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Measurement of surfactant properties using a circular capillary wave field

J. R. Saylor, A. J. Szeri, G. P. Foulks

Abstract Measurements of the decay coefficient are pre-
sented for three different surfactants as a function of
surface concentration. These measurements were obtained
using a circular field of capillary waves. Data was pur-
posely obtained close to the center of the tank, where the
wave amplitude is large, and meniscus effects are expected
to be small. The theory for linear, standing waves in a
circular geometry is developed, without the usual
assumption |kr| > 1. The surfactants investigated were:
stearic acid, oleyl alcohol and hemicyanine. Measurements
of the decay coefficient for hemicyanine have not been
obtained heretofore. Several intrinsic benefits of the cir-
cular geometry are noted. The potential for improved ac-
curacy in the measurement of surfactant properties using
this geometry is suggested.

1

Introduction

It is well known that surfactant monolayers affect the
propagation characteristics of waves. The presence of a
surfactant monolayer alters the elasticity E and surface
tension ¢ at a gas-liquid interface, thereby changing the
measured wavelength 4, and decay coefficient o of the
wave field. The restoring force for a capillary wave is
surface tension, and hence o and 1 are especially sensitive
to the concentration and type of surfactant monolayer
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which is present at the interface for these waves. This fact
has made capillary waves an especially useful tool for
characterizing surfactant monolayers.

The typical experimental configuration utilized in
measuring o and / is illustrated in Fig. 1. A wave generator
and a sensor, which also acts as a wave reflector, are lo-
cated at opposite ends of a rectangular trough. Typically
the generator is a horizontal bar which vibrates in the
vertical direction. The reflecting bar is connected to a
motion sensitive device, such as a piezoelectric crystal,
enabling it to simultaneously reflect the wave and sense its
amplitude. The superposition of the generated wave and
the reflected wave results in a standing wave field between
the generator and reflector. By scanning the reflecting bar
over one or more wavelengths, the wavelength and decay
coefficient can be obtained.

The method described above was pioneered by Mann
and Hansen (1963), and the experimental apparatus and
theoretical underpinnings were further developed by sev-
eral investigators (e.g., Lucassen and Hansen 1966; Ben-
dure and Hansen 1967; Hansen et al. 1968; Mann and
Ahmad 1969). Improvements have also been implemented
which provide non-contact methods for wave generation
(e.g., Sohl et al. 1978) as well as non-contact methods of
amplitude measurement (e.g., Garrett and Zisman 1970). A
review of the theory and experimental techniques used in
obtaining o and 4 in a capillary wave field can be found in
Hansen and Ahmad (1971).

The aforementioned improvements on the original
technique of Mann and Hansen (1963) notwithstanding,
the general idea of using a field of capillary waves in a
rectangular geometry to characterize a surfactant mono-
layer has remained essentially the same. Indeed, experi-
ments conducted on many different surfactants over a
range of wavelengths and surface concentrations have
been performed using this method, and they represent a
significant part of the literature on monolayers and cap-
illary waves. There are, however, several drawbacks asso-
ciated with the rectangular configuration illustrated in
Fig. 1, and these are now discussed.

Part of the importance of obtaining o and A is that these
variables, combined with the surface tension, can be re-
lated to the elasticity E, a more general measure of the
characteristics of a surfactant monolayer. The theory used
to relate these variables is linearized and hence it is nec-
essary to perform measurements on wave fields where the
amplitude to wavelength ratio is small (a/1 ~ 0(107?)).
Since millimeter-scale capillary waves are typically used in
these experiments, micron-scale wave height measure-
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Fig. 1. Standard method used for measuring o and 4. A field
of standing capillary waves is generated by creating a planar
propagating wave which is then reflected by a sensor

ments are necessary. At such small amplitudes, it is de-
sirable to obtain measurements at regions where the wave
height is near its largest, to maximize the signal-to-noise
ratio. For the configuration illustrated in Fig. 1, the peak
wave height coincides with the location of the wave gen-
erator, which is where meniscus and subsurface flow dis-
turbances are largest. Hence, there is an inherent trade-off:
one would like to obtain measurements far from the
generator, so that meniscus effects are minimized, yet one
cannot venture too far from the generator, since the rap-
idly decaying wave height will quickly be lost in the noise
of the measurement system. For situations similar to those
illustrated in Fig. 1, the deformation of the free surface due
to the meniscus extends a distance proportional to e *
where L is the radius of the horizontal member of the wave
generator (Allain and Cloitre 1988). The radii of such cross
members are typically on the order of 1 mm (preventing
deformation of the cross member at smaller diameters is
difficult), requiring a distance on the order of 5 mm to re-
duce the meniscus depression to a level of less than, say, 1%.
In typical configurations, the distance between the wave
generator and the probe is approximately 1 cm (e.g., Mann
and Hansen 1963). Typical damping coefficients are on the
order of o ~ 0.1 to 1.0 cm™". Since the wave amplitude de-
cays as e ** for the rectangular configuration illustrated in
Fig. 1, the amplitude decrease from the wave generator to
the sensing probe is typically 10-60% or so. Consequently, a
comparable increase in the signal-to-noise ratio would be
obtained by obtaining measurements where the wave am-
plitude is largest, assuming a constant level of system noise.

A second drawback of the configuration illustrated in
Fig. 1 is that the initially parallel wave fronts acquire
three-dimensional characteristics as they propagate from
the wave generator. The presence of the side-walls in the
trough, or the stagnant liquid at the edge of the propa-
gating wave fronts cause the initially planar wave fronts to
acquire curvature, resulting in an error in the amplitude
measurement at the detector location. A final drawback is
that, in addition to the meniscus which exists at the wave
generator, there is also a meniscus at the reflector which
can adversely affect measurement reproducibility due to
the inherent difficulties associated with contact lines.

All the problems listed above can be reduced or elimi-
nated by performing measurements of o in a circular ge-
ometry. An example of a system capable of performing
such a measurement is illustrated in Fig. 2. In this con-

figuration, waves are generated by vibrating a circular tank
in the vertical direction. This vibration disturbs the me-
niscus at the tank edge, causing waves to propagate inward
in a circular pattern. These waves converge at the center of
the tank and reflect back outward. Superposition of these
inward traveling and outward traveling waves creates a
circular, nearly standing wave field. As illustrated in the
figure, measurements of the wave height are performed at,
or near, the tank center. These measurements are optical,
in the figure, for reasons which will be described below.

Measuring o in a circular wave facility such as that il-
lustrated in Fig. 2 has several advantages over a rectan-
gular setup. In a circular geometry, the peak wave
amplitude is located at the geometric center of the tank.
This location is also the point which is farthest from the
tank rim. Hence, by obtaining wave amplitude measure-
ments at or near the tank center, any adverse effects due to
disturbances at the wave generator are minimized, without
having to move to a location where the wave height is
small. Therefore, the inherent tradeoff which exists in the
rectangular geometry is avoided. Furthermore, there is no
solid wall which acts as a reflector in this facility; the waves
simply reflect from themselves as they converge at the
geometric center of the tank. As a result, the wave height
detector does not need to also serve as a reflector, and a
non-intrusive optical detector can be employed. Thus, the
error associated with the meniscus which would be present
at the reflector in the rectangular configuration, is avoided
in the circular setup. Finally, because there is no ‘edge’ to a
circular wave, there is no deformation of the wave fronts,
as they propagate. That is, the problem associated with an
alteration of the wave fronts which exists in the rectan-
gular method does not exist in the circular geometry.

In spite of the advantages associated with the circular
geometry, few studies have been conducted using this
configuration. Thiessen and Scheludko (1967) and Thies-
sen and Schwartz (1967) both used an apparatus very
similar to that illustrated in Fig. 2. However, in their work,
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Fig. 2. Set-up for measuring « and / using a circular field of
standing capillary waves. The generator is the tank rim,

and measurements of the wave amplitude are obtained near
the tank center



measurements were obtained at a large value of |kr|, where
k is the wavenumber k = 27/, and r is the radial distance
from the center of the tank. This choice was apparently
made to take advantage of a simplification in the theory
describing capillary waves, as will be described in Sect. 2,
below. Jiang et al. (1992) investigated circular capillary
waves using a slightly different wave generation mecha-
nism than that illustrated in Fig. 2. Instead of generating
waves by vibrations at the tank rim, waves were generated
at a point by applying a sinusoidal voltage to a needle
located close to the water surface. Capillary waves were
generated by electrocapillary deflection of the air-water
interface, and these waves propagated outward from the
location of the needle. Measurements of the wave ampli-
tude were made at different radial locations, and resort to
the |kr| > 1 assumption was again made, requiring mea-
surements at large distances from the tank center.

In the work presented here, capillary waves are gener-
ated by providing a vertical vibration to a circular tank. A
circular wave field is established, and measurements of the
wave amplitude are made at several radial locations, al-
lowing computation of «. In the theory which is developed
in Sect. 2, resort to the |kr| > 1 assumption is avoided
allowing for measurements close to the tank center.

Three surfactants were investigated in the experiments
described in Sect. 3. Two of these, oleyl alcohol and stearic
acid, were chosen because they are commonly studied in
the surfactant literature. The third, hemicyanine, has not
been as frequently investigated, but recently has been ex-
plored because it has a strong non-linear optical response,
permitting non-intrusive measurements of surface con-
centration using second harmonic generation (SHG)
(Hirsa et al. 1997a, b). It is anticipated that a combination
of the non-invasive technique described here for measur-
ing such surfactant properties as «, and the non-invasive
SHG method for measuring surface concentration will
provide a powerful method for evaluating surfactant-wave
interactions.

2

Theory

The theory for rectilinear capillary waves is nicely pre-
sented in Edwards et al. (1991). Work on cylindrical cap-
illary waves, at points distant from the focus, was carried
out by Thiessen and Scheludko (1967), Thiessen and
Schwartz (1967) and Jiang et al. (1992). In what follows, we
present a theory for cylindrical capillary waves without
this restriction to points distant from the focus. In the
experiments which are described in Sect. 3, the envelope of
the wave slope of the standing wave field is measured as a
function of radius, over a distance of roughly one and a
half wavelengths. The theory developed for cylindrical
capillary waves is then applied to this data, and values of
the decay coefficient and wavelength are extracted.

2.1

Solutions for traveling waves

A solution for the velocity field of an outward-traveling
wave is

v, = —Hfl)(kr)ei‘”t(ikAekZ + mBe™) | (1)

v, = H" (kr)e” (ikAe* + kBe™) . (2)

Here r is the radial coordinate, z is elevation, k = 2n/1+ix
is the complex wavenumber, Hﬁl’), is the nth order Hankel
function of the ith kind, o = 2nv is the radian frequency
of the forcing, m? = k* + iw/n where 7 is the kinematic
viscosity, and A and B are the amplitudes of the pre-
dominantly transverse and predominantly longitudinal
components of the wave, respectively. The wave is out-
ward-traveling when v < 0 and o > 0.

The velocity field satisfies the linearized axisymmetric
Navier-Stokes equations, along with the associated pres-
sure field. In order to show this, one must make heavy use
of the well-known recursion relations for Hankel func-
tions. It is not necessary to pass to the limit |kr| > 1 and
substitute the Hankel functions by their well known as-
ymptotic forms (decaying exponentials). By integrating the
velocity field, one obtains the surface elevation

{ = CoHY (kr)ei* (3)

where (, is a combination of the amplitudes and other
preceding variables.

If, instead of Hf,l) one uses H,(f) in Egs. (1) and (2), then
one obtains the velocity field of an inward-traveling wave
when v < 0 and a > 0. In this case, the surface elevation is
simply

¢ = LoHP (kr)et (4)

2.2

Dispersion relation

The waves must satisfy the normal and shear stress
boundary conditions at the surface {. In a linear context,
these read as follows. For the normal stress, we require

EE % =—p+2 % (5)
r Or rar - P ”"az ’

Here ¢ is the surface tension and p is the density of the
water. The shear stress boundary condition is

Bl Fa(@} =pn {% +%} : (6)
or |r Or 0z Or

where ¢ is the surface-parallel displacement, and E* is the

surface elasticity. We note there are several errors in the

boundary conditions considered by Jiang et al. (1992), but

these appear not to have any consequence in the limit

|kr| > 1 those authors consider.

If we substitute in the expressions for the velocity,
pressure and surface elevation fields, and make use once
again of the recursion relations among Hankel functions of
different order, we obtain

Algkp + Ko +2ik'npw — pw?)

—iBk(gp+Ko+2imnpw) =0, (7)
and
AK(—(E*k)+2inpow)

+BE Km+ (K +m*)npw) =0 . (8)
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These are the same expressions found in the study of
rectilinear capillary waves (see, e.g., Edwards et al. (1991)).
Therefore the dispersion relation found from the solv-
ability condition for the system Egs. (7) and (8) is also the
same.

23

Superposition of waves

Our interest in the present work is with a capillary wave
produced at the outer edge of a circular domain, which
travels inward, is damped, and reflects at the axis of
symmetry into an outward-traveling (also damped) wave.
The superposition of an inward-traveling wave and an
outward traveling wave will feature a cusp in the surface
at r = 0, unless the amplitudes of the two waves are
identical. In this latter case, we have the elevation of the
surface.

{= % [Hy" (kr) + HY (kr)]e™" 9)

which simplifies to (Thiessen and Scheludko 1967; Thies-
sen and Schwartz 1967)

{ = LoJo(kr)e™™ . (10)

The wave is truly only a standing wave at r = 0, where the
spatially dependent amplitudes of the inward and outward
traveling waves exactly match. For r > 0, the outward-
traveling wave is strongly damped - hence the composite
wave looks more and more like just the inward-traveling
wave as one looks at larger and larger r.

24
Determination of the complex wavenumber
In the experiments presented here, we measure the enve-
lope of the absolute value of the wave slope as a function of
radius along a line, roughly, 0.5 cm in length. This cor-
responds to the fourth, fifth and sixth extrema in wave
slope. So as to avoid having to determine the amplitudes of
the waves, it is convenient to use the relative decay of the
waves to determine the complex wavenumber.

The slope of the composite wave is the real part of

{(r,t) = —=CokJu(kr) e . (11)

Following Thiessen and Schwartz (1967), we write

{'(r,t) = |Col k|11 (kr) | expli(ewt + 7 + arg[Co]
+ arg[k] + arg[J, (kr)])] . (12)

In the experimental technique we have developed, what is
actually measured is the wave slope envelope corre-
sponding to the theoretical envelope |{,||k||J1(kr)|. To
analyze the experimental data, we simply determine the
parameters {|{y|, /4, «} which lead to the closest match
between the theoretical and experimental envelopes over
that portion of the experimental envelope which is mea-
sured in a given experiment. This procedure is robust and
leads to very close agreement between theoretical and
experimental envelopes, as we show below. Two final de-
tails that should be mentioned in our implementation of
this approach are as follows. Because the wave slope en-
velopes were measured starting from approximately the

fourth maximum, and because the radial location of this
maximum was not recorded, the data must be shifted by
an amount to be determined during the course of the data
analysis. Hence we actually determined four parameters
rather than the three to which we earlier made reference.
Finally, the data analysis was performed using the non-
linear fitting facility in Mathematica, which minimizes the
error between the experimental and theoretical wave slope
envelopes by searching for a minimum in an error norm
over the choice of the four parameters.

2.5

Determination of the surface tension

and surface elasticity

Of course, using the (complex) dispersion relation derived
for cylindrical capillary waves, it is possible to solve for E*
and o once A and « have been extracted from the experi-
mental data. Because the dispersion relationship for cy-
lindrical capillary waves is identical to that for plane
capillary waves (Sect. 2.2), the procedure to be followed to
determine E* and ¢ is the same as that outlined in Lucas-
sen and Hansen (1966) and is not presented here.

3

Experimental method

The experiments were conducted in a small circular glass
tank, 22.2 mm high with an internal diameter of 69.8 mm.
The rim of the tank was ground flat and coated with a thin
film of paraffin. The experimental setup is illustrated in
Fig. 3, which shows the side and top views of the appa-
ratus. The glass tank was affixed to an electrodynamic
shaker which provided a vertical vibration. Excitation of
the tank disturbed the meniscus at the tank edge, creating
an inward traveling wave, which was subsequently re-
flected outward, creating the nominally standing wave field
described in Sect. 2. When the water surface was viewed
from the appropriate angle, a pattern of concentric circles
was readily visible in the reflected image of the ceiling
lights. The shaker was driven at 120 Hz, by an amplified
sine wave, generated by a precision frequency synthesizer.
It is noted that the amplitude of vibration from the elec-
trodynamic shaker was never high enough to exceed the
threshold at which Faraday waves formed (Faraday 1831),
hence the wave frequency was always equivalent to that of
the shaker.

3.1

Wave slope measurement

In order to obtain the surfactant properties using the
theory outlined in Sect. 2, a measurement of the envelope
of the wave slope along a portion of the tank radius was
required. These slope measurements were obtained using a
laser slope gauge which is described below. A more de-
tailed description can be found in Saylor and Handler
(1997).

A HeNe laser was mounted on an optical table which
was physically separate from the table supporting the
electrodynamic shaker, insuring that any vibration trans-
mitted through the shaker base was not transmitted to the
laser or associated optics. As indicated in Fig. 3a, the beam
of the HeNe laser was directed up through the transparent
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Fig. 3a, b. Illustration of the experimental apparatus: a side view,
b top view. The optics used to focus the HeNe laser beam are
omitted and presented in Fig. 4

floor of the tank, using a 90° prism. This prism was
mounted on a rotational stage which was adjusted prior to
initiation of the experiments insuring that the beam ori-
entation was vertically true.

The laser beam was focused so that the diameter at the
air-water interface was sufficiently small to resolve the
waves. The focusing optics which lie between the laser and
the 90° prism were omitted from Fig. 3 for simplicity, and
are presented in Fig. 4. The position of all four lenses was
adjusted so that the beam was normal to and centered on
each optical element. Lenses L1 and L2 expanded the beam
by a factor of 10. Once expanded, the beam was passed
through an iris to remove aberrations at the beam edge.
The expanded beam was then focussed down by the
combination of lenses L3 and L4.

The beam diameter at the air-water interface was
measured by mounting a razor blade on a precision stage
which was located just above the water surface. For this
measurement, the PSD was removed, allowing the beam to

(f=10mm) (f= 100 mm)

(f = 2000 mm) (f = 500 mm)

strike the ceiling of the laboratory, where it created a large,
easily viewed spot. The blade was translated by the pre-
cision stage, and the locations where the blade just began
to interrupt the laser beam, and where the beam was
completely obscured were recorded. The difference be-
tween these two positions was 84 um. In the experiments
presented here, the smallest wavelength measured was

/A = 2.8 mm, giving a worst-case wavelength-to-diameter
ratio of 33, sufficient to resolve the wave slopes. The
method used for measuring the beam diameter gives a
value larger than the typically quoted 1/e* diameter.
Hence, the actual diameter is smaller, and the resolution
better than that quoted here.

In the presence of waves, the air-water interface is
deformed, and the laser beam is refracted due to the dif-
ference in the indices of refraction of air and water. A two-
dimensional position sensitive detector (PSD) was
mounted above the water surface to record the motion of
the laser beam as it was refracted by the wave surface. The

focal point /

/ glass tank

L1 L2 iris L3 L4
mirror [\ \ | ﬂ (\ ljﬁ
‘ 17
v v U U op0
I Reflecting
Prism
| —| | | |
110 mm 100 mm ~300 mm

HeNe Laser

Fig. 4. Optics used for laser
beam focusing. The optical train
illustrated was placed between
the laser and the 90° prism

of Fig. 3
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PSD was mounted on a precision three-dimensional stage,
so its height above the water, as well as its position in a
plane above the water could be accurately adjusted. The
PSD outputs consist of an x and y voltage. Each voltage is
linearly related to the location of the centroid of the light
spot striking the sensor surface. An optical bandpass filter,
centered on the HeNe wavelength was mounted in front of
the PSD sensor so that light other than the laser beam was
prevented from striking the sensor, thereby eliminating
errors due to background room light. Knowledge of the
location of the laser spot on the PSD surface, the distance
of the PSD from the water surface, the indices of refraction
of air and water, and Snell’s law, permits computation of
the wave slope.

For a perfect standing wave field, the slope at a fixed
radial position varies periodically in time between a
maximum and minimum value. Hence, at a given location
in the tank, the laser beam oscillates back and forth,
tracing a line on the surface of the PSD. The PSD was
oriented so that this line was parallel to the y-axis of the
sensor, resulting in a time-varying signal from the y out-
put, and only a DC signal from the x output, simplifying
the data reduction procedure.

Time traces from the PSD were recorded at 40-50 lo-
cations along the radius, depending on the particular ex-
periment. The spatial separation between measurements
was 95.25 um. The laser beam was moved to each radial
location by adjusting the horizontal position of the 90°
prism, using the 3D translation stage upon which that
prism was mounted. When the experiment was complete,
the time-trace obtained at each radial location was pro-
cessed to give the amplitude of the slope at that point. The
wave slope envelope was obtained by plotting this ampli-
tude against each of the radial locations where measure-
ments were recorded.

3.2

Surfactant application

Experiments were conducted on water surfaces which
were clean, as well as on water surfaces coated with a
surfactant monolayer. Three different surfactants were
employed: oleyl alcohol (white, Hormel Institute), stearic
acid (Aldrich, 99+% purity) and hemicyanine (chemical
name: 4-[4-(dimethylamino)styryl]-1-docosylpyridinium
bromide; Aldrich). Experiments were conducted over a
range of surface concentrations for each surfactant. Stock
solutions of all surfactants were prepared in HPLC grade
heptane. Care was taken to properly seal the container
containing the stock solution to minimize evaporation of
the heptane. Each container was also wrapped in paraffin
film to further reduce any evaporative loss of heptane.
Surfactant was deposited upon the water surface using a
micrometer syringe in a drop-by-drop fashion. Upon
deposition, the solution formed a liquid lens on the water
surface, which left a surfactant monolayer behind as the
heptane evaporated. The drops were applied slowly, so
that each liquid lens completely evaporated before the
next one was deposited. Upon completion of surfactant
deposition, a 20-min waiting period was imposed to
insure that the entire system was in equilibrium.

3.3
Cleaning procedure
Distilled water was used for all experiments. This water
was obtained from a two stage distillation unit, fed by
filtered tap water. The following cleaning procedure was
employed before each experiment to insure cleanliness of
the water in the circular wave tank. First, a peristaltic
pump was used to remove water from the previous run by
applying suction at the water surface so that surfactant
monolayers were efficiently removed. The tank was then
flushed with copious amounts of distilled water, over-
flowing the tank brim to eliminate residual surfactant
monolayers. The suctioning process was then repeated.
This process was performed a total of three times.
Following this cleaning procedure, the tank was filled to
overflowing, creating a meniscus which bulged upward
from the plane of the tank rim. The tank was filled to
precisely the same level prior to each experiment, to
eliminate any variations in the curvature of the meniscus
at the tank edge. This was achieved by first creating a
perfectly flat water surface, using the peristaltic pump to
remove water until the meniscus was parallel to the tank
rim. The point at which the meniscus was flat was ascer-
tained by viewing one of the ceiling lights reflected on a
region of the water surface very close to the tank rim.
Viewing the light while slowly removing water from the
tank, the point at which the meniscus became flat occurred
when the image of the light was no longer distorted. Then,
a known quantity of water was metered into the tank. Once
the tank filling procedure was complete, experiments were
initiated.

4
Results
A plot of the absolute value of the wave slope versus radial
position is presented in Fig. 5 for two typical experiments
conducted with stearic acid. Each point in Fig. 5 is the
amplitude of a sinusoidal time trace obtained at that radial
location. The two sets of data presented in this figure are
for two different concentrations of stearic acid. The values
for the radial location r in Fig. 5 are arbitrary. While it is
known that the three peaks in the plots presented in this
figure correspond to the fourth, fifth and sixth extrema in
wave slope, the actual distance from the center of the tank
was not measured. However, this value was obtained in the
process of fitting the data to Eq. (11), as described in
Sect. 2. This is illustrated in Fig. 6 where the data of Fig. 5
is replotted along with Eq. (11), and the x-axis corresponds
to the correct radial location. The data in this figure, and
for the rest of the experiments, were obtained along a
radial segment, at locations approximately 6-10 mm from
the tank center. As can be seen, the fit is quite good.

The goal of these measurements was to obtain values for
o as a function of surfactant concentration c. As described
in Sect. 2.4, both o and A are obtained from the curve
fitting procedure, so each of the experimentally obtained
wave slope profiles obtained resulted in a single value of o
and /. Several experiments were conducted at each surf-
actant concentration, and the average values of o are
presented in Fig. 7 for stearic acid, oleyl alcohol and
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Fig. 5. Sample plot of the magnitude of the wave slope {' vs.
radial position. Both sets of data are for stearic acid. The con-
centrations are: x, 0.1004 ug/cmz, O, 0.1381 ;,Lg/cm2

hemicyanine. The wavelength was not a strong function of
the surface concentration, and that data is not presented
here.

The form of the curve fits in Fig. 7a, b is

D,

V0?2 + (/)

where D; and D, are constants which are tuned to best fit
the data, and ¢, is the surface concentration where « is a
maximum. The form of Eq. (13) is analogous to that for
the amplitude response of a forced damped oscillator, an
analogy first suggested by Bierwagen (1969) for wave
damping by a surfactant monolayer. In this analogy, o
corresponds to the amplitude response of the harmonic
oscillator, and ¢ corresponds to the oscillator frequency.
The expected peak in the o versus ¢ behavior was not
observed for hemicyanine; a simple exponential curve fit is
provided for the data in Fig. 7c.

Additional information which can be extracted from
these measurements are the surface tension ¢ and surface
elasticity E. These values can be obtained from the mea-
sured values of « and A by use of the real and imaginary
parts of the solvability condition for the coefficients A and
B in Egs. (7) and (8). The focus of this paper is the dem-
onstration of an experimental method utilizing circular
capillary waves and hence ¢ and E data are not presented
here.

(13)

o =

5

Discussion

Overall, the data obtained using the experimental method
developed here is relatively noisy. In its current configu-
ration, this method gives results whose scatter is compa-
rable with, or slightly worse than recent measurements
obtained using the method illustrated in Fig. 1. For ex-
ample, Noskov and Zubkova (1995) obtained plots of o for
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Fig. 6a, b. Plot of the data presented in Fig. 5, superimposed with
Eq. (11). a ¢ = 0.1004 pg/cm®, b ¢ = 0.1381 pg/cm’

stearic acid showing a degree of scatter comparable to that
presented in Fig. 7a. However, for a first implementation
of this technique, these results are good.

Comparison of the decay coefficients obtained here with
those obtained by other researchers is now presented.
Stearic acid was investigated by Noskov (1988) on a 0.01 N
hydrochloric acid substrate. Plots of « versus the surface
concentration were presented at wave frequencies of 180
and 520 Hz, both of which reveal a peak in o at approxi-
mately 0.24 nm® mol ™', which corresponds to ¢ =
0.2 pg cm?, compared to the peak obtained here at
¢ = 0.25 ug cm > for f = 120 Hz. Noskov and Zubkova
(1995) present a plot of o versus surface concentration for
stearic acid at f = 520 Hz showing a peak value for o
located at ¢ = 0.19 pg cm 2. The maximum value was
o~ 1.9 cm™' compared to o~ 0.5 cm™" in the current
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1 (c)

c (pg/em?)

work. The large difference between the values of « at the
peak is expected, since o increases with wave frequency,
and the frequency used in Noskov and Zubkova (1995) is
over four times larger than in the present work.

Mass and Milgram (1998) obtained measurements of o
for oleyl alcohol, over a range in wave frequencies f = 4-
24 Hz, but do not provide values of « as a function of surface
concentration. Barger (1991) provides data for o versus
surface concentration for oleyl alcohol and reports a peak at
a surface concentration of approximately ¢ = 0.05 pg cm™>
at a frequency of 30 Hz, compared to the peak at
¢ = 0.09 pg cm 2 at f = 120 Hz obtained here. Barger’s
peak value is « = 0.3 cm™, which is actually slightly larger
than the peak value of & = 0.24 cm™" obtained here. This is
unexpected, since « is expected to increase with frequency.
The reason for this discrepancy is unclear.

0.3
(b)

0.2 -
= |
8]
3

0.1 -

SD
0.0 , : , : , :
0.00 0.05 0.10 0.15

Fig. 7a-c. The decay coefficient o plotted against surfactant
concentration ¢ for the surfactants: a stearic acid, b oleyl alcohol,
¢ hemicyanine. The error bar in each figure is one standard de-
viation in length. The fitting constants D, and D, (Eq. 13) are:
aD,=25D,=25bD, =13,D,=08

Other studies relevant to the surfactants presented here
were not found in the literature. Values of o for hemicy-
anine were not found in the literature, and those presented
here are believed to be the first reported.

There are several improvements to the technique pre-
sented here which would provide greater accuracy and
reduced scatter. The first is the implementation of a lock-
in amplifier. In a typical lock-in amplifier application (e.g.,
Hieftje 1972), a slowly varying signal modulates a higher
frequency carrier signal of frequency f.. The lock-in am-
plifier amplifies only portions of the signal within a
bandwidth Af of f; and in phase with f.. In the current
application, the slope of a standing water wave is desired
at several spatial locations. At each spatial location, a time
trace is recorded whose frequency is that of the shaker
vibration. The amplitude of this periodic time trace is the



quantity which is desired, since it is related to {'. If the
frequency of the shaker vibration is considered to be f.
then the amplitude of the time trace can be extracted via
lock-in amplification.

The signal-to-noise improvement ratio due to lock-in
amplification is estimated as (Neelakantan et al. 1980)

Je
Af
where Af is the bandwidth which is passed. The value of
Af is typically determined by the bandwidth of the signal
which is modulating f.. Here the signal which modulates f;
is the magnitude of the wave slope which should be a
constant at any given point along the wave profile. Ac-
cordingly, Af can be made arbitrarily small, the only
practical limitation being that a reduction in Af decreases
the response time of the system, requiring longer waiting
periods after moving to a new spatial location along the
wave profile. Using a conservative value of Af = 0.1 Hz
and setting f, = 120 Hz gives SNIR = 35, a significant
improvement. Obviously even greater improvements can
be obtained by reducing Af.

Several other modifications to the experimental setup
would be useful in reducing experimental scatter. The
circular tank used was much deeper than necessary to
insure that the waves generated were in the deep water
regime. Convective cells caused by evaporation at the
water surface may have resulted in some small disturbance
of the wave field. Such convective cells can be damped by
reducing the tank depth. Additionally, although the water
used in these experiments typically sat in glass bottles
overnight prior to use to insure that they were at room
temperature, temperature variations in the overall appa-
ratus may have existed, also contributing to measurement
variations. Situating the entire apparatus in a thermostated
environment would improve measurement scatter. Finally,
automation of the traverse mechanism and data acquisi-
tion system would allow for a larger number of points
along the waveform profile, improving the accuracy of a.

It is noted that in Fig. 7a, b, the o versus ¢ data show a
peak in damping coefficient at intermediate concentra-
tions, an observation which has been made by many au-
thors (e.g., Noskov and Zubkova 1995). The o data for
hemicyanine does not display this behavior, however it is
possible that the larger degree of scatter in this data set
obscures this trend.

As illustrated in Fig. 6, data for wave slope was obtained
over a radial segment of the wave field covering, roughly,
the fourth, fifth, and sixth extremum in wave slope. This
corresponds to the region of the third peak and trough in
wave amplitude. We had hoped to obtain measurements
even closer to the center of the tank, since the variation in
wave slope is even greater at the center. However, the
physical constraints of the tank assembly fixtures pre-
vented us from obtaining data at the actual tank center.
This may have actually been beneficial, since any imper-
fections in the tank roundness would have been focussed at
the tank center, causing errors. Experiments which ascer-
tain the optimal distance from the tank center, where the
greatest accuracy and reproducibility exists, are needed.

SNIR = (14)

6

Conclusion

Measurements of the decay coefficient o for a capillary
wave field covered with monolayers of stearic acid, oleyl
alcohol, and hemicyanine were reported. These mea-
surements were conducted in a capillary wave facility
having a circular geometry, which has rarely been used
for the characterization of surfactant monolayers. The
theory for these waves was developed for the first time
avoiding the usual |kr| > 1 assumption. The results show
a degree of scatter comparable to measurements obtained
using the traditional rectangular capillary wave configu-
ration. It is expected that simple improvements to the
method would allow for much more accurate and re-
producible results.
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