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Preface

To comply witithe Energy Efficiency Design Indegimple suggested short term solution is the
installation oflessengine power Therefore, concerns have been raised to the survivability of hips
adverseweather conditions.Therefore,Sui(2021)developed aolisticsimulation model¥ N2 Y Wil y{ G2
g I 1 dba@manoeuvring ship in irregular wavtesinvestigate a minimum power limit for regulation
purposes. The model contains sophisticated methods to simulate the behaviour of the nentpmf
propulsion system and a hydrodynamic model is includl@th appreciative that he published a master
thesis topic on the improvement of the hydrodynamics of his simulation. At that poirgts lattracted
to work with a modelof a ship manoeuvringh waves. The design, hydrodynamics and systems onboard
of the ship are often treatedeparately Yet, the ship needs to perform all together. This holistic
principleand interdisciplinary character tfie studyis important to me My contribution to the nodel
consists of modulawnnified modelbased on the Cummins equatievherein the manoeuvring forces of
Kijima model are included as ndinear dampingn the motion equationFurthermore, | have provided
a model to obtain realistic sea conditions for thersns that the endangered ships encounfaovided
a sea state
I am happy with the resudf although it must be acknowledged thadhere is still room for
AYLINRGSYSyiGhad .dzi Fa tSiSNI RS |amdcdkinglck®dn agédlin YwSa St
which | have obtained a lot of knowledge amelveloped new skillsTherefore, | am grateful to Congbiao
Sui, Peter de Vos, and Peter Wellens for inspiring me with new ideasoacdpts andupporting me
throughout the research.
Theories and restd are often profoundly published whereas theplementationare treated
timidly insentencef A { ST W¢ KS {(KS2NE SEnulink® Y30 5 NB yhérSiggil® ¢ al
want to thank Thor I. Fossen and Tristan Perez for opening um#ingime research community with
the operly available models in the Simulink © NI NB  Wal NR G A Y SthifkgiatheSYa { A Ydzf |
foundation of science to make research insightful and reproducible
Eventually] must acknowledge that at the time lasted, | wasunaware of the difficult
challengsdt is to graduateduringa pandemicYet, | have persistedbut want to thank Pleun and my
family for their support and patiencduring this time



Abstract

With the introduction of the Energy Efficign®©esign Indexconcerns have been raised to the
survivability of ships with small engine powtermaintain manoeuvng capabilities in adverseeather
conditions.Therefore,Sui(2021)developed & A Y dzf | G A 2y Y 2 RaRebf afimadoduvrigi | y 1 G 2
ship in irregular wave® advice a minimum power limit for regulation purpos&se original model
consists of the Kijima model extended with the mean second order wave drift forces of a VLCC tanker
published by(Yasukawa et al., 2019)

The researcheported in this thesis is conducted as part of this work. Thereftyeaim isto
improve thefidelity of hydrodynamicsTherefore, anodularunified modelis establisted where the
manoeuvringorces of Kijima model are included as Horear damping in the Cummings equation.
Whereas only the mean second ordeavedrift forceswere included in tle original model, the first and
second order wave excitation forces, the radiation forces, anddBtoringforces are includeth the
new model The convolution integrals of the radiation damping forces are circumvented with state
space models with thelentification method ofPerez & Fossef2009) The input of the forces are the
force response amplitudeperators the quadratic transfer functions, and the added mass and damping
coefficients in the frequency domain obtained from the diffracteralysis performedn a bargen
Ansys Agwgbecause the hull geometry of the benchmark ship is unknown.

Moreover, a wave generation modelirecludedcapable of generating sea surface realizations
for irregular waves from multiple wave spectra. In thigdy, irregular long cresteavind generated
waves are generated fromBONSWABpectrum. ThedlONSWABpectrum is generated based on the
wind growth curves and thus depend on the wind speed. Consequently, the significant wave height and
the peak period othe spectrum are consistent.

The model is validated against the measurements of the benchmark turning trail and compared
to the original model. The original model is slightly more accutdéwverthelessboth results are
considered acceptablend,it is concluded that that the fidelitgf the models is similar.

Thereof, the model is used to simulate a ship escaping an increasing storm based on the case of
the Pasha Bulker. Therefore, a turn from beam to head waves starting at a low velocitylested in
sea state 7, 8, and & the original simulation, the ship failed in sea state 9. With the new model, the
ship is able to perform all turns. Therefore, it is concluded that the ship is not underpowered.
Consequently, the engine power is reduc&dith half installed power the ship fails to escape the storm
and it is endangered.

Vi



List of symbols
Roman symbols

VING®) The height of centre of mass w.r.t. the keel
0 Added mass matrix
State matrix
Coefficient of the state matrix
Added mass matrix evaluated as frequency approaches infinity
Added mass matrix coefficient
Damping matrix
Beam
Input matrix
Coefficient of the input matrix
Restoring force or hydrodynamic stiffness matrix
Output matrix
Restoring force matrix coefficient
Moulded depth
Draught
water depth
Non-dimensional water depth
Force vector
Non-dimensional fetch
5 W Force vector containing the combined Froddeylov andliffraction force
3 .m  Second order wave force vector
3.= Wind force vector
I, Diffraction force vector
5 L FroudeKTrylov force vector
31 Hull force vector
O Force component for a degree of freedom
Ik Propellor force vector
34 Rudder force vector
3»+m  Radiation force vector
I»av Restoring force vector
3o Viscous force vector
Wave force vector
Gravity constant
Non-dimensional significant wave height
Non-dimensional significant wave height flully developed seas
Identity matrix
Complex operator
Unit vector
Moment of Inertia of a degree of freedom
Mass moments of inertia around theaxis
Mass moments of inertia around theakis
Mass moments oinertia around the zaxis
Matrix containing the impulse response functions
A matrix containing transfer functions
Growth curve coefficients
Growth curve coefficients
Growth curve coefficients
Growth curvecoefficients
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0
0
0
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Impulse response function matrix coefficient
Impulse response function

Length between perpendiculars

Rigid body mass matrix

The mass of the ship

Growth curve coefficients

Growth curvecoefficients

Growth curve coefficients

Growth curve coefficients

Rigid body mass matrix

Mass matrix coefficient corresponding to a degree of freedom
Growth curve coefficients

Rotation rate around the-axis

Nominator coefficients of the transfer function

The inphasedifference quadratic transfer function (QTF)
The inphasesum quadratic transfer function (QTF)
Nominator of the transfer function

Growth curvecoefficients

Rotation rate around the-gxis

Denominator coefficients of the transfer function

The out-of-phasedifference quadratic transfer function (QTF)
The out-of-phasesum quadratic transfer function (QTF)
Denominator of the transfer function

Rotation rate around the-axis

Coefficient of determination

Wetted surface

The Laplace operator

Normal vector of the wetted surface

Time

Transformation matrix

Non-dimensional peak period

Non-dimensional peak period for fully developed seas
Velocity in xdirection

Wind speed at 10 meters height above the ground
Velocity in ydirection

Velocity inz-direction

Weight coefficients of the least square estimation
Position vector

Statevector

Velocity vector

Acceleration vector

Centre of floatation w.r.t. midship( 7¢)

Position for a degree of freedom
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GreekSymbols

t

Output vector that approximates the impulse response functions
Displacement Volume

The volume of the superstructures

The volume of the deckhouse

Thewave load transfer functio(RAO)

Impulsefunction

Phase of a harmonic wave component

The phase shift of the wave load with respect to the wave elevation
The corresponding phase shifts of the QTFs

Water surface elevation

Amplitude of a harmonic waveomponent

Vector function containing the impulse response functions
Vector containing the transfer function coefficients
Density

A reference moment in time

Excitation force vector

Total fluid potential

Fluidpotential preceding the impulse

Fluid potential during the impulse

Radial frequency

Wave frequency of a harmonic wave component
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1 Introduction

As part of the paradigm shift regarding the preservation of the environment, the International Maritime
Organisation (IMO) introduced tHenergy Efficiency Design Index (EEDI) for new shgixl1 The EEDI
is defined as the emitted grams of IS NJ & KA LIQ& O koltIhndin thedesigr dorfsliionsS & 3 &
The index is introduced to simulate the introduction of innovative propulsystesns by gradually
reducing the emission allowance over time as more clean alternatives are developed. On short term, an
effective solution to comply with the EEDI is to reduce the ship speed in design which practically means
that these new ships have asller engine power installe¢sui et al., 2019; Ventikos et al., 2018)
Consequently, the ships couldikwith insufficient propulsion and steering capability to maintain speed
and manoeuvrabilityn adverse weather conditiorend leads to serious concerns regarding the
operational safety in some circumstanq&HOPEA, 2016)

However, hese concerns are not unduljhe hazard situations occur when the ships are
waiting to berth anchoring off shorand a storm i€losing in Although, ship masters are alerted tins,
no shelter is searched until the anchor isdging significantly. The decision is understandable as the
adverse conditions are insidious as the conditions seem gentle at the time of the warnings. The
accidents happen in worsening storms, thus mild wave conditions with strengthening Withés the
ship is dragging and the master applies full engine power, the ship is not able to accelerate and
overcome the environmental conditions. Consequently, groundings and collisions occur which might
have been prevented with more engine powExamples are thgrounding ofPacha Bulkein
Newcastle, Australian 2007 the collision ofBungo Princesand a bridgen Yokohama, Tokyo Bay, in
2019 and the collision of Julietta D with tiiechora Staand an offshore wind park transformer tower
in ljmuiden,Netherlands

Subsequently, Chongbioa Sui conducted a research to predict the transport performance of an
oceangoing cargo ship with small EEDI more accurately. The ultimate &mli¢ain a holistic insight
in the short term complications on the operabal safety in heavy operating conditions as the EEDI
strives designers to reduce the propulsion and steering capacity in this circumstances. Therefore, a
benchmark tanker, Castillo de Tebra, is seleetedinderpowered shipnd its performance is modetle
withad A Ydzf | GA2Y T NESH et@dl) 200 hisicahtaigsscpistic@ted models to simulate
the behaviour of thepropulsion systenthe electric power generation system, atlte hydrodynamics
of the ship hull. Subsequentlglifferent propulsion control and energy magement configurations can
be analysed on their transport performanc@he focus on the study has been ¢ tmachinenand
that is modelled on a detailed levelibsequently, the research is progressing in order to improve the
hydrodynamicsn the simulation.

The present implemented model is a manoeuvring md8ei, 2021)The Kijima model consists
of a set of 3 degree of freedom motion equations (surge, sway, yaw). It is a modular appreddbh
the total force is a summaih of hull, rudder, propellerand environmentalorces and moments that
are simulated with different models. The models for the propeller and hull force can be fohd ét
al.(2019) Themanoeuvringhull forces are provided in empiriciErmulasfor the hydrodynamic
derivatives which arderivedfrom 15 captive modetxperimentsn which each model i®wedin 48
loading conditions. Furthermore, the ships specific resistance is modelled as a function of the ship speed
(Sui et al., 2019Additionally, the wavenduced steady forces isurge and swaforces andyaw
momentare includedas tabular coefficientéSui, 2021)Theseare computed with a strip theoryon a
VLCC tankeand published by(Yasukawa et al., 2019)herefore, the aim in this study is to consideeth
originalhydrodynamianodel and to replace the wave force model with a higher fidelity model in the
simulation. Besides, theodel introduces a challenge for the extension witbre specifiavaveforces
assolely themain dimensions and sonferm coeffigentsareused As aresult, theexactgeometrical
description of the hull form othe Castillo de Tebra is unknawyet the wave forces arise from the



pressure distribution on the hull wetted surface and thus deppridcipallyon the hull form.The
influence of waves on the propeller performanaed the propelletull interactionare out of the scope
of this research as it is the topic of my colleagtedgate Josef Ferschtman.

Thisthesisstarts with a brief description of theriginal model, with themplementedKijima
model and the wave forces that are includéd chapter2. The aim in this study is to improve the
fidelity of this model and therefore the state of the art of the modelling of ship manoeuvring in waves is
scrutinized with a literature study. This is described in chaPt&rom the state of the arit was found
that generally four approaches adistinguishedi.e. model experiments, computational fluid dynamics,
two time-scale approaches, and unified appches. Thereof, it was concluded that the unified
approach is both applicabla the framework of this studgnd the most consisterapproach to include
the wave forces. Subsequently, a unified approach is established and this is extensively described in
chapter4. The model is modular and based on the Cummins equation. The convolution integrals are
circumvented with state space models. The wairethemodelare generated from aJONSWAP
spectrum for which the parameterse. peak period and significant wave heigire determined from
wave growth curves. This model is validated on the measurements of the turning cycle trail of the
benchmark tanker and compared Wwibriginal model in chapted. Both simulationslightlyoverpredict
the turning cycle compared to the benchmark but provadeeptable resultdn chapters, the
simulations are executed for the ship that sails at a low velocity in beam seas and turns into head waves
in storms of 7,8, ath 9 Beaufort. It is seen that the ship is able to make the turn in all conditions.
Thereof, the engine power is reduced. With half the engine power installed the ship is not able to make
the turn. Therefore, it is concluded that the Castillo de Tebraisinainderpowered shiprlhis
conclusions is drawn in chaptéralso recommendations to improve the simulation are given.



2 OriginaModel

As mentioned in thehapter1, the Kijima model is presently implemented in the model. Therefore, the
focus in this section is to briefly introduce the Kijima model, tnedeafter waveforce model.

Traditionally, the manoeuvring performances are examined in calm water conditions, and, the
horizontal ship motions are considerddbjectives are course keeping, changes in heading, track
keeping and speed changes. Typical tests to findihaoeuvring performance are the turning test and
the zigzag testManoeuvring is a viscosity dominated phenomenon in which fluid effects as flow
separation, vortex formation, viscous and potential effects are imporféhése phenomena are
measured with éwing tank experiments andre estimated to obtain a simple model for simulation
purposes. The fundamental assumption is that the fluid forces are assumed to be unique at any instant
of time and solely dependent on the hull geometry, and the velocities and accelerations. This justifies
the expangon of the hydrodynamic forces in a series approximation. As a result, forces are expressed a
series withlinear and noHdinear terms in the motion equation, which are referred to as the
hydrodynamic derivatives. Thereof, extensive captive model testpefermed to measure all terms in
the expansion. According ©larke (2003)these parametrizations can, in general, be divided in two
classes: truncated Taylor series expansiand secondrder modulus model§Fossen, 2005 he
former is a pure mathematical approach whereas the latter has physical meaning as is based on cross
flow drag. The Kijima model is a generalization of¥beondorder modulis model

The Kijima model ign empirical method derived from the results of 15 captive model tests in
which each model is tested in 48 loading conditi@igima et al., 2004)t is developed aatool to
predict the manoeuvring performance in an early design stage for even and trimmed keel conditions.
The Kijima model congssof a set of 3 degree of freedom motion equations (surge, sway, yaw). The
hydrodynamic derivatives are derived from fits on the experimental data based eadpect wing
theory. It is a modular approach with the deriveemiempirical formulas for the ydrodynamic forces
expressed in hull shape parameters like the length and the block coeffi@gat.the years, the
empirical formulas have been improvégui, 2021)

X A ] ‘
U mf; )‘ x,.Xu
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Figure2: The reference systenrsthe manoeuvring simulatiofSui, 2021)



Theglobal and body fixed reference framesthe Kijima model is given figure 2 above The ship is
assumed to be a rigid body, and, the motion equation is from classical mechanics depending on the
chosen coordinate systemdnlike seakeeping conventionthe acceleratioydrodynamic derivatives,
that represent the body reaction forces or added mass, are transferred to the kinematic side of the
motion equation

a a 6 & & vi W
& 2-1

a 0 & & 61 W
O vi U
In whicho, U are the accelerations in the &and ydirection ando, 0, andi are the velocities in»and y
direction and the angular velocity around thexzis. Tie mass of the shi@ is obtained from the known
displacementt, and the moment of inertiOis estimated:

@ "o 22
'O a1 wherei D 2-3

Where,” is the density of seawater, is the radius of gyratiori2 is a coefficient that is set as 0.25
(Sui, 2021)and 0 is the length of the ship. Furthermore, the added massesandd& , andadded
moment of inertiab are found from empirical formulas, based on the main particulars, obtained from
Dirix (2002pandClarke et al. (1982)
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Where, Qis the draughtd is the block coefficient, and B is the beam.

Theforcesand momenton the left hand side are assumed to be a superposition of the
hydrodynamic forces on the hull, the rudder forces, the propeller forces, and the external
environmental forces form currents, wind and waves:

0 0 0 0 0
This is referred to as a modular approach as the individual forces can be computed with different
models, for example lift theory for rudders and thpenwater diagram for the propeller.

As mentioned, te hull forces in calm water are described with the mod@esesexpansions:

2-7
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Where,& is the ships calm water resistandhe other hydrodynamic derivatives aralicated with
the velocity component®, i andf corresponding tdransverse velocity, seefigure2 above.The
accent indicates that the force components and hydrodynamic derivatives are provided in a non
dimensional form:
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Eventually, he hydrodynamic coefficients in equatida8 to 2-10are provided with theempirical
formulas as described t8ui (2021)
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In the formulas2-13and2-14, 0 is the length of the shig is the beamQis the draught® is the block
coefficient,and™@ —is the aspect ratio. Furthermor& fQ h, hand0 are shape parameters that are

included in order to improve the accuracy of the force approximation in the aft(&iijina et al., 2004)

To complete the hydrodynamics in the simulatiome Kijima model is extended withe time
averaged steady wavieduced forces and momen{Sui, 2021)Unlike the empirical formulas, the
computed non-dimensionaforces and momentoefficientsof a benchmark SCb84 tankaublished by
are used seefigure 3 on the next pageThe coefficients in the figures are converted to lagktables,
and, the time averaged steady wairedluced forces and moment are reproduced with equatish5
below.

& " to,t 6 Mt TWYR..
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Where” is the water density)Qis the gravitational constantQ ; is the significant wave heigh,
0 ,and6 are the steady wawinduced force ad moment coefficients which depend on the
velocity, theaveraged waveeriod”Y, and therelativewave direction... .

The coefficients in irregular wavese defined as irquation2-16 below.
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Where,"O— is the wave spreading function, is the wave frequencyy is a wave spectrum, and ,

0 ,and0 are the steady wave force coefficients in regular wawe® equatior2-17. These steady
wave force coefficients are determined by captive wave towing teistesgubhr wavesTime histories

of the wave amplitude and phastine model motionsand hydrodynamic forcesre measuredThe
averaged hydrodynamic forcés ,® , and0 are obtained by taking the averaged value of the
measured force of the time historWhere the surge force is corrected with the still water resistance:
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In which,Y is the still water resistance ari@ is the wave amplitudeConsequently, the steady wave
induced force and moment coefficients can be seen as wave force spébtraesults are validated
with a free running test and the results are considered acceptadithough; the accuracy of the steady
yaw moment is considered insufficient.
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Figure3: Coefficients of added resistance CXW , averaged steady lateral force CYW and steady yaw moment CNW in irregular
waves based on thealculatons by SKFM. The figure 11 is publishédfasukawa et al., 2019)



3 State of the Art

For a general manoeuvring ship, the prdpeis providing the force to advance and the origin of all
forces on the hull and the rudder can be traced back to the interaction of water flow and ship motions.
The exact fluid flow is established in the nonlinear partial differential N&diekes egations' to which

an analytical solution remains desired and the present computational power remains insufficient for
good numerical approximatior(ossen, 2011; Larsson & Raven, 20COnsequently, simplifications

are adopted based on observations of ship behaviour and the environmental conditions in restricted
waters andat open seagTello Ruiz, 2018)n the former, the ships obviously need to manoeuvre to
avoid collisions and groundings and calm water conditions can be assumed in these sheltered waters.
The horizontal, surge, sway agdw, motions are generally considered and the dominating
hydrodynamic forces and moments originate from the viscous, lift, cross flow efldetsstate of the

art is to model these forceas higher order series expansions. Bbealledhydrodynamic coef€ients,

are obtained from fits to systemattowing tank experimentso measureall motioncouplingsin
examplesurge with a yaw angl€lear sources on manoeuvring theory &@sser(2011)and Yasukawa

& Yoshimurg2015) In open seasthe ships appear to sail in straight lines with constant heading and
constantvelocity in waves. Therefore, the effectmiopeller and rudder forces are neglected. The
hydrodynamics are assumed to be dominated by wave effects and the viscous forces are neglected. The
motions are assumed to be linear responses to regular wave excitaimhthe ship is considered to be

a mass spring damper syster@enerallythe motion equation is solvenh the frequency domain, and,

the results are the response operators and hydrodynamic coefficiegtmdans of spectral analysis the
results are transformed to irregular actual seAsprofound explanation ofseakeeping theoris written

by Journée & Massi€008)

Hence two man-disciplinesare distinguishedh the traditional treatment of ship dynamics;
seakeeping theory and manoeuvring theoRprtunately researchers, also, have carried out research to
amalgamate the two disciplinesnce the EightiesSubsequenly, theaim in this chapter is to review the
state of the art approaches to incorporate the two disciplines and to ultimatdiycsthe most suitable
method that can be deployed in the further study to obtain a simulatiothefship manoeuvring in
waves.

Therdore, criteria aredefinedto ease the selectiorThe starting point is theriginal
implemented modular method in a MatlaBimulink environment b$ui (2021)Recall that his consists
of a rigid body motion equation for surge, swayd yaw motions and where the force side is a
superposition othe hydrodynamic forces derived from leagpect lift theory in calm water, the
propeller force, the rudder force. Additionalliygme averagedsteadywave forces and moment obtained
from the results of a VLCC tanker publishedviasukawa et a(2019arereproduced fromtabular
coefficients(Sui, 2021)This approach is adopted because the lines plan of the tanker is not available
due to commercial reasons. The Kijima model is suitable because it is based on empirical fits on towing
tank tests resultsTherefore, solely the main partitars of the ship are requiredhe aim is to improve
this model and sbsequently two criterion can be formulated:

1 The method shoulimprovethe fidelity compared to the present wave forces in the
manoeuvring model.
1 The method should be applicable in the framework of the present model.

It is acknowledged that there is room for debate in these criterions and that these are not unequivocal.
Therefore, a briemotivation is appropriate.

1 Actually, the nordinear partial dfferential equations consists of the continuity equation and the NaSiekes
equations. The former represents mass conservation and the latter momentum conserviti determine the
real flow around a ship this system of differential equations should be solved.
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The first criterion is formulated to account for the improvement of fidelity of the method. In the present
study the horizontal manoeuvring forces and the second order wave forces are taken into account.
These forces all influrce the trajectories of manoeuvres. However, the ultimate aim is to obtain insight
in the minimum power requirement of the ship, as mentioned in bhigoduction. Thereof, all forces
andinfluenceon the sailing shighould be included, i.e. the firsatndsecond order wave forces.
Furthermore, these forces depend on the surroundings of the ship, for example, on the water depth.
Thereof, this should be seen as a veracity criterion.

The second criterion involves the absence of the lines plan of the Gaillebra. The wave
forces are defined as a pressure distribution around a hull surface. As far as the knowledge of the
author reaches, no method exists éstimatethese forces without the geometrical description of the
hull shape. Consequently, a uncairtty is introduced with the absence of the exact hull shape. An
approach would be to generate a hull shape based on pictures, the main particulars and the block
coefficient.Nevertheless, the uncertainty on the hull geometry will be introduced. Thereisfchosen
to save effortandthe adopted approach here is to overestimate the wave forces on a baiggocus
is therefore onthe method and less oaccuracyof the forces on the particular shiffhe subjacent
notion is that more insight is gained withworkingmethod with higher fidelityand that the model can
be updatedwhen perhaps more information is released or another case study is selected.

The following sectioB.1containsa literature review on the methods to combine the
seakeeping and manoeuvring theotiyends witha comparison of thesuitablemethods This is
followed withthe conclusion antiencethe reasoning to select the recommended approach.



3.1 CombinedVanoeuvring and Seakeeping Models
Sincethe eighties, methods that include manoeuvring in waves are being developing, and, many studies
are described by the manoeuvring committd&TC, 2011, 2014, 201The Manoeuvring Commitee
2011distinguishes four approaches to deal with manoeuvring in wasgserimental approaches,
unified theory, two timescale approaches, and CFD. Generally, the aim in these studies isitatealc
the fuel consumption and emission more accurately. Recall from the introduction that the geometry of
the hull is unknown, and, that the objective is a numerical simulation. This reveals limits in the
applicability of the mentioned approaches as thraprical Kijima model is already implemented.
Thereof, the unified and twtime-scale approach are more suitable.

Nevertheless for the sake of completeness, the model test and CFD will first be described.
Thereafter, the two timescale approach will bexplained followed bythe unified approach.

3.1.1 Model tests and CFD

The model test are stated to be the most reliable method to deal with manoeuvring in Wiavies,

2011) The model tests are conducted in order to fin@ thhave forces and moments. The results are
used directly in the manoeuvring motion equation or the wave loads in the theoretical model are first
adjusted and used for simulatioti$ello Ruiz, 2018)

Throughout literature, mosyl free running test in waves are carried out for benchmark
purposes. The most comprehensive study is carried out in the Energy Efficient Safe SHip OPERAtion
(SHOPERA) stufiyhigunov et al., 2018The study assesses the accuratgresent numerical methods
to calculate the mean second order forces and moments and the manoeuvres in waves. For benchmark
data, over 1300 tests were carried out in regular waves on a VLCC tanker (KVLCC?2) and the Duisburg
Test Case (DTC) varying dralsgivater depth, forward speeds, wave directions, wave heights, and
wave periods. In addition, the test data for the KVLCC2 tanker were providéadomkawa & Yoshimura
(2015) These data were compared to the numerical results submitted by participants. The «uthor
conclude that numerous numerical methods are ubiquitous present to calculate the components of the
time-averaged wave induced forces, but that manoeuvring is mostly considered in calm water.

Computational fluid dynamics considers the conservation agdsyand momentum in the fluid
domain. Due to the large computational time and the dependency on the selected turbulence model,
CFD is, generally, considered as a topic of state of the art res@&triahg et al., 2017Nevertheless,

CFD provides adequate descriptions of the physics involved, especially in resistance and propulsion
studies. These studies are well validated and include sinkage and trim, boundarydasgeivake

vortices and wave pattegaround the ship hul{Abhiroop et al., 2018)The advantage of CFD is that
more physical insight is obtained in some hydrodynamic effects with respect to cagidtdree

running model tests because of the difficulties in instantanedssalization of the effects and the
sophisticated measurement tools involved. Yet, in many other marine applications, the accuracy of
results needs improvements and more validatigAbhiroop et al., 2018)Considering the seakeeping
and manoeuvring performance, no rellalresults were reported before 2014. Since, more successful
seakeeping analysis appeared especially in the added resistance piavenodels of normal hull
shapes and free running seakeeping simulati@gkishiroop et al., 2018)Also, multiple successful studies
are condicted to obtain the hydrodynamic derivatives in calm water and simulations has been done
(Abhiroop et al., 2018However, CFD studies of manoeuvring in a seaway still needs to be developed
and validated. Therefore, the application of CFD is only utilized to provide thefompthe

hydrodynamic derivatives and can be considered as a numerical model test. An example is the study of
Uharek (2019)



3.1.2 Two timescaleApproaches

In the two timescale approaches, the manoeuvring and seakeeping theory are considered as-weakly
coupled independent problemgwo timescale approaches are modular time domain simulations
which imply that thehull, rudder, propeller, andenvironmentalforces are superimposed

The motion equations are solved in two interchanging modules based on the distinguishes
between highfrequency seakeeping theory and low, read zero, frequency manoeuvring theory. Mostly
the hydrodynamic derivatives are provided in a 3 or 4 DOF motion equation which is solved in
manoeuvring module for the heading and the velocity in a time st¢phe endof this step, thedata
are transferred toa seakeeping module whetke wave loadsire computedwith strip theory or a
panel methodor interpolated fromstored values ihookup tables. Thereof, the forces are ssinew
initial conditions for the next mareuvring time step. In the models, well established theories of the
seakeeping and manoeuvring discipline can be utilized because of the separation in independent
modules.

The models are built in series or parallel dependent on whether the seakeepihg&na
solved in the time domain or not, ségure 4. In series, the seakeeping part is solved after the
manoeuvring part and this is repeated until the simulation time ends. In parallel, the seakeeping part is
solved for several timesteps whibmly one timestep is solved in the manoeuvring gd@ello Ruiz et al.,
2012) The parallel method is found {(hee & Kim, 2020; Seo & Kim, 2011; Zhang, 281 }he series
approach s found in(Skejic & Faltinsen, 2006, 2008; Wicaksono & Kashiwagi,. Zlid)iterature falls
short in providing insight in which of the two is preferable.

Manoeuvring in Aty

calm water

Manoeuvring in
calm water

Data exchange
= Mean wave drift forces/maments
= Ship’s position and orientation

Data exchange
* Mean wave drift forces/moments.
* Ship's position and orientation

Parallel

,—;{ Seakeeping Seakeeping ]:D :3[ Seakeeping ]29[ Seakeeping }:
: Atg Ate  Atg Atg
Data exchange Data exchange

= WMean wawve drift forces/moments = Ship’s position and orientation

Manoeuvring in f
/ . ] f
/ Seakeeping F— calm water a, Seakeeping /

At

Sequential

Figure4: Difference between parallel and sequehti@o-time scale mode(Jello Ruiz, 2018)

Intable 1, state of the art two timescale studies are compared, and, most studies laaptedthe
modular 3DoF manoeuvring motioAll adopted Taylor series expansion of the forces on the hull into
the hydrodynamic derivatives which all are determined by model experiments except for the Séding
approximations. Further, All models use a IT@sistance formula to estimate the resistance of the
vessels.

Tablel: Comparison of methods used in state of the art studies.

Methods
Study Resistance Manoeuvring Seakeeping
3DoF Taylor series with
(Skejic & Faltinsen, 2008) ITTC formula So6ding approximations Strip theories
Time domain Rankine
(Seo & Kim, 2011) ITTC formula 4DoF MMG (Taylor series) | panel method.
3DoF Taylor series with Time domain Rankine
(Zhang et al., 2017) ITTC formula Model tests) panel method.
Enhanced Unified (strip)
Theory & New Strip
(Wicaksono & Kashiwagi, 2019 (-) 3DoF MMGTaylor series) Theory

10



The main differences are found in the methods that are adopted to solve the seakeeping analysis.
However, all take the advance velocity into account in the seakeeping an&lisijic & Faltinsen (2006,
2008)compared four direct pressure methods based on strip theory of which one specifically for short
wave lengths. Following thigYicaksono & Kashiwagi (201&)mpared two new strip theories:

enhanced unified theory and new strip method and the wave drift forces are obtained from tHeefdr
method. On the contrary$eo & Kim (201Xplve the direct integration with a Rankine time domain
panel method wherein the Newmalkelvin lineaization is utilized to linearize the surface boundary
condition. This study is modified @hang (201 Ayith the introduction of he doublebody model. As a
result, the influence of a trailing vortex on the second order wave drift forces is included and the
accuracy of the simulation is increased. Evidently, the accuracy of the wave computations differ, and,
the accuracy might evenghimproved with another methoddomprehensive reviews on this are

provided byBunnik et al(2010) and Fossen (201However, the literatureloes notprovide insight in
what the improvement of the accuracy of the wave computations contribute to the quality of the
simulation results. Accordingly, the premisel@lo Ruiz (2018}hat the numerical method to calculate
the wave forces seemed to be selected based on an availability rather than on suitability, appears right.

The second order wave forces are computed based offitsieorder wave drift forces.

Although the mean wave drift forces are relatively small, all authors regiaigcthe mean drift forces as
important for manoeuvring in waves, especially the second order yaw momdrdreas the first order
wave forces are rglected Also, all authors regard their resylseefigure 5 below, acceptable. The
discrepancies between the simulations and model experiments are condideeto inaccuracies in
the computation and the measurements of the wave drift foredsconclude that the methods are not
reliable for computations of the drift forces for smaller wave lengths than half the ship leingiiguing
is that the studies @cuss this accuracy in depth, but cansideationson the amalgamation methodks
provided The manoeuvring theory is regarded as the basis where the wave forces are added. In
contrast toFosser(2005)considers manoeuvring theory a trivial problem in seakeeping theory in the
time domain at zero frequencyAt nonzero frequency hie non-linear damping from manoeuvring
theory, as described in secti@) can be added directly in the time domakrom this perspective, the
two time-scale approackan be considered as an engineering model.

Moreover,Skejic & Faltinsen (2008)so point out that errors appear in model test
measirements in short waves. Likéeno et al. (20033howed with model testZhang et al. (2017)
observed that the wave drift distance increases with decreasing wave lengthoactiide that the
contribution of the drift forces has a strong inverse relation with the wave length. This, however, is not
a completely correct conclusion because the wave amplitude is taken constant and the wavelength is
varied in the studies. As a reguhe wave steepness in increased. Accordingito et al. (2020the
magnitude of wave drift forces and moments are strongly dependent on this.

The evaluation of the capability of the different studies is difficult as the methods are validated
on different ship modelsSkejic & Faltinsen (2008alidated with the calm water results of the Mariner
and the Esso Osaké/icaksono & Kashiwagi (2018jed the SR 08 container ship model, andels
175 containership is used I8eo0 & Kim (2018BndZhang et al. (2017)urthermore, the ship speeds
andwave conditions are all different in the experiments. Thereof, the relative comparison of the
methods, can only be on a qualitative level, figere5 below. For this comparison, the turning
trajectories starting in head waves with the same ratio of wave length over ship length is chosen. It can
be seen that all methods predict the advanaeddhe transfer distance good compared the model
experiment data; which are the distances between the moment the rudder is given an angle and the
distant travelled in longitudinally and transversely till the new heading is perpendicular to the initial
headng. However, the numerical results with the drift forces from the New Strip Methaliodksono
& Kashiwagi (201&how deviations which are explained due to an inaccuracies in the dii for
computations. For all studies, the numerical results start to deviate from half a turning cycle. Following
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the reasoning oKim et al. (202Q)the drift is defined as the vector between the positions that the ship
has turned 360and 720, seefigure66 St 26X 0SOlF dz&S GKS RNAFOIAYI RA&GI
consequenceall studies are acceptable to model the general behaviour.
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Figure5: Comparison of the turning trajectories predicted in regular head waves by the different studies. The comparison is
difficult because the methods use different model tests at different speeds. Skejic and Faltinsen (2008) used the Bsgb Okasa,
did notdescribe the model size. According to IR€C (20020 model test with different sizes between 1.650m and 8.125m
were used for this benchmark study, so the Froude number cannot be verified. Seo & KimgndalhaDeng, and Eleng
used both the S175 container model. Lastly, Wicaksono and Kashiwagi used the SR108 container ship.

Index 1. Ddr (drifting Distance)

: magnitude of a vector between two
positions with headings of 360°, 720°

Index 2. Adr (drifting Angle)

: direction of a vector between two

y | positions with headings of 360°, 720°

;& Rdr (Relative drifting angle)
{ o= sgn(d) - (x — Adr)

Figure6: Definition of drift distance and angle in waygsm et al., 2020)Note that. A& G KS Ay O2yWA vi3 Aal @K Sy
rudder angle.
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3.1.3 Unified Approach

The unified approach refers to an approach where fluid effects of the manoeuvring and seakeeping
motions are simultaneously solved in a generic set of rigid body motion equdfieile Ruiz et al.,

2012) Hence, the physics of the hydrodynanacces are more consistently included in the unified
approach. Likewise the two timgcale approach, the method is modular and the rudder and propeller
forces are superimposed in the time domain. The first successful attempts is published by Bailey et all.
(1998) with the convolution integral approach@immins (1962)Skejic, 2013)Latter similar studies

are conducted byyaz et al(2006) Fossen (2005Pérez Arribas (200/and(Tello Ruiz, 2018\l these
studies are performed in order to develop the method and the focus is on validation.

Cummins (1962)as the first to apply the motion impulse function on seakeeping theory and
derived a lineab degree motion equation in time domain. The ship is subjected to a small displacement
w of constant velocity in an arbitrary directione. surge, sway, etcetera, over a short period of tigae
Thereof, the flow is described with a normalized pdtely that is proportional to the impulse velocity
during the impulse. After the impulse interval, the ship motion stops abruptly, but the fluid is energized.
The generated waves at the free surface will radiate and dissipate the impulse energy.cHyingle
wave motion is described in a second normalized velocity potentials a consequence, the impulsive
displacement influences the motions of the fluid during the interval and at all later times. Contrary, the
motion is influence by the previously induced motions in the fluid, which is referred to as the memory
(Journée & Massie, 2008y hereof, the motions are ogidered as a continuous sequence of small
impulses. The total potentidd is for the {" motion:

5 @ “ o0 t@TA ot
This potential satisfies the free surface boundary condif@ammins, 1962)The set of motion
equationsis found from integration of the dynamic pressuy®ver the wetted surfacéY Subsequently,
Cummins (1962)erivedthe motion equations of the ship subjected to wave exciting for€es :

nhT 6 @ 6o 0 totQt 0o ¥z
5 ” 7w YA3 33
. 34

ot 7 w—ThAS

Whered is the inertia in the'f mode;] is the impulse functiorf ( p"QQ "Qand Q0
TQ, @ is the added mass), is the retardation functionois the time,t is the reference point in time
& the hydrostatic force” the density of the water ¥gis the normal vector of the hull surface, ar€d™Y
is an infhitesimal surface element.

The restoring force coefficients can be found from hydrostatic analysis. Nevertheless, the
potentials need to be solved in order to find the added masd dampingoefficients and the
retardation functions. Therefore, Oglivi@964) adopted the added mass and damping coefficients from
the existing frequency domain potential programs, and, developed the concept of forced oscillations
(Fossen, 2011)n fact, Oglivie related the above time domain equation with the frequency domain
added mass and damping coefficients by comparison of the time domain equation and the frequency
motion equation

ny b 8 W 6 - O 2

Therefore, the ship is forced to move in unit amplitude oscillations:
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“0A T 10 6 whereisthe unit vector. 3-6

Firstly, thetis replaced by 1 and the integration boundaries, therefore, changed. Then a convenient
form is obtained in matrix notation, to which is referred as the Cummins equation:

O b teo 0 tfed tiQt 6fed g0 ¥

Now by substitution 08-6 in the Cummins equatio&-7 and the classical frequency equati8b, the
following two equationsare compared:

1t 0 6 Ff 0 T TOER tiQTiAl Do
3-8
1t 0 tiATOTtIQtOET 0 6 tAT 00 0
1 0 o671 tATPOo 39

1t67 tOEN o o6 tAT10o6 30
From the comparison of the motion equations, it can be concluded that the hydrostatic coefficients are
the same and that:

B 3-10

1
61 '+ AT O TAT
Thereof, guation3-10should be valid for dll , ando is evaluatedat infinity frequency from the
application of the Riemanrhebesgue lema(Taghipour et al., 2008).e.0 0 H . Moreover, the

inverse Fourier transformation is taken®fL1, and thereof, the retardation functions can be
determined:

01 0 w + OEN TAT

311

S 3-12

: 61 Al DOoA
Thereof, the time domain radiation forces can be obtained from the frequency docoeaifficients
which can be provided by any diffraction panel code or strip theory

The unified approach isstraight forwardapproach as the retardation functions can be
provided by anyiffraction code(Tello Ruiz, 2018 However Skejic & Faltinsen (2008jgue that the
method is linear, but that some of the first order quantities are integrated over the instantaneous
wetted surface. Therefore, theecond order wave drift force are considered partly. Accordingly, the
authors conclude that second order convolutions integrals should be considered which is difficult in a
combine seakeeping and manoeuvring study. However, it is possible to keep thandfside of the
motion equation3-7 linear and to take the notinear effects into account in the external for(lee Jong
et al., 2020; Fossen, 2005, 2011; Journée & Mag6i08; Tello Ruiz, 2018)hereof, also, the second
order wave drift forces are included from potential considerations.

The second part of the criticism 8kejic & Faltinsen (28Qis that added mass and damping
coefficients are encounter frequency dependent, and that the first order wave forces and moments
have to be transformed via a Fourier transformation. All change with the encounter frequency, which
change with as the heing and speed changes, and therefore; the impulse response functions need to
be evaluated frequently. Consequently, the method is considered to be computational time consuming.
This argument is, however, unjustified imbedded in literature from time tetibecause the study of
Skejic & Faltinsen (2008)cuses on real time simulations. If real time is no requirement, then the
method is equally applicable as the two tiraeale approdt. Moreover, there exists different
approaches that approximate the retardation functions; like the State Space representation and the

+ 0
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(2011), and Tello Ruiz (2018herein, the convolution integrals are replaced by a system of ordinary

differential equations which%iLJ A FASa GKS ydzYSNAOIt O2YLlzil GA2y (A
retardation functions are approximated with summations of exponential functions which also reduces

the computational time significantliArmesto et al., 2015).

Besidesreal time simulationdased on impulse response functions have been publishdbilgy et al.

(2002)for the same benchmrk vessel the Mariner in similar conditions agSkejic & Faltinsen, 2006)

The studies are compared figure 7 below, and loth results seenare similar accurateNevertheless,

the comparison is difficult because the waves come from opposite directions.
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and the two timescale approachn figure 7Athe results are presented next to each other, anfigiure 7B the results are
placed on each othetUnfortunately,Skejic & Faltinse(2006)published the results for starting in head waves, wBidey et
al. (2001)published following seas.
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3.1.4 Comparison ofwo Time-scaleApproach andJnified Approach

From the above, the difficulty of the comparison between the two methods becomes clear. The unified
apprach is based on the Cummins equation dné waveinfluencesare included consitently. The

model is, however, more difficult in application due to the convolution integrals. Contratiye
classification the two timescale approach seems to be an engimegwork-arroundthe convolution
integrals by neglecting all wave influences except for the mean second order drift forces and yaw
moment. The advantage of théwo time scale approaches claimedo be the high accuracy of the
coupled manoeuvring and seadping theoriesNevertheless, no explaination or insight is provided in

the seperate modules, to the knowlegde of the author.

3.2 Conclusion

The aim in this chapter was to obtain understanding on manoeuvring and seakeeping mdtaods t
combine the two Fromtis literature study, the question can be answerd® K I G Y Scorkbthéd Ay
seakeeping and manoeuvri@l y 0 S R $Higimato& & Kethods are found when the following
criteria are fulfilled:

1. The method shoulémprovethe fidelity compared to the present wave forces in the
manoeuvring model.
2. The method should be applicable in the framework of the present model.

Traditionally, seakeeping and manoeuvring theory are considered independently basefiad in
observations, and well esblished methods exists. In manoeuvring theory the horizontal motions of a
ship are considered and the viscous forces are described with hydrodynamical derivatives. The
derivatives are obtained from model experiments. On the contrary, the viscous effecteglected in
seakeeping theory and the ship is assumed to sail in a straight course with constant velocity. Thereof,
the ship is considered as a mag®ing system and transfer functions can be formulated to describe the
system behaviour. By means oftpatial theory, the wave excitation, the radiation, and diffraction

forces are found from frequency domain analysis. Moreover, the second order forces and moments can
be found with the direct pressure method. These forces consist of a mean force compmtkat

slowly oscillating force component. These second order forces contribute to course and velocity
changes.

In the combination of seakeeping and manoeuvring theory, four approaches are distinguished
to deal with manoeuvring in waves that are develapiexperimental approaches, unified theory, two
time-scale approaches, and CFD. Experiments are mainly conducted to measure the hydrodynamic
derivatives for the manoeuvring motion equation, or to have a benchmark to validate a numerical study
to. Moreover,the hull geometry is unknown and therefore it does not make sense to perform costly
experimentsThe computational methods and power need further developments in order to simulate a
ship manoeuvring in waves. Therefore, CFD is presently useful in ordstirttate the hydrodynamic
derivatives and can be seen as a digital experiment. Thereof it is concluded that these two methods do
not satisfy the applicability criterion. The two tinseale and unified methods do satisfy the criterion.

Both methods employhe modular approach from manoeuvring theory to incorporate the
hydrodynamic, rudder, propeller forces in the motion equations.

In the two timescale approach, the hydrodynamic forces corresponding to manoeuvring and
seakeeping theory are further sepaed. The main assumption is that the manoeuvring forces act on a
slower time scale than the seakeeping forces. Thereof, the two motion equations are solved in separate
modules that are weakly coupled with the transfer of data from the manoeuvring proletmet
seakeeping problem and vice versa in a series or parallel model. The main advantage of the approach is
that for both problems, the most accurate methods can be deployed. Especially, the studies in literature
differ mostly in the accuracy of the seaborder wave drift forces. The comparison of the different
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methods in the studies of this approach is difficult due to the few benchmark measurements in waves.
All studies are conducted on different ships and at different speeds. Nevertheless, all aaghohsde
that the results are reasonably satisfactory.

On the contrary, the unified approach incorporates the seakeeping and manoeuvring theory
into one single set of motion equations and a more physical consistent model is obtained. The
fundament is theCummins equation which is a time domain motion equation that is derived from the
impulse response functions. Thereof, the ship is assumed to have an arbitrary impulse over a short
period of time. Consequently, motions are induced in the fluid which dovanish when the impulse is
abruptly stopped. This fluid motions influence the ship motions in the subsequent time steps and vice
versa. This difficult behaviour is captured in the retardation functions. Ogilvie developed a method to
relate these retardatin function with the frequency domain coefficients from seakeeping analysis.
Nevertheless, the retardation functions needs to be computed. Therefore, the functions can be
computed directly, an alternative state space representation can be given, or apyai@d with the
t NEyeQa O2SFFAOASYGad LY Y2ald dzyATASR &aGdzZRASEAZX
the first order forces are integrated to the instantaneous waterline. Only few studies included the mean
second order forces and momentdevertheless, a more physically based simulation can be obtained
with this method.

From thesection aboveit can be concluded that the two tirmgcale approaches and the unified
approach can be deployed in this study. In the two tisoale approacheshe two seakeeping and
manoeuvring theory are artificially coupled. The main advantage of this separation is that accurate
models of both disciplines can be used without limitations. As a consequence, the selection of the
methods seem to be based on avail&ty and not suitability. The unified approaches strive to a
incorporate the fluid forces of the manoeuvring and seakeeping motions in a generic set of rigid body
motion equations. Hence, the physics of the hydrodynamic forces are more consistenttleshaiuthe
unified approach. The main points of criticism are that the frequent evaluation of the convolution
integrals is time consuming, and that the second order forces are only partly included. Multiple studies
in literature prove that these criticismesasily can be refutelly the application of a state space
approximation(Armesto et al., 2015; Fossen, 2006pnsequently, it is concluded thatunified
approachis most suitabl¢o be deployed to enhance the veracity of the simulation.
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4 Unified Model

As mentioned in théntroduction, the ultimate objectivas to obtain insight in the required minimum
power to maintain manoeuvre capabilities of the tanker in adveveatherconditions. As part of this
research, the main aim in this study is to develop a methadtarove the fidelity othe wave

influences o the ship hull in theriginalmanoeuvring model of the Castillo de Tebra. Presently, the hull
forces aremodelled with the Kijima model and the time averaged steady wave forceskea into
account as tabular coefficients of a VVLC tankkereover, the hull geometry is unknown and the ship
will be modelled as a barge in the calculation of the wave forces on the hull.

Traditionally, manoeuvringand seakeeping theory are treated separately. However, the study
in chapter3.1showed that four approaches are distinct that merge the two disciplines, and, it is
concluded that the two timescale approaches and the unified approach are applicable in thiy stuo
the two time-scale approaches, the two seakeeping and manoeuvring theory are artificially coupled in
different models that exchange datd he main advantage of this separation is that accurate models of
both disciplines can be used without limitati®. As a consequence, the selection of the methods seem
to be based on availability and not suitability. The unified approaches strive daonalgamation ofthe
manoeuvring and seakeeping motions in a generic set of rigid body motion equations. Hence, the
physics are more consistently included in the unified approach. Therefore, it is chosen to establish a
unified approach to include the wave forces in the manoeuvring model.

Subsequently, this chapter will introduce the unified approddte method isnspired on the
work ofde Jong2018), Fosser(2005, Perez & Fossef2009, andTello Ruiz2018) Furthermore the
Marine Systems Simulator (MSf&\veloped byFossen, T & Per¢2021]) is consulted. The MSSas
Matlab and Simulink library for marine systearsd contains methods and algorithms foydrodynamic
models for ships, underwater vehicles, and floating structuaesl,guidance, navigation, and control
(GNC) blocks for reéime simulation.The methods and algorithms are describedrossen(2011) As
mentionedin section3.1.3 the input for the time domain radiation problem can be obtained from the
frequency domainTherebre, a diffraction analyses is executed in ANSYS AQUA
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4.1 Diffraction Analysis iAnsys Agwa

The time domain modek associated with the frequency domain model. As illustrated in se8tib3
the frequency dependent added maasddamping coefficientsan be used to approximate the
convolution integraldor the time domain radiation problenmrherefore any diffractioncodeor strip
method can be usedhe diffraction analysesn this studyis executed irANSY3QUAdue to the
available licence at the Technical University Délfie theory othe solver is well described ANSYS
Inc.(2016), Fosser(2011), andJournée & Massi€008) The diffraction analysis is based on potential
flow. Hence, the fluid is assumed to be irrotational and +v@stous. From the diffraction analysise
frequency dependenadded mass and damping coeffigis and the infinity frequency added mass
coefficientsare obtainedwhich will be used in the radiation forces, see secflioRurthermore, the
force response opeaitors (RAO) and the quadratic transfer functions (QTFs) are obtained for the wave
excitation forces, sesection4.4.

The main input to the diffraction analysase adescription ofthe hull geometryand the mass
properties of the ship. However, these aea large degreenknownfor the benchmark tanker.
Therefore the ship will be modelled as a barggéth the same dimensions as the tankseetable 2 and
figure 8 below.

Table2: A selection of the known main particulafsthe Castillo de Tebi&ui, 2021)

Particular Symbol Value
Length between perpendiculars 0 p pa&X
Beam 0 C
Draught Q yda
Molded depth (0] p @&
Displacement n PO WY
Centreof floatation w.r.t. midship) 7¢) w P& wa

Figure8: The geometry of barge modelAmsys Aqwavith a length of 113.6 meters, a beam2# meters a draught of 8.5
meters, and aepth of 11.4 meters.

The masss found fromthe provideddisplacement and the moments of inertigie estimatedrom the
provided radii of gyration of th&T TQ2014)recommendationsThe advised radius of gyration is for roll
& 6 and for pitch and yaw® © . This assumption for yaw is agreement with the assumption
made bySui(2021)Thereof the mass matrixs:

19



a T | T 11 L
(94 I3
U moom Tt LS
5 qUomoa 11 LIS 41
(JU T T TEO s LA
(. T T T T 0 T
um T T T i ™o U

These mass properties are assigned to the barge mesbepoint mass. Therefore, the centre of gravity
is required.Contrary to thereal ship, the centre of floatation of the barge is assumed to be midship to
avoid trim of the bargeAccording taPapanikolao{2014) andSchneekluth & Bertrarfi998) the
height ofcentreof massy "@s estimatedwith:

606 O — 42

0 0O

Where0 is acoefficient that relates) "@o the depth andi andn  are the volume of the
superstructures and the deckhouse, respectivély.mentioned by the authors, the coefficient is vagyi
for different ship types and for tankerke coefficient issarying between 0.52 and 0.5Bue to size
effects,the light weight to displacement ratio of smaller tankers is relatively larger and therefore the
coefficient is chosen 0.54 in this study eNolumes of the super structure and the deck house are
estimated based on dimensiagatios, sedigure9 andfigure 10. The deck heights of the deckhouse and
the forecastle height are assumed te Q@d .

Figure9: Side view of the ship with size estimations of the superstructures and deckhouse based on the Lpp
(https:/www.shipspotting.com/photos/2734272?navList=moreOfThisShip&imo=9753636&lid=2738636

HENRIQUEIEERRINHO

Figurel0: Back vievof the ship with the estimations of the superstructure widths of the poop deck and deckhouse.
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With the geometry and mass properties defd, the mesh of the model is generated. For the
element size of the mesh should bre-seventh of the smallest wave lenggtbinabo &
Tamunodukobipi, 2019For wind generated waves with a typical waegiod between 05 and
10seconds, theninimumwave length from the dispersion relation in deep wateragghly 0.4
meters(Vinet & Zhedanov, 2011Jherefore, the element size of the mesh should be 0.055m.
Unfortunately, the maximum of 40000 elements is exceeded antkfbee the element size is
increasedat the cost olsomeinformation in the high frequencyNevertheless, the ship
responses ardominated by the ships mass and the influences are small.

Subsequentlyameshwith 6120 and 23140 elements are comparadieep water The
frequency domain anasys is executed for 37 directioffdm -180 till 180 degreeandfor 50
frequencies from 0.06 till 2.70 radians per seconBerAnsys Agwahe hull should be closed
and therefore, the former has 3628 and the latter 13840 diffracting elements (below the
waterline). The added mass and damping coefficients, and the force RA@®aidedin figure
12to figure 17. Note that the results of the finer megtontinuous to higher frequencies.
Furthermore, the lines are smooth with some small disruptions for the pure motideisce,
the results seem to be cwerged although the small outliers disappeared in the higher
frequency for the finer mesh.

Most coupling terms aréercelyfluctuatingandare smallexcept forthe surgepitch
and swayyaw couplingshat have significant contributiong:rom the force ROfigures it can
be seen thathe resultsare divided irsomelocal optima. The reason might be that a certain
number of wave lengths of a wave of a certain direction and frequency correspond to a main
dimension of the ship. The resultant force of thegsure around the hull is then zero.

Figurell: Mesh of the barge model with 6120 elements of which 3629 diffracling.elements have a maximum of 2 meters.
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