An experimental study of deep water plunging breakers
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Plunging breaking waves are generated mechanically on the surface of essentially deep water in a
two-dimensional wave tank by superposition of progressive waves with slowly decreasing
frequency. The time evolution of the transient wave and the flow properties are measured using
several experimental techniques, including nonintrusive surface elevation measurement, particle
image velocimetry, and particle tracking velocimetry. The wave generation technique is such that
the wave steepness is approximately constant across the amplitude spectrum. Major results include
the appearance of a discontinuity in slope at the intersection of the lower surface of the plunging jet
and the forward face of the wave that generates parasitic capillary waves; transverse irregularities
occur along the upper surface of the falling, plunging jet while the leeward side of the wave remains
very smooth and two dimensional; the velocity field is shown to decay rapidly with depth, even in
this strongly nonlinear regime, and is similar to that expected from linear theory—the fluid is
undisturbed for depths greater than one-half the wavelength; a focusing or convergence of particle
velocities are shown to create the jet in the wave crest; vorticity levels determined from the
measured, full-field velocity vectors show that the waves are essentraligtional until incipient
breaking occurs; and the magnitude of the largest water particle velocity is about 30% greater than
the phase speed of théequivalent linear wave. ©1996 American Institute of Physics.
[S1070-663(196)00509-0

I. INTRODUCTION electromagnetic waves and their backscatter from the ocean
surface are believed to be coupled fundamentally with break-
Breaking waves play a significant role in air—sea inter-ing events, it is extremely important to understand the break-
actions such as energy transfer from wind to water, in moing process more fully.
mentum transfer from waves to currents, and in turbulence In recent years, theoretical and numerical analyses of
generation and turbulence—wave interactions. Knowledge afiear-breaking waves have advanced significantly. Longuet-
the hydrodynamics of breaking waves is necessary to imHiggins and Cokelet? using potential theory and a confor-
prove the design of offshore structures and ships exposed tnal mapping, developed a numerical technique to solve the
extreme sea conditions, to understand the dynamics of theeriodic, two-dimensional, deep water near-breaking-wave
upper layer of the oceans, and to facilitate the correct interproblem. Large accelerations in breaking waves were cap-
pretation of remotely sensed data. Breaking, progressive sutdred using a dynamically controlled time-stepping proce-
face waves are usually categorized as spilling, plunging, odure. A similar method was adopted by Vinje and Bréviy
combination (spilling—plunging waves, regardless of the study the near-breaking-wave problem. They solved numeri-
depth of the liquid on which they propagate. Plunging break<ally for the flow in the physical plane. Tandkademon-
ing is a dramatic wave phenomenon widely observed orstrated that periodic waves with wave steepness greater than
ocean surfaces and is the topic of this experimental effort andpproximately 0.43(the steepness with maximum energy
discussion. These waves are characterized by the formatiatensity are unstable, a discovery that led Jillifns inves-
of an increasingly protruding and overturning fluid mass attigate the evolution of the instability to show how it eventu-
the wave crest, which enters the forward face of the wateally leads to breaking. Dommermuth and Yugerformed
surface as a jet. Due to their complexity, plunging breakinghigh-resolution computations using a semi-Lagrangian
waves have never been explained adequately and are the fecheme and a regridding algorithm. A numerical, time-
cus of the present study. marching model to simulate a deep-water breaking wave was
The breaking process is coupled through wave forces tased by Skyneet al® and Skyner and Greatétb compare
the design of offshore structures and ships. Also, the dynantheory and experiment. Therein, the wave evolution and the
ics of the upper ocean are clearly influenced and known to beelocity field were calculated until the occurrence of jet im-
affected by the breaking of surface waves. More recently, theingement on the forward face of the wave. Repeated as-
interpretation of remotely sensed data is seen to requirsaults by Peregrine and co-worker®.g., Dold and
knowledge of the breaking process and subsequent shoreregrind®) using computations simulating fully nonlinear,
wave generation. Remote sensing of the oceans and atmirotational flows have contributed greatly to our understand-
sphere by radar, for example, offers the likely possibility ofing of the near-breaking problem. More recently, Tulin and
measuring fluid flows on geophysical scales. Since theski'! outlined a new theoretical analysis of a particular break-
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ing mechanism in which the resondsidebanginstability is  acknowledge one reviewer for pointing out the existence of
principal. This instability leads to wave breaking within this work, and thank Dr. Skyner for graciously providing a
wave groups. This linear stability analysis can be used onlypreprint of his manuscript.However, as only one experi-
to determine the instability band and its initial growth rate.mentally measured velocity field is presented and compared
Most recently, Jenkirt§ provided an analytic solution for a to a numerical simulatiofalong with a comparison of a time
steady(in moving coordinates plunging breaker that satis- series of the surface evolutiprthe present effort is comple-
fies the surface boundary conditions and uses a Riemarmmentary and progressive rather than duplicative. In addition,
surface so as to avoid the jet reentry problem. In additionthere remains some question in the literature as to the accu-
three-dimensional instabilities of steep waves were studiedacy of the numerical solutions of breaking waves once the
by McLean!® For a complete literature review and discus-forward face of the wave becomes verti¢gthultzet al29),
sion of deep water wave breaking through 1993, see the exand so the discrepancies found by Skyiteven with his
cellent review article by Banner and Peregrifiednalyti-  diligent effort to produce a wave equivalent to that in the
cally and numerically, however, the deep watplunging simulation) between numerical and physical experiments are
breaking wave problem and the physics associated with ihot entirely unexpected, particularly very near breaking. The
remain largely unsolved. main goal of this research is to provide a complete set of
Experimental investigation of well-controlled, breaking- observations over time and space of the evolution of a deep
wave phenomena is essential in the study of breaking wavesater plunging, breaking wave. To this end, we report highly
as theoretical analyses have so-far proved impossible anmgsolved measurements of the surface-elevation evolution
complete numerical analyses must await faster computemsnd the velocity field evolution, from which the vorticity
with greatly increased memory. Laboratory experiments usfield evolution is calculated. We obtain quantitative and
ing simpler flow configurations than those found in naturequalitative information for a range of breaking intensities
can be used to explore characteristics of breaking waves théind breaker typesas determined by a command signal to a
are much more difficult to capture in field measurementsmechanical wave generator as explained below; however, we
especially because wave fields are broadbanded in naturiacus only on plunging breakers and present results from a
High-quality experimental measurements can be used in dparticular example, and note that all of our plungers give
rect comparison with theoretical and numerical results. Moresimilar, qualitative results. Finally, we also investigate the
importantly, measurements can be made in the laboratory tthree-dimensionality along the crest of the breaker by using a
study phenomena that cannot be predicted by mathematicansverse laser sheet.
models. Banner and Peregritfdn their review of deep wa- A “clean” plunging breaker—that is, without upstream
ter breaking waves, assert that these experimental studies félteaking—is required in these experiments, since any previ-
into several distinct categories. Several researchers have coods breaking may contaminate the velocity and vorticity
centrated on the detection of breaking and the identificatiofields in the downstream plunging breaker. Thus, a modifi-
of simple breaking criteria, such as the slope of the waveation to the Davis and Zarnitkwave generation technique
(Melville;***® Kogal’ Xu;'® Ebuchiet al;*° etc). However, is developed to ensure a clean plunging bredkee Sec. Il
Melville and Rapp® argue that simple “breaking criteria” for detail9. A flow visualization technique is used to capture
based on local wave properties are ambiguous. Their medhe surface elevation of the breaking wave. Velocities are
surements show that the wave slope is reduced as the wadetermined using particle image velocime(BiV) and par-
breaks. Other authors such as Kjeldsen and Myrifaagd  ticle tracking velocimetry(PTV). The results of measure-
Bonmarin and RamamonijiarsGdnave investigated the kine- ments using both techniques are compared with reasonable
matics of breaking waves. A comprehensive study was reagreement. The vorticity calculations indicate that the flows
ported by Bonmariff on changes in wave steepness andare essentiallyrrotational (outside of the surface boundary
wave speed as the wave approaches breaking. The asymniayern up to the jet's reentry into the forward face of the
try of the wave profile in the near-breaking region, crestwater surface. Using a high-speed imaging system, the local
evolution, jet formation and overturning, splash-up phenomflow field and surface at the crest of the wave are magnified
enon, and modes of air entrainment by the plunging breakesnd recorded and short-wavelength growth is obse(ied
were all investigated. The most systematic work on the deeparasitic capillarigsprior to breaking. Transverse perturba-
water breaking wave was reported by Rapp and Melffile. tions of the wave are seen to occur using a cross-tank laser
Surface motion, breaking-induced currents, turbulent fluctuasheet. The mechanism that generates the transverse rough-
tions, surface mixing, momentum flux, and energy dissipaness across the falling jet is believed to be either stretching
tion were measured in their work. of the ambient surface “noise” ubiquitous in any laboratory
Although these experimental studies are revealing, fullfacility or turbulence—wave interactions, or both. The former
field velocity measurements of a plunging breaker are souglghenomenon is the inviscid mechanism described by
herein, as no relationship between the surface displacemehonguet-Higgins®
and the velocity field is known for strongly nonlinear break- In Sec. I, details are given on modifications made to the
ing waves(Melville and Rapp®), and only one velocity field Davis and Zarnick technique to generate a clean plunging
measurement of deep water breaking waves has been rireaker for the experiments. The laboratory facility, PIV,
ported(Skyner and Greaté€ More recently, Skyné?, com-  PTV, and surface measurement techniques are also described
pares numerical predictions and experimental measuremerits Sec. Il. In Sec. Ill, experimental results are presented and
for a plunging breaking waveThe authors would like to discussed. These include full-field velocity and vorticity
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These equations give the time history of the water-surface
elevation required at the wavemaker to produce a steep wave
at positionx, in the tank according to linear wave theory.
The wavemaker transfer function is required to obtain a com-
mand signal. To determine this transfer function, we use a

FIG. 1. Schematic of the linear system used to determine the time series Q@“brated wave probe placed one wavelength downstream of

the wavemaker to generate the breaking waves.

the wavemaker, oscillate the paddle at distinct frequencies
with the same amplitude of the command signal, and mea-
sure the generated wave height by recording the output from

measurements as well as the spatial distribution of surfacthe probe. The transfer function is calculated throughout the
elevations over time. In Sec. IV, conclusions are presentediave frequency range and is used to modify the time series

along with a brief discussion of future plans.

Il. EXPERIMENTS

obtained from the Davis and Zarnick technique.

The command-signal time series is further modified by
altering the local wave steepneks, based on a wave period
defined by the zero-upcrossing method. That is, e@gh

The experiments are conducted in a two-dimensionaproximatg local wave period in the group is determined ac-
wave tank, 35 m long, 0.7 m wide, with a water depth ofcording to the zero-upcrossing method. Then, its radian fre-
1.14 m for the present experiments. Attendant equipmenfuency is calculated and used in the linear dispersion relation
includes a servo-controlled wavemaker with a feedback loopo determine the local wave number. Last, its amplitedes
and auxiliary electronics; a high-speed imaging system witladjusted so thaka is constant for every zero-upcrossing
a 5 W, argon-ion laser for flow visualization and particle wave present in the wave group. Therefore, adjusting the
tracking velocimetry; and a twin, Nd-YAG laser system for gain of the command signal to the wavemaker approximately

particle image velocimetry.

increaseka uniformly across the entire spectrum. Sirdce

The frequency range of waves generated that coalesce i usually the small parameter for perturbation expansions
form the breaking wave is 0.8 to 2.0 Hz. Thus, the wavefor water waves in deep water, we expect that nonlinear ef-
groups are composed of gravity waves. According to lineafects will be approximately uniform across the spectium-
theory, deep water conditions are realized for these expertil the wave field approaches breaking and becomes strongly

ments, since the wavelength at the center frequébeyH2)
is 0.8 m and the water depth was 1.14 (fihis is borne out

nonlineaj. One advantage of using this technique is that as
we change the wavemaker gain, the phase speed of each

by the PIV results, which exhibit no particle velocities at component is altered approximately equally. To demonstrate
these depths.A surface skimming system is activated be- that this is so, note that weakly nonlinear wave theory
tween experiments to remove airborne contaminants frontthrough third order gives an amplitude dispersion correc-
the water surface and a point gauge is used to ensure a cotien to the frequency of

stant and repeatable water level.

A. Modifications to the Davis and Zarnick technique
for generation of a plunging breaker

2
w2=gk(1+("j‘) ) 5)

Davis and Zamick gave the following mathematical and thus a correction to the nonlinear phase speed of

formulation for the generation of a steep wave:

9
2(X,—Xq)

1/2

7(X1,t)= [coga?)I1+sin(a?)1,], (1)

wherex; is the wave maker location ang is the breaking
wave location, as shown in Fig. 1, and

1 2
|1=§—c( \f; a); (2a)
1 2
|2=§_S(\[;0'), (Zb)
with C(¢) and S(¢) the usual Fresnel integrals,
_ [ T ol 4. N 2)
C(é)—fo 005(2 y )dy, S(é)—fo sin > y©|dy,
3

and
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where C,onin @and Cy, represent the nonlinear and linear
phase speeds, respectively. Therefore, the wave components
that all have approximately the same valuekaf are all
affected similarly, and the superposition is approximately in-
tact.

The constant wave steepness throughout the spectrum
helps remove premature upstream breaking since the existing
nonlinear phase speed effect(martially) corrected for each
wave component. To eliminate premature breakispill-
ing), wave components with frequencies higher than 2.0 Hz
or lower than 0.8 Hz are removed from the time series. The
final time series that generates a clean, plunging breaker is
presented in Fig. 2. The lowest-frequency amplitude oscilla-
tions are limited by wavemaker stroke, as can be seen in Fig.

Perlin, He, and Bernal 2367



are attached to the imager lens. Horizontal and vertical reso-

0.25

0.2 lutions are determined to be 0.133 and 0.126 mm/pixel, re-
%] spectively.

0.05- Transverse features are investigated by locating the im-

ager above the water surface and orienting it directly up-
stream with a cross-tank laser sheet in place. This setup is
used to measure the along-crest roughness generated on the
05— N — plunging jet of liquid. This technique is es_sentially identical
20 25 30 35 40 45 to the measurement of the surface profile, except that the
time (sec) laser sheet is perpendicular to the direction of wave travel,
and the location of the sheet is more critical to the success of
FIG. 2. Command signal input to the wavemaker. Ordinate units are arbithe measurement. That is, it must penetrate the water surface
trary. at the downstream location of the overhanging, plunging jet.
The system timing is achieved by sending a TTL trigger
pulse to the high-speed imaging system, at a predetermined
2 by the uniform-amplitude portion of the time series. Fre-“phase” of the breaking wave. The imaging system continu-
guency spectra exhibita~const when measured in close ously cycles through its 400 frames of memory until it re-
proximity to the wavemaker. ceives the trigger. A prescribed number of franies this
experiment, 20Dare recorded after the trigger is received,
with the previous 200 frames already resident in memory.
B. Nonintrusive surface-profile measurement The 400 images are downloaded to a computer via a standard
technique GPIB interface and are ready for analysis.
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A nonintrusive surface-profile measurement system o .
(Perlinet al?) is utilized to investigate the surface evolution C. Particle image velocimetry
of deep-water breaking waves. The components of this sys- The velocity field in the breaking waves is measured
tem include a Spectra-Physics 164, 5W, argon-ion laser as arsing particle image velocimetr{PI1V). This system is a
illumination source; a Kodak Ektapro high-speed video sysmodified version of the PIV system used by Aissi and
tem with an intensified imager capable of framing up to 12Bernal®® and more recently by Shack, Bernal, and SHih.
kHz and gating(shuttering as fast as 1 MHz; and a 50 mm The flow is illuminated with twin Nd:YAG lasers each de-
camera lens. The attendant optics include five dielectric mirlivering more than 320 mJ at 1064 nm a 6 nspulse. The
rors to redirect the laser beam to the flow field, one sphericabutput beam from the lasers are combined in a single coaxial
lens of focal length 1000 mm, and two cylindrical lenses,beam and frequency doubled to 532 nm. The resulting green
with focal lengths 34.0 and 25.4 mm, respectively, to focusheams are shaped into a plane sheet of light by a 1000 mm
and shape the laser beam into a laser sheet with its waist &ical length spherical lens and a 25.4 mm focal length cylin-
the quiescent water surface. Recorded images are composedcal lens. The thickness of the light sheet at the measure-
of 239 horizontal pixels by 192 vertical pixels. Fluoresceinment location is less than 0.5 mm and the overlap of the light
dye is added to the water as the fluorescing agent for theheets formed by each laser is adjusted to within a fraction of
selected 488.0 nm wavelength line of the argon-ion laserthe laser sheet thickness. The sheet forming optics are lo-
which has a power output of approximately 0.7 W as used.cated above the wave tank, as shown schematically in Fig. 3.

The plunging breaker is produced with a wedge wave-Thus, the laser light sheet enters the water from above, re-
maker driven by the command signal time series describedulting in significant refraction effects at the water surface
above. The imager is positioned with its axis oriented in aor large surface deformation. The sheet is oriented along the
slightly upward, downstream direction to ensure a good im-<centerplane of the wave tank at the location of breaking. The
age of the entire flow field. The imager’'s framing rate isaxial extent of the illuminated region is 0.7 m. Two images
1000 Hz and the intensifier's gating rate is 100—3@30 To  of the flow are recorded on the same photograph by firing the
better understand the behavior of the plunging breaker as ttvo Nd-YAG lasers in close sequence. A delay generator is
steepens toward breaking, we concentrate on the most activesed to trigger the second laser from the input trigger signal.
region in the wave cresfThis was done in hindsight once The actual time between exposures is measured for each im-
the entire flow field had been captured instantaneously usingge, with a resolution better tharwds. For the present mea-
PIV (described beloyy and it was learned that the flow field surements, the time between exposures is 2.57 ms.
was irrotationall The physical size of the imaged region is The flow is seeded with titanium dioxid&iO,) particles
approximately 18.5 cin12.5 cm. A precision target is used of 2.8 um mean diameter. The estimated terminal velocity
to determine the resolution of the field of view. The horizon-(i.e., Stokes settling velocityof the particles is 0.012 mm/s.
tal and vertical resolutions are determined to be 0.775 and@erminal velocities of this magnitude resulted in significant
0.652 mm/pixel, respectively. settling of the particles. To minimize this effect, the particles

To increase resolution and capture the parasitic capillarare stirred to more uniformly distribute them, and the water
waves, surface elevation measurement is performed at close allowed to settle for five minutes prior to each run. There
range by moving the imager closer to the laser sheet. Alis an additional 10 min wait after a breaking event, but prior
extension tube of length 25 mm and a 52 mm close-up lento stirring that is required to allow the motion induced by the
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FIG. 3. Schematic of the PIV measurement system used.

breaking event and nonbreaking wave motions to subside. Tm synchronization is monitored by an oscilloscope.

ensure that all motions induced by the stirring and by the  The PIV images are processed using the Young’s fringes
wave generation/breaking process have decayed to quiescenterrogation technique. The system used is described by
levels during this temporal window5 min in tota), images  Bernal and Kwor® and Aissi and Bernal’ For the present

are recorded and particle velocities/vorticities are determeasurements, the flow field is interrogated in a rectangular
mined, as is the surface elevation. A comparison to theseegion 240<750 mm. Low and high resolution scans are
same quantities obtained after the facility is left undisturbedcconducted with resolution of 15 and 7.5 mm, respectively.
for twice this period and four times this period showed quan-The corresponding datasets contained measurements on an
titatively that the disturbances had indeed subsided to quiegqually spaced grid of 5411 points and 10%13

cent levels(In these latter tests, initially, in addition to the points, respectively. Thus, vector fields with 1874 velocity
particles that remained in the water column, particles arevectors are obtained for each image. Although an automatic
placed on the surface from immediately above it and allowe@nalysis routine is available, in the present measurement
to settle naturally. The particle images are recorded on manual processing is used to improve the quality of the re-
Kodak T-Max 400 film usig a 4 inx5 in. photographic sults. The uncertainty of the velocity measurement is ap-
camera. The camera is equipped with a 135 mm focal lengtproximately 2.0 cm/s. This value is determined from PIV
lens and the pictures are obtained at an apeiftéide7. The images of the quiescent tank using the same data acquisition
distance between the camera lens and the laser sheet is sepatcedures.

approximately 1.85 m and the optical magnification is 0.079.
A scanning mirror is used to introduce a displacement bias
(image shiff on the particle imagegAdrian®). The angular
velocity of the scanning mirror is adjusted to produce a bias
displacement that corresponds to a flow velocity of 1 m/s in
the direction of the wave motion. The magnification and the
bias displacement are measured directly on each image using
a reference scale located in the field of view above the water
surface.

A critical aspect of the velocity measurements is syn-
chronization between the wavemaker and the PIV imaging
system. This is to ensure that the images are recorded at the
proper phase of the wave breaking process. To accomplish
this in the present experiments, the computer used to gener-
ate the command signal to the wavemaker is also used to
generate simultaneously a TTL master clock pulse to control
the PIV system. This computer generated master clock signal
is used to drive the scanning mirror, which in turn controls
the Nd-YAG lasers’ firing sequence. The delay between the _ ) , _ ,
wavemaker motion and the triggering of the lasers is calcuf'G: - Time series of the plunging breaker showing the formation, over-

. . . . turning, and elongation of the jet. The vertical and horizontal resolutions are
lated on 10 ms intervals with a resolution better than 1 ms I"h.652 and 0.775 mm/pixel, respectively, with a time interval between frames
the range 56.85-57.40 s used in these experiments. The Sysown of 0.01 s. Each image is 155.8 mm horizontal by 148.8 mm vertical.
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FIG. 5. Parasitic capillary waves observed on the lower front face of the ) . ) . ) )

plunger. The vertical and horizontal resolutions are 0.126 and 0.133 mn¥!G. 6. Transverse irregularities for a time serieshvét2 msinterval. The

pixel, respectively, with a time interval between frames shown of 0.002 gVvertical and horizontal scales of these images are approximately 8 and 10

Each image is 30.11 mm horizontal by 25.54 mm vertical. cm respectively, and the images shown are the falling jet's upper surface
only—the leeward side of the wave crest is always smoothly var(ahg
though not shown

D. Particle tracking velocimetry

The velocity at the wave crest is measured using particlg e surface elevations and velocity fields, from which the
tracking velocimetry(PTV). In this case, the velocity is de- \qricity field is calculated. Although we obtain quantitative
termined from the length of particle traces recorded in long, g g ajitative information for several breaking intensities
time exposures of the flow. The water is sgeded with S'IVer'(and all breaker typasas determined by the voltage level of
coated hollow glass spheres of 4th mean diameter and 1.3 o, command signal to the wave generator, we focus only on

glen? density. The concentration of the particles is adjusted,;nqing breakers and present results from a particular ex-
to provide sufficient data without making identification of ample, as all plungers give qualitatively similar results.

individual particle traces difficult. A time series of the plunging breaking waves is shown
~ The PTV images are obtained using the Kodak Ektaprq,, Fig. 4 in which the time interval between images pre-
high-speed video system and the Spectra-Physics 164 argogsneq is 0.01 s. In the first stage of plunging, the wave front

ion laser described abovA 5 cmx4 cm region of the flow  yocomes vertical. A two-dimensional jet with a rounded end

is imaged using a 100 mm lens attached to & 15 mm exteng yhen formed at the uppermost part of the vertical wave

sion tube. The horizontal and vertical resolutions are 0'224r0nt. Note that a kink or discontinuity in slope is formed

and 0.229 mm/pixel, respectively. To ensure the longest pOSyhere the underside of the jet intersects the front face of the
sible streaks, the exposure time used is 5 ms and the framing, .«  The jet outpaces the wave, overturning as it

rate is 125 H_z. The intensifier gain and the_camgra lens apﬁrogresses. It lengthens as it is “fed” from the primary flow,
erture are adjusted to properly expose the video image of thg, 'yt approaches the forward face of the wave. Prior to the

silver-coated particles. The system timing used in the surfacg, impingement on the forward face, the discontinuity in
profile measurements is also used in the PTV measuremen&oIoe vanishes. That is, as is made evident by the laser illu-

The resolution of the velocity magnitude as measured by,ination at least, a smooth, two-dimensional jet is incident
PTV is estimated to be 4.5 cm/s. on the forward surface. The jet impingement on the water
surface is followed by a splash-up procésst shown. The

IIl. RESULTS entire process, from jet formation to reentry, occurs within

0.1 s. The wave “period” is on the order of 0.7 s. Thus,

plunging breaking is a local phenomenon in that it does not
As our objective is to provide a set of experiments of ainvolve the entire wave. This process is generally in accor-

deep water plunging, breaking wave, we measure highly redance with the results of Bonmari.

A. Flow visualization results
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FIG. 7. Velocity field att=57.20 s, prior to overturning. FIG. 8. Velocity field att=57.25 s, prior to overturning.

Parasitic capillary waves are observed to occur along tth lBor_1mar|n. 'Il'o Iprowﬂe ahba5|s for gon;pﬁnson dunngh_
highest elevations of the lower front face of the pIunginganayS'S’ we calculate the phase speed of the wave at this

wave in our magnified viewsee Fig. 5. The overhanging wavelength using linearized wave theory. The resulting wave

plunger is visible in the uppermost portion of these imagesPhase speed is 1.05 m/s. An approximate, measured phase

too. These images are presented at intervals of 0.002 s aﬁ@eed of the plunging breaker is computed by determining

therefore the entire set of images spans about the interv%f'e distance between two wave surfaces formed by the
between each pair of images in Fig. 4. The parasitic capillar- ouble exposures on a P_IV photpgraph. At 1.08 _m/s,. the
ies are generated when the front face becomes approximatel easured phgse .speed IS surprlsmgly close to its linear
vertical and the jet develops. These small waves can be sel eory'approx!matlon, albeit fortwtous.

in the first and second images of Fig. 4, also, and are located A time series of three velocity vector plots for the plung-

just beneath the discontinuity in slope discussed above. Inin9 breaker are shown in Figs. 7, 8, and 9. The corresponding

tially, as the projecting jet is formed at the wave crest, in_photograp_hs are taken at times of 57.20 S, 57.'2.5’. S and 57.35
creasing numbers of capillary wavesith decreasing wave- s, respect_wely, after the wavemakt_er mOtIOI’].IS initiated. The
length and amplitude as a function of distance from the kink [I'St two figures present pre-breaking velocity vector plots,
are observed on the front face; however, as the jet Iengtheri?e third f|ggre presents a post-breaking case. A magnified
and falls toward the forward face, the kink disappears, as d oca) velocity field of the wave crest that corresponds to

the parasitic capillaries, leaving a smoothly varying surface '9- 7 1S shown in Fig. 10. The maximum laser sheet width

connecting the jet's underside and the front face of the wave/e can achieve at the free surface is limited to about 0.7 m,

In Fig. 6, we present a series of images that exhibi®S a wider sheet does not supply sufficient laser light inten-
transverse perturbations. These images are recorded usiﬁ t(')AexEose the f||n?. Thusatge vector plots arZ 8'7 T orh
the transverse laser sheet setup and are shown at intervals op>: AS the wave evolves and becomes steep and breaks, the

0.002 s. The irregularities occur on the upper surface of thgarticle images as captured in this study deteriorate due to

jet as it falls toward the forward surface. They do not occurthe violent surface deformanons._ Our full-field measure-
ents suffer degradation, especially downstream, as the

on the leeward side of the crest, as is seen in later image@

(not presented These transverse irregularities could be theVave breaks, as well during the post-breaking phase. This is

disintegration of the jet, as explained in Longuet-Higdis, clearly seen by the velocity vectors presented in Figs. 8 and
they could be the manifestation of turbulence—wave interac=" N , ,
tions, or they could be a combination of both. Small, random As can be_seen in Figs. 7, 8, and 9, the velocity magni-
ambient disturbances always present on the water surfaéHde decays with water depth, as expected. For depths greater
may be the source of the transverse waves required by the
Longuet-Higgins’ theory. Many realizations of the transverse

laser sheet are conducted; however, the results are not repeat- 10
able, as expected for either mechanism, since they are due to [ aocms
random, small surface irregularities present prior to the ar-

rival of the plunging breaker or due to turbulence. Thus, the 0
nonrepeatability supports both suppositions; however, inter-
estingly, these irregularities are never recorded in any longi-
tudinal imagegsuch as those in Fig)4nd so it is less likely 100 -
that they are induced by turbulence.

X% i S 72,
- aersapanns
M s asreppasns, 55
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B. PIV and PTV results -100 0 100 200 300 400 500

X (mm)

The wavelength of the plunging breaker is approxi-
mately 0.7 m, based on the “zero-downcross analysis” used FIG. 9. Velocity field att=57.35 s, with the front face nearly vertical.
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FIG. 10. Magnified view of the velocity field 4&=57.20 s. FIG. 1_1. Graph of the vorticity contours &57.20 s. The contour incre-
ment is 26 rad/s.

tudes of the velocity vectors are essentially zero. Thus, =7
plunging breaking has an insignificant influence on particle
motions at depths greater than half the wavelefigthcalcu-  where the circulation integral is evaluated at each point using
lated from linear theory using an estimate of the wave periodlata from eight neighboring points. The ambient flow in the
and length. In this respect, a plunging breaking wave dem-quiescent wave tank is used to determine the level of vortic-
onstrates similar behavior to a deep water, plane progressivuty that constitutes background noise. A maximum vorticity
wave. level of approximately 20 rad/s is found. A typical vorticity

A close inspection of Fig. 7 reveals that the wave devel<ontour plot (t=57.20 3§ is shown in Fig. 11. The pre-
ops a convergence-like motion toward the steepening wavbkreaking vorticity is of the same order as that of the quies-
front as the wave approaches breaking. The largest velocitieent facility. (There is a maximum of about twice the ambi-
are located at the wave crest and the uppermost part of thent vorticity in the pre-breaking velocity fie)dThe vorticity
wave front, and their magnitudes are of the order of 1 m/salong the leeside of the wave is within the ambient noise
However, the largest horizontal particle speed, a critical palevel also, and is thus insignificant, even immediately after
rameter in the phenomenon of jet formation and overturningbreaking. The flow is essentiallyrotational to breaking
captured in our PIV images is about 0.8 m/s. It is usuallyThus, potential theory is vali(butside the surface boundary
acknowledged that water particles develop velocity magnifayen and may be used until actual breaking occurs in a
tudes greater than the wave phase speed when an ejecting ptinging breaker.
is formed at the wave front. Indeed, we show momentarily in ~ Figure 12 presents two typical PTV images that are re-
our PTV images that the large@torizonta) particle speeds corded with a gating rate of 200 Hz and a framing rate of 125
are greater than the phase speed. Our full-field measurementz. The particle velocity is calculated by measuring the par-
either did not have sufficient resolution very close to theticle streak length and dividing it by the exposure time.
air—water interface, or due to settling of the particles near th& hese velocity vectors are compared with the PIV results for
surface, no particles were in the proper location, to captur¢he same phase at comparable locations in the flow field,
the largest particle speeds, which are situated at the emergimgpecially in the vicinity of the wave crest. The PTV results
jet. obtained agree with our PTV measurements, as well as pro-

The measured velocity fields are used to determine theide interesting data that are unavailable from the PIV im-
vorticity fields of the flow. The vorticity is evaluated using ages. The particle velocities become almost horizontal and
the well-known equation of circulation, which yields their magnitudes are on the order of the phase speed as the

)

than 30 cm with respect to the mean water level, the magni- 1 f _
u-dl,

FIG. 12. Images of particle streaks with horizontal and vertical resolutions of 0.233 and 0.233 mm/pigelaimd 0.215 and 0.225 mm/pixel ifb),
respectively. Imagéb) is recorded farther downstream. A gating rate of 200 Hz and a framing rate of 125 Hz are used. The image $®a&15569 mm
horizontal by 44.74 mm vertical. The image shown(fin is 51.39 mm horizontal by 43.20 mm vertical.
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wave front nears vertical. At this juncture, the water particlesThat is, the plunging breaker has an insignificant effect on
at the crest begin to accelerate as they receive momentumater motion at a depth greater than half its wavelength.
from the water particles behind and beneath them. An ejectVelocity vectors converge in the vicinity of the steepening
ing jet is then formed at the crest with its particles movingwave front. The vorticity is calculated based on the measured
forward faster than the wave itself. The largest particle speedelocity field. The flow is essentially irrotational to the break
captured is situated at the vertex of the overturning jet, withpoint; thus, potential theory is validoutside the surface

a horizontal velocity 30% greater than the phase speed. Alstaoundary layeruntil breaking ensues.

note in Fig. 12b), that there exists a region of bright inten- A comparison of the Skyn&tPIV-measured particle ve-
sity where the particle streaks are combined and indistintocities (his Fig. 11 with our measurements reveals a notice-
guishable; this region corresponds to the location of theable difference(Noting that the two signals to the wavemak-
convergence-like motion discussed previously and visible irers are markedly different and that the particular phase of the

Figs. 7 and 10. breaking wave may be different, there is no reason to expect
that the energetics of the two waves are similar, although
IV. CONCLUDING REMARKS both are plunging breakers. Nonetheless, we may compare

qualitatively) Specifically, our results show that from the
s .

rear side of the crest to the forward face of the crest, the
instantaneous particle velocities are in a circular-like motion,

for every frequency present, is constant. As signal gain ig{vhereas the Skyner ve_Iocities are nearly horizontally_ o_ri-
altered, the wave steepness is affected uniformly across th%ﬂ'teOI near the rear portion of the crest a_nd are more similar
spectrum. This removed any premature upstream breakirg ours near the front face of the crest. Direct comparison of
since the existing nonlinear effect is approximately the sam reak_mg wavc:llexq(‘at?meknts IS extretmejyly. dlgﬁctult, gnc:j V]\("”
for each wave component. As expected, it is found that as th main So until & - bréaker parameter— Is determined for
gain to the wavemaker is increasée., only the magnitude eep water waves that addresses the coalescence of energy,
of the command signal is altergdthe breaking wave is for e_'lz;?mple. ts obtained by PTV in i ith th
changed dramatically. The large wave at the superposition it € rfntehaSlIJDrI?/men S0 alnet YI'h | are Itn 'Te \,',\[" €
location is initially steep, but nonbreaking. Increasing the'SSUs Of the measurements. 1he fargest velocity mag-

command signal slightly causes a spilling breaker to occurj.mUde IS I;)pa;eoi/ln thet 0\:re]rturtr;]|ng rj]et and |tz h;):lhzontal
A further increase in signal strength generates a spiIIing—Componen IS o greater than the pnase speed ol the wave.
In summary, we have measured the evolution of a plung-

plunging breaking wave. Another increase in signal gain X . .
generates a plunging breaker. In this manner, complete com’d breaking wave generated by superposition of progressive

trol over the breaker type is exercised and repeatable Wa\)ﬁaves of mc;easmg v;/r?veflengtr:jind co?_:,;]ant steepn%si. Cap-
forms are possible. This plunger is investigated by flow vi—'bary v(\j/aves ortrndOI:'rh € or_w:;w tace cf)th eﬂwav.e ;}n f ave
sualization, particle image velocimet(P1V), and particle een documented. The main feature of tne flow 1S the forma-

tracking velocimetry (PTV). Full-field velocity measure- ;E'On of the overhangflrlg Jet, \{VhICh |ts shown ?ﬁret 0 r?sttlilt
ments are obtained and the vorticity fields are calculated. rom convergence of the waler motion near the top ot the
Plunging breaking is captured by flow visualization us-"2€ crest. The motion is essentially irrotational to the break

ing a high-speed imaging system. An asymmetric wave prolpomt.tThe water _surfa<|:e '(t)'f theffa:mi; Jet ISI shotvr\]/hhto have
file is captured during pre-breaking. A small jet is seen form-2rg€ ransverse irreguiarties or snort wavelength, however,

ing at the peak of the wave front, accelerating forward moreaSide from th? capillarigs and slope_ discontinuity that appear
quickly than the wave itself, overturning, becoming incidentShortly after its formation, its profile is well behaved and

on the water surface, and finally creating a splash zone. AM00th in the direction of wave motion. The present study
" h1_as focused on the surface profile to the point of jet impinge-

lary waves on the upper part of the wave front as the wav ent and on the flow fleld. to the point of jet .format|on.
mportant issues that remain to be addressed in laboratory

front becomes vertical. Additional capillary waves are . L . .
formed as the wave propagates and the kink between tHexperiments are the flow within the jet and the flow in the

lower jet surface and the wave front remains. The discontipos'['breaking turbulent region. These aspects of the flow are
articularly challenging to characterize experimentally.

nuity in slope as well as the parasitic capillaries disappear a%owever they are the key to further validate increasingly

the jet and wave continue to evolve. histicated and detailed th tical and ical studi
Transverse irregularities are observed along the forwargoPnIsticated and detaried theoretical and numerical studies
of plunging breaking waves.

portion of the plunging jet. However, the flow along the
leeward side of the wave remains two dimensional during the
initial stages of breaking. Interestingly, longitudinal surfaceACKNOWLEDGMENTS

profiles acquired using a laser sheet exhibit a form that ap- The support of the Office of Naval Research under Con-

pears quite two dimensional, leading to the conclusion thagract No. N00014-92-J-1750, Dr. Edwin P. Rood program
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