


Curved Slit Caisson Breakwater

View of curved slit caisson breakwater completed in the construction
at the port of Funakawa. {Courtesy of Akita Port Construction Office,

the First District Port Construction Bureau, Ministry of Transport)

Faeilities for Ocean
Directional Wave
Measurement

Four step type wave
gauges and a two-axis
directional current meter
with a pressure sensor are
installed on the legs of
an offshore oil rig.
They are operated
simulianecusly for
detailed directional wave
analysis.




Serpent-type Wave Generator
The photograph shows the serpent-type wave generator in the short-
crested wave basin and the superimposition state of two different
oblique waves generated by the generator.

Wave-soil Tank

The experiments concerning the wave-soil interactions are conducted
in this tank. The soil tank and the test section are located at the
center of the tank. A movable floor is provided at the bottom of
the test section and the level of the interface of mud layer and water
can easily he adjusted to the level of the flume bottorn.
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Pararionospio Pinnata
The biomass of benthos is one of the most sensitive indices to know
the effect of sea-bed sediment treatments on the marine environmental
improvernent, The picure shows a kind of henthos, pararionospio
pinnale, which preferentially exists in the polluted sea-bed.

Breakwater Damaged by Storm

This photograph shows a breakwater damage by a storm,

The breakwater is of the composite type with concrete caisson on
a rubble mound. Two caissons were severly damaged due to the insta-
bility of a rubble mound.




Nondestructive Evaluation of -Pavement

Nondestructive methods for evaluating the load carrying capacity
of airport concrete pavements have been developed by using Falling
Weight Deflectometer(FWD).

Seismic Damage to Gravity Quaywall

The 1983 Nipponkai-Chubu earthquake(Magnitude : 7.7)caused serious
damage to port facilities in northern part of Japan. This photo shows
the damage to gravity quaywall. The concrete cellular block walls
were collapsed and completely submerged.



Model Experiment of Mooring Ship

Model ship is moored at a quay wall with fenders and mooring ropes
subjected to gusty wind and/or irregular waves.

Vessel Congestion in Japan

As Japan is surrounded by the sea, there are many crowded water
areas with various sizes and types of vessels. Arround there, many
construction works were planned such as ports and harbours, off-shore
airports, huge bridges and so on, so that many marine traffic
observations and marine traffic simulations have been carried out.




Underwater Inspection Robot

This is the six-legged articulated underwater inspection robot named
“AQUAROBOT” . The robot controlled by a computer can walk on
uneven sea bed without making water muddy.



Foreword

The Port and Harbour Research Institute iz a national laboratory under the
Ministry of Transport, Japan. It is responsible for solving various engineering
problems related to port and harbour projects so that governmental agencies in
charge of port development can execute the projects smoothly and rationally. Its
research activities also cover the studies on civil engineering facilities of air ports.

Last April we have celebrated the 25th anniversary of our imstitute because the
present organization was established in 1962, though systematic research works on
ports and harbours under the Ministry of Transport began in 1946. As an event
for the celebration, we decided to publish a special edition of the Report of the
Port and Harbour Research Imstitute, which contains full English papers only. These
papers are so selected to introduee the versatility of our activities and engineering
practices in Japan to overseas engineers and scientists. It is also intended to remedy
to a certain extent the information gap between overseas colleagues and us.

The reader will find that our research fields cover physical oceanography, coastal
and ocean engineering, geotechnical engineering, earthquake engineering, materials
engineering, dredging technology and mechanieal engineering, planning and systems
analysis, and structural analysis. Such an expansion of the scope of research fields has
been inevitable, because we are trying to cover every aspect of technical problems
of ports and harbours as an integrated body.

The present volume contains eleven papers representing six research divisions
of the institute. The materials introduced in these papers are not necessarily original
in strict sense, as some parts have been published in Japanese in the Reports or
the Technical Notes of the Port and Harbour Research Institute. Nevertheless they
are all original papers in English and are given the full format accordingly. We
expect that they will be referred to as usual where they deserve so.

It is my sincere wish that this special edition of the Report of the Port and
Harbour Research Institute will bring overseas engineers and scientists more
acquainted with our research activities and enhance the mutual cooperation for
technology development related to ports and harbours.

December 1987
Yoshimi Goda
Director General
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REPORT OF THE FPORT AND
HARBOUR RESEARCH INSTITUTE
Vol. 28, No. 5 {Dee. 1987)

3. Fundamental Characteristics of Obliqgue Regular Waves and
Directional Random Waves Generated by a Serpent-type

Wave Generator

Tomotsuka TAKAYAMA®
Tetsuya HIRAISHI**

Synopsis

For long time coastal engineers have wanted to reproduce directional random
waves similar to sea waves, in their laboratory basins. Recently, several hydraulie
research institutes in the world, including our institute, have built serpent-type wave
generators which can generate the directional random waves by the motions of seg-
mented wave paddles.

The present paper hasg discussed the properties of the obligue regular waves and
directional random waves generated by segmented wave generators, The theoretical
formula for the oblique waves has been derived as the linear superimposition of
waves radiated by the motion of each segmented wave paddle, The properties of the
oblique waves are investigated by experiments and numerical computations, and ex-
periments have confirmed the validity of the formula.

The cross-spectrum has been obtained theoretically from the formula of obligue
waves, and the examinations of the cross-spectrum of directional random waves have
yielded the conclusions that two different representations of the single and double sum-
mation models are equivalent to each other, as long as the number of frequency compo-
nents in the simulation of wave generation signals is sufficiently large, To eliminate
the effect of phase locking in the double summation model, the number of frequency
components needs to be more than 4850.

The spatial variability of the directional spreading function has been investigated
by using the Bayesian model as an estimation method for directional spectra. When
the observation points of directional random waves are trensversely moved from the
center lne of the wave generator, the directional spreading curve is distorted from
the target and becomes asymmetric to the principal direction,

For the value of the directional concentration parameter of Smax==25, the ex-
perimentally observed directional spreading function agrees well with theoretically
computed ones, but for other values of Smuwx, their agreement is not good. One of
main causes of the disagreement seems due to the insufficient number of frequency
components in the simulation of wave generation signals,

e

Chief of the Wave Laboratory, Marine Hydrodynamics Division
*% Member of the Wave Laboratory, Marine Hydrodynamics Division
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Fundamental Characteristics of Obligue Regular Waves and Directional Random Waves

1. Intreduction

Real sea waves have the property of directional randomness as exhibited in an
aerial photograph of short crested waves. Coastal engineers have wanted to reproduce
directional random waves in their wave basins for accurate model tests. Because the
multi-directional waves can, in principle, be expressed as the superimposition of
various different oblique waves, a serpeni-type wave generator which was originally
developed for the generation of regular trains of obligue waves can be utilized for
the generation of the short crested waves.

Since Salter!) developed a system for generating directional waves by using a
serpent-type wave generator, several hydraulic laboratories in the world have built
their multi-directinal wave generators, as listed up in Ref.2). We have also built
a multi-directional wave generator of the transportable piston-type which consists
of 85 wave-makers with segmented wave paddles 0.8 m wide.

Several papers®~® have been published on the characteristics of wave generator
system and for model tests in directional waves, but a few papers”.® have touched
upon the characteristies of directional spectra of the short crested waves generated
by the serpeni-type wave generator. In the present paper, the properties of the
regular trains of obligue waves generated by a wave generator are investigated
by the numerical caleulation of the formula of oblique waves derived theorefically,
and the validity of the formula is confirmed by experiments. The cross-spectra of
multi-directional waves expected in a wave basin are formulated by the application
of the formula of oblique wave, and the dirvectional spectra are computed from the
cross-spectra by using the Bayesian model® 2%, The characteristics of the numerically
obtained spectra are investigated by comparing them with those of experimentally
obtained ones.

Recently, the arguments®™~'4} on the synthesis of directional random waves
have been raised. The arguments seem to conclude that the representation of
directional random waves by the double summation model does not satisfy the
ergodicity of the sea state because of phase locking between directional component
waves. The present paper clarifies the caunse of the phase-locking and presenis a
solution to solve if.

2. Theoretical Formula and Characteristics of Obliqgue Regular Waves

2.1 Formulation of waves generated by a single wave-maker

We assume that a single wave paddle of the width b moves periodically to and
fro with a constant amplitude and that two stationary boards are extended semi-
infinitely on both sides of the paddle, as shown in Fig. 1. In order to simplify the
formulation of the waves generated by the motion of the paddle, the followings are
assumed: 1) a non-viseous and incompressible fluid, 2) an irrotational fluid motion,
3) a uniform water depth, 4) a sufficiently small motion of the wave paddle, eom-
pared with the water depth and the wavelength, and 5) an impermeable bottom.

These assumptions make it possible to express the motion of a fluid by the
velocity potential, and to neglect non-linear terms which appear in the boundary
conditions at the water surface and the wave paddle. The linearized condition of
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Tig. 2 Motion of 2 wave paddie

the paddle motion composed of two different movements of translation and rotation
as shown in Fig, 2, can be expregsed as follows

80 ={ (Yp+Yf htz )cosmf (Jel=6/2 (1)
oy 0 (z>5/2)

where o and ¥ represent the horizontal axes, as shown in Fig. 1, and z represents
the vertical axis, positive upwards, as shown in Fig. 2. Furthermore, &, o, £ and %
denote the velocity potential, the angular freguency of the paddle motion, the time
and the still water depth, respectively, and the two different amplitudes of the
translative motion and the rotational one at the still water level are represented by
¥, and Yy, respectively.

y=0

The waves generated by a single paddle of finite width must propagate in
radiating directions and their heights decrease with thelr propagation distance

Thus, they should satisfy the following Sommerfeld radiaftion cendition at a point
sufficiently distant from the center of the paddie
E ad
hmx/'r(—-i-———a-t—)—O

(2>
where #{=-/a*+%? ) is the distance from the center of the paddle, and k& (=2x/L}

denotes the wave number where L represents the wavelength, The wave number is
the real solution of the following dispersion relation

2=gk tanh kZ (3
The sgenior authori® has derived the formula of the velocity potential which
satisfies the mass conservation equation of
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the linearized water surface conditions of

2
LhteSt=0 =0 (5)

and the bottom condition of

%D—mo (z=—h) (6)
4

in addition to the paddle econdition of Eq. (1) and the radiation condition of Hq. (2).
The formula can be expressed as follows:

cosh k(h+2) SW 2

Trome e e T Doag 32
sinh kb J-m2 No(/ Gee— P+ (hy)dg

o= I:%( Ypdp'*‘ Yjﬂff)

kb2 —
~S1L (Tt Y- BEIED (P 2 gy o= T Gydg Jeos of
kbr/2 -
Vgt Vi) BEBLD (P 1/ o= Chyydg-sin ot (7

where J,(x), N,(x) and K,(x) are the Bessel, Neumann and second kind modified
Bessel funetions of the 0-th order, respectively, and » represents the ryeal value
solutions of

g¥=-—gy tan vk (8>

The coefficients of «, and g,, which indicate the transfer functions for wave genera-
tion by the paddle motion of transiation, are given as

sinh® kA
sinh 2kk (9)
kk[H- 2kh :l
sin® 2ub
sin 2vh :l aoe
2vh

and the coefficients of «; and g, which also indicate the transfer functions for the
paddle motion of rotation, are given as

_[sinh kh—Ccosh kh—1)/kh] sinh kh

Xp—

Fo= A1+

e sinh 2kh D
ZE 2R ]
5= [sin vh-+(eos vh—1)/vh] sin vk
A sin 2uvh a2
”k[1+ Wl ]

The transfer functions expressed by BEgs. (9) and (11) are the same as those
obtained by Biegel et al® as the transfer functions for the piston-type and flap-
type wave-makers, respectively, in a two-dimensional channel. The same formula of
Eq. (7) has been derived by Dalrymple and Greenberg?” independently,
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By substituting Eq. (7) into the linearized dynamic condition at the water
surface, the wave profile {(x, y,¢) can be expressed as follows:
. kbs2 -
t=(Yyupt Vi) sin ot N/ T+ ey ))da
kb
—K

+eos ot v/ TRo—ar+ ey |

+ 3 ¥,y + Vsby) sin ot

/2 2 ey

ZRE( &/ a—g* +CDdg (13
-8 T

The first term in the right-hand side of Eq. (13) represents progressive waves
which propagate radiatively and attenuate gradually, while the second term in the
same side represents stationary waves which vanish at a point more distant than
one wavelength from the wave paddle. Since the waves near the paddle are not

significant in the present analysis, we ignore the stationary term and define the
dimensionless wave height E, as

Re=H/2(Ypap+ Yoy
e o ,
- [{S—mzz JoC/ e =)+ (k?l)z)d‘Y}

%D/2 J 27172
I M= T G| a®
Figure 3 shows an example of the computed distributions of the non-dimensional
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Fig. 3 Distribution of dimensiolness wave height Ry and
wave propagation angle 7 (3/L=0.5)
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wave height Ry and the wave propagation angle 7 for the case of b/L=0.5. The
wave propagation angle is defined as the angle of the direction of the maximum
fluid veloeity measured from the positive axis of 2. Hach contour line of B, indicated
by the solid line in Fig. 3 shows the feature of an oval are because of the concentra-
tion of wave energy in front of the paddle. The value of R, on the radiative line
from the center of the paddle decreases almost in inverse proportion to \/r. On the
other hand, the contour line of r is extended radiatively except for in the vicinity
with the paddle. The lines of y do not cross perpendicularly with thoze of R,,.
However, as the relative paddle width b/L becomes small, the crossing angle between
the lines of ¢y and R, approaches a right angle.

The validity of Eq. (7) has been confirmed by a comparison of the experiments
and computations.1s

2.2 Theoretical formula of oblique waves

The profile of the obligue wave generated by a serpenti-iype wave generator can
be formulated by the linear superposition of Bq. (14). However, the phase difference
of the motion between the adjacent wave paddles must be introduced into the
formation of the oblique waves. The phase difference is given as -kb cosf, on the
assumption that the obligue waves propagating in the direction of the angle ¢ can
be uniformly generated by a group of a large number of wave paddles each with the
width of b, where the oblique angle # is defined as that measured from the positive
axis of .

By using the above phase difference, the wave profile of the oblique wave is
derived as the following form:

N+
Cobi:%_( Yoo+ Y,af)[sin (ot —ikb cos &)

No( ' e — g + By )" dg

S(i+1/2}kﬁ :|
{4—1/23kb

+cos (gt —ikb cos 0)S

{i+1/23k0 :|

Sl e~ )P+ Chy ) )dy (15)

where the term of the stationary wave in Eq. (14) is neglected. In Eq. (15), N: and
N_ denote the numbers of the wave paddles in the positive and negative xz-axis
respectively. The total width of the paddles is represented as (N+3+No-+1)b.
When the value of b/L is infinitely small, the summational form of Eq. (15)
can be transformed into an integral one. The dimensionless height B, and the
propagation angle 7y of the obliqgue wave are defined in the manner same as in 2.1.

CE—1/2)k

2.3 Characteristics of simulated chlique waves

In order to investigate the properties of oblique waves, computations are carried
out for various values of the target angle § under the condition of the individual
paddle width of b/L=0.32, the total paddle width of B/L=12.8, and the uniform
water depth of A/L=0.64. The above condition expressed in the non-dimensional
values corresponds, as an example, to b=0.5m, B=20m, and k=10 m for the paddle
motion with the period of T=1.0s.

Figs. 4(2) and (b) show the variations of the wave propagation angle ¢ and
the dimensionless wave height Ry, respectively, on the line of y/L—=4. These varia-
tions are computed for the four farget angles of 90°, 80°, 60° and 45°. The thin

— 109 —



Tomotsuka TAKAYAMA - Tetsuya HirArsar

100
S UAAAATAY
X . 1y ‘r\\ ,- .—-'/“\
80 K“" ‘\ /j Y T N ‘.../'}\
7OHY:
k) f /\ ' ‘\ r“‘\
60 i)m n -\‘ A T ALY < ./\. AN ’\'\/ \\ \\. .../’ 1
U N v \Y - i
[d: ]50 AT I\‘j\\/\ o LN 3\
g 40 v < AV AN I AN
30|8/L=128,/1=032]1
y/L=4 b ¥y 8
201 6=900 — =
10 60° —— e = B/2 | B/2 |
olL__45° | ;
-4 -2 0 2 4 6 8 10
7 x/L
ol
¥
b )

Ru . /T N wnoA \(
!\": \m ’f‘“ “? _/ ’r“\.{\ WX "b(“
2 i A il “"’,..—“"‘r e \Vs :
7 W"/ /\ ¥, (Y v\/ iV < _ \
/ B/L-12.8,b/1=0.52 L AN
- Vad y/L=4 NS LY
: 8=90° ———ro - N
%s/"/v 8OO -~ iy NN
807 ——— N>
0 452
-4 -2 O 2 4 6 8 i0
X/ L
(b)) Ry

Fig. 4 Variations of wave propagation angle 7 and dimen-
sionless wave height Ry for y/L=4

dash-dot lines parallel fo the vertieal axis of the figures indicates the outer end of
the paddles.

In Fig. 4(a), each computed variation of the wave propagation angle shows the
wavy feature which consists of undulations and ripples. The undulations become
clear and the ripples attenuate, as the target angle deviates from the nmormal angle
of 90°. The undulations and the ripples are not caused by the width of the individual
paddie but by the finite total width of the paddles, because they appear even for
the cage of a normal angle of 90° where all paddles move in phase and the width
of the individual paddle does not influence the generated wave. As the target angle
deviates from 90°, the propagation angle of the oblique wave gradually approaches
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the target ome and the portion of almost uniform propagation angle becomes narrow.
The deviation of the propagation angle from the target one is within 10° except
for the approach portion to the target.

In Fig, 4(h) for the wave height, each variation of R, also shows the wavy
feature of undulations and ripples. As the target angle deviates from 90°, the
undulations become clearly distinguishable, while the ripples become small. The
undulations are a predominant factor for the variability of the wave height,
especially in cases of large deviation like §=60° and 45°. In the portion where the
wave propagation angle is close to the farget one, the value of B, varies between 2.1
and 8.2 in case of @=45°, while it varies between 1.7 and 2.3 in case of #=80°.
Thus, the average wave height in the above portion increases as the deviation of
the target angle from 90° becomes large, This resulf indicates that when we
generate oblique wave, the amplitude of the paddle motion calculated by the transfer
function of wave generation for two-dimensional channel should be reduced by
multiplying the ecalculated amplitude by sin 8.

Figure 4 clearly indicates that the generation of uniform train of oblique waves
cannot be expected, even if the phase of the motion bhetween the adjacent paddles is
completely adjusted o the theoretically derived one. Although Fig. 4 clarifies that
the undulations and the ripples are eansed by the finiteness of the total paddle width,
it is not clear whether their amplitudes depend upon the width of the individual
paddle. Therefore, additional computations are carried out to investigate the
dependency of the wave propagation angle and height upon the individual paddie
width b.

Figures 5(a) and (b) show the variations of y and Ry, respectively, for §=60°.
The relative paddle width b/L adopted in the computations is 0, 0.32, 0.64 and 1.28,
where the condition of b/L=0 means that the individual paddle widths are in-
finitesimal. The other conditions of the computations are the same as those of Fig. 4.

The wave propagation angle y in Fig. 5(a) shows the wavy variation featured
by undulations and ripples same as those in Fig., 4(a). The ripples attenuate as the
relative paddle width b/L becomes small. This means that the amplitude of the
ripples caused by the finiteness of the fotal paddle width depends on the value of b/L.
The difference of the propagation angle between the two cases of b/L=0 and 0.32
is as small as to be negligible. In the portion of —2<x/L<5, where the value of
v is close to the target angle, the departure from the target is within 5° for above
two cages. Im the same portion, the value of r for the case of b/L=0.64 varies
around the target angle, having the maximum absolute difference of 10°, while in
case of b/L=1.28 it largely varies around the angle guite different from the target.
The relative paddle width of b/L=1.28 is too wide to generate the oblique waves
with uniform propagation angle.

The dimensionless wave height Ry also shows a wavy variation with undulations
and ripples, as shown in Fig. 6(b). The value of Ry approaches that for the case
where b/L=0, as the relative width 5/L becomes small. The dimensionless height
in cases of b/L==0.32 and 0.64 is smaller than in the case of b/L=0 by 0.2 and 0.5
in maximum, respectively. The difference of the value of Ry between the two cases
of b/L=0 and 1.28 is more than 1.5 because remarkable ripples appear in case of
b/L=1.28. A paddle with the relative width of b/L=1.28 is no more useful for the
generation of uniform ftrains of oblique waves.

The above discussion draws the following conclusions:
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Fig. 5 Variations of wave propagation angle 7 and dimen-
sionless wave height Rg for various values of 8/L

1) Even if the width of an individual wave paddles is made very small, it is
impossible to eliminate the undulations and ripples which appear in the varia-
tions of wave propagation angle and height.

2) In order to gemerate uniform trains of oblique waves, it is important to
reduce the individual paddle width, but it is not always necessary to reduce it
up to very small quantity. The results of other various computations lead tfo
the conclusion that a paddle width less than b/L=0.5 is sufficient to generate
almost uniform trains of oblique waves.
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38) The elongation of the total paddle width is important to elimminate the
undulations and ripples, rather than the reduction of the individual paddle
width.

3. Generation Method of Directional Random Waves and Characteristics of
Theoretically Computed Directional Specira

3.1 Generation method of directional randem waves

It i reasonable to assume that directional random waves can be mathematically
expressed as the linear superposition of a number of oblique component waves with
different frequencies and propagation directions. As described in the previous chapter
of 2, the oblique component wave can be generated by controlling phase differences
between the motions of segmented wave paddles. For the generation of oblique
wave by a serpent-type wave generator, the motion 7; of the i-th segmented wave
paddle can be formulated as

-2
Tt F

where ¢ and @ represent the amplitude and the propagation direction of the target
obligue wave, and F and ¢ denote the transfer function for the oblique wave genera-
tion and the phase lag between the oblique wave and the motion of the segmented
wave paddle, respectively. The multiplication by sin 6 in Eqg. (16) is made for the
purposes of reducing the paddle motion because the oblique wave becomes larger
than the mormal wave, as described in 2.3. The transfer function F and the phase
lag ¢ depend on the propagation direction 6, the wave angular frequency ¢ and the
spatial point (z, %) of inferest. Thus, the formulas for F' and ¢ are very complicated.
Therefore, we decided to utilize the transfer function for two-dimensional wave
generation instead of that for the oblique wave generation. Consequently, the phase
lag vanishes and the transfer function is given as the following form:

for piston-type wave-makers,

sin (et—ikb cos 0+¢) (16

2 sinh” kh

sinh 2kh an
kk[l + 2kh ]

and for flap-type wave-maliers,

_ 2 sinh kk[sinh Ekh—Ceosh kh—1)/kh}

F= :

b 2%h (18

kh[Hf’l‘l————]
2R

F=

There are two different represeniations for directional random waves; one is
the single summation model and the other is the double summation one. In the
gingle summation model cne frequency of an oblique component wave corresponds to
one propagation direction. Thus, if the frequency is different, the propagation direc-
tion also differs to correspond to the frequency. On the other hand, in the double
summation model one frequency of an oblique component wave has various different
propagation directions. Thus, if we pick up the wave with a frequency, it involves
a number of oblique waves with different propagation directioms. The motion 7; of
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the i-th segmented paddle can be formulated in these different representations as
follows:
1) Single summation model

N
7e= 312 oin Conf—iknb 08 Onten) Sin Oa (19
n=1 Fn,

where a,, o,, k,, 0, and e, represent the wave amplitude, the wave angular frequency,
the wave number, the wave propagation angle and the phase difference, respectively.
The subscript n denotes those of the n-th component wave. The value N indicates
the number of the component waves, and the fuction F, represents the transfer
function expressed by Eq. (17) or (18) for two-dimensional wave generation., If
the spectrum S(f,4) (=S(F)GF;F)) of direciional random waves are given where
S(f) and G(f;9) denote the frequency spectrum and the normalized angular
spreading, the wave amplitude o, is expressed by

n= st(ﬁi)afn (20)

where 8f, denotes the small interval of frequency.
The representative frequency f, of the n-th component wave can be caleulated
by the second moment of the frequency spectrum, and its approximate formulals ig

__ 1,007
L

if the frequency spectrum of the Bretschneider-Mitsuyasu type expressed by Eq. (38)
is employed,

The representative propagation angle 0, must be distributed suceessfully by
regarding the angular spreading G(#;f) as a probability density function.

The phase difference e, is distributed uniformly as a random value between 0
and 27,

2) Double summation model

{In[2V/(2n—101} 14 2D

N M
7= 23 23 aﬁ”.m sin(oat—iknb €08 Ontean)sin bm 22

where @,y and e,, represent the amplitude and the phase difference of the nm-th
component wave, and 6,, is the propagation angle of the m-th wave direction. The
subscripts % and m indicate those of the n-th frequency and the m-th direction. The
values of N and M indicate the numbers of component waves in frequency and
direction, respectively.

The wave amplitude a,, is given as

anm= /25, G0 FndOrm (23)

where 8f, and §0,, are small intervals of frequency and propagation angle.

'The representative frequency f, is calculated in a manner the same as that in
the single summation model, and the representative angle &, i generally distributed
uniformly between 0 te z at constant intervals. The phase lag Enm 18 given in the
same manner as e, in the single-summation.

3.2 Theoretical analysis of cross-specira
When individual paddies of the wave generator are moved as described in the
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previous section of . 31 the wave profiles at an arbitrary spatial point can be
obtained theoretically. The simultaneous wave profiles at several points in a wave
basin can be used to derive .the-covariance function ¢y(z; X, Y) defined by

L ptost o _ . e
duCe; X, V= Jim— ot w00t ot X g+ @0
where 7, X and ¥ repfésenf the time lag and the spaﬁal lags in = and y-axis,
respectively, at any. two points. The cross-spectrum G%(f X, Y) is gwen as the
followmg Fourier tlansfmm of gbu(z' X,Y):

ouCfi X =] goes X, Y)e“z“f’dr - (25)

The cross-spectrum is often expressed in telms of its real and imaginary parts as
Pl f; X, Y= Co(f; X, V—iQ(f; X, ¥ (26

where the real part C,(f;X,Y) is called the co-spectrum and the imaginary part
Q,(f; X,Y) is called the quadrature-spectrum. If we obtain the cross-spectrum, we
can caleulate the directional spectrum by applying a reliable estimation method such
as EMLM (Extended Maxzimum Likelihood Method) and BDM (Bayesian Directional
Spectrum Method). The theoretical cross-spectrum differs by the two different
representations of the single and double summations described in the previous
section. Therefore, we will discuss the cross-spectrum obtained by each different
representation.
(1} Cross-spectrum in the single summation model

When the segmented individual paddle moves as expressed by Ea. (18), the
wave profiles at the point of (=, y) are formulated as

N N
g(ﬁ, i, t)= ﬂE:l i=§}N tzzn {N$in(ws y) sin Cﬂ'ﬂt—iknb Cos 6n+5ﬁ.)

+ ¥z, ¢ cos (Ont—iknb €08 On-Hen)} 8in On @en
where,
NG )= o N/ T P F g
G—1/2)knb 28
T¥a (2, y)= S(‘Hmk“bﬁ( & Uente— O+ (knt)P)dg
G—1/2knb

By substitution of Eq. (27) into Eg. (24), the covariance function is obtained as

2
gz X, Y= :2__';1 S;N » E —-4L—[N*mt' 08 {onr+ (E— 1 DEnb co8 @4}

+ J¥uuer sin {oar+ G —E D kab cos 6} ] (29

where,

Ntw=N¥(z, DI N¥(o+X, y+ V) + T ¥ulz, v Fmle+X g+ YD }

e o, PN+ X, g V)= N¥alt, T raCar X,y 4+ 7D 1 0

By Fourier transfermation of the above function of Eq.(29) the co- and
quadrature-specira are given as
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Co(fa; X, Y)=%S( S PN Er cos [E—4Dkab cos 6]
+ J*aursin [~ kub cos 8:1) sin® @5
O fai X, VI~ TR N o sin [G—7hab cos 0s]

—J¥ae cos[(i—iDkab cos 8,1} sin® o,

The co- and quadrature-spectra expressed by Eg. (31) are equivalent to those
of uni-directional oblique wave generated serpent-type wave generator, because a
discretely given wave frequency in the single summation model has only one wave
propagation direction. Consequently, the directional spreading function caleulated
by Eq. (81) becomes the very sharp directional distribution as shown by the dirae 8-
function, and the predominant direction 8, of the angular spreading varies with a
different run of random values caleulated for the selection of the wave propagation
direction ,. Therefore, we must employ the mean values of the co- and quadrature-
spectra for the various runs of random values to select the wave propagation
direction. Because the wave propagation angles are distributed according to the
directional spreading function regarded as a probability density function, the mean
values Cy(f,; X, Y) and @o(f,; X, Y) of the co- and quadrature-spectra converge to

(3L

_ My
Co(fa; X, Y)=%S( fa) 2;}1%} g {N*ast cos [G—Dkab o8 Ol
+ /o sin [(E~2Dknb €08 0]} 5in? 0nG0n: fo)bm
— M
(/s X Y)m%S(fn) Eé] %.‘{N Fatr sin [E—1Dkab cos O]

—J¥aut co8 [(G—8"Dknb €08 0]} Sin® 0mG(On; fo)d0m

where M, and 46, represent the number of the runs and the angular interval,
respectively. The value of M, needs to be no less than 30 to obtain a constant mean
of co- and quadrature-spectra. If 30 representative freguencies are necessary to
represent the freguency spectrum, the simulation of wave generation signals needs
to be 900 wave components in frequency. If the angular spreading G(4;F) depends
upon the value of the frequency sensitively, more components may be necessary for
the simulation. For a practical estimate of the directional spectrum, the means of
the co- and quadrature-spectra are obtained by averaging the cross-spectra of
different frequencies in the neighborhood of the representative frequeney of f,.
(2) Cross-spectrum in the double summation model

In the manner the same as the single summation model, the co- and quadrature-
spectra are obtained as

(32)

Co( fn; X, Y)=~i~5'( fa) %} %; ? iZ{ {N*.r cos [( cos Bm~—~i 08 Om'iead
—(Enm—'é'nm’)] +]*71ﬁ’ sin [(i Ccas am"_i' [0 ] 9m’)]€nb— (Enm—é'mn’)]}
XNV Gn; f2)00mv GCOn/; fu)d6m' SNt O SiN O’

Q(fa; X 1) =—i“5(ﬁz) 202020 IN ¥ sin [( cos On—7' cos OnDEnd

—(enm—Eam’)] ~ P cos [(F cos On—1' €08 8 hnb—(Enm—Enn)]1}
XV Gn; fa)i0mv GOn'; f2)860n' i B sin o’ (33
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Equation (33) indicates that the phase difference between two wave directions
does not vanish in the representation of double summation model. The phase dif-
ference which remains in Eq. (83) is called phasge locking. The values of the co- and
quadrature-spectra vary largely, dependng on the phase lag given as uniform random
value. The mean values of cos (som—=¢nm’) and sin {e,,—e, ) for various runs of
the phase lag converge to

Nx 1 3 m=m
lim 1 E [se}:3 (anm(p)'—snm'(pj) = { R
Npwe Ny =1 0 :m¥m &)
1 N-r
lim Z} gin (enmm(p)'_enm’(p))=0

W= Nr p=l

where N, denotes the number of runs of random phase. Eguation (34) has a
satisfactory practical accuracy when the value of N, is larger than 15. If the co-
and quadrature-speetra given by Eq. (38) are averaged for more than 15 runs of
the phase lag, they converge to the formulas given by Eq. (32). The averaging of
Colfn; X, Y) and Q,(f,; X, ¥) for various runs of phase lags is equivalent to their
averaging for various freguencies in the neighbor of the representative frequency
of f,. If 80 representative frequencies are necessary to represent the frequeney
spectrum, the simulation of wave generation signals needs to be 450 frequency
components. Goda!® has described in his simulations that at least 100 and 36 com-
ponents in frequency and direction, respectively, are needed in the double summation
model.

In the practical estimate of directional spectrum, we generally perform smoothing
of the periodgram of the cross-speetra. The smoothing is equivalent to the above
averaging of the co- and quadrature spectra.

Although several researchers’®~14 have emphasized that the representation of
the double summation model gives undesirably wide distribution of wave energy
spreading, the above examination reaches the conclusion that there is no fundamental
difference between both models because they need avegaging of the co- and quadrature-
gpectra in frequency domain.

2.3 Characteristics of computed directional spectra

The cross-spectrum as described in 3.2 has the following relation fo the direc-
tional spectrum:

SCF; e)ﬂ—(g—%SSasg*( fui X, YV)eikaXcosttmYsindgx 7Y (35)

where @,%is the conjugate function of the cross-spectrum @,; ie., @*=C,+iQ, and
« is a proportionality constant. The integration of Eq. (35) with respect fo the
spatial lags of X and ¥ is almost impossible to be performed because waves in the
tank are not spatially uniform in their statistical meaning. Therefore, we must
estimate the directional speetrum by using wave profiles simultaneously observed
at a finite number of wave measurement points for a small area, Several estimation
methods have been developed.

The Direct Fourier Transform (DFT) method developed by Barber®® is one of
the estimate methods, but this is not good fo estimate the directional spectrum.
Its directional resolution is rather dull and it yields negative values for the estimated
gpreading function in some ranges of direction.
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A fajrly common technique is the so-called maximum likelihood method (MLM)
developed by Capon®) for the-analysis of seismic waves with 'a sensor array. It is
designated to minimize the variance of the-difference between the estimate and the
true spectrum. Isobe and Kondo*' have extended the method to apply to g set of
various wave quantities like fluid velocities, surface slope and fluid pressure, and
they have named their method as the extended maximum likelihood method (EMLM).
Although these two methods of- MLM and EMLM estimate the directional spreading
function with a good directional resolutlon the spreading function sometimes be-
comes divergent or cannot be obtained in case the determinant of the matrix of the
cross-spectra is close or equal to 0.

Kobune and Hashimoto®® have developed the maximum entropy method (MEM)
to estimate the directional spectrum from the different three wave quantities of the
wave profile and two horizontal fluid veloeities. The directional resolution estimated
by the method is better than the above -other methods, but the limitation of a
method valid only to three wave quantities reduces the applicability.

The new method of the Bayesian meodel (BDM) has been developed by Hashi-
moto®)1% for estimating directiomal spectrum. It is designated that the directional
spreading function is equivalent to the smooth regression curve in case the number
of the parameters to be estimated is larger than the sample size. The concept of
the Bayesian probability is introduced into the estimate of the regression curve.
The Bayesian approach was originally proposed by Akaike® for the regression
analysis. The results of numerical simulations confirm the validity of the method
for the prediction of directional spreading, compared with the other estimate
methods.

We employed BDM as the most reliable method for the estimate of the diree-
tional spectrum. The star array was adopted as the layout of the caleulation peints
ag shown in Fig. 6. The ceniral point is set al the centroid of the equilateral
triangular with a side length of /3D (D=50cm). 'The cross-speetra for the
estimate of directional spectrum are ealculated with Eq. (82).

We employed the following forms of Bretschneider-Mitsuyasu frequency specirum
and Mitsuyasu's angular spreading function as a target:

2,
H

B{=560cm)

i

Fig. 6 Layout of computation points for
estimate of directional spectra
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SCA=0,25TH1* Ty Tiaf) P exp [—1. 03(Tra ) 71] (367
and ' ' ‘

G(B = Gucoszsa | ' Gn o

where Hy,; and Tua represents the significant wave height and period, and G, the
constant for the normahzatmn glven by

G=1/§, "6t praw - R (38)

The parameter S 'is related to the: ffequency and "is‘ given by :the following form
modified by Goda and Suzukiz® by introducing the peak value of §, denoted a3 Spax
as the pr1nc1pa1 parameter for the purpose of engineering applications:

S {Smax(ﬂf?)s fs f.‘!’
Smax(f/fp)uz -8 f>f1’

where f, denotes the spectral peak frequency and may be estlmated from Tl,,a t}nough
the :Eollowmg relation:

 f=l/L05T - 4 o

The caleulation of d1rect1onal spectla are performed for the wave generator
which has been built in our instifufe. It is composed of 85 Waveumakers with a
paddle width of 80 em each. The calculations assume that no reﬂectmn oceurs from
the surrounding walls of the wave tank. 7 ‘ o

Figure 7 shows the variations of the angular spreading at the peak frequenecy to
the relative paddle width b/L, where L, denotes the wavelength at the peak frequency.
The computations. are performed for the portlon around the point of »=0m and
y=5m. The computed, angular spreading departs ‘from the target of Sp.. =10 and
becomes sharp as the' value of b/L, becomes large. The difference between the
computed and target spreadings is within 0.1 at the peaks of the spreadings for

39
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Fig, 7 Angular spreading for various relative widths of indigidual
paddle
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b/L,< 0.5, while the difference becomes about 0.6 at the peak for case of b/L,=0.73.
The angular spreading for case of b/L,=0.15 agrees well with the target. Thus,
the relative paddle width b/L, should be legs than 0.5 for the generation of directional
random waves with the angular spreading close to a target. Hereinafter, the dis-
cussion is made for b/L,=0.23.

In order fo investigate the reproducibility of the serpent-type wave generator,
comparisons between simulated and target angular spreadings are made for several
different values of S, Figure 8 shows the above comparisons for S,,,=10, 25 and
75. The computation area is around the point of £=0m and y=Bbm. The eomputed
spreading for 8,.,=10 iz more gentle than the target around the peak, but their
peaks agree well with each other. The computed spreadings for Sn..=2b and 75 are
sharper than the targets and their peaks are higher than those of the corresponding
targets. The difference of the peak value between the computed and target spreadings
increages as the value of S, becomes large. Figure 9 shows similar ecomparisons in
the area more distant from the paddles than the computation area of Fig. 8. Except
for the feature that the peak value of the computed spreading for 8,.,=10 is
smaller than that of the target by 0.04, the other features of the computed spreading
in Fig. 9 are almost the same as those in Fig. 8.

Figure 10 shows the variations of the angular spreading for S.,,=10 io the
relative distance from the paddle. Although the distance is varied from y/L,=1.44
to 4.33, corresponding to the distance of about 1.5 times the wavelength to a half
total paddle width, the small difference among the angular spreadings is within 0.1.
Thus, the distance from the paddles does mot largely affect the angular spreading
ag far as it is less distant than the length of a half total paddle width.

In order to investigate the variation of the angular spreading to the transverse

30 I
B
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———— target A Smax *75
\
20 '
]
'
|
DSmar ™ 25
1.0
15».: =0
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o aon 80° 90° 120° | 50° 180°

&

Fig. 8 Comparison of angular spreading between compution
and target at y/Lp=1.44
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Fig. 9 Comparison of angular spreading between computation
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Fig. 10 Variations of angular spreading to the distance away
from paddles

distance from the cenfral line of #=0m, several computations of the angular
spreading are performed af different transverse distances. Figure 11 shows the com-
parisons between the computed and target angular spreadings at the point of 2=8m
and y=5m. In Fig. 11, the computed spreading for S,,.=10 is distorted from the
target and the peak appesrs at 80°, while the spreading for S,,.=75 is almost same
ag that of the targel and their peaks appear at the same angle of 90° to each other.
Figure 12 shows a similar comparison at the point of ¥=9 m and y=5 m. Both peaks
of the computed spreadings for §,,.=10 and 756 appear at the angle of 90° the same
as those of the targets, but their values are quite different from those of the corre-
sponding targets. The peak value for Sp,,=10 is 1.6 times larger than that of the
target, while the peak for S..,=75 is 0.7 times smaller than that of the target.
This indicates that the reproduction of the target waves is difficult at such a point
far away from the cenfer line.
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Fig, 13 Variations of peak value of angular
spreading and principal direction to
transverse distance from center line

Figures 13(a) and (b) show the variations of the ratio of the peak value and
the peak angle, respectively, to the transverse distance from the line of z=0. As
shown in Fig. 13(a), the ratio of the peak wvalue largely varies to the transverse
distance. The peak angle shown in Fig. 13(b) does not vary largely, compared with
the ratio of the peak value. Thus, we cannot expect the generation of directional
random waves with uniform statistical characteristics. We must allow some degree
of spatial variation for the directionality.

In the above, we discussed the directional spreading at the peak frequeney.
Here, we investigate the reproducibility of the whole forms of frequeney spectrum
and angular spreading in that they depend upon the frequency as expressed by
Eqgs. (36) and (37). Figure 14 shows the comparison between the computed and target
frequency spectra. The simulated frequency spectrum for cases of S,.,=10 and 75
shows a good agreement with the target, even if we computie the frequency specirum
by using the oblique wave formula of Eq. (27).

Figure 15 shows the comparison of the peak value G, of directional spreading
at each frequency. For the case of §,,,,=75, the value of G, is larger at the peak
frequency than that of the target and decreases more rapidly than the target, while
for case of S,,,=10 it is almost as same as that of the target, and decreases more
gently than the target.
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4. Directional Random Waves Reproduced im a Laboratory Basin

4,1 Wave hasin and serpent-type wave generator
(1) Wave basin

The serpent-type wave generafor iIs installed in the wave tank which we call
the short-crested wave tank. The short-crested wave tank is one of wave tanks
inside the deep water experimental basin for offshore structures, as shown in Fig. 16,
and is 24m long, 36m wide and 1.8 m deep. A serpent-type wave generator is
installed along a side wall of 36 m wide.

Special concrete blocks with inclined slits are set along other side walls as
wave absorber to prevent wave reflection from the walls because the wave reflection
contaminates pure waves generated by the wave generator. The observed reflection
coefficient of the wave absorbers is about 0.25 in minimum.

(2) Serpeni-type wave generator?®

The serpent-type wave generator at our institute is composed of 35 wave-makers.
A set of five wave-makers is mounted on a same support and is transportable with
the support. Figure 17 shows the sectional design of a wave-maker.

Each wave-maker has an independent wave paddle 80 em wide and is driven
by a DC motor. The rotation of the motor is translated to the reciprocal motion
of a thrust beam through a screwed bar, The maximum stroke of the wave paddle
is =35 em and the maximum drive speed is 60 cm/s.

The wave generator is operated by a remote controller through a miero-computer,
which is also utilized for the simulation of wave generation signals. The digital
gignals are transmitted to each wave-maker by the direct memory access (DMA)
after their conversion into analog signals. Figure 18 shows the system of the wave
generator.
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4,2 Experimental conditions

We performed two different kinds of experiments; one is on oblique regular
waves to confirm the validity of the theoretically derived formula expressed by
Eq. (15) and the other is on multi-directional waves to obtain their characteristics
in the wave tank.

(1) Experiments on regular oblique waves

The purpose of the experiments is to confirm the validity of the theoretical
formula of obligue waves given by Eg. (15). Considering the above purpose, only 10
central wave-makers are operated in order to strengthen the spatial variability of
wave height.

Nine wave probes are installed in every distance of 1m on the lines of y=1, 3
and 5m away from the paddles. The experimental water depth is uniform 70 cm.
The obligque wave angles are set to be 90°, 105°, 120° and 135° as the target angle.
The target wave heights are adjusted to 5 cm for the period of 0.8s, and 10 em for
the periods of 1,15 and 1.79s.

(2) Experiments on multi-directional waves?®

Generation signals of directional randem waves are simulated under the double
summation model as deseribed in 3.1. The number of component waves is 30 in
fregquency and 30 in direction, and the total number of the components is 900.
Although it is supposed that 30 frequency components is not enough to eliminate
the effect of the phase locking as discussed in 3.2, we expected that the non-linearity
of real water waves exhibits a smoothing effect among the component waves.
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The uniform water depth in the experiments is 80 em. Wave probes are placed
as shown in Fig. 19. The star array of 4 wave gauges in the central part iz mainly
used {0 estimate the directional spectrum. The wave profile and two horizontal
components of fluid velocity are simultaneously measured at other points. The
targets of the significant wave height and period are 10cm and 1.5 s, respectively.

4.3 Evaluation of theoretical formula of obligque waves by experiments

The wave propagation angle 7 in the experiments can be obtained from the
phase difference between two different wave profiles simulianeously measured at two
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adjacent points. If the phase difference is represented by ¢, the angle 7 is ealculated
as the mean angle by

r=arctan (—e/kl) (4D

where [ denotes the spatial distance between two adjacent points. On the other
hand, the wave propagation angle in computation is caleulated as the direction angle
of maximum horizontal fluid velocity, as defined in 2.3.

Several examples of the comparisons of B, and 7 are shown in Figs. 20, 21 and
22. In these figures, the computed variation of B, and 7 are indicated by the solid
and dashed lines, respectively, and the experimental values of R, and y are indieated
by the small white and black circles, respectively.

Figures 20 and 21 show the comparisons for the case of the target propagation
angles of #=120° and 135°, respectively, and period of T=1.15s. The solid lines of
Ey show good agreement with the computed ones, though several experimental
values are slightly different from the computed solid lines. The dashed line of T
shows wavy variations with small amplitudes, compared with those of Ry, The
experimental values of 7 agree quite well with the computed ones.

Figure 22 also shows the similar comparison for case of §=120° and T=08s. In
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this case, the relative width b/L of an individual paddle is 0.8. Consequently the
computed values of R, and y are much affected by the relative width and vary
largely in short spatial distance. The peaks of the computed variations of Ky and 7
appear at every interval of 0.8m the same as the width of an individual paddle.
The experimental values of Ry and 7 show a fairly good agreement with the com-
puted ones in spite of the large variations of the computed values.

Thus, a good agreement between the computation and the experiments confirm
the validity of the theoretical formula of the oblique waves.

4.4 Comparison of theoretically simulated directional spectra with experimentally
observed ones

The directional spectra of multi-directional waves in a laboratory basin are
estimated by the two different methods of BDM and EMLM.

Figure 23 shows the comparison of the above two different methods for the diree-
tional waves with S,..=50 and the target principal direction of #=90°. The
angular spreading estimated by EMLM shows a wide distribution of wave energy,
compared with that by BDM. Consequently, the peak of the former angular spreading
is lower than that of the latter. Some wave energy approaches from the opposite
direction of 200° to 240°. The wave energy is supposed to be induced by reflection
from the wave absorbers on the epposite side. The wave energy occupies 35% and
209% of fotal energy at peak freguency for EMLM and BDM, respectively. Con-
sidering that the reflection coefficient of the wave absorbers is about 0.3 and that
the angular spreading estimated by BDM agrees with the target better than that
by EMLM, BDM seems to be more valid than EMLM. Therefore, we made a
comparison of the results estimated by BDM.

The comparisons between the analytical and experimental directional spreadings
are made after the elimination of the reflected wave energy because the computation
of angular spreading eannot include the effects of wave reflection.

Tigure 24 shows the comparison of angular spreading at the peak freguency
for ease of the target value of Sq.. .=10. The computed angular spreading indicates

20 /\ | T i
¢o% . target fp= 0.635 Hz
[ ‘rs'”“ 50 Ba =0°, Smez e =50
Gle s} ’ [ His =9.2¢m
! \ Tws = L4s

N

Fig. 23 Angular spreading estimated by BDM and EMLM
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a wide distribution of wave energy, similar to the target, while the experimental
spreading indicates concentrative distribution, which corresponds to that of S_,.=25.

Figure 25 shows the similar comparison for Sinx ¢=25. In the figure, the experi-
mental spreading curve agrees quite well with the computed one.

In Fig. 26 for 8., ,=75, the experimental directional spreading shows a wider
distribution than the computed one. The experimental spreading corresponds to the
distribution curve for Sp.. .=30.

The target principal angle in Fig. 27 for Spax e=25 was shifted to 95°. Both
peaks of the experimental and computed angular spreading curves appear at the
target angle of 95°, but the experimental directional spreading shows a wider dis-
tribution than the computed one and eorresponds to the spreading for S.,.,=15.
Though the experimental directional spreading curve agrees well with the computed
one in Fig. 25, the shift of the target angle by 5° causes wider distribution in the
angular spreading.
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As discussed zhove, the experimental angular spreadings do not indicate the
degree of concentration which corresponds to the tarpet value of Sy.: . This seems
due to the insufficient number of the frequency components in the simulation of
wave signals and a more detailed investigation is necessary for the suitable selection
of the mumber of frequency compomnents.

5. Conclusions

The present paper has discussed the properties of the obligue regular waves
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and directional random waves generated by the serpent-type wave generator. In

particular, the characteristics of angular spreading function have been discussed

analytically and experimentally. The major findings of the study ecan be summarized
as follow:

1. The theoretical formula of the oblique waves has been derived as the linear
superimposition of the waves radiated by the motion of each wave paddle.

2. The height and propagation direction of the oblique waves predicted by the
above formula agree quite well with the corresponding experimental values.
Consequently, it has been confirmed that the formula is valid for the estimate
of directional spectrum in a Iaboratory basin.

3. There are two different representations of d1rect10nal random waves; one is the
single summation model and the other is the double summation model. Both
cross-spectra theoretically derived from the two different representations can be
expressed by the same formula, for as long as the number of frequency com-
ponents in the simulation of wave signals is sufficiently large. Therefore, it is
concluded that there is no fundamental difference between the two different
representations.

4. To eliminate the effect of phase locking in the double summation model, the
number of frequency components needs to be more than 450.

5. The relative width b/L of individual paddle should be less than 0.5 to reproduce
the directional random waves with the characteristics close to the target.

6. As far as a segmented wave generator of finite total width of paddles is used,
we cannot expect to generate directional random waves with statistical properties
guite the same as the target.

7. The directional spreading function varies spatially. In particular, when the
observation points are transversely moved, the directional spreading curve is
distorted from the target and becomes asymmetrical to the prineipa! direction.
We must allow some spatial variability of the direetional spreading in the
experiments.

8. For the value of the directional concentration parameter of S,..=25, the experi-
mentally observed directional spreading funetion agrees well with the theoretically
computed one, but for other values of S... their agreement iz not good. One
of main causes of the disagreement seems to be due to the insufficient number
of frequency components in the simulation of wave signals. We must investigate
the suitable selection of the number of the frequency components in the simula-
tion of wave generation signals in more detail.

{Received on November 18, 1987)
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List of Symbols

: amplitude of the target wave

+ amplitnde of the n-th component wave

: amplitude of the nm-th component wave
¢ total paddle width

: width of an individual paddle

Co(f; X, ¥): co-spectrum . .
F

: transfer function for wave generation
: transfer function of the n-th component wave in frequency
: wave frequency
: frequency of the n-th component wave
peak frequenecy

G(8; ) : angular spreading function

Gpeak peak value of G(0; )
g ¢ acceleration of gravity
H : wave height
Hin : significant wave height
h : water depth
JoCa) : Bessel funection of the 0-th order
Fao s P h G F Gy
1/2knb
T 2 TFawr=J%u(e, WNF (24X, y+ VO~ N¥(e, y)J a2+ X, y+ )
Eolzx) : second kind medified Bessel funetion of the 0-th order
k : wave number
kn : wave number of the n-th frequency component wave
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wavelength

wavelength at peak frequency
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Q(f; X, Y): quadrature-spectrum
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non-dimensional wave height

gpatial distance to the point of interest
angular concentration parameter
frequency spectrum

directional spectrum

peak value of 8 at peak frequency
target value of Sy,

wave period

significant wave period

time

spatial lag in z-axis

horizontal axis

spatial lag in y-axis

amplitude of paddle motion in flap type
amplitude of paddle motion in piston type
horizontal axis

vertical axis, positive upwards
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- sinh 2vi
k| L+ |
wave propagation angle
frequency interval of the n-th component wave
directional interval of the m-th component wave
phase lag of the n-th component wave
phase lag of the nm-th component wave
wave profile
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profile of oblique wave
motion of the i-th paddle
wave propagation angle in target
target propagation angle of the n-th component wave
real solution of ¢?=—gutan vk
angular frequency
time lag
velocity potential
cross-spectrum
covariance function

= 136 ==





