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This thesis presents the results of three experiments on vareaspects of the
e ects of surface tension on nonlinear free-surface waves. Thest two experiments
focus on capillary e ects on the breaking of short-wavelenlgtgravity waves, a prob-
lem of interest in areas of physical oceanography and remote sixgy. The third
experiment is concerned with the bifurcation of solitary capary-gravity waves, a
problem that is relevant in the study of nonlinear, dispersive ave systems.

In the rst set of experiments, streamwise pro le measurements wermade of
spilling breakers at the point of incipient breaking. Both wind-waves and mechan-
ically generated waves were investigated in this study, withrgvity wavelengths in
the range of 10{120 cm. Although it has been previously arguedhdt the crest
shape is dependent only on the surface tension, the results rejg@or herein are to
the contrary as several geometrical parameters used to deserithe crest change
signi cantly with the wavelength. However, the non-dimensioal crest shape is self-

similar, with two-shape parameters that depend on a measure dhd local wave



slope. This self-similarity persists over the entire range of walengths and breaker
conditions measured, indicating a universal behavior in thegar-crest dynamics that
is independent of the method used to generate the wave. The rsaeed wave slope
is found to be related to the wave growth rate and phase-speedqrto breaking, a

result that contributes towards the development of a breakig criterion for unsteady

capillary-gravity waves.

The second set of experiments examines the cross-stream surfacacsire
in the turbulent breaking zone generated by short-wavelenigtbreakers. Waves in
this study were generated using a mechanical wedge and rangedvavelength from
80{120 cm. To isolate the e ects of surface tension on the ow, #important ex-
perimental parameters were adjusted to produce Froude-scdaispersively-focused
wave packets. The results show the development of \quasi"-2D stmewise ripples
along with smaller cross-stream ripples that grow as breaking w&ops and can be-
come comparable in amplitude to the streamwise ripples for Iger breakers. It is
found that the amplitude of the cross-stream surface ripples seahs 2, where is
the average wavelength of the wave packet. The cross-streampiip activity appears
to be highest in the \troughs" of the larger streamwise ripples, wh the appearance
of persistent \scar"-like features. Based on these observations, anple model for
the coupling between the vorticity and capillary structure n the breaking zone is
conjectured.

The third set of experiments focuses on the generation of cdaily-gravity
waves by a pressure source moving near the minimum phase spegg. Near this

minimum, nonlinear capillary-gravity solitary waves, or \lumps", have been shown



to exist theoretically. We identify an abrupt transition to a wave-like state that
features a localized solitary wave that trails the pressure fong. This trailing
wave is steady, fully localized in 3D, elongated in the cross-eam relative to the
streamwise direction, and has a one-to-one relationship bewve height and phase
speed. All of these characterisitics are commensurate with thee&ly propogating
\lumps" computed by previous authors, and a quantitative comprison between
these previous numerical calculations and the current experents is presented. At
speeds closer ta., , @ new time-dependent state is observed that can qualitativel
be described by the shedding of solitary depressions from the tipga \V"-shaped
pattern. These results are discussed in conjunction with a new ttwetical model
for these waves that employs nonlinear and viscous e ects, botii which are crucial
in capturing the salient features of the surface response. Whithscussed in the
context of water waves, these results have applicaiton to oth@rave systems where

nonlinear and dispersive e ects are important.
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Chapter 1
Introduction

1.1 Waves on a liquid free-surface

The study of waves on a liquid free-surface is one of the oldesidestienti cally
richest areas of uid mechanics. With origins dating as far b&cas the work of Sir
Isaac Newton, extended through the 18th and 19th centuries by &u luminaries
as Laplace, Cauchy and Stokes, and aided in no small part overetltenturies by
societal dependence on shipping needs, surface wave theory easaled itself to be
a seemingly endless supply of complex phenomena. For a truly afisog review of
the historical developments of surface wave theory see [3, 4].

In an ideal sense, a liquid surface is considered to be \free" ifig exposed to
an atmosphere of gas or vapor and subject only to a constant norhgtress, like
pressure. A more realistic scenario is one in which the atmosphean also interact
with the surface through shear, heat ux and mass ux [5]. This seand, more
complicated surface is sometimes referred to as a liquid-gaserface. Placing the
peculiarities in appellation aside, in this thesis we consider \free liquid surface”
to be of the second type, where the liquid surface is free to iméet with a vapor or
gaseous atmosphere, as opposed to a liquid-solid or liquid-lidboundary. The most
ready examples of such free surfaces are open bodies of wateh sisclakes, oceans

and rivers. Free surfaces also arise in many other uid mechaniapplications such



as Im and coating ows, liquid jets, droplets, and open channelows. Regardless
of the application, when a liquid free surface is disturbed fro equilibrium, wave
motion can result. This wave motion is typically due to the adbn of two restoring
forces: gravity and capillarity (i.e. surface tension). Whictliorce dominates depends
on the scale of the motion. To see this mathetmatically, considerst the Navier-
Stokes equation

Du

ot " gf%+}r = (1.1)

whereu is velocity, g is gravity, K is the vertical unit vector, is the uid density,

and — is the stress tensor with components given by

i = Pij+ @14_@]4_”@
@x @x @x

(1.2)
where P is pressure, j; is the Dirac delta function, is the coe cient of shear
viscosity, u; are the components of velocity, and is the coe cient of dilational
viscosity. For water, the liquid can be considered incompressi(r u = 0) so the
last term in equation 1.2 is zero. Water waves are also typicgliconsidered to be
inviscid (= 0), although in reality there is a very small viscous boundaryayer near
the free-surface. However, it will be shown in section 1.3 thatihboundary layer is
typically quite small in comparision to the wavelength of the \aves, except for very
small capillary waves (1 mm), so the inviscid assumption is often quite accurate

and j = P j. For an inviscid, irrotational, incompressible uid, equatian 1.1

can be written as Bernoulli's equation

P = Pam gz —=.F (1.3)



where Py, IS the pressure in the gaseous atmosphere at the free surfacés the
depth below the free surface (taken as negative moving dowmnas), and is the
velocity potential, such thatu = r . Because of incompressibility, the velocity
potential is governed by Laplace's equatiom 2 = 0. The uid motion is then
prescribed by Laplace's equation subject to appropriate bodary conditions at the
free surface.

If we are considering uid motion near a free surface = (x;y;t), the forces
on an element of the free surface must balance. If the uid is ceitlered to have

constant surface tension, then the normal force balance on the surface yields [6]

where P is the pressure in the uid evaluated at the free surface anR, and Ry
are the radii of curvature of the free surface in th& andy directions, respectively,
with positive curvature concave upwards. Equation 1.4 shows dhthe pressures on
the two sides of the surface are equal except for a capillary peeire term.
Evaluating Bernoulli's equation at the free surface, makingse of equation 1.4

and rearranging yields adynamic boundary conditionat the free surface, namely

@ r

-+ ——— +g _ i+
ot 2 Ry«

1
— =0 1.5
R (1.5)
UsingU and L as velocity and length scales, respectively, we can write eqicat 1.5

in nondimensional form as

@ r

1 1 1
—_—t — + — —+ — =0 1.6
@t 2 Fr We Ry Ry (1.6)

where all the quantities are now nondimensional. The nondimsional groups in

3



equation 1.6 are theFroude numberFr = U2=gL and Weber numberWe= U 2L= .
Equation 1.6 shows that for large length scaled=¢ ! 0) the gravity term is dom-
inant, while for small length scales \We ! 0) capillary forces are most impor-
tant. The two e ects are of the same order near theravity-capillary length scale
lge = ( =g ).
Since both and are unknown in equation 1.6, it is necessary to have a

second boundary condition in order to form a closed system for swlg Laplace's
equation. This second boundary condition is obtained by natg that uid particles

move with the free surface. The resultindgcinematic boundary conditionis

Equation 1.7, along with equation 1.5 and Laplace's equaticforms a closed set of
equations for the uid motion. Note that equations 1.5 and 1.7are evaluated at
the free surface, which is unknowra priori. One can see that equations 1.5 and
1.7 are greatly simpli ed if they are evaluated at the undistubed water surface
and if we ignore the nonlinear terms. The conditions for this sipli cation are met
whenr andr are small, e.g. when the amplitude of the wave motion is small in
comparison to the wavelength [7]. We can de ne slope parameter = ak whereais
the wave amplitude andk is the wavenumberk =2 = |, where is the wavelength.
For 1 or in nitesimal waves, the wavemotion is said to bdinear. When the
wave amplitude is nite, the resulting wave motion is said to benonlinear. As we

shall see, the interplay between gravitational, capillary ath nonlinear e ects is very

important in controlling the surface wave dynamics.



1.2 Pure gravity waves

For the case of pure gravity waves (i.e. = 0) it can be shown that, for small
amplitude (i.e. 1), solutions of the form = acogk x !t ) are possible. Here
k is the wavenumber vectorx is the position vector and! is the angular frequency,
I =2 =f . For waves over a at impermeable bottom, in order to satisfy tk free
surface boundary conditions and Laplace's equatioh, and k must be related by

the linear dispersion relation [8]
I 2= gktanh(kH) (1.8)

whereH is the total depth of the uid. For the case where the uid depthis much
larger than the wavelength (i.e.kH !'1 ), the gravity-wave phase-speed, ( !'=k)
is ¢, = (g=K** so that longer wavelength (smallek) waves propogate faster than
shorter wavelengths. While this dispersion relation is derivefbr the case of linear
gravity waves, nonlinear e ects only slightly modify this re&tion so that, to a good
degree of approximation, the linear theory can often be used.

For pure gravity waves of nite amplitude, the free surface begins to deviate
from a sinusoidal shape. This problem was originally considerég Stokes [7] who
showed that for a monochromatic wave train the wave shape forehéroader troughs
and sharper crests as increased, approaching a limiting form of a 120corner
ow at the crest (i.e. the \Stokes limit"). Stokes's solution essatially amounts to
the appearance of increasingly higher harmonics in the waveode as the degree
of nonlinearity is increased. It has since been shown that reataygity waves are
unstable at slopes below the Stokes limit [9], and waves can bsoto \breaking",

5



with the formation of a uid jet that issues from the wave crest aml then impacts
the wave front face. This jet impact encapsulates a large amotuof air and some of
the energy of the initially irrotational wave is converted nto turbulent energy near
the free surface, as well as producing spray and bubbles in theedking zone.

If we are considering waves on deep bodies of water such as |laked oceans,
such steep gravity waves can be generated by a variety of meclsms. In cases
where the free-surface is subject to wind, waves can be drivemedtly by the wind
motion and several models of this process have been proposedhsascthe resonance
of pressure uctuations for small amplitude waves [10] or a \shiring" pressure at
larger amplitude [11]. Generally speaking, the energy inpuate from the wind to the
waves appears to increase with the di erence between the wgpase speed and the
wind speed. Because of the combined e ects of nonlinearity amlispersion, water
waves also exhibit a phenomenon known as wave-wave interacti This idea was
rst put forth by Phillips [12], [13] who demonstrated that a cantinuous transfer of
energy between di erent Fourier components of interactingvave elds was possible
through a type of resonant interaction at third order in the wae slope. A similar
approach was used by Benjamin and Feir [14] who showed that, tocead order in
the wave slope, a monochromatic wave train is unstable to uppand lower \side-
band" frequencies that grow exponentially in time. This wag-wave interaction is a
slow process that occurs over many wave periods. Many experirtee(i15], [16], [17],
[18, 19], [20], [21]) and numerical calculations [22] havercrmed the existence of
these unstable side-bands, as well as observing that the initialiniform wave train

degenerates into wave groups as the process develops. The steep of individual

6



wave crests increases as a wave moves through these groups andifmi cantly

modulated wave trains the waves can break.

1.3 Capillary e ects

When we begin to consider capillary e ects on surface waves, somgeresting
dynamics begin to emerge. First, it can be shown that with surfactension, the
dispersion relation (equation 1.8) is modi ed to include a cdfpary dispersion term
[8]

2= gk+ —k*® tanh(kH): (1.9)

As was mentioned in section 1.1, water waves are typically codsred to be inviscid,
though in reality there is a small viscous layer that forms neathe free surface
with a thickness on the order of = (2 =! )**2 where is the kinetmatic viscosity
(= ). The inviscid assumption therefore requires that the quantit k 1t
One can use equation 1.9 to convince oneself that, in deep watguch a condition is
adequately satis ed for all but the smallest of waves ( 1 mm or less). As the wave
steepness increases viscous e ects can begin to play a role [B3{,to leading order
in the wave slope the inviscid approximation is often su cient. In the experiments
discussed herein, the waves are considered to be inviscid, exdeptthe discussion
on gravity-capillary solitary waves in Chapter 4, where rec# theoretical models
show the inclusion of viscous e ects to be important in capturig the qualitiative

surface features observed in the experiments.

1The quantity k can also be thought of in terms of the Reynolds number baseg on the gravity
wavelength and phase speed. This is because = (2 k2=!)¥2=(2-)%2 k / 1= Re.



Dividing both sides of equation 1.9 byk? and using the uid depth H as a
length scale andU = (gH)'™ as a velocity scale, we can write an equation for the

dimensionless phase speeﬁ as
¢y = 1+Bok® tanh(k9 (1.10)

where the primes denoted dimenless quantities ariglo is the Bond numberBo =
=(gH ?) = Ig;=H? Bo = 0 corresponds to the deep-water limit whileBo ! 1

is the shallow-water limit. An interesting feature of this dispesion relation is that
the phase velocity,c,, obtains a minimum that depends on the value of the Bond
number. For Bo 1=3 (shallow water), the minimum occurs in the long-wave
limit, k,, = 0, and has a minimum phase speed., = (gH)*?. For Bo  1=3
(deep water), the minimum occurs at a nite wavenumberk, = ( g= )¥?, with
minimum phase speed,, = (4g = )*™*. For deep water with a surface tension of
73 dynes/cm,cy,in 23 cm/s. The importance of such phase-speed minima can be

seen by taking the derivative ofc, with respect to k, namely

dg _ di=dk ! (k) _ 1
&k ke k@ % A

where ¢q is de ned to be the group, or energy velocity@!=@k At any extrema,
dg,=dk = 0, and equation 1.11 shows that, = ¢y at this point. Extrema of c,(k),
where the phase and group velocities are equal, are known Ib@fation points of non-
linear solitary waves [24], [25], [26], [2], [27], [28]. Ind& similar such solitary waves
have been observed in other areas of physics [29], [30], [3d4l eesearch into the wave

behavior near such minima o ers new insight into the physics ofanlinear waves



in dispersive media. Therefore, recent experiments on the geation of gravity-
capillary solitary waves will be discussed in Chapter 4.

In addition to altering the dispersion relationship, capillay forces can also
a ect the dynamics near the crests of steep gravity waves, whetke curvature of
the free surface is high. For gravity wavelengths typicallyelss than about 1 m, the
crest jet found in long-wavelength breaking waves may be regled by a rounded
bulge and capillary waves on the front wave face [32], [33].n kuch cases, the
breaking process is triggered by the appearance and growth afsmall separated
shear layer near the free surface [34, 35, 36]. This small turbat patch is driven
downwards by gravity and \spills" down the front wave face, gearating capillary-
scale ripples on the free surface. Although they lack the signaeat air-entrainment
of their larger wavelength counterparts, these \micro-breads" [37] are prevalent on
the ocean surface under typical conditions and are known togy an important role
in processes in the upper ocean such as air-sea interaction anergg dissipation
[38, 39, 40, 41, 42, 43, 44], as well as e ecting remote sensimyides through the
generation of small-scale surface ripples [45, 46, 47, 48]. &ee of their ubiquity
and importance in such areas, Chapters 2 and 3 will discuss two exjments looking

at the e ects of surface tension on short-wavelength spilling bakers.

1.4 Thesis outline

Needless to say, research on nonlinear waves and capillary owdend well

beyond the topics of wave breaking and gravity-capillary sibhry waves, and the



above discussion is meant to highlight just two uid dynamic exarples of ways in
which capillary forces can a ect wave dynamics on a free suda. However, the
importance and applicability of these ows to areas of uid mehanics, physical
oceanography and nonlinear wave theory makes them a topic mity of scienti c

inquiry, the results of which could contribute in a variety ofdisciplines. While this

section is designed to give an introduction to the overarchinghysics of the problem,
the remainder of this dissertation will focus on relevant bagkound and experiments
related to three speci c topics. The rst two topics are similar n nature, and are
both related to the e ects of surface tension on the dynamics athort-wavelength
breaking waves. Chapter 2 is an investigation of the streamwiseave shape at the
point of incipient breaking. Emphasis is placed on how the cdlary-induced crest

geometry changes with both the wavelength and the method useéd generate the
wave, and what these results might contribute to the developme of a breaking

criterion for unsteady brekaers. Chapter 3 is concerned witthé dynamics of the
free surface once breaking begins and focuses on the growthrogs-stream surface
uctuations, which are dominated by the interaction of capilary-forces with the

turbulent structure in the underlying uid. The third topic, discussed in Chapter
4, examines the generation of non-linear capillary-grayitsolitary waves near the
minimum phase speed. Experimental results are presented that shdow such
waves may be excited by the motion of a small pressure source on free surface,
and several distinct response states are found. Chapter 5 prowsda summary of

the work and conclusions.
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Chapter 2
Streamwise pro le measurements of spilling breakers at incipient

breaking

2.1 Abstract

In this set of experiments, the pro les of incipient spilling beaking waves with
wavelengths ranging from 10 to 120 cm were studied experimealty in clean water.
Short-wavelength breakers were generated by wind while lger-wavelength break-
ers were generated by a mechanical wave-maker using eitherigpérsive focusing or
side-band instability mechanism. The crest pro les of these wasevere measured
with a high-speed cinematic laser-induced uorescence techoe. For all the wave
conditions reported herein, wave breaking was initiated #i a capillary-ripple pat-
tern as described in [1]. The results show that several geomed#liparameters used
to describe the crest change with the relative wavelength of ¢hwave, but remain
insensitive to the breaker method used. Although the crest shape eéovary, it is
found to be self-similar with two geometrical parameters thatlepend only on the
slope of a particular point on the front face of the gravity wag. The scaling rela-
tionships appear to be universal for the range of wavelengthsustied and hold for
waves generated by mechanical wave-makers and by wind. Them measure is

found to be dependent on the wave phase speed and the rate of gioaf the crest

1Some of the work presented in this chapter can also be found in Dioriet al., Journal of Fluid
Mechanics 2009 [49]
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height prior to incipient breaking.

2.2 Summary of previous work

As was discussed in Chapter 1, surface tension plays an importanteadn
short wavelength and/or weak breakers causing the formationf @ rounded crest
and capillary waves appearing on the front wave face. This phomenon has been
investigated over the years through a combination of experiemts, theories and
numerical calculations. Some of the earliest works were by $dbey [50] and Cox
[51], who reported on measurements of high-frequency cagill waves on the front
face of gravity waves in wind-wave umes. The gravity wavelagths studied were in
the range of about 1{10 cm. The measurements in [51] also reezhithe presence
of these waves even in the absence of wind. Longuet-Higgins [d@duced a theory
to explain the existence of these capillary waves, consideringrisaice tension as
a small perturbation to the ow inside a steep gravity wave. It wa shown that
the capillary waves derive their energy from the larger gray wave, giving rise
to the nomenclature of \parasitic" capillary waves. Later, Capper [53] o ered a
di erent theory, considering the case of non-linear capilla@s on a variable stream.
More observations of small wavelength wind-waves have beerpoeed, although
very few measurements of precise wave pro les are availablekuda [54] used ow
visualization to investigate the velocity distributions nearthe surface of a wind-
wave eld. The results showed a thickened vorticity layer neathe crest of waves

whose height was near or greater than the signi cant wave heigh Photographs
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of laboratory wind waves reported by [55] showed the presenckabulge and a
train of small capillary waves on the leeward side of the wave ast and streaky
patterns on the wind-ward side that were likely due to the higlvorticity layer found
in [54]. Reference [55] also used the specular re ection of ahligource to measure
the wavelength of the capillary waves as a function of distaedrom the crest, and
compared these measurements to the theory of [52]. It was showrat there was
gualitative agreement between the theory and experiment vem the surface drift
velocity was taken into account.

Reference [33] calculated the e ect of surface tension on thewtlopment of a
breaking wave generated due to a side-band instability. For walengths less than
about 0.5 m, a small bulge is formed, and small capillary wavep@ear upstream
of the leading edge. Calculations by Longuet-Higgins [56] dhe e ect of surface
tension on the crest instability of the almost-highest wave showesimilar results:
a bulge forms on the crest, and a train of capillary waves appmaupstream of the
toe. A particularly important result of these calculations wa that in the presence
of surface tension, the non-dimensional length of the buldg,= (whereL,, is the
distance from the toe to the point of maximum height) increaseas the wavelength
decreases. Improving on his earlier theories, Longuet-Higgifts7] also theorized
that the capillary-bulge pattern formed near the crest of stqe waves is part of
a \capillary jump" system. It was suggested that this jump is conected to the
existence of solitary capillary-gravity waves [24], where éheight of the wave is
related to the phase speed. If the uid particle speed upstream tife jump exceeded

1:414@° = )**, a stream of capillary waves would occur. Herg’ is an \apparent
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gravitational acceleration" felt by a short ripple riding on a longer gravity wave
and is given byg® = gcof ) g2, where is the angle of tilt of the surface,

is the local surface curvature andj is the particle speed. In the theory, the wave
steepness required to meet such a jump condition decreased witle twavelength of
the wave. The jump in height is thought to be located at the pait on the wave
pro le where the gradient in the surface velocity reaches itminimum value. This
theory was veri ed in a semi-quantitative fashion by the calclations of Y. Yao that
are included in [57]. In addition to supporting the theory, tle numerical calculations
showed that the shape and size of the capillary waves scale with @ )**? rather
than with the length of the gravity wave. Similar pro les were reported in [58] and
[59] in computations employing a pressure forcing (to simulateind) and viscous
dissipation. Good agreement with laboratory experiments of echanically generated
waves with lengths in the range of 5-10 cm was also reported.

In detailed experiments, Duncan and colleagues [32, 60, 1] dsephotographic
technique that employed a laser light-sheet and a high-speedwara to make pro le
measurements of two-dimensional mechanically generated wav Very weak break-
ers with wavelengths in the range of 80{120 cm were investigt in this study. For
these waves in clean water, a bulge-capillary wave system foren the forward face
of the wave crest, even though the wavelengths were relatiydbng. These pro les
were qualitatively similar to the pro les computed by Longué-Higgins [23, 57, 56]
and Tulin [33] for times up to just before the wave began to brda In [1] the crest
pro les just before the onset of turbulent ow were found to be mdependent of wave
frequency, giving further evidence that the crest ow is donmated by gravity and
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surface tension in weakly spilling breakers, and should scale wifh= g )**2. The
experiments of Duncaret al. also qualitatively highlighted the breaking process and
the production of turbulence. A short time after the formatio of the bulge-capillary
system, the toe begins to move down the front face of the wave,dalonger turbulent
ripples replace the bulge and capillary waves. This turbulémpatch grows in size and
eventually covers a signi cant portion of the wave crest. Paitle image velocimetry
(PIV) measurements reported in [36] revealed the presence oftuaty near the toe
of the wave just as the toe started to move down the wave front fac The size of
this vortical region increased as the toe progressed. It was tirezed [23] that the
capillary waves upstream of the toe are a substantial source ofrtioity that may be
advected into the crest region, although the boundary layerhickness proposed in
this theory was too thin to be veri ed in [36]. In another expeiment [61] wave-height
gauges were used to measure the wave slope close to the crest ofrtbeaaking”
wind waves and found the slope to be independent of the wavedgh, indicating a
self-similarity in the asymmetric pro le shape. The same similaty was found even
for waves generated mechanically. The authors used this resiol imply that beyond
a certain point of the wave evolution, the breaking process mntrolled by factors
other than the wavelength or the wind speed. These results, combkd with the
numerical and experimental observations that 2-D breakersae as (=g ), lend
evidence that the crest pro le shapes for breaking wind waves @hd also be scale
invariant, depending only on the surface tension and gravityHowever, no detailed
measurements exist to fully support this claim.

Clearly, the wave shape and ow eld at the moment before breakg begins are
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critical aspects of breaking waves. However, a general incipidoreaking condition
for unsteady waves has been elusive, and the most successful work baen with
steady waves. This work began with Stokes [7] who showed that thmiting form
of the crests of a steady periodic gravity wave train is a cornesw with an included
angle of 120 and a stagnation point at the crest. In [62] it was found that stedy
waves produced by towing a two-dimensional hydrofoil at corestt depth, angle of
attack and speed would continue to break once disturbed if thecgle of the wave's
forward face was greater than 17 The stagnation point idea was also used by
Banner and Phillips [37] in considering the e ect of a surface imd drift layer on
the breaking criterion for a steady wave. In experiments withhydrofoil produced
waves and a turbulent surface wake [63], it was found that theréaking criterion
had the same functional form as in the Banner and Phillips theg, but was reached
when the ow speed at the crest was 50 percent of the wave phase spe&Vork
to determine a breaking criterion for unsteady waves has beéss successful. This
is partly because the wave goes through a range of shapes as gaks and both
the theory and the experiments are more di cult than in steady waves. Recent
work in this area includes [64], [65] and [66] which focus oraves breaking within
modulating wave packets. These studies emphasize the role of tla¢e of increase
of energy at the maximum height of the wave packet envelope dine breaker type
(spilling to plunging). Also, [67] found through numerical catulations that in deep-
water modulating gravity wave trains, a wave crest will evolvejuickly to breaking
whenever the local maximum particle speed exceeds one-h&ié tphase velocity of

the dominant wave train. The relationship between this latte breaking criterion for
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unsteady waves and that of [63] for steady waves is not known,esvthough both
occur when the particle speed reaches one-half the wave phaseesh

In view of the previous work discussed here, one of the goals oétburrent
work is to measure the crest shape for spilling breakers at inogoit breaking for a
range of breaker wavelengths and under a variety of breakimgnditions. Results of
such experiments would o er insight into the breaking processpcluding testing the
appropriateness of the crest scaling length% g )™ and aiding in the development
of a general incipient breaking criterion for unsteady waveslherefore, the results
of 2D prole measurements for various waves generated by drent techniques,

including wind, are presented in this chapter.

2.3 Experimental details

2.3.1 The wave tank

The experiments were carried out in a wind-wave tank that is1L.6 m long
by 1.22 m wide and 2.1 m tall with a water depth of 0.91 m, see ger2.1. The
tank includes a programmable wave-maker that spans the widthf the tank with a
vertically oscillating wedge with a wedge angle of 30 degreéhe wedge is located
at one end of the tank and mounted to the laboratory wall. A sermotor, which is
controlled by a PC, can drive the wedge vertically while a pasdn sensor monitors
the current wedge location. The position information is fed &ck into the servo-
motor to actively correct any errors in the motion. This feeeback system controls

the wedge position to within a run-to-run rms error of 0:1%. The facility also
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features an instrument carriage which rides on top of the tank This carriage is
supported by four hydro-static oil bearings to reduce vibratins on the tank walls
and is towed by a towing cable cranked via a second servo-motdy.second position
sensor monitors the location of the carriage, also providingddback to the carriage
motor. The same PC controls both the wedge and carriage motos® accurately
coordinated motions between the two can be obtained.

The tank also includes a wind tunnel which is positioned in frdrof the wave-
maker. The tunnel is powered by two 5.6 kW fans that are mountkto the ceiling of
the laboratory and drive air toward the wave-maker. An entrane section consisting
of ducting, two sets of turning vanes, three screens and a honeyw is used to
condition and redirect the air ow so that it moves parallel tothe water surface in
the direction away from the wave-maker. Measurements of theean air ow leaving
the entrance section were made using a pitot tube and it was fodirthat the mean
air velocity varied by less than 7% over the cross section of thartk at the fastest
fan speed. After passing through this entrance section, the aivois contained by
the side walls of the water tank, a series of clear Acrylic platgbat form the lid,
and the water below. The lid plates are positioned 0.78 m abovke mean water
level and end 1 m before the end of the tank to allow the air to @ The bottom
of the entrance section of the wind tunnel is 10.2 cm above theean water level.
This gap allows waves generated by the wave-maker, which cated behind the
entrance section, to enter the tank. The area between the wawmeaker and the back
of the wind tunnel is sealed with exible material in order to mnimize reverse air
ow under the entrance section. The mean air-speed at a point Haay down the
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Figure 2.1: Schematic of wave tank with wave-maker, wind turel and instrument
carriage.

tank was measured with a pitot tube and the maximum value was tmd to be about
9.1 m/s (or about 18 knots).

At the far end of the tank, a small beach comprised of a horse-haimat on a
tilted Acrylic plate was placed below the wind tunnel exit to cdamp wave re ections.
When the wedge is used to produce waves, the breaking processuoad before any
waves re ected back into the measurement area. When the wind on, the driving
force of the wind quickly damps any upstream travelling waveerections, in addition
to the damping e ect of the beach. The measurement section issal kept far enough
away from the beach that the e ect of re ected waves is neglible.

Because of the importance of surface tension in these experingra combina-
tion of a surface skimmer and a diatamacious-earth water Itrabn system is used
to keep the surface free of any contaminants and surfactants. rfavaves generated
mechanically, this Itration system is kept on in between runs,typically about 30
minutes. For these waves, a custom-built Langmuir trough is plad in the tank
and surface tension measurements are madesitu using a Willhelmy plate. For

the wind-wave experiments, the Acrylic plates that form the bl of the wind tunnel
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make in situ measurement infeasible, so a small bench top tank was constructed
for measuring the surface tension. First the surface is skimmed fatr least an hour
before the wind is turned on. Once the wind is turned on, and li@e any exper-
iments begin, a sample of water is taken from the bulk near thexi¢ of the wind
tunnel and placed in the bench top tank. The surface tension ihén measured
using the same Langmuir trough-Willhelmy plate device mentited above. In all
of these experiments, the surface tension was measured to be 73agyom and the

water was considered to be relatively free of any surfactants.

2.3.2 Wave generation

Waves were generated using three di erent methods. The rst mbbd was a
dispersive focusing technique similar to that used in [68]. Brig, in this method
a packet of waves with varying frequency is generated in suchnaanner that the
packet converges as it travels down the tank. This converges causes the remaining
waves in the packet to increase in amplitude, and a breaking wamay form if the
initial amplitudes are large enough. Linear deep-water gviy wave theory is used
to compute the motion for the wave-maker, though the resultip wave motion is
highly nonlinear when the packet converges. The wave packetrsists of the sum
of N sinusoidal components and the wave-maker motion to producee$e waves is
given by

Zy = W(t)—A icos Xp é ki it + (2.1)
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Case No. No. ofruns f(Hz) (cm) A=

1 3 1.15 118.06 0.0505
2 1 126 98.34 0.0505
3 1 142 77.43 0.0505
4 1 142 77.43 0.0496
5 1 142 77.43 0.0487

Table 2.1: The parameters of the ve wave-maker motions usedtiv the dispersive
focusing technique. In this table,f is the average frequency of the wave packet,
= g2 f?) is the wavelength of the average frequency according to diar theory,
and A= is the non-dimensional amplitude of the wave-maker motion. Ne that
the rst case was done three times, yielding seven experimentsdb The value of
the other parameters used in equation 2.1 are as followdl = 32, x, = 6 and

=90 . The windowing function w(t) is described in [1].

whereA is an adjustable constant called the wave-maker amplitude, is the hori-
zontal position of the breaking eventt is time, k; and ! ; are the wavenumber and
radian frequency of each component is the average of the group velocities of the
N wave components, and is a phase shift, typically taken to be;. w is a window-
ing function that is designed to give the wave-maker zero motn when the sum of
the components results in very small motion (see [1] for furthatetails). For each
motion, we can de ne an average wavepacket frequen€yand a non-dimensional
wave-maker amplitudeA= , where = g=2 f?) is the wavelength of the average
frequency. Five di erent wave-maker motions were studied Wi this technique and
the values of the parameters used can be found in table 2.1.

In the second method, the wave-maker is used to generate a sindasbiwave
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train of initial frequency fo and initial slope agkq, Where ay is the wave amplitude
(di erent from the parameter A above) andkq is the wavenumber according to
linear theory. The amplitude a, is the average height of the waves produced by a
given wave-maker motion, and is measured 5 m away from the waveker using
a capacitance-type wave height gauge. According to the thgoof Benjamin and
Feir [14], a sinusoidal gravity wave train is unstable to upperral lower \side-band"
perturbations with frequencies in the rangd = fy(1 P 2apko), with the fastest
growing instability located atf = fo(1 agkp). These side-band frequencies interact
with the main carrier wave, causing an initially uniform wavetrain to modulate into
wave groups. If the envelope of these groups is su ciently steepaves may begin to
break as they pass through the group. This theory has since beglightly modi ed
to include a parameter , such that the fastest growing instabilities are located at
f =1o(1 agko), where the value of is dependent on the wave slope and the
speci cs of the wave-maker [69], [16], [18]. In our facilityvaves were rst generated
with the primary component only and the frequency spectra wercomputed from
the measured wave height data. It was found that the fastest gromg side-bands
were typically located atf = fo(1 0:75a9ko) or = 0:75. However, the wave tank
is not long enough to let these side-bands grow naturally (i.enore wave periods are
needed for the wave train to modulate su ciently to cause breaikng). Therefore, the
wave-maker is run again but with the side-band frequencies seymposed on the
main wave train at an amplitude a, where 1. The values of the parameters
used with this method are summarized in table 2.

In the third method, the wind was used to generate waves. In theooditions
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No. of runs fo(Hz) agky f.(Hz) f (Hz)
3 2.3 0.30 281 1.79 0.015

Table 2.2: The parameters used for the three waves generatesing the side-band
instability mechanism. In this table, f ¢ is the frequency of the main wave trainagko
is the measured wave slope, whegg is the amplitude of the initially unmodulated
sinusoidal wave train measured at a distance of 5 m from the waveaker using
a capacitance probe, and, is determined fromf, via linear theory. f. is the
frequency of the upper side-band, is the frequency of the lower side-band, and
is the ratio of the side-band input amplitudes to the input ampitude of the main
wave train.

studied herein, the wind speed at the center line of the wind turel ranged from 6.0
to 7.2 m/s and the fetch at the location of the measurements rged from 3 to 5.5
m from the beginning of the wind-tunnel test section. The wind &locity pro le as a
function of height above the water surface was measured with &gt tube, starting
2 cm above the mean water level. An estimate of the friction vettly at the water
surface was obtained by computingU=dyat the mean water level via a linear t to
these wind-pro le measurements. It was found that 1:8 cm/s and the waves
are considered to be over-driven (i.e. the wave phase speed isimiower than the
wind speed at the centerline of the tank). Capacitance-type ave-height gauges
were used to measure the dominant wave frequencies under thesednconditions.
The peak frequencies ranged from roughly 2.5 to 3.5 Hz, whichia linear theory,
yield wavelengths in the range of 10 to 25 cm. In all, measurents for 18 di erent

breakers are reported in this section (7 generated by dispemsifocusing, 3 generated

by side-band instabilities and 8 generated by wind).
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2.3.3 Wave pro le measurement

The pro les of the breaking waves were measured photographlly with a
Laser-Induced-Fluorescence (LIF) method that employs a higspeed digital movie
camera. A beam from an Argon-lon laser operating at 7 W is direstl through
a series of mirrors to optics that are mounted on the instrumentarriage. These
optics redirect the light sheet downward and a cylindrical les spreads the beam
into a thin vertical light sheet. This light sheet is located atthe center plane of
the tank and is 25 cm wide (in the streamwise direction) and 1 mmhick (in the
cross-stream direction) at the mean water level. In order to makthe light sheet
visible at the water surface, Fluorescene dye was mixed into tkenk water. A high-
speed camera (Phantom v9, Vision Research), mounted on the sidelod carriage,
images the intersection of the laser sheet and water surface frdme side and slightly
above and in front of the wave crest. Images of a patterned checboard placed in
the plane of the light sheet were used to calibrate the camera ages and to test
for any parallax error caused by the slight viewing angle. Theamera was set to
record 1632-by-1200 pixel images with 8 bit grey levels at @%mages per second.
Because the optics that form the light sheet and the camera areaunted to the
carriage, images can be taken of the breaking wave crests astlpropagate down
the tank. The camera runs on an internal clock and is triggeceby the start of the
wave-maker (which also triggers the start of the carriage man). For the cases
with mechanically generated waves, the carriage motion wasmshronized with the

wave motion by trial and error by varying the carriage startirg position, the starting
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time relative to the wave-maker motion, the acceleration ahthe nal speed from

run-to-run. For cases where the wind was used to generate wavige approximate

phase speed of the waves was determined at the fetch of intereatighe carriage

was run repeatedly at this speed. A run was considered successfhewa wave was
seen to break in the camera's eld of view. It is emphasized thahe geometrical

and propagation characteristics of breaking wind waves measd at the same wind
speed and fetch vary from one event to another.

Wave crest pro les were extracted from each image by use of a MAAB
routine consisting of a series of steps. First a threshold functios applied to convert
low gray levels to black and high gray levels to white to creata uniform dark
background and enhance image intensity. Next, the gradient tiie image intensity
eld in both the x andy directions was obtained by applying a centered di erence
mask at each pixel. A threshold is applied to this gradient imagto create a binary
image where high magnitude gradients are considered edgegtéxand assigned a
value of 1 (white) and all other pixels are assigned a value of Bléck). This binary
image shows no edge pixels in the air but many edge pixels frotretwater surface
downwards, particularly at the air water interface. Lastly, sarting from a surface
edge pixel at the far left of the image, the program searchesemearest neighbor
pixels in a clockwise fashion to nd other edge pixels that areotthe right of the
starting pixel. If another edge pixel is found, the program jms consecutive pixels
and the process continues, snaking the edge of the image front tefright. Due
to the high resolution of the camera and the presence of brighind dark spots

cause by surface curvature, this technique can sometimes leadspurious edges or
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gaps in the prole. This problem is xed by allowing certain pxels of the pro le
to be manually inserted or removed by the user. The accuracy dfi¢ wave pro le
depends on the quality of the image and the resolution of the wera. Dierent
camera lenses with various magni cations were used dependiog the desired eld
of view (wider angle lenses tended to be used for the wind-waveperiments so
as to capture more potential breaking events). In the well-fmsed images prior to
breaking, the free surface can typically be located to withimne pixel, which was

0.3 mm in the physical plane for the lowest magni cation used.

2.4 Results and discussion

2.4.1 Crest geometry

Figure 2.2 contains LIF images of the crest region of three wew at the point
of incipient breaking (de ned as the last frame before the topoint begins to move
and referred to ast = 0 herein) during three di erent experiments. The images
have been cropped to show a 5-by-2-cm region near the wave cieasd all the waves
are moving from right to left. The wave in gure 2.2(a) was gearated using the
dispersive focusing technique, and has an average wavelengtbf roughly 120 cm
and an amplitude of 8 cm as measured from the undisturbed watenel to the crest.
The wave in gure 2.2(b) was generated by the side-band instdlty method and
has a wavelength ¢ = 2 =k ¢ of roughly 30 cm and an amplitude of 1.8 cm. The
wave in gure 2.2(c) was generated directly by the wind and reaa wavelength of

approximately 13 cm (as measured by the high-speed camera) aadrest height
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Capillary
waves

Figure 2.2: Images of wave crests at incipient breaking fromgh-speed movies in
three separate experiments. Each image shows a 5 cm x 2 cm sectiearrthe wave
crest, and the waves are moving from right to left. Each wave wayenerated using a
di erent method and has a di erent wavelength ( ) and amplitude (a). a) Dispersive
focusing, =120 cm,a=8cm. b) Side-band instability, ¢ =30cm,a=1.8cm. c)
Wind-driven, =13 cm, a= 0.7 cm. The wavy boundary between the black region
at the top of each image and the non-uniform grey region below the wave crest
pro le at the intersection of the light sheet and the water surfae. The light and
dark patterns seen below this boundary are the result of two meiction processes:
the rst as the light sheet enters the water creating a non-und@rm pattern in the
uorescing dye and the second as the non-uniform light intensitin the glowing dye
within the light sheet is viewed through the water surface beteen the camera and
the light sheet.
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of 0.7 cm above the mean water level in the tank before the wingas turned on.
As can be seen from the gure, a capillary-bulge pattern appesin all the images
(see gure 2.2(a) for nomenclature). This pattern includes aound bulge formed
on the forward (left) face of the wave crest and a train of capéry waves upstream
(to the left) of the leading edge (toe) of the bulge, as desceld in section 2.2. At
the instant in time after the images shown, the toe, which was dianary relative
to the wave crest prior to these images, begins to move down the weaface and a
turbulent ow ensues, see [1] and [36].

Figure 2.3(a) shows the wave crest pro les taken from the imagén gure 2.2.
In this plot, the pro les are aligned at the toe point to remo\e the large di erences
in wave crest height and thereby allow better comparison of therest pro les. As
can be seen from the gure, though the shape of the pro les are glitatively similar,
the variations in the slopes of the free surface upstream of thed and the curvature
of the bulge are quite pronounced. Generally speaking, both these quantities
increase with the wavelength of the breaking wave. This trenidh local surface slope
is qualitatively similar to the theory of [57]. In this theory, a capillary jump, which
forms the capillary-bulge system, occurs at the point on the wa pro le where the
ow speed in the reference frame of the crest equals the minimuphase speed of
capillary-gravity waves and the gradient of the ow speed athe surface is high.
In [57] it was shown that the surface slope at this point decreasesth decreasing
gravity wavelength. The pro le shapes shown in gure 2.3(a) & also qualitatively
similar to those found in numerical calculations of short-wavength steep waves
[70], [58], [59], [33] and [56].
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Figure 2.3: Crest pro les of the three waves shown in gure 2.2a) After aligning

the pro les at the toe point. (b) After rotating each pro le so that the slope of the
front face at the toe is horizontal, and scaling the horizontaand vertical axes by
Ls and ty, respectively (see insert in (a)).

In order to compare the pro le shapes quantitatively, a few ganetric param-
eters are de ned. These parameters include the vertical distee ( z) from the
maximum height of the pro le to the toe point, the length of the rst capillary wave
( o) upstream of the toe, a mean surface slope at the toen], a bulge length Ls)
and a bulge thicknesstg), see the inset in gure 2.3(a). In order to obtain values
for m, a polynomial (anywhere from 2nd to 4th order) was t to the font wave face
from the toe to a point 3 cm upstream of the toe. This polynomialvas forced to
pass through the toe point which is de ned numerically as the @nt in the pro le
with maximum upward curvature. The purpose of this polynomikis to follow the
overall shape of the front face of the gravity wave near the @& while ignoring the
undulations due to the capillary waves. A typical tis shown inthe inset of gure
2.3(a). The slope of this polynomial at the toe point is then absen asm = tan

(see the inset in gure 2.3(a) for the de nition of ). The values ofm measured in
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this study were found to be between 0.3{1.5, which correspond t = 17{56 degrees
(note that at the crest of a limiting form Stokes wave is 30 degrees). Thentgh
of the bulge,Ls, is de ned as the distance from the toe to the crest pro le follwing
a straight line with slope m. The bulge thicknesst, is de ned as the maximum
perpendicular distance from the line formind-s to the surface of the bulge.

Using the parameteram, L and t, measured for each wave at incipient break-
ing, the crest pro les are plotted in gure 2.3(b) in the localscaled coordinate system
X%Ls Z%t, whereX %is directed from the toe along the linds and Z°is perpendic-
ular to X% When viewed in this non-dimensional way, the similarity of tke pro les
in the crest region is quite striking, considering the large derences in gravity wave
amplitude, wavelength and generation method. The scaled stepro les for all the
other incipient breaking waves studied herein are similar tdiese, but are not shown
here in order to make the plot clearer. Instead, a plot of the avage scaled pro le
and the standard deviation distribution computed from all 18 waves is shown in
gure 2.4. The mean pro le has a single maximum aX ® 0:42_¢ and goes to zero
at X°=0 and L. The standard deviation reaches a peak of 12% on the front face
of the wave; however, careful analysis of the processing tedumes indicates that
much of this variation can be attributed to the selection of tle incipient breaking
image frame and the toe position. The precise image frame whereéking begins
is di cult to de ne because it is the frame before the toe startsmoving from rest.
Thus, its initial motion between frames is quite small. The togosition is taken as
the point of maximum upward curvature of the pro le. While its determination is

done with a consistent numerical procedure, the result is someites a little o the
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Figure 2.4. Average and standard deviation of the scaled and eted bulge
proles for all 18 waves studied herein. A 3rd order polynomlaof the form
Z%t, = pi(X%Lg)® + pa(X %=Ls)? + pa(X =Ls) + pg was t to the averaged data
with coe cients p; =2:143p, = 7:297,p3 = 5:253 andp, = 0:08123.

position one might choose by eye. The primary e ect of changingoth the incipient
breaking image frame and the toe position is a slight horizortahift of the peak in
the pro le. This results in a right-left shift of the nearly vertical parts of the pro le
near X &Ls = 0 and 1, thus creating the large standard deviations there.

The parametersLs and t, are plotted versusm in gures 2.5(a) and (b),
respectively. As can be seen in gure 2.5(a), the data appear toliow a single
curve, independent of the method used to generate the wave. &lturve has a

negative slope that decreases with increasing. The values oft, ( gure 2.5(b))

31



15} @ | (b)
2.5¢ 1
o 0o o
o [m}
o 10r gdj . 2 o . * °©
, O [= g g o
= o 600 o £ 15 +
| [ele} o a o o)
= + ©o o
5l 1
0.5
0] : : (0] : :
0 0.5 1 15 0 0.5 1 15
m m

Figure 2.5: Plots showing the variation of (a)Ls and (b) t, with the local slope
parameter,m.  wind waves, + side-band waves, and focused waves.

show a fair amount of scatter but generallyt, decreases with increasingn. This
scatter is primarily becauset, is a very small quantity that changes rapidly as the
waves approach breaking and because errors in the measuremeithe slopem
cause changes ity

In the numerical calculations for steady waves ( 0:5 m) in a liquid with a
very high surface tension (9 and 16 times the surface tension ofter presented in
[57], the shape of the bulge and, of course, lengths describidg tcapillary-ripple
system, scale only with the gravity-capillary lengthscale € g ), see gure 18 in
[57]. A similar result was found in the experiments of [1] for wsteady mechanically
generated breakers with wavelengths ranging from 70 to 118 csee their gure 23.
In contrast, the present results, which cover a wide range of wdgagths and a single
value of (=g )%, indicate that L and t, increase substantially asn decreases.
However, it should be noted that at the higher values aih, where the wavelengths

are the same as those studied in [1ls and t, are relatively constant.
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Using the measured z data, estimates to the underlying ow speed at the toe
point g were obtained by using the steady Bernoulli equation (see equat 1.3) and
by assuming that there is a stagnation point at the crest of the wa While the ow
is clearly unsteady and there is no experimental veri catiof the stagnation point
at the crest, the above result is used here in an attempt to gain sennderstanding
of the ow and capillary waves. The result isg = P 29 z. A plot of the estimated
values ofg versus wave slopen is shown in gure 2.6(a). A linear t to the data
yields ay{intercept of roughly 25 cm/s. This last result is rather interesting because
on a at water surface (i.e. m = 0) a train of (linear) gravity-capillary waves has
a minimum phase speed of roughly 23 cm/s (see Chapter 1). This mmsathat, in
a frame of reference moving with the wave train, the underlgg uid speed is 23
cm/s. In a similar vain, the results here imply that as the wave sloe approaches
zero (i.e. at water) the underlying uid speed at the point where the capillaries
form is roughly equal to this minimum. While by no means rigaus, the results of
such a simple estimate to the ow speed near the crest appear to bensstent with
what might be expected physically.

When possible, measurements were also made of the wavelengtthefgrimary
capillary wave upstream of the toe, .. Aplotof .versusmisshownin gure 2.6(b).
Due to a lack of spatial resolution and camera angle in some masjeneasurements of

¢ are not available for several of the dispersively focused wavesea. The measured
values of . range from about 4 to 5 mm, decreasing slightly with increasing.
Because these capillary waves are stationary relative to theest, the phase speed of

these waves relative to still water must equak. Using the estimated values aoff from
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Figure 2.6: Measurements and analysis of the length of the rstapillary wave
upstream of the toe, .. (a) The ow speed at the toe, ¢ (as calculated from
the measured z and Bernoulli's equation), versus local slope parameten. The
straight line is a least-squares t to the data. (b) The wavelenth ( ) of the rst
capillary wave upstream of the toe versusi.  wind waves, + side-band instability
waves, focused waves, linear gravity-capillary wave theory, and H nonlinear
capillary wave theory (maximum amplitude). Due to a lack of satial resolution
in some images, measurements of were not made for several of the dispersively
focused wave cases.

gure 2.6(a), capillary wavelengths were calculated usingdth the linear dispersion
relationship for gravity-capillary waves (¢ = qz) = g=k+( = )k., wherek. =2 = ,
see Chapter 1), and the non-linear dispersion relationship foagillary waves of
maximum amplitude (¢ = (:2p =0:657(= )k, from [71]). To our knowledge there is
no analytical solution for the nonlinear dispersion relationsp for gravity-capillary
waves of maximum amplitude. The results from these calculans are also shown
in gure 2.6(b). As can be seen from the gure, in spite of the apmximate nature
of the theory, the wavelengths calculated using the linear dmon-linear dispersion
relationships bracket the measured values of. with the estimates from the non-
linear dispersion relationship providing the best estimate. Cély the approximation

for the underlying ow speed at the toe presented here has someygital validity.
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2.4.2 The slope parametenn

The above results have shown the importance of the slope paramem in
determining the wave crest shape at incipient breaking. The rRequestion is: what
determinesm for a given breaker? Here we explore the hypothesis thatat incipient
breaking is a function of both the phase speed,, and the rate of change of the crest
height just prior to breaking. The phase speed is chosen becausesitelated to the
wavelength and, as discussed above, it appears on both thearatiand experimental
grounds that m decreases with decreasing wavelength. In the present expenntse
the wavelengths were typically too large to be measured ditgcby the high-speed
camera, except for some of the wind-wave cases where the wawgtle was smaller
than the camera’'s eld of view. However, the phase speed was measldirectly by
determining the speed of the crest as seen in the movies and theldeag the known
speed of the instrument carriage. The wave phase speeds fell i ttange of 50{70
cm/s for waves generated by the wind and the side-band instaityl mechanism, and
from 90{120 cm/s for the waves generated using dispersive foasi

A useful measure of the rate of change of wave height at breakiisgdi cult to
determine. This is because the rate of change of wave heighhilg strongly positive
in the early stages of the approach to breaking, is close to zgin some cases even
slightly negative) the moment breaking begins for many of thevaves. Based on
data for the dispersively focused breakers as shown in Appendix A} average wave
crest growth rateP =[z(0) z( 0:23T)]=(0:23T) is used in the present work, where

z(t) is the maximum height of the wave pro le at a given time andT is the wave
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Figure 2.7: Contour plot of the slopem as a function of the dimensionless wave phase
speedc,=Gnin and the non-dimensional average growth rate=g,. The contours are
from a least-squares t of a second-order polynomiat) = a;(Cy=Gnin ) + a2(P=g) +
az(Cy=Gnin )2+ a4(P:q))2+ as(Cr=Gnin )(P=6), to the data. The shape of the contours
is only supported by the experiments in the vicinity of the da& points. The face
color of each data point indicates its value afn according to the color legend at the
right. Five of the data points for wind waves were not include in these plots because
random surface uctuations or insu cient movie frames prior to breaking prevented
obtaining P by the method used here, see Appendix A. The values of the various
coecients of the tare: a; =0:14a,= 227 a3=0:00a, = 6360 a5 = 3:89.

period. On intuitive grounds, a time of 025T was desired for this measurement;
however, it turned out that 0:23T was the maximum value that could be used in the
analysis of the largest number of high-speed movies due to thenkaside columns.
The values of P were then divided by the corresponding values af, to give an
average dimensionless growth rate, which is essentially the eadf change of wave

slope with dimensionless timé=T!2l. The values ofc, were divided by the minimum

2Thatis, P=g,= Ak= tl = =( t=T).
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phase speed of gravity-capillary waves,, . A least-squares t of a second-order
polynomial m = f (c,=Gnin ; P=6) to the data set was performed and the resulting
contour plot of m on the ¢,=Gnin -P=6, plane is given in gure 2.7. The data points
on the plot are color coded on the same scale as the contours sa tha accuracy of
the t can be estimated from visual inspection. The value of the t parameters are
given in the caption to gure 2.7. The root-mean-square errofrom the tis 5.5%
of the average of the measured values of, indicating that the concept that m is a
function of ¢, and P has some validity. From this plot, it can be seen that for low
wave phase speeds (shorter wavelengths) the growth rate hasldéite ect on m, while
for the highest phase speeds) increases signi cantly with growth rate. This result
is in agreement with our intuition that long waves with rapidy increasing amplitude
become strong breakers. In particular, plunging breakers wemnever observed in
the wind-generated and side-band instability waves, which havrelatively short
wavelength, while with appropriate wave generation paranters, plunging breakers
(where the local surface slope becomes vertical during the apach to breaking)
can be generated at longer wavelengths with the dispersive fistng technique.

The dimensionless crest height growth rateP=g, used here should be dis-
tinguished from the parameter used by [64], [65] and [66] which is the average
dimensionless growth rate of the local energy density at the peaf the wave packet
envelope. In those previous works, the parameter is related to the evolution of
the wave packet envelope whil®=g, is the rate of change of amplitude of a single

wave crest as it moves through a packet.
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2.5 Summary and conclusions

The crest pro les of spilling breakers with wavelengths in theange of 10{120
cm were investigated experimentally. These waves were geriecawith a mechanical
wave-maker and with wind. It was found that the bulge-capiliry wave system that
appears on the forward faces of short wavelength spilling bieas is qualitatively
similar for all the waves studied herein. The bulge was found teave a self-similar
shape where its length and thickness are used as scaling paramgterhich in turn
are found to be functions of the slopen{) of the mean water surface just upstream
of the leading edge (toe) of the bulge. This scaling seems to peeépendent of wave
generation method, leading one to believe that at least someatares of mechani-
cally generated and wind waves are quite similar. It was fourtthat m is a function
of the wave phase speed, and the average growth rateP of the wave amplitude
before breaking begins. The data indicate that for the low-pse-speed waves is
independent ofP while for the higher-phase-speed waves increases with increas-
ing growth rate. Finally, estimates of the length of the rst caillary wave upstream
of the toe that were made. A simple theory based on estimates ofethow speed at
the toe and the capillary-gravity wave dispersion relationspi compared well with
the measured values. The results of this study show that breaking & multi-scale
nonlinear phenomenon in which the local gravity wave (10 to2D cm wavelength)
slope controls the surface-tension-dominated crest shape { cm wavelength). The
fact that the scaling parameters are una ected by wind supposthe theory [23] that

the dynamics of the capillary-ripple pattern at the crest aredominated by energy
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transfer from the gravity wave rather than the wind. The fact hat various crest
paramaters were found to be dependent on wavelength impliggat the concept of
using (=g )¥? as a de nitive crest length scale should be reinterpreted. Funer-
more, our data lend strength to the idea of using wave phase speettiavave growth
rate as a breaking criteria, a result which could prove beneial in more realistic

ocean environments.
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Chapter 3
Cross-stream pro le measurements of unsteady spilling breakers

3.1 Abstract

The results in the previous chapter discussed the shape of the wawest
just prior to breaking and the role of surface tension in alterig the wave dynam-
ics. Up until this point in the wave evolution both the underlying ow and the
wave pro le remain remarkably two-dimensional. However, omcbreaking begins
the formation of near-surface shear layers introduces voritig into the ow, and
the capillary-bulge pattern gives way to a more complex theedimensional surface
ripple pattern. However, little information exists regardirg the shape of the sur-
face in the cross-stream direction during breaking, in partidar when the scale of
the ow (and hence the relative e ect of surface tension) is chrayed. Therefore, in
these experiments, the cross-stream pro les of spilling breakexgth wavelengths 80
{ 120 cm were measured. A mechanical wave-maker was used to gateebreakers
via dispersive focusing and a cinematic Laser Induced FluoresentIF) technique
measured the 2D cross-stream wave pro le. The results show the gat®n of
\quasi"-2D streamwise ripples in the breaking zone. However, sapmposed on the
larger streamwise ripples are smaller cross-stream ripples. In tearly stages of
breaking these cross-stream ripples are small, but they grow asebking develops

and can be almost equal in amplitude to the streamwise ripples ithe strongest
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breakers studied. The cross-stream ripples have wavelengthstire range of 1 to
4 cm, a range where capillary forces are important, and theamplitude is found

to scale with the breaker wavelength to the third power and liearly with the am-

plitude of the wave-maker motion. Measurements of various 1Burface gradients
show the presence of \scar"-like surface features that appear be@ generated in the
troughs of the streamwise ripples, indicating perhaps the preasse of cross-stream
spatial structure. A possible vortical mechanism to help explaithese observations

is conjectured.

3.2 Summary of previous work

As was discussed in the previous chapter, the e ect of surface temsion short
wavelength and/or weak breakers is quite profound, with theommonly observed
\plunging jet" being replaced by a rounded crest and capillar waves appearing on
the downstream wave face. A short time after the capillary-bge pattern forms at
the crest, vorticity appears in the sub-surface ow and the wavequickly transitions
to turbulence. This process is most readily seen in the PIV measments presented
in [36] that show the growth of a vortical region near the toe athe crest bulge at
the moment breaking begins. The precise source of this vortigits still unknown,
although several interpretations have been proposed. It hagén argued [23] that
the parasitic capillary waves are a substantial source of vorttg in the crest region,
and this vorticity is much larger than the vorticity contrib uted by the gravity wave

itself. Lin an Rockwell [34], in a PIV experiment with a steady beaker produced
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by a submerged hydrofoil, stated that the uid deaccleration eound the sharply
curved surface of the breaker was the largest source of vorticit Reference [35]
o ered further analysis using PIV measurements of a steady breakproduced by
ow through a honeycomb. It was asserted that the major source oforticity is
the deacceleration of a thin free-surface uid layer prior tdreaking, and that this
vorticity is then injected to the rest of the ow through the action of viscosity.

The initial vorticity produced in the breaking region growsrapidly and large
coherent vortical structures begin to emerge in the sub-surfacow as breaking
develops. In a eld of waves, such as wind-waves on the ocean scefathis can lead
to fully developed turbulence in the sub-surface motions. Theaitbulence statistics
of such ows has been studied in the eld ([72], [73], [74]) andhiexperiments ([75],
[76]). In laboratory measurements, 2D PIV has been one of the stocommon
methods used to visualize vortex structures beneath breakersycahmuch work has
been done in this area, in particular by Siddiqui and colleags ([77, 43, 78]), as well
as [36], [79], [80], and [81]. [82] and [83] investigated thenoection between such
coherent motions in the unstable shear ow beneath breakers @drhe streamwise
ripples generated on the water surface. In [82], the physicsngeating the ripples in
the wake of a submerged hydrofoil were explored using a lineaalsility analysis of
the shear ow in the breaking region. Measurements of the frequcies of the ripples
in the wake and the wavelengths of the ripples at the breakerane captured well with
this linear stability analysis. [83] employed a 2-D, two- uid Naier-Stokes solver with
a level-set technique to study the near surface ow and surface ctuations produced
by a submerged hydrofoil. This work captured the e ect of surfee tension under
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weaker breaking conditions. Spectra of the free surface ucitions were found to
be in good agreement with the experiments of [82]. The presemaf an intense shear
ow at the toe, which gives rise to coherent vortex-structuresiear the breaker crest,
was also reported.

Coherent structures and ripples that occur in streamwise plasdi.e. with vor-
ticity oriented in the cross-stream direction) are ostensibly tb dominant features
in breakers, as the largest uid velocities and highest surfacaiwatures are in the
streamwise direction. However one of the hallmarks of turbuleg is the rapid re-
orientation of vorticity and in many canonical turbulent ows, streamwise oriented
structures are dynamically signi cant (e.g. the \braid" vortices in free-shear layers
and \low-speed streaks" in boundary layer turbulence). It is nsurprise therefore
that the sub-surface ow and surface ripples produced by brealeare 3D in na-
ture, and a few groups have looked into various aspects of ttpsoblem. [45] used
wave height gauges to measure the cross-stream (\lateral") andsamwise (\longi-
tudinal") coherence levels of surface uctuations at severébcations along a steady
breaker produced by a submerged hydrofoil. Lateral coherentevels were found
to decrease very rapidly within less than 50 mm separation betes probes, while
longitudinal coherence remained signi cant over almost hathe wavelength. This
led to the description of breaking zones as comprised of \lagdly compact, incoher-
ent sources, which radiate longitudinal oscillations". [84] morted measurements of
the cross-stream pro les of waves, also generated by a submergedroyoil. They
found that no clear cross-stream wavelength emerged and thatethow essentially

remained 2D, although the amplitude of the cross-stream osciilans did increase
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with Froude number. [85] used PIV to measure the streamwise orted vorticity
in a wind-wave eld to understand the development of surface staks (Langmuir
circulations). The measurements showed very clearly the despment of streamwise
vortex structures, although these structures took many wave pieds to develop, and
were not necessarily the result of individual breaking events86] used the results of
a 3D LES computation to develop a model for the structure of viicity in plunging
and spilling breakers with no surface tension (i.e. a jet is fored at the crest). It
was found that streamwise oriented \scars" formed on the jet, anthe location of
these scars corresponded to voids in streamwise oriented \rib" tiges. [87] also
developed a hybrid stereo-PIV system to look at the 3D ow structte under shal-
low water plunging breakers, showing the existence of braidd vortices over the
top of larger roller vortices created by the jet impact. An ineresting set of results
was published by [88] who developed a 3D Navier-Stokes solveattthandled the
non-linear boundary conditions at the free surface without@roximation through
the use of a coordinate transformation. Because the boundaryrzitions are satis-
ed exactly, [88] showed the applicability of their numerichscheme to wind driven
gravity-capillary waves by means of an applied pressure fong similar to that of
[58]. The results show a clear cross-stream structure near the cre$tsteep gravity
waves with parasitic capillaries on the forward face. [88]s0 identify cross-stream
\streaks" in the crest region that are aligned in the ow direction with average
intervals of roughly 0.6 cm, which is close to the earlier exgmental observations
made by [55] for waves in a wind-wave ume. The location of tise streaks appears
to correspond with the location of cross-stream surface undulatis.

44



Part of the problem with understanding the formation of cross-seam surface
structures is that it is still not quite known exactly how the subsurface turbulence
interacts with a real free surface (i.e. with waves and surfatension present), partic-
ularly in a transient event like breaking where the turbulene is not fully developed,
highly anisotropic and located very close to the free surface. éomprehensive re-
view of this problem, along with a categorization of di erehsurface ows based on
turbulent length and velocity scales, is given in [89]. Much afur knowledge about
turbulence near a free surface comes from studying canonicaws such as vortex
rings, axisymmetric jets or homogenous turbulence. [90] prides an extensive re-
view of early work in this area, including details of di ereh mechanisms of vortex
reconnection at a free surface and the various treatments aké-surface boundary
conditions. Since this review, additional experiments on vtex rings interacting
with a clean and contaminated free surface were presented byl]9and [92]. [93]
further studied the problem of an obliquely rising vortex ringwith a numerical cal-
culation of the Navier-Stokes equation with a viscous free sade. It was found that
while surface depressions did form near the center of the surfamnected vortices,
in general the surface elevation did not correlate well withhie vertical component
of vorticity, ! ,, in particular when the vorticity distribution was not verti cally ax-
isymmetric. In experiments on a vertically oriented free-sla layer interacting with
a free surface, [94] and [95] used simultaneous PIV and surfacadient measure-
ments to correlate the component of normal vorticity to the stface elevation. The
raw results showed low correlation levels, 0:2, seemingly in agreement with [93].
However [95] showed that conditionally correlating the vertial vorticity and surface
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height, to take into account the appropriate sign of each, r@aled much higher cor-
relation levels, 0:8, leading to the conclusion that the ripples on the surface are
the result of surface-connected vortices. In contrast [96], iumerical simulations of
open channel turbulence, showed that free surface \splats" (tbulent upwelling) and
\antisplats" (turbulent downwelling) were created by streamwse oriented, counter-
rotating vortex pairs ejected o the bottom boundary, and that surface connected
vortices had little do with the existence of these surface feates. In recent works by
Savelsberg & Van de Water ([97], [98]), the correlation betwa the surface uctu-
ations and sub-surface ow was studied experimentally. A scamyg laser technique
was used to measure the gradient of the surface uctuations wkikD PIV was used
to measure the ow near ( 1mm below) the free surface. It was found that the
convective acceleration eld = (u r )u=gand the surface gradient eld corre-
lated fairly well for the irregular ow behind a submerged cyihder, but poorly for
homogenous grid generated turbulence. [98] broke the coctiree acceleration eld
into strain and rotational components to determine the e ectof each type of motion
on the surface uctuations. For the irregular ow behind a cylnder, both strain and
rotation type motions contributed equally, while rotation type motions were slightly
stronger in homogenous turbulence. The authors used this resstd conclude that
the model of surface dimples above vertically oriented turtbent eddies may be too
simple in homogenous turbulence.

The prevalence of three-dimensional vorticity under breakg waves coupled
with the complicated manifestations of vorticity on free suices and the e ects of

surface tension on the dynamics makes the study of cross-stream aoef structures
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produced by breaking waves a relevant research question. Tefare, in this chapter
detailed measurements of cross-stream surface pro les of unsteagilling breakers

are presented.

3.3 Experimental details

3.3.1 Wave generation: isolating the e ect of surface tension

The facility used in these experiments is the same as describedGhmapter
2. The waves in this study were generated using the dispersive tistg technique
similar to that used by previous authors ([68], [1]) and as desbed also in Chapter
2. Three di erent average wavepacket frequencids with ve di erent wave-maker
amplitudesA were used. Because the small surface ripples generated duringgiing
are strongly a ected by surface tension, we would like to isolatihis e ect®. In order
to do this, all of the relevant experimental parameters (suchsathe water depth,
submergence of the wedge wave-maker, the amplitude of the wawaker motion,
etc.) were scaled with the nominal wavelength (= g=2 f?2). De ning the Froude
number asFr = U?=gL, whereU and L are characteristic velocity and length scales,
respectively, we note thatifL / , andU? = L?f 2/ | then the Froude number is
independent of the wavelength. A constant Fr implies a ratio between inertial and

gravitiy e ects that is scale independent. That is, in the absece of surface tension,

lviscosity also plays a role in damping the motion of the surface rippples but, dr reasons
discussed in Chapter 1, we shall ignore such a ects here.

2Linear deep water gravity waves naturally have constant Froude number that is indegndent
of wavelength. This can be seen, for example, by takindJ? = (% = g=2 andL = . Here
we are merely pointing out that the experiments have been scaled so that disperstly focused
wave-packets generated with di erentf all have the same Froude number.
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the resulting non-dimensional wave motions iz=T{t=T coordinates are identical
(here z is the wave height andT the wave period). However, in real waves with
surface tension, the Weber numbewe = U ?L= is not wavelength independent,
and the capillary restoring force is stronger for smaller wavaban for larger ones.
Thus using Froude scaled breakers allows us to investigate thee& of surface
tension on the breaking process.

The values of the di erent parameters used for each case are gvin table
3.1. Other details of the experimental parameters are givein the table caption.
For each condition, several side-view images (like those in Ghar 2) were also
taken to determine the height of the wave at breakindp,. It should be noted that
changingA= does not a ect the breaking wave height dramatically (typially only
a few percent), but it does a ect the visual \strength" of the breaker. With these
wave-maker amplitudes, the breakers range from very weak $pik atf = 1:40 Hz
and A= = 0:0514, to strong spillers where a jet nearly forms at the wave cte
at f = 1:15 Hz andA= = 0.0522. TakingU? = U2 = g=2 (i.e. the phase
speed of the average component of the wave packet),= h, = 0:07 , = 0:073
N/m, = 1000 kg/m3, and =1 10 % m?s, the important nondimensional
groups are found to beFr  2:3 for all waves, andWe = (1:35;2;2:97) 10 for
f = 1:40,1:26 and 115 Hz, respectively. It should be noted that the large values
of We are a result of usingU and as the velocity and length scales, although
surface tension e ects are most important near the wave crest, wtre there is no
de nitive velocity or length scale. Perhaps a more revealingondimensional number
to highlight the e ect of surface tension is the ratio of the mimmum gravity-capillary
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f (Hz) (cm) U (cm/s)

1.40 79.58 94.49

1.26 98.24 102.11

1.15 117.94 112.80
Table 3.1: The wave-maker and carriage parameters used foetbross-stream pro le
experiments.f is the average frequency of the wave packet,s the wavelength of the
average frequency, antl; is the nal speed of the carriage. For each frequency, ve
di erent values of A= (the normalized wave-maker amplitude) were used: 0.0514,
0.0516, 0.0518, 0.0520, 0.0522. For each frequency, theiage delay time from
the start of the wave-maker motion,ty, was 12.22, 12.47 and 13.23 seconds ffor
1:40; 1:26; 1:15 Hz, respectively. Other motion parameters include: the nimalized
submergence of the wedgks= = 0:358, normalized water depthH= = 0:9308,
the normalized breaker distancex,= = 6.2, the phase of the wave-maker motion

= 90, and the acceleration of the carriag& = 50.0 in/ s2. Note that the depth

of submergence of the wedge was controlled by changing the d s# the wedge

position sensor so that the tip of the wedge was the appropriatestance below the
mean water level when the position sensor read zero.

wavelength nin = 2 (=g )¥? to the gravity wavelength . Such a ratio yields
0:022 0:018 0:015 forf = 1:40,1:26 and 115 Hz, respectively. Regardless of the
form, it is clear that the smaller wavelengths (higher frequeies) are more a ected

by the uid surface tension.

3.3.2 Wave pro le measurement

As in the experiments of Chapter 2, the pro les of the breakingvaves were
measured photographically with a Laser-Induced-Fluorescen¢LIF) method that
employs a high-speed digital movie camera. However, in this sétexperiments, the

carriage optics spread the laser beam into a sheet orientadross the width of the
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tank. This sheet spans the width of the tank and is 1 mm thick in te streamwise
direction at the mean water level. Another di erence is that he high-speed camera
(Phantom v9, Vision Research) is now mounted to the instrument caage on the
inside of the tank, see gure 3.1. The camera is located downsam of the light
sheet, and looks upstream at the intersection of the light sheehd water surface
from above. Both the camera and light sheet are mounted to theaaiage which is
set to move with the approximate speed of the breaking wave cresthe carriage
parameters are adjusted so that the light sheet is located at thwave crest when
breaking begins, see below.
One experimental di culty that must be overcome with this setup is nding

a location and look-down angle for the camera that provides @ade o between
an unobstructed view of the light sheet and vertical resolutiorof the image. As
the wave breaks, large turbulent ripples generated in frontfdhe laser sheet (that
is, between the laser sheet and camera) can cause the line of sighttlie crest
pro le to become blocked and lead to errors in the pro le measaments. This was
observed in the measurements of unsteady spillers reported b¥]9 In order to
obtain high-quality images the camera must be high enough toesénto any ripple
troughs, which requires a large lookdown angle. Because of tlage look down
angles, when the wave height changes during breaking the dista from the crest
to the camera lens changes, which can cause pro les to be out@tdis. This problem
is mitigated by the use of a tilt-shift lens which is used in all othe experiments.
Large viewing angles, however, reduce the vertical resolutiof the images so small

amplitude ripples may not be resolved. Finally, the camera sato be positioned a
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Figure 3.1: Schematic of the setup for measuring the cross-streqmro les. The
laser light sheet is oriented across the tank, and a high-speedrera images the
intersection of the laser sheet and water surface from the frontlgwnstream) side
of the breaker. Both the camera and light sheet optics are motad to the carriage
and move with the speed of the breaking wave crest. The camerasha tilt-shift
lens mounted on it to handle the large look down angle. A secorwmera, also
attached to the carriage but positioned outside the tank, imags the position of the
laser sheet relative to the wave crest from the side.

safe distance above the mean water level to prevent water drefd or spray from
collecting on the camera body and lens. Unfortunately, as witthe viewing angle
dilemma, mounting the camera too high again reduces verticasolution; for a given
viewing angle , and heighth, the distance from the camera sensor to the light sheet
is given byL = h=sin( ).

The interplay between all of these factors was dealt with by tal and error.
The camera was mounted at a xed horizontal distance from theght sheet, and was
initially positioned at a \safe" distance above the mean waterdvel (roughly three

times the typical wave amplitude used in the experiments 20 cm). The camera was
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then angled downwards until the mean water level was in the oer of the image. A
patterned checkerboard was placed underneath the laser shaat the tilt-shift lens
and camera focus were adjusted until both the top and bottom dhe checkerboard
image were sharp. A breaking wave was then generated and refgat and the movie
was investigated for any visual signs of blockage, which appeas dark patches
or out of focus edges in the prole. If the movie was unsatisfamty, the camera
would be raised, the viewing angle increased, the tilt-shift tes and focus would be
adjusted, and another movie would be taken. This process wasntaued until the
recorded movies appeared to be free of blockage. For theseerkpents, the camera
was placed a horizontal distance of 1 m from the light sheet, arahywhere from 76{
89 cm above the mean water level, with the tilt-shift lens set ithe range of 40{45
degrees tilt; the precise height and angle depended on thedoency and amplitude of
the wave being investigated. With this con guration, one carara pixel corresponded
to roughly 0.2 mm in the physical plane. Prole measurements arextracted from
the camera images using the processing and edge-detection meghes described in
Chapter 2.

Because the laser sheet and high-speed camera measure the crosarsipeo le
at a single streamwise location, it is important to ensure that th light sheet is
located at or near the crest of the wave of interest when brealgrbegins. Therefore,
in addition to the pro le camera located inside the tank, a seawd camera (Phantom
v4, Vision Research) is mounted to the carriage on the outside dfd tank; see gure
3.1 (end view). This camera, which is synchronized with the prle camera, is used
to locate the approximate position of the light sheet relativdo the wave crest as
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the wave breaks. The second camera views the light sheet from gide and is back
lit with white light so that the location of the wave crest is clarly visible. Using
this side-view camera the carriage speed can be chosen emgsicad match the
approximate speed of the wave crest as it breaks. Here we say the pagximate™
speed because the wave crest is rather at and its shape changestaspproaches
breaking, so precisely de ning what point on the wave is \the @st" can be a bit
ambiguous. Furthermore, the crest speed does change slightlytire approach to
breaking and although the carriage motion could be made mocemplex to perhaps
mimic these changes, for simplicity the carriage is run at constaspeed. However,
it is possible to repeatedly and accurately position the light sket very near the
(apparent) crest at the moment breaking begins. This is accorfighed by varying
the delay time between the carriage motion and the wave-makenotion, ty, and
the various delay times used are reported in the caption to tédd 3.1. While this
carriage motion is highly repeatable, there is a natural vaation in the streamwise
location of the breaking event, which can be as high as 2 cm, 4&¢ The result is
that if the laser sheet is too close to, or perhaps slightly ahead, dghe wave crest,
it is possible for the wave to begin breakindpehind the light sheet. As the toe and
ripples advance down the front face they \pierce" the light sket, causing a sudden
jump in the surface height that is not processible. In order to aud this problem,
the start delay of the carriage relative to the wave-maker waadjusted so that the
light-sheet was located just behind, but not quite at, the waverest when breaking
began, so the leading edge of the breaking zone is located iontrof (downstream)

of the light sheet. Using the images from the side-view camera,danonsidering the
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natural variation of the breaker, we estimate the light sheetd typically be located
in the range 1{3 cm behind the wave crest when breaking beginsyange of about

0.03 wavelengths for the smallest breakers investigated.

3.4 Results and discussion

3.4.1 Frequency dependence: the e ect of Weber number

Figure 3.2 shows a sample of images recorded by the cross-streaml@rcam-
era forf = 1:26 Hz andA= = 0.0522. The width of each image in the physical
plane is 22 cm (a little less than a quarter of a wavelength). Eh image corresponds
to a di erent time after the wave begins to break (de ned as wkn the toe begins
to move down the front face). In these images, the horizontal ihe cross-stream
(y) direction, while the vertical is the z direction, see the axes in gure 3.1. Herein
the term \cross-stream ripples” refers to the variation of the wee prole in the
cross-stream ¥) direction, while the term \streamwise ripples" refers to varation
in the streamwise &) direction. The images in gure 3.2 clearly show the develop-
ment of cross-stream ripples as the breaking progresses. Image$ aagthese were
processed to obtain a 2D cross-stream pro le at each moment in tim&uantities
such as the horizontally averaged mean water level, the rigplmplitude, and the
ripple wavelength were obtained from these pro les.

Figure 3.3 (upper curves) shows the cross-stream averaged wavaltez as
function of time t for three di erent runs with f = 1:26 Hz andA= = 0.0522. In

this plot, z is scaled by andt is scaled by the wave period. Becausez is averaged
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Figure 3.2: Images taken by the cross-stream camera during a iyal breaking
event. The camera looks at the wave from the front and moves tWithe speed of
the crest. For these three imaged, = 1:26 Hz andA= = 0:0522. The intersection
of the main dark and light regions near the top of the image ishe cross-stream
wave pro le at the intersection of the laser sheet and water suréa. The bright and
dark spots in the lower part of the images are due to two refraicin e ects. First,
the laser light enters the water and is refracted by the ripplkk surface. Next, this
refracted light is being viewed by the camera looking througthe rippled surface
that is between the light sheet and camera. Each image corresys to a di erent
time after the toe begins to move: (a) 0.1 wave periods. The tas spilling down
the front face. (b) 0.3 wave periods. The turbulent region haadvanced farther
and the pro le begins to show cross-stream undulations. (c) 0.5 wa periods. The
cross-stream ripples are more numerous and larger in amplitude
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Figure 3.3: Plots of the nondimensional horizontally averagl wave heightz= (up-
per curves) and nondimensional standard deviation of the crosgeam wave pro le
= (lower curves) versus nondimensional time=T. Data are presented from three
separate runs withf =1:26 Hz andA= = 0:0522. Note that is scaled by a factor
of 10.

horizontally, variations in z are the result of 2D streamwise ripples. Also plotted
on the same set of axes is a measure of the typical amplitude of tbenss-stream
ripples (lower curves). An obvious choice for would be the standard deviation
of the cross-stream pro le, as this would remove the e ect of clmges inz and
capture only the cross-stream uctuations. However, it was founthat for most of
the waves the breaking process does not begin uniformly acréiss tank, with some
parts of the wave crest breaking before others. That is, the wavbave a slight three-
dimensional shape to them at breaking, something that is commiynobserved even
in wave tanks. This slight asymmetry causes one side of the pro l® toe higher or

lower than the other side during the early stages of breakingreating large standard
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Figure 3.4: Figure showing how large cross-stream asymmetriesthe breaker pro-
les can a ect the measurement of the smaller ripples. The solidurve is a cross-
stream wave pro le with the mean removed. Notice the average ke on the left
is higher than on the right so that if the rms is taken about zero an unphysically
large value ofrms is recorded. The dashed line is a%order polynomial t to the
pro le that captures the long-wavelength undulation. Taking the rms about this t
yields a more physically reasonablans.

deviations even when no cross-stream ripples were visibly presesee gure 3.4. In
order to remove this e ect, after subtracting the value ofz, the resulting pro le was
tted with a 4 "-order polynomial. The goal of this polynomial t was to captire
the long-wavelength undulations of the pro le created by te asymmetric breaking.
The value of was then computed as thems of the di erence of the actual pro le
(with z removed) from this tted prole. This technique of using a higher order
polynomial is essentially a high-pass Iter, reducing the amglde contributions of
the longest wavelength waves and the spurious peaks in the valaof . The order
of the polynomial was chosen by repeatedly increasing the laag order until the
di erence between successive ts was small and the peaks ofemained unchanged.
For this data, the rms of the di erence between using a% and 5"-order t was

typically only a few percent of the maximxum value of , and the heights and
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locations of the peaks were nearly identical. As a nal checkye also compared the
temporal location of the peaks of with the corresponding images from the high-
speed camera for several cases. The surface indeed showed mordespgt these
times and we are con dent that using a # -order t retains the high frequency cross-
stream structure while reducing the large scale three-dimens@ breaking e ects.

The e ectiveness of this method at reducing contributions sm longer wavelengths
while not degrading those from shorter wavelengths implies &rtain separation of
length scales in the cross-stream direction. A similar techniqueas employed for
computing the cross-stream wave spectra (see below).

The curves ofz in gure 3.3 show the repeatability of the wave motion from
run-to-run. The curves are remarkably similar, in particula in the early and later
stages of breakingtET < 0:4 andt=T > 0:8). In between these limits, the mean
water level undergoes a series of oscillations. For a given wdtese oscillations
are fairly regular, but the proles show some variation from ra-to-run. These
oscillations in z are due to \quasi-2D" streamwise ripples, or \rollers", that are
generated at the leading edge of the breaking region and anmgeated parallel to the
wave crest. Because of their slower phase speed relative to the avavest, these
ripples are swept back over the crest and measured in the planetio¢ light sheet as
it passes by. To help explain this, gure 3.5 showstreamwisepro le measurements
made by [1] (their gure 14). The pro les are from a wave withf =1.42 Hz andA=
= 0.0487, conditions which were not studied in the present workThe pro les are
taken in a frame of reference moving with the wave crest and éasuccessive pro le

is plotted 1 mm above the previous pro le for clarity (i.e. m@ing upward in the
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Figure 3.5: Figure 14 from [1] showing the streamwise pro le histy for a spilling
breaker generated by the dispersive focusing technique. In thexperiment, f =
1.42 Hz andA= = 0.0487. Each prole has been oset 1 mm from the previous

pro le for clarity. Note the periodic generation of streamwiseipples in the breaking
zone.

plot is moving forward in time). The pro le history clearly shows the development
of periodic streamwise ripples that move slower than the waveeast. The location
of these streamwise ripples in the current experiments is alsoswually supported
by the second high-speed camera which images the breaking gssfrom the side.

At times when z is at a local minimum, the laser sheet is observed to be in the
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Figure 3.6: Plots ofz= and = versus nondimensional timé=T for three di erent
values off . Data are from runs with A= = 0.0522 andf = 1.40 Hz (solid curve),
1.26 Hz (dashed curve) and 1.15 Hz (dashed-dotted curve). Eachnaiis the average
of three runs. Note that is scaled by a factor of 10.

\troughs" of these rollers. We term these streamwise ripples \qua&D" because
while on average they extend across the measurement area, trag not uniform

in the cross-stream, but instead are rippled as evidenced by themzero values of
= in gure 3.3. Like the curves forz, the general shape of the curves for are

reproducible, but the details vary from run-to-run in the mddle of the breaking
process (say @ <t=T < 0:8). The value of shows peaks as well, and these peaks
are nearly coincident with the location of the local minima bz indicating that

the strongest cross-stream uctuations are at the troughs of theatger streamwise
ripples. This will be discussed in more detail in section 3.4.3.

Figure 3.6 showg= and = versust=T for three di erent frequencies all with
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Figure 3.7: Plot of = versusWe, where is the value of from gure 3.6 averaged
over the range M < t=T < 0:7. Note that is scaled by a factor of 10. A linear
relation between = and Weimplies / 2.

A= =0:0522. Each of the curves in gure 3.6 is obtained from the aw&ge of 3 runs
at each condition. The curves ok= have been adjusted slightly so as to coincide
at a common feature, in this case the beginning of the streamwisscillations (at
t=T 0:3). This helps to make the e ect of the Froude scaling more appant. As
was mentioned in section 3.3.1, without surface tension or vistyc(or breaking),
the wave pro les should collapse inz= t=T coordinates. We see that this is
mostly true for these waves, as the general shape of the curves gtete similar.
The occurence of the quasi-2D ripples, however, do not appear Eroude scale, as
both the amplitude and period of the ripple oscaillations inease. For example,
for f = 1:40 Hz, the spacing between the st two minima oz is t = 0:075T,

whereas forf = 1:15 Hz, t = 0:13T, an increase of more than 70%. This lack
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of scaling matches intuition as the ripples are not simply goweed by gravity and
inertia alone, but instead are generated by the shear layer ab¢ leading edge of the
breaker and are in uenced by surface tension and viscosity, whihave a stronger
e ect at smaller wavelengths. For a clearer picture of this shedayer see the PIV
measurements of [34] and [36]. In addition to the growth of thetreamwise ripples
with , the typical amplitude of the cross-stream ripples also increas&ith , as is
shown by the plots of = in gure 3.6. The shape of the curves of show general
similarity, with growth in the cross-stream ripple ampltiude ocuring at around 0.2
wave periods after breaking, peaking near 0.5 wave periodsdahen a slow decline.
For f = 1:15 Hz, the cross stream ripples still have signi cant amplitude @n up to
one full wave period after breaking begifs Again it is found that the location of
the peaks in the values of coincide with the local minima ofz for each condition.
This is more clear in gure 3.6 where each curve is the averagé several runs, so
some of the variation from run-to-run has been smoothed out. FRlermore, the
cross-stream ripples appear to have a large jump in amplitude taeenf = 1:26
and 1:15 Hz, indicating a non-linear relationship between the grayi wavelength
and the size of the cross-stream surface uctuations. To illustratthis, the values
of were averaged over the range:d< t=T < 0.7, the approximate range over
which the maximum of occurs. The result (= ) is plotted versus the Weber
number in gure 3.7. While only three points are available, he data appear fairly

linear. It is worth noting that with the de nition of We given in section 3.3.1,

3We remind the reader that this data is taken in a frame of reference moving with thewave
crest. When the crest stops breaking there is a decrease in the surface ripples. There magwever,
still be turbulence and ripples left behind the wave crest at a stationary location.
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(a) For caption see page 65

Figure 3.8

We/ 2 (becauseU? L / ). Therefore, a linear relation between= and We
implies that /3. This result is somewhat signi cant when we consider that the
amplitude of the gravity wave scales directly with the wavelegth, but the scale of
the three-dimensional deformations shows a more sensitive degence.

Figure 3.8 shows pro le histories for the three di erent waverequencies all
with A= = 0.0522. In these plots, the mean of each pro le has been remadyeand

each pro le has been plotted 1.5 mm above the previous pro léor clarity (that
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Figure 3.8

is, moving upward in these plots is moving forward in time). Edt pro le history

extends from the frame where breaking begins to one wave matipost-breaking.
Each gure has the same size and range so comparison between veifeatures
can be made directly. In these histories, the slope of a line cowmtiag a feature
from pro le-to-pro le indicates its speed relative to the canera. For example, the
streamwise pro le histories presented in [1] and reproduced leein gure 3.5 clearly

show some streamwise ripples that are moving slower than the wavest. In the
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Figure 3.8: Cross-stream pro le histories for three di erent fequencies with a nor-
malized wave-maker amplitudeA= = 0.0522. (a)f = (a) 1.40 Hz, (b) 1.26 Hz,
(c) 1.15 Hz. The horizontally averaged mean has been removeddaeach pro le
has been o set from the previous one by 1.5 mm in the vertical. #&h gure shows
pro les for one wave period post-breaking.

cross-stream pro le histories of gure 3.8 the largest energy (gptitude) features
appear more as standing waves, as evidenced by the lack of angady sloped
ridges. Taking a closer look we see there do appear to be some smallesteatures
that move laterally across the eld of view; for example, see gre 3.8(b) from about

100 to 150 mm on the vertical axis where light \V" shaped ridge es appear. The
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shape of these features will be discussed more in section 3.4.3.Kuagpat the pro le
histories in gure 3.8, the wavelength of the cross-stream ripp$ appears to increase
with wavelength. To quantify this, we can compute the slope spgam of each
pro le to get a measure of the dominant wavelengths present. Asas mentioned

above, cross-stream non-uniformity in the early stages of braal causes long-wave
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contributions to the spectra. To lessen this e ect, the mean ofhe prole was
removed, and a straight line was t to the result. This t was then subtracted out of
the pro le, and the result from that was used in computing the slpe spectrum. The
1D spectra were computed ag( k)j = jDFT (z9j wherez® is the derivative in the

cross-stream direction andDF T is the discrete Fourier transform. This technique of
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Figure 3.9: Cross-stream spectra history for three di erent fragencies with a nor-

malized wave-maker amplitudeA= = 0.0522. Data are plotted as contour plots
where red indicates large values and blue indicate lower ualk (note the scale color
scale is the same in the three plots). Data are fdr = (a) 1.40 Hz, (b) 1.26 Hz, (¢)

1.15 Hz. Each plot is the average of 3 runs at the same conditioncashows spectra
for one wave period post-breaking.

subtracting out a linear t and taking the transform of the slopeweights the higher
wavenumber contributions more heavily, and essentially renaes the contributions

of longer wavelengths (lower wavenumber). Performing thesgperations on each
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pro le, we can create a \spectra history”, which shows the behaor of the cross-
stream wave spectrum as a function of time after breaking. Ressilshowing the
nondimensional spectr& versus nondimensional time after breaking=T for three
di erent frequencies with A= = 0:0522 are shown in gure 3.9. The spectra in
gure 3.9 are the averaged result from three runs at each conidin. The spectra are
plotted as contour plots with the horizontal axis corresponitig to non-dimensional
wavenumber and the vertical axis corresponding to wave peddmoving upwards
is moving forward in time). Each of the gures has the same vadal color scale.
Although these spectra do not show any clearly dominant waveletig, some general
observations can be made. Comparing the spectra for= 1:40 and 1.26 Hz ( gures
3.9(a) and (b), respectively) we see signi cantly broader peakhat stretch to higher
wavenumber, implying an assortment of smaller wavelength ripgs (note that for
f =1:26 Hz,k = 200 implies a ripple wavelength of about 3 cm). Fof = 1.26
Hz the peaks are also more elongated in the vertical directiomdicating that these
wavelengths persist for longer times during breaking. Compag f = 1:26 and
1:15 Hz (gures 3.9(b) and (c), respectively) we see the emergemmfemuch stronger
peaks in the range 20& k < 300. These wave components gradually fade out as
breaking progresses.

Finally, it seems worth noting that the time delay between whe breaking
begins (again, de ned as when the toe rst starts to move) and th emergence of
signi cant peaks in the spectra appears to grow with the wavetgth. In (a) peaks
begin to appear at aroundt=T = 0:3 while for (b) and (c) they appear at around
0.35 and 0.4, repectively. This means that it takes an incremgly longer time for
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the cross-stream ripples to be measured by the light sheet, whichapproximately
at the wave crest when breaking begins. It is unclear what exdgtcauses this
increased delay; perhaps it takes longer for the breaking reg to develop, or the
surface ripples have a higher phase-speed relative to the carmvave, so it takes them
longer to be \swept" back over the crest. We believe this incrsa in delay time to
be a real, however it should be noted that it is di cult to determine the precise
distance between the crest and the laser sheet, in particular lzise the crests are
highly rounded due to surface tension and the wave shape is contbusly deforming.

A better understanding of this phenomenon might require futter investigation.

3.4.2 Amplitude dependence

Figure 3.10 shows plots af= and = for ve di erent wave-maker amplitudes
with f = 1:26 Hz. Each curve is the average of at least two runs and they have
been slightly adjusted horizontally so that the location of therst local minima of
z coincide. Finally, the curves ofz have been o set in the vertical for clarity. The
plot shows that as the wave-maker amplitude increases, the pediof the streamwise
ripples increases. For example, foh= = 0:0514 the spacing between the rst two
minima of z is roughly t = 0:08T whereas forA= = 0:0522, we nd t =
0:10T, an increase of about 25%. While the actual amplitude of the wa does
not increase substantially withA= the breaker appears noticeably stronger, almost
forming a small jet at A= = 0:0522. The typical cross-stream ripple amplitude

also increases with wave-maker amplitude, as is evident frorhe curves of in
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Figure 3.10: Plotz= and = versust=T for f = 1:26 Hz and with 5 di erent
wave-maker amplitudes. The curves of have been o set successively by 0.04 in the
vertical for clarity. Starting from the bottom they are A= = 0.0514 (solid), 0.0516
(dashed), 0.0518 (dashed-dotted), 0.0520 (dotted), and 0ZI5 (bold solid). Note
that the values of have been scaled by a factor of 10. Each curve is the average
of at least 2 runs.

gure 3.10. Averaging the values of over the time-period from the location of the
rst maximum of  to the time when breaking begins to slow (say from roughly
t=T = 0:24 to t=T = 0:5), we nd that the averaged maximum increases fairly
linearly with wave-maker amplitudeA= , see gure 3.11, ranging from about 0.5 to
1.0 mm. Note that in gure 3.11, is dimensional.

Slope spectral histories for these ve di erent wave-maker mains are shown
in gure 3.12. The wavenumber is nondimensionalized by the wealength and

time by the wave periodT. Each set of contours is the average result of at least
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Figure 3.11: Plot of versusA= forf =1:26 Hz. is the value of from gure
3.10 averaged over the range®4 < t=T < 0:5. The solid line connects consecutive
points. Note that is dimensionl.

two runs and each has the same vertical scale. For these wave dbads, k =200
corresponds to a wavelength of roughly 3 cm. As the wave-makemglitude is
increased, clearer peaks begin to emerge in the wave spectrahe3e peaks are
concentrated mostly in the range of 15& k < 400, or about 4 cm down to about

1.5 cm in wavelength.

3.4.3 History of the surface gradient and curvature

In addition to pro le and spectral histories, the time variation of the surface
gradient, surface curvature, and the gradient of the surfaceunsature can also be

computed. In addition to being useful quantities in their ownright, as they are a
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(a) For caption see page 76

Figure 3.12

measure of high-frequency surface components, measuring swefderivatives might
provide some physical insight into the underlying ow. For examle, as was dis-
cussed in Chapter 1, the pressure near a free surface can be brokanrdinto terms

involving the surface curvature (i.e. a jump in pressure caused feapillary forces),
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the surface height (i.e. hydrostatic pressure) and residual dymac pressure (see
equations 1.3 and 1.6). Therefore, gradients of such quami$ could be related to
pressure gradients, which are in turn related to uid accelerans. Such a connec-

tion between surface ripples and underlying uid motions habeen investigated by
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other authors ([93], [94], [95], [96], [97, 98]), althoughonclear consensus on the
precise origin of surface ripples has emerged, and the physicaynbe dependent on
the details of the ow. Furthermore, in our experiments the ow eld is highly un-

steady and information is only obtained along one-dimensiosg full measurements
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Figure 3.12: Cross-stream spectra history fdr=1.26 Hz and four di erent wave-
maker amplitudesA= . (a) 0.0514, (b) 0.0516, (c) 0.0518, (d) 0.0520. The case with
A= =0.0522 is shown in gure 3.9(b). Each plot shows spectra for oneave period
post-breaking.

of surface gradients are not possible. Nevertheless, we found tipaib le histories
of various 1D surface derivatives yielded some interesting rdtsuthat may elucidate

certain features of the cross-stream structure in the spilling ne.
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The gradient, curvature, and gradient of curvature historie are created in the
following way. For each raw cross-stream pro le, the horizontly averaged mean
was rst removed, and derivatives along they direction were computed numerically.
Each time a raw gradient was computed, the result was smootheding a moving
average lter to reduce noise, and the subsequent gradient wasnsputed from this
smoothed result. Each resulting pro le is then be plotted abovéhe previous to
create a history of that quantity (gradient, curvature, etc) However, instead of
plotting each pro le as a separate line (as in the pro le histaes of gure 3.8), the
pro les can be \meshed" together to form a surface in the/= -t=T plane. This
resulting surface is then colored according to its value on aayr scale, with white
being the highest values and black being the lowest. Figure 3.tontains a series of
plots showing such histories for a particular experiment with = 1.15 Hz andA= =
0.0522. The plots correspond to: (a) the surface height(with the mean removed),
(b) the surface gradient, (c) the surface curvature (= @h=@%1 + (@ h=@3F2),
and (d) the gradient of the surface curvature. In the plots of gure 3.13, data at
a constantt=T value are from one pro le, while the data at a constany= value
are from pro les taken at di erent times. Therefore, these plts show the temporal
behaviour of a 1D cross-stream pro le and its 1D derivatives tan in a frame of
reference moving with the crestpot an instantaneous view of the water surface or
its 2D gradients.

The dashed black lines in gures 3.13(a){(d) correspond to théme when the
value of z is at a local minimum (see the discussion of gure 3.6). The history
of the surface height ( gure 3.13a) shows natural horizontal gations (at least for
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(a) For caption see page 81

Figure 3.13

t=T < 0:5) which appear to coincide with the minimum ofz. Interestingly, when
z is a minimum, the cross-stream surface does not appear to haveyernany large
amplitude surface features, even though peaks at these locations (see again gure

3.6). This means that whenz is at a minimum, the cross-stream surface rippes
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(b) For caption see page 81

Figure 3.13

are small, but numerous and highly uctuating so as to create aalge standard
deviation. This conclusion is supported by the fact that the pts of the surface
gradient and surface curvature (gures 3.13b and c) show larg&lues near these

locations. Furthermore, the histories of surface gradient, siace curvature, and the
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(c) For caption see page 81

Figure 3.13

gradient of surface curvature all show the presence of thin, \scéike" lines where the
surface shape changes sharply. Some of these scars have gmalbcity components,
as evidenced by their less than vertical slope y=  t=T coordinates, but on average

do not appear to have a preferential right-left direction. he generation of these scars
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Figure 3.13: Histories of the cross-stream amplitude and its vaius deriva-
tives for one run with f = 1.15 Hz and A= = 0.0522. (a) surface height
h (with the mean removed), (b) surface gradient@h=@yY(c) surface curvature

= @h=@%1+(@h=@3*2, (d) gradient of surface curvature@ =@.yThe dashed
black lines correspond to the time when the value &f is at a minimum.

seems to coincide with the location of the minimum af and can persist for up to as

much as one-tenth of a wave period in a frame of reference mmayiwith the crest.
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It is a bit di cult to accurately identify what exactly should be considered a scar
or not, as their density, strength and length show variation a@ss the image, so any
method to determine their spacing would be rather coarse. Reagéess, based o of
visual inspection of the surface at around 0.35 wave periods, weasure an average
spacing of roughly 0.026 wavelengths (3 cm). In as far as the swoifrthese quantities
represents acceleration and deaccleration of the uid in theross-stream direction,
it may be that the formation of these surface scars are connectedth the presence
of high or low speed \streaks" in the uid near the free surface. Qi streaks have
been observed near the crests of steep waves in wind-wave expernits ([55]) and
in more recent numerical calculations ([88]). The latter wd identi ed an average
spacing between the streaks to be about 0.6 cm for initial grdyiwavelengths of
7.5 cm (a ratio of 0.08). Looking more closely at the curvaturplot ( gure 3.13c)
we see that these thin scars are predominately positive, indidag regions of high-
upward curvature. Such curvatures are reminscent of steep clgry waves which
have large upward curvatures in the wave troughs, as opposed ¢oavity waves
which have large negative curvature at the wave crests. Althohigthe size of the
cross-stream ripples precludes them from being pure capillamyaves it is clear that
the dominant contributions to the surface curvature are comig from the troughs of
the cross-stream ripples. A better understanding of these surfaceafures further
investigation.

We conclude with a discussion of one possible mechanism that may ot
for the formation of the observed cross-stream ripple pattern. IF measurements

of both steady and unsteady breakers have shown the presence ofmasated shear
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layer just upstream of the breaking region. This shear layer imbduces cross-stream
oriented vorticity that viscously di uses outward with distance away from the lead-
ing edge of the layer (and with time in the unsteady case); see fexample the
measurements of [36] or the experiments and numerical caktibns of [86, 87].
Consider the simple scenario of a series of co-rotating vortidksit are generated at
the leading edge of the shear layer and located near the freefage. Arrays of sim-
ilar such vortices have been observed in PIV measurements of steapillers ([34],
[35]) and in the unsteady spillers of [36]. Next consider these tioes to be near
the larger quasi-2D streamwise ripples, as depicted in gure 31 Although there
is no de nitive justi cation for such a choice, it was shown by [D0] that an array of
co-rotating vortices near a free surface would create a \vax wave" with the wave
elevated above the vortex core. We see that with such a con guran the troughs
of the streamwise ripples are regions of very high shear, and anght expect large
turbulence uctuations (and hence ripple production) in these areas. Furthermore,
such a scenario could result in the formation of smaller streamwisgiented vor-
tices in the region between the main vortices, a situation aradjous to the observed
streamwise \braid" vortices that stretch between the larger tubulent rollers in mix-
ing layer turbulence. The presence of elongated streamwise teor structures could
help explain the production of cross-stream ripples and surfasears in the troughs

of the larger streamwise ripples.
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stream\./vise ripples

streamwise vortices

Figure 3.14: A schematic showing a possible model for the distriimn of vorticity
in the shear layer produced by a spilling breaker showing the latton of high shear
regions in the troughs of the streamwise ripples.

3.5 Summary and conclusions

In this work, the cross-stream structure of the rippled surface gerated by
short-wavelength spilling breakers was investigated experantally. An LIF method
was used to measure two-dimensional surface pro les in a framereference moving
with the breaker crest. Three di erent wave-maker frequenes and ve dierent
wave-maker amplitudes were investigated. With these ve amjpldes the waves
vary from weak spillers to nearly plunging breakers at the Igest amplitude and
wavelength. The wave-maker motions were Froude scaled andetichanges in the
cross-stream statistics are the result of the turbulence generdten the breaker
and surface tension. For all the wave conditions studied, it wa®und that the
average cross-stream water heightshows periodic oscillations once breaking begins.
These oscillations in wave height are due to the generation arger, \quasi-2D"
streamwise ripples that are oriented nearly parallel to the we crest. These ripples
do not Froude scale as they are generated by the underlying twilent ow. Both
the amplitude and the period of these larger ripples increasetiv wavelength and

wave-maker amplitude, with the depedence on wavelength bgithe stronger of the
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two. The standard deviation of the amplitude of the cross-streamipples also show
distinct peaks in the early stages of breaking. These peaks amumd to coincide
with the local minima of z, indicating that the cross-stream ripples are strongest in
the regionsbetweenthe larger streamwise ripples. In these regions, the cross-stream
ripples appear small and numerous with rapid changes in slopedacurvature, rather
than broad and large. A measure of the typical amplitude of theross-stream ripples
generated during breaking was found to increase with? and linearly with the wave-
maker amplitude A. In dimensional terms, the observed cross-stream ripples were
in the range of 0.5 { 2.0 mm in amplitude. The cross-stream rippde which are
small in the initial stages of breaking, grow rapidly and are kgest at about half
a wave period after breaking begins. For the weakest breakersidied, the cross-
stream ripples remain small relative to the streamwise ripplesnd the ow remains
essentially 2D. For the strongest breakers, the cross-stream ripplean grow to be
almost half the height of the streamwise ripples, so 2D approximans in these larger
breakers may fail to capture signi cant physics. Wavenumber sjgé&a histories of
the cross-stream pro les reveal the presence of broad spectralags, in particular
at the intermediate wave condition, with wavelengths as lows 3 mm up to as high
as 45 mm. The spectra appear much more concentrated at lowerweaumber for
the largest wavelength studied.

Plots of the surface gradient and curvature show the presencedstinct sur-
face \scars"; thin, persistent regions where the surface uctuans are large. These
features are primarily generated in the regions between thage streamwise ripples

and remain for as long as 0.1 wave periods in a frame of refexermoving with the
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crest. The dominant observed features have high upward curwae, implying the
presence of sharply curved troughs, similar to steep capillary wes. It is hypothe-
sized that the scars might correspond to the location of near sade high and low
speed \streaks" that are a common feature of many canonical tudtent ows and
have been observed near the crest of steep gravity-capillarywes. Based on these
observations, a simple model for the vortical ow near the crestfespilling breakers

is conjectured.
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Chapter 4
Non-linear gravity-capillary waves generated by a moving pressure

source

4.1 Abstract

The wave pattern generated by a pressure source moving horizalhy over
a free liquid surface was investigated experimentally using @mbination of cine-
matic shadowgraph and laser induced uoresence (LIF) measuremsg. The pressure
source moves at speeds below the minimum phase speed for lineawity-capillary
wavesCnin - At these speeds, freely-propogating, three-dimensional, nmear soli-
tary waves, or \lumps", are known to exist theoretically. In theexperiments, several
distinct responses are found depending on the speed and magnéuaf the applied
forcing. At low speeds, regardless of forcing, the pattern exiis no wave-like be-
havior and the response resembles the stationary state. Howeveraatritical speed,
but still below cqin , there is an abrupt transition to a wave-like state that featues
a marked increase in the response amplitude and the formation affully-localized
solitary depression downstream of the pressure forcing. This saly depression
is steady, elongated in the cross-stream relative to the streansai direction, and
gualitatively resembles the freely-propogating solutionseported in numerical com-

putions. The speed where this transition occurs decreases witicieased forcing

1Some of the work presented in this chapter can also be found in Dioriet al., Physical Review
Letters, 2009 [101]
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indicating that nonlinear e ects are important over a widerrange of the parameter
space. For speeds very close to the transition point time-depesmd oscillations are
observed and their dependence on speed and forcing are repart&he amplitude
of the solitary depression decreases with speed and is independ&nthe level of
forcing, indicating a one-to-one relationship between ampide and phase speed, a
known feature of solitary waves. As the speed approachgs, a second transition
is observed. The steady solitary-depression gives way to an unstgatate charac-
terized by the periodic shedding of localized depression wavesm the tails of a
\V" shaped pattern. These results are the rst experimental evidace of the bifur-
cation of 3D gravity-capillary solitary waves and are discusseith connection with
recent theoretical and numerical results on the nature of stdiry waves in nonlinear

dispersive systems.

4.2 Summary of previous work

As was discussed in Chapter 1, in the presence of both surface tensaoml

gravity, water waves are governed by the well-known dispersigelation
2= gk+ —k® tanh(kH) (4.1)

whereH is the uid depth. This dispersion relation holds for a train oflinear waves
(i.e. in nitesimal amplitude). As shown in Chapter 1, an interesting feature of
this dispersion relation is that the phase velocity obtains a mimum depending on
the value of the Bond number,Bo = =(gH ?). For Bo 1=3 (shallow water),
the minimum occurs in the long wave limit,ki, = 0, and has a minimum phase
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speedc?in = (gH). For Bo  1=3 (deep water), the minimum occurs at a nite
wavenumber,kyin = ( g= ), with minimum phase speedcy,i, = (49 = )¥, or
about 23 cm/s in clean water.

The physical implication of this phase speed minimum is that foan object

moving moving at a constant velocity slower tharc,,, , no (linear) waves are gen
erated. Knowledge of this minimum in the phase speed has certlgi been noted
(e.g. [102], [103]) but interest in the behavior of nonlineawaves near this condition
has begun to generate more interest lately. Because the phasel gmoup velocities
are equal there (see Chapter 1), extrema a{k) are known as bifurcation points
of non-linear solitary waves. In fact, long wavelength solitgrwaves in shallow or
nite depth water, both for pure gravity and gravity waves with surface tension,
are some of the oldest nonlinear phenomena in uid mechanic4.Qg], [105], [106]).
Solitary-type envelope solutions for pure gravity waves inekp water have also been
reported ([107, 108], [109]). However, it was not until the ta 1980s and early 1990s
that researchers began to tackle the problem of gravity-cdfary solitary waves in
deep water. This began with the numerical computations of gtdry-wave pro les
by [24]. Later work made use of the Nonlinear Schredinger (NLS)quation as a
model to compute the wave amplitude near the minimum phase spge€¢26] and
[25]). One of the important results found was that at the mininmm phase speed,
linear periodic waves bifurcate into envelope-solitons ofepmanent form of which
the pro les computed by [24] were merely a special case. Sent® of [110] presents
a comprehensive review of the early work in this area.

The early mathematics of gravity-capillary solitary waves rastly considered

89



2D solutions, that is, the variation of the amplitude along a 1Dihe?. However,
many of the mathematical models being used, such as the NLS or Kadguations,
have 3D analogs that permit solutions with weak cross-stream vation; the 2D
NLS and Kadomstev-Petviashvili (KP) equation, respectively ({11]). Therefore, it
would seem plausible that gravity-capillary solitary waves maexhibit 3D behavior
as well. This 3D extension was applied to the water wave proloeby [2] using a
generalized Benney-Luke equation, an extension of the KP exion that included
surface tension and topographical forcing. Their calculatie showed a solitary wave
whose streamwise pro le resembled the 2D \plane wave" solutionsyitalso remained
con ned in the transverse (cross-stream) direction, see gure 4.1These \lump"
solutions, however, are typically computed from equations #t depend on long-
wavelength assumptions (KP equation), have arbitrary phase bgeen the envelope
and carrier wave (NLS), or are only weakly non-linear (KP and N8) and therefore
are not useful in deep water (wher&q, is nite) or at larger amplitudes. Therefore,
one of the main goals of recent research has been to develop eiedhat capture
the three-dimensional solitary wave physics in deep water (i.8o  1=3).

In 2005, three di erent groups presented advances in this ae [28] used an
asymptotic approach, similar to that used by [112] and [113] f@D gravity wave
packets, to construct small-amplitude wave-packet lumps thatavelled slightly be-
low the minimum phase speed foBo less than (but still near) 1/3. The results

of this analysis showed that two solutions, one with a central degssion and one

2Some authors refer to these types of waves as \1D solutions", and waves that wa in both
x and y as \2D", so that the remaining dimension (z or height) is implied. Here we adopt the
convention that the term 2D corresponds to height variation along a line, and he term 3D to
height variation along a surface.

90



Figure 4.1: Figure 1 from [2] showing a lump solution to the KP egtion for
Bo > 1=3. Note that the scale iny is much larger than the scale irx so the wave
is much broader in they (cross-stream) direction.

with a central elevation, bifurcate at the minimum phase speednalogous to the
bifurcation of plane-waves in 2D. [27] also computed 3D locz¢d wave packets on
water of in nite depth from the full Euler equations by meansof a boundary inte-
gral method. In the small amplitude limit, these waves behavekke wave-packets,
consistent with the asymptotic results of [28]. At higher ampliides, the waves
transform into completely localized disturbances, resemblinpe 2D solutions com-
puted by [24]. Finally, [114] also showed that travelling solitry wave packets exist,
with continuous solutions spanning the range from the long wavimit, where they
are governed by the KP equation, down to the wave-packet limjigoverned by the
Davey-Stewartson model. [115] continued their work by studyg the generation
of lumps in a two-layer uid system, where the upper layer is bawded by a rigid
wall. This system also features a phase speed minimum at nite wawember and
is governed by the 2D Benjamin equation ([116]). [115] show#dht in the neigh-

borhood of the minimum, the problem resembles that of free-dace lumps. [117]
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investigated the same problem using their boundary integral nteod applied to the
full non-linear equations, and con rmed the results of the wddy non-linear model
of [115]. Most recently, [118] developed a new model equatittrat mimics the be-
havior of the Euler equations near the minimum phase speed anta nite wave
number (i.e. fully deep water limit). It was shown that all 2D sditary waves are
unstable to transverse perturbations and evolve into lumps, at@ous to transverse
instabilities observed in shallow water. [118] also investigatehe stability of the
lump solutions themselves, showing that elevation type lumps @munstable, while
depression type lumps are stable at larger amplitude. This lasesult is commensu-
rate with the result of [119] who investigated the stability of imps with Bo  1=3
with a 5th-order KP equation.

Some numerical researchers have included forcing in their deds in order to
simulate a moving pressure source. [120] examined the surface egagenerated by
a moving pressure source witlBo < 1=3 but nite depth. A 2D boundary integral
method was applied to the fully non-linear equations to showhat depression and
elevation type waves exist under both zero and non-zero fangi [121] used a similar
technique but in 3D and with the inclusion of an arti cial viscasity. Although their
work focused mostly on the super-critical case (i.ec > cnin ), the solitary waves
pro les computed belowc, had a shape that was slightly asymetric with respect to
the streamwise direction. The main wave trough moved slightlydhind the forcing
and the elevation of the leading edge became higher than theiling edge. Their
results also showed that the maximum amplitude of the wave patte transitioned

smoothly from ¢ < Cy,jn t0 € > Cmin . This is in contrast to their earlier work ([122])
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for the case of zero viscosity which showed a minimum valge< ¢, such that no
solutions existed forc < ¢ < ¢ nin , and time-dependent solutions could be expected.
A model that has been used in comparison with the current expemnents is that
developed recently by Cho and Akylas [101]. Instead of using t&® fully nonlinear
viscous water-wave equations, these authors employ a simple rabdquation that
captures the interplay between nonlinear and dispersive e &cin the region near
the minimum phase speed. Briey, following the work of [123], @ can expand
the dispersion relation to second order arouni,, and add an imaginary part to

represent the wave decay rate due to viscous damping, see [102]is yields
I = i~jkj? %sgn(k)(l +2 jkj + k? + 212) (4.2)

where the parameter ~= (4g)**( = )**, being the kinematic viscosity; in cgs
units, =10.01, g=981, =1and =73, so ~= 0.003. Equation 4.2 can
be combined with a moving pressure forcingA%( ;y); = x+ t, where is a
nondimensional speed parameter = c=g,, Wherec is the speed of the applied
pressure forcing. Assuming quadratic nonlinearity [123], the lfowing equation for

the free-surface elevation( ;y;t) is obtained
1 2
) ZHf +2, 9 () =AY (4.3)

Here,A°denotes the peak amplitude of the applied forcing andff g= F f isgn(k)Fffgg

stands for the Hilbert transform, with

A
Fffg= Zi f (x)e ®*dx (4.4)

1
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being the Fourier transform. The coe cient of the nonlinear &rm in equation 4.3
issetto = P 11=2=8. This ensures that, for ~= 0 and  slightly below the
bifurcation point =1, free solitary-wave and lump solutions of equation 4.3 agee
to leading order, with their weakly nonlinear counterpartsof the full water-wave
equations ([28]).

In contrast to the progress in the mathematical formulation ofumps, there has
been remarkably little progress made in experiments. [124]sdyved isolated features
with sharp curvatures in gradient images of a wind-wave eldMeasured pro les of
these features looked similar to the numerical pro les calcated by [24] although no
actual velocity of the features was recorded. In a more thaugh experiment, [125]
used a narrow 2D slit to create an impinging air jet on the surfacef a recirculating
water channel. A small amount of chalk powder was used to makeetiree surface
visible to a camera positioned on the side of the tank. When theefe stream water
velocity was below the minimum phase speed, a localized wavenied directly
beneath the impinging jet. The shape of the free surface matahgery well with the
earlier calculations of [24] for 2D solitary waves. Measurentsrof the surface slope
as a function of wave speed also showed good agreement with thedtty, although
the wave pattern was not completely steady, showing some laténastabilities, in
particular at lower speeds. Measurements were also made of thepsland position of
the wave pattern after the air was turned o , so the wave becam&freely propagating
wave damped by viscosity. The surface slope decreased as a fumctd time and
the wave moved upstream, indicating an increase in velocity thi decreasing wave
slope, another result consistent with the theory. More recently{126] measured
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the properties of the wave packet generated by a water drop @anfree surface. A
localized wave packet was found that propagated at constanehlcity and with little
di usion. The wavelength of the carrier waves and the group Vecity of the packet
were near the minimum of the dispersion curve, so it is plausibldadt the waves
observed were solitary waves.

To the best of the author's knowledge no other experimental wio has been
done on deep water gravity-capillary solitary waves, while #goretical advancements
have been abundant. The results of the experimental works ab®th qualitatively
and quantitatively consistent with the 2D theory, but they do rot address the 3D
nature of the problem that appears to be so evident in more reatecalculations.
Furthermore, theoretical and experimental results regardg the unsteady behavior
and stability of any lumps that may exist are lacking. Clearly,experiments in this
area are long overdue. Therefore, results of experiments kowy at the non-linear
gravity-capillary wave pattern generated by a moving presser source travelling

below the minimum phase speed are presented in this chapter.

4.3 Experimental details

4.3.1 Experimental setup

The experiments were carried out in a tank that is 7.3 m long,6/cm wide and
91 cm deep, see gure 4.2. The sides and bottom of the tank werenstructed out
of translucent glass, and the tank was lled with water to a depthof approximately

H = 60 cm. The surface tension, measured with a Willhelmy plate, vgamaintained
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at =73 dynes/cm throughout the experiments via a surface skimmema Itration
system, so thatBo  1=3 (i.e. deep water). A pipe with inner diameterD = 2.5
mm was positioned 1 cm above the water surface and mounted on arislation
stage, which is attached to a carriage that rides on top of theahk. The pipe was
secured in a silicone slot between two aluminum plates and moewk to the carriage
with vibration reducing bushings to prevent the pipe from shakg when the carriage
was moving. The carriage was towed by a steel cable attacheda®ervo-motor and
the speed of the motor is controlled by a PC. The carriage is aaerated from rest
to a constant speedJ, at an acceleration of 10 cm/4. We de ne a speed parameter,
= U=Gnin. This speed parameter was in the range®< < 1:03 for these
experiments. Output from a linear displacement position sensohat monitors the
position of the carriage as a function of time revealed that #hcarriage speed varied
by less than 03% from the nominal speed during an individual run and the avage
speed varied by @M1% from run-to-run. A pressure disturbance was made on the
water surface by connecting a pressurized airline to the 2.5 mmlte. By controlling
the air ow-rate with a ow metering valve, various amounts d forcing were applied.
We de ne a forcing parameter, = hy=D, wherehy is the depth of the water surface
depression created by the air-forcing when the carriage is gtatary. For these
experiments, the forcing parameter was in the range®< < 0:69. Measurements
of hg using a high-speed camera showed a variation of about 5% of theandrom

run-to-run for a given forcing, see the discussion in section £3.
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Figure 4.2: Schematic of the experimental setup used in the galy wave exper-
iment. A small pipe (2.5 mm ID) is mounted in a vibration reduang casing and
attached to a movable carriage. A pressurized air line pushes tirough the pipe to
generate a small depression on the water surface. A high-speed esn{not shown)
images the pattern from the side. The pipe is towed in the (streamwise) direction,
and is mounted on a translational stage so it can be displaced ingly (cross-stream)
direction.

4.3.2 Measurement details

In order to measure the wave pattern, two di erent techniqueswvere used:
laser-induced uorescence (LIF) and shadowgraph. In the LIF ntleod, Fluourescin
dye was added to the water and a small ( 5 cm wide and 1mm thick) laser
light sheet was projected onto the water surface from below. Thlight sheet was
oriented so that its long axis was in the direction of the carage motion (i.e. thex or
streamwise direction). A high-speed camera (Phantom 9, Vision Bearch, 1632 x
800 pixels at 800 fps) was positioned outside the tank and remathstationary. The
camera imaged the intersection of the laser sheet and water swdafrom the side
and slightly above the mean water level. In this con gurationthe camera recorded
images as the wave pattern passed by, and these images were thegduo track the

height of a particular point using the edge detection algoritms described in section
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2.3.3. For these experiments, one pixel corresponded to rougld.02 mm in the
physical plane. Tracking the height of one point as a functionf time yields z(t),
which, assuming the pattern to be steady, can be converted to a 2o le, z(x),
using the known speed of the carriage and frame-rate of the caiaeln this method,
the frame rate was set to 500 fps. This processing method was peularly useful
for obtaining a \wide" view of the pattern since a large numbeof images & 1000)
can be taken that captured both the approach and departure dhe wave pattern
from the measurement area. However, because of lighting limtitans, the frame rate
was low enough that this method only captured 4 or 5 frames netne center of the
pattern, or a streamwise distance of about 2 mm. To obtain a moreethiled view
in this region, a 2D pro le was extracted from a single image e the center of the
wave pattern, again using the edge detection techniques debed in section 2.3.3.
Note that, in the end, both of these analysis techniques yielt(x) for a single movie.
Since the pipe was mounted on a translation stage, it could bespiaced accurately
in the cross-stream Y) direction. Repeating a set of experimental conditions with
the pipe at di erent y-locations yielded several 2D £(x)) pro les that were combined
together to form a detailed 3D ¢(x;y)) picture of the pattern. To ensure that the
streamwise k) location of the pattern was the same at each frame from di erg
movies, the camera was triggered by the passage of the pipe thgbua laser-photo-
diode circuit. The position of the pipe in the high-speed movieas repeatable to
within 0.5 mm ( 1=5 pipe diamters) from run-to-run using this method.

One draw back of the LIF method is that the laser light could beame highly

refracted in regions of high surface curvature, which wereiprarily in the plane of
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the light sheet, making detailed measurements of quantities du as the maximum
depth unreliable. Therefore, in the shadowgraph techniqué)e camera was reposi-
tioned to view the pattern from just below the mean water leveind a white light
source backlit the image to create contrast between the air anthe water. This
technique removed the refraction issue and allowed for verytdded measurements
of the underwater pro le as well as accurate measurement oféghmaximum depth
of the depression. Because the length scales are smalll mm) an accurate mea-
sure of the mean water level was important. To this end, a chestlboard pattern
with diagonal lines was mounted vertically and partially sulmerged so it could be
viewed by the camera below the water surface. The location wigethe diagonal
lines were seen to change direction (because of re ection o thfe underside of the
free surface) was called the mean water level. With this metdowve are con dent
that we can locate the mean free surface to within 5 pixels (Ortm in the physical
plane). The accuracy of this method, combined with the accacy of the air- ow
monitoring system, is the source of the 5% error iho mentioned above. Shadow-
graph measurements were also made with the camera mounted t@tbarriage. To
prevent camera shake in the images, the camera was connectedtoustom-made
1=2 inch-thick aluminum plate that acted as a brace for both theeamera body and
the lens element. This plate was then attached to a ball-mourripod head (Arca
Swiss Monoball) and was attached to the carriage using vibrain isolation bushings.
Because the camera moved with the pipe in this con gurationt captured any time

dependent behavior of the wave pattern at various towing spes.
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4.4 Results and discussion

4.4.1 Behavioral states and a critical jump condition

In order to understand the qualitative shape of the surface waveattern at
various speeds, the high-speed camera was rst mounted to the gage and pic-
tures were taken of the wave pattern from above the water suda. These images,
presented in gure 4.3, show the three-dimensional pattern thidorms around the
pipe as it moves at various towing speeds. In all the photos, thége (and hence the
forcing) is moving from right to left. The surface is back-litand the light and dark
patterns formed are caused by ridges and depressions with vaissslopes and curva-
tures. Roughly speaking, the dark patterns represent downwarsloping faces that
are blocked from the light and the light patterns are ridges rocrests that are well
illuminated. At low speeds, 4.3(a), there is a depression locatalirectly beneath
the air-jet which is fairly symmetric in the streamwise and crosstream planes and
the pattern resembles the stationary condition. We call this an guration state |I.
At higher speeds, a trailing wave forms that lags the locationfahe pressure forcing
(b). This trailing wave has larger cross-stream extent, and meg further behind the
air-jet as the speed increases (c{d). We call this asymmetric mguration state II.
As the towing speed approaches,, , the wave exhibits time-dependent behavior,
and begins to stretch out into a \V" shape (e). We call this time-&pendent state
state IIl. Finally, above cni, , the air-jet creates a steady wave pattern with a wave
\cone" that is typical of the wave pattern generated by fast mwing objects.

To further elucidate the shape of the wave pattern in states | ahll, shadow-
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Figure 4.3: Images of the wave pattern taken from above the tea surface with
the high-speed camera. The forcing parameter is approximéte = 0:43. The
pressure forcing (and the pipe) are moving from right to left. & = 0:905, (b)

=0:927, (c) =0:948, (d) =0:970, (e) =0:981, (f) =1:03. The pipe OD
is approximately 3.2 mm for scale.

graph images are shown in gure 4.4. In these images, the cameiaws the wave
pattern from slightly below the mean water level, so the top hélof the image is
merely a re ection across the water surface. In all of these imag the air-jet is
moving from right to left. Although it is not shown in these cropped images, the

pipe is visible in the raw images and a rough pipe position can bletermined. The

3Here we say \rough" because the camera is focused on the wave pattern, not the pipe. thbugh
they are at nearly the same working distance from the camera lens, the wave patteris being
viewed through water, while the pipe is being viewed through air. This results ina di erence in
path lengths of the light coming from each object, so while the wave pattern appars in focus, the
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Figure 4.4: Shadowgraph images showing the shape of the wavétgra for several

values of the speed parameter for = 0:43. The images are taken from slightly
below the water surface so the top half of the image is a re ectio In all cases, the
air-jet is moving from right to left. The black lines denote he approximate position

of the pipe when the photo was taken. Each image is roughly 9% 7 mm in the

physical plane. (a) =0:73,(b) =0:82,(c) =0:90,(d) =0:90, (e) =0:92,

(f) =0:95. The letters correspond to the points on the curve in gure.8.

approximate location of the pipe at the moment the image wasaken is denoted
by the dark vertical lines in the images. For low the pattern is in state | with a
symmetric shape and the pipe located over the point of maximuregth, as in (a{c).
This shape resembles the case when the pipe is stationary and is esakly a linear
response. For larger , the pattern is in state Il, with the forcing located ahead of
the point of maximum depth, and the formation of a trailing wave, as in (d{f). One

can also notice that the depth of this trailing wave decreasesd it moves further

pipe appears out of focus, so its precise position is di cult to determine. What we report here is
merely based o of visual observation.
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behind the pressure forcing as is increased.

The transition between states | and Il is abrupt; a small changai can yield a
dramatically di erent response. In fact, the two images in gues 4.4(c) and (d) are
from experiments with the same value of, indicating that at some speeds there may
even be a kind of bimodal behavior. To investigate this trangibn, the peak depth of
the wave pattern, h,i, , was measured as a function of the speed parameter This
peak depth was normalized byhg and results are shown in gure 4.5 for = 0:43.
Note that the quantity hni, =hy is being reported as positive, although these are
depression type waves. Each data point in the gure represents aeasurement
from a separate experimental run. The data in gure 4.5 show thaat low speeds,
the depression gradually increases in depth with increasing sge€erhe noise level
in this region, say for < 0:85, is quite low. However, at a certain critical speed

o with . 0:9 for this particular case, there is a discontinuous jump i, =hg.
Points below this jump (i.e. on the lower curve) are always @erved in state | while
the points after the jump (i.e. on the upper curve) are obserdeto be in state II.
This is supported by the location of the letters in gure 4.5 with correspond to
the conditions for the pictures in gure 4.4. Near the jump, wesee more noise in
the experimental data, and even the bimodal behavior menti@d above. Take, for
example, the six runs with 0:9; four were observed to be in state I, while two
were observed to be in state Il. This small overlap between the éncurves may
be due to small errors in carriage speed or air- ow rate ratherhan some purely
bimodal behavior, but it is clear that the response of the systens ivery sensitive
to the experimental conditions in this region of the parametr space. Furthermore,
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Figure 4.5: Normalized peak depth of the wave patterhn,i, =ho, versus for =
0:43. Each data point is taken from a di erent experiment. The étters correspond
to the approximate location of the images in gure 4.4.

near the jump condition, oscillations begin to appear in the ave pattern, another
reason for higher experimental noise in this region. This witle discussed more fully
in the next section. As a side-note, the shape of the curve in 4.5 seeto resemble
the response of a damped, driven, non-linear oscillator nearehesonance condition,
where the amplitude is observed to jump with small changes in &forcing frequency.
The value of . where the transition between states | and |l occurs is dependen
on the level of forcing. This is shown grahpically in gure 4.&vhich shows a plot of
hmin = min Versus for four di erent values of . Here the choice of the minimum
gravity-capillary wavelength . =2 ( =g ) as the non-dimensionalizing paramter

is useful as the data curves collapse in state Il (note that if weall instead chosethg
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Figure 4.6: Normalized peak depth of the wave patterhpi, = min Versus the speed
parameter . Four dierent values of are shown. = 0:30, = 0:43, 3
= 0:51,4 = 0:69. Note that all the data fall on a common line in state II,
independent of the level of forcing. Points above this curvat high values of
represent conditions where the pattern is in state Ill, see textThe points with the
are the approximate values from the inviscid, freely propogiag lump solutions
calculated by [27], their gure 6.

as the length scale the curves would not collapse in this regismcehg is di erent

for each case). Because,, is the same for each case, the universal behavior of the
curves indicates that in state Il there is a one-to-one relainship between wave depth
and phase speed, a behavior that is typical in the theory and aallations of gravity-
capillary solitary waves. For example, also shown in gure 4.6 arapproximate data
from [27] for steady numerical calculations of freely propagjng lumps (their gure

6). As can be seen in the gure, the numerical calculations of {Rdo not match the
curve for state Il, although they do appear to roughly intersdcthe state I-state Il

transition point for the two lowest forcings ( = 0:30 and = 0:43). For high levels
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of forcing and high towing speeds, the data appear to move awawprn this universal
curve, showing a di erent kind of behavior; see for example thgoints for = 0:69
and > 0:90in gure 4.6. As will be seen, the behavior of the wave patterm this
region is due to a transition to the time-dependent state Il ad will be analysed
in the next section. It is clear from gure 4.6 that the value of . decreases as
increases, indicating that nonlinear e ects are important ogr a broader range
of speeds when the forcing is higher. Figure 4.6 also shows thangition region

appears to broaden with increased forcing, so that the jump igds abrupt.

4.4.2 Time-dependent behavior

As was described in the previous section, at low a stable, symmetric state |
response is observed while for highera stable, asymmetric state Il reponse is seen.
In between, there is a transition between the two states. This ansition is very
abrupt for low but becomes more gradual at higher. However, as is shown below,
regardless of the value of, a clear time-dependent behavior is observed near the
transition point. Similarly, for high values of and , time-dependent motions are
also observed although these motions are of a di erent charactand are therefore

referred to seperately as state Ill.

4.4.2.1 Transition to state Il

To measure the time-dependence near the transition from statetd state II,

the camera was mounted to the carriage to take shadowgraph nies in a frame
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Figure 4.7: Plot of the normalized peak depth of the wave patn h,,, =hy as a
function of time for = 0:43 and various values of . = 0:88, = 0:89,
=0:905,0 =0:907,4 =0:9009.

of reference moving with the pipe. This allows the time-depeent behavior of the
pattern to be recorded as the pressure forcing moves down thenka The camera
was triggered with the start of the carriage motion so the intibstartup could also
be captured. The results are presented in gure 4.7 which showdmormalized peak
depth of the wave patternhy, =hg as a function of time for = 0:43 and several
values of near .. The camera passes in front of a column of the tank half-way
through the carriage motion (from about 5{5.5 seconds), so theris a small gap in
the curves. It should be noted that for the shadowgraph measurents presented in
the previous section, the camera (which was stationary) was giioned about 30 cm
beyond this column, so the moving camera passes the original sbagraph location
at aroundt = 7 seconds. For low values of , the pattern appears to be stable in the
lower state I, and the wave resembles the pictures shown in gure4(a{c). As the

towing speed is increased, the maximum depth shows oscillatianghe vertical (z)
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Figure 4.8: Plot of the normalized peak depth of the wave patn h, =hy as a

function of time for = 0:30 (upper plot) and = 0:51 (lower plot) for various

values of . Upper plot: = 0:927, = 0:938, =0:940,0 =0:9440,4
= 0:9444. Lower plot: = 0:856, = 0:862, =0:873,0 =0:884,4
= 0:888.

direction. Both the amplitude and the period of these oscillabns appear to increase
with increasing towing velocity. Finally, after only a small alditional change in

( =0:002 or about 0.05 cm/s), the pattern jumps into the higher statél, where
it appears to be relatively stable again, and the wave resembl¢he photograph
shown in gure 4.4(d).

The range over which these oscillations occur and their amplide are also
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a ected by the level of forcing. This is presented graphicajflin gure 4.8, which
shows the normalized height as a function of time for = 0:30 (upper plot) and

= 0:51 (lower plot), for several values of near . (time-dependent data for

= 0:69 were not recorded). In both of these cases we see similar betvava stable
state | hn,, at low speeds, oscillations that increase in both amplitude andepod
as s increased, and nally a \jump" to state Il. For = 0:30 this jump is very
sudden; the di erence in speed between the highest two curvesthre upper plot is
only 0.01 cm/s. For = 0:51, the jump region is broader; for example the di erence
in speed between = 0:873 (diamonds) and = 0:884 (down triangles) is 0.25
cm/s. Although, even for = 0:884, the wave pattern was even observed to be
stable in state Il, brie y transition to state I, then back to state Il (see gure 4.8
lower plot), so there still appears to be some instability even fa larger di erence
in towing speed.

The oscillations in gures 4.7 and 4.8 appear to decay as the wapropagates,
indicating that they may be transient. The period of the osciltions are very large
(1 s)in comparison to a capillary-gravity time scale ( ( =g 3)*™ 0:.01%), and
persist even though the wave pattern has traveled many wavelgihs at a constant
speed (1 second of time is roughly 100 tube diameters). To invegtte whether the
oscillations eventually decay to zero, the shadowgraph setupasvmoved to allow
movies to be recorded further down the tank from where the mioin starts. Due
to lighting limitations, this setup could not capture the entire motion in a single
run. Figure 4.9 showshy,, =hy versus time for = 0:43 and = 0:905, with the
data from the extended run plotted along with the original déa from gure 4.7 for
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Figure 4.9: Plot of the normalized peak depth of the wave patn h.,, =hy as a
function of time for =0:43 and = 0:905. are the original data and are the
data from the extended run.

comparison. The camera passes in front of another tank columntiveen roughly 10
and 11 seconds so there is another gap in the data. The gure shotlat while the

amplitude of the oscillations does decrease, it does not appéareach zero, at least
over the range measured. Furthermore, at late times, the osailion period does not
appear to be as regular as it was near the startup. Unfortunatelthe length of this

data set reaches the physical limitations of our experimentdcility, so whether or
not the wave pattern settles to a steady state near., given enough time, is still an

open guestion.

4.4.2.2 State Il behavior

After passing through the region of unsteady behavior below, the wave pat-
tern becomes steady again in state Il, and the wave shape resemsbeat in gure

4.4(f) with two peaks, one located under the forcing, and thaltger depression lag-
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ging the forcing. As is shown in gure 4.6, as the towing speed isdreased further,
the amplitude of this trailing depression decreases. As the ampide of the follow-
ing wave decreases, the amplitude of the leading wave actualhgreases eventually
becoming larger than the following wave if the towing speed lEgh enough. Even-
tually, for high levels of forcing and high towing speeds, thestationship between the
amplitude and phase speed of the wave departs from the universahavior noted in
gure 4.6 (see for example the points with  0:40 and for > 0:905) and the wave
pattern begins to exhibit a time-dependent behavior. The oslations of the wave
in this upper region are characterisitcally di erent from the oscillations observed
between state | and state Il. The wave motion does not appear toebstrictly peri-
odic, but it does have a rather well de ned \cycle" with the \shedding" of solitary
depressions from the tips of a \V"-shaped pattern. Figure 4.10 stws images of the
water surface as the wave passes through one of these cycles. Iaithiage sequence,
the camera was mounted to the carriage and moved with the pipénitially the wave
has a \V" shape as shown in gure 4.10(a). The pattern then stretobs out as two
disturbances are shed from the tips of the \V" (b{c) producing a rore localized,
linear response (d). The nonlinear response quickly grows agaimd the \V" shaped
pattern is observed once more (e{f). The temporal spacing bedn each image is
0.36 seconds. These images have been found to match quite wek e numerical
calculations of Akylaset al. based on the simple model equation discussed in section
4.2, [101].

This same shedding cycle is shown in gure 4.11 which presents a \seace
of shadowgraph images of the pattern taken from below the watsurface. For
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Figure 4.10: Sequence of images showing the \shedding" ostitla of the wave
pattern in state Il from above the water surface for = 0:43 and =0:981. The
images are separated by 0.36 s in time. (a) The pattern begins a\V" shape. (b{c)
The pattern stretches out as two small disturbances are shed bagkrds from the
tips of the \V". (d) The response momentarily resembles a locakd, linear response.
(e{f) The nonlinear response quickly grows and the \V"-shaped gtern is observed
once more.

these images, the camera was also mounted to the carriage and atbwith the
pipe. The parameters are = 0:51 and = 0:958; note that these are di erent
than the parameters for the images in gure 4.10. The tempotapacing between
each image in gure 4.11 is 0.2 seconds. The pattern begins wighsmall trailing

wave pattern 4.11(a), and the dip under the pressure forcing gws (b). As the
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Figure 4.11: Sequential shadowgraph images taken from belthne water surface
showing the oscillation of the wave pattern for = 0:51 and = 0:958. The spacing
between each image is 0.2 seconds. (a) The wave begins with alitrg depression.
(b) The amplitude of the peak under the forcing grows. (c) As theeak grows it
moves backwards (moving slower than the forcing) (d) As the mapeak moves back
further, the trailing wave grows in amplitude, and is eventally \shed" in (e). (f) A
new trailing peak is formed and the pattern begins to retakes original shape (g)
and (h).

amplitude increases, the phase speed decreases and the peak beagimove behind
the pressure forcing (c) and the amplitude of the following wavincreases as well

(d). As this \peak" continues to move back, the trailing wave $ \shed" (e), and is
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eventually replaced by the backwards propogating peak (f)lhe wave then returns
to a shape similar to its original con guration (g{h). As the images in gures 4.10{
4.11 show, as the speed approachgg, a highly time-dependent, highly-3D pattern
develops, although this pattern does not appear to have a verggular period. For
speeds even closer @, the various shapes of the wave do not necessarily resemble
those in gure 4.11 as the wave pattern becomes highly exterdibehind the forcing
and the ability of the shadowgraph technique to understand thevave shape (i.e.
a 2D projection of a 3D pattern) becomes rather limited. Prahinary results of
the work by Akylas and colleagues (personal communication) & shown that the
time dependent behavior at high towing speeds may be the reswit secondary and

tertiary \resonances", with multiple solutions at a given vale of .

4.4.3 Three-dimensional shape

In addition to the changes in the streamwise shape of the patterthe cross-
stream shape is also a ected by the towing speed. Variation in theross-stream
shape was measured using the LIF technique. By measuring a serie2[d pro les
inthe x z plane, and with the pipe at variousy locations, it is possible to combine
these pro les together to form a surface(x;y). It is important to note that while
this method accurately measured the majority of the wave pagn, it was rather
poor at resolving the details of the depression directly bendathe pipe. This is
because the highly curved surface under the pipe caused larg&aetion patterns

and line-of-sight blockage in the image that made accurate m&urement somewhat
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unreliable. Furthermore, the small size of the pipe, the nitavidth of the laser sheet
and the nite spacing between they locations all compounded to make the actual
surface under the pipe almost undetectable with the LIF methadFor example, the
width of the light sheet ( 1 mm) and the spacing between consecutiyelocations
(2.5 mm) are nearly the same as the diameter of the pipe, so angfigres that have
a width on the order of the pipe diameter will only appear in a sigle z(x) pro le.
So, while two distinct peaks can be seen in shadowgraph imagesvamon gure
4.4(f), one beneath the pipe and one trailing it, only the laer, which is much wider
in the cross-stream direction, is resolved using the LIF technigu
Figure 4.12 shows a typical set of results obtained using the LIFathod. The

gure shows a surface plotz(x;y), with underlying contours, of the wave pattern at

=0:43 and =0:95. In the gure the pipe motion is in the negativex direction.
Lines in thex z plane are obtained by tracking the location of the free surfacat
one horizontal location in a single movie, and each line wastaimed from a di erent
movie with the pipe placed at a di erenty position. The gure is exaggerated by a
factor of 10 in the vertical (z) direction. One conclusion that can be made from this
surface plot is that even though eaclz(x) slice was obtained from a di erent run,
the data appear to line up in they (cross-stream) direction very well, indicating
that the pattern is both steady and repeatable. The surface shewa very clear
3D pattern that is highly localized in all directions, elong#ed in the cross-stream
relative to the streamwise, and very clearly resembles the gigxcapillary lump
solutions computed by previous authors; see for example gurel4 The asymmetry

between the streamwise and cross-stream directions is shown mdeady in gure
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Figure 4.12: A typical surface plot obtained using the LIF metbd with = 0:43
and = 0:95. The data are obtained by tracking the height of a single pai in
a movie as the wave passes by. Each line in the =z plane is obtained from a
di erent run with the pipe at a di erent y location. Thex andy axes are scaled the
same, but the vertical scale is exaggerated by a factor of 10. dlsmooth variation
of the pattern in the y direction is indicative of the repeatability and steadinessfo
the wave pattern.

4.13 which contains plots of the streamwise and cross-stream ples at the center
of the wave pattern. The streamwise pro le also shows a slight asynatny, with
the elevation of the leading edge (to the left) smaller than th trailing edge. This
is somewhat in contrast with the results of [121] who found the deling edge to be
larger in their numerical calculations of a pressure source mog near Gy, . Closer
analysis of the streamwise pro le in gure 4.13 also shows that th&#ough is not
symmetric either; the downstream edge appears to have a slightange in curvature
nearx 3 mm. As the shadowgraph data showed, this is most likely the logah
of the leading depression that is located beneath the pipe, bug unable to be
resolved accurately with the LIF method.

Figure 4.14 shows the dependence of the 3D behavior of the waeatern on

the translation speed for a constant value of the forcing parartex . The gure
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Figure 4.13: Streamwise (solid) and cross-stream (dashed) prclat the center of
the surface pattern shown in gure 4.12.

shows a top view X vy plane) of the wave pattern with = 0:43 but with three

di erent values of the speed parameter . All three plots are colored on the same
vertical scale so direct comparisons can be made. The patternpagars to change
only slightly between =0:86and = 0:90 (a{b), with a marginal increase in depth
and cross-stream extent; these are state | responses. However, betwee= 0:90
and = 0:95 (b{c), we see a marked increase both in the depth and the cross-
stream size of the wave pattern, all while remaining highly l@dized; this is a state

Il response. The clear 3D character of the wave pattern in statd, Icoupled with
the distinct nonlinear response of the wave amplitude above, leads us to believe
that the wave pattern trailing the pressure forcing in state Il § a gravity-capillary

lump that is being excited by the motion of the pressure forcing
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Figure 4.14: Top view (x-y plane) of the reconstructed wave piarn for = 0:43
and at three di erent values of . (a) =0:86,(b) =0:90, (c) =0:95.

4.5 Summary and conclusions

The results presented here have shown that a pressure source mowngr a
free liquid surface at speeds below the linear minimum phase spgegeates a wave
pattern that is locally con ned in 3D. These solitary waves, comnonly referred to as
lumps, are elongated in the cross-stream direction relative tdvé streamwise direc-
tion, and have a phase speed that is related to the wave depth. Fa given forcing,
the maximum wave depthh., increases slightly with increasing speed, until at
a certain critical speed, whereh,,, \jumps" and the wave pattern looks qualita-
tively di erent. After this jump, hnyi, appears insensitive to the level of forcing
and shows a one-to-one relationship with the phase speed. Therm@f maximum

depth, while initially located directly beneath the forcirg, begins to trail the forcing
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beyond this jump condition. In the region near, but below thgump condition,
oscillations appear in the wave pattern. Both the period andhe amplitude of
these oscillations increase as the wave speed is increased, amdrtnge of speeds
over which these oscillations occur depends on the level of &épd forcing. Time-
dependent behavior is also observed at high towing speeds, giemarge enough
forcing. This time-dependent behavior may be related to thexistence of secondary
and tertiary \resonances" observed in some numerical solutions.h€& results of this
work comprise the rst experimental investigations of the thre-dimensional nature
and time-dependent behavior of gravity-capillary solitarywaves on deep water, and

help to elucidate the physics of solitary waves in nonlinear sfpersive media.
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Chapter 5

Summary of contributions and future work

This thesis presented some experimental investigations of clguiy e ects on
free-surface waves. In particular, our goal was to understandmse of the compli-
cated surface phenomena that result from nonlinear e ects sucs wave breaking
and the formation of gravity-capillary solitary waves. Whilethe current work was
directed in these speci c areas, the results have some broader imogtions in uid
mechanics as well as in other areas such as physical oceandgyagnd nonlinear
wave theory. As waves steepen, driven either by direct wind fang or nonlinear
interactions, capillary e ects can become important near th wave crest just prior
to breaking. Although it was previously held that the crest shapat breaking was
independent of the breaker wavelength, the current resultgeato the contrary. Sev-
eral measurements of the crest shape showed signi cant change ur experiments,
a result most likely attributed to the fact that the current work covered a larger
range of wavelengths than previously reported. This change crest shape is impor-
tant because it implies a coupling between the small scales, wiare dominated by
surface tension, and the larger scales, which are dominated byagty, so attempts
to understand the dynamics at small scales independently may b@sguided. It was
also found that plotting the various crest measurements versuscertain measure

of the wave slope revealed a monotonic behavior that is indepent of the method
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used to generate the wave. This indicates that the wave dynaosi near breaking
are una ected by the wind. This result is particularly useful kecause it leaves open
the possibility for studying the small surface features producday breaking, such as
ripples, drops and bubbles, without the need to recreate windaditions experimen-
tally or numerically. Interestingly, although the dimensioral shape changes with the
dynamics of the gravity wave, the non-dimensional crest shapemains remarkably
self-similar over a large range of wavelengths and breaker 8g Finally, the slope of
the wave at breaking, and hence the shape of the crest, was fouodoe a function
of the wave growth rate and phase speed, a result which contrilas to our under-
standing of a universal breaking criterion. Although this restilwas determined for
individual waves, it seems plausible that it is related to the laking criterion put
forth by [64] who used the growth rate of the energy at the pealkf the modulating
wave packet as a means of determining breaking. How these twsuks are related
is an area for future investigation.

Once breaking begins, the ow quickly transitions from an esseally 2D irro-
tational ow to a 3D turbulent ow that produces an assortment of surface ripples
in the breaking zone. The experiments presented here repreisesome of the rst
investigations into the three-dimensional nature of the surfze ripples generated by
unsteady spilling breakers. The results show very clearly the mence of periodic
streamwise ripples generated at the leading edge of the bregkan observation
in agreement with previous experiments. An entirely new resuls that the pe-
riod of these ripples appears to be related to the generatiori three-dimensional
surface motions, as evidenced by the large variation in the @®-stream ripple ampli-
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tude. Moreover, this urry of cross-stream activity coincideswith the troughs of the
streamwise ripples, as opposed to their crests as was previousligexed. Both the
streamwise and cross-stream ripples do not Froude scale, furthebstantiating the
idea that these motions are controlled by turbulent length sdas and surface tension.
The typical cross-stream ripple amplitude was found to have a bic dependence on
the breaker wavelength, a result that may serve well in obtaing estimates of small-
scale uctuations from observations of breaker phase speeds aawelengths in the
eld. Measurements of 1D cross-stream surface gradients showee thxistence of
thin and persistent \scar"-like regions in the breaking zone. fiese features appear
to be produced in the troughs of the streamwise ripples, and mayelhe result of
low or high-speed \streaks" that have been observed near the credtsteep waves.
We use these results to speculate a possible model for the distritmutiof vorticity in
the early stages of breaking. Measurements or numerical cdltions of the time-
dependent ow velocity in this region would certainly sharpa our understanding of
the sub-surface turbulence and its role in the production of 30pples.

Finally, the nonlinear wave pattern generated by a moving @ssure source
was also investigated. Water waves by nature are dispersive anehfure a min-
imum phase speed at nite wavenumber. Local extrema of the phaspeed are
known bifurcation points between linear wave trains and saéry-wave type solu-
tions. Morever, if this extrema happens to be a minimum, 3D stéiry wave solutions
may be expected. In this thesis it was shown that a moving pressuseurce can
produce a stationary 3D wave pattern that travels at speeds b@k the minimum

phase speed. An entirely novel result is that the wave pattern urmdgoes a series of

122



transitions that result in a dramatic change of the wave state. Aspeeds far below
the linear minimum no waves are produced, and the pattern resibles the stationary
case. However, at a certain speed there is an abrupt transition eowave-like state
with an asymmetric pattern that forms behind the pressure foraig. This wave is
elongated in the cross-stream direction and is qualitativelyniagreement with recent
numerical calculations. It was also shown that in this state the aximum depth of
the wave has a one-to-one relationship with the phase speed, ancoon feature of
solitary wave behavior. The boundary between these rst two st&s appears to
be unstable, with the appearance of periodic oscillations irhé wave pattern. At
even higher speeds, but still below the minimum, there is a secotrdnsition to a
time-dependent state that features the shedding of solitary geessions from the tips
of a \V"-shaped pattern. The abrupt transitions between these vaous states are
somewhat analogous to resonances in forced non-linear ostolig, although the pos-
sibility that several such \resonances" might exist is intriguing Although this work
pertains to waves on water surfaces, the results generalize ther areas of physics
with dispersive wave systems and phase speed minima, such as the geiua of

rotons in super uid helium or waves in plasmas.
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Appendix A

Wave growth rate

To illustrate the choice of the average growth rateP, consider the wave crest
height versus time data for focused breakers plotted in gure A. In this plot, the
crest height, z(t), is nondimensionalized by its maximum value for each wavend
the time t is nondimensionalized by the average wave frequendy Y with t = 0 the
time of incipient breaking. Data are shown for the seven dispevsly focused waves.
As can be seen from the plot, the instantaneous rate of change afménsionless
crest height is nearly zero at incipient breaking for all the aves. However, the wide
range of changes in height over the time period from say = 0:2 to tf = 0 for
the various waves indicates a wide range in average rate obgth. The data in
gure A.1 are consistent with a wave crest traveling through a waw packet envelope
and breaking when the wave reaches the position of the maximuheight of the
envelope. The crest height data for the side-band waves and sowfethe wind
waves show similarly shaped curves.

Values of P could not be computed for ve of the wind waves. The problem
in computing P for these waves stems from the fact that wind waves break at
random times and locations and that they interact with otherwave components
during breaking. Because they occur randomly, it is di cult to get a full movie of

the breaking event; see description of procedure for obtaigjnmovies of these waves
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Figure A.1: Non-dimensional height£(t)=z-o ) versus non-dimensional timetf ) for
the dispersively focused breakers. Hem:t) is the wave height at any timet with
t = 0 the time of incipient breaking, z;-¢ is the wave height at incipient breaking
and f is the average frequency of the wave packet.

at the end of section 2.3.3 . Thus, in some of the waves there wasptwtographic
record of the breaking event for the required 0.23 wave ped® prior to incipient
breaking. The interaction of the breaker with other wave comonents is seen in the
movies as the pre-breaking crest moves over small slow-movingver components.
Sometimes the breaking event is triggered by this interacn. While the crest
shape data at the incipient condition was included in the geoatry parameter plots
for these breaking events, a growth rate could not be obtainednse these waves

can break even when the crest height has been constant or desieg up to the
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point where the long wave interacts with the short wave. Our fationship between
Co=Gnin » P=G and m is not valid for these waves since the breaking mechanism does
not involve a continuous increase in amplitude leading up toncipient breaking.
It is interesting that, even for these breaking events, the geaatrical parameters
describing their crest shape fall on the same curve when plotteérgusm as the

data from the other waves.
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