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Abstract

This paper presents a comprehensive experimental study on the effect of extreme waves on a LNG carrier. The LNG
carrier model was equipped with a variety of sensors to measure motions, green water height on deck as well as local and
global loads. Experiments in transient wave packets provided the general performance in waves in terms of response
amplitude operators and were accompanied by tests in regular waves with two different wave steepness. These tests allowed
detailed insights into the nonlinear behavior of the vertical wave bending moment in steep waves showing that green water
on deck can contribute to a decrease of vertical wave bending moment. Afterwards, systematic model tests in irregular
waves were performed to provide the basis for statistical analysis. It is shown that the generalized extreme value distribution
model is suitable for the estimation of the extreme peak values of motions and loads. Finally, model tests in tailored
extreme wave sequences were conducted comparing the results with the statistical analysis. For this purpose, analytical
breather solutions of the nonlinear Schrodinger equation were applied to generate tailored extreme waves of certain critical
wave lengths in terms of ship response. Besides these design extreme waves, the LGN carrier was also investigated in the
model scale reproduction of the real-world Draupner wave. By comparing the motions, vertical wave bending moment,
green water column and slamming pressures it is concluded that the breather solutions are a powerful and efficient tool for
the generation of design extreme waves of certain critical wave lengths for wave/structure investigations on different subjects.
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Article Highlights
1 Introduction

» A comprehensive experimental study on the impact of extreme waves
on a LNG carrier is presented in terms of the ship motions, vertical
bending moments (VBM), green water heights, and slamming loads. Extreme waves are characterized by significantly high

wave amplitudes and short time duration, leading to large

motions and loads on marine structures. The risk for ships
encountering extreme sea states has been confirmed by the

reported accidents in the last years with increasing fre-

» The model tests in regular waves show that the green water on deck
causes the decrease of VBM for wave lengthip length = 1.1.

* The nonlinear behavior in higher, steeper waves can be investigated
systematically in regular waves.

* The statistical analysis for irregular wave tests shows that the GEV

distribution model is suitable for the estimation of the extreme peak
values of motions and loads.

* The statistical analysis for Draupner extreme wave tests shows that
the analytical breather solutions are good alternatives for the real
work freak waves in the investigation of ship motions and loads.
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quency. A general overview of real sea extreme wave reg-
istrations and reported accidents can be found in Kharif
et al. (2008). The occurrence of hurricanes in the Gulf of
Mexico has confirmed further that extreme sea states can
be dangerous for marine structures. It is likely that the sig-
nificance of severe sea state conditions for ship traffic will
even grow in the future because of the expected increase
in frequency and severity of extreme weather events asso-
ciated with global warming.

Earlier investigations indicate that ship response may
significantly increase in extraordinarily steep and/or large
(extreme) waves and a proper prediction of responses due
to extreme waves is important for ship safety in the extreme
sea. There are only a few reported experimental studies
with the ship responses in realistic extreme wave condi-
tions. Stansberg and Karlsen (2001) have performed model
tests with an FPSO in steep random waves showing that
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the ship motions are an important parameter besides the
encountering wave profile and indicating that the relative
short and steep waves are more critical than longer waves,
due to the phase lag of the pitch motion, in particular in
combination with large pitch amplitudes. The vertical bend-
ing moment (VBM) on FPSO due to extreme wave have
been investigated by Clauss et al. (2004) and Guedes Soares
et al. (2006) by comparing numerical simulations and model
tests. The variation of the maximum bending moment with
the position in space where the extreme wave was created
has been investigated and found to have a small influence.
Drummen et al. (2009) have compared the experimental
and numerical responses of a modern container ship with a
large bow flare in severe head seas. Denchfield et al. (2009)
have calculated the symmetric motions and global wave-in-
duced loads for a Leander class frigate in head irregular
and extreme waves using a two-dimensional hydroelastic
method comparing the rigid body motions with experiments.
The investigation of Fonseca and Guedes Soares (2002)
and Clauss et al. (2010) have shown for different types of
ships that the geometry of the bow flare in combination
with the wave steepness influence the global loads signifi-
cantly, in particular the sagging loads. A segmented model
of a RoRo vessel with a large bow flare has been tested in
regular and two real-sea waves by Clauss et al. (2010), show-
ing that critical loads and motions depend most notably on
combinations of wave height, wave group sequences, crest
steepness, encountering speed and the ships target position.
Even small wave heights with unfavorable wave lengths
can cause a critical situation.

Slamming and green water phenomenon often happens
for various vessels in extreme seas. Clauss et al. (2012) have
presented the systematic experimental study of an LNG car-
rier and a chemical tanker in high, steep waves in the sea-
keeping basin using breather solutions, showing that the
impact of a extreme wave is severe and dangerous result-
ing in large loads and huge amount of green water on deck.
Slamming impacts on a chemical tanker subjected to extreme
waves have been investigated experimentally and numeri-
cally in Wang and Guedes Soares (2016a, b). Slamming
occurrence on the chemical tanker advancing in extreme
waves modelled with the nonlinear Schrodinger equation
has been studied by Wang et al. (2016). Wang et al. (2020)
has studied the hydroelastic response of a river-sea-going
containership. Green water loading on the hatch covers of
bulk carriers in extreme weather conditions has been esti-
mated by Vassalos et al. (2003) using empirical equations.

In addition to experimental analysis, numerical solutions
based on potential flow are more frequently used. The time
domain strip theory method (Fonseca and Guedes Soares
1998a, b) has been validated for predictions of responses to
abnormal waves (Guedes Soares et al. 2008; Fonseca et al.
2010), showing that the code overestimates the sagging
moment peaks in very large and steep waves (Rajendran

et al. 2011, 2012). The code has been extended to include
the body nonlinearities in the radiation and diffraction forces
and then applied for predicting the vertical motions and
loads for a cruise ship subject to large amplitude waves
(Rajendran et al. 2015; Rajendran and Guedes Soares 2016).
This time domain code has been coupled with a FE model
in Rajendran et al. (2016) for investigating the flexible ver-
tical response of container ships in high seas. Good results
are obtained for low Froude numbers and head waves to
strip theory codes; however, the accuracy decreases for
other headings and higher speeds.

The 3D Boundary Element Method (BEM) uses either a
Wave Green’s Function (WGF) or a Rankine Source (RS)
as a source potential to satisfy boundary conditions. Yasu-
kawa (2002) have applied the 3D Rankine Panel method
in the time domain to calculate ship motions and local
pressure of several container ships with a large flare com-
paring the results with model test and strip theory. Zakaria
(2009) has used the linear 3D Panel method to predict the
relative wave height of container ships in extreme seas.
Guo et al. (2013) have studied ship response statistics in
extreme seas using WASIM. Datta and Guedes Soares (2020)
have analysed the hydroelastic response of a container vessel
using a coupled BEM-FEM method.

The application of RANS solver in simulating ship re-
sponses in waves has been intensively investigated in recent
years (Oberhagemann et al. 2012; Simonsen et al. 2013;
Tezdogan et al. 2015;Jiao et al. 2021a, b). Most of them
have been validated against experiments and show very prom-
ising results. However, the numerical errors due to uncer-
tainties are still a concern, and it is difficult to perform
CFD simulations on many severe sea states due to high
computational costs.

The number of model tests investigating ship responses in
extreme waves is still limited today while the existing nu-
merical codes predicting ship behavior in these waves still
need to be improved. To ensure the accuracy of numerical so-
lutions, uncertainty quantification has been emphasized in re-
cent years. The investigation of numerical errors due to discreti-
zation of CFD solvers can be found in Huang et al. (2022) for
wave loads and hydroelastic responses of a container ship,
and in Wang et al. (2021) for slamming load predictions.

The results of a benchmark study, organised by the
ISSC-ITTC Joint Committee, on global linear wave loads
on a container ship with forward speed has been presented
in Parunov et al. (2022). The objective of the study was to
assess the uncertainty in linear transfer functions due to
different seakeeping codes and consequences on long-term
extreme vertical wave bending moments. For this study, the
well documented Flokstra’s container ship with accessible
experimental data has been selected. The study has confirmed
that large differences can be found between methods based
on the same mathematical model and recommended the
initiation of benchmark studies with different ship types to
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provide the basis for the quantification of uncertainties.
Within the EU project EXTREME SEAS, an extensive
experimental study of the ship motions and wave-induced
local and global loads of an LNG carrier in extreme seas
has been conducted, however, only part of the experimental
data have been made accessible for the public. To provide
a general overview on the test setup, the experimental pro-
gram and main findings as database for the benchmark study,
this paper presents a comprehensive analysis of the impact
of extreme waves on an LNG carrier, including the ship
motions, VBM amidships, slamming, and green water impact
loads of the model due to regular, irregular, and extreme
waves. Main findings regarding motions and loads on the
ship from previous studies will be summarized as well.

2 Model tests

The model tests were conducted in the seakeeping basin
of the Ocean Engineering Division of the Technical Uni-
versity 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, an electrically driven wave generator is installed
which can be used in piston-type as well as flap-type mode.
The wave generator is fully computer controlled and a soft-
ware is implemented which enables the generation of tran-
sient wave packages, deterministic irregular sea states with
defined characteristics as well as tailored critical wave
sequences. On the opposite side, a wave-damping slope is
installed to suppress wave reflections.

2.1 LNG carrier model

The LNGC model was made of fibreglass reinforced
plastic (GRP) in model scale 1:70. The main dimensions
are given in Table 1. An impression of the LNGC model is
presented in Figure 1(a). The origin for all subsequent posi-
tion specifications is shown in Figure 1(b). A detailed mass
distribution of the investigated LNGC model is given in
Table Al in Appendix A.

2.2 Model equipment

The model was equipped with several different sensors
to measure global ship motions, global and local loads and

Table 1 Main dimensions of the LNGC

Parameters Full scale  Model scale
Length over all (L, ,) 197.13 m 2.816 m
Length between perpendicular (L) 186.90 m 2.670 m
Breadth 30.38 m 0.434 m
Depth (moulded bulwark in the model) 18.20 m 0.268 m
Draught 8.40 m 0.120 m
Displacement 356748t 103.831 kg

the wave profile at the bow on the weather deck. Follow-
ing, each individual measuring equipment is introduced in
detail.

2.2.1 Pressure transducers

The model was instrumented with pressure transducers
at different positions on the hull: on the bow, on deck at
the forecastle area and on the keel near the bow and at the
stern. Figure 2 presents sketches of the pressure transducer
locations at bow (Figure 2(a)) and stern (Figure 2(c)) as
well as shows the installion of the pressure transducers at
bow exemplary (Figure 2(b)).

The overall focus of the experiments lied on the pressure
loads on the bow due to steep large waves. Therefore, a
large area at the bow of the vessel was instrumented with
pressure transducers to obtain conclusions regarding the lo-
cal pressure distribution on the bow and the associated glob-
al effects on the vbm (cf. Figure 2(a)). A detailed description
of the position of the transducers as well as its measuring
characteristics and uncertainties can be found in Appendix B.

2.2.2 Force transducers

For the determination of the global loads, particularly
the vertical wave bending moment, the ship model was di-
vided into two segments which were connected with three
force transducers. Two were mounted on deck, one on each
side, the third one was mounted underneath the keel (cf.
Figure 3). The force transducers registered 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. The strain gauges
featured a nominal load of 200 kg and a protection class of
IP68 (100 h at 1 m water column).

L,/2

P f.pp.

\ (0,0,0)
(a) Impression of the
manufactured model

Figure 1
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Sketch of the investigated LNGC and the manufactured model

(b) Sketch of the investigated LNGC with coordinate origin
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(a) Pressure transducer
locations at the bow

Figure2 Overview on the pressure transducer locations

Figure 3 Sideview of the mounted force transducers

2.2.3 Green water and relative wave gauges

In addition to the two pressure sensors (No. 37 & No. 38)
mounted on deck, two green water gauges (absolute, mea-
surable green water height on deck is 0.185 m and 0.125 m)
were installed at the same longitudinal positions. The posi-
tions and dimensions are illustrated in Figure 4. Furthermore,
a relative wave gauge (4,,,,.=0.75 m) was installed at the
bow at the forward perpendicular.

2.3 Test set-up

The test set-up included the suspension system to hold

(b) Picture of installed
pressure transducers at bow

(c) Pressure transducer
locations at the stern

the model in position during the tests, the tracking system
to measure the absolute motions as well as the wave gauges
to measure the encountering waves.

2.3.1 Suspension system

During the investigations, the model was fixed with an
elastic suspension system using a triangular towing arrange-
ment pulling the model without inducing a moment (cf.
Figure 5(a)). The longitudinal motions were restricted by a
spring in front of and a counter weight behind the model.
With this arrangement, heave and pitch motions as well as
the measured forces and moments remained unrestrained.

To evaluate the influence on the vbm, investigations were
made in steep, regular waves with and without suspension
system. Figure 5(b) compares the vbm at waterline level with
and without suspension system. The investigation revealed
that the influence is less than 2% and can be neglected.

2.3.2 Absolute motions

The ship motions were recorded by an optical tracking
system. The tracking system consists of a seven by ten meter
frame that carries five infrared cameras which were shifted
parallel to the moving ship model. The system enables
high precision, contact-free motion tracking over large dis-
tances by following the trajectories of infrared light emit-
ting diodes mounted on the ship model.

fpp.

| 2.67m

2.58 m

green-water
gauges

(0,0,0)

Figure 4 Positions and dimensions of the relative wave gauge and the green water gauges
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Figure 5 Test set-up and evaluation of the suspension system

2.3.3 Wave gauge positions

The number of wave probes as well as they positions
were varying according to the objective of the test cam-
paigns. Altogether, the LNGC was investigated at stationary
conditions and at forward speed. At stationary conditions,
one objective lied on a detailed detection of the wave evo-
lution along the ship, particularly at the forward perpendic-
ular. Figure 6 shows the sketch of the wave gauge posi-
tions for the model test at stationary conditions. The inves-
tigations were performed at a target location at 45.9 m,
starting at the idle state of the wave board. Target point was
the forward perpendicular of the LNGC. A total amount of
ten wave gauges were installed about the target location.
The first one is 6 m in front of it at x,=39.9 m. A cluster of
seven gauges, separated in 0.1 m intervals, was arranged
around the target location to investigate the spatial evolution
of the waves at the bow. Furthermore two gauges, one at each
position, were installed amidships and at the aft perpendic-
ular. For the cruising ship, this set-up was reduced to three
wave gauges-one 6 m in front of the forward perpendicular
(gauge No. 1 in Figure 6), one at forward perpendicular
(gauge No. 5 in Figure 6) and one at amidships (gauge No. 9
in Figure 6) regarding the idle state of the model.

3 Experimental program and results

The experimental program included investigations in fre-
quency and time domain. One objective of the model tests
was the determination of the response in terms of transfer
functions. Therefore the model was investigated in transient

110 115 120 125
t(s)

100 105

(
(b) Comparison between vbm at waterline level measured with

and without suspension system

wave packages to obtain the Response Amplitude Operator
(RAO) and the results were evaluated with tests in regular
waves. Furthermore the model was investigated in irregu-
lar sea states, critical wave sequences, and real world freak
wave reproductions as well as in breather-type freak waves.
In the following subsections, the different parts of the exper-
imental program are presented.

3.1 Transient wave packet

A powerful and efficient tool for the evaluation of the
sea state behavior of ships and offshore structures is the
transient wave packet technique which enables the determi-
nation of the RAO efficiently in one test run (e.g., Clauss
and Kiiuhnlein 1995, 1997; Clauss and Steinhagen 1999;
Kiihnlein et al. 2002; Clauss et al. 2010; Hennig 2005;
Clauss et al. 2014; Klein et al. 2021). TWP's depict synthe-
sized task-related wave spectra with tailored phase distri-
bution. The phase distribution is adjusted in such a way that
all components of the wave spectrum are in-phase superim-
posed at the concentration point yielding a single wave
peak. The shape and width of the spectrum can be adapted
to the relevant frequency range of interest.

Figure 7 presents the RAO’s determined by the TWP tech-
nique. For comparative and evaluation purposes, the exper-
imental results (blue curves) are compared with numerical
results (red curves) obtained by the well established fre-
quency domain analysis program WAMIT (Wave Analysis
at Massachusetts Institute of Technology). WAMIT is a
radiation/diffraction program for the evaluation of wave-
structure interaction at zero speed in frequency domain
(Newman 2018; WAMIT 1994; Lee 1995) being a widely

Wave gauges 1-10

10 9 8765432 1
1 1
Wave-board
‘ L] [T 7 /
a=1 nfPP- Lpy2 f.1p
S[S|S|S|S|S
5=0.1m
[ v
399 m
s m—om
48.57 m

Figure 6 Sketch of the wave gauge positions

@ Springer




M. Klein et al.: Experimental Study on the Effect of Extreme Waves on a LNG Carrier 57

accepted, validated numerical tool for hydrodynamic anal-
ysis and proven to be suitable for a multitude of applica-
tions. Figure 7(a) presents the result for heave motion,
Figure 7(b) for pitch motion and Figure 7(c) for the vbm.
The good agreement between the experimental and numeri-
cal results is evident at first glance.

3.2 High and steep regular waves

The investigated discrete regular wave lengths (L) were
chosen in order to cover the complete range of interest in
frequency domain-from L /L =0.6 to L /L, =2.2. With regard
to the influence of the wave steepness on the vbm, the test
program was divided into two parts. Each part comprised
the same wave lengths with varying wave steepness. The
wave height and steepness was selected in such a way to
obtain wave profiles with different crest/trough asymme-
tries and to evaluate the influence of different wave profiles
(asymmetries) on the vbm.

Figure 8 illustrates the regions of validity of various grav-
ity water wave theories with regard to the wave profile.
The relative water depth is plotted on the abscissa and the
relative wave height on the ordinate. It is shown that for small
amplitude waves, the linear wave theory can be applied,
whereas for increasing wave heights (and hence increasing
crest/trough asymmetries) the Stokes II and Stokes III theo-
ries become valid (the relative water depth of the investigated
wave lengths is between 0.02<d/(g- T *)<0.1 (cf. Figure 8).

The first part of the experimental program included reg-
ular waves with moderate amplitudes. The relative wave
heights of the investigated waves were between 0.002 <H/
(g'T ») <0.004 - where the wave profile was within the
Stokes II domain (cf. Figure 8 - red dots). During the sec-
ond part of the experimental program, the same (regular)
wave lengths were generated with increased relative wave
heights and thus the relative wave heights were between
0.01<H/g T°)<0.012 - where the wave profile was within
the Stokes I1I domain (cf. Figure 8 - blue dots).

Figure 9 presents the results of the model tests in regu-
lar waves-the respective RAOs (]sagging moment| + hog-
ging moment-red dashed curves) are compared to the RAO
(black curves) determined by the transient wave packet

technique. The sagging (red crosses) and hogging moments
(red circles) are additionally registered to evaluate the asym-
metry of the measured bending moment compared to the
wave steepness. Figure 9(a) shows the result for wave pro-
files in the Stokes II domain (WH2) and Figure 9(b) for
wave profiles in the Stokes III domain (WH3).

The result of the RAO’s determined in regular waves
(|sagging moment| + hogging moment - red dashed curves)
and in the transient wave packet (black curves) are in good
agreement. With regard to the asymmetry of the hogging
and sagging moments, it is clearly identifiable that the asym-
metry between sagging and hogging increases with increas-
ing wave height which is in accordance to previous investi-
gations (Watanabe et al. 1989; Guedes Soares and Schellin
1998; Fonseca and Guedes Soares 2005; Clauss and Klein
2016). The trend of the vbm, in particular regarding the
results in the WH3 regular waves, shows a special feature -
a hollow at the interval where the maximum of the RAO
would be expected for the LNG Carrier. This does not
denote that the vbm shrunk but that the vbm shrunk pro-
portionally to the wave height. It is noticeable that this occurs
around L, /L = 1.1 and can be explained with the effect of
green water on deck.

Figure 10 presents the green water column height on deck
of the LNGC for the different wave length. The installed
green water sensors are capable to detect continuous water
volumes, but the green water on deck behaves like a spill-
ing breaking wave with white cap. This results in a scatter
of the detected green water column heights (indicated in
Figure 10 via the associated variance). However, it is clear
identifiable that the interval of the highest green water col-
umns is within the observed hollow interval regarding the
vbm. This shows that the vbm shrunk proportionally to the
wave height due to the fact that some of the energy of the
increased wave crest spills over the deck in terms of green
water instead of acting on the bow resulting in a smaller
vbm to wave height ratio. Furthermore, additional effects
due to the influence of the shipping of water on deck have
to be taken into account such as affected ship motions (Fon-
seca and Guedes Soares 2005) as well as a counteracting
moment due to the green water mass on deck (Rajendran
et al. 2011; Clauss and Klein 2016).
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Figure 7 Comparison of measured (blue curves) and calculated RAOs (red curves) for the LNGC
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Figure9 Comparison of the RAO for the vbm at L /2 determined with the transient wave package technique (black curves) and the results in
regular waves (red dashed curves) for the LNG Carrier. The sagging (red crosses) and hogging moments (red circles) are additionally registered

3.3 Irregular sea states with random phases

Several irregular sea states were investigated representing
design storms according to existing probabilistic methods.
The investigated characteristic sea state parameters 7,, H,

@ Springer

and y are given in Table C3 in Appendix C. These sea
states, each about 30 min real time, were generated in groups
of up to six sea state sequences (phase seeds) per charac-
teristic sea state parameter set for long term statistical anal-
ysis and each row presents one set of the characteristic irregu-
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Figure 10  Green water column height on deck of the LNGC at the
forward perpendicular

lar sea state parameters. The phases were randomly gener-
ated and differ within each set of parameters but are con-
stantly plugged for each set. For example, parameter set
No. 1 (see Table C3), phase seed #1 had another random
phase distribution than phase seed #2, #3 and so on of the
same set, but the same phase seed like set No. 2, phase
seed #1, set No. 3, phase seed #1 and so on. Altogether,
45 irregular sea states for test runs at stationary conditions
(Fn=0) as well as at forward speed (Fn=0.07).

In the following, the experimental results for sea state

—_— N
oSO

-10

IRREGULAR?20 (cf. Table C3) at Fn=0 are presented. The
focus lies on the statistical analysis of the excceedance prob-
ability of the peaks of global motions and loads. For com-
parative purposes, the experimental results are compared
to numerical simulations. Therefore, a strip theory based
partially nonlinear time domain code was applied (Rajen-
dran et al. 2015).

Figure 11 compares the time series of the numerical
solution and the measured incident waves, heave and pitch
motions, and the vbm at amidships (Fn=0 and sea state
IRREGULAR20). The wave profile recorded at amidships
(cf. No. 9 in Figure 6) were directly converted to the input
data for the numerical simulation. As seen in Figure 11(a),
the numerical wave sequence is in perfectly good agree-
ment with the measurements. However, as the wave pro-
file in space domain is based on linear transformation of
the registration amidships, the wave profile along the ship
in space domain will differ from the experiments. In addi-
tion and in contrast to the experiments, the ship’s position in
space is fixed. Reading the motions (Figure 11(b) and 11(c))
and loads (Figure 11(d)), the agreement between numerical
and experimental values are satisfactory in general, though
the numerical method overpredicts the peaks slightly.

Figure 12 shows the comparison of the exceedance prob-
ability of the peaks for IRREGULAR20 phase seed #l.

— — — -Experimetal
Numerical

oPNMNMMNAN AN J \/\MN\/W\/\M}WM

Wave elevation (m)

l\)'—‘

000 2 050 2 100 2 150 2 200

2 250 2 300 2 350 2 400 2 450 2 500
Time (s)

(a) Wave elevation at amidships

5

\\

Heave (m)

) \/‘\ ‘//\W \\/ ‘j;\f\\l%ﬂﬁ A\ N/’\\L \/ u\/\/\\f\{\’\/ \,\\ \\‘\—«/\l/\jl/ ,ﬂ/ \N \NJ\/W\/

_5 L \ L L
2000 2050 2100 2150 2200

2250 2 300 2 350 2 400 2 450 2 500
Time (s)

(b) Heave motion

5 A4
I \1\\

)

A

\\\ l‘

< \ \
§°/‘\

R!

|
fl A A A A
/"L‘/l&m‘vv\q\'}:&l\( RYAAY \“ /“"‘\ " /\\(/'NMH \H\\W‘ / N ‘

\ \

‘ |
{(‘\ i‘ll “‘

//

2 000 2 050 2 100 2 150 2 2IOO

2 250 2 300 2 350 2 400 2 450 2 SIOO
Time (s)

(c) Pitch motion

109
2><

A ,\/‘\ J\ M /v\/

VBM (kN-m)
o=

MANWAN

/\l

v

L\ /k ’ \\ j\fv’\[\ \ I\/\ﬁ f \ ./"‘J\A/\ Vf\f\f\n

) . i
2000 2050 2100 2150 2200

2 250 2 300 2 350 2400 2450 2500
Time (s)

(d) VBM at amidships

Figure 11
experiments in the sea state IRREGULAR20 phase seed #1

Comparison of the numerical prediction of the time series of the wave surface elevation at amidships, heave, pitch and vbm with
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For the experimental data, negative heave peaks are larger
than the positive ones for the measured responses except
the tails, while the positive pitch peaks are higher than the
negative ones. The numerical heave peaks follow similar
trends for all the results; however, they are all higher than
the experimental peaks at the same probability.

Taking all five phase seeds of IRREGULAR20 into
account gives the exceedance probability of the peaks pre-
sented in Figure 13. For the heave motion, the positive and
negative values are very close when the exceedance proba-
bility is high, but the difference becomes larger when the
exceedance probability is getting smaller. A similar obser-
vation is found for pitch motion. Comparing the values
from the five repeated tests, the exceedance probabilities
for the peaks agree quite well for small values, but more
deviations are found for larger values. It is expected that
the uncertainty in extreme value is higher.

To study the peak values of the ship motions and loads
subjected to extreme waves, the generalized extreme value
(GEV) distribution model was applied on the experimental
data. The statistical analysis showed that the GEV distribu-
tion model is suitable for the estimation of the extreme
peak values. Figure 14 presents diagnostic plots of good-
ness of fit for generalized extreme value distribution of the
peak values from the experiments. The random uncertain-
ties of the experimental data for the motions and vbm are
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small (below 3.2 %) for the Fn=0 case. For the case with a
forward speed (Frn=0.07), all uncertainties are below 2.2%
(cf. Wang and Guedes Soares 2022b). Compared with the
random uncertainty of the slamming peaks, the experimen-
tal errors of motions and vbm are quite small. A detailed
analysis and discussion can be found in Wang and Guedes
Soares (2022b).

3.4 Extreme wave events

Investigations on extreme wave events are indispensable
for a complete evaluation of a ship. Besides the statistical
determination of extreme responses based on investigations
in irregular sea state with predefined design wave spectra
(and random phase distributions), investigations in deter-
ministic extreme wave sequence enable the deterministic
evaluation of critical wave sequences and extreme responses.
Particularly, experiments in deterministic extreme wave
events allows the detailed analysis of the cause-reaction
chain for specific research questions and the evaluation if
such wave events are critical for the investigated structure
which cannot covered by statistical analysis.

The experiments on extreme wave events comprised inves-
tigations based on real world measurements as well as spe-
cific design extreme wave groups. As real world reproduc-
tion, the famous Draupner wave, also known as “New Year
Wave” (Slunyaev et al. 2005; Cherneva and Guedes Soares
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Figure 12 Comparison of the exceedance probability of the peaks for the motions and vbm in sea state IRREGULAR20 phase seed #1
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Figure 13 Exceedance probability of peaks for the motions and vbm in sea state IRREGULAR20 all five phase seeds

2008), was generated in the seakeeping basin. Exact solu-
tions of the non-linear Schrodinger (NLS) equation-the so
called breather solutions-were applied for the generation
of design extreme wave groups. Breather solutions are
characterized by quasi-monochromatic waves being slightly
perturbed in time or space. Due to modulational instability,
this perturbation increases during evolution resulting in
large amplifications of the initial amplitude. Altogether,
three types of breather solutions, namely the Kusnetzov-Ma
breather (Kuznetsov 1977; Ma 1979), the Akhmediev breath-
er (Akhmediev et al. 1985; Akhmediev and Korneev 1986;
Akhmediev et al. 1987) and the Peregrine breather (Peregrine
1983), were utilized in order to evaluate their applicability for
task related research questions on extreme wave impact.

The application of breather solutions for model tests is
beneficial due to several reasons. One aspect relates to the
simple and straightforward applicability as design extreme
wave: “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 extreme
wave and the availability of an analytical solution” (Klein
et al. 2016), which enables a fast and simple generation of
the wave maker control signal. Another aspect relates to the
fact that breather solutions, particularly the Peregrine breather,
are being considered as special prototype of extreme waves
(Shrira and Geogjaev 2010). Wang et al. (2018) have shown

numerically that the Peregrine breather is applicable for
modeling extreme waves in realistic oceanic conditions by
embedding the Peregrine breather in complex sea states
based on JONSWAP spectra. In this context, Klein et al.
(2016) have shown experimentally that Peregrine breathers can
be embedded into irregular sea state to tailored extreme wave
sequences and that such a design extreme wave features simi-
lar dynamics compared to the real world Draupner wave.

Following, the experiments with the three breather solu-
tions are presented and compared with the results in the
Draupner wave. Each solution was used to generate a set
of high, steep single waves of different discrete carrier wave
lengths to cover the range of interest in frequency domain
regarding the vbm. The initial steepness at the wave board
were defined in such a way to ensure that the high single
wave at target location is as high as physically possible for
the defined wave lengths.

3.4.1 Breather-type extreme waves
The three breather solutions applied in the experiments
represent exact solutions of the NLS equation which reads

04 1 04
S
0x Cg Jat

2
i(a’ aa:?l ; ﬂ’|A|2A) -0 ()

for the wave group evolution in space of a time series, with
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Figure 14 Diagnostic plots of goodness of fit for generalized extreme value (GEV) distribution of the peak values from the experiments

The carrier wave number is represented by &, the corre-

1l w, a
o =gt @) . |
8k’ C, sponding angular frequency by w,, the group velocity by
C, and the water depth by d. The correction for the group
and velocity in finite water depth is taken into account by the
coefficient v,
p-rokrl )
2 9 C, _ 1492 k.d ©)
Y sinh (2k.d )
The coefficients a and S read for arbitrary depth (Serio
et al. 2005) 3.4.1.1 The Akhmediev breather
b2k d The Akhmediev breather (Akhmediev et al. 1985; Akhme-
a=v+2+8( k(d)z%") (4)  diev and Korneev, 1986; Akhmediev et al. 1987) depicts
sinh”(2k.d) the modulational instability process in space and is periodic
in time,
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with o=v/a,./a'IB', 6=0+/ 2 + * and o=p" a’G (Karjanto
and van Groesen 2007). To arrive at the Akhmediev breather
solution, three parameters have to be predefined - the
plane-wave amplitude a_, the normalized modulation fre-
quency b as well as the carrier frequency w..
3.4.1.2 The Kusnetzov-Ma breather

The Kusnetzov-Ma breather (Kuznetsov 1977; Ma 1979)
is periodic in space and decreases exponentially in time.
Contrary to the Akhmediev breather, the modulation for
the Kusnetzov-Ma breather is never small, i.e, the solution
oscillates while propagating. Consequently, this solution does
not comply with the classical Benjamin-Feir instability. The
corresponding analytical solution is

- V2 $cos(nx) +i4/2 fjsin (nx) ~
V2 cos(nx) = v/ 2 + 3 cosh ()

1

Ag(x, 1) = A4.(x)
®)

with 9=%/a, [a'Ip’, =92 + & and n=p" a’ij (Karjanto
and van Groesen 2007).

Three parameters have to be predefined in order to deter-
mine the breather envelope-the plane-wave amplitude a,
the normalized modulation wave number 7 as well as the
carrier frequency ..
3.4.1.3 The Peregrine breather

The Peregrine breather solution (Peregrine 1983), also
known as rational solution, represents the limiting case of
the time-periodic Kusnetzov-Ma breather and the space-
periodic Akhmediev breather. It has the specific character-
istic that it is neither temporally nor spatially periodic: it is
a wave that “appears from nowhere and disappears without
trace” (Akhmediev et al. 2009) being considered as special
prototype of freak wave (Shrira and Geogjaev 2010). Its
analytical form suitable for wave tank experiments is (Kar-
janto and van Groesen 2007)

4a'(1 - 2B'a’x)

Ag(x,t) =4,
O = AN S ey + 2par

-1 O

In general, only the plane-wave amplitude a, as well as
the carrier frequency w, (i.e., the initial steepness) needs to
be predefined to fully determine the Peregrine solution in
space and time.
3.4.1.4 Experimental results

The LNGC was investigated in the three breather solu-
tions introduced above in order to evaluate the applicability
of each solution as well as to determine the impact of such
high, steep single wave on the LNGC. At the beginning,
the three solutions were used to generate a set of high, steep
single waves of different discrete carrier wave lengths. The
carrier wave lengths were chosen in order to cover the range
of interest in frequency domain regarding the vbm-from

L/L,=0.7 to L/L =1.3. The initial steepness at the wave
board was defined in such a way that the high single wave
at target location is as high as physically possible for the
defined wave lengths.

Based on the different solutions, the determined surface
elevation at the wave board was divided by the RAO of
the wave maker to obtain the control signal. The agree-
ment between theoretical location of freak wave occur-
rence (input) and the registrations/observations in the tank
showed satisfying agreement, i.e., in most of the cases the
actual freak 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 tar-
get locations, the investigated breather-type extreme waves
presented here resulting from an adjustment of the first
control signal to obtain the extreme wave as exact as possible
at the target location, i.e., which took up to 3 iteration steps.

Figure 15 presents the results of the model tests at sta-
tionary conditions (Fn=0) in breather-type extreme waves-
from top, the shortest, to bottom the longest wave length.
The LNGC was investigated in three different carrier wave
length (L, /L,=0.7 to L/L,=1.1) for each of the three
breather solutions. In addition, the Peregrine breather was
exclusively applied for the L,/L =1.3. The results of each
carrier wave length comprises a set of three diagrams-the
top diagram shows the surface elevation at the forward per-
pendicular, the center diagram the vbm at amidships and
the bottom diagram the green water column height on deck
at the forward perpendicular.

The design vertical wave bending moments according
to the IACS-Common Rules (IACS 2015) are additionally
illustrated to evaluate the measured vbm, knowing that in
the dimensioning process of the transverse section additional
parameters have to be considered (e.g., y;, c,, deck open-
ings, ...). The black dashed lines denote the design vertical
wave bending moment. The ultimate design vertical wave
bending moments, which can be calculated based on design
vbm considering safety factors, are not displayed as they are
outside the axis scaling (i.e., all data is below this threshold).

The ordinates are equally scaled for all associated dia-
grams to simplify the overall picture of the results. The dif-
ferent results of the three breather solutions for the same
carrier wave length are illustrated in the same set of dia-
grams-the blue curves denote the results for the Peregrine
breather, the red curves for the Akhmediev breather and
the green curves the Ma-Kuznetsov breather.

The overall picture of the presented results shows that
the high single wave is clearly identifiable at the forward
perpendicular-for all breathers and wave length to ship length
ratios. Furthermore, it is obvious that the surface elevation
of the different breathers with the same carrier wave lengths
is quite identical as well as the associated responses, but
the Akhmediev breather shows a slightly different wave
propagation in front of the target wave. The height of the
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Figure 15 Results of the model tests in breather-type extreme waves

@ Springer



M. Klein et al.: Experimental Study on the Effect of Extreme Waves on a LNG Carrier 65

presented extreme waves increases with increasing carrier
wave length independently of the used breather solution
due to the fact that all presented waves are generated in
such a way that the highest physically possible wave height
is obtained at the target location, i.e., all presented waves
are plunging breaker close to the target location.

Analogue to the results in regular waves, the resulting
vbm depends on the wave length and reaches maximum
values for the identified critical wave lengths as a function
of the wave height. But also the reached absolute values
are outstanding due to the impact of the highest physically
possible wave height, in contrast to the tests in regular
waves with moderate wave steepness. The wave heights of
the highest, steepest regular waves (WH3) are approximately
40% smaller compared to the breathers. Comparing the abso-
lute vbm values show that the moments are at least 15%
higher for hogging condition and 30% higher for sagging
condition than measured in regular waves. The maximum
vbm, in particular the sagging moment, reaches the design
vertical wave bending moment regarding the LNG Carrier.

The exceeding of the design vertical wave bending
moment is not resulting in an inevitable structural failure
of the ship at full scale as additional parameters have to be
considered for the dimensioning of the transverse section.
Nevertheless, it shows that the impact of the breather-type

extreme waves is severe and a limiting case for the investi-
gated ship. This is confirmed by the measured green water
column heights at the forward perpendicular which reaches
impressive values (cf. Figure 10 and Figure 15) - a 10 m
high wave front had been detected at the forward perpen-
dicular spilling over the deck which is as high as a single
family home. In addition, very high slamming pressure
were captured at the bow (pressure sensors No. 02 and No.
05) and stern (pressure sensors No. 31 and No. 32) of the
model for the L /L = 1.3 as seen in Figure 16. For all four re-
corded pressure sensors, the maximum value occurred when
the highest wave impacts the hull. In this Peregrine breath-
er solution, the maximum pressure peaks are 1.07 bar, 1.28
bar, 1.01 bar, and 1.16 bar, respectively. For the L“/Lpp= 1.1
cases, the Peregrine breather solution gives the peaks val-
ues as 0.88 bar, 1.00 bar, 0.67 bar, and 0.87 bar, and the
Ma-Kuznetsov breather solution provides the peaks as 0.95
bar, 0.99 bar, 0.71 bar, and 0.88 bar, while the Akhmediev
breather predicts the peaks as 0.95 bar, 1.18 bar, 0.85 bar, and
1.03 bar. By using the GEV distribution, the most probable
extreme values of the peaks on pressure sensors No. 02,
No. 05 and No. 32, are 0.82 bar, 0.91 bar and 0.73 bar, for
the case in sea state IRREGULAR20 with H=11.5 m and
T,=12 s. All the peaks values from the three breather solu-
tions are higher than the extreme values in the irregular
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Figure 16 Slamming pressure at the bow and stern for Fn=0 in Peregrine Breather extreme wave for L /L =1.3
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case. In particular, the peaks of the the Peregrine breather
L/L,= 1.3 case are 31%, 40% and 58% higher than those
extreme values.

Altogether, the results show that the breather solutions
are a powerful tool for the generation of tailored extreme
waves of certain critical wave lengths for investigations of
limiting cases on different subjects, e.g., local and global
loads, green water effects as well as air gap investigations.
In this context, the Peregrine breather solution is particu-
larly advantageous (Klein et al. 2016).

3.4.2 Real world extreme wave reproduction

To evaluate the model test results obtained using the
breather solutions, the LNGC was also investigated in a real-
world extreme wave reproduction - the famous Draupner
wave. The Draupner extreme wave has been recorded dur-
ing a storm on January 1, 1995 at the Draupner platform in
the North Sea. A giant single wave (,,=25.63 m) with a
crest height of {=18.5 m occurred in a surrounding sea
state characterised by a significant wave height of H=
11.92 m (H,,,/H=2.15). The water depth at the location is
d=70 m. Figure 17 shows the measurement in the wave
tank in comparison to the original wave sequence recorded
at the Draupner platform-see Clauss and Klein (2011) for
details on the wave generation procedure.

Figure 18 presents the results for the LNGC at station-
ary conditions (Fn=0) in the Draupner wave. Figure 18(a)
displays the surface elevation at the forward perpendicular,
Figure 18(b) the associated vbm and Figure 18(c) the green
water on deck at the forward perpendicular. The results
obtained in the Draupner wave (blue curves) are compared
to the results measured in the Peregrine breather (red curves)
with L /L = 1.3 (cf. Figure 15), respectively. This wave
sequence has been chosen due to the fact that the extreme
wave at target location features almost the same extraordi-
narily high wave crest height, but it should be mentioned
that the Peregrine breather is also characterized by deeper
preceding and following trough as well as shorter up- and
downcrossing wave periods, i.e., the Peregrine breather is
higher and steeper.

Comparing the measured loads (Figure 18(b)) and green
water column on deck (Figure 18(c)) reveals that both
extreme waves are dangerous events for the ship. For the
Draupner wave impact, the measured vbm reaches the design
vertical wave bending moment and the green water column
height on deck is with approximately 8 m also impressive.
But the impact of the Peregrine breather is more severe result-
ing in higher hogging and sagging loads as well as green
water column height on deck. The main reason for this result
is the aforementioned difference between wave height and
steepness as well as the wave length of the breather extreme
wave as it is more critical regarding the investigated LNGC.
This result does not denote that real world registrations
reproduced in the wave tank are useless for the evaluation
of wave-structure interaction due to the fact that they rep-
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resent abnormal wave events which happened on sea in con-
trast to predefined breathers. Therefore, the results obtained
in real world freak wave reproductions exclude all possi-
bility of doubt regarding discussions on possible investi-
gated unrealistic, artificial wave sequences. However, this
result denotes that the breather solutions can be used to
design extreme wave events for certain wave lengths up to
the maximum possible wave height for the identification
of critical wave sequences regarding wave length, height
and steepness.

To investigate the impact of the Draupner wave on the
motions and loads of the ship, Figure 19 shows the exceed-
ance probability of maxima and minima of the heave and
pitch motion as well as the vbm amidships, together with
the analytical distribution models by fitting these peaks. It
is seen that all the positive peaks are higher than the nega-
tive ones for the vbm. The positive peaks are larger than
the negative ones at the tails for the distribution of heave and
pitch motions. The GEV model fits better on the maxima
and minima of the motions, while the Weibull model per-
forms a bit better on the peaks of vbm. By using the GEV
model, the most probable extreme values of heave motion
are 5.31 m (positive) 6.60 m (negative), and of pitch mo-
tion are 7.92° and 7.82°. With the Weibull model, the most
probable extreme values of vbm are 1.40x10” kN in hog-
ging and 1.63x10° kN in sagging. Comparing to the Draupner
wave with the Peregrine breather solution (L,/L, = 1.3) where
the maxima are 4.45 m, 10.41° and 1.78x10° kN and minima
are 5.43 m, 8.56°, and 2.14x10° kN, shows more severity
with pitch motion and VBM, although the peaks of the heave
motion are 16% (positive) and 18% (negative) lower.

Following, pressure sensors at bow and stern are analyzed
calculating the exceedance probabilities of the pressure peaks.
For this purpose, three analytical models, Weibull, GEV,
and Gumbel distributions, were applied. Figure 20 and
Figure 21 show the time series of the measured pressures
and the identified peaks for the LNGC for Frn=0 in NYW,
on the bow and the stern, respectively. Correspondingly, the
exceedance probabilities of the peaks are compared using
the three analytical models, Weibull, GEV, and Gumbel dis-
tributions. The total number of the identified peaks of sen-
sor 2 is small because it is mounted on the upper part of
the flare. When the location is lower (for example, pres-
sure 5), the identified peaks are more. As for the ones at
the stern, the total number of the identified peaks is gener-
ally larger due to the low draft at the stern. It is observed
that the Weibull distribution fits better for the pressure at
the bow and the GEV distribution is more suitable for the
ones at the stern.

The same analysis was performed by Wang and Guedes
Soares (2022a) on the measurements from the case with
Fn=0.07, showing the same trends. The extreme values of
the pressure peaks obtained using the three distribution
models were compared as well. It was found that the ex-
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Figure 18 Results of the model tests in the Draupner wave vs. Peregrine breather extreme wave

treme values of the pressure peak were all higher in the
case when Frn=0.07. The Weibull distribution model pro-
vides the highest values, and the Gumbel model predicts
the smallest for all the pressures. The differences in the es-
timation between the three models are in general higher as
well when the ship has a forward speed. In general, the ex-
treme pressure is higher at the locations near the calm wa-
ter surface and is lower at the upper of the flare. Though
the total number of the identified pressure peaks on the stern
is larger and the geometry of the local structure is flatter, the
extreme values there are not higher than the ones on the
bow. The maximum peak values of the four pressure sen-
sors are 0.88 bar, 1.03 bar, 0.67 bar, and 0.89 bar. These
values are consistent quite well with the ones from the
Breather solutions. For example, the ones from the Pere-

grine breather solution with L /L, = 1.1 have around 0.61%,
-2.39%, 0.9% and 2.28% difference relative to the ones
from NYW. The results show that the breather solutions
are good alternatives to the real work abnormal waves,
with regards to the slamming load issue.

4 Conclusion

This paper presented a comprehensive experimental study
on the impact of extreme waves on a LNG carrier. It is
shown that investigations in the frequency domain, i.e., in
transient wave packets and regular waves, are essential to
evaluate the overall characteristics in terms of the RAO. In
particular the (non-linear) behavior in higher, steeper waves
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Pressure 02

=
o »
T T

=
~

Pressure (bar)

1000 1200 1400 1600 1800
Time (s)
(a) Peaks of pressure sensor No. 02

600 800

Pressure 05
121

1.0+ ¢
08}
0.6}
0.4

600 800

Pressure (bar)

1000 1200 1400 1600 1800
Time (s)
(c) Peaks of pressure sensor No. 05

Pressure 02

102 ¢
]01 L
S
& .
10 o Data 5
Weibull fit
- -=--GEV fit
===scss Gumbel fit
10-1 L L L L L |
0 0.2 0.4 0.6 0.8 1.0 1.2
Pressure (bar)
(b) Probability of peaks for pressure sensor No. 02
Pressure 05
102
101
S
& " -
10 * Data g
Weibull fit
-—-—-GEV fit
101k —'—-—;- Gumbel fit . .

0 0.2 0.4 0.6 0.8 1.0 1.2
Pressure (bar)
(d) Probability of peaks for pressure sensor No. 05

Figure 20 The identified peaks of the pressures at the bow at Fn=0 and the corresponding exceedance probability

can be investigated systematically in regular waves. Further-
more, the study revealed that model tests in design extreme
waves (i.e., predefined wave length) using breather solutions
are a great alternative to search for critical wave sequences
in terms of wave length and height. From this it follows that
the detected absolute vbm values in breather-type extreme
waves are at least 15% higher for hogging condition and
30% higher for sagging condition in comparison to regular

@ Springer

waves of the same wave length. In addition, the impact of
the extreme waves resulted in impressive amount of green
water on deck.

Investigations in a real world freak wave reproduction-
the Draupner wave-showed the same trend: the impact of
the extreme wave is severe and dangerous resulting in large
loads and huge amount of green water on deck. Evaluating
the results in the Draupner wave and in the breather-type
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Figure 21

extreme waves show that larger loads can be observed in
the breather-type extreme waves due to the fact that the wave
length can be adjusted in order to meet a critical wave length
(in contrast to a real world registration). Altogether, this
study shows that the breather solutions are a powerful tool
for the generation of tailored freak waves of certain critical
wave lengths for wave/structure investigations on different
subjects, e.g., local and global loads, green water effects as
well as air gap investigations and an enrichment for the
test portfolio regarding tailored critical wave sequences.
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Appendix A Details on ship model mass
distribution

Table A1 presents the detailed mass distribution, the cor-
responding moments of inertia and the center of gravity.
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The identified peaks of the pressures at the stern at n=0 and the corresponding exceedance probability

Appendix B Details on pressure transducers

Table B2 presents the positions of the pressure transduc-
ers on the hull of the LNGC. The information only pro-
vides the X and Z-coordinates-the corresponding Y-posi-
tion results from the according hull geometry. The posi-
tions are given in meters in model scale with the origin lo-
cated at the aft perpendicular at keel level.

For the model tests, the pressure transducer HKM375-
1.7 Bar A from Kulite were installed. The signal amplifiers
for the pressure transducers were custom made, designed
and manufactured in-house. The motivation for develop-
ing in-house signal amplifier lied in the application area.
The dynamic pressures were expected to be in a very small
measuring range so that only very low-noise amplifier can
accurately detect the measured signals. Figure B1 presents
time traces of two pressure transducers exemplary. It is
shown that the noise level is significantly lower compared
to the measured values.

Nevertheless, experimental uncertainties were observed
in the model tests, i.e, some of the pressure transducers
showed an unusual behavior during the model tests (cf.
Figure B1(a)). This can be related to the different tempera-
ture compensation behavior of the sensors, even though all
sensors should provide the same specifications - a circum-
stance which has to be taken into account carefully for the
interpretation of the measured results. The installed pres-
sure transducers can be classified into three different types
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Table A1 Detailed mass distribution, moments of inertia and center of gravity (model scale)
Ttems Center of gravity Moment of inertia
Mass (kg) x (m) v (m) 2 (m) J,, (kg'm?) J, (kgm’) J_(kgm)
Fore ship 29.600 1.827 0.000 0.151 0.957 5.283 5.654
Aft ship 24.500 0.784 0.000 0.174 0.917 5.064 4.240
Force transducer 1.800 1.335 0.183 0.283 0.1092 0.050 0 0.060 7
Force transducer 1.800 1.335 -0.183 0.283 0.109 2 0.0500 0.060 7
Force transducer 1.800 1.335 0.000 -0.015 0.0317 0.032 4 0.000 7
Trim weight 1 1.400 2.118 0.000 0.042 0.0019 0.0019 0.003 9
Trim weight 2 4.980 2.118 0.000 0.025 0.0121 0.0121 0.023 7
Trim weight 3 10.040 1.769 0.000 0.059 0.0322 0.022 9 0.0310
Trim weight 4 3.835 1.256 0.074 0.059 0.0059 0.0100 0.010 3
Trim weight 5 3.835 1.255 0.074 0.059 0.0059 0.0100 0.0103
Trim weight 6 3.835 1.104 -0.074 0.059 0.0059 0.0100 0.010 3
Trim weight 7 3.835 1.103 -0.074 0.059 0.0059 0.0100 0.0103
Trim weight 8 10.040 0.877 0.000 0.059 0.0230 0.032'1 0.0310
Trim weight 9 2.020 0.722 0.000 0.019 0.003 0 0.003 0 0.006 1
Trim weight 10 0.340 1.318 0.000 0.308 0.038 1 0.000 1 0.038 1
Trim weight 11 0.057 1.973 0.000 0.311 0.000 0 0.000 0 0.000 0
Trim weight 12 0.057 0.466 0.218 0.501 0.000 0 0.000 0 0.000 0
Trim weight 13 0.057 0.459 -0.218 0.501 0.000 0 0.000 0 0.000 0
Equipped ship model 103.831 1.355 0.000 0.118 2.682 34.811 34.165
Table B2 Positions of the pressure transducers on the LNGC %«‘ %(5) [
No. x(m) y(m)| No. x(m) y(m)| No. x(m) y(m) g 1(5) [ M \ ‘ M
2.730 0.220| 2 2.700 0.220| 3  2.700 0.195 é 72 X . . . . ) X .
4 2670 0220 5 2670 0.195| 6 2.670 0.170 % 100 110 120 130 140 150 160 170 180
2.640 0220 8 2.640 0.195| 9 2.640 0.170 (a) Pressurct: (sse)nsor No. 02
10 2640 0.145( 11 2.610 0.220( 12 2.610 0.195 520,
13 2610 0170 14 2.610 0.145| 15 2.580 0.220 %}8 I J
16 2580 0.195( 17 2.580 0.170( 18 2.580 0.145 § (5) I 11— MJ\-L—A—H—J—MM
19 2550 0.220| 20 2.550 0.195|| 21 2.550 0.170 £ 300 o D0 o 40 10 e 1o Tx0
22 2550 0.145| 23 2520 0220 24 2.520 0.195 1(s)
25 2520 0.170 | 26 2.520 0.145| 27 2490 0220 (b) Pressure sensor No. 03
28 2490 0.1951 29 2490 0.170|| 30 2.490 0.145 Figure B1 Time trace of two pressure transducers with normal

31 0.000 0.164| 32 0.000 0.140| 33 0.000 0.125
34 0.030 0.140| 35 0.060 0.140| 36 2.580 0.000
37 2700 0267 | 38 2.580 0.267

of behavior:

» Regular behavior: no shifting pressure offset (cf. Fig-
ure B1(b))

» Disputable behavior: a fast shifting offset regarding
the reference pressure during each wave impact (cf. Figure
B1, top), and a slow decay to the original reference pres-
sure after each wave impact

* Acceptable behavior: a fast shifting offset regarding
the reference pressure at the FIRST wave impact, constant
offset through the entire test run to be regarded as the new
reference pressure level, i.e., no decay to the original refer-
ence pressure

@ Springer

(B1(b)) and disputable (B1(a)) behavior

Besides systematic uncertainties of some pressure sen-
sors, also the random experimental uncertainties of slam-
ming pressures were estimated (Wang and Guedes Soares
2022Db). For this purpose, an irregular sea state with a signifi-
cant wave height of 11.5 m and a peak period of 12 s de-
scribed by the JONSWAP spectrum (case IRREGULAR20
in Table C3) was considered. Altogether, five different test
runs (different phase seeds) were conducted. Figure B2
presents the time series and the identified peaks for the
measurements from two pressure sensors (Figure B2(a)
for No. 03 and Figure B2(c) for No. 06-cf. Figure 2(a) and
Table B2) in sea state IRREGULAR20 for phase seed #l.
Figure B2(b) indicate the goodness of fit for GEV distribu-
tion on the selected peaks for pressure sensor No. 03, and
Figure B2(d) for pressure sensor No. 06. It was found that
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Figure B2 Time series of the pressures and the diagnostic plots of goodness of fit for generalized extreme value distribution of the identified

peak values for pressure sensors No. 03 and No. 06

the time series of from phase seed #l and phase seed #2
were somehow different. The peaks of the pressures from
sensors No. 03 and No. 06 are both lower in the measure-
ments from phase seed #2. The extreme value, the average
value of the largest 1/10, the average of the largest 1/3 and
the mean value of the peaks were calculated, and the ran-
dom standard uncertainties were calculated as the standard
deviation of the metric across the 5 different phase seeds,
divided by the square root of the number of observations.
The percentages of the relative random uncertainty on the
pressure peaks obtained using the data from the five different
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Figure B3 Experimental random uncertainties on the pressure peaks

phase seeds and the ones excluding phase seed #2 are shown
in Figure B3. The uncertainties are much lower when the
data from phase seed #2 is excluded.

The study also showed that the GEV distribution model is
suitable to study the peak values of the pressures of the hull
subjected to extreme waves. The random uncertainties for
pressure peaks are slightly higher, eg. 5.94% on the extreme
value of pressure sensor 03 for the ship with zero speed (F7n=0).
However, the values increase greatly for the ship with Frn=0.07,
e.g., is 11.8% for the same metrics. The complete analysis
can be found in Wang and Guedes Soares (2022b).
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Appendix C Details on investigated irregular
sea states

Table C3 Positions of the pressure transducers on the LNGC

No. Synonym H (m) T,(s) y Phase seeds
1 IRREGULARI13 16.5 16.1 1 5
2 IRREGULARI14  16.5 159 33 3
3 IRREGULARI15 3 12 33 1
4 IRREGULAR16 9.7 12 1 3
5 IRREGULAR17 9.7 12 33 5
6 IRREGULARIS 9.7 12 6 5
7 IRREGULARI19 11.5 12 1 3
8 IRREGULAR20 11.5 12 33 5
9 IRREGULAR21 11.5 12 6 6
10  IRREGULARO2 8.5 10.92 33 1
11 IRREGULARO6  10.5 12.21 33 1
12 IRREGULARI10  13.5 13.49 33 1
13 IRREGULARI2 16.5 14.78 33 1
14  IRREGULAR22 8.5 9.64 33 1
15 IRREGULAR23 12.5 12.21 33 1
16 IRREGULAR24 135 12.21 33 1
17  IRREGULAR25 14.5 13.49 33 1
18 IRREGULAR,UB 11 11.4 33 1
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