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In the context of ocean engineering studies or ocean wave physics research, irregular wave fields are generated
in experimental and numerical wave tanks. In these environments, a wave maker generates the waves and the
wave field is studied at a target position X,, further in the tank. Therefore, the properties of the wave fields
need to be controlled at X,. The state-of-the-art wave generation procedures focus on accurately generating
a target wave energy spectrum. However, the wave field is also characterized by its statistical features (crest
height distribution, free surface elevation probability density function) that cannot be retrieved from the wave
spectrum. To tackle this issue, the present paper introduces a new wave generation procedure that makes
use of the natural spatial evolution of the wave statistics to generate at any target location X, a controlled
spectrum and a controlled crest distribution. The procedure is tested experimentally and numerically. The
results validate the methodology for non-breaking unidirectional wave conditions, for experimental, numerical,

and hybrid numerical/experimental configurations.

1. Introduction

In the design stage of ships and offshore structures, sea-keeping
tests are performed to assess their response to specific wave conditions
defined by classification societies. The tests are conducted in experi-
mental or numerical wave tanks, at a model scale relying on the Froude
Similitude.

Different types of wave conditions exist. The generated wave field
can be monochromatic (regular waves) or polychromatic (irregular
waves, representative of the ocean). The sea state is described in
the frequency domain with the wave energy spectrum S(f) (f being
the frequency) or with the directional spectrum S(f,0) (6 being the
direction). Consequently, the most realistic sea-keeping tests are based
on irregular wave fields, generated to reproduce the so-called design
spectra Syeipn(f), specific to the geographical area where the ship or
structure is to be deployed (Bureau Veritas, 2019). In ocean engineer-
ing, a design procedure usually assesses the response of the structure
to the incoming waves. It consists in evaluating the most extreme
event that is expected for a given probability Py, and this for each
tested wave spectrum. Wave-related events are commonly defined with
extrema observed between zero-upcrossings computed either on the
response time history or on the incident wave time history. The typical
duration considered for a sea state is 3 h at full scale. This means
that with a typical wave period (T ~ 10 s), the most extreme event
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to be analyzed approximatively occurs once every 10° events, which
corresponds to a design probability of the order of Py, = 1073,

To generate a design sea state in a wave tank (in model-scale
experiments or with numerical simulations), two main methodologies
are used by the ocean engineering community. The first approach,
which is the most straightforward, is stochastic (ITTC, 2011; Det Norske
Veritas, 2010). Long-duration realizations are generated, based on the
design spectrum and random phases, possibly associated with random
amplitudes. The duration and number of realizations are selected in
such a way that the statistical features of the total wave field, consid-
ering all realizations, are statistically converged at the probability of
interest Py, It corresponds to a total run duration far larger than
T/ Pyesign (van Essen et al., 2023). Typically 10 to 30 realizations of
duration ~ T /Py, are generated. For typical Pyeggn, 7, and model
scale values at use in ocean engineering, T /Py, iS approximately
equal to 3 h at full scale and 20 min at model scale.

Second, the response of the model facing a design sea state can
also be assessed through a deterministic approach. Only selected events
are tested instead of generating long-duration wave fields. Their shape
is meticulously designed to be representative of given (Sgesign> Piesign)
couples. See for instance the “New Wave method” (Tromans et al.,
1991), providing the most probable linear wave profile at a certain
probability; the FORM (first-order reliability method), solving a min-
imization problem to provide the wave profile and the associated
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probability (even if the response distribution is not known) (Jensen and
Capul, 2006); or the EDW method (equivalent design waves), based on
a FORM approach coupled with a nonlinear wave solver (Kim et al.,
2022). Recently, a hybrid deterministic/stochastic methodology has
also been developed in Huo et al. (2023), allowing to directly generate
the most extreme events of a given sea state without generating a long
duration wave field. However, the present paper focuses on the stochas-
tic approach and will not address these deterministic methodologies.
Also, we consider only deep-water waves (kpd > =, with k, the peak
wavenumber and d the depth), and unidirectional propagation.

To assess the quality of a generated stochastic wave field in an ex-
perimental or numerical wave tank, classification societies (Det Norske
Veritas, 2010), research groups (Fouques et al., 2021), and other in-
ternational organizations such as the International Towing Tank Con-
ference (ITTC, 2011) have defined qualification criteria. They apply to
the stochastic quantities computed from the measured wave field at
the location of interest in the tank, referred to as the target location
X,, which is the distance from the wave maker. For a wave-structure
interaction study with a fixed or moored object, X, is the position of
the model. These state-of-the-art qualification methodologies consist in
assessing the quality of the wave spectrum at X, before comparing the
crest height distribution to theoretical and semi-empirical references.

Generating a qualified sea state at X, is not straightforward. The
most fundamental stochastic wave generation procedure is to take
as input for the wave maker free-surface elevation time sequences,
Hinput (), built with Syegon(f) and random phases (see more details
in Appendix A). The #;,,,(f) statistical distribution is Gaussian. The
corresponding crest height distribution follows a Rayleigh-type shape
that mainly depends on the spectrum width (see for instance (Longuet-
Higgins, 1952; Tayfun and Fedele, 2007)). Then, if considering linear
wave propagation without dissipation and a perfect wave maker, the
wave field measured at X, is also Gaussian and its spectrum (la-
beled as S(f, X,)) perfectly matches Syeon(f). However, for practical
applications to design sea states and wave tanks, this is not the case.

First, wave propagation is not linear. The frequency components of
the wave field interact with each other. The non-linearity affects the
wave spectrum and the statistics in various ways. Mainly, second-order
nonlinear interactions lead to bound waves, making crests sharper and
troughs flatter. This shifts the crest distribution towards larger val-
ues. Theoretical (Tayfun, 1990) and semi-empirical (Forristall, 2000)
references account for this phenomenon, which is uniformly present
throughout the domain. Its magnitude is driven by the wave steepness
that is computed as ¢, = H,/4,, with 4, the peak wavelength and
H, the significant wave height. In addition, for steep and narrow-
band spectra the third-order nonlinear interactions known as ‘Benjamin
Feir instabilities’ modulate the wave envelope (Benjamin and Feir,
1967). The disposition of the sea states to develop such instabili-
ties can be quantified by the Benjamin Feir Index (BFI), the ratio
between the steepness and the non-dimensional spectral width, intro-
duced in Janssen (2003). The definition used in this paper and the
computational methodology were suggested in Serio et al. (2005) and
is provided in Appendix B.

In a wave tank configuration, these high-order nonlinear interac-
tions induce evolution in space of the spectrum and the crest dis-
tribution. This was extensively observed in experiments, see for in-
stance (Onorato et al., 2006; Cherneva et al., 2009; Fedele et al.,
2010). These studies showed that, as the waves propagate along the
tank, the spectrum broadens and the probability of large crest heights
increases. The intensity of these phenomena diminishes for multidirec-
tional waves (Onorato et al., 2009), and breaking conditions (Karm-
padakis and Swan, 2022). The effect of the water depth was also
explored, see Karmpadakis et al. (2019), Tang and Adcock (2021),
Zve et al. (2023). For intermediate depths, small k,d values reduce
the modulational instabilities. However, they amplify the second-order
bound waves. The crest distribution is therefore influenced by these
two competing effects.

Ocean Engineering 310 (2024) 118676

Besides, the spectrum and crest distribution are affected by dis-
sipation mechanisms. In long and narrow wave tanks, the sidewall
friction dissipates the energy of the waves. In intermediate water depth
conditions (k »d € [z/10,7]), the bottom of the tank also contributes to
the dissipation. An analytical model of this phenomenon is provided
in Henderson et al. (2015). Moreover, for sea states exhibiting high
steepness, breaking events appear, reducing the amplitude of the most
extreme crests and dissipating some energy (Onorato et al., 2006;
Latheef and Swan, 2013).

To generate a qualified wave field despite the complex wave propa-
gation, the state-of-the-art generation procedures correct the spectrum
at X,, iterating on the wave-maker inputs to balance dissipation and
nonlinear effects (Fouques et al., 2021). Note that in experiments, the
iterations also correct the possible lack of accuracy of the wave maker
transfer function, and the influence of the spurious waves (reflected
waves, transverse modes). Iterating on the wave-maker inputs to cor-
rect the spectrum at X,, Canard et al. (2022b) generated the same
design spectrum at several locations over a long wave tank. It was
found that the same qualified spectrum can be associated with various
statistical behaviors depending on the target location, due to the spatial
evolution of the wave statistics, induced mostly by the modulational
instabilities. This demonstrated that qualifying the spectrum is not
enough to control the crest distribution, at least in configurations where
the modulational instabilities are prominent (unidirectional waves,
moderate to large BFI value, and nonbreaking conditions). Specifically,
when targeting a design spectrum at a location larger than 20 peak
wavelengths (/1[,) from the wave maker, the distribution shows impres-
sively large probabilities for extreme crest heights, not predicted by the
typical reference probability distributions used for ocean engineering
studies.

In this paper, we propose a new wave generation procedure that
allows for controlling both the spectrum and the crest distribution
at any specific location in the tank X,. The procedure is validated
experimentally using the Ecole Centrale Nantes (ECN) facilities and
numerically with the nonlinear potential wave-solver HOS-NWT. The
paper is organized into four sections in addition to this introduction.
First, the different tools used in this study are presented, including
the ECN experimental facilities and the numerical wave tank solver
HOS-NWT. Then, after providing the studied wave conditions, Section 3
briefly presents the spatial evolution of the wave field when using
state-of-the-art generation procedures. Next, Section 4 introduces the
new wave generation procedure studied in this paper, which allows for
controlling both the spectrum and the crest distribution at X,. Section 5
provides the experimental and numerical validation of the procedure.
Finally, Section 6 concludes the paper.

2. Experimental and numerical wave tank

This section describes the experimental facilities and the numerical
tool used in this paper. The new methodology proposed in Section 4
to control both the wave spectrum and the wave statistics can be
implemented in both contexts. They were used for validation purposes
in Section 5 and represent the main applications of the procedure
developed.

2.1. Experiments

Experiments were performed in two ECN facilities,' namely the
Ocean Engineering tank (O.E. tank) and the Towing tank (T. tank).
Fig. 1 presents photos of the two tanks. We note x and y the longitudinal
and the transverse coordinates in the horizontal plane, while z stands
for the vertical coordinate pointing upwards.

1 https://lheea.ec-nantes.fr/english-version/test-facilities
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(a) Towing tank
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(b) Ocean Engineering tank

Fig. 1. Photos of the ECN facilities.

The O.E. tank is a large rectangular basin (50 m x 30 m x 5 m)
equipped with a 48-paddle wave maker (single hinge located 2.15 m
from the bottom) on one side (x = 0). It is designed to generate uni-
directional and multidirectional deep-water sea states. Its capabilities
cover periods from 0.5 to 5.0 s and significant wave heights H; up
to 0.8 m. The Towing tank is a long channel (140 m X 5 m x 2.8 m)
equipped with a one-flap wave maker (single hinge located at 0.47 m
from the bottom) that can generate wave periods from 0.5 s to 5 s and
significant wave heights up to 0.3 m. A moving carriage can be set up
to perform towing experiments and measure ship resistance. The latter
was not used in the present wave-only study. The passive absorbing
system of the facilities was studied in Bonnefoy (2005). The reflection
coefficients, in terms of wave amplitude, do not exceed 5 to 10% within
the range of frequencies covered by the wave makers.

For both tanks, the wave maker is mechanically limited to oscilla-
tory motions with frequencies below 2 Hz. Its motion is defined through
the corresponding free surface elevation #;,,, () at its location (x = 0)
associated with a linear transfer function. A ramp in time is applied to
the motion at the beginning and the end of the experiments to prevent
mechanical issues. Its duration was set to 10 seconds for the present
study.

In the experiments analyzed in this paper, networks of resistive
wave gauges were installed to provide time series data of the free-
surface elevation at specific single-point positions, 7(f, x,eas). Fig. 2
shows their position in the two tanks. To analyze the recorded data,
one must choose the appropriate time windows that remove the non-
stationary development of the wave field at the probe location. The
sea state generated for the present study is characterized by an energy
spectrum centered around a peak frequency f, and containing most of
energy up to 2f, (see Section 3.1). Then, for each probe, we used the
following analysis window, depending on the probe position x,,.,:

tbcg = xmcas/cg(zfp) (1)

lend = AT + Xipeas /¢4 (213) 2

with ¢,(2f,) the group velocity at twice the peak frequency, and AT
a duration, constant for all the probes, fixed as AT < Tyymk —
Max(Xpeas)/ o (2f,) (Twypx is the time at which the wave maker stops,
and max(x) denotes the position of the furthest probe in the network).
This procedure allows for the analysis of an equal duration (i.e. number
of waves) at each probe location.

Each stochastic quantity Q, computed from the measured free-
surface elevation series 5(t, x,.,s) is affected by uncertainties. In this
paper, we distinguish the measurement uncertainty u***(Q) i.e. the
differences between the recorded data and the occurring waves, and the
sampling variability u}"""(Q) i.e. the differences between the statistically
converged quantities and the ones computed with a limited number

of data. Note that the sampling variability also affects the numerical
results. u"“*(n) was estimated using the wave gauge calibration bench
relying on (ITTC, 2017) guidance. Depending on the wave gauge,
u**(n) ranges from 1 to 2 mm, which corresponds to 2 to 4% of
the significant wave height of the generated design sea state. u7“**(Q)
was then estimated for each quantity using the standard uncertainty
propagation laws (see guidelines in ITTC (2008), ISO/IEC (2008)).
Complementary u, (Q) was estimated with convergence studies or
confidence intervals for the spectrum and crest distribution (using
respectively the Welch (Welch, 1967) and Jeffrey (Brown et al., 2001)
95% confidence intervals).

In the presented results ¥ is always plotted with error bars.
Complementary, the total uncertainty range for each quantity Q,

1y () = \Jumes () + ™ () &)

is displayed with a dedicated shaded area. The comparison between
realizations built with the same set of random phases shows that the
sampling variability does not affect the comparison, therefore, only
ue is plotted.

2.2. Numerical simulations

2.2.1. HOS-NWT solver

Unidirectional numerical-wave-tank (NWT) simulations were con-
ducted using the HOS-NWT solver, which is developed by ECN and
released open-source.”> A comprehensive description of the code is
provided for instance in Ducrozet et al. (2012). This solver is based
on nonlinear potential flow theory. It solves the dynamic and kine-
matic free-surface boundary conditions, using the High-Order Spectral
method (Dommermuth and Yue, 1987; West et al., 1987). It incorpo-
rates nonlinear features of water wave propagation up to an arbitrary
order of nonlinearity M. The numerical solution is obtained thanks to a
pseudo-spectral method. The unknowns are expressed as combinations
of the eigenmodes of the computational domain. This allows for an ef-
ficient numerical solution thanks to the use of Fast Fourier Transforms.
The number of modes N, controls the spatial discretization and the
maximum simulated wavenumber is defined by k{95 = N 7/L with
L the length of the domain. The numerical environment includes a
realistic wave maker and an absorbing zone at the end of the domain
(set to prevent reflection from the opposite wall). HOS-NWT uses the
same input as the experimental ECN facilities to describe the wave
maker motion sequences. The model has been applied and validated
for various configurations. This showed its accuracy and efficiency, see
for instance (Suret et al., 2020; Ransley et al., 2021; Huchet et al., 2021;
Kim et al., 2022; Xie et al., 2023).

2 https://github.com/LHEEA/HOS-NWT
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2.2.2. Numerical domain and set up

This digital twin enables some limitations associated with experi-
ments, such as the length of the facility or the number of wave gauges,
to be overcome. In this study, the numerical domain is an extended
numerical version of the ECN O.E. tank. This enables the long-distance
propagation that is required for the new wave generation procedure
developed in this paper. The numerical wave maker mimics the O.E.
tank wave maker (depth of 5 m and hinge 2.15 m from the bottom).
The length is set at L = 250 m (instead of 50 m for the real O.E. tank).
Numerical probes are placed all along the domain. Fig. 3 presents their
position. Regarding the numerical set-up, the spatial discretization is
set to kHOS = 25k and the order of nonlinearity is fixed to M = 5.
This allows for an accurate nonlinear wave propagation. In addition,
even if the generated wave conditions were non-breaking, the Tian-
Barthelemy breaking model was implemented to prevent numerical
instabilities for very steep waves. A description of this model can be
found in Seiffert et al. (2017), Seiffert and Ducrozet (2018). Only one
numerical breaking event every 500 waves or so was identified. This
is not expected to influence the wave statistics studied. Note that the
numerical setup and domain correspond to those of the study by Canard
et al. (2022a). The reader is referred to the latter paper for more details.

In addition, in Section 5.1.2, numerical simulations twinning the
Towing tank experiments are analyzed to better understand the exper-
imental results. There, the domain geometry mimics the ECN Towing
tank and the locations of the numerical probes follow the experimental
set-up. kHOS = 25k, and an order of nonlinearity of M = 5 are also
adopted.

As for the experiments, for each numerical probe we used an
analysis time window defined with Egs. (1) and (2).

3. Nonlinear wave propagation in a water tank

In this section, we briefly present the spatial evolution of the
statistics associated with a design sea state generated in a wave tank,
to introduce the need to develop new wave generation methodologies
to control the crest distribution at the target position X,.

3.1. Wave condition

The design spectrum studied in this paper is the ss6gb spectrum
studied in Canard et al. (2022b,a). It is a non-breaking narrow-banded
JONSWAP spectrum (see Komen et al. (1996)). Its shape is defined by

a g2 5 -4 C(f_ 2 /(052 2
S(f) = (2,;—4/@ exp [_Z <fip> ] YRI5 1) )
with f, = 1/T, the peak frequency with 7, the peak period, «, the
Phillips parameter, y the peak enhancement factor, and s = 0.07 for
f<f,ands=0.09 for f > f,.

The spectrum parameters and the non-dimensional shape are pro-
vided in Table 1 and Fig. 4 respectively. See Appendix B for the
definition of the mean period 7;, non-dimensional frequency band-
width v, and BFI. The spectrum (ss6g5) corresponds to a moderate
design sea state (see NWT Preparation Workgroup (2019), Fouques
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Table 1
Sea State Characteristics.
Full scale Scale 60 Scale 120
14 5.0 5.0 5.0
H 6 m 0.10 m 0.05 m
T, 12.25 s 1.60 s 1.12s
T, 10.63 s 1.37 s 0.97 s
Ay 234 m 4 m 2m
k,d 12 12 12
6= 2.5% 2.5% 2.5%
b
Vi 0.144 0.144 0.144
BFI 0.51 0.51 0.51
0.25
n
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1
0.2 (]
[
Py [
2 [
£ o5 a
1 1
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Fig. 4. ss6gb design wave spectrum.

et al. (2021)) with a small v,,, which is ensured by a significant y =5,
representative of swell conditions (Det Norske Veritas, 2010). In this
paper, ss6gb was generated at scale 60 in the O.E tank and scale 120
in the Towing tank.

3.2. Spatial evolution of the wave spectrum

The data presented in this section were obtained after iteratively
correcting the wave maker inputs to have the desired ss6g5 spectrum
at the target location X, = 534,. At each iteration, a corrective
coefficient is applied to the wave maker inputs in the Fourier space. It
is computed as the ratio of the target amplitude to the measured one at
X,. The spectrum is considered as qualified if the relative error is below
10% around the peak frequency f € [0, 7515 1,25, p]. The correction
is applied to the full frequency range covered by the wave maker
(frequencies f < 2 Hz). Experimental limitations and uncertainties
prevent the use of the qualification criteria in the low-energy frequency
range. More details about this procedure can be found for instance
in Canard et al. (2022b).

The ss6gb sea state was generated experimentally at scale 120 in
the ECN Towing tank. Four iterations were needed to obtain a qualified
spectrum at X, = 534,. After correction, the dataset consisted of 30
realizations with a 3957 -duration (after the use of the analysis time
windows). This wave field will be referred to as EXP ref 534,.

Complementary, a numerical ss6gb wave field qualified at X, =
531, was also generated. The data will be referred to as HOS ref 534,.
As detailed in Section 2.2.2, the characteristics of the NWT relied on an
extended 250-m-long version of the O.E. tank, and the generation scale
was set to 60. Four corrective iterations on the wave-maker inputs were
also needed to qualify the spectrum at X,. The final dataset consisted of
35 realizations of duration 640T,. More details about the correction of
the spectrum can be found in Canard et al. (2022b) for the experimental
data and Canard et al. (2022a) for the numerical data.

The features of EXP ref 531, and HOS ref 534, are gathered in
Table 2.

Ocean Engineering 310 (2024) 118676

Table 2
Features of EXP ref 534, and HOS ref 534, datasets.

EXP ref 534,

HOS ref 534,

Wave Tank Experimental Numerical

Domain Towing Tank Extended O.E. tank
Scale 120 60

Number of realizations 30 35

Total duration analyzed 11,8507, 22,4007,

125 -

EXP ref 53\,
l:IWG- error + Samp. Var.

G EXP ref 53\,

% O HOS ref 53\,

120 -

=

=

3]
T

m =X,

HS /H*zmgu m %
= —
= =
& o
T T
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(a) Hy along the tank
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—I—EXP ref 53\,
5 0.2F ——HOS ref 53X,
]
E{i

0.8 1 1.2 1.4 1.6
f/fptargct

(b) Spectrum at x = X,

Fig. 5. Spatial evolution of ss6gb significant wave height (top) and wave spectrum
at X, (bottom).

Fig. 5(a) provides the spatial evolution of the significant wave
height H; and Fig. 5(b) displays the wave spectrum at the target
location S(f,x = X,). From Fig. 5(a) it is clear that the experiments
are affected by dissipation mechanisms (mostly due to side wall friction
in this non-breaking sea state). This results in a H, decrease along the
tank. The correction of the spectrum adds energy at the beginning of
the tank to balance this phenomenon at x = X, = 534,. As discussed
in Canard et al. (2022b), the dissipation is likely to be induced by the
side-wall friction. Note that at x = 44, the four probes settled at dif-
ferent transverse locations measured different H values. This suggests
the presence of spurious transverse modes that limit the interpretation
of the H, evolution at the beginning of the tank. More discussion can
be found in Canard et al. (2022b).

In contrast, the HOS-NWT model used to generate HOS ref 534,
does not include side-wall dissipation. This explains why H, remains
almost constant in the numerical simulations. The small amount of
dissipation in the numerical simulations is attributed to the breaking
model, which identified a few breaking events (one or two per realiza-
tion). As expected from the correction procedure, at x = X,, both HOS
ref 534, and EXP ref 531, H; reach Hyp Similarly, the spectra
of both experimental and numerical data match ss6gb target shape at
the prescribed location X,.
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Fig. 6. Spatial evolution of ss6gb statistics and crest distribution at X,.

3.3. Spatial evolution of the wave statistics

Fig. 6(a) provides the spatial evolution of the kurtosis and Fig. 6(b)
gives the crest Probability Distribution of the Ensemble of all the
Realizations (PDER) at x = X,, for both experimental and numerical
wave tanks. The kurtosis is a scaled version of the fourth moment of
the free surface elevation. It characterizes the tail of the free surface
probability distribution and is widely used in ocean engineering to
quantify with a simple parameter the severity of the wave field regard-
ing extreme events (see for example (Kirezci et al., 2021; Annenkov
and Shrira, 2009; Christou and Ewans, 2014)). For a linear wave field
(Gaussian statistics), the kurtosis equals 3. This value increases when
the probability of the extreme events is larger than the one predicted
by the Gaussian distribution.

The different H; behaviors observed in do not seem to signifi-
cantly influence the spatial evolution of the extreme wave statistics.
The spatial evolution of the kurtosis and the crest distribution at X,
remain highly similar between EXP ref 534, and HOS ref 531,
datasets, see Fig. 6. It is important to note that different sets of random
phases were used to generate the experimental and numerical wave
fields. Therefore, the comparison between HOS ref 534, and EXP ref
531, is affected by sampling variability. Only the differences that fall
outside the sampling-variability intervals (Jeffrey intervals for the crest
distribution) can be considered indicative of a mismatch between the
references, which is not the case here.

As expected for this unidirectional non-breaking moderate-BFI sea
state, the kurtosis significantly increases along the tank. This is the
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result of high-order nonlinear phenomena such as near-resonant inter-
actions and modulational instabilities (similar trends were observed for
instance in Onorato et al. (2006), Fedele et al. (2010)). This means
that the occurrence of extreme events increases with the distance
from the wave maker. Concomitantly, the crest PDER at X, exhibits
a strong departure from the Forristall distribution for probabilities
of exceedance below 5.1073 (as a reminder, the Forristall reference
accounts for the second-order nonlinear effects and is generally used
as a reference in wave-structure interaction studies). See more details
and interpretations of this behavior in Canard et al. (2022b).

To emphasize the influence of the target location, we also plotted
in Fig. 6(b) the distribution obtained at X, = 42,, after correction of
the spectrum at this location in the Towing tank. Note that this dataset
differs from EXP ref 534,, and will be referred to as EXP ref 44,.
EXP ref 534, and EXP ref 44, wave fields exhibit the exact same
spectrum at their respective target locations. However, we observe a
strong difference between the two distributions. The occurrence of the
extreme events is significantly larger at X, = 534,. The distribution
of EXP ref 4/, is far less extreme and is closer to the Forristall
reference (even if a small departure is already observed). The detailed
comparison of these two datasets can be found in Canard et al. (2022b).

This means that qualifying the spectrum at a given target distance
X, is not enough to control the crest distribution at this location.
When generating wave fields for wave-structure interaction studies,
such different statistical behaviors can lead to significantly different
responses of the structure. A first step towards more relevant wave
generation and qualification methods is therefore to control the wave
statistics generated at a given target distance from the wave maker.
This is the objective of the wave generation procedure introduced in
the next section and tested in the rest of this paper.

4. Wave generation procedure with controlled statistics

The environmental conditions for a wave-structure interaction study
are determined by several features such as the typology of the structure,
the location, and the classification society rule that needs to be fulfilled.
For each case, a list of wave spectra to be tested is defined (the so-
called design spectra). The requirements of classification societies are
usually limited to the specification of the spectrum shape, together with
a probability (or equivalently a test duration). However, this does not
characterize completely the wave statistics as discussed in Section 3.3.
For now, there is no prescription of the crest distribution or kurtosis
value to target. Most of the crest distributions observed in situ roughly
follow the weakly non-linear Forristall or Tayfun references (Forristall,
2000; Tayfun and Fedele, 2007; Héfner et al., 2021). However, it has
also been found that extreme distributions can occur for unstable con-
ditions (young sea states (Toffoli et al., 2024), wind speed or direction
change (Annenkov and Shrira, 2009), bathymetry change (Ducrozet
and Gouin, 2017), or spatially varying current (Ducrozet et al., 2021)).

The methodology introduced in this section has been developed to
take account of this statistical variability, by giving the possibility of
targeting a prescribed crest distribution (or kurtosis value) in addition
to the design spectrum (when the state-of-the-art procedures only allow
the generation of the design spectrum).

4.1. Definition of X, and X,

We consider a wave-structure interaction study with a prescribed
target spectrum and crest distribution (or kurtosis value). The first step
is to define the experimental setup (wave tank, model scale, mooring
arrangement, etc.). This determines the model position in the wave
tank, which will be the target position X,. Next, the experimenter must
generate the sea state and measure the waves throughout the tank
without the model. Note that this step can be carried out in a numerical
twin of the tank, which allows the use of an extended (longer) domain.
These initial results are used to identify the location at which the
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Fig. 7. Illustration of the objectives of the new procedure, using the spatial evolution
of the EXP ref 531, kurtosis.

crest distribution/kurtosis reaches the target one. This position will be
referred to as X, .

The objective of the newly introduce procedure is then to generate
at the target location X,: (i) the qualified target wave spectrum and (ii)
the target crest distribution/kurtosis that is usually associated with the
location X, _, when using the state-of-the-art generation procedures.

This objective is illustrated in Fig. 7 using the curve of the kurtosis
evolution along the tank. As observed in the previous section, due to
the spatial evolution of the statistics (induced mainly by modulational
instabilities), a large probability of extreme events (kurtosis values far
larger than 3, strong departure of the tail of the crest distributions) is
associated with large values of X, _, and kurtosis values closer to 3 and
crest distributions that are close to the second order references (such
as the Forristall one (Forristall, 2000)) are associated with small values
of X, -

We present here a wave generation procedure that works for X, >
X, (generation closer to the wave maker of the extreme distributions
that usually appear further in the tank, see Fig. 7(a)) and X, < X,
(generation further in the tank of the non-extreme distributions that
usually appear closer to the wave maker, see Fig. 7(b)).

4.2. Bringing extreme wave statistics closer to the wave maker: X, > X,

Tslul

Fig. 8 presents the proposed procedure for X, ~— > X,, which
allows for generating sea states with extreme statistics closer to the
wave maker. It can be decomposed into two steps. First, the design
spectrum is generated at x = X, , by iterating on the wave-maker
inputs to ensure its quality, see e.g. (Canard et al., 2022a). Following
the qualification procedure proposed in Fouques et al. (2021), this
correction ensures that the relative spectrum error at X; is below
10% for f in the range [0.75f,; 1.25f,]. At the end of this first step, we
have a wave field of N,,, realizations that exhibit at x = X, : (i) the
target design spectrum Sye,n(f) and (ii) the wave statistics associated
with the nonlinear propagation up to X, ., considered as the target
ones. Note that the waves need to be measured at least at x = X, and
x =X,  — X, (respectively green and gray locations in Fig. 8).

Then, the second step of the procedure uses the waves measured at
x =X, - X, to create input sequences for a second generation in the
wave tank. The new wave maker motion consequently uses as input:

Tstat
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nf;;ff(t) =n"?l(t, X, - X,). The use of recorded wave signals in wave
maker motion is a well-known and controlled process, used for instance
to artificially increase the length of an experimental wave tank (see
e.g (Chabchoub et al., 2012)). For the present procedure, the idea is to
reproduce between the wave maker (located at x = 0) and x = X,, the
wave propagation that occurred at Step 1 between X, —X, and X, .
It is important to note that to build the wave maker motion we use the
Fourier transforms of nis:‘:ﬁ?(t) sequences. The nonlinear wave signals are
converted into a linear sum of Fourier components. As a consequence,
the measured bound waves are converted into free waves by the wave
maker. This is a source of uncertainty in the current procedure that
could be removed using different strategies if needed. However, it has
not been seen as necessary regarding the results presented in Section 5.

At the end of Step 2, the wave field at x = X, (red position in Fig. 8)
should exhibit: (i) the design spectrum (qualified S(f, X,) = Sgesign(f))
and (ii) the wave statistics naturally emerging at X, .
stat
4.3. Moving the non-extreme wave statistics away from the wave maker:
X’stat <X,

To complement the previous subsection, the present one focuses on
the case where one wants to impose far from the wave maker, the wave
statistics that usually occur closer, i.e. X, < X,.In this configuration,
the previous procedure is modified and includes the concept of Time-
Reversal (TR) mirrors (Fink, 1992). The latter makes use of the time
reversibility of the wave propagation in a conservative medium to
reconstruct the past evolution of wave dynamics. The method has been
used in various contexts: acoustics, optics, and water waves (Fouque
and Nachbin, 2003; Chabchoub and Fink, 2014).

Practically, the methodology involves two steps for the wave propa-
gation in an experimental or numerical tank. First, a given target wave
sequence nis;;ﬁi(t) is sent as input to the wave maker at x = 0. The
resulting wave field is measured at a distance x = x,,. Then, the
measurements at x = Xy, Wt Xpeas) With ¢ € [0;7.,4], are mirrored
in time, and sent as an input to the wave generator: n?‘::f(t) = Nteng —
f, xmeas)

If the wave propagation is conservative (no dissipation, no breaking
events), the waves measured during the second experiment at x = x.,,
correspond to the exact initial input wave sequence mirrored in time
15P2(t, X eas) = n?‘:eﬁi(tend — t). This allows for accurately moving target
wave profiles away from the wave maker. For instance, the method was
successfully used in Ducrozet et al. (2020) to generate different rogue
wave profiles at specific locations in a wave tank.

Combining the TR methodology with the previous procedure to
control wave statistics, we propose a second procedure to reproduce at
a position of interest X, the sea state and the associated wave statistics
that initially occurred at X, < X,.

The procedure is illustrated in Fig. 9. As for the X; > X, case,
in Step 1 the design spectrum is first accurately generated at x = X,
(green position in Fig. 9), iterating on the wave maker inputs. During
this first step, the waves are measured at x,.,, = X, + X, (gray
position in Fig. 9). Then, these recorded waves are mirrored in time
and sent to the wave maker for the second step:

step2 _ . stepl
Mgt ) = 1 (eng =1, X

+X) (5)

Tstat

The idea is to reproduce, between the wave maker and X, the space-
and-time mirrored wave propagation that occurred at Step 1 between
X, and X, + X,. At the end of Step 2, the wave field at X, (red
position in Fig. 9) should exhibit: (i) the design spectrum (qualified
S(f+ X;) = Sgesign(f)) and (ii) the wave statistics naturally emerging at
Igtat

‘"1‘“he time-reversal methodology does not work when dissipation
occurs. Consequently, the procedure for X, < X, cannot be applied in
its current state in the ECN Towing tank where sidewall dissipation is
significant (see ). Only a numerical validation will be provided in this
paper for X, <X,
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Table 3
Generated Wave fields and naming convention.
Domain X, fea
EXP ref 534, T. tank 532, /
EXP ref 531, reprod 44, T. tank 42, 534,
& num. T. tank
HOS ref 534, Extended num. O.E. 534, /
tank
HOS ref 534, reprod 44, Extended num. O.E. 44, 534,
tank
& O.E. tank
HOS ref 44, Extended num. O.E. 42, /
tank
HOS ref 44, reprod 534, Extended num. O.E. 534, 42,
tank

For both X, > X, and X, < X, cases, the procedure provides
for Step 2 input wave sequences adapted to X, and X, , based ona
spectral shape different from that of the input target spectrum and non-
random phases. It can be used numerically and experimentally. Hybrid
approaches using a numerical solver to carry out Step 1 to directly
generate Step 2 in an experimental tank should also be considered
to save experimental time. Furthermore, for the X, > X, case, as
the numerical domain can be extended as desired, carrylng out step 1
numerically makes it possible to access large X, values that are not
always available as experimental tanks have a hmlted size.

5. Results and discussion

The remainder of this paper is now devoted to the numerical and
experimental validation of the two procedures described in Figs. 8 and
9. It is important to emphasize that the following results are based on
wave studies only (there are no structures in the domain).

First, the procedure will be tested to reproduce the extreme EXP
ref 532, and HOS ref 532, (studied in Section 3) wave fields of the
ss6gb sea state measured at x = 53245 closer to the wave maker,
at x = 44,. This means that X, = 44, and X, = 534,. In other
words, the objective is to generate at X, = 44,: (i) the qualified ss6g5
spectrum, and (ii) the extreme distributions that were only observed at
X,M = 5311, (see Fig. 6(b)).

Then, the procedure for X, < X, will be tested numerically using
the HOS-NWT domain described in Section 2.2.2, again for the ss6g5
sea state, but with X, =44, and X, = 534,. This time, the objective
will be to move the non-extreme wave statistics associated with x = 44,
away from the wave maker.

The wave field data, recorded at the end of the second step of both
procedures at x = X, will be compared to the waves measured at
x = X, at the end of Step 1. Note that for each comparison, the
analysis time windows and the sets of realizations are meticulously
chosen to ensure that the same wave sequences are being compared.
No sampling variability affects the comparisons.

Table 3 lists the generated cases that will be studied throughout this
section.

5.1. Reproduction of the X, =534, experimental reference at X, = 44,

We focus first on the reproduction at x = X, = 44, of the EXP ref
534, waves measured at x = X, =534, using the newly introduced
procedure. In the following, this reproduction will be labeled as EXP
ref 531, reprod 44,.

5.1.1. Full experimental procedure
The different realizations of EXP ref 534, reprod 44, were first
run experimentally in the Towing tank.
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Deterministic reproduction. Fig. 10 presents a comparison in the time
domain between EXP ref 534, at X, —and EXP ref 534, reprod
44, at X,, for a duration of 60 peak perlods No significant d1fferences
are observed when changing the time window. The EXP ref 534,
reprod 44, measurements align with the EXP ref 534, data. The
slight discrepancies between the two signals arise from: (i) the linear
conversion of EXP ref 534, measured wave signals into EXP ref 534,
reprod 44, wave maker input sequences, and (ii) the control of the
Towing tank wave maker motions.

Reproduction of the spectrum. Fig. 11 presents a comparison of different
stochastic quantities. Panel 11(a) presents the spatial evolution of the
significant wave height H,. We observe a small discrepancy in the wave
maker transfer function. This results in an overshoot of 3 to 4 percent
for EXP ref 532, reprod 42, (red curve) near the wave maker. This
is also visible in the time domain comparison in Fig. 10, where the
red curve draws slightly greater heights. Consequently, the EXP ref
531, reprod 44, spectrum at X, is not qualified. It contains excessive
energy, particularly around its peak and near f = 1.3f Prarget (see panel
11(b))

To overcome this issue, the iterative spectrum correction procedure
was applied to adjust EXP ref 53, reprod 44, inputs to balance
the behavior of the Towing tank wave maker. Note that the correction
slightly adjusts the input amplitudes, but does not modify the phases.
The resulting wave field corresponds to the orange curves in Fig. 11.
The excess energy overshoot has been successfully rectified. The spec-
trum at X, aligns with the ss6gb target shape, within the wave gauges’
uncertainty ranges. And the significant wave height reaches 99.3% of

Surger AL Xie The first objective is reached, and with an additional

correction, the spectrum is qualified at X, = “pmgev

Reproduction of the kurtosis and crest distribution. Fig. 11(c) presents
the spatial evolution of the kurtosis along the tank. As expected, for
EXP ref 531, reprod 41,, the wave maker directly generates the
extreme wave field that occurs at the end of the tank for EXP ref
534,. Consequently, EXP ref 534, reprod 44, kurtosis at x = X, =

A et equals 3.40, instead of the 3 to 3.1 values observed at this
location when using standard wave generation procedures. The 3.52
value obtained for EXP ref 534, at x = X,  is almost reached. The
remaining difference arises due to a combination of factors including
wave maker defects, experimental uncertainties, and the conversion
of X, — X, EXP ref 53), signals into wave maker inputs. A more
detailed investigation will be conducted in the upcoming subsection,
based on numerical simulations. However, the effects remain limited,
and a strong departure from Gaussianity is observed from the beginning
of the tank thanks to the proposed procedure. No significant change in
kurtosis is observed between the raw reproduction (red curve) and the
reproduction after correcting the spectrum (orange curve). The spatial
dynamics of the wave statistics are mainly controlled by the phases of
the wave components generated by the wave maker.

Fig. 11(d) displays the EXP ref 531, reprod 44, crest PDER
obtained at x = X, = 4/,. It nearly reaches the EXP ref 53/, extreme
distribution measured at x = X, . As observed in the analys1s of kurto-
sis, the probability of extreme events for EXP ref 531, reprod 41, is
slightly smaller. This difference becomes significantly more pronounced
for probabilities below 2.1073. However, the distribution is undoubtedly
extreme and significantly larger than the usual PDER obtained at 44,
EXP ref 44, drawn in black in Fig. 11(d). Note that the additional
spectrum correction of EXP ref 53/, reprod 44, does not affect the
kurtosis and the crest PDER.

5.1.2. Limitations due to the Towing tank wave maker

To investigate the remaining discrepancies between the crest distri-
butions of EXP ref 534, reprod 44, at X, and EXP ref 534, at X, ,
HOS-NWT simulations were conducted, reproducing the Towing tank
EXP ref 534, reprod 44, experiments. For these specific simulations,
the HOS-NWT domain mimicked the geometry of the Towing tank.
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Two sets of simulations were run: (i) one referred to as “EXP ref
534, reprod 44, in HOS,” which used the EXP ref 53, reprod 44,
input sequences, and (ii) one labeled as “EXP ref 53, reprod 44, in
HOS with measured Exp. WVMK” which used the recorded wave maker
motions from the Towing tank experiments as inputs. The aim was to
assess the impact of potential discrepancies between the input motions
and the actual motions recorded during the EXP ref 531, reprod 44,
experiments.

Fig. 12 presents the results. For the sake of readability, uncertainty
bars were removed from the experimental spectra and crest distribu-
tions (panels 12(b) and 12(d)). First, we can see in panel 12(a) that
the significant wave height of the two HOS-NWT datasets remains
constant along the tank, as no dissipation model has been implemented
to account for side-wall friction, which affects the experimental results.

10

Apart from this discrepancy, EXP ref 534, reprod 44, in HOS with
measured Exp. WVMK accurately reproduces the experiments. The
kurtosis, spectrum, and crest distribution are also nearly identical when
using as input the measured wave maker motion. Additionally, the
same significant wave height overshoot observed in the experimental
data is reproduced in the HOS-NWT results.

In contrast, when using the EXP ref 534, reprod 44, input
sequences directly, the overshooting of significant wave height dis-
appears, and the kurtosis increases slightly. This suggests that the
energy overshoot and the slight reduction in the height of extreme
events observed in the experimental data come from discrepancies
between the imposed wave maker motion sequences and the target
ones. However, the crest distribution of EXP ref 534, reprod 44, in
HOS at X, does not show a significant improvement and still does not
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reach the EXP ref 531, reference measured at X, . The remaining
errors most likely come from the experimental uncertainties and the
conversion of X, —X, EXP ref 534, signals into wave maker inputs.

5.1.3. Conclusion

The study gives an example of a fully experimental application of
the procedure. Even if the accuracy of the EXP ref 534, reprod
44, waves is somewhat restricted due to experimental constraints,
the objectives are reached. Both a qualified spectrum and an extreme
distribution, relying approximately on the X, = 53Apmge‘ reference,
were generated at X, = “pmgcl' The remaining error only affects the
height of the most extreme events which are very sensitive and occur
at probabilities below the typical probabilities used for design.

5.2. Experimental and numerical reproduction of the numerical reference:
validation of the hybrid approach

It is important to state that conducting the complete procedure
experimentally (as done in the previous subsection) poses significant
challenges. First, it requires large-duration experiments. For instance,
the generation of EXP ref 534, required four iterations, each consist-
ing of at least five 15-min runs. Then, 30 realizations of the qualified
wave field were generated. Lastly, the second step also demands 30
additional realizations. This results in a combined total of 80 realiza-
tions, equivalent to a minimum of one week of experiments. Moreover,
when targeting extreme wave statistics, the X,  value is large and the
first step of the procedure requires a long wave tank. This limits the
application of the procedure to long wave channels that are usually
not available for ocean engineering experiments.
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To tackle those issues, a viable solution is to use a numerical
wave propagation solver such as HOS-NWT to generate the qualified
spectrum at X, . This significantly decreases the duration of the study
compared to experimental campaigns. Then the second step of the
procedure (i.e. the generation of the reference wave field at X,) can be
conducted either experimentally in any wave tank (the domain does
not need to include stm) or numerically, for instance to build wave
conditions for CFD wave-structure interaction studies.

This hybrid approach is tested in the present subsection, in which
we address a new practical case, the reproduction of the numerical
reference HOS ref 531, waves, occurring at X = 53’1pmrgm’ closer
to the wave maker at X, = 44,. The resulting wave fields are denoted
as HOS ref 534, reprod 44, for which different realizations were
conducted both experimentally in the Ocean Engineering tank, and
numerically using HOS—NWT within the same numerical wave tank used
for running HOS ref 532, (see Section 2.2.2).

Fig. 13 presents the results. The O.E. tank’s length of 50 m and the
positioning of the probe network confine the experimental data within
x € [0,5]4,. As a reminder, the HOS-NWT domain used for conducting
the numerical simulation is an extension of the O.E. tank, elongated to
250 m, to encompass Xy =334, =208 m.

For both the numerical and experimental versions of HOS ref
531, reprod 44, the procedure works well. At x = X, = 44, the
ss6gb H, (panel 13(a)) and qualified target spectrum shape (panel
13(b)) are generated. Moreover, the extreme HOS ref 532, distribution
occurring at X,b[m =534, is also accurately reproduced (panel 13(d)).
The black curve shows the experimental reference distribution obtained
for X, = 44, when using the state-of-the-art generation procedure.
Using the new procedure we were able to generate, both numerically
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Fig. 13. Comparison of HOS ref 534, and HOS ref 534, reprod 44, generated with HOS-NWT and in the O.E. tank.

and experimentally, a far more extreme crest distribution at this same
target location X, = 44,.

Unlike the case of EXP ref 534, reprod 44, no additional spec-
trum correction was needed and the O.E. tank wave maker perfectly
reproduced the statistics. Both the fully numerical and the hybrid
approaches (involving the generation of the X,  reference with HOS-
NWT and its reproduction at X, using experimental facilities) are suc-
cessfully validated.

5.3. Test of the procedure for X, < X,: moving away moderate statistics
from X, =44, t0 X, =534,

We now address the validation of the procedure for the control of
wave statistics in a configuration where X, < X,. As a reminder, the
methodology includes the use of the TR methodology (see Section 4.3
and Fig. 9). This means that the procedure, in its current state, does
not work when dissipation occurs (as is the case in the ECN Towing
tank). Therefore, we only address here the numerical validation of the
procedure.

Contrary to the previous subsection, the objective is now to produce
a sea state exhibiting mild extreme statistics far from the wave maker.
We tested the procedure with X, = 44, and X, = 534,. We first
generated a qualified ss6gb design spectrum at X, = 44, (position
associated with wave statistics of moderate severity) in the HOS-NWT
domain. Then, this wave field was reproduced further in the tank,

12

at X, = 534, (position associated with extreme statistics with the
state-of-the-art procedures), by using as input the measured waves at
X T X =574, mirrored in time (a numerical probe was placed at
the latter position). The wave field obtained at the end of the first step,
whose spectrum is the qualified spectrum at x = X = 44 will be
referred to as HOS ref 44,. Its reproduction at x = X, = 534, (second
step of the procedure) will be referred to as HOS ref 41, reprod 534,.

First, Fig. 14 compares in the time domain HOS ref 41, measure-
ments at X, =44, and HOS ref 4], reprod 534, measurements at
X, = 534, mirrored in time. The plotted time window lasts for 60T, and
was chosen randomly as results were similar for the whole duration.

If the procedure had worked perfectly, the two free surface elevation
time series would have been identical. What we observe here is that
the main patterns are recovered but noticeable discrepancies remain.
The quality of the wave field reproduction in the time domain is lower
than what was observed for the X; > X, case studied in the previous
subsection, see Fig. 10. It is important to note that we used here
the time reversal technique to reproduce long-duration realizations,
whereas the method has mainly been validated to reproduce individual
events (Ducrozet et al., 2020). The discrepancies can be due to the
linear conversion of the nonlinear measurements at X, + X, mirrored
in time, into a linear sum of free-wave components in the Fourier
space sent as input to the wave maker. More generally, the propagating
distance mirrored in space and time was large: 534,,. Hence, small errors
in the construction or generation of the input wave field can lead to
larger discrepancies at X, = 534,.
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Fig. 15 provides a comparison of the stochastic quantities. First,
focusing on the reference wave field propagation (colored in green in
the different figures), we observe that HOS ref 44, is clearly qualified
at X, . The measured significant wave height equals 100% of its target

value (panel 15(a)) and the spectrum perfectly matches the ss6gb
target shape (panel 15(b)). Moreover, as expected, the crest distribution

(panel 15(d)) is less extreme than the X, . = 534, distributions studied
in the previous subsection and plotted in black in (panel 15(d)).

The results of the new procedure for controlled statistics are shown
in red lines in the different figures. It can be seen that the procedure
worked well. The discrepancies observed in the time domain do not
seem to affect the stochastic quantities. HOS ref 44, reprod 534,

13
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wave field at X, = 534, satisfactorily reproduced both the qualified
spectrum (panel 15(b)) and the crest distribution of HOS ref 42, at
stm =44, (panel 15(d)).

Looking at the kurtosis evolution along the tank (panel 15(c)), we
see that HOS ref 44, and HOS ref 44, reprod 534, curves are
reversed in space, as expected. For HOS ref 41,, the probability of
the extreme events increased along the tank, as is usually observed
in tank experiments, see Onorato et al. (2006) for instance. However,
thanks to the time-reversal approach, for HOS ref 44, reprod 534,
the probability of the extreme events decreases along the tank, which
never occurs when using the state-of-the-art generation procedures.

As a result, the procedure for the case X, < X, is numerically
validated. A non-extreme distribution and qualified spectrum were
generated at x = X, = 534, which is a location that is usually associated
with extreme statistics.

6. Conclusion

A new wave generation procedure was introduced. It allows for the
generation of a qualified design spectrum and a given crest distribution,
at an arbitrary location in a wave tank, making use of the natural spatial
evolution of the wave statistics. Two study cases were investigated.
First, the procedure was successfully tested using the typical nonlinear
ss6gb design sea state studied in Canard et al. (2022b) to reproduce
closer to the wave maker (at x = 4/1p) the design spectrum and the
extreme crest distribution that appears at x = 531, with the state-of-
the-art procedures. Second, the procedure was successfully tested to
carry out the inverse problem: generating far from the wave-maker (at
x =534,) a non-extreme crest distribution that appears at x = 44, with
the state-of-the-art procedures.

For both cases, the methodology relied on two main steps. First,
the design spectrum was accurately generated at a location X, .,
which defined the target crest distribution. Wave maker inputs were
iteratively corrected to ensure the quality of the spectrum at X fat (Step
1). Then, the Step 1 measurements at X, - X, (f X, > X,) or
X, X, Gf X, < X,)were converted into inputs for the wave maker.
For the case X, < X, they were also mirrored in time, to make use
of the time-reversal technique. The generated wave fields reproduced
between x = 0 and x = X, the propagation that occurred during Step
1 between x = X, — X, and x = X, (f X, > X,) or between
x=X, +X andx =X, (fX, < X,).Asaresult, Step 1 wave
fields at X,  were accurately reproduced at X, during Step 2.

For the X, > X, case, the process was conducted experimentally

using the ECN Towing tank, numerically based on HOS-NWT simula-
tions, and using a hybrid approach involving the generation of the
X reference with HOS-NWT (Step 1) and its reproduction at X,
using the ECN Ocean Engineering tank (step 2). The fully experimental
application of the procedure is highly time-consuming, and the final
crest distribution at X, is slightly less extreme than the X, refer-
ence. The numerical and hybrid approaches are more accurate and
easier to conduct. For the three cases, we have demonstrated that we
can reproduce extreme wave statistics close to the wave maker, both
experimentally and numerically.
For X, < X, as the procedure relies on the time reversal tech-
nique, it only works for conservative wave propagation (no dissipation).
As a result, it cannot be used in the ECN Towing tank where dissipation
occurs due to the side walls, nor for breaking wave conditions. In this
paper we have demonstrated that we can use the procedure numerically
to limit the presence of extreme events far from the wave maker.

For both X, < X, and X, > X, cases, the procedure was
tested with a non-breaking unidirectional sea state. Further work will
be carried out to investigate and adapt the procedure for breaking and
multidirectional wave conditions. We would also point out that this
procedure ensures the control of the spectrum and crest distribution
only around X,. With the case of study tested in this paper, the
controlled zone does not exceed +24,. This is sufficient to cover the
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size of a structure or ship model. However, it is not sufficient for a
maneuverability or towing test, where the model moves throughout the
domain.

The main motivation of the present work originates from the fact
that with the state-of-the-art wave generation procedures, the statistical
quantities (crest PDER, kurtosis) evolve along the tank. The newly
introduced procedure makes use of this spatial evolution, making it
possible to reproduce at a given position the statistics that usually
appear elsewhere in the tank. The study opens the way to a better
control of the wave statistics in experimental and numerical wave
tanks.

For now, the classification societies do not prescribe a target crest
distribution or target kurtosis value. The sea state studied in this paper
is unidirectional. The mechanisms behind the extreme distributions
observed at the end of the basin are greatly reduced in the case of
realistic short crest seas. Most of the in-situ observations show weakly
non-linear statistics. However, for unstable conditions (wind changes,
bathymetry variations, etc.), extreme distributions can appear. Conse-
quently, it is of great interest to be able to control their generation in
wave tanks.
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Appendix A. Mathematical formulation of the stochastic wave
generation procedure without corrections

For both experimental and numerical wave tanks, for each re-
alization, the wave maker takes as input a free surface elevation
time-sequence, defined in the Fourier space. It corresponds to the target
sequence at the wave-maker position (x = 0, x being the distance from
the wave maker). For unidirectional wave fields, it can be expressed as:

N
ninpul(t) = Z Ainpuln cos 2z f,t + ¢input,,)

n=1

(A.1)

with (f,), n € [1; N] the frequency vector and ¢ the time. The most
straightforward generation procedure uses

Ainputn =y 2Sdesign(fn)df (A.2)
with d f the frequency step. And,
Dinpur, = 27U 0,1 (A.3)

Ujo,;) being a random number following the uniform random law
between 0 and 1.
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Appendix B. Computation of the Benjamin Feir Index

In this paper the Benjamin Feir Index is computed following the
recommendations of Serio et al. (2005), as

ki H\?2
BFI = 1_3\/_ (B.1)
4v,,
with &, the mean wavenumber computed from the mean period
S(Hdf
| = S5ndr (B.2)
[ FS(Hdf

and v, the nondimensional spectral width defined with the peakedness
method.

1

Vv, =
Yoo
with Q, = ﬁ / 7 S%(f)df. Note that this definition of the BFI
leads to smaller valites than the one used in the famous Onorato et al.
(2006) and Onorato et al. (2009) studies, where the spectral width is

defined using the half width at the half maximum.

(B.3)
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