CHAPTER 35

NON-REFLECTED MULTI DIRECTIONAL WAVE MAKER THEORY AND
EXPERIMENTS OF VERIFICATION
Kazunori ITO' , Hidehiro KATSUI2, Masashi MOCHIZUKI3, Masahiko ISOBE4
ABSTRACT
In the hydraulic model test in a wave basin, reflected waves from models of
structures and walls of the basin reflect again at the wave maker. The re-reflected
waves disturb wave field in the basin and consequently reduce the accuracy of
experiments. We developed a non-reflected multi directional wave maker thory. By
taking into account both current and past water elevation data in front of the wave
paddles, the theory makes the wave makers possible to absorb reflected multi
directional waves. Numerical simulations and experiments show that this theory is
superior to the conventional theory in its efficiency of the absorption.
1. INTRODUCTION
In general, multi directional wave experiments using wave makers placed in a line have
the following problems: an experiment area with a uniform wave field is small, and
reflected waves from a model and/or a wave basin cannot be absorbed efficiently. In
order to create a larger experiment area, reflecting walls are installed at the end of multi
directional wave makers placed in a line[l], or wave makers are set in the J-shape[2].
These methods are very effective to enlarge an experiment area. However, when a
model is surrounded by wave makers and/or a reflecting wall, re-reflected waves from
these wave makers and/or a reflecting wall exert a large effect on the model; thus, it
becomes important to absorb reflected waves. The method proposed by Kawaguchi[3],
which uses the data on water surface elevation at the wave paddle front, has been put to
a practical use for absorbing uni- directional reflected waves. Hiraguchi et al.[4] carried
out experiments by applying this method to multi-directional wave makers to absorb
multi-directional waves. However, as only an orthogonal wave direction against a wave
paddle is taken into account in Kawaguchi's method, the absorptivity decreases when
the incidence angle of reflected waves is oblique. Ikeya et al.[5] proposd the method'
1

M.Eng.Taisei Corporation,Wakasu-Nai, Koto-Ku, Tokyo, Japan 136
Dr.Eng, Manager, Hydraulic Section, Technology Research Center, Taisei Corporation
Nase-machi 344-1, Totsuka-Ku, Yokohama-City, Kanagawa, Japan 245
3
Deouty Section Chief, Akishima Eng. Dept., Advanced Machines And Systems,Div., Mitsui
Engineering and Ship Building Co., LTD
Tsutsujigaokal-1-50, Akishima-City Tokyo, Japan 196
4
Professor, Dr.Eng, Dept. of Civil Engineering, University of Tokyo
Hongo7-3-l, Bunkyou-Ku, Tokyo, Japan 113
2

443

444

COASTAL ENGINEERING 1996

for absorbing oblique waves using the data on water surface elevation at the front of
two or more wave paddles. However, the absorptivity in this method also decreased due
to the errors in computing reflected waves, as evanescent waves are not taken into
account. Their theory does not have a wide application, because it stands on the
assumption that a wave basin has side walls. Besides, as the above two methods take only
a representative frequency into account, the absorptivity decreases when a wave has
dominant frequency dispersion.
This paper aims to establish a non-reflected wave maker theory for multi-directional
waves in consideration of directional dispersion, frequency dispersion and evanescent
waves[6], and to report the results of the basic experiments on oblique regular waves to
verify the theory [7].
2. FORMULATION OF NON-REFLECTED WAVE MAKER THEORY
Fig. 1 shows the coordinates used
in the analysis: x- and y-axes in
the horizontal direction, and zaxis in the vertical upward
direction.
Wave paddles are set along the xaxis. Here, let us take a pistontype wave maker by way of
example to develop the theory.
2.1. WAVE MAKER THEORY

WAVE
e : DIRECTION
1T-^vrTT*IT-rJl »x
WAVE MAKERS
Fig. 1 Definition of cordinate

The fluid treated here is inviscid and unconsolidated. When a small amplitude
wave theory can be applied to the wave and the amplitude of a wave paddle is small
enough, the problems of wave making with the constant water depth are governed by
the following equations:
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where, <P(x,y,z,t): velocity potential, y (x,y,t): water surface elevation, g: gravity
acceleration, h: water depth, n: normal direction, X: displacement of a wave paddle.
Now, the theory is developed for regular waves. By separating a variable 0,
Eq.(6) can be obtained from Eq.(l) and (5).
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When n=0, angular frequency co and a wave number kn in Eq.(6) satisfy the
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dispersion relation Eq.(7) of a progressive wave component; when n=l to oo, they
satisfy the dispersion relation Eq.(8) of an evanescent wave component. Here, kn is
an imaginary number when n=l to oo, and kn is the imaginary part of kn.
CO1 = gkn tanh knh

(7)

co2 = -gkn tan knh

(8)

Next, use Eq.(4) as follows:

dn

y=0

dy

= U(x,y)F(z)e-i0"

(9)

where, U(x,y): amplitude of wave paddle velocity F(z): function of wave paddle motion
(F(z) of a piston-type wave maker =7)
By substituting Eq.(6) into Eq.(9) and integrating in the vertical direction using
orthogonality, Eq.(lO) can be obtained as follows:
U--

D d<t>

In the case of a piston-type wave maker, D„ and G„ can be obtained as follows,
respectively.
tanh kh
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k„
If water surface elevation f]p of a progressive wave component is given as Eq.(13),
U which is necessary for making a progressive wave can be determined as Eq.(14) from
Eq.(lO) withy=0.
;

t]p=ae
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where, the subscript 0 represents a progressive wave, and a represents a complex
amplitude of component waves.
0„ of an evanescent wave is the solution of Eq.(15) and the boundary condition
JS "

=

> then, from the relation in Eq.(lO), Eq.(16) can be obtained.
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Therefore, when making a regular wave, the water surface elevation T]e of an
mfin
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evanescent wave component at the wave paddle front (y=0) can be described as follows:
L
77,(*,0,0 = -#§
D

iak0 sin 0
2

2

ikax cos 0-iiot

2

(17)

fio^k +k co% 6

Thus, the water surface elevation at the wave paddle front can be obtained by adding
the water surface elevation of a progressive wave component and that of an evanescent
wave component as in Eq.(18):
77O,0,f) = 1-

D0Gn
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6

(18)

Multi-directional waves can be described as superposition of component waves.
Therefore, the wave paddle velocity Au)(x,y = 0,t) and the water surface elevation at
the wave paddle front rf° are obtained in Eq.(19) and (20), respectively.
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Both the actual wave paddle velocity and water surface elevation are real variables,
thereby becoming the real parts in Eq.(19) and (20). Hereafter, a symbol ~~ in this
paper stands for a real variable.
2.2. ABSORPTION THEORY

The conventional non-reflected wave maker theory[3],[5], where the water
surface elevation measured at the wave paddle front is converted into a wave making
signal, is based on a so-called feedback control. This method has a great advantage in
the aspect of practical control. This paper develops a new non-reflected wave maker
theory using the data on water surface elevation at the wave paddle front.
In the case of non-reflected wave making, the water surface elevation at the wave
paddle front (f^"1') is the sum of the water surface elevation of a progressive wave
which is a target wave (f\^''), the water surface elevation of an evanescent wave which is
created due to wave making (fjj-'^), the water surface elevation of a progressive wave
component of a reflected wave (77 *r'), and the water surface elevation of an evanescent
wave which is created due to the motion of wave paddle to absorb a reflected wave
(0
;)
{rfp); that is, (J7("M,(0+Tt(/)+V)+*7,lr>) As vj•« ( = f}p + 77V ) can be
calculated by Eq.(20), a reflected wave ffr) (=VP[r>+iJe{r>) can be obtained as
fj(.r)_^{m)_ (fij-'l+fjj''') .where no re-reflection occurs from the wave paddle since
reflected waves are absorbed.
The relation between the water surface elevation 77(r) at the wave paddle
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front which includes an evanescent wave and the wave paddle velocity A(r' is defined
by transfer function Hpe(cD,6)

as A{r)(x,0,t) = Hpe((O,6)f}(r)(x,0,t) in the case of

a regular wave. The concrete form of Hpe(co,9) is described in the following equation,
which uses the real parts in Eq.(19).

*V

'

Gn co

^iD.G
tt Dn°on

(21)

^jk2+k02 cos2 0

Assuming that a reflected wave 7J(r) is in a narrow band spectrum of frequency and
wave direction, Eq.(22) and (23) can be obtained as follows:
7J{r)(x,y,t) = Y,amcos(pm

(22)

(Pm = (k + Akn)[xcos(9+Aem)-ysm(e+A9m)]-{m + Acom)t + em

(23)

where, £m is a phase number.
When Hpe(a>,6) can be expanded around a representative frequency ft) and a
representative wave direction Q using Taylor expansion in consideration of the first
order quantity, the motion velocity of a wave paddle which absorbs reflected waves can
be obtained in Eq.(24).
OO

~\ JJ
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T 77

oo

Air)(x,Oj) = Hpt^am coscpm + —-*• x£ Acomam cosq)m + -=^X A0<A cos^
(24)
Then, by obtaining a series of the second and third terms in the right side of
Eq.(24) using simultaneous equations of f^r), d2ffr)jdt and d2ffr) jdxdt'm
consideration of the first order quantity, the motion velocity of a wave paddle can be
expressed as follows:
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where, k ; wave number of a progressive wave against 0)
c; phase velocity of a progressive wave against &>
«: group velocity of a progressive wave against ®
H
*" : transfer function regarding a representative value
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The second term in the right side of Eq.(25) is a correction term for frequency
dispersion, and the third term is a correction term for directional dispersion.
From the above equations, the wave paddle velocity ^r~> for absorbing can be
calculated from a reflected wave; then, by subtracting J|<r) from the wave paddle
velocity ^o for making a target wave, a wave paddle can be controlled. Thus, nonreflected wave making becomes possible.

3. DISCUSSION ON THE THEORY THROUGH NUMERICAL CALCULATION
3.1. DISCUSSION ON AN EVANESCENT WAVE
18 rAn evanescent wave
kh
occurs due to the difference
16 <
between the wave paddle
14
motion
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a
vertical
:
i ^•^2.0
distribution of horizontal
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water particle velocity of the
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target wave. The amplitude of
' ^^\ '
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2 Fig. 2 shows the ratio
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i
1
of
progressive
wave
50
60
90
80
70
amplitude and evanescent
WAVE DIRECTION $'
wave amplitude, when a
regular wave is created using
a piston-type wave maker. Fig.2 The ratio of progressive wave amplitude and evanescent
wave amplitude
From the figure, it is clear
that when a piston-type wave maker creates a deep-sea wave with the large ratio of
wavelength and water depth kh, an evanescent wave is more likely to occur; while, as the
wave direction is tilted, it occurs less frequently.
Therefore, in the control method where a reflected wave is detected by using the
water surface elevation at the wave paddle front, an evanescent wave must not be
neglected. By taking into account of this wave, the absorption of a reflected wave is
expected to be improved.

3.2. DISCUSSION ON

NON-REFLECTED CONTROL

In a practical use of a reflected wave absorption control, a reflected wave is
detected by a wave gauge installed on the wave paddle front as in conventional methods.
Therefore, the differential of the theoretical equation(25) is necessarily approximated
with finite- differential. Besides, it is not easy to give a representative wave direction in
advance. For some structural models, a representative wave direction of a reflected wave
is particularly difficult to predict. In the case of a floating model, wave direction of a
reflected wave reaching a wave paddle varies from hour to hour according to the
motion of the model. Here, a practical calculation method is adopted; as for a
representative frequency, a representative value of the wave to be created is given in
advance, and a representative wave direction is approximated using Eq.(26) and (27).

0{t)

= COS

' -dri<-r)/dx
-c
dfi(r)/dt

m = U(N-i)e(t-At)+d(t))
l
N

(26)
(27)
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^': wave direction at the time t
"w; a representative wave direction

N is the value obtained by dividing the elapsed time of absorption control of
reflected waves by the intervals of sampling of water surface elevation (Af)» that is, the
number of times of sampling, d/dx is the mean finite-differential of the second order,
which is calculated from the data on water surface elevation at the front of two or more
wave paddles. When d/dt is defined as the unilateral finite-differential of the second
order and d2/dt2 is as the unilateral finite-differential of the first order, they can be
calculated from the data on water surface elevation measured in the past using a water
gauge. As shown above, the characteristic of absorption control in this theorv is the use
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of data on water surface elevation at the wave paddle front and the past data.
As a result of numerical calculation without approximating the derivation in Eq.(25),
this theory was proved valid regardless of a wave direction or water depth. Next, by
approximating the derivation in Eq.(25), numerical calculation was conducted. The
conditions of a reflected wave include Bretschneider-Mitsuyasu spectrum, Mitsuyasutype directional function (Smax=10), significant wave height 3cm, significant wave
period 0.7s, 1.0s, 1.5s, and the water depth 0.3m, 0.75m. Wave direction against the
peak wave direction is in the range of ±30° . The frequency range is 0.5 to 1.5 times
and 0.5 to 2.0 times as large as the peak frequency fp. The intervals of wave gauges (A
x) is 0.25m, and ^V is given as 0.01s. Using these, it is quantitatively examined using
the absorption rate E which is defined by Eq.(28).
1

--J(j0r(A(^o.')-A,(*.o./))2*)/(jo,"A(*.o,02*)

xlOO

(28)

A (x 0 t)

where, ^v ' ' ': the wave paddle velocity in Eq.(19)
A.(x'°'0: the wave paddle velocity in Eq.(25)
For comparison, the results of conventional method are also shown: in the
conventional method, there are no second and third terms in the right side of Eq.(25);
sin d in the right side of transfer function equation(21) is 1; and the total series is 0.
Fig.3 shows the comparison of the absorption rate when the peak frequency of a
reflected wave, water depth and the frequency range are varied. From (a) and (b), it is
clear that when the peak frequency is Is, this theory is superior to the conventional
method in terms of absorptivity, regardless of the water depth. When frequency
becomes 1.5s as in (c), the ratio of the wave gauge space and the wavelength (Z±x/L)
becomes smaller and the approximation becomes more accurate, thereby improving the
absorptivity. On the other hand, in (d) where frequency is 0.7s and the water depth is
0.3m, the accuracy of approximation decreases, showing no significant difference from
the conventional method. Therefore, when the frequency range of reflected waves is
about 0.5 to 1.5 times as large as fp, this theory is significant on condition that Ax/L is
0.33 or smaller. In (e)
where the frequency range
is larger (0.5 to 2.0 times
n
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4. EXPERIMENTS ON REFLECTED WAVE ABSORPTION
4.1. EXPERIMENTAL EQUIPMENT AND METHOD
(1) EXPERIMENTAL EQUIPMENT
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A multi-directional wave maker is a multiplex piston-type wave maker,
consisting of 52 wave makers. Two capacitance-type wave gauges were installed with a
space of 25cm on a 50cm-wide wave paddle: one at the front of a driving shaft, the
other in the middle of two driving shafts. As shown in Fig.4, multi-directional wave
makers were arranged in the C-shape within a wave basin (35 X24m). The number of
wave makers on each side was 15, 22, and 15, respectively. The L-shape installation is
also possible: 30 wave makers on the long side and 22 on the short side of the wave
basin. Cut-off walls called guide walls were installed at each corner of the C-shape. The
neutral point of each wave paddle can be shifted arbitrarily within the range of ±40cm
stroke. The power of each driving shaft can also be adjusted arbitrarily.

(2) EXPERIMENTAL METHOD
The experiment was carried
out by making waves from
WAVE MAKER 1 and 2
shown in Fig.5, with the
WAVE MAKER 3 serving as
absorption control as in
Eq.(25).
Following
the
method proposed by Toida et
al.[8], the power of five
driving shafts installed at the
ends of the wave makers 1
and 2 (C, F) was controlled to
be 100% to 0%, in order to
decrease
the effect
of
WAVE MAKERS 2
diffraction waves from the
ends. In addition, in order to
Fig.5 Mesurement area and difinition of wave direction
decrease
the
effect
of
diffraction waves from the
corner, the method of shifting the neutral point of wave paddles[7] was adopted. In
absorption control in Eq.(25), both ends were controlled for the purpose of decreasing
diffraction waves.
The water surface elevation at the front of WAVE MAKER 3 was measured at
the lattice points (24X 15) with a 30cm-space, as described by hatching in Fig.5.
4.2. DISCUSSION ON AN EVANESCENT WAVE
Regular waves were
made in the vertical direction
from the wave makers 2 in
Fig.5, then both the water
surface elevation at the wave
paddle front and an evanescent
wave were measured. The
measurement conditions were:
frequency changing from 0.7s
to 1.0s and 1.5s, water depth
from 50cm to 60cm, 70cm
and 80cm, and wave height
from 0.5cm to 0.8cm.
Fig.6 shows the relation of the
ratio of wavelength and water
depth kh and the amplitude

•
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'

Experimental Data

Wave Direction
1

ii

L... _.. .

i

0.1
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kh
Fig.6 The comparison between theoritical evanescent wave
and experimental one

452

COASTAL ENGINEERING 1996

ratio of a progressive wave component and an evanescent wave component 7 / TJ p,
when #=0° , along with the theoretical curve for comparison. It is clear from the
figure that the experimental values agree well with the theoretical values. When kh<2,
y / y p was less than 0.02 which can be disregarded; whereas when kh >3, it can no
more be disregarded. Since an evanescent wave is also a wave direction function, the
more the wave direction became oblique, the smaller the value of r> / r? p became. For
example, when water depth was 80cm, frequency 1.0s, and wave direction 45 ° , rj J 7/ p
was about 0.03.

4.3. CAPABILITY OF NON-REFLECTED WAVE MAKER THEORY FOR REGULAR
WAVES
Fig.7 shows the wave height distribution
when absorption control on the WAVE MAKER 3
was conducted against an incident wave with
frequency 1.0s, wave direction 45° , wave height
5cm, and water depth 80cm. For comparison,
Fig.7 also shows the case where the WAVE
MAKER 3 was fixed to serve as a reflecting wall
and the results of conventional method.
When the WAVE MAKER 3 absorbed an incident
wave, created waves formed a wave field; when it
did not, incident waves and reflected waves formed
a two-directional standing wave field. In Fig.7(a),
a standing wave field was formed at the front of
the WAVE MAKER 3; in (b) where wave direction
was disregarded, though the wave height
fluctuation became smaller, a standing wave field
was also formed. This means that absorptivity
decreased because the wave direction was
disregarded. On the other hand, in (c) where

UNIT : cm

8

°"-^

(a) Reflecting wall

UNIT : cm

45

°\:

(b) Conventional method
(c)Author's method
Fig.7 The contour of the wave heights
(Regular wave:T=ls,H=5cm, 6 =45° )
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absorption control was conducted using Eq.(25), the wave height distribution showed
uniformity. However, around A, at the end of the wave makers, showed a tendency to
form a standing wave field.
Fig.8 shows the similar results, when frequency was given as 1.5s. The
absorptivity by Eq.(25) was high.
(Regular wave:T=ls,H=5cm, #=45° )Fig.9 shows the results when the wave direction was
60° . Though the pattern of isolines was slightly different, there was no significant
difference in the region where a standing wave field was formed and in the isoline

UNIT : cm

0 =45

(a) Conventional method
(b)Author's method
Fig.8 The contour of the wave heights
Regular wave:T=1.5s,H=5cm, 6 =45° )

UNIT : cm

6 = 60° \^J

(a) Conventional method
(b)Author's method
Fig.7 The contour of the wave heights
Regular wave:T=l .5s,H=5cm, 0 =60° )
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values. Thus, it is judged that both absorption controls had the same degree of
absorptivity.

4.4

CAPABILITY OF NON-REFLECTED WAVE MAKER THEORY FOR MULTI
DIRECTIONAL WAVES

The experiments were carried out to investigate capability of absorption for
multi directional waves. WAVE MAKER1 and WAVE MAKER 2 generated multi
directional waves and WAVE MAKER 3 absorbed waves propagating toward
WAVE MAKER 3.
WAVE MAKER 3 was driven by using author's method or
conventional method for the sake of comparison. Furthermore WAVE MAKER 3 was
controlled as the reflecting wall.
The water elevations were measured by STAR
ARRAY that was located in front of WAVE MAKER 3 (Fig.5). Directional
spectrum were calculated by using Expanded Maximum Entropy Principle
Method(EMEP). Since EMEP can not estimate the phase interaction of incident and
reflected waves, STAR ARRAY was set over one wave length (2.7 m) distant away
from WAVE MAKER 3.
In the experiments,
the wave
generated by WAVE MAKER1 and 2 had
Bretschneider-Mitsuyasu spectrum, Mitsuyasu type directional function ; Smax= 10,70,
H1/3=5cm, T1/3=ls and #p=45° . Smax is spreading parameter, H,;3 significant wave
height, T1/3 significant wave period, 6 p is principal wave direction.
Fig. 10 shows the directional spectrum in the case of Smax=70. In the case of
WAVE MAKER 3 being the reflecting wall (Fig. 10 (a) ), three peek frequency appear
at around 0° , -45° and 45° . The wave direction of incident component waves
appears at about 45° . Reflected component waves corresponding to the incident
component waves propagate to the direction of -45° . The component wave of
which frequency is about 0.9Hz can be understood as the component waves that
propagate crosswise between WAVE MAKER 1 and 2. On the other hand , the
reflected component waves less than 1.3Hz can not be seen in the case of author's
method (Fig.10 (b) ). This figure indicates that the author's method can absorb multi
directional waves effectively. And the directional spectrum analysis showed the
similar results for Sraax= 10 and Smax=70.
But, the results of directional spectrum analysis did not indicate the remarkable
difference between author's method and conventional one.
The conventional method can effectively absorb the wave trains which
propagate toward the wave paddles only at a right angle. But this can not absorb the
wave trains coming obliquely to the wave paddles. Thus reflected waves should remain
in the basin. Now we try to explain the reason why the directional spectrum could not
show the remarkable difference between the author's method and the conventional one.
In the calculation of directional spectrum , cross-spectrum must have presumption
error and smoothing operation is indispensable for cross-spectrum analysis.
Consequently, it is judged that the influence of the reflected waves vanished in the
process of the calculation.
Fig.11 shows
significant wave heights(hl ~ h4) at STAR ARRAY.
Legends(#, <0,B) indicate the difference of the control method of WAVE MAKER
3; • for standstill as a wall, O for control by the author's method , • for
control by the conventional one. As shown in figure(Smax=70), each significant
wave height does not show the large difference between the author's method and the
conventional one and distribution of H1/3 is uniform. But, for Sm„=10, the significant
wave heights of the conventional method is not specially uniform . This attributes to
the disturbance caused by the reflected waves from WAVE MAKER 3. Therefore, we
may conclude that as an angle between wave direction and wave paddle is large, the
conventional method can not absorb oblique wave groups with such wave directon.

NON-REFLECTED MULTI DIRECTIONAL WAVE MAKER THEORY
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Fig. 10 The conparison of the directional spectrum(Sm„=70)
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Fig. 11 The comparison of the wave heights at STAR ARRAY

5. CONCLUSION
This paper established a non-reflected wave maker theory for multi- directional
waves considering evanescent waves as well, using the data on water surface elevation at
the front of two or more wave paddles and the past data. From the results of numerical
calculation and experiments, this theory was proved to have higher absorptivity than the
conventional method.
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