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Abstract. Control signals with simultaneous modulation of pe-
riods and amplitudes were fine-tuned and fed to a wave flap for a
generation of freak waves. The meshless Smoothed Particle Hy-
drodynamics method was used to predict the location and the
amplitude of the maximum wave crest. The time series output
from the DualSPHysics software was validated experimentally in
the seakeeping wave basin at the Bulgarian Ship Hydrodynamics
Centre. The experimental data and the simulations are in good
agreement.
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1. INTRODUCTION

Climate change, expressed in an increase in average temperatures, an in-
crease in the intensity of atmospheric phenomena, the melting of polar ice and
the associated expected rise in sea level, is considered by the European Com-
mission and the world scientific community as a likely scenario. It is causing a
global change in our way of life, and in particular to the industrialization and
urbanization of the offshore environment. There will be an increasing need
to transfer accommodations and production activities offshore. To minimize
the risk to human life in the new habitat, it is necessary to study and take
into account the changing operating conditions and the appearance of hitherto
considered abnormal and rare phenomena, such as extremely high waves.
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The phenomenon of the appearance of abnormal waves is mainly studied
numerically within the framework of theoretical scope of oceanography. How-
ever, the interaction of these waves, also known as “killer waves” or “freak
waves”, with obstacles and in particular with marine facilities, has been stud-
ied to a much lesser extent. The theoretical studies have been limited to
qualitative results in this case.

To validate the numerical simulations, it would be necessary to model the
abnormal waves in experimental wave basins and to measure the impact on
different marine structures.

The freak wave represents a single extreme event, statistically considered
a rare random peak in a general sequence of ordinary wind waves [1]. The
wind waves normally occurring in the ocean have a relatively small slope, i.e.
their wave heights are much smaller than their wavelengths. While the freak
wave is a collapsing wave that has an unusually steep slope and a very shallow
trough. The first technically measured and recorded abnormal wave in natural
conditions was the so-called “New Year’s wave” with a height equal to 25.6
m [2]. According to some sources, the height of an abnormal wave can reach
even higher values [3].

The abnormal wave cannot be described by the spectral theory of progres-
sive waves. There is still no generally accepted definition of the phenomenon,
but according to the criterion common in the scientific literature, the Hmax/Hs
ratio of the maximum height (from trough to crest) to the significant wave
height must exceed 2.4, which is more than eight times the standard deviation
[3].

The height of the wave is limited by the wave breaking phenomena. The
wave shape formed before braking is similar to a wind wave with extreme
steepness [4]. The killer wave profile determines the force exerted on ships
and marine equipment [5-6]. The hydrodynamic impact during the collapse
of a Kkiller wave crest can produce cracks and leaks. A rollover with fatal
consequences is possible in cases where a ship is located at an unfavorable
angle to the wave. The abnormal waves also occur suddenly and do not allow
the vessels to maneuver to avoid them.

Numerous observations, measurements and analysis of field data, as well
as the theories describing the abnormal waves origin, identify the following
major factors contributing to the freak wave occurrence: currents, bottom
topography, wind and wave fields instability, spatial-dispersion focusing, and
wave modulation. The degree of nonlinearity depends on the wave steepness
and represents another important factor in the formation of an abnormal wave.
Solitons (single amplitude single waves) are considered prototypes of killer
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waves. Theories explaining the origin of the killer waves continue to evolve,
with the application range of a given theory depending on the relation between
the wave steepness and the water depth [7].

Due to the complexity of the mathematical models, physical modelling is
currently the most promising research approach to estimate the slamming
pressures exerted by freak waves on marine structures. Experimental facili-
ties, such as the Technical University of Berlin [8-9], the Norwegian Institute
of Technology Marintek [10] and the Dutch MARIN Institute, have already at-
tempted to correctly model scaled-down abnormal waves in their wave basins,
and to measure the wave impact on various structures.

Our study includes a new application of the meshless Smoothed-Particle-
Hydrodynamics method for numerical freak wave generation. The method
predicts excellently the nonlinear maximum wave crest, which was validated
experimentally with test measurements in a basin. The results of this study
can further advance the design of fixed and floating facilities, reduce operating
risks, improve metocean design basis and support the development of “blue”
growth.

2. FREAK WAVE GENERATION

Wave phase velocity (A/T") depends on the wavelength A\ and the wave
period T. Shorter waves propagate slower than longer waves. To produce an
abnormally high wave crest we need to fine-tune a wave train, selecting variable
wave periods so that the longer-period wave crests can reach the shorter waves
at a certain point, and interfere constructively. To achieve that, we start the
time series with shorter waves and gradually increase the wave period.

Figure 1 shows the time series fed to a 3 m tall rotating wave flap, used
for wave generation at the Bulgarian Ship Hydrodynamics Centre (BSHC)
seakeeping basin. The time series has three smoothly connected sections de-
picted in yellow and white regions. The desired wave modulation happens in
the middle white section. The first yellow region includes a regular wave. Its
purpose is to ramp up the energy in the basin. Without it, the modulated
wave dissipates fast and does not produce an abnormal crest. The third yel-
low region simply flattens the signal to the wave-maker, which leaves room for
further amplitude increases (if needed) without exceeding the operating range
of the flap.

The modulated middle section is composed taking into account the capa-
bility range of the wave-maker and the steepness limit for wave breaking (the
breaking is to be avoided since it would lower the maximum crests). To main-
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tain the steepness limit, the wave amplitudes need to be increased with the
wave periods.
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Fig. 1. The control signal to the wave maker

Figure 2 shows an approximately estimated location of the freak wave,
which would be needed to place correctly the amplitude measurements in the
numeric simulation. The estimate is based on phase velocities corresponding to
average wave periods from the time series in Fig. 1. The average wavelengths
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Fig. 2. Estimation of the freak wave location
taking into account the three largest crests

Engineering Sciences, LVIII, 2021, No. 2 71



are also known from the standard calibration curves for the wavemaker. The
estimate also takes into account the wavelength decrease (< 7%) due to shallow
water effects, affecting the longest waves, according to the wave dispersion

equation:
T2
A =L tanh <27T;\Z> (1)

2

where d is the water depth, and g is the gravitational acceleration. The loca-
tion estimate is only approximate because of the gradual increase of the wave
parameters, in our case. The next step is to get a better estimate for the freak
wave amplitude and location using the meshless DualSPHysics solver.

3. NUMERICAL SIMULATION

DualSPHysics software is used to simulate freak waves in a seakeeping basin
with dimensions 60 x 40 x 2.460 m. The software is based on the Smoothed
Particle Hydrodynamics (SPH) model named SPHysics — an open-source SPH
code, inspired by the formulation in [11] and developed jointly by researchers
at the Johns Hopkins University (U.S.A.), the University of Vigo (Spain),
the University of Manchester (U.K.) and the University of Rome La Sapienza
(Italy). The code was developed over the years primarily to study free-surface
flow phenomena where Eulerian methods can be difficult to apply, such as
waves, and the impact of dam-breaks on offshore structures.

The SPH method is meshless and discretizes the fluid into a set of particles,
where the physical quantities (position, velocity, density, and pressure) are ob-
tained as an interpolation of the corresponding quantities of the surrounding
particles [12]. The weighted contribution of those particles is obtained us-
ing a kernel function Wab with an area of influence that is defined using a
characteristic smoothing length h. The Wendland kernel [13] is used in the
DualSPHysics software and it is defined to vanish beyond 2h. The particles
are initially created with an inter-particle distance dp (= 0.007 m in our case),
which is used as a reference value to define the smoothing length using h = 2dp.
The Navier—Stokes equations can be then written in a discrete SPH formalism
using Wab as the kernel function, which depends on the normalized distance
between a given particle and its neighboring particles. Such discretization al-
lows computing the position, velocity, and density of each SPH particle within
the selected wave basin domain at every point in time.

The SPH code generated 2.8 million particles to fill our two-dimensional
numerical basin (60 x 2.4 m); see Fig. 3. The simulation was run on a
parallel computing platform (CUDA enabled GPU). Our goal was to predict
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Fig. 3. The DualSPHysics simulation in a meshless 2D domain
with 2.8 million particles
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Fig. 4. The numerical results showing 0.25 m maximum wave amplitude,
15 m from the wave flap

the location and the amplitude of the maximum wave crest. The results are
presented in Fig. 4.

4. EXPERIMENTAL VALIDATION

The wave flap motion used in the SPH simulation is duplicated by the
physical wave flap in the BSHC seakeeping basin. The wave amplitudes are
measured at the four most critical locations predicted by DualSPHysics, situ-
ated from 10 m to 25 m from the wave maker. The experimental results and
the simulations are in good agreement, with an amplitude peak within 2% of
the predicted 0.25 m; see Fig. 5 and Table 1. Figure 6 shows a photo of the
maximum crest in the basin.

Before we to run the freak wave described above, a control signal with 1.5
times reduced amplitudes was sent to the wave maker to ensure that the Du-
alSPHysics predictions are reliable and the maximum wave would not be spilt
outside the basin walls. Again, the numerical predictions are in good agree-
ment with the experiment, which shows that we can simulate well different
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Fig. 5. Comparison between the measurements
and the numerical predictions at four locations
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Table 1. Statistics from the measured freak wave in the basin

Channel | Units | Mean | Max | Min | StD | Hs | Skewness | Kurtosis | Hmax/Hs

WP_10m | m 0.00 | 0.14 | -0.18 | 0.03 ] 0.13| —0.36 14.19 2.5
WP_1bm | m 0.00 |0.26 | —0.09 | 0.03 | 0.10 4.28 43.06 3.4
WP20m | m 0.00 | 0.18 | —0.11 | 0.03 | 0.10 0.64 14.35 2.7
WP2m| m 0.00 | 0.20 | —0.12 | 0.03 | 0.12 0.69 12.33 2.6

Table 2. Statistics from the measured reduced wave in the basin

Channel | Units | Mean | Max | Min | StD | Hs | Skewness | Kurtosis | Hmax/Hs

WP_10m | m 0.00 | 0.10 | —0.12 1 0.02 ] 0.09 | —0.18 14.48 2.5
WP_15m | m 0.00 | 0.14 | —0.09 | 0.02 | 0.08 1.82 23.08 3.0
WP20m | m 0.00 | 0.09 | —0.09 | 0.02 | 0.08 0.19 9.69 2.2
WP25m | m 0.00 | 0.10 | —0.08 | 0.02 | 0.09 0.25 7.44 2.0

Fig. 6. The maximum wave crest in the basin

degrees of nonlinearity (wave steepness); see Fig. 7 and Table 2.

After validating the numerical model, we compared the freak wave genera-
tion by the wave flap (with angular motion) to a wave made by a wave piston
(with horizontal linear motion). The wave piston produces a 73% higher crest
maximum when applying the same linear displacement (as at the top of the
wave flap) to the piston.

The freak wave generation exercise helped us reasoning why these waves
occur rarely. The constructive interference leading to an abnormally high
peak requires a unique ratio of the crest periods to the timing of the crest
appearance, which is not commonly seen in irregular deep-water waves. The
JONSWAP waves, for example (Fig. 8), have similar wave periods within their
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Fig. 7. Comparison between simulations and experiment for the reduced wave
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Fig. 8. Irregular wave time series sample based on JONSWAP spectrum
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Fig. 9. The highlighted Fig. 10. The spectrum
section from Fig. 8 corresponding to Fig. 9

largest groups (Fig. 9). The periods of the waves leading to an abnormal peak
are spread much farther, which is evident when comparing the spectra shown
in Figs 10 and 11.

It would have been easier to generate a freak wave if we were allowed to
send individual waves with different periods one at a time, in a discrete way.
This approach, however, does not work because individual waves dissipate
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Fig. 11. Wave spectra from the four measured locations in the basin

fast, so we had to smoothly increase the period and the amplitudes (Fig. 1) to
avoid early breaking and dissipation. Once we are constrained to the gradual
increase of the wave parameters, the sequence has to be tuned uniquely, in an
artificial way, to produce the freak crest. The resulting freak wave spectrum
does not resemble the common spectra of the wind waves.

5. CONCLUSION

Freak waves were successfully created numerically and experimentally. The
meshless DualSPHysics simulations and the wave basin tests are in good agree-
ment regardless of the nonlinearity and the steepness of the maximum wave
crests. The very tight constraints involved in the freak wave generation point

to why such waves are so rarely encountered offshore.
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