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Abstract

Commercial vessels have recently been increasing in size to meet tgeofeisiy demand for
transportation and operations. However, this trendmesylt in more flexible or "softer" hulls. The
flexible hull structure and high operational speed requirements bring the ship's natural frequency
closer to the wave encounter frequency, increasing the probability of resonancefoedugncy
vibrations.Therefore, hydroelastic effects and relevant loads should be considered when designing
wave loads and evaluating the strength of large ships.

A robust numerical model is in search of ship designers and regulators, intended to predict the
impact of hydroelasticity in the initial stages of design as per the design regulations, where there
existsa greater opportunity to make modifications andissilhighfidelity tools to verify the

performance of advanced designs

This studyaims tdfill this gapby perfornming robustnumericainvestigationdased on opesource
softwareontheseakeeping anaydroelastic analysis ofraonohullunder wave excitation&irstly,
adetailed literature review jIresentedo overview the previoufieoretical andiumerical methods
for ship hydroelasticyt This review alsoncludesageneracomparisorbetweerthesehydroelastic
techniquesanddiscuses the differences

Following this,two fully coupled CPB-basedinsteady FSI numericalameworksare established
coupledCFD-FEA and CFBDMB methods respectively The physical principle of these FSI

modekis totreat ashipd surface hull aanelastichodyandinteract withits surrounding flow field

to forma fully coupled systent.aking advantage ahe presemtumerical model thehydroelastic

behavious of acontaineship, such as itgertical bending displacement and corresponding bending
momenic an be quantified, and bahdwiarcineneasurggliia godo and
believed that the present FSI model will exhibit more advantages avémattitional rigidbody

methodin the ship seakeeping field.

Later, the presented CFDMB model is further extended for its application to irregular extreme
waves and damaged ship conditions. The results achieved from these studies could also help to
assess the structuiategrity and longitudinal strength of a ship (intact or damaged), which serves

as an improved techniqder regulationgo evaluate conventional ship designs.

Finally, the results drawn from each chapter of this thesis are summarised and discussed, and

recommendations are made for future research.
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1 Introduction

This chaptemprovides an overview of the topics covered in this thesis. It lists the motivations behind
each chapter and presents individual research aims and objectives. Finalgptex provides an

overview of the thesis structure.

1.1 General Perspectives

The global impact of the hydroelastic effects on a ship structuéd be categorisednto the
springing and whippinghenomenarlhe magnitude of springing loads is usually Jawd thusthe
influenceof springingon ship structuré usuallynot an ultimate strength iss@#ao et al. 2021)
However, springingvibrationscould significantly contribute to the fatigue damagethd hull

structuredue tocontinuoushigh-cycle loadsduring longterm operatiorfHan et al. 2017)

On the other handavhipping loadsareby means ofransient impact loading duefierce bow stern
flare and bottom slammin@ he oscillations usually decay rapidly due to the fluid and structural
damping effectsHowever, vhipping can add dynamic stress to the structure of the eefee of
magnitude as the waaeduced bending stresghus, predictingwhipping responsas significant

for ultimate strength estimation withilure modedetection

Currentnumericalcapabilitiesfor global ship hydroelastic analysis range from modal description
of a beam model with strip theory, to CFD method coupled with the full fahment
discretization of the ship structure. In additiertensiveresearcthas been proposdrased on the

poteriial-flow methods that use either the modal model or finite elemedehfior the structure.

Viscous effects are likely to be the mdsiminant particularly inlargeamplitude waves and high
Froude numbe("0O¢ conditiors, which are gnored inpotential flow theory. CFD is a good
alternative as it can implicitly consider nonlinearitéggsingfrom the hydrodynamic actions and
aid in visualizing the flow feature@liao et al. 2021)Furthermore CFD-based techniquseare
advantageou®r perforning exploratory studieatmuch less expense than analogous experimental

studies.

While CFD simulations can routinely provide global ship motions and external loadings, the hull
section loads required for wave load analysis, such as vertical bending moment and shearing force,
canrot be directly obtained. Therefore, the CFD method can be coupled with a structure solver to
study the dynamic responses of a flexible ship on a free surface. In the past, due to the high
computational costs of transient FSI simulations, often an@yecaipling was used where the

added mass effects were not considered in the fluid simulation.
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Continuedtechnologyadvances offer evencreasing computational powewhich extend the
capacityto implementa two-way coupling algorithmor the FSI model.ln some cases, CFD and

finite element analysis (FEA) are couplédsed ona two-way coupling algorithmfor the
hydroelastic simulation$n this method, the external fluid loads obtained from the CFD solder an

the motions and structural deformations obtained from the FEA solver are exchanged between each
other in a staggered coupling regime in the time dorklmever, the CFEFEA coupling method
requires significant computational efforts, makigchallengirg to extendits applications to
irregularwave conditionsAn efficient CFD-DMB methodis recentlyimplemented in thistudy

for ship hydroelasticity analysi$n this approach, the ship hull is divided into multiple floating

rigid sections, while a stiffness matrix basedatulerBernoulli (EB) beam theory, equivalently
representing the structurebds stiffneAsehiesi s empl
of validation and verification studiesepresente@n thepresent CFEDMB methodand compared

to the co-simulation and experimentablutiors with thefavourableagreement.

Following this,two critical factors irthe shiphydroelasticityareinvestigatecdbased orthe present
CFD-DMB method i.e., extremavave loadsanddamaged ship condition§he numerical results
from these applicationwill be valuable in better assessitite longitudinal strengtiof the ship
with the consideration adtructural integrity(intact and damagedyvhich assists irtonventional

ship designs anpostdamaged evacuatien

To the best of this authordéds knowl edge, t his t

found in the current literature.

Throughout this thesis, thapensourceCFD toolbox OpenFOAM, whichis developedinderthe
GNU rule, is used wherever an unsteady RANS approachdasapplied. Additionally, two open
source structural solvgrCalculix and MBDyn are adogd for the ship structural deformation
analysis The supercomputer faciltat the University of Strathclyd@ARCHIE-WeST) haseen

utilizedfor parallel studies ofxtensie simulations.

1.2 Motivations behind thiStudy

Before detailing the specific objectives of this thesis, an overview of the general motivations behind
this studygiven in each chapter will be presented, along with a brief demonstration of how these

studiedill in the gapsin the literature.

0 With the fast development dhe offshore windindustry, to facilitate the incoming

maintenance workcrew transfewvessed (CTVS) by means okendng technicias from
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land to site also supportlanding operatiorservices Swch landing operationequiresthe
meangto own high seakeeping capacity, in which the vessalstremainstationaryfor
severalminutes during the transfer phas€kerefore, anumerical modelasestablished

to evaluatethe seakeeping characteristics of a CiiMvave conditions The Unsteady

RANS modd adoptedn OpenFOAMwasemployed in this stud§o solve the flow field
Correspondingly,hte dynamicship motions were calculated fronthe fluid forcesat hull
surface The numerical results were validatagpinst exploratory studiegpreviously
conductedat the University of Strathclydewhich aimedto evaluatethe most feasible
OpenFOAMmodelling setp (Chapter4.2).

The hydroelastic responses of large vessels, such as containerships operating in waves, are
of particular importance for ensuring structural integrity and safety. This is because
vibrationrinduced loads are superimpdsanto waveinduced loads, which can enlarge the
structure's responselh such cases, the deformation of the structure may significantly
violate the surrounding flow fields, forming a fully coupled systerhe original
assumption of a rigid ship may le&alinaccurate predictions of hydrodynamic loadings
and ship motionsTo address thjsa quantitativeFSI methodbased onthe CFD-FEA
coupling approactwas establishedo predictthe accurate hydrodynamic forces and
subsequent hydroelastic responses of a container ship under wave excitdtitmsyh

the CFD FEA coupling method has been used to predict ship hydroelastic responses in
some literature, theelated numerical techniguis immature and still needs to be further
applied and refined owing to its high superiarithe pesent workfills the gap thaho
opensourceFSlframeworkwasdeweloped for ship hydroelasticistudies This study will

shed lighton open community usensho areinteresedin repeaing suchwork for their

future studiegChapters).

Mostship hydroelastic research in the literathes focused oregular wave conditions.
However, regular waves ametrepresentative of actual extreme eve@is the other hand,
simulating random waves based on transient RANs simulation requires long runs to capture
nearextreme events, resulting in huge computational burdens. In practice, focused wave
events generated based on andienatiteNelontenma v e 0
irregular wave simulationsThis study aims to fill the gap thatin related ship
hydroelasticityresearchinvestigats on theextremeship motions based on the focused
wave theoryanda twoway FSI modelThe improved andalidated numerical tool used

in this study is expected to provide more precise and detailed insight into the physical

phenomena of the ship's dynamic motions and its hydroelastic loads in real sea conditions.
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The goal of thiswork isto access the struetl integrity of the ship longitudinal strength

in extreme conditionwhich serves ammproved technique to evaluatenventional ship
designgChapter6).

Intensive shipping activities inevitablgcreasethe likelihood of ship accidenfsuch as
collision, contact and groundin@hese accidents can result in catastrophic consequences
in terms of structural damage and human loss. Damage to the ship's fedaently

occurs during shipo-ship collisions. Seawater floods into the damaged compartment with
sloshing effects, which poses a severe risk to the ship's stability and increases the risk of
capsizing. Even if the ship survives the damage from a isyapdrspective, it can still

suffer from increased longitudinal vertical bending moments of the hull gifderefore,

a novel FSI model was established in tiapteto fill the gap that the majoritf research

in theliteratureon damaged shitreatedshipsasrigid bodies in which the hydroelastic
loadsatthehull girder were notonsideredThenumericakesultsin this study are valuable

to determine whether the damaged ship will experience secondary damage due to
hydroelastic response, thereby helping to decide whether the emergency response in the
postaccident situation is requireshdhelping with the design of future conventional ship
(Chapter?).

1.3 ResearciAim andObjectives

The mainobjectiveof this thesids to performnumerical investigationsn thenonlinear wave

induced load effect®f the selected S175 typef containershipwith consideration of ship

hydroelasticityunderdifferentenvironmentatonditions.The specific objectives of this thesis have

beenarrangedo cover all of thecuttingedgeissuesin the previoushaptersand are stated as

follows:

T

To review the available literature @hip hydroelasticityproblemsand to investigathe

advantages amttawbackghroughvarious prediction techniques

To evaluate the optimakettingsin OpenFOAMby conductinga CFD application ola CTV

operatingn regularheadwaves

To evaluate thg@erformanceof 1D beam modellingamongFEA, DMB and theoretical
method anddiscusghdr capabilities of extending to ttehip applications

To establishan openrsourceCFD-basedFSI couplingapproachto predict thedynamic

motionsandsectional loadsf acontaineship operating imegularheadseas
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1 To demonstrate the sensitivignd uncertaintyof the adoptedCFD-FEA model for a
flexible containeship sailing in regular wage

I To develop an effective CFDMB framework employing a proficient twavay loose
coupling algorithm to address thsgnificant computational demands imposed by the
coupling of CFD and FEA methods

1 To predict the extrem@aveloadingson aflexible containershipn responseonditioned
waves usinghe CFD-DMB approacHhor shortterm nonlineaanalysis

1 To investigatethe influencesof the surfacehull damageson damagedship motions and
residualhull girder stressonsideringship hydroelaticity.

9 Tobetter understanaof thelocalflooding watedynamicsnside the damaged compartment

1.4 Publications

The above research objectiwgere achievedand the related numerical results were published in

threeconferencepapersandtwo journal papers. The summary of these pajsavstlined below:
Journal Publications:

1 Wei, Y., Incecik, A., &Tezdogan, T. (2022). A fully coupled CHDMB approach on the
ship hydroelasticity of a containership in extreme wave conditlmsnal of Marine
Science and Engineering0(11), 1778.

2 Wei, Y., Incecik, A., & Tezdogan, T. (2022). Ship hydroelasticity gsial of a damaged
ship based on a twway coupled CFEDMB method.Ocean Engineering
https://doi.org/10.1016/j.oceaneng.2023.114075

Conference Publications:

3 Wei, Y., & Tezdogan, T. (2021, September). A CFD study of the behavior of a crew
transfervessel in head seas using OpenFOAM2nd International Conference on Ship
and Marine Technologyresenterin Hybrid, June 2021

4 Wei, Y., & Tezdogan, T. (2022, June). A flugdructure interaction model on the
hydroelastic analysis of a container shipngsPRECICE. Irinternational Conference on
Offshore Mechanics and Arctic Engineerifypl. 85925, p. VOO7T08A035). American
Society of Mechanical EngineeRresenterin Hybrid, Hamburg, Germany, June 2022.

5 Wei, Y., Incecik, A., & Tezdogan, T2023). A numerical assessment of propedecited
vibration on the hull girder of a containership in waves based on -avayaoupled FSI
model.IACM COMPUTATIONAL FLUIDS CONFERENCE (CF@)stract Accepted].
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1.5 Thesis Structure

Chapter2 (Critical Review)provides a comprehensiligeraturesurveyof the theoretical
andnumerical modelgleveloped tgolveseakeeping anydroelastiqroblems forships

It presents the historical evolutiasrosdraditionalrigid shipseakeeping methdd wave
flexible body interactiomethod This chapter is an essential foundation for understanding
the succeeding chapters.

Chapter3 (Numerical Methods)delves intothe physical principles of the CFD and
structural solvers used in this syudhilong with derived formulationsAdditionally, it
discussestwo established FSI colipg frameworks, the CFHBFEA and CFBDDMB
methods, are explained. A general discussion of the strength and weaknesses between two
frameworks isalsopresented.

Chapter4 (Validation Studies)presents three validation studies for each separate solver
before coupling them togethérhe first validation study evaluates the bearodelling
performance through finite element analysis (FEA) mnidtibody dynamics (MBD) using
theoretical values. The second validation study assesses the accuracy of the CFD solver by
applying a rigid CTV in waves. Finally, the third validation study examines the accuracy
of the coupled CFEDMB method by investigatig the dynamic motions of a flexible barge

in waves.The results of these validation studies provide a foundation for the succeeding
chapters.

Chapters (HydroelasticAnalysis of aContainership irRegularHeadingWavesBased on

a CFDFEA Coupling Approach Using PreCICE) established a noveCFD-FEA
framework for ship hydroelasticity The elaborate preCICEbrary is implementedo
communicate the fluid solveCalidOpEisEEAMO and
coupledFSI frameworkis first proposedin this studyto investigatethe hydroelastic
behaviar of a container ship with a forward speed in regular wavee results are
validated against availabt-simulation result&nd shownin good agreement with the
experiments.

Chapter6 (A Fully Coupled CFBDMB Approach on the Ship Hydroelasticity of a
Containership in Extreme Wave Conditiormesentsan efficientcoupled CFD-DMB
method for the numerical predictiom of nonlinear hydroelastic responses of a ship
advancing incalm and extreme wave conditiorithe numerical results, includintpe
flexible ship motiors, vertical bending moments (VBMs) and green watedeck are

systematicallyanalysedetweerntheregular and focused wave conditions
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U Chapter7 (A HydroelasticityAnalysis of aDamagedship Based on &wo-Way Coupled
CFD-DMB Method presentsa numerical investigation of the hull girder loads on a
deformablecontainershi@B175 with intact and damaged conditions advancing in regular
waves with operating speedslwo damaged openingcenarios(e.g., damaged tank
numbers and tank positionaje evaluatedaiming to explain the mechanism underlying
the hydroelasticity of a damaged ship in head geagstem investigatioon thedamaged
ship motions, resulting hull girder loadsand flooding water sloshing phenomenisn
presented.

U Chapter8 (Conclusions and Future Research) discusses how this thesis has contributed to
existingknowledge andissesses how well the aims and objectives have been achieved.

Suggestions and recommendations are listed for eactopitfor future research.
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2 Critical Review

This chapter presents an overview of the theoretical and numerical methods usadeto
seakeeping and hydroelasticity problems rfarine vesselsFirstly, historical overviews of the
waveship interaction and hydroelasticity problearebriefly discussed. Then, the developments
of numerical methods of ship global hydroelasticity methoddlastrated The remaining part of
this chapterfocuses on a literature survewf specific areas of ship hydroelasticjtincluding
extreme weather conditions and damaged ship conditions.

2.1 Review ofWaveShip InteractiorProblem

Accurate predictiors of hydrodynamic loads and correspondiajip motionsare of prime
importancefor thewaveship interaction problem€onsequentlythe theoretical methods of ship

motion computations have been under development over the’fpastars. Earlietheoretical
prediction methods followed the pioneering worksKofvin-Kroukovsky (1955based ortwo-
dimensionatheoriesVarious researchers subsequentytributedmany 2D strip theory methods

of computationsAmong these, the most successful and widely applied method &Tthetrip

theory developed b8alvesen et al. (19704till widely used by industry. Around the same period,
several analytical studies were also undertaken to extend the slender body theory to the seakeeping
of slender hull§Newman 1979)

According to the different treatments of the
waveship interaction may be categorized into twothreedimensional problems to be solved in

the time or frequency domain using viscous or inviscid nteth®his thesis does not aim to review

all these researdtudiescomprehensively. A considerable amount of review papers are available
for ship hydrodynamicén the literature, for exampleyumerical methodsn shipapplications

(Zhang et al. 2006)computational ship hydrodynami¢Stern et al. 2013)oadsfor use in the

design of shipgHirdaris et al. 2014)

To show a lear path of theumericalapproachesn the waveship interactiorproblem this thesis
will startto discusdgrom inviscid potential flowo viscousCFD methodandfinally briefly discuss

thenext generationf meshless particle method.

Numerical research methods are mainly categoritedhe finite difference method (FDM), finite
volume method (FVM), finite element method (FEM) and boundary element method (BEM). The
BEM method provides a solution for potential flow problems with linear or nonlinear free surface

and boundary conditions, mononly applied to solve hydrodynamic problems. The BEM method
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could becategorisedby its two characteristics: the boundary element types and boundary integral

equations, as shown kig. 2.1

{ Numerical methods ’

! Viscous flow 4 l Potential flow

[ FDM ] [ FVM J [ FEM J [ Boundary Element Method (BEM) ]

Simple expression, Discretizafion required
but difficult to at whole fluid region
compute irregular
region

Discretization only|at boundaries

[ Boundary Element Types J [ Boundary Integral Equations ]
l Jfast Accurate Computational savings l Nonlineariry
Constant Panel High-Order Boundary Free Surface Green Function Rankine Source
Method Element Method Method Method
g r 7

DR EE S ) I

------ T W

Figure2.1: Theframework of numerical methods BEM.

Two common boundary element types are the constant panel method and thelbighoundary
element methodHOBEM). The constanpanelmethod which wasinitially proposed byHess et
al. (1967) hasbeenwidely usedin hydrodynamic calcutéons. The constant boundary method
dividesthe surface of the floating body into a quadrilateral or triangular plane panel elangknt,
the value®f each poinat the panetlement are equal to the value at its mmbint. However, this
methodencountergroblems withcurvedsurfaces, becaus¢hediscontinuitesoccurbetween units

andtheinterpolation errorgan arise

TheHOBEM is commonly adoptetbr curved surface modelling, whicivercomes the limitations

of the constanpanelmethod HOBEM discretiseshe boundary of theomputational domain into

the curved surface panel, and the functions between the node values can calculate the value of any
point on the panellherefore physical quantitiessuch as velocity potentiathange continuously

within the unit.By choosing amppropriate Green's function, the integral area is only on the surface

of thefloating body, whichsimplifiesthe calculatiorandmakes itsuitable for solvinghe problem

with theinfinite domain.Many scholars have adopteDBEM to calculate the interaction between

waves and floating bodigkr exampleChen et al. (201&ppliedHOBEM incorporated wittthe

Rankine source method to solgkip wavesn linear and nonlineaapproachesThe numerical
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results, including shipvave drag, sinkage, trim and wave pattevere all predictedn general
good agreemenwith experimental dataThe numerical efficiency and accuracyvere two
significantadvantages aising theHOBEM methodsighlighted by the authoré. comparisorof
the HOBEM andconstant panel methodgs presented hyiu et al. (1990)or calculating linear
hydrodynamic loadings on large floating bodies

By applying a specific form of Green's theorem, the obtained boundary integral equations are
different two common methods atieefree surfacé&sreen function method aride Rankine source
method.Thefreesurface Green function method is knownel@ble for zerespeed problem&he
principaladvantagesf theRankine Sourcenethodare twofold The Rankine singularity is simple
to treat computationallyandthedistributed mesh panetg thefree surface allow mortexibility
with variable coefficientdNakos et al. (19913ppliedanumericalprogram called SWANased on
athreedimensionaRankine Panel Methotb investigate theeakeeping behavics of a Wigley
shipadvancing with forward speedBhe successful agreemasitthe numericalresultsupon the
prediction of the Kelvin wakeand hydrodynamic coefficientwas achievedcompared to the
experimental result$lowever,as the author pointed thatdrawback ofheRankinepanel method
wasthatit requiresmore mesh panelsompared tmthermethodsresuling in the computational
overheadassociated witlthe solution of the resultingatrix equation

Later,threedimensionalpotential flow theonpbecamewidely establishedandextensive research
hasbeenconductedon the wavestructure interaction problemSen (2002presentedBD time
domainship motion computationsased uponhe transient Green functip which extended the
work fromLin et al. (1991)or large amplitudenotionsby considering the exa&roudeKrylov
and hydrostic restoring forceUnlike 2D striptheorybased methodshis fully 3D ship-motion
computationakchemeprovided a significant improvement in determinihg bccurrencesf deck

wetnessand forefoot emergence.

The potential flow theory provides efficient insight into the initial design stage of shipbuilding;
however, it cannot reproduce soor#ical physical phenomena such as wave breaking and viscous
effects. El Moctar et al. (2017Questiord the use of potential flow theory in extreme wave
conditions where viscosity effects become critical for modelling largesiigace elevation waves.

In contrast, thdully nonlinear computational fluid dynami¢€FD) methodsolves the Navier
Stokes equation, whicrccounts for the viscous flow effeetisdis commonlyused asnalternative.
CFD has gained high popularity for such predictions due to its low cost compardbe

experimental fluid dynamics (EFD) procedurgstil now, CFD has beersuccessfullyapplied to
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a wide range of research and engineering problems in many fields of study and industries, including

aerodynamics and aerospace analysis, environmental engineering, industrial systeretdesign

Turbulence constitutes one of the most important aspects of CFD mogdaliidgmodelling
turbulence is key in obtaining correct and reliable CFD resBlsed on the length scale, the
turbulenceflows can be solved in four methodss shown inFig. 2.2 the Direct Numerical
simulation (DNS)method Large Eddy simulation (LEShethod Reynolds Averaged Navier
Stokes (RANS)nethodand Boundary Layer Approximationethod

| Viscous Fluid Flow ‘

h 2 l L l

Direct Numerical Simulation ‘ Large Eddy Simulation ‘ { RANS ’ {Boundal‘_\' Layer Appruximatiun‘
Free surface modelling
‘ Volume of Fluid J ‘ Level Set }

Figure2.2: A schematic vievof thenumerical method for théiscous fluid flowmodelling

With regardto the seakeeping behaviour of a shiyg CFD methodsolvesthe RANSequations,

which arecommonly used tinvestigate ship seakeeping in wavExtensive researchasbeen
proposed and validated the performance of the CFD mathtite studies of ship seakeeping
performance under different environmental conditions; for example, there were three workshops,
held in Gothenburg and Tokyo, every five years, between 2000 to 2015, evaluated the
comprehensive CFD methods, i.e., on verification and validation method in 2@0&son et al.

2003) local flow predictions in 201(Larsson et al. 2013nd ship resistance and sptbpulsion

in 2015(Larsson et al. 201%)f the selected ship models.

Later on,Simonsen et al. (2013)onducteda series of EFD and CFD studits predictthe
seakeping behavior of KCS containershipin calm water and reguldread seasComparing the
motions and forces from EFD and CRbBey found reasonably good agreement for resistance and
dynamic sinkage and trim in calm watkloweverthey observed deviations in the measured ship
resistances in wavconditions, which indicated that estimating ship resistance might be difficult in
CFD simulationsDemirel et al. (2017¢arried outCFD simulations of the roughness effects on the
resistance and effective power of the-gdhle 3D KRISO Container Ship (KCS) hllhe resulting
frictional resistance values of the present study were then compardtevibults obtained using

the simlarity law analysisiIn order to ensure the accuracy of the CFD resintserms of model

30



designshould followthe regulationsssuedoby InternationalTowing Tank Conference (ITTCje.,
practical ®ip CFD applicationgITTC 2011)andship resistanc@rocedings 2014)

For free surface modkhg, the Volume of Fluid(VOF) method(Hirt et al. 1981)is commonly
combiredwith the CFD methodo simulate the free surface in tt@mputationatiomain whichis
usedin manycomputercodes, such adNSYS Fluent, OpenFOAMSTAR-CCM+, etc. Tezdogan
et al. (2015)performed a fully nonlinear RANS simulatiobased on commerci®FD package
STAR-CCM+to predict the ship motions and added resistance ofadale KRISQrontainerhip,
and to estimate the increase in effective power and fuel consumptionsiine sieamingDetailed
explanatios of the VOF techniqueadopted inSTAR-CCM+ can befound in their paperThe
advantageof the VOF methodover alternative methods is that the volumetric data is used to
store interface location, conservation of volume is guaranteed (assuming incompressible fluids).
Manyresearchrshaveextensivestudiedhe use of the CFYOF method for seakeeping problems
including coupled ship motions in deep waf@iezdogan et al. 2015, Tezdogan et al. 204bip
resistance in restricted shallow wa(€erziev et al. 2018)ship manoeuvring in irregular waves

(Kim et al. 2022)to name a few.

Another commoly used free surface modelling methodhie levelset approach, which has been
reportedto have high computational efficienndyowever there ardssues withmass conservation.
Hochbaum (2002presentec two-phase level set method ¢apturethe free surfacand couptd
it with URANS equationgo simulate the flow fieldiround shipsNumerical results, includinghip
motions andpredicted forces and moments on the ,hwtbre presentecand compareagainst
experimental datavith favourableagreementCastiglione et al. (2011)redictedthe seakeeping
characteristicef ahigh-speedcatamaran i high sea statby the URANS solver CFDSHiRwa
V.4. Thefluid phase of the codsolvel the unsteady RANS equatiqramd thefree surface was
capturedusinga singlephasdevelset approaclCarrica et al. 2007and(Carrica et al. 2007)n
contrast to the standard lexs®t method for incompressilflew, the singlephase level sehethod
is only concerned with the solution of the flow field in thaterphase Severaladvantagesf the
singlephase level set methadainst VOF and traditiondvel set method are thdi) the interface
remained sharpuring water propagationg) this methodeduce the overallcomputationatime
by computing simpler equatiored 3) this methodavoids the problem relatetb large density

ratios in twephasemethods.

The particle methodspecifically theSPH (Smoothed Particle Hydrodynamics) method based on
the meshfree Lagrangiamprinciple is ideally for simulaing problems dominated by complex

boundary dynamicssuch adree surface flows or large boundary displacement. This method
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consideredhe next generationf solving wave-structureproblems.It overcoms the numerical
challenge®f meshbased CFQOvhichcanprecisely capture the free surface with fragmentation and
reconnectionsuch asplash and breaking waves.

Several research studies have used the SPH method to solvetwatere problemd.e Touzé et
al. (2010)studied the transient flooding behawiof an FSPO vessel with intact and damaged
conditions in waves usingheéSPH toolbox called SPflow. Their resultsdemonstratedhat the
SPH methodtanhandlelargefree surface deformatiormsd showed great potential for future free
surface generatio However, the predicted peak amplitudéshe structureveretwice larger than

the experimental valuekie to the coarse meapplied in the model

Kawamura et al. (2016presented numerical simulations using SPH solealSPHysics to
discuss the capabiligndaccuracy of the SPH methéat fishing vessels in severe wasdtipping
situations. The numerical results, including wave elevations and 6DOFs ship mstiongd
favourableagreement with their experiments, excepinedependenciewere noticedn roll and

sway motionsThe reason was that the authors suppressed the number of fluid particles to reduce
the overall computational burdens. Overall, the particle methods show great potential for future
wavestructure modelling; however, they are alwagssociated with substantial computational

requirements.

2.2 Historical Overview oHydroelasticity Methodand Applications

Hydroelasticity isa scientific field thatoncerned wittthe deformation of elastiin response to
hydrodynamic excitationsjepenéhg on elasticdeformation.The theory ofhydroelasticitywas
quickly adoptedn the marineand ocean engineerirsgction it may intuitively be assumed that
awareness aharine structuresxperiencing strains and stresses, hence their structural flexibility,

has been an accepted fact sittdest appeareHirdaris et al. 2009)

To concern with the motion of the deformalskeip throughfluid water, the unified strippbeam
theorywas creatively usebly Bisha et al. (1979)n the analysi®f rigid body motion and elastic
vibration of monohulls The fluid effects were predicted tstrip theory(Gerritsma et al. 1964)

while the generalized modegerecomposed of the rigid motion modes and dingmodes of the

ship structure represented as a-moiform beamPrice et al. (1985presented a general three
dimensional hydroelastic theory based on linear potential flow theory and the classical kinematic
rigid body boundary condition. This theory can be applied to fixed and moveable marine structures.
Gu et al. (1989presenteda timedomain hydroelastic simulatidior a monohullto predictthe

vertical ship motions and bending momewith the consideratianof the structurenonlinearity
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They implemented a Timoshenko beam to represent the ship structure, enabling them to estimate
the nonlinear responses of an elastic ship under fluid exaafithis method was further applied

to evaluate the redime structural responses of ships in regular or irregular Aeagndthe same

period, Price et al. (1985gxtenckd its applicatiors to examine the fluidtructure interaction
behaviourof nonbeam like floating structes, in whichthe fluid motions were determined by a

3D potential flow theory anthe structuramodes were obtained by a finite element approach.

The complexity of hydroelasticittheoryhas led to the adoptiaim simple geometryor the first
several decadeArai et al. (1997andArai (1998)presented a twdimensional coupled simulation

to investigate the hydroelastic impact of a cylinder under severe water imhpactuthors applied

a CFD method for fluid field analysis, and the structure deformation was solved using a modal
representatiof a cylindrical shell. The fluid and structure solvers were coupled by including a
source term in the fluid continuity equat®to account for the deflection of the body. The
numerical results compared with experiments for-thesp tests of a cylindemd shoved good
agreementFaltinsen (1999jnvestigated the strains in the longitudinal stiffeners a hull waith
wedgeshaped crossection during the water entry phase. The effect of structural vibrations on the
fluid flow was incorporated by solving the 2D Laplace equation with an orthotropic plate theory.
The numerical results pointed otltat the deadrise angle and impact veloaitgre of critical
importanceo hydroelasticity and a function was derived based on thalimansionalisedf these

two values.

Lu et al. (2000)proposed analogous researatich studiedthe hydroelastic impact of a wedge
with acoupledBEM-FEA modelfor the fluid and structure. The structuvasmodeled with Euler
beam elements, and the fluichsassumed to be described by a velocity potential that sdtisfie

fully -nonlinear freesurface boundary conditions.

Later, Faltinsen (2000proposeda thoroughsurveyon theoretical, numerical and experimental
studiesfor waterimpact problems in ocean engineeriitgjd. The conclusions fronthis article
allowed one to determine whethe hydroelasticity is important analsoprovided a summary of
the important parameteirsship hydroelasticityield, i.e.,thegeometric properties of the structure,
the impact velocity, and the relative angle between the wadkthanstructureMaki et al. (2011)
extenckd the hydroelastic method proposed Baik et al. (2009jo investigate the hydroelastic
impact of a wedgshaped body onto a calm free surface. Thewae transfer was applied to

predict the stress field on the fligtructure interface due to rigltbdy impad.
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The evolution of naval architectureombinedwith advancements1 computational technology,

has led to the application of a wide range of hydroelasticity methods in more complex marine

structuresAs examples shown iRig 2.3, ship structure modellingPaik et al. 2009jJiao et al.
2021) (Lakshmynarayananat eal. 2020) (Wei et al. 2022) offshore floating wind turbine
(Karimirad et al. 2011) (Liu et al. 2019) large floatingFPSO, VLFSin severe environment

(Kashiwagi 2000)Watanabe et al. 2004yhe common feature of these structures is that they are

large in dimensiog) especially forsomefloating structure, i.e., VLFS, which own largeratioin
its lengthwidth to the thicknesslirection, andhe hydroelastic effectsecomeprime important
whenthehorizontal scale of the wavelengtiative to the structure is smallydroelasttity theory
furtherapplied toinvestigatehevibrations of rotatingnarinepropellerwith Dhinesh et al. (2010)
(Abbas et al. 2015)Chen et al. 2019r without ship hull effectéLi et al. 2017)Lin et al. 1996)
(He et al. 2012)to namea few.

(a) Mega floater in Tokyo Bay (b) S175 type of containership

)

-

(c) Semi-submersible Floating wind (d) Marine propeller 4119
turbine OC4

Figure2.3: A serialresearch of hydroelasticity on variomgrine applicationga) Mega floater in
Tokyo Bay(Kashiwagi 2000)(b) S175 type of containershijVei et al. 2022)(c) Semi
submersible floating wind turbing&iu et al. 2019)(d) Marine propeller 4119Chen et al. 2019)
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2.3 GlobalVessel Hydroelstic Response
Commercial vesselgend to increaseheir dimensionsto meet thefast development of
transportation and operatiod’s.n i ncrease in ship size tends to m
leadsta he wave encounter frequency being closer to
resonance frequency, comparatively small vibratimhuced loads are superposed to the wave
induced load that may significantly violate the ship motions and defarship structure. This
phenomenon is callates h i ghobathydroelastic effect, which is of particular importance in the
determination of design wave loads and structure strength evaluation of larg@gtuiass et al.
2014)

Hydroelastic response of ship hulls carch&gorisedwofold: springing and whipping. Springing
is a resonance phenomenon where the excitation encounter frequency matcheé tsteustipal
frequency (usually the first bending mode). Whipping describes a type of ringing phenomenon

when a transient hull vibration is induced by local section slamming.

The prediction of/ibrationloads on a deformable ship is challenging due tatioegly nonlinear

free surface and the structure elastic behavlawguch cases, the deformed ship structure interacts
with the surrounding flow fields, which form a fully coupled fhsttuctureinteraction (FSI)
system against the traditional idgship assumptionHirdaris et al. (2009)Jiao et al. (2021and

Bakti et al. (2021 plso supported this point of view, showing that the rigid body model may lead
to inaccurate predictions of hydrodynamic loadings as well as the global ship motions. Therefore,
a fully coupled fluidstructure interaction (FSI) approach wasommendetb gply in thestudies

of predicing the flexible ship motions and hydrodynamics loadsship underenvironmental

excitations.

Over the past decade, the theoretical and numerical methods for predicting ship seakeeping
performance based on hydroelasyidheory have gained momentufio account for both fluid

and structural features, the partitioned approach was adopted most commonly, in which the wave
structure system was divided into the fluid and structurés @nd solved iterativelyAnother
numerical method against is calldteimonolithic approach which solvedthe whole fluid and
structure equationsgether A persisting discussion is, whether the monolith or the partitioned

coupling approach is preferabldere listedheadvantages andawbacks of both methods:
Partitioned VS monolithic

1 The monolithic approach is usually said to be able to handle a higher amount of coupling

instabilities(Bungartz et al. 2016)
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1 In test scenario comparisons, it has been shown that the monolithic approach is more
computationally efficient when a high amount of miion is present, although not by
orders of magnitude.

1 For weak interactions between fluid and structure, the partitioned approach is widely
believed to be more efficiethan the monolithic approach.

1 The partitioned approach is said to offer more fldixywith respect to the physical models
and the numerical schemes emplay@ertain mismatches such as different time scales can
be taken into account easier in the partitioned approach than in the monolithic approach.

1 The monolithic approach has thetential to reduce the amount of methods and schemes
involved which results in a lower numerical and technical complexity and a lower amount

of instabilities arising frm the coupling

In general ship hydroelasticityproblemsare type of weakinteraction, the partitioned approach
owns flexibility and efficiency whichis the optimum choiceo adipt. The partitionedapproach
may origin from he pioneering work oBishg et al. (1979)In their book, the authorBrst
developed a linear fluidtructureinteraction model on the basis of 2D potential flow theoryaand
linear beam modeb investigate the rigid and flexibehaviourof a monohullin waves Within

this framework, the flexible structural characteristics of the sleipidealised as an elastic beam
and interacted with the fluid forces. The theory was subsequently extenBehbp et al. (1986)

to a generalish beam model for floating vehicles or more complicated shapes. The three
dimensional hydroelasticity theory was estdidid in the early 1980s IBishop et al. (1986)since

then a great deal of process has been made in the development and applications of the
hydroelasticity analysis on ship structures based on the potential .theanad map of the

developmenbf ship hydroelasticity in partitioned approach is prepardegr2.4.
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Figure2.4: A schematialiagramfor the partitioned method of FSI method.

Senjam v i | et pmposed 4 paritiored approaftt hydroelastic analysis of a flexible
segmented barge waves In their FSlapproacha 3Dpotential flowcodebased on the radiation
diffraction theory(Salvesen et al. 197@yas coupled with a3 FEM structuralmodel. The
numerical resultfor bargeresponsesnd dstortion in waves have be@xamined based on their
model experimentS e nj anovi [ . Knt et a.l(2014)ca®i6d0oAt3hip springingand
whippinganalysisusing acoupled method, in which the fluid flow was solvedyRankine panel
methodand the structure deformation was considered basa@DlD sheltbeamstructural The
proposed structure model consistédwo parts, the shell elements felipwet surface modelling
and the beam modelasa classicaldealization of the ship structuréhe eigenvalue analysis
the beammodelwasrequiredin prior to examinghe performancef the selected beam theory to
represent the real ship behawio

Later on thefully nonlinearCFD methodsolves theRANS equationswasadoptedo investigate
shiphydroelasticityin seaway®y couplingwith a structure solver to study the dynamic responses
of a flexible ship on a free surfacehe external fluid pressure exported from the CFD simulation
is used to derive the structural responses istitueturesolver, and the structural deformatioms a

fed back into the CFD solver to deform the mesh

In some cases, CFD and the finite element analysis (FEA) are coupled for the hydroelastic
simulations based on a em&y coupling approactLakshmynarayanana et al. 2020)a tweway

coupling approacfliao et al. 2021)Themaindifferencebetween onavay and tweway coupling
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methods on ship wave loads and hydroelastic resparasethe consleration of added mass effects.
Lakshmynarayanana et al. (2020)d Takami et al. (2019nvestigated thénfluences of one/two

way algorithm on ship hydroelasticity basedsocommercial cgimulation interface (Stea€CM+

& ABAQUS). Based on their suggestigrihe oneway coupling approacimay not be appropriate

for the studies of thespringing and whipping because the added mass effects in the elastic
deformationneed to beaccounted, and it may result in an underestimate of the high vibratory
componentsand wave loadsAs summarisedabove, a twevay couplingalgorithm is the most
appropriate method for ship hydroelasticity studies in the partitioned coupling approach due to the

strong interaction between elastic bodies and free surface.

Generally, a twawvay algorithm can be further divided irddwo-way strorg andatwo-way loose
coupling method. The twaray strong couplingnethod indicated byBenra et al. (2011 has the
secondorder's convergence ratgitably desiged for FSI problems with a strong dependence
between fluid and structure. Suahtwo-way strong coupling method has been applied for the
flexible ship seakeeping problem by using the commerciairoalation interface (StatCM+ &
ABAQUS) or opeprsource coupling librarfPreCICE (Bungartz et al. 2016)n contrast, he two-

way loosecouplingmethodowns a lightand efficient data communicatiechemewith acceptable
toleranceand accuracyA detailed explanatioon the algorithm perspective of tweay strong and
loosecoupled methods was presented in I&@kapter3.3.1and3.3.2

The demonstratioaf theship hydroelasticityn structure solvecan becategorizednto three types

in FEA, the purebeam model, the beashell model and the fulhip modelas shown irFig. 2.5.
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Figure2.5: Examples of three types of structunabdelling (a) Pure-beammodel(Wei et al.
2022) (b) Shell-beam mode{Wei et al. 2022)(c) Full-ship mode(Ma et al. 2012)

The purebeam mode(1D beam)wasdesignedbased orthe beam theory, i.e., Euldernoulli

beam or a Timoshenko beam, i nweracdompatéd by doleings hi p 6 s
the beam equation of motions and external forEeMoctar et al. (2017proposed a study bate

on the Timoshenko beam model coupled with a CFD model by avayocoupling method to

investigate the waviduced structural loads of three containerships in regular and deterministic

wave sequences. Their numerical restutsluding the dynamics loadmd structural vibrations

agreed well with the experiments, which assessed the feasibility of using the beam model and
transient RANS solver to obtain the shimtm statistical measures of nonlinear ship responses.

Second, the beashell model(1D-3D beamshell) requires a more complex design in FEA, in
which the ship geometrical models in the CFD and FEA solvers should be topologicallylegual.

wet hull surface is generated using the shell elements and kinematically constrained with the beam
nodes. Prior to the FSI simulations, the structural modal analysis has to be applied to calibrate the
beam profilegJiao et al. 2021, Jiao et al. 2028uchan FEA model was coupled with @FD

solver based oa two-way coupling approach throughco-simulation interface (StaECM+ &
ABAQUS) by Lakshmynarayanana et al. (201Bakshmynarayanana et al. (2020)dJiao et al.
(2021)to predict the motions, wave loads, and hydroelastic vibrations of an S175 containership in
waves with forward speeds. Their results, including global ship motions and vertical bending
moments in different regular wave conditions, were comprehensively analysed and validated with

the existing experimental resu(tShen et al. 2001)
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The third method is the fullhip model (2D shell) which discretiss the whole ship and
substucture using the shell finite elements in the FEA software. This method is capable of
accountingfor the complex deformation behaviours of the ship and predicting local stress
distributions; however, it is computationally very demandMg. et al. (2012)nodelled the full

ship with sandwich compositeaterial using ANSYS and couplgdvith CFX through the ANSYS
workbench. Their FSI results were further studied with stress analysis, which revealed that the most

vulnerable region in the sandwich plate structure was thesk@manterface near the gied

A comparison among three different ship structaratelling(1D beam, 1D-3D beamshelland
2D shel) waspresented biirdaris et al. (2003pn a bulk carrier in wave conditiomsth different
headings. Accordingttheaut hor 6 s r etauctdralmedels @dducedtresultstiamere
close to each other in vertical motiossd symmetric loadings$iowever,the deviations arise in
the antisymmetric planespecifically, the differences were noticedrom the torsional momest
between the resuligoduced bythe 2D shelland1D-3D structural idealizations'he reason may
arise from the beam warping effects induced by the torsional momemtsulting in the
Ti mos henk o6 svhidhis emadequate ensimylatirthe antisymmetric deformatiorfer
a slender thirwall hull.

The abovementioned CFEFEA coupling method requires significant camgtional efforts
(Lakshmynarayanana et al. 2019, Bakti et al. 20#&igking extenihg applications to more
complex wave conditiordifficult. Recently, a CFEIDMB method was proposed hy et al. (2016)

in the investigation of the hydelastic behaviour of large VLFs. The DMB model has a sirsdar
uptothe traditional hydroelastic experiments. In this approach, the ship hull is divided into multiple
floating rigid segmentswhile a stiffness matrix based on a EtBarnoulli (EB) bam theory,
equivalently representing the structurebds stif/
sections. In this method, onlyonedimensional beam is modelled in the structural schvetit

can significantly save computatioreffortscomparedo the coupledCFD-FEA methodBased on

the above design, the dynamic motsaf the shipareboth affected by the hydrodynamic forces
from fluid solver and restricted by the deformation conditions of the equivalent beam properties

from the strutural solver.

The CFD-DMB coupling approach has been applied successfully in the literature, for example,
flexible wind turbine bladefLiu et al. 2019)andaircraft wings (Tamer 2021)However, in these
applicationsa singlephase solvewasapplied to calculate the air forcestiaé geometry surface

with a low mass ratio. Fanultiphase cases, the DMB method has been successfully employed by
Li et al. (2022)on the dynamic motion of a clogsop WEC array in waved.u et al. (2016)
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investigated the hydroelasticity wéry large floating structures (VLFs) in waves whigtresolved

in both frequencyWei et al. 2017pnd time domainéWei et al. 2018)In addition,Zhang et al.
(2018)extended its application for a flexible marine structure with complex geometric features by
means of FEM simulation, the structural stéés matrix was calculated from the standard finite
element method and converted to the equivalent beam stiffness using a static condensation
technique and rigidbody-motion transformation matrix. Their resyltincluding structural
deformations and inteahloadings showed favourable agreement with the results from experiments
(Yago et al. 1996)Recently,Bakti et al. (2021)studied the forward speed effects on the elastic
responses of an analytical Wigley hull by using a BEMB coupling method in both regular and
irregular wavesTheir results shoedthata noticeable increase of ship vertical bending moments

occurs when th ship speed increases due to the whipping phenomenon.

2.4 ShipHydroelasticity inFocusedWaves

Ships can experience slamming impacts while operating at high speeds, in severe sea states, or both.
Severe slamming events can result in enormous local impact pressutill girder global

whipping responses, which is critical for the ultimate stremgtiluation of a ship structurgl

Moctar et al. (2017presented atatisticalreport from the International Union of Marine Insurance
(Seltmann et al. 2013hat approximately 36% of ship losses of all tdtalses between 2001 to

2015, were associated with ships encountering harsh weather.

In a realistic sea ate, the slamming eventahighly random proces§€oncerning the extreme load
prediction and fatigue evaluations, attention shall be paid to more than just the deterministic load
cases and also to shoetrm and longerm statistical properties of the everitost of the long

term statistical propertiesn beobtainedrom shortterm statistics

The extreme value analysis and fatigue predict
physical (hydrodynamic) model of the shisehaviar in severe sea states, a proper stochastic
characterizatiorof the ocean waves and proper probability and stochastic theories, tatong

account the nonlinear effect8he flow around a ship in extreme seas is characterized by high
nonlinearities, wave breaking, air trapping, diavier StokesEquations are better suited to

describe these physical phenomena.

The rregularwave modelhas been developed and validated in G&Dmany yearsElangovan
(2011)simulated iregular wave based oraflap-type wave makerand the wavelatawas derived
from the Bretschneider wave spectrum (PMhe predicted wave elevations wgnecessedor

FFT analysis and validatavith the selected ocean speatn with a favourableagreementBased

41



on CFD and potential flow theorygaquet et al. (20173imulateda fully nonlinear, steep and
irregular wave field of threehour duration The authorgointed outthat the significant wave
heights from théong-time CFD simulations were lower than the target wave due to the energy loss.
Therefore, energy compensation methadwere required toimprove thesimulation accuracy.
Romanowski et al. (2019roposed a methodolody determie themeshgrid and time stegizes

for completely unknown irregular seaghis serval for practical CFD analyses and avaid
reworking the simulationA pre-processingrocedure was required to decomposé@gularsea

into multi-regular component§ hen theregularwave elevations were importéol StarCCM+ for
irregular seagenerationcorresponding to defined limit8ased on a series of uncertainty and
validation studies,hie numerical resultsichievel a level ofaccuracythat satisfie the simulation

time errorandothermesh erras.

The irregular wave procedure can be appfiedonlyto simulate real sea conditigrisutalso to
predict ship motion responses in waves by spectral anaBfsis. et al. (2014resentedchumerical
prediction of ship motion responseased oran efficientirregular wave generation procedune
OpenFOAM in which the irregular waves were generated by a white noise spectrum with the
superposition of a set of linear wav&sreemorohull modek with five irregular wave conditions
have been performed to validdle presented methods wijoodagreementSe&eeping analysis

of awaterjetpropelledrimaranin shortcrested irregular wavenditiorswas carried out bhang

et al. (2021)n a viscous CFEbased methqdwvhichtook the fully nonlinear and viscous effects
into account.The irregular wave system was genatatg superimposing a plurality of micro
simpleharmonicswith differentfrequencies, amplitudes, directions and random phigaset al.
(2022) presentedship manoeuvrabilitystudies of a containership navigatingregular wave
conditionsbased on a fully nonlinear RANS mod€helong-crested irregular seageregenerated

by derivingthe JONSWAP spectrum with a significant wave height of 5m and a peak period of

12.4s in full scale.

Most of theabovementioned literaturéocusedon ship seakeeping behawiein irregular waves
werepresentethased omrigid shipassumptionin whichtheship hydroelasticity is not considered

In order topredict ship longitudinal moments extreme conditionst is essentiato consider the
nonlinear and hydroelastic effect in a unified analysis containing both the rigid body motion and
the elastic vibration of ships responding to waves because the hydrodynamic loads depend not only

on the shipbés rigid motion.

Severalpieces ofesearchn literatureappliednonlinear FSI methods fdine hydroelastric effects

of the ship in extreme seag&l Moctar et al. (2017presenteda coupledFSI method to assess
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slamminginduced hull whipping on sectional loads of ships in regular and irregular wiwes.
fluid solver solved the Reynolgs/eraged NavieBtokes (RANS) equations coupled with the
nonlinear structure solvén account for the shipslastic deformatio under the wave excitations
The shorcrestedwaves were generated according to the conadpthe Most Likely Response
Wave WLRW(Dietz 2005) The author€omparedhe midship verticabending momentsf ship

in an MLRW sequencamongthreedifferentnumericalapproachegshe BEM, CFD rigidand FSI
model, which found that tHeSI modelwasmost appropriatef capturinghe high nonlinearesults
andthe peak hogging momentgere 15% highewhen compared taigid ship model.Similar
researchwas carried out byffakami et al. (20200 predictthe extreme value distribution of the
vertical bending momentf a containershiin a given shorterm sea statdcregular waveevents
weretailoredby which the most probable wave episo/M®WESs) To predict the extreme value
distribution of the VBM,the coesimulation interfacecouplel CFD and FEAwere adoptedto

provide highfidelity numerical solutions

Thedirect longterm FSI simulations covering the entire ship's life areealisti¢ therefore, most

of the ship hydroelastity researctwaspresented in regular waassumptionsHowever,regular

waves are unrepresentative of actual extreme events, as statiagbgt al. (2009rndcannot
represent the mosevereconditiors. The focused wave theory issed as an alternatioyercome

the above issue far longterm irregular wavenodelling The concept of the focused wave was

first proposed byDavis et al. (1966py modulation of a series of conventional sinusoidal wave
trains generated from a gucribed wave spectrum and superimposing the crests. Since then,
experiments and numerical investigations have been carried out using the focused wave groups to
replace the irregular waves in the nonlinear waawe interaction studies. For examaldock

et al. (1996)created wave focus events through the superposition of regular wave trains based on
the linear wave theory and investigated the effects of nonlinearity ofwawe interactiondNing

et al. (2009)studied the propagation of the focused wave groups with different incident wave

parameters and compared the solutions between theaafidseconarder wave theory.

Thefocused wave theotlyas been adopted to investigate the wstwacture problems and predict

the extreme loads on offshore structuiEsese studies were initially focused on a simple floater
(Gao et al2016) and then extended to complex floating structures, such as wave energy converters
(WECs)(Draycott et al. 2019r semisubmersible wind turbine foundati¢Bredmose et al. 2010,

Zhou et al. 2019) Zhou et al. (2019)Zhou et & (2021)further extended their applications of
studying the dynamic motions of a fully coupled akydro-moored of FOWT subjedb focused

wave conditionsRecently (Wei et al. 2023)resented a fully coupled approach between CFD and
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DMB methodfor the numerical predictioaf nonlinear hydroelastic responses of a stipancing

in regular and focused wave conditiolfe authors founded thtte focused wave case will lead

to anincrease of the longitudinal responses of the hull compared to regular wave condition, i.e., the
heave, pitch and total VBMs rise about 25%%28&nd 9%, respectively. In focused wave condgion
intensive ship responses and severe waves cause stronger slamming phenomena. It is found that the
instantaneous impact pressure from the focused wave is higher and sharper compared to the regular

waves ad comes along with the obvious green water on deck phenomena.
2.5 DamagedsShipHydroelasticityin Waves

One area that has become of great concern to ships' design and opertdgoimilkiences of
accidental damageon seakeeping behawuio with the consideratioa of ship hydroelasticity
Despite many efforts to improve the structural design of ships over the years, serious damage to
ship hulls continues to occur due to collision and groundimgdgexcessive loadingAccording to

the statistical data from LloyslRegistefLloyd's_Register 19965 total of 76 ships were logtie

to damage by collision, which occupied about 43%heftotal loss, between 1991 and 1995. In
recent years, two serious accidents occurred due to the failthetofll structure, MSC NAPOLI

in 2007 and MOL COMFORT in 2013, as showtrig. 2.6. It was reported that both vessels were

broken due to the large hogging of the hull structure.

a) (b)
Figure2.6: Two major accidents in recent yeé®in et al. 2021)a) MSC NAPOL, (b) MOL
COMFORT.

The prediction of damaged survivability is challenging, since the damage openings at hull surface
not only lead to flooding, but also reduce the local structural integrity. In such circumstances, ships
may easily be excited by the inner and outer fluidi$od his forms a complex coupled system. The
traditional rigidbody assumption may lead to the inaccurate prediction of hydrodynamic loadings
as well as the resulting ship motions. Therefore, a coupled Gtuitturelnteraction (FSI) method

to predict tke correct dynamic motion and hydroelastic responses of a containership in waves will

have to be used for accurate load and response predictions.
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The damage openings on a ship hull occur frequently duringtsisipip collisions. Seawater
floods into the dmage compartment, which may result in sloshing which poses a serious risk to
the ship's stability with a risk for capsi@danderbacka et al. 2019)his mechanism may become

more complicated when the ship sails in waves.

In order to investigate the phenomenon of flooding flow into a damaged compartment of a ship, a
series of modelxperiments were performed accordindlya t i pov i | oletainedarésults ( 2 01 8)
from their model experiments and found that the wiadeiced vertical motions (e.g., heave and
pitch) of a damaged ship model were generally greater than that for an intact ship. In order to predict
the stability of damaged ships, the hioear interaction between the water in the flooded
compartment and ship motions has to be considéeed et al. 2013)Siddiqui et al. (2020)
presented the results of a series of experimental studies of a 2D damage hull section in waves
systemically investigating the effects of wave parameters, damage compartment size and its
opening stes. Their results confirmed that for a floating damaged section in waves, the floodwater
behaviour was highly coupled with body motions, and the overall behaviour was very different as
compared to the intact condition.

Parallel with the experimental insgations, numerical simulations were developed to predict the
dynamics of flooding water and damaged ship responses. Maodified empirical Bernoulli equations
were used to evaluate the flow rate through the opening. In addition, the lumped mass method
(Manderbacka et al. 201, 5hallow water theor§Santos et al. 200&nd MPS metho(Hashimoto

et al. 2017were developed to predict the transient behaviour of damaged ship sections or ships
associaté with flooding. Subsequently, a fully nonlinear computational fluid dynamics method
(Gao et al2013, Gao et al. 2015, Gao et al. 2024&}¥ developed to improve the floodwater motions

by considering the energy transaction betweem water inside and outside the damaged
compartment as well as the coupled effects between the damaged ship motions and fluid motions

inside the damaged tanks.

Another important concern of a damaged ship is the reduction of its structural strengthhdue to t

loss of loadcarrying structural elements. In such circumstances, the damaged ship may be more
vulnerable to lose its structural integrity due to the environmental loads. The seawater dynamics in

a damaged compartment significantly changes the loadgbdisdn on a ship hull in longitudinal

direction, which greatly affects not only the stilater bending moment (S_VBMSs), but also the
waveinduced bending moment (W_VBM§)Lee et al . 201.2, Mi kul il et
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There has been a great deal of researchbtdduo investigate the influences of damaged ships on
the W_VBMs. For exampleChan et al. (2003)roposed a nonlinear tirdomain simulation to
predict the dynamic structural loads on a-Rm ship in regular waves in intact and damaged
conditions. The authors obtained higher global wave loads and VBMs for a damaged ship than
those evaluated for intaconditionsFolsS et al. (2008|and Lee et al. (2012presented different

linear methods for numerical simulations on a damaged oil tanker and warship. Their results
confirmed that the magnitudes of W_VBM fdamaged ship conditions were about 11 %%

greater than intact ship in heading s&&govic et al. (2017onducted experimental investigations

of hull girder loads on an intact and damaged naval ship DTMB5415 at zero speed in both head
and beam regular waves. The researchegrsried that the vertical shear force (VSF) and VBM
values are significantly larger for the damaged ship in heading waves, with an approximate 10%
increase compared to the intact ship in the whole wave range tested. Similar experimental studies
were condueid byl at i povi | ,reportinga 28% inc2e@sk B W_VBMs of the damaged
ship compared to the intact shidi k u | i |  eptopoaed an efficiet iné&Hhod to &ate the
vertical bending moment of a damaged ship in different wave directions throughhanosi
MATLAB code, and the hydrodynamic forces were calculated using WAMIT. The authors
concluded that the waviaduced VBM of the damaged ship was generallgdathan that of the

intact ship, especially for stequartering waves.

Based on the above statements, even if the ship has survived the damage from the perspective of
stability, it can still suffer from the risk of increased longitudinal W_VBM of the hull girder
(Begovic et al. 2013)The enlarged vertical loads on the tgitder may further lead to secondary
damages, i.e., deformations or even collapses. Under these circumstances, it is important to estimate
the correct W_VBMs of a damaged ship with the considerations of the ship hull elasticity and
flooding water dynamicas suggested by ti8oares et al. (2009)

Recently Wei et al. (2022presented numerical investigations of the girdlerloads on a flexible
containership S17®ith intact and damaged conditions advandémgegular waves with forward
speeds based on a fully coupled GBMB method.The obtained numerical results show that the
damaged ship experiences less verticaions but greater global wave loads than the intact ship.
This paper also demonstrated that ship damages greatly influence the hull girder vertical bending
moments (VBMs), while water VBM is very sensitive to the added weight from flooding Water.
specific shipdamage conditions, local hogging moments at several amidship sectionsetbeed
international regulation limits. Therefore, a new safety fasesrecommended to fulfil the over

limited hogging moments of damaged ships.
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2.6 Concluding Rerarks

Until this point, a broad literature review has béemneon existinghydroelasticitymethodsand
related topicswhich will be covered in the following chapters of this thesis. During this literature

review, the following gaps in the literature have been detected:

U No FSI studieshave successfullyimplemented a twavay weak algorithm for ship
hydroelasticityproblems

U No studyhas developeda CFD-FEA or CFD-DMB framework for ship hydroelasticity
problems based on a repeatabiee andopensourcesoftware framework

U No studyhas looked into the extreme effects of ship hydroelasticity based on-svalev
theory.

U No study was investigatechd ship hydroelasticity in extreme wave conditions by
combining aransient=SI simulatiorand thefocused wave theory.

U No study hasbeenperformed orthe influences of the damaged openings dhe ship
seakeeping behawios with the consideration diydroelasticity based onteansientFSI

model.

The following main chapters of this thesis aim to fill these gaps listed abovethsatgteof-the-
artcoupled methodologie€FD-FEA or CFDDMB.
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3 Numerical M ethods

In the outline of this chaptéiirst, the physicaprincipalsof the selectedluid and structure solver
are explainedwith derived formulationsThen two coupling FSlframeworks CFD-FEA (FSI1)
and CFDDMB methodqFSI2), arepresentedeparatelyandthedifferences ardiscussednside
each FSI frameworlQpenFOAMis utilisedas the CFD solveandcoupled withstructural solves
(i.e., Calculix or MBDyn)throughdifferentcouplingschems. A schematic viewf the coupling
approachsis preparedn Fig. 3.1to help understanthe commonalities and differerslbetween
these two frameworksvhere the CFEFEA couplingframeworkis indicated in blackandthe
CFD-DMB couplingframeworkis shown inblue.
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\ .' . .
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Figure3.1: A schematic vievof the proposed two FSI frameworks in this study.

3.1 Fluid Flow Modelling

The opersource CFD toolbox OpenFOAIN4 applied to model the fluid field by solving the
nonlinear RANS equations using an FVM methading the multiphase solver interFoam

3.1.1 Governingequations of flow field

Thefluid flow around the shijis assumed to b&ansientincompressible and viscous, whih

governed by the continuity and momentum equations as given below:
ntY m (3.1)

— i Y Y n) "QxR” n‘ n5  n5 D Q (32)
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whereU refers to the velocity of flow field, is the mixed density of water and afis the gravity
acceleration) refers to the dynamic prase,* is the effective dynamic viscositi is the

surface tension which is only considered at the free surface.

The Volume of Fluid (VOF) methogHirt et al. 1981)s adopted to simulate the free surface in the
numerical domain by solving an additional transport equation for the scalar quantitiich

represents the volume fraction of fluid for each cells.
— OV Y ®@ nOYp OO m (3.3

where'Y is the artificial compressive velocity which only functions near the free surface due to the

inclusionof p @&

For a twophase flow problem, the volume fraction of each plimased as the weighting factor to

calculate the mixture properties. The equations for the density and the viscosity can be expressed
by:

” (:81 p (1') ” (3.4)
W p O (3.5)
where subscript®) and®represent the water and air phases, respectively.

To reduce numericadmearing and sustain a sharp interface between water ar@painFoam
specially adds an artificial compression témp ¢ @(the third term in Eq.3Weller (2002)
whereY is the artificial compressiveelocity which only functions near the free surface due to the

inclusionof p @

3.1.2 Turbulence modelling

While modellingships sailsin ocears, Reynolds numbesf fluid field surroundingheshipmay rise

top 1tand the fluid flow is fully turbulenin CFD simulations, the model scale ship is considered,

but the Reynolds number is around 1075, which means that turbulence effects should be taken into
account.The turbulent flowcontains unsteadyortices, which ladsto fluctuationchanges of the
pressure/velocity and certadmssipationof kinetic enegy. Thus,it is of greatimportanceo account

for the turbulence effect icomputational models by applyigppropriate turbulent models.

The™Q 1 3 3térbulence modek applied for turbulence modelling, which is widely adopted in
industry. This turbulencemodel combines theadvanced features @pplyingthe standardQ T

model near the boundary layemd switchingto the standar® | model in the fafield. The
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governing equations for the turbulémetic energyQand the specifidissipatiorrate] are defined

as follows

— n12"5Q n10931Q 0 © (3.6)
— n0"5 nO3 0 O & (3.7)
3 ] (3.8)
3t (3.9)

wheres and3 denote as the effective diffusivity of the turbulent kinetic en&gnd the specific
dissipation rate , respectivelyp) and0 representthe turbulence production terms whie and
‘O are thedissipationterms;® is the crossliffusion term; and‘ are the dynamic and turbulent

viscosity; and  are the turbulent coefficiestvhich blended by blending functioriO,
%o  "O%o p O %o (3.10)

The blending functiofiO is also used to blend between the empirical constants, Whermp means
inside the boundary layer aiffd Ttis in thefree stream¢ i “@epends on the distanfrem the

field pointto the closest wal2

0 OATcdH Q (3.11)

ol Qi ET AgZ h— h (312)

where%o and%. are the model constant in tf@ 71 (e.g.f ) and'Q T model (e.g.,6 ),

respectively.

The blending functioriO is to combin€Q 1 andQ | which forming@Q 1 " " AOABET A
model, however,Menter (1994)pointedout the wall sheastressis over predictedt this stage
Therefore, a viscosity limitér is introduced to extend tfi@ 1 " 3 hodel to'Q 1 3 3 mhodel

C : ] (3.13)

where“Ydenotes ashe strain rate magnitud¥ ¢°Y"Y and™Ois another blending functions

0 OAIE Qanddi Qi Ag F—
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The defaultmodel coefficients of th&® 1 3 3 #odel implementedh OpenFOAM is listed in
Table3.1

Table3.1: Coefficients for théQ 71 “Y"Ytifbulence model.

[O%!
€

| | | | f f r r re |
0.8(1.0/{0.5/0.8/0.0(0.0§0.5/0.4/0.0/0.3]2.010.

Theboundaryinlet turbulentparameters were calculated and assigned at the initial condition with

the following equations:

0 - ® (3.14)
-

1 = (3.15)

G - O (3.16)

where'Qlenotesthe turbulence intensif® 1@ @©YQ o  is the reference velocity is the
referencdength scalavhich equalgo thestructure characteristic length; is the urbulent kinetic

eddyviscosity;0 18t ds a model coefficient ahe™@Q 71 turbulence mdel: ¢is the turbulence

length scalé&r 1@ J ;7 is the firstadjacentayerthicknesscan be calculated as —

3.1.3Wave modelling

Wave modelling is of prime importaain ship hydroelasticity analysisin opersource toolbox

i wa v e s 2(Jacbsancet al. 201B)applied in this study to generate and absorb free surface
waves in the numerical wave tank (NWT). The relaxation zone technique is adopted to provide
better wave quality near the inlet boundand remove spurious reflection at the outlet boundary.
The following equations specify the primagnttion of the relaxation zones:

8

b .. p —— (3.17

% 1 %o p 1 %0 (3.18

where%o refers to either the velocity or volume fraction of watelhe weighting functioo is
always equals to 1 at the interface between therelaxed computational domain and the
relaxation zones,. is a value between 0 and 1. The relations betweeandd are shown irfrig.
3.2
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At least threesurface elevation gaugese placed inside the wave domais shown irFig. 3.2
WP1 and WPareplaced inside the regions of wave propagation and damping to monitor the wave
guality and wave absorption. Wigocatedn the front oftheship bowto monitor the intake water

motions.
agr agr
A
Free surface v “iPl W|P2 B B W|P3
|
Wave generation Wave absorption

Figure3.2: Diagram of the variation af. and® in relaxation zones and probes positions.

3.1.3.1 Regular wave modelling

The waves2Foam toolbogenericsuppors various regular wave equations, i.e., Stokes waves,
cnoidal wave stream wavestc. The validity of free surface wave model either depends on the
wave depth or wave steepnesal the selection of wave theasgarding to thé/éhauté (1976)
The regular wave is generatedin deep water condition with wave steepness less @b
throughoutthis work therefore, theStokes's secordrder wave theoryis selected with the

resulting expression of free surface and velocity components are:

- AT 6 O—AT 6— (3.19
6 - AlS —— AT & (3.20
0 - OE+ -—OEJd— (3.2

wherg H is the wave height, wave angle Q1 6 [ with Qis the wave number, is the

angular frequency and is the wave phase apd O A TEEE

3.1.3.2 Focused wave modelling

The focused wave group implemented in this study is based on the NewWave(Niagrgt al.
2009) which generates the extreme wave event from a specified sea spectrupetiyngosing

several relatively small amplitude waves at a chosen point and time. The spectral shapes of irregular
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waves were implemented by the JONSWAP specitdasselmann et al. 1973)he significant
wave height80, peak angular frequencylis and peak lifting factgr are the main parameters to
the JONSWAP spectrum.

Y1 —"01 T -Agpb— 7 (3.22
I QuA—— (3.23

where] is the coefficient related to the peak lifting fagtor, is the shape factor with a value of
T3t W

For the linear NewWave theory, the amplitude of each wave companehtfrequencyQis
defined as

where™Y"Q is the surface spectral densi#Qs the frequency step (which depends on the rimb
of wave componentl and bandwidth), and is the target theoretical linear wave amplitude of
the focused wavéNing et al. 2009) The extreme wave represented by linear NewWave theory is
simply the scaled autcorrelation function corresponding to a specified spectrum.

Thelinear free surface elevation and horizontal and vertical velocitiés and| are given
by:

- B WATQw w 1 0 0 - (3.29
6 B —— AT Q00 w0 1 o6 6 - (3.26
T B ——OE®Qw o 1 06 0 - (3.27)

where @ is the free surface amplitude measured from the Mean Water Level (MWI0),are the

predefined focal location and focal time respectivéys the amplitude of wave component§,
is the gravity acceleratiofQis the water depth, is the plase angléd —OA T EQis the

wave number and ¢ AQis the frequency.

Modulation of phase angle among individual wave componentS3(E5.Eq. 3.27) can superpose

the wave peak at a fixed time and position with the mathematical represent as:
e Qw o 1 6 o6 ca“m mh ph cfE (3.29
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A uniform current is often applied at the boundary inlet to simulate the ship forward speed in CFD
modelling. However, the current effects have influences on the focused wavémgodetiuding

wave steepness, focusing time and position, owning to the nonlinear interaction between the wave
and curren{Zhang et al. 2014)in the present study, the nonlinear interaction between the wave
and current were not considered, therefore, a linear focus wave with the current model proposed by
(Li et al. 2012was implemented as given k. 3.29

1 0 Q00 G@0 (3.29

where,V is the uniform current speed. Based on this waweent dispersion relation, the circula

wave frequency and wave numbeg) can be calculated by using a mathematical iterative
method, the positive root of E§.29will find the value of Q. The rest of wave parameters i.e.,
wavelength and frequency are updated accordingly. The current at boundary inlet provides a
horizontal flow velocity and modifies the focused wave velociynfrEq 3.26to Eg 3.3Q0 To

achieve the peak of wave trains energy at a target time and position, the focal location and time are
required © be modulated accordingly.

) B ———— AT QO® @ 1 6 6 +« o (3.30
3.1.4Finite Volume MeslGeneration and Boundafyonditions

The finite volume mesh was generated using the OpenFOAM default mesh generation tool
AiSnappyHexMeshod based on cel |l (JaspMd et al.t2000y and
uniform background mesh was initially generated and used to project andalzpnto the
geometry, and then the mesh refinements can flexibly be specified on edges, surfaces and volumes
to obtain optimum geometry feature resolutions. The numerical domain used in this study simulates
ship motions in deeprater condition, which égnds in the three dimensions, i-:4.50 <x< 20,

-0.60 <y<0.60 and-1.50 < z< 0.50, where0 refers to the ship length between perpendiculars.

The grid density at the free surface is progressively refined until it fulfilled the gueddtiom

(ITTC 2017) in which a minimum of 100 cells per wavelength and 12 cells per wave height were
used on the free surface modelling in this study as shown in F&8(@). To ensure that the high
Reynolds number flow features are approximately captured, the grids density at the aredaround t
ship hull are further refined several times with boundary layers, primarily maintains the adjacent
wall layerthickness coordinatet close to 30. It is worth noting that the proper wall functierms
implemented for the hull patch surfaces to model the approximate wall behaviour when the adjacent

layer thickness stayin a loglaw region. The numerical domain with a wave height of D.48d
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encounter wave frequency of 5.581 is chosen as a represatite case, which is displayedfig.

3.3with a general view of the computational mesh and mesh refinement zones.

(a) (b)

Figure3.3: Mesh refinement(a) Near the free surfacéb) Details at the ship bow.

Outlet
aUu/an=0
Atmosphere / dp/on=0
aU/on=0 | s
p=constant 7‘-\"7‘*\\‘_7 I _—

Side and bottom
U=(uD0,0)

1.2L dp/on=0

Figure3.4: The numerical domain with the applied boundaries for the-des@r case.

The boundary conditiorfer a wave tanlareshownas a representative caad-ig. 3.4 as follows:

At the left boundary inlet, the velocity inlet prescribed as the incident wave and current, while
the pressuris set as zero gradient. At the right boundary outlet, the current velocityisaibgtied

to preserve the conservative of flux inside the computational domain. The boundary condition of
the domain top pais set as atmosphere. The lateral s@leset as symmetry planes to avoid wave

reflection at the boundaries. The bottom boundarget asa symmetry plane for deepater
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modelling. The moving wall boundary condition with zero pressure gratiatéfined on the
surface of the ship hull.

3.2 Structural Responge@alculation
3.2.1Rigid body motion

The rigid body dynamicproblem is solved using the rigidBodyDynamic library generic in
OpenFOAM wherethe code is approjate of solving singleigid body motionsThe numerical
code is built from tharticulatedalgorithm (Featherstone 2014)sing a propagation method of
solving forward dynamics problesnThe algorithmhas a complexity ote order of (n)whichis

theleast possible order of complexity

The equation of motion of a rigid body system can be written as

ol 6nm (3.31)
whererjiijfij denote as the position, velocity aacteleratiorof the joints,Ois the inertia matrix,
0 is the force which produsezeroaccelerationwhich accountsor forces like gravity, ©riolis
and centrifugal forced;is the total force acting on the bodi&s.this equationmulti-values can
be calculated based on what has been provideztefore, he forward dynamicsethod is applied

to calculatehe acceleration based on the init@dsiion, velocities andorces with the equations

shownbelow:
R 004 ¢ QM (3.32)

This calculatedacceleratiorwill be integrated for the first time step to get the new position and
velocity, which will be used asan input for the next time stefthe forces at bodies are updated
simultaneouslyBoundary conditiongan beappliedto arigid body by applyingrestraingforces

acting on théody) and constrainethge degree ofreedom is restricted).

For multi rigid bodies dynamicghe gopagation methodasappliedto solvethe aboveorward
dynamicsequationdy sequentiallyalculating thecoefficientsof each rigid body on the chaitie

algorithm detail refers to chaptéin their book(Featherstone 2014)

3.2.2Finite element analys(&EA)

The finite element methofFEM) is a generahumerical method for solving partial differential
equationsTo solvea problem, the FENubdivides thesystem into discrete elements, whanie

implemented by the construction of a mesh of objébe FEM formulates a boundary value
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problem finally results in solving @ystemof algebraic equation¥he governing equation of the

structure solver is the weak form of the balance of momentuns arrdten in the differential form:
T— n "7Q (3.33

where"Y denoteghe displacement vector of the structure @asgecond derivativegpresentshe
accelerationsurface forces are modelled by the secBiwaKirchoff stresstensord , while the

body force per unit mass, such as gravity, is represent&l by

A constitutive equatiomlescribing the relation between the stress and dfaised tacloseEqg.
3.33 Specially, for a Saint fentKirchhoff material, the secoriola-Kirchoff stresgtensor) is
obtainedby

0 6doho  pfc 0O (3.34)

where0 denotes ashe elasticity tensoiQis the GreerLagrange strain tensdfrepresents the
deformation gradient, afndis the unit tensofThe governig equation3.33is furtherdiscretized
using the finite element methdd/ith the application of the virtual work method, a linear algebraic

equation systerhy discretisatiorin the completesolid domain is obtained
oY o — Y O (3.35)

where 0 denotes the global stiffness matrik, is the global matrix, andO representghe

global force vector.

3.2.3 Multibody Dynamics

To model the nonlinear hydroelastic behaviour ofghigin question, the discrete module beam
(DMB) method was applied by adopting a multibody approach in the structure solver MBDyn
(Masarati et al. 2014The term multibody system is related to g&anumber of engineering fields

of research, especially in robotics and vehicle dynantte&h single body or elemenf a
multibody systenis determinedheir positions and resultingpfces by applying thelewton (free

particle) ancEuler (rigid body)equationsrespectivelyLater, a series of formalisms were derived,

and specificallyin MBDyn, which adopts a Lagrange multiplier or redundant coordinate set
formations for a multibody system. Compared to the reduced coordinate Betimehere only
minimum numbers of degrees of freedom (DoFs) are used to describe the motion of the system, a
redundant formulation which allows 6 DoFs motion for each body and constraints are enforced by

Lagrange multiplieMasarati et al. 2014)n results,the dynamicbehaviourof a multi-body
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systemis derivedits motionfrom the equilibrium of applied forces and the rate of change of

momentum.

The demonstratiorof the DMB method in MBDynis similar to the standard hydroelasticity
e x per i maprof(Baldi etsle2021)To makean example of thehip hull was divided intmn
sections, connected lmg1 beam elements, consisting ofraulti-body structure system. For each
body of the system, ¢hNewtonEuler equations of motion were established in the differential
algebraic form as a set of firgtder equations together with the constraint equsti@sulting in a

system of DifferentiaAlgebraic Equations (DAE) as follows.

Da 0 (3.36
N %o_ "Qafufd (3.37
%oGID T (3.39

where,M denotes the iméa matrix of the rigid bodyx denotes the translational and rotational
parameters in the global reference frafmeefers to the momentum of the bodys the vector of
the Lagrange multipliers for the constrainds the external force and momestctor exerted upon
the body which might be related to its displacement and velocity as well aditime. set of
kinematic constraints applied on the body &hdis the Jacobian ofi with respect to the

generalized coordinate.

The distance betweehd centre of gravity of two adjacent sections is taken as a spatial beam for
considerating the effects of structural deformation, as showigi3.5. The beam element used in

the present study is a threede beam element whitghimplemented in the MBDyn software by a
finite volume approach for the multibody formulation of threle beam elements based on the
Geom¢rically Exact Beam Theory (GEBT{)Ghiringhelli et al. 200Q) The internal forces and
momentsareevaluated at the crosection at the evaluation points and related to the geometrical
strains and curvatures via the constitutive law with the following equat®hsinghelli et al.
2000)

1P s TP N ol
l’r,gl’r el e ﬁ{) P

.0 _h o 3.3
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whereOis the axial force componen® and"Oare the shear force mponent) is the torsional
moment componen, and0 denote as bending moment components, and’ are axial
strain and shear strain coefficients, , I andll are the bending curvature parameté&ms,

denotes as an arbitgafunction of beam material constitutive law.

Node 2

Node 3

Figure3.5: An example of a threaode beam element geomet@hiringhelli et al. 200Q)

The performance of the above beam model has been validaBaliblzau et al. (2016l).iu et al.
(2017)andLiu et al. (2019) According toBauchau et al. (2016)his beam model is valid when
the structureds plane section remains plane (no

small. The effects of crosection warping arassumed to be small and neglected.

3.3 CouplingFramework

The purpose of thishapteliis first to explaintwo elaborate=SI coupling framewor& used in this
study 1) A two-way strongcouplingbetweenCFD solverOpenFOAM and-EA solverCalculiX,
and 2)A two-way loosecoupling betwee®@penFOAM andnulti-dynamic solverMBDyn. Then
a closer look at the differenedetweenthe two frameworls regarding three key factorshe
coupling methods, data mapping scheme and dynamic mesh techRigally, a general
discussion has been madewlnich conditiona twoway strongor loosecouplinggivesplausible

results.

3.3.1FSI1:0OpenFOAMcoupled withCalculiX

The FSI1 couplindrameworkwas establisheda anopensourcecoupling library preCICEwhich
built connectiondetweerthe OpenFOAM solver ar@alculiX by implementing a twavay strong

coupling algorithm
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3.3.1.1Coupling method

The twoway strongcouplingalgorithm asindicated byBenra et al. (2011)hasa seconeorder
convergence ratejakest appropriate for the FSI problems with strong depeicdetweereach
field involved Suchatwo-way strongcoupling algorithm has been offered the possibility in epen
source coupling library preCICBBungartz et al. 2016)ith the nameof the implicit iterative

method.The workflow for a two-way strongcoupling algorithmin OpenFOAMis shownin Fig.
3.6

Time step 1 (t) Time step 2 (t+At)
Fluid Fluid Fluid Fluid
Iteration 1 Iteration n Iteration 1 Iteration n
PIMPLE e e . PIMPLE PIMPLE e e . PIMPLE
Iteration 1 Iteration 1 [teration 1 Iteration 1
PIMPLE PIMPLE PIMPLE PIMPLE
Iteration 2 e . Iteration 2 Iteration 2 .. . Iteration 2
Convergence Conve.rgence Convergence - Convergence Conve.rgence Convergence
check e check check check ot check check
PIMPLE PIMPLE PIMPLE PIMPLE
Iteration n Iteration n Iteration n Tteration n
force f l Displacement force T l Displacement force T l Displacement force t 1 Displacement
Structure e e . Structure Structure e e . Structure
Iteration Tteration Tteration Tteration
Time step 1 (t) Time step 2 (t+Af)

Figure3.6: Theworkflow of atwo-way strongcouplingalgorithmin OpenFOAM

The figure shows thahe two-way strongalgorithmconsists of twdypes ofiteration loops, the
outer iteratioioop and te PIMPLE iteration loogvhichinside each outer iteration loopheouter
iteration loop is controlled bythe coupling libraryPreCICE Users can specifa convergence
measurmentfunction for example PreCICE supports three typesamnvergence measurement
functions, e.g., the absolute, the relative and minimum iteration number functibims. most
commoty used function ishe relative convergence measfiection Based on thifunction the
convergenceis consideredif the relative coupling residusl of the communication data
(displacemenand forceyduring thelast iteratioris below a value Inside each outer loop iteration,
the subcyclings iteratedmultiple timesto fulfil the PIMPLE algorithm'sconvergencén orderto
stabilisethe simulation and preserve equilibrium conditions on the interfaisavorth noting that
the PIMPLE AlgorithncombinedPISO (Pressure Implicit with Splitting of Operator) and SIMPLE
(SemtIimplicit Method for Pressurkinked Equations).
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An acceleratiorschemds essential for implicit couplingvhich implementsan undeirelaxation
factor in every iteration based time current residuals of the defined primary ddtae processed
datagives advantages in fastenititgg convergence speed astdbilisingthe fixedpoint iteration
In PreCICE, three types of acceleration can be configured: constant (constantalaxiion),
Aitken (adaptive underelaxation), and various quadewton variantsThe detailed description of
these acceleration schesneefers to thethesisby Gatzhammer (20143nd the mathematical
descriptiorrefers toMehl et al. (2016)

The main configurationf coupling OpenPAM and CalculiX viaPreCICEis shown inFig. 3.7.
A parallel implicit algorithmasrecommendedbove was appliedetween thdluid and structure
solversusing a peeto-peer approachas shown irFig. 3.7. Two official adapters, OpenFOAM
adaptenChourdakis 2017and CatuliX adaptefUekermann et al. 201 8re plugedin for data
communications. An improved IQNLS method(Degroote et al. 20095 employed to stabilize

and acelerate theonvergences

4 N

Coupling Schemes:
Parallel-implicit

Communications:

Sockets force I Displacement

CalculiX ~>
o %

Figure3.7: Configurationof the fluid structure interaction procedure via PreCICE

[Data mapping schemes:
Nearest neighbor

Anothercritical factorin couplingatransientFSI simulation iscorrectlymagping the dataat the
coupling interfacehrough a paiof nornrmatching grids of fluid andtructuremeshesThe fluid-
structure interface exists at the boundary between fluidstamcturesmostly called wet surfasg
which share the informationof the solutionbetween twanediums.For ship hydroelasticity, the
fluid and structural solvesire coupled with displacements and velocities at the wet sarfeoe
fluid solver delivers forces exerted on the structure as an outpern, Tie structure solver takes

these forces as an input and computes displacements and velocities as an output.

The data communicatioms controlledby mappingschemesn PreCICEand ains to satisfy the
geometrical compatibility and the equilibrium conditions onvileé surfacesThe coupling library

PreCICE supports various types of mapping schemes for usaging from firstorder nearest
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neighbourmapping to high order Rad#ksis function mapping. In this studywb schemedor

data mapping, in whichhe consistent mappingchemeis applied for the transformation of
displacementdn contrasta conservative mappirsgheme isippliedfor forces for energy balance.
This way, boundary conditions are fulfilled by both the kinematic (equality of forces) and the
dynamic (equality of velocities and displacements).

The nearesheighbourmapping schemés usedin the ship hydroelasticitystudy, which ownsa
first-orderaccuracy The advantagef this scheme is that it is efficient foomplex simulations

which fasten the data coupling speetisena large number of discrete gridse locatetn wet
surface. It owns relativéy simple model setupgndno requirements tepecify geometryeature
edges, whichs appropriatdor prime designfor large simulatioa However,the accuracyf the
present scheme tpuestionabletherefore, finer meshing is required the wet surfageand an
uncertaintytest is recommende@ne representative case of the wet surfaces generated through the
fluid and structure solver Ehown inFig. 3.8.

The fluid mesh densitis intended todesignfiner than thestructuremeshto calculate the fluid

forces more precisely and eliminate the numerical instability at the initial conditions.

/ Fluid mesh

Structure mesh

Figure3.8 Example of normatching wetsurface meshes through fluid and structure sides, CFD
mesh (Shown in blue) and FEAesh (Shown in black).

3.3.12 Dynamic mesh technique
To update the fluid mesh motion according to the solution from the structure solver, the dynamic
mesh handling technique of mesh motismpplied based on the finite volurbased Laplacian

mesh motion for the displacement field. This dynamic mesh operatitely involves the

displacements of the mesh points without altering the topological information of thg Jasak
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2009) The distortion of internal parts of the solution domain relies on the solution of a diffusion
(Laplace) transporquation for the displacement point fields using the equation shown below.

ngrnQ  m (3.40

wherel is the displacement difkion coefficient, andl is the point displacement fieldhe
diffusion rateof displacement from the boundaries to the internal mesh regions is defined with the
spatially varying diffusion coefficient given as a function of the distance between thet@id

the mesh boundary T i . In order to calculate the displacements at the mesh points (cell
corners), interpolations from the cekntred values to mesh points are required. The mesh motion
boundary conditions are appligd the moving bodies, using data computed based upon the

calculations from the structure solver

3.3.2FSI2: OpenFOAMcoupled withMBDyn
The FS2 coupling frameworks establishedetween OpenFOAM andulti-bodydynamic solver
MBDyn based on a twavay loosecouplingalgorithmin an iteratively staggered coupling regime.
Two solversarecommunicated through socketise OpenFOAM solver worked as the main solver,

and MBDyn reacted as the slave solver.

3.3.2.1Coupling method

Thetwo-way loose coupling method hasralatively simplified workflow, as shown in Figur8.9.
Comparedo the two-way strong couplingvorkflow in Fig. 3.8, there exist no outer iterations
inside eachtime step ina two-way loose coupling approachThe communication datare
transferreddirectly within each sufzycling until the PIMPLEalgorithm convergedTo stabilize

the whole simulation and preserve equilibrium conalits on the interfacea minimum of five
PIMPLE iterations areecommendednside each time stepBasedon the above designthe
communications between the fluid and structure solver can be performed efficiently, which

significantly reducesn the overall computational cost.
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Time step 1 (1)

PIMPLE

force

Structure

ITteration 1 Tteration

Displacement

— Structure

Tteration 2 .
Iteration

—_— Structure
Tteration

Tteration n

Convergence
check

Time step 1 (1)

Time step 2 (t+At)

PIMPLE

force
— Structure

Tteration 1 Tteration

Displacement

> Structure

Iteration 2 .
[teration

—_— Structure
Tteration

Iteration n

Convergence
check

Time step 2 (t+At)

Figure3.9: Two-way strongly couplinglgorithm and tweway weak coupling algorithm.

A detailed workflow of the present CFDMB approach is shown iRkig. 3.1Q At the start of a
CFD-DMB simulation, MBDyncreaes a TCPIP socket and acts as a server waiting the client
OpenFOAM connects to the sockieisidethe data communication scheme, the scalar quantities of

pressure and wall shear strassegrated though fluid wet surfacare calculated from the
OpenFOAMand mappeanto the structure nodes in MBDyn. By accepting the force data, the
MBDyn solves thdiff erentialequations (Eq3.36- Eq.3.38 andpredicts the structural responses
The update nodal displaceméhenfeeds back to the CFD solveo as to establish twoway

communication
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OpenFOAM MBDyn
\f/ Initialize
D ———,——,———————
TCP/IP connection
t=to+At C— E=to+AL  |s

Pressure and wall shear stress

Integrate and map
the pressure

l

Update mesh and
flow field

Solver dynamic
responses

CJ

Nodal displacements

Pimple iterations

days o) IXaU A} 0} PAAVOI

Proceed to the next time step

Convergence
check

Convergence
check

Figure3.10: The workflow of tweway CFDDMB coupling framework.

3.3.22 Dynamic mesh technique

The fluid mesh has to be updated simultaneously based on the dynamic mesh technigque of mesh
motion, which relison the solution ofaplace transport equationg the displacement point fields
However, the dynamic mesh technique handling in the -OMB approach requirethe mesh

motion to havesolid body motion and cell deformation functions.

The solid body motion involves displacement of mesh points, which is perfeotieat the points

retain their relative positia On the other hand, mesh deformatisrintroducel at boundary
mesheswhichinducegelative motioms between mesh points, dists mesh cells anthodifiesthe

mesh in an inhomogeneous way. The inverse mesh deformation is applied to define the motions at
mesh boundaries in vWdh the large motiosarepresentThe fields solve celtented mesh motions

with the boundaryields stored at face cemss. In order to calculate the displacement at cell corner

points, interpolation from celfented values to the miegpointsmustbe performed.

3.3.3Concluding Remarks

In this chapter, twaransient CFEbased FSframeworksare established for ship hydroelasticity
analysis:the CFDFEA ard the CFD-DMB methods The various numerical methods and

65



techniques adopted in tHeameworksare discussed irdetail The high-fidelity CFD toolbox
OpenFOAMIis applied to modelluid flow and the free surfade modelledvia the VOF method.
An opensourcewave generationtool is incorporated for wave generation and absorption in a
numericaldomain.For the structuralmodelling two structure softwaréCalculix andMBDyn) are
employedfor calculatingthe structuratesponse®f flexible componentsin order to couple the
fluid and structure solver, a twway strong and a twaray loosealgorithmareapplied for the CFP
FEA and CFDDMB framework respectivelyA series of coupling procedures, includimupling
schemegjata communications amgesh motionaredescriptedabout both method$he strengths

and weakness of two framewordiesummarizedn Table3.2

Table3.2: A general evaluationf the presentCFD-FEA and CFBDMB method.

Numer i Advantages Di sadvant ages

met ho

U Apppriate for s Largemputatiaenal

CFBEA prob.l ems 0 Critical meshprde s
0 Hi glnmeracaur acy. of |l arge structur

U0 Signifiedmdchkeyverd Ti me steppingtang
computatisonal e procedures that ;

CFibMB preserving, l eadi
artificial dampin

U No pporsotcessing toc
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4 Validation Studies

Validation assessmeris of prime importage for numerical simulations taletermine if the
computationamodelagrees with physical realitfirst, the beanperformancevasevaluatedoy
analysingasimple cantilever beatndeformatiorbetweertwo structural solver§.e., Calculix and
MBDyn) and the analytical resultdater, the CFD model in OpenFOAMvas accessedy
investigatingthe seakeeping behaviour of a CTV vessel in head $aaally, thecoupled CFD
DMB methodwas validated using a flexibEgmented barge in wav@$e numerical results were
comparedvith that fromanother cesimulation,theoriesandexperiments

4.1 BeamBehaviourValidation

The firstvalidation casewasto examine the accuracy of beam modelloegweenthe FEA and
DMB methodsusingthe opensourcetoolbox Calculix V2.13 and MBDynV7.3. The numerical
resultswerefurther compared to the commercdiEA software Abaqu¥2020andthetheoretical
values.A simple cantilever beawasselected as representative case with one end fixed and a
constant loadcedat the other tip, as shownkilg 4.1 The gravity is not considered.

Two assumptions have to be made

9 Normal ofneutralsurfaceremains normal after deformation

1 Deformation is relatively small

Based on the above assumptions BhkerBernoulli beam theorwasadopted for beam modelling.

The material characteristics of the elastic b@amsummarized imable4.1

0.0lm

1kN Cross section profile

I 1 m)
r T m)
0 1

Figure4.1: A fixed-endcantileverbeam with cross section profile.

1. The theoretical equations fopareverticalbending beansan be summarized &dlows:

— (4.1)
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0 Ot (4.2)
. — (4.3)

wherd s the deflection of beam point B)is the modulus of elasticity(ds the moment of inertia,
0 is the length of beand, denotes the bending momentss the distances to point from neutral
axis.

Table4.1: Physical properties of the cantilever beam

Propertie Uni t Val ue

Beam llengt i 1
Concentr@at e . 10
Crosstion h i 0.01
Cr oss 6 tti loinc k n i 0.01
Youngods Mod Gy 210

Poi ssonds - 0.3

2. Beam in FEA

Beamsmodellingin Abaquswerewell introducedin their manual(Abaqus 2012)following the
sdtware modules from defining the geometrydeermining the material propertiesd boundary
conditions and finally creating a jobuserswere capableof building the modelfor analysis.
Althoughthe opersource FEA solve€alculix does not suppose graphical user interface (GUI)
as Abaqususerscoulddraw the grid through other pprocessing software andite the .inp file
basedn their tutorial{Dhondt 2017)

3. Beam in MBDyn

The beam modding proceduren multi-body dynamic software MBDyncan be found in their
tutorial (Masarati 2017)One additional pair ofotal jointswasintroduced to clamp the left end

beam point with a static background node to restrain the left end in space.

For evaluation of the results, the displacement of the trailing edge of theAssamommputed over
time shown in Fig4.2, and themaximum bending momentsere estimatedor eachnumerical

model The overallcomparisoris shown inTable4.2
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L.

Deformed v eformation Scale Factor: +1.000e400

Figure4.2: Vertical displacement of theantileverbeam Example postprocessauAbaqus)

Table4.2: Comparisos of beamdeformatiorand bending momesiamongFEA, DMB and theory

Di spl a Error Bending n

Theoretice 0.019 - 100
Cal culi 0.018 2. 36 100
Abaqus 0.019 0.05 100
MBDy n 0.018 1.89 100

4.2 Seakeepingvaluationof aRigid Crew TransferVessel (CTV)n HeadSeas

Crew transfer vessels, as applicable to the offshore wind industry, were mainly a type of catamaran
with a size between 16 meters to 27 meters, providing maintenance services by transferring
technicians from port to offshore wind platforms. The dotrlk featured vessels had less hull
volume, small displacement and low drag in the water, which benefited the high mobility and fuel
economics. During the transfer phase, the seakeeping characteristics need more attention, as
Phillips et al. (20153%tated that technicians may be more sensitive to get the motion sickness effects

than seamen.

There were severakisting guidelineswvhich illustrated the operational limits of a crew transfer
sailing at sea conditions with the consideration of the crew comforts, the corresponding criteria

were listed:

1 The vertical acceleration aC# LCG was less than 0.15g, and honital acceleration was
about 0.12¢dDNV 2020)(G9 2014)
1 The maximum significant wave height was 1.5m, noting that the operational ability was

also affected by the wave frequency, wave length and cyERITAS 2018)
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1 The maximum pitch and roll RMS values were 4 degrees and 6 degrees, respectively.

Generally, the accurate predictiontbé rigidship motion was the primary imgance to study on

the transferability and accessibility of CTV operation at seas.

4.2.1 Model Description

The research vessel used in this study was a dbwilleatamaran that had a length of 18m, and a
light draft of 1.38m, which were common types u$adproviding services among wind farms.

The ship model used in this analysis received from the hydrodynamic lab of the University of
Strathclyde with a scale ratio of 1:10. The vessel parameters were verified with several
experimental tests before, inclaod the weighting, inclining and swing tékin 2019) The vessel's

main particulars in model scale were showi@ble4.3and its hull form washownin Fig. 4.3,

cG

01195 m

0.79m

B

1.866 m

Figure4.3: Body plane of the catamaran model.

Table4.3: The principal particulars of a catamaran ship.

Principal particul ars Symbol Scal e
Scale factor _() 10

Length 0 & 1.85
Breath 0 & 0.®9
Design draft “Ya 0.138
Di spl acement vol ume noa 0.044
Vertical <center of gr KG( m) 0.253
Moment of inertia Q ( kig) 9. 157
Reynolds number Y () 4 . 2p6m 1
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Turbulence was modelled with the Reynetleraged stress (RAS) SEX 5 model. The inlet
turbulence parameters wecarefully calculated and assigned at the initial condition with the

following equationgrom Islam et al. (2019)

0 T® OYQ " (4.4)
0 - 630 (4.5)
1 = (4.6)
i @2 (4.7)
§ T (4.8)
1 A (4.9)
6 -0 (4.10)

Where'Quas the turbulence intensiffdwas the turbulent kinetic energywas the height of the
first adjacent layemiwas the turbulence length scalewas the turbulence specific dissipation
rate,0 was the turbulent kietic eddy viscosityd T8t awas a model coefficient of th@ f|

andQ 71 turbulence models.

In OpenFOAM, he time derivative term was discretized using the first order backward Euler
scheme, whiclhasbeen widely used in the industry. The second order linear upwind differencing
scheme was set for convection terms. The artificial compression term was intrtaltieeghase
fraction convection equation to exert pressure on the interface to keep it from dp€hs&n
pressurenomentum coupling equations were solved based on the PIMPLE algorithm, which
contained five sulgycling for each time step with extra tyapessurecorrection inner loops. The

cell motion was calculated for the mesh deformation technique. An overall relaxation factor of 0.9

was set for all variables to stabilize the numerical model.

The simulations were run on Archiest HPC (HighPerformaice Computation) cluster. The
specification of HPC cluster was a 2560 cores (64 Lenovo SD530 nodes) with 192GB of RAM per
node (4.8GB per core) using Intel Xeon Gold 6138 (Skylake) processors. All the cases were run
parallel on a single node (40 cores), derage time step was set to be 0.002s. All the simulations

were run up to 30s for attaining stable results and the required the physicabsnadout 120k
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140h per case.

4.2 .2 Verification and Validation

The verification study was a substantiation procedure that a numerical model represented a
conceptual model within specified limits afcuracyOberkampf et al. 2002According to ITTC

(ITTC 2011) the numerical errors had three categories into iterative errors, gird size error, time
step errorgStern et al. 2001)The iterative error was mainly caused by the normaliesiduals

when solving PDE equations with the differential methods, the convergence should be achieved
with at least three orders of magnitude decrease of error. The iterative error may be ignored in this
case due to the tolerance control setting wepdiexpin the solver. Only the uncertainty of grid and

time were presented based on the error estimation approach called Grid Convergence Method (GClI),
which was first presented IGelik et al. (2008pased on the Richardson extrapolation (RE) method.

It referred to overcome the limitation RE method that the predicted variables may not exhibit a
smooth monotonic dependence on grid resolution. Three key factors were studied, the convergence

ratio’Y , the order of accuracy p and the Grid Convergence Index (GCI).

The convergence ratio implied the result difference between each two pair of cases, and the value
was used to judge for the convergence conditions:

Y T OF (4.11)

1. Monotonic convergence: 0¥ < 1;
2. Oscillatory convergencéy <Tr,

3. DivergencelY >1

Wherethé andi represented the solution differences @dise case and medium case ,

medium case and fine case , the expression showed below.
T . . (412)
T . . (413)

The order of accuraayand Grid Convergence Index (GCI) were predicted using the following

equations:
n —— 11— nn (4.14)
o~ 8
00 O (4.15)
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For performing the uncertainty analysis, three different mesh resolutions and three time steps were
used. For the mesh convergence test, the grid numbers were refined at the free surface, the number
increased with a rough ratio Bt among coarse, medium and fine cases, from 8 to 16. The total

grid numbers were increased correspondingly from 5.41 million (10 cells) to 9.19 million (16 cells).
Also, three time steps, 0.002s, 0.002.€08s were studied for the time convergence tedh, avit
increasing ratio of 2. The GCI results were showmable4.4, which wereanalysedor the trim

and sinkage prediction with the ship has no forward speed and the wave period is 2s.

Table4.4: The GCI uncertainty analysis performed floe catamaran model at wave frequency of
0.5 Hz.

Mesh conver Trim Sinkage Ti me conv Trim Sinka
COG | [ m] study COG [ COG [
Coarse solu 0.07 4. 581 Coarse sol 0.07 4. 64°
Medisuan uti or 0. 07 4.591 Medium sol 0.06 4.62.
Fine soluti 0.07 4. 632 Fine solut 0.06 4. 27
Number of ¢ 4,492 4,492, 1Mini mum ti 0.00 0.00
Number of m 5, 906 5,906, :Medituimimme st 0. 00 0.00
Number of f 9,186 9,186, iMaxi mum ti 0.00 ©0.00O
Ref i nement 0.76 0. 760 Refinement 2
Refi nement 0.614 0.643 Refinement 2 2
Convergence 0.23 0.249 Convergenc 1.87 0. 06
Val ue of s -1 -1 Val ue of s -1 -1
Order of ac 1.43 1.326 Order of a 0.90 3.90
Val ue of fu -1.05 -1. 028 Value of f 0 0
Rel ative er 0. B¢k 0. 2@ 2 Rel ative e 13.%%t 0.54
Extrapol at e 0.07 4. 558 Extrapol at 0.08 4. 64
Extrapol ate 1. O®8: 0. %11 Extrapolat 13.%7 0. 03¢
GClI uncerta 1. 3E¢E 0. 36 GClI uncert 19.%: 0. 04 ¢

As can be seen from the above analysis, the results showed three monotonous convergence cases
and one divergence cagéhe divergenceonditionoccur inthetime uncertainty tedbecause the
maximum time step was selectad toolarge, therefore fluid field may not solvecorrectly. A

comprehensive uncertainty test on tistep sizes will b@resented in future work.

The validation study presented here was the FFT evaluatdtsrebthe ship heave and pitch
transfer functions with five wave frequencies. The medinesh grid density (12 grids at the free

surface) and the smallest time steps (0.002s) were selected through all simulations. The numerical

73



results (black) were compad with the experimental result (red), as showrFig. 4.4. The

numerical results showed a good agreement with the experiments.

—s— The current CFD —=s— The current CFD)|
12— , . . —{—*—EFD _ 81— : . : ; {——EFD _

114
1.0
09
0.8
0.7 4
0.6
0.5
04
0.3 i 2
024
0.1

00 T T T T T T T 0 T T T T T T T
030 035 040 045 050 055 0.60 0.30 0.35 0.40 045 0.50 0.55 0.60

wave frequency wave frequency

Heave transfer function
Pitch angle

Figure4.4: The heave and pitch results compared between numerical modet@arinents.

To further illustrate the results, the stream velocity distribution at the free surface with four shot
cuts was presentad Fig. 4.5 for one wave period. The resulting wave patteinowed a high
resolution at the boundary conditions, which proved the current mesh distritatiloitapture the
flow phenomenon at neavall regions. It could be noted that the high flow velocity wastured

at the region between two demi hulls, which may cause by the water trapping phenomenon.

Figure4.5: Velocity distribution on free surface and hull form for wave period at 2s.
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4.2.3 Concluding Remarks

This studyevaluated th€&€CFD codein OpenFOAM by predicing a doublehull vessel motion in
head waves. Three different mesh resoliand three time steps were used to perform the
numerical uncertainty analysishen the results were compared with experital data for
validation.One numerical issuis worthnotingthat hedisplacement Laplaciamesh techniqui
OpenFOAMwas not fully equipped to perform cases with wethnounced ship motionsuch as
cases withhigh wave frequenciesand large wave amplitudeTherefore,an alternative mesh

handling methodi.e., sliding mesh or overset masihniquewasrecommendeds alternatives.

In conclusion, it is founthatthe dynamic ship motior the selected CTWerehighly dependent
on theenvironmental conditions.e.,wavefrequenciesnd wave amplitude specific cases, e.g.
shortwave conditionO  T®"0g, the pitchmotionwasfoundover 4 degrees, which excest

the limits from criteriatherefore, the ship may not be safeperatén such conditions

4.3 HydroelasticAnalysis of a Hoating Barge Based on CFEMBD Coupling
Approach

The validationcasefor a transienESI simulationwas presentedn this chapteron a benchmark
flexible bargefloating on the free surfaceThe floatng bargewas deformable under the wave
excitation,which formeda coupled FSI systenthis benchmark cadeas previouslhpeen studied
by many researchefsased onvariousnumerical and experimental methpd., experiments
(Remy et al. 20063nd( Senj an ov i,poteatial flavcoudeRWIOFEA( Senj anovi | et
al. 2008) CFD coupledvith FEA (Lakshmynarayanana et al. 2019)

4.3.1 Model description

The numerical model has a similar setting upith the traditionalhydroelastic experiments
(Senj anovi,hsskown iraFig.6 T dattg bargeontained12 connectedegments
Each segmerttada uniform cuboid shapexcept for the bow caisson whibhda bevelledshape
as shown irFig. 4.7. The segmentsrereclamped to a steel rod which wakscedv X | &bove
deck level.The rodhada square crossection ofp i # p 1 i &ndits materialcharacteristis

weresummarized irmable4.5.
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Figure4.6: Hydroelastic experiments of the floating barge model, pictures from

(Lakshmynarayanana etal. 2060d( Senj anovi.l et al
D/% e
:
!!'T G E 5 &4 L :
r S o
&8 e |
600
K
B =600mm
(a) (b)
Figure4.7: Flexible barge geometgharacteristics.
Table4.5: The floating bargéimensionsand rodcharacterises.
Par ameter s Uni t Val ue
LengtLh m 2.445
Bea(nB) m 0.6
De p(tD) m 0.25
Dr & fTt) m 0.163
Tot al(@ ma)s s k g 172.55
Mass of eact kg 13.7
Mass of bow kg 100
Moment of i(@gr a & o pT1
Yousgodul (O 0 Fa P pm

Figure4.8a) displayedthe discretizednesh domain with a total &5 million gridsfor the CFD

solver. The surface mesht the barge boundaryasshown inFig. 4.80b); the mesh refinements
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wereuniformly appliedon edges and surfaces to obtain optimum geometry feature resollitiens.
grids density at the free surfasasprogressively refined until fulfilled the guideline fronfITTC
2017) in which a minimum of 80 cells per wavelength and 12 cells per wave heghtised on
the free surface modelling in this sty@g shown irFig. 4.8(c). The boundary conditions for the
fluid domainwerespecified, as shown ifRig. 4.8(d). Wave generation and absorptiooundaries
were adoptedfrom Waves2Foam toolboxat theinlet and outletboundaries.The symmetry
boundarywasassumedt thesides and bottomwhich indicatd a deep and opemater condition
in OpenFOAM

(b)

Atmosphere aplan=0
aulan=0 /\1,_1:/_
p—constant i 1
\\: — e | _
| N
g™ —
= — A | 1.54
e -~
\ K " |
e . *
U= (u0w) . >
ap/an=0 Side and bottom
.. U = (u,0,0)
aplan-0
123

() : (d)

Figure4.8: Thedetailed configuration dDpenFOAMsetups (a) Numerical domaimesh grid
(b) Surface mesh gridC) Mesh refinement, (@oundary conditions.
Responseof flexible barge with no forwardpeedverecalculatedn heading wave condition with
four wave frequenciesissummarizedn Table4.6.

Table4.6: Wave characteristics.

Wave per Wave freque«eWave | enWave hei _10
0.9 6.981 1.264 0.1 0.52
1.0 6.283 1.561 0.1 0.614
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1.2 5.235 2.248 0.1 0.92
1.6 3.926 3.996 0.1 1.63
1.8 3.490 5.058 0.1 2.07

Thestructuraimodelwasdesigned imultibodydynamicssolverMBDyn andonly theodd number

of the bargesegmentsveredisplayed inFig. 4.9. MBDyn read manuallgheinput cards including
structural nodes, bodies, joints and beam elem&htsstructural nodes credttne foundation of
nodes at global positions, and then bodies lagam elementsvere generated basing on the
structural nodes. The bo&yementsaval the input of mass properties and mass moment of inertia,
which wasused to represent thrargepatch informationThe steel rodvasmodelled usinghree
node beanelementswith a closed square cross sectiom®f p £ 18t p 8The detailechumerical

demonstration of thetructural model and material propertigere summarized infable4.7 and
4.8

Body

Figure4.9: Thenumerical demonstratioof DMB modelfor a floating barge.

Table4.7: Structural model demonstration.

DMBmo d el Col our Symbol Number
Structur al Pink dia N 25
Body el em Red dot B 12
Total join: Orange | TJ 26
Beam el em Grereemct an B m 11
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Table4.8: Material properties for the input of body elements.

Materi al | Symbol Uni t Val ue
Elastic M (6] "0A 210
SheModul u 0 "0A 77
Fl exur al op . ad ¢ 135
[O)e] . d ¢ 175
(e¥¢) . dc 175
Moment of (OF Ed Qe PTP QD Gid0S QO
Qo Ed Qe pTo QD HiFQOD ¢
R Ed Ry PTp D GiIQAD O
Str ucatmpneg Q p8IQ ¢

4.3.2 Hydrodynamiaesponsgof the floating bargem waves

The RAGs of the vertical displacementserecalculated at foubargesegmentgPt.1,Pt.9,Pt.17
and Pt.23, and the numerical resultsvere illustrated in Fig.4.10 A series ofregular wave
conditions ranging from 6.981ad/s(_f0 T8) to 3.490(_10 ¢) rad/s weretested

A constantwave amplitude of 0.01rwas selectedwhich was coincident with theexperimental
setting ( Senj anovi [Itieworthadtngth®? h® gaps between tBegmentsn the
experimental modelvere not considered in the CFBEA model. The absence of gaps in the
numerical model could result in slightly different hydrodynamic properitiesadded mass and
fluid damping (Lakshmynarayanana et al. 2018he numerical resuliwerecompared witla 2D
linear ship hydroelasticity theory Mars co-simulation GarCCM+ &  Abaqug
(Lakshmynarayanana et al. 20E9)d experimental resalby (Remy et al. 2006)

From the responsefig. 4.10 an overall goocagreemenwas found between theCFD-DMB
methodandthe experimentapredictions howeverithemore significantifferencesvereobserved
in shortwave conditions, i.ewave frequenciesf 6.28 rad/s and 6.98 radieanwhile the present
CFD-DMB method undepredictdthe displacements at barge amidships (Rt.8)98 rad/s, about
27%.0ne reasomay arisefrom the limited mesh density in CFD modellinghich resuled in
dependencies of fremurface wavenodelling The related convergence analysigsrequired for

future uncertainty analysis.
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Figure4.10: Validation on the displacements of barge segments and compared with the results
from experimentgRemy et al. 2006Mars(Lakshmynarayanana et al. 20H9)d cesimulation
(Lakshmynaayanana et al. 2019)

The VBM RAOs werecalculated at bargamidships(c#0 @) and compared ta 2-D linear
hydroelastic analysi&kemy et al. 2006dnd cesimulation result§l akshmynarayanana et al. 20,19)
asshown in Fig4.11 By comparinghe numerical results witiheexperimen, it is found thathe
general trend of the plots for the frequencies investigateskimilar. Nevertheless, the relative
magnitude bRAOs revealedsignificant differencesloseto resonant frequendfy.e., 5.25 rad/s).
In general, the VBMvasunderpredicted by the present methachongall wave frequencieghe
magnitudewaslower thanthat fromco-simulation by abou6.5%6 and12.4% by 2-D hydroelastic

predictions.

Overall,the results from this validation exerciseplied that the preser@FD-DMB methodwas

capable of predicting theertical motions and loads a very flexiblestructure to a good degree of

accuracy.
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Figure4.11: RAOs of the vertical bending moments of the flexible VLFS in heading waves
(M0 T@®) andat bargesection(cf0 1@ §

4.4 Conclusion Remarks

Threevalidation studiesvere presenteih this chapteto evaluate th@umerical performancef

the selectedolvers.

In Chapterd.1, the performance of beam modehsevaluatecbetweerthe FEA solver Calcul
andthe multi-body dynamic solver MBDytthrough an application of a simple cantilever beam

Thebean bendingbehavious, including deformation anbending momenisvere examined.

In Chapter4.2, a validation studyvaspresented tassesshe OpenFOAM code performance by
investigating the vertical motions of €TV in heading regular waves. The numerical predictions
agreel well with the experimental resujtand a GCI uncertainty studyas applied t@nalysethe
mesh and timestep sizes effct on the solutionsThe GCI uncertainty resultsnplied that the
solution convergence/asachieved for most casesowever, the mesh grid convergence always
imposel larger error thathe time-step.During the modelling procedurthe presentOpenFOAM
code posdstability issues while modellingt short wavecasesespecially wave frequenci@&was
overrgO ArA The mode divergeddue tothe bad cell qualityt the structural boundariayers.
Whenthe mesh cel weredistorted significantly, thénterpolation of these mesh celie@me
problematic resulting ina local increase of numerical error and Courant number. Theredore,
advanced dynamic meghchnique e.g., overset or sliding meshas recommended for future

wavestructure problems with large motions.

In Chapterd .3, thepresenCCFD-DMB modelswerevalidated byapplyinga flexible barge othe
free surfacén headwaves. The numerical results, including vertical displacements and symmetric

bending momentsyerecomputed using thEFD-DMB method shown fausable agreement with
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experimental measuremen{®emy et al. 2006)and commercial csimulation packages
(StarCCM+ & Abaqus) resultgLakshmynaayanana et al. 2019¥he numerical resultaiere
further comparéto a 2D linear hydroelasticit$heory, which found thathe predictions usinghe
CFD-DMB method shown improved results at the resonance period as dbnsideredthe
nonlinearities and fluid damping. Overall, the restdtgealedhat the present coupling technique

wasreliable andcapableof future ship hydroelasticity analysis
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5 Hydroelastic Analysis of aContainership in Regular HeadingWaves
based ona CFD-FEA Coupling Approach using PreCICE

Mostnumerical studies on ship hydroelasticity relied on commercial coupling softwaraause

codes either a software license was required, or itwas hard to reproducibleTo extend the

possibilities and test the performance of existing egmirce FSI packages,tinis chapter a peer

topeer coupPbPrien@l GE O rcaocruyp Ifie d O p wasfilstugeto mvestigata | c ul i X
the hydroelastic motion and loads of a containership (S175) in regular waves. The rest of this
chapternwasorganized as follow in Chapters.1, the FSI modelsetting ups and the methodology

were discussedChapter5.2 presentedhe dry and wetmodal analysid¢o evaluate the structure

model accuracyln Chapter5.3, the numerical results for the study on the dynamic motion of the

flexible S175 ship in waveserepresented and compared with another commercial FSI package

andthe experimental results. Bogfiobal ship motions and hydroelastic behavieereincluded.

The conclusionsveredrawn in the final section.

5.1 Model Description

In the preserESlstudy, a partitioned coupling schemas appliedo separate the solution domain
into a fluid domain and structure domain and solving them iteratively. The detailed numerical

methods of both fluid and solver solvevsredescribed in the following subections.
5.1.1 Ship Modelling

The benchmark S175 type of containership with a scale ratio of 1:40 was used in this study. The
body plan of fullscale shipvasshown inFig 5.1 The main dimensions of the ship in the medel

and full-scaleswvereshown in Tablé.1

Figureb.1: Body plane of the S175 hyliao et al. 2021)

Table5.1: Main properties of the S175 containership.

Ship Geometry desc Full sca Mo d e |
Scal e 1:1 1:40
Length betweeh) perpendiclt 175 m 4. 375
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Bred h ( 25.4 m 0.635
Dr amt ( 19.5 m 0.488
Di spl ad&dement ( 23,711 1 370 Kk
Bl ock cobefficient 0.562 0.562
Longitudinal centre of gr 84.980 n 2.125
perpendicul ar
Vertical centre of gravit 8.5 m 0.213
Transverse radius of gyre 9.652 m 0.241
Longitudinal radius of gy 42.073 n 1.052
5.1.2 CFD Model
The finite volume mesh was generated by the

cell splitting and body fitting techniqu@asak et al. 2007The numerical domain used to simulate

ship motions in waves exteadin three directions, i.e;1.59. <@w<2.0L, -1.0L<w<1.0L and -

1.5.<0<1.0L, whered denotedasthe ship length between perpendiculars (4i37H ezdogan et

al. 2015) The grids density at the free surface zone was progressively refined several times to fulfil

the guideline from ITTC (2017§Procedings 2014)According to these recommendations, a

minimum of 120 cells per wavelength and 12 cells per wave heightuseteon the free surface

in this study as shown inFig. 5.2 (Tezdogan et al. 2015)The choice of the omega SST

turbulence model further required a more refined mesh at the area immediately around the ship hull,

primarily maintained the adjacent wall layer thickness coordiprtelose to 30 associated with

thehigher Reynolds number flofiMienter 1994)

Figure5.2: The front view of the computational wave domain.

The boundary conditions of the present CFD model were defined as follows. At the left boundary

inlet, the velocity was prescribed as the incident wave and current, while the pressure was set as

zero gradient. At the right boundary outlet, the current Wglaeitlet was applied to preserve the

conservative of flux inside the computational domain. The boundary condition of the domain top

part was set as atmosphere. The domain bottom boundary was set as symmetry plane which
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represented a deayater conditioras well as the lateral sides. The moving wall boundary condition
with zero pressure gradient was defined on the surface ehipénull.

5.1.3 StructuralModel

A ship-beam segment model based on a behail coupling approach which compidsemassless

ship surface shell (including main deck) and a backbone beam, was built in theoopenFEA
software CalculiX(Dhondt 2017) The hull surface walengthwise cut for 20 sectionas shown

in Fig. 5.3, and then discretized usingn®de triangular shell elements (S3), which in total 50,247
elements were used. The elements at hull surfaces were rigidly connected with the nodes at
backbone beam, which allowed the foreg®l moments at the shell surfaces transferring to the
beam nodes.

Figure5.3: The virtual observation of the hull surface and beam discretization in CalculiX.

The backbone beam based on Timoshenko beam theory, whose governing equgaitishswn

as belowwas modelled using B32R beam elements.

Theequations for Timoshenko beam wikternal loadsan be expressed as given below:
Force equation

h h

a @ Q oo (5.1)

Moment equation

h

=y

0 ¢ O~

T (5.2
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whered @ is body mass per unit lengtd,cfd is displacement amplitudd, ¢fd is shear force,
calculated by) ¢fdo  "O& o , "Ois shear modulus is cross sectioaread 6o is bending
moment,which has an equation of ¢fo 'Oy D T Ty whereO "B the flexural stiffness,

"Q ofd is time dependent vertical environmental force per unit length.

It is worth noting tlat the B32R beam element was the preferred beam element of selections. It
performedwell for bending behavior and avoieédthe shear locking and volumetric locking against
other beam ehaents supported by CalculiX'he backbone beam was positioned at a height of
vertical centreof gravity of ship model. The ship mass modelled as distributed point mass, which
was placed on the beam elements as shoWigirb.4 andFig. 5.5. The material property of beam

was defined as steel, i.e., elastic stiff#ss ¢ p @ and Poissonratido  1@. The cross section

of backbone beam was determined by calibrating the natural frequency of the beam to match with
the secondnode dry natural frequency of ship hdlhe FE model was constrained for thexis
translation and rotation by imposing consttaion the beam and shell nodes. Moreover, the beam

center node was restrained in the direction-akis to avoid ship drift by the waves.

Hl E2 H3 H4 HS H6 #7 48 4 #20
CEELL TN LD e
TTTTTI TR T L0l [P
\ Baction y it \ Be ! ‘Y_‘* »A

0.005m

0.05m

Figure5.4: Ship backbone beam segement model settings.
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Figure5.5: The mass distribution at each ship section along ship longitudinal axis.
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5.2 Vibration Characteristics

5.2.1Dry frequency analysis

The natural frequencies of the dry ship were estimated in vacuum, which assumed-tifez free
beam structure stayed in the absence of any external actions or internal damping. To avoid
asymmetric effects (i.e., torsion or horizontal bending), tegmgmety boundary conditions were
applied for the FE model. The first three modes were calculated as listed inSTabled its
deformation were shown ffig. 5.6.

- LU0 el "

Lv x (a)

Rt Uy A
* (b)

Rl L8] I
* (c)

Figure5.6: Dry ship natural frequency visualization.

When bending or torsional loadgere not applied on the beam symmetry line, the beam may
produce warping or neaniform out of plane displacement. Although the warping effects due to

the pure bendingveresmall, a boxshaped beam sectiavasassigned to the beam profile since

this closeetype cross sectiomasfree from warping effects comparéa theopen sections. The

beam thickness and section dimensions were determined by matching the second node natural
frequencies of the shipeam model with the fuicale ship. After calibration, the&m profile with

a crosssection ofr@t ¥ @t b and thickness@t Ttiv, was used through all later cases in this

study.

5.2.2 Wet frequency analysis

An additional natural frequency estimation of the wet mode of hull was modelled based on a
continuumbased fluid modelling approach using a commeifei&h software Abaqus/CAE 2020.
In this type of application, the added mass effect was an important peraimetonsider by

modellingthe surrounding infinite of water. The wet surface of ship hull was encapsulated in a
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fluid zone, and a pair of fluidolid coupling surfaces were generated between the free surface and
ship wet surface.

¥

L”‘tr» VAVAVAVAVAVAVAVAVAVAW SAVAVAVAN - X vAVaY

Figure5.7: Acoustic fluid domain.

The acoustic medium, modelled by S4 acoustic element assigning with water gansity 7 C

was used to simulate the sea water condition. Fi§ufeshows the dimension of the acoustic
computational tank used in this study. It &g in length andpdd in width, and it is discretized

in 46,589 number adcousticelements. The mesh regiadjacent to the ship was kept a consistent
grid density to the ship surface meshdwn inred square), and the mesh density was reduced
outwards to the far field. Two boundaries were applied; arafdection boundary condition via a
surface impedanceifthe outer surfaces of the domain to avoid the water reflection and a kinematic
coupling boundary for the ship wet surface to ensure the displacement field in the structure was
coupled with the fluid pressure field. The first three modal shapes of shigi frequency analysis

were shown irFig. 5.8.

L.
Figure5.8: Wet ship natural frequency visualization.
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Both dry and wet natural frequency models were solved using the SPOOLES solver. The results
were shown in Tabl&.2 and compared with the experimental results listed in Error columns. As
expectedwet natural frequencies of the ship were significantly lower than dry natural frequencies

due to the consideration of hydrodynamic added mass.

Table5.2: Calibrate beam natural frequency properties and errors

Order Mo d € Dry cond Error Wet con Error (
(Hz) (Hz)

1st 2nod 9. 514 5. 9% 8. 17 7. 6%

2nd 3nod 25.02 4. 6% 21. 28 6. 6%

3rd 4nod 48. 04 3.4% 40.70 5. 9%

5.3 Results andDiscussion

In this chaptey theflexible ship motions and corresponding hydroelabgbavioursof the S175
containership at wave length#0 p&) with a forward speed 60 & were analysed The

case was run parallel using muitbdes (80 cores) on HPC, the averaging time step was set as
0.002s. The simulation was run up to 5 complete wave periods for attaining stable results and the

required physical time was about 300 hours.

5.3.1Flexible ship motions in wavstructure resonant condition

The time series of flexible ship heave motions were monitored on thémeadisplacement of the
beam node close to the ship grawgntre as shown irFig. 5.9. The flexible ship responses of
current shipiwvave matching resonance case showed a slightly lower value at the peak by about 15%

when compared to the rigid body cases.
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Figure5.9: Calculated head motion atd  p&.

In addition, the corresponding pitch motions of both flexible and rigid body vasepresented
in Fig. 5.10 Both heave and pitch resuiterein regular and sinusoidal shapes, which indidate
the suitability of the present solvers on seakeeping.

3

Flexible
— = =Rigid

L]
T

Pitch amplitude (deg)

Time (s)

Figure5.10. Calculated pitch motion affd  p&.

It is worth mentioning that the structure solver CalculiX does not have an intaiatadmal degrees
of freedom(Dhondt 2017) Therefore, the pitch angle was calculated using the relative difference
ratio between two adjacent nodes of vertieald horizontal distances based on a linear

approximation equation as givéme Equationbelow.

— AOAGAI z— (5.3
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where,—is the pitch angle in degree, subscipioints to the beam node at ship grawgntre
and® p means the corresponding adjacent node sequence. The raw pitch data is given in radians,
therefore, a factor of 18€s5  is multiplied to c

The RAOs of ship motions were estimated by using the motion data and wave amplitudes from the
last two stable wave periods. These RAQO results were then compared witkstimeitadgion results

from (Jiao et al. 2021and the experimental data frdi@hen et al. 2001hs shown irFig. 5.11

The heave7) and pitch [) motionswere nondimensionalized byWuand[ 7&s, whereswas
estimated wave amplitude. Frdfig. 5.11, the present heave RA@&re found to be 16.3% lower

than the cesimulation results and 18.0% lower than the experimental data. The deficiencies may
be caused by the inconsistent selections of coupling methods, structure solver demonsimndtions,
the time step resolutions between the existing solvers and comparatives. A comprehensive
convergence test including mesh densities and time step sizes will be studied in the future.

Moreover, the calculated pitch RA@sesentec good agreement with thgpmerimental data.

14 WJiao, J. etal.

M Chen, RZ et al.

=
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Figure5.11: Ship RAOs at U p& compared with literatures.
5.3.2Flexible shipvVBM in wavestructure resonant condition

The hogging and sagging peak values at each shi
compared with the esimulation resultg¢Jiao et al. 2021)as showrin Fig. 5.12 The VBM ( )
wasnondimensionalized by 7mQ 6 ,. As can be seen ifig. 5.12 the results indicatesimilar

trends of the hogging and sagging curves betwthe present FSI model and thesitoulation

model, except when the peak valuwaselower in general as noticed above. From Figure 15, both

models successfully captured the asymmiegtyaviouof hogging and sagging moments along the

ship sections. Thpeak value of hogging VBM occurred at ship'&@ction, which was evidenced

from both the present FSI and-sionulation model. However, the position of the trough peak values
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of sagging VBM from cesimulationoccurat 9" section compared with f0section from the

present model.
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Figure5.12: Comparisons of VBM at ship longitudinal sections.

The peaks VBM were extracted at traidshipsection and compared with the results from co

simulation(Jiao et al. 2021)as shown in dashed lineshig. 5.13 In addition, the first harmonic

of wave bending moment was extracted from the W&\ component by usintpw pass filtering,

and its peaksvereshown in solid linesn Fig.5.13 Overall, the magnitudes of these peak values

from the present FSI model were generally lower than the results from-ti@waation.
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Figure5.13: Comparisons of VBMpeak values

5.4 ConcludingRemark

In this study the seakeeping and hydroeldsticaviourof a flexible S175 containership has been

modelled through an opesource coupling FSI framework. The resonance case of the ship in
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guestion in head waves was invedtigghand validated by comparing the ship motions and VBM
results with the experimental measuremé@tisen et al. 2001and cesimulation FSI packages
results(Jiao et al. 2021)The vertical motions predicted by the present FSI model generally agreed
well with experimental results, except the heave RAOs. The peak values of ship total VBM and
hogging/sagging moments showed similar trends with th&irnalation results. In generahis

study showed the present FSI codes capacity to predict the hydrodiebtiwiour of a
containership in heading waves. Future pieces of work will focus on more extensive studies on
different wave conditions as well as ship forward speeds and oextteme wave effects on

flexible ship responses by performing the models in stredted irregular waves.

It is believed that the present FSI model will exhibit more advantages over the traditioral rigid
body methods currently used in the ship seakedijsity
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6 A Fully Coupled CFD-DMB Approach on the Ship Hydroelasticity

of a Containership in Extreme Wave Conditions

Theresearch using transient FSI simulations to investigate ship hydroelasticity in extreme wave
conditionswas very limited in number and scope. The reasfmsthis mainly stem from the
computational burdens of determining maximum values of ship responses in irregular waves
through direct simulation using Navi8tokes equations. In thigork, the dynamic motionsand
slamming loadsf a flexible shipin extremewave conditiors were studiad in focused wave
conditiors based on a fully coupled CFDMB model.lt is expected that the results obtained from
thisimproved andalidated numerical toalan provide greciseand more detailed insight into the
physical phenomena of the ship dynamic motions and its hydrodynamic loads in real sea states.
The results proposein this study could also helbp access the structural integrity of the ship
longitudinal strengthwhich serves an improved technigue whichto evaluate unconventional

ship designs.

The rest of thichapteris organised as follosv in Chapter6.1, the numerical setting up and the
methodology used in the present study are discusséchdpter the verification andalidation
studies are presented for focused waves angriteentCFD-DMB model. InChapter6.3.1, the
numerical result®f the study on the dynamic motions of a flexible S175 ship in regular wave
conditiors are presented. I6hapter6.3.2 a comprehensiveomparisorof the ship global motion
and hydroelastic behaviours between focused and regular gguesented. The discussion and

conclusion are drawn in the final section.

6.1 Model Description
The numeical simulations were performegsing the sameS175type containershipnodel as
Chaper 5.Threedimensionaliew of the shipis shownin Fig. 6.1 This type of ship geometry has
been commonly used in the literature for ship hydroelasticity research. These studies include the
BEM-FEM coupling research Kim et al. 2014)the CFDFEA coupling research kifakami et
al. 2019, Lakshmynarayanana et al. 2020, Jiao et al. 2021, Jiao et al. 2021, Wei et ak 2@&H2)
as someexperimental results as reported (Bhen et al. 2001)Only the bare hull was modelled

for the seakeeping investigations in this study.

94



(b)

-_

(c)

Figure6.1: Three dimensional view of tH&l75geometry (a) Ship bow, (b)Ship stern, (cShip
geometry.

In this research, an array sik pressure gauges (P1, P2, P3, P4, P7, P9) were placed on the bow

flare and bow bottom areas for bow wave pressure measurement to investigate the impact wave

loads on the ship when sailing in harsh weather conditions, asshdéig. 6.2(a). Moreover, an

array ofthreepressure gauges (P5, P6, P8) were arranged at the side of the hull to measure the

slamming pressure at the starbqasishown irFig. 6.2(b).

04m ______ LP?____E _____ 0.4m
03m_ .. ___________ 0.3m
Waterline ' i Waterline
0.2m 1 P8 1P6 .
________________ L 0.2m

Baseline Epg \P7

@ (b)

Figure6.2: Pressure gauge arrangemea¥Slamming pressure monitoring points at side yiew

(b) Slamming pressure at front view.

6.1.1 CFD Model

The finite volume mesh was generated using the OpenFOAM default mesh generation tool

ASnappyHexMesho based on cel | (JaspK at &al.t2007)

uniform background mesh was initially generated and used to projectnapdcells onto the
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geometry, and then the mesh refinements can flexibly be specified on edges, surfaces and volumes
to obtain optimum geometry feature resolutions. The numerical domain used in this study simulates
ship motions in deewater conditios, which extends in the three dimensions, i.®0 < w<

¢, T < w< 10 and pdD < & < O, whered refers to the ship length between
perpendiculars. The grid density at the free surface is progressively refined until it fulfilled the
guidelines from(ITTC 2017) in which a minimum of 100 cells per wavelength and 12 cells per
wave height were used on the free surface modelling in this,sasdshown irFig. 6.3(a). To

ensure that the high Reynolds number flow features are approximately captugeit] deasity at

the area around the ship hisl further refined several times with boundary layers, primarily
maintains the adjacent wall lay#iickness coordinatg+ close to 30. It is worth noting that the
proper wall functions were implemented for the hull patch surfaces to model the approxithate wa
behaviour when the adjacent layer thickness stayed inladoregion. The numerical domain with

a wave height ofip ¢ and encounter wave frequencyu® Y(pU_T0 p®) is chosen as a

representative case, which is displayedFig6.3 with a general view of the computational mesh

and meshrefinement zones.

(a) (b)

Figure6.3: Mesh refinement(a) Near the free surfacéb) Details at the ship bow.
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Figure6.4: The numerical domain with the applied boundaries for the-dedgxr case.

The boundary conditions in the present CFD study are shoWwig.ir6.4 as follows: At the left
boundary inlet, the velocity inlet was prescribed as the incident wave and current, while the pressure
was set as zero gradient. At the right boundary outlet, the current velocity outlet was #wpli
preserve the conservative of flux inside the computational domain. The boundary condition of the
domain top part was set as atmosphere. The lateral sides were set as symmetry planes to avoid wave
reflection at the boundaries. The bottom boundary sedsas a symmetry plane for deegter
modelling. The moving wall boundary condition with zero pressure gradient was defined on the
surface of the ship hull.

The mudtiphase solver interFoammsed in this studis based on a finite volume method that selve
the unsteady RANS equations in an iterative manftes.density’ and the kinematic viscosity

of the fluid in simuétion are reported in Tab&L In the numerical model, the convection terms
werediscretizedwith a Gausisn linear upwind schemeavhereasa seconebrder Gausan linear
corrected scheme was adopted for the diffusive terms. The turbulence modidstdedche
simulationis the shearstresstransport (SST) moddtom Menter (1994) which blend the best
features of the neawall accuracy of th&) 7 model and the frestream accuracy of th@ -
model. The temporal discretisation was performed waifirst-order backward Euler scheme.
PIMPLE (a combination of Pressure Implicit with Splitting of Operator (PISO) and-Bepficit
Method for Pressurkinked Equations (SIMPLE)) was utilised to solve the pressure velocity

coupling equations.

97



Table6.1: Physical properties
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6.1.2 Structural Model

The deformable ship hull was divided into 20 sectiereasa stiffness matrix based on the
EulerBer noul | i beam theory, equivalently represent
connect the neighbouring sections. In its numerical represemiatViBDyn, the distributed mass
of each ship sections was modelled as a lumped mass point latésatentre of gravity according
to the mass distribution data frqdiao et al. 2021 as shown irFFig. 6.5and6.6. A uniform beam
stiffness was applied with vertical bending stiffness which is shown in Figliree8nass moment
of inertia,’®© ,"© and'© of each ship section was calculated based on thplified apprach
from Bakti et al. (2021)In their approach, the moment of inertibeach section@, 'O "O) was
calculated by the product of the first moment of area andehtoidal distancef the area from
the give axisThe parallel axis theorem was applied when thereasftthe shigrosssection was
not coincidentwith the beam nodeéAfterwards, the momerdf inertia can be calculated by using
geometric properties of the cressction by multiplying a factor @ such thatd &z "O. The
factor®d yBrwas used in the study, whiakas determined by matching the first two natural
frequencies of the vical bending modes of the beam with the valcagulated by FEMThe
material property of the beam was defined as steelelastic stiffnes®© ¢ p' b @nd Poisson
ratiot 1. In this study, the structural damping westimatedapproximately as 1% of the
critical damping, as recommended ([®jshop et al. 1986)

The DMB model in the present study was constrained for theisy(no sway) translation and
rotation about the-axis and zaxis (no roll and yaw) by imposing total joint elemeamong beam
nodes. Moreover, another set of total joint elemertisemployed to restrict the DMB model in
the direction of theJaxis to prevent the longitudinal drift caused by the wave and cuBaséd

on the above design, the elastic deformatibthe ship hull is affected by the equivalent beam

properties and restricted by the constraint equations.
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Figure6.5: Arrangement of ship model view from middle longitudinal plane.
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Figure6.6: Longitudinal distribution of mass and uniform vertical bending stiffness.

6.1.3 Vibration characteristics
Before the hydroelastic computation, the modal analysis of the DMB beam model was conducted
usingArpack solver in MBDyn software to provide information about beam vibration behgyviour
such as the natural frequencies and modal shapes in the dry condition. The beam was assumed in a
vacuum condition, and the elastic behaviours were considered by thébouytdynamic beam
theory with equivalent beam stiffness. The beam section profiles (including section dimensions and
thickness) were calibrated by matching the first three néodssral frequencies with the natural
frequencies of the real ship from expeent(Jiao et al. 2021)The obtained natural frequencies for
the first three orders of vertical bending mode of the moddryncondition are summarised in
Table 6.2, and the corresponding mode shapes are showigir6.7. After the calibration, the
closed beam profile with a closed cresstion offi@t ¢ 18t 0 18t tiv was used throughout

all later cases in this study.
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T

Figure6.7: Modal analysis of the DMB beam model witlodal shapes at'9 39 and 4" order.

Table6.2: Calibrated beam natural frequency properties and errors.

Ordel Mo de (U (U Error
1st 2node 10.140 10. 1514 0.11:
2nd 3node 26. 116 26. 241 0. 48
3rd 4node 49.136 49. 747 1.241

where, Q ( Udenotes MBD beam natural frequency &d Uis the ship natural frequency from

experimeniJiao et al. 2021)

6.2 Verification andValidations

The followingchapterswill present two verification studies. [Dhapte6.2.1, a sensitivity study is
presented on the focused wave generation based éN¢méNave theory (Chapter3.13.2), and
the numerical results are compared with the analytical solutior@Ghapter6.2.2, a verification
study is carried out on the effects of mesh grids and-siime sizes on the present GEIMB
coupling method at the waaghip resonance condition X0 p&RO 1@ ¢ ). The results
including dynamic shipmotions (heave and pitch) and vertical structural loads (VBEI®

analysed in order to justify the correctness and accuracy of the present FSI model.

6.2.1 Sensitivity Study of Focused Wave Generation

The presence of uniform flow poses additiodéiculties in modelling focused wave groups in

CFD due to the waveurrent interaction. Similar numerical studies presentedhayng(Zhang et

al. 2014) Markus (Markus et al. 2013and Li (Li et al. 2012)proved that currents significantly
change the focused wave elevations, peak wave period, focal time and position. However, such
wavecurrent coupling effects are not one of the aims of this study, the focused wave group with
current was generated basedlw® modifiedfiNewWave theorgand the focused wave height and

peak wave period were then calibrated accordingly to meet the desired focused wave shape.
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In this verification study, a 2D numerical wave domain extends into two dimensiond of

o pp, ¢of & c¢i.Afocusedwave group was generated with the significant wave height

of 'O 1 ¢ , and the wave peak period is chosefias p& & in the modescale. The uniform

current speed was applied at the boundary inlet with a valp@at ¥Q which implis t he shi pos
forward speed 6l0¢ T® X.Uhe focal position was setas 181 and the focal time was set

to bep @t OThe frequency band between 0.125Hz to 2.0Hz and 50 individual wave components

were usedo generate this focused wave group. The mefhnration of the mesh convergence

study was summarized rable6.3.

Table6.3: CFD mesh details of three mesh densities on focused wave generation.

Mesh gri Coar s Medi um Fine
waxi s Yo O Yo O0fpnm Yo O0fpum
Gdaxi s Ya OTP Ya "Ofp m Ya Ofp g
Aspec tyomia t 3.2009 5.135 6.419
Grid num 10, 29 21, 462 37, 81¢

To verify the quality of focused wave modelling, the discretisation error from mesh grids and time
steps are studied and summarised in Tabkeand6.5. The numerical results of wave elevations

are further compared with the analytical solution of a focused wave group without current as shown
in Fig. 6.8 The fgure shows that the simulated focused wave preserves favourable wave shapes,
and the peak wave elevation is focused at the focal position and time, as dasinethe
consideratioron the computational cost, it was concluded that the medium size ofanddime

step of 0.0015s was the optimum choice to generate the waves in this study.

Table6.4: Grid convergence test studies with three mesh densities.

Mesh grid Coars Medi L Fine Analy

Maxi mum wave 0.077 0.07 0.078¢ 0.08
(6.67¢ (6. 06 (-4. 36 %,

Trough to rou 1.62¢ 1.61 1.595 1.51

(+6.5 (+6.1 (+5.07
O Y pg hY p&fiFGan¥d T8 R

Table6.5: Time convergence test studies with three tsteps.

Ti me step 0.001 0.00: 0.002 Analy
Maxi mum wave 0.078 0.07 0.073 0. 08
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Figure6.8: Mesh and time step convergence test of focused wave genef@tiomg d “Y

P W : meshes(left), time steps(right
6.2.2 Sensitivity Study on Flexible Ship in Regular Waves

Prior to present analysis of the CEEEIMB modelof ship responses in different wave conditions, it

is necessary to conduct related convergence and uncertainty analyses of the FSI model to verify the
coupling framework performance. Aguang et al. (2022pointedout, the uncertainties in the
modelling of fluid dynamics by a CFD solver are generally much larger than the uncertainties
associated with the structural responses by the structural solver. Therefore, dhabtisy a
verification study is conducted the CFD solver by changing three different mesh densities and
three timesteps (details shown in Tal8es).

The shifiwave resonant frequency conditioify p&HFO 1@ ¢ ) was studied because large
motions and loads tend to cause the largest numerical éfierdogan et al. 2015}t is worth
mentioning that the change of gird reg@n was only applied on the free surface regidmereas

the meshiscretizationwvas not altered in the background mesh.

Table6.6: CFD mesh configuration of three mesh densities.

Mesh gri Coar s Medi um Fine
waxi s Yo O0fpgm Yo O0fpgm Yo 0fpgm
Gaxi s Ya "OTg Ya "Ofp p Ya Ofg m
Grid numbe 2.85 3.68 4. 84
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The simulated time series of the heave and piokions and the VBMs at the amidship section
(07¢ from FP) by the three different grid densities and time steps are comparatively sHégn in
6.9-6.11 The time series of the flexible ship heave motions were monitored on th@meal
displacement of the beam node on the ship at LCG. It is worth noting that the structure solver
MBDyn does not have an internal rotational degreeseafdom(Masarati et al. 2014)he pitch

angle is calculated using the relative difference ratio between two nodes, at ship bow and LCG,
based on a linear approximation equatemgiven irEq. 6.1

| AOAGAT z— (6.0

where—is the pitch angle in degree, subscippointes to the beam node at ship LCG, énd
denotes the front node of beam. The raw pitch data is given in radians, therefore, a factor of

p WAt is multiplied to convert it into degrees.

Figures6.9 and6.10show that the timaeries of the heave and pitch signals from three different
mesh densities and tirgteps, respectively. The results by differgntl densities are very close
although the medium and coarse meshes slightly underestimate the heave peal& 1Hisjuoevs

the simulated time histories of the ship VBMs among different mestlutions and timsteps.

The data of wavenduced VBMs were filteredby the static stilwater bending moment (SWBMs)

from the total VBMs. The VBM signals ifig. 6.11have shown similar shapes with the numerical
results from(lijima et al. 2008)in which a strong asymmetry between sagging and hogging values
exist due to the nonlinearity. To better understand the influence of waves on tHeebigincy
vibration characteristics,fast Fourietransformalgorithm (FFT) was applied to process the VBMs
signals, and the results are showtrig 6.12 The main peak frequencies can be clearly observed
from both figures, whicimpliesthe excitations from the encounter wave frequency, while the high
frequency components can be captured uprtth order, whichis denoted as the springing effects.

It hasto be noted that the high frequency components are better recorded in fine mesh condition,
but in general the extreme VBMs can be well estimated using medium mesh with less than 4.6%

of difference ascompared to fine mesh.

All simulations were performeby usingthe Archie-West UK (HPC) facility with 40 Intel Xeon
2.0GHz cores. The average time for the regular wave case to obtain 20 stable periods consumed

approximately 120 physical hours, and it will increase while running for focused wave cases.
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6.3 Results
6.3.1Flexible shipbehavioursn regular wave conditions

In this chapter the predicted global ship motions i.e., heave, pitch and VBMs of the S175 ship
mode| are presented in different wave conditions based on the-II¥B method. The
presentation of these results is fundamental for the subsequent focused wave analysis. There are
five different incident wavelengths ranging from¥{=1@o p&) with a constant wave height of

'O 1 ¢, involved in this study. The detailed wave parameters are summarisebl@®. 7.

Table6.7: Regular wave parameters.

Case | Ds 1 2 3 4 5

Wave hh,)ght ( 0.1 0.1 0.1 0.1. 0.12
Wavel efog)t h ( 0.9 1.0 1.2 1.4 1.6
Wave frelqu@hcy ( 3.8.3.7v3.4. 3.17 2.65
Sp e o) ( 0.2 0.2°0.2 0.27 0.27
Encounter] Aircgquenc 6.8 6. 5.5{5.2¢ 3.94
Wave st @kfpness 0.0 0.0:0.0: 0.01 0.012

The encounter waves for the ship sailingsea state 6 witldlifferent wavelengths (i.e_f0
T@dp8ip& pad hp®) measured at P2 are shown in Fighre3 As seen from the wave resultise

time series of the monitored waves preserved shap#swith less than 6.1% of wave height
dissipation while propagation, which confirms the capability of the developed CFD wave

generation technique.
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Figure6.13: Time series wave elevations plots at different wavelengths, measured at P2.

6.3.1.1 Flexible Ship Motions

The original time series of the flexible ship motions including heave and pitch among different
wavelengths are shown Fig. 6.14and6.15 As can be seen in the figure, the vertical motion
signals of the ship are all sinusoidal at any wave conditions which present the same sinusoidal
characteristics of the induced waves. The largest heave and pitch motions is observed at the wave
condition of_¥0=1.4.
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Figure6.14: The time series of ship heave motions at different wavelengths.
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Figure6.15: The time series of ship pitchotions at different wavelengths.
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The heave and pitch motions are further calculate@smonsemplitude operators (RA®) and
plotted against the nesimensional parameter of wave/ship length rafffo in Fig. 6.16and6.17.

To validate the numerical results, these RAe compared among different methods, including
the numerical CFBFEA models byliao efal. (2021)andLakshmynarayanana et al. (20245 well

as experiments dthen et al. (2001)

Figure6.16shows that the heave RAOs from the present-ORMB method generally show good
agreement with the experiments by Chen et al. (2001) at short waves; however, the peak value at
shipwave matching resonance is captured_#b p& rather than_f0 p& as in the
experiments. The correspondence between the present model and tHEEE&FBodel is
favourable in heave predictions except in the-dionensional frequency range@® p&, where

the magnitude of heave is ovaredicted byabout 25%.Such numerical error may caudsy

different numerical frameworlstructure modelsral mesh errors.

Figure6.17 presents the pitch RAOs of the present method and theREFADmodel byJiao et al.
(2021) which produces small differences in the higdguency region; however, there is an ever
estimation in long wavely an average about 8.6%. Some differences in the pitch RAOs can be
noted between the present model and the-EEB model byLakshmynarayanana et al. (2020)

long waves, especially with a peak differencefit p& of approximatelyp v PAIl numerical

models overestimate the trim angle at long waves by apouteompared with the experiments.

Heave RAOs
o
o

o
@

T t CFD-MBD model

Figure6.16: Non-dimensional heave RAOs calculated from the BB method compared

with co-simulation and experimental measurements.
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Figure6.17: Non-dimensional pitch RAOs calculated from the GBMB method compared

with co-simulation and experimental measurements.

6.3.1.2 RegulanWaveinduced Vertical Bending Moments

The longitudinal distributions of the total VBMs at each ship section estimated by the present CFD
DMB method are given in Fig6.18 for different wavelengths. The VBM values are fnon
dimensionalised by 7' W0 ,, where, is the monitored wave amplitude. As can be seen from
the resultsthe distributed VBMs show similar trends for different wavelength cases, and the peak
crest andtrough VBM values are found at the wanesonance condition f0  p&), which
implies most enormous bending moments occur at the -vesgmance condition. Both hogging
and sagging VBMs show strong asymmetry behaviour along the ship longitudinal, tlsaggialg

VBM occurs atshipsection 10, and the peak hogging VBM occurs closhijpsection 12.
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Figure6.18: The distributed of VBMS amidship at different wave lengths.

The distributed VBMs atesonance condition f0=1.2) are selected as a representative case to
further compare with the numerical CFHEA results fron{Jiao et al. 2021)as shown irFig. 6.19

The results reveatithat the VBMs predicted from the present method show a similar trend to the
results from the CFBF-EA method, especially the excellent agreement of the total sagging moments.
However, the peak crest value of the hogging VBMs is detectshiasection 12in the CFD

DMB method, rather than ahipsection 11 in the CHFEA method.
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Figure6.19: Comparison of the distributed VBMs at each ship section obtained by using the
CFDi FEA method with thoserbm Jiao et al. (2021)Adapted with permission frofdiao et al.
2021)

The VBM RAOS at ship amidship is further compared among different numerical methods and
experimental measurements. As showRim 6.20, there is an underestimation of the results from
the present CFIFEA model at some wave conditions, i.6) p8tp& by a maximum of about

15%, compared to the results frarmkshmynarayananet al. (2020) These deficiencies may be
caused by the implementation of a structural damping ratioriethe CFDFEA model and®@rt p

in the CFDDMB model. The damping effects on structural loadgre studied by
Lakshmynarayanana et al. (202@hich pointd out that the increase of structural damping from

0 to 0.01 may reduce the bending loads by about 25%. However, in the preseramilythg the
structur al damping to stabilize the structural
behaviourds necessaryOverall, the results give a fair depiction of structural loads of the flexible
ship to different wavelengths, enabling a furtteagile step for the focused wave study.
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Figure6.20: Non-dimenstional VBM RAOs admidsip calculated from CBMB method

compared among numerical and experimental measurements.

6.3.1.3 Green WateVisualizationof flexible ship in regular waves

To better understand the green water phenomenon under different wave conditions, the physical
views of the violated fresurface flow during slamming events &)=0.9 and_T0=1.2 are shown

in Fig. 6.21and6.22, respectively. Both figures include two phaseshefship motion state with

four time steps wthin one wave cycle, fror® “Yto Y A severe slamming and green water on deck

can be observed when the ship is sailingfio=1.2, however, such events are not noticeable at

_T0=0.9because the vertical motion of the ship is relatively low.
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Figure6.21: The green water phenomenon captured at one wave cycle in heading wave
conditions with wave heighi=0.12m, wavelength f0=0.9). (a) % T, (b) %2 T, (c) %= T, (d) T.
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Figure6.22 The green water phenomenon captured at one wave cycle in heading wave
conditions with wave heighi=0.12 m, wavelength_(f0=1.2) (a)© "Y (b)e "Y(c)3 "Y(d)"Y

6.3.2 Comparison of ship motions and impact wave loadedgosed and regular

waves
In thischapter the wave elevations, global ship motions and impact wave loads of the S175 model
in regular waves and focused wave groups are presented in a comparative manner. In order to
control the variables, the wave paramgténcluding significant wave height and trottghtrough
period of the focused and regular waves are set as identical. Moreover, to better understand the
slamming impacts and green water on deck at extreme wave conditions, the flow field around the

shipis visualised with the impact pressure predictions.

Figure6.23compares the timseries free surface elevations of the focused wave group and regular
waves (F0 p&) for the samesignificant wave height@® 1 ¢ , troughto-trough period

('Y p8& Yand uniform current speed of p& 11 ¥O The focal location werpredefined at the
shipds LCG and t hep u@hesaalues werealetarnaired by eohsidériog the e
computational cost and arranging a sufficient time for wave propagations. The time records of 11.5s
to 19.5s duration of the wave propagation were presented for comparison.
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As the wave elevations are showrFig. 6.23 the focused wave shows good agreement with the
theoretical theory; however, a slight front shift of the focal time can be observed. Thetwough
trough period of the simulated focused wave group and regularigzalreost similarAs can be

seen from the figure, the focused wave group tends to superimpose a higher wave elevation at the
focal time, raising the wave elevation by about 25% from 0.061m (regular wave) to 0.083m. It is
known that the increased wave elevation containsenignergy, which implies that forces due to
focused waves are expected to be larger than that in the regular wave condition. The enlarged fluid
forces further violate the ship response and corresponding elastic behaviour, whichinvithde

following sections

0.12

Focused wave—-—-- Regular wave

eeees Focused wave-Theoretical |

(m)
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|
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o
=

Wave elevations

008} N NS

Figure6.23: Comparison of the free surface elevations between the simulated/theoretical focused

wave group and regular waves.
6.3.2.2 Flexible ship motions

The time histories of the heam®tions induced by the focused wave are compared with that of the
regular wave_(f0  p&) as shown ifrig. 6.24 As can be seen from the figure, the ship in focused
wave induced a significambotion response of the value of 0.095nb atp ®Q which increases

the heave amplitude by about 25% compared with thdteinegular wave. After the focal time,

the heave motion decays progressively. asymmetridoehaviour can be noticed in heave signals,
in which the trough of heave motion is generally much greater than the crestasathe ship

experienced obvious sinkage due to the forward speed and dynamic effects.
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Figure6.24: Comparison of the flexible heave motion between the focused wave group and the

regular waves.

Figure6.25shows a comparison of the time series of the pitch motions between the focused and
regular wave conditions. The pitch motion in the focused wave group shows a similar trend as the
heave motion but with a phase shift, which reaches its peak after thetifoeahnd decays
progressively. As can be sedhe pitch amplitude increases by about 20% at the physical time of
18s compared to that in the regular waves. The enlarged trim may result in severe whipping effects,
which may endanger hull girder integrity.
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Time (s)

Figure6.25: Comparison of the flexible pitch motion between the focused wave group and the

regular waves.
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6.3.2.2 Focusedaveinduced Vertical Bending Moments

The time histories of the total VBM #te ship amidship in the focused wave are compared to those

in the regular waves f0  p&), as shown irFig. 6.26 The sagging moment reaches its lowest
value at the time instant of 16.5s, with an increase of about 25% compared to that in the regular
waves. The total VBM signal is further filtered using a low/high pass filter t@exthe wave
induced VBM (green dot) and higrequency VBM pink dashdot). It can be seen from the figure

that the highfrequency components were more pronounced betwgseto 1.8s, which is right after

the focal time, accounting for about 20% of thet&BMs. The highfrequency components are
mainly attributedo the nonlinear componentstimefocused wavegroupand structures.
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Focused wave total VBM -+ Focused wave WF VBM -1
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Figure6.26: Comparison between the flexible ship VBM amidshipeigular wave and focused

wave group.

To better assess the VBMs of each section along the ship length, the longitudinal distribution of
VBMs of focused wave and regular wave are displayelign6.27. It is seen that the sagging

VBM is generally much larger than the hogging VBM for both cases. The largest sagging VBM
appears at section 10 in front of the largest hogging VBM due to the contribution of nonlinear
whipping loads components, whicheigidenced byiao et al. (2021)There is a noticeable increase

by about 9.8% of sagging moments at section 10 in the focused wave compared to that in the regular
waves. The largest hogging moment is shifted fetiip section 12 (regular wave) ship section

11 (focused wave).
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Figure6.27: Longitudinal distribution of VBM along the ship length for regular waves and

focused wave groups.

6.3.2.3 Slamming Loads an@reen Water on Deck

In this chapter the slamming loads and green water on deck phenomenon are analysed between
regular and focused wave conditions. It should be noted that the time series of impact pressure data
have a sampling frequency of about 667Ezagiated with the selected time step of 0.0015s, which
may not be sufficiently small to capture the instantaneous impac{{iealet al. 2021)however,

this sampling frequency is determined as a compromise between accuracy and the computational

costs.

The time series of the impact pressure at front bow measurement péiBits®tompared between

the regular and focused wavemotted inFig. 6.28 The measurement points P1, P2 and P3, located

at the centre line at the ship bow, capture the slamming impact loads and bow entry water pressure.
The figure shows that the pressure signal at P1 generally has the spegesue to its relatively

small deadise angle compared with P2 and P3. However, the pressure signals contain high
frequency noises, which may be related to the ship ringing phenomenon. This part of the analysis
will be carried out for futurestudies The slamming pressure becomes higher and sharpiee in
focused wave gi ©to p YPcompared to the regular waves, which indicates the ship experienced a

severe slamming phenomenon.
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Figure6.28: Comparison of the bow slamming pressure between the focused wave and regular
wave with wave height 0.12 m, pressures probes located at P1, P2, P3.

The bow bottom gauges at P4, P7 and P9 are immersed in the water, whiglirtistatic pressure
dominates. The pressure signals show general regular shapes with the occurrence frequency of
slamming evenequalto the wave encounter frequency ($ég. 6.29. The peakvalues of the
slamming pressure are found at the bow flare region édfhen the pressure decreases from the

bow front to the backwardhe magnitude of thpeakslammingoads show favourable agreement

with the cesimulation results frondiao et al. (2021)As shownin Fig. 6.29 the impact load
thefocused wave are generally larger than thogharregular waves among these gauges, with an

increase up to 9% of slamming pressure at the bow flare.
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