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Short wave damping in the simultaneous presence
of a surface film and turbulence

Jerome H. Milgram
Department of Ocean Engineering, Massachusetts Institute of Technology, Cambridge

Abstract. Spatial decay rates of short gravity waves and gravity-capillary waves
in the frequency range of 3 to 8 Hz were measured in a laboratory wave tank
equipped with a submerged oscillating grid to generate turbulence. Experiments
were conducted with: clean fresh water, fresh water with an oleyl alcohol insoluble
surfactant surface film, fresh water with a Triton X-100 soluble surfactant surface
film, and with sea water having a surface film of its own natural surfactants. With
each material, decay rate tests were conducted with and without turbulence. The
principal purpose of the study was to determine the extent to which turbulence
modified the wave decay due to the presence of surface films. This is of importance
for modeling the energy balance of short sea waves which influence microwave
backscattering used for remote sensing of the ocean. The results show that the
wave decay rate is equal to the sum of the rates due to surfactant alone and with
turbulence alone. It is concluded that the statistically stationary component of the
turbulence that exists near the free surface does not significantly modify the decay

mechanism associated with the presence of the surfactant.

1. Introduction

The energy balance of short sea waves, which play an
important role in microwave backscattering from the
ocean surface, includes wind energy input, nonlinear
wave-wave interactions, modulation by currents, inter-
actions with turbulence and damping due to surface
films [cf. Snyder et al.; 1981; Milgram et al, 1993]. The
aim here is to gain an understanding of the combined
influence of turbulence and surface films. In particular,
it is of interest to determine if the wave decay is the sum
of the surfactant and turbulence effects individually or
whether the turbulence augments the damping due to
surface films by increasing the mixing of momentum in
the oscillating free surface boundary layer where most
of the film-induced wave energy dissipation occurs.

The fundamental theory for the decay of short waves
by surface films, often called “the Marangoni wave
damping theory” (MWDT) or the Marangoni effect
(other phenomena are also called the “Marangoni ef-
fect”) is well established in the developments presented
by Dorrestein [1951], Lucassen-Reynders and Lucasssen
[1969] , Hansen and Ahmad [1971], Lazarev and Pokaze-
yev [1986], Cini et al. [1987], Alpers and Huhnerfuss
(1989] and many others. The surface film elasticity E
plays a dominant role. Some researchers have advanced
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the hypothesis that the surface viscosity of the film, y,,
and frequency dependence of E play a significant role in
wave decay. The experiments of Mass and Milgram, this
issue, (hereinafter referred to as M&M), agreed with
others in confirming the MWDT. However, M&M found
that the parameters to be used in the MWDT that re-
sulted in the best agreement with experiments were the
frequency-independent quasi-static value of E and zero
surface viscosity, for oleyl alcohol and natural seawa-
ter surfactant films for the 0 to 25 Hz frequency range
of their experiments. Obviously, there must be some
small surface viscosity, but M&M found that this was
too small to influence the wave decay and certainly less
than 0.05 mN s/m for the films they studied.

The mechanisms of wave decay and the depth scales
over which they take place are of importance. In the
case of wave decay due to an elastic or viscoelastic film,
the tangential gradient of the surface tension, which is
made nonuniform by the wave-induced surface distor-
tions, must be balanced by the tangential components
of the shear stress in the bulk fluid just beneath the
film. From the derivation of the flow quantities given
by Hansen and Ahmad, [1971] the depth of the surface-
induced laminar boundary layer is approximately vv7T.
At this depth the boundary layer motion is diminished
by about 90% from its surface value. v is the kinematic
viscosity of the bulk water and 7 is the wave period.
This depth is very small. As an example, for 3 Hz waves
it is 0.6 mm. The viscous dissipation of wave energy in
this thin layer is responsible for most of the damping of
waves due to surface films.
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The mechanism by which turbulence in clean wa-
ter causes wave decay was put forth by Boyev [1971],
and the effect was shown in experiments by Green et
al. [1972] and Skoda [1972]. Kitaigorodskii and Lum-
ley [1983] put the mechanism on a firmer theoretical
footing by deriving its governing equations from first
principles. Olmez and Milgram [1992] (hereinafter re-
ferred to as O&M) conducted an experimental study to
quantify the wave decay due to turbulence in terms of
wave and turbulence parameters. These investigations
led to the conclusion that the mechanism of wave de-
cay by turbulence is downward turbulent convection of
wave kinetic energy out of the wave energy-containing
region which is about A/4 (A is the wavelength) thick.
Approximately 95% of the kinetic energy lies above this
depth. For 3 Hz waves this energy-containing region is
about 44 mm thick. Thus for typical short waves, the
depth involved in turbulence-induced wave energy loss
is much greater than the depth involved with surface
film-induced wave energy loss.

The essential issue that is addressed here is whether
the presence of turbulence has a significant influence on
the short wave decay rate caused by the presence of a
surface film. In particular, the question that naturally
arises is whether or not the turbulent mixing in the thin
free surface boundary layer augments the wave energy
dissipation in this layer. In order to answer this ques-
tion, experiments were conducted in which decay rates
were measured in the presence of a surface film, with
and without the presence of turbulence, and compared
with theoretical predictions for the individual contribu-
tions to the rates.

2. Apparatus and Measurement
Methods

2.1. Tank With Wave and Turbulence
Generators

The experiments were conducted in a tank with hor-
izontal dimensions of 3.65 m x 3.65 m and filled with
water to a depth of 0.76 m. A plunger type wave maker
with a wedge-shaped cross section runs the entire width
of the tank along one edge and an 8° sloping beach runs
along the entire 3.65 m width of the opposite edge. The
length of the beach along its slope is 40.6 cm.

It is necessary to be able to skim surface films off
the water before adding known surfactants to fresh wa-
ter. For these experiments, the tank was filled with tap
water which was left stationary for about 1 day dur-
ing which most of the small quantity of surfactant in it
accumulated on the surface which was then skimmed.
The beach was temporarily raised to expose an over-
flow weir located a few centimeters from the tank wall,
running the full width and sealed to the tank walls,
which was be operated as a surface skimmer. The space
behind the weir was connected to drains whose valves
were open to skim the surface and closed to conduct
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wave tests. Skimming was aided by air bubble plumes
coming from three perforated copper pipes running on
the tank bottom along its full width and parallel to the
skimmer. The first of these is at the bottom corner im-
mediately under the wave maker. The second is 1.25 m
closer to the weir and the third is another 1.25 m closer
still. During skimming, water was very slowly added
to the tank so a slow waterfall forms over the entire
length of the weir. Initially, air was supplied to the per-
forated pipe under the wave maker. The rising bubble
plume entrains water which turns horizontally toward
the weir at the surface, and this flow carries surface ma-
terial along with it. When the surface between the first
and second perforated pipes was clean, air was supplied
to the second pipe. Its bubble plume turns horizon-
tally at the surface with one portion moving towards
the weir and one towards the wave maker. Since air
was still supplied to the pipe beneath the wave maker,
there was little, if any, recontamination of the surface
between the two pipes. Then, when the surface was
clean up to the third pipe, its air supply was turned on
and the remaining surface material was driven over the
weir. Surface cleaning would occur with just the water
addition and the resulting waterfall over the weir, but
the bubble plume induced flow makes it happen much
faster.

Turbulence was generated with a vertically oscillat-
ing submerged grid whose upper surface has a mean
position 0.33 m above the tank bottom. The grid is
made of 2.7 cm square bars on 11.6 cm centers run-
ning both along and across the tank from wall to wall.
It has two rollers mounted on its lower surface along
each edge at the quarter-length positions to maintain a
gap of a few millimeters at each tank wall. A mecha-
nism beneath the grid and driven through shafts that
go through seals in the tank walls near the bottom by
an electric motor outside the tank oscillates the grid
with a sinusoidal vertical motion. For the experiments
reported here, the grid stroke (double-amplitude) was
15 cm and the grid oscillation frequency was 0.9 Hz.

2.2. Surface Tension and Elasticity
Measurement

To determine elasticity £ versus surface tension T,
samples of the surface material and the underlying bulk
fluid were transferred with a beaker from the large test
tank to the longitudinal trough described in M&M. This
trough has dimensions of 80 cm long x 16.5 cm wide x
2.5 cm deep. It has paraffin-coated anodized aluminum
surfaces and in use was filled to the extent that the fluid
surface bulged above the upper plane of the trough.
Surface tensions were measured with a Wilhelmy plate
hung from an electronic balance as described in M&M.
The surface film was compressed and expanded by mov-
ing a paraffin coated Lucite bar that was across the
trough and in contact with both the fluid surface and
the top longitudinal surfaces of the trough. The elas-
ticity is defined in the usual way as



MILGRAM: SHORT WAVE DAMPING DUE TO SURFACE FILM AND TURBULENCE

d
E=-_

din(A) )

Both E and T depend on A in the elasticity determi-
nation experiment, and the function of E versus T" was
determined for each surfactant tested. Except where
noted otherwise in section 7, surface tension versus area
was measured the same way as by M&M. This was to
move the surface-touching bar to change the area by
about 5% during a time of about 5 s, wait about 15
s for the surface tension to become constant, measure
it by means of the force on the Wilhelmy plate with
computer-interfaced data, and repeat the process until
the whole area range was included.

When wave decay experiments were conducted in the
large tank, the surface tension was measured before the
waves were started at each test frequency, again using a
Wilhelmy plate suspended from an electronic balance.
For these experiments, the balance was supported by a
bridge over the water surface which was supported by
two opposite tank walls.

2.3. Measurement of Wave Slope Versus
Position

The apparatus for measuring wave slopes is sketched
in Figure 1. Four laser slope gauges were affixed to a
carriage that rode on a beam spanning the tank in the
direction of wave propagation. These were the same
gauges that were used and described by M&M in which
the deflection of a laser beam reflected from the surface
is detected by a SiTek Model IL-30SP semiconductor
position detector with position converted to a £10 V
signal by an On-Trak Photonics Model OT-300 signal
conditioner. The resulting slope signal was digitized by
an analog-to-digital converter at a rate of 200 Hz per
channel and recorded in a digital computer file.

The wave gauge carriage was towed with a 3 mm
diameter rope at a speed of 5 cm/s by a pulley driven by
an electric motor having a digital encoder on its shaft.

Motor-Driven Pulley
and Shaft Encoder

Tow Rope

Carriage

Aluminum Beam

rw |

N

N

Wave Maker

Weight
Laser Slope Gauges Tank
- Wall

Figure 1. Apparatus for measurement of wave slope
versus position. Two for the four slope gauges are
shown for clarity. The gauges are laterally displaced
(into the page) from each other.
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Figure 2. Wave slope versus time measured with a
towed laser slope gauge. These data are for 5.85 Hz

waves on a seawater surface having an adsorbed surfac-
tant film.
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The encoder output, which provided carriage position
versus time, was sampled at a rate of 200 Hz, and the
samples were stored in the same file as the measured
wave data. Traction between the pulley and the rope
was achieved by wrapping the rope 1% turns around
the pulley and hanging a weight on the end of the rope.
The carriage was towed toward the wave maker when
acquiring experimental data. Between data runs, the
carriage was moved manually to its start position.
Four wave slope gauges at differing longitudinal and
transverse positions were used so the wave decay rates
measured by each of them could be averaged together.
Because the tank width is so much larger than the wave-
lengths used, wave maker corner effects on the measure-
ments were negligible, and all four wave gauges mea-
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Figure 3. Wave slope versus position measured with a
towed laser slope gauge.
This is for the same waves shown in the Figure 2.
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Figure 4. Wave slope versus time simultaneously mea-
sured with four towed laser slope gauges in different lo-
cations in the presence of turbulence. These data are for
5.85 Hz waves on a seawater surface having an adsorbed
surfactant film and were acquired immediately after the

data without turbulence used for the two Figures 2 and
3.

sured nearly the same decay rates in the absence of tur-
bulence. Figure 2 shows a typical result for measured
wave slope versus time from the moving carriage in the
absence of turbulence. The amplitude of the slope sig-
nal increased with time because the carriage was towed
towards the wave maker. The corresponding slope ver-
sus position signal is shown in Figure 3.

In the presence of turbulence, however, the local wave
amplitude does not vary smoothly with position because
the turbulence randomly scatters the waves in all direc-
tions in addition to attenuating them. Figure 4 shows
the waves slopes versus time measured by all four wave
gauges for the same wave maker conditions leading to
Figures 2 and 3, but in this case, turbulence is present.
In these irregular conditions, averaging the decay rates
from four instruments in different locations leads to re-
sults having less variance than those from a single wave
gauge.

2.4. Surface Elevation Measurement

Experiments with a clean water surface were con-
ducted before the laser slope gauges and the gauge tow-
ing system were built. For the clean surface experi-
ments, wave elevations were measured with four resis-
tance wire wave gauges. In each gauge the resistance be-
tween two 30-gauge nichrome wires spaced 3 mm apart
was measured as a function of time. These gauges were
stationary and spaced 29 cm apart in the direction of
wave propagation. Data acquired with these gauges
were sampled at 128 Hz per gauge and digitized and
stored in computer disk files. The period of each data
run was 64 s so there were 8192 data points per chan-
nel. This fairly lengthy data acquisition period was used
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to reduce the variance in measured wave amplitudes
caused by the turbulence. The spatial decay rates were
based on the amplitudes measured at the four gauge
locations.

On occasion, the amplitude time history from one
of the gauges would be very different from the others,
largely due to the effects of turbulence in its vicinity.
In these instances, the decay rates from the remaining
three gauges were averaged together to obtain a repre-
sentative decay rate.

2.5. Turbulence Measurement

Horizontal and vertical components of turbulence ve-
locities were measured with hot film anemometers com-
posed of a Dantec Model 55R61 two component fiber-
film X-probe and two Dantec Model 56C anemometers.
The probe was mounted on a rotating arm driven by an
electric motor such that the probe traversed a 0.65 m
radius horizontal arc with a swept angle of 200°. The
probe support can be moved vertically in its mount on
the rotating arm in order to obtain turbulence data over
a range of heights. Calibration data were obtained by
operating the rotating arm over a range of speeds. Al-
though the anemometer system had built-in linearizers,
more accurate fluid velocities were obtained on the basis
of the calibration data in the computer program which
analyzed the data.

3. Surfactants Used in the Experiments

Experiments were conducted in clean water with a
clean surface and with three different surfactants. The
clean water experiments were done to confirm the va-
lidity of the empirical relation for wave decay by tur-
bulence determined by O&M, for the apparatus and
conditions of the surfactant experiments. The empiri-
cal relation was based on data obtained with axisym-
metric waves, whereas the surfactant experiments used
two-dimensional waves, and the turbulence generator
was slightly different. Whereas the turbulence grid oc-
cupied the entire horizontal plane of the tank in the
surfactant experiments, a similar grid, but with higher
solidity, occupied only a portion of a much larger tank
in the O&M experiments. That grid caused bulk verti-
cal fluid motion at the grid frequency above it and this
generated a significant wave field at the grid oscillation
frequency which coexisted with the separately gener-
ated waves whose decay rate was being measured. The
bulk fluid motion cannot occur when the grid occupies
the entire horizontal plane due to the constant volume
of fluid surrounding the grid, so for the surfactant ex-
periments the component of wave elevation at the grid
oscillation frequency was much smaller.

The basis of development for the empirical relation
between turbulence and wave decay is such that it
should be independent of the presence of a wave field
at the grid frequency, but that needed to be confirmed
here. Experiments at only a few frequencies were con-
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ducted with a clean surface since they confirmed the
empirical relation for decay due to turbulence (section
6.2).

Experiments were conducted at more frequencies for
each of the surfactants studied. The surfactant films
used were oleyl alcohol [Z-9-octadecen-1-ol,
CH;3(CH3)7CH:CH(CH,)sOH] on clean fresh water, to
obtain results for an insoluble pure substance film, Tri-
ton X-100, which is a polyethylene oxide with a molec-
ular weight of 628 purchased from Sigma-Aldrich Cor-
poration, mixed with clean fresh water at a concentra-
tion of 0.5 x 10~ molar, to obtain results for a pure
substance soluble surfactant, and an adsorbed natural
surfactant film from seawater, to obtain results repre-
sentative of wave decay effects in the ocean. The sea-
water was taken from the harbor at Hampton, New
Hampshire, during an incoming tide and in a current
to obtain water that had recently been in the ocean.
It was carried from the harbor to the laboratory in a
tank truck that had recently been flushed several times
to minimize the possibility of contamination by other
surfactants. Also, the water was pumped from a small
distance above the bottom of the truck tank to the labo-
ratory tank without the truck being completely emptied
to avoid pumping any material from the water surface
in the truck. Any particulate matter of visible size in
the water was trapped in a filter at the tank truck hose
outlet in the laboratory.

The surfactant film that adsorbed onto the surface of
the water in the laboratory tank could not have exactly
the same mixture of organic surfactants that existed on
the surface in the harbor. Rather it was chosen as a
film made of natural oceanic surfactants that could be
achieved in the laboratory.

4. Turbulence Analysis and Description

Turbulence was measured at depths between 0.3 and
5.0 cm and in the absence of waves since they would
cause a varying depth at the hot film probe during a
measurement. The anemometer voltage signals were
digitized at a rate of 200 Hz per channel by a computer-
interfaced analog-to-digital converter and stored as com-
puter files which were then processed by analysis com-
puter programs. The digitized voltages were converted
to vertical and horizontal velocities, point-by-point, us-
ing the previously obtained calibration data for the
anemometers. These velocity data were then processed
into two wavenumber spectra following the procedure
O&M used for the single velocity component they mea-
sured. The “frozen turbulence” approximation was
used to transform frequency (f,) spectra into horizontal
wavenumber (k) spectra. This relates wavenumbers to
frequencies on the basis of the probe speed, U,, by

(2)

Turbulence spectra were based on averages from three

2
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data acquisition runs of time period t, =20.48 s (4096
data points) each. The horizontal and vertical ve-
locities for each of these runs are called u;;(t) and
ug;(t),respectively, where j = 1,2,3, and the Fourier
transforms of these functions, obtained computation-
ally with a fast Fourier transform (FFT) algorithm, are
called Uy;(f-) and U,;(f,). Raw, one-sided, frequency
power spectra were computed as

3
S = 5o D Wil r)P 3)

P j=1

The multiplication by 2 is to make the spectrum one-
sided. m = 1 corresponds to the horizontal velocity
spectrum and m = 2 corresponds to the vertical veloc-
ity spectrum. Smoothed frequency spectra, 5 (f+),
m = 1,2, were then obtained by convolving the raw
spectra with a Parzan spectral window (cf. Jenkins
and Waits, 1968, Chapter 6) having a corresponding
autocorrelation window length of E‘f-:

sin(w f,t,/8) 4
Tfrtp/8 ] (4)

The spectra were truncated at fmax = 20 Hz, which
corresponds to kmax = 10.74 rad/cm, at which the
spectral levels were less than 0.5% of their low-frequency
values.

Finally, the wavenumber spectra were calculated from
the frequency spectra according to

() () — g(r) 3
Sm (f‘r) - S‘m. (f‘l')® 16tP [

Smlkr) = 22 [s8(£2) (5)

F=ksUp/2m

As an example, Figure 5 shows the horizontal and
vertical velocity wavenumber spectra at a depth of 2
cm beneath a clean water surface. Figure 5 contains a
line with slope corresponding to &, 5/3 to demonstrate
the inertial subrange. The vertical position of this line
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Figure 5. Turbulence spectra at a depth of 2.0 cm.
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Figure 6. Horizontal and vertical turbulence velocities.
Lines in this and Figure 7 are straight line fits to the
data.

is arbitrary and was chosen for Figure 5 on the basis of
visibility.

The horizontal and vertical rms turbulence velocities,
u} and u), and integral length scales, L; and Ly, were
determined from

Emas 1/2
ol = l / sm(k,)dk,] ©6)
0
-3 ™

Figures 6 and 7 show the rms velocities and the length
scales, respectively, for the range of experimental probe
depths for several sets of measurements. No significant
difference was found between the results with a clean
water surface and a surface with an oleyl alcohol film.
This is consistent with the presumption that the surfac-
tant influences the grid-generated flow principally in a
surface viscous sublayer whose thickness L, is estimated

as
~ VL]
Ly~ — (8)

Turbulence measurements were made at depths of 3 mm
and more because the free surface was observed to in-
fluence the flow at the probe for shallower depths. For
the grid-generated turbulence in this study this esti-
mate of L, from equation (8) is 1.6 mm which indicates
the turbulence measurements were below the viscous
sublayer. Only a single turbulence condition was used
in the experiments because its influence on wave decay
was substantially less than the influence of the surfac-
tant films while being the most intense turbulence the
apparatus could generate reliably.
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5. Wave Analysis Procedures

In the absence of turbulence the measured wave am-
plitudes have nearly an exponential dependence on prop-
agation distance and are constant at a fixed location.
However, in the presence of turbulence there is a time
dependence of the amplitude due to wave scattering by
the turbulence as well. The approach taken in esti-
mating wave amplitude is based on the wave energy in
a modest frequency range surrounding the fundamen-
tal wave frequency and excluding the effects of energy
at distant frequencies. This captures most of the scat-
tered, but still existing, wave energy and includes it in
the analysis. It also captures the wave energy in the
presence of the spectral spreading that results from the
varying amplitude associated with the motion of the
laser slope gauges.

The first step was to calculate a raw one-sided power
frequency spectrum, S, (f), from the wave data at a
specified location as

9 | ftettr _ 2
saf)=| [ et @
te | /s,

where ¢, is the time record length under consideration,
ts is the time at the start of the record, and ¢ is the
measured quantity which was surface elevation or sur-
face slope depending on which gauges were in use. For
measurements with the fixed location surface elevation
gauges, t, = 64 s. Equation (9) was computed with an
FFT algorithm.

With the moving laser slope gauges, a value of ¢, =
2.56 s was used. The centers of successive records were
spaced 1.28 s apart (corresponding to a gauge movement
of 6.4 cm) and as a result the data records overlapped
by half the record length.
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Figure 7. Horizontal and vertical integral length
scales.
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Then, for the location under consideration the wave
amplitude, a, was estimated as

f+Af 3
o= lz /, L, S f)df]

where f; is the frequency for which S, (f) is maxi-
mum and 2A f is the width of the frequency band upon
which the amplitude is based. With the wave elevation
data, Af was chosen to be 0.75 Hz which resulted in
96 Fourier coefficients being included in the sum for the
discrete form of (10).

With the wave slope data, Af was chosen as 1.76 Hz
which resulted in nine Fourier coefficients included in
the sum for the discrete form of (10). In this case, the
value of Af is a compromise between it being a modest
fraction of the wave frequency and the data variance
reduction associated with inclusion of more Fourier co-
efficients. The difference between the choices for the
fixed and moving gauges occurs because of the disparate
record lengths of 64 s and 2.56 s.

The wave amplitude a versus propagation distance z
takes the following form for both surface film and tur-
bulence induced wave decay, and it is used as the basis
for decay when both influences exist simultaneously as
well:

(10)

a(z) = ape” " (11)
which is equivalent to

Ina(z) = lna, — az (12)
For each set of measurements of amplitude versus prop-
agation distance, the decay rate a was taken as the neg-
ative of the slope of the straight line fit to the Ina(z)
versus z data having minimum mean squared error.

6. Bases for Comparison With
Experimental Data

The principal goal of this study is to compare mea-
sured decay rates in the simultaneous presence of a sur-
face film and turbulence with the sum of the decay rates
from the surface film and from the turbulence based on
the best available knowledge of these processes.

6.1. Theoretical Dispersion Equation for Wave
Decay Rate Due to Bulk Viscosity and Surface
Film Elasticity

The theoretical decay rate for a film-covered surface
comes from the dispersion relation provided in equiva-
lent forms by Dorrestein [1951], Lucassen-Reynders and
Lucassen [1969], Hansen and Ahmad [1971] and Alpers
and Huhnerfuss [1989]. The form given by Hansen and
Ahmad is
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(pw? — Tk — pgk)(pw? — mk?e) — ek3(Tk® + pgk)
+ippw®k? + 442w k3 (m — k) = 0 (13)

where

p density of the water;

w circular frequency of the waves;

k complex wave number in the longitudinal direction;
g acceleration due to gravity;

€ is equal to FE — iwu, complex surface stiffness;

1 absolute viscosity of the bulk fluid;

s surface viscosity of the surface film;

m complex wavenumber in the vertical direction for the
rotational component of the flow, equal to \/k2 — iwp/p,
where the solution with a positive real part is to be
taken.

The complex wavenumber is k = k, +1k;, where k, =
27/, and ) is the wave length; k; is the spatial decay
rate of the waves.

Equation (13) has six roots for k for any prescribed
value of w. For transverse waves, which are the subject
of the study here, the correct root is the one close to
the solution of

2 T s
The aforementioned references, and others [cf. Cini et
al.,1987], give an explicit approximation for the wavenum-
ber in terms of the wave frequency on the basis that it
differs little from the solution to (14). However, the ap-
proach here is to obtain a more accurate solution for k.
and k;, by using the solution to (14) as a starting point
for applying Newton’s method to (13).

M&M showed that the damping rate of transverse
waves on a film covered surface is very well explained
by the quasi-static film elasticity E and zero surface
viscosity for several surface films including those ad-
sorbed from natural seawater surfactants, for the 0 to
25 Hz frequency range of their experiments. Therefore
the theoretical basis used here for film-induced wave
damping will be based on the static elasticity and zero
surface viscosity.

6.2. Empirical Relation for Wave Decay due to
Turbulence

0&M developed the following equation for the spatial
decay rate, 3, of waves due to statistically stationary

turbulence: ,

8 =0103—1
C

yL}/3A2/3 (15)

where ¢, = dw/dk, is the group velocity of the waves
and \ = 2n/k, is the wavelength of the waves.
Application of (15) requires specification of the near
surface rms horizontal turbulence velocity u] and its
integral length scale L; at a depth just beneath the
near-surface rise in 4j which occurs with this kind of
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Figure 8. Comparison between the empirical equation
for turbulence-induced wave decay and measurements
in this study.

turbulence. Repeated determination of these quantities
by the procedures of section 4 resulted in considerable
data scatter between measurements as shown in Fig-
ures 6 and 7. From Figures 6 and 7, values of uj =
1.60 cm/s and L; = 4.25 cm are used, with the caveat
that the prediction of turbulence-induced wave decay is
approximate to the extent that u}/ Li/ 3 is approximate.

As described in section 3, since the O&M experiments
were done with a different arrangement than was used
here, (15) needed to be experimentally confirmed. Fig-
ure 8 shows a comparison between (15) and measure-
ments at a few frequencies, analyzed in the way de-
scribed in section 5. Only a few points were checked
since good agreement was found.

7. Results

Figures 9, 10, and 11 show measured and theoreti-
cal spatial decay rates for surface films of oleyl alcohol,

—_ - Theory With Turbulence
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P
S
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.Figure 9. Measured and theoretical spatial decay rates
for an oleyl alcohol surface film.
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Figure 10. Measured and theoretical spatial decay
rates for a Triton X-100 Surface Film.

Triton X-100, and an adsorbed film of natural surfac-
tants on seawater. The data in Figures 9-11 form the
principal results of this study.

Theoretical decay rates in the presence of turbulence
were taken as sums of the film-induced decay rates k,
and the turbulence induced decay rates 3 (o = k; + 3).

The turbulence-induced decay rates are based on val-
ues of ] and L; of 1.65 cm/s and 4.8 cm, respectively,
as described in section 6.2. The surface film induced
decay rates obtained from the solution to (13) require
specification of the surface tension T and the elasticity
E. The surface tensions, measured between wave data
runs, remained constant to within £1 mN/m without
adjustments required for the Triton X-100 and seawater
films.

For the oleyl alcohol film the surface tension was kept
constant to within +1 mN/m, but small amounts of
oleyl alcohol needed to be occasionally added to achieve
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Figure 11. Measured and theoretical spatial decay
rates for an adsorbed film of natural surfactants on Sea-
water.
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Figure 12. Elasticity versus surface tension for the
oleyl alcohol film.

this. The total drift in surface tension that would have
occurred during the 3.5 hours of testing that would
have occurred without the surfactant additions was es-
timated by adding up the all the changes that occurred
each time oleyl alcohol was added. It was found to be
5.2 mN/m which is about 25% of the operating film
pressure (Il = T)oop, — T') of 21 mN/m. This is differ-
ent from that found in the M&M experiments for which
the oleyl alcohol film pressure remained constant over
long periods of time in a different, and much smaller,
tank. The reason why the surface tension increased
over time, when oleyl alcohol was not added, occurred
in the large tank but did not occur in the small tank is
not known with certainty. However, we note that with
the large tank it was not possible to nearly eliminate
air currents as was done in the small tank, the room
temperature was about 8° higher for the large tank ex-
periments which were done in the summer whereas the
small tank experiments were not, and it was not pos-
sible to use a closed environment with thermal equilib-
rium with the large tank, but this was achieved with
the smaller tank.

Elasticities for the operating surface tensions were
determined from the elasticity versus surface tension
functions generated from compression isotherms as ex-
plained briefly in section 2.2 and in more detail by
M&M. Portions of these functions covering the oper-
ating surface tensions are shown in Figures 12, 13, and
14.

A slight deviation from the procedure of M&M was
necessary for determination of the elasticity versus sur-
face tension for the Triton X-100 film. The other films
have timescales for processes that can change the sur-
face tension, other than an area change with its associ-
ated immediate surface concentration change, that are
long in comparison to the time of a few minutes required
to get tension versus area data by repeatedly moving
the film barrier, waiting about 15 s, making the mea-
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Figure 13. Elasticity versus surface tension for the
Triton X-100 film.

surement for each data point, and moving the barrier
to the next position. Triton X-100 has a faster adsorp-
tion/desorption or molecular relaxation timescale. It is
still long in comparison to wave and turbulence peri-
ods but not in comparison to a few minutes. The pro-
cess for determining the elasticity of the Triton X-100
film was to move the film barrier in continuous motion
at a speed of 0.5 cm/s while acquiring surface tension
data, on the fly, each time the barrier had moved an
additional centimeter. The length of the measurement
region went from 65 to 15 cm during the compression.
Then the direction of barrier motion was reversed, and
data were acquired during the expansion with the length
going from 15 to 65 cm. Figure 15 shows the data mea-
sured during both the compression and the expansion.
When compression is taking place, desorption and/or
relaxation processes are taking place and influencing
the measured surface tensions. When dilation is oc-
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Figure 14. Elasticity versus surface tension for the
natural sea surfactant film.
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curring, these processes influence the measured surface
tensions in the opposite way. In order to minimize these
influences and achieve the best estimate of the elasticity
for comparison of theory with the wave and turbulence
experiments, the mean of the two different T versus
In (area) functions (compression and dilation) was then
used to represent the desired function since the first-
order parts of the time lags cancel each other in the
process. For interpolation, a fifth-order polynomial in
In (area) was fit to all the data taken during the com-
pression and the expansion and its derivative is used as
the elasticity. The interpolating function is also shown
in Figure 15.

Table 1 shows the values of surface tension and elas-
ticity used for obtaining the theoretical surface film in-
duced decay rates.

8. Conclusions

Figures 9, 10, and 11 show that wave decay rates in
the simultaneous presence of a surfactant surface film
and turbulence are well represented by the sum of the
individual surfactant-induced and turbulence-induced
decay rates. Although there is considerable “scatter”
in the data, particularly when turbulence is present,
the average of the deviations between theory and ex-
periment supports this conclusion. The increased data
scatter in the presence of turbulence occurs because of
limited time duration of the measurements of the ran-
domly varying wave amplitudes.

Thus, for the experiments here, the presence of tur-
bulence did not measurably increase the surface-film-
induced wave damping. This finding leads to two fur-
ther considerations. The first is that the wave-induced
oscillating boundary layer probably lies within the vis-
cous sublayer induced by the interaction of the turbu-
lent motion and the free surface, and this sublayer evi-
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dently has insufficient mixing to materially increase the
surfactant-induced wave damping.

The second consideration is to ask what might hap-
pen if the oscillating boundary layer associated with
the waves extended below the viscous sublayer of thick-
ness L,, associated with the interaction between the tur-
bulence and the surface. One way to consider this is
through the ratio R of the order of magnitude of the
vertical convection distance during half a wave period
to the oscillating layer thickness vv7. O&M analyzed
the near-surface turbulence measured by Brumley and
Jirka [1987], which reached somewhat closer to the sur-
face than the measurements presented in this paper,
and found that at depths less than 1.5 horizontal length
scales the depth-dependent vertical rms velocity w’(z)
was well represented by

w'(z) [ z ]1/3
=0.786 | —
L

/
ULI 1

(16)

where L, is taken as its value just beneath its rise near
the surface and u} is the horizontal rms turbulence
velocity at a depth of L,. If this estimate is used at the
middepth of the thin oscillating layer for the vertical
turbulent convection velocity, the ratio R is given by

T2/3uL1

R =0.316
L33

(17)
For the wave decay experiments reported here, R varied
from 0.66 to 0.35 over the wave frequency range of 3 to 8
Hz. Although these values are not large enough to say
definitively that the turbulence would have increased
the surfactant-induced decay rate, it seems probable
that this would have been the case. This is an additional
indication that the wave-induced oscillating boundary
layer was inside the viscous surface layer associated with
the turbulence.

With reference to (15), the decay rate of a wave
of prescribed length is proportional to the quantity
U} /L}/ 3. which is governed by the turbulence. For
the experiments reported here, this ratio was about 1
cm?/3/s. Kitaigorodskii et al. [1983] measured turbu-
lence in the ocean for wind speeds in the range of 5.8 to
11.2 m/s and reported turbulence velocities and dissipa-
tion length scales (£). Using the approximate relation,
Ly = £/2 [cf. Tennekes and Lumley, 1972] results in

u}/L'® ~ 2 cm?/3 /s in the ocean measurements. This,
by itself would indicate that typical short wave decay
rates due to turbulence in the ocean would be roughly
double those measured in the laboratory experiments.

Table 1. Surface Tensions and Static Elasticities of the
Surfactant Films in the Wave Decay Experiments

Film T-mN/m | E-mN/m
Oleyl Alcohol 51.6 73.7
Triton X-100 60.0 23.0

Seawater 61.4 38.0
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In the light wind conditions under which a surface
film can form, the short wave film-induced decay rates
are expected to dominate this turbulence-induced de-
cay when a film is present. There are two further con-
siderations regarding the turbulence, however. First,
we do not know the ratio u} /Li/ % for the light wind
oceanic conditions with certainty. Second, the turbu-
lence structure in the very near surface layer in the
ocean is uncertain. For the ocean turbulence data given
by Kitaigorodskii et al. [1983], L, =~ 1 mm according
to (8), and R is 1.3 for 3 Hz waves and 0.7 for 8 Hz
waves. If these values apply to conditions with a sur-
face film on the ocean in lighter wind, they would in-
dicate a greater likelihood of the turbulence increasing
the surfactant-induced decay rates in the ocean than in
the laboratory experiments. However, another compli-
cation is that the laboratory turbulence was generated
by a subsurface grid, whereas in the absence of break-
ing waves, much of the ocean turbulence comes from
the wind-induced shear layer at the surface. Although
the turbulence structures which influence short waves
beneath the viscous layers are probably similar, the de-
tailed turbulence structures in the depth of the thin,
wave-induced, oscillating boundary layer may be differ-
ent.
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