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Abstract

This PhD thesis presents thevelopment of a practicalcomputational toohamed
Large Amplitude RESponse (LARed)ased or8D quastnonlinear time-domain
technique, to predict ship motis and loads in large amplitude wawdsich can be

accessible to ship designers

Firstly, alinear3-D Green source panebde(LARes L1)was developetb perform
linear timedomain analysiship motion and internal load simulatiobased on the
frequencydomain hydrodynamic aefficients which were calculated in the linear
PRECAL software Linear simulations are validated with tieear timedomain
PRETTI software results using rectangular barge geometry. The satbernal
loads, global and sectionddydrodynamic forcesvere agreedvell with the linear

PRETTI modelesults in zero and forward speed simulations.

Then, nodinear timedomain panel cod¢LARes L2) was developed in order to
predict ship motions and loads in large amplitude waves usingrthedeKrylov
nonlinearity level At each time step, the exact wetted area of the ship surface under
the wave profile was calculated and fed in the tdoenain motion and load
equationswhile the diffraction and radiation forces were kept as lin€he pesent
program achieved good agreement with tioerlinear PRETTI model results both

for the barge and S175 container geometries at zero and forward speed comditions
small amplitude wavedMoreover, the S175 container ship results are compared with
the available experimental data and agreed well with the experimental results in
forward speed casdt has been observed that PRETTI code is -@gtimating
motion and load responses especially around the resonant frequency due to the surge
motion influencem thememory forces evaluationtn the FroudeKrylov nonlinear

level predictions, it has been observed that PRETTI diverges from the experimental
results when the wavdeepness is higher than 0.08 due to the linear radiation and
diffraction forces.



Basal on the same framework, a more advanced nonlineardom&in panel code
(LARes L3) was developed in order to investigate the effectguakinonlinear
diffraction and radiation forces in large amplitude ship simulatidgnsiew mesh
generator was intracted in order to cudnd correcthe original panels under the still
water levelin the updated position of the stafter displacemestand rotatios. The
quastnontlinear diffraction and radiation forcesere calculated at the pdefined
position casesnd stored in a database. In order to lower the computational cost
multi-dimensional integration and interpolation codes were generatesl S175
containership was tested in 120 different position cases and resulting hydrodynamic
coefficients and forces eve stored in the database. The results of the LARes L3
model were compared with the available experimental data using -thé& S
containershipin forward speedThe computed motion responses showed a good
agreement with the experimental data. Moreovegethof the developed models are
compared with the experiments and thperformances werenvestigated with
respect to the increasing wave slope. In addition to that, the effect of the wave length
and ship speed in large amplitude waves are investigatetbtail. Non-linear
behaviors of the codes were compared with the experimental results which showed a

good agreement.

Finally, the Vertical Shear Force (VSF) and Vertical Bending Moment (VBM)
responses were investigated in large amplitude motions. It b&es\ed that, in the
validation sectionnumerical modepeak amplitudes showed well agreement with
the experimental results, buhey were observed to be shifted to the higher
frequenciessompared to the experimental resultbe reason for that was atted

to thelongitudinalmass distribution on the ship in the experimental setup which had

not been provided in detail the published experimental results
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Chapter 1

Introduction

1.1 Background

Ship designers, builders and oters lack adequate tools for the prediction of ship
responses isevereseas. This has resulted in a very conservative approach to ship
design and the use of |l arge fAsafety fact
weight are overestimated duelarge safety factors and that resulted with less cargo
capacity in order to satisfy the structural integrity of ships. Ship motions and loads in
large waves are usually predicted using calculation tools based on a two or three
dimensional small amplitudenear theory in frequency domaikrequency domain
calculations, has a shortcoming as the restriction of ship motions to small amplitudes
compared to the ship dimensions. In order to find the motion responses and loads in
severeseaconditions linear radts needed to bextrapolated to required sea states.
However, the extrapolation procedure violates the linear frequency domain approach
and assumes that the motion is still sinusoidal disregattmdiighly asymmetric
vertical motions and loads experoel by the ship when subjectiedarge amplitude
waves. It is a welknown fact that linear frequency domain calculation cannot

predict the noflinear response patterns in large amplitoa®ionsimulations.

Accuracy of thenotion and loadsesponse pdictions depends on tiship hull form
around the stillwater level.Fast ships like container ships, frigates and some
passenger ships have fine hull forms with small block coefficients. These types of
ships have large bow flare profiles and large stererhangs, therefore thertical
sections of the hull around the still water level varies significaatlg the ship
motions and loads wilexperiencenontlinear characteristicsThis means thabne
needs to uséime-domain prediction toolsin order to ewluate non-linear motion

equations. The complet®ntlinear treatment of the problem requires the calculation



of the velocity ptential which needs to satisfy bdtie body boundary and the free
surface conditionsimultaneouslyUnfortunately,fully non-linear treatment of the
boundary valuegproblem has very high computational co$herefore itdoes not

yield solutions appropriate for practical applications.

On the other hand, in order develop a code to be used by ship designers, one needs
to eliminak high computational costs and to maintain accurackarige amplitude

ship motion and load predictionsip to an acceptable leveln this aspectsome
practical tools have been developed based on the calculations of the hydrodynamic
and hydrostatic forceat the instantaneous wetted position of the dHmwever, in

large majority of the previous works, radiation and diffraction forces are kept as
linear in time domain ship motion simulations due to the high computational costs.
Therefore, in ordeto desgn a fast and accurate tooldgaluate no#inear radiation

and diffractionforces,a quastnonlinear techniques adoptedinto thetime domain
motion equationsin the current study3D radiation and diffractiorforces are
evaluatedusing quashonlinear methodbased on the instantaneous position of the
wetted hull under the mean water surfackile the incident wave and restoring
forces are evaluated under the instantaneous wetted ship profile at each time instant
In all calculatons, consistency ofhé linear Boundary Valuer&blem (BVP) is
ensuredising the small scattered wave assumption which assumes scattered waves to

be small compared to shiftmensions and motion response amplitudes

In order to fulfil the aim of the study the-hrouse developk Large Amplitude
Regonse (LAReptool is developed in MATLAB software and the validations are
performed usinghe benchmark ITTC -875 container shipvith highly nonlinear
geometry atifferent forward speedcaseswith varyingwave slopesn regular head
seas Motion and loadresponses are compared with large amplitude experimental
results in which the wave steepness is ranging from ka=0.01 to ka=@ntalso

with commercial PRETTkoftware(Van't Veer et al., 2009or different forward
speed casesn order to verify and compare the numerical results, the experimental
studies performed for International Towing Tank Confergi€€C, 2010)and by
Fonseca and Soares (20GtEe used tacompare nonlinear ship moticand load



responses with respect to increasing wave slope. ITTC (2010) experiments are used
to compare time&lomain nodinear heave and pitchesponsegxperienced by the

ship in large amplitude wave®r the forward speeds dfn=0.20, Fn=0.25 and
Fn=0.275 However, experimentsf Fonseca and Soares (20@4¢ used to compare
maximum and minimum peak points of the motion respoasesell as the Vertical
Shear Force (VSF) and Vertical Bending Momn@rBM) estimations at Fn=0.23n

the current research project, rigid ship motions are solved in time daoajgted
equations of heave and pitch motions in head seas condition without taking into

account viscous forces.

1.2 Aims and Objectives

The aim of the PhD thesigs to develop gracticalcomputational tool, based @b
guastnonlinear time-domaintechnique, to predict ship motions and loads in large
amplitude wavesvhich can be accessible to ship designbtain objective of the

researclprojectcan be summarized as follows:

1. Evaluationof the nonlinear forcecomponentso account for:
1 Nonlinear wave excitatioforces(FroudeKrylov & Diffraction)
1 Quastnonlineartime varyingradiationforceswhich arecalculated at the
instantaneous wetted panti of ship under the still water level as the ship
oscillais in large amplitude waves

1 Nonlinear restoring forces.

2. Nonlinear evaluation 0¥ SFandVBM in large amplitude waves.

3. Development of a practical computation taacessible to ship designers,
which will be applicable to thg@redictionof ship motions and loads in large
amplitudewaves,based on 3D frequency domaiadiation and diffraction

forces.

4. Investigation of the influence of quasbnlinear radiation and diffraction

forces in ship motioand load responses in large amplitude waves.



1.3 Contribution to the field of study

In the last decadenontlinear seakeepingnethodshave beenvery advanced in
motions and loads calculatiphut their efficiencyhas beervery low and most of
them are only deed by usingsuper computers, whicheld very high computational
costs. Thereforethe current researchims to develop an efficient practical tool,
which can be uselly ship designersiith an acceptablaccuracylevel in order to
calculate noflinear mdions and loadsf the shipsinduced by large amplitude

waves.

The original pointof the researcllerivesfrom the practical evaluation of 3D large
amplitude ship motions and(Cummiasd¥62msi ng
the bodynonlinear levelof nonlinearity. For this purposeadiation and diffraction
forcesare precalculated with respect to the instantaneouiedesurface under the
mean sea levekith the linear potential flow thredimensional (3D) hydrodynamic
PREssure CALculation (PRECAL) softwaf®an't Veer, 2009)and stored in a
database. Stored dgodynamic forces and coefficients are interpolated for interim
values of updated ship position at each time step and used in motion equations using
impulse response function€ummins, 1962)with quasinonlinear timedomain
technique. The impulseesponse formulation provides accurate results with a low
computational cost in large amplitude ship motions and loads estimiatiorder to
evaluate quasnonlinear radiation and diffraction forces:

1 A database of prealculated range of ship positions accounting for

the shipbds varying submerged portd.i

generated and passtedPRECAL software

1 At each position, global and sectional comple#frattion forces
infinite frequencyadded mass and dampiogefficients are evaluated

1 At each position, global and sectionaémory functions arelerived
from damping curves.

1 Precalculatedglobal and seabinalinfinite frequencyadded mass and
damping coefficients, diffraction forces, and memory functions are

passed through the main motion equation at each time step.

C



1.4 Contents of the Thesis

This thesis starts with the critical review of the researclth hasbeen performed in
linear and nodinear seakeeping analysis of rigid ships advancing in waves. In order
to maintain the consistency in the previous works, literature review is divided into
two sections: linear frequendomain and nonlinear tim@gomain seakeeping
analysis. Linear frequency domain seakeeping analysis section concentrates on the
review and discussion dhesteady flow approximations and zero and forward speed
Green function evaluations. Nonlinear thdemain seakeeping secti@ategorizs

and reviews the previous work depending on the degree of the nonlinearity involved
in hydrodynamic calculations. Moreover, in thenlinear seakeeping section, the
BVP is classified into three groups depending on the source type used in BVP
solutions: tansient Green source, Rankine source and Mgoenice formulations.

Chapter 3 describes the general approach and formulation of rigid ship raontion
internal loadgproblem advancingt a constant speaa regular seas frequencyand

time domain calculBons The chapter starts with the definition of the hydrodynamic
axis frames, which has a crucial importance in the calculation of large amplitude
responses. General description of the frequency doB\his provided in potential
theory.Free surface anblody boundary conditions derivations are provided in detail
in order to derive the steadipw components in the ship motiondoreover,
comparison of the doubleody flow and uniform flow approaches are performed in
the heave and pitch motion respond@srivations of theiine domain formulations

are represented in terms of impulse response functions while free surface oscillations
are derived using convolution integralrce components of the main motion and
internal load equations are provided in ddatatime domain approach with a focus

on large amptude motions Vertical Shear Force (VSF) and Vertical Bending
Moment (VBM) definitions are provided both frequerdymain and time&lomain
approaches in detalil.



Chapter 4describes the numericptocediresin order to solve nonlinear egtions of
motion in regular head seakhe flow charts of the FroudKrylov (F-K) nonlinear
and the introduced bodyonlinear method are provided in detail. In the development
phase of the seakeeping models, focus igrgito the advance meshing methods,
their differences and variationn order to eliminate the mathematical singularities
in the panels close the still water level, automatic mesh correction code is generated.
Moreover, a special attention is given to tiaterplane area (LID) panels which are
used to suppress the irregular frequenciesenfriaquencydomain BVP solutionin
order to lower the computational cost of the simulations, rduttensional
integration and interpolation codes are designed to bd usthe bodynonlinear
method predictions.Moreover, general solution approach for the proposed

methodology is explained in detalil.

Chapter Sstards for the validation of motioand loadestimationausing the proposed
methodology in regular seas in siaiplitude waves. The chapter starts with the
comparison of the timdomain LARes and PRETTI models with a special focus on
the force components evaluation techniques. Global and sectional force components
are compared with the PRETTI model in order tofyehe accuracy of théorce
components. In order to verify the linear and nonlinear motion and force components
barge geometry is used. Motioesponseand VSF and VBM respons®mparisons

at the midship section and at station 1% (L,, from FP for the S175 container
shipare performed using the@lable experimental data sets and the PRETTI model.

Chapter 6 providesthe application of the proposed methodology in the motion
responsesMotion response comparison of the LARes and PRETTI models are
compared with the available experimental data sets in large amplitude waves. Motion
response characteristics are investigated with respect to the increasing wave slope in
three different forward speed (Fn=0.20, 0.25, 0.275) and three different wave length
to ship length & /,E1.0, 1.2, 1.%combinationsaround the resonant frequency and
compared against the experimental resilt® influence of the wave length and ship
speed on the motioresponsesn large amplitude waves is investigated detail in

order to draw an oveltaconclusion. Nonlinear motion behaviour characteristics are



investigated in detail focusing on the positive, negative peak values and also the
mean value of the motion responsk®reover, theinvestigationof the quasnon
linear radiation and diffracin forcesis performedand compared with thé&-K

nonlineamodel in detail.

Chapter 7 describes the application of the proposed methodology in the internal load
responseby comparing them witthe LARes and PRETTI modedsmidthe available
experimental dta sets in large amplitude waves. VSF and VBM response
characteristics at the mighip and station 15 (¥pp from the forward perpendicular)
positionsare investigated with respect to the increasing wave slope at a forward
speed of Fn=0.25 in three diféett wave length to ship length values/(E1.0, 1.2,

1.4) around the resonant frequency and compared against the experimental results.

Chapter 8 summarizes thehgevements obtained using the proposed methodology
and provides recommendations for the future research to develop the proposed

methodology.



Chapter 2

Literature Review

2.1 Introduction

The main objective of this chapter is to review the previous wiorkss onthe wave
induced motions and loads on shipEhe review starts with the leading linear
theories and extesdo the numerically more complicated and more advanced non
linear theories to predict ship motions and loads in a rough sea environment. In the
present thesis, timdomain solution of radiation forces is obtained via convolution
integrals in terms of impseresponse functions. The accuracy of tidwemain
solution is highly dependent on the frequency domain hydrodynamic coefficients.
Hence, in the linear waveody interactions section, frequency domdwvP
solutions of previous works are reviewed. In tlomlmear wavebody interactions
part, the contribution of each work is highlighted with respect to the nonlinearity
levels that they implemented in the numerical calculations. Moreover, previous
experimental studies in the field of waledy interactions r@ alsodiscussed with

the aim ofhighlighting the main assumptions in rigid and elastic body models and
experimental setups. Mainly, the literature review is divided into three main parts:

1 Linear waverigid body interaction: here previous works relatedlinear
seakeeping methodseareviewed putting the emphasis the effect of steady
and unsteady wave interactions, forward speed effect on the ship
hydrodynamics using translating and/or pulsating source formulations and
their limitations.

1 Nonlinear wae-rigid body interaction: this section reviews the previwask
which has been carried outin relation tononlinear seakeeping methods
These are reviewed and sorted with respect to the nonlinearity levels

implemented in the calculations



1 Experimental stdies: here the experimental studies are highlighted with
respect to their assumptions and model setbhpswere applied, and the

motions andoadresponses on rigid bodies are reviewed.

2.2 Linear Wave-Rigid Body Interaction

Numerical computation of the fward speed ship motions problem has bafegreat
interestto researcherfor last threedecadesSignificant effort has beemputin order

to model wavebody interaction more accurately and in a computationally less
expensive way. Th&8VP can be evaluatedsing two different methodsnamely
time-domain (transient method) and frequency domain metBadh of the methods
may haveseveraladvantagesand disadvardges for a particular problenfime-
domain analysisrequires the evaluation of convolution intdgraver all previous
time steps of the fluid motion historyherefore, timelomain methos take more
computational time and memory to soltree BVP compared to frequengjomain
method. Forward speed timdomain Grees function simulationrun time is inthe
same ordeas forzerospeed frequency domasimulationand its implementation is
much simpler when compared tioe more complex and time consuming forward
speed frequenegomain methosl (Liapis, 1986) Earlier work on ship motions
mostly based on frequencpmain methosl due to a lack of compuational

resources.

During the second half of the 80s a research group called Cooperative Research
Ships (CRS) developed linear potential fl@» PRECAL software (Van't Veer,
2009)in orderto predict ship motion and loads advancing with forward speed. The
theoretical information about the PRECAL software will be presented in the
methodology chapter. In the present thesis, PRECAL software is used to solve the
forward speed fhiear BVP usinghte Approximate Forward Speed (AFS) and Exact
Forward $eed(EFS)methods. A comparison of both methods will be examined in
detail in the following chaptersin nonlinear calculations, forward speed
hydrodynamic codicients are derived using the AFRSethoddue to its accuracy and

fast computational time. In order to assess the effediseoAFSand EFS methods



on the hydrodynamic coefficients and motion responses, previous works are

reviewed andliscussed below

Dynamics of a vessel advancing in the sess \iirst studied byroude (1861pand
Krylov (1896) Hydrodynamic forces on a floating body were formulated taking into
account inertial, restoring and first order incident wave force comportéogever,

in their work steadystate forces originating from harmonic rigid body motion

namely diffraction and radiation force components were not considered.

On the way to the modern seakeeping methods, researchers sigadecant
developments in order to derive BVé&ccuratelyin order to solve wavebody
interactionsHaskind (1946)vas the first reseaner to separate the velocity potential
into the diffraction and radiation potentials. He applied the-ship theory in order

to solve fluidbody interactions.Korvin-Kroukovsky (1955)used a slendeship
approach and applied strip theory method on the two dimensional sections while
taking into account the interaction between s$karse hull sectionsSt Denis and
Pierson (1953%olved the problem in irregal seas using spectral analysis in which

irregular sea was defined by the superposition of regular waves.

Cummins (1962jormulated an integrdifferential equation to evaluate time domain
responses of a ship with convolution integrals. In this equation, radiation forces are
obtained via convolution integrals in terms of impuissponse functionggilvie
(1964) derived therelationship between frequendpmain coefficients and time
domain terms in the convolution term using Fourier transforms. In the pthssi¥,

time domain ship motion and loachlculations are performed using Cummins

equation. Details of the equationlMde provided in the methodology chapter.

The first attempt to model forward speesing Greers functions in the frequeney
domain can be attributed 8alvasen et al. (197@ho used the classical strip theory
based on thegKorvin-Kroukovsky) theory. The authors applied forward speed

corrections by means of encounter frequency and pressure corrections using a
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uniform flow model. Although the forwdrspeed corrections were originally applied

to the strip theorythey arealsonow widely applied to 3D panel methods.

Evaluation of forward speddfluencei s t he main problem in tF
functions due to its complex numerical integratpncess on the waterline sections.
Numerical methods need to be implemented to solve BVPs in presence of forward
speecand Gr een 0s tdbe satstied both on tined-eSadrface Boundary
Condition (FSBC) and on the Body Boundary Condition (BB®Oketailed
information about the formulation and the comparison of forward speed ship motions
problem are provided in methodology chaptdainly, forward speed ship motion
probl ems can be solved using Gr@ennilds f un
et al., 2010)
1 AFS formulationwher e BVP i s solved wionsh zer o
and then forward speed corrections arpliad. This method is known as
Pulsating $urce (PS) method and widely applied in seakeeping programs
widely used in the ship and offshore industries.
1 EFSformulationwher the exact forwardpeed Green sowgs areused to
solve forward spek BVP. This method is known as Translatidglsating
Source (TPS) method.

The PS method has a deficiency which fails to satisfyforward speed FSB®&hen

the oscillating frequency is low and ship speed is Kigylis and Price, 1981aJhe
accuracy limit of the strip theory methasl also related tothis issue Despite the

limits due to the high frequency and low forward speed, strip theory can provide
accurate results for the low frequency range. The main rdasdmis isthatin low
frequencies FroudKrylov and restoring forces are more dominant compared to the
radiation and diffraction components. In mathematical modeling, TPS method has
more accurate formulation in handling the forward speed effects. However, forward
speed bouraly conditions are hard to satisfy and are computationally expensive.
Due to the high oscillatory nature of th
small step sizes are needed in the numerical integration which results in a high

computational timg¢Ba and Guilbaud, 1995 he main dificulty associated with the

11



numeri cal derivation of the Greends func
the difficulty in the integration process of the waterline sections. Due to the easier
evaluation process of zesmp e e d Gr een6s f fthe ncommeroial mo st

seakeeping codes use the PS method.

Chang (1977)nitiated thefirst successful application of the TPS method on a Series
60 hull form using 3D panels and observed a better agreement with the experimental
data compared to the PS method, except the roll and pitch damping coefficients. The
author commented that in ord® improve the pitch damping coefficients steady

flow effect should be included in the numerical calculations.

Inglis and Price (1981a)sed the TPS method to predict hydrodynamic coefficients

of a Series 60 hull form advang with a constant forward speed using a 3D panel
method. The authors found better agreement with the experimental data compared to
the PS method, but the method epeedicted the pressures around the stern area of
the ship due to the lack of viscousdes and artificial stern wave damping. The
deficiencies in the heave coefficients were smaller compared to the pitch coefficients
when compared with the experimental data. The speed effect was diversely affected
by the accuracy of the hydrodynamic coe#fitis compared to the experiments. It
was also noted that inclusion of steady wave effects in the BVP increases the
accuracy of the hydrodynamic coefficients; however it is computationally very

expensive.

Guevel and Bougis (1982\orked on the TPS method to solve forward speed
diffractionrad i at i on probl ems using Greenébés fun
assessed the added mass and damping coefficients at forward speed using source and
doublet distributions on a DNV barge and a Series 60 hull form at low forward
speeds. Their results weme good agreement with the resultsGifang (1977)n all

coefficients except theitch damping coefficients.

Wu and Taylor (1989 pplied quadratic isparametric boundary elements to model

the ship geometry instead of constant panel elementspalsmnetric elements

12



provide higher degree of accuracy when finding the fluid velacriear to the hull.
Authors applied Galerkin methods to satisfy the BBC in order to overcome the
di fficulty of source and-surface Indhe forovarcht s 6
speed steadynsteady flow interaction problem, evaluation of second cstkady
potential derivatives is very difficult. The authors overcame the problem using
Galerkin method which reduced the second order steady potential derivatives to first

order derivatives.

Wu and Taylor (19903tudied on the PS method to calculate hydrodynamic forces on

a body acillating and translating with low forward speed using the perturbation
series in terms of forward speed. Provided that the semal®t terms in the forward

speed are neglected, the hydrodynamic solution can be done with zero speed Green
functions. Forwed speed correction can be performed using perturbation series of
the potential in terms of forward speed. The authors also noted that, linear theory did
not satisfy the reverse flow relationsh
managed to satisfjhé reverse flow relationship by applying coupling effects of the
steady and unsteady potentials in the FSBC regardless of whether the body is slender
or not. However, forward speed effects were only discussed for a floating circular
cylinder and the methadbgy was not applied on a complex geometry.

Delhommeau and Alessandrini (19919tudied the influence of different
approximations in the FSBC in the calculation of second order forces and motion
responses. Three different approximation methods wetedtesn a DNV barge
namely exact FSBC, first order FSBC and the zero speed FSBC. The authors
commented that three approximations gave similar results due to the low speed, but
the exact fresurface case showed singularity at a critical Strouhal number of
(:0.25. They also commented that meshing of sharp edges affects the second order

forces significantly.
Iwashita and Ohkusu (199pyesented an efficient algorithm using the TPS method

to solve Greendés functions and its deriyv

integral formulation oBessho (197 7Yvhich performed the integrations along a path
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in thecomplex plane. The development was in the selection of the right path with the
steepest descent method in order to perform integration in a straightforward manner
and to control the accuracy of the results. The application of the scheme was
performed on asubmerged slender spheroid by taking into account theenms
(gradients of steady velocities in normal direction) contribution on the hydrodynamic
coefficients and wave induced forces. Results indicated that hydrodynamic
coefficients are affected modésly in the head seas condition while the forward
speed effects were found to be more significant in the following seas condition.
Unfortunately, the numerical study was only performed for a submerged spheroid

and was not applied to surface piercing comgjeometries.

Papanikolaou and Schellin (1992pplied the PS method in order to evaluate the
motions and wave induced loads ofl® ship using 3D flat panels. They used a
uniform flow model to implement in the Body Boundary Conditions (BBC) and
disregarded hte higher order terms in the stedthw velocity and in the total
velocity potentials. Radiation potentials were described in terms of speed
independent part of the velocity potential, which allowed the forward speed effects to
be modeled withthe zeispe e d Gr eends functions with fo
their results, motion responses agreed better than the wave induced loads responses
compared to the experimental results. They noted that the heave Response Amplitude
Operator (RAO) was predicted higr than the experimental results and the reason
was attributed to the lack of heave viscous damping. At the midship section, vertical
shear forces were owpredicted while the vertical bending moments were under

predicted compared to the experiments.

Ba and Guilbaud (199%%or k ed on t he i ntegration of th
and used Kelvin singularities to achieve fast and accurate results. Their method was
not dependent on the frequency and speed parameters. A method of resolution of
differential equations was appliedo cal cul ate i ntegr al part ¢
In order to decrease the computational time, fourth order polynomials were used to
interpolate the integrands. They managed to calculate the first and second derivations

of Gr eenods f uemradinashort comgutatiorsltimd. |
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Boin et al. (2003used formulation of a simple integral in the Fourier plane instead
of double integrals in the complex plane. They used the formulation originally
developed byGuevel and Bougis (1982nd then modified byBa and Guilbaud
(1995) and calculated the lifting effects of thellsurelated to the integration of
second derivatives of the Green function. The authors ranked the integrations of
Green function in detail by their computational difficulty evels. They also
demonstrated that direct integration of Green functions on therlma decreased

the difficulty of the numerical calculations compared to the direct derivation of
Green functions. Despite all numerical advances with the method, it still incurs a

high computational cost.

Chapchap et al. (201tpmpared the TPS and PS method using 3D panelslg® S
containership for a high forward speed case (Fn=0.275). The authors reported that

t he heavdemohRskated good agreemdmtween bothof the methods.
However, the TPS method provided | arger
resonance area compared to the PS method. The main reason for the discrepancy
between the two methods originated from the pitch damping coefficigntrBthe

TPS method, around the resonance area, the pitch damping coeffigiewa®
predicted to be much lower than with the PS method. The authors noted that in the
TPS method the steadgrward speed influence was large in hydrodynamic

coefficients and the BB@eeds a further investigation due to their complexity.

2.2.1Steady Flow and Unsteady Flow Interaction

In the frequencydomain analysis it is a complicatéask to take into account the
interaction of steady waves originating from the ship advancing imstilr and the
unsteady waves generated by the oscillatory motion of the body advancing in waves.
The formulation of unsteady flow BBC including the t@&rms was first introduced

by Newman (1979)The major difficulty in numerical solution afteadyunsteady

flow interactionis due to the complexity of the second derivatives involved in the

steady pantial in m terms(Kim and Shin, 2007)This interaction effect show itself
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in the derivation of FSBC and BBC and makes the problem difficult to $rigés

and Price, 1981apPue to the complexity of the problem generally researchers used
free-stream flow in order to simplify thejitermscontribution.Hirdaris et al. (2014)
summarizedthe three levels of flow models isteady wave and unsteady wave
interactions as:

1 The NeumantKelvin (N-K) flow where the interaction between steady and
unsteady flow effects are ignored and flow is approximated by a uniform
flow of velocity equal to ship speed.

1 The Doublebody (D-B) flow where the flow around the body mirrored about
the mean free surface. Interactions between the steady and unsteady flows
manifest themselves in the boundary conditions.

1 Steadywave flow is the most advanced solution where the steady flow
potential is obtaiad from the BVP solution of a ship advancing in still water.
The solution of the steady wave problem forms the unsteady wave radiation

boundary conditions.

In the present thesis, the PRECAL code is used to solve the BVP usiran DB

flow methods. Acomparison of both flow models will be examined in detail in the
following chapters. In nofinear motions and loads calculations uniform flow model

is used and steadynsteady wave interactions are neglected due to the computational
cost. In order to asse the effects of steadynsteady flow interaction, previous

works are reviewed and discussed in the following section.

Inglis and Price (198laassessed the effects of steady wave and unsteady wave
interaction using translating and pulsating sources widhpanels on an ellipsoid
advancing with constant forward speed in waves. In order to simplify the BVP
solution, the steady wave contribution in the FSBC is neglected, while it is retained

in the BBC. They showed that the steady flow effect changes the laeavsway

added mass coefficients to a large extent especially at low frequencies and at high
frequencies the discrepancies are decreasing. The main reason for the discrepancies

between the low and high frequencies is due to the constant contributioa of t
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terms in the BBC over the frequency range, which becomes relatively small at high
frequenciegKim and Shin, 2007)

Zhao and Faltinsen (1996)udied orthe elimination of the problems associated with
the m terms derivation on objects with sharp corners. In their study, steady flow
interaction with the BBC and FSBC were taken into account, assuming the wave
slopes and Froude number are small. It was colecl that using direct pressure
integration can cause large errors in prediction of mean wave forces on bodies with

sharp corners due to thg terms originating from the BBC.

Wu (1991) proposed a different scheme for the solution of waweentbody
interaction problems. In this scheme, provided that the first order derivatives of the
steady potential are calculated acteisawith numerical methods, jterms can be
treated as that of Dirichlet type. The method was applied to derermms on a
circular cylinder and elliptical cylinder in an unbounded fluid domain and the error
was estimated less than 2% compared to tiaytcal solutions calculated By/u

and Taylor (1988)

Chen and Malenica (1998judied the effect of steady flows on wave radiation and
diffraction & low forward speeds. A decomposition method was applied to time
dependent velocity potential into linear and interaction components in order to assess
the effect of steady wave and unsteady wave interactions. For the sake of simplicity,
the linear componds satisfied the linear FSBC while the interaction component was
retained to find out the effects of steady flow and linear time harmonic potential
components. Both of the velocity potentials were solved using Green source
formulation provided ifNoblesse and Chen (199%)teraction effects we found to

be important in the evaluation of first and second order forces and coupled radiation
coefficients. The authors also commented that the decomposition method is more
advantageous to the perturbation expansion due to its consistency in thedfar fi
unlike the secular terms left unbounded in the perturbation expansion. Furthermore,
it was found that the decomposition method can be applied to large size bodies

removing the necessity of applying the slender body assumption.
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Iwashita and Ito (19983tudied the influence of steaflpw on a blunt VLCC ship
and found that the steady flow influence in the FSBC is more significant than the
BBC around the bow region of the ship.

Fang (2000pnccounted for the steady wave effect in the calculation of hydrodynamic
forces and moments. However he adopted the-dtream flow aproach in the
derivation of the nterms while neglecting the second order terms. The author solved
the BVP using zerspeed Green functions and applied forward speed corrections on
the velocity potential. Results were provided for the Wigley hull andii@ssé0 hull

form comparing the steady flow influence on ship motions. It was found that steady
flow effects have large influence on the motion modes, except the heave mode, when

the ship has asymmetrical feaét shape.

Kim and Shin (2007)presented work abousteady wave contributions in the
unsteady ship motions using three different steady flow models namely free stream
flow, D-B flow and steadywave flow. The TPS method was applied to solve BVP
using 3D panels with Green source formulation. In order to sitsedorward speed
effects completely, steady sinkage and trim calculations were also included in the
analysis. Verifying the results ¢inglis and Price, 1981ajhey found that the steady
flow affects the heave and pitch added mass and damping coefficients in large
extents especially in the low frequency range. Moreover, they also showed the effect
of steady flow effects in the heave and pitch motion responses. In heave and pitch
motion responses, -B flow and steadyvave flow models provided a better
agreement to thexperimental data especially in the resonant region compared to the
free-stream flow model which was overestimated. In heave motion response the
discrepancy between the freream flow and the IB flow was around 20% and the
discrepancy between the-B® flow and steadyvave flow was around 5% while in
pitch motion response the difference between thedimam flow and the {B flow

and between the B flow and steadyvave flow was found around 10% and 5%
respectively. They also concluded that, for modergpeeds and for simple

geometries steady sinkage and trim effect were not significant.
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Zhang et al. (201®ompared the effects of forward speed whuody interactions on
the hydrodynamic coefficients usingBlinearization in the FSBC and using Mixed
EulerLagrange (MEL) time stepping technique. Wigley hull and Series 60 hull
results were compared with experiments and other numerical solutions u&ing N
and DB flow method. In their conclusion, they stated that generally tfBerethod
provided better redts than the NK methods compared with the experiments. The
significant contribution of the B flow method was in the cros®upling
hydrodynamic coefficients and diagonal hydrodynamic coefficients suchsasé

Bss. In order to understand the main sea for the variation in the hydrodynamic
coefficients, the authors compared theBOflow mj-terms results with linearized
FSBC and with the MEID-B method. The results showed that in theé8 Dlow
model mrterms interaction affected the cressupling addd mass (Asand Asz) and
diagonal coefficients (& and Bss) more significantly while the contribution of the
additional terms in the FSBC were contributing less than 10% tonfirevemenin

the prediction ofAss, Ass, Ass and Bss. However, it was foundhat, damping
coefficient Bz was affected in the same order by theBDn-terms andby the
additional terms in the FSBC. The authors also commented that heave and pitch
RAOOGs a-esematedvusimg the -K flow methods compared to the other

numerical mé&éods and experiments.

2.3 Nonlinear Wave-Rigid Body Interaction

In the previous section of the study all formulations and methodologies were
described and reviewed for linear methods in which the wave amplitudes were
assumed to be st in comparison witlihe shipdimensions. In lineamethods, ship
motions and loadesponses are linearly proportional to the incident wave amplitude.
In order to assess ndimear responses of the ships, one needs tthesene-domain
approachto take into account the effiscof large amplitude incident wave&/hen

the small amplitude wave assumption is violated,frequency domain approach is

no longer valid since thigequency domain calculations gustified only if the body

motions are strictly sinusoidal in time.
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Time domain simulation methods can be separated into two approaches tiemely
impulseresponse function (IRF) method and direct tidognain integration method.
Both of these methodsmay have advantagesr disadvantagedor a particular
problem.In the IRF nethod is a fast and reliable approdchmodeling nonlinear
shipwave interactions. In IRF method, fluid reaction forces are calculated using
convolution integrals formulated b€ummins (1962) In order to calculate the
convolution term in the radiation forces, retardation forces need to be calculated from
the frequencydomain hydrodynamic coefficients. A&ft the accurate calculation of
retardation forces, derivation of motions and loads are very straightforward. In direct
time-domain methods, fluid effects are calculated with transient wave Green
functions and motion equations are solved at each time®tepgorward speedase

is easier to take into accountthetime-domain method compared to the frequency
domain method. However, the computational expense of the direct time domain
methods is very high due to the ndedsmall time steps and generallynsilations

need to be performed on a workstation or a saperputer.

Time-domainBVP can be solvedsing three different source formulatiof&hin et

al., 2003) namely: transient Green sources,afkine sourcesaand mix&-source
formulations In transient Greesource formulation, sources are only distributed on
the wetted part of the hulbind soFSBC and radiation conditions are automatically
satisfied at the far field. However, difficulties arise with +veall-sided hil forms

due to the highly oscillatory behaviour of Green functions near to the free surface. In
the Rankine source formulatiospurces are distributed on the wetted part of the hull
and also on a portion of the frearface. This method provides accuradsults for
nonwall-sided hull forms. However, in order to satisfy the radiation condition at the
far field a damping beach needs to be applied to the numerical solimianger to
overcome the mhwbacks of both methodshe mixedsource formulation was
developedy Lin et al. (1999) In mixedsource formulation fluid domaiis divided

into two regionsvhere the near field conditiaa satisfied using Rankine sources and
far field radiation condition is satisfiedsimg Green sources. Although thexed
source formulation providesaccurate motion and load predictions, its

implementation is difficult and computationally expensive.
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The summary ofthe advantage and disadvantages of the thth@main source
methodswvasprovidedin ITTC (2011)and listedn Table2.1as follows:

Table2.1: Comparison of tiredomainapproachediTTC, 2011)

Numerical Method

Advantages

Disadvantage

Transient GreesSource

Panel distribution on only
body surface
Radiation is satisfied at fa

field

Numerical instaldities
with nonwall-sided hulls

RankineSource

Fairly robust for norwall
sided hulls

Need for more panels,
paneldistributionon hull
geometry anan thefree

surface
Need for damping beach
at far field.

Mixed-Source

Takes advantage of
combined method
Accurate results

Long computational time
Very hard to implement
into nonlinear motion
calculations

In order to solve nonlinear BVP in large amplitude waves, one needs to satisfy the

nonlinear FSBC and BBC at each time step in 4ttomain motion simulatins (Kim

et al., 2011)The andstic or numeri@l evaluation othe FSBCnonlinearity is a hard

task and the accuracy might not be very satisfactory. Howewuererical application

of the BBCnonlinearity is relatively simpldghan the FSBC nonlinearitp evaluate

In this study, nontiear seakeeping methods are reviewed and commented by the
taxonomy given bySSC (2009)In ISSC 2009 nonlinear seakeeping methods were

classified o six different levels with respect ttheir nonlinearity assumptions

implemented in the numerical simulations from the linear methods to the fully

nonlinear methods as follows:

Level 1 (Linear)

= =/ 4 =4

Level 2 (FroudeKrylov Nonlinear)

Eulerian Method

Level 3 (Body Nonlinear)
Level 4 (Body Exa¢tWeak Scatter
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1 Level 5 (Smooth Waves) } Mixed EulerianLagrangian (MEL)
Method

1 Level 6 (Fully Nonlinear) } Reynolds Averaged NaviStokes
(RANS) Method

The frst four levels of nonlinear methodse anEulerian approach to model the
fluid actions. Strictly, in the Eulerian methods scattered waves are assumed to be
small compared to the incident waveslanst eady waves. I n the
method, scattered waves are no longer assumed to be small and the approach is valid
until the wave breaking condition is reached. The MEL method belongs to this level
of nonlinearity where the scattered waves are ageduin the BVP solutions aach
time step. The maimethodologyimplemented in the MEL method is the solution of
linear BVP performed via Eulerian equations while thime integration of the
nonlinear FSBGs performed withLagrangiarequationsat each tne step duringhe
simulations (ISSC, 2012) In this method accuracy is highly dependent on the
stability of freesurface timestepping integrals which increase the computation time.

Due to thecomplexity of the methd it could not applied to shike geometries

The fully nonlinear method was developed in order to find an accurate solution for
the breaking wave and other complex fluid actions such as spray and the real
simulation of water onetck problems. In this method the fluid actions are modelled
using Reynolds Averaged Naw8tokes (RANS) equations with Smoothed Particle
Hydrodynamics (SPH), the Moving Particle Samplicit (MPS) or the Constrained
Interpolation Profile (CIP) methods this nonlinearity level fluid viscosity is taken

into account in the numerical simulations. This method stands as the most advanced
one in the literature regarding the complexity that it implemented in the solution of
BVP. However, the methothcurs a huge computational expensand in some
problems it cantake upto one month to find a proper solution. Currently, this
method is under development and needs further research to understand its efficiency
and performance.

In this section, the emphasis givento the nonlinear methods using Euder
formulation and the critical review is conducted for the group of three nonlinearity

levels, namely FroudKrylov nonlinear, body nonlinear and body exdateak
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scatter)methods. The timedomain BVP approach is grped into three different
source formulations iffable2.2 andTable2.3, in order to maintain the taxonomy in

the methodologiesThe ime-domain solution approach is cldesil as an IRF
method anda direct timedomain method in order to describe them in a correct
theoretical manner. Moreover, the main emphasis is given to 3D panel methods due

to the content of present thesis.

2.3.1Froude-Krylov Nonlinear Methods (Level 2)

In this nonlinearity approximation, Froudaylov (F-K) and restoring forces are
calculated with respect to the exact wetted area of the ship at each time step.
However the force components which originai®m the perturbation potential
(radiation and diffration) are kept as linear and calculated with respect to the mean
wetted area of the ship when it isarstaticposition under the mean water level. In
reality, the instantaneous wetted hull includes the influen€dhe scatteredwave

field butthe effet of this influence is equal to the third order and is ignored in the

numerical calculations in this method.

The FK nonlinear approach provides better accuracy in motion and load estimations
than the linear timeglomain approach when compared to the arpa@tal results in

large amplitudevaves because of its capable of representing the nonlinear physical
phenomenon more accuratelyKFnonlinear methods are capable to represent the
most dominant nonlinearities in the motion and load responses, espétikdhg

waves due to the fact that a large portion of the hydrodynamic forces are originating
from FK and restoring forcesin this section, the previous studies which made
important contribution to the nonlinear seakeeping theory using -tenénlinear
approach are reviewed and discussed on the approach implemented in simulations

using the IRF or the direct tirdomain approach.
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Table2.2: Classification of timedomain seakeeping methods in the literature |

Classification of time-domain seakeeping methods in the literature |

Boundary Value Problem

Discretization

Time Domain

Levels of Body Nonlinear Computation

Wave Amplitude

Method
Approach Level 1 Level 2 Level3 Level 4
Green Source Formulation 2DI3D IRF | Direct Linear | F-K Non-linear | Body Norlinear | Body Exact SmalliLarge
Liapis and Beck (1985) 3D \% V Small
King (1987) 3D \% \% Small
Lin and Yue (1991) 3D \% V V \ Large
Lin et al. (1994) 3D \ \% \% \% \% Large
Bingham et.al (1994) 3D \% V Small
Huang and Hsiung (1997) 3D V \% \% Large
Zhu and Katory (1998) 3D V V V Small
Fonseca and Soares (1998 2D V \% \% Large
Cong et al. (1998) 3D V V Large
Ando (1999) 2D \% \% \% \% Large
Sen (2002) 3D \% \% \% Large
Singh and Sen (2007a) 3D \% \% \% \% V Large
Singh and Sen (2007e) 3D \% \% \% \% \% Large
Zhang and Beck (2007) 2D \ \% \% \% \% Large
Mikami et.al (2008) 2D \% \% \% \% \% Large
Tuitman (2009) 3D V \% \% Large
Bandyk and Beck(2009) 2D \% \% \% Large
Rajendran et al. (2011) 2D \% \% \% Large
Kukkanen and Matusiak (201« 3D \% V V \% Large
Hizir (2015) (Present Thesis) 3D \ \% \% \ Large




Classification of time-domain seakeeping methods in the litature

Table2.3: Classification of timedomain seakeeping methods in the literatuire |

Oundarxgﬁgfcﬁmblem Dls&rée:}!%aélon Time Domain Levels of Nonlinear Computation Arr\:\éﬁ'fde
. Level 1 Level 2 Level3 Level 4
Rankine Source Formulation 2DI3D IRF | Direct Linear | F-K Non-linear | Body Nonlinear | Body Exact Small/Large
Pawlowski and Bass (1991) 3D \% \% \% Large
Kring et al. (1997) 3D \% \% \% \% Large
Kim et.al(1997) 3D \% \% Small
Huang and Sclavounos (199 3D \% \% \% \% Large
Bruzzone and Grasso (2007 3D \% \% V Large
Bruzzone et al. (2011) 3D \% \% \% Large
Song et al. (2011) 3D \% \% V Large
Kim et al. (2011) 3D vV vV Vv vV Large
Boundax)?)/ggghprouem D'S&r::;]zaglon Time Domain Levels of Nonlinear Computation Arr\:\[gﬁxjede
. Level 1 Level 2 Level3 Level 4
Mixed-SourceFormulation 2D/3D IRF | Direct Linear | F-K Non-linear | Body Nonlinear | Body Exact SmallfLarge
Lin et al. (1999) 3D \% \% \% \% V Large
Weems et al. (2000) 3D \% \% \% \% \% Large
Shin et al. (2003) 3D \% \% \% \% \% Large
Liu and Papanikolaou (2012 3D \% \% \% \% Large




Huang and Hsiung (19973tudied shallow water on deck probkeran fishing
vessels. In tim&lomain nonlinear motion simulatiorthe F-K nonlinear method was

used to solve ship accelerations and water on deck effects using transient Green
sources with 3D flat panels. The authors solvedstbshingproblemon the deck

using the fluxdifference splitting metho(Huang and Hsiung, 1994 this method

water particle velocity and the water depth on the deck were calculaiag
backwards and forwards finite difference formulatiolrs.order to solve motion
responses Cummins equation was used while the hydrodynamic coefficients were
derived by directime domain simulation method. In the results, the authors
observed a borevhen the roll excitation frequency is close to the roll resonance
frequency. That phenomenon was described asldstingon the deckaround the
resonance frequenayagnifiedthe roll motion amplitude and alsauseda shift in

the roll resonance frequendespite thenclusion of themaneuvering forces in the

analysis, the effectswere not described in thpaper.

Kring et al. (1997)studied the nonlinear ship motions and loads by using Rankine
sources distributed on the hull and on the free surface. Results were provided for the
Series 60 hull and Snowdrift hufi head seas for incident wave amplitudes up to the
one percent of the shlpngth. Theoretical formulations of thekFnonlinear and the
Weak Scatter methods were provided in detail. The authors noted that it is crucial to
include mterms in the linear solution. It was also mentioned tifiate isno need to

use mterms in the VWak Scatter method because the BBC is satisfied on the exact
wetted area of the ship at an instantaneous position over the time simulation. The
Weak Scatter method was compared with the linear and experimental motion results
for the Series 60 hull. Due the wallsided geometry of the Series 60 hull around
the design water line, all results were found in a good agreement with each other
while the Weak Scatter method slightly overestimdtedmotions compared the
experimental results and the linear rootipredictions. Nonlinear motion and load
simulations were carried out for the Snowdrift hull using the Ronlinear method.

It was observed that nonlinear behavians motion and loadestimations were
significant. The KK nonlinear method providedetterresultsthan the linear method

comparedo the experimental results. However, they showed a significant reduction
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in motion amplitudes compared the linear method estimationis. vertical load
estimationsnonlinearitieswere found to be much greater théhe nonlinearity
observed in theertical motion responses. Asymmetry in the sagging and hogging
bending moments was observed while th& Ronlinear method predicted closer
valuesto the experimental dataompared to the linear responsdgsfortunately,the

load estimations were not included for the Weak Scatter method in the numerical

calculations.

Fonseca and Soares (199)died the FK nonlinear approach in a tirgomain
method based on strip theory using the IRF formulation. In their study, radiation and
diffraction forces were assumed as linear and solved using linear boundary
conditions in the frequeneyomain. Frequenegomain hydrodynamic forces were
calculated using muHparameter conformal mapping on 2D strips. Fedace
oscillation in the timedomain wvas modeled using convolution integrals in terms of
iImpulseresponse functions. The complex amplitude of diffraction forces was
assumed as harmonic during the tidmmain simulations. Simulations of vertical
motions and loads were carried out for th&7S container ship at Fn=0.25 in regular
waves in head seas and compared with the linear results. Asymmetric response
characteristics were assessed in the motion and load responses, wheneanon
motion amplitudes were found to bmaller than the linear es In the vertical loads

at the midship section, the magnitude of sagging monmeatiictedwas larger than

the magnitude of hogging moments and linear bending moment estimations.
Nonlinear behavior was clearly identified in motion and load simulatioresemie

ship was found to be emerging more in heave motion and submerging the bow more
in pitch motion. In reality, due to the outer flare of the bow section of the ship
geometry the bow should be emerged more than submergatth motions. The
reason fo that is the lack of pitch damping around the bow region at the resonant

period which needs to be calculated accurately.
Cong et al. (19983%tudied the motions and loads on a frigate advancing with a low

speed at Fn=0.05 in regular head seas by discretizing the ship using 3D panels and

solving the BVP using a Green source distributidmeyfused the direct timgomain
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approach and solved the radiation and diffraction forces in the time domain using the
Fredholm integral equations of the first kind. The authors included nonlinEar F

forces, nonlinear restoring forces, roll damping formed maneuvering forces in the
simulations while keeping the radiation and diffraction forces linear. The results
were compared with the conducted experiments. In the results, motion responses
agreed well with the experimentasults however pressures nda bow, and VSF

and VBM estimations at midship section showed significant discrepancies compared

to the experimental data. The main reason for the pressure difference around the bow
region was attributed to the nwichivashear it

neglected in their study.

Sen (2002)studied 3D ship motions with forward speed ngia transient Green
source distributionin regular and irregular seas. Nonlinear large amplitude-time
domain computations were presentedtf@\Wigley hull and Series 60 hull forms for
FnO0O. 3 and compared with the lyinonlhear mot i
incident wave using Fourier approximation which was proposeRibgecker and
Fenton (1981)In the Wigley hull results, significant nonlinearities in the motion
respnses were observed. The authoted that in longer waves nonlinearities were
increasing while in short waves nonlinearities were not so significana fast
forward speed condition at Fn=0.5 it was noted that the linear calculations showed a
considerable steady sinkage and trim while the nonlinear simulations did not show
the same trend. It was observed that in large amplitude motion responses when the
wavesteepness increasdtie peak value in heave response was reduced. In contrast,
the peak values of pitch motioresponseincreased with the increasing wave
steepness in long waves. The main reason is the lack of damping forces at that
encounter frequencyThe Series 60 hull results were not accurate in nonlinear
calculations comparetb the linear responses due to dsmplex hull geometry

compared to the Wigley hull.
Fonseca an&oares (2005nodified their former approach to assess vertical motion

and load calculationgor the S-175 container ship in large amplitude waves by

adding the steady sinkage and trim influence, identification of the second and third

28



harmonics, influencef viscous forces and water on deck elesh the vertical
motion and load estimations. Viscous forces were calculatdtieinime-domain
usingthe method proposed Ghwaites (1960using the cros$low drag coefficient,
viscous lift coefficient , the vertical relative velocity, the ship speed and the pitch
angle on2D strips. The authors noted the importance of the viscous forces on
rectangular cross sections which had more effect tha triangular sections. When

the steady sinkage and trim was included in the calculations, the results showed
significant reduction in the heave responses which became tddkerexperimental

data while the difference in the pitch response was foordme small. In the motion
responses, in contrast to their previous sttiggshipd bow tended to emerge more
than it submerged whiclvas also validated withthe conducted experiments. In
vertical load estimations, steady sinkage reduced the amplitfidies WSF around

the resonant region while, on the contrary, increased the amplitudes of the VBM. It
was noted that at the midshiectionthe 2 and 3" harmonics of the VSF
estimations should not be disregarded due to their small importance compaied to
harmonics. The influence of higher order harmonidbenidship section was more
significant in the VBM than the VSF calculations and the authors noted that in order
to modelthe physics of the simulation accurately higher order harmonics needs to be
assessed properlinfluence of he green water on dedccurrencewas calculated
using the momentum method proposedBughner (1995)Unfortunately, when the
green water effect was included in the calculatitvesmotion and load resultare
diverted from the experimental results. The main reason for this discrepancy was
attributed to the water height on the deck, which is the main componettieof
momentum equation, overestimated by using only the incident wave elevation. Other
wave components could not be implemented to the calculation due to the complexity

of the problem.

Bruzzone and Grasso (200wprked on the motion responses of a fast NPL series
catamaran usinghe 3D Rankine panel method. In their woghybrid solution
approach was used to solihee time-domain radiation forces usirte IRF method
while diffraction forces were assumed to stay harmonic during the simulation.

Numerical calculations were performed to solve motion responses for Fn=0.65 and
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Fn=0.67 while the maximum wave steepness was applied as ka=0.07. Comparisons
of the motion resultsvere performed with the experiments conducted/iojland et

al. (2001) In the results, heave argitch motion responsesvere overestimated
compared to the experimenrdas the resonant region hilst pitch response did not
show a significant difference compared to the linear prediction. In large amplitude
incident waves, asymmetry of the heave and pitch motion responses were significant.
The authors also commented thaedo thdimited number 6 numerical simulations

it is not enough to assess the accuracy of motion responses in large amplitude waves.

Rajendra et al. (2011)studied the effects of abnormal waves on the motions and
loads responses for a 117m container ship in irregular head seas. They2aed

strip theory IRF approach based on the papdfoniseca and Soares (1998) the

motion and load predictions. Thealidation and comparison of the resultss
performed with the conducted experiments. It was noted thihelmear methodhe

sagging peak was underestimated where the hogging peak was overestimated in the
VBM calculations. However, in neimear methodwo sagging peaks were observed

in the VBM time history. The reason for the second peak in the VBM time history
can be atibuted to the second harmonic the response signal. Howevérwas

noted that the second sagging peak was overestimated witppiredlanethodology.

Bruzzone et al. (201Xhodified their former approach by applying two novelties into
their research. Thegalculated the motion and loaglgponses taking into account the
nonlinear FK forces and nonlinear restoring forcegilst, keeping the radiation and
diffraction forces as linear. They related the frequency and-doneain equations
using Cummins approach and solved the nonlinear metijprations in frequeney
domain by an iterative process. In that way, they overcame the limited range of
damping frequencies in the kernel functions and also avoided the transient part of the
responses. They also defined the hull geometsing bi-cubic fundions and
calculated the instantaneous wetted part of the hull pressures effectively. They
applied the methodology tthe S-175 containership advancing &n=0.25 and
compared the motion and loagsponses with the experiments conducte&dryseca

and Soares (2004%>enerally,the heave and pitch motioresponsesverein good
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agreement with the experiments except the resonance area where they were over
predicted. That was attributed to the lack of damping forces around theameso

area. The VSF and VBM predictions were overestimated compared to the
experimental data around the resonant region which was inherited from the
overestimated motiomesponses. The authors notib@ reduction in the VSF and
VBM with the increasing wavsteepness where the sagging peaks were predicted
greater than the hogging ones.

Song et al. (20113ssessed the effects of large amplitude motions and loads using 3D
Rankine panel method. Motion and load calculations were performed on a modern
6500 TEU container ship for a range ofident wave angles and wave heights. In
order to calculate the torsional moment accurately, mass distribution of the hull was
modeled based on the Finite Element (FE) model. In this study the nonlinearity in
waveinduced load calculations based on thK Ronlinear methodvasemphasized
asvarying with the wave heading and wave steepness. Numerical calculations were
performed for low forward speed due to the limitation of thd3 asis flow
assumption. In order to maintain the accuracy in oblique waisesus roll damping

was implemented as 4% of the critical damping as fonrmero speed calculatisn

The authors noted that, in oblique waves and at low frequencies, -darimaer
forces had a significant importance in the motion responses. The VSF estsrsitti

the 1/4L distance fronthe aft peak and 1/4L distance from fore peak were
underestimated compared to the experimental data while the VBM at the midship
sectionwas in good agreement with the experiments. The discrepancies in the VSF
were attributedo nonlinear computation level because th& Ronlinear method
could not solve the complete nonlinear problem. They also commented that at
obligue waves and at large incident wave heights the accuratlyedbrsional

moment can be increasbyg tuning theroll damping.
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2.3.2 Body Nonlinear Methods(Level 3)

The body nonlinear methods are a modified version of therfénlinear methods
where theradiation and diffractiorpotentiat aresolved for the wetted part of the
hull based on the instantaneous positiérthe body under the still water level. The
calculation of nonlinear 4K and restoring forcess implemented with the same
approach as it was in the-K= nonlinear methods. In this method radiation and
diffraction potential is solved with respect to theaet BBC which is linearized on

the still water level. The method has an elevated computational cost due te the re
paneling of the instantaneous underwater hull under the still water level at each time
step. Researchers tried to lower the computationst lmp applying interpolation
methods on the prealculaed transient part of the Gre&mctiors for different ship
positions. In this method, rate of change of the fluid added naagssduring the
simulation which makes it possible to caldalalammingeffects on the shign this
section, the previous works which made a contribution to the literature using the
level 3 method are reviewed adidcussedbased on their approaches.

Lin W.M. and Yue (1991worked on a project named Large Amplitude Motions
Programme (LAMP) usinghe 3D time domain approach based on transient Green
sources for the assessment of large amplitude wave loads on ships. Validation of the
code was performed with the conducted experits for a sphere and Wigley hull

and were found to be satisfactory. The authors noted that the large amplitude heaving
motion increased the added resistance and the steady sinkage and trim. Moreover,
nonlinearheaveadded mass was decreased with thecemed heave amplitude. Due

to the reduction in the added mass, inertia forces were also reductdsaredulted

in a forward shift in the natural frequendy.was also concluded that in irregular
waves LAMP had a better accuracy in the calculationasfsient effects compared

to strip theory
Fang et al. (1997Yeveloped a quasiortlinear time domain technique to assess

large amplitude motions of catamarans in regular head seas. A database-was pre

generated using strip theory with respect to the time varying submergeahpairti
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the ship sections during the simulations. The authors assumed that the transient part
of the solution died out at each time step and solved only the siestdypart othe

motion equations irthe time-domain simulations using Runditta integratio.
Therefore, the convolution part whigltcountdor the free surface oscillations was

not included in the calculations. In the comparison part, the linear freqdentgin,
quastnonlinear timedomain and experimental results were compared for the V1
caamaran at zero forward speed and at forward speed. Generally the nonlinear time
domain method had a better agreement than the linear method in heave and pitch
responses but at the same time they were -pragticted compared to the
experimental data arourttle resonant regiorfhe ron-linear time domain method
captured the asymmetric features in positive and negative peak of heave and pitch
motions, but it was unsuccessfalthe prediction of notinear patterns observed in

the experimental results. Theasdn was attributed to the lack of the transient part in
the motion equations. In general, heave and pitch responses werprexieted
around the resonant region due to the lack of damping forces. In nonlinear
simulations and the experimental resudi®und the resonant region it was observed
that the peak amplitudes of heave and pitch motions were decreasing with the
increase in the wave amplitude. It was also noted that the nonlinearities were

increased when the forward speed and wave amplitude iedreas

Singh and Sen (2007apmpared four different levels of nonlineariti@gingfrom

the linear method (level 1) to the body exact method (level 4) ier todassess their
effects on motion responses. Computations were carried out for the Wigley hull and
the S175 containership at forward speed using transient Green sources applied on
3D flat panels in regular and irregular head seas. The main emphtmg oésearch

was given to the effect of the levels of nonlinearities on the derivative response of the
vertical displacement and velocity. They decomposed the relative displacement and
relative velocity into rigid body motion §g), disturbance wave elavt i @)rand( d

i nci dent w a y) €eompgoheats. alei irdluence af the components was
assessed with the variation in the nonlinear methods. In the Wigley hull results at
Fn=0.2 and @&/ L=1.2 and at a wave slope

signf i cant due to its pweab identfiad doebé negligilleme t r vy
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Cc o mp ar eaddZgg.orhedext set of computationwas conducted for the same
conditions but for a faster speed of Fn=0.5. For that c@geificantsteady sinkage

and trim ispredictedin the level 3 and level 4 nonlinear computations in which bow
submergence was observed. Next set of computations were conducted #r S
containership at Fn=0.275 at t he wave
ka=0.08 where thdifferencebetweenthe nonlinearities wafundto besignificant

for heave, but not so significant for pitch motiohsvel 3 and level 4 computations

for heave response showed a reduction of 30% compared to the level 1 and level 2
computations whichhighlighted the importanceof the nonlinear moegling of
perturbation potential. Howevepjtch responses did not change at the same order.
The authors compared the level 1 and level 4 calculations with and without the
contributions of perturbation wave elevation for th&ative motions and velocities.

In either case the relative velocities were found to be more significant than the
relative motions in simulations. They also noted that the body motions had a larger
influenceon the calculation of relative displacememntsl aelocitiest h a n pdnth e d
d; contributions The authors noted that the accuracy of the numerical calculations
did not always arise from level 1 to level 4 in order. They also pointed out that
modeling of the problemsing justthe FK nonlinear method might be not@urate
enough The authors concluded that the relative velocity has a larger influence in
slamming calculations than the deck wetness due to the quadratic relative velocity

componentvhich appears in the slamming pressure.

Singh and Sen (2007@)odified their previous worko comparethe effects of the

level of modeling nonlinearities on the pressures and the vertical bending moments.
They waked on a 240m tanker hull and tre S-175 containership in regular head

seas using 3D panel methaith transient wave Green functions. The main focus of
their study was the relative comparison of pressures and vertical loads between four
levels of nonlnear computations by assessingirthariations with the increasing

wave slope. The numerical calculations were performed for the tanker hull at Fn=0.2
and &/ L=1.0 where different modeling of
of the VBM amidshipssignificantly with respect to théncreasing wave slope.

However, in the timdistory plot for the VBMamidshipsthe asymmetry in the
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sagging and hogging was clearly observed, where level 2 calculation predicted the
largest peak values among other nonlinearity levels for the sagginghsespd
double peak was observed in the level 2 calculation and the reason was attributed to
the nonlinear hydrostatics. The level 3 calculations predicted the smallest VBM
amplitudes among all other levels of computation. The authors compared the
variation of pressures at the fore part of the ship with respect to the varying wave
slope. The pressure amplitudethe level 2 formulation was predicte be 25%

larger than the onén the level 4 calculation. The next set o#lculations was
performed for theS-175 hull which has a significant geometric nonlinearitire
numerical calculations were performed forthda S5 hul | at Fn=0.275
where VBM at the midship sectioshowed an increase with the increase of wave
slope in all levels of prediction except the stable linear calculation. At the fore
section & the hull the positiveand negative peak pressures weverpredicted by

the level 2 computation where the level 3 method predicted tladlestnvalues.

Large discrepancies the predicted pressure values between the lev&l2l and

level 3& 4 methodswvere attributed to the variation of perturbation potential in the
level 3 & 4 calculations. The authors also noted the significant increase in the
computational cost with the levelcélculationswhich is nearly 20 times more than

the level 2 calculations.

Kukkanen and Matusiak (2014judied the motion and load responses on a 171 m
roll-on roll-off passenger (RoPax) ship with the distribution of transient wave Green
sources on 3D flat panels. Nuneai calculations were compared with the conducted
experiments at regular and irregular waves in head seas. The authors satisfied the
exact BBC using the same approasiin and Yue (1991and compared the results

with the conducted experiments. They used a numerical method to thave
acceleration potential ilBer noul | i 6s equation. The acc
provided accurate and stable results for the motion and load responses. In order to
lower the computational expense during the simulatidhe, memory part of
transient Green function was interpolatkding the simulations. The interpolation of

the precalculated memory part of the Green function was based on FE formulation.

The steady sinkage and steady VSF and VBM estimations were calculated for the
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RoPax ship, in still water with varying forwardesggls. The authors noted that the
vertical loads and steady sinkage were increased with the increase in forward speed.
In the body no#linear method heave and pitch motion responses were folagitde

well with the experimental data. It was noted thatnrakk amplitude incident wave,
steady sinkage had a large contribution in the differences between the peaks of
sagging and hogging bending moments. However, in large amplitude waves, the
nonlinearites were found to originattom ship motios instead of tk contribution

of the steady bending moment. The authors also investigated the irregular wave
responses at zero forward speed. The heave and pitch responses were dstineated
close to the experimental data. However, in the VSF and VBM calculatens
numerical model oveestimated the model test results especially at the sagging
position of the ship. The reason was attributed to the longitudinal mass distribution

around the bow region.

2.3.3Body-Exact (Weak-Scatter) Methods (Level 4)

The bodyexact (weakscatter) methods are an advanced version of the-body
nonlinear methods where thadiation and diffractiorpotentiab aresolved on the
exact wetted part of the hull based on the instantaneous position of thim ship
seaway.The bodyexact methods are tmeost advanced methsthat can be appd
using the Eulerian formulationin order to satisfy the=SBC the perturbation
potential has to be solved on themmapped panels under the mean surfagel. Re-
mappingof the instantaneous wetted panels undembean sea leved performedby
the subtractiorof d, from any pant on the original panelsThe difference between
the level 3 and level 4 computationsdse tothe treatment of the free surface
condition in the radiation potential. lihe level 3 methodthe exact wetted body
under the mean water leved taken into account while the level 4methodthe
exact wetted body needs to bermapped under the mean water levidlis method
has a large computational cost due to thevauation of the perturbation potential at
each time step during the simutats. In this section, the former studies which made
an important contribution to the motion and load responses on a rigid ship using the

level 4 formulation are reviewed.
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Pawlowski and Bass (1991yere the first researchers to study the weak scatter
method. They used transient Green sources on 3D dialp and compared their
numerical results for the Seri€é® hull and a trawler. The most important
contribution of their work was the identification of the order of scattering wases
being small compared to the incident wave amplitude and ship motioeg.foted

that in steep waves second order wave forces should not be neglected because the
scattering waves are proportional to the second order flow quantities. In order to
solve the scattergy wave problem, modal potentiahethod were used.n that
method the flow disturbance was defined by modal velocity potentials which were
evaluated in the timdomain simulations by using the pegaluated response and
memory potentials. The authors provided the derivation of the weak scatter method
explicitly. In the evaluated resultthe Series60 hull providedgood agreement with

the experimental data due to its simple geometry. Howéwethe trawler hullthe
resultsshowlarge nonlinearities due to the large flareéhe geometry.

Lin et al. (1994)modified their former approach in order to satisfy the perturbation
potentialsfor the instantaneous wetted area under the wave prohksr approach
was based othetransient Greenaairce distribution applied on 3D flat panelfiey
categorized the LAMP codetm4 levels with respect to discretization of the hull
geometries and the levels of nonlinearity usednumerical calculations namely
LAMP-1 (Linear), LAMR2 (FK nonlinear), LAMP-3 (2.5D, FK nonlinear),
LAMP-4 (Body exact)All of the codes except the LAMB code weredeveloped
based on 3D panels where the LANMRode was based on the 2.5D strip theory and
was developed for fast shipBhe authors commented that when the wawplitude

is large compared to the ship draft, the accuracy of the level 3 method might be
unsatisfactory due to the disturbance potemgahgmodeled for the hull below the
undisturbed free surface, especially on ships with transom sterns.Validatiba of
LAMP-1 code was performed otne Series60 hull (G=0.7) and on the -375
containership. The LAMA code agreed well with the experiments in motion
responses othe Series60 hull. They also compared the LAM® and LAMR1 for

the VBM responses at timeidship section.The results were found to be close to each
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other while LAMR4 showed an increase in the sagging bending moment at large
amplitude waves. For the 5 ship, they compared the numerical results of LAMP

2 and LAMR4 codes with the experimertenducted byD'Dea et al. (1992and the

motion results showed the same trend as was observed in experiments whereas the
heave motions were owredicted in the LAMF2 code. The reason for that was the

i mpl ementmateirans 6ofi n6t he BBC where the un
used. In the LAMP4, the BBC was satisfied at the exact wetted portion of the hull so
the mterms were automatically calculated. However, pitch responses were estimated
lower than the experimentaialues. In the VBM estimations amidship section
LAMP-4 predicted the sagging momeatbelarger than the LAMPL approachard

the hogging moment smaller than LAMP Experimental datdor the VBM

estimationwere not availableo assess which method wasre accurate.

Zhu and Katory (1998ktudied the wee loading and motion responses for a
catamaran advancing at a constant speed in obligue waves. Theyhasgd
transient Green souragporachto model the hydrodynamics of the ship in time
domain simulations. A total scattering potential was used toelmibe combined

effect of radiation and diffraction forces which were satisfied at the instantaneous
wetted area of the ship under waves. The numerical results were compared with the
conducted experiments in small amplitude obligue waves. In generalcalerti
motions were found to be good agreement with the experimental results. However,
there was a large discrepancy in the transverse motions of the ship due to the lack of
viscous damping forces and the lack of rudder forces. The authors could not
investgate the efficiency of the code in large amplitwdgves due to the lack of

experimental data

Huang and Sclavounos (1998)udied the weakcatter method using Rankine
source distribution 08D flat panels. They compared the linear tidmmain method,
F-K nonlinear method and the weakatter method with the condadtexperimental
data. The authors noted that there is no need to uderms in the weakcatter
method due to the automatically satisfied BBCs. They modified the Rankine source

linear timedomain Ship Wave ANalysis (SWAN) codd&lakos and Sclavounos,
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1991)for nonlinear simulations in order to investigathe large amplitudmotions

in the seawayThey strictly remindedhe readethat in this méod the disturbances
originating from the ship motions wesenall compared to the incoming waves and
ship motions. In order to model the damping beach, a Newtonian type cooling term
was implemented to the kinematic FSBC to damp out the waves of less than about
twice the length of the numerical beach. They compared the heave and pitch
reponses of the-K nonlinear method, referred to as a quasnlinear method, with

the linear methaglon the SnovDrift container ship and investigated the accuracy of
the F-K nonlinear method against the linear method comptoetie experiments.

The discrpancies between the methods were mainly due to the nonlir€aanid
nonlinear restoring forcesrsing from their dominant behaviour over other
remaining hydrodynamic forces. They compared the diagonal added mass and
damping coefficients for the Seri€® hull with the weak scatterer and the linear
methods and the experiments, but they did not obsegnificant differencein the

values due to the wadlided geometry. In motion responses for the SBoift and

S-175 hull weakscatter method agreed well with the experimental data and showed a
large difference between the level 2 and level 1 calcuistespecially in the pitch
responsesThis is due tdact thatthe nonlinear effects on the ship ends wee
significant in pitch tharheave motion. They concluded that the level 4 calculations
vastly improved the results over the level 2 and level thats in comparison with

the experiments and the effect of the nonlinear perturbation forces were found to be

large but not more than the influence of nonlined &d restoring forces.

Ando (1999)studied the effects of large amplitude motion and load responses on a
Canadian Patrol Frigate (CPR)ing strip theory in timelomain and in regular head

seas. Sectional added mass and damping coefficients were calculated with respect to
the instantaneous draft of the section during the simulations. In order to derive
sectional hydrodynamic coefficientkiey made an approximation and used the ratio

of instantaneous wetted sect@brarea to the wetted sectional beam. The motion
equations were solved using the momentum equation on thefigedyaxis in order

to take into account large pitch rotatiofi$ie numerical results of the CPF hull was

compared witlthose fromthe frequencydomain code SHIPMOMcTaggart, 1996)
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and the conducted experiments at Hm=0. 12
the low speed calculations, nonlinear method agreed well with the experimental data

, but when the speed increased, there was a large discrepalacgeaamplitude

waves in the éave motion. The reason for thiss attributed to the lack of daing

and green water on deck problems. Heave motion was over predictadviore

steepness higherthan &/ > 0. 04 and showed i nientabili
Lop/4 from the forward perpalicular and the VBM athe themidship sectiorwere

in a good agreement with the experiments. In all results, gendtralgHIPMO7

code ovetpredicted the motion and load responses.

Lin et al. (1999)studied the mixedource formulation method for the estimation of
time domain ship motion and lo&stimationan large amplitude waves. They used

the advantage of the Rankine source method at the inner domain due to its better
stabilitythan the Green sources geometries which have large flares. In the mixed
source formulation Green sources are only distributed on the fixed matching surface
which removes the necessity ofeealuation of the transient Green function while

the underwatepart of the geometry is changing in the numerical simulations. The
authors noted that the mixed formulation was 40 times faster than the original
transient Green source formulation wherevaluation of the convolution integral is

very time consuming. ey implemented the mixezburce formulationinto the

LAMP system and compared the motion and load results with the original LAMP
code and the conducted experimeriise ravy ship AEGIS (C&7) was used to
assess the accuracy of their approach in largelitaiohp waves. In the LAMA
method the agreement between the the motion and experimental results were good
but it undefpredicted the sagging moment around the bow region. However, ELAMP

2 and LAMR4 agreed well with the motion and load responses evefrateency

and the amplitude of the whipping response agreed well with the experiemental data.
The authors concluded that the hydrostatic and the incident loads dominated the

vertical load estimations in large amplitude simulations.

Weems et al. (2000nodified their former study and implementéte 2™ order
FSBC condition on a portion of the frearface using mixedource formulationln
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order to maintain the accuracy of the FSB@atching surface was placed further
away from the body and that caused more computational time. The authors found
good agreement between the motion and load responses and the experimental data,

but the infllence of the second order FSBC condition was not found to be significant.

Kim et al. (2011)developed a code named Wawneuced loads and SHip motion
(WISH) in order to assess nonlinear behaviour of motion and load responses in large
amplitude waves. The WISH code was dthoon Rankine sources and solved
hydrodynamic problemiin the time-domain. The code has three different modules
inside it corresponding to the level of nonlineraties implemented in the BVP
solutions. They are named as WIH(linear method), WISF2 (FK nonlinear
method ) and WISH!} (Weak Scatter method) where the level of nonlinearities were
increasing in order. The numerical results were compared with the experiments
performed byO'Dea et al. (1992)n general, the weadcatter and weakponlinear
methods followed the trends of the experiments. They also noted thaisostsds

did not always provide the best results. In large amplitude wave simulations at
Fn=0.20 weaklynonlinear method had closer results than the vgeaker method
compared to the experimental data. They also concluded that Rankine panels
methods camodelthe most importarmonlinearitieseven the strong memory effects
andaremore advantageous compared to the costly CFD methods in large amplitude

motion simulations.

Liu and Papanikolaou (2012judied the mixedource formulabn in order to assess
nonlinear motion and load behaviours on floating structures. In small amplitude
numerical solutions heave response was -pvedicted due to the influence of-m
term contribution. In large amplitude waves heave motion response agsrdb the
experimental dataA shift was observed around the resonant region in heave and
pitch motions which was attributed to the uniform stefoly approximation which

was implemented in the jterm calculatiors. In general, the authors found close
results compared to the experimerdsd the responses were followdtie

experimental trends.
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2.4 Rigid and Elastic Ship Experimental Studies

Experimental measurements play an important role in the validation of numerical
motion and load predictions and metinvestigation of physical phenomenon in large
amplitude waves. In this section, due to the content of the thesis, conducted
experimental studies on thel35 containership are reviewed and important factors

are highlighted in detail.

Watanabe et al.1089) studied the vertical loads and the deck wetness problem on
the S175 containership with the original and modified hull with an increase in the
bow flare above the waterline. Both of the models were made with synthetic resin
and foam urethane to simate elastt motion of the hulln a seaway. Model tests
were performed at Fn=0.25 for regular and irregular head seas onpaopafied
model. In the results patie original and modified hull models were named as O
model and Mmodel respectively. Ithe pitch motion responses, flare of the hull did
not change the responskesa very greaextent corpared to the original hull. e
vertical accelerations at the Fore Peak (FP) of theo@el were estimated higher
than the Mmodel. The relative acceleratis at the FP varied significantly due to the
flare of the hull. The reason for the difference was attributed to the wave deformation
caused by the flare form since there was not any significant difference observed in
the pitch motions. They also measutbd pressures at the FP on the deck and the
impact pressure at the bottom centerline of the 9 % section. Timodél showed
higher pressure at the stem dader pressure on the deck due to the flare arigle.

the forward section bending moment measuresmyéheM-model experienced more
nonlinear behavior than the-@odel and sagging momeramidshipsvas measured

to belarger than the hogging moment&he M-model experienced largef®order
harmonics compared to ther@odel due to the nonlinear interactiof the hull bow

flare with the wave elevation. The results gave an important insigghthe effect of

the bow flares, but the authors did not provide sufficient experimental data to
investigate the influence of the wave steepness on the motioveatichl load

responses
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O'Dea et al. (1992)ere the first autharto investigate the first order vertical motion
amplitudes and phase angles with varying wave slopes. The authors also conducted
experiments in order to invégate the effects of the second and third order motion
and acceleration harmonics in large amplitude waves. Experiments were conducted
for the towed S175 container model in regular and irregular head seas with two
forward speed cases at Fn=0.20 and Fri#®.2round the resonance frequency
ranges. The model was assunbedberigid in all conducted experimental tests. They
used3™ order Stokes waves approximation in order to model the incoming wave
field. In the heave and pitch responses, the variation sibmpesponseamplitudes

with respect to the wave steepness was given by the ratio of the first order response
to the first order wave amplitude. Heave and pitch motesponseamplitudes
increased with the increase in the forward speed. In contrastdtien response
amplitudes decreased with the increasing wave steepness. The respuoese
showed higher decreas®mpared to the pitchesponsewith the increase in the
wave steepnesshe authors, who investigated the second and third order harmonics,
found that their magnitude is only %&of the first harmonicsThey also noted that

the bow accelerations experiencesgtcond and third order harmonics mor
significantly than the motionesponses. The reastns is thatthe accelerations are

the second efrivatives of the displacements where the displacement harmonics are
mul tipli®d *“and i @rethe first, second and third harmonics
respectively. They noted that the second and third harmonics of the vertical
acceleration at the bow wetgy 20% and 8% larger than the firstharmonics

respectively

Fonseca and Soares (20@bnducted the most categorized and detailed experiment
in large amplitude motions in order to investigate the ship motion and load
responses. Expenental analysis of the-$75 containership was conducted at a
forward speed Fn=0.25 in head regular wawkstowing carriage was used to
conduct the experiments and the ship was assuimelde a rigid body. They
investigated thémpact ofwave steepnessidhemotion responseshigher harmonic
amplitudes with respect to the wave steepness, the VSF and VBM estimations with

respect to the wave steepness and the influence of steady structural loads. In order to

43



investigate the nonlinear characteristics oftical responses, the experiments were
conducted for a wide range of wavelengths from g,4a 2.8L,, in various wave
amplitudes. In order to investigate the influence of wave steepnisge amplitude

waves tests were performed at three wavelengthsumd the resonant area
corresponding to the wavelengths @&/ L=1.
tests were performed in order to investigate the influence of steady sinkage, trim and
steady wave loads. It was noted that in small wave amplitudessgmmetry in the
vertical loadsoriginated from the steady vertical loads while in large amplitude
waves the asymmetry was dominated by the unsteady motions. The authors noted
that the steady results should not be neglected in the motion and load esspons
heave and pitch response functions, with the increase of the wave steepness vertical
motion responses were reduced around the resonance freglretiwy case of phase
angles, heave phase angles incredsed small amount with the increasing wave
slope but the pitch angles showed an opposite trend. In motion responses, higher
order harmonics were found to béasmall order ompared to the first harmonics.

In nonlinear responses skitended to emerge in heave motion and tended to raise
their bow nore in pitch motion. In the vertical load responses, nonlinear behavior
was observedo be more significant than the motion responses. They observed an
asymmetry in the VSF responses especially in large amplitude waves and the reason
for that was due to thship bow flare which was prone to nonlinear impulsive forces.
The magnitude of positive peaks (sagging) was found to be larger than the negative
(hogging) peaks at station 15 (1/4,Lfrom FP). The VBM responses were
investigated at the midship sectiondaat station 15. At the midship section the
magnitude of the VBM was larger than at station 15. However, at the midship
section, increasing wave steepness did not change the trend of the VBM which
showed nearly a linear trend. At station 15, nonlinearitiethe VBM were more
significant where with the increasing wave slope the VBM was increased nearly four
timescompared tadhe magnitude in the small wave slopes. The second harmonics of
the VBM at station 15 was also more significamn the second haramicsobserved

atmidship section.
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In the next sections of this thesis, the validation of the numerical results in small and
large amplitude waves will be performeding the experimental results obtained
from thestudyof Fonseca and Soares (20@#)e to the provided comprehensive data
source. Effects of wave steepness on the motion and load respansksge
amplitude waves will bénvestigatedand compared with the experimental data
detail

Present thesis provides tltwmprehensive effects of large amplitude waves in
motion and load responses taking into account the forward speed. Formerly,
researchers solved large amplitude ship responses using IRF formulation up to the
level 2 nonlinearity. Current study is the demhentoverthe IRF formulation and
calculates the nonlinear ship responses using body nonlinear (level 3) approach and
fills the gap in the literatur@roviding the insight of the importance of nonlinear

radiation and diffraction forces during the nonansimulations.
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Chapter 3

Theoretical Background for

Motions and Loads

3.1 Coordinate Systems

In order toevaluatehe motions of a vessel in large amplitude wathese coordinate
systemsare defined namely the inertial Earthfixed frame (XY eZe), the inertial
hydrodynamicframe (XY rZn) andthe nortinertial bodyfixed frame (XpYpZp). In
linear theory the body oscillateswith small motion amplitudesompared to its
dimensions where thkeydrodynamic forcesra solved in an inertial hydrodynamic
reference frame that travels withconstant speed and headimgthe course of the
ship. In large amplitude wave orderto evaluate the actual position of the ship
different referencesystens needto be introducd. Transformationdetween the
coordinate systegare applied to describe forces and moments in different reference

frames.

In the large amplitudemotion simulationsthree righthanded oordinate systems
exist andare illustrated irFigure3.1. A summary of the coordinate system properties
can be giveras:

1 XeYeZe the inertial eartHixed frame (eframe). The frame has zero
speed.The Z, axis points vertically upwards artte X, axis points
towardsthe initial (constant) headindg the vessel The frame origin
is locatedon the calm water plane

1 XhYnZn: the inertidhydrodynamic frame @frame).The frame origin
translates with a constant velocity and constant heading as the ship
advancesndlies on the undisturbed free surfadde Z, axis points
vertically upwardsand passsthrough theCentre of Gravity COG of
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the shipandthe Xy axis pointsin the direction in which the ship is
heading

1 XoYpZp: the noninertial bodyfixed frame (bframe). The £ axis
points vertically upwardsat the initial time of the analysis whitee
Xp axis pointstowardsthe bow of the shipln order to simplifythe
motion equations the COG is selected as the reference paihere
the frame rotates and acceleratgth respect to the g Z, frameon

theshi p6s cour se

Figure3.1: Coordinatesystems

The motion equations are describedhe XY nZ, framewithin the LARescode The
inertia matrix of the ship can be assuni@dbeconstant in time if the shihas small
motion amplitudesin large amplitude vertical motions the pitengleis usually
smaller than 8.0 degrees. Therefore, forces and moments can be represented on the
XnYnZn axis and the equations can be solusthgthe same system unless th&pi
angle is more than-80 degreeqFonseca and Soares, 199BJpwever, in large
amplitude motionsthe accurateway of solving the noflinear motion equations is
first to solvethe shipacceleration®n a body fixedframe,thentransformthemto an
inertial frame and integrate by nams of Rung&utta (RK) equations Ship
accelerations must be integrated in an inertial frame in order to eliminatdifiogal
Coriolis and centripetdiorcesoccur in a bodyfixed frame This approach is valid
for any arbitrarylarge motionsdue to he fact that he mass anthe inertia matrix
remains constant in time only on the bdded axis (Sen, 2002) In the PRETTI
code(Van't Veer et al., 2009nll forcescalculated in the hydrodynamic franaee
translated and rotated to the bddged axis in order to solvethe resultant
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accelerations. Aftethe derivation of thexccelerations irthe body fixed reference
frame, transformations are appliadd theyare integrated to derivle instantaneous
velocity anddisplacemenof the shipwith respect tdhe Earthfixed frame

Transformatios between different referenckames areperformed using Euler
angles. Euler angles requile fixed order of rotationn which yawpitchroll
rotations are adopted in the following formuld$e otation matrixT is used to
relatethe translational coordinates tiie body with respect to the bodixed frame

to thehydrodynamic frameThe T matrix has orthogonalityherefore; the inverse of
the T matrix is equal to the transpose of Tihe T4 matrix relates the rotatnal
velocities between thigody-fixed frameandthe hydrodynamic frameThe T4 matrix
does not have ortogonaljttherefore;the inverse of the matrix doesot equalthe
transpose of itself. Bodfyxed axis coordinates and velocities are described in the
hydrodynamic framexiswith thefollowing relations(Fossen, 1994)

ip “Yd8p 2 “vbp (3.1

DET » OET QE o QENERo s | "QE - (WBE %o DE Boe | QE —
Yo Qe e wéWE+ o WETO e | Qe —0TE %ol VE « | QE — (3.2
i Q¢ — wEé i"QE %o WET —wé i %o

P i QE %od CTEE+ %0 D& —
YOO QET % | QE % (3.3)
Tl CQFHK | eé e | —

wherethe €, d denaterollj pitch andyaw anglesespectivelywith respect to
the hydrodynamic frameThe i p and] o standfor the displacement and rotational
velocity vectors in the bodfixed frame whilei b stands for the displacement wverct

in the hydrodynamic frame axis.
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3.2 General Description of the FrequencyDomain

Boundary Value Problem

This sectiondescribeghe derivation of hydrodynamic forces and coefficients in the
frequency domain simulatioms detail In the current study, th@pproactfor solving

time domain motion responses is dependent on the frequency domain linear
hydradynamic forces and coefficients which are evaluated using the PRECAL
software in 6 degrees of freedom (DOIR)potential flow theorythe fluid properties

are determined as incompressible, inviscid and the floassumedo beirrotational.
Moreover, in the frequency domain simulations the motions are asstomed
harmonic and small comparé¢al the ship dimensions. In thesenditions theime-
dependentotal velocity potential can be expressed in the following forfvan't

Veer, 2009)

5 o Yn o o 0 0 ©4

where,”Yn g @ is the timeindependentotal steady wave potential due to
the ship resistance problem, is the steady perturbation potential due to the
presence of the ship in the wave fiaid, is the complex amplitude of the unsteady
motion of the ship and the is the encounter frequency. In linear theotlye

complex amplitude of thensteady potentias decompose into three components:

o ‘Iv,lv: A ‘Iv,lv: a (Aﬁ,dvﬂ 5N J =1, 2, é . (35)

where n ,n and n are the potentials correspoding to the incident wave
diffraction and radiation potentmbue to the '} mode of the unit amplitude ship
oscillation in six degrees of freedomher e j =1, 2, é. 6 refer to
roll, pitch and yaw respectively.he incident wave potentiand the incident wave
elevation ¥ are given as
N ol Q ﬁg 0 Q

(3.6)
- -0
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wherel is the incident wave amplitude, is the incident wave frequenci
1 ¥'Q is the wave number in infinite depth seasd 1 QYo ¢ is tthe
encounter frequency of the ship in the moving reference fraitie a constant

forwardspeed of Ug is the gravitational acceleratanrn d b i s t he wave &

In order to solve thBoundary Value ProblenB{/P), the total velocity potential and
its componentsieed to be satisfiefbr the boundary conditionis the fluid domain,
in the FreeSurface Boundary ConditionFEBCQ and in the Body Boundary
Condition BBC) as follows

a. Laplace equation

ng m in the fluid domain (3.7)

b. Linearized FSBC

T T on z=0 (3.8)
EE L I
c. Linearized BBC
T— 1 w Tt
T ¢ on the mean hull surface
Ta n o« (3.9
T €
T i _ J =1 ; 2 , © 6
T—‘Sn 'Q € Yo

In the BVP problemthe Laplace equation maintains the continuity in the fluid
domainwhilst the second equatianf the linearized FSBC satisfies the fluidlocity
equivalence between thensteady wavand the free surfackself and equates the
wave press@w to the zero ambient pressure. The unsteady velocity potential
satisfying the FSBC is thaif a translating and pulsating source and when the
forward peed U is zero it reduces to the speed independent pulsating Sthece.
second equation of the linearized BBC corresponds to the diffracted incident waves
due to presence of the ship and the condition is satisfied with the impermeability

condition of the fluid inside the hull boundary. The third equation of the BBC
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corresponds to the linearized radiation condition on the hull bounBasydes the
above boundary conditionghe unsteady potential needs to satisfy the radiation
condition at infinity and theigid wall condition at the sea bottorm the radiation
condition of theBBC, ¢, &, & denotsthe outward unit normal vect@nd
éTFtUFt(p b ®denotsthe moment of the unit normadector with respect to the
origin of the reference frame. Tineterms(Ogilvie and Tuck, 1969redefinedas
the gradients of steady velocitiestie normal directios which are given as
a h D %o

(3.10)

3

a M ®0 b % ©

The derivation of the reermsin the BBCincludes complesecond ordederivatives
therefore in many seakeeping codbe steady wave flow pattern caused bg th
advancing ship is neglecteda the slender ship assumptiomhe steady flow
perturbation potentiah is takento bezeroin the uniform base flow approachm
PRECAL, by default the uniform base flow is used however,DQbeable Body D-B)
flow approach can beisedas well In the DB flow approach the flow around the
vessel is reflected with respect to the calm free surface Biagrams showinghe

uniform base flow and the-B flow approacksare presentebdelow inFigure3.2:

— W Y T —»— > >
), »> >
L | —_ - .
femsss = § —
/ e e
>

> ) > =

— »>

Figure3.2: Uniform base flow (left) and B flow (right) (Bunnik, 1999)
The total steady flow potential is approximated to-U& when the uniform base
flow model is used and the-tarms areeduced to
a b 3 n Y mindn
o o 3 3 (3.1
a h h 5 b "1 Y Th 5¢ hbe
The DB approach provides a more realistic apprdachmodeling the steady wave

potential.In the DB flow approachn satisfiesthe FSBC and BBC condition via
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Equation (3.12) in which te first equation satisfies the zero normal velocity
condition on the free surface and the second one satisfies the impermeability
condition on the body surfacenlike the uniform base flow approadfe DB flow
approachhasa no-flux condition which is satisfiedon the ship hull, butlue to the

absence of the free surface, waves are not gendeaiedik, 1999)

)
—_ ']
I € m On the mean hull surface

T—‘ Yo n m z=0
I €

(3.12

On the contrary,ite DB flow is only valid for low forward speeds andt high
forward sgeds one needs to solve the steady perturbation potential first and then use
the generatedteadywave field in the BBC for theolution of theunsteady motion
problem.The uniform base flow and-B flow approacksare compareavith the
experimentsin Figure 3.3 for the S175 containershipat Fn=0.25using the
Approximate Forward Speed\FS) methodin PRECAL software The results are
found as expectenh that the BB flow approach calculated higher values than the
uniform base flonapproach due to the high forward speed efféatviously it was
mentioned that for fast shiplse steady perturbation potential needs to be solved for
the resistance problem otherwise theoer in the motion responses increase. The
reason for thigs thatthe m-termsare in linear proportionith the forward speed
Therefore the error in the motion responses due to thmms contribution is high

in blunt andor fast ships and the steady perturbation potential needs to be solved in
order to investigatthe steady nst eady wave interaction on

Following the solution of thdinear BVP and the evaluationof all potential

components, the total hydrodynamic pressure on the body surface can be evaluated

usingBernould s equat idefimledashi ch i s
~ B p i

n M = 1
0 T (9B & Q0 (313
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Heave Response En=0.25
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Figure3.3: Uniform base flowop) and DB flow (bottom) comparison for heave

and pitch responsed Fn=0.25

When the totaVvelocity potentials inserted ito the hydrodynamic pressure equation

it leads to

0 ” MN ™M gan Q = nnQ
0 G (3.14)

JYnn @ g

wherethe last term is associated with the hydrostatic buoyancy force contribution
while the squared steady wave component is associated with the wave making
resistance and the lift and force componevith the time factoiQ correspond to

the unsteady force. In order to simplify the problem, higher order terms ao#se
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products of thesteady and unsteady velocity potentials are disregarded and unsteady

hydrodynamic pressuie reduced to

5 " . * T .
0 0 Y'l'_(bn Q (3.19)

The total oscillatory hydrodynamic force and moment amplitudes if"tHgction
arederived by thentegration of the oscillatory pressure the hull surfee, ignoring
the time factolQ

.

"0 koY v v aion j=1,2,¢&. 6316

In order to express the totalailsatory force in terms othe speed independent force
componentsSt ok e 6 s t h e dorthe mecand terrm g phimtegeadd of the
above equation and the total oscillatory force is expressed as

ﬁoé'Q“YTY ANQYY nQd % 0

=1, 2, €317

0o NME ™M NQY”TY NQA % ©

The second term appearing in the total oscillatory force is theiritegration in
which 6 is theintersection between the body surface and the mean free sanféice
S is the mean wetted surface of the ship under the still water line.

The total oscillatory forces and moments consishefncident wave, diffractiorand
radiation force componentshich arederived in Equatior(3.18). The added mass
and damping coefficients are the real and imaginary components of the motion
induced hydrodynamic forces and momemtkich originatefrom the radation
forces. The radiation force and moment in tAalirection due to a unit amplitude
motion inthe k™ direction and the resulting added mass and dampiefficients are

given in order as
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Finally, after the derivation of all force components dnydirodynamic coefficients
thesystemomot i on equation is sowhereed using New

0 0 ] 2 61 13 0629 O] "0 P Q (3.19

whered is the mass and inertia matri&, andé are the frequency dependent
added mass namiaes,odia the lmeagrestoring matrix® and™® are

the frequency dependent incident wave and diffraction force matrices.

As long as the motions are harmonic the total response of the vessel can be described

as

b Pp Q (3.20)

where P is the complex response amplitude of the systlmorder to describe
motion equations in the frequendomain, excitation forces neéal be used in the

complexampltudes andfinally the equation of motion idescribed as

17 0 0 ] Mo 0 P O] L0 (3.21)

An important property of the frequendomain seakeeping calculatias that he
system ofmotion equatiors is valid only for small and harmonic motions and in
order to evaluate large amplitude responses one needs to usdotimagn motion

equations.

In frequency domain seakeeping calculationsated irregular frequencies appear

at some resonant frequencidésegular frequenciescause large fluctuations in the
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damping coefficientsvhich areaffecting the accuracy of the memory functiomsa
negatve way Smoothness of the damping coefficients is crucial for the accurate
derivation of memory functions in tirdomain response#t irregular frequencies

the BVP solutioreither does not have a solution or the solution exists but it is not
unique(Lee and Sclavounos, 1989h order toalleviatethe irregular frequencies,
theinterior free surface of the bodyesclosed by panelatthe freesurface leveand
this solution method i s.Tkeeakah waler pdase ateh e AL
panelsat the freesurfacelevel and the mean wetted bodyrface panels are solved
with a modified boundary integral equatiohhe PRECAL code uses a modified
version of t he (LédaadkScl@&ouBos, 188 pranchansofier to
solve the BVP. Unfortunately, in PRECAdoftware the Lid Panel Mthod can only

be appliedising thezerospeed Greesouce formulationin the BVP solutions.

Another important problem which occurs in frequency domain response calculations
iIs the derivation of the infinite added mass and infinite damping coefficients
Accurate calculation of infinite added mass and dampaiges is crucial for the
time-domainmotion and loadesponsess well asthe slamming calculations. It is
also possible in PRECAL to solve the BVP for high frequendiesto the removal

of irregular frequenciesp to a limit butavery fine meshdistributionhas to be used
which resultsin a longcomputational timeThis approach is impractical and also
generallyimpossible due to limited computessources. The memory requirement
increasequadratically with the increase in the number of the hull gazwedl that has

a consequence of need computer systemwith large memories. That meaagen

if the memory of the system doubled the maximumencounterfrequencywhich

can be accurately calculatedll not doubleand in realitywill be much less tharhts

ratio. Inthe frequencydomain calculationghe limit for the maximum encountering
frequencyis directly related tdahe characteristitength of the panels. In PRECAID

order tosimulate the wave patternthere must be at least 5 panetsrespondig to

the smallest encountering wave length and the relationship between the maximum

encountering frequency and the panel length is givéWast Veer, 2009)
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In PRECAL the infinite added mass is calculated with a modified frequency

i ndependent Greendés function itwnwhi ch th
In order to solve the BVPRr the infinite frequency, thirequency dependendy the

FSBC and the BBC is also removed.

The solution of thefrequencydomain BVP fora forward speed case is a very

daunting task. In frequengomain forwardspeedseakeping calculations, the
calculationo f the Greends f uhecetactdnearizachfSBG1in s at i ¢
Equation(3.8) is numericallydifficult due tohighly oscillatoryderivativesincluded

i n the equat i on s satsflilgahe &&ace lmearized FEBC hasttwio o n
contourintegration partand both of the contousave two singularities which are

hard to integrateaccuratelydue to numerical instabilitiedn order to take into

account the forward speed effects in théutson of BVP, PRECAL utilizes two

types of Greesourcesvhich satisfythe exact forwardpeed angdimplified forward
speedcases The Exact Forward Speed®FS methodfollowst he Gr eends f u.
derived byWehausen and Laitone (19680d applies it to the BVP solutionsing

the numerical methogrovided byBa and Guilbaud (1995However, he double

integrals appearingn t he exact FSBC Greenbs thuncti c
evaluaten numerical calculationand in genal causenumerical instabilitieslue to

the highly oscillatory naturefahe imaginary argument of the exponential functions

(Ba and Guilbaud, 1995The deficienciesn using the EFSnethod aresliminated

using theAFS formulation. In this approximate method, the speed term in the FSBC

is neglected assuming the frequency of the oscillation is high andebleforward

speed is lowAfter the elimination othe higher order terms in they&ation(3.8) the

simplified FSBC reduces to

1 nogen on z=0 (3.23)
a

This formulation is known as zero speed FSBC which most of the strip theory and

3D panelmodelsusedue to its easier evaluation properties compared dcefact
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FSBC condition.n the AFS formulationthe forward speed influence accounted
for the forward speed correction terms appegrin the hydrodynamic pressure
Equation(3.15), in the body boundary conditisrand in the contour integration of
the hydrodynmnic total force calculation iEquation(3.17). The comparison of the
heave motion responses and the heave dampuogfficients for the S175
containershipis shown in Figure 3.4 and Figure 3.5 respectively It is cleaty
observedrom theFigure 3.4 thataround the resonant region EFS method predicted
closer results to the experimental datanpared to the AFS method. Howevitre
damping coefficients obtainedsing the EFS method are verystable which is
causedby numericalinstability problems. The damping coefficients obtained from
the EFS solution of the BVP cannot be used to derive mgnfunctions because
irregular frequencies in the damping coeéfits cause fluctuations imemory

functions andhisresultin inaccurate damping forcastime domain simulations

Heave Response Comparison
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@ \
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Experiments(Fonseca&Soares,20849—Exact Forward Speee=— Approx. Forward Spee

Figure3.4: Comparisa of the heave response tbe ExactForward Speed and

ApproximateForward $eedformulations
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Heave Damping Coefficient (B33)
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Figure3.5: Comparison oheave diagonal damping coefficisfbr the Exact
Forward Speed and Approximate Fand $eedformulations

In the next section, the details of the th@main seakeeping problem will be
explained where the hydrodynamic data is-qakeulated using the frequency
domain BVP problemThe numerical stability and the smoothness of the damping
curve which is evaluatedn the BVP have a crucial importance in timdomain
motion calculations.Therefore, in this thesis,in motion and load response
calculationghe uniform base flovapproachs used withthe AFS formulation due to
the reasons listeloelow:
9 AFS calculations are more stable and take much less time compared to the
EFScalculations. In complex nevertical walled geometrie# is very hard
to satisfy the smoothness of the damping cunsasgthe EFSmethod
1 In PRECAL the sippressionb t he i rregul ar frequenci
Met hodo i s withmtl hye azvearid abbdeed Gr eenbs fu
9 The uniform base flow model is faster than the DB flow model in numerical
calculations and for the case thie S-175 container shipthe unibrm flow
calculations provided closer results thdwosewere obtainedrom the DB

flow approachwhencompared to the experiments.
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3.2.1Internal Loads in the Frequency Domain Approach

Internal loads at a shipsross section arise from tltbfference betweethe total
inertid force and the total hydrodynamforce on the portion of the ship forward of
the defined cross sectiolm order to calculate vertical load responsegtional mass
distribution and thesectionalhydrodynamic forces are integrated frahe bow
position to the defined cross section. In essewben the ship is divided into parts
from the defined cross section, tertical Shear ForceSF) andVertical Bending
Moment BM) balancethe sum of theforces and momentappliedto the ship
portion forward of the defined cross sectimspectively.The VSF and VBMare
defined by

w O Y O ™o O (3.24)

0 'Y O v O (3.25)

where the indicesk=3,5 are the forces and momeirsheave and pitch motion
modesrespectively applieto the ship on its coursén Equationy3.24) and(3.25),

‘O is the inertid force or momeno f t he shi p6s formaadsod thedi st r i
definedcross section whiley , 'O ,"O0 andO are the radiation, diffractiorsroude

Krylov (F-K) and restoring forces respectively calculated at the mean position of the

ship using the panels forward of the cross section. The sign coiovefdr the

vertical loadsis defined inthe sagging positionas positivefor the VSF andas

negative for th&/BM. The sign convention for theerticalloadsis illustrated below

HOGGING SAGGING

Figure3.6: Sign conventia for the hogging and sagging positions

The inertid forces and moments acalculated byintegration of theproducts of the

sectional mass distributioand the globalaccelerationdrom the cross section at
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positiona to the bow section. The sectional ship inérf@ces and moments are

given by
(o) do, @ Qo (3.26)
o§
0 do &, @ Qo (3.27)
o§

where & o is the sectional mass per unit length of the ship. Integrations are
performed for the portion of the ship from the cross sectidn the bow.

The radiation and difeiction components of the hydrodynamic forces and moments
are calculated from the global solution of the BVP in the frequency domain analysis.
After the evaluationof velocity potentialof each panel in the BVRhe panels
positioned forward of thelefinedcross section armtegratedin order to deriveahe
sectionalradiation and diffraction forces. The formulation of 8extionalradiation

and diffraction forcess definedusingthe sameformulationin Equation(3.18) for

the parels positionedforward of thedefinedcross sectionThe sectionalradiation

and diffraction forcesre given by

"G, S 0! TYT—‘ n&qy

T w
Z j,k=3&5 (3.28

(e TR 0! *YT—COn REQYT O

I v

z

whered® andé” are thesectionaladded mass and damping coefficierakulated on

the sectioal shipsurface areay.
The incidentwave force are derived using the first Equation 0{3.18) by the

integration of thencident wave pressures for thertionforward of the cross section

andaregiven by:
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G R Moy j=3&5 (329

Finally, the restoring forces are calculateingthe restoring matrixor the portion

forward of the defined cross sectionltiplied bythe vertical displacements

G 6" Q j,k=3&5 (3.30)

3.3 General Description of theTime-Domain Method

In the former sections ship motions are assutoede small compared to the ship
dimensions, therefore the seakeepiracalations are valid using the frequency
domain approachin order to model the large amplitude motion and load responses
one needs to usthe time-domain approachln the present thesigime domain
vertical motion and load estimations in head seasaloelatedin 2 DOFusing the

rigid body approach and usin@ummins (1962gquationsThis section explainthe
methodology of the timeéomain motion and load response predidiondetail. The
equation of motion islerivedusing the IRF formulation in tw®OF for heave and
pitch motion modes The linear timedomain equation of motion for heave and pitch
respanses are defined using tBammirs equationgor small amplitude responses as

shown below

O 6 B Q o6 6 By 6 0 o6 tQ]a tQt |
k=3&5 (331

where |,k=38& subscrips stand for the heave and pitch motion modes respectively.
The left side of the equatiagives thefluid reaction forces and inertiéorceswhilst

the right hand side of the equatigivesthe excitation forces ithe time domain. In

the Equation(3.31), 0 is the massnd inertiamatrix of the ship, ,, and, are
thetime-domaindisplacementvelocity and acceleratiorectos respectivelyy H

andé H are the infinitefrequencyadded masand dampingoefficients,0 are
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the memory function$or related motion modesd is the constantestoring force
matrix, O 6 and™O ¢ are the incident and diffraction forces time time domain.
The superscript h indicates thal hydrodynamic forces are calculatedth respect
to the hydrodynamic frame in thiéme-domain simulations. The present thesis
focuses on the nonlinear derivation of motion and load responses thereftmedhe
restoring matrix is notised;instead restoring forces are calculatdéyy the direct
pressure integratiomethod usinghe exact wetted area of the shipeach time step
Nonlinearity of the diffraction and radiation forces depends on lével of

nonlinearitywhich isimplementedn themotion equation

The seakeeping response in tid@main calculations is dependent the frequency
domain hydrodynamic coefficients and diffraction forces. In the present thesis
frequency domain hydrodynamic dasecalculated using the 3Beakeepingoftware
PRECAL In the following sectionsthe derivation of hydrodynamic force
components in the motion equation are ex@dirand discussed in detail with
emphasis putmothe level of nonlinearity applied in the hydrodynamic solutions.

3.3.1Froude-Krylov and Restoring Forces

In seakeeping analysis, the biggexirtion of the forcesarisesfrom FK and
restoring forcesand their importances proportional to the characteristicwave
length This is especiallytrue forlong wave lengths, which ataken to benore than
2inthewave | ength to g)hHepthelF& argltreStoringaddrceso ( o/
are dominant ovethe radiation and diffraction forcesn nonlinear simulationghe
nonlinear FK and nonlinear restoring forces are calculated using the instantaneous
wetted sufiace of the hull at each time stéyfany different approximations for the
evaluation of thé=-K pressure can be found irhe literaturedue to the fact that the
linear incident wave potential is valid up to the mean free surface ladeked the

linear F-K formulation is valid up to the still water levélonseca and Soares (1998)
and Singh and Sen (2007d)ave discussedhe four major approaches fathe
approximate deriieon of the nontlinear F-K forces above the mean free surface
level which are the hydrostatic approachthe Wheeler stretchirg (Chakrabarti,
1987) unmodified incident wavesformulation andthe Fourier approximation
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method(Rienecker and Fentori981) Unfortunately, there has not been a general
consensuson which method provides more accurate results. In theermt
approximation the FK pressure above the mean sea llevgaken asa hydrostatic
force. A diagram of the totawave pressuredistribution in incoming waves is

illustratedbelow
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Figure3.7: Dynamic wave pressure distribution

where c is the wave celerity, d is the depth of the sea. It is clear frofigtime 3.7
that the pressure distribution near to the mean sea level varies for the wave crest and

wave trough positions.

In LARes the ortlinear incoming wave pressure and dmear hydrostatic pressure
are calculated g&/an't Veer et al., 2009)

. o ,
. 2p = A - (3.32)
" 90 &
m n a -
0 Coa @ T (3.33)

where— is the incident wave height, is the water density and g is the gravity

acceleration.
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The resultant pressure is integrated onupdatedinstantaneous wetted portion of

the surfaceat each time stepnd the nonlinear-K and restoring forces argiven by

O f h 0 0 €QTY ]=3&5 (3.34)

3.3.2Radiation Forces

The time domain radiation forces are represented in terms of im@sisense
functiors and the infiniteadded mass andamping coefficients in order to account
for the radiating wave forcearise fromthe nonsinusoidal ship oscillations. The
integral represents the transient radiation forces acting on the shecatrent time

step whch is the convolution of the memory effects related to the free surface
oscillations and the time history of the motionkeTradiation fores in time domain

aredefinedby Cummins (1962)n terms of impulseegonse functions anaregiven

by:
W0 6 Y 6 6 W o 0 o tQ to 1k3&5 (335

whered6 H and 6 H are the infinite frequencyadded mass andamping
matricesand 0 is the retardatiofmemory) functionwhich is accounting for the
free arface oscillationsin Equation(3.35), thed H term depends only on the
ship geometry under the still water level while the b term depends on the ship
geometry and the forward speed. Tinequency dependa part of the radiation

forcesis contained) o in the term.

In this work, he memoryfunctionsare calculated from the damping cusyeovided

by the 3D linear frequencdomain PRECALsoftware Memory functions only
depend on the forward spdand the underwater geometry of the ship below the still
water level. Retardation functisrarecalculatedusing the inverse Fourier transform

of the potential damping coefficierst obtained fromthe frequency domaiBVP
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solution at a range of encountegi frequencies Theoretically the retardation
functions need to beintegrated from zero to infinite encountering frequency.
However, n practice due to theaforementioned small encountering wave period
problems the highest encountering frequenogeds ¢ be defined in advancéy
using Equation(3.22) for the upper boundary of thmtegration domainin order to
calculate retardation functions, dampiocaefficients arereferred since added mass
coefficientsat vay small frequenciesre notalways smooth (Van't Veer et al.,
2009)

The smoothness of the damping curve is crucial for the robustness of th@mymem
functions. Irregularitiesin the damping curve result ituctuationsin the memory
functions and produce inaccuratadiation forces in thetime damain motion
simulations In order to prevent this,réquency dependant damping cunea®
evaluatedstating from low frequencies tdigh frequencies with successive small
steps.In general, in forward speed calculations, infinite damping coefficients do not
approach zero whilstn zero speed calculationthere is generally nmeed to
implement the infinitedamping correction in the integrand of the retardation
function. The integrand in the convolutiomtegral which appr@aches
approachesnfinity, correcs the nonzero values of infinitefrequencies for the

forward speed cas&he etardation factions aregiven by

:ln

6 1 5 b AT10tQ j k=3&5 (3.36)

The etardation functions are calculated using the 3 point Simpson integratio
formulation with 501 mterpolated damping coefficiepbints corresponding @pre-
defined range of encounter frequenciesorder to maintain the accuracy of the

integration.

A truncation timemust bedefined to determine the length of the convolution
integral After the truncation timeradiation forcesmust converge to zero when
convolutedwith nonzero velocity historypecause after that time the radiating waves
do not influence the pressure on the body surfBlee truncation time of the memory
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forcesis appliedto be 30 secondgor the performed analyses ithe presenthesis
which is found to be sufficient time for the radiatedhves to die out after the
impulses. Radiation forces will apply for only the time span of the memory
functions. Diagona and crosscoupling nemory functionsfor the heawe and pitch
motion modes (j,k=3&) for the S-175 ship at a forward speed oFn=0.275are
illustrated inFigure 3.8. The validation of the memory functioms performed by
comparingthe results with the PRET Bbftware(Van't Veer et al., 2009etardation

functions and the results are foutw beidentical to each other for ela mode of
memory function.
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Figure3.8: Memory functions for &75 ship at Fn=0.275

Ogilvie (1964) derived the relationship between the frequency domain and time
domainradiationproblems usig the Kramer&ronig relationgKotik and Mangulis,
1962) The author appliedrourier transformscat the retardation functions arbe

time domain radiatioriorces are related to the frequency domadaded mass and
damping coefficientgivenby:

67



8 1 5 b 0 tAIOtQt (3.37)
j,k=3&5

51 b b 1£ 6 toBltQf (3.39)

The infinite frequency added mass is frequency independent and is eicsiaga

modi fied frequency Il ndependent Greenos
Equation (3.38) that only infinite frequency added mass needs to be known to
geneate the whole added mass curve when thardation functions are derived

usng the damping coefficients. €hnfinite frequency added mass value can also be
evaluated using the whole added massurve The Fourier transform of the
retardation functions (invK)time-domain added mass curve and tleealuated

infinite added mass curve for the diagonal and ecosgling heave and pitch

motions at a forward speed of Fh275areillustrated below
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Figure3.9: Infinite frequency added masarve for S175ship at Fn=0.275
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Memory functions are calculated each timmeadvanceand used throughouhe
duration of thesimulations The ronlinearity level ofthe computations in the
seakeeping analysiaffects theutilization of memory functionsand the infinite
frequency added mass and damping .datalevel 2 computationsthe memory
functions are calculated in advance and the same functions are used during the
simulations. However, in level 3 computatiotisgs memory functiongnd the infinite
frequency hydrodyamic coefficientsare derived for all prelefinedrange ofheave
and pitch displacements of the shilividually and then interpolated for interim
positionsduring the seakeeping analysis. In both of the nonlinearity levesneeds
to calculate updatedetardation functions corresponding tioe updatedforward
speed. Further information about thietailed derivation of level 3 retardation

functions will be given in the next sections.

3.3.3 Diffraction Forces

Time-domain diffraction forces are calculated ogi the solution of thdinear
frequency domain BVRwith the second guationof (3.18). Complex diffraction
forces are separated into real and imaginary components to be used in the time
domain calculationsConstantdiffraction forces are used during the simulations in
which they are extrapolated for the given incident wave amplitlile. esultant
diffraction force in time domain analysis for the given incident wave amplitude and
for the " motion mode i®qual to

Op PP ' WHh 00 j=38&5 (3.39
where"O;, andOy;, arethereal and imaginary components of the complex diffraction

forces in the'] mode of the motion mode.

The ronlinearity level of computations in seakeeping analysis affects the utilization
of diffraction forcesas well In level 2 computationghe diffraction force amplitude

is kept as constarfor the given speed artie mean underater areaHowever, in
level 3 computationghe diffraction forcesarederived for all predefined heave and

pitch displacements of the shegmd are interpolated for interipositionsduring the
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seakeeping analysis. Further information about the denvatidevel 3diffraction

forceswill be providedin the next sections.

3.3.4Internal Loads in the Time-Domain Approach

The time-domainwave induced internal loads are given by the difference between
the inertid forces and the sum of the hydrodynamic forceésgrated from the bow

to position of the cross sectiand calculatedat theeachtime instant The time-
dependenvertical internal loads (VSF and VBMyegivenby:

wo 00 'O0Yo ™00 ™o Co (3.40)

0 6 00 "OYo 006 ™06 o6 TCo (3.41)

whereO (k=3,5) is the inertihkf or ces or moments ofonthe
forward of the cross sectiom the VSF and VBM formulation®'Y and"00 arethe

time domainradiation and diffraction foreeregectivelywhich are calculated with
respect to (w.r.t.) the mean sea lewehilst'OF and'C arethetime domainF-K and
hydrostatic force respectivelywhich arecalculatedfor the instantaneous wetted
portion of the ship akach time ste@nd correspondo the panels forward of the

Cross section

In time domain calculationshé¢ inertid forces and moments awalculated using
Equations(3.26) and(3.27) by the product of theonstant mss distributiorandthe

time dependent sectional accelerasiateach time step.

The derivation oftie time domainradiationcomponenbf the hydrodynamic foree
and momentss different from the frequency domain due to the convoluted time
history of theradiating waves. The radiation forces for the portion of the ship
forward of the cross section are calculateyl the convolution of retardation
functions with the actual velocity of the shiphe radiation forcesorresponding to
the ship portion forwardf the crosssectionarecalculated using Equatig3.35) and
given by
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where 6° Hb and 6° H are the sectionalinfinite frequeny added mass and
damping coefficientso and 0 is the sectional retardation functiowhich is
accounting for the free surface time history of the radiating wales retardation
functionsare evaluated using tlsectionaldamping coefficients corrpsnding to the
panels positioned forward of the cross sectismg the second Equation (#28) .
Sectional etardationfunctions are calculated from thsectionaldamping curve

provided by the B PRECAL SoftwareThe sectionamemory functions are given

by:

' 0 = 871 6 b Al10tQ j k=385 (343
Time-domain sectional diffraction forces are calculated by the solution of the linear
frequency @main BVP using the first Equation ¢8.28) by the 3D PRECAL
software.The derived complex sectional diffraction forces are separated into real and
imaginary componentandareimplementednto the timedomain calculations using
Equation(3.44). The resultant sectional diffraction force in time domain analysis for
the given incident wave amplitude and for terjotion mode is equal to

"~ N AY Qe AO6 O -

00 ,.p O&° W X P j=3&5 (3.44)
where"O;, and’O; are real and imaginary components of the compkstional

diffraction forces in the'j mode of the motion mode.

The nonlinearity level of the computations affects the utilization of the sectional
radiation and diffraction forces as well. In level 2 nonlinearity, sectional retardation
functions and diffraction forces are calated in advance and kept as constant during
the simulations. However in level 3 nonlinearity, sectional retardation functions and
diffraction forces are calculated in advaniog all predefined heave and pitch
displacements of the ship individually atfien interpolated for interim positions

during the seakeeping analysis.
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The nonlinear sectionatk and restoring forces are calculated using EqudB&3%)
for the instantaneous wetted area of the shijnatime instantThe sectionaltime-
dependenE-K and restoring forcesorresponding to the instantaneously wetted area

of the shiparederived using Equation8.32) and(3.33) and given by
QG ok 0° 0" £QTY j=3&5 (3.45)

whered” andd® are the evaluated-K and hydrostatic pressures for the portion of
the ship forward of theross section at the time instant in tHerjode of the motion

mode.

3.4 Summary

In the present thesis, tirtlomain calculations are dependent on the frequency
domain linear hydrodynamic forces and coefficients which are evaluated using the
PRECAL softwareThe formulations of the frequency domain method are provided
with a focus on the uniform and-B flow and e EFS and AFS methadh is
observed that the EFS and AFS methods highly influémeenotion responsesnd
damping coefficients Although the EFSmethod agreed better with the motion
responses, instability in the damping coefficients made it impossible to use them in
memory function evaluations. In tird®main method motion and loatmulations

only the vertical responsese evaluatetherefore only the heave and pitch motion
modes are accounted in the equations. Main difference of thedomainapproach

arise from thautilization of theimpulseresponse functions therefore the formulation

of the global and sectional tint®main radiation forcesire provided in detail.
Furthermore,lte comparison of the LARes and PRETTI memory functions are found
to be identical to each other. Infinite frequency added mass and damping coefficients

are also derived usingverseFourier transform of the evaluateatemory functions.
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Chapter 4

Numerical Methods

4.1 Development of theModels

In this chaptey the numerical methods applied in the nonlinear motion and
load estimations with a focus on the level of nonlinearity models are investigated in
detail. The main focus is given tthe mathematical modeling of the-kc nonlinear
(level 2) and the body nonlinear (level 8gakeeping predictiomethods. The
originality of the thesisarises from the utilization of the level 3ionlinearity
formulationwith development in the multlimensional integration and interpolation
processedn order to maintain the consistency of the thesis in the following sections,
the in-housedeveloped_ARes tool is subgrouped under the names LARes L2 and
LARes L3 for the lgel 2 and level Japproachesespectively.The formulationsof
the LARes L2 and LARes L3haresome common properties to perform the time
domain nonlinear seakeeping simulationse LARes L2 andLARes L3 toolshave
4 commonmoduleswhile performng nonlinear time domain seakeemnanalysis.
They can be summaed as follows:

1 Data input vol

1 3-D dynamic neshing tool

1 Time domain nodinear equation solver
1

Post pocessor

4.2 Data Input Tool

The data input tool is capable of direct impoof the discrézed ship
geometry and B panel visualization feature$he dscretized ship geometry can be
imported in a text formaising a nodal and facet file consisting of the hull geometry

data. The rodal file constitutes the node numbers and nodal coordinatdéisein
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hydrodyhamic frameaxisin x, y andz coordinateswhilst, the facet file cosists of
the nodal coordinatarrangementlata in order to generate panels and also each
panel 6s p dleipsiiioo flag deteranipes whether a pamelpositioned
underthe stillwater level,onthefree board or othedeck part of the ship while it is
at theinitial position.The drect input featureeliminates the restrictioan usingthe
PRECAL Auto Mesh Generator (AMGpr discretization andallows the user to
import other mesing softwareoutputs The main responsibility of the data input tool
is to importand store thedefinition of the discretized ship geometry up to the
superstructure and also the global mass distribution and the restoring mhagix.
sectional masslistribution is usedin order to calculate theertical loadsfor the
portion of the ship forward of thdefined cross sectionh€& nonplanar panels are+e
mapped into plangvanelsfor the hydrodynamic pressure integion. It is important
to rememberthat he restoring matrix is only valid for small amplitude motions
therefore it is only used ilnear seakeepin@nalysisin order validateand compare
the motion and load responssgainst the experimental results

4.3 Dynamic MeshingTool

Nonlinear shipmotion response analysis consists of two important components
which need to b@erformedsuccessivelyluringthe simulationat each time stedn

brief, the components can beepmratedas the dynamic panelizatiorand the
hydrodynamis solver. It isa known fact thia in nontlinear analysislarge portiois

of the forcesacting on the ship arideom theFroudeKrylov (F-K) and the restoring
forces therefore they have a crucial importance in the accuracy of the responses
calculated The fcond component itotal hydralynamic forcearisesfrom the
radiation and diffraction forcesvhich alsohas a significant importancespecially

for short wave lengths

The calculationof the instantaneous wettgubrtion of the hullsurface has always
been a challenging subje¢br the naval engineerglue to its complexity and
computational costIn general there are two approaches widely applied in

seakeepingdtwareand theyareillustrated inFigure4.1:
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Dynamic Meshing
Approaches

Constant Panel Mesh SpllneFltted Mesh
1 Tracing method
1 Subdivision method

Figure4.1: Dynamic meshingm@proach

In the constant panel meshethod the geometry and th@opertiesof the panels are
calculated at the initialtie of the simulation and kefite same fothe duration of

the simulation The instantaneousvetted ship surface is evaluatby checkingthe
relative position othe centre poinbf each panel with respect to the wave elevation
at each time steif the centre point of a panel is under the wave profile it is assumed
as wet, otherwise it is assuthas dry and omitteftom the calculations at that time
step.For complex geometrieshe splinefitted meshapproachs another alternative

for evaluating theinstantaneous wetted ship surface. This method can be applied
with two different approacheshe tracing method anthe subdivision method(Ko

et al.,, 2011) The tacing method formulates the topologicabnfiguration of
intersection via notinear differential equationsin complex geometries such as
bulbous bows, the application of this method can Ipeoalematictask (Ko et al.,
2011) In the subdivision methodthe parametric domain is divided into rectangular
regionsusing iterative loopsintil it does not intersect with the wave profile and each

region ischeckedo be surevhether it is under wave profile or not.

The d/mamic meshing approachdsmve both advantages and disadvantages for
various kinds of geometries. For ship shapeddwodiith large water plane areas, the
constant pa@l mesh method witla fine grid meshof O(40065000) on thewhole
underwater hull provides enough accuracy foe evaluations of thd-K and
restoring force(Singh and Sen, 2007aflowever a coarse grid mesh densityf
0O(300400) can cause inogistencies while evaluatirthe FK andrestoring forces
near to the wave profildn a coarse mestiensity the characteristic area and height

of panes arelargethereforecentre points of the panelarccause fluctuations near to
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the wave profile during the welry computation forthe partly wet panels. Those
fluctuations can give rise to spikasthe FK and restoring forceat particular time
steps.The tacing and suglivision method arethe onlyway to evaluat¢he F-K and
restoring forces in offshore structures with many surface piercing parts like
cylinders. Unfortunately the tracing and subivision methods are very time
consuming and therefore inefficient for ship shaped bodies. Morethe=tracing
method is very hard to implement on complex body shapes and stabilibe in
solution of differential equations can cause probleifdo et al., 2011) The
advantages and disadvantages of the dynamic meshing methaisremarized in
Table4.1 below

Table4.1: Advantages & disadvargas of meshing methods

Dynamic
Meshing Advantages Disadvantages
Method
1 Accurate for shigshaped 1 Inaccurate wetted panel
bodies evalwation with coarse mesh grig
Constant 9 Accurate wetted panel on hull near the wave profile
Panel Mesh evaluation with fine mesh gri¢ I Inaccurate for panels with large
on hull near the wave profile heights and can cause spikes in
1 Fast and efficient evaluated forces.
: T Accurate for offshore 1 Very hard to implement on
Tracing structures
complexhull shapes
Method 1 Best accuracy over all - . -
1 Inefficient and time consuming
methods
1 Accurate for offshore
. structures : : L
Sub-division : 1 Time consuming suldivision
Method T The only_ option for freg iterations.
surfacepiercing parts like
cylinders

The LARes L2, LARed 3 and PRETTI softwarevaluatethe nonlinear FK and
restoring forces acting on the instantaneous wetted portion of the ship with respect to
the wave profile at each time step time nonlinear motiorsimulations LARes
utilisesthe Hess and Smith (1962hethod witha single centre point on each panel
and checks whether the panel is wet or dwying the simulation time steps
However, the PRETTI software utilizesthe 4 point Gauss method in order to
integrate pressures. At each time stepGallisspointson each panel are checkéal

seewhether they are under the wave profile or, @oid wetpointsin each paneare
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taken into thepressure evaluatiorMoreover,in the PRETTI software in order to
accelerat¢he simulations the maximum possible wave elevatisrcomputedandall
possible wet panelare taken into account ithe simulatios (Van't Veer et al.,
2009) In order to eliminate the pressure fluctuations nedhe wave profile, LARes
L2 andLARes L3 divide theinitial panels, which & used in the BVP solution, into

four and evaluatthe FK and restoring pressurascurately.

The exact wetted panel properti@sder the wave profileonsist of the area, centre
coordinates and noral directions irthex, y andz directions of each pahehich are
defined in the hydrodynamic axis franteanel properties will be used for generation
of the hydrodynamidorces and moments applied to the ship during simulatiba.
complete ship geometry panel discretizatifox the S-175 shipin LARes is
illustrated inFigure4.2. The length of the panels influence the forward speed results

in high extents therefore the maximum panel length is taken to be 1.5 meters.

10 e P e e e e e R R R
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Figure4.2: LARes discretization of th8-175ship geometry

Theaccurate evaluation of wet and dry panels for the force and moment calaulation
is crucial for shipswvhich are subjectetb large amplitude wawe It was mentioned
before that the gnels close to the instameous wave surfagauseproblems while
performingthe wet-dry logic testin short wavesiue to the significant increase in the
wave steepness$n Figure 4.3, the S175 shipin a zero trimcondition and at the

initial draft positon is illustratedwhile it is subjeatd to 5 metrancident wave

heighs. Although the wave steepness is high, with dof a high mesh density,

1



LARes performed wellin matchingthe exact wetted area of the shimder the

incidentwaves
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Figure4.3: LAResS-175ship geometry under wavesT=0 degreesH,=5m

Figure4.4 showsthe examples of dynamic meshifay the cases of +{eft) and-4

(right) degrees of pitch anglet initial draft andsubjected to 5 metr@ave height

with a wavelength to ship length ratfe-Lpp) of 0.55. The propeller emergence is
observed irthe left figure andin the right figure the bowemergence is observéau

small pitch anglesThe ®verity of the nodinear behaviours ofhe ship increases
significantly with increasing wave amplituigleNVhen a ship is subjected to large
amplitude waves, it is highly possible that it can experience propeller emergence,
slamming and water on degkroblems It must be reramberedthat, n linear
calculations, only thevetted panelsinder the still water kel are taken into account

andtheinstantaneous wave profile is rainsideredn the simulations

| | L L
-80 -0 20 0 2 ] 60 40 20 [ 2 40 60 80

Figure4.4: LAResS-175ship geometry under wavesTqs=4 degreegleft) T=-4
degreegright), H,=5m
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The d/namic meshing process is tlsecondmost time consuminghaseof the
simulationafter the evaluation of the frequency domain hydrodynamic coefficients.
The relative positi oionneedstodaahdckegvatinrespetts ¢ e
to the instant wave profile at each time step whesults in elevatedomputational

time. When the mesh distribution on the vessel is very fine in order to maintain the
geometric continuity, loops in the dynamic meshitool take a long time
computationallywhich makethe time domain code inefficient. In order to eliminate
this drawbackthe LARes software utilies vectorized calculation of thganels. In

the vectorized calculatiomull panels are automatically defohan sequential arrays

The main advantage of the vectorized calculatidhasit can evaluate albanelson

the ship instantly at each time step using thesmay memory of the computer

withoutthe need to wait for the loops to evaluate the propedig¢ke panels.

The vectorized calculation of the instantaneously wetted properties of theasials

possesses one of the novelties of the current study. Likewise the looped structure,
vectorized algorithm uses thé¢ess and Smith (1962phethodin order to fnd the

wetted panel properties while provides 90% fasteluteon compared to the
conventional looped approach. In order to find the properties of each pametiest

main diagonal vectors need to be calculated in order to obtain the normal directions

of each panel. Then, all corner points need to be defimélei element coordinate

system in order to find its exact centrgidsitionand to evaluate the area of each
panel . At the end of the <calculations e
normal directions in the global ship coordinate system arel lista matrix.lt needs

to be mentioned thatinndni near anal ysi s at each ti me
need to be calculated for all panels including the upper hull section with respect to
the mean sea | evel. | nst ewdiab atedch tona btepu | at |
after the translation and rotation of the ship, vectorized algorithm defines the nodal
points of each panel inaraydomain. In general, quadrilateral panels are used in the
discretization of the ship geometry therefore nodah{goof the panels are divided

into four computational domains in sequential arrays. In MATLAB, sequential arrays

can be defined in a matrix form and therefore the following mathematical operations
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can be performed using the elembgtelement multiplicatia of the panel properties

matrix. The sequential array domains are defaed

O¢ @ oddp p

0¢ & cdrdpd ¢

. - (4.1)
O @ pgdw o
0¢ a 1drgp

where c is the total number of corner geirof panels on the discretized ship
geometry. Defined domains are fed into ttedculation of the diagonal vector,
average centroid position and nplanar panel operationsvhere they are
automatically defined in array structures without a need for aetbaructure. In
order to calculate the normal direction of each pahatpnal vectors are needed and
their definitionis shown in therigure4.5 below:

m,n m,n+i

Figure4.5: The formatim of an elementHess and Smith, 1962)

The X, y, z components of the T1 ah# diagonal vectors are calculated feeding the

sequential array domains into the main nodal input matrix. T1 and T2 vectors are

defined as:

T1x=Inp(Dom1,1)-Inp(Dom3,1) T2x=Inp(Dom4,1) -Inp(DomZ2,1)
T1y=Inp(Dom1,2) -Inp(Dom3,2) T2y=Inp(Dom4,2)-Inp(DomZ2,2) (4.2)
T1z=Inp(Dom1,3)-Inp(Dom3,3) T2z=Inp(Dom4,3) -Inp(Dom?Z2,3)
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where the Inpd the main inputnatrix constitutes of the x, y, z coordinates of the
each panel s <corner poi nt sate axis.TlhandrT@s pect
vectors are calculated for all panels at the same time via calling the row numbers of
the main input matrix which is defined in the sequential arrays. This vector operation
needs to be performed at each time step for the updated siimpan order to

calculate the exact wetted area of the ship under the incident waves. In the
conventional looped structure algorithm T1 and T2 vectors need to be calculated for
each panel separately therefore it is computationally very costhypared @ the

efficient vectorized algorithm

The wet/dry panel evaluation is the key point in the evaluation of the instantaneously
wetted hull poperties In order to maintain thikard task, logicalstructuresare
utilized with the series expansion. At eadame step, firstly the panels under the
wave pofile aredefined andsorted;andsecondlythe sorted panels are sglouped

into thoseunder and above the Istwater level for the FK and restoring pressure
calculations. Instead of using thetlifenelse onditions in MATLAB, the logical
conditions to sort out wet/dry panels are embedded into the matrix operations
therefore eaclof thelogical processsare evaluated simply in one row withaue
needfor loops insideThe matrix operatiomhecks whether thcentre of the panel is
above or below the wave profile and then markseither as one or zero
corresponding to thwet and dry case respectively and uses flag to identifyhien

the wet and dry case flagse inputinto the same matrix again, it ordgprts out the

wet ones and omits the dry ones. In this way, only the wet panels are taken into
account in the K and restoring pressure calculations which increases the efficiency

of the code.

4.4 Time Domain Nonlinear Equation Solver

In the time donain nonlinear equation solvemodule time domain nonlineaforce
components ar@rocessed andxecuted.All force components are executed with
respect to the utilized level of nonlinearityThe euation solvemnot only provides
the motion histories of relatedegrees of freedom, but also presthe history of

nontlinear hydrodynamic and inertidforce componentsnamelythe FroudeKrylov

81



(F-K), radiation, diffraction and restoring for¢cescelerationinertial forcesand the
Vertical Shear Forc@/SF) andVertical Bending Moment\{(BM) evaluationsTime
domain accelerations of the ship are solved in this module and stored fer post
processingieeds It is important to pait out again that, in LARes L2 and LARES
simulations accelerations are solved in the bgignamic frame axis and then
integrated usinghe 4™ order RungeKutta equation to derive the time domain

velocity and motion responses.

In order to evaluattheaccelerationsit each time steNe wt onés equati on
which is comprised athe linear system of mass, acceleration and fgmeeds to be

solved. In PRECALthe motion equations are solved usamgterative processvith

a Generalized Minimum RESIdugilGMRES) method(Saad and Schultz, 1986)

which is based on the modified Gragthmidt procedure. LARdS2 and LAResL.3

use MATLAB subroutinesto solve the linear systerf equations. In order to
evaluate the linear equatiasf 0 @ "Q MATLAB performs ageneral triangiar
factorization usingLower Upper [U) factorization with partial pivoting.This

solution is fastefficient and reliable for neesymmetric linear syems. It is also
possible to utilize th&&MRES methodri LARes codehowe\er it has been found

from expeiencethatthisis more time cosuming than the main procedure.

4.5 Post Processor

The post processor todctivateswhen the simulation terminates In the post
processotool, the figures of the time histories of motion responses;linearwave
excitation restoring, radiabn, diffraction forces andhe VSF andVBM responses
are sorted and printed for comparison and validation purposs against the
experimental results~ormerly it was mentioned th#te vertical motion and load
responses of shepare high{ asymmetric. In order to investigate the asymmetric
behaviour of the responsafie maximum and minimum peak points of the time
histories in thenonlinearsteadystatemotion and loadesponsgare alscevaluated

A Fast Fourier TransformFgT) is appliedto the LARes L2and LAResL3 to
calculate the first order harmonics and to compiaeenwith the first orderesponses

obtainedfrom the experiments.
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4.6 Froude-Krylov Nonlinear (Level 2) Model

The FK nonlinear model is the initiator of the tint®main nodinear seakeeping
analysis. In this levebf nonlinearity,the radiation and diffraction forces are kept as
linear while the KK and restoring forces are calculated with respect to the
instantaneous position of the wetted hull portion under the waveleprdfhe
radiation forces are calculated wusing th
potential damping coefficients which relate the frequency domain radiation problem
to the time domaimproblem The complex amplitude of theliffraction forcesis
diredly passed fronthe 3D Boundary Value ProblenB{/P) solution obtained from
PRECAL,;thereafter the time domain diffraction forces are evaluated using Equation
(3.39). At this level of nonlinearity, the memory functions are caled&ieforethe

start ofsimulationsusingthe potential damping coefficients which are evaluaed
vessed sitial position.In the timedomain approacthe memory functionand the
diffraction forcesare the function of time, underwater geometry and Sipiged
variables Therefore, when the ship speedrniedified, memory functions nedd be
evaluated forthe updated speedThe inhouse developed software LARes L2
corresponds to this level of nonlinearity and will be used to compare the results with

the experiments andvith the other levels of nonlinearities.

The LARes L2 software imports the related hydrodynamic data fitoen 3D
PRECAL software; howevei is designed to take input from other hydrodynamic
solvers as well. The global infinitrequencyadded mass, damping coefficient
curve and thecomplex diffraction force amplitudes are input from the PRECAL
software in order to find the time domain accelerations and the motion responses of
the ship. The sectional infinite added mass, damping coetficaerd the diffraction
force amplitudes corresponding to the portion of the hull forward of the defined
crosssection are inpgtfrom the PRECAL as well, in order to evaluate the VSF and
VBM responses fothe definedcrosssection using the accelerationt@g@rovidedoy

the global motion solutioat that timestep.At each time beforethe simulationstwo

sets of memory functions are generated in which the global one is for the motion
response analysis and the sectional one is for the vertiadlréspone analysis
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usingEquationg3.36) and(3.43) respectively Theflow chartof the LARes L2 code

is illustrated in thé=igure4.6.

INPUT DATA
PRECAL *Discretized hull geometry up to superstructure

*Mass distribution
*Mass & restoring matrix

*Sectional mass & restoring matrix

A 4
Updated 3-D DYNAMIC MESHING TOOL
Ship Position *Update instantaneous ship position under wave

*Wet panel calculation

| -Wave profile calculation
L-Wet panel properties

PRECAL
+ Global Infinite Added

Mass & Damping

Coefficients HYDRODYNAMICS TOOL
« Sectional Infinite Added *Memory functions execution

Mass & Damping

Coefficients

PRECAL
+ Diffraction Forces
/ Complex Amplitudes
* Sectional Diffraction
Forces

*Evaluation of force components
*Nonlinear motion equation setup

forces

TIME DOMAIN NON-LINEAR EQUATION SOLVER

*Execution of motion response, excitation forces and restoring

t<tend

Simulation
Time Check

POST PROCESSOR
*Motion Responses, Force Components,
Accelerations, VSF & VBM Responses

*Maximum Minimum Peak Values Execution

Figure4.6: LAResL2 flowchart

84



In LARes L2 at each time step aftire evaluation ofhe accelerations in the time
domain solver module, time domain displacements and velocities are caldwated
integratingthe acceleration using thd' #rder RungeKutta equations. The updated
ship displacements afed into the meshing tool anithe wetted portion of the hull is
evaluated fothe current time stepn the time domain solver module, the history of
body accelerations, velocities, displacements, hydrodynéonce components and
the VSF and VBM responses are stor&tleach time stefhe code checkahether
the smulation was terminated or not anagvhen the allocated simulation time is
finished, all stored motion and force historiesfagkinto the pos{processing module

for validation and comparison purposes.
4.7 Body Nonlinear (Level 3) Model

The body nonlinear model is a modification of th& Fonlinear method which is
designed to assefise nonlinear effectsrelated to the variatioof the radiation and
diffraction forces in large amplitude motion simulatioAtsthis level of nonlinearity,

the perturbation potential is solved taking into account the varying positions of the
vessel under the still water level. Therefore, in this method the rate of abfafhgd
momentum is not zero unlike thekFnonlinear method. The incident wave forces
and the restoring forces are evaluated with respect to the exact wetted portion of the
ship under the wave profile at each time step. Thhoiumse developed software
LARes L3 corresponds to this level of nonlinearity and will be used to compare the
results with the experiments and ttibey levels of nonlinearities.

The flowchart of the LARes L3 software is illustrated in detaFigure4.7. Mainly,

the software is divided into two sections in which the data preparation part is
performed only onebeforethe simulations. fie seconanodule of the codasesthe
prepared data and processes it ne@etitivemanner until the simulation terminate
Therefore, after the completion of the first section of the code, the complete database
is prepared and variowsisescan besimulated in a short time perio@ihe flowchart

of the LARes L3 is more complex than LARes &8d thereforehas an elevated

computationalcost
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Figure4.7: LAResL3 flowchart
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At the body-nonlinear computation level, a database ofqaleulatedglobal and

sectionaldamping coefficients, diffraction force complex amplitudesd infnite

frequencyadded mass and damping coefficierdsgenerated in PRECAL with
respect taa pre-calculated range of instantaneous wefteditionsof ship under the
still water level.In order to perform this daunting processpra-processorcalled

LARes Mesh Generator (LMGhas beerdeveloped. In the following sufection,

details of tle LMG are explained explicitly.

4.7.1Mesh Generdion

The LMG preprocessor is generated to cut ansh@p the ship panelsderthe still

water levelafter the ve s e | 6 dion tand aatasoh la essence, this process is a
simple example of the surface to surface intersection. Although the intersection
processseems to be simple, in practigeis a very time consuming task to perform
due to the complexity of the ship hullagaetry. The LMG codéas beemleveloped

in order to eliminate the nedd use third party software fahe surface to surface
intersection procesdhe LMG code only takes the input of the inithaésh of the

ship geometry oncand thenperforms the inteextion between the translated and
rotatedvessel geometrwith themean sea levéhrough a pralefined translation and

rotation range

The translation and rotation range of the ship is definetthe first module of the
LARes L3 software for oncen the currentS-175 containershigstudy, the ship
position range scans through 120 diffier varations in which the heave
displacementof the ship varies from -5 meters to +5 meterand the pitch
displacemenvariesfrom -5 degrees to the +5 degreéismustbe remembered that
the range oBhip positiongs not identical for all shipdhowever forcontainerships
with highly flared geometries, 120 different cases are found sufficientto keep
the accuracy of the simulation at an acceptable Iévehe cae of a short range of
translatiors androtations it is highly possible to observe jumps in the radiation and
diffraction forces in large amplitude seakeeping simulatibonthe current analysis,
therange ofthe shippositions includegxtreme conditios such asulb and propeller

emergencelt needs to be rememberadain that in this level of nonlinearity the
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FroudeKrylov and restoring forceare calculatedvith respect to thactual wetted
portion of the vessalnder the wave profilelhe S175 shipata pitch rotation ot4
degreess shown in thd=igure4.8 with the panels under the still water level and the

waterplane arepanels

Before Cut

-80 -60 -40 -20 0 20 40 60 80

After Cut

LID Panels at the Translated & Rotated Position

-80 -60 -40 -20 0

Figure4.8: Rotated and mégd geometry 08175 ship at4 degrees of pitch

rotation

After the intersectionrmodule the panelsadjacento thestill waterlevel needs to be
corrected. Small paneladjacentto the still waterline level cause mathematical
singularities in the BVP solutiom PRECAL and this resulin the softwarecrash
Therefore, small panels clso the still water level nedd be remapped in order to
alleviate the irregular frequencies in the BVP solutidhe LMG calculates the
properties of each panduringthe intersectionof the ship hull panels with the still
water surfaceThe panels which havemaller area than thagefinedarea limitare
mergedwith the adjacenbelow paneland the singularities ithe BVP solutionare
automaticallyeliminated The mergingprocess of te panels close to the still water

area is illustrated below:
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After
Correction

Before
Correction

Figure4.9: Cutted panel correction close to the water surface

The rregular frequencies in the damping curves are eliminated ng t hé dALi d
Me t h ¢S Chapter 3)n which the BVP is alved with underwater and
wateplanearea(LID) panels.The LMG automatically generates water plabi¥®

panels after the intersection process between the updated ship position and the mean
sea surface for eagiosition of the ship and generates outputthehodal and facet

filesto be usedn the followingPRECAL calculations

The number ofdistributed LID pane$iasa crucial importance in the suppression of
the irregular frequencies in the BVPhe LID parels can be distributed a coarse or

fine mesh densityhere both have advantages and disadvantages in BVP solutions.
In a coarsemeshdistribution the BVP solution is accelerated, but the irregular
frequencies might not be suppressed sufficiently. Orother hand, when the fine
mesh density is used, it slows down the BVP solution, but in general suppresses all
irregular frequencies. In ordeio suppress the irregular frequencies using the
optimum the mesh densjtpumber optimization of thevaterplanearea panels is
performed The optimum number of panels ¢galculatedto be one panel per each
metre of the ship bredth in LARes L3 In the Figure 4.10, the heave and pitch
diagonal damping coefficients the S175 containershipfor the initial position and

the -5 degrees of pitch displacement at Fn=0&® comparedo observe the
influence of theLID panels in the BVP solution It is observedthat ship
displacements influendbe damping curvet® a largeextentthereforethe irfluence

of the position on thenemory functionevaluations should not be ignoredlarge
amplitude seakeeping simulatioarsd using one LID panel per mewéship breadth

is sufficient to suppress all irregular frequencies.
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Figure4.10: Diagonal damping coefficieafor S-175 with and without the LID
panelsat Fn=0.25

The number of the LID panels is related to the translated and rotated position of the
ship. In theFigure4.11, waterplane areas aommparedor the cases of5 degrees
and +5 degrees of pitchotation at the initial draft of the ship and at the initial
position of the shipThe change in thevaterplane areas affects the restoring matrix
in linear solutionsaand theBVP solution. However, in LARes L3 the linear restoring
matrix is not taken into account due to the direct integration of the instantaneous
buoyancy forces; insteathe radiation and diffraction force components are taken

into accountn time domain simuwtions

LID Panels at -5 Degrees of Pitch Rotation

JITT
IRRNNs)

-40 -20 0 20 40 60 80

LID Panels at Initial Position

11
janng

-20 0 20 40 60 80

o
=

LID Panels at +5 Degrees of Pitch Rotati

1]
117

o

-20 0 20 40 60 80

Figure4.11: LID panels comparison fd-175ship forvariouspitch displacements.
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4.7.2Hydrodynamic Matrix Storage

Subsequent tthe solution of the BVP in PRECAL, all data related to the radiation
and diffraction forces needs to bre-organized in order to accelerate the memory
functionintegrations angubsequentlyhe datainterpolation processe¥he LARes

L3 code isdesigned todistribute the individual sets ofthe global and sectional
infinite added mass anahfinite dampingcoefficient matrices, damping coefficient
curves and complex diffraction force amplitudato multi-dimensional matrices
The multi-dimensional space algorithm accelesattee integration ofthe memory
functionsand the intgrolation of the hydrodynamic variables during the simulations
Otherwise the interpolation ofeach component ithe memory functions, infinite
added mass @ndamping matrices and diffraction force amplitudes wowleld to be
performed one by onegnd thatwvould result in an elevatetbmputationatost All of

the radiation and diffraction forceomponents have the datatsfor 120 different

positioncasesn which all are calculatethroughthe pre-defined frequency range.

4.7.3Evaluation of Memory Functions

In time-domain seakeeping analysis the evaluation timéhefmemory functions
requiresa long computational timen the present thesishetime domain equations
are solved using thémpulse Response FunctionRF) approach In the IRF
approach, the memy functions need to be evaluatemhly once before the
simulations from the prealculated potential damping coefficients and they can be
used for various simulation caseBhis feature of the IRF approach provides an
efficient way to implement transiertifd responsegto the time domain seakeeping
simulations In the LARes L3,120different position cases are definedoe solved in
the BVPwhich necessitate the derivation X#0 memay functionsfor each forward
speedcase The computational time of éhmemory functionss directly related to the
truncation time The truncation time andime stepin the simulationsare definedto

be 30 seconds and 0.1 seconds respectively. In order to elinimeateawback of the
computationatostof thememory functions multi-dimensionakpacealgorithrirs are

utilized in the integratioprocessin the multidimensional integration approadll
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position cases are thought as if they arethe compositelayers of a cube The
integrationprocessof the memory functionss illustrated inFigure 4.12, which is
performedsimultaneouslyusing Equation(3.36) for all position caseshrough the

range ofpotentialdamping coefficients.
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Figure4.12: Multi-dimensionbmemory functions integration

4.7.4Evaluation of Interpolation

Theoretically,at each time step the ship positidmangesand the BVP needs to be
re-calculated with respect tothe updated position under the still watewvel.
However, the evaluation of the BVP at each time step increases the computational
time and makes the software impractitalrun Hence in practice the pre-defined
sets of positions are solved in the BVP and then for the interim positiais-
dimensional interpolation is performedThe multidimensional interpolation
algorithmis fastcompared to the one by one interpolation of all componarttse
hydrodynamic data sets. All position cases are designbdtheinternal layerof a
cube. h arder toevaluate the hydrodynamic data at an interim position of a #tep
cube is sliced transversegnd themid-layer containing all interpolated data is
extracted in one stefor the desired positiorin the LARes L3 software, global and

sectional ifinite frequencyadded mass and damping coefficients, memory functions,
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and complexdiffraction force amplitudes are interpolatdtdough thepre-defined

range ofdatabasat each time stegithoutextra computational cost.

K33 K35 K53 K55

—1———> +2 meters of heave
K33 K35 K57 K55 |

——> +1.5 meters of heave

K33 K35 K53/K55 |

—— > +1 meters of heave

Interpolation

Figure4.13: Multi-dimensional interpolationf memory functions

The logical interface of the interpolation tool is performed by using ttieertelse
structures. In order to evaluate the interim position hydrodynamic forces, a# of th
cases need to be processed in the logical loops in advance. In LARes L3, the
combination of the 120 different position cases is performed in the interpolation tool
which satisfies all of the positions. The main subroutine consists of all hydrodynamic
dak in advance therefore only has the input for exact heave and pitch displacements

in order to perform the interpolation.

In heavy weather conditions, ships might experierameplitudes of heave
displacemenbf more than 5 meters and pitch rotatiohmore than 5 degrees. In

such situations, the interpolation module is designed to use the maximum calculated
data sets for the positions out of the interpolation raRgemost cases, thaefined

range of ship positions &ifficient to analyze large amplitudeotions. Indeedyhen

the defined range of the interpolatiorodule is exceededhips startto experience
water on deckincidenceand thatis not accourgd for in the evaluationof the

radiation and diffraction forces.
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4.8 Summary

The main aim of this chagr is to provide knowledge about the numerical methods
applied in the LARes L2 and LARes L3 in detail with a focus on their body
nonlinearity levels. The common modules which take part in the LARes L2 and
LARes L3 models are explained in detail underlintheir importance in the time
domain simulationsThe importance of timelependent meshing process is explained
and different meshing approaches are compared to investigate their advantages and
disadvantages for floating objects in large amplitude -timaain simulationsFlow

charts ofthe LARes L2 and LARes LBodels arellustratedstep by step in order to
observe the differences on the applied hydrodynamic forces and to investigate the
model differences with respect to the varying body nonlinearitgidein the body
nonlinear (level 3) model, computational domain preparation using the LMG tool is
explained with a focus on the inner free surface panels and panel corrdations
which are adjacento the free surface level. Furthermore, in order toestmd
processhydrodynamiadata output from the frequendpmain software PRECAL for
different combinations of ship positionsulti-dimensional storage, integration and
interpolation tools are explained explicitly. Muttimensional integration and
interpolation processes increase the computational efficielocyovercome the

elevated computational casttheLARes L3 model.
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Chapter 5

Validations

5.1 Introduction

In this chapter, validation of the wave induced ship motion and load estimat®ns
performed. The motion and internal loadestimationsare compared with the
experiments whilethe hydrodynamic and internal load force components are
compared withPRETTI software in order to verify the accuracy of fsakeeping
models In order to acl@ve this purpose, linear and nlbmear time domain
seakeeping modeksre simulatedin small amplitude waveand the accuracy of the
motionand loadequations and its time varyirdtydrodynamic forceomponents are
investigatedn detail. In the followingsection, properties of the seakeeping models
which are used to compare the time domain motion and load responses are provided.
The LARes model is sulgrouped under the names LARes L1, LARes L2 and
LARes L3 for the level 1 (Linear), level 2 & nonlinear) ad level 3 (Body

nonlinear) approaches respectively.

5.2 Comparison of Time-domain Seakeeping Tools

This section comparedifferent timedomain seakeepingodelsin detail focusing

on their body nonlinearity levels. The comparisons will be used in the haxtiecs

in large amplitude motion and lo&stimations therefore it has a highportanceto

reveal the sources of difference in motion and load responses. The details of the
formulation of LARes L2 and LARes L3 models waferenentionedn the Chapter

3 and Chapter 4The aim of this section is to provide the overall comparison of the
aforementionedtime-domain seakeepingnodels and to underline the main

differences implemented in the numerical methods and in different body nonlinearity
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levels of hydrodyramic force calculationdn the presentthesis,frequencydomain
hydrodynamic coefficients are fed to the LARes tool from PRECAL software.
PRETTI software is used for the validation purpose in the nonlinear motion and load
responses because it uses the EREEhydrodynamic forces and coefficieni&able

5.1 provides the compaon of main properties of the LARes L2 and LARes L3 with
the PRETTI software below:

Table5.1: Comparison of theedomain seakeeping tools

Source Formulation
&

Time Domain

3-D Panel Method, Green Source Formulation
Cumminsés (1962) Tin

Impulse Response Motion Equations

Equations Solver

Acceleration Body Fixed _
Earth Fixed

Reference Frame

SolutionsReference Reference

Frame Frame
Pressure Gaussian _
] Hess & Smith
Integration Quadrature
Body Nonlinearity
Level 2 Level 2
Level
Input of Linear 3-D Freq. )
o ) 3-D Freq. Domain
Radiation & Domain
PRECAL
Diffraction Forces PRECAL
Froude- Krylov Non-linear Non-linear
Restoring Forces Non-linear Non-linear
Radiation Forces Linear Linear
Diffraction Forces Linear Linear
Matrix Inverse LU Decomposition
: GMRES : o
Operation with Partial Pivoting

It is clearly observed from th€able 5.1 that in all of themodels3-D panels with

Green source method are used with the IRF timedomain approach. Main
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differences between the tools arise from the ship acceleration solutions, pressure
integration methods, implemented body nonlinearity levels, utilization of the
radiation and diffraction forces and matrixverse operations. It can be clearly
observed that the LARes L2 and PRETTI have the same level of body nonlinearity
while the LARes L3 has a moradvancedormulation compared to the LARes L2

and PRETTmodelsto evaluate thguastnonlinearhydrodynanic forces.

Properevaluation of the instantaneous wetted portiostop hull is one of the most
important factors in the accuracy of the ti@main simulationdn steep waves the
panels around the wave elevation level are half dry/wet and this causerpiolihe
pressure integrations during the simulationsPRETTI software, four point Gauss
integrationmethodis used tointegrate the pressures applied menels. For each
panel, each of the Gauss paiigt checked for the updated ship position with ezgp

to therelativewave elevation and only wetted points are taken into account inthe F
K and restoring force evaluations. PRETTI n order tospeed ughe simulations
maximumpossible wave elevatias computed by the summation of the highest %20
of the wave components without taking into account the phase angidsanceo

the simulationsnd possible dry panels are eliminated from the following time steps
(Van't Veer et al., 2009)n LARes L2 and LARes L&odels in order to maintain

the same number of Gauss points with the PRETTI software, original panels which
are used in the BVP solutiomeadivided into four suipanels using the LMG. Eh
subdivision of the panels results in an elevated computational cost in the time
domain solutionsand also steady displacement and trim due to the discretization of
the volume of the ship under the still water levil. order to alleviate the
computationkcost, vectorized algorithm is used define the panel propearas at
each timestep all panels are checked whether they are wet acatdhe same time.
Vectorisation processaccelerateghe solutions in much exterty cancelling the
loops in the hydroghamic force calculations. The only drawback of the vectorisation
process is the need for large amount of computanany. Neverthelesshe need for

thememory for thevectorisation ismallerthan it isneededn the BVP solutions.

97



In PRETTI software tb maneugring reference frames are usdberefore
accelerationmeedto beevaluatedn 6 DOFat each time step. This means, egen
motion mode is suppressed in the simulations, its acceleration component is
calculated. For instanceshena ship advancesiithe head seasurgie acceleration
need to be solved to maintain tinéegrity in the motion equationgossen, 1994)n
PRETTI software, if a degree ofekdom is suppressed, then the acceleration,
velocity and displacement corresponding to that motion modeed fo zero on the
zero speed &thfixed frame. However, all degrees of freedom are always taken into
account in the solution of the acceleratiam the bodyfixed frame The integration

of the resultant acceleratioms performed using the Earfixed frame in order to
eliminate the need of the calation of centripetal and Gotis forces in the body
fixed reference framdt was aforementioneth the Chapter 3 thair large rotational
motions, accelerations must be evaluated using bloely-fixed reference frame
otherwise the inertia matrix cannot be accounted as conklawever, in this thesis,
the ship advances in the head seasthathaximum expected pitch rotatiaangle is

less than 8.0 degreesn small amplitudedisplacements anabtations inertia matrix

of the ship can be assumed as congtatthe simulationsTherefore, in LARes L2
and LARes L3modelsall accelerations are solvedcaimtegrated using the steady
advancing hydrodynamic frame.

In the LARes L3modelmain difference fronaforementionedmodek arise from the
utilization of the hydrodynamic forcegith the quashonlinear method. In PRETTI

and LARes L2modelsdiffraction forces and memory functions are calculated once
before the simulations and used throogihthe timedomain simulationsDue tothis
reason, even in large amplitude waves, there will not be any difference in the
diffraction forces in linear and-K nonlinear simulations.In the FK nonlinear
methodthe integrand in the radiation forces uses the exact nonlinear ship velocities
in time domain simulationgExact ship velocities possess some differences compared
to the linear ship velocities especially in lammplitude simulationdn the LARes

L3 model, 120 different position cases of diffraction and memory functions are
evaluated and stored in the database in order to evaluate thenguodisear

radiation and diffraction forcefr the container ship adveimg in head sea3he
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influence of the varying diffraction and ratian forces calculated using the quasi

nonlinear methodvill be investigatedn the following chapters.

5.3 Main Particulars of S-175 Container Ship

The main particulars of the-5/5 contaner shipand the hull geometrgreprovided
in Figure5.1 and inTable5.2 respectively. Structural mass distributiproperties of
the hull is based on the valugzovidedby Fonseca and Soares (2002)e mass

distribution used in the preseaalysiss illustratedin the Figure5.2.

Table5.2: S-175 main particulars

Parameters Values
Lop 175.0 m
Beam amidships 254 m

Draught amidships 9.5m

7z |m]

Depth amidships 15.4m

Displacement 24668tonnes

LCG from the midship| -2.557 m

Pitch radius of gyratiof  43.75 m

Cb 0.572

Figure5.1: S-175 lines plan
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Figure5.2: S-175 Container ship mass distribution
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5.4 Validation of Motion Responses

This section presents the validation of linear and nonlineamotion responses of a
barge and 875 containership in snall amplitude wavesnd in head seas with a
focuson the body nonlinearity levels. The results of the PRETTI software is used to
validate the motion displacements and ¢ghebal hydrodynamic force components
which are calculated in the LARes models.order to investigates-175 container
ship motions in detailmall amplitude motiomesultsat Fn=0.25orward speedre

compared with the experiments performedHoyseca and Soares (2004)

5.4.1 Linear Motion Simulation Validations

Linear motion simulationvalidations are performed in order to verify the sebfip
motion equations and also the accuracy of thelrodynamic force components
Time domain ldrodynamic force are separatethto componentsaand compared
with the PRETTI hydodynamic force components in order to build a solid
infrastructure for the large amplitudsotion and global hydrodynamic force
comparisonghatwill be performedn the next sections. larder to validate LARes
L1 results linear seakeeping analysis afrectangular barge witmain particulars
100 x 20x 6 m (L, B, T) is performedat zero speedndin head seaand compared
with the linear PRETTI results.Heave and pitch Response Amplitude Operators
(RAO) areillustratedin Figure5.3 for the barge at zefforwardspeedn head seas

It is clearly seen from thEigure5.3 thatin the LARes L1 and linear PRETTI results
heave and pit chtoBashther. ltavaseforenteetioned tltatir the
linear seakeeping analysis hydrodynamic forces are calculatiedespect to the
mean wetted surface of the body under the still water |lerel complex
hydrodynamic force amplitudes arfed from the frequencygloman PRECAL
software The results of the fregmcy domain and timdomain results are neatiye
sameand small differences are originated from the frequency range of the damping
coefficient curvesin the theoryjn strictly linear problems, the frequency and time
domain solutions are related by tReurier transforms therefore they need to be
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identical. Furthermore, in theory, the computational domain ofi#tmeping curves

must have a range from zero to the infinite frequettdgwever, n the current

analysis, damping coefficient curves are truncaedhe maximum encountering

frequency that can be calculated using the EqudB@&®), otherwise at some high

frequencies oscillationsvill occur in the BVP solutions and thiwill cause

fluctuations in the damping coefficienttn order to evaluate accurate memory

functions damping coefficients must be smootthe accuracy of the memory

functions are highly dependent on the smoothness of the damping curves.

1o Heave Response Fn=0.0
1.0 PRETTI Linear
\ ---- LARes L1
E 08 \ —— PRECAL
£ o6
g \
g 04
T \
0.2 \/A
0.0
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
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0.0 - ——e—
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Frequency (rad/s)

Figure5.3: Heave angitch RAOof thebarge at Fn=0.0 in head seas

The motion equationar e sol ved

us . t he

ng

Newt onods

simulationsand arellustrated below for the bargs zero speedhich issubjected to

wavesa t ¥=0.
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COUPLED Heave & Pitch Displacement Response for 0.3 rad/s and 1 m wave Height
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Figure5.4: Linear motionrespons®f bargea t ¥ = 0 atB,=Im&m=0.G

It is clearly seen from the motion responses that LARes L1 andr IPRETTI
results are identical. The differencasthe first parts of the analysis are originated
from the preferenceof the ramp functions. Ramp functions ensure that the wave
induced hydrodynamic forcesare applied slowly on the structute avoid large
motions at the stariThe utilization of ramp tinctions alleviates the problemsich
occurat the transienphaseof the analysis. PRETTI software uses a sinusoidal ramp
function whose length is defined by the user while in LARes linear ramp function is
used in the hydrodynamic forewaluations Theformulations of the ramp functions

in PRETTI and LAResnodelsare given below:

s owme O
Yoan i %EY— o Y PRETTI (5.1)

0
o

Y®danq o Y LARes (5.2
The main motiorequationconstitutes of the mass matrix and the total hydrodynamic
forces and momentsvhich are the sum of the hydrodynamic force components.
Differences in the hydrodynamic forcemponents causdifferencesin the motion
and load responses therefore their validation is crudiadar ime domainFroude

Krylov (F-K), restoring, radiation and diffraction forces are compatezero speed
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and in head seas with thieear PRETTIresuts. The comparisons are illustrated in
from theFigure5.5 to Figure5.8 as shown below:
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In general, the ¥ and restoring forces constitute the biggest portion of the total
hydrodynamic forces, especially innilgp wave lengths. Incident wave forces and
restoring forces applied on the bae illustratedn the Figure5.5 and Figure 5.6
respectivelylt is clearly observed from the figures ttibe results ar@entical and

this is the validation of the complex force amplitudes and the time faxtor are
applied accurately in the-lik and restoring force evaluations. Otherwise if they were
not appliedaccuratelythere would have been phase lags between the LARes L1 and
linear PRETTI force components. Phase lags results in amplitugeedides in the

motion responses.

The evaluation of the radiation forces in time domain simulations is crucial in order
to apply accurate damping forces. Frequency dependent part of the radiation forces
are calculated byhe integration of the convolutiarsf the memory functions and the
exact velocity history of each motion mode. In order to evaluate the radiation forces
accurately, the memory functions and the actual ship velocity components need to be
evaluated accurately. In the current analysis, gloehory functions are evaluated
using the Equatio(B.36). Linear radiation forceare compareth the Figure5.7 and

it is observed that the LARes L1 and liner PRETTI radiation faxoelsmoments are
idertical. This validation possessashigh importance for the future calculations of

the nonlinear radiation forces and moments to maintain a solid background for the

analyses which will be performed in higher level of body nonlinearities.

The last componentdf the hydrodynamic force is the diffraction fos@d moments
which are calculated using the Equati@®39). Diffraction forcesare kept as linear
in LARes L1,LARes L2andin linear and nonlineaversionsof PRETTImodel In
the evaluation of the timdomain diffraction forces, complex force amplitudes,
which arefed from PRECAL softwarearemultiplied with the time factorQ and
the real part of the force igsed inthe timedomain equations. In LARes L3
simulations the complex diffraction force amplitudes are calcuiatd@0 different
position casesusing theEquation (3.39) and mplementedinto the timedomain
equationswvhile using interpolation functions for interim positiongherefore, in the
LARes L3 the applied diffraction forces acalculatedusing the quastnonlinear

method. The influence of the different levels of bodylimearity in the timedomain
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diffraction forces will be explained in detail in the following chapté&isear time
domain diffraction forces are compared with the linear PRETTI reisutte Figure
5.8 and t is observed thate diffraction forces and moments are identical witn th
PRETTI modelresultswhich maintainthe accuracy of théme-domaindiffraction

forces evaluations ithe ship motiorsimulations.

In the forward speed case, linear motion response analysis odrties rectangular

barge is performed at 10 knots (Fn=0.164) in head Sd®es.frequency domain
PRECAL, linear PRETTI and LAReslheave and arée dompmedadRAOO s
Fn=0.164and the resultareshownin Figure5.9.
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Figure5.9: Linear heave and pitch RAO of the barge at Fn=0.164 in head seas
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It can be clearly observed from the figures that the -tiomain linear motion
responses are identical in LARes L1 and linear PRETTI refsultie forward speed
case. At the resonance period tid@mmain heave responses are slightly under

estimated than the PRECAL results due to thesléirgedomain radiation forces.

In order tovalidate the linear timedomain responses at forward speed cas
hydrodynamic force componentre validated with the linear PRETTI results.
Validation of the forward speed hydrodynamic force components verifies the
integrity of the force and main motion equasast a forward speedimulation
Lineartime-domainmotion responses f t he bar ge agpdll andd. 6 6

Hw.=1 and at Fn=0.164re illustrated below
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Figure5.10: Linear motion response of barget ¥ ¥ad/s,H,61m, Fn=0.164

It is clearly seen from the linearotion responses that LARes L1 and &nBRETTI
results are identi¢aat a forward speed of Fn=0.1G#4 order to validate the motion
responses, time domain hydrodynamic force componenke atamdorward speed

are investigated. Linear Time domairKE-restoring, radiation and diffraction force
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components are compared at Fn=0.164 and in head seas with the linear PRETTI
resultsand,are illustratedrom the Figure5.11to Figure5.14 as shown below:
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Heave Rad. Force in kN for 0.66 rad/s and 1 m Wave Height
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Figure5.13: Linear radiation forcee f b ar ge a tH,=%nsEh=06l64 r ad/ s,
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Theincident wave forces and restoring forces applied on the barge at Fn=ird 64,
shown inFigure 5.11 and Figure 5.12 respectively.lt is clearly observed from the
figures that the K and restoring forceare applied accurately in the forward speed
formulation which is the validation of the complex force amplitudes andaimglex

time factorQ are applied accurately in theKrand restoring force evaluations.

The evaluation of the radiation forces in the forward speed time domain simulations
needs special care due to the limiting encountering frequency concern which was
mentiored in the Equation(3.22). At small encountering wave lengths scattering
waves cannot be simulated in the BVP due to the large panel size compared to the
wave length. In order to simulate the radiated waves properly, there matdebst 5
panels per encountering wave length. The comparison of the forward speed linear
radiation forces are performed Fn=0.164with the linear PRETTI softwardt is
observedfrom the Figure 5.13 that linear timedomain raliation forces at forward
speed casare identical with th€RETTI results. This is the evidence of the accuracy

of the memory functions and the velocity histories during the -tlomeain

simulations.

The forward speed diffraction forces and moments are eddculated using the
Equation (3.39) with respect to the encountering frequentinear timedomain
diffraction forces are compareuth the linear PRETTI resultsdt is observed from

the Figure5.14 that the forward speed diffraction forces and moments are identical
with the PRETTI results which maintain the accuracy of the diffraction forces

evaluationdor thelinearforward speed linear timgéomain simulations.

5.4.2Nonlinear Motion Simulation Validations

In this section, the computational results of tlealinearmotion responses using the

F-K nonlinear (level 2) and body nonlinear (level 3) models are validated with linear
and experimental results in small amplitude waves in head seas condition. Level 2
hydrodynamic models are validated using the barge geometry and the differences
between the LARes and PRETTI models at zero and forward speed cases are
investigated in detailThe LAReslevel 3 hydrodynamic model iavestigatedusing
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the S175 containersp at zero and forward speed cases in head seas while and
motion responses are compared with the experiments provided(lii Ti& 2010)at
forward speedin both of the LARes level 2 and level 3 models, hydrodynamic force
components are investigated in detail comparedith the PRETTI hydrodynamic
force components iorder to the find out the origin of the differences in the force
components during the simulations. The validatiorthef FK and restoring forces,
possess a high importancetire level 2and level 3computations due to their time
dependent integration dhe exact wetted area of the shiphe mainreason of the
selection of thdvargegeometryis to avoid norlinear FK and restoring forces in the

time varying pressure integrations during ttoalinearsimulatiors.

In nonlinear simulations restoring andKF forces applied onthe barge are
completely linear due to the constant waterplane anelavertical walls around the

still water level The nonlinearheave and pitch response functions of the barge at
zero speed, which arealculatedusing the LARes L1,LARes L2 and nonlinear
PRETTImodels are illustrated in th&igure5.15. It is observed from the figure that
nonlinear heave and pitch motion responses are in a good agreement with the linear
time domain motion response calcubais in small amplitude waves at zero forward
speed motion simulations. In small amplitude waves linear and nonlinear results need
to be close to each other unless the geometry has a high nonlinearity. Moreover, it is
also validated that the LARes L2 and PRI nonlinear results are identical in all

frequency range at zero speed calculations.

Hydrodynamic force components obtained from the LARes L2 model are compared
with the nonlinear PRETTI results in order to validate the force components in small
amplitude waves. It was aforementioned that in the level 2 and level 3 formulations
the FK and restoring forces are evaluated with respect to the instantaneous wetted
area under the wave profile therefore; the accuracy of these forces possesses high
importancein the motion and load estimations. The simulations are performed at
zero speed in order to suppress the forward speed effects in the hydrodynamic
calculations. Hydrodynamic force components are calculated using the LARes level

2 modeland are compared witthe nonlinear PRETTI results for the barge adu
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the resonant peri@dds 4at &h Fosair6es thertrandiéns
part of the simulation is extracted from the simulation time and st&aty part of

the hydrodynamic forces are compared and provided iRitheae5.16in detalil.
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It is clearly observed from thEigure 5.16 that the FK and restoring forces are
identical with the PRETTI results, which is the validation of the pressure integrations
on the exact wettedurface is performed accurately. It was aforementioned that,
original panelghatare used in the BVP solution are divided into feubpanelsin

order to maintain the same order of computatemel used in the four point Gauss
integration inthe PRETTImodel The radiation and diffraction forces are found to be
identical with the nonlinear PRETTI results at zero speed simulations-KIn F
nonlinear simulations radiation and diffraction forces are kept as linear. Diffraction
forces are exactly the sameitags calculated in the linear time domain simulations
because irthe level 2 nonlinearity it is only dependent on the complex diffraction
forces whicharefed from the 3D PRECAL software. However, the radiation forces
are calculated from the convolutiamegral which convolutes the memory functions
with the exact ship velocities he accuracy of the radiation forces validates the
heave and pitch motion velocity vectors and the memory functions corresponding to
the motion modes during the tird®main simiations. In nodinear simulations
body velocitiesshow nonlinearity dependent on the encounter frequency and the
amplitude of the incident wavem this sense, radiation forces are partly nonlimear

the level 2modeldue to their convolution with theonlinear ship velociés.

The nonlinear tim@&omain motionresponses at a forward speed case are more
complicated due to the surge motion influence in the hydrodynamic force
components. In order to investigate the nonlinear motion respohtesrectanglar

barge simulations argoerformedin head seaat Fn=0.164 and the heave and pitch
response functionare compared usinthe LARes L1, LARes L2 and nonlinear
PRETTI models in thd=igure 5.17. It is clearly observed that, nongéar models
provided different motion responses compared to the linear estimations in which all
force are kept as linear. Theoreticalbpdies withwall-sided geometrieism nonlinear

and linear seakeeping models need to provide close results to eachrotrder to

find identical motion responses kinematic constraints need to be used to control
surge responses. The kinematic constraints are automatically taken into account in
the physical model tests because vessels are either towed by a carrssfe or

propelledsystem while they advance through the waves.
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Figure5.17: Nonlinear heave and pitch response functminsargeat H,=1m,
Fn=0.164

In the current analysis, surge motioraséinfluenced the have and pitch responses

in high extents due to the geometry of the barge. In blunt bodies, such as barge, surge
motions affect morecompared to the slender bodidae to thevertical normal
directionon the body which results in high surge pressutewas \erified before

that the LARes L2and nonlinearPRETTI motion responseare identicalat zero

speed computationgn that sense, the difference between the linear and nonlinear

PRETTI models arise from the surge forces applied in the hydrodynamic force
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componentsn forward speed simulationsn order to investigate the effect of the

surge motion, LARes L2 motion responses and hydrodynamic force components are
compared to the nonlinear PRETTI results near to the resonant area in small
amplitude waves. Thieeave and pitch motion trajectories are extracted from the total
simulation time in order to suppress the transient period of the motions and the
compared with PRETTI r eslbeklaws at ¥=0.66 r
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It is clearly observed that LARes L2 and nonlinear PRETTI results have differences
in the response amplitude and phase ilagthe forward speed simulatiangn
nonlineartime-domain simulatiorat forward speed cagbere are many factors that

affect themotion responsed hey can be summarized as follows:

9 Discretization of the geometry
9 Evaluation of hydrodynamic force components

1 Frames of referencnd cegrees of freedonm the simulations.

116



Firstly, the differences in the motion responses are originated from the discretization
of the geometry under the instantaneous wave profile at each time step. The accuracy
of the instantaneous wetted portion of the ship is tested/alidhtedat zero speed
conditionin theFigure5.16 using the comparison ¢fie nonlineaF-K and restoring
forcesand, theyare observed as identical. Otherwise if they were different, there
would have been eonputational erroin the estimation of the exaatettedportion

of the ship geometry during the simulations. Secondlye tevaluation of
hydrodynamic force components possesses a high impoitatiee nonlinear time
domain simulationsThe radiation and itfraction forces are also validated with
PRETTI results in th&igure5.16 at zero speed and they are found to be identical to
each otherThus the mathematicahodel of the radiation and diffraction forces is
verified at zero forward speed cageéhirdly, the frames of reference and the degree

of freedom implemented in the equations aftéet solution of accelerations and the
resulting ship velocity and displacements. In PRETTI software,-bigdg reference
frame is used to solve the accelerations while in LARes models constant or zero
speed hydrodynamic frarmare used. The differences using these reference frames
influence the solution of ship accelerations where in PRETTI six B¢2€Eleration

solution is perfaned and in LARes models two DOF solution is performed instead.

In order to investigate the contribution of hydrodynamic forces to the motion
responses in the nonlinear tirdemain solutions, all force components are illustrated
in theFigure5.19. It is observed in the figure that thekFand diffraction forces and
moments are iderdal to each other which verifyne accuracy of thanstantaneous

wetted areand themathematical modeif diffraction forces respectively.

In the zeo forward speedimulation thesurgemotioninfluenceto the accelerations

were smallbut, in the current forward speed case the surge effect influenced the
results at high extents. The differences in the motion responses are originated from
the effect ofcoupled surge forces on the heave and pitch restoring forces and
moments in PRETTI which are not taken into account in the LARes models. The
lack of surge motions affected the amplitude and phase angle in the heave restoring
forces in LARes while in pitclresponses it only affected the restoring moment

amplitudesThe trend of the radiation forces are following restoring forces because
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the displacements are integrated from the ship velocity histories which are used in

the radiation forces evaluations.

Radiation forces are evaluated from the integration hef ¢onvolutedmemory
functions and the velocity histoguring the simulationsin PRETTI, 6x6 damping
coefficient matrices are used in the memory function calculations; therefore all
motion modes influence the radiation forces. However, in LARes onlgdhee and

pitch damping coefficients are used in the evaluation of radiation forces in head seas

simulations.

In nonlinear PRETTI software, all force components are taken into account in the
shipacceleration solutions and if a motion mode is suppressedhle total forces in

the bodyfixed system for that DOF is assumed as z&an't Veer et al., 2009)
However, n PRETTI software even when a D@Fsuppressed in the simulations, its
contribution in the radiation forces are taken into account and listed in the outputs.
Moreover kinematicforcessuch as external spring and damping forces are always
taken into account in order to maintain the cdninothe surge motionsin the
current barge simulations external spring and damping forces are adsulbezero

in the PRETTI and LARes model$he spring and damping forces are unique for
ships and they are purely based on the-tmlerror and expégnce.

In the current analysis, thiifferences in the motion responsesich areoriginated

from the preference of thebodyfixed and hydrodynamic framexes in the
acceleration solutionsre small due to the small pitch displacementseadhseas.
Therefore, the mass and inertia matrix in the motion equationsaaseimedo be
constant in LARes models. On the contrary, in PRETTI software, all modes of
accelerations need to be calculated in the Hoay frameaxis in order to maintain

the integrity ofthe motion equationd-ossen, 1994)

The validation of théody nonlinear (level 3) modehotion responses is performed
on the $S175 containership for zemnd forward speedonditions Zero speed heave
and pitch motion response comparisons are performed thgéh numerical
computations using the nonlinear PRETTI, LAR&sand LARed.1 modelsdue to

the lack of experiments for this geometry at zero spErplire 5.20 illustrates the
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nondimensionalized heave and pit@sponsesas a function of the nesimensional
wave frequency fothe wave slope oH,/e=120 Heave and pitch amplitudes are
nondimensionalized by the wave amplitude,)(and wave steepness g{k
respectively while | represents thevave height,a-the wave length and g the

acceleration of gravity in order.
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Figure5.20: Nonlinear heave and pitch resporsenparisorof S-175 Fn=0.0
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It is clearly observed from the heave and piesponseshat the LARes level 3 and
level 2 models are well agreed with the nonlinear PRETTI model at zerartbrw
speeddue to lackof the surge motion influence. thenonlinear PRETTmodelship
motion simulations at zero forwaspeed, bod¥yixed surge velocityis very small
compared to large the forwargpeed bodyfixed surge velocities Small surge
velocity crosscoupling components which are fed into the coupled terms of the
convolution integrals result in small surge radiation forces and therefore they do not
affect the motion responseas a large extenin pitch motion around the resonance
peak, LARes legl 3 model estimated slightly smaller responses compared to the
level 2model,but therelative difference issmall compagd to theabsolute value of

the pitch amplitudesThetrends of the both heave and pitch motion responses

showreasonableorrepondence to other models that are investigated.

In order to investigate thariations betweethe heave and pitch motion responaes

zero forward speedLARes level 3 and level 2 model hydrodynamic force
components are comparea detail around the res@mt frequency rangevith a
wavelength to ship lengttatio of & /1.2 andat a wave steepnessidf/ a«=1/ 120
in theFigure5.21. It is observed from the figure that the nonlinea€ Bnd restoring
forces are identical fahe level 3 and level 2 model estimatiok®wever, radiation

and difraction forces have differences in small order. The level 3 model heave and
pitch diffraction force amplitudes are nearly identical with the level 2 mMugddhave

a slight negative shift. In a similar way, the level 3 model heave radiation force
amplituce is the nearly identical to the level 2 model with a slight negative shift. On
the other hand, the level 3 model pitch radiation amplitude is slightly higher than the
level 2 model which results in higher pitch damping moment. For this reason, around
the resonant frequency the level 3 model pitg@sponseamplitudes are slightly

smaller compared to the level 2 model resaltsero speed simulatians
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Figure5.21: LARes level 3 and level 2 hydrodynamic fom@mponents of 875 at
& /ppEl.2, H/a =1/ An200 ,
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