EXPERIMENTAL VERIFICATION OF NUMERICAL
MODEL FOR NONLINEAR WAVE EVOLUTIONS
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INTRODUCTION

It is known that relatively long waves passing over a submerged bar
decompose into shorter components. The power spectra measured in front
of and behind such barred topographical regions differ appreciably because
the latter spectrum contains significant energy over a broad range in the
high-frequency band (Ohyama and Nadaoka 1992; Beji and Battjes 1993).
These waveform evolutions result from shoaling over the upslope and near-
resonant wave-wave interactions over the bar, which transfers energy to
higher harmonics. Under such circumstances nonlinear effects may signif-
icantly affect the wave evolution.

Longuet-Higgins and Cokelet (1976) successfully applied the boundary
integral equation method (BIEM) to the computation of evolving nonlinear
surface waves. Numerous alternative models have been presented since
(Vinje and Brevig 1981; Dold and Peregrine 1984; Grilli et al. 1989). It has
been confirmed that transient wave evolutions for a short period of time
are well predicted by these models, even in the case of plunging breakers
(Dommermuth et al. 1988). However, especially for spectral transformation
of random waves, quantitative comparisons between predictions and ob-
servations have rarely been provided.

The purpose of this study is to furnish such comparisons for the demanding
case of deformation and decomposition of near-breaking waves passing over
a submerged bar. The model tested here was developed by Ohyama and
Nadaoka (1991).

EXPERIMENTS

The wave flume and the submerged bar used in the experiments are
sketched in Fig. 1. A piston-type random-wave generator was installed at
an end of the flume, and a plane beach with coarse material was placed as
a wave absorber at the other end. The reflection coefficient of this beach
was of the order of 5% (Van Leeuwen 1992). The free-surface displacements
were measured with parallel-wire resistance gauges at seven different lo-
cations (Fig. 1). The time history of the wave-paddle displacement was also
recorded. The sampling frequency was 25.4 Hz.
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FiG. 1. Wave Flume and Locations of Wave Gages

TABLE 1. Mesh Size Used in Computations

Mesh size on
Frequency free surface
Incident waves (foVhplg [,V hplg) (Ax/L)
) &) €
Monochromatic waves 0.1010 1/15 (0 = x/hy, = 19)
1/40 (x/hp = 19)
0.1616 1/15 (0 = x/h, = 25)
1730 (x/hp = 25)
Random waves 0.1010 1720 (0 = xth, = 19)
1/40 (xthp = 19)
0.1616 1/20 (0 = x/hy, = 25)
130 (x/hy = 25)

Four different measurements were obtained: two different spectral shapes
(monochromatic waves with a spike spectrum and random waves with a
JONSWAP target spectrum), with two different peak frequencies (0.5 Hz
and 0.8 Hz, referred to as the “long’” waves and the ‘“‘short” waves, re-
spectively). All the measurements reported here were the nonbreaking waves.
However, it was important that the incident wave heights were large enough
to develop into finite-amplitude waves over the bar crest so that associated
waveform transformations could be observed. The following incident wave
heights H, to the water depth %, ratios were selected for the monochromatic
waves: Hy/h, = 0.05 and 0.0625 for the long and short waves, respectively.
The random waves required somewhat smaller incident significant wave
heights H,,; to prevent occasional breaking, and we used H,;/h, = 0.045
and 0.0575 for the long and short waves, respectively. The initial wave
heights of the high-frequency cases were larger than their low-frequency
counterparts because it was attempted to keep the nonlinearity parameter,
¢ = amplitude/water-depth, nearly the same in the shallowest region.

NUMERICAL MODEL

Computations were carried out with a numerical model, previously de-
veloped by Ohyama and Nadaoka (1991). The model, solving the equations
for the irrotational flow of an inviscid liquid, is based on the BIEM with
nonreflective open boundaries. In the present calculations, we utilized the
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same wave-generating method as was used in the model experiments, namely
that

%13 = U(¢) (on the left side boundary) §))

where ¢ = velocity potential and U = horizontal velocity of the wave
paddle. At the right end of the domain, a numerical wave-absorption filter
was placed for the open boundary treatment, corresponding to the wave-
absorber used in the experiments.

Mesh size on the free surface used in the computations is indicated in
Table 1, in which L is the incident wave length (corresponding to the peak
frequency for random waves), and f, and f, are the peak frequencies of
monochromatic and random incident waves, respectively. In all the com-
putations, the time increment At was set to 1/32 of the incident wave period
(spectral peak period for random waves). For the random waves, Ax/L in
the initial propagation domain was smaller than that for the monochromatic
waves to capture the higher-frequency components. The surface of the sub-
merged bar was discretized into 110 fixed elements in all cases, resulting in
Ax/L = 1/38 and 1/20 for the long and short waves, respectively.

The inputs to the numerical model were the bottom profile, the still-water
level, and the time history of the wave-board displacement. The initial
condition was zero surface displacement and velocity throughout the com-
putational domain.

The subsequent discussion utilizes numerical results after 10 periods for
the long waves and after 20 periods for the short waves from the cold start.

COMPARISONS OF MEASUREMENTS AND COMPUTATIONS

Fig. 2 show the comparisons of the measured and computed wave profiles
for the case of the long monochromatic waves, where n is the surface
elevation. The overall agreement is excellent, especially in the upslope re-
gion and over the horizontal portion. In the downslope, some minor dif-
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FIG. 3. Measured (—) and Computed (~---- ) Wave Profiles for Short Mono-
chromatic Waves (f,\Vh,/g = 0.1616) at Stations 1, 3, 5, and 7

ferences are observed between the measurements and computations. These
discrepancies may be attributed to insufficient spatial resolution in the down-
slope because, in this region, waves with smaller wavelengths become dom-
inant. Consequently, the initially adopted resolution could become relatively
coarse.

It is worthwhile to observe how the initially sinusoidal wave form evolves
as it travels over the bar. At station 2 the wave has a saw-toothed shape
with the slight forward pitch that is characteristic for waves on a plane beach.
The waveform at station 4 in the shallowest region is clearly reminiscent of
the soliton formation behind a solitary wave propagating into a shallower
depth. Due to the harmonic decomposition, the waveforms in the deepening
section (stations 5~7) are substantially different from each other and those
from previous stations.

640

Downloaded 24 Aug 2009 to 160.75.46.35. Redistribution subject to ASCE license or copyright; see http://pubs.asce.org/copyright



0-15 T T ﬁlTll L T rl T T I'ﬁ' T T T
i & St. 1(z/hp =14.25)
Puly 0.10 [ ' 3
2 : L 4
Hiy [ )
0.05 [ _4
O.OOF-' U RPN B SR
@ 0.0 1.0 2.0 3.0 4.0
a
flf
0.20 | L T T l T T L I‘l T T T I T T T T
8 St. 4 (z/hp = 33.75) 4
Pulo 45 [ _'
2 ) 4
Hips [ ]
0.10 | ]
0.05 | ]
C e ]
000 ST S NE TN NN ST TR SN SN SN NN S A O M |‘
0.0 1.0 2.0 3.0 4.0

®) 15

O. 1 5 [ T T T T T T T T T T T ]
r St. 7 (z/hp = 43.25)
L “”Qf 2 o.10f ‘ h
His i ". ]
L 4 g u +
0.05 [ , ?
[ ]
0.00 o AT H TN SR WU TN N TR TG S e
(©) 0.0 1.0 2.0 3.0 4.0
c
f1fe
FIG. 4. Measured (——) and Computed (- - - - - ) Power Spectra of Long Random

Waves (f,Vi,/g = 0.1010) at Stations 1, 4, and 7

641

Downloaded 24 Aug 2009 to 160.75.46.35. Redistribution subject to ASCE license or copyright; see http://pubs.asce.org/copyright



0.30

LIS B B B
puf, 0.25 | i St 1(a/hp=1425)
Hys 0.20 E E

0.15 :r —
0.10 F j
0.05 £ 3
0.00 Fuvud 1o Theeen "
(@) 0.0 1.0 fz/; 3.0 4.0
14
0.30 s
pof, 0-25 _ St. 4 (z/hp = 33.75) _j
H12/3 0.20 r— :
0.15 3
0.10 F 3
0.05 E E
0.00 £ P I S T = R—
) 0.0 1.0 ;/(} 3.0 4.0
4
o.:ao:.ﬁf.j,ﬁ..,..ﬁ.,...,3
Pufy 0.25 _ St. 7 (z/hp = 43.25) E
HYs 0.20 F 5
0.15 E— 3
0.10 F -3
0.05 | _
O'Ooojohk 4:.0
(c)
FIG. 5. Measured (—) and Computed (- - - - - ) Power Spectra of Short Random

Waves (f,Vh,/g = 0.1616) at Stations 1, 4, and 7

Downloaded 24 Aug 2009 to 160.75.46.35. Redistribution subject to ASCE license or copyright; see http://pubs.asce.org/copyright

642



Fig. 3 shows the results for the short monochromatic wave (only for
stations 1, 3, 5, and 7). The waveform appears like a higher order Stokes-
type deepwater wave and it does not evolve appreciably. In this case, the
difference in wave number between free and bound wave components in
the higher harmonics is markedly larger than that for the long-wave case,
indicating that the near-resonant conditions are not satisfied. Consequently,
the growth rate of the higher harmonics remains low and the waveforms n
the deeper regions are not much different from those at the first two stations.
The agreement for the waveforms in this case is quite favorable. Minor
discrepancies in the wave amplitude may be due to the fact that the dissi-
pation effect is not taken into account in the numerical model.

For the random incident waves, comparisons are given only for the power
spectra p,, at stations 1, 4, and 7 (Figs. 4 and 5). These power spectra were
obtained from the time records for a duration of 63/f,. The sliding-average
technique was applied to the raw spectra obtained from the measured and
computed surface profiles. For each group of 11 neighboring raw spectral
values, the sixth value in the group was replaced by the average of those
11 values.

For the longer waves, the spectral evolution is substantial, and so is the
amount of high-frequency energy generation during these nonlinear evo-
lutions (Fig. 4). The corresponding numerical results overestimate the higher
harmonics at station 7 but agree reasonably well for the measured primary
components. In contrast, a negligible amount of high-frequency energy gen-
eration is observed for the shorter waves (Fig. 5). In this case the discrepancy
between the measured and computed spectra is quite small.

The numerical model effectively predicts the overall evolution of the
energy spectra, but some differences in amplitudes and phases were found
in the time-domain records, even in the constant-depth section between
wave generator and slope. These discrepancies are attributed to numerical
errors in the phase speed of incident higher-frequency components. Al-
though a finer mesh would improve accuracy, it does not, at present, justify
the corresponding increase in central processing unit (CPU) cost.

CONCLUSIONS

Overall, the agreement between the measurements and the computations
is satisfactory. For the monochromatic “long” and “short” waves, the nu-
merical model performs well, with excellent agreement between the mea-
sured and computed waveforms. Although some minor discrepancies are
observed for the random waves, the performance of the model remains
acceptable, indicating its reliability for the prediction of a nonlinear random-
wave transformation.

The absence of dissipation in the computational model results in some
discrepancies in the wave energy. However, that may not be a serious
shortcoming for applications, since the dissipation is relatively smaller at
prototype scales. As computing costs continue to decrease, numerical models
such as the one presented here will find wider use in engineering applica-
tions.
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