
Weakly breaking waves in the presence of surfactant micelles

Xinan Liu* and James H. Duncan†

Department of Mechanical Engineering, University of Maryland, College Park, Maryland 20742, USA
�Received 11 April 2007; revised manuscript received 27 August 2007; published 7 December 2007�

Mechanically generated weakly breaking waves were studied experimentally in clean water and water with
a soluble surfactant whose bulk concentration was above the critical micelle concentration �CMC�. For the
surfactant case, the breaker, which forms a surface-tension-dominated spilling breaker in clean water �wave
frequencies 1.42 to 1.15 Hz, see Duncan et al., J. Fluid Mech. 379, 191 �1999��, ranges from a spiller at the
highest frequency to an overturning wave with a plunging microjet at the lowest frequency. It is shown that this
behavior is consistent with that of a wave in a pure liquid with a lower surface tension than water rather than
water with a surfactant monolayer. The analysis of the geometrical characteristics of the breaking surface
generated by the jet impact on the front face of the wave crest indicates a patch of more violent turbulence
suggesting an increase of air-sea transfer compared to the clean water case.
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2Breaking waves dominate the surfaces of oceans and
lakes and are central to studies of air-sea transfer processes
�heat, mass, momentum, and energy�, large- and small-scale
ocean current systems, remote sensing, and weather forecast-
ing �1–6�. The study of breaking water waves is also relevant
to studies of other physical phenomena including breaking
Rossby waves in the stratosphere �7�, shoaling internal
waves in the ocean �8�, shock waves in stellar atmospheres
�9� and micron waves breaking at the edge of laser-liquified
indium pools �10�. Surfactants �usually organic compounds�
are ubiquitous in natural bodies of water and manmade so-
lutions. These surfactants adsorb onto the liquid free surface
and thereby lower the ambient surface tension and create
surface elasticity and viscosity. These changes in surface dy-
namic properties can have dramatic effects on a broad class
of interfacial flows including capillary waves �11–15�, air
bubbles, and liquid droplets �16�. When the surfactant bulk
concentration reaches a critical value, called the critical mi-
celle concentration �CMC�, micelles are formed in the bulk
and influence the adsorption/desorption kinetics of surfac-
tants to the surface and thereby the surface dynamic proper-
ties, see Ref. �17�. These effects have been studied to a lim-
ited extent in low-Reynolds-number flows including liquid
jets �18,19�, the stability of thin films �20�, and two phase
mixtures �21�. In this paper, we present an experimental in-
vestigation of breaking waves with wavelengths of about
1 m in clean water and in water with a soluble surfactant
whose concentration is just above the CMC. The results are
applicable to other high-Reynolds-number free surface flows.

The experiments are a continuation of our previous work
�11,12,22–26� and were performed in a tank that is 14.8 m
long and 1.22 m wide with a water depth of 0.8 m. Weakly
breaking waves were generated mechanically from disper-
sively focused wave packets consisting of the sum of 32
sinusoidal components with frequencies equally spaced
around an average f0. The values of f0 in this study were
1.15, 1.26, and 1.42 Hz and the nondimensional overall

amplitudes �A /�0� of the wave-maker motion ranged from
0.0487 to 0.0505, where �0 is the wavelength corresponding
to f0 via linear theory, �0=g /2�f0

2 where g is gravity �see
Ref. �22��. The crest profiles of the waves were measured
photographically using a laser-induced-fluorescence tech-
nique that employs a high-speed movie camera set at 300
frames per second �see Ref. �12��. These measurements were
taken from an instrument carriage that moves along the tank
with the crest of the breaker.

Using the procedures described in Ref. �12�, a set of six
surfactant solutions was created in the wave tank. These so-
lutions consist of relatively clean water �data set denoted as
CLEAN� and water with five bulk concentrations of the
soluble surfactant Triton X-100 �denoted as TX1, lowest
concentration, to TX5, highest concentration equal to 6.61
�10−5 mol / l�. As pointed out in Ref. �12�, this large tank of
water undoubtedly contains other surfactants as well. The
dynamic properties of the free surface in the wave tank were
measured in situ using the equipment and procedures de-
scribed in Ref. �23�. For all conditions, the ambient surface
tension �a and the surface pressure isotherms were measured
with a Whilhelmy plate combined with an in situ Langmuir
trough. The value of �a is obtained when the Langmuir
trough is first lowered onto the water surface. The surface
pressure isotherms are measured by monitoring the surface
pressure ��=�c−�, where �c is the surface tension of clean
water and � is the instantaneous surface tension� while com-

pressing the surface area �Ā� within the trough over a period

of 2 min. The isotherms are plots of � versus ln�Ā / Ā0�,
where Ā0 is the initial value of Ā. Plots of �a versus bulk
concentration for all the surfactant solutions and the surface
pressure isotherms for solutions CLEAN, TX1, and TX5 are
shown in Figs. 1�a� and 1�b�, respectively. �Data for solutions
TX1 to TX4 can be found in Ref. �12�.� As can be seen in
Fig. 1�a�, the ambient surface tension decreases with increas-
ing surfactant bulk concentration. In the clean-water surface
pressure isotherm, Fig. 1�b�, the surface pressure remains at
zero until the surface is compressed to about 25% of its
original area indicating that there is a very low concentration
of surfactant on the free surface under ambient conditions.
For solution TX1, the surface pressure is nonzero initially
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and begins to increase immediately upon surface compres-
sion. At the highest surfactant concentration �TX5�, the sur-
face pressure remains at the ambient level �30.5 mN /m�
throughout the compression. This latter behavior is indicative
of reaching or exceeding the CMC. Since above the CMC
the ambient surface tension is independent of bulk concen-
tration, a line of surface pressure versus concentration in this
region is horizontal. In Fig. 1�a�, the intersection of the hori-
zontal line that goes through the TX5 value and the sloped
line fitted to data points TX1 to TX4 occurs at 3.5
�10−5 mol / l, defined as the CMC. It should be mentioned
that the CMC of Triton X-100 in carefully controlled experi-
ments with purified chemicals and distilled water was found
to be 1.55�10−4 mol / l �28�. This difference is likely due to
impurities in the present experiments �11�.

Figure 2 show three sets of three photographs from high-
speed movies of spilling breakers in solutions CLEAN, TX1,
and TX5, respectively. The wave frequency and nondimen-

sional wave maker amplitude were the same �f0=1.42 Hz
and A /�0=0.0487� in all three cases. In these images, the
upper edge of the wavy light region is the wave crest profile
at the central line of the tank and the wave propagates from
the right to left. In all three solutions, the wave behavior is
qualitatively similar. The breaking starts with the formation
of a bulge on the forward face of the wave and the appear-
ance of capillary waves upstream �to the left� of the leading
edge �toe� of the bulge �first images�. A little while later, the
toe begins to move down the wave face and the capillary
waves are compressed �second images�. This is followed by
the appearance of a train of large ripples generated between
the toe and the wave crest �third images�. The wave behav-
iors shown in solutions CLEAN and TX1 are similar to the
wave behaviors shown in Ref. �12� in the same solutions but
for a wave frequency of 1.15 Hz and A /�0=0.0505. In clean
water, the bulge is round and the capillary waves have large
amplitude. For a relatively small amount of surfactant �TX1�,
the bulge flattens out and the capillary waves are diminished.
It was shown in Ref. �12� that as the surfactant concentration
is increased further, the bulge becomes more round again and
the capillary waves diminish further. In solution TX5, the
bulge is round and the capillary waves are again visible,
though small. Duncan et al. �22� noted that for similar break-
ers in clean water, the size and shape of the bulge and cap-
illary waves are independent of wave frequency and argued
that the size of these features therefore scales with ��a /�g,
where � is the water density. A similar result was found in
numerical calculations by Longuet-Higgins �27�. Figure 3�a�
shows a comparison of the wave crest profiles taken from the
left images shown in Figs. 2�a� and 2�c�, which were exposed
at the instant before the toe began to move down the wave
face, in solutions CLEAN �solid curve� and TX5 �dashed-dot
curve�. Figure 3�b� shows the same profiles scaled by
��a /�g. As can be seen from the plots, without scaling, the
crest shapes are similar but the features differ in size, while
with scaling the two curves match well. This is not true when
the breakers in TX1 to TX4 are compared to the CLEAN
case �see Ref. �12��.

Figure 4 contains three rows of four images from movies
of three breaking waves in solution TX5. The wave maker
motions corresponding to the top, middle and bottom rows of
images had average frequencies of f0=1.42, 1.26 and
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FIG. 1. �Color online� The surface dynamic properties of TX-
100 solutions. �a� The ambient surface tension as a function of the
bulk concentration �C, in mol/l� of Triton X-100 in the wave tank.
The negatively sloped straight line is a least-square fit to the left
four data points while the horizontal line is extrapolated from the
right data point ��� corresponding to the surfactant solution �TX5�,
see below. The intersection of these two lines is defined as the
critical micelle concentration �CMC�. �b� The static pressure iso-
therms �the surface pressure versus the logarithm of the compres-
sion ratio of the surface area�. Clean water, � �CLEAN� and two
Triton X-100 solutions, � �TX1�, C=2.1�10−6 and � �TX5�,
C=6.61�10−5.
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FIG. 2. �Color online� Photographs from high
speed movies of breaking waves generated by a
wave-maker motion with central frequency f0

=1.42 Hz and nondimensional amplitude A /�0

=0.0487 in solutions CLEAN �a�, TX1 �b�, and
TX5 �c�. The width of these images is 10 cm in
the physical plane and the waves propagate from
right to left. The online photographs are colorized
to enhance the visibility of small scale features.
The number underneath each image shows the
time relative to the left image. The times of im-
ages in each row were chosen to display signifi-
cant features for comparison between cases rather
than to compare wave shapes at the same instant
from case to case.
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1.15 Hz, respectively, and the same nondimensional ampli-
tude �A /�0=0.0505�. As can be seen from the top row �f0

=1.42 Hz� of the figure, compared to the breaker shown in
Fig. 2�c� �f0=1.42,A /�0=0.0487� the bulge points forward,
as if forming a plunging jet from the crest. In spite of these
initial differences, the subsequent breaking processes in the
two cases are qualitatively the same. At the wave frequency
1.26 Hz �Fig. 4, middle row of images� the initial bulge
shape is even more jetlike. However, very soon after the jet

tip forms, fluid collapses underneath the jet base �second
image�. After this, the breaking proceeds in the same spilling
manner as mentioned above. For f0=1.15 Hz �bottom row of
images�, the breaking process is initiated by the formation of
a microjet on the forward face of the wave crest. The time
history of the profile of this breaker is shown in Fig. 5. As
can be seen in the third row of images in Fig. 4 and the
profiles in Fig. 5, the jet projects forward from the highest
point on the wave profile �first image and profile I� and falls
down under the influence of gravity �second image and pro-
file II�. After a short time, the jet reenters the front face of the
wave engulfing a tube of air �third image and profile III�. A
small splash quickly projects out from the impact site. This is
then followed by a much more energetic splash �fourth im-
age and profile IV�.

Figure 6�a� shows the wave crest profile of the left image
of the bottom row in Fig. 4 along with the trajectory of the
jet tip before impact on the wave surface, circles. Plots of the
jet tip horizontal and vertical positions versus time are shown
in Figs. 6�b� and 6�c�, respectively. As can be seen in these
plots, the trajectory of the jet tip is parabolic; however, it is
interesting to notice that the vertical acceleration of the jet
tip is only 0.46g rather than g. It should be kept in mind that
the jet tip is a geometrical feature rather than a center of
mass. Thus, accelerations other than g are expected. Also,
surface tension, air resistance and a nonuniform air pressure
distribution surrounding the jet may affect the acceleration
�29�.

Figure 7 shows three geometrical features �Lb, h0, and h1�
describing the breaking region on the wave crest profile �as
defined in the inset to Fig. 7�a� and the caption of Fig. 7�
versus time for the CLEAN and TX5 cases �f0=1.15 Hz and
A /�0=0.0505�. The data show that in the TX5 case the
breaking zone length �Lb� is longer and the two thicknesses
�h1 and h0� are much larger. This probably indicates that the
free surface turbulence and the local air-water transfer rates
of heat and mass in TX5 are higher than in clean water.

Numerical calculations using a potential flow boundary
element method �30� have been used by Tulin �31� to explore
the effect of surface tension on the initiation of breaking in
waves generated by the side-band instability mechanism. The
calculations showed that for a fixed surface tension, as the
wavelength decreases the breaking process changes from a
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FIG. 3. �Color online� Comparison of the wave crest profiles of
breaking waves generated by a wave-maker motion with central
frequency f0=1.42 Hz and nondimensional amplitude A /�0

=0.0487 in solutions CLEAN �solid line� and TX5 �dashed-dot
line�. �a� Comparison of wave crest profiles at the moment just
before the toes start to move �left images in Figs. 2�a� and 2�c��. �b�
Comparison of wave crest profiles shown in �a�, but with the hori-
zontal and vertical coordinates scaled by the capillary length scale
��a /�g, where �a is the ambient surface tension, � is the water
density, and g is gravity. The dashed-dot curve is shifted vertically
after scaling so that both curves are aligned at the wave crest.
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FIG. 4. �Color online� Photographs of break-
ing waves generated with three wave maker fre-
quencies �f0=1.42, 1.26 and 1.15 Hz� and the
same nondimensional amplitude �A /�0=0.0505�
in solution TX5. The width of each image is
10 cm and the number underneath each image
shows the time relative to the left image. The
times of the images in each row were chosen to
display significant features for comparison be-
tween cases rather than to compare wave shapes
at the same instant from case to case.
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plunging jet to the bulge-capillary ripple system shown in the
top row of images in Fig. 2. This transition occurs between
one of their calculations at a Weber number �We=�g�0

2 /�a�
of 5.4�105 �plunging jet� and another calculation at We
=3.4�104. Using the ambient surface tension in TX5 and

�0=g /2�f0
2, the transition in the present measurements of

weakly breaking waves generated from dispersively focused
wave packets with A /�0=0.0505 occurs between We=4.5
�105 �plunging jet� and 1.9�105. It is also interesting to
note that the shape of the wave crest and plunging jet are
quite similar in the calculations and experiments.

The above experimental results and the comparison with
potential flow calculations with constant surface tension in-
dicate that in TX5, the wave crest behavior is nearly identical
to the behavior of waves in a liquid with low surface tension
rather than waves in a surfactant solution. For all other sur-
factant conditions in our previous work �all at concentrations
below the CMC�, the wave profiles are not just versions of
the clean water case scaled by ��a /�g, as they are here. This
statement includes the unusually shaped jet, described in
Ref. �11� that issued from a point below the wave crest in a
solution with a high concentration of sodium dodecyl sulfate
�but still below the CMC�. The reason for the interesting
wave behavior shown herein probably lies in the very high
surfactant surface adsorption-desorption rates found at con-
centrations above the CMC; see Ref. �28� for measurements
in pure Triton X-100. Using longitudinal surfactant wave
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FIG. 5. �Color online� The crest profile history of the breaker
with a wave-maker motion of f0=1.15 Hz and A=0.0505�0 in so-
lution TX5. The figure includes 108 profiles measured in 0.36 s. For
clarity, each profile is plotted 1 mm above the previous one. The
thick lines with Roman numerals correspond to the bottom row of
images in Fig. 4 �I=0 s, II=0.05 s, III=0.11 s, and IV=0.18 s�.
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FIG. 6. �Color online� The trajectory of the jet tip of the breaker
with a wave-maker motion of f0=1.15 Hz and A=0.0505�0 in the
solution TX5. �a� A single wave profile �I from Fig. 5� and the
trajectory of the tip of the jet. The solid line is a parabola fitted to
the experimental data. �b� and �c� The horizontal and vertical coor-
dinates of the jet tip versus time, respectively. The straight line in
�b� and the parabola in �c� are fitted to the experimental data using
a least square method. The vertical acceleration obtained from the
curve fitting is 4.5 m /s2.
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FIG. 7. �Color online� The geometrical properties of the breaker
with a wave-maker motion of f0=1.15 Hz and A=0.0505�0. �a� The
drawing in the up-left corner defines three geometrical parameters
�Lb, h0, and h1� describing the breaking region on the wave crest.
The solid curve is crest profile IV in Fig. 5 and the straight dashed
line is the tangent to the smooth free surface upstream �left� of the
toe. The thicknesses h1 and h0 are the maximum perpendicular dis-
tances from the dashed line to the surface of the first splash and the
smooth crest �see Fig. 5�, respectively. The length Lb is the distance
from the toe to the boundary between the smooth crest and the first
splash. The main plot shows Lb versus time after the jet hits the
front surface of the wave �TX5, solid line� and after the toe begins
its motion �CLEAN, dashed line�. �b� The thicknesses h0 �thin lines�
and h1 �thick lines� versus time in solution TX5 �solid lines� and in
solution CLEAN �dashed lines�.
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methods, Noskov et al. �32� have shown that due to this high
rate of adsorption and desorption �in a different surfactant
solution�, the surface elasticity and viscosity greatly diminish
for concentrations at or above the CMC for low frequency
waves. In the present experiments, longitudinal waves were
generated and measured at concentrations below the CMC
�Ref. �12��, but using the same generation parameters no lon-
gitudinal waves were detected in solution TX5, indicating
very low values of surface elasticity. Thus, it is likely that
with the present gravity wave phenomenon at frequencies of

about 1 Hz, the surface has little surface elasticity or viscos-
ity, rendering it dynamically similar to the surface of a liquid
with low surface tension rather than a surfactant monolayer.
Our results also support the interpretation given by Stebe et
al. �21� for slug flow behavior in capillary tubes at very low
Reynolds numbers �in contrast to the present high Reynolds
number case� and surfactant concentrations above the CMC.
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