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VYuusepsutet y beorpany, MamuHcku gakyirer

np Munan Kanajuuh, penoBuu npodecop
VYuusepsutet y beorpany, MamuHcku axkyiarer

np Credan Pygaxosuh, goreHt
VYuusepsutet y beorpany, MamuHcku gakyiarer

np Branucnas Maparu, penosuu npodecop
VYuusep3utet y beorpany — Caobpahajuu paxynrer



H3jaee 3axeannocmu

Kao ayTop, nyryjeM HCKpeHy 3axBaJHOCT KOayTOpMMa CBUX paZoBa Ha 3ajeHUYKOM
aHra)XOBaly Y UCTPAKUBakY U MHCaY, KA0 U Ha JParolleHUM CyrecTHjama Koje Cy IpyKUIn
TOKOM H3paJie OBE JIOKTOPCKE AUCEpTaIHje.

[Tocebny 3axBanmHOCT ymyhyjem CB0joOj Cymnpy3u W JEIH, a MOTOM W OCTaJIMM YIAHOBHMA
MOPOMMIIC U TpHjaTe/blMa, Ha pa3yMeBamy M TMOIPIIIH, KA0 W MHCIHMPALHUjH A YOIIIITE
3aIUIOBHM Y BOJIE JIOKTOPCKHX CTyIHUja Opoaorpahe.



Pe3ume

Morno 6u ce pehu na je Tpeha nenenuja 21. Beka koja oOyxBara Mucame OBE TUCEPTALM]je jeHa O
BEOMa 3HauajHUX 3a CaBpEeMEHY Opoorpajmy U To U3 Bulle pasznora. Ca jeJiHe CTpaHe, IOCTOjU CBE
Beha motpeda 3a CBe y4ecTalnjuM TpaHCIIOpTOM jJ00apa u3mel)y cBercke 3ajeqnuiie ycnen nosehama
Opoja JpynIM Ha TUIAHETH INTO pe3yaTHpa morpedbom m3rpaame cBe Behux OpomoBa u yemhum
wioBuabama noctojehux. Ca apyre cTpaHe, BpIIU C€ BEJIIMKH NMPUTHUCAK HAa OPOOBIACHUKE KaKo OU
Ce CMamWJIa eMHCH]ja IITETHUX TacoBa KOjU IOTPUHOCE e(heKTHMa cTakiieHe OaliTe Tj. TPaXH ce Ja
OponoBu Oyny eHepreTcku epukacHuju. Cam mojaMm eHepreTcke e(pUKacHOCTH je ToCTao I100aHu
TPEH 1 Y CBHM €KOHOMCKHM CEKTOpHMa ToueTkoM 2 1. Beka. Mako 6pooBy MMajy Tek oko 2,9%  yrena
y emucHju yribeH-quokcuaa (CO2) Ha mI0OAITHOM HHUBOY, PETryJIaTHBE KOj€ 3aXTEBa]y CMambECHE
WCIYIITamka OBOT Taca y arMoc(epy HUCY NOUITEeie HA 0Baj BU TPAHCIIOPTA LITO HA TPBU HOTJIE]
nenyje Beoma ancypaHo. [1orotoBo mTo jeHa o peryjiaTiBa UMa 3a IIHJb TIOCTU3AkE HYJITE CMUCH]C
1o 2050. ronune. Crora je Tema aHanu3e eHeprercke eukacHocTh OpojoBa BeoMma IOIyJapHa,
HApOYMTO MpaBaill koju 00yxBara HCTPaKUBaba Ha TI0JbY HBEHOT M000JbINama. [101mTo je BpeMeHCKH
POK BeoMa Kparak, Tpake C€ ¥ MHOTH NMOMOhHH (CaBpeMEeHH COPTBEPCKH) ajaTtu Koju Ou yOp3aim
MpoIeC TPOHANAKEHha CHEPreTCKH S(PUKACHUX pelliekha. 3aTo je cajla CBE akKTyellHWja IpuMeHa
kommjyrepcke aumHamuke ¢mynga (enr. Computational Fluid Dynamics - CFD), BemTauke
untenurennuje (enr. Artificial Intelligence - Al), Bemraukux HeypoHckux mpexka (eHr. Artificial
Neural Network - ANN) y muiby yOp3ama Imporeca MmpojeKToBama y CaBPEMEHO] OpOIOTpaIibH.
CamMuM TUM ce 0TBapajy MHOTe TeMe KOje JI0 cajia HHCY MCTPaXMBaHE jep JI0JIa3u JIO IMOBE3UBaha
MYATHAACIUTUTHHAPHUX O00JIACTH Ca KOjuMa ce KJIacH4YHa OpoIoTpaiihba Hije cycpeTala. 3aTo je TeMy
OB€ JIOKTOPCKE ucepTalyje 010 Temko AeGUHUCATH Y jeIHO] PEUEHHUIH, a J]a TOKpHUje CBe 00JIacTH
KOj€ Cy UCTpakeHe, I1a Ce U3 TOT Pas3yiora oJUIy4dmiIo a OBa AUcepTaluja uMa Gpopmy 300pHUKa BUIIIE
panoBa 00jaBJbEHHX Y YacCONUCHUMa PA3JIMUYUTUX KaTeropuja Kao M paJoBMMa MPE3eHTOBAHUM Ha
MelyHapo/HUM CKynoBHMa. Y HAcIOBY j€ 3a/p)KaH KJbydaH HayyHH JONPHHOC KOjU JHUcepTaiuja
JIOHOCH, @ OTHOCH C€ Ha IapaMeTapcKo nojemaname Mpexxe y CFD npopauynuma. [Tojam eneprercke
e(hUKacCHOCTH ce pOKUMa KpO3 CKOPO CBE pazioBe, a oOyxBaheHa je kpo3 ofpehuBame mapamerapa
eHepreTcke e(puKacHOCTH MOPCKUX M PEYHUX OpoJoBa, MpUMEpUMa ca MPUMEHOM €MIIHPH]CKUX U
HYMEPHUYKHUX MPUCTYTIA Ca [IUJbeM NT000JbIIaka eHEpreTcke e(UKACHOCTH, pa3BOjeM HOBUX GopMyIia
Koje yop3aBajy npouece nocrasku npooinema y CFD codTBepy, kao 1 pa3Boj aruidkaiyje 3a JaKiry
npuMeny pesyatara gooujenux nomohy CFD codrBepa nu mareMaTHuKuX Moziesna J00MjeHuX oMohy
ANN. Kpo3 oBy nucepranujy, ayTop ONHCyje OIIITE IOjMOBE €HepreTcke epukacHocTu OpomoBa
Tpyaehu ce na onroBopu Ha cieneha nurama: Kako cse 6ponosu 3aralyyjy oxkonuny? Kaga cy 6ponosu
novenu aa 3aral)yjy Bazayx? Konuko 6ponoBu 3aucta 3aral)yjy Basnyx? Kako ce onpelyje eneprercka
eduxacHocT 6ponosa? Koju je Haj60sbM MOKa3aTesh eHepreTcke eukacuoctu Opoaosa? Koje cy mepe
nobospmama? Koje cy merome mpouene mnepdopmancu Opomosa? Koja meroma je HajObosba U
Hajroy3aanuja? Jla nmu cy OpooBU TOKOM rOMHA 3aMCTa MOCTalu eHeprercku epukacHuju? Jla mm
Cy pe3yJiTaTh UCTpaxkuBama crpoBoleHa Ha OpomoBuma mpe 70 roguHa u gaHac akryenHa? Kako
yOp3aTH mpoliece MpojeKTOBamkba MPUMEHOM CaBPEMEHNX COPTBEPCKUX ajara M 3aIlTo je TO BaXKHO?
3amTo jour yBeK He MOCTOje jaBHO o0jaBibeHe cMmepHulle 3a moctaBky CFD cumymanmja? Heka of
OBHX IMHTama Cy TPHBHjaJTHA W OJTOBOPH Cy BEOMa jaCHW CBAKOM YHTAOILy, OK ITOjeIWHA MMUTAmha
3axTeBajy BeoMa TyOOKy aHalU3y, KAaKO HHKEHEPCKY, TAKO 1 €KOHOMCKO-TTOTUTHYKO-(PHI030(pCcKy U
300r Tora ynTanan Moxkaa Hehe Hanhu Ha KOHKpETaH OrOBOP y OBOj AUCEPTALIH]H.

Kipyune peun: eneprercka edpuxacHoct 6pomosa, CFD, EEDI, EEXI, CII, ANN
Hayuna o61act: MalmmHCKO WHXEHEPCTBO

Vka Hay4yHa oOnact: Opojgorpaama

VIIK 6poj:

* MO, 2021. Fourth IMO Greenhouse Gas Study 2020. https://www.imo.org/.
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CTpyKTypa 10KTOPCKe AucepTanmje

Konment aucepranuje koja ce cactoju u3 13 pagoBa je mpuka3aH Ha HAPEIHO] CIUIIH:
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Cnuka 1: CtpykTypa JOKTOpPCKE JUCEpTaIlije

Eneprercka edukacHocT OpojoBa aHAJIM3UpaHa j€ KOJ PEYHUX MU MOPCKUX OpomoBa. Y aHAIU3U
peunnx OponoBa, 00jaBJbeHA Cy JIBa paja moj HasuBuMa: ,.Evaluating an inland waterway cargo
vessels energy efficiency indices* [1] u3 kareropuje M22 u ,,Inland waterway cargo vessel energy
efficiency in operation* [2] u3 xareropuje M21. [1pu ananu3u Mopckux 6pooBa, 00jaBjbeHa Cy TPHU
pana koju oOyxBaTajy aHajM3y eHeprercke edukacHocTH Tpu Tuma Opoaa: OpomoBa 3a NPEBO3
pacytor tepeta (,,Power reduction considerations for bulk carriers with respect to novel energy
efficiency regulations* [3] u3 kareropuje M22), Tankepa (,,On energy efficiency of tankers: EEDI,
EEXI and CII* [4] u3 kareropuje M21a) u xoHTejHepckux OponoBa (,,On energy efficiency of the
containership fleet: EEDI, EEXI and CII* [5] u3 xareropuje M21a). Kana je ped o aHanusu mepa 3a
no0OoJplIamke eHepreTcke e(UKacCHOCTH, 00jaBJbEH j€ paja y 4acomucy MaTuyHOr (hakyiaTeTa MoA
Ha3uBoM ,.Influence of lightweight change on ship performance® [6] u3 kareropuje M23. I'maBau
¢dboxkyc je 3ampaBo OM0 Ha HyMepudkoM mpucTymy Tj. ynorpedbu CFD codtBepa y Opomorpaamu
MIPUIIMKOM Yera cy 00jaBJbeHa YETHPH pajia y YacoMrcruMa 1 TPH pajia CaolIITeHa Ha Mel)yHapoJHUM
ckynoBuMa. Hocwuiair TeMe JOKTOpPCKe AUCEPTaIH]e j€ 3ampaBo paj Mol Ha3uBOM ,,Parametric mesh
study: Lucy Ashton case* [7] u3 kareropuje M23 o0jaBibeH y yaconucy MaTu4qHor ¢axynreta. [lopen
WBera objaBjbeHa Cy joll TpU pajaa y yacomnucuMma nop HaszuBuma ,,CFD Approach to Full-Scale
Resistance: The Lucy Ashton Case* [8] u3 kareropuje M21. xao u ,,4 summary of the Lucy Ashton
resistance prediction workshop* [9] u3 xareropuje M21a u ,,CFD-powered ship trim optimization:
integrating ANN for user-friendly software tool development” [10] u3 xareropuje M21. U3 ucre
TeMaTuKe, JIBa pajia CaolIlTeHa Ha Mel)yHapoaHUM CKyIOBUMa HOCe Ha3uBe ,,4 practical approach
to bulbous bow retrofit analysis for enhanced energy efficiency® [11] u ,,The influence of roughness
change on ship resistance in CFD simulations* [12] u3 xareropuje M33. Pag Ha ocHOBY Kor he ce
temesbutu Oyayha CFD paanonuua je npeacraBibeH Kpo3 ,.From Lucy Ashton to Future CFD Case
Studies: Benchmarking Ship Resistance at Full and Model Scales* [13] u3 xareropuje M33. ITopen
HaBEJIEHUX PaJioBa, HAIMCAHO j€ JOII MET pajoBa U3 cIUYHUX obaactu [14—18] koju cy caonmTeHun



Ha MehyHapomHuM ckymoBuMa u3 Kareropuje M33 um HuUCY OO0jeIUWIEHH YHyTap pe3nmea
nucepranuje. HaBenenu pagosu [ 1-13] ce Hamaze y npuiiory 0K Cy lbUXOBU HajBOKHU]JU JOTIPUHOCH
MPHUKa3aHU 00jeIMBEHO KPO3 Hape/IHaA TPH IIaBHA MOTVIaBJba.

Hayunu nompuHOC OBe mucepTandje oOmiea ce€ y pa3Bojy METOAOJIOTHjE 3a MapaMeTapcKo
nepunucame CFD mpexe y cumymanujama OTImopa JEIUIACMAaHCKHX OpOIOBa Y MHUPHO] BOJH.
[TpenyioykeHn MPHUCTYIT 3aCHUBA c€ HA (OPMYJTHCAY IMapaMeTapCcKUX 3aBUCHOCTH Koje omoryhasajy
cCHCTEMaTcKo ofpehuBame KIbYYHHX Napamerapa HyMEPUYKOT MOJeNia, Kao IITO Cy BEITUYMHA
MPOPAaYyHCKOT JIOMEHAa, BEJIMYMHA OCHOBHE henuje, neOspMHA mpBOr cioja henwja y 30HH
TypOyJIEHTHOT TPaHUYHOT CJI0ja U AUCTpuOyMja henuja y KpuTHYHUM 30HaAMa OKo Tpyma Opona. Ha
Taj HaYMH yHamnpeheH je mocrynak nocraBbamba CFD cumynanuja y 6pogorpaam, jep IpeaaioKeHn
napaMeTapcKy MPHUCTYII 3HaYajHO CMambyje 3aBUCHOCT O]l EMIIMPH)CKOT TO/ICIIaBamka napaMmeTapa u
MeToJa ,,lIpo0e M TpelIke’, KOju Cy 4ecTo MpHUCYTHU y npaktudyHoj npumeHu CFD codreepa. Y
OKBHPY HCTPaXUBaka W3BPIICHA je U JeTaJbHa HyMepHUUKa aHaji3a yTUllaja cKanupama, OpyroBor
u PejHoncoBor Opoja Ha TpoIleHy oTHopa Opojia Ha OCHOBY €KCIICPUMEHTAITHUX IoJaTaka 3a 0pos
,Lucy Ashton“, ynme je omoryheHa HymMepru4Ka MHTEpIIpETalija eKCriepruMeHara Koju o0yxBarajy
BUIIIC PA3JIMYUTUX Pa3Mepa Mojielia U MEpemba y CTBAPHOj BeTMYMHU. [IpUMEHIBHBOCT MPEIIoKEHUX
napamerapckux ¢opmyna norBphena je kpo3 Bamganujy CFD cumymanujama Ha HE3aBUCHOM
ciryudajy Opona ,,Meteor™, mTo je mokas3ayio Ja ce MpeUIoKeHa METO0I0THja MOXKE TIPUMEHHUTH Ha
OpOoIIOBE PA3IMUUTHX TEOMETPH]CKUX pa3Mepa U pexxuma 1uioBuaoe. [lopen Tora, y aucepranuju je
npukazana u npaktuyHa npumena CFD metona y aHanusu u yHanpehewy eHeprercke epukacHocTr
Opo0Ba Kpo3 pazMarpame KOHCTPYKTUBHUX U OTIEPATUBHUX MEpPa, Kao IITO Cy ONTHMH3AIIN]ja 00IHKa
MpaMYaHoT Jiejia, ONITUMU3aIlKja TPUMa M aHaJIM3a yTUlaja oopalnTama Tpyla Ha oTnop opoxa.



Summary

It could be said that the third decade of the 21st century, during which this dissertation was written,
represents one of the most significant periods for modern shipbuilding, and this for several reasons.
On the one hand, there is an ever-growing need for more frequent transportation of goods across the
global community due to population growth, which results in the construction of larger ships and
more frequent voyages of the existing ones. On the other hand, shipowners face increasing pressure
to reduce the emission of harmful gases contributing to the greenhouse effect, i.e., to make ships more
energy efficient. The very concept of energy efficiency became a global trend in all economic sectors
at the beginning of the 21st century. Although ships contribute only about 2.9%" to global carbon
dioxide (CO:) emissions, regulations requiring a reduction of this gas’s release into the atmosphere
have not spared this mode of transport, which at first glance may seem paradoxical, especially
considering that one of these regulations aims for zero emissions by 2050. Therefore, the topic of
analyzing ship energy efficiency is highly relevant today, particularly in research focusing on its
improvement.

Given the short timeframe for meeting these goals, there is an increasing demand for advanced
(modern software) tools that accelerate the process of finding energy-efficient solutions. Hence, the
application of Computational Fluid Dynamics (CFD), Artificial Intelligence (Al), and Artificial
Neural Networks (ANN) has become increasingly prevalent to speed up the design process in modern
shipbuilding. This has opened many new, previously unexplored research topics by linking
multidisciplinary fields that classical shipbuilding had not previously encountered. For this reason,
the topic of this doctoral dissertation could not easily be defined in a single sentence to encompass
all investigated areas. Consequently, this dissertation has been structured as a collection of several
published journal papers and conference contributions. The title retains the key scientific contribution
of the dissertation — parametric mesh adjustment in CFD simulations. The concept of energy
efficiency runs through almost all papers, covering: determination of energy efficiency parameters
for both sea-going and inland vessels; examples combining analytical and numerical approaches
aimed at improving energy efficiency; development of new formulas that accelerate the setup of CFD
simulations; and the creation of an application that facilitates the use of CFD-based results and
mathematical models obtained using ANN. Throughout this dissertation, the author discusses the
general concepts of ship energy efficiency while attempting to answer the following questions: How
do ships pollute the environment? When did they start polluting the air? How much do ships actually
contribute to air pollution? How is ship energy efficiency determined? What is the best indicator of
ship energy efficiency? What are the improvement measures? Which performance assessment
methods exist? Which one is the most reliable? Have ships indeed become more energy-efficient over
the years? Are research results from 70 years ago still relevant today? How can the design process be
accelerated using modern software tools, and why is that important? Why are there still no publicly
available guidelines for setting up CFD simulations? Some of these questions are rather
straightforward, with obvious answers, while others require deep analysis, engineering, economic,
political, and philosophical, and thus the reader may not find direct answers to all of them within this
dissertation.

Keywords: Ship energy efficiency, CFD, EEDI, EEXI, CII, ANN
Scientific discipline: Mechanical Engineering

Scientific subdiscipline: Naval Architecture

UDC number:

* IMO, 2021. Fourth IMO Greenhouse Gas Study 2020. https://www.imo.org/.
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Structure of the doctoral dissertation

The concept of the dissertation, which consists of 13 papers, is illustrated in the following figure:
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Figure 1: Structure of the Doctoral Dissertation

The energy efficiency of ships was analysed for both inland and seagoing vessels. In the analysis of
inland vessels, two papers were published entitled: “Evaluating an inland waterway cargo vessel's
energy efficiency indices” [1] (category M22) and “Inland waterway cargo vessel energy efficiency
in operation” [2] (category M21). In the analysis of seagoing vessels, three papers have been
published addressing the energy efficiency of two ship types: bulk carriers (“Power reduction
considerations for bulk carriers with respect to novel energy efficiency regulations™ [3], category
M22), tankers (“On energy efficiency of tankers: EEDI, EEXI and CII” [4], category M21a) and
containerships (“On energy efficiency of the containership fleet: EEDI, EEXI and CII” [5], category
M21a). Regarding the analysis of measures for improving energy efficiency, the paper “Influence of
lightweight change on ship performance” [6] (category M23) was published in the journal of the
home faculty. The main focus, however, was on the numerical approach, i.e., the use of CFD software
in shipbuilding, within which four journal papers and three conference papers were published. The
main point of the doctoral dissertation is the paper entitled “Parametric mesh study.: Lucy Ashton
case” [7] (category M23), published in the journal of the home faculty. In addition, three more journal
papers were published: “CFD Approach to Full-Scale Resistance: The Lucy Ashton Case” [8]
(category M21), “A summary of the Lucy Ashton resistance prediction workshop” [9] (category
M21a), and “CFD-powered ship trim optimization: integrating ANN for user-friendly software tool
development” [10] (category M21). From the same research area, two papers presented at
international conferences are titled “A practical approach to bulbous bow retrofit analysis for
enhanced energy efficiency” [11] and “The influence of roughness change on ship resistance in CFD
simulations” [12] (category M33). The paper forming the basis for the future CFD workshop was
presented as “From Lucy Ashton to Future CFD Case Studies: Benchmarking Ship Resistance at Full
and Model Scales™ [13] (category M33).



In addition to the listed papers, five more papers [14—18] were written and presented at international
conferences (category M33); these are not included within the dissertation. The aforementioned
papers [1-13] are provided in the appendix, while their most important contributions are presented in
an integrated manner through the following three main chapters.

The scientific contribution of this dissertation lies in the development of a methodology for the
parametric definition of the CFD mesh in simulations of the calm-water resistance of displacement
ships. The proposed approach is based on the formulation of parametric relationships that enable the
systematic determination of key parameters of the numerical model, such as the size of the
computational domain, the base cell size, the thickness of the first cell layer in the turbulent boundary
layer region, and the distribution of cells in critical zones around the ship hull. In this way, the
procedure for setting up CFD simulations in shipbuilding has been improved, as the proposed
parametric approach significantly reduces the dependence on empirical parameter tuning and the
“trial-and-error” methods that are often present in the practical application of CFD software. Within
the scope of this research, a detailed numerical analysis of the influence of scaling, the Froude
number, and the Reynolds number on the estimation of ship resistance was also carried out, based on
experimental data for the ship Lucy Ashton, which enabled a numerical interpretation of experiments
involving multiple model scales as well as full-scale measurements. The applicability of the proposed
parametric formulas was confirmed through validation by CFD simulations on the independent case
of the ship Meteor, demonstrating that the proposed methodology can be applied to ships of different
geometric scales and operating conditions. In addition, the dissertation presents the practical
application of CFD methods in the analysis and improvement of ship energy efficiency through the
consideration of both design and operational measures, such as bow shape optimization, trim
optimization, and the analysis of the influence of hull fouling on ship resistance.

Vi



Moosicoa jow ysex mu (unsicervepu) ne 3Hamo Kaxko 0a Hanpasumo enepeemcku egouxkacan bpoo, anu je
2nobanrna azenoa yuuHuia Hac came egurkacuujuma. Hexaoda oasno 6u 3a nucarwe osaxee
oucepmayuje 6uo nompeban U MamemMamuiap u npocpamep U UHiICerep, Al y3 pazeoj cagpemeHux

cogpmeepckux anama u 1we2o60 omoyheHo jeOHoCmasHo yuerwe, 0ama Ham je mo2yhnocm 6Oosvee,
JlaKutee u bpoice2 ycaspuiasara.
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YBOa

Naxo y cBery Biaza riodaiHu TpeH 1 nosehama eHeprercke eprukacHOCTH ca aKIIEHTOM Ha CMAbEby
€MHUCH]je racoBa KOjU CTBapajy edekar cTakjieHe Oaimre, HE MOTY c€ 3a00MhHM M OCTalaM THIIOBH
3araljema Koju motudy o Opomosa. IIpe cBera, OpoaoBu 300r KpeTama Kpo3 ABa Quyuaa (Boay u
Ba3/yX), EMUTY]y WITETHY eMHCH]y U Y Boay M y BaznyX. [lopen CO2 (oaroBopaH 3a KIMMAaTCKe
mpoMeHe) Koju uma 96,4% ynena y u3lyBHOj] EMHCH]jH, Ty CY joul U yribeH-MoHOKcu I (CO) cymnopau
(SOx) u azotuu oxcuau (NOx) (0AroBOpHH 32 CMOT U KUCEIIE KHIIIE), KA0 U YTJbOBOJIOHHIIU, YSCTUIIS
yahy ¥ TEHIKK METaIHM y Mallo] KOJMYMHU. HaBeneHu racoBu HacTajy Kao MPOAYKTH MOTIYHOT U
HETOTIIYHOT caropeBama y TJIaBHOM IIOTOHCKOM MOTOPY, T'€éHepaTOpuMa, HHIIMHEPATOPY U OCTAINM
ypehajuma koju Kao riiaBHU U3BOP €HEPIrHje KOPUCTE YTIbOBOJOHMYHA TopuBa. Takohe, y armochepu
ce Moke HahM U eMucHja o (PpeoHa WK XaJOTeHUX racoBa KOjU MOTHYY O]l pacXjaJHUX CHCTEMa, a
yclen ypermha Ha CIIOJHUM MECTHMAa, HEPAaBUIIHUM IYHEHEM HITH MPAKIEHEM CHCTeMa Xiialema,
omrehemeM 11eBOBOJA WM pa3MemHUBadya TOIUIOTE MM HAMEPHHM HCIyIITameM (peoHa (WITo je
npeMa TPeHYTHO BakehuM mpornucuma 3a0pambeHo). TOKOM TpaHCIIopTa U IPETOBapa TepeTa MOXKe
J0Ja3UTH JI0 UCTIapaBama HaQTHUX AepuBara (OCH3MH, 11U3eT, KEPO3WH, AEPUBATH KOJH CapiKe JaKO
UCIapJbUBE CYIICTAHIIC), XEMHUjCKUX IPOM3BOJIa (METAHOII, €TAHOJI, CTUPEH H JIP.) WJIM TSYHUX T'acoBa
(reunu mpuponnu rac (eur. Liquefied Natural Gas — LNG), teunu napthu rac (eur. Liqufied
Petroleum Gas — LPG)). Ucnapssuse cymcraniie y armochepu pearyjy ca NOx u cTBapajy npu3zeMHH
030H U CMOT, HEKe NCIIapJbUBE MaTEepHje Cy KaHIIEPOTeHe, a I0jeInHE ape MOTy OWTH 3arajbuBe WK
YaK W eKCILIO3MBHE. Boja ce Moke 3aragutu oJ] cTpaHe Opo/oBa Ha MHOTO BHUIlIe HauuHA. byka u
BUOpaIyje u3a3BaHe MOTOPOM, a IPEHECEHE BPAaTHIIOM Ha TpOIIeiep, HaKo He MCIYIITAjy JUPEKTHO
CYIICTaHIIE y BOJYy, YTHUy Ha MOPCKH ekocucteM. OTHaaHe BOJE CallpKe OpPraHCKe Marepuje U
MaTOr€HEe MUKPOOPTaHU3Me KOjH CMambyjy HUBO KHCEOHUKA Y BOJH HIIH JIOBOJIE JI0 €yTPOQHKAIIH]e.
UBpcTH 0TNaj MOMYT IJIACTHKE, MEeTaja U Nanupa je HakajloCcT BeoMa 3acTyIJbeH Y BO/IM, a HajBehu
npoOJyieM je MHUKPOIUIACTHKAa KOja yJia3u y JIaHall MUCXpaHe. Yclel HEMpaBWIHOT OJICTparbUBarmba
3ayJbeHHUX BOAa Moxe nohu 1o (opMmMupama ybaHOr ()uiIMa Ha MOBPLIMHU BOJIE KOJU CIIpedaBa
pa3MeHy kuceoHHka. Koa TaHKepa WM reHepalHO MPHUJIMKOM TaHKOBama Opojaa Moxe Johw 10
UCHylITawka ropusa y Boxy. Ilpu cynapy, HacykaBamwy WM olITehewy TaHKOBA, OTPOMHA KOJIWYHHA
Tepera WIM TopuBa ce MOry HahW y BOAM INTO JOBOAM IO IyrOTPajHE EKOJIOIIKE KaTacTpode.
VYKOJIMKO ce KaJby>KHa BOJA HE MPEUYUCTH J00PO, BeHUM UCHYIITAkEM Y BOJy J0Ja3H J10 030MIbHOT
3araljema. HakoH TpaHcmopra HaTe M XeMHKallMja, pe3epBoapy ce Mmepy BOJIOM, a aKO Ce 3a0cTaa
MeIlIaBUHA HCITYCTH Y BOJy, YHOCE Ce BeJIMKE KOJIMYMHE YTJbOBOJOHUKA U XeMuKaiuja. [Ipu y3umamy
Oanacra, y TaHKOBE yJia3eé MUKPOOPTaHW3MHU M JEJMHKE W3 jeTHOT PErHoHa, a NP UCIYIITamby Y
JPyroM peruoHy, OHU MOTY ITOCTaTH MHBa3UBHE BPCTE, YTPO3UTH €KOCUCTEM U prbapcTBo. 360r TOra
JaHaC TIOCTOje CTpora TMpaBWjia MOJ OKpubeM MehyHapogHe momMopcke opraHuzaiuje (eHr.
International Maritime Organization — IMO) xoja je ocHoBana 1973. ronune MHTepHanmMoOHANHY
KOHBEHIIH]y O TIpeBeHIju 3aralera ca Opomosa (eHr. International Convention for the Prevention of
Pollution from Ships - MARPOL) u Tume mokpuiia mecT pa3IHyuTHX aclieKTa 3aralema u To 011 yiba
(MARPOL Annex | — ycojen 1973. roaune, a ctynuo Ha cHary 1983.), IITEeTHUX TEYHUX MaTepHja
(MARPOL Annex Il — ycBojen 1973, roaune, a crynuo Ha cHary 1983. roauHe), ITETHUX MaTepHja
y makoBaHoM o0smky (MARPOL Annex Il — crynuo Ha cHary 1978. roauHe, a CTynuo Ha cHary
1992.), ormaguux Boja ca 6pomosa (MARPOL Annex IV — ycBojen 1978, a crynuo Ha caary 2003.),
cmeha ca 6pomgoBa (MARPOL Annex V —ycBojer 1978. rogune a ctynno Ha cHary 1988.) u 3arahema
Bazayxa ca opogoBa (MARPOL Annex VI — ycBojen 1997. roagune, a ctynuo Ha caary 2005.).

Bume ox 100 roguHa je mponuio ol Mpou3BOAKE U MOpUHyha mpBOr Opoaa ca au3eia MOTOPOM JI0
yCBajama aHEeKCa BE3aHOT 3a MPEBEHIM]y 3araljema Bazmyxa o crpane Opojaosa. [IpBu mpakTuyHU
KoMmepIujaHu 0poa ce 38ao Bynkan u usrpahen je y Xomanauju 1910. rogune, a umao je 18a Iu3en
MoTopa o1 400 komckux cHara. [Ipema cratucTnuknM m3Bemrajumal 2005. roauHe je cBeTcKy (ioTy

L Equasis. Equasis 6aza nodamaxa. https://www.equasis.org/
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yuHUI0 61227 6ponona (Behux ox 100 6pyro ToHa), 2008. rogune 74814 6ponosa, a 2022. ronune
Taj Opoj je mopacrao Ha 126947 GpomoBa. Pa3znor 3amro je Hacrtama OBOJHMKA pa3idKa y Opojy
OponoBa y oxHocy Ha 2005. u 2008. roguHy je y TOME IITO Taja puOapCcKu OpOJOBH HUCY OWIIH
ypauyHatu. Yak 41% Opomnosa cBercke ¢uiote u3 2022. je crapuje oa 25 ToAMHA IITO 3HAYM Ja 0ap
80-85% OponoBa koju cy noctojanu 2005. roguHe cy joun yBeK IUIOBUIM y TO BpeMe. 3a HapeaHe
rOZIMHE, U3BEIITAjU jOII YBEK HUCY 00jaBJbeHU y BpeMe mucama aucepranuje. [lopex 2005. u 2022.
TOJIMHE, HaBe/ICH je mojarak u 3a 2008. rouHy Koja je BeoMa 3HayajHa U3 pa3jiora ITo ce Ta FoJiHA
y3uMa Kao pedepeHTHa 3a oco0oheHy eMucHjy racoBa Koju CTBapajy eekaTt CTakjieHe OamTe (eHr.
Greenhouse Gases — GHG) ox crpane 6pomosa. IMO je kpo3 HOBe pery/atuse 3a1a0 nusb aa ce 2050.
roguHe nocrurae Hynata emucuja GHG, a na ce no 2030. ronune cmamu emucuja GHG y ogHocy Ha
2008. roguny Hajmame 20% (a texxehu 30%), a 1o 2040. ronune cMamu emucrja HajMame 70% (a
texxehu 80%).

2009. roguHe NPBU MYT C€ YBOIM I0jaM HHAEKCAa CHEepPreTcke e(huKacHOCTH OpoaoBa M TO KPO3
OmneparuBHM HHAMKATOp eHepreTcke eduracuoctu (enr. Energy Efficiency Operational Indicator —
EEQI) m3paxen y konnunau emutoBanor CO2 (y rpaMuma) y arMocdepy 1o jeHOj MpeBe3eHOj TOHU
Tepera M jeqHoj npeheHoj HayTMuko] Muibu. OBaj MHAMKATOP HHUKaZa HHUje IOCTa0 00aBE3HO
MIPUMEHJBHB O CTPaHE PEeTyJIaTOPHOT Tena, Beh je Ha J0OpOBOJbHO] Oa3u MOTA0 MOKA3aTH KOJIUKO j€
Opox 3ampaBo kopuctaH. OBaj MOKa3zaTesb c€ MOXKE MPUMEHUTH Ha HUBOY jeJHE IUIOBHI0E, BHIIE
TUIOBUI0M, 3a jefan win Bumie Oponosa. 2011. ronuHe ce npBu myT yBoau mojam IIpojexToBaHor
ungekca eneprercke eukacuoctu (enr. Energy Efficiency Design Index — EEDI), a ogrocuo ce Ha
cBe Opoznose Behe o 400 6pyTo ToHa U m3rpahene HakoH 1. janyapa 2013. roquHe Wi HCIOpYYEHE
HakoH 1. janyapa 2015. Tpeba HanmoMeHyTH a TOTOBO MOJIOBHMHA cBeTcke ¢uioTe He moiexe IMO
perynatusu jep cy ucroa 400 OpyTo ToHa WK ce pajid 0 pubapcKuM OpOJ0BUMA 3a Koje oipehrBame
napameTrapa eHeprercke e¢ukacHocTH Huje mnpumeHsbuBo. EEDI mpeacraBsa HOMuHanny
(teopujcky) kommuuny CO2 (y rpaMuMa) eMHTOBaHY y aTMOc(epy 1o MPEBE3EHO] jeTHOj TOHH TepeTa
u npehenoj jenHoj HayTH4YK0j MUJbU. CBpXa yBolema OBOI MHJIEKCa je 1a 006aBexe OpoaorpaAuiInILTa
U TpOjeKTaHTe Jla y HoBe OpoaoBe yrpalyjy eHepreTcku eukacHe TEXHOJOTHj€é M MOTOpeE.
[Tpumemyje ce Ha Taj HauumH wro nocturnytu EEDI (enr. Attained EEDI) mopa umatu mamy
BpeIHOCTH 0] 3axTeBaHe Bpennoctu (eHr. Required EEDI). 3axteBana BpeaHoct ce oapelhyje Ha
OCHOBY pe(epeHTHE BpeIHOCTH, a pehepeHTHA BPEIHOCTH je y3eTa Kao mpoceuHa Bpeanoct EEDI-
ja cnuuHux OpojoBa uctor tuna usrpahenux y nepuomay oa 2000. mo 2010. rogune. [Tomrro je 6poj
O6ponoBa usrpahenux mpe 2013. roauHe, a Koju ce Haja3e y ONEpaTHBH U Jajbe BEOMa BEIIUKU
MIOCTaBUJIO CE€ NHUTambe KaKo Ce OHM MOry Y4YyuHUTH edukacHujuMa. 3aro je 2019. ronuue
npencraBibeH MHmeke eHeprercke epukacHocT nocrojehux opomosa (enr. Energy Efficiency for
Existing Ship Index — EEXI), a koju je crynmuo Ha cuary 2023. rogune. OH HCTO MpeaCTaBIba
HoMuHanHy Konnuuny COz (y rpaMrMa) eMUTOBaHY y aTMOC(epy IO NPeBe3eHOj jeTHOj TOHU TepeTa
U npeheHoj jeHoj HayTUYKOj] MUJbU, caMo Baxu 3a OpojaoBe usrpahene npe 2013. ronune Behe of
400 opyto Tona. [IpumMemyje ce Ha Taj HaunH mto nocturayt EEXI (enr. Attained EEXI) mopa
MMaTH Mamby BPEIHOCT 01 3axTeBaHe Bpeanoctu (enr. Required EEXI). 3axreBana Bpennoct EEXI-
ja ce pauyHa UCTO Ha OCHOBY pedepeHTHEe BpeaHocTu kao kojx EEDI-ja. Cymruncka pasnuka y
3axTeBaHuM BpenHoctuma EEDI-ja u EEXI-ja je y npyraunjum dakropuma peaykuuje. Haume, xox
EEDI-ja, pakropu penykimje ce pa3IuKyjy npema TUIly Opojia U TOJUHU IPOU3BOIE OpoJa U OHU
cy ce Memanu no ¢azama koje cy tpajane ox 2013. go 2025. ronune. Kog EEXI-ja mapamerpu
penyKIyje ¢y o/l CTapTa UMalld MCTY BPEIHOCT y 3aBUCHOCTH O] TUIIAa OpO/a U OHH C€ Y BEIIHKO]
Mepu noaynapajy ca dakropuma penykiuje 3a EEDI u3 nocnenme daze. 2023. roguHe cTyna Ha
CHAry jOII jeJlaH TapameTap eHepreTcke epUKacHOCTH, a To je THIuKaTop 3aCTyNJbeHOCTH YTIJbEHUKA
(eur. Carbon Intensity Indicator — CIl) xoju Baxku 3a 6pomose Behe ox 5000 6pyTo ToHa. YBeeH je
takohe ox crpane IMO-a ca unsbem aupektHor npahemwa emucuje CO2 U OH mpescTaBba CTBAPHY
konuuuHy CO2 (y rpamMmuMa) eMUTOBaHY y aTMoc(epy 1Mo IpeBE3eHO] jeITHOj TOHU TepeTa U npeheHoj
jennoj Haytmukoj mMuwbH. Ox 2019. 3a cBaku O6pon Behm ox 5000 Gpyro ToHa omeparep Opoaa
(MeHaIMEHT) MOpa WMaTH KOHTHHYHPAHO Oe€JNeXeme KOIMYHMHE IOTPOIIHEe TOpuBa, BpPEMEHA
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MPOBEJICHOT Y TUIOBHU/I0M | IpeljeHOT TUIOBHOT MyTa Kpo3 T3B. CHCTEM MPHUKYIJbamka mojaaTaka (CHr.
Data Collection System — DCS). Iocturytau Cll 3a tekyhy roauHy ce padyHa Ha OCHOBY
CHMMJbEHHUX TOfaTaka 3a ey nperxoany roguny. [locruraytu Cll (enr. Attained ClI) ce Takohe
ynopehyje ca 3axteBanom Bpennomihy Cll-a (enr. Required Cll) ¢ Tum 1rro 6poj 100uja eHepreTcku
paspen A, B, C, D wim E y 3aBuCHOCTH oj Tora KOJHKO j€ JajieKO OJf 3aXTE€BaHE BPEIHOCTH.
3axrteBana Bpeanoct Cll-a ce oapehyje npema pedepeHTHO] BPEAHOCTH y3 (PaKTOp penyKiuje Koju
ce Mema Ha cBake JBe roauHe. L{uip je ga Opoj uMa eHepreTcku paspea A, alnd je MPUXBATIBUB U
pesynrat Koju cBpctaBa 6pon y paspen C. McroBpemeno ce nopexn nocturayror Cll-a u ogpeheror
paspena 3a Tekyhy roauHy BpIIH HPOIICHA pa3pea U 3a HapeAHe TPU T'OJMHE MO MPETIIOCTaBKOM
HCTE OTIEPATUBHOCTH, T€ aKO CE JIECH J1a OpOJI MOCTHKE TPU TOAMHE 3apeoM paspen D wmum 6ap jenny
roauHy paspen E, Mopa ce HampaBWTH JeTajbaH IUTaH KakKo oreparep (MEHAMEHT WM CaM
OpO/IOBJIACHHUK) IJIaHKpa Ja y3 yBolewme oapeheHux mepa ymrene, focturae paspen C.

[Ipobnemu koju ce MOry IOTCHIHWjATHO jaBUTH MpH oOpehuBamky HOMHHAIHHX Mapamerapa
edukacnoctu (EEDI unu EEXI) Hacrajy ycien HemocTajama MojeIMHNUX, a KIbYYHUX HH(pOpMaliija
KOje IUPEKTHO yTUYy Ha HUXOBY BPeIHOCT. [I[pBEHCTBEHO ce HEAOCTAaTaK TOKyMEHTAIH]je MTOBe3yje
ca onpehuBamem EEXI-ja 1 To ce oqHOCH Ha ciennUUHy TOTPOILIKY TOpUBA U pepepeHTHY Op3uHYy .
Crienin(ryHa MOTPOIIEHA TOPUBA U3PAKEHA je Y TpaMUMa 110 KAJIoBaT-4acy U Hajuenhe je JocTyIHa
y 13B. NOx TeXHUUKOM JJOKYMEHTY KOjH u3zaje npousBohau Mmotopa. Pedpepentna Op3una je 6p3una
KOjy Opoj mocTrke npu 75% MakCUMalHe MHCTAJIMCaHEe CHAre Motopa i npu 83% orpaHudcHe
CHare MoTopa, ako 0poj uma yrpaleH JJUMHUTATOp Kao Mepy YIITeJe eHepruje, Koja o oJl Te JIBe
BPEIHOCTH Ja je Mama. PerynaropHo teno je Gopmupano JBa mpaBia KOju C€ MOTY CICTUTH 3a
onpehuBame HenocTajyhux mapamerapa, a TO Cy CTaTUCTUUYKU U AUPEKTHU NMpHUCTyN. CTaTUCTHYKU
MIPUCTYN j€ 3aCHOBAH Ha MpenopydeHuM (opmynama 3a oapehuBame mojgaTaka Koju HEIOCTajy, a
JUPEKTHU TPHUCTYNl C€ CBOAM HA JUPEKTHO, EKCIIEPHMMEHTATHO Mepeme THUX Iapamerapa
OpraHu3alujoM MPOOHUX BOXEM OponmoBa. [IpoOHa BoXmka Opona je 3aCHOBaHAa Ha JUPEKTHOM
Mepewy Op3uHe Opojia 1 OOpPTHOT MOMEHTA Ha BpaTHUITY, TPEKO KOra ce y3 U3MepeHy Op3uHy oOpTama
BpaTmiia J1oOMja aHrakoBaHa cHara MoTopa. HakoH o0aBibeHe NMpOOHE BOXHE, Y3 KOPUTOBAHE
U3MEPEHUX BPEIHOCTH 3a BPEMEHCKE yCJIOBE, CTalbe MOpa U IUIMBama 0poja, npemMa CTaHIap/HOj
MpoIIeypH, 100H]ja ce mporneepcka KpuBa Ha OCHOBY KOj€ C€ MOXKe OApeInuTH pedepeHTHa Op3uHa.
On 2022. ronuHe je 3BaHWYHO TNpHXBaheH O CTpaHe peryJaTopHOr Tejla jOIl jelaH HauuH
onpehuBama pedepenTHe Op3uHE, a TO je AUMpPEeKTHA Hymepuuka cumynamnuja 1j. CFD anammza. ¥
aucepTauuju ¢y ojapeheHn MHIEKCH eHepreTcke epUKacHOCTH, MoMohy CTaTUCTHYKU oapeheHum
dopmynama (EEDI unu EEXI), dnorte xojy umne 153 6posaa 3a mpeBo3 pacyror tepera [3], 426
taHkepa [4] u 162 konTejHepcka 6poaa [5] usrpahenux y nepuoay oxa 2000. 1o 2020. roauHe mTo je
YHHIIIO YKYTTHO 0KO 2,5% cBeTcke ¢uroTe oBa Tpu T Opoja koja momiexy IMO perynaruBu y Tom
TPEeHYTKY. | 7TaBHM LIUJb KOJI OBUX MCTpa)KuBama je OMO Jla ce BUM J1a JIU Cy HOBU OpPOJIOBU KOjU CY
rpal)eHH TOKOM roJIMHa 3aKCTa [OCTajaliu eHepreTcku epukacHuju. JlogaTHa nurama Ha KOja ce MOTy
Hahu onroBopu y oBoj amceprauuju cy: Konmku mpouenar OpomoBa u3 pa3martpane ¢uiore (He)
ucnymwana IMO perynatuse? Koju cy eKOHOMCKH HajUCIUIaTHBHjU HAUWHU yHarpehema eHeprercke
epukacHoctn? Kommka je morpeGHa peayKiuja cHare riiaBHOT MOTOpa J1a OM pa3MarpaHu OpojaoBU
UCIIYHWIH KpUTepUjyMe HOMUHaTHHUX napamerapa epukacroctu (EEDI wmu EEXI)? Komuke cy
IpoceyHe NMpOojeKTOBaHe Op3uHE OpoJioBa 3a MPEBO3 pacyTOr TepeTa, TaHKepa U KOHTEJHEPCKHX
OpozoBa a KojoM Op3uHOM OHHM 3ampaBo mioBe? Koimko je peaqHo mOoTpeOHO CMamUTH Op3UHY
ioBua0e 1a Ou 6poaoBu ucymwasanu kpurepujyme Cll-a?

BaxHo je HarlOMeHyTH a CBY HaBEACHH ITOKA3aTeJbl CHEPreTCKe ePUKaCHOCTH BaXKe CaMO 32 MOPCKE
OponoBe, a Kaja je ped O peyHuM OpojoBUMa, 10 BpeMEHa MHUcama JUcepTaluje, He IMOCToje
o0aBe3yjyhe mel)yHapoaHe peryiaTuBe Koje Hajlaxy MpOIeHY HHIEKCa CHepreTCKe e(prKacHOCTH Ha
YHYTpAIIlbUM IUIOBHUM IyTeBuMa. LlenTpanna komwucuja 3a mioBuady Pajaom je 2018. romune
MOCTaBUJIA CIIMYHE ITUJBEBE Y Moreny cMamema emucuje CO2 mo 2050. roause, mMTO je U Y CKIaay
ca EBporickom 3enenom arenzom u3 2019. umju je mwsb aa EBpomna no 2050. rogune Oyne npBu
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KIIMMAaTCKA HeyTpalaH KOHTHHEHT. [locToje 3a cama aBa mpemsora 3a onpehuBarmbe HOMUHAITHUX
MoKa3zaTesba eHepreTcke e(hUKacHOCTH U OHM Cy aHAJTM3UPAaHU KPOo3 AucepTanujy. JemqHa o MeToaa
je pasBujeHa ynpaBo Ha MammHCcKoM ¢akynTery YHuBep3utera y beorpamy y oKBHpY JOKTOpPCKE
nucepTanuje npodecopa Ha Katenpu 3a 6pomorpaamy?. Merona je 3acHoBana Ha EEDI-jy Mopckux
OponoBa, nakie, ucto ce oapelyjy mocturuyTs u 3axreBanu EEDI, mpu yemy nocturaytu Mopa OuTH
MamH O] 3axTeBaHOr. Pa3inka je y ToMe mTO ce 3a peyHe OpoJIoBe y3uMa yTHUIdj TyOuHEe peke
(orpanuuema mioBHOT myTa) U mTo ce EEDI oapelyje 3a ckyn Op3una (ko1 MOpCKHX OpojoBa ce
y3uMa y 003up camo pedepenTHa Op3una). [Ipyra metona je passujeHa y Pa3BojHOM HeHTpY OpoJicke
TEXHOJIOTHje ¥ TPAHCHOPTHUX cuctema y Jym30ypry u oHa je Takole 3acHOBaHa Ha NMPUHIUITUMA
EEDI-ja mopckux 6pomoBa. M oBa MeToa y3uMa y 003up OrpaHHuEHa MIIOBHOT MyTa C THM IITO Y
MpopavyyH yJia3u jenHa Op3uHA KOja OJroBapa MpOpadyHCKO] CHa3u JAePUHUCAHO] MpeMa METOIH.
MelhyTtum, oBa MeTona y3uma y o03up u paznuuute Op3uHe peke. Kama je peu o Opojy peuHux
OpoJ10Ba, CBaKa 3eMJba BOJM COIICTBEHE PETUCTPE, a KOHCOIHI0BaHe Mel)yHapoaHe 6a3e HUCY jaBHO
noctynHe. Hekum 3emipama (moceOHO y Asuju, Adpumy mim JIaTHHCKO] AMEpHUIN) MOX/Ia YaK U
HEJIOCTajy MOy3/1aHu moaany. [I[pema HeKuM JTOCTYITHUM M3BelITajuMa 3a EBpory, mocToju nojarak
na je peructpoBaHo oko 15000 OpomoBa yHyTpamlmuX IJIOBHHX IyTeBa, a HajBehw Opoj IioBH
Pajuom n lynasom. Takohe, ckopo 40% OponioBa koju mioBe JlyHaBom cy ctapu npeko 40 roauna,
a camo 1% perucrpoBanux Oponosa je m3rpaheno nHakon 2010. rogunae. Mmajyhu y Bugy crapoct
¢I10TE, K0 M TO J1a Ce MHOTH BEJIMKHU IPaJIOBH Halla3e Ha peKaMa, HECyMEbUBO j€ Jla 3Ha4YajaH yTHIIa]
Ha 3araljeme Ba3ayxa uMajy U pedHH OpOJIOBH, MOTOTOBO HITO IUIOBE KPO3 HACEJhEHA MECTa. Y paay
[2] je ananu3upana kommurHa CO2 KOjy eMUTYje jeilaH TUIIMYaH CaMOXOHH PEYHHU OpOJl Ha je/IHO]
pyTH, 3a Mecell JaHa W 3a TOAWHY JaHa 1oJ oJpeheHuM NIpeTHnocTaBKamMa M jaBHO IOCTYITHUM
nonanuma. [Ipema EBporickoj 3eieHOj areHmu, muib je Aa ce 75% KeTU3HUYKOT U JIPYMCKOT
TpaHCIOpPTa NpPEeyCMEpU Ha peke jep cy OpoJoBH HajepMKACHUJU HAYMH TPAHCIIOPTOBama IO
JeauHULM npeh)eHor myTa 1 KOJIMYUHU TPEHECEHOT TepeTa.

Beh neuenmjama yHazaj noiasu 70 pa3Boja pa3sHMX MeToJa M ypehaja Koju MMajy 3a LIUJb
mo6oJbIamke eHepreTcke eukacHocTH OpoaoBa. HaurHu Ha koju ce Moxe Johu 110 yiiTeie eHepruje
ce MOTY HOJIENIUTH Ha YETUPH Ipyle: KOHCTPYKTUBHU, MPOMYI3UBHH, TEXHOIOIIKH U ONEPAaTHBHH.
KoHcTpykTBHE Mepe ce mnpuMewyjy Hajuemihe Ha HOBUM IUIOBWJIMMA WM MpH Behum
pPEeKOHCTpyKIMjamMa. Y Te Mepe Chajaajy onTHMu3anuja Gopme Tpyna, AW3ajH IpaMia, CMambemne
OTIIOpa Tpewa M ONTUMH3AlMja HaArpaame U nanyoHux ypehaja. OnrtumusanujoM gopme Tpymna
cMamyje ce oTmnop Opoja y Boad, a cama onTumu3anuja ce Hajuemhe pagu CFD ananuzom y3
eKCIIEpUMEHTANIHY Banuaanujy. Ju3ajH unu onTumusanuja mpamia (mocrojame u oonmk 0yiioda,
BepTUKaigHe craTBe) ce Takohe Bpmm CFD ananu3oMm u mpuMemyje ce€ M 'y HOBOTPAImU, alld U Yy
PEKOHCTPYKIMjU Opo/ia jep MOXKe Ja ce IeCH J1a ce OpoJ He eKCIUIoaTHIle Ha OHA] HaYMH Ha KOJHU je
NPBOOMTHO 3aMUILBEHO. TO je BeoMma 4ecT cilydaj Kajga Opoj BHILIE IyTa MEHa BIACHUKA WU
oTlepaTUBHU MeHAaIMEHT. CMamemke 0TIIOpa TPEHha Ce MOCTHKE MMPEMa3rMa IPOTUB 00paTama (SHT.
anti-fouling coatings), camononupajyhumM npemazuma wim npemMasuMma ca HUCKUM KOe(HINjeHTOM
Tpewma. CMamemne TeXUHE yoTpeOOoM JTaKIINX MaTepHjaia, ONTUMH3AIHjOM IIPOCTOpa U MPaBUIHUM
KOHCTPYKTHBHUM JHM3aJHOM, MOXKE JOHETH MoOoJblllarba y ymTeau eHepruje. ONTHUMHU3ALNjOM
Ha/ITPaJHAX JEJI0BA Ko MITO j& HIP. KOHCTPYKTUBHU JIOJIAK 32 3aIITHTY O] BETPa KO/ KOHTEJHEPCKUX
OpoJ10Ba Ha MpaMILy MOXKE C€ CMABUTH aepOJUHAMUYKHU OTIIOp, a CAMUM THM U yIITEeIU MOTpeOHa
eHepruja 3a kperame Opona. [Iponym3uBHe Mepe ce hokycupajy Ha moOOJbIIAKE paja mporesepa u
cucremMa 3a mnoroH. OnTuUMM3anMja TIporenepa NoJpasymMeBa mpuiarohaBame HETOBUX
TCOMETPHUJCKUX KapaKTePUCTHUKA YCIOBHUMa IUIOBHAOE Opoja ca IM/beM IOCTH3ama ITO Beher
CTereHa KOPUCHOCTU Y3 ONTUMAJIHY MOTPOIIKY roprBa MOrOHCKOr MoTopa. JlonaBame ypehaja 3a
yirreay enepruje (enr. Energy Saving Device - ESD) najuenthe je mpucyTHO KO MOPCKHX OpOIOBa,
alli ce TOjeMHU KOpUCTe M Koj peuHux Oponosa. Tu ypehaju ce mocraBibajy ucHpen WM H3a
nponenepa (ena. pre-swirl/post-swirl). Vpehaju koju ce mocrtaBsbajy HCIpen Mporeiepa uMmajy

2 Cumuh, A. (2012). Enepeemcka epuxacrnocm peunux camoxoOnux mepemnux (JOKTOPCKa qUCEPTaNnja, Y HUBEP3UTET
y Beorpany, Mammucku ¢akyorrer). http://doiserbia.nb.rs/phd/fulltext/BG20121101SIMIC.pdf
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3a/1aTaKk J1a mo0oJbIIajy JAOCTpYyjaBamke BOJIEC MPOIETEPY Y 3aKIOKEHUM 30HaMa YCJel MOCTOojama
Tpymna u To cy Hip. bekep Mesucosa pocrpyjua canauua (enr. Becker Mewis Duct), [lInexinyToBa
noctpyjaa camuuia (edr. Schneekluth Wake Equalizing Duct), MunyouiimjeBe nomnaruiie, (CHT.
Mitsubishi fins), noctpyjua kpuna, mony-camuune u cii. [lopen Tora acuMeTpryHa KpMEHa CTaTBa ce
nmoHekan yrpahyje KoJa jeIHONpONeNIepHUX OpoJIoBa MAKO j€ YeCT CiIy4aj KOJ JBOIPONEICPHUX
OpoaoBa. JlocTpyjHU TYHENU U T3B. CYKIbHIIE THIIMYHH Cy 3a peuHe Opo/ioBe. YKOJIUKO OIepaTHBHE
aKTUBHOCTH OpoJia M3UCKY]y Yrpajmy Mporeiepa Beher npeyHrka Hero MTo iMa MecTa u3a KpMEeHe
cTatBe, UMajyhu y BUIy U OrpaHHuEH-€ Tra3a, KpMa ce ykonasa y ¢popmu TyHena. Kpmene cykmuie
ce yecto yrpalyjy na 6u ce 06e36enuio 60Jb€ T0CTpyjaBame BOJIE MPOMEepy U a OM Ce CIIPEUUIIO
ycucaBame Ba3ayxa ca MOBpIIMHE Boje. JlaHac MocToje M CHCTEMH NMPEKPETHUX CAlHHIA KOje ce
0TBapajy WM 3aTBapajy y 3aBHCHOCTH OJ] raza Opoja. [Ipomnenepu y camHuUIM Cy yoOHYajeHH KO
Opo/oBa KOJl KOjuX HHje Moryhe yrpaautu mporneiep JOBOJHHO BEIUKOT MPEYHHUKA, a MOCTOjH
notpeba 3a BEIMKOM CHJIOM TIOTHCKA Kao MITO je CiIy4aj KO peMOopKepa W MmoTHcKuBaya. Takobe,
CalHWIIA CIIpeYaBa IpecTpyjaBamke BOJE Ha BpXOBUMa Kpwia. Ypehaju Koju ce MOCTaBibhaj)y H3a
nporesnepa UMajy 3aJaTak Jja MICKOPUCTE SHEPTUjy BPTIIOra Koju ce (opMHpa pOTAIHjOM Iporiesiepa.
Ty cnanajy KoHTpa KOpMHIIa, Y3TOHCKA KpHjla Ha KOPMIUTY, Oyn0 Ha KOPMIITY, KpUJIa Ha TJIABYMHU
nporenepa (eur. Propeller Boss Cap Fin - PBCF). I'pumoBo ko010 je ypehaj ca COncTBEHUM Jie)KajeM
KOjU c€ MOHTHpPA Ha TJIIaBUMHY Iporesnepa 1 00M4HO je Beher mpeyHuka oJ camor nponenepa. Jleo
KpHWJia KOjH je y 30HH IpoIeliepa uma yjory TypOuHe uuje jionaruile nokpehe Bona u3a npormenepa,
a MPeocTaliy J1Ie0 KpWiia CTBapa NOJATHH IMOTHCAK. TaHJeM IMpomelepu ce KOPUCTE YKOJIHKO CY
nponenepu Beoma omnrepehenu, ma ce ontepeheme nenmu Ha Bume wuX. KoHTpa-poTpajyhu
Iponenepy cy Mpomnenepu Koju ce oOphy y pa3iIM4uToM CMepy, a Haja3e ce Ha MCTOM BpaTuiy.
I'maBHM HeJOCTaTak CBUX CTaTWUYHMX ypehaja 3a ymrTeny eHepruje je IITO HEeraTUBHO yTHYY Ha
otnop Opoxa, a 6eHeuTH Cy CBera map mpoieHara, 4ecTo U TelKko MepibuBr. OniepaTHBHE Mepe Cy
Haj3aCTYIUBCHUJU BHJI TNPUMEHE paaW YINTEJAE CHepruje Ha OpoJoBHMMa jep Cy EKOHOMCKH
HajucruiatuBuje. Ty cragajy cMameme Op3uHe (eHr. Slow steaming), oTnummu3anuja pyre u Op3uHe
npunaroeHe BpeMEHCKHUM MpPHUJIMKaMa, PEIOBHO OJpXaBame (uuiiheme) Tpyna W Iporenepa
(unmrhere), ONTUMH3AIIMja JJOTHCTHKE, ONITUMHU3aIlMja 10JI0kKaja IInBama (edr. trim optimization).
CMameme Op3uHe je Hajuemhu Buj yHanpehema eHepreTcke e(h)UKaCHOCTH jep HE 3aXTeBa HUKAKBa
ynarama. CBO/IM ce Ha YMIbEHUILY JIa Ce 3a KpeTamhe MamboM Op3MHOM CaBiajaBa MambU OTIOP, MPH
YeMy ce TPOIIM Mame ropuBa, a TAME Ce CMamyje M H3yBHA eMucHja. [ 1aBHE mpolieM Koju ce
OBJIE jaBJba jECTE IUTO OBAj BUJ YIITEJE MMa HeratupBaH e(pekaT Ha MOTOp jep paau Ha HIKUM
TeMIeparypama U Tako JI0JIa3d JI0 HEMOTIYHOT CaropeBama, KOHACH30Bamba y U3yBHOM CHUCTEMY,
nojaBe Hacjara yahu Ha Jonatunama TypOomymwaua, rojase Koposuje u ap. OnruMmuszanyja pyre u
Op3uHe mojapaszyMmeBa A00py JIOTUCTHYKY TMOJPIIKY ca IWJbeM H30eraBama Mojpydja ca JIOIMIHNM
BPEMEHCKUM TpuirnkaMa. PenoBHO ummmheme Tpyna M IMporenepa je BeoMa 3HauajHO M pajau ce
ycaen mojaBe oOpamTama. ObpaluTtame je Mpolec Talokema W pacTa MUKpOOpraHu3ama, airy,
IIKOJbKU M JIPYTUX OpraHW3aMa Ha TOJIBOJHOM Teny Tpymna Opoma. To je mpupojHa mojaBa Koja
HacTaje 4yuM KaJla jé HEeKO TeJI0 MOTOIUbeHO y Boay. lloctoju MukpooOpaimTame, Kaga ce Ha
MIOJIBOJTHUM JIEJIOBUMA CTBOPH CJIOj CIy3H M OakTepuja (T3B. OMOMMIM), TOK MaKpoOOpaIlTame je
nmojaBa Behux opraHuszama Kao IITO Cy IIKOJbKE, MOPCKE TpaBe, ajire U KOpaJd Ha TOIBOJHUM
nenosuMma Opona. buno kakBe Hacnare Ha Tpymy Opoza, moBehaBajy XpamaBoCT MOBpIIMHE, IITO
noBoau 1o moBehama ormopa Opoja koju mponenep Tpeba na casinaga. la Ou ce oapikama ucra
Op3uHa mioBua0e, 6poa Mopa J1a aHTaxkyje BHUILE cCHare, a CaMUM TUM ce rnoBehaBa W MOTPOLIHkHA
ropuBa, a TIOTOM M u3AyBHa emucHja. OnTuMuzaiyja JOTHCTHKE TOApasyMeBa O0Jby
WCIUIAHUPAHOCT BPEMEHa IPOBEJICHOT Ha CHAPHINTY, y JYIW WIA KOJIWYMHE TPAHCIOPTOBAHA
TepeTa WiK noapydja miosuaoe. Iloa onTuMuU3aImjoM Moiokaja miuBamba ce TPAXKH MOJI0XKaj MPH
KoMe je oTnop Opoaa mipu oapeheHoj Op3unu mioBuaoe Muanmaiiad. Copreepu Ha 6asu CFD najy
KJbYYHH JIOIPUHOC y TPHMEHH OBE OIEpaTHBHE Mepe y UuJby TO0OJbIIaka EHEPreTCKe
epukacHOCTH. TEeXHOJOLIKE Mepe Cy eKOHOMCKH HajHEUCIUIATUBHjU OOJIMK Mepa (YKOJIHMKO ce paau
0 pEeKOHCTPYKLHUjU nocTojeher 6pona), aau 3aTo MOTy Aa JOoNpUHecy HajBehoM yIiTesoM eHepruje.
Ty cnagajy mnpomena rtopuBa (LNG, wMeranon, amMoHHWjak, BOJOHHK), eJIEKTpUQUKAIlH]ja,
pexymepanuja W3TyBHUX racona, UCITYIITahEe MeXypoBa Bazyxa, yrpanma
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COJIApHUX TTaHeJa T POTOPa, TIOCTaBJbamkeM jenapa. [IpeqHoCT mpoMeHe ropuBa ce orjeia y Mamo)j
KOJIMYMHM INTETHUX TracoBa KOjU ce J00Mjajy HUXOBUM caropeBameM. EHepruja moOujena
pEeKyIepanyjoM H3JIyBHUX racoBa C€ MOXKE KOPUCTHTH 3a CHCTeMa Tpejama Ha Opoay. CMameme
oTHopa OpoJia ce MOCTIKE M YrpallbOM CHCTEMa 33 MCIYIITame Bazayxa Mcrmoja Tpyna (eHr. Air
Lubrication System — ALS). Vpehaj paau Ha OpUHIMIY HCIYIITaka MEXYPOBa BasdyXxa y 30HH
PaBHOT JIHA U THME ce CMamyje Tpemwe. [lapagokcaiHo je mITo ce UCIIOCTaBUIIO /1a CHCTEM UMa 00JbHI
edekaT KOJ KOHTEJHEPCKHMX OpojoBa KOjU MMa Mamy IOBPIIMHY pPaBHOT JHA M TUIOBE Behum
Op3vHama y OJJHOCY Ha TaHKepe U OpoJioBe 3a MPEBO3 pacyTor Tepera. YTpaama poTopa (BUCOKHX
poTtupajyhux muiMHaapa) Ha nainyou omoryhaBa cTBapame J0JIaTHE CHJIE TIOTHCKA KOja ce CTBapa
MarnycoBuMm epekToM. Jeapa KOpUcTe eHEeprujy BeTpa, IpH YeMy ce CTBapa J0JaTHa CHUjla MOTHUCKA.
MelyTuMm, HEjeTHO O] AITEPHATHBHUX TOPHBA HEMA TOJIUKY KOJMUYHHY eHepruje (kamopuuny moh)
0 jeIMHUIIM Mace Kao IITO MMa JW3e] TOPHBO, 3aTO CE OHO jOII YBEK Haja3d Ha MPBOM MECTY IO
yIOTpeOH 1 3aTO CE jOIl YBEK ITpaBe OPOJIOBH ca IIOTOHOM Ha OBY BPCTY FOpHBA.

Kpo3 oBy nmucepranujy aHalIu3upaH je yTUIAd] KOHCTPYKTUBHUX Mepa KpO3 ONTUMH3ALHjy 00JIMKa
npamuasor jena [11] u cmameme TexuHe [6] u onepaTUBHUX Mepa Kpo3 cMameme Op3une [2, 3, 4,
5], penoBHo uninheme Tpymna [12] 1 onTuMu3alujy mojoxaja MinBama Tj. ONTHMU3AIH]Y TpUMa (CHT.
trim optimization) [10]. Ilpu aHanu3upamy HABEOCHHUX Mepa, CMAmbCHE TEKHHE M Op3HHE je
aHAIM3MPAHO KPO3 CTaTHCTHUKE hopMyie 3a oapehuBame mapaMeTapa eHepreTcke ehrUKacHOCTH Kao
u npahemeM CMEepHUIla U3/1aTHUX OJ1 CTpaHe peryinatopHux tena. OnTuMuzanyja o0ImMKa npaMyaHor
Jiena, yTUIaj] peOBHOT OJipKaBara TpyMa M ONTUMHU3allMja TpuMa cy aHanusupanu nomohy CFD
codrBepa, Takohe cienehu cMepHHIle U MPENOPYKE 3a MOCTABKY CUMYJIAIUja U3IaTUX Of] CTpaHe
PETyJIaTOPHUX Tela.

OntuMu3zaiyja 06JaMKa MpaMyaHor Jielia je moapa3dyMeBaia MpoBepy pa3IMuyUTHX TUIIOBa Oyia0o0Ba U
ETOBOT MTOCTOjamba YOIIIITe KO jeHOT KOHTejHepcKor Opona [11] 3a koju ce aHAIM30M HerOBUX
eKCIUIOATAIMOHUX KapaKTepUCTHKa MUCIIOCTaBUIIO Aa MIoBU Yak 40% HIKOM Op3MHOM HETo 3a KOojy
je TpojeKkToBaH M Ja Hajuemhe MJIOBM Ha 3HATHO HMIKEM Trasy, Koju oarosapa 60% yupemy
IIPOjE€KTOBAHOT JIeTlIacCMaHa.

YTunaj oopamrama Ha TOTATHHE OTIIOP j€ 3HATaH U Ta aHanmm3a je ypahena kpo3 CFD cumynanuje Ha
npuMepy jeaHor Opoja 3a mpeBo3 pacyrtor Tepeta [12] Tj. konuko ce moBehaBa oTmop Opona ako ce
OH HE OM YUCTHO IET TOJINHA.

Tpum ontuMu3zaiija je obaxBaTHIIa aHAIKM3Y jeHOT Opoja 3a mpeBo3 ayromoduita [10] mpu uemy cy
aHaJM3UpaHa TPU raza, cejiaM I0JI0Kaja IUIMBamba U TpU Op3MHeE, IITO je 00yXBaTuiIo 63 cuMmynaiuje.
[Tormrro O6poa y peaqTHOCTH MOXKE Ja TUIOBH U Y CTalky KOj€ HHj€ aHAIM3UPAHO HYMEPUUYKHUM ITyTeM,
U3BEJICH je MaTeMaTHYK{ MOJell MpolieHe Op3uHe oOpTama BpaTuia, aHra)KOBaHEe CHare MoTopa U
JTHEBHE MTOTPOIIHE TOPHBA, TOMONY BEMITAYKNX HEYPOHCKUX Mpexa. [lomohy maremaTrukor Moiena
ce TaKo MOXe JJOOMTH MpolieHa HaBeIeHUX MapaMeTapa 3a Ouio koje mehycrame koje je o0yxBaheHo
nepUHUCAaHUM TpaHUllaMa MPUMEHJBUBOCTH Tj. (ypaheHum cumynanujama). @opmyne nobujeHe
noMohy BemTaykuX HEYpPOHCKHX Mpeka cy BeoMa KOMILJIEKCe, M 3a KareTaHe u Opojcke oduuupe
HHUCY TIOTOJIHE 3a JHEBHY ymoTpeOy. CTora je HampaBJbeHa MOCEOHA arIuKamnuja y cohTBEpCKOM
nakety ,, MATLAB koja uma jeHocTaBaH rpadudku uHTEpdE]jC, a y 03aAWHU peliaBe KOMIIJIEKCHE
MaTeMaTHUKe jeTHaYlHE.

Naxo cy tex 2022. roguHe mpu3HaTe Kao 3BaHMYaH MeToi, Hymepuuke cumynanuje (CFD) kao
HAa4YMHU pellaBamba KOMIUIEKCHUX MaTeMaTHUKUX jeTHAYMHa, KOPUCTE Ce BUIIE JCLIEHH]a YHAa3a] 3a
nporeHe oapeheHux mapamerapa y Opoxporpanmwu. Hajuemtha mpumena CFD-a y Opomorpammu
3aCHMBA CE€ Ha MPOIIEHU MpOIeTepPCKe KpuBe Opojaa Tj. MpoIeHe OTIopa Opoja Ha MHUPHO] BOJIH,
MPOIIeHA KapaKTepUCTHKA MpoIIenepa, Kao U TecTa ayTo-IpoIyi3rje Oposa y pa3Mepu Mojiena, anu
u y crtBapHoj BenmuuHu. [lopen Ttora, manac ce CFD kopuctu W 3a mpolleHy MaHEBapCKUX
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CIIOCOOHOCTH, TIOHAIIaka Opojia Ha TajlaciMa, WHTepakmnuje usMmely duynma m KOHCTpyKIHje,
ONTUMHU3ANM]E TPyNa W Tpomeiepa paad MoOOJbIIamka EHEPreTcke e(PUKACHOCTH, KaBUTAIUje
npormnesnepa, yruiaja typoynennuje u ap. [lpumena CFD-a no 2022. ronune ce 3acCHIBaIa UCKJbYYHUBO
y UCTPaXUBAYKE CBPXE paad pa3Boja M ONTHMH3AIM]jEe HyMEPUUYKUX alIropuramMa 3a peliaBame
HaBwuje-CtokcoBux jennaunHa. Jlo maHac, HE MOCTOjH jaBHO 00jaBJ/b€H JOKYMEHT KOJU CaIpiKH
npouenaypy 3a aedunucame nocraBku CFD cuMynanuja, a Koju TapaHTyjy MOy3JaHe pe3yJTaTe.
MHoru codTBepH Cy HENMPAKTHYHH 32 KOPUCHUKE 0€3 MPEeTXOJHOT HCKYCTBa jep MMajy CIIOKEH
QITOpUTaM M CUCTeM KoH(purypucama oa MuHuMyM S50 mapamerapa KOju AMPEKTHO YTHYy Ha
pe3yaTare U 3aTO Cy MHOTAa MCTpaKMBama 0a3vpaHa Ha MPUHIUIY Npo0e U TpelIke WM caMo Ha
yTHIIA]y MaJIOT Opoja mapameTapa.

HcTpaxxuBama y 0BOj IMCEPTAIMjH CY yCMEpeHa Ha IojeHOCTaBsbuBambe noctaBku CFD cumynanmja
yBohemeM mapameTapckux Qopmyna. [lapamerapcke ¢opmyne cy nobujeHe Ha OCHOBY aHalH3e
CIPOBEJICHUX EKCIIepUMeHaTa Kao M urepatuBHUM crpoBoherseM CFD cumynanuja cBe 10K HHjE
HOCTUTHYTA XKeJbeHa TauHoCT [7]. Pokyc ucTpaxuBama jecte AehUHUCABE TPOPAUYHCKOT JOMEHA,
BeIMYHMHE OCHOBHE henuje, nebspuHE TIpBOTr cioja henuja o Tpyna 6poxaa, nuctpudyimje henuja y
30HH OKO Tpyma Opo/ia Kao 1 30Ha Koje Tpeda nmpeacTaBuT GUHUjoM MpexoM. Pazior 3amTo cy oBu
napaMeTpH y3eTH y pa3MaTpame jeCTe Yy TOME IITO OHU HajBUIIE YTHUY Ha pe3ysTaTe HyMEpUIKOT
npopadyHa. Y KOHKPETHOM CIIy4ajy, 10/l HyMEpHUKUM IIPOPAauyHOM cMaTpa ce ojpehuBame oTrnopa
Opona y mupHoj Boau. [To3HATO je 1a ce y MHAYCTpUjH OpOJOrpaikhe MpolieHa OTIopa Opojia BpIu
MOJICJICKIM HCIHUTHBambuUMa y 0Oa3eHMMa, a IMOTOM YIOTPeOOM EKCTpamoiaTtopa H3IaTor Kpo3
WurtepHaimonanny KoH(pepeHInjy 0a3eHa 3a Mojelcka ucnuThBama (eHr. International Towing
Tank Conference — ITTC) 1978. roaune, Bpiid npopadyH OTHOpa Opojia y CTBAPHOj BENUYUHHU. Y
Opomnorpal)eBHO] UCTOPUjH, TTO3HATA Cy YETHUPH Cyudaja eKCIIEPUMEHTATHOT oApehBama (Mepema)
otnopa Opoja y CTBapHO] BEJIMYUHM, a TOPEJ TOTa, 3a HEKE OJ] BbUX IT0CTOje U MOJalH O MOJICIICKUM
WCIIUTHBAakbUMa y BUIIE Pa3IUUUTHX pazMepa. /[Ba ox Ta 4eTupu ciiydaja cy aHaJIM3HpaHa Kpo3
nokTopcky nmuceprauujy [7, 8, 9, 13]. Jeman cnyuaj mpencraBiba mapoOpon ,.Lucy Ashton®
nertacmana 390 ToHa koju je Omo TpeAMeT ucTpaxkuBama jom 1950. romumHe onm cTpaHe
HcrpaxuBauke Acouujanuje bpuranckux Bpogorpaautessa (enr. British Ship Research Association
— BSRA)® , a npyru ciyuaj je uctpaxmpauku 6pon ,,Meteor* nemmacmana 2850 ToHa Koju je 610
npeaMer ucTpakuBama 1967. roaune®. Ciyuaj ,.Lucy Ashton® caapxu momaTke o M3MEpPEHOM
oTropy Opojia y mecT pa3InduTHX pa3Mepa MoJiela, OTIopy Opojia y CTBapHOj BEIMYHHU, PODUITY
Op3rHa y rpaHUYHOM CJIOjy 3a JiB€ Op3uHE IUIOBHI0€ Ha 1BA MECTa UCIOJ IEHTPAJIHE JINHUjEe Kao U
MoJaTKe O XparaBoCTu MOBpIIMHE Tpyna Opona. Ciydaj ,,Meteor caapxu mojmaTtke 0 U3MEPEHOM
oTnopy 0poja y Tpu pa3Iu4uTe pazMepe Mojiela, OTIHOopY Opojia y CTBapHOj BEIMYHHHU, MOJAlUMa O
CYyCTPYJHOM TIOJbY Y 30HHU TIpoIieNiepa, Kao W MPOMENEPCKYy KPHUBY ca MPOOHE BOXIE. BaxkHO je
HarjacaTti Ja yoOudajeHa OpojorpalheBHa HHAYCTpHUjCKa Mpakca o0yxBara U3BelITaj (y ujaealaHoOM
CiIy4ajy) O mojaiuMa oTmopa Opojia y caMmo jeIHOj pa3Mepu MOJena, eKCTpanojupaHe pe3ynrare
otnopa Opojia Ha CTBapHYy BEJIMYMHY, MPOLEHEHE IMPOIENepCcKe KPUBE 33 pa3IMyUTe CIIydajeBe
KpIlamka TepeTa, Kao U IMOCTUTHYTE MPOIIEIePCKe KPUBE ca MPOOHE BOKIHE MPHIINKOM ITPUMOTIPEIaje
6pona 6ponosnacHuky. Hajuemrhu ciydaj je fa u3BeriTaj Koju OpoJJOBIACHUK J10OMje CaJip>Ku camo

3 Denny, M. E., 1951. B.S.R.A. Resistance Experiments on the Lucy Ashton, Part | — Full Scale Measurements,
International Conference of Naval Architects and Marine Engineers 1951, Unwin Brothers, 40-57;

Conn, J. F. C., Lackenby, H., Walker, W. P., 1953. B.S.R.A. Resistance Experiments on the Lucy Ashton, Part Il — The
Ship-Model Correlation for the Naked Hull Conditions, Spring Meeting of the Institution of Naval Architects, March 25,
1953, 350-436;

Lackenby, H., 1955. Resistance Experiments on the Lucy Ashton, Part 111 — The Ship-Model Correlation for the Shaft-
Appendage Conditions, Quartetly Transactions of the Institution of Naval Architects, 97(2), 109-166;

Smith, L., 1955. Resistance Experiments on the Lucy Ashton, Part IV — Miscellaneous Investigations and General
Appraisal, Quartetly Transactions of the Institution of Naval Architects, 97(4), 525-561;

4 Schuster, S., 1969. Schiffstechnische MeRfahrten mit dem Forschungsschiff “Meteor" 1967. Meteor
Forschungsergebnisse: Reihe A, Allgemeines, Physik und Chemie des Meeres, 5, 72-84.
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MPOIICH-EHY M OCTBApPEHY MPOIIETIEPCKY KPUBY Ha TPOOHO] BOXKEGU 32 MPOJEKTOBAHU CIIy4a] Kpliamkba
TepeTa U 3a Opon y Oamacry. M3Bemtaju o 6pogosuma ,,Lucy Ashton* u ,,Meteor cy 3anpaBo Beoma
CBPCHUCXOJIHHU 33 HCTPAXHBAKE jep Cy BeoMa OOMMHH, a TOTOTOBO 3aHUMJBUBH 33 UCTPAKUBAKhA HA
nosby CFD-a jep caapike peneBaHTHE IOJaTKe 0 U3MEPEHOM OTHOpY Opoza y BuIlle pa3Mepa MoAea,
12 YaK ¥ Y CTBapHOj BEJIMYHHHU.

[Toy3nanoct codtBepa 3a moOHjamke NPUXBAT/BUBHX peE3yiTara ce JoKazyje ymnopehuBamem
pesynrata JOoOMjeHUX HyMEPHUYKHM ITyTEM ca MojanuMa JoOWjeHUM Kpo3 MOJEIICKAa MCIUTHBAMA
u/unu ca npoOHux BoxmU. [Ipema Baxkehum perynaTuBama, NpUxBaT/bUBa Cy OJCTYyIamka MoaTaka
NOOWjeHUX HyMEpHYKHM IyTeM a0 5% Yy OJHOCYy Ha U3MEpPEHE BPETHOCTH MOJACICKUM
UCIUTUBAKbUMa W/UIU ca MPOOHUX BOXKI-M. TOK pa3Boja HYMEPHUKHX allfOpUTaMa 3a pellaBambe
HaBuje-CrokcoBux jeqnaunna nparuie cy T3B. CFD paguonuie. CFD paauonuiie kapakTepuiny ce
THME IITO C€ eKCHEPUMEHTATHH MOAAIM OCTajy HEAOCTYIHU CBE JOK YYECHHIIM HE IMPEAajy CBOje
pe3ysiTaTe HyMEpHUYKHX CHMYJIanuja opranm3atopy. OpraHu3aTop paJHOHUIE TyKaH je Ja CBHM
y4eCcHUIIMMa JIOCTaBH OCHOBE MOJATKE O pa3MaTpaHOM Opoay OAHOCHO HajMamHU CKYI IMojaTaka
notpebaH 3a mocraBibambe cumynanuje y Hekom CFD codtBepy. Takohe, opranuzarop 3aapxasa
MIPaBo J1a aHAIM3UPA CBE MPUCTUTIIE TIOJATKE U YIOPEAU UX Ca EKCIIEPUMEHTATHUM pe3yITaThuma, a
MIOTOM CBE pe3yJsrare o0jaBu jaBHO. OBakaB HaYMH OPraHU30Bamka PAJAMOHUIIA CMATPa CE jeAHHUM
WCIPaBHUM M BJIUJHUM NPUCTYNOM. TOKOM MPETXOIHUX JELEHH]ja OJPKAaHO je BHUIIE OBAaKBUX
paguonwuia, nmovyeB ox 1980. ronuue a 3atum 1990, 1994, 2000, 2005, 2010, 2015, 2024, a nBe cy
opranuzoBane 2025. ronune. 2024. ronune je opranuzoBana CFD pammonuna ca 6poaom ,,Lucy
Ashton®, a 1e0 TOT HCTpaXKMBamba je MPEICTaB/bEH KPo3 OBY auceptanujy [9].

UcrpaxuBame koje o0yxBara qucepTainyja, ys3umajyhu y o63up 6pos ,,Lucy Ashton* je mpommpeno
y onHocy Ha CFD panuonuny jep ce 6aBM HyMEpUYKOM HMHTEPIpETAljoM €KCIIEpUMEHTa KOjH je
cripoBejieH y ctBapHoj BennuunHM [8]. Luib ucTpaxuBama OHO je 1a ce UCIUTA YTHI] CKAIUpPaba,
®pynosor u PejHonacoBor 6poja Ha MPOILIEHY TOTATHOT KOe(pHIIMjeHTa OTIopa, Kao U J1a ce yropeae
Pa3NUYUTHA TIPUCTYNH HYMEPUYKOM MOJEJIOBalkYy YyCIOBa IUIOBHI0E Yy CTBApHO] BEIHYWMHHU. Y
noceOHOj CTYIUjH, aHaIU3upaH je TypOyneHTHH rpaHudnu cioj CFD cumynanujama y3 yBoheme
JOJaTHUX TEOMETPUjCKHX pasmepa Opona [7]. Ha Taj HaumH ce oOyxBara OICEer peXxuma paja
CaBpeMEHHMX JIeTJIacMaHCKUX OpojioBa nykuHe 10 480 merapa u @pynosux 6pojesa ox 0,1 1o 0,3.
[Tapamerapcke hopmysie JoOMjeHe Ha OCHOBY €KCIIEpUMEHTAITHUX MojlaTaka 3a opon ,,Lucy Ashton*
u crpoBeaeHux CFD cumynanuja cy noABpruyTe BaIMAallju CIpoBOhemeM cHUMyJalija mpoleHe
orrnopa opoxa ,,Meteor [13].
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JAuckycuja

Naxo 3a OpogoBe yHyTpanmux mioBHux mytesa (enr. Inland Waterways Vesells — IWV) join ysek
HUCY pa3BUjeHH 3BaHUYHU MPONHCH CHEPreTcke EePUKACHOCTH, ITOCTOje OIIITH IOKa3aTeJbU
e(pUKaCHOCTH y He3BaHMYHO] (popmu. OHM Cy YIIIaBHOM BE3aHU 32 XHJIPOAMHAMHUYKE IeppopMance
IUIOBWJIA U €(PUKACHOCT TPAHCIOPTA, ajdl HE JUPEKTHO 3a EHEPreTCcKy e(UKACHOCT ca acleKkTa
3aIITUTE )KUBOTHE CpeInHe, Kao mTo je To cinydaj ca EEDI-jem mumm EEXI-jem. [Ipennoxxenn unaexcu
eHeprercke edukacnoctu, moceOHo oHr pazmatpanu 3a IWV, Beh cy cucremarcku mpeacTaBbeHu y
JUTEPaTypH, J0K Cy OPUTHHAIHA UCTPAXKHUBaKka CIIPOBE/ICHA KPO3 HEKOJIHMKO cTyauja. [locToju Beoma
Manu Opoj pamoBa mocBeheHux ruioBHuM myteBuma EBporicke Yauje (EVY), mok je O6poj pamosa
BE3aHUX 33 UCTPAKMBama IJIOBHUX ITyTeBa JykHe A3Hje, aajueKko Behu.

[Mpennoxene merone 3acHoBane cy Ha EEDI xonnenty, npema uemy u3padyHara Tj. MpOICHEHA
BpenHoct EEDI-ja Tpeba na Oyne Hika on 3axteBane Bpeanoctu EEDI-ja. [1pu onenn eneprercke
e(UKaCHOCTH y OJTHOCY Ha MPUCTYM npeanoxkeH on ctpane IMO-a, Tpeba umatu y Buay na IWV
0o0n4HO MMajy Behe MOTOpE HETO IITO UM je MOTPEOHO 3a MPOojeKToBaHy Op3uHy. Pasior Tome iexu
y IOJaTHUM Omepanyjama Koje pedHu OpoJoBU 00aBibajy Y OJHOCY HAa MOPCKE — YEeCTO C€ KOPHCTE
3a Typame 0apKu WK TUIOBE Y KOMOMHOBAHHMM cacTaBuma. 300rT Tora, jeaHoctaBHa npumeHa IMO
nocrynka 3a IWV nuje norogna, mororoo mto EEDI ¢opmyna 3a momopcke 6pomoBe pazmaTpa
Op3uny nipu 75% WHCTanucaHe cHare MOTopa M TO Ha MUpHO] Boau. Ocum Tora, onepaunuje WV
BEOMa 3aBHCE O]] yCJIOBa MII0BUAOE Tj. rmuTKe uinu gyooke Boze. Takohe, WV anraxyjy mame cHare
MIOTOHCKOT MOTOpa Kaja IUIOBE HHU3BOJHO HEro y3BOAHO. M3 THX pasiora, WHACKCH E€HEepreTcKe
eduxacHocTr IWV He Mory ce AMPEeKTHO Npey3eTH U3 TOMOPCKOT CEKTOpa.

VY pany [1] ypahena je ananusa eneprercke epuKacCHOCTH MpeMa JBe METoje Koje ce Mory Hahu y
mutepatypu 3a IWV, jenna je na3Bana monuduxosanu EEDI (y pagy npukaszana xao Merona 1)
pasBujeHa Ha MammuHckoM (akyaTeTy YHuepsutera y beorpany®, a npyra DST EEDI (y pany
npukaszaHa kao Meroza 2), pazBujeHa y Pa3BojHOM LieHTpY OpOJCKe TEXHOJOTHj€ U TPAaHCIOPTHUX
cuctema 'y Jyms6ypry®.

[Ipennoxenun unnexcu 3a IWV Hucy y ¢hopMaaHOM CMUCIy UHJIEKCH €HEPreTCKe e(UKaCHOCTHU 3a
HOBa IJIOBMJIA, Kao TO je To ciydaj ca IMO nponucuma 3a nomopcke 6ponose. OHu cy, 3amnpaso,
BHIIIE HAMEWEHU nocTojehuM OponoBruMa, nako cy o3HaueHu kao EEDI, u mory ce xopuctutu Ha
cimyad HauuH. Kao mouerHa 0a3za y ucTpakuBamy, kKopuilheHa cy 44 Opona u3 0a3e mojaraka
MPEJCTaBbeHE Y PAaHUjUM HCTpaOKUBamHMa. baza caapku XuIpOJWHAMHYKE KapaKTEPHCTHUKE
CaMOXO/IHUX PEYHHX TePEeTHHX Opo/ioBa J100MjeHEe TOKOM IUIOBUAOE U MOJIEICKUM UCIIUTHBAKBUMA.
Jla Ou ce n3pavyHaIM HHACKCH €HEPreTcKe epruKacHOCTH mpeMa obeMa MeTo1aMa, OHIIo je TOTpeOHO
MIPOIICHUTH KPUBY 3aBHUCHOCTH Op3uHE M CHare 3a cBaku ojf OponoBa. To je ypaheHo momohy
CJI0KEHOT MaTeMaTUYKOT MOJIeJa, Pa3BUjEHOT U MPUKAa3aHOT paHHje y JUTepaTypH, a JoOUjeHOr Ha
ocHoBy ANN. MehyTum, MaTeMaTHYKu MOZEI HUj€ MOTao Jia ce MPUMEHHU Y CBUM CllydajeBuma 300r
orpaHudema came Metojae. Merona 1 moria ce mpumeHuTH Ko 32 6pojaa u3 6aze y3umajyhu y 063up
TOpY rpaHully kopucHe HocuBoctH (eHr. deadweight — DWT) koja usnocu 3000 Tona. Ca apyre
CTpaHe, Mako oBa rpanuna kog Mertoxae 2 uznocu 6000 ToHa, OBa MeTOZa C€ MOIJia MPUMEHUTH Ha
camo jenan O6poJ. Pasiior ToMe exu y pecTpUKTHBHO] IPaHUIM IPUMEHJBUBOCTH 3a ra3 Opoja Koja
Hanaxe Ja Oyze jefaH | o myTa Behu on nmpeyHuka npomnenepa. Mehytum, umajyhu y Buay na 3a
npuMeHy Mertoze 2 HUje moTpebaH MPOjeKTOBAHM Ta3, Y3€TH Cy MOJAIM KOjU Cy JIOCTYIIHHU 3a ra3s

5 Cumuh, A. (2012). Enepeemcka egpuxacnocm peunux camoxoonux mepemuux (JOKTOPCKa qUcepTanmja, Y HABEP3UTET
y Beorpany, Mammucku ¢akyorrer). http://doiserbia.nb.rs/phd/fulltext/BG20121101SIMIC.pdf

5 Development Centre for Ship Technology and Transport Systems (DST). (2020). Evaluating the energy requirement
of inland vessels using energy efficiency indices (R&D project study, German Federal Ministry of Transport; CESNI).
https://www.cesni.eu/wp-content/uploads/2021/03/cesnipt_energyindex_en.pdf
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KOJH OJIrOBapa yCJIOBHMMa METOJE, Ia Ce M3 TUX pasjiora, Opoj aHanmm3upaHuUX OpoaOBa ca jeTHOT,
MOTICO HA YETUPH.

Kox Metone 1, 3a pa3nuky o1 moMopckux OpomaoBa, rae ce EEDI pauyna npu 75% cHare riaBHOT
Motopa, koa IWV, mogudukosanu EEDI Huje u3paxken jemnom Bpennoirhy, Beh ce nmporemyje 3a
4yuTaB pacrnoH Op3unHa kpo3 Boxy (10, 12, 14, 16, 18, 20 km/h). Csa uetupu Opona uciymaBajy
3axTeBe MPH HIKUM Op3uHama y yciaoBuMa ayOoke Boje. [Ipu BummM Op3uHama, MOCTUTHYTE
BpenHocty MonudukoBanor EEDI-ja 3HagajHo mpemanyjy 3axTeBaHe TpaHULE, IITO YUHU HUXOBY
I0BUA0Y HeehuKacHOM. 3aHUMJBMBO j€ Ja pe3yJITaTH CYyrepHuily Ja cy OpoJIOBU y IUIMTKO] BOJH
e(pUKaCHUjU HEro y AyOOKOj, IITO je CYIPOTHO OYEKMBAHUM (PU3MUKKMM MOHAIIamkeM OpomoBa. 3a
pasznuky ox Meroze 1, onpehuame EEDI-ja mpema Metonu 2 ce Bpiu 3a jenny Op3uHy 0poja, anu
IIPU pa3IUUUTHM Op3rHama Toka Bojie. [IpeMa 0Boj MeToH, 3a IITUTKY BOJLy HOCTUTHYTE BPEAHOCTH
EEDI-ja cy y mpoceky okxo 40% HMKe 0 3aXTeBaHUX BPEJHOCTH, Ia MeToja Jellyje
HEKOH3EpBaTUBHO y oJHOCY Ha MeTony 1. 3a ciryuaj ny0oke Boje, 3axTeBaHe Bpennoctr EEDI-ja cy
HEMPOMEHJbUBE 3a TPH pazMarpane Op3uHe peke, jep 3aBuce camo ox DWT, a He u on 6p3une Boje.
Haxne, Merona 1 naje pacroH MOCTHTHYTHX M 3aXTE€BAHUX BPEIHOCTH 3a pa3jinduTe Op3uHEe Opona
Kpo3 BoAy, MoK Metona 2 maje camo jeqHy crnenu@uuHy BpeIHOCT Op3uHe Opoja Koja oAroBapa
npenaroj cHasu onapehenoj mpema dopmynmm merone. 3aTto cy 3a morpebe mopehema merona,
kopuithere jeane 6p3une Opojaa (nobujernu npema Mertonau 2), a MpH pa3IUYUTHM Op3HMHAMa peKa.
[Tpunukom mopehema MeToa, HCIIOCTABUIIO CE Ja CaMo jelaH OpoJl HCITyHhaBa CBE 3aXTEBE Y CBUM
pasMoTpeHuM ciydajeBuma. Metona 2 maje Bpeanoctu EEDI-ja xoje cy aBa mo mer myta Behe ox
OHHX Koje naje Metoza 1 3a ucte ycnose. Mako je mpopauyHrma kopuirheHa pa3iandnTa crenupuaHa
notpouita ropusa (200 g/kWh kox Mertone 1, 220 g/kWh xox Metoze 2), ta pasnuka o1 10% He
MOKe 00JaCHHUTH TaKO BEJIMKHM HECKJaJ pe3yiTara. Takohe, o0e MeToze HeMajy UCTH KPUTEPHjyM
neduHUCama IUIMTKE Bojie — koA Metone 1, rpanuna je 5 merapa, 1ok MeToa 2, y3uMma Jia je TUIuTKa
BOJIa CBe ucnoA 7,5 Merapa.

VY pany [2] npemiokeH je HOBU MPUCTYI TedUHKUCARY yIa3HUX MoIaTaka 3a mocrojehe nBe merose,
IIpU YeMy Cy KopHIINeHH ONepaTHUBHHM MOJAlM, a HEe NpojeKTHU. Jlakie, paa mopeau MeToje Ha
OCHOBY OTIEpaTHBHHUX YJja3a 3a KOHKPETHO IyToBame. Hekn momamu cy npuOaB/beHH MEPEHEM y
peasHOM BpeMEHY, a HEKH, 3a KOj€ ayTOpU HUCY MOTJIM J1a TPUKYIIE MEpPEHa, MPOLIEHEHHU CY 3a CIIy4aj
eKCTPEMHHUX clieHapHja (yciaoBa IUIOBUA0E) Tj. IPU HAJHMKEM M HAJBUIIEM OYEKMBAHOM BOJIOCTA]y
(nuTka Boja v tyOoka Boja). CTynuja ciiydaja je npeAcTaB/beHa Ha IpUMepy TUITMYHOT CaMOXO/IHOT
TepeTHOT Opojaa KoprcHe HocuBOCTH 1850 ToHa. bpos je mpojekToBaH 3a MPEeBO3 pacyTor TepeTa, a
10 MOTPEeOH MOXKE Jla Typa M APYTo IUIOBHIIO (0apiKy) WM BUIIE HBUX. 32 MEPUOJ O] jeJTHE TOANHE
paga (15.01.2022-15.01.2023.) unentudukoBane cy MeceuHe npehene ynmasmeHoctu. 3a najby
aHanu3y oxabpaH je Mecell y KojeM je OpoJl mMao HajUHTEH3WBHH]Y ynoTpeOy (Hajpeha mpehena
nuctanna). [[pukynspeHu moanu ykjbyuyjy HACHTU(DUKAIN]Y CTBAPHUX OrpaHUYEHa TUIOBHOT MyTa
Ha CBaKOM CEKTOpY TUIOBHJIO€ M CTBapHE Op3uHe Opoja 3a omabpaHu Mecell, Kao W Ha TOAUIIHEM
HuBoy. EHeprercka edukacHocT je mpouemeHa Ha ocHOBY Metoze 1 u Mertone 2, mpu ueMy je Ha Taj
HauWH Tporemkena ykynHa emucrja CO2 3a omabpaHu Mecell IUIOBHI0€ W Ha TOAMIIHEM HHBOY.
IlyroBama Koja HUCY 3a/I0BOJbMIIA 3aXTeBe eHepreTcke edukacHocTd (mpema Meroau 1 u mpema
Meroau 2), u3BpIIEHa je 0/JaTHA aHalIM3a EHEepreTcke e(MUKACHOCTH y eKCIUIoaTalluju TIo
CeKTOpHUMa. 3a CBaKH 0J1 ceKTopa je oapeheHo moTpedbHo cMamemne Op3uHe (a caMUM TUM M IOTPEOHO
JI0OIaTHO BpeMe Koje Opoja MmpoBeje y IUIOBUI0M) Ja OW JONIIo 10 yCKiIahuBama ca 3aXTE€BUMa
MeToja. YnuraBa pyTa Kojy je Opo[ mpenia3ro TOKOM jeHe TOANHE ce Hanazu u3Mely nyke KoHcrania
(Pymynwnja) u AspMmama (XpBarcka) u nojiejbeHa je Ha 20 cekTopa yciaea pa3auduTHX orpaHudYCHa
IUTOBHOT ITyTa, a TOKOM Haj(ppeKBEHTHH]jET Mecela, Opo/ je TUIOBHO BUILE ITyTa Ha penanuju beorpan
(Cpbwmja) — CeumiroB (byrapcka). Ta pyTa je monesbeHa Ha JieBeT cekTopa. [Ipema pesynraruma, 6po
j€ TOKOM Haj(ppeKBEHTHHjET Mecella HCIymhaBao Kputepujyme Mertoae 2 3a 06a ciiydaja BOgoOCTaja
(HajHMKET W HajBHUIIIET) TOKOM CBUX |1 myTOBama KOJIMKO j€ 3a0eIeKEeHO Y TOM MEPHOIy, TOK ITpemMa
Metoau 1, Opoa HUje UCIYHAaBAO KPUTEPHUjyMe eHepreTcke e(UKacCHOCTH TOKOM TPU IIyTOBamba U TO
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CBa TPM y yCJIOBMMA ILTUTKE BOJIC U JBA OJ Ta TP y yclioBUMa 1yOoKke BoJie. Y yCIOBHMA IUIUTKE
BOjIe, 1a OM OpOJI 32I0BOJHHO KPUTEPHjyMe eHEepreTcke e(UuKacHOCTH, TPpedallo je CMambUTH Op3UHY
wioBuoe o 4,8% no 26% y 3aBucHoctu o1 cekropa. Ca apyre cTpane, Op3uny Opoja, y ycaoBuMa
nyboke Boze, je Tpebano cmamutu on 14,3% mo 25,8%. Cmamemem Op3uHe, MyTOBame OM ce
npoayxuio 3a pogatHux 10,7 catu y mimTKoj Boau, Tj. 6,1 car y mybokoj Bogu. Ilpema rpy06oj
MIPOLICHU Tj. EKCTpANOJalHjH Ha IIe]Ty TOUHY, Opoa O y ciry:k0u mpoBeo 87 cath ayKe Y ycIoBUMa
IIUTKE Boje Tj. 49 catu ayxe y nyookoj Boau. [Iponemena emucuja CO23a HajhpeKBEHTHU]U MECEI]
(oxTobap) mpema Metoau 1 je 24,6-24,9 ToHa y 3aBHCHOCTH O] HUBOA BOJIE, JIOK je mpema Metoau 2
on 24,9 no 29,9 tona. Pa3znor 3amrTo Meroza 2 naje Behu orncer nporemeHe eMUCH]e JISKH Y HAUUHY
npopadyHaBama ((popmynama) 3a ciydaj ImTke u 1yooke Boje. [Ipema npehenoj aucraniy Kojy je
Opoj1 OCTBApHO M KOJIMYWHU TEPETa KOjy j€ MPEBO3MO TOKOM TOJIMHE, MpolemheHa emucuja CO2 3a
roguHy naHa u3Hocu 197-199 toma mpema Mertomu 1 T1j. 182-189 Topa mpema Metoau 2, y
3aBUCHOCTH OJi HUBOA BOJE. YKOIUKO Ou Opoj OMO EKCIUIOATHCaH TOKOM Ilefieé TOJMHE Kao y
HajppekBeHTHUjeM Mecelly, emucuja CO, 6u Omma 244-329 tona. Ilopehema pagu, na Ou ce ucra
KOJIMYKHA TepeTa mpesesna of beorpana no CeuiroBa, moTpebHo je yak 50 mpoceyHux muienepa
(HOocuBOCTH 36 TOHA), TP TOME OU IUIETIEPU TPEBE3IHU Ty KOJIMUMHY TepeTta 3a 10 myTa kpahe Bpeme
ol Opoza, anu Ou pu ToMe eMUTOBaU ckopo nymiio Buiie CO2, umajyhu y BUy UCTy crieupHuHy
MOTPOLIKY ropuBa. Merona 1 1aje MOCTUTHYTE M 3aXTE€BaHE WHACKCE CHEPTeTCKe e(hMKACHOCTH 3a
YUTaB pacnoH Op3uHa Opoja HpuU Mame PECTPUKTUBHUM ycioBuMa Hero Meroxa 2. Hajsehu
HegocTaTak Meroze 2 orjieia ce y yCJIoBy Ja ra3z Opojaa Oyje jenaH v 1o myTa Behu ol mpeyHmnKa
mporesnepa, Kako Ou ce MeToJla Morjia MpuMeHUTH. To OW 3HAYMIIO Ja 3a cBaku OpoJ Mopa Ja ce
CTPOBEly HOBA HCIIMTUBAkA CONICTBEHUX MEePPOpPMaHCH Tj. MEpera Op3MHE U CHare MOTopa Ha penu
pu ToM razy. C npyre crpane, nako Merona 1 Huje TOIMKO PECTPUKTHUBHA, OHA YOIIIITE HE y3UMa y
003up Op3unHy peke. Takolhe mocroju u paznuka y cneurpuyuHoj NOTPOILIHU FOpUBa KOja AUPEKTHO
yla3u y MpopadyH HHJEKca eHeprercke e(uKacHOCTH. 3aHMMJBMBO je Aa mpema Meroau 1,
3axTeBanu EEDI 3a nnutky Bony Behu Hero 3a 1yOOKy BOAY, IITO YMHHM J1a Cy OPOJIOBH €HEPIEeTCKU
e(pUKaCHUjU y IUIUTKO] BOJU HErO y TyOOKOj, IITO y MPaKCH JieNyje HeBepoBaTHO. OBa CTaBKa MOXeE
OWMTH 1 HEIOCTATaK caMe METO/Ie KOjy Ou TpeOaso 1o1aTHO UCTpakuTH. JenaH o1 Hajehux npobiema
o0e MeTo/Ie jecTe 3aBUCHOCT OJ1 IPOLIeHe MapaMerapa Op3uHe Opoa U aHra)KOBaHE CHAare MOTopa.

3a pa3nuKy off peyHuX OpojoBa, 3a MOpcKe OpPOOBE Cy Pa3BHjE€HU MHOTH MOKa3aTeJbU EHEPreTCKe
epukacHoctu. Ilapamerpum koju yiaze y IpopauyH HOMMHAIHHUX II0Ka3aTe/ba EHEPreTCKe
e(pUKaCHOCTH C€ MOrYy OJpeAWTH Ha BHIIE HAYWHA, U TO EMIMPHJCKH, HYMEPUUYKH WIH
eKcrepuMeHTanHo. Perynaruse najy moryhHocT omabupa cBakoM OpOJIOBIACHUKY (MEHAlIMEHTY)
KOjH Of] OBa TPH HAYMHA XKEJH J1a IpUMeHU. MoxXke ce IeCUTH Jla CTATUCTUYKH HAaYMH Ja TOBOJbHU]jE
BPEJIHOCTH OJ1 €KCIIEPUMEHTAIIHOT, ITO OM Jajio MOTPElIHY CIMKY O CTBapHOM cTamy. Ca npyre
CTpaHe, MaHHUITyJalMje TOKOM BpIIEHa EKCIIEpUMEHaTa HENpaBWIHUM OakIapemeM MEpHUX
ypebaja, Takohe Moxke 1a ce 1obuje HepeaHa CIUKa O U3yBHO] eMucHju. HyMepuuku nmpucTym joun
yBEK HHje JOBOJFHO CaBPIICH YCIle]] HeIOBOJbHO JacHO Je(UHUCAHUX MPaBUIIa U CMEPHHULIA, T€ Jaje
MPOCTOp 3a MaHUMyJanyjy y3 Beh mpucytHy, Hymepuuky rpemky. Mmajyhu y Buay cee To, a
MOTOTOBO Kaja je ped O HOMHHAJIHHM IapaMeTpuMa e(pHUKAaCHOCTH y KO0jOj 3alpaBO MOTY Ja
(burypuilly camo TEOpHjCKU apaMeTpHy, peajHa clIuKa MoKe OMTH y MIOTIYHOCTH JIpyraduja.

Kpo3 Tpu He3aBucHe cryauje [3, 4, 5], aHanu3upanu Cy HHIEKCH eHepreTcke e(puKkacHOCTH U TOo 00a
TUTIA, 1 HOMHHAJHA U eKcIuToaTannonn. CBe TpH CTyAHje ce 6aBe MOPCKUM OpOJOBHUMA Pa3IHIUTHX
KaTeropvja U To OpoaoBHMMa 3a MpeBo3 pacytor tepera [3], TaHkepuma [4] U KOHTEJHEPCKUM
opomoBuma [5]. T'maBHM HMJb OBHUX pajgoBa Ce Orjiefa y TOME Ja C€ CTATHCTUYKH ojapeheHum
napamerpuma eHeprercke epukacnoctd (kpo3 EEDI u EEXI) uctpaxu na mu cy 6pooBH TOKOM
TOJIMHA 3aUCTa OCTaN epUKACHH]H, a J1a ce Kpo3 Cll mpukake peaiHija ClIMKa BbUXOBE ONIEPATHBHE
YUYUHKOBHUTOCTH.

baza O6poznosa 3a nmpeBo3 pacyror Tepera [3] koja je aHanuzupana caapxu 153 6pona usrpaheHux y
nepuoay o 2000. mo 2020. roarHE KOJH €€ M JaH TaHac Haas3e y Ciy)ou, myxuHa cy og 107 mo 362
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MeTpa, KopucHe HocuBocTr o1 12588 o 400000 Tona. Tokom roamHa, yCTaHOBJBEHO j€ Jla Cy C€ Ha
Oponose yrpahusanu cBe Behu mponenepu, 10k ce Op3uHa 00pTaja BpaThia CMamkbUBaja, HAPOIHUTO Y
Ipyroj aeueHuju 21. Beka Kajia Cy HaCTYIWJIM HOBH MPOIKCH Ca IUJbEM CMaheHha U31yBHE EMHCH]E.
3aro je aHanm3a pa3aBojeHa Ha Opogose usrpahene y nepruosy ox 2000. mo 2012. ronune u Ha mutahe
(m3rpahene Tokom m HakoH 2013. romunue). Ilomro mpe 2013. roguHe HHje MOCTOjajla HHjEIHA
peryiaruBa, IpPOBEPEHO je KOjU MpOoIeHAT OpoJoBa OM y TOM TPEHYTKY 33JJ0BOJBHO TMOYETHY a3y
EEDI kpurepujyma u nobujeno je na Ou cera 15% OpomoBa u3 6a3e To octBapmio. 3a mialhe
OopomoBe, yak 88% OpogoBa O 3a10BOJBMIIO CBOjy oaromapajahly perynaropny ¢asy EEDI
kputepujyma. Ca npyre crpane, 3axteBanu EEXI kpurepujym koju je aeduHucaH peryiaTuBoM ca
MOYETKOM NPUMEHJBUBOCTH Y 2023. TOAMHM, MHOTO je CTPUKTHHUJU U caMmo jeran Opoj u3 Oasze ra
3a/i0BoJbaBa. [Ipema Tome, cTaHAapAHM HAYMH MPOJEKTOBama Opo/ioBa je 100KO0 3HAYajaH ynapail.
HcTpaxxuBame je OHJa MPOIIMPEHO Kako OM ce BHIENO KOJMKO Tpeda pelyKoBaTH CHAary MOTOpa
(yrpaamom JuMuTepa cHare Motopa — eHr. Engine Power Limiter — EPL, wiau yrpaamom TuMuTepa
cuare Bparuia — eHr. Shaft Power Limiter - ShaPoL.i), a camuM TUM U cMamwUTH Op3uHY, J1a OU CBH
OponoBu u3 6a3e 3amoBosbiid puropo3an EEXI| kputepujym. Ananuza je cmpoBeieHa momohy
CTaTUCTHUYKUX (OpMyIa U ToJaTHUX GopMyda 3a oapehuBame mapamerapa Koju yinase y mpopadyH
nocturuyror EEXI-ja. Cam mnpopauyHn je 107aTHO 3aKOMIUIMKOBaH YBOhEHmEM MHOIHMX
KoeuIMjeHaTa 1 10JaTHUX (GopMyJIa Kpo3 HEKOJIMKO aHEKCa U3/IaTHX OJ1 CTPaHE PeryIaTopHOr Teja.
Crora je y pamy mnpuKka3aH IOjeHOCTaB/bEH NPUHLUI ojapehuBama ycarmameHnoctu ca EEXI
KpUTEPHjyMOM YBohemeM meroBe rpaduyke Bep3Hje J00WjeHe pelIaBameM CBUX (QopMmynna H
o0jennmaBamkeM y 3aBUCHOCT MHCTANIMCaHe CHAre TJIaBHOT MoTopa (uiu pedepeHTHe Op3uHE), MeT
KOPEKIIMOHUX (paKTOpa M KOPUCHE HOCHMBOCTU. Ha Taj Ha4uMH je KpUTEpHjyM 3HATHO T10jeTHOCTABIbCH
3a ynotpeOy jep je moTpeOHO OApPEeAUTH caMo IMeT KOpeKIHoHuX ¢akropa. JlobujeHo je ma cHara
TJIaBHOT MOTOpa Tpeba OuTH cMameHa y mpoceky uak 50% o1 uHCcTanucane, npu yeMy 0u Opo0BU
Tpebano aa cmame pedepeHTHy Op3uHy oko 15% (mpoceuno). domatHo, 6pomoBu ucmoa 200000
TOHA KOPUCHE HOCUBOCTHU OM Tpebasio 1a cMame pedepenTHy Op3uHy 3a oko 18% y mpoceky, 10k Ou
Behu 6pomoBu Tpebaso na cmame pedepeHTHy Op3uny oko 12%. Ako ce y3me y 003up 1a OpojoBu
Beh mioBe mpu HwkuMm Op3uHama Tj. ipu 70-80% MakcuManHe CHare MoTopa TJe j€ U HajHuXKa
MOTPOIIIa TOPUBA, PEATHO cMambemhe 0u omno 10-14% u 3-7% 3a 6pomose ucnoxa u uznan 200000
TOHAa HOCHBOCTH, PECIIEKTUBHO. J[0JTaTHOM aHamu30M je yTBpHEHO Ja je mpoceyHa MpojeKToBaHa
Op3rHa Opo10Ba 32 MPEBO3 pacyTor Tepera u3 6ase 14,5 yBoposa, npoceyna pedepentHa 6p3una 13,8
YBOpPOBA, a Jla j€ Ha OCHOBY aHaiu3e 25 Opo/oBa y CBOJOj ONEPATUBHOCTH TMOCTU3AIO0 MPOCEUHY
6p3uny ox 11,1 uBop. Peanno cmameme Op3une na 6u Cll xpurepujym Ouo 3a10BoJbEH, Tj. Aa Opo
nMa eHeprercku paspen C y HapenHe Tpu roause je 8,8% MITO je 3HA4YajHO Mame HEro IITO je
n001jeHo aHaIu30M cTaTucTHUkuM myteM EEXI| kputepujyma (cBux 25 6poioBa cy Mambe HOCUBOCTH
ox 200000 Tona). Kaga ce y3me y 003up kosiuka je morpedbHa OuTr HOBa (CMameHa) cHara MoTtopa y
3aBHCHOCTH 0J1 TOJIMHE M3Tpajii-e Opo10Ba, BUIU CE jacaH TPEH/I MOO0JbIIaka lbUXOBE EPUKACHOCTH.
3a 6pomose u3 2000. roguHe, HOBa cHara Ou Ouia dak 58% Mama O MHCTAIHMCaHE, JOK j& KOJ
opomosa u3 2020. roaune, Ta peaykuuja cBeneHa Ha 42%. Ca TUM TpeHIOM cMamema, 10 2050.
roauHe peaykmuja 6u omna oxo 17%, a ek 2071. roguHe penyKinja CHare He Ou BUIIIE MOpasia OuTH
yBOheHa.

Kama cy y nuramy Ttankepu [4], aHanmm3a eHeprercke edukacHOCTH je ypaheHa 3a mux 426
m3rpahenux ox 2000. no 2020. rogune. CBU pa3maTpaHH TaHKEpU Cy MOJEJHEHU MpemMa TUIY U
BEJIMYMHM. 32 CBaKkH of OponioBa cy oapehenu nocturnytu u 3axteBanu EEDI u EEXI, nok cy 3a 40
wux onpehenn u mocturHytH W 3axteBaHu Cll. 3a cBe Opomose koju Hucy ucmnyHmin EEXI
KPUTEPHjYM, y3€TO je 003Up OrpaHUYaBam-€ CHAare MOTOpa Kao Haj3acTyIJbeHHUja U HajeKOHOMUYHM]a
Mepa ymTeae ga Ou KpuTepujym Ouo 3aa0BoJbeH. CXOMHO OrpaHWYemy cHare, oapeheHo je u
oarosapajyhe cmameme Op3une. Ilogena npema tumy je neduHHcaHa MpemMa TUIY TEYHOT Tepera
KOjU TaHKEp HOCH M TO Ha: TaHKEpe 3a MpeBo3 xeMmujckux/HaTHuX mepuBara (edr. chemical/oil
tankers), Tankepe 3a mpeBo3 cupoBe Hadre (eHr. crude oil tankers), Tankepe 3a mpeBO3 TEYHOT
npupojsor raca (ear. LNG tankers), Tankepe 3a nmpeBo3 teuror HadtHor raca (ear. LPG tankers) u
TaHKepe 3a japyre Bpcre Tekyhux Tepera (enr. product tankers). Kanga je y muramy mojena 1o
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BEJIMYMHU, TaHKEpU Cy TOJEJbeHH Ha: Maie, cpeame, [lanamakc, Adpamakc, Cyernmakc,
CylepTaHKepe U BEeJUKe CylnepTaHkepe (MaMyT-TaHkepe). Ha OCHOBY JBa/ieCOTOTrOIMIIBET pa3Boja
tankepa (ox 2000. 1o 2020.) uctuye ce HEKOJIMKO TPeHA0Ba. TaHKEpPH Cy TOKOM BpeMeHa IMOCTaIH
nyxu u mupu, nako cy LNG Tankepu mocranu kpahu u yxu. ['a3 1 KoprcHa HOCHBOCT Cy 0Jiaro
ropaciivi Ko XeMHjckux/HagpTHUX TaHkepa, LPG taHkepa u TaHKepa 3a Apyre BpcTe TeKkyhux tepera,
JOK cy TaHkepu 3a cupoBy Hadpty u LNG nokxazanu munumansae npomene. IlpojextoBane Op3une cy
3Ha4YajHO CMameHe koJ BehnHe TummoBa OpomoBa, ocuM koa LPG Ttankepa xoju cy mocraau OpKu.
[Topen Tora, ®pynoB Opoj je CMamkEeH TOKOM TOAMHA, IITO OJpakaBa MOMaK Ka MamkUM Op3rHaMa
(W/wam qy>KUM TPyIoOBHUMA) pagau 00Jbe eHUKACHOCTH U CMamkemha eMHUCH]e. TPeH T Y MPOjeKTOBAY
Opo/ioBa MoKa3yje 3HaYajaH Mmopact MpeyHuKa mpormeepa KoJ CBUX TUoBa 0pogoBa ocum koa LNG
TaHKEpa KOJI KOjUX je mpuMmeheH Maj, BEepoBaTHO 300T crenu(uYHUX OINEepaTUBHHUX 3axTeBa.
MaxkcruManHa WHCTATUCaHa CHAara MOTOpa IMOKaszyje pasiauuure TpeHaoBe — mosehame kox LPG
TaHKEpa W TaHKepa 3a MPEBO3 JIPYIHX BpCTa TEKyhHX Tepera, a CMamekhe KOJ TaHKepa 3a MPEeBO3
XEeMUjCKUX/Ha(THUX JepuBaTa U TaHKepa 3a CUpoBY HadTy, a HapouuTo ko1 LNG Tankepa.

VYneo 6pomoBa koju uctnymanajy EEDI kputepujyme Harmamapa yTuiaj peryiaropHHUX mepa Ha
npojekroBame Opogosa. Ha mpumep, 89,3% Oponosa usrpahenux 2013. u 2014. roguHe UCIyHUTIO
je kpurepujyme EEDI daze 0, nok je camo 47,1% Opoosa usrpahennx 2020. UCITyHHIIO KPUTEPHjyMe
¢daze 2. Ilopeheme OpomoBa usrpahenux mpe u mocie yBohewa EEDI cranpmapna moxasyje man
HEeHCIymeHoCcTH kputepujyma ca 39% Ha 27,2%. OBaj mag Harnamasa e(pUKacHOCT PErysiaTHBE Y
MOJICTUIIAEby CHEepPreTcku epuKacHUjer aAu3ajHa, ald W yKazyje Ha TO Ja cy Jajba MmoOoJblIama
HeonxoxHa. [locebno tpeba ucrahm ma camo 14,8% Opomosa ucnymasa EEXI kputepujyme, mro
MOKa3yje /1a je mpuIp:KaBarmbe OBOT CTPOKET CTaHAap/a U Jajbe BEJIUKH H3a30B.

Amnanuza nokasyje na cy LNG tankepu mely HajedukacHMjuMa Mo TUIy, IOK Cy Malld OpO/IOBH
HajeukcHUjU 1o BenuuuHU. Mako Behu Opoj Mamux OponoBa ucnymwaBa EEXI kpurepujyme y
nopehewy ca Behuma, mMamu OposoBH (OHM KOjU HE HCIYHABajy KPUTEpUjyM), Cy MoroheHu
IpacTUUYHUjUM peaykiujama cHare. CympoTHO ToMe, TaHKEpPH 3a MPEeBO3 CUpoBe Hadre cy
HajHee(ukacHUjuU 1o Tumy, a [lanamakc 6po10BY HajMamke e(PUKACHU 110 BETUUYHHHU.

Cmameme cHare MoTopa, Koje JUPEKTHO JOBOIU JI0 CMamema pedepeHTHe Op3uHe Opojaa, jacHO
yKa3yje Jla Cy HEeOlXO0JIHE 3HavajHe MpoMeHe kako Ou ce ucnynunu EEXI| kpurepujymu. I[Ipoceuno
MOTpeOHO CMameHme CHAare MOTOpa 3a CBE pa3MOTpeHe TaHkepe je 44%, y3 MPOCEYHO CMamEHE
op3une ox 13,5%. Tankepu 3a mpeBo3 APyrux TEYHUX MPOU3BOJAA 3axTeBajy HajBehe cMmameme
opsune (20,3%), moxk LNG rankepu 3axteBajy HajMame (11,9%). Pesynratu mokasyjy ma Hema
JPAaCTUYHHUX pa3iiiKa y MOTpeOHUM pelyKlidjama cHare ¥ Op3uHe MO TUIY WU BEJIWYHHU TaHKEpA.
Tj. 1a Cy 3aXTEBH MPWINYHO yjenHaueHu. Bapujamnuje y motpeOHUM peayKIiiijaMa OBHX MapameTrapa
Mory npoucTtehu U3 pazIMYUTUX KapaKTepUCTUKa yrpal)eHux MoTopa U MpojeKTHUX Op3uHa. Tpeba
HarjJacuTH Jia HOMHUHATHU TIapaMeTpu eQPUKACHOCTH TIpe CBera 3aBHCE O] IPOjeKTHUX
cneunpukanyja (HaMeHe 3a Kojy je Opoj usrpalen), 10k onepaTUBHH MapaMeTPH 3aBUCE O] HAaUWHA
eKcIuToaTaIje caMor opoa.

[Tomgamm ykazyjy na ce y nepuoay oxa 2000. mo 2020. rogune cmamyje Opoj 6pomoBa Kol KOJUX je
noTpeOHO OrpaHHuYEH-Ee CHAare MOTOpa, JI0K HOBHjH OpOJOBM 3aXTeBajy U Mame PEayKIIMje CHare.
MehyTum, ako ce 2013. ronuna (xana je EEDI kputepujym cTynuo Ha cHary) y3me kao pedepeHTHa,
a aHanu3upa nepuon 1o 2020. ronuHe, cTona pacta peJyKoBaHe CHare MoTopa je Beoma mMaja (MCIos
1%), mTo yka3yje Ha He3HaTHO MmoOosbiame erukacHocTu. Takohe, y ucrom nepuomay, 6emexu ce u
nopact Opoja OpojoBa KOojuMma Cy MOTpeOHE KOpEKIHMje, ajli Ce€ OHE HE3HATHO MEmajy HEro y
aHaJIM3UPaAHOM JyKeM nepuoay o 20 roguHa.

[Topeheme uzmehy EEXI u Cll xpurepujyma oTkpuBa 3HavajHy paziuky ox 8,1% y morpeOHuM
penykiyjama Op3uHe aa Ou IOIUIO 70 HCyBhema Kputeprjyma. OBa pasinuka mokasyje 1a OpoaoBu
Beh mIoBe MambuM Op3MHAaMa HEro LITO je MPBOOMTHO OUJIO npeTnocTaBibeHo y okBupy EEDI u EEXI
crannapaa. Ananuza Cll-a noka3zyje na Tankepu kopucte camo oko 60% HHCTanMcane cHare MoTopa
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TOKOM TYTOBama, IITO CYTrepuIlle Aa C€ CTBAPHH ONEPATHBHU YCJIOBU PA3NIUKY]y O pedepeHTHHX
BpenHoctu kopuuthennx y EEDI nu EEXI| npouenama. Ontumusanmja OpogoBa 3a lbbUXOBE CTBApHE
Op3uHE paja ocTaje BakaH aclieKT — MOCEOHO ce MOCTaBJba MUTAKE J1a JIH CY OPOJOBU ONITUMHU30BaHH
3a CBOje TpeHyTHe Op3uHe, yKJbyuyjyhu u edukacHocT Oynda kao u qu3ajH nponenepa. [Ipoceuna
pojeKkToBaHa Op3uHa TaHKepa u3 6ase je 15,6 uBopoBa, mpoceyHa pedepeHTHa Op3uHa 14,6 4BopoBa,
a mpoceyHa Op3uHa KOjy OpOJ0BH OCTBapyjy je 4ak 25% Mmama o] IpOjeKTOBaHE.

Amnanu3za 0a3e nojaraka Koja ce cactoju o1 162 kontejHepcka 6poaa [5], a koju cy mojaesbeHu npema
HOcHBOCTH (Opojy KOHTEjHEpa Koje MOry Ja IpeBe3y) mokazyje na camo 12% uenokymnHe ¢uote
3agoBospaBa EEXI xpurepujym, naxo je npexo 83% mwux 3amoBosbuio EEDI kputepujyme y Bpemeny
y koM cy Hactanu. [lorpeOHa pemykiuja cHare ma 0u OpomoBu 3amoBosbmiim EEXI kputepujym
3HauyajHO omnaja u To ca 60% 3a 6pogose m3rpahene 2000. rogune 10 5% 3a 6poxose u3 2020. roguHe.
VY3umajyhu y 063up u n1a ce 6poj 6pomoBa KojuMma je morpeOHa peayKluja CHare MoTopa CMambuo
TOKOM TOJIMHA, HECYMIbHBO j€ 1a CYy KOHTEJHEPCKU OPOJIOBH MOCTAIH JI0CTa €(pUKACHUJU ILITO CE U
3aKJbyuyje Ha OCHOBY CBE MamuX BpeAHOCTH mocTuruytux EEXI-ja. [ToTpeOHO cMameme cHare y
mpoceky ox 40% Ou ce oapa3mwio Kpo3 moTpedHo cMameme pedepentHe Op3une o 13% y ogHOCY
Ha noJjas3ny, kako 6u EEXI xpurepujym 6uo 3an0BosbeH.

[ITo ce THUEe HAUMHA TIPOjEKTOBaa, HE OEJICIKE Ce 3HaYajHE TPOMEHE Y JMMEH3H]jaMa Op0oJ0Ba TOKOM
rOJIMHA, aJIA C€ MPOjeKTOBaHA OpP3MHA CBHX THUIIOBA KOHTESJHEPCKHUX OPOJ0Ba BPEMEHOM CMamUBaIa
mro je npaheHo yrpaamoM MOTOpa Mamux cHara. [IpocevHa mpojekTHa Op3uHa CBHX OpoJOBa W3
0a3ze je 22 uBopa, anu aHanu3oM 21 6poja 3a Koju Cy JOCTYITHH TIOJIAI! U3 ONIEPATHBHOCTH, IPOCEYHA
ocTBapeHa Op3uHa je camo 13,6 uBopoBa. Kao u ko Tankepa u OpojioBa 3a IpeBO3 pacyTor TeperTa,
octBapeHa Op3uHa ox 13,6 uBopoBa je Mama oj nmoTpedHe pedepeHTHEe Op3uHE Koja u3Hocu 18,9
yoposa aa 6u EEXI kpurepujym Ouo 3anoBossen. [lonatHo, u octBapeny 6p3uny oz 13,6 uBopoBa
je motpebHo jour ymMamUTH 3a 7% na Ou OpoJIoBM MOCTHU3AIM OJroBapajyhe eHepreTcke paspere.
IIponiene nmokasyjy na Ou, IOJ YCIOBOM Jla CBaku Opoj CBake TOAMHE pajd y UCTHM ONEpaTUBHUM
ycioBuMa, oko 81% Opoaosa ucrymasano Cll kputepujym y pedepentroj 2019. roquaun. o 2030.
TOAIMHE Taj MpoleHaT Ou ce cMambHo Ha Mame o1 10%, mTo ykasyje Aa yak U 0J1aro moouTpaBame
KpUTEpHUjyMa y CKJIaJy ca IUIaHupaHuM (akropuma penykuuje (oa 2% roauime), 3Ha4ajHO yTU4e
Ha e(pUKaCHOCT omepaTUBHOCTH OpojoBa. IIpoceuna omepatuBHa Op3uHa je yak 30% mama on
pedepenTHe IpojekTOBaHEe Op3uHE, a Kaja Ou ce oneparnuBHA Op3WHA YCBOjUJIa Kao MPOjeKTOBAHA,
camo 5% OponoBa He O ucyHuII0 HajcTpoku EEDI xpurepujym xoju je TpeHyTHO Ha cHa3u ((haza

3).

Kpo3 jeany on aHanmusza eHepreTcke eUKacHOCTH, MPOBEPEH j€ YTUIA] Mace caMor Tpyla Koj JBa
Opoja 3a mpeBo3 pacytor Tepera [6]. 13 6aze OpomoBa 3a MpeBO3 pacyTor TepeTa, U3/1BOjeHa Cy J1Ba
OpoJia Koja cy CIMYHa 10 JUMEH3MjaMa, alli pa3jinyuTa y oOJIMKy Tpyna (jeaaH uma 0ynod, a qpyru
BEpTUKAIHY cTaTBY). Jeman Opox uma ckopo 20% Behy KOopuCHY HOCHBOCT, JIOK j€ Maca Mpa3HorT
Opoja ckopo uaeHTHYHa. bpos ca BepTuKamHOM cTaTBOM MMa 19% Mamu MpolewmeH OTIop MpeMa
E€MITUPH]CKO] METO/IH, UaKo je AY>KU U MHpU o1 Opoaa ca Oyndom. PazmoTpena cy Tpu paznnyuuta
ciydaja. [IpBu ciydaj y3uma y oO3Mp CMameme JelulacMaHa YClell CMamema Mace y3 HUCTY
KOpUCHY HOCHMBOCT M Behy pedepeHTHy Op3uHy 3a HCTy aHraxoBaHy cHary Motopa. OBuM
noctynkom Ou ce ymamwuo nocruraytu EEDI 1j. EEXI 3a mame ox 1% 4ak u ca cMamemeM mace
camor Opoma ox 15%. Jlpyru ciaydaj je Beoma CIM4aH IMPBOM, CaMoO IINTO CE y3WMa y 003Up HCTa
pedepenTtHa Op3uHa, anu Mama MoTpeOHa CHara jep je MamH jemiacMadH. Ha oBaj Hauun
nocturnytu EEDI 1j. EEXI 6u ce ymamuo u no 2,6%. Tpehu cinydaj y3uma y o03up mnoehame
KOPHCHE HOCHBOCTH KaKo ce€ YKyIaH JeTiacMaH He OM IIPOMEHHUO, U THME CE MTOCTHKE MOOO0IbIIAkhEe
eHeprercke eduxacuoctu a0 3,2%.

Jla 6u ce yormTe MOIIM TPOICHUTH MHICKCH CHEepreTcke e(UKacHOCTH Je()UHHCAHH O]l CTpaHe
IMO-a, notpeban je onpehenn 6poj yl1a3HUX MapameTapa KOju ¢€ MOTY OJPEIUTH eKCTIEPUMEHTAITHO
i Hymepudku (CFD meronom). JlaHac ce cBe BHIlle KOPHCTH HYMEPUYKH ITPUCTYIT Y OBE CBPXE jep
j€ eKOHOMCKH UCIUIaTHBH]jE B e(pUKACHU]E O] TPATUIIHOHAITHOT EKCIIEpUMEHTAIHOT nprctyna. [Topen
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onpehuBama yJa3HUX IMapaMerapa 3a IPOILEHY eHepreTcke epuKacHOCTH Opo/IoBa, HyMEPHUKH
npuctyn 1j. CFD ce cBe BuIlie KOpUCTH U Y Pa3u IPOjEeKTOBAKbA.

[IpojexToBame OpooBa MpeACcTaB/ba MyJITHANCIUILTHHAPHH TPOLIEC KOjU 00yXBaTa XUPOCTATHYUKE,
XHIPOJAMHAMHUYKE (IIPOIYJI3UBHE), KOHCTPYKTHUBHE aCIEKT€ KA0 M aCleKTe CTAOWIUTETa, ald H
€KOHOMCKE U €KCILIoaTalloHe Tapamerpe, 0e30e1HOCT MII0BHI0Ee, YTHIIA] Ha )KUBOTHY CPEIMHY, Kao
n yckiahenoct ca Baxkehum wmelyHapomHum perynatuBama. JemaH oIl KJbyYHHMX H3a30Ba, ca
XUJIPOIMHAMUYIKOT acIeKTa, je mpeaBuhame oTropa Tpyna u ode3behuBame Moy31aHuX MojaaTaka 3a
onpehuBame MOroHcke cHare Opoja. TpamuiuoHaHO, OBaj MPOOJIEM CE€ peliaBao MCHTHBAKEM
Mojiena Opona y 0azeHuMa, MpH YeMy ce AMPEKTHO MEPHUO OTHOp Mojena Ipu uctom OpynoBom
Opojy Kao W Ha OpOJy y CTBApHO] BEIIMUMHU, a PE3YyJTaTH CE 3aTUM CKaJIUpajy Ha peajlHe yCIIOBE.
MelhyTum, MOTIYHO 33/I0BOJbaBamkbe NUHaMU4Ke cimuHoctu (PpynoBor u PejHonacoBor 6poja) je
MPaKTUYHO HeMoryhe, mTo T0BOIM 110 moTpede 3a KOPEeKIMjaMa 1 JOJaTHUM IPOpadyHHMa YUME Ce
YBOJM HEMIOY3JJaHOCT y TOOMjeHEe pe3yTare.

Ca pasBojeM pauyHapa, CFD je moctao BaxkaH anaT y Opogorpaamy jep oMoryhasa ieTajbHy aHAIH3Y
1ojaBa Koje je TEIIKO WJIM MPEecKyno u3MepuTH ekcrnepumeHTanHo. CFD ce manac xopuctu Kao
JIOITyHa MOJICJICKMM MCITUTHBAbUMa, a CBE Yenthe 1 Kao JUPEKTaH U3BOP MMOAaTaka U3 CUMYJIaldja y
CTBapHO] BeMMYMHU. Mmak, orpaHuyYeHa KOJMYMHA JOCTYITHHX EKCIECPUMEHTAIHHMX MOJaTaka 3a
pearnHe ycioBe (y CTBApHOj BETMUMHH ) OCTaje MpeNnpeKa 3a NOTIYHY BAIHIAINN]Y U ITUPOKY IPHUMEHY
CFD-a y 6ponorpaheBHoj mpakcu.

Jenan o1 HajeuKacHUjUX HAYMHA 32 MIPOIICHY CTama TeXHHKe 3acHoBaHe Ha CFD-y cy mehynapnone
paguonune. Ha muma ce ydecHHMIMMA [1ajy jeJHaKW MOYETHU YCJIOBH M T€OMETPHja, a JOOHjeHH
pesynTatu ce ynopehyjy melhycobHo u ca ekcnepuMeHTaTHUM mojanuma. Ha Ttaj HauuH ce Mory
UICHTH(UKOBATH pa3iuKe n3Mel)y pasnuauTux copTBepa U HyMEPUYKHX MPUCTYIIA, Ka0 U YTBPAUTH
HuBO noy3aanoct CFD mertonma. Y momMopckoj 3ajelHHIM, OBa Mpakca MOCTOjH BHIIE JCIICHH]A.
Panvonuiia 3acHoBaHa Ha city4ajy Opoaa ,,Lucy Ashton“ [9] mpeacTaBiba BaxkHy MpEeKpeTHHUILY jep je
MPBU MYT Ka0 TECT ciydaj KopuirheH Opoj 3a KOJU MOCTOj€ MOJAlld O OTIOpPY TPyMHa y CTBApHO]
BEJIMYMHM. YUYECHUIIU HUCY 3HAJIUM O KOM Opoy je ped, HUTU Cy UMaJIU MPUCTYT eKCIEPUMEHTATHUM
pe3ynraTuma Ipe Ipenaje pellema, ITO je OMOryhuiio oOJeKTHBHY MpOBEPY MPEIUKINCKUX
moryhnoctu paznuuutux CFD codraepa.

VYV paguonunu je yuectBoBasio 40 caMOCTalHHMX MCTpaXKHBaua, CTyJeHaTa, NpeACTaBHUKA
WHCTUTYIIM]ja WM KOMITaHW]a Ydja je TiaBHa JnenatHocT yrnotpedba CFD codrBepa y Opomorpaamu.
OHu cy kopuctuiu ocam pasnuuutux codreepa (STAR-CCM+, OpenFOAM, FineMarine,
ReFRESCO, HELYX-Marine, Ansys CFX/Fluent u np.). Paguonuna je oOyxBaraiga Tpu CKyma
cllyyajeBa: CTy/AMja HENOY3AaHOCTH Mpexe 3a jenaH PpynoB O6poj y crBapHoj BenuuuHH (Cet 0),
CUMYyJIallFje TpolieHe OThopa Opoja y cTBapHO] BenuuuHU 3a Buine OpynoBux 6pojera (Cer 1) u
cUMyJalgje npolieHe ormnopa 3a jenan ®pynos Opoj, a Bumie pazmepa mojena (Cer 2). Ananusza
pesynrata mokasana je ga cy CFD mpopadyHu y mpoceky MOTICHBHBAIA OTHOP Opoaa y CBHM
YCIOBHMA, IITO je U OYEKHBAHO j€p HUCY MOJEIOBAaHU YTHULAJU XPalaBOCTH TPyIa M JMHAMHUYKA
noMeparba (IOHUPakE U MOCPTakbe). YIIPKOC TOME, PaclioH pe3yJitara u3Mel)y pa3uunuTux ydecHUKa
010 je perTaTHBHO MajM — MEMjaHCKO aTllCOIYTHO OJICTYIAe 3a ClIy4aj y CTBAPHO) BEJIMYUHH HU]E
npena3uio 2,3%. OBaj HUBO cjarama je YIopeauB ca MOJICICKUM HCIUTHBAkUMA, MTO moBehaBa
nosepewme y npumeny CFD-a 3a ciaydajeBe y CTBapHO] BEJMYMHU. YUECHUIM KOjU Cy PaUiId U
J0JIaTHE CITy4YajeBe MOKa3alli Cy Mamy TUCTIEP3Ujy pe3yJiTaTa, ITo yKa3yje Ja KBAIUTETHA IPUIIPEMa
U BUILIE yJlarama BpeMeHa BOJIe MOY3IaHUjUM pe3yiITaTuMa cumyianuja. Takohe, youeH je TpeHn aa
pacumname pe3yJsrara omnaaa ca nopacrom dpynosor O6poja mTO yKasyje Aa Cy HyMEPUUIKHA MOJEIH
CTaOWIIHUjU ¥ TIOY3/1aHUjH 3a Bule Op3uHe. OBO je 3HauajaH 3aKJby4aK 3a MHIYCTPH]CKY IPUMEHY,
J€p yIpaBo y OBUM yCJIIOBUMA C€ JOHOCH OJTyKa O TMIOTOHCKO] CHa3u Opojia ¥ u300py MPOITyI3UBHOT
komruiekca. Ilpumeheno je na je Hajehe onctynmame NpUCYTHO KOA pe3yiTara JOOHjeHHX KOJ
yUYECHHUKA KOjJU Cy Mambe aXme mocBehnBam n300py THIIa MpeKe B TOCTaBKaMa CaMUX CUMYJIallyja.
KBanurter renepucane Mpexe je jenaH oj Haj3HauyajHUjuX (akTopa KOju je YTUILA0 Ha JUCTIEP3HU]Y
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no0MjeHNX pe3yiaTaTa. YUECHHUIM KOjU Cy KOPHUCTHIIM (PUHO JTUCKPETH30BAaHE MPEXKE MOCTUTIHU Cy
0oJpe crarame ca MEeIMjaHOM M Mamky HyMEpUYKY Hemoy3aaHocT. Pesynratu noOujeHu momohy
STAR-CCM+ codTtBepa, Koju je OMO Haj3aCTyIJbEHU]H, TTOKA3IA Cy T0OPY KOH3MCTEHTHOCT, JIOK
cy pemema npumenoM apyrux CFD konoBa, yecto 6uina AucnepsHuja, ajld Cy WIAK Majna y OKBUpPE
CTaTUCTHYKHU MPUXBATIHUBUX BPECTHOCTH.

JonarHa ananm3a [8], koja ce ogHOCH Ha MpEAMETHH OpOJ M3 MPETXOAHO MOMEHYTE paJHOHUIIC,
o0yxBaTuja je CBe OMNIIMOHE CITydajeBe (IonaTHe Op3WHE) KOjU HHUCY OWIM 00aBE3HH 32 YUCCHHKE
paguonune. Cumyranuje cy CIpoBeieHEe y3 oMoryheHa AMHAMHYKa MOMEparma, HMOHHpama (EHT.
sinkage) u Tpuma (eHr. trim), mox cy edekTd XpamaBOCTH Tpylla M OTIOpa Ba3ayXa HaKagHO
YKJBYYCHH TOKOM MOCTIpoOLecHpama pesynrara (eHr. post processing). doOujeHu pesynratu
MoKasyjy 3aBujaH HuUBO noy3manoct CFD cumynamnuja 3a mpensubhame KoepUIMjeHTa TOTATHOT
oTropa 0poia, Kako y pazmepamMa Mojiela, Tako U 'y cTBapHoj Benuunu (Buaetu Ciuky 2 u Ciuky 3).
VYnopehuBamem CFD pesynrara ca excnepuMEeHTAIHMM TojanuMa jaodujeHuM 3a Opox ,,Lucy
Ashton* youeHo je 1a ogcTynama He npenase 5% 3a nporueHy KoeHIujeHTa TOTaIHOT oTiopa OpoJa.
HaBenena oxcrynama cy y ckiagy ca TpeHyTHo Baxkehum cmepuuriama ITTC-a mro ykasyje Ha
noroany npumeny CFD-a y 6ponorpahesnoj unnycrpuju. [Tocebno je 3nauajuo mro je CFD merona
YCIIEUTHO PEnpoayKoBajia pe3yaTare y 4aK YKYIHO IIECT PasInYUTHX pa3Mepa Mojeia Kao u y
CTBapHO] BEIWYMHU M TO mpema jaBa pasznuuurta npuctyna (I[Ipucrym 1 wm Ilpuctyn 2), ynme je
MOKa3aHa YHUBEP3ATHOCT METOIOJIOTH]E Y TIOTJIEAY CKaTUparba.

6.0 r
5.5
5.0
_45
MS 4.0
%35
QO
3.0
2.5 -
20 - -
1.5 1 L ]
1.0E+06 1.0E+07 1.0E+08 1.0E+09
Re [-]
=#» A=21.167, EFD ——)=21.167, CFD = A=15.875, EFD
——2=15.875, CFD A=11.906, EFD ——2=11.906, CFD
A=9.525, EFD ——2~9.525,CFD A=7.938, EFD
——)2=7.938, CFD 2=6.35, EFD ——3=6.35, CFD
A=1, EFD ——)=1, CFD (IIpuctyn 1) --=-A=1, CFD (Ilpuctyn 2)

—--ITTC 1957

Cnuka 2: KoepunumjeHt Totansor ornopa oapehenn excrniepumentanto (EFD) u nymepuuku (CFD)
y 3aBHCHOCTHU 0J1 PejHoIIcOBOT Opoja 3a 6 pa3Mepa MojieNia U 'y CTBapHOj BeJinduHH [8].
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Crnuka 3: KoeduimjeHT ToTadHOr OTHopa oapeleH ekcriepuMeHTaIHO, TOKOM MPOOHE BOXKIE, U
aymepuuku ([Ipuctynuma 1 u 2) y 3aBucHocTH o1 @pynoBor Opoja y cTBapHOj BenuunHH [8].

VY npBom npuctyny (IIpuctyn 1) Op3una cTpyjama je 3ajaBaHa Kao yJa3HH YCIIOB, JOK j€ Y JPyroM
npuctyny (Ilpuctyn 2) kperame Opoaa oapeheHO MpUMEHOM MOTHCHE CHUJIe KOja CUMYJHUpa paj
MJIa3HUX MOTOpa KopuIIheHMX TOKOM HMCNUTHBama (y CTBAapHO] BenuuuHu). bosbe cnarame mnpu
BehuMm Op3uHama y pasMepama Mojiela U Ha HHKUM Op3MHaMa y CTBapHO] BEIMYMHHU yKa3zyje Ha
onpeheHa orpaHudema y MojeloBamy oapeheHux (U3MYKUX T0jaBa, MPBEHCTBEHO MHCiehu Ha
TypOyneHIHjy. YKIbyunBambeM e(eKTa XparnaBoCcTH U OTIOpa Ba3AyXa y cllydajeBUMa CUMYyIaluja y
CTBApHO] BEJIIMYMHU TOCTUTHYTO je€ 0O0Jbe Cllarame ca eKCIEPUMEHTAIHHM pe3yjiTaThuMa, IITO
noTBplyje BaXKHOCT MpaBUITHE KOPEKIIHje 3a To0ujame pealucTUYHNX npenBulama. [lopeheme nBa
HyMepHYKa IPHUCTYTIa TIOKa3aJo je a HAa4YMH MOJIeJIOBamka MMOroHa HeMa 3HavajaH yTHIAj Ha IPOLIEHY
TOTAJIHOT OTIOpa Opojia y CTBAPHO] BEJIMYUHU, JOK Cy pa3livKe y AMHAMUYKUM MOMepamruMa 6pojia
(moHMpame U TpUM) BeoMa Majie y arncoiayTHoM u3Hocy (Cruka 4).

Fr [-] Fr[-]
0.10 0.20 0.30 0.40 0.10 0.20 0.30 0.40

0.00 0.00

-0.05 -0.02

010 | -0.04
= E006 |
©.0.15 - N

-0.08 |
020 - 0.10 -
-0.25 - -0.12 -
—IIpuctyn 1 ~=IpucTym 2 —IIpucryn 1 ~=IIpuctyn 2

Cnuka 4: Pa3nuke y AHHAMHYKUM TIOMEpambuMa (TPHM — JICBO, TIOHHPALE — JIECHO) IPUMEHOM 1B
pa3IuUTa IPUCTYTIa Y HYMEPHYKUM cUMyJiairjama [8].

Baxxan nonpuHoC qucepTalyje 3aCHUBA ce Ha UCTPayKUBamby CIIPOBEACHOM Ha O6poay ,,Lucy Ashton®,
KOj€ je€ YCMepEeHO Ha pa3Boj U Bepu(puKaInjy mpe;iora METOA0JI0TH]j€ 3a TapaMeTapCKo MOICIIaBaAkhEe
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mpexxe y CFD mpopadynruma, ca moceOHUM HarIackoM Ha 30HY y HENOCPEAHO] OJM3MHU TpyIa y
coprtBepy STAR-CCM+ [7]. [Ipennoxena MeTo 10J10THja 00yxBaTa mapaMeTapcku qe(UHUCAHE 30HE
Mpexe (Buaetn Tabeny 1), BenuunHy ocHOBHE henuje, 1e6spuHy npBor cinoja henuja y3 Tpymn 6poaa
u quctpuOynujy henuja y 30HM re Cy U3paXeHU BEIHMKH I'pajujeHTH Op3uHe U nputucka. Lusb je
O0Mo 1a ce OBM MmapaMeTpu AePuHUITY y (YHKIUJU MO3HATUX (PU3UUKUX KapaKTEpUCTHUKA Opoja:
Iy)KUHE, IIUPUHE, Ta3a, pakropa popme, Op3UHE 3a KOjy ce MPOIICHYje OTIOP WU MOTUCAK, KA0 H
NpeYHHKa U Tojioxkaja mponenepa. CBe auMensuje aare y Tabemu 1 neduHucane cy y oqHOCY Ha
rI100aTHU KOOPJIMHATHH TIOYETAK KOJU CE Halla3U Yy MPECEKy KPMEHOT MEPIeHINKYIapa, IICHTPaTHEe
nuHHje ¥ Kobmmuie 6poaa (Ciuka 5) u ogHOCE ce Ha AeUHUCAE TIOJOBUHE TOMEHA.

bpon ,,Lucy Ashton* nza0paH je kao pedepeHTHH ClIy4aj jep Cy eKCIIEPUMEHTH CIIPOBEICHU HAa lheMY
JeIHM OJ] HajAeTaJbHUJUX OJ1 10 CaJia jaBHO JOCTYITHUX Y HCTOpHjH Oponorpazame. tberos negocrarak
je mTo notuye u3 19. Beka u uma Gpopmy Koja ce 3HaTHO pas3sIMKyje OJ caBpeMeHux OpojoBa, jep je
y muTamy mapoopoxa. 300r Tora je mpeaioKeHa METOJOJIOTHja JOJAaTHO TECTHpaHa Ha JPYyroM
HCTOPHjCKH 3Ha4ajHOM Opoxy — ,,Meteor [13], 3a koju mOCTOje MOAAIN EKCIIEPUMEHTAITHE IPOIICHE
OTIIOpa Tpyma y CTBAapHO] BelMWYWHH. J[0OMjeHH pe3ynTaTH ce MOTY CMaTpaTH TOYy3JaHuM jep ce
3abenexxeHa oxcrynama, usmelly CFD pesynrata u excnepuMEHTaNHHMX pe3yiTara MpoleHe
TOTQJTHOT OTIIOpA, Haja3e y MPOMUCAHMM TpaHuuama oxa 5%, MmTO MOTBphyje MOY3IaHOCT
npeaoxkeHe Mmeroaonoruje. lonatHo, Mmetogomnoryja ce mokasana ycnemsa u'y CFD npopauynuma
ayTO-TPOITYJI3H]je MOIITO Cy 3a OpoJT ,,Meteor™ ToCTyITHY IMoIany u ca MpoOHUX BOXKU. LLITo ce Tnye
npoueHe nepdopmancu npomenepa, oacrynama usmely CFD pesynrara u maremaTuukor mojena
(3acCHOBaHOT Ha EKCIEPUMEHTAIHUM Tojanuma) He mpenase 3% y 30HM OMNEpaTUBHOT paja
nporenepa. BakHO je HAmoOMEHYTH Ja pe3yiTaTd Koju Cy MpeacTaBbeHu y pamy [13] Hucy
MIPUKAa3aHU y MOTIYHOCTH (KOHKPETHE OpojuaHe BPEAHOCTH).

Tab6ena 1. [apamerapcku neuHUCaHE TUMEH3H]E JOMEHA U 3alIPEMHHCKUX 30Ha puHmje Mpexe [7].
Lpp [M] — my>xuna usmely neprienaukymapa, A [-] — pasmepa 6poaa (Moaena), B [m] — mmpuna 6posa,
T [m] — ra3 6pona.

Kpmena IIpamuana Kpmena IIpamuana Homa T'opmwa
HBHIIA HBHIA CTpaHa cTpaHa eKcTpy3uja | ekcrpysuja
I[OMCH 73/5/1|—pp 2Lpp/)h 2Lpp/ﬂ. ZLpp/i 72Lpp/l 05Lpp//1
30Ha c1060/1HE OBPIIHHEE | 3/5/1 Lo | 5. Lep/A | 2-Lp/A 2 Lppl A 09-T/4 1.1-T/2
Kpmena 30Ha 10'1/51. 02 Lp/A | 06-B/2 06-B/1 -02-T/2 13-T/2
pp
0.9 Lo/ 0.6-B/1-
Ipamuana 30Ha o 1.05-Lpp/A| 0.6-B/A | 015 -Lpp/A | —02-T/2 13:T/2
. -19(20°)
3oHa QuHHje Mpexe = 1.5 Ly ] 3 Lpp/A- ) ) .
KelIBHHOBON KIHHA /) 1.5 L/ 4 tg(20°) 08-B/1 0.7-T/2 13:T/2
30Ha rpy0Jbe Mpexe —-2.25- _ 7.5 Lppl 2 ) ) _
KeIBHBOBOL KIHHA Lon/ 7 1.8 Lpp/ 4 “1g(20°) 2-B/4 05-T/4 1.5-T/4
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Cnuka 5: Jlepunncame TuMeH3Mja JoMeHa U 30Ha (PMHHje MpeXe Y OJJHOCY Ha II100JaHu
KOOpJAUHATHU cucTeM npema Tabenu 1.

[TapameTpu kao IITO Cy BEIMYMHA OCHOBHE henuje, NMMEH3Mja 30HE ca BEJIMKHUM IpajujeHTHMa
Op3vHEe U MPUTHUCKA U Opoj ciojeBa YHyTap T€ 30HE NPECTaB/bajy HEONXOJHE yJia3He MOAATKe 3a
nedunucame mpexe y copteepy STAR-CCM+ [7]. Tpouena nedspune npsor cioja henuja y3 tpy,
Opoja crojeBa (henuja) yHyTap 30He I/l ce OUEKY]y BEJUKHU TpaJiijeHTH Op3uHe U IPUTHCKA y3 TPYII
1 (hakTopa mporaraimje ce BpId HyMEPUUKH y3 J0aTHe ycioBe: 1) 3a rpyy cuMmysiaiiija Koja Moxe
o0yXBaTUTU jeJHY pa3mepy, a Buiie DpynoBux OpojeBa — JnebsbHHE MMoOcielme henuje y 30HU
BEJIMKUX TpajidjeHaTa Op3WHE U MPHUTUCKA 32 CBE CUMYJIAIMje Cy IITO NpUOIIKHHjE; 2) 3a rpyimy
cuMyJaluja koja o0yxBaTa Bullle pa3mepa, a jenaH @pynoB Opoj — nelspuHe nocienmwe henuje
MIOMHOX€EHE (aKTOpOM pa3Mepe, Y 30HM BEIMKUX TpajujeHaTa Op3MHE W NPUTHUCKA, 3a CBE
cuMmynangje cy mro npubmmxauje. Ha oBaj HauMH ce ymamyjy pasiMke y Mpexama usmely
CUMYJIaIHja, Tj. TOCTIKE Ce Ja yKymnaH 0poj henuja He Bapupa MyHO y CUMYyJIalldjaMa y cirydajy jeaHe
pa3mepe, a Buie @pynoBux O6pojesa. [Ipema kacu4yHoj TeopHju TypOyJIEHTHOT TPAaHUYHOT CJI0ja, ca
nopactoM PejHomnacoBor Opoja, ogHOC AeOJpPMHE TPAHUYHOT CJI0ja M KapaKTEPUCTHUHE IY)KUHE
OTICTpYjaBaHoOT Tena, onaga. Moxe ce u pehu Jja 3a UCTY Iy’)KUHY KapaKTePHUCTUYHOT OICTPYjaBaHOT
Tena, Ae0JbrHA TPaHUYHOT clioja onajaa ca nopactom 6p3une. [lomro cy Hajsehu rpanujenTu Op3uHe
Y IPUTHCKA MPUCYTHH YIPABO Y TPAHUYHOM CIIOjy, 1€0JbHHA 30HE Y KOjOj C€ OHM 0YEKY]y y3HUMa ce
Kao MPETIOCTaBJheHa IeO/bHA TPAHUYHOT cJioja. Ta 30Ha ce neduHwuIIe Ipe TOKpeTamka CUMYyJIallije
U HE MOpa OUTH jeTHaKa CTBApPHOj JeOJbMHHU TPAHUYHOT cJI0ja KOJ KOHKpEeTHOTr Opona. Cumyrnanuje
KOj€ Cy MOKPUBEHE CTYyANjoM cy pal)eHe 3a muMen3uje (nyxuHe) OpooBa o1 2 MeTpa (IITo OAroBapa
pa3Mepu Mojesa MPUIMKOM eKCIepUMEHTAIHUX UCIUTHBama y 0azeHuMa), ma cse 1o 483 merapa
mTO je W Jyxke oj Hajeher Opoma uWKama HampaBibeHOr. Jlo Te AMMEH3Hje ce JOIUIO0
eKCTpanojalnnjoM TeoMeTpHjCKuX mapamerapa Opoza ,,Lucy Ashton®. Jegna on mpeaHoctu uzbopa
OBOT OpojIa je IMITO Cy TOKOM eKCIIepruMeHaTa MepeHe Op3uHe CTpyjama BOJIE Ay IICHTPAITHE JIMHH]E
tpyna (Ha 49% u 62% nyxuHe Opoza), mTo je omoryhuno nporeHy Ae6bUHe TPAHUYHOT CIoja Yy
tuM 30Hama. Kopumthewem CFD metona nobujene cy moaatHe mpolieHe 1e0/bHE TPaHUYHOT ClIoja
Ha 20%, 30%, 40% u 80% nyxxune Opoxaa. 3a peepeHTHY BPEIHOCT y3€Ta je OHa KOJ Koje Op3uHa
baynna noctuwke 99% Op3une HenopemeheHor ctpyjama. [lomro ce nebpHHA rpaHUYHOT Clioja
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MEHba 33 HEKOJIMKO peloBa BEJIWYMHA Y 3aBUCHOCTH O]l NyXHHE Opona, OWI0 je HEONXOIHO
npunaroauT 0poj henmja (crmojeBa) yHyTap TpaHUYHOT €JI0ja Tako Ja 0e3AMMEH3MOHA JUCTAHIA O
suna (Y*) ocrane y nponucanuM rpanuiama (30—-100). Kox Benmkux OpojioBa TO Mopa3syMeBa BUIIIE
on 20 henuja y rpaHHYHOM CIIOjY, JIOK je KOJ MOJEJICKUX pa3Mmepa M0BOJbHO 5 wiu Buine. OBe
TpaHHIIe Cy HEONXO/HE KaKo O ce OCHTypayio J1a BUCKO3HU €PEeKTH Oy/y MPaBUIHO TPETUPAHU H
KOJI MOJIENIa ¥ KoJ] 6posia y cTBapHoj BenmuuunHu. Jlobujena GopMymna 3a npoueHy nedspune’ 30He T/Ie
Ce O4YEKYjy BHCOKH TPaJUjeHTH Op3MHE W TPUTHCKA, y3 caM TPYIl, KOJ OICTpyjaBama CIOXKCHE
6poscke popme nata je y oomuxy & = 0.075Lw/Re%® mro je ciudan 06mmk (3aBHCHOCT) KA0 U KO
npoIeHe JIeOJbHHE TypOYJICHTHOT TPaHUYHOT CJI0ja MPH OIICTPYjaBalky pPaBHE IUIOUE WIH CTPYjamba
¢bynna Kpo3 1eBH, npu 4yemy cy Lwi ay>kxuHa Ha BoHOj TMHUjU, a Re — Pejrnonacos 6poj (Crauka 6).
HaBenena ¢opmyna jecte 3acHOBaHa Ha NPOLICHHM JeOJbUHE TPaHUYHOI ciioja kox Opona ,Lucy
Ashton* u oHa He Mopa Jia Baku 3a OcTalie CIIOKeHEe OpoJCcKe GopMe, alli Ce MOKE KOPHUCTUTH Kao
noJia3Ha MpoleHa yJia3HUuX MapaMeTapa Koje je HeonxoHo aeduHucaTu paau nepuHuCakha MPEKE.

Benununna ocnoBue henuje mpexe (BS) mata je dopmymnom BS=(Lppr)/(30-4), e cy Lpp — ayxuna
n3mely neprienuKyanapa, I — hakTop pe3oyiuje Mpexe, a A — pazMepa 0pojia y K0joj ce IocTaBjba
cumynanuja. [Ipunkom nedunHucama Mpexke, moceOHy Maxmy Tpebda MOCBETUTH Opojy ciojeBa
YHyTap TPaHUYHOT cjI0ja M TpyOOCTH Mpexe, jep MpeTepaHo BEMKa MPETHOCTaB/beHa IeOJbUHA
IPaHUYHOT CJI0ja MOKE JOBECTH JI0 HEMOTPeOHO BEIUKOT Opoja henuja u myxker BpeMeHa Tpajamba
cumynanyje. [IpakTiaHo je 60Jpe 61aro MOTHEHUTH 1e0JbUHY TPAHUYHOT CJI0ja HETO j€ MPELeHUTH,
jep ce Ha Taj HauMH MOCTWXe Oosbm omHOC M3Mely pesynrara, TpyOOCTH MpeXe W PavyyHCKOT
BpemeHa. JluctpuOynuja ne0JbMHE TPAaHUYHOT Cli0ja Yy 30HU IICHTPAIHE JIMHHjE j€ jako I00po
anpoOKCUMHpaHa IOJMHOMHMMAa 4YETBPTOI CTEINEeHa, ca MakCUMaiHoM aeOspuHoM Ha 30%Lpp.
[TocmaTpameMm yTHIlaja pa3Mepe MoKa3zaHo je na edekar pazMepe uma 3HaTHO Behu yTuia) Ha
ne0JpUHY TPaHUYHOT €J10ja HEro cama poMeHa Op3uHe.
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Cnuka 6: [Topeheme TeoprjCKUX U EeMITMPH]CKUX KOpealyja 3a 1e0JbuHy TpaHUYHOT ¢JI0ja ca
HYMEpHYKH J00MjeHuM moaaruma opoa ,,Lucy Ashton® [7].

Jenan on cermenara Oponorpagme y kojoj CFD amatm jomr yBek HUCY NpPHU3HATH O] CTpaHe
PETYJIaTOPHUX OpPraHa y CMHCIIY JaBama MOoYy3/1aHUX Pe3yJiTaTa jecTe YTHIAj XparnaBoCcTH Ha OPOACKY

" Tlox ne6IbMHOM CMaTpa ce TMMEH3Hja yIpaBHa Ha MOBPIIMHY TpyIa 6poaa.
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xuapoauHamMuky. ['eomerpuja Tpyma koja je npenmer CFD ananuze ce y codTBepy cmaTpa uaeaiHo
TJIATKOM MOBPIIIMHOM, IITO j€ Y CTBAPHOCTH HeMoryh cirydaj 3aTo mTo mocroje oapehena oacTynama
MIPUCYCTBOM 3aBapeHHUX CIIOj€Ba M HECABPIIIEHO HAHETOM CJIOjy (hapOe, mITO y3 JACBUjalH]y JIUMOBA
TpyIa AOBOAM 10 MoBehama oTmopa Tpema, npe cera. Jlanac mocroje ypehaju koju omoryhasajy
MEpeme XPalaBOCTH IMOBPIIMHE, ald TO Yy MPAKCH, 3alpaBO, HHUKOM O]l OpOJOBJIACHHKA HHjE
notpeOHO. Joun jenaH BeNMKH YTHIlQ] Ha moBehame OTIopa Tpemwa jecTe IojaBa oOpamTama IITOo
3alpaBO MPEICTaB/ba HACEJbaBale¢ MOBPIIMHE TPYyNa J>XUBUM MOPCKHM CBETOM Kao IITO CY
MUKPOOPTaHU3MH, OaKTEpHje, alre, ITbUBUIIE, IIKOJbKE U APy opraHu3Mu. To je mpupojHa mojasa
KOjy je Hemoryhe wu30ehw, ajM ce HUXOBa KOHTAMHUHAIMja MOXKE YCIIOPUTH IPUMEHOM
camornonupajyhux npemasa, mpeMasuma KOju CIpeyaBajy IpHjambekhe OpraHn3amMa Kao U peOBHUM
yumhewem. Y CFD npopauyHrma ce He MOXKe TUPEKTHO MMILIEMEHTHUPATH MPOCEYHA BPEIHOCT
XparnaBocTu Beh ce yTHIa] cBHX HEMPAaBHIHOCTU KOjU YTUUY Ha OTHOP TPEHa Y TPAHUYHOM CIIOjY
y3uMa IMPEKO T3B. CKBUBAJICHTHE xpamnaBoctd. CymTHHCKH, OHA ojapehyje 3aKOHHTOCT MpoMeHe
0e3nuMeH3uoHe Op3uHe Yy TypOyJIEHTHOM I'paHHUYHOM CIIOjy. Y JIUTepaTypu MOCTOjU MaTeMaTHYKU
oIMcaHa 3aBUCHOCT u3Mel)y cpe/he BUCHHE XpanaBOCTH U EKBUBAJICHTHE XpanaBocTu, Mel)ytum, ona
j€ 3acHOBaHa Ha MEpeHHMa KOja Cy CIIPOBEICHA HAa jEIHOM BOJHOM OpOJy M TO CKOPO TIpe IBE
neuenuje. JlomaTHo, MOCTOje MHOTAa MCTPaKMBamka Koja ce 0aBe TEMOM YTHIIaja XpamaBOCTH KPO3
CFD mpopauyne, mana, Bammaaa je camo | TTC npenopyka koja moapasymMeBa yKJbyUHBambe yTHIAja
XpanaBoOCTH y MOCT-aHAIU3U pe3yirara. Y aHaIM3M KOja je CIpoBelcHa Kpo3 mucepraimjy [12]
cupernyre cy mpenopyke ITTC-a ca CFD-om pamm mnponanakema HOBE MaTeMaTHUKE Be3e
(mosnmHOMM) M3Mel)y cpeilbe BUCHHE XPaIlaBOCTH U €KBUBAJICHTHE XparaBocTu. Pa3ior cipoBohema
OBE aHAJIM3€ JIGKU y CKENCH Ja CaAallkbH MOJMHOMHU Jaje M3pa3uTo (YaK M HEPEaTHO) BEIHKE
MPOIICHE OTIIOpa Ca jaKO MaJMM MPOMEHAMa CPEIbe XParaBOCTH Tj. MOPACTOM CPEIE¢ BUCHHE
XparmaBoCTH Cca UACAIHO riaTke noBpimHe Ha 600 MukpomeTapa, TOTATHH OTHOp Opojaa (y oBOM
ciryuyajy Opoja 3a mpeBo3 pacyTor Tepeta koprucHe HocuBocTH oko 50000 Tona) nmopacte rotoo 50%.
Jomn jemHa cyMma y MOy3laHOCT mocTojeher mojuHOMa JISKH y TOME IITO 3a BPEIHOCTH CPEIHhE
BHCHHE XpanaBoCTH Mame o1l 150 MukpomeTapa, TOTaaHH OTIOp Opoja Takohe pacre. Pesynraru
cUMyJallfja ca HOBOJIOOMjEHUM IOJIMHOMOM, TOKAa3yjy MamH YTHIA] XpamaBOCTH Ha moBehame
otmnopa. [Iporiemene BpeIHOCTH yIITeAe y CHA3W MOTOpPa HAKOH METOTOJUIILET YuIhema Tpyna (01
6,6% 10 15,7% y 3aBUCHOCTH O] CPEIEH-¢ BUCHHE XPAMaBOCTH Tj. HUBOA 00PacIOCTH Tpyma) 100po
KOpeJHpajy ca mojanuma 13 JUTEpaType HOBUJUX UCTPAKUBAA.

Hpyru cermeHT 6pojorpaame y kom cy CFD anatu nonenu Benuku 6eHe(UT jecy HCTpaKuBamba Koja
3aXTeBajy BETUKH Opoj MpoBepa BapHujalujoM ojapeheHux mapamerapa. TakaB mpumep jecy TpuUM
ONITUMM3AIIMja WM ONTHUMHU3aLKja o0nKKa Tpyna. EkcriepuMenTanHa npoBepa OBUX Mapamerapa Ou
Om1a eKOHOMCKH HEHCILIaTHBa, ay je pa3Boj CFD-a HemuHOBHO oMoryhuo yHamnpeheme enepreTcke
e(pUKAaCHOCTH KpO3 IPHUMEHY OBUX Mepa.

Jenna ananmu3sa ytumaja oomuka tpymna [11] Ha mepdopmance je ypal)eHa Ha KOHTEjHEPCKOM OpOTY
Kpo3 onTumu3anujy obnmka mnpamuyaHor jaena. IIpoGnemaTtnka Opoja je 3acHOBaHa Ha JIOUIO]
eKCIUIOATalliju YMjOM aHaJM30M C€ MCIOCTaBUJIO Aa OpoJ TOKOM CBOT' TPOTOJHUIIHET MyTOBamka
HUKaJa HUje MJIOBHO HAa NMPOjJEeKTOBAHOM rasy, HUTH j€ IUIOBHO NpojekToBaHOM Op3uHOM. To ce
MaHH(ECTOBAIO TOCTUTHYTHM JIOIIUM E€HEPTeTCKUM pa3peloM. Y3 TpuMeHy ojapeheHux
orpaHuyemna, nposepeHo je 10 paznuuutux obirKa mpamiia U yTBpheHO je /a je 3a HajydyecTaluju
MOJIOXKA] TITMBamka, ONTHMalHA BepTUKaTHA craTtBa (0e3 mocrojama Oynba). Hbome O6m ce mormna
noctuhy ymreaa y JHEBHOj MOTPOIIKU ropuBa M A0 9% y OAHOCY Ha WHUIMjAJTHU JIU33jH, a TO
ayTOMAaTCKH 3HA4Y¥ W 00JbU (BHIIM) €HEPTETCKH paspen. JlogaTHuM cuMmysiandjama mokas3aio ce Ja
BEpTUKAJIHA CTAaTBa J1aje JIOLIMje pe3yiTaTe y OJHOCY HAa OPUTHHAJIHM JAM3ajH Ha MPOjEeKTHOM Tasy.
OBaj pe3ynaTaT HarjianaBa 3Hauaj mpusiarohapama AM3ajHa pEaTHUM OTIEPAaTHUBHUM YCIIOBHUMA.

Pa3Bojem pauyHapa BUCOKHMX NEPPOPMAHCH U ITApaMETAPCKOT MOJIEJIOBakba, MOrao OU ce MPOBEPUTH
3HaTHO Behu Opoj pa3nMUYUTHUX Bapujaliyja MpojeKTa 3a peJIaTUBHO KPaTKo BpeMe, KBAaHTHUTATUBHO
rJIe1aHo, poliieHa nepdopmancku oko 150 pasnuuuTux obnuKa rnmpamaiia 6u ce Moriia J0OUTH Kpo3
cBera HeKoJIMKo jaana. Ca apyre crpane, u3paaa 150 ¢puznykux Mozena je eKOHOMCKH HEUCTIIaTHBA.
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A pa3BojeM BellITauke WHTEIUICHIM]e W MPUHIIMIIOM aJaliTUBHOT Y30PKOBamka MOXE C€ YHAMpe.n
MIPEeIBUJICTH Ja JiK je yorTe notpedHo cinpoBoautu CFD ananu3sy 3a cBe cimyuajeBe uiau ce u 0poj
clly4yajeBa MOXKE PelyKOBaTH, IITO OW JOJAaTHO YIITEAETIO U KOMIjYTEpCKEe pecypce M BpeMe paja
HHKEHepa.

Jenna on HajeUKaCHUjUX OTMEPATUBHUX MEpa 33 MOOOJbIIAKE CHEPTeTCKE EPUKACHOCTH jJECTE TPUM
ONTUMU3AIIN]jA Jep OHA HE U3HCKY]je MoTpedy 3a mpomeHoM (opme. [Ipomena ¢popme 3axTeBa nogaTHa
ylarama y pa3paiay noTpeOHe TeXHHUYKE JOKYMEHTAIlMje Kao U MPOBEACHO BpeME Yy CYBOM JIOKY, a
THME ce clipevana ja Opoj 3apabyje.

Tpum ontummuzaimja je ypahena Ha jeanom Opozy 3a nmpeBo3 ayromoduia (ear. RO-RO car carrier;
RO-RO: roll on-roll off) [10]. [luss TpuM onTuMu3aimje je 61o aa ce npoHale OHaj 1MoJI0Kaj INBakba
3a KOju Opon ocTBapyje HajBehy ymTeay y MoTpeOHO] CHa3u MOTOpa IMpHU KpeTamy oapeheHom
Op3uHOM Ha onpeherom cpenmeM rasy. [locrapka CFD cumyianuja je oOyxBarana mpoIreHy npesare
cHare, 0j oaroBapajyhu 6poj oOpTaja mpomnenepa U THEBHY MOTPIIKBY rOpUBa 3a TPU Op3UHE, TPU
Cpe/ba rasa u ceJaM TpuMoBa (I110J10Kaja inBama). 30or Tora cy ypahene 63 CFD ananuse. M3a308
KOJHU c€ jaBJba MPH CIpoBOhemy BeIUKOr Opoja cuMyIialtja jecTe U BeJIHKU Opoj mojaraka Koju ce
TpeOa Ha HEKM HAYMH aHAIM3UPATH U TPEACTABUTH, a I0JIaTHE MOTEHIKohe ce Orieajy y TOME KaKo
MIPOLIEHUTH pe3ynTaTe 3a ciiydajeBe 3a koje Hucy pahene CFD cumynanuje. Jeman on HaumHa
pemaBama OBOT TpolieMa jecTe JUHeapHa WHTeprnojianuja mehy-pesynrara, mTo ce JaHac Beoma
nako paau. Mehytum, y 3aBHCHOCTM O]l HMBOA JTUCKpeTH3alje, Opoj pe3ysirara ce Tako camo
nosehaBa (y KOHKPETHOM Cily4aja Ha IPEKO JBa MHUJIMOHA I0JaTaka) U Ha Taj Ha4MH, TaberapHO
MPUKa3MBamke pe3ysiTaTta je OCCMHUCICHO W TPAKTUYHO HEynoTpeOJbnBo. OBaKO BEIHKU OpOj
MoJIaTaka ce OHJla MOXKE MPUKa3aTH TpadUvKy, AJIH je U TO IPOOJIeM jep Cy Y KOHKPETHOM CIIy4ajy
BapupaHa Tpu Tmapamerpa (Op3uHa, TpuUM U Tra3 Tj. JeIUIaCMaH), Na ce paid o
YETBOPOJUMEH3MOHAIHOM JIOMEHY T0/IaTaka. 3aTo Ce, y OBaKBUM CITy4ajeBMMa, O]l BETUKOr Opoja
nojiaTaka Koju cy mel)ycoOHo 3aBHCHU, MOXKe (POPMUPATH MaTeMaTUYKU MOJEI MOMohy BEIITauKuX
Heyporckux Mpexa (ANN). 3a tpeanpame ANN kopunihenu cy nermiacMan, Op3uHa, TPUM U CPEITEBH
ras Kao yjia3He BeIH4YHMHe, a pe3yaratu nooujenn CFD ananuzom — ucnopyuena cHara, 6poj ooptaja
mporesnepa v THEBHA TTOTPOIIha TOPUBA Kao W3JIa3He BeMMYMHE. MaTeMaTH4Ka HHTEPIIpEeTalija Be3e
HaBe/IEHUX MapaMeTapa je TpakeHa y 00JMKy CUTMOuIHe (GyHKIIM]e 3aTO LITO ce BbUuxoBa MelhycoOHa
3aBUCHOCT (MehycoOHa 3aBUCHOCT mapaMeTapa) 100po moayaapa ca 00JIMKOM OBe (PYyHIIKH]E.

Konaunu mMaTeMaTHUKH MOJIEN 3a MPOLEHY UCIOpYYeHe cHare, Opoja oOpTaja mpormesnepa U JTHEBHE
MOTPOIIKHE TOPUBA j€ BEOMa KOMIUJIEKCaH M HEMOTOaH je 3a JIaKy MPUMEHY jep ¢e CBOJIU Ha CEepHjy
MaTpUYHUX orepalnrja (MHOXKEma U cabupama) U IpUMEeHY HeTMHeapHUX aKTUBALMOHUX (DYHKIIH]a.
MehyTum, OBakBH MOJENTH C€ MOTY JIAKO HCIPOTpAMHpATH W HHKOPIIOPUPATH y HEKY BPCTY
aruuKanyje. ATuinkaigja Koja je pa3BijeHa 3a cnenuduyan cirydaj pasMaTrpaHor 6poja 3axTeBa Kao
yia3 caMo jelaH mapaMmeTap, a TO je JeruiacMaH. JleruiacMaH je yBeK To3HaTa BEIWYWHA HAKOH
yToOBapa TepeTa, a Ha OCHOBY YETBOPOAMMEH3MOHAJIHE MAaTpHIle y KO0jOj CBAKOM JICIUIAaCMaHy
OJIrOBapa BHIIE BPETHOCTH TOJIOKaja TJIMBama, Op3WHE W CPEImer rasa, Moxe ce Op3o Hahwm
ONTUMAJIaH CeT OBUX IapaMeTrapa IMpH KOjUMa ce MOCTHXKE HajMama NoTpeOHa Mpeaara cHara.
Orpanuverma TPHMEHE alUIMKaIfje 3acHOBaHA Cy Ha TpaHunama y kojuma cy pahenm CFD
NpoOpadyHH jep MaremMaTuyku Monenu jobujern Ha ocHoBy ANN cy Beoma oceTspbMBH Ha
apXUTEKTYpy MpeXKe Tj. Kako Cy pacrnopeleHu mapameTpu Koju cy KOpUIINEHH 3a BeHO TPEHUPAHE.

Y KOHKpETHOM ciy4ajy, HakoH ojapalheHe 63 cuMmymanuje, IpoIeHEeHo je 1a ce Hajehe ymrene y
NOTPeOHO] MPEHECCHO] CHA3M MOCTIIKY Yy MOJI0XKajy IIMBama mnpamua Ha pone (mperere) 1,5 merap
(HeraTUBHU MpaMYyaHU TPUM), C TUM IITO C€ MPH razy oj 7,5 MeTapa no0uja onTuMaaHa Op3uHa Of
15,1 uBop, a npu Behum razoBuma — ontumainHa O6p3uHa ox 12,5 uBopoBa Koja je 3ampaBo U J10Ha
rpaHMIia 3a Kojy je pahena ontumuzamnuja. Pen BenumuuHe ymrene y moTpedHO] UCIIOPYUEHO] CHA3H
je mo 10% mro je Beoma onTUMHCTHYaH pe3ynraT. HapaBho, Tpeba Harmacutu na cy cse CFD
cumyanuje pahene 3a cirydaj mupHe Boje (0€3 yTuilaja Tajiaca, MOPCKUX CTpYja M BETpa) U J1a c€ Y
PEaTHOCTH OBOJIMKA YIITEa HE MOKE OCTBAPHUTH, aJli TOCTOjU MOTYhHOCT /1a ymTeaa cBakako Oyzae

34



3HavajHa. Takolhe, BenMKa MpoMeHa TpUMa MOXKE HETaTUBHO YTHIIATH Ha MaHEBAPCKE CIIOCOOHOCTH
Opoja, ma u Te cirydajeBe Tpeda J0JaTHO pa3MOTPHUTH.
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3akibyyak

HcrpaxkuBama cripoBeia Kpo3 paioBe 00jeMmHeHE KPO3 OBY JHICEpPTAIlHjy MOKa3ajo je aa mocrojehe
METO/IE 3a MMPOIICHY MHJCKCa eHepreTcke ehrkacHoCTH Kako peynux [1, 2], tako u mopckux [3, 4, 5],
Cy Y 3Ha4ajHOj MEepU HeycarjalleHe ¥ HeJOBOJbHO MpHiIaroheHe mpakTuyHoj mpuMeHu. Metoze 3a
nmpoleHy uHaekca eHeprercke eduxacHoctu IWV O6m Tpebano na Oyay ycarjamieHuje
M0j€THOCTaB/bEHE, CIIMYHO Kao INTO j€ CIyda] KOJ MOPCKHUX OpojoBa, a y IUJbY edUKacHE
UMIUIEMEHTalMje Y nmpakcu. Hamnesxxau opranu 3a mioBHI0Y Ha YHYTPAIIHUM IDIOBHUM ITyTEBUMA
Tpebayio Ou a y CKOpHjeM Mepruoy NOHY/e pelemka Oyayhu 1a je mIaHupaHo J1a ce 3HavajaH Jeo
TpaHcIopTa Aobapa mpeHece Ha peke ynMme Ou ce 3HavajHo noBehao yneo eMucHje u3IyBHUX racoBa
y TpalloBUMa Kpo3 Koje OpojoBH IUIOBE. Y MPOTEKIUX JECeT TOJMHA HUje HHIITa HOBO ypaheHo
MTOBOJIOM MMILIEMEHTAIIH]€ MIPEAJIOKEHE JIBE METO/IC 3a MPOIICHY HHJIEKCAa EHEPTeTCKe ePUKACHOCTH
IWV, uak Huje moKylllaHa HU HUXOBAa KOHCOIHAIM]a, a HUje TpeIoKeHa HUjeHa HOBa METO/a.
Kao jenHo ox pemiema, MOTIIO OM c€ YBECTH KOHTHHYHPAHO MEPEHE Op3WHE U CHAre MOTOpPa TOKOM
CBake IUIOBU0E, y3 YIpaamky OrpaHHYKMBaya cHare (Kao Koj moMopckux 6poaona). Ha taj naunn Ou
ce MOTJia ymnpaBJbaTH M ONTHMH30BATH CHAara MOTOpAa y PEAIHOM BpeMEHY Kako OM Cce MOCTHUTIIIA
eHepreTcka epUKacHOCT MO Pa3IMYUTHM yCIOBUMA TUToBHI0e. Jlakie, mocTurayTa ehukacHoCT Ou
Tpebaio 1a ce MepH, a He caMo Ja ce padyHa. Ha ocHOBY pe3ynrara aHaimse, MpeaioKeHe METOIe
BepoBaTHO Hehe ycmeTd Ja TMOACTaKHY pa3BOj HOBHX TEXHOJIOTHja Yy OOJIACTH EHEpPreTcKe
epukacaoctu IWV y ckopujem mepuony. Pasznor je y Tome mTo (Gopme pasmarpanux OpomoBa
MPAKTUYHO HUCY MEHaHe JeleHHjama, a IpeMa TPEHYTHUM KPUTEPUjyMHUMa, OPOJIOBH U KaO TaKBH,
Beh 3a/10BOJbaBajy MPEJIOKEHE 3aXTEBE.

3Hayaj yBolema orepaTuBHOT WHIEKCA EHEPTeTCKe ePUKACHOCTH KO/ PeUYHUX OpOJI0Ba, Oryiesiao ou
ce y ToMe IITO OM ce MMaJja jacHHja MpeAcTaBa 0 KOJMYUHU U31yBHe emucuje (mpBercTBeHo COy).
[Ipema pasmaTpanuMm Mertojgama onpehuBama WHAEKCa €HepreTcke e(QHuKacHOCTH, a TMpH
MOJIU(UKOBAHUM YJIa3HMM NapameTpuma (kopuctehu cTBapHy mpeheHy AWUCTaHIy U KOJUYUHY
npeBe3eHor tepera), jegan tummdaH WV emuryje 180-200 toma CO: rommmme. Bapwujarmja
KOJIMYMHE U3IyBHE EMHCH]€ 3aBUCH Y BEJIMKO] MEpHU 0]l KOHPUTrypaluje peke, Op3uHe peke, 1yOnHe
Bojze, Op3uHe Opoma u np. CmamemeM Op3uHE IIOBUAOE, MOXKE CE€ IMOOOJBIIATH EHEPreTcKa
epuKacHOCT 710 ojpeheHor creneHa, a MpoyKeTak Tpajama MIoBH10e 01 Ha TOAUIIHEM HUBOY OHO
3aHeMapuB. Takole, OKa3aHo je J1a ce UCIYHEHEe KPUTEpHjyMa MOXKE JIAKO MOCTHhH NMpUMEHOM
KOHTpoOJIe Op3uHe MII0BUI0E Tj. OTPAaHUYMBAYMMa CHAre MOTOpa y3 KOHTUHYHPAHO Mpahemhe ’hUXOBOT
pana.

Konm mopckux OpomoBa 3acTyIUb€HH Cy W HOMHHAJIHUA M ONEPATHBHU KPUTEPUJYMHU EHEPTeTCKe
epuxacaoctu kpo3 EEDI, EEXI| (Homunanuu) u Cll (onepatuBuu). BbuxoBom aHaIn30M y IpUMEHU
Ha (ot OposI0Ba 3a MPEBO3 PACYTOT TepeTa, TAaHKEpa M KOHTEJHEPCKUX OpojoBa, M3rpaheHux y
JIBaJIECETOTO/IMIIHEM NEPUOly, a KOJU 4YMHE y30pak of 2,5% on cBercke (oTe KOjU MOUIEKY
KpUTEpPHjyMUMa €HEepreTcke e(hUKacHOCTH, YOuaBajy ce BeoMa CIIMYHH TPeHJOBH. Yak HM HAYMH
MIPOjEeKTOBaka OpO/IOBa ca CTaHOBMIITA MPOMEHE INIABHUX MapaMeTapa HUje 3Ha4ajHO MPOMEHEH
TokoM 20 roAMHAa, OCHMM IITO ce yrpahuBao mpomenep Beher mpedyHuka, a 1a je meroa Op3uHa
CMamHMBaHa IIITO JIOBOH JI0 3aKJbyUKa J1a je CMamkehe Op3uHe J00uIa Ha 3Ha4a]y Kao jeJIHa O] Mepa
3a moboJplIame eHeprercke epukacHoctd. Mako je Benuku yzaeo OpomoBa u3 0a3ze HCIYHaBao
npojekroBane EEDI xputepujyme y Bpemennma kaja cy usrpalheHu, BeIUKH Opoj BUX HE UCITYHaBa
EEXI xpurepujym. [TorpebHo cmameme Op3uHe pagu ucnymema EEXI kpurepujyma ko cBa Tpu
tumna o6poxaa je seoma cinuuHo (13-15%) u mpaheno je pexykuujom cHare motopa 3a 40-50% mto
Jenyje Kao orpoMaH ytunaj. MehyTtum, aHanm3oMm eHepreTcke e(QHUKacHOCTH OpojoBa Kpo3
oreparuBuu uHaekc (Cll), momasu ce 1o Apyraunjux 3akspydaka. [Ipocedne ormepatuBHe Op3uHE CY
3Ha4ajHO Mame O] pedepeHTHHX Op3uHa, Takol)e M OF MPOJEeKTOBAaHMX, IITO YyKasyje Ha
HEyCarjameHoCT TPOJeKTOBAHOT M EKCIIOATAIllMOHOT KapakTepa OpogoBa. Tpeba wucrahu na,
YKOJIMKO C€ €CIIOATallMOHU PEeKUM YCBOjJHU Kao MPOJEKTOBAHHM, Tj. aKO ce OpOoJl 3aucTa KOPUCTH Y
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OTICpaTUBHOM CMUCITY Ha HAYHMH Kao IITO j€ MPOjeKTOM U MpeBul)eHo, TOCTOju MOTYhHOCT J1a BETUKHU
Opoj mux (0OpoaoBa) UCIyHaBa Yak U HAJCTPOKE KPUTEPUjyMe MPOIICHE HOMHHATHE CHEPreTCKe
epukacHocTr. OBO JTIOBOJM JI0 3aKJby4Ka JIa HOMAHAIHU U ONEPATUBHH KPUTEPUjYMH €HEPIEeTCKE
epUKaCHOCTH HUCY OaIll ycarjamieHu jep y ciaydajy a cBu OponoBH ncnymanajy EEXI kpurepujym,
He 3HauM Ja ucnymwapajy u Cll kputepujym u oOpHYTO Tj. HaKO je OpOJ MO jeAHOM KPUTEPUJYMY
JOBOJBHO e(prKacaH, 1o IPyroM He Mopa OUTH.

Ca cranoBuTa aHaim3e nopehema moTpeOHOTr MPOLIEHTYATHOT CMakbEha CHare MOTOpa, OeIexu ce
CMameme Opoja OpoI0Ba KOjUMa je peayKIlfja CHare MoTopa noTpedHa y3 KBAaHTUTATUBHO CMambCHE
ylienay orpann4aBamy cHare. Takole, Oenexe ce U cBe HHKE BPeTHOCTH HOMHHAJIHHX ITapameTapa
eHepreTcke e(hUKacCHOCTH y TIEPUOJy O] IBAJCCET TOJMHA IITO HECYMIHBO yKasyje jJa OpoioBu
3aMCTa jecy MocTalu ePUKACHU]H.

[TapamokcainHo je mTo je yrBpheHo ma ce 6pomou kpehy Op3nHamMa Koje 0roBapajy cHarama MoTopa
Koje cy Beh ucrnoj rpaHuiia Ha Koje Tpeba OrpaHMYUTH MHCTalucaHe cHare MoTopa aa 6u EEXI
KpUTEpUjyMHu Omin ucnymeHdu. OBO OTBapa NMUTame KOJMMKH he OMTH cTBapHHU edekar cMamerma
emucuje racoBa y Oynyhnoctu. CylmITHHCKH, HU TaHKEPHU, HU OPOJIOBH 3a MIPEBO3 pacyTor TepeTa, HU
KOHTEJHEPCKH OpOJIOBU HE TUIOBE Op3MHAMa 3a KOje Cy IpOjeKToBaHU. To ocTaBjba MPOCTOp 3a
yHarnpeheme nocrojehux OpomoBa jep BEpOBATHO HUCY ONTUMHU30BAHU 3a pajl MOJ yCIOBHMA Y
KOjUMa ce eKCIUIOATHINy, a Takohe, yKa3yje U Ha HMOTpeOHYy MPOMEHY HPUCTyIa Yy MPOjeKTOBAbY.
HoBu GpomoBu Tpeba 1a ce mpojeKTyjy mpemMa CTBApHUM ONEepaTUBHUM pexxumuMa. Kpo3 ananm3y
Mepa o0oJbIIama eHepreTcke e(hUKacHOCTH, YTBPH)ECHO je J1a TIOYETHH JAM3ajH UTpa BEIUKY YJIOTY y
nporieHu rmeppopMaHcu OpoOBa M J1a y 3aBHCHOCTH 01 oOiuka Tpymna [11], Moxe ce ocTBapuTH
3HauajHA ymTena. YIITee Y eHEpreTckoj epruKacHOCTH KOje Cy MOTY TOCTUNY Y MHUIUjATHO] (a3u
MpOojeKTOBama KOHCTPYKIje [6] cy y paHry yiTena Koje ocTBapyje yrpaimba mojeuHux ypehaja 3a
yirreay enepruje (ESD).

Beoma BenukM JONPUHOC Y pa3Boj €HEPreTcku eQUKaCHUjUX OpojoBa je a0 pas3Boj H
nMmiuiementanuja CFD anarta y Opogorpanmu. Bberosom cBe Behom nmpuMenom, omoryheno je Opxe
Y €KOHOMCKH HCILIATUBHU]E MPOHATAXKCHE ONTUMAIHOT PEIIcha 10 MUTaky WHHUIUjATHOT JU33ajHa,
anmu ¥ ontumusanuje noctojeher [10]. Tlurame BaTUAHOCTH KOMITYTEPCKUX CHMYyJaluja Opojcke
XUIpOAMHAMHUKE j€ paHHuje OMI0 BeoMa YNHMTHO, alu je cBe Behu Opoj jaBHO JOCTYNHHUX
eKCTICpUMEHTAIHAX TI0/IaTaka yKa3ao Ja C€ y3 NaXJbUB OJa0dMp M METOJOJIOTH]Y IOCTaBKU
cUMyJaIuja, MOTy 100UTH noy3aaHu pesynratu. Camo y nmocnemhe 1Be ToArHE ce Oelexu 3Havyajan
nopact CFD panuonuna koje ympaBo omoryhaBajy mpoBepy W BaIHAANM]y TEXHHKA KOpHUIINEHa
CaBpEeMEHHUX ajiaTa. JeJaH O] HajBAXHUJUX 3akJbydaka koje je monena CFD pamuonwuma, umju je
MpeAMET UCTpakuBama 6uo 6pon ,,Lucy Ashton®, jecte taj na je CFD nocturao HUBO 3peOCTH KOjU
omoryhaBa meroBy mpuMeny (y Opomorpaamu) 3a ciiydajeBe MPOICHEe OTIOpa TpyIa y CTBAPHO]
BEJIMYMHHM Y3 YCJIOB JIa C€ MOIITY]jy HOOPH HHKCHEPCKH CIaHIApIU: aICKBATHO TCHEPHCAHE MPEXKE
Y IIpaBUJIaH U300p Mapamerapa NpUIMKOM ocTaBku cumyianuja [9]. Ocum Tora, oBakBe paJHOHHUIIE
CITy’Ke Kao 1iaTgopma 3a pa3MeHy UCKYCTBa U €IyKallHjy, ITO JOMPHHOCH LIETOKYITHOM HAlpEeTKy
noMopcke uHaycTpuje. [loceOHO 3HaYajaH pe3ynTaT HCTpakKMBama OJHOCH ce Ha mopeheme nBa
pa3nuynTa HAYMHA TeHepucama moThcka [§]. Mako mpomenep W MiIa3HH MOTOpPU TPEICTaBIbAjy
MOTITYHO Pa3jIMUUTe KOHIENTE MOTOHA UM MUMajy Pa3IUyYuT IOJ0XKa] Y OJHOCY Ha TEeXHUIITE Opoja,
MOKa3aHo je Jia OBa pa3jifKa HeMa 3HavyajaH yTUIAj HU Ha MPOIEHY YKYITHOT OTHopa Opoja HUTH Ha
HBEroBa JIMHAMUYKa TIOMepama, Kao MTo Cy OHUpamke U ocpTame. JJoOujeHn pe3ynTaT yKasyjy aa
rmo0ayHe XHIPOJAWHAMHYKE KapaKTEPUCTHKE Opoja, y KOHTEKCTY TIpPOIEHE OTIOopa, OCTajy
MIPaKTUYHO HETIPOMEm-eHEe 0e3 0031pa Ha HAuWH NMPUMEHE MTOTHCKA.

JlogatHa WCTpaKMBama Koja Cy CIpOBejeHa Ha jomn jexHom Opoxy (,,Meteore), [13] 3a xoju cy

(ayTopy) JIOCTYNHHU €KCIEepHUMEHTATIHU MOJAlli MpPOIeHe OTHOpa Opoja M TecTa ayTo-TPOIyJ3uje
(Tecta Mepema Op3WHE M CHare MOTOpa) y CTBapHO] BEIWYHMHHM, IMOKa3alia Cy 1a ce y onapeheHom
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oncery ®dpynoBux OpojeBa mory nooutu mnoysganu pesyiaratu CFD cumynamuja y cTBapHOj
BEJIMYWHY, Y3 OACTyHamka YHyTap IpaHUlla IIPUXBATJbUBHUX 34 HHKEIHEPCKY IIPAKCy.

CFD uma moteHmmjan ga mocTaHe CTaHIApIHU ajaT y paHuM Qa3ama MpOojeKTOBamka, MOCEOHO Y
YCIIOBMMa KaJia Cy MOJIEJICKAa HCIITHBama MPECKyNa MM BPEMECKH 3aXTCBHA, a HCIUTUBAMmA Y
CTBAapHOj BEIMYMHM roToBO HeMoryha. Ananusa Opoaa ,,Meteor nocrasiba ocHoBy 3a 0yayhy CFD
pamuoHuIly Koja he mpBH MyT MHTEIPUCATH CBE KJbBYYHE OOJIACTH OpOJCKE XUIAPOJWHAMHKE —
npeaBuhame OTIopa Tpymna y BUILE pa3Mepa, yKby4dyjyhu M CTBapHY BEIWYHMHY, TECT MCITHBAHbA
KapaKTepUCTHKA TIporiesiepa y CI000IHO] BOXKEbU KAa0 M MPOIICHY MOTOHCKE CHAre Tj. MPOIEIePCKe
kpuBe. Tume he ce momatHo nompuneru ynampehewy noysganoctu CFD meToma u mHXOBOj CBe
IMPOj IPUMEHHU Y TTOMOPCKO] HHAYCTPHjU. Y mpuior aonpuHocy oBe paauonuiie CFD 3ajemnunm
W€ U TO IITO C€ 3a Y NpUjaBuiIo Buie o S0 yuecHuKa, ITo he camy paJuoHHUIy YAHUTH O Cajia
HajOpOjHUjOM HKaja.

3Hayaj mapaMmeTpu3alyje nocTaBku npoodnema y 6mino koM CFD codrBepy je Beoma 3Hauajan jep ce
LEJIOKYIIaH TIPoLeC MOXe yOp3aTH ca HEKOJIMKO caTh Ha cBera map muHyTta [/]. Mertomonoruja
neduHUCamba IPOPAYYHCKE MPEXKE Y OKBHPY 30HE BEJIIMKHX T'pajidjeHaTra Op3uHE U MPUTUCKA y3 CaM
TPyI Jjgaje jo0ap HWHHUIHJATHH OKBUP 3a J00HMjame MOY3JaHUX pe3yiaTara MpH Pa3InIuTHM
pasmepama. Y CrocTaBJbambe eMIIMPHjCKe PYHKIIM]E U 3aBUCHOCTH (U3NYKKX NTapameTapa oMoryhuie
Cy JIOCIIE/THO TeHEPHCahe MPEeKEe M MOY3JaHOCT NpeaBuhama XUApOoIMHAMHYKUAX KapaKTePUCTHKA.
CrpoBezieHo uctpaxuBame gonpuHocu yHanpehewy CFD meronma y Opomorpaimu U npeicTaBiba
KOpak Ka e(pUKaCHHjUM M CTaHIapIU30BaHMM MOCTYNIUMA y Ie(pUHHCAKY MPOPAYyHCKE MpEXe
opoackux ¢opmu. byayha ucrpakuBama O0u Tpebasio na ce ycMepe Ha yHampeheme TexHuka
aJlanTHBHE MPEXKe U MPOIINPEHHE BATMAANN]E HAa PA3IMYUTUM THITOBIMA OpOJICKUX (hopMHu.

MaremaTnuka uHTepnpeTanuja yrunaja xpanaBoctu y CFD codrBepuma jomr yBek mpeacraBiba
BEJIMKY EHHWTMY Yy TMPOICHH BHCKO3HOT ortnopa [12]. HemoBosban Opoj eKCHEpHUMEHTATHUX
UCIHUTHBamwa JOBOAM 710 HeMoryhHoctu Bepugukaiyje pesynrara gooujenux CFD ananuzom u 3ato
JlaHac TOCTOje€ BEJIMKE HEJIOTMYHOCTH Yy TpOlleHaMa TOTAJTHOT OTIOpa Cca YKJbYYEHHUM e(eKTOM
XpamnaBoOCTH jep Ce MOCTaBJba JOIMYHO MUTAHkE Jia I OPOJOBU ca IPOMEHOM XParaBoOCTH O] CaMo
0,5 munumetapa umajy u 10 50% Behu otnop?! M3 npakce ce Moxke 3aKJbyUUTH J1a Cpe/ha BUCHHA
XpanaBoCTH KoJ oOpaciux OpogoBa Moxe OUTH U YaK HEKOJIMKO LIEHTUMeTapa 1 OH/a Ce MOCTaBIba
JIOTUYHO IMUTamke, aKo OU ce TakBa mpodiemaTrka yBpeTmiia y CFD codrep, na mu 6u ce TakaB Opoj
YOIIIITE MOTao MOKpeHyTH?

HecymmuBo je na je ynorpeba CFD-a noBena 0 mpojeKToBama eHepreTcku eukacHujux 6poioBa,
any He caMo HoBou3rpahenux, Beh je omoryhuna u yHanpehemwe nocrojehux. bpxum nponanaxemem
e(pHUKaCHUX pellekha y3 EKOHOMCKY UCIIATUBHOCT, pa3BUjeHa je MOTIIyHa HOBa 001acT Opojorpaime
Koja mpe HHje mocrtojana. [lopex amekBaTHOT TPOjJEKTOBAmA, TMOJjETHAKO je OWTaH W HAYUH
eKcIuIoaTaiuje oposa 1j. 1a a1 OpoJ MJI0BU MpeaBuheHOM Op3MHOM Ha a3y M HOJ0Xajy MJIHBamba
(TpuMy) Kao HITO je TO MPOjEeKTOM M 3aMUIbeHo. Kao pe3ynrar Heyckial)eHOCTH MpOjeKTOBaHOT
pelema 1 eKcIioaTalyje, 0po1oBH MOCcTajy HeeUKaCHUjU BUJ] TPAHCIIOPTA ca CTAHOBUIITA U3/1yBHE
eMHCHje 1 TIPSHEIICHE KOJUYNHE TepeTa.

Tpum ontummsanyja [10] nma 3HayajaH yTUIA] HA CMambEHkE TOTPOLIHE TOPUBA, a CAMUM THM U Ha
€MHUCH]y TacoBa, y3 JOJATHO CMamEHE ONMEPaTUBHUX TPOIIKOBA Opoaa. YHOTpeOOM BEIITauKUX
HEYPOHCKUX Mpexa 1o0uja ce MOryhHOCT /1a ce 3a OMiIo Koju yciaoB Op30 o/peu HEeKH mapamMmeTap
6e3 motpeda 3a HoBuM CFD cumynanujama, mro je moceOHO BaXHO y ONEpaTUBHOM IIaHUpamy. Y
KOHTEKCTY TPUM ONTHMHU3ALMje WK OUJI0 Koje XuapoauHaMuuke aHamuse, ANN ,,yun Ha OCHOBY
CKyla Tojaraka no0ujeHux ekcnepuMmeHTaTHUM mnyTeM win CFD cumynanmjama u dopmupa
¢byHKIMjy MamMpama Koja 3a JaTH CKYIl yJa3HUX BpPEAHOCTH mpenBuba oxarosapajyhm wusnas.
Pa3Bujena pomatHa codTBepcka aruKamuja jeé CaBpeMEHH KOpakK Hampea Ka JUTHTaTu3aiuju
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oponorpaheBne nHmycTpuje. OBakBe arIMKamuje MOry momohu mocanu Ha Opoay Ja y peasHOM
BpeMEHY ONTHMH3Yjy Op3uHY W y3 ONTHUMH3AIM]y PyTe€ OCTBape YIITEAe TopuBa W MoOOJbIIAjY
E€HEepreTCKH paspen 6poaa. Mehytum, HajBehu M3a30B HUjE y caMOj TPUMEHU MaTEMAaTUIKUX MoJIesia
i copTBepckux anara, Beh y mouetHoM pasBojy u Tperupamy ANN, rae je HeonmxomaHo 06e30eauTu
KBAJIUTETHE IMOJIATKE, NPABWIHO IU33jHUPATH aPXUTEKTypy MpPEXKEe W H3BPUIMTH TEMEJbHY
BaJIMIalIN]y.

Cymupajyhu cipoBeicHe aHAIIM3€E U pe3yJiTaTe, 3aKJbydyje ce Jia je eHepreTcka e(hukacHOCT OpooBa
JEIHO MYJNTHIAMCUIMIUIMHAPHO TMOJbE KOje 3axXTeBa ycKial)eH MPUCTYN peryjaTHBa, MPOjeKTOBamba U
excruioaranyje. Cucrematnyna uHTterpanuja CFD MmeTtoma, ekcriepuMEHTATHUX HCIUTHBAaWkA U
TEXHOJIOIIKHA COPUCTUIIUPAHUX AJITOpPUTAMa Kao IIITO CYy BEIITAYKEe HEYPOHCKE MPEXKE WIIH BEIITAuKa
MHTEIUTeHIINja, MOKE JOBECTH JI0 OTBapama jeJHOI HOBOT IOIJIaBJba Y HAUMHY MPOjEKTOBama U
ekcruioatanuje Opogose. Y OyayhHocTH, Hampenak y 0o0JiacTu eHeprercke e(uKacHOCTH 3aBucuhe
O]l CIIOCOOHOCTH J1a C€ Pa3BHjy CTaHIAPIU30BaHU, (DICKCUOWIIHM M TPAHCIIAPEHTHU MOJEIU KOjH
MOTY JIaKO Jia Ce€ MpOoBepe, MOHOBE M KopucTe y npakcu. [lox daexcubmnnomhy ce cmarpa na Ou
MeToze Tpebano na Oydy MpHIaroA/bUBe pa3IiMdUTUM TUIIOBHMA OpO/IOBa, peXKMMUMA TUIOBUAOE U
HUBOMMAa JIOCTYIHOCTU moxaaraka. [lon TpancmapeHnTHomihy ce cmarpa Ja pe3yiTaTd JOOHjeHH
CaBpeMEHHM CO(PTBEPCKUM anatuma Tpeda na Oyay jacHO JTOKYMEHTOBAaHHU W MPOBEPJbUBHU, TAKO J1a
Ce MOTYy KOPUCTHTH M Yy HWHXEHEpCKe W y peryinatopHe cBpxe. Camo cuHeprujom wusmely
peryIaTopHHUX Tella, MCTPAKUBAUKE 3ajelHulle W HHAycTpuje Moryhe je 00e30emuTH CTBapHH
HampeaaKk y TIpaBily OAPKHBE, TEXHOJOIIKH, a TMOTOM M €KoJIoIIKKu yHarpehene OpomorpalheBne
WHIYCTpHjE.
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3aBpuiHa peu

Jla nu he m Ha KOju HauuH TpeHyTHa Tpeha nenenmja 21. Beka OMTH jenHA OJ UCTOPUJCKUX Y
OponorpaheBHO] MHAYCTPHU]U OCTaje /1a ce BUau. HecyMmBUBO je 1a OHa BHIIIe HUKaja Hehe OMTH ucTa,
TpamuuuonanHa. Jlamac, y3 pa3Boj caBpeMEHUX COPTBEpCKHX ajiata, OHa IOCTaje
MYJITHIMCIMILIMHAPHA 00JacT HHAYCTpHUje. TexmoM 1a ce KOHBEHIIMOHATHN HaYHH MPOIYJI3Uje ca
JM3e]l MOTOpUMA Yy TIOTIYHOCTH 3aMEHH JPYTUM, aaTepHATHBHUM, HakoH Buine oj 100 roauHa
wioBua0e, 3aBpiinhe ce jeHO BEIMKO MOTJIaBJbe OBOT BUAA TPAHCIIOPTA.

Jla nu he BemTauka MHTENUTEHIMja YMAamHTH 3HA4Ya) paja MHXKemepa Opomorpamme? CBe 1OK

UHXXCHEep KOPUCTH By 3a pa3Boj JIMYHHUX BEIITHHA 3apaj pa3yMeBama (DU3MKAIHOCTH MOjaBa M
yHamnpehema inyne epukacHocTH, buhe criocodan na Oyae ucmpen me.
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ABSTRACT

Although the International Maritime Organization (IMO) introduced the energy efficiency requirements for ships more
than a decade ago, to date, inland navigation has not been affected by corresponding regulations at all. Therefore,
inland waterway vessels are left with no mandatory requirements that could push their technology into more energy
efficient design. Fortunately, there are certain pioneering attempts to define energy efficiency criteria for inland vessels.
This paper tries to gather and provide a review of such methods. Moreover, a typical Danube cargo inland vessel’s
data are used to evaluate their current energy efficiency levels with respect to provisional criteria. Consequently,
two methods are found and used here. They are both based on IMO’s energy efficiency concept but modified for the
inland waterway vessels. The methods delivered a significant difference in applicability and were difficult to compare.
Moreover, shallow and deep-water effects are explored in the same regard but provided unsound conclusions. The
final results displayed discrepancies in energy efficiency levels for the same vessels and so the methodology should be
improved and harmonised, if it is to be introduced as mandatory for inland waterway vessels. The analysis provided
a glimpse into the current condition of the traditional design of the Danube inland fleet, with respect to the emerging

energy efficiency policies.

Keywords: Inland vessels, Energy efficiency, Energy efficiency of inland vessels, EEXI, EEDI

INTRODUCTION

The reduction criteria for greenhouse gas emissions (GHG),
issued by the International Maritime Organization (IMO),
have been mandatory for newly built sea-going ships over 400
gross tonnage (GT) since 2013. In the case of existing ships,
the corresponding requirements are set to start from 2023.
These regulations, in the form of energy efficiency indices, are
being implemented as a short-term measure and are intended
to be strengthened over time to achieve the final long-term
goal reductions. Therefore, the IMO introduced a set of
energy efficiency indices through its Marine Environment
Protection Committee (MEPC). The indices were intended

to measure a ship’s energy efficiency level. The first one,
energy efficiency design index (EEDI), was first introduced
in 2011 and applied two years later for new ships [1], while
incrementally strengthening the criteria every five years.
The EEDI value (attained EEDI) corresponds to the grams of
carbon dioxide (CO,) emissions per ship’s capacity-mile and
is to be calculated for each ship. Attained EEDI must be lower
than the required EEDI, which is the criterion also imposed
by IMO. Furthermore, following the Paris Agreement and
the global need for GHG emission reduction, IMO presented
a strategy for shipping. In general, it can be summarised as
being: to strengthen requirements for EEDI over the years, to
reduce the carbon intensity of ships (CO, per transport work
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to at least 40% by 2030, reaching a 70% reduction by 2050)
and to reduce GHG emissions to at least 50% by 2050, when
compared to 2008 levels [2]. Moreover, IMO addressed the
efficiency of existing ships in the same manner as in the case
of EEDI, i.e., by introducing EEXI, which stands for ‘energy
efficiency of existing ships’. This requirement is set to start
applying from 2023 [3].

In the meantime, ships are mostly fighting against the
indices’ criteria by slow steaming, while technological
improvements like energy saving devices (ESD) and alternative
fuels (and optimisation of the hull) still need some time to
become fully applicable. Nevertheless, some authors have
investigated the relation between fleets of existing ships
and emerging indices: in cases of fleets of multi-purpose
ships [4] and in cases of various ship classes [5]. Others have
even recognised the ‘energy efficiency gap’ [6], labelling the
industry’s reluctance to address the use of novel technologies
in order to reduce emissions.

Contrary to sea-going shipping, inland waterway vessel
(IWV) regulations are much less unified. Depending on their
navigation and cargo, IWV rely on various interconnected
national, regional and international regulations.
Unfortunately, these are not fully consolidated. However,
the UN and EU are, indeed, trying to harmonise regulations
on an international level [7, 8]. The EU inland fleet consists of
10,000 vessels registered in countries interfacing the Rhine,
while an additional 3500 and 2300 vessels are registered along
the Danube and in other EU countries, respectively, according
to [9]. However, there are innovations that include energy
efficient inland vessel designs. Reduced fuel consumption,
air pollution and improved overall efficiency (considering
specific waterway conditions) were investigated for merchant
river vessels in [10]. Moreover, a high energy efficiency inland
ferry concept was developed in [11], using hybrid propulsion.
Similarly, the research in [12] explored hybrid propulsion
as well, in addition to potential hull shape modification, to
design a more energy efficient small inland passenger vessel.

Still, no mandatory requirements are available for the energy
efficiency of IWV in any form. An explanation could be found
in the much lower total GHG emissions of IWV transport
when compared to road transport (in EU member states)
and a conservative IWV industry. Yet industries that are not
pursuing decarbonisation politics are risking exposure to social
discontent.

Therefore, this paper aims to present a review of proposed
and provisional methods for the calculation of energy efficiency
indices for IWV. Furthermore, energy efliciency indices are
calculated for typical Danube vessels. The results are expected
to provide a perspective on current IWV designs regarding
the initial energy efficiency criteria.

ENERGY EFFICIENCY INDICES FOR
INLAND WATERWAY VESSELS

Although no energy efficiency regulations have been
developed for IWYV, overall efficiency indices are available
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in a non-regulatory form. They are mostly related to the
hydrodynamic performance of the vessels and transport
efficiency, but not directly to the energy efficiency from an
environmental point of view, as in the case of EEDI or EEXI.
Proposed energy efficiency indices, in particular, (explored
for IWV and EU waterways) have already been systematically
presented in [13], while the original research was delivered
in [14, 15]. There are very few studies available regarding EU
waterways but there is a study on this topic for waterways
outside the EU, see [16, 17].

Proposed energy efficiency methods are based on the EEDI
concept. Accordingly, the calculated or estimated so-called
‘attained EEDI should be lower than the required EEDI value.
When evaluating energy efficiency performance with respect
to the IMO’s EEDI approach, it should be considered that IWV
usually have larger engines than they need for the designed
speed. This is because of the additional operations of IWV,
compared to sea-going vessels. For instance, IWV are intended
to push barges and to be coupled with other vessels. Therefore,
using just the IMO procedure for IWV would not be suitable,
since the EEDI formula for sea-going ships considers 75% of the
engine power in still water. Moreover, inland vessel operations
heavily depend on navigation conditions. This accounts for
large variations of the draught between deep and shallow-
draught vessels. The draught governs the propeller diameter
and, thus, the installed power, which directly influences energy
efficiency index. In addition, it should be noted that vessels
use less power when operating downstream, compared to
upstream. Consequently, IWV energy efficiency indices cannot
just be transferred from the maritime sector.

MODIFIED EEDI

One of the first attempts to define the energy efficiency
of IWV can be found in [13]. The method is based on IMO’s
EEDI approach and labeled as modified EEDI or EEDI*. It
was developed at the Department of Naval Architecture
(University of Belgrade). The method presents a procedure
for the calculation of attained EEDI* and required EEDI*. It
can be used for existing vessels as well. The proposal presents
the benchmark study, that can be comparable to phase 0 of
the EEDI requirement, delivered for sea-going ships built
after 2013, see [1]. The summary of the method, referred to
here as Method 1, is presented in Table 1.

DST EEDI

DST (Development Centre for Ship Technology and Transport
Systems), a Duisburg based institute, proposed equations for the
assessment of energy efficiency of IWV, see [15]. The method
classifies four vessel types: dry cargo/container self-propelled
vessels, tankers, pushed convoys and passenger vessels. It also
differentiates equations according to the navigation zones. Here,
the procedure is given for cargo vessels carrying dry bulk or
containers, considering the navigation in deep and shallow
water. The method is presented in Table 2 and referred to as
Method 2. Deep water corresponds to a water depth of 7.5 m



Tab. 1. Method 1

Indices Attained EEDI* Required EEDI*
Equation EEDI*=P, -SFC-CF/ (M V) EEDI *Req =a-mp,..c
Ranges 10 km/h <V <22 km/h; 0.4 < Fnh <0.65; 100 t<m, <3000t
Deep water:
EEDI* - Modified energy efficiency design index [gCO,/gFuell; a=0.39554-V>-11.27833 - V+111.69043
Explanations P,,..— Reference engine power for achieving V [kW]; Shallow water:
P SFé - Specific fuel consumption, assumed 200 [g/kWh]; a=93712-F 3-516.38-F > +886.54 -F " -414.86
and e nh nh nh
coefficients | CF~ carbon emission factor, 3.206 [gCO,/gFuell; Deep water:
My, — mass of deadweight [t]; ¢=-0.00114 - V?-0.05177 - V+0.70843
V - actual vessel speed through water [km/h]. Shallow water:
c=-0.4181 -F,3+2.5716 ‘F 2 -5.2767 - F * +3.3485
- Vis not governed on 75% of MCR like in IMO’s EEDI approach, | - Benchmarking level formula is based on more than 10 year old
but poses an actual speed with reference to the water; vessels, but it is proposed that data should be collected from
- Py, is reference power, not based on MCR like in IMO’s EEDI vessels built in the past 10 years;
Notes approach; - a, c are functions of vessel type and V or Froude number F , in
- EEDI* is to be assessed for all vessels in the same speed case of shallow water, h = 5 m;
and river constraints (for instance: shallow water) to allow - The formula is proposed to be strengthened over the years for
comparison. 10%, 20% and 30% like in the case of IMO’s EEDI.
Tab. 2. Method 2
Indices Attained EEDI (EEDI, ) Required EEDI (EEDI, qu)
Deep water:
Py=o; mpy, Deep water:
P, measure, V, calculate EEDI,,,, EEDI,, = a,+ B, exp(mpy/- y,) + v, - exp(impy,/-6))
Equation EEDI,,,,= CF-SFC- P,/ (Vs mpy)
Shallow water: Shallow water:
P = (as+ B, exp(-y,- B)- 8, exp(h/-¢,) - mpyy EEDIkeqz(“7 +Bs Vot ys- VA+(O0s+ &, Vo~ G- V2+ 1 Va)
P, measure, V, calculate EEDI,,,,EEDI,,, = CF- SFC- P, [(Vs - mpy) - exp(Mpy/- 0,
Deep water: T'=1.5D; T=2.0-3.2 m
Ranges
Shallow water: T = 1.5D; h = 3.5-7.5 m; T = 2-2.8 m; L = 40-135 m; B = 5-17 m; m,,,,» = 250-6000 t; V. = 2-8 km/h; min(h/T) = 1.4
Deep water:
% % &y ﬁ1 182 Vi Y2 9, Uy
0.262 0.146 10 0.25 13 11 470 4500 8
Shallow water:
(04 [0 (04 [0
Coefficients 6 7 8 9 B. Bs B, Bs
0.375 21 18 0.375 0.0625 0.7 0.0625 2.5
V4 Vs Y7 9, d; d; 85 2
0.13 0.28 8 0.5 11 0.5 0.75 2.8
& & &5 CI (3 Y0 UE b,
0.78 2.8 0.25 0.46 0.375 0.154 3100 800
D - propeller diameter [m]; B - vessel breadth [m]; / - river depth [m]; SFC - specific fuel consumption, assumed to be 220 [g/kWh];
Explanations CF - carbon emission factor, 3.206 [gCO,/gFuel]; PD - delivered power [kW]; EEDI,,, - attained (estimated energy
efficiency design index [gCO,/tkm]; EEDI,,, - required energy efficiency designed index [gCO,/tkm].
Notes For dry bulk and container vessels; For deep water (h>7.5m) and shallow water (zone 3) navigation;
The method is proposed to be strengthened over the years for 15% and 25%.

and above, while shallow water (which is defined as Zone 3 of
the navigation conditions in EU inland waterways) accounts
for the lower water depths.

ON MODELS AND THEIR APPLICABILITY

Proposed indices for inland vessels are not (formally
speaking) energy efficiency indices for new vessels, as far as they
correspond to those considered in IMO regulations for sea-going
ships. They are, rather, indices for existing vessels, although they
are labelled as EEDI here and could be used as such.

In this paper, a database consisting of 44 vessels was taken
from the database in Method 1, published in [14] and used

as a starting point for the analysis. The database contains
hydrodynamic characteristics of self-propelled river cargo
vessels obtained during the navigation and in model testing.
Firstly, in order to evaluate energy efficiency indices for both
methods, it was necessary to estimate the delivered power —
speed curve for the vessels. Estimation of the delivered
power — speed curve can be performed using the complex
mathematical model developed in [14], via an artificial neural
network approach. Respective input variables include: waterline
length (L ), breadth (B ), draught (T), volumetric displacement
(V), ship speed through water (V), hydraulic radius (R,),
waterway breadth (b) and waterway depth (k). The output of
the mathematical model is a coefficient of delivered power
(CD) which is then used for the calculation of the delivered
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power according to: PD = CD - (p - g+ V - V). However, the
mathematical model could not be applied for all cases because
of the applicability limitations of the methods. Therefore, for the
vessels that are ‘out’ of the limit and, moreover, their power -
speed curve is not available as a part of the documentation, new
river trials should be performed to obtain such dependency.
Nonetheless, input variables for the required index are much
less complex to acquire and include: Froude number based on
water depth (Fnh) and deadweight (m,,) for Method 1; and
speed of the river (Vc) and deadweight (m,,,) for Method 2.

River speeds considered in the assessments were 2, 4 and
6 km/h, as this range corresponds to the applicability of the
methods. The authors did not have all the parameters of the
fleet that were required. Therefore, empirical equations given
in [14] and recommendations from [18] were used to estimate
missing data, which mostly concerned the deadweight values
for some of the vessels.

Consequently, Method 1 can be applied to 32 vessels from
the original database of 44, considering an upper boundary level
of 3000 tons of DWT. In contrast, Method 2 only applicable
for draught T'= 1.5 - D (where D is the propeller diameter),
which is very restrictive. Therefore, an original database
consisting of 44 vessels was reduced to only one vessel, when
Method 2 was considered. Hence, the vast difference between
the methods’ limitations was obvious from the start. Generally
speaking, the draught required for Method 2 is not a design
draught and, thus, a corresponding DWT will not be directly
available for the analysis, in order to evaluate EEDI (attained
and required). Therefore, this method commonly requires
additional documentation, such as Trim and Stability Booklet
for each specific vessel, where necessary input parameters for
EEDI assessment can be found. Method 2 provides a limit of
6000 tons of DWT and covers all vessels in the database, when
just a DWT is considered.

However, in order to achieve a comparison under an
applicability limit for both methods, the assessment is
performed for the vessels having an equal draught of 1.5D,
taking into account the aforementioned, more restricted draught
constraint of Method 2. This does not mean that the design
draught of vessels is 1.5D, since it is quite the opposite for almost
all the vessels except one, as previously mentioned. Despite the
implication that the draught of all the vessels is, indeed, defined
as 1.5D, for the purpose of the analysis and the corresponding
volumetric displacement it is obtained according to the linear
interpolation between parameters available for other draughts.
Volumetric displacement is necessary for DWT evaluation and
presents an input for EEDI calculations. Finally, after applied
limitations and interpolation corrections, four cargo vessels

remained for assessment, see Table 3.
Tab. 3. Vessels’ main particulars

No.| L,m] | B,m] Tm] | Vm’] | DWT[m]
1 109.3 14.00 2.78 3530.9 2771.8
2 110.0 11.40 2.40 2578.4 2024.0
3 82.9 9.50 2.32 1607.1 1261.6
4 93.3 11.5 2.40 2206.0 1607.0
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The analysis of energy efficiency was performed according
to the following constraints:
o Waterway depth - h = 5 m (for shallow water) and waterway
breadth - b =400 m;
» Waterway depth - 1 = 8 m (for deep water) and waterway
breadth - b =400 m.

RESULTS

In the following, the calculation of energy efficiency indices
and the comparison of both methods are presented, based on
the procedures described in previous sections.

METHOD 1

Attained energy efliciency index is dependent on brake
power, not on delivered power. Hence, a shaft efficiency
coeflicient of 0.98 was applied to estimate the brake power of
the vessels. Attained and required EEDI* are not expressed
as one value (as is the case for sea-going ships, where EEDI is
calculated for 75% of main engine power). Here, both values
of (attained and required) EEDI* are estimated for a range
of speeds. Therefore, various speeds (10, 12, 14, 16, 18 and
20 km/h) were applied, considering the method’s limits of
applicability. The comparison between attained and required
energy efficiency index for shallow water was assessed
according to Method 1, as shown in Table 4 and Fig. 1. Grey
cells represent the cases in which the energy efficiency criteria
are not satisfied — see 12 km/h and 14 km/h for vessels no. 1.
At 18 and 20 km/h, corresponding Froude numbers exceed
the applicability criteria, and so the consequent results are
not shown. Moreover, results for the deep water condition
are shown in Table 5 and Fig. 2, with grey cells representing
the failed criteria.

The results show that all four vessels satisfy the
requirements for a lower speed range when a deep water
condition is considered. For higher speeds, attained EEDI*
values are significantly above the required limit, making their
navigation less efficient. Therefore, it seems that, according to
the results, vessels navigating deep-water conditions would
be less effective than in shallow-water conditions, which is
quite unsound.

Tab. 4. Energy efficiency for shallow water (Method 1)

Attained EEDI* Required EEDI*
e, 10 12 14 16 10 12 14 16
km/h | km/h | km/h | km/h | km/h | km/h | km/h | km/h

1 3.74 4.98 7.39 11.45 | 3.80 4.65 7.14 11.93

2 3.27 | 4.50 | 6.39 9.58 4.14 5.05 7.74 | 12.78

3 3.66 4.88 7.41 11.76 | 4.71 5.72 8.73 14.16

4 3.93 5.25 7.84 | 12.18 | 4.41 5.37 8.21 | 13.43




Tab. 5. Energy efficiency for deep water (Method 1)

Attained EEDI*

10
km/h

12
km/h

14
km/h

16 18
km/h km/h

20
km/h

1 3.74

4.98

6.63

8.88 11.98

16.35

2 3.27

4.50

6.06

8.06 10.69

14.30

3 3.66

4.88

6.53

8.75 11.78

16.02

4 3.93

7.02

9.41 12.67

17.24

Required EEDI*

10
km/h

12
km/h

14
km/h

16 18
km/h km/h

20
km/h

1 3.80

4.65

7.74

7.05 8.67

11.31

2 4.14

6.24

7.64 9.36

12.13

7.06

8.62 10.51

13.47

4 4.41

6.63

8.10 9.91

12.77
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Fig. 1. Energy efficiency for shallow water (Method 1)
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METHOD 2

Energy efficiency indices assessed according to Method 2
are given in Table 6, for shallow and deep water, with grey cells
representing the failed criteria. Note that river trial results
(speed — power curves) have to be available prior to the EEDI
estimation in order to evaluate the vessel’s speed. Since the
river trials results are not offered in the database, the delivered
power was obtained using the mathematical model described
and offered in [15]. Required EEDI is a function of the speed of
the water, so the calculation was performed for 2,4 and 6 km/h.
However, the method is not able to consider the dependency
between EEDI and the vessel speed, so the corresponding
diagrams, as in the case of Method 1, could not be produced.
Thus, this method allows calculation of energy indices for just
one value of speed.

Method 2 appears to be less conservative than Method 1,
when results for shallow water are considered, since attained
EEDI values are approximately 40% less than required ones,
on average. In the case of deep water, required EEDI values for
all three water speeds are unchanged for each vessel, because
they are only a function of DWT and not the speed of the river.
Therefore, as the speed of the water is increased, an attained

Tab. 6. Energy efficiency for shallow and deep water (Method 2)

Shallow water Deep water

Speed of water — 2 km/h

v Attained | Required v Attained | Required
s EEDI EEDI s EEDI EEDI

1 14.23 14.93 23.89 14.97 12.34 14.36

2 14.79 14.56 24.47 15.50 11.92 15.28

3 14.21 15.35 25.99 15.11 12.23 16.93

4 14.08 15.35 25.12 14.73 12.55 16.02

Shallow water Deep water

Speed of water — 4 km/h

Attained | Required v Attained | Required
s EEDI EEDI s EEDI EEDI

1 12.23 17.37 28.80 12.97 14.25 14.36

2 12.79 16.84 29.60 13.50 13.69 15.28

3 12.21 17.87 31.71 13.11 14.10 16.93

4 12.08 17.87 30.51 12.73 14.52 16.02

Shallow water Deep water
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S
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10 11 12 13 14 15 16 17 18 19 20 21

Vessel No.4
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V [km/h]

10 11 12 13 14 15 16 17 18 19 20 21

Fig. 2. Energy efficiency for deep water (Method 1)

Speed of water - 6 km/h

v Attained | Required v Attained | Required
s EEDI EEDI s EEDI EEDI

1 10.23 20.77 36.29 10.97 16.85 14.36

2 10.79 19.96 37.86 11.50 16.07 15.28

3 10.21 21.37 41.97 11.11 16.63 16.93

4 10.08 21.41 39.63 10.73 17.22 16.02

POLISH MARITIME RESEARCH, No 2/2022 31

48



EEDI is closer to the required limit. Hence, an attained EEDI
is larger than that required for the 6 km/h speed of the river,
for vessels no. 1, 2 and 4.

COMPARISON BETWEEN METHOD 1
AND METHOD 2

Method 1 gives a range of attained and required energy
efficiency indices for various speeds of the vessel. However,
Method 2 would provide the specific (one) attained and
required energy efficiency value at delivered power for
a specific speed. In order to compare the two methods, the
specific attained and required EEDI values were obtained by
applying the required speed (one value) derived from Method 2
into Method 1. This procedure was performed for three water
speeds, while including shallow and deep-water conditions,
see Table 7 (grey cells represent failed criteria). The difference
between the two methods is illustrated in Fig. 3.

Since Method 1 is scaled to Method 2, both methods can be
compared (Fig. 3): Method 1 (Table 7) vs. Method 2 (Table 6).
Vessel No. 1 does not comply with the required EEDI in
both shallow and deep-water conditions, in specific cases in
Method 1. Despite this, the same vessel satisfies Method 2 in
all cases, except deep water conditions where the water speed
is 6 km/h. Furthermore, vessel No. 3 met the requirements in
all cases and methods. Vessels No. 2 and No. 4 did not satisfy
the Method 2 requirements for deep water conditions at a river
speed of 6 km/h, but did comply with the requirements for the
same river speed if Method 1 was considered. Nonetheless, for
the same method, both vessels did not meet the required EEDI
for 2 km/h of river speed, while vessel No. 4 did not even comply
with the criterion when considering 4 km/h of river speed.

In general, as seen from the diagrams in Fig. 3, Method 2
provides two to five times larger values of energy efficiency
indices (attained and required) than Method 1, for the river
speeds of 2, 4 and 6 km/h and the same navigation conditions.
Nonetheless, it should be noted that a different specific fuel
consumption (SFC) was used in each method: 200 g/kWh for
Method 1 and 220 g/kWh for Method 2. And yet, 10% of SFC
difference could not lead to such a significant difference in
energy efficiency indices.

Tab. 7. Energy efficiency for shallow and deep water (specific Method 1)

Shallow water Deep water
Speed of water - 2 km/h
No. v Attained | Required v Attained | Required
s EEDI* EEDI* s EEDI* EEDI*
1 14.23 7.73 7.53 14.97 7.64 6.35
2 14.79 7.28 9.30 15.50 7.51 7.27
3 14.21 7.70 9.15 15.11 7.68 7.91
4 14.08 7.96 8.36 14.73 7.81 7.14
Shallow water Deep water
Speed of water — 4 km/h
L5 v Attained | Required v Attained | Required
s EEDI* EEDI* s EEDI* EEDI*
1 12.23 5.20 4.85 12.97 5.72 5.15
2 12.79 5.20 5.90 13.50 5.63 5.92
3 12.21 5.11 5.95 13.11 5.73 6.43
4 12.08 5.34 5.45 12.73 5.84 5.80
Shallow water Deep water
Speed of water - 6 km/h
No. v Attained | Required v Attained | Required
s EEDI* EEDI* s EEDI* EEDI*
1 10.23 3.82 3.81 10.97 4.30 4.18
2 10.79 3.64 4.28 11.50 4.16 4.79
3 10.21 3.69 4.71 11.11 4.30 5.22
4 10.08 3.95 4.41 10.73 4.37 4.72
CONCLUSION

Method 1 gives attained and required energy efficiency
indices for a range of speeds and within less sensitive
constraints than in Method 2. Therefore, such rigid limitations
pose a great disadvantage in Method 2. This drawback is
expressed through the draught requirement, which should
be defined as 1.5D in order to use the method. Therefore, new

Shallow water

Deep water
25

Methods 1&2: Il Attained T Required

0l (s o e m ¥ ) e T B
L o

EEDI* [gCO,/tkm]

Vessel No.

EEDI* [gCO,/tkm]

Methods 1&2: Il Attained EE Required

Vessel No.

Fig. 3. Comparison between methods in shallow water conditions (left) and deep water conditions (right): 1 - specific Method 1 and 2 - Method 2
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speed-power tests (river trials) should be conducted at this
specific draught for the application of the method. Nonetheless,
a potentially available speed-power curve would not be useful
here. Although Method 1 is not so restrictive, it does not take
into account the speed of the water. Moreover, there is a 10%
difference in specific fuel consumption input between the
methods, but this could not lead to a significant difference
in the results. Furthermore, the results differ when both
methods become comparable. It is interesting that, according
to Method 2, shallow water required EEDI is quite large. In
general, in a considerable number of cases, the vessels appear
to be more energy efficient in shallow water than in deep water.
This is quite improbable in practice, so the next step would be
to address such a drawback within the methods.

Regarding the persistent issue arising from the power-
speed curve estimation as an input, a real-time engine power
measurement could be introduced during the navigation
instead; followed by installation of an engine power limiter.
Both could manage and optimise the real-time engine power
to achieve energy efficiency under the limitations during
the navigation. Therefore, in order to address the reliable
navigation condition, attained energy efficiency should be
measured rather than calculated.

It seems that the proposed regulations would not be able to
induce the development of technology with respect to energy
efficiency in years to come. The vessel designs considered
here are the same as they were decades ago. This means
that, according to the results, most of them do not need any
improvements in terms of energy efficiency.

Nonetheless, the obvious conclusion is that inland waterway
vessels’ energy efficiency methods need to be harmonised when
addressing the issues reported in this paper. Inland waterway
authorities should provide more ‘easy to use’ solutions, such
as in the maritime industry.
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Summary

Inland waterways vessels (IWV) have no mandatory regulations regarding their energy
efficiency, as sea-going ships have. So far, there are just two proposed design energy
efficiency evaluation methods, both based on IMO EEDI approach and data on EU inland
navigation. Operational indicators and real-time navigation measurements from available
literature do not exist. Therefore, this paper aims to introduce the energy efficiency in
operation (EEO), assessed for the typical Danube cargo vessel. Firstly, an operational profile
is acquired by tracking the vessel’s voyages, and by identifying actual constraints of each
sector the vessel has sailed during the designated time. Secondly, EEO is incorporated within
two available methods and calculated based on acquired operational data considering different
navigational conditions. The paper shows how the energy efficiency vastly depends on
variables such as water depth, current speed, draught, deadweight, river constraints. Analysis
is performed for the most employed month of the vessel navigation, and annually. Depending
on water level scenarios and during the selected month of sailing, the total amount of CO-
emitted is estimated to be between 22.7 t and 29.9 t, while the necessary average speed
reduction (i.e., slow steaming) per sectoral voyage for the requirement compliance is
calculated to be in between 4.8%-26%. Slow steaming is assessed to extend the time of
voyage for 6.1-10.7 hours on monthly basis and 49-87 hours annually.

Key words: energy efficiency design index; energy efficiency in operation; inland vessel
efficiency, inland waterway vessels; operational profile, slow steaming.

1. Introduction

Energy efficiency indicators for sea-going ships intended for international voyages are
used for a decade and are provided by the International Maritime Organization (IMO). They
can be divided into design and operational ones. Firstly, a design indicator labelled as energy
efficiency design index (EEDI) became mandatory for new ships over 400 GT built between
2013 and 2015 [1], under the MARPOL Annex VI. EEDI criterion has been strengthened
over the years, namely in 2015, 2020, and expected to be strengthened in 2025. In 2023,
existing ships faced the IMO’s regulatory examination through the compulsory requirements
of the energy efficiency existing ship index (EEXI), see calculation guidelines in [2]. The
main disadvantage of the design-based indicators is that they do not represent an actual
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navigational nature of shipping. They use design or nominal inputs, acquired as a single value
from the calculation procedures defined in [1, 2]. Therefore, energy efficiency is evaluated
using single value for deadweight (DWT), speed, engine power, etc. In order to represent the
real sailing conditions during the voyages over a period of time, a carbon intensity indicator
(CHl) has been set as mandatory measure starting from 2023 [3]. Cll is an operational
indicator applied for ships over 5000 GT and is projected to provide an actual operational
emission estimation. Based on ClI results obtained for the whole year, ships will be rated by
grades: A, B, C, D, E (A — the highest grade, E — the lowest grade). Ship with lower annual
rating (for instance, D or E) must provide a plan to improve rating and its energy efficiency.
Fortunately, fuel consumption recording during the navigation has become mandatory from
2019, for ships over 5000 GT, as set by IMO. It is achieved by implementing the data
collection system (DCS) [4]. Moreover, IMO has already provided an operational tool
(although not an actual criterion and not mandatory) called energy efficiency operational
indicator (EEOI) [5]. EEOI is planned to help ship operators to supervise the energy
efficiency performance of their fleets over time and thus, to identify increased emission
sequences and to quantify the effect of modifications on their voyage efficiency. All these
indicators’ aims were to provide short-term measures in order to achieve mid- and long-term
greenhouse gas (GHG) reduction goals, which IMO presented in its studies. Most recent study
from 2020 [6] targeted the following: to reduce CO> emissions per transport work (carbon
intensity) in shipping, on average, to 40% until 2030 (compared to 2008), to reduce emissions
per transport work (carbon intensity) in shipping, on average, to 70% until 2050 (compared to
2008), to achieve peak emissions from shipping as soon as possible, and to reduce annual
GHG emissions from shipping to at least 50% until 2050, (compared to 2008). Literature data
on energy efficiency of ships followed the regulation adoption and have been increasing over
the years. Energy efficiency level for most prominent multipurpose ships and bulk carriers
built from 2000 until 2020 is evaluated in [7, 8], respectively. As slow steaming has become
the most used operational measure to improve EEDI and EEXI levels, paper [9] additionally
gave an estimation for the ships’ power reduction needs to comply with novel requirements.
Slow steaming benefits for various navigation conditions are investigated in [10]. The paper
emphasized the importance of considering actual sailing routes for a specific container ship in
energy efficiency evaluations. In [11], the real voyage data for general cargo ship were used
to estimate ClI, based on different engine loads and slow steaming rate. Besides extensively
researched slow steaming, some other measures for existing designs have been analysed, such
as the influence of biofilm on energy savings [12].

In contrast, inland waterway vessels (IWV) are not regulated by IMO and thus, not
falling under their mandatory requirements. Nevertheless, in Europe alone, more than 15000
IWV are in operation, while most of them are registered in Rhine and Danube countries, 63%
and 22%, respectively, according to data from 2021 [13]. As of 2017, nearly 40% of the
Danube vessels is more than 40 years old, while less than 1% of them are built after 2010
[14]. In Danube countries, the largest quantity of goods carried within national territories is
achieved in Romania (37.5%) and Serbia (13.3%) [14]. From 2017 until 2020, the rate of
change of goods in major Danube ports in these two countries increased by 10.5%, whereas in
all other Danube ports decreased by 7.3%, on average [15]. Dry cargo IWV represent the
major ship type, with a 73% share on Rhine, and 76% share on Danube. They compete in
freight transport over land with road and rail modes, while sea-going ships have no
competition in that sense. Moreover, IWV pass through the large cities and urban areas and
are emitting harmful pollutants. Nonetheless, they are considered as a cleaner mode of
transport, expressed in ton per km of freight transport, as shown in [16]. Therefore, 2019 EU
Green Deal [17] addressed IWV, by implying that around 75% of the road and rail transport
should be moved to IWV. Moreover, European Commission’s Naiades Il action plan from
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2020 [18], being in line with EU Green Deal, set a goal to increase inland and short-sea
shipping by 25% and 50% until 2030 and 2050, respectively. In order to counter GHG
emissions from IWV, Central Commission for the Navigation of the Rhine (CCNR) published
a roadmap in 2022, similar to IMO goals [19], in which it was aimed to reduce GHG
emissions from IWV by at least 35% until 2035, compared to 2015 level, and to almost
eliminate GHG and other pollutant emissions until mid of the century.

Although IWV policies exists from recently, IWV have no mandatory regulations
regarding the energy efficiency, except evaluations proposals given in two methods from [20]
and [21]. These methods used data on European inland navigation. They are based on IMO
EEDI approach; however, they are different in their nature, see detailed their comparison in
[22]. Other methods that targeted European waterways are also available, but they are more
developed to evaluate transport rather than energy efficiency. Their systematic description
and comparison are given in [16].

On the other hand, there were some rare attempts to establish “similar to IMO EEDI”
assessments outside European waterways. Energy efficiency attained values and requirement
line have been evaluated for rivers in Bangladesh, as they represent important transport path
in the region. Study in [23] applied IMO EEDI procedure to general cargo, oil tanker and
passenger IWV. It was concluded that EEDI assessments should be region based rather than
generalized for the world’s inland fleets, due to the diversity of inland navigation.
Furthermore, paper [24] investigated an influence of design features on energy efficiency of
IWV. The study concluded that the service speed decrease and draught increase lowered
EEDI values, which is in compliance to the European IWV performances, see [16]. These
attempts have been revised in [25] to account for the field study performed by measuring
actual MCR for 15 IWV. The research stated that the effect of shallow water on energy
efficiency of studied IWV is significant, and varied between 19.30% and 21.10%, on average.
Other efforts to include energy efficiency in inland navigation has been more directed towards
the hydrodynamically optimised design for the particular river with respect to the high flow
and low depth constraints, as presented in [26] for Magdalena river in Colombia. To conclude,
an average age of IWV on Danube is much larger than in case of sea-going ships. Moreover,
IWV are left behind with no compulsory design-based energy efficiency regulations or
requirements, while operational ones are also neglected. This can be alarming since IWV
include highly diversified operations and large fleets. In addition, literature dealing with
energy efficiency of IWV is very rare. There are no available energy efficiency assessments
of IWV using instantaneous and actual fairway constraint change, as well as operational data
of any kind (real-time, averaged or estimated), as delivered in this paper. Therefore, the
objective of this paper is to perform energy efficiency assessments for a typical self-propelled
IWV taking into account:

- energy efficiency design indices delivered by two methods proposed so far and

given in [20, 21], and

- energy efficiency in operation using operational data for the selected vessel.

2. Assessment methodology

The following methodology for assessments is used for the case study vessel:
- for a year of service, identified are monthly travelled distances,

- a month in which the vessel had the most frequent usage (distance covered) is
selected for further analysis,
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- input data gathered for evaluation include identification of actual constraints of the
fairway on each sector of the navigation and actual speed of the vessel for a selected
month of sailing and annually, as elaborated in sect. 2.1.

- energy efficiencies are evaluated based on two methods from [20, 21], and only
ones proposed so far for IWV, as given in sect 2.2,

- the total CO. emitted by the vessel is evaluated for the selected month of sailing and
annually, based on two available methods.

- voyages that did not satisfy energy efficiency requirements has been selected and
their energy efficiency in operation is evaluated by the sector,

- the necessary reduction of speed is calculated for the critical voyages (and their
corresponding sectoral sailings) to comply with the requirements,

- the additional time for navigation is calculated for the vessel to comply with
regulations by means of slow steaming.

Note that the paper is not providing a new method. It is delivering the new approach for
inputs for existing methods. It uses operational and not the design data as inputs. Moreover,
the paper compares methods based on operational input data for the particular voyage. This is
not performed so far in the literature related to IWV. Some of the operational data are
obtained in real-time and some, for which authors could not acquire data, are estimated using
extreme scenarios, which is thoroughly described in sect. 2.1.

2.1 Operational profile

Compared to sea-going voyages, in general, IWV operational profile is more complex
as its navigation additionally considers shallow water effects, current speed, bank effects, the
presence of the bridges, etc. The vessel considered in this paper operated on Danube between
port of Constanta (Romania) and Aljmas (Croatia), during the period starting from 15 January
2022 until 15 January 2023. The voyage data are extracted from Marine Traffic website [27].
Nonetheless, the data from the website were not sufficient for precise representation of the
navigation conditions. Thus, more accurate and detailed pilot charts of Danube are employed.
They are published by the Danube Commission in [28] and are included within six
documents: Pilot Charts of the Danube I, II, 111(1), I1I(2), IV and V. Pilot charts cover the
Danube from its confluence into the Black Sea (0 km) to the Hungarian-Serbian border (1433
km from the confluence). The raw data from the charts are divided into 171 sectors ranging
from 2 to 12 km in length, with average sector having 5 km in length. This division was too
large to analyse, so simplified river model is created meaning that 171 sectors are regrouped
into 20 sectors, separated by major Danube ports. Going upstream, these ports are: Constanta
(Romania), Agigea (Romania), Murfatlar (Romania), Medgidia (Romania), Cernavoda
(Romania), Silistra (Bulgaria), Ruse/Giurgiu (Bulgaria/Romania), Svishtov (Bulgaria),
Vidin/Calafat (Bulgaria/Romania), Prahovo (Serbia), Drobeta Turnu Severin (Romania),
Orsova (Romania), Moldova Veche (Romania), Veliko Gradiste (Serbia), Smederevo
(Serbia), Pancevo (Serbia), Belgrade (Serbia), Sremski Karlovci (Serbia), Novi Sad (Serbia),
Vukovar (Croatia), Aljmas (Croatia).

The exact water levels and current speeds during navigation of the vessel could not be
obtained from the available data, since there is no available historical data on real-time
tracking of such parameters, according to the best of authors knowledge. Hence, navigation is
modelled according to the two extreme scenarios in which the vessel could potentially sail:

- during the lowest navigable water levels (LNWL) for the sector and
- during the highest navigable water levels (HNWL) for the sector.
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This means that actual vessel water level could have been only evaluated in between
these two extreme values of LNWL and HNWL. Both, LNWL and HNWL change as the
vessel is passing through the each of the sector. LNWL and HNWL also produce two extreme
current speeds. Therefore, by analysing the vessel navigation at LNWL and HNWL (and
corresponding current speeds), we assumed that its consequent and actual energy efficiency
could have been only evaluated in between two energy efficiencies: one calculated for LNWL
and one calculated for HNWL condition. LNWL and HNWL data and their corresponding
current speeds are obtained statistically. Namely, data from [28] includes LNWL and HNWL
values for every 3 km of the Danube sector. These data were averaged by the sector to obtain
each of the sector’s average LNWL and HNWL, which is used for further analyses.
Correspondingly, the current speeds for both scenarios were determined following the same
procedure and sector division. In such way, the energy efficiency of the vessel can be
considered to be within the bandwidth given by two extremes. Therefore, the following
parameters for the Danube sectors are extracted from [28, 29]: river kilometre, LNWL,
HNWL, current speed at LNWL and HNWL. During the period of one year (Fig. 1), the
vessel had 106 voyages and covered the distance of 21531 km. Vessel spent 138 days in
navigation, 210 days in ports, while during 17 days the vessel was idle. In August 2022, there
was no navigation. However, in October 2022, the vessel was most frequently employed and
thus, travelled the largest distance compared to other months. Therefore, October 2022 was
chosen for detailed assessment. The reason that the whole year is not assessed by real-time
operation data, as the case was for October 2022, is because some of the data were
unavailable and unreliable for certain months. Therefore, annual estimation of energy
efficiency and CO- emissions are performed using extrapolation of the October 2022 sailings.

During October 2022, the total of 11 voyages were recorded along with the distances
travelled, transit and port calls periods, and respective draughts. In that month, the vessel
sailed to 10 ports on a Danube between Belgrade (Serbia) and Svishtov (Bulgaria). October
2022 sailings are divided into 9 sectors, as in Fig. 2. Sectors’ average water depths and current
speeds are given in Fig. 3.
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Additionally, width of the river for each location is extracted from the documents in
[29], which provides a maximum fairway width that is guaranteed by the Danube
Commission, throughout the entire year. Based on service draught and available vessel
documentation, specifically Trim and Stability Booklet, the displacement and the deadweight
are determined. The average sailing speed (speed over ground - SOG) for each voyage was
calculated by dividing the distance travelled between the starting and ending destination by
the time obtained from subtracting the duration spent in port from the total duration of a
certain route. Finally, voyage data for October 2022 navigation are presented in Table 1.

Table 1 Voyages data for October 2022

Voyage no. Distance| Draught | DWT | Duration| Speed over
and port calls [km] | [m] [1] [h] | ground (SOG)

[km/h]

1. Veliko Gradiste - Belgrade 108 2.4 15485 | 57.81 1.87

2. Belgrade - Pancevo 15 2.4 1548.5 0.80 18.75

3. Pancevo - Drobeta Turnu Severin| 223 2.4 1548.5 | 10.98 20.30

4. Drobeta Turnu Severin - Svishtov| 372 1.7 851.0 29.68 12.53

5. Svishtov — Veliko Gradiste 502 2.5 1650.1 | 88.28 5.69

6. Veliko Gradiste - Belgrade 108 2.5 1650.1 | 11.03 9.79

7. Belgrade 105 2.5 1650.1 | 92.70 1.13

8. Belgrade - Svishtov 610 1.7 851.0 36.28 16.81

9. Svishtov 9 1.7 851.0 9.33 0.96

10. Svishtov — Veliko Gradiste 502 2.2 1346.9 | 87.03 5.77

11. Veliko Gradiste - Belgrade 108 2.2 1346.9 7.33 14.73

Furthermore, the following matrix is created to represent the operation of the vessel
during the October 2022, see Fig. 4. During voyages 7 and 9 (crossed cells), the vessel sailed
within the area of the port or city. The vessel deadweight varied between 851 t and 1650.1 t.
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Fig. 4 October 2022 navigation matrix
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2.2 Energy efficiency design indices

Inland waterway cargo vessel energy efficiency in operation

Energy efficiency design indices are evaluated using two methods proposed so far
delivered for European IWV. The first one is called modified energy efficiency design index
(EEDI*) [20, 30], and the second one is delivered by DST (EEDlwv) [21]. Both are similar to
IMO’s EEDI method, so that an attained level of energy efficiency has to be lower than
required level of energy efficiency, in order for the vessel to satisfy criteria. The summary of
calculation procedures for both methods is shown in Table 2. Their detailed comparison,
advantages and disadvantages are comprehensively assessed in [22].

Table 2 Energy efficiency design index proposals for IWV

Index EEDI* EEDlwv
Attained EEDI: Attained EEDI:
EEDI*=Pgyet - SFC - CF / (mpwr - V) [For deep water: Po=a1‘mpwt
Ppb to be measured, Vs to calculate EEDlwy
Required EEDI: EEDlwv = CF-SFC-Pp I(Vs'mpwr)
EEDI*req=a - mpwr ® For shallow water (h < 7.5 m):
Po=(as+p4-exp(-ysB)-62-exp(h/-1)) mpwrt
For deep water: Pp to be measured, Vs to calculate
a =0.39554-1%-1.27833-1/+111.69043 EEDw=CF-SFC-PD /(Vs-mowr)
Equations |c =-0.00114-72-0.05177-V+0.70843

For Shallow water (h <5 m):

a =93.712-Fnh3-516.38Fnn 2
+886.54-Fnnt -414.86

c =-0.4181-Fnn3+2.5716-Fnn2 -

Required EEDI:

For deep water:

EEDIreq= 04 + B2 - exp(Mpwt/- y2) +
v1 - exp(Mpwr/-61)

5.2767-Fun™ +3.3485 For shallow water (h < 7.5 m)::
EEDlreg = (a7 + ff5 - Ve + y5 - V&) +(da+
2 Ve— (Ve + 171'Vc3) - exp(mpwrt/- 01)
Coefficients are given in [22].
For deep water: T = 1.5D; T =2.0-3.2 m.
10 km/h <V <22 km/h For shallow water (h<7.5m): T=1.5D; h
Constraints 0.4 <Fm<0.65 =35-75m; T=2-28m; L=40-135m; B
100 t < mpwr < 3000 t =5-17 m; mpwr = 250-6000 t;

Vc = 2-8 km/h; min(h/T) = 1.4.

Notes

EEDI* — modified energy efficiency
design index [gCO2/gFuel];

Psrer — Reference engine power for V
[kWI;

SFC — Specific fuel consumption
[9/kWh];

CF — carbon emission factor, 3.206
[gCO2/gFuel];

mpwrt — mass of deadweight [t];

\V — actual vessel speed through water
(not on 75% of MCR like in IMO’s
EEDI) [km/h].

EEDIwv — energy efficiency design index
[9CO2/tkm];

D — propeller diameter [m];

B — vessel breadth [m];

h — river depth [m];

SFC — specific fuel consumption [g/kWh];

CF — carbon emission factor, 3.206
[gCO2/gFuel];

mpwt — mass of deadweight [t];
Po — delivered power [kW].
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2.3 Energy efficiency in operation

In order to evaluate energy efficiency of the vessel in operation, an energy efficiency in
operation (EEO) index is introduced and calculated. EEO differs from EEOI, since the latter
one is delivered by IMO as voluntary tool for sea-going ships and considers already
established procedures for sea-going ships, see [5]. On the other hand, EEO takes into account
diversified operation of the IWV with respect to shallow water and current speed, which is not
considered within IMO’s energy efficiency indices. Therefore, EEO is calculated using
operational profile inputs (from sect. 2.1), for the specified vessel, into two proposed methods
elaborated in sect. 2.2: EEDI* and EEDlwv, see equation (1).

EEO. = EEDI* EEO; = EEDlwv. (1)

For the purpose of the analysis, the following assumptions are made:

required engine power is calculated as ratio of the delivered power and shaft
efficiency and taken to be 0.98,

delivered power is available based on real time measurements during sailings at
different draughts,

the specific fuel oil consumption used in this study is assumed to be 210 g/kWh, and
it was obtained as an average value from both methods (the method [20] proposes
200 g/kWh and the method from [21] proposes 220 g/kWh),

carbon emission factor for diesel fuel is 3.206 g CO2/g fuel,

calculation is carried out for both cases of river depth (the lowest and the highest
level) in order to obtain the range of CO> emissions since there were no available
data on water depth during voyages.

3. Case study

The case study is represented by the typical self-propelled cargo vessel with general
arrangement and particulars as shown in Fig. 5 and Table 3, respectively. The vessel is
designed to carry bulk cargo and additionally, if necessary, push other vessels (barges).

o [Aoolf — — ; ; : I I

=l

ry

Fig. 5 General arrangement of the vessel
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Table 3 Vessel particulars

Length 95 m
Width 11m
Height 3.2m
Draught 2.7m
Deadweight mass 1850t
Lightweight mass 637t
Engine power 2 X 638 kW
Propeller diameter 2x16m

4. Results and discussion

Results are evaluated for October 2022 navigation for the lowest (LNWL) and the
highest (HNWL) water depths, as a function of speed through water (STW). Each of the 11
voyages are divided into the nine sectoral voyages (9 in total, see Fig. 4.) for which an energy
efficiency is assessed. During each of the sector passings, the vessel had the corresponding:
draught (ranging between 1.7 m and 2.4 m), deadweight, STW, distance covered. EEO is
calculated according to equation (1). In addition, EEO results are compared to the
requirements of the energy efficiency design indices, given by two methods (EEDI* and
EEDIlwv). EEDI* requirement is labelled here as EEOIy, req. On the following diagrams, this
requirement is represented by the curve separating the right area (coloured in grey, on the
right side of diagrams), meaning that the vessel has unsatisfactory energy efficiency; and the
left side, in which the vessel has met the requirement. Furthermore, EEDIwv method can
have multiple requirements: EEOI, reqi - requirement for the sector i; and (or) EEOI, reqj, k, 1 —
requirement for the sectors j, k, I. The area above these lines represents the energy efficiency
not satisfied by the vessel. EEDIwv can have multiple criteria, compared to EEDI* single
curve requirement. This is due to fact that EEDliwv has different definition of the shallow
water. Water is considered to be shallow if the depth is less than 5 m according to EEDI*
method; and less than 7.5 m, according to the EEDIjwv method. In all sectors considered (see
Fig. 3), the actual water depth was recorded to be above 5 m, meaning that it was defined as
deep water by EEDI*, and single corresponding calculation procedure is used (see Table 2).
Instead, although being above 5 m in depth, in some sectors, the water depth was recorded to
be lower or higher than 7.5 m, so that the different requirement formula is used when
EEDIwv method was applied. Thus, energy efficiency requirements are different by sector
because they depend on navigation conditions, as shown in formulas given in Table 2.
Therefore, EEO are given as averaged values per voyage. Diagrams of energy efficiency for
each of 11 voyages, for LNWL and HNWL are presented in Fig. 6 and Fig. 7, respectively.
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Fig. 7 Energy efficiency for October 2022 navigation for HNWL, for voyages no.: a) 1,2,3, b) 4,8,9, c)
5,6,7,d) 10, 11

When sailing at LNWL, the vessel meets EEDIiwv requirements, while EEDI* is not
satisfied for voyages 2, 3, 8 and 11. Based on the EEDI* requirement curve, the vessel sailing
above 13-15 km/h (almost for all deadweights) will always be in prohibited zone, independent
of the draught, meaning that the vessel will not be an energy efficient for those speeds.
Therefore, decreasing the speed (and engine power) can result in a more energy efficient
performance, as such is the case for sea-going ship as well, see also [8]. In contrast, there is
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no speed limit for the EEDIwv approach, with respect to deadweight. Note that typical speed
of IWV on Danube River is between 12 and 20 km/h, depending on various factors such as
water levels, current speeds, vessel type and traffic density. In case of the scenario in which
the vessel is sailing at HNWL, EEDI* criterion is not satisfied for voyages no. 2, 3 and 11
(voyage 6 is at the limit). Voyage no. 8, which did not meet the requirement at LNWL, is now
energy efficient. This is due to fact that, according to this method, the definition of the
shallow water is different, and hence, the requirement criterion, implying that the vessel is
now sailing in deep water and therefore, more efficient. Unlike to results from Fig. 6,
EEDIwv method has only one requirement at HNWL, as vessel operates in high water
conditions. Methods are insensitive to the deadweight change, which is a disadvantage and
not representing the realistic navigation conditions. Also, the definition of the shallow water
plays a significant role in final results, as the different calculation procedures for requirement
curves are included.

Furthermore, based on previous results, the total amount of CO2 emissions released in
October 2022 is calculated by multiplying the EEO with the distance travelled and DWT, see
Table 4.

Table 4 Total amount of CO2 emissions for October 2022
At LNWL At HNWL

Based on EEO; | Based on EEO, | Based on EEO1 Based on EEO»

Total amount of

CO, emitted [t] 24.6 22.7 24.9 29.9

According to EEO;, the total emitted CO in October 2022 is between 24.6 t and 24.9 t,
while considering EEO», the range is wider: 22.7 t — 29.9 t. The result of the EEO, at HNWL
IS a bit larger than other three, as EEDIlwv method has different calculation procedure and
requirement for the deep-water case. Authors could not perform the same analysis for the
whole year as for October 2022, due to the time-consuming acquirement of the
unsystematically available data for remaining months. In addition, there were periods in
which the vessel was completely unemployed, as in August. Thus, the October 2022
emissions were scaled up to the whole year: the annual CO2 emissions are calculated
according to the deadweight and distance travelled for other months during sailing, as shown
in Table 5.

For the whole year of sailing (extrapolated from October 2022 results and including
distance travelled and deadweight for remaining months), the total released CO is 197-199 t
according to EEO; and 182-189 t according to EEO>. Here, the assumption is made that the
vessel performed through the whole year as in its most employed month. Moreover, assuming
that the vessel had sailed during all months of the year like in October 2022 (now, not taking
into account actual deadweight and distance travelled of remaining months), the amount of
CO emissions is calculated to be in between 244-329 t (excluding August, in which the
vessel was idle). Note that IWV compete with rail and road cargo for freight transport over
land. For the sake of comparison, a single heavy-duty truck (which carries 30 t) emits around
36 tons of COz annually, when data from [31] are used. This means that, annually, 5-6 of
them would emit the same amount of CO- as the selected vessel.
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Table 5 Total CO; emissions for the whole year

Total amount of CO> emitted [t]
Distance At LNWL At HNWL
Month travelled | DWT [t]| Basedon | Basedon | Basedon | Based on
[km] EEO; EEO; EEO: EEO;
January 2022 633 1003.6 4.3 4.0 4.4 4.0
February 2323 1571.8 25.0 23.0 25.3 23.0
March 1482 1462.3 14.8 13.7 15.0 13.7
April 2362 1198.8 19.4 17.9 19.6 17.9
May 2145 1334.1 19.6 18.0 19.9 18.0
June 1618 1605.3 17.8 16.4 18.0 16.4
July 892 1130.7 6.9 6.4 7.0 6.4
August 0 0 0 0 0 0
September 2341 1127.9 18.0 16.7 18.3 16.7
October 2662 1349.3 24.6 22.7 24.9 29.9
November 2000 1185.9 16.2 15.0 16.2 15.0
December 2191 1387.3 20.8 19.2 20.8 19.2
January 2023 882 1650.1 9.9 9.2 9.9 9.2
Total 21531 / 197 182 199 189

Moreover, additional analyses are performed to identify sectoral EEO. Thus, critical
voyages from Fig. 6 and Fig. 7 are extracted, in which energy efficiency requirement was not
satisfied. EEDI* requirement was chosen for further analysis as this is more restrictive
method. EEDlwv criteria was passed in previous analyses. In the next step, voyages are
separated into the sectoral voyages. They include four voyages performed during the LNWL
and three voyages during the HNWL conditions. During the LNWL, voyages included are:
no. 2 (sector: 1), no. 3 (sectors: 2-6), no. 8 (sectors: 1-9) and no. 11 (sector: 1-3). During the
HNWL conditions identified are critical voyages: no 2 (sector: 1), 3 (sector: 2-6) and no. 11
(sector: 1-3). Their EEO results are presented in Fig 8. Label “i/j” corresponds to the voyage
no. i, on a sector no. j. In all voyages with criterion unsatisfied, their corresponding energy
efficiency by each of the sector also proved to be unsatisfactory by the requirement. Results
shows that energy efficiency of the vessel depends whether the navigation is performed
during upstream or downstream navigation. VVoyage no. 2 and 3 was carried out while
downstream and was more efficient in deep water. In contrast, voyage no. 11 was performed
upstream and thus, is less efficient. It is due to fact that diagrams are given as a function of
STW, not SOG speeds. For the same SOG, the vessel had to use more power upstream
because of the increased current speed. Therefore, energy efficiency of the vessel depends on
the downstream or upstream sailings. Note that EEDlwyv method does not consider the
direction of the river flow.
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Fig. 8 Energy efficiency for October 2022 navigation at LNWL (a, b, ¢) and at HNWL (d, e),
for voyages with respect to sector

In all sectors, speed had to be decreased (i.e., perform slow steaming) for the vessel to
meet the energy efficiency criterion. Therefore, calculated are necessary sectoral speed over
ground reductions by voyage. They are given in the following Table 6. At LNWL, the average
speed reduction by sectors is in between 4.8% and 26%. In case of HNWL sailing, the speed
reduction varies between 14.3% and 25.8%.

If the speed was reduced, the sailing time would be extended, so the additional time that
the vessel spent in navigation has also been calculated on a monthly basis, and then the
estimated extension of time has been evaluated on an annual basis. Results are shown in the

Table 7.
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Table 6 Reduction of the speed over ground in km/h and percentages

Sectors
1 2 3 4 5 6 7 8 9
4.25
2 (22.6%)
3 6.6 6.8 6.7 6.9 55
Voyage no. at (32.5%) | (33.5%) |(33.0%)|(34.0%)| (27.1%)
LNWL 8 2.71 2.71 2.91 2.81 | 3.01 1.61 271 | 191 0.81
(16.1%)| (16.1%) | (17.3%) |(16.7%)|(17.9%)| (9.6%) |[(16.1%)|(11.4%)| (4.8%)
11 1.93 1.93 1.73
(13.1%)| (13.1%) | (11.8%)

Average by Sector at| ;a0 | 50600 | 20.9% | 24.9% | 26% | 18.4% | 16.1% | 11.4% | 4.8%

LNWL
1.25
2 (6.6%)
Voyage no. at 3 3.8 4.4 3.6 4.5 2.9
HNWL (18.7%) | (21.7%) [(17.8%)|(22.2%)| (14.3%)
11| 483 | 48 4.13

(32.8%)| (32.8%) | (28.1%)

Average by Sector at| o 2o | o5 ao0 | 24.0% | 17.8% | 22.2% | 14.3%

HNWL
Table 7 Additional time needed for the compliance with the EEDI* requirements by means of slow steaming
Additional time for navigation [h]

Month At LNWL At HNWL
January 2022 2.6 1.5
February 9.4 5.3
March 6.0 3.4
April 9.5 5.4
May 8.7 4.9
June 6.5 3.7
July 3.6 2.0
August 0.0 0.0
September 9.4 54
October 10.7 6.1
November 8.1 4.6
December 8.8 5.0
January 2023 3.6 2.0
Total 87 49

If the vessel had slowed down at certain sectors in order to meet the criterion, it would
have sailed an additional 10.7 h or 6.1 h depending on the water depth, during October 2022.
On an annual basis, the estimated extension of travel time would be 87 h and 49 h at LNWL
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and HNWL, respectively. This appears as negligible additional sailing when considering the
total number of days vessel spent in transit. However, one should note that this is also
governed by the fact that the vessel was already slow and did not navigate extensively, which
is not accounted within the available method and therefore, can be improved.

This study represents an initial step towards the development of energy efficiency
assessments that take into account the operational data and actual fairway constraint changes
for IWV. By considering operational data, this research provides a more explicit evaluation of
the energy performance for typical IWV, which is still unaddressed in the literature. Hence,
these findings could set a benchmark for the actual vessel energy efficiency and could pave
the way for the development of future mandatory regulations for improving the energy
efficiency of IWV and reducing their environmental impact.

5. Conclusions

Energy efficiency regulations, corresponding mandatory indicators and requirements do
not exist in inland navigation. Moreover, literature data is almost negligible compared to the
sea-going ships. This is disturbing considering that IWV represents the large sector
responsible for harmful emissions released while navigating through the urban areas.
Compared to the sea-going ships which have no competition in international deep-sea freight
transport, IWV transport cargo “over land”, while competing directly with rail and road
modes. IWV navigation is diverse, and their energy efficiency, unlike for sea-going ships,
depends on additional parameters, such as water depth, current speeds, fairway constraints,
etc. Therefore, this paper aims to fill the gap and deliver one of the first attempts to quantify
the energy efficiency of the vessel in actual navigation using real-time data. Moreover, it aims
to provide an analysis of energy efficiency in operation (EEO) of the typical cargo vessel
navigating on Danube. EEO is evaluated based on operational data for a most employed
month of navigation during the year, between January 2022 and January 2023. Only two
proposed methods are used to calculate and assess EEO for different voyages during the
designated period of one month, and annually. These methods are only available for EU
waterways, they are published, but still did not achieve mandatory status.

Results showed that for the same voyage, EEO and CO: emitted significantly differs
with respect to sector of navigation. That is because each of the sector has different fairway
constraints, largely depending on the level of water depth. In general, low water depth
generally decreases the energy efficiency of the vessel. The total CO, emitted is delivered and
is in between 22.7 and 29.9 tons for the most employed month of sailing and between 182 and
199 tons, annually, if the vessel has sailed according to the designated distance travelled and
deadweights for remaining months. The actual speed reduction by sectors, necessary for the
requirement compliance, is estimated to be 4.8%-26% for sailing at LNWL and 14.3%-26%
when sailing at HNWL.

By introducing regulations aimed at limiting CO2 emissions from vessels and reducing
the speed of navigation, energy efficiency could be improved to certain extent, and the
extension of the duration of a voyage would be only slightly longer, as assessed in the paper.
This can easily be achieved by implementing cruise control on vessels, which can also be
equipped with diagrams like those presented in this study, in which it is possible to oversee in
real-time whether the vessel satisfied the requirements. Further research should conduct a
more detailed investigation for other months, as well as research for other vessels and zone of
navigations. Parallel efforts should be made to harmonize the methods for determining the
energy efficiency of IWV, as they have not yet officially entered into force. Furthermore, due
to diverse operation of the IWV, only real-time measurement during the navigation thought
the different conditions would represent the actual energy efficiency of the vessel, as the
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energy efficiency of the IWV vastly depends on the river configuration, water depths,
precipitation, locks dimensions, river curvature, the existence of the hydropower plants, speed
of the vessel, fuel oil consumption, etc.
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CCNR Central Commission for the Navigation of the Rhine

o] Carbon Intensity Indicator

DCS Data Collection System

DST Duisburg’s Development Centre for Ship Technology and Transport Systems

(DST Entwicklungszentrum fiir Schiffstechnik und Transportsysteme)

DWT Deadweight

EEDI Energy Efficiency Design Index

EEDI* Modified Energy Efficiency Design Index (for IWV)

EEDlwv Energy Efficiency Design Index (for IWV)

EEO Energy Efficiency in Operation

EEOI Energy Efficiency Operational Indicator

EEXI Energy Efficiency Existing Ship Index

EU European Union

GHG Greenhouse Gas

GT Gross Tonnage

HNWL Highest Navigable Water Level

IMO International Maritime Organization

WV Inland waterway Vessel

LNWL Lowest Navigable Water Level

SOG Speed over ground

STW Speed through water
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Summary

After introducing an energy efficiency design index (EEDI) in 2011, International
Maritime Organization (IMO) pursued their short- and long-term goals to reduce greenhouse
gas (GHG) emissions from ships by presenting, among others, an energy efficiency existing
ship index (EEXI). Contrary to EEDI which is used for new ships solely, EEXI is addressing
an energy efficiency of already built ships and is set to become formally applicable starting
from 2023. Existing designs cannot be essentially and rapidly changed to comply the
criterion. The only main particular from the preliminary design phase that can be meaningly
optimized “post festum™ is a required engine power, and thus, the speed. Therefore, the paper
explores the effect of EEXI policy on a fleet of 153 bulk carriers built between 2000 and 2020
in order to address their near future and prompt design changes, specifically considering the
power reduction. For that purpose, an attained and a required EEXI are calculated for each
ship. The results showed that only 15% of the ships built in 2000-2012 satisfied 2013-2014
IMO criterion. This impacted the design of ships built in 2013-2022, as they complied the
same criterion by 88% of share. However, no ship from the whole database satisfied the
present day EEDI requirement and only one ship fulfilled the contemporary EEXI requirement
meaning that the current designs are not able to match the emerging criteria to a large extent.
In order to meet an energy efficiency criterion, a main engine power reduction and speed are
predicted assuming that the engine power and shaft limiter are installed. The investigation
showed that MCR reduction of the total fleet taken into account had to be reduced by 50% and
speed by 15% on average in order for ships to meet current requirements. Moreover, a graphic
method is developed for the estimation of EEXI by using only deadweight (DWT) and
maximum continuous rating (MCR). The proposed simplified method based on average values
could be used on existing bulk carriers with an aim to satisfy novel regulation with
application of “easy to use” approach. Additionally, authors discussed other options to
reliably evaluate an energy efficiency of existing ships.

Key words: energy efficiency; EEXI; EEDI; ship design; bulk carriers
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1. Introduction

Following the Paris Agreement on climate change and global emission reduction goals,
IMO presented an initial strategy for the decarbonization of ships in 2018, see [1]. It included
three levels of ambitions, considering both short- and long-term predictions. In the first one,
IMO detailed and reviewed already implemented EEDI requirements for ships, which were
introduced in 2011 and set in use starting from 2013 [2]. Since 2015, EEDI requirements are
planned to be strengthened every five years. Before 2015 (i.e., phase 0), a required EEDI
reference line was the criterion, so that ships built in the period 2013-2014 had to achieve
their own attained EEDI lower than required EEDI reference line. In the phase 1, ships built
in 2015-2019 had to satisfy the same EEDI reference line, but reduced by 10%. In the phase
2, for the ships which are being built in 2020-2024, the reduction of the EEDI reference line
criterion is obliged to be 20%; whereas for the ship built after the 2025, the reduction is set to
be 30% of the reference line. In the second level of ambition, IMO aim was to reduce CO:
emissions per transport work, on average for shipping, to 40% until 2030 while trying to
reach even 70% until 2050, when compared to the 2008 values. The third level included a
desire to achieve peak of GHG emissions more rapidly and to reduce total annual GHG
emissions until 2050 by at least 50%, comparing to the 2008. In the meantime, EEDI criteria,
and consequently the slow steaming approach, already reduced an installed power, lowered
shaft speed and increased propeller diameter of new ships, see [3].

Furthermore, in order to address emissions from existing ships, IMO [4] introduced
EEXI requirements for ships falling under the MARPOL Annex VI, and over 400 GT, such
was in case of EEDI. Likewise, a calculated (attained) EEXI of the ship has to be lower than
required EEXI reference. EEXI requirement will be used from 2023 for existing ships such as
bulk carriers, tankers, container ships, etc. Final EEXI calculation procedure is adopted at
MEPC meeting in 2021 [5], while next IMO review of the criteria is expected to be in 2026.
EEXI very much corresponds to EEDI second and third phase criteria. Although these recent
short-term measures with respect to EEDI and EEXI governed the power reduction of the
main engine, the long-term IMO ambitions are expected to potentially propel the use of
alternative solutions (alternative fuels, optimization solutions, use of wind, etc.). Furthermore,
this could also drive to lower speeds, but not so necessarily or directly, because certain ship
types are already navigating at reduced speed and engine power. Therefore, the main
challenge currently appears to be the estimation of power and speed to comply to EEXI
requirements.

A review of the IMO energy efficiency policy from the beginning can be found in [6].
Study [7] presented a comprehensive review of technical changes and fuel consumption
trends for bulk carriers built from 1970 until 2006. Particularly, an effect of slow steaming on
a bulk carrier fleet is examined in [8]. Paper [9] concluded that bulk carriers built between
2005 and 2014 showed no significant performance improvement. Somewhat the same was
noted in [10, 11] implying that the implementation of efficiency measures for bulk carriers
were almost negligible. Paper [12] identified 2014-2016 as years from which the bulk carriers
delivered lower EEDI since they were impacted by the IMO policy. Furthermore, energy
efficiency improvements for bulk carriers are examined in [13]. More on ship optimization
with respect to EEDI, potential emission reduction measures and energy saving device
analysis can be found in [14], [15], [16], respectively.

Authors of this paper have been exploring energy efficiency measures effect on ship
design in the case of multi-purpose cargo vessels, see [17]. Results showed that most of the
present fleet designs could not meet even the first phase of EEDI criterion let alone the second
and the third phase requirements, except for the ships with lower speeds. Furthermore, the
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analogous was shown in [18], where EEXI calculation is performed on four existing ships
type representatives (container ship, bulk carrier and oil tanker).

This paper presents the investigation on how the bulk carrier fleet of 153 ships built in
the past 20 years (2000-2020) are relating to the novel energy efficiency policies.
Furthermore, while examining the share of ships that could not comply to current EEXI
criterion, authors studied the effect of meeting such requirements on ship’s installed power
and speed. Therefore, assuming that the engine power limiter is installed, a reduction of
power and speed is predicted for each ship. Also, a graphic method is proposed to estimate
EEXI of bulk carriers by using just two parameters: DWT and MCR. Besides, authors
discussed a possibility for more reliable evaluation of energy efficiency of existing ships.

2. Database

Most ships are conducted from the RINA’s Significant Ships [19] journal and moreover,
updated with additional bulk carriers for which the authors had obtained reliable data from the
shipyards. Ships having lesser deadweight than 12000 t were eliminated from the database
since they have been mostly related to the sea-river navigation. Furthermore, certain ships had
additional “booster” engines installed (shaft generators), but those were excluded from
analysis in order to achieve more uniform database with respect to power source. Finally, the
gathered database used for the analysis consists of 153 bulk carriers built from 2000 until
2020. Particulars have the following ranges, in terms of Loa, DWT, GT, respectively: 107 m -
362 m, 12588 t - 400000 t and 5686 — 203403. More detailed particulars are presented in
Figures 1-5. Authors did not have all the data needed for each ship. Therefore, for instance
(and for some ships), a block coefficient is estimated according to displacement and L, B, T.

Figures 1-4 are showing the ships’ particulars as a function of deadweight. In Figure 5,
as similarly observed in [3], one can note the tendency of increasing the propeller diameter
and reducing the shaft speed of ships in years (2010-2012) in which the energy efficiency
regulations started to emerge. Shaded areas present the 95% and 94% of the ships from the
database in terms of D an n, respectively.
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For each ship, an attained EEXI and a required EEXI are calculated, according to [20]
and [21], respectively. This means that an attained EEXI should be lower than a required
EEXI, see equation (1), in order that the ship could be considered as energy efficient. In the

following sections, a full procedure for the calculation of EEXI is described.

Attained EEXI < Required EEXI

3.1 Attained EEXI
General method to calculate an attained EEXI is given in equation (2) and taken from

[20].

Attained EEXI =

(1505

[

Nme

ety

n
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A report from [20] provides detailed explanations for equation (2). Namely, a subscript
“*” means that, if part of the normal maximum sea load is provided by shaft generators,
SFCme and Crve may, for that share of the power, be used instead of SFCae and Crac.
Additionally, subscript “** requires that, in case of Perigj > 0, an average weighted value of
(SFCwme-Crme) and (SFCae-Crae) should be used for the calculation of Pesr. Note that all 153
ships have one main engine and no shaft generators. Moreover, they have no innovative
mechanical energy efficient technologies applied on main nor auxiliary engines. Hence, Table
1 summarizes the assumptions made corresponding to equation (2).

Table 1 Assumptions used for equation (2)

Nme

One engine (main) D Puey =Puew
i=1
Npry
No shaft generator D Pangy =0
i=1
No innovative energy efficient i fop—0
technologies on main engine e e (1) et ()
No innovative energy efficient N
technologies on auxiliary Dty Pager iy =0
engine i=1

Consequently, an equation (2) is being transformed to equation (3).
PME 'CFME 'SFCME + PAE 'CFAE 'SFCAE
f,- f, . f, -Capacity- f, -V, - f,

Attained EEXI =

®3)

Engine power (Pwme) is defined as 75% of the maximum continuous rating (MCR).
Auxiliary engine power (Pag) is calculated according to [22] recommendation, see equation
(4), and taking into account that there is no shaft generator.

P, =0.5-MCR (MCR <10000 kW)

P,z =0.025- MCR + 250 (MCR >10000 kW) )
Since there is no full list of available data for each ship from the database, authors used
a detailed estimation procedure published in [20] to estimate the particulars presented as
follows. Accordingly, the following is approximated: SFCwie,app = 190 g/kWh, SFCag,app = 215
9/kWh, Crapp = 3.114 t COq/t-fuel. The subscripts “me* and “ae* refer to the main and
auxiliary engine, respectively. For the purpose of calculation, it is more reliable to obtain a
reference speed (Vrer) from speed-power curve, but such is not disclosed to the authors.
Nevertheless, Vrer is determined from equation (5) from [20]. Furthermore, authors also used
the same report for the estimation of Vref,avg and MCRayg, Which is based on ship type and
DWT. The same recommendations define a performance margin (my) as minimum among 5%
of Vreravgand 1 kn. Additionally, Capacity is defined as DWT for scantling draught, while the
correction factors (fi, fc, fi, fw, fm) are calculated from the procedure presented in [22].

5 1/3
V.-V ml_ Pe °
ref ,app ref ,avg Y |:0.75MCRavg :l ?
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Apart from speed-power data, the database does not include sea trial report with EEDI
calculation, nor draft at design load condition. Both could be useful since they already include
parameters needed for the calculation of EEXI. Moreover, reference [18] states that ships, if
applicable, can use their previously calculated attained EEDI instead of attained EEXI, if
attained EEDI is equal or less than attained EEXI.

3.2 Required EEXI

The required EEXI is calculated considering the procedure given in [21] for bulk
carriers, see equation (6), with corresponding parameters shown in Table 2.

Required EEXI = (1—Lj- Reference line
100 (6)

Reference line=a-b~°

Table 2 Parameters for the calculation of required EEXI

Y (reduction factor) a C b
15 (DWT > 200000)
DWT (DWT < 279000
20 (20000 < DWT< 200000) 961.79 0.477 27900 O( (DWT_> 2790 02))
0-20! (10000 < DWT <20000)

!Regarding the bulk carriers with DWT between 10000-20000 t, the reduction factor Y should be
linearly interpolated between two values.

4. Results

The ships from the database are assessed with respect to the energy efficiency criteria
developed since 2011. The aim was to investigate their energy efficiency level and its
influence on power and speed from the start of energy efficiency indices application. Firstly,
the database is divided into two categories; the ships built in 2000-2012 and 2013-2020. The
first category of ship designs (built in 2000-2012) could be only applied to the IMO resolution
[2] issued in 2011 for new ships (became mandatory for the years 2013-2014), since there
were no energy efficiency requirements for existing ships at the time. Therefore, an attained
EEXI calculated from sect. 3.1 is assessed to the phase 0 required EEDI [2]. Such required
EEDI used the same reference line and reduction factors as in the case of required EEXI,
defined as in equation (6) and Table 2. This comparison could be performed since attained
EEXI (sect. 3.1) and attained EEDI from [2] are supposed as equal and defined according to
equation (3), if an equivalent assumption were adopted (see Table 1), as stated by [21]. Such
assessment provides a view on how 2000-2012 period designs would relate to the firstly
introduced energy efficiency criterion.

The results are plotted in Figure 6 showing that only 15% of ships built in the period
2000-2012 would satisfy phase 0 EEDI criterion that were used for 2013-2014. Since there
was no need, no energy efficiency measures were considered before the regulations were
introduced. However, a share of 88% of the ships built in 2013-2020 satisfied the same
criteria. The design change followed the introduction of IMO mandatory requirement and
almost exclusively included slow steaming, i.e., power and speed reduction during the
navigation. Slow steaming appeared to be only solution that could be promptly applied.
Furthermore, EEDI requirements tightened over the years following the reduction of the
criterion from phase 0 (applied in 2013-2014), to phase 1 (applied in 2015-2019) and phase 2
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(started in 2020 until 2024). Phase 2 required EEDI is defined by the same reference line
criterion from equation (6), as in the case of phase O required EEXI criterion. However,
instead of Y from Table 2 used in the phase 0, a new reduction factors are introduced: Y = 20
(for ships with DWT equal or above the 20000 t) and Y = 0 - 20 (for ships with DWT of
10000 t and above but less than 20000 t). Therefore, the criterion remains the same for lighter
ships, but strengthened for ones having DWT over the 200 000 t, see Figure 6. Contrary to the
ships built in 2012-2020 that could mostly satisfy the EEDI 2013-2014 requirement, no ship
is complying with the current EEDI reference line. Moreover, only one ship satisfied EEXI
requirement and is represented by one of largest, an ultra large crude carrier with 398595 t of
DWT. Thus, in a 7-year period, the standard designs became unacceptable from the energy
efficiency point of view. This has been expected to make a huge impact on ship design.

14 H EEXIor EEDI Attained EEXT
[CO,/tnm] O Ships built in 2000-2012
12 + X Ships built in 2013-2020
10 F
8 L
6 - Required EED/!
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Fig. 6 Energy efficiency indices

Therefore, authors investigated the extent of possible solution in reduction of
power/speed of the ships. This could be performed, as per IMO suggestion, by an installation
of engine/shaft power limiter (EPL/ShaPoL.i) system as most easy to install solution to reduce
attained EEXI, see more on their application and types in [23]. EPL limits maximum engine
power, both mechanically and electronically, while SHaPoL.i limits the shaft power.

4.1 Power reduction

According to [23], the installation of EPL/SHaPoLi system requires the power of the
main engine (Pve) to be calculated as in equation (7), and limited installed power (MCRijim) as
in equation (8).

P, =Min(0.83-MCR,;0.75- MCR) @

lim?

MCR, = EPL, -MCR (8)

lim

MCRiim cannot be calculated analytically, so the iterative approach has been used by
varying EPLy for each ship between 0 and 1, where EPLx = 1 means that an attained EEXI is
already equal or less than the required EEXI and that there is no need for power limitation.
The Figure 7 shows the required percentage of EPL for each ship in order to reach EEXI
requirement, where EPLy =1 stands for EPLx = 100%. It seems that new policies have larger
impact on lighter ships since they require larger power reduction. MCR should be decreased
for nearly 50% on average to comply with EEXI requirement, indicating that many of the
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ships should navigate significantly slower from 2023. Larger ships with DWT above 200000 t
are in a more favourable position in that regard. RMS lines are showing the corresponding
tendency in which the newer ships (built in 2013-2020) would need less power reduction than
in case of older ones (built in 2000-2012), with a difference in EPLx change varying from
around 10% for lighter to 15% for larger ships. When evaluating the results, it should be
considered that the database is uneven with respect to DWT, with much larger number of
ships with DWT below the 150000 t.
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Fig. 7 EPL value for existing ships in database

4.2  Simplification of EEXI evaluation

Evaluation of EEXI requires a lot of inputs. Most of them cannot be obtained directly
from ship navigation conditions and need to be estimated, which is indeed allowed by IMO
resolutions, see sect. 3.1. Although estimations simplify the procedure, they also reduce the
calculation time. Thus, in order to allow easy to use energy efficiency check authors proposed
simplification of calculation for attained EEXI by using only MCR and reference speed (Vref,
app) proposed in [20]. The method is based on the general procedure, assumptions and the
equations explained in sect. 3.1 and 3.2. Nonetheless, equation (3) presents the starting point.
Following the aforesaid, an assumption is made here regarding the correction factors.
Specifically, product of correction factors, which was performed for all 153 ships, is
approximated as: f = fi - fc - fi - fw - fn.

Furthermore, for MCR that equals to 10000 kW or above, using equations (3) to (6) and
assumptions from Table 1, a new nonlinear equation is derived. Such equation is nonlinear
and cannot be solved analytically. However, the solution is obtained in Matlab software by
using Newton-Raphson method for finding the roots of the equation. It was based on solving
481 equations for DWT = 1000 — 500 000 t with step of 1000 t. Consequently, MCR/f*® as a
function of DWT is calculated for each ship from the database, with ship specific f value, and
the results are shown in Figure 8 for entire fleet of 153 ships. The boundary line is the
required EEXI limit from sect. 3.2, which is here recalculated to MCR/f> — DWT trend, where
f =1 is assumed. Stepped line segments correspond to the change in reduction factor explained
previously. This dependency can be used to predict the attained EEXI based on ship’s MCR
and DWT. As shown, ships below the boundary line satisfy the EEXI requirement and the
ones over - do not. It can be observed that only one ship from the entire fleet can comply with
the requirement. Figure 8 corresponds to Figure 6 (see attained and required EEXI) and
therefore it is validated accordingly. In both figures, ships are correspondingly distanced from
the required reference line. The only ship that was able to comply with the requirement in
Figure 6 is the same one to do so in Figure 8.
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Fig. 8 Simplification of EEXI evaluation

4.3 Simplification of EEXI evaluation with EPL/SHaPoli effect

As in sect. 4.2, authors introduced Vrerapp/f % as a function of DWT. The dependency
covers the range of DWT = 1000 — 400000 t. Contrary to MCR and DWT inputs form Figure
8, one could estimate ship’s EEXI performance using Vrerapp and MCR. The derivation is
performed in the same manner as in sect. 4.2: by using equations and assumptions from sect.
3.1 to produce single nonlinear equation that is solved numerically. The only difference is that
Vret,app IS Used instead of MCR. Therefore, Figure 8 is transferred to Figure 9. The derivation
of attained EEXI data here is performed for each ship without (current status) and with
EPL/SHaPoL.i, taking into account equations (5) and (7). Similarly, if the speed and DWT
positions the ship above the reference line, the ship is not energy efficient with respect to
EEXI criterion. In terms of EEXI performance for the fleet, the diagram corresponds to the
Figure 8 and 6. Parameter Vrer.app,iim/f ° is also shown in Figure 9 and it presents approximated
reference speed after EPL/SHaPoLi installation in order to see the speed reduction.
Additionally, EPL/SHaPoLi analysis show that ships would need to reduce their speed
according to data below (approximately between 12-18%) to comply with EEXI reference
line. Approximated speed reduction is obtained from (RMS/trendlines) prior and after
EPL/SHaPoL.i installation for a range of DWT = 1000 — 400000 t; 18% reduction corresponds
for ships less than 200000 DWT and 12% speed reduction corresponds for ships larger than
200000 DWT.
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Fig. 9 Simplified EEXI evaluation: before and after the EPL/SHaPoL.i

Both reference lines MCR/f'® and Vier.app/f % can be used only for checking the EEXI
requirements prior the installation of EPL/SHaPoLi. Boundary lines in Figures 8 and 9 are not
generic and these lines become ship specific after limiter system integration according to
equations (7) and (8) and that is why lower points (Vret app.iim/f %°) are not on the boundary line
in Figure 9.

4.4 Discussion notes

According to [24], the lowest fuel consumption rate for three engine manufacturers
(Wirtsilda, Caterpillar and MAN) is between 70-80% of the engine load. Considering that
many ships intended to comply with EEXI requirements have been already sailing in such
regime, the actual speed reduction after EPL/SHaPoLi installation should be less than
previously mentioned by 12-18%, when ships sail under fully loaded main engine. Regarding
the aforementioned sailing regime, the paper shows that the actual speed reduction could be
10-14% for small and 3-7% for large ships according to Figure 9, depending on whether 70%
or 80% of engine load is used. Therefore, the speed obtained by sea trials instead of IMO
approximated reference speed could be more suitable for EEXI calculation because real
reference speed can be larger than suggested approximated speed in [20]. In most cases, the
existing sea margin could be lost after EPL/SHaPoL.i installation, but this wouldn’t affect the
operation of the ship. Nevertheless, both methods presented here (sect. 4.2 and 4.3), based on
MCR or Vref.app, provide direct solution on the amount on power and speed reduction needed
for the EEXI compliance. Such could not be obtained in original EEXI procedure, see sect. 3.1
and 3.2.

5. Conclusion

Energy efficiency policies that have been developing over the years appeared to had
impact on bulk carriers built in the past 20 years, according to the database of 153 ships
presented here. The study here showed that:

- 15% of the bulk carriers built in 2000-2012 complied the 2013-2014 EEDI IMO
criterion, and 88% of the bulk carriers built in 2013-2020 complied the 2013-2014
EEDI IMO criterion,
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- no bulk carrier complied the present day EEDI criterion and only one bulk carrier
complied the present day EEXI criterion (largest by DWT).

Therefore, current designs cannot satisfy the contemporary energy efficiency
requirements. In the interregnum in which the industry was waiting for the alternative fuel
solutions, power (speed) reduction has been governing EEXI compliance for most of the
ships. For presented fleet, roughly, MCR reduction is estimated to be 50%, followed by the
15% of speed reduction. EEXI analysis is performed using statistical estimations, especially
regarding speed, which is allowed and proposed by respective IMO resolutions. Nonetheless,
EEXI prediction should not deviate significantly. However, in order to address energy
efficiency evaluation in more reliable manner, an actual speed-power curve should be
obtained, not by estimations, but by sea trials as most accurate method. Furthermore, a
graphical method is derived to evaluate EEXI performance of bulk carriers. Contrary to the
original procedure with numerous particulars needed for the assessment, the method is based
solely on MCR and DWT or Vref,app and DWT for easy check. The method instantly provides
an amount of power or speed reduction for the criterion fulfilment. Therefore, due “user-
friendly” approach, this method can be used onboard to allow energy efficient navigation
during each loading condition change, so EPL/ShaPoLi would not be needed.

Nomenclature

B — breadth [m];

Capacity — equal to deadweight [t];

cs — block coefficient [/];

CC — cargo capacity [m®];

Crapp — approximated conversion factor between fuel consumption and CO2 emission for
main engine and auxiliary engine [tCO2 / t-Fuel];

Crae — conversion factor between fuel consumption and CO2 emission for auxiliary engine
[tCO2 / t-Fuel];

Crme — conversion factor between fuel consumption and CO2 emission for main engine [tCO>/
t-Fuel];

D — propeller diameter [m];

DFC — daily fuel consumption [kg/day];

DO — diesel oil capacity [m®];

DWT — deadweight mass [t];

EEDI — energy efficiency design index [gCO2/tnm];

EEXI — energy efficiency existing ship index [gCOz/tnm];

EPLx — reduction coefficient for MCR [/].

f — total correction factor [/];

fc — cubic capacity correction factor [/];

fer — innovative mechanical energy efficient technology factor [/];

fi — capacity correction factor [/];

fi — factor for general cargo ships equipped with cranes and other cargo-related gear [/];
fm — factor for ice-classed ships having IA Super and IA [/];

fw — factor for speed reduction at sea [/];
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GT — gross tonnage [/];

H — height [m];

HFO — heavy fuel oil capacity [m®];

L — length between perpendiculars [m];

Loa — length over all [m];

LWT — lightweight mass [t];

MCR — maximum continuous rating [KW];

MCRavg — average maximum continuous rating [KW];

MCRiim — maximum continuous rating after installing EPL [kW];

my — performance margin [kn];

n — shaft speed [rpm];

nme — number of main engines [/];

npti — number of shaft engines [/];

Pae — power of auxiliary engine [KW];

Paeeff— innovative mechanical energy efficient technology for auxiliary engine [kW];
Peft — innovative mechanical energy efficient technology for main engine [kW];
Pwme — power of main engine [kW];

Ppri— power of shaft engine [kW];

SFCae — specific fuel oil consumption for auxiliary engine [g/kWh];
SFCag,app — approximated specific fuel oil consumption for auxiliary engine [g/kWh];
SFCwe — specific fuel oil consumption for main engine [g/kWh];

SFCwmeE,app — approximated specific fuel oil consumption for main engine [g/kWh];
T — draught [m];

V — design speed [kn];

Vet — reference speed [kn];

Vet app — @pproximated reference speed [kn];

Vretapp,lim— approximated limited reference speed [kn];

Vret.aig— average reference speed [kn];

Y — reduction factor [/];

A — displacement [t];

nowrt - deadweight ratio [/].
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This paper aims to extensively analyze the energy efficiency of large tanker fleets, focusing on their compliance
with the International Maritime Organization (IMO) requirements through the evaluation of design and opera-
tional indices. Despite an increase in energy efficiency studies, few have assessed large tanker fleets and their
subgroups systematically, leaving a significant gap regarding the impact of regulations on different tanker sizes.
The paper evaluates the energy efficiencies of tankers concerning Energy Efficiency Existing Ship Index (EEXI),
Energy Efficiency Design Index (EEDI), and Carbon Intensity Indicator (CII), differentiating ships by size and
type. It further explores and provides the potential reductions in speed and power for each subgroup of tankers,
required to meet current and future energy efficiency requirements. The outcome shows that regulatory mea-
sures like EEDI, EEXI, and CII have significantly improved energy efficiency, but compliance remains chal-
lenging, with only 14.8% of ships meeting the EEXI criteria, especially for smaller ships, which face greater
power reductions than larger ones. The results also indicate that the considered fleet of tankers does not operate
at more than 60% of the available engine power and that the ships are already sailing at 8% lower speed than for

which they were designed.

1. Introduction

More than ten years have passed after the International Maritime
Organization (IMO) set as compulsory the first globally applicable en-
ergy efficiency requirement for new built ships intended for interna-
tional voyages, labelled as energy efficiency design index (EEDI) (IMO,
2011). In reality, shipping decarbonization process was started by
enforcing the EEDI phase 0 regulation for new ships built in between
2013 and 2015 and having 400 GT or above. Afterwards, the EEDI
requirement curve has been strengthened every several years. The EEDI
phase 1 of the regulation was prescribed for new ships built between
2015 and 2019, where the corresponding EEDI requirement curve was
reduced by 10% for tankers, compared to the original criterion from
EEDI phase 0. Furthermore, tankers built from 2020 have been falling
under the EEDI phase 2 criterion, which was reduced by 20% compared
to the EEDI phase 0 requirement curve. EEDI phase 2 is expected to last
until 2025 and its requirement for tankers is strengthened by 30%
compared to the original criterion from 2013. All mentioned reductions
are related to the tankers having 20000 DWT and above. However, for
the lesser ones, reductions vary according to factors defined in (IMO,
2011). Guidelines for the calculation of EEDI were updated over the
years, see (IMO, 2018). On the other hand, ships already navigating the
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seas have been addressed recently, through the enforcement of the en-
ergy efficiency existing ship index (EEXI), starting from 2023 (IMO,
2022b, 2022c).

Both EEDI and EEXI are design indices, meaning that they are based
on the designated or single value of the deadweight, speed, power, etc.
However, during navigation, these parameters change so the designated
values are not representing the actual physicality of the sailing condi-
tions nor delivering actual emissions during the timeframe. IMO tried to
counter such shortcoming by setting the CII in 2023, for ships with 5000
GT or above (IMO, 2022d, 2022¢). CII is intended to quantify annual
ship emissions (IMO, 2022f). Starting from 2024, ships will be graded
based on their CII results for the previous year. Ships can obtain the
following grades: A, B, C, D and E (A is the highest, E is the lowest
grade). For instance, ships having grade D for three consecutive years or
E at least one year will have to present a plan for improving their energy
efficiency in order to achieve higher grade (IMO, 2022g). As agreed on
MEPC 76, an annual reduction of CII compared to 2019 was proposed to
be 5%, 7%, 9% and 11% for 2023 until 2026, respectively, with a
revision expected in 2026 (IMO, 2021a; Psaraftis, 2021).

In order to help reach a proper level of energy efficiency, IMO pre-
sented several tools. Along with EEDI phase 0 in 2013, the Ship Energy
Efficiency Management Plan (SEEMP) was enforced to help operators
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manage energy efficiency of fleets in a real-time manner (IMO, 2011).
SEEMP updated guidelines are given in (IMO, 2022g). Recordings on
fuel oil consumption, along with traveled distance became mandatory
from 2019 by means of using Data Collection System (DCS), for ships
having 5000 GT or above (IMO, 2016). When it comes to non-mandatory
tools that are applied in the past ten years, an energy efficiency opera-
tional indicator (EEOI), presented back in 2009 (IMO, 2009), is intro-
duced to help operators manage ship in-situ energy efficiency level when
modifications were performed, such as slow steaming, weather routing,
hull cleaning, etc.

All abovementioned measures and tools are provided by IMO and
defined under MARPOL Annex VI (IMO, 2022h). Employing SEEMP,
DCS and EEOI can help improve EEDI, EEXI and CII, especially on
operational level. The last three are used to evaluate a ship’s level of
energy efficiency with respect to the designated criterion. The IMO set
an ambitious approach to reach net-zero emissions by around 2050 with
indicative checkpoints around 2030 and 2040 (IMO, 2023): to reduce
the total annual GHG emissions from international shipping by at least
20%, striving for 30%, by 2030 and by at least 70%, striving for 80%, by
2040 compared to 2008. Moreover, peak emissions should be reached as
soon as possible, and the reduction of annual GHG emissions has to
reach net-zero by 2050, compared to 2008.

However, the maritime community has no definite perception of the
level of energy efficiency progress that particular fleets have achieved
with respect to their main particulars change or slow steaming practice.
In addition, the impact of EEDI, EEXI and CII regulations on ships’ levels
of energy efficiency in the future is still uncertain. While EEDI or EEXI
might present better energy efficiency level for the particular ship, CII
could deliver a different outcome. Compared to other large cargo ship
types, various tankers fleets still remain poorly investigated in energy
efficiency related literature. This concerns considering that tankers
represent 14.9% and 31.9% of the world merchant fleet by a number of
ships and gross tonnage (GT), respectively, according to data from 2021
(Equasis, 2021). Moreover, from 2020 to 2021, the size of tankers
increased by 2.05% in numbers of ships and by 1% in GT (Equasis, 2020,
2021), and by 2.4% in GT in between 2022 and 2023 (UNCAD, 2023).
After decades of growth, in the past several years carbon intensity of
tankers is almost constant, whilst their total emission of CO; is on
persistent rise (UNCAD, 2022; UNCAD, 2023).

The majority of the cargo ship energy efficiency studies dealing with
major ship types investigate containerships rather than bulk carrier and
tankers. It is driven by the fact that average design speed of container-
ships is larger than for other two types, so the potential for the most used
approach, i.e., slow steaming, appears to be the most promising for
containerships. A study of a general cargo ship with its real voyage data
shows that the total voyage expenses may be decreased by up to 23.3%
with applied slow steaming (Zincir, 2023). However, slow steaming may
not be always an effective measure to improve energy efficiency
(Rehmatulla et al., 2015; Nian and Yuan, 2017). This might not be the
case for gas tankers which have the largest design speeds within all
tanker fleets. Nonetheless, study on 88 tankers and their noon reports
state that speed reduction has its limits and is often overestimated
(Berthelsen and Nielsen, 2021), suggesting that it is better to optimize
speed rather than reduce it. Energy efficiency of tankers was assessed
taking into account sailing on various sea states and realistic sailing
conditions, see (Lu et al., 2015; Lindstad and Bo, 2018). Fuel con-
sumption reduction due to speed optimization is performed on a com-
plete voyage (Berthelsen and Nielsen, 2021). Study on a 48000 dwt oil
tanker navigating on irregular winds and waves on the particular route
stated that speed optimization during the navigation can produce fuel
savings of 32.63% leading to the improvement of energy efficiency (Li
et al., 2018). However, it was noted that besides an environmental
concern, the extent of slow steaming is also influenced on the price of the
fuel and market. A study conducted on an example of chemical tankers
showed that 10% of the speed reduction leads towards the 19.6% of the
fuel consumption reduction (Yuan et al.,, 2019). Nonetheless, an
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investigation performed in (Taskar and Andersen, 2020) showed that
speed reduction potential with respect to emissions highly depends on
weather conditions. While analyzing the chemical tanker (Sui et al.,
2019), acknowledged that speed reduction is a pathway to improve
energy efficiency, noting that it would lead to the selection of smaller
size main engines in the preliminary design phase. Despite, adverse
sailing conditions are the ones leading the selection of larger engines. To
conclude, speed reduction remains the largely applied measure due to its
simplicity.

Study from (Lindstad and Bo, 2018) showed that the most energy and
cost competitive solutions to meet EEDI phase 2 requirements for
Aframax tanker are found to be ones having a conventional engine and
more slender hulls. Adding hybrid propulsion instead of diesel engine to
the previous design can produce meeting even the future EEDI phase 3
requirement. It is concluded that these solutions produced larger GHG
than EEDI reductions, making the latter a more conservative approach.
The similar discrepancy is also noted in (Trivyza et al., 2020), where
Aframax tanker attained EEDI was decreased by employing various main
engine modifications, which decreased attained EEDI by 9-30% and led
to 32%-54% of the lifetime CO5 emission reductions. Optimization of
existing engine was also found to be sufficient to meet EEDI re-
quirements for the 30000 dwt oil tanker, along with improvement of the
engine-propeller system, according to (Amoraritei, 2019). An emerging
type of ship, labelled as liquified hydrogen tanker, was analyzed
employing various propulsion systems to comply with EEDI re-
quirements (Ahn et al., 2017). Namely, it was found that a solution
steam turbine having hydrogen boil-off gas boiler can even meet EEDI
phase 3 criteria. On the other hand, the study on dual-fuel diesel electric
propulsion for LNG tankers stated that such solution provided better
EEOI level compared to steam turbine propulsion (Boumediene et al.,
2024).

An approach using the effect of periodic hull cleaning on oil tankers
energy efficiency changes is examined in (Adland et al., 2018). By
tracking the data from 2012 to 2016, it was concluded that periodic hull
cleaning significantly lowers fuel consumption and improves energy
efficiency especially for ship sailing in laden conditions. More innova-
tive solution was proposed by (Stec et al., 2021), in which the findings
showed that the post-combustion carbon capture for the 47000 dwt
tanker lowers the attained EEDI so that even the strictest EEDI phase 3
requirement are expected to be satisfied with a sufficient margin.
Another innovative approach to improve energy efficiency included the
application of molten carbonate fuel cell system on a chemical tanker
(Inal and Deniz, 2021). Based on 27 voyages data recorded in 2018, such
solution is estimated to reduce onboard CO; emissions by 33%
compared to conventional propulsion leading also to the significant
EEDI drop. In the study provided by (Prados et al., 2024), hydrogen is
introduced as an energy carrier capable of meeting decarbonization
goals by 2050, however significant challenges remain, including storage
issues, insufficient supply infrastructure and the need for advancements
in technology and regulations.

When it comes to more systematic studies, and besides the slow
steaming approach (Jia et al., 2017), assessed the potential of other
operational measures to save fuel and improve energy efficiency. Au-
thors of this research tracked VLCC tankers through the AIS data in
between 2013 and 2015 and concluded that just by reducing the excess
port time and use it for sailing could deliver fuel savings in between 7%
and 19% on average across the examined ships. IMO (IMO, 2021b)
estimated the archived power reductions in fleets for the period in be-
tween 2012 and 2018, which is the period that covers EEDI phase 0 and
EEDI phase 1. Average main engine loads reduction has been recorded
for oil tankers with up to 4999 dwt, followed by 20000-59999 dwt and
larger than 200000 dwt sizes. Reductions were 16.4%, 12.1% and
11.1%, respectively. However, an average design speed reduction trend
across the whole tanker fleet in the recorded period is noted to be
approximately up to 5%. In addition to the IMO study, the European
Commission (EC) performed a comprehensive investigation on energy
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efficiency of fleets considering IMO database (EC, 2021) and delivered
predictions for the future of shipping. EC stated that introduction of
EEDI improved overall energy efficiency level, whilst the plateau has
been reached in 2015. Similarly to (IMO, 2021b), EC stated that the
reference speed changes were not particularly perceptible for tanker
fleet indicating that better EEDI score was a result of a design im-
provements. Oil tankers had worse EEDI score than their gas tanker
counterparts, indicating that EEDI phase 3 criteria could be unreachable
for those designs. For instance, Aframax oil tankers EEDI levels were
better before 2015 than after 2015, when the score is evaluated by the
corresponding criterion at the time. The explanations lay in stricter
regulations, verification and trail correction procedures for those sizes.
In contrast to the rest of the fleet, tankers having less than 50000 dwt are
expected to meet EEDI phase 3 criteria. Although gas tankers had a
better EEDI score than oil tankers, such was not the case with smaller
LPG tankers (ethylene carriers), who appeared unable to meet EEDI
requirements. The study argued that even with LNG as a power source,
small LPG tankers would not comply with a future EEDI phase 3
requirement. Larger gas tankers are expected to meet EEDI phase 3, due
to their larger speed and thus, slow steaming potential. In general, ac-
cording to (EC, 2021), tanker EEDI improvements are so far achieved by
increasing the propeller diameter, reducing the engine rpm, use of en-
ergy saving devices (ESD), improved engine specific fuel oil consump-
tion (SFOC), while the reference speeds remained almost constant.
Conclusions obtained from (EC, 2021) for gas tankers were similar to the
finding obtained from the study on 212 LNG tankers performed by
(Ekanem Attah and Bucknall, 2015). This study showed that newly built
gas tankers came with larger design improvements, and along with their
slow steaming potential, they are expected to comply with energy effi-
ciency regulations, even with EEDI phase 3. However, their actual en-
ergy efficiency is significantly affected by the methane slip phenomenon
and its methods of incorporation into the evaluations. More specifically,
(Ekanem Attah and Bucknall, 2015) stated that methane slip can in-
crease EEDI level by up to 115%. Nonetheless, the high demand growth
of the gas tanker fleet leads to the growth of their CO5 emissions, as
recorded in China-oriented maritime transport form 2000 until 2017
(Yang and Ma, 2019). In a review of ship energy efficiency (Barreiro
et al., 2022) stated that EEDI phase 3 will be satisfied by 26% of oil
tankers and only 13% of gas tankers built in between 2013 and 2017. Oil
tankers improved their energy efficiency by 35%, whilst gas tankers by
42%, compared to the original EEDI requirement curve from 2013.
Furthermore, the study acknowledged the improvement in optimization
of main design parameters as a consequence of EEDI introduction, as
most of the studies did (EC, 2021). The study (Barreiro et al., 2022)
noted the block coefficient increase and length to displacement ratio
decrease over the past decades. It was concluded that EEDI has led to
minimizing the EEDI score rather than minimizing the fuel and energy
consumption. When ships are built, they should already comply with
EEDI, and therefore, with corresponding EEXI targets (Rutherford et al.,
2020). EEXI regulations emerged recently for ships already at sea, so
their main design particulars could not be changed at the site. Study
(Bortuzzo et al., 2022) assessed EEXI for 5 tanker ships (109143-163591
dwt) and found that the requirement was exceeded by 17.5-23.6%. In
order to meet EEXI, ships had to reduce MCR in between 23 and 30%.
The paper proposed that tankers with smaller EEXI requirement ex-
ceedance, might use engine modifications, hull modifications, engine
recovery and deadweight increase; while for ones with exceedance of
15% or more, an installation of Engine Power Limiter (EPL) and Shaft
Power Limiter (ShaPoLi) can be employed. Their aim is to limit engine or
shaft power, respectively, and finally to slow steam, as this is the
simplest measure for ships already operating. Investigations from
(Bayraktar and Yuksel, 2023; Chuah et al., 2023) also concluded that
tankers EEXI is satisfied with a use of EPL. Nevertheless, IMO presented
guidelines for EPL use to meet EEXI (IMO, 2021d) to help the designers.
Existing technology resources are not sufficient to allow full adjustment
in meeting future EEXI requirements for cargo ships, including tankers,
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although the designs are improving. Current regulations discriminate
smaller ships, as partially loaded larger ships will comply, according to
(Czermanski et al., 2022). EEDI and EEXI measures, contrary to the ef-
fect of the fleet growth, influenced the carbon intensity levels of tankers.
Energy intensities of product tankers, in China-oriented maritime
transport increased in between 1999 and 2017 (Yang and Ma, 2019), as
the fleet experienced growth and demand in past two decades in Asia.
Study in (Sou et al., 2022) concluded that, due to effect of energy effi-
ciency design indices, the carbon intensity of ship fleets decreased, with
reduction being higher in 2012-2015 than in 2015-2018. EEXI and CII
for older tankers found to have more challenges in compliance consid-
ering their cost during the lifetime (Chuah et al., 2023). Oil and gas
tankers are assessed using scenario-based assessment of EEXI and CII.
Compliance with those regulations is found to be hard with conventional
fuels (MDO and HFO) and without EPL, although ships are close to
requirement limits. Alternative fuels surely will solve the issue. Still, EPL
can be a solution to comply with CII (Bayraktar and Yuksel, 2023).

Alternative evaluation procedure for energy efficiency is proposed
by semi-empirical assessment, called Energy Performance indicator
(EEPI), introduced for oil tanker case study, but stated that can be
applicable for liquid chemical tankers as well. In short, EEPI is defined as
ratio of CO, emissions per specific period/voyage transport work (Zhang
et al., 2019). Somewhat the similar is proposed in (Lu et al., 2015) by
proposing energy efficiency in operation indicator defined as main en-
gine fuel consumption to unit of transport work ratio. Tanker ships de-
signs were also used to assess the IMO guidelines for assessing the
minimum propulsion power of ships in adverse conditions, and would
meet energy efficiency regulations IMO, by criticizing simplistic pro-
cedures for tankers and bulk carriers (Liu et al., 2022).

1.1. Research gap

Since EEDI has a longer history, most of the research is directed to-
wards EEDI than toward novel regulations with respect to EEXI or CIL
Although under investigated compared to other major fleets, there are
studies that evaluate tankers’ energy efficiency levels. However, these
are dispersed and in the most cases, not systematically given with
respect to the particular phase of the EEDI introduction or compared
with the EEXI or CII levels. They investigated their EEDI levels in the
majority of studies. However, studies that compare energy efficiency
level of the same tankers with respect to EEDI, EEXI and CII thorough the
history of the introduction of these measures are missing, according to
the best of authors knowledge. They explored the effects of the partic-
ular technology solution in some cases (hull cleaning, engine modifi-
cations), or the reduction of speed (i.e., slow steaming). However,
consequent results are related to single tanker or fleet of similar tankers,
and hardly can be attributed to larger tanker fleets.

Although the number of studies related to energy efficiency of ships
have been increased over the recent years, rare have been assessing large
fleets of tankers and their subgroups. The extensive comparison of
design- and operational-based energy efficiencies, as well as the actual
slow steaming to meet IMO requirements, is not found in literature for
those fleets in a manner analyzed here, according to the best of author
knowledge. This leaves a gap in identification of the actual effect reg-
ulations have on particular tanker ships deadweights, their environ-
mental impact, when it comes to operational and design modifications.

1.2. Key contributions

Therefore, the goal of the paper is to deliver an extensive study
regarding energy efficiencies of tankers with respect to EEDI, EEXI and
CIL, in order to identify the level of progress according to each of the
measure and sizes. Energy efficiencies are separated by the size and type
of the tankers. In addition, the necessary reduction of the tankers’ speed
and power (i.e., slow steaming) potentials are evaluated to satisfy cur-
rent and future energy efficiency criteria.
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2. Database

A database consists of 426 sea-going tankers built between 2000 and
2020, designed to carry liquified cargo such as: oil, chemicals, LNG,
LPG, methanol, palm oil, bitumen, fruit juice, sulphur, ethylene, and
similar. Thus, ships are grouped into categories according to their class:
chemical/oil products tankers, crude oil tankers, LNG tankers, LPG
tankers and products tankers. Furthermore, they are also divided in
terms of their deadweight size into the most common categories used in
practice: Small, Medium, Panamax, Aframax, Suezmax, Very Large
Crude Carriers (VLCC) and Ultra Large Crude Carriers (ULCC), see
Table 1. The majority of the data for ships are obtained from Significant
Ships journal published by The Royal Institution of Naval Architects
(RINA) from 2000 to 2020 (RINA, 2000), in which the most significant
ships (by their design) built in those years are selected by industry peers.
In this study, ships built after 2020 were not considered due to the
outbreak of the COVID-19 pandemic, which significantly impacted the
entire maritime industry. Furthermore, the source for the database were
acquired by shipyard data disclosed to the authors, and other sources
such as: official websites of ship operators or owners, AIS tracking
websites, etc. (see Fig. 1a and b). Some of the ships have more than one
classification notation. Note that sampling was performed by random
nature according to the availability of substantial number of data
needed for such analyses. Indeed, the database does not reflect the na-
ture of the overall tanker fleets population. Consequently, conclusions
are only related to the tanker fleets provided in this paper.

Ships are categorized here according to their primary type of liqui-
fied cargo and DWT. Note that with varying degrees of accuracy for each
source of data, any errors within the data input source will extend to the
results, resulting in decreasing overall reliability of the results. Ships’
main specifics are provided in Fig. 2 depending on their respective DWT.
In Fig. 2a-h, characteristic trends in parameter changes as a function of
DWT can be observed. The relationship between the overall length,
breadth, height, draft, speed, propeller diameter and DWT is practically
logarithmic, while the relationship between displacement and DWT is
linear. For MCR and DWT, a clear dependency trend cannot be observed
for all types of ships (especially not for LNG tankers); the best fit is power
fit. Additionally, each of the aforementioned figures includes a mathe-
matical interpretation of the trendline for each type of ship individually.
The dependency that gives a coefficient of determination as close to 1 as
possible is adopted for the mathematical formulas. These mathematical
interpretations can be used in the initial phase of ship design when
selecting the main dimensions of tankers, but for MCR, regression
equations should be taken with caution because the coefficient of
determination is about 0.5. Similar equations exist in (Papanikolau,
2014), but only with considered tankers built in the period from 2000 to
2005.

The following analysis examines the development of ships over the
years, specifically how key parameters such as length, width, draft,
DWT, designed speed, and engine power have changed from 2000 to
2020. In Fig. 3, data for different ship types are represented with
markers of various shapes and colors. Dashed lines show the linear
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trends for each of the eight parameters, separately for each ship type.
The trends are not results of this study but given just in order to provide
insight into the nature of database we gathered, which are inputs we
used for analyses of EEDI, EEXI and CII. Fig. 3a and b shows the overall
length and width of ships, respectively, indicating that ships have
generally become longer and wider over the years. However, LNG car-
riers have become shorter and narrower. Fig. 3c and d displays the draft
and DWT. For chemical/oil products, LPG, and products tankers, both
draft and DWT have slightly increased, while for crude oil tankers and
LNG carriers, these parameters have changed only slightly. Fig. 3e shows
the designed speed, which has significantly decreased for all ship types
over the years, except for LPG tankers, which have become faster. Fig. 3f
presents the MCR, which has slightly increased over the years for LPG
and products tankers. For chemical/oil products tankers, it has slightly
decreased, while for crude oil and LNG tankers, it has decreased more
noticeably, particularly for LNG tankers. The propeller diameter
(Fig. 3g) has significantly increased over time for all types of ships
except for LNG tankers, where it has decreased, while the Froude
number has decreased for all types of ships (Fig. 3h).

3. Methodology
3.1. Research approach

The introduction provides a detailed analysis of the current IMO
regulations regarding ship energy efficiency, with an emphasis on EEDI,
EEXI, and CII as the three most important indices. A review of extensive
literature revealed that there are currently no research results on large
fleets of the same type of ships (tankers) built in the first and second
decades of the 21st century. In the following chapters, the calculation
methodology for each of the three energy efficiency indices is presented
and applied to a database of 426 sea-going tankers. All considered ships
are classified by type and size based on DWT and all obtained results
were analyzed according to this classificaiton. For each ship, the
attained and required EEDI and EEXI were determined, while for 40
ships from the database, the attained and required CII were also calcu-
lated, as the authors had sufficient data to determine CII for only these
40. For all ships from the database that do not meet the EEDI/EEXI
criteria, EPL was determined as one of the simplest methods to meet
EEDI/EEXI requirements. In accordance with engine power limitations,
the corresponding speed reduction was calculated, both individually
and for tankers divided by type and size. Through comprehensive
analysis, the rate of energy efficiency improvement for the entire fleet
during the period from 2000 to 2020 was also determined. Summari-
zing, this section presents the streamlined guidance depicted in Fig. 4 as
a flowchart.

3.2. EEXI

For a ship to pass the IMO criterion, attained EEXI has to be lower
than required EEXI, see Eq. (1). Both attained and required EEXI score is
assessed using IMO procedures for tankers described in (IMO, 2018,

Table 1

Number of ships according to the type and size.
Size DWT range Type of tankers Total

Chemical/Oil Crude LNG LPG Products

Small —25000 66 1 12 15 4 98
Medium 25000-50000 73 2 3 8 11 97
Panamax 50000-75000 28 12 6 13 3 62
Aframax 75000-120000 6 31 52 0 1 90
Suezmax 120000-200000 2 39 4 0 0 45
VLCC 200000-320000 0 28 0 0 0 28
ULCC 320000 - 0 6 0 0 0 6
Total 175 119 77 36 19 426
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Fig. 1. Database ships specific parameters depending on a deadweight: a) number of ships, b) year of built.

2021c, 2022i), and given in Egs. (2) and (3), and Tables 1 and 2,
respectively. In Eq. (2), subscript “*” points that SFCyr and Cryr can
replace SFCag and Crap, respectively. This can be performed if part of the
normal maximum load is delivered by shaft generators. Subscript “**”
means that an average weighted value of (SFCpreCryg) and (SFCageC-
rag) is to be applied of the calculation of Peg. The subscripts “pg* and
“sg” relate to the main and auxiliary engine, respectively. Since the
power-speed curve from the trails was not available, we calculated the
reference speed using a proposed equation given in Table 2. According
to this, Vys, along with MCRgy, depends on ship type and deadweight.
Capacity values are taken as respective deadweights for scantling drafts.
All inputs explanations and respective sources for the calculation of
attained EEXI are given in Table 2. Required EEXI is calculated using
(IMO,2021c¢) Table 3 and Table 4.

npr1 eff
n
fi D Periy — ) _fegrtiy Pagefsi) | *Crag-SCFag | —
ijl
-1 i—1

Ylgj:f
<Zf ff()"Pefro 'CFME'SCFME**>
Attained EEXI=——~""

r nME
(Hjnlf;> (ZPME(i)'CFME(i) 'SCFME(i)> + (Pag-Crag-SCFp+ )+
o1

2019) indicating that a similar formula is used as for EEXI, see Egs. (5)-
(7). The required EEDI criterion is strengthened over the years and as
such is incorporated in calculation using reduction factors, as given in
(IMO, 2021c). All inputs explanations and respective sources for the
calculation of attained EEDI are given in Table 2. Required EEDI is
calculated using (IMO,2021c), Tables 3 and 5.

Attained EEDI < Required EEDI 5)
. X .
Required EEDI = <1 - m) -Reference line 6)

While Reference line is depicted as Eq. (4).

3.4. ClI

fi 'fz fl ° Capacityfw. Vref 'fm

Attained EEXI < Required EEXI 2
. Y .

Required EEXI = (1 - m) -Reference line 3)

Reference line=a-b™¢ 4

According to the methodology described in (Kalajdzic et al., 2022),
the required EPL and consequently the new reference speed (Vref,qpp,iim)
is determined to ensure that each ship in the database meets the EEXI
criterion. Moreover, the relative difference between the approximated
speeds (Vreapp and Vyef,qpp 1im) before and after the installation of the EPL
is also provided to see how much ships need to slow down in order to
meet the EEXI criteria.

3.3. EEDI

Assessment of EEDI is analogous to assessment of EEXI: the lower
attained EEDI score means that the ship is considered as more energy
efficient, attained value has to be lower than required value of EEDI. The
calculation is performed using (IMO, 2018) and amended with (IMO,

In addition to EEDI and EEXI, a group of ships are extracted from the
database and chosen for the calculation of their CII rating, see Egs. (7)—
(11). It is performed for the total of 40 ships for which the authors had
reliable data for the evaluation: IMO DCS data on annual fuel con-
sumption for 2022 per fuel type, number of hours spent under way and
distance traveled. Note that starting from the January 1, 2023 all ships
have to have a three-year plan in which the explanation of proper CII
achievement will be given (IMO, 2022g). Consequently, attained CII is
calculated according to (IMO, 2022d), reference CII (Clly) is evaluated
as per (IMO, 2022¢) for 2019 and reduction factor Z is extracted from
(IMO, 2021a). All input explanations and respective sources for the
calculation of attained CII are given in Table 6. Parameters for deter-
mining the specific reference line and reduction factors are given in
Table 7 and Table 8.

Required CIl = M/W 7
M=FC;-C, ®)
W=C-D, (C)]

. Z
< _— .
Attained CII < (1 I 00) ClLf (10)
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Fig. 2. Database ships specific parameters depending on a deadweight: a) length overall, b) breadth, c) height, d) scantling draft, e) displacement (fully loaded), f)

design speed, g) MCR power, h) propeller diameter.

Clls = a-Capacity™® (11)

The idea of developed rules and guidelines is to determine the rank
for each ship. The operational carbon intensity rating classifies ships
into five grades (A, B, C, D, and E) based on their annual operational
carbon intensity indicator. This ranking system indicates the vessel’s
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performance level, ranging from major superior to minor superior,
moderate, minor inferior, or inferior (IMO, 2022f). To facilitate the
evaluation process, annual rating assignments from 2023 to 2030
involve the definition of four distinct boundaries within the five-grade
rating framework: superior, lower, upper, and inferior boundary. This
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Fig. 3. Development of ships parameters over the years: a) Length overall - Loa, b) Breadth - B, ¢) Scantling draft - T, d) Deadweight - DWT, e) Design speed - V, f)
Maximum engine power - MCR, g) Propeller diameter - D, h) Froude number based on length - Fn.3.

allows for the assessment of a ship’s annual operational CII by
comparing it to these specified boundary values. The determination of
these boundaries is rooted in the distribution of individual ships’ CIIs in
the year 2019. The boundaries for performance ratings over time are
synchronized while maintaining the consistent relative distance

between them. Notably, a ship’s rating is determined by its achieved CIL
concerning predetermined boundaries, independent of the CII levels of
other ships. The establishment of these boundaries involves considering
the required annual operational CII in conjunction with vectors denoted
as dd vectors, signifying both the direction and magnitude of deviation
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Table 2
Inputs for the calculation of attained EEXI.

Ocean Engineering 317 (2025) 120028

Input Methodology

Comments (explanations/sources)

Main engines

nME
Zi:l Py

Shaft generators ZZ' Py =0

Innovative energy Z:’ﬁ fetr Pesry = O
efficient devices on B
main engine

No innovative energy
efficient devices on

auxiliary engine

ney
Zi:l Fefrti) Paresry =0

Pap Pag = 0.5-MCR (MCR < 10000 kW)
Pap = 0.025-MCR + 250 (MCR > 10000 kW)
SCFrme 190 g/kWh
SFCag 215 g/kWh
Crume 3.114 t CO,/tefuel - for HFO
Crag 3.206 t CO,/tefuel - for diesel

Vief,apps Vref,app,lim

P 1/3
Voo —m | PmE_
refavg T [0.75MCRan]

75% of the maximum continuous rating (MCR). This is to be taken as
83% of limited installed power (MCRy;,,) or 75% of MCR, whichever is
lower (IMO, 2022i).
No shaft generators

No innovative energy efficient devices on main engine

No innovative energy efficient devices on auxiliary engine

For MCR >10 000 kW MCR (IMO, 2018)

This is assumed for engines that have no NOx Technical File and
verified manufacturer’s data (IMO, 2022i),

Where there is no power speed curve available or there are no EEDI
from sea trials, the formula represents the statistical mean of
distribution of ship speed and engine power (IMO, 2022i)

MCRayg D-EF Depends on ship type (IMO, 2022i)
D = 22.8415 - tankers
D = 21.4704 - gas carriers
D = 20.7096 - LNG
E =DWT
F = 0.55826 — tankers
F = 0.59522 - gas carriers
F = 0.63477 - LNG
my min (Vregavg 1 kn) IMO (2022i)
Vrefavg Vref.avg = A-B€ Parameters A, B, C are given in (IMO, 2022i)
Capacity DWT IMO (2018)
fi Ship specific design elements — the power correction factor for ice-classed IMO (2018)
ships: the greater value of fjo and fj i but not greater than fj . = 1
fi Capacity correction factor IMO (2018)
fe Cubic capacity correction factor IMO (2018)
fi Factor for general cargo ships equipped with cranes. fj =1 IMO (2018)
fw Factor for speed reduction at sea. f,, = 1 IMO (2018)
fm Factor for ice-classed ships IMO (2019)
between EEDI, EEXI and CII:
Table 3 X . . This multi-dimensional evaluation perspective based on calculating
Inputs for the calculation of EEDI Reference line (IMO, 2021c). . .
EEDI, EEXI and CII helps to more comprehensively judge the energy
Ship type a b ¢ efficiency level of tankers, identify shortcomings in design and opera-
Gas carrier 1120 DWT 0.456 tion, and provide more details about energy saving and emission
Tanker 1218.8 bwr 0.488 reduction from a large tanker fleet.
LNG carrier 2253.7 DWT 0.474

from the required value. dd vectors for determining the rating bound-
aries are shown in Table 9.

One of the most popular and easiest methods for meeting the CII
criteria is reducing speed. Therefore, in this case, the relative difference
between the average sailing speed of each ship over one year and the
speed at which the ship should sail to meet the CII criteria for the same
period and distance traveled has also been determined.

In Table 10 are outlined the main differences and similarities

Table 4
Reduction factor Y for the required EEXI compared to the EEDI reference line
(IMO, 2021c).

Ship type Size Reduction factor
Gas carrier DWT > 15000 30
10000 < DWT< 15000 20
2000 < DWT< 10000 0-20°
Tanker DWT > 200000 15
20000 < DWT< 200000 20
4000 < DWT< 20000 0-20°
LNG carrier DWT > 10000 30

# The reduction factor Y should be linearly interpolated between two values
dependent upon ship size.
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4. Results

Firstly, for each basic type of ship (Gas Carrier, Tanker, LNG Carrier —
according to IMO classification), reference values for the required EEDI
have been determined according to phases, with criteria becoming
stricter over the years. Therefore, in Fig. 5, the EEDI reference line
(green - phase 0, blue - phase 1, purple - phase 2, orange - phase 3) shifts
downward. The EEXI reference line is shown in Fig. 5 with a black line,
and it largely coincides with the orange EEDI reference line (whose
reduction coefficient corresponds to phase 3). Each point (square, circle,
rhomb, triangle) represents one of the ships from the database with its
attained EEDI/EEXI. The color of the point is defined according to the
colors of the reference lines. 89.3% of ships built during the period
2013-2014 meet the EEDI criteria corresponding to Phase 0, 72.5% of
those built during 2015-2019 meet the criteria corresponding to Phase
1, while 47.1% of ships built in 2020 meet the criteria for Phase 2. In
Fig. 4, the attained EEXI for ships older than 2013 is shown by triangles.
For newer ships, the attained EEDI and attained EEXI are equal. Since
the EEXI regulations came into force in 2023, all ships were considered
for compliance with the regulation. Only 14.8% of ships meet the EEXI
criteria, which corresponds to 63 out of 426 ships from the database. It
can be seen that the EEXI and EEDI (Phase 3) criteria are practically the
same for Gas Carriers and LNG Carriers, while the EEXI criterion for
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Table 5
Reduction factor X for required the EEDI relative to the EEDI reference line (IMO, 2021c).
Ship type Size Phase 0 Phase 1 Phase 2 Phase 2 Phase 3 Phase 3
1 Jan 2013-31 Dec 1 Jan 2015-31 Dec 1 Jan 2020-31 Mar 1 Jan 2020-31 Dec 1 Apr 2022 and 1 Jan 2025 and
2014 2019 2022 2022 onwards onwards
Gas carrier DWT > 15000 0 10 20 30
10000 < DWT< 0 10 20 30
15000
2000 < DWT< Not applicable 0-10" 0-20" 0-30"
10000
Tanker DWT > 20000 0 10 20 30
4000 < DWT< Not applicable 0-10" 0-20" 0-30"
20000
LNG DWT > 10000 Not applicable 10° 20 30
carrier”

@ Regarding the tankers with DWT between 4000 and 20000 t, the reduction factor Y should be linearly interpolated between two values.
b Reduction factor applies to those ships delivered on or after 1 Sep 2019.
¢ Phase 1 commences for those ships on 1 Sep 2015.

Table 6

Inputs for the calculation of attained CII.

Note Symbol  Comments (explanations/sources)
Mass of CO5 M Total mass of CO; in grams from all the fuel oil
emissions consumed on board a ship in a given calendar year
Mass of consumed FC Total mass in grams of consumed fuel oil type j in
fuel oil the calendar year, as reported in IMO DCS Annual
emissions report
Fuel oil type j HFO, LFO, MDO/MGO, LPG, LNG
Conversion factor Cr, Fuel oil mass to CO, mass conversion factor for fuel
oil type:
3.114, 3.151, 3.206. 3.030, 2.750 for each fuel oil
type above respectively. (IMO, 2022i; 1SO, 2024)
Transport work w The supply-based transport work (IMO, 2022d)
Ship’s capacity C Deadweight
Traveled distance D, Total distance traveled in nautical miles as

reported in IMO DCS Annual emissions report

tankers largely overlaps with the EEDI (Phase 2) reference line.

Table 9
dd vectors for determining the rating boundaries of ship types (IMO, 2022f).
Ship type Capacity  dd vectors
Exp Exp Exp Exp
(dy) (d2) (ds) (dg)
Gas DWT > DWT 0.81 0.91 1.12 1.44
carrier 65000
DWT < DWT 0.85 0.95 1.06 1.25
65000
Tanker DWT 0.82 0.93 1.08 1.28
LNG DWT > DWT 0.89 0.98 1.06 1.13
carrier 100000
DWT DWT 0.78 0.92 1.10 1.37
<100000

It can be observed from Fig. 5S¢ that there is only 3 LNG tankers
classified according to the IMO in this category. This classification in-
cludes LNG tankers with unconventional propulsion in this group, while

In 2013, the EEDI came into force according to the IMO. Ships built
before that time were not subject to this criterion, but if the rules had
applied to them, 39% of ships would not have met the criteria. Since the
EEDI came into effect, the proportion of ships not meeting the EEDI
criterion has decreased to 27.2%. This means that the introduced reg-
ulations have influenced the design of more energy-efficient ships in the
initial phase, but the percentage has not yet reached zero.

Table 7
Inputs for determining the specific 2019 CII reference lines (IMO, 2022¢).
Ship type Capacity a c
Gas carrier DWT > 65000 DWT 14405 - 107 2.071
DWT < 65000 DWT 8104 0.639
Tanker DWT 5247 0.610
LNG carrier DWT > 100000 DWT 9.827 0.000
100000 >DWT > 65000 DWT 14479 - 10'° 2.673
DWT < 65000 65000 14779 - 10'° 2.673
Table 8

Reduction factor Z for the CII relative to the 2019 CII reference line (IMO,
2021a).

Year Reduction factor relative to 2019
2023 5%

2024 7%

2025 9%

2026 11%

2027 and onwards a

& Z factors for the years 2027 and onwards will be introduced after review of
the current measure.
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LNG tankers with conventional propulsion are classified as Gas Carriers.

Table 10
EED], EEXI, CII — main differences and similarities.
Feature EEDI EEXI CII
Purpose Measures energy Measures energy Evaluates
efficiency of new efficiency of operational
ships existing ships carbon intensity of
all ships
Implementation Introduced in Applicable since Effective from
Date 2013 2023 January 2023

Calculation Basis

Assessment
Criteria

Ship Type
Consideration

Reduction
Factors

Rating System
Compliance
Monitoring

Focus

Based on design
specifications

Attained EEDI
must be less than
required EEDI
Different for ship
types (tankers,
gas carriers, LNG)
Reduction factors
applied over time

Not a rating
system, just a
score

Monitored at the
time of delivery

Design phase
energy efficiency

Based on design
specifications

Attained EEXI
must be less than
required EEXI
Different for ship
types (similar to
EEDI)

Reduction factors
based on ship
type

Not a rating
system, just a
score

Monitored
periodically for
existing ships
Existing design
energy efficiency

Based on actual
fuel consumption
and distance
traveled

Attained CII rating
is compared to
reference CII
Different for ship
types (varies with
capacity)
Reduction factors
based on annual
goals

Five-grade rating
system (A to E)

Annual
monitoring based
on fuel reports
Operational
carbon intensity
and emissions
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b)
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Fig. 5. Attained and required EEDI/EEXI: a) Gas carriers, b) Tankers, ¢) LNG carriers.

Table 11
Number of ships that meet EEXI criteria based on size and type.
Chemical/Oil Crude LNG LPG Products Total

Small 22 0 7 2 1 32
Medium 3 0 2 2 0 7
Panamax 0 0 1 2 0 3
Aframax 0 1 15 0 0 16
Suezmax 0 2 1 0 0 3
VLCC 0 2 0 0 0 2
ULCC 0 0 0 0 0 0
Total 25 5 26 6 1 63

Therefore, further analysis of tanker energy efficiency was conducted
based on the EEXI and CII criteria, with ships classified by type as
chemical/oil products, crude, LNG, LPG and products tankers and by
size as Small, Medium, Panamax, Aframax, Suezmax, VLCC and ULCC.
In Table 11 are shown numbers of ships that meet EEXI criteria. In
Table 11, the numbers of ships that meet the EEXI criterion are provided
according to size and type, as well as the total number of ships in these
categories.

According to the results, LNG tankers stand out as the most efficient
by type, while small ships are the most efficient by size. On the other

a) 70%
60% = 58
sw% .
50% 47%
o
EPL [%] 407
30%
20%
10%
0%
> & © S &
& T TS
& s
& Type of the ship

hand, crude tankers are the least efficient by type, and Panamax ships
are the least efficient by size.

The estimated EPL is expressed as a percentage and represents the
ratio between the new limited power (MCRIlim) and the designed MCR.
The results are shown in Fig. 6a, which displays the EPL by ship type,
and in Fig. 6b, which shows the EPL by ship size. According to type, the
EPL for product tankers deviates more than the others by almost 10%. In
terms of size, the largest ships require the smallest percentage of power
reduction to meet the EEXI criteria, while the power reduction on the
smallest ships will account for a significantly larger proportion.

The relationship between speed reduction and power reduction to
meet the specified criteria is interconnected. Given that engine power is
proportional to the cube of speed, a slight decrease in speed leads to a
substantial reduction in the power needed to maintain that speed, which
in turn lowers the EEDI/EEXI. In Fig. 7a and b, the average designed
speeds, approximated reference speeds, and approximated limited
reference speeds based on ship type and size are shown, respectively.
The average designed speed of the entire tanker fleet is 15.6 knots, while
the average approximated reference speed is 14.6 knots and average
approximated limited reference speed is 12.6 knots.

Fig. 8a and b shows the required percentage reduction in reference
speed to meet the EEXI criterion, categorized by ship type and ship size,
respectively. The biggest speed reduction of 20.3% is needed for

b)

70%

60%
50%

o
EpL %] 1%
30%

20%

10%

0%

Size of the ship

Fig. 6. EPL estimation: a) per ship type, b) per ship size.
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Fig. 7. Speed estimation: a) per ship type, b) per ship size.
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Fig. 8. Speed reduction estimation: a) per ship type, b) per ship size.
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Fig. 9. Fleet energy efficiency improvement through the years: a) from 2000 to 2020, b) from 2008 to 2020, c) from 2013 to 2020.

products tankers, while the least reduction is required for LNG tankers
(11.9%), based on ship type. Regarding ship size, the speed needs to be
reduced by 11.7% for VLCCs and down to 15.5% for medium size
tankers.

The average EPL for all tankers in the database is 56% i.e., the new
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maximum power is even 44% lower than the original, and the average
speed reduction required to meet the EEXI criterion is 13.5%.

The ships have also been sorted by year of construction to gain a
clearer view of the trend in fleet improvement over a 20-year period.
Fig. 9a shows the number of ships requiring a reduction in engine power
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by type for each year of construction. The black solid line represents the
average EPL in % for all ship types by year of construction. The dashed
lines illustrate the linear trend of the decreasing number of ships
needing EPL over the years (red colored), as well as the trend of
increasing EPL itself (black colored). Fig. 8a shows that the highest
number of ships in the database requiring EPL was built in 2008. This
year is used as the reference point for aiming to reduce emissions of
exhaust gases. The same year also saw a major economic crisis, which
significantly impacted all sectors of industry. Consequently, the decline
in the number of ships requiring EPL was accompanied by a reduction in
the number of ships built in the subsequent three years (especially
chemical/oil products tankers). Generally, since 2008, there has been a
decreasing number of ships needing EPL, with a reduction rate of 7.5%,
while the EPL has increased at a rate of 2% over the 12-year period
(Fig. 9b). However, if 2013 was considered as the reference year, since
the EEDI officially came into force then, the rate of EPL increase would
be less than 1% (Fig. 9¢). In fact, there has been a recorded increase in
the number of ships requiring EPL since that year (Fig. 9c).

EEDI and EEXI are nominal energy efficiency parameters and cannot
accurately reflect the actual GHG caused by ships, as they are deter-
mined using a single speed (reference speed) and engine power based on
scantling DWT. A more realistic efficiency parameter is CII, which
considers the distance traveled, time spent underway, and the actual fuel
consumed over a year. By accounting for the distance traveled and the
total time spent underway, the average speed of the ship over a year is
determined. In this case, the average speed of the tanker fleet is 11.2
knots, meaning the actual speed of the tankers is nearly 30% lower than
the designed speed. It should be noted that the entire fleet of 426 ships
was reduced to 40, specifically chemical/oil products tankers, as data for
determining CII is only available for these ships. With this in mind, the
CII analysis was conducted based solely on ship size. As much as 83.3%
of ships meet the CII 2023 criteria, having a C rating, while 52.8% are
expected to maintain a C rating over the next three years. For the
remaining ships to also achieve at least a C rating during the next three
years, the average speed needs to be reduced by 5.4%. The average
speed reduction needed to meet the same requirement, divided by ship
size, is shown in Fig. 10.

When comparing the necessary speed reductions to meet EEXI and
CII criteria, an average difference of 8.1% is found. This indicates that
ships are already operating at lower speeds (slow steaming) than orig-
inally assumed when EEDI and EEXI were introduced as energy effi-
ciency indicators. According to IMO guidelines, the reference speed is
achieved at 75% of the engine’s MCR. However, the CII analysis shows
that tankers are using only about 60% of the maximum available engine

N/A N/A N/A

0.0%
-1.0%
-2.0%

-3.0%

Speed
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[%]

-4.0%

-5.0%

-5.0%

-6.0%

-1.0%

-8.0%
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Fig. 10. Necessary speed reduction to reach C grade for the next three years by
size of the ship.
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power during their voyages.
5. Discussion

The examination of ship development from 2000 to 2020 highlights
several trends. Ships have become longer and wider, though LNG car-
riers have become shorter and narrower. The draft and DWT have
increased slightly for chemical/oil products, LPG, and products tankers,
while crude oil and LNG carriers have seen minimal changes. Designed
speeds have decreased significantly across most ship types, except for
LPG tankers, which have become faster. The MCR has shown varying
trends, with increases for LPG and products tankers and decreases for
chemical/oil products and crude oil tankers, particularly for LNG
tankers. The trend in ship design shows a significant increase in pro-
peller diameter for all ship types except LNG tankers, which have seen a
decrease, possibly due to specific operational requirements. Addition-
ally, the Froude number has decreased across all ship types, reflecting a
shift towards lower speeds (and/or longer length) for greater fuel effi-
ciency and reduced emissions.

The analysis of ship energy efficiency through the EEDI and EEXI
criteria reveals significant trends in maritime industry practices over the
past decades. The data demonstrates that the reference (required) values
for EEDI have become increasingly stringent over time. The EEDI
reference lines show a downward shift, indicating more rigorous stan-
dards with each phase. The EEXI reference line aligns closely with the
Phase 3 EEDI reference line for Gas and LNG carriers and Phase 2 EEDI
reference line for Tankers, suggesting a convergence towards stricter
efficiency requirements.

The proportion of ships meeting these criteria highlights the impact
of regulatory measures on ship design. For example, 89.3% of ships built
between 2013 and 2014 met the EEDI Phase O criteria, while only 47.1%
of ships built in 2020 met the Phase 2 criteria. The comparison of ships
built before and after the EEDI's introduction shows a decrease in non-
compliance from 39% to 27.2%. This decrease underscores the effec-
tiveness of the regulations in promoting more energy-efficient designs,
though it also highlights that further improvements are necessary. The
significant drop-in compliance rates for more recent ships suggest that
while regulations have improved ship design efficiency, they have also
become more challenging to meet.

Notably, only 14.8% of ships meet the EEXI criteria, demonstrating
that adherence to this more stringent standard remains a significant
challenge.

The conducted analysis of EEDI and EEXI calculations are based on
statistical models and IMO-proposed formulas rather than actual sea
trial data. This methodological approach may affect the accuracy of
efficiency assessments, suggesting that real-world measurements could
provide a more precise evaluation of ship efficiency.

The analysis shows that LNG tankers are among the most efficient by
type, while small ships are the most efficient by size. Although a greater
number of smaller ships meet the EEXI criteria compared to larger ships,
the smaller ships (those that do not meet the criteria) are affected by
more drastic power reductions than the larger ones. Conversely, crude
oil tankers are the least efficient by type, and panamax ships are the least
efficient by size.

The required EPL and associated reference speeds reveal the need for
significant speed reductions to meet EEXI criteria. The average EPL for
all tankers is 56%, with a required average speed reduction of 13.5% to
comply with EEXI standards. Products tankers require the highest speed
reduction (20.3%), while LNG tankers require the least (11.9%). The
results indicate that there are no drastic differences in the required re-
ductions in power and speed based on the type or size of the tanker i.e.,
the required reductions are of the same order of magnitude. Variations
in the necessary reductions of these parameters may arise from the
variability of the installed engines and the speeds for which they were
designed. It should be noted that the nominal efficiency parameters
primarily depend on the design specifications, meaning the intended
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purpose for which each ship was designed, while the operational effi-
ciency parameters depend on how the ship is operated.

Trends in EPL and the number of ships requiring it over time are
shown through the data analysis. The data shows a decline in the
number of ships needing EPL since 2008, reflecting improvements in
ship efficiency over the years. However, if 2013, when the EEDI offi-
cially came into effect, were used as a reference, the rate of EPL increase
would have been lower (less than 1%), indicating ongoing improve-
ments in efficiency but also a rising number of ships requiring adjust-
ments. Dynamic research over time provides important highlights into
trends and changes within the maritime sector, revealing how factors
like economic events and regulatory changes affect the fleet
improvements.

The comparison between EEXI and CII criteria reveals a notable
difference of 8.1% in the required speed reductions. This discrepancy
indicates that ships are already operating with slow steaming than
initially anticipated under EEDI and EEXI standards. The CII analysis
shows that tankers use only about 60% of their maximum engine power
during voyages, suggesting that actual operational conditions differ
from the reference values used in EEDI and EEXI assessments. The
optimization of ships for their actual operating speeds remains an
important consideration. Specifically, questions arise regarding whether
ships are optimized for their current speeds, including factors like the
efficiency of the bulbous bow and propeller design.

While EEDI and EEXI are nominal efficiency parameters, they are
limited in their ability to reflect real-world performance as they rely on
theoretical calculations. In contrast, the CII provides a more accurate
measure of a ship’s efficiency by accounting for actual fuel consumption,
time spent underway, and distance traveled. This makes CII a more
reliable indicator of true operational efficiency and environmental
impact.

6. Conclusion

The analysis of EEDI and EEXI criteria over time underscores the
evolving nature of maritime efficiency standards and their impact on
ship design. The stricter reference values introduced over the years have
led to improved energy efficiency in ship design, although achieving full
compliance remains challenging.

The proportion of ships meeting EEDI criteria has improved since its
introduction, reflecting the effectiveness of regulatory measures. How-
ever, compliance with EEXI remains limited, indicating that further
advancements are needed.

LNG tankers are the most efficient by type, while small ships are the
most efficient by size. However, the smaller ships that do not meet the
criteria are affected by more drastic power reductions than the larger
ones. Conversely, crude oil tankers and Panamax ships are among the
least efficient. This variability highlights the need for targeted ap-
proaches to improve efficiency across different ship types and sizes in
general.

The reliance on statistical models and IMO-proposed formulas for
EEDI and EEXI calculations may not fully capture real-world efficiency.
Incorporating data from sea trials could enhance the accuracy of effi-
ciency assessments.

Significant speed reductions are required to meet EEXI criteria, with
the largest reductions needed for products tankers. The CII analysis in-
dicates that ships operate at lower speeds and use less engine power than
assumed, suggesting that operational conditions and efficiency assess-
ments need to be aligned more closely. Considering that ships operate
using no more than 60% of the engine’s power and that the average EPL
is 56%, it is concluded that ships do not actually need to sail significantly
slower than they currently do. This raises the question of how much the
actual reduction in GHG emissions will be in the future. This essentially
means that ships are not actually sailing at the speeds for which they
were designed. This leaves room for improvement of existing ships, as
they are likely not optimized to operate under these conditions.
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The analysis from 2000 to 2020 reveals trends towards larger and
wider ships, with notable exceptions such as LNG carriers. Designed
speeds have decreased, while MCR trends vary by ship type. These
changes reflect ongoing efforts to improve ship efficiency and adapt to
regulatory requirements. The peak of vessels needing EPL occurred in
2008. Since then, EPL demand has decreased by 7.5%, while average
EPL rose by 2%. However, from 2013, when the EEDI took effect, EPL
increases have slowed to under 1%, with a resurgence in the number of
ships requiring EPL.

For the first time, this study provided a concrete insight into the
impact of global mandatory IMO measures (EEDI, EEXI, CII) on the
energy efficiency performance across various tanker types and sizes.

While there have been significant improvements in ship efficiency
and design, ongoing efforts are needed to address challenges in
achieving regulatory compliance and optimizing ship performance.
Future research and regulatory updates should focus on integrating real-
world data, addressing variability across ship types, and continuing to
advance efficiency standards. It is crucial to expand the database with
more ships for deeper CII analysis which will provide a better view of
fleet performance. To obtain a clearer understanding of overall energy
efficiency in the maritime sector, it is important to broaden the research
to cover additional types of ships within the commercial fleet.
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ARTICLE INFO ABSTRACT
Keywords: The maritime sector has gained significant experience in complying with regulations supporting global decar-
Shipping decarbonization bonization and reducing greenhouse gas emissions from shipping. Key instruments driving this transition are the

Energy efficiency International Maritime Organization's (IMO) Energy Efficiency Design Index (EEDI), Energy Efficiency Existing

EEEII Ship Index (EEXI), and Carbon Intensity Indicator (CII). While many studies address individual vessels or small
cI fleets, large-scale analyses combining all three indices remain scarce, especially for container ships, which play a

major role in global trade. This study reviews existing literature on compliance and the effectiveness of technical
and operational measures for container ships, then evaluates 162 vessels built between 2000 and 2020, from
small feeders to ultra-large container ships (ULCS). The analysis includes EEDI and EEXI for all vessels and CII for
21, examining trends in key design parameters. Results show that most ships initially met EEDI limits, but
compliance has declined, while EEXI and CII performance remain considerably lower. The main adaptation
strategy is slow steaming, with an average speed reduction of 33%. Overall, findings suggest that future
compliance with IMO decarbonization goals will require major design changes and the adoption of alternative
fuels, as existing operational measures are nearing their limits.

Container ships

1. Introduction the key contributions of this study.

To pursue the decarbonization of shipping, international regulations
have increasingly mandated compliance with progressively stricter
criteria, fundamentally influencing ship design, operational practices,
and fleet management strategies. A systematic evaluation of how energy
efficiency measures have shaped compliance, ship design, and perfor-
mance across different fleet size categories is of growing importance for
both industry and policy makers (DNV, 2025). This is particularly
relevant for container ships, as they represent one of the most significant
fleet segments driving the maritime sector, emissions from shipping, and
global trade. In fact, the container ship fleet increased by 9.7% in
deadweight between 2024 and 2025, representing by far the largest
growth among all ship types, and accounting for the largest share of
newbuilds in 2024 (41.3%), (UNCAD, 2024; UNCAD, 2025).

Accordingly, this section examines prior work and is organized into
three main parts. The first part presents a focused review of the IMO
regulatory framework on energy efficiency, with a special focus on three
mandatory instruments that directly shape the energy efficient-based
design of ships: EEDI, EEXI and CII. The second part reviews literature
addressing the progress of energy efficiency and compliance with these
regulations, while the third identifies existing research gaps and outlines

1.1. Review of IMO's energy efficiency regulatory framework

The concept of ship energy efficiency indices was first introduced in
2009 with the Energy Efficiency Operational Indicator (EEOI),
expressed as the amount of CO, emitted (in grams) per ton of cargo
transported per nautical mile (IMO, 2009). Although never made
mandatory, the EEOI was promoted as a voluntary tool for assessing a
ship's actual operational efficiency and served as a precursor to forth-
coming mandatory measures. It could be applied to a single voyage,
multiple voyages, or to one or more ships, and it represented the first
step toward quantifying operational efficiency.

In 2011, the International Maritime Organization (IMO) adopted the
EEDI which became mandatory for all ships above 400 gross tons built
after January 1, 2013, or delivered after January 1, 2015 (IMO, 2011).
The EEDI measures the nominal (theoretical) amount of CO5 emitted per
ton of cargo per nautical mile (IMO, 2018; IMO, 2019; IM0O2022a).
Compliance requires that the attained EEDI of a ship be lower than the
required value, which is calculated from a reference line based on the
average efficiency of similar ships built between 2000 and 2010. Despite
its wide application, almost half of the world fleet remains outside the
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scope of EEDI, as ships below 400 gross tons and fishing vessels are
exempt (Equasis, 2020).

As the number of pre-2013 ships in operation had remained high and
unaddressed in terms of energy efficiency, the IMO introduced the EEXI
in 2019, which entered into force in 2023 (IMO, 2022b). Similar in
concept to the EEDI, the EEXI represents the nominal CO, emitted per
ton of cargo per nautical mile but applies to ships above 400 gross tons
built before 2013. As with EEDI, compliance requires that the attained
value does not exceed the required value, which is determined relative
to reference lines for each ship type. The key difference between the two
indices lies in the reduction factors (IMO, 2021a). For EEDI, reduction
factors vary by ship type and year of construction, and have been phased
in gradually since 2013, tightening progressively until 2025. In contrast,
EEXI reduction factors were fixed from the outset, depending on ship
type, and largely aligned with the final-phase EEDI values.

However, because EEDI and EEXI are based on nominal design
values, they do not reflect the operational realities of navigation. To
address this limitation, the IMO introduced the CII in 2023, applying to
ships above 5000 gross tons (IMO, 2022¢; IMO, IMO, 2022d; IMO,
2022e). This measure represents the actual amount of CO2 (in grams)
emitted per ton of cargo transported per nautical mile and has been
designed to encourage the monitoring of emissions during operation.
Note that, prior to the introduction of CII, the IMO established the Data
Collection System (DCS) in 2019, under which operators of ships above
5000 gross tons were required to record fuel consumption, sailing time,
and distance traveled (IMO, 2016).

The attained CII for a given year is calculated from the operational
data recorded in the previous year and is compared with the required
CII, which is derived from a reference value adjusted by a reduction
factor that changes every two years. Consequently, each ship is assigned
with an energy rating of A, B, C, D, or E based on its deviation from the
required value. While an A rating is desirable, ratings of B or C are also
considered acceptable. At the same time, the rating for the next three
years is also projected in addition to that of the current year. If a ship is
rated D for three consecutive years, or E in any single year, the operator
must prepare a corrective plan outlining measure to achieve at least a C
rating.

EEDI, EEXI and CII measures are presented in MARPOL Annex VI
(IMO, 2022f). Utilizing DCS and EEOI can enhance the operational
dimension of improving EEDI, EEXI, and CII. Specifically, the targets
aim to reduce total annual GHG emissions from international shipping
by at least 20% (working towards 30%) by 2030, and by at least 70%
(working towards 80%) by 2040, relative to 2008 levels, according to
(IMO, 2023). Furthermore, global emissions are expected to peak as
soon as possible, with the ultimate goal of achieving net-zero emissions
by 2050.

To conclude, the main difference between EEDI, EEXI, and CII lies in
their underlying approach. The first two indices are based on nominal
input parameters and therefore do not fully reflect the operational na-
ture of ship navigation. However, their calculation procedures and
required inputs are simpler, making them suitable for estimating energy
efficiency levels, particularly in qualitative analyses. In contrast,
although CII requires more extensive operational data, which are often
not readily available, it has the potential to provide a more accurate
assessment of the actual energy efficiency of container ships.

1.2. Literature review

A substantial body of research has emerged over the past decade
addressing ship energy efficiency measures from multiple perspectives,
ranging from operational and design measures to digital optimization
tools. Collectively, these studies demonstrate the breadth of strategies
available for compliance with IMO regulations. Accordingly, this sub-
section begins with a general overview of the current position of
container ship fleets in the context of decarbonization. It then examines
two of the most widely adopted operational strategies for improving
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energy efficiency, slow steaming and voyage optimization, which are
primarily applied to existing ships. The following part discusses ship
design considerations, emphasizing hull form and propulsion system
optimization, as well as the use of energy-saving technologies (ESTs).
While hull form and propulsion optimization are generally associated
with newbuilds, ESTs are applicable to both new and existing ships due
to their ease of retrofit. Furthermore, the ship design approach with the
highest potential for achieving full decarbonization lies in the adoption
of alternative fuels. Finally, two measures relevant to maintenance and
operational phases, hull cleaning and the application of deep learning
techniques, are examined.

The scope of this review excludes less established technologies, such
as wind-assisted or nuclear propulsion, due to insufficient data and
limited available evidence regarding their energy efficiency perfor-
mance. It should be noted that numerous other studies have been con-
ducted on this topic, many of which report similar or overlapping
findings. However, we believe that the literature reviewed here is suf-
ficient to support the conclusions presented, as the inclusion of addi-
tional works would not materially alter the findings of this study.

1.2.1. Overview

Analysis of the modern merchant fleet by (Lysyy et al., 2018)
revealed a substantial increase in both the number and size of container
ships, with the average carrying capacity of vessels built between 2015
and 2018 growing by nearly 2.8 times compared with those built 15-19
years earlier. This expansion, combined with the tendency of container
ships to operate at maximum speeds regardless of weather conditions,
has resulted in higher propulsion power demands, greater fuel con-
sumption, and increased emissions. According to (Olmer et al., 2017),
CO, emissions from container ships amount to approximately 205
million tons, representing about 23% of total shipping emissions. Study
by (Tran and Tran, 2023) examined the emissions of a global container
ship fleet and their environmental impacts on regional ports. Using a
bottom-up modeling approach based on voyage data, the study analyzed
Maersk Line's fleet of 653 ships (3.52 million TEU capacity) operating
over 1,043,845 nautical miles per week. The fleet was estimated to
generate 683,428 tonnes of CO5 and other pollutants weekly, corre-
sponding to an external cost of approximately €202.3 million. Emissions
were concentrated along major East-West shipping routes linking East
Asia, Europe, and North America, with the highest in-port emissions
observed in East Asia, Europe, and the Mediterranean due to the con-
centration of operations at key strategic ports. Assessment of a Turkish
container ship by (Tokuslu, 2020) confirmed compliance with IMO EEDI
regulation. However, this is a single case study made for the IMO re-
quirements at the time. In contrast (Serra and Fancello, 2020), stated
that while no single measure can achieve full decarbonization, combi-
nations of current technologies, supported by policies, financial in-
centives, and research, can make significant progress.

1.2.2. Slow steaming

Since the introduction of energy efficiency regulations, slow steam-
ing has been the predominant fleet-wide response, particularly among
container ships, which typically operate at higher speeds than other
major ship types and therefore offer greater potential for speed reduc-
tion. Modeling by (Sames and Kopke, 2012) confirmed that slow
steaming is the most effective short-term measure for reducing fuel
consumption and emissions without technological modification. The
analysis further confirmed that larger container ships achieve lower CO4
emissions per transported TEU and increase their energy efficiency,
reflecting the benefits of economies of scale. In addition (Meyer et al.,
2012), demonstrated that reducing speed substantially lowers fuel costs
and allows determination of an optimal operating speed that maximizes
both economic and environmental efficiency. Although the optimal
speed varies with route, ship type, and operating conditions, the overall
trend confirms that slower, strategically planned sailing maximizes en-
ergy efficiency while supporting IMO emission reduction targets,
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according to (Woo and Moon, 2014). The same study also showed that
by optimizing speed relative to fuel prices, ship design, and carbon costs,
shipping companies can achieve both economic and environmental
benefits. Similar conclusions were reached by (Kontovas and Psaraftis,
2011; Elkafas et al., 2023) who likewise highlighted the dual advantages
of speed optimization for emissions reduction, energy efficiency
compliance and profitability. In addition (Kontovas and Psaraftis, 2011),
emphasized that minimizing port time is critical for improving overall
energy efficiency of container ships. They examined the relationship
between engine load, fuel consumption, and ship speed using regression
analysis to model emission reductions along the maritime intermodal
container chain at the time.

More focused case studies have quantified the actual benefits of slow
steaming. For example (Elkafas and Shouman, 2021), assessed the
environmental and energy efficiency benefits of speed reduction using a
medium-sized container ship as a case study. A 12.6% decrease in ship
speed resulted in a 36% reduction in CO, emissions, a 31.7% improve-
ment in EEDI, and a 26.5% reduction in EEOI, satisfying both current
and future IMO energy efficiency requirements. Moreover (Elkafas et al.,
2023), evaluated the technical, environmental, and economic impacts of
service speed reduction for container ships ranging from 2500 to 15,000
TEU. The study found that smaller vessels can meet EEXI requirements
at approximately 19 knots, while larger ships require speeds of 21.5
knots or lower. Maintaining speeds at or below 19.5 knots keeps CII
ratings within the A-C range, and the accompanying operational and
economic analyses demonstrated how speed reduction affects annual
profit margins depending on ship size and carbon taxation. Further ev-
idence is provided by (Woo and Moon, 2014), who analyzed the effects
of slow steaming on environmental performance in liner shipping,
showing that reducing voyage speeds to 15-18 knots on major routes
can significantly lower fuel consumption and CO, emissions. Beyond
low or moderate speed reductions (Woo and Moon, 2014), examined
more substantial cases of speed reduction. On the Asia-North Europe
route, they reported that by 2011 approximately 93% of liner services
had adopted slow steaming, reducing average voyage speeds from 23 to
25 knots in 2008 to 15-18 knots, a practice often referred to as
ultra-slow steaming (Kalajdzic et al., 2022a). assessed the energy effi-
ciency of existing cargo ships, including three container vessels, and
determined the exact Maximum Continuous Rating (MCR) reduction
required for each ship to comply with EEXI regulations. More impor-
tantly, the authors demonstrated that different methods for determining
input parameters can affect the results. For example, statistically derived
inputs and sea-trial data can lead to significantly different energy effi-
ciency scores. Slow steaming is primarily achieved through the imple-
mentation of Engine Power Limitation (EPL) (Kalajdzi¢ et al., 2022a;
Bayraktar and Yiiksel, 2023a).

In summary, slow steaming has proven to be the most effective short-
term measure for reducing fuel consumption and therefore complies
with IMO's energy efficiency regulations in container shipping, largely
due to the higher operating speeds of these vessels compared with other
ship types and the absence of design modifications. In that context, EPL
is the most widely used approach. However, as decarbonization efforts
progress and regulatory requirements tighten, slow steaming has
reached its practical limits, as the margin for further speed reduction
without compromising transport efficiency is nearly exhausted. More-
over, many ships are now operating at speeds for which they were not
originally designed, resulting in a loss of optimal performance.

1.2.3. Voyage optimization

Improving optimization techniques for voyage planning has been
shown to enhance CII ratings (Galecka, 2024; Rauca and Batrinca, 202.3)
indicated that applying current CII methods may not always reduce
overall emissions, suggesting a potential need for revised metrics, such
as calculating an average CII at the company level rather than per ship.
Case studies on container ships, bulk carriers, and tankers show that CII
is highly influenced by idle and laden voyages (Vasilev et al., 2025).
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Effective cooperation between shipowners and charterers, reduction of
port and anchoring times, and just-in-time scheduling can be critical for
optimizing CII performance, highlighting the importance of detailed
voyage planning and operational adjustments. The research by (Kim and
Eom, 2023) has proposed operational strategies, such as a just-in-time
arrival policy, to reduce emissions by converting waiting time at ports
into voyage time. Case studies at the Pusan International Container
Terminal demonstrated reductions in carbon emissions by an average of
45.8% and up to 91%, with 87% of ships improving their CII rank. The
approach also extended compliance with carbon regulations by an
average of eleven years, emphasizing the potential of operational mea-
sures to decarbonize shipping without modifying propulsion systems.
Another investigation by (Sevgili et al., 2025) evaluated the effect of
cold ironing (CI) on container ships' CII performance using projected
data from 183 voyages between 2023 and 2030. Results show that CII
compliance declines sharply over time, with only 19.7% of voyages
meeting the reference value by 2030 without additional measures. CI
eliminates over 12,500 tons of fuel consumption during port stays,
significantly lowering emissions. In addition, optimizing a ship's trim
during navigation has been found to have a notable effect on overall
energy efficiency (Vasilev et al., 2024; Gatin et al., 2024).

Optimized voyage planning influences operational efficiency and
thus has a direct impact on CII. Improved routing and port scheduling
may yield modest reductions in fuel consumption and emissions, sup-
porting, though not ensuring, regulatory compliance.

1.2.4. Ship design considerations: hull form, propulsion systems and energy
saving technologies (ESTs)

Ship design plays a central role in achieving energy efficiency and
meeting environmental requirements, particularly in the case of new-
build vessels. Thus (Garbatov and Georgiev, 2021), emphasized the need
for a paradigm shift in conceptual design to balance regulatory
compliance with end-of-life costs, identifying EEDI requirements as key
drivers of optimization, as studies on tankers (Vasilev et al., 2024) and
bulk carriers (Kalajdzic et al., 2022b) further demonstrate that main
dimensions, propulsion design, seakeeping, and maneuverability must
be balanced with energy efficiency and freight rates to achieve optimal
designs.

Apart from the operational measures adopted through the slow
steaming approach, efforts to enhance energy efficiency were also sup-
ported by a hull form design optimization for the resistance reductions,
engine and propeller modifications, and incorporation of energy-saving
devices.

(Kim and Park, 2015) demonstrated that hull form optimization for
ultra-large container ships (ULCS) can reduce resistance and enhance
propulsion efficiency, as verified through CFD simulations and model
testing. The study employed a four-step approach: reviewing design
procedures with environmental and economic considerations, analyzing
single and twin-skeg hulls, optimizing hull forms through CFD and
experimental validation, and refining them for operational draught and
speed. The results confirmed measurable gains in energy efficiency.

(Constantin and Amoraritei, 2018) showed that achieving EEDI
compliance requires a careful balance of propulsive performance pa-
rameters. Analyses of two container ships (800 and 1805 TEU) high-
lighted the need to optimize main engine selection and redesign
propellers to meet power requirements. The results further emphasized
that compliance with IMO energy efficiency standards depends on
balancing ship capacity, engine power, speed, and fuel consumption. In
line with previous findings for EEDI (Wiliyan et al., 2023), indicated that
nearly 80% of ClassNK container ships will require technical adjust-
ments, primarily to the propulsion system, to achieve EEXI compliance,
with EPL highlighted as a principal solution. Engine sizing, together
with speed reduction, has also been identified as a major factor in
achieving IMO compliance (Bayraktar and Yiiksel, 2023a). Moreover,
the use of larger slow-speed two-stroke diesel engines, propeller rede-
sign, and waste heat recovery systems such as the Organic Rankine Cycle
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(ORC) can improve propulsion performance and reduce energy losses.
Implementing ORC systems has been shown to enhance overall effi-
ciency and lower fuel consumption (Elkafas, 2024), with demonstrated
installations recovering heat from engine exhaust or jacket water even at
relatively low temperatures (Sellers, 2017).

Quantified gains in energy efficiency have been achieved through the
application of energy-saving technologies (ESTs) in propeller design (Jin
et al., 2023). investigated the optimization of blade position on an
asymmetric pre-swirl stator (PSS) applied to a 2500 TEU LNG-fueled
feeder container ship. Using a potential-based program, the study opti-
mized blade position, pitch angle, and spacing, achieving a 0.59% effi-
ciency gain compared with the initial design and an additional 0.13%
through tip rounding. When combined with a rudder bulb, the total
efficiency improvement reached 3.56%. Moreover (Nadery and Ghas-
semi, 2020), numerically investigated the hydrodynamic performance
of a propeller with and without a wake equalizing duct (WED) installed
ahead of the propeller to improve wake flow and efficiency on a KCS
model with a KP505 propeller. The results showed that a well-designed
WED can increase efficiency by up to 1.67%, whereas a poorly designed
duct may decrease it by 3.25%. More than 1800 ships are currently
equipped with Propeller Boss Cap Fins (PBCF) (Nojiri et al., 2011),
which reduce hub vortex energy loss and can lower fuel consumption by
approximately 5% at constant speed or increase vessel speed by about
2% for the same fuel use (Lim et al., 2014). investigated Propeller Boss
Cap Fin (PBCF) and hub cap designs for a 6000 TEU container ship to
improve propulsion efficiency. The results showed that a divergent hub
cap increased open-water efficiency by approximately 2% compared
with a conventional cap, confirming the CFD predictions. However,
attaching PBCF models to the divergent hub cap reduced efficiency due
to a higher torque coefficient. Retrofitting older ships (Katelieva, 2023)
through modifications to propeller (Cicek and Yilmaz, 2023) and bow
design (Vasilev et al., 2023), can enhance energy efficiency and provide
additional benefits, such as reduced underwater noise (ZoBell et al.,
2023). Ships are increasingly equipped with ESTs to meet environmental
regulations and enhance energy efficiency by recovering rotational en-
ergy from the propeller.

Hull form optimization and modifications to propulsion systems can
yield measurable improvements in energy efficiency scores; however,
the gains are relatively small for ships that are already well optimized.
ESTs have proven suitable as retrofits for existing ships seeking
compliance with EEXI and CII requirements at the moment. Neverthe-
less, their combined benefits, together with those of hull form optimi-
zation and propulsion system modifications, are insufficient on their
own to meet future IMO energy efficiency targets.

1.2.5. Fuels

More radical efforts to improve energy efficiency have been focused
on investigating the potential of alternative fuels (Bayraktar and Yiiksel,
2023a). assessed the impact of EEXI and CII regulations on five ship
types, including bulk carriers, gas carriers, tankers, general cargo, and
container ships, across seven operational scenarios. The results showed
that compliance is highly challenging for ships operating on conven-
tional fuels (MDO, HFO) without EPL, which provides a significant
compliance advantage, as previously discussed in relation to slow
steaming. Switching to alternative fuels such as LNG or methanol is
effective in meeting regulatory thresholds. Dual-fuel engines, particu-
larly those using LNG, were found to be sensitive to primary fuel spec-
ifications and mixing ratios, whereas converting conventional engines to
methanol substantially reduces EEXI values and improves CII ratings.
Similarly (He et al., 2024), assessed four marine fuels (VLSFO, MGO,
LNG, and Methanol) with respect to EEXI and CII requirements for a
container ship. Results indicate that Shipboard Carbon Capture and
Storage (SCCS) can substantially reduce operational emissions, with
VLSFO ships achieving a 61% reduction. While fossil methanol lowers
combustion emissions, its life-cycle emissions are 17.5-19.6% higher
than conventional fuels. Overall, SCCS improves EEXI and CII ratings,
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enabling VLSFO- and MGO-fueled ships to comply with IMO greenhouse
gas targets until 2030 (IMO, 2020) and LNG- and Methanol-fueled ships
beyond 2030.

Transitioning from conventional heavy fuel oil to LNG or dual-fuel
engines can lead to significant reductions in CO5, SOy, and NOy emis-
sions (Elkafas et al., 2021; Park et al., 2023) examined technical mea-
sures to improve the EEDI for a 50K DWT container ship in line with IMO
CO9 reduction regulations. The results showed that switching from
diesel oil to LNG reduced EEDI by approximately 27%, while speed
reduction provided an additional 22% improvement. The study
concluded that a combination of LNG fuel conversion, speed reduction,
energy-saving devices, and CO2 capture is required to achieve full
compliance with future IMO regulations. Different alternative fuels were
investigated in relation to achieving compliance with CII requirements
by (Zhang et al., 2024) who found that larger ships using LNG or
methanol, as well as zero-carbon fuels such as hydrogen and ammonia,
are consistent with IMO CII targets. Similar conclusions were reached by
(Bayramoglu, 2024), who showed that methanol significantly improves
EEXI performance, while hydrogen and ammonia can fully satisfy IMO
energy efficiency targets (Elmallah et al., 2025). through a case study on
the container ship, demonstrated that dual-fuel engines operating on
89% natural gas and 11% methanol, or 91% methanol and 9% MDO, can
meet EEDI requirements (Ahn et al, 2023). evaluated EPL,
energy-saving devices, and alternative fuels based on marginal abate-
ment cost. Among the five case studies, LNG fuel retrofit emerged as the
most effective solution for meeting EEXI and CII requirements for the
Korean container fleet. This is particularly important given South
Korea's “2030 Green Ship-K Initiative,” which aims to introduce 140
environmentally friendly merchant ships and promote sustainable
shipping. In another paper (Lehmann et al., 2025) analyzed operational
data from 16 container ships monitored between 2018 and 2021 and
found that more than half of the fleet will need to transition to alter-
native fuels to achieve CII compliance.

(Ammar and Seddiek, 2020) examines the impact of emission
reduction strategies on container ships, focusing on the improved EEDI
from both environmental and economic perspectives. Using A19 and A7
class container ships as case studies, three combined strategies were
evaluated: natural gas use, exhaust treatment equipment, and speed
reduction. The A19 achieved the lowest annual emissions per trans-
ported cargo, with 18.9 kg/TEU NOy, 0.93 kg/TEU SOy, and 1.8 kg/TEU
CO,. For the A7, reducing ship speed by 22.5% enables compliance with
all three IMO EEDI phases, achieving CO5 reduction at a
cost-effectiveness of 52.54 $/ton CO,. Additionally, utilizing the A19's
dual-fuel engine improves energy efficiency by 10.13% and yields
annual fuel savings of 23.73 million USD.

In addition, hybrid systems incorporating batteries or photovoltaic
(PV) solar panels can enhance energy savings and reduce emissions,
particularly in supplying auxiliary power (Piazza et al., 2024).

A recent study by (Uygur et al., 2026) employed a system dynamics
model to evaluate different decarbonization pathways in container
shipping, showing that operational measures such as speed reduction
can provide short-term emission reductions, while significant long-term
decarbonization requires large-scale adoption of alternative fuels such
as LNG, methanol, and hydrogen. Traditional fuels have reached their
limits within the slow steaming approach. To meet IMO energy effi-
ciency requirements under EEDI, EEXI, and CII, a substantial portion of
the container ship fleet will need to transition to at least dual-fuel en-
gines operating on LNG or methanol, with zero-carbon fuels represent-
ing the ultimate pathway toward full decarbonization.

1.2.6. Hull cleaning

Timely hull cleaning has also been shown to optimize fuel con-
sumption, according to (Vasilev and Kalajdzi¢, 2022). Ship resistance,
particularly the frictional component, increases over time due to
biofouling, leading to higher fuel consumption and power demand. This
deterioration directly impacts compliance with mandatory EEXI and CII
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requirements (Bayraktar and Yiiksel, 2023b). examined the impact of
anti-fouling systems on EEXI and CII ratings using a container ship case
study. Scenarios representing high, medium, and low anti-fouling
effectiveness showed that while high-performance coatings can main-
tain compliance with reference values in the short term, biofouling
significantly challenges energy efficiency over time. The results indi-
cated that without effective anti-fouling measures, a ship may sustain a
CII rating of C only until 2026, after which performance declines to D-E
levels. The study underscores the importance of robust anti-fouling
strategies for maintaining energy efficiency and long-term regulatory
compliance. AIS data indicate that idling among container ships has
increased sharply in recent years, with many vessels remaining idle for
more than 30 days (Hoffmann, 2022), particularly in biofouling-prone
regions. In such conditions, effective antifouling coatings are essential
for maintaining hull performance during extended idle periods. Proper
biofouling management enables operators to reduce fuel consumption,
enhance energy efficiency, and maintain compliance with evolving
environmental regulations. Moreover, containerships were shown to be
particularly affected by biofouling during long idle periods in warm
waters, which increases hydrodynamic drag, fuel consumption, thereby
degrading CII ratings (Bayraktar and Yiiksel, 2023a).

Hull cleaning can serve as an effective maintenance strategy to
improve energy efficiency ratings; however, it should be considered only
as a complementary measure to more substantial interventions.

1.2.7. Deep learning

Wang et al., (2024) proposed a Long Short-Term Memory model with
a self-attention mechanism (SA-LSTM) to forecast hourly fuel con-
sumption and CII, as well as annual CII ratings for a 2400 TEU container
ship. Compared with ten alternative models, the SA-LSTM achieved the
highest prediction accuracy, reducing fuel consumption errors by up to
20% and providing the most reliable estimates of annual CII perfor-
mance. Furthermore (Alshareef and Alghanmi, 2024), explored the
application of deep reinforcement learning (DRL) to optimize maritime
energy efficiency across various ship types and operational scenarios. By
dynamically adjusting engine parameters and integrating alternative
fuels such as bio-LNG and hydrogen, DRL-based approaches achieved
notable improvements in fuel efficiency, EEXI, and CII performance
compared with conventional optimization methods. Reported benefits
include fuel efficiency gains of up to 10%, reductions in EEXI values by
8-15%, and CII improvements of 10-30%, demonstrating the potential
of DRL to reduce emissions and enhance operational performance under
diverse cargo loads and operating conditions. Data collection, AI-based
predictive models, and artificial neural networks (ANNs) have been
shown to enhance energy management and emission forecasting by
utilizing real-time operational data, including weather, load conditions,
and main engine parameters (Ozsari, 2023; Wang et al., 2021) shows
that simply requiring a ship's annual CII to remain below a reference
value could paradoxically increase emissions. This highlights the need
for more sophisticated models, informed by real operational data to
assess CII effectiveness.

Overall, the integration of deep learning techniques has so far pro-
vided a framework for enhancing ship energy efficiency, improving
prediction accuracy, and supporting compliance with IMO energy effi-
ciency regulations, although still on a limited scale.

1.2.8. General conclusions

The reviewed literature demonstrates that achieving compliance
with IMO's EEDI, EEXI, and CII regulations requires an integrated
approach that combines operational, technical, and design measures.
For existing container ships, slow steaming, voyage optimization, trim
control, and hull maintenance have proven to be the most practical
short-term strategies for improving energy efficiency. However, these
measures alone are insufficient to meet forthcoming regulatory targets.
For newbuilds, hull form and propulsion optimization, along with the
integration of ESTs, provide incremental efficiency gains but remain
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limited in scale. Emerging deep learning methods are expected to play
an increasingly important role in operational planning and performance
forecasting. In contrast, transitioning to alternative fuels, and ulti-
mately, zero-carbon fuels like hydrogen and ammonia offers the most
substantial long-term potential for compliance.

1.3. Key contribution and research gap

While several studies and regulatory reports have analyzed EEDI,
EEXI and CII individually or in the context of specific fleets, most
existing analyses rely on heterogeneous datasets, often including vessels
of widely varying design quality, or focus on limited case studies and
operator-specific fleets. In contrast, the present study evaluates a care-
fully selected dataset of 162 modern container ships built between 2000
and 2020, primarily representing well-designed and technologically
advanced vessels. This enables a more realistic assessment of the actual
limits for further improvements in energy efficiency in already opti-
mized ships. The analysis is performed within a consistent methodo-
logical framework and structured across multiple vessel size categories,
allowing a more practical interpretation of compliance trends as a
function of ship capacity. In addition, both historical and current reg-
ulatory requirements are considered, providing points into the evolution
of energy efficiency standards over time. Finally, the study offers a
combined and consistent evaluation of design-based indices (EEDI and
EEXI) and operational performance (CII), while also quantifying the
engine power limitation required for regulatory compliance, based on a
dataset of this size and quality, which is currently lacking in the avail-
able literature. By analyzing ships built over a 20-year period, the study
seeks to determine whether container ships have become more energy-
efficient and operationally effective over time. The analysis examines
changes in key design parameters, such as principal dimensions, engine
power, speed, and cargo capacity, to understand how design standards
and priorities have evolved. Furthermore, it investigates the actual
operational performance of these vessels to assess whether they are used
in accordance with their original design intent. The outcomes of this
research are expected to provide insights into the relationship between
design evolution and real-world performance, identify trends in opera-
tional speed, and highlight where design assumptions align or diverge
from practical operation. These findings can inform future ship design,
energy efficiency strategies, operational planning, and policy develop-
ment. Moreover, the review of regulations and accompanying literature
synthesis presented in this section provide a valuable contribution to
this research, as they directly interpret and consolidate the key insights
reported to date on this topic. Similar comprehensive analyses have
been conducted for tankers (Vasilev et al., 2025) and bulk carriers
(Kalajdzi¢ et al., 2022b).

The main limitation of this study lies in the nature of the fleet sample.
Ships built after 2020 were excluded from the analysis due to the dis-
torting effects of the COVID-19 pandemic on global shipbuilding trends.
Although sampling was influenced by data availability and therefore
does not represent the entire population of container ships, the con-
clusions drawn apply reliably to the sample analyzed. It is also impor-
tant to note that the selected fleet was not entirely random. The vessels
were deliberately chosen from a reliable source and were built in some
of the most advanced shipyards at the time of construction. The sample
excludes ships equipped with alternative fuels or significant energy-
saving technologies (ESTs), allowing the assessment to focus on con-
ventional, baseline designs. Consequently, the selected vessels represent
some of the most proven and efficient designs in the industry from a
traditional naval architecture perspective. This approach provides a
clearer understanding of how well proven conventional ship designs
comply with energy-efficiency regulations, ensuring that the influence
of novel technologies does not obscure the broader assessment of
baseline design performance.
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2. Database

The database used in this study comprises 162 seagoing container
ships built between 2000 and 2020, all designed for the carriage of
standard TEU containers. Ships were classified by TEU capacity into
Small Feeder, Feeder, Feedermax, Panamax, Post-Panamax, Neo-
panamax, and ULCS categories (Table 1). The primary data source for
this study was Significant Ships (RINA, 2000-2020), an annual publica-
tion of the Royal Institution of Naval Architects (RINA) that features the
most notable ships delivered each year. Supplementary data was ob-
tained from shipyard records, operator and owner websites, AIS tracking
information, and other publicly available sources (see Figs. 1 and 2).

The Significant Ships database primarily includes vessels represent-
ing notable technological developments or important deliveries in a
given year. As a result, the dataset may contain a slight bias toward
technologically advanced designs compared with the global fleet
average. Nevertheless, because these ships originate from a wide range
of shipyards and operators worldwide, they still provide a meaningful
representation of mainstream container ship design trends.

The relationships between deadweight (DWT) and key design pa-
rameters of the analyzed fleet, including length overall (Loa) - Fig. 3,
breadth (B) — Fig. 4, height (H) - Fig. 5, scantling draft (T) - Fig. 6,
propeller diameter (D) - Fig. 7, displacement (A) - Fig. 8, design speed
(V) — Fig. 9 and main engine power (MCR) in Fig. 10 are shown. The
relationships for Loy, B, H, T, and D exhibit a near-logarithmic increase
with DWT, reflecting the natural scaling of ship geometry as carrying
capacity grows. Displacement shows a linear correlation with DWT,
consistent with expectations since DWT and displacement are related
through constant lightweight and reserve buoyancy assumptions.

More variability is observed in the correlations for design speed and
MCR. The DWT-MCR relationship shows a moderate correlation R ~
0.84), capturing the general trend of increasing installed power with
higher carrying capacity but also revealing significant scatter that re-
flects variations in engine selection, hull form and design philosophy
among shipbuilders. The DWT-V relationship is even less pronounced
(R? ~ 0.58), indicating that speed is a function not only of size but also of
evolving operational profiles, with many ships designed for lower ser-
vice speeds in the later years of the sample. These findings suggest that
while principal dimensions scale predictably with DWT, propulsion
power and speed are subject to greater variability driven by market
conditions and regulatory influences.

Temporal evolution of principal containership parameters over the
2000-2020 period is presented in Fig. 11 — Loa, Fig. 12 - B, Fig. 13 - H,
Fig. 14 - T, Fig. 15D, Fig. 16 — V, Fig. 17 — MCR, Fig. 18 - DWT, and in
Fig. 19 Froude number — Fr. Each figure provides insight into how ship
designs evolved over two decades. Length overall has remained nearly
constant across all ship sizes. Variations are within +3 % for most of the
database, showing that designers maintained optimal hull length-to-
beam ratios while respecting port and canal constraints and longitudi-
nal strength by the early 2000s. The absence of a significant upward
trend indicates that capacity growth during this period was not achieved
by simply lengthening hulls. Breadth also shows high stability, with a

Table 1

Number of ships in database according to the size.
Size TEU range Total
Small Feeder Up to 1000 11
Feeder 1001-2000 25
Feedermax 2001-3000 30
Panamax 3001-5100 19
Post-Panamax 5101-10000 38
Neopanamax 10001-14500 22
ULCS 14501 and higher 17
Total 162
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Fig. 3. Database ships Los per size depending on a DWT.

slight widening observed after 2016 for Panamax ships, corresponding
to the Panama Canal expansion. Height and draft remain relatively
stable throughout the time series. This reflects port access and dredging
limitations as the main governing factor. The stability of draft also im-
plies that additional capacity was accommodated by improved internal
arrangement and depth increases rather than deeper loading. A clear
downward trend is observed, with design speeds declining by several
knots over the two decades. This reflects the widespread industry shift
toward slow steaming, initially adopted in response to rising fuel costs
after 2008 and later reinforced by EEDI/EEXI/CII regulatory
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Fig. 6. Database ships T per size depending on a DWT.

requirements. MCR shows a marked decline over time, closely following
the reduction in design speed. Since required propulsive power scales
approximately with the cube of speed, even moderate speed reductions
allowed substantial engine downsizing. This trend shows a conscious
effort by designers to optimize installed power for lower operational
profiles, reducing capital cost, fuel consumption and emissions. The
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simultaneous increase in propeller diameter for lower-speed ships sug-
gests a design shift toward larger, slower-turning propellers to maintain
propulsive efficiency with derated engines. The observed decline in
Froude number confirms that ships transitioned to lower speed regimes,
reducing wave-making resistance and improving hydrodynamic
efficiency.
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3. Methodology

3.1. Research approach

The introduction provides a detailed review of current IMO regula-
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and the associated speed reduction was calculated individually for each
ship. This approach enabled an assessment of energy efficiency im-
provements across the entire fleet over the 2000-2020 period.

Fig. 20 presents the methodological framework of the study. It begins
with the introduction, which includes a review of IMO policies, relevant
literature, and the research objectives. This is followed by the creation of
a container ship database, which serves as the basis for the analysis. In
the methodology, the ships are evaluated using two regulatory ap-
proaches: EEDI/EEXI and CII. For each ship, it is checked whether the
required efficiency criteria are met. If the EEDI/EEXI criterion is not
satisfied, the required EPL and corresponding reference speed reduction
is estimated. If the CII criterion is not met, the required operational
speed reduction is calculated. The results from both pathways are then
combined to assess the improvement of fleet energy efficiency over the
years, followed by the discussion and conclusion of the study.

3.2. EEXI

For a ship to comply with IMO requirements, its attained EEXI must
be lower than the required EEXI (Eq. (1)). The attained and required
EEXI values were calculated following the IMO standard procedures for
containerships (IMO, 2018; IMO, 2021a; IMO, 2022g), as defined by
Egs. (2) and (3) and summarized in Tables 2 and 3. In Eq. (2), the
subscript “*” indicates that SFCyr and Cpyg may replace SFCag and Crag,
but only if part of the normal maximum load is supplied by shaft gen-

tions on ship energy efficiency, with particular emphasis on the three
key indices: EEDI, EEXI, and CII. A comprehensive literature review
revealed a lack of studies analyzing large fleets of container ships built
during the first two decades of the 21st century.

The subsequent sections present the calculation methodology for
each of the three indices and apply it to a database of 162 seagoing
container ships. All ships were classified by TEU capacity, and results
were analyzed according to this classification. For each ship, the
attained and required EEDI and EEXI values were determined. For 21
ships, sufficient operational data was available to calculate the attained
and required CII. For ships that did not comply with EEDI/EEXI criteria,
the required EPL was determined as a practical compliance measure,

erators. The subscript “**” specifies that a weighted average of ( -Cryz)
and (-Crag) should be used when calculating P.y. The subscripts “ME”
and “AE” denote main and auxiliary engines, respectively. Because
power—speed curves from sea trials were unavailable for the ships in the
database, the reference speed Vs was estimated using the empirical
formula provided in Table 2. This formula expresses V,,; and MCRg as
functions of ship type and deadweight, with capacities derived from the
corresponding deadweight at scantling draft. Explanations of all inputs
and their respective data sources for the attained EEXI calculation are
provided in Table 2. The required EEXI values were calculated according

to the IMO procedures summarized in Tables 3 and 4 (IMO, 2021a).
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Fig. 11. Development of ships Loa over the years.
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Attained EEXI < Required EEXI 2)
. Y .

Required EEXI = (1 - ﬁ) -Reference line 3)

Reference line=a-b™* 4

Following the methodology described by (Kalajdzic et al., 2022b),
the required EPL and the corresponding new reference speed (Vref, app, lim)
were calculated to ensure that every ship in the database complies with
the EEXI criterion. For ships that did not satisfy the required EEXI cri-
terion, the required EPL was determined iteratively by progressively
reducing the available main engine power until the recalculated
attained EEXI value satisfied the regulatory requirement. The corre-
sponding limited reference speed was then estimated using the
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Admiralty relationship between ship speed and propulsion power. The
relative speed reduction was calculated as the percentage difference
between the original reference speed and the limited reference speed.

3.3. EEDI

The assessment of EEDI closely parallels that of EEXI. A lower
attained EEDI indicates higher energy efficiency under this regulation,
just as for EEXI, where the attained value must not exceed the required
threshold. The calculations follow the methodology outlined in (IMO,
2018) and are updated according to (IMO, 2019), which provides a
similar formula for EEXI (see Egs. (5) and (6)). Over the years, the
required EEDI criteria have been progressively tightened, and this is
accounted for in the calculations through reduction factors, as specified
in (IMO, 2021a). All necessary input data, explanations, and sources for
calculating the attained EEDI are provided in Table 2, while the required
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EEDI is determined according to (IMO, 2021a) and presented in Tables 3
and 5.

Attained EEDI < Required EEDI 5)
. X .
Required EEDI = (1 - m) -Reference line 6)

The Reference line is given in Eq. (4).

3.4. ClI

In addition to calculating EEDI and EEXI for all ships in the database,
a subset of 21 ships was selected for the calculation of their CII rating
(see Egs. (7)-(11)). These ships were chosen due to the availability of
reliable data, including IMO DCS records of annual fuel consumption by
fuel type for 2022, hours spent underway, and distance traveled.
Although this subset does not fully represent the global container ship
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fleet, it provides useful insights into operational efficiency trends among
ships with verified data availability. Consequently, the results of the CII
analysis should be interpreted as indicative rather than statistically
representative of the entire fleet. It is important to note that, starting
from 1 January 2023, all ships are required to have a three-year plan
outlining how they will achieve the CII targets (IMO, 2022h). The
attained CII is calculated according to the methodology in (IMO, 2022c¢)
while the reference CII (Clly) is determined as per (IMO, 2022d) for
2019, with the reduction factor Z taken from (IMO, 2021b; IMO, 2022a).
Explanations and sources for all inputs required in the CII calculation are
provided in Table 6, and all parameters for determining the specific
reference line along with their reduction factors are presented in Ta-
bles 7 and 8.

M
Attained CII = — 7
aine W @
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ClI,s = a-Capacity ™ an

The primary purpose of these developed rules and guidelines is to
determine the rating for each ship. The CII rating classifies ships into five
grades — A, B, C, D, and E — based on their annual operational CII, with
performance levels ranging from major superior to inferior (IMO,
2022e). To streamline the evaluation process, annual ratings from 2023
to 2030 define four boundaries within the five-grade framework: supe-
rior, upper, lower, and inferior. This system allows a ship's annual
operational CII to be assessed by comparison with these boundaries.
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These limits are derived from the distribution of individual ships' CIIs in
2019, ensuring that performance ratings over time remain synchronized
while maintaining consistent relative distances. A ship's rating is
determined solely by its achieved CII relative to the predetermined
boundaries, independent of other ships' CII values. The establishment of
these boundaries considers the required annual operational CII in rela-
tion to vectors denoted as dd vectors, which indicate both the direction
and magnitude of deviation from the required value, as shown in
Table 9.

The most widely used method for meeting the CII criteria is to reduce
the speed. Therefore, in this case, the relative difference between the
average sailing speed of each ship over one year and real speed at which
the ship should sail to meet the CII criteria for the same period and
distance traveled has also been determined.

In addition to the EEXI-based assessment, the operational speed re-
ductions required to satisfy the CII criterion were also estimated. For
each vessel with available operational data, the average operational
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speed was determined from AIS-derived voyage information and re-
ported annual operational data. The required speed necessary to achieve
at least a C rating was then estimated under the assumption that the
vessel performs the same annual transport work, meaning that the same
total distance is traveled and the same cargo capacity is maintained.
Under this assumption, a reduction in sailing speed implies a longer
voyage duration while covering the same distance. The corresponding
decrease in propulsion power was estimated using the classical propul-
sive relationship between ship speed and required propulsion power,
while the associated fuel consumption was assumed to vary propor-
tionally with engine power through the specific fuel consumption of the
main engine. The required speed reduction was then expressed as the
relative difference between the current operational speed and the
recalculated speed that satisfies the required CII value.

4. Results

First, reference values for the required EEDI were determined for
each ship in the database according to IMO phase criteria, which have
become progressively more stringent over time. As illustrated in Fig. 21,
the EEDI reference line shifts downward from Phase 0 (dashed green) to
Phase 1 (dashed purple), Phase 2 (dashed blue) to Phase 3 (dashed or-
ange), reflecting these tightening requirements. The EEXI reference line
is shown in black solid line. Each point in Fig. 21 (square, circle, rhomb,
triangle) represents one ship from the database with its attained EEDI
and EEXI value, color-coded according to the phase to which it
corresponds.

Overall, all ships built in 2013 and 2014 from database meet the
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Inputs for the calculation of attained EEXI.

Input

Methodology

Explanation/sources

Main engines

Shaft generators

nuvE
Zi:l Paegy

o
> i Py =0

75% of the maximum
continuous rating
(MCR). This is to be
taken as 83% of limited
installed power
(MCRyi) or 75% of
MCR, which ever is
lower (IMO, 2022g)

No shaft generators

Innovative Zi'jlfl Fory Periy =0 No innovative energy
energy B efficient devices on
efficient main engine
devices on

main engines
No innovative

ey
Zi:l feffii) Pagesri) = O

No innovative energy

energy efficient devices on
efficient auxiliary engine
devices on
auxiliary
engine
Ppg P4 = 0.5-MCR (MCR < 10000kW) Power of auxiliary
Psr = 0.025-MCR + engines (IMO, 2018)
250 (MCR > 10000kW)
SCFyg 190 g/kWh This is assumed for
SCFg 215 g/kWh engines that have no
CrmEe 3.114 t CO,/tefuel — for HFO NOx Technical File and
Crar 3.206 t COy/tefuel — for diesel verified manufacturer's

Vref.app Vref.app lim

p 1/3
V _ ME
ref g ~ My [0475MCRan]

data (IMO, 2022g)
Where there is no power
speed curve available or
there are no EEDI from
sea trials, the formula
represents the statistical
mean of distribution of
ship speed and engine
power (IMO, 2022g)

MCR g D-EF
IMO (2022g
D = 0.5042 0 (2022g)
E =DWT
F =1.03046
my min (0.05 Vi, qpp, 1 kn)
ref.app: IMO (2022g)
Vref.avg Vrefavg = AB¢ Parameters A,B, C are
given in (IMO, 2022g)
Capaci 0.7eDWT
apactty * IMO (2018)
] Shi ific design el ts — th
fi ip specific design elements e IMO (2018)
power correction factor for ice —
classed ships: the greater value of fip
and fj s but not greater than fj nax
i Capacity correction factor
fi pacity IMO (2018)
Cubi i tion facty
fe ubic capacity correction factor IMO (2018)
fi Factor for general cargo ships
equipped with cranes. fj =1 IMO (2018)
Factor for speed reduction at sea. f,
F 1 P " IMO (2018)
Factor for ice — classed shi
fm actor for ice — classed ships IMO (2018)
Table 3
Inputs for calculation of EEDI Reference line (IMO, 2021a).
a b c
174.22 DWT 0.201

Phase 0 EEDI criterion, 90% of ships built between 2015 and 2019 meet
Phase 1 and 83 % of ships built in 2020 meet Phase 2. For consistency,
ships built before 2013 (before EEDI became mandatory) were assessed
against the EEXI criterion and only 4.4% meet it. For recently built ships,
the attained EEDI and EEXI are identical, but all ships from the database
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Table 4
Reduction factor Y for required EEXI compared to the EEDI reference line (IMO,
2021a).

Ship size Reduction factor Y
200,000 DWT and above 50

120,000 and above but less than 200,000 DWT 45

80,000 and above but less than 120,000 DWT 35

40,000 and above but less than 80,000 DWT 30

15,000 and above but less than 40,000 DWT 20

10,000 and above but less than 15,000 DWT 0-20°

# The reduction factor Y should be linearly interpolated between two values
dependent upon ship size.

Table 5
Reduction factor X for required EEDI (IMO, 2021a).

Phase Phase 2 Phase 3 Phase 3

2

Phase Phase
0 1

Size

1 Jan
2013 -
31 Dec
2014
0

1 Jan
2015 -
31 Dec
2019
10

1 Jan
2020 -
31 Mar
2022
20

1 Jan
2025 and
onwards

200,000
DWT
and
above

200,000
DWT
and
above

120,000
and
above

1 Apr
2022 and
onwards

1 Apr
2022 and
onwards

50

10 20 45

but less
than
200,000
DWT

80,000
and
above
but less
than
120,000
DWT

40,000
and
above
but less
than
80,000
DWT

15,000
and

10 20 40

10 20 35

10 20 30
above

but less

than

40,000

DWT

*Regarding the containerships between 10000 and 15000 t, the reduction factor
X should be linearly interpolated between two values.

were checked against EEXI requirements as this became mandatory in
2023. Only 12% of the database - 20 out of 162 ships - meet the EEXI
criterion without modifications (see Fig. 22). Ships were further classi-
fied into seven TEU-based size categories and Fig. 22 presents the ships
per size that meet EEXI requirements. The most efficient categories are
Feeders and ULCS, with one quarter of ships in compliance, followed by
the Feedermax, Post-Panamax and Panamax. The least efficient cate-
gories are Small Feeders and Neopanamax, with no ships in these groups
meeting the EEXI threshold.

For noncompliant ships, the required EPL was calculated. EPL is
expressed as a percentage ratio between the new limited power MCRy;,
and the original MCR. Fig. 23 presents the EPL distribution by ship size.

Fig. 24 compares the designed speed, approximated reference speed

Ocean Engineering 356 (2026) 125429

Table 6
Inputs for the calculation of attained CII.
Symbol  Note Explanation/source
M Mass of CO, Total mass of CO, in grams from all the fuel oil
emissions consumed on board a ship in a given calendar year.
FC Mass of consumed Total mass in grams of consumed fuel oil type j in
fuel oil the calendar year, as reported in IMO DCS Annual
emissions report.
j Fuel oil type HFO, LFO, MDO/MGO, LPG, LNG
Cr, Conversion factor Fuel oil mass to CO, mass conversion factor for fuel
oil type: 3.114, 3.151, 3.206, 3.030, 2.750 for each
fuel oil type above respectively
w Transport work The supply-based transport work (IMO, 2022c)
Cc Ship's capacity Deadweight
D, Traveled distance Total distance traveled in nautical miles as
reported in IMO DCS Annual emissions report
Table 7
Inputs for calculating the specific 2019 CII reference lines (IMO, 2022d).
Capacity a c
DWT 1984 0.489
Table 8

Reduction factor Z for the CII relative to the 2019 CII reference
line (IMO, 2021b; IMO, 2022a).

Year Reduction factor relative to 2019
2020 1%

2021 2%

2022 3%

2023 5%

2024 7%

2025 9%

2026 11%

2027 13.625%
2028 16.250%
2029 18.875%
2030 21.500%

Table 9

dd vectors for determining the rating extremities of containerships (IMO,

2022e).

Capacity in CII calculation

dd vectors (after exponential transformation)

exp(d;) exp(dz) exp(ds) exp(dy)
DWT 0.83 0.94 1.07 1.19
70 r
—req. EEXI
=60 1 ---rcq. EEDI (Phasc 0)
£ ---req. EEDI (Phase 1)
a'50 - ---req. EEDI (Phase 2)
% | req. EEDI (Phase 3)
5 40 = Ships (Phase 0)
o \ « Ships (Phase 1)
= 30 -, + Ships (Phase 2)
E + Ships (EEX1)
20 r
10 +
0 1
Q ’@@ @@ Q@Q \\9@ Q.QQQ
° N \° by >
DWTI1]
Fig. 21. Attained and required EEDI and EEXI according to phases.
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Fig. 24. Design speed, approximated reference speed and limited reference
speed by ship size.

and limited reference speed by ship size. The fleet-wide average
designed speed is 22 kn, while the average reference speed is slightly
lower at 21.6 kn. After applying EPL, the average limited reference
speed decreases to 18.9 kn.

Fig. 25 illustrates the percentage speed reduction required to meet
EEXI by ship size. Small Feeders require the highest reductions (22%),
while ULCS require the least (4%). Across the entire database, the
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Fig. 26. Fleet energy efficiency improvement through from 2000 to 2020.
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Fig. 27. Fleet energy efficiency improvement through from 2008 to 2020.

average EPL is 60%, corresponding to a 40% reduction in maximum
engine power and an average speed reduction of 13%.

To assess temporal trends, ships were also sorted by year of con-
struction. Fig. 26 shows the number of ships requiring EPL by year with a
solid yellow line, while black solid line represents the average EPL
across all sizes per year. A peak in the number of ships requiring EPL is
observed in 2006, followed by a marked decline after the 2008 economic
crisis, which also saw a drop in newbuild deliveries. While the number of
ships requiring EPL has decreased slightly since 2000, the average EPL
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Fig. 30. Necessary speed reduction to reach C grade for the next three years by
size of the ship.

itself has risen by approximately 37% between 2000 and 2020. If 2008 is
taken as a reference year, since then, EPL has risen for 33% (Fig. 27) and
if 2013 (the year EEDI entered into force) is taken as the baseline, the
EPL increase is less than 10% (Fig. 28).

Fig. 29 shows the achieved EEDI and EEXI values for all ship types by
size, arranged according to their year of construction. Over the course of
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Fig. 31. CII ratings compliance.

20 years, a decreasing trend in energy efficiency indices can be
observed, indicating that ships have indeed become more efficient over
time.

Because both EEDI and EEXI are nominal indices based on a single
reference speed and engine power at scantling draft, they do not reflect
actual GHG emissions. To address this limitation, CIIl was introduced as a
more realistic operational indicator, as it accounts for distance traveled,
time underway and annual fuel consumption. For the 21 ships in the
database with sufficient operational data, the average annual operating
speed is 13.6 kn, approximately 33% lower than the designed speed,
confirming widespread slow steaming. Of these 21 ships, 48% already
meet the 2025 CII requirement, but only 14% are projected to maintain a
positive CII rating over the next three years without operational
changes. The remaining ships would need to reduce their average speed
by 7% to achieve at least a C rating. Fig. 30 shows the required speed
reductions by ship size where Small Feeder and Panamax ships have to
decrease the speed for about 8% while Feeders and Feedermax ships
have to reduce the speed for approximately 6% and 7%, respectively.
For the other ship sizes, data for CII evaluation were not available.

Comparing EEXI- and ClII-based speed reductions reveals an average
difference of 6%, demonstrating that ships are already operating below
their EEXI reference speeds.

Fig. 31 shows the percentage of ships (relative to the total number in
the database) that would meet the CII criterion over the years, assuming
that each ship operates under the same conditions every year (blue tri-
angles). Thus, in 2019, which is taken as the reference year, 81% of the
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Fig. 33. EEDI values when operational speeds are considered as refer-

ence speeds.

ships in the database would have met the then-current CII criterion,
while by 2030 this percentage would drop to below 10%. The same
figure also shows, with red squares, the rate of tightening of the criterion
compared to the reference year 2019, which actually corresponds to the
reduction factors presented in Table 8.

By comparing the reference speeds (Vs qpp) with the average oper-
ational speeds (Voperation), it can be seen that none of the ships in the
database actually operate at their design speeds (see Fig. 32); instead,
their operating speeds are on average 30% lower.

For this reason, an additional analysis was carried out to answer the
following question: would the ships in the database meet the current
EEDI criterion (Phase 3) if the reference speed used in the attained EEDI
evaluation were taken as the actual operational speed (Viefapp = Voper-
ation)? The main engine power (Pyg) and the corresponding installed
power (MCR) were estimated based on the equality of the Admiralty
constants. In this way, it was concluded that container ships typically
use only about 37% of their available engine power in service. The
attained EEDI values in this case, along with the corresponding reference
EEDI values, are shown in Fig. 33.

Only 5% of the ships (1 out of 21) did not meet the EEDI Phase 3
criterion, while according to Fig. 21, less than 5% of the ships would
have satisfied the same criterion if they had been built after 2022.

5. Discussion

The analysis of 162 seagoing container ships built between 2000 and
2020 highlights both design evolution and operational efficiency trends
in the global container fleet. Although the database does not represent
the entire global container fleet, it includes vessels recognized as tech-
nologically notable designs delivered by leading shipyards. As such, the
dataset reflects prevailing design practices and efficiency strategies
among modern container ships rather than the statistical average of the
global fleet. Consequently, the results should be interpreted as indicative
of design and regulatory trends within the most representative con-
ventional designs, rather than as a direct description of the entire fleet
population. The database reveals that principal dimensions: length
overall, breadth, height and draft — scale predictably with DWT,
following near-logarithmic or linear trends. This indicates that ship-
builders have adhered to well-established hull scaling rules over the two
decades. Displacement correlates linearly with DWT, consistent with
expectations, while variation in propeller diameter, design speed, and
installed main engine power (MCR) reflects diverse operational profiles
and evolving market and regulatory pressures.

Temporal analysis shows that length overall, breadth and draft
remained largely stable over the 2000-2020 period, suggesting that
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increases in capacity were primarily achieved via internal volume
optimization rather than enlarging hull dimensions. Notably, a slight
widening of Panamax ships post-2016 aligns with the Panama Canal
expansion, while height and draft stability point to persistent port and
dredging constraints. Conversely, the marked reduction in design speeds
over time illustrates the widespread adoption of slow steaming, initially
in response to rising fuel costs post-2008 and subsequently reinforced by
IMO regulations, including EEDI, EEXI and CII requirements. Engine
downsizing and larger, slower-turning propellers complement this
operational trend, enabling improved hydrodynamic efficiency and
reduced fuel consumption, consistent with the observed decline in
Froude numbers.

EEDI compliance reveals a strong trend of improvement in ship en-
ergy efficiency over time. All ships built in 2013-2014 meet the Phase
0 EEDI criterion, 90% of 2015-2019 ships meet Phase 1 and 83% of
2020 ships meet Phase 2, demonstrating that the gradual tightening of
EEDI requirements has driven tangible design improvements. However,
ships built prior to the EEDI mandate largely fail to meet the required
energy efficiency thresholds, confirming that policy-driven regulation
has been the main catalyst of innovation, rather than spontaneous
market evolution. EEXI compliance, however, paints a more restrictive
picture: only 12% of the fleet meets current thresholds without modi-
fication. Small Feeders and Neopanamax ships show the lowest
compliance, while Feeders and ULCS are comparatively more efficient.
EPL calculations indicate an average required reduction of 40% in MCR,
translating into a 13% decrease in maximum speed. These adjustments
underscore the growing tension between legacy design intent and
modern operational reality. Smaller ships require the largest relative
reductions, up to 22%, reflecting the greater mismatch between older
design speeds and current energy efficiency targets.

The analysis of linear trends describing the limitation of installed
engine power across different timeframes provides data into the evolu-
tion of energy efficiency in container ships. The regression model for the
period 2000-2020 shows a moderate improvement trend, indicating
that, on average, ships had to restrict their installed power by approxi-
mately 1.9% annually. This baseline period captures the long-term tra-
jectory of technological and regulatory developments. In contrast, the
model for 2008-2020 exhibits a significantly steeper slope, meaning
that from 2008 onward, ships increasingly adopted design and opera-
tional improvements, requiring more stringent EPL values. The year
2008 is particularly relevant since the IMO established it as the reference
year against which reductions in emissions and energy efficiency im-
provements are measured. Therefore, trends from this year onward
reflect both regulatory expectations and industry responses to rising
environmental concerns. The 2013-2020 trend suggests that the most
substantial progress had already occurred in the preceding years, after
which improvements plateaued — a signal that conventional optimiza-
tion approaches are reaching saturation. The shift from design-oriented
to operation-oriented compliance also becomes evident: ships today no
longer operate at their design speed but at an “operational compliance
speed,” dictated by regulatory and fuel efficiency constraints. This rep-
resents a structural change in how ships are conceived, operated, and
evaluated. By 2013, many container ships already complied with higher
EPL thresholds, with average restrictions starting at approximately 74%.
The lower slope compared to the 2008-2020 regression indicates that
much of the rapid progress had already occurred in the preceding years.
This choice of 2013 as a reference is not coincidental: it marks the entry
into force of the EEDI, which imposed mandatory efficiency standards
for new ships. Thus, the flatter trend after 2013 suggests a stabilization
effect, as ships were increasingly designed from the outset to meet these
regulatory benchmarks. Overall, the comparison across the three time
periods highlights two critical aspects: the acceleration of efficiency
improvements after 2008, driven by regulatory and environmental
pressures and the consolidation of these improvements after 2013, when
EEDI standards became mandatory for new designs. These results
confirm that regulatory frameworks have directly shaped the trajectory
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of EPL restrictions and consequently, the operational and design prac-
tices of container ships.

Cll-based assessments, which account for actual operational data
including fuel consumption, distance traveled and time underway,
confirm that ships are already operating below their EEXI reference
speeds. The average operating speed of 13.6 kn is roughly 33% lower
than design speed, demonstrating widespread slow steaming. While
48% of the 21 ships with sufficient operational data meet the 2025 CII
requirements, only 14% are projected to maintain a positive CII rating
over the next three years without further speed reductions. The required
adjustments to achieve at least a C rating are modest (7%), indicating
that operational measures rather than extensive retrofitting are gener-
ally sufficient for compliance. However, most vessels already operate
significantly below their design speeds, leaving limited room for further
reductions through speed optimization alone. As the CII requirements
become progressively stricter in the coming years, speed reduction is
therefore likely to become insufficient as a standalone compliance
measure. Thus, the potential for further emission reduction through
speed reduction alone is becoming increasingly limited. Consequently,
additional improvements will likely require more substantial techno-
logical changes such as alternative fuels, hybrid propulsion systems or
advanced energy-saving technologies. It should be noted that the CII
analysis is based on a subset of 21 ships for which sufficiently detailed
operational data were available. Because such data are rarely publicly
accessible, the operational dataset remains relatively limited compared
with the design dataset used for EEDI and EEXI analyses. Consequently,
the CII results should be interpreted primarily as indicative of opera-
tional trends rather than as statistically representative of the entire
container fleet.

Similarly, Feeder and Feedermax ships require remarkably similar
speed reductions when assessed according to both the EEXI and CII
criteria. This suggests that these ships typically operate at speeds close to
those for which they were originally designed, reflecting a good align-
ment between design intent and operational profile. In contrast, Small
Feeder and Panamax ships exhibit much larger discrepancies between
the speed reductions required by the two criteria, indicating that their
actual operational speeds often deviate significantly from their design
speeds, possibly due to varying operational patterns or trading routes.

According to the conducted analysis, it can be observed that even a
slight tightening of the CII criterion, by only 2% per year starting from
2022, has a significant impact on the CII performance of ships. This
essentially means that ships will need to change their operational pat-
terns in order to continue meeting the CII requirements. On the other
hand, if the ships had been designed according to the way they are
actually operated, a large number of them would have satisfied even the
strictest criteria currently in force.

Overall, the combined EEDI/EEXI and CII analyses illustrate the dual
importance of design optimization and operational management in
achieving energy efficiency. While EEDI and EEXI capture potential ef-
ficiency at design stage, CII provides a more accurate reflection of real-
world performance. The observed discrepancy between design and
operational speeds emphasizes the effectiveness of slow steaming and
other operational measures in reducing emissions, suggesting that reg-
ulatory strategies combining both design and operational targets are
essential for sustainable fleet management. Further improvements in
energy efficiency will likely depend increasingly on technological
innovation. In addition to propulsion optimization and energy-saving
devices, this includes the gradual adoption of alternative fuels such as
LNG, methanol, ammonia or hydrogen, as well as hybrid propulsion
concepts and partial electrification of auxiliary power systems. Such
solutions are increasingly being considered as part of broader strategies
to achieve the long-term IMO greenhouse gas reduction targets.

The results also have broader implications for key actors in the
maritime supply chain. Since operational measures such as speed
reduction directly influence voyage duration and schedule reliability,
regulatory requirements such as CII increasingly affect not only
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shipowners but also charterers, cargo owners and logistics operators. In
liner shipping in particular, slower operating speeds may influence
service frequency, fleet deployment strategies and overall supply-chain
planning. Consequently, compliance with energy efficiency regulations
is gradually becoming a shared responsibility across the entire maritime
transport chain rather than solely a technical issue for ship designers and
operators.

6. Conclusion

The analysis of 162 seagoing container ships built between 2000 and
2020 provides a detailed picture of design evolution, energy efficiency
trends, and regulatory compliance in the global container fleet.

The study demonstrates that container ships have achieved pro-
gressive improvements in energy efficiency, as reflected in the
increasing EPL values across successive periods. Between 2000 and
2020, efficiency improvements were steady, but after 2008, the rate of
EPL increase almost doubled, reflecting intensified global regulatory
and environmental focus. The year 2008, serving as the IMO reference
year for emission reductions, represents a turning point where stronger
improvements were observed. By 2013, when EEDI regulations entered
into force, the baseline EPL values were significantly higher and sub-
sequent improvements occurred at a slower rate, signaling regulatory-
driven stabilization.

This analysis confirms that EPL trends not only reflect technological
advancement but also the strong influence of regulatory frameworks
such as the IMO's efficiency measures. The results provide evidence that
container ship design and operation have become progressively more
energy efficient, with the steepest gains occurring in periods aligned
with major regulatory milestones. In general, ships have achieved pro-
gressively lower EEDI and EEXI values over the years, which clearly
indicates that they have become more energy efficient.

Furthermore, the analysis of ship operational profiles revealed that
the actual sailing speeds of the analyzed vessels are already below the
levels required to satisfy the EEXI criterion, which raises questions about
the overall relevance and practical effectiveness of this regulatory
measure. This also indicates that the potential for further emission re-
ductions through speed reduction alone is limited, since most vessels
already operate well below their design speeds. On the other hand, if
ships had been designed more closely in accordance with their actual
operational profiles, a significant number of them would have satisfied
even the most stringent regulations currently in force. However, as the
CII requirements are expected to become progressively stricter in the
coming years, speed reduction may eventually become insufficient as a
standalone compliance measure. Future studies should expand the
operational dataset by incorporating a larger number of ships and longer
time series of operational data in order to improve the statistical
robustness of fleet-level assessments of operational carbon intensity.
This research therefore highlights the need for a fundamental shift in
ship design philosophy — from compliance-driven optimization toward a
holistic decarbonization strategy that aligns design, operation and en-
ergy systems. The concept of design speed is progressively being
replaced by an operational compliance speed, defining the actual regime
at which ships are designed to function efficiently within environmental
and regulatory boundaries. Such a transformation requires integration
of alternative fuels, hybrid propulsion systems, energy-saving devices
and data-driven optimization tools that collectively enable genuine
emission reduction rather than temporary compliance.

In conclusion, while existing measures such as EEDI, EEXI, and CII
have played a pivotal role in steering the industry toward higher effi-
ciency, they represent only transitional instruments on the path to zero-
carbon shipping. The broader implication of this study lies in demon-
strating that future progress depends on a systemic reconfiguration of
design and operational paradigms, positioning the maritime sector not
merely to comply with regulations but to actively lead the global
decarbonization transition. In this context, the findings of the present
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study suggest that regulatory mechanisms such as EEDI, EEXI and CII
have already significantly influenced ship design and operational prac-
tices. However, achieving deeper emission reductions in the coming
decades will likely require a combination of regulatory pressure, tech-
nological innovation and operational optimization across the entire
maritime transport system.
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Influence of Lightweight Change on
Ship Performance

An influence assessment of lightweight change on Energy Efficiency
Existing Ship Index/Energy Efficiency Design Index performance for two
supramax bulk carriers is presented in this paper. The study covers a
variation of lightweight from 100% to 85% with the step of 5% reduction.
The influence on ship performance is determined through deadweight,
reference speed, and engine load. In one part of the work, deadweight is
considered to be constant, so the study covers the impact of displacement
change on ship speed and power, while in the other one, displacement was
kept the same so that the direct influence of deadweight on performance
indices was considered. Due to displacement change, a new power curve
should be derived, and for this purpose, the Holtrop-Mennen method has
been used to predict total resistance. Estimated results show that an
increase in speed can be up to 0,7% for the same power and a reduction in
power up to 2,6% for the same speed. An increase of a deadweight affects
the performance indices up to 3,2%.

Keywords: energy efficiency, EEDI, EEXI, lightweight

1. INTRODUCTION

Displacement of the ship consists of lightweight (LWT)
and deadweight (DWT). Lightweight is a term that
represents the total weight of an empty ship (mass
without cargo, fuel, lubricating oil, water (ballast, fresh,
potable, stores, people (passengers and crew)).
Deadweight is defined as a variable load that a ship can
carry. One of the most important things in the initial
design stages is to estimate the LWT as precisely as
possible. Lightweight can be roughly separated into the
weight of the hull (steel weight), the weight of the
machinery (equipment weight), and the weight margin.
There are a lot of approximate formulas for determining
the weight of the hull and machinery. Some of the
empirical formulas for direct calculation of previously
mentioned groups of weight have been in use for
decades and can be found in [1-3]. Weight margin or
tolerance of uncertainty in the initial design stage is 3%
of the deadweight according to [2], 1-2% for simple
structures (tankers and bulk carriers), and 2-3% for
more complex ships [3]. Nevertheless, the initial LWT
assessment can be based on a non-dimensional
coefficient [3], such as ratios between certain weight
groups, including the DWT- A ratio for a particular type
of ship. As the most common and precise procedure
nowadays, it can be considered as the conversion of
weights from the parent ship to the designed ship [4]. It
is interesting that in the last 50 years, the LWT has had a
decreasing trend of roughly 20% for some ship types
[5], and according to [6], the average efficiency has
improved by 22-28% within a decade. Also, according
to [7], the LWT-LBD ratio (where L — length, B —
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breadth, H — depth) is decreasing for larger DWT, which
means that smaller ships are usually heavier, which is
one of the reasons why larger ships are being built.

On the other hand, over the decades, supply and
demand have increased globally due to society's deve—
lopment and civilization's progress. Consequently, there
was a need for a greater and more frequent exchange of
goods between more distant countries. This led to the
design and construction of larger ships [7,8]. Larger
ships also required the installation of larger engines,
while larger engines required a larger amount of fuel,
and combustion of a larger amount of fuel leads to
greater pollution from greenhouse gases. Even though in
2011 Marine Environment Protection Committee rele—
ased a resolution [9] in order to prevent pollution from
newbuilt ships falling under the MARPOL Annex VI
and over 400 GT through EEDI that set-in use from
2013, the global trend of CO, is still rising [10]. Also,
International Maritime  Organization (IMO) has
introduced an energy efficiency parameter [11] for
existing ships through EEXT that will enter into force in
2023. and it is based on EEDI. This regulation covers
only seagoing ships, while some of the first evaluations
of inland waterways cargo ships' efficiency indices are
described in [12].

The overtaken work has to give an answer how
extensive can be the benefit in energy efficiency if the
LWT is reduced and whether it could be compared with
other energy-saving measures such as the installation of
Energy Saving Devices (ESD), optimized operational
strategies, fuel changes, hull cleaning, and anti-fouling
paint application, propeller polishing, etc. The ESD can
improve the overall efficiency by 6-14% with pre-swirl
ducts [13] or 2-5% with post-swirl devices [14]. Opti—
mized operational strategies such as optimum trim,
speed, and routing can save up to 5% in power [14]. The
effect of different fuel types on the environment can be
found in [15,16], while the anti-fouling application and
polishing could have a significant influence [17, 18].
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2. METHODOLOGY

Two ships are considered in this paper: bulk carrier 1
and bulk carrier 2. The main particulars are shown in

Table 1:
Table 1. Main particulars
Bulk Carrier 1 Bulk Carrier 2
Scantling | Design | Scantling | Design
year 2011 2010
Loa [m] 197 189.9
Lpp [m] 194 182.7
B [m] 32.26 30.5
H [m] 18 17.5
T [m] 12.65 11.3 12.8 11
WS [m’] 10084 9508 9054 8305
AT [m?] 25.6 52 6.05 0
LCB [%] 1.14 1.54 1.93 2.38
KB [m] 6.571 5.861 6.637 5.686
Cb [-] 0.853 0.844 0.831 0.819
Cp [-] 0.855 0.847 0.835 0.823
Cw [-] 0.929 0.925 0.915 0.891
A [t] 69179 61150 60796 51498
DWT [t] 58675 50646 50136 40838
LWT [t] 10504 10660
MCR [kW] 8630 9480
Vaes [kn] 14.5 14.5

They have different bow types: bulk carrier 1 has an
unusual bow with a vertical stem, while bulk carrier 2
has a bulbous bow. Their non-dimensional resistance
Rt/(4-g) in the function of Froude number (based on
length) is shown in the following figure:

0.0020
0.0018 |
0.0016 |
0.0014 |

500012 |

§0.0010 -

<0.0008
0.0006 |
0.0004 £
0.0002 [
0.0000

0.16 0.2
FnL

0.1

---Bulk carrier 1 —Bulk carrier 2
# Bulk carrier 1 - design speed W Bulk carrier 2 - design speed

Figure 1. Non-dimensional total resistance vs. speed
comparison

Bulk carrier 1 has approximately 19% (average)
better performance for the same speed (Figure 1). Also,
bulk carrier 1 has approximately 10% larger wetted
surface, which is a dominant part of viscous resistance
at low speeds. This means that pressure resistance is
significantly less because the total resistance of this ship
is less. Both ships were completed (built) within a year,
but the keel of bulk carrier 2 was laid in 2004. while the
keel of bulk carrier 1 was laid in 2010. It seems that in a
period of 6 years, design in the shipping industry has
significantly progressed. Ships have become lighter,
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could carry more cargo, and go faster even with a less
powerful engine.

Both ships are made from the same steel grade (mild
steel); although bulk carrier 1 is longer and wider, she is
also lighter. The capacity of bulk carrier 1 is greater by
approximately 10000t at the design draft. So, it was
interesting to find out, could bulk carrier 2 be faster if
she had been made lighter.

Figure 2 are shown 3D models of both considered
bulk carriers, while characteristic sections are shown at
the end of this topic.

Figure 2. Hull shape - bulk carrier 1 (up), bulk carrier 2
(down)

The reduction of LWT in this paper refers to the
reduction of steel weight, but this information is not
given in the ship's documentation. So, the steel weight
and machinery weight for both ships are approximated
as an average value derived from the following formulas
also given in [3]:

y 1
m=01-X-e""" x-—.r.B3fc (1)
12
1 2/3 0,72 L :
m =—-C-L-B-H" - 0,002~(—) +1 ()
6 H

1,65

m, =0,03325-L° -(B+H +0,5-T)-(0,5-C, +0,4) (3)
m, =0,032-E" E=L-(B+T)+0,85-L-(H-T) (4)

—(0,5»u+0,1-u2‘45)
m_ =] 0,07+0,064-e L-B-H,

A
u = 1og(—)
100

m =0,78-LWT .

(&)
(6)

Average approximated data are given in Table 2:

Table 2. Estimation of group weights

Bulk carrier 1 Bulk carrier 2
Wil [t] 9130 8251
Wmachinerv [t] 1292 1305
LWT, [t] 10422 9555
LWT[t] 10504 10660
ALWT -1% -10%

Approximated LWT,,, of bulk carrier 1 is within the
proposed margin, while the LWT,,, of bulk carrier 2 is
underestimated by 10%. The proposed reduction rate for
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steel weight is 5, 10, and 15% in accordance with
previous observations and achieved possible reductions
described in [19]. After applying reduction rates, total
LWT is decreased for 4, 9, and 13% (bulk carrier 1) and
4, 8, and 12% (bulk carrier 2). In order to simplify the
procedure and further calculation, the estimated new
LWT equals to original reduced by 5, 10, and 15%. This
means that reduction is not directed to steel weight only
but to total LWT.

The influence of LWT reduction was determined
through three parameters, and the estimation procedure
is summarized in Table 3:

Table 3. Overall calculation procedure

LWT DWT A Vier \Engine Load)
100% original original original original
o[ 95%
3 90% const. reduced | to estimate const.
85%
. 100% original original original original
9 95%
S 90% const. reduced const. to estimate
85%
100% original original original original
S 95%
S 90% increased const. / /
85%

The term 'original' in the previous table means that
DWT and 4 are taken from the ship's Stability Booklet.'
For scantling and design draughts, while original speed
represents reference speed, and the original engine load
is engine power load which corresponds to reference
speed. Reference speed is needed for attained EEXT and
attained EEDI calculation. Full form of attained EEXT
and attained FEDI formulas are given in [19] and [20],
respectively, but here, these parameters are evaluated
according to simplified form:

SFC

att. EEXI = B o~ viap + Pae " Crae - SFCoip 4y @)
S Capacity -V, ; pry
att.EEDI = PME 'CFME 'SFCME,app + PAE 'CFAE 'SFCAE,app (8)

[+ Capacity - I/ref,EEDI
All parameters from (10) and (11) are described in
[11,18,19]. The required EEXI and EEDI are calculated
in accordance with [11]:
: Y
req.EEXI =req.EEDI =a-DWT™* -[1 _Ej ©)

where for bulk carriers a = 961,79; ¢ = -0,477 and Y =
20 [11]. Attained EEXI and EEDI have to be below their
required EEXI and EEDI. Vg ppp; is defined as the
speed at 75% of Maximum Continuous Rating (MCR),
while V,ygex is calculated in accordance with the
following equation given in [19]:

1

3

J (10)

1 . . . e

Each ship should be provided with a stability booklet, approved by the
Administration, which contains sufficient information to enable the master to
operate the ship in compliance with the applicable requirements.

S, service ME

2
) P
J : VS ,service : (P—

S,service

y

ref [EEXI —

L (DWT,
k3 -
Capacity
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Service power (Ps; semvice) 1S €qual to 85% of MCR and
with no sea margin included. DWTy ;oic., corresponds to
design deadweight, while Vg i 1 the sea-trial service
speed under the design draught corresponds to Pg; service-
k is scale coefficient and equals 0,97 [20]. Reference
speed for EEDI is evaluated in accordance with the [21]
and it is a speed that corresponds to 75% of maximum
installed power (MCR).

In cases 1 and 2, DWT was kept constant, so the 4 is
reduced because of a reduced LWT. The effect of the
lighter ship is determined via the expected speed
increase for the same power for case 1 and vice versa
for case 2. In case 3, DWT is increased to compensate
for the LWT reduction in order to keep the 4 constant.
The power curve stayed the same in this case, so the
effect of this change on EEXI/EEDI can be directly
estimated.

A change in 4 is manifested by a change in a
draught, so the ship has different LCB, Cb, Cp, Cw, WS,
etc. Previously mentioned parameters are given in
Stability Booklets for different draughts. For each new
4, these parameters have been linearly interpolated. Due
to variations in main particulars, the total resistance is
different and, therefore, power curves. To estimate new
total resistance, Holtrop-Mennen (HM) method has
been used where resistance due to bulb presence is
separated from total resistance. In order to verify results,
they are compared with available data from Model Test*
Reports for considered ships. If there is an average
deviation greater than 5% in total resistance between
calculated and Model Test data, a residual resistance
coefficient in the HM method is calibrated until average
differences become less than 5% in the area where the
model test had been performed. The residual resistance
coefficient is derived as the difference between the total
resistance coefficient and the frictional resistance
coefficient (with roughness allowance included). All
formulas for HM method can be found in [22], [23],
[24], [25] and [26]. The -calibration coefficient is
evaluated for scantling and design draughts. For other
draughts, calibration coefficients are linearly
interpolated for draughts between design and scantling
and linearly extrapolated for less-than-design draughts.
After total resistance assessment, the engine load is
evaluated in accordance with the following equation:

V-0,5144-R,
Mp s

L (In

where #7p is the quasi-propulsive coefficient and 7 is
shaft efficiency. These coefficients are usually given in
Model Test reports, but for bulk carrier 1 are not
available and therefore they are assumed to be 0,7 as per
[27] for each speed. For shaft efficiency, 0,985 is
applied for both ships.

After evaluation of power curves, speeds at 75%
(usual reference speed) and 85% (the usual speed at
Nominal Continuous Rating (NCR)) of MCR can be

2 Ship model testing can protect shipowners and shipbuilders from costly and
preventable mistakes. It's used to check systems and specs on a new design,
assess midlife upgrades or renovations, determine the outside limits of a vessel's
capabilities, or troubleshoot problems.
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determined, and thereafter reference speed. As the
attained EEDI and attained EEXI formulas are prac—
tically the same (7) and (8) where reference speed is
stated in denominators like DWT (i.e., Capacity); direct
influence on these energy efficiency parameters can be
assessed in cases 1 and 3. In case 2, an engine power
load reduction for initial reference speed is evaluated.

3. RESULTS

Compared obtained and calibrated results (total
resistance) from the HM method for scantling and
design draught (100% LWT) together with model test
data, are shown in the following figures (bulk carrier 1 —
Figure 3, bulk carrier 2 — Figure 4):

1200
Bulk carrier 1
1000

800 -

600

Ry[KN]

400

200 + -°°

8 10 12 14 16 18
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---Scantling HM — Scantling model

Design HM Design model

Figure 3. Estimated total resistance and model test results
for scantling and design draught (bulk carrier 1)
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Figure 4. Estimated total resistance and model test results
for scantling and design draught (bulk carrier 2)
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Figure 5. Attained and required EEDI/EEXI
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Input parameters for the HM method, together with
estimated total resistance and engine load for all cases,
are summarized in tables at the end of the paper. Table 4
are presented input data for attained and required EEDI
and EEXT with calculated relative differences between
them for scantling and design draught with 100% of
LWT.

Table 4. Initial energy efficiency parameters

Bulk carrier | Bulk carrier
Parameter 1 5
Py [kKW] 6472,5 7110
P,z [kW] 431,5 474
Crye [tCO,/tFuel] 3.206 3,206
Crue [tCOy/tFuel] 3.206 3,206
SFCyr [g/kWh] 190 190
SFC,g [g/kWh] 215 215
i 1 1
Capacity [t] 58675 50136
Vyer gEp1 [K1] 14,16 13,77
V,er gpxa [kn] 13,90 13,53
(Attained) EEDI [gCO,/tnm] 5,105 6,746
(Attained) EEXI [gCO,/tnm] 5,200 6,864
req. EEDI [gCO,/tnm] 4,089 4,408
req. EEXT [gCO,/tnm] 4,089 4,408
AEEDI [%] 24.8% 53,1%
AEEXI [%] 27,2% 55,7%

Attained EEDI and EEXI are also presented
graphically in the following figure:
From the standpoint of energy efficiency, bulk carrier 1
is approximately 25% better than bulk carrier 2, but
both are very far from the required indices. The
influence of LWT change is checked for both energy
efficiency parameters for the following reasons:

e LWT can only be changed in the initial design
phase; therefore EEDI has been calculated;

e To assess how far these ships would be today
from required (EEXI) values if they had been
built lighter.

Case 1: DWT =const., A is reduced due to a
reduction in LWT; hence new reference speeds (Vs geps
and V. gx) are evaluated. Results are shown in Table 5.

If the LWT is reduced by 5-15%, a possible speed
increase of 0,2-0,5% for scantling draught and 0,2-0,6%
for design draught could be expected. In the following
table, direct influence on EEX] and EEDI is calculated,
where in the EEX/ improvement column, V., for
different percentages of LWT is compared against V.
for full LWT. In EEDI improvement column, ¥ at 75%
MCR (Table 6) for scantling (95%, 90%, 85% LWT)
draught are compared against original LWT (100%
LWT).

Table 5. Speed assessment at 75% and 85% of MCR

Bulk carrier 1 Bulk carrier 2
o LT | ¥ @T5% | V@85% | V@15% | V @85%

MCR MCR MCR MCR

- 100% 14,63 15,12 14,44 14,92
.50 95% 14,64 15,14 14,47 14,96
g 90% 14,67 15,16 14,50 14,98
85% 14,68 15,18 14,53 15,02

100% 14,16 14,64 13,77 14,21

‘g‘ 95% 14,20 14,69 13,80 14,24
3 90% 14,22 14,71 13,83 14,28
85% 14,26 14,74 13,84 14,29
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Figure 6. characteristic sections at midship, center line, and water line (dashed line — bulk carrier 1, solid line — bulk carrier 2)

Table 6. EEXIIEEDI improvement assessment

Table 8. Brake power reduction — bulk carrier 2

Bulk carrier 1 Bulk carrier 2 7 —1353kn =145 kn
ref > des — bl
% LWT| Vg | EEAT | EEDI |, | EEXT | EEDI veLwr | APDI%T | APB%] | APB[%] | APb[%]
1IMprove. | 1mprove. 1IMprove. | 1mprove. ’ Scantling Design Scantling Design
100% | 13,90 - - 13,53 - - 95% -0.9% -0.8% -0.9% -0.9%
95% |13,91] 01% | 03% [13,57] 02% | 02% 90% -1,7% "1.4% -1.8% -1.5%
85% 2,1% 2,2% 2,1% -2,4%
90% |13,93| 0,3% 0,5% | 13,59 | 0,4% 0,4%
[} 0, 0, 0, 0, .
85% |1395] 04% | 0.7% |I13.62] 0.6% 0.5% Case 3: In the previous two cases, 4 was reduced

Case 2: DWT =const., A4 is reduced due to a re—
duction in LWT; hence new power for the same
reference and design speed is evaluated for design and
scantling draught when 5, 10, and 15% of LWT decrease
is applied. Results for bulk carrier 1 are shown in Table
7, and for bulk carrier 2 in Table 8.

Table 7. Brake power reduction — bulk carrier 1

due to the reduction of LWT, while DWT was kept the
same. In this case, when the LWT is being decreased,
DWT is increased to keep the A constant (original).
Consequently, the original power curves are the same
because the draught has not been changed. However, the
effect on EEDI/EEXI is present. As it is stated earlier
that DWT (Capacity=DWT) is in the denominator in
EEDI/EEXI formula (7), (8) direct influence of DWT
change can be obtained just by comparing new DWT

Ve = 13,9 kn Vies = 14,5 kn with the original. Results are shown in Table 9:
o LWT APb [%] APb [%] APb [%] APb [%]
o Scantling Design Scantling Design Table 9. Influence of DWT change on EEDI/EEXI
95% -1,0% -0,4% -1,1% -0,4% Bulk carrier 1 Bulk carrier 2
90% -1,8% -1,0% -1,8% -1,0% %QL;VT NGWQDO;VT [t AD()WgTO/[%] NeWé;ZVgT [t] ADIWIT"/[%]
0 769 _1 49 760 _1 40 5% 5 5 57 /0 5 5170
85% 2,6% 1.4% 2,6% 14% 90% 59610 1,8% 51202 2,1%
85% 60135 2,7% 51735 3,2%
Table 10. Input parameters for HM method (bulk carrier 1)
Bulk carrier 1
100% LWT 95% LWT 90% LWT 85% LWT
Design Scantling Design Scantling Design Scantling Design Scantling
DWT[t] 50550 58560 50550 58560 50550 58560 50550 58560
LWTt] 10504 10504 9979 9979 9454 9454 8928 8928
4 [t] 61054 69064 60529 68539 60003 68013 59478 67488
T [m] 11.30 12.65 11.21 12.59 11.12 12.48 11.03 12.37
LCB [%] 1.57% 1.16% 1.60% 1.18% 1.63% 1.18% 1.65% 1.24%
WS [m’] 9495 10084 9457 10047 9418 10000 9380 9952
Ch [-] 0.842 0.851 0.842 0.849 0.841 0.850 0.840 0.851
Cp[-] 0.845 0.854 0.845 0.852 0.844 0.853 0.844 0.853
Cw [-] 0.922 0.927 0.922 0.927 0.922 0.926 0.921 0.926
AT [m’] 5.2 25.7 4.1 24.7 3.0 22.8 2.0 21.0
Table 11. Input parameters for HM method (bulk carrier 2)
Bulk carrier 2
100% LWT 95% LWT 90% LWT 85% LWT
Design Scantling Design Scantling Design Scantling Design Scantling
DWT [t] 40838 50136 40838 50136 40838 50136 40838 50136
LWT[t] 10660 10660 10127 10127 9594 9594 9061 9061
At 51498 60796 50965 60263 50432 59730 49899 59197
T [m] 11.00 12.80 10.90 12.70 10.79 12.60 10.69 12.46
LCB [%] 2.38% 1.93% 2.41% 1.95% 2.44% 1.98% 2.46% 2.01%
WS [m’] 8305 9054 8263 9012 8216 8971 8173 8913
Ch[-] 0.820 0.832 0.819 0.831 0.818 0.831 0.818 0.832
Cp[-] 0.823 0.835 0.822 0.834 0.822 0.833 0.821 0.835
Cw[-] 0.892 0.916 0.890 0.915 0.889 0.913 0.887 0.912
AT [m’] 0.0 6.1 0.0 5.5 0.0 4.9 0.0 4.2
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Table 12. Total resistance and brake power — design and scantling draught — bulk carrier 1

Design 100% LWT 95% LWT 90% LWT 85% LWT 100% LWT 95% LWT 90% LWT 85% LWT
V [kn] Rt [kN] Rt [kN] Rt [kN] Rt [kN] Pb [kW] Pb [kW] Pb [kW] Pb [kW]
14.00 526 523 520 518 5489 5468 5436 5414
14.50 579 577 573 571 6259 6237 6199 6174
15.00 635 633 629 627 7111 7087 7043 7015
15.50 696 694 689 687 8049 8023 7972 7939
16.00 760 758 753 750 9076 9048 8989 8952
16.50 828 826 820 817 10196 10167 10099 10057

Scantling 100% LWT 95% LWT 90% LWT 85% LWT 100% LWT 95% LWT 90% LWT 85% LWT
¥ [kn] Rt [kN] Rt [kN] Rt [kN] Rt [kN] Pb [kW] Pb [kW] Pb [kW] Pb [kW]
13.50 539 534 530 525 5432 5378 5337 5288
14.00 594 588 584 579 6209 6145 6100 6047
14.50 654 647 642 637 7072 6995 6948 6890
15.00 717 709 705 699 8025 7934 7885 7822

Table 13. Total resistance and brake power — design and scantling draught — bulk carrier 2

Design 100% LWT 95% LWT 90% LWT 85% LWT 100% LWT 95% LWT 90% LWT 85% LWT
V [kn] Rt [kN] Rt [kN] Rt [kN] Rt [kN] Pb [kW] Pb [kW] Pb [kW] Pb [kW]
12.00 393 391 388 385 3552 3527 3505 3480
13.00 486 482 479 475 4738 4702 4673 4636
14.00 595 590 586 581 6255 6203 6164 6112
15.00 720 713 709 702 8161 8087 8037 7963
16.00 862 853 848 840 10650 10547 10481 10379

Scantling 100% LWT 95% LWT 90% LWT 85% LWT 100% LWT 95% LWT 90% LWT 85% LWT

V [kn] Rt [kN] Rt [kN] Rt [kN] Rt [kN] Pb [kW] Pb [kW] Pb [kW] Pb [kW]
12.00 443 439 436 433 4150 4114 4084 4059
13.00 551 547 542 540 5638 5588 5543 5518
14.00 681 674 669 667 7517 7448 7384 7362
15.00 831 823 815 814 9921 9826 9736 9718
16.00 1002 992 982 981 13058 12930 12804 12794

Compared to case 1, the effect of DWT change (Case
3) has a greater influence on EEDI/EEXI than speed
increase due to 4 reduction. That was to be expected
due to the higher order of magnitude of DWT than V..

4. CONCLUSIONS

The influence of possible LWT reduction on ship
performance has been carried out in this paper.
Reduction rates were assessed to be 5, 10, and 15%
based on LWT (original and approximated) comparison
of two bulk carriers. If one ship is larger than the other
in terms of L, B, T, or 4 it doesn't necessarily mean that
she is heavier. The structural design dates from
different, but again, very close periods and the
improvement is significant — 19% better performance in
terms of total resistance. It turned out that an unusual
bow with a vertical stem is more efficient for current
Froude numbers. In addition, the LWT of compared
ships are similar, so it was interesting to point out
whether the bulk carrier 2 had had better performance,
in case less steel was used.

Results are based on EEDI/EEXT (case 1 and case
3) performance check and possible reduction in brake
power for design and reference speed (case 2). Study
shows that DWT change has a greater influence
(depending on LWT reduction rate) on EEDI/EEXI
performance (up to 3,2%) than a change in reference
speed (up to 0,7%), while brake power reduction can be
0,4-2,6% for the same speed. This reduction is
equivalent to the pollution of 1000 cars per year. The
reduction is negligible in terms of EEDI/EEXI because
there are 1.4 billion motor vehicles worldwide.
However, from the ship owner's point of view, every
percentage of reduction that will imply money-saving is
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significant. Nevertheless, LWT change is only one step
in the initial design phase of how we can improve ship
performance, and some of the additional ways are
described in [28].

The benefit of lighter ships could be achieved by
paying attention in the design construction stage.
Savings that can be accomplished during the initial
design process are equal to the savings that are very
difficult to achieve by installing some of the ESD.
However, there is still space for possible further
improvement with ESDs.
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NOMENCLATURE

AT [m?] wetted transom area

B [m] breadth

Capacity [t] DWT at scantling draught

Cbh [-] block coefficient

Crae Conversiqn factor betweep fgel

[tCOy/tFuel] con;qmptlon .and CO, emission for
auxiliary engine

Cru Conversiqn factor betweep fuel .

[tCO,/tFuel] congumptlon and CO, emission for main
engine

Cp[-] prismatic coefficient

Cw -] water plane coefficient

DWT [t] deadweight

DWTservice [t]  design deadweight

f;g%DOIZ J/tnm] Energy Efficiency Design Index

EEXI Energy Efficiency of Existing

[gCO2/thm] Ship Index

111 correction factor

g [m/s?] gravitational constant, g=9.81

H [m] depth

k[-] scale coefficient

KB [m] vertical center of buoyancy

LCB [%] longitudinal center of buoyancy

Loa [m] length overall

Lpp [m] length between perpendiculars
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LWT[t]
LWT, [t]
MCR [kW]
NCR [kW]
P [kW]
Pb [kW]
Py [kW]

P S,service [t]

Rt [kN]
SF CA E
[g/kWh]
[g/kWh]
T [m]

V [kn]
Vdes [kl’l]
Vre/"' [kl’l]

Vref;E EDI [kn]

Vref' EEXT [kn]
VS,.vervice [kn]
Wmachinerv [t]
WS [m’]
Wsteel [t]
4t]
ADWT [%]
AEEDI [%)]
AEEXI [%)]
ALWT [%]
APD [%]

lightweight

approximated lightweight
maximum continuos rating
nominal continuos rating

Power of auxiliary engine

Brake power

Main engine power (75% of MCR)
power of main engine corresponds to
VS,.vervice

Total resistance

Specific fuel oil consumption for
auxiliary engine

Specific fuel oil consumption for
main engine

draught

speed

design speed

reference speed

Reference speed for EEDI calculation
(speed at 75% of MCR)

Reference speed for EEXI calculation
service speed under design draught
machinery weight

wetted surface

steel weight

Displacement

relative deadweight difference
Relative EEDI difference

Relative EEXI difference

relative lightweight difference
relative brake power difference
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np [-]
ns[-]
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quasi-propulsive coefficient
shaft efficiency

YTHUIAJ TIPOMEHE MACE ITPA3HOI BPOJIA
HA COIICTBEHE NEP®OPMAHCE

M. Bacuaes, M. Kanajuuh

YTumaj mpomeHe Mace mpasHor Opoma Ha MHOekc
eHepreTcke eprkacHOCTH noctojehux u HoBux OpomoBa
3a JBa ,,supramax‘‘ O6pojia 3a NpeBO3 pacyTor Tepera je
IpUKa3aH y oBOM pany. Pan oOyxBaTa penykiujy mace
npasnor opoaa ox 100% mo 85%, ca kopakom ox 5%.
Yrumaj wa mnepdopmance Opoma je oapeheH kpo3
npeocrany macy, pedepeHtHy Op3uHy u ontepeheme
MoTopa. Y jemHOM ey paja, IpeocTajla maca je
cMaTpaHa KOHCTAaHTHOM, Te€ je pa3MaTpaH YTHIA]
IIpOMEHe JeruiacMaHa Ha Op3uHy Opoma W moTpebHY
AHT2)KOBaHY CHAry, JIOK je Y APYroM Jely, JeIulacMaH
CMaTpaH KOHCTAQHTHHM, Ia je pa3MOTPEH JAUPEKTaH
yTULA] TpeocTale Mace Ha HHIEKCE EHEepreTcke
e(puKacHOCTH. YCIlleq NpOMEHe JAeIulacMaHa, Omio je
NOTpeOHO ONpPEeIUTH HOBY KpUBY CHare, ma je 3a
noTtpede NpoLeHe TOTATHOT OTIopa KopuinheHa MeToza
Xontpon-MeneH. JloOujeHu pe3ysTaTd Mmokasyjy na je
Mmoryhe octBaputH nosehamwe 6p3une no 0,7% 3a ucry
CHAary, JOK penyKlHja CHare 3a HCTy Op3uHYy MOXKe
noctuhu no 2,6%. IloBehame nmpeocrane mace mo60sb—
1aBa MHAEKCE eHepreTcke edukacHocTy 10 3,2%.
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[TPUJIOT 7**

**Y TpeHyTKy IIMcama pe3umea JokTopcke aucepranuje, DOl jomr Huje noaesseH OBOM pajy, I1a je U3 THX
TPCHYTKY p p p ) ] i pany, ma j

pasiora y npuiior noaat Ceprudukar o myOoiuKanmju.
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Parametric mesh study: Lucy Ashton
case

This study considers the ship Lucy Ashton, a benchmark case providing
full-scale measurements of total ship resistance and boundary layer
thickness. A series of CFD simulations was carried out for several
different scales and Froude numbers, with the aim of reproducing
experimental data on ship resistance and the boundary layer. The results
showed agreement with the measurements, with ship resistance
predictions within +5% and realistic boundary layer profiles along the
hull. Based on these findings, practical formulas for boundary layer
thickness and base mesh cell size were derived. Although these formulas
were developed considering only the Lucy Ashton case, they represent a
promising basis for application to other ships, particularly at model scale.
Further studies are recommended to confirm their reliability for different
full scale hull forms.

Keywords: mesh, boundary layer, full-scale, model scale, resistance

prediction.

1. INTRODUCTION
1.1 CFD mesh

Computational Fluid Dynamics (CFD) has become
very useful tool in the last decade for improving ship
hydrodynamics and reducing operational costs in the
shipping industry. CFD enables detailed analysis of ship
hull and propeller performance, directly addressing
economic and regulatory pressures to minimize fuel
consumption and therefore, improve energy efficiency.
In addition to the CFD (numerical) approach commonly
used for the analysis of ship energy efficiency, analytical
methods are also available [1], [2].

Parametric mesh studies in ship CFD are essential for
ensuring accuracy while optimizing computational
efficiency. Research shows that mesh generation and
resolution directly impact simulation results. When
studying ship resistance, researchers have successfully
used multiple mesh configurations ranging from coarse
to fine grids, comparing results to validate the
computational approach [3]. Similarly, analysis of mesh
resolution effects demonstrates that mesh configuration
directly impacts numerical results in velocity fields, with
finer meshes showing convergence improvements of up
to 6.4% [4]. One comprehensive study conducted over 50
iterations of heaving sphere simulations by varying mesh
configurations and simulation parameters, achieving
good agreement with experimental data while
maintaining  computational  efficiency  through
axisymmetric exploitation [5]. In resistance prediction
studies, parametric analysis has revealed that wavelength
ratio significantly influences the pattern of resistance in
waves, with added resistance behaviour varying non-
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linearly with wave height [6]. Grid-independence studies
are essential to establish which mesh configurations
provide adequate accuracy, and modern approaches
increasingly employ machine learning to guide
parametric optimization searches efficiently [7]. Grid
sensitivity (or grid convergence) studies evaluate how
variations in mesh resolution affect simulation results.
The standard approach uses Richardson extrapolation
methods to assess mesh convergence. In ship
hydrodynamics, researchers typically conduct systematic
grid convergence studies based on multiple grid
resolutions to predict uncertainties in numerical solutions
[8]. A key protocol involves performing sensitivity
analyses on each operating condition, with particular
attention paid to critical flow regions like the free-surface
and wake fields in the propeller plane. When conducting
grid refinement studies, researchers evaluate sensitivity
for each operating condition separately. For example, in
full-scale ship trials, grid refinement sensitivity is
systematically assessed for each power setting, and time-
step effects are also evaluated for the selected grids. The
simulated results showed good agreement with test data,
illustrating the capability of numerical methods to
determine ship performance at full scale [9]. Studies
investigating ship resistance and self-propulsion often
verify grid convergence through comparison with
experimental data, examining the influence of factors like
mesh density, time steps, and turbulence models [10].
The free-surface region and wake flow require particular
mesh refinement. Grid independence studies should
assess both overall domain resolution and local
refinement at critical areas [11]. Additionally, research
on ship design operations in confined waters has utilized
detailed grid independence checks at different design
stages to optimize both accuracy and computational
efficiency [12].

A comprehensive study by [13]. developed best
practices for self-propulsion simulation of ship models in
calm water. Extensive convergence studies were carried
out to examine effects of various propeller modelling
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methods and parameters, including non-dimensional wall
distance, grid resolution/distribution, and turbulence
model selection. The study examined both bare-hull
resistance and propeller open-water performance
initially, then applied two different propeller modelling
methods: a simplified body-force method and a detailed
propeller modelling approach to predict wake fraction
and propeller performance behind the hull. The
difference in accuracy between these methods was
quantified through convergence studies, allowing
researchers to establish best modelling practices.
Validation was performed on the KRISO Container Ship
(KCS) model, where the effective wake fraction
determined from CFD was compared with experimental
effective wake fraction data. A detailed numerical study
on full-scale ship self-propulsion  performance
demonstrates how grid convergence is incorporated into
validation procedures [14]. The research included
simulations using RANS method with both double-
model and Volume-of-Fluid (VOF) models for scale
effect analysis. Verification of grid convergence was
performed through global mesh refinements, and a series
of sea trials were conducted to collect reliable data for
validating predictions. The study demonstrated that grid
convergence studies are critical for understanding hull-
propeller interaction, where boundary layer separation is
the main source of wake variation. Notably, the research
found that simplification of free surface treatment does
not only affect wave-making resistance of the bare hull
but also induced drag, which can produce up to 5%
uncertainty in power prediction. A numerical study of
two-propeller hydrodynamic performance demonstrates
systematic grid convergence methodology [15]. The
research conducted standardized mesh and time-step
convergence studies following ITTC recommendations.
The hydrodynamic results for the KP505 propeller were
compared with experimental data to validate the
reliability of the method. Over 40 propeller arrangements
with varying transverse and longitudinal spacing were
then simulated. The study revealed that the high-speed
wake generated by the upstream propeller significantly
affects the downstream propeller's hydrodynamic
performance, with this interaction diminishing as
transverse  spacing increases. An  uncertainty
quantification study of self-propulsion analyses with
RANS-CFD examined a small-size product/oil tanker at
model scale [16]. The methodology involved open water
propeller predictions and model scale computations for
minimum two different loadings to determine the self-
propulsion point and respective parameters. To expedite
computations, cases were solved using a single-phase
approach. Resistance predictions were compared with
experimental findings, and uncertainty associated with
thrust prediction was quantified. The comparison
between CFD predictions and full-scale sea trials
conducted on the subject ship indicated that CFD
computation could predict performance with sufficient
accuracy at acceptable computational cost. A study on
Flettner rotors as wind-assisted propulsion demonstrated
grid convergence methodology for preliminary design
assessment  [17]. RANS-based CFD evaluated
aerodynamic  performance  of  various  rotor
configurations. A grid convergence study was conducted
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as part of the CFD results verification process. Initially,
isolated 2D and 3D rotors at model scale were simulated
for various operating conditions. A cargo ship fitted with
Flettner rotors was then simulated to compute resistance
and evaluate rotor-to-rotor interaction, demonstrating
how grid convergence studies enable confidence in
subsequent design evaluations.

These examples demonstrate that grid sensitivity
studies are essential at every stage of ship CFD analysis,
from preliminary design through validation against sea
trials. The studies consistently show that proper mesh
convergence procedures establish confidence in
propulsion performance predictions, enable accurate
scale effects analysis, and support design optimization
with quantified uncertainty bounds.

1.2 Boundary layer

The boundary layer forms on the ship's hull surface
because of the fluid's viscous effects, causing the fluid
velocity to change from zero at the solid surface to the
value of the undisturbed flow velocity. The exact
characteristics of the boundary layer depend on factors
such as the Reynolds number, ship geometry, speed and
fluid properties. Its study is crucial for determining the
frictional resistance coefficient, which represents a
significant component of the ship's total resistance. It is
known that when the hull is subjected to water flow,
turbulent flow occurs and consequently, the boundary
layer that forms is called the turbulent boundary layer.
The boundary layer thickness is defined as the position
where the flow velocity reaches 99% of the undisturbed
flow velocity, measured from the wall where the flow
velocity is zero [18].

Research in the field of boundary layer velocities
dates back more than 120 years [19], [20], [21] and
initially focused on pipe flow. It was concluded that the
velocity near the wall during turbulent flow varies with
1/7 power of the distance from the wall. It should be
noted that this exponent holds only for smooth pipes (up
to Re = 10%), but for larger Reynolds numbers, it
decreases to 1/10. However, in the case of rough pipes,
the exponent for increasing relative roughness rises from
1/7 to 1/4 [22]. As early as 1927, Prandtl proposed an
expression for the thickness of the turbulent boundary
layer in pipes [20]:

For flow over a flat plate, the following expressions
were obtained [23]:

1) 0.16
g @
or [24]:
[24] 5 _ 0382 3
x Re)16/5 . ( )

Since a ship has an extraordinarily complex
geometric structure, the turbulent boundary layer that
forms is highly irregular in shape [25]. In 1948, one of
the first formulations for the boundary layer thickness on
ships appeared [26], [27]:

5.5x
5 = ﬁ . (4)

By the 1970s, research emerged focusing on

methods for solving three-dimensional turbulent
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boundary layer flow on ships [28] which later led to the
organization of the first workshop in 1980 [29]. The
greatest challenge when solving flow around a ship's hull
arises in the stern region where flow separation occurs
[30]. In [31] authors conducted experiments in a wind
tunnel on a 10ft long Wigley hull to study the flow in the
boundary layer and a wake over the stern. Study by [32]
presents experimental results from towing-tank tests
examining propeller-hull interaction using the Series 60
Cob = 0.6 hull form. Measurements included mean-
velocity and pressure fields for conditions both with and
without a propeller. Data were collected upstream,
downstream and in the near-wake region, alongside
surface-pressure distributions, wave profiles, resistance
and self-propulsion tests. Results highlight key
differences in flow behaviour when a propeller is present.
The interaction between the propeller and the hull’s
boundary layer and wake is analysed using a propeller-
performance program, revealing that most interaction
effects stem from the propeller’s response to the three-
dimensional non-uniform inflow.

Boundary layer phenomena are critical in maritime
applications as they affect resistance, propulsion set and
manoeuvrability.  Accurate simulation of these
phenomena requires sufficiently refined and well-
structured meshes that capture the near-wall effects
effectively. The advances in mesh generation techniques
have notable implications for maritime CFD analyses. In
[33] authors discussed how the future landscape of CFD
will rely on high-performance computing and improved
mesh adaptability, proposing that real-time simulations
will depend on the efficiency and quality of generated
meshes. This interdependence inherently calls for
innovative solutions to align meshing techniques with
complex geometries and fluid interactions in maritime
settings.

One critical challenge in ship hydrodynamics is
managing the significant difference in boundary layer
thickness between model-scale and full-scale ships. A
novel approach to address this is the Boundary Layer
Similarity (BLS) model, where only the stern part of the
hull is extracted and lengthened to make its boundary
layer thickness equivalent to that of a full-scale ship [34].
CFD simulations of energy-saving fin performance
demonstrated that the BLS model is capable of predicting
full-scale performance through model-scale simulations,
with flow fields affected by fins showing similar
characteristics to those of full-scale ships

Different turbulence models have varying
capabilities for capturing boundary layer characteristics.
Research comparing eight turbulent viscous models
revealed that model selection significantly affects the
prediction of pressure distribution, velocity distribution,
and boundary layer characteristics around ship hulls [35].

The boundary layer separation around the hull is a
primary source of wake variation and affects propeller
performance. Research on full-scale ship self-propulsion
demonstrated that the difference in hull boundary layer
separation is the main source of wake characteristics
[14]. This finding links boundary layer behaviour directly
to propulsive efficiency. In shallow water operations, the
boundary layer interactions become even more complex;
studies found that the ship's manoeuvring characteristics
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in shallow water are linked to complex interactions
between the hull wake, boundary layer, propeller,
vortices, and the seabed [36].

Currently, the literature does not provide specific
guidance on the mesh resolution of the near-wall region
for ship applications. The need for such guidance arises
from the fact that CFD software often requires this value
as an input when generating the mesh. Three key
parameters are commonly used as inputs when defining
the mesh in the near-wall region: the prism layer total
thickness, the number of layers and either the aspect ratio
or the thickness of the first layer. The number of layers
determines how many individual mesh layers are
included within near-wall region. A higher number of
layers can improve the resolution of the velocity profile
but may increase computational costs. Conversely, too
few layers may result in insufficient resolution,
compromising simulation accuracy.

Some studies provide guidance on the appropriate
size of the base cell. The base cell size plays a significant
role in defining the overall mesh structure and balancing
computational efficiency with solution accuracy. In the
study that involves estimating the resistance of a
catamaran using CFD software [37] it is suggested that a
grid size of about 6.0%o of the waterline length can be
used as the mesh size for the catamaran surface. The
study [38] identifies that a grid size of 0.34% of the
waterline length optimizes resistance prediction accuracy
without increasing computational cost and resistance
results remain stable with y* values between 11.5 and
200. Additionally, while the grid distribution ratio has
minimal impact under these conditions, a smaller ratio is
recommended for improved accuracy.

This study focuses on the Lucy Ashton benchmark,
selected due to the availability of extensive experimental
data, including resistance measurements at multiple
model scales, full-scale resistance data, and boundary
layer thickness measurements. Results from the
Workshop are summarized in [39], while other research
based on this ship are presented in [40], [41]. Lucy
Ashton, a former paddle steamer built in 1888, was
extensively modified after 1949 for full-scale resistance
experiments, including hull fairing and the installation of
four jet engines to provide steady, well-controlled thrust.
The experimental database originates from 1950s sea
trials conducted at multiple speeds and under different
surface conditions; for the workshop, the smoothest
configuration (faired seams with aluminium paint) was
adopted as the reference case, without roughness
modelling in CFD. Ship speed and boundary-layer
characteristics were measured using pitot logs mounted
at two longitudinal positions along the hull. The
measured velocity profiles confirmed the expected
growth of the boundary layer downstream and yielded
frictional resistance estimates consistent with direct
resistance measurements.

Based on the results of conducted Lucy Ashton case,
the objectives of this study are defined as follows:

e To analyze the boundary layer thickness of the
Lucy Ashton case through CFD results and
compare its variation with Reynolds number
against classical theoretical formulations (1-4);

VOL. 54, No 2, 2026 = 47



e To determine an appropriate distribution of
layers in the near-wall region for accurate CFD
resolution of flow close to the surface;

e Formulation of an expression for the base cell
size in the mesh;

e Validation of the developed methods using
experimental data from the Lucy Ashton ship in
various model scales and full scale.

2. METHODOLOGY
2.1 Case description

The Lucy Ashton case is particularly well suited for
addressing the points outlined above due to the
availability of experimental data. This includes total
resistance measurements from model tests at six different
scales and across multiple speeds A = [21.167, 15.875,
11.906, 9.525, 7.938, 6.35], total resistance data for
several speeds in full scale (A = 1), and boundary layer
thickness measurements at a speed of 10.18 knots, taken
at 49% of the ship length from the stern along the
centerline. The basic data and dimensions of the Lucy
Ashton ship are provided in the following Table 1.

Table 1. Ship particulars

Lpp [M] 58.1
Lwi [m] 59.49
B [m] 6.4
T[m] 1.584
H [m] 2.1844

WStotal [m?] 417

A [t] (sw) 390
Co[] 0.685
Co [ 0.705
Cn [-] 0.972

2.2 CFD setup and simulation conditions

The initial speeds considered for the CFD analysis in
this study are the same as those used in the workshop,
with Fr =[0.130, 0.173, 0.219, 0.260, 0.304] for the full-
scale ship and Fr = 0.219 for the model scale. For the
CFD calculations, the software STAR-CCM+ developed
by Siemens was used. In wall-resolved mesh generation,
three key parameters are commonly defined to control the
near-wall discretization: the number of prism (inflation)
layers, the near-wall (first-layer) thickness and the total
prism layer thickness. There is a mathematical
relationship between these three parameters, which is
based on geometric progression:
v1(1-sFr™May

spltt = 1(1_—517): 5)

where dpir is the prism layer total thickness, Y1 is the
thickness of the first cell layer, SF is the stretch factor and
Niay IS the number of layers, representing four unknown
quantities. Since there are no recommendations for the
prism layer total thickness of complex geometric shapes,
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recommendations for boundary layer thickness in pipes
or flat plates (1-4) are usually used, where x is the length
of the ship at the waterline (Lw) and Re is the Reynolds
number based on the length at the waterline. This region
is defined prior to running the simulation and does not
need to match the actual boundary layer thickness for a
specific ship. This is the reason why the same symbol is
used for the total prism layer thickness (dpir) and
boundary layer thickness (J). There are no direct
recommendations for determining the thickness of the
first cell layer, but there is a relationship between this
parameter and the dimensionless thickness of the first cell
layer, y*.

yr =2 (6)

where u* is the friction velocity and v is the kinematic
viscosity of water. The kinematic viscosity can be
determined based on the temperature of the water at
which the experiments were conducted. In this case, it
was determined based on known values for density and

dynamic viscosity (given in Table 2).

Table 2. Water and air properties

Full scale Model scale
pw [kg/m®] 1026.02 998.8
pa [kg/m®] 1.225 1.242
nw [Pas] 1.22E-03 1.27E-03
na [Pas] 1.79E-05 1.77E-05

The friction velocity can be determined using the
following expression:

u =\[g, Y

where 7, is the wall shear stress (viscous force stress on
the wall or ship hull), which can be determined using the
following expression:

Tw = %Cpruzl (8)
where Cy is the coefficient of viscous resistance and u is
the free-stream velocity of water (i.e., the speed of the
ship). The coefficient of viscous resistance, according to
the ITTC 1978, is determined by the following formula

[42]:

Cy = (1 + k)Cp, 9)
where k is the form factor and Cg is the friction
coefficient for an equivalent flat plate, which can be
determined using the ITTC formula [42]:
0075
" (logRe-2)2" (10)

Form factor is extracted with Prohaska’s method as
indicated in the [43]. If data for the form factor is not
available, empirical formulas given in [44] can be used,
or recommendations provided in [45]. Also, CFD double
body simulations can be used to determine the form
factor [46].

Cr

2.3 Mesh parameterization

Based on the current guidelines and
recommendations [47], which emphasize that y* should
remain within the range of 30 to 100 for CFD simulations
in ship hydrodynamics if wall functions are used, the
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question arises of how to determine the parameters used
as input for setting up such simulations. This study
demonstrates one possible approach to defining these
parameters. In addition to y*, there is a specified SF in
[47] to be 1.2 and number of layers (niay) to be 15, but in
this research, an investigation is extended to cover a
range of SF from 1.2 to 1.4 and the range for ni.y from 7
to 25. An additional reason for extending the ranges lies
in the author’s experience: simulations aimed at
predicting the resistance of complex ship forms for
certain ship types either failed or required excessive
computational time due to poor mesh quality, which
resulted directly from using a fixed number of layers in
the near-wall region. Removing prism layers near the
hull, according to the author’s observations, led to
unreliable results that did not match experimental
measurements. Moreover, key parameters, such as y-,
would fall outside the limits defined by official ITTC and
IACS guidelines.
By extending (6) and multiplying by Lw/Fr:

y+Lwl _ ULy _
YiFr T ouFr f(l)' (11)

A graphical representation of the dependency

—y;LF‘”’ (4) for ships of different scales can be obtained.

1Fr

y—:Ll‘l“ (Fr) for ships of the
1

same scale but at different speeds can also be plotted:

y+Lwl _ U Lyt _
(), (12)

The functions () and g(Fr) can be represented in the
form a-A and c-Fr¢, respectively, where the coefficients
a, b, ¢ and d are determined by using logarithmic
transformation and linear regression with the least
squares method:

+
% j<1nyY—L1Wl( j))—b-Z jan ()

Similarly, the dependence

a = exp p , (13)
LA ) )3 n 2y (10 2) 14
B 130 A())2~(Z; In(A())) ’
(1Y Lwi . ;
T\ I 2L0) |-d-Xn Fr(i)
c = exp . , (15)
+1L +1L
13(In Fr() =240 ) -0 Fr()-g (=22 ()
d = ’( Y1 ) J ’( Y1 )’ (16)

LS(n Fr(i)2-(5;In(Fr(j)))°
where | is the number of speeds (Fr) i.e., number of scale
factors in specific case. For Lucy Ashton case, 1=7 for
Fr=idem=0.219 and I=5 for A=idem=1. Counter j goes
from1tol.

Based on the prism layer total thickness, stretch
factor, the number of layers and using the geometric sum
formula for finite number of array elements, the first

layer thickness can be evaluated.
_ Opit(1-SF)

ho= e an
From (11) and (12), y* can be expressed as:
yt=BEEG) = 5 g g, 18)
y+=il—%g(Fr)=);1J-c-Frd. (19)
wl wl

The thickness of the last layer (Yiast) can be expressed
as:

Ylast = Yl - SFMay~t (20)
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When the size of the base cell (BS) is taken to be equal
to the size of the last cell in the prism layer divided by
zone refinement factor (ZR), the following relationship
applies:

BS = Yiast/ZR' (21)

Zone refinement is a factor that depends on the degree
of fineness of the local mesh. Zonal refinement is
essential for achieving accurate predictions of
hydrodynamic forces by concentrating mesh resolution in
regions near the hull and in wave-making zones, where
flow gradients are highest. This approach optimizes
computational efficiency, enabling detailed analysis of
complex geometries and advanced turbulence models
without prohibitive resource costs.

Figure 1 illustrates the refinement zones,
parametrically defined as functions of the principal
dimensions (Lpp, B, T). The volumetric dimensions of
these refinement zones are provided in Table 3 together
with domain size (refer to the end of the paper). All
dimensions in Table 3 are specified with respect to the
global coordinate system, located at the aft perpendicular
and the keel centerline. Positive values are oriented in the
positive x-axis direction, i.e., toward the bow. In this
manner (Table 3), the zones are defined for half of the
ship, which can be applied in cases where the ship is
symmetric, as in the present case. Table 4 presents the
relative percentages of the base cell size along the X, v,
and z directions, respectively.

Figure 1. Zone refinements

Table 4. Zone refinements — Relative from base cell size

ZR [% BS]

X y z
Domain 600 600 600
Free Surface 50 50 125
Stern refinement 125 125 125
Fore refinement 3.125 3.125 3.125
Fine cone refinement 125 125 6.25
Coarse cone refinement 25 25 125

In this specific case, it is applied that the degree of
fineness of the last cell in the near-wall region is four,
which means that the dimension of the last cell in the
near-wall region is 6.25% of the base cell dimensions,
i.e., it is 1/2* times smaller.

The baseline equation for estimating the prism layer
total thickness is given as (1), while assuming that the
near-wall region thickness (i.e. prism layer total
thickness) is equal to the boundary layer thickness and it
was applied in first iteration. Alongside it, there are three
other (17), (18) or (19) and (20) and five unknown
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variables (y*, Y1, SF, Niay, Yiast), the system is not closed
and cannot be solved analytically. However, since the
ranges for y*, SF and ni,y are defined, the system of
equations can be solved by adding one additional
condition. For a constant Fr and different scales, the one
condition is that the product YA should remain
approximately constant across scales. This condition
ensures that the physical size of the last layer in the near-
wall region remains consistent in real dimensions across
different scales, thereby maintaining similar wall
resolution. In contrast, for constant scale and varying Fr,
the last cells’ sizes in the near-wall region i.e., the base
cell size should remain approximately constant (BS =
const.). In this way, one solution is selected for each scale
or for each Fr. The resulting solution defines mesh
parameters BS, y*, Y1 and Ny, i.e., the full prism layer
setup needed to generate an appropriate mesh.

The cell size in each case will be different (for
different speeds or scales), so an additional analysis was
performed to potentially develop a simple formula for
determining its dimensions. The idea is to come up with
a formula in the form BS = f(Lyp, r, 4, m) where r is
refinement level which according to [48] equals V2 (or 2,
2v/2,...) and m is the scaling parameter, which is sought
such that it provides the largest cell dimension without
significantly affecting the results. Specifically, m will be
determined as a local minimum or maximum of the h(2)
where h is approximated function for specific Fr:

h(Z) =BS - A/ (Lpp- 1). (22)

Thus, the suggested simple expression for the size of
the base cell dimension will be in the form:

BS = (Lpp-r/ 1) -md, (23)
where:
1, ifA'(1) =0 and #'(1) < 0 (local maximum)
s=4-1, ifA'(1)) =0 and A" (1) > 0 (local minimum)

0, otherwise
and m is the local minimum or maximum of the
function h.

2.4 Validation and boundary layer evaluation

As an output from the CFD analysis, two parameters
are selected: the total resistance of the ship (Rr.crp) and
the dimensionless boundary layer thickness dcro/Lwi(Re).
An acceptable solution is considered to be the total
resistance value that lies within £5% (or less if possible)
of the measured value during experimental testing.

In CFD simulations, for all cases, velocity profiles
were determined at 20%, 30%, 40%, 49%, 62% and 80%
of Ly along the centre line. At 100%L,,, the boundary
layer thickness is considered to be zero. The boundary
layer thickness at each defined longitudinal position
(%Lpp) was taken as the vertical distance from the ship’s
hull where the velocity reaches 99% of u.. with u., being
the free-stream velocity. An illustrative representation of
the determined velocity profiles is shown in Figure 2. The
dots in Figure 2 denote the calculated boundary layer
thickness at each cross-section. The resulting set of
points can be approximated using a n" degree polynomial
via least squares regression, where the residual sum of
squares (RSS) is minimized. Subsequently, the maximum
value of the polynomial within the ship’s length

50 = VOL. 54, No 2, 2026

140

boundaries is identified and adopted as the boundary
layer thickness for the entire ship.

———
0% 20% 30% 40% 62% 100%

Figure 2. Boundary layer thickness evaluation

The boundary layer thickness determined by the CFD
analysis is considered good if it is within the range of
values obtained during the experiment or as close as
possible. According to the notes from [49] it was often
difficult to obtain satisfactory readings in the boundary
layer and many of them are discounted, so this was the
reason why only for one speed, the data about velocity
profile is available. If the two conditions mentioned
above (for total resistance and boundary layer thickness)
are not met, the simulation setup parameters are adjusted
until the results are considered valid, i.e., until both
conditions are satisfied for all considered speeds and all
scales (11 cases in total). The entire process is iterative
and based on the principle of trial and error, adjusting the
boundary layer thickness formula according to the results
of the CFD analysis. Since the Lucy Ashton ship is
relatively small by today’s standards (58.1m), additional
simulations were conducted with extrapolated ship
dimensions using factors of 0.5, 0.18 and 0.12, for several
speeds according to the matrix shown in the following
table (Table 5). The “0” symbols indicate the originally
conducted simulations corresponding to the cases defined
through the workshop, while the “x” symbols indicate the
additional simulations to extend the boundary layer
formula to cover the range of the largest ship ever built
(The Seawise Giant).

The ratio dceo/Lwi(Re) was found in the form of e -
Re", where e and h were determined in the same way as
coefficients a, b, c and d (see (13-16)).

Table 5. Conducted simulation cases

y) Fr=0.13 | Fr=0.173 | Fr=0.219 | Fr=0.26 | Fr=0.304
21.167 X 0 X
15.875 0
11.906 0
9.525 0
7.938 0

6.35 X 0 X

1 0 0 0 0 0
0.5 X X X
0.18 X X X
0.12 X X X

After conducting new simulations, the boundary layer
thickness formula was further calibrated until the
conditions for completing the calibration were met. The
algorithm for determining the boundary layer thickness
formula based on data for the Lucy Ashton ship is given
in the Figure 3 (refer to end of paper). The dashed arrow
in the same figure shows the possible calibration of other
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parameters during a single CFD calculation. Other
parameters include domain size, turbulence model and its
parameters, boundary conditions, solver, time step and
others, which may affect the results. It is important to
note that in the calculations for this study, these
parameters were not changed compared to how they were
defined for the Lucy Ashton workshop case and in
previously published paper by authors [41].

Based on algorithm in Figure 3 (refer to the end of
paper), a short code is developed in MATLAB software
for evaluation of y*, SF, ni5y and BS. As noted in Figure
3, range for y* is defined to be from 60 to 200. This is
because, in a computational mesh, y* is evaluated at the
centre of the first cell — corresponding to half of its
thickness — rather than at the cell boundaries, which
represent the full cell thickness.

The numerical models, boundary conditions, grid
uncertainty analysis, and post-processing procedures
were performed in accordance with the methodology
described in the paper [41].

3. RESULTS

The results obtained according to the methodology
defined in the previous chapter are presented below.

For all tables mentioned below, please refer to the end
of paper.

In Table 6 are shown values obtained with (7-10). In
Table 7, initial values for defining near-wall region
parameters are provided for Fr = 0.219 at different
scales. Table 8 and Table 9 (corresponding to Tables 6
and 7) also provide initial values for defining near-wall
region parameters but for the full-scale ship at different
Fr.

In Figure 4 the graphical representation of evaluated
function f(1) = a - A ? is shown in accordance with data
from Table 7.
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Figure 4. Graphical representation of evaluated (11) — (Lucy
Ashton case Fr=0.219)

In Figure 5 graphical representation of evaluated
function g(Fr) = ¢ - £r9 is shown in accordance with data
from Table 7.
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Figure 5. Graphical representation of evaluated (12) — (Lucy
Ashton case A=1)

Based on (22), the h function could be evaluated for
a range of Fr. The form of the function h is presented in
Figure 6. The dots in Figure 6 present values of function
h for a Fr = 0.219. The bars indicate the ranges within
which the function h varies depending on another Fr. The
approximated curve passes through the lowest sides of
bars and is exponential in nature:

h(2) =~ 43.79exp(-0.2794 - 1) + 29.85exp(0.002018 - 1) (24)
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Figure 6. Evaluation of parameter function h and parameter
m

The function h has a global minimum and it occurred
at approximately A = 18.88 with a minimum value of
about 31.23. For the sake of simplicity in notation, the
parameter value m = 30 was adopted. Consequently, (23)
takes its final form:

BS=(Lpp)/(30-2). (25)

The velocity profile obtained from CFD analysis can
only be compared with one set of experimental
measurement data, specifically at a speed of 10.18 kn (Fr
~0.219) at 49% of the ship’s length along the centre line.
A comparative velocity profile, expressed in terms of
boundary layer thickness (J) and the ratio of disturbed to
undisturbed flow velocity (u/u.), is shown in Figure 7. In
the figure, experimental data [49] are represented by "o0"
symbols, while a dashed line represents the approximated
velocity profile based on experimental data analysis. The
gray shaded area denotes the zone encompassing the
velocity profile when accounting for all measured values.
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Data obtained from the CFD analysis are marked with "'x"
and the velocity profile is approximated with a solid line.
A vertical dotted line indicates the 99%u., level, which is
defined as the boundary layer thickness at 49%L,.

0.6 r

0.5 r

o)
[T A Ny

04 r

Eo3 |
1
02

01 r

0.8 0.9 1
whi,, |-|

0.5 0.6 0.7

o PN —=CIFD === Approx. velocity profile (CFD) - - 99%

Figure 7. Velocity profile at CL at 49%L,, Fr=0.219

According to the methodology described, the
boundary layer thickness determination procedure was
applied to all transverse cross-sections at selected
distances from the aft perpendicular (AP). These values
were then approximated using an n-th degree polynomial
along the ship’s length. The process was repeated for
each analyzed speed. By evaluating second-, third- and
fourth-degree approximation polynomials, it was found
that fourth-degree polynomials yield the smallest RSS.
Results from the initial 11 CFD simulations related to
boundary layer thickness are presented in Figure 8 and
Figure 9.

0.6 r
05 r

04 r
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Figure 8. Boundary layer thicknesses for different A (Fr =
0.219)

Figure 8 illustrates the boundary layer thickness
distribution from 20% Lp, to 100% L, for different ship
scales at Fr = 0.219. Here, the boundary layer thickness
was multiplied by corresponding scaling factors to
clearly display all six cases (scales) on a single diagram.
Figure 9 shows the boundary layer thickness distribution
along the ship’s length for the full-scale ship at various
Fr. Dashed lines in Figure 8 and Figure 9 represent the
fourth-degree approximation polynomials.

By solving the first derivative equation of the fourth-
degree polynomial, it was determined that the maximum
boundary layer thickness occurs at approximately
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30%Lp, from the AP. The analysis further revealed that
the effect of scale variation has a greater influence on
boundary layer thickness than changes in speed.

030

60% 80%
%Lﬂﬂ

013 -0.173 -0.219

40%

20% 100%

=026 0304

Figure 9. Boundary layer thicknesses for different Fr (A=1)

The maximum of the fourth-degree polynomial, i.e.,
the maximum boundary layer thicknesses expressed in
the dimensionless ratio (6/Lw) plotted as a function of Re,
are shown in Figure 10 for all cases examined in Table 5
(denoted with “x” for entire conducted simulations for
Lucy Ashton case).

The final formula for boundary layer thickness
evaluation is given below:

) __ 0.075
Ly - Re°-15.

(26)

In Figure 10 are also given ¢/Lwi(Re) lines obtained
with (1-4) and (26).
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Figure 10. Non-dimensional boundary layer thickness
change for different Re (1-4, 26)

The estimated total resistance coefficients obtained from
CFD simulations using coarse, medium, and fine meshes
are summarized in Table 10 and Table 12, together with
the corresponding EFD data and relative errors. The
associated grid, data, and validation uncertainties for the
Lucy Ashton case are reported in Table 11 and Table 13,
covering various scales at a single speed and multiple
speeds at full scale, respectively.

Table 11. Validation for Lucy Ashton case (various scales,
one speed (same Fr))

Uc %S1 Up %D Uv %
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7.04 1 7.1

Table 13. Validation for Lucy Ashton case (various speeds,
full scale)

Uc %S1 Up %D
6.4 1

Uv %
6.5

In Table 14 and Table 15, the predicted y* values and
the y* values obtained from CFD analysis are listed for
cases of different scales at a constant Fr, as well as for
the full-scale ship at varying Fr.

Table 14. y* values Lucy Ashton case (various scales, one
speed)

A target y* [-] obtained y* [-]
21.167 35 38
15.875 44 43
11.906 37 36

9.525 38 37

7.938 48 47

6.35 48 47

Table 15. y* values Lucy Ashton case (various speeds, full
scale)

Fr[-] target y* [-] obtained y* [-]
0.13 43 43
0.173 41 41
0.219 39 42
0.26 44 44
0.304 39 39

4. DISCUSSION

Although the parameter m for the full-scale case
(4=1) deviates by up to 100% from the adopted value
(m=30) in (25), the obtained results are sufficiently
reliable, as seen in Table 12 for the Lucy Ashton case.
This also needs to be further tested with other types of
full-scale ships because it has been observed that
extrapolated ships (4 = 0.12 and 1 = 0.18) exhibit
oscillations in the residuals, as the cell aspect ratio is
considerably large. This could be indicated in Figure 5,
where the parameter for A < 1 would be significantly
greater than 30, while already at model scales the
parameter m does not deviate substantially from 30. The
next immediate step would be to verify the entire
procedure and the derived formulas for other benchmark
cases, including the Meteor case, for which full-scale
measurements of total resistance exist and others
benchmark cases such as JBC, KCS, DTC and others.

For cases where 1 > 10, the parameter m is shown not
to change drastically. The development of the formula
(26) is also heavily influenced by the parameter ZR, i.e.,
the definition of refinement zones around the ship.

The observed deviation of the parameter m for the
full-scale case indicates that the parameter may depend
not only on the Re but also on hull geometry and mesh
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refinement strategy. This suggests that the adopted value
m = 30 should be interpreted as a practical engineering
approximation rather than a universal constant.
Nevertheless, the results demonstrate that the proposed
mesh parameterization remains sufficiently robust even
when deviations in m occur.

According to Figure 7, the velocity profile obtained
from CFD analysis partially lies outside the gray zone
bounded by EFD data and exhibits an irregular shape.
Additionally, the ratio of the water velocity in the
disturbed flow zone to the constant velocity used as input
in the simulation is greater than one, meaning the uniform
flow velocity outside the boundary layer is higher than
the undisturbed flow velocity and remains constant far
from the ship's hull. The discrepancy in the velocity
profile may stem from the neglect of hull roughness in
the CFD simulations. While neglecting hull roughness is
a plausible explanation, other factors such as turbulence
modeling limitations (e.g., reliance on RANS vs. LES)
may amplify discrepancies.

The number of cells in near-wall region is more
influenced by scale than by changes in the Fr, as
evidenced by the parameter nja in Table 7 and Table 9.
This behavior is expected because the Re changes
significantly with scale, directly affecting viscous effects
and boundary layer development. In contrast, variations
in the Fr primarily influence the wave system rather than
the viscous flow close to the hull. Based on Figure 8,
there is no geometric similarity in boundary layer
thickness across different scales, even though dynamic
similarity (Fr = idem) is satisfied. However, the trend in
boundary layer thickness distribution remains similar.
The non-dimensional boundary layer thickness decreases
with increasing Re as a classical theory based on earlier
experiments with pipes and flat plates. For all cases, a 4"-
degree polynomial (Figure 8 and Figure 9) provides a
good approximation of the boundary layer thickness
distribution along the centerline. The position of
maximum boundary layer thickness depends on the
geometry of the flat bottom and the location of the stern
shoulders and in this case is about 30% of Ly, towards the
bow. Notably, the boundary layer does not exhibit a
uniformly increasing trend along the centerline. Below
20% of Ly, a sharp increase in boundary layer thickness
occurs. The non-uniform growth of the boundary layer
along the hull can be explained by the pressure gradients
generated by the hull geometry. In the forward part of the
hull, the flow is subjected to favorable pressure gradients
which delay boundary layer thickening, while the stern
region is characterized by adverse pressure gradients and
wake formation that accelerate boundary layer growth.

The estimation of form factors is well executed,
resulting in accurate predictions of y* values, as seen in
Table 14 and Table 15.

Regarding the total resistance coefficient obtained
from CFD analysis, deviations for individual cases
(speeds) are below 4%, (Table 10 and Table 12). Grid
uncertainty analysis, involving three different grids,
validated CFD results, asE%D < Uy. The grid
uncertainty analysis was performed for only one speed
(see Table 10, Table 11, Table 12, Table 13).

The choice of formula for estimating prism layer total
thickness does not play a critical role in obtaining valid
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results. Equation (1) was employed in the first iteration
as an initial approximation for the estimation of
characteristic parameters, providing a necessary starting
point for the iterative procedure. In subsequent iterations,
alternative formulations were applied; however, only the
results corresponding to the initial and final iterations are
presented herein, as inclusion of intermediate steps
would unnecessarily extend the discussion without
providing additional insight. Following the methodology
described, a number of layers within the estimated prism
layer total thickness (near-wall region) are shown in
Table 16 and Table 17.

Table 16. Number of layers (Lucy Ashton - various scales,
Fr =0.219)

Eqg. (26) Eq. (1)
A Niay [-] Niay [-]
21.167 7 8
15.875 7 9
11.906 8 11
9.525 9 12
7.938 9 12
6.35 10 13
"I:'a)ble 17. Number of layers (Lucy Ashton - full scale, various
r
Eq. (26) Eq. (1)
Fri] Niay [-] Niay [-]
0.130 17 20
0.173 18 20
0.219 19 20
0.260 19 21
0.304 20 21

The number of layers defined according to (1) results
up to 30% more layers, thereby increasing the total cell
count in the mesh and directly extending the simulation
runtime. What gives (26) an advantage is that the total
thickness is almost twice as small compared to (1), which
allows for a bigger number of layers in the region with a
high velocity gradient.

In Figure 11, the cell distribution and velocity profile
in the near-wall region are shown, with the boundary
layer thickness estimated using (1) (top) and (26)
(bottom) at 49% of L, of the Lucy Ashton in full scale
for Fr=0.219.
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Figure 11. Comparison of cell distribution and velocity
profiles (evaluated through CFD and EFD) in the near-wall
region obtained with (1) and (26) at 49%L, of Lucy Ashton
in full scale for Fr = 0.219.

The velocity profiles obtained from CFD analysis
are shown with a solid line, while the measured velocities
from EFD are indicated with dots. The estimated
boundary layer thickness based on CFD results is marked
with a solid line rectangle, while the absolute difference
between the prism layer total thickness estimated by (1)
and boundary layer thickness determined through CFD is
marked with a grey zone in dashed rectangle (in the upper
part of the figure). In the lower there is no dashed
rectangle because prism layer total thickness and
boundary layer are the same.

According to Table 17, the estimated number of
layers in the near-wall region based on (1), Niay, is 20.
However, based on CFD results, 18 layers are sufficient
to cover the entire boundary layer. According to (26), the
number of layers in the near-wall region is niyy = 19, and
there are no additional layers that would increase the total
number of cells and thus prolong the simulation time.

In any case, this difference in the number of cells is
negligible and has practically no effect on the resistance
prediction in CFD simulations in full scale.

In Figure 12, the cell distribution and velocity profile
in the near-wall region are shown, with the prism layer
total thickness estimated using (1) (top) and (26)
(bottom) at 49% of Ly, of the Lucy Ashton in model scale
(4 =21.167) for Fr =0.219.
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Figure 12. Comparison of cell distribution and velocity
profiles (evaluated through CFD and EFD) in the near-wall
region obtained with (1) and (26) at 49%L,, of Lucy Ashton
in model scale (A=21.167) for Fr=0.219

The velocity profiles obtained from the CFD
analysis are shown with a solid line. The estimated
boundary layer thickness based on CFD results is marked
with a solid line rectangle, while the absolute difference
between the prism layer total thickness estimated by (1)
and that determined through CFD is marked with a grey
zone in dashed rectangle (Figure 12, top right).

According to Table 16, the estimated number of
layers in the near-wall region based on (1), Ny, is 8.
However, according to the CFD results, 4 to 5 layers are
sufficient to cover the entire boundary layer. In the
additional three layers, one cell dimension compared to
the other is large (grey zone in dashed rectangle in Figure
12, top right), i.e., the height of the last cell (Yiast) is
exceptionally large (the aspect ratio is large), which can
lead to numerical instability.

To avoid numerical instability, the cell size in the
other dimension (lengthwise) should match the height of
the last cell. However, this would mean that the ship hull
would be represented with a very coarse mesh in model
scale, leading to larger deviations in resistance prediction
from CFD compared to EFD.

On the other hand, to maintain the same cell
dimension along the length, it is possible to increase the
number of layers niy in the near-wall region, but this
would significantly prolong the simulation time due to
the unnecessary increase in the total number of cells.

According to (26), the number of layers in the near-
wall region is niy = 7, which represents the balance
between result reliability, boundary layer thickness
estimation, and simulation runtime.

Table 18 provides the standard deviation of the
differences between CFD and EFD results for Lucy
Ashton using two distinct formulas ((26) and (1)). In both
examined cases, the use of (26) yielded results with
slightly smaller standard deviations and shorter
simulation times.

Table 18. Standard deviation between CFD and EFD with
implementation of (26) and (1).
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Lucy Ashton
Various 1 Various Fr
Eqg. (26) 2.2 2.1
Eq. (1) 2.6 2.3

From a practical perspective, the advantage of (26)
lies in the more balanced distribution of cells within the
near-wall region. By reducing unnecessary prism layer
thickness, the method allows a greater portion of the
mesh resolution to be concentrated in regions with strong
velocity gradients. This leads to improved numerical
stability while maintaining comparable accuracy in
resistance prediction.

The additional analysis includes verification of the
use of (4); however, according to the described
methodology and the defined limits for SF, niay and y™, it
was not possible to determine these three parameters. For
this reason, the CFD analysis was not conducted for this
case.

The main contribution of the present study lies in the
systematic parameterization of CFD mesh parameters
based on boundary layer characteristics. Unlike previous
investigations of the Lucy Ashton case [39, 40, 41], this
work focuses on establishing relationships between the
Re, boundary layer thickness and key mesh parameters
used in CFD simulations.

5. CONCLUSION

This study investigated the relationship between
boundary layer characteristics and mesh
parameterization in CFD simulations of ship resistance
using the Lucy Ashton benchmark case. The analysis
included six model scales and full-scale conditions for
which experimental resistance data and boundary layer
measurements are available. The objective was to
examine the influence of scaling, Fr and Re on boundary
layer development and to evaluate their implications for
mesh definition in the near-wall region.

A methodology was proposed for estimating key
mesh parameters in the near-wall region, including the
prism layer total thickness, number of layers and first cell
height. Initial mesh parameters were defined for different
scales and Fr, allowing a systematic setup of CFD
simulations. The comparison of velocity profiles
demonstrated a reasonable agreement between CFD and
experimental data, with the predicted boundary layer
thickness falling within the expected experimental range.

The results showed that scale effects have a stronger
influence on boundary layer development than variations
in Fr, while the nondimensional boundary layer thickness
decreases with increasing Re, consistent with classical
theoretical expectations. CFD predictions of the total
resistance coefficient showed deviations below 3.8%
compared with experimental data, confirming the
reliability of the numerical setup.

The comparison of different formulations for
estimating prism layer total thickness indicated that (26)
provides a more balanced compromise between
numerical accuracy and computational efficiency for the
investigated case. The proposed procedure therefore
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provides practical guidance for defining near-wall mesh
parameters in CFD simulations of ship flows.

It should be noted that the methodology was
developed based on a single hull form and simulations
performed using STAR-CCM+. Although the results
demonstrate promising agreement with experimental
data, further validation on additional benchmark hull
forms is required in order to confirm the broader
applicability of the proposed approach.

Future work should focus on extending the validation
to other benchmark cases, including ships with different
geometrical characteristics, as well as exploring
advanced mesh adaptation strategies and optimization
techniques to further improve computational efficiency.
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Total resistance based on EFD

Sym Unit  Name
) _ Rrero N analysis
\Y m Displacement volume S } CFD solution
a - Coefficient of function f(ﬂ.) S - Exponent of parameter m
B m  Breadth SF - Stretch factor
b - Exponent of function f(1) T m Draft
BS m Cell base size m/s  Fluid speed
c - Coefficient of function g(Fr) u* m/s  Friction velocity
Co i Block coefficient Uso m/s  Undisturbed stream velocity
Cr - Fr!ct!on res!stance coeff!c!ent U ) Data uncertainty
c i Friction resistance coefficient . .
FrTTC based on ITTC guidelines Ue - Grid uncertainty
Cm - Midship coefficient Uv - Validation uncertainty
Co - Prismatic coefficient WS m?  Wetted surface without rudder
Cr - Total resistance coefficient WSiotal m?  Wetted surface with rudder
Cv - Viscous resistance coefficient X m Length / Cell length in x direction
D - EFD data y - Cell length in y direction
d - Exponent of function g(Fr) y* - Non-dimensional wall distance
e - Coefficient y m First cell thickness in the
. 1
E - Comparison error boundary layer
¢ _ Wall-resolution control function Yot m  Lestcell tT'CKneSS in the
based on A boundary ayer o
Er ) Froude number z - Cell length in z direction
_ Wall-resolution control function ZR - Zone refinement factor
g based on Fr ) Boundary layer thickness
H m Depth Boundary layer thickness based
OcFp -
. . on CFD analysis
h - Mesh scaling function 5 Prism layer total thickness, near-
i - Exponent pit wall region thickness
j . Counter Asw) t Displacement in sea water
K . Form factor ACk - Roughness allowance
I - Number of cases Na kg/ms  Dynamic viscosity of air
Lpp m  Length between perpendiculars Mw kg/ms  Dynamic viscosity of water
L m  Waterline length A - Scale
n Number of layers in boundary Pa kg/m®  Air density
& i layer .
. kg/m®  Water densi
r - Refinement factor P g ty
2
Re - Reynolds number Tw N/m®  Shear stress
Total resistance based on CFD D m?/s  Kinematic viscosity of water
Rt.cro N .
analysis
Table 3. Domain and zone refinements dimensions
Aft edge Fore edge Aft Side Fore Side Bottom extrusion | Top extrusion
Domain —3.5'|_pp/)v 2'|_pp/)v 2Lpp//1 2Lpp//1 _2'Lpp/j. OSLpp//I
Free surface refinement | —3.5-Lpp/ 2 2-Lpp/A 2-Lp/2 2-Lp/2 09-T/2 1.1-T/A
Stern refinement =015 Lpp/A | 0.2-Lpp/2 0.6-B/A 06-B/A -02-T/A 1.3-T/A
06-B/i—
Fore refinement 0.9 Lpp/2 1.05-Lpp/4 | 0.6-B/4A 0.15-Lpp/ 2~ -02-T/2 1.3-T/2
tan(20)
Fine cone refinement | —1.5-Lpp/A | 1.5-Lpp/a | 2 L/%° 08-B/ 0.7-T/4 13T/
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7.5 Lpp/ 2

Coarse cone refinement tan(20)

—2.25-Lpp/z‘1.8-Lpp/z ‘ 2-Bl2 ‘ 0.5-T/2 ‘ 1.5-T/2 ‘

Table 6. Initial values for near-wall region setup obtained with (7-10): (Lucy Ashton case, Fr = 0.219)

A0 K[] V [mis] Re [] Crirrex10° [] Cwx10° [] @ [Pa] u” [mis]
21.167 0.029 1.136 2511991 3.8739 3.9863 2571 0.05073
15.875 0.035 1.312 3867554 3.5639 3.6886 3.172 0.05635
11.906 0.034 1515 5954677 3.2896 3.4014 3.9 0.06249
9.525 0.042 1.694 8321652 3.0981 3.2282 4.627 0.06806
7.938 0.046 1.856 10938061 2.9538 3.0897 5.314 0.07294

6.35 0.051 2.075 15287850 2.7904 2.9328 6.305 0.07945

1 0.058 5.228 261594245 1.821 1.9266 27.018 0.16227

Table 7. Initial values for near-wall region setup obtained with MATLAB code: (Lucy Ashton case, Fr =0.219)

Al o [m] y*Lwi/Y1Fr [-] SF [-] Niay [-] vy [-] Y1 [m] Yiast [M]
21.167 0.02311 512086 1.20 7 35 0.00179 0.00534
15.875 0.02889 758417 1.24 7 44 0.00198 0.00718
11.906 0.03610 1121320 1.30 8 37 0.00151 0.00950
9.525 0.04292 1526621 1.29 9 38 0.0014 0.01073
7.938 0.04943 1963082 1.28 9 48 0.00168 0.01213

6.35 0.05876 2673162 1.28 10 48 0.00152 0.01404

1 0.24372 37073875 1.29 19 36 0.00056 0.05523

Table 8. Initial values for near-wall region setup obtained with (7-10): (Lucy Ashton case, A =1)

Fr[-] V [m/s] Re [-] Cr,rrex103 [-] Cwx10® [-] w [Pa] u” [m/s]

0.130 3.104 155284255 1.9567 2.0702 10.23 0.09985

0.173 4.130 206647508 1.8805 1.9896 17.411 0.13027

0.219 5.228 261594245 1.8210 1.9266 27.018 0.16227

0.260 6.207 310568510 1.7794 1.8826 37.212 0.19044

0.304 7.258 363126257 1.7428 1.8439 49.825 0.22037
Table 9. Initial values for near-wall region setup obtained with MATLAB code: (Lucy Ashton case, A =1)

Fr[-] d [m] y*Lw/Y1A [-] SF [-] Niay [-] y*[-] Y1 [m] Yiast [M]

0.130 0.26355 4995928 1.29 17 43 0.00102 0.06004

0.173 0.25249 6517776 1.29 18 41 0.00076 0.05735

0.219 0.24372 8119179 1.29 19 39 0.00056 0.05523

0.260 0.23752 9528551 1.29 19 44 0.00055 0.05382

0.304 0.23202 11025758 1.29 20 39 0.00042 0.05248

Table 10. Results of Lucy Ashton case (various scales, one speed (same Fr))
CFD
A1 EFD Coarse (S3) Medium (S2) Fine (S1) E %D
Crx 10° [-] 21.167 4.3 4.495 4.444 4.404 -24
15.875 4.038 - - 4.125 -2.2
11.906 3.838 - - 3.808 0.8
9.525 3.643 - - 3.634 0.3
7.938 3.621 - - 3.482 3.8
6.35 3.467 - - 3.351 3.3
FME Transactions VOL. 54, No 2, 2026 = 59
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No. of cells x 10° - - 0.63 1.311 2.637 -

Table 12. Results for Lucy Ashton case (various speeds, full scale)

CFD

Fr[-] EFD Coarse (Ss3) Medium (S2) Fine (S1) E %D
0.13 2.278 - - 2.287 -2.4
0.173 2.259 - - 2.214 -2.2

Crx103[-] 0.219 2.566 - - 2.57 0.8
0.26 3.024 - - 3.101 0.3
0.304 4.165 4.425 4.385 4.353 3.8

No. of cells x 108 - - 0.846 1.633 3.481 -
60 = VOL. 54, No 2, 2026 FME Transactions
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NMAPAMETAPCKO JE®UHUCAHE MPEXE: CTYAUJA CITYHAJA - NNYCU ELLTOH

Osa ctymuja obyxsara 6pox JIycu Emrron (enr. Lucy Ashton), jenuHcTBeH pedepeHTHH CiIydaj KOju MpyskKa MoJaTKe O
MEpEHOM TOTATHOM OTIIOpY Opojia y CTBapHOj BEIMUYMHH M Mepema IeOJpiHe rpaHudHor cioja. CrpoBesieHa je cepuja
CFD cumymanmja 3a BUIIE pa3MUYUTHX pa3sMepa u PpymoBux OpojeBa, ca IMHIbEM PEIPOAYKIIHjEe eKCIIEPUMEHTATHUX
HojaTaka o0 OTIOPY Opoaa M IPaHUYHOM CJI0jy. Pe3ynraT cy mokasald O[IMYHO Cllaramke ca MepemHuMa, IpH 4eMy Cy
IIPOTHO3€ oTHopa 6pona Oune y okBUpY +5%, a mpodwi TPaHUIHOT cJ0ja Ty Tpymna peanucTHdHd. Ha ocHOBY 0oBHX
HaJla3a U3BEJeHE Cy NMpakTuiHe (opMylie 3a 1e0JbUHY IPaHUYHOT CJI0ja M BeJIMYMHYy ocHOBHE hemmje mpexe. Mako cy
oBe opmyIie u3BeacHe y3umajyhu y 003up camo 6pox JIycu EmroH, onu npezcrasibajy o0ehapajyhy ocHOBY 3a mpuMeHy
U Ha JIpyruM OposoBHMMa, IOTOTOB y pasdeMpH Mojena. IIpernopydyjy ce lajba HCTpaKMBamba paad MOTBPAE HHXOBE
MOY3/1aHOCTH 3a pa3nuyuTe Gopme Tpyna y CTBapHO] BETHYHHH.
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ARTICLE INFO ABSTRACT
Keywords: Accurate prediction of ship resistance remains a major challenge in Computational
Full-scale Fluid Dynamics (CFD), particularly when translating results from model to full scale.

This study investigates the prediction of total resistance for the historic vessel Lucy
] o Ashton using CFD across six model scales and full scale. Experimental resistance data
Resistance prediction were harmonized using third-order polynomial fits, enabling consistent comparison
with CFD results. Two full-scale approaches were evaluated: Setup 1 with prescribed
inflow and Setup 2 incorporating surge motion with applied thrust to emulate deck-
mounted jets used during sea trials. Across all scales, CFD predictions showed strong
agreement with experiments, with deviations typically within £5%, consistent with
accepted validation standards. Dynamic motions (heave and pitch) were also
examined, and both setups produced nearly identical trends, with absolute differences
negligible for resistance assessment. The results demonstrate that both CFD
methodologies provide reliable full-scale resistance estimates.

Model scale

1. Introduction

The improvement of ship performance (energy efficiency) as a global agenda goal was first presented
in 2018 through [1]. The adoption of [2] finally defined the goal set by the International Maritime Organization
(IMO), which is to reduce global greenhouse gas (GHG) emissions to net-zero by 2050. Checkpoints have
also been introduced for 2030 and 2040, by which time total annual GHG emissions from international
shipping should be reduced by at least 20%, striving for 30%, by 2030 and by at least 70%, striving for 80%,
by 2040 compared to 2008 levels. Moreover, peak emissions should be reached as soon as possible and the
reduction of annual GHG emissions must achieve net-zero by 2050, compared to 2008. According to available
data from [3] and [4], the reduction rate of CO2 emissions from ships in global emissions for the period from
2008 to 2018 was 0.3%. The current phase involves the analysis of the post-2018 period, with the latest CO>
emission data expected to be published in the Fifth IMO Greenhouse Gas Study 2025. Using another available
source for now [5], the share of international shipping in global emissions was 7.5% in 2023, which is
significantly higher than in 2018 when it was 2.89%.
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Due to the rapid increase in the share of global emissions, modern software tools are increasingly used
in the shipbuilding industry, such as CFD [6], Artificial Neural Network (ANN) [7, 8] and since 2018,
Artificial Intelligence (Al) [9] to accelerate ship optimization solutions. In addition to these approaches,
various optimization algorithms have also been developed and successfully applied to ship design problems
in order to further improve hydrodynamic performance and energy efficiency [10]. One of the biggest
challenges in using CFD software is the reliability of the results, i.e., how trustworthy the computer-generated
solutions are. In shipbuilding practice, model tests have been conducted for decades and their results have
never been questioned. The results obtained from model tests are then extrapolated to full-scale dimensions
following the guidelines provided in [11]. CFD software have been under development for over five decades
and supporting guidelines are issued by the International Towing Tank Conference (ITTC) under reference
document number 7.5-03, which covers resistance, propulsion and maneuverability. It was only in 2022 that
the IMO included numerical calculations as an acceptable method for determining the reference speed for the
Energy Efficiency for Existing Ship Index (EEXI) regulation framework [12, 13] with direct guidelines
published in [14].

Of the 14 papers considered as benchmarks for CFD validation [15], only one vessel has full-scale data
available - the general cargo ship Regal. This vessel was also the subject of the first CFD workshop related to
a full-scale ship, organized by Lloyd’s Register in 2016 [16]. The same author previously worked on a similar
topic, validating CFD results against full-scale sea trial measurements [17, 18]. CFD workshops are
characterized by the fact that measurement data (whether from model tests or full-scale) are not shared publicly
until participants submit their results to the organizer. The workshop organizer holds the right to analyze all
submitted data and compare it with experimental results. This method of organizing workshops is considered
the only valid and correct approach. Over the past decades, several such workshops have been held, starting
in 1980, followed by events in 1990, 1994, 2000, 2005, 2010, 2015, 2024 and another is known to be planned
for 2025. The analysis of published results from the Lloyd’s Register workshop showed that the mean
comparison error of the predicted power was 13% for all submitted results, with only three out of 27
participants achieving errors below 3% for all considered speeds [16]. A deviation of up to 16% in total
resistance between participants was also reported in another results analysis of the Lloyd’s Register workshop
[19].

Among the guidelines issued by the ITTC, one document specifically addresses uncertainty analysis in
CFD verification and validation [20] in this document, numerical error is divided into four components:
(iteration number, grid size, time step and other parameters). Among these, the grid size error is identified as
the most significant contributor. Grid uncertainty stems from multiple factors related to grid generation, such
as cell type and refinement strategy. These factors significantly influence the accuracy of flow field
representation in maritime environments, making proper grid resolution a critical aspect in CFD analysis for
ship hydrodynamics.

In the paper [21], the authors investigated the influence of grid size (ranging from 5 to 11 million cells)
on the predicted self-propulsion propeller revolutions rate for two ships. The study resulted in a 0.15%
uncertainty for the general cargo ship Regal and 4.02% uncertainty for the car carrier. However, the authors
did not follow the guidelines for uncertainty analysis as specified by ITTC in [20] where it is recommended

that the grid refinement ratio should be uniform and equal to~/2 . In the study by [22] the grid refinement ratio

value of <2 was used for grid sensitivity analysis, covering four grids (12.3, 25.4, 41.1 and 62.5 million
cells). This study again examined the Regal ship, but it remains unclear why the authors conducted analyses
of the grid size effect on the total resistance coefficient, as the total resistance for this ship was not directly
measured but was an average value from workshop participants. The authors reported deviations of the total
resistance coefficient from the average value ranging from -6.27% to +0.44% between the coarsest and finest
grids. The group of authors [23] in their study also performed a grid uncertainty analysis for the KVLCC2
ship using three grids (0.897, 1.69 and 3.077 million cells). They obtained an uncertainty of 2.49%, with
results varying between -1% and +2% compared to experimental data. An extensive verification and validation
study of ship scale CFD self-propulsion simulations is presented in [24]. As a part of the study, a speed and
power test were conducted with a research vessel for three different power settings. Numerical uncertainties
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due to the finite number of cells were assessed according to the grid convergence index (GCI) method. The
observed uncertainty values were low, ranging from 0.54% to 4.52% (for grid ranges from 1.75 to 11.52
million of cells). The propeller revolution results aligned well with the trial data, with relative errors between
-2.46% and -4.40% when compared to the corrected trial values. However, significantly larger errors were
noted in the delivered power comparison, varying from -30.15% to -41.93%. In [25] RANS-CFD analyses
employed to predict resistance, open water propeller performance and self-propulsion for a tanker ship, with
results compared to experimental data and sea-trial measurements of three sister ships. The proposed
methodology showed good agreement with full-scale power predictions, achieving a maximum error of
4.13%. Numerical uncertainty on resistance and thrust was approximately 0.5% for a grid of 9.9, 15.5 and
22.6 million cells, while the propeller torque uncertainty, identified as the major contributor, was calculated
at 5%.

In the article written by [17] an optimized setup was determined based on Regal test case, balancing
computational cost and accuracy, with an optimal mesh density of around 11 million cells. The findings
emphasize the need for a separate full-scale ship CFD guideline, as using model scale parameters can lead to
unnecessary computational resource waste. The study [26] combines numerical simulations and experimental
tests to predict self-propulsion points and required brake power for a bulk carrier at full scale under different
load conditions. The numerical results using the RKE turbulence model and a coarse mesh (4.1 million cells)
showed good agreement with extrapolated towing tank data.

In [27] CFD simulations of delivered power are validated for a full-scale ship and verifies the numerical
method through systematic grid refinement for both model and full-scale cases. With a validation uncertainty
of 7% and an average comparison error of 1% in the speed range of 12.5 to 14.5 knots, the results highlight
the accuracy of the simulations, particularly considering surface roughness effects on the hull and propeller.

In [28] the feasibility of full-scale CFD predictions for self-propulsion characteristics is demonstrated,
applying a methodology to the KRISO container ship (KCS) that includes three full-scale simulations: open
water, towed and self-propelled cases. It highlights key differences between model and full-scale simulations,
particularly due to Reynolds number effects, with a thinner boundary layer in full scale leading to improved
propeller performance and higher efficiency.

In [29] the nominal wake at full scale for a Handymax bulk carrier using CFD simulations with and
without wall functions is assessed. A verification study showed small numerical uncertainties for frictional
resistance and three turbulence models (RKE, SSTKO and RSM) were tested, with RSM providing the best
agreement with experimental wake data. Significant scale effects were observed, with numerically obtained
effects exceeding extrapolated ones, particularly when using wall functions at model scale.

The literature review highlights several studies that compare the performance of different types of ships,
using both CFD analysis and experimental methods. These studies often involve model testing, as well as full-
scale measurements of ship speed and power. Additionally, many of these works consider the influence of
various factors, such as the number of cells and cell size in CFD simulations, on the accuracy of the results.
The problem in estimating resistance in full scale lies in the method used to extrapolate results from model
tests to real-world conditions. Today, two well-established methods known as ITTC 57 and ITTC 78, dating
back over 50 years, are still commonly used for this purpose [11]). These methods, although originating in the
past, continue to be relevant and widely applied in current practice. So, CFD results are not directly compared
with measured data but rather with extrapolated values. It is true that these methods have been used in
shipbuilding practice for decades and that designed ships have shown that extrapolators can be trusted.
However, whether a specific numerical value, such as the engine power required at a given sailing speed, can
be trusted is quite difficult to determine due to numerous parameters (such as the effect of the propeller's
operation behind the ship and weather conditions) that can influence the ship's performance. Therefore, the
best method of comparison is to conduct direct resistance measurements of the full-scale ship alongside CFD
results.

One of the main challenges in full-scale resistance measurement is the difficulty in directly measuring
resistance on a full-size ship. To address this, one common approach involves towing the ship (without a
propeller) with one or two tugboats and measuring the force exerted on the towline. However, a major
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limitation of this method is that the tugboats pulling the ship affect the resistance measurement. Their wake
and wave patterns, generated as they move ahead of the towed ship, influence the resistance of the ship being
towed. This interaction introduces a level of complexity that must be accounted for when interpreting the
results, but it is not clear how.

An alternative method to measure ship resistance involves the installation of jet engines on the ship’s
deck. This approach creates thrust, simulating propulsion, while eliminating the influence of the tugboats'
waves. Two historical cases of such experiments, which were conducted several decades ago, are documented
in the literature and published in two separate papers [30, 31].

The primary goal of the measurements of the hull resistance of the Lucy Ashton [30] was to gather data
for comparing ship resistance with the resistance predicted from model tests across a wide range of speeds.
By obtaining accurate resistance values, the comparisons could be made between these values and the
corresponding model test resistance, which would help clarify the effectiveness of various methods used for
skin friction correction between the model and ship. Additionally, the tests aimed to explore how factors like
fairing seams, different ship surfaces, paint deterioration and appendages such as twin-screw bossings or "A"
brackets with shafts affect resistance. The research program was developed with these objectives in mind,
with some adjustments based on experience gained during testing. The analysis and testing have been further
expanded and published in three additional parts. The paper [32] focuses on correlating the measured full-
scale resistance of the Lucy Ashton with the results from tests on six geometrically similar models, ranging
from 9 to 30 feet in length. The translation of model test results to full scale was done using Froude’s skin-
friction coefficients and skin-friction formulations. The study specifically correlates resistance for four naked
hull conditions, including tests with two different paint surfaces and the effect of fairing the seams of the shell
plating. The paper also describes the various corrections applied to the ship results and provides an analysis
of the hull surface roughness measurements. Next part [33] examines the resistance increments caused by
twin-screw shaft appendages (bossings and shaft brackets) on the Lucy Ashton, correlating full-scale ship
results with those from six geometrically similar models. The study focuses on measuring additional resistance
due to these appendages, marking the first time this has been done on a full-size ship. The findings are analyzed
in the context of scale effects on appendage resistance. This final part [34] presents additional investigations
on the Lucy Ashton, covering the effects of fouling on resistance, acceleration and retardation trials to
determine the ship's virtual mass and Pitot traverses in the frictional belt to study velocity distributions under
various hull-surface conditions.

The Lucy Ashton case is investigated through the paper published by [35]. In this study numerical
simulations were performed across various Froude numbers and scaling ratios, primarily assuming a smooth
hull and fixed position. A major challenge identified was the smearing of the free surface near the hull, which
led to underpredicted resistance values-especially at full scale-due to artificially low viscosity. Including
effects like surface roughness and freedom in heave and pitch improved agreement with experimental data.
The study also highlighted limitations of the double-body approach at higher Froude numbers and found
inconsistencies in form factor estimation using Prohaska’s method. The ITTC 78 scaling procedure matched
full-scale results well when roughness and air resistance were excluded. The study [36] found that CFD
generally predicted lower resistance than 1950s experimental data due to assumptions of a smooth hull and no
heave or pitch. Scatter in full-scale resistance decreased with increasing Froude number, with a median
absolute deviation up to 2.3%, and the variability was similar to that observed at model scale, supporting
confidence in full-scale CFD predictions.

In 1967, the R.VV. Meteor [31] conducted full-scale tests in the Baltic Sea to validate the extrapolation
of model test results to full-scale conditions for large, fast vessels. The tests included a model family of the
ship at scales of 1:25, 1:19 and 1:13.75, with the aim of completing the series with full-scale data. Key
measurements focused on resistance, propeller thrust, propeller power demand and the wake both in the
absence and presence of the propeller. Boundary layer velocity distribution and ship behavior during
maneuvering were also studied. After completing the measurement of speed and power trials, the propeller
was removed to measure the total resistance. The Meteor was equipped with three jets (inspired by Lucy
Ashton case) with a total power of 12000 HP. Jet thrust was measured by a strain gauges installed in the
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supporting frame of each jet. Other measurements included wake using pitot tubes, boundary layer data with
Prandtl tubes, rudder forces with a balance on the rudder shaft and ship speed through calibrated current
meters. The results indicated that the ITTC 1957 line, commonly used for frictional resistance extrapolation,
had too small a slope. The total efficiency of the model and prototype were identical and the thrust deduction
fraction showed no dependence on scale. The study confirmed laboratory values for the boundary layer law,
with K=0.41and C =5.0.

The subject of this study is the Lucy Ashton case because it was used for the blind CFD workshop
organized in 2024 by Chalmers University of Technology, in which the authors participated. The Lucy Ashton,
originally a Clyde paddle steamer built in 1888, was modified for ship resistance experiments after its
retirement in 1949. The vessel underwent significant alterations, including the removal of paddle wheels,
machinery and deckhouses, followed by the addition of sand ballast and structural reinforcements. The hull
was cleaned, smoothed with fairing material and sharpened at the plate edges to improve hydrodynamic
performance. To achieve the required thrust for resistance tests, four Rolls Royce Derwent V jet engines were
installed on a specially constructed gantry. These engines provided a combined thrust exceeding six tons,
enabling the ship to reach speeds of about 15 knots. Since the jet engines could not reverse thrust, large steel
flaps were added beneath the gantry to act as emergency water brakes, effectively slowing the vessel. A
soundproof cabin was constructed to protect the crew from the intense noise. Accurate thrust measurement
systems were installed using strain gauges on the engine mounts to ensure precise resistance readings. The
choice of jet engines provided a steady and controllable thrust, overcoming issues like wake interference and
unstable towing forces seen in alternative methods. Additional fuel tanks were fitted to extend operational
range and ensure uninterrupted test runs on the measured mile.

The workshop cases were chosen based on data from 1950s sea trials, which included tests at various
speeds and with four different surface conditions. These conditions involved two types of coatings: aluminum
paint and red oxide paint, along with sharp and faired seams. For the workshop, participants were instructed
not to include roughness modeling in their CFD simulations. Consequently, the smoothest experimental
condition - faired seams with aluminum paint - was used as the reference for comparison. This condition was
also used to determine the specific speeds selected for the simulations.

Two pitot logs were installed on the hull: one 72 ft 6 in. and the other 97 ft 4 in. aft of the forward
perpendicular. These logs measured both static and dynamic pressure heads, connected to a mercury
manometer to determine water speed. The logs could extend up to 3 ft from the hull’s surface for boundary
layer velocity measurements. Although their primary purpose was boundary layer investigation, these logs
were also used to measure speed during acceleration and retardation trials. The calibration process involved
taking readings during double runs on the measured mile, adjusting the log’s position along the way. While
fully extended readings were stable, issues arose with unstable data during traversing. Results were only
considered reliable if the data scatter was within £3% and enough readings were available for a mean curve.
The data showed a thicker boundary layer (18 in.) at the No. 2 log’s position compared to the No. 1 log’s
position (12 in.), reflecting the expected increase in boundary layer thickness along the hull at a speed of
10.18kn (unfortunately, data are available only for this speed) at the center line. Frictional-resistance
coefficient derived from this velocity profile aligned well with direct resistance measurements.

Based on the results of conducted Lucy Ashton case, the objectives of this study are defined as follows:
e To compare CFD predictions with full-scale experimental measurements and scale-model tests
performed with two degrees of freedom (heave and pitch) using the classical simulation
approach in which the inflow passes around a fixed-speed ship.
e To compare CFD predictions with full-scale experimental measurements conducted with three
degrees of freedom (surge, heave, and pitch) while explicitly accounting for the thrust
generated by the jet engines.
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2. Methodology

2.1 Case description
The Lucy Ashton case is highly suitable for developing the points mentioned earlier for several reasons:

o Data on total resistance from model tests is available for six different scales and multiple speeds:
2 =1[21.167, 15.875, 11.906, 9.525, 7.938 and 6.35];

e Data on total resistance for multiple speeds in full scale (1 = 1);

The basic data and dimensions of the Lucy Ashton ship are provided in the following Table 1, while the
lines plan is provided in Fig. 1:

Table 1 Ship particulars

Lpp [M] 58.1
Lw [M] 59.49
B [m] 6.4
T [m] 1.584
H [m] 2.1844
WSiotal [M?] 417
A [t] (sw) 390
Co [] 0.685
Co [] 0.705
Cn[] 0.972

Fig. 1 Lines plan (Lucy Ashton)

2.2 CFD setup and simulation conditions

Setup 1: In the first (classical) CFD configuration, the ship has two degrees of freedom (heave and
pitch), while the inflow velocity is imposed and water flows around the hull. The simulation is terminated
when the total resistance, heave and pitch exhibit convergence. This setup is applied to all model scales and
full-scale ship.

Setup 2: In the second CFD configuration, the ship has three degrees of freedom (surge, heave and
pitch).The water domain is static, and a prescribed force, corresponding to the total thrust produced by the jet
engines is applied at the location where the jets were mounted during the experiments. The entire
computational domain translates with the vessel. The simulation stops once the ship speed, total resistance,
heave and pitch converge. This setup is applied only for full-scale ship.

The cases considered in the workshop for the full-scale ship resistance prediction included following
Fr = [0.130, 0.173, 0.219, 0.260, 0.304] and Fr = 0.219 for the model scales resistance prediction. In this
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study, the number of conducted simulations were increased to contain all cases. Another distinction between
this study and the simulations performed during the workshop is the inclusion of dynamic motions, specifically
heave and pitch, which are now fully accounted for. For the CFD calculations, the software STAR-CCM+
developed by Siemens was used. In Table 2, “o” marked cells contain simulations conducted during the
workshop, while with “x” are denoted additional simulations carried out in this study. Forces that are applied
in Setup 2 are F=[2.25 kN, 4 kN, 7.5 kN, 12.5 kN, 23.5 kN] and it is important to note that values correspond
to half-body. The location point where each force is applied is 19m from the aft perpendicular, in centerline
and 3.216m above keel. The force location point moves together with a ship.

Table 2 Conducted simulations

A Fr=0.130 Fr=0.173 Fr=0.219 Fr=0.26 Fr=0.304
21.167 X X 0, X X X
15.875 X X 0, X X X
11.906 X X 0, X X X
9.525 X X 0, X X X
7.938 X X 0, X X X

6.35 X X 0, X X X

1 0, X 0, X 0, X 0, X 0, X

The kinematic viscosity can be determined based on the temperature of the water in which the
experiments were conducted. In this case, it was determined based on known values for density and dynamic

viscosity (given in Table 3).

Table 3 Water and air properties

Full scale Model scale
pw [kg/m®] 1026.02 998.8
pa [kg/m?] 1.225 1.242
1w [Pas] 1.22E-03 1.27E-03
na [Pas] 1.79E-05 1.77E-05

2.3 Numerical models

The governing equations are discretized using the collocated VVolume of Fluid (VOF) multiphase method
integrated within the software. This method is designed for large-scale two-phase flows, specifically involving
water and air, commonly encountered in naval hydrodynamics. The model describes a two-phase,
incompressible, turbulent and viscous flow.

The VOF multiphase Eulerian model in STAR-CCM+ belongs to the interface-capturing methods
category, which predicts the distribution and movement of the interface between immiscible phases. This
approach assumes that the mesh resolution is adequate to capture the position and shape of the phase interface
accurately. For more detailed insights into the VOF method, refer to [37]. A key characteristic of immiscible
phase systems, such as air and water, is that the fluids remain separated by a distinct interface. To replicate
the convective transport of immiscible fluid components, the High-Resolution Interface Capturing (HRIC)
scheme is employed, ensuring precise tracking of sharp interfaces.

Fluid domain dimensions are defined as follows (from Aft Perpendicular):

* Inlet: 2.5 Ly - defined as velocity inlet;

* Qutlet: 3 Lpp - defined as pressure outlet with wave damping boundary option included,;
* Bottom: 1.5 Lyp - defined as velocity inlet;

» Top: 1 Lpp - defined as velocity inlet;

» Port Side: 2 Lpp - defined as velocity inlet with wave damping boundary option included;
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« Starboard Side: at centerline of the ship defined as symmetrical plane.

The wave damping length (WDL) is defined as two wave lengths (WL), where the wave length is
calculated as per:

WL =27z-Fr®-L, 1)

The hull is considered as a no-slip wall as per [14] and a blended wall function is set as a default physics
setting in the used software when all y+ wall treatment model is activated. In the user manual of used software
is noted that all y+ wall treatment approach should be chosen whenever is available when complex geometries
are being considered.

Principally, the flow is calculated only around the Port side of the ship to reduce computational resource
consumption due to the large number of simulations and this condition was also defined through the workshop.
The difference compared to the workshop guidelines is that dynamic pitch and heave are enabled, so the results
obtained in this study are more reliable and differ from those sent by the authors to the organizers for
participation in the workshop.

The turbulence model that is applied in this study is k- SST [38].

2.4 Grid uncertainty and post-processing
A grid convergence study is performed to assess the convergence of the results by systematically refining
the base cell size by multiplying with 1/+/2 and 1/2. The convergence ratio is defined as:

R=%z
832

)

where 21 is the difference between the solution obtained using medium and fine mesh and &3 is the difference
between the solution obtained using coarse and medium mesh. R is used for the estimation of the convergence
conditions: monotonic convergence is achieved when 0 < R < 1, oscillatory convergence is achieved when -1
< R <0 and divergence is achieved when |R|>1. The numerical uncertainty (Ug) and error (E) for monotonic

convergence conditions is estimated as per ITTC [20]. The estimated order of accuracy (pre) and error (¢ )
is calculated as per:

_In (e5185)

Pre = TV 3)

&
Ope = — o (4)

T

To estimate the grid uncertainty Ug, a safety factor approach is employed [39], defining Ug as:

Ug =FS || (5)
where FS is a safety factor estimated as per [40]:

FS=2.45-0.85P for 0<P <1 (6)

FS=16.4P-14.8 forP > 1 (7
where P is the ratio of the estimated order of accuracy to the theoretical order of accuracy (pw) which is two:

P = pre/ptn (8)

Numerical uncertainty (Usn) in this case is adopted to be equivalent to grid uncertainty:
Usn = Ug 9
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To determine if validation has been achieved, comparison error E is compared to validation uncertainty
Uy given by:

Uv? = Up?+Usn? (10)
where Up is data uncertainty, but in Lucy Ashton case Up is not available, therefore in this case validation
uncertainty is equal to grid uncertainty. The comparison error is given by difference in the data D and
simulation S values:

E=D-S (12)

If |E| < Uy, the validation is achieved at the Uy level.

In the Lucy Ashton case grid uncertainty analysis had been done for two different scales in Lucy Ashton
case (41=21.167 and 4=1) and one speed.

In the numerical simulations conducted for Lucy Ashton full scale study, the direct consideration of the
roughness effects is not included. However, this effect is accounted for in the post-processing stage by
following the recommended procedures and guidelines outlined in [41]. The ITTC guidelines provide specific
methodologies for incorporating the effects of the roughness and air resistance into the analysis, allowing for
an assessment of the overall performance and characteristics of the ship. The roughness allowance (ACF) is
calculated as per [42]:

kS

3 1
AC, =0.044 [ j —10Re 3 |+0.000125 (12)

where ks is the surface roughness and it is known for Lucy Ashton (5.842x10°m) [34]. However, this value
gives negative ACF calculated as per Eq. 12, so the other approach is set because there is available the
allowance on Cr, i.e., ACF necessary to complete the full-scale ship-model balance, in the same document.
Roughness allowances are given in Table 4 for each considered speed:

Table 4 Roughness allowances

Fr[-] ACEX10° [-]
0.130 0.0181
0.173 0.0169
0.219 0.1303
0.260 0.2421
0.304 0.2979

The air resistance was neglected, as the superstructure had been removed prior to the sea trials. The
additional structure installed to support the jet engines was lattice steel construction, resulting in minimal
aerodynamic influence.

3. Results

The experimental datasets were fitted using third-order polynomial curves, achieving an R? value greater
than 0.999 for each scale. This fitting procedure was necessary to enable a direct and consistent comparison
between the CFD-based results and the experimental measurements. All experimental measurements of total
resistance, both for the model and the full-scale ship, were converted into the non-dimensional total resistance
coefficient using the available density values for fresh and seawater. The wetted surface area was estimated
from the 3D hull model and consistently applied in the evaluation of the total resistance coefficient for both
the experimental data and the CFD results. Furthermore, the standard deviation of the discrepancy between
the polynomial-based values and the corresponding experimental measurements was determined for each
scale, providing a quantitative measure of the fitting accuracy. The calculated standard deviations for all scales
are presented in Table 5.
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Table 5 Standard deviation of residuals between polynomial-fitted and experimental total resistance coefficients for each scale

AL a [%]
21.167 2.20
15.875 2.30
11.906 2.90
9.525 2.30
7.938 1.20
6.350 2.00

1 3.10

3.1 Model scales

This section presents the CFD results obtained using Setup 1. In this context, the CFD results correspond
to the total resistance coefficient evaluated for the half-hull at five Froude numbers. These coefficients are
directly compared (relative error is given) with the experimental total resistance coefficients, which were
obtained by applying the fitted polynomial to the measured total resistance data in each model scale.

In Tables 6-11 are given total resistance coefficients (Cr x 10%) evaluated through Experimental Fluid
Dynamics (EFD) and CFD for each Fr and relative error for model scales of 21.167, 15.875, 11.906, 9.525,
7.938 and 6.35, respectively.

Table 6 Results of Lucy Ashton case (model scale — 1=21.167)

Fr [-] CT,EFD'.’].O3 [-] CT,CFD'103 [-] E %D
0.130 4.417 4.625 —4.7
0.173 4,278 4.451 -4.0
0.219 4,337 4.439 -2.3
0.260 4.615 4.675 -1.3
0.304 5.578 5.628 -0.9
Table 7 Results of Lucy Ashton case (model scale — 1=15.875)
Fr [-] CT,EFD'103 [-] CT,CFD']-OS [-] E %D
0.130 4.070 4,276 -5.1
0.173 3.963 4,102 -3.5
0.219 4,091 4,150 -14
0.260 4.388 4.484 —2.2
0.304 5.379 5.451 -1.3
Table 8 Results of Lucy Ashton case (model scale — 1=11.906)

Fr [-] CT,EFD'103 [-] CT,CFD'103 [-] E %D
0.130 3.775 3.969 —4.6
0.173 3.741 3.758 -0.4
0.219 3.813 3.791 0.6

0.260 4.140 4.107 0.8

0.304 5.240 5.252 -0.2
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Table 9 Results of Lucy Ashton case (model scale — 1=9.525)

Fr [-] CT,EFD‘:I.O3 [-] CT,(:FD'].O3 [-] E %D
0.130 3.552 3.717 -4.6
0.173 3.5633 3.534 0.0
0.219 3.648 3.629 0.5
0.260 3.947 3.878 1.7
0.304 5.041 5.051 -0.2
Table 10 Results of Lucy Ashton case (model scale — 2=7.938)
Fr [-] CT,EFD‘:I.O3 [-] CT,(:FD'].O3 [-] E %D
0.130 3.393 3.524 -39
0.173 3.468 3.362 3.1
0.219 3.515 3.449 19
0.260 3.956 3.815 3.6
0.304 4,958 4,940 0.4
Table 11 Results of Lucy Ashton case (model scale — 2=6.350)
Fr [-] CT,EFD'103 [-] CT,(:FD'].O3 [-] E %D
0.130 3.257 3.399 —4.4
0.173 3.346 3.250 2.9
0.219 3.505 3.344 4.6
0.260 3.781 3.680 2.7
0.304 4,938 4.848 18

The grid uncertainty analysis was performed for the smallest model (1=21.167) and the lowest speed
(Fr=0.130), using three different cell sizes to generate the coarse, medium and fine meshes. The resulting total
resistance coefficients obtained from these three mesh densities, along with the corresponding number of cells
in the computational domain covering the half-hull, are presented in Table 12.

Table 12 Grid uncertainty analysis (1=21.167, Fr=0.130)

Coarse (Ss) Medium (S) Fine (S1)
Crcro X 10° [-] 4.625 4.498 4.412
No. of cells x 10° 0.63 1.311 2.637

Grid uncertainty in this case is 7.7% and since it is bigger than comparison error (4.7%), the validation
is achieved.

3.2 Full-scale

Two different simulation setups were carried out to compare the CFD-based predictions of ship
resistance, expressed through the total resistance coefficient. In both cases (Setup 1 and Setup 2), the computed
total resistance coefficients were compared with the corresponding values obtained from the fitted polynomial
representation of the experimental data (see Table 13 and Table 14). In addition to the resistance results, the
dynamic motions (heave and pitch) were also evaluated, and the differences between the two setups are
presented as well in Table 15. Index 1 in zp1 and 6p1 refers to Setup 1, while index 2 in zp2 and b, refers to
Setup 2. A negative sign in the heave motion indicates downward movement of the ship, while a negative sign
in the pitch motion indicates trim by the stern.
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Fr [-] CT,EFD‘:I.O3 [-] CT,(:FD'].O3 [-] E %D

0.130 2.278 2.287 -0.4

0.173 2.259 2.214 2.0

0.219 2.566 2.570 -0.2

0.260 3.024 3.101 —2.6

0.304 4.165 4.336 —4.1

Table 14 Results of Lucy Ashton case (full-scale — 1=1, Setup 2)

Fr[-] Crerp-10% [-] Cr.crp-10% [] E %D

0.130 2.278 2.302 -1.0

0.173 2.259 2.287 -1.2

0.219 2.566 2.556 0.4

0.260 3.024 3.177 -5.1

0.304 4.165 4.402 —5.7

Table 15 Dynamic motions and relative comparison of them between Setup 1 and Setup 2

Fr [-] D1 [m] Ob1 [deg] Zp2 [m] 6b.2 [deg] 0zp [%] 06b [%]
0.130 -0.014 -0.011 -0.014 —0.005 0.0 54.5
0.173 -0.027 -0.019 —0.026 -0.012 3.7 36.8
0.219 —0.048 -0.038 —0.047 -0.031 2.1 18.4
0.260 -0.074 —0.084 -0.072 —-0.082 2.7 2.4
0.304 -0.111 —-0.206 -0.109 -0.194 18 5.8

The grid uncertainty analysis was performed for Setup 1 and the maximum considered speed
(Fr=0.304), using three different cell sizes to generate the coarse, medium and fine meshes. The resulting total
resistance coefficients obtained from these three mesh densities, along with the corresponding number of cells
in the computational domain covering the half-hull, are presented in Table 16.

Table 16 Grid uncertainty analysis (1=1, Fr=0.304)

Coarse (S3) Medium (S) Fine (S1)
Cr.crp X 10% [-] 4.336 4.207 4.128
No. of cells x 10° 0.846 1.633 3.481

Grid uncertainty in this case is 5.3% and since it is bigger than comparison error (4.1%), the validation
is achieved.

4. Discussion

All EFD and CFD results listed in Tables 6-11 and Tables 13-14 are presented graphically in Fig. 2 as
functions of the Reynolds number, plotted on a logarithmic scale. The solid lines represent the CFD-predicted
total resistance coefficients obtained with Setup 1, the dashed lines correspond to the experimental data, and
the dotted line denotes the full-scale CFD results obtained with Setup 2. The long dash dotted line represents
ITTC 1957 friction line. This graphical comparison provides a clear assessment of the consistency between
CFD and EFD results across all geometric scales, particularly at higher speeds.
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Fig. 2 Total resistance coefficients for all geometric scales
The largest discrepancies between CFD predictions and experiments occur at the lowest speed
(Fr=0.130) for all model scales. This systematic behaviour suggests that the turbulence-modelling strategy

may require adjustment for low-speed conditions. It should be noted that the same simulation configuration,
Setup 1, was used for all scales and all Froude numbers.

The main distinction between Setup 1 and Setup 2 is the inclusion of the surge degree of freedom in
Setup 2. Instead of prescribing a uniform inflow velocity, a reference point was attached to the hull and
allowed to move relative to the vessel while being subjected to a thrust force. This formulation was used to
emulate the effect of the jet engines installed on the deck during the full-scale tests.

5.0 r
45 r

40 r

Crx 10°]-]
[F%]
n

3.0 -

25 r

2'0 1 L 1 1 J
0.10 0.15 0.20 0.25 0.30 0.35

Fr[-]

Sea Trials ——Setup1 -=-Setup2 —* Sea Trials (approx. curve)

Fig. 3 Total resistance coefficients for full-scale. Sea Trials (EFD) data and CFD data based on Setup 1 and Setup 2 approaches

Fig. 3 presents the full-scale total resistance coefficients only as a function of Fr: the experimental
measurements (tabulated values, marked with ‘x’), the fitted polynomial (dashed line), and the CFD results
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obtained using Setup 1 (solid line) and Setup 2 (dotted line). A closer agreement between CFD and EFD
results is observed at lower speeds, while the differences increase at higher speeds. Despite employing two
fundamentally different modelling approaches, both setups produce comparable predictions of the total
resistance.

Fr[-]
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Fig. 4 Dynamic heave. Comparison between Setup 1 and Setup 2
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Fig. 5. Dynamic pitch. Comparison between Setup 1 and Setup 2

Because Lucy Ashton was originally propelled by large paddle wheels mounted on the sides, it is
reasonable to examine whether the shift in the location and type of thrust affects the dynamic motions (heave
and pitch). Mechanically, the moment generated by the deck-mounted jet thrust differs from that produced by
the paddle-wheel blades, which could influence the vessel’s response. However, the CFD results show that
both modelling approaches (Setup 1 and Setup 2) produce similar trends in heave and pitch, as shown in Fig.
4 and Fig. 5. Moreover, the configuration with deck-mounted jets results in slightly smaller dynamic motions.
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The magnitude of these differences is negligible in practice. Although the relative difference in heave
reaches up to 4%, the physical displacement is only about 2 mm. For pitch, the relative deviation at the lowest
speed is around 55%, yet the absolute value remains extremely small, on the order of 10 degrees, indicating
that the effect is practically insignificant for resistance evaluation.

Both setups show a standard deviation of approximately 2% when compared with the experimental data.
Considering that the standard deviation introduced by recalculating the full-scale resistance into the non-
dimensional total resistance coefficient at a given Froude number is 3.1%, the results strongly suggest that
both CFD approaches are robust. The difference in how thrust is applied (paddle-wheel mechanism versus jet-
thrust representation) does not meaningfully affect the predicted total resistance, and both setups can be
considered reliable for assessing full-scale hydrodynamic performance.

5. Conclusion

This study aimed to evaluate total resistance coefficient estimation for unique ship hull using CFD
simulations. The research encompassed Lucy Ashton, for which the resistance measurements in six different
model scales and in full scale are available. A focus on investigating is how scaling, Fr number and Re number
affect total resistance predictions.

The resistance coefficient validation demonstrated that CFD simulations yielded results with an error
margin within about 5% when compared to experimental data. The total resistance coefficient deviations fall
within accepted industry tolerances for CFD validation (typically £5%).

The comparison of two simulation strategies for the full scale (Setup 1 and Setup 2) showed that the
difference in thrust modeling, uniform inflow versus thrust-driven surge, does not significantly influence the
predicted total resistance. Although noticeable relative deviations appear in small dynamic motions such as
heave and pitch, their absolute magnitudes remain extremely small (on the order of millimeters or 1073
degrees). Both setups achieve a standard deviation of approximately 2% when compared with the fitted
experimental values, confirming the robustness of the CFD methodology.

Despite the encouraging results, several limitations should be acknowledged. The standard deviation of
the fitted polynomial is approximately 3%, which is more than twice the 1.3% deviation observed between
the two estimation methods. This indicates that the methods are mutually consistent with relatively small and
stable differences, whereas the larger scatter relative to the polynomial suggests that the approximation model
is not optimal or that the data exhibit nonlinear behavior that the chosen polynomial cannot adequately capture.
The largest discrepancies occur at the lowest speeds (Fr = 0.130), suggesting that the turbulence model or
near-wall treatment may require refinement for these flow regimes for each scale. There is also concern about
possible turbulence triggering in the model scale experiments at lower speeds, since this aspect is not described
in the reports and CFD well predict total resistance in a full-scale condition at lower speeds. Only one CFD
code (STAR-CCM+) and one general meshing approach were used; cross-validation using alternative solvers
or mesh-generation technologies was not performed.

Future work should focus on improving turbulence-modeling strategies for low-speed regimes.
Extending the grid-convergence analysis to a broader range of Fr numbers would further strengthen the
numerical validation. Finally, incorporating scale effects through advanced wall-modeling or hybrid RANS—
LES approaches could provide additional view into the sources of discrepancy between model- and full-scale
predictions.

Overall, the results confirm that both CFD approaches used in this study are reliable for estimating the
total resistance of the Lucy Ashton hull across all scales, supporting the broader applicability of CFD as a
predictive tool in ship hydrodynamics, especially in full-scale.
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NOMENCLATURE
1% m®  Displacement volume
B m Breadth
C - Additive constant
Co - Block coefficient
Cn - Midship coefficient
Co - Prismatic coefficient
Cr - Total resistance coefficient
Cr.cro - Total resistance coefficient based on CFD analysis
Crerp - Total resistance coefficient based on EFD analysis
D - EFD data
E - Comparison error
Fr - Froude number
FS - Factor of safety
H m Depth
K - Von Karman constant
Ks m Surface roughness
Lpp m Length between perpendiculars
Lw m  Waterline length
P - Distance metric to the asymptotic range
Pre - Order of accuracy
Pth theoretical order of accuracy
R - Convergence ratio
Re - Reynolds number
S - CFD solution
T m Draft
Up - Data uncertainty
Us - Grid uncertainty
Usn - Numerical uncertainty
Uv - Validation uncertainty
WDL m Wave damping length
WS m?  Wetted surface without rudder
WSww ~ m?  Wetted surface with rudder
Zp m Dynamic heave
Asw) t Displacement in sea water
ACk - Roughness allowance
ORE - Error estimate
0zp % Relative change in dynamic heave
00b %  Relative change in dynamic pitch
&1 - Difference between solutions obtained using medium and fine mesh
&3 Difference between solutions obtained suing coarse and medium mesh
na  kg/ms Dynamic viscosity of air
nw  kg/ms Dynamic viscosity of water
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6
A

Pa
Pw

1

deg  Dynamic pitch
- Scale
- Pie
kg/m?®  Air density
kg/m®  Water density
m%s  Kinematic viscosity of water

ABBREVIATIONS

Al Artificial Intelligence
ANN Artificical Neural Network
CFD Computational Fluid Dynamics
EEXI Energy Efficiency for Existing Ship Index
EFD Experimental Fluid Dynamics
GClI Grid Convergence Index
GHG Greenhouse Gas
HRIC High-Resolution Interface Capturing
IMO International Maritime Organization
ITTC International Towing Tank Conference
KCS KRISO Container Ship
KVLCC2 KRISO Very Large Crude Carrier 2
RKE Realizable k-¢ (turbulence model variant)
RSM Reynolds Stress Model
SST Shear Stress Transport (turbulence model)
SSTKO Shear Stress Transport (variant of SST model)
VOF Volume of Fluid
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A blind full-scale CFD resistance prediction workshop was held in 2024, with the Lucy Ashton paddle steamer
as its test case. Results from forty participants were received for the three different parts in which the workshop
was organised, which consisted of a grid refinement study with common grids, full-scale simulations for varying
Froude number, and model-scale simulations at a constant Froude number for varying model sizes. This paper

presents a summary of the results gathered for the workshop along with its main findings, and the comparison
with the results available from the experimental campaign carried out for the Lucy Ashton in the 1950s. The
computational results led to lower ship resistance than the experimental data for all conditions, due to the simula-
tions considering the ship to be hydrodynamically smooth and to not heave or pitch. The scatter of the resistance
at full-scale showed a decreasing trend as the Froude number was increased with a median absolute deviation of
at most 2.3 %. The spread in the numerical results obtained for the full-scale conditions was equivalent to that
observed for the model-scale cases, building further confidence in full-scale CFD.

1. Introduction

Ship design is a complex, multidisciplinary task that involves hydro-
dynamic, propulsive and structural effects. When it comes to the ship’s
power performance, two aspects play a central role: the performance of
the propeller, and the resistance of the hull. Simply put, this corresponds
to the balance between the force that propels the ship (thrust) and the
force that opposes the motion of the ship (resistance). These forces are
responsible, among other considerations, for driving the design process
of the hull and propeller, but they are not directly known for the ship, as
their measurement at full-scale is troublesome, and building a prototype
is too expensive and time consuming to be done at the design stage.

In order to estimate the full-scale resistance of the ship, experimen-
tal tests are conducted on smaller models. To attain the same flow for
the model as the real ship experiences, both the Froude and Reynolds
numbers of model and ship should match. However, it is practically im-
possible to do so. In fact, matching the Reynolds number alone is already
impractical due to the large speeds that would be required. As a result,
the model-scale tests are conducted at the same Froude number as the
ship, and the resistance is then scaled for the actual ship, accounting for
the difference in Reynolds number between the model and the ship.

With the growth of computational power, Computational Fluid Dy-
namics (CFD) has established itself as a useful tool in the simulation of
all types of flows, and the maritime world is no exception. Nowadays,
CFD is commonly employed as a complement to model tests, due to
the large amount of information that can be extracted from the simula-
tions which might be impossible or prohibitively expensive to measure
in experiments. Methods based on the Reynolds-averaged Navier-Stokes
(RANS) equations are by far the most common as a consequence of their
accuracy-cost trade-off. Other high-fidelity approaches such as Detached
Eddy Simulation (DES), Large Eddy Simulation (LES) or Direct Numer-
ical Simulation (DNS) provide higher accuracy, but their much higher
cost excludes these approaches from routine industrial use.

The use of CFD as a tool requires some care due to the sources of pos-
sible errors. Not only numerical errors that are related to space and time
discretization, but also modelling errors, inherent to the mathematical
formulation of the problem and the turbulence model chosen. The use of
CFD is often accompanied with experimental measurements for the same
conditions, in order to gain confidence in the numerical approach. This
has led to the growing maturity of CFD when applied at model-scale.
In practice, CFD can be used directly at full-scale, which is sometimes
mentioned as one of its main advantages. However, the scarcity of ex-
perimental full-scale data is an obstacle in the confidence and use of
CFD at full-scale. In the maritime community there has been a growing
focus on this topic, which can be highlighted in the full-scale numer-
ical modelling workshop held in 2016 by Lloyd’s Register (Ponkratov,
2017). In this workshop, which had a general cargo vessel as a test case,
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full-scale simulations of resistance, self propulsion, propeller open water
performance and propeller cavitation were carried out by the commu-
nity. Another effort more focused on the gap of full-scale data is the
JoRes Joint Industry project, which has gathered full-scale data for six
different vessels.

Although there is an increased attention on full-scale measurements,
those that have been carried out recently correspond to self-propulsion
conditions, which are affected by propeller-hull (and rudder) interac-
tion. However, one of the key quantities used in ship power performance
scaling is the bare hull resistance. The measurement of the bare hull re-
sistance at model-scale is typically done in towing tanks, where, as the
name indicates, the model is towed through the tank. At ship-scale, this
is practically unfeasible. Some attempts have been done to tow a ship
at sea through the means of a cable or an outrigger. However, these ap-
proaches imply the target ship to be in the wake of the towing vessel or
being affected by its wave pattern, which will influence the resistance
of the ship being towed. This sort of technique has been employed in
experiments carried out for the H.M.S. Greyhound (Froude, 1874) in
the late nineteenth century, for the Yudachi in 1928 and 1929 (Hiraga,
1934), for the Wrangel in the 1950s (Nordstrom, 1953) and for the HMS
Penelope in the 1970s (Canham, 1974).

In the 1950s, the issue of how to propel a ship without a propeller
was addressed in an extraordinary manner, as the British Shipbuilding
Research Association carried out sea trials on the Lucy Ashton, a paddle
steamer which was fitted with four jet engines on its deck (Denny, 1951).
The use of the jet engines meant neither a propeller or another ship
were required, which avoided propeller-hull interaction and wave pat-
tern interference effects. The experimental campaign on the Lucy Ashton
also meant to address effects such as surface roughness and bio-fouling,
as the tests were carried out for four different surface conditions, cor-
responding to two coatings (aluminum paint and red-oxide paint) and
faired or sharp seams. Other tests such as acceleration and retardation
tests were also carried out, and the data was documented in four pa-
pers (Denny, 1951; Conn et al., 1953; Lackenby, 1954; Smith, 1955).
In spite of the unique setup of this campaign, the value it possesses in
full-scale resistance prediction and its previous use in other investiga-
tions (Joubert and Matheson, 1970; Smits et al., 1980; Granville, 1974;
ITTC, 1999, 2008), it is currently not widely known among the maritime
community.

One of the common ways to assess the state of the art when it comes
to CFD is the organisation of workshops, where test cases are prepared
and instructions are provided to participants so that they conduct their
simulations with the code they regularly use. The results from the par-
ticipants are then gathered and compared in order to assess the discrep-
ancies between the different CFD codes and the spread between partic-
ipants. The results are also usually compared to available experimental
data, which, in light of what has been previously discussed, means that
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most of the workshops conducted in the maritime community so far
have model-scale conditions as their test cases. When it comes to hy-
drodynamics, the most notable example is the workshop series on CFD
in Ship Hydrodynamics, initiated in 1980 and with follow-ups in 1990,
1994, 2000, 2005, 2010, 2015 and an upcoming workshop (at the time
of writing) in 2025, which will be the first one in the series to include a
full-scale self-propulsion case.

Considering the value of the Lucy Ashton trials, a blind CFD work-
shop based on the Lucy Ashton was organised and held in 2024, with
the purpose to assess CFD capabilities to predict full-scale resistance. As
there had not been any significant CFD work carried out for this geom-
etry, aspects such as hull roughness and dynamic trim and sink were
not considered. The main novelty of this workshop was the fact that
this unique case corresponds to full-scale bare hull resistance, which is
not the case of any of the full-scale cases in workshops mentioned pre-
viously. Furthermore, the Lucy Ashton trials were also complemented
with a model-scale experimental campaign, and so the topic of resis-
tance scaling can also be addressed with this data. A separate investi-
gation into CFD results with the Lucy Ashton (Lopes et al., 2025) was
also performed as part of preparation of the workshop, touching upon
the influence of roughness of the predicted resistance.

The structure of the remainder of the paper is as follows: Section 2
details the structure of the workshop, in terms of the conditions that
were to be simulated by the participants, quantities of interest and treat-
ment of the submitted data. An overview of the participation on the
workshop is given in Section 3, which describes the codes that were
used in the simulations, and the number of contributions received for
each part of the workshop. The results are summarized in Sections 4-6
according to the different parts of the workshop. An overall discussion of
the results is given in Section 7, and the main findings of the workshop
are summarized in Section 8.

2. Workshop structure

The initial planning for the workshop began in October of 2023, with
the preparation of the instructions for participants, the conditions to be
evaluated and the main goals of the workshop. An initial announcement
was made in February of 2024, and an online kick-off meeting was held
at the end of the month. The groups that showed interest in the work-
shop received several files consisting of the workshop instructions doc-
ument, a guideline for results submission along with a template with
examples and CAD files with the geometry of the ship. A questionnaire
for details about the numerical setup and grids for some of the condi-
tions were also prepared and distributed at a later time. The deadline for
most of the results of the workshop was initially set to the end of May,
and eventually extended until the 19th of June, which coincided with
the date that a second online meeting was held. In this call, a summary
of the participation on the workshop was presented, and the name of
the ship was disclosed. The results were processed until September, and
the workshop took place at Chalmers University of Technology on the
25th of September, with the option to attend online for those who could
not join in person. All of the meetings were recorded, and the presenta-
tions and recordings were made available to the participants after each
meeting.

The ship selected for the workshop was the Lucy Ashton, a paddle
steamer that operated as a passenger ferry in the River Clyde in Scot-
land. The ship first began service in 1888, and was retired in 1949. At
this time, the Lucy Ashton was acquired by the BSRA, and the struc-
ture corresponding to the paddle wheels was removed. Four jet engines
were mounted on the deck of the ship, along with other preparations
in order to carry out full-scale resistance measurements. The particulars
of the ship are provided in Table 1. A CAD file for the geometry was
prepared based on offsets measured when the ship was in dry dock and
that were reproduced in Conn et al. (1953) (Fig. 1). Although access to
the sea trials data was strictly not restricted, the workshop employed it
as a blind case, taking advantage of the fact that the Lucy Ashton cam-
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Table 1

Main geometrical dimensions of the Lucy Ashton.
Designation Symbol  Value
Length between perpendiculars L, 58.1m
Breadth (moulded) B 6.4m
Depth (moulded) D 2.18m
Displaced volume v 386.5m*
Wetted surface area S 416.9m?
Block coefficient C, 0.685
Midship area coefficient C, 0.972

Table 2
Characteristics of each Set of simulations prepared for the workshop.
Set 0 Set 1 Set 2
Scale Full-scale Full-scale Model-scale (varying sizes)
Free-surface  No Yes Yes
Froude number Constant Variable Constant

Grids Grid refinement study Single grid Single grid
Roughness No roughness No roughness No roughness
Ship motion  Fixed trim and sink  Fixed trim and sink Fixed trim and sink

paign was mostly unknown in the community. The name of the ship was
not provided to the participants, and no details were provided about the
experimental measurements, as that could potentially help identify the
ship. The name of the ship and the conditions in which the sea trials
were carried out were only disclosed to the participants in the meeting
in June, after all relevant results had been received.

The cases for the workshop were selected based on the available data
reported in the papers from the trials held in the 1950s. In the extensive
campaign conducted at the time, sea trials were carried out for several
speeds, and for four different surface finishings. As mentioned, these
conditions correspond to two different coatings, aluminum paint and
red oxide paint, and sharp and faired seams. In the workshop, partici-
pants were asked not to include roughness modelling in their CFD codes,
and as such the data is compared against the smoothest experimental
condition, which corresponds to the condition with faired seams and
the aluminum paint, and this condition was taken to select particular
speeds for the simulations. The workshop was divided in three different
parts, labelled as Sets, each with its own purpose, and numbered from
0 to 2. The details of each Set are given below, and summarized in Ta-
ble 2. The draught of the ship was 1.584 m, corresponding to the mean
condition referenced in Denny (1951).

The first Set, Set 0, is the verification case of the workshop, a grid
refinement study for a single condition at full-scale, which corresponds
to a Froude number Fr = 0.219 and a ship speed of V§ = 5.232 m/s. The
grids were prepared by the organisers of the workshop and made avail-
able to the participants. Contrary to the remaining Sets of the work-
shop, participants were explicitly requested to use the k — w Shear Stress
Transport (SST) model (Menter, 1994) for this case, and the grids were
prepared such that a double-body approach was used, i.e. the free-
surface was not included in the simulations. The entirety of this Set was
planned to be mandatory, as participants had to contribute to it in order
for their results submitted to the other Sets to be considered.

The main goal of Set 0 was to act as the main verification case for the
workshop, as grid refinement studies were not requested for the remain-
ing Sets. The turbulence model was also set the same for all participants,
in order to avoid potential differences due to different turbulence mod-
els. These choices, along with participants using the exact same grids,
were made so that all participants run, as much as possible outside of
code implementation details, the exact same computational problem.

The second part of the workshop consisted of Set 1, which corre-
sponded to the ship scale simulations. A total of five speeds were se-
lected: Vg = 3.106, 4.12, 5.232, 6.211 and 7.257 m/s. These five condi-
tions corresponded to groups labeled A through E in Lackenby (1954),
and to the Froude numbers of 0.130, 0.173, 0.219, 0.26 and 0.304. Out
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Fig. 1. Lucy Ashton CAD model generated from the offsets.

of the five speeds, three were selected as the mandatory part of the Set.
These were Vg = 3.106, 5.232 and 7.257. The remaining two conditions
were optional and their calculation was not required for participation
in the Set. Unlike in Set 0, turbulence model selection was unrestricted,
and participants were encouraged to use whichever turbulence model
they deemed more appropriate. Furthermore, participants had to gen-
erate their own grid(s), and the size of the computational domain was
not specified either. No suggestions were made regarding grid genera-
tion or wall treatment, so participants were free to either employ wall
functions or resolve the boundary-layer. The calculations were made for
a fixed draught, and participants were also requested to not include the
dynamic motions of the ship, so that all simulations were carried out for
the even keel condition without any sinkage or dynamic trim.

Set 1 corresponded to the main set of the workshop, as the com-
putation of the full-scale resistance for the five Froude numbers was
meant to be compared with the measurements carried out in 1950. The
lack of roughness effects and dynamic motion of the ship meant that an
underestimation of the resistance was expected. However, this avoided
differences that could potentially arise from different roughness imple-
mentations, unless details for that were provided too. Although the deci-
sions taken might seem odd for a numerical workshop and were certain
to generate differences through, for example, different turbulence mod-
els and different grids, they were taken in order to provide participants
with a certain degree of freedom, while still trying to solve the same
physical problem, and keeping it moderately simple due to the absence
of previous numerical work or experience with this geometry. Sufficient
information was provided to restrict the problem (geometry, fluid prop-
erties, speed), whereas the free parameters (grid settings, turbulence
model, domain size) are instead a part of the computational approach.
Combined with the fact that the workshop was carried out blindly, this
gave the workshop a predictive characteristic, and the scatter observed
between participants would reflect the scatter that one would observe
for an actual industrial full-scale ship geometry.

The final part of the workshop was comprised of Set 2, where simu-
lations were to be carried out at a constant Froude number (Fr = 0.219)
and for varying model sizes. The six scaling factors considered were
4 =21.167, 15.875, 11.906, 9.525, 7.938 and 6.35. The scaling factor is
defined as the ratio between the ship’s L,, and that of the model. The
six conditions were split into a mandatory and optional part of three
models each. The mandatory part of this Set consisted of 1 =21.167,
11.906 and 6.35. It is also noted that participants could choose not to
participate in Set 1, but participate in Set 2. In those cases, they also
had to carry out one additional simulation for 4 = 1, which would cor-
respond to the full-scale simulation for this Froude number. Similarly to
Set 1, no restrictions were enforced on turbulence model, no grids were
provided for the simulations, and participants were asked not to include
roughness effects or the motion of the models.

Although the novel aspect of the workshop was the available full-
scale resistance measurements, Set 2 dedicated to model-scale condi-
tions was prepared in order to take advantage of the different models
tested as part of the Lucy Ashton experimental campaign. The Froude
number for this case was selected such that it had a reasonably good
match with the Froude numbers tested for each of the models. The re-
maining settings were set in the same manner as for Set 1 for consis-
tency, and since that would enable a fair comparison and assessment of
scaling effects. A summary of the conditions requested for the workshop
are given in Table 3 in terms of the Froude number and scaling factor.

As previously mentioned, for Set 0, multi-block structured grids were
generated and provided to the participants. A total of five grids were
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generated using Pointwise, covering a grid refinement ratio of 2.33 from
the coarsest to the finest grid. The computational domain, illustrated in
Fig. 2, is a quarter of a cylinder, with the longitudinal axis correspond-
ing to the main direction of the flow. The inlet is located approximately
1L,, upstream of the bow of the ship, and the outlet is approximately
2.1L,, downstream of the rudder. The radius of the cylinder is 2L ,,.
Since the ship is symmetrical, the grid was generated for only half the
ship. The ship was placed so that x = 0 corresponds to the location where
the surface of the rudder meets the hull, and the bow is located at ap-
proximately x = L,,. Regarding the boundary-layer treatment, the grids
were generated so that wall functions would be used. Since the grids are
nearly geometrically similar, the wall distance for the near wall cells on
the hull varies from grid to grid. Nonetheless it was carefully selected
so that the first cell would lie in the logarithmic region for all grids of
the set. Details of the grid set concerning the total number of cells, faces
on the ship, and refinement ratio are given in Table 4 and the coarsest
grid is illustrated in Figs. 3 and 4.

For the simulations requested for the workshop, the quantities of
interest were specified. These were:

Time history of the resistance, divided into friction and pressure com-
ponents, and given separately for the rudder, hull and the complete
ship;

Time history of the vertical force, divided into friction and pressure
components, for the complete ship;

Time history of the side force acting on half of the hull, divided in
friction and pressure components;

Wetted surface area of the ship;

Time-averaged transverse wave cuts at different longitudinal posi-
tions: x/L,, 0.25, -0.1, 0, 0.25, 0.5, 0.75, 1.0;

Time-averaged skin-friction coefficient C, and pressure cuts at
x/L,, =0.1,0.25, 0.5, 0.75, 0.9, along with one additional cut along
the centreline of the ship;

Time-averaged velocity profile on the boundary-layer at the centre-
line of the ship (y/L,, = 0), and two longitudinal positions corre-
sponding to x/L,, = 0.49 and x/L,, = 0.62.

The skin-friction coefficient C, was defined as:

Tw

05012

Cr m

Besides these quantities, additional data concerning the simulations
was requested in the form of a questionnaire sent to the participants,
in order to gather details about the setup of each participant. The ques-
tionnaire asked for data about:

o Software used for grid generation, solver, and post-processing;

o Discretization method, numerical schemes, turbulence model used,
free-surface treatment technique, segregated or coupled solver;

¢ Domain size, boundary condition used at each boundary;

e Whether wall functions were used, the shape of the computational
domain and the size of the domain, time discretization and if numer-
ical ventilation was observed;

For each individual simulation, participants also had to report the
following in the questionnaire:

e Pressure at a reference location;
o Time step size;
e Total number of cells in the domain and faces in the ship;
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Table 3

Froude numbers and scales used for each Set.
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Fr=0.130

Fr=0.173

Fr=0.219

Fr =0.260

Fr =0304

A=1.0

A =6.35

A =7.938
A = 9.525
A = 11.906
4 = 15.875
A = 21.167

Set 1 - required

Set 1 - optional

Set 0 and Set 1 - required

Set 1 - optional

Set 2 -
Set 2 -
Set 2 -
Set 2 -
Set 2 -
Set 2 -

required
optional
optional
required
optional
required

Set 1 - required

Ship-symmetry

Top-symmetry

Fig. 2. Computational domain used in the grids prepared for Set 0.
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Fig. 4. Coarsest grid of Set 0 on the ship symmetry near the bow (top) and at the aft (bottom).

Table 4
Details of grid refinement level of the grids generated for Set 0.

Grid Designation Number of Volume Cells Number of Faces on the Ship Refinement ratio

Grid 5 2,688,320 27,616 2.32
Grid 4 6,347,956 49,186 1.74
Grid 3 12,557,952 77,728 1.38
Grid 2 21,506,560 110,464 1.16
Grid 1 34,114,300 148,912 1.0

¢ Minimum, maximum and average y* on the hull;
¢ Number of processors used for the simulation and the total compu-
tational time;

The pressure at a reference location, along with the pressure cuts
requested on the hull, was used to calculate the pressure coefficient
in a manner so that it would be comparable between different partic-
ipants. The calculation of the pressure coefficient C, was carried out
as

C = P = Dref — Phydro

(2
r 0.5pV2
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where p is the pressure on the surface of the hull, p,, , is the pressure at
the reference location, and pj,,,, corresponds to the hydrostatic pres-
sure. The reference location was at the inlet, 0.01L,, above the undis-
turbed free-surface, and at plane corresponding to the centreline of the
ship, y/L,, = 0. In the case of the simulations of Set 0, since these were
carried out for a double-body configuration, the reference location cor-
responded to the intersection between the two symmetry planes and the
inlet.

For all the forces that were requested, participants were asked to
provide the time history and not a time-averaged result. This was done
so that the mean would be calculated consistently for all participants,
and its uncertainty estimated according to the Transient Scanning Tech-
nique (TST) procedure recommended by the International Towing Tank
Conference for single time series measurements (ITTC, 2021), which is
further detailed in Brouwer et al. (2013, 2015, 2019). For the workshop,
the time histories submitted by the participants varied considerably in
terms of length and resolution. In order to calculate the mean for any
given force from any given participant, the TST was ran for the com-
plete time history. Then, the mean value was selected based on the time
interval that would lead to the smallest uncertainty, with the additional
condition that the time interval had to be at least 10 seconds long. As a
result, all of the mean forces used in the analysis were the result of an
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Fig. 5. C, distributions on the surface of the hull for the finest grid of Set 0 at
x/L,, = 0.1 (top), x/L,, =0.5 (middle) and x/L,, =09 (bottom).

average of at least 10 seconds. For the vast majority of the submissions,
the statistical uncertainty is negligible. In this paper, the resistance co-
efficient C; is used, defined as
R
1 2
z pVS A

3

wetted

where R is the resistance and A, is the wetted surface area of the
ship. Friction and pressure components of the forces are identified by
the subscripts f and p, respectively, such that Cr. ;, for example, corre-
sponds to the friction resistance coefficient. Similar definitions are em-
ployed for the side force and the vertical force, with the coefficients
identified as Cg and Cy,.

With regards to Set 0, since a grid refinement study was conducted,
the numerical uncertainty of the forces was assessed as well. This was
carried out using the procedure detailed in Eca and Hoekstra (2014).
The use of grid refinement studies for the estimation of the discretiza-
tion uncertainty relies on the latter being the dominant component of
the numerical error. This means that the remaining components of the
numerical error, in this case the iterative error and the round-off er-
ror should be negligible when compared to the discretization error. No
iterative convergence criteria were directly specified in the workshop,
partially since a specific definition of the residuals would be difficult
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Fig. 6. C, distributions on the surface of the hull for the finest grid of Set 0 at
x/L,,=0.1 (top), x/L,, =05 (middle) and x/L,, =09 (bottom).

0.020 0.025

to enforce for the different solvers being used. Regardless, participants
were reminded to provide iteratively converged results, and also had
to provide a graphical representation of the residual history during the
simulations. Concerning the round-off error, this is typically handled by
using double precision in the simulations. Although participants were
asked to provide the version of the software, details on whether or not
a double-precision version was used were not provided. Regardless, for
the case at hand, it is not expected that round-off error would have a
significant contribution to the numerical error.

All the participants that submitted their results to the workshop re-
ceived a set of files comparing data for all the variables against a set
of reference results, for each of the conditions for which data was sub-
mitted. This procedure was also used to identify large discrepancies in
the results, with participants being asked to check their data when such
differences were observed. Several outliers were detected and corrected
in this manner, which improved the overall results of the workshop.
Most of the cases identified and corrected were specifically related to
post-processing and not to the calculations.

As a large number of results has been received for the workshop,
the paper will not focus on individual details of a given submission,
but rather on general trends observed for the complete group of results
and statistical measures of some quantities. The most commonly used
measures for such an analysis are, for a quantity ¢, its mean value ¢
and standard deviation o(¢). However, the mean and standard devia-
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Fig. 7. C, distribution on the surface of the hull at midship (x/L,, = 0.5) obtained on the finest grid of Set 0 for the submissions using FineMarine (top left),
OpenFoam (top right), STAR-CCM + (bottom left) and other codes (bottom right).

tion can be considerably influenced by outliers that differ significantly
from the remaining data points. This happens in many of the quantities
reported in the workshop due to possible post-processing or typograph-
ical errors. In order to avoid this issue, the median ¢ and the median
absolute deviation (¢) are used instead of the mean and standard de-
viation. Throughout the paper, the mean and standard deviation are
occasionally provided to demonstrate how they are affected by the out-
liers included in the data. Although in some cases the outliers are easily
identified and an argument could be made for their removal, this does
not hold true for all cases. Since ¢ and (¢) are more robust measures,
no data is ignored in their calculation.

3. Participation overview

A total of forty-seven contributions from different groups were re-
ceived to the workshop. However, only forty submissions are consid-
ered for this paper, mainly due to some contributions being rejected
on account of missing or incomplete data for Set 0, which was empha-
sized as mandatory from the first meeting of the workshop. From the
forty participants, twenty-three submitted data for all the cases of Set 1,
whereas sixteen only provided the mandatory results. Only one single
participant did not submit data for Set 1. For Set 2, fifteen participants
submitted results for all the scales, while nineteen only carried out the
mandatory conditions, and six participants did not submit any data for
Set 2.

Among the forty submissions, eight different CFD codes were used.
These were Ansys CFX, Ansys Fluent, Cadence FineMarine, FreSCO +,
HELYX-Marine, OpenFOAM, ReFRESCO and Simcenter STAR-CCM +.
Details on the number of contributions using each code, along with old-
est and newest version are given in Table 5. Details on each of the codes
are also provided.

Besides solver version information, details on the software and ver-
sions used in mesh generation and post-processing were also gath-
ered. Naturally, there is a large correspondence between the solver and
the meshing tool used. All the participants that used STAR-CCM + as
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Table 5
Flow solvers and corresponding versions used by the participants for the
workshop.

Code # of participants Oldest version Newest version
Ansys CFX 1 - CFX 2023 R2
Ansys Fluent 1 - Fluent 24R1
Cadence FineMarine 6 8.2 12.1

FreSCO + 1 - 24-1
HELYX-Marine 2 3.2.0 4.1.1
OpenFOAM 5 v2006 / V8 v2312 / V11
ReFRESCO 2 2023.1 2024.1.1

Simcenter STAR-CCM+ 22 2020.2.1 (15.04.010) 2402 (19.02.12)

Table 6
Post-processing software and corresponding versions used by the partici-
pants for the workshop.

Software # of participants Oldest version Newest version
Ansys CFD-Post 2 24R1 2023R2
CFView S5 11.1 18.1
OpenFOAM 2 - 2312

Paraview 7 5.6 5.12

Simcenter STAR-CCM+ 22 2020.2.1 (15.04.010) 2402 (19.02.12)
Tecplot 2 2021 R1 2022 R2

the CFD solver naturally used the same software for mesh generation,
those using OpenFOAM used its meshing tools such as snappyHexMesh,
CfMesh and blockMesh. The participants that used HELYX-Marine also
relied on it for meshing, while those that used Ansys CFX and Fluent
used ICEM CFD and Fluent Meshing, respectively. Finally, Hexpress was
the meshing tool employed by the participants that used FineMarine,
FreSCO + and ReFRESCO. Regarding the post-processing software, de-
tails are given in Table 6.

Ansys CFX uses the finite volume method with a cell-vertex approach
for the spatial discretization, and an implicit, second-order accurate
scheme for time discretization. A coupled algebraic multigrid method is
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Fig. 8. Friction (top), pressure (middle) and total (bottom) resistance obtained
from each participant and CFD code for the finest grid of Set 0, along with
the estimated numerical uncertainty, median (solid line) and median absolute
deviation (dashed lines).

used to solve the governing equations. CFX handles unstructured, arbi-
trary cell shapes such as tetrahedrals, hexahedrals, prisms and pyramid
elements.

Ansys Fluent also relies on the finite volume technique, but in-
stead uses a cell-centered approach. The equations can be solved with a
segregated or coupled pressure-based method, or with a density-based
formulation. Fluent includes several features such as wide range of tur-
bulence models, combustion models, multiphase flows and Fluid Struc-
ture Interaction (FSI) capabilities.

Cadence FineMarine uses the ISIS-CFD flow solver developed by the
EMN (Equipe Modélisation Numérique), which is an incompressible un-
steady RANS flow solver (Queutey and Visonneau, 2007). The solver
uses a finite-volume discretisation, and a Rhie & Chow Semi-Implicit
Method for Pressure Linked Equations (SIMPLE) type method for the
pressure-velocity coupling. The solver accepts unstructured grids with
an arbitrary number of arbitrarily shaped faces. In free-surface flows,
the water surface is captured by a conservation equation for the vol-
ume fraction of water, discretised with specific compressive discretisa-
tion schemes (Queutey and Visonneau, 2007). The interface faces on the
boundaries between the partitions are shared between the partitions; in-
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Fig. 9. Friction (top), pressure (middle) and total (bottom) side force obtained
from the participants that did not include gravity for the finest grid of Set 0,
along with the estimated numerical uncertainty, median (solid line) and median
absolute deviation (dashed lines).

formation on these faces is exchanged with the MPI (Message Passing
Interface) protocol.

FreSCo* employs the finite volume method on a parallel CPU ma-
chine with distributed memory (Rung et al., 1999; Kiihl, 2021). The
approach is based on a second-order approximation associated with
arbitrary unstructured grids, and the parallelization follows a domain
decomposition approach. The algorithm is based on a cell-centered and
co-located arrangement of variables. Temporal derivatives are approxi-
mated by an implicit method with two or three time levels and spatial
integrals by the midpoint rule. Second-order central differences approxi-
mate diffusive fluxes, and higher-order (bounded) upwind-biased meth-
ods are generally employed to reconstruct convective fluxes. A modified
pressure correction algorithm accounts for the odd-even decoupling of
pressure and velocity components (Kiihl and Rung, 2022).

HELYX-Marine is a comprehensive set of open-source finite-volume
CFD solvers and simulation tools based on OpenFOAM for ship hydro-
dynamics developed by ENGYS in conjunction with Prof. Kevin Maki of
the Department of Naval Architecture and Marine Engineering of the
University of Michigan, USA.

OpenFOAM is an open-source CFD software library based on the
finite volume approach to discretizing the flow equations. First and
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Fig. 10. Friction (top), pressure (middle) and total (bottom) vertical force ob-
tained from the participants that did not include gravity for the finest grid of
Set 0, along with the estimated numerical uncertainty, median (solid line) and
median absolute deviation (dashed lines).

second-order schemes are available for the convective discretization of
all flow quantities, and the volume of fluid method is employed as the
interface-capturing approach.

ReFRESCO (https://www.refresco.org) discretizes the transport
equations using a finite volume method with cell-centred collocated
variables. The use of meshes with arbitrary cell shapes, as well as
hanging nodes, is possible by the use of a face-based implementation.
Mass conservation is ensured using a SIMPLE-type algorithm through
a pressure correction equation. At each non-linear iteration, a linear
system of equations is obtained using Picard’s method. The linearised
Navier-Stokes equations are solved in a segregated way, i.e., the equa-
tions for velocity, pressure correction, and if required energy, turbulence
model and air volume fraction are solved in turn, and when solving for
one of the variables, the others are considered known. Time integration
is performed through the first or second-order backward differentiation.

STAR-CCM + is a generic multi-purpose commercial flow solver
originally developed and distributed by CD-Adapco, and now part of
Siemens PLM Software engineering suite. This is a finite volume based
solver running with unstructured meshes composed of arbitrary shaped
cells (hexahedra dominant or polyhedra). Surface and volume integrals
representing convective and diffusive fluxes are approximated using the
midpoint rule. Steady or unsteady flows can be resolved by means of a
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0.015 0.020

coupled solver or a segregated solver. The SIMPLE algorithm is used
for the segregated solution of the velocity-pressure coupling problem.
An implicit second-order three-level scheme is employed for time inte-
gration. The free-surface is modeled using the Volume of Fluid (VOF)
method with a High- Resolution Interface Capturing (HRIC) scheme for
tracking the sharp interface between water and air.

As can be inferred from the code descriptions, all of the simulations
for the workshop were carried out with the finite volume approach. The
second order upwind scheme was the dominant choice for the discretiza-
tion of the momentum equations, with some users also using QUICK,
TVD Harmonic and AVLSMART. With regards to the discretization of the
convective term of the equations of the turbulence model the situation
is similar, with most of the users using a second order upwind scheme,
followed by AVLSMART, and some participants who used the first order
upwind discretization. For time discretization, twenty nine participants
used a first order implicit scheme, while five participants relied on a sec-
ond order implicit scheme. There were also six contributions that used
a steady (pseudo-transient) approach with local time stepping. All par-
ticipants used the Volume of Fluid (VOF) method to capture the free-
surface. Three participants used the Realizable k — ¢ two-layer model
for turbulence modelling, whereas the remaining participants used the
k — w SST model. There were also five cases of participants that submit-
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Fig. 12. C, distributions on the surface of the hull for Set 1 at x/L,, = 0.75 for
Fr=0.13 (top), Fr =0.219 (middle) and Fr = 0.304 (bottom).

ted more than one set of data. These additional submissions, which are
included in the results, consist on the use of wall functions instead of
fully resolving the boundary layer, the use of the Local Time Step ap-
proach in OpenFOAM, and simulations carried out with the k — @ SST
model by one of the participants that submitted results with the realiz-
able k — ¢ model.

With regards to the computational domain, all participants used a
box shaped domain, with the dimensions depending on the contribu-
tion. Only one contribution was done for the complete ship, while the
remaining participants only simulated half of the ship. Statistics on the
length, width and height of the computational domain for Set 1 are pre-
sented in Table 7, for the half-ship setup. Statistics for the total number
of volume cells and cell faces on the ship are also provided, along with
the time step size and y*

avg*®

4. Results - Set 0

The discussion of the results starts with Set 0, which is distinct from
the remaining Sets in several aspects. Perhaps most importantly, it is
the only case where a double-body setup is used and where participants
carried out the simulations in the same grids. Consequently, the main
expectation would be that this Set would be the one where participants
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would show the closest agreement between each other, with the main
differences arising from the CFD code used.

As a starting point, Figs. 5 and 6 display the C, and C, distributions
along the hull at three different longitudinal positions x/L,, = 0.1,0.5
and 0.9 for the finest grid of Set 0. Results from all participants are
included, with each individual line corresponding to the data from a
single participant. Considering the large amount of data, a legend is not
included. It is also important to highlight that due to the changes in
C; and C, along the length of the ship, the scales are different at each
position.

Analysis of Figs. 5 and 6 shows most of the results to be concentrated
relatively close together, with data from a few participants noticeably
lying off the trend from the bulk of the results. The most distinguish-
able outliers are visible regardless of the position at which the C, and
C, distributions are considered, hinting at some particular issue with
the simulations, which might be related to either an incorrect setup or
convergence issues. Some scatter in the bulk of the results is observed
mainly at y/L,, = 0.05 for the cut at midship (x/L,, =0.5) for both
quantities.

In Fig. 7 the results for the cut at midship are shown again, but now
divided by the CFD solver used. Displaying the results in this manner
allows to check for consistency in the results obtained from each code,
which was presumed to be the largest source of discrepancies for Set 0.
This is mainly confirmed by the good agreement of the results for each
solver, with the observation that a large part of the scatter observed at
y/L,, = 0.05 occurs mainly for the results obtained using STAR-CCM +.
However, considering that this code accounts for slightly more than half
of submissions (55 %), whereas the remaining solvers, individually, cor-
respond to a much smaller part (at most 15 %) of the results, it is also
normal for more scatter to be present in the STAR-CCM + results due
to the large number of results alone. Fig. 7 also shows that the main
outliers in this Set are a small group consisting of a mix of codes.

Although results were provided for all five grids prepared for Set 0,
the previous discussion has been restricted to the results corresponding
to the finest grid. Nonetheless, the results obtained for the remaining
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Statistics on dimensions and refinement level of the grids used by the participants for the calculations on Set 1. The time

step size and y* correspond to Fr =0.219.

avg
Length [L,,] Width [L,,] Height [L,,] Volume Cells Cell faces on ship Time step size [s] y:Ug
Maximum 13.8 6.8 5 16.9M 787k 1.0 716.0
Minimum 2.5 0.8 0.7 1.3M 41k 0.002 0.451
Mean 6.2 2.4 2.7 6.3M 142k 0.155 128.9
Median 6.0 2.0 2.6 5.4M 114k 0.056 89.41
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Fig. 14. C, distributions on the surface of the hull for Set 1 at x/L,, = 0.5 for
Fr =0.13 (top), Fr =0.219 (middle) and Fr = 0.304 (bottom).

grids exhibit the same trends and would be subject to the same discus-
sion. However, data from the remaining grids is used in the uncertainty
analysis of the forces, which are the next point of focus.

Fig. 8 illustrates the friction, pressure and total resistance ob-
tained in the finest grid from each participant, along with error bars
corresponding to the estimated numerical uncertainty for each result.
Also included in these plots are the median of the results, given as
the solid line, and the median absolute deviation, which is represented
through the dashed lines. Figs. 9 and 10 exhibit a similar analysis but for
the side force and the vertical force instead. The choice of the median
and the median absolute deviation instead of the mean and standard de-
viation is motivated due to the large influence that a single outlier can

185

Fig. 15. Resistance coefficient of the ship for each participant and correspond-
ing statistical uncertainty for Set 1 and Fr = 0.13 (top), Fr = 0.219 (middle)
and Fr = 0.304 (bottom). Median (solid lines) and median absolute deviation
(dashed lines).

have on the mean and standard deviation. Regardless, Table 8 contains
all four statistical measures for each component of the resistance, as
well as for their uncertainty. The results for the side and vertical forces
are given in Table 9, considering only the median and median absolute
deviation. It is noted that for the pressure components of the side force
and the vertical force, some of the participants results were not included
in the calculation of the statistics. The reason for this is that some of the
participants included gravity in their simulations, causing the hydro-
static pressure to become the main contributor of these pressure forces,
and leading to significantly different results than the participants who
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Table 8

Mean, median, standard deviation and median absolute deviation of
the friction, pressure and total resistance on the finest grid and of the
corresponding estimated numerical uncertainty.

Mean Standard deviation Median Median Absolute Deviation
R, [N] 5541 1749 5228 29.9
U(R;) 7.6% 36.7% 0.18% 0.09%
R, [N] 43 838 198 3.4
U(R,) 85% 273% 39% 32%
R[N] 5584 1391 5427 34.8
U(R) 12% 37% 0.33% 0.25%

did not include gravity in their modelling. Thus, it would not be appro-
priate to group all results together.

In the results shown in Figs. 8 through 10, the numerical uncertainty
has been kept for all the results including those that showed convergence
issues. This is visible in the large error bars that go beyond the scale of
each plot. It is noted that these cases occurred regardless of the solver
used. Although there appears to be a smaller prevalence of numerical
issues with the STAR-CCM + results, given the higher number of results
obtained for this code, this is partially justified by the fact that before
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Table 9

Median and median absolute deviation of the friction, pressure and total side and
vertical forces on the finest grid and of the corresponding estimated numerical
uncertainty.

Side force Vertical force

Median Median Absolute Deviation Median Median Absolute Deviation

Friction [N] -42.9 0.2 -62.3 0.3
U(Friction) 3.6% 1.9% 31% 24%
Pressure [N] -19782 297.5 -61656 364.0
U(Pressure) 0.28% 0.26 % 0.17% 0.17%
Total [N] -19825 297.2 -61718 363.1
U(Total) 0.28% 0.26% 0.16% 0.16%

being sent to the participants, the grids were tested on STAR-CCM + and
not on other solvers. Apart from the cases that exhibit convergence is-
sues, the numerical uncertainty for the total resistance is small to the
point that the error bars are barely visible for many results. This is
corroborated by the values given in Table 8, as it can be seen that the me-
dian uncertainty of the total resistance was 0.33 %, indicating that half
of the submissions had an uncertainty lower or equal to this value. When
comparing the friction and pressure components of the resistance, it is
seen that the pressure resistance exhibits, in general, higher numerical
uncertainty, and that some results which provided reasonable values for
the friction component appear to be outliers in the pressure resistance.

When considering the friction resistance of the ship, it is observed
that most of the STAR-CCM+ results show a nearly consistent re-
sult, with some small discrepancies perhaps arising from the different
versions used. The results obtained with FineMarine are also consistent,
with this code displaying a slightly lower friction resistance than that
obtained with STAR-CCM +. In the case of OpenFOAM, there is a larger
difference between submissions and so it is difficult to extract a general
trend. As a whole, the complete set of results shows a relatively low scat-
ter, with only a few results that fall well outside of the bounds marked
by the median absolute deviation. The scatter between individual con-
tributions for the pressure resistance is higher than that observed for the
friction component, with the behaviour exhibited by the total resistance
matching that of the friction resistance, since the latter is the dominant
component of the total resistance. The friction resistance can also be
taken as an example of how using the mean and the standard deviation
would be misleading, as the latter differs by more than one order of
magnitude from the median absolute deviation, and the mean value of
5541 N would lie well above the vast majority of the results shown in
Fig. 8. These differences arise mainly from a single contribution that re-
ported the friction resistance as 16,000 N. Although such a value could
be easily detected as an outlier and removed from the statistical analy-
sis, it was preferred to keep all data points and instead adopt statistical
measurements that would not be influenced by single extreme outliers,
as defining whether a value is or not an outlier could be difficult in some
cases.

In the case of the side and vertical forces, the pressure force is the
dominant component of the total force, and so the trends for the for-
mer are also reflected on the latter. The friction component of these
forces exhibits larger relative uncertainty than that observed for the
pressure components and the friction resistance, although the agreement
between different solutions is still very good. Furthermore, the uncer-
tainty itself is quite small, showing a median of 1.6 N for the side force
and 1.9N for the vertical force. In the case of the pressure components,
the scatter between the simulations is higher than that observed for the
friction contribution, a trend similar to that observed for the resistance.

5. Results - Set 1

The results of the study performed at full-scale at varying Froude
number starts by considering the C distribution obtained for F, = 0.219
at different longitudinal positions, shown in Fig. 11. Comparing these



R. Lopes et al.

M
10
— 100
S 10
1S}
10! \//' Cs.s
° CS-,p
—— Cs
1010 0.15 0.20 0.25 0.30 0.35
Fr
107 ._\/
10!
. = CV,f
X
o0 — O
—— CV
1071 M
1072
0.10 0.15 0.20 0.25 0.30 0.35
Fr
0.40
0.35 - Awetted
0.30
0.25
B0.20
1S
0.15
0.10
0.05
0.
0010 0.15 0.20 0.25 0.30 0.35
Fr

Fig. 17. Variation of the relative median absolute deviation of the side force
(top), vertical force (middle) and wetted surface area (bottom) with the Froude
number.

results with those of Set 0, previously displayed in Fig. 5, leads to sev-
eral relevant observations. In the results for Set 1, strong oscillations are
observed in the C, distribution, a consequence of the unstructured grid
topology used by the vast majority of the participants. Disregarding the
clear outliers, these oscillations are mainly present at the same locations
where deviations were observed in the results for Set 0. Although the
irregular evolution of C, makes the analysis of the results more trou-
blesome as trends become more difficult to distinguish in some regions,
it is clear that the scatter in the results is significantly larger than that
observed for Set 0. All of these aspects are a logical consequence of the
unstructured grid topology, varying grid refinement levels among par-
ticipants and the lower grid resolution used in Set 1 relative to Set 0.
Some results that appear to be outliers are still present in the data, and
the scatter seems to be slightly larger close to the bow of the ship, which
is located at x/L,, = 1.

In Fig. 12 the C; distribution at x/L,, = 0.75 is given for the three
mandatory conditions of Set 1, which correspond to Froude numbers
of Fr=0.13, 0.219 and 0.304. The evolution of C;, is mainly the same
for all the conditions, with the scatter of the results increasing as the
Froude number is increased. The C, distributions obtained at the same
location for the two optional conditions of Set 1 are illustrated in Fig. 13.
The trend of the increase of the scatter with the increase of the Froude
number is again observed. An additional remark is that the results re-
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Fig. 18. Comparison of the median of the CFD results with the reported data
from the sea trials as processed in the 1950 trials and after adopting current
standard procedures. Median absolute deviation of the numerical results given
through error bars.

ceived for the optional conditions exhibit lower scatter and no evident
outliers. Furthermore, due to the large variation in the number of con-
tributions received for the mandatory (39) and optional (22) cases, any
trends observed with the Froude number should consider these cases
separately.

Fig. 14 shows the C, distributions at mid-ship for the mandatory con-
ditions of Set 1. The large amount of results received, together with the
strong oscillations exhibited by C, make a detailed analysis of the re-
sults troublesome. Nonetheless, it is visible that individual results show
a closer match as the Froude number is increased, a trend opposite to
that observed for C,. Considering the results for F, = 0.13, and focus-
ing on the area close to the symmetry plane of the ship (y/L,,=0),
some variation between individual results is observed. For the case of
the pressure coefficient we recall that it was not provided directly by
the participants, but rather the pressure on the hull, along with a value
for the pressure at a reference location. This latter value was used as
the reference pressure in the calculation of C,, in order to make results
comparable, irrespective of the actual reference pressure used in each
simulation. However, small changes in this value arising from, for ex-
ample, whether it was obtained at the cell center or interpolated to the
reference location, can lead to the differences in the level of C, observed
at the symmetry plane. Although not shown here, the spread of the re-
sults also decreases with Froude number for the optional conditions, and
the same trend is present at the other locations on the hull.

The total resistance coefficient of the ship obtained for the manda-
tory cases of Set 1 is displayed in Fig. 15, along with the median (solid
line) and median absolute deviation (dashed lines) of the results. Al-
though the outliers in Set 1 do not influence the mean and standard
deviation as much as in Set 0, there are still some large discrepancies
in some individual cases, particularly impacting the standard deviation.
As an example, the median and mean for the total resistance of the ship
differ by only 0.23 % (which corresponds to 40 N). On the other hand,
the standard deviation is 5.5% (1093 N), whereas the median absolute
deviation is approximately 1.5 % (296 N). The bounds established by the
standard deviation would cover all the results with the exception of a
single point. The scale in each of the figures has been adjusted so that it
covers a variation of approximately 20 % about the median. This means
that individual contributions that deviate from the median by more than
20 % are not visible. The vertical error bars present in some of the re-
sults correspond to the uncertainty in the calculation of the mean total
resistance, obtained through the TST procedure described in Section 2.
In most cases, these bars are not visible, meaning that the uncertainty
associated with the calculation of the mean total resistance is negligi-
ble. Comparing the results for the different Froude numbers shows that
the spread between the results appears to decrease as the Froude num-
ber is increased, particularly for those results close to the median value.
Furthermore, results that exhibit large deviations from the median for
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Fig. 19. C, distributions on the surface of the hull for Set 2 and 4 = 11.906 at
x/L, = 0.1 (top), x/LW = 0.5 (middle) and x/Lm, = 0.9 (bottom).

P

a given Froude number can exhibit good agreement with the remaining
results for different conditions.

An overall summary of the median absolute deviation of the total re-
sistance and its components is given in Fig. 16 for the hull, rudder and
complete ship. In the case of the hull surface, the total resistance shows
a decrease of the median absolute deviation with the increase of the
Froude number, whereas the scatter of the friction resistance increases.
We recall again that there is a large discrepancy in the number of results
received for the mandatory and optional Froude numbers, and so these
should be considered independently. The median absolute deviation of
the friction resistance of the hull shows a decrease from Fr =0.13 to
Fr =0.173, however this is associated with the discrepancy in received
results. The pressure resistance shows a larger scatter than the remaining
forces which seems to mainly decrease with the increase of the Froude
number, with the exception of the result at Fr = 0.13. The results ob-
tained for the rudder show the scatter in pressure and total resistance
to increase with the Froude number, and large scatter was observed for
these quantities at the highest Froude numbers considered. On the other
hand, the friction resistance of the rudder does not show a monotonic
trend, and it is higher than that obtained for the hull. The higher scatter
observed for the rudder when compared to the hull surface is consis-
tent with higher oscillations observed for C; and C, in this area. When

188

Ocean Engineering 343 (2026) 122951

=000

0.01

0.005  0.010  0.015

0.020

0.025  0.030  0.035  0.040

0.00
—0.01
S-0.02

—0.03

—0.04

70.08

0.10
0.08
0.06
0.04
0.02
0.00
—0.02

1)

—0.04

—0.06

0000

0.005 0.010 0.015

y/Lpp
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0.020 0.025

considering the complete ship, the scatter of the pressure resistance is
considerably higher than that of the other forces, and it exhibits a clear
decrease with the increase of the Froude number. It is important to high-
light that the data presented in Fig. 16 is given as a percentage, relative
to the median. The pressure resistance coefficient increases significantly
with the Froude number which contributes to the decrease in the rela-
tive median absolute deviation. When considering the absolute devia-
tion, it increases slightly with the Froude number, with the exception of
the highest Froude number. On the other hand, the median absolute
deviation of the friction resistance shows a slight increase with the
Froude number. The overall effect on the total resistance of the ship is a
slight decrease of the scatter as the Froude number is increased, with the
scatter showing similar levels to that of the friction resistance. The me-
dian absolute deviation of the total resistance of the ship is lower than
3% for all Froude numbers, meaning that half of the results received
deviate by less than 3 % from the median.

A similar analysis is presented in Fig. 17 for the side and vertical
forces on the ship and the reported wetted surface area. Due to the
higher deviation in the friction resistance of the side and vertical forces,
the scale for those cases has been changed to logarithmic. Although the
friction component of these forces is smaller by several orders of magni-
tude than the pressure component, it is still noteworthy that it exhibits
such a high relative deviation, which shows an increasing trend with
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Fig. 21. C, distributions on the surface of the hull at x/L,, = 0.75 for Set 2 and
A =6.35 (top), 4 = 11.906 (middle) and 4 = 21.167 (bottom).

increasing Froude number for the case of the vertical force. For the pres-
sure contribution, an increase in the deviation with the Froude number
is observed for both side force and vertical force. As the pressure contri-
bution is dominant, the total force follows the same trend. An increase
of the deviation of the wetted surface area with the Froude number is
also observed, a consequence of the larger waves across the hull, and
highlighting possible differences in the capturing of the free-surface in
the simulations. Considering that the hydrostatic pressure is the most
important factor for the side force and vertical force, it is not surprising
to see the trend of the deviation in wetted surface area matching those
observed for the side and vertical forces. Regardless, we note that the
median absolute deviation in the wetted surface area is lower than 0.3 %
for all conditions and increases slightly with the increase of the Froude
number. One possible cause for this is numerical ventilation, which was
reported to be present in the simulations by some of the participants.
The comparison of the total resistance coefficient obtained in Set 1
with the available data from the Lucy Ashton experimental campaign
is carried out in Fig. 18. The experimental results are presented as two
distinct lines, one corresponding to the corrected sea trial data given
in Conn et al. (1953), and another to corrected data based on ITTC
guidelines for speed and power trials, carried out with the STAIMO
software according to ISO 15016; 2015. For this comparison, the data
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Fig. 22. C, distributions on the surface of the hull at x/L,, = 0.75 for Set 2 and
A =6.35 (top), 4 = 11.906 (middle) and 4 = 21.167 (bottom).

corresponding to the smoothest hull condition tested in the 1950s cam-
paign was used. Naturally, the use of STAIMO required some simplifica-
tions since no propeller was used in the sea trials. The results obtained
with STAIMO exhibit a higher total resistance coefficient than the re-
sults obtained with the corrections performed in the original campaign.
The numerical results gathered for the workshop show an underpredic-
tion of the resistance coefficient for all Froude numbers. This is not a
surprising result, given that roughness was not included in the CFD sim-
ulations and that the ship was not free to heave or pitch. Regarding the
experimental data, there might also be some increased air resistance due
to the jet engines and possibly an influence on the trim angle of the ship.

6. Results - Set 2

The analysis of the results for Set 2, where the participants were
asked to perform simulations keeping the Froude number constant and
equal to 0.219 and varying the ship scale (Reynolds number), begins by
looking at the C distribution at three different locations for 4 = 11.91,
shown in Fig. 19. Again, as in the results for Set 1, the use of unstructured
grids by the majority of the participants led to oscillations in the C;
distribution that made the result analysis more difficult. Nevertheless,
the same trend observed in Set 1 can easily be identified for model ship
size: the data spread increases as the measuring location moves towards
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Fig. 23. C, distributions on the surface of the hull at x/L,, = 0.75 for Set 2 and
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0.04

the bow (x/L,, = 1). Fig. 20 presents the pressure distribution C, at the
same locations. The presence of outliers is again evident, but unlike for
the C, distribution, the scatter of the data decreases towards the bow.
It is also important to notice the increase in data scatter along the vessel
beam at the midship location (x/L,, =0.5).

The C and C, distributions for the three mandatory scale factors in
Set 2, which are 1 = 6.35, A = 11.906 and 4 = 21.167, at x/L,, =0.75 are
illustrated in Figs. 21 and 22, respectively. For both quantities, there is
a slight reduction of the data scatter as the Reynolds number increases.
An increase in C, as the scale factor is increased is observed, a natural
consequence of the decrease of the Reynolds number. The C, distribu-
tion is almost independent of the Reynolds number. Fig. 23 presents
the friction distribution for the three optional sets, 4 = 7.938, 4 = 9.525
and A = 15.875. As in Set 1, the data for the optional conditions presents
reduced scatter and fewer outliers.

Fig. 24 presents & for the total resistance and its components on the
different surfaces of the ship. The results from Set 1 for the same Froude
number are also included, and correspond to the data at the lowest scale
factor, 1 = 1. As was the case for Set 1, it is important to recall the large
difference in the number of submitted results between the mandatory
and optional conditions, as well as the full-scale condition, which may
influence how some trends are visible. The trend of the friction resis-
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sure and total resistance with the scale factor. Data for the hull (top), rudder
(middle) and ship (bottom) surface.

tance coefficient is similar to that of the total resistance on the hull and
for the complete ship. For all of these conditions, a slight increase in
the scatter is observed as the scale factor is increased. This corresponds
to a decrease of the Reynolds number, meaning that the friction resis-
tance coefficient increases. Furthermore, for these quantities, the devia-
tion obtained in the full-scale condition is lower than for the mandatory
cases of Set 2. The deviation of the pressure resistance coefficient seems
to decrease slightly as the model size is decreased, and now it is for the
full-scale simulation that it exhibits the largest value, when ignoring the
optional conditions of Set 2. The trends observed for the total resistance
on the rudder show some differences to those observed on the hull, with
Cr exhibiting lower scatter for smaller models. In the case of the spread
in Cr ; it seems to increase slightly as 4 increases, although the trend
is somewhat erratic. The full-scale simulations exhibit the lowest devia-
tion for the friction resistance and the highest for the pressure and total
resistance in the rudder.

One contributing factor to the scatter in the friction resistance is
whether the boundary-layer was fully resolved, or if wall functions were
used. Fig. 25 presents the friction resistance coefficient of the ship as a
function of the average y* for all the results received for the workshop
for the smallest model, A = 21.167. For this condition, some participants
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Fig. 25. Friction resistance coefficient of the ship as a function of the average
y* on the hull for the results at A = 21.167.

used wall functions, as evidenced by the number of results that exhibit
y* > 30, whereas others resolved the boundary-layer. Larger deviations
are observed for the results that resolve the boundary-layer, particu-
larly in the range y* > 0.5. In the case of Set 1, there was only a single
result that resolved the boundary-layer, while all the others used wall
functions. This leads to the lower 6 observed for the friction resistance
for the full-scale condition.

The relative median absolute for the side and vertical forces and the
wetted surface area are given in Fig. 26. Similarly to Set 1, higher & is
obtained for the friction component of the side and vertical force when
compared to the pressure component. There are no clear trends for these
forces with the change in model size. The same appears to hold true for
the wetted surface area, with the caveat that the full-scale condition
exhibits a lower deviation than the conditions for Set 2. Nonetheless,
the median absolute deviation for the wetted surface area is under 1 %
for all cases.

The final part concerning the results of Set 2 is the comparison be-
tween the numerical Cr and the results obtained in the model-scale ex-
periments reported in Conn et al. (1953), which is illustrated in Fig. 27.
For the scales considered, the numerical results always underpredict the
resistance when compared to the experimental measurements, with the
overall trend being well captured. While for the full-scale results the
discrepancy was attributed to roughness, that should not be a factor at
model-scale. The experimental results correspond to the data available
for the measurements with a trip wire, so laminar flow is not a concern
either. Regardless, it is stated in Conn et al. (1953) that the effect of the
trip wires was at most 2 % on the smallest model. The dynamic motions
of the ship remain as the likely cause for the differences, although no
information is available from the experiments as to whether the models
were constrained or not.

7. Results discussion

This section covers other results that were discussed among the par-
ticipants during the workshop in September. It is important to note that
during the workshop, the mean and standard deviation were used as
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(top), vertical force (middle) and wetted surface area (bottom) with the scale
factor.

the statistical measures of the results. Consequently, the dispersion of
the results was discussed as being worse than that presented in this pa-
per.

Regarding this point, a discussion took place about the standard de-
viation observed for the total resistance of the ship at full-scale, which
was approximately 5%. There was no consensus as to whether this was
a positive or negative result. Some participants considered this to be too
high of a spread, whereas others argued that such a scatter would also
be observed for model-scale experiments. Another point was made that
the scatter observed in Set 2 was considerably higher than that obtained
in other workshops at model-scale. This was seen as a negative step in
the evolution of CFD for maritime applications, especially when taking
into the account that the geometry was considered to be simpler than
current hull forms.

Besides the previously mentioned use of the standard deviation
throughout the workshop, which could at times present high values due
to the presence of extreme outliers, there are several other factors that
influence the spread in the results and must be mentioned. The first of
these is the fact that the workshop was carried out blindly. Participants
were unaware of the data available from the campaign carried out in
the 1950s and were not told the name of the ship or that the trials were
carried out with jet engines, which could have led to the identification
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Fig. 27. Comparison of the median of the CFD results with the reported data
from the experiments carried out as part of the 1950 campaign. Median absolute
deviation of the numerical results given through error bars.

of the case. This contrasts heavily with workshops that rely on well-
known benchmark cases such as the KVLCC2, JBC or ONR Tumblehome,
which have been subject to numerous studies. For these cases, data is
easily available, and participants would be able to check whether their
results match already published data and thus potentially eliminating
all outliers. This was not the case for the Lucy Ashton, since, as stated
in Section 2, the goal for this workshop and in particular Set 1, was to
carry it out as a predictive exercise.

The second aspect concerning the scatter in the results is that the re-
sults are anonymous and one individual submission can not be linked to
a given group, unless they decide to identify themselves. In this manner,
one company being an extreme outlier does not influence its standing.
Although the decision to have the results being anonymous likely led to
higher participation in the workshop, it can also have motivated contri-
butions with lower effort. This can be connected to the trend observed
across Set 1 and Set 2 that the optional conditions exhibited a smaller
spread than the mandatory ones, and the number of outliers was signifi-
cantly lower, even when considering the reduced number of submissions
for the optional conditions. Participants who take the extra time to run
the optional conditions would be putting more time and work into their
contribution for the workshop, which would decrease the likelihood of
being an outlier.

The final point concerning the spread observed is linked to a shift in
the groups that participate in the workshop. Previous numerical work-
shops had mainly code developers participating, whereas for the present
case, the majority of the participants were simply users of the CFD
codes, and not developers. Developers being more familiar with their
own codes would be more likely to avoid mistakes and produce solutions
of good quality, which would contribute to minimizing the differences
in the results.

The oscillations in the C ' and C, distributions, combined with the
large number of submissions made it so these quantities did not con-
tribute significantly to the outcome of the workshop. In Set 0, the use of
a common, structured grid helped to alleviate this issue and an overall
behaviour was easier to identify. However, the unstructured grid topol-
ogy used by the vast majority of the participants for Sets 1 and 2 leads
to oscillations that cause the distributions to be difficult to analyze, par-
ticularly if a large number of results is present.

Some of the quantities that were asked from the participants were
not included in the previous discussions. One example are the wave cuts,
which were provided at several locations for all of the conditions of Set
1 and Set 2. However, these quantities did not prove to be useful for
the discussion of the results, as no relevant insight or conclusions were
extracted from them and so they were omitted here. The same is valid for
the data concerning the number of cells on the domain, cell faces on the
ship and the time step size, which were discussed during the workshop.
However, there were no visible trends between these quantities and the
friction or pressure components of the forces. An example of this is given
in Fig. 28.
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Fig. 28. Resistance coefficient of the ship as a function of the total number
of cells (top), time step size (middle) and average y* (bottom) for Set 1 and
Fr=0.219.

8. Conclusions

This paper presents a summary of a full-scale CFD resistance predic-
tion workshop. The geometry for the workshop was the Lucy Ashton, a
paddle steamer which was fitted with jet engines to carry out resistance
tests in an experimental campaign carried out in 1950, complemented
with model-scale tests. Since the Lucy Ashton experiments are mostly
unknown in the maritime community, the workshop was carried out
blindly. The name of the ship and details of the measurements were
only disclosed to the participants after the results had been received.

The cases for the workshop were divided in three Sets, numbered
from O to 2. The first Set corresponds to a grid refinement study
with multi-block structured grids common for all the participants, for
a double-body setup and a single speed at full-scale. This study was
mandatory for participation in the workshop. Set 1 was the full-scale
part of the workshop, and consisted of five conditions identified by the
corresponding Froude number. Out of the five conditions, three were
mandatory and two were optional. The last part of the workshop was
Set 2, and was comprised of six simulations at a constant Froude number,
but for varying scale factors. For this set, three of the conditions were
mandatory, and the remaining three were optional. A total of forty dif-
ferent results were received for the workshop, with the vast majority of
the participants contributing to the mandatory part of Set 1.
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Outliers were present in most of the cases of the workshop, even
in Set 0 which corresponded to the simplest simulations to be per-
formed for the geometry, with common grids prepared for all the partic-
ipants. Outliers were often not the same across different conditions, and
in some cases corresponded to post-processing or typographical errors.
Even though a large number of results was received for the workshop,
outliers could have a large impact on statistical measures such as the
mean and the standard deviation, which motivated the use of the me-
dian and the median absolute deviation as alternatives for this study.

The main findings of this work are as follows:

The C; and C, distributions showed good agreement between differ-
ent codes in Set 0, although some slight difference were observed.
Some discrepancies were also present between simulations carried
out with the same code, although these could be related to different
version of the solver. In the case of Set 1 and Set 2, there is no evi-
dent agreement between different codes, partially due to the differ-
ent grids being used, as well as the unstructured grid topology used
by the participants which causes large oscillations in these quanti-
ties. Regardless, it was possible to conclude that the spread in the
C; distributions increased with the increase of the Froude number,
and decreased with the increase in model size. On the other hand,
the spread in the results for C, decreases with the increase of F, and
is mostly independent on the scale factor.

The scatter in the friction resistance of the ship increases slightly
with the increase of the Froude number for Set 1, and decreases as
the model size is increased, as shown in the results for Set 2. On the
other hand, the pressure resistance exhibits the opposite trend, with
a clear decrease in the scatter at full-scale as the Froude number in-
creases. When comparing the two quantities, lower median absolute
deviation was obtained for the friction resistance than for the pres-
sure resistance with the exception of the highest Froude number of
Set 1, and one of the smallest model sizes in Set 2. The scatter in
the friction resistance was lower for Set 1 due to the vast majority
of the participants using wall functions, whereas for Set 2 a consid-
erable number of participants resolved the boundary-layer. Finally,
the scatter of the total resistance showed a slight decrease with the
increase of the Froude number and with the decrease of the scaling
ratio.

The comparison of the results obtained for Set 1 and Set 2 show the
numerical ship resistance to be lower than experimental data, both
at full-scale (Set 1) and at model-scale (Set 2). At full-scale this is
justified by the numerical simulations assuming the hull to be hydro-
dynamically smooth, and for the configuration with no heave or trim
angle in which the simulations were carried out. The latter might also
explain the discrepancies at model-scale, where roughness should
not be a factor. Regardless, the Lucy Ashton experimental campaign
contains more data than that used for the workshop and that can be
used to further investigate some of the differences.

Overall, the scatter exhibited by the simulations at full-scale was not
higher than the calculations carried out at model-scale. The maximum
median absolute deviation for the resistance of the ship for Set 1 was of
2.3 %, meaning that half of the results submitted for the workshop de-
viated by at most 2.3 % from the median value. This value is lower than
that obtained for half of the conditions for Set 2, showing that full-scale
simulations did not lead to a deterioration of the agreement between
different participants. When considering that the workshop was carried
out blindly, this stands as a favourable outcome in building confidence
for full-scale simulations.
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Abstract: This study presents a comprehensive approach to trim optimization as an energy efficiency
improvement measure, focusing on reducing fuel consumption for one RO-RO car carrier. Utilizing
Computational Fluid Dynamics (CFD) software, the methodology incorporates artificial neural
networks (ANNSs) to develop a mathematical model for estimating key parameters such as the brake
power, daily fuel oil consumption (DFOC) and propeller speed. The complex ANN model is then
integrated into a user-friendly software tool for practical engineering applications. The research
outlines a seven-phase trim optimization process and discusses its potential extension to other types
of ships, aiming to establish a universal methodology for CFD-based engineering analyses. Based
on the trim optimization results, the biggest DFOC goes up to 10.5% at 7.5 m draft and up to 8% for
higher drafts. Generally, in every considered case, it is recommended to sail with the trim towards the
bow, meaning that the ship’s longitudinal center of gravity should be adjusted to tilt slightly forward.

Keywords: EEDI; EEXI; CII; CFD; ANN; trim optimization

1. Introduction

With the aim to reduce emissions of greenhouse gasses, in 2013, the International
Maritime Organization (IMO) introduced the Energy Efficiency Design Index (EEDI) for
new ships and later, in 2023, the Energy Efficiency for Existing Ships Index (EEXI). These
new measures initiated changes in the shipbuilding industry. By implementing these
regulations, it is anticipated to reduce global CO, emissions by 40% by the year 2030 and
70% (or at least 50%) by the year 2050, compared to the levels in 2008. All ships that fall
under MARPOL Annex VI and have gross tonnage over 400 must meet the set criteria,
which are based on nominal ship data. The IMO determined the parameters and procedure
for calculating the required EEDI and EEXI, as well as the formula for calculating the
attained EEDI/EEXI that must be lower than the required values. The required value for
the EEDI is determined by the formula:

Required EEDI = a(DWT) "¢, (1)

where parameters 2 and c are based on the regression curve fit [1] of data from ships that
were built between 1999 and 2009, and also depend on the type of ship. The required EEDI
decreases over the years according to the formula:

Attained EEDI < Required EEDI =(1 — X/100) - Reference line value, )

where X is the specified reduction factor given in [2] through four phases. Values for the
EEXI are based on the required EEDI, taken into account with the adequate reduction factor
from [3]. The requirements for the EEXI are becoming slightly stricter with time, with the
plan for the EEXI and EEDI to become equal in 2025. In addition to the two mentioned
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energy efficiency parameters, the IMO introduced operational efficiency indicators. In
2009 [4], the Energy Efficiency Operational Indicator (EEOI) was invented and is defined as
the ratio of emitted CO, per unit of transport work. The EEOI never became mandatory, but
it is a representative value of the ship’s operational energy efficiency level for a consistent
period of time. Another indicator came into force in 2023, the Carbon Intensity Index
(CII), which is calculated as the ratio of the total mass of emitted CO, to the total transport
work undertaken in a specific calendar year, considering the traveled distance, time spent
underway and the amount of consumed fuel over a period of one year. As well as for
the EEDI and EEX], the attained [5] and required [6] values are also calculated for the CII,
where the attained CII has to be lower than the required, which decreases over time [7].
Based on the attained CII, the ship belongs to one of five energy efficiency categories (A, B,
C, D, E). The boundaries between those categories and the calculation method for each ship
type are defined in [8] and they depend on the ship’s DWT. Since the CII is a mandatory
parameter, all ships of gross tonnage of 5000 or more are from 2019 obliged to record the
relevant information (traveled distance, time spent underway and the amount of consumed
fuel over a period of one year) under the Data Collection System (DCS) [9]. In the case that
a ship achieved class E for at least one year, or class D for three years in a row, it must create
a plan for reducing CO, emissions and satisfy the requirements for at least class C [10]. In
2013, the IMO introduced the Ship Energy Efficiency Management Plan (SEEMP), which
consists of three parts: a ship management plan to improve energy efficiency, a ship fuel
oil consumption data collection plan and a ship operational carbon intensity plan. Part I
applies to all ships that fall under MARPOL Annex VI and have gross tonnage over 400,
while Part IT and Part Il apply for ships that have gross tonnage over 5000 and fall under
MARPOL Annex VI.

Various measures can be considered in order to meet the energy efficiency require-
ments developed by the International Maritime Organization and attain a reduction in
CO; emissions. Those measures are divided into two categories: operational methods and
technical methods. Operational methods include the following: improvement in voyage ex-
ecution [11,12], reduction in auxiliary power consumption [11,13], weather routing [10,12],
“just in time” voyage [13], optimum ballast [10,12], optimum cargo distribution [12], energy-
saving utilities [14], optimum use of rudder and heading control systems [10], optimized
hull and propeller maintenance [10], speed optimization [12,15], slow steaming [16,17] and
trim optimization [12,18].

These measures can be applied for both existing ships as well as new ships. Technical
measures are design-related and therefore more favorable for new ships. These measures
refer to wind-assisted propulsion, fuel type change [10,16,19], waste heat recovery [12],
upgrading and maintenance of propulsion system, hull retrofit (bulb and/or stern modifi-
cation, installation of energy-saving devices [10], etc.

Optimum trim means that the angle of the trim for a specific operating condition,
regarding the displacement and speed, provides minimum resistance, which directly
implies the optimal efficiency level [12]. The resistance of the ship changes depending on
the trim, although the displacement and speed stay the same [20]. The beneficial aspect of
trim optimization is that neither a hull modification nor engine upgrade is needed. The
ship is trimmed if the draught at the bow differs from the draught at the aft section of the
ship. While a negative trim indicates that the draught at the bow is greater than the draught
at the stern, a positive trim implies the opposite. Every vessel is optimized for a number of
conditions (even keel at full load and design speed, ballast condition, etc.), but the actual
operating conditions usually differ from the expected ones [21]. It was confirmed in [22] that
the trim can affect the total resistance of a ship for various service speeds and the optimum
trim for every speed is different. The trim optimization method is intended for minimizing
the resistance in calm water and therefore minimizing fuel consumption, which can be
accomplished with a specially developed program for the ship. The results of [18] indicate
the possibility of reducing the total fuel consumption during a whole voyage by 1.2% by
utilizing the calculated optimum trim for the whole voyage. A 4250 TEU container ship sea
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trial with the use of a trim optimizing program reported a main engine power reduction of
910 kW and energy-saving rate of 9.2% [23]. The trim of the ship can be influenced by the
redistribution of ballast, fuel and/or load between tanks. Parameters that change when
the ship is trimmed compared to an even-keel condition are a wetted surface area, the
length of the waterline and a submerged hull form at the bow as well as at the stern [24].
Potential disadvantages of this method could be a reduction in visibility, reduced freeboard,
emergence of the propeller [25], underkeel clearance, seakeeping, maneuverability [26],
seakeeping [27] and shipped water on deck [28], and those should as well be taken into
account while finding the optimum trim for an operating condition.

Calculating the ship resistance in calm water by conducting model tests and numerical
simulations provides data about the resistance for different drafts and trims. As a result,
a set of curves with highlighted lowest resistance for a specific draft are obtained, as
in [22,29]. While onboard tools have this information at their disposal, model tests are
still common and basins are equipped with traditional procedures and up-to-date insights
to provide their proper execution, pursuing the measurement of small power variations
within a foreseen range of 0 to 4% of the total installed power [30], or a 2% to 4% fuel
consumption reduction [31]. With the advancement of technology and computers, CFD
software calculations provide trim tables with an accuracy that can compete with the
results gained from traditional model tests, with even less investments. Other methods that
can be used to determine the optimum trim are sea trials and machine learning methods.
The shortcomings of these methods are that sea trials are fuel- and time-consuming for
determining the optimum ballast, while for obtaining information about the optimum trim
with the machine learning method, a lot of data from a ship’s past voyages are needed [32].
In this study, the aim of this work is focused only on applying the CFD method on one RO-
RO car carrier in order to optimize the trim for an energy-efficient voyage and exploitation.

The application of the CFD method for trim optimization for different ship types can
be found in various existing studies. For example, in the study by [20], the effect of trim
optimization for a container ship like MOERI (KCS) was a total resistance reduction of 2%,
similar to the results of trim optimization for a US Navy ship [13]. A CFD investigation of
the propulsion performance of a low-speed VLCC tanker at various initial trim angles was
conducted by [33] and showed a 1.76-2.12% total resistance reduction. The authors of [34]
and [35] report even greater profit, such as fuel savings of up to 5% [34] and a 6% reduction
in delivered horsepower [35]. Since the trim conditions can vary significantly, so do the
results from trim optimization. The authors of [36] highlight that in Series 60, the total
resistance between the worst and best trims varies by up to 11%. The trim optimization of
a bulk carrier in [37] results in a total resistance reduction possibility of up to 14%. Savings
for RO-RO ships were studied by [12] and indicated a possibility of up to a 10.4% reduction
in delivered power, or 1.2 t fuel per day. In addition to the calculation of the optimal
trim, specialized software for input parameters that quickly provide information about the
optimal trim has been mentioned [35,38].

Up to now, artificial neural networks (ANNSs) have found application in predicting
fuel consumption, as demonstrated in the studies by [39] and [40], which focused on
utilizing NOON reports. Furthermore, an ANN has been employed for forecasting the
ship speed, as evidenced by the work of [41]. Moreover, research efforts have extended to
utilizing ANNS for the joint prediction of the ship speed and fuel consumption, leveraging
data from sails, particularly in the case of a barquentine, as explored by [42]. The study
by [43] proposes a real-time hybrid electric ship energy efficiency optimization model
considering time-varying environmental factors, aiming to optimize the EEOI under wind
and wave conditions while maintaining speed limits, resulting in an average reduction in
fuel consumption of 13.4% and real-time EEOI of 15.2%. In [44], a real-time prediction model
of ship fuel consumption through BP neural network training-related data is presented and
further used for ship speed optimization. The research of [45] developed an ANN model to
predict the main engine power and pollutant emissions of 3020 container, cargo and tanker
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ships using 14 parameters, demonstrating its potential for use in future studies on fuel
consumption and energy efficiency in maritime transport.

In today’s complex technological landscape, the integration of various disciplines is
becoming increasingly vital for tackling engineering challenges. By bridging the fields of
naval engineering, CFD, ANN and practical application development, this study not only
underscores the importance of multidisciplinary association but also showcases its benefits
in addressing real-world problems within the maritime industry. Through the synergy of
these varied fields, novel solutions can be developed to optimize ship operations or design,
enhance fluid flow analysis accuracy and streamline decision-making processes. Moreover,
the utilization of an ANN enables the creation of sophisticated mathematical models
that can effectively capture complex relationships and patterns within maritime systems,
paving the way for more precise simulations and predictive analytics. Furthermore, the
development of user-friendly applications facilitates the seamless implementation of these
advanced methodologies, empowering stakeholders to leverage cutting-edge insights for
improved vessel performance and operational efficiency. Essentially, this methodology not
only promotes scientific comprehension but also encourages innovation and pragmatic
breakthroughs in the field of maritime engineering, thus helping in the long-term growth
of maritime technologies.

2. Methods

The conducted work consists of several phases: (1) 3D modeling; (2) first-level ver-
ification of the reliability of the digital twin (3D model); (3) open water test (OWT);
(4) second-level verification of the reliability of the 3D model; (5) trim optimization;
(6) determination of a mathematical model for assessing the optimal trim, ship speed,
engine (brake) power, daily fuel consumption and propeller speed; (7) programming an
application based on previously conducted analyses. In this study, various software has
been used: StarCCM+ version 2021.3 for CFD analysis, aNETka for mathematical model
determining and MATLAB (version 2020b) for application development. The goal of this
paper, in addition to trim optimization, is to establish an initial procedure for setting up
CFD simulations. Therefore, this chapter provides only a brief overview of the governing
equations used to solve the problem of ship movement through two fluids. More attention
is given to functions that are not predefined in the StarCCM+ software, which the user can
define. Consequently, this paper includes formulas that can be found in various publica-
tions, ensuring that everything complies with the requirements and guidelines issued by
relevant institutions in the maritime industry.

In Table 1, the ship’s (RO-RO car carrier) principal particulars are given.

Table 1. Principal particulars.

Parameter * Dimension Value
Lpp (m) 158
B (m) 28

H (m) 30.65
Ts (m) 7.8

* Lpp—length between perpendiculars, B—breadth, H—depth, T;—draft.

Propeller geometry characteristics are presented in Table 2.

Table 2. Propeller characteristics.

Parameter * Dimension Value
D (m) 5.5
No. of blades ) 5
BAR ) 0.83
Dhub (m) 0.98
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Table 2. Cont.

Parameter * Dimension Value
Chord length at 0.7R, (m) 2.0988
P/D at0.7Rp () 0.9594

* D—diameter, BAR—blade area ratio, Dy, ,—hub diameter, R,—propeller radius, P—pitch.

2.1. Three-Dimensional Modeling

Three-dimensional modeling is the first necessary step before conducting CFD simula-
tions. Creating a 3D representation of the RO-RO vessel involved using existing documen-
tation: hull construction drawings, rudder construction drawings and propeller drawings.
This digital twin includes detailed modeling of the hull, rudder and propeller, with the
goal of faithfully capturing the ship’s attributes and performance.

2.2. First-Level Verification

First-level verification involves comparing hydrostatic data such as volume displace-
ment (V), block coefficient (Cy), longitudinal center of buoyancy (LCB) and wetted surface
(WS) of the 3D model with data given in the Trim & Stability booklet for various drafts. No
parameter should deviate more than 1% from (as per authors” experience, 1% deviation
enables enough accuracy) its corresponding value given in the Stability Booklet.

2.3. Open Water Test

The OWT is a method for determining propeller characteristics such as thrust coef-
ficient, torque coefficient and propeller efficiency. The procedure for determining these
coefficients through model tests is defined in [46]. In this case, model testing was not con-
ducted; instead, propeller parameters were determined through CFD simulation, following
the procedure described in [47]. According to this document, the CFD results of the OWT
are considered valid if they do not differ by more than 3% from the results obtained by
model testing within the relevant propeller operating range. It is also emphasized that if the
model test results of the propeller are not known, an additional OWT with the appropriate
B-series propeller model should be conducted. An appropriate B-series propeller is con-
sidered one with the same geometric characteristics (diameter, pitch, ratio of characteristic
areas) as the original propeller installed on the considered ship. The 3D model of the
B-series propeller was obtained using the B-series Propeller Generator available online [48].
The OWT results of the B-series propeller should not deviate by more than 3% from the
results obtained with the mathematical model for the same geometric parameters. If this
condition is met, the same CFD calculation methodology is applied to the original propeller,
and the results obtained this way are considered valid. A mathematical model can be found
in [49].

The simulations are conducted using a steady-state numerical flow model, solved in
the rotating frame of reference. The numerical method used is called Multiple Reference
Frames (MRFs), where in one part of the domain, the equations are solved in a rotating
frame of reference, while in the rest of the domain, a stationary frame of reference is used.

Figure 1 shows the domain of the open water test CFD setup. The outer cylinder
shows the far-field boundary of the domain, while the inner, smaller cylinder represents
the boundary between the rotational frame of reference and stationary frame of reference.
The diameter and length of the small cylinder are 4D, while the diameter and length of
the large cylinder are 10D. The propeller is positioned downstream from the shaft. All
simulations are conducted in full scale.
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Figure 1. Domain of conducted open water test simulations.

The same grid refinement options were used for both propeller grids (B-series propeller
and original propeller) and are presented in Figure 2.

(a) (b)

Figure 2. Grid of the propellers: (a) B-series propeller; (b) original propeller.

Turbulence modeling is performed using the k-w SST model as is required by [47].
The inflow turbulence intensity was set to 1% relative to the inflow speed. The inflow speed
conditions and rotation rate of the propeller are selected to closely resemble the conditions
expected at self-propulsion conditions.

2.4. Second-Level Verification

Second-level verification involves conducting a CFD simulation for a draft for which
there are available results from the model tests or sea trials. The difference between the
results obtained by the CFD analysis and model tests/sea trials should not be greater
than 5% [47]. This kind of verification is typical in applied CFD analysis in the maritime
industry [50,51].

The equations are discretized using the collocated Volume of Fluid (VOF) multiphase
method implemented within the software. It is used for large-scale two-phase (in this case,
sea water (py = 1.025 t/m?) and air (pa =1.212 kg/m3) at 18 °C) flows encountered in
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naval hydrodynamics. A two-phase, incompressible, turbulent and viscous flow model is
employed, governed by the continuity and Navier-Stokes equations:

V- (pV) =0, ©)

V) v (v ev)= -V (D +V T+ fi @

where V stands for the velocity vector field, p is the pressure, Ty is the viscous stress tensor
and fj, is the resultant of the body forces.

The VOF multiphase Eulerian approach model implementation in Simcenter STAR-
CCM+ belongs to the family of interface-capturing methods that predict the distribution
and the movement of the interface of immiscible phases. This modeling approach assumes
that the mesh resolution is sufficient to resolve the position and the shape of the interface
between the phases. In this paper, the focus is not on elaborating the theoretical background
of the functions in CFD software, but rather on presenting a methodology that can serve as
a quick way to set up simulations. Therefore, more about the VOF method can be found
in [52], where this concept is detailed.

An important quality of a system of immiscible phases (air and water) is that the fluids
always remain separated by a sharp interface. The High-Resolution Interface Capturing
(HRIC) scheme is used to mimic the convective transport of immiscible fluid components,
resulting in a scheme that is suited for tracking sharp interfaces.

As in the OWT, the k-w SST turbulence model was used here according to the require-
ments defined in [47].

2.4.1. Actuator Disk Propeller Model

The body force propeller method is used to model the effects of a propeller such as
thrust and thereby creating propulsion without actually resolving the geometry of the
propeller. The method employs a uniform volume force distribution over the cylindrical
virtual disk. The volume force varies in the radial direction, so the total force can be
calculated as the volume integral for the whole modeled cylinder. The radial distribution
of the force components follows the Goldstein optimum [53] and is given by

fox =AxrxV1—rx, (5)

where rx is the normalized disk radius defined as

r—r,
= —", 6
T - (6)

where ' = r/R, and rj, = R,/ R,. Volume force fy, is the body force component in the

axial direction, r is the radial coordinate, R, is the hub radius and R, is the propeller tip
radius. Coefficient A, is defined as

105 T

Ay =— ,
* 7 87 tg(Ry — Ry,) (BRy, + 4R,)

(7)

where T stands for the propeller thrust and ¢, is the virtual disk thickness. More about this
can be found in [54]. The simulation is performed for a certain operating point specified by
the thrust (T). The advance ratio is calculated by solving the following equation numerically
(J—advance coefficient, D—propeller diameter):

f(J) = Kr — Kt (8)

where Kr is evaluated from the propeller performance curve and K7, is evaluated as
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2
- J TOperating point

K; 9
T 0w VI% D2 ( )
With Kr available, the thrust is calculated for the propeller:
KrpyV3D?
T = TP”’TA (10)

With T(Toperating point) available, the axial body force component can be calculated.
Inflow plane is the plane inside the actuator disk where the volume-averaged velocity and
density are computed. The input thrust in this part of the simulation is equal to the total
resistance that is evaluated as the sum of the pressure resistance and viscous resistance of
the hull with the rudder included.

The wake fraction (w) is extracted at the propeller axis plane in a steady resistance
simulation.

The thrust deduction factor is calculated as per

Rt

t=1—— 11
b an

where Rt is the total resistance of the ship evaluated in the steady resistance simulation.

2.4.2. Steady Resistance Simulations

Total resistance, including viscous and pressure resistance, is obtained by rerunning
the self-propulsion simulation with a disabled actuator disk. This procedure implies the
same mesh as was used earlier but only without an actuator disk.

2.4.3. Boundary Conditions
Fluid domain dimensions are defined as follows (from origin):

Inlet: 2.5L,,—defined as velocity inlet;

Outlet: 3L,,—defined as pressure outlet with wave damping boundary option included;
Bottom: 1.5L,,—defined as velocity inlet;

Top: 1Lpp,—defined as velocity inlet;

Port Side: 2L, ,—defined as symmetry plane with wave damping boundary option in-
cluded;

e Starboard Side: 2L,,—defined as symmetry plane with wave damping boundary
option included.

The wave damping length is defined as two wave lengths, where the wave length is
calculated as per
270 -Fnf - Lyp, (12)

where Fn? is the Froude number based on the length.

2.4.4. Rigid Body Motion

Two degrees of freedom are allowed for the motion for the vessel, namely pitch and
heave, allowing for the dynamic trim and sinkage of the vessel.

2.4.5. Mesh

The triangle surface meshing method has been used to build the mesh. The prism-layer
mesher generates prismatic cell layers next to the boundary layer. The number of these
layers is calculated as per

1n(1—(1—sf)£1)
"= In(sf) - (13)

203



J. Mar. Sci. Eng. 2024, 12, 1265

9 of 31

k:

0.028 + 3.3<Z\%i \/@) n 18_7((:8%)2 n 2‘48(:%1526(1%)0.0533(%)0.3856 1

where sf = 1.3 is the stretch factor, ¢ is the boundary-layer thickness and y is the first-layer
thickness. These cells help to capture the viscous effects in the boundary layer correctly in
the region where the thickness is calculated as per [55]

5_ 016Ly 1)

7\/ ReLwl '

where L, is the length at the waterline of the ship and Re is the Reynolds number (L, in
subscription means that the Reynolds number is calculated with the waterline length as a
reference value, otherwise Lpp is used). The trimmed cell mesher creates a volume mesh by
cutting a template mesh with the surface geometry. The first-layer thickness is calculated
for y* =150 by following the guidelines in [47] where it is emphasized that y should be in
a range from 30 to 300. This value (150) is used as the target factor to ensure that the actual
y T values will fall within the required range.

1500

n . (15)

where v is the kinematic viscosity and u; is the shear velocity. The shear velocity or
frictional velocity is a fictious quantity, it characterizes the shear at the boundary layer, and

it is given by
Tw
U = | -2, 16
“ =\ pu (16)

where T, is the wall shear stress. This presents a contradiction as follows: determining
the thickness of the initial layer requires knowing the stress on the vessel’s hull, which in
turn needs to be assessed using CFD. Hence, the recommendation from the ITTC [46,56] is
utilized in this scenario to compute the wall shear stress for the hull.

Ty = 0.5((1 +k)Crs + Ca) V20w, (17)

where k is a form factor, Crg is the frictional resistance coefficient and Cy4 is the correlation
allowance.

0.075
Crs=——, (18)
(logyo Re —2)
Ca = (5.68 —0.6log; Re) - 103 (19)

The form factor is calculated as the mean value of the equations obtained by Grigson,
Wright and Conn and Ferguson given in [57]:

3 (20)

A grid convergence study is performed to assess the convergence of the results by
systematically refining a specific input parameter in StarCCM+. In this study, three simula-
tions are conducted, where the chosen input parameter is varied while keeping all other
parameters constant. The refinement value used in this study aligns with the guidelines
specified in [58] and is set to be uniform (1/2). By systematically refining the input param-
eter and comparing the results from the different simulations, the grid convergence study
aims to determine the level of convergence and establish the appropriate grid resolution
for accurate and reliable results.

The convergence ratio is defined as

R=21 1)
€32
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where ¢, is the difference between the solution obtained using medium and fine mesh
and e3 is the difference between the solution obtained using coarse and medium mesh.
R is used for the estimation of the convergence conditions: monotonic convergence is
achieved when 0 < R < 1, oscillatory convergence is achieved when —1 < R < 0 and
divergence is achieved when |R| > 1. The numerical uncertainty and error for monotonic
convergence condition is estimated using generalized Richardson extrapolation (RE). The
order of accuracy is calculated as per

_ In(ezn/en1)

= e e 22
p nv2 (22)
- €21
Ore = 71 (23)
The generalized RE solution (Sgg) can be derived by
SrE = 51— |6RE- (24)

To estimate the grid uncertainty Ug, a safety factor approach is employed, defining
UG as
Ug = FS - |0ge|, (25)

where FS = 1.25 is a safety factor. The normalized uncertainties are calculated as follows:

=46 100%. (26)
SRE

2.4.6. Post-Processing

In the numerical simulations conducted for this study, the direct consideration of the
roughness effects and air resistance resulting from the presence of a superstructure is not
included. However, these effects are accounted for in the post-processing stage by following
the recommended procedures and guidelines outlined in [59]. The ITTC guidelines provide
specific methodologies for incorporating the effects of the roughness and air resistance into
the analysis, allowing for an assessment of the overall performance and characteristics of
the ship. The roughness allowance (ACF) is calculated as per [60]

1
3
ACF = 0.044 ( ks ) ~ 10Re™3 | +0.000125 27)
Lwr
and the air resistance coefficient (C4 45) [54] is
-A
Cung = 0.8PA VS (28)

pw - WS’

where k; indicates the roughness of the hull surface equals 150-10~® m [58], and Ays is the
projected area of the ship superstructure to the transverse plane. The new total resistance is

calculated as .
P = 3V& WS po - (Cr + ACF + Cass), (29)

where C7 refers to the total resistance coefficient obtained as a result of the CFD simulation.
The new thrust is calculated as per
!/
R

T =
17 (30)
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Together with the propeller performance data (K1, Ko, 170(/)), the new operating point
is obtained by the numerical solving of equation:

T 2
—J"—K =0 31
oy ki) (31)
Once the advance ratio coefficient is obtained, the propeller speed (1) and torque (Qo)
can be evaluated:
. Va _ (1—w"V
~Jbp D '

Qo = Kgpwn’D, (33)

where K is evaluated from the propeller performance curve and Qy is the torque in the
open water condition. Hence, the actuator disk approach has been used in this case and the
relative rotative efficiency is adopted to be 1, which means that the torque is calculated as

Q=2 <0, (34)
R

(32)

Finally, the brake power can be evaluated as

_ 2nmQ

P,
’ 1s

(35)
where 75 is the shaft efficiency, adopted to be 0.99. The hull efficiency is considered to be
the same as in the steady resistance simulations, i.e., w’ = w and ' = t, where w’ and t’ are
the wake fraction coefficient and thrust deduction factor in post-processing.

Calibration factors C, and Cpy, are calculated as the average ration between the model
test (MT) results and CFD results for the propeller speed (1) and brake power (P).

Cp = T (36)
ncrD
by
Cpp = 2 ML (37)
bcrp

2.5. Trim Optimization

Trim optimization was conducted for drafts of 7.5 m, 8 m and 8.7 m at speeds of
12.5 kn, 15 kn and 18 kn at 7 different conditions (trims). The range of trims goes from
—1.5mto 1.5 m with a 0.5 m step. A negative sign means the trim by the bow and a positive
sign, the trim by the stern. The outcome of trim optimization in CFD analysis typically
involves determining the optimal trim settings for a vessel at considered drafts and speeds.
This optimization aims to minimize resistance and ensure optimal performance under
different operating conditions. By adjusting the vessel’s trim, operators can achieve better
hydrodynamic characteristics, leading to improved overall performance and operational
efficiency. With the available specific fuel oil consumption (SFOC) curve as a function of P,
a possible reduction in fuel consumption was also calculated.

2.6. Mathematical Model for Assessing the Outcomes from Trim Optimization

The first outcomes from the CFD simulations are the brake power and propeller speed
for one ship speed and draft, i.e., trim, i.e., displacement. The results are presented in the
form of relative differences between the brake power of the trimmed ship and the ship on
an even keel. A negative sign indicates that there is a saving, i.e., a reduction in the required
brake power for that case. A graphical example of the results is shown in Figure 3a, where
the relative brake power and fuel oil consumption savings are depicted as an area with
the ship speed on the x-axis, trim on the y-axis and relative power/fuel oil consumption
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savings on the z-axis. The optimal (favorable) sailing zone is depicted in green on the same
diagram, meaning that at the current trim and speed, less power or fuel oil consumption is
required compared to when the ship is sailing on an even keel. The yellow zone represents
the transitional zone where the change in the required brake power/fuel oil consumption
is negligible, while the red zone is the zone to be avoided because more power/fuel oil is
needed for the ship to sail at the same speed compared to sailing on an even keel. Each
point on the surface in Figure 3a corresponds to a certain displacement, where it depends
solely on the trim. For easier calculation, a surface V (trim, V;) is formed from each line V
(trim), and the surfaces for all three considered drafts are shown in Figure 3b. In order to
have smooth surfaces, all values estimated from the CFD analysis are linearly interpolated.
Therefore, the initial matrix 3 x 7 (3 speeds, 7 trims) is reshaped to 151 x 111 with a speed
step of 0.05 kn and trim step of 0.02 m. The main parameters from the initial matrix are
depicted with black lines in Figure 3a.

- Vat7.5m

- Vat8.0m
- Vat87m

§P,, 6FOC (%)

(b)

Figure 3. Results representation: (a) brake power/fuel oil consumption reduction for one draft;
(b) displacements for three considered drafts and each trim.

Additionally, values between drafts of 7.5 m and 8 m and from 8 m to 8.7 m are linearly
interpolated with a step of 0.01 m. Thus, from the initial matrix of 3 x 7 x 3 (3 speeds,
7 trims, 3 drafts), matrices (X;,) of size 151 x 111 x 120 are obtained where m is 6P, or V.

The daily fuel oil consumption (DFOC) is estimated based on the determined brake
power from the CFD simulation and the available specific fuel oil consumption (SFOC)
curve for the engine installed on the ship. The SFOC curve is approximated by a sixth-
degree polynomial:

SFOC = —5.54-1072°P,0 +3.75-10718P,> —8.28 - 107 4P,* +8.00- 107 °P,3 —3.11-107°P,2 — 9.63 - 10"*P, + 209 (38)

The mentioned polynomial provides SFOC values with an average error of 0.02%
compared to the exact available values from the reference document.

With the evaluated DFOC for each brake power, the same diagrams as shown in
Figure 4 can be created (Figure 5).

15 05
14 - 00
B s 10 9 3
V, (kn) Trim (m) V, (kn) Trim (m)

(@) (b)

Figure 4. Results representation: (a) brake power reduction (0P,) for 120 drafts; (b) displacements
(V) for 120 drafts and each trim.
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V, (kn) Trim (m)
Figure 5. Results representation for DFOC reduction.

In operations, after loading cargo onto the ship, only the displacement is known.
The goal of the conducted trim optimization is to find the optimal position, i.e., trim,
and recommend the sailing speed based on that single parameter. The optimal trim
and recommended speed are those at which the greatest savings in brake power, and
consequently fuel consumption, are achieved. The mathematical expression of the above
statement is as follows:

OPp iy = Hl.l].}cn(‘spb(ijk) ’ ‘V(ijk) - VLC‘ <e- VLC), (39)

where 6P, _ is the biggest brake power reduction where the corresponding displacement
V(%) is within a tolerance (e=0.0001) of the target displacement (V). Index i represents
the speed, j represents the trim and k represents the brake power reduction, i.e., displace-
ment in matrix X,,;. When 6P, . is found, it is easy to extract indices , j and k therefore to
derive the optimum trim and speed for the corresponding displacement, i.e., mean draft.
In practice, there may be a need for speed as an input parameter, which depends on the
operational requirements, and this case will be addressed in subsequent work.

Mathematical Model for Assessing Brake Power, DFOC and Propeller Speed

A sophisticated mathematical model utilizing artificial neural networks (ANNs) has
been developed based on the CFD results. By specifically addressing the challenges posed
by non-simulated loading conditions, this model offers a solution for estimating parameters
such as the brake power, propeller speed and DFOC.

At its core, the model employs a feedforward artificial neural network (FFANN), a
fundamental architecture in machine learning and deep learning. The FFANN's structure
comprises interconnected layers of neurons, including an input layer (white circles in
Figure 6), one or more hidden layers (gray circles in Figure 6) and an output layer (black
circles in Figure 6). Each neuron is equipped with adjustable parameters called biases,
which introduce flexibility by allowing for offsets or shifts in output. During training,
these biases are fine-tuned to better fit the data and ensure the accurate estimation of the
desired parameters.

hidden layers

Figure 6. Illustrated ANN structure of interconnected neurons (circles) and biases (squares).
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One of the key features of the FFANN is its one-directional flow of information, from
the input layer through the hidden layers to the output layer. This design simplifies the
learning process and enables the efficient modeling of complex data relationships. Addi-
tionally, activation functions embedded within neurons introduce non-linearity, enabling
the network to capture patterns present in real-world data.

Overall, this innovative approach represents a significant step forward in the ad-
vancement of engineering solutions. It not only addresses the inherent challenges of
non-simulated loading conditions but also sets a precedent for the application of artificial
intelligence in optimizing the performance of complex systems. As further research and de-
velopment are conducted in this field, the potential for ANNSs to revolutionize engineering
practices and transportation systems continues to expand.

In the context of a feedforward artificial neural network (FFANN), the connections
between neurons are governed by weights, which dictate the strength of the connections.
These weights are adjusted during the training process using an algorithm called backprop-
agation. The name “backpropagation” stems from its mechanism of iteratively propagating
errors backward through the network to adjust the weights and biases of neurons.

The training process involves two phases: the forward pass and the backward pass.
During the forward pass, input data are fed into the network, and predictions are made
based on the current weights and biases. These predictions are compared to the actual
outputs, and the resulting error is calculated.

In the backward pass, this error is propagated backward through the network, layer
by layer. The gradient of the error with respect to each weight and bias is computed
using techniques like the chain rule of calculus. These gradients indicate the direction and
magnitude of adjustment required to minimize the error. The weights and biases are then
updated accordingly.

At each neuron, the weighted sum of the inputs is computed by multiplying each input
value by its corresponding weight and summing the results. This sum is then combined
with the neuron’s bias:

Sx,i = f <Z Sxfl,i s Wy i + bx,i) ’ (40)
i

where f—activation function, S, ;,—output signal, of ith neuron in xth layer, S,_;;—
output of ith neuron in x — 1th layer, w, ;/—weights connected to the neuron and b, ,—
corresponding bias.

The resulting value is passed through an activation function, which introduces non-
linearity into the network. Common activation functions include sigmoid, tanh and others,
each serving different purposes in facilitating learning and modeling complex data rela-
tionships. In this case, the sigmoid function is used as follows:

f= (41)

The general form of the function is

fP71<-..'f2<bi+2]m:1(Bif'f1<af+ZZ:1<Ajk. (Pk'Xk+Rk))>)> ))) ~ G

I . @)

where
Xy—input parameters (number of neurons in input layer);
Y,—output parameters (number of neurons in output layer);
fis f2,- -, f(p—1), fy—activation function;
k,j,i,...,v,w—number of neurons in each layer;
A, B,..., P—weights between layers;
a,b,..., p—weights between neurons in each layer and bias.
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The software that has been used for training the ANN in this study is called aNETka,
developed in LabVIEW. The output file from this software is not a direct mathematical
model, just weights coefficients and four additional parameters called Down offset Input
(DIy), Down offset Target (DT,), Up offset Input (UI;) and Up offset Target (UT),).

DI = min(Xy) (43)
DT, = min(Y},) (44)
Ul = max(Xy — min(Xy)) (45)
UT, = max(Y, —min(Y},)) (46)

The rest of the parameters are calculated as follows:

P @7)
Ry = _0'91,.[11;? I 1005 (48)
L= o (49)
Gy = —% +0.05 (50)

In the trim optimization study, data obtained from CFD analysis, including brake
power, DFOC and propeller speed, were utilized as the output layer for training the artificial
neural network (ANN), while the draft, speed, trim and displacement are considered as
the input layer.

The applicability range of the model is defined within specific boundaries for each
parameter: draft (Ts) ranges from 7.5 to 8.7 m, speed (V;) ranges from 12.5 to 18 kn, trim
ranges from —1.5 to +1.5 m and displacement (V) ranges from 18,079 to 22,884 m3. The
input dataset for training consists of a 63 x 7 matrix, where number 63 represents the
total number of CFD simulations conducted and number 7 denotes each parameter. Four
parameters are designated as the input layer (draft, displacement, trim, speed), while the
remaining three represent the output layer (propeller speed, brake power, DFOC).

Prior to training, all data were normalized within the range of 0.05 to 0.95 to ensure
the stability of activation functions, which can be sensitive to extremely small or large
input values. This normalization step enhances the convergence and effectiveness of the
training process.

For testing purposes, 8% of the total input parameters (5 out of 63) were reserved,
while the remaining data were allocated for training. The training process was programmed
to iteratively adjust the weights and biases of the network, stopping when the Root Mean
Square (RMS) percentage error reached the target threshold of 1%:

TV — OV \?
TV

N 7

r

RMS = (51)

where TV —target values, OV—ANN output values, N—number of values.

When creating a neural network model, it is vital to carefully consider the number
of neurons in each layer and the presence of hidden layers. These decisions must be well
informed and tailored to match the complexity of the problem at hand and the specific
attributes of the dataset.
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In practice, just before leaving the port, the parameters that are categorized into
the input layer are usually known, but until now, the fuel consumption could never be
predicted in advance. It is very common that fuel consumption and the power engaged
by the engine are not monitored during the journey, and the amount of fuel used was
always determined retroactively. With such mathematical models and conducted CFD
simulations for a larger number of loading conditions, it is possible not only to predict
the fuel consumption in advance but also to determine the optimal speed at which the
ship should sail to minimize consumption. Knowing the fuel consumption, it is easy to
determine the amount of CO, emitted and predict the energy rating to which the ship will
belong according to [8], which is a direct indicator of energy efficiency.

2.7. Trim Optimization Software Application

Formulas derived for a particular purpose may not always be user-friendly, leading to
the creation of an application to facilitate their use. In this case, an application developed
using MATLAB’s App Designer package offers a user-friendly interface for utilizing these
formulas. The application allows users to input only one parameter, i.e., displacement
and obtain corresponding output values efficiently: optimum trim, speed, propeller speed,
brake power and DFOC. This enables users to quickly obtain results without the need for
manual calculations.

3. Results

The results in this section will be presented in subsections in the same order, i.e.,
following the phases outlined in Section 2 (Methods).

3.1. Three-Dimensional Modeling

In Figure 7, a 3D model and characteristic sections of the waterlines (a), buttocks (b) and
frames (c) are depicted in various projections obtained based on the construction drawings.

(b)

Figure 7. The 3D model of the RO-RO ship: (a) bottom view—waterlines; (b) starboard side view—buttocks;
(c) aft view—frames.

The propeller underwent a modeling process, aligning with the specifications outlined
in the reference drawing. A comparison was conducted between the 3D model of the
propeller and the reference drawing to ensure precise adherence to the intended design.
The findings of this comparison are visually presented in Figure 8, offering a clear repre-
sentation of the propeller’s details and shape. The 3D model of the propeller (Figure 9a)
enables engineers and designers to perform CFD simulations and evaluate performance
characteristics. The rudder was modeled to faithfully represent its original design but
without any gaps between the rudder shaft and rudder shell (Figure 9b).
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Figure 8. Propeller: comparison between drawing of 3D modeled propeller (red colored) and scanned
reference drawing.

(a) (b)
Figure 9. Propeller and rudder: (a) original propeller; (b) rudder.

3.2. First-Level Verification

The reliability of the developed 3D model was assessed by comparing its calculated
hydrostatic parameters against the corresponding ones given in the Trim & Stability booklet.
The corresponding percentage deviations between C,, V, LCB and WS are listed in Table 3.

Table 3. Comparison between hydrostatics data obtained on the basis of 3D model and Trim &

Stability booklet.
Ts (m) (Trim = 0) Gy \Y LCB WS
4 0.52% 0.88% —0.03% 0.54%
5 0.43% 0.77% —0.03% 0.74%
6 0.34% 0.62% —0.01% 0.63%
7 0.27% 0.51% 0.01% 0.38%
7.5 0.22% 0.43% 0.03% 0.42%
8 0.21% 0.42% 0.03% 0.74%
8.7 0.23% 0.42% 0.03% 0.79%
9 0.31% 0.40% 0.03% 0.82%
10 0.14% 0.31% 0.03% 0.87%
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0.8 -

S04 -

It can be easily observed that deviations between the calculated and reference values
of the hydrostatic data are less than 1%, especially for the range of interest (drafts 7.5 m,
8.0 m and 8.7 m).

3.3. Open Water Test

A graphical representation of the CFD results (K7, Kg, 770) from the conducted OWT
with the B-series propeller with data obtained with the mathematical model is presented in
Figure 10a, while the relative differences between each evaluated parameter are presented
in Table 4.

- 0.07 0.8 - 0.07
0.06 0.7 1 L 0.06
0.05 06 1 L 0.05

05 4
L 0.04 004
< 04 4 2
L 0.03 L 0.03
03
0.02 02 | L 0.02
0.01 01 4 + 0.01
0.00 0.0 ‘ : ; 0.00
05 0.6 0.7 0.8 0.9

J

----Kt (B series - MM) ----eta0 (B series - MM) ——Kt (B series - CFD)
——eta0 (B series - CFD) ----Kq (B series - MM) Kq (B series - CFD)

-=-Kt (original - CFD) -=eta0 (original - CFD) -=-Kq (original - CFD)

(a) (b)

Figure 10. Propeller characteristics. MM—results based on mathematical model, CFD—results based
on OWT CFD simulations: (a) B-series propeller; (b) original propeller.

Table 4. Relative differences between data obtained with mathematical model and results from CFD.

] 5KT 5KQ (51]0
0.5 1.9% —2.3% 2.2%
0.6 2.9% —0.8% 2.3%
0.7 2.8% 1.1% 1.2%
0.8 2.7% 2.4% 0.2%
0.9 2.2% 0.6% 1.0%

As the results for each of the advance coefficients are within the prescribed 3%, the
CFD calculation methodology is considered valid; therefore, with the same setup, the
original propeller OWT was conducted, and the results are presented in Figure 10b.

3.4. Second-Level Verification

The obtained results from the CFD OWT simulation with the original propeller are
used as the input propeller characteristics data in self-propulsion simulations. The first
group of simulations were conducted at a design draft (7.8 m) and speeds of 17 kn, 19 kn
and 21 kn because for these draft and speeds model tests, data are available.

In Figure 11, the meshed domain is shown. For a better evaluation of the free surface,
additional refinement zones are defined in wave field zones and near the hull (Figure 12a,b).
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Figure 12. Refinement zones: (a) stern part; (b) bow part.

The results from the completed self-propulsion simulations and steady resistance
simulations by following the procedure described in Section 2.4 are presented in Table 5,
where R is the pressure resistance and R, is the viscous resistance.

Table 5. Results from CFD analysis for design draft.

Vs (kn) Ry (kN) Ry (kN) Ry (kN) t(-) w (-) T (kN) Q (kNm) 1o (=) n (xpm) Py, (kW)
17 125.454 292.216 475.936 0.1746 0.2487  576.644 466.316 0.6736 103.1 5083
19 178.852 366.869 622.133 0.1579 0.2479 738.831 595.864 0.6721 116.0 7309
21 321.762 438.076 857.035 0.1600 0.2458  1020.295 820.407 0.6656 132.8 11,523

The results from the CFD analysis and model test data are graphically presented in
Figure 13. In Figure 13a, the brake power as a function of the ship speed curve is depicted
while in Figure 13b, the brake power as a function of the propeller speed is presented.

The calibration factors are C;, = 1.05 and Cp, = 1.04, which means that a 5% deviation
requirement in the results compared to the model test is met. Differences in the results
obtained from the CFD analysis and model testing can arise from several factors, such as
the reliability of the model testing results, the reliability of the method used to extrapolate
the results from the model to full scale, as well as the CFD analysis itself. A portion of the
difference undoubtedly stems from the differences in the OWT results presented in Table 4.
Due to all the aforementioned reasons, an acceptable margin of 5% exists according to [47].

In Figure 14, the y+ values for the underwater part of the hull are presented and the
average y+ value is pointed out (average y* = 70.61). A particular case is extracted from
the steady resistance simulation at a speed of 18 kn at 7.5 m draft. For all other speeds, the
y T values do not deviate from those aforementioned.
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Figure 13. CFD results for design draft: (a) P, as a function of V;; (b) P, as a function of n.

b - -
Average wall y+: 70.6098
(0) (d)

Figure 14. y* values: (a) bottom view; (b) bow part—perspective view; (c) starboard side view;
(d) stern part—perspective view.

Three different meshes were considered for the grid uncertainty study with mesh sizes
of 1.852 million cells (coarse), 3.628 million cells (medium) and 7.454 million cells (fine).
The study was conducted at a speed of 18 knots at a 7.5 m draft (even keel). The results of
the study, including the grid uncertainties for thrust, are presented in Table 6.

Table 6. Grid uncertainty results for thrust.

Mesh Quality T (kN)
Coarse 544.445
Medium 539.287
Fine 535.586

u 2.2%

3.5. Trim Optimization

The trim optimization CFD study was performed at a 7.5 m, 8 m and 8.7 m draft for
a range of speeds, 12.5 kn, 15 kn and 18 kn, at seven different loading (trim) conditions
and coarse mesh. Therefore, the results obtained for the propeller speed, brake power and
estimated DFOC are presented in Tables 7-9, respectively.
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Table 7. Propeller speed (1 [rpm]): CFD analysis results.

Trim by Bow (m) Even Keel Trim by Stern (m)
Vs (kn) —1.5 -1 —0.5 0 0.5 1 1.5

12.5 82.7 83.6 84.2 85.0 86.6 87.9 88.9

75m 15 97.2 98.3 99.3 100.9 102.2 103.5 105.3
18 116.8 117.9 119.0 119.7 1211 122.6 125.1

12.5 824 83.1 84.0 84.7 85.7 87.7 89.5

8.0m 15 98.3 99.3 100.2 100.7 102.3 103.5 105.8
18 120.4 120.2 121.2 122.3 123.5 126.1 127.4

12.5 84.4 85.0 85.7 86.4 87.3 89.1 91.2

8.7m 15 101.9 102.3 103.1 104.0 105.3 107.1 108.9
18 125.1 125.6 126.0 127.4 129.1 131.3 132.9

Table 8. Brake power (P, [kW]): CFD analysis results.

Trim by Bow (m) Even Keel Trim by Stern (m)
Vs (kn) —1.5 -1 —0.5 0 —1.5 -1 —0.5
12.5 2248 2335 2370 2447 2601 2739 2837
75m 15 3509 3665 3772 3965 4130 4414 4642
18 5957 6187 6345 6441 6667 7124 7480
12.5 2155 2221 2285 2357 2450 2664 2882
8.0m 15 3587 3719 3818 3869 4073 4352 4639
18 6595 6567 6750 6942 7120 7879 7991
12.5 2293 2353 2403 2478 2564 2771 3048
8.7m 15 4018 4072 4181 4303 4504 4890 5113
18 7531 7663 7707 8003 8405 9143 9361

Table 9. DFOC [t fuel/day]: CFD analysis results.

Trim by Bow (m) Even Keel Trim by Stern (m)
Vs (kn) —1.5 -1 —0.5 0 —1.5 -1 —0.5
12.5 10.70 11.08 11.24 11.57 12.25 12.84 13.26
75m 15 16.11 16.75 17.20 18.00 18.68 19.85 20.79
18 26.22 27.18 27.83 28.23 29.18 31.09 32.58
12.5 10.29 10.58 10.86 11.18 11.59 12.52 13.46
8.0m 15 16.43 16.98 17.39 17.60 18.45 19.60 20.78
18 28.88 28.76 29.53 30.33 31.08 34.26 34.73
12.5 10.90 11.16 11.38 11.71 12.08 12.98 14.16
8.7m 15 18.22 18.44 18.89 19.39 20.22 21.81 22.73
18 32.80 33.35 33.53 34.78 36.46 39.56 40.48

3.6. Mathematical Model for Assessing the Outcomes from Trim Optimization

Brake power reduction and DFOC reduction are linearly interpolated for additional
trims and speeds (values considered in CFD analysis) and the results are graphically
presented for the three considered drafts in Figures 15 and 16. The optimum trim and speed
are also depicted with red points in Figure 16. The black line in Figures 15 and 16 represents
a neutral line, i.e., the state of the even keel against which the brake power savings and
DFOC savings are calculated.
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Figure 15. Brake power reduction: (a) Ts = 7.5 m; (b) T; = 8.0 m; (c) Ts = 8.7 m.
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Figure 16. DFOC reduction: (a) Ts = 7.5 m; (b) Ts =8.0 m; (c) Ts = 8.7 m.

The biggest reduction in the DFOC can be achieved at a 1.5 m trim by the bow, 7.5 m
draft and speed of 15.17 kn (10.5%), while for the 8 m and 8.7 m draft, the biggest reduction
in brake power is at 12.5 kn (8%, 7%, respectively). Sailing at 12.5 kn instead of 15 kn or
18 kn, and maintaining an even keel, can result in greater fuel savings for higher drafts.
Although greater fuel savings might be achievable with a greater trim by the bow, any
condition more than —1.5 m trim by the bow cannot be attained on the current ship.

In Figure 17, wave fields are depicted for the case of Vs =15kn, T; =7.5mat trim =0 m
(Figure 17a) and at trim = —1.5 m (Figure 17b). It is evident that the total wave amplitude
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when trimmed towards the bow by 1.5 m is reduced by 0.25 m, indicating a decrease in the
pressure resistance—displacement ratio of 15% (see Table 10). The volume displacement is
multiplied by the gravity constant (9.81 m/s?) and sea water density.

(a) (b)

Figure 17. Wave patterns: (a) Vs =15 kn, Ts = 7.5 m, trim = 0 m; (b) Vs =15 kn, Ts = 7.5 m,
trim = —1.5m.

Table 10. Pressure resistance decrease.

Vs=15kn, Ts=7.5m Trim=0m Trim = —1.5m
Rp/V -10% () 0.6039 0.5127

In Figure 18, the free surfaces in the center line and along the hull are presented at
two different conditions: trim = 0 m (white hull) and trim = —1.5 m (yellow hull). The
black line corresponds to the free-surface level at a zero trim condition while the red line
corresponds to the free-surface level at a 1.5 m trim by the bow. In Figure 18a, the bow
waves are presented, while in Figure 18b, the stern waves are presented. The peak-to-peak
amplitude of the bow wave is reduced by 0.64 m while the stern wave is reduced by nearly
1 m when the ship is trimmed towards the bow by 1.5 m.

(b)

Figure 18. Free-surface cuts (Vs = 15 kn, T; = 7.5 m): (a) bow part—white-colored even keel hull;
black line represents free-surface elevation for even keel hull, yellow-colored (—1.5 m) trimmed hull;
red line represents free-surface elevation for trimmed hull; (b) stern part—white-colored even keel
hull; black line represents free-surface elevation for even keel hull, yellow-colored (—1.5 m) trimmed
hull; red line represents free-surface elevation for trimmed hull.
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For other drafts and trims, the impact of the bow trim remains similar; nevertheless,
there is a less noticeable reduction in the pressure resistance. It seems that this kind of
bulb has a better effect when it is more submerged into the water at lower drafts. This
contradicts what is highlighted in numerous literature sources, including [61,62] but it is
not the first time that the same conclusion with a fully submerged bulb has been set [63,64].

Mathematical Model for Assessing Brake Power, DFOC and Propeller Speed

Unfortunately, a single mathematical model did not attain the desired RMS within a
reasonable training timeframe and iteration count. As a result, two separate mathematical
models were devised as follows: one focusing on the brake power and DFOC and the
other dedicated to propeller speed prediction. The formula for brake power follows a
general form:

fa (CPh +Y7 (Cin “f2 (bi +12 (Bij fi (”j + Tk (Ajk (P Xyt Rk))))))) ~Cn

Py, = 52
b Ly, (52)
The general form of the function for DFOC is
f3(eproc + 7y (Ciroc - f2 (bi + £j24 ( Bij - fu (4 + Sty (Ajk - (Pe- Xi + Ry) — Gproc
o oroe 57 (Goroe (a5 5y o+ (4 D)o,
Lproc
The general form of the function for propeller speed is
f3 (Cn +Y (Cln f2 (b, + X5 (Blm -h (”m + oot (Ams - (P~ Xs + RS))>)))> — G
n= (54)
Ly
Configurations of the neurons for both mathematical models are presented in
Figure 19a,b.
aNETka configuration [0 [0 |7 |2 |0 b 0 aNETka configuration |u‘8_,u|1_j 0 |0 0 0
«x,»\

Outputs - Outputs

Function WI
(a) (b)

(Hidden layers)| (Hidden layers)| Function [Sigmoid |

Figure 19. Configurations of neurons: (a) for brake power and DFOC; (b) for propeller speed.

The obtained coefficients for Equations (52) and (53) are given in Tables 11-15, while
the coefficients for Equation (54) are given in Tables 16-19.

Table 11. Coefficients A and a for Equations (52) and (53).

Apn A A Aja %
1.39544 4.80982 ~1.76190 ~1.30478 ~0.75004
0.22339 3.25659 ~0.04068 2.23871 ~1.54100

~2.10995 3.49346 ~0.21458 121715 ~1.63827
3.03760 4.14154 ~2.40221 1.04647 —6.47006
—0.04455 0.71422 158515 ~0.98086 ~0.02750
~1.50944 0.27102 ~1.41296 152488 1.06833
—~0.97408 ~0.21472 ~0.34123 ~0.58728 0.38679
183711 2.00358 ~9.92587 ~1.27416 3.94278
0.08588 0.39723 1.06558 —~0.68159 —~0.95401
~1.45797 —~0.49383 3.67284 ~2.41111 0.23743
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Table 12. Coefficients B and b for Equations (52) and (53).

Bj Bjp Bj3 Bjs Bjs Bjg Bjy Bjg Bjg Bito b;

—3.94741 —1.10676 —1.51183 —3.90542  1.28454 1.37817 1.67905 10.13879  0.82581 2.39590 3.05951
—0.83685 —0.80410 —0.84916 —0.74439 —0.53931  1.20460 017759  —0.26222 —0.48840 —0.58512  0.76405
—1.21006 —1.28977 —1.53713 —0.74023 —1.04296 0.87026 0.00654 0.35832  —0.85771 —1.31206  0.45529

0.79825  —0.92382 —0.16195 —3.22868  0.48528 0.41493 0.29515  —2.64142  0.12449 1.60271 0.59712
—0.83157 —-1.72121 —-1.74315 —1.78391 —0.13521  2.35956 0.85288 1.08050  —0.61823 —0.66071  2.10411
—1.03458 —1.10428 —1.25646 —0.56187 —0.81983  0.76972  —0.00495 0.29741 —-0.77011 -1.13999  0.35562
—0.48851 —0.49214 —0.56036 —0.16494 —0.22853 0.26762  —0.48143 141729  —0.31051 —1.40889  0.36591

Table 13. Coefficients Cp, and cp, for Equations (52) and (53).

Cp,1 Cp,2 Cp,3 Cp,a Cp,s Cp,6 Cp,7 cp,
—3.60944 —1.69300 —1.92004 —2.15282 —2.51012 —1.80109 —2.08429 7.38079

Table 14. Coefficients Cproc and cproc for Equations (52) and (53).

Cproci Cproc2 Cprocs Cproca Cprocs Cproces Cprocy ¢DFOC
—3.60911 —1.64363 —2.01584 —2.11789 —2.49256 —1.76852 —2.02170 7.32870

Table 15. Coefficients Py, Ry, Gp,, Lp,, Gproc and Lproc for Equations (52) and (53).

Py Ry Gp, Lp, Gproc Lproc
0.75000 —5.57500
0.16364 —1.99545
0.30000 0.50000 —0.21915 0.00012 —0.25636 0.02980
0.00019 —3.33586

Table 16. Coefficients A and a for Equation (54).

Am Am2 A3 Ama Am
1.60283 1.91017 —1.71984 0.23942 —1.93017
1.62613 2.44722 —0.17892 —1.00908 —3.09041
1.09543 1.09342 2.08237 0.00351 —0.00032

—0.17611 2.37242 0.49469 1.22030 —2.13783
—1.12935 5.25606 —0.88296 —1.08825 —0.79561
—1.10799 —0.07232 —2.85448 0.21127 3.80378

—2.76944 2.04227 4.00000 —0.90497 —1.59122
—0.09699 1.92632 1.05398 —0.48593 —0.22092

Table 17. Coefficients B and b for Equation (54).

By Bpp By3 By Bjs Byg By Big b
—0.85076 —0.86022 —0.92193 —1.21839 —1.28573 0.12384 —0.42344 —0.84941 0.72250
—2.21759 —3.16121 1.26550 —1.20003 —2.78787 4.04679 —1.95753 0.95956 3.10950
—1.04299 —0.99883 —1.19340 —1.29826 —1.50607 0.14846 —0.49616 —1.15469 1.08981
—1.11884 —0.96068 —1.18134 —1.19153 —1.62624 0.20455 —0.46174 —1.00754 1.02576
—0.43893 —1.02698 —1.08333 —1.41701 —0.49332 1.67727 0.33505 —0.39926 1.34012

Table 18. Coefficients C and ¢ for Equation (54).

Cn Cn2 Cu3 Cua Cus Cn
—2.44334 —5.02627 —291111 —2.88484 —2.67661 6.86984

220



J. Mar. Sci. Eng. 2024, 12, 1265

26 of 31

Table 19. Coefficients Ps, Rs, G, and L, for Equation (54).

Ps Rs Gy L,
0.75000 —5.57500
0.16364 —1.99545
0.30000 0.50000 —1.41852 0.01782
0.00019 —3.33987

The standard deviations of the relative differences in the brake power, DFOC and
propeller speed calculated the values using Equations (52)-(54), and the results obtained
from the CFD analysis for the same three parameters are 0.6%, 0.6% and 0.2%, respectively.

3.7. Trim Optimization Software Application

The development of software focusing on trim optimization is another step forward
that demonstrates how engineering and technical practice can be more effectively connected.
The equations obtained (52), (53) and (54) are very complex and not suitable for manual
calculation. Additionally, the matrix obtained through interpolation of the CFD analysis
results contains over 2 million elements (a 151 x 111 x 120 matrix), meaning tabular or
graphical representation of the results will be impractical for the average user. Therefore, the
most elegant solution is to develop an application with a graphical interface. Today, there
are many software tools that operate based on writing in various programming languages,
but this task is addressed to other engineering disciplines. This paper demonstrates the
development of a software tool within MATLAB App Designer. MATLAB App Designer is
highly suitable for the rapid development of simple applications as it has certain functions
predefined within the Component Library. In this specific case, only three predefined
functions were used: “Button”, “Edit Field” and “Label”. The interface design is depicted
in Figure 20:

Input displacement [18,078 — 22,884m3]

Calculate
Corresponding Mean Draft [m] Pb [kW]
Optimum Trim [m] Daily FOC [t/day]
Optimum Speed [kn] n [rpm]

Figure 20. Application interface design.

In the “Input displacement” label, the user should insert the current displacement
in cubic meters in the range from 18,078 to 22,884 m®. The estimation of the optimal
trim, corresponding mean draft, estimated speed, brake power, DFOC and propeller
speed is performed by simply clicking the “Calculate” button. In case the user inputs a
displacement below or above the specified values, despite the stated applicability limits of
the mathematical model, and initiates the calculation, a message will appear on the screen:
“Displacement is out of range” (see Figure 21).

Input displacement [18,078 — 22,884m3] | 23000

Displacement is out of range

Corresponding Mean Draft [m] Pb [kW]
Optimum Trim [m] Daily FOC [t/day]
Optimum Speed [kn] n [rpm]

Figure 21. Wrong input.
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If a displacement within the specified limits is entered, and the “Calculate” button is
clicked, all the data are instantly displayed (see Figure 22).

Input displacement [18,078 — 22,884m3] | 19000

Negative sign — Trim by bow

Corresponding Mean Draft[m] | 7.79 Pb kW] |3094
Optimum Trim [m] | -1.46 Daily FOC [t/day] | 14.3
Optimum Speed [kn] | 14.40 nrpm] |935

Figure 22. An example input.

The application provides results based on previously obtained mathematical models
for estimating the optimal trim, speed, corresponding mean draft, brake power, DFOC and
propeller speed. There is also a note that sign “—" in the Optimum Trim label corresponds
to the trim by the bow. Due to the specified project task, which required trim optimization
at certain speeds, trims and drafts rather than displacements, it is clear that for the same
mean draft and different trims, the vessel has different displacements (due to the different
position of the ship, the Cj is different and therefore displacement). Considering the
upper limit of the performed calculations with a draft of 8.7 m and taking into account
various trims, accordingly, the upper limit of displacements for which the calculations were
performed at this draft (8.7 m) is variable (refer to Figure 4b). Considering the obtained
results, there is a displacement range where the optimal trim is 0 m, meaning that sailing
on an even keel is recommended (see Figure 23). This zone starts from the displacement
corresponding to a draft of 8.7 m and even-keel position.

Input displacement [18,078 — 22,884m3] | 22500

sepsteenies

Corresponding Mean Draft [m] Pb [kW]
Optimum Trim [m] Daily FOC [t/day]
Optimum Speed [kn] n [rpm]

Figure 23. An example input of displacement that is at the upper limit of the mathematical
model’s application.

The mathematical model does not take draft as an input parameter but determines the
mean draft by seeking the optimal trim for a given displacement. It is logical to apply the
recommendation of the optimal trim obtained from the mathematical model only through
the additional ballasting of the vessel if achieving the optimal trim cannot be attained with
the existing ballast water in the tanks (if any). This is manifested by further increasing the
displacement. Therefore, it is necessary to rerun the application with the new displacement.
Through a few iterations, the optimal trim can be achieved, thus obtaining the estimated
ship speed, propeller speed, brake power and DFOC in a reliable manner. It should be
noted that the application is not part of the Loading Computer nor does it track stability
data for a specific loading condition for a recommended optimal trim. However, it can be
integrated into the Loading Computer system to enhance its functionality.

4. Discussion and Conclusions

In this work, not only trim optimization aiming to improve the energy efficiency of the
ship, but specifically the CII parameter by reducing the fuel consumption, was presented.
The methodology for approaching this issue using CFD software, the application of results
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obtained from CFD analysis, i.e., using an ANN to develop a mathematical model that
provides estimates of the parameters (brake power, DFOC and propeller speed) for all
conditions for which CFD calculations were performed, as well as for all intermediate con-
ditions, was also introduced. Since the use of an ANN resulted in a complex mathematical
model that is not straightforward to use in engineering practice, it went a step further,
incorporating it into a simple software tool (application).

The entire trim optimization process is described through seven phases that should
be applied to other types of ships in future research to develop a universal methodology,
not only for trim optimization but also for CFD calculations based on which various
engineering analyses such as the optimization of the bow or stern, determination of V,,¢
for EEX], efficiency of energy-saving devices, etc., can be conducted. For now, the applied
methodology, which includes 3D modeling of a digital twin whose hydrostatic parameters
differ by up to 1% when comparing the same parameters with data from the Trim & Stability
booklet, has proven to be sufficiently good. With additional assumptions about determining
the boundary-layer thickness and shear wall stress, i.e., shear velocity, satisfactory accuracy
of the y+ parameters, which are very significant for obtaining reliable results, was achieved.
The obtained values of y* (approximately 70-72) differ from the initial target y+ of 150,
which is to be expected because the equations used to estimate both the boundary-layer
thickness and wall shear stress are not the only ones that can be applied and are very
general. For example, the formula for the boundary-layer thickness applies to a flat plate,
but in calculating the shear stress, a form factor is included, which is itself obtained based
on empirical expressions. Therefore, these formulas cannot provide exact parameter values
because these parameters are actually calculated by CFD analysis. However, they can be
used to determine enough fine mesh (parameters) so that the results obtained by CFD
analysis fall within prescribed limits, according to currently published requirements (up to
5% difference in power brake and shaft speed) for a specific ship case.

The application of an ANN to develop a mathematical model has proven to be very
reliable. Generally speaking, artificial intelligence (Al) is increasingly finding applications
in various engineering industries, where new design approaches can be developed, and
existing ones significantly accelerated based on machine learning. It should be noted that
the obtained mathematical model applies to navigation in calm waters, which is practically
an almost impossible scenario. This approach, which encompasses multidisciplinarity
(CFD analysis, ANN application, software tool programming), can lay the foundation for
the further development of the shipbuilding industry from an engineering perspective. In
the future, research should further focus on the impact of trim optimization on maneuver-
ability and seakeeping, as these characteristics are crucial for safe navigation. Currently,
these aspects are often overlooked in trim optimization projects, as they are not typically
included in the project assignments. Addressing this gap will enhance the overall safety
and performance of maritime ships.

The further idea is to collect real (measured) data on fuel consumption, engine power,
ship speed and navigation conditions during voyages. Monitoring and recording some
of these parameters have already become mandatory through [10]. Based on the stored
parameters and the formed database, and with the help of machine learning and Al, it will
be possible in the future to predict in advance to which energy class the ship belongs and
what can be changed during real-time operation to make the ship “green”. This can lead to
a global reduction in exhaust gas emissions instantly, without ship owners being exposed
to penalties imposed by the system because the CII is determined retroactively.
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1 Introduction

The bulbous bow is a significant feature integrated into ship designs to improve their overall
performance. However, relying solely on original design assumptions may lead to suboptimal results,
potentially hindering the vessel's efficiency during operation. To address this issue and optimize ship
performance, this paper proposes a practical methodology for retrofitting the bulbous bow to suit the
actual operational profile of container ships. By analyzing four years' worth of operational data, this
study identifies the most frequent sailing conditions, including speed, draft, trim, and displacement.
Using this information, multiple bulbous bow configurations by following Kracht (1978) are derived
and subjected to numerical simulations, tailored to various sailing conditions. The proposed framework
not only optimizes the bulbous bow for container ships but also extends its application to other vessel
types such as bulk carriers, tankers, and large commercial ships. By customizing the bulbous bow design
to match specific operational profiles, significant improvements in fuel efficiency, environmental
sustainability, and overall operational performance can be achieved. This research underscores the
significance of accounting for real-world operational conditions when designing and optimizing the
bulbous bow. Leveraging operational data and conducting numerical simulations facilitates the
identification of optimal configurations, aligning vessel performance with its actual sailing conditions.
Implementing these optimized bulbous bow designs has the potential to revolutionize the maritime
industry by enhancing ship performance and promoting energy efficiency. By prioritizing the practical
considerations of real-world operational conditions, this paper presents a valuable approach to improve
the overall efficiency of ships, contributing to a more sustainable and eco-friendly maritime sector. CFD,
or Computational Fluid Dynamics, has revolutionized the process of bulb optimization. Before its
introduction, research was primarily based on physical model testing. However, CFD has made it
significantly easier and faster to refine bulb designs. This technological advancement has allowed for
the incorporation of economic and ecological considerations into bulb design, going beyond just
hydrodynamics (refer to Schneekluth et al 1998). This advancement enables engineers and designers to
not only improve the hydrodynamic performance of the bulb, but also to take into account factors such
as cost-effectiveness and environmental impact. As a result, bulb optimization has become a more
comprehensive and efficient process, ultimately leading to better-designed vessels and a more
sustainable approach to shipbuilding. The first serious attempts to improve ship design using CFD
began during the previous decades which includes parametric design Lu et al (2016), Yang et al (2016),
Peri et al (2001), Sharma et al (2008), Wagner et al (2014) and many others. A common characteristic
among all of them is that the bulbous bow has a positive effect at higher speeds (refer to Schneekluth
et al (1998)). In this paper, bulb optimization is presented as a measure to improve the energy efficiency
of a container vessel in order to meet the Carbon Intensity Indicator (ClI) criteria defined in Resolution
MEPC.353(78) (2022). The concept of a CIl within the shipping industry, designed to gauge and
manage the carbon emissions associated with maritime activities, has emerged as a crucial tool in
addressing environmental concerns and reducing the sector's carbon footprint. The aim of the measures
is to improve the fleet average carbon intensity by at least 40% in 2030, relative to 2008 (refer to
Resolution MEPC.377(80), (2023)).
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2 Methodology

The container vessel used for analysis was built in 2006 and is currently still in operation. The vessel
in question belongs to the 2550TEU class with a maximum displacement of 45740t and a deadweight
of 34248t at a design (and scantling) draft of 11.5m. The length between perpendiculars is 199m, and
the moulded beam is 30.2m. Based on available construction drawings, the ship's 3D model has been
created. The reference hull model is depicted in Figure 1.

Fig. 1. Reference hull model

The analysis of operational profile is based on NOON reports submitted by the ship’s crew for the
period of 2018-2021. Excluding arrival, departure and port inputs and focusing only on seagoing logs
the most common operational profile is derived. The average speed over four years of exploitation is
14kn which is a lot less than the design speed of 22.5kn and even less than described in Hochkirch et al
(2009) where 70% of design speed was considered as usual reaction of containership operators to the
high fuel prices. The most common loading condition is also nowhere near the design draft of 11.5m at
even keel. The actual loading condition is closer to aft draft Ta = 9.15m and fore draft Tr = 8.15m with
the displacement of approximately 32000t.

Operational data was used to obtain ClI values in accordance with Resolution MEPC.352(78) (2022).
The calculation results show that for the three consecutive years the ship is graded “D” [refer to
Resolution MEPC.354(78) (2022). Therefore SEEMP Part Ill containing ship operational carbon
intensity plan should be created and serve as the implementation plan for achieving the required ClI
(refer to Resolution MEPC.347(78) (2022)).

Based on provided operational data numerical simulation parameters are formed. Vessel simulation
speeds are set at 10, 14, 18, 20 and 22.5 knots. The main draft for the simulations is Ta = 9.15m and T¢
= 8.15m (aft and fore respectively). The ballast draft of Ta = 7.82m, Te = 4.12m is used to verify the
simulations methodology and setup against the model test and sea trial results. In Figure 2 are presented
brake power (Pb) versus speed (V) curves extracted from available model test report and sea trial report,
together with simulated same loading condition. Numerical simulations match the model test and sea
trial results with 2% deviation. In all numerical simulations, self-propulsion with actuator disk (body
force propeller) method was used.
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Fig. 2: CFD vs model test vs sea trial

Different bulbous bow configurations are tested for the determined operational draft. Three significant
bulbous bow shapes were tested: nabla-type (V-current design bow), delta-type (4), O-type (refer to
Kracht (1978)) and vertical stem due to the fact that the average speed is slightly below the threshold
of Fn=0.17, which represents the lower limit for the beneficial impact of bulbous bows (refer to
Schneekluth et al (1998)). Bulbous bows additionally varied in length since the operational speeds were
lower than the design speed. The bulbous bow lengths were originally planned at their designated
designed bulb length, as well as in two reduced variations: one at 10% shorter and another at 20%
shorter than the originally specified dimension. Designed bulb length is the length measured from
forward perpendicular to the most prominent point of the bulb. A longer bulb was not considered due
to the ship's operating speed being lower than its design speed. Increasing the bulb's length could
potentially result in a longer overall length of the ship, which in turn might affect the floodable length.
The floodable length is critical as it defines the maximum length of the ship that can be flooded without
submerging the margin line. The margin line of a ship is an imaginary waterline located 75 mm below
the uppermost continuous watertight deck.

In total, ten different bow configurations were tested at five different speeds at the most common draft.
In the Figure 3 are presented all bow configurations and their centers of volumes. To gauge the
effectiveness of the new bulbous bow design at the original design draft, an additional simulation was
carried out. This simulation entailed a comparison between the new design and the original bulbous
bow, providing insights into the new design's performance under the initial design draft conditions. A
dimensionless parameter, specifically the ratio of thrust to displacement (T/D), has been determined In
to compare the results for all configurations.

Fig. 3: V-type, A-type, O-type bulbous bows, respectively (transverse view (left) and longitudinal
view (right))
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3 Results

Figure 4 presents the results obtained from conducted simulations in the form of a 3D surface plot. On
the x-axis, ship speed is varied within the range of 10 to 22 knots. On the y-axis, ten different considered
configurations are depicted, ranging from 1 to 10. Configuration no. 1 corresponds to the best design,
while configuration no. 10 represents the least favorable design. The "best" configuration is determined
as the one that exhibits the most significant relative reduction in T/D (Thrust-to-Displacement ratio) on
average across all speeds when compared to the original design. On the z-axis, denoted in Figure 4, a
non-dimensional ratio T/D-10° is illustrated, defining the surfaces within the figure. The green-colored
surface represents a reduction in T/D, indicating improved performance, while the red surface represents
an increase in T/D, suggesting decreased performance. Ship no. 4 serves as the reference one,
representing the original design, and is distinguished by a bold line in the figure. Each red dot on the
plot corresponds to a specific configuration and is accompanied by a number indicating the relative
reduction or increase in T/D compared to the originally designed bulb, presented as a percentage. In the
accompanying Table 1, appropriate labels are provided for each configuration. The letter 'V' is used to
represent a vertical stem in the design configurations, V represents nabla-type bow, A represents delta-
type bow and O represents O-type bow. Extensions such as -0, -10, and -20 indicate the original bulb
length, a bulb length 10% shorter than the original, and a bulb length 20% shorter than the original,
respectively.

Table 1. The order of effectiveness of the bow design configurations and their labels
Ship No. 1 2 3 4 5 6 7 8 9 10
Label \Y V-20 | V-10 V-0 A-10 | A-20 A-0 0-20 | O-0 | O-10

[1, A 7D[%]

o © = b by

F*1000

iy

¥ [kn]

Ship No. 2 el
| 10

Fig. 4: Comparative analysis of T/D ratios for diverse ship bow configurations and speeds

In the context of the analyzed scenario, the vertical configuration has emerged as the most advantageous
choice, showcasing an average T/D enhancement of 9.1%. It is followed by the V-20 and V-10
configurations, which exhibit 2.7% and 0.7% reductions in the T/D ratio, respectively. Conversely, all
other configurations have demonstrated inferior performance when compared to the original design,
with deviations reaching as high as 10%. This indicates that, in this specific context, the vertical
configuration offers the most favorable balance between thrust and drag, resulting in significant
efficiency gains, while alternative configurations present varying degrees of inefficiency, with some
significantly falling short of the original design's performance. Furthermore, it's worth highlighting that
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the daily fuel oil consumption with this V configuration would be reduced by 9%, a significant
improvement that would likely enable the ship to achieve a grade of C for the next three years.

To further enhance the analysis, an additional simulation of the optimal V configuration was conducted
at the design draft, and the results are depicted in Figure 5 where the results at new draft are also
presented. According to findings at design draft, the V configuration exhibits inferior characteristics in
terms of the T/D ratio compared to the original design (V-0), with an average increase of 6.5%.
Additionally, at a speed of 14 knots, it lags behind by 2.8%. This outcome aligns with expectations
since the original design (V-0) was optimized specifically for that loading condition (design draft).
However, it's worth noting that the ship has never sailed at the design draft during the last four years.
This suggests that the V configuration may be a better choice than the original design (V-0) under the
current operational conditions, emphasizing the importance of considering operational conditions and
optimization criteria when selecting the appropriate configuration for a given application. In Figure 6,
the design configurations of the original bulb (V-0) and the vertical stem (V) are displayed at new draft.
The red part, depicted in red, will be replaced with a green part, and it encompasses the section in front
of the bow collision bulkhead and below the upper deck.

6
~———— V-0 (design draft)
—=——V/ (design draft) -
=4 ===-V-0 (new draft) A
@, ====-V (new draft) Y,
X
Q2 =272
|_
0
8 12 16 20 24
V [kn]
Fig. 5: V design compared to original V-0 design at Fig. 6: V-0 (left) and V design (right)

design draft (solid lines) and new draft (dashed lines)

By implementing a vertical stem instead of a bulb, the amplitude of the bow wave is reduced by as
much as 28%. The wave profile is illustrated in Figure 7, where the green curve represents the wave
corresponding to the vessel with a vertical (V) bow stem, and the orange curve represents the wave
corresponding to the original (V-0) design. The x-axis depicts the non-dimensional parameter of the
ratio between the reference length (X) and the length between perpendiculars (Lpp), while the y-axis
represents the free surface height measured from the even keel.

=
= o
%lofb%& ™
35
8 .
&0 p — J iy -
0.2 s 0 02 04 0.6 0.8 1 1.2
Xpp -]
—V-0 —V

Fig. 7: Water surface elevation
4 Conclusion

The conducted numerical simulations for the most common load case of a container ship have yielded
compelling results, showcasing the superiority of the simple vertical bow configuration. This outcome
is not surprising, given the significant deviations between actual sailing conditions and the originally
intended design condition. It underscores a critical point: adapting the vessel's design to real-world
operational scenarios can lead to substantial improvements in efficiency. Specifically, by transitioning
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from a bulb to a vertical stem, the potential for enhanced efficiency becomes evident, with fuel
consumption and CO, emissions potentially reduced by up to 9%.

Furthermore, the study challenges conventional wisdom by revealing that the commonly recommended
practice of having the bulb protrude slightly above the free surface (matching the new draft) may not
universally apply. Instead, a fully submerged bulb, akin to the design draft, proves to be more effective
in this particular case.

The vertical stem configuration emerges as a favorable choice, particularly for vessels frequently
navigating at varying drafts and trims. Its advantages include simplicity and cost-effectiveness in
manufacturing. To achieve an optimized design during retrofit, it is imperative to conduct meticulous
analyses of operational data collected during voyages. For new ship construction projects, the vessel's
future usage must be a central consideration, ensuring that the design is adaptable to multiple drafts and
trims. This dynamic approach was previously impractical with traditional model tests, which were time-
consuming and costly. However, the adoption of CFD and artificial neural networks offers a faster and
more cost-efficient means of arriving at optimal solutions, ultimately enhancing the performance and
sustainability of modern maritime transportation.
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Abstract

The biofouling of ship hulls has a significant impact on both the environment and the ship. A negative
effect on the environment is manifested by an increase in pollution with greenhouse gasses and
disrupting the ecosystem by translocating microorganisms, sea plants or animals from one place to
another. Biofouling film which appears on the immersed hull part through the years increases surface
roughness and therefore induces a streamlines disturbance and together with increased wet surface
affects the increase in total resistance. As a result of greater total resistance, a larger amount of fuel
combusts over time, thus greenhouse emission is being increased. A numerical model based on
Reynolds Averaged Navier-Stokes (RANS) equations with incorporated different roughness effects as
equivalent sand grain roughness height in one Computational Fluid Dynamics (CFD) software has been
conducted in this paper. Simulation has been applied to one bulk carrier and represents the effect of
dry-docking the ship after several years in operation and treating the hull with high-performance coat
such as self-polishing coating (SPC) or silicone- and fluorine-based fouling coatings (FRC).

1 Introduction

Biofouling is one of the problems that appeared together with the invention of the first ships. It could
be said that fauna and flora don’t want us in their environment, therefore they try to conquer every
foreign thing that enters their habitat by fouling. This effect is negative for both sides, the natural
ecosystem could be damaged when various species arrive with a ship from one destination to another.
On the other side, the biofouling layer increases the wetted surface of the ship and together with
streamlines disturbance due to non-smooth surface, affects the increase in total resistance, whence it
implies power increase, consequently implies to increase in fuel combustion, and finally increase in air
pollution. Air pollution is the main reason why is this topic very attractive nowadays.

Until today, many attempts were carried out in order to find the relation between roughness that
represent fouled hull surface and the total resistance of a ship. Schultz (2005) conducted an experimental
study to compare the frictional resistance of several ship hull coatings in unfouled, fouled and cleaned
conditions with a flat plate. The increase in friction coefficient (C¢) compared to smooth surface in the
unfouled condition ranged from 3% to 6%, in fouled 50%-217% and cleaned 3%-11%. Song et al.
(2020a) presented an experimental investigation into the effect of roughness on ship resistance and
provided validation of Granville’s similarity law scaling (Granville (1958, 1978)) by using test results
of a flat plate and a model ship. Frictional resistance of towed plate was increased up to 94% and the
total resistance of the model ship up to 32%. This is validated later in CFD analysis and shown in Song
et al. (2020b). The ,,orange peel“ surface roughness drag penalty was empirically estimated by Utama
etal (2017) and got a 31% increase compared to the hydrodynamically smooth surface without suffering
and fouling. Hakim et al (2018) continued previous work and tried to verify the previous estimation by
CFD with scanned recently cleaned and painted hull. The hull surface had an ,,orange peel* type of
roughness ranging from 0.1 to 0.5 mm and they got an increase of 7.5% to 28% in total resistance. More
detailed research was described in Demirel et al (2017) where a formula for hydrodynamic roughness
as a function of barnacle height and percentage coverage is presented. In this case, roughness range
from 2.5 mm to 5 mm leads to an increase in total resistance from 30% to 100%. As per Song et al.
(2021) and experimental results with Wigley hull with various hull roughness conditions it is concluded
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that added resistance is dominantly affected by the bow than at the aft with the same wetted surface.
Over the years, CFD has become more and more popular in these kinds of research. So, the influence
of roughness is not only checked on friction resistance, but also on wave resistance. Song et al. (2019)
and Farkas et al. (2019, 2020) in three independent investigations have discovered that wave resistance
can increase or decrease depending on the dominance of the wave-making resistance and the viscous
pressure resistance. Moreover, Farkas and Song continued their work together and published Farkas,
Song et al. (2020) the impact of biofilm on ship propulsion and concluded that the efficiency of the
propeller decreases from 2.8% to 9.4% and therefore increases the power from 1.4% to 36.3%.
According to Olmer et al. (2017), on average, hull fouling increases the power by about 7% and ranges
from 2% to 11% depending on the ship’s age and maintenance schedule. The increase in power leads
to an increase in fuel consumption and as per some research (see Schultz et al, (2011)) 10.3% more fuel
will be needed each year but together with applied anti-fouling coatings this value could be lower. The
assessment of return on investment varied approximately from 1.5 to 3 years (see Farkas et al. (2021)).
Extended research for the world fleet gives a total annual saving of about 3000 million USD (see Milne
etal. (1971)).

2 Integration of roughness effect in CFD

As per Schultz (2007) there are several types of roughness i.e. fouled hull surfaces: 1) Hydraulically
smooth surface; 2) Typical as applied anti-fouling coating; 3) Deteriorated coating or light slime; 4)
Heavy slime; 5) Small calcareous fouling or weed; 6) Medium calcareous fouling; 7) Heavy calcareous
fouling. Each type of mentioned roughness corresponds to one value of equivalent sand grain roughness
(keq) and average hull roughness (AHR), see Demirel et al. (2017), Schultz (2007).

The equivalent sand grain roughness is an input parameter for Naval Hydro Pack CFD software based
on CFD code within Open-FOAM used in this calculation. Idea is to represent the effect of dry-docking
the ship after several years in operation and treating the hull with high-performance coatings such as
self-polishing coating (SPC) or silicone- and fluorine-based fouling coatings (FRC). According to
Doulgeris et al. (2012), average hull roughness amplitude increases gradually by 30 microns each year
due to biofouling. If ITTC guidelines are being followed (see ITTC (2021)) where is indicated that for
a new-built ship standard value of 150 microns for roughness should be used. So, a ship after five years
in operation which is an usual period between dry-docking will have at least 300 microns of hull
roughness. Haslbeck et al. (1992) described interesting research when for one ship sea trials have been
conducted just after coating the ship and 22 months later. The results show that the difference in shaft
power was 8-9%.

One of the available mathematical models for sand grain roughness can be found in Hadzi¢ et al. (2022):
keq=0.0013AHR?-0.3723AHR+70.144, if AHR < 1000 pm and ke;=AHR, else. 1)

This polynomial is based on Schultz (2007) and it is already used in software Naval Hydro Pack as
described in Hadzi¢ et al (2022). Within this research, the effects of biofouling are applied to the bulk
carrier with the following particulars:

Table 1: Ship particulars.
Lpp[m] | 186.65
B [m] 30

T [m] 10.7
A[md) 52106

Three speeds are considered: 11, 13 and 15 knots. Five simulations were performed for each speed with
different average hull roughness: smooth hull, 75, 150, 300 and 600 um. Calm water resistance
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simulations are performed in full scale without appendages and results are compared with the available
results of model tests. The 3D model of the considered ship is shown in the following Fig. 1 and Fig. 2:

Fig. 1: Bow view.

2 Results and discussion

Fig. 2: Aft view.

Obtained results, shown in the following Table 2, are presented as differences in viscous (AFv), pressure
(AFp) and total resistances (AFt) between considered rough hulls and the smooth hull.

Table 2: Results.

AFRv AFp AFt
AHR 11 kn 13 kn 15 kn 11kn | 13kn 15kn 11 kn 13 kn 15 kn
75um | 12.0% | 14.2% | 159% | -1.5% | -3.3% | -9.5% 8.9% 9.9% 9.1%
150 um | 10.2% | 12.2% | 13.7% | -2.5% | -3.6% | -10.1% | 7.3% 8.3% 7.3%
300 um | 19.2% | 22.0% | 24.3% | -1.2% | -0.7% | -7.8% | 14.4% | 16.4% | 15.7%
600 um | 55.7% | 59.0% | 61.4% | 14.6% | 13.0% | 2.8% 46.2% | 47.7% | 45.7%

Roughness allowance significantly affects the increase in viscous resistance, but it has also been proven
again that pressure resistance (wave-making resistance) could be increased or decreased just as in Song
et al. (2019) and Farkas et al. (2019, 2020). To verify this procedure, the estimated total resistance with
included roughness of 150 um has been compared with the available model-scale test results for a range
of speeds 11-15 kn and the differences are from -2 to -7% (on average -3.8% (see Fig. 3)). The minus
sign means that CFD simulations underestimate results, which is expected in this case because the
model used for tests was equipped with the rudder. Besides, it can be noticed that the character of results
obtained by CFD simulations doesn’t agree with the expected for the lowest considered AHR. Namely,
itis concluded that evaluated added resistance is lower at AHR=150 pm than at AHR=75 um. The reason
is exactly in polynomial which has a global minimum at approximately 143 um of AHR. In the Fig. 4
can be seen that differences in resistances follow the trend of the used polynomial (1).
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Fig. 4: Trend of keq polynomial and resistances.
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The average differences in total resistance for 300 um and 600 um compared to total resistance with
150 um of AHR are 7.3% and 36.1%, respectively. So, if the hull before cleaning had 300 um or 600
um of AHR, the expected savings in brake power after cleaning/painting are 8.8% and 45.5%,
respectively. However, there is still a question if the hull is treated with a high-performance coating,
with roughness lower than 150 um. By using the aforementioned polynomial (1), there is no doubt that
power saving will be less than expected. However, in some articles, such as Dean et al. (2010) and
Ibrahim et al. (2018), fluid drag reduction could be achieved with a non-smooth surface like shark skin.
This effect can reduce resistance from 3.9% to 5%.

However, Marine Environment Protection Committee through MEPC 78/INF.16 (2022) still didn’t
approve the previous method for roughness inclusion in CFD. The only accepted method is to calculate
the resistance roughness allowance according to ITTC (2021) formula:

ACF(ITTC) = 0044((AH R/LWL)1/3-10R8'1/3)+0.000125, (2)
where Lw. is the length at the waterline, and Re is the Reynolds number.
The new total resistance coefficient Cr is calculated as follows:

Cr=Cy+ Cy+ ACk(Tr0), 3)

where Cyand Cyare viscous and pressure resistance coefficients obtained in CFD simulation.

After each provided CFD simulation with implemented sand grain roughness, roughness allowance can
be computed as:

ACrcrpy = Crhull with roughness) = CT(smooth hull) (4)
and assuming that:

ACF(CFD) = Acp(hull with roughness) + Acv(hull with roughness) , (5)

because it is proven that roughness affects both pressure and viscous parts of resistance. New
simulations have been done in an iterative way for various values of keq until:

ACrcrp) = ACr(TT0) (6)
is reached with an accuracy of less than 5%.

If formula (1) is applied, differences between ACrcrpyand ACrgrrc)are shown in Table 3. Significant
differences are noted between two coefficients.

Table 3: Differences between roughness allowances.
AHR 75 um 150 um 300 um 600 pm
ACrcrpy ACr(110)-1 840% 40% 45% 170%

Every new keq were being interpolated between previously computed and after several iterations, new
differences between roughness allowances are presented in Table 4:

Table 4: Differences between roughness allowances.
AHR 75 um 150 um 300 um 600 pm
ACkg(crpy ACratTc)-1 N/A 2.5% 4.8% 3.7%

For 75 um of AHR, an accuracy of less than 5% couldn’t be achieved. For the rest of AHR, the required
accuracy has been accomplished. Second order polynomial trendline has been set to approximate the
results and therefore new formula for sand grain roughness has been presented:

Keq = -1.62626E-04AHR 2 + 2.26394E-01AHR + 1.28182, (7
for Keg > 150 um and Keq < 600 pm.

A summarized table with values of sand grain roughness according to formula from Hadzi¢ et al. (2022),

data from Schultz (2007) and the new polynomial (7), based on CFD results, are shown in Table 5,
while the corresponding graph is presented in Fig. 5.

238



Table 5: Summarized sand grain roughness values.

Hadzi¢ et al (2022) Schultz (2007) New polynomial
AHR [um] Keq [pm] Keq [pm] Keq [pm]
0 70 0 0
75 50 N/A N/A
150 44 30 32
300 75 100 55
600 315 300 79
350
300 y 54
250 -
g 200 ’ _
$150 e
= 100 - ’/" -
50 ~ . —_ - - ’/ * —)
0 O/__ﬂ_—&’y_ﬂf
0 100 200 300 400 500 600 700
AHR [um]
— - -Hadzi¢ et al (2022) = = = Schultz (2007)

New polynomial O New keq
Fig. 5: Sand grain roughness curves.

With polynomial (7), new simulations are conducted and results are presented in the same way as they
are in Table 2:
Table 6: Results with new polynomial.

AFRv AFp AFt

AHR 11 kn 13 kn 15 kn 11kn | 13kn 15 kn 11 kn 13 kn 15 kn
150 pm | 8.1% 9.6% | 10.9% | -3.7% | -4.9% | -105% | 5.4% 6.0% 5.2%
300 pm | 134% | 15.8% | 17.7% | -02% | -3.6% | -1.0% | 10.2% | 11.0% | 12.7%
600 um | 22.4% | 25.6% | 28.2% | 3.3% | 0.2% -1.5% | 18.0% | 19.3% | 20.3%

The average differences in total resistance for 300 um and 600 um compared to total resistance with
150 um of AHR are 5.5% and 12.9%. If the hull before cleaning had 300 pm or 600 pm of AHR, the
expected savings in brake power after cleaning/painting are 6.6% and 15.7%, respectively. This is in
accordance with Olmer et al. (2017) if five years are considered to be a maintenance schedule.

3 Conclusion

Obtained new formula (7) can be applicable for bulk carriers similar to the considered ship with a range
of Froude numbers Fn=0.13+0.18. It should be noted that Schultz (2007) presented data for the US
Navy ship. In future work, limits of applicability should be extended to cover larger numbers and kinds
of ships, together with AHR higher than 600 um. With new polynomial (7), wave resistance can again
be increased or decreased depending on ship speed, while the effect of roughness is decreased compared
to a polynomial (1). However, with provided iterative process, the satisfactory accuracy could not be
met for 75 um of AHR. More detailed analysis has to be performed for values of AHR less than 75 pum.
Moreover, Anderson et al. (2020) could not find any strong correlation between AHR only and sand
grain roughness. They suggest including hydrodynamic characterization of hull coating and expected
fouling in CFD setup.
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1 Introduction

Accurate prediction of ship resistance using Computational Fluid Dynamics (CFD) requires thorough
validation against both model-scale and full-scale data. However, full-scale ship resistance
measurements are extremely difficult to carry out, which is why throughout the entire history of
shipbuilding, only a few such cases have ever been recorded. In 1874, William Froude towed an English
corvette HMS Greyhound to demonstrate the transferability of model test results to full-scale ships
(Froude, (1874)). In 1950/51, the British Shipbuilding Research Association performed extensive
testing on the 390-ton ferry Lucy Ashton using four externally mounted Rolls-Royce jet engines (Denny
(1951)). In 1953, SSPA (Sweden) towed a 70 m long destroyer Wrangel, built in 1918, using a nylon
rope to reach 20 knots (Nordstrom (1953)). For the first time, the nominal wake field of a full-scale
vessel was measured. This was followed by wake measurements on HMS Penelope in 1974 (Canham
(1974)).

This study presents a comprehensive summary of benchmarking efforts for CFD simulations of ship
resistance, starting with the Lucy Ashton vessel, a historical case supported by full-scale resistance
measurements with installed jet engines on her deck. To broaden the evaluation, an additional vessel
with an extensive experimental dataset-comprising model-scale and full-scale resistance measurements,
full-scale self-propulsion data, wake field measurements-was analyzed. This expanded dataset enabled
a more detailed assessment of simulation accuracy and scale effects. The outcomes from this study will
support the organization of a dedicated CFD workshop, using the additional vessel as a reference case
to promote standardized practices and improve simulation accuracy in maritime hydrodynamics.

The Lucy Ashton, originally a Clyde paddle steamer built in 1888, was repurposed in the mid-20th
century as a floating laboratory for hydrodynamic research. After its retirement in 1949, the vessel
underwent significant modifications to eliminate confounding variables and optimize its suitability for
resistance testing. The removal of paddle wheels, machinery and deckhouses streamlined the hull, while
sand ballast and structural reinforcements stabilized the ship for precise measurements. To enhance
hydrodynamic smoothness, the hull surface was meticulously faired, with plate edges sharpened to
reduce turbulence. A notable innovation was the installation of four Rolls Royce Derwent V jet engines
on a custom gantry, generating over six tons of thrust to propel the ship to speeds of approximately 15
knots. This jet propulsion system eliminated the wake interference and unstable towing forces typical
of conventional tugboat methods, enabling controlled resistance measurements. Emergency water
brakes-steel flaps beneath the gantry-were added to counteract the jets’ inability to reverse thrust,
ensuring safe deceleration. A soundproof cabin designed by BBC engineers shielded the crew from the
deafening engine noise, while strain gauges on the engine mounts provided precise thrust data. These
modifications underscored the ingenuity required to adapt retired vessels for scientific rigor, balancing
operational practicality with experimental accuracy.

The Lucy Ashton experiments, documented across multiple studies between 1951 and 1955 (Denny
(1951), Conn et al. (1953), Lackenby (1955), Smith (1955)), pursued several interrelated objectives.
First, they sought to correlate full-scale resistance measurements with predictions from model tests,
using Froude’s skin-friction coefficients to bridge scale differences. This involved testing six
geometrically similar models ranging from 9 to 30 feet in length, with results highlighting discrepancies
in skin-friction corrections and the influence of hull surface conditions. Aluminum paint, red oxide
paint, faired versus unfaired seams and the effects of paint deterioration were systematically evaluated,
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revealing measurable differences in resistance that underscored the importance of surface finish in
hydrodynamic performance. A second focus was quantifying the resistance increments caused by twin-
screw appendages, such as bossings and shaft brackets-a novel contribution, as prior studies had relied
solely on model-scale data. The findings revealed scale-dependent effects, with appendage resistance
increasing disproportionately at smaller scales, challenging assumptions about geometric similitude.
Later phases of the program explored operational factors like fouling, virtual mass during acceleration
trials and boundary layer dynamics using Pitot traverses. These investigations provided a holistic view
of resistance contributors, from microscopic surface roughness to macroscopic appendage interactions.
Decades later, the Lucy Ashton resurfaced as a benchmark for CFD validation during a 2024 blind
workshop organized by Chalmers University of Technology. Participants simulated the ship’s resistance
using 1950s trial data, focusing on the smoothest hull condition-faired seams with aluminum paint-to
isolate hydrodynamic effects without the confounding variable of surface roughness. The study by
Lopes et al. (2025) revealed both the promise and limitations of modern computational tools. While
simulations broadly captured trends across Froude numbers and scaling ratios, challenges emerged in
accurately resolving the free surface interaction near the hull. Artificial viscosity in the numerical
models led to underpredicted resistance at full scale, a discrepancy attributed to the “smearing” of
turbulent structures. Incorporating hull roughness and allowing limited degrees of freedom in heave and
pitch motions improved agreement with experimental data, though the double-body approach-a
common simplification-proved inadequate at higher Froude numbers where wave-making resistance
dominates. Additionally, Prohaska’s classical method for estimating form factors yielded inconsistent
results compared to CFD-derived values, suggesting a need for updated empirical correlations. Despite
these challenges, the ITTC-78 extrapolation procedure aligned well with full-scale resistance when air
drag and roughness were excluded, reaffirming its utility in practical ship design.

Parallel to the Lucy Ashton efforts, the 1967 trials of another vessel in the Baltic Sea addressed similar
questions for large vessels. Using a family of models at three different model scales, the study aimed to
validate extrapolation methods for resistance, propeller thrust and power demand. Her propulsion
system-three water jets inspired by the Lucy Ashton’s design-delivered 12,000 HP of thrust, measured
via strain gauges on the jet mounts. Unique to this experiment was the removal of the propeller to isolate
total resistance, a technically demanding maneuver that required recalibrating thrust measurements.
Pitot tubes and Prandtl tubes mapped the wake and boundary layer velocity distributions, while a force
balance on the rudder shaft quantified steering forces. The results critiqued the ITTC 1957 skin-friction
line, which was found to underpredict resistance increases at higher Reynolds numbers due to its
insufficient slope. However, the study confirmed the universality of the logarithmic boundary layer
profile (with von Karman constants K = 0.41 and C = 5.0) and revealed that thrust deduction fractions
remained scale-invariant, simplifying extrapolation procedures. These findings reinforced the
importance of boundary layer physics in resistance prediction while highlighting gaps in mid-century
extrapolation practices.

Instrumentation played a pivotal role in both studies. On the Lucy Ashton, two Pitot logs positioned 72
and 97 feet aft of the bow provided boundary layer profiles and speed measurements during trials. These
devices, extended up to three feet from the hull, faced challenges during traversal, with data stability
issues requiring rigorous filtering. Calibration via measured-mile runs ensured reliability within £3%,
though only data for a single speed (10.18 knots) were fully validated. The logs revealed a 50% thicker
boundary layer at the aft position (0.46m vs 0.3m forward), illustrating the progressive growth of
viscous effects along the hull.

The first CFD workshop that considered full-scale conditions was organized in 2016 with the now well-
known ship Regal (Ponkratov (2016)). The same author had already addressed this topic earlier,
validating CFD results against full-scale sea trial measurements (Ponkratov and Zegos (2014),
Ponkratov and Zegos (2015)).

The main question is whether CFD results are more reliable than full-scale measurements, as there are
many disturbance factors that can affect measurement results, such as sea currents, waves, wind and
hull surface roughness. Recommendations for correcting measured data have been published through
the 1SO 15016 standard (ISO, 2025). The aim of CFD workshops is precisely to draw conclusions on
whether CFD can be used as an adequate substitute for experiments. According to the results of past
CFD workshops, there has been no indication of optimism regarding achieving the desired agreement
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between experimental and numerical results. Moreover, over the past decade, a decline in the reliability
of CFD code results has been observed, reflected in increased deviations in resistance prediction for the
same model and mesh quality among workshop participants (Hino et al. (2021)).

In 2025, additional workshops are planned that will reach a higher level by organizing the following
test cases: turbulent wake, wave breaking, course keeping in waves and cavitation. In addition, two
more workshops will focus on full-scale powering performance for single-propeller and twin-propeller
ships.

This paper presents an initiative for organizing an additional workshop that would cover basic resistance
prediction analyses at multiple model scales as well as at full scale, propeller performance in open water
in full scale (Open Water Test — OWT) and full-scale powering performance. No CFD workshop
organized so far has covered all four of these research areas simultaneously.

The chapter on CFD results presents the reliability of numerical methods in predicting total resistance
for both model-scale and full-scale ships for two different vessels, as well as OWT and powering
performance predictions for one of them.

For setting up and analyzing the CFD simulations, the IACS (2024) guidelines were followed along
with an internal methodology developed in-house.

2 CFD Results

Fig. 1 presents the total resistance coefficient (Cr) for the Lucy Ashton model obtained through both
experimental measurements and CFD analysis across six different geometric scales. The dashed lines
represent experimental data (labeled M in legend), while the solid lines correspond to CFD results. All
values are plotted as a function of the Reynolds number. In Fig. 2, full-scale resistance measurements
(discrete points), a fitted resistance curve derived from those measurements (dashed line) and the CFD-
predicted full-scale resistance (solid line) are shown as a function of vessel speed. Full scale measured
resistance data during sea trials (ST) were corrected to standard temperature, displacement, for the effect
of helm while wind and air resistance and tide effect were eliminated, as per standards of the time when
ST were conducted. The CFD results accounted for hull surface roughness, which was included in post-
processing according to Denny (1951). A more accurate agreement between CFD predictions and
experimental measurements was observed at higher speeds for the model-scale tests, whereas in full
scale, better agreement was obtained at lower speeds.

Across all considered cases, both model and full scale, the discrepancy between CFD-predicted and
experimentally measured total resistance values did not exceed 5%, demonstrating the reliability and
accuracy of the applied simulation methodology.

O o
Re
--Scale ]l M Scale2 M --Scale 3 M
--Scale4 M --Scale5 M --Scale 6 M v
~Seale 1 CFD ~Seale 2 CFD ~Seale 3 CFD Full scale ST points - - Full scale ST —Full scale CFD
—Scale 4 CFD —Scale 5 CFD ——Scale 6 CFD
Fig. 1: Total resistance coefficient, six different Fig. 2: Total resistance coefficient, full scale,
model scales, Lucy Ashton, comparison Lucy Ashton, comparison between full scale
between model test data (M) and CFD data from ST and CFD

The same CFD methodology applied to Lucy Ashton was used for a second vessel, which will be the
focus of an upcoming CFD workshop. Fig. 3 shows the estimated total resistance values of the bare hull
model (labeled M in legend) in three different scales, obtained both experimentally (dashed lines) and
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via CFD (solid lines). In order to protect proprietary experimental data before the workshop is
concluded, the x-axis is represented using a transformed function f(Re), known only to the authors.
For each scale, CFD simulations were conducted at six different speeds while ensuring Froude number
similarity between scales. The comparison revealed that the CFD results deviated by no more than 5%
from the experimental measurements. Fig. 4 shows full-scale resistance values obtained through CFD
(solid line) and a trendline (dashed line) based on full-scale measurements (points) during ST for a ship
wothout propeller but with all appandages. Once again, the deviation between CFD-predicted and
experimentally measured resistance remained within 5%, confirming the applicability of the method to
ships of different dimensions and operational conditions.

Ry
R,

ARe) fiRe)
= Scale | M Scale? M -- Scale 3 M - - Full scale ST —Full scale CFD - Full scale ST points

——Scale 1 CFD——Scale 2 CFD-=Scale 3 CFD

Fig. 3: Total resistance, three different model Fig. 4: Total resistance, full scale, comparison
scales, comparison between model test data (M) between full scale data from ST and CFD
and CFD

To estimate delivered power, an OWT was simulated using CFD for the vessel's propeller. The propeller
had predetermined geometric properties and simulations were conducted for six different advance
coefficients. The objective was to derive hydrodynamic performance characteristics, namely the thrust
coefficient (Kt), torque coefficient (Kq) and propeller efficiency (Eta0). These results are shown in Fig.
5, where the x-axis again uses f(Re) to ensure data protection. Since experimental open water tests were
not available for the specific propeller design in full scale nor in model scale, the CFD results were
benchmarked against a mathematical model (MM) corresponding to the propeller series installed on the
vessel. Deviations between the CFD results and the mathematical model remained within 3% across all
advance coefficients, further validating the CFD methodology.

Kt, Eta0
Kq

SRe)
—K(CFD =~ = Kt MM ~Eta0 CFD
~=-Ftad MM —~Kq CFD ~a-Kgq MM

Fig. 5: Propeller characteristics, comparison between CFD and MM

Based on the previously determined propeller characteristics and resistance predictions, self-propulsion
simulations were performed to assess powering performance. The actuator disk method was used to
model the propeller's effect and estimate the required thrust for each of the six speeds analyzed. In the
post-processing stage, a hull roughness value of 300 um was introduced in accordance with ITTC (2024)
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recommendations. Since specific roughness data were not explicitly documented for the vessel, this
standard value was adopted due to explanation that it could be exptected. Additionally, air resistance
due to the superstructure was included as per ITTC (2021) guidelines. Fig. 6 shows the delivered power
estimated from CFD (solid line), the trendline based on ST measurements (dashed line) and the original
data points. Fig. 7 presents shaft speed in the same format. The x-axis for both figures again uses the
protected function f(Re). In both cases, deviations between CFD results and ST measurements did not
exceed 5%.

2 =
\\K
\\—- —_
f(Re) SRe)
--Full scale ST —Full scale CFD Full scale ST points - - Full scale ST —Full scale CFD Full scale ST points
Fig. 6: Delivered power, measured during ST Fig. 7: Shaft speed, achieved during ST and
and CFD results CFD results

3 Conclusions

The results of the conducted CFD simulations, which included analysis of total ship resistance, open
water propeller characteristics and self-propulsion performance, indicate that a universal and reliable
methodology can be applied to ships of different types and sizes, across both model and full scales. This
methodology demonstrated reliability for a range of Froude numbers from 0.1 to 0.3, with deviations
between CFD predictions and experimental results consistently within the limits recommended by
relevant international standards - 5% for total resistance and delivered power estimates and 3% for open
water tests (OWT). The comparative analysis conducted for the historical ship Lucy Ashton across six
model scales and full-scale conditions showed that CFD methods can replicate experimental resistance
values with minimal discrepancy. Similarly, the methodology was successfully applied to a second
vessel, the subject of an upcoming CFD workshop, confirming its applicability to a hull form with
entirely different geometric characteristics. Importantly, in both cases, full-scale CFD simulations were
post-processed to include hull surface roughness and air resistance in accordance with ITTC (2021,
2024) guidelines. The consistent agreement between numerical and experimental results across all
studied domains reinforces the validity of this CFD approach and its potential to complement, or even
substitute, physical model tests in certain design phases. This is particularly relevant given the logistical
and financial constraints associated with full-scale trials and tank testing.

Looking forward, the goal is to organize a CFD workshop that will, for the first time, integrate four key
analysis domains: multi-scale resistance prediction, full-scale resistance validation, open water test and
delivered power estimation. No previously held CFD workshop has covered this full scope
simultaneously.

Future research will also involve the application of this methodology to more different hull forms and
propulsion configurations to evaluate its versatility.
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buorpadmuja ayropa

Martwuja H. Bacunes, macT. uHXk. Mal., poheH je 24. okrobpa 1994. rogune y Kpymesiy, Pery6nuka
Cpb6uja. OcHoBHY 1Koy ,,Muoapar Yajetunan Yajka“ y Tpcrenuky 3aBpumo je 2009. rogune ca
ommaHUM ycrniexoM. Hakon Tora je moxahao ['mmuasujy ,.Byk Kapayuh* y Tpcrenuky, npupoaHo-
MaTeMaTHYKH cMep, Kojy je 3aBpimo 2013. ronune, Takole ca OIJIMIHAM YCIEXOM.

Ikoncke 2013/2014. roquae ynucao je OCHOBHE akaJIeMCKe CTYHje — MAITHHCKO HHKEHEPCTBO Ha
VYHuusep3utety y beorpany — Mammackom dakynrery. OcHOBHe cTyauje 3aBpiro je 2016. rogune
ca YKYITHOM TipocedHoM orieHoM 9,93 (meset u 93/100). 3a u3BaHpenan ycrnex OMo je MOXBaJbeH Ha
pBoj, Apyroj u Tpehoj roguHu ctyauja. TokoM apyre u Tpehe roamHe cryauja Ouo je JOOUTHHUK
crunienanje Munucrapcersa npocsere Peryoimke CpOuje, a Ha Tpehoj ronuHu 10010 je ¥ IPeCTHKHY
crunennujy PonHna 3a muaae TaieHTe MuHucTapcTBa omiaauHe u crnopra Pemybnuke Cpbuje —
»locuteja“. Tlopen Tora, 6Mo je TOOMTHHUK CTHIICHIWjE 32 MJIaJe TalleHTe OMmmTHHE TPCTeHUK, a
2016. roguHe M CTUNEHAM]E 32 M3Y3€THO HaJapeHe CTyJaeHTe MUHUCTapCTBa MPOCBETE, HayKe U
TEXHOJIOMIKOT pa3Boja PemyOimmke Cpowuje.

HIkoncke 2016/2017. ronune ynucao je MacTtep akaJeMCKe CTyAHje — MAITUHCKO WHXXCHEPCTBO,
moxayn bponorpanma, Ha MammHckoM dakynreTy YHuBep3utera y beorpamy. Macrep crynuje
3aBpmmo je 2018. roguHe ca yKymHOM mpocedHoM orieHoM 9,55 (neser u 55/100). Macrtep pajn Ha
Temy ,,McrpaxkuBama MoryhHOCTH 32 M00O0JbIIAKE MPOITYJI3UBHIX KapaKTEPUCTHKA TAKMUYAPCKUX
ioBHEUX o0jekara Capa u Jlynas® onOpanuo je y okroopy 2018. ronune ca orieHoMm 10 (mecer), o
MeHTOpcTBOM npod. np Anekcanapa Cumuha. Ha o0Ge roaune mactep cryauja 6Mo je JOOMTHHK
IIOXBAJI€ 32 U3BAaHPEJIaH ycIeX, Kao u crunenanje Munucrapersa npocsete PenyOminke Cpouje (mpBa
roauHa) u crunenavje Ponaa 3a mitaje TaneHTe MuHUCTapcTBa OMIIQAMHE U criopTa — ,,JlocuTeja‘
(npyra ronuna). [ToHOBO je 100MO CTUTIEHIU]Y 3a MJIaJIe TaJIE€HTE OMIITHHE TPCTEHUK.

YV mnepuony 2016-2018. ocBajao je mpBa MecTa Ha TakMUYemMMa MammHckux ¢akynaTeTa
(Mamunnjagama) u3 obnactu MatemaTnke u Mexanuke. Takobe, ox 2017. go 2018. rogune 610 je
YIaH CTyJleHTckor Tuma MamuHckor ¢akynrera ,,Confluence Belgrade® (oncex bpomorpanma), ca
KOJUM j€ MOCTHUTrao 3ama)keHe pe3ysiTaTe — OCBOjUBIIH MPBO, APYTo U Tpehe MecTo Ha Mel)yHapogHOM
TakMHueny ,,Hydrocontest” y paznuuntum kaTeropujama.

On 2018. o 2020. ronuHe OUO je 3amociieH Kao MHXewep Opoaorpaame y komnanuju ,,NTL Ship
Design®, y cexTopy 3a OpoJiIcKe KOHCTPYKIIHje, TA€ je paJuo Ha U3paau TEXHUYKE JOKYMEHTAIH]e,
JTMMEH3HOHHCaky KOHCTPYKTUBHUX €lIeMeHaTa M ONTHMHU3AINjU OPOACKUX CTPYKTYypa.

On 2020. no 2025. rogune Ouo je 3amociieH y kommaHuju ,,Ocean Pro Marine Engineers® kao
MAIIMHCKU UHXEHEP — KOHCTPYKTOP, Y CEKTOPY 3a EHEPIreTCKy e(pUKacHOCT Opo/10Ba, IJIe yUeCTBYje
y pa3Bojy ¥ IpUMEHU MHOBAaTUBHUX pelIeka 3a yHanpehewme eHeprercke epukacHocTy noctojehux
Y HOBHX IUIOBMJIA, ca MOCEOHMM akiieHToM Ha npuMmeny CFD ananuza u onTMMH3a1njy TOTOHCKUX
cucrema.

[Hxoncke 2021/2022. roqune ynucao je JJOKTopcke akaJeMCKe CTyIHje — MAIlIMHCKO MHKEHEPCTBO
Ha MammmHckoM (akynTtery YHuBep3utera y beorpany, rie TpeHyTHO CIPOBOJM HCTPaKUBamba U3
00JacTH XHAPOJAMHAMUKE W HYMEPHUYKHX CHUMYyJalldja y MMOMOPCKO] WMHAYCTPHU]JU, ca TOCEOHUM
¢doxycoMm Ha pa3Boj mapamerapckux (opmyna 3a ontumuzanujy mpexxa y CFD cumynanujama u
yHarpeheme enepreTcke ehukacHoCTH OpoIoBa.

On okto6pa 2024. ronune Ha MammHckoM (akynrery YHuUBep3utera y beorpamy, crude 3Bame

UCTpakuBaya npumnpaBHuka Ha Kareapu 3a Opogorpaamy, a of janyapa 2026. roguHe je U 3BaHHYHO
3anociieH Ha MammHckoM ¢akynTeTy YHuBep3uTera y beorpany kao cTpydHO-TEXHHYKH CapaJHUK
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W W3BOAM HactaBy u3 mnpeamera Otmop Opona, [lpomymsuja Opoma, Kopmumapeme Opoma wu
Pauynapckux anara y Opogorpaimu.

Ilo3HaBame CTPAHMX je3uKa
- Enrneckw jesuk - roBOpH, YnTa U THIIIE.
IMo3naBame pajga Ha pauyHapy

- Mwma 3HauajHe BelITHHE KOaUpama y mporpaMckuM codreepuma Matlab/Simulink, Latex.

-  HMwma Bumeromumimse HUCKYCcTBO y Kopumhewmy codtBepa Microsoft Office, Autodesk
AutoCAD, CorelDraw, 3D Beam, Genie, Rhino, Siemens StarCCM+ kao u SolidWorks,
Inkscape u DelftShip.

HcrpaxkunBauke 00J1acTH

- bponorpanma.

OcTtago

- Bosauka no3Bona 3a b kareropujy Bo3uia.

- CyocHuBau Y apyxema CTyJiIeHaTa Opoorpaimhe.

- OcHuBau MelyyHapoiHOT yIpysKeHha MalIMHCKUX UHXCHEPA.

- Bumeronummu unan Y apyxkema Oponorpal)eBHUX HHKEHEHA U TEXHUYApa.
- Unan melhyHapoaHOT yApyKeHba BUCOKOMHTEIUTCHTHUX JbYIH ,,Mensa®.
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H3jaBa o0 ayTopcTBY

Nwme u npe3ume aytopa Maruja H. Bacuiies
Bbpoj unpnekca J131/21
N3sjaBbyjem

J1a je TOKTOPCKa JArcepTallyja 1moj HacJIOBOM

INapameTrapcko nogemaname Mpe:xke y CFD npopauyHnMa ca NpUMeHOM V AaHAJIHM3H
eHeprercke epukacHocTH 0poaOBa

. pe3yJITaT CONCTBEHOT UCTPAXKUBAUKOT pajia;
. Jla TucepTalvja y HeJIMHH HU y JIeJIOBUMa HUje Oujla MpeaioskeHa 3a CTHIIAkEe Jpyre
JUIIOME TIpeMa CTYIHjCKUM MPOrpaMuMa APYTUX BUCOKOMIKOJICKIX YCTaHOBA,;
. Jla Cy pe3yiATaTH KOPEKTHO HaBEACHU U
. Jla HUCaM KPIITNo/Jia ayTOpCcKa MpaBa U KOPUCTUO/JTa MHTEIIEKTYalIHy CBOJUHY JIPYTUX
nuua.

[Tornuc aytopa
VY beorpany,
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M3jaBa 0 HCTOBETHOCTH IITAMIAHE U €JIEKTPOHCKE Bep3Hje JOKTOPCKOT paja

Nwme u npe3ume aytopa Maruja H. Bacuiies

Bbpoj unpnekca J131/21

Cryaujcku nporpam JlokTopcke cryanje — MallmHCKO HHKEHBEPCTBO

Hacnos pana [lapamerapcko nozgemaame Mpexke y CFD npopauyHuma ca
IPUMEHOM Yy aHaAJIM3U eHepreTcke eukacHoctu 6pooBa

MenTop penoBuu npocdecop ap Munan Kanajuuh, Yausepsurer y beorpany,

MamuHcku (baKVJ'ITeT

W3jaBpyjeM na je mTamiiaHa Bep3dja MOT JIOKTOPCKOT pajia MCTOBETHA CIIGKTPOHCKO] BEp3UjU
KOjy caM Ipe/iao/iia pajid MoxXpamuBama y JJurutaiHnoM perno3utopujymy YHuBep3ureray beorpany.

Jlo3BosbaBaM Ja ce 00jaBe MOjU JIMYHU MOJAIM Be3aHU 3a JOOHjame akaJIeMCKOT Ha3uBa JIOKTOpa
HayKa, Kao MITO Cy UME U MPe3uMe, TOANHA U MECTO poherma U 1aTyMm ofdpaHe paja.

OBu nMYHM TOJAIM MOTy ce O00jaBUTH Ha MPEXHUM CTpaHMIIAMa JUTHTalHE OMOIMOTEKe, Y
€JIEKTPOHCKOM KaTaJlory U y myOnukanujama Y HuBep3urteta y beorpany.
[Tornuc aytopa

VY beorpany,
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M3jaBa o0 kopumhemwy

Opnamhyjem YHuBep3utercky Oubmmoreky ,,CBero3ap Mapkosuh™ ga y JlururamHu
penozuTopujyM YHuBep3uTeTa y beorpaay ynece Mojy JOKTOPCKY JUCEPTALIU]y MOJI HACIOBOM:

Ilapamerapcko nogemasame Mpeske vy CFD npopadyyHuMa ca IpUMEeHOM V AHAJIN3H
eHeprercke epukacHoCcTH OPOIOBA

KOja je MOje ayTOPCKO JeJo.

Jlucepraiyjy ca CBUM MPUIIO3UMA MIPEIA0/Ia caM y eICKTPOHCKOM (opMaTy MOTOJHOM 33 TPaAjHO
apXUBUPAIbE.

Mojy IOKTOpCKY AMCEepTalyjy MOXpameHy y JIUruTaliHoM perno3uTopujymy YHHUBEp3UTETa Y
Beorpany m nmocTymHy y OTBOPEHOM INPHUCTYIYy MOTY Ja KOPHUCTE€ CBH KOjU TOWITYjy onpende
caap:kane y ogadpanoM tumy auienie Kpeatusue 3ajennuiie (Creative Commons) 3a K0jy cam ce
OJIITy4HO/TIa.

1. AytopctBo (CC BY)

2. AyropcrBo — HexkomepimjainHo (CC BY-NC)

3. AyropctBo — HekoMepuujaiaHo — 6e3 mpepana (CC BY-NC-ND)

4. AyTopcTBO — HEKOMEpIHMjaTHO — nenuTu moja uctum yciaosuma (CC BY-NC-SA)
5. AytopctBo — 6e3 nipepana (CC BY-ND)

6. AytopcTtBo — nenutu o uctum yciaosuma (CC BY-SA)

[Tornuc aytopa

VY Bbeorpany,
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1. AyropctBo. JIo3BoshaBaTe YMHOXaBame, TUCTPUOYIIM]Y U JaBHO CAOTIIITAaBamE JeNa, U Mpepae,
aKo ce HaBeJle MME ayTopa Ha Ha4MH oJpeleH oX cTpaHe ayTopa WIIM JaBaola JHUIICHLE, YaK U Y
KoMmepuujaHe cBpxe. OBO je HajcI000IHU]ja O CBUX JIUIICHIIH.

2. AyTopcTBO — HEKOMepIHjarHO. J[03BOJbaBaTe yMHOXKABAKhE, JUCTPUOYIN]Y ¥ JABHO CAOIIIITABAHE
Jena, U mpepaje, ako ce HaBele MMe ayTopa Ha Ha4WH ojapeheH ox cTtpaHe ayTopa WiM JaBaola
munenne. OBa JIMIEHIIa He T03B0JbaBa KOMEPIHjaIHy yoTpeOy aena.

3. AyTopcTBO — HEKOMepIIHjaTHO — 6€3 npepaaa. Jlo3BospaBaTe yMHOKABaKE, TUCTPUOYITH]Y U JaBHO
caoninuTaBame Jiena, 0e3 mpoMeHa, mpeoOIMKOBamka UM yHoTpede /ena y CBOM ey, aKo ce HaBee
MMe ayTopa Ha Ha4uMH ojipel)en o1 cTpane ayTopa win naBaonia iuieHie. OBa JHIIeHIa He 103B0JbaBa
KOMepIyjaliHy ynotpely Jena. Y oJHOCY Ha CBE OCTaJie JIMILIEHIIE, OBOM JIMIICHIIOM C€ OTPaHUYaBa
Hajpehu 06uM npaBa kopuihema aena.

4. AyTOpCTBO — HEKOMEpPLHMjATHO — JIEIUTH MO UCTUM ycioBuMa. Jl03BOJbaBaTe yMHOXKaBambe,
IUCcTpuOYIIMjy W jJaBHO CaOIIITaBamke Jelia, U Mpepaje, ako ce HaBele MME ayTopa Ha Ha4yuH
onpeheH o cTpaHe ayTopa WM J1aBaolia JUICHIIE U aKO ce Mpepaja TUCTPUOyupa 1Mo UCTOM WIIH
ciruyHoM JuieHoM. OBa JTUIeHIa HEe J03BOJbaBa KOMEPIMjaIHy YIIOTpeOy Aela U npepaja.

5. AyrtopctBo — 63 npepana. Jlo3BospaBaTe yMHOXKaBambe, NUCTPUOYIHjY U jaBHO CAOMILITABAE
nena, 0e3 mpoMeHa, IpeoOIMKOBamka WU yoTpeOe Jiena y CBOM JIely, aKo ce HaBelle MME ayTopa
Ha HauuH ozpel)eH o1 cTpaHe ayTopa nin gaBaona guieHie. OBa JIMIeHIIa 103B0JbaBa KOMEPLIUjAIHY
ynotpely nena.

6. AyTOpCTBO — JACTHUTHU MOJT UCTUM yclioBHMA. J[03BOJbaBaTe yMHOKABAhE, TUCTPUOYIIH]Y U jaBHO
caomInTaBame Jieja, ¥ mpepaje, ako ce HaBejle MMe ayTopa Ha HauuH ojapehen o crpane ayropa
WIA JaBaola JUICHIIE U aKo Ce Tpepaja IUCTPUOyupa MOJ MCTOM WM CIMYHOM JIMLEHIIOM.
OBa nuIeHIa J03BOJbABA KOMEpLHUjaIHy ynorpedy nema u mpepaga. CnuuHa je codTBEpCKUM
JUIIEHIIaMa, OJTHOCHO JIMIIEHI[aMa OTBOPEHOT KOJIa.
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\begin {equation}C_f = \frac {\tau _w}{0.5\rho V_S^2}. \label {Xeqn1-1}\end {equation}


\begin {equation}C_p = \frac {p - p_{ref} - p_{hydro}}{0.5 \rho V_S^2} \label {Xeqn2-2}\end {equation}


\begin {equation}C_T = \frac {R}{\frac {1}{2}\rho V_S^2A_{wetted}}, \label {Xeqn3-3}\end {equation}
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