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ABSTRACT

Three velocity components of water particles in spilling and plunging breakers, respectively, have been measured simul-
taneously by means of an elaborate flowmeter in a two-dimensional wave tank. This new flowmeter measures the flow drag
on three tension threads, each recording a separate flow component. Subsequently, steady flow and unsteady flow, turbu-
lent fluctuation and power-spectral density are discussed for understanding and modeling the surf zone in a laboratory.

INTRODUCTION

Much of what is visible of a breaking wave is the combination
of air and surface tension in drops and bubbles, containing salt
(Scott, 1975). Breaking waves are one of the permanent subjects
that have attracted numerous researchers as well as artists. Excel-
lent reviews on this subject can be found in Peregrine (1983) and
Battjes (1988).

Offshore breaker types are either spilling or plunging. For a
spilling breaker, the wave shape remains more or less symmetri-
cal, while a plunging breaker is characterized by a steepening and
overturning of the front face, and the formation of a jet that
plunges into the water ahead of the wave. The breaking process of
a spilling breaker is, however, essentially the same as that of a
plunging breaker in the initial phases, except that for the former,
the process is confined to a relatively small region near the top of
the wave.

The progress of study on breaking waves has been greatly ham-
pered by difficulties encountered in modeling the surf zone in a
laboratory, and in measuring the water particle velocity. In the
laboratory, water particle velocity in breaking waves has been
measured by Morison and Crooke (1953), using neutrally buoyant
particles. This study has shown that the greatest horizontal water
particle velocity occurs when a wave breaks, and that there is a
difference between the onshore and offshore velocities. Adeyemo
(1970) has measured the velocity field near breakers with hydro-
gen bubbles and has discussed the asymmetry of wave profile and
velocity. Nadaoka (1986) has recently measured water particle ve-
locities in the bore region behind a periodic breaking wave over
the slope in terms of a laser-Doppler velocimeter. It has been in-
ferred by Nadaoka (1986) that the rotational part of the phase av-
eraged velocity makes a substantial contribution to the averaged
wave-induced fluxes of mass, momentum and energy. In the surf
zone, the water particle velocities have been measured with instru-
ments like acoustic flowmeters (Miller and Ziegler, 1964), elec-
tromagnetic flowmeters (Thornton, Galvin, Bub and Richardson,
1976), propellers (Walker, 1969), and dye tracer (Wood, 1973).

It may be evident that measurements using neutrally buoyant
particles, hydrogen bubbles and dye tracers provide only the qual-
itative data. Acoustic and electromagnetic flowmeters have a
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common disadvantage: a large bulk at the point of measurement.
Small propellers are of low sensitivity and low accuracy. Laser-
Doppler velocimeters could measure three velocity components of
water particles concurrently. However, such delicate and expen-
sive instruments may not withstand the harsh conditions normally
encountered in the surf zone. Hot wires, which have been used ex-
tensively in wind-tunnel researches, are too sensitive to contami-
nation by the inevitable impurities in the water and to variation in
the ambient temperature.

The first purpose of this paper is, therefore, to demonstrate that
three velocity components of water particles both in spilling and
plunging breakers over the horizontal step on the bed of a two-di-
mensional laboratory wave tank can be determined concurrently
by means of an elaborate flowmeter sensing the flow drag on the
three tension threads, each measuring a separate flow component.
It is considered that the present flowmeter, referred to as the ten-
sion-thread flowmeter, compensates for the deficiencies of exist-
ing flowmeters as mentioned above, for this new flowmeter has a
great potential to be a simple and inexpensive means of measuring
velocity in water, like hot-wire anemometry in air flows.

The second purpose is to elucidate how steady and unsteady
flow, turbulent fluctuation, and power-spectral density depend on
the distance from the breaking point. This paper will discuss
mainly the results regarding the plunging breaker; those on the
spilling breaker may appear elsewhere.

APPARATUS

A detailed description of the present apparatus has been given
in the two earlier publications by the author (Nakagawa, 1983a,
1983b), so that it will be explained very briefly here. Fig. 1 shows
a schematic diagram of the experiment. This has been conducted
in a two-dimensional wave tank 0.7 m wide. The wave generator
is a hybrid type of piston and flap. Fig. 2a shows a view of the
tension-thread flowmeter. The flow velocity can be measured by
the three cotton threads (1, 2 and 3), which record velocities in the
x-, y-, and z-directions, respectively. One end of the thread is fixed
rigidly to the head of the screw-rod of the clamped support assem-
bly, while the other end is knotted at the free end of a cantilever,
enclosed within the elastic support assembly, two cross-sections
of which are depicted in Fig. 2b. Note that the cantilever is de-
signed so as to deflect only normal to its plane.

The length and diameter of the cotton threads are of 55 mm and
0.1 mm, respectively. The material of the thread does not have to
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Fig. 1 Schematic diagram of the experiment

be cotton as long as the quality does not change during the mea-
surement. Threads 1 and 3 are suspended in the same horizontal
plane and parallel each other, where the distance between the two
threads is 20 mm. On the one hand, thread 2 is in a horizontal
plane at 15 mm below the plane including threads 1 and 3, but
thread 2 is normal to threads 1 and 3. It is clear, therefore, that the
velocity measured by the present flowmeter is an integrated mean
velocity at a small space where the three threads are suspended.
However, in the data analyses, the geometrical center of the three
middle points of the threads is assumed to be the measuring point.

Calibrations of the flowmeter have been made in a tank filled
with still water. The plane of the cantilever is carefully set normal
to the longitudinal axis of the tank. The flowmeter is towed along
the axis at a specified speed in the water; the output electrical sig-
nal is then recorded on the tape. In this way, the flowmeter has
been calibrated in the 3.0-120 cm/s velocity range. This flowmeter
seems to be superior in the dynamic response to any other
flowmeter. That is, the forced-oscillation test in water shows that
the natural frequency of the dynamic system of the flowmeter is
approximately 100 Hz.

It is impossible to avoid completely some effects on the flow
due to the rigs placed in it. These have been minimized, however,
by the use of circular rods of small diameter (5 mm) for the frame,
for example, and by adopting a design criterion such that each
flow component is not disturbed by any rod, insofar as the flow is
normal to the plane of the cantilever. Moreover, it may be clear
that the measurement error in the flow velocity due to entrained
air bubbles is proportional to the void ratio, so that the water parti-
cle velocity must be underestimated to some extent. It may be
worth noting that the noise levels in the calibration tests are only
several percents of the mean output electrical signal in the veloc-
ity range adopted for the measurement.

METHOD
Experiment

The measuring point in the wave tank is varied both in the lon-
gitudinal and vertical directions, but the transverse position is kept
at the center. During the measurements of water particle veloci-
ties, water surface elevations have been recorded with two capaci-
tance-type wave gauges simultaneously. Water surface elevations
are measured at 1.0 m behind the wave generator, and the same
longitudinal position as the water particle velocity is measured.
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Fig. 2a Tension-thread flowmeter. One unit of the scale is 1 cm.
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Fig. 2b Cross-sections of the elastic support assembly

However, it must be noted that the measurement of wave eleva-
tions using a capacitance-type wave gauge is limited when wave
breaking is involved. This is due to the presence of trapped and/or
entrained air and the multiple air/water interface in the case of a
plunging wave.

Wave parameters in this study are summarized in Table 1,
where the wavelength L is calculated from the dispersion relation
of the small amplitude wave theory. Subscripts <s> and <p> de-
note spilling and plunging breakers respectively. Fig. 3 shows a
photograph of a plunging breaker when the water jet from the
wave crest has just broken. In the case of a spilling breaker, the
measuring points range over 11 m in the longitudinal direction,
and from 2 cm above the horizontal bed (or tank bed), to 2 cm be-
low the wave trough in the vertical direction. Although trough ele-
vation of the wave changes along the central axis of the tank, each
measuring point is always set at 2 cm below wave trough. Inter-
vals between the measuring points in the longitudinal and vertical
directions are 10 cm and 3 cm, respectively. In case of a plunging
breaker, the measuring points range over 9 m in the longitudinal

At 1 m behind wave generator At wave breaking point
Height [cm] Period [s] Depth [cm] Wavelength [cm] Height [cm] Period [s] Depth [cm] Wavelength [cm]
(Hy)o (Ts)o (hs)o (Ls)o H; T hs Lg
Spilling breaker 143 1.5 66.5 307 14.7 1.5 29.8 264
(H p)o (Tp)o (hp)o ( Lp)o H, P Tp hp Lp
Plunging breaker 10.7 1.4 56.5 265 133 1.4 19.5 186

Table 1 Wave parameters
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Fig. 3 The present plunging breaker. Wave direction is from
right to left facing the wave.

direction, and from 2 cm above the horizontal bed, to 2 cm below
the wave trough in the vertical direction. Intervals between the
measuring points in the longitudinal and vertical directions are 10
cm and 2 cm, respectively. It may be worth noting here that no at-
tempt was made to measure water particle velocities above the
wave trough, although the present flowmeter has no limitation in
doing that.

Data Analysis

The water particle velocities (u, v, w) are first separated into
steady flows (U, V, W) and unsteady flows (&, v, w). Unsteady
flows are then divided into periodic flows (i, v, w) and turbulent
fluctuations (u; v, w”). The unsteady flows are also used to obtain
the power-spectral densities.

Steady flow and unsteady flow. Steady flows are defined as the
displaced distances of the water particle per wave period, or the
mass transport velocities. Thus, unsteady flows may be obtained
as (u, v, w) = (u=U, v—V, w-W).

Turbulent fluctuation. There is no established definition of the
turbulent fluctuation of the water particle velocity in a breaking
wave. It is evident, however, that once the periodic flows are ob-

tained by a certain way, the turbulent fluctuations can be given by
W, viw’)=(u- &, - %, w—w).

The author (Nakagawa, 1983a) has therefore proposed a plausi-
ble method—the phase-average method—for separating periodic
and turbulent components. With this method, a periodic flow com-
ponent at each phase is defined as the arithmetic average of a num-
ber of the unsteady flow velocity component at the phase in several
successive waves. Repetition of this procedure at each phase pro-
vides the periodic flows over the full 360° phase. In this analysis,
five successive waves are used. Thus, one can obtain a turbulent
fluctuation at each phase as the difference between the unsteady
flow velocity component and the periodic flow velocity component.

Power-spectral density. The power-spectral density of unsteady
flows is calculated by digital cosine transformation of the auto-
correlation function (Blackman and Turkey, 1958), where the data
numbers are 512; lag numbers, 200; and degrees of freedom, 5.

RESULTS AND DISCUSSION

In this section, wave height, steady flow, unsteady flow, turbu-
lent fluctuation and power-spectral density will be presented and
discussed, separately. However, before presenting and discussing
these results, it may be essential to indicate how the wave break-
ing point is defined in this study: The wave breaking point for the
spilling breaker is defined as the longitudinal position at which the
wave height becomes maximum, whereas the wave breaking point
for the plunging breaker is defined as the longitudinal position at
which the wave front becomes vertical.

Wave height. Fig. 4 shows how wave heights for spilling and
plunging breakers depend on the normalized distance from the
breaking point, where H; and H), are wave heights for spilling and

" plunging breakers respectively, x the distance from the breaking

point, L and L, wavelengths for spilling and plunging breakers
respectively, and subscript <o> denotes values at 1 m behind the
wave generator. In the case of a spilling breaker, Hy/(H;), repeats
the gradual increase and decrease while approaching the breaking
point, and takes the maximum value of about 1.02 just before the
breaking point. That is, the maximum wave height of the spilling
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Fig. 4 Wave height H/H , against distance x/L for spilling and plunging breakers, respectively.
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breaker exceeds the original value only slightly. Behind that point,
Hg/(H,), decreases slowly until x/L;=0.5. Then, Hy/(H;), de-
creases very rapidly with increasing x/L; and becomes about 0.65
at x/L; =1.0. However, this value is kept almost constant until
x/Lg=2.3.

In the case of a plunging breaker, H,/(Hp), increases steeply
while approaching the breaking point, and takes the maximum
value of about 1.25 just before the breaking point. After the wave
breaking, Hp/(H,), decreases exponentially with increasing x/L,,
and becomes about 0.7 at x/L, =1.0. Then, Hp/(Hp), increases
gradually with increasing x/L,, and takes a moderate peak at x/Lp =
1.3. Behind this peak, Hp/(H), decreases slowly with increasing
x/L,, and becomes about 0.5 at x/L, =3.7.

These results are consistent with Svendsen, Madsen and
Hansen (1978). They have reported that waves normally lose
about 50% of their height after the breaking while traveling a dis-
tance less than 10 times the water depth at the breaking point.

Steady flow. In the case of a spilling breaker, the spatial distri-
bution of the steady flows (U, V, W) in the vertical cross-section
through the longitudinal central axis of the wave tank indicates
that there is no definite locus along which the water mass is trans-
ported. On the other hand, in the case of a plunging breaker, it has
been reported by the author (Nakagawa, 1983a) that near the wa-
ter surface the water mass is transported from the breaking point
to both onshore and offshore directions, while near the horizontal
bed it is transported from the shore to the breaking point.

Unsteady flow. Fig. 5 shows time histories of the water surface
elevation 7 and the unsteady flows (i, ¥, w) at x/L, = —0.05 (be-
fore the breaking point) and at 2 cm below the wave trough. At
this position, 7 i -correlation is quite large, and 7} v-correlation
and n w-correlation are also evident. Through the wave shoaling
process, wave profiles take on a cusp-like shape, but they main-
tain regularities. It is clear that there is a difference between the
onshore and offshore velocities. That is, onshore velocity is
greater than offshore.

Fig. 6 shows time histories of the water surface elevation 1 and
the unsteady flows (&, v, w) at x/L, = 0.16 (after the breaking
point) and at 2 cm below the wave trough. At this position, 77 & -
correlation is fairly large, but 1 v-correlation becomes small,
though 1 w-correlation in this case is comparable to that in Fig. 5.
Note that 7-phase is almost identical to #-phase, but it never co-
incides with v-phase and w -phase, respectively.

Figs. 7a, 7b and 7c show time histories of the water surface ele-
vation 7] and the unsteady flows (&, , w) at x/L,, = 0.6 and at 2 cm
below the wave trough (Fig. 7a), 6 cm above the horizontal bed
(Fig. 7b), and 2 cm above the horizontal bed (Fig. 7c). These fig-
ures indicate that 17 -, 17 ¥-, and 7 w-correlations decrease while
the measurement point approaches the horizontal bed, and at each
depth 1 # -correlation is largest, while 1 v-correlation is smallest.
It may be notable that v highly fluctuates near the horizontal bed.
This must be caused by the interaction of the water particle move-
ment and the horizontal bed. Moreover, at this longitudinal posi-
tion, not only the water surface elevation 7, but also the unsteady
flows (u, v, w) oscillate in a random manner. It may be interesting
to point out that in these time histories of the water surface eleva-
tion there exists a tiny bulge at each trough between the adjacent
crests. That is, these bulges in the water surface elevation are im-
pressed in the time histories of the unsteady flows.

Figs. 8a and 8b show time histories of the water surface eleva-
tion 77 and the unsteady flows (&, V, w) at x/L, = 3.6, and at 2 cm
below the wave trough (Fig. 8a) and 2 cm above the horizontal
bed (Fig. 8b). These figures show that 1 iz-, n v-, and 17 w-corre-
lations at 2 cm below the wave trough are greater than those at 2
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Fig. 6 Time histories of n, #, ¥, and w at x/L,, = 0.6 and at 2 cm
below the wave trough

cm above the horizontal bed. Time histories of the water surface
elevation and the unsteady flows become symmetrical again at
this longitudinal position, while the bulge at each trough is more
pronounced than that in Fig. 7.

Figs. 5-7 show that with increasing x/L,, the difference between
the onshore and offshore velocities increases, whereas the asym-
metry of the wave profile decreases.

In this paper, the steady flows (U,V,W) are defined as displaced
distances of the water particle per wave period, but in general they
do not coincide with the displaced distances per unit time. In other
words, the steady flow components may not be constant during
the wave period. This may be the main reason why the mean val-
ues of unsteady flows in Figs. 5-7 are not zero.

Turbulent fluctuation. Fig. 9 shows how the turbulent fluctua-
tions (u,, ,vj,, wp) in the plunging breaker depend on the normal-
ized distance x/L,, from the breaking point. The turbulent fluctua-
tions have been determined by the phase-average method. The
x-component u;, increases with increasing x/L, and takes the max-
imum value at x/L,, =0.7. Behind this point, u;, decreases rapidly
with increasing x/L,. Both the y-component v;, and z-component
wy, exhibit similar dependency on x/L;, as up. In the upstream of
x/L,=0.7, u, and v}, are smallest and largest, respectively, and in
the sufficiently downstream their positions are reversed. However,
near x/L, =0.7, u;,is largest, while wy, is smallest.

Power-spectral density. Figs. 10a, 10b, 10c and 10d show the
power spectra of the water surface elevation 77 for the plunging
breaker at x/L,, = -0.05, 0.16, 0.6 and 3.6, respectively. It is seen
that the potential energies of the wave at the fundamental fre-
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Fig. 8 Time histories of 1, &, v, and w at x/L, = 3.6

quency fp and higher harmonic frequencies f) — fg are gradually
transferred both to the higher and lower frequency ranges with in-
creasing x/L,,. That is, at x/L, = -0.05 (before the breaking point)
the energy is allocated at frequencies fj — fg. It may be worth not-
ing here that the majority of the higher harmonic frequency com-
ponents is generated during the shoaling process, and the wave
breaking provides a relatively minor contribution to the generation
(Nakagawa, 1983a). At x/L, = 0.16, the energies at these frequen-
cies are decreased, and the energy at fg disappears. Similarly, at
x/Lp= 0.6, the energies at fy — f4 decrease, and the energy at f5 dis-
appears. Furthermore, at x/L, = 3.6, the energies at fy — f2 de-
crease, and the energies at f3 and f4 disappear. These results infer
that the potential energies of the wave are transported to the
higher and/or lower frequency ranges with increasing the distance
x/Lp. It is evident, however, that the fundamental frequency of the
original wave is preserved, even if the wave experiences the
shoaling and breaking processes.

Figs. 11a, 11b and 11c show power spectra of #, v, and w at
x/L,= 0.6 (after the breaking point) and at 2 cm below the wave
trough, respectively. These figures indicate that, while the ener-
gies of 4, v, and w are redistributed to a wider frequency range
by the shoaling and breaking, each spectrum has sharp peaks at
the fundamental frequency fj and the first harmonic frequency fi.
These results also suggest that, even after experiencing strong
shoaling and wave breaking, the fundamental frequency of the
original wave is preserved in the water particle velocities.

Figs. 12a, 12b and 12c show power spectra of #, v, and w at
x/Lp = 0.6 and at 2 cm above the horizontal bed, respectively. A
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comparison between Figs. 11 and 12 shows how the power spec-
tra vary while the measurement point approaches the horizontal
tank bed. That is, according to this change, the energies of #, v,
and w at the fundamental and higher harmonic frequencies are
transported both to the lower and higher frequency ranges. As a
result, each spectrum near the horizontal tank bed becomes
smaller than that near the water surface.

Figs. 13a, 13b and 13c show power spectra of #, v, and w at
x/Lp = 3.6 and at 2 cm below the wave trough, respectively. Figs.
11 and 13 show that these energies at the fundamental and higher
harmonic frequencies are decreased with increasing x/Lp.
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CONCLUSION

It is found that the ratio of the local wave height to the original
wave height for the spilling breaker is much smaller than that for
the plunging breaker, but both ratios take their maxima just before
the breaking point. Note the maximum height of the spilling
breaker exceeds the original value only slightly.

Before the breaking, the wave profile becomes asymmetrical
through the wave shoaling process, but the wave maintains the
regular oscillation with the fundamental frequency and the higher
harmonics. After the breaking, the correlation between the water
surface elevation and the unsteady flow component of the water
particle velocity is preserved. However, the correlation decreases
in approaching the tank bed and in increasing the distance from
the breaking point, respectively. At each depth the correlation be-
tween the water surface elevation and the longitudinal unsteady
flow component is the largest, while that between the water sur-
face elevation and the transverse unsteady flow component is the
smallest. As the wave increases the distance from the breaking
point, its profile gradually changes into a symmetrical one, but the
difference between the onshore and offshore velocities is in-
creased.

After experiencing strong shoaling and breaking, the main fre-
quencies of the original wave are preserved in the longitudinal and
vertical unsteady flow components of the water particle velocity,
and part of the original wave energy is transported to the trans-
verse unsteady flow component at the same frequencies as those
of the original wave. The higher harmonics in the power spectrum
of the water surface profile increase through the wave shoaling
process with the approach of the breaking point. However, after
the breaking, they are decreased as the distance from the breaking
point as well as that from the water surface increases.
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