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A NOVEL ENERGY -SAVING DEVICE  FOR SHIPS- GATE RUDDER 

SYSTEM 

SUMMARY  

Intelligent use of energy is one of the most important issues today. The increasing 

need for energy and the decreasing traditional energy resources have long ago shown 

us that the use of renewable clean energy sources is essential. On the basis of 

countries, it is obvious that the countries that dominate energy have a higher 

potential to exist and preserve their power in the future compared to other countries. 

On the other hand, we have only one planet where we can live for now, and it has 

already signalled global climate change. Considering all these, the importance of the 

management and efficiency of clean energy resources can be understood. However, it 

is still not possible to use renewable energy completely in most areas. Ship 

transportation, for example, continues its way using fossil fuels. In this case, our duty 

as engineers should be to use it most efficiently in the systems we design, whether 

the energy source is 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 ships following technological developments, not disrupting the 

routine maintenance and repair works on ships and planning them correctly, route 

optimization and installing systems to improve ship propulsion efficiency. The use of 

systems to improve ship propulsion efficiency, which is the subject of this thesis 

(energy saving devices-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 are considered. In addition, the fact that the 

energy efficiency index (EEXI) of existing ships of the International Maritime 

Organization (IMO) will enter into force in 2023 has made the retrofit applications of 

energy-saving systems quite up to date. 

Energy conservation systems are appendages mostly static systems, positioned in 

front of the ship's propeller, in the same frame as/on the propeller, or after the 

propeller. According to the working principles: 

Å Preventing the flow separation/improving wake field quality 

Å Reducing or compensating rotational losses 

Å Reducing hub vortex losses 

can be grouped as systems. 

In this thesis, three different ESDs on two different ships were investigated. The first 

ship is a 7000 DWT chemical tanker that has been studied in the STREAMLINE 

(European Union) project. In this ship (ɚ=16.5), a duct positioned in front of the 

propeller and improving the inflow to the propeller and a stator positioned at the 

same location, reducing rotational losses, are studied separately. In this study, the 



xxx 

parametrically investigated duct was generated using the MARIN19A geometry and 

the location, diameter, chord length are the parameters investigated. Due to the 

restrictions imposed by the ship's stern form, it was decided that the position of the 

duct should be 0.3Dp (Dp: propeller diameter) ahead of the propeller plane. Nine 

different ducts were obtained by changing the diameter of the duct to 0.7, 0.8 and 

0.9Dp and the chord length to 0.3, 0.4 and 0.5Dp. Numerical studies were carried out 

in StarCCM+ using the Computational Fluid Dynamics (CFD) method. In the 

calculations, the free surface effect is ignored and the calculation cost is minimised 

by using the "double body" method. In the CFD study, the RANS equations are 

solved using the SST k-ɤ turbulence model. Open water propeller analyses and bare 

hull resistance analyses were validated with the test results, and then the propulsion 

analyses with and without ducts were performed using the MRF method. As a result 

of the study, the duct with a diameter of 0.9Dp and a chord length of 0.4Dp increased 

the general propulsive efficiency the most compared to the case without a duct.  
The ESD, which was reviewed second on the same tanker vessel, is the pre-swirl 

stator (PSS). The analyses were carried out using the RANS method and the SST k-ɤ 

turbulence model, without taking into account the free surface effects. A stator with a 

diameter of 0.9Dp, a chord length of 0.25Dp and a cross-section of NACA0012, 

which is also positioned 0.3Dp forward of the propeller, has been developed. This 

stator is designed as four blades in its initial state, and the stator blades are named 

port upper, port central, port lower and starboard central. Their angular positions are 

315Á, 270Á, 225Á and 90Á, respectively (when viewed forward from the stern, 0Á 

represents the upper blade tip of the propeller). Position-2 and 3 are obtained by 

rotating 15Á and 30Á clockwise from this starting position, 15Á counterclockwise to 

obtain Position-4. Firstly, the stator was investigated with 4 blades, without starboard 

blade, starboard blade with the half-length, and port without upper blade in Position-

1, and the general propulsive efficiency of the stator design without starboard blade 

was found to give the best results compared to the no stator case based on ɖD. The 

study continued with the stator design without the starboard blade and analyzes were 

also carried out for other angular blade positions (positions 2, 3 and 4). After it was 

seen that Positions 1 and 2 gave the best results, work was continued with Position 1, 

which is the initial position, and this time the stator designs were obtained by 

changing the pitch angles of the blades from 0Á to 4Á, -4Á and -8Á were examined. As 

a result, it has been seen that the stator with a pitch angle of -8Á gives the best result 

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

The second ship type is a 2400 GT cargo ship. The full-scale vessel is available and 

is in service in Japanese inland waters. A new energy conservation system called the 

ñGate Rudderò system has been studied on this ship. The Gate Rudder System (GRS) 

is a propulsion unit consisting of twin rudders and rudder blades located aside 

propeller. In this system, the rudder blades regulate the flow to the propeller, 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 manoeuvrability of the ship. In this study, the GRS was 

compared with the sister ship equipped with a conventional rudder system (CRS). 

The two vessels operate on similar routes in Japan and sea trial measurement results 

are available for both. The results of numerical and experimental studies were 

compared with the results of this trial. 

The scale effect is a phenomenon that should be considered when determining the 

performance of ESDs. Efficiency and power values obtained from model scale tests 
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or analyzes of ESDs may differ on the full -scale ship. For this reason, in this study, 

two different model scales (ɚ1=50.95 and ɚ2=21.75) and full-scale ship were studied. 

The resistance and propulsion tests of the model with ɚ1=50.95 were carried out in 

Japan. 

However, the model at this scale is small, and another larger model was needed to 

examine the performance of the GRS and to investigate the scale effect. In this case, 

the model with ɚ2=21.75 was produced and the resistance, nominal wake, 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 hull model and the model with the conventional rudder. The self-

propulsion experiments were carried out with the GRS and CRS. The same model 

propeller was used in both rudder systems. In addition to these two model scales, 

numerical analyzes of the full-scale ship were also carried out. In CFD studies, 

RANS equations are solved by taking into account the free surface effects and using 

the SST k-ɤ turbulence model. Since the effect of scale effect on GRS performance 

will be examined, the same mesh structure was used in all three scales. Since a large 

number of cells would be required to provide y+<5 on a full-scale ship and the cost of 

the solution would increase, the mesh was generated with y+>30 for all three scales. 

In the model scales, resistance analyzes were performed for both y+ values, but self-

propulsion analyses were performed only for y+>30. Propeller open-water curves are 

used to calculate propulsion efficiencies and hence power requirements. 

Experimental open-water curves are used for CRS, while results from CFD are used 

for GRS. For this, the GRS system was analyzed as an open-water propeller 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 converted to full scale. For this, the 

1978 ITTC performance prediction procedure was used. Corrections were made in 

the extrapolation to full scale by considering factors such as the boundary layer 

thickness being relatively larger than the full scale, differences in friction resistances, 

and surface roughness in the model scale. The full-scale results obtained were 

compared with the sea trial measurement results of the ships and ɚ2=21.75 model test 

results and the full-scale CFD results were compatible. 
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GEMĶLER Ķ¢ĶN YENĶ BĶR ENERJĶ TASARRUFU SAĴLAYICI SĶSTEM-

GATE RUDDER SĶSTEMĶ 

¥ZET 

Enerjinin akēllē kullanēmē g¿n¿m¿z¿n en ºnemli konularēndan biridir. Artan enerji 

ihtiyacē ve azalan geleneksel enerji kaynaklarē, bize yenilenebilir temiz enerji 

kaynaklarēnēn kullanēmēnēn gerekli olduĵunu ­ok ºnceden gºstermiĸtir. ¦lkeler 

bazēnda bakēldēĵēnda, enerjiye hakim olan ¿lkelerin diĵer ¿lkelere gºre gelecekte var 

olma ve g¿­lerini koruma potansiyellerinin daha y¿ksek olduĵu aĸikardēr. ¥te 

yandan ĸimdilik yaĸayabileceĵimiz tek bir gezegenimiz var ve ­oktan k¿resel iklim 

deĵiĸikliĵinin sinyalini verdi. T¿m bunlar gºz ºn¿ne alēndēĵēnda temiz enerji 

kaynaklarēnēn yºnetiminin ve verimliliĵinin ºnemi anlaĸēlabilir. Ancak yine de ­oĵu 

alanda yenilenebilir enerjiyi tamamen kullanmak m¿mk¿n deĵil. ¥rneĵin gemi 

taĸēmacēlēĵē, b¿y¿k oranda fosil yakētlar kullanēlarak yapēlmaya devam ediyor. Bu 

durumda m¿hendisler olarak gºrevimiz, enerji kaynaĵē fosil veya yenilenebilir olsun, 

tasarladēĵēmēz sistemlerde onu en verimli ĸekilde kullanmak olmalēdēr.  

Gemilerde yakēt t¿ketiminin azaltēlmasē ­eĸitli yºntemlerle m¿mk¿nd¿r. Bunlar gemi 

gºvde dizaynēnēn optimum hale getirilmesi, gemilerde kullanēlan ana ve yardēmcē 

makinalarēn teknolojik geliĸmelere uygun olarak se­ilmesi, gemilerde rutin olarak 

ger­ekleĸtirilen bakēm-onarēm iĸlerinin aksatēlmamasē ve doĵru ĸekilde planlanmasē, 

rota optimizasyonu ve gemi sevk verimini iyileĸtirici sistemlerin kullanēmē olarak 

genellenebilir. Bu tezin konusu olan gemi sevk verimini iyileĸtirici sistemlerin 

kullanēmē da (enerji tasarrufu saĵlayēcē sistemler), uluslararasē emisyon salēnēmlarēnēn 

kēsētlanmasē ile ilgili kurallar gereĵi ve yakēt fiyatlarē gºz ºn¿nde bulundurulduĵunda 

maliyetin artmasē sebebiyle son yēllarda olduk­a ilgi ­ekici bir tasarruf yºntemi 

olarak gºr¿lmektedir. Ayrēca Uluslararasē Denizcilik ¥rg¿t¿ôn¿n (IMO) varolan 

gemilerin enerji verimliliĵi indeksinin (EEXI), 2023ôte y¿r¿rl¿ĵe girecek olmasē, 

enerji tasarrufu saĵlayēcē sistemlerin retrofit uygulamalarēnē da olduk­a g¿ncel hale 

getirmiĸtir.  

Enerji tasarrufu saĵlayēcē sistemler, gemi pervanesinin ºn¿nde, pervane ile aynē 

postada/ pervane ¿zerinde ya da pervaneden sonra konumlandērēlmēĸ, ­oĵunlukla 

statik durumda olan eklentilerdir. ¢alēĸma prensiplerine gºre: 

¶ Akēm ayrēlmasēnē ºnleyici/iz alanē kalitesini iyileĸtirici 

¶ Dºnel kayēplarē azaltēcē ya da telafi edici 

¶ Gºbek girdap kayēplarēnē azaltēcē 

sistemler olarak gruplandērēlabilirler.  

Bu tez ­alēĸmasēnda iki farklē gemide ¿­ ayrē enerji tasarrufu saĵlayēcē sistem 

incelenmiĸtir. Gemilerden birincisi STREAMLINE (Avrupa Birliĵi) projesinde 

incelenmiĸ olan 7000 DWTôlik bir kimyasal tankerdir. Bu gemide (ɚ=16.5), 

pervanenin ºn¿nde konumlandērēlmēĸ ve pervaneye gelen akēmē iyileĸtirici bir nozul 

ve yine aynē lokasyonda konumlandērēlmēĸ, dºnel kayēplarē azaltēcē bir stator ayrē ayrē 
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incelenmiĸtir. Bu ­alēĸmada parametrik olarak incelenen nozul, MARIN19A 

geometrisi kullanēlarak oluĸturulmuĸtur ve lokasyon, ­ap, kord boyu incelenen 

parametrelerdir. Gemi kē­ formunun getirdiĵi kēsētlamalar nedeniye nozulun 

konumunun pervane d¿zleminden 0.3Dp (Dp: pervane ­apē) kadar ºnde olmasēna 

karar verilmiĸtir. Nozulun ­apē 0.7, 0.8 ve 0.9Dp ve kord boyu da 0.3, 0.4 ve 0.5Dp 

olacak ĸekilde deĵiĸtirilerek dokuz farklē nozul elde edilmiĸtir. N¿merik ­alēĸmalar 

Hesaplamalē Akēĸkanlar Dinamiĵi (HAD) yºntemi kullanēlarak StarCCM+ 

programēnda ger­ekleĸtirilmiĸtir. Hesaplamalarda, serbest su y¿zeyi etkisi gºzardē 

edilmiĸ olup ñ­ift gºvdeò yºntemi kullanēlarak hesaplama maliyetinden tasarruf 

edilmiĸtir. HAD ­alēĸmasēnda RANS denklemleri SST k-ɤ t¿rb¿lans modeli 

kullanēlarak ­ºz¿lm¿ĸt¿r. A­ēk su pervane analizleri ve modelin takēntēsēz olarak 

yapēlan analizleri, deney sonu­larē ile ge­erlenmiĸtir ve daha sonra modelin nozulsuz 

ve nozullu olarak sevk analizleri MRF yºntemi kullanēlarak ger­ekleĸtirilmiĸtir. 

¢alēĸmanēn sonucunda 0.9Dp ­apa ve 0.4Dp kord boyuna sahip olan nozulun, 

nozulsuz duruma gºre sevk verimini en ­ok arttērdēĵē gºr¿lm¿ĸt¿r.  

Aynē tanker modeli ¿zerinde ikinci olarak incelenen sistem, ºn-girdap statorudur 

(PSS). Analizler, serbest su y¿zey etkileri hesaba katēlmadan, RANS metodu ve SST 

k-ɤ t¿rb¿lans modeli kullanēlarak ger­ekleĸtirilmiĸtir. Burada yine pervanenin 0.3Dp 

ºn¿n¿nde konumlandērēlan, 0.9Dp ­apa, 0.25Dp kord boyuna ve NACA0012 kesitine 

sahip bir stator geliĸtirilmiĸtir. Bu stator baĸlangē­ durumunda dºrt kanatlē olarak 

tasarlanmēĸ ve iskele ¿st kanat, iskele alt kanat, iskele aĸaĵē kanat ve sancak merkez 

kanat olarak adlandērēlan stator kanatlarēnēn baĸlangē­ durumunda, a­ēsal konumlarē 

sērasēyla: 315Á, 270Á, 225Á ve 90Áôdir (gemi kē­ trafēndan baĸa doĵru bakēldēĵēnda 0Á 

pervane ¿st kanat ucunu temsil etmektedir). Kanatlarēn a­ēsal pozisyonlarē, bu 

baĸlangē­ konumundan 15Á ve 30Á saat yºn¿nde dºnd¿r¿lerek Pozisyon-2 ve 3, 15Á 

saat yºn¿n¿n tersinde dºnd¿r¿lerek de Pozisyon-4 elde edilmiĸtir. Ķlk ºnce stator 4 

kanatlē olarak, sancak kanat olmadan, sancak kanat 0.5 kanat boyuna sahipken ve 

iskele ¿st kanat olmadan Pozisyon-1ôde incelenmiĸtir ve sancak kanadēn olmadēĵē 

stator tasarēmēnēn genel sevk verimi, ɖD bazēnda statorsuz durumla kēyaslandēĵēnda 

en iyi sonucu verdiĵi gºr¿lm¿ĸt¿r. ¢alēĸmaya sancak kanadēn olmadēĵē stator 

tasarēmēyla devam edilmiĸ ve analizler diĵer a­ēsal kanat pozisyonlarē (pozisyon 2, 3 

ve 4) i­in de ger­ekleĸtirilmiĸtir. Pozisyon 1 ve 2ônin en iyi sonucu verdiĵi 

gºr¿ld¿kten sonra, baĸlangē­ konumu olan Pozisyon 1 ile ­alēĸmaya devam edilmiĸtir 

ve bu sefer kanatlarēn baĸlangē­ta 0Á olan hatve a­ēlarē 4Á, -4Á ve -8Á olacak ĸekilde 

deĵiĸtirilerek elde edilen stator tasarēmlarē incelenmiĸtir. Sonu­ olarak -8Á hatve 

a­ēsēna sahip statorun sevk verimi a­ēsēndan statorsuz duruma gºre en iyi sonucu 

verdiĵi gºr¿lm¿ĸt¿r.  

Ķkinci gemi tipi ise 2400 GTôlik bir kargo gemisidir. Tam ºl­ekli gemi mevcuttur ve 

Japon i­ sularēnda hizmet vermektedir. Bu gemide ñGate Rudderò sistemi adē verilen 

yeni bir enerji tasarrufu saĵlayēcē sistem incelenmiĸtir. Gate Rudder Sistemi (GRS), 

pervane yanēnda konumlandērēlmēĸ ikiz d¿menlerden ve pervaneden oluĸan bir sevk 

¿nitesidir. Bu sistemde d¿men kanatlarē, pervaneyi kapsayan b¿y¿k bir nozul gibi 

pervaneye gelen akēmē d¿zenlerken aynē zamanda pervanenin ¿rettiĵi itmeye ek bir 

itme saĵlar. Ayrēca d¿men kanatlarēnēn ayrē ayrē kontrol edilebilir oluĸu ile de 

geminin manevra kabiliyetini arttērēcē etkisi mevcuttur. Bu ­alēĸmada GRS, aynē 

geminin kēzkardeĸi olan ve konvansiyonel bir d¿menle donatēlmēĸ olan (CRS) ile 

karĸēlaĸtērēlmēĸtēr. Ķki gemi, Japonyaôda benzer rotalarda ­alēĸmaktadēr ve ikisi i­in de 

seyir tecr¿besi sonu­larē mevcuttur. Sayēsal ve deneysel ­alēĸmalarēn sonu­larē bu 

seyir tecr¿besi sonu­larēyla karĸēlaĸtērēlmēĸtēr.  
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¥l­ek etkisi, enerji tasarrufu saĵlayēcē sistemlerin performansēnē belirlerken gºz 

ºn¿nde bulundurulmasē gereken bir olgudur ve bu sistemlerin model ºl­eĵindeki 

deney ya da analizlerinden elde edilen verim ve g¿­ deĵerleri, tam ºl­ekli gemide 

farklēlēk gºsterebilir. Bu sebeple bu ­alēĸmada iki farklē model ºl­eĵi (ɚ1=50.95 ve 

ɚ2=21.75) ve tam ºl­ekli gemi ¿zerinde ­alēĸēlmēĸtēr. ɚ1=50.95 olan modelin diren­ 

ve sevk deneyleri Japonyaôda ger­ekleĸtirilmiĸtir. Ancak bu ºl­ekteki model k¿­¿k 

bir modeldir ve GRSônin performansēnēn incelenmesi ve ºl­ek etkisinin araĸtērēlmasē 

bakēmēndan daha b¿y¿k boyutlardaki bir baĸka modele ihtiya­ duyulmuĸtur. Bu 

durumda ɚ2=21.75 olan model ¿retilmiĸ ve diren­, nominal iz, sevk ve akēm 

gºr¿nt¿leme deneyleri Ķstanbul Teknik ¦niversitesi, Ata Nutku Gemi Model Deney 

Laboratuvarēônda ger­ekleĸtirilmiĸtir. Diren­ deneyleri model takēntēsēz olarak ve 

konvansiyonel d¿menli olarak ger­ekleĸtirilmiĸtir. Sevk deneyleri ise GRS ve CRS 

ile birlikte ger­ekleĸtirilmiĸtir. Ķki d¿men sisteminde de aynē model pervane 

kullanēlmēĸtēr. Sayēsal olarak, bu iki model ºl­eĵinin yanēnda tam ºl­ekli geminin 

analizleri de ger­ekleĸtirilmiĸtir. HAD ­alēĸmalarēnda RANS denklemleri, serbest su 

y¿zeyi etkileri de hesaba katēlarak ve SST k-ɤ t¿rb¿lans modeli kullanēlarak 

­ºz¿lm¿ĸt¿r. ¥l­ek etkisinin GRS performansē ¿zerindeki etkisi inceleneceĵinden 

dolayē ¿­ ºl­ekte de aynē aĵ ºrg¿s¿ yapēsē kullanēlmēĸtēr. Tam ºl­ekli gemide y+<5 

saĵlanabilmesi i­in ­ok sayēda h¿cre gerekeceĵinden ve ­ºz¿m¿n maliyetinin ­ok 

artacak olmasēndan dolayē ¿­ ºl­ek i­in de y+>30 olacak ĸekilde aĵ ºrg¿s¿ 

oluĸturulmuĸtur. Model ºl­eklerinde diren­ analizleri her iki y+ deĵeri i­in de 

yapēlmēĸtēr ancak sevk analizleri sadece y+>30 i­in ger­ekleĸtirilmiĸtir. Sevk 

verimlerini ve dolayēsēyla g¿­ gereksinimlerini hesaplamak i­in pervane a­ēk-su 

eĵrileri kullanēlmēĸtēr. CRS i­in deneysel pervane a­ēk-su eĵrileri kullanēlērken GRS 

i­in HADôden elde edilen sonu­lar kulllanēlmēĸtēr. Bunun i­in GRS sistemi a­ēk-su 

pervanesi gibi analiz edilmiĸtir ve buradan elde edilen eĵriler yardēmēyla GRSônin 

verim ve g¿­ deĵerleri hesaplanmēĸtēr. 

Farklē ºl­eklerdeki sonu­larēn karĸēlaĸtērēlabilmesi ve ºl­eĵin sonu­lar ¿zerindeki 

etkisinin incelenebilmesi i­in model ºl­eĵindeki sonu­lar tam ºl­eĵe 

dºn¿ĸt¿r¿lm¿ĸt¿r. Bunun i­in 1978 ITTC performans tahmini prosed¿r¿ 

kullanēlmēĸtēr. Model ºl­eĵinde sēnēr tabaka kalēnlēĵēnēn baĵēl olarak tam ºl­ekten 

daha b¿y¿k olmasē, s¿rt¿nme diren­leri arasēndaki farklar, y¿zey p¿r¿zl¿l¿ĵ¿ gibi 

faktºrler gºz ºn¿nde bulundurularak tam ºl­eĵe ge­iĸte ­eĸitli d¿zeltmeler 

yapēlmēĸtēr. Elde edilen tam ºl­ekli sonu­lar, gemilerin seyir tecr¿beleri ºl­¿m 

sonu­larēyla kēyaslanmēĸtēr ve ɚ2=21.75 model deneyi sonu­larēnēn ve tam ºl­ekli 

HAD sonu­larēnēn uyumlu olduklarē gºr¿lm¿ĸt¿r.  
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1. INTRODUCTION  

Global climate change is one of the most important problems threatening life and 

substantially the consequence of the emitted gases due to industrialization, 

transportation and heating activities of the communities. Human activities are 

reported to cause approximately 1.0ÁC of global warming above pre-industrial levels 

in 2017 in a report of the Intergovernmental Panel on Climate Change (IPCC) and 

tending to reach 1.5ÁC between 2030-2052 if  the current rate does not change 

(Masson-Delmotte et al., 2019). Melting of icebergs, increase in sea levels, 

experiencing extreme weather events more frequent and severe, risks of extinction of 

some species are some of the results of global climate change (Downie et al., 2009; 

Stern, 2007; David, 2009). It is known that emitted greenhouse gases cause an 

increment in the global average temperature due to the greenhouse effect. 

Greenhouse gases (GHG) absorb a sum of the reflecting ray from the earth and this 

causes warming. Carbon dioxide (CO2), Methane (CH4), Nitrous oxide (N2O), 

Hydrofluorocarbons (HFCs), Perfluorocarbons (PFCs) and Sulphur hexafluoride 

(SF6) are regarded as greenhouse gases as defined in Kyoto Protocol (United 

Nations, 1998). Carbon dioxide is the most emitted GHG as given in Figure 1.1, 

based on the IPCC report (Edenhofer et al., 2014). 

 

Figure 1.1 : Globally emitted human-induced greenhouse gases in 2010 (Edenhofer 

et al., 2014).  
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In 2005, a series of legislations one of which Kyoto Protocol, entered into force as an 

agreement linked to the United Nations Framework Convention on Climate Change. 

The Kyoto protocol is one of the most important mechanisms to reduce GHG 

emissions. According to the Kyoto Protocol (Annex B), the state countries should 

reduce their emissions up to an average 5% compared to 1990 levels over the five-

year period 2008-2012. Besides reducing emissions, countries need to promote 

sustainable development (Article 2.a) (United Nations, 1998). 

On a sectoral basis, energy industries cause the most CO2 emission and 

transportation is the second source of the emitted CO2. Figure 1.2 shows the 

distribution of the CO2 emissions by sector and mode of transportation based on the 

measured data in the European Union (EU) in 2009 (Hill  et al., 2012) and according 

to this figure, the road transportation has the biggest portion of the emitted CO2 while 

navigation has the second one.  

 

Figure 1.2 : CO2 emission distribution in EU, 2009 (Hill  et al., 2012). 

Emissions due to international shipping are not the responsibility of any country so 

these emissions should be reduced concurringly. At this stage, the International 

Maritime Organization (IMO), an agency of the United Nations, has become a part of 

reducing emissions. According to the third IMO GHG study, in the period of years 

2007-2012, an average of 1015 million tons of CO2 were emitted due to total 

shipping and 846 million tons of CO2 were emitted due to international shipping 

which corresponds to 3.1% and 2.6% of the total global CO2 emissions, respectively 

(IMO, 2015). In case of not taking precautions, scenarios indicate that in 2050, the 

CO2 emissions emitted by international shipping may be 2-3 times larger than the 

values in 2007 due to the development in shipping (IMO, 2009). 
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IMO, under the banner of the Marine Environmental Protection Committee (MEPC), 

proposed indexes called Energy Efficiency Design Index (EEDI), Energy Efficiency 

Operational Indicator (EEOI) and Ship Efficiency Management Plan (SEMP) to 

control and reduce emissions from ships. IMO has recently introduced Energy 

Efficiency Design Index for existing ships (EEXI). The requirements will enter into 

force on the 1st of January 2023 (Url-1), which brings the importance to energy-

saving devices for retrofitting. In Figure 1.3, CO2 emissions distribution by ship 

types are shown for the year 2012 (IMO, 2015). 

 

Figure 1.3 : CO2 emissions in 2012 by ship type (IMO, 2015).  

Besides the environmental effects of the emissions, diminishing of the fuel reserves 

and increment in fuel oil prices make us use the existing oil most effectively. 

According to the Royal Academy of Engineeringôs (2013) report, fuel costs account 

for as much as 50-60% of the total operating costs and designing more efficient ships 

will  also reduce operational costs.  

1.1 Methods of Reducing the Fuel Consumption of a Ship 

Both restrictive legislation as a result of environmental measures and economic 

reasons have made the energy efficiency issue very important. As reducing fuel 

consumption has already been a challenge, one of the main purposes of the designers 

is to seek a way to make a ship more efficient. This leads to an optimum hull form 

that can be a good starting point to reduce the fuel consumption of the vessel but 
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there are some other parameters determining the fuel consumption. The fuel 

consumption of a ship can be affected by many factors, such as hull form, type of 

main engines, type of propellers, number of engaged main engines, speed, water 

currents, water depth, wind and waves (Hellstrºm, 2002). Seif and Tavakoli (2004) 

schematized the methods of reducing the fuel consumption of the ships as given in 

Figure 1.4.  

 

Figure 1.4 : Methods of fuel consumption reduction. 

Table 1.1 and Table 1.2 summarize energy losses on the ship and the potential 

reduction amounts of CO2 by using known technology and practices, respectively. 

Table 1.1 indicates that the most energy losses on ships are due to hull and 

propulsion system. Having said that energy saving can be achieved by improving 

characteristics of the hull and propulsion system of the ship, which lead to less fuel 

consumption, hence emissions (CO2, NOx, etc.). 

Reducing the fuel consumption of a ship can be achieved in mainly by the following 

ways: 

¶ Optimum Ship Design (Hull form, Appendages and Propeller) 

¶ Improving Machinery Technology 

¶ Planning Operation & Maintenance 

¶ Improving Propulsion Systems 

1.1.1 Ship design 

The main dimensions of a ship describe many characteristics of the ship, e.g., 

stability, power requirement, cargo capacity and economic efficiency. Therefore, 

determining the main dimensions and non-dimensional ratios is very important at the 
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design stage (Schneekluth and Bertram, 1998). After determining the main 

dimensions, the second stage is the optimization of hull lines to design an efficient 

ship.  

Table 1.1 : Distribution of energy losses (%) (IMO, 2009).  

 Tanker/bulk  Container General cargo RoPax 

Speed (knots) 15.6 10.9 21.2 15.5 13.4 9.5 20.1 14.7 

Bunker 100 100 100 100 100 100 100 100 

Engine         

Exhaust 25.5 28.4 25.0 28.0 25.5 28.4 25.5 28.4 

Shaft 49.3 45.4 50.5 46.5 49.3 45.4 49.3 45.4 

Heat 25.2 26.2 24.5 25.5 25.2 26.2 25.2 26.2 

Propulsion         

Propeller loss 16.3 14.3 15.6 13.0 19.7 15.3 15.5 14.4 

Propulsion power 32.1 30.2 33.7 32.4 28.1 28.8 32.6 29.9 

Transmission loss 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 

Rotational loss 3.9 3.4 5.3 3.9 6.0 4.5 5.0 4.7 

Frictional loss 6.0 5.7 5.5 5.6 4.9 5.2 5.7 5.4 

Hull          

Wave generation 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 16.6 13.9 15.6 8.3 12.0 15.9 14.7 

Residual resistance 2.7 1.9 1.8 1.4 2.8 3.2 2.2 1.4 

Weather and waves 6.2 6.9 8.4 10.3 3.5 6.7 8.3 9.1 

Table 1.2 : CO2 reduction amounts based on different methods (IMO, 2009).  

 
Saving (%)  of 

CO2/tonne-mile 
Combined Combined 

Design (New Ships)    

Concept, speed and capability 2-50+   

Hull and superstructure 2-20   

Power and propulsion systems 5-15 10-50%+  

Low-carbon fuels 5-15*   

Renewable energy 1-10   

Exhaust gas CO2 reduction 0  25-75%+ 

Operation (All  Ships)    

Fleet management, logistics and 

incentives 
5-50+   

Voyage optimization 1-10 10-50%+  

Energy management 1-10   

*CO2 equivalent based on the use of LNG. 

+Reductions at this level would require reductions of speed. 
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One of the most effective ways to reduce a shipôs resistance is hull form 

optimization. The design of the appendages, bulbous bow, stern, skeg, struts for the 

shafting etc. is the crucial point of the efficient ship design. A well-designed bulbous 

bow or even smoothed welding seams can be considered as power-saving ways. So 

that welding seams (related to production technique) can save up to 2-3% of the 

power and a well-designed bulbous bow can reduce the resistance by 10% or more 

(Hªmªlªinen and van Heerd, 2013). Besides an optimized hull form and smoothed 

welding seams, having a smooth hull surface is another option to reduce the fuel 

consumption of a ship. Hollenbach and Friesch (2007) reported a 6% decrease in 

total resistance and 0.3 knots increment in speed for a 4200 TEU container ship when 

having an excellent smooth surface as 65 microns instead of a poor hull surface as 

200 microns.  

1.1.2 Machinery  

Using combined diesel-electric machinery, the hybrid auxiliary power system with 

fuel cell, waste heat recovery system etc. are the things that can be done to improve 

energy efficiency related to machinery. Also using LNG as a fuel type can reduce 

energy consumption due to its lower demand for ship electricity and heating 

(Lassesson & Andersson, 2009).  

1.1.3 Operation and maintenance 

Methods like hull form optimization, a new bulbous bow design or engine 

modernisation can be effective options to reduce the energy consumption of an 

existing ship but when the capital investment is required, even the payback time 

might be short, such modifications may be inconvenient compared to methods 

providing operational efficiency (Hansen & Freund, 2010). Voyage execution, 

engine monitoring, reduction of auxiliary power consumption, trim/draft 

optimization, weather routing, hull/propeller polishing, slow-steaming are the ways 

to improve the energy efficiency of a ship in operation (Baldi and Gabrielii, 2015). 

Hull Cleaning is an effective way of saving fuel and improving efficiency. A new 

VLCC (Very Large Crude Carriers) tankerôs fuel consumption is 610 barrels of fuel 

per 24-hour period and it costs $30,000. This VLCC tanker may complete an average 

15,000- mile cruise in 25 days with a clean hull but with a fouled-hull, the same trip 



7 

may be completed in 28 days. These extra 3 days cost $90,000 only for fuel 

consumption (Akinfiev et al., 2007). 

Voyage optimization is one of the methods aiming to reduce the fuel consumption of 

ships by predicting the ship performance in various weather and current conditions 

and assisting ship masters in route selection (Lu et al., 2013).  

Another method for reducing the fuel consumption hence reducing the emissions of a 

ship is trim optimization. Trim optimization is based on the idea to keep the power 

requirement in minimum at a specific ship speed and displacement. Reichel and 

Larsen (2014) define trim optimization as one of the easiest and cheapest methods 

among the fuel consumption reduction methods. They have performed trim tests for 

almost 300 vessels of different types and showed that it is possible to save up to 15% 

savings.  

Slow steaming can also be considered as a fuel consumption method. CE Delft et al. 

(2012) reported that a 10% reduction in the speed of a ship may cause a 19% 

reduction in engine power but in a slow steaming case, the engine will  work on an 

off-design condition which means sub-optimal combustion. In this condition, the 

engine will  produce less power and emit higher amounts of pollutants like particulate 

matter and NOx.  

1.1.4 Improving  propulsion systems 

Improving propulsion systems can be achieved by using unconventional propulsion 

systems or installing an energy-saving device. Typical unconventional propulsion 

systems are waterjet propulsion, azimuthing propulsors, tandem propellers, 

overlapping propellers, contra-rotating propellers, controllable pitch propellers, 

vertical propellers such as Voith-Schneider and Kirsten-Boeing and 

magnetohydrodynamic propulsion.  

Energy-saving devices are also known as retrofitting devices, which have recently 

been taken greater interest in the marine technology industry and explained in the 

following sub-section. 
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1.2 Energy-saving Devices for  Ships 

Energy-saving devices (ESD) or propulsion improving devices (PID) are systems 

that are used mainly to reduce the fuel consumption of a ship by improving the flow 

field around the hull or the inflow to the propeller. Energy-saving devices are 

stationary devices directing the flow, located near the propeller (Mewis & Guiard, 

2011) being used to improve the propulsion efficiency and enable to reduce the fuel 

consumption of the vessels. Reducing fuel consumption is gaining importance due to 

two main reasons: 

i. Increasing fuel prices 

ii.  Legislations related to the gas emissions 

Many types of ESDs are being used to reduce fuel consumption and consequently 

reduce emissions. ESDs can be categorized in several ways. Classification can be 

done according to the location of the ESD (pre, post or at the propeller station) or by 

their working principles to improve the efficiency of the propulsion system. Bertram 

et al. (2010) itemized the fuel-saving options related to propulsion as in the 

following. 

i. Operate propeller in optimum efficiency point 

ii.  Reduce rotational losses 

iii.  Reduce frictional losses 

iv. Reduce tip vortex losses 

v. Reduce hub vortex losses 

vi. Operate propeller in better wake 

ESDs can also be categorized by their locations. Carlton (2007), grouped ESDs into 

3 zones:  

i. Zone 1: Before the propeller 

ii.  Zone 2: The propeller station 

iii.  Zone 3: After the propeller 

In Figure 1.5 the classification of ESDs by the location are given. 
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Figure 1.5 : ESD categorization according to their locations (Carlton, 2007).  

The International Towing Tank Conference (ITTC) (2014), categorized ESDs by 

their working principles: 

i. Reducing separations/ improving the quality of the wake field 

ii.  Recovering rotation losses 

iii.  Reducing hub vortex losses 

In Table 1.3 and Table 1.4, ESDs and their working principles (the way of improving 

efficiency) are given for different zones. Also, the ship types/specifications of the 

ships where ESD can be applied are given in the third column of the tables. 

1.2.1 Grothues spoilers 

Most of the U-shaped ships experience flow separation around the bilge and a large 

turning bilge can generate a bilge vortex (Gorski, 2003). These bilge vortices 

dominate the flow and cause inhomogeneities in the flow (Grothues-Spork, 1988) 

and increase resistance.  

The boundary layer around a ship has a fully three-dimensional nature, large 

crossflow can be occurred, and flow separation can be seen in some cases. Boundary 

layer has a rapid varying behavior near the ship stern and strong longitudinal vortices 

can be occurred due to three-dimensional flow separation (I. Tanaka, 1988). Flow 

separation is inevitable with extremely full  hulls (Takahei, 1966).  

Grothues spoilers are a set of fins straightening the boundary layer flow, located on 

both sides of the sternpost just ahead of the propeller and were invented by Grothues 

-Spork in 1988 (Schneekluth and Bertram, 1998). Up to 6% and 9% power savings 

were achieved in model tests by Grothues spoilers for tanker - bulkers in fully loaded 

and ballast condition, respectively (Schneekluth and Bertram, 1998).  
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1.2.2 Horizontal 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 1995 (Sasaki, 2006). Low 

Viscous Fin (LV Fin), Sanoyasu Tandem Fin and Namura Flow Control Fin are the 

examples of horizontal fin-type ESDs that used to control the descent flow near the 

propeller axial center and aim to reduce the resistance and increase the flow gain 

(Sasaki, 2006).  

Low Viscous Fin (LV Fin) is a pair of triangular fin fitted on the stern part of ships 

both starboard and port side developed by IHI  Marine United Inc. in order to 

straighten the bilge vortices and generate better propeller inflow (J. H. Kim et al., 

2015). It is reported to achieve 2-3% energy saving in speed trial of full  ships. A low 

viscous fin application can be seen in Figure 1.6.  

 

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

1.2.3 SAVER fin   

SAVER (SAmsung Vibration and Energy Reduction) fin is an ESD composed of two 

or three pairs of simple plates developed by Samsung Heavy Industries (SHI) to 

accelerate the retarded flow near the stern region due to bilge vortices and helps to 

obtain more uniformly distributed flow at the propeller plane (H. D. Lee et al., 2015). 

Its main effect is reducing vibration by having more uniform velocity distribution. 

The SAVER Fin design parameters are its location, size and incidence angle and 

these parameters are changed systematically in order to have minimum resistance. 

Lee et al., (2015) reported that the SAVER fin was tested in Samsung Ship Model 

Basin at varying speeds of 8-15 knots and 3.8% average horsepower (EHP) reduction 
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was achieved for a 35000 DWT bulk carrier. SAVER fin was applied to a large LNG 

Vessel and by directing the flow outside of the propeller tips, the excitation forces 

were reduced by 30% and the powering performance was increased about 1% (Al -

Kubaisi, 2008). In Figure 1.7 a SAVER fin can be seen.  

 

Figure 1.7 : SAVER fin (Al -Kubaisi, 2008). 

1.2.4 Ducts 

Numerous energy-saving type ducts have been developed and studied by researchers 

in literature. Most popular of these ducts are Schneekluthôs Wake Equalizing Duct 

(WED) (Schneekluth, 1986), Mewis Duct (Mewis, 2009), Becker-Mewis Duct 

(Guiard et al., 2013), Super Stream Duct (SSD), Sumitomo Integrated Lammeren 

Duct (SILD) (Sasaki & Aono, 1997), Mitsui integrated ducted propellers (MIDP) and 

Hitachi Zosen nozzle.  

The wake equalizing duct (WED) or Schneekluth duct was first proposed by 

Schneekluth. WED is a half-ring shaped flow vane with foil  section and installed on 

both sides of the stern in front of the propeller in order to reduce the flow separation 

at the aft body (Korkut, 2006) and this will  reduce the pressure resistance of the hull. 

Working principle of WED can be explained as the flow creates circulation around 

the foil  section so the flow inside the ducts gets accelerated. It means that the flow in 

the outer region of the duct is retarded. In this way, it is possible to steer the flow in 

the upper part of the propeller disc and minimizing the tangential velocities in the 

wake field (Carlton, 2007; Schneekluth & Bertram, 1998). WED has always been an 

ESD attracted the attention of researchers. Korkut (2006) carried out an experimental 

study for a river-going cargo ship to investigate the effect of WED and it was found 

that both the flow characteristics and propulsion characteristics were improved. 
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Table 1.3 : Classification of ESDs at zone 1.  

  ESD Working Principle Ship Type 

Z
o
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e 

1
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v
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Grothues 

Spoilers 

*Wake equalizing, improve 

propeller inflow 

*Suppressing bilge vortex 

effects and consequently 

reduce hull resistance 

*Produce additional thrust 

U shaped, single screw 

ships (Grothues-Spork, 

1988) 

Low Viscous 

Fin 

*Weaken the bilge vortices, 

improve propeller inflow  

*Reduce viscous resistance (J. 

H. Kim et al., 2015) 

All  types of ships 

SAVER Fin 

(SHI) 

* Improve propeller inflow 

*Alleviate flow separation 
All  types of ships 

Schneekluth 

Duct 

* Improve propeller inflow 

*Produce additional thrust 

(most effectively) 12-18 

knots speed and CB > 

0.6 (¢elik, 2007) 

Stern Tunnels 

(Not directly improve 

propulsion) Canalize the water 

and reduce vibrations 

Pronounced V-hull 

forms 

D
u

c
te

d 
P

ro
p

e
lle

rs 

Mitsui 

Integrated Duct 

(MID)  

 

*Producing additional thrust 

* Improve propeller inflow 

Slow, Full form ships 

43000-450000 DWT 

(Breslin & Andersen, 

1996; Carlton, 2007) 

Hitachi Zosen 

(HZ) Nozzle  

*Producing additional thrust 

* Improve propeller inflow 

Ships having high CB 

Super Stream 

Duct-SSD 

*Producing additional thrust 

* Improve propeller inflow 

Large full  form ships 

(such as VLCC) (K. S. 

Kim et al., 2013) 

All  types of ships (Feng 

et al., 2012) 

P
re

-s
w

ir
l 
D

e
v
ic

e
s 

Reaction Fin *Giving pre-rotation to the 

propeller inflow 

Low speed, full  ships 

(Kawakita et al., 2011) 

DSME 

Asymmetric 

Stator 

*Giving pre-rotation to the 

propeller inflow 

Wide range of hull types 

including VLCCs, 

tankers, bulkers, Ro-Ro 

Ships and containers (K. 

Kim et al., 2013) 

Becker-Mewis 

Duct 

*Giving pre-rotation to the 

propeller inflow 

*Producing additional thrust 

* Improve propeller inflow 

 

High CB, velocity < 20 

knots, Cth > 1, tanker, 

bulk carrier etc. 

 

Becker Twisted 

Fins 

*Giving pre-rotation to the 

propeller inflow 

*Producing additional thrust 

* Improve propeller inflow 

Lower CB, Cth < 1, faster 

vessels, all size 

container, reefer ships 

and car carriers etc. 



13 

Table 1.4 : Classification of ESDs at zone 2 and 3.  

ESD Working Principle Ship Type 

Z
o

n
e 

2
 

Propeller with 

end plates 

(CLT) 

*Reduce tip vortex losses - 

Backward rake 

tip propeller 

(KAPPEL) 

*Reduce tip vortex losses - 

Propeller with 

Boss Cap Fin 

(PBCF) 

*Decreasing eddy after the 

propeller cap 

 

 

- 

Grim Vane 

Wheels 

*Recovering rotational energy 

from downstream 

Single screw vessels (it 

is expected that single 

screw vessels will  

provide a greater 

potential for energy 

saving than a high-

speed twin screw form). 

Z
o

n
e 

3
 

Rudder- Bulb 

Fin System 

*Reduce viscous loss after the 

propeller cap 

 

- 

Twist Rudder 

with / without 

Bulb 

*Reduce viscous loss after the 

propeller cap 

 

- 

Additional 

Thrustor Fins 

(Rudder Thrust 

Fins) 

*Recovering rotational energy 

from downstream 

- 

Post-swirl 

Stator 

*Recovering rotational energy 

from downstream 

- 

¢elik (2007) investigated the effects of the WED numerically for a chemical tanker 

with a block coefficient of CB= 0.77. Six different cases were analyzed for three 

different angles of the duct section and two longitudinal positions of the duct. 

Maximum 9.7 % of propulsive efficiency was gained at the design speed and the 

author found that the effectiveness of the duct depended mostly on the angle of duct 

section and less affected by the longitudinal position of the duct. Inukai et al. (2007, 

2011) studied the effects of circular and semicircular ducts. The ducts were installed 

on a crude oil tanker model and it was found that semicircular duct showed greater 

energy-saving effect than the circular duct. The upper half of the duct played a 

significant role in generating thrust and a 5% reduction in power was achieved. 

Heinke & Hellwig-Rieck (2011), studied the scale effects of WED and a vortex 

generator for a typical container ship. Lee et al. (2014) also performed a comparative 
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study for another type of energy-saving duct, called ñCrown Ductò, which is a 

combination of a semi-duct and stator. In their study, two different design of crown 

ducts were investigated at both full  load and ballast conditions numerically and 

experimentally. Maximum 4.4% and 6.9% efficiency gain were obtained with the 

crown duct in full  and ballast load conditions, respectively. Go et al. (2017) have 

studied numerically the effect of duct diameter, which was varied from DD=0.7DP to 

1.0DP, with a section of NACA0015. It was aimed to investigate the net effects of 

ducts on propeller performance regardless of the ship type and for this reason, a 

uniform inflow condition without the existence of a hull was imposed. As a result, it 

was found that as the angle of attack increases, propulsion coefficients also 

increased, and the maximum propeller efficiency was obtained with the duct with 

0.7D and 20Á angle of attack. In another study, the cavitation characteristics of two 

existing ships installed with WED were investigated by Martinas (2015). Numerical 

analyses were performed on full  scale by considering the scale effect issues. The 

author reported that WED was not a choice to be used for reducing the cavitation. 

Recently Furcas et al. (2020) have proposed a Simulation-Based Design 

Optimization approached based on WED concept applying on the Japan Bulk Carrier 

(JBC) hull. Another study was performed by Maasch et al. (2019) again applied on 

the JBC hull. They have investigated the wake field quality with and without the 

presence of a pre-duct and reported that mean wake fields with the duct showed less 

variation (3%) with the operational conditions and for the outer radii of the duct 

showed less wake field variation thanks to having more uniform flow provided by 

the duct.  

Sumitomo Arched Fin (SAF) is a half circular duct which was installed on a large 

tanker in the beginning of 1980s (Sasaki & Nagamatsu, 1985). Its working principal 

is similar to WED. The fin accelerates the flow and generates thrust. The model tests 

and full -scale measurements showed that SAF reduced the ship resistance, improved 

the propulsive efficiency and reduced the propeller exciting forces (Sasaki & 

Nagamatsu, 1985).  

Mewis Duct was developed by Mewis (Mewis, 2009; Mewis & Guiard, 2011) and 

based on two working principles of ESDs. It combines the contra-rotating propeller 

and the pre-duct principles so it becomes able to reduce the wake losses via duct and 

reduce the rotational losses in the slipstream with the fins.  



15 

Mitsui integrated ducted propellers (MIDP) system is consists of a non-axisymmetric 

duct installed in front of the propeller and the trailing edge sections of the duct are 

aligned with the propeller bladesô tips (Breslin & Andersen, 1996). Mitsui duct 

makes the inflow more homogenous and the duct also provides extra thrust. 

Reducing cavitation and vibration are the other advantages of MIDP. MIDPs gain 5-

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

Andersen, 1996). 

Hitachi Zosen nozzle system which was proposed by Kitazawa et al. in 1982, is very 

similar to MIDP, the only difference is the degree of the nozzle asymmetry (Carlton, 

2007). The nozzle improves propulsion performance of the ship and reduce 

cavitation and also improve the manoeuvrability of the ship (Kitazawa et al., 1982). 

Super Stream Duct (SSD) is an ESD developed by Hitachi Zosen in 1989 by 

improving HZ nozzle (K. S. Kim et al., 2013). There are a few differences between 

SSD and HZ nozzle: their positions, diameters and profiles. SSD has more 

advantages such as reduced thrust deduction factor (t), increased wake fraction, 

applicability to more types of ships, more energy-saving effect and easiness of 

installation (Feng et al., 2012). In Figure 1.8 comparison of SSD and HZ Nozzle can 

be seen. 

 

Figure 1.8 : Comparison of SSD and Hz nozzle (Feng et al., 2012). 

Stern tunnels can also be considered as a duct-type of ESD. Stern tunnels are 

horizontal hull appendages installed above and in front of the propeller and used in 

order to deflect the water down towards the propeller (ABS, 2013). Stern tunnels 

(also known as propeller pocket) allow to use a propeller has larger diameter and 

reduce the shaft inclination and decrease navigational draft and is advantageous 

especially on inland waterway vessels (Atlar et al., 2013). Their main purpose is not 

improving the propulsion efficiency, they are used to reduce vibration by attempting 

to reduce the wake peak effect of pronounced V-hull forms (Carlton, 2007). In 

Figure 1.9 an illustration of a stern tunnel can be seen. 
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Figure 1.9 : Stern tunnel (Barrass, 2004).  

1.2.5 Pre-swirl  devices 

Pre-swirl devices are devices giving a pre-rotation to the flow to provide more 

uniform flow to the propellers. Thanks to uniform inflow, it is possible to obtain 

more uniform wake field and reduce propeller rotational losses. Reaction fins, pre-

swirl fins and stators are conventional type of pre-swirl devices. In order to obtain 

more efficient ESDs, researchers are working on the combinations of devices such as 

Mewis duct which is a combination of a wake equalizing duct and pre-swirl fin 

system. Pre-swirl duct (Mewis), crown duct, WAFon-D (wake adapted flow control 

fin with duct) etc. are the examples of the combination of pre-swirl fins/stators with 

the duct. 

Reaction fins are used to improve the propulsion efficiency by reducing the 

rotational loss and installed in front of the propeller (Nishigaki et al., 2007). The 

reaction fin normally comprises several fins which are located radially around a slim 

ring nozzle that also supports the fins. The SVA-Pre Swirl Fin and DSME-Pre Swirl 

System are the energy-saving devices that pre-swirling the flow and reduce the 

rotational losses as reaction fins do (Topphol, 2013). Advantages of pre-swirl fins are 

their simple design, low installation and maintenance costs. Working principle of 

reaction fins is shown in Figure 1.10.  

Pre-swirl stators are the passive fin systems located before the propeller to generate a 

swirling flow in an opposite direction of the rotation of the propeller in order to 

reduce the rotational losses. This swirling flow provides the propeller blades with 

additional blade loading and this more uniform loading increases the thrust, noticing 

that the stator thrust is still negative, but the swirling flow enhances the improvement 

(Zondervan et al., 2011). In order to allow the propeller to operate more effectively, 

pre-swirl stators are used to alter the wake field (Simonsen et al., 2012). Also, the 

pre-swirl stators are called as poor manôs contra-rotating propeller and the difference 
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between pre-swirl stators and contra-rotating propeller is small. The stator blades are 

stationary, but in the contra-rotating propeller, both propellers rotate (Zondervan et 

al., 2011). A contra-rotating propeller can provide a 10-14% of the gain in efficiency 

(¢elik & G¿ner, 2007), the best among the ESDs in terms of gain in efficiency (Kim 

et al., 2004) but the PSS is simple and cheaper. Contra-rotating propellers have 

higher cost and a difficult  shafting maintenance but pre-swirl stator systems have a 

simple shafting system, a less initial installation cost (M. C. Kim et al., 2004; 

Saettone et al., 2016) and more suitable for retrofitting. Also, it was reported that 

there were reliability problems in the contra-rotating propellers or vane wheel, which 

makes the ship owners not to prefer although the gain in the efficiency is 5% or more 

but a PSS has a high reliability due to its fixed blades, dimensions and simple design 

(Kim et al., 2004).  

 

Figure 1.10 : Working principle of reaction fins and stator (post-swirl stator) fins 

(Kawakita et al., 2011).  

There are a number of studies on PSS. Zondervan et al. (2011) designed 5 to 7-

bladed pre-swirl stators for a container ship and a twin-screw passenger ship by using 

RANS and BEM methods. The designed PSSs were installed at the 0.15Dp, here Dp 

represents the diameter of the propeller, upstream of the propeller and the thickness 

of the stator blades was determined by cantilever beam theory. The diameter of the 

propeller was optimised and a propeller with a 0.3m less diameter was obtained due 

to the stator effect. The 6-bladed and 5-bladed stators were chosen as the best 

configurations for the container and passenger vessels, respectively. For the twin 

screw passenger vessel, the stator blades were also designed as the shaft brackets and 

a 4.7% gain in thrust was reported.  
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Lifting line method is one of the mostly used methods in stator design. ¢elik and 

G¿ner (2007) designed a downstream stator (post) modelled by a lifting line code. 

The axial distance between the propeller and the stator, the number of the stator 

blades and the stator diameter were the parameters in design of the stator. The 

number of the blades was varied from 3 to 15 and the optimum configuration was 

found as the stator with 9 blades. It is important to optimise the number of the blades 

because a large number of the blades may prevent the flow of the propeller 

slipstream to the stator and adds extra drag. An optimization study of a PSS was 

conducted by Kim et al. (2013) as a part of a European project VIRTUE. In the 

design and optimization of the stator both the lifting line and RANS methods were 

utilized. A base stator with 4 blades was generated and this configuration was used in 

the systematic variation study with 5 parameters: the number of the stator blades, the 

diameter of the stator (0.9 Dp-1.2 Dp), angular position, stator pitch angle and a 

twisted blade. The comparison of the stator configurations was made by the value of 

Qn (torque x rpm). In base PSS, one blade was installed on the starboard side and 3 

blades were located on the port side. The port side blades were located with 45Á 

angular spacing. Average 4% power gain was achieved and 0.25 knots better 

performance was seen in sea trial tests. Simonsen et al. (2012) investigated the 

influence of a 4-bladed pre-swirl fins on propulsion for a bulk carrier. Three of the 

blades were installed on the port side while one blade was located on the starboard 

side. This asymmetric configuration is related to the rotation direction of the 

propeller, adopted for a wide range of vessels i.e. bulk carriers, container ships, bulk 

carriers etc. (Saettone et al., 2016), is related to the rotation direction of the propeller. 

It is aimed to reduce the upcoming flow on the starboard side for a right-handed 

propeller by deflecting the flow in upwards direction. Another important point on 

installing the blades on the hull is locating the stator blades or fins angled based on 

the flow direction and prevent the blades from having an extreme angle of attack and 

flow separation on the blades. As a result of this study, pre-swirl fins enabled to 

reduce 1.8% of the power requirement. The hydrodynamic design of a PSS with a 

variable pitch was investigated paired with a conventional propeller by Saettone et al. 

(2016). A 4-bladed (3 of the blades on the port side and 1 on the starboard side) PSS 

with a constant chord length was investigated. The PSS was located 0.5R upstream 

of the DTNSRDC 4381 propeller. The stator has a chord length of 1.5 m at the root 

and 0.9 m at the tip and its diameter are equal to propellerôs diameter. It was 
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mounted 2.0 m upstream of the propeller. All  optimizations and analyses were 

performed at full  scale and obtained a 3.8% gain of efficiency. A patented PSS 

designed by DSME was investigated by Park et al. (2015); Park and Oh, (2014) both 

in model scale and full  scale by CFD. It has 4 blades: 3 of the blades were located on 

the port side and 1 blade was located on the starboard side. Blades have 17Á, 19Á, 23Á 

and 22Á pitch angles, respectively. In full  scale, the effect of the PSS was increased 

due to the increasing relative boundary layer thickness (thickness/Lpp) in high Re 

numbers. Increase in thrust was predicted 11% in full -scale analyses due to the PSS. 

Another asymmetric stator was studied by Shin et al. (2015) for KRISO Container 

Ship (KCS). In this study a 4 bladed stator was investigated: 3 of the blades were 

located on the port side (at 45Á, 90Á, 135Á) and one blade was located on the 

starboard side (at 270Á). Optimum pitch angles of the blades were at 14Á, 19Á, 12Á 

and 2Á, respectively. Model tests were performed for this initial design and it was 

seen that the resistance was increased due to the excessive chord length of the stator 

and the pitch angle so, the stator was re-designed. The pitch angles of the blades 

were diminished to 8Á, 14Á, 9Á and 1.5Á, respectively. Shin et al. (2019) further 

investigated the PSS and the optimum pitch angle at design speed was verified with 

CFD and model tests by changing the angle by 2 degrees. Bensow (2015) performed 

a PSS design study for the INSEAN 7000DWT Tanker as a part of STREAMLINE 

Project. A 3-bladed PSS was designed, and all blades were installed on the port side. 

The blade sections were generated based on symmetrical NACA 65 profile. The span 

of the blades was 0.55Dp and located 0.3 Dp upstream of the propeller. The blades 

were positioned at 40Á, 90Á and 140Á and the angle of the attack of the blades were 

5Á. It was noted that the sharp velocity deficit due to the flow separation on the hull 

was not observed due to the existence of the PSS.  

Recently, Jin and Nielsen (2020); Nielsen and Jin (2019) introduced MAN Energy 

Solutionsô Controllable Pre-swirl Fins (CPSF). Conventionally, pre-swirl fins or 

stators are fixed devices which also means that they have been optimised only for 

one operational condition. However, CPSF can be optimised for different conditions 

such as different drafts, ship speed, fouling, sea and weather conditions. A 4-bladed 

CPSF with one blade at the starboard side was investigated numerically and 

experimentally both in model scale and full  scale for a bulk carrier. NACA66 series 

of blade section with a chord length equal to the radius of the propeller were chosen 
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for the blade design and the optimal pitch angles at model scale were determined 

larger than the full -scale case due to the relative boundary layer thickness. As a 

result, they have reported a 3% power saving and CPSF can partly recover the 

rotational losses while it is found out that the starboard side blade contributed 

unevenly to the total gain.  

Pre-swirl stators may also be utilized in hydrokinetic turbines. A numerical 

optimization study was held by Gish et al. (2016). The number of the stator blades 

was determined by equation 1.1: 

ὔ ςὤ ρ (1.1) 

where, Nstator and Zturbine are the number of the stator blades and number of the 

turbine blades, respectively. The turbine considered in this study had 3 blades so the 

number of the blades of the stator was determined as Nstator = 5. The stator was 

located 0.25Dturbine upstream of the turbine and the chord length of the stator is 

0.25Dturbine. Selection of the blade section is another important parameter because the 

shape of the section should be determined to minimize the drag and also avoid the 

flow separation due to stall. Gish et al. (2016) investigated 3 symmetric and 3 

asymmetric NACA profiles. Symmetric NACA profiles 0008, 0010 and 0012 and the 

asymmetric profiles are NACA 1412, 2412 and 4412. NACA 0012 and NACA 2412 

were chosen as the best sections regarding the maximum stall angle and max Cl/Cd at 

the stall angle. Then two-dimensional numerical simulations were performed in order 

to determine the angle of attack angles of the blades. Aiming to find the best angle, 

NACA 0012 and NACA 2412 sections were analyzed ranging from 0Á to the stall 

angle of the section with 1Á increment. As a result, the NACA 0012 section with 3 of 

the angle of attack was selected due to producing the largest area of maximum 

velocity, expecting to have the maximum gain on the turbine efficiency. Similarly, 

Amin and Xiao (2013) investigated a PSS to improve the efficiency of a horizontal 

axis tidal turbine. 7% increment was obtained in radial velocity with the PSS and the 

streamlines were deflected around the stator before entering the turbine blades and 

this deflected flow enabled to increase the efficiency of the turbine. The turbineôs 

overall efficiency was increased by 13% with the usage of PSS. 

Using a combined system i.e., duct combined with pre-swirl stators or fins is also an 

efficient way to improve the propeller inflow. The most popular of these combined 
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systems is Mewis duct (pre-swirl duct). Mewis duct is generally applied to vessels 

with high block coefficients and having lower speed than 20 knots (Mewis, 2009). 

Mewis (2009) reported a 3 to 9% power reduction  and an average power saving of 

6.3% (Guiard et al., 2013) is obtained by Mewis duct. Most of the ESDs are 

developed for full  ships with lower velocity, Becker twisted fins are developed for 

the potential market for fast ships (Guiard et al., 2013) and can be seen in Figure 

1.11.   

 

Figure 1.11 : Becker Twisted Fins (Guiard et al., 2013). 

1.2.6 The gate rudder system (GRS) 

Since ships were first invented, the basic idea of a movable mechanism to steer the 

ship has been used. The function of this mechanism, generally called rudder, is either 

to keep the ship on a desired course or direction or allow the ship to manoeuvre. 

Rudders are the most common control surfaces used in ships and these movable 

control surfaces are used to control the horizontal motion of ships (Molland & 

Turnock, 2007). Balanced rudder, spade rudder, full  skeg rudder, semi-balanced skeg 

rudder, semi-balanced rudder, unbalanced aft of keel and transom hung-surface 

piercing rudder are the principal types of rudders used in ships (Molland & Turnock, 

2007).  

Rudders are one of the appendages that causing additional resistance to the total 

resistance. When rudders are in their neutral positions their resistances are low as 1% 

but at different rudder angles it may be up to 6% (Bertram, 2012). Therefore, 

researchers developed different types of rudders to reduce the rudder drag or tried to 

gain additional thrust by adding thrust fins (Guo et al., 2010; Huang et al., 2007) to 

the rudder blades. Twisted rudders (Ahn et al., 2012; Calcagni et al., 2014; J. H. Kim 

et al., 2014; Y. J. Shin, Kim, Lee, et al., 2019), rudders with bulb (Prins et al., 2016; 

Shen et al., 2013, 2016; Su et al., 2020), flapped rudder, high thrust rudders 
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(Kanemaru et al., 2017) and high lift  rudders (Suzuki et al., 2017; Zaky et al., 2018) 

are examples to energy saving rudder types.  

Gate RudderÈ System (GRS) is a new concept of ESD and manoeuvring system, 

including two asymmetric rudders at each side of the propeller. This twin rudder 

system was originally invented by Kuribayashi in 2012 (Sasaki et al., 2017) and it 

was a box type rudder located behind the propeller named ñframe rudderò. One of the 

prior investigations on gate rudder was NOAH (No More Artistic Hull) project 

conducted by National Maritime Research Institute (NMRI), Japan. In this project, 

the gate rudder was applied to a 6 m model with a block coefficient of 0.66 and 

reported to save energy more than 10% (Sasaki, 2013). The rudder investigated in 

NOAH project can be seen in Figure 1.12. After further investigations, the GRS has 

taken its final shape with the cambered blade sections and two separate rudder blades 

beside the propeller and the blades can operate individually. The ability of the 

individual control of the blades enhances the seakeeping and manoeuvring 

performance of the ship (Sasaki et al., 2015). The manoeuvring modes of the GRS is 

illustrated in Figure 1.13  and summarized in Table 1.5. 

 

Figure 1.12 : Early type of the gate rudder investigated in the NOAH project 

(Sasaki, 2013).  

The GRS operates as an open type ducted propeller, but much larger propeller can be 

installed due to larger space comparing a traditional ducted propeller with less 

surface area (Sasaki et al., 2020). Advantages of this system can be grouped into 

economical, safety and habitability (Sasaki et al., 2015). Higher propulsive efficiency 

due to the duct effect and being able to avoid a torque-rich condition by slightly 

changing the rudder can be regarded as economic advantages of the gate rudder. 
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Figure 1.13 : Steering modes of the GRS (Carchen et al., 2020).  

Table 1.5 : Steering modes of the GRS (Carchen et al., 2020).  

Mode Functions 

Rudder Angle 

[deg] 

Port Side 

Rudder Angle 

[deg] 

Starboard Side 

Economy 

mode 

Most efficient operation in calm sea 

(straight navigation) 
+3 ~ +5 +3 ~ +5 

Rough sea 

mode 

Propeller speed can be increased by the 

accelerated flow (straight navigation) 
+0 ~ +2 +0 ~ +2 

Steering 

mode 
Normal course change (to starboard) +10 -10 

Circle mode Emergency steering (to starboard) -30 +35 

Crash stop 

mode 
Emergency crash stop (straight motion) -30 -30 

Crabbing 

mode 
Berthing & de-berthing (to starboard) +110 +60 

Remarkable stopping ability, remarkable manoeuvring and seakeeping performances 

due to different steering modes are the advantages of the gate rudder system in scope 

of safety. The GRS provides reduced propeller-induced noise and vibration by 

improving the stern flow due to the wake equalizing effect. Increased cargo space by 

shifting the engine room towards to stern can be considered as both economical and 

habitability advantages of the GRS.  

GRS was applied on a large bulk carrier and investigated experimentally and 

numerically (Sasaki et al., 2015) and reported that gate rudder has the potential of 

energy savings up to 7-8%. For vessels with high block coefficients (CB) or lower 

L/B ratios, the energy-saving potential can be 6-8%. It is also stated that the return of 

investment of the new system is about a year (Sasaki et al., 2015). However, one 
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disadvantage of the gate rudder system is the rudder blades may not be placed in 

high-velocity slipstream due to the strong lateral forces that the rudder may generate 

(Sasaki et al., 2015). Turkmen et al., (2016) investigated the GRS by conducting 

some special tests at the Emerson Cavitation Tunnel of Newcastle University, UK, 

using a segmented truncated hull model of a bulk carrier with a properly scaled aft 

end. They measured the local forces on the gate rudder and the aft part of the 

segmented hull by using special load cells. The measurement system consisted of 

two 6-component load cells to measure forces in the x, y and z axes. The 

measurements were taken with two rudder configurations: a conventional rudder 

arrangement; and the gate rudder arrangement, and the results showed that the gate 

rudder produced an additional thrust with increasing the inflow velocity while the 

conventional rudder generates an additional drag. On the other hand, the self-

propulsion tests with the GRS resulted in 4-8% higher thrust deduction values and 

15-25% higher wake fraction values when compared to those of the conventional 

rudder.  

The worldôs first GRS was installed to a 2400 GT container ship named  

ñShigenobuò, and the first sea trials were performed on November 2017 in Japan 

(Sasaki et al., 2018). The trials reported that Shigenobu displayed a 14% energy 

saving when compared with the trial results of her sister ship, Sakura fitted with the 

conventional rudder system (CRS) (Fukazawa et al., 2018). The stern arrangements 

of Sakura with the CRS and Shigenobu with the GRS can be seen in Figure 1.14 

(Sasaki et al., 2018).  Afterwards, a series of model tests with a 5m-model were 

conducted at the Ata Nutku Ship Model Testing Laboratory of Istanbul Technical 

University and about 7% less brake power requirement for GRS was reported (Tacar 

et al., 2020).  

Starting from their first voyages, performance indicators such as ship speed, power, 

and fuel consumption for the sister ships have been recorded and analyzed. The ship 

with the GRS saved as high as 30% or more than her sister ship with the CRS. 

Additionally, Shigenobu has even more attractive performance in-service conditions 

in rough weather than Sakura based on the trials and voyage monitoring data (Sasaki 

et al., 2019; The Motorship, 2019). 
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Figure 1.14 : Sakura with the CRS (left), Shigenobu with the GRS (right) (Sasaki et 

al., 2018).  

As stated earlier, one of the properties of the GRS is that the rudder blades can be 

controlled independently via the rudder stock of each rudder (Sasaki et al., 2018). 

This provides superior features in manoeuvring such as stopping ability, berthing 

performance in crabbing mode and reduction of the rolling motion by controlling the 

rudder angles individually for each blade (Turkmen et al., 2016). Manoeuvrability 

performance of the Gate rudder system was also investigated by the dedicated 

Manoeuvring Modelling Group (MMG) simulation program developed and reported 

by Carchen et al., (2016). Recently, Carchen et al. (2020) investigated the 

manoeuvring performance of the GRS both in model and full  scale. Captive model 

tests and free-running tests were performed, and simulations showed good agreement 

with the experiments and full -scale measurements. They have reported based on the 

experimental results that when the rudder blade is close to the hull, the interaction 

between the hull and the rudder is strong. This situation provides additional steering 

force and makes a leading-edge slat effect which increases the rudder force and 

enables larger stall angles.  

The conventional ducted propellers may cause some cavitation and vibration 

problems on large commercial vessels. Since the GRS can be considered a type of 

ducted propeller (open type), its cavitation and vibration characteristics should be 

further explored in detail (Sasaki and Atlar, 2018). In this context, cavitation and 

noise performance of the gate rudder system was investigated experimentally in the 

Emerson Cavitation Tunnel in comparison with the CRS (Turkmen et al., 2018). The 

cavitation performance of the gate rudder system was also studied numerically using 

RANS and LES based CFD by Yilmaz et al., (2018) in comparison with that of the 
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CRS. These studies reported reduced sheet and tip vortex cavitation volumes and 

variations for the GRS compared to the CRS. These findings further supported the 

testimonials of Shigenobuôs captain whose onboard experiences with Shigenobu and 

Sakura qualitatively revealed that the vessel equipped with the GRS had a quieter aft 

end with less vibration (Sasaki et al., 2019).  

1.3 Difficulties  in ESD Design 

Ships need a force to be applied to overcome the resistance to move at a certain 

speed and this force (thrust) is supplied by a thrust-producing mechanism. 

Throughout history, many types of propulsion systems have been introduced such as 

paddle wheels, screw propellers, magneto hydrodynamic propulsion, waterjets and 

oscillating type of propulsion systems. Some of them have limited application area 

but especially screw propellers are very common in use.  

The main purpose of designing a propulsion system is to provide the required thrust 

to the vessel by obtaining maximum efficiency. Propulsion systems must meet the 

increasing power requirements due to the increasing ship capacities or high-speed 

demands. High power demands may cause a higher risk of cavitation, erosion and 

noise levels (Harvald, 1992). It is important to design an efficient propeller while 

satisfying cavitation and vibration requirements. A conventional propellerôs 

efficiency can reach a maximum of 70% due to losses: 10% is momentum loss, 10% 

is frictional loss and 10% is rotational loss (Harvald, 1992). Owing to the 

improvements such as wake adapted propeller design algorithms and improvement in 

Computer Aided Design programs, Oil Companies International Marine Forum 

(OCIMF, 2011) reports that an average of 2.5% savings has been achieved by the 

improved propeller design methods. As mentioned before in Section 1.2, ESDs can 

be a good option to increase the propulsion efficiency and they are effectively used 

in reducing these losses stemming from the propeller rotation and interaction 

between the hull and the propulsion system.  

Various types of devices have been investigated and some of them are regarded as 

successful. de Jong (2011) summarized the failure reasons of ESDs as in the 

followings:  
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¶ Structural failure: On larger devices such as ducts, spoilers or Grim vane 

wheels, excessive fatigue can be seen due to vibration.  

¶ Lack of full -scale verification: Due to a lack of transparent and accurate 

measuring systems/ procedures, it is very hard to determine the amount of 

saved energy. Without proof of an ESDôs financial viability, the often large 

investments could not be justified.7 

¶ Lack of transparency of the savings in actual operational conditions: Ships 

rarely operate in ideal conditions. In operating conditions obtained results can 

be different due to cruising speed, draft (trim), water depth and weather 

conditions. 

¶ Limited capability of ship-specific design: ESD must be designed ñmade to 

measureò for the ship. The flow field, the interaction of the hull and 

propulsors, the interaction of the ESD and the propulsors must be fully 

understood.  

In addition, many of the ESDs are not able to be applied universally on all types of 

vessels because they improve efficiency by regaining some losses (Nielsen et al., 

2012). 

As the scale effect is an important issue for ESDs, usually achievement in model 

scale and full  scale can be different and this makes the application of the ESD on the 

ship questionable (Dang et al., 2012). Although ESDs such as wake equalizing ducts 

or vortex generator fins (Grothues spoilers) have been applied for many years, there 

is still little knowledge about scale effects on the influence of propeller inflow with 

these appendages (devices) (Heinke and Hellwig-Rieck, 2011). Therefore, the scale 

effect of the ESDs should be investigated to get reliable results and convince the 

shipowner or the authorities to apply the device. A ship will  have various cruising 

speeds due to the sea state and operational conditions. When the applications of 

ESDs on new ships or existing vessels through retrofitting are considered, the ESDs 

should be practically applicable, simple, relatively cheap and easy to maintain (Kim 

et al., 2013). The pay-back time of the device should also be considered and if  

needed the device should be simplified and new installation and production 

techniques should be studied.  
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1.4 Aims and Objectives of the Thesis  

This thesis aims to make a further contribution to the performances of ships by the 

application of ESDs, in particular, a novel concept GRS. Based on this aim it is very 

important to understand the physical mechanisms that affect the working conditions 

of propulsion systems, their losses and the interaction between the ship hull and 

propeller, hence ESDs. Therefore, the following objectives of the thesis will  be 

satisfied. 

¶ To investigate thoroughly flow field around the stern, where the propeller and 

ESDs work by the state-of-the-art CFD techniques to understand the physical 

conditions affecting the performance of the propeller. 

¶ As there is a large variety of ESDs available in use, it would be more 

beneficial to study the working principles of the ESDs and their energy-

saving potentials for different types of ships, such as tanker and container 

ship. 

¶ To put a special emphasise on a novel ESD and manoeuvring device, GRS 

due to its higher potential for energy saving compared to those of the existing 

7ESDs by using CFD and model tests. 

¶ To try to put some effort to develop an easy and accurate method for the 

prediction of the model test results of the ship model fitted with the Gate 

Rudder System as there is a lack of testing procedure and extrapolation 

methods to full -scale for this device.  

¶ To study scale effects on the performance of the GRS main parameters 

contributing to the scale effect phenomena will  be identified employing CFD 

analyses and model tests. This will  provide to explore the understanding of 

the phenomena and make some contribution.  

1.5 Thesis Outline 

Based on the literature review and the aim and the objectives specified 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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Chapter 1 is dedicated to a literature summary where brief information on global 

climate change and emissions is given. The methods to reduce the fuel consumption 

of ships are mentioned and a literature review on conventional ESDs for ships and a 

literature review on the gate rudder system are given. Chapter 1 also includes the 

aims and objectives (section 1.4) and the structure of the thesis (section 1.5).  

Chapter 2 is dedicated to a brief explanation of the computational methods in general 

and presents the CFD methodology followed in this thesis.  

Chapter 3 presents the validation studies and numerical design studies of an energy-

saving duct and pre-swirl stator for the INSEAN Tanker. INSEAN Tanker is a 7000 

DWT chemical tanker that has no full -scale application and a scaled model with a 

model scale of ɚ=16.5 has been investigated in EU project STREAMLINE. Only the 

model test results without any energy-saving device are used for validation purposes.  

Chapter 4 is dedicated to the gate rudder system. In this thesis, the gate rudder 

system is investigated as an energy-saving device. This chapter presents the details of 

the experimental study for the model ɚ=21.75 which was performed in ITU Ata 

Nutku Towing Tank and the details of the numerical study both for two different 

model scales and the full  scale. The model tests were performed at two different 

loading conditions hence the numerical studies were performed for the same 

conditions.  

In Chapter 5, the scale effect phenomena are investigated for the gate rudder system. 

Results for two different model scales and the full  scale are compared.  

Chapter 6 presents the conclusions of the thesis and contains recommendations for 

future works. 
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2. COMPUTATIONAL  METHODS 

Experimental studies have been an excellent tool for engineering problems 

throughout the ages. However, experiments are always very expensive, and 

sometimes it is difficult  to measure the required variables with sufficient accuracy 

such as boundary layer profiles, surface or volume integrated variables. A facilitating 

alternative to the experimental techniques is computational methods. Computational 

methods have become an indispensable part of the design and development stage in 

engineering, especially in recent years, with the increase in computing power. The 

integration of these computational methods with the disciplines of fluid mechanics 

and computer science is called Computational Fluid Dynamics (CFD). CFD 

techniques deal with the solution of the fluid motion equations as well as the 

interaction with solid bodies. The equations of motions or generally called governing 

equations are the equations that need to be solved and the most general one is the 

Navier-Stokes equations which express the conservation of mass and momentum for 

the incompressible Newtonian fluid flows which is the main interest of the numerical 

study of this thesis.  

2.1 Governing Equations 

A fluid is a material that continually deforms under the shear stress application 

regardless of how minimal the force might be. The movement of the fluid continues 

under the application of shear stress so, fluid can also be defined as any material that 

cannot maintain shear stress while resting (Pritchard, 2010). Fluids can be in liquid 

and gas forms, while there is a major difference between these forms, the same laws 

of conservation are valid for liquids and gases. These conservation laws are (Blazek, 

2001): 

1. The conservation of mass, 

2. The conservation of momentum, 

3. The conservation of energy. 
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In the field of marine hydrodynamics, the flow is generally defined as 

incompressible. In an incompressible flow, the conservation of mass (the continuity 

equation) in a specified control volume is the first law of the flow. Together with the 

momentum equations, Navier-Stokes equations describe the flow around a ship. 

Continuity equation and Navier-Stokes equations for an incompressible flow (with a 

constant density r ) in tensor notation is given in equation 2.1 and 2.2, respectively 

(Gatski, 1996),  
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where ɟ is the density of the fluid, ui is the fluid velocity, p is the pressure and ůij is 

the deviatoric part of the viscous stress tensor and expressed by equation 2.3. 
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In equation 2.3, ɛ is the dynamic viscosity of the fluid and Sij is the strain rate tensor 

and given in equation 2.4. 
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The Navier-Stokes equations consist of a set of partial differential equations and 

cannot be solved analytically and that is the reason for the discretization of the 

computational domain in space and time to convert these equations into numerically 

solvable algebraic equations. The most popular discretization methods used in CFD: 

¶ Finite Difference Method (FDM),  

¶ Finite Element Method (FEM), 

¶ Finite Volume Method (FVM).  

In marine applications, the most widely used method is the Finite Volume Method 

and the most original approach of the FVM developed by K. Godunov in 1959 

(Godunov & Bohachevsky, 1959). In the FVM, the domain is discretized by a finite 
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number of contiguous control volumes and it uses the integral form of the 

conservation equations (Ferziger & Periĺ, 2002). The variables are calculated at the 

centroid of each control volume and by using surface and volume integrations an 

algebraic equation can be obtained for each control volume. Once an algebraic 

equation is obtained for each control volume, in a similar way, volume integral and 

the global conservation equations can be calculated.  

Most of the flow phenomena in nature and engineering problems are turbulent i.e., 

smoke from a chimney, a waterfall, motion of the cumulus clouds, the water currents 

of the oceans etc. Although it is an event that we can easily observe in our daily 

lives, it is not that easy to define turbulence. It should be noted that turbulence is a 

property of the fluid flow, not the fluid. Therefore, turbulence is defined by some 

characteristics (Tennekes & Lumley, 1972): 

¶ Irregularity 

¶ Diffusivity  

¶ Large Reynolds numbers 

¶ Three-dimensional vorticity fluctuations 

¶ Dissipation 

¶ Continuum 

The given governing equations describe both laminar and turbulent flows. To solve 

these governing equations for turbulent flows, sophisticated numerical methods such 

as  

¶ Direct Numerical Simulation (DNS),  

¶ Large Eddy Simulation (LES),  

¶ Reynolds Averaged Navier Stokes (RANS) 

can be used. DNS provides a direct numerical solution to the Navier-Stokes 

equations without modelling turbulence. However, the computational cost grows as 

the third power of Reynolds number (Ferziger & Periĺ, 2002). To overcome this 

complexity, modelling techniques like RANS or LES have been developed to model 

the turbulence fully or partially. In terms of complexity, LES follows the DNS which 
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is a hybrid method that solves the turbulence by modelling the small scales and 

resolving the large scales by using a filtering function.  

DNS and LES methods require very high computational power and time for large 

scale flow problems such as flow around ships so, they have very limited application 

in the marine field. To reduce the required computational power and computation 

time, the Navier-Stokes equations can be reconstructed with Reynolds decomposition 

and RANS equations are obtained. RANS is the simplest method among DNS and 

LES in terms of complexity.  

In Reynolds decomposition, fluid variables can be defined in two parts; mean ὪӶ 

and the fluctuation part Ὢ  as given in equation 2.5 (Gatski, 1996),  

Ὢ ὪӶὪᴂ (2.5) 

where f represents any scalar properties such as velocity and pressure.  

2.2 The RANS Equations 

Solving the flow field around the ship to understand the effects of different types of 

ESDs, it is very important to resolve the flow especially in the aft region of the ship. 

As mentioned above, the DNS of a turbulent flow is a very difficult  process. The 

flow is strongly three-dimensional, chaotic, diffusive, dissipative, and intermittent. 

These complex flow characteristics result in quite limited scales of time and length to 

fully overcome the flow field's turbulent properties and thus require a significant 

computational resource. For this reason, the application of the Reynolds-Averaged-

Navier-Stokes (RANS) equations, which substantially reduce this computational 

demand, still appears as a valuable tool for engineers and researchers, despite their 

known weaknesses due to the averaging concept. In equation 2.6, the RANS equation 

is given in tensor notation (Gatski, 1996),  
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where u, p, ɟ, t, and ɜ imply velocity, pressure, fluid density, time, and kinematic 

viscosity, respectively. The overbar represents the mean of the variables. If  the above 

equation is rewritten, equation 2.7 can be obtained: 
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Here, ὴȇ‏ term is mean pressure field, ”όǋόǋ is Reynolds stress term describing the 

stresses arising from the fluctuating velocity field and όǋόǋ term is fluctuating 

velocity field. Equation 2.7 involves more unknowns than the number of the 

equations and is called an open system. Thus, the system cannot be solved without 

appropriate modelling to predict the value of these stresses. This Reynolds stress 

term causes the closure problem, and this closure problem can be solved by using 

turbulence models. Within the frame of the RANS approach, the Reynolds stresses 

and hence the effect of the turbulence on the mean flow primitive variables can be 

predicted by using several turbulence models including isotropic eddy viscosity 

models and Reynolds-Stress models (RSM). The most common turbulence model for 

the Reynolds stress tensor modelling is known as Boussinesq approximation 

(Tennekes & Lumley, 1972) as given in equation 2.8 and equation 2.9 strain rate 

tensor Sij is defined: 
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In equation 2.8, ‘ represents the dynamic turbulent viscosity term, which is not a 

fluid property and depends solely on the state of turbulence. ‘ can be defined in 

terms of the turbulent kinetic energy (k) and length scale (l) or time scale (t).   

For the calculation of the pressure term, initially, it does not have its natural equation 

for incompressible flow so the system can be solved with a suitable velocity-pressure 

coupling technique. Pressure-based (pressure correction methods) methods and 

pseudo-compressibility (based on artificial compressibility) methods are the 

commonly used methods for pressure-velocity coupling (Ashgriz and Mostaghimi, 

2002) and the most common pressure-based methods are: 

¶ PISO (Pressure Implicit with Splitting of Operators) 

¶ SIMPLE (Semi Implicit Pressure Linked Equations) 
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In this thesis, SIMPLE method is used for velocity-pressure coupling. The SIMPLE 

algorithm is the most used for the incompressible flows and it is based on guessing 

and iteratively correcting the variables. SIMPLE method is explained in detail by 

Patankar (1980), Ferziger & Periĺ (2002), and Tu et al. (2018). 

2.3 Turbulence Modelling 

In eddy viscosity models, additional transport equations need to be solved for scalar 

quantities that enable the turbulent viscosity. There are various models are classified 

in terms of the number of transport equations in addition to the RANS equations. The 

most popular eddy viscosity models can be classified as in following:  

1- Zero-equation/algebraic models: 

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

Smith (Smith & Cebeci, 1967) 

2- One-equation models: 

Spalart-Allmaras (Spalart & Allmaras, 1994), 

3- Two-equation models:  

k-e models (Jones & Launder, 1972; Launder & Spalding, 1972), k-w models 

(Menter, 1993; Wilcox, 1988),  

4- Four-equation models: 

v2-f model (Durbin, 1996; Lien et al., 1999) 

The Shear Stress Transport- SST k-ɤ model is the most preferred turbulence model 

in the field of ship hydrodynamics in the last two decades (Terziev, 2020). In this 

thesis, the SST k-ɤ turbulence model is used for the RANS closure.  

2.3.1 k-ɤ models and SST k-ɤ model 

The k-ɤ model is a two-equation model that solves the transport equations for the 

turbulent kinetic energy, k, and the specific dissipation rate, ɤ, to determine the 

turbulent eddy viscosity (Wilcox, 1988). An enhanced version of the standard k-ɤ 

model is the Shear stress transport k-ɤ (SST) turbulence model (Menter, 1993). In 

the equation, the model contains a cross-diffusion term far from walls, along with a 

mixing function that prevents the standard k-ɤ model's sensitivity to free stream 
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boundary conditions. This blending function suggested by Menter and the 

modification blends a k-Ů model in the far-field with the original k-ɤ model near the 

wall to calculate turbulent viscosity.  

2.4 Near Wall  Modeling 

In turbulent flows, in a very thin layer close to the wall, the viscous forces dominate 

the flow, and in the remaining region, the viscosity can be neglected. Due to the 

high-velocity gradient, turbulence kinetic energy generation increases rapidly as 

moves away from the surface. The wall-function approximations are used to describe 

the near-wall flow field in RANS based turbulence models. This relation is called as 

law of the wall and can be defined as in equation 2.10.   

Ὗ Ὢώ  (2.10) 

The non-dimensional velocity (U+) and dimensionless distance from the surface (y+) 

are given in equations 2.11 and 2.12, respectively. 
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where U is the velocity, y is the absolute distance from the wall and ut is the 

frictional velocity and given in equation 2.13.  

ό
†

”
Ὗ Ὢώ  (2.13) 

The turbulent boundary layer can be divided into two layers, inner and outer layers. 

In the innermost layer (ώ υ), called viscous sublayer, the flow is almost laminar 

and Ὗ ώ  in viscous sublayer. The viscosity plays a dominant role in momentum, 

mass, or heat transfer. A buffer layer (υ ώ σπ), and inertial sublayer 

(logarithmic layer) (ώ σπȟ follows the viscous sublayer in the wall-normal 

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

turbulent, and turbulence plays a major role.  
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2.5 Meshing 

The following meshers have been used as volume mesher in this thesis: 

¶ Trimmed Mesher, hexahedral based volume meshing method. 

¶ Prism Layer Mesher provides prismatic cell layers next to the walls to capture 

velocity gradients at the wall. 

¶ Extruder Mesher, by using predefined meshed boundaries, generates extruded 

mesh regions. Only used for propeller open water analyses to extend 

boundaries.  

2.6 Rotational Motion 

Modelling a rotating propeller is an advanced problem with moving parts so different 

techniques were developed to solve this problem. Analyzing a propeller is more 

difficult  than analyzing the other lifting surfaces due to the following reasons 

(MARNET-CFD, 2002): 

¶ Periodicity in the circumferential direction, 

¶ Strong twisting of the blade, 

¶ The complex geometry of the propeller, 

¶ The stagnation point on the hub is close to the propeller and 

¶ Due to the limited space behind the ship difficulties in grid generation. 

A static model is not adequate when a motion, i.e., rotation of a propeller is defined 

motion modelling techniques need to be used. 

Available motion modelling techniques can be listed as below: 

1. Sliding Interfaces 

2. Overlapping Meshes Using the Overset (Chimera) Technique 

3. Moving Reference Frames (MRF) 

4. Mesh Morphing  

5. Blade Flutter for Harmonic Balance 

6. User-Defined Vertex Motion 
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On the other hand, it is important to decide the method to model the propeller 

motion. Three methods can be used in simulations of self-propulsion. These are: 

1. Body Force Propeller Model (Virtual Disk) 

2. Direct Propeller Computation by using Moving Reference Frames 

3. Direct Propeller Computation by using Rigid Body Motion (RBM) 

In MRF and RBM methods, the propeller geometry is discretized together with the 

ship hull geometry but in the body force propeller model an actuator disk is defined 

instead of the propeller geometry by distributing body forces over a cylindrical 

virtual disk based on the thrust and torque coefficients of the propeller. While the 

actuator disk model is a very simple and very fast modelling tool for propeller 

modelling, it is not very accurate to predict propulsion coefficients when compared 

with the MRF and RBM especially for unconventional propulsion systems like the 

GRS. In this thesis, the MRF and RBM modelling techniques are used to predict 

propulsion characteristics and the virtual disk method is used for a relative 

comparison for the performance of PSS cases. 

2.6.1 Moving reference frame (MRF)  

Moving Reference Frames (MRF) are reference frames that can rotate and translate 

to the laboratory reference frame (Siemens-PLM-Software, 2016). MRF is a steady-

state approach. In this approach, the reference system is moving (rotating or rotating 

and translating) and analyzed bodies are kept fixed. The angular velocity of the body 

is assumed to be constant and the mesh is assumed to be rigid in the MRF method.  

Applying an MRF to a region generates a constant grid flux. This grid flux is 

calculated based on the properties of the reference frame not the local motion of cell 

vertices. Also, in the MRF method, the position of cell vertices does not change.  

MRF method is also named the ñfrozen rotor approachò due to freezing the motion 

and investigating instantaneous flow in a specific position. When MRF is used, 

equations of motion are modified and additional acceleration terms due to the 

transformation of the reference frame are included (Ansys Corporation, 2017). 

On the other hand, there is a restriction of the MRF usage: MRF should not be used 

if  there is an external flow velocity perpendicular to the axis of rotation. MRF gives 

physically realistic results only when the surrounding flow is axisymmetric. 
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2.6.2 Rigid body motion (sliding mesh) 

In contrast to the MRF method, the sliding mesh is a transient approach and is based 

on rotating/moving rigid boundaries. This method moves the mesh according to a 

defined motion which is a rotation motion in our case. In the self-propulsion 

analyses, the sliding mesh method is used to analyze the propeller motion and to 

predict the propulsion characteristics. 

2.7 Free Surface Modelling 

Numerical analyses with the free surface are very common in ship hydrodynamics. 

Calm water resistance and performance tests, ship performance analyses in regular or 

irregular waves are popular practices of CFD.   

The interface between the air and water is called free surface and when solving a 

flow with a free surface approach, its location must be determined by utilizing 

numerical methods during the analysis time. The position of the interface is known 

as an initial condition but due to the forces acting on the free surface, it is deformed. 

There are two major groups of methods for estimating the shape of the free surface 

(Ferziger & Periĺ, 2002): 

a. Interface Tracking Methods 

b. Interface Capturing Methods. 

The main difference between these two groups is being the Lagrangian or Eulerian 

approach (Elgeti & Sauerland, 2016). Dhinesh et al. (2009) summarize the general 

difference as the interface tracking methods treats the free surface as the solution 

progress, while interface capturing methods take the fluids as a mixture. In our study, 

the VOF model, which is one of the interface capturing methods, is preferred. The 

Volume of Fluid (VOF) approach is one of the most preferred methods in marine 

applications.  

2.8 Computational Domain and Boundaries 

2.8.1 Resistance and self-propulsion analyses 

In this study, to analyze the performance of the propeller behind the ship wake field a 

full  computational domain is used. The computational domain is constructed by 
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ITTC recommendations (ITTC, 2011b). The dimensions and boundary conditions are 

shown in Figure 2.1. Wall boundary condition is applied to the rest of the boundaries 

which are not shown in the figure. While using the no-slip wall boundary option on 

the hull surface, the slip wall boundary option is applied to the outer walls of the 

computational domain to avoid any interaction between the hull surface and the 

boundaries and to increase the convergence quality of the simulations.  In the self-

propulsion analyses, another cylindrical inner region is generated to model the 

propeller (rotating region). An interface is defined between outer and inner regions to 

solve fluid motion through the contacting boundaries. This interface permits mass, 

energy, and other continuum quantities to pass from one region to another. ITTC 

recommendations are followed for the computational setup and the calculations 

(ITTC, 2014b). 

 

Figure 2.1 : Domain dimensions and boundary conditions.  

In addition to the cases with the free surface, another modelling technique which is 

called the double body method was also used to perform some of the simulations to 

see flow patterns and relative changes on the propeller characteristics. In this 

method, the computational domain was split into two parts at the free surface level 

and the underwater part was used to perform simulations. The top boundary is 

defined as a symmetry plane to avoid wall effects in the presence of a boundary at 

the free surface.  

 

Velocity Inlet 

Pressure Outlet 
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2.8.2 Open-water analyses 

A similar domain setup with the self-propulsion cases is generated for the open water 

analyses. Instead of a rectangular domain, a cylindrical domain is used for the open 

water simulations and ITTC recommendations were used for the physics setup and 

the computation (ITTC, 2014b). To determine the domain size similar cases in the 

literature were investigated.  Bugalski and Hoffman (2010) determined the domain 

size for open water analysis as 10Dp in front of the propeller, 5Dp behind the 

propeller and 3Dp in the radial direction. Baek et al. (2015) investigated the effect of 

the advance ratio, J, on the wake field of the KP505 propeller in the open-water case. 

They used a computational domain with the size of 2.4Dp before the propeller, 7.6Dp 

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 propeller was 

simulated. The rotating region has a 1.2 Dp diameter and 1.0 Dp length. The static 

region is the stationary part of the domain containing the rotating region and the shaft 

extension with a 6.0 Dp diameter and 14.0 Dp length. 4Dp and 10Dp distances were 

defined before and behind the propeller, respectively. Dimensions of the rotating and 

static region of the open water domain can be seen in Figure 2.2.  

The cartesian cut cell method was used to generate the mesh grid. An extruder 

meshing model was also used to extend the boundaries of the static region. The 

extended part was unphysical and generally defined for the inlet and outlet 

boundaries of the domain to provide the flow enough distance to fully develop. 

Another advantage of this meshing model was to extend the domain using orthogonal 

cells with a very low cell count. In this study, the extruder meshing model was 

applied to inlet and outlet boundaries. The stretching factor between layers was 2.0. 

Ten and forty layers were generated from the inlet and outlet boundaries, 

respectively. The rotation of the propeller was modelled using Moving Reference 

Frames (MRF) method. 




























































































































































































































































































