b dzY SNRA Ol fii 2a $ @ K240 GtSYIRKAIBOASTRA R
2Re FTYR 9flFadmambiwsaNpy AR 2 EIS

Von der Fakultat fir Ingenieurwissenschaften, Abteilung Maschinenbau
und Verfahrenstechnik

der
Universitat Duisburg-Essen

zur Erlangung des akademischen Grades
eines
Doktors der Ingenieurwissenschaften

Dr.-Ing.
genehmigte Dissertation
von

Malte Riesner
aus
Heide

Gutachter:  Prof. Dr.-Ing. Bettar el Moctar
Prof. Dr.-Ing. Yonghwan Kim
Prof. Dr.-Ing. Nikolai Kornev

Tag der mundlichen Prifung: 28.01.2022






Abstract

¢ KNRdzZaAK2dzi GKS aKALIQa 2LISNYF dAy3a £tAFSE 0
have to withstand wawénduced loads. For the design of the steel structure, wave
induced global sectional loads, such as the vertmadl horizontal bending
moment or the torsional moment, play an important role. In some situations,
resonant wavanducedhull girder vibrations, saalled springing, can occur, which
is an important issue when addressing fatigimmageof the steel structure. The
present work introduces a new numerical method that combines numerical
efficiency with an accurate prediction tife global hydroelastic behaviour of ships
in waves and is also able to predict higher order springing induced vibrations.
Structural dynamics were computed based on a new beam element approach that
considers vertical and horizontal bending as well as ndotm torsion.Themass
and stiffness matrices accounted for coupling effects between hull girder bending
and torsion. A weakiyponlinear time domain approach based on Rankine sources
gl a RSOSt2LISR (2 02YLMzi S GKS &-kdutdda KeéRNZ
forces and moments. The hydrodynamic solver coupled the fully nonlinear
stationary forward speed flow problem with the oscillatory flow problem in waves
and considered geometrical nonlinearities caused by the changing wetted surface
due to the incidat waves, ship motions and elastieformation New free surface
and body boundary conditions were developed to account for elastic
deformations of the ship structure. The new numerical method was systematically
validated against model test data and CFBuits offour different types of ships
at forward speed in head and oblique wavksvas shown that the new numerical
method is able to compute wavieaduced hydrodynamic forces, waueduced
rigid body motions, the wave added resistance and wiadeiced gctional loads
of an elastic ship as well as higher order springivtlyiced vibrations with a good
agreement to the model test and CFD resuRarthermore,it was shown that
forward speecdkffects (the stationary wave system and dynamic trim and sinkage)
and the wave steepnessfluences thehydroelastic responsef shipsin waves
strongly.
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1 Introduction

Ship design and ship construction engineers have to solve difficult challenges
to provide an ecologically friendly, safe and economic ship. One important
challenge is thalesignof the hull structural scantlingThe hull structure has to
gAOGKaAGEYR dzf GAYIFGS t2FR&A YR FI GA3dzS
Waveinduced load are particularly relevant because they can introduce
tremendous forces and moments inthe ship structure. Furthermore, wave
induced load basicallyoccurover the entire operational timeSevere seas are

Y2NB tA1Ste G2 FFFSOG GKS &aidNHzO0dzNBQa

seas contribute significantly to fatigue damage becatisgy occur frequently
during serviceStructural damage of the global steel structure of cargo stiyes
to fatigue agingvas reportedfrequently. In a few cases, the entire ship ka@nre

F 3 A

dzf |

recent example was the postl yI YI E O2y il Ay SNBRaKWas) dah|

build 2008 and broke into two pieces at the Arabian Sea in 20h8. hull of
modern container ships is designed with large openings to allow efficient loading
and unloading. However, these openings reduce significantly the vertical bending
stiffness and torsional stiffness of the ship structure becaulse deck openings
reducethe crosssectionalareastrongly. For that reason, the deck of such sligps
strongy reinforced by increasinghe thickness othe deck plating and by using
high tensile stek In principle high tensile steel is characterised by a higher yield
strength resultingusuallyin a smaller plate thickness. However, high tensile steel
is often more damageable due to fatigueor example,high tensile steel was
applied atthe hull stucture of the containership MOL Comfaaind it can be
assumed that fatigue aging of the ship structure contributed to structural failure
of the hull.

Over the past few decadghull-scale measurements of wawneduced loads on
ships were performed during search projects and by classification societies to
gain a better understanding of theffect of waveinduced loads on shipghe
F3a20AF0SR 21 R &LJSOU0 NHay thdw dadhkilylebn td K S
fatigue aging of thesteel structure. Suchmeasurementsshowed that the ship
structure can beexited to high frequency vibrationghe vibration frequency is

aKA



sometimessignificantly highethan the wave encounter frequency and is often
congruent with one of the elastic natural frequencies oé #hip girder, e.g. the
two-node vertical bending natural frequency.

The importance of accounting fahe hull girder elasticity when computing
ultimate sectional loads and fatigue aging discussed in several research
publications Figurel plots the normalizedsample spectra of the wave induced
longitudinal stresses in the main deck of a containerskah)l and Menzel (2008)
The unfiltered data(red) compriseswave encounteredand high frequency
vibrations and the lowpass filtered data (blue) eliminated high frequency
vibrations and included only contributionsccording to thewave encounter
frequendes It can be clearly seen that the unfiltetestress range exceeded the
low-LJ- a4 FAEGSNBR &adNX’aa NIy3dS |yR (Kdza
Furthermore, it was shown that the high frequency vibrations contributed
approximately 50% to the total fatigue damage.
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Figurel: Comparisons of the wavénduced longitudinal stress spectra at the main deck of a
containership.The total stress spectim is designated by the red curve. High frequency vibrations were
eliminated by a lowpass filter (blue curve)Kahl and Menzel (2008)

By comparing the contribution of elastic hull vibrations on fatigue damage for
different sized containerships of load capacities between 2800 to 14000TEU,
Storhaug (2014)eported that between 26 and 57% tife total fatigue damage
was due to elastic hull girder vibratioMost of the research focus on vertical
bending vibrations, because such vibrations were observed frequently during full
scale measurements. Further examples of$gthle measurements of the vertical
bending moment of ships in waves can be found e.gAndersen and Jensen
(2015) Horizontal bending and torsional vibrations were observed rarely, which
might be explaned by a higher dampingte of such vibration modedHowever,
recently, for exampleStorhaug and Kahl (201%)und that torsional vibration
damage of an 8400TEU and &0BTEU containership contributed up to 55% of
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1 Introduction

total fatigue damageFurthermore,Mao et al. (2015demonstrated that the
combined horizontal bending and torsional warping significantly affected fatigue
aging. In the deck region, they found that these combined loads contributed up to
15% of the total fatigue damage and up to 50% of the damage of stalaatails

of a 4400TEU containership. Such results indicate that horizbwetading and
torsional vibrations can occur in some specific situations and that the knowledge
about such vibrations must be expanded in order to better understand these
effects.

Generally, global elastic hull vibration can be classified into two phenomena.
Initiated by an impulsive wave load, the hull girder starts to vibrate in one of its
elastic natural modes. This transient vibration;csdled whipping, decays and
finally disgpears until a new wavenduced impulse leads to further vibrations.
Resonant vibration, soalled springing, appears if the frequency of wave
excitation is close to a natural frequency of the elastic hull girder. Due to small
structural and hydrodynamicaimping, the associated response amplitude can be
significant and, due to the resonant excitation, the vibration can exist for a longer
period.

The present work describes the development of a numerical method to
compute springing induced vibrations of shifpringinginduced vibrations are
categorized into linear springing and higher order springing. In linear springing, the
wave encounter frequency is close to the elastic natural frequency of the hull
girder. Higher order springing occurs when the naturedjiency of the hull girder
coincides with a higher order component of waweluced loads. Depending on
whether second, third, or fourth order harmonic frequencies of these wave
induced loads are close to the natural frequency of the hull, it is referoedst
second, third or fourth order springing. It is uncertain which springing effect
contributes most to fatigue damage. In principle, it strongly depends not only on
the type of ship, its loading condition and its forward speed, but also on the
encounteral sea states. Nevertheless, higher order springiagoccur relatively
more often because higher order components of wave induced forces are often
Of 2aSNJ (G2 | &AKALIQA yI lddzNFf KdzZf FANRSN FI

In the recent past, several research projects concerrgpgnging induced
vibrations were performed, see e.g. the EU founded project TULC3@deamica
and Derbanne (2012)ExtremeSeagMaron and Kapsenbeerg (20)) or the
international project WILS (see eldong, S., Y. et al. (201&) Hong, S., Y. and
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Kim, B., W. (201%)During thee research projects, springing induced vibrations
were investigated within fulscale measurements, model tests and with numerical
methods As aforementioned, fubcale measurements were widely performed to
investigate the effect of springing inducetbrations on fatigue aging of the ship
structure. However, results of fulicale measurements can only slightly be used
to investigate andptimize the springing behaviour of a new build ship during the
design stage. Model tests are also widely used to investigate resonant vibrations
of ships. However, it is challenging to scale the structural properties of ships.
Often, an aluminium or stdebackbone was used to simulate the stiffness
propertiesof the hull see e.gMaron and Kapsenbeerg (201eh)Hong, S., Y. et al.
(2012) This technique works well tmodelthe vertical bending properties of the
ship. However, the horizontal and torsional properties are often more complex
and cannot be scaled correctly, if a simple backbone model is used. The steel
structure of a ship is built out of thin plates (compared to theim@dimensions of

the ship). Referring to beam theory, such structure is called a "thin walled girder".
As aforementioned modern containerships or bulk carrier are characterized by
large deck openings to ensure efficient loading and unloading. Consequitrtly
“"thin walled girder" consists of open and closed cells. Due to large deck openings,
the shearcentre of the cross section can be located far below the steel structure.
In the present worka 333m long containershipwill be investigatedlts shear
centre is approximately 12m below the keel linat(the main frame). This
phenomenon introduces strong coupling effects between torsion and horizontal
bending. Such effects cannot be scaled correctly with a simple backbone model,
because the location of thshearcentre is often too high. Consequently, such
experiments can be used to better understand the physical phenomenon of
torsion and horizontal bending vibrations and to validate numerical methods,
however, their useto investigate the springing behauir of realisticships is
limited. More recently, researchers tried to overcome the drawbacks of a
backbone and designed continuous models, &@mmatikopoulos et al. (2020)
With such technique, natural modes and frequencies of torsion could be achieved
more accurate. However, the complexity and coasts of such experimental
techniques are high and so far, they are normally applied during the ship
design.

Hficient numerical methods to predict the springing behaviour of sluas
overcome these issuesiowever,a reliableprediction ofhigher order springing
induced vibrationsequiresadvanced numerical method that are able to consider
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intricate details of the flow and structural behavio&or that reason, an accurate
and numerically efficient calculation at the same timsalifficult to implement
The ship design request numerical tined that are efficient regarding the
computational time andhat only need a minimunamountof engineering hours.
Only such methods can be useffectivelyto optimise the ship design withian
iterative procedure.

The present wdt presents anew numerical methodhat is ntendedto be
numerically efficient and considers the most important nonlinear effects to
compute higher order wawnduced springing The diversity ofnumerical
methods to determine the hydroelastic response of ships in wasegreat and
they do not always reliably predict springing induced vibrations, because they
often cannot consideall importanthydrodynamic and structuraffects For that
reason, it must be differentiated precisely between the properties of the differ
methods and their applicabilityot determine global resonant vibrationsThe
following sectiondl.1, 1.2 and 1.3 discuss the different methods foredict wave
induced forcemand moments as well dge correponding rigid body motions, the
determinations ofwaveinduced drift forces and the computations of wave
induces global elastic vibrations aadsociatedectional loads.

1.1 Periodic Wave-Induced Forcesand Rigid Body
Motions

The computation of wawéenduced orces and moments as well ashe
correspondingrigid bodyship motions is one of the classic subjects in marine
hydrodynamics and concerns almost every seagoing vessel. Wave induced ship
motions affect ship operations in many different aspects. Large motion
amplitudes, high accelerations, and excessive wave loags be avoided as they
are detrimental to the performance of a ship and its crew as well as being a safety
issue regarding not only the cargo carried on board, but also the strength of the
aKALIQA &idNXzOG dzNB o

For a long time, model tests have been and sirk the most reliable method
to determine ship reactions in waves.g.Park et al. (2019ecentlysummarized
experimental investigation of ship motion in head and oblique waves.
Experimental investigations ship motions in head waves have been established



1.1Periodic Wavdnduced Forces and Rigid Body Motions

as a common investigation during ship design for many years. Often, the port and
starboard side of a shfgparesymmetric and consequently, the ship respomse
head wavess limited to surge, heave, roll frametric roll motions are expected)
and pitch motion. Furthermore, surge motions are often assumed to be less
important andare oftennot investigated, because the corresponding longitudinal
accelerations are often smaller than the heave and pitch iedueertical
accelerations. Consequently, the modebfgen only free to move in heave, roll
and pitch. This procedure reduces the complexity of the test setup strongly.

In oblique waves the test setup becomes more complex, because the model
will move inall six degrees of freedom. To avoid drift motion of degrees of
freedom without restoring forces (surge, sway, yaw), the model is often moored
by a system of soft springs. The spring stiffness need to be defined carefully. The
natural frequency of the spmgsystem should be much lower than the wave
encounter frequency to avoid that the first order harmonic amplitudes of the ship
motions are affected by the springs. However, the spring stiffness should not be
too low because strong drift motiand e.g. darge time average yaw angle need
to be avoided, as well. Furthermore, th@ooring system introducesoften
additional damping effects that might influence the ship response. Such model
tests were performed e.g. during the project Per$¢alanto and Hong (2018)r
SHOPERALYi et al. (2020) However, they are expens and intensive
seakeepingneasurements are often not feasible during a ship design.

Alternatively, numerical seakeeping computations can be used to reduce the
amount of model tests. Advanced techniques to compute the flow surrounding
ships exist, suchsamethods of Direct Numerical Simulation (DNS) and Large Eddy
Simulation (LES) or field methods based on solving the Reyanadtlaged Navier
Stokes equations (RANSE). However, these techniques are beyond the capacity of
readily available computational resrces, especially those for the DNS and LES
methods. Field methods based on solving the RANSE are less time condurhing
still it is not practical to perform a complete analysis within a reasonable time
span. However, numerous simulations of ship mogion waves have been
conducted to investigate specific features of siwjave interactions; see, for
examplePaik KJ. et al. (20095eng S. and Jensen (20&2grn et al. (2015 raig
et al. (2015)Robert et al. (2015) el Moctar et al. (2010and Sigmund and el
Moctar (2018b)
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Waveinduced forcesand momentsand the corresponding ship motions are
dominated byconvectioneffects;thus, diffusion effects are relatively smalAn
exception is the roll motion, which is stronger affected by viscetfects
However, thecorresponding viscousll damping effects can be considered using
empirical corrections. Consequently, seakeeping solvers based on potential theory
became a useful tool because they are computationally efficient and accurate
enough to predict wavenduced forces, momentsand the corresponding ship
motions.

A thorough overview of the development of seakeeping methods can be found
in Beck R.F. and Reed A.M. (208djl, more recently, irschellin et al. (2015s
well as in the reports of the Seakeeping Committee of the International Towing
Tark Conferencg ITTC (202)and the Loads Committee of the International Ship
and Offshore Structures Congre$SSC (2018)Two different kinds ofpotential
theory solvers are mostly used, namely strip methods and taliegensional (3D)
boundary element methods. Under the assumption that hydrodynamic forces on
slender hulls are smaller in the longitudinal direction, strip methods split the ship
hull into individually separated transverse strips and the total loads are obtained
by integrating the contribution odach strip. These methods are numerically more
efficient than 3D solvers. However, strip methods are only valid for slender ships
because thre-dimensional effects and the influence of forward speed can only be
estimated. Nevertheless, as the flow around each strip is computed individually, it
Is possible to consider certain nonlinear wave load components. One of the most
widely used strip methds was introduced bysalvesen et al1970)

Threedimensional boundary element methods account more accurately for
the three-dimensional shape of the hull arcdn consideforward speed effects.
First applications on seakeeping problems appeared in the late 1970s, solving the
flow problem in the frequency domain based on the Neumakelvin approach
and linearized free surface and body boundary conditiBedk R.F. and Reed A.M.
(2001). Most widely, threedimensional boundary element methods use either
zerospeed Green functions tolfil the boundary conditionsTelste and Noblesse
(1986) or Rankine sourcesSoding and Bertram V. (2009 he Green function
method, although it needs additional analytic functions to fulfil the linear free
surface condition, places singularities only at the body surface, whereas the
Rankine source method distributes fundamental singularities at the sadace
as well as at the free surface to fulfil the boundary conditions numerically. For
zerospeed caseszerospeedGreen functionmethods are more efficient than
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1.1Periodic Wavdnduced Forces and Rigid Body Motions

Rankine source methods. However, for ships with forward speed, it is more
difficult to find an analytic functiorto fulfil the free surface boundary condition
that isnot prone to numerical instabilities. Consequently, Rankine source methods
are nowadays more common when forward speed effects are consid€teshg
(1977)introduced one of the first forward speed green function methods followed
e.g. byGuevel and Bougis (1982)u and Eatoclaylor (1987)lwashita and Ito
(1992)or Noblesse and Yang C. (2015gtailed descriptions of zero speed green
function methods are given byelste and Noblesse (1986) Papanikolaou and
Schellin (1993)Good examples of Rankine source boundary element methods are
given byNakos and Sclavounos (199Bgrtram (1990pr Séding and Bertram V.
(2009)

The above numerical tools provide quick solutions of linear wiagteced loads
and linear shipmotions with a relatively good engineering accuradye to the
linearization, these approaches neglect some nonlinear effects that become more
important when the wave amplitude increases. First, the pressure integration is
performed only over the time avage wetted surface, neglecting changes of the
wetted surface caused by waves and the corresponding ship motions (geometric
nonlinearity). Second, due to the linearization, higher order pressure components
are neglected (hydrodynamic nonlinearitieshesesimplifications are acceptable
for flow problems dominated by firstrder forcesand momentsand when the
change of the wetted surface is moderate, for example, heave and pitch motions
in small head waves. However, more complex investigations are oftegssary
G2 laasSaa (2RIFIe&Qa aKALI RSaAaAdyad C2NJ SEIl YLIX
effects became more important and need to be considered when ship motions in
all six degrees of freedom should be predicted accurately.

To account for hydrodynamic nonéarities, e.gJensen and Dogliani (199&)
Wu and Moan (1996)investigated higheorder waveinduced forcesand
moments using second order strip theory. To account for geometrical
nonlinearities, time domain approaches are often the preferred choice. Current
time domain methods based on potential theory candagegorized into weakly
nonlinear, body exact, weak scattered and fully nonlinear methods. A weakly
nonlinear method assumes that an equivalent time domain solution exists for
every frequency domain solutio@ummins (1962ndOgilvie (1964)Convolution
integrals based on Fourier transforms of frequency domain coefficients convert
hydrodynamic forceand momentsfrom the frequency domain into the time
domain. The dominant geometrical nonlinearities result from the Froddglov

8
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and hydrostatic forcesand moments Assuming an undisturbed incident wave,
these forces can be computed without solving a flow probleams&quently, they

can be computed efficiently in time domain considering it#antaneousvetted

hull surface. For examplésing (1987)Fonseca and Soares (1998) Liu and
Papanikolaou (2014)introduced weakly nonlinear hydrodynamic solvers.
However, these methods are still based on linear hydrodynamic theory, and they
split the total flow problem into a radiation and a diffraction term.

Bodyexact methods try to account more accurately for the effect of radiation
and diffraction on the changing wetted surface. Using a strip theory method,
Rajendran et al. (20159nd Rajendran et al.2016) developed a bodyexact
method to calculate nonlinear wavieduced forces of ships in waves. In principle,
they resorted to convolution integrals to compute radiation and diffraction forces.
However, to account for the effect of the changing veettsurface, they calculated
the kernel functions for different drafts of each strip. Their technique still splits
the flow problem into a radiation and diffraction part and they were not able to
consider the stationary wave system due to forward speed.

This drawback can be avoided using the waakttered method oPawlowski
(1992) Based on the assumption that the effects of waves scattered from the body
are relatively small, the boundary conditions are fulfilled on the instantaneous
body surface and on the elevated free surfadetlve incident waves. In this
approach, the flow problem has to be solved at every time step and, consequently,
requires considerable computational effort. Examples of weedttered methods
can be found irHuang (1998pr Kim et al. (2011Kim et al. (2011jor example,
used a precomputed double body forward speed solutionatwount for the
stationaryvelocitypotential.

A fully-nonlinear seakeeping solvéulfils the nonlinear free surface boundary
condition at the instantaneous disturbed water surface and wetted hull surface.
The latest publication of such method can beridun S6ding (20209r Ferreira
Gonzélez et al. (2020yhe computational effort further increasesmpared to a
weakscattered method. The nonlinear boundary condisoare often solved
iteratively. Furthermore, an accurate time domain computation of the interaction
between the stationary wave system, incoming waves and scattered waves from
the hull require a fine discretization of the free surface.



1.2Wavelnduced Drift Forces and Corresponding Speed Loss

Based on the assumption of small motion amplitudes, the aforementioned
approaches solve often a linear rigid body motion equation to compute ships
position, velocities and accelerations. If larger amplitudes are expected, for
example, in steep oblique waser duringmanoeuvresimulations, the nonlinear
motion equations should be solved to account for strong kinematic coupling
effects. For examplaylatusiak (2007, 201liptroduced a method to solve the

V2YEAYSENI Sljdzr 6A2Yy-aiRTIST20RIRNE ARKPILY WK 2T

solved only the linear response (in frequency domain) of a rigid body and
nonlinearities were introduced in the second stage in time domBudian G. and
Francescutto (2013)iscussed different approaches to investigate numerically the
intact stability of ships and presented an approach which integrates Frpude
Krylov forces (undisturbed wave) over the instantaneous wetted surface and
computes radiation forces by using a sdt annvolution integrals. Rigid body
motions were solved based on the nonlinear equations of motion. Comparisons to
experimental results of roll amplitudes in beam waves showed a good agreement.
Soding (2020ko0lved the nonlinear equation of motion to computed wave
induced ship motions with a fullyonlinear seakeeping solver.

1.2 Wave-lnduced Drift Forcesand Corresponding
Speed Loss

Asdiscussed in therevioussection wave induced forceand momentsxcite
the ship to move periodically according to the wave encounter frequency. Deeper
investigations ofwave induced forceand momentsshow that the time average
of a wave induced force is generally unequal zero and consequently initiates a drift
motion of the ship. This time average formed momentsare called drift forceand
momentsand result from the nonlineainteraction between the incident wave
and the movingship geometry. The longitudindrift force is called wave added
resistance. The wave added resistance is an important component of the total
resistance of ships in wavesdplay a significant role when computing the fuel
consumption or speed loss in waves. Speed loss in waves must be considered not
only to meet a ship's time schedule, but it has become also a safety issue because
manoeuvrabilityhas to be maintained undeadverse weather conditions; see,
e.g., Papanikolaou et al. (2015Know (2008)t NHIANOA 6 | YR Cl f Ay aSy
Sigmund and el Moctar (2018[gigmund and el Moctar (201 Kim et al. (2016)
or Kim et al. (2015)The transverse drift force or the drift yaw moment arore

10

(



1 Introduction

important for investigations of ships path during a stationary forward traveling,
duringmanoeuvreor for dynamic positioning. The drift force in vertical direction,
or the roll and pitch drift moment are less important for practical investigations.
In extreme scenarios or during investigations of the dynamic stahdlityme-
averaged roll angle can affect the behaviour of the ship. Howewermost
scenarios the corresponding time averaged heave, roll and pitch motions are
small.

For springingnduced vibrations, the wave added resistance and the
corresponding speed loss in waves is an important property, that cannot be
neglected when computing the fatigue aging of the ship structure due to resonant
vibration. The excitation forcesnd momentsand the response of the structure
depend on the forward speed of the ship. Consequently, when the ship cannot
maintain service speed due to the wave conditions and the associated speed loss,
the wave encounter frequency changes, which affects the waslaced
excitation forcesand momentsstrongly. Furthermore, the ship speed affects the
wet natural frequency of the vibrating hull dée a change of the stationary wave
system and corresponding dynamic trim and sinkage and their effect on the
hydrodynamic added mass. As a consequemcehange of the forward speed
changes the natural frequency of the vibrating htiie wave encounter fragency
andthe amplitude of the wavénduced excitation forceand moments

The speed loss of a peBanamax containership, a VLCC tanker and a cruise
ship was investigated during a pseudy, seeRiesner et al. (2018b)he ship speed
was computed by solving a stationary equilibrium condition for the longitudinal
and transverse forces and the yaw moment considering the propeller trust with
engine dynamics, calm water and waweluced drift forcesand momentsas well
as rudder forcesand moments Wave-induced drift forcesand momentsfor
regular wavesvere computed using a linear frequency domain boundary element
method and a PiersoiMoskowitz wave spectrum was applied to account for
irregular seasFigure2 plots the attainable ship speed [m/sf a postPanama
containershipfor combinations of significant wave heigh), and zero up
crossing periodY in bow quarteringwaves ofl50deg encounter anglét can be
seen that the attainable ship speed reduces significamitly increasing significant
wave height, especially for sea states nééar p p. Such speed lossffectsthe
wave encounter frequency and wave induced foreesl momentsstrongly and
should be considered for the computations of springinguced resonant
vibrations.
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Figure2: Attainable speed of a 355m long peBtanamax containership in bow quartering waves of
150deg encounter angle.

Conventional method® compute the wave added resistancemprise model
tests, empirical formulas, and numerical techniques. These methods differ
significantly in accuracy and cost. To determine drift folmed moments model
tests are still one of themost reliable methods, exemplified by recent tests
conducted within the framework of the European research projects Shopera (
Sprenger et al. (2017)Papanikolaou et al. (201)6pnd the German national
research project PerSe¥dlanto and Hong (2016)However, model tests of drift
forces are complex @hexpensive, especially in oblique waves when the ship
should be free to move in all six degree of freedom but forces need to be
measured.

Empiricafformulafor the prediction of drift forces are based on data bases of
already investigated ships. Suchrfarlas provide a quick estimation of drift forces
for a wide range of different shitfypesand are useful at the preliminary design
stage. However, they need constant updating. Consequently, they are of limited
use for the design of new ship types. Somenepkes of recently developed
empirical methods can be found inu and Papanikolaou (2016)

Numerical methods to compute drift forces in waves geaerally based on the
same technigue used to compute ship motions in waves and can be split into field
methods that solve the Reynoldseraged NavieBtokes equation$RANSE)or
methods based on potential theory. However, drift for@sl momentsare se
called higher order phenomenon and are mainly dominated by second order
waveinduced effects. Consequently, the numerical methods need to account for
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such higher order wave force components. RANSE based field methods have been
proven useful for the compation of drift forces because they account for most
of the associated nonlinear flow effects, such as the changing wetted surface,
breaking waves and viscous effects, seed.lyloctar et al. (20179r Sigmund and

el Moctar (2018h) Furthermore, they demonstrate that forward speed strongly
affects the wave added resistancedathat viscous effects influence wave added
resistance in short waves. Others, notaBjyortelli and Huijsmans (2012yu and

el Moctar (2017)Kim et al. (2017)Ley et al. (2014bh)XGuo et al. (202), Sadat
Hosseini et al. (201Gnd SadatHosseini et al. (2013Iso used this method to
study the wave added resistance. In all cases, however, the computational effort
was high and only an experienceckusvas able to obtain reliable results.

The obvious advantage of potenttakory-basedmethods for the computation
of drift forces is their computational efficiencyGenerally, two different
approaches exist to compute drift forces in waves, thecalbed far field method
and the near field method. The far field method assumes that drift forces can be
related to the radiated and diffracted wave energy and the momenflur at
infinity. This method is widely used to compute the longitudinal drift force (wave
added resistance) in head and following waves. However, when the ship is
advancing in obligue waves and moves freely in all six degree of freedom it is
difficult to associate the computed energy of radiated waves to each of the six
degrees of freedom. The near field method is often called pressure integration
method. The total force acting on the hull is computed by integrating the
hydrodynamic pressure over the huwlletted surface and the drift forceand
momentsare the time averaged force or moment in each degree of freedom.

Maruo (1960, 1963)vas one of the firsto assess the wave added resistance
using the far field methodGerritsma and Beukelman (197&)d Journee 2001)
modified this approach within a linear strip theory method and demonstrated the
importance of bow wave diffraction for the prediction of the wave added
resistance in short waves. Following Maruo's approd&shiwagi (1995, 2009,
2011)also accounted for the effect of bow wave diffracti@alvesen (1978&jsed
Gerritsma's and Beukelman's approach within a strip theory metlitshowed
the importance of an accurate prediction of ship noots when calculatinghe
wave added resistance. Most of these potential theory based solvers, however,
turned out to be unreliable tassesshe wave added resistance in short waves.
Boese (1970}ried to resolve this shortcoming by integrating hydrodynamic
pressures rfear field method). Laterf-altinsen et al. (1980jeveloped a more
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accurate pressure integration method for short wavéding et al. (2014)
introduced a frequency domain potential flow solver based on Rankine sources,
which couples the effect of the nonlinear stationary forward speed problem with
the linear seakeeping problem. His method directly integrates the pressure at the
hull, accountsfor the changing wetted surface (Boese's approach), and time
averages the second order pressure fidlgu and el Moctar (201 ompared
results obtained wit{ | R Aryefh@ 3o RANS based predictions and model test
measurements and found generafigvourableagreement. However, the wave
added resistance in short waves wsiill underestimated strongly for several
cases.

To consider the efie of the changing wetted surface more precisely, later
developments were characterized by time domain potential flow solvers. Using
such an approachkKim et al. (201Q)for example, calculated th&vave added
resistance from diffraction and radiation components, abd et al. (2011)
employed a threedimensional frequency domain panel method and a hybrid time
domain Rankine source solver based on Green functions andfi@lthapproach
to calculatethe wave added resistance. At small Froude numbers, predictions
from these methods comparedeil to experiments; however, at larger Froude
numbers, errors increased.

1.3 Sectional Loads an8pringinginducedVibrations

As aforementioned, springirgduced vibrations can be determined by
experimental techniques. However, for model tests, a correctrsgaif the ship
structural properties is difficulfTo compute springing induced resonant vibration
numerically, the fluiestructure-interactions need to be considered. Generally,
these numerical methods differ in complexity because different numerical
methods to solve the fluid flow and the structural deformations of the ship exist.
To compute the structural deformation, usually, finite element approaches are
used. For example] Moctar et al. (2017kl Moctar et al. (2011).ey et al. (2014a)
and Oberhagemann (2016htroduced an accurate procedure that is able to
account for intricate details of the entire ship structure aslives complex flow
phenomena. Their techniques couple a thi@ienensional finite element method
(structural response) with a field method that solves the Reynaildsaged
NavierStokes equations (RANSE). However, to predict global elastic vibrations, a
deli F Af SR RAAONBGATIGAZY 2F (KS &KALIQaA
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1 Introduction

approaches lead to accurate results with significantly less numerical effort; see,
e.g.,Lakshmynarayanana et al. (201bakshmynarayanana and Temarel (2019)
Ley and el Moetr (2014) Craig et al. (2015Robert et al. (20159ndel Moctar et

al. (2011who coupled a RANSE solver with a finite beam element approaeh. Th
computational effort to compute the structural response can be further reduced
by decomposing the overall deformation of the structure into basic vibration
modes. The final result is then obtained by superposing the result of every basic
vibration mode (hodalsuper positioning technique).

The available numerical methods to compute wave induced forces were
already discussed in sectidhl Usually, these methods are applied also for
hydroelastic investigations of ships in wavAs. aforementionedthe numerical
effort and the associated engineering hotosapply RANSE based fiehetthods
are large, which is why such methods are not oftesed in industryto calculate
elastic vibrations of ship§.or that reason, methods based on potential theory are
widely used for the computation of global resonant vibrations, as well. Although
widely used, potentiatheory-based methods do not always rigbly predict
springing induced vibrations, because they often cannot consider every of the
necessary flow phenomena, such as the nonlinearities of vietkeced forces and
0KS AyFfdzSyOS 2F (GKS aKALIQaA F2NBI NR
cause dynamic trim and sinkage.

Bishop and Price (197®iroduced one of the first hydroelastic approaches for
ship vibrations by solving the hydroelastic equations of motion in the frequency
domain. They focused on vertical bending deflections, and their technique id base
on strip theory to describe the flow around the ship and a beam model to calculate

dal

the elastic responsédirdarisetal. (2003] Sy 2l y2 A d an8{iS ¥ 2loy d@nd 7 |

et al. (2007b)intensively investigated hydroelasticity of ships inves using a
frequency domain method. They focused on vertical bending, horizontal bending,
and torsion, wherea§ Sy 2 y 2 OA 6 aritiBere | fyd® GoAHON nSuigedl f @
beam theory coupled with a boundary element method. In conjunction with beam
theory, Hirdaris et al. (2003used a threedimensional finite element model.
However, their method split the hull into individually strips and does not consider
three-dimensional effects. Furthermore, they do not consider effects of forward
speed andhe associated steady wave system and pressure distribution at the hull.

Soding (2009bdleveloped a hydroelastic method that accounts for the fully
nonlinear stationary forward speed problem. He relied on a tkil@eensional
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frequency domain boundary element method to compute the flow around the
vibrating ship hull advancing at constant f@ama speed. To account for high wave
encounter frequencies and tanalyselinear springingnduced vertical bending
vibrations, he simplified the free surface boundary condition by satisfying it
analytically withoutpanelisinghe free surface. However, dgmng effects due to
radiated waves are then not captureRiesner et al. (2018@)troduced a similar
method that does account for hydrodynamic damping by coupling the nonlinear
forward speed problem with the linear oscillating vibration problem. At low
frequencies, they discretized the free surfacemrerically At high frequencies,
they computed damping by combining the low frequency solution with an infinite
frequency solution. Their approach obtained results that compdagdurablyto
RANSE based computations. However, such linear frequency doratiods are
limited to predict linear springinggnd are not able to predict higher order

springing.

To numerically predict higher order springing, nonlinearities and three
dimensional effects need to be consideredanninen (2014)for example,
investigated second order springiigduced vibrations and highlighted the
necessity to carefully predict thre#@imensional effects As aforementioned,
potential theory allows splitting the nonlinearities into geometrical nonlinearities
and hydrodynamic nonlinearities. Among othelsnsen and Doghi (1996)and
Wu et al. (1997)nvestigated higher order hydroelastic responses considering
hydrodynamic nalinearities by using a second order strip theory method. As
already discussed, to account for geometrical nonlinearities, time domain
methods such as weakly nonlinear, beelact, weakscattered or fullynonlinear
methods can be appliediao and Yu (2019)ee et al. (2014and Malenica et al.
(2007) introduced weakly nonlinear hydroelastic solvers. However, tamuil
methods need to be used to account for the effect of the changing wetted surface
due to radiation and diffractionas described in sectidhland1.2. A bodyexact
method based on strip theory was recently introducedRajendran et al. (2015)
and Rajendran et al. (2016p calculate the elastic vertical bending response of
ships in waves. However, this method does not account for three dimensional
effects and for theeffect of stationary forward speedlsually, resonant vibrations
occur at higher forward speeds because the natural frequency of the hull and the
wave encounter frequency are close together (at least in head or head quartering
waves). At higher forward spe the associated stationary wave system and the
dynamic trim and sinkage influence springing induced vibrations significantly
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because these phenomena influence the wetted hull surface. This affects the wave
induced forces as well as the wet natural freqoes and mode shapes of the
elastic ship, see e.@rlowitz and Brandt (2014More accurately but with more
computational effort,Kim et al. (2011)for example, developed a hydroelastic
method based on the weagcattered approach considering the effect of the
stationary forward speed double body flow. Fuflgnlinear potential flow
methods do not split the solution into the stationary forward speed and oscillatory
solution and solve thetotal flow in one system. However, fulhonlinear
hydroelastic methodbBavenot been yetapplied for hydroelastic solvers. Recently,
Soding (2020)ntroduced a fullynonlinear seakeeping solver and computed
vertical bending moments considering a rigid hull.

As already discussed, springimgluced hoizontal bending moments and
torsional moments are being examined more and more frequently. Because of
their relatively weak torsional stiffness, large container ships or bulk carrier are
investigated often. These ships are characterized by large hatchirggeand a
shearcentret 2 OF 1SR 0Sf2¢ GKS {SStz AMhazr 2dziah
beam theory computes vibrations of such cross sections, warping effects and
coupling of horizontal bending and torsion becomes esseriidersen (198%)r
Wu and Ho (1984A¥ere one of the first to introduce coupling effects of horizontal
bending and torsiorfor ship structuresWu and Ho (1987applied their beam
element approach to determine wasaduced vibrations of simplified ship cross
section (Ushape and rectangular cross secis). They considered coupling terms
in the mass matrix, but neglected shear coupling effects in the stiffness matrix.
Kim et al. (2009)ntroduced a hydroelstic method that coupled a similar finite
element beam approach with a higherder Bspline Rankine panel method, and
Kim et al. (2011)mproved the hydroelastic solver by coupling the same finite
element approach with a weascattered method. To accurately compute dry and
wet natural frequencies, tharfite beam element approach should consider shear
coupling effects of bending and torsidPavazza (200)troduced a beam tleory
that considers shear coupling effects, and he applied his theory on a sisid@é
beam.{ Sy 2 y 2 @A 6 usdia similadteckinigue romcompute dry natural
modes of a large containership by also accountingtlier effects of bulkheads.
However, they did not consider waweduced fluidstructure interaction and,
consequently, they were unable to determine sectional hull girder loads.
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1.4Requirements for the New Numerical Method

1.4 Requirementdor the New Numerical Method

The discussion of the current state of research showed an overviewigting
methods for the computation afvaveinduced forces (periodic components and
time average drift force), wavmducedrigid body motions and waveinduced
resonant vibration®f ships.This sectiomliscusses the requirements for the newly
developed numerical methodnd it will be gradually work out which theoretical
approaches are necessary tllfil these requirements. The following list
summarizes theequirements for the nevwhydrodynamic method

[1] The new numericainethod is intended to be used during the ship design
process and must be numerically efficient

[2] Based on the literature study, considering the stationary forward speed
problem including the steady wave system and dynamic trim and sinkage is
essential for the computation of thevave-induced forces, corresponding
rigid body motionsand elastic vibratioa of shig at forward speed.
Consequently, the developed numerical method should account for the
fully-nonlinear stationary forward speed problem.

[3] The literature study showed that the consideration of nonlinear wave
induced force components is essenti@r the computation of wave
induced drift forces and higher order elastic resonant hull girder vibrations.
However, to meet the requirement of being numerically efficient, only the
most dominant nonlinear wavenduced force components should be
considered.

[4] Sigmund and el Moctar (2018) showed that viscous effects play a significant
role for the wave added resistance in short waves, consequently, such
effects should beonsiderel.

[5] Most of the seakeepingnd hydroelastisolvers rely on the assumption of
smal rigid body motions (body rotations smaller than 5deg). Therefore,
they often linearized the equations afjid bodymotions. However, in steep
obliqgue waves, ship rotations can be significantly higher than 5deg.
Consequently, a linearization of the eqimat of rigid bodymotion is not
valid for such scenarios.

To fulfil the requirement of being numerical efficient, the newly developed
numerical method is based on potential theoAs aforementioned, wavanduced
forces and momentsare only marginally affged by diffusion effectsThus,
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methods based on potential theory are well established to predict wave induced
loads. Diffusion effects that affect rigid body ship motions, the drift forces and
elastic vibrations slightly stronger, e.g. viscous effedhernwave added resistance

in short waves and hydrodynamic damping of the roll motions and resonant elastic
vibrations, empirical methods will be applied to account for these efféstst was
shown in the discussion of the current state of research, thidigeensional
potential flow methods based on Rankine sources are the most common choice
when the stationary forward speed problem is considered. For that reason, the
newly developed method uses Rankine sourcetultfil the boundary conditions

for the staionary forward speed problem and thgeriodicrigid body and elastic
problem in waves. As already discussed in the literature study, different time
domain approaches exist to consider geometrical nonlinear wave farc
moments. According to the literatug study, the most important nonlinear
contributions result from Froud&rylov forcesand momentsNonlinear Froude
Krylov forcescan beefficiently computedwith a weaklynonlinear time domain
approach.As already mentionedhe weakly nonlinear time domaisolver relies

on linear hydrodynamic theoryo compute radiation and diffraction forces
Consequently, radiation and diffraction forces amy integrated over the mean
wetted surface. Howevetp overcome this drawbacla waterline integral will be
applied to account for the effect of the changing wetted surface on radiation and
diffraction forces. Such waterline integral was already sufficiently used in
frequency domain seakeeping solvers to predict the drift foesesmomentse.g.
Soding et al. (2014for the new numerical method, is indented to use such
waterline integral to compute nonlinear radiation and diffraction effects in time
domain. To allow largeigid bodymotions due to steep obligue waves and to
compute roll and torsional momentgccurately the nonlinear equation ofigid
body motions will be used to compute rigid body ship motions, velocities and
accelerations.

To predict globaklastic resonant vibrationsaccurately the fluid-structure-
interaction of the elastic hull in waves need to be accounted. The new numerical
method computes the fluigtructure-interaction by coupling the hydrodynamic
solver with a finiteelementmethod that computes the structural response. This
finite-elementmethod needsto fulfil the following relevant requirements:

[1] Similar to the flow saofer, although the structural solver must be
numerically efficient to enable its use duritige ship design.
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[2] As already discussed, ships are thin walled structures and some ship types
are characterized by large deck opening. The newly developed numerical
method needs to be able to account for the warping effects of thin walled
structures and the coupling effects of bending and torsion for ships in
obliqgue waves

The new numerical method is intended to predict global elastic vibrations of
ships in obligue wawe The literature study showed that finite element
approaches based on beam theory can adequately predict global deformations of
the hull girder. Additionally, such method need only a small amount of
computationally time. Consequently, the new numericalthoa will be basedn
beamtheory to compute the elastibehaviourof the ship. To further reduce the
computational time, the modal superpositioning techniquall be applied to
decouple the total elastic system into basic vibration modes. As aforementioned,
some shifypes e.g. container ships and bulk carrier have large deck opening, and
consequently these ships are characterized by a relatively weak torsional stiffness
and large torsion related warping effects. Furthermore, bending and torsional
displacements are coupled. To account for such effects the newly developed beam
element methodwill account fomonuniformtorsion induced warpingrestrained
warping) and furthermae couples bending and torsion. A ship cross section
consists of closed and sometimes open cells. To compute coupling effects of
torsion and bending, detailed information about cross section properties and
time-consuming precomputations of the correspongibeam element properties
are usually necessary. To avoid such complicated computations, the beam
element method is optimized for ship like cross sections.

1.5 Authors Contribution

1.5.1 Developments

The developmergwithin this workcan bespitted into the followirg three main
approaches :

[1] A weaklynonlinear hydrodynamic methodias developedhat couples
the fully nonlinear forward speed problem with the periodic
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hydroelastic flow problem in waves using the Hachmann approach,
Hachmann (1991)The following development have been made

a. Development of new linear boundary conditions at the free
surface and the hull to account fetastic vibrations of thehip
at forward speed

b. Development of a numerical method to compute the infinite
frequency solution of the hydrodynamic added mass and
hydrodynamic damping

c. A semianalytical integration method to compute the impulse
response funtton base on the integration of the hydrodynamic
damping or hydrodynamic added mass

d. An adaptive body grid approach to capture the instantaneous
wetted hull surfacen time domain

e. Nonlinear equatios of rigid body motion defined in the inertial
coordinate system.These equationsolve directly the Euler
angles associated with roll, pitch, yaw and the body translations
using an implicit timentegration method.Radiation forces of
the moving ship are rlated to the body acceleration and
velocity. Consequently, these force components are included in
the homogeneous part of the partial differential equations.

f. Development of @ime domainwaterline integral to compute
the effect of the changing wetted Hudurface on radiation and
diffraction forces. The radiation pressure at the mean waterline
is computed based on convolution integrals. Thus, the waterline
integral can be solved in every time instance during the time
domain simulation Furthermore, the iteractions between
radiation, diffraction and combined Froudé&ylov and
hydrostatic forces is accounted.

g. Empirical correction method to account for viscofisction)
effects on the wave added resistance of ships in head waves.

[2] A dructural finite element beam method to compute the global elastic
responseof a shipdue to torsion, horizontal and vertical bending and
the associated coupling effectvas developed The following
developmens have been made

a. Development of a new finitbeam element approach to account
for coupling effects of torsion induced nonuniform deformations
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(restrained warpingpand vertical and horizontal bendin@his
method, considers coupling effects in the mass and stiffness
matrix of the equation system to deribe elastic ship
deformation

b. The coupling effects of torsion and bending normally require an
extensive number of precomputations to determine all
necessary structural properties. To overcome this drawback, the
new finite beam element approach is opised for the use of
ship like structures.

[3] A hydroelastic method to compute the fluistructure-interaction of
ships in wavesvas developedThe following developmerhave been
made

a. Development of a numerical method to compute wet natural
modes. Asaforementioned, the elastic response is computed
using the modal superpositioning technique. Thus, the natural
modes need to be precomputed. In principle, the fluid around
the ship affects the mode shape. To compute the hydroelastic
response accurately, ¢ wet natural modes need to be
considered for the modal superpositioning technique. Basically,
the hydrodynamic properties, namely hydrodynamic added
mass, damping and restoring, depend on the mode shape. To
ensure that the wet natural modes are orthogon#hey are
computed based on estimated, frequency independent
hydrodynamic properties.

b. Development of a frequency independent hydroelastic method
to compute free vibrations dghips in wavegweaklynonlinear)

c. To couple the fluid flow solver with the naméar rigid body
motion solver and the linear elastic deformation, a tway
coupled algorithm was developed.

1.5.2 Implementation of the NewNumericalMethod

The new numerical method wamplemented in the programming language
C++
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1.5.3 Numerical Simulationseind Model Test$or the Validation

All numerical simulations with the new numerical method were performed by
the author. For the verification and validation study, numerical simulations with a
frequency domain boundary element method were performed by slughor as
well. CFD resultthat were used for the validation of the new numerical method
were not performedby the author The CFD results were taken from public
literature and provided by Sebastian Sigmurithe specific source is given when
the data isdiscussedDuring the validation study, the new numerical method was
validated also against experimental data. The experiments were performed by
project partners see referencesOften the raw data of the experiments were
available and the new numerical thed was directly compared to the measured
time series. Furthermore, Fourier transformations of the time series were
performed to compare harmonic response amplitudes. @a& processing and
the Fourier transformationsf experimental resultfor the validation of rigid body
ship motions in steep oblique waves, see sectibd, were performed by
Guillermo Chillcce. The processing of the raw data of the ehtest used to
validated the hydroelastic response in waves, see sedibnwas performed by
the author.Whenexperimental datas used for validationthe sources provided
during the discussion.

1.6 Structure of the Present Wor&nd Declaration

The following chapter describe the developedapproaches and thenew
numerical method to computéhe rigid and elastic response of a ship in oblique
waves.

The theoretical description of the new numerical methbdgins with the
description of the kinematic relations of a moving asiloratingship hull in section
2.1 Thetotal response of the ship was split into the rigid body response (rigid body
motions) and the elastic response (elastic deformation) of the I8dttion2.2
introduces the procedure to compute rigid body motions and discuss
hydrodynamic forces and moments acting at the ship tAiflerwards, the new
beam element approachio compute the elastic deimation of the shipis
described in sectio2.3. Subsections discuss systematically the definition of the
strain and kinematic energy of a vibrating beésection2.3.1), torsion induced
warping effects at shipsross sectionésection2.3.2), shape functions teaompute
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element displacementgsection2.3.3 and the definition of thdinearequation of
elastic deformationgsection2.3.4). As aforementioned, the elastic response of
the ship was computed based on the modal superpositioning technigins
requires a precomputation of the natural modeghe new method to compute
wet natural modes is described 8ection2.3.5 Finally, the new wealdgonlinear
elastic e&éformation equations are introduced in secti@r3.6

Section3 describes the investigated ships and provides all propettiasare
necessary for the simulations performed in this work.

A verification and validation study of all developed approachegivien in
chapter 4. The verification and validationis split into a time and spatial
discretisation study (sectiod.l), the verification of convolution integrals to
compute radiation forces and momengsection4.2), the validation of nonlinear
waveinduced forces and moments on a fixed and moving gbéggtion4.3), the
validation of rigid body ship motions in steep obliqueves (sectiort.4) and the
validation of the hydroelastic response in waves of varying wave encoungge an
and varying ship speedsection4.5).

Section5 discuss investigations of the rigid and elastic response of ships in
waves with special attentioon the effect of the wave steepness and forward
speed on rigid body motions and elastic viliwas (section5.1 and 5.2). The
validation study of the elastic ship respen$n waves was performed with
structural properties of a backbone model. A backbone cannot simulate realistic
structural properties of a ship. To investigate the hydroelastic properties of a ship
with realistic structural properties, further simulations @& postPanamax
containership with realistic fulbcale structural properties were performed and
compared to results based on backbone structural properties, see seéefion

Content of this dissertation has previously been published in the following
references:

1 [1] Riesner, M., von Graefe, A., Shigunov, V., el Moctar, O., 2016,
"Prediction of NorLinear ShifResponses in Waves Considering Forward
Speed Effects”, Ship Technology Research, Vol. 64, pi4535

1 [2] Riesner, M.; Chillcce, G.; el Moctar, O. (2018): Rankine source time
domain method for nonlinear ship motions in steep oblique waves. Ships
and Offslore Structures,. DOI: 10.1080/17445302.2018.1498568.
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[3] Riesner, M.; el Moctar, O. (2018): A time domain boundary element
method for wave added resistance of ships taking into account viscous
effects. Ocean Engineering, Vol:162, pp.33.

[4] Riesner,M.; Ley, J.; el Moctar, O. (2018): An Efficient Approach to
Predict Wavdnduced Global Hydroelastic Ship Response. 8th
International Conference on HYDROELASTICITY IN MARINE TECHNOLOGY,,
[5] Riesner, M.; el Moctar, O. (2021): Assessment of Wave InduckdrHig

Order Resonant Vibrations of Ships at Forward Speed,(under review).
Journal of Fluids and Structutes  Vol: 103,
https://doi.org/10.1016/j.jfluidstructs.2021.103262

[6] Riesner, M.; el Moctar, O. (2021), A Numerical Method to Compute
Global Resonant®iNJ GA2ya 2F {KALJA |4 C2NBI NR
Applied Ocean Research Vol:108,
https://doi.org/10.1016/j.apor.2020.102520
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2 Numerical Method to Computethe

Rigid and Elastic Response of Ships in Wave

This chaptelincludes atheoretical description of the new numerical method
for the computation of the rigid body and elastic deformation response of ships in
waves.Section2.1 describeghe kinematic relation between rigid body motions
and elastic deformation#fterwards sectior?2.2describegshe new mathematical
model to compute the rigid body mimins due toweaklynonlinearwave induced
hydrodynamic forcesand moments Section 2.3 describes the mathematical
model to computethe hydroelastic response due to weakignlinear wave
induced loads Section 2.4 describes the hydrodynamic method foequency
domain waveinduced forcesand momeits considering the fully nonlinear
stationary forward speed solution with the stationary wave system and the
dynamic trim and sinkage&ection2.5 discusses thepatal discretisation of the
frequency domain solver and time domain solv&ection2.6 describes the
computational procedure of the new numerical hydroelastic solver.

2.1 Kinematic Relations

Some content of this section wapublished inRiesner and el Mudar (2021a,
2021b)

As discussed in the introduction, it is established practice to split the total
response of the hull into basic modes. This technique separates the total response
into rigid body motions and elastic hull girder deformatiolmsthe present work,

the total response is determined by superposing the response of all rigid body
motions and all considered elastic deformation meddigid body motions were
based on the assumption that theotion of a rigidbody can be described as
translational motios2 ¥ (G KS 02ReéQa OSYy (SN 2F 3ANI gAGe
body around thed 2 R éefeér of gravityForawetted hull this technique inly

an approximation. Due to the influence of the fluahd the asociated
hydrodynamic forcesthe body does not rotate exactly around the center of
gravity. For example, the roll axis is often slightly below the center of grawitg
effect is mainly caused by hydrodynamic forces due to roll accelerations
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(hydrodynanic added massHowever, the magnitude of the hydrodynamic added
mass of the roll motion is usually relatively small compared to the total inertial
properties of the ship structure. For that reasdine distance between the correct
roll axis and the centesf gravity is often small and thussuming that the ship is
rotating around its center of gravity issually aeasonable assumption.

To analyse thdody responseof ships in waves, twgeoordinate systemsvere
applied todescribe the position of a poirtt the hull The firstcoordinate system
a righthanded inertial coordinate system with the originéd, o}d% , follows
the time-averaged longitudinal velocity of the ship at constant forward spé&ae.
secondcoordinate systems a right-handed coaodinate system fixed to the ship

GAUK AG& 2NR3A eentedof g@BHRE), @I (GRS Figuked LIQ &
shows exemplary both coordinate systems.

J
Figure3: Visualization of the inertial ® o} N 1 and the body fixed ® e« f coordinate

system.

The position of a pointl® at the ship hull in the inertiatoordinate systenis
expressed as follows:

~. ~.

® ® [ar ® (@)
The first two components on the r.h.s. comprises contribution from rigid body

motions, where®A & (0 KS LR aAdAz2y 2F aKALIQa OSYyidSN 27
system Qis the position of the point in body fixed coordinatgstemand fj is the

transformation matrix relating a vector in the bofixed coordinate systermto

the inertialcoordinate system Applying TaiBryans xy-z sequence rotation order,
i follows from

28



2 Numerical Method to Compute the Rigid and Elastic Response of Ships in Wave

0 —Qf o—i T i —
R Qe il {ei—0 @@ {iei—ir ie 00— (2
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With 0—d, @wé 4+ andi —h i "Q&. Due to TaitBryans x-z sequence
rotation order, the vector of body rotations;2= + h-H , includesthe roll,

pitch and yawmotion of the ship respectively.

The third componentip, on the r.h.s. of(1) is thedisplacementof the point (P
due to elastic deflections of the shgtructurein the inertial coordinate system.

The following section describe the computation of the rigid body moti®aad-£-
by applying a new weaklyonlinear seakeeping solver.

2.2 Weakly-Nonlinear Wavelnduced Rigid Body
Motions

The content in this section wasiplished inRiesner et al. (2018a)

Often, seakeeping solvers based on potential thesofwethe linear rigid body
motions equationsThe linearized equation of motion is based on the assumption
that the rigid body rotations are small (less than 5deg). This assumption is often
valid for wave induced ship motions in head waves. If the ship hylbit
starboard symmetric, only pitch motions but no roll and yaw motions occur
(assuming no periodic roll motionln such scenario the pitch motion is often less
than 5deg. However, the presented new numerical method is intended to
compute waveinduced brcesand momentsand the corresponding ship response
in steep oblique waves. In such scenaricsupled roll, pitch and yaw motions
occur and their amplitudes, especially the roll amplitude, can exceed SAleg.
precise computation of the roll motion is imgant for the prediction of higher
order resonant vibrations, because higher order wave induced forces and
moments play a major role. For that reason, the new numerical method solved the
nonlinear rigid body motion equations. From a mathematical pointfex,
superposing the nonlinear rigid body response with the linear hydroelastic
response is questionable, because the superposition techniggairesa linear
system. Howevernysing the nonlinear equation of motion improves the pressure
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2.2WeaklyNonlinear Wavdnduced Ryid Body Motions

computation duringroll motions which is important for the computation of the
torsional moment A similar technique was applied elyMoctar et al. (2011)who
coupled a Ranse based CFD solver with a linear Timoshenkacelbeaent model.

2.2.1 NonlinearMotion Equations of aRgid Body

Thefollowing kinematicand dynamiaelation of a rigid bodycan be found in
Woernle (2011)The motions of a rigid body in the inertial coordinate sysiem
RSAONAOSR o0& bSgi2yQa aSO2yR flF 6 69dz SNI NR =

— 4D £ (©)
2 o @

GKSNBE Y Aa (K3 GaKS LIDRA MDdtheReloStNieddr Sy a2 N
of rigid bodytranslations, r§is the angular velocity vectaf rigid body rotation,

"Bis the external force vectoPis theexternal moment vector, antis the time.

Equation(@)relatesi KS AYSNI Al (GSyaz2N) 42 GKS Y2YSyida (
centre of gravity expressed in the inertial coordinate systénKk S & KA LJQ& A Y S NI/
tensor is only constant when expressedtite body coordinate system. The

transformation matrixfy (see eq.(2)) relates the inertia tensok (in the body

coordinatesysten) and the inertiaensor€ (in the inertial coordinatesysten) as

follows:

€ NEN ()
The angular momentum is then written as follows:
&R N Em ©6)

B 1 rBis the angular velocity ithe body coordinatesystem Inserting(6)
into (4) results in
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'Q "0 ’Q v n "0 v (7)
96 ,anz;:@ ned neh

The angular velocity in body coordinated) can be described by the rate of

change of the Euler angle8;

| & &2 8

Here,€ is a transformation matrix relating the angulaelocity in body
coordinates with the rate of change of the Euler angle

p Tt OE+
g & mwm AIO OEd Al © (9)
n OEd AiOAI©
Thetime derivative ofrgfollows from
| & B E B (10
Inserting(10) into (7) results in
g hE e g & 0 (1)

Using matrix notation, equatio(8) and(4) can be combineénd result n the
nonlinear equatios of rigid body motions (ithe inertial coordinatesystem)

e D \ - ° PD) 12
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Whereg is the 3x3 identity matriand a 3x3 zero matriXThe external

force vector,’® and moment vectorpP, are the hydrodynamic and hydrostatic
forces and moments due to the incident wave and ship motionsnidteematical
modek to describe these forcesand momentsare described in the next
subsection.

2.2.2 Hydrodynamic Forceand Momentsat the Ship Hull

As discussed in the sectioh.1, a weakly nonlinear hydrodynamic solver is
based on linear hydrodynamic theory because it transfers linear frequency domain
hydrodynamiccoefficients into time domain using convolution integraddter
linearizing the governing equations for the computation of wave induced
pressures at the hull, the total system can be split into the motion induced
pressure and into the pressure induced the incident wave. The foreeand
momentscorresponding to the motion induced pressuaee called radiation force

and moments® and(0P , and the force and momentgorresponding to the

wave induced pressurare called excitation forces andmoments "® and 0P .
These forceand momentcomponents carfurther subdivide. The radiation forse
and momentsinclude componert according to the ship acceleration, the ship
velocity and the ship position. The two former components are hydrodynamic
forcesand momentsand the latterare hydrostatic force and moments(also
called restoring force). To compute the hydrodynancemponents a flow
problem has to be solved to fulfill the boundary conditions at the free surface and
at the hull. The hydrostaticomponentscan be computed without solving a flow
problem. From here, the hydrodynamic radiation forces and moments are
denoted as® and0P . The hydrostatic radiation forces and moments are
denoted as® and(P . The excitation foces and momentsan be divided
into two components. The first componens called diffraction force and
moments ® and0P , and results from the disturbance of the wave velocity
field at the ship hull. The second componeme called Froude<rylov force and
moments '® and 0P , and accounts for the periodical change of the pressure
underneath the free surface due to crest and trough of an undisturbed incoming
waves. To compute diffractioforces and momentsthe bounday conditions at

the free surface and at the hull need to be fulfilled and thus a flow problem need
to be solved.Assuming that FrouetKrylov forcesand momentsare computed
based onan undisturbed wave, they can be computed without solving a flow
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problem. Due to the above decomposition of forcemd moments the total
hydrodynamic force and momentgollow from

DY B P 13
0P (P 0 0P
Here ® and 0P comprises the forceand momentsthat can be

computed without solving a flow problem, namely the hydrostatic and the Froude
Krylov forcemnd momentsThe following subsections discuss the computation of
each forceand momentcomponent.

2.2.2.1 Radiation Forces and Moments

As aforementioned, radiation forcemnd momentsresult from ship motions
and thus can be interpreted as a response foroe moment If linear
hydrodynamiaheory andlinearwavetheoryis applied( a theoretical description
of linear hydrodynamic theorgndlinear wave theorys given in sectiof.4), the
free surface elevation oscillates harmonically and the ship respond with harmonic
motions (if only the time average wetted hull surface is consider&dy harmonic
oscillations radiation forces ® and momentsOP  can be computed by
splitting the total force into one component due to body accelerations and one
component due tahe body velocity In the body coordinateystem.,it follows

A2
o (14)

The first component on the r.h.s. describes foregagl momentsassociated
with the ship acceleration with 7 being the hydrodynamic added mass
matrix. Thesecond component on the r.h.s. describes foraed momentsiue to
the ship velocity withH|  being the hydrodynamic damping matrix.

The hydrodynamic added mass and hydrodynamic damping are frequency
depencent, consequentlyequation(14) formally can only be applied for harmonic
oscillations with a constant wave encounter frequencyHowever, as
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aforementoned,the new numerical method consideredonlinear FroudeKrylov
and hydrostatic forces and moments. Consequentiyg ship response is not
necessarily harmonicFurthermore, such frequency dependent definition of
radiation forcesand momentscannot be applied for the computation of elastic
vibrations because the vibration frequencyniecessarilynot equal to the wave
encounter frequency.

Cummins (1962) and Ogilvie (1964) applied a convolution integral to model
radiation forces of notharmonc ship motions. Following this technique, the
frequency independent radiation force was described by

E ot 2 qf (15)
Bt

®
0P i) +

A2
i}

Here, the convolution integral (third term on the r.h.spdelled the secalled
memory effect of the radiation foraeand momentandi _isa matrix includinghe
impulse response functia also called retardation functi@which includes the
history of the radiation forces and moments at tindecaused by a past ship
motions at timef. F and’A are constants that describeomponentsdepending
on the body acceleration and body velocity.

‘A ,"A andi were elaborated by assuming that fopare harmonic oscillation,
equation (15) and (14) give equivalent solutios. Applying a Fourier
transformation on equatior{14) and(15), it was shown bygilvie (1964)hat the
following relation holds true

11 RM 1A RA R_io6 1 1o (9

The Fourier transformation was split into the real and complex component by
splitting the solution of the convolution integral into the sine, i 0
M:Z i oi Q¢ oQpand cosine, 6 5=, L 0Ol 6Qpsolution
Comparing the real and complex componeimtgquation(16) gives the following
relations
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[ A 7. Lo 17)
H A Lo (18)
Computing the limitforl ET 71 it follows
AT (19)
Applying the Riemanhebesqudemma,it can be shown that
I El ToAT1060Q0 (20)
And fom 1 ETH  followsthat
(21)

‘A "Hhb

Often,”"HH> was assumed to be zerseee.g.King (1987)what is true for zero
forward speed. However, it will be shown in sectibdthat under forward speed,

"HHb is not necessarily zero.
Inserting equation(19) and(21) into (15) results in the frequency indepeadt

radiation forces and moments

Lot ° Qf (22

!l' L@ n iy

0P — ;] - i;]

Here,i H is a matrix including the hydrodynamic added mass for infinite

frequency andHH is a matrix including the hydrodynamic damping for infinite
frequency.
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Appling an inverse Fourier transformation on equat{@) and(18),1 can be
computedbased on hydrodynamic damping

al

i 0 = THT H b G 0Q (23)

or based on the hydrodynamadded mass

o-
:lh

1 1 i B iQtoQ (29

Thus, the impulse response function can be computed based on transfer
functions of the hydrodynamic added mass or hydrodynamic damgingill be
explained insection2.4 that Rankine sourcewere used to fulfil the boundary
conditions at the hull and free surface. Consequently, thee surfacewas
panelizedand the grid needd to be refined according to increasing wave
encounter frequencies. For that reason, the Rankine source boundary element
method is limited to a certain maximum wave encounter frequency. At higher
wave encounte frequencies, the computational time increases strongly and the
computation becomes inefficient. For the present method computations were
limited to a wave encounter frequency @pproximately 2.5rad/s. However, to
compute the impulse response functioncatately, the upper integration limit in
eg. (23) and (24) should be higher than 2.5rad/s. To account for higher wave
encounter frequencies, equatiorf23) and (24) were split into a numerical
integrated part for low and medium wave encounter frequencies and into an
analytically integrated part uptinfinite frequency. The analytical integration was
based on Perez and Fossen (2008), who propose an expression for the asymptotic
behavior of the damping coefficients and hydrodynamic added masses at high
frequencies

"H 7 "H H O "H "H (25)

and
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[ [ T 26

respectively™H "H i~ and i~ are real constant coefficients describing the
asymptotic behavior of hydrodynamic damping dnydirodynamicadded mass up
to infinite frequenciesin the present workonly the firstand dominant term on
the r.h.s. of equation§5) and(26) was used to develop an analytical integration
for high wave encounter frequeres. Inserting the respective tesminto
equations(23) and(24) resulted in

i 60 2 i1 i Wb iQEoq
c } (27)
A L1 Lw YR oo ¢
C
and
. C . n I
L o = "H 1 "H b wéli 0Q
q . . . ‘o
=] "H 1 'H b o0YQD o < (28)
wET 0
1
Here,] denotes the highest encounter angular frequency used in the

frequencydomain computations (approximately 2.5 rad/s). In equati@§ and
(28), the calculation of 0 wassplit into a numerically integrated part from
m 1 and an analytically integrated part for . With the sine
integral:"Y'® _ OEd 70Q0

Equation(22) describes radiation forcaa the body fixed coordinate system.
As aforementioned, rigid body motions were computed in the inertial coordinate
system using equatioifl2). In the following paragraph, the radiation force in
equation(22) is transferred from the body fixezbordinate system into the inertial
coordinate systemstarting with the first term of equatio(22)
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i b

D ;
o0 (29

5¢

o
;]
Thetranslational body velocity expressed in the inertial coordinate system is

related to the body velocity in the body fixed coordinate system through matrix

transformation ® 1"® The time derivative of this expression yields the relation
between the trarslational accelerations expressed in the inertcaordinate

system,® and the accelerations expressed in body coordinate systdm,

® i A D 30

The Matrix productifj can be replaced by a skew symmetgasor

T m m
i m mToom (31)
m m T

wherem) ,m ,andm | N& Iy 3dzt | NJ @St 2 OA whasrda N5 & LIS O

The relation between the rate of change of the Euler angfes, * h-A[ , and

the angularvelocities in body coordinated mhm hm , was already
given inequation(8), and, for thetime derivativeof the angular velocity in body

coordinates,r§ in equation (10). Inserting the above intg29) and using the
transformation matrix to transform both from body coordinates to inertial
coordinates results in

® 5 AL WA AL WE

® AL Wi AL E g
A Wl AL He
Al kR AL E o

(32

In equation(32), the hydrodynamic added mass matrix was split as follows
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H
i " (33)

co Lo
‘ i B i

The second and third termsf ¢22) represent forces that depend on body
velocities

Po t 2T

2 i = at (34)
B BT

D .
= HH>
o i)

¢

Transformingequation(34) into the inertial coordinate system by applyitige
matrix transformation of equation5) and the relation between the angular
velocity in body coordinates and the rate of change of the Euler angdestion
(8), it follows

D NH b AH by 9

® 5 AH A AH by 8
AL o th AL o T3 Bt
AL o th AL o tq bt

(35)
Qt

Combining equatiorf32) and(35), the total radiation force and moment vector in
the inertial coordinate system follows as

§2)
0P
AL A AL HBE 9
Al A Rl HbE
nLoornoonL . 2 ] .. ] (36)
Al B A AfH bR A HbE A"H HE o
Al B A AfH bR A HbE AfH bE  a
Ao tA AT o TE s
e o T L9 Te ™ gy
nL o tn nL o teg Y
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As already discussed, the new numerical meticodplesthe fully nonlinear
stationary forward speed flow with the oscillatory flow of a moving and vibration
ship in waves. Based dnl OK Y I y Yy Q dHa¢hininiNEOR )itkvastassumed
that the stationary velocity field is attached to the ship hull and, thus, the
stationary flow is constant in the bodixed coordinate system. Consequently, the
stationary velocity field moves with the ship motion and genesatestoring
forces and moments additional to the classical hydrostatic restoring forces and
moments. An additional component, based on a restorimgtrix "Hnultiplied with
the body translation and Euler anglasgeds to beadded toequation (36). A
detailed explanation of the computation 0Hs given in sectio.4.

As aforementioned, it was assumed that radiation fore@sl momentsare
dominated by convection effects and thus are pressure dominated. This
assumption is not correct for reihduced hydrognamic moments. The rell
induced moment is affected by viscous damping. Such roll damping moment can
be considered based on empirical approachishl (2016yives a good summary
of existing empirical roll daping approaches. The simplest approach is a linear
damping model which computes the viscous roll damping moment with one
damping coefficients multiplied with the roll angular velocity. More accurate but
also more complex are higher order roll damping medéht use further higher
order components of a polynomial to describe the viscous roll moment. Some
approaches additionally split the damping coefficients into individual
contributions from different physical phenomendkéda et al. (1979), e.qg.
friction, generation of eddies, contribution from bilge keels, etc..

Often, roll decay tests are performed and the damping coefficients are
computed from a regression analysis of the measured decaying roll oscillation. In
the present work, investigations of lkanotions were performed for a 333m and
355m long container ship. It will be shown in chapted.l1that a linear roll
damping approach is a good representation of the roll damping behaviour for such
container shig. Similar was shown bikiu and Papanikolaou (2014}For the
present method, the actual roll damping is related the critical roll damping. The
critical roll damping coefficient follows from

W ] q A (37
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With the natural angular roll frequency, , and the hydrodynamic added
mass for roll@ . In equation(37), 0  depends on thenatural angularroll
frequency. Usually the hydrodynamic added mass varies significantly for low
angular frequencies and less strongly for moderate and high frequencies
(asymptotic behavior of the hydrodynamic added mass for high frequencies).
Thus, the actual frequency indepdent roll damping coefficient was computed
based on the hydrodynamic added mass at infinite frequency and follows from

® cw & L W (38)

& describes the relation between the critical roll damping and the actual roll
damping. For seagoing shigs is often between 0.01 and 0.05, depending on the
forward speed (higher forward speed results in higher dampingh#pter4.4.1,

o will be computed explicitly for a 355m long container ship. To include viscous
damping into equatior35), a viscous damping matrix was defined:

w T
H s T T T (39
T T T

Combining equation(36) and (39) and including the additional restoring
component based on the restoring matfbtesults in the following expression for
the radiation forces and momentsn the inertial coordinate system

Al Wi AL WE g
AL Wi AL WE g
AH R AL M A WE AL HbE ®  (40)
AH KR R WA ATH M H B AL HE
AL o th AL 0 T .. RAHA B
A0 TR AL O T& a R A'"HR &
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2.2.2.2 Diffraction Forces and Moments

Diffraction forcesand moments ® and 0P , were calculated using the

complex diffraction force amplitudg™® 71 and0P 1 , resulting from the
linear hydrodynamic flowproblem of the incident waveA description of the
computation of the linear wave induced pressure acting at the ship hull is given in
section2.4. To calculate complex diffraction for@nd momentamplitudes in
frequency domain, the ship is fixddowever, n time domain simulations, the ship

will oscillate relative to the incident wave8verage lowfrequency motiongdrift
motions) are avoided by the combined action of a system of soft springs. As a
result, the ship executes these lewequency motions at the beginning of a
simulation until the time average hydrodynamic forces and time average spring
forces attain abut the same magnitude acting in opposite directions. The time
average position of the ship then differs from its initial position, and the relative
motion between the incident waves and the ship results in a time dependent shift
of phase angle shifg+ , between the incident wave and the diffraction forces
acting on the hull.

Figuredillustrates the position of the ship witts body fixed coordinate system
relative to the incoming wave. The inertial coordinate system is at the position,
g KSNE { eeftredt dgtavitydOrigin of the body fixed coordinate system) was
located at the beginning of the simulatioh wave coordinate systens

w ho gy defines the direction of wave travelinyjs origin is identical to the
origin of the inertial coordinate systenbut its xaxis points in the direction of

wave propagationThe vectolp i A A ; s the position vector of the

aKALIQ&a OSyidNB 2F 3INIgAGe SELMBESHEBR AY

wave length.
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Figure4: Visualizationof the wave coordinate system.

Phase angle shifty 0, is related to wave length, and to the xcomponent
of ship position vectorj ;, expressed in the wave coordinate systesw. 0

results from

3 (41)

The diffraction forcevectorin inertial coordinates™® 0, results from

B 0 AYAQD Q 42
and the diffraction moment vectop 0 from
0P 0 RQAYQP Q 43

Y Qdesignates that only the real component of the content in brackets was

applied.
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2.2.2.3 Combined Froude-Krylov and Hydrostatic Forces and Moments

The combined Froudgrylov and hydrostatic force® , and moments,

0P , were determined by integrating the pressurg, , under an
undisturbed wave (considering the Smith effect) over the instantaneous wetted
surface, takingnto account the wave elevation, the rigid and elastic ship motions,
and the stationary wave system caused by the steady forward speed in calm water.

Consequently,® andi0P were calculated as follows:

L2 AN 2Q"yY (44)

0P AN ® Q% (45)

The pressuref) , due to an incoming waveias calculatecdbased onlinear
wave theory see equatiorf210). The ship hull was discretised by triangular panels
and equation(44) and(45) were numerically integrated by assuming a constant
pressuren over one body panels An adaptive grid technique was
developedto account for panels that intersect with the free surface. A detailed
description of the spatial discretization is given in secfidn

2.2.2.4 Radiation and Diffraction F orces due to the Changing Wetted
Surface

It was already discussed in the literature study that geometrical nonlinearities
have a significant influence on higher order wave induced feme moment
components and affectthe rigid body and elastic responsstrongly. As
aforementioned, alinear frequency domain boundary element method yesd
radiation and diffraction pressures (see sectibd), which ae thentransferred
into the time domain. Consequentlihe correspondindgorcesand momentsvere
computed by integrating theadiation and diffraction pressurever the mean
wetted surface of the hull, neglecting variations of hull submergence caused by
the incident wave and the ship motioas elastic deformationTo account for the
effect of the changing wetted surface on radiation and diffraction foarel
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moments a modified approximation of the changing wetted surface according to
Boese (1970)yasdeveloped

Relative motions between the free surface @hd hull as well as the associated
pressure distribution on the hull surface were approximated from the first order
pressure at the mean waterlineésdding et al. (2014implemented a similar
approach into a linear frequency domain boundary element rodthto
successfully calculate time average drift forces. However, the present technique
calculates the effect of the changing wetted surface in time domain. At a typical
ship section shown iRigureb, the relative motion between the free surface and
the hull is the distanc& measured from the mean water surface,, to the
instantaneous wave elevation) 0. The pressure at the hull i the pressue at
the mean water line,)—. A linear frequency domain calculation neglects
pressures within the redoloredtriangle.

z
dT
y WL ,
p
/j\

Figure5: Ship section with mean water level and instantiations wave elevati®aese (1970)

WL

.||q

=

Pwt

Assumimy a linear pressure distribution between the mean water surfats,
and the instantaneous wave elevatiow,0, the corresponding forcé® , and

moment, 0P Zsummed over all waterline panetse calculated as follows, see
e.g. Soding et al. (2014)

N P O b 46
® n [3 (46)
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hb Bk

0P —
cu 'Q@ P

I

(47)

A waterline panelWL_Panéglis a triangular body panel having two of its three
corners at the mean waterlindpis the vector between these two corners, and
index 3 designates the third component (vertical) of the resulting vector. In a linear
frequency domain methods is the sum of the pressure contributions from
radiation (including restoring), diffraction, and Froudeylov. However, the new
numerical weakly nonlinear time domain method already integrates Froude
Krylov and hydrostatic pressures over the instantaneous wdetgurface.
Therefore, only coupling effects between these pressure contributions were
consideredn the waterline integraland this leads to the following expression:

n o n h ¢n n  ¢n N ¢non (48)

The first two terms on the right hand side @) result directly from radiation
and diffraction and, had linear Froud&ylov forces been used (instead of the
nonlinear FroudeKrylov forces integrated over the instantaneous wetted
surface)(48) would also include a term . The last three terms on the right
hand side of(48) account forcoupling effects between pressures caused by
radiation, diffraction, andhe combinedFroudeKrylovand hydrostaticeffects.
Pressure) is calculated from the frequency domain results (see se@idh
similar to equation(42) applied over every waterline paneind n is the
radiation pressure. Pressurg 0 is calculated using convolution integrals in a
manner similar to the calculation of total radiation forasd momentsacting on
the ship; seg22). Accounting for contributions from all six rigid body motions,
n s calculated as follows:

Do 102 tof (49

p d_DI-bO—@ AH O
ki i}

3 1d

The radiation forceand momentsn (22) act over the entire ship, where§9)
stands for the radiation pressure acting at a single water line panel. Therefore,
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o H O A2 and@H O © are here pressurénduced components of added
R L

mass and damping an®0 accounts for the time history of the pressure. Here
o H,AH , and®o are vectors and multiplied by the velocity and acceleration

vector using the scalar produdthe computation oﬁ_(Dand(_Ebased on a frequency
domain boundary element method is explained in secioh

The impulse response functid®O is calculated similarly t(27) and(28). The
memory storage necessary to calculate pressures acting on one waterheéipa
six times less than the memory storage to calculate the radiation forces and
moments acting on the hull usir{@2). Nevertheless, the coefficieniis (49) need
to be stored for every waterline panel, wherg@g) already includes the radiation
response of the complete ship.

2.2.3 Nonlinear Rigid Body Motion Equationswith Weakly-
NonlinearHydrodynamic Forces

The nonlinear equation of rigid body motions was discussed in se2tibt
see equation(12), and the external hydrodynamic force&xd momentswere
discussed in sectioR.2.2 The diffraction érce and moments and the combined
FroudeKrylov and hydrostatic forces and moments were treated as external
forces on the r.h.s. of the equation of motioHdowever, the radiation forces and
moments can be interpreted as a system respoasd, thus, are inoduced to
the l.h.s. of the equation of motion#serting the radiation forces on the I.h.s. of
equation(12) results in

i 2 ® ya ® a2 1ot he O
E>N E>N EoN b
- o - (50)
(§]3) §]3) uP
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The coefficient matrixes , "H1 and "Hlepend on the current Euler anglés
with

. n ag L B A n. He
Al Wb A RE T H &

a H H (52)

-
C B L A AL 5 (53)

AL A AL q

ﬁ ““H " 54
e AH A (54)

R N'HQ

The components of matridHare read as follows

‘H  AH b Al A (59
"H A'H by Al Ho (56)
"H AH bR AL B (57)
‘H & NEe ATH b a7 N HE (58)

Equation(50) wassolved using the implicit Euler method. Consequently, the
convolution integral includes one componeiit, , that depends on the next
unknown time step¢ p and all other components] , that can be
precomputed based on the solution of the previous time steps. Thus, the
convolution integral can be numerically computed as follows
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i ® ot °

YoRt A YoRt & 9
et P (59)
H yonl r]1| yonr ¢ H

The first component in equatiorf59) includescontributions of the next,
unknown time step. The second component on the r.h.s. comprises the solution
of the precomputed convolution integral that considers all contributions @f th
past:

(60)

30 is the time step sizepis the length of the impulse response function
divided by30, & ds the furthest time instant of the past considered by the
convolution integral, andi ¢s the current instant of time.

The component of the convolution integral that includes the contribution of the
next time step has to be included on the |.h.s. leé equation of motion ad will
later be part of the coefficient matrixo solve the system of equationghe
precomputed components,ip, can be placed on the r.h.s. of the equation of
motion. Combining all above force components, the nonlinear equatianatfon
reads as

-lr D “® “H-D— “@ n|_|_£)_ "@
b
b B
© P (§}2] P

The components ofHwere now extendedwith the contribution from the
convolution integrabnd reads afollows

WA WA YRl A AL bR 62
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t A kg YORL & AL HbE (63

+ AW A YoRL A1 AL HbA (64)

 AH B H g8 YoRL & AE QB (65)
e e

As aforementioned, equatior(61) wassolveusingthe implicit Euler method
The displacement and velocity of the bodse the sum of the result of the last
time step €, and the product of the time step size with a functidapending on
the parameters of the next time step p:

© 9 Y900 HO R (66)
b b
® ® Yoo f® Re 67)
b b

Using the linear numericalerivative of the accelerationsand velocities to
obtain the displacements follows

3 2) (68)
b b

sio

12
£l

b b b

sio

The system of equation® solve displacements and velocitiedlows as
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n@ “@
€ YoOE & B 6y & By
H O S’/b.l’ Hn ) & ey ) &
¢ 20 o8O0 (70)
®
o ) ’ )
Yoi b 2

(§]2) (§]2) (§]2]

Displacementaind velocities are solved simultaneously, thus the matrix on the
l.h.s. of equatior{70) is of size 12 x 12 is the 6x6 identity matrixThe wateline
forces and moments and thembined FroudeKrylov and hydrostatic forces and
moments depend on the current body displacement iAternal iteration loop
ensures an accurate convergence. Usually, more than three iterations were not
necessaryRecall that ,"Hand "Hncludes transformation matrixgp 2,5 £,
N2 and € £ and that all of these matrixes depend on the instantaneous
Euler angles£-. Consequently, the system of equations is nonlinear. To solve
equation (70), alltransformation matrixes were computed based on the Euler
angles of the previous time step. During the internal iteration lodipe
transformation matrixes were updated and aocurate cavergence was ensured
After the new displacements and velocities of the time step wete solved, the
new acceleratioawere computed applying equatiai69).

2.3 Weakly-Nonlinear Wave-Induced Elastic
Deformations

Thefollowing chapteidescribeghe newmathematical formulatiorio compute
global elastic structuraldeformation of ships.The content of this section was
published inRiesnerand el Moctar (2021a, 2021b)

The structural behavior of local ship components, e.g. single hull plates, affect
the global elastic responsmly minimally. For that reason, as already discussed in
the literature study (see chaptdd), finite element beam theoryas applied for
the new hydroelastic solver. Finite element beam theomas proven to
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adequately represent the global ships structudaéhavior and to allow a
numerically efficient computation of springing induced vibrations.

A ship hull is a soalled thinrwalled girder (in beam theory terminology),
consistingof thin plates that are typically combined to closed or open cells. The
left side ofFigurell shows the portside of a simplified ship cross section, where
the double body is made of two closed cells and the side wall iscalkal open
cell. To describe the structural properties of such cross sections, advanced beam
theory has to be applied.

Theleft side ofFigure6 shows the portside of a simplified container ship cross
section that is loaded with containers. G designates the center of graitye
shipconsideringcargo.As aforementioned, rigid body rotations are described by
rotations around the center of gravityElastic deformations are usually not
described respect the center of gravithccording to the EuleBernoulli or
Timoshenko bam theory of straight beas(Timoshenko and Goodier (1970)
bending deformations are often described respect the neutral bending axis of the
cross sectionThe coordinate system N with iksngitudinal,@ horizontal,wand

vertical, ¢, axis designates the neutral bending axis of the simplified ship cross

section. Based on torsional theofyr thin-walled girder, see e.g/lasov (1961)

the shear center is the pole of torsion induced twist. Thus, elastic deformations
induced by torsiorare usually described respect a coordinate system located at
the shear center of the cross section. Recall that ship cross sections are
characterized by open and closed cellsl éimat the shear center can be located
significantly below the keel line. Tleeordinate system, S, with itsngitudinal,

horizontal,cy andvertical,g, axis designates the shear center of the simplified ship

cross section...is the torsion induced twist angle. The right sideFafjure 6

AffdzaGNI 0Sa GKS ySg LRaruArzy 2F GKS OSyidSN
ySdziN} f o0SYyRAYy3 |EA&AY bQX IyR (GKS &aKSIN O
induced twist,.., and horizatal bending induced translation, ,  (in this case

negative for a clear visualization), of the cross section. It can be seen that a twist

motion initiatesa horizontal displacementof N and G. Vice versa a horizontal

bending motion initiates adrsional moment. The corresponding coupling terms

contribute to thekineticenergyand strain energgf the deformed beam and thus

are part of the mass matriand stiffness matrix.see als®enjanok 6 SG Ft ® 6w N P
andPavazza (2005)
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FigureG:+ Addz t ATFGA2Y 2F | AKALIQE ONR&& BefddgAzy 6AGK

coordinate system and shear center coordinate system (left). Visualization of bending and torsional
coupling effects (right).

To compute elastideformations of the shitructure, a two-node fourteen
degreesof-freedom beam element model was developed. The left sideigfire
7 shows the definition of the coordinate systems agll as the nodal
displacements (colored blueJhe origin of the element coordinate systemm,

afuha | is placed at the first node coincident with the intersection of the neutral

bending axis (see alstigure6). The displacemeri describes the displacement
of the'Q degree of freedom. Indicé® pltlwidentify the translations of the first
node in the w, « and o-directions, respectively, and indic& ulp mark the

rotations of the first node about théraxis- and g-axes, respectivelyAs already

introduced, an additional coordinate system at the shear center defined the pole
of torsion induced twistd ¢y . The indeXQ Tt marks the twist angle due

to torsion of the first node about theraxis and inde3Q x denotes the variation
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of the twist angle about thevaxis,6 ' TQ wSimilar to the indices 1 to 7,

indices 8 to 14 denote the correspondi displacements of the second node. The
element length is designatdd

The right side oFigure7 shows a side and a top viewtbk beam element with
N [N/m] being the external longitudindbrce,j 0 7& the external horizontal
force, 1 [N/m] the external verticaforce, andry 0 &7a the external torsional
moment per unit length.

2. C

Uy = (dug,)/dx (1) qz (2) g

1=

1=

11N
1%

Uy
u; = (duy)/dx

—p- > > >

Figure7: A typical beam element, showing the origin of its coordinate systeamd the degrees of
freedom of anode (left) and the applied external loads pamit length (right).

Simplified torsional theory ( St. Venant torsion) assumes that the variation of
the twist angled6 'O TQ is constant over one elemeli¥lasov (261) and
the sevens degree of freedonf)( x) could then be avoided. Considering here
that the variation of the twist angle varies over the element length is the most
important difference between the present torsional theory and the simplified
torsional theory due to St. Venant. St. Venant torsional theory is of often referred
to as pure torsion or uniform torsion and the torsional theory with a varying
GIENAIFGA2Y 2F (GKS GoArad y3atsS Aa 2F0GSy NBTFSN
uniform torsian. Further simplifications can be applied for some specific cross
section. For cross sections with two symmetry paia.g. rectangular cross
sections, the shear centre, is coincident with the neutral bending axis and if no
further non-structural masses are applied, it is also coincident with the centre of
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gravity. For such cross section, coupling effects between toramhbending
disappear. Further simplifications can be maderfaiationally symmetrical cross

section as cylinders or pipebecause thgR2y Qi adK2¢g G(G2NEA2Y AYR

effects.

Based on the assumption that the total elastic response can be apprtedma
by superposing all basic vibration modes, the overall elastic structural response is
calculated using the modal superposition technique in time domain@Lie¢ the
unified response vector for all degrees of freedom for #enatural mode and
U O a superposition factor for the response of that mode due to excitation forces
and moments The total response is described as follows:

® ®U (71

Using this technique, the complete elastic ship response was decoupled into basic
ship vibrations that can be solved separately. The first natural modes describe
generally rigid body motion. Recall that rigid body motions were computed with a
nonlinear rigd body motion solver and not with the linear finite element solver,
the loop in equation(71) neglect the first six modes. When computing the elastic
natural modes, iis important to consider that the ship is freely floated in water.
As a result, vibration induced hydrodynamic forces act at the hull and affect the
natural frequency and mode shape. In this case both parameters are referred to
as wet natural frequency ahwet natural mode.

The linear motion equaticsto describethe nodal displacementsp, was derived
based on the strain energg, and kinetic energy.Y of a vibrating beamsing the
Lagrange formalism (Bathe, 1996):

9ro 1o Q (72)
QoT o 0

—a

Whered is the Lagrange Operator
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0 Y @ 73

and™Qare generalized external forces.

The following subsectio2.3.1 describe the mathematical formulation of the
strain and kinetic energy of the vibrating htaldescribe the Lagrange Operator in
equation (73) and to derive the equation of nodal displacements from equation
(72). As aforementioned, the new beameehent approach considers torsion
induced warpingShips cross section are complex structures with thin walled open
and closed cellsComputing the warping properties of such structures is a
complicate andime-consumingprocedure, especially during the dgs state.To
reduce the complexity, thevarping characteristics of the structure were simplified

to adequately represent shifike structure butto simplify the computation
LIN2E OSRdzZNE 2 F (KS &K AhdQpioceduie Ndzisdudsd ih LINE LIS NJ
subsection2.3.2 Afterwards, subsectior2.3.3 discusses the element shape
functions to describe displacements of the structure inside the beam element due
to nodal displacement.Subsection2.3.4 connect thecontent of the previous
three subsections and describes the derivation of the linear equatxdmodal
displacementsSubsectior2.3.5discuss the procedure of computing wet natural
modes and subsectiol.3.6explains the derivation ohie frequency independent
equation of nodal displacements including all considered hydrodynamic forces.
Finally,subsectior?2.3.7describes the computation of theedional loads, namely

the torsional moment and the vertical and horizontal bending moment.

2.3.1 Strainand KineticEnergy of & ElasticVibrating Ship

Figure8 exemplary shows a small segment of a cross section stru¢totered
grey) and their geometrical relationshigs the element coordinate systens

afufr |, and the shear center coordinate syste@, cfufr 8Qirthermore,

an additionakoordinate systemvas introduced thatlescribes the position on the
cross section, with the distanéemeasured from an arbitrary starting poifit
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11N

Figure8: Geometric relations of a thin walled girder

As introduced in equatiofl), the vectorle ciuhx 0 D P describesthe
elastic longitudinal, horizontal and vertical displacements of a point on the cross

section, respectively, antb 0 D I is the velocity of thatpoint. (?

0y is the position vector of the shear center coordinate system in the

beam element coordinate system.

Thekinetic energy of the vibrating structure follows from

v P oop eoo (74)
C
For a thin walledyirder,the strain energy follows from
6 g cCbd 0 @ 0 @ (79)

WhereOandOF N GKS | 2dzy3Qa Y2RdzZ dza | yR (K

The longitudinal strain; , and the shear straifi, and[ , follows from
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[OV [OVINOV ro 10 76)
T owe! T ome me! T TE T

The longitudinal displacement due to elongation, torsiorertical and
horizontal bending can be described as follows, seeRagazza (2005)

60 0 — —a 7 QQi . r Qi . r Qi . Qi @7

where0 is the longitudinal displacement due to pure longitudiekingation or
compression— is the crosssectionrotation due to horizontal bending, andg-

the crosssection rotation due to vertical bending. Heré, Q XQ wis the
variation of torsion induced twist angl& is the shortest distance between the
torsional pole and the considered point on the cross sec{sweFigure8), and
[, and[ are the shear strains due to torsion, vertical bending and
horizontal bendingThere are different theories with different lelgof complexity

to model warping effects. In principle, warping describes the out of plain
displacement displacementin x direction) perpendicularon the cross sectian
The upper picture ifrigure9 shows exemplary the cross section of -B&amwith

the shear center coordinate system located below the beam structure. The lower
picture in Figure9 illustrates the onenode torsion modeOn both ends of the
beam the longitudinal displacements due to torsimluced warping can clearly

be seenand can be computed by the w1 i .1 i is thetorsionalwarping

function for open girders that depends only on geometrical properties of the cross
section] i | "QQj Vlasov (961) For the new numericamethod, it was

assumed that the cross section is constant along one beam element.
Consequently, did not depend on the longitudinal positighover an element

The present example shows the free vibration of the beam without any boundary

conditions at the beam ends. In this scenafio,w is constant along the total
beam length and it followsQ7 w7Qw 1. Consequently,warping do not

contribute to thelongitudinal strain, see equatio(v6), and as described later in
equation(108) and (109), it does not contribute to the total torsional moment. In
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that case, thaorsional moment can be computed according to St. Venant torsion
theory, see e.gVlasov (961) Even if it is often neglected for such scenario,
warping contributes to the kinetic energy and should be considered for dynamic
analysis.

In areal application often boundary conditios at the beamends preventfree
warpingof the cross sectio. Such effect also occurs if the total structure is made
of beams with a different warping stiffness (see the later explanation at equation
(87)), which is the casir ship structures due to large hatch opening and relatively
stiff compartments between the hatch openings. In this case, the stiff
compartment prevents free warping of the weaker compartmewtsich results

in a longitudinal variation gf @ over eachelement This effect is called nen

uniform warping(often also called restrained warping)d affects the modes and
natural frequencies of torsional vibrations significantly.

Forcross sections with open cellthe torsion inducedshear flowYi 1 Q0
which is the integral of théorsion inducedshear stress over the plate thickness
t, is zero.FigurelO left illustrates this effect. Consequently, the integral of the

torsion induced shear strain in equatiqi@?7), , [ Qi is zeroand does not
contribute to the longitudinal displacemer@ften, thisterm, and also the integral
of the bending induced shear strain,/ Qiand, [ Qi are neglectedalso

when computing the longitudinal displacement of closed secgtidasov (1961)
However, the torsion induced shear flow at closed sedisnunequal zero, see

Figure 10 right, and consequently [ Qi contributes to the longitudinal
displacements.In the new numerical method, | Qi and also its coupling

effects with [ Qiand_ [ Qi were considered.The definition of the

longitudinal displacement differs to the classical Vlasov theory \dasov (1961)
because the shear strain ,/ andl were neglected by Vlasov.
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s? —9()w(s)

1<

Figure9: Free vibration of an unsupported {$hape beam.

Figurel0: Torsion induced shear stress for an open (left) and closed (right) cross section.

For a simple cross section, such asRrofile in Figure10 (left), all the
necessary geometrical information can be easily calculated to compute each term
of equation(77). However, cross sections of ships are often complicated as they
include open and closed cells of changing plate thickness. Integrating all
geometrical properties over the entire cross section is a ttaesuming
procedure, and ofta such detaileccrosssectionalinformation is unavailable at
the early design stage. Therefore, equat{@id) was simplified to be applicable for
practical engineering calculations. First, the vertical and horizontal shear strain
gl a AAYLIEATFASR dzaAy3a | fAYSENI 6F NLIAY 3 | LILINE
theory) to describe the bending shear strain. Consequently, as the bending shear
strain is consideed to be constant over the complete cross section, the
longitudinal displacement due to, e.g., horizontal bending strain was substituted
as follows:
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Wi O pwi (78)

Here0 j is the horizontal shear bendirendthe apostrophe designates the
derivative with respeata Combining therosssectionakotation due to horizontal
bending with the bending shear strain results in the following relationship:

—w [ Q0 f g VRO VRO (79

were0  f isthe total horizontal bending (pure bending plus shear bending),
andU  is the horizontal displacement due to pure bendi@pnsequently, the
bending shear s&in does not generate a longitudinal displacement; see, e.g.,
Timoshenko and Goodier (1970he same applies to vertical bending.

Figurell showsexemplarya simplified symmetric ship cross section. The lower
part (double bottom) consists of closed cells, and the side part is an open
structure. To simplify the contribution of thersional shear strain, the relation of
the torsional shear strain and theariation of thetwist angle was described by
r [ A . The warping function, , of closed girders was defined as follows:

1 0 [ Qi (80)

For an open thin walled beam, the warping function reduces to the classical
warping function ofVlasov (1961)i.e.,1 . "Q Qi Based onthe above

simplification, the longitudinal displacement of a thin walled beam of open or
closed cellsvascompued as follows:

Cc

Cc

Cc
5¢

e

Cc
¢
N

T (81)

According to the geometrical relations Figure8, vertical and horizontal
displacements are written as follows:
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Equations(81), (82) and(83) were inserted into(76) to finally compute the
strain energy. However, it was assumed that the longitudinal displacement,
due to a pure longitudinaélongationrepresents only a minor contribution to
elastic ship dynamics and that the coupling effect betwéenand the remaining
longitudinal displacements is even smaller. Therefore, the longitudinal strain was

simplified as follows:

T2 (84)

1
c
8
c

¢

e
Cc

5¢
1

The above procedure results in the following expression of the strain energy:

¢ U

Yal o)
P
O

Ouv Y 0O ©O 0 0o 1

Illd

¢L 7O ¢ 10

OO0 1Y Of 1Y @O
(85)

CO Vi Gy @ QO

1 e-

ng()o Qw

Here,Sis the cross sectional arer, andi coefficients to reduce the cross
sectional area to the effective shear area in y and z directidand Oare the area

moment of inertia about thew and ¢-axes, respectively© is the warping

stiffness,’O is the deviation moment;,O and ‘O are the sector centrifugal
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moments, andOis the torsional stiffness. Moment®, 'Q ‘O, and'O are known

from classicabeam theory:

‘0 a'Qo
‘O wQo
(@6
‘O Qo
0 oo ¢ w & °°

The deviation moment becomes zero when the cross section has at least one
symmetric plain. ConsequentlyQ is often zero for ship cross sectioneT

warping stiffnessO, is obtained as follows:

1 Q6 (87)

Illd

The centrifugal moment®© and’O of a sector read as follows:

e
Q-
Q
o

(89)

IIIO
=
@]
(@]

These moments are zero when referred to the principle coordingésbear
center)

To describe the kinetic energy, see equat{@d), it is important to consider
GKFG y20 2yt e (K SutalsoitsiostruéuiaNbzondnis’

contribute to the total kinetic enerng This comprises e.g. all kinds of cargo masses.

AlGast
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This is important e.g. for containerships, especially when containers are stacked

high on deck, thereby exceedingthecrds§ OG A2y I £ RAYSsfeRlA2y a 27F (F
structure, see e.gFigure6 left. Here, all cargaovastreated assolid masses. In

addition, it wasassumed that cargo motions followed the geaemotions and

deflections of the ship. Based on equatidB8g), (82) and(83), the total velocity

was separated into a longitudinal component:

Qo ,
Qo U U RQ Usg T (89)
and a horizontal and vertical component:
T =
(90)
a5 ..g

Inserting equation$89) and (90) into equation (74), the total kinetic energy
wasdefinedas follows:
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Here,Qis the polar inertial moment per unit length with respeotthe shear

centre,’ is the mass per unit length, ari@ and Qare the inertial momentgper

unit lengthabout the neutral bendingy> and - axes, respectivelyd and &

are the horizontal and vertical position of the center of gravity respect the shear
center.Recall that warping induced longitudinal velocities were considergd by
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in equation(89). However, describes only the warping induced displacement of
the ship structure. The warping induced displacement of cargo (e.g. containers)
cannot be described by, becausesome important properties, e.g. the stiffens of
the lashing, are unknown. In the present method, the kinetic energy due to
warping induced cargo motions was computed by distributing the total mass per
unit length over the structural cross sectidy introducing the term' 7Yin
equation(91).

2.3.2 TorsionIinducedWarping of Ship Cross Sections

The computation of the strain energy in equati¢®b) is complex for ship
structures. This is particularly true for the last two terms on the r.h.s., that
represent theshearcoupling effect of bending and torsion:

CO U ; 0 (92)

Q-

Q
Q6

To integrate the derivative of the warping functiorvey the entire cross
sectional area, detailed sectional properties have to be known. To avoid such
complicated computations, a simplified approach was developed. EquéR)n
was split into separate components, whé¥e  «Q dand”Y _ ¢Q oare the

area moments of the cross section relative to the shear center:

Q. . Q.
O 0 0 O 0B 0r —0 93
Q0 UhE UhE L f ’quuh T (93
The terms, —Qodand_ —'Qocan be estimated for the parallel mid ship

assuningthat the ship cross section is made of only vertical and horizontal plates.
Although this neglects the bilge radius, it is a reasonable assumption considering
its relatively minor effect on the remaining ship structure. With this simplification,
"Q ais constant for horizontal plates, affd  wis constant for vertical plates.

For thin walled girders, the crosection area of horizontal plates can be related
to the effective horizontal shear area, and the crgsstion area of vertical plates
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can be elated to the effective vertical shear area. Based on this simplification, the
following holds true:

206 aQd 1Yo (94)
Qw P =
and for vertical plates,
2 a6 WQo 1Y 95
oY G Uk (95)

where®;  0yIPy is the vector extending from the element coordinate
at the

system (situated neutral axis) to the shear center;Sgere8.

Equation(94) and(95) was verified with a simplified ship cross sectibigure
11 (left) shows a drawing of this simplified cross section and the associated
dimensions in meter. The plate thickness is T8t & . Figurell (right) shows this

cross section and the warping function,, distributed along its structural
members.

-249.2

20.0

Figurell: Simplified ship cross section (Bfand the associated warping function (right) distributed
along structural components
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Tablel lists the geometrical properties of this simplified cross sectionTaatule
2 compares he analytical and estimated solutidrased onequations(94) and
(95). The analytically computed result of Q 7QdQ 06 mad and estimated

equivalenti "Y0  m8td indicate that this cross section is symmetric about the

x-z plain.Furthermore, comparing the analytically computed’Q ¥Q ¢XQ 0

p& @ and estimated i ™M p&d shows a good agreement.

Consequently, the following relations 'Q  7Q d® 6

i "Y0 , was assumed to
be accurate enough for ship structure

Tablel: Cross section perties
Y ¢t a t@®dh o Ta
Y p& b a v b o T8

Y pp O pwdi O

Table2: Comparisons of analytical computed and estimated distribution of the warping function

analytical solution estimated solution

Q.. . _
HQQO T3ra lYg T8d
Q. , i'YY pe&d
e’ PR -

Inserting the above simplifications into equati¢®b) results in the following
definition of the strain energy dhe newbeam element approach:

w - 0 v Y vyp O 0 ©O 1 O
GO U O QO {1 O <cO {7 O oYU I (6)
0f | @O ¢COMM 01 p CcCOMEDI p Qw
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2.3.3 Shape Functions to CompuEementDisplacements

As already shown iRigure?, the current deformation of the system of finite
beam elements were described by nodal displacememtsThe translations and
rotations of the cross section at the positiasinside the beam element (between

two element node) were described by the summation of shape functionsp ,

multiplied with the associated nodal displacemerits, The three transitions0
Ofr p andV i { (bending +shearpoint in the o, w and g-directions,

respectively, and the three rotations| andf rotate about thew, w> andg-axes,

respectivelywere computed as follows

U wo
ey R - Yy
9] .« v
& L wo o,
& AR &
0 Y 0 wo
Vh hs O hRA - o
® S0f p O &

2 5 O 0 wo & 97
| oy hh h - y
¥ 1 o Q Q0 o
@] :()Fv
2 . Qw A
O hRoR o
Y y
oy Q0 w !
—0

, Qw

hRA O

The shape function to describe pure longitudinal elongation or compression
and the shape functions to describe vertical and horizontal bending displacements
were taken fromexisting literature. The shape functions to describe torsion
induced displacementsave been derived within this work.

The longitudinaldisplacementof a point on the beam centrelue to pure
longitudinal elongation or compressionwere described by two linear shape
functionsN; andNg, Przemieniecki (2012)
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(99)

where,  ofdis the normalized longitudinal position.

The four shape functioniz, Ns, N1o and N1z describel vertical displacements
due to vertical bendingThey account fathe effect of bending and a linear shear
RSTfSOGA2Y I OO2NRAY A ®PRemikledk®(@0EKF Yy 1 2Qa 0S|I

5. StEe o o P b (99)
o 5 O(B - | g, . (100
0 . 5 pB G c, & (101

wherel3 is a shear deformation parameter that describes the relation between
bending and shear stiffness

p OO0
1 "OYa

(103

andi is a factor reducing the cros®ctional areaS to the effective shear
cross sectional area in thredirection. Smilar to equationg99), deflections in the
horizontal direction are described by the four shape functibiasNs, No and Naa.
However, according to the coordinate conventions defineBigure7, the sign of
the rotations is changed. Applying the shear deformation parameter in horizontal
direction, pcOO0Ti OYa ingead of 3 , the shape functions for
horizontal bending follow as:
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) p
o, 5B P o g P . B (104
5 - = 5 (105
, S o
0 , 5 pB o, C, BB (106)
) a P (107)
v p B ¢ 5

Cross section rotations andf follow from the derivatives of their shape
function with respect tay see equatior(97).

The four shape functiorss, N7, N11 andN14 describe thedorsion induced twist
The mathematical model to describe torsiaith nonuniform warping separates
the total torque,0 , into one component due to the St. Venant torsion, g , and
another component due to the warping related torguk, , as follows(see e.g.
Vlasov (1962)

0 0 g 0 (108
where
0 g OO0
109
0 0071 (109

Hence, the general differential equation of nonuniform torsion is expressed as
follows, see e.gVlasov (961}
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5
e 1T e o (110

with
‘00 (111

J
”Id

The shape functions to describersion-induced twistwere determined using

an analytical solution of equatiofi10) similar to the procedure dbvorkin et al.

(1989) The analytical solution consists of solving the following equation:
(112

O ©Oa, 0Q 0Q

where’ O, 0,0 andO are constants that depend on the boundary conditions
of the finite beam element. Shape functions of the same kind as in equtid)
were chosen. Comsgjuently, the four constants are obtained separately for each

shape function.
The following boundary conditions describe the relation between the nodal

degrees of freedom (only torsional degrees of freedom) andtdinsion induced
twist angleat the begiming and the end of the beam element

(113

Sling
ne
=
o

g
Q
o
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The first two boundary conditions define that the twist angle of the cross
section at the positiow TTis equal to the nodatlisplacementd and that the

variation of twist angle atw T is equal to the degree of freedond .

Furthermore, the last to boundary conditions define that the twist angle and the
variation of the twist angle at the positiol & are equal to the nodal

displacement® ando6 , respectively.

Using the normalized longitudinal position oty the following system of

eguations was obtained to determine the constafitg, O, O andOy, for each
shape function dented by the index:

p T P p gﬁ
mp | | ' hd Ve 2
pa Q Q op @ (114)
mTp | Q | Q  &0x0O
with

p T T T

X Tt % P % Tt % Tt

@ - ne bond A ne - (115
T T T p

The four shape functiorts describingorsion inducedlisplacements follow as:

\ Q Q Gp , pA p | & ,
v, o (116)
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o,
| apQ Q Q pQ (117)
Q pl w
L op , Q | apQ ¢ i@ p p , I G
Q pl w
Q Q I a pQ | A op
v, i (118
y | apQ Q | apQ
v Q pl © (119
p |, 9 Q ¢, ¢l & | a,p
Q pl w
with
O’ | acQ ¢ (120

Figurel2 plots exemplary the shape functiois, 0 , 0 and0 along an
element with | p., T designates the beginning of the element and the
location of the first element node. p designates the end of the element and
the location of the second node. It can be seen, that the shape functiorand
0 are symmetric and the shape functions and0 are antimetric respect the
middle of the element,( T®).
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&

Figure12: Visualization of the shape function$ ,4 ,4 andd over one element.

2.3.4 Linear Equation of Elastic Deformation

The shape functiond described in the previous subsecti@rB.3were applied
to describe the displacements of the ship structure in the strain energy (equation
(96)) and the velocity of the ship structure and nonstructural masses in the kinetic
energy (equation(91)). Afterwards, the strain energy and kinetic energy were
computed and theLagrange formalism (equatiqi@2)) was solved to obtain the
linear equations of nodal displacemdas. The linear equation of nodal
displacements reads as

E®0 A0 AdO O (121)

E is the structural mass matrix and results from the kinetic energy of the
vibrating beam elementAis the structural stiffness matrix and results from the
strain energy of the deformed beam elemei#tis the structural damping matrix.
The definition of the structural damping matrix is discussed later. For one element,
E, ’Aand’Aare matrixes of siz&4x14. Due to the coupling effect between torsion
and bending, the matrixes are relatively dense and have 68 entries unequal zero.

74



2 Numerical Method to Compute the Rigid and Elastic Response of Ships in Wave

"B)s the generalized vector of nodal forces and results from the external loads
per unit length acting along the elemergee Figure7. The calculation of the
generalized nodal forces was based on the virtual work approaai, Bathe
(1996) The generalized nodal forces for vertical bending eegrof freedom
follow from

h2) n o0 o Qd (122

Similar was applied for vertical bending and torsional degrees of freedom.

During the preprocessing, the ship structure could be discretized with an
arbitrary number of beam elemenrdnd afterwards, the total system of equations
was set upUsually, theaxis of theelement coordinate system and the inertial
coordinate systemare not parallel due to the dynamic trim resulting from the
stationary forward speedoluion or due to the trim according to the load case,
e.g.ballast load caseThe relation between the element coordinate system an
inertial coordinate systemvasexpressed by the transformation matix. ¢ is
defined in the same way dBe transformation matrix)(£. Howeverj depends
on the current Euleangles, whereag is computedbased on the initial trim
angle.

Elastic bodylisplacements in the element coordinate system were transferred
to the inertial coordinate system by

&
~
115

(123

Coefficient matrixes in the element coordinate system walsotransferred
into the inertial coordinate systerny applying the transformation matri . E.g.
for the structural mass matrix it follows:

m
-
IS

(124)

The same procedure can be applied for all other coefficient matrixes.
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For numerical computations, the structural damping matrik, is often
assumed to be proportional to the structural mass matéxor to the structural
stiffness matrix;A see e.gPrzemieniecki (2012)f the structural damping matrix
is proportional tothe mass matrix, the damping forcese inversely proportional
to the vibration frequencyand thus, the structural damping is decreasing with
increasing frequencylf the structural damping matrix is proportional to the
stiffness matrix, the damping force is linearly proportional to the ation
frequency and thus increases with increasing frequencyonsequently, the
damping forces depend on the vibration frequeniayboth approachesOften,
Rayleight damping iapplied (Przemieniecki (2012)where the actual damping
matrix is the sum of a mass proportional and a stiffness proportional term:

A |E 1A (125

Here| andf are constants of proportionality. Usually, the damping ration can
be measured from a decaying vibration, were the structure is usuddiatingin
one of its natural modes and the vibration frequency is consequently the natural
frequency of that naturainodes. From such tests, the damping ration for the first
and secondhatural mode and the natural frequency of that madean often be
computed accurately, however, it is difficult to identify the damping ration of
higher natural modes and frequencies or for scenarios, when the structure is
oscillating with a frequency different to the natural frequency (forced excitation).

Additional to Rayleight dampinghe structural dampingmatrix can also be
related tothe critical dampingatio (similar to the viscous roll damping approach
for a rigid body discussed in secti@r?.2.]). The structural damping matrix then
follows from

A dE (126)

1 is a proportionality factor that relates the actual damping to the critical
damping.Both damping technique&ayleight damping and critical damping, were
implemented to the new numerical methoéHowever, it was assumed that the
structural damping is almost constant for the range of investigated frequencies.
Thus, only critical damping wapplied in the present work.
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2.3.5 Characteristic System Equation to CompuWet Natural
Modes

Content of this section was publishedRmesner et al. (2018&nd Riesner and
el Moctar (2021a, 2021b)

The natural modes of an elastic system can be computed from the eigen vectors
of the characteristic equation of the system, see dXyzemieniecki (2012)
Assuming an unsuppressed system without any excitation force, the characteristic
equation of the system follows from the homogeneous part of tirear
differential equations elastioode displacements, equatio(l21). However, the
hydrodynamic and hydrostatic pressure at the vibrating hull affects the natural
modes significantly and need to be consider&d.account for the hydrodynamic
effects, equation(121) was extended with the hydrodynamic added mass matrix,
i 1 , hydrodynamic damping matri%{ hand hydrostatic restoring matri

E i1 & A H & A Hd ® (127

Thus, guation (127) combines structural and hydrodynamic properties of the
elastic systemMatrixes in capital letters are related to the structural behaviour
and matrixes in small letters to the hydrodynamicbgiour.Assuming harmonic
oscillations6 Y 'Q , where the hat symbol designates a complex
amplitude, the characteristic equation of the elastic system follows as

1 E 1] QA H A Ho R (128

For nonzero solutions ab, the wet natural frequencies can be computed from

1 E 11 QA H A H R (129

The wet natural modes can be computed e.g. by the method introduced by
Duncan (1956)To simplify the solution 0f128), the following identity was
introduced
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QE T 7 QE 1 7 » (130

This results in théollowing equation system:

E 1] 1 ®
E 11 A H 06
. . 137
E [ Qo ® (131
) R
Using the following expressions
. E 1]
A E 1] ‘A TH
7w E 17 o (132
€ 1
NV "§2"|®
®

and solving only the complex amplitudes™@based on the harmonic motion
assumption, the characteristic equation was transformed into a standard form as
follows:

A AT g (133

Matrices ‘A and A and the vector'¥ in (133) are twice as large as their
corresponding matrices and vectors in equati¢i?8). The eigenvectors and
corresponding eigenvalues are described by complex numbers. The lower halves
of the resulting eigenvectors include the natural modes; the upper halves, the
natural modes multiplied b¥2). The imaginary part of the eigenvalue includes the
natural frequency; the real part, the decay rate depending on the natural mode
and the natural frequency due to structural and hydrodynamic damping. This
technique was applied iRiesner et al. (20186 compute wet, damped natural
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modes that were used to compute linear springing induced vertical bending
vibrations of ships in waves using a frequency domain method.

Damped and thus complex natural modes can be easily used within frequency
domain solvers. However, for a tint®main mehod, using complex natural
modes increase the complexity of the computation because the final result needs
to be a real number. A method to achieve a real time domain solution by using
complex natural modes is described OiKelly (1961)CGenerally, natural modes
became complex numbers because structural and hydrodynamic damping is
considered. However, damping affects the mode shapes only minimally. To avoid
the complicate procedure of consideriniget complex natural modes during time
domain simulations, damping was neglected for the computation of the wet
natural modes.

Furthermore, it has to be considered that the hydrodynamic matrixes in
equation (128 are frequency dependant and generally differ depiegdn the
vibration frequency and the mode shape. Consequently, wet natural modes are
generally not orthogonalTo compute all wet natural modesnd wet natural
frequencies correctly from equatiorfl28) would have required an iterative
procedure that computes the hydrodynamic matrices corresponding to their
mode shape and natural frequency. To avoid this ttnasuming procedure and
to provide orthogonal natural modes, the hydrodynamic added mass matrix and
the hydrostaticrestoring matrix were estimated and assumed to be constant for
the computation of all considered wet natural modes. For the final time domain
simulations, hydrodynamic cdafient matrixes were recomputed and updated
according to thegre-computed wet natural mode shape.

The wet natural modes for the time domain simulations followed from
1 E i H A Hb ® R (134

With O being the estimated hydrodynamic added mass matrix é}ntlhe
estimated hydrostatic restoring matrix. To estimate the hydrodynamic coefficient
matrices D and 35 the body was forced to oscillate in specific mod&he
hydrodynamic added mass and restoring matrix were than determined from the
computed radiation forcesTechnically, the contribution of node translations and
rotations are coupled, and the coefficient matrices were not necessarily diagonal.
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However, dagonal matrices were assumed, which decoupled linear translations
and node rotations. Furthermore, the coefficient matrixes in equat{@B84)
remain symnetric, which ensures that the resulting natural modes are orthogonal.

The hydrodynamic coefficients for longitudinal, horizontal and vertical nodal
displacements were estimated similarly to the classical seakeeping radiation
problem by allocating a surgeway and heave motion to the hydroelastic model.
To obtain the hydrodynamic coefficients for nodal rotations aboutdhes and

g-axis each node was forced to rotate opposite to its neighboring no@gure

13shows exemplarily the forced deformationgstimate thehydrodynamic effect
of nodal rotations around the-gxis (vertical bending) of a ship discretized with
five beam elements.

Finite Element Discretisation

Forced Vibration Mode
G e g

Figurel3: Forced deformation of a ship discretized with five beam elements

The wet natural frequencies of elastic ship vibrations are relatively high. The
hydrodynamic coefficients depend generally strongly on the vibration frequency
at low and moderate frequencies. However, they are almost constant at high
frequencies. For that reason, the simplified infinite frequency boundary condition
was applied to estimate the hydrodynamic added massqgunation (134). Thus,
hydrodynamic matrixes were constant and the wet natural modes were
orthogonal. Once the wet natural modes were computed, modal transfer
functions of hydrodynamic added mass addmping were computed again
specifically for eaclvet natural mode.
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2.3.6 LinearElasticDeformation Equatiors with Weakly-Nonlinear
Hydrodynamic Forces

The new numerical method is intended to simulate higher order springing
induced vibrations of ships at forward speed in waves. It was discussed in the
previoussubsectiorsthat the superpositioning technique was applied to compute
the total response by sgrposing the response of every elastic wet natural mode.
The wet natural modes were computed based on a frequency dependant equation
of motion, see equatiofl27). This equation is frequency dependant because the
hydrodynamic matrixes, namely hydrodynamic added mass and hydrodynamic
damping, depend on the vibration frequency. However, such frequency
dependant equation otlasticdeformationcannot be usedor the computation
of higher order springinghduced vibrations. Higher order springing, e.g. second
order springing occurs when tifeequency of thesecond harmonic amplitude of
the wave induced force is equal to e.g. the natural frequency of thenaade
vertical bending mode. In that situation, the ship is performing rigid body motions
with a frequency equal to the wave encounter frequency and elastic vibrations of
the two-node vertical bending mode with a frequency twice the wave encounter
frequency. Additionally, further high frequency vibrations can occur. This scenario
indicates that a frequency dependant equation of motion is not applicable for
higher order springing computations.

To solve frequency independent elastic vibratiptie I.h.s. of egation (127)
needs to be frequency independent. A frequency independent equation of
motions can be achieved by computing radiation forces based on convolution
integrals, similar to the procedure that wagplied for the nonlinear rigid body
motion equations in sectioB.2.2.1 Applying his procedurdo equation(127) and
splitting external forces into diffraction forces, combined Froddglov and
hydrostatic forces and the waterline force (see also sec?@?), the frequency
independent equations of elastic deformation follows as:

Ew Abd ifo tetQt A® © D B (135
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Based on the modaluperposition, equatiorfl35) was already transferred into
modal coordinates, denoted by the over bars. Relying on the orthogonality
between the mode shape vectors andedficient matrixes, the following
transformation on matrixesvere applied

E ®E | b o
A ® A "Hhb @
- C e (136)
i ® 1 &
A ® A "H®
The generalized node force vec$piO, was transformed as follows:
0O 6 (137)

As the system is decoupled, all matrixes in modal coordinates are diagonal
matrixes. The left side of equati@¢h35) represents the structural behaviour of the
ship and the radiation forces due to elastic deformations of the wetted hull.
According to the modal superpositioning techniqueuation (135) is a linear
equationof motion because the coefficient matrixes are constanbwever, the
r.h.s. of equation (135 includes the same nonlinear hydrodynamic forces as
already discussed for the nonlinear rigid body motion solver, see equadi@hs
(44) and(46).

The generalized vector of nodal forcé®0, was computed according to
equation (122). The loads per unit lengti(, ; , 1 andn ) were computed by
integrating thepressure from diffraction, radiation ocnbined FroudeKrylov and
hydrostatic as well as the waterline integral over the associated hull segafent
each elementconsidering thechangeof hull normal due to rigid body motions
and elastic deformationThe integral irequation(122) was simplified by assuming
a constant load per unit length along each element. Consequently, the
computational time could be reduced by precomputing the integral by applying an
unified load and the actual generalized nodal force was computed during the
simulation by multiplying the unified nodal force with the computed load per
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length. Although considering a constant load per unit length is a strong
simplification, it will be shown in a validation study that this simplification is

justified when the shipsi subdivided into at least 18 elements.

2.3.7 Computation ofSectional Loads

The new numerical method computed vertical and horizontal bending
moments as well as torsional moments. Following classical beam theory, vertical

and horizontal bending moments were @emined from the second derivative of

the horizontal 0 ;  andthe verticald ; ) displacementTimoshenko and

Goodier (197Q)

C
e
O
T .

o
(139

C
e
O

where0 j  and0 y j represent a summation of the response of every

considered mode shap@s follws:

QO f [ ® Q0 w
. wm ®F
hh h =
(139
Q0 7 @ Q0 w
o T @ v
hhh =

The outer loop superposes the result of each of the four degrees of freeidom,
The inner loop superposes the contribution of every considered mode shape,
Recall that indices= 2, 6, 9, 13 refer to horizontal bending and indices, 5, 10,

12 to vertical bending.
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The torsional moment was computed according to equati@8) and(109).

The variation of the twist anglé, @w Q XQaand] ®, is computed as

follows:

Q0 w
7 %) o ,Q(; oV
hh R
(140
Q0 w
7 %) o o OV
hh h

2.4 LinearFrequency DomaiklydrodynamidPressure

To compute rigid body motions, seeequation (61), and hydroelastic
deformations see equatior{135) , hydrodynamic forceand momentdue to the
incoming wave andlue to rigid as well as elastic ship oscillations need to be
computed.For the present work, the fluid properties were simplifiey assuming
an ideal fluid. Thus, the fluid was assumed to be incompressible, inviscith@and
flow irrotational. For the present investigationshe ship speed is low compared
to the speed of sound waves in the fluid (less than 0.3 times the speed of sound
waves), which allows to assume a constant fluid density (incompressible). In
principle, water and air areiscousfluids. However, wave induakforces and
moments as well asadiationforcesand moments can beategorised as pressure
dominatedbecausethe fluid viscosity influences tise forcesand momentsonly
minimally. Thus,the assumption of amviscid fluidis reasonable for thegresent
new numerical method Assuming theflow to be irrotational is a strong
simplification, because effects such as, e.g. breaking wawvescirculation at the
hullcannot be considered. However, as described in this section, this simplification
allows to desche the velocity field based avelocity potential and thus reduces
the computational effort of the new numerical method significantly. some
scenarios breaking waves can ocaig. for shig at high speedn steep waves.
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These scenariosanplay arole for the ship design and the computation of the
a0 NHzOG dzNB Q& atheNRsed inéthbdotudegos piihdidy induced
vibrations which usuallyccur in moderate wave conditions. Thus, assuming a
irrotational flow is a reasonable simplificatn.

Water (Newtonianfluid) is modelled as a continuum and its properties, such as
pressureand velocity field can be described by the continuity equation (mass
conservation) and the NaviStokes equation (momentum conservatipsge e.g.
Ferziger and Peric (2016) el Moctar et al. 2021)

The continuity equation follows as

— 10"k T (141)

Here, " is the density andd the velocity vector of the fluid.For an
incompressible fluid the density is constanihe continuity equationthen
simplifies to

ndp T (142
Assuming that the fluid is irrotational, it follows
n o R (143)

If this condition is fulfilled, the velocity fiellcan be expressed as the gradient
of a scalar fiel&o, the socalled velocity potential:

® N%o (144
Inserting equatior(144) into (142) results in the Laplace equation

T % 1 % 1 %o

Y% : - ,
“1ToTola

(1495
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which has to be fulfilled in the whole domain.

The NavieiStokes equation read as followSerziger and Peric (2010 el
Moctar et al (2021)

)
T—b N N "R (1406

In equation(146) f isthe stress tensor andis the gravity acceleration vector.
Please note thaid describes the outer product of the velocity vector and itself.
In principle,water and air areviscousfluids. For that reason, the stress tensipr
includes components depending on theessurer] and the dynamic viscosity.
However, for an inviscid fluid, depends only on the pressure. TNavierStokes
equationfor an incompressible and inviscid fluid simplifies to

—a

® np
—. " O g (147)

—a

Describing the velocity vector based on a velocity potenfiag ##f 0 " %.and
defining the gravity vector a&® tmHQ , equation (147) can befurther
simplifiedto

%o ‘
% Py 1 o0q = (148)

n

From this expression, thBernoulli equation follows as

1% p
1o ¢

N%s T Qa6 o (149)

with an arbitrary constand 0 that can only depend on time but not on space
variables.
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2.4.1 Boundaryvalue Problem

The time average ship velocity is described by the velocity ve®&or

i iyt , wherei is the forward speedThe total potential was split into the
known and constant potential due to the forward speedi @and into the
unknown potential % due tothe disturbance of the hull and the incoming wave.

%o 1 © %o (150)

The flow around the oscillatingnd elastic ship hull is described bByoundary
value problemIn the complete domain, the Laplace equation, equa(i4b), has
to be fulfilled. The numerical calculations performed within tinerk were made
in unrestricted (no bank or channel effectsjieep water thus, no boundary
condition for the bottom or side walls need to be applied. Furthermore, it was
assumed that a sharp free surface sepasa and water and that the air phase
contributes only minimally tdéhe forces andmoments on the ship hullFor hat
reason, the air phase was neglected and the free surface built the top boundary
of the domain. At the free surface, two boundary conditions have to be fulfilled
The dynamic boundary condition states tliae total pressure at the free surface
is equa to the atmospheric pressure. Inserting this relation into equatibA9)
results in the dynamic boundary condition the free surfac& “ , from which
the free surface elevatiori, , can be computed:

7 Do 00 gi (159

The kinematic boundary condition at the free surface states that the vertical
velocity of the fluid is equal to the vertical velocity of the free surface

T %o
N%o0 U

A 152
o TG (152

On the hull surface the bodgoundary condition, no flow thought the hull
surface, has to be fulfilled:
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N% 3 Y 1% B T (153

Where®&is thenormal vector of thehull surface

Except for low speedt can be assumed thahe lower edge of the transom
acts as a trailing edge, thus, the transom remains ldryhis scenario, the vertical
position of the lower transom edge defines the height of the free surface directly
behind the transom.This effect is not fulfilled by the dynamic free surface
condition. An additional transom condition was applied to ensure that the
transom contour defines the free surface elevation behind the transbtare
detailsabout the transom condition can be found@raefe (2014)

The boundary conditiongn equation (151), (152) and (153) were fulfilled
numerically applying a boundary element methadGeneral descriptions of
bounday elements methods can be fourdg.in Gaul et al. (2003pr Schanz and
Steinkach (2007)The free surface was panelised by a structured grid basédton
quadrangular panels and the wetted part of the hull was panelised with an
unstructured grid based ofiat triangular panelsBehind each panel (outside of
the domain) Rankia source were located (desingularisation metho@) points
'p. The potential at a poindddue to a Rankine souré@vas described by

"Odlip ® [ (154

With the unknown source strengthi, , the superposition of abbources result
in the following expression:

%o @ A "O o (155

Equation(154) automatically fulfil the Laplace equatid@onsequently, only the
free surface and body boundary conditions need to be fulfiled numerically by
choosing proper sourcstrengths The new numeacal method usd the patch
method, whereby the boundary conditions were satisfied on the average over
each panel instead of at their collocation points. A detailed description of the
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patch method can be found B6ding (1993)r Graefe (2014)As aforementioned,
the new numerical method coupled the fully nonlinear stationary forward speed
problem with the oscillatory flow probfa of the elastic hull in wave$he velocity
potential %.0in equation(150) was split into the disturbance potential due to the
fully nonlinear stationay forward speed problenfs., and into the linear (first
order) oscillatory potentialo 8

%0 %o Yo (156

%0 was solved individually during a fully nonlinear stationemynputation by
solving the fully nonlinear stationaryave system and the dynamic trim and
sinkage of the hull due to the ships forward spedédterwards,%. was computed
in the frequency domain.

Waves generated by the ship (stationary wave system as well as radiation and
diffracted waves) travel usually downstream. This behaviour is ensured by the
radiation condition. The source shifting method was applied to numerically fulfil
the radiation condion. Thus, free surface sources were shifted backwards by the
length of one free surface pandfor the oscillatory flow in waves, the source
shifting was applied only if the following relation kept true:

- T& U (157)

More details of the radiation condition and the applied source shifting method
can be found irGraefe (2014)

2.4.2 Computation of the NonlinearStationary Forward Speed
Potential

The computation of the nonlinear stationary forward speed potentias
based on the work o56ding (2009aand Graefe (2014)An existing numerical
method Graefe (2014) provided the nonlinear stationary forward speed
potential.
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The bodyand the dynamic and kinematic free surface boundeoyditions
were already introduced in equatior(151), (1520 and (153) (153). For the
stationary flow problemthe total potentialin equation(150) simplifies to

%o @ i O %o (158)

For the stationary flow problem, it follows%.® O T Insertingequation
(158) into the dynamic free surface boundary condition (equat{@l), the
stationary free surface elevationy, , follows as

te E 9 O, E 0
0 W %o Csl/oos (159

The dynamicboundary condition requires an iterative solutioAfter each
iteration step, the source strengths as well as trim and sinkage of the ship are
updated. Then the wave elevation on the free surface is determifed.the
kinematic boundary conditioin equation (152), the time derivative of the free
surface elevation is zerd, ® 0 T Thus, the kinematic boundary condition at
the free surfacesimplifies to

Y % (160)

and is identical to the body boundary condition in equat{hb3).

2.4.3 Computation of theFirst OrderVelocity Potential ofan Elastic
Vibrating Hull

In the present work, nevinearboundary conditions at the body and the free
surface were developed to consider the elastic deflection of the hull due to torsion
as well asvertical and horizontal bendingThe new developed boundary
conditions were derivethased on the method ofdding etal. (2012) They
introduced a linear boundary element solver for the computation of wave induced
forces and motionon a rigid ship in waves. Their technique couples the fully
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nonlinear stationary forward speed flow problem with the linear oscilkatibow
problemof a rigid bodyin waves.

The result of the stationary flow solver defined the new time average position
of the ship for theperiodiccomputations in waves. The time average wetted hull
surface was updated according to the stationary waysteam and the dynamic
trim and sinkage. Thus, the kinematic boundary condition at the oscillating elastic
ship hull was fulfilled at the updated wetted hull. The linearized kinematic and
dynamic boundary condition at the free surface for the oscillatiagted ship were
fulfilled at the elevated free surface according to the stationary wave system.

There are essentially two different methods to formulate the coupling of the
stationary velocity potential and the oscillating velocity potential in waves. The
first method is based on the assumption that the stationary velocity potential is
constant in the inertial coordinate system. Then the body boundary condition
contains second order derivatives of the stationary velocity potential, theadled
m-terms Ogilvie and Tuck (1969)ecause the ship in waves moves relative to
the stationary velocity potential. The second method lachmann (1991)
assumes that the stationary velocity potential is constant in the Hodd
coordinate system. Then the kinematic and dynamic boundanditions at the
free surface contain second order derivatives of the stationary velocity potential
because the velocity potential moves relative to the free surf&@ding et al.
(2012) Soding (1993)r Graefe (2014gliscussadditional details of this technique.

In general, second order derivatsare difficult to compute numerically and can,
therefore, lead to inaccuracieBértram and Thiart (1998Bertram (2000br Zaho

and Faltinsen (198R)However, to calculate thoscillating velocity potential and,
finally G KS LINB&aadzaNE 2y (GKS &aKALIQa KdzZ t =
stationary velocity potential is less when these derivatives are included in the
kinematic and dynamic free surface boundary condiicand not in the body
boundary condition. Therefore, the method of Hachmann was applied for the
present work.

The frequency domain solver used the same coordinate systems as previously
introduced in section2.1, Figure 3, where @ denotes a vector in the inertial
coordinate system angédenotes avector in the body fixed coordinate system.
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Furthermore, a cross section coordinate system was used,[ N-l to
describe the rotation of a cross section due to an elastic deformatenFigure
14.

z 5
— ¥,

Figurel4: lllustration of the crosssection coordinate system.

For the computatiorof frequency dependant hydrodynamic coefficieftrigid
body motions anelasic ship deformations, harmonic oscillations were assumed.
Thus, the oscillating first order potential follows as

% O Y DhoQ (161)

The hat symbol designates a compkamplitude and "Qs the unit imaginary
number. 'Y Qdenotes that the real component of the complex nben. The
linearization of theperiodic velocity potential allows to comput&o as the
superposition othe potential of the incoming wav#. , the diffraction potential
%0 and the radiation potetial %o ;; due to therigid body motion onaturalelastic
mode|. Inserting the above expressions into equat{@s6) and finally into the
expression of the total potential in equatio(l50) results in the following
expresion of the total potentl

%o @D i % Ghth  YQ % % Q

(162
Y ho ' Q

The sum over the radiation potential superpose tantribution of everyrigid
body motion and elastinatural mode.The first six modes designated rigid body
motions and the further modes designated elastic modes.
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To derive the linear dynamic and kinematic boundary condition at the free
surface and the linear body boundary condition, equat{®®2) was inserted into
the boundary conditionsn equatiors (151), (152) and (153). The new linear
boundary conditions for an elastic vibrating hull were dediv®y following the
procedure ofGraefe (2014)who derived boundary conditions for rigid shijs
compute ship-ship interaction.Applying a first order Taylor expansion for the
stationary potential it follows

% @ %o @ "% @ I (163

(pis the complex amplitude vector of the displacement of a point due to rigid
and elastic ship motiong:or elasticvibrations the motion of a poirpon the body
surface can be described as follows (linearized):

® W |D ;Hp |D (164)

s

The first term on the r.h.s accounts for the longitudinal, horizontal and vertical
translationdue to pure longitudinal strairand horizontal and vertical bending

§5) O N0y RNU 5 [ ,seeequatiorf97). The second term accounts for
the displacement due to bendiAgduced cross sections rotations with
| T . The third term accounts for the displacement due to torsion induced

cross section rotations with|p At . For rigid body motions, the
displacemenof ipfollowsfrom

® ® o i (169

Were"®is the complex amplitude vector of the body translations, surge, sway

and heave anelis the complex amplitude vector of the body rotations, roll, pitch
and yaw.

Insertingequation(163) into equation(162) result in the following expression
of the total velocity potential:
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%o @O [ 0% ®& YQ% @& 2BQ

16
YQ % %o %o Q (169

The following derivation steps will discuss the computation of the gradient of
the total potential,1%. & . The gradient of the total potential results from the
gradient of each term in equatiof166). Thegradient of thetermn%. @ JPhas
to be examined more detailedt follows

N % @ Jp
N% I 1B WA % N %o n (167

® " "%
The first term on the.h.s. of equatior(167) follows from
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The matrix on the r.h.s. of equatiofl68) includes the derivatives of the
displacement According to the finite element approach that was introduced in
section2.3, elastic displacements were computed using element shape functions
according to equatiof97). Thederivative of thdongitudinal displacement®Ilow

as

Y rvo, tlo, T1e. (169
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0
T_' C o (170
T w
0
T_‘ P 17y
T a
the derivatives of the transversisplacementdollow as
0 0w @
TT_(L) TT(bé Tchg 172
Rk =
0
T_, - 73
T w
0
L a4
T a

1o T 0w 1.
T —0 — 0 179
Teo .. To T @=
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Insertingthe derivatives of thalisplacements intequation(168) results in
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2.4Linear Frequency Domain Hydrodynamic Pressure
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The second term on the r.h.s. of equatifir67) can be substituted by

W %o NN %o D

The third term on the r.h.s. of equatiq67) followsfrom

C...
s T x
, o0 g —of
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The last term on the r.h.s. of equati¢h67) follows as

T % T %o
ol 0l @ ataow
r:1|' %o T %o‘z"
A ar d olxa
T % T %o
07 o d wlOw

§5) N N%o §)

Inserting above expressions in equatid®7) results as

N N% @ JPp NN %o (B ﬁ’l%o D %o

With the matrixrj being
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The gradient of the total potentidhen results in

L)

N% @D ¥ "% & YQu%® (1% B 1% Q

o , (184)
Y'Q %o N %o rl%oﬁ Q

Herelp | |b . The time derivative of the total potential follows as
% @D  YQQR % @ AP % %o %o, Q (185

Appling above technique on the definition of the total wave elevatisults in

“a@d " @ YQU ;" Q (186)
And the gradient of the total wave elevatidollows from
n“ @o " @ YQU |p 1" A" 1" »®Q (187

Above expressios were inserted intoequation (151) to achieve the dynamic

boundary condition. After linearization the linear dynamic boundary condition at
the free surfaceeads as
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2.4Linear Frequency Domain Hydrodynamic Pressure

W on% @ % D N% 1% NN %o (B

(188
N % W% @ Q " T
From equation(152), the kinematic boundary conditioreads as
" Wt ® % % ¥ % v e
0, 1 !
Il @ (189)
% |7 w [P 0O T
03" ! w

Here,0 includes alkecond order derivatives of the stationary potential and the
stationary wave system

§55)) N
——H T % ® 1 1% VY (190
3
& isthe normalvectorof the stationary free surfacé\ detailed explanation of

the numerical calculation of equatiofi90) is given byGraefe (2014)

The body boundary condition was already introduced, see equatl&d).
Assuming a harmonic oscillating displacement of Itleely surface due to rigid
body motions or elastic deformations, the body boundary condition can be
expressed as

YQ% ad N ® DdDaQ Tt (192

In contrast to a classical seakeeping analgsigd body) the change of hull
normal vector depends on time and on the longitudinal position, which is
expressed as follows:

bd bo b b (192
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Accordinglythe elastic bodyoundary condition is written as follows:
©ON% B VY 1% N 7 (193

The implementation of the boundary conditions and the solpngcedureof
the equation system follows therocedure described b§raefe (2014)

The periodic first order pressure at the hull can be computed from the Bernoulli
equation, equation149), as follows

N P, P o 1 %edd
Bl Da% éds ———— 04 19
Sl Bekedds o (199

Insertingequation(184) and(185) into equation(194), the complex amplitude
of the first order pressurajHiwas compuéd from

NHU - ,, .
r]— VY % @ "% [P "% N %o T % 01%o (195

with ” being the fluid densityThe ontributionsfrom the hydrostatic pressure
is not included in equatior{195), because the hydrostatic pressunasdirectly

computed in time domain, see sectioh2.2.1 For the elastic modegp

.M andf in the above equationvary dependingon the longitudinal

coordinate.For the elastic modes,tHu andf as well as their derivatives inwere
computed based onelement shape functions according ®quation (97). If
equations(187), (188), (189), (193) and (195) were applied for rigid body motions,
the vector of cross section rotations is substituted by the vector of rigid body

rotation (roll, pitch and yawyith [p £ The rigid body rotations are constant
over the complete shipin this casethe derivative of thecrosssection rotation

respectware zero, T £ @ ® Consequently, all components of the matijix
are zero.Then the equatior(187), (1898), (189), (193) and (195 simplify to the
same equations introduced §06ding et al. (2012pr a rigid ship.
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2.4Linear Frequency Domain Hydrodynamic Pressure

The radiationinduced first order pressure and the diffractiamduced first
order pressure were computed separately. For the computation of the radiation
induced first order pressure, the potential of the incoming wa%e,, and
diffraction potential %o , were zeroln this case,le frequency dependent part of
equation (195 was used to calculate hydrodynamic added mass (real part) and
hydrodynamic damping (imaginary part) due to all rigid and elastic vibration
modes.Hydrodynamic dampingH, of the"Q body panelis proportional to the
imaginary part of the frequency dependent hydrodynamic first order pressure
divided by4

"0Oa W % @ N%o N % W %o
1

(196)

HY

The hydrodynamic added masa,, of the’Q body panel is proportional to the
real part of the frequency dependent hydrodynamic first order pressure divided
by

YQ YV % @ "% N % 0%
_| 00 00 00 00 (197)
— 1

-

The components of equatiaid95) that are frequency independent follow from

nHU ~
i Y % ® (D "% AN% (199

”

This component results from thassumption that the stationary flow is
constant in body coordinatsystem(l | OK Y I vy y Q & Asimeditida labove,n &
T includes thefirst derivatives of the body surface rotations, and it was assumed
that its contribution in equatior{198) is small compared to the rotation angles
Therefore, the termy1 %o was neglected. The remaining components in equation
(198 depend only on the crossectional rotation angle/. This pressure
component was interpreted as an additional restoring pressure component and
the corresponding restoring forseand momets were modeled using the

100



2 Numerical Method to Compute the Rigid and Elastic Response of Ships in Wave

restoring matrixcin the nonlinear rigid body motion solver (see equat{6t) and
the elastic deformation solver (sesuation(135)).

For the computation of the diffraction potential and diffractiimduced first
order pressurethe body was fixed (no rigid body motion or elastic aefation).
Consequently, the radiation potenti&bp ;, , was zeroThe definition of the velocity

potential of the incoming wavéo , is described in sectich4.5

2.4.4 Infinite Frequency Solution

In section2.2.2.1it was shown that the hydrodynamic dded mass and
dampingat infinite frequency is required to compute the radiation forces, see
equations(22), (27) and(28). To determine these hydrodynamic coefficients for
infinite frequency, a simplified boundary value problem was salviée: free
surface boundary conditions were substitutes by the Higdguency condition

%0 11(ON the freesurface) (199

Soding (20094phvestigated linear springingducedvibrations of the twenode
and threenode vertical bending modein frequency domain by coupling a
boundary element flow solver and a finite beam element solver. The length of
waves that exitedinear springingnduced vibrations of thehree-node vertical
bendingmodewas so small that the free surface discretizatwoould have had to
be refined significantly. To avoid such refinements, he apphiedhigh-frequency
free surface condition to compute the frequency dependent excitation and
radiation forces.

For the new numerical method, this high frequency boundary @wrdwas
applied to compute the hydrodynamic added mass and hydrodynamic damping
for infinite frequency. Usually, this condition is analytically fulfilled by placing
image sources with opposite source strengths symmetrically with respect to the
planez =0. However, to fulfill this condition on the nonlinear stationary free
surface with its elevation  “ , the image sources were mirrored at the elevated
free surface due to the stationary wave system. In this way, the boundary
condition is not fulfilled gactly, but to a sufficient level of accuracy, s&ding
(2009b) Because the high frequency condition on finee surface was fulfilled
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2.4Linear Frequency Domain Hydrodynamic Pressure

usingmirrored sources, only the boundary conditions on the body surfaces must
be treated numerically during the computation

As aforementionedgequation (197) and (198) was applied tacomputed the
frequency dependant hydrodynamic added mass and hydrodynamic idigmipor
the computation of the hydrodynamic added mass and hydrodynamic damping for
infinite frequency, the complex amplitude of the first order potential was

normalized with the wave encounter frequené, 1 %0 A . Following this
procedure thehydrodynamic damping of a body pameésults from

41 g_'_:) ) [ ¥ n% @& nN%o N % 1% Q0 (200)

And the hydrodynamic added mass results from

PN %o

0 ] "9 2 A _|£ V% ® "% Q%o Q6 (201

Applying the patch metho(see e.gGraefe (2014)on equation (155), the body
boundary condition othe rigid and elastic body surfageas solved numerically

R HnoQo Yoo YV % R ® (202
Substituting”®O | ©n17°0Q 6and dividing all by results in

p ¥ %
A1 'O Yo '1 “: >

05 (203

With i 1 n1 7 .Appling © Hinequation(203)it follows
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n B0 o (204)

Recall that the first order potential was computed%s @ B 1 H 0. In
equation(204) the panel aredY and the panel normal vectd@p are real numbers.

The total motion of the panas described by a complex amplitude, however,
the motion is predefined according to the rigid body motion or the elastic
deformation of the hull and only the real part is unequal zero. Consequently, for

1l and the corresponding normalized first order potentbad , only the imaginary

part cortributes and is unequal zero. For that reason, the t&im%. in equation
(2000 has only a real component and does not contribute to the hydrodynamic

damping at infinite frequency. Simplifying the integral by assuming ¥aaand
N%o are constant over one panel, theydirodynamic damping for infinite
frequency follows as

5 b "Yo Y % @ 1% b % (205)

Similarly the hydrodynamic added mass for infinite frequency follows from

P

0 b 1 ETYR2A = V% @ N%o
2
. D" %o (20
Q %o
Whichfinally results in
0 Wb ""Y2 A% Ho (207)

Equation (205 and (206) shows that the hydrodynamic added mass and
hydrodynamic damping for infinite frequency is bounded and unequal zero.
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2.4Linear Frequency Domain Hydrodynamic Pressure

2.4.5 First Oder Wavd@ heory

Natural seaway, often called irregular sea, is elkterised by varying wave
amplitudes, wave frequencies and direction of wave propagation (spreading
angle).However, investigation affave inducedigid body ship motions and elastic
vibrations are often performeth regular wavegconstant wave amplitudayave
frequency and propagation direction) to gaan insightof the general nature of
waveinduced ship response Furthermore, regular waves can be reproduced
easily, which is of particular importance for the validation of e.g. numerical results
with experimental dataForthat reason,regular waves werapplied to validate
the new numericamethod. To describe thdree surface elevation, a coordinate
system located at the calm water surface was introduced,

w MW Na with &  pointing upwardsFigurel5illustrates the location
of the coordinate systemthe time averaged free surfa@nd theinstantaneous
free surface elevation due to an incoming wave with a wave amplitud&he
wave height is¢" . Figurel5also shows the bottom and the water depih,For
the present work, water of infinite depth waapplied only.Consequently, a
bottom condition (no flow through the kdom) was not appliedFurthermore,
Figurel5illustrates that the LaplacEquation(equation(145)) is fulfilled in the
whole domain

time average free surface

(fulfilling linear dynamic and
instantaneous free surface

elevation

kinematic free surface boundary

condition)

qubw =0 L

Figurel5: Visualization of a linear wave with the wave coordinate system e“ hw “ M  the
wave amplitudev and the water depthr.

Figurel6 shows the ship and its body fixed coordinate system relative to the
wave coordinate systenThe anglé is called the wave encounter anglewave
heading angle- 1t Jdenotes following waves and p  rdénotes head
waves. Furthermorefigurel6 shows thedefinition of thewave length._.
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Figurel6: Visualisation of the wave encounter anglel, and wave lengthy .

Linear wave theory is based on the assumption that Wawe steepnesare
smal. Mathematically, linear wave theory can be applied whire wave
steepness’Q "OF_ is smaller than 007, Le Méhauté (1976)However, in
practice, linear wave theory is often used for higher wave steepnesses. The later
validation study will show th&br the computation ofrigid body ship motions and
elastic vibrationghe maximum wave height is often limited due to an immersed
deck and the corresponding generation of breaking wasesextensive derivation
of the governing equations of linear waves can be founDé&an and Dalrymple
(1991)or Mei et al. (DO5). In the present work, the most important properties of
linear waves are summarizethe potential of a linear deep water waxeads as

%o @D ‘Y‘Q“H%‘Q Q P (208

“His the complex wave amplitud&he imaginary number the wave angular
frequency,;Q ¢* 7_the wave numbeandothe time.

Due to ships forward speet, the wave encounter frequendy, , follows from

1 1 i ’IO (209
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2.5 Spatial Discretisation

The pressure under a linear wave can be computednisgrting %o in the
Bernoulli equation, equatio(iL49). Theintegration of the wave induced pressure,
N , over the instantaneous wetted hull surface results in toenbined Froude
Krylov and hydrostatic forces and momeatxording teequation (44), whichwas

computed in time domairSubstituting'HR ~ °® by" @b and considering that
the new numerical method coupled the stationdrge surface elevatiori, @,
with the incoming wavery  follows from

A d@ieh D "Q a " @ "ddo (210

The wave induced velocity potentiflom equation (208), and the wave
induced pressurérom equation (210) were derived by fulfilling the free surface
boundary conditions at the time average free surface position (due to the
stationary free surface elevation)For locations below the time averadeee

surface,& is negative and it follow§ pdtin equation(210). However,

for locations above the time average free surface becomes positive an@

would introduce increasing pressure amplitud€onsequently equation (210)
canonly be used to compute the pressure #&ications below tle time average
free surface However, the new numerical method integratey over the
instantaneous wetted surface and thus has to integrate the pressure also at hull
locations above the time average wetted hull surfate.avoid the use of higher
order wave theory, stretching method can be appliedsteetch the time average
free surface to the instantaneous free surface due to the incoming whwéhe
present work, the Wheeler stretching method was appli&¢heeler (B70), and

the pressure at the instantaneous wetted hull surfdloen follows from

n a B (219)
N X I

2.5 SpatialDiscretisation

The new numerical method usddo different types ofhull gridsand three
different types offree surface grids. For the computation of the stationary wave
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system and the dynamic trim and sinkage, the free surface was panalized with a
structured grid based on rectangular panels. Thdl lwas discretized with
triangles. The top image iRigurel7 shows exemplary #p view of thestationary

free surface grid andhe hull grid. As disussed in sectior2.4, an interactive
procedure solved the stationary wave system as well as dynamic tdreiakage.
During each iteration, the bodyrid was adjusted according to the computed free
surface elevation. The lower imageHigurel7 shows exemplary a side view of
the adjusted body grid according to the stationary wave elevation.

T T
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Figurel?: Top view of the free surface and body grid and side view of the body grid for the stationary
flow problem.

The finalresult of the stationary flow problem defined the contour of the
boundaries for the frequency domain simulation. The body grid was used for the
frequency domain simulations with out any further changes. The free surface grid
for the frequency domain simations differed from the free surface grid used
during the stationary simulatiorilhe free surface grid for the frequency domain
simulations was divided into one inner grid, one front grid, one aft grid and two
side grids, see the illustration iRigure 18. Recall that the stationary wave
elevation defined the time averaged free surface elevation for the frequency
domain simulations. Thus, the stationary wave elevation was mapped on the
frequency domain free surface grid. The outer grids are used to ertbate
generated waves travel away from the ship and being damped. This is achieved by
using modified boundary conditions and an additional damping apprddchne
details about this technique can be found@raefe (2014)For the computation
of the hydrodynamic coefficients, the size of inner grid panels is important and
should be adjusted to the length of the incoming wave. A detailed grid study is
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2.5 Spatial Discretisation

presented in sectiod. Further details about the stationary and frequency domain
spatial discretisation can be found@raefe (2014)

front grid

Inner
grid

pub apis
pub apis

aft grid

Figurel8: lllustration of the free surface grid used during frequency domain simulatioBsaefe
(2014)

As discussed in sectid) combned FroudeKrylov and hydrostatic forces and
moments can be computed in time domain watlt solving aflow problem
Consequentlyno free surface grid needs to be treatéldring the time domain
simulations However, combined Froudé€rylov and hydrostaticforce and
momentswere integrated over the instantaneous wetted hull surface. The body
grid that was used during tretationary andrequency domain simulation reached
only up to thetime averagewetted hull surface. Consequently, and additional
body gridwas necessary to compute the combined Froddglov and hydrostatic
forcesand momentsduring the time domain simulations. This time domain body
grid covered the complete hull surface to the main deckFigure19 shows
exemplary a side view of the time domain body gfitime domain, the free
surface intersects some body panels. The panels of the time domain body grid
were based on triangles. For panels that are iséeted by the free surface, the
uppernodes of the panelaere shifted downwards to the current free surface in
the plain of the original panel. This procedure ensured that the correct wetted
surface was consideredt any time Figure 20 indicates this procedure for a
segment of a body grid. The grey line representsitistantaneoudree surface,
the dotted lines the initial grid and the solid lines the modified ghajure2l
shows exemplary the instantiations wetted surface (dagrey colored) and
correspondingly adjusted panels at the bow region of a container ship.
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Figurel9: Side view of the time domain body grid.

Figure20: Adjustment ofthe body grid toaccount for theinstantaneous free surface.

Figure21: Example of thehull surface treatment during time domain simulations.

2.6 Calculation Procedure

Before computing wawnducedrigid body motions and elastic deformatigns
pre-computations were performed During these pre&omputations, the
stationary flow problem was solved first, followed by solving for the wet natural
modes. Next, transfer functions of hydrodynamic added mass and hydrodynamic
dampingwere computed as well asheir infinite frequency solution. Then the
impulse response functionsere determined.
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2.6 Calculation Procedure

After the precomputations, time domain calculationgere started As
described above, the diffraction forces were based on the linear solution of the
incident wave diffraction. The lirme diffraction pressuresvere obtained for the
undeformed/fixed hull and, consequently, the diffraction pressureas
independent of the natural moder rigid body motion Therefore, the complex
diffraction force amplitude according to the wave scenario walsulated first.

Due to the modal superposition technique, radiation pressures during the time
domain simulation were individually computed for every rigmbdy motionand
elastic mode, based on the hydrodynamic added mass, the hydrodynamic
damping, ad the convolution integral. Thus, the radiation foreesre part of the
coefficient matrix on the l.h.s. of the equation of motions (except for the part of
the convolution integral that describes the memory effect). Thus, radiation forces
are referredas being strongly coupled. The combined nonlinear Freggov and
hydrostatic forces were calculated by considering the instantaneous rigid body
motions and the elastic deformation. That medhat the result of all considered
rigid body motions and eléis deformationswere superposetb compute the new
hull position and the new normal vectors of the hull surface panels when
computing the Froud&rylov and hydrostatic pressures. This procedure was
embedded in an internal iteration loop (twway coupling) Finally, therigid body
motions, elastic deformations and associatsdctional loads were obtained
before continuing with the next time stepgzigure22 visualizes tts calculation
procedure.
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precomputation

‘ computation of the steady wave system ‘

|

‘ computation of wet natural modes ‘

|

computation of hydrodynamic coefficients

for each natural mode (rigid and elastic)

\‘ computation of impulse response functions ‘/

]

computation

compute convolution integrals -
Y compute Fpi¢(t), Frr+aya(t),
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Figure22: Calculation proceduref the new numerical method
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3 Test Cases

In the present work, four different ships were analysed during the validation
and result study. Investigations afid body ship motions were performed for a
VLCC tanker, a 220m long cruise simpg a 355m long pod?anamax container
ship. Hydroelastic investigations were performed for a 333m long-Pasamax
container shipThe following section describe the propies of each ship

3.1 VLCC Tanker

The VLCC tanker was investigated for the verification of the convolution integral
for the computation of radiation forcesee sectiort.2, and for the validation of
the computed wave added resistance in sect#bB.3 The nain particulars of the
VLCC tanker are listed Timble3 and Figure23 shows its section plan.

Table 3: Main particulars of the VLCC tanker

Description Symbol | Unit Values

Length between perpendiculary 0 a 320
Moulded breadth 0 a 58
Draft 0O a 20.8
Displacement y G 312622
Block coefficient 0 0.81
Vertical centre of gravity 0 "0 a 18.60
Metacentric height "00 a 5.71
Radius of gyration about x i a 23.2
Radius of gyration about y 1 a 80.0
Radius of gyration about z i a 80.0
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Figure23: Section plan of the VLCC tank&igmund (2019)

3.2 Cruise Ship

Thecruise shipvas investigated for the verification of the convolution integral
for the computation of radiation forces, see sectidr2. The main particulars of
the cruise ship are listeflable4 and Figure24 shows its section plan.

Table4: Main particulars of thecruiseship

Description Symbol | Unit Values
Length between perpendiculary 0 a 220.2
Moulded breadth 0 a 32.2
Draft O a 7.2
Displacement y a 33229
Block coefficient 0 0.65
Vertical centre of gravity 0 "0 a 14.94
Metacentricheight "00 ‘00 | 2.754
Radius of gyration about x i a 13.14
Radius of gyration about y i a 58.18
Radius of gyration about z 1 a 58.18
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Figure24: Section plan of the Cruise shiigmund (2019)

3.3 Post-Panamax Containeship A

The 355m long podPananax Containership was investigated in the time and
spatial discretisation study in sectiof.l, in the verification study of the
convolution integral for the computation of radiation forces in sectda®and in
the validation study of wave induced force4.3, where the nonlinear
hydrodynamic forces at the fixed ship, the freetpvingship and the wave added
resistance were investigateéurthermore, the containership A was investigated
regarding the influence of the wave steepness on ship motion in oblique waves
see sectiorb.1. The main particulars of this container ship are liste@aile5.

Table5: Main particulars of the containership A.

Description Symbol | Unit Values

Length between perpendiculary 0 a 355
Moulded breadth 0 a 51
Draft 0O a 14.5
Displacement y G 173467
Block coefficient 0 0.661
Vertical centre of gravity 0 "0 a 19.85
Metacentric height "00 a 5.1
Radius of gyration about x i a 20.3
Radius of gyration about y i a 87.3
Radius of gyration about z i a 87.4
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Figure25: Section plan of the post Panamax Container shifsfgmund (2019)

3.4 Post-Panamax Containeship B

The 333m long pogPananax containership (Containership B) was investigated
in the validation study on the hydroelastic solver. The validation study comprises
comparisons of rigid body ship motions and sectional loads (torsional moments,
vertical and horizontal bending moments)tae main frame of the shig-urther
results of the influence of the wave steepness and forward speed effect on-wave
induced sectional load of the Containership B are discussed in s&c@drhis ship
was already investigated withithe framework of the EU founded projects
ExtremeSeas and TULCS, see Magon and Kapsenbeerg (2014)able6 lists
main particularsThe section plan of thpost-Panamax Containershiis similar
to the section plan opostPanamax Containersh# shown inFigure25.
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Table6: Main particulars of subject containership

Description Symbol | Unit | Value
Length between perpendiculars| 0 a | 333.44
Moulded breadth 0 a 42.80
Draft 0 a 13.1
Displacement y a4 | 125604
Block coefficient 0 0.62
Vertical centre of gravity KG a 19.2
metacentric height GM a 2.280
Radius of gyration about x i a 18.4
Radius of gyration about y i a 84.0
Radius of gyration about z 1 a 84.0

Model test results of the containership were available from the project
ExtremeSeaduring that model test,he structural properties of the ship were
modelled with an aluminum backbone. The structural properties of the backbone
model are discussed in tteection3.4.1 To validatethe new numerical method,
the model test scenariosvere numericallycomputed and the obtained results
were comparedwith the measuredresults. As aforementionedthe backbone
model did not simulate the fubicale structuralproperties of the real ship
correctly. Especially the location of the shear center and the warping stiffness
differed. For that reason, additional simulat®af the 333m longpost-Panamax
containership with realistic fucale structural propertiesere performed The
full-scale ship properties are discussed in chaptdr2

3.4.1 Structural and Mass Properties According to the Model Test
Setup

The contaiership was tested ahe Canal de Experiencias HidrodindAmicas de
El Pardo (CEHIPAR)Maron and Kapsenbeerg (20)43luring the project
ExtremeSeas. The results have not been published, however, time series of
measured values were available from the project and were used to validate
new numerical method. Structural properties of the ship were simulated by a
rectanguar backbone made of aluminum. Cutouts in the upper face of the
backbone were used to reduce the location of the shear center and to introduce
warping effects. A detailed description of the model test setup is givevdrpn
and Kapsenbeerg (2014)or the present workthe numerical modelwas
constructed accordingly to the model test setup However, during the
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3.4PostPanamax Containership B

experiments, the backbone did not reach completely from the transom to the
bow. It started approximately 44m (full scale) in front of the aft perpendicular and
ended 5m before the forward perpendicular. To account for ships inertial correctly
and to transfer hydrodynamic pressures at the bow and transom to the beam
element modelthe numerical beam element model wastendedto reachfrom

the transom to the foremaspoint of the bulbous bow. This can have an effect on
the structural behaviour, especially for higher modes when the vibration nodes
become closer to the ends of the backboAe.in the experimenidhe model was
divided into six segment3.able? lists the structural properties adach segment
The shear center was assumed to be constant over the total ship length and
located 1.368m below the keel lineThe fulta OF £ S @& 2dzy3Qa

e&8cp T UG .

118

Y2 Rdz S



3 Test Cases

Table7: Sectional propertie®f the 333m long posPanamax containership equipped with a backbone.

Segment
Property Symbol| Unit 1 2 3 4 5 6
Segment length I a 96.58 | 36.0 36.0 59.2 76.0 | 45.22
Effective transverse shear cross section areg “"Yj a 4.16 4.16 4.16 4.16 4.16 4.16
Effective vertical shear cross section area “Yi a 2.10 2.10 2.10 2.10 2.10 2.10
Mass peltunit length ‘ ‘QTh | 238130| 468282 460259 | 455466| 359149| 242769
Section area moment of inertia abowaxis ;O a 35.41 | 3541 35.41 35.41 | 35.41 | 3541
Section area moment of inertia abowaxis ;O a 80.47 | 80.47 80.47 80.47 | 80.47 | 80.47
Torsional stiffness ‘O a 3.54 3.54 3.54 3.54 3.54 3.54
Warping stiffness ;O a 220 220 220 220 220 220
gﬂx"’i‘:s moment of inertia per unitlength about| 7 73 Q | 5 07e8| 5.96e7| 2.37¢8 | 1.63¢8| 1.92¢8| 4.19¢7
g/lx?sss moment of inertia peunit length aboutz| - 7 73 © | ) 78e8| 1.00e8| 1.34e8 | 2.10e8| 2.00e8| 5.57¢8
Mass moment of inertia per unitlength about) - 10 o @ | 528e8| 2.50e8| 3.18¢8 | 3.31e8| 2.01e8| 6.1267
L/eeer';lcal position of neutral bending axis frg & 4 10.0 10.0 10.0 100 100 10.0
Vertical position of shear centre from keel @ a -1.368 | -1.368 -1.368 -1.368 5.0 13.0
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3.4PostPanamax Containership B

3.4.2 Structural and Mass Properties According to a Realistic-Full
Scale Setup

The structural properties of th833m long posPananax containership cannot
be simulated correctly by using the simplified properties of a backbone model. For
that reason, additional simulations of springiimgluced vibrations with realistic
full scale stuctural and mass propertiesere performed The applied full scale
structural and mass properties apdotted in Figure26 and Figure27 as functions
of its longitudinal positiomy wherexI' 1 NBLINBaSyida G(KS akKALIQA
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Figure26: Visualization of the cross section aredh, effective shear cross section areff,, {,, the
area moment of inertiak; and k, the torsional stiffness,Lﬂ, and the warping stiffnesss,
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3 Test Cases
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Figure27: Visualization ofthe vertical position (relative to keel line) of the neutral bending ax, ,
and shear centerJ,—'q|, the mass moment of inerti the mass per unit length, and: ; the

torsional mass moment of inertia relative to the shear center

Folowing the procedure of the model test with a back bone, the hull structure
was subdivided into six segments and the cyssstion properties of each
segment were determined from the fedlcale properties plotted ifrigure26 and
Figure27. All hull properties were assumed constant over the length of each
segment. Furthermore, linear elastic material properties were assumed with a

2dzy 3Qa Y2 &pdaf (dE& . TAFES listdtheccrossection properties for
each segment, beginning with segment 1 at the transom and ending with segment
6 at the bow.
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3.4PostPanamax Containership B

Table8: Cross section properties of the containership undealisticfull-scale conditions

Unit Segment

Property Symbol 1 5 3 7 5 5
Segment length a a 96.58 | 36.0 36.0 59.2 76.0 | 45.22
Cross section area Y a 6.704 | 8.143 | 8.261 | 8.104 | 8.104 | 2.658
Shear reduction factor y i 0.305 | 0.257 | 0.257 | 0.253 | 0.278 | 0.288
Shear reduction factor z i 0.260 | 0.245 | 0.243 | 0.247 | 0.291 | 0.353
Section area moment of inertia abowaxis ;O a 777 940 972 945 615 194
Section area moment of inertia abowaxis ;O a 1548 2693 2746 2695 1811 201
Torsional stiffness O a 433.33| 192.44| 212.25| 182.89| 133.5 | 26.30
Warping stiffness ;O a 87418 | 202064 | 222255| 212026| 55879 | 2188
Mass per unit length ‘ QT 307607| 525142| 452315| 467831| 393057| 93709
g/lxz?sss moment of inertia per uniength about y 7_9 Qe 74 5.48e7 | 9.37e7 | 7.21e7| 8.46e7 | 6.88e7 | 1.38e7
ZAX?SSS moment of inertia per unit length about| =g | Q@ T | 555071 1 0geg| 1.08e8| 9.18¢7| 6.85¢7| 7.21¢6
Mass moment of inertia per unit length about| 10| @ 70| 1 76e8| 7.38¢8| 5.98¢8 | 6.28¢8 | 4.21e8 | 3.57¢7
Vertical position of neutral bending axis from k¢ & a 16.92 | 14.41 | 1425 | 14.31 | 15.67 | 18.61
Vertical position of shear centre from keel () a 7.02 | -11.93 | -11.94 | -12.23 | -5.18 | 11.49
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4 Verificationand Validation

The main goal of thevalidation studywas to comparewaveinduced forces and
moments, ship motionsand elastic vibrationsobtained with thenew numerical method
with model test results and CFD resuliowever, lefore the actualvalidation study, a
time and spatial discretisation studyasperformedto minimize the numerical errgisee
section4.1. Afterwards, a verification studgf the convolution integral was performed to
investigate the accuracy of the convolution integral to compsitg induced radiation
forces, see sectiod.2. After the verification study, the actual validation of the new
numerical method was performed’he validation study was split into three validation
steps.The first validation stegocus onthe computation of wave induced hydrodynamic
forces see sectior.3. The second validation step focused on the computation of wave
inducedrigid bodyship motionssee sectiot.4. The third validation step focuseuh the
computation of wavanduced sectional loads and springimgluced resonant elastic
vibrations of the hull gder, see sectiot.5. Content of the verification and validation
study was already published Riesner et al. (2016); Riesner and el Moctar (2018); Riesner
et al. (2018a); Riesner and el Moctar (202da) Riesner and el Moctar (2021b)

In the validation aidy, results of the new numerical method were also compared to
results of a linear frequency domain boundary element method, which computed-wave
induced rigid body motions. The linear frequency domain method is based on the approach
of Séding et al. (2012%06ding et al. (2014ndGraefe (2014)It couples thdully nonlinear
stationary forward speed problem with the linear periodic flow problem in waves

4.1 Time and Spatial Discretisatiogtudy

To minimize the numerical error, a spatial and time discretization study was performed
for the 355 meter long posPanamaxContainership A, see sectidh3,

The present work focus on the computation of wamduced hydrodynamic forceand
moments and the rigid body and elastic respon&e aforementioned, the solution of the
stationary forward speed potential is required for the computation of wanduced foces
and momentsAs a consequencdifferences in the stationary forward speed solution due
to a changing spatial discretizatiovill affectwave-induced forces and moments well
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4.1 Time and Spatial Discredigon Study

However, specific results of the stationary solution, such as the calerwedistance, are

not of particular interest for the present study. Consequently, an individual discretization
study for the stationary forward speed solution was not performed. A systematic grid study
of the stationary forward speed solution can be foumdGraefe (2014pnd in S6ding
(2009a)

Recall that two different body grids were used, one frequency domain bodytgrid
reached up to the time averaged free surface and one time domain body grid that covered
the total hull In general, the pnel dimensiong$or both gridswere similar. To investigate
the influence ofthe panel size on time domain and frequency domain results, three
different grids for each discretizatiomere generategdnamely, a coarse, a medium, and a
fine grid. Table9 lists the number of panels for these grids. The mid column presents the
YydzYoSNJ 2F LI ySfta dzaSR (2 RAAONBGAT S (KS
column,thenumber® LJ ySt & dzaASR (2 RAAONBIAFghre i KS
28 shows exemplary the medium siiene domaingrid comprising 3880 panels wbéo
RAAONBGAT Sa GKS &KALIQBuring dzé fvariatahl of it baoklyi &
discretization, the length of a free surface panel was approximatel\@ Dfl the
wavelength Afterthe body grid studythe free surface panel length was varjedhereas
the number of body panels was kept constant (medium giiiig free surface panel length
varied between 1/9, 1/19, 1/22 and 1/24 of the wave leng#il computations for the
discretization study were performed at a constant velocity '@ 1@t v.¢The
hydrodynamic added mass and damping are independent of the wave encounter angle,
the excitation forces were computed farwave encounter angle of 120 degrees.

a KA LX
aKA|

YIAY

Figure28Y a SRAdzY INAR RAAONBGATAYy3I GKS &KALIQA KdzZf £ dzL

Table9: Investigated hull grid sizes

grid description \ frequency domain grid\ Time domain grid

Coarse grid 1174 1836
Medium grid 2306 3880
Fine grid 4078 6794
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4 Verification and Validation

4.1.1 Frequency Dependent Hydrodynamic Forces

As already discussed in secti2r8, radiation forces (more specific the hydrodynamic
added mass and hydrodynamic damping) and diffraction fofcesplex diffraction force
amplitude) were precomputed using the frequency domain solMeigue 29 showsthe
normalized hydrodynamic addedassfor eachrigid bodymotion (diagonal components
of the added mass matrix)According to equatiori27) and(28), transfer functions of the
hydrodynamicadded massand damping were integrated over the wave encounter
frequency toobtain the impulse response functioRor that reasontransfer functions of
the hydrodynamic added mass and hydrodynamic dampiregplotted against the wave
encounter frequency.Figue 29 compares transfer functions of the normalized
hydrodynamic added mass resulting from the three different body discretization.
designates the number of body panels. The results were normalized with the maximum
amplitude of the fire grid with4078 panels. In principle, the hydrodynamic added mass
matrix and hydrodynamic damping matrix are 6x6 matrixes. However, the diagonal terms
of these matrixes usually dominate the hydrodynamic response. For that reason, only the
diagonal terms,E  with "Q pI% I} NN, are comparedFor all hydrodynamic added
mass components ifigue 29, except the roll added mass , only small differences
were found. For the surgeE , heave,’E , andpitch, E , added mass, all three
discretization gave almost identical resufarthe sway,E , and yawE , added mass,
the coarse body grid with 1174 panels underestimated the result slightly. For the roll added
mass,E , strong differences between the coarse grid and the medium and fine grid were
found. The biggest differences occurred for a wave encounter frequency of approximately
¢&i M Figure30 compares thénydrodynamic added mass for ¢&i i plotted
against the number of body paneds. The hydrodynamic added masskigure30 were
normalized with the results of the fine grild.can be seen that with 1174 body panels, the
hydrodynamic added mass was underestimated by approximately 28% compared to the
result based on 4078 body pandlssing 2306 panels improved the resudignificantly and
underestimated the hydrodynamic added mass by approximately 2.5%.

Figure31 compares the transfer function of the hydrodynandampingfor all three
body grids. Again, the roll hydrodynamic dampii#g, , differed the most, whereas all
other degrees of freedom showed only marginally deviatidfigure32 compares the
normalizedhydrodynamic dampingnormalized with the result of the fine gridjom all
three gridsfor a wave encounter frequency of approximatei Q) where the highest
deviations were found. With 1174 panels, the roll hydrodynamic damping was
overestimated by approximately 3466mpared to the result based on 4078 body panels.
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4.1 Time and Spatial Discretisation Study

Increasing the number of body panels to 2306 reduced the divergencgspi@ximately

5%.
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Figue 29: Transfer functions of the normalized hydrodynamic added mass resulting from the three different

Figure30: Normalizedhydrodynamic added mass fap
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4 Verification and Validation
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Figure31: Transfer functions of the normalized hydrodynamic damping resulting from the three different body
discretization.= | designates the number of body panels.
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4.1 Time and Batial Discretisation Study

Figure 33 compares normalized transfer functisnof the diffraction forces and
moments for all three body grigsotted against U . Again, he highest deviations were
found for the roll momentE , at _f0 T® YFigure34 compares the normalized
diffraction roll moments from all three body discretization fof0 ™ YWith 1174
body panels, the roll moment wasderestimated with approximately 38% and using 2306
body panels reduced the underestimation to approximately 1.5%.
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Figure33: Normalized transfer functions of the diffraction forces and momerftyr the three different body
discretization. = | designates the number of body panels.
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4 Verification and Validation

__________________________________

__________________________________

Figure34: Normalized diffraction roll moments foy 74 F I 8 plotted against the number of body panels
"k

In the following validation steps, the number of body panels was kept constant with
2306 panels, but the size of the free surface panels in the inner free surface grid was varied.
The length of a free surface panel was designatedlhus, the number diree surface
panelsper wave lengttfollows from the relation_ft . Similar to the previous validation
of the number of body panels, the hydrodynamic added mass, hydrodynamic damping and
the diffraction forces based on different free surface panels dimensions were compared.
Figure35 compares transfer functions of the normalized hydrodynamic added mass for
_fa  oIp @ t Except for the rolinduced hydrodynamic added mass, only small
differences were foundFor the rollinduced hydrodgamic added mass, the biggest
differences occurredor the lowest wave encounter frequency afit T Wi Figure36
plots normalized hydrodynamic added masseséfar 18t 1 wiagainst_fa . With
a free surface panel length according tfdc & the rolkinduced hydrodynamic added
mass was underestimated by approximately 22.5%. With a panel length according to
_fa  p wthe deviation reduced to appromately 4.5%. With 22 panels per wave length
(& ¢ ¢, the error reduced to approximately 0.5%.

Figure 37 comparesnormalized transfer functions of hydrodynamidamping for
_fa oIp @ tGenerally, differences due to different free surfatiscretizationsvere
small. The biggest differences were found for the surge induced hydrodynamic damping,
A, atéa T VFigure38plots 'A for €& T wagainst the relation of the wave
length to the free surface panel lengthfa . With nine free surface panels per wave length
(& ), the’A was underestmated by approximately 4.25%. With nineteen free
surface panels per wave length, the error reduced to less than 1%.
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4.1 Time and Spatial Discretisation Study
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Figure35: Normalized tansfer functions of the hydrodynamic added mass resulting from the three different free
surface discretizationy 7m n n

0.95 f-tommiom

Agq ]

0.75

8 10 12 14 16 18 20 22 24
Mp [-]

Figure36: Normalizedhydrodynamic addedoll mass for-0 =~ 8 >§Fﬂ|otted againg )’qu.

130



4 Verification and Validation
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Figure37: Normalized tansfer functions of hydrodynamic damping resulting from the three different free
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Figure38: Normalized hydrodynamisurgedamping foro , 8  »1-Myplotted againsty Tmy.

Figure39plots transfer functions of the normalized diffraction force amplitudes against

for free surface panel lengths according ffix oIp & tSignificant differences

could onlybe found for the yaw moment with the highest deviations fgf0 ™ Y
For this wave scenarigjgure40 plots thenormalizeddiffraction yawmoment against the
number of free surface panels per wave lengthig . With the biggest free surface panels
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4.1 Time and Spatial Discretisation Study
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free surface discretizatiory 7m.
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4 Verification and Validation

The grid study showed #t at most degrees ofreedom, the frequency domain
hydrodynamic coefficients and the diffraction forces and moments depend only minimally
on the body discreditation and free surface discretizatidm exceptionwas the roll
induced hydrodynamic added mass and damping as weteadongitudinal diffraction
force and diffraction yaw momentt was concluded that 2306 body panels at the time
averaged wetted hull surface are a sufficiently discretize the hull andlhéee surface
panels per wave length sufficiently discretize the free surface.

4.1.2 Time DomairHydrodynamid-orces and Rigid BodyMotions

The time domain solver integratdéroudeKrylovand hydrostatidorcesand moments
over the instantaneous wetted hull surfacEhepressure integration near the free surface
was improved by modifying panels intersected by the free surfaee section2.5.
However,the pressureA Yy 1 SANI A2y aGAff RSLISYRSR 2y (K
Therefore, the combined Frouekerylov anchydrostaticforcesand momentsobtained on
all three body grids in Table9 were comparedTo eliminate the influence of the time
discretization ship motions were suppressed in all degree of freedbmtotal, 28 waves
betweenx& _J0 T8t Ywere analyzedTo cause a strong variation of the wetted
hull surfacea constant wave steepness ® 1@t xwas applied Although these waves
were steep, Froud&rylov and restoring forces and moments obtainedadl three grids
converged to the same valués longer wavesOnly in shoir waves differencesvere
found. The largest deviation®ccurred for the vertical combined Froudeylov and
hydrostatic force for_10 TP p.TEigure4l plots normalized (respect to maximum
amplitude at the fine grid) time histories of calculatecbmbined FroudeKrylov and
hydrostaticforcesand momentgor _10 T p.The left side plots from top to bottom
the longitudinal, transvers and vertical force. The right side the roll, pitch and yaw
moments.Figure42 compares the armalized maximum negative vertical force amplitude
(normalized with the result of the fine gridjVith the coarse grig1l836 panels at the total
hull), the maximum negative amplitude was overestimated by approximately 16.25%
compared to theresult of thefine grid with 6794 paneldncreasing the number of body
panels to 3880 panels reduced the erttorapproximately 1.9%This result shows that
3880 panels at the complete hull (time domain body grid) are sufficient to discretize the
body surface.
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4.1 Time and Spatial Discretisation Study

Figure41: Time histories of combinedormalizedFroudeKrylov andhydrostaticforcesand momentsfor the
fixedshipaty74__ 8

Figure42: Normalizedminimum combined FroudeKrylov and hydrostatic forces vertical forces fpi< I
8 plotted against the number of body panels .

As thenonlinearequation ofrigid bodymotions was solved using the implicit Euler
method, it was necessary to invesiig the time discretizationin addition to spatial
discretization.$ecifically, the influence of different time steps on the solution of ship
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