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Abstract

The majority of current techniques used for predicting ship motions rely on
assumptions fronthe potential flow theory. Howeer, this approach is not ideal,
since potential flav theory ignores important effects such as breaking waves,
turbulence and viscosity, which are significantpioblems involvinghigh Froude
numbes, those involvinglarge amplitude motions, shallow water problems and
problems involving multhull ships. hese effects should therefore be included in
seakeeping and resistance calculations. Reysolgsaged NavieStokes (RANS)
approaches are excellent alternatives to potential flow theory, as they can directly

account for viscous effects in their calculago

Towing tank tests are used widely around the world, giving very accurate results.
However, these may be costly and tioemsuming. Towing tank experiments are
also hampered by a limited availability of suitable facilities. Computational
simulations dfer a fast, low cost alternative to towing tank experiments. Continued
technological advances offer esMacreasing computational power, which can be
harnessed for viscous flow simulations to sol® NavierStokes equations.
Computational Fluid Dynamic6CFD) methods are rapidly gaining popularity for
naval architecture, ocean and marine engineering applications. The application of
CFD techniques to seakeeping problems alld@signers to assess the seakeeping
performance of a vessel whilst it is still bgi designed, enabling any necessary
corrective action to be taken before the vessel is actually built.

This work mainly aims to perform hydrodynamic analyses of mand multihull
ships, and to develop a CHiased unsteady RANS numerical model to prethet
hydrodynamic performance of these ships. This model will cover seakeeping and

resistance calculations in both deep and shallow water regions.

Firstly, a detailed literature review of the existing numerical methods which have
been developed to solveakeeping problems of ships is performed. This review also
looks in detail at the differences between seakeeping analysis techniques; the reasons

for these differences are investigated.
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Following this, unsteady RANS simulations are performed for varioakesping
and resistance applications. In each specific study, the results obtained using a
commercial RANS solver are compared to the results obtained using a potential flow

theory code and the available towing tank experiments.

Finally, the results drawifrom each chapter of this thesis are summarised and

discussed, and recommendagare made for future research.

Xiv



1. INTRODUCTION

To begin with, his chapter willprovide an insight into the issues covered in this
thesis Following this, it will list the motivations behind each chapter of the thesis.
Next, it will present individual research aims and objectives, and finally, the chapter

will provide an overview offte structure and layout of this thesi

1.1 General Perspectives

The vast majority of the available techniques to predict ship motions, as well as the
added resistance due to waves, rely on assumptionstlfiepotential flow theory,
including free surfaceffects.However,effects which are ignored in potenti@w
theory, such as breaking waves, turbulence and viscosity, are the most significant for
shallow water problems and should therefore be included in the numerical kkndes
addition to this manyprevious studigssuch as Schmitk€1978) have shown that
viscous effects are likely to be the most significant, particularly in high amplitude
waves and at high Froude numbg#s). In addition, Beck and Red@001)state that
vertical plane motions in atamarans undergo significant viscous damping.
ReynoldsAveraged NavieStokes (RANS) approaches, the other hancdare very

good alternatives to potential flow theory as they can directly account for siscou

effects in their calculation§ ezdogan et §12015)

Without a doubt, computers have revolutionised the study of fluid flow. The use of
computers to solve complex fluid mechanics equations is a strategy used by around a
third of fluid mechanics researchers, with the proportion ever increasingfiditis

of study is known as Computational Fluid Dynamics (CKB3rziger and Peric,
2002)

Towing tank tests are widely used around the world, for a variety of research
purposes. These experiments include, but are not limited to, resistance tests for
powerng, seltpropulsion tests, flow visualisation tests, hull optimisation studies,
open water propeller tests, wake field measures, seakeeping tests, and so on.

However, such experiments may be difficult and costly to carry out. Also, their usage
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is dictated by the availability of such facilities. A further issue is that some
measuring equipmemhay disturb the flow, and some parameters may be measured
with inadequate accuracy. Scaling may also be another isstigef@mexperiments.
Attempts to maintain asaisfactory similarity between the noedimensional
parameters (such &eynolds and Froude numbeassociated with a fulength ship

and its model can be almastpossible. A compromise is therefore mads only

similarities in theFroude numbercan be ehieved in practic€Xiao, 2012)

CFD techniques, on the other hand, may be good alternatives to experimental fluid
dynamics (EFD)CFD-based techniques are advantageous in that analyses can be
conducted at any time, without the need to plan and s&nepntensive towing tank
tests.Further, CFD methods can give very detailed results, animations, and videos
which lead to a better interpretation of the results. Also, for an unsteady problem, a
set of detailed information related to any tistep can beeadily obtained. In
addition to this, as opposed to EFD, CFD does not use any consumables. For this
reason, it can be easily employed $oiving a problem numerous timéstherefore
enables the user to perform their exploratory studigs much lesexpense than the
analogous experimental studid® give an examplet a towing tank, if a mistake

was detected in a ship model, this would require the replacement of the ship model,
leading to a waste of time, material and hence money. However, sucstakani
would not cause such a big problem for a @kar. In this case, they would simply
import and remesh the revised ship model, losing significantly less tiorapared

to the time that would have been lost in a physical towing tank experiment

As menioned inXiao (2012) a typical CFDtask consist®f three main stages: pre
processing, solving, and pgstocessing. Prprocessing covers three elememtshe
identification of the problemj) setting the appropriagoverning equationgndiii)

geng ati on of me s h . In the Osolvingdé stag
equations are solved. Three main theories can be adopted in this stage: finite volume,
finite element and finite difference. Each theory includes the discretisation of the
governingequations and the solution of algebraic equations. The obtained results are
anal ysed -pnod¢édesiompgpdétst age -pofessing cQv&rd pr o
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geometry and mesh display, visualisation and plotting of scalar and vectoral

guantities, and makgpanimations andideos.

Continued technological advances offer emereasing computational power. This
can be utilised for viscous flow simulations to solve Na@takes equations in the
time domain. CFD methods are rapidly gaining popularity for navehitecture,

ocean and marine engineering applications, some of which are listed below:

Ship hydrodynamigsncluding resistance and seakeeping
Slamming load and green water incidence predictions
Performance of marine renewable energy and energy saswmged
Propeller efficiency and cavitation

Ship noise and acoustic

-~ o o o0 T p

Bio-mimetic robotic swimming fish

Bio-fouling and roughness effexct

> @

Performance of autonomous underwater vehicles

Studies on offshore platforms

Specifically, the applications of CFD in $éemping problems have the distinct
advantage of allowing designers to assess the seakeeping performance of a vessel
during the design stages, therefore allowing any corrective action to be taken
promptly, before the vessel is actually biiiilezdogan et gl 2014a, Tezdogan et al.,

2015) As also discussed by the International Towing Tank Conference (ITTC)
(2011c) advances in numerical modelling methods and increases in computational
power have made gossible to carry out fully ndinear simulations oftsp motions,

taking into account viscous effects, using CFD.

This thesis is based on two approaches: potential flow and unsteady RANS methods.
The focus will be on the CFHbased unsteady RANS simulatiasfsship motions and
resistance. The later chapteril wssess how well RANS simulation results compare

with those obtained from experiments, in relation to ship hydrodynamic problems.

To the best of this authordés knowl edge,

builds on that found in the currenerature.
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Throughout this thesighe commercial CFD d$tware StarCCM+ version 9.0.2,
which was developed by GBRdapco, is used wherevan unsteady RANS approach
has beenapplied Additionally, the supercomputer facilities at the University of
Strathclyeé have been utilised to allow much faster and more complex simul&gions

be performed.

1.2 Motivations behind this Work

Before detailing the specific objectives of this thesis, an overview ofé¢heral
motivations behindhe studies given ieach chaptewill be presented, along with a

brief demonstration of how these studies address at a gap in the literature.

U The growing popularity of passenger cruise lines means continual challenges

are faced concerning both atywvVvwesdel 6s

dimensions, service speeds and performance rates are rapidly increasing to
keep pace with this expanding interest. It is essential that vessels demonstrate

high performances, even in adverse sea and weather conditions, and ensure

the comfort ofpassengers and the safety of cangas therefore critical to

calcul ate a vessel 0 sdefioed asrthe Ipercertageyof i nd e

time during which avessel is capable of performing her tasks securssy
can be seen from Chapter 2, Sectiosirhilar studies have been published in
the literature. However, no study has looked into the effects of employing

di fferent seakeeping theories on a

U The successful estimati on odquiresams hi po6s

accurate calculation of its hydrodynamic properties and exciting fofses.
stated previouslyyiscous effects are likely to be the most significant,
particularly for lateral plane motions (sway, roll and yaw) and for some ship
sections. An apppriate numerical model therefore has todexelopedto
determine the added mass and fluid damping coefficients of dilshifwo-
dimensional section by incorporating the viscous effects. Unsteady RANS
methods can therefore be employed to calculate hiydrodynamic
coefficients of a 2D section. Related studies have been published in the
literature; however, to date there is no such work which has been applied to

twin-sections (Chapter 4).
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It is critical to be abl e ticethest i mat
resulting added resistance and loss of speed may cause delays or course
alterations, with consequent financial repercussions. Slow steaming has
recently become a populapproach for commercial vessels. It offers a means

of reducing fuel consuntipn, and therefore operating costs, in the current
economic and regulatory climatéor this reason, the potentialvaantages of

slow steaming operational conditions in terms of fuel consumption and CO
emissions should be investigated. It may be interggtto perform a
comparative study, to investigate the difference between the results obtained
using CFD and potential flow theory as two different approaches (Chapter 5).

The seakeeping behaviour of a vessel in shallow water differs significantly
fromitsbehavi our in deep water. I n shal
responses to incident waves will be affected by hydrodynamic effects caused

by the presence of a finite depth. Given that a vessel will sail in shallow water

at various times during its servitiee, such as when entering harbours, it is
important to have an understanding of the influence all®k water on ship

moti ons. To the best of this authoroés
published literature, using a CHiased unsteady RANS meth(Chapter 6).

As a ship approaches shallow water, a number of changes arise owing to the
hydrodynamic interaction between the
floor. The flow velocity between the bottom of the hull and the sea floor
increases, whickeads to an increase in sinkage, trim and resistance. As the

ship travels forward, squat of the ship may occur, stemming from this
increase in sinkage and tri m. Knowl ed
navigating vessels through shallow water regisgh as rivers, channels

and harbour s. Accurate prediction of
mi ni mi se the ri sk of grounding for S
resistance in shallow water is equally important, to be able to calculate its
power requirements. Historically, various approaches have been proposed to
predict squat and shallow water resistance. These methods comprise
empirical or analytical investigations and experiments. The analytical

methods mainly use the assumptions usqabtential flow theory, presuming
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the ship to be a slender body. The empirical formulae also have certain
constraints and conditions which must be satisfied. In addition, as mentioned
earlier, performing towing tank experiments may be costly and-time
consuming. On the other hand, CFD techniques are easily capable of
predicting the trim, sinkage and resistance of a vessel in shallow water,
incorporating both viscous and nonlinear effects in the flow and free surface.
Limited studies exist which include CFhailations of ship squat, however

they do not include any discussion about the resistance of such ships (Chapter
7).

1.3Research Aims and @jectives

The main aims of this thesis are to perform hydrodynamic analyses of rmodo
multi-hull ships, and to deslop a CFDbased unsteady RANS numerical model to
predict the hydrodynamic performance of these ships. This model will cover

seakeeping and resistancalculationsn bothdeepand shhiow water regions.

The specific objectives of this thesis have bemmfilated to cover all of the issues

mentioned in the previous section and stated as follows:

x To review the available literature on seakeeping of ships and to
investigate the differexes between various prediction techniques

x To describean operability asssment procedure invoking seakeeping
analyses in accordance with reliable seakeeping criteria

x To demonstratéhe sensitivity of the adopted seakeeping theories to the
v e s serpkctedperability

x To make a comparison between different methodologies fer th
calculation of motion induced sickness valuies passengers on a
catamaran ferry

x To obtain the hydrodynamic coefficients of heaving twin cylinders in a
free surface by employing a CHiased RANS solver

x To gain a better understandingtbé effecs of operating at a lower speed

on the behaviour of a vessel in deep water
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x To introduce a CFEbased unsteady RANS simulation motielpredict
theresistance and motions of a ship operating in head seas

x To test this proposed numerical model for a vessel in shallatgr, in
order to predict vertical motions of the vessel in different ship drafts at
zero speed

x To predict the squat and resistance of a vessel advancing through a canal
using this RANS solver

1.4Thesis Structure

The structure of thithesis is summaresl briefly below.

1 Chapter 2 CrRITICAL REVIEW) presents a detad literature survey on the
current numerical techniques developed to solve seakeeping problems for
vessels. It firstoutlines the historical development of modern seakegpin
methods and thenprovides a classificatiomf these seakeeping theories.
Finally, the chapter presents a literature survey on the specific areas that will
be discussed in the main chapters of this thesis.

1 Chapter 3 QPERABILITY ASSESSMENT OFHIGH SPEED PASSENGER SHIPS
BASED ON HUMAN COMFORT CRITERIA) presents a procedure to calculate
the operability index of a ship using seakeeping analyses. A dscudshe
sensitivity of the results relative to three diffareaakeeping methods is then
given. In order to apply these theories in the operability assessments, VERES
is utilised which is a potentiatheorybasedlinear strip theory software
packageThe ef fect of seasonality on a st
investigated using wave scatter diagrams. Finally, a high speed catamaran
ferry is explored as a case study and its operability is assessed with regards to
human comfort criteria.

1 Chapter 4 (PREDICTING THE HYDRODYNAMICS OF HEAVING TWwIN
CYLINDERS IN A FREE SURFACE) presents a CHbased unsteady RANS
approach to predict the hydrodynamiceffwients of any twedimensional
section. This work may be regarded as the first step towards an improved
strip theory which uses the hydrodynamic coefficients of each section of a

catamaran, obtained using this proposed RANS method, to predict its
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resporses to regular waves. In this chapter, the added mass and fluid damping
coefficients of a twalimensional circular section @fcylinder heaving at a

free surface are calculated, covering a range of frequencies. The time
variation of these coefficients iheave for various frequencies then
explored. Finally, the results obtained in the frequency domain are compared
with the potential flow solutions and related experimental work.

Chapter 5 FuLL-SCALE UNSTEADY RANS CFD SIMULATIONS OF SHIP
BEHAVIOUR AND PERFORMANCE IN HEAD SEAS) presents fully nonlinear
unsteady RANS simulations to predict the ship motions and added resistance
of a full-scale KRISO Comtiner Ship model, and estimates the increase in
effective power and fuel consumption due to its operation in waves. The
analyses are performedasing CFDat design and slow steaming speeds,
covering a range of regular head wavéhe results are validatedyainst
available experimental data and are found to be in good agntemith the
experiments. e results arealso compared to those from potential flow
theorybased twedimensional linear strip theofgbtained using VERES)

Chapter 6 FuLL-SCALE UNSTEADY RANS SIMULATIONS OF VERTICAL

SHIP MOTIONS IN SHALLOW WATER) provides a numerical study of ship
motions in shallow water, using a fully nonlineamsteady RANS solver.
Firstly, the characteristics of shallow water waves are investigated by
conducting a series of simulations. Then, a-$clle large tanker model is
used as a case study to predict its heave and pitch responses to head waves at
various water depths, covering a range of wave frequencies at zero speed.
The motion results obtained are then validated against related experimental
studies available in the literature, and are also compared to those ftom 3
potential theory. The results areuhd to be in good agreement with the
experimental data. Finally, it is shown that vertical motions are significantly
affected by shallow water.

Chapter 7 & NUMERICAL INVESTIGATION OF THE SQUAT AND RESISTANCE

OF SHIPS ADVANCING THROUGH A CANAL USING CFD) provides details of a
numerical study to perform fully nonlinear unsteady RANS simulations to

predict the squat and resistance of a model scale Dyisbast Case
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Container Ship advancing in a canal. The analyses are carried out in different
ship drafts at various speeds, utilising a commercial CFD software package.

The squat results obtained by CFD are then compared with available

experimental data.

Chapter 8 CONCLUSIONS AND FUTURE RESEARCH) provides a discussion of

how this thesis has contributed to existing knowledge, and assesses how well
the aims and objectives have been achieved. It also makes suggestions for

future research.
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2. CRITICAL REVIEW

The current numerical methods used to solve seakeeping problems for ships are
introduced in this chapter. Firstly, the historical development of maaksakeeping
methods will be briefly presented. Then, a classification of the seakeeping methods
which are still in use will be made. Finally, the chapter will focus on a literature
survey on the specific areas that will be examined in the later chaptbrs thiesis.

2.1 Introduction

Naval architects and marine engineers routinely use seakeeping computations in
many aspects of their work. Such computations are invaluable as they can be used in
simulators to predict vessel motions in real tinibe literatue offers a wealtlof
techniqueswith which to conduct seakeeping calculatiofhese techniques vary

from the conventional strip theory to the stafdheart fully nonlinear unsteady

RANS computations.

According to Beck and Red@001) ship seakeepinig one of the most demanding
problems of marine hydrodynamics, owing to several reasons. To begin with,
seakeeping problems involve thetricacy of wave resistance or manoeuvring
problems, along with their contributions to unsteadiness, occurring dubketo t
presence of incoming waves. The key objective of researchers is to develop a unified,
elegant theory treating all resistance, manoeuvring and seakeeping problems.
Historically, these areas have been investigated individually, rather than together,
sinceseakeeping began.

Nonlinearities are known as the primary source of the difficulties in this Tilelse
nonlinearitiesstem from the viscositgndthe seconérder velocitytermsinvolved

in the pressure equation. The free surface itsedatesnonlinaarities due to the
natural nonlinear behaviour of the incident waves. Also, the body geometry leads to
nonlinear hydrostatic restoring forces. Lastly, shallow water waves, current effects
and noruniform seabottomtopography also contribute to the nonlinearities. These

nonlinearities increase the complexity of the problem to be solved. Fortunately, some
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approximations have been developed to diminish the computational power required
for seakeeping calculations. Fexample, ships are commonly designed to be long
and slender, with gradual variation along their length. This particular geometric

property of the vessels forms the basis of sleihdely approaches.

Throughout this thesis, the assumption is made that vgatezompressible and has a
constant density. The compressibility of water, which is a function of temperature
and pressure, may be a critical parameter in the fields of underwater explosions and
related problems. However, for seakeeping problems, thenprassible assumption

is a reasonable approach. Similarly, although water has a varying density in real
ocean or sea conditions, this can ibgerceptiblein the environ of the vessel

depending on where the ship operates.
2.2 A Historical Overview of Seakeping Methods

The history of prediction of ship motion
(Froude, 1861)Sources such as Newmgl®78)and Beck and Reg@001)can be

referred to for aery detailed historical approach to seakeeping.

Two develome nt s i n the 195006s pioneered mode
first development was the proposal of the random process theory to obtain short term
responses to an irregular sea, and the second one was associated with the
development of linear ship moti theories to obtain ship responses to regular waves
(Beck and Reed, 2001)

St. Denis and Piersof1953) pioneered a new method to estimate the statistics of
ship motions in a seaway, which involved the application of spectral methods. This

original theoy was based on two fundamental assumptions:

1 The sea surface has an ergodic Gaussian distribution,
1 There is a linear relationship between wave elevation, wave loads and ship

motions.

The first assumption allows the probability density function of the sloifpoms to be

identified by its variance. The latter assumptadlows calculation ofthe spectral
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density of any response by simply multiplying the wave spectrum by the square of

the response amplitude operator (RAO, or transfer function).

The transfer fuations can be computed either experimentally or numerically.
Experimental methods are generally used for the validation of numerical results since
conducting experiments for each ship speeave frequencyand heading would be

very expensive and timeonsuming. There is therefore a wide range of commercial
software available which can calculate the RAOs of a desired vessel within a few

minutes.

The devel opment of numeri cal techniques
work of Michell (1898) His theay was based on the thship approximation, which
assumes the breadth of a ship is small relative to its length and draft. Peters and
Stoker(1957)mo di f i e d (189B)théoeylby usieg a systematic perturbation
procedur e wi t h.Theihtbeorg dssumei she Wwavecaanplitudes to be
small and that the unsteady ship motions were of the same small order with the wave
amplitudes. By using linear theory and the tbimip approximation, they developed a
numerical method to predict the motions ofreely floating rigid body under an
external force.Following this Newman(1961) overcame the deficienciaa the
theoryof Peters and Stokdi957) by employing aset of small parameters and by
refining the body boundary conditions. Howevhis numerical results were not

compatible with the experiments

The majority of ship geometries are elongated, with their breadth and draft of the
same order of magnitude relative to the length. This geometric feature is the basis of

the slendebody assumptios Slendetbody theory found its earliest use in

aer odynami c g1924)study onMhe fldw @reund airships. Long after his
study, its applicat i ofmstusedinshé stepeStateswaveer t ed
resistance problem by Cummii§$956). Another noteworthy restriction from the

theory is that the ship is slender compared to the characteristic incident wavelength.

As a consequence of this, the beam and draft are thtmgktsmall relative to both

the wavelength scale 3¢ and the shidength L. Similarly, the Froude number

(Fn=U/(gL)") is assumed to be of order ormpdenotes gravitational acceleration).
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The slender body theories are therefore terfnag-wavelength theorieNewman,
1978)

As explained by Wan@000) in the slendebody theories, the inner fluid is treated

as twedimensional, whereas the outer solution for thefidd is treated as three
dimensional. Many different slender body theories have been developed regarding
the different treatments of the inner tdomensonal problem, such as the angl
slender body theoryNewman, 1964)the unfied slender body theorfNewman,

1978) the high sped slender body theorfChapman, 1975)and the new shder

body theoryYueng and Kim, 1985)

Around the same time as theidies into slendebody theories, KorvisKroukovsky
(1955) and KorvinKroukovsky and Jacobgl957) pioneered an alternative strip
slendefbody theory. They developed a mathematical theory to predict the heave and
pitch responses of a ship to incident dleguwaves, by utilising the slendbody
approach. Their first results produced larger damping coefficients compared to the
experimental results. After applying an empirical correction to the theory, they

obtained an improved agreement with the experinheiata.

Beck and Reed2001) point out that strip theory was regarded as the first ship
motion theory giving results with adequate engineering accuracy. For example, a
modified strip theory developed lyerritsma and Béwelman (1967) demonstrated

reasonaly good comparison with the experiments in head seas. More extensive strip

theories were p r o b ®atvesenwith hishcelleadgues{l¥70) 1 9 6 0 6 .

developed a form of strip theory by combining mathematics with careful
assumptions. This form of strip theory is currently the most common method with

which to perform seakeeping analyses of ships

Ogi | vi e a(h9d9) wbrk cekndgsratedstrip theory They applied three
restrictions to maintain simplicity: i) the ship geometry is slender, ii) the motion
response amplitudes are small compared
incident wave frequency is high. These assumptions enabled the mprdblée
reducedo a singular perturbation problesolved by using the matched asymptotic

expansions. They then evolved formulations to predict the hydrodynamic heave force
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and pitch moment of ships floating in regular waves. The fonspesdd corrections
were almost identicalo thoseappliedin Salvesen et al1970) Their theory was
reduced to simple strip theory when the slgpsiationary. Due to having lagh
frequency of incoming waves, the diffraction potential rapidly changes along the
s hi p gtls. Thisdherefore poses a problem in strip theory when calculating the

diffraction exciting forces.

As discussed by Wan@000) despite the slender body theory being more rational
than the conventional strip theory from a physical point of view, ibieertensively

used due to its arduous and difficult numerical evaluation of rtbeessary
coefficients. According to real case studies performed by Sclavguggd, 1985hat

Fn=0.2 and 0.35althoughthe exciting force is calculated more accurately ia th
slenderbody theories, the ship motion predictions are not significantly better than
those from the linear strip theory. Also, it is revealed by ITT@87)that the slender

body theory gives no advantage over strip theory for predicting a ship's lertica
motions at forward speed, though it does demonstrate advantages for the prediction

of sway and yaw motions.

Strip theory iscommonly known as theory of short wavelength, whereas slender

body theory is a theory of long wavelength. There therefore haea keveral
approaches into developing a theory applicable to a wider range of wave frequencies.
Mar u¢@erd)i nt erpol ati on t h(Ed8) ynified thelory ddee wma n 6
examples ofthis, A br i ef summary of N ghatmtawaHad uni f
mixture of strip theory and slendbody theory. The comparison of the results
obtained using this unified theory with the experimental work of Sclavo{iré®o)

showed that refined results were obtained compared to classical strip thateny.

research conduetl by Kashiwagi et al(2001) investigated the robustness of the
enhanced unified theohroughcomparisons of the results forvary large crude

carrier YLCC) and container ship models with conventional strip theory and
experiments. fieir study aimed tgredict ship motions, wave loads and pressure

di stributions along the shipbds | ength foc
forward speeds. The results showed that unified and strip thegikiesalmost

identical result for ship motions, whereas thmified theory gives slightlyetter
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results for vertical bending moments at some ship stations compared to those

obtained from strip theory.

Beck and Reed2001) estimate thain the early 2000s80% of all seakeeping
computations at forward speedere performed using strip theory, because its fast,

reliable solutions have sufficient accuracy for engineering purposes. Another
advantage of strip theory is that it is also applicable to most conventional hull forms.
However, discrepancies between stripotlyeand experiments for higher speed
vessels, or highly newall sided hull forms, have motivated research to develop

more advanced theorieds discussed by Newmaf1978) the conventional strip

theory shows deficiencies both for low encounter frequereidshigh speeds, due to
assumptions used in the theory. When the theory is appliddwoencounter
frequencies, some fundamental problems occur, stemming from the evolution of
forward speed effects and the complex nature of the diffraction problem iih sho
incoming waves. The conventional strip theory is therefore questionable at low
encounter frequencies and this is visible in the trend of adimensional heave

added mass curve plotted against the frequency of oscillation, as shdwguig

21. As the frequency @Yf0)en ccdhuen taedrd egdo ensa stso
for vertical motions exponentially becol
theory is naned a shortvavelength (high frequency) theory (Beck and Reed, 2001).

The other problem strip theosuffersfrom is related to forward speed effects. In

strip theory, the forward speed has a direct bearing on the hydrodynamic force due to

the simpleintrd uct i on of terms whigc ha nd’@ihgervo por t
U denotes forward speed). Faltinsen and Z1&91b)also point out that strip theory

is the most robust theory when applied at a moderate forward speed of a vessel,
though it is dubioudor high speed applications because it models the interaction

with the forward speed in a simplistic way. Furthermore, the effect of the local

steady flow around the vessel is omitted.
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Figure 2.1 Added mass coefficients for a family of2rectangular cylinders, based on the computations of
Vugts(1968) taken from Newma(il978)
(2 heave added magsrequengy of erfcdunter,d: difeofteeicylinder amd B: beam of the
cylinder).

A compromise between2 and 3D methods has been made and a new approach to
treat the nonlinear problem in the dowtneam direction has been develop€lis
theory is the s@alled highspeed slender body theory, or-D3heory.Faltinsen and
Zhao (1991a, 1991b)treated the twalimensional problem by using a hybrid
boundary element method in their highbeed slender body theory. The simple
sourcedipole distribution is applied in the inner region, whereas the outer region
benefits from analytical wee-free expressions. By using this method, the important
diverging wave system around a high speed hull is accurately incorporated, whereas
the transverse waves, which are very significant at lower speeds, cannot be included
in the theory. Consequently,ishmethod is only convenient to high speed ships.
Numerically, only a side of the vessel is discretised to decrease computational effort.
However, it is still possible to incorporate hydrodynamic interactions between demi

hulls within the theory. If the Huinteraction is not accounted for, this means the
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effect of the other dentiull is neglected while calculating the velocity potential of
one hull(Hermundstad et al., 1999)

Hess and Smith(1964) were the first researchers who implemented boundary
elemem methods for flows without a free surface in the field of aerodynamics. In
their theory, the body surface is divided into a finite number of flat quadrilaterals,
and sources, in constant strength, are distributed over them. Then, the body boundary
condition is satisfied at the centre of each quadrilateteimed a node point);
ultimately, unknown source strengths are determined from the same number of linear
equations. The velocity and pressure values at each node poitiiecabeeasily
predictedwith the knowledge of source strengths. This techniquefésred to as the
socal l ed fipade!l i met h e -oldéer pamel mdthods suggedti theg h e r
use of norflat panels over which the singularities hasteengths which are not
constantIn such a ase, a Galerkin approach can be employed, in order to solve the
integral equaon over each individual panéDkan and Umpleby, 1985a, Okan and
Umpleby, 1985b, Maniar, 1995, Hsin et al., 1994)

As computers become more powerful, the use -&f Bchniquesd investigate
seakeeping problems is more common. Principally, there are two methods to solve
threedimensional features of seakeeping problems at a forward speed, ntmaely,
NeumannrKelvin theory(Brard, 1972, Guevel et al., 19740d the Dawon (double

body) methodDawson, 1977)

The NeumanstKe |l vi n approach began to be wused
approach, a linearised frsarface boundary condition is employed and the exact

body boundary condition iappliedat the mean positionfdhe body surface. The
NeumanrKelvin problem isoftentreated by the use of boundary integral methods in
which the solution is defined by means of integrating the singularities over the
surface encompassing the fluid domain. Typically, the integral iequbtd to be

solved over all surfaces of the fluid domain. However, by employing Green
functions, which meet all the boundary conditions on each surface of the domain
except on the body surface, the governing integral equatiest onlybe solved on

the ody surface Hence the major difficulty in solving the seakeeping problems

turns into the evaluation of Green functiofiche Green function is solved with
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panels distributed over the wetted hull surfg@8eck and Reed, 20015ome
numerical drawbacks mayccur in the area where the intersection angles between
the hull surface and the free surface are small. A highly oscillatory structure of the
transient Green function in the vicinity of the free surface causes this numerical
difficulty (Shin et al., 2003)

In the Dawson approach, the free surface linearisation is about the -thoalylédow,

and Rankine source methods are treated with source distribution over theflee su
and the body surfag®vang, 2000, Beck and Reed, 20(Rankine sources are quite
appropriatefor wall-sided or norwall-sided hull geometries. Rankine sources are
distributed over both the hull surface and free surface to meet the free surface
boundary conditior§Shin et al., 2003)

Shin et al.(2003)developed a mixed numerical methiolénding both the transient

Green functions and Rankine sources. This hybrid approach has been termed the
Ami xed source formulationo. In this form
two regions as illustrated iRigure 2.2. In this formulation, the outer domain is

treated with Green functions, whereas the inner domain is treated with Rankine

sources.

Figure 2.2 Mixed source formulation, taken from Shin et(@003)

Shinetal. (20033t at e t he advant a dankirefouraes behage t hi s
much better than the transient Green function near the body and free surface

juncture, and the matching surfacencae selected to guarantee good numerical
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behaviour of the transient Green functions. The transient Green functions satisfy
both the linearized free surface boundary condition and the radiation condition,
allowing the matching surface to be placed fairlpse to the body . |t was
concluded in their study that this new formulation gave successful motion and load
results for the nomvall sided ship geometries. The only drawback of this method
reported by Shin et a{2003)is that it gives unstable solutiomss relatively high

Froude numbers (Fn>0.5).

Yasukawa(2003) claims that 3D Rankine panel methods have been developed to
overcome the deficiencies in the strip theory methods. He suggests that for a detailed
review of Rankine singularity methods, Bertramd Yasukaw#1996)and Bertram
(1998)may be consulted. In the theory developed by Bertram and Yasjk9@@)

fully 3-D effects of the flow and forward speed are taken into account, in contrast to
strip theory where these effects are not properly adedufor. Yasukawg2003)
applied the theory of Bertram and Yasukaf#896)in the time domain to several
container ships with strong flare. As a result of his validation study, it was found that
hydrodynamic forces, ship motions and local pressures aré imeiter predicted

than those obtained by strip theory when compared with experiments. However, the
calculated lateral hydrodynamic forces are not satisfactory, owing to the viscous flow
effect. The author suggests that this problem can be reduced byngpahypirical
corrections, similar to those employed in strip theory.

Rather than working with frequendpmain Green functions, time domain functions
can be used instead. Finkelstgit57) pioneered research into the use of time
domain Green functions. @vking in the time domairrequires the inclusion of
memory functions (i.e. convolution integrals) over all previous -ste@s which
therefore dramaticallyncreasesthe required computational timéVhen solving
linear problems at zero forward speed, the tdomain computationsake longer
thanthe classical frequeneyomain calculations, owing to the convolution integrals
involved in the time-domain expressionsConversely, at forward spegdthe
calculations of the Greeruriction in the time domain ten be faster tharthe
calculations of the Green function in the frequency dor{iaéck, 1994)
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As the boundary element method is the most widely used method to approach the
NeumanrKelvin problem, finite element or finite difference methods can be
alternatives to the boundary element method. In addition, there have been some
attempts to combine finite element and boundary element methods. For example, Wu
and Taylor(2003) developed a coupled methad study the nonlinear interaction
between floating or submerged bodies and water waves. The novelty in their
approach was to combine the advantages of finite element and boundary element
methods in computational efficiency and in mesh generation, regggctsince the
boundary element method is included, their theory is only applicable to potential
flows. The results showed that the approach can be effectively useldein
calculationsof force and displacementsiowever, it is stillnecessaryto perform
further investigations on the implementations of the theorytfoapplications to a

ship model.

Due to the high computational time and the numerical problems raised by the use of
fully nonlinear computations, the ®alled blending methods, which are &ture of

linear and nonlinear theories, have been developed. These theories integrate the
motion equations in the tirrdomain by obtaining the hydrostatic and Fro#aglov

forces over the instantaneouslyanging wetted surface. The added mass and
dampirg coefficients are determined by means of a linear theory, typically a linear
strip theory. For a detailed review of the various theories developed in this sense, and
for comparisons of them with towing tank experiments, reference can be made to
Jensen(2000). As Beck and Reed2001) highlight, the blending theories are
preferred owing to their fast solutions given in the tdoenain, with sufficient
engineering efficiency.

Most flows experienced in ship hydrodynamics are turbulent, and hence require
differing treatments. The methods used to solve turbulent flow fluid probiairise

discussed in the next section.

Solving ReynoldsAveraged NaviefStokes equations in the time domain is the latest
approach to seakeeping more detailed literature survey dmg particular area of

ship hydrodynamics will be presented in the later sections.
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2.3 Classification of Seakeeping Methods

At present, research in the field of calculating ship motions is focused on panel
methods, fully nonlinear and double body methddending methods, and finally

the implementation of unsteady RANSgure2.3, which is adopted from Beck and
Reed (2001) depicts the classification of the various thogls which can be
employed to approach the generaD3 incompressible, constadensity ship

hydrodynamics problems.

As can be seen frofigure2.3, the methods toodve the general-B problem can be
classified into two categories, namely; viscous and inviscid flow approximations.
Viscous flow approaches take viscous effects into account by retaining the viscosity
related terms in NavieBtokes equations.

Of all of the methods used for the solution of motions in a turbulent flow, Direct
Numerical Simulation (DNS) is the most accurate method to solve the Netoless
equations without averaging. This method directly incorporates turbulence. In its
output, DNS presestvery detailed results about the flow properties. However, it is
computationally very expensive; its application is therefore limited to only simple
geometric domains for flows at low Reynolds (Re) numbers. For this reason, DNS is

used as a research to@ther than a design to@terziger and Peric, 2002)

High Reynolds number fluid flows are distinctive in that the viscous effects are only
significantly observed around the structure and a viscous wake. Boundary layer
approximations can, however, only fkountil the separation point, and so do not
give solutions after that point. Currently, there are two approaches to treat average
viscous flow problems at high Re numbers: Large Eddy Simulations (LES) and
ReynoldsAveraged NaviefStokes equations. Each thed has its own advantages
and disadvantage@Beck and Reed, 2001ferziger and Peri¢2002) state that
although LES is less accurate than DNS; it is mainly used for high Reynolds number
flows or very complex geometries. On the other hand, as clearly highlighted in Beck
and Reed (2001) LES simulations are likely to be more accurate than RANS
simulations. RANS methods are often applied to interior flows in ducts and exterior

flows around structures.
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Ferziger and Per i i Réyloli€veraged sappmoaches toh at |
turbulence, all of the unsteadiness is averaged out i.e. all unsteadimegarnded as

part of the turbulence . Beck and Reed (2001) di stir
unst eady RAN®RANBeddésard seratedsuntil aisteady state solution is
obtained. In unsteady RANS, iteration is still used at each time step but tiaé glob

solution is made time accurate by using a tstepping methad .

The RANS equations are tinaveraged equations for turbulent fluid flows, as
mentioned in the above paragraph. For incompressible flows without body forces, the
averaged continuity and momentum equations may be written in tensor form and

Cartesian coordirias as followgFerziger and Peric, 2002)

HX
U(fUi)_'_ My . —\. _ P Wy
—\ruu + = —= _
T N,-( i Mlq)l X x (2.2)

in which 7, are the mean viscous stress tensor components, as shown below in

Equation(2.3):

aug MO
fij = % -I& (2.3)
ey

andp is the mean pressurég, is the averaged Cartesian components of the velocity

vector, rm is the Reynolds stressgsjs the fluid density and is the dynamic

viscosity.

In order to complete the RANS equations, some approximations relating to the
Reynolds stress tensor and turbulent scalar fluxes in terms of the mean quantities are
required. In engineering, such approximations are known as turbulence models
(Ferziger and &¥ic, 2002)

The inviscid flow models form the second primary divisiorF@fure 2.3. Viscosity
is neglected in the methods under this category, implying that theerh&tokes
equations become Euler equations. This simplified problem is still very difficult to

solve, hence some approximations are needed to approach the problem.
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For rotational flows, the vorticity equations and vortex methods can be employed.
However,the application of these methods is restricted to areas such as roll damping
computations and separated flows around circular cylin(feesziger and Peric,
2002)

Potential flow theory is the most popular method for the calculation of inviscid (or
ideal) fluid flows. It assumes that the fluid is irrotational and incompressible.
However, some empirical viscous corrections are employede potential theory
based methods in an attempt to incorporate uscgfects into the formulation. It

has been used extensively in many ship hydrodynamic problems by numerous

researchers.
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General, 3-D, Incompressible, Constant density, Fluid Flow

INVISCID FLUID FLOW VISCOUS FLUID FLOW
flow
vorticity equations Direct
irrotational VOF[CX?’:'IB&'I ods Numerical RANS Large Eddy boundary layer
or Potential Simulation Simulation approximations
Flow
free surface
flows
exact boundary conditions,
fully nonlinear fiee surface boundary conditions,
bottom boundary condition, condition at infinity
linearised| free surface b.c.

fluid flows

about

lifting surface
theory of foils
and propellers
lifting bodies

simplified bodies-
Rankine ovoids
double body flows

free stream, Uo

Dawson's method or
double body
formulation,

weak scatterer
hypothesis

flat-ship theory
thin-ship theory

slender-body theory
strip theory
unified theory

Neumann-Kelvin

theory
body b.c.on

mean position

nonlinear slender
body theories
2-D+t

blending techniques
nonlinear hydrostatics
and Froude-Krylov

body exact
boundary conditions

Figure 2.3 Classifications of hydrodynamic problems for seakeeping, adopted from Beck an(?Betd
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2.4 Operability Analyses of Ships

Operability and habitability assessmentsave been conducted forvariety of ship

types by many resedrers. Some of their conclusions have had an impact on
operability analyses of passenger ships, specifically with regards to human comfort.
O6Hanl on a n(i974MaadNMcGduleygt al. (1976) conducted simulation

trials to investigate motion sicknessuca ed by a shi pds vertica
Their work was then combineslith seakeeping analysis technigy8silvesen et al.,

1970, McTaggart, 1997)eadingto the developmerdf several suitablenethods for

the operability analysis of passenger fexrie

Ikedaet al.(1991)proposed a method to estimate the ratio of motion sick people on
board a ferry by combining strip theory withO6 Hanl on armd&l9Me Caul e
research. The operational performance of passenger ferries was evaluated by
Dallingaet al.(2002)considering the influerecof motion sickness grassengearand

crew. In additionSarioz and Sario2005)investigated the effect of limiting criteria

on the seakeeping performance assessment for passenger vessels and concluded that
the expected seakeeping performanceagbassenger vessel is entirefyated to the
magnitude of the defined limiting criteria. They evaluated habitability of the
passenger vessel leassolely onvertical accelerations defined by theernational
Organization ér Standardization (ISO) 2631/3 standqi®85) Tezdoganet al.
(2014b)also presented operability anadgsoftwo high speed car/passenger ferries.

RAO databaseof the ferrieswere generatedsing2.5-D high speed theorylheir

study explored the optirhadull distance configuration and loading condition with

regards to operability.

Several researchers have carried out operability analyses on other shifstbgres

et al. (1995) offered a simple procedure for the seakeeping performance assessment
of a fishing vessel. Then, Fonseca and So#&2€€2) proposed a methodology to
assess the seakeeping performance of vessels and argued the sensitivity of the results
in relationto the use of various limiting criteria. They also revealed the influence of
seasonigy on the ship operability by coparing winter statistics tannwal statistics.

In their study, he calculation of operabilitjpdicesand the sensitivity analgs were

performed forboth a container ship and a fishing vessel. Mortetaal. (2012)
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propsed an operability evaluation methodology and devel@eéeécisioamaking
support tool to rapidly assess and compare the operability of the two candidate
vessels, to provide an operational and maintenance support service to offshore wind

farms.
2.5 Predicing the Hydrodynamic Coefficients of 2D Sections using CFD

In 1994, a CFD workshop was organised in Tokyo to discuss the implementation of
steady RANS methods to provide a solution for sagace flows around surface
ships. As explained by Wilsaet al.(1998) from that point onwards, RANS methods

have been widely used in many marine hydrodynamics applications.

Around this time, Gentaz et 41997)developed an original fullgoupled solver, in
order to predict the added mass and damping coefficients of -aitmensional

section at a nonlinear free surface, accounting for viscous effects.

Utilising unsteady RANShased solvers to predictdggreesof freedom motions for

a threedimensional ship geometry at a free surface requires enormous computational
power. Salui et al(2000) therefore proposed an alternative approach to the 3
problem. They used a commercial RANS solver (COMET) to predict-hea@ded

mass and damping coefficients of rectangulasshdped and Mhaped sections of
cylinders harmonically rollingin the presence ofa free surface. The authors
suggested that these coefficients be incorporated in a ship motion prediction code,
basedon strip theory. In their study, it was concluded that the RANS method
improved roll damping predictions. Additionally, it was stated that the method gives
better performance, even when viscous effects increase within the flow. Querard et
al. (2008a, 2008bh 2009) also employed the unsteady RANS method in several
studies to obtain-B hydrodynamic properties, incorporating viscous and rotational
effects. They performed calculations for circular and rectangular sections of
cylinders which were swaying, heagirand rolling with a nonlinear free surface
boundary condition, covering a range of frequencies. They then compared their
results with the numerical methods based on potential theory, and with the
experimental results of Vug{d968) Their results were tond to be quite compatible

with those of the experiments. Lastly, FiglRD13) used StalCCM+ as a RANS
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solver, for comparison with potential flow methqds the calculation of vertical
plane radiation and diffraction problems$ie determined the yldlrodynanic
coefficientsfor a cylinder oscillating in heave arglvay about a calm free surface
and concluded thahe predicted valuesoincide with available experimental and

linear potential flow results for most amplitudes anddegtgies of oscillation.

2.6 CFD Applications to Seakeeping Problems

It was not until the late 1990s that RANS codes started to be used for steady
resistance calculations and for unsteady ship motion predictions. According to Beck

and Reed2001) this is the statef-the-art in the stution of seakeeping problems.

Wilson et al.(1998)performed verification and validation of a CFD code to simulate
the unsteady flow of a fixed, steadayglvancing naval combatant in regular head
waves. Around the same time, Gentaz ef{(E99) also stulied threedimensional

free surface viscous flow problems around a ship in a forced motion. They used an
unsteady RANS method with a nonlinear free surface boundary condition. In their
work, the hydrodynamic loads ambnsequentiahydrodynamic coefficiest were
compared to the results from the potential flow calculations and were validated
against experiments conducted for a free surface piercing hemisphere and for a
Series 60 model with a constant speed. Following this, Roddier(@0aD)studied

the dfects of small bilge keels appended to the corners of a rectangular cylinder
exposed to incident beam waves in water. They performed simulations of 3 degrees
of-freedom motions in the time domain across various wave frequencies by
employing a NavieStokes solver. The results obtained from their study included
sway, heave and roll transfer functions and the free surface elevations. They also
compared the numerical results to their experimental results, concluding that the
numerical results were fairly corapble with the experiments. In their study, it was
revealed that the bilge keels can be used effectively as a way of reducing the resonant

modes of motions.

As discussed by Simonset al.(2013) RANS-based CFD methods have been used
extensively for sdeeeping performance analyses with several ship types, by many

scholars. Sate@t al. (1999) conducted CFD simulations to predict motions of the
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Wigley hull and Series 60 models in head seas. Hochbaum and(2af) then
performed simulations of a-Box cortainer ship in 3 degrees-freedom motions
(surge, heave and pitch) in head seas. Following this, Orihara and NRZAIA)
predicted the added resistance and pitch and heave responses-af7thedtainer

ship in regular head seas, using the Baldwomax turbulence model. In their work,
they investigated the effect of two selected bulbous forms on the predicted added

resistance.

CFD simulations have been also performed for more complex ship geometries.
Weymouthet al. (2005) for example, simulated ¢hpitch and heave motions of a
Wigley hull in regular incoming waves. Carrietal.(2007)studied the motions of a
DTMB 5512 model in regular, small amplitude head waves. Hu and Kashiwagi
(2007)also investigated the pitch and heave responses of a Wigley head seas.
Sternet al.(2008)studied the pitch and heave responses of BWATH in regular

head waves. Wilsoat al.(2008)and Paiket al.(2009)performed CFD simulations

to predict the pitch and heave transfer functions of #ig%ship in egular head
waves. Carricat al.(2008)demonstrated an application of an unsteady RANS CFD
method to simulate a broaching event for an quiltited ONR Tumblehome in both
regular and irregular seas. Then, Castiglieheal. (2011) investigated the motion
responses of a high speed DELFT catamaran in regular head waves at three different
speeds. Following this, Castigliore¢ al. (2013) carried out CFD simulations for
seakeeping of the same catamaran model at two Froude numbers in both head and

oblique reglar waves.

In 2010, a workshop on numerical hydrodynamics was held in Gothenburg, which
aimed to discuss the implementation of CFD in the field of ship hydrodynamics.
Many institutions and organisations around the world contributed to the Gothenburg
2010 Workshop, with studies performed using three skalbbwn ship hulls (the
KVLCC2, the KCS, and the DTMB 5415) as benchmarks. The studies presented in
the workshop gauged the numerical efficiency of CFD methods for the prediction of
ship hydrodynamic quantigevia comparison with the related experimental data
(Larsson et al., 2011)
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Bhushanet al. (2009)performed resistance and powering computations of the full
scale seHpropelled Athena ship free to sink and trim using both smooth and rough
wall functions. They also carried out seakeeping simulations at both full and model
scale along with manoeuvringalculations for DTMB 5415 at fukcale.
Mousaviraacet al.(2010)obtained heave and pitch response amplitudes and phases
of the DTMB 5512 model in head seas using regular wave and transient wave group
procedures. Following this, Simonsen and Sté2010) performed CFD RANS
simulations to obtain the heave and pitch motions and added resistance for the KCS
model, presenting it at the Gothenburg 2010 CFD workshop. In addition, &rajer
(2010) contributed to the same workshop with their study on the dynamm,
sinkage and resistance analyses of the model KCS by using the@¥r software
package. In their work, it was demonstrated that the CFD results agreed well with the

experimental results.

Following this, Carriceet al. (2011)presented two compations of KCS in model
scale, utilising CFDShipowa, which is a genergdurpose CFD simulation software
developed at the University of lowa. They performed-gaspulsion free to sink and

trim simulations in calm water, followed by pitch and heave satmns in regular

head waves, covering three conditions at two different Froude numbers (Fn=0.26 and
0.33). Then, Kim2011)carried out CFD analyses for a 6500 TEU container carrier,
focusing on the global ship motions and structural loads by successdlithating

the results against the model test measurements. After the validation study, Kim
(2011)claimed that the current CFD technology would facilitate the decision making
process in ship optimisation. Finally, Simonssnal. (2013) investigated modns,

flow field and resistance for an appended KCS model in calm water and regular head
seas by means of Experimental Fluid Dynamics (EFD) and CFD. They focused
mainly on large amplitude motions, and hence studied the near resonance and
maximum excitatiorconditions. The results obtained using the CFD methods were

compared to those from their experiments and the potential flow theory method.

2.7 Seakeeping Problems in Shallow Water

There have been many attempts to predict wave excited forces and momants on

vessel, and motion responses of a vessel, in shallow water. From a seakeeping
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perspective, the use of twbmensional strip theory methods to predict ship
responses to waves, using a deep water assumption, can give satisfactory results at
moderate speedsr conventional ship geometries. However, the usdrgd theory

is questionable when applied to shallow water conditions, since viscosity effects are
amplified when the keel is very close to the seafigelikelman and Gerritsma,
1982) Becausestrip theory is a twedimensional theoryit assumes that the water
flow propagatentirely underneath the ship. Howeyé&ortmersserf1976a)claims

that in shallow water, thredimensional effectdbecome considerably important
becausehe water flow passes pariimderneath the vessel and partly arothredtwo

ship endsin some extreme cases, water can flowy@mbund the ends of the vessel.
This therefore causes a deviation from the-thraensional flow features around the

bow and stern ends.

Kim (1968)used gip theory in ship motion calculations for a finite water depth. His
calculations assumed that the incident wavelength was comparable with the beam
and draft of the ship. His approach provided reasonable results for vertical motions,
whereas it did not ger good results for lateral motionspecifically at lower

frequencies.

Over the last five decades, potential flow thebaged threglimensional methods

have been used extensively to calculate the hydrodynamic responses of marine
structures in both deemd shallow waters. There has therefore been a huge amount
of research and opinion published in this specific area. A detailed discussion on the
3-D seakeeping methods was made in Section 2.2. In thishapier of the thesis,

the focus will be on their gtication to shallow water problems.

As clearly summarised by Yuan et €014) the research devoted to this specific
area can be classified into two categories depending on the Green function adopted in
the boundary integral formulation. In the firstegory, the translating and pulsating
sources are distributed over the mean wetted body surface. In this approach, a Green
function is adapted to satisfy the free surface and the radiation conditions. This can
be regarded as an effective method for the speed problems; however it has some
restrictions when the forward speed effect is taken into account. The reason for this
can be explained by the fact that it cannot take into account thdieidaflow

30|Page



condition, and the interaction between the stemdy unsteady flow. A list of some

of the studies in which this method was used is presented below.

Daubert(1970) Garisson and Cho@l972) Oortmersseii1972) Boreel(1974) and
Troesch and BecKl974)are the pioneers who applied th®3echniques. They fall

into the first category, for the calculation of wave loads on large offshore structures
in a finite water depth. Following this, Oortmers9d®76a, 1976bsuccessfully
applied this numerical metd to a tanker to calculate its wave excited forces, added
mass and damping coefficients and motions when the vessel is stationary. He then
compared his numerical results to the experimental data. In general, the level of
agreement was found to be accef@abxcept for the surge force and pitch and yaw
moments in beam waves, which the author believed stemmed from asymmetry in the
hul |l 6s s hap@987)dtudiedetire ,motigns df chrekmensional bodies
floating freely in waves in shallow water. Halculated the hydrodynamic forces and
wave loads of a rigid body using the surface source distribution method, with the
same assumptions made as from linear wave potential flow thebrg2001)
concluded that Endods met hod pregictiong indes m
shall ow water. Nonet hel ess, he suggested
be altered.Then, Chan(1990) developed a thredimensional numerical technique

for predicting first and second order hydrodynamic forces on a vesselitrguel
waves. He applied his code to a fully submerged ellipsoid, asbhbierged
ellipsoid, a Serie$0 ship and a 200 KDWT tanker, to predict their hydrodynamic
properties. The obtained numerical results were found to be in good agreement with
the avdable experimental data, except for roll and pitch damping coefficients and
responses. The author hypothesises that the poor results in pitch and roll motions
come from nonlinear effects in large roll amplitudes, and viscosity effects, which
were ignoredn his approach. By using this technique, he also provided a discussion
about the effect of heading, forward speed and water depth on the hydrodynamic

forces and ship motions in his study.

The second category is termed the Rankine source panel method,utiées a
very simple Green function in its boundary integral formulation. The distinct

difference of this method is that the singularities are distributed not only over the hull
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surface, butalso over the free surface and control surface. In the Rardgonece

panel method, the body surface and the whole domain are described with an
acceptable degree of fidelity and a large number of discrete panels. This method
offers the advantage of being applicable to any ship geometry or floating body, and it
can abo model an arbitrary sea bed topology. In addition, this method enables the
inclusion of nonlinearities in the free surface and the coupled behaviour between
steady and unsteady wave potentiAls mentioned earlierhe Rankine source panel
method was fst proposed by Hess and Sm(if®64) Then, Sclavounos and Nakos
(1988)developed a numerical method to model the propagation of water waves on a
panelised free surface. Their approach showed that the Rankine panel method can be
used to predict wave pattes and excitation forces. Their study caused the
development of the formulation of ship motions in the frequatmyain, which
enables fast computationsor example, Yuaret al. (2014) developed a three
dimensional Rankine panel method in the frequencoynain to predict the
hydrodynamic properties of ships advancing at very low forward speeds. They
adopted the radiation condition of Das and Che{2@42)in their code. As a case
study, they used a 6Wigley 1116 Bgull
comparing their results with the available experimental data, they concluded that the
new radiation condition gives good solutions of the scattered wave patterns, and the
obtained wave exciting force and motion responses are compatible with the results

from the related towing tank tests.

However, the linear methods cannot model any coupling with nonlinear external
mechanisms. Therefore, Krir{994)extended theise of theRankine panel method

to the time domain. This makes it possible to directly ielany kind of external
forces and nonlinear waves in the calculatidtisa and Kim (2013) for example,
studied the motions of an LNG carrier in various bathymetries, using a Rankine
panel method and by solving the nonlinear Boussinesq equations. Th&eddhe
motion responses and the hydrodynamic coefficients of the vessel in shallow water in
the time domain and compared their results to those in deep water conditiens.
findings showed that the hydrodynamic properties of the vessel are altered
significantly as water depth decreases, particularly at lower frequencies. They also

found that the nonlinear effects become more important as vessels enter shallow
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water, especially when they are exposed to waves of longer waveleddgt@only
shortcomingin their study was that they did not validate their theory with any
experimental results, hence one cannot assess how close their results were to the

experiments, and under which circumstances their theory gives successful results.

Recently,CFD-based RAIS simulations have also been used to study shallow water
problems, such as fintieottom effects on ship resistance, free surface wave patterns,

ship-to-ship interactions and ship manoeuvrability.

Sakamoto et al(2007) presented RANS simulations and wdaliion studies for a
high-speed Wigley hull in deep and shallow water utilising CFD3twpa, a general
purpose ship hydrodynamics CFD code. Their results include resistance predictions
and wave pattern analyses for a range of forward speeds in calm. atéra/ing

this, Jachowsk{2008)carried out a study on the assessment of ship squat in shallow
water employing Fluent, a commercial RANS solver. He used a model scale KCS to
calculate its squat for several water depths at different ship speeds. Theando
Larsson (2013) using a steadgtate RANS solver(SHIPFLOW), performed a
numerical study on the ship-ship interaction during a lightening operation in
shallow water. They used an Aframax tanker and the KVLCC2 in model scale, both
appended with ruder and propeller. Also, Prakash and Charf@dfd.3) studied the

effect of confined waters on ship resistance at various speeds, using Fluent as a
RANS solver. They concluded that the CFD technique can successfully be used to
predict ship resistance and the free surface wave pattern in shallow watey, Finall
Castiglione et al(2014)investigated the interference effects of wave systems on a
catamaran in shallow water. They usgeDShiplowaas a RANS solver to calculate

the resistance and the interference factor of the DELFT catamaran in two separation
distances at various water depths. Their simulations were carried out in calm water

conditions.
2.8 Squat and Resistance of Ships

Havelock (1908) performed shallow water investigatioims which he showed that
wave patternsvere formed due toa single point sarce His work led to the

introduction of the depth Froude number {f-nwhich takes vessel speed and water
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depth into account when examining wave patterns in shallow water. The depth

Froude number can be defined as follows:

U
Fn =—
h gh (2.4)
whereh is the water depth (m)n this equation, Fnis calculated to be the ratio of

vessel speed to wave propagation speed in shallow water.

The weltknown Kelvin wave pattern is generated at ddptbude numbers under

0.57. With increasing depth Frde number, the transverse wiavgths will increase
(International Navigation Association, 2003Vhen the depth Froude number
approaches 1.0, the shipbés speed dnecomes
speed for a given water depth. This speed is often termed the critical speed
(International Navigation Association, 2003) the depth Froude number exceeds
1.0,then a vessel is defined as operating at supercritical speeds, whereas if the depth
Froudenumber is less than 1.then the vessel is defined as operating at subcritical

speeds.

Many researchers have studied the squat and resistance of ships in shallow water. As
indicated in Varyani (2006) the research in this particular area of ship
hydrodyramics began with Kreitng1934) who predicted sinkage by adopting the
hydraulic theory in one dimension. Later, Constant{®60) investigated the
movement of floating objects along canals. The purpose of his investigation was to
explain the relationsps between three flow regimes (subcritical, critical and
supercritical) and the incidence of squat, by developing a theoretical model. It is
known from his work thaif a channel has a restricted width, then tias a drastic
influence on hydrodynamic foes in a limited range of Froude numbers. After this,
Tuck (1966)developed a slenddrody theory using matched asymptotic expansions
to approach ship hydrodynamic problems in shallow water of constant depth and
infinite horizontal extent. He derived fortae to predict the wave resistance and
vertical forces at both suland supercritical speeds. He used the vertical forces to
obtain the sinkage and trim of ships, finding that his numerical results were
compatible with model ship experiments. The only draek in his theory is that
when the ship speed is close to the speed of the waves in shallow wateeotlye th
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fails because th&rmulations become singular. From his study, it was concluded
that sinkage is prominent for subcritical speed regimes, whéteass the major

factor for supercritical speed regimes. Then, T(t867) extended his previous
theory to incorporate the effects of the canal having a restricted width. By extending
Tuc k 6 S(1966pBedtk et al(1975)studied the longitudinal motioof a vessel in

a dredged channel. By solving boundary value problems, they computed the trim,
sinkage and wave resistance of a ship in a dredged channel for a range of depth
Froude numbers. The dredged channel geometry that was investigated in their study
is surrounded by shallow regions, with a vertical step on either side of the channel.
They revealed that the exterior shallow water regions have a considerable effect on
the trim, sinkage and wave resistance of narrow channels. They also clearly declared
that wave resistance increases with diminishing channel width. It should be noted

that their numerical results were not validated against any experimental data.

More recently, Yasukaw#1993) developed a Rankine source panel method to
calculate the steadyavemaking resistance of a ship, incorporating the effects from
trim and sinkage. He applied his theory to the Wigley hull model, and found that the
results obtained agrdewell with the available experimental results. Then, Jiang
(1998)numerically inveigated the waves generated due to the preserashop at

three different speed regimes, by using the Boussinesq type shadli@vequations.

He iteratively solved the finitdifference equation system by using the Crank
Nicholson time and space disttsation scheme. His theory assumes the ship to be a
slender ship and approximates the flow field by using the matched asymptotic
expansions technique. He carried out calculations for a Series 60 ship hull with block
coefficient =0.594 to predict its wav resistance, sinkage and trim. He then
compared his numerical results with model tests, and a satisfactory agreement was
found between the numerical and experimental data. Later, Go(2l8b)
compiled a review on linear sleneleody theories to calcuia the squat of a ship in
shallow water regions. He expressed a general Fourier method to predict the squat of
a ship advancing through shallow open water, a rectangular canal, a dredged channel,
a stepped canal or a channel of arbitrary esession. Inhis paper, Gourlay2008b)

only concentrated on cases in the subcritical flowmegiwhich he proposes is the

most important regime for mariners. Following this, Goui(2§08a)developed a

35|Page



numerical method to predict the sinkage and trim of a fast diesplant catamaran
running in shallow opewater, by utilisng a linear slendelbbody theory. His theory

is applicable for all three speed regimes. He also demonstrated the effect of
centreline spacing between the demihulls of the catamaran on trim andesikia
claims that the theory he developed can be used to produce guidelines to predict the
maximum squat of any fast displacement catamaran model. However, his study has
not been validated against any experimental daten, Alderf et al.(2011)
developéd a method for the numerical modelling of dynamic squat, by using a finite
element method. Their model is robust and can give results for the dynamic
responses of a ship in highly restricted canals on any arbghagyed sea floors.
They also studied thmfluence of sedloor topology on a ship's critical velocity.
Next, Yao and Zoy2010) performed a numerical study to predict the sinkage and
trim of a vessel advancing in a shallow channel by using aciidgtr 3-D panel
method. They discreesl thehull surface, free surface and channel wall surfaces into
panels and distributed Rankine sources of constant strength on them. In their theory,
a nonlinear boundary condition is used on the free surface. They calculated the
vertical force and pitch momenly integrating the hydrodynamic pressure over the
wetted hull body, and obtained the sinkage and trim from the dynamic equilibrium.
They carried out calculations for a Series 60 ship modgt@®0) in a restricted
channel. Their numerical results, coveyisinkage, trim, wavenaking resistance and
wave patterns at subcritical and supercritical speeds, were found to be compatible
with the experimental data. Lastly, Alidadi and Cal(@4l11)performed a numerical
study to predict the sinkage and trim ofWgley hull. They developed a-2
boundary element method using the slender body approach. To calculate the free
surface flow, they used thdixed EulerianLagrangian (MEL) procedure. They also
conducted a validation study by comparing the wave profiler@esidtance resulisf

the ship in question with those fraimwing tank tests, and showed that the numerical

results agregwell with those from the experiments at various ship speeds.

As opposed to potential flowased theories, there have only been a savdies
conducted using a CFD model to predict trim, sinkage and/or resistance of a ship
entering into a shallow water area. JachowgKi0O8) carried out a study assessing

ship squat in shallow water employing Fluent, a commercial RANS solver. He used a

36|Page



model scale KCS to calculate its squat for several water depths at different ship
speeds. He then compared his CFD results with those calculated using the empirical
formulae. His comparison found that the empirical methods show good agreement
with the simuated results. Prakash and Chan@@l3)studied the effect of confined
waters on ship resistance at various speeds, using Fluent as a RANS solver. They
concluded that the CFD technique can be used successfully to predict ship resistance
and the free surta wave pattern in shallow water. Then, Wor{{2§13)studied the

squat and resistance of the DTC container ship model using ab@sdal RANS
solver, OpenFOAM. He also compared his CFD results to the experimental findings,
reporting that OpenFOAM overestates drag forces, especially the wave resistance,
due to the generation of a coarse mesh in the domain. He noted that the squat and
trim results of a ship model in a canal obtained using CFD are much larger than the
experimental resultsThe author of the thesisbelieves that his numerical setup
should be improved and reconsidered, in order to obtain results that are more
compatible with experiments. Finalliie et al. (2014)investigated the interference
effects of wave systems on a catamaran in shallater. They used CFDShipwa

as a RANS solver to calculate the resistance and the interference factor of the

DELFT catamaran in two separation distances at various water depths.
2.9 Concluding Remarks

Up until this point, a broad literature review hasrbegade on existing seakeeping
prediction methods and on other related topics which will be covered in the
following chapters of this thesis. During this literature review, the following gaps in

the literature have been detected:

i. No study has looked into e¢heffects of employing seakeeping prediction
met hods on a shipds operability index.

ii.  No study has been performed to compare the motion induced sickness values
of a vessel, obtained using different seakeeping theories.

iii. No study has been performed to predice added mass and damping
coefficients of a twalimensional twin section using CFD.

iv.  There exist no CFD studies in the literature looking at the behaviour and

performance of a vessel under slow steaming conditions.
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v. The CFD studies performed to date haveé mdicted the increase in the
effective power of a vessel due to its operation in waves.
vi.  No studies have been performed on the calculation of ship motions in shallow
water using a CFbased unsteady RANS method.
vii. To date, studies performed on the squal aesistance of a vessel in a
restricted canal or channel have not investigated the changing resistance and
wave patterns of the vessel advancing through a canal under different loading

conditions.

The following main chapters of this thesis aim to fillgbegaps listed above, using

either potential flow theory or the statéthe-art CFD methods.
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3. OPERABILITY ASSESSMENT OF

HIGH SPEED PASSENGER SHIPS

BASED ON HUMAN COMFORT

CRITERIA

3.1 Introduction

Recently,a rapid increasénas been seem the number of passengers travelling
worldwide by passenger vesselnually, throughout the worldt is estimated that
roughly 10 million people trgel on over 230 cruise vessdRiola and Arboleya,
2006) A key responsibility of naval architects s ensure the comfort and well

being of such passengers.

Duetothedgami ¢ natur e of pesfornsanca and yafegreaoftene s s e | «
disruptedby enormous dynamic loads, motions and acceleratiunsh factors may
seriously affect both the welleing and safety of the passengers and crew, leading to

motion sickness and similar motiamduced forms of discomfort.

For this reasonan operability analysjsonsidering human comfort criteriplaysa

vital role in ship designespecially forthe designof passenger shipsfrom small

leisure craft,to extremely large cruiser€onsiderable investment is made when
building a passenger vessel. The comfort level of the passengers is of paramount
importance, and must be maintained above a specific thredhosdthreshold must
therefore be continually considered during the design of a passenger Véssel.
should bequantified by applying an operaliy assessment procedure invoking

seakeeping analyses in accordance with reliable seakeeping criteria.

The mgor parameters which are requiredperform such anperability analysis can

be divided into the following three main categories
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)] vessel geometry and loading condition
i) definition of the seaway and wave data
iii) limiting criteria

An overview ofthe operabiliy assessment procedure is illustrateBigure3.1.

Hull Form Loading Condition

Sea Spectrum

;+"

Short-Term Statistics|

‘Wave Scatter Data
Limiting Criteria Long-Term Statistics

g 88
2900

Figure 3.1 Overview of the operability analysis procedure

Figure3.1 demonstrates that knowledge of both a vessel's hull form, and its loading
condtions (such as draft, tringentre of gravityand radii of gyratio)) arenecessary

to predict a shipbs r es ponfhediterattreoffarseagul ar
wealth of seakeeping techniques which can be employed at this stage, ranging from
simple strip theory to complex, fully nonlinear Reynefigraged NavieStokes
computations Since each method hasa different theoreticalbackground, with

associated limitations, the selection and use of a particular method will greatly affect
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the prediction of RAOs. The results of an operability analysis will therefore be
dependenon the seakeeping technique employed. This chapter will demonstrate this
effect.

The seaway whera ship operates may hepresentedy seaspectra dedicated to

different specific sea areaShort-termresponses of the vessel are eaddyivedby

combiring the RAOs with the incident wave spectrudowever, it is of note that a

ship encounters many different sea states on her voyage. It is therefore desirable to
know the frequency of occurrence of wave height and wave period combinatesns

specific gegraphic site This data is generally found in wave scatter diagrams
(WSD), which can be given yearly, monthly, or season@ltyce wave scatter data is
obtained, long term responsesn becomputedby means oftatistical techniques.

As seasons change, wave scatter data in a geographic area varies accordingly. As
expected, this change can remarkably aff

assesseshe effect of seasonality on shipbés e

This chapter begins i a brief discussion on the methods that will be used to
calculate a vessel 6s operability. After
operability assessment is presented. Each stage of the methodology is introduced in
detail in the subsequent sabctims. A high speedcatamararcar/passenger ferry
operating inthe west coast of Scotland is then explored as a case study, and the
operability indices of the vessel are calculated. The results explicitly reveal the
influence of seasonality on the predictelips operability. This chapter also
investigates the sensitivity of the operability index to the adopted seakeeping
technique to generate an RAO database. Finally, a summary of the chapter will be

provided in the last section.
3.2 Background

As mentioned inthe Critical Review chapter, several methods are available with
which to determine the response amplitude operators. Each technique features
different assumptions and limitations, and therefore the output from a given

technigue will have a significant irapt on the operability calculations. In order to
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highlight this problem, three particular methods will be employed to estimate the

RAOs of a catamaran ferry. These are:
1 Theory 1: Conventional strip theory formulatior{2

1 Theory 2: Highspeed formulationn which hull interaction isot included
( 2-D)

f Theory 3: Highspeed formulation in which hull interactia®i nc |l uded ( 21
D)

In order to apply these theories in the operability calculations, VERES, which is
based on a linear, potential, strip theory wafe package, is used in this study
(Fathi, 2004) The fluid is assumed to be homogeneous;viscous, irrotational and
incompressible. However, viscous roll dampirg taken into accountin this
seakeeping package, employing some empirical formulaenBog information, the
theory manual of the software may be consulkethi and Hoff, 2013)

Theory 1 is based on the strip theory formulation by Salvesen, Tuck and Faltinsen
(1970) which is of most use for low ship speeds. The restrictions of this thewey

explained in detail in Chapter 2.

Theory 2 is based on a strip theory approach of Faltinsen and (ZB&ta)and
Faltinsen et al(1991, 1992) and is briefly explained by Fathi and H¢#013) as

f ol | ®hs bighspéed formulation is based on astheory approach, where the
free-surface condition is used to step the solution in the downstream direction. The
solution is started assuming that both the velocity potential anddesixative are

zero at the first strip, counted from the Wow  KRON4)fdescribeste principal
difference between the traditional strip theory arellityh speed formulation #sat

both formulatios solvea two dimensional problem for each strip, but only the high
speed formulation accowsior the interaction betweehe solutions of each strip by

stepping the soludn in the downstream direction.

In Theory 3, the forces exerted on the ship are directly calculated from the velocity
potentials, employing integral theorems, similar to Theory 1. In the high speed

formulation without hull interaction (Theory 2), the forces are calculated by
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integrationof the pressure over the hull surface. Hermundstad €289)has found
that these two methods (Theory 2 ande®ult in differences in the callated heave

and pitch motions; particularly around resonance.

Since a catamaran model is used in this whags a real case study, it will first be

necessary to investigate the wave generation betweenrhil#isiof a catamaran.

Wave interference occurs between the waves generated by each single hull of a
catamaranFaltinsen(2005)d ef i nes t hi s wave thenwaves f er en
generated from each hull are superimposed without accounting for the fact that the
waves generated by one hull will be modified because of the presence of another
hullo . The waves ¢emaybedame thcideny to anotieer deraithull,
causing wave diffraction to occur. In the theoayfirst assessment to determine
whether any wave interaction is expected between the two side hulls of a catamaran
can be performed by assuming there is no hydradimaull interaction. The wave
angle (1), given byEquation(3.1), can then be calculated, to determine whether the
waves inside the wave anglecbene incident to thether hull. It should also be
highlighted that Theory 3 is capabl&# accounting for this diffraction effect

occurring between the demihulls of a catamdFattinsen, 2005)
tana :2U— (3.1)

(3.2)

Here, b, is the beam of a single hull arnd is the distance between hull sides, as
shown inFigure3.2. L is the ship length anid; is the length of the aft part of the side
which is affected by the other hull. Throughout this thesisjenotes the frequency

of encounter and gravitational acceleratigris taken as 9.81 nfls
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Figure 3.2 Hull interaction in a catamaran due to the wave effect, taken from Fal{i2G@@h)

Each of the mettds explained above will be used to independently calculate the
motion responses of the ferry to regular waves, for a range of wave headings, to
predict its operability. |t s’ﬁfctmrreslpahdsbe st

to a head sea conditiam this chapter.
3.3 Methodology

The methodology towards the prediction of the operability of ships is briefly

presented in this suection.

The operability assessment technique typically begins with the calculation of motion
characteristics of the gimeship for all headings #lhe sea areahich isparticular to

t he v e s s.eThdansthese gasporsses (RAOs) are combined with the wave
spectrum to predict the shddgrm responses to irregular seas. Next, limiting
significant wave heights are calcddtfor each seakeeping criterion by utilising the
short term responses. Finally, the calculation of the operability index, which is the
percentage of the number of wave height and wave period combinations not violating
the predetermined criteria, can bamuuted taking into account long term statistics

of the wave data.

A high speed catamaran car/passenger ferry is used in this chapter as a case study to
argue the effect of the various methods to predict RAOs. The main characteristics

and geometry of the ferry are givenTiable3.1 andFigure3.3, respectively.
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Table 3.1 Main characteristics of the catamaran fdifgzdogan et al., 2014b)

Length between perpendicularsg) 151.12 m
Overall beam of twirhull (Boa) 36.72m

Beam of demhull (Bpp) 10.68 m

Design draught (T) 9.4 m

Di splacement ( o) 16,448 m
Hull centre line spacing 26.04 m

Longitudinal centre of gravity (LCG) aft of amidships 11.84 m

Vertical centre of gravity (VCG) from the base line 13.28 m

Pitch radius of gyration &) 39.24 m

Roll radius of gyration () 13.36 m

Yaw radius of gyratioffirge) 40.88 m

Design speed (U) 20 knots

The Marintek Catamaran is taken as a ship model and hassbaled toreal ship
dimensions. All details related to the catamaran model can be found in Hermundstad
et al.(1999)

lLl'I\J‘o

.
- 1 1
(o0 feo SR o B

0 10 10 20

Figure 3.3 Sections of a demihull (lefand righthand sides of the graph show aft and forward stations,
respectively).

Although the demhulls of the catamaran geometry are connected to each other
above the water line, only the seas under the free surface are illustrateéigure
3.3.

Each of the necessary stages to predict the operability of the vessel are briefly

explained in the followig subsections
3.3.1 Ship responses to regular waves

Typically, the first stage in the assess:s
ship response characteristics in regular waves for a range of headings and ship speeds

in the frequency domain. Ehransfer functions are usually calculated due to either a

unit wave amplitude elevatiofor translatioml motions or a unit wave slope

amplitude for angular motions.
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The numerical RAOs of the ferry, obtained using each theory, are compared to the
experimental data published by Hermundstad et (4B99) Four different
combinations of ship speed and wave heading are presented below, each identified

by their case numbers

1 Case 1: Froude number 0.47 (corresponds to a forward speed of 35.18 knots).
Head seas.

1 Case 2: Froude number 0.63 (corresponds to a forward speed of 47.16 knots).

Head seas.
T Case 3: Froude numbé)er 0. 63. Bow seas
1 Case 4: Froude number 0.47. Besre a s 6( b=90

The comparisons are showbetween Figure 3.4 and Figure 3.7, with the
experimental results represented using triangles. The heave responses-are non
dimensionalised by wave amplitudd)( whereas the pitch and roll responses are
nontdimensionalised by wave amplitude over ship length §8/Lt is worth noting

that the angular responses are given in radians. The graphs, demorstaeseh

Figure 3.4 and Figure 3.7, are all plotted against netimensional wave frequency,

,x.': ¥ (BP‘-g)llz-
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Figure 3.4 Experimental and numerical RAOs for Casdlie keft- and righthand sides of the graph show heave
and pitch RAOs, respectively.
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Figure 3.6 Experimental and numerical RAOs for CasdBe wpper left and righthand sides of the graph show
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Figure 3.7 Experimental and numerical RAOs for CasdHe kft- and righthand sides of the graph show heave

and roll RAOSs, respectively.

The figures betweenFigure 3.4 and Figure 3.7 apear to demonstta the

discrepancies between each numerical technique and the experimental tesults
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Theory 2 is compared to Theory 3, it is evident frbigure 3.5 andFigure 3.6 that

the numerical calculation of the resonant heave motion is improved when hull
interactions are taken into account. In most cases, Theory 3 shows better agreement
with the experimental datrelative to Theory 2. This applies to both head and bow

seas. It is worth noting that hull interactions are more dominant in heave motion,
compared to pitch motion, at two high speedsnverselyfor the roll motions, the
discrepancies are much largelnem hull interactions are taken into consideration. In

most cases, of the three theories, conventional strip theory (Theory 1) is still the most
compatible with the experiments,(19&)s t hi s
conclusion, explained in Chegy 2, Section 2.2.

Given that wave frequency equals #rcounter frequency in beam seas, it is more
convenient tocompare the natural roll frequenayf the vessel with the peak
frequencies obtained by eactumerical method irFigure 3.7. The natural roll

frequency of thevessell = 0. 96 r ad/ sec), wh3i7¢ Bveeyoi nci ¢
close to the peak frequency,=3%79ifolowadt ed by
by Th e ¢33.84), & bdam Seas.

Furthermore, the effects of threemensional flow, viscosity and nonlinearities are
neglected in all three methods. This therefore causes an increase in the discrepancies

between the numerical analyses and erpamts(Hermundstad et al., 1999)

Additionally, a comparison of the vertical accelerations at the centre of gravity
(CoG) using the different theories in head seas at 20 knots ship speed (Fn= 0.267) is
given inFigure 3.8. The dscissaof the figure is the encounter frequency, whereas
the ordinate is the vertical acceleration, saiimensionalised by gA#y, conforming

with the ITTC guideling2011a)

Figure 3.8 clearly demonstrates discrepancies between the vertical accelerations
calculated using the different theories, particularly when applied to the resonance
heave frequency (the natur gids1.084 md/sec).f r e qu
The RAO vertical acceleration calculated using Theory 3 is 4.18 and 2.18 times
higher than that obtained by Theory 1 and 2 in the resonance frequency, respectively.

The vertcal acceleration obtained using Theory 3 gives higher results because of the
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effect of wave interactions between each demihull. This will be discussed in detail in
the following paragraphs. If Theory 1 is compared to Theory 2, the differences in the
vertical acceleration around the resonance frequency arise from the evaluation of
forward speed in the free surface condition.
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Figure 3.8 Vertical acceleration RAOs at the centre of gravity against encounteefregin head seas at 20
knots speed.

Typical vertical acceleration RAOs in head seas as a function of wave frequency and
ship service speed, calculated using Theories 1, 2 and 3, are batweenFigure
3.9 andFigure3.11, respectively.
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Figure 3.9 Vertical acceleration RAOs at the centre of gravity in head seas, calculated using Theory 1 at a range
of forwardspeeds.
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Figure 3.10 Vertical acceleration RAOs at the centre of gravity in head seas, calculated using Theory 2 at a range
of forward speeds.
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Figure 3.11 Vertical acceleration RAOs at the centre of gravity in head seas, calculated using Theory 3 at a range
of forward speeds.

The figures betweenFigure 3.9 and Figure 3.11 demonstrate that vertical
acceleration RAOs obtained using Theoryrid  are very similar to each other,
showing a gradual increase with increasing speed. Conversely, vertical accelerations
generated using Theory Bigure 3.11) show adifferent trend. They decrease with
increasing speed between a speed range @&l1Bnots, and after this range they
gradually increase with increasing speed, showmgxectedrend. This is due to
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the fact that hydrodynamic hull interactions are nsigificant within a speed range

of 1821 knots for the ferry in question, and the waves generated by each demihull
affect the vertical accelerations. AccordingBquation(3.2), for a given frequency

of encounter, the wave interaction between demihulls decreases as ship speed
increases. This clearly explains why the vertical accelerations obtained using Theory

3 show a reversed tremdthin this particular speed range

Table 3.2 presents UL ratios (based on Equatidi3.2)) against a range of wave
frequencies, for varying forwdrspeeds of the ferry.

Table 3.2 L,/L ratios of the ferry, calculated based on BR), for a range by at different speeds.
¥ Ship forward speed, U (knots)

(radls) 18 19 20 21 22 23 24 25 26 27 28 29 30
0.1 097 097 097 0.97 097 0.96 0.96 0.96 0.96 0.96 0.95 0.95 0.95
0.2 094 093 093 093 0.92 0.92 091 091 0.91 0.90 0.90 0.89 0.89
04 086 085 0.84 0.83 0.82 0.80 0.79 0.78 0.77 0.76 0.75 0.73 0.72
06 076 0.74 0.72 0.70 0.68 0.66 0.64 0.62 0.59 0.57 0.55 0.52 0.50
0.8 064 061 058 055 0.51 048 045 0.41 0.38 0.34 0.30 0.26 0.22
1.0 050 046 041 037 0.32 0.27 0.22 0.17 0.12 0.06 0.01 [] [1
12 034 0.28 0.22 0.16 0.10 0.03 [] [1 [1 [1 [1 [1 [1
14 016 008 001 T[] []1 [1 [1 (1 [T 11 11 [1 [Tl

Empty bracketd ] indicate that there is no applicable hull interactidable 3.2
shows that the length; decreases as the wave frequency increases, in other words
the Li/L ratio decreases with decreasing wavelength. It is evident that the hull
interaction is most signiant in low encounter frequencies at relatively lower ship

speeds.
3.32 Ship responses to irregular waves

The real seaways can only be modelled by virtue of a statistical model. Ship
responses to natural irregular se&9 @re calculated by the linear mrposition
principle, using the seaway spectrug) @nd the transfer functions in the frequency

domain as given below.

S, W) =S () RAQ ) 33
Several spectral formulations are available in the literature. One of the most

frequently used spectrumsti'e JONSWAP spectrum, whietas developed in 1973
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by the Joint North Sea Wave Project and described by Hassehah(il973) The
JONSWAP formul@ion has beeradopted for the fetch limited North Sea ar@h be

expressed as follows:

(3.4)

where ¥ and ¥, are the incident wave and modal wave periods, respectiuely.

represents the spectral width parameter and is calculated according to the following

expression:
€0.07we w

s =j (3.5)
{0.09w> w

o refers to the peaknhancement factor and is generally taken to be 8189the
normalisation factor, given by
a =5.061(2p)*H2 #1-0.287In(]; (3.6)

The JONSWAP parametric spectrum is chosen for this study. The spectral density
distribution of the spectrum forg=3.5m is illustrated ifrigure3.12.
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Figure 3.12 Spectral density distribution of the JONSWAP spectrum fe3tbm.
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The response spectrum(Sy ) i's the product of )Y handef
square of the transfer function RAOY ) as give(83).iOmce hgguati o
responsespectrum is obtained, all statistical values of the response are derived by

using the spectral technique.

The variance of the response spectrum is the area under the spectrum curve with

respect to incident wave frequency and can be shown by:

”b:fju S(w) du 3.7)

The square root of Equati@B.7) gives the root mean square (RMS) of the response,

which describes the most frequently observed amplitude of the waves or responses.

Xrms = ﬁ (3.8)

in whichmy is the zeroth spectral moment. Principally, tffeorder spectral moment

can be presented by

m, =y S(wdi (3.9)

The square roots of the, andm, spectral moments correspond to RMS velocity and

acceleration responses, respectively.
3.33 Determination of the limiting significant wave heights

Soares et a[1995)suggesthat the wave spectrum can be represented as the product
of the normabked wavespectrum in termsf the significant wave heightt$ ¥) and

square of the significant wave heidth¢due to the linearity assumption.

SWH, T)=HS(m, T) =H S(wD (310)

By analogy to Equatio(B8.10), the response spectrum may also be formulated as:

SW=HS (W =H S( wD RAZ ) (311)

andthe variance of the response can be given by:

o

m =S dw=H $ wD RAL )wd 3.12)

0
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which can briefly besymbolsed as follows:

m, = HZm, (313
For cases in which a seakeeping criterion is defined as a root mean square of a
responsewus the limiting significant wave height for a specific modal wave period
T, and ship headinyis determined by using the following equation:
H" (T, 0) = % (314
XRMS,l

3.34 Calculation of the operability index

Fonseca and Soar€¢2002)d ef i ne t he o p ¢he pebcentagetofytime n d e x
during which the ship is operationalThe operability index is calculated according

to the following common expression, which was also used in Khalid (208i9)

a ng,(H,<HY)
Op. (%)="s N x10(

(3.15)

With regards tdEquation(3.15), the operability index is the ratiof the number of
waves (for all available zero crossing periods) with significant wave heights not
exceeding the maximum significant wave hei@hts) relativeto the total number of

waves(N) in the wave scattatiagram of interest
3.4 Operability Analysis

The procedure presented in the previous sections can be usadltate ship
motions and motiomelated responsés both regular waves and irregular seaways.
Short term and long term statistics are obtained in irregular seas to predict the most
probable maximum values of the ship responses. On the otherihtdreke results

are evaluated alone, thegnnotproperly expressthe performance of a ship froma
seakeeping point of viewAn operability index which measures a ship's capability to
acconplish her tasks should be computed to quantify the seakeeping ability of the

vesselFonseca and Soares, 2002)
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3.4.1 Selection of the limiting criteria

In order to calculate the operability index of the ferry, the limiting criteria should be
defined coner ni ng passenger comfort and safet
performance depends partly on lateral accelerations, but mostly on vertical

accelerationgRiola and Arboleya, 2006)

The influence of vertical accelerations on humaatabolismis the major reason for
seasickness. Bcomfort regions are determined by the International Standard as a
function of acceleration levelsiefquencies, and exposure timeardeterexist to
qguantify the effects of accelerations on human performandsard. Tkesemay be
regarded as a good referengigh which to compardhuman perforrance between
ship designgGiron et al., 2001)

The International StandardSQO) 26311 (1997) presents an approach to measure
whole-body vibration in connection with human health and comfetgting this to

the probability of vibration and motion sickness incidence.

Motion Sickness Incidence (MSI) and Motion Induced Interruptions (Mll) are the

two most highly refeneced parameters to quantighip motion effects on human
performance and comfort. MSI indicates the percentage of people experiencing
vomiting when exposed to motion for a certingthof time. It wa proposed as a

function of wavefre quency and vert iHadoh and McCauleg r at i ©
(1974) following whicha mathematical expression was developed by McCailey

al. (1976)

Graham(1990)developed the motion induced interruption concept, which is defined
as the number of logsf-balance events that occur during an arbitrary operation on
board. The theorywhich is explained in detail inhis study,is based on the
calculation ofthe lateral forceestimator (LFE) which causesbjects to topple or
slide, and people to lose their lamlce in the frequency domairGraham concluded

that a limit on the number of Mlls can be applied as the most appropriate criterion
for deck operationslTable 3.3 presents the proposed values in terms of different risk

levels.

55|Page



Table 3.3 Ml risk levels (Graham, 1990)

Risk level Mlls per minute
1. Possible 0.1
2. Probable 0.5
3. Serious 1.5
4. Severe 3.0
5. Extreme 5.0

The derived transfer functions are normally calculated with respect to specific
positions on the ship which are closely associated with the limiting criteria to be
used.Table 3.4 lists these locations on the ship and the seakeeping criteria that are
selected for the operability assessment of the ferry. The locatiohabie 3.4 are

given according te, y, andz coordinates, whenedenotes the point forward after aft
peak,y denotes the position off centre (positive starboard) zatehotes the location

above théase line.

Table 3.4 Seakeeping criteria for the high speed passenger ferry.

Description  Criterion Location Coordinates (m) Reference

Vertical 2 hours exposure Passenger deck 80, 0, 10 ISO 2631/3,

acceleration 0.05¢g (1985)

Mill 0.5 Ml per Car deck 150, 0, 11 Graham,
minute (1990)

MSI 35% MSl in 2 Crew 25,-4,9.5 ISO 2631/1,
hours accommodation (21997)

Lateral 0.025g (RMS) Centre of gravity 63.72, 0, 13.28 1SO 2631/1,

acceleration (1997)

3.4.2 Definition of the sea spectrum and wave scatter data

It is assumed that the car/passenger feroyides a fast transportation service across
thewest coast of Scotlan@igure3.13, Global Wave Area 10).

As outlined earlier on, the JONSWAP spectrum has been selected to represent the
area of operation. In order to determine the lw@rgn responses of the vessel, the
probability of occurrence of the sea states at the operation area is necessary. WSD
provides such information as it gives a joint probability table of significant wave
heights, characteristic wave periods, and the number of occurrences for a specific sea
site. The statistics of ocean wave climates for the entire globe is available in Global
Wave Statistics for a specific aréased oninstrumental, hindcasting, and visual
observation method$logben et al., 1986)
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The operability calculations agerformedusing annual andseasonal WSDFigure
3.14 depicts the wave scatter data of Area 10 using annual and seasonal statistics for
the wave climateThe bars in the graphs denstrate the number of waves observed

in that combination of significant wave height and wave period.

According to Lloyd(1989) for ship desigmpurposes the most common praetis to
use short crested sea wiil® 0 A s p angle lencihg problem isreated in this

fashion.

Figure 3.15 shows the percentage of time variances of significant wave heights

observed in Area 10 with regards to annual and seasonal wastcsta

Figure 3.13 Global wave statisticsf coastal areaf uis et al., 2009)

Autumn Wawve Scatter Diagram of Area 10 Spring Wave Scatter Diagram of Area 10

Nurmber of waves

7
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Summer Wave Scatter Diagram of Area 10 Winter Wave Scalter Diagram of Area 10
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Figure 3.14 Wave scattedata of Area 10 regarding seasonal and annual stafidticben et al., 1986)
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Figure 3.15 Percentage of time variances of significant wave heights observed in Area 10 over various durations.
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3.5 Results

3.5.1 Motion sickness incidence

The operability indices will be calculated in this work based on human cemfort
oriented criteriaBeyond any doubt, motion sickness incidence is one of the most
important criteriaused toquantify human comfort due to mation any vesselsich

as a car, train ahip). Special attention will therefore be paid to investigate possible
MSI features of the vessel.

In this subsection, MSI values of the ferry at the crew accommodation location will
be calculated using the thrdgferent theories. MSI values are determi@dording
to ISO 26311 (1997)usingthe following formulae:

o
a1

e’ [
MSDV, = gfid, (9 dt y gnf &° (316)
€o u '
MSI = K,.MSDV, [%] (3.17)

where MSDV, stands for Motion Sickness Dose Valudhe vertical directionay; is

the frequencyweighted acceleratiorThe ntegration timeTl varies betweer20 min
and 6 hoursind istaken a2 hours in this workK, is a constant in the formula and
is taken as 1/3, which indicatesraxed population of unadapted male and female
adults For more information about how to predict MSI valueference can be
made tdSO 2631/1(1997)

In order to be able to predithe MSI values of the vessel in any sea state, the
statistical parameters based on the annual sea state occurrencesperit@cean
Northern Hemisphere, given rable3.5, will be used.

According to the data presentedTiable 3.5, sea state 4 is the most frequently seen
sea state, with a probability of 28.3%. On the other handstaées 2 and 7 are the
least frequently observed sea states in this geographic area of interest, with

probabilities of 5.7% and 7.6%, respectively.
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Table 3.5 Annual sea state occurrences in the open oceah®in HemispheréBales, 1983)

Sea Significant Sustained  Modal Percentage

State wave wind speed wave probability

No. heights (knot) period of sea state
(metre) (second) (%)

2 0.30 8.5 7 5.7

3 0.88 135 8 19.7

4 1.88 19.0 9 28.3

5 3.25 24.5 10 19.5

6 5.00 37.5 12 17.5

7 7.50 51.5 14 7.6

The MSI values of the ferry are predicted for various sea saageship speed of 20
knots. The significant wave height and modal wave period, degdad in the
JONSWAP spectrungre shown inrable3.5. The calculated MSValues using each

theory are compared Figure3.16.

Figure 3.16 demonstrates the differences in MSI values using each theory. Higher
sea states cause higher MSI values, as clearly seen in the figure. Also, it is evident
that in thelow sea states (sea stated)2the MSI results from each thgoappear
similar to each other. ¢Wvever in the high sea states, the discrepancies become
significant. Theory3 gives the highest results, whereas Theory 1 gives the lowest
result in the higlsea states. This is as expected since the vertical accelerations at 20

knots ship speed demonstrate the same trend, as shéiguia3.8.

60|Page



35 I : - e 3

25

N S A

MS! (%]

—+— Theory 1

EE : =e= Theory 2

=& =Theory 3

2 3 4 5 6 7
Sea State

Figure 3.16 Motion sickness incidences calculated using each theory for varying sea states.

3.5.2 Limiting significant wave heights

The methodology presented in the third section of this chapter is applied to the ferry
to measure th seakeeping performance of the vessel in terms of its operability index.

All calculations have been carried out at a forward speed of 20 knots.

The limiting significant wave heights are calculated based on each criterion as a
function of peak wave periodsr a range of wave headings, using Theories 1, 2, and
3 independently. The results are displayedrigure 3.17, Figure 3.18, and Figure

3.19, respectively.

A comparison of the limiting significant wave heights in head seas for each criterion
is displayed inFigure 3.20. This clearly illustrates the influence of the employed
theories on the maximum allowed significant wave heights. It is seen from the figure
that the differences in the limiting significant wave heights obtained using each
theory are most pronouncéd the vertical acceleration criterion. This will lead to
noticeable discrepancies in the resultant operability indices due to vertical

acceleration.
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Figure 3.17 Limiting significant wave heights calculateising Theory 1 for various wave headings.
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Figure 3.18 Limiting significant wave heights calculated using Theory 2 for various wave headings.
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Figure 3.19 Limiting significant wave heights calculated using Theory 3 for various wave headings.
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Figure 3.20 Effect of the emplogd theories on the limiting significant wave heights.
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3.5.3 Operability indices

Operability calculations have been performed, individually, using each theory. The
indices for the car/passenger ferry, resulting from these calculations, are summarised
in Table 3.6, which includes both annual and seasonal wave statistics for Area 10,
across several headings. In the main columns of the table, the operability indices
satisfying each limiting criterion are shown, independenilye overall indices,
which decide whethern vessel satisfies all the limiting criteria of interest, are
calculated by taking the minimum values of each operability indee aregivenin

the righthand block of columnsThe average values, which are presented in the
bottom row of each theory, ercalculated by taking the average of the operability
indices in each wave heading. It is based on the assumption that each wave heading
has an equal probability of occurrenddsing this set ofaverageoutputs, the
operability results can be compared wihch other morefficiently, regardless of

the wave heading.

The average annual, spring, summer, autumn and winter operability indices for the
ferry are 8615%, 8867%, 91.6P6, 8580% and 83%3%, respectively, when
calculated using Theory. Jhe resultstsow that, on average, the ship is operational,
satisfying all necessary criteria, during 86.15% of a year. A more detailed breakdown
for each season is also provided, for example the ship is, on average, operational
83.43% of the time during winter. Wherhdory 1 is used to generate RAOs, these
indices increase to 95.21%, 96.46%, 98.60%, 94.73%, and 93.39%. Using Theory 2,
the values are 93.80%, 95.28%, 97.92%, 93.31%, and 91.42%, respectively.

As Table 3.6 shows, the operability is generally small in head and bow seas due to
the vertical acceleration at the fore pe
in following or quarter seas. o, it can be concluded frothe tablethat the vessel's
operability is highest in the summer, closely followed by spring and autumn
Conversely, the vessel has the worst seakeeping performance during winter, as

expected.
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Table 3.6 Operability indices for the car/passenger ferry operating in Area 10.

Heading Vertical acceleration MIl MSI Lateral acceleration Al criteria
(deg) Year Spring Summer Autumn_Winter Year Spring Summer Autumn Winter Year Spring Summer Autumn Winter Year Spring Summer Autumn_Winter Year Spring Summer Autumn_Winter
Theory 1

0 90.42 92.62 97.15 89.45 84.40 97.30 98.12 99.52 96.83 95.73 98.22 98.92 99.78 97.97 97.28 99.72 99.92 100 99.72 99.66 90.42 92.62 97.15 89.45 84.40
30 90.81 92.98 97.23 89.88 86.06 95.67 96.88 99.03 95.06 94.04 98.37 99.07 99.84 98.20 97.89 98.68 99.32 99.92 98.62 98.57 90.81 9298 97.23 89.88 86.06
60 93.19 9498 98.05 92.46 91.61 94.14 95.76 98.39 93.50 93.23 98.86 99.37 99.93 98.80 98.96 95.34 96.68 98.79 94.76 94.29 93.19 9498 98.05 9246 91.61
90 97.22 98.20 99.37 97.09 98.20 9591 97.25 98.90 95.60 96.59 99.70 99.91 100 99.70 99.91 94.39 96.02 98.25 93.76 93.64 94.39 96.02 98.25 93.76 93.64
120 99.91 100 100 99.91 100 99.08 99.49 99.91 99.07 99.71 100 100 100 100 100 97.65 98.61 99.52 97.54 98.03 97.65 98.61 99.52 97.54 98.03
150 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
180 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
Average  95.94 96.97 98.83 95.54 94.32 97.44 98.21 99.39 97.15 97.04 99.31 99.61 99.94 99.24 99.15 97.97 98.65 99.50 97.77 97.74 95.21 96.46 98.60 94.73 93.39

Theory 2
0 86.01 88.90 94.86 85.07 78.28 96.00 97.08 99.20 95.34 93.46 98.06 98.66 99.70 97.69 96.36 99.67 99.87 100  99.67 99.60 86.01 88.90 94.86 85.07 78.28
30 87.32 90.04 95.48 86.38 81.15 93.52 95.19 98.26 92.78 91.17 98.37 98.98 99.80 98.13 97.28 98.51 99.21 99.88 98.44 98.45 87.32 90.04 9548 86.38 81.15
60 91.57 93.69 97.40 90.76 89.27 9251 9449 97.77 91.75 90.89 99.04 99.53 99.96 99.00 98.95 95.03 96.46 98.64 94.44 94.07 91.57 93.69 97.40 90.76 89.27
90 96.68 97.82 99.19 96.53 97.84 95.30 96.74 98.64 94.88 95.78 99.83 99.96 100 99.82 99.92 9420 9585 98.19 9355 9341 9420 9585 98.19 93,55 9341
120 99.88 99.98 100 99.88 100 99.07 99.48 99.91 99.07 99.69 100 100 100 100 100 97.52 9849 99.49 97.38 97.83 97.52 9849 99.49 97.38 97.83
150 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
180 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100

Average 94.49 95.78 98.13 94.09 92.36 96.63 97.57 99.11 96.26 95.86 99.33 99.59 99.92 99.23 98.93 97.85 98.55 99.46 97.64 97.62 93.80 95.28 97.92 9331 91.42

Theory 3
0 66.39 71.36 80.26 65.93 56.92 93.87 9545 98.39 93.12 91.23 97.39 98.15 99.56 96.84 95.05 99.60 99.82 100 99.60 99.55 66.39 71.36 80.26 65.93 56.92
30 68.86 73.84 81.62 68.40 61.58 92.32 94.23 97.81 9150 89.34 97.79 98.51 99.65 97.38 96.18 98.29 99.03 99.84 98.20 98.29 68.86 73.84 81.62 6840 61.58
60 78.88 83.21 88.72 78.21 76.26 90.42 92.82 96.73 89.57 87.96 98.83 99.41 99.93 98.76 98.69 93.80 9555 97.95 93.15 93.08 78.88 83.21 8872 7821 76.26
90 93.34 9528 97.62 92.80 94.39 92.79 94.79 91.62 92.12 92.38 99.83 99.97 100 99.83 99.93 92.27 9442 96.82 9161 92.05 92.27 9442 9162 91.61 92.05
120 99.60 99.75 99.95 99.60 99.95 97.58 98.47 99.52 97.52 98.68 100 100 100 100 100 96.69 97.88 99.05 96.48 97.21 96.69 97.88 99.05 96.48 97.21
150 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
180 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100

Average  86.72 89.06 92.59 86.42 84.16 95.28 96.54 97.72 94.83 94.23 99.12 99.43 99.88 98.97 98.55 97.24 98.10 99.10 97.01 97.17 86.15 88.67 91.61 85.80 83.43
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It is interesting to note that the overall performance of the vessel is mainly

determined by the vertical acceleration. Also, the operability indices calculated

solely with regards to the vertical acceleration criterion show a remarkably strong

dependencen the chosen theory. It should be kept in mind that operability, as a

function of limiting criteria, is dependent on predetermined criteria. If the selected

threshold values given ifable 3.4 were lowered, it is obvious that the resultant

operability indices would undergo far greater changes when using the employed

theories.

The data generated using Theory 3, listedable 3.6, is illustrated graphidly in

Figure 3.21. This gives a clearer depiction of the overall operability indices of the

vessel, enabling a more facile comparison between seasons.

It should be mentioned that ihe figures given betwedfigure3.21 andFigure3.23,

the polar axis shows wave headings, whereas the vertical axis shows operability

indices.
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Figure 3.21 Influence of seamality on the ship operabilitigenerated using Theory 3, considering all criteria).

Figure 3.22 displays the operability polar diagrams of the yerr usi n g

criter i a@dabld36t Ehe figureoincludes the operability results from all
three theories and includes both annual and seasonal resulledSiraas indicate

the area where the ship is operatioddle data contained ifable 3.6 and Figure
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the different theories and the seasonal statistical wave data in the area of interest.
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Figure 3.22 Operability polar diagrams of the ferry operating in Area 10.
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Figure 3.23 Influence of the different seakeeping techniques on the ship operability.
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Figure 3.23 examines how a chosen seakeeping method affects subsequent
operability analyses, specifically for head seas, taking into account all selected
criteria. According tdrigure3.23, changing the method from[2 classic strip theory

to 2.5D theory, which includes hull interactions, results in a decrease from 84.40%
to 56.92% in the operabilitypdex, taking into account the winter statistics of Area
10.

3.5.4 Sensitivity analysis

Sensitivity analyses show how the operability index of the car/passenger ferry varies
with seasonality and the employed theories, in accordance with the resultsrgiven i
this chapterSection3.5.3. The sensitivity analyses in this sséction have been

conducted in terms of satisfying all limiting criteria.

Figure3.24 depicts the ansitivity of the operability index to the selected seakeeping
theories. The results obtained using Theory 1 are retained as original values. The
vertical axis represents the percentage difference between two theories to the original
data, whereas the haantal axis corresponds to the wave headings. The graph shows
the results using annual statistics for the wave climate. It can be concluded from
Figure 3.24 that thee is a significant difference in the indices obtained using

Theories 2 and 3, compared to those of Theory 1.
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Figure 3.24 Sensitivity of the operability index to the employed seakeeping theories.
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Figure 3.25 illustrates how seasonality affects the indices, with the indices obtained
using annual wave statistics used as reference data. The sensitivity resgitemare

as a percentage difference relative to the reference values, as a function of heading.
The calculations are performed by employing Theor¥igure 3.25 clearly shows

that the indices calculated using the autumn wave scatter data are the closest to those

calculated using the annual wave climate data.
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Figure 3.25 Sensitivityof the operability index teeasonality.

3.6 Concluding Remarks

A methodology to calculate the seakeeping performance of ships in a specified sea
areawaspresented irthis chapterThree different methods to generate RAOs of the

vessel, to be used in the operability analygsesechosen and dcussed.

The numerical transfer functions of the ferry, calculated using each theerg,
compared to the experimental data at four different combinations of forward speed
and wave heading. The outputs from the comparison ethdiae discrepancies
betweeneach applied theory and the experiments. When Theoflyigh speed
formulation without hull interaction) wascompared with Theory Jhigh speed
formulation with hull interaction) some differencesvere seen in the calculated

heave and pitch motions at the resonance frequency. Numerical prediction of the
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resonant heave motiowas improved when hull interactionaere accounted for.
Theory 3 therefore shad better agreement with the experimental data @egpto
Theory 2. It ould also be drawn fromomparison othe RAOs that hull interactions

are more dominant in heave motion than pitch motion. On the other hand, the
discrepancies are larger when hull interactions are taken into account for the roll
motions. More interestingly, in most cases, Theory 1 (cotmweal strip theory) still

gavethe best numerical results when compared to the experimental results.

In addition to this, vertical acceleration RAOs in head seas at a range of forward
speedswvere catulated, using Theories 1, 2 andTe \ertical acceleration RAOs
obtained using Theory 1 and 2 apmebsimilar to each other, showing a gradual
increase with increasing speed. Converdélyyertical accelerations generated using
Theory 3 showd a different trendThey decreased with increasing speed between a
relatively low speed range, and after this range they gradually increased with
increasing speed.his isdue tothe fact that hydrodynamic hull interactions are most
significant within this speedange for the ferry, and the waves generated by each
demihull affect the veical accelerations. It waslso shown that for a given
frequency of encounter, the wave interaction between demihulls decreassspass

speed increases.

Afterwards, in the radts section, the motion sickness incidence values of the vessel
werecalculated using each theorywaisdemonstrated that in the low sea states, the
MSI results from the different theories apphsimilar to each other, thoughthe

high se states, e discrepancies became significant. Theory 3 dgheehighest
results, whereas Theory 1 gabe lowest result in the high sea states, similar to the

vertical accelerations at 20 knots ship speed.

Following this, the limiting significant wave heights dtee each criterionwere
investigated. lwasseen that the differences in the limitisgnificant wave height
using each theory wenmost pronounced in the vertical accetiena criterion, which
also ledto noticeable discrepancies in the resultant opkrabridices due to vertical

acceleration.
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Then, operability results, based on human condaented criteriayereextensvely
demonstrated and discussddhe results bthe operability assessment waigen as

an operability index which indicatethe pecentage of time when aessel is
operational. The predure wasapplied to a car/passenger ferry operating near the
west mast of Scotland. This work show#tht the overall performance of the vessel

in terms of its operability was mainly dominated byhe vertical acceleration
criterion. It appeared thathe vessehad no problems imeeing the other criteria.
Given that a vessel o6s operability is a f
lower limiting valuewill result in a different operability being obtainedt should
therefore be kept in mind that the findings presented in this work are only valid for
the predetermined criteria given Trable 3.4. Additionally, the operability analyses
were performed at a forward speed of 20 knots, which coincides with thé ship
service speed. It should be highlighted that, for instance, if the easelsat a
reduced speed in a higher sea stitenits related vetical accelerations may reduce.
This means than this situationthe vessel may completely satisfy the MSI limiting

values in accordance with the 1SO criterion.

Finally, in the sensitivity analysis section, the effect of using anaod seasonal
wave statistics for the operation sitasdemonstrated numerically. Additionally, the
sensitivity of the adopted seakeeping tI

wasshown graphicallyin a comparative manner.

The following chaptes will provide individual studies on unsteady RANS CFD

applications in typical ship hydrodynamic areas
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4. PREDICTING THE

HYDRODYNAMICS OF HEAVING

TWIN CYLINDERS IN A FREE

SURFACE

4.1 Introduction

The successful estimation of a shipds m
accurate calculation of its hydrodynamic properties and exciting forces. Estimation

o f t he hydrodynami c coefficients and th
sections is the pst timeconsuming aspect of the strip theory approach. The vast
majority of the available techniques rely on assumptions from potential flow theory,
including free surface effects. The key objective of this work is to perform a fully
nonlinear unsteady RS simulation to predict the hydrodynamic coefficients of a
two-dimensional twin section heaving at a free surface, covering a range of
oscillation frequencies. The outputs are then compared with the potential flow results

of Lee et al(1971)and the expgmental results of Wang and Wah@®71)

The study presented in this chapter forms part of a larger body of a piece of work, as
first proposed by Salui et af2000) aiming to develop an improved strip theory
which uses the hydrodynamic coefficientseafch section of a catamaran, obtained
using the unsteady RANS method, to predict its responses to regular incident waves.
The resulting model is expected to be robust, reliable and provide more accurate
results than the conventional strip theoriéigiure4.1 illustrates an overview of the

stages of this proposed model to predict ship motion characteristics.
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Figure 4.1 Overview of the proposed stripgory model, using a CFbBased unsteady ANS method.

As illustrated inFigure 4.1, a fully nonlinear unsteady RANS solver is employed t
obtain the excitation force/moment time history of different ship sections. In this
stage both viscous and rotational effects in the flow and generated free surface wave
are taken into accountFourier analysis is then applied to the hydrodynamic
forcemoment time histories to determine the sectional hydrodynamic coefficients of
the ship. The proposed method will be applied to a circular cylinder harmonically
heaving about a calm free surfadéis studywill explain thisnumerical procedure

and the redts will be discussed in detail the following sections.

As discussed in Chapter 2, Section 2.5, the majority of the research in this area has
been devoted to the problem of the hydrodynamics of oscillating single cylinders in a
free surface using a RANSethod. No study has been performed to provide a
solution to the twalimensional viscous fluid flow problem associated with harmonic
oscillations of a twirhull body in a free surface, employing a RANS soleorder

to estimate the hydrodynamic chamacttics of catamarans, their hydrodynamic

coefficients should be determined. This pssehould take into account hioear
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viscous effects and the interactions between the -Hlefts, since interactions
between each hull of a catamaran causes themdirgm significant viscous effects.
The aim of the present study is therefore to fill this gap by utilising a-k498d
unsteady RANS method

The chapter is organised as followBhe theory behind thi€ h a p tstady @ss
introduced in detail in Section 4.Rlext, in Section 4.3, the numerical setup of the
CFD model is explained, with details provided in the-seattions. Following this,

the results obtained from this study are demonstrated and discussed in Section 4.4.

Finally, in Section 4.5, a brief sumnyaof the chapter is provided
4.2 Theory

Hydrodynamic coefficients of a section are obtained by oscillating the section with
regards to a harmonic function and then measuring the total force exerted on the
model in the direction of motion. For the casehefve displacement, a harmonic

function of the form zZ=z.s i n( ¥t ) i's | mpos gdndfacirculaa n a mp
frequency of¥. The resulting total heave force-§) can then be written as time

histories in the following form

F@) = '[asa(W)Zs B Wz %4 4.1

whereagz andbssz are the heave added mass and damping coefficients as functions of
frequency, respectivelfthe force on the lefhand side oEquation(4.1) is provided

by the RANS solver The restoring force (Etoring5-C33z3) can be calculated
according to the instantaneouslyanged body crossectional geometry, defined
with the calm freesurface over time. This force, as a per unit length, can be
estimated using

Frestoings = 9 (42)
where s is the submerged sectional area, corresponding to the instantaneously
changed underwatgrart of the body, ang is the water density. The restoring force
given in Equatiorn(4.2) is subtracted from the total heave forgé&)Fand the purely
hydrodynamic force in Equatiq@.3) (Fus) will then be formulated as follows:
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Fo,()= 8% b}z (43)

As the added mass term is in phase with the displacement motion, and damping is in
quadrature, these two terms can be obtained by applying Fourier analysis to the force
on the lefthand side of Equatio(®.3). Instantaneous values of each coefficient can

be determinedrom the force time history by analysing discrete windows equal to

single period of oscillatiolYeung et al., 1998)

1 t+T/2
=—— RN F, (t)sin(ut)dt
83 pz. Wgz i, (1) sin(nt) 4.4)
1 t+T/2
b33:,0_ N F., (t) cosimt Mt (4.5)
t-T/2

Once obtained, the instantaneous hydrodynamic coefficients aimensionalised
for the purpose of comparison. Thendimensional parameters are given by:

a;= %: added mass coefficie (4.6)
b, =B damping coefficier

3 Ar W 4.7)
d:'g/z—;): frequency numbe (4.8)

whereb is the beam of a single cylinder aAdis the submerged crosgctional area

of the body in the undisturbed free surface.

The total excitation force acting on the body can be decomposed to identify which
contributions are attributed to hydrostatics, added mass and damping. The damping
is only a small proportion of the total force acting on the body and it may therefore
be more difficult to obtain accurate results for the damping, compared to the added
mas. For this reason, in order to obtain the damping coefficient, the alternative

approach, which is given belowan be employed as detailed in FaltinEE390)

The expression given by Hation (4.9), below, relatesbss to the wave amplitudé
generated by the force oscillatiorend is valid for any frguency of oscillation
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(Faltinsen, 1990)Figure 4.2 depicts the cortion between the heave damping

coefficient and the generated-fagld wave amplitudeé.

by, =7 g 0_,,,_; (4.9

Equation (4.9) clearly shows that the damping coefficient is always positive. This
cannot be said for the added mass coefficient, which can be negative for some
specific sections and certain frequencien® negative added mass coefficients
have been encountered for catamarans, bulb sections and totally submerged sections

close to he freesurface(Faltinsen, 1990)

Figure 4.2 The waves generated by thedet oscillations in the fafield, adopted from Faltinsg{1990)

Once the hydrodynamic coefficients have converged (usually after 4 to 7 oscillation
cycles for this study), they are averaged over the last three oscillation cycles, to yield

the equivalensteadystate coefficients.

4.3 Numerical Modelling

4.3.1 Domain size

In order to approach a-R2 problem, using &r~-CCM+ with a Volume of Fluid
(VOF) formulation, a oneell-thick meshed domaiwas created, with a periodic
boundary condition on the two ples encompassing the domain, as suggested by
Field (2013) With a VOF application, the physics section of the software package
suggests that it is most suitable for tacklinB problens, but using this thin domain

with periodic boundaries, the problem éssentially ZD. A piece of detailed
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information about this VOF model and the physics modelling will be given in the

following chapter (Chapter 5).

As heaving twin cylinders establish a symmetric flow about a vertical plane,
symmetry about the centreling applicable in this work. Hence, only a half part of
the twinsectionswas modelled in CFD, as seen kigure 4.3. This gives the
advantage of reduced mesh genemgtiand hence a reduction in computational

power and time.

Querardet al.(2008a)recommend, using the dispersion equation,

:@
Y%

thatthe sides of the domain should be positioned 7 wavelengitavay from the

(4.10)

section to prevent wave reflection. For this reasbe,farfield wall of the domain
was positionedd5 metresaway from thesymmetry plane to satisfy this suggestion

over all frequencies.

Additionally, theVOF wave damping capabilityf the software package was applied
with a damping length equal to 11.825 m for all cases given in this chapter. A
detailed explanation about the numerical wave damping can be found in Chapter 6.

Thedimensions of the enclosing rectangular domain are sketclegure4.3.

45

Y

Figure 4.3 Thedimensions of thenclosing domain (measured in metres).
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4.3.2 Mesh generation

Mesh generation was carried out using the automatic meshing facility +tC G,
resulting in a computation mesh of 645,320 cells in total. The simulation mesh had
progressively local refinedreas about the body and a bdityed prism layer, as

well as in the free surface region, to ensure that complex features of the resulting
flow were properly captured. The mesh was unstructured, rigid andfixedy
Figure4.4 displays the general overview of the simulation mesh. Much more detail
about the mesh generation of the RANS solver will be given in the next chapter,
Section 5.3.4.

Figure 4.4 An overview of the generated volume mesh.

Figure 4.5, below, provides a closer view of the mesh refinement around the body

and thefree surface.
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Figure 4.5 A closer look at the mesh refinement around the body and sumauinee surface.

A non-dimensional wall distance() for a walkbounded flow is defined as follows:

. _ You
u

y (4.11)

whereu’ is the reference velocityy is the normal distancedm the centroid to the

wall in wall-adjacentcellsand i s t he ki r{GDmdapdo,201)The c osi t )
cell size was carefully chosen to ensure thay'allalues remained below 5. Querard

et al. (2008a) suggest that this value should be kept below 10. Much more

information abouy” will be provided in Chapter 6, Section 6.3.4.
4.3.3 Boundary conditions

The boundary conditions used in this specific problem were based on suggestions by
Querard et al(2008a, 2008b, 2009%ince viscous fluid flows over a solid surface,

the naslip boundary condition applied at the surface of the-wyimders. The two
planes encompassing the domain were set as symmetric with a periodic boundary
condition. The faiffield wall of the domain was set as a slip wall boundary condition,
and the top of the domain was set to be a Neumann boundary condition with static
pressure Wwich coincides with the reference pressure (0 Pa). The centre plane of the
section was defined as having a symmetric boundary condition, and the bottom of the

domain was set as a slip wall boundary condition to mimic a-dedgr condition.
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The boundary auditions applied to each surface of the domain are illustrated in
Figure 4.6. A discussion about these boundary conditions will be provided in
Chapters 5 and 7.

Slip wall

I
|
! Neumann

! Boundary Condtion

z

No-slip wall
/ Damping Zone
i |

e VNAARAAAAY

Symmetry Slip wall

Figure 4.6 lllustration of the boundary conditions.

4.3.4 Time-step selection

The Courant number, which is the ratio of the physical -step to the mesh
convection time scale, relates the mesh cell dimergpigio the mesh flow speed

as given below:

U Dt
C=—— (4.12)
Dx

wheretis the time step size. The Courant number is typically calculated for each
cell and should be less than or equal to 1 for numesiadllity. Also, a secondrder
temporal scheme is applied to discretise theteady term in the NavieStokes

equations.

In this chapter, wo different constant timestep sizes we used throughout the
simul ati ons, depending on the valwues of
numbers ) smaller than 0.60, a tirsep of 0.002econds wa chosenand for all

other @ses, a value of 0.001 seconds waed
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The timestep size was selected suchttttze Courant number criterion wanet
throughout the domain, without compromising solution stabilitgroughout all
simulations presead in this chapter, the Courant number was retained below 0.5.

The simulationsvere run for a maximum rutime of eleven periods in each case,

and a nmimum of ten inner iterations we applied on each time step.
4.3.5 Turbulence model

The turbulence model selectddoughout all CFD work presented in this thesas

a standard¥) model , which has been extensivel
(CD-Adapco, 2014)Also, Querard et a2008a)note that the ¥ mo d e | i's q
economicalin terms of CPU time, compared to, for example, the SST turbulence
model, which increases the required CPU time by nearly 25%. The kK ur bul enc
model has also been used in many other studies performed in the same area, such as
Kim and Lee(2011) and Enge et al. (2010) In addition to this, as reported in

Larsson et al(2011) the majority of the numerical methods presented in the 2010
Gothenburg Workshop used either thdJk or -¥t hteurkbul ence model
workshop, most of the studieperformed using St88CM+ as a RANS solver

employed the standardk model , as is used in this wo

4.4 Results and Discussion

The current method, explained in the previous sections, was applied to a circular
cylinder at a calm free surface so as todmteits hydrodynamic features. The
section, illustrated irFigure 4.7, performs harmonic oscillations in thedirection

(heave direction) with the velocitﬁax cso( vt) . The Iedsachosen a mp | i
as 0.0127 m (0.50 inchp a similarmanner to the experiments \Wfang and Wahab

(1971)
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Figure 4.7 The main dimensions of the circular twin section (dimensiongiges in metres).

As seen irFigure4.7, the demihulls of the section are connected to each other above
the water line. It should also be mentioned that the sectisralseparation distance

of 0.4572 m, measured from each hull 6s

The hydrodynamic coefficients of the section were calculated at fiftiféarent
frequencies of oscillationTable 4.1, below, provides these particular frequencies,
eachidentified by their case mabers, along with the wasMengths of generated

waves according to Equati@a.10).

The nondimensional added mass and damping coefficients for the section, obtained
using the proposed CFD model, are demonstrateBignre 4.8 and Figure 4.9,
respectively. The results were then compared to the experimental results, as well as
the potential theory results, obtained using the source distribution method of Lee et
al. (1971)

Table 4.1 The cases to which the CFD model is applied.

Case Number ¥ (rad a Period, T (s) & (m)
1 3.5880 0.20 1.751 4,788
2 4.0115 0.25 1.566 3.830
3 4.8139 0.36 1.305 2.660
4 5.2611 0.43 1.194 2.227
5 5.7296 0.51 1.097 1.878
6 6.2662 0.61 1.003 1.570
7 6.7126 0.70 0.936 1.368
8 6.9482 0.75 0.904 1.277
9 7.1761 0.80 0.876 1.197
10 7.8199 0.95 0.803 1.008
11 8.3764 1.09 0.750 0.878
12 8.9701 1.25 0.700 0.766
13 10.1485 1.60 0.619 0.598
14 11.4312 2.03 0.550 0.472
15 12.6856 2.50 0.495 0.383
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Figure 4.8 Non-dimensional added mass coefficients in heave as a function afimemsional frequency.
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Figure 4.9 Non-dimensional damping coefficients in heave as a function ofdimensional frequency.
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As can be seen fronkigure 4.8, the nondimensional added mass coefficients
obtained by the CFD method show relatively good agreement with the experimental
data, particularly for low frequency numbers. For frequency numbers above 1.25, the
added mass coefficients obtained using the current method are underestimated,
compared to th experimental data. This may be due to the fact that high frequencies
exhibit highly nonlinear features. As Fiel@013) points out, in cases of high
amplitudes and frequencies of oscillation, the hydrodynamic force shows a
remarkable deviation from sinoislal form and that consequently leads to a

breakdown in the Fourier analysis.

On the other handFigure 4.9 demonstrates that the ndimensional damping
coefficiens, calculated using the unstea®@®NS method, are fairly compatible with
the experimental results. At low frequencies of oscillation, the damping coefficients
are calculated using the wave amplitude informatiganerated by the force

oscillation, using te expression given by Equatith9).

Wang and Wahalil971)conclude from their experimental work that at a particular
frequency, the surface between each deuafli moves about 90 deg relative to the
oscillation and consequently the hydrodynamic quantities peak. The added mass and
fluid damping vary dramatically in the vicinity of this frequency, as is clearly visible

in Figure 4.8 and Figure 4.9 around the frequency number of 0.61. According to
Wang and Wahafil971) this peak exis in all twinhull vessels. The proposed CFD
method is reasonably successful in capturing this feature of theséwiion in

question.
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Figure 4.10 Time history of the nowlimensional added mass coeffidieat various frequencies.
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Figure 4.11 Time history of the nowlimensional damping coefficients at various frequencies.

Figure 4.10 and Figure 4.11 show the time variations of the added mass and fluid
damping coefficients in heave at five different frequencies, respectively. The time
dependent damping coefficients converge very rapidiyereas the added mass
coefficients reach a steady state after the third cycle of harmonic oscillation. Querard
et al. (2008a)claims that this may be due to the small amplitude of oscillation,
because a finer mesh generation is needed in the directioralntor the freesurface

to capture the harmonic motion more precisely. However, this will cause a

significant increase in the total number of cells required.
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The waves generated by oscillation of the section at thiefdrare observed with

the aid of apoint probe located just before the damping zone. The resuttseof
generated fafield wave amptude ratio over the amplitude of oscillation by the
RANS method are given iRigure4.12 at low frequencies, along with a comparison
with those using the potential theory Wang and Wahal{1971) Since the
amplitudes of waves generated by the oscillation at high frequencies are relatively
low, a much finer mesh around three surface is needed to capture it properly. This
would ultimately increase the Central Processingt WCPU) time considerably.
Utilising the RANS method, the wave amplitude ratios at high frequencies are
therefore not calculated. This also well exptathe discrepancies between CFD and

the experiments in the calculation of added mass coefficients at high frequencies.
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Figure 4.12 Wave amplitude ratios at low frequency numbers.

4.4.1 Systematic studies

Several systematic studies to reveal the effect of-walirdistance Yp), time step
(opx and total cell numbelN) on the hydrodynamic coefficients are performed in this

sub-section.

Firstly, a neaswall grid independence study was conducted for Casaié= 0 Tdb 1) .
generate each mesh, the distance of the first grid from the section wall was gradually

changed, whilst keeping all of the other properties the same. The results, presented in
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Table 4.2, demonstrate that the solution with a reatl thickness of 2x1® m

converged fairly well. This resolution was therefore used throughout all of the cases

in this study.
Table 4.2 Influence of neaw a | | di stance on hydrodynamic
Yo (M) y max y"avg 33 A3
5x10" 31.76 1.09 1.0841 6.8346
1x10* 12.87  0.25 1.0826 6.7770
2x10° 3.35 0.31 1.0834 6.5113

coefficie

Following this, a time step convergensiedy wa performed by taking the same

case into accountThe time steps were systematically refined by a factor of 2,

starting from 0.001. The hydrodynamic coefficients obtained using each time step are

presented iMable4.3. The simulation for the time step of 0.008 s did not converge,

owing to an error from an excessiwligh Courant number.

Table 4.3 Influence oftime step on hydrodynamic coefficients, for Case,6Zy10° m).

pt

(¢ 33

As3

0.001
0.002
0.004
0.008

1.0834 6.5113
1.0791 6.9426
1.0815 17.1808

[]

[]

Next, a mesh dependence study was conductedCése 6 Four different mesh

configurations (coarse, medium, fine, and finer mesh) were created, by solely

changing the

added mass and fluid damping coefficients for each mesh configuratioroane ish

base size

i n

the fimesh cont

Table4.4. It was seen that the relative difference between the fine and finer mesh is

minimal; hence the fine mesh configuration was used throughout thepsbnted

in this chapter.

Table 4.4 Influence of total cell number on hydrodynamic coefficients, for Casg=@%¢0°m, ot =0 .

Mesh configuration  Total cell number 33 As3
Coarse 243,303 1.0796 6.0659
Medium 412,206 1.0831 6.3415
Fine 645,320 1.0834 6.5113
Finer 1,137,889 1.0835 6.5203
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4.5 Concluding Remarks

A method to obtain the hydrodynamic features of a circular section € awdn
cylinder heaving about a calm free surface, utili@mgmmercial RANS solvemas
presentedh this chapteandwassuccessfully validated against the experimental data

available in the literature.

The added mass and fluid damping coefficients of the section in questien
obtained at fifteen frequencies of oscillation, using the same amplitude of oscillation
in each case. The resultgere found to be in reasonably good agreement with the
experimental results. At high frequencies, the added mass coefficiaTs
underestimted in the CFD method’hese discrepancies may be attributed to the
highly nonlinear feature of the flow at high frequencies, and to the need for finer
mesh generation at such frequencigse current CFD simulation can be developed

furtherin order to cpturethis phenomenon more precisely.

The damping coefficientsvere calculatedusing an expression which relates the
generated wave amplitude in the-fesld to the fluid damping. The results obtained

using CFDwerevery compatible witlthe experimentatesults.

In addition, timedependenadded mass and damping coefficientsepresented for
eight periods of oscillation. ivas clearlydemonstrated that the added migssiore

time-dependent thadamping is.

Following this, the ratio of fafield waveamplitudes, generated by the oscillation of

the section over the amplitude of oscillatiargre determinedt low frequencieand
compared to those fromotential theory. The oscillations in heave closely nedch

the potential flow solutions athe oscillaion amplitude and frequency decredse

The wave amplitude ratios by CFD reetherefore seen to Hairly close to those

from potential flow theory at low frequencies. With the knowledge that low
amplitude waves are generated by high amplitude oscillatieay fine mesh
generation is required to capture the waves at these frequencies. Therefore, wave
amplitudes at high frequenciesmgenot calculated by the CFD method in this study.
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During this particular study, it was seen that the improved strip thasrgutlined in
Figure4.1, was not practical from an engineering point of view. Beyond any doubt,
the implementation of this CFD model for each of the ship sectvonfd be a time
consuming and demanding process. Instead, the time and effort spent on
accomplishing the proposed strip theory could be dedicated towallsCBD

simulations of ship motions, which would likely be achieved with more accuracy.

The implemerdtion of CFD in ship hydrodynamic problems will be introduced in
the following three chapters. Chapter 5 will demonstratestdle unsteady RANS
CFD simulations of ship motions and resistance in deep water. Chapter 6 will test
this CFD modelling in shallw water with an application to a ftdtale tanker model.
Following this, Chapter 7 will provide a CFD investigation of the squat and

resistance of a ship passing through a canal in calm water.

91|Page



5. FULL -SCALE UNSTEADY RANS

CFED SIMULATIONS OF SHIP

BEHAVIOUR AN D PERFORMANCE IN

HEAD SEAS

5.1 Introduction

Understanding the behaviour of a vessel in a real seaway is critical for determining

its performance. Rough sea conditions induce significant ship motions, which affect

a shipbés resi st an dneesistandesll conpremide tpropulgivei ncr e
efficiency and will increase fuel consumption. Ship motions and seakeeping
behaviour are also very important with regards to crew, vessel and cargo safety. An
awareness of the impacts of ship motions on resistanparticularly important in

the current economic climate, which has seen a significant increase in fuel costs in
comparison to charter rates. For example, for a typical commercial vessel, the fuel
costs will now account for well over half of its operatiogsts, whereas for a

container ship, the figure may be as high as {B#&#nen, 2011)

The current economic climate is very di
modern vessels were designed. In response to recent fuel price increases, ship
operators haw begun to apply the slow steaming approach, which was initially
proposed by Maersk technical experts g7 (Maersk, n.d.) In this approach, a

vessel is operated at a speed significantly below its original design speed in order to
reduce the amount dtiel that is required. Slow steaming is typically defined as

being down to around 18 knots for container vessels, with operational speeds below
this being ter medFigirsedulpelaw, takéndrem Banket almi n g o6 .
(2013) shows how the operating speeds for container vessels have decreased over
recent years, comparing the period from 22008 with 2002012. It can be seen

that a typical operating speed is now significantly below the original design speeds
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which would hae been specified for these vessels. In particular, it can be observed
that for this collection of data, the most typical slow steaming speed is around 19
knots. This speed will therefore be used as a representative slow steaming speed in

this study.
Speed Distribution (Loaded) i Speed Distribution (Loaded)
Post Panamax Plus Contamer Post Panamax Plus Contamer
Vessels (2006-2008) Vessels (2009-2012)
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Figure 5.1 Comparison of the speed distributions for container vessels, takeiBémks et al(2013)
Ot her concepih-si e ¢ ho @ dvirtdia duoisabd areatsd applied
as a means of redungj speed without compromising the agreed dates for charter
cargo delivery into port. In some cases, vessels are evenfitiestdowith lower
power propulsion systems to reduce weight and improve efficiency, as well as reduce
the problems which may ariseoin the longterm operation of machinery in eff
design conditions. However, little research has been carried out into the effect that
these lower speeds may have on the behaviour of the vessel, and whether further fuel
savings may be an additional benefihis chapteraddresses the gap in current
knowledge by comparing pitch and heave motions, as well as added resistance, at
both design and slow steaming speeds. More importantly, although extensive
research has been performed to investigate increaseseutiadf power, ship fuel
consumption and CQemissions, no specific study exists which aims &dt the
increase in the abovmentioned parameters due to the operation in waves, using a
CFD-basedRANS approach. Therefore, the main aim of this study iglitectly

predict the increase in the required effective power of a vessel operating in regular
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head seas. This leads to a rough estimation of the fuel penalty to counter the
additional CQ emissionsfrom the vessel. The potential benefits of slow steaming

will be probed by invoking added resistance predictions.

The Energy Efficiency Operational Indicator (EEOI) was introduced by th
International Maritime Organaion (IMO) in 2009 as a voluntary method for
monitoring the operational performance of a sfipe EEOI enables an assessment

to be made of the operational energy efficiency of a ship, which is expressed in terms
of the CQ emitted per unit of transport work . Alongsithes, regulations relating to

the control of SQ emissions from shipping were introduced, with specific limits
stipulated This will be followed by limits for NQemissions in 2016, with limits for

CO, and particulate matter (PM) emissicaisolikely to be introduced in the future.
Reducing the fuel esumption through slow steaming, and improving or at least
maintaining propulsive efficiency, will take steps towards addressing these

requirements.

The resistance of a ship operating in a seaway is greater than its resistance in calm
water. The differene between these two resistances arises from ship motions and
wave forces in waves and has been termed the added resistance due to waves. Added
resistance can account for up to-3®% of the total resiance in calm water
(Arribas, 2007) It is therefore dtical to be able to accurately predict the added
resistance of a ship in waves, and this should be included in ship performance
assessments. One purpose of this study is to predict the added resistance due to

waves with higher accuracy than potential tiydoased methods.

The KRISO Container Ship (KCS), developed by the Korean Maritime and Ocean
Engineering Research Institute (now MOERI), has been used in a wide range of
research studies. There is consequently a wide range of experimental and simulation
daa available for comparison, and for verification and validation purposes. The KCS
has therefore been investigated in this study due to the ready availability of this data
and research in the public domain. Moreover, container ships are particularly
affeced by slow steaming, as they were designed to operate with very high design
speeds, in the region of up to 25 knots. The service speedefICS is 24 knots.

This makes the KCS model particularly relevant for this study.

94|Page



To the best oft hi s akmawledpe, Ghe majority of RANS seakeeping
simulations have been performed at model scale. However, as Hochkirch and Mallol
(2013) claim, modelscale flows and fulscale flows can show significant differences
due to scale effects. They explain that the disancies between model and full scale
mainly stem from relatively different boundary layers, flogparationand wave
breaking, particularly behind transom sterns. Visonneaual. (2006) draw a
concl usi on i ncompletiamalysis af phe sezeftettsaon fresuiiface

and of the structure of the viscous stern flow reveals that these scale effects are not
negligible and depend strongly on the stern geométries As di scussed
several examples by Hochkirch and Mal{@013) performng analyses at a full
scale is of the greatest importance, especially for hulls appended with propulsion
improving devices (PIDs). A decision was therefore made to use thec&ld KCS

model in the CFD simulations presented in thiapter

In addition,during this literature reviewt was seen that when using ti€S model,
although resistance predictions have been conducted for a range of Froude numbers
(for exampleBanks et al(2010)and Enger at al2010), seakeeping analyses have

only been perfomed at forward speeds corresponding to a Froude number of 0.26 or
higher (for exampleSimonsen et al(2013) and Carrica et al. (20101)This study
therefore may be useful to understand the seakeeping behaviour and performance of
the KCS model at a slowesaming speed.

As explained above, fall-scale KCS hulmodel appended with a rudder svased

for all simulations, to avoid scaling effects. The model was first run in calm water
conditionsfree to trim and sinkso that the basic resistance could be oleti for

both the design and the slow steaming speeds. The model was then run in a seaway,
to allow the ship motions to be observed and to allow the added resistance due to
waves to be calculated. This was again carried out for both speeds in question. The
resistance was monitored as a drag force on the hull, and the pitch and heave time

histories were recorded.

Within the above frameworlkhis chapteris organised as follows. Secti@?2 gives
the main ship properties, and a list of the simulation casdiedpp the current CFD
model Next, in Sectiorb.3, the numerical setup of the CFD model is explained, with
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details provided in the contained ssictions. Following this, all of the results from
this work, including validation and verification studiese ademonstrated and
discussed in Sectidn4. Finally, in Sectiorb.5 a summary of the chapter is made

5.2 Ship Geometry and Conditions

A full-scale model of the KCS appended with a rudder was used within this study.
The main properties of the KCS model are present&dlae5.1 (Kim et al., 2001)

Table 5.1 KCS general properties.

Length between the perpendiculargg)L 230.0 m
Length of waterline (ly.) 232.5m
Beam at waterline () 32.2m
Depth (D) 190 m
Design draft (T) 10.8 m
Di spl acement ( o) 52,030 ni
Block coefficient (G) 0.6505
Ship wetted area with rudder (S) 9,539 nf

Longitudinal centre of buoyancy (LCB) (%), fwd+ | -1.48
Longitudinal centre of gravity (LCG) from the aft pe{ 111.603 m

Vertical centre of gravity (KG) from keel 7.28m
Metacentric height (G 0.60 m
Moment of inertia (K./B) 0.40
Moment of inertia (K,/Lgp, K,,/Lgp) 0.25

As stated previously, the service speed for this vessel is 24 knots (12.345 m/s). A
slow steaming speed of 19 knots (9.773 m/s) was selectedegseaentative value

for current container ship operations.

The CFD simulations were performed at twelve different conditions, as listed in

Table5.2, each identified by their case numbers. The frequency of encounter of the
waves fe is calculated by, =./g/(20 ) ¥/ for head seas. The waves were

selected such that the ratio of wave over ship length varied betw@emd. 20.
Also, the wave steepness in all cases was chosen to be 1/60, in a similar manner to
the experiments of Simonsen al. (2013) It is also of nte that the analyses were

performed using deep water conditions.
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Table 5.2 The cases to which the CFD model is applied.

Case Ship Froude W{ive Wave Encounter | Encounter Wave Wave/ship
speed height .
no. number length (m) | period (s) | freq. (Hz) | steepness| length
(kn) (m)
C u Fn H & Te fe H/ &| o/d
1 Calm water
2 3.833  230.000 7.349 0.136 1/60 1.00
3 4.424  264.494 8.097 0.124 1/60 1.15
24 0.260
4 5.108 306.480 8.956 0.112 1/60 1.33
5 5.750  345.000 9.704 0.103 1/60 1.50
6 7.689  460.000 11.751 0.085 1/60 2.00
7 Calm water
8 3.833  230.000 8.008 0.125 1/60 1.00
9 19 0.206 4.424  264.494 8.789 0.114 1/60 1.15
10 ' 5.108 306.480 9.684 0.103 1/60 1.33
11 5.750  345.000 10.460 0.096 1/60 1.50
12 7.689  460.000 12.578 0.080 1/60 2.00

The boldrowsin Table5.2 indicate the conditions which were used for the validation

of the CFD results against the available experimental results. Each case highlighted
in bold has significantly different featuresydawas purposely selected to be used
during the later validation stage. The validation and verification can be found in
Section %4.1.

Resonance occurs when the frequency of encounter of viiaasals, or, is close to,
the natural frequency of the ship For the present fulicale model, the natural
heave and pitch frequencies were computed to be cldge®d24 Hz based on the
calculations given by Simonsest al. (2013) Case 3 was therefore chosen to be

investigated more closely in the verificatistudy.

The excitation forces and moments dependent on the ratio of wdeegth over
ship length. Simonseet al. (2013) state that the maximum excitatiorrde for the
KCS occurs for wavengths close t@lLgp=1.33. Case 4 is the condition in which

themaximum excitation force is expected to occur.

Case 6, according to the work by Carried al. (2011) exhibits a very linear
behaviour since the walemgth is very large. It cahencebe regarded as the most

linear condition amongst all of the cases
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5.3Numerical Modelling

Up to this point, this chaptdras given an introduction to the work. The following
section will provide details of the numerical simulation approaches used in this study

and will discuss the numerical methods applied to the currebtra@ddel.
5.3.1 Physics modelling

To model fluid flow, the solver employed uses a finite volume method, which uses
the integral form of the conservation equations and divides the computational domain

into a finite number of adjoining control volumes.

I n the CFD part of this methasvassuisedvtomddel t he
and position the free surface, either with a flat or regular waveA@dpco(2014)
defines t he Vadimplenmdltibhast madsl , that fis well suited to
simulatingflows of several immiscible fluids on numerical grids capable of resolving

the interface betvwveeBethesmi xtudemonphaas
efficiency, this model is suitable for simulating flows in which each phase forms a
large structee, with a low overall contact area between the different phases. One
example of such flow is the sloshing of water in a tank, during which the free surface
remains perpetually smooth. If the movement of the tank becomes stronger, then
breaking waves, aioubbles in the water and airborne water droplets will form as a
result. The VOF model uses the assumption that the same basic governing equations
as thosaused for a single phase problean be solved for all the fluid phases present

within the domain, a# is assumed that they will have the same velogtgssure

and temperature. This means that the equations are solved for an equivalent fluid
whose properties represent the different phases and their respective volume fractions
(CD-Adapco, 2014)The inkt velocity and the volume fraction of both phases in

each cell, as well as the outlet pressare all functions of the flat wave or regular

wave used to simulate the free surface. The free surface is not fixed,; it is dependent

on the specifications ofhis flat or regular wave, with the VOF model making
calculations for both the water and air phases. The grid is simply refined in order to

enable the variations in volume fraction to be more accurately caphrthas work,
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a seconebrder convection schee was used throughout all simulations in order to

accurately capture sharp interfaces between the phases

Figure5.2 demonstrates how the free surfacas represented in this CFD model by
displaying the water volume fraction profile on the hull. In the figure, for instance, a
value of 0.5 for the volume fraction of water implies that a computational cell is
filled with 50% water and 50% air. This valtleerefore indicates the position of the

waterair interface, which corresponds to the free surface.

Volume Fraction of Water
0.00000 0.20000 0.40000 ~0.60000 0.80000 1.0000

Figure 5.2 Free surface representation on the ship hull.

It should also be mentioned th#troudout all simulations in thiswvork, the
segregated flow model, which solves the flow equation in an uncoupled manner, was
applied in the RANS solver Convection terms in the RANS formulae were
discretised by applying a seceondder upwind scheme. The ovdraolution

procedure was obtained according to a SIMRyjke algorithm.

In order to simulate realistic ship behaviour, a Dynamic Fluid Body Interaction
(DFBI) model was used with the vessel free to move in the pitch and heave
directions. The DFBI model ebked the RANS solver to calculate the exciting force
and moments acting on the ship hull due to waves, and to solve the governing
equations of rigid body motion in ord&r reposition the rigid bodyfCD-Adapco,

2014)

5.3.1.1 Choice of the time step

An implicit-unsteady approach was adopted throughout all the CFD simulations run

in this thesis.Often, in implicit unsteady simulations, the time step is determined by
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the flow properties, rather than the Courant nunibee Equatior4.12)). In order to
gain a suitable level of accuracy within a reasonable running time, two different time

step resolutions were used based on the features of each simulation.

For resistancecomputations in calm water, the time step size is determined by
pt =0. 005 ~ 0. Q@IlsLtieUengthvbbatweere perpendiculars) in accordance
with the related procedures and guidelines of ITZQ11b)

For the prediction of ship responses to incident @egwhves, at least 100 time steps
per encounter periodhould beused, as recommended by ITT{2011b) In this
particular study, aery small time step (1/256 of the wave period) was used over a

encounter periad

It is also worth noting that a firsirdertemporal scheme was applied to discretise the
unsteady term in the Navi&tokes equationsghroughout all the CFD simulations in

this work after this point.
5.3.2 Computational domain and boundary conditions

Two different computational domains were ceshtfor each main simulation: a

seakeeping analysis in waves and a resistance calculation in calm water.

In both domains, an overset mesh was used to facilitate the motions of theafall

ship model. Rigid and deforming mesh motion options are availalitee software
package, but these methods have distinct disadvantages compared to the overset
mesh approach when simulating bodies with large liump motions. The rigid
meshapproach causes difficulties for free surface refinement, especially ingoitth,
deforming meshes may lead to cell quality problems. On the other hand, the overset
region, which encompasses the hull body, moves with the hull over a static
background mesh of the whole domdlield, 2013) For this reason, using the
overset mesh feare of the software package saves computational costs, and allows
the generation of a sufficiently refined mesh configuration around the free surface
and the body, without compromising the
overset mesh featurgjmulating a fullscale ship model in waves would require a

very high cell number, requiring much more computational power.
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In all CFD problems, the initial conditions and boundary conditions must be defined
depending on the features of the problem to dieesl. The determination of these
boundary conditions is of critical importance in order to be able to obtain accurate
solutions. There are a vast number of boundary condition combinations that can be
used to approach a problem. However, the selectionhef most appropriate
boundary conditions can prevent unnecessary computational costs when solving the
problem(Date and Turnock, 1999)

When using the overset mesh feature, two different regions were created to simulate
ship responses in waves, namely baockgd and overset regions. A general view of
the computation domain with the KCS hull model and the notations of selected

boundary conditions are depictedrigure5.3.

In order to reduce computational complexity and demand, only half of the hull (the
starboard side) is represented. A symmetry plane forms the centreline domain face in
order to accurately simulate the other half of the mdtelhouldbe noted that in

some figures given hereafter, the mirror image of the ship and domain is reflected on

the port side fovisual convenience

Pressure Outlet

Velocity Inlet

@ Symmetry|

“< “\ J ‘I“:

Velocity T

Inlet I i
i

J ¥ ' Velocity Inlet

No-Slip Wall

Figure 5.3 A general view of the background and overset regimsthe applied boundary conditions.

101|Page



Figure5.3 illustrates that a velocity inlet boundary cdimh was set in the positive
x-direction, where inciddnregular wavesvere generated. The negativalixection

was modelled as a pressure outlgtce it prevents backflow from occurring and
fixes static pressure at the outlet. The top and bottom boundaries were both selected
as velocity inlets. The symmetnglane, as the name suggests, has a symmetry
condition, and the s&lof the domain (the negativedyrection) has a velaty inlet
boundary conditionas well. These boundary conditions were used as they were
reported to give the quickest flow solutions feimilar simulations arried out
utilising StarCCM+ (CD-Adapco, 2014) The use of the velocity inlet boundary
condition at the top and the side of the background prevents the fluid from sticking to
the walls. In other words, it avoids a velocity gradiegontrf occurring between the
fluid and the wall, as in the use of a shjll boundary condition. It is of note that

the initial flow velocity at all inlet conditions was set to the corresponding velocity of
the head waves. Hence, the flow at the very topveng side of the background is
also directed parallel to the outlet boundary. This enables fluid reflections from the
top and side of the domato be preventedin addition to this, the selection of the
velocity inlet boundary condition for the top anottom facilitate the representation

of the deep water and infinite air condition, which is also the case in open seas. The
top, bottom and side boundaries could have been set as-wafllipr symmetry
plane. The selection of boundary conditions from gprapriate combination would

not affect the flow results significantly, provided that they are placed far enough
away from the ship hullsuch that the flow is not disturbed by the presence of the
body:.

Throughout this thesis, a velocity inlet boundary diton is used to define the
velocity at this boundary as equal to the stream flow velocity. This velocity, in fact,
equals the velocity of a particular VOF wave model generated inside the
computational domain. Similarly, a pressure outlet boundary condgets the
pressure at the boundary to the hydrostatic pressure of a particular VOF wave. A no
slip wall condition implies that the tangential velocity is set to zero. At a symmetry
boundary, the convective fluxes of all quantities and the shear st@sse®ro.
Finally, the normal velocity component is zero, but its normal gradient is not henc
the normal stress is not zdifeerziger and Peric, 200€D-Adapco, 2014).
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Date and Turnock1999)point out that, just as the selection of the boundaries is of

great importance, their positioning is equally important.

ITTC (2011b)recommends that for simulations in the presence of incident waves,
the inlet boundary should be locate@llgp away from the hull, whereas the outlet

should be positioned-8BLgp downdream to avoid any wave reflection from the

boundary walls. Three other pieces of previous work similar to this study have been

consulted to decide the locations of the boundaries. The findings are summarised i

Tableb.3.

Table 5.3 The locations of the boundaries in similar previous studies.

Directions
Reference Upstream| Downstream| Up Bottom | Transverse
Shen and WafR013) | 1lgp 4lgp 1lgp 1lgp 1.5Lgp
Ozdemiret al.(2014) | 2Lgp 3lgp 2Lgp 2Lgp 2lgp
Simonseret al.(2013) | 0.6Lgp 2Lgp N/A N/A 1.5Lgp

The locations of the boundaries are illustratedrigure 5.4, which gives front and

side views of the domain. It is worth mentioning that throughout all the cases, in
order to prevent wave reflection from the walls, the VOF wave damping capability of
the software package was applied to the background region with a damping lengt
equal to 1.24kp (~285 m.). This numerical beach model was used in downstream,

bottom and transverse directions.

2.5L

1
e 4.5L Clj_ 1.15L - -
‘o! _ Overset Region
#1.50 i

3B

2.3L
2.3L

a) b)

Figure 5.4 Thedimensions of the computational domain for the seakeeping simutagioReont view, b) Side
view (B: half beam of the ship, D: depth of the ship, L: length of the ship between the perpendiculars).

It should be noted that in CFD applications with shipdels, there are no definite

recommendations regarding how to define the dimensions of an overset region.
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this study, the dimensions of the overset region were defined such that the most
significant flow features, for example flow separation, slammiaye breaking and
high vortices around the hull, remained within the overset domain.

As outlined previously, for the resistance simulations in calm water, another
computational domain was created. The only difference from the domain created to
simulate sip motions in waves is that the outlet boundary was locateg2aay

from the ship body, as wave reflection from the walls was less prominent.
Irrespective of this, the waves generated by the presence of the vessel were treated by
applying a numerical daping beach in each boundary. It should be stated that the
boundary conditions in the domain for the simulations in calm water were identical

to the ones depicted Figure5.3.
5.3.3 Coordinate systems

Since the DFBI model was employed in the CFD modelling, throughout all CFD
work given hereafterwo different coordinate systems were adopted to predict ship
performance ireither a regular or a flat we. Firstly, the flow field was solved, and

the excitation force and moments acting on the ship hull were calculated in the earth
fixed coordinate system. Following this, the forces and moments were converted to a
body local coordinate system which wasdtsx at the centre of mass of the body,
following the motions of the body whilst the simulation progressed. The equations of
motions were solved to calculate the ves
converted back to the eaifitved coordinate ystem. These sets of information were
then used to find the new location of the ship and grid system. The overset grid
system was kpositioned after each time st¢pimonsen et al., 2013)nformation

about the ship geometry and the position of the ceoftrgravity was provided in
Section5.2

5.3.4 Mesh generation

Mesh generation was performed using the automatic mefdditidy in StarCCM+,
which uses the Cartesian adll method.Two different mesh generations were
applied for each resistance and seakeeping simulation, resulting in a computation

mesh of circa 4 and 10 million cells in total, respectively. A trimmed cell mesher was
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employed to produce a higjuality grid for complexmesh generating problems. The

ensuing mesh was formed primarily of unstructured hexahedra) wéhstrimmed

cells adjacent to the surface. The breakdown of the mesh number for each resistance
and seakeeping simulation is shownTiable 5.4. It should be noted that the data
contained inTable54for t he O0Oseakeeping in wavesoO ¢
number of grids generated for Case 3. The cell number of the other cases differs
slightly from those listed in the table, due to variation in the wave conditions.

Table 5.4 The cell numbers for resistance and seakeeping simulations.
Cell Number

Simulation Background Overset
Resistance in calm wate 2,907,565 2,473,121 5,380,686
Seakeeping in waves 3,572,074 6,357,286 9,929,360

Total

Thecomput ati on mesh had areas of progres
immediately around the hull and rudder, as well as the expected free surface and in
the wake that was produced by the ship, to ensure that the complex flow features
were appropriatelgaptured. The refined mesh density in these zones was achieved
using volumetric controls applied to these areas. The mesh was unstructured, rigid
and bodyfixed, so that motions of the body corresponded to the movement of grid
points. The most refined ntesreas around the hull remained within the boundaries

of the overset domainVhen generating the volume mesh, extra care was given to
the overlapping zone between the background and overset rdgiadslition, it was
ensured that the overlapping regioonsisted of at least 4 or 5 cell layers in both
overset and background meshes. Also, it was verified that the cells in both meshes
were of similar size on the overlapping region.-88apco(2014)can be consulted

for any further information as to how temgrate suitable meshes when working with

the overset mesh feature.

To simulate ship motions in waves, the mesh was generated based on the guidelines
for ship CFD applications from ITT(2011b) According to these recommendations,

a minimum of 80 cells pewavelength should be used on the free surface. As
suggested by Kim and L2011) in order to capture the severe free surface flows
such as slamming and green water incidents, a minimum of 150 grid points per

wavelength was used near the hull free serfexcboth downstream and upstream
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directions. Additionally, a minimum of 20 cells was used in the vertical direction
where the free surface was expected.

When generating the mesh for the simulations in calm water, the refined mesh area
for the free surfacewas kept relatively small, compared to that used in the
seakeeping simulations. In this case, based on prior experience, a minimum cell size
of 0.1% of Lgp in the vertical direction was used to capture the flow features in the

free surface.

Figure 5.5, below, shows a crossection of the computation mesh where the
refinement to capture the Kelvin wake is clearly visibigure5.6 shows the surface
mesh on the KCS hull and rudder. The overset mesh region around the hull is also

noticeable irFigure5.5.

Figure 5.5 A crosssection of the computation mesh showing the refined mesh to capture the Kelvin wake.

Figure 5.6 Surface mesh on the hull and rudder.
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5.3.5 Postprocessing formulations

Before moving on to the results and discussion, it is first necessary to explain the

formulations used during the processing of the results.

To begin with, Fourier Series (FS) were used to analyse the unsteady time histories
of the force and motions due to waves. E

by a Fourier Series in time, as given by:

N
j®=j A Jjcos2 fmt +)gn=123, 61

n=1

where {, is the "™ harmonic amplitude and, is the corresponding phase. These

values can be calculated using the following expressions:

Jo=\E (52)

o

ab
g, = arctangs— (5.3)
coh
in which,
2 T
a,= T f (t)cos(2 4 nt )dt (5.4)
0

.
b, = ?Zﬁ (t)sin(2 pf nt)dt (5.5)
0

In these equationB designates the encounter period of waves.

The 0" harmonic amplituddi, in FS is defined as the average value of the time

hi story of G4(t), which can be obtained a:

T

/o == /)dt (56)
(0]

—A|

The first FS harmonid; refers to the linear term from the unsteady histories. Hence,
the zeroth and first FS harmonics have been named as the fundamental components

in the linear system. In particular, taking precedence from previous stilnisesork
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focused on the'®and £ order terms for the force and motions, as they are used for
the calculation of resistance and transfer functions (TF), respecdifeéyn and Wan,

2013) During the posprocessing of the quantities, it was observed that for the
resistance in waves, highorder terms have significant effects. This observation has
also been reported in the literature. For example, Simosetsah(2013) claim that

for the resistance in waves, second and third order FS terms may make up to 50 and
15% of the first order Famplitude, respectively. For any further details regarding
the higher order terms, reference can be made to Otzen and SirfOEEN

The ship motions in waves were quantitatively analysed with transfer functions. The

definition of heave and pitch transfeinctions, respectively, can be given by:

_ X
TF =— (5.7)
: le
_ X
TR = 751
57 B (5.8)

where X33, Xs1 and g; are the first FS harmonic amplitudes of heave, pitch, and
incident wave time histories, respectively, &nd 2 is the-wave number. It must be
highlighted that in this work, the heave and pitch motions were evaluated at the

shipds centre of gravity.

For calm water and for wave conditions, the dimensionless total resistance

coefficientCr was used to analyse the total resistance of a Ghig.calculated by:

FX
= russ

CT:

'_\

(5.9)

N

where Fx is the X-force measured in the global coordinate system (the total

resistance) an8is the wetted area of the vessel in calm water.

The added resistance due to waves was calculated by first subtracting the calm water
resistanceFx cam from the & FS harmonic amplitude of the-férce in waves
(Fxwave) at the same ship speed. It was thendiomensionalised, as follows:
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S = L (510

rg %B/?/L/ Lgp

Uaws Qiven in the above equation, has beemésl the added resistance coefficient.

The added resistance of the vessel due to waves will be presented by giving the

added resistance coefficients over the wave/ship length ratios at both speeds.

5.4 Results and Discussion

The following section will outline the simulation results achieved during this study,
and will also provide some comparison with experimental results and the results
from potential flow theory. It will then present a discussion on the observation of the
results. This section is divided into five main ssd#ctions, each of which presents
different aspects of hi s fmdingk Before proceeding to examine the results
obtained, it is first necessary to validate the current CFD approach against the

experimetal results.
5.4.1 Validation and verification

Due to the large body of data available for the KCS, it is possible to use experimental
data for comparison with the simulated results. This can then be used to validate the

approach and results.
5.4.1.1 Shipgesistance in calm water

The total resistance (drag) of a slitpis mainly composed of two components; the
residuary resistandez and the frictional resistand&- as given by Equatio(b.11)
(Gillmer and Johnson, 1982)

R=KR tR (5.11)

Equation(5.11) can also be expressed in its more commondiensional form.
This is achieved by dividing each term by ttenominator of Equatio¢b.9). Hence,
the total resistance coefficie@; is made up of the residuary resistance coefficient
Cr and the frictional resistance coefficie@t. Given that the residuary resistance
coefficient is a faction of the Froud number and the frictional resistance
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coefficient is a funton of the Reynolds numbethe total resistance coefficient can,

therefore, be written in the following for(®chultz, 2007)

C, =C,(Fn +C.(R¢ (5.12)

The frictional resistance coefficie@, for both model and fulcale ships, can be

found by using the following ITT@957 formula:

0.075

"~ og,Re s

The Reynolds number at a ship speed of 24 knots for thedalé KCS model is
calculated to be 2.839x10

Ship resistance can be predicted through towing tank tests conducted with a ship
model which is geometrically similar to the fgitale ship. To pdict the resistance
of the fullscale ship using the model test results, a dynamic similarity has to be

achieved between the model and the-$gtle ship.

Int hi s wor ko6s GHe Bull-ssale modelawasitatystqwed in calm
water conditiondree to trim and sinkat a speed of 24 knots (Case 1). After the
solution had converged adequately, the last twenty secorféstiofie history were
used for the Fourier analysis. Th8 BS harmonic of the total resistance coefficient
was calculated to be 2045x10° by the CFD modelused in this workDuring the
towing tank tests conducted by Simonse¢il.(2013)at a model speed of 1.701 m/s,
which corresponds to 24 knots in full scale, the coefficients of total resistance and
residuary resistance forl#52.667 scale model of the KCS (Rer6.517x16) were
found to be 4.310xIdand 1.064x18, respectively. In order to make a comparison
to our case, the full scalérs value was predicted to be 2.4141om the model
tests. It should be highlightdatat the towing tank experiments were also conducted

in trim and sinkage free conditions.

As can clearly be seen from the above calculationgCthvalue of the vessel in calm
water at 24 knots is quite compatible with the experiments, and is only-under

predicted by 4.95% compared to the towing tank results.
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5.4.12 Wave generation

5Morder Stokes waves were used inside the computational domain throughout all
simulations. The theory of thd"®rder wave is based on the work by Fer(tt®85)
The reasondr selecting this wave is thadccording to CPAdapco (2014) thid
wave more closely resembles a real wave than one generated by the first order

method . The first order wave mentioned her
periodic sinusoidal profile

To monitor the waves generated at the inlet, a wave probe was used to record the
wave elevation in each cadeigure 5.7 illustrates the position ofhe wave probe
between the inlet and vessEigure 5.8, as an example, displajise recorded time

history of the wave elevation at the probe in Case 3

Figure 5.7 Numerical wave probe (the white line) to record the wave elevation.

Incident Wave Elevation (m)

10 20 30 40 50 60 70 80 90 100
Physical Time (s)

Figure 5.8 Time history of wave elevation at the numerical wave probe (Case 3).
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By applying FS on a window of the time series of the wave elevation shown in
Figure 5.8, the mean of the *Lharmonic wave amplitudes covering the last ten
periods of encounter was calculated to be 2.140 m, which 4pmeldicts the actual
wave amplitude (2.212 m) by 3.23%. This slight reduction of theewaanplitude

was found to be acceptable for the current cell size and time step, and was
sufficiently reasonable for the validation of wave generation by the current CFD

model.
5.4.13 Wave pattern

Case 3 was selected as a representative case to shotlidwotave contours and the
motions of the vesseFigure 5.9 shows the global wave pattern around the KCS
when the solution was initialised, amdgure 5.10 shows the same plot after the
simulation ha completed its run. The Kelvin wake generated by the ship is clearly

visible inFigure5.10.

7l 8000 0. I-Jrlf“’ﬂ"" 0ut [ Bl K0

I AN 1 [l IIII" ” |

Figure 5.9 Measured wave pattern around the KCS hull when the simulation is initialised.
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Figure 5.10 Measured wave pattern around the KCS hull aftesiimellation hd completed its run.
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In order to visualise bow motions of the vessel in waves, four snapshots of the waves
and the bow movement of the vessel were taken in a period of encounter and are
displayed inFigure5.11. The figure expressly shows that breaking bow waves and
the slamming incident have been successfully captured by the current CFD model. It
is noteworthy to mention that the snapshiotghe figure were recorded after the

motions reached steadyate.

t/T,=0.00 t/T,=0.25

t/T,=0.50 t/T,=0.75

Figure 5.11 Four snapshots of wave patterns and bow movements of the vessel in a given period of encounter
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5.4.14 Ship motions and addedsistance

As was mentioned isection 5.2 three preselected different cases in waves were
used for the validation of the CFD model against experiments. In thisestibn,
heave and pitch as well &5 histories of the vessel in each simulation wel ¢goven

in detail and the results will then be compared to the available experimental and CFD

data obtained by previous studies.

Simonseret al.(2013) as mentioned i€hapter 2, Section 2.@lso investigated the
KCS by means of EFD and CFD. They used>SRip-lowa as the RANS solver in
all of their simulations, and St&CM+ for several specific simulations. Ultimately,
they compared all of their CFD results to experimental findings. For this rehson,
wo r k 6 s forCaseau3d ahds4 were comparedhteir CFD and EFD results. Also,
for Case 6this work benefited from the CFD work of Carrie al. (2011) who
performed computations with CFD SHipva. They compared their results with the
experimental study of Otzen and Simong20i10) as well as wih the CFD results of

several researchers, who used different numerical approaches.

Table 5.5 presents a comparison of the heave and pitch transfetidna between

the current CFD model and the other CFD simulations performed by other
researchers, as well as the related experimental data. The comparisorEgrror (
which is defined as the difference between the experimental data and the calculated
data,is also included in the table. It should also be mentioned theahie 5.5, the

pitch responses are given in radians.

The total resistance coefficients obtained are givehaible 5.6 and are compared
only to the EFD data, since all the other available CFD simulations were performed
with a model scale KCS. However, the fatlaleCys values by EFD were predicted
from the model tests in order to make a precise eoispn with the experiments, for

reasons discussed in the previous-settion.
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Table 5.5 The transfer functions in the validation study.

vase TR, | TFs
EFD (Simonsen et al., 2013) 0.950 0.693
CFDShiplowa (Simonsen et al., 2013) 0.995 0.769
Error (% of EFD) 4.74 10.97
3 StarCCM+ (Simonsen et al., 2013) 0.861 0.731
Error (% of EFD) -9.37 5.48
The Current CFD 0.946 0.664
Error (% of EFD) -0.42  -4.18
EFD (Simonsen et al., 2013) 1.107 0.971
CFDShiplowa (Simonsen et al., 2013) 0.950 0.959
4 Error (% of EFD) -14.18 -1.24
The Current CFD 1.003 0.895
Error (% of EFD) -9.39 -7.83
EFD (Otzen and Simonsen, 2010) 0.901 1.037
CFDShiplowa (Carrica et al., 2011) 0.854 0.993
Error (% of EFD) -5.2 -4.2
CFD (El Moctar et al., 2010) 0.891 1.044
Error (% of EFD) -1.1 0.6
6 CFD (Manzke and Rung, 2010) 0.958 1.184
Error (% of EFD) 6.3 -14.1
CFD (Akimoto et al., 2010) 1.255 1.037
Error (% of EFD) 39.2 0
The Current CFD 0.847 1.085
Error (% of EFD) -5.99 4.63
Table 5.6 Thetotal resistance and added resistance coefficients in the validation study.
Case C i
No. Ts aw
EFD (Simonsen et al., 2013) 5.133x10° 9.106
3 | The CurrenCFD 4.644x10° 8.128
Error (% of EFD) -9.52 -10.74
EFD (Simonsen et al., 2013) 5.843x10° 8.617
4 | The Current CFD 5.481x10° 8.269
Error (% of EFD) -6.19 -4.04
EFD (Otzen and Simonsen, 2010) 4.146x10° 1.916
6 | The Current CFD 3.794x10° 1.717
Error (% of EFD) -8.49 -10.37

The total resistance coefficients presentedlable 5.6 were calculated based on
evaluating the B FS harmonics of the drag force. As can be seen Trabte5.6, for

the total resistance coefficients, the deviations between EFD and the current CFD
model are in the range of 6.19 to 9.52%, whereas the current CFD model under
predicts the added resistan coefficients within approximately 10% of the
experimental data.

For the purpose of visualisatioRjgure 5.12 displays how the vessel responds to
incident head seas in a period of encounter. The pictures are snapshots from the

simulation of Case 3 &t the solution had stabilised.
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t/T.=0.00 t/T.=0.25

t/T,=0.50 t/T=0.75

Figure 5.12 Four snapshots of motions of the vessel and the freecetirfa given period of encounter.

The time histories of heave, pitch a@¢ that belong to all the validation cases (as
shown inFigure5.13, Figure 5.14 and Figure 5.15) were recorded over the last ten

periods of encounter.
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Figure 5.13 Time histories of heave, pitch, and,Case 3.
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Figure 5.14 Time histories of heave, pitch, and,Case 4.
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Figure 5.15 Time histories of heave, pitch, and,Case 6.
As explained in the previous section, heave, pitch and the dsagriés were
evaluated by using the Fourier Series expansion. As an example, the FS

approximations of the heave, pitch a@gtime histories in Case 3 covering the last
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