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abnormal waves.

2. Theoretical background

2.1. Breather-type abnormal waves

Assuming that the Newtonian fluid is incompressible, inviscid and
irrotational, the NLS equation can be deduced from the potential water
wave equations under the hypothesis of small amplitudes and quasi-
monochromatic waves. The NLS equation is suitable for describing the
evolution in time of a space series. For wave tank applications, time
series at specific locations in space are required, e.g. at the wave board
to drive the wave maker. The TNLS, where T stands for time, can be
derived by an iterative procedure exchanging the derivatives in space
with derivatives in time and vice versa (see e.g. Mei (1989)), resulting
in
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depending on the carrier wave number kc, the corresponding angular
frequency ωc and the water depth d (Hashimoto and Ono, 1972). A
remarkable feature of the coefficients α and β is that their ratio β α/
indicates the influence of the water depth on the modulational
instability. It converges to one for k d→∞c , decreases for decreasing
water depth and becomes negative for k d < 1.36c . Thereby, the ratio
k d = 1.36c marks a physically important property – for k d > 1.36c the
TNLS equation has focusing properties, i.e. energy can be focused
through modulational instability, which is impossible for k d < 1.36c

The nonlinear evolution of the modulational instability can be
described by exact solutions of the NLS equation, known as breather
solutions. Breather solutions are characterized by slightly perturbed
quasi-monochromatic waves in time or space. The perturbation of the
breather envelope increases during evolution due to modulational
instability resulting in large amplification of the initial amplitude.
The breather solutions have the following general form

A x t A x G x t iϕ x( , ) = ( )[ ( , )exp( ( ))−1]0 (2)

where G ϕ, are real functions to be determined and
A a iβ a x= exp ( − ′ )0 0 0

2 . A detailed discussion on the derivation of the
three different solutions can be found in Groesen et al. (2006) and in
Karjanto and Groesen (2007). At the end, the three known exact
solutions of the NLS are obtained, namely the Kusnetzov-Ma breather,
the Akhmediev breather and the Peregrine breather.

For this study, the Peregrine solution, (Peregrine, 1983), also
known as rational solution, is investigated exclusively representing
the limiting case of the time-periodic Kusnetzov-Ma breather and the
space-periodic Akhmediev breather. It has the peculiarity of being not
periodic in time and in space: it is a wave that “appears from nowhere
and disappears without trace”, (Akhmediev et al., 2009a). However, the
results obtained are directly transferable to the other two solutions
(Klein, 2015). Its analytical form is according to Karjanto and Groesen
(2007)
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The relation of the complex envelope A x t( , ) to the leading order of
the surface elevation is

ζ x t A x t i kx ωt c c( , ) = 1
2

( ( , )∙exp( ( − )) + . .)
(4)

where c.c. stands for complex conjugate. For the determination of the
Peregrine solution, only the plane-wave amplitude a0 as well as carrier
frequency ωc has to be predefined. Fig. 1 presents the envelope of the

Peregrine breather in time and space. The AAF due to modulational
instability is always equal to three, i.e. the perturbed wave will grow to
an abnormal wave reaching three times the amplitude of the selected
background plane-wave. Selecting the surface elevation in time domain
for a desired location in space gives the boundary condition (e.g. wave
sequence at the wave board) for subsequent experimental or numerical
investigations. In our case, the distance between wave board and
investigated LNGC is 45 m, whereby the envelope of the A t− – profile
at x = − 45 m is determined enabling to calculate the surface elevation
at the wave maker and the wave maker control signal immediately. This
is the major benefit of the breather solutions as only the amplitude,
wave length as well as position in space domain has to be defined to
generate a certain abnormal wave at once.

For the reproduction of Peregrine breather abnormal waves in the
wave tank, the above presented solution has been implemented in the
wave generation software in such a way that simply the carrier wave
length, the initial steepness at the wave board as well as the target
location of the high, steep single wave has to be defined to calculate the
surface elevation at the wave board. Afterwards, the surface elevation at
the wave board has been divided by the response amplitude operator
(RAO) of the wave maker in frequency domain to obtain the control
signal. The agreement between theoretical location of abnormal wave
occurrence (input) and the registrations/observations in the tank
showed satisfying agreement, i.e. the actual abnormal wave event was
nearby the given value. But due to the fact that wave/structure
investigations implies the definition of target waves in time domain
at precise target locations, the investigated Peregrine breather pre-
sented in this paper resulting from an adjustment of the first control
signal to obtain the abnormal wave as exact as possible at the target
location. However, the generation process of this kind of abnormal
waves is very efficient compared to established procedures for gen-
erating tailored (abnormal) wave sequences.

2.2. Numerical method for calculation of the ship response

2.2.1. Equation of motion
The ship responses are calculated using a body nonlinear time

domain method based on strip theory. The numerical method is based
on the formulation proposed by Rajendran et al. (2013, 2014, 2015a
and 2015b). The method takes account of the surge mode in the
equation of motion following a semi-empirical method for calculation
of the surge hydrodynamic coefficients and exciting forces, (Rajendran
et al., 2015b). Previous studies on the effect of the surge on the vertical
responses showed that the axial forces due to surge influences the
vertical bending moment calculated at the deck. However, its effect on
the vertical motions and loads about the transverse axis at the neutral
axis was negligible.

Fig. 1. Envelope of the Peregrine breather in time and space.
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Rajendran et al. (2015a) presented a body nonlinear method to
calculate the ship responses in extreme seas. The method has been
developed keeping in mind that the technique should be fast, robust
and accurate enough for the calculation of the short term probability
distribution of the nonlinear loads in order to apply for practical
engineering scenario. The Froude-Krylov and hydrostatic forces are
calculated for the exact wetted surface area under the incident wave.
The incident wave pressure above the mean water line is assumed to be
hydrostatic. The radiation forces are expressed in terms of infinite
frequency added mass, memory function and hydrodynamic restoring
coefficients. The memory functions, which represent the memory effect
due to the free surface, is calculated from the frequency domain
coefficients based on the analogy between the Fourier transform of
the time domain radiation forces and the frequency domain radiation
forces.

The time domain radiation forces are calculated by:

∫F t A ξ t K t τ ξ τ dτ C ξ t k j( ) = ̈( ) + ( − ) ̇( ) + ( ) , =1, 3, 5k
R

kj j

t

kj
m

j kj
m

j
∞

−∞ (5)
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where A ω( )kj and B ω( )kj represent frequency dependent global added
masses and damping coefficients.

In order to achieve a fully body nonlinear solution, the radiation
forces are calculated for the instantaneous wetted surface area. A
practical engineering technique is followed for the calculation of the
body nonlinear radiation forces. In the pre-processing stage, the
frequency domain hydrodynamic coefficients are calculated for a range
of draft and stored in the data base. During the time domain
simulation, the hydrodynamic coefficients corresponding to the exact
draft under the incident wave are calculated by means of interpolation
of the pre-calculated hydrodynamic coefficients. These updated coeffi-
cients are used in Eqs. (5)–(7) for the calculation of the memory
functions and the hydrodynamic restoring coefficients. Since the main
objective of the study is to calculate the design bending moment which
occurs in head sea condition, the method focuses on the head sea
condition. The diffraction forces, which can be expressed in terms of
the hydrodynamic coefficients for the head sea condition, are also body
nonlinear. The green water force is calculated based on momentum
method Buchner (1995).

For surge, heave and pitch, the equation of motion could be written
as
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where ξ1, ξ3 and ξ5 represent respectively surge, heave and pitch motions
and dots over the symbols represent differentiation with respect to
time. M is the ship mass, g is acceleration of gravity, Zcg is the vertical
distance between the centre of gravity of the ship and the frame of
reference and I55 represent the ship inertia about the y-axis. The
hydrostatic force and moment, FH

3 andFH
5 , are calculated at each time

step by integration of the hydrostatic pressure over the wetted hull
under the undisturbed wave profile. The exciting forces due to the
incident waves,FE

1 , FE
3 and FE

5 , are decomposed into a diffraction part,
F F F, andD D D

1 3 5 , and the well-known Froude-Krylov part, F F F, andK K K
1 3 5 .

Ajk
∞ (j, k=1, 3, 5) are the infinite frequency added masses, Kjk represent

the memory functions and Ckj
m is the radiation restoration coefficients.

F Fandgw gw
3 5 are green water force and moment.

The wave induced structural dynamic loads at a ship section are
obtained from the difference between the inertia force and the sum of
the hydrodynamic force acting on the part of the hull forward of the
section. The method to calculate the components of the forces are
consistent with the calculations for the ship motions. Here, the forces
are calculated only up to the particular section of interest instead of the
entire ship hull. The longitudinal shear force, vertical shear force and
vertical bending moments are calculated for the sections of interest.
For the bending moments, positive and negative moments denote the
hogging and sagging moments, respectively.

2.2.2. Irregular waves
The experimental incident waves serve as input for the numerical

simulation. The experimental wave elevation is assumed to be sta-
tionary and composed of infinite number of harmonic components. The
harmonic components are extracted through Fourier transformation.
In irregular long crested seas, the wave elevation can be written as

∑ζ t ζ ω t k x β ε( ) = ( ) cos[( ) + cos + ]
n

a n e n n n
=1

∞

(11)

where ζ ω ε, ,a e and kare the wave amplitude, encounter frequency,
phase angle and the wave number of the nth harmonic component. β
and x are the heading angle of the ship and the distance from the LCG
of the ship.

3. Experimental program

This study comprises experimental and numerical investigations at
scale 1:70. The model scale, in combination with the seakeeping basin
water depth, simulates the actual water depth at the Draupner jacket
platform. At this platform, the famous NYW (Haver and Anderson,
2000) has been measured which is reproduced in the seakeeping basin
as reference abnormal wave. The experimental program comprised
investigations of the characteristics of breather-type abnormal waves in
terms of dynamic pressure and particle velocity, their potential for
tailored abnormal wave generation as well as their impact on a LNGC.
The results obtained were compared to experiments with the NYW.

3.1. Test facilities

The experiments (except the experiment on tailored Peregrine
breather embedded in an irregular sea state) were conducted in the
seakeeping basin of the Ocean Engineering Division of Technical
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University Berlin. The basin is 110 m long, with a measuring range of
90 m. The width is 8 m and the water depth is 1 m. On one side a fully
computer controlled electrically driven piston type wave generator is
installed. The control software features the generation of transient
wave packages, deterministic irregular sea states with predefined
characteristics as well as tailored critical wave sequences (Clauss and
Kühnlein, 1996; Clauss and Schmittner, 2005). This technique has
been established to reproduce a large variety of wave sequences such as
single abnormal waves as well as groups of abnormal waves embedded
in irregular sea states to investigate the response of floating structures
to an extreme, but realistic, wave environment.

The experiment on the tailored Peregrine breather embedded in an
irregular sea state was performed in the seakeeping basin of Canal de
Experiencias Hidrodinámicas de El Pardo (CEHIPAR). This seakeeping
basin is 150 m long, 30 m wide and the water depth is 5 m. The flap-
type wave maker is located on one of the smaller sides, feature the same
wide (30 m) and consist of 60 individual flaps, which enables also the
generation of short-crested sea states. On the opposite side, a wave
damping slope is installed. The wave generator is fully computer
controlled and the installed software enables the generation of regular
and irregular waves.

3.2. Wave characteristics

The dynamic pressure as well as the particle velocities of the NYW
as well as one Peregrine breather, featuring similar wave crest
characteristic, were systematically measured at different vertical posi-
tions up to the still water level and for some cases also above, up to the
wave crest at target position, i.e. at position of maximum wave height
and wave breaking, respectively. The pressure measurements were
conducted with a pressure transducer (Bell & Howell, type BHL 4104-
00-05110). Simultaneously, the particle velocities were measured by an
ultrasonic flow meter featuring the measurement of the particles’
velocity in three orthogonal planes (Denshi Kogyo Co. LTD, type DS-
102S). Both sensors were mounted on a vertical semi-beam which was
adjustable in height for the investigation of different water depths. The
sensors were mounted, therefore, in such a way that the vertical
measuring plane is identical and the measuring points are far enough
from each other for unaffected operation. However, the geometry and
measurement principle of the utilized sensors limit the operational
range of the investigations. The ultrasonic flow meter cannot be used
above still water level due to the measurement principle. In addition,
only a short emerging in wave troughs can be compensated. The
pressure sensor on the other side can be utilized above the still water
level, but needs a minimum impact time interval of the wave crest to
produce reasonable and trustworthy data. Both sensors cannot be
utilized near the bottom of the seakeeping basin due to the geometry of
the sensors, with the pressure sensor being far less applicable in this
respect.

3.3. Wave-structure interaction

The abnormal wave-structure investigations were conducted with a
LNGC at zero speed in head waves addressing the vertical wave
bending moment amidships as well as vertical ship motions. Fig. 2
presents the equipped model of the LNGC. The main dimensions and
load conditions are given in Table 1. The LNGC has been made of
fiberglass reinforced plastic (GRP) subdivided into two segments at
L /2pp , being connected with three force transducers. Two of them were
installed on the deck level, and one underneath the bottom of the
model. The force transducers register the longitudinal forces during the
model tests. Based on the measured forces and the given geometrical
arrangement of the three force transducers, the resulting vertical wave
bending moment and the longitudinal forces were obtained. In addi-
tion, the LNGC model was equipped with pressure transducers at bow
and stern. Furthermore, two wave gauges were installed on deck at the

forecastle (see blue circles in Fig. 2) to detect green water impact on
deck. The ship motions were recorded by an optical tracking system.
This study concentrates exclusively on the vertical bending moment
and vertical motions for the evaluation of the application of breather
solutions for systematic wave/structure interaction investigations.

During the tests, the model was towed with an elastic suspension
system using a triangular towing arrangement. The longitudinal
motions were restricted by a spring in front of and a counter weight
behind the model. The suspension system was connected with the ship
models by a thin elastic cross bar, which was mounted on deck of the
aft segment. With this arrangement, heave and pitch motions remain
unrestrained. For this investigation, the LNGC was placed in such a
way in the wave tank that the highest waves of the Peregrine breather
occur at the forward perpendicular.

3.4. New Year Wave

For the evaluation of breather-type abnormal waves being applic-
able as design abnormal waves the famous NYW was chosen for the
purpose of comparison. This giant single wave (H =25.63 mmax ) with a
crest height of H =18.5mc has been recorded during a storm on January
1, 1995 at the Draupner platform in the North Sea, (Haver and
Anderson, 2000) and occurred in a surrounding sea state characterized
by a significant wave height of H =11.92 ms (H H/ =2.15max s ) at a water
depth of d=70 m.

The reproduction of such complex structures require sophisticated
optimization procedures. To transfer the recorded NYW into the wave
tank, an optimization approach for the experimental generation of
tailored wave sequences with predefined characteristics has been used
(Clauss and Schmittner, 2005). This method enables the generation of
scenarios with a single high wave superimposed to irregular seas.
During the experimental optimization special emphasis is laid on the
exact reproduction of the wave height, crest height, wave period as well
as the vertical and horizontal asymmetry of the target wave. Real-world
nonlinear free surface effects are included in the optimization proce-
dure, since the procedure is executed by physical wave tank experi-
ments. Fig. 3 presents the reproduced NYW registered in the wave tank
in comparison to the original wave sequence recorded at the Draupner
platform.

4. Abnormal wave investigation

The starting point was the definition of carrier wave lengths of the
Peregrine solution to be of interest for the subsequent wave-structure
investigations. The carrier wave lengths were chosen based on the
vertical bending moment response amplitude operator (RAO) which
represents the linear response due to excitation at a certain wave
frequency. With regard to the vertical bending moment, the maximum
of the RAO is located at wave lengths which equal ship length. Based on
this approach, four the carrier wave lengths were chosen for the
generation of breather-type abnormal waves based on the Peregrine
solution (Eq. (3)). Table 2 gives an overview on the investigated carrier
wave length in terms of wave length (Lw) to ship length between

Fig. 2. Equipped model of the LNGC. (For interpretation of the references to color in
this figure, the reader is referred to the web version of this article.)
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perpendicular (Lpp) ratio.
The four Peregrine breathers were generated in such a way that the

high single wave at target location is as high as physically possible for
the defined wave lengths. To arrive at a specific wave height, the initial
wave steepness at the wave board is the decisive parameter which was
adjusted in such a way that the steepness of the three times higher
exaggerated target wave was within the breaking regime. The experi-
ments showed that waves of initial steepness a kϵ= ≤0.10 0 do not break
(cf. Chabchoub et al., 2012; Slunyaev et al., 2013; Onorato et al., 2013).
Larger steepness resulted in wave breaking of spilling type and became
plunging type as the initial wave steepness has been further increases.
The generation of breaking abnormal waves allows investigating the
impact on offshore structures and ship not only in terms of global loads
but also in terms of local loads (e.g. slamming, green water). Target
location denotes the location of the subsequent wave-structure inves-
tigations, which was approximately x=45 m in front of the wave maker.
The model was placed in such a way that the target wave reaches its
maximum wave height at the forward perpendicular.

Fig. 4 presents the measured Peregrine breathers at the moment of
abnormal wave occurrence at target location. Each breather evolved to
high, steep single waves, i.e. increased with increasing carrier wave
length – the corresponding wave heights are presented in Table 2
(maximum wave height Hmax, maximum wave crest height HCmax

and
maximum wave trough height Htmax

). The four breathers’ arrived at
impressive (zero-upcrossing) wave steepness’ ( πH Lϵ= / =0.38…0.42)
being plunging breakers close to the target location. The upcrossing
wave periods of the individual abnormal waves were approximately one
second shorter than the (input) carrier periods of the surrounding
waves. However, Fig. 4 proves that the Peregrine breather solution can
be used for systematic abnormal wave generation of certain frequency.

Analysing the measured maximum wave height and crest height,
respectively, reveals that the Peregrine IV breather reached almost the
same crest height and a significant higher overall wave height
compared to the NYW (Table 2, cf. Chabchoub et al., 2010). Fig. 5
compares the reproduced NYW (blue curve) and the Peregrine IV
breather (red curve) showing that the Peregrine breather features a
similar abnormal wave characteristic. However, the Peregrine breather
is also characterized by deeper preceding and succeeding troughs as
well as shorter up- and downcrossing wave periods, i.e. this Peregrine
breather is higher and steeper compared to the NYW.

In the next step, the wave characteristics are analysed in terms of
dynamic pressure and horizontal particle velocity for the two abnormal
waves shown in Fig. 5. Fig. 6 presents coloured parametric surface
plots of the measured horizontal velocities under the Peregrine breath-
er (top) and the NYW (bottom). Both diagrams show the same trend –
the highest horizontal particle velocities are observed under the
deepest wave troughs and highest wave crests, respectively. The
velocities under the target wave crests are reaching the highest values
for both wave sequences.

The associated coloured parametric surface plots of the measured
dynamic pressure are shown in Fig. 7 – top for the Peregrine breather
and bottom for the NYW. Comparing the dynamic pressure reveals the
same trend – the highest/lowest dynamic pressures can be observed
under the highest wave crests and deepest wave troughs, respectively.
Again, the dynamic pressures under the target wave crests are reaching
the highest values for both wave sequences.

For the purpose of comparison, the pressure as well as the velocity
profile under the abnormal waves (maximum surface elevation) are
presented in Fig. 8. The left diagram shows the horizontal velocity
profiles under the NYW crest (blue dots) and the Peregrine breather
wave crest (red dots), and the right diagram the corresponding
dynamic pressure profiles. The velocity profiles near the surface area
(up to z≈−30 m) feature almost the same characteristic and diverge
with increasing water depth, i.e. the Peregrine breather reaches lower
horizontal velocities near the bottom compared to the NYW. The
dynamic pressure illustrates almost the same trend, even if both
profiles do not overlap in the course of the upper half, a distinctive
discrepancy at the deepest measured position can be observed. The
reason for the difference lies in the different wave lengths as discussed
before, the effect of kinematics and dynamics decreases faster for the
shorter Peregrine breather. However, both abnormal waves feature a
similar characteristic near the surface area.

Based on the results presented above, which prove that the breather
solutions represent a promising alternative to real-world abnormal
wave investigations in terms of model tests, an extract of a Peregrine
breather was integrated into an irregular sea state to exploit the
application spectrum of breather solutions in terms of tailoring
deterministic irregular sea states with embedded abnormal waves.
This extract was identified by preceding experimental investigations.
On one hand, the preceding investigations focussed on the identifica-
tion of a Peregrine breather solution which features a similar wave
characteristic in terms of crest height and shape of the abnormal wave
at target location (maximum amplification) compared to the NYW (cf.
Fig. 5). On the other hand, based on the identified solution, the number
of background waves in front of and behind the perturbation were
iteratively reduced to identify the minimum number of background
waves necessary to trigger modulation instability reaching the same

Table 1
Main dimensions of the investigated LNGC.

Length [m] Breadth [m] Draft [m] Displacement [t] Block coefficient [dimensionless] Speed (knots)

LNGC 186.9 30.4 8.4 35675 0.75 0

Fig. 3. Comparison of reproduced model wave train at target location and the sequence recorded at the Draupner platform.

Table 2
Main characteristics of theabnormal waves at target location.

Wave Lw
LPP

Hmax (m) Hcmax (m) Htmax (m)

Peregrine I 0.7 12.82 8.29 4.53
Peregrine II 0.9 16.2 11.17 5.03
Peregrine III 1.1 21.73 14.87 6.86
Peregrine IV 1.3 28.86 18.64 10.22
New Year Wave 1.3 26.93 18.76 8.17
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abnormal wave compared to the basic solution. For the irregular sea
state part, the real-world NYW registered at the Draupner platform
were used as basis. A segment of t=125 s around the NYW was
removed from the registration by what two separate irregular sea
segments were left over. These segments are afterwards linearly
transformed back to the position of the wave maker. At the end, the
three wave segments at the wave board (irregular sea in front of the
breather, breather and the irregular sea after the breather) were

connected in such a way that the irregular waves surround the breather
but the breather itself was undisturbed from it at the beginning of the
wave evolution (cf. Fig. 9 top). This simple procedure was applied to
reproduce the NYW with a Peregrine breather such as shown in Fig. 5
by taking irregular waves in front of and behind the target wave into
account.

Fig. 9 presents the experimental results. The top diagram shows the
determined wave board motion. The extract of the Peregrine breather is

Fig. 4. Comparison of the four investigated Peregrine breather measured at target location. The measured surface elevations are shifted in time domain for a better comparability.

Fig. 5. NYW vs. Peregrine Breather: Comparison between real-world NYW reproduction and Peregrine IV breather measured at target location. The measured surface elevations are
shifted in time domain for a better comparability. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Horizontal particle velocity field [m/s] under the Peregrine IV breather (top) and the NYW (bottom) in full scale. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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obviously. The second and third diagram from top illustrates the
measured surface elevation at x=10 m and x=50 m in front of wave
maker, respectively. The Peregrine solution provides already a high
single wave within the breather sequence at the wave board due to the
short distance between wave maker and target location. At the target
location, the high single wave reaches its maximum wave height and
the surrounding waves merge to an irregular wave shape. The bottom
diagram compares the tailored irregular sea state with embedded
Peregrine breather with the NYW. This proves that breather solutions
are capable to tailor irregular sea states including a high single wave as
well as that the solutions can be applied for the generation of realistic
irregular wave environments.

5. Abnormal wave-structure investigation

So far, the characteristics of breather solutions are evaluated and
compared to the real-world NYW. Following, their impact on offshore
structures in terms of forces and motions relevant for the design is
addressed. Experimental as well as numerical investigations in the four
Peregrine breather presented above (cf. Table 2) are compared to
results in the NYW.

In the numerical model, the LNGC was divided into 34 stations and
each station was further divided into 20 segments of equal length.
Table 3 shows the location of the stations from the aft perpendicular
(AP) and Fig. 10 shows the body plan of the ship. The numerical
integration of the equation of motion (Eqs. (8)–(10)) was carried out
using implicit trapezoidal method with a time step of 0.1 s. The
experimental incident waves served as inputs for the numerical

simulation. The harmonics were calculated from the Fourier transform
of the wave time series measured in the wave tank at amidships of the
LNGC, i.e. the evolved waves directly behind the target location. The
numerical wave elevation in space domain was calculated from the
harmonics using Eq. (11) based on the linear dispersion relationship.
Even though the numerical simulation uses the nonlinear wave profile
that was measured during the model test at amidships, the calculated
pressure under the wave profile was still linear and the nonlinear wave
propagation was not considered which is beyond the scope of study.
Other aspects, such as green water shipping and slamming, which can
also influence the ship responses in severe seas, were not investigated.

Fig. 11 shows the direct time series comparison of the numerical
and the measured incident waves, heave and pitch motions and the
vertical bending moment at amidships in breather-type abnormal
waves and in NYW. The solid lines represent experimental results
and numerical results are shown by the dotted lines. The acronyms
‘Exp’ and ‘TDNL’ , respectively, denote the experimental and the
numerical results. The positive heave and pitch values, respectively,
indicate the ship emergence and bow down conditions and the positive
bending moment shows the hogging condition. The numerical and the
measured incident waves at amidships coincide exactly with each other
for all the tested cases as the measured waves are used for the
numerical simulation. Regarding the heave motions, the agreement
between the measured and the numerical results are good in general;
however, the positive heave peaks are slightly overestimated by the
numerical methods. The positive heave value shows the ship emer-
gence. This can be partly due the viscous effects and the associated flow
separation that occurs under the flat bottom and the bow flare region

Fig. 7. Dynamic pressure field [Pa] under the Peregrine IV breather (top) and the NYW (bottom) in full scale.
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Fig. 8. Horizontal velocity (left) and dynamic pressure (right) profile under NYW crest and Peregrine breather wave crest (full scale).

Fig. 9. Generation of a tailored Peregrine breather – integration of a Peregrine Breather into an irregular sea state.
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when the ship hull moves up in very large amplitude waves. Beukelman
(1983) showed that the drag coefficient is a function of the frequency
and the free surface waves influence the vortex shedding in the vertical
response of the ships. The pitch motions are better calculated by the
numerical method and the calculated vertical bending moments are in
very good agreement with the measured ones.

Rajendran et al. (2015a) presented the heave and pitch response of
a cruise vessel in large amplitude waves observing similar response
where the ship emergence and bow up condition is overestimated by
the numerical method. However, on further investigation it has been
found that the experimental incident wave field around the hull is
distorted due to radiated and diffracted waves. In order to check the
effect of distorted wave field on the ship motions, a heuristic approach
was used to modify the numerical incident wave so that it matches with
the measured incident wave. This approach significantly improved the
prediction of the heave and pitch responses.

Apart from the aforementioned viscous effects, other nonlinear
phenomena such as nonlinear wave propagation, nonlinear wave
pressure, green water load and slamming can also play an important
role in the discrepancy between the numerical and the measured
responses. Even though, the numerical simulations used experimental
nonlinear wave profile, linear dispersion was used for the distribution
of the wave profile along the length of the ship. Nonlinear wave
propagation is beyond the scope of the present seakeeping method
since the method has been designed for estimation of the long term
distribution of loads, which requires that the method is fast and
accurate enough for practical engineering applications. Moreover, the
calculated pressure under the waves is still linear. Green water load
calculation based on momentum theory, demands a good estimation of
the nonlinear wave profile and the relative motion of the ship in order
to calculate the exact height of the green water above the deck. This is
certainly beyond the scope of the present study. Whipping load was not
considered in the study assuming that slamming and associated

whipping response has little effect on the rigid body motions and
loads. However, it could be seen from the results that one of the main
sources of nonlinearity is associated with the geometry of the ship,
which the method is able to take into account.

The probability of exceedance of the peaks of the numerical and the
experimental incoming NYW and the associated ship responses are
shown in Fig. 12. The tests are conducted for 20 min which consisted of
90 wave cycles. Since the tests were not repeated, statistical uncertainty
in the distribution of the peaks due to the limited data is expected. This
could be observed from the spreading of the response peaks at the tail
of the distribution. However, since one of the main objectives of the
study is direct comparison of the extreme peaks of the numerical and
the experimental time series, probability distribution serve as a
supplement to see the correlation between the numerical and the
measured peaks for the rest of the time series. The circle and the
diamond symbols represent the positive and negative peaks of the
experimental results and the solid line and the line with ‘+’marks show
the positive and negative numerical peaks. Both the numerical and the
measured wave peaks at amidships coincide with each other. The
asymmetry in the distribution of the incident wave peaks, with the
crests peaks being larger than the trough peaks, clearly shows the
nonlinearity associated with the waves. The measured positive and
negative heave peaks are only slightly asymmetric except at the tail of
distribution and the ship submerges more and emerges less. The
numerical simulation is able to capture the ship submergence well,
however it overestimates the emergence. The aforementioned flow
separation associated with the ship emergence in high seas, which is
not taken into account in the potential flow method, and the dynamic
swell up can be a possible reason behind the measured lower
emergence.

Similar to the heave response, the experimental pitch is only
slightly asymmetric except at the tail of the distribution. Pronounced
bow flares acts as a strong source of nonlinearity due to the reserve

Table 3
Location of the station from the aft perpendicular (AP).

Station AP1 AP 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Distance from AP (m) −3 0 4 6 8 12 16 20 24 32 40 48 56 64 72 80 88 93.45 104

Station 18 19 20 21 22 23 24 25 26 27 28 29 FP FP1 FP2

Distance from AP (m) 112 120 128 136 144 152 160 168 172 176 180 184 186.90 188 190
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Fig. 10. Body plan of the LNGC.
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Fig. 11. Time series comparison of the measured and the numerical incident wave elevations, heave and pitch and the vertical bending moment at amidships.
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buoyancy and nonlinear hydrodynamic disturbance generated in the
bow region (Watanabe et al., 1989). However, unlike the containership
models tested by Fonseca and Guedes Soares (2004), the pitch peaks of
LNGC do not show any strong nonlinearity even in extreme seas. This
is due to the fuller body of the LNGC (C =0.75B ) and lower bow flare
angle with respect to the containership (C =0.64B ). The pitch peak data
at the tail of the distribution is scattered, however the distribution of
the peaks provides a fair insight into the behaviour of the ship in
abnormal waves, even though a larger number of wave cycles would
reduce the statistical uncertainty. The ship bow submerges slightly
more than it rises, which can also be due to flow separation under the
bottom and the bow during the bow emergence. The numerical results
follow the measured responses, both qualitatively and quantitatively.

Fig. 12 also present the distributions of the vertical bending

moment peaks at amidships. The peaks are asymmetrically distributed
with larger sagging peaks and smaller hogging peaks and the numerical
results are able to predict the vertical bending moment of the ship
accurately. At the tail of the distribution, the hogging peaks are slightly
overestimated by the numerical results.

Finally, the largest sagging and hogging values in the Peregrine IV
breather and the NYW are shown in Table 4 and compared with the
IACS Common Structural Rules for Bulk Carriers and Oil Tankers
(2015). Even though the simulation run was limited to 20 min for the
cases analysed in the paper, it was assumed that the chance to generate
another huge wave is very small if the simulation run has been
extended to 3 h. It is also a known fact the ship loads are strongly
influenced by the length of the encountering waves. Therefore, the test
was conducted for a range of wave to ship length ratio varying between

Fig. 12. Probability of exceedance of the peaks of the measured and the numerical incident wave elevations, heave and pitch and the vertical bending moment at amidships.
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0.7 and 1.3. Therefore, it is assumed that the wave load experienced by
the ship in these abnormal waves will be the largest one during its life
cycle. Presently, the abnormal waves are not accounted for the ship
structural design rules. Therefore, it is not necessary that the present
design loads are able to cover the maximum vertical bending moment
under abnormal waves. The rule values of the sagging and hogging
moments are the expected maximum values during the lifetime of the
ships. However, the numerical values discussed in the following
sections are the maximum values during an event, when the ship
encounters the abnormal waves. Therefore, the rule values are con-
sidered here as a reference to discuss the relative magnitude of VBM.
The maximum hogging and sagging loads experienced by the LNGC in
the Peregrine IV breather are slightly larger than the maximum loads in
the NYW due to the difference of the wave characteristics in front of
and behind the extraordinarily large wave crest (cf. Fig. 5). The
Peregrine IV breather features a more critical characteristic in terms
of wave length and height particularly in front of the abnormal wave
crest. In addition, breather solutions feature a symmetrical shape
around the abnormal wave crest resulting in an experimental design
abnormal wave whose critical wave length can be adjusted precisely.
They prove to be a very good tool for the estimation of the design loads
representing outstanding critical wave events in terms of structure
response. The rule bending moment is able to cover the largest bending
moment experienced by the LNGC in the NYW. The percentage of error
between the measured and the numerically calculated values for the
given cases is always less than 10%.

6. Conclusions

This paper introduces breather solutions of the NLS equation,
namely the Peregrine solution, as an innovative design abnormal wave
for abnormal wave-structure investigations. Thereby, the characteris-
tics of the Peregrine breather as well as their impact on a LNGC are
addressed. For the purpose of comparison, the real-world NYW is
additionally investigated allowing the evaluation of breather-type
abnormal waves in terms of applicability as design abnormal wave.

The investigations on abnormal wave characteristics demonstrates
that the Peregrine breather solution can be used for systematic
abnormal wave generation of certain frequency, i.e. abnormal waves
up to the maximum possible wave height are generated for predefined
critical wave lengths. In addition, it is shown that the breather-type
abnormal waves feature a similar abnormal wave characteristic com-
pared to the real-world NYW. Moreover, the potential span of applica-
tion has been demonstrated by integrating a breather solution into an
irregular sea state resulting in an abnormal wave within a random wave
field. Altogether, this investigation verifies that the breather solutions
are applicable for the deterministic generation of tailored extreme
waves.

The application of breather solutions to abnormal wave-structure
interaction is investigated by experiments and numerical simulations.
Again, Peregrine breathers as well as the NYW are considered.
Evaluating the structure response reveals that the impact of the

abnormal waves (Peregrine IV and NYW) is severe resulting in extreme
values for the ship response. From direct time series comparison, it is
found that the ship emergence is slightly overestimated by the
numerical method. This is probably due to the flow separation at the
flat bottom which is not taken into account in the potential flow code.
The ship submergence and the pitch motions are well captured by the
numerical method. The numerical sagging peaks are in very good
agreement with the experimental results, but the hogging peak is
slightly overestimated by the numerical method. The probability of the
exceedance of the ship responses in the NYW shows that the vertical
ship motions are only slightly asymmetric except at the tail of the
distribution. The IACS rule bending moment value is able to cover the
largest load experienced by the ship in the abnormal waves.

Comparing the largest loads, the structure experienced in the
Peregrine breathers and the NYW, it is found that the Peregrine IV
breather is more severe due to its critical characteristic in terms of
wave length and height particularly in front of the abnormal wave crest.
This result does not denote that real-world reproductions are useless
for the evaluation of wave-structure interaction as they represent
abnormal wave events which happened on sea, excluding any doubt
regarding discussions on possible unrealistic, artificial wave sequences.
However, the investigations prove that the breather-type abnormal
waves are very efficient design abnormal waves to be considered for
wave-structure investigations on different subjects, e.g. local and global
loads, green water effects as well as air gap investigations. The major
benefits are the potential to generate abnormal waves of certain
frequency up to the physically possible wave height, the symmetrical
shape of the abnormal wave and the availability of an analytical
solution.
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