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An Experimental Study on Wave Energy Variation
through Breaking Processes
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Abstract ] An experimental study of deep-water breaking waves is performed by nonlinear wave evo-
lution as well as superposition of different wave frequencies. Two-dimensional and three-dimensional
wave instabilities and breakings are observed in nonlinear wave evolution. The wave energy evolves
with almost the same initial wave energy before breaking but decreases significantly after breaking
process. Large spilling and plunging waves are generated near the expected breaking location by
means of faster waves overtaking slow waves at a certain point. More energy loss in vigorous plunging
breakers is observed through breaking process.
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1. INTRODUCTION

Breaking waves in deep water are important in
many areas of ocean science and technology. Wave
breaking plays a crucial role in the transfer of ene-
rgy from the wave field to wind-generated surface
currents. It also generates intensive turbulence wi-
thin the underlying flow field, which mixes the up-
per layer of the ocean and enhances the transfer
of heat and momentum across the air-sea interface.

During the past two decades, many studies have
been conducted to understand the breaking process
in the wave evolution. Benjamin and Feir (1967)
discovered that a uniform deep-water wave train
with constant wave frequency becomes highly irre-
gular and unstable and finally breaks far from its
origin due to modulational perturbations of side-

band frequency components. Melville (1982) investi-
gated uniform deep-water wave instability and brea-
king and observed two-dimensional Benjamin-Feir
instability at the wave steepness less than 031 as
well as three-dimensional instability at the wave
steepness larger than 0.31. He also found at the
initial stage of the wave evolution, the upper and
the lower side-band frequencies were developed as-
ymmetrically about the fundamental frequency and
its higher harmonics (the upper side-band frequency
being larger than the lower side-band frequency).
However, at the onset of breaking, the lower side-
band frequency grew rapidly and became dominant
in the wave field after breaking. Su er al. (1982)
carried out an experimental work and also observed
two- and three-dimensional instabilities and large
growth of the lower side-band frequency after brea-
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king.

On the other hand, Longuet-Higgins (1974) deve-
loped a method, ‘Storm Building’, to generate
breaking waves in the laboratory, which requires
the generation of waves with decreasing wave fre-
quency, so that faster waves overtake slow waves
at some distance away from the wave paddle, sum-
ming up to produce a steep and unstable wave.
Kjeldsen and Myrhaug (1979) analyzed extremely
unstable waves just before breaking using the zero-
downcross method. They found that the crest front
steepness (the crest elevation above mean water le-
vel/the horizontal distance from the zero-upcross
to the wave crest) was the most important factor
in deciding the type of breaking wave, and breaking
occurred in the range of front wave steepness bet-
ween 0.32 and 0.78 (the highest value for a plunging
breaker). Ducan er al. (1987) also analyzed breaking
waves using the crest front steepness, and found
that the crest front steepness increased slowly up
to the breaking point and then decreased during
the beginning of the breaking process with the ave-
rage value of 0.5 for a spilling breaker and 0.7 for
a plunging breaker.

Most laboratory studies on wave instability and
breaking of deep-water wave train have been based
on Benjamin and Feir's wave instability and Lo-
nguet-Higgins wave breaking. In the present study,
wave instability and breaking are also investigated
by constant wave frequency with various wave am-
plitudes and by stong wave-wave interaction.

2. THEORY

2.1 Breaking Wave Generation through the Instabi-
lity of a Nonlinear Deep-Water Wave

A theoretical analysis of wave instability was pre-
sented by Benjamin and Feir (1967), who showed
that a uniform continuous wave train with funda-
mental wave frequency, w, is unstable to infinitesi-
mal perturbations in side-band frequencies, w(1x ),
when & is in the range between 0 and /2 ka (where
§ is a small perturbation in wave frequency of the
order (ka), k is the wave number and a is the per-
turbed wave amplitude). They derived Eq. (2) for
the perturbed free-surface ¢'-v-tion, m(x)+e(xr),

which is corresponding to a nearly uniform wave
train with a weak amplitude modulation, from the
surface elevation, Eq. (1), which includes the first
two harmonics.

N 1) =acos(kx— wt)+ %kalcos2(kx—(oz) 1

npe)=acos(kx —wr)tescosLk(1+xx—o
(1+8)]+e—cosLk(1 — k) — (1 —8)] 2

where « and § are the small perturbations in wave
number and frequency, respectively. £, _=exp[1/26
(2k%a*>—8)"wt] represents the amplitude of the side-
band disturbances. n,(xf) displays a gradual modu-
lation of the fundamental waveform, acos(kx— wr).
For a given value of the wave steepness, ka, of the
initial wave, the unstable side-band amplitudes grow
exponentially with time if 0<8<y/2ka, with the gro-
wth rate having a maximum value at 6=ka.

2.2 Breaking Wave Generation through Transient
Wave Convergence

It was shown by Longuet-Higgins (1974) that
wave trains with decreasing frequencies converge
at a single point in time and space. The method
he developed is described in Cho and Bruno (1992).

3. EXPERIMENT

Experiments were performed at Davidson Labo-
ratory of Stevens Institute of Technology in Hobo-
ken, New Jersey, US.A., where the wave channel
is 313 feet long, 12 feet wide, and the water depth
is 54 feet. The fresh water is filled in the wave
channel and continuously filtered. The side walls
of the wave channel are concrete, with no opening
to observe the water column outside the tank and
a wave absorbing beach at the other. The dual flap
is composed of lower flap and upper flap in which
the lower flap is hinged on the channel floor and
the upper flap is hinged on the top of the lower
flap. The wavemaker is controlled by PDP-11 mic-
rocomputer which calculates the digital signal form
of the flap motion as a function of time for a given
wave frequency and height. These time series are
converted to control voltage corresponding to the
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stored digital sequence at a predetermined time in-
terval through the digital-to-analog converter. Then,
the hydraulic servo system produces a specific wave
form proportional to the applied sinusoidal flap
angles.

The wooden sloping beach at the end opposite
the wavemaker dissipates propagating waves and
absorbs incident wave energy to minimize wave ref-
lection during tests. Owing to the relatively long
wave channel and the short duration of each test
within 1 minute, waves were not disturbed by refle-
ction from the beach, which may yield slow modu-
lations to incident waves.

Evolution of the surface wave train for wave ins-
tability and breaking was measured as waves pro-
pagated down the channel, using 5 wave gauges
located at 20, 70, 120, 170, and 220 ft from the wa-
vemaker. Six wave gauges were used for the measu-
rement of spilling and plunging breaking waves.
These gauges were installed at 20, 45, 70, 95, 120,
and 145 ft from the wavemaker for breaking waves
occurred at 102 fi. Wave gauges were calibrated
daily using vertical traverse mechanisms mounted
above the water surface in the wave channel. There
was only negligible difference in each calibration.

The data acquisition program digitizes analog si-
gnals from the instruments by an analog-to-digital
converter at a selected rate, and records them on
the disk in digital form as the test progresses. The
spectral analysis program, which contains Black-
man-Tukey auto-correlation procedure, caiculates
power spectral density of the signal recorded in a
time history file.

4. RESULTS

4.1 Evolution of Nonlinear Wave Train

At the wave steepness of 0204 (f=10 Hz and
a=2 inches), two-dimensional Benjamin-Feir insta-
bility and breaking occurred downstream, with slo-
wly developing wave amplitude modulations before
breaking location. The breaking profile was nearly
uniform across the channel (Fig. 1)

The lower side-band frequency grows from the
initial stage and then the upper side-band frequency
follows with very small magnitude. The upper and
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Fig. 1. Wave proflies of ka=0204. Measuring stations at
20, 70, 120, 170, and 220 ft from the wavemaker.

lower side-band frequencies around f,,,=1204 Hz
and fi,n=0.796 Hz become symmetric in the middle
of evolution (x=120 ft in Fig. 2), but as the lower
side-band frequency develops rapidly downstream,
the symmetric form between the upper and the lo-
wer side-band frequencies does not appear any
more. The fundamental wave frequency is dominant
in the wave field through the wave evolution (Fig.
2).

As the wave steepness is increased to 0.307 (f=1.0
Hz and a=3 inches), three-dimensional wave insta-
bility was developed upstream as the result of trans-
verse perturbations cross the wave channel. As the
wave train evolved midstream, the wave train was
transformed in its shape and became vertically asy-
mmetric with increasing slope of the front face and
deepening of the trough, so that ultimately three-di-
mensional breaking occurred with a couple of loca-
lized breaking waves in a row. After three-dimen-
sional breaking process, new two-dimensional se-
cond breaking occurred with weak breaking inten-
sity. A series of two-dimensional wave groups was
observed after the second breaking, with significan-
tly decreasing wave steepness and propagating wave
energy (Fig. 3).

Unlike the frequency modulation of the two-di-
mensional instab”‘; _ * ka=0204, the magnitude
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Fig. 2. Evolution of power spectral density at ka=0.204.
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Fig. 3. Wave profiles of ka=0307. Measuring stations at
20, 70, 120, 170, and 220 ft from the wavemaker.

of the upper side-band frequency around f,,,=1.307
Hz is developed first at the inital stage and then
the lower side-band frequency around f,,=0.693 Hz
begins to grow further down the channel with sligh-
tly larger magnitude than that of the upper side-
band frequency, showing asymmetric development.
The lower side-band frequency grows rapidly as the
wave train evolves downstream, while the upper
side-band frequency remains constant or diminishes
(Fig. 4).

At the wave steepness, ka=0409 (/=10 Hz and
a=4 inches), frequent, short, and small three-dime-
nsional top-crest breaking has different breaking
properties than three-dimensional breaking and
seems to be the result of the superharmonic instabi-
lity(Longuet-Higgins, 1978a), which has the same or
less horizontal perturbation scale as the fundamen-
tal wavelength. As wave train approached midst-
ream, top-crest breaking deformed to longer three-
dimensional breaking due to the subharmonic per-
turbaton (Longuet-Higgins, 1978b), which has a
greater horizontal perturbation scale than the fun-
damental wavelength. After the first breaking, even
though there existed weak three-dimensional wave
instability in the wave train, weak two-dimensional
second breaking occurred downstream (Fig. 5).

The fundamental wave frequency dominates the
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Fig. 5. Wave profiles of ka=0409. Measuring stations at
20, 70, 120, 170, and 220 ft from the wavemaker.

wave field at the early stage in spite of frequent
top-crest breaking with strong three-dimensional in-
stability. However, due to the effect of the superhar-
monic perturbation, very small growth of the upper
side-band frequency is developed at the initial stage
at f.,,= 1.5 Hz. Very small magnitude of lower side-
band frequency is also observed upstream after the
upper side-band frequency appeared and shows sy-
mmetric form with the upper side-band frequency.
The magnitude of the fundamental wave frequency
diminishes with large decreasing rate as the wave
train gets through the superharmonic perturbation,
while the lower side-band wave frequency grows ra-
pidly as subharmonic perturbation is developed.
The lower side-band frequency at f;,,=0.81 becomes
the dominatnt wave frequency at the final stage af-
ter the second breaking process (Fig. 6).
Dimensionless wave energy variation, which is
obtained by normalizing the wave energy at each
measuring station, E, with respect to the wave ene-
rgy at reference measuring station, E,, is displayed
in Fig. 7. The x-axis is the normalized measuring
station by the length of the wave channel, X,. In
two-dimensional wave instability at ka=0.204, wave
energy evolves with almost the same initial wave
energy up to downstream before breaking. As wave

approaches the br  ny location wave energy inc-
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Fig. 6.
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Fig. 7. Wave energy variation at ka=0204 (), ka=0.307

(+) and ka=0409 (O).

reases with a small rate with the wave front face
becoming steeper and with slightly increasing wave
amplitude, and then decreases after breaking pro-
cess. At the wave steepness of 0307, wave energy
slightly through three-dimensional
breaking preocesses of conversing of the outwardly-
dissipating wave energy and inwardly-reflecting
wave energy by the effects of side walls of the wave
channel, and decreased significantly after the first
three-demensional breaking and the second two-di-

is decreased

mensional breaking processes occurring in the cen-
ter and at the sides of the wave channel due to
the slowly decaying three-dimensional instability ef-
fects. Due to top-crest breaking and superharmonic
upstream, at the wave steepness of 0.409, wave ene-
1gy decreased abruptly from the early stage. Wave
energy grows with a small rate in the three-dimen-
sional breaking region with relatively longer wave
length and decreases again after three-dimensional
breaking and two-dimensional second breaking do-
wnstream. Therefore, it is inferred that wave energy
reduces its magnitude through breaking process as
well as friction effect on the wall of the wave chan-
nel.

4.2 Evolution of Large Breaking Wave

A wave group, short wave followed by long wave
with linearly increasing wave amplitude and cons-
tant wave frequency decrement rate, was generated
for large spilling and plunging breaking wave tests.
As the wave envelop propagated down the wave
channel, the wave train was greatly modulated in
its shape, with decreasing wave length and period,
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Fig. 8. Wave energy variation in spilling () and plunging
(+) breaking waves. Wave group parameters of
f=0.76—0.585 Hz, df=0025 Hz, X,=102 ft, and
(ka)ae=0.17 for spilling and 0.178 for plunging.

and reached a maximum steepness near the predic-
ted breaking location and then dispersed downst-
ream after breaking. The type of breaking wave,
spilling or plunging, was decided by initial wave
amplitude and wave frequency range, which are the
main factors of initial wave steepness. The results
of large breaking wave tests have been presented
in Cho and Bruno (1992).

The wave energy variation for spilling and plu-
nging breakers along the wave channel is shown
in Fig. 8. The energy in spilling and plunging brea-
kers develops with nearly same shape, oscillating
its magnitude before breaking, however, at near the
breaking point, energy in both cases increases as
wave elevation reaches at critical point. After brea-
king, one distinct phenomenon is shown that the
energy at plunging breaking wave is decreased more
than that of the spilling breaking wave due to more
loss of energy from severe breaking process. Wave
energy grows slightly after breaking region in both
cases.

5. CONCLUSION

Various deep-water breaking wave tests were per-
formed to investigate Benjamin-Feir wave instability
and Longuet-Higgins large breaking waves. Two-di-
mensional and three-dimensional wave instabilities
and breakings were observed from nonlinear deep-
water wave train evolution. Large spilling and plu-
nging breaking waves were generated by strong
wave-wave interaction, as faster waves with higher
wave frequencies overtook short waves with low

wave frequencies at a certain location in time.

The experimental results show that for the small
wave steepness, ka=0204, a uniform deep-water
wave train undergoes two-dimensional Benjamin-
Feir instability and ultimately leads to breaking.
Three-dimensional wave instability and breaking is
shown at ka=0.307. At the wave steepness of 0.409,
three-dimensional instability with top-crest breaking
evolves at the early stage as transverse perturbations
grow rapidly across the channel. As the wave train
propagates midstream, top-crest breaking is transfo-
rmed to the relatively longer localized three-dimen-
sional breaking with subharmonic structure.

Two-dimensional second breaking is also develo-
ped downstream with significantly decreased wave
steepness. These top-crest and three-dimensional
breakers resemble real breaking in the open ocean.

Wave energy in nonlinear wave evolution evolves
with the almost same initial wave energy before
breaking but drops its magnitude after breaking
process. The loss of wave energy in the plunging
breaking event is greater than that in the spilling
breaking, and wave energy recovers slightly after
the breaking region.
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