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Abstract

The growing demand for seaborne trade, combined with increasingly stringent environ-
mental regulations introduced by the International Maritime Organization, highlights the
urgent need for energy-efficient and sustainable ship operation strategies. One of the
most direct and cost-effective measures to reduce fuel consumption and consequently
greenhouse gas emissions is slow steaming, i.e., ships operating at speeds lower than their
design speed. Although the maritime industry has recognized the environmental and eco-
nomic potential of slow steaming, current research on the hydrodynamic characteristics
of ships sailing under off-design conditions remains limited. Within the framework of this
study, a comprehensive numerical investigation is conducted to provide a deeper under-
standing of ship resistance and propulsion characteristics at both design and off-design
conditions. The study focuses on quantifying the impact of slow steaming and different
loading conditions on hydrodynamic characteristics and to identify possible improvements
for hull-propeller configurations. The influence of numerical parameters on the obtained
results at full scale and model scale is investigated. The effects of three turbulence models
and discretization schemes for temporal and spatial discretization on the total resistance,
its components, ship motions and wave patterns are assessed. The scale effects on the re-
sistance and propulsion characteristics are identified and investigated in detail. The study
is further extended to include the effect of loading condition, i.e., container configuration
and speed on wind and air resistance of a containership. Based on the obtained results,
a numerical procedure was developed for obtaining the optimal propeller geometric char-
acteristics for maximum open water efficiency. The optimization procedure incorporates
an artificial neural network trained on experimental data and the genetic algorithm. A
standalone application entitled OptiProp is developed. The application integrates the
optimization procedure into a simple graphical interface enabling the user to define the
ship propulsion characteristics and its operating conditions and to calculate the optimal

propeller geometric characteristics.

Keywords: computational fluid dynamics, numerical simulations, turbulence models,
experimental fluid dynamics, ship hydrodynamics, resistance test, open water test,
self-propulsion test, scale effects, loading conditions, slow steaming
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Prosireni sazetak

Uvod

Buduéi da pomorski promet ¢ini gotovo 3 % globalnih antropogenih emisija ugljikova
dioksida, ublazavanje njegova negativnog utjecaja na okolis postalo je jedan od klju¢nih
ciljeva medunarodnih napora za dekarbonizaciju prometnog sektora. Rastuca potraznja
za pomorskim prijevozom robe, zajedno sa sve strozim ekoloskim propisima koje je uvela
Medunarodna pomorska organizacija, naglasava hitnu potrebu za energetski uc¢inkovitim
i odrzivim strategijama upravljanja brodovima.

Jedna od najpovoljnijih mjera za smanjenje potrosnje goriva, a time i emisije stakle-
nickih plinova, jest plovidba smanjenom brzinom. Ovakav nac¢in plovidbe moze dovesti
do znatnog smanjenja potrebne snage i potrosnje goriva, ¢ime se izravno smanjuju emisije
ispusnih plinova. Medutim, tijekom plovidbe smanjenom brzinom brod operira u izvan-
projektnim uvjetima, pri ¢emu se njegove hidrodinamicke znacajke, ukljucujuéi otpor i
propulzijske znacajke, razlikuju od onih pri projektnim uvjetima. Znacajke poput stupnja
djelovanja brodskog vijka u slobodnoj voznji, sustrujanja i interakcije trupa i brodskog
vijka mogu biti znacajno drugaciji, Sto utjece na ukupni stupanj djelovanja propulzije.

[ako je pomorska industrija prepoznala ekoloski i ekonomski potencijal plovidbe sma-
njenom brzinom, trenuta¢no dostupna istrazivanja hidrodinamickih znacajki brodova pri
plovidbi u izvanprojektnim uvjetima i dalje su ograni¢ena. Vecina postojecih istrazivanja
usredotoCena su na operativne aspekte, poput ustede goriva i smanjenja emisija, dok su
detaljne analize temeljnih hidrodinamickih mehanizama jos uvijek nedostatne.

U okviru ovog istrazivanja provedena je opsezna numericka analiza s ciljem detalj-
nog razumijevanja znacajki otpora i propulzije broda pri projektnim i izvanprojektnim
uvjetima. Cilj istrazivanja je kvantificirati utjecaj plovidbe smanjenom brzinom te sta-
nja krcanja na znacajke otpora i propulzije. Takoder je detaljno istrazen utjecaj mjerila
na hidrodinamicke znacajke broda. Na temelju dobivenih rezultata razvijena je nume-
ricka procedura za odredivanje optimalnih geometrijskih znacajki brodskog vijka s ciljem

maksimiziranja stupnja djelovanja brodskog vijka u slobodnoj voznji.
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Cily © hipoteze istrazZivanja

Cilj istrazivanja je predvidanje utjecaja plovidbe smanjenjom brzinom i razli¢itih sta-
nja krcanja na hidrodinamicke znacajke broda, $to ukljucuje otpor broda, koeficijent
sustrujanja, raspodjelu nominalnog sustrujanja po disku vijka, koeficijent upijanja (sma-
njenog poriva), kao i radnu tocku brodskog vijka. Istrazivanje je temeljeno na sljedeéim

hipotezama:

1. Primjenom racunalne dinamike fluida moguce je odrediti hidrodinamicke znacajke
broda te polje strujanja oko trupa broda i brodskog vijka pri projektnoj brzini te

plovidbi smanjenom brzinom za razlicita stanja krcanja.

2. Utjecaj mjerila na hidrodinamicke znacajke broda moze se odrediti primjenom

racunalne dinamike fluida.

3. Moguce je razviti novi numericki postupak za odredivanje optimalnog omjera uspona
i promjera brodskog vijka za poboljsanje ukupnog stupnja djelovanja propulzije pri

izvanprojektnim uvjetima.

Materijali ©+ metode

Primjenom numerickih simulacija strujanja oko trupa broda u naravi, utjecaji plovid-
be smanjenom brzinom i razlicitih stanja krcanja na hidrodinamicke znacajke broda su
istrazeni za razli¢ite tipove brodova kao Sto su brod za rasuti teret i kontejnerski brod.
U okviru ovog istrazivanja koriSten je komercijalni programski paket STAR-CCM+ za
pripremu numerickog modela, provodenje numerickih simulacija te konacno za analizu re-
zultata. Matematicki model temeljen je na Reynoldsovim osrednjenim Navier-Stokesovim
jednadzbama (eng. Reynolds averaged Navier-Stokes equations, RANS), dok je numericki
model temeljen na metodi kona¢nih volumena (eng. Finite Volume Method, FVM). U
numerickim simulacijama primijenjen je model turbulencije kako bi se uskladio broj jed-
nadzbi s brojem nepoznanica. Unutar komercijalnog programskog paketa STAR-CCM+
dostupni su razli¢iti modeli turbulencije, stoga je provedeno detaljno istrazivanje utjecaja
modela turbulencije na rezultate. S obzirom da su numericke simulacije provodene za

brod i brodski vijak na vise mjerila modela, utjecaj prijelaza laminarnog u turbulent-
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no strujanje je istrazen primjenom modela turbulencije koji ukljucuje tranzicijski model.
Primjenom tranzicijskog modela u numerickim simulacijama moze se procijeniti utjecaj
laminarnog strujanja pri razli¢itim mjerilima. Utjecaj modeliranja grani¢nog sloja u blizi-
ni stijenke analiziran je na temelju rezultata numerickih simulacija sa zidnim funkcijama
za opis granicnog sloja te rezultata simulacija u kojima se zidne funkcije ne primjenjuju.
Takoder je istrazen utjecaj numerickih parametara, koji ukljucuju diskretizacijske she-
me za prostornu i vremensku diskretizaciju, na hidrodinamicke znacajke broda. Rezultati
proizasli iz ovog istrazivanja su usporedeni s rezultatima dobivenim modelskim ispitivanji-
ma. Temeljem validacije rezultata, odabrani su model turbulencije i numericki parametri,
koji su primijenjeni u preostalim numerickim simulacijama. Bitno je naglasiti da se polje
strujanja oko trupa broda pri plovidbi u izvanprojektnim uvjetima moze znatno razliko-
vati od polja strujanja oko trupa broda pri plovidbi u projektnim uvjetima. Stoga je ovo
istrazivanje usredotoceno na utjecaje plovidbe smanjenom brzinom i razli¢itih stanja kr-
canja na znacajke otpora i propulzije broda u mirnoj vodi. U svrhu odredivanja ukupnog
otpora broda, primijenjene su numericke simulacije temeljene na viskoznom strujanju sa
slobodnom povrsinom (eng. Free Surface Simulations, FSS). Metoda udjela fluida u volu-
menu (eng. Volume of Fluid, VOF) je koristena za odredivanje i pracenje polozaja slobod-
ne povrsine. Numericke simulacije s udvojenim modelom (eng. Double Body Simulations,
DBS), koje ne uzimaju u obzir utjecaj slobodne povrsine, su koristene za odredivanje vi-
skoznog otpora. Ove simulacije temelje se na duboko uronjenom udvojenom modelu broda
pri cemu se pretpostavlja da je dobiveni ukupni otpor jednak viskoznom otporu, s obzirom
da kao posljedica zanemarivanja slobodne povrSine nema stvaranja valova na njoj. Otpor
trenja je dobiven integriranjem tangencijalnih naprezanja po oplakanoj povrsini, dok je
viskozni otpor tlaka dobiven integriranjem normalnih naprezanja po oplakanoj povrsini.
U svrhu odredivanja otpora valova, viskozni otpor dobiven numerickim simulacijama s
udvojenim modelom oduzima se od ukupnog otpora dobivenog numerickim simulacijama
sa slobodnom povrsinom. To omogucuje istrazivanje utjecaja brzine plovidbe te stanja
krcanja na pojedine komponente ukupnog otpora. Dobiveni rezultati ukupnog otpora za
brod u naravi su usporedeni s ekstrapoliranim rezultatima modelskih ispitivanja provede-
nih u sklopu istrazivackog projekta Hrvatske zaklade za znanost pod naslovom ”Odrziva

plovidba smanjenom brzinom za nisko-uglji¢no brodarstvo (STARSHIP)” te s rezultatima
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dostupnim u literaturi. Kako bi se odredile znacajke propulzije odabranih tipova brodova
provedene su numericke simulacije pokusa slobodne voznje vijka i vlastitog pogona. Utje-
caj mjerila na radne znacajke brodskog vijka istrazene su na temelju rezultata numerickih
simulacija pokusa slobodne voznje vijka pri razlicitim mjerilima modela. Numericke simu-
lacije pokusa slobodne voznje vijka provedene su koristenjem MRF metode (eng. Moving
Reference Frame, MRF). Ova metoda se sastoji od referentnog koordinatnog sustava, koji
se moze zakretati i translatirati u odnosu na nepomicni koordinatni sustav. Metoda se
temelji na pretpostavci da je kutna brzina tijela konstantna i da je mreza nepomicna. U
svrhu provodenja numerickih simulacija pokusa slobodne voznje vijka proracunska dome-
na je podijeljena na stacionarni i rotirajué¢i dio. Numericke simulacije pokusa vlastitog
pogona broda provedene su primjenom metode masene sile za brodski vijak (eng. Body
force propeller method), koja modelira ucinke brodskog vijka. Ova metoda temelji se na
jednolikoj raspodjeli volumenske sile po cilindricnom virtualnom disku. Volumenska sila
mijenja se u radijalnom smjeru i njene komponente slijede Goldstein-ov optimum. Tocka
vlastitog pogona odredena je kada se izjednace ukupni otpor i poriv dobiven numerickim
simulacijama pokusa vlastitog pogona broda u naravi. U sklopu numeric¢kih simulacija
pokusa slobodne voznje vijka odreden je stupanj djelovanja vijka u slobodnoj voznji te
koeficijenti poriva i momenta, dok su pomoc¢u numerickih simulacija pokusa vlastitog po-
gona odredeni broj okretaja vijka te snaga predana vijku. Dobiveni numericki rezultati
usporedeni su s rezultatima dobivenim modelskim ispitivanjima.

Polje sustrujanja je vazan parametar pri projektiranju brodskog vijka te se razlikuju
efektivno i nominalno sustrujanje. Utjecaj plovidbe smanjenom brzinom i stanja krcanja
na nominalno sustrujanje broda je nedovoljno istrazeno s obzirom da je vrlo komplicirano
mjeriti nominalno sustrujanje na brodu u naravi. Nominalno sustrujanje broda u naravi
odredeno je prema postupku opisanom u preporukama ITTC-a (eng. International Towing
Tank Conference, ITTC) [1]. Dobiveni rezultati su verificirani i validirani usporedbom s
rezultatima dobivenim modelskim ispitivanjima. Nominalno sustrujanje broda je validi-
rano usporedbom osrednjenog nominalnog sustrujanja po pojedinom radijusu brodskog
vijka te integralne vrijednosti nominalnog sustrujanja dobivenih numerickim simulacijama
i eksperimentalnim ispitivanjima. Pomoc¢u numerickih simulacija pokusa vlastitog pogona

istrazen je utjecaj plovidbe smanjenom brzinom i stanja krcanja na koeficijent upijanja
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i na efektivno sustrujanje. Pri analizi numerickih rezultata pokusa vlastitog pogona i
odredivanju znacajki propulzije potrebno je imati na raspolaganju rezultate numerickih
simulacija pokusa otpora i slobodne voznje vijka. Provedene su opsezne studije verifikacije

i validacije kako bi se odredila toénost i valjanost numerickih modela.

Rezultat:

U ovoj doktorskoj disertaciji istrazene su hidrodinamicke znacajke broda primjenom
numerickih simulacija s naglaskom na utjecaj plovidbe smanjenom brzinom, stanja krca-
nja te mjerila na otpor i propulzijske znacajke broda. Numericki rezultati verificirani su
GCI metodom (eng. Grid Convergence Index method, GCI) te validirani koristenjem eks-
perimentalnih podataka dobivenih mjerenjima u bazenu za tegljenje Brodarskog instituta
(Jadranbrod d.o.0.) u Zagrebu. Analiza je provedena na post-Panamax kontejnerskom
brodu kapaciteta 6750 TEU i brodu za rasuti teret, Japan bulk carrier.

Istrazen je utjecaj modela turbulencije i diskretizacijskih shema na numericke rezul-
tate, pri cemu je utvrdeno da Shear Stress Transport k — w model turbulencije ostvaruje
najbolje slaganje s eksperimentalnim podacima uz zadovoljavajuce zahtjeve ra¢unalnih
resursa. Pokazano je da je utjecaj mjerila znacajan na ukupni otpor, polje sustrujanja i
odredene propulzijske znacajke. Takoder je pokazano da su rezultati dobiveni metodom
virtualnog fluida na mjerilu modela gotovo jednaki onima dobivenima za brod u naravi
koristenjem realnog fluida. Za kontejnerski brod analiziran je utjecaj brzine i trima na
ukupni otpor i njegove komponente, propulzijske znacajke te na otpor zraka i vjetra. Re-
zultati pokazuju da stanje krcanja znacajno utjece na ukupni otpor i polje sustrujanja,
dok je njegov utjecaj na propulzijske znacajke manji. Takoder je pokazano da raspored
kontejnera znacajno utjece na otpor zraka i vjetra broda.

Na temelju dobivenih rezultata razvijen je optimizacijski postupak koji se sastoji od
umjetne neuronske mreze (eng. Artificial Neural Network, ANN) i genetski algoritam (eng.
Genetic Algorithm, GA) za odredivanje optimalnih geometrijskih znacajki brodskog vijka

s ciljem postizanja maksimalnog stupnja djelovanja brodskog vijka u slobodnoj voznji.
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Zakljucak

Provedeno istrazivanje pokazalo je da numericke metode predstavljaju pouzdan alat
za analizu znacajki otpora i propulzije broda u razli¢itim radnim uvjetima te na razli¢itim
mjerilima. Verifikacijom i validacijom numerickih modela potvrdena je njihova sposobnost
predvidanja hidrodinamickih znacajki broda s prihvatljivom toc¢noséu.

Ovo istrazivanje potvrduje da numericke metode, uz odgovarajucu verifikaciju i valida-
ciju, mogu pouzdano predvidjeti hidrodinamicke znacajke broda te predstavljaju vrijedan
alat u analizi i optimizaciji brodskih sustava. Posebno su istaknuti znacaj mjerila i stanja
krcanja na znacajke otpora i propulzije broda, kao i potencijal primjene metoda umjetne
inteligencije u optimizaciji brodskih vijaka.

Dobiveni rezultati predstavljaju doprinos podrucju brodske hidrodinamike i mogu pos-
luziti kao temelj za daljnja istrazivanja energetske ucinkovitosti brodova i optimizacije

propulzijskih sustava.

Znanstvent doprinos

Zmanstveni doprinos ove doktorske disertacije ukljucuje:

1. Odredivanje hidrodinamickih znacajki broda te polja strujanja oko trupa broda
i brodskog vijka pri projektnoj brzini te plovidbi smanjenom brzinom za razli¢ita

stanja krcanja primjenom numerickih simulacija temeljenih na viskoznom strujanju.
2. Odredivanje utjecaja mjerila na hidrodinamicke znacajke broda.

3. Razvoj novog numerickog postupka za odredivanje optimalnog omjera uspona i pro-

mjera brodskog vijka pri izvanprojektnim uvjetima.

Kljuéne rijeci: racunalna dinamika fluida, numericke simulacije, modeli turbulencije,
eksperimentalna dinamika fluida, hidrodinamika broda, pokus otpora, pokus slobodne
voznje vijka, pokus vlastitog pogona, utjecaj mjerila, stanja krcanja, plovidba

smanjenom brzinom
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1. Introduction

1.1. Research background

Reducing harmful gas emissions into the atmosphere has become a critical priority for
the maritime industry. Maritime transport alone accounts for approximately 2.89 % of
total anthropogenic carbon dioxide (COz) emissions [2]. In response, the International
Maritime Organization (IMO) adopted the “Initial IMO Strategy on the Reduction of
GHG Emissions from Ships” in 2018, which sets a target to reduce CO, emissions by at
least 40 % by 2030, relative to 2008 levels [3]. To support this objective, the IMO has
introduced several regulatory measures aimed at enhancing energy efficiency and reducing
greenhouse gas (GHG) emissions from ships. These include the Energy Efficiency Design
Index (EEDI), the Ship Energy Efficiency Management Plan (SEEMP), and the Energy
Efficiency Operational Indicator (EEOI) [4].

Xing et al. [5] provided a comprehensive review of measures aimed at mitigating GHG
emissions in the maritime sector. They categorised these measures based on their imple-
mentation methods into four main groups: technical, operational, eco-friendly fuels, and
alternative power sources. Furthermore, such measures can also be classified according to
their implementation timeframe as short-term, medium-term, and long-term solutions [6],
Figure 1. Among the short-term operational strategies, slow steaming has been recognized
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Figure 1. Classification of GHG emission reduction measures in the
maritime sector
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as particularly effective in reducing GHG emissions. Balcombe et al. [7] found that emis-
sions of harmful gases can be reduced by approximately 20 %, and in some extreme cases,
by up to 60 % through slow steaming. Ammar [8] also showed that for a Ro-Ro cargo
vessel, a 40 % reduction in speed could lead to a CO, emission reduction of up to 78 %,

along with an improvement in the EEDI by around 36 % and a reduction in the EEOI
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by 71 %. These findings suggest that compliance with the EEDI requirements for the
first and the second phases is achievable through speed reduction alone. Degiuli et al. [9]
analysed the impact of slow steaming on a Post-Panamax containership operating along
a typical route through the Mediterranean Sea. They estimated that a 13.6 % reduction
in design speed resulted in approximately a 31 % decrease in fuel consumption and CO,
emissions, for the analysed sea states. Taskar and Andersen [10] further explored the ben-
efits of speed reduction across various ship types and weather conditions, concluding that
a 30 % decrease in speed could lower fuel consumption by up to 45 %. They also empha-
sised the critical importance of accurately determining the relationship between required
power and vessel speed. A cubic relationship is commonly assumed between the required
power and sailing speed, however, this assumption does not hold true in many cases [11].
Adland et al. [12] demonstrated that this approximation holds true primarily for vessels
operating near their design speed, and proposed an alternative method for estimating the
fuel consumption-speed curve. Berthelsen and Nielsen [13] reached a similar conclusion
through the analysis of noon report data from 88 tankers in the 35,000-110,000 DWT
range. They developed a regression model for the speed-power curve, revealing that the
exponent of speed is less than three for speeds below the design speed. Farkas et al. [14]
investigated speed reduction requirements to meet the new energy efficiency regulations
for existing containerships. The authors emphasised the importance of considering the
potential implementation challenges associated with each mitigation measure in order to
support the sustainable growth of the maritime transport sector. While slow steaming
can significantly reduce GHG emissions, it may also result in a greater number of ships
being required to maintain service frequency. Ng [15] proposed a novel method for speed
optimisation on selected trade routes with known transit times, enabling a substantial
reduction in computation time for specific case studies. Similarly, Wu [16] explored the
determination of optimal sailing speeds and concluded that fuel consumption can still be
reduced even if the number of vessels increases. More importantly, the study found that
higher fuel prices can lead to a lower optimal speed, provided that the resulting fuel cost
savings outweigh the additional capital and operational expenditures.

For the assessment of ship behaviour and hydrodynamic characteristics, computational

fluid dynamics (CFD) is employed, as demonstrated in the study by Tezdogan et al. [17],
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where full-scale numerical simulations were conducted to evaluate the impact of slow
steaming on ship behaviour and performance in head seas. Niklas and Pruszko [18]
carried out full-scale numerical simulations of the resistance test (RT) and reported good
agreement between the numerical results and sea trial data, effectively confirming that
full-scale numerical simulations can serve as a viable alternative to traditional towing
tank tests. Similarly, Mikkelsen et al. [19] performed full-scale numerical simulations
of the RT, open water test (OWT), and self-propulsion test (SPT) and concluded that
numerical simulations can predict hydrodynamic performance with accuracy comparable
to that of towing tank experiments.

Orych et al. [20] conducted full-scale numerical simulations of the SPT and validated
the results using sea trial data, reporting an average error of just 1 % across the considered
speed range. Despite the fact that tankers and bulk carriers operate in ballast condition for
nearly half of their time at sea, the hydrodynamic characteristics of ships in this condition
are rarely studied. Farkas et al. [21] employed CFD to examine the effects of varying
draughts on the hydrodynamic characteristics of a bulk carrier. The authors emphasised
the need to investigate scale effects and to develop more robust extrapolation methods
that incorporate CFD results from both RT and SPT. In a related study, Farkas et al. [22]
performed numerical simulations to investigate the nominal wake of a bulk carrier. The
authors demonstrated that wall functions can be effectively used for predicting the nominal
wake while avoiding excessive number of cells in full-scale simulations. Furthermore,
Farkas et al. [23] examined the impact of biofilm on propulsion characteristics, reporting a
36.2 % increase in delivered power due to biofouling. The influence of hard fouling on ship
performance was explored in [24], where CFD simulations of the RT, OWT, and SPT were
conducted for various hull forms. The authors observed that variations in the impact of
biofouling are influenced by several factors, including the proportion of viscous resistance
within the total resistance, relative roughness, Reynolds number, and advance coefficient
at the self-propulsion point. Mikkelsen and Walther [25] assessed the effect of surface
roughness by numerical simulations of the SPT and concluded that incorporating both
hull and propeller roughness into the model significantly reduced discrepancies between
numerical predictions and speed trial measurements. Yin et al. [26] developed a design

methodology for hydrodynamic optimisation, using numerical simulations to improve the
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shape of the bulbous bow and hull under slow steaming conditions.

The scale effects on ship resistance and the form factor were analysed by Xiao et
al. [27]. The authors demonstrated that both parameters are influenced by the Reynolds
number. Korkmaz et al. [28] introduced a method for determining the form factor using
CFD and experimental fluid dynamics (EFD), confirming that the form factor depends
on speed when applying the I'TTC 1957 model ship correlation line for its determination.
Lastly, Islam and Soares [29] investigated the effect of trim angle on total resistance using
numerical simulations based on Reynolds averaged Navier-Stokes (RANS) equations. By
varying both sailing speed and draught, they showed that significant improvements in the

ship operational efficiency could be achieved through a dynamic optimisation process.

1.2. Motivation

The efficiency and performance of ships are conventionally analysed under design con-
ditions, which do not always reflect the realities of maritime operations. In recent years,
the maritime industry has increasingly adopted operational measures such as slow steam-
ing to reduce fuel consumption and thus the GHG emissions. This shift has highlighted
a critical gap in current research: the lack of comprehensive understanding of ship hy-
drodynamic characteristics in off-design conditions, particularly at reduced speeds and
different loading conditions.

Despite the widespread implementation of slow steaming in commercial shipping, most
studies still focus on the determination of ship hydrodynamic characteristics in design
conditions. This study is motivated by the need to bridge that gap. By systematically
analysing ship resistance and propulsion characteristics in both design and off-design con-
ditions, the research aims to provide deeper insight into ship hydrodynamic characteristics
across a broader spectrum of operational conditions. The findings not only contribute to
the academic understanding of ship hydrodynamic characteristics at various speeds but

also at different loading conditions.

1.3. Objectives and hypothesis of the thesis

The objective of this thesis is to predict the effect of slow steaming and different loading

conditions on the ship hydrodynamic characteristics. The study focuses on key parameters
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such as resistance characteristics, nominal and effective wakes, thrust deduction fraction,

as well as the propeller operating point. The research is based on the following hypotheses:

1. CFD can be used for the determination of ship hydrodynamic characteristics and
the flow field around the ship hull and propeller at the design and slow steaming

speeds for different loading conditions.

2. The scale effect on the ship hydrodynamic characteristics can be determined by

CFD.

3. It is possible to develop a new numerical procedure for the determination of op-
timal pitch ratio for the improvement of overall propulsion efficiency in off-design

conditions.
1.4. Scientific contributions of the thesis

The scientific contribution of this thesis includes:

1. The determination of the ship hydrodynamic characteristics and the assessment of
flow field around the ship hull and propeller at design and slow steaming speeds for

different loading conditions using numerical simulations based on viscous flow.
2. The determination of the scale effect on the ship hydrodynamic characteristics.

3. Development of a new numerical procedure for the determination of optimal pitch

ratio in off-design conditions.

1.5. Thests outline

The structure of the thesis has been designed to systematically address the research
objectives and hypotheses, testing the proposed hypotheses and presenting the scientific
contributions. The thesis is based on the published articles in the international scientific
journals (Articles I-X). The objective is to determine ship hydrodynamic characteristics
and the flow field around the ship hull and propeller at design and off-design conditions
using CFD simulations. Scale effects on the ship hydrodynamic characteristics are in-
vestigated, and a numerical procedure is proposed to obtain the optimal pitch ratio for

improving the overall propulsion efficiency in off-design conditions.
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Article I provides a detailed overview of the impact of numerical parameters on the
total resistance and its components at model scale and full scale. Namely, the effects of
turbulence model and different discretization schemes for temporal and spatial discretiza-
tion on the total resistance, its components, motions, wave patterns and wave cuts are
investigated.

In Article II the scale effects on the propeller open water characteristics are assessed.
The propeller open water characteristics are determined at different model scales and at
full scale using the turbulence model with the transition model enabled.

Articles IIT and IV present a comprehensive investigation of the scale effects on the
resistance and propulsion characteristics of the JBC, whereas Article V examines the scale
effects on the resistance and propulsion characteristics of the post-Panamax 6750 TEU
containership. Within the articles, the results are compared to the experimental data
that are published in Articles VII and VIII.

In Article VI the effects of speed and loading conditions on the nominal wake of
the post-Panamax 6750 TEU containership are investigated. The nominal wake was
determined using numerical simulations at model scale and the numerical results were
validated against the experimental measurements.

Article IX expands the research by providing an analysis of the effect of loading con-
ditions and speed on the wind and air resistance of the post-Panamax 6750 TEU con-
tainership. It focuses on the numerical simulations of airflow around the ship hull and
superstructure and the determination of wind loads and air resistance acting on the con-
tainership.

Finally, the ship resistance and propulsion characteristics obtained both numerically
and experimentally enabled the development of a numerical procedure based on a trained
artificial neural network, along with an optimization approach using the genetic algorithm,
to determine the optimal propeller geometric characteristics with the aim of improving
open water efficiency. A tool was developed to enable the calculation of optimal propeller
geometric characteristics based on the input ship resistance and propulsion characteristics
and its operating conditions. The numerical procedure and its use on the specific case

studies are presented in Article X.
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2. Materials and methods

The effects of slow steaming and loading conditions on the ship hydrodynamic charac-
teristics are investigated by performing numerical simulations of the flow around different
ship types which include a bulk carrier and containership at various scales. For the pur-
pose of this study commercial software package STAR-CCM+ is used to prepare the
numerical model, conduct numerical simulations and finally to post-process the results.
The mathematical model is based on the RANS equations, while the numerical model is
based on the finite volume method (FVM). Different turbulence models are applied in
the numerical simulations to close the RANS equations. Since the numerical simulations
are conducted for ships and propellers at different scales, the effects of the transition are
investigated using the Shear stress transport & —w (SSTKO) turbulence model with the
v — Rey transition model. By using the transition model within the numerical simula-
tions, the effect of laminar flow at different scales can be assessed. The effect of near-wall
modelling is investigated using the results obtained by the numerical simulations with
the wall functions applied to solve the boundary layer and the ones without the wall
functions. The effects of numerical parameters, which include discretization schemes for
spatial and temporal discretization, on the ship hydrodynamic characteristics is also in-
vestigated. The results obtained in this study are compared to those obtained from the
towing tank tests. Based on the validation study, the turbulence model and numerical
parameters are carefully selected for the remaining numerical simulations. It is impor-
tant to note that while sailing at off-design conditions, the flow field around the ship hull
can differ considerably from the flow field around the ship hull at the design conditions.
Therefore, the presented study is focused on the effects of slow steaming and different
loading conditions on the ship resistance and propulsion characteristics in calm water. To
determine the total resistance of a ship, numerical simulations based on the viscous flow
with the free surface effects are utilized i.e., free surface simulations (FSS). The volume
of fluid (VOF) method is used for locating and tracking the free surface. The double
body simulations (DBS), which do not include the free surface effects, are used for the
determination of the viscous resistance. DBS consist of a deeply immersed double body

model and the obtained total resistance is assumed to be equal to viscous resistance, since
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there are no waves generated due to the lack of free surface. The frictional and viscous
pressure resistances are obtained by integrating the tangential stresses and pressure over
the wetted surface, respectively. Hence, to obtain the wave resistance, the viscous resis-
tance obtained using DBS is subtracted from the total resistance obtained within FSS.
This allows the investigation of the influence of the sailing speed and loading condition on
each component of the total resistance. The obtained results of the total resistance at full
scale are compared with the extrapolated results of the towing tank tests conducted within
the Croatian Science Foundation research project entitled ”Sustainable slow steaming for
low carbon shipping (STARSHIP)” and results available in the literature. To assess the
propulsion characteristics of the considered ship types, the numerical simulations of the
OWT and SPT are carried out. The scale effects on the propeller performance are in-
vestigated using the results of the numerical simulations of the OW'T at different scales.
The numerical simulations of the OW'T are performed using the Moving Reference Frame
(MRF) method. MRF is the reference frame that can rotate and translate with the re-
spect to the stationary reference frame. This method is based on the assumption that the
angular velocity of the body is constant and that the mesh is rigid. The computational
domain is divided into the stationary and rotational parts for the numerical simulations
of OWT. The SPT are performed using the body force propeller method, which mod-
els the effects of a rotating propeller. The body force propeller method is based on a
uniform distribution of volume force over the cylindrical virtual disk. The volume force
varies in the radial direction and its components follow the Goldstein optimum. The
self-propulsion point is obtained once the total resistance and thrust obtained within the
numerical simulations of the SPT at full scale are equal. The open water efficiency, thrust
and torque coefficients are determined using the numerical simulations of the OW'T, while
the rate of revolution and delivered power are assessed using the numerical simulations of
the SPT. The obtained results are compared with the results obtained from the towing
tank tests. An important parameter for the propeller design is the wake field, where one
can distinguish effective and nominal wake. The influence of slow steaming and loading
conditions on the nominal wake of a ship is insufficiently studied, since it is very compli-
cated to measure the nominal wake of a full-scale ship. The nominal wake of a full-scale

ship is obtained according to the procedure described in the International Towing Tank
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Conference (ITTC) recommendations [1]. The obtained results are verified and validated
by comparison with those obtained from the towing tank tests. The nominal wake of the
ship is validated by comparing the numerically obtained averaged nominal wake at certain
radius and integral values of the nominal wake with the experimental data as well as with
the contours of the non-dimensional axial velocity on the propeller disk. The effects of
slow steaming and loading conditions on the thrust deduction and effective wake are in-
vestigated using the numerical simulations of the SPT. To analyse the numerical results of
the SPT and determine propulsion characteristics, the results of numerical simulations of
RT and OWT are required. Extensive verification and validation studies are conducted to
confirm the accuracy and validity of the numerical models. In the following subsections,

the numerical methods used in this study are explained in detail.

2.1. Finite volume method

The FVM is a numerical approach that is used to transform the mathematical model
into a system of algebraic equations. It involves the discretization of the governing equa-
tions both in space and time. In this approach, the computational domain is divided into
a finite number of control volumes. The integral form of the governing equations is applied
to each control volume, and the fluxes across the control volume faces are approximated
using numerical schemes. The FVM ensures the conservation of mass, momentum, and
energy within each control volume. The discretized equations are then solved iteratively
to obtain the desired flow variables at each control volume centre. The method is based

on the general transport equation, which is expressed as follows:

2/pgde—F/pujgbnde:/F%nde—k/S¢dV (2.1)
ot Jy S s 0x; 1%

where p is the fluid density, ¢ is the transported scalar, u; is the velocity , n; is the unit
normal vector to the control volume surface, I' is the diffusion coefficient, and S, is the
source term. The integrals are taken over the control volume V and its surface S. The
first term on the left-hand side represents the transient term, the second term represents
the convective term, the first term on the right-hand side represents the diffusive term,

and the last term represents the source term.
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2.2. Reynolds averaged Navier-Stokes equations

The RANS equations are a special form of Navier-Stokes equations. They are ob-
tained by decomposing the instantaneous flow variables into their mean and fluctuating
components, i.e., by applying Reynolds decomposition. The RANS equations for the

incompressible and unsteady case read as follows:

ou;
= 2.2
oz, 0 (2.2)
on, 9, —— 9p o

ot T Oz, | O

where @; is the averaged Cartesian components of the velocity, puju’; is the Reynolds stress

tensor (RST), p is the mean pressure, and 7;; is the mean viscous stress tensor defined by:

7 ou; o,

where 1 is the dynamic viscosity coefficient of the fluid. Equations (2.2) and (2.3) present

an unclosed system of equations and to be able to solve them turbulence models are

applied.
2.3. Turbulence modelling

Turbulence models provide closure of the governing equations by modeling the RST.
These models can be broadly classified into eddy-viscosity models and the Reynolds stress
model (RSM). Other approaches to turbulence modeling also exist, including large eddy
simulation (LES) and direct numerical simulation (DNS), which offer higher-fidelity rep-
resentations of turbulent flows. However, these methods are computationally more expen-
sive and are typically reserved for specific applications or research purposes. In this study,
three turbulence models are used: Realizable k —e¢ (RKE) turbulence model, SSTKO tur-
bulence model and RSM. The RANS turbulence models are based on the modelling of the
RST. The RKE and SSTKO turbulence models belong to eddy-viscosity models, which
are based on the similarity between the molecular gradient-diffusion process and turbulent
motion. These types of turbulence models use the Boussinesq approximation to model
the RST as follows:

— P, = (g’; + o ) 2ok, (2.5)
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where pi; is the turbulent eddy viscosity, and k is the turbulent kinetic energy.
The RSM computes the components of the RST directly. This allows it to capture
the anisotropy of turbulence and predict complex turbulent flows more accurately, albeit

at a significantly higher computational cost.
2.3.1. Realizable k — ¢ turbulence model

The RKE turbulence model solves one equation for the turbulent kinetic energy k£ and

one for the turbulent dissipation rate . The equations for k and ¢ read as follows:

0 a ., 0k 0
—(pk) + . (pkt;) = 12 (M + U_Z) + P, — p(e — €0) + Sk (2.6)

ot

0 o, _ e LU 1 e &
a(ﬂﬁ) + oz, (peu;) = 92 (M + 0_5) + jTaCelps — Cafop (E - ZTO) + Se (2.7)

where oy, 0., C,, and C., are model coefficients, P, and P. are the production terms, g
is the ambient turbulence value that counteracts turbulence decay, Sy and S, are the user-
specified source terms, 7. is the large-eddy time scale, Tj is the specific time-scale, and
f2 is the damping function. With the obtained k and e, the eddy viscosity is calculated

as follows:
2

k
Mt = PCufu? (2.8)

where C, is the model coefficient and f, is the damping function depending on the mean

strain rate and mean vorticity as well as k and ¢.

2.3.2. Shear stress transport k —w turbulence model

The SSTKO turbulence model is a two-equation model that solves transport equations

for the turbulent kinetic energy k and the specific dissipation rate w:

0 0 0k
E(pk) + D (pku;) = @(,u + oppie) + P — pB* f5- (wk — woko) + Sk (2.9)
_ 0w 9 9
a(pw) - B (pwii;) = W(M + ouie) + Py — pBfs(w” —wj) + S, (2.10)

where P, is the production term, o,, 8 and * are the model coefficients, fz- is the
free-shear modification factor, fz is the vortex-stretching modification factor, S, is the
user-specified source term, and finally, ky and wy are the ambient values that counteract

turbulence decay. Menter [30] developed the modified SST k — w model by introducing a
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blending function that combines the k& — w model near the wall with the & — ¢ model in

the far-field. The turbulent eddy viscosity is given with the following equation:
e = pkT (2.11)
where T is the turbulent timescale.

2.3.3. Reynolds stress model

The RSM consists of solving the transport equation for RST. The transport equation

is defined as:
8 8 _ 8 Lt 8le
il g il ) — " P. L
e (pRij) + B (pRiju;) oy [(u + Uk) 3$m1 + P + Gy

2
- gTM + ¢ij — peij + Sk

where P;; is the turbulent production term, G;; is the buoyancy production term, ¢;; is

(2.12)

the pressure-strain tensor, and ¢;; is the turbulent dissipation rate tensor. This model
requires seven equations to be solved, six equations for the RST components and one
equation for the isotropic turbulent dissipation. The quadratic pressure-strain model was
used within the simulations with high non-dimensional wall distance y* wall treatment

to model the pressure-strain term.

2.4. Transition modelling

The turbulence model assumes that the flow is turbulent in the whole flow region.
Within the numerical simulations of the OWT at the model scale, the flow is expected to
be partly laminar. To model the transition from laminar to turbulent flow, a transition

model should is applied.

2.4.1. 7 — Rey transition model

The correlation-based y— Rey transition model is used within the numerical simulations
of the OWT at model scale because it is coupled with the SSTKO turbulence model.
The transition model solves two additional transport equations, i.e., intermittency v and

transition momentum thickness Reynolds number Reg; which read as follows:

0 g . 0 e\ O
S+ gt = o | (wt 2) 52| p -, (213)
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0, — o, _— . 0 O Rey;
a(ﬂReet) + a—mj(PUjR@ot) = o, |7 (1 + pur) oz,

where P, and Fy; are the production terms, F, is the destruction term, oy and oy are

1 Py (2.14)

the model coefficients. More information on the production, destruction terms and model
coefficients can be found in [31]. To accurately solve the laminar and transitional boundary

layers, the first cell near the wall must have y™ <1 [32].

2.5. Dynamic flurd body interaction method

In the numerical simulations that include the free surface, the motion of the ship can
be modelled using the dynamic fluid body interaction (DFBI) method. In this method
the body is assumed to be rigid and thus equations of motion for the centre of mass of
the body are solved simultaneously with the fluid flow equations. In this study, the DFBI
method was employed to model the translational motion in the direction of z-axis (heave)
and rotational motion around the y-axis (pitch) of the ship. In the commercial software
package STAR-CCM+-, the resultant force and moment acting on the body are calculated
and afterwards the equations of motion are solved. The equation for the translation of

the centre of mass formulated in the global inertial coordinate system reads as follows:

d'Ll,l'
=Ji 2.15
ml = (215)

where m is the mass of the body, u; is the velocity of the centre of mass, and f; is the
vector of the resultant force acting on the body.
The equations for the rotation of the body formulated in the body local coordinate
system are given as:
Mza% + gijpwi Myw; = n; (2.16)
where M;; (My;) is the tensor of moments of inertia, w; is the angular velocity, n; is the

resultant moment acting on the body, and ¢;;;, is the Levi-Civita symbol.

2.6. Mowving reference frame method

The MRF method consists of defining a reference frame that can rotate and translate
relative to the stationary reference frame. The method is based on the assumption that

the mesh remains rigid and that the angular velocity of the body is constant. In the
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numerical simulations of the OWT, the computational domain is divided into stationary
region and a rotating region defined around the propeller geometry. The absolute velocity
u; is expressed in terms of the velocity relative to the MRF, w,;,NomenclatureAw,, Velocity

relative to the moving reference frame as follows:
Uoi = Upi F EijkWp; T (2.17)

where 1}, is the position vector from the origin of the MRF to the centre of a control
volume. In the MRF, the continuity and RANS equations formulated in terms of the

relative velocity are as follows:

Gupl-
— =0 2.18
oz, (2.18)
OUyp; OUyp; dw,,;
8; + U, 8;; +5ijk dtm Tk + 2€ijkijupk+

1 oy o, (2.19)
anz * Vaxjaxj

+ EijkE jlmWplWpmTE = —

2.7. Body force propeller method

In the numerical simulations of the SPT, the interaction between the hull and propeller
is considered. To model the rotating propeller there is a variety of methods that can
be used, such as the sliding or overset mesh approaches, which discretize the propeller
geometry. These approaches are considered to be accurate, but are computationally
significantly more expensive than simpler methods in which the propeller is not discretized
but rather its effects are modelled. One such approach is the body force propeller method,
which is based on a uniform distribution of volume force across the cylindrical virtual disk.
This force is dependent upon the radial position and follows the Goldstein optimum as

follows:

Jow = A"V —1* (2.20)
fb6 =

(2.21)

where f;, and fg are the axial and tangential components of the body force, respectively,
A, and Ay are functions of thrust and moment as well as the hub and propeller tip radii

that define the magnitude of the body force, and ), is the ratio between the hub radius
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and propeller tip radius. The value r* is defined as follows:

/ /
r*:T_Th
/

(2.22)

where 7/ is the ratio between the radial position and propeller tip radius.

2.8. Types of numerical simulations

Different types of numerical simulations are conducted in this study to investigate
the effects of slow steaming and loading conditions on the ship resistance and propulsion
characteristics. These include FSS, DBS, and simulations of the OWT. For numerical
simulations of the RT both the FSS and DBS are conducted for the purposes of the
decomposition of the total resistance. For the numerical simulations of the SPT only
the F'SS are conducted since it is important to include the effects of the free surface to
obtain accurate results. The numerical simulations of the OWT are performed without
including the effects of the free surface, thus it is assumed that the propeller is submerged
entirely. Additional numerical simulations are conducted to obtain the airflow around the
ship for the prediction of wind and air resistance. In the following subsections, each type

of numerical simulation is explained in detail.

2.8.1. Free surface simulations

The FSS include the VOF method, which is an interface-capturing method for immis-
cible phases. In this study, it is used for locating and tracking the free surface. The VOF
method is based on the concept of volume fraction that represents portion of a phase in
a control volume. In this study, two immiscible fluids are considered, i.e., water and air.
The computational domain is rectangular shaped and its dimensions are defined according
to the ITTC recommendations [33]. The boundaries are placed sufficiently far from the
ship as to minimize their effect on the obtained results. To further ensure that the waves
do not reflect into the computational domain, the numerical wave damping is applied at
the inlet, outlet and side boundaries. The velocity boundary condition is applied at the
inlet, top and bottom boundaries, while outlet pressure is applied at the outlet boundary.
Symmetry boundary condition is used for the side boundaries, and no slip wall is applied

on the hull and rudder surfaces. Figure 2 illustrates the computational domain, including
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Symmetry
Pressure outlet

Symmetry

N Velocity inlet

Figure 2. The dimensions and boundary conditions of the computational
domain for FSS

the applied boundary conditions and main dimensions. The same setup is used in the
numerical simulations of the RT, with only half of the domain considered, divided along
the centreline of the ship. For the numerical simulations of RT, symmetry condition is

applied at the centreline of the ship to lower the computational cost.

2.8.2. Double body simulations

Contrary to FSS, DBS do not include the effects of the free surface. A symmetry
boundary condition is applied at the free surface. The computational domain is also
rectangular shaped and its dimensions are the same as those used in the FSS with the
exceptions of the height and width of the computational domain. Since air is omitted
in the DBS, the height of the computational domain is equal to the water depth. Also,
the width is equal to half the width of the computational domain used in FSS, since
symmetry is applied at the centreline of the ship. In DBS the velocity inlet is applied
only at the inlet boundary, while outlet pressure is applied at the outlet boundary. The
no-slip wall is applied on the hull and rudder surfaces and finally, symmetry is applied
on the remaining boundaries. Figure 3 shows the computational domain used in the
numerical simulations of DBS. The main dimensions of the computational domain and

applied boundary conditions are also illustrated.
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Symmetry
Pressure outlet

Symmetry
Velocity inlet

Figure 3. The dimensions and boundary conditions of the computational
domain for DBS

2.8.3. Numerical simulations of the open water test

The computational domain in the numerical simulations of the OWT is cylindrical
shaped. Within the static region, another cylindrical shaped region is defined, which
contains the geometry of the propeller. This region is defined in a rotating reference
frame. The radius of the static part of the cylindrical domain is equal to 4D, while the
inlet and outlet boundaries are placed at 5D and 15D from the propeller, respectively.
The boundary conditions applied are as follows: velocity inlet at the inlet boundary, outlet
pressure at the outlet boundary, no-slip wall on the propeller, hub, and shaft surfaces and
symmetry on the far field boundary. Figure 4 illustrates the computational domain used
in the numerical simulations of the OWT including the applied boundary conditions and
main dimensions. The numerical simulations are performed by maintaining a constant
rate of revolution n, while varying the advance speed to obtain the open water curves for

a range of advance coefficients J.

2.8.4. Numerical simulations of the airflow around the ship

The numerical simulations of the airflow around the containership are conducted to
assess the wind and air resistance. These types of numerical simulations are performed
according to the ITTC guidelines [34]. The computational domain is cylindrical that
consists of a background mesh with an overset mesh embedded in it. The overset mesh
region is a smaller cylinder that contains the geometry of the ship. The bottom surface

is situated at the position of the free surface. Figure 5 shows the computational domain,
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Symmetry
Pressure outlet

Velocity inlet

Figure 4. The dimensions and boundary conditions of the computational
domain for OWT

boundary conditions, and dimensions.

These type of numerical simulations are performed using the RKE turbulence model
since it was successfully used in similar studies [35, 36]. The overset mesh approach is
used to enable the simulation of different angles of attack ¥ of the wind. Thus in one run,
the simulation is performed from ¥ = 0° to ¥ = 180° with 10° increments. The differences
between the numerical simulations for the estimation of wind and air resistance is in the
imposed inlet velocity, which is the wind profile for the wind resistance and constant speed
for obtaining the air resistance.

In the numerical simulations of the airflow around the post-Panamax 6750 TEU con-
tainership the following coefficients are obtained: the longitudinal wind force coefficient
Cpax, lateral wind force coefficient C'p 4y and the yaw moment coefficient C'y. The wind

load coefficients are calculated as follows:

_ Raax(9)
Cpax(¥) = szF (2.23)
~ Raay(¥)
Cpay (V) = A (2.24)
_ M)
Cw(w) = 2 (2.25)

where A; and Ap are the lateral and transverse projected areas, respectively, Raax is
the longitudinal aerodynamic force, R4y is the transverse aerodynamic force, My is the

yaw moment, and ¢4 is the dynamic pressure calculated with the referent wind speeds
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Top - symmetry
Background region

Outlet - pressure
Overset mesh

Inlet - velocity

Bottom — symmetry/no-slip wall

Figure 5. The dimensions and boundary conditions of the computational
domain for OWT

depending on the considered component. The calculation of the g4 is described in detail

in [34].
2.9. Verification and validation studies

In this study the numerical uncertainty was quantified by employing the Grid Conver-
gence Index (GCI) method [37]. This method is based on Richardson extrapolation and

consists of calculating the order of the method p as follows:

1 b —
= -‘m S (2.26)
In 721 €921 T'sg — S

where 7 is the grid refinement ratio, e = ¢; — ¢; is the difference between the results ¢
obtained with different grids, s = sgn(esa/21), and subscripts 1, 2, and 3 represent the
fine, medium, and coarse meshes, respectively. Within the GCI method, the extrapolated

values, approximate and extrapolated relative errors are calculated as follows:

21 _ 7’21051 O2

e (2.27)
2l = O =92 o 02 (2.28)
X = G — 1 T & (2.29)
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With the caculated values, the GC'I is obtained with the following expression:

o 1.25e2

GCIZ, = 2 (2.30)
i rh — 1

Four apparent convergence conditions can be distinguished using the discriminating
ratio R [38, 39] calculated as:

=2 (2.31)
€32

The following apparent convergence conditions can be identified:
e Monotonic convergence for 0 < R < 1,

e Oscillatory convergence for R < 0 and |R| < 1,

e Monotonic divergence for R > 1,

e Oscillatory divergence for R < 0 and |R| > 1.

The calculated GC'I is used to obtained the numerical uncertainty due to grid size as
well as the time step. Three grids and time steps are used in the verification studies.
For the validation purposes the relative deviation RD is calculated as follows:

RD — CrD T 9BD 50/ (2.32)
¢EFD

where the subscripts CFD and EFD indicate the numerical and experimental results,
respectively.

Since extensive verification and validation studies have been conducted for each specific
case, these results are omitted from Section 3 and can be found in the corresponding

published studies.

2.10. Case studies

The effects of slow steaming and loading condition on hydrodynamic characteristics
of two ships were investigated. The first ship considered in this study is the Japan Bulk
Carrier (JBC), while the second is the post-Panamax 6750 TEU containership.

The JBC is a capesize bulk carrier which was developed by the National Maritime
Research Institute at the Yokohama National University, and the Ship Building Research
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Centre of Japan. It features a bulbous bow and a transom stern, and it has a high block
coefficient. It was never built in full scale, but it was used as a benchmark case study for
numerical investigation for the CFD workshop in Tokyo 2015 [40]. The main particulars
of the ship are given in Table 1, while the main particulars of the propeller are given in

Table 2.
Table 1. Main particulars of the JBC at full scale and model scale

Main particular Value

Scale A 1 40.264
Length between perpendiculars Lpp, m 280 6.954
Length of waterline Ly, m 285 7.078
Breadth B, m 45 1.118
Draught 7', m 16.5 0.410
Displacement volume V, m? 178 420.1  2.733
Wetted surface area S, m? 19 720.4 12.164
Block coefficient Cy 0.858

Vertical centre of gravity (from keel) KG, m 13.29 0.330
Roll radius of gyration ky, m 18 0.447
Pitch radius of gyration kyy,, m 70 1.739
Yaw radius of gyration k,,, m 70 1.739
Longitudinal propeller position (from AP) zp, m 4 0.099
Vertical propeller position (from keel) zp, m 5.182 0.129

Table 2. Main particulars of the propeller for the JBC

Main particular Value
Scale A 1 40.264
Diameter D, m 8.120 0.202
Pitch ratio P/D 0.736
Expanded blade area ratio Ag/Ag 0.644
Hub ratio d/D 0.193
Number of propeller blades Z 5)

The post-Panamax 6750 TEU containership is a benchmark containership developed
for the assessment of the performance of the seakeeping analysis codes as a part of the
ITTC-ISSC joint workshop in 2014 [41]. This containership was also investigated in an
experimental campaign performed at the Brodarski Institute [42] by Degiuli et al. [43],
in which its hydrodynamic characteristics were assessed through RT, OWT, and SPT, as
well as nominal wake measurements. The main particulars of the containership are given

in Table 3, while the main particulars of the propellers are given in Table 4.
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Table 3. Main particulars of the post-Panamax 6750 TEU containership at

full scale and model scale

Main particular Value

Scale A 1 35.18
Length between perpendiculars Lpp, m 286.6  8.147
Length of waterline Ly, m 292.37 8.311
Breadth B, m 40 1.137
Draught T, m 11.98  0.341
Displacement volume V, m? 85 556  1.965
Wetted surface area S, m? 13 325 10.767
Block coefficient Cy 0.6231

Vertical centre of gravity (from keel) KG, m 16.562 0.471
Roll radius of gyration ky., m 14.6 0.415
Pitch radius of gyration kyy, m 70.144  1.994
Yaw radius of gyration k,,, m 70.144  1.994
Longitudinal propeller position (from AP) zp, m 6.5048 0.1849
Vertical propeller position (from keel) zp, m 3.9245 0.1112

Table 4. Main particulars of the propellers for the post-Panamax 6750 TEU

containership

Main particular Value

FPP CPP
Scale A 1 3518 1 35.18
Diameter D, m 7.3 02075 7.3 0.2073
Pitch ratio P/D 0.890 1.300
Expanded blade area ratio A./A 0.750 0.633
Hub ratio d/D 0.1687 0.2957

Number of propeller blades Z
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3. Selected results and discussion

3.1. The wmpact of numerical parameters on ship hydrody-
namic characteristics

The impact of numerical parameters, specifically the turbulence model, discretization
schemes for temporal and spatial discretization on the total resistance and its components,
ship motions, wave pattern and wave cuts is investigated in detail in [44]. Numerical sim-
ulations are performed at both model and full scale for the determination of ship hydro-
dynamic characteristics. As the case study, the post-Panamax 6750 TEU containership

is used.

3.1.1. Turbulence model

The influence of the turbulence model on the total resistance Rt at model and full
scale is given in Table 5, where subscripts S and M indicate full scale and model scale,
respectively. The SSTKO turbulence model yields the lowest Rt at both model and full
scale. The RSM turbulence model yields the highest Rt at full scale, while at model scale
the highest R is obtained with the RKE turbulence model. Table 6 shows the comparison
between Rt obtained numerically at model scale and experimentally. The RKE turbulence
model overpredicts Rt, while both the SSTKO and RSM turbulence models underpredict.
The underprediction of Rt is expected since the numerical simulations are performed for
smooth hull surface, thus, although the RKE turbulence model shows the lowest RD, it
is not selected for further analyses since it overpredicts Rt. The RSM turbulence model
is also discarded since it is computationally significantly more expensive than the SSTKO
turbulence model. The SSTKO turbulence model is selected for further analyses since it
yields the lowest Rt at both model and full scale and its RD from the experimental value

is acceptable.

Table 5. The Rt values obtained with RKE, SSTKO and RSM turbulence
models at model and full scale

Turbulence model Rytg, kKN Rtym, N

RKE 2321.11 96.62
SSTKO 2302.87 87.73
RSM 2356.26 91.35
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Table 6. Comparison of the Rt obtained numerically at model scale and
experimentally

Turbulence model RTM, CFD> N RTM, EFD» N RD, %

RKE 96.617 1.709
SSTKO 87.780 94.994 -7.595
RSM 91.352 -3.834

The influence of the turbulence model on ship motions is negligible at full scale, while
at model scale the RSM turbulence model predicts lower sinkage and higher trim values
compared to the RKE and SSTKO turbulence models. Also, the wave pattern is not

influenced significantly by the selection of the turbulence model.

3.1.2. Dziscretization schemes

Using the SSTKO turbulence model, a series of numerical simulations are performed
systematically to assess the influence of the discretization schemes for both the temporal
and spatial discretization on the ship hydrodynamic characteristics. Table 7 shows the
different combinations of the discretization schemes used for the temporal, convection and

gradient terms. It shows the order of the method applied in each case and for each term.

Table 7. Combinations of the discretization schemes for temporal and spatial
discretization

Case Temporal Convection Gradient

1 1st 2nd 2nd
2 1st 1st 2nd
3 1st 3rd 2nd
4 1st 2nd 1st
5 2nd 2nd 2nd
6 1st 1st 1st

The results show a significant influence of the discretization schemes for convection
term on the obtained wave pattern. Specifically, the first-order discretization scheme
yields lower wave elevations compared to the second and third-order discretization schemes
both at full scale and model scale, as shown in Figures 6 and 7.

Similar results are obtained for the discretization schemes for the gradient terms,

where higher Rt and a faster convergence is obtained when first-order scheme is applied.
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/Ly
-0.0048  0.0019  0.0086 0.015 0.022

Figure 6. Wave patterns obtained with first-order (top-left), second-order
(top-right) and third-order (bottom) discretization schemes for convection
terms at full scale

The wave elevations are also lower when first-order discretization scheme is used. Finally,
the first-order scheme for the discretization of the temporal term showed faster conver-
gence with no change in the median of Ry at full scale. At model scale, this effect is
not significant as can be seen in Figure 8. Thus, the recommended practice for numeri-
cal simulations employed in this study is to use first-order discretization scheme for the

temporal term and second-order schemes for the convection and gradient terms.
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/Ly
-0.0048 0.0019  0.0086 0.015 0.022

Figure 7. Wave patterns obtained with first-order (top-left), second-order
(top-right) and third-order (bottom) discretization scheme for convection
terms at model scale
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Figure 8. The impact of the temporal discretization on the Rt at full scale
(left) and model scale (right)
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3.2. Scale effects on ship hydrodynamic characteristics

In this section, the scale effects on ship hydrodynamic characteristics are presented.

3.2.1. Propeller open water characteristics

A series of numerical simulations of OWT are performed to determine the propeller
open water characteristics at different model scales and at full scale [45]. Table 8 shows
details of the propeller used in the study. It is a 5-bladed, fixed pitch propeller used for
the JBC. The geometry of the propeller was obtained with the 3D scanning technique
which yields a point cloud. From the point cloud, a 3D model is generated which can be

used in numerical simulations, as shown in Figure 9.

Table 8. The main particulars of the considered propeller in the different

scales
Scale, A 40.264 4 2 1.333 1
Index M M1 M2 M3 F
Diameter D, m 0.203 2.040 4.079 6.119 8.158
Rate of revolution n, rps 26.03 8.204 5.801 4.737 4.102

Reynolds number Re 1.298 x 10 4.111 x 107 1.162 x 10® 2.136 x 10® 3.309 x 108

Figure 9. The 3D scanned geometry of the propeller (left) and the 3D model
used in the numerical simulations (right)

The open water efficiencies 1o obtained at different scales are presented in Figure 10.
The numerically obtained 7o at model scale are extrapolated to full scale using the ITTC
1978 Performance prediction method. The scale effects on 7o are evident increasing with
the decrease in scale. The extrapolated values are higher than those obtained at model

scale, however still significantly lower than the values obtained at full scale.
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Figure 10. The 7o as a function of J obtained at different scales

The numerical simulations at model scale were performed with and without the use

of the transition model to show its impact on the obtained open water curves. Figure 11

shows a comparison between the thrust coefficient (K7 ) and torque coefficient (K¢) as well

as no obtained with and without transition model. The results show that the transition

model has a significant influence on Ky and consequently on 7o. When the transition

model is included, the obtained ng is significantly higher, which is more pronounced at

higher values of J.

0.50
0.45
0.40
0.35

0.30

' 0.25
0.20
0.15
0.10
0.05
0.00

Kr
10K,

e
I 4
0.0 0.2 0.4 0.6
J
_._KT "".'“KT"/'RG
——10K, ""'---IOKQ}'-RE:
—e—T]o ........f]g}'-Re

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

Ha

Figure 11. The open water curves obtained at model scale with and without
the use of the transition model
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Further insight into the effect of transition model on the obtained propeller open water
performance is shown in Figure 12 where the distributions of the skin friction coefficient
are shown for the cases with and without transition model at J = 0.7. It can be seen
that significant differences are obtained, where lower skin friction coefficient is obtained
with the transition model, compared to the case without the transition model. The lower
skin friction leads to lower K¢, which results in higher 7o when the transition model is

included.

Skin Friction CoefTicient
0.0 0.05 010 0.15 020

Figure 12. Distributions of the skin friction coefficient on the suction (top),
and pressure (bottom) sides without (left) and with (right) the use of the
transition model at J = 0.7
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3.2.2. Total resistance and its components

The total resistance and its components are obtained by performing the FSS and DBS
for the JBC at model scales and at full scale [46]. The total resistance coefficient obtained
in DBS is considered to be equal to the viscous resistance coefficient Cy since free surface
is not present. The wave resistance coefficient is obtained by subtracting the Cy from the
total resistance coefficient C't obtained with the F'SS. The results obtained with the real
fluid are compared to those obtained from the numerical simulations performed at model
scale with the virtual fluid. The virtual fluid is defined to satisfy both the Reynolds as
well as Froude similarity simultaneously. Froude similarity is satisfied with the following
relationship:

s

where the subscripts M and S refer to model and full scale, respectively. Subsequently,
the Reynolds similarity is satisfied by adjusting the dynamic viscosity p of the fluid as:
LR (3.2)
MM
To obtain total resistance and its components, the obtained forces are multiplied by
A3. The total resistance coefficient and its components are obtained for a range of sailing

speeds from 11 to 16 knots. Ct as a function of speed is shown in Figure 13.
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Figure 13. ('t as a function of speed obtained at different scales

The Crt values increase with scale, with the lowest values occurring at full scale and
the highest values at model scale. The Ct values obtained from FSS at model scale with

virtual fluid are similar to those obtained at full scale with real fluid. The Ct values

20

Faculty of Mechanical Engineering and Naval Architecture



Carlo Giorgio Grlj PhD Thesis

obtained at model scale with real fluid is approximately two times larger than the ones
obtained at full scale and at model scale with virtual fluid for the entire analysed speed
range. The Ct values slightly decrease with the increase of ship speed for the majority of
analysed scales.

Figure 14 presents the obtained Cv, viscous pressure resistance coefficient Cyp, fric-
tional resistance coefficient Cy, and wave resistance coefficient Cy. Similar results are
obtained with DBS for 'y and its components to those obtained with FSS for Cr. The
lowest values are obtained at full scale and at model scale with virtual fluid, while the
highest are obtained at model scale with real fluid. Cy, Cyp and Cg obtained at model
scale with real fluid are approximately two times larger than those obtained at full scale
with real fluid and model scale with virtual fluid. As for Cyy, the lowest value is obtained
at model scale with virtual fluid method for a speed of 14 knots. The highest Cy are
obtained for the speed of 16 knots at all the considered scales. Regarding the scale effects
on Cyy, it is noted that the coefficient increases with scale for speeds ranging from 12 to
16 knots. This is not valid for speed of 11 knots, although the results obtained at A = 20
and model scale suggest that Cy increases with scale. The numerical simulations with
virtual fluid method yield Cw similar to those obtained at full scale with real fluid. It is
important to note that Cy is calculated with the results from both FSS and DBS, thus
the combined numerical uncertainty from both types of simulations ranges from 0.06 %
to 4.69 % depending on scale and type of fluid considered. This is especially important
for the JBC since the portion of Cyy in Ct ranges from 1.25 % to 4.86 %.
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Figure 14. The components of Ct as a function of speed obtained at different
scales
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3.2.3. Propulsion characteristics

By performing the numerical simulations of RT and SPT, the propulsion characteristics
of the JBC are obtained at different model scales and at full scale for speeds in the range
from 11 to 16 knots [47]. The following propulsion characteristics are obtained: wake
fraction w, thrust deduction fraction ¢, advance coefficient J, open water efficiency 7o,
relative rotative efficiency ng, hull efficiency ng, and quasi-propulsive efficiency np. The
self-propulsion points at different model scales are determined when 7' is equal to Ry

subtracted by the friction deduction force Fp calculated as follows:
1 2
FD = §pSMUM(CFM - CF3> (33)

where CF is obtained with the ITTC 1957 model-ship correlation line as follows:

0.075
- 4
Cr (log Re — 2)2 (3.4)

Figure 15 shows the obtained w and ¢ at different scales and speeds. The scale effects
on w are significant, whereas t does not follow any specific trend in relation to scale.
The obtained w is highest at model scale and decreases with scale across the entire speed
range. At speeds of 11 and 12 knots, w obtained at model scale with virtual fluid is
higher than that obtained at full scale with real fluid, while the opposite is true for speeds
ranging from 13 to 16 knots. The numerically obtained J, no, and ngr at different scales
and speeds are presented in Figure 16. Both J and 1o increase with a decrease in scale.
As expected, the values of J and 7o obtained at full scale are similar to those obtained
at model scale with virtual fluid. nr does not follow a specific trend with respect to
scale, although the highest ng is observed at model scale across the entire speed range.
However, the obtained differences in nr are negligible compared to those in J and 7o.
The ny and np values obtained at different scales and speeds are shown in Figure 17.
Both components exhibit no particular trend with regard to speed. The scale effects are
noticeable in the obtained 7y, which decreases with scale. This can be attributed to the
differences in the obtained w, which show a more pronounced impact on the obtained ng
compared to t. On the other side, the scale effects on 7np are less pronounced, and no

specific trend across different scales is observed.
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Figure 15. The w and t values obtained at different scales and speeds
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Figure 16. The J, 1o, and nr values obtained at different scales and speeds
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Figure 17. The ng and np values obtained at different scales and speeds
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3.2.4. Nominal and effective wake

Finally, the scale effects are assessed on the nominal and effective wakes. Figure 18
shows the contours of the dimensionless axial velocity component va /v on the propeller
disc obtained at different model scales and full scale with real fluid and at model scale
with virtual fluid. These results are obtained in the numerical simulations of RT for the
speed of 14 knots. The lowest values of v /v are obtained at the angular position of 180°
and around the hub in the regions from 0° to 90° and from 270° to 360°. A hook-like
shape of the contours is visible under the hub at each scale. The low-speed region is
largest at model scale and decreases with scale, confirming that boundary layer thickness
also decreases with scale, as previously observed by Wang et al. [48]. The distribution of
va /v obtained at model scale with virtual fluid is almost the same as the one obtained at

full scale with real fluid.
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Figure 18. Contours of va /v on the propeller disc obtained at different scales
and at model scale with virtual fluid
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Further insights into the scale effects on the nominal wake are shown in Figure 19.
At radial positions in the range from 0.2R to 0.4R, the va/v values do not follow any
particular trend at different scales. However, at radial positions from 0.5R to 1.0R, va /v
decreases with the increase in scale. It is observed that v /v increases exponentially as
the radial position approaches the tip of the propeller disc at model scale and A = 20,
whereas at other scales, the increase follows a parabolic trend. Close agreement is obtained

between v /v at full scale with real fluid and at model scale with virtual fluid.
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Figure 19. Radial distributions of the circumferentially averaged va /v
obtained at different scales and at model scale with virtual fluid

The effective wake is presented through the contours of va/v at the propeller disc
obtained in the numerical simulations of SPT at different scales and at model scale with
virtual fluid, as shown in Figure 20. The scale effects on the effective wake are not as
pronounced as those on the nominal wake. However, as scale increases, the low-speed
regions become more obvious, particularly in the region near the hub of the propeller.
The effective wake distribution obtained at model scale with virtual fluid closely matches
the one obtained at full scale with real fluid, except in the region near the hub. In
this region, the speed reductions are more pronounced at model scale with virtual fluid

compared to results obtained at full scale with real fluid.
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Figure 20. Contours of va /v obtained at different scales and at model scale
with virtual fluid in the numerical simulations of the SPT
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3.3. Effect of loading conditions and speed on the ship hydro-
dynamic characteristics

From the previous subsection, the effect of speed on resistance characteristics of the
ship are negligible. A slight dependence of Cy on speed due to the Ck is shown. Also, Cyy,
although a small portion of C'r, does show a more pronounced dependence on speed [46].
The effect of speed on the propulsion characteristics, however, was shown to be negligible
for the JBC [47]. A more thorough study is conducted to assess the effect of speed and
loading conditions on the nominal wake of the post-Panamax 6750 TEU containership [49].
Numerical simulations were performed systematically for different static trim angles fg
as well as for different speeds. The speeds were defined as 16.02, 19.95, and 23.94 knots.
The effect of speed on the nominal wake is shown in Figure 21. The wake peak in the
region close to 180° decreases with the increase in speed and the velocity reduction over

the entire propeller disc plane is smaller as the ship speed increases.

16.02 kn 19.95 kn 23.94 kn

N ,190°180° 170° |
160 200 160

EI
X XA '.Ill
110° 250° ‘ «’ VS A X 110° 250° / 9
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90°  270°
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160 200
210°

200°

90°  270°

Figure 21. Contours of va /v on the propeller disc plane at different speeds

Figure 22 shows the radial distributions of the circumferentially averaged va /v ob-
tained at different speeds. It can be seen that the discrepancies between the results
obtained at 19.95 and 23.94 knots are larger than those obtained between 16.02 and
19.95 knots.

The loading condition has a significantly stronger influence on the nominal wake than
the variations observed across different speeds. Figure 23 shows the contours of va /v
obtained at fg in the range from -0.5° to 0.5° with the increments of 0.25°. It can be seen
that the velocity reduction over the entire propeller disc plane is smaller, while the wake

peak in the region close to 180° is larger as the s increases. Thus, a more favourable flow

60

Faculty of Mechanical Engineering and Naval Architecture



Carlo Giorgio Grly PhD Thesis

1.00
0.75 4
2 — 16.02 kn
2
< 050 7 —— 19.95 kn
— 23.94 kn
0.25 +
0.00 T T T T T T T

02 03 04 05 06 07 08 09 1.0

Figure 22. Radial distributions of the circumferentially averaged va /v at
different speeds

is obtained for trim by stern than for trim by bow compared to even keel. The velocity

reductions close to the propeller hub due to the increase in fg are insignificant.
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Figure 23. Contours of vs /v on the propeller disc plane at different g

Radial distributions of the circumferentially averaged va/v obtained at different g
are shown in Figure 24. A clear trend is visible with the circumferentially averaged va /v
decreasing with the increase in fg at all radial positions. This trend is further emphasized

when integral value of the nominal wake w, is calculated as can be seen in Table 9. The
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RD are calculated with respect to the reference value at s = 0° for different fs. The w,

values increase with fg and the largest RD of -8.31 % is obtained for f5 = —0.5°.

s = —0.5°
g = —0.25°
s = 0°

s = 0.25°
s = 0.5°

0.00 T T T T T T T
02 03 04 05 06 07 08 09 10

r/R

Figure 24. Radial distributions of the circumferentially averaged va /v at
different 6g

Table 9. The w, values obtained at different fg

0s,° w. RD,%
05 0298 831
025 0313  -3.69
0 0.325 /
025 0339 431
05 0351  8.00
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The effect of loading condition on the resistance and propulsion characteristics are
assessed for the post-Panamax 6750 TEU containership [50]. Full-scale numerical simula-
tions of the RT and SPT are conducted systematically at different fs ranging from -0.5°
to 0.5° with 0.25° increments. Additionally, numerical simulations of the OWT are con-
ducted to obtain the required open water characteristics of the propeller for the body force
propeller method employed in the numerical simulations of SPT. For fg of -0.5° and 0°,
the numerical results are compared with the extrapolated measurements from the towing
tank. The experimental data is extrapolated with the ITTC 1978 Performance predic-
tion method from 2017 without including the roughness allowance because the numerical
simulations are conducted for the smooth rudder and hull surfaces.

The effect of A5 on Ct is shown in Figure 25. The lowest values occur at even keel,
increasing with both positive and negative deviations in fg. Contrary, the experimental

data shows the lowest Ct at 05 = —0.5°.
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Figure 25. The Ct values obtained for different fg

Although C't is influenced by fs, the propulsion components do not exhibit significant
differences within the range of g considered. Among the calculated propulsion compo-
nents, w shows a slight decrease with 65 up to trim by bow of 0.25°, Figure 26. At trim
by bow of 0.5° the numerically obtained w increases slightly. When compared to the ex-

perimental data, the numerically obtained w is slightly lower at 5 = —0.5° and g = 0°.

The 1y, no, and np values are presented in Figure 27. No clear trend is observed

with respect to fs. However, when compared with the experimental data, the numerically
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Figure 26. The w values obtained for different 6g

obtained 1o shows significant discrepancies relative to the measured values. The numeri-
cally obtained ng is significantly higher than the experimental values. This is reflected in
the obtained np, which results from discrepancies in the open-water curves and is partly
attributable to the values of J obtained in the numerical simulations of the SPT. The
numerically obtained open water curves and a comparison with the experimental values
are shown in Figure 28. The numerically obtained K7 is slightly lower, while K¢ is sig-
nificantly lower than the experimental values. As a result, 7o is overpredicted, with the

discrepancy between numerical and experimental values increasing with J.
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Figure 27. The nyg, no, and np values obtained for different fg
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Figure 28. The propeller open water curves obtained numerically and

experimentally
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Additionally, the influence of different container configurations on wind and air resis-
tance is investigated in [51]. Different container configurations are selected based on the
available experimental data provided by Andersen [52]. The container configurations used
for the assessment of wind and air resistance of the post-Panamax 6750 TEU containership
are shown in Figure 29. A total of 9 container configurations are defined, where the first
configuration is the fully loaded containership. This configuration is defined according to
IMO Safety of Life at Sea regulation [53], which states that the ship operator has to have
a line of sight from the bridge equal to 500 m or two ship lengths, whichever is smaller.
Configurations 2 and 3 are defined with no containers and one row of containers loaded
above the deck, respectively. The following two configurations are defined by removing
the whole stacks in every other bay. In configuration 6, containers are equally loaded
with stacks of 6 containers. The last three configurations are defined by streamlining the

container configuration and adding more containers in the aft and fore deck.

Container configuration 1 Container configuration 6

EE%@F %@%E%EEEEEEEE% EEEEF EEEEEEEEEEEEEE

— ~ I

Container configuration 2 Container configuration 7

=5 |EEEEEeeee
7 £ =7

Container configuration 3 Container configuration 8

T

7

Container configuration 4

=ellBEgEss¢.

7

Container configuration 5

EEH%EEEEEEZ

Figure 29. Different container configurations of the post-Panamax 6750 TEU
containership

The obtained numerical results show no significant effect of 65 on Cpax and Cpay,
however Cly is affected slightly as shown in Figure 30. A positive fg yields higher Cly,
while negative g with the same absolute value yields lower Cy over the entire range

of W. The highest C'psx is obtained for container configurations 4 and 5, which can be

66

Faculty of Mechanical Engineering and Naval Architecture



Carlo Giorgio Grlj PhD Thesis

attributed to the fact that every other bay is empty and thus more recirculation regions
occur in the gaps between the container stacks.

Table 10 shows the air resistance coefficient obtained at even keel, 5 = —0.5° and
fs = 0.5°. The presented RD are calculated with respect to the results obtained at
even keel. It can be seen that the influence of 6g on the air resistance coefficient is
negligible. The highest absolute value of RD is equal to 6.76 % for container configuration
7 at 6 = —0.5° and the lowest RD is obtained for the fully loaded containership at
fs = 0.5° and is equal to 0.17 %. The results also show that trim by stern causes an
increase, while trim by bow causes a decrease of the air resistance coefficient. Greater
differences are obtained for trim by bow for all container configurations except for the
empty containership. Figure 31 shows the velocity distribution for container configuration
7, as this configuration yields the highest calculated RD. The reason for the increase in
the air resistance coefficient for trim by stern is the larger flow separation region behind
the ship compared to that at even keel. The opposite is true for trim by bow, where a
smaller flow separation region behind the ship can be noticed compared to even keel. This

effect is more pronounced for trim by bow, resulting in higher absolute values of $RDS.

Table 10. Air resistance coefficients of the considered container
configurations at different s and the respective RD

Container Og RD, %
configuration _g.5° 0°  0.5° w .100 % 4’05;& .100 %
00 00
1 0.579 0.578 0.548 0.17 -5.35
2 0.946 0.968 0.959 -2.27 -0.93
3 0.925 0.916 0.894 0.98 2.4
4 0.728 0.725 0.706 0.41 -2.62
5 0.645 0.643 0.64 0.31 -0.47
6 0.594 0.591 0.573 0.5 -3.14
7 0.679 0.651 0.607 4.3 -6.76
8 0.686 0.66 0.62 3.94 -6.06
9 0.573 0.568 0.55 0.88 -3.17

67

Faculty of Mechanical Engineering and Naval Architecture



Carlo Giorgio Grly PhD Thesis

Container configuration 1

——0
= 0.5°

i
(}; -0.5°

20 40 60 80 100 120 140 160 180

20 40 60 80 100 120 140 160 180

0 20 40 60 80 100 120 140 160 180

0 20 40 60 80 100 120 140 160 180

180° 0°

0 20 40 60 80 100 120 140 160 180

90°

20 40 60 80 100 120 140 160 180
v, °©
Container configuration 7

0 20 40 60 80 100 120 140 160 180

Figure 30. The Cy values as a function of ¥ for the considered container
configurations
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Velocity (m/s)
0.0 2.4 438 72 9.6 12.0

Figure 31. Velocity distributions at a profile view cross-section for container
configuration 7 at s = —0.5° (top), 0s = 0° (middle) and fs = 0.5° (bottom)
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The influence of speed is investigated within the steady-state numerical simulations by
varying the sailing speed. The steps are determined according to the number of iterations
needed for the air resistance coefficient to converge. The obtained air resistance is pre-
sented in Figure 32 as a function of the speed for the analysed container configurations.
The highest air resistance is obtained for container configuration 2, which can be related
to higher vorticity behind the superstructure as opposed to container configuration 1,
Figure 33. The Ry value for the post-Panamax 6750 TEU containership without super-
structure was determined by Grlj et al. [54] to be 2387.2 kN at 25 knots. The portion of
air resistance within Ry varies from 3.5 % (container configuration 9) to 5.8 % (container

configuration 2).
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Figure 32. Air resistance as a function of speed for different container
configurations
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Velocity (m/s)
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Figure 33. Velocity distribution for container configurations 1 (top) and 2
(bottom)
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3.4. Numerical procedure for the selection of optimal propeller
geometric characteristics

An optimization procedure is developed by incorporating an artificial neural network
(ANN) trained with experimental data into the genetic algorithm (GA) with the aim
to find the optimal propeller geometric characteristics for a given ship and its propeller
loading Kr/J? [55]. The input data can be obtained with different methods including
EFD, CFD or low-fidelity empirical methods such as the one proposed by Holtrop and
Mennen [56].

The ANN takes the propeller main parameters, i.e., P/D, d/D, Ag/As and Z as
inputs, and predicts K and K¢ over a range of J. Consequently, the no value is calcu-
lated. The trained ANN is subsequently integrated into an optimization procedure based
on GA. Within the optimization procedure, the propeller geometric characteristics are
varied and 70 is obtained for specific K7/J?. The objective is to obtain the propeller
geometric characteristics that yield the maximum 7o while keeping the design variables
within the bounds defined by the training dataset and enforcing cavitation and noise cri-
teria through penalty terms. After the GA converges, the optimal propeller corresponding
to the specified design speed is identified, its main geometric parameters are extracted,
and the results are reported. Figure 34 shows the proposed numerical procedure.

The database used for the ANN training consists of geometric characteristics of 143
propellers and their respective open water curves from the towing tank tests conducted at
the Brodarski Institute (Jadranbrod d.d.) in Zagreb. The optimal ANN consisted of one
hidden layer with 10 neurons in total. The activation function used within the neurons is
the rectified linear unit (ReLU) defined as follows:

z,x >0
y = ReLU(z) = (3.5)

0, <0
For the training, the 5-fold cross-validation procedure is used. The complete dataset is
partitioned into 5 equally sized subsets and the training and validation process is repeated
5 times with each time using one subset as a validation set and the other subsets as training
set. The coefficient of determination R? and the root mean squared error RM SE are used

as performance indicators. The optimal ANN achieved a R? of 0.95 and RMSE of 0.2
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Figure 34. Flowchart of the proposed numerical procedure

on the validation set.
The optimization procedure is then set up with the GA, with the following fitness

function:
f’it?’LGSS functz'on =1T"o + WKeller * max[O, (AE/AO)min - (AE/AO)]+ (36)
+Wtip, speed - MaX(0, Vip — Vtip, max) (3.7)

where wWkeller and Wyip, speea are the cavitation and noise constraint penalty weights, re-
spectively, the minimum expanded area ratio (Ag/Ao)mmn and propeller tip speed vy, are

defined as follows:

(1.3+0.32)T
Ag/A0)min = + K 3.8
( E/ 0) (patm + pghO - pv)D2 ( )
Utip = Dnm (39)

where p.¢m and p, are the atmospheric and water vapour pressure, respectively, hq is the
immersion depth of the propeller shaft and K is the constant equal to 0.2. Thus, in the
objective function, no constraints are taken into account and only the lower and upper
bounds are considered. The cavitation and noise constraints are included in the fitness
function as penalties. The vgip max values are defined as 53 m/s for three- and four-bladed
propellers and 46 m/s for five-bladed propellers [57]. The selected population size is equal
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to 100, maximum number of generations is 500 and the function tolerance is set to 1074,
To avoid local optima, the GA is performed 10 times in a row from scratch.

Four case study ships are selected: KRISO containership (KCS), JBC, post-Panamax
6750 TEU containership and Duisburg test case (DTC). Figure 35 shows the 3D models
of the selected ships, while Table 11 shows the obtained input data with various sources

for the design operating conditions.

6750 TEU
containership

Figure 35. 3D models of the ships used as case studies

Table 11. Input parameters for the considered ships

KCS JBC 6750 TEU containership DTC

EFD CFD Holtrop EFD CFD Holtrop EFD CFD Holtrop EFD CFD Holtrop

T,kN 1757 1570 1879 1583 1383 1309 1959 1783 2005 3659 3705 4178
t 0.147 0.133 0.165 0.124  0.270 0.208 0.160 0.158 0.176 0.090 0.110 0.195
w 0.197 0227 0218 0490 0.360  0.583 0271 0.275 0.222 0.187 0.195  0.294

Kr/J* 0.327 0.310 0.377 1.847 1.229 2.519  0.482 0.527 0.525 0.451 0.476 0.772

The optimal propeller geometric characteristics are identified and their corresponding
geometric and open water characteristics are summarized in Tables 12-15, together with
comparisons against the original propellers for each ship. For most ships, the highest 7o
is obtained when CFD-derived input data are used, whereas for the DTC the maximum
no is achieved using EFD data. When Holtrop-Mennen method is used for the input
data, the optimal 1o are lower than those of the original propellers except for the post-
Panamax 6750 TEU containership where a slightly higher 7o is obtained. Similar results
are obtained when EFD-derived input data is used. The optimal P/D values remain
close to those of the original propellers, although they are generally higher, with some
deviations observed for the JBC. When the input parameters are determined using the
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Holtrop-Mennen method, both the achieved no and the corresponding geometric charac-
teristics are lower than those obtained using CFD or EFD data, as well as lower than those
of the original propellers. The optimal Z is consistently equal to five for all the consid-
ered ships, except for the JBC with the Holtrop-Mennen method where the optimization
procedure yields a four-bladed propeller. For the post-Panamax 6750 TEU containership,
the optimization procedure yields a five-bladed propeller with all the methods applied
for obtaining the input data, whereas the original design features four blades. Since pro-
peller performance is strongly influenced by w, the significant differences in the obtained
geometric characteristics can be attributed to variations in w predicted by different meth-
ods. The smallest differences in w are observed for the KCS and the post-Panamax 6750
TEU containership. Consequently, the optimized geometric characteristics are consistent
for these cases. In contrast, the JBC and DTC results exhibit significant differences in
w, which leads to corresponding variations in the optimal propeller geometric charac-
teristics. Overall, the optimized propellers demonstrate higher Ag/Ay compared to the
original ones, which is in agreement with the findings from Tadros et al. [57]. In particu-
lar, the results obtained for the KCS show close agreement with those reported by Tadros
et al. [57]. The optimized KCS propeller exhibits higher 1o, P/D, and Ag/Ay compared
to the original propeller. These results indicate that an optimal propeller design can be

successfully obtained using an ANN trained on a small dataset.

Table 12. Original and optimal propellers obtained for KCS using different
input data

Original CFD EFD Holtrop
P/D, kN 0.997 1.186 1.186 1.186

d/D 0.18 0.193 0.193 0.193
Ag /Ay 0.8 0.755 0.738 0.888
A d ) > 5

J 0.679 0.834 0.843 0.822
Kr 0.195 0.228 0.221 0.254
Kqg 0.032 0.046  0.045 0.052
1o 0.65 0.660 0.664 0.645
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Table 13. Original and optimal propellers obtained for JBC using different

input data
Original CFD EFD Holtrop

P/D; kN 0.736 1.106 1.186 0.690
d/D 0.19 0.194 0.193 0.162
Ag /Ao 0.64 0.688 0.738 0.495
A D ) 5 4

J 0.351 0.451 0.554 0.292
Kp 0.199 0.376  0.377 0.215
Kqg 0.026 0.060 0.067 0.024
1o 0.452 0.45  0.50 0.41

Table 14. Original and optimal propellers obtained for post-Panamax 6750

TEU containership using different input data

Original CFD EFD Holtrop

P/D, kN 0.89 1.186 1.186 1.160
d/D 0.169 0.193 0.193 0.191
Ag/Ao 0.75 0.888 0.888 0.988
Z 4 5 5 5

J 0.622 0.731  0.750 0.749
Kr 0.186 0.307  0.296 0.294
Kq 0.029 0.060 0.058 0.058
1o 0.603 0.599 0.609 0.604

Table 15. Original and optimal propellers obtained for DTC using different

input data
Original CFD EFD Holtrop

P/D, kN 0.959 1.160  1.160 1.215
d/D 0.176 0.191 0.191 0.187
Ag /Ay 0.8 0.988 0.988 1.188
A 5 5 5 5

J 0.615 0.781 0.770 0.678
Kr 0.316 0.276  0.282 0.355
Kq 0.054 0.055 0.056 0.072
10 0.592 0.621 0.615 0.529
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Finally, a standalone application called OptiProp is developed using MATLAB App
Designer within the software package MATLAB. The application integrates the trained
ANN with the optimization procedure based on GA into a user-friendly graphical inter-
face. It enables the user to define the ship propulsion characteristics and its operating
conditions. After the calculations are performed, the results are shown within the same
graphical interface. The tool provides the propeller geometric parameters, open water
characteristics, including K1, Kq, and 7o in a table and plots the curves in a diagram.
Figure 36 shows the graphical interface of the developed application, where the input and

output can be seen.

[ MATLAB App - O X
Input: 1 KT KQ eta0
0.0755 06250 0.1017 0.0740
Density. p (kg/m”) 1026
0.1127 06076 0.0990 0.1101
Sailing speed, V' (kn) 0.1499 0.5893 0.0952 0.1481
Propeller diameter, D (m) 0.1857 05710 0.0935 0.1805
02203 05529 0.0909 02132
Propeller immersion depth, & (m) 02550 05349 00882 02457
Required thrust, T (kN) 1570 02898 05169 00858 02778
Thrust deduction fraction, ¢ UEEDD LIS pedl o=l
0.3628 0.4784 0.0804 03437
Wake fraction, w 03996 04585 00776 03756 2 Open water curves 07
0.4366 0.4384 0.0750 0.4063
START 0.4731 0.4188 0.0723 0.4360 1 08
05100 03989 00695 04857 s 05
Output 0.5470 03794 0.0668 0.4943 g o
) 05844 03508 0.0541 05217 = 06 2
Pitch ratio. P/D < 0
06220 03395 0.0613 05482 ad -
04
Hub ratio, d/D 0.1832 0.6600 0.3193 0.0585 05730 02
0.6975 0.2997 0.0558 05958 02
Expanded area ratio, Ag/dy 07334 01
07358 02793 0.0530 06172
Number of blades, % | 5.0000 | 0.7739 0.2590 0.0502 06361 5 5 o e o : 0
08131 02377 0.0471 06534 J
ance coeffic: 08434
AN TR ETH T T ) 0.8527 0.2159 0.0439 0.6670 K, 10K, -
Open water efliciency. no 0.6641 0.8917 0.1945 0.0408 0.6769

Figure 36. The OptiProp graphical interface

This study demonstrates that optimal propeller geometric characteristics can be ob-
tained for the design operating condition using the proposed method. The same approach
can be extended to other loading conditions or operating speeds, provided that appropri-

ate input data are available.
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4. Conclusion

In this doctoral dissertation, the ship hydrodynamic characteristics have been deter-
mined by employing numerical simulations with the focus on the effects of slow steaming
and different loading conditions as well as the scale effects on the ship resistance and
propulsion characteristics. The numerical results were thoroughly verified with the GCI
method and validated with the experimental data obtained in the towing tank at the Bro-
darski Institute (Jadranbrod d.o.0.) in Zagreb. Two case study ships were used, namely,
the post-Panamax 6750 TEU containership and the JBC.

The thesis commenced with a thorough investigation of the numerical parameters
on the obtained results at full scale and model scale. The effects of three turbulence
models on the total resistance, its components, ship motions and wave patterns were
assessed. After that, the effects of discretization schemes for the convection, gradient
and temporal terms were investigated. It was shown that the SSTKO turbulence model
yields the lowest resistance at both scales considered, while the relative deviation from the
experimental values is acceptable. Regarding the discretization schemes for the temporal
and spatial discretization, it was found that the temporal term can be solved with the
first-order scheme without impacting the obtained total resistance while speeding up the
convergence at full scale. The gradient and convection terms should be solved using
second-order schemes to obtain satisfactory results.

Next, the scale effects were investigated in detail using CFD. First, the scale effects
on the open water characteristics of the JBC propeller were investigated. The study
shows the importance of including the transition model at model scale to ensure that
the laminar flow is included, thus yielding results closer to those obtained at full scale.
The resistance and propulsion characteristics, as well as wake fields of the JBC were
numerically analysed at different model scales and at full scale using the FSS and DBS
methods. The virtual fluid approach was also assessed to simultaneously satisfy Reynolds
and Froude similarity at model scale. The results showed significant scale effects on the
total resistance coefficient and its components, which were highest at model scale with
real fluid and lowest at full scale, while the virtual fluid method closely reproduced full-

scale results. The wave resistance coefficient increased with scale but exhibited combined
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uncertainties of 0.06 % and 4.69 %. Significant scale effects were also observed for the
wake fraction and hull efficiency, whereas thrust deduction fraction, relative rotative ef-
ficiency, and quasi-propulsive efficiency showed no clear dependency on scale. Analysis
of the nominal and effective wakes revealed that the low-speed regions near the propeller
hub were most pronounced at model scale and decreased with scale, indicating reduced
boundary layer thickness at full scale. Overall, the virtual fluid approach provided wake
fields and propulsion characteristics in close agreement with the full-scale results.

The effects of loading conditions and speed on the ship hydrodynamic characteristics
were assessed for the post-Panamax 6750 TEU containership. The nominal wake was ob-
tained numerically for different speeds and trim angles. Through the contours and radial
distributions of the circumferentially averaged v, /v, it was shown that the effect of load-
ing condition on the nominal wake is higher than the effect of speed. As the trim angle
decreases, higher v /v are obtained at the propeller disc. The resistance and propulsion
characteristics of the post-Panamax 6750 TEU containership were obtained numerically
at full scale for different trim angles. The results show that the total resistance coefficient
is lowest at even keel and increases for both bow and stern trim conditions. In contrast,
propulsion characteristics showed only minor sensitivity to trim changes. The wake frac-
tion slightly decreased up to a trim by bow of 0.25° and then increased slightly at 0.5° trim
by bow. The hull efficiency, open water efficiency, and quasi-propulsive efficiency did not
exhibit a clear trend with trim angle. However, significant discrepancies were observed
between numerical and experimental open water efficiencies. The numerical simulations
overpredicted open water efficiency and consequently quasi-propulsive efficiency because
the numerically obtained propeller open water characteristics differed from experimental
values. Further, the effect of loading conditions and speed on the wind and air resis-
tance of the post-Panamax 6750 TEU containership were investigated. Nine container
configurations were analysed, ranging from a fully loaded ship, defined according to IMO
visibility requirements, to partially loaded and streamlined arrangements with varying
container distributions. The numerical results indicate that trim angle has negligible
effect on longitudinal wind load coefficient and transverse wind load coefficient, while
yaw moment coefficient is slightly affected, with positive trim angles producing higher

values. The highest longitudinal wind load coefficients were observed for configurations
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with alternating empty bays, due to stronger flow recirculation between container stacks.
The effect of trim angle on air resistance was generally negligible. Trim by stern slightly
increased air resistance, while trim by bow reduced it because of changes in the size of
the flow separation region behind the ship. The largest relative deviation in air resistance
was 6.76 % for container configuration 7 at f5 = —0.5°, whereas the smallest deviation
was only 0.17 % for the fully loaded configuration at 65 = 0.5°. The effect of speed was
also investigated. The highest air resistance occurred for the empty-deck configuration
due to stronger vortices behind the superstructure. Overall, air resistance accounted for
approximately 3.5 to 5.8 % of the total resistance of the containership, depending on the
container configuration.

The results of this study enabled the development of a numerical procedure that
incorporated an ANN trained with experimental data into the optimization procedure
based on GA with the aim to find the optimal propeller geometric characteristics for a
given ship and its K7/J?. For a given ship and its operational conditions, the proposed
approach is used to obtain the propeller geometric characteristics that yield the maximum
open water efficiency. This approach can likewise be applied to other loading conditions or
operating speeds, provided that the appropriate input data are available. The proposed
numerical procedure has been implemented within a standalone application written in

MATLAB which is provided at https://github.com/carloggrlj/OptiProp.
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5. Future Work

As a part of the future work, additional attention should be devoted to the numerical
setup of the self-propulsion test through the implementation of more advanced rotat-
ing propeller modelling approaches, such as overset mesh and sliding mesh techniques.
Compared to the body force propeller method, these approaches enable a more detailed
resolution of the interaction between the hull, propeller, and rudder, allowing for improved
prediction of ship propulsion characteristics. Their application would be especially valu-
able for investigating the ship hydrodynamic characteristics in off-design conditions such
as slow steaming or different loading conditions.

The numerical approach applied in this study should be extended toward simulations
in realistic environmental conditions. The present study focused primarily on calm wa-
ter, whereas future investigations should consider the combined effects of waves, wind,
ship motions, and manoeuvring. Particular emphasis should be placed on the influence
of unsteady sea states on propulsion characteristics, wake fields at different loading con-
ditions and at reduced sailing speeds. Furthermore, future studies should investigate
transient operational scenarios, including acceleration, deceleration, turning manoeuvres,
and course-keeping, since such conditions are highly relevant for ship operation, its fuel
consumption, and consequently energy efficiency assessments.

Another important direction for future work is the extension of the analysis to addi-
tional ship types and broader operational profiles. The conclusions obtained in this study
are based on a bulk carrier and a containership, while future investigations should deter-
mine whether similar trends in hydrodynamic characteristics are observed for other ship
types, such as Ro-Ro ships, passenger ships, or naval ships sailing in off-design conditions.
Moreover, the influence of loading condition could be evaluated using a wider range of
trim angles values.

Future studies could also investigate the application of energy saving devices as a
means of improving overall propulsion efficiency at slow steaming speeds and different
loading conditions. Numerical and experimental analyses could be performed for various
pre-swirl stators, ducts, rudder bulbs, fins, and wake equalizing devices in order to evaluate

their influence on the ship hydrodynamic characteristics. Since the effectiveness of the
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energy saving devices strongly depends on the operating condition, loading conditions, and
stern-flow characteristics, additional research is required to determine their performance
under off-design conditions, including reduced speeds and varying trim angles. Such
investigations could contribute to the development of optimized energy saving devices for
improving the overall ship energy efficiency.

The numerical assessment of air and wind resistance could also be further enhanced
by incorporating a more detailed container geometries, deck equipment, and realistic
atmospheric boundary-layer profiles. Future studies could investigate optimized container
configurations aimed at minimizing air resistance. In addition, the interaction between
air and water should be examined in greater detail, particularly under strong wind and
wave conditions where coupled effects become increasingly significant.

Finally, the developed optimization procedure and the standalone MATLAB appli-
cation provide a solid basis for further development toward a comprehensive decision-
support tool for preliminary ship design. Future work could include the integration of
additional optimization objectives and constraints, such as structural limitations or vibra-
tion. The incorporation of machine learning approaches trained on larger experimental
and numerical databases could further improve the robustness, computational efficiency,

and generalization capability of the proposed methodology.
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Abstract: Computational Fluid Dynamics (CFD) is a powerful tool used to predict the resistance
characteristics of a ship. However, it is important to determine the numerical and modelling errors to
assure accurate results. The aim of this study is the investigation of the impact of different numerical
parameters on the total resistance, wave pattern and ship motion in numerical simulations at the
model and full scale. These include the turbulence model and discretization schemes for convection,
gradient and temporal terms within the governing equations. The numerical model used in numerical
simulations is based on Reynolds Averaged Navier-Stokes (RANS) equations which are discretized
using the Finite Volume Method (FVM). To locate and track the free surface, the Volume of Fluid (VOF)
method is employed. The Grid Convergence Index (GCI) method is used for the verification study.
The obtained results show that the selection of the discretization scheme for temporal term does not
have impact on the median value of the total resistance and that the first-order scheme assures faster
convergence in numerical simulations at the full scale. A higher portion of the frictional resistance in
the total resistance is obtained with numerical simulations at the model scale in comparison to the
full scale.

Keywords: CFD; discretization scheme; turbulence model; container ship; resistance test

1. Introduction

Nowadays, Computational Fluid Dynamics (CFD) is a commonly used tool for the
prediction of flow around the ship and ship hydrodynamic characteristics, since computa-
tional power has been increasing continuously. The main advantage of CFD simulations
is that it can reduce the required number of expensive towing tank experiments. Another
benefit of the numerical simulations over the towing tank experiments is the possibility of
avoiding the extrapolation methods by performing full-scale CFD simulations [1]. Recently,
Orych et al. [2] conducted a validation study for the delivered power estimated with nu-
merical simulations based on Reynolds Averaged Navier-Stokes (RANS) equations coupled
with a body force propeller method for modelling the effects of a rotating propeller, which
is based on the lifting line theory. Numerical uncertainty was determined for numerical
simulations at the model and full scale, while the validation was based on sea trial results.
The authors obtained an average comparison error between the numerically obtained and
sea trial results of about 1%, which is considerably lower than the validation uncertainty
equal to 7%. Saydam et al. [3] performed numerical simulations of the resistance, open
water and self-propulsion tests for a case of a tanker in order to quantify the numerical
simulation uncertainties. The authors found an error of 4% for the prediction of the total re-
sistance, while larger uncertainties were obtained for torque predictions and, consequently,
the delivered power.

Degiuli et al. [4] investigated the influence of slow steaming on carbon dioxide (CO;)
emissions by using full-scale CFD simulations based on RANS equations for the determi-
nation of resistance and propulsion characteristics. Other aspects, such as the influence
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of biofouling on resistance, were studied by Demirel et al. [5]. Song et al. [6] emphasized
the importance of including the roughness effects within the CFD simulations for the
determination of the frictional and viscous resistance of different hull forms. Feng et al. [7]
conducted CFD simulations of a KRISO container ship (KCS) in different water depths
for the determination of the total resistance and dynamic sinkage. The numerical results
were validated against the benchmark experimental results, and the comparison error was
between 1% and 4% with larger errors obtained for the model scale numerical simulations.
Full-scale CFD simulations were validated by Niklas and Pruszko [8], and the obtained
relative deviation of total resistance in calm water was from —10% to 4% compared to the
sea trial data and extrapolated towing tank results. The authors emphasized the importance
of determining the form factor, which can vary depending on the method used, and thus, it
can have a great influence on the ship resistance predictions. Terziev et al. [1] used CFD
simulations to investigate the influence of ship speed and scale on the form factor and
concluded that it depends on the Froude number for very low ship speeds, while larger
differences in the form factor were obtained for different scales and turbulence models.
Dogrul [9] pointed out scale effects on the propulsion characteristics, such as nominal wake,
thrust deduction fraction, and open-water propeller and propulsion efficiencies for the case
of a Joubert BB2 submarine.

Although full-scale CFD simulations may be a good alternative to towing tank tests,
since the extrapolation of the measured values is avoided, there is still a need for a more
systematic and comprehensive sea trials in order to validate the numerical simulations at
the full scale for the determination of the ship resistance characteristics and the nominal
wake [10]. In addition, there is a need to investigate the influence of numerical parameters
such as the discretization schemes for solving the convection, gradient and temporal terms
within the governing equations. Such a study was conducted by Andrun et al. [11],
where the authors assessed the effect of different schemes for solving the gradient terms
within the Volume of Fluid (VOF) method by conducting numerical simulations of the flow
around the model of the Wigley hull. It was concluded that second-order schemes have
to be used on realistic hull forms, for which the non-linear effects are more pronounced,
to determine the resistance and wave elevation more accurately. A more recent study
was conducted by Huang et al. [12], in order to determine the ideal numerical setup
for full-scale numerical simulations. The authors showed that the second-order scheme
should be used for spatial discretization, while for temporal discretization, either first or
second-order schemes can be applied. The effect of different draughts on the hydrodynamic
characteristics was investigated by Farkas et al. [13]. Based on the obtained results, the
authors concluded that although RSM turbulence model is the most accurate one, by using
the Realizable k — & (RKE), satisfactory agreement with the extrapolated towing tank results
can be obtained. Degiuli et al. [14] numerically investigated the impact of the bulbous bow
on the total resistance of a yacht and validated the results by comparing them with the
towing tank results. Within the study, the authors achieved satisfactory agreement with the
experimentally obtained values for total resistance using different turbulence models.

In this study, numerical simulations of viscous flow around the hull of a container
ship are systematically performed in order to assess the effects of different discretization
schemes and turbulence models on the hydrodynamic performance in calm water. The
effect of numerical parameters are investigated at the model and full scale. The post-
Panamax 6750-TEU container ship is chosen since the geometry and inertial properties are
available in the literature [15]. An extensive verification study for grid size and time step is
performed using the Grid Convergence Index (GCI) method. For numerical simulations
at the model scale, a validation study is conducted by comparing the numerical results
against the measured values from towing tank tests. The paper is organized as follows. The
description of the container ship used in the numerical simulations is provided in Section 2.
The mathematical background, the numerical setup and an overview of the verification
and validation studies are given in Section 3. The results are discussed in Section 4, and
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finally, the conclusions drawn from the comprehensive numerical study are summarized in
Section 5.

2. Case Study

The post-Panamax 6750-TEU container ship is selected as a case study. Table 1 shows
the geometrical and inertial properties of the model in scale (A = 35.18) and full-scale
container ship [15], while Figure 1 shows the 3D model used in the simulations.

Table 1. Post-Panamax 6750-TEU container ship data.

Property Full Scale Model Scale
A, - 1 35.18
Loa, m 300.891 8.553
Lpp, m 286.6 8.147
LWL/ m 281.3 7.996
T, m 11.98 0.341
B,m 40 1.137
At 85,562.7 1.965
KM, m 18.662 0.531
GM, m 2.1 0.06
KG, m 16.562 0.471
Lcg from AP, m 138.395 3.934
kxx, m 14.6
kyy, m 70.144
kzz, m 70.144

o — A

Figure 1. Geometry of the post-Panamax 6750-TEU container ship.

The towing tank experiments were conducted at the Brodarski Institute in Zagreb [16].
The resistance tests were carried out in a large towing tank of a length of 276 m, a width of
12.5 m, and a depth of 6 m. The ship model was made of wood at a scale of A = 35.18. The
resistance tests were conducted at 14 speeds in the range from 12 to 25 knots corresponding
to full-scale ship. For purpose of the validation study, the experimental results of the
resistance test at 2.168 m/s are used, corresponding to 25 knots for the full-scale ship.

3. Methods

In this study, numerical simulations based on RANS equations are conducted. The
Finite Volume Method (FVM) is used for the discretization of the governing equations.
A multiphase flow model based on the Eulerian approach; i.e., the VOF method is used
for locating and tracking the free surface. To maintain a sharp interface between two
fluids, High-Resolution Interface Capturing (HRIC) scheme is used. The Dynamic Fluid
Body Interaction (DFBI) model with two degrees of freedom is used to predict the trim
and sinkage.
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3.1. Mathematical Model
The commercial software package STAR-CCM+ [17] is used in this study. The mathe-
matical model is based on the RANS equations, which are derived from the conservation of
mass and momentum laws. For incompressible, unsteady case the RANS equations read

as follows:
d1l;

a—xi=0 1)

Y +p8xj (ulu] T+ ) ox; + ox; @
where p is the fluid density, #; is the averaged Cartesian components of the velocity vector,
pugu; is the Reynolds Stress Tensor (RST), and p is the mean pressure. The mean viscous

Ti=pu (E)x] + 8xl> 3)

where y is the dynamic viscosity of the fluid. The turbulence models are then used to close
the system of Equations (1) and (2) to be able to solve them.

stress tensor Tj; is defined by:

3.2. Turbulence Models

Three turbulence models are used in this study: RKE, Shear Stress Transport k — w
(SSTKO) and RSM. The RANS turbulence models are based on the modelling of the RST.
The RKE and SSTKO turbulence models belong to the group of eddy viscosity models,
which are based on the similarity between the molecular gradient-diffusion process and
turbulent motion. These types of turbulence models use the Boussinesq approximation to
model the RST as follows:

—puiu; = it <ax] + axl> - gpk% 4)
where yi; is the turbulent eddy viscosity, and k is the turbulence kinetic energy.

The RSM turbulence model calculates the components of the RST directly. Thus, it has
the potential to predict complex turbulent fluid flows more accurately by considering the
anisotropy of the RST, but at the cost of more computational power. More details regarding
the applied turbulence models can be found in the literature [13].

3.3. Realizable k — & (RKE) Two-Layer

The Realizable k — € Two-Layer turbulence model solves one equation for the turbulent
kinetic energy k and one for the turbulent dissipation rate ¢. The eddy viscosity is calculated

as follows:
k2
pe=pCy— ©)

where C, is the model coefficient defined with the following equation:
1
Co= < ©
A() + A S U* g
where Ag = 4 and Ag is given by:

Ag = \/gcosgb @)
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and U* is defined as:
U* = \/Sij - Sij+ Wy - W (10)
The strain rate tensor is given by the equation:
1(ou; oul
Sii= —| L4 1 ) (11)
g 2 <8x] ax]
and the rotation rate tensor by:
1(ou; oul )
W = = | =L 27 (12)
g 2 <8x] aX]
The transport equations for k and ¢ are defined as:
d ] 0%k Ut
= (k) + =—(pkit;) = — — Gr+Gy—Yy—
5500+ o) = 53 (1 B ) 4 .Gt G v .
—pe—€0) + Sk
%) 0 0%e Ut 1
= = (peits) = — i il k —
a1 o)+ 5 0E) = 52 (”+ (72) *,CalfSkt CaGr) "

& &
_C52f2‘0<TE - T(()J) + S¢

where iI; is the averaged velocity vector, ox and o, are the turbulent Schmidt numbers,
fc is the curvature correction factor, Gy is the turbulent production term, G, is the buoyancy
production term, g is the ambient turbulence value that counteracts turbulence decay, Y,
is the dilatation dissipation, C¢,, C¢, and Cg, are the model depending coefficients, Sy and
S are the user-defined source terms, and S is the modulus of the mean strain tensor.

3.4. Shear Stress Transport k — w (SSTKO)

The k — w turbulence model is a two-equation model that solves transport equations
for the turbulent kinetic energy k and another for the specific dissipation w:

d J _ 9%k
g(pk)+afxi(Pkui) = afyclz(#+0kﬂt)+Gk+Gnl+Gb— 1)

— pB”* fp+ (wk — woko) + Sk

2
2 (pe0) + o (peos) = 38 (1 Gpi) + G + D — pBfp(? ) + S (16)
X; ox;

where oy, 0, f and B* are the model depending coefficients, G,;; is the non-linear produc-
tion term, fg is the free-shear modification factor, fg- is the vortex-stretching modification
factor, and finally, kg and w are the ambient values that counteract turbulence decay.
Menter [18] modified the Standard k — w model, which blends the k — ¢ model in the
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far-field with the k — w model near the wall. The turbulent eddy viscosity is given with the
following equation:

pr = pkT (17)
where T is the turbulent time scale given with the equation:
T —min( %, 9L (18)
- w ! SF2

where ™ and a; are the model coefficients, and F; is the blending function coefficient that
depends on the distance to the wall.

3.5. Reynolds Stress Model (RSM)

The Reynolds Stress Model consists of solving the transport equation for RST. The
transport equation is defined as:

O pye O n oy_ 0 pe\ORG L
&(pRI]) + aixi(PRz]”z) = ox, |:(]/i + Uk)axm + Pij + G,]*
2

—3Ym T+ Pij — peij + Sk

(19)

where P;; is the turbulent production term, G;; is the buoyancy production term, ¢;; is the
pressure-strain tensor, and ¢;; is the turbulent dissipation rate tensor. This model requires
seven equations to be solved, six equations for the RST components and one equation for
the isotropic turbulent dissipation. The Quadratic Pressure-Strain model was used within
the simulations with high y* wall treatment to model the pressure-strain term.

3.6. Computational Domain and Boundary Conditions

An unstructured hexahedral mesh is used for the discretization of the computational
domain. Only half of the computational domain is created, since the flow is symmetric
with respect to the ship symmetry plane. The domain boundaries are placed at a distance
to avoid their influence on the flow around the ship hull and consequently on the obtained
results. The inlet and bottom boundaries are placed at 2Lpp from the ship, the top boundary
is placed at Lpp above the waterline, while the outlet boundary is placed at 4Lpp behind
the ship. The side boundary is placed at 2.5Lpp to avoid reflection of the waves. Boundary
conditions are set as the VOF wave velocity at the inlet, top and bottom boundaries.
The pressure outlet is assigned at the outlet boundary, while both sides of the domain
are defined as symmetry planes. The no-slip wall boundary condition is set at the hull
surface. The computational domain with the respective boundary conditions and its main
dimensions is given in Figure 2. In order to prevent wave reflection against the domain
boundaries, the wave damping layer approach is used in the numerical simulations. The
wave damping is applied at the inlet, outlet and side boundaries.

Different regions around the ship are carefully discretized. The grid is more refined in
the area where the free surface is expected to be located as well as the Kelvin wake region
behind the ship, following the ITTC recommendations [19]. The region close to the ship
hull is refined with more attention given to the bow and stern regions.

The prism layers are carefully generated so that the non-dimensional wall distance
yT isin the range 30 < y™ < 100, i.e., the log-law region [20]. The approximate distance
between the wall and the centre of the first prism layer near the wall is calculated as:

y'L

Y= 0172Re09 (20)

where Re is the Reynolds number. The obtained non-dimensional wall distance y* is
within the limits, as shown in Figure 3, meaning that the application of wall functions
is justified. Figure 4 shows the fine grid with the described refinements, which is used
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within the numerical simulations. Figure 5 shows a detailed view of the stern and bow
regions. It can be noticed that the prism layers are carefully created to obtain a smooth
transition between the prism layers and the rest of the grid. The stretching factor for the
prism layers is about 1.5, and the number of prism layers depends on the scale for which
the numerical simulations are conducted. A lower number of prism layers are created at
the model scale and a higher number at the full scale to achieve a prism layer thickness
that assures a smooth transition from prism layers to the rest of the grid. The prism layers
are not generated on the deck and transom stern surfaces.

The distributions of the pressure coefficients along the hull surface obtained from
numerical simulations at the model and full scale are shown in Figure 6. Lower pressure
coefficients are achieved in the bulbous bow region for the model scale in comparison to
full scale.

Figure 2. Dimensions and boundaries of the computational domain for the free surface simulations.

non-dimensional wall distance y*

80 90 100

30 40 50 60 70

Figure 3. Distribution of the non-dimensional wall distance y™ on the full scale (top) and model scale
(bottom) hull surface.
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Figure 4. Fine grid with refinements.

Figure 5. Detailed view of the prism layers at the stern (left) and bow (right).

pressure coefficient
-0.06 0.44 0.94 1.44 1.94

R D -
Figure 6. Distribution of the pressure coefficient on the hull surface at full scale (top) and model
scale (bottom).

In the numerical simulations, a speed of 25 knots corresponding to the full-scale ship
is used. Froude similarity is used to calculate the speed for the numerical simulations at
the model scale.

3.7. The Verification And Validation Study

The GCI method is used for the verification study, which is based on the Richardson
extrapolation [21]. This method was successfully used in [20,22,23]. The first step is to
calculate the apparent order of the meth