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An Experimental Study of the Rheological 
Behavior of Surface Films 

A constitutive equation has been developed to relate surface stresses to 
the deformational history of an interface. To verify the applicability of the 
equation to real surface films, experimental studies involving spread and ad- 
sorbed monolayers have been conducted using the deep-channel surface 
rheometer operated both under the conditions of oscillatory and constant 
floor motion. The results reported here are the first obtained using an oscil- 
latory system. 

Experimental results indicate that both spread and adsorbed monolayers 
can exhibit viscoelastic behavior which may be represented by the model. 
Furthermore, it has been found that for three long chain, fatty acid films, 
spread on a pH 6.1 aqueous substrate, surface shear viscosity and surface 
elasticity increase with film pressure and molecular weight. The observed 
rheological behavior was found to be strongly pH dependent. 

SCOPE 
An interfacial constitutive equation has been proposed 

(Gardner et al., 1977) which allows for both non-New- 
tonian steady shear and viscoelastic behavior and thus pro- 
vides a unified description of complex interfacial phenom- 
ena. The objective of this study is to verify the applica- 
bility of this constitutive equation and associated models 
to real surface films. In order to achieve this, rheological 
0001-1541-79-1896-0032-$01.15. 0 The American Institute of Chemi- 
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experiments have been conducted with spread films of 
long chain, fatty acids and an adsorbed polymeric film 
using the deep-channel surface rheometer (Gardner et al., 
1977; Burton and Mannheimer, 1967; Mannheimer and 
Schechter, 1970). In order to evaluate the parameters as- 
sociated with the proposed constitutive equation, a new 
experimental technique which employs a small amplitude 
sinusoidal deformation has been used in conjunction with 
surface viscometry. 
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CONCLUSIONS AND SlGNlFfCANCE 
It  has been found that the deep-channel surface rhe- 

ometer may be used to analyze complex rheological be- 
havior of spread and adsorbed surface films. Of particular 

significance is the applicability of the general surface con- 
stitutive equation and resulting surface rheological mod- 
els in describing viscoelastic interfaces. 

Experimental results indicate that films of long-chain, 
fatty acids spread on an aqueous substrate of pH 6.1 are 
viscoelastic. Furthermore, it was found that surface shear 
viscosity (yo, ym, 7') and surface rigidity (9") increase 
with film pressure and molecular weight. 

Substrate pH was found to affect the rheological be- 
havior of spread fatty acid films. In particular, it was 
found that an arachidic acid film spread on a pH 6.1 sub- 
strate behaved as a Newtonian film of very low surface 
viscosity. The behavior at pH 6.1 may be due to the for- 
mation of soaps formed by the interaction of the carboxy- 
late anions with trace amounts of multivalent cations pres- 
ent in the substrate. 

A study of the limitations of the surface viscometer 
(constant floor motion) indicates that if no film is present 
at the interface, the device must be operated so that amax 
4 45 deg/s for D between -0.15 and -0.20 or a,,,,, 
30 deg/s for D = 0.26 to avoid secondary surface flows. 
However, if the infinite shear rate surface viscosity vrn is 
greater than -3 x 10+ kg/s, it appears that n may be as 
large as 70 deg/s (for D - 0.2) before secondary flows 
have an influence. 

The oscillatory surface rheometer, while useful for de- 
termining relaxation times for the films studied, is limited 
to films characterized by parameters such that y, << 70 
< kgk/s and > 0.5 s. In addition, the lower limit 
for D (which corresponds to the maximum shear rate 
obtainable) was found to be approximately 0.15. 

The sensitivity of the experimentally determined pa- 
rameters to the depth of fluid in the canal (or D )  was 
tested by performing the viscometric and oscillatory ex- 
periments at different values of D. It  wa5 found that the 
two parameter sets differed by approximately 10 %. 

Viscoelastic behavior was also characteristic for adsorbed 
films of poly (vinyl-alcohol) . The observed transition floor 
rotation rate, however, was greater than for the fatty acids 
by at least a factor of two, which may be due to a higher 
degree of molecular entanglements in the poly (vinyl-alco- 
hol) film. 

Time dependent rheological behavior has been observed 
for poly(viny1-alcohol) of 115 000 molecular weight in 
which the transition floor speed (which, in this case, may 
be related to a yield stress) and 17. increase with time and 
approach a limiting value. This phenomenon is mostly 
likely due to a slow surface diffusion rate for poly(viny1- 
alcohol) molecules where the surface concentration slowly 
increases, approaching an equilibrium value. 

A RHEOLOGICAL MODEL FOR VISCOELASTIC 
INTERFACES 

The constitutive equation used here to describe inter- 
facial rheological behavior is a modified, two-dimensional 
version of a constitutive equation proposed by Tanner 
and Simmons ( 1967) for incompressible viscoelastic bulk 
phases. The model has been modified (Gardner, 1975) to 
apply to viscoelastic interfaces and is not limited to in- 
compressible interfaces. 

AlChE Journal (Vol. 25, No. 1) 

The surface film is presumed to be characterized by a 
memory function m (s) , The general equation will not be 
described here, but the results as applied to certain special 
cases of experimental interest will be presented. 

Steady Shear Surface Flows 
Consider a flat interface lying in the x - y plane of a 

Cartesian coordinate system x, y, z. Suppose that the inter- 
face is undergoing a steady shear such that 

and 

The surface stress is given by 

where the material function 7j( + ) (or surface shear vis- 
cosity) is 

and is a function of i; the interfacial shear rate: 

y = I $ /  

(4) 

(5) 

B is a parameter which indicates the magnitude of de- 
formation necessary to cause the film to lose its 

An approximate expression for the memory 
has been proposed (1) (2)  as 

memory. 
function 

(6) 

(7) 

n + l  
Equations (6)  and (7)  are similar to those proposed by 
Bird and Carreau ( 1968). The parameters a, p, ?lo, 7., and 
A are discussed in subsequent sections. 

Small Deformational Sinusoidal Shear Surface Flows 
Again, consider a flat interface in the x - y plane of 

the Cartesian coordinate system, but now suppose that 
the interface is undergoing a small amplitude, sinusoidal 
shear such that 

and 
V, = Im {Voeiat} (8) 

v, = 0 (9) 
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Fig. 1. The deep-channel surface rheometer. 

The interfacial shear stress (Gardner and Schechter, 
1976) is 

and if the amplitude of oscillation is sufficiently small 
(Gardner et al., 1977) 

where 
rszz = - 7syu = 0 (11) 

(13) 
.w 

G'(o) = s," m(s) [l - cos(os)]h (14) 

The dynamic surface viscosity 9' is the in-phase com- 
ponent of the complex surface viscosity 7' and represents 
the viscous component of 7'. The out-of-phase term G'/w 
represents the elastic component of 7'. Note that for a 
purely viscous interface, G' = 0, and for a purely elastic 
interface, 7' = 0 (Gardner et al., 1977). 

Material  Functions 

Note that the material functions 7( + ), ~ ' ( 0 )  and 
G'(o) are all related through the memory function m(s)  
[Equation (6)  1, After integration of Equations ( 4 ) ,  ( 13), 
and ( 14), the material functions become 

The surface shear viscosity function defined by Equa- 
tion (15) is appropriate for describing shear thinning, 
viscoelastic interfaces under the condition of steady shear. 
In particular, note that as the magnitude of the shear 
rate -j increases to infinity, the function approaches a con- 
stant equal to 7- (the infinite shear rate surface viscosity). 
For f approaching zero, the shear viscosity approaches 70 
(the zero shear rate surface viscosity). The rate at which 
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these limiting values are attained is governed principally 
by the grouping B/h ,  and to a lesser extent by a and 6. 

THE DEEP-CHANNEL SURFACE RHEOMETER 

Figure 1 illustrates the design of the deep-channel sur- 
face rheometer. The device consists basically of a moving 
floor bounded by two fixed walls forming a canal. Its 
operation has been discussed in previous work (Burton and 
Mannheimer, 1987; hgannheimer and Schechter, 1970). 
Two types of floor motion are considered here, continuous 
rotation and small amplitude oscillation. The results pre- 
sented in this paper are the first to be reported using an 
oscillatory floor. The application of this mode of operation 
will become evident. 

Although the geometry of the canal assembly is annu- 
lar, it has been shown that the assumption of a linear 
geometry is valid provided the rheometer is properly de- 
signed ( Mannheimer, 1968). Furthermore, under certain 
conditions, the interface may be considered flat; that is, 
the meniscus may be neglected (Pintar et al., 1971). 

Experimental Limitations o f  the Surface Rheometer 

The primary limitation of the deep-channel surface v is-  
cometer (constant floor motion) is that there is an upper 
limit on the allowable shear rate magnitude, since sec- 
ondary surface flows may arise causing a marked devia- 
tion from predicted theoretical behavior. 

Gardner and Schechter ( 1976) have characterized this 
behavior by measuring the period of the floor ( T f )  and 
that of the surface ( T p )  as a function of the rotational 
speed ( a )  for the case where no film is present at the in- 
terface. Deviations from predicted behavior become evi- 
dent when the period ratio shows a dependence on the 
floor rotation speed. In this work, the same approach was 
used for analyzing the influence of secondary flows, but 
the values for the depth parameter D were considerably 
smaller than in the previous study. Figure 2 shows T*/Tp 
vs. fi curves for three values of the depth to width ratio 
D for the case where no film is present. Note that the 
magnitude of the surface shear rate may be increased by 
either decreasing D or by increasing fi. 

For D = 0.2600, secondary flow apparently becomes 
important around a = 30 deg/s. For I) = 0.2050 and D 
= 0.1501, the deviation from theory occurs at higher 
values of 40 and 50 deg/s, respectively. (Data taken at 
D = 0.1237 were found to be unreproducible; hence, 
such a low value is not recommended.) So it appears 
that the maximum allowable shear rate in the absence of 
a film is defined by D = 0.15 and = 40 deg/s. Note 

THEORY 
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Fig. 2. T f / T p  vs. a for three values of D in the case where no film 
i s  present a t  the interface. 
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Fig. 3, AdAf vs. frequency for three values of D in the case where 
no film i s  present a t  the interface. 

that the shear rate at  which secondary surface flows be- 
come evident for D = 0.2600 is much smaller than for 
either D = 0.1501 or D = 0.2050, which suggests that 
the depth of the hypophase as well as the shear rate 
magnitude are influential in creating secondary surface 
flows. This means that the upper and lower bounds of the 
operational constraints for the surface viscometer must be 
expressed in terms of both D and a and not in terms of 

alone. Hence, in the absence of a film, the operational 
constraints are such that at D = 0.26, amax = 30 deg/s, 
whereas at D = 0.15, a,,,,, = 40 deg/s. 

In the viscometric experiment, D was approximately 
equal to 0.2 in all cases, so that the upper limit far 
floor rotation speed was 40 deg/s. However, this upper 
limit was exceeded for some cases in which films were 
present to determine (Tj/Tp)m. It was assumed that if 
the surface was sufficiently viscous, secondary flows pro- 
duced at the higher floor speeds would be damped out. 
Evidence will be presented to support this contention. 

The primary limitation in the oscillatory rheometer ex- 
periment is due to the fact that some surface films possess 
such high surface viscosities that it is difficult to measure 
the amplitude of the oscillations accurately. However, 
this difficulty in measuring small amplitude ratios may be 
alleviated to some extent by decreasing the depth-to-width 
parameter D. But, as in the steady shear experiment, there 
is a lower limit on D. Figure 3 shows the relative ampli- 
tude of oscillation of the surface (A,/A,) vs. frequency 
for three values of D, wherein no film is present at the 
interface. For D = 0.3006 and D = 0.1464, there is 
good agreement with the theoretical predictions (solid 
lines); however, there is a marked deviation for D = 
0.0992 which is perhaps caused by the gap between the 
canal walls and dish, The value of D used in this work 
was 0.2 and was found to be sufEicient for the films studied. 

EXPERIMENTAL 
The stainless steel canal and dish assembly for the surface 

viscometer used in this study is shown in Figure 1. The 
canal walls and beveled edges are precisely machined so that 
the maximum eccentricit is +0.0015 cm. The dish is secured 
on the motor shaft, andythegap between the beveled canal 
edges and the floor of the dish may be adjusted by use of three 
micrometers. The canal-and-dish assembly is isolated from the 
environment by a glass bubble which is fitted with a micro- 
scope. 

The motor shaft is connected to a Genisco model C181 
rate-of-turn table which provides variable rotation speeds from 
0.001 to 1200 deg/s. 

AlChE Journal (Vol. 25, No. 1) 

The canal-and-dish design for the oscillatory rheometer is 
essentially the same as the steady shear rheometer, except that 
the gap between the canal walls is 0.85 cm. The oscillatory 
floor motion is induced by means of a sinusoidally oscillating 
bar connected to the drive shaft. The bar in turn is driven by 
a dc motor and an offset cam assembly. The motor drive for 
the oscillatory rheometer consists of an Electro-Craft model 
E-550 MGHP motor and corresponding speed regulator (model 
E-550M). The motor speed is infinitely variable over a 1 0OO:l 
speed range which corresponds to a frequency range from 
-0.01 to 1.7 Hz. 

The oscillatory rheometer is also protected from the en- 
vironment by a glass bubble fitted with a microscope. In addi- 
tion, it is shielded from light by use of a hood. It was found 
that room light could induce convective currents in the surface 
rheometer, causing a particle at the surface centerline to 
migrate in the canal. To eliminate this difiiculty and also to 
be able to observe the particle, a strobe light was used for 
illumination. The strobe light, with its short flash duration, 
produced little heat and did not cause the particle to migrate. 

The environment inside the bubble was maintained at 
relatively high humidity by use of water-wet wicks. The tem- 
perature was not controlled and varied (23 2 1°C). 

The filling procedure insures that the contact angle between 
the substrate and the canal walls will be an advancing con- 
tact angle and hence will be large; therefore, the interface 
will be as flat as possible (Addison, 1977). 

The rheological behavior of three spread films and one 
adsorbed film was studied in this work. The three spread 
films used were long chain fatty acids: tetradecanoic acid 
[ CH3 ( CII2 ) lzCOOH], stearic acid [ CH3 ( CH2 ) &OOH], and 
Arachidic acid [CHs( CH2)lsCOOHl. The adsorbed films 
studied were 88% hydrolyzed poly( vinyl-alcohol) of 10 000 
molecular weight and 100 % hydrolyzed poly ( vinyl-alcohol) 
of 115 000 molecular weight. 

Tetradecanoic acid (M.W. = 228.38, m.p. = 52.5'C) was 
obtained from Eastman Kodak Company, stearic acid (M.W. 
= 284.49, m.p. = 69.6"C) from Fisher Scientific Company, 
arachidic acid (M.W. = 312.54, m.p. = 77.0'C) from K & K 
Laboratories, and poly ( vinyl-alcohol) from Aldrich Chemical 
Company. All compounds used were of reagent grade. 

The spreading solvent used was purified n-hexane. This 
reagent grade solvent was purified and dried by passing it 
through a silica gel column and storing over 4A molecular 
sieves, The drying step is of the utmost importance, since 
trace amounts of water dissolved in the spreading solutions 
were found to drastically reduce their spreading ability. The 
concentration of each spreading solution was 0.2 kg/m3. 

The films were spread on distilled water (pH = 6.1) 
by means of a Hamilton microsyringe ( 10 PI capacity). The 
spreading technique consisted of carefully placing a number 
of 2 pl portions on the surface at various locations in the 
canal. The 2 pl  portions were spread at 3 min intervals to 
allow the solvent to evaporate. 

After the films were spread, a small TeHon particle (diam- 
eter -0.01 cm) was placed on the surface, and the film was 

Fig. 4. Surface pressure vs. molecular area for C-14, C-18, and C-20 
long chain fatty ocids. 
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Fig. 5. Tf /Tp YS. fi for a tetradecanoic acid (C-14) film spread on a 
pH 6.1 aqueous substrate a t  x = 0.001, 0.002, and 0.003 N / m .  

allowed to equilibrate. The film is considered to be at equi- 
librium when the period ratio at some fixed value of fioor 
rotation speed is constant with respect to time. Equilibration 
times for the three spread films was always less than 10 min; 
however, the adsorbed film of poly ( vinyl-alcohol ) required 
at least 8 hr to equilibrate owing to a slow surface diffusion rate. 

Surface pressure vs. molecular area isotherms for the three 
fatty acids are shown in Figure 4. Film pressures were mea- 
sured by the Wilhelmy plate method. The tensiometer used 
here consisted of a 5.5 cm long roiighened platinum plate 
suspended from a Federal precision balance. 

Film pressures measured using the technique oiitlined above 
were found to be reproducible to within +0.0002 n/m. 

Note that the n-A isotherms of Figure 4 were not generated 
by mechanically compressing the films but rather by increasing 
the surface concentration by applying increasing amounts 
of spreading solution. Trends similar to those illustrated in 
Figure 4 have been observed for mechanically compressed 
fatty acid films on aqueous substrates of various pH (Jarvis, 
1965; Spink and Sanders, 1955). 

RESULTS AND DISCUSSION 

Experimentally Determined Parameters for Three 
Long Chain, Fatty Acid Spread Films 

Each long chain fatty acid was spread on a pH 6.1 
aqueous substrate at three surface pressures: 0.001, 
0.002, and 0.003 n/m. The two surface rheological ex- 
periments were conducted for each acid to determine how 
the model parameters vary with film pressure and fatty 
acid molecular weight. 

" n (DPS) 

Fig. 7. Tf/Tp vs. for an arachidic acid (C-20) film spread on a pH 
6.1 aqueous substrate at n = 0.001, 0.002, and 0.003 N / m .  

Fig. 6. Tf /Tp YS. Q for a rtearic acid (C-18) film spread on a pH 
6.1 aqueous substrate a t  x = 0.001, 0.002, and 0.003 N/m. 

Figures 5, 6, and 7 show T f / T p  vs. Q data for the three 
fatty acids at the three film pressures. For a tetradecanoic 
acid film at T = 0.001 N/m ( A  = 2.83 x m2/ 
molecule), the rheological behavior is Newtonian (7 = 
qo) up to = 0.1 deg/s. Then, T f / T p  increases rapidly 
with a, indicating a transition to non-Newtonian be- 
havior. For 0 > 30 deg/s, T / T P  approaches a limiting 
value with 7 = 1. < 70. The same trends are observed 
at T = 0.002 and T = 0.003 n/m. Note that ( T f / T p ) o  
and ( T f / T p ) ,  decrease with increasing film pressure n, 

and that the transition floor rotation rate increases (or, 
equivalently, B/A increases) with increasing film pressure. 
This same trend occurs with spread stearic acid and 
arachidic acid films (Figures 6 and 7). 

The data were fit by use of the six-parameter model. 
The limiting surface shear viscosities qo and 7, were de- 
termined by trial-and-error solution using experimental 
( T f / T p )  ,, and ( T f / T , )  data. The surface shear viscosity 
described by Equation (15) is, relatively speaking, not 
sensitive to (Y and 8. In order to simplify the analysis of 
experimental data and to illustrate trends more clearly, a 
and were both set equal to 2. This value represents the 
average value for (Y and f i  obtained from the oscillatory 
experiment. B/A was determined so that the calculated 
T f / T p  vs. Q curves closely approximated the experimen- 
tal data. These curves are shown in Figures 5, 6, and 7 
for the C-14, C-18, and C-20 fatty acids, respectively. 

to I 

0 =02105 
m FILM - _ _ _  

- BEST FIT 

0 D =  001 N l m  

0 r = 0 0 Z N l m  

a D = 0 0 3 N l m  

r t  I I 1 1 1 1  
0 01 Q2 03 04 05 06 07 Qe 09 10 I1 1 2 '  

F R E O U W  I HZ I 

Fig. 8. A,,/A, vs. frequency for a tetradecanoic acid fim spread on a 
pH 6.1 aqueous substrate a t  n = 0.001, 0.002, and 0.003 N / m .  
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Fig. 9. AdAf  vs. frequency for a stearic acid f i lm spreod on a pH 
6.1 aqueous substrate a t  rc = 0.001, 0.002, and 0.003 N / m .  
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Fig. 10. AdAf vs. frequency for an arachidic acid film spread on a 
pH 6.1 aqueous substrate at  rc = 0.001, 0.002, and 0.003 N/m. 

TABLE 1. EXPERIMENTALLY DETERMINED PARAMETERS 

l 0  rl, 
Film g(N/m) x 103 (kg/s) x 103 (kg/s) x 106 B/h(s-l) B(-) U s )  

Tetradecanoic acid 
Tetradecanoic acid 
Tetradecanoic acid 
Stearic acid 
Stearic acid 
Stearic acid 
Arachidic acid 
Arachidic acid 
hachidic acid 
PVA (M.W. = 10 000) 

1 
2 
3 
1 
2 
3 
1 
2 
3 - 

10-2 

0.9145 
1.770 
2.250 
3.860 
5.430 
8.260 
4.680 
6.650 
7.000 
9.910 

0.0058 
0.0080 
0.0088 
0.0121 
0.0133 
0.0163 
0.091 
0.249 
0.0320 
1.8773 

0.5916 
0.7264 
0.7770 
0.7926 
0.7820 
0.8134 
0.9564 
0.9711 

15.0000 
0.97601 

102.00 
90.80 
88.30 
65.50 
58.80 
49.90 
50.10 
39.00 
30.50 
7.99 

10-5 1 I I 
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Fig. 13. B vs. surface pressure for C-14, C-18, and C-20 long chain 
fatty acids spread on a pH 6.1 aqueous substrate. 
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Fig. 14. Relaxation time (A) vs. surface pressure for C-14, C-18, and 
C-20 long chain fatty acids spread on a pH 6.1 aqueous substrate. 

The remaining parameter X, or relaxation time, was de- 
termined from data obtained from the oscillator experi- 
ment. Figures 8, 9, and 10 show the experimental A,/% 
vs. frequency data for the C-14, C-18, and C-20 acid films, 
respectively, at film pressures of 0.001, 0.002, and 0.003 
N/m. 

The experimental data were fit with a regression routine, 
using the five-parameter model for complex surface vis- 
cosity [Equations (16) and (17)]. 

Owing to the limitation of a relatively narrow frequency 
range (-0.01 to 2.0 cps), &/Af vs. frequency data re- 
quired to accurately determine T ) ~  ( AJAf + 0)  and T). (Ap/ 
A, + co) were only partially obtainable. For this rea- 
son, the values of r~~ and 7, found to best fit the surface 
viscometry experiment were used in curve fitting the OS- 
cillatory data. 

For (Y and /3 fixed and equal to 2, the parameter A 
was determined for each film, and, subsequently, B was 
calculated from the results of the surface viscometer ex- 
periment. Values of the parameters for the three films are 
given in Table 1. 

Generally speaking, the zero shear rate surf ace viscosity 
?lo increases with film pressure and molecular weight 
(Figure 11). The infinite shear rate viscosity qm follows 
the same trend; however, the values are smaller by two 
orders of magnitude (Figure 12). The parameter B 
varied from 0.60 to 0.98 and was also found to increase 
with film pressure and molecular weight (Figure 13), 
although at a much smaller rate than either 70 or 9.. 

The relaxation time X decreases with film pressure and 
molecular weight (Figure 14) which corresponds to a 
proportional increase in both the viscous (7 ’ )  and elastic 
( 7 ” )  terms of the complex surface viscosity ?*. In this 
particular set of experiments, (A,o)~ >> 1 for all n (or 
frequency, w >> d/l/xn) so that by Equations (16) and 
(17), 7’ and 7” increase with decreasing A. However, for 
small frequencies such that (A,o)~ << 1 ( O  << v‘x), 
the surface viscosity and elasticity increase with increas- 
ing relaxation time. 

Effect of Substrate pH 
In experments conducted with spread fatty acid films, 

the pH of the substrate was found to have a profound 
effect upon the surface rheological behavior. Figure 15 
shows the experimental T f / T p  vs. a curves for arachidic 
acid films spread on substrates of various pH. (The mo- 
lecular coverage in all cases was 2.2 x 1O-’9 m2/mole- 
cule. ) Typical viscoelastic behavior is observed for the 
film spread on a pH 6.1 substrate, but at pH 2.0, it be- 
haves as a Newtonian film with small surface viscosity. 
At pH 4.2, the film appears to be at an intermediate state 
between the highly viscous and elastic film at pH 6.1 and 
the Newtonian surface at  pH 2.0. The period ratio data for 
the film on pH 2.0 substrate are difficult to separate from 
those expected for a film-free interface. In fact, the surface 
viscosity is too small to be detected using the deep-chan- 
nel viscometer (the solid line through the data represents 
the theoretical prediction for the case where no film is 
present at the interface and D = 0.1953). Jarvis (1965) 
has conducted rheological experiments with fatty acid films 
on pH 2 aqueous substrates using the canal viscometer 
and has also found that the rheological behavior is 
Newtonian and that the measured surface viscosities are 
quite small. 

The dissociated acid form, RCOO-, at pH 6.1 is much 
more prevalent than at pH 2.0. This may explain the ob- 
served rheological behavior. A t  pH 2.0, the acid is ap- 
parently present, predominantly in the undissociated form, 
and hydrogen bonding between the -COOH moieties 
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tends to stabilize the molecular network; however, at p H  
6.1, the anionic carboxylate (RCOO- ) ion concentration 
is greater, which gives rise to strong charge interactions, 
and the molecular network can be likened to a fluid crys- 
tal. This observation may not completely explain the 
rigidity of films spread on the pH 6.1 substrate. How- 
ever, studies have been made (Jarvis, 1965; Spink and 
Sanders, 1955) that show dissociated fatty acids films in 
the presence of small concentrations of multivalent cations 
tend to form rigid films of soaps at high substrate pH 
(this phenomenon is due most likely to an intermolecular 
bridging of RCOO- anions and M+n cations at the sur- 
face). It is possible that small concentrations of cationic 
species may have been present in the substrate, thereby 
contributing to the observed pH response. I t  is not possi- 
ble to distinguish between these two mechanisms without 
conducting extensive tests. 

Experimentally Determined Model Parameters for an 
Adsorbed Polymeric Monolayer 

A polymeric monolayer adsorbed at the air/water in- 
terface has been studied using the techniques described 
in the preceding sections. In this case, the substrate con- 
sisted of an aqueous solution of 88% hydrolized poly 
(vinyl-alcohol) having an average molecular weight of 
10 000. The solution concentration was 0.05 wt %, which 
corresponds to the critical micelle concentration (CMC) . 
The bulk viscosity of this solution was 1.03 X N*s/ 
m2 under experimental conditions (23 2 l°C) .  

After we allowed 8 hr for equilibration by diffusion, 
data were obtained with the surface viscometer (Figure 
16) and the oscillatory rheometer (Figure 17).  Note that 
the limiting period ratio ( T f / T p )  was unobtainable 
owing to the excessively high floor rotation rate required. 
Consequently, data from the oscillatory rheometer were 
used to determine T.. The parameters best describing this 
film are given in Table 1. 

Note that B/X is roughly twice as large as for the spread 
films. This can be seen by the fact that the transition 
rate is higher by a factor of -2. The higher transition 
shear rate suggests that molecular interactions, possibly 
entanglements, are greater in poly (vinyl-alcohol) films 
than in fatty acid films, This seems plausible, since the 
entire poly (vinyl-alcohol) molecule is believed to lie 
lengthwise at the interface, and, furthermore, the molec- 
ular weight (or chain length) is much greater than for 
the fatty acids studied. 
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lo-*: 

I 

- 

- r : x 2  A pH= 6.1 j=o.2ml ~ - 

- - 
I I I I 1 1 1 1 1  I I I I 1 1 1 1 1  I I I I I I , ,  

I I I , 

No Fi lm 
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Fig. 17. A d A f  vs. frequency for adsorb7d poly(viny1-alcohol) (bulk 
concentration equal to  CMC). 

- . .  
0 = 0.1953 

t 4 

I 1 I I I I 
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Fig. 16. Tf/T,  vs. for odscrbed poly(viny1-olcohol) (bulk concen- 
tration equal to CMC). 

Fig. 18. T f / T p  vs. n for adsorbed poly(viny1-alcohol) as a function of 
time (bulk concentration equal to 0.5 ppm). 
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Fig. 20. AdAt vs. frequency for a stearic acid film spreod on a pH 
6.1 aqueous substrate (n = 0.002 N / m )  at two volu:s of D. 

Time Dependent Behavior 
Time dependent rheological behavior has been ob- 

served for an adsorbed film of high molecular weight 
poly (vinyl-alcohol) . In these experiments, the substrate 
consisted of an aqueous solution of 100% hydrolyzed 
poly (vinyl-alcohol) having an average molecular weight 
of 115000. The solution concentration was 0.5 ppm. 

Figure 18 shows the period ratio vs. floor speed curves 
for this film at various times before the film equilibrated. 
The behavior here for any particular curve is similar to 
that observed for the fatty acid films, except that the film 
was completely rigid at low floor speeds, and the limiting 
period ratio ( T j / T p ) *  was obtained only at excessively 
high floor speeds (because the maximum allowable floor 
speed was exceeded, a detailed numerical analysis could 
not be justified). 

TABLE 3. EXPERIMENTALLY DETERMINED q, FOR A 
TETRADECANOIC ACID FILM (T  = 0.004 N/M) AT 

THREE VALUES OF D 

D TfITP )a ?. ( k g h  1 
0.2336 0.610 2.9 x 10-8 
0.1996 0.708 2.6 x 10-6 
0.1339 0.797 3.0 x 

The apparent yield stress (which may be related to 
the transition floor speed) and both increase with time 
up to 28 hr, after which time it was found that the film 
had equilibrated and no further changes in period ratio 
were observed. The behavior illustrated by this film is 
believed to be due to a slow surface-diffusion rate in 
which the concentration of poly (vinyl-alcohol) molecules 
at the surface steadily increases and approaches an equi- 
librium value. 

Sensitivity 

The experimentally determined parameters CY, /3, A, 70, 
qa, and B should, in theory, be independent of the experi- 
ment used to determine them. In particular, the value of 
the operational parameter D used in the experiment 
should not affect the values of the parameters. In practice, 
however, the parameters obtained from experiments may 
be sensitive to the depth of fluid in the canal (depth = 
yoOD). This would indicate either a failure of the model 
in the case of large differences or simply experimental 
error for small deviations. 

To determine this sensitivity to D, experiments were 
performed at two different depths for a spread stearic acid 
film (T = 0.002 n/m). Figures 19 and 20 show the ex- 
perimental data, and Table 2 lists the parameters giving 
the best fit. Although the two parameter sets differ only 
by approximately lo%, it is clear that some modifications 
of the apparatus design is necessary before this surface 
rheological technique can be considered analytic. 

In some experiments, the floor speed was as high as 
75 deg/s (see Figure 7), which is greater than the ap- 
parent maximum allowable floor speed for D = 0.2. Such 
high floor speeds were necessary to determine the limiting 
period ratio ( T f / T , )  =. It is possible that the limiting pe- 
riod ratios thus obtained may be artifacts due to secondary 
surface flows. To test this hypothesis, ( T f / T p )  data were 
measured for three different depths using a tetradecanoic 
acid film ( v  = 0.004 n/m).  In addition, the maximum 
floor speed used (70 deg/s) was in excess of the apparent 
maximum allowable speed for any value of D. The limit- 
ing period ratios and corresponding surface viscosities 
( vm) for the three depths are given in Table 3. 

The relatively good agreement between the calculated 
surface viscosities in the high shear rate range (defined 
by D = 0.1339) and the low range ( D  = 0.2336) indi- 
cates that secondary flow is not a large source of error even 
at floor speeds as high as 70 deg/s, provided the surface 
viscosity (7*) is greater than -3 x kg/s. This tends 
to support the assumption that secondary flows are damped 
out by viscous surfaces. 

TABLE 2. SENSITIVITY OF EXPERIMENTALLY DETERMINED PARAMETERS TO D 

qo q m  

D (kg/s) x 103 (kg/s) x 103 B / k ( s - 1 )  U s )  W - 1  

0.4820 0.00543 0.0133 - 0.7820 
0.5340 0.00610 0.0133 - 0.8366 
- - - 58.8 - - - - 62.9 - 

Viscometric experiment { ::% 
Oscillatory experiment 
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NOTATION 

AJAf = amplitude of surface center-line oscillation/am- 
plitude of floor oscillation 

B = model parameter related to the amount of de- 
formation at which the surface loses its memory 
(see Gardner, 1975) 

D 
G’ = dynamic surface rigidity 

Zm{ } = imaginary part of { } 
m(s) = memory function 
s = time into the past 
t = time 
Tf/T,,  (Tf/T,,)O, ( Tf/Tp). = period of floor rotatiodpe- 

riod of surface center-line rotation; period ratios 
for y + 0 and + + 01, respectively 

= radial distance from inside wall of canal 
= annular spacing in canal 

= ratio of depth to annular spacing 

i = V T  

Vo = complex velocity function 
y 
yo 
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Greek Letten 
model parameter 
model parameter 
dirac delta function 
surface shear rate magnitude 
steady shear surface shear viscosity 
complex surface viscosity 
dynamic surface viscosity (real part of 11’) 
imaginary part of 
zero shear rate surface viscosity 
infinite shear rate surface viscosity 
relaxation time 
surface pressure 
= floor rotation rate, maximum allowable rotation 
rate 
frequency 

Applications of a Stretch Model 
Diffusion, and Reaction 
in Laminar and Turbulent Flows 

In a Lagrangian frame of reference based on lamina (fluid filament) 
thickness and in a warped time scale based on a single, flow dependent 
quantity, mixing, diffusion, and reaction can be described in a relatively 
simple way. Applications are presented for stretch and fold in taffy pull, 
egg beater and static mixer, shear stretch, stretch of laminae in a vortex, 
mixing with diffusion, reaction rate controlled by diffusion of reactant 
through a product layer, and very fast reactions in a turbulent flow. 

to Mixing, 
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SCOPE 

Mixing, diffusion, and reaction of soluble fluids have 
been analyzed primarily in a fixed frame of reference and 
in terms of the statistical descriptions and theories of fluid 

mechanics or in terms of variables of distributed value 
such as residence time. The objective here is to introduce 
in terse form a type of description and analysis which re- 
sults in deterministic and predictive models capable of 
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