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ABSTRACT

RoPax ferries are designed for maximum efficiency, enalsingoth loading and unloading of cars,
cargo and passengetd/hen optimising successflRoPaxdesign a compromise isalways made
between alight and compact hull geometnyith diminished power requirement whilstproviding

substantiatar and passenger capacities.

In response to recent computational developmé&umputational Fluid Dynamics (CFD) issadely-
useddesign toobmongsthaval architectewing to its more accurate results compareddaventional
potential flow theory basktechniquesBy combining CFD tools with Computer Aided Design (CAD)
software, it is possible to obtairsefulresults at an early stageatypical shipdesign process.

The key objective of this paper is to design an environmentally friendly RoPaxufdising CAD

and CFD toolsThis aim was achieved bgeveloping a neviRoPaxdesignwith a new green power
plant configuration releasing lessgreenhouse gagGHG) emissions to the atmospher&he
performance of thgreen power planwasassessed throughakinga compariso to other power plant
options It is clealy shown in the paper that the hybrid LNG turbine is the most environmentally

friendly power optioramongst théwo other power plants investigated in thisce of research

Keywords:RoPax Fery, GHG emissionshybrid power plant, ship desigiCFD

1. Introduction

As the focus orthe environmental operation of commercial shipsreasesnaval architects and ship
builders are seeking ways to build and operate raaxgronmentally friendly shipsSustainment of

the shipping industry in response to progressively stringent emission controls, has been at the forefront
of technological development for many years, particularly regarding the evolvement of current marine
prime movers, or the integrationf alternate fuels which emit diminished volumes of harmful
substancesThe International Maritime Organisation (IMO) enhanced this process by introducing a

revised version of the MARPOL Annex VI regulatiof2014) These regulations require oil
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companies rad engine manufacturers to follow certain guidelines, in order to limit theaBEONQ
emissions. The limitations on NGmissions, commonly referred to as Tier Ill criteria, became
effective as of $January2016, and applyo ships operating in thentissionsControl Areas (ECA)

of North America and United States Caribbean Paajcularly toengines installed aftef'lJanuary
2016 with a power output greatitran 129 kW Similarly, the SQ regulations became effective as of
15t January 201%MO, 2014).

DNV GL is also pushing the marine industry an environmentally friendly direction, by actively

taking part inresearctprojectsby providing both funding and human resosrd@NV GL published a
report in 2015 whedutueist \nleryi dd,at@®md thrae mdit ed t he
viable solution to reduce emissions from the marine industry. The report concluded with a 14%

reduction in fuel consumption when using hybrid configurat{@sV GL, 2015a).

The Danish/German based ferryeogtor Scandlines AG scompany that currently owns the largest
fleet of hybrid ferries in the world. The fleet of 5 ferries, operating on shorter voya@ebqdrs),
have proven to reduce G@missions by 15%Hand, 2015)

Using cleaner fuel, such as LNG, as an alternative to diesel has become more common during the last
decade. According tthe DNV GL6 s r (20a%),rthere are currently around 150 LNG fuelled ships
either in operation or on order worldwide. With DNV GLaaproject partner, MS Helgoland was built

in 2015. The 83 m long ferry was fitted with LNG engines which reducegde@@ssions by 20%,

NOx emissions by 90% ar8O emissions by 95%,sawell as eliminatingarticulate matter emissions

(DNV GL, 201%).

The possibility of using alternatives to the traditional diesel engines for power production has also
been a topic of increasing intere&TT, CMA and its subsidiary CMA Ships and DNV GL (2015),
jointly studied the technical design and econofeasibility for an electricdriven 20000 TEU ULCV
container ship to utilise an LN€ielled combined cycle gas an@ain tubine (COGAS) power plant

The study concluded with LNG fuelled COGAS power generation as the most efficient and
economical way of converting fu@ito mechanical power or electricity, as they can achieve overall

efficiencies and power to weight ratios far beyond traditional diesel engines

According to | MOb&s o Globaldrtegrated Glippiagblafaneatioro $ystesnh i p s
GISIS), there aré33 RoPax ferries of more than 10000 gross tonnage (GT) currently in service, but
only 44.2% and 19.1% of them were built after 1996 and 2006, respectively. These numbers suggest
that the majority of the global fleet of RoPax ferries are old, and weredbudl time with low oll

prices and little focus on the environméehtese figures along with risinginterestin global warming

and climate change issydsave encourage a new generation of environmentally friendly RoPax

ferries.
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With this in mind, his studypresentsa new design of an environmentally friendly RoPax fely
combiningCAD and CFD software packagebhis aim was achievethroughcreating a new ferry
designwith a selection ofgreen pwver plant configuratiors to propel the ferry. &ly nonlinear
unsteady Reynoldaveraged Navier Stokes (RANS) simulations were carried out to obtain the ship
resistance versus speed curve of the vessel t o
consumption and emissions for a range of forwgekds. Using the results obtained from CFD, three
different power plant configurations for the ferry were investigated and the emissions for each
individual power plant installation were predicted based on a predetermined operational s@enario.

the best of our knowledge, no specific study exists which aims to investigate the possible benefits for a
RoPax ferry to utilise a combination of two of the most environmentally friendly power configurations

T a hybrid version of LNG fuelled COGAS powgeneration systenThis study therefore may be
useful to understanithe operational emissioms the above power generation system by comparing its
emissions to those from other power plant configurations installed on the samdrfeaddition,

during ou literature review (given in sukection 2.1), it was sedhat althoughsignificant previous
research has investigdtthe motions, resistance and added resistance of a ship usingnGREpecific

study exists which aims tirectly estimatéhe GHG emisions of the vessel due to its operation using

a CFDbased RANS technique.

1.1 Atypical shipdesign process

The design processlopted in this study, aimirtigwards obtaining vessel withreducedemissiors, is
depicted inFigure 1. The goal of the desigprocess is to reduce the operational emissions by

designing a ship that is compact and can carry many vehicles ssehpars relative to its size.

Optimise : Smaller

. Lighter and Decreased Smaller power o

internal ; underwater part " : Less emissions
arrangement compact ship of the hull resistance requirements

Figure 1 Reduced emissions by hull optimisation

The key to obtairlower operational emissions by design optimisation is to optimise the internal
arrangement of the ship in sualvay that the shippecomes lighter and more compact. It is important

that the ship maintains its cargo capacity during this process, which in this case is passengers and
vehicles.This in turn causes a reduction in total resistance and hence less power requirements and

therdore lower emissions.

CAD and CFD softwargackages & importantdesigntools implementedn this part of the study
The CAD software will be used to desigrslaip geometrythat will thenbe importedinto the CFD
softwarewhich will be used to measure thesistance characteristics of the vessel against sphid

will then enable determination dfie powelwvs speedaurve of the vessel in question
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On the basis of the CAD model, a general arrangement (GA) drawing specifying the passenger and
vehicle capeity will be developed. A comparison of similar vessels in terms of capacity and power
requirements will be used as a basis to measurgettiermance of the new ship geometry developed

in this paper

1.2 Green power plant selection

The goal of the powegslant selection is to reduce the emissions ofttip. This means that the power
plant needs to be efficient aryield relatively small emissions per kWiower output It is worth
noting that the power plant needs to be able to fulfil the IMO MARPOL Anvieemission criteria
(IMO, 2014).

The power plant selection @ great importanca order to reduce the overall emissidrean the ship
Whereas the shigeometrydetermines how much power requiredto propel the vessethe power
plant selection determingbe level of emissionper power unit used. This papeill focus on new
powe plant technology and the usé alternative types of fuel in order formulatea power plant

configuration that is purposely designed feduced emissions.

The power vs speed curve obtained from the CFD analyses will be the basis of the power plant
selection. Multiple power plants will be compared to each other in order to make a validated selection,

and emission calculations will be theaim factor for the final power plant selection.

This paper is organised as follows. Section 2 gives a brief literature review on emissions and CFD
studies orhull optimisation Afterwards, the main dimensions of the ship and the properties of the
other @mparison cases are given. Following thiie numerical setup of the CFD model is presented.
Then, all of the results from this work are discussed in detail. Finally, a brief summary of the main

results from this work are provided in Sectlband suggdons are made for future study.

2. Background

RoPax ferries are a combination of RoRo ferries and passenger ferries. RoRo ferries are built for
transporting vehicles hat can A r ivHereas passemyar fenrias bre buidt for transporting
passengers. As a RoPax ferry is a combination of the two, they are designed to transport both vehicles
and passengers. According to ShipPax, RoPax ferries transported more than 1.3 billion passkngers an

217.5 million vehicles on 5.9 million global crossings in 2Q@0dgkas and Pratikakis, 2012).

2.1 Literature survey

As stated in Tezdogan et al. (2016), CF@2 ommonly usedlesign toolamong naval architestind
marine engineerslue to its significanidvantageover potential flow theory based method$e

application of such techniques to determine the performandebehaviouof ships allove designers
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to assess hydrodynamic performance at the early design stage enabling any necessary coioective act
to be taken before the ship &ctually built. Tezdgan et al. (2015) reviewed the latest CFD

applications in the marine indusirythe literature reviewgectionof their article

There are manyCFD studies on ship hull optimisatioffo cite an examnlp from the published
literature Percievelet al. (2001) carried out a study in order to optimise a hull form for minimum
calmwaterresistanceuisinga CFD method. Campana et al. (20@6ed CFD analysis to optimise the

bow shape of a ship huBesnarcet al. (2007) carried out a study on hull shape optimisation of a fast
ship using CFD and structural analy#sound the same time, Vyselaar et al. (20Diestigatedhe

effect of parabolic bulbs on ship resistance. They appliegatebolsationtechrique to a higkspeed

NPL trimaran. In their study they used a Rankine source panel method to obtain themakaveg
resistance and a RANS solver together with an Integral Boundary Layer solver to predict the viscous
drag of the trimaran. Their numericalstdts supported by experimental studies showed that the
trimaran hull withappendedarabolic side bulbs reduced the total resistdoyoagp to 6%.Following

this, He et al. (2011pdopted metamodeling to a multidisciplinary design optimisation process of a
ship hull from resistance, seakeeping and manoeuvring standpairiteeir ship hull optimisation
process theyised the FLUENT software as a RANS solver to pratietresistance of a vessel. They
developed an automated process to run the CFD simdati@nrelativelyshorttime. Later,Guo et al

(2013) investigated the resistance and wave pattern of the KVLCC2 ship by conducting a series of
numerical and experimental studid$ey used the ISKEFD tol, developed by EMN, to solvhe

RANS equations. In their study, they focused on resistance digirialong the ship hull which wga
divided into three segmenfBhey also performed a verification study and compared their CFD results

to those from experiments they conducted at MMREK.

A CFD method is extensively used in many research studies aiming to reduce total resistance for more
efficient vessels. For examplkjim et al. (2014)ecently emphasised the importancethaf accurate
prediction of ship resistance and added restsgtadue to waves for accurate calculation of an Energy
Efficiency Design Index (EEDI). In their study thpgrformed a numerical study to predict the added
resistance of a KCS model advancing in regular head seas using CFD. They reported that their
simulaion results agree well with the existing experimental datdlowing this Tezdogan et al.

(2015) performed CFD simulations to obtain the added resistance ofsadldl KCS model in head

seas for typical design and representative slow steaming sfdeysused StaCCM+ as a RANS

solver and revealed the benefits of applying a slow steaming approach as a means of reducing fuel
consumption. However, in their study they did not directly calculate the operational emissions from
their vessel in questiomstead comparinghe hydrodynamic performance of the KCS model under

two forward speed conditionMore recently Mizzi et al. (2017)proposeda numerical approach for
optimisation of a Propeller Boss Cap Fins (PBCF) usimggh fidelity CFDbased RANSmethod

Their results indicated a net energy efficiency improvement of 1.3% that can lead to substantial
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reduction of cost and energy consumption. The study also clearly indicated that the best design
candidate produced a weakened hub vortex presentingioadtl benefits for this retrofitting
technology Around a similar time, a research group from the University of Strathclyde, Glasgow as
reported in Demirel et al. (2017), proposed a fully nonlinear -6&8ed unsteady RANS method to
model the roughnessfetts of marine coatings and biofouling on the resistance of -adalé ship

hull. Their approach can be regarded as an alternative method to the traditional similarity law scaling
procedure, which uses the flat plate approddteir analyses stated thalue to heavy slime fouling

the increase in the effective power of the-Rdhle KCS model could be up to 38% at the ship design
speed (24 knots).

CFD simulations have also been used to study different engineering options fofuelaaticient

ships. r example, Hochkirch and Bertram (2010) summarised technical leveess¢ofigel and

reduce emissions froghips.In addition Kilpinen (2010)developed an accurate and complete €FD
based marine diesel engine modelltogpredict NO emissions from a diésagine.More recently,

Ammar and Farag (2016) numerically studied the combustion and emission characteristics of syngas
fuel in marine gas turbines. They performed their analyses using the ANSYS FLUENT software under
various operational conditions. Thalso compared the GOCO and NO emissions from syngas and

natural gas fuel combustion.

Today, Heavy Fuel Qil (HFO) remains the most popular fuelling option for ship propulsion,
harnessing itpotentialin diesel engines due to their high thermal efficiettowever, diesel engines

are not the optimal solution considering the emissions they expel, a factor subject to exceeding
scrutiny, and one which forms the basis for the diversification of marine fuelling current underway.
These factors have led the ghiipy industry to question whether this present mode of ship propulsion

is sustainable, where increases to both operating costs and emission volumes have forced the industry
to look for ways to innovate, implement and improve current propulsion methaoisieinto benefit

the environment.

There are various power placgnfigurations that can be utilisedepending on the requirements of the

ship. The following sections will introduce the different configurations that have been considered in

this study.

2.2 Conventional propulsion configurations

Conventional propulsion configurations are the most commonly asexifor RoPax ferries, as they
are cheap and easy to install. However, itinslecidedwhether they are the best option for RoPax

vessels, as theyakie a fluctuating service pattern in terms of speed and power usage.
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Figure 2 Conventional propulsion system (ABB, 2014)

Conventional propulsion configuratignas illustrated irFigure 2, generally use one or more large

main engines that are connected directly to the aft propellers via a gearbox.-Dbardrmelectricity

usage is produced by a shaft generator (SG) or ayxijjanerators. The configuration has a good
efficiency when operating at service load, as the main engine runs on agvolaltions per minute

(rpm) and brake specific fuel consumption (BSFC) within these circumstances. However, it is when
the vessel appaches the potthat this configurationdisplaysits weaknesses. The sailing speed is
obtainedby adjusting the rpm of the main engine. As a consequence of the rpm adjustment, the engine
operates outside of its optimal rpm and BSFC region, which resuhsrieased emissions when the
vessel is in the port. The smaller auxiliary generators that may be used while in the port are generally
less efficient than bigger engines, which contributes to poor performance in terms of emissions while

the vessel is in thport.

Anotherdrawbackof this configuration is the mechanical connection (shaft) between the main engine
and the propellers, which takes aiparge spaceA single engine failure in this configuration can cause

partial or fullpower shutdown.

2.3 Electric propulsion configurations
Electric propulsion systems are becoming more common, especially in the offshore industry. This is

due to the highly flexible service pattern that this configuration offers.
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often not needed (3)

Figure 3 General configuration of diesetelectric propulsion plant (MAN Diesel n.d.)

Table 1 Legend simmary of Figure 3 (MAN Diesel, n.d.)

Item Contents

Gensts: Diesel engines + alternators
Main switchboards

Supply transformer (optional)
Frequency converters

Electric propulsion motors
Gearboxes (optional)

Propellers

N[OOI WIN(EF

Rather than having a few large mangines, this configuratiomcludesmore, but smaller, main
engines that are directly connected to a generator, commonly referred to as gensets. @hd type
number of main engines is determindgpending on the design criteria of the ship. The focus in this
study will be on diesel engines and liquefied natural gas (LNG) fuelled turbines to be used as main

engines.

The gensets have ospecificjob onlyi to produce electricity. The propellers are driven by electric
motors, which are powered by the electricity produced by the gensets. This means that the mechanical
power produced by the main engines is converted into electrical power, and then back tuaalecha
power to rotate the propellers. ASgure 3 shows, there are many components between the main
engines and the propellers to support this conmer$ihe numbered items IRigure3 are explained in
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Tablel. It is not relevant to this studgp delve deeper into thedenical details of all theomponents

involved, but it is important to understand the overall functionality of the configuration.

The switchboard is the heart of the configuration, as eveiyoand electric unit is connected to it.

The switchboard alsocts like the brain of the configuration, signalling the gensets to start or stop
depending on how much power is nheeded at a given time. This means that the configuration regulates
the sailing speed by adjusting the number of simultaneously running geatketsthan adjusting the

rpm of the engines. This allows the gensets to operate at their optimal rpm and BSFC most of the time.

Because the gensets and propulsion units are connected via electrical wires, they can be installed
almost everywhere in the igh allowing a more flexible design. The configuration is also a lot more
reliable as the power output will not be extensively affected by the failure of a main engine.

Because there are more components involved, the overall efficiency may be loweprtitan f

conventional configuration3.ypical loses in a diesetlectric propulsion plant are shownHigure4.

Main Supply | Frequency E- Propulsion

Generator Switchboard Transformer Converter Motor ’
3% |j> 0,2% |> 1% |> 1,5% I-J‘> 3% -4%
) nat applicable if e.g. *) Synchronous: 3%

converters with Active Induction: 4%
Front End are used

100%
Engine
Power (Pg)

Water 2.9%
Water 1.5%

Heat losses

Figure 4 Efficiencies in dieselelectric plants (MAN Diese| n.d.)
2.4 Hybrid configurations

Hybrid configurations utilise the same components as the electric propulsion configurations, but
batteries are also added to the circuit. The batteries are charged by the gensets in order to store energy
that can be used to cover short periods of time wddra large or small amounts of powae

required.

This configuratioralsoallows the ship to operate solely on electricity for short periods, which can be
very beneficial in terms of emissions, especially when the ship is operating in or near the port.

2.5Emission of Greenhouse Gases (GHG)

A report bythe IMO shows that the international shipping industry emitted 2.2%, 30% and 9% of the
global CQ, NO and SQ emissions, respectively, in 20O, 2014) In order to control gaseous

emissions and airgllution as well ago reduce the environmental impact of the maritime industry,
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several international and national regulatory bodies sucthea#MO, European Maritime Safety
Agency EMSA) and Environmenal Protection Authority EPA) have suggested a number of
regulations to restrict the nayjreenhouse gaseous emissions including Ai@ SQ as well as the
greenhouse gaseous emissjgreticularly CQ, as reported in IMOZ014), EMSA (2015) and EPA
(2010.

Sincethe container ship sdor ha relatively large shipssailing at comparatively high speeds which
causeshigh fuel consmption, most of the current efts to decrease CQOemissions from global
shipping are focused on container shiperbett et al. (2009) introduced slowserationakpeeds in
practice referr ed, whioh has sbeerd shbvatov sigsificamtly mmeduncg duel
consumption an@missionsLater, Lindstad and Sandaas (2016) carried out a stadwan offshore
support vessel to investigate potent@misson and fuel consumption reductions through the
introduction of hybrid technologies by taking advantage of their climate mitigation potential. They
used four different fuel and engine technologies each with a standard combustion engine and with a
hybrid arangement that included standard combustion engines with batteries in their study. Their
results showed that hybrid technologies reduce both fuel consumption and emissions and that the

climate impact of the emission reduction is much larger than thecfthettion alone.

As t hi s wotodesigs a RoBax fersy withsa particularly green power plant, the emissions of
greenhouse gases need to be analysed and calculated. There are many different GHG emitted during
the combustion of fuel and in orderdet accurate calculations of the emission of these, analyses from

the actual exhaust is needed. As these analyses are difficult to get holdsifjdhisas focused on a

few of the most important GHGuch a£O;, NGy, SQ, particulate matter (PM) ang/dirocarbons.

2.51 CO emissions
CO; emissions arise as the fuel is combusted, and thee@@sions are a direct function of the fuel
consumption. The amount of G@roduced is dependent on what kind of fuel is used in the

combustion process.

Consideringglobal differences in population, economy, lams® and agriculturea large number of
scenarios were developed and modelled the IMO for the UN IPCC (United Nations
Intergovernmental Panel on Climate Change) in order to determine the expected cha@@es i
emissions from shipping from 2007 to 2050 (IMZD09).

As reported in Pike et al. (2011the IMO hasintendedto improve the shipping sectérsarbon
footprint by introducing theEnergy Efficiency Design IndexEEDI), the Energy Efficiency
Operational Indicator (EEOI) and Ship Energy Efficiency Management FB&ENIPD. These
measures are in forde facilitate the reduction of C@emissions, as well as the energy efficiency and

fuel consumption throughout a sBspoperating lifespams discussed in Theotokatos arntkzelepis
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(2015) The EEDI was madmandatoryfor new shipsand its standards will be tightened every 5 years
from 2015 to 2030 as detailedRigure5.

Regulations EEDI requires Mew ships Mew ships Mew ships
enter into force new ships to must improve must improve must improve
for over 94% meet agreed efficiency 10% efficiency up efficiency 30%
of world fleet efficiency targets to 20%
Ship Energy 20% CO, 50% €O,
Efficiency reduction per reduction per
Management tonne/km tonne/km
Plan (SEEMP): (industry goal) (industry goal)
mandatory
implementation
for all ships

2013 —>» 2015 —>» 2020 —>» 2025 —» 2030 —>»= — 2050

Figure 5 EEDI: MARPOL Annex VI, CO 2 Limits (IMO, 2012, ICS, 2014.

2.5.2 NQ emissions

NOy is the general term for the different types of gasesabaiprisea mix of nitrogen and oxygen.
Two of the most common gases that occur from this andnitric oxide (NO) and nitrogedioxide
(NOy). The amount of NOproduced is dependent on the engine, but can be mechanically limited by

the usage of external equipmemt the engine, such as selective catalytic reduction units (SRC).

NOx emission limits were sdiy the IMOfor diesel engineagainstthe engine maximum operating
speed (n [rpm]Ras jointlyshown inTable2 andFigure6. It should be mentioned thater 1l level can

only be applied iremisson control areas (ECAs) whilst Tier | and Tieatk inforceglobally.

Tier|

Tier Il (Global)

NOx Limit, g/kWh

o —— Tier lll (NOx Emission Control Areas)

U T T T T T T T T T T
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200

Rated Engine Speed, rpm

Figure 6 NOx emission limits according to MARPOL Annex VI(IMO, 2014)
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Table 2 MARPOL Annex VI NOx Emission Limits (IMO, 2014)

NOx Limit, g/kWh

Tier Date | n<130 | 1300n <2000 | n 2000
Tier | 2000 17.0 45 . 02 9.80
Tier I | 2011 14.4 44, 023 7.70
Tier Il | 2016 3.4 9 . o2 1.96

2.5.3 SQ emissions

SO is the generic termsedfor different kinds of oxides of sir that occur during the combustion
process. The amount of emissions of this pollutant is highly dependent on the fuel type used. The
emission of SQcan therefore be limited by selectingual with lower amounts of sulf in it, but can

also be limited byinstalling external equipment that cleans the exhaust from the engines, such as
scrubbergAmerican Berau of Shipping, 2015)

In order to reduce the global g&missions from the marine industtiie IMO has set limitations on
sulfur content in the fuel in the MARPOL Annex VI standafsiseFigure?).

1 Global

Sulfur, %

SOx ECA

2000 2005 2010 2015 2020 2025

Year

Figure 7 Fuel sulfur limits according to MARPOL Annex VI (IMO, 2014)

2.5.4 Particulate matter (PM) emissions

PM emissions are a mix of solid and liquid particles that are emitted with the exhaust. The magnitude
of PM emissions is a function of the fuel consumption andstifar content in the fuel. In the same

way as SGQ PM emissions can be limited by using fuels with a sml¥ur content Depending on the

size of the particles, PM can aJ$o some extende limitedby the usef external equipment to clean

the exhaust, st as scrubber@merican Berau of Shipping, 2015)

MARPOL Annex VI indirectly aims to reduce the emission of ByMlimiting the content of sulir in

the fuel, as shown iRigure?.
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2.5.5 Hydrocarbon emissions

Hydrocarbon (HC) emission occurs when unburned or partly burned (slip) fuel is released with the
exhaust and into the atmosphere. Tdtisdywill focus on one spsfic type of hydrocarbonnamely
methane (Chk). Preventing methane slip can be challenging, but some scrubbers can limit the
emissions. Selecting other typéenginesvhich burnthe methane more efficiently, suab turbines,

can also limit the H@missions.

3. Numerical setup

Up to this section, this paper has provided a background to this study and has given an introduction to
the work. The fdbwing section will presentletails of the numerical model of tiRoPax ferryand

will discuss theCFD sinulations used in this study.

3.1Hull Modelling

Although most of the RAN$esistanceimulations were performead themodel scale, Hochkircand
Mallol (2013) reportedhat model scale flows and fitdcale flows can be different due to scale effects.
They indicated that these discrepanciésm fromdifferent boundary layers, flow separation, and
wave breakingln their paperHochkirch and Mallol (2013%howed theimportance of modelling at
the full-scale using a large number of examplésr this reasonin this studya full-scale ship
geometry was modelledsing the Maxsurf Modeller CAD toal The main design parameters of the

hull are shown imable3.

Table 3 The main particulars of the ferry

Item Value
Overall length (loa) 150m
Lengthof waterline(Lw) 150m
Beamat waterline (B.) 24m
Design draft (T) 55m
Depth(D) 7.5m
Block coefficient (@) 0.643
Longitudinal Centre of Gravity (LCG) (from aft peak) | 77m
Vertical Centre of Gravity (VCG) 3.5m
Moment of inertia (K« /B) 0.4
Moment of inertia (Ky /Lwi, Kzz /Lwi) 0.25

At this early design stagbé hull was modelled withodiiow thrusters or aft propellersometricand

sideviews of the model obtained from Maxsurf gieen inFigures8 and 9, respectively.
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Figure 8 Isometric view of the model obtained from Maxsurf

Figure 9 Side view of the model obtained from Maxsurf

3.11 Wave piercing bow

As shown inFigure 10, the bowwas designed with a wave piercing bow which airasréduce the

wave resistance by piercing through the waves, rather than pushing them awagal$o designed to

be vertical, with a relatively small flare angle that reduces the amount of reserve buoyancy at the bow.
The lack of reserve buoyancy prevents the vessel from reacting with trim motions when penetrating

the waves.

Figure 10 The wave piercing bowof the vessk
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3.12 Flat stern
The sternvasmodelled to be flaas given inFigure 11. Thiswasdue to the rekavely small draft of
5.5 metres which leaves little space for the aft propellers. It was therefore considered that three

propellers were needed in orderotatainenough power for propulsion.

Figure 11 The Flat stern

3.2 CFDmodelling

In this study, an unsteady RANS approach is applied using the commercial CFD softw&€I8tar
version11.0.2, which was developed by &lapco (2016). Additionally, the supercomputer facilities
at the University of Strathclyddave been utilised to allow much faster and more complex
simulations CFD simulations were performed at five different sjge€b, 18, 20, 22 and 24 knotk)is

also worth mentioning that in order to simulate realistic ship behaviour, the model wast dise

trim and sink utilising a Dynamic Fluid Body Interaction (DFBI) model.

3.2.1Physics modelling

The turbulence model selected in this study was a standdrd kmno d e | which has be
used for industrial applications (GBRdapco, 2016)Also, Querard et al. (2008) note that thé&)k

model is quite economical in terms of CPU time, compared to, for example, the SST turbulence
model, which increases the required CPU time by nearly 25%.thek ur bul ence model h
used in many othestudies performed in the same arsach as Kim and Lee (2011nge et al.

(2010) and Tezdogan et al. (2015, 2016).

3.2.2Choice of the timstep

The Courant number (CFL), which is the ratio of the physical time gpdo(the mesh convection
time scée, relates the mesh cell dimensignto the mesh flow spedd as given below:
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CFL=—— @
Dx

The Courant number is typically calculated for each cell and should be less thgnabrto 1 for

numerical stability.

Often, in implicit unsteady simulations, the time step is determined by the flow properties, rather than

the Courant numberAccording to the International Towing Tank Conference (ITdG) r el at ed
guideline, the timestep forresistancesimulations incalm waters formulatedasgpt =0. 005 ~ 0. 01
where L is the length of the ship model and U is the ship sp€&€, 2011) In this work the time

step was sel e®lt/éd t o be @t=0.00

The maximum numdr of inner iteratias per timestep was set to 10. This number was considered to
be enough for the purpose of tlsisidy, as the computational time increases rapidly when increasing
the maxinum number of inner iterationks.is also worth noting that a firgtrder temporal scheme was
applied to discretise the unsteady term in the N&®iekes equationsThe stopping criteria ofhe
simulations was set to 00 physical secondandvisual convergence lasting more thanm@sical
seconds.

3.23 Computational domain

In all CFD work, the initial and boundary conditions must be selected carefully in order to obtain
accurate results within reasonable computational .tifer resistance simulationd TC (2011)
recommends thahe inlet boundary should be positione@lsr away from the hull whilsthe outlet

should be located-8Lgr downstream in order to prevent any wave reflection from the walls. The
dimensions used in this study meeselected based anh e | TTC6s recommendati on
pieces ofprevious work summarised rable4. The locations of the boundariappliedi n t hi s wor k

CFD nodelling are depicted iRigure12.

Table 4 The locations of the boundaries in similar previous studie€Tezdogan et al., 2015)

Directions
Reference Upstream | Downstream Up Bottom | Transverse
Shen and Wan (2(21 1lgp 4] gp 1lgp 1lgp 1.5 gp
Ozdemir et al. (2014) 2Lgp 3Lep 2Lgp 2Lgp 2Lgp
Simonsen et al. (2013) 0.6Lgp 2L gp N/A N/A 1.9,
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Figure 12 Computational domain dimensions(L: length between perpendiculary

3.2.4 Boundary conditions

In order to obtain accurate and realistic results, it is important that the boundary conditions are set
correctly. A general view of th computation domain with theoPaxmodel and the notations of
selected boundary conditions are depictefFigure 13. In order to reduce computationdémand, a
symmetry plane was applied the centreline of the hull, meaning only half of thé lupresentedn

the analysisFigure 13 describestat a velocity inlet boundary condition was set in the upstream
direction. A pressure outleboundary was modelled behind the ship as it prevents backflow from
occurring and keeps static pressure constant at the.duketop and bottom boundaries weothbset

as velocity inlets. Two sides of the domain have a symmetry boundary condition. Sthesk
boundary conditions wereelectedbecausethey were reported to give the quickest solutions for
similar work performedusingthe StarCCM+ software(CD-Adapco, 2016)As clearly explained in
Tezdogan et al. (2015he employmentf the velocity inlet boundary condition at the top &@attom
prevents thelfiid from sticking to the wallslt should be noted thahé top, bottom and side

boundaries cdd have beemodelledas a slipwall boundary condition.

It is worth noting that throughout all the simulations, in order to prevent wave reflection from the
boundaries, the VOF wave damping capability of -&@@M+ was adopted to the computational
domain wth a damping length equal to a ship length. This nhumerical damping model was used in
downstream and transverse directioRer the theory background of the wave damping model

reference may be made@woi and Yoon (2009).
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Figure 13 Domain boundary conditions

3.2.5Mesh generation

By specifying the surface mesh, volume mesh and the optional prism layer mesh settifg€NGtar
offers anautomatic meshing facilityThis feature allows the user to enhance a finer mesh around areas
where important flow features are expected to qgdmyicreating volumetricontrol areasln this case,
volumetric refinements were set up around the, lsltégand thefree surface as well as in the wake
produced by the vesselThe mesh generation appmliefor resistance simulation resulted in a
computatiomal mesh of circa 4.75 million cells in totdfigure 14 shows a cross sectional view of the
volume meshgenerated inside the domaind Figure 15 displays the surface mesh on the hull with

skegs.
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Figure 14 A crosssection of he computational mesh around the vessel

Figure 15 A view of the surface mesh on the ship hulith skegs

4. Resultsand discussion

The design of the RoPax ferry features nine decks, with a total of 306 cabins and a passenger capacity
of 1400 divided over three accommodation decks. The total length of the vehicle lanes is 1950 m (lane
meters), divided over three vehicle decks. Theeethree different cabin moduléssingle cabin,

couples cabin and family cabin.

The following section will outline the results achieved during the research. This section is divided into
six parts, eachooking into different aspects of our results. Befgmroceeding to assess the obtained
results, it is first necessary to undertake a proper verification study to asseS¥the model 0 s
uncertainty. A similar verification study was algerformed byTezdogn et al. (2016), in which the

heave and pitch motignof a large tanker model were predicted in shallow water areas utilising Star
CCM+.
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4.1 Verification study
The CF D venfeatidntady was undertaken to estimate the discretisation errors due-to grid
size and timestep resolutions for the resistance simulation at 24 knots. It is expected that the

numerical uncertainties for the other cases are of the same order.

Xing and Stern (2010) state that the Richardson extrapolation (RE) method (1911) is the basis for
existing quantitative numerical error/uncertainty estimates forsit@e convergence and gisgacing.

With this method, the error is expanded in a power seriéls jimteger powers of gridpacing or time

step taken as a finite sum. Commonly, only the first term of the series will be retained, assuming that
the solutions lie in the asymptotic range. This practice generatescalles gridtriplet study.

R o a ¢ h@98) grid convergence index (GCI) is useful for estimating uncertainties arising frem grid
spacingandtime t ep err or s. Roacheds GCI is recommended
Mechanical Engineers (ASME) (Celik et al., 2008) and the Amerioatitute of Aeronautics and
Astronautics (AIAA) (Cosner et al., 2006).

For predictingiterative errors, the procedure derived by Roy and Blottner (2001empkyed The
results obtained from these calculations suggest that the iterative errors féorbetboefficients are

equal to almost zero.

Grid-spacing and timstep convergence studies were carried out following the GCI method described
in Celik et al. (2008). The convergence studies were performed with triple solutions using
systematically refing@ gridspacing or timesteps. For example, the grid convergence study was
conducted using three calculations in which the grid size was systematically coarsened in all directions
whilst keeping all other input parameters (such as-step) constant. Theesh convergence analysis

was carried out with the smallest tiratep, whereas the tinmep convergence analysis was carried

out with the finest grid size.

To assess the convergence condition, the convergence rgtis (Red, as given by:

e
Rk - k21 (2)
ek32
wh e rees il a n de= (-l are the differences between medifine and coarsenedium
sol uti oms k@ rmadsddréspond to the solutions with fine, mediumdacoarse input
parameters, respectively. The subscript k refers to'thiagut parameter (i.e. grigize or timestep)
(Stern et al., 2006).

Four typical convergence conditions may be seen: (i) monotonic convergence<iD<Ri)
oscillatory convergere (R<0; |R(<1), (iii) monotonic divergence (Rk>1), and (iv) oscillatory
divergence (KO0; |R(>1). For diverging conditions (iii) and (iv), neither error nor uncertainty can be

assessed (Stern et al., 2006). For convergence conditions, the generalineethié is applied to
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predict the error and ordef-accuracy [f) for the selected "k input parameter. For a constant

refinement ratior), px can be calculated by:

In(e.,/
= ( k32 (D) A3)
In(r,)
Theextrapolated values can be calculated from Celik et al. (2008).
felet = (rkp f - 2Y/ (rkp 1') (4)

The approximate relative error and extrapolated relative error can then be calculated using Efjuations

ande6, respectively (Celik et al., 2008):

21 _ f1 - {
& 7. ©)
21 _|fou"
Gt = F2 [‘ (6)
Finally, the finegrid convergence index is predicted by:
Goiz =12% ™
re-1

It should be borne in mind that Equatidsg are valid for a constamt value. Reference can be made
to Celik et al. (2008) for the formulae valid for a pomstant refinement ratio. The notation style of

this reference was used in this study in order to enable the verification results to be presented clearly.

For both the rashspacing and timstep convergence studies, a constant refinementadtio w2
chosen in this study. It is of importance to mention that during the mesh convergence study, the
surface mesh properties on tt@p surfacevere kept constant to modekthull geometryaccurately.

Based on the mesh refinement ratio which was applied, the final mesh numbers for each mesh
configuration are listed iTable5. Similarly, the timestep convergence study was conducted with

triple solutions using systematically lessened istaps, starting fropt =0. 0075 L/ U
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Table 5. The final cell numbers for each mesh configuration as a result of the mesh convergence study

Mesh Configuration | Total cell number
Fine 4,753,289
Medium 2,988,720
Coarse 1,740,213

The verification parameters of thesistancdor the grid spacing and tirrgtep convergencstudies
are presented in Tabée

Table 6. Grid and time-stepconvergence studiefor ship hull resistance

Grid convergence Time-step convergence
Total hull resistance (i} | Total hull resistance (i}
(with monotonic (with monotonic
convergence convergence

r az2 az2

1 1628.5 kN 1628.5 kN

G2 1563.8 kN 1549.4 kN

Us 1446.1 kN 1415.3 kN

R 0.550 0.589

p 1.727 1.523

Gex® 1707.5 kN 1742.26 kN

e 3.97% 4.86%

Eextt 4.63% 6.53%

GCline?! | 6.06% 8.73%

As can be seen from Talfietheresistance results tend to decrease monotonically as the grid er time
step resolutions are systematically lessened|&ueds of uncertainty wergdeemed to be sufficient for
this study The numerical uncertainties in the fingsid solution forgrid and timestep convergence
testsare predicted a6.08%6 and8.73%, respectively. It can be interpreted tlhasmaller timestep
resolutionshould be applietb obtain a smaller uncertaintyvi.

4.2 Ship comparison and internal arrangement optimisation analysis

This section will compare the ship in question with similar shipgh currently are in servicevith
approximately the same size andpacity The capacity will be compared in terms of passenger
capacity and lane meters. The block coefficient is not included in the comparison, because this
parameter tends to be difficult to obtain. As each ship is designed for its own purposes and exact
specifications tend to be confidential, a direct comparison is not possible. The comparison is done in
order to validate that the design carried out in #tiglyis within reasonable limitsTable 7 shows

some of the maiparticularsof three similar RoPax ferries. The bottom row of the table represents the

difference from the average values of the three comparison ships.
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Table 7 Ship main design parameter comparison. Sources: MS Mega Express Fou€orsica Ferries, MS Calais
Seaways DFDS Seaways and MS Stena Sag&tena Line.

Name Loa (M) B(m) | T (m) | Passenger capacity | Lane meters (m)
MS Mega Express Fou| 173.9 2400 | 6.41 1400 1850
MS Calais Seaways 165.00 2600 | 6.30 1100 1784
MS Stena Saga 165.9 2840 | 6.8 2000 1800
This study{ 15000 2400 | 550 1400 1950
Relative difference (%)| -10.71 -8.16 | -15.43 -6.67 7.66

The comparison shows that the vessel has succedsédty designed to be smaller and more compact
in terms of length, breadth and draft. The comparison also shows that the internal arrangement of the
vessel has been designed with a high capacity in terms of lane meters, but the capacity of passengers

is, however, lower than the averaggtbe ships in the comparison.

4 .3CFD results

The following subksection will aitline the CFD results achieved.

4.3.1 Ship resistance

The resistance characteristics of the ferry in calm watgy \{lere estimateat various speeslusing

CFD. The resistance values were calculated by taking the average of the drag values over the last 30
seconds of a time history recoithese figures are obtainedhderan idealised trial condition which

refers to a clean hull and whiceglects waves and winds. However in ndreeavice conditions the

power required to propel the vessel in a certain speed is higher than the one predintetticih
conditiors. This increase is commonly referreda s &6 sea mar gi nd .IBNC (200B8)o wer i n
defines t he p otheemargimwhichrshauld benaddadsto thie estimation of the speed
power relationship for a newly built ship in ideal weather conditions to allow for the operation of the
ship in realistic conditions . P o wargiris take into calculation environmental effects (such as
wind and waves) and the effects of ageing and fouling asasdtiull roughness. As stated in ITTC
(2005) atypical value fora powering margin can be taken to b&25% of the total hull resistece in

calm water.

In this studythe powering margin was takentobé&22as per the | TTCOsoursugges:
CFD simulations the hull was modelled without bow thrusters and propelleas,agtditional factor

must be added to account for thedsistance. A suggested biuber(2016) a margin of 2% per bow

thruster and propeller was addedthe powering margin which increased the powering mafgpm

22%to 26%.This means that the total hull resistance values obtained from the CFD simulatiens w

increased by 26% to account the real operational and environmental conditions.

The resistance characteristics of the ferry obtained under idealised trial con@ignand real
operational conditiongRy) are given inTable 8. Figure 16 shows the total ship resistance under

operational conditiongRr) over varyingship speed. As stated earlier, the CFD analyses were
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completed for 15, 18, 20, 22 and 24 knots, so the valegebn 1%notsand Oknots were simply

extrapolated.

Table 8 The resistance characteristics of the ferry in question obtained for trial and sea conditions for different speeds

Ship Ship resistance in calm| Total ship resistance in
speed | water (obtained from operational sea
(kn) CED) (Rn) (kN) conditions (Rr) (KN)
15 472.74 595.665
18 708.15 892.269
20 903.05 1137.843
22 1200.35 1512.441
24 1628.5 2051.910
Resistance vs Speed
2500
2000
= 1500
z /
1000 /
pd
500 //
/
//
0 —T |

Figure 16 The total resistance (R) values over a range of ship forward speeds

4.3.2 Pressure distribution

Visualising the pressure distributianr o u n d

4 6 8 10 12
V [knot]

14 15 18 20 22 24

t h & arsithpotanbtsol for navdl architecte

identify the areas where high pressure and therefore high stress is expeamtedrt8uch areas are

often prone to cragkg or collapsingand therefore must be supported with structural members. As can

be seen from the pressure distributeoom o u n d

t h @& Figuheslp andl8, theidow and skegs

experiencehe highest pressure valu#ispugh these pressurelwasare smaller than the yield strength

of marine hull steel.
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Figure 17 Pressure distribution on thes h i hulda 24 knots(a view from the bow)

Pressure (MPa)
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Figure 18 Pressure distribution on the vessel surface at 24 knofa view from the stern)

4.3.3 Wavepattern

As a ship sails througthe water, it generatewavesbehind iton thefree surfaceThis section will

showand comparéhe wave pattesobtained fronthe RANS solverat differentforward speeds

Figuresl9, 20 and21 show the global water pattearound the RoPax ferry after the simulations have
completedtheir runsat 15, 20 and 24nots, respectively. Theesultantwavelength andvave height

tend toincrease as thehipspeed increase$he generated Kelvin ¥kes behind the vessale clearly

visible inthesefigures due to a fine meseneratedn these areadt is notthisp a p e r @ $urthari m
investigatethe theory of the Kelvin Wakehough it isnecessaryo understand the basics of Tthe

Kelvin Wake consists of two main componeintsne divergent wave and one transverse wage.

Figure22s hows , the divergent waves are cr%andteed al on
ifeathery armso that create the vi stueatlvetathepear an
centreline of the shipThe transverse waves that are formed between the wake lines have a circular
shape with a diameter equalthe distance from the ship (Rozman, 2009).
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Figure 19 Calculated wave pattern behind the vesseht 15 knots

Figure 20 Calculated wave pattern behind the vesset 20 knots

Figure 21 Calculated wave pattern behind the vessedt 24 knots
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