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A NOVEL ENERGY -SAVING DEVICE FOR SHIPS GATE RUDDER
SYSTEM

SUMMARY

Intelligent use of energyis one of the mostimportantissuestoday. The increasing
needfor energyandthe decreasingraditionalenergyresourceiavelong agoshown
us that the use of renewableclean energy sourcesis essential.On the basis of

countries, it is obvious that the countries that dominate energy have a higher
potentialto existand preservetheir powerin the future comparedo othercountries.
On the otherhand,we haveonly one planetwherewe canlive for now, andit has
alreadysignalledglobal climatechange Consideringall these theimportanceof the
managemerdandefficiencyof cleanenergyresourcesanbeunderstoodHowever,it

is still not possible to use renewableenergy completely in most areas. Ship
transportationfor example continuesdts way usingfossil fuels. In this case our duty
asengineersshouldbe to useit most efficienty in the systemswe design,whether
theenergysourceis fossil or renewable.

Reducing fuel consumption on ships is possible by various methods. These can be
generalized as optimizing the hull design, decision of the main and auxiliary
machinery used in ship®llowing technological developments, not disrupting the
routine maintenarec and repair works on ships and planning them correctly, route
optimization and installing systems to improve ship propulsion efficieftoy.use of
systems to improve ship propulsion efficiency, which is the subject of this thesis
(energy savinglevices-ESD), has been seen as a very interesting saving method in
recent years due to the rules on the restriction of international emissions and due to
the increase in cost when fuel prices aomsidered In addition, the fact that the
energy efficiency index (EXI) of existing ships of the International Maritime
Organization (IMO) will enter into force in 2023 has made the retrofit applications of
energysaving systems quitgp to date

Energy conservation systems appendagesnostly staticsystems positionedin
front of the ship's propeller, in the same frame as/on the propeller, or after the
propeller. According to the working principles:

A Preventinghe flowseparation/improvingvake fieldquality
A Reducing or compensating rotational losses
A Reducinghubvortex losses

can be grouped as systems.

In this thesis, three different3bs on two different shgpwere investigated. The first
ship is a 7000 DWT chemical tanker that has been studied in the STREAMLINE
(European Union) project. In thship ( &= 1 6 dust)pagsitiomed in front of the
propeller and improving thénflow to the propeller and a stator positioned at the
same location, reducing rotational losses, sitgliedseparately. In this study, the
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parametricallyinvestigatedduct was generatedising the MARIN19A geometry and

the location, diameter,hord length are the parametars/estigated Due to the
restrictions imposed by the ship's stern form, it was decided that the position of the
duct should be 0.3P(Dp: propeller diameter) ahead of the propejidane. Nine
different ductswere obtained by changing the diameter of dnetto 0.7, 0.8 and
0.9D, and the bord length to 0.3, 0.4 and 0.pCNumerical studies were carried out

in StarCCM+ using the Computational Fluid Dynami€SHD) method. In the
calculations, thdree surfaceeffect is ignored and the calculation costrimimised

by using the double body' method. In the CFD study, the RANS equations are
solved usingthe SST7k t ur bul ence npouelelanalgS@arebare wat er
hull resistane analysesvere validated with the test results, and then the propulsion
analyses with and withoutluctswere performed using the MRF method. As a result

of the study, theluctwith a diameter of 0.9pand a bord length of 0.4Rincreased
thegeneral proplsive efficiency the most compared to the case withcduiet

The ESD, which was reviewed second on the same taukesé is the preswirl
stator (PSS). The anals were carried out using the RANS method and the S8T k
turbulence model, without taking into account the free surface effestsitor with a
diameter of 0.9p a dord length of 0.25pand a crossection of NACA0012,
which is also positioned 0.30orward of the propeller, has been developed. This
stator is designed as four blades in its initial state, and the stator hladesmed
port upper, portentra) portlower and starboard cemit Their angular positions are

315A, 270A, 2 zthdy Whredh %0 A wededme ward from

represents the upper blade tip of the propelleosition2 and 3are obtained by

rotating 15A and 30A clockwise from this

obtain Positiom. Firstly, the stator wainvestigated with 4 blades, without starboard
blade, starboard blade withe haltlength, and port without upper blade in Poskiion

1, and thegeneralpropulsie efficiency of the stator design without starboard blade
was found to give the best resultsmpared to the no stator casased orgp. The

study continued with the stator design without the starbolate andanalyzes were

also carried out for other angular blade positions (positions 2, 3 and 4). After it was
seen that Positions 1 and 2 gavelibst results, work was continued with Position 1,
which is theinitial position, and this time the stator desigmere obtained by

t

st

changing the pitch ang#ds 8did wielhe ®ixadng 1 efdr. o n

a result, it has been seen that théostaith a pitchangleof8 A gi ves t he best

in terms of efficiency compared to the case without a stator.

The second shipypeis a 2400 GT cargo ship. The hgtale vessel is available and

is in service in Japanese inland waters. A new energgeceation system called the
AGate Rudder o system has been studied on
is a propulsion unit consisting of twin rudders andider bladedocated aside
propeller. In this system, the rudder blades regulate the flohetpropeller, like a

large nozzle covering the propeller, while providing additional thrust to the thrust
produced by the propeller. In addition, the rudder blades can be controlled separately,
which increases the maeuvability of the ship. In this study, the GRS was
compared with the sister ship equipped with a conventional rigygeem(CRS).

The two vessels operate on similar routes in Japars@mdrial measuremergsults

are available for both. The results of rennal and experimental studies were
compared with the results of thigal.

The scale effect is a phenomenon that should be considered when determining the
performance oESDs. Efficiency and power values obtained from model scale tests

XXX

hi



or analyzes of EDs may differ orthe full-scale ship. For this reason, in this study,

two differentb5mod &32h7)haddudissale Shep were studied.

The resistance and pr opweb0.95were catriedsotaiten o f t
Japan.

However, tle model at this scale mmal, and another larger model was needed to
examine the performance of the GRS and to investigate the scale effect. In this case,
t he mo d=21.75wag pnodueed and the resistance, nomiake, propulsion

and flow visualisation experiments were carried out in Ata Nutku Ship Model
Testing Laboratory of Istanbul Technical University. Resistance tests were carried
out with the bare hullmodel andhe modelwith the conventional rudder. Theelf
propulsionexperiments were caed out withthe GRS and CRS. The same model
propeller was used in both rudder systems. In addition to these two model scales,
numerical analyzes of the fudcale ship were also carried out. In CFD studies,
RANS equations are solved by taking into accdbatfree surface effects and using

the SSTky t ur bul ence model . Since the effect
will be examined, the same mesh structure was used in all three scales. Since a large
number of cells would be required to provid&%y ona full-scale ship and the cost of

the solution would increase, the mesh \gaseratedvith y*>30 for all three scales.

In the model scales, resistance analyzes were performed for'bedlugs, buself
propulsionanalyses were performed only foi¥30. Propeller opefwater curves are

used to calculate propulsion efficiencies and hence power requirements.
Experimental opefwater curves are used for CRS, while results from CFD are used
for GRS. For this, the GRS system was analyzed as anveggen propekr and the
efficiency and power values of the GRS were calculated with the help of the curves
obtained from here.

To compare the results in different scales and to examine the effect of the scale on

the results, the results in the model scale were comvestéull scale. For this, the

1978 ITTC performanceredidion procedure was use@orrections were made in

the extrapolationto full scale by considering factors such as the boundary layer
thickness being relatively larger than the full scale, differemedriction resistances,

and surface roughness in the model scale. Thesdale results obtained were
compared with theeatriaime as ur eme nt r e s ux2ll.85 modeltesth e s h
results and the fultcale CFD results were compatible.
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GEMKLER K¢KN YENK ABHRR RENER B JSIKSYTHEM
GATE RUDDER SK S T E MK

¥ZET
Enerjinin akéllé kullanémé g¢é¢negmegzeéen en
i htiyacé ve azal an gel eneksel enerji k @
kaynakl arénén Kkull anéménén gerekl:| ol du’
bazendag émakél ed@erjiye hakim olan ¢l kel er
ol ma ve g¢-lerini koruma ©potansiyell eri
yandan kKkimdilik yakayabilecejimiz tek bi
deji ki klijJiendi .sihyml banl ar g°z °ne¢ne a
kaynakl arénén y°netiminin ve verimlilif7gi
al anda yenilenebilir enerjiyi tamamen Kk
t akémagélek] €,0 s inldrakyllankaeakyt aap €| maya dRBuvam ed
durumda m¢ghendi sl er ol arak g°revi mi z, en
tasarl adejéeméz sistemlerde onu en veriml]
Gemi |l erde yaket te¢gketiminimksoazdaghrt é Bmas ar -
g°vde dizaynénén optimum hale getiril mes
maki nal arén teknolojik gelikmelere uygun
ger - ekl ek toinrairléam ikkd ké@émni n ak s aatnéll amammaassée
rota optimizasyonu ve gemi sevk verimini
genel l enebilir. Bu tezin konusu ol an ge
kul | arnemenié¢ adgar r ufsisteslar)ul ag € a@amias we @ asrad reéenre m
keséetlanmasé ile il gild@i kurallar gereji
mal i yetin artmasé sebebiyl et aoar ryuéfl | yao rdt:
ol arak g°rAylrmdlatseldairrar asé Denizcilik ¥rg

gemilerin enerjnn( EEXI M| i 12i0j2i3 6 teekd gokd smearsléy, |
enerjit asarrufasi stag hlagreicre retrof it uygul amal
getirmi ktir.

Enerjit asar r uf wis tseanll eary,é c @ e mi per vainlesi ayné?®°
postadal/ pervane ¢(zerinde ya da pervane
statik durumdaolas k| ent i Il erdir. ¢al ékma prensipl e

T Akém ayr el maasleaée °kaleiytiesi/ni iyl l exktir
T D°nel kayéeplaré azalteéecé ya da tel afi
1T G°bek girdap kayéplaréné azalteéecé
sistemler olarak gruplandérélabilirler.

But ez - al & kma speamddkg -€ aeyreqd | i t agasstemf u s a
I ncel e emiekden birincisi STREAMLINE ( Avr upa pmBjesindei J i )
i ncel enmi K o | ila bir kim@a8ald tankeWlif. 6Bugemde ( =16 . 5)
pervanenin °ng¢ndve kpoemrwmnlneaenydé rgéell neénk a k é meé
veyine ayné |l okasyonda konuml andayréed meyr, é
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i ncel emBmi K4 alré kK ma d alarap ancedenea tnozulk MARIN19A

geometri si kul | anéll arkaaks y okord bayuaipeelermemu K t u r v
parametrelerdir. Ge mi k é- f o r mmaozolunn getir
konumunun pervane (Dgyg¢ zpleernvianndee n- abpleB)® skeandha r °n
karar veril miktir. N wezkardl hoyu da a3p @4 ve 0.5D, 0.8 ve
olacak kKkekilde dejiktirileNgkhediokuzal @aktkalean
Hesapl amal & Akéxkkanl ar Di nami J i ( HAD) y°n

programged- ekl Besapli amakarda, ser best SU Y ¢z
edil mi k @9 vwepey® -nit fetmi kull anél arak hesapl ama
edi |l mMHADiIi ral éeékmasénda R A N-8 denklbmhser mo&8IIm
kul |l an@lzgd anlkg Kt ¢pre.r vAnek asial i zI| er i ve model ir
yapélan analizleri, deney s omodalinhoauts&z i |l e ge- e

ve nozullu olarak sevk analizleMRF y°ntemi glulle&kh&lkanak | mi Kt
¢al ekmaneén Spo-naupcau n dyekordd hoyulx sahip olan nozulun,

nozul suz duruma g°r e sgefvrke lvnesrkitngirn i en -ok ar
Ayné tanker model i ¢ z e sistemd efirdapkstatortdur ol ar ak i
(PSS)Anal i zl er, serbest su y¢zey eeEISTI er i hesa
k¥ t¢rbel ans model i k u Buraaanyiné menvanénin .8Dr - ek | ekt i
°n¢egnegnde  ko,M9pt a paykerd byuna ve NACAO0012 kesitine

sahip bir stat ®8dmu e laitotri rbialknhiakntgiér- dur umund a
tasarl askheékevest kanat |, i skele alt kanat |, [
kanat ol arak adlantakéEbhagéestduoumbkadat!| ar &8¢
séral3eERNDA, 2R6di ve( ®d®mi keée- traféendan baka
pervane ¢st kanat ucumhar é@ée mailes alt mplizediyon
bakl angé- konumundan 15A ve 3@A vseaadt, yl°5nA; nd e
saat yen¢égnegn tersinadd dfdd Kfglkeé minlkcted es.t Rd Dir s
kanatl & ol ar ak, sancak kanat ol madan, sanca
i skel e ¢st k analtdé del mandcaen efond ikedyon ve sancak
stator tasar é@meénghma zgéemdeadz ssteavthkomVseur k@iyastfandé
en iy sonucu verdi i gor ¢l megkt gr . ¢al ék ma
tasaréméyla devam edil mi Kk ve (@mzisgohX |l er dijer
ve 4) i -in de ger-eklexktiril muktviemdi jJPiozi sy
g°r¢l d¢kten sonra, baklangé- konumu ol an Poz
ve bu sefbmnkkangélnaéefA dAaB®Akhataeal-rgéehiEd:e
dejiktirilerek elde edilen st a8rhattavsear éml a
a-éséna sahip statorun sevk veri mi a-éseéenda
verdiiji gor ¢l megktgr .

Kkincipi geme 2400 GEémmiskdbrr Kamg8l - ekl gemi
Japon i - sularéenda gemmee MmMEsmMmeskReddamdé ver.
yeni bir enerjit asar r ufsi stagrhaiyrcel enmi ktir, Gate Rud

pervane yanénda konluenl denddéveél méerkvakhkeden ¢ omleunck
¢ ni t es sigdemded ¢ Bain  k, pervaneyikapsagarb ¢ y ¢ knozdbl gili
pervaneye gelen akemé d¢zenlerken ayné zamal

i tme sajlar. Ayréca d¢gmen kanatl arénén ayr é
geminin manevra kabiliy®&8ui nial @RBa@dm@megmné& et ki
gemi nin kézkardeki ol an ve konvansiyonel bir
karkél aktéer él méekter . Kki gemi, Japmpenyadda be
seyir tecr ¢besi.Sasycénsua-lIl awee dmernvecywstealur- al ékmal e
seyirt ecr ¢besi sonu-laréyla karkél akteéerél méxkter
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¥| - ek enerijsii ,tasarrudfeui sajpleay®@aocenansehem
°n¢gnde bul undur olguduave édu sisemleaimem™d ebi ° | - eJ i n
deney ya da analizlerinden elde edilen verimgvg - dejerleri, tam
farkl él ek g°starelillkmadBui Ee bh#&@adbdd B mod
»=21.75) ve tam °I| -ekl ii=9®.M5 xlean ndedela
ve sevk deneyl er i miitkpAocakyba®dld-ae kgteerk-ie krhoedke i
bir modeldrve GR& i n perf or mansénén incel enmesi \
bakéméndan daha b¢yé¢k boyutl ardaki bir

durumdal.a’75 ol an modied en¢g-r,etmd mi maakle mi z

gor¢é¢nt ¢l eme deneyl er i, AadNutkurGemni Moddl Bdneyi k | n

Laboratuvar éeodondaDigreern--ekdexdylrerd imi model t
konvansi yonel de¢ mentd i ol arak ger-ekl exkti
ile birl i kt e ger - ekkklie k t § mendend s tsid reméd model p
kull an&8hmeées tEbruoliariakmodel °] -ejJinin yaneée
analizl eri de ger-eklexktirilmiktir. HAD
yézeyi eh&esbhbai kdeél-aralkgr lvel anST nkodel i

-%z¢l mMglk-tegk . et ki sinin GRS performansé ¢z
dol aye ¢- ©°l-ekte de ayné aj °rgéd<by yape
sajJl anabi |l mesi regerne k-eccke ] s amyd&da viegc ©z ¢ m¢
artacak ol maséndan dolB3@dyeol acakl kekilide |
ol uktur Mlome k t wrl.-dd kleenr-i nabreklyi+z | cdeji er | -
yapél mekter ancak Se3W0k i a nkahl e igtdirerSmk ms & d € «
verimlerini ve dolayéséyla g¢- gesu eksin
ejrileri kul | de@alemerel e pair @Gg&Faila@®@r@k kul | an
I -in HADO6den el de edilen sonui-dtagmikuddéla
pervanes.i gi bi analiz edil miktir &ine bur a
verim ve g¢- dejerl eri hesapl anméxkteéer .

Farkl é& ©°1| -ekl erdeki sonu-|laréen karkeéel akt
et ki sinin i ncel emlebi®Imeesjii ndekin soordu - | a
don¢gktegregl mpkticgri.nlTIRULDE8 f or mans tahmini

kull an8bhekt @1 -ejinde séenér tabaka kal én
daha b¢yéek ol maseé, s¢rtenme dalrelngjler gile
faktorler g°z °ne¢gnde bul undurul ar ak t a
yapél mekter. El de e, di gemi Itearm n° | se\ilri tse
sonu-I| ar eyl a k&yla s7/l5a nmoeketlé rd evree yat sonu- |
HADsonu-1l arénén uyumlu ol dukl aré g°°r ¢l mgkt
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1. INTRODUCTION

Global climate changeis one of the mostimportant problemsthreateninglife and
substantially the consequenceof the emitted gases due to industrialization,
transportationand heating activities of the communities. Human activities are
reportedto causeapproximatelyl . OofAdbbal warmingabovepre-industriallevels
in 2017 in areportof the IntergovernmentaPanelon Climate Change(IPCC) and
tending to reach1 . 5 Fe@een20302052 if the current rate does not change
(MassonDelmotte et al.,, 2019) Melting of icebergs, increasein sea levels,
experiencingextremeweathereventsmorefrequentandsevererisks of extinctionof
somespeciesare someof the resultsof global climate change(Downie et al., 2009
Stern, 2007 David, 2009) It is known that emitted greenhousegasescausean
increment in the global average temperaturedue to the greenhouseeffect.
Greenhousgaseg GHG) absorba sumof the reflectingray from the earthandthis
causeswarming. Carbon dioxide (COy), Methane (CHs), Nitrous oxide (N20),
Hydrofluorocarbons(HFCs), PerfluorocarbongPFCs) and Sulphur hexafluoride
(SFe) are regardedas greenhousegasesas defined in Kyoto Protocol (United
Nations, 1998) Carbondioxide is the most emitted GHG as given in Figure 1.1,
basednthelPCCreport(Edenhoferetal., 2014)

F-gases
2%

4 Nitrous
4Oxide
6%

Carbon Dioxide
T —— fossil fuel and
Carbon Dioxide .~ ( ; :
P industrial
forestry and qg,he’r processes)
land use) 65%
11%

Figure 1.1 : Globally emittedhumaninducedgreenhousgasesn 2010(Edenhofer
etal.,2014)



In 2005,a seriesof legislationsoneof which Kyoto Protocol,enterednto forceasan
agreementinked to the United NationsFrameworkConventionon Climate Change.
The Kyoto protocol is one of the most important mechanismsto reduce GHG
emissions Accordingto the Kyoto Protocol (Annex B), the statecountriesshould
reducetheir emissionsup to an averages% comparedo 1990 levels over the five-
year period 20082012. Besidesreducing emissions,countries need to promote

sustainablelevelopmen({Article 2.a)(United Nations,1998)

On a sedoral basis, energy industries cause the most CO, emission and
transportationis the secondsource of the emitted CO,. Figure 1.2 shows the
distributionof the CO, emissionsby sectorand modeof transportatiorbasedon the
measuredlatain the EuropeariJnion (EU) in 2009 (Hill etal., 2012)and according
to this figure, theroadtransportatiorhasthe biggestportion of the emittedCO;, while

navigationhasthe secondone.

2009 sy

11.3%
9.1%
k Transport,
25.0%

28.8%

mManuf. and Construction ~ Energy ®Road transport Domestic navigation
Nindustrial Processes Residential ¥ nternational maritime Domestic aviation
®Commercial Agricultrural ¥ nternational aviation Rail transport
EOther Transport Other transport

Source: EEA (2012)°
Notes: International aviation and maritime shipping only include emissions from bunker fuels

Figure 1.2 : CO; emissiondistributionin EU, 2009(Hill etal.,2012)

Emissionsdueto internationalshippingare not the responsibilityof any country so

these emissionsshould be reducedconcurringly. At this stage,the International
Maritime Organization(IMO), anagencyof the United Nations,hasbecomea partof

reducingemissionsAccordingto the third IMO GHG study,in the period of years
20072012, an averageof 1015 million tons of CO, were emitted due to total

shipping and 846 million tons of CO, were emitted due to internationalshipping
which correspondso 3.1%and2.6% of the total global CO, emissionsrespectively
(IMO, 2015) In caseof not taking precautios, scenariogndicatethatin 2050,the

CO, emissionsemitted by internationalshipping may be 2-3 times larger than the

valuesin 2007dueto thedevelopmenin shipping(IMO, 2009)



IMO, underthe bannerof the Marine EnvironmentaProtectionCommittee(MEPC),
proposedndexescalled EnergyEfficiency Designindex (EEDI), EnergyEfficiency
Operationallndicator (EEOI) and Ship Efficiency ManagementPlan (SEMP) to
control and reduce emissionsfrom ships. IMO has recently introducednergy
Efficiency Design Index for existing ships (EEXI). The requirements will enter into
force on the ¥ of January 2023Url-1), which bringsthe importanceto energy
saving devices for retrofitting In Figure 1.3, CO, emissionsdistribution by ship
typesareshownfor theyear2012(IMO, 2015)

Vehicle s
Ro-Ro N 29
Refrigerated bulk | 13
Other liquids tankers |1
Oil tanker | 124
Liquefied gas tanker | 16
General cargo NN 68
Ferry-RoPax | 27
Ferry-pax only |1
Cruise [N 35
Container I 205
Chemical tanker N 55
Bulk carrier I 166

0 50 100 150 200 250
CO, emissions (milion tonnes)

Figure 1.3 : CO, emissionsn 2012by shiptype (IMO, 2015)

Besidesthe environmentakffectsof the emissionsdiminishingof the fuel reserves
and incrementin fuel oil prices make us use the existing oil most effectivey.

Accordingto the Royal Academyof En g i n e 018)regpid, el costsaccount
for asmuchas50-60% of thetotal operatingcostsanddesigningmoreefficient ships

will alsoreduceoperationaktosts.

1.1 Methods of Reducingthe Fuel Consumption of a Ship

Both restrictive legislation as a result of environmentalmeasuresand economic
reasonshave madethe energy efficiency issue very important. As reducingfuel
consumptiorhasalreadybeena challenge pneof the main purpose®f the designers
is to seeka way to makea ship more efficient. This leadsto an optimum hull form
that can be a good starting point to reducethe fuel consumptionof the vesselbut



there are some other parametersdetermining the fuel consumption.The fuel
consumptionof a ship can be affectedby many factors,suchas hull form, type of
main engines,type of propellers,numberof engagedmain engines,speed,water
currents,waterdepth,wind andwaves( He | | 2002) Serhand Tavakoli (2004)
schematizedhe methodsof reducingthe fuel consumptiorof the shipsasgivenin

Figurel.4.
Method of Fuel Consumption Reductionlx
— — — Tmprovement o
Weight Saving| | Drag Reduction Operation Propulsion

New Material | Hull Form Ship Routing = Power Plants
Optimization 1

Optimum || Polymer an ; L L New
Design Coating Maintenance Propellers

[ Alir [ Fuel
Lubrication Improvement

—1 Modern Hull

Figure 1.4 : Methodsof fuel consumptiorreduction.

Table 1.1 and Table 1.2 summarizeenergylosseson the ship and the potential
reductionamountsof CO, by using known technologyand practices,respectively.
Table 1.1 indicatesthat the most energy losseson ships are due to hull and
propulsionsystem.Having said that energysaving can be achievedby improving
characteristicof the hull and propulsionsystemof the ship, which leadto lessfuel
consumptionhenceemissionCO;, NG, etc.).

Reducingthe fuel consumptiorof a ship canbe achievedn mainly by the following
ways:

1 OptimumShipDesign(Hull form, AppendagesndPropeller)
1 ImprovingMachineryTechnology

1 PlanningOperation& Maintenance

1 ImprovingPropulsionSystems

1.1.1Ship design

The main dimensionsof a ship describemany characteristicsof the ship, e.g.,
stability, power requirement,cargo capacity and economicefficiency. Therefore,

determiningthe maindimensionsandnon-dimensionalatiosis very importantat the



design stage (Schneeluth and Bertram, 1998) After determining the main
dimensionsthe secondstageis the optimizationof hull linesto designan efficient

ship.
Table 1.1: Distributionof energylosseq%) (IMO, 2009)
Tanker/bulk Container General cargo RoPax
Speedknots) 156 109 212 155 134 9.5 20.1 147
Bunker 100 100 100 100 100 100 100 100
Engine
Exhaust 255 284 250 280 255 284 255 284
Shaft 493 454 505 465 493 454 493 454
Heat 252 262 245 255 252 262 252 262
Propulsion

Propelledoss 16.3 143 156 13.0 197 153 155 144
Propulsionpower 32.1 30.2 33.7 324 281 288 326 29.9
Transmissioross 1.0 0.9 1.3 1.2 1.5 1.4 1.2 1.1

Propeller
Axial loss 6.3 5.3 4.8 3.5 8.8 5.6 4.8 4.3
Rotationalloss 3.9 3.4 5.3 3.9 6.0 4.5 5.0 4.7
Frictionalloss 6.0 5.7 5.5 5.6 4.9 5.2 5.7 5.4

Hull

Wavegeneration 6.4 4.1 8.6 3.9 12.8 5.9 5.3 3.9
Air resistance 0.6 0.6 1.0 1.1 0.7 1.0 1.0 0.9
Hull friction 16.2 166 139 156 8.3 12.0 159 147
Residuakesistance 2.7 1.9 1.8 1.4 2.8 3.2 2.2 1.4
Weatherandwaves 6.2 6.9 8.4 10.3 35 6.7 8.3 9.1

Table 1.2 : CO; reductionamountsasedn differentmethodgIMO, 2009)

Saving (%) of

CO,/tonne-mile Combined Combined
Design(New Ships)
Conceptspeedandcapability 2-50
Hull andsuperstructure 2-20
Powerandpropulsionsystems 5-15 10-50%
Low-carbonfuels 5-15
Renewablesnergy 1-10
ExhaustgasCO; reduction 0 25-75%"
Operation (All Ships)
Fleetmanagementpgisticsand 550"
incentives i
Voyageoptimization 1-10 10-50%"
Energymanagement 1-10

"CQO; equivalentbasedon the useof LNG.

*Reductiongatthis level would requirereductionof speed.



One of the most effective ways to reducea s h i peSistanceis hull form

optimization.The designof the appendagedyulbousbow, stern,skeg,strutsfor the
shaftingetc.is the crucial point of the efficient ship design.A well-designedulbous
bow or evensmoothedwelding seamscan be consideredas powersavingways. So
that welding seams(relatedto productiontechnique)can saveup to 2-3% of the
power and a well-designedoulbousbow canreducethe resistancery 10% or more
( H2 m? | ahdvanéieerd,2013) Besidesan optimizedhull form and smoothed
welding seams having a smoothhull surfaceis anotheroption to reducethe fuel

consumptionof a ship. Hollenbachand Friesch(2007) reporteda 6% deaeasein

total resistancend0.3 knotsincremenin speedor a4200TEU containershipwhen
having an excellentsmoothsurfaceas 65 micronsinsteadof a poor hull surfaceas

200microns.

1.1.2Machinery

Using combineddieselelectric machinery,the hybrid auxiliary power systemwith

fuel cell, wasteheatrecoverysystemetc. arethe thingsthat canbe doneto improve
energyefficiency relatedto machinery.Also using LNG as a fuel type canreduce
energy consumptiondue to its lower demandfor ship electricity and heating
(Lassesso& Andersson2009)

1.1.3Operation and maintenance

Methods like hull form optimization, a new bulbous bow design or engine
modernisationcan be effective options to reducethe energy consumptionof an
existing ship but when the capital investmentis required,even the paybacktime
might be short, such modifications may be inconvenientcomparedto methods
providing operational efficiency (Hansen& Freund, 2010) Voyage execution,
engine monitoring, reduction of auxiliary power consumption, trim/draft
optimization,weatherrouting, hull/propellerpolishing, slow-steamingare the ways
to improvethe energyefficiencyof ashipin operation(Baldi andGabrielii, 2015)

Hull Cleaningis an effective way of savingfuel andimprowving efficiency. A new
VLCC (Very LargeCrudeCarriers)t a n kfekcéonsumptions 610 barrelsof fuel
per24-hourperiodandit costs$30,000.This VLCC tankermay completeanaverage
15,000 mile cruisein 25 dayswith a cleanhull but with a fouled-hull, the sametrip



may be completedin 28 days. These extra 3 days cost $90,000 only for fuel
consumptior{Akinfiev etal., 2007)

Voyageoptimizationis oneof the methodsaimingto reducethe fuel consumptiorof
shipsby predictingthe ship performancean variousweatherand currentconditions

andassistingshipmastersn routeselection(Lu etal., 2013)

Anothermethodfor reducingthe fuel consimptionhencereducingthe emissionf a
shipis trim optimization.Trim optimizationis basedon the ideato keepthe power
requirementin minimum at a specific ship speedand displacementReichel and
Larsen(2014) define trim optimizationas one of the easiestand cheapestnethods
amongthe fuel consumptiorreductionmethods They haveperformedtrim testsfor
almost300vesselof differenttypesandshowedthatit is possibleto saveup to 15%

savings.

Slow steamingcanalsobe consideredasa fuel consumptiormethod.CE Delft et al.

(2012) reportedthat a 10% reductionin the speedof a ship may causea 19%
reductionin enginepowerbut in a slow steamingcase the enginewill work on an

off-design condition which meanssub-optimal combustion.In this condition, the
enginewill produceesspowerandemithigheramountsof pollutantslike particulate
matterandNOx.

1.1.4Improving propulsion systems

Improving propulsionsystemscan be achievedby usingunconventionapropulsion
systemsor installing an energysaving device. Typical unconventionalpropulsion
systems are waterjet propulsion, azimuthing propulsors, tandem propellers,
overlapping propellers, contrarotating propellers, controllable pitch propellers,
vertical propellers such as Voith-Schneider and KirstenrBoeing and

magnetohydrodynamigropulsion.

Energysavingdevicesare also known as retrofitting devices,which haverecently
beentaken greagr interestin the marinetechnologyindustry and explainedin the

following subrsection.



1.2 Energy-savingDevicesfor Ships

Energysaving devices(ESD) or propulsionimproving devices(PID) are systems
thatareusedmainly to reducethe fuel consumptiorof a ship by improvingthe flow
field aroundthe hull or the inflow to the propeller. Energysaving devices are
stationarydevicesdirecting the flow, locatednearthe propeller(Mewis & Guiard,
2011)beingusedto improvethe propulsionefficiency andenableto reducethe fuel
consumptiorof the vesselsReducingfuel consumptioris gainingimportancedueto

two mainreasons:

I. Increasinguel prices

ii. Legislationsrelatedto thegasemissions
Many typesof ESDsare beingusedto reducefuel consumptionand consequently
reduceemissons. ESDs can be categorizedn severalways. Classificationcan be
doneaccordingto the locationof the ESD (pre, postor at the propellerstation)or by
their working principlesto improvethe efficiency of the propulsionsystem Bertram
et al. (2010) itemized the fuel-saving options related to propulsion as in the

following.

i. Operatepropellerin optimumefficiencypoint
ii. Reduceotationallosses
iii. Reducdrictional losses
iv. Reducdip vortexlosses
v. Reducéhubvortexlosses
vi. Operatepropellerin betterwake
ESDscanalsobe categorizedy their locations.Carlton(2007) groupedeESDsinto

3 zones:

i. Zonel: Beforethepropeller
ii. Zone2: Thepropellerstation
iii. Zone3: After thepropeller
In Figurel.5 theclassificationof ESDsby thelocationaregiven.
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Figure 1.5 : ESDcategorizatioraccordingto theirlocations(Carlton,2007)

The International Towing Tank Conference(ITTC) (2014) categorizedESDs by
theirworking principles:

i.  Reducingseparationsmprovingthe quality of the wakefield

ii.  Recoveringotationlosses

iii.  Reducinghubvortexlosses

In Table1l.3 andTablel.4, ESDsandtheir working principles(theway of improving
efficiency) are given for different zonesAlso, the ship types/specification®f the
shipswhereESD canbe appliedaregivenin thethird columnof thetables.

1.2.1Grothues spoilers

Most of the U-shapedshipsexperiencdlow separatioraroundthe bilge anda large
turning bilge can generatea bilge vortex (Gorski, 2003) These bilge vortices
dominatethe flow and causeinhomogeneitiesn the flow (GrothuesSpork, 1988)

andincreaseesistance.

The boundary layer around a ship has a fully threedimensional nature, large
crossflowcanbe occurred andflow separatiorcanbe seenin somecasesBoundary
layer hasa rapidvarying behaviomearthe ship sternandstronglongitudinalvortices
can be occurreddue to three-dimensionalflow separation(l. Tanaka,1988) Flow

separations inevitablewith extremelyfull hulls (Takahei,1966)

Grothuesspoilersarea setof fins straighteninghe boundarylayer flow, locatedon
both sidesof the sternposjust aheadof the propellerandwereinverted by Grothues
-Sporkin 1988 (Schneeklutrand Bertram,1998) Up to 6% and 9% power savzings
wereachievedn modeltestsby Grothuesspoilersfor tanker- bulkersin fully loaded

andballastcondition,respectively(SchneeklutrandBertram,1998)



1.2.2Horizontal fins

Horizontal fins are the small aspect ratio fins located before the propeller and costly
advantageous devices when compared to other ESDs. Downflow Preventing Fin
(DPF) is the first kind of the horizontal fins invented in 1949asaki,2006) Low
Viscous Fin (LV Fin), Sanoyasu Tandem Fin and Namura Flow Control Fin are the
examplesof horizontal fintype ESDs that used to control the descent flow near the
propeller axial center and aim to reduce the resistance and increase the flow gain
(Sasaki2006)

Low ViscousFin (LV Fin) is a pair of triangularfin fitted on the sternpart of ships
both starboardand port side developedby IHI Marine United Inc. in order to
straightenthe bilge vorticesand generatebetter propellerinflow (J. H. Kim et al.,
2015) It is reportedto achieve2-3% energysavingin speedrial of full ships.A low

viscous fin application can be seerFigurel.6.

Figure 1.6 : Low viscous fin(Url-2).

1.2.3SAVER fin

SAVER (SAmsungVibration andEnergyReduction)fin is anESD composedf two
or three pairs of simple platesdevelopedby SamsungHeavy Industries(SHI) to
acceleratahe retardedflow nearthe sternregiondueto bilge vorticesand helpsto
obtainmoreuniformly distributedflow atthe propellerplane(H. D. Leeetal., 2015)
Its main effectis reducingvibration by having more uniform velocity distribution.
The SAVER Fin designparametersare its location, size and incidenceangle and
theseparametersare changedsystematicallyin orderto have minimum resistance.
Lee et al., (2015) reportedthat the SAVER fin wastestedin SamsungShip Model

Basinat varyingspeed®f 8-15 knotsand3.8%averagenorsepowe(EHP) reduction

10



wasachievedor a 35000DWT bulk carrier.SAVER fin wasappliedto alargeLNG
Vesseland by directing the flow outsideof the propellertips, the excitationforces
were reducedby 30% and the poweringperformancewnas increasedabout1% (Al-
Kubaisi, 2008) In Figurel1.7 a SAVER fin can be seen.

Figure 1.7 : SAVERfin (Al-Kubaisi,2008)
1.2.4Ducts

Numerousenergysavingtype ductshavebeendevelopedandstudiedby researchers
in literature.Most popularof theseductsareS ¢ h n e e Khke EqhabzsgDuct
(WED) (Schneekluth,1986) Mewis Duct (Mewis, 2009) BeckerMewis Duct
(Guiard et al., 2013) SuperStreamDuct (SSD), SumitomoIntegratedLammeren
Duct (SILD) (Sasaki& Aono, 1997) Mitsui integratedductedpropellers(MIDP) and

Hitachi Zosennozzle.

The wake equalizing duct (WED) or Schneekluthduct was first proposedby
SchneekluthWED is a half-ring shapedlow vanewith foil sectionandinstalledon
both sidesof the sternin front of the propellerin orderto reducethe flow separation
atthe aft body (Korkut, 2006)andthis will reducethe pressureesistancef the hull.
Working principle of WED canbe explainedasthe flow createscirculationaround
thefoil sectionsotheflow insidethe ductsgetsacceleratedt meanghatthe flow in
the outerregionof the ductis retardedIn this way, it is possibleto steerthe flow in
the upper part of the propellerdisc and minimizing the tangentialvelocitiesin the
wakefield (Carlton,2007;Schneekluti& Bertram,1998) WED hasalwaysbeenan
ESD attractedhe attentionof researchersorkut (2006)carriedout an experimental
studyfor a river-going cargoship to investigatethe effed¢ of WED andit wasfound
thatboththeflow characteristicendpropulsioncharacteristicsvereimproved.
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Table 1.3 : Classification of ESDs at zone 1.

Zonel

DuctedPropellers

Preswirl Devices

Mitsui
IntegratedDuct
(MID)

Hitachi Zosen
(HZ) Nozzle
SuperStream
DuctSSD

ReactionFin

DSME
Asymmetric
Stator

BeckerMewis
Duct

BeckerTwisted
Fins

andreducevibrations

*Producing additional thrust

*Improvepropellerinflow

*Producing additional thrust

*Improvepropellerinflow

*Producingadditional thrust

*Improvepropellerinflow

*Giving pre-rotationto the

propellerinflow

*Giving prerotationto the

propellerinflow

*Giving prerotationto the

propellerinflow

*Producingadditionalthrust

*Improvepropellerinflow

*Giving prerotationto the

propellerinflow

*Producingadditionalthrust

*Improvepropellerinflow

ESD Working Principle ShipType
o *Wake equalizing, improve
= propellerinflow U shapedsingl
-2 Grothues  *Suppressing bilge vortex shapedsingiescrew
2 Spoiler flects and consequently SHiPS(GrothuesSpork,
poilers effec . q y 1088)
% reducehull resistance
T *Produceadditionalthrust
g *Weakerthebilge vortices,
3 Low Viscous improvepropellerinflow All typesof ships
= Fin *ReduceviscousresistancéJ.
&’ H. Kim etal.,2015)
SAVERFin  *Improvepropellerinflow .
°§: (SHI) *Alleviate flow separation Al typesof ships
= Schneekluth * Improvepropellerinflow (mosteffectively) 12-18
S Duct *Produceadditionalthrust knotsspeecandCe >
g 0.6( ¢ e ROOA |,
Q (Notdirectlyimprove Pronounced/-hull
g SternTunnels propulsion)Canalizethewater forms

Slow, Full form ships

43000450000DWT
(Breslin& Andersen,
1996;Carlton,2007)
Shipshavinghigh Cg

Largefull form ships
(suchasVLCC) (K. S.
Kim etal.,2013)

All typesof ships(Feng
etal.,2012)

Low speedfull ships
(Kawakitaetal., 2011)
Wide rangeof hull types
includingVLCCs,
tankerspulkers,Ro-Ro
ShipsandcontainergK.
Kim etal.,2013)

High Cg, velocity < 20
knots,Ci > 1, tanker,
bulk carrieretc.

Lower Cg, Cih < 1, faster
vesselsall size
containeryeeferships
andcarcarriersetc.

12



Table 1.4 : Classificationof ESDs at zone 2 and 3.

ESD Working Principle Ship Type
Propellerwith  *Reducdip vortexlosses -
endplates
(CLT)
Backwardrake *Reducdip vortexlosses -
tip propeller
(KAPPEL)
Propellerwith  *Decreasingeddyafterthe -
Q' BossCapFin propellercap
S (PBCF)
N
Grim Vane *Recoveringotationalenergy Singlescrewvesselgit
Wheels from downstream is expectedhatsingle
screwvesselswill
provideagreater
potentialfor energy
savingthana high-
speedwin screwform).
Rudder Bulb *Reduceviscouslossafterthe -
Fin System propellercap
Twist Rudder  *Reduceviscouslossafterthe -
o with / without  propellercap
o Bulb
S Additional *Recoveringotationalenergy -
ThrustorFins  from downstream
(RudderThrust
Fins)
Postswirl *Recoveringotationalenergy -
Stator from downstream

¢ e | (20@7)investigatedhe effectsof the WED numericallyfor a chemicaltanker
with a block coefficient of Cg= 0.77. Six different caseswere analyzedfor three
different anglesof the duct section and two longitudinal positions of the duct.
Maximum 9.7 % of propulsiveefficiency was gainedat the designspeedand the
authorfoundthatthe effectivenes®f the duct dependednostly on the angleof duct
sectionandlessaffectedby the longitudinalpositionof the duct. Inukai et al. (2007,
2011)studiedthe effectsof circularandsemicircularducts.The ductswereinstalled
on a crudeoil tankermodelandit wasfound that semicircularduct showedgreater
energysaving effect than the circular duct. The upper half of the duct played a
significant role in generatingthrust and a 5% reductionin power was achieved
Heinke & Hellwig-Rieck (2011) studiedthe scaleeffects of WED and a vortex
generatoffor atypical containership.Leeetal. (2014)alsoperformeda comparative
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study for anothertype of energysaving duct, called i Cr oDwnc widich is a
combinationof a semiduct andstator.In their study,two differentdesignof crown
ducts were investigatedat both full load and ballast conditions numerically and
experimentally.Maximum 4.4% and 6.9% efficiency gain were obtainedwith the
crown ductin full and ballastload conditions,respectively.Go et al. (2017) have
studiednumericallythe effect of ductdiameterwhich wasvariedfrom Dp=0.7D» to
1.0D», with a sectionof NACAOO015. It wasaimedto investigatethe net effects of
ducts on propeller performanceregardlessof the ship type and for this reason,a
uniform inflow conditionwithout the existenceof a hull wasimposed As a result, it
was found that as the angle of attack increases,propulsion coefficients also
increased and the maximum propeller efficiency was obtainedwith the duct with
0.7Dand?2 0 adhgleof attack.ln anotherstudy, the cavitation characteristic®f two
existingshipsinstalledwith WED wereinvestigatedoy Martinas(2015) Numerical
analyseswere performedon full scale by consideringthe scaleeffect issues.The

authorreportedthat WED wasnot a choiceto be usedfor reducingthe cavitation.

Recently Furcas et al. (2020) have proposed a SimulationBased Design
Optimizationapproachedbasedon WED concepiapplyingon the JaparBulk Carrier
(JBC) hull. Another studywas performedby Maaschet al. (2019) againappliedon
the JBC hull. They haveinvestigatedthe wake field quality with and without the
presencef a preductandreportedthat meanwakefields with the ductshowedess
variation (3%) with the operationalconditionsand for the outer radii of the duct
showedlesswake field variation thanksto having more uniform flow providedby
theduct.

SumitomoArched Fin (SAF) is a half circular duct which was installedon a large
tankerin the beginningof 1980s(Sasaki& Nagamatsul985) Its working principal
is similarto WED. Thefin acceleratesheflow andgenerateshrust. The modeltests
andfull-scalemeasurementshowedthat SAF reducedhe ship resistanceimproved
the propulsive efficiency and reducedthe propeller exciting forces (Sasaki &

Nagamatsul985)

Mewis Duct was developedoy Mewis (Mewis, 2009; Mewis & Guiard,2011) and
basedon two working principlesof ESDs.It combinesthe contrarotating propeller
andthe pre-ductprinciples soit becomesableto reducethe wakelossesvia ductand

reducetherotationallossedn theslipstreanmwith thefins.
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Mitsui integratedductedpropellers(MIDP) systemis consistof a non-axisymmetric
ductinstalledin front of the propellerandthe trailing edgesectionsof the duct are
aligned with the propellerb | a digsqByeslin & Andersen,1996) Mitsui duct
makes the inflow more homogenousand the duct also provides extra thrust.
Reducingcavitationandvibration arethe othe advantagesf MIDP. MIDPs gain 5-

10% of efficiency and it is most effective in slow and full-form ships (Breslin &

Andersen;1996)

Hitachi Zosennozzlesystemwhich wasproposedy Kitazawaet al. in 1982,is very
similar to MIDP, the only differenceis the degreeof the nozzleasymmetry(Carlton,
2007) The nozzle improves propulsion performanceof the ship and reduce

cavitationandalsoimprovethe manoeuvrabilityof the ship (Kitazawaet al., 1982)

Super Stream Duct (SSD) is an ESD developedby Hitachi Zosenin 1989 by
improving HZ nozzle(K. S. Kim et al., 2013) Therearea few differencesbetween
SSD and HZ nozzle: their positions, diametersand profiles. SSD has more
advantagessuch as reducedthrust deductionfactor (t), increasedwake fraction,
applicability to more types of ships, more energysaving effect and easinessof
installation(Fengetal., 2012) In Figure1.8 comparisorof SSDandHZ Nozzlecan

beseen.

Nozzle

Figure 1.8 : Comparisorof SSDandHz nozzle(Fengetal., 2012)

Stern tunnels can also be consideredas a ducttype of ESD. Stern tunnels are
horizontalhull appendagemstalledaboveandin front of the propellerand usedin
order to deflectthe water down towardsthe propeller (ABS, 2013) Sterntunnels
(also known as propeller pocket) allow to usea propeller haslarger diameterand
reducethe shaft inclination and decreasenavigationaldraft and is advantageous
especiallyon inland waterwayvesselqAtlar et al., 2013) Their main purposes not
improving the propulsionefficiency, they are usedto reducevibration by attempting
to reducethe wake peak effect of pronouncedV-hull forms (Carlton, 2007) In

Figurel.9 anillustrationof asterntunnelcanbeseen.
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Stern tunnel

Mariner type
rudder

Propeller
boss

Figure 1.9 : Sterntunnel(Barrass2004)
1.2.5Pre-swirl devices

Preswirl devicesare devicesgiving a prerotation to the flow to provide more
uniform flow to the propellers.Thanksto uniform inflow, it is possibleto obtain
more uniform wake field and reducepropellerrotationallosses.Reactionfins, pre-
swirl fins and statorsare conventionaltype of pre-swirl devices.In orderto obtain
moreefficient ESDs,researches areworking on the combinationsf devicessuchas
Mewis duct which is a combinationof a wake equalizingduct and pre-swirl fin
system.Preswirl duct (Mewis), crown duct, WAFon-D (wake adaptedlow control
fin with duct) etc. arethe examplesof the combinationof pre-swirl fins/statorswith
theduct.

Reaction fins are used to improve the propulsion efficiency by reducing the
rotationalloss and installedin front of the propeller (Nishigaki et al., 2007) The
reactionfin normally comprisesseveralfins which arelocatedradially arounda slim
ring nozzlethatalsosupportshe fins. The SVA-Pre Swirl Fin and DSME-Pre Swirl
Systemare the energysaving devicesthat pre-swirling the flow and reducethe
rotationallossesasreactionfins do (Topphol,2013) Advantage®f pre-swirl fins are
thar simple design,low installation and maintenancecosts. Working principle of

reactionfins is shownin Figure1.10.

Preswirl statorsarethe passivefin systemdocatedbeforethe propellerto generatea
swirling flow in an oppositedirection of the rotation of the propellerin order to
reducethe rotational losses.This swirling flow providesthe propeller bladeswith
additionalbladeloadingandthis moreuniform loadingincreaseshe thrust, noticing
thatthe statorthrustis still negative but the swirling flow enhancesheimprovement
(Zondervaret al., 2011) In orderto allow the propellerto operatemore effectively,
pre-swirl statorsare usedto alter the wake field (Simonsenet al., 2012) Also, the

pre-swirl statorsarecalledaspoorma n dorgrarotatingpropellerandthe difference
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betweerpre-swirl statorsandcontrarotatingpropelleris small. The statorbladesare
stationary,but in the contrarotating propeller,both propellersrotate (Zondervanet
al., 2011) A contrarotatingpropellercanprovidea 10-14% of the gainin efficiency
( ¢ ed& G kn 2007) thebestamongthe ESDsin termsof gainin efficiency (Kim
et al., 2004) but the PSSis simple and cheaper.Contrarotating propellershave
higher costand a difficult shaftingmaintenancdut pre-swirl statorsystemshavea
simple shafting system, a less initial installation cost (M. C. Kim et al., 2004;
Saettoneet al., 2016) and more suitablefor retrofitting. Also, it was reportedthat
therewerereliability problemsin the contrarotatingpropellersor vanewheel,which
makesthe shipownersnot to preferalthoughthe gainin the efficiencyis 5% or more
but a PSShasa high reliability dueto its fixed blades dimensionsandsimpledesign
(Kim etal.,2004)

Rotational flow Propeller

Propeller only %

Rotational flow Reaction fins

+— Flow

With reaction fins +—— Flow

Rectified flow

Stator fins Rotational flow

With stator fins Flow

il .f’
B

Rectified flow

Figure 1.10: Working principle of reactionfins andstator(postswirl stator)fins
(Kawakitaetal.,2011)

There are a numberof studieson PSS.Zondervanet al. (2011) designed5 to 7-
bladedpre-swirl statorsfor a containershipanda twin-screwpassengeship by using
RANS andBEM methods.The designedPSSswereinstalledat the 0.150,, hereDy
representshe diameterof the propeller,upstreanmof the propellerandthe thickness
of the statorbladeswas determinedby cantileverbeamtheory. The diameterof the
propellerwasoptimisedanda propellerwith a 0.3mlessdiameterwasobtaineddue
to the stator effect. The 6-bladed and 5-bladed statorswere chosenas the best
configurationsfor the containerand passengewresselsrespectively.For the twin
screwpassengevesselthe statorbladeswerealsodesignedasthe shaftbracketsand

a4.7%gainin thrustwasreported.

17



Lifting line methodis one of the mosty usedmethodsin statordesign.¢ e | anck
G ¢ n @007)designeda downstreanstator (post) modelledby a lifting line code.
The axial distancebetweenthe propeller and the stator,the numberof the stator
bladesand the stator diameterwere the parameteran designof the stator. The
numberof the bladeswas varied from 3 to 15 and the optimum configurationwas
foundasthe statorwith 9 bladeslt is importantto optimisethe numberof the blades
becausea large number of the blades may prevent the flow of the propeller
slipstreamto the statorand addsextra drag. An optimization study of a PSSwas
conductedby Kim et al. (2013) as a part of a Europeanproject VIRTUE. In the
designand optimizationof the statorboth the lifting line and RANS methodswere
utilized. A basestatorwith 4 bladeswasgenerate@dndthis configurationwasusedin
the systematiovariationstudywith 5 parametersthe numberof the statorblades the
diameterof the stator (0.9 Dy-1.2 Dp), angularposition, stator pitch angle and a
twistedblade.The comparisorof the statorconfigurationsvasmadeby the value of
Qn (torquex rpm). In basePSS,onebladewasinstalledon the starboardsideand 3
bladeswere locatedon the port side. The port side bladeswere locatedwith 4 5 A
angular spacing. Average 4% power gain was achievedand 0.25 knots better
performancewas seenin seatrial tests. Simonsenet al. (2012) investigatedthe
influenceof a 4-bladedpre-swirl fins on propulsionfor a bulk carrier. Threeof the
bladeswere installedon the port side while one bladewas locatedon the starboard
side. This asymmetric configuration is related to the rotation direction of the
propeller,adoptedor a wide rangeof vesseld.e. bulk carriers,containerships,bulk
carriersetc.(Saettonest al., 2016) is relatedto therotationdirectionof the propeller.
It is aimedto reducethe upcomingflow on the starboardside for a right-handed
propellerby deflectingthe flow in upwardsdirection. Another importantpoint on
installing the bladeson the hull is locatingthe statorbladesor fins angledbasedon
theflow directionandpreventthe bladesfrom havinganextremeangleof attackand
flow separationon the blades.As a result of this study, pre-swirl fins enabledto
reducel.8% of the powerrequirement.The hydrodynamicdesignof a PSSwith a
variablepitch wasinvestigategairedwith aconventionapropellerby Saettonest al.
(2016) A 4-bladed(3 of the bladeson the port sideand1 on the starboardside) PSS
with a constantchordlengthwasinvestigated.The PSSwaslocated0.5R upstream
of the DTNSRDC 4381 propeller.The statorhasa chordlengthof 1.5 m at the root

and 0.9 m at the tip and its diameterare equalto p r o p e didmeter.& svas
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mounted 2.0 m upstreamof the propeller. All optimizationsand analyseswere
performedat full scaleand obtaineda 3.8% gain of efficiency. A patentedPSS
designedoy DSME wasinvestigatedoy Parket al. (2015);ParkandOh, (2014)both
in modelscaleandfull scaleby CFD. It has4 blades:3 of the bladeswerelocatedon
the port sideand1 bladewaslocatedon the starboardside.Bladeshavel 7 A9 A3 A
and2 2 phch angles respectivelyln full scale,the effect of the PSSwasincreased
due to the increasingrelative boundarylayer thickness(thickness/ky) in high Re
numberslincreasean thrustwaspredicted11%in full-scaleanalysesiueto the PSS.
Anotherasymmetricstatorwas studiedby Shin et al. (2015) for KRISO Container
Ship (KCS). In this study a 4 bladedstatorwas investigated:3 of the bladeswere
located on the port side (at 4 5 A 0 A 3 5&kd one blade was located on the
starboardside (at 2 7 0 @ptimum pitch anglesof the bladeswereat1 4 A 9 A 2 A
and 2 Arespectively.Model testswere performedfor this initial designandit was
seenthattheresistancavasincreasediueto the excessivechordlengthof the stator
and the pitch angle so, the statorwas re-designed.The pitch anglesof the blades
were diminishedto 8 A1, 4 A fand 1 . Se&pectively.Shin et al. (2019) further
investigatedhe PSSandthe optimum pitch angleat designspeedwas verified with
CFD andmodeltestsby changingthe angleby 2 degreesBensow(2015) perforned
a PSSdesignstudyfor the INSEAN 7000DWT Tankerasa partof STREAMLINE
Project.A 3-bladedPSSwasdesignedandall bladeswereinstalledon the port side.
Thebladesectionaveregeneratedbasedon symmetricaNACA 65 profile. Thespan
of the bladeswas 0.55Dpand located0.3 Dy upstreamof the propeller. The blades
werepositionedat 4 0 8 0ahd1 4 Guidthe angleof the attackof the bladeswere
5 At.wasnotedthatthe sharpvelocity deficit dueto the flow separatioron the hull

wasnot observediueto the existenceof the PSS.

Recently,Jin and Nielsen(2020); Nielsenand Jin (2019) introducedMAN Energy
S ol ut Cowotollabie Preswirl Fins (CPSF). Conventionally, pre-swirl fins or
statorsare fixed deviceswhich also meansthat they have beenoptimisedonly for
oneoperationakondition.However,CPSFcanbe optimisedfor different conditions
suchasdifferent drafts, ship speedfouling, seaandweatherconditions.A 4-bladed
CPSF with one blade at the starboardside was investigated numerically and
experimentallybothin modelscaleandfull scalefor a bulk carrier. NACAGG6 series

of bladesectionwith a chordlengthequalto the radiusof the propellerwerechosen
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for the blade designand the optimal pitch anglesat model scalewere determined
larger than the full-scale casedue to the relative boundarylayer thickness.As a
result, they have reporteda 3% power saving and CPSF can partly recoverthe
rotational losseswhile it is found out that the starboardside blade contributed

unevenlyto thetotal gain.

Preswirl stators may also be utilized in hydrokinetic turbines. A numerical
optimizationstudywas held by Gish et al. (2016) The numberof the statorblades

wasdeterminedy equationl.l:
0 48 p (1.1)

where, Nstator and Ziurbine are the number of the stator bladesand number of the
turbineblades respectivelyThe turbineconsideredn this studyhad3 bladessothe
numberof the bladesof the stator was determinedas Nstator = 5. The stator was
located 0.25Dumine upstreamof the turbine and the chord length of the stator is
0.25Dumine Selectionof the bladesectionis anotherimportantparametebecausehe
shapeof the sectionshouldbe determinedto minimize the drag and also avoid the
flow separationdue to stall. Gish et al. (2016) investigated3 symmetricand 3
asymmetricNACA profiles. SymmetricNACA profiles0008,0010and0012andthe
asymmetrigprofilesareNACA 1412,2412and4412.NACA 0012andNACA 2412
werechosemasthe bestsectiongegardingthe maximumstall angleandmax C/Cyq at
the stall angle. Thentwo-dimensionahumericalsimulationswereperformedn order
to determinethe angleof attackanglesof the blades.Aiming to find the bestangle,
NACA 0012 and NACA 2412 sectionswere analyzedrangingfrom 0 Ao the stall
angleof the sectionwith 1 AcrementAs aresult,the NACA 0012sectionwith 3 of
the angle of attack was selecteddue to producingthe largestareaof maximum
velocity, expectingto havethe maximumgain on the turbine efficiency. Similarly,
Amin and Xiao (2013)investigateda PSSto improvethe efficiency of a horizonta
axistidal turbine.7% incrementwasobtainedin radial velocity with the PSSandthe
streamlineswvere deflectedaroundthe statorbefore enteringthe turbine bladesand
this deflectedflow enabledto increasethe efficiency of the turbine. Thet ur bi ne dé s

overallefficiencywasincreasedy 13%with theusageof PSS.

Usinga combinedsystemi.e., ductcombinedwith pre-swirl statorsor fins is alsoan

efficient way to improve the propellerinflow. The mostpopularof thesecombired

20



systemss Mewis duct (pre-swirl duct). Mewis ductis generallyappliedto vessels
with high block coefficientsand having lower speedthan 20 knots (Mewis, 2009).
Mewis (2009) reporteda 3 to 9% powerreduction andan averagegpower savingof
6.3% (Guiard et al., 2013) is obtainedby Mewis duct. Most of the ESDs are
developedor full shipswith lower velocity, Beckertwisted fins are developedfor
the potential marketfor fast ships(Guiard et al., 2013) and can be seenin Figure
111

7

Figure 1.11: BeckerTwistedFins(Guiardetal., 2013)
1.2.6The gaterudder system(GRS)

Sinceshipswerefirst invented,the basicideaof a movablemechanisnto steerthe
shiphasbeenused.Thefunctionof this mechanismgenerallycalledrudder,is either
to keepthe ship on a desiredcourseor direction or allow the ship to manoeuvre.
Ruddersare the most common control surfacesusedin ships and thesemovable
control surfacesare usedto control the horizontal motion of ships (Molland &
Turnock,2007) Balancedudder,spaderudder,full skegrudder,semibalancedskeg
rudder, semibalancedrudder, unbalancedaft of keel and transom hungsurface
piercingrudderarethe principaltypesof ruddersusedin ships(Molland & Turnock,
2007)

Ruddersare one of the appendageshat causingadditional resistanceto the total
resistanceWhenruddersarein their neutralpositionstheir resistancearelow as1%
but at different rudder anglesit may be up to 6% (Bertram, 2012) Therefore,
researcherdevebpeddifferenttypesof ruddersto reducethe rudderdragor tried to
gain additionalthrustby addingthrustfins (Guo et al., 2010;Huanget al., 2007)to
therudderblades Twistedrudders(Ahn etal., 2012;Calcagnietal., 2014;J. H. Kim
etal.,2014;Y. J. Shin,Kim, Lee,etal., 2019) rudderswith bulb (Prinsetal., 2016;
Shenet al., 2013, 2016; Su et al., 2020) flapped rudder high thrust rudders
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(Kanemaruwet al., 2017)andhigh lift rudders(Suzukietal., 2017;Zaky et al., 2018)
areexampledo energysavingruddertypes.

GateRu d d eSyskem(GRS)is a new conceptof ESD and manoeuvringsystem,
including two asymmetricruddersat eachside of the propeller. This twin rudder
systemwas originally inventedby Kuribayashiin 2012 (Sasakiet al., 2017) and it

wasa box typerudderlocatedbehindthe propellernamedi f r a md dGneobthe
prior investigationson gate rudder was NOAH (No More Artistic Hull) project
conductedby National Maritime ResearcHhnstitute (NMRI), Japan.In this project,
the gaterudderwas appliedto a 6 m model with a block coefficient of 0.66 and
reportedto saveenergymore than 10% (Sasaki,2013) The rudderinvestigatedn

NOAH projectcanbe seenin Figurel.12. After furtherinvestigationsthe GRShas
takenits final shapewith the camberedladesectionsandtwo separateudderblades
beside the propeller and the blades can operateindividually. The ability of the
individual control of the blades enhancesthe seakeepingand manoeuvring
performanceof the ship (Sasakiet al., 2015) The manoeuvringnodesof the GRSis

illustratedin Figurel.13 andsummarizedn Tablel.5.

Figure 1.12: Earlytypeof the gaterudderinvestigatedn the NOAH project
(Sasaki2013)

The GRSoperatesasan opentype ductedpropeller,but muchlargerpropellercanbe
installed due to larger spacecomparinga traditional ducted propeller with less
surfacearea(Sasakiet al., 2020) Advantagesof this systemcan be groupedinto
economicalsafetyandhabitbility (Sasakietal., 2015) Higher propulsiveefficiency
due to the duct effect and being able to avoid a torquerich condition by slightly
changingheruddercanberegardecaseconomicadvantagesf the gaterudder.
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Navigation (economy mode) Navigation (rough sea mode) Navigation (steering mode)
Rudder angle +3 ~ +5 deg. Rudder angle 0 ~ +2 deg. Example rudder angle -10 & +10 deg.

Circle mode Crash stop mode Crabbing mode
Rudder angle -30 & +35 deg. Rudder angle -30 & -30 deg. Rudder angle +110 & +60 deg.

Figure 1.13: Steeringmodesof the GRS(Carcheretal., 2020)

Table 1.5 : Steeringnodesof the GRS(Carcheretal., 2020)

Rudder Angle  Rudder Angle

Mode Functions [deq] [deq]
Port Side Starboard Side
Economy Most efficient operationin calmsea 43~ 45 43~ 45
mode (straightnavigation)
Roughsea Propellerspeedcanbeincreasedy the 10~ 42 40~ 42
mode acceleratedlow (straightnavigation)
Stegilyd Normal coursechangg(to starboard) +10 -10
mode
Circle mode Emergencysteering(to starboard) -30 +35
Cr%sohdséop Emergencycrashstop(straightmotion) -30 -30
C:ﬁgg'eng Berthing& de-berthing(to starboard) +110 +60

Remarkablestoppingability, remarkablemanoeuvringand seakeepingerformances
dueto differentsteeringmodesarethe advantagesf the gateruddersystemin scope
of safety. The GRS provides reduced propellerinduced noise and vibration by
improvingthe sternflow dueto the wakeequalizingeffect Increasedargospaceby
shifting the engineroom towardsto sterncanbe consideredasboth economicaknd
habitabilityadvantagesf the GRS

GRS was applied on a large bulk carrier and investigatedexperimentallyand
numerically (Sasakiet al., 2015) and reportedthat gate rudderhasthe potential of
energysavingsup to 7-8%. For vesselswith high block coefficients(Cg) or lower
L/B ratios,the energysavingpotentialcanbe 6-8%. It is alsostatedthatthe returnof

investmentof the new systemis abouta year (Sasakiet al., 2015) However,one
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disadvantagef the gate ruddersystemis the rudder bladesmay not be placedin
high-velocity slipstreamdueto the stronglateralforcesthatthe ruddermay generate
(Sasakiet al., 2015) Turkmenet al., (2016) investigatedthe GRS by conducting
somespecialtestsat the EmersonCavitation Tunnel of NewcastleUniversity, UK,
usinga segmentedruncatedhull modelof a bulk carrierwith a properly scaledaft
end. They measuredthe local forces on the gate rudder and the aft part of the
segmentechull by using specialload cells. The measuremensystemconsistedof
two 6-componentload cells to measureforces in the x, y and z axes. The
measurementsvere taken with two rudder configurations:a conventionalrudder
arrangementandthe gaterudderarrangementandthe resultsshowedthat the gate
rudder producedan additionalthrust with increasingthe inflow velocity while the
conventionalrudder generatesan additional drag. On the other hand, the sel
propulsiontestswith the GRS resultedin 4-8% higher thrustdeductionvaluesand
15-25% higher wake fraction valueswhen comparedto thoseof the conventional

rudder.

The wo r | fisd &RS was installed to a 2400 GT container ship named
A S hi g eandtbedist,seatrials were performedon November2017in Japan
(Sasakiet al., 2018) The trials reportedthat Shigenobudisplayeda 14% energy
savingwhencomparedwith thetrial resultsof her sistership, Sakua fitted with the
conventionalruddersystem(CRS) (Fukazawaet al., 2018) The sternarrangements
of Sakurawith the CRS and Shigembu with the GRS can be seenin Figure 1.14
(Sasakiet al., 2018) Afterwards, a seriesof model testswith a 5m-model were
conductedat the Ata Nutku Ship Model Testing Laboratoryof Istanbul Technical
Universityandabout 7%dessbrakepowerrequiremenfor GRSwasreported(Tacar
etal.,2020)

Starting from their first voyages, performance indicators suclhipsspeedpower,
andfuel consumptiorfor the sister ships have been recorded and analyzed. The ship
with the GRS savedas high as 30% or more than her sister ship with the CRS.
Additionally, Shigenobu hasvenmore attractiveperformancen-serviceconditions

in roughweatherthan Sakurdoasedon thetrials andvoyagemonitoringdata(Sasaki
etal.,2019;TheMotorship,2019)
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Figure 1.14: Sakurawith the CRS(left), Shigenobuwvith the GRS(right) (Sasakiet
al.,2018)

As statedearlier,one of the propertiesof the GRS s that the rudderbladescan be
controlledindependentlyvia the rudderstock of eachrudder (Sasakiet al., 2018)
This providessuperiorfeaturesin manoeuvringsuch as stoppingability, berthing
performancen crabbingmodeandreductionof the rolling motion by controllingthe
rudderanglesindividually for eachblade (Turkmenet al., 2016) Manoeuvrability
performanceof the Gate rudder systemwas also investigatedby the dedicated
ManoeuvringModelling Group (MMG) simulationprogramdevelopedandreported
by Carchenet al.,, (2016) Recently, Carchenet al. (2020) investigated the
manoeuvringperformanceof the GRS both in modelandfull scale.Captivemodel
testsandfree-runningtestswereperformedandsimulationsshowedgoodagreement
with the experimentsandfull-scalemeasurementd hey havereportedbasedon the
experimentaresultsthat whenthe rudderbladeis closeto the hull, the interaction
betweenthe hull andthe rudderis strong.This situationprovidesadditionalsteering
force and makesa leadingedge slat effect which increaseshe rudder force and
enabledargerstall angles.

The conventional ducted propellers may cause some cavitation and vibration
problemson large commercialvessels Sincethe GRS can be considereda type of
ductedpropeller (opentype), its cavitation and vibration characteristicshould be
further exploredin detail (Sasakiand Atlar, 2018) In this context, cavitation and
noiseperformanceof the gateruddersystemwas investigatedexperimentallyin the
EmersonCavitationTunnelin comparisorwith the CRS(Turkmenetal., 2018) The
cavitationperformanceof the gateruddersystemwasalsostudiednumericallyusing
RANS andLES basedCFD by Yilmaz et al., (2018)in comparisorwith that of the
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CRS Thesestudiesreportedreducedsheetand tip vortex cavitation volumesand
variationsfor the GRS comparedio the CRS Thesefindings further supportedhe
testimonialof S h i g e rcaptaiowdaseonboardexperiencesvith Shigenobuand
Sakuragualitativelyrevealedhatthe vesselequippedwith the GRShada quieteraft

endwith lessvibration (Sasakietal., 2019)

1.3 Difficulties in ESD Design

Shipsneeda force to be appliedto overcomethe resistanceo move at a certain
speed and this force (thrust) is supplied by a thrustproducing mechanism.
Throughouthistory, manytypesof propulsionsystemshavebeenintroducedsuchas
paddlewheels,screw propellers,magnetohydrodynamicpropulsion,waterjetsand
oscillating type of propulsionsystemsSomeof them havelimited applicationarea

but especiallyscrewpropellersarevery commonin use

The main purposeof designinga propulsionsystemis to provide the requiredthrust
to the vesselby obtainingmaximumefficiency. Propulsionsystemsmust meetthe
increasingpower requirementsgdue to the increasingship capacitiesor high-speed
demandsHigh powerdemandsmay causea higherrisk of cavitation,erosionand
noiselevels (Harvald, 1992) It is importantto designan efficient propellerwhile
satisfying cavitation and vibration requirements. A conventional propelled s
efficiency canreacha maximumof 70% dueto losses10%is momentumoss,10%
is frictional loss and 10% is rotational loss (Harvald, 1992) Owing to the
improvementsuchaswakeadaptedoropellerdesignalgorithmsandimprovemenin
Computer Aided Design programs, Oil Companiesinternational Marine Forum
(OCIMF, 2011) reportsthat an averageof 2.5% saving has beenachievedby the
improvedpropellerdesignmethods As mentionedbeforein Sectionl.2, ESDscan
be a good option to increasethe propulsionefficiency andthey are effectively used
in reducing these losses stenming from the propeller rotation and interaction
betweerthe hull andthe propulsionsystem.

Varioustypesof deviceshavebeeninvestigatedand someof them areregardedas
successful.de Jong (2011) summarizedthe failure reasonsof ESDs as in the

followings:
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1 Structuralfailure: On larger devicessuch as ducts, spoilersor Grim vane

wheels excessivdatiguecanbe seendueto vibration.

1 Lack of full-scale verification: Due to a lack of transparentand accurate
measuringsystems/proceduresijt is very hard to determinethe amountof
savedenergy.Without proof of an E S D financial viability, the often large

investmentsouldnot bejustified.7

1 Lack of transparencyf the savingsin actual operationalconditions: Ships
rarelyoperaten ideal conditions.In operatingconditionsobtainedresultscan
be different due to cruising speed,draft (trim), water depth and weather

conditions.

1 Limited capability of ship-specificdesign:ESD mustbe designedi ma the
me a s uar ¢hé ship. The flow field, the interaction of the hull and
propulsors,the interaction of the ESD and the propulsorsmust be fully

understood.

In addition,manyof the ESDsarenot ableto be applieduniversallyon all typesof
vesselsbecausethey improve efficiency by regainingsomelosses(Nielsenet al.,
2012)

As the scaleeffect is an importantissuefor ESDs usually achievemenin model
scaleandfull scalecanbe differentandthis makesthe applicationof the ESD onthe
shipquestionabléDangetal., 2012) Although ESDssuchaswakeequalizingducts
or vortex generatoifins (Grothuesspoilers)havebeenappliedfor manyyears,there
is still little knowledgeaboutscaleeffectson the influenceof propellerinflow with
theseappendagefdevices)(Heinke and Hellwig-Rieck, 2011) Therefore the scale
effect of the ESDs should be investigatedto get reliable resultsand convincethe
shipowneror the authoritiesto apply the device.A ship will havevariouscruising
speedsdue to the seastate and operationalconditions. When the applicationsof
ESDson new shipsor existingvesselghroughretrofitting are consideredthe ESDs
shouldbe practicallyapplicable simple,relatively cheapand easyto maintain(Kim
et al., 2013) The payback time of the device should also be consideredand if
neededthe device should be simplified and new installation and production

techniqgueshouldbe studied.
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1.4 Aims and Objectivesof the Thesis

This thesisaims to makea further contributionto the performance®f shipsby the
applicationof ESDs,in particular,a novelconceptGRS Basedon thisaimit is very
importantto understandhe physicalmechanismshat affect the working conditions
of propulsionsystems their lossesand the interactionbetweenthe ship hull and
propeller, hence ESDs. Therefore,the following objectivesof the thesiswill be

satisfied.

1 To investigatehoroughlyflow field aroundthe stern,wherethe propellerand
ESDswork by the stateof-the-art CFD techniquego understandhe physical

conditionsaffectingthe performancef the propeller

1 As thereis a large variety of ESDs availablein use, it would be more
beneficial to study the working principles of the ESDs and their energy
saving potentialsfor different types of ships,suchas tankerand container
ship.

1 To put a specialemphasisen a novel ESD and manoeuvringdevice, GRS
dueto its higherpotentialfor energysavingcomparedo thoseof the existing
7ESDsby usingCFD andmodeltests.

1 To try to put someeffort to developan easyand accuratemethodfor the
prediction of the model test resultsof the ship model fitted with the Gate
Rudder Systemas there is a lack of testing procedureand extrapolation
methodgo full-scalefor this device.

1 To study scale effects on the performanceof the GRS main parameters
contributingto the scaleeffect phenomenavill beidentified employingCFD
analysesand modeltests.This will provideto explorethe understandingf

the phenomenandmakesomecontribution.

1.5 ThesisOutline

Basedon the literature review and the aim and the objectivespecified in the
previous sections, the research study conducted in this thesis is summarised in the

following to meet the thesis aims & objectives:
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Chapterl is dedicatedto a literature summarywhere brief information on global
climatechangeandemissonsis given. The methodsto reducethe fuel consumption
of shipsarementionedanda literaturereview on conventionaESDsfor shipsanda
literature review on the gaterudder systemare given. Chapterl also includesthe

aimsandobjectives(sectionl.4) andthe structureof thethesis(sectionl.5).

Chapter2 is dedicatedo a brief explanatiorof the computationamethodsn general

andpresentshe CFD methodologyfollowed in this thesis.

Chapter3 presentghe validation studiesand numericaldesignstudiesof an energy
savingduct andpre-swirl statorfor the INSEAN Tanker INSEAN Tankeris a 7000
DWT chemicaltankerthat hasno full-scaleapplicationand a scaledmodel with a
modelscaleof & = 1 BGaskeeninvestigatedn EU project STREAMLINE. Only the

modeltestresultswithout any energysavingdeviceareusedfor validationpurposes.

Chapter4 is dedicatedto the gate rudder system.In this thesis the gate rudder
systemis investigatechsanenergysavingdevice.This chaptempresentshe detailsof
the experimentalstudy for the model & = 2 1 whitlbwas performedin ITU Ata
Nutku Towing Tank and the details of the numericalstudy both for two different
model scalesand the full scale.The model testswere performedat two different
loading conditions hence the numerical studies were performed for the same

conditions.

In Chaper 5, the scaleeffectphenomenareinvestigatedor the gateruddersystem.

Resultsfor two differentmodelscalesandthefull scalearecompared.

Chapter6 presentshe conclusionf the thesisandcontainsrecommendationfor

futureworks.
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2. COMPUTATIONAL METHODS

Experimental studies have been an excellent tool for engineering problems
throughout the ages. However, experimentsare always very expensive, and
sometimesgt is difficult to measurethe requiredvariableswith sufficient accuracy
suchasboundaryayer profiles, surfaceor volumeintegratedvariables A facilitating
alternativeto the experimentatechniquess computationaimethods. Computational
methodshavebecomean indispensablgart of the designand developmenstagein
engineeringespeciallyin recentyears,with the increasein computing power. The
integrationof thesecomputationaimethodswith the disciplinesof fluid mechanics
and computer science is called Computational Fluid Dynamics (CFD). CFD
techniquesdeal with the solution of the fluid motion equationsas well as the
interactionwith solid bodies.The equationof motionsor generallycalledgoverning
equationsare the equationsthat needto be solvedand the mostgeneraloneis the
NavierStokesequationsvhich expresghe conservatiorof massand momentumnfor
theincompressiblé&Newtonianfluid flows which is the maininterestof the numerical

studyof thisthesis.

2.1 Governing Equations

A fluid is a material that continually deforms under the shearstressapplication
regardles®f how minimal the force might be. The movementbf the fluid continues
underthe applicationof shearstressso, fluid canalsobe definedasany materialthat
cannotmaintainshearstresswhile resting(Pritchard,2010) Fluids canbein liquid

andgasforms, while thereis a major differencebetweerntheseforms, the samelaws
of conservatiorarevalid for liquids andgasesTheseconservatiodaws are (Blazek,
2001)

1. Theconservatiorof mass,
2. Theconservatiorof momentum,

3. Theconservatiorof energy.
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In the field of marine hydrodynamics, the flow is generally defined as
incompressibleln anincompressibldlow, the conservatiorof mass(the continuity
equation)in a specifiedcontrolvolumeis thefirst law of the flow. Togethemwith the
momentumequations,NavierStokes equationsdescribethe flow arounda ship.
Continuity equationand Navier-Stokesequatiors for anincompressibldlow (with a
constantdensitys ) in tensornotationis givenin equation2.1 and 2.2, respectively
(Gatski,1996)

Tt (2.1)

T 16 pt n pt,
—_— 0_ —_— —_—

5 %t TTe TTa (2.2)

where} is the densityof the fluid, ui is the fluid velocity, p is the pressureand i is

thedeviatoricpartof theviscousstresgensorandexpressetby equation2.3.
4 ¢y (2.3)

In equation2.3, € is thedynamicviscosityof the fluid andS; is the strainratetensor

andgivenin equation2.4.

6 1o
0w Tw

N |O
—a —a

(2.4)

The NavierStokesequationsconsist ofa set of partial differential equationsand
cannotbe solved analytically and that is the reasonfor the discretizationof the
computationabdomainin spaceandtime to converttheseequationsnto numerically

solvablealgebraicequationsThe mostpopulardiscretizatiormethodsusedin CFD:
1 Finite DifferenceMethod(FDM),
1 Finite ElementMethod(FEM),
1 Finite VolumeMethod(FVM).

In marineapplications the mostwidely usedmethodis the Finite Volume Method
and the most original approachof the FVM developedby K. Godunovin 1959
(Godunov& Bohachevsky1959) In the FVM, the domainis discretizedby a finite
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number of contiguous control volumes and it uses the integral form of the
conservatiorequationgFerziger& P e r 2002) The variablesare calculatedat the
centroid of eachcontrol volume and by using surfaceand volume integrationsan
algebraic equation can be obtainedfor each control volume. Once an algebraic
equationis obtainedfor eachcontrol volume,in a similar way, volumeintegraland

theglobal conservatiorequatiors canbe calculated.

Most of the flow phenomenan natureand engineeringproblemsareturbulenti.e.,
smokefrom a chimney,a waterfall, motion of the cumulusclouds,thewatercurrents
of the oceansetc. Although it is an eventthat we can easily observein our daily
lives, it is not that easyto defineturbulence.lt shouldbe notedthatturbulenceis a
propertyof the fluid flow, not the fluid. Therefore,turbulenceis definedby some

characteristic§Tennekes Lumley, 1972)
Irregularity

Diffusivity

LargeReynoldsnumbers
Threedimensionaborticity fluctuations

Dissipation

= =_ =4 =4 -4 -2

Continuum

The given governingequationsdescribeboth laminarand turbulent flows. To solve
thesegoverningequationdor turbulentflows, sophisticatechumericalmethodssuch

as
71 DirectNumericalSimulation(DNS),
1 LargeEddySimulation(LES),
1 ReynoldsAveragedNavier Stokes RANS)

can be used DNS provides a direct numerical solution to the NavierStokes
equationswithout modelling turbulence However,the computationakostgrows as
the third power of Reynoldsnumber (Ferziger& P e r 2002) To overcomethis
complexity, modellingtechniquedike RANS or LES have beendevelopedo model

theturbulencdully or partially. In termsof complexity,LES follows the DNS which
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is a hybrid methodthat solvesthe turbulenceby modelling the small scalesand

resolvingthelargescalesby usingafiltering function.

DNS and LES methodsrequirevery high computationalpower and time for large
scaleflow problemssuchasflow aroundshipsso,theyhavevery limited application
in the marinefield. To reducethe requiredcomputationalpower and computation
time, the NavierStokesequationanbereconstructeavith Reynoldsdecomposition
and RANS equationsare obtained RANS is the simplestmethodamongDNS and

LES in termsof complexity.

In Reynoldsdecompositionfluid variablescan be definedin two parts; mean "¢

andthefluctuationpart "Q asgivenin equation2.5 (Gatski,1996)
N 4 e (2.5)

wheref representanyscalarpropertiessuchasvelocity andpressure.

2.2 The RANS Equations

Solvingthe flow field aroundthe ship to understandhe effectsof differenttypesof
ESDs,it is veryimportantto resolvethe flow especiallyin the aft regionof the ship.
As mentionedabove,the DNS of a turbulentflow is a very difficult process.The
flow is strongly threedimensional,chaotic, diffusive, dissipative,and intermittent.
Thesecomplexflow characteristicsesultin quitelimited scalesof time andlengthto
fully overcomethe flow field's turbulent propertiesand thus require a significant
computationakesource For this reasonthe applicationof the ReynoldsAveraged
NavierStokes (RANS) equations,which substantiallyreduce this computational
demandstill appearsas a valuabletool for engineersand researchersjespitetheir
knownweaknessedueto theaveragingconceptln equation2.6,the RANS equation

is givenin tensomotation(Gatski,1996)

[ e prie 1 1OV 2
0 Tw T Tolw To

whereu, p, } t, and3 imply velocity, pressurefluid density,time, and kinematic
viscosity,respectivelyThe overbarrepresergthe meanof thevariables.If theabove

equationis rewritten,equation2.7 canbe obtained
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Here, ¢ termis meanpressurdield, ” 6"Nis Reynoldsstressterm describingthe

stressesarising from the fluctuating velocity field and 6"Niterm is fluctuating

velocity field. Equation 2.7 involves more unknowns than the number of the
equationsandis called an opensystem.Thus,the systemcannotbe solvedwithout
appropriatemodeling to predict the value of thesestressesThis Reynoldsstress
term causeghe closureproblem,and this closureproblem can be solved by using
turbulencemodels Within the frame of the RANS approachthe Reynoldsstresses
and hencethe effect of the turbulenceon the meanflow primitive variablescanbe
predicted by using severalturbulencemodels including isotropic eddy viscosity
modelsandReynoldsStressnodels(RSM). The mostcommonturbulencemodelfor
the Reynolds stress tensor modelling is known as Boussinesgapproximation
(Tenneles & Lumley, 1972) as given in equation2.8 and equation2.9 strain rate

tensorS; is defined

g . C.~
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In equation2.8 * representshe dynamicturbulentviscosity term, which is not a
fluid propertyand dependssolely on the stateof turbulence: canbe definedin

termsof theturbulentkinetic energy(k) andlengthscale(l) or time scale(t).

Forthe calculationof the pressurderm,initially, it doesnot haveits naturalequation
for incompressibldélow sothe systemcanbe solvedwith a suitablevelocity-pressure
coupling technique. Pressurdased (pressurecorrection methods) methods and
pseudecompressibility (based on artificial compressibility) methods are the
commonlyusedmethodsfor pressurevelocity coupling (Ashgriz and Mostaghimi,

2002)andthe mostcommonpressurebasednethodsare:
1 PISO(Pressurémplicit with Splitting of Operators)

1 SIMPLE (Semilmplicit Pressurd.inked Equations)
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In this thesis,SIMPLE methodis usedfor velocity-pressurecoupling. The SIMPLE
algorithmis the mostusedfor the incompressibldlows andit is basedon guessing
and iteratively correcting the variableSIMPLE methodis explainedin detail by
Patankaf1980) Ferziger& P e r(2002) andTu etal. (2018)

2.3 Turbulence Modelling

In eddyviscositymodels,additionaltransportequationseedto be solvedfor scalar
guantitiesthat enablethe turbulentviscosity. Therearevariousmodelsare classified
in termsof the numberof transportequationsn additionto the RANS equationsThe

mostpopulareddyviscositymodelscanbe classifiedasin following:

1- Zero-equation/algebraimodels:

Prandtl Mixing length (Rodi, 1984; Schlichting & Gersten,2016) Cebeci
Smith(Smith& Cebeci,1967)

2- Oneequationmodels:
SpalartAllmaras(Spalart& Allmaras,1994)
3- Two-equationmodels:

k-e models(Jones& Launder,1972;Launder& Spalding,1972) k-w models
(Menter,1993;Wilcox, 1988)

4- Fourequationmodels:
v2-f model(Durbin, 1996;Lien etal., 1999)

The ShearStressTransport SSTk-¥ modelis the mos preferred turbulence model
in the field of ship hydrodynamics ithe last two decadgderziev,2020) In this

thesisthe SSTk-¥ turbulencamodelis usedfor the RANS closure

2.3.1k-¥ modelsand SSTk-¥ model

The k-¥ modelis a two-equationmodel that solvesthe transportequationsfor the
turbulentkinetic energy, k, and the specific dissipationrate, ¥ ,to determinethe
turbulenteddy viscosity (Wilcox, 1988) An enhancedrersionof the standardk-¥
modelis the Shearstresstransportk-¥ (SST) turbulencemodel (Menter,1993. In
the equation the model containsa crossdiffusion term far from walls, alongwith a

mixing function that preventsthe standardk-¥ model'ssensitivity to free stream
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boundary conditions. This blending function suggestedby Menter and the
modificationblendsa k-Umodelin the far-field with the original k-¥ modelnearthe

wall to calculateturbulentviscosity

2.4 Near Wall Modeling

In turbulentflows, in a very thin layer closeto the wall, the viscousforcesdominate
the flow, andin the remainingregion, the viscosity can be neglected.Due to the
high-velocity gradient, turbulencekinetic energy generationincreasesrapidly as
movesawayfrom the surface.The wallfunction approximationare usedo describe
the neaiwall flow field in RANS basedurbulencemodels.This relationis calledas

law of thewall andcanbedefinedasin equation2.10.

~.

Y Q® (2.10)

The nondimensionalvelocity (U*) anddimensionlesslistancefrom the surface(y®)

aregivenin equatiors 2.11and2.12,respectively.

~ ~.

Y Yo (2.12)
© oG (2.12)

where U is the velocity, y is the absolute distance from the walld u: is the
frictional velocity andgivenin equation2.13.

T oy e
—Y Qw (2.13)
The turbulentboundarylayer canbe divided into two layers,inner and outerlayers.
In theinnermostlayer (0w  v), calledviscoussublayer the flow is almostlaminar
and"Y  ® in viscoussublayerTheviscosityplaysadominantrolein momentum,
mass, or heat transfer. A buffer layer (. ® ¢ ) and inertial subdayer
(logarithmic layer) (o o rhfollows the viscous sublayerin the wall-normal

direction (Tennekes& Lumley, 1972) In the logarithmic layer, the flow is fully

turbulent,andturbulenceplaysa majorrole.
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2.5Meshing

Thefollowing meshersiavebeenusedasvolume meshelin thisthesis:
1 TrimmedMesherhexahedrabasedvolumemeshingmethod.

1 PrismLayerMeshermprovidesprismaticcell layersnextto thewalls to capture
velocity gradientsat thewall.

1 ExtruderMesher by usingpredefinedneshedoundariesgenerategxtruded
mesh regions. Only used for propeller open water analysesto extend

boundaries.

2.6 Rotational Motion

Moddling arotatingpropelleris anadvancegroblemwith moving partssodifferent
techniqueswere developedto solve this problem. Analyzing a propelleris more
difficult than analyzing the other lifting surfacesdue to the following reasons
(MARNET-CFD, 2002)

1 Periodicityin thecircumferentialdirection,

1 Strongtwisting of theblade,

1 Thecomplexgeometryof the propeller,

1 Thestagnatiorpointonthehubis closeto the propellerand

1 Dueto thelimited spacebehindthe shipdifficulties in grid generation.

A staticmodelis not adequatevhena motion, i.e., rotationof a propelleris defined
motionmodellingtechniquesieedto beused.

Available motionmodellingtechniguesanbelistedasbelow:
1. Sliding Interfaces
2. OverlappingMeshedJsingthe Overset{Chimera)Technique
3. Moving ReferencdramegMRF)
4. MeshMorphing
5. BladeFlutterfor HarmonicBalance

0. UserDefinedVertex Motion
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On the other hand, it is importantto decidethe methodto model the propeller
motion. Threemethodscanbe usedin simulationsof selfpropulsion.Theseare:

1. Body ForcePropellerModel (Virtual Disk)
2. Direct PropellerComputatiorby usingMoving Referencd-rames
3. Direct PropellerComputatiorby usingRigid Body Motion (RBM)

In MRF and RBM methods the propellergeometryis discretizedtogetherwith the
ship hull geometrybut in the body force propellermodelan actuatordisk is defined
insteadof the propeller geometryby distributing body forces over a cylindrical
virtual disk basedon the thrustand torque coefficientsof the propeller While the
actuatordisk model is a very simple and very fast modelling tool for propeller
modelling, it is not very accurateto predict propulsioncoefficientswhen compared
with the MRF and RBM especiallyfor unconventionapropulsionsystemsdike the
GRS In this thesis the MRF and RBM modelling techniquesare usedto predict
propulsion characteristicsand the virtual disk method is used for a relative

comparisorfor the performanceof PSScases

2.6.1Moving referenceframe (MRF)

Moving Referencd~rames(MRF) arereferenceramesthat canrotateandtranslate
to the laboratoryreferencerame (SiemensPLM-Software,2016) MRF is a steady
stateappro&h. In this approachthe referencesystemis moving (rotatingor rotating
andtranslating)andanalyzedobodiesarekeptfixed. The angularvelocity of the body

is assumedo be constanandthe meshis assumedo berigid in the MRF method.

Applying an MRF to a region generatesa constantgrid flux. This grid flux is
calculatedbasedon the propertiesof the referencedramenot the local motion of cell

vertices Also, in the MRF method the positionof cell verticesdoesnot change.

MRF methodis alsonamedthe i f r aatoeanp p r odaedohfréezingthe motion
and investigatinginstantaneouslow in a specific position. When MRF is used,
equationsof motion are modified and additional accelerationterms due to the

transformatiorof thereferencdrameareincluded(AnsysCorporation2017)

Onthe otherhand,thereis a restrictionof the MRF usageMRF shouldnot be used
if thereis anexternalflow velocity perpendiculato the axis of rotation. MRF gives

physicallyrealisticresultsonly whenthe surroundinglow is axisymmetric.
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2.6.2Rigid body motion (diding mesh)

In contrastto the MRF method,the sliding meshis atransientapproachandis based
on rotatingmoving rigid boundariesThis methodmovesthe meshaccordingto a
defined motion which is a rotation motion in our case.In the self-propulsion
analysesthe sliding meshmethodis usedto analyzethe propellermotion and to

predictthe propulsioncharacteristics.

2.7 Free Surface Modelling

Numericalanalyseswith the free surfaceare very commonin ship hydrodynamics.
Calmwaterresistancendperformancedests,ship performancenalysesn regularor

irregularwavesarepopularpracticesof CFD.

The interfacebetweenthe air and water is called free surfaceand when solving a
flow with a free surfaceapproach,its location must be determinedby utilizing

numericalmethodsduring the analysistime. The position of the interfaceis known
asaninitial conditionbut dueto the forcesactingon the free surfacejt is deformed.
Therearetwo major groupsof methodsfor estimatingthe shapeof the free surface
(Ferziger& P e r2002),

a. InterfaceTrackingMethods
b. InterfaceCapturingMethods.

The main differencebetwea thesetwo groupsis beingthe Lagrangianor Eulerian
approach(Elgeti & Sauerland2016) Dhineshet al. (2009) summarizethe general
differenceas the interfacetracking methodstreatsthe free surfaceas the solution
progressyhile interfacecapturingmethoddakethefluids asa mixture.In our study,
the VOF model, which is one of the interfacecapturingmethods,s preferred.The
Volume of Fluid (VOF) approachis one of the most preferredmethod in marine

applications

2.8 Computational Domain and Boundaries

2.8.1Resistanceand self-propulsion analyses

In this study,to analyzethe performancef the propellerbehindthe shipwakefield a

full computationaldomainis used. The computationaldomainis constructedby
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ITTC recommendationdTTC, 2011b) Thedimensionsandboundaryconditionsare
shownin Figure2.1. Wall boundaryconditionis appliedto therestof the boundaries
which arenot shownin the figure. While usingthe no-slip wall boundaryoption on
the hull surface,the slip wall boundaryoption is appliedto the outer walls of the
computationaldomain to avoid any interaction betweenthe hull surfaceand the
boundariesandto increasethe convergenceyuality of the simulations. In the self
propulsion analyses,another cylindrical inner region is generatedto model the
propeller(rotatingregion) An interfaceis definedbetweerouterandinnerregionsto
solve fluid motion throughthe contactingboundariesThis interfacepermits mass,
energy and other continuumquantitiesto passfrom one region to another.ITTC
recommendationsre followed for the computationalsetup and the calculations
(ITTC, 2014b)

0.5 :
o 2L Velocity Inlet

2L
3L :

Pressure Outlet

Figure 2.1 : Domaindimensionsaandboundary conditions.

In additionto the caseswith the free surface,anothermodellingtechniquewhich is
calledthe doublebody methodwasalsousedto performsomeof the simulationsto
see flow patternsand relative changeson the propeller characteristics.In this
method,the computationadomainwas split into two partsat the free surfacelevel
and the underwaterpart was usedto perform simulations.The top boundaryis
definedasa symmetryplaneto avoid wall effectsin the presenceof a boundaryat
thefreesurface.
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2.8.20pen-water analyses

A similar domainsetupwith the self-propulsioncasess generatedor the openwater
analyseslinsteadof a rectanguladomain,a cylindrical domainis usedfor the open

water simulationsand ITTC recommendationsvere usedfor the physicssetupand

the computation(ITTC, 2014b) To determinethe domainsize similar casesn the
literaturewere investigated. Bugalskiand Hoffman (2010) determinedthe domain

size for open water analysisas 10D, in front of the propeller, 5D, behind the
propellerand3Dy in the radial direction.Baeket al. (2015)investigatedhe effect of
theadvanceatio, J, onthewakefield of the KP505propellerin the operwatercase.
Theyuseda computationatlomainwith the sizeof 2.4D, beforethe propeller,7.6D,
behind the propeller and with the domain diameter of 7Dp. In this study the
computations domain consists of two cylindrical regions: the rotating region and the
static region. The propeller was located in the rotating region and this region is the
rotating part of the computational domain where the motion of the propeler wa
simulated. The rotating region hasl.2 D diameter and 1.0 Plength. The static
region is the stationary part of the domedmtaining the rotating region and the shaft
extension with a 6.0 pdiameter and 14.0 Jdength.4Dp and 10Dp distancesvere
definedbeforeandbehindthe propeller,respectivelyDimensionsof the rotatingand

staticregionof theopenwaterdomaincanbe seenin Figure2.2.

The artesiancut cell method was usedto generatethe meshgrid. An extruder
meshingmodel was also usedto extendthe boundariesof the static region. The
extended part was unphysical and generally defined for the inlet and outlet
boundariesof the domainto provide the flow enoughdistanceto fully develop.
Anotheradvantagef this meshingmodelwasto extendthe domainusingorthogonal
cells with a very low cell count. In this study, the extrudermeshingmodel was
appliedto inlet and outlet boundariesThe dretchingfactor betweenayerswas?2.0.
Ten and forty layers were generatedfrom the inlet and outlet boundaries,
respectively.The rotation of the propellavas modelledusing Moving Reference
FrameqdMRF) method.
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