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ABOUT MARINET

MARINET (Marine Renewables Infrastructure Network for emerging Energy Technologies) is an EC-funded network
of research centres and organisations that are working together to accelerate the development of marine renewable
energy - wave, tidal & offshore-wind. The initiative is funded through the EC's Seventh Framework Programme (FP7)
and runs for four years until 2015. The network of 29 partners with 42 specialist marine research facilities is spread
across 11 EU countries and 1 International Cooperation Partner Country (Brazil).

MARINET offers periods of free-of-charge access to test facilities at a range of world-class research centres.
Companies and research groups can avail of this Transnational Access (TA) to test devices at any scale in areas such
as wave energy, tidal energy, offshore-wind energy and environmental data or to conduct tests on cross-cutting
areas such as power take-off systems, grid integration, materials or moorings. In total, over 700 weeks of access is
available to an estimated 300 projects and 800 external users, with at least four calls for access applications over the
4-year initiative.

MARINET partners are also working to implement common standards for testing in order to streamline the
development process, conducting research to improve testing capabilities across the network, providing training at
various facilities in the network in order to enhance personnel expertise and organising industry networking events
in order to facilitate partnerships and knowledge exchange.

The aim of the initiative is to streamline the capabilities of test infrastructures in order to enhance their impact and
accelerate the commercialisation of marine renewable energy. See www.fp7-marinet.eu for more details.
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ABOUT THIS REPORT

One of the requirements of the EC in enabling a user group to benefit from free-of-charge access to an infrastructure
is that the user group must be entitled to disseminate the foreground (information and results) that they have
generated under the project in order to progress the state-of-the-art of the sector. Notwithstanding this, the EC also
state that dissemination activities shall be compatible with the protection of intellectual property rights,
confidentiality obligations and the legitimate interests of the owner(s) of the foreground.

The aim of this report is therefore to meet the first requirement of publicly disseminating the knowledge generated
through this MARINET infrastructure access project in an accessible format in order to:

e progress the state-of-the-art

e publicise resulting progress made for the technology/industry

e provide evidence of progress made along the Structured Development Plan
e provide due diligence material for potential future investment and financing
e share lessons learned

e avoid potential future replication by others

e provide opportunities for future collaboration

e etc.

In some cases, the user group may wish to protect some of this information which they deem commercially
sensitive, and so may choose to present results in a normalised (non-dimensional) format or withhold certain design
data — this is acceptable and allowed for in the second requirement outlined above.
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LEGAL DISCLAIMER

The views expressed, and responsibility for the content of this publication, lie solely with the authors. The European
Commission is not liable for any use that may be made of the information contained herein. This work may rely on
data from sources external to the MARINET project Consortium. Members of the Consortium do not accept liability
for loss or damage suffered by any third party as a result of errors or inaccuracies in such data. The information in
this document is provided “as is” and no guarantee or warranty is given that the information is fit for any particular
purpose. The user thereof uses the information at its sole risk and neither the European Commission nor any
member of the MARINET Consortium is liable for any use that may be made of the information.
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EXECUTIVE SUMMARY

This document gives an overview of the existing testing facilities dedicated to wave energy converters (WECs). It
first presents the different types of wave makers and wave tanks that are commonly used. It also contains a
comparative description of the wave generating methods in terms of accordance with a target wave field.
Moreover, a presentation and a quality assessment of absorption methods is carried out. Finally, it focuses on
special modifications to operate in wave tanks to test marine energy devices in shallow water.
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1 INTRODUCTION

Physical modelling offers several benefits. It allows testing a scaled model, which reduces the construction cost of
the prototype. The generation of waves in a controlled environment allows the possibility to generate waves with
specific characteristics and with good repeatability. However, the use of physical models requires generating waves
in basin that approach the real waves found in nature.

The present report is a collation of wave simulation methods attempting to describe first the characteristics of the
different types of basins, then the methods to generate complex wave fields and to achieve spurious wave
absorption, and finally to discuss of particular aspects for marine energy devices.

The information comes both from several international publications whose references are given in the last pages and
from the experience feedbacks of the testing facilities of Marinet project. Several facilities have been appointed to
contribute to this report. However, as few contributors effectively participated, inequalities appear in some sections
as each contributor obviously gave information on the facility it knows best, i.e. its own facility. Attention is given to
wave generation methods and active absorption methods.
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2 DIFFERENT TYPES OF WAVE MAKERS

The wave generation is made through a wave board animated with a prescribed motion. The earliest method was
limited to sinusoidal movements of the wave board with specified amplitude and frequency. However, it was in good
agreement with the linear theory. Then, modifications on the motors gave more control over the wave board
motion, and allowed the generation of 2D-irregular waves, cnoidal and solitary waves, and even directional irregular
waves for segmented wave makers. Mechanical characteristics of piston-type and flap-type machines were
described in La Houille Blanche by Biésel & Suquet (1954).

2.1 DIFFERENT BY THEIR ARRANGEMENT

2.1.1 Frontal

The frontal wave maker is the type of wave maker present in most of the facilities. The wave maker is composed of
several elements (pistons, flaps,...) arranged on one side of the basin. The other sides can be simple walls, absorbing
beaches or active absorbers.

Figure 1 ECN frontal wave tank
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2.1.2 Corner

The Corner wave maker is composed of two front sides of wave maker elements. It allows to generate oblique waves
of quality, exempting the experimental staff a rearrangement of the set-up (model orientation and/or moorings
shifting) to test oblique wave excitation on the model. It can also generate more complex sea-states such as double
peak spectra waves.

Shih and Chou (2009) ran numerical simulations of target oblique waves generated by two series of serpent-type
wave generators set in L-shape (figure 2), also called dual-face snake-type wave maker (Park et al, 2001). This allows
enlarging the effective testing area. Another type of generator, called the C-type multi-directional wave generator in
accordance with its shape (figure 3), also enlarges the useful area (Ito et al., 1996) and has the following additional
advantage: the wave makers can also absorb waves simultaneously, and therefore the basin can be used with
different combinations of wavemaking and absorbing faces among the three sides.

-

Figure 2 Spatial distributions of velocity in x-y planar for a regular wave when 6 = 45° (Numerical solution) (Chih and Chou
2009).
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Figure 3 C-shape multi directional wave maker (Isobe 1996)

The wave maker shown in figure 4 is the square tank of the University of Sdo Paulo [3]. The 14m*14m basin is
equipped with 148 hinged-flaps.

Figure 4 Picture of the square tank of the University of Sdo Paulo

Besides, real sea spectra often have two peaks of different directions of propagation. The two peak directions can be
apart more than 90° each other, with a ‘wind wave’ component with relatively short periods and a ‘swell’
component with long periods. A Dual-mode snake type wave generator has been developed by Hiraishi and
Hirayama (1998), which can generate directional waves with oblique principal direction and double-peak directional
waves. However, Roux de Reilhac (2008) managed to generate double-peak spectra using a frontal wave maker. He
used Molin methods, which are presented in section 4.

kol Page 14 of 85 sev o



M MARINET Infrastructure Access Report

2.1.3 Curved / circular

Few facilities are equipped with a curved or a circular wave tank. The University of Edinburgh is equipped with both
two types of tanks that will therefore be taken as an example of how work curved and circular tanks and what are
their capacities in terms of device testing.

Curved tank

Firstly, the curved wave tank (figure 5) is a multi-directional wave facility, which is capable of producing digitally-
controlled pseudo random waves with definable spectral and directional statistics. It is equipped with force feedback
absorbing wave makers, which enhance the accuracy of marine environmental conditions through the minimisation
of standing waves. The test facility is used to test systems in the range of scale 1:70 to 1:100 in a water depth of 1.2
m and the frequency range goes from 0.5 Hz to 2 Hz with a maximum trough to crest wave height of 0.22 m at 1Hz.

Directional waves by the curved wave tank are made possible through the principles of Huygens as illustrated in
Figure 6. For the special geometry of the curved-tank, the motion of all wave makers with no phase delay generates
a curved wave that propagates towards the centre of the wave makers arc. To produce a straight wave with a
specified direction of propagation, each wave maker is addressed individually by the system controller, shifting its
time response in the array by a certain delay (y) proportional to the sine of the angle (a) (Jorge Lucas PhD, 2011).
More details are given in section 4.3.2.
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Mixed seas in the curved-tank are generated by superimposing different ‘wave-fronts’. To produce a mixed sea in
the curved tank, the random phase method is used. This method is deterministic and ensures that during different
runs repeatable conditions occur. This is an important and desirable characteristic of wave generation for wave
energy development.

Circular tank

The All-Waters Combined Current and Wave Test Facility is a new basin which was constructed at the University of
Edinburgh in 2013 *. The tank has a diameter of 25m and a working depth of 2m (see figure 8 in section 3). The basin
itself is approximately 5m deep with lower level containing the current generation hardware and plenum. It is
designed to test models at a scale of approximately 1/20. 168 active absorbing paddle wave makers are located
around the circumference of the tank. The wave makers absorb as well as generate waves and therefore the
requirements for a conventional mesh/foam beach are greatly reduced. For regular unidirectional waves, it will be
possible to reach heights of up to 0.7m at period of 1-2 seconds.

Besides, the installation of test models, whether moored or fixed, can be a time consuming and difficult process. In
order to ease this operation and minimise downtime the central section of the tank floor (approximately
corresponding the 15m diameter test area) can be raised out of the water to allow installation in dry conditions. A 5
tonnes overhead travelling crane allows models to be transported from the “quayside” onto the raised floor.

! The wavemaking and current generation infrastructure is supplied by Edinburgh Designs Ltd., a company that originated from University of
Edinburgh.
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The NMRI (National Maritime Research Institute) of Tokyo is equipped with a Deep Sea circular wave basin (figure 7)
that generates current. The basin was constructed in 2002 because of the increasing demand for deep sea Oil & gas
technology. More details are presented about this basin in section 3.1.
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Figure 7 Deep-sea basin of NMRI Tokyo

2.2 DIFFERENT BY THEIR CONSTRUCTION

2.2.1 Hinged-flap type

Hinged-flap type wave makers are made with flat vertical plates hinged at the bottom and rotating around their axis
so when driven with an oscillatory motion they partially rotate in a fore and aft arc. They are suited for physical
modelling of deep water waves, where the water is barely perturbed at the lower depth of the tank. The pitching
motion about the submerged hinge is regarded as more inductive to quickly produce the correct water particle
orbital profiles which also exhibit the required exponential diameter decay with depth. If water depth changes are
anticipated it can be possible to mount the flap generators on a movable frame that can be raised or lowered as
required. Moreover, hinged-flap wave makers allow the installation of manifolds creating current flows. Hyun (1976)
gave the first-order wave maker transfer function for the variable flap-type wave maker. More details can be found
in S. A. Hughes’s book (1993) [1]. Some facilities have flap paddles with an additional hinge at mid depth. Both
sections can move independently such that almost pure sinusoidal water surface profiles can be produced.
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Figure 8 Wave maker geometry

A wave maker is characterized by its transfer function TF(w), which is defined as b = TF(w) a ° at the pulsation w
and for a wave of direction 0°, with b the wave maker amplitude and a the wave amplitude.

The first-order transfer function for a paddle hinged (flap-type) at a distance d from the sea-bed is

k(h—d) 2kh+sinh2kh
4 sinh(kh) k(h—d) sinh kh+cosh kd— cosh kh

TF,p = —i (2.1)

2.2.2 Piston-type

The piston-type wave maker is appropriate to generate shallow water waves. Indeed, as the wave board
displacement is equal along the piston height, the water velocity is important even on the bottom of the basin,
which is the particularity of shallow water dynamics. Moreover, piston-type wave makers accommodate water depth
changes more easily than flap paddles. If there is water behind the wave maker in order to cancel hydrostatic forces,
back waves are also generated behind the wave maker, which perturb the wave maker displacements. Edinburgh

2 TF is defined herein as the opposite of the height-to-stroke ratio.
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Designs Ltd. designed a piston wave maker that consists of two interconnected shapes that rotate relative to each
other (figure 10). The rear surface of each of the components forms part of a cylinder centred on its axis of rotation,
so no back wave is formed when the structure rotates. The largest force on the piston is the buoyancy followed by
the wavemaking and the inertial forces due to acceleration. The structure should be light and corrosion resistant.
The piston is designed for generation of shallow coastal waves of any type (from regular 2D -waves to short-crested?
irregular waves) and can be used in tanks containing sediment as there are no seals, hinges or bearings in contact
with the water. A great advantage is also that the wave maker can be easily moved anywhere in the basin.

Figure 9 'Classical' piston-type wave maker (Equimar) Figure 10 UCL piston - Images courtesy of EDL

The transfer function for a piston-type wave maker is obtained for d — oo, which transforms equation (2.1) into:

2kh+sinh(2kh)

TF,p, = —i
2D 4sinh?kh

(2.2)

* Short-crested waves: in the linear theory, short-crested wave fields are defined as a superposition of 2D progressive wave
trains of equal wave lengths and frequency, propagating in two directions 6;and 6,.
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2.2.3 Plunging-type

The plunger-type wave maker is a body free to oscillate vertically, such as illustrated in figure 11. This vertical motion
displaces the fluid, creating the wave motion. The plunger can be of any shape but cylinders and triangular are most
commonly used. According to Wang (1974), the wave height far from the plunger is not sensitive to its geometric
details, apart from its width at z = 0, its draft in its neutral position and its cross-sectional area coefficient. An
important factor for the wave generation is the water depth (parameter h in the wave maker transfer function), as
for other generators.

This type of wave maker has several advantages, mostly practical and structural. Indeed, as its motion is purely
vertical, the global machine is very compact. Moreover, as the shape is triangular, the basin can be designed to work
with water behind the wave maker with almost no generation of back waves, which eliminate the usual problem of
this configuration. An example of this type of basin is the Japanese wave tank AMOEBA (see section 4.3.).

(2]

NN

(=%

T T T

Figure 11 Plunger-type wave maker geometry
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2.2.4 Duck-type

This type of wave maker is not as widely used as the others. It can be more efficient than other wave makers in
theory but practically it is not the most convenient way of generating waves as it is potentially much more
complicated to drive and the ratio of water displaced with respect to the dimensions are better for a piston-type
than for a duck (figure 12).

Figure 12 Duck-type (Salter 1981).
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3 SIMULTANEOUS GENERATION OF WAVE AND CURRENT

This section describes the possibilities to generate simultaneously wave and current, through the presentation of
three basins: the Deep sea basin of NMRI Tokyo, the All-waters combined current and wave test facility of the
University of Edinburg (UEDIN) and the Ocean basin of the University of Plymouth (UoP).

TS SR VP VR TN TIPETTTTT UTTNEETTT  miE pgeaNAY Y A~y
_— —— e — — e e, - — —

Figure 13 Architects’ rendering illustrating major features of the All-Waters Combined Current and Wave Test Facility (image
courtesy of Bennetts Associates Architects)
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Figure 14 Picture of the Ocean basin in the University of Plymouth (UoP)

3.1 CURRENT GENERATION AND DIRECTIONALITY

The Deep sea wave basin of NMRI Tokyo (figure 15) is made of two parts: a circular basin with a 14m diameter and a
deep pit of 30m depth, which makes this basin one of the deepest in the world. The tank is surrounded by 128
absorbing wave makers and current generators are installed both in the circular basin and in the deep pit.

\\'- 4i ol
Absorbing . Q@\\\\Q\\\\x\ AR //%
wave generator == R _—
d oy "
7N
Circular Basin
2 (Upper part)
Current Generator
Movable CCD camera-

3 dimensional optical
measurement system

Figure 15 Deep sea basin at the NMRI Tokyo
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The UEDIN circular basin is equipped with 28 impellor units located in a circular arrangement in the lower level of
the tank basin. The maximum current velocity across the 15m diameter test section is 0.8 m/s. The flow is
recirculated under the tank floor.

Concerning the UoP wave basin, it has a multi-pump recirculating hydraulic system that can generate longitudinal
and transversal currents up to 0.3 m/s for a 2.0m water depth.

Tidal currents often do not exhibit a simple bidirectional flow. Devices will therefore not be subjected to tidal current
along a single axis. In a test tank with a single direction (or axis) the test model must be repositioned and/or rotated
to simulate the directional range of the tidal current. At best this is impractical, and in the case of a large array of
devices it may be impossible. A preferable approach is to fix the position of the test models and vary the direction of
the current. A circular tank provides the geometry to generate current in any direction in much the same way as it
allows for the generation of complex multidirectional waves. The challenge is to develop a flow generation system
that will provide a uniform velocity across the designated test area. This test area must also be suitably large to allow
the installation of multiple models in order to allow the meaningful evaluation of device arrays. The test section
proposed for the All-Waters facility (UEDIN) is a 60% of the overall diameter (15m out of 25 m). Combining the
output from the impeller units (discrete) to form a uniform flow across the test section is a subject of on-going
research involving small scale prototypes, CFD and control theory. The expected flow field is illustrated in Figures 16-
17. Here a numerical model is used to predict how 28 individual centre pointing flow inlets can be controlled to
produce a single one directional plan view flow in a round tank for array testing. (T. Davey et. al, 2012)
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Figure 16 Contours of velocity magnitude across the tank (plan view), (University of Edinburgh).

Kur Page 25 of 85 i



M MARINET Infrastructure Access Report

1.20e+00

1.10e+00 ® ¢se it
1.00e+00 . .
9.00e-01 . .

8.00e-01
Velocity
Magnitude  7.00e-01

(m/s)
6.006-01 . .

5.00e-01
4.00e-01 ", 3 = %

3.00e-01
10 -8 6 4 -2 0 2 R} 6 8 10

Position (m)

Figure 17 Velocity profile across the central section of the tank. (University of Edinburgh)

3.2 COMBINED WAVE AND CURRENT

The circular design of UEDIN’s basin with 360° symmetry allows the waves and current to be generated in any
relative direction. The flow conditioning system (for the current) is being developed to minimise the velocities
immediately in front of the wave makers, thus allowing the active absorption systems to operate correctly in a
combined wave and current sea.

Besides, the University of Plymouth’s wave flume can generate simultaneously a reversible flow recirculation of 0.5
m/s along the flume and waves up to 0.35m height. In addition to this, sediments can be introduced for special tests.

The effect of marine current on WECs (wave energy converters) is not well documented yet, as only few facilities
offer the possibility to test waves and current of these magnitudes simultaneously.

An investigation was carried by Hiraishi (2002) to assess the influence of current action on the directional spectrum
variation. The investigation has its importance since the current magnitude in shallow water areas can become
significant, leading to wave directionality modifications. Such influences affect the wave loads applied to a structure
as the external wave forces depend on directionality (Hiraishi 2001).
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The directional spectrum in the case of opposed current action shows higher peak than without current. The peak
angle is almost same to the target wave direction (-15°). Meanwhile the directional wave spectrum in the following
current gives lower peak than without current. The observed differences demonstrate that the wave energy
concentration is raised in the opposing currents and is decreased in the following flows. The wave energy is
concentrated in the principal direction of propagation when waves progress against the current. This is caused by
the refraction of wave components that proceed in oblique directions. Along those lines, the oblique components
may be shifted near the parallel direction to the current in case of the following current.

9

® 8

7 A

E 6 —&—Following
2 i mmme=po Current
g 3 —i=Opposing
o 2

21

m n il . Lt i

80 60 -30 0 30 60 20
Angle (deg)

Figure 18 Variation of directional spectrum under current action (Hiraishi 2002)
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4 RANDOM WAVE SIMULATION

4.1 FREQUENCY SPECTRUM

To generate irregular waves in a wave tank, a command signal has to be sent to the wave maker control system. But
previously to that, the wave elevation time series corresponding to the desired sea-state must be computed. This
section focuses on the different techniques available to compute these time series.

The different techniques can be classified into two methods: ‘deterministic’ and ‘non-deterministic’ (or
‘probabilistic’).
4.1.1 Deterministic techniques.

Deterministic wave generation techniques create wave trains of finite duration (periodic) which match the target

energy spectrum on a period of repetition.

4.1.1.1 Random Phase Method.
The Random Phase Method was developed by Rice in 1944,
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Figure 99 Wave spectra examples
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When dealing with irregular waves, the waves can be described by a power spectral density S(f). A representation of
two particular wave spectra is given in figure 19. If the wave steepness is sufficiently small, the assumption of linear
irregular waves can be done. Therefore, the surface elevation can be described as a superposition of wave
components of different frequencies:

nt) = XL mi(t) = 2, acos(wit; + @;) (4.1)
where w; = 21f;
a;: Fourier amplitude spectrum coefficient (amplitude of the wave component of frequency f; ).
@; : random phase.
ti : j** component of the time vector.

The smooth spectrum is subdivided in equal frequency increments of width Af over the range of frequency

1 .
T fmax = fn is chosen to
max

get a number of samples N that is a power of 2 in the FFT. Moreover, Af is chosen such that Af = Ti, where Tj is
R
the length of the time series to be produced. T also corresponds to the repetition period of the time series.

[0, finax]- The maximum frequency fy,q, Will control the time step width through At =

The relation between the spectrum energy and the linear approximation variance is given by:
9] 1
Jo SHdf =XiS(f)-Af = Liza” (4.2)
Hence a; =+/2S5(f).Af (4.3)

The phase ¢(f;) is chosen randomly at each frequency f; with a uniform probability distribution between 0 and 2.
However, the phase generation is controlled by a ‘seed’ so that the same series of phase values are created when
the seed is kept constant.

The target time series is obtained by an Inverse Discrete Fourier Transform (IDFT)
n; = Xia; cos(w;t; + ¢;) (4.4)

The Random Phase Method is considered ‘deterministic’ because the time series output are completely defined by
the specified target spectrum and the seed parameter.
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4.1.1.2 Pros and cons of this deterministic method.

The discretized spectrum of the generated wave train is equal (neglecting the non-linear effects) to the target energy
spectrum during a repetition period Tg. This means that two different realizations with different properties can be
directly compared and two different devices can be compared under the same sea-state (repeatability).

However, the wave trains generated do not reproduce the true random behavior of the ocean waves. Indeed,
extreme events of low probability that might happen in the real world can be missing. What is done in most facilities
using this method is that extreme events are generated separately in a deterministic manner. Therefore, the only
limit of proceeding that way is that more complex extreme events than large amplitude waves can occur, and these
events might be difficult to predict.

4.1.2 Non-deterministic techniques

4.1.2.1 Random Complex Phase Method.

In the so-called method developed by Borgman (1969, 1979) and described later by Tuah and Hudspeth (1982), the
Fourier coefficients a; are statistically independent. They are obtained by multiplying the square root of the spectral
density values S(f;) by a random variable G having a Gaussian distribution with zero mean and standard deviation of

1
’S DA

Then, the target time series is obtained by an Inverse Discrete Fourier Transform (IDFT) as in 4.1.1.1.
This “filtering’ operation conserves the energy spectrum in terms of probability only, and for very long periods of

time (theoretically infinite).

4.1.2.2 White Noise Filtering Method.

With this method [Nunes (1981)], the time series is obtained by generating a white noise signal(l) W (t) which is
convolved with the discrete target wave spectrum S(f;):

SUDAS
2

nj =Y, Wi (4.6)

where N denotes the number of Fourier coefficients.
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4.1.2.3 Pros and cons of the non-deterministic methods

Non-deterministic techniques produce wave trains which only match the spectrum in terms of probability for runs of
infinite durations. Practically, this means that experimental runs have to be sufficiently long to properly represent
the target spectrum. Miles & Funke (1989) have shown that even 20 minutes realizations can deviate very
significantly from the target spectrum when using non-deterministic methods.

4.2 DIRECTIONAL SPECTRUM

Oblique or three-dimensional waves are two different appellations which designate waves having a direction of
propagation different from the longitudinal axis of the basin. Their generation is achieved using a segmented wave
maker and the direction of propagation of the oblique waves depends on the wave maker’s paddles motion.

A directional sea-state is described mathematically by a superposition at the considered location in the basin of
incident wave components of different frequencies and directions. Thus, an irregular short-crested wave train is a
superposition of long-crested waves of different directions. The frequency and direction contributions of the energy
spectrum S(w, 6) are usually considered as mutually independent and expressed as follows:

S(w,0) =S(w)D(w, ) (4.7)
where D(w, 8) is the directional spreading function which verifies f_nﬂD(w, 0)do =1 (4.8)
Two methods are available in order to compute the directional sea-spectrum: the single and the double summation
methods.
g - S 7
i 6
Sw,B) 51 5
3 4
2 3
1 2
0 1
0
0.6
Figure 20 Directional spectrum. (M. Philippe 2012)
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4.2.1 Double summation method

This method [Forristall (1981), Pinkster (1984)] was originally the most commonly used for generating multi-
directional waves in tanks. The water surface elevation is defined by the following formula:

nix,yt) = Z’i\':lzyzl ai]-cos(ki(xcosej + ysinej) —w;it + @;j) (4.9)

where (a;j, ¢;;) are the couples of amplitude-phase of wave components having frequencies w; and directions §;,

and (x, y) are horizontal spatial coordinates.

Equation (4.9) means that the irregular short-crested wave field is built by N*M wave fronts. The main issue
encountered with this method is that for each of the N frequencies w;, M wave fronts are generated, of different

directions 6; but having exactly the same frequency, leading to ‘phase locking’.

4.2.2 Phase locking phenomenon

Two waves (at least) are phase-locked when they have the same frequency w; but a different phase ¢;;. However,
they can have different directions of propagation 6;. The resulting wave field has nodes and antinodes and is
therefore spatially inhomogeneous and non-ergodic [Jeffreys (1987)]. This means that the wave field will have
different statistical properties from one point of the basin to another. The practical consequences of a non-
homogeneous wave field can be observed when drift force and low frequency mooring oscillations move the device
away from its original location, where the wave behavior may be different: the device response is different from
expected. More information on the impact of non-egodicity and inhomogeneity can be found in Jeffreys (1987).

4.2.3 Single summation method

The alternate method [Miles & Funke (1989)] generates a single wave component for each frequency, which leads to
a spatially homogeneous and ergodic wave field and avoids phase-locking. The surface elevation is defined by:

n(x,y,t) = Z’iv=1 a;cos(k;(xcos6; + ysin8;) — w;t + ¢;) (4.10)
where w; = i%" (4.12)

and with M the number of directions of propagation. Therefore, each component has a different frequency and all
the directions M are included in each frequency bandwidth Aw.

Obviously, the more M is increased or Aw is reduced, the more the waves computed with this method are consistent
with the continuous target wave spectrum. However, these parameters value are limited by the angular and the
frequency resolutions of the wave making system.
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4.3 NON-LINEAR EFFECTS

The deterministic and non-deterministic methods described above rely on the assumption of linear waves. This
assumption is valid if the wave steepness is small enough. Steepness is defined respectively for regular and irregular
waves as follows:

KpHs

2V2

If the steepness is too important, non-linear phenomena might appear. For instance, some contribution of the

ka and

spectrum can be shifted towards the high frequencies.

However practically, these issues can be fixed by recalibrating the wave maker. Indeed, the measured and target
directional spectra are compared, and the difference between them is reduced using an iterative process.
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5 ON THE ACCURATE GENERATION OF A SEA-STATE ON A
GIVEN AREA OF THE TANK.

Different methods to compute the wave spectrum have been described in the last section. It has been seen that in
the case of a directional irregular wave field, the surface elevation of the target wave (the wave to be generated) in
any location of the basin is described as a sum (simple or double) of wave components of different frequencies and
directions. Now, the wave maker’'s command needs to be computed and this may be achieved through several
methods. This section aims to present famous and simple methods as well as more innovative and elaborated ones.

5.1 THE SNAKE’S PRINCIPLE

5.1.1 Basic snake’s principle

The Snake’s principle is the simplest method to generate oblique waves, and it was proposed by Biésel in 1954. The
method takes its name from the fact that the paddles’ motion has a sinusoidal shape in the y direction (figure 22).

First of all, the parameters of the oblique wave must be introduced. The formula below gives the relation between
the direction of propagation 8, the wave number k and k’, and the corresponding wave lengths L and L' and figure
21 provides a geometrical representation of oblique waves generated by a segmented wave maker.

ing =X _L
sinf = " (5.1)
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generator segment
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| —

side
wall

propagation
direction

Figure 21 Definition of coordinate system, plan view. (D. Shaver, M., 1989)

In the case of a wave maker infinite in the y direction, the expression of the continuous wave maker’s displacement
required to generate an oblique wave of direction @ is given by

X(y,z) = bg,(z)e"sin? (5.2)

where g, (2) is the vertical shape of the wave maker and b is the amplitude of the wave maker’s motion.

For a segmented wave maker (real wave maker) composed of several paddles, the expression of the wave maker’s
displacement becomes:

. o 2mn
Xs(y, Z) _ Znez sint e—L(ksme—T)y (5.3)

T—nm

with 7= %kBsinB = %k’B. (5.4)

The expression (5.3) is found doing a decomposition of an exponential function into a Fourier series. More details
can be found in F. Bonnefoy’s thesis (2005).
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. . B - . .
The segment width to wavelength ratio - Mmust be sufficiently small, to avoid the generation of secondary

propagating wave components. According to Biésel, the condition to achieve this is to have

B 1
L

< TZt1sin o] (5.5)

This condition to avoid a spurious mode due to the segmentation concerns the short wave numbers and depends on
the direction of propagation. For the 0° angle waves, the paddle width has no influence, as expected.

Then to relate the surface elevation for oblique waves to the wave maker’s displacement, the three-dimensional
transfer function must be defined. The relation between the 2D and the 3D transfer function is expressed as follows:

TF3D = cosf TFZD (56)

Segmented wavemaker

Reflected wave

Y, Direct wave

Diffraction
area

. ——

Figure 22 lllustration of the Snake’s principle
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Then, superposing several regular oblique waves of different frequencies, one can generate target regular or
irregular multi-directional wave fields, as described in section 4. In this case, each wave component of the sums (4.9)
or (4.10) must be multiplied by the transfer function TF/3; . However, a limitation to the generation of multi-
directional sea states in a finite basin is the small size of the useful area over which we effectively observe the target
wave field. Indeed, using the simple snake method, the target wave field is applied on the wave maker (at x = 0),
and the waves are reflected on the side walls what perturb the wave field in the testing area (useful area). This
aspect has been considered by Sand and Mynett (1987) and subsequently by Funke and Miles (1987) who built
methods taking into account these reflections on the side walls in order to get both a better quality of wave and a
larger testing area.

5.1.2 Corner method Funke & miles (without diffraction)

The first method developed taking into account the reflections on the side walls to generate oblique waves is the
corner method (Funke & Miles 1987). This straightforward method consists in determining three parts along the
wave maker’s width: a group of wave maker elements that do not move (3 in figure 23), another that generates
waves of direction 8° (2), and a third that generates both waves of direction —6° and 6° (1) in order to get only
waves of direction 6° in a desired area of the basin. Figure 23 illustrates the direction of the waves in each part of
the basin and figure 24 represents the wave maker displacement along the transversal direction y.

Segmented wavemaker
EE - A - > - =1
Sy ) Y Direct wave -~
Indirect .
wave !
Reflected
indirectwiaowve

Figure 23 lllustration of the corner method
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2.Funke & Miles

1 2 3

Figure 24 Wave maker's position along the transverse direction at different times (Boudet and Perois 2001)

Figure 25 shows the surface of the useful area for the Snake (left) and the Corner method (right). It appears clearly
that the Corner method enables an enlargement of the useful area.

without reflaxions with reflaxions

Figure 25 Useful area geometry for a wave of direction 0 (the arrows represent the wave direction (Boudet and Perois 2001).
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5.2 ELABORATED METHODS

5.2.1 Principle

The generation of oblique elementary waves using linearized potential theory at the first order consists in
reproducing a target wave field. Surface elevation (5.7) and potential (5.8) are expressed in a tank of infinite spatial
dimensions:

Ny = ae ~ik(xcosb+ysinb) (5.7)

0, = iZaF.,.(aO’Z)e—ik(xcost9+ysin9) (5.8)

where a = ae!(@t*9) js the time-dependent amplitude vector.

Obviously, 71 in (5.7) is the surface-elevation for one regular oblique wave. However, for a short-crested target wave
field, (5.7) becomes the sum of wave components described in section 4: 1§ = YV | a; e ~i(ki(xcosOi+ysinfi)-wit=g;)
The decomposition described below must be applied for each wave component a;e ~i(ki(xcos8i+ysind)-wit=¢i) of the
sum.

The solution in a finite tank of width L,, in steady state is a superposition of the elementary spatial modes of the tank

in order to approximate the infinite one.

Nfinite = Z:-noio Z;:)O amne_kmnx cos(upy) , with p, = g' n €N, (5.9)
Bfinite = Lo szom%e_kmnxcos tny F*(am,2) (5.10)

eiam(z+1)+e—iam(z+1) § 2 2 2
= , where the wave numbers are defined by k,,,° = a,,° + u,“ , where the

: + —
with F*(a,,, z) = T 1T

vertical wave numbers {a, = ik, a,, € R} are the roots of the dispersion relation w? = ia,,,F ™ (t, 0).
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The vertical geometry g, (z) of the wave maker is different from the velocity profile of the generated wave (figure
26). As a result, evanescent waves are generated close to the wave maker but their contribution decays quickly (in
exp(—kx)) and has an influence until more or less twice the depth. Therefore, their contribution can be neglected in
the testing area (see [11] for further details).

041
0.6

0.8

-1

Figure 26 Vertical profile; A: wavelength (m). (Bonnefoy 2005)
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Both progressive waves and evanescent modes appear in the potential expression (5.10). The vertical wave numbers
a.n.n are purely imaginary or real positive respectively for progressive waves and evanescent modes. Progressive

. . kb . .
waves correspond to the restricted domain m = 0 and n < E[F] = N, (where E - is the integer value) and

evanescent waves to all other couples of (m, n) subscripts.

Table 1

m =20 m>1

n < N; progressive

n €N

evanescent

n > Ny evanescent

Practically, the wave maker motion is calculated using a set of complex amplitudes ay,, which are the only

unknowns of the problem:
X1(y,2) = gy(2) TF YLy oy 05 Be ™ 5in6n (5.11)
Where the 0,, represent the natural modes directions given by 6,, = arcsin“—k”.

Expression (5.11) means that the wave maker motion X4 can be represented by the spatial modes.

The unknowns ag,, are determined using the four elaborated methods that are presented hereafter.

NB: Equations (5.9) & (5.10) describe respectively the surface elevation and the wave potential effectively generated
by the wave maker (including evanescent waves), whereas (5.11) expresses the required wave maker displacement
(only progressive terms) that gives this wave field. Indeed, the evanescent waves are a consequence of the wave
maker non perfect shape and are not taken into account in the wave maker command.
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5.2.2 Presentation of four elaborated methods

5.2.2.1 Dalrymple’s method (1989)

Dalrymple proposed an expression that uses voluntary reflections on the side walls with the same motivation as
Funke & Miles: to extend the area of the useful zone. The idea is to impose the target field on a line parallel to the
wave maker and located at a distance X;from it. The method gives the amplitudes of the ay,, coefficients:

ag, = a Inei(kOn —ag cosf)Xq (5.12)

Jy? e~k sin0Y cos(uny)dy

L
Jo? cos*(uny)dy

where L, = (5.13)

Once these coefficients are calculated, equation (5.11) gives the wave maker motion.

5.2.2.2 Method of the disk-shaped area

Developed by Molin (1991), this technique also uses voluntary reflections on the side walls of the wave tank. The
target amplitude is generated on a disk-shaped area instead of on a line. One of the advantages of this method is
that it doesn’t try to get the right target close to the walls (that has no practical use) but prefer to improve the
quality in the middle of the tank where the models are tested.

Keeping only the progressive part (as in expression (5.11)) a potential as close as possible from a regular wave of
direction 8 must be sought. Thereby, one can define the quantity A(r, 8) that represents the difference between the
generated wave field and the target.

A(r,ﬁ) — Zgio Qon e~ Kon(xo+7cosp) cos(yn(yo + rsin :8)) _ ae—ik((xo+rcosB)cost9+(y0+rsinB) sing) (5.14)
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Afterwards, Molin [20], [21] seeks a solution ag, that minimizes the difference A on the disk using a least-square
method. So practically, he minimizes I,. After he remarked several times the apparition of unrealistic amplitudes,
Molin added a second quantity I, that limits the wave maker power. Therefore, the relevant quantity to minimize
becamel =1, + I,.

I = [" [FA(r, B) A*(r, p)r dr dB (5.15)

IL=C[” [ 0,0, dydz (5.16)

5.2.2.3 Method of the rectangular area

Also developed by Molin, this method allows to generate a useful area that has a rectangular shape. A priori, both
Dalrymple and disk generating methods seem appropriate to test moored models whereas the method of the
rectangular area seems more relevant for models with an advance speed.

The approach is similar to the method of the disk-shaped area. Indeed, it minimizes the difference F(x, y) between
the generated wave field and the target in the target area.

F(x, y) — Zgio aon e~Konx COS(Mn}’) _ e—ik(xcosB+ysin6) (5.17)

The coefficients ag, are obtained minimizing the function I.

=7 F(x,y) F(x,y) dx dy (5.18)

5.2.2.4 Method Segment by Segment

This method requires first to calculate the wave field induced by the unitary displacement of each wave maker
element taken separately. Then, the method minimizes the difference between the generated wave field and the
target using a least-square method as for the disk and rectangular methods. That gives the correct amplitude and
phase of each wave maker segment. This optimization is made on some points of the free surface that belong to a
control surface with an a priori arbitrarily geometry.
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5.2.2.5 Pros and cons of the different methods
Regular waves

Figure 27 shows that the direction of propagation of the waves is not well reproduced by the Snake’s principle due
to the reflexions on the side wall (y=6). The useful area is very limited in front of the wave maker and it is perturbed
by the evanescent modes. In contrast, Dalrymple method with a target distance of X = 3 provides a wave field
which is clearly better reproduced.

(a) Snake's principle (b) Dalrymple’s method

Figure 27 First order wave field with f=0.4Hz and 6=30°. (Bonnefoy 2005)

The white areas on figure 28 correspond to an error on the wave amplitude lower than 5%. The wave maker is
located on the left side. In both cases, the useful area has the expected shape but the generated wave field is not
really homogeneous because of the diffraction phenomenon.

« Biesel »

« Funke & Miles »
(Distance Xd=10m)

Figure 28 Error between generated wave fields and targets (Boudet and Perois 2001)
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Figure 29 illustrates the displacements of the wave maker elements, for three different methods of command, at
different moments and for the same target wave field.

25 T

2.Funke & Miles

4. Cercle

Figure 29 (Boudet and Perois 2001)
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Figure 30 makes clear that the elaborated methods allow a significant improvement of the homogeneity of the wave
in the target area. Besides, the circle and segment by segment methods enlarge the useful area compared to
Dalrymple method.

Deviation
« Dalrymple »
Deviation
« ' Circle»
(RadiusR=3m)

Deviation

—

Figure 30 Error between generated wave fields and targets for T = 0.8s,0 = 20°, X; = 10m (Boudet and Perois 2001)

« Segment by Segment »

Roux de Reilhac (2008) [11] demonstrated that the disk and the rectangular methods allow to generate waves whose
amplitudes are closer to the target than when Dalrymple method is used. Furthermore, the size of the useful area is
well respected with both Dalrymple and disk methods, with an error on the wave amplitude of 6% for the disk
method and 12% for Dalrymple on the useful areas.
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Irregular wave

Figure 31 and 32 present the experimental and the target spectra for the Snake’s principle and the disk method. The
Disk method provides a significant improvement compared to the Snake’s principle in the way that the generated
wave field is much more in accordance with the target wave field.

Figure 31 Directional spectrum S(f, 8) generated by the Snake's principle, target in solid line and experimental in greyscale
(Roux de Reilhac 2008)
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Figure 32 Directional spectrum for the Disk Method with 40° between the two peaks (Ochi-Hubble modified, Fpsw“’” =
0.43Hz, F,"**°* = 0.90Hz and s¥°!! = 18,s¥45¢® = 11), (Roux de Reilhac 2008)

At the second-order, high amplitudes of spurious free waves appear outside of the target area (until more than three
times the target wave amplitude!). They can lead to wave breaking or even overtopping of the basin over the side
walls.

The elaborated methods allow a more accurate generation of an arbitrary wave field than the Biésel or Funke &
Miles methods. Indeed, they allow getting a larger useful area and a higher homogeneity of the generated waves.
Naturally, the disk and the rectangular methods are chosen depending on the experimental test to carry out. For
instance, the rectangular method will be preferred to test a system with a forward speed (ex. a ship), as it allows a
long dimension in the longitudinal direction (or transversal). The disk method will be used to test a fixed system.

Moreover, the disk and rectangular areas can generate better the highly directional waves.
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5.3 GENERATION OF AN ARBITRARY WAVE-FIELD IN AN ARBITRARY BASIN
(AMOEBA)

5.3.1 AMOEBA wave generation principle

The Advanced Multiple Organized Experimental BAsin (AMOEBA) (Naito and al. (1990), (1998)) [17], [22], [23], [24], is
a circular basin type composed of several wave makers called Element-absorbing Wave maker (EAW). An EAW
consists of a floating body, a voice coil motor (VCM) (Mori and Naito (1990)) and a displacement probe.

This system is designed to both generate and absorb waves simultaneously when adding the wavemaking force to
the absorbing force.

Figure 33 Photography of AMOEBA (NAOE Osaka, Japan)

An EAW can be expressed mathematically as a periodical wave source placed on a water surface represented by the
0™-order Hankel function of the first kind. Besides, an arbitrarily wave field can be described as a superposition of
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Bessel functions with the Fourier-Bessel series expansion. Moreover, according to the addition theorem, a Bessel
function with the origin at the centre of a circle can be described by a superposition of Hankel functions whose
origins are located on the circumference of a circle. The orthogonality of the Fourier function gives the reverse
relationship, expressing the Hankel function with the origins on the circumference of a circle in terms of a
superposition of the Bessel functions whose origins lie at the centre of a circle. Moreover, as the Hankel function is
the representation of a ring wave generated by an EAW, the motion of each paddle required to generate an arbitrary
wave field may be known (Minoura and al. (2011)) [16].

Element absorbing
wave-maker

Figure34 Coordinate system for a circular basin (Minoura and Naito 2011)

5.3.2 Arbitrarily configured basin

The Fourier functions for a circular basin satisfy the property of orthogonality. However, this property cannot be
applied for elliptic or square basins of because the distance between the centre and the side walls of the basin that is
not constant with respect to the geometrical argument. Thereby, asymptotic expansion “of the Hankel function for
large arguments is used and the orthogonality of the Fourier function is then verified.

* More details on asymptotic expansion are available in [8].
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y

Element absorbing
wave-maker

RAB
P

Unit radius|circle

40

Figure 35 Projection ration of wave maker breadth on unit radius circle (Minoura and Naito 2011)

S
[$)}

y-coordinate (m)
j=)
y-coordinate (m)

B =05, 0 05 A0 0.5 7
x—coordinate (m) x—coordinate (m)

Figure 36 Numerical calculations of regular waves generated by EAW in circular basin (left) and in elliptic basin (right). Circle
mark = EAW (Minoura and Naito 2011).

This theory doesn’t take into account the evanescent waves that are created close to the EAW. Therefore, this

mathematical model provides a theory to generate long-crested regular wave field at a distance of more than at
least a wavelength from the wave maker.

Numerical results show that in the case of the circular AMOEBA, the wave crest line is straight and its height is
constant (figure 36: left). In contrast, for the elliptical AMOEBA the waves are bent (figure 36: right).
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Control of amplitude and phase for all EAWs

The ith and the jth wave makers are related by a phase difference that depends on the i — j distance and the
wavenumber k. Besides, the amplitude of the generated waves depends on the wave direction relative to the
normal of the wave maker. cost; is the ratio of the velocity amplitude of the jth EAW to that of the direction of the
wave propagation (see figure 37). Then, the wave-generating forces of the ith and jth EAW can be calculated using
the phase difference between the two EAWs and the velocity amplitude cos®; (figure 87) [8].

Finally, controlling the phase of EAW’s motion, one can generate transient waves at an arbitrary position of the
AMOEBA.

Observation

Wave maker

Wave .
direction o= Wave elevation ()

i

Wave hasin Wave basin
Figure 37 Wave maker synchronization Figure 38 Wave-field for transient waves

(Naito 2006)

5.4 LIMITATIONS IN WAVE GENERATION

5.4.1 Evanescent waves

It has been seen in section 4.2.1 that evanescent waves were created due to a mismatch between the vertical
geometry g,,(z) of the wave maker and the velocity profile of the generated wave. Some work has been made to
find a profile of the wave maker that creates no evanescent waves (Naito and Minoura, 1994; Falnes 2002; Maguire
and Ingram, 2011).
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The amplitude of the evanescent waves can be quantified theoretically. Indeed, once the coefficients ag, are
determined with the elaborated method, the amplitudes of the evanescent modes a,,, can be obtained using the

Amn

transfer function TF,,,, defined as TF,,;,, = "
on

2D influence

A/R

Figure 39 Contribution of the first four evanescent modes and influence of the wavelength. (Roux de Reilhac 2008)

As shown on figure 39, the two first evanescent modes have a significant contribution and become globally more

. . : . 2
important as the wavelength increases, until a maximum reached here for w= 5.
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3D influence

Figure 41 Evanescent waves with resonance (Bonnefoy 2005).

Figure 41 shows evanescent waves in the y-direction, with the presence of nodes and antinodes. For a frequency
close to the basin natural frequencies, the decay along the x-direction can be slower than usual (resonance
phenomenon) as illustrated on figure 42. When the generation of waves stops, the evanescent waves are
transformed into quasi-standing waves oscillating in the transverse direction of the basin at one of its natural
frequencies. Moreover, if there are no absorbing beaches or absorbing wave makers on the sides of the basin, the
only dissipation of these evanescent waves is made through viscosity losses on the side walls. Practically, the
consequence is that the basin can be disturbed during a long time. These frequencies are to be avoided during
testing.
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5.4.2 Free waves

Free waves come from the boundary condition of the velocity potential on the wave maker, at second order. The
expression of the condition contains second order terms but also a forcing term made of products of first order
terms. This forcing term means that even when the wave maker has a first order displacement, spurious second
order waves appear and perturb the first order waves. These spurious waves are called free waves. The other
second order waves are commonly called bound waves, or Stokes waves.

Let us note w? = k tanhk the dispersion relationship of the linear waves (first order). The free wave number kz(f) is

the root of the free wave’s dispersion relationship 4w? = k, Dtanh kz(f).

In the case of an infinite depth, the free wave’s pulsation is twice the first order pulsation w,) = 2w and the

wavelength about a quarter of the first order wavelength /'lz(f) = %. Thus, the phase velocity of the free waves is

6p)
equal to the half of the phase velocity: VQ(f) = :z(f) =22 _Y
2

ak, 2"
5.4.2.1 Influence of the wavelength
I o 8
g 8 ol 3 f
0 ey
S S e\ é” 3:_
2r
s
Oy N E—
Ah fv/h/g

Figure 42 Evolution of the free wave quotient in 2D in ECN wave tank (Bonnefoy 2005).

The quotient between the free wave amplitude and the Stokes wave amplitude varies from approximately 0.5 for

A . . . A
small wavelength > < 2 and increases for large wavelengths, reaching a maximum value of 3 for w = 5.
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5.4.2.2 Influence of the wave direction

0.0 0.5 1.0 15 2.0

Figure 43 Influence of the direction of propagation on the free wave amplitude for f=0.4Hz and 6=0°, 10°, 20°, and 30°
(Bonnefoy 2005).

The dark arrows indicate the direction of propagation of the regular waves. The amplitude of the free waves globally
increases with the angle of propagation.
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5.4.2.3 Influence of the wave generation method used

0.0 0.5

Figure 44 Free wave amplitude for the Snake’s principle (left) and Dalrymple method (right), for f=0.4Hz and 6=30° (Bonnefoy
2005).

The level of free waves generated by the Snake’s principle is lower than for the Dalrymple method. Thus, the
benefits of the Dalrymple method at the first order, which allows an enlargement and a better location of the useful
area, is balanced at second order by a high level of spurious free waves. For this reason, a free wave’s suppression
technique is needed.

5.4.2.4 Free waves suppression

Free waves can naturally be decomposed on the natural modes of the basin, as in section 4.2.1. Given this, the
strategy to eliminate the free waves appears straightforward. The idea is to add to the wave maker’s motion a
second order component that generates a progressive wave train with same amplitude as that of the free waves but
in phase opposition.

Xcorrection(y, 2 ) = g,(2) TF 2w) al® o, t) elzot+m) (5.19)

This strategy is relevant if evanescent free wave amplitude is sufficiently small. Indeed, as seen in section 4.4.1., the
first evanescent mode n = N; + 1 has a large attenuation length in the basin and significant amplitude with respect
to Stokes waves. Thus, if the frequency 2w (free wave frequency) is close to a natural transversal frequency of the
basin while remaining inferior, a large attenuation length can be observed and the suppression technique becomes
less effective.
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5.4.3 Return current

In the case of second-order waves, the nonlinear effects lead to a global drift (Stokes drift) of the water particles
close to the free-surface in the direction of propagation of the waves. The return current is the compensation of the
Stokes drift to satisfy the mass conservation in the basin. It is represented in the wave spectrum by the zero
frequency amplitude.

O

e 0, o
e 9, o e

N

Figure 45 lllustration of the return current in a wave tank (Bonnefoy)

___wat
2h tanh kh
about 0.01m/s. Although this current is not negligible in some cases, the basin filtration can also induce a current,

reducing or increasing the total current in the basin depending if it is oriented in the opposite or the same direction.

According to the potential theory, the return current’s amplitude is Upgiyrn = and its magnitude order is
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6 WAVE ABSORPTION METHODS

The fact that experimental basins are limited by solid boundaries causes wave reflections which contaminates the
free-surface and then shorten the test duration. In order to conduct long and less perturbed experiments, it is
interesting to use absorption mechanisms at the boundaries of the tank. Absorbers are generally classified into two
types: passive and active absorption.

6.1 PASSIVE ABSORBERS (BEACHES)

The role of passive absorber is to damp out any wave reaching its boundary, trying to avoid the reflection of waves.
Passive absorbers are usually beaches, and can be different structurally (wire screens, transversal bars,...) and
geometrically (constant slope, parabolic,...). Beaches are commonly mounted in front of the wave maker, to absorb
most of generated waves. However, in this configuration, the beach doesn’t absorb the waves radiated, diffracted
and reflected by the tested device in other directions than the beach.

Many facilities are equipped with removable foam wedges, such as University of Plymouth’s wave flume and
Edinburgh wave tank, whose team experimented in 1976 vertical wedge cages for beaches. For the curved tank, the
beach is built using a mixture of Polyether skeleton foam and a geo-textile, Tensar. The wedges fit between two
platforms of Diamond grid work staging joined together with welded steel verticals which have minimal obstruction
in the dominant wave direction.

The ideal beach material would have forces that are proportional to the first power of water velocity and would
ideally present the same impedance to waves as unobstructed water. Reynolds number for the smallest amplitudes
and long period waves shows that we are in the viscous flow regime but the larger waves have forces which rise with
velocity square. The best compromise is achieved if the beach density can be progressively increased with depth.
With an increase in wedge thickness this makes the inevitable rise in impedance be gradual. (Salter, 2003)
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Figure 47 Picture of the beach (UEDIN)

An example of parabolic beach with convex presentation to wave fronts is shown in figure 48.

! 77‘7-..:.'.
! m‘ MU | i;
3 i - -

Figure 48 Ecole centrale’s absorbing beach
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If water is present behind the wave makers, spurious waves can be generated and passive absorber can be used
behind the flaps as in the square tank of the University of Sdo Paulo (figure 4 in section 2.1.2). The passive absorber
is composed of both a beach and an absorption mesh.

Figure 49 Absorption mesh behind the flaps (University of Sdo Paulo 2012)

6.2 ACTIVE ABSORBERS

6.2.1 Presentation.

It is essential in a finite basin to absorb the incident waves generated by the wave makers, as well as radiated and
scattered waves from bodies within the basin. Hydrodynamic measurements are made and the wave maker moves
in such a manner that it absorbs the incoming waves. This requires synchronizing the phases between the waves and
the absorber’s motion, which can be managed measuring the incoming waves and then using a feedback control
system.

A first approach called ‘kinematic absorption’ consists in measuring the surface-elevation with gauges placed directly
on the wave maker and using this information as an input for the control system (Bullock and Murton, 1989, Schaffer
et al., 1994; Ito et al., 1996; Nohara, 1998; Liu et al., 2003). Mounting the wave gauges on the wave maker has the
advantage to work with a Lagrangian frame of reference, and Lagrangian dynamics is known more linear than
Eulerian, allowing a broader range of validity of the linear wave theory (Woltering and Karl-Friedrich, 1994).
However, as the evanescent waves are important close to the wave maker, measuring the waves on the wave maker
implies taking into account the evanescent waves in the calculations which turns it to be more complicated.

As a result, another method consists in mounting the wave gauges at a certain distance from the wave maker
(Milgram, 1970; Christensen and Frigaard, 1994; Frigaard and Brorsen, 1995; Nanri et al., 2002). This configuration
allows more calculation time to process the measurements before the waves reach the wave maker. However, this
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anticipation has the wrong side of introducing the possibility of phase issues between the incident waves and the
absorption motion (Schaffer and Klopman, 2000).

A different active absorption method called ‘dynamic absorption’ uses an input quantity (force, velocity or
displacement) characterizing the absorber (and the incoming waves through the transfer function) as the input for
the control system. Then, the dynamic controller provides the appropriate compensation signal (force, velocity or
displacement) to generate the target wave field. Finally, the difference between an absorber and another lies in the
choice of the measured quantity and the location of the measurement. According to Salter (1981), using the
hydrodynamic force as feedback gives three advantages. Precision is increased as the force is an integral quantity
measured over the whole wave maker front and not at a single point. There is no corrosion or dust deposit that
requires frequent recalibration of the wave gauges. Finally, Salter states that force control allows knowing the
energy transferred to the waves if the velocity is measured in parallel, and thus, prevent many problems due to
wave’s non-linearity.

This section first gives a panel of the different absorption methods, and then presents the equation of motion of a
plunger, a piston and a flap-type absorber and consequently the expression of the transfer functions between the
absorber velocity and the generalized force are given. Finally, this section describes how the control system
commands the absorber and a calculation of the absorption efficiency is given.

6.2.2 Principle and equation of motion

The fluid domain is at constant depth, with the bottom at z = —h . The side walls of the basin are assumed to be
vertical, and covered by an array of N wave makers on one side of the tank. The domain is enclosed by the boundary
surface S including the wave makers, the bottom of the basin, and the free surface. The normal vector n; is directed
out of the fluid domain S.

6.2.2.1 Principle

Maisondieu and Clément (1993) published their results on a force feedback feedforward control loop for a piston
absorber. The technique uses the principle of destructive interference that can be described by the simple schemes
given below in figure 49. The reflection of the incident wave on the absorber creates a reflected wave having the
same frequency. If the absorber is animated with an appropriate motion, it can generate as a consequence of this
motion, a radiated wave that will cancel out the reflected wave.
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Figure 49 lllustration of the absorption principle
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6.2.2.2 Equation of motion

Equation of motion of a general type wave maker

The ith absorber element is considered as a floating body moving with an arbitrary motion X. Thus, Newton’s
second law of motion gives in the frequency-domain:

IX”((U) =FFK+FD+FR+FH+FC (61)

where Fpy is the Froude-Krylov force, Fj the diffraction force, Fy the radiation force and Fy the hydrostatic force.
The sum of the Froude-Krylov and the diffraction force is called the
wave excitation force F,, = Frx + Fp and the expression of the hydrostatic force is Fy; = —CX(w) with C the
hydrostatic stiffness. Finally, F. is the control force applied to the absorber by the motors and is composed of the
absorbing force f, and the target force F;: F, = f, + F;. The absorbing force is the force applied to the absorber in
order to cancel out the reflected waves, and the target force corresponds to the force required to generate the
target wave field in a basin at rest.

Concerning the generalized radiation force Fy resulting from the absorber’s motion, it is defined as the unsteady
radiation pressure field pr (x, y, z, t) integrated over the ith absorber element

Fr = [[; prnydS (6.2)
and can be expressed by the following fluid-structure formula as an instantaneous and a memory term:
Fp = —A(w = o)X() — [*_h(t — D)X (t)dr (6.3)
In the frequency domain, this force may be written as the sum of an added-mass and a hydrodynamic damping term:
Fr = [iwA(w) + B(w)]X(w) (6.4)

The damping and the added-mass terms correspond respectively to the force needed to generate progressive waves
and evanescent waves.

All the terms of equation (6.1) have been defined and the equation of motion of a floating body with control force F,
and submitted to a wave exciting force F,, (w) can now be expressed in the frequency-domain as
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Fox (@) = | (iwA(@) + B(@)) + i (wl - %“’))] X(w) +E. (6.5)

where A is the added-mass coefficient of the floating body, B the wave damping coefficient, I is the matrix of inertia
and C the hydrostatic stiffness. The mechanical damping can be considered as negligible compared to both
hydrodynamic damping B and added-mass coefficient A and thus, it is not taken into account in the equation above.

Piston-type absorber:

In the case of a piston-type absorber, the motion is limited to translations along the x-axis and thereby, no
hydrostatic stiffness term is considered. Therefore, the equation of motion of the absorber in the x direction in the
frequency-domain is

For(w) = [(iwA(w) + B(®)) + iwly %' (0) + F. = Zg(0)Vy(w) + F; (6.6)

where A, B and ., are expressed respectively in kg, kg.s™! and kg. Z;(w) is called the dynamic impedance and
gives the transfer function between the horizontal velocity V, (w) and the wave excitation force F,, (w). Zz(w) will
be discussed in details further.

The equation of motion can be expressed as a transfer function:

Fox () = Zg(0)Vy(w) + F; (6.7)
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Plunging-type absorber (AMOEBA):

Figure 50 Top view of some AMOEBA's absorber elements

In AMOEBA, an absorber element is seen as a floating body free to move vertically only as shown in figure 51. Thus,
the arbitrary motion X becomes in this case the vertical displacement z of an absorber element.

T I l Control system

Incident wave

S -

Diffracted wawve

SOOI

N

S S

Figure 51 Forces acting on the absorber
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The equation of the vertical motion of the absorber in the frequency-domain is

Fox () = | (iwA(@) + B(w)) + i (wM - C(“’))] 2'(@) + F, = Zg(0)V, (@) + E. (6.8)

w

where 4, B, M and C are expressed respectively in kg, kg.s™!, kg and kg.s 2.

Hinged-flap absorber:
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Figure 52 Absorber geometry

The wave maker’s paddle is regarded as an inverted pendulum with the gravity-induced component varying with
sinf = 6. Thus, the equation of motion of a flap-paddle is

Tor(@) = (I + A(@)) () + B@)8 () — C(@)0(w) + T, (6.9)

T,y represents the wave excitation torque acting on the flap and is the sum of the paddle dynamic torque T}, and the
radiated torque Tg, while T, is the control torque. More details are presented in (Spinneken & Swan 2009). I,
(kg.m?) is the moment of inertia with respect to the y axis. As the variables considered in the case of a flap-type
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absorber are the torque and the angular velocity instead of the force and the velocity, A4, B, I,, and C are respectively

inkg.m? kg.m%s™!, kg.m*and kg.m? s~2.

The equation of motion can be expressed as a transfer function relating the angular velocity of a flap Q(w) to the
torque induced by the wave excitation forces T, (w):

Tox(w) = Zg(w)Q(w) + T (6.10)

6.2.3 The control system

6.2.3.1 Impedance approach: impedance matching

The method applied for wave absorption using force-feedback controlled machines is based on an approach
comparable to impedance matching in signal transmission. Here the dynamic impedance Z; can be decomposed into
Zq = R4 + iY;, where R is the radiation resistance or commonly called hydrodynamic damping (progressive part of
radiated wave energy) and Y; the radiation reactance (evanescent part of radiated wave energy) of one absorber
element (Spinneken & Swan (2009)). The dynamic impedance Z,; reflects how much a body resists to the motion
when submitted to a given force. It includes both wave-induced quantities as well as the wave board dynamics as
seen in (2). As a result, Z; is dependent on the geometry of the wave maker. Naito (2006) and Falnes (2002)
published a theory giving Z; for flap and piston-type wave makers and Maguire (2011) developed a theory for cosine
and hyperbolic cosine shaped paddles.

Besides, the absorption of the incident wave force is achieved integrating an external dynamic system with artificial
absorption impedance Z, = R, + iY,, equivalent mechanically to a damper b and a spring c. The coefficients b(w,)
and c(wg) can’t be readjusted instantaneously and for this reason, they must be optimised for a fixed frequency w,
and remain constant during a run. This is due to the difficulty to recalculate them instantly and at each time-step
(convolution product in the time-domain). This dynamic system creates a force signal f,(w) = Z,(w)X'(w) that is
added to the feedback force (force measured by the transducers). Its role in the control loop will be described
further in figures 55 & 56.
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6.2.3.2 Equation of motion with the external dynamic system

We consider the absorption of waves for an arbitrary-type absorber. The generalized absorbing force value created
by the external system is

fa(@) = b(w)X'(w) + c(we)X(w) = Zz(w)X'(w) (6.11)
Therefore, the general equation of motion of an absorber working with the dynamic control mechanism is:
For = (M + A(w))X" (®) + (b(wp) + B(w))X' () + (c(wp) + O)X(w) + F,  (6.12)

And can be written as

Fox ={Z4(®) + Zo(@0)}X' (@) + F¢ (6.13)

Two schemes of absorbers with their control dynamic system are given respectively in figure 53 for a plunging-type
absorber and in 54 for a flap-type absorber.

b(w) c(w) } External dynamic system

o

g
Incident wave

Floating body

Figure 53 Dynamic system for AMOEBA
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Adjustment
of candb

S

Figure 54 Dynamic system for a flap-type absorber

6.2.3.3 Optimum coefficients for the dynamic control

Falnes (1993) states that there are two conditions to maximize power absorption, which are working with the
optimum phase and the optimum amplitude, that lead to the expression of the maximum power absorption
Z, =272"4, equivalent to R, = R; and Y, = —Y;. According to (6.5) and (6.11), the expressions of the two
impedances are

Zg = B() +1(0(M +AWw)) - @) (6.14)

w

and Z, = b(wy) — i% (6.15)
Therefore, the values of b and ¢ that maximize the absorption efficiency (Bessho (1973)) are:
c(wo) = wo*{M + A(wo)} — C(wo) (6.16)

and b(wy) = B(wy) (6.17)
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6.2.3.4 The control dynamic system

The wave exciting force F,, acting on the transducer is used as a feedback force as shown on 55. The difference
between this force and the target force is minimized by the controller Cy(w) (not discussed herein) through a
process referred as ‘closing the loop’. Besides, the absorption is achieved through an absorbing force f, created by
the absorbing impedance Z,, constructed artificially with the displacement measurement of the floating body (gives
z and z') and the values of the external dynamic system b(w,) and c(wg). These later parameters are given by
equation (6.16) and (6.17), once the added-mass A(w) and the wave damping coefficient B(w) calculated by Ursell-
Tasai’s method as a two-dimensional problem. Experimental tests reveal that the values of b(w,) and c(wg) are in
good agreement with the theory, excepted that c(wg) is smaller in experiments than in theory and the cause is
supposed to be an electric effect of the control circuit (Naito and Minoura 1999).

M Generating force

* FA0
F ox(1) Absorbing force
V.OM. g =5 T

d Z . b() 7 D

+
- ‘\’.’ o

Displacement probe
Flndtlng body

Figure 55 Wave maker element logic control diagram of AMOEBA (Naito & Alli, 1998). V.C.M stands for voice coil motor.

Figure 56 shows a block diagram of the entire wave machine control system for the case of a flap-type absorber with

G(w) = @) the wave board dynamic function, Z,(w) the absorption filter and Z;(w) = the dynamic torque

T(w) G( )
feedback. The main particularity of the system described in figure 56 compared to the one shown in figure 55 is that
the feedback is made using the paddle angle instead of a force value measured by a transducer on the absorber.
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Zi(o) |«

Torque Feedback

pv Clo) ——P G(o) Fiap veloolty » 1o —»(1)

Flap Angle

Command Torque* Controller Wave board and water transfer function

Z{o)

Absorption Filter

Figure 56 General system model for a flap-type absorber-wave maker (Spinneken & Swan 2009)

Obviously, all systems can generate waves while absorbing the incoming waves by adding a command signal.
Applying standard frequency-domain methods, the block diagram in figure 56 may be expressed as a single transfer
function

-1 C(w)G(w)
H(w) = iw 1+C(w)G(W)[Zg(w)+Zg(w)] (6.18)

where H(w) relates the command torque to the flap angle for a matched absorption filter and closed-loop control
and can now be used to model and simulate the behaviour of the wave maker/absorber.
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6.2.4 Absorption efficiency

6.2.4.1 Definition

The time-averaged power of the external mechanism, which is converted from the hydrodynamic force F,,, is:
W =2 w?b(wo)|X°? (6.19)
where X0 is the time-averaged amplitude of a wave maker element’s motion.

In the case of irregular waves, the absorption efficiency is defined as

—Er
=g (6.20)
1. 1 oo , . pg? oo S(w) .
where E; = EhmT_)oo ;f_wa(w)X (w)dw is the absorbed powerand E,, = Tfo wa is the wave spectrum
energy.

However, a term is non-causal in the expression of E+ and it is possible to make it causal using the Kramers-Kronig
(K-K) or Bode relations [7]. Thus, the absorption efficiency when a control force with causality is active modifies E
into

S@)
w

Br =2 7 C(w) Pdw < 1 (6.21)

where C,(w) is the absorption coefficient of irregular waves and is expressed as below

b*(w)

Ce(w) = b*(w)+[w{A(w)—{A(x)}]*

(6.22)

and the power of the spectrum S(w) is perfectly absorbed when C,(w) = 1.

It has been seen that it is required to choose a fixed frequency to calculate the external coefficients b and c. For
irregular waves, the chosen frequency must coincide with the peak frequency w, of the irregular waves spectrum to
enhance the absorption. As a result, the absorption coefficient is called “constant coefficient system” (Naito 2006)
and becomes

4w?*B(w)b(wg)
w*{B(w)+b(wy)}? +{(w02 —w2)M+wo?Alwy)-w?A(w)}?

Cec(w) = (6.23)
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6.2.4.2 Quality of the absorption

Experimental results

2.
[mm” sec.] — —-8— - Progress waves (zoneA)

L5 B | [ | - -#& - Reflected waves( zoneB)
B o Bl
L Y % =
- / \ Absorptivity : 0.907
B "" \1 (Spectra area ratio)
0.5

10

30
w [rad./sec.]

Figure 57 Power spectra of transient waves measured experimentally (Naito & Minoura 1999).

Figure 57 shows that even if some components of irregular waves are not absorbed, until 90.7% of the energy

spectrum can nonetheless be extracted from the incoming waves.

— “wm m W’MJ ’tﬁm‘ Il Wf il Wuﬁ W Uud @

Figure 58 Comparison of measured time series data, for a circular wave basin (AMOEBA), of wave-exciting heave force acting
on a sphere model in regular waves with and without absorption. (Naito 2006)
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A visual example of dynamic absorption efficiency is given on figure 58. It demonstrates the possibility of conducting
long duration experiments with either regular waves or irregular waves with a narrow-banded spectrum, as almost
all incoming waves are absorbed by the absorbers elements.

Quality over the range of frequency

The filter impedance does not match exactly to the complex conjugate dynamic impedance Z*; over the full
frequency range. Figure 59 shows the value of the reflection coefficient defined by Falnes (2002). The absorption
becomes poor when the filter fails to match the machine’s reactance Y, and this happens for high frequency waves.
This limitation is caused by the inertia of the absorber that avoids high frequency motions. Nonetheless, very good
power absorption is achieved over a wide band of interest for regular waves.

30
s—g_' 20 |
= 10 | B
0
1071 10°
h/Lg

Figure 59 Power reflection coefficient y,.over the range of wavelength (Spinneken & Swann 2009).

According to Naito (1999), the optimal parameters of the external dynamic system are adjusted for one regular wave
and must be readjusted for another regular wave. Thereby, a mismatch appears in the case of irregular waves
between the filter impedance and the radiation impedance for some components of the spectrum and as a result,
reflected waves remain.
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Quality in terms of wave direction

Contrary to the absorption of uni-directional waves, it is difficult to develop a matching approach for the absorption
of multidirectional waves. Indeed, A(w) and B(w) are dependent on the angle of incidence . The dependence of A

on B is shown on figure 60 whilst B is simply proportional to —Colsﬁ,

a 4

0.95} ' ERRRE
09t o =~
0.85} - T~
0.8}

075 |

mif o, cepfm(en,0)

0.7t

0.65

0 10 20 30 40 50 &0
Figure 60 Added-mass coefficient normalized by the two-dimensional added-mass (for f = 0°) for three different
wavelengths: __ h/L, =0.1,----h/Ly = 0.3, ..... h/Ly = 0.5. (Spinneken & Swann 2012)

Given this angular dependency, the ideal absorption controller would need to adjust the parameters a(w) and b(w).

Nevertheless, Spinneken & Swann (2012) considered a controller which is optimized for a 2D case and used it for 3D

absorption. The results are shown on figure 61 and appear acceptable. Note that § = 1 corresponds to perfect
absorption.
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Figure 61 Amplitude absorption coefficient for a flap-type wave maker (d/h=0.533 ; h=1.5m), the controller being optimised
fora =0: —a=0°——a =30° ...a=60° (Spinneken & Swann 2012)

Schaffer and Skourup (1996) described the theory of a multidirectional wave absorber based on the differentiation
of the wave elevations measured on each absorber. This information is in principle sufficient to know the wave
direction. The method was tested numerically and the results shown on figure 62 demonstrate the interest of 3D
absorption as the coefficient of absorption is significantly reduced when an active 3D absorption is used instead of a

2D absorption.
40 40
% ] %
35 35
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Figure 62 Reflection coefficients (%) for regular waves of frequency 0.4Hz versus angle of attack for 2D-AWACS (left) and 3D-
AWACS (right). The full curves give the theoretical performance (Schaffer & Skourup 1996).
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6.2.5 Frequency adaptation.

Chatry & Clément (1998) developed an absorption technique that measures the force on the absorber with
transducers. The measurements are used as input values for the velocity control loop (see velocity feedforward in
figure 63).

The Self-adaptative Feedforward-Feedback (SAFF) controller (figure 63) calculates an estimation of the
‘instantaneous incident wave frequency’ through the Extended Kalman Frequency Estimator and integrates its value
in the control loop, computing the transfer functions P(w) and H*(w) at the instantaneous pulsation w. Therefore,
the piston’s motion is optimized for the incoming waves and the absorption efficiency is enhanced as shown on
figure 64.

w(t) Extended Kalman

Frequency Estimator
Veloci Incident wave
—> Feedfomt/);rd Y Forces '1
Y F(t
Piston velocity U(t)’ Wave-Absorber ( 5
Force
- Feedback H* < Total Hydrod. Force

Figure 63 Self-adaptative Feedforward-Feedback (SAFF) controller. Block diagram (C. Maisondieu, A. Clement ISOPE 1998)
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Figure 64 Absorption coefficient for the three proposed absorber control types (C. Maisondieu, A. Clement ISOPE 1998)

The Low Frequency Feedback-Feedforward (LFFF) and the Fixed Frequency Feedback-Feedforward (FFFF) whose
corresponding absorption coefficient are plotted in figure 54 refer to controllers that are optimized respectively for
w = 0rad/s and for a fixed pulsation w = w, (here wy = 2 rad/s).

CONCLUSION ON ACTIVE ABSORPTION

Dynamic absorption is nowadays the most effective technique for wave absorption, followed by kinematic
absorption and beaches. However, one of its weak points is that the optimum coefficients of the control system are
optimized for one regular wave (one frequency and one direction of propagation) and can’t be changed in time.
Therefore, this method does not enable a perfect absorption of irregular waves. Moreover, the absorber has
difficulties to absorb high-frequency waves due to the absorber’s inertia. Besides, the directional consideration (3-D
absorption) is a real issue and few absorbers take it into account.

Thus, optimal absorption can be achieved in most of the facilities at only one frequency in the spectrum and for one
direction of wave. Dynamic absorption still has to be improved, especially to efficiently absorb broad-banded short-
crested waves.
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7 SHALLOW WATER ASPECTS FOR MARINE ENERGY DEVICES

Most types of wave tanks are set up with a fixed water depth. This is an issue for WECs as it does not always ensure
the compliance of the wave kinematics between the model and the real scale. A solution is therefore to adjust the
water depth in the tank, and this can be made possible either by adjusting the water level in the tank or by using an
adjustable test-bed that can be set anywhere. As a result, the wave maker must also be set at the corresponding
height. The piston-type does not require any adjustment and the plunging-type can easily be adjusted because it is
constructed to move vertically. Concerning the flap-type wave maker, the modification is more complex because the
whole wave maker system (paddles & motors) must be set at the right height.

In addition to the wave kinematics similarity, the moorings similarity must also be satisfied. First of all, in order to
satisfy the mooring length compliance, a grid of thread connection points can be put on the bottom of the tank to
connect the moorings at a higher depth than the tank depth. It does not perturb the wave kinematics as much as
large concrete blocks might induce. Then, different technologies and materials can be used to create the scaled
moorings, in order to reflect the correct hydrodynamic properties (stiffness and damping).

However, even with these devices, the shallow water basin must be sufficiently wide to ensure reproducibility in
term of moorings length, especially for catenary moorings. Finally, basins with a sloping bottom may be relevant to
test WECs, in order to better reproduce a possible change in bathymetry.
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8 CONCLUSION

The generation of realistic sea states at scale model in basins of finite dimension is being improved step by step, the
tanks limits being relentlessly pushed back. Accurate complex wave fields can be generated in arbitrary basins. Even
current and wind (not presented herein) can be generated simultaneously with wave, providing more resemblance
with the real sea conditions. In addition to that, some basins are dedicated to particular aspects such as shallow
water, coastal engineering (sediments) ...

Concerning wave absorption, there are still some progress to be made, particularly in terms of frequency adaptation
and angular dependency of the control system. However nowadays, one is able to carry out experiments during a
long time because of the small level of spurious waves such as reflected waves, free waves, radiated and diffracted
waves from the tested system.
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