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On the Characteristics of an Absorbing Wavemaker with a

Cross Section Having a Plumb Part near the Free Surface
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and
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The characteristics of a plunger absorbing wavemaker are studied. In the present wave absorption
system the wavemaker is controlled to absorb the incoming waves by means of digital filtering of wave
elevation signal measured in front of a wavemaker. This study is focused on the influence of plunger’s
shape on wave absorption. Instead of the wedge-shaped plunger whose performance was investigated
before, the plunger with the cross section having a plumb part near the free surface is adopted as
the wavemaker. The absorption efficiency is investigated in period 0.5sec to 1.3sec.
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1. Introduction

Model tests in regular or irregular waves are car-
ried out in a wave tank to investigate the seakeeping
performance of a ship or an offshore structure. The
wave tank is usually characterized as long and nar-
row enclosures with a wavemaker at one end. More-
over, a wave absorber such as a spending beach is in-
stalled at the end wall opposite to the wavemaker for
the purpose of reducing wave reflection. Generated
waves are propagated forward from a wavemaker and
reach a test structure. Some waves transmit to the lee-
side, and the others are reflected by the body of the
test structure, are propagated back to the wavemaker
and are re-reflected by the wavemaker. When the re-
reflected waves arrive at the body again and the multi
wavé reflection starts, it is difficult to maintain the
correct measurement such as the wave-induced mo-
tions and loads on the body. Considering experimen-
tal aspects such as the accuracy of measuring data, a
record length and a cost of apparatus, it is important
to reduce the influence of wave reflection. Thus vari-
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ous research and developments on an absorbing wave-
maker have been continued and reported (Milgrams),
Besshol), Evansz), Kyozuka7), Kawaguchie), Naito, et
al.lo)).

The active wave absorption system was introduced
to the Wave Tank at National Defense Academy in
1999. The adopted plunger wavemaker acts as an
active wave absorber as well as a wave generator in
the system, where motions of a plunger needed for
absorption are determined by means of digital filter-
ing of wave elevation signal measured far away from a
plunger. This procedure is based on the time-domain

method by Frigaard et al. >4, The characteristics of
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Fig. 1 Principle of absorbing wavemaker.



the plunger wavemaker with a wedge-shaped cross sec-
tion was investigated in period 0.6sec to 1.2sec (Kudo
et al.s)). The absorption efficiency was about more
than 80% in case of the wave absorption of incoming
waves, but it was more than 70% in case of the wave
absorption during wave generation. Though the sat-
isfactory results were achieved from a practical view-
point, some problems still remain for better perfor-
mance. The influence of a plunger’s shape is one
of problems to be studied. When a wedge-shaped
plunger oscillates vertically, its position to reflect in-
coming waves changes horizontally. This affects the
plunger’s motion on wave absorption, for a plunger has
to generate waves in order to cancel out the waves re-
flected by a plunger. In the prior experimental study,
the trial and error by both numerical simulations and
experiments was needed in a part of filter design. This
fact implies the wave reflection by a plunger has a
great deal to do with the wave generation for absorp-
tion and makes the operations for wave absorption
more complex. In this study, such characteristics of
wave generation for absorption is called ’the charac-
teristics of wave reflection-absorption’.

The objective of this study is to investigate the
characteristics of absorbing wavemaker by using a
plunger whose cross section reduces a change of a re-
flection position. Such a shape was determined by
taking into account following two properties. First an
adopted shape keeps the characteristics of wave gen-
eration which a wedge-shaped plunger has. Secondly
a plumb part near still water surface is as long as pos-
sible so that the above-mentioned change due to wave
reflection is considerably decreased even in heave mo-
tions. Various éxperiments such as the wave absorp-
tion of regular waves or transient waves, the measure-
ment of wave exiting force or radiation force acting on
a body, the continuous generation of standing waves
and so on, are carried out and the satisfactory absorp-
tion efficiency is confirmed.

2. Control of Absorbing Wavemaker

The basic idea of control for active wave absorption
consists of three steps. The first step is to detect only
a wave component traveling to the wavemaker. The
incident wave and the reflected wave coexist in the
wave field. The measurement of wave elevations by
two wave gauges enables the separation of two waves.

The second step is to predict the propagation of this
separated wave and the plunger’s motions for absorp-
tion. The third step is to superpose the additional
plunger’s motions obtained in the second step on the
original- motions for wave generation. The principle of
this system is illustrated in Fig.1.

The wavemaker is driven by the servomotor which
is controlled by the transformation of the positional
deviation from an order to a voltage. The volts signal
in proportion to rotational speed of a motor is given to
a servomotor by PC through D-A converter. Consid-
ering sinusoidal motions with frequency f and stroke
S, the displacement of plunger’s motions is written as
follows:

yo(t) = %sinwat. (1)

The separation of wave components and the predic-
tion of wave propagation and plunger’s motions for
wave absorption can be realized by employing two
kinds of Finite Impulse Response (FIR) digital filters.
Using the discrete signal n;(n) of wave elevations at a
measuring position z; (j = 1,2), we have the discrete
signal .. 5. (n) of a wave component traveling toward a
wavemaker. The input/output relation can be written

in a form:
N-1
Mrep(n) = Y ha(m)m(n —m)
e N-1
+Y he(m)m(n—m), (2)
m=0

where the impulse response h;(n) expresses the filter
coefficient for the separation of wave components, and
N is the number of filter, corresponding to duration
time. The discrete signals at time ¢ = nAt are ex-
pressed by the index n (or m) , where At is the time
interval. Next, the discrete signal 7qss. (n) of plunger’s
motions for wave absorption can be obtained by means
of the digital filtering of ... (n) which is the output
in the other FIR system in Eq.(2). This relation can
be written as follows:
M—1
Yabs.(R) = Y ha(M)mrer.(n—m).  (3)
m=0
where hs(n) is the filter coefficient for the prediction
of wave propagation and plunger’s motions, and M
means the number of filter.
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Finally, the signals to drive the absorbing wave-
maker are determined as the sum of two signals which
are expressed by Eq.(1) and Eq.(3).

2.1 Filter Design for Separating Incident and
Reflected Waves

The incident wave is assumed to travel in the posi-
tive z-direction, and the reflected wave in the negative
z-direction. When the incident wave and the reflected
wave coexist, the wave elevation at wave gauge’s po-
sition z; (j = 1,2) may be expressed as follows:

nl(xjvt) +nR(xj7t)
ajcos (2nft — kx; + 1)
+agcos (2nft + kz; + €r), (4)

n;(t)

where 7 is wave elevation with wave amplitude a, wave
number k and phase ¢. The indices I, R denote the
incident wave and the reflected wave, respectively.

Suppose that a linear system is introduced with in-
put 7;(¢) and output 7} (t). The amplitude ratio of
output to input and the phase difference between out-
put and input define the frequency response of this
system for all frequencies. When 3 represents the am-
plitude ratio and ¢, represents the phase difference,
the output signal 5; (t) is given by

n; (t) = Bajcos(2nft — kx; +er + &;)
+Barcos (2nft + kx; +er + ¢;) . (5)

That is, the output signal has the form in which the
amplification 3 and the phase shift ¢; is imposed on
the input signal. Two wave gauges are located at zi,
z2(= z1+Ax). Assuming that the sum of two outputs
agrees with the reflected wave component at x, this
condition is given by

nr(x1,t) = n (1) + (1)

1

= 2cos(kAz + § +mm) ’

where 61 = —kAz — % +2nw —mn (6)

_T

¢2—2

+ 2nm + mmw
(n,m=0,£1,£2, 43, .....).

Thus the frequency response functions are described in
analytical forms. The linear system physically means
that the reflected wave is separated from the wave

The
frequency response function for the input at position

field by the two-point measurement of waves.

z; can be written as a general form:
Hi(f) = H;(Hle D (=12 (7)

where the amplitude |H;(f)| is equal to 3, and it is sin-
gular when the distance Az is equal to integral multi-
ples of a half wavelength. Impulse response is obtained
by the Inverse Fourier transform of Eq.(7). How-
ever, this impulse response has infinite duration and
it doesn’t generally satisfy the causality. Therefore
the duration of impulse response is truncated finitely
and a time delay by NAt/2 has to be imposed on the
design of FIR filter.
Fourier transform (IDFT) to frequency response func-
tion H;(f), we have the filter coefficients as follows:

Applying the Inverse Discrete

N-1
hj(n)=%r—ZHj(m)cos(2w%) G=1,2). (@)
m=0

It is known that the filtering effect decreases when a
wave frequency to be separated is not coincident with
discretized frequencies nAf. So the tapering of the
filter by a window function is applied to improve the
filtering effect.

2.2 Filter Design for Wave Propagation and
Wave Generation

Suppose that we introduce another linear system
where an input is the reflected wave traveling to a
wavemaker and an output is the plunger’s motions for
absorption. The frequency response function is com-
posed by the products of characteristics of wave prop-
agation and characteristics of wave generation for a
wavemaker. By using them, we can express the im-
pulse response as follows:

ha(t) = 2/0 i(l—f)-cos{kzl —onft— ()} df, (9)
where A(f) and 4(f) are the amplitude ratio of gener-
ated waves to plunger’s motions and the phase differ-
ence between them, respectively. The discretized form
of Eq.(9) leads to the filter coefficients. In this filter
design, moreover, we have to take account of recover-
ing the time delay, which is caused by using the filters
for separation. The impulse response doesn’t satisfy
with the causality. However, even neglecting the low
frequencies would provide satisfactory results practi-
cally and no problem would be caused (for example,
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Fig. 2 Experimental set-up.

Naito et al.g)). The recovery of a time delay means
that some low frequencies are cut off in the impulse
response, so that a small time is put ahead, namely a
negative time delay is caused in the filter.

In the previous study by using a wedge-shaped
plunger (Kudo et al.5)), the undesirable labor oc-
curred at this stage in filter design. It was not easy
to determine the characteristics of wave generation
for absorption only by the theoretical approach. The
filter design partly based on experiments was neces-
sary to obtain the characteristics of wave reflection-
absorption. From a viewpoint that a plunger’s shape

m 04

0.4

Fig. 3 Lewis form sections.

is connected with the wave reflection, we had con-
cluded that a plunger’s shape with plumb part near
the free surface would be effective to reduce the la-
As it is described later, however, the trial and
error by numerical simulations and experiments are
still needed in filter design. We cannot but guess that
the characteristics of wave generation in waves are af-

bor.

fected by incoming waves to a plunger. This is an

essential problem to be made clearer in future.

3. Design of Plunger’s Cross Section

When a wedge-shaped plunger oscillates vertically,
the position of an intersection between the body and
the free surface changes every moment. Its mean posi-
tion may be coincident with the intersection with still
water surface. Nevertheless, the wave reflection is ex-
pected to affect the prediction of plunger’s motions for
wave absorption, specially in active control of phase.
Assuming that the reflection of incoming waves by a
moving plunger is mainly caused near the free surface,
the plunger’s shape with a plumb part near the free
surface is expected to be effective to reduce the hori-
zontal change of reflection positions. The Lewis form
section is adopted as a new plunger shape, because it
can be easily jointed to a wall-sided shape above still
water. The following two properties are taken into
account for design of a plunger’s cross section.

e To have the characteristics of wave generation
comparable with a wedge-shaped plunger.

o To have a long plumb part near still water surface
on the cross section.

Some variants which satisfy our demands, are shown in
Fig.3. The plunger with cross section, whose param-
eters are Hyp = 1.0, 0 = 0.6, are chosen in the present
study and actually used with the body initially sub-
merged 12mm more.

4. Experiments and Results

First we test the characteristics in absorbing waves,
which are radiated by forced sway motions of a semi-
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Fig. 4 Sway motion of semi-submerged elliptic
cylinder, stroke of plunger and water sur-
face elevations in control of absorbing ra-
diated wave (T=1.019sec, S=59.1mm).

submerged elliptic cylinder and travel to the wave-
maker. The schematic view of experimental appa-
ratus is illustrated in Fig.2. Time histories of four
measured data are shown in Fig.4. The sway motion’s
displacement of a semi-submerged elliptic cylinder and
the stroke of a plunger wavemaker are shown on the
1st and 3rd lines in figure 4. Two water surface el-
evations are shown on the 2nd and 4th lines in fig-
ure 4. The interference due to the wave reflection
is hardly recognized and the excellent wave absorp-
tion is achieved. Using the measured data by wave
gauges, we can calculate the amplitude and the phase
difference about the waves traveling to the wavemaker.
Then the Fourier analysis is applied to calculate a fun-
damental frequency component, but the data should
be chosen so that the influence due to the reflected
wave is not included. All experiments are conducted
by the range that the prediction by a linear theory
is reasonable. Subtracting the radiated wave’s com-
ponent from the measured wave data, we have the
residual components including the reflected waves due
to the wavemaker. These results are shown in Fig.5.
The small wave components with high frequencies still

M0 Eted Eto2
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£
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Fig. 5 Sway motion of semi-submerged elliptic
cylinder, stroke of plunger and water sur-
face elevations with radiated wave sub-
tracted (T=1.019sec, S=59.1mm).

remain. The component of about 2Hz seems to be
mainly caused by the plunger’s motions lacking for
smoothness. Considering that the sampling period of
controlled signals is set to 0.04sec during a wave ab-
sorption mode and the frequency of 2Hz is a lower
limit in the wave absorption system targeted in the
present study, it’s inevitable in the present situation.

By using results in Fig.5, the amplitude Ag of the
reflected waves due to the wavemaker is calculated
as well as the amplitude A; of the radiated waves
due to the cylinder. The absorption efficiency of the
wavemaker is shown in Fig.6 where the absorption effi-
ciency is evaluated as the reflection coefficients, viz., a
ratio of A to A;. The reflection coefficients are about
less than 20 % in wave period 0.5sec to 1.0sec while
a little higher in period 1.1sec to 1.3sec. This is be-
cause the accuracy of measuring data become lower.
The wave height of radiated waves is too small and
the wave profile is far from a sinusoidal wave. Never-
theless, in visual observations, the wave absorption is
quite good in a whole range.

The reflection coeflicients were evaluated by using
the radiation force as well as the water surface eleva-
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Fig. 7 Ratio of sway added mass coefficients in
reflecting and re-reflecting waves.
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Fig. 8 Ratio of sway damping coefficients in re-
flecting and re-reflecting waves.

tion. The measured sway forces were decomposed into
added mass M and damping coeflicients N. Those re-
sults are shown in Fig.7 and Fig.8. The indices 0, R
and RR represent three kinds of states, that is, the

measured data are not affected, affected by the re-
flection and affected by the re-reflection, respectively.
The ratio of added mass coefficients are within £20%
except for 0.6sec and 0.8sec in period, and the ratio
of damping coefficients are also within £20%. As the
ratio R/0 is almost coincident with that of RR/0, we
can conclude that the radiated waves are almost com-
pletely absorbed by the wavemaker.

In the next experiment, the spending beach was re-
moved and the incident waves were generated by the
wavemaker. If the absorbing wavemaker acts prop-
erly, the standing wave is gradually formed in a tank
due to perfect reflection at an end wall. The ampli-
tude ratio of the reflected wave from the end wall to
the incident wave is expressed as the reflection coeffi-
cients Ar/A; and that of the re-reflected wave from
the wavemaker to the incident wave is expressed as the
re-reflection coefficients Arr/A; in Fig.9. The indices
I, R, and RR are a incident wave, a reflected wave and
a re-reflected wave, respectively. The reflection coef-
ficients are about 100% except for period 0.5sec. The
re-reflection coefficients indicate about less than 40%.
The node in the standing waves was observed at a
wave gauge in period 0.9sec. Then the water surface
elevation is small and the poor accuracy in measur-
ing is anticipated. The tendency of wave absorption
is a little different from that in Fig.6. This is possibly
due to the above-mentioned characteristics of wave re-
flection -absorption. In the following experiment, the
incident waves were generated by the wavemaker and
the sway forces acting on a fixed semi-submerged el-
liptic cylinder was measured. As for the amplitude
of measured sway forces, two kinds of amplitude ra-
tio, Fr/Fr and Fgrgr/F; are shown in Fig.10. The
indices about F' are the same as those of Fig.9. The
calculated results are within +20% besides T'=0.6sec.
Although more improvements are desired, satisfactory
results were obtained from a practical viewpoint.

5. Concluding Remarks

We introduced the plunger form with the cross sec-
tion having a plumb part near the free surface and
investigated the performance of this absorbing wave-
maker through various experiments.

As a result of this investigation, the characteris-
tics of wave generation for absorption on the plunger
shape with a plumb part could be obtained. The ab-

—68—



AR/AI(%) ARR/AI(%)

120 N LI L L L L e 120
100 F . . * J100
- [ 3 -
80 380
60F o 360
40F . 340
20 F ‘g — 20
0 b 1 Lo 1 ; PR . S S TP T g
040506070809101.11.21.314

T(sec)

Fig. 9 Ratio of amplitudes of reflected and re-
reflected waves to incident wave.

20 T T T T T T T
~ e : FR/FI (WA=175)"
= | :FRR/FI Da. i
™ 4 ;. FR/Fl (H/A=1/50):
[ s :FRR/FI Do, |
— s ) i
™
= a
|4 e s 8
1.0 + .t
' 4 Q
0.0 1 1 1. 1 N i 1
“0s5 06 07 08 09 10 11 12 13
Tisec)

Fig. 10 Ratio of sway force of Fr and Frp to Fy.

sorption efficiency of the present absorbing wavemaker
was slightly lower than a wedge-shaped plunger’s, as
are not shown in the present paper. However, these
results confirmed that it provided practically enough
performance. |

The introduction of cross section with a plumb part
enabled only small reduction on the process to design
the digital filter for wave absorption. Using the su-
perposition principle based on linear theory, we tried
to predict the plunger’s motion for wave absorption,
but we could not arrive there only by the theoretical
approach. This problem may be caused by the non-
linearity in the wave-making phenomena, and some
factors such as the effects of walls or water depth, the
measurement position and so on, seem to make it more
complicated. In any case, this problem including the
wave-body interaction on wave absorption is future
work to be made clearer.
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