R.A. MASHELKAR 

parameters (& n, A, and p) needs to be known. These are  determined experimen- 
tally and usually these also follow a power-law behaviour with reference to 
concentrations and can be represented as 

K = a,chl ,  n = a2ch2, A = a,cb3, and p = a,cb4 (11) 

where a ' s  and b's are  constants. In the following, we obtain the detailed 
concentration and velocity fields assuming the above power-law relationships for 
different rheological parameters and material functions. 

A fourth-order Runge-Kutta technique was employed to numerically solve the 
governing equations. Since the free-surface concentration, c,, is not known a 
priori a shooting type procedure was necessary and an initial guess of c, was 
adjusted until the mass balance condition represented by Eq. (6) was satisfied. 

MATERIAL PARAMETERS 

The  objective of the numerical calculations is to obtain theoretical predictions for 
those conditions of falling film flows under which experimental observations of 
flow enhancement were made. Although several such observations have been 
reported [I-41, none of them contain the complete rheological information 
necessary for undertaking the calculations. Carreau et al. [3] have conducted an  
extensive experimental study of the anomalous flow effects in falling film flows of 
aqueous polyacrylamide (Separan MG-700, Mol. wt. -6 X lo6 [17]) and carbox- 
ymethyl cellulose solutions. Along with the film flow data, they have also 
presented the viscosity-shear rate data for different polymer concentration. 
Within the power law region (shear ra te> 1 sec-I) of the viscosity curves for the 
Separan solutions, the following constants could be  obtained 

a ,  = 83.132 dynes sec"/cm2, b, = 1.297 

a,= 0.3101 dynes secD/cm2, b2= -0.1466 (12) 

where the polymer concentration c is in weight percent. Unfortunately, however, 
no data regarding the primary normal stress difference was reported. Similar lack 
of normal stress data is also evident in other data sources too. 

In the absence of experimental normal stress data, we sought to generate this 
information from shear viscosity data using the procedure suggested by Abdel- 
Khalik et al. [ l a ]  and Wagner [19]. Both these methods, however, predict similar 
dependence of shear and normal stress on the shear rate (p = n)  whereas for most 
polymer solutions in the range of shear rates of interest to us, we find that p >  n. 
Further, when p = n, the free energy function becomes independent of shear rate 
(see eq. (7)). This is presumably an  artifact of these proposed methods. 

An  alternative semi-empirical procedure was thus devised in order to generate 
the normal stress information from shear viscosity data. From molecular theory of 
dilute polymer solutions, an expression for the relaxation time analogous to that 
suggested by Peterlin [16] can be written as 
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STRESS-INDUCED MIGRATION 283 

where q, is the solvent viscosity, [ q ]  the shear dependent intrinsic viscosity 1201, 
M the polymer molecular weight, R the gas constant, and T the absolute 
temperature. Following Eq. (13), for our purpose it is convenient to hypothesize 
the following expression for A - .  

100Mq A=- 
pcRT 

where p is the solution density, c the concentration in weight percent, and q, is 
taken to be negligible as compared to the shear viscosity, q. Combining Eqs. (8) 
and (14), the normal stress can be written as 

200M 
N , = -  

pcRT ''Y 

If the shear stress ( rXy)  follows a power law relationship as represented by Eqs. 
( l o ) ,  then from Eqs. (11) and (15) we get 

For the Separan solutions used by Carreau et al. this gives 

a3= 337.64 dynes secP/cm2; b3= 1.594 (17) 

a, = 0.6202, b, = -0.1466 

It must be  emphasized that Eq. (14) is semi-empirical in nature and thus before 
using it for the numerical calculations we have compared the normal stresses 
predicated by Eq. (15) with the experimental data for several polyacrylamide 
solutions of different molecular weights. Such comparisons are presented in Table 
I and Figures 2 and 3 for aqueous solutions of laboratory prepared sample 

TABLE I 

Comparison between calculated and measured normal stresses for 2% polyacrylamide solution 

Shear rate Shear stress Normal stress (dyneslcm2) 
(sec-') (dyneslcmz) Calculated Measured [21] 
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i o0 1 
10 l o '  10 

3 

FIGURE 2 Comparison between predicted and measured [ 141 normal stress difference for Separan 
AP-30 solutions in water. 

( M  = 5.3 X 10' [21]), Separan AP-30 (M = 1.75 X 10' [14]), and MG-273 (M = 6 x 
10" [22]) respectively. Reasonably, good agreement between Eq. (15) and experi- 
mental data is evident. Since the molecular weight and the concentration range 
for the MG-700 solutions used by Carreau et al. are similar to those for the above 
test solutions, we expect the normal stress difference predicted by Eq. (15) to be 
reasonably close to the actual values. The calculations, to be presented in the 
following, therefore were made using the constant values given by Eqs. (12) and 
(17). 

Apart from rheological information, knowledge about the concentration depen- 
dence of the diffusion coefficient (D) is also necessary. For dilute polymer 
solutions, D typically varies as follows [23]. 

D = Do+ where 4 = 1 + k D c  (18) 
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FIGURE 3 Comparison between predicted and measured (221 normal stress difference for aqueous 
Separan AP-273 solutions. 

Scholtan [24] has experimentally confirmed this linear behaviour for aqueous 
polyacrylamide solutions and found that k ,  is a strongly increasing function of 
molecular weight particularly at high values. For M = 6 x  lo6, the experimental 
results can be extrapolated to estimate k ,  to be roughly 2.21 and this value is 
used to describe the function C#I for Separan MG-700 solutions. Since this k,  
value is only an estimate, the sensitivity of the numerical results to any change in 
k ,  was investigated. It was found that even for *50% variation in k,, the 
corresponding changes in concentration and flow enhancement ratios are about 
rt3% and f 7%, respectively. Thus, even though k D  = 2.21 is only approximate, 
the subsequent numerical results are not expected to be altered significantly when 
a more exact value is used. 

NUMERICAL RESULTS 

Figure 4 illustrates typical fully developed concentration and velocity profiles for a 
given shear stress and initial polymer concentration for falling film flow of 
aqueous Separan MG-700 solutions. Owing to migration, the region adjacent to 
the rigid (inclined) surface sees concentration depletion while a corresponding 
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FIGURE 4 Typical fully developed concentration and velocity profiles for film flow of Separan 
MG-700 solution. The broken line represents the velocity profile in the absence of migration. 

concentration increase occurs near the free surface of the film. This leads to a 
highly non-uniform concentration distribution as shown in Figure 4. As a conse- 
quence of this concentration field, the viscosities are lower near the rigid surface 
and the velocities are higher, whereas the reverse holds true near the free surface. 
The net effect therefore is a tendency for the velocity field to become more 
uniform across the film. From Figure 4 is is seen that, in comparison to the 
velocity profile in the absence of migration (no-slip case), migration results in a 
much blunter profile accompanied by a marked increase in the wall shear rate. 

Table 11, which summarizes the numerical result, indicate the controlling in- 
fluences of both the applied shear stress, T,, and the solution concentration, ci. As 
in capillary flows [12], for a given ci the extent of separation Ac = (co-c,)lci 
increases with T, whereas for a given r,, AC diminishes as the solution gets more 
concentrated. This behavior is caused by the opposing influences of concentration 
on the relaxation time and the shear rate which jointly controls the potential 
function, f-the driving force behind stress-induced migration. 
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STRESS-INDUCED MIGRATION 

TABLE 11 

Summary of numerical results for aqueous Separan MG-700 solutions 

t c, is the wall concentration 

As mentioned earlier, the phenomenon of stress-induced migration is man- 
ifested as a marked increase in volumetric flow rate. Figure 5(a) shows the 
calculated flow enhancement ratio q/q,  (where q,,, is the volumetric flow rate per 
unit width in the absence of migration) as a function of T, for three different 
concentrations. Functional dependence of this ratio on T, and ci are analogous to 
that of Ac as discussed above. Note that these are qualitatively similar (see Figure 
5b) to the shear stress and solution concentration dependence observed experi- 
mentally by Carreau er al. [3]. As discussed later, a quantitative agreement 
between the FDCF predictions and the experimental data is anticipated only if 
fully developed conditions are ensured during the flow measurements. Regarding 
the drastic increase in volumetric rate, it is seen from Figure 5(a) that depending 
on the particular combination of T, and ci, the flow rate can be anywhere between 
200 to 600% higher than the no-slip value. These are major slip effects and, as 
discussed by Mashelkar and Dutta 161, neglecting them can lead to apparently 
anomalous behaviours in interpretation of heat and mass transfer processes in 
falling film flows of polymer solutions. For a more direct estimation of slip flow 
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11 I I 
10 90 110 130 I60 110 10 90 110 130 150 - 

Lu , dynes /cm2 , Tw . dynas/cmZ 

FIGURE 5 Flow enhancement ratio as a function of wall shear stress for aqueous Separan MG-700 
solutions. (a) fully developed calculations (b) experimental data 131. Broken line indicates the trend of 
experimental observations. 

contribution to total flow, the following expression can be made use of 

where us is the effective slip velocity. Numerical results suggest that in film flows 
of the Separan MG-700 solutions considered in this work, this contribution can be 
as high as 70 to 90% (see Table 11). Such large slip flow contribution was also 
shown to be likely for a similar flow configuration in free coating of polymer 
solutions (25). 

COMPARISON WITH EXPERIMENTAL DATA 

In order to assess the state of development of the concentration (and hence 
velocity) fields, we compare the theoretical results with experimental data re- 
ported by Carreau et al. [3]  for falling film flows of aqueous Separan MG-700 
solutions. Flow curves for different polymer concentrations are shown in Figures 6 
to 8. In all the cases, the measured flow rate is higher than the no-slip prediction 
but considerably lower than the FDCF asymptote. That is the data are bounded 
by the no-slip calculations and the fully developed prediction, with the latter 
serving as the upper bound on the migration effect. Note that for a specified 7, 
and ci, this asymptotic flow curve is unique and does not depend on any other flow 
variables such as film thickness, (6) and the angle of inclination ( P ) .  In a separate 
publication [12], similar observations were reported by us for capillary flows of 
aqueous Separan AP-30 solutions. 

Comparisons between theory and experiments, presented in Figures 6 to 8 
suggest that in all the cases the measured flow rate is considerably less than the 
FDCF asymptotic value but greater than the no-slip prediction. Furthermore, this 
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FIGURE 6 Flow curves for 0.5% Separan MG-700 solution. Calculated: 1-1 FDCF asymptote. 
[----I no-slip calculation. Experimental (3): 6 =85" (W), 82.5' (A). 8O0(0), 77.5' (0) 75' (a). 

discrepancy between FDCF asymptote and experimental data becomes more 
pronounced as 7, increases. A plausible explanation of this behaviour is that the 
experimental measurements pertain to the developing flow regime and not the 
fully developed conditions. In their experiments, Carreau et al. specify a flow 
length of LOO cm. The  significant difference between their experimental measure- 
ment and the FDCF asymptote implies that this length, perhaps, is not sufficient 
for the flow to become fully developed. Besides, for a constant flow length, it is 
expected that with an increase in T,, the full development will be even further 
delayed. Thus the discrepancy between FDCF prediction and the experimental 
measurements will be even more prominent. It then follows that if experiments 
are  conducted in the developing flow regime, the results will depend on the flow 
length and unless the length dependence is accounted for, the correlations based 
on the data generated will be  of little value. 

Presently, no guidelines are  available for determining the order of flow length 
necessary for full development of the migration phenomenon. Apart from de- 
veloping a rigorous theoretical treatment of the developing flow problem, an 
alternative approach would be to experimentally investigate the length depen- 
dence of the anomalous flow effects in falling film flows of polymer solutions. The  
present theoretical development suggests that beyond a certain flow length, no 
further migration is possible and the flow enhancement ratio will reach 'satura- 
tion' and will cease to increase with any further increase in the shear stress. 

In the light of the preceding discussion, it appears that very long flow length will 
be necessary for completion of flow development and hence attainment of a 
constant film thickness. Experimental observations, however, suggest that a 
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FIGURE 7 Flow curves for 0.6% Separan MG-700 solution. Legend is the same as in Figure 6.  

constant film thickness appears to be attained within a relatively short distance for 
falling film flows 131. The  reason for this apparent discrepancy is not clear at the 
moment. However. some idea regarding the film thickness variation during the - - - 
process of development can be obtained from an approximate phenomenological 
analysis of the problem. In the following section we will present such an analysis. 

FILM THICKNESS VARIATION: A PHENOMENOLOGICAL ANALYSIS 

We consider an idealized fully developed situation (see Figure l(b)) where two 
distinct layers have been formed due to polymer migration away from the wall. 
Close to the wall there is a low viscosity layer over which the bulk of the polymer 
solution is flowing. If the layer thickness is ( 1 - a )  times the film thickness (6) and 
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Tw , dynes /cm2 

FIGURE 8 Flow curves for 0.7% Separan MG-700 solution. Legend is the same as in Figure 6 .  

both the phases follow powerlaw behaviour, then the volumetric flow rate per unit 
width can be expressed as 

If q,, is the flowrate in the absence of wallslip (a =I) ,  the flow enhancement ratio 
becomes 

As the liquid film flows down the inclined plane, the initial part of it essentially 
represents a no-slip flow whereas after a certain length fully developed conditions 
are achieved. Since the flowrate will remain constant during this developing 
process, the ratio of downstream and upstream film thicknesses will be calculated 
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as follows 

For a given wall-layer concentration, c,, the polymer concentration in the core 
layer (c,) can be obtained from a mass balance equation which is 

Here  ci is the initial concentration and q, and q, are  the volumetric flowrates in 
the wall and core layers, respectively. Equation (22) suggests that compared to the 
amount of flow enhancement the corresponding change in film thickness will be 
relatively small for  typical (pseudoplastic) polymer solutions. For obtaining 8/6,, 
however, an iterative procedure is necessary since the powerlaw constants Kc and 
r t ,  depends on  the core concentration c, (see Eq. (23)) not known a priori. As an 
example, let us consider the experimental data point (3) where T,= 

87.5 dyneslcm2, ci = 0.60h (aqueous Separan MG-700 solution), qlq, = 2.598. An  
iterative procedure suggests that a -0.874 and c,-0.613 for cw-0.4 as  esti- 
mated by Carreau et al. [3]. Equation (27) then predicts 818, -0.62. Thus i t  is 
evident that even if the flow enhancement is of the order of 160%, the corres- 
ponding variation in film thickness is only about 38%. It is not clear to us as to 
whether a systematic investigation of such changes in film thickness over the 
entrie flow length has been attempted, but it would be decidedly desirable to d o  
SO. 

Undoubtedly, the above model presents a simplistic view of the actual flow 
situation. Instead of a marked separation of two distinct layers, a gradual 
depletion of the polymer near the wall is more realistic (see Figure 4). Neverthe- 
less, this simple model calculation does provide some interesting clues. In particu- 
lar it suggests that film thickness variation owing to polymer migration will be 
relatively small as compared to the magnitude of flow enhancement. A detailed 
and careful study regarding the uniformity of film thickness along the flow length 
would indeed be fruitful in resolving as to whether stress-induced polymer 
migration proceeds via a slow diffusive process [9, 10, 131 o r  a fast 'runaway' 
mechanism [ I  11. Alternatively, it is also quite plausible that the high deformation 
rates prevailing in the hydrodynamic entrance region are  adquate to set up the 
fully developed fields within a relatiuely short flow length. Future work in these 
directions will be  decidedly rewarding in developing a better understanding of 
anomalous flow effects in laminar falling film flows of polymer solutions. 

IMPLlCATlONS IN MASS TRANSFER PROCESSES 

So far, we have considered the role of stress-induced migration in altering the 
hydrodynamics in falling film flow of polymer solutions. Since mass transfer 
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involving such film flows occur quite frequently in practical situations and also 
mass transfer processes are controlled by the associated hydrodynamics, we feel a 
discussion concerning the effect of migration on such transport processes to be 
appropriate. Earlier, a detailed phenomenological discussion regarding the re- 
markable effect of wall slip in these processes have been considered by Mashelkar 
and Dutta 161. They, however, used only 'heuristic' arguments to demonstrate the 
effect of slip and showed how the findings in the literature could be rationalized, if 
slip effects were incorporated. The present analysis is relatively more detailed and 
brings out more clearly the role of variables such as molecular weight, polymer 
concentration as also the flow conditions such as film thickness, angle of inclina- 
tion etc. on the migration process. It needs to be emphasized that the analysis to 
follow will be based on FDCF asymptote and therefore it is presumed that 
adequate lengths would have been provided for reaching this asymptote. In the 
case of solid dissolution in a film (see e.g. 1261) the normal experimental 
arrangements provide for calming zones before the active mass transfer section 
starts, whereas in the case of gas absorption in a film (see e.g. [27-30]), such is not 
the case. The length over which macromolecular separation occurs is therefore 
considerably larger than the length of the mass transfer zone, whereas it is 
practically the same in the case of gas absorption. Further, the role of the high 
deformation rates in the entry region of film flows in carrying rapid separation is 
also uncertain. In view of these uncertainties, the analysis to follow has to be 
viewed with some caution. 

Consider the case of mass transfer from the rigid surface (solid dissolution) and 
from the free surface (gas absorption) separately. In the former case, for short 
contact times, a Leveque-type approximation leads to the following relationship 
for the average mass transfer coefficient ( i )  

where D is the solute diffusivity in the polymer solution, +, is the wall shear rate 
and L is the flow length. Since in absence of migration (no-slip case) 

the ratio of mass transfer coefficient with (subscript s) and without (subscript ns) 
migration for a film of a given thickness becomes 

where dqddtjE,, is the dimensionless velocity gradient at the rigid surface in the 
presence of migration and the subscript i denotes evaluation at the initial polymer 
concentration, ci. 

In the case of mass transfer from the free surface of the film. the surface 
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velocity controls the convective effect and here too a penetration theory approxi- 
mation, valid for short contact times, leads to the following relationship 

where v,,, is the maximum o r  the free surface velocity. As before, since 

the ratio of mass transfer coefficients becomes 

where $(O) is the dimensionless free surface velocity. 
The  present analysis allows determination of the wall shear rate (d$ld&,,) and 

the free surface velocities ((~(0)) resulting from the stress-induced migration 
effect. For illustrative purposes, the values for Separan MG-700 solutions consi- 
dered in this work have been listed in Table 11. It is seen that the (dimensionless) 
wall shear rate is roughly about 7-8 which is markedly higher than the corres- 
ponding no-slip values ( 2 + l l n i  -4.9-5). Since q/q, is considerably greater than 
unity, Eq. (26) predicts enhanced mass transfer rates due to migration. Similarly, 
in the case of gas absorption even though the dimensionless surface velocity varies 
between 1.15-1.14, which is less than the corresponding no-slip values (2+  
l /n i / l  + Ilni  - 1.245-1.255), the values of qlq, being significantly greater than 
unity leads to k,/k,,, ratios considerably greater than unity (see Eq. (29)). These 
predictions are  in qualitative agreement with experimental observations with such 
fluids, since such facilitation in dissolution rates [4, 261 and gas absorption 
(27-30) have been reported in the literature for falling film flows of polymer 
solutions. 

Figure 9 illustrates the mass transfer enhancement ratio, both for transport a t  
the rigid as well as the free surface, as a function of wall shear stress and polymer 
concentration for aqueous Separan MG-700 solutions. I t  is clearly seen that 
depending on  the prevailing conditions the enhancement in transport rates can be 
anywhere between 70  to 170%. Consistently, however, the extent of augmenta- 
tion is much higher for mass transfer a t  the free surface. Moreover, although the 
enhancement ratio is a monotonically increasing function of applied shear stress, 
the same is not true for the concentration effect. Since kJk, must be  unity for 
ci = 0 (i.e. water for aqueous solutions), the results depicted in Figure 9 suggest 
that for a given shear stress this ratio attains a maximum at some intermediate 
polymer concentration. Experimentally, Peev and Nikolova [4]  observed that the 
dissolution rates of gypsum were consistently higher for 0.5% CMC solution as 
compared to that for 1.0% solution. 

It is quite common to use the falling film technique for the measurement of 
diffusion coefficients. From the augmentation of mass transfer rates due to stress 
induced diffusion, such coefficients deduced by using ordinary hydrodynamic 
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Tw, dynes / cm2 

FIGURE 9 Enhancement in mass transfer rates as a function of wall shear stresss for aqueous 
Separan MG-700 solutions. Solid and broken lines are for mass transfer from the rigid and the free 
surface, respectively. 

calculations can be only apparent. Further they are  expected to be higher than the 
actual values and also should exhibit a maximum at some intermediate concentra- 
tion. Indeed, such anomalous behaviour has been observed by Astarita [26] and 
Peev and Nikolova [4] for solid dissolution and by Perez and Sandall [27] and 
Mashelkar and Soylu [29, 301 for gas absorption. It, therefore, appears that the 
falling film technique may not be reliable, since erroneous results may be obtained 
due to stress induced migration effects. 

REFERENCES 

1. Popadic, V.O.. AlChE. 1.. 21, 610 (1975). 
2. Astarita, G.,  Marrucci, G., and Palumbo, G.,  Ind. Eng. Chem. Fundam., 3, 333 (1964). 
3. Carreau, P.J., Bui, Q.H., and Leroux, P., Real. Acta, 18, 600 (1979). 
4. Peev, G.. and Nikolova, A., J. Nan-Newt. Fluid Mech., 8, 319 (1981). 
5. Dutta, A,. and Mashelkar, R.A., AIChE. J., 29, 519 (1983). 
6. Mashelkar, R.A., and Dutta, A,, Chem. Eng. Sci., 37, 969 (1982). 
7. Metzner, A.B., Cohen, Y., and Rangel-Nafaile, C., J. Nan-Newt. Fluid Mech., 5, 449 (1979). 
8. Tirrell, M., and Malone, M.F., J. Polym. Sci., Polym. Phys. Ed., 15, 1569 (1977). 
9. Aubert. J.H., and Tirrell, M., J. Chem. Phys.. 77, 533 (1982). 

10. Brunn, P.O., J. Chem. Phys., 80, 5821 (1984). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
0
8
 
2
0
 
J
a
n
u
a
r
y
 
2
0
1
1



296 A. DU'ITA AND R.A. MASHELKAR 

l I .  Janssen, L.P.B.M., Reol. Acta, 19, 32 (1980). 
12. Dutta, A,, and Mashelkar, R.A., L Non-Newt. Fluid Mech., 16, 279 (1984). 
13. Cohcn, Y., and Metzner, A.B., AIChE. Syrnp. Ser., 212,78, 77 (3982). 
14. Cohen, Y., Ph.D. Thesis, University of Delaware, Newark, Delaware, 1980. 
15. Dutta, A,, and Mashelkar, R.A., Rheol. Acfa, 22, 455 (1983). 
16. Pctcrlin, A,, Pure Appl. Chem., 12, 563 (1966). 
17. Scparan Polymers Brochure, Dow Chemical Co., Midland, Michigan, 1981. 
18. Ahdcl-Khalik, S.I., Hassager O., and Bird, R.B., Polym. Eng. Sci., 14, 859 (1972) 
19. Wagner, M.H., Rheol. Acfa, 16, 43 (1977). 
20. Cordon, R.J., and Schowlatcr, W.R.. Trans. Soc. Rheol., 16, 79 (1972). 
21. Kulickc, W.M., Kniewske, R., and Klein, J., Progr. Polym. Sci., 111, 373 (1982). 
22. Arguniedo, A., Chung. T.T., and Chang, K.I., J .  Rheol., 22, 449 :1978). 
23. Vrentas, J.S., and Duda, J.L., AIChE. J., 25, 1 (1979). 
24. Scholtan. W.. Mokromol. Chemie, 14, 169 (1954). 
25. Dutta, A.. and Mashelkar, R.A., Rheol. Acfa, 21, 52 (1982). 
26. Astarita. C.. 111d. E I I ~ .  Chem. Fund., 5, 14 (1965). 
27. Perez, J.F.. and Sandall, O.C., AIChE. J., 19, 1073 (1973). 
28. Mashelkar, R.A., AIChE. J., 30, 353 (1984). 
29. Mashelkar, R.A., and Soylu, M., Chem. Eng. Sci., 29, 1089 (1974. 
30. Mashclkar, R.A., and Soylu, M., J .  Appl. Polym. Sci., 27, 697 (15'82). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
0
8
 
2
0
 
J
a
n
u
a
r
y
 
2
0
1
1


