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Abstract

The majority of the trading activities worldwide is seaborne, a trend that constantly increases over the last four
decades. Currently, 50000 vessels operate globally, being capable of servicing 9o% of the transportations of
the global trading market and accounting for 1% of the total energy consumption between all economic
sectors. A modern merchant vessel has to comply with three very important, often colliding, requirements;
reliability, successful time of delivery and minimal operational expenses. A main parameter determining
whether a merchant vessel is competitive is the operation of her propulsion system. The majority of cargo
vessels are equipped with a two-stroke, slow-speed Diesel engine to cover the propulsion requirements. Marine
Diesel engines combine high efficiency and power output in respect to weight of installation, fuel consumption
and maintenance costs.

The marine Diesel engine is subjected to various regulations regarding limitation of emissions during operation.
Due to these ongoing regulations, research focuses on the design of more efficient vessels, with low fuel oil
consumption. Reduced fuel oil consumption leads to reduced gaseous emissions and less operational expenses.
An approach to this, is the effort of reducing the frictional losses of the vessel. Currently a marine two-stroke
Diesel engine bears frictional energy losses of the magnitude of 3-6% of the total brake power.

Scope of the present work is to study the behavior of friction losses of the propulsion train of bulk carriers,
including main engine losses and loses of the intermediate and stern tube bearings. In order to perform the
necessary calculations, in house software has been developed. The key feature of the software is the ability to
create a virtual vessel through the basic steps of preliminary ship design, which exhibits similarities to the
existing fleet. This is achieved by exploiting the SeaWeb database which provides principal data of the bulk
carrier fleet. With empirical relations and methods proposed in the abundant literature, the software is capable
of calculating geometrical parameters, the total resistance of a vessel and select a proper engine from a valid
industry catalogue as propulsion installation. Then, engine friction is calculated by empirical relations based on
the data of the obtained engine. Friction at the shafting system is dealt separately; the software calculates the
shafting weight and by proper method found in literature provides the relevant estimation of tribological losses.
Following the explanation of workflow, a single-vessel example is performed, as a demonstration of the
workflow.

Afterwards, a parametric study is done, in order to investigate the dependence of frictional losses on vessel
size. In particular, 100 vessels have been selected, 20 from each bulk carrier class; the dependence of losses on
vessel size, resistance, draft and speed has been computed and analyzed. Based on the results, a regression
model has been extrapolated, relating friction power loss to geometrical, propulsion and operational
parameters of the vessel. Engine friction losses were found to lie between 4 and 6% of the total brake power,
while shafting friction losses varied in the range of 0.1-0.25%, proving that the literature estimate of 0.5-1% to
be an overestimate.

The final act on this work was the execution of nine simulations on the whole bulk-carrier fleet. The vessels from
SeaWeb database were used, with each one having assigned a specific engine operational point. Power and
revolutions at each point were defined by resistance and draft values. At each simulation, a different fraction
of the fleet was considered to apply 10% or 20% speed reduction, due to slow steaming. Through each
simulation, the annual energy losses and amount of fuel consumed due to friction were estimated. The study
showed that, on average, only from operation of the main engine, 62602 TJ of energy are lost due to frictional
forces, which lead to an annual fuel consumption due to friction of 3012 thousand tones. Finally, the regression
friction model was performed on the database vessels and the results were compared to the simulation results
of the calculation procedure.



>vvoyn

H mieloyndio Twv EUTOPIKWV SpAOTNPLOTHTWY TIAYKOOUIWG EMITUYYXAVETAL MEOW Twv Baldooiwv
peTadopwy, pia téon 1 omola TMapouctdlel auinTikr TAOT TIG TEAEUTAIEG TECOEPLG SEKAETIEG. STMHEPQ,
UTIAPXOUV 50000 TIEP(TIOV TTAola, Ta omoia pe Toug SleBveis TAGEG Toug, e§umnpetolv oxeddov To 90% Twv
HETAPOPUWIV TNG TIAYKOTHLOG AYOPAS TOU EUTIOPIOU KAl VTLOTOLYOUV 0TO 1% TG KOTAVAAWONG EVEPYELAG OF
OXEOT] LE TOUG UTIOAOLTIOUG TORELG TNG OLKOVOpIaG. Eva cUyxpovo EPTIopLko TTA0(O KaAE(Tat va cuppopdwBEl
HE TPELG ONHAVTILKEG, OUXVA AVTLKPOUOUEVEG, TipodiaypadEég: tnv alomiotia, Tov emtuyn xpovo apddoong
Kol TNV elaylotomoinon Twv Aeltoupylkwy €§08wv. H kiUpla mopduetpog mou kabopiler v
AVTOYWVLOTIKOTNTA EVOG EPTIOPLKOU TIAOLOU, €lval 1) AetToupyia TG eykatdotaong mpoéwong. H mistoynodia
TWV EUTIOPIKWV TAoiwv dEpel Sixpovn, apydotpodn unyoavry Diesel. H vautikry autr] unyavr] Diesel
ouvoUAlel LYNAY amddoon Kol Loyy He XOUNAS BApOG €yKATAOTAONG, MELWHEVT ELSIKY] KOTAVAAWO)
Kao{pou kal KGOTOG oUVTIPNONG.

H vautikr] pnyavr Diesel elvat amodéktng motkiAwyv kavoviopwy emPBoArig opiwv puttoydvwy ouctwv. Kabuwg
ol kavoviopol e§eNlooovtal, oL €pguveg €0TIACOUV OTO OYESLAOUO EVEPYELOKA ATIOSOTIKOTEPWY TIAOIWV ME
XApNAY €0LkT] KatavéAwon kavoipou. Meiwon otn katavdAwon kouoipou odnyel otn peiwon aéplwv
EKTIOUTIWV KaL OTNV EAAYLOTOTIOMOT) TWV AELTOUPYLKWYV €§68wV Tou TTAoi{ou. Mia TIpoa€yyLom oTo oSO
amoSOTIKOTEPWY TTAO{WV €lval N HEAETN TWV OTTWAELWYV TPLPTS. MNa pia vauTikr) Sixpovn pnxavry, oL ATWAELES
AOyw TPLBwV amoteAoVV TO 3-6% TG LoY UG TTESTG.

31606 NG Tapovoog epyaaciag gival N HEAETN TNG oUUTIEPLDOPAG TWV ATIWAELWY TPLPTG Twv dbopTnywv
mholwv x0dnv Adyw Aettoupyiog TNG KUpLAG pnxavrg. Mo tnv €mitevén Twv amopaltnTwy UTIOAOYLOHWY,
oxeSLAOTNKE KATAAANAO AOYLOUIKS. KUpLo Yo paKTnpLoTikd TOU AoyLopikoU givatl n Suvatdtnta dnpiovpyiag
Ynolakov mhoiov, pe yvwpova T dtadikaoio oxeSLoooU TIPOUEAETNG, TO OTIOIO TTPOUCLACEL OHOLOTNTEG HE
TAo(0 TOU TPAYUATIKOU OTOAOU. AUTO eTLTUYYAveTaL PE Xprion tng Pdong SeaWeb, n omola mepiéxel
mAnpodopieg yla TG SlooTACELG Katl Ta PeEYEDN Tou oTéAou Twv Poptnywv TAoiwv yUdnv. Me xprion
EUTELPIKWY Ox€oewv Kol peBOSwv mou Ppébnkav otn PiBAoypadia, to Aoylopikd utmoloyilel Tig
YEWUETPLKEG TTOPAETPOUG TOU TIAOLOU, TNV OALKT] TOU aVT{OTAON YL TNV oTtoia ETAEYEL KATAAANAN Sixpovn
pnyovry Tpowong amd €ykupo PBlopnyavikd katdhoyo. Emelta, oL amwAeleg TPPrig NG Hnyavrig
uttoAoy({Covtal amd TiG EUTIELPLKEG OXETELG Yia T dedopévn pnxavr. Ot anwAeleg TpiPrig Tou agovikou
OUOTIHOTOG HEAETWVTAL EEXWPLOTY, KOBWG To TIPOypappa KTLUE To Bapog Tou a&ovikoU kat Baivel oTov
UTIOAOYLOMO TWV OTIWAELWV HE KATAAANAN péBodo ou ipoodépel 1 BifAtoypadia. Adou yivel emegriynon
NG UTIOAOYLOTLKT]G SLaSLKACING, TTPAYATOTIOLE(TAL TTAPASELY O UTIOAOYLOHWY EVOG TTAO(OU.

311 OUVEXELD, TIPAYHOTOTIOLE(TAL ML TIPAPETPLIKY] MEAETN, ME OTOXO Tn SlepeUvnomn NG oxEong Twv
amwAeLwVv TpLP1g pe To péyeBog tou mhoiou. Mpooopolwvovtag 100 Ao, 20 amnd k&Be ta&n doptnywv
TmAoiwy, 1 cupuTePLPOPd TWV ATIWAELWY EvavTL Tou peyeéBoug mAolou, tng avtioTaong, Tou Bubiopatog kat
MG ToYUTNTAG PEAETATAL. ATIO TO QTIOTEAECUATO TNG TIPOCOMOIWONG TTAPAYETAL TIOALVSPOULKS HOVTEAOU
UTIOAOYLOMOU NG LoXVOG ATMWAELWY AGYw TPLPrG TV omola CUVSEEL e YEWMETPLKEG TIAPAUETPOUG Kall
TIOPAPETPOUG TIPOWOTG ToU TTAo{ou. OL TpLBoAoyLkEG amWAELEG TNG UN)Xavrig BpéBnkav va kupaivovTatl amo 4-
6% TNG OUVOMKIG LoYUG TIESNG, EVW OL ATIWAELEG OTO a&OVIKO EVIOTIOTNKOV OTO SLACTNHUA 0.1-0.25%,
urootnpifovTag wg n eKTipNon 0,5-1% Tou cuvavtdatal cuvrBwg otn PLBAoypadia TIg UTIEPEKTLUA.

To teAkd otddlo Tng epyaociag elval 1 TPAYHATOTOMON 9 TIPOCOUOLWOEWY OE OA0 TO OTOAO.
XpnotpomotriBnkav ta mhola g Bdong SeaWeb kat oto kdBe éva pooddOnke €va CUYKEKPLUEVO OTME(D
Aettoupyiag. H loxUg kat ol oTpodég Tou onpeiou kaBopiotnkav amd tn dedopévn avtiotaon kot fubiopa Tou
mAoilou. Xe kdBe mpooopoiwon SladopeTikd TTOCOOTO Tou oTOAoU Bewpeltal mwg epappdlet 10 1§ 20%
pelwon oty taxVtnTa ummpeoiog. Mo kdBe mpooopoiwor, umoAloyiotnkav ol amwAeleg TPLPrig Kat 1
avtioTolyn TToodTNTA KAUG({HOU TTou KatavalwBnke o SLdpkela evog €tous. H peétn €delée mwg 62853 TJ
KOTOVOAWVOVTAL OE VOl £TOG KATA €SO 6p0, AGYyw AeLToupylag TG KUPLOG UNYAVTG, T OTIO(0 AVTLOTOLYOUV
o€ 3012 XLAddeg TOVOUG Kauoipou. TéNog, To TOAWVEPOMIkd poviEo  edappdletal ota TAolo Twv
TIPOCOHOLWOEWY KL TO ATTOTEAECUATA TOU OUYKPIVOVTaL LE QUTA TIoU TTpoéKuPay artd Tn Stadikaoia.
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1 Literature review

1.1 Introduction

The scope of the present study is to investigate frictional losses in the propulsion system of bulk
carriers and provide a fleet scale estimation of energy losses during an annual period. Effects of ship
size, operational service point, age and loading condition of the vessel are taken into account. For
achieving this purpose, specific software was developed. Starting with the prediction of bulk carrier
resistance at the preliminary design stage with the use of empirical and analytical relations found in
current literature, a relevant two stroke Diesel engine from a valid industry catalogue, is assumed as
the main propulsion unit. Afterwards, estimation of frictional losses at the different parts of the
propulsion system (engine, intermediate and tail shaft bearings) occurs. Following the friction
estimation, energy losses in one-year period are depicted and conclusions on the behavior of losses
are drawn.

1.2 Review

1.2.1 The automobile energy consumption

Holmberg @ presents calculations of the global energy consumption used to overcome friction in
passenger cars, taking into account effects of engine, transmission, tires and brakes. The study was
performed on an “average car “of a certain age, brake power installation, engine volumetric capacity
and cylinder number, specific total weight, fuel type and average fuel consumption. This average
vehicle was supposed to operate on a mean 6o km/h speed on a straight-line direction in the absence
of road roughness. The fuel efficiency, emissions and mileage of the vehicle were specified for the
installed engine; every measure was verified by industry figures and statistical data. The study
indicated that approximately 33% of the combustion energy is lost in the form of exhaust gases, 29%
of the power is lost in the cooling system and the rest 38% is the produced mechanical energy. On
average, 5% of the mechanical energy is lost due to air drag, 15% is consumed to overcome brake
contact, 70% to overcome tire-road contact and the friction in the engine system and finally 15% to
overcome friction in the transmission system. Overall, 21,5% of the total fuel energy is the beneficial
mechanical energy used to move the car.

The same author, expanded this study for heavy duty vehicles (trucks and buses) @. Following a
similar strategy, 34% of the total fuel energy was estimated to be the energy used to move the
vehicle. Later on, the author, in an effort to describe the impact of tribological research in global
economy @, states that road vehicles account for more than 75% of the global energy consumption
by the energy economic sector.

1.2.2 The global energy consumption by economic sectors

According to Holmberg3, from the total annual energy production, 34% is consumed in the
residential economic sector, 29% in the global industry and 28% is used in the transportation
sector. As an illustration, for the year 2016, from the 575 EJ produced from all global energy sources,
161 EJ were consumed only in the transportation economic sector. Transportation accounts for 30%
of total energy use in order to overcome friction, followed by industry and energy industry (each
accounting for 20%) and the residential economic sector which consumes 10% of total energy.

In the transportation sector, road vehicles (buses, trucks, vans and passenger cars) account for 21%
of the energy consumed, railway transportation for 1% while air and marine transportation for 3%
each. It is obvious that the marine sector accounts for the minority of the total energy consumption.
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1.2.3 Environmental legislation

In order to reduce pollution of sea water and atmospheric environment, IMO has adopted a strategy
of reducing Greenhouse gas emissions from ships. MARPOL ANNEX VI regulation is the first genuine
effort of the global shipping industry in setting the limits for pollution of air from activity in the marine
environment. After a ten-year effort to reduce Sulphur emissions, as of 1°* January 2020, all vessels
sailing under a state flag member of IMO, must comply with this regulation, which imposes a limit on
the Sulphur emission from fuel combustion. Specifically, when sailing to a coastal area, the amount
of Sulphur in the fuel burnt must be no more than 0.1%, while for open sea 0.5%.

SOx and PM Emissions Limit
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Figure 1.1 Fuel Sulphur content limit

Moreover, starting from January 1% 2000, IMO focused environmental legislation also on NOx
emissions, with three tier levels regarding marine Diesel engine nitrogen emissions so far. Tier |
regulation considered Diesel engines for vessels constructed earlier than 2000. The certified engines
under TIER | were valid until 2011. Currently, ships with a marine Diesel engine with power output
more than 130 kw are subject to either Tier Il regulation (vessels constructed after 2011 and outside
ECA areas) or tier lll level (vessels constructed after 1** January 2000 and operating inside an ECA area
with NOx limitation).

Table 1.1- IMO NOy limits

Ship construction date on
or after

Total weighted cycle emission limit (%) for nrpm

Tier

n <130 130 <=n <= 2000 n = 2000
I 1 January 2000 17.0 45n702 9.8
[} 1 January 2011 14.4 44n~023 7.7
I[ 1 January 2016 3.4 9n 02 2.0

12



IMO Tier regulations
18
16
14
12

10

Emission limit

0 500 1000 1500 2000 2500 3000
Engine rpm
Tier| Tierll Tier Ill

Figure 1.2 IMO Noyx emission limit curves

For example, the limitation for a ship built in 2021, according to the tier lll level curve, with a specific
g

engine power output at 100 revolutions per minute is 3.4 TWh

Exhaust gas emissions always have been destructive agents of the natural environment and looming
threat for all species inhibiting this planet. The effect of the marine industry is one of the smallest
factors contributing to this universal degradation; however, the benefits from controlling its
pollutants are quite significant in terms of environmental protection and in becoming a pioneer
“green” industry sector.

As of 2050, IMO aims at least at the reduction of carbon emissions by 50%, with the ultimate aim
being the elimination of carbon footprint. So, industrial and academic research have already begun
their focus on the design of totally environmentally friendly ships.

Bulk carrier vessels, represent the majority of vessels of the global merchant fleet, since they carry an
important fraction of the global gross tonnage. Therefore, in order to cover the largest front of the
global fleet, the calculation procedure and results of this study, focus on bulk carriers.

1.2.4 Energy Efficiency Index

The first action against reducing CO2 emissions was the implementation from IMO of the Energy
Efficiency Index. This index is a measure of how environmentally friendly a vessel has been designed
to be. It expresses the total emissions in grams of CO2 per capacity-mile of the ship; in other words,
it provides the minimum energy efficiency requirement per capacity-mile. The EEDI is unique for each
vessel and the calculation formula is based on the technical design and aspects of the particular
vessel. The lower the EEDI, the more efficient the vessel is.

Currently, and up to 2024, the minimum required EEDI is increased each year by 20%. Afterwards,
the increment becomes stricter, since the increase rate will be set to 30% for every year. The purpose
of this requirement, is for the shipping industry to provide cost-effective solutions from technical and
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operational view of the vessel, by incorporating energy efficient systems and innovative, optimal-
design concepts.

CO,Consumption

The general definition is: EEDI =
DWT.V

Triggered by the international legislation for emissions and pollution and inspired by the work of
Holmberg @23, the study focuses on estimating energy loss in the bulk carrier fleet, due to friction in
the propulsion system.

1.2.5 Friction literature

Friction is defined as the power loss in the form of heat between two surfaces in relative motion.
Contact between moving objects or bodies, generate a force (and/or a moment for the case of
rotation), opposed to the direction of movement. The power loss resulting from the work of friction
force, leads to an amount of energy wasted, which can be neither ignored, nor eliminated.

Although in every mechanical system friction loss is a small proportion of the total energy losses, it
binds an important fraction of output power. Reduction in mechanical losses, lead to reduced fuel oil
consumption and stalls the effects of wear. Thus, economic benefits arise from the postponement of
parts replacement and maintenance costs from wear and material failure, while by cutting down fuel
oil consumption, gaseous emissions are reduced ®.

Friction force is expressed through the friction coefficient p¢, as introduced by Coulomb, u; =

Friction Force

. . All friction models that have been developed throughout the past decades are based
Vertical load

onthisrelation; however, it is well known that the friction coefficient depends on surface topography,
material of the bodies, the nature of the relative motion and of course the operating load which
render friction dependent on multiple, different parameters.

Although there are applications where friction generation is beneficial, at most cases the friction
force has a destructive nature which leads to wear of the material and eventually loss of operating
equipment. One commonly applied way of controlling friction coefficient is to lubricate the contact
surfaces with a proper fluid, reducing the coefficient by several orders of magnitude. This is the case
for an engine of a vessel, where lubrication is the main friction control method used.

When surfaces are separated in this way, lubrication is characterized as hydrodynamic, boundary or
mixed. These three states of friction are well described by the Stribeck curve and are defined by the
oil film thickness.
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Figure 1.3 Stribeck curve

When the film is too thin, boundary lubrication prevails and the moving surfaces cannot be properly
separated. Asperities on sliding surfaces collide with each other, producing heat and leading to high
friction coefficient values. Boundary lubrication can happen due to the combination of low speed and
high load.

In the mixed lubrication regime, both boundary and hydrodynamic lubrication occur. The film
thickness is increased but still asperity contact exists. The type of the friction mechanism in this is
defined by the load, speed, viscosity, temperature and surface roughness.

When the speed is increased and even if the load decreases, separation of contact surfaces by the
fluid begins. The fluid film gradually thickens until its maximum possible value, when the friction
coefficient reaches its minimum value. Then, hydrodynamic lubrication prevails, allowing the sliding
surfaces to be totally separated and the load is supported exclusively by the lubricant film. Increase
in friction in the hydrodynamic region is due to the increased drag, produced by the fluid and the high
operational speed levels.

In steady state condition, the dominating type of friction coefficient in the shafting system of the
vessel is hydrodynamic lubrication, where the shaft and the bearing inner surface are separated by
proper fluid film thickness, which depends on the bearing clearance and the eccentricity of the two
surfaces. In the Diesel engine, hydrodynamic lubrication prevails during the movement of the piston,
however, near the TDC, lubrication is actually boundary due to the starvation of the contact areas.

Throughout a ship, friction is encountered at different locations under different mechanisms. Two
major categories can be defined. The first refers to the vessel hull which is the frictional part of the
total resistance of the vessel, while the second refers to the mechanical systems (mainly met in the
engine room):

e  Friction in main engine components

e Friction in main shafting system.

e Friction in auxiliary engines (i.e., Diesel generators)

e Friction in auxiliary engine room machinery (bushes, bearings...)
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e Friction at pipelines, due to circulation of fluids

From all the above cases, objects of the present study are friction in the main engine and friction in
the shafting system of the vessel. The goal is to provide an estimation on power loss due to friction,
or otherwise, what fraction of the released fuel energy is lost due to friction. Friction at auxiliary
engines and other auxiliary machinery are notincluded in the present study, since the majority of fuel
oil quantity is consumed at the propulsion system. By default, the last category, regarding friction
due to fluid motion, is excluded since it is both negligent and irrelevant to the subject.

Frictional resistance is dealt in an indirect manner. It is a major component of the total resistance of
a vessel 84, which is overcome by adequate installed engine power. Resistance is a function of draft,
wetted surface, vessel geometry and service speed. Thus, a change in resistance leads to different
power demand at the propeller, affecting fuel oil consumption of engine. However, it is not
considered as a loss in the propulsion system.

Friction loss is mainly occurring at the piston ring package and the guide shoe bearing, which account
for more than 65% of the engine mechanical losses. Anders @, by both theoretical and numerical
investigation concluded that guide shoe friction loss is almost 1.1 % of the total generated engine
power, while piston ring friction is up to 0.9% of the total brake power. Both these components
contribute as much as 5% of 80% of total mechanical losses or 5% of the total generated power.

Ciulli ® performs a review on theoretical and experimental methods of calculating friction of internal
combustion engines. The author distinguishes two different approaches of the friction losses;
average and instantaneous friction losses evaluation. The first group consists of formulae that
provide friction estimation in a complete engine cycle, while the second calculates losses as the sum
of friction of engine components as a function of crankshaft angle.

Formulae studied by Ciulli are ideal for preliminary engine study and simulation procedures.
Parameters on which mean pressure of friction loss depends on are shown. Mainly crankshaft
rotation speed, stroke, bore, cylinders number and mean effective pressure are the common
parameters that affect the magnitude of frictional losses. This is concluded by numerous studies and
references. Ullman’s empirical formula ©® states that fme, depends strongly on the mean piston speed,
rather than on load (mi/mep) or revolutions of crankshaft. For this reason, a two-stroke engine is
subject to fewer losses than that of a four-stroke engine. The same is proposed at by Livanos and
Kyrtatos ? where they propose a model of calculating friction losses at the piston ring package of a
four-stroke medium marine Diesel engine. The increase of fmep was found to be much more intense
with increasing speed rather than increasing load (at constant speed level).

A drawback on empirical friction models is illustrated by Rakopoulos and Giakoumis . According to
the authors, average fmep, although it can provide accurate estimates for steady state conditions on
an engine cycle, usually underestimates friction torque around the TDC. Moreover, empirical
formulae often need a lot of input data, which are not always available of known afore and sometimes
the calibration of certain parameters is difficult. The majority of empirical formulae on friction losses
are mainly focused on four-stroke engines, since such studies are found in abundance in literature.
Studies with a two-stroke marine engine are much fewer, which limit the capabilities of estimating
an average pressure friction loss.

The largest proportion of mechanical losses is met at the piston ring assembly, with losses of the
magnitude 25-45%. In the case of the four-stroke engine, losses apart from piston ring are found at
crankshaft, main bearings, valvetrain and at the rest auxiliaries. Studies have mainly focused on the
piston assembly system, since an improvement there can have a significant reduction of mechanical
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losses. Takata @ studies the effect of surface geometry, (shape, grooves) and viscosity of lubricating
oil on piston ring friction, predicting a potential reduction of 50%, encouraging the adding of
texturing. This was also confirmed by Koukoulopoulos @, who measured 23% and 25% reduction in
friction coefficient when applying to the piston ring surface hydrophobicity and texturing
respectively. Delprete @¥, after a long piston assembly studies review, summarizes all the technical
aspects that are taken into account prior to performing a piston ring study.

A marine two-stroke engine is the most advanced form of the Diesel engine. These engines are
designed as the prime movers of a ship (which combines the need for increased power and reliability
of operation), because they are able to generate the demanded power output in respect to the weight
of installation and the low fuel oil consumption. The efficiency of such an engine is controlled by the
following parameters, as illustrated by Clausen ©2:

e Increased maximum pressure to mean effective pressure ratio.

e Increased stroke to bore ratio.

e Use of electronically controlled engine (improved control of NO, emissions, since more
parameters can be adjusted during engine operation).

According to Clausen, friction is met at the following components:

5% Stuffing Box

Piston
e Guide shoe 31% ain Bearing
e Piston 26%
e Main bearing 23%
e Connecting rod 10 %
e Stuffing box 5%
e Thrust bearings %

./ 5%
“Thrust Bearing

 10%

31%
Guide Shoe

Con. Rod

Figure 1.4 Main engine components frictional losses
distribution

Mrzljak @3, by performing experimental testing of an estimation model on a two-stroke marine Diesel
engine, concluded that indicated power and brake power deviate as much as 1.5% and that friction
power losses vary from 5.7+10.4% of the total mechanical power. As the load increases, the mean
pressure of mechanical losses increases while the percentage value decreases. This happens due to
uneven increase of mechanical losses pressure and effective pressure; with the latter being highest
at 100% engine load. The author proposed an empirical model of estimating mean pressure of
mechanical losses, according to which, pressure depends on cylinder number, bore diameter, mean
effective pressure and mean piston speed:
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Pfmr = 0.0384 (1 + ) + Di +0.018mep + 0.004c,.
cl

chl
Petrovsky @4 proposes the following breakdown for mechanical losses:

e Friction of engine parts
e Losses due to the ventilating action of rotating parts
e Power absorbed by engine-driven auxiliaries

The author suggests the following form of “propeller law” as an estimation tool for the power of
mechanical losses of the engine: Pf,..,; = AN?, where A is a constant coefficient and b is a constant
depending on engine size.

Apart from engine friction, power is further absorbed at the shafting system, before it reaches the
propeller. The shafting system has also been an interesting field for tribology researchers; the
shafting is a stiff construction that cannot adapt to external weather and sea applied variations,
despite that a vessel is subject to hull deformations.

Shafting losses are dependent on revolutions and weight of the system. It is very important that the
shaft and bearings are aligned properly, because misalignment leads to loss of load carrying capacity
and increased friction coefficient. This frictional loss keeps escalating as the misalignment angle
keeps increasing ®). It is rather trivial that increased load and improper lubrication accelerate wear
rates and material failure. Potential loss of the shafting system is extremely dangerous for the crew
since the vessel cannot travel and needs to be towed, while the cost of shafting system damage can
easily overcome 1M .

The estimate of 1-3% loss of power at the shafting system is commonly used in literature. However,
recent studies on the field indicate that this fraction is an overestimation; instead, a 0.5% measure is
a more realistic consideration. Vlachos ©®, by studying the shafting losses of a VLCC and
incorporating the effects of elastic deformations, showed that the estimate of 0.5% is correct and
that, in many cases, losses can be even ten times smaller.

The shafting losses are further investigated by Siamantas “7. By taking into consideration oil film
thickness, elastic deformations and bearing stiffness on a FEM model of a 10000 TEU, shafting
friction losses were estimated as 3% of the brake horse power.

Brake power is the power output of the engine, to which addition of engine friction losses, yield the
total mechanical energy. Values of engine components’ losses, especially for the preliminary stage of
vessel design are proposed by Fragkopoulos . According to the author, after the flywheel of the
engine there is extra power loss, caused by friction in certain rotating components of the shafting
system. Gearboxes, hydraulic clutches, reverses and the thrust bearing contribute to further power
losses. Clutches and gearboxes are able to reduce brake power by almost 4%, while the thrust bearing
is assumed to absorb 0.5% of this mechanical energy @?. Furthermore, if the engine is running on
partial load, then the net power transferred to the shaft (shaft horse power) must be corrected with
a partial load coefficient.

For the case of a vessel propelled with a two-stroke Diesel engine, friction at shafting system is lost
mainly on the following components:

e Intermediate bearing(s)
e Thrust bearing, if it is separate from the main engine components
e Aftand forward stern tube bearings
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Due to the low rotative speed that a two-stroke engine operates, there is no need for clutches or
gearboxes and the propeller is directly connected to the engine through the shaft. The absence of
these components, in combination with the lower mean piston speeds, lead to the expectation of less
power losses than the case of a four-stroke engine.

Booser @® illustrates a method of calculating the friction coefficient of a journal bearing. By solving
the Reynolds equation with both Full and Half Sommerfeld boundary conditions, the author provides
a method of calculating the friction force at journal bearings with the use of dimensionless, tabulated
data, which is adopted in this study for the estimation of friction shafting losses.

1.2.6 Engine heat losses

The two-stroke marine Diesel engine is the most efficient Diesel engine currently operating in
industry. The mechanical output power of the engine can be over 50% of the fuel combustion energy
and if waste heat recovery system exists, the gain is almost 5% more
9,21 Heat losses in a two-stroke Diesel engine occur due to:

e Heatlostin the form of exhaust gases, (22%-30%)
Cooling losses, (24%-30%)
- Engine air cooler losses (~67%)
- Lubricant oil cooler losses (~12%)
- Water cooler losses (~21%)
Radiation, (0.5%-1.5%)
o Mechanical power (45%-51%)

Thermal losses of an engine depend on various parameters. Figures provided by the engine maker is
often for ISO conditions and low operating temperatures. Heat waste is affected by: calorific value of
the fuel, the maximum exhaust gas temperature, the air to fuel ratio, the engine room temperature
(air inlet temperature), the sea water inlet temperature, the inlet temperature of lubricating oil and
the load of the engine *°.

During combustion in the cycle of engine, the chemical energy of fuel is released. According to the
heat balance of the engine, fuel energy is divided into exhaust losses, cooling losses, radiation losses
and mechanical power. The produced mechanical power is divided into engine friction and net brake
power. The brake power (shaft horse power) is not completely delivered to the propeller due to the
shafting losses. From the power delivered to the propeller (dead horse power), the propulsion losses
by subtracting the propulsion losses, the remaining proportion is the towing power, which is the
power needed for the vessel to overcome the total resistance in order to move at constant speed.
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Figure 1.5 Energy breakdown of a merchant vessel
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1.2.7 Bulk carriers

A vessel is defined as a bulk carrier if the cargo that is carries, is stored directly in its holds, in bulk
form (iron, cotton, wheat, coal, etc.). This vessel type was introduced in the 5o’s and was an
innovation for global trade since it contributed to cut down transportation costs. The intense
economic development of Southeastern countries with the enormous demand of raw materials, led
to important developments in the ship building industry and the global market rendered the bulk
carriers as a profitable investment. Together with tankers and containerships, they represent the
majority of the global fleet in terms of total tonnage.

After the economic crisis of 2008, the freight rate dropped for the bulk carrier fleet, currently
remaining at low levels, resulting in cancelation of new building orders a reduction in the number of
effective vessels. Nowadays, the global bulk carrier fleet accounts for more than 11,219 vessels,
comprising almost 43% of the world fleet tonnage 2.

VESSEL CLASS AS % OF THE B.C. FLEET
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Figure 1.6 Number of bulk carrier vessels 23
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TOTAL DWT PER VESSEL CLASS
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Figure 1.7 Total tonnage of bulk carrier vessels 33

Bulk carriers are distinguished in the following categories, according to their deadweight, dimensions
and certain voyage passages where a dimension restriction is possible.

Table 1.2 Dimensions and classes for bulk carriers 23

Max. Breadth  Max. draught

Vessel Class/Subclass  Deadweight [t] Loa [m]

10000
1035000 130-250 ~26 ~10
35-55000 150-200 32,2 10-22
55-80000 190-225 28-32,2 1224
m 60000 180-200 32,2 11-13
| Capesize |

Capesize 80-200000 230-270 43-45 17

~84000 229 32,2 144
~175000 289 45 -16

Very Large Bulk

[m]
~18

~115

~205000 299.9 47-50 16,1
~400000 ~360 ~65 22-23

Bulk carriers are normally single hulled vessels with a double bottom, since there is no mandatory
requirement for double hull design as in the case of tanker vessels. Double hull designs are offered
by shipyards with the lightship weight increased by little since the steel plates are thinner.
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Installed propulsion power for bulk carriers varies from 2500 kW to 25000 kW for a certain design
speed. The speed, varies from 11 to 15 knots, depending on the class of ship, as shown in the next
figure from MAN technical paper 2. In this study, this proposed speed model is used as a calculation
method of service speed.

Design speed, V [knots]
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Figure 1. 8 Design speed for according to bulk carrier size 33

Based on MAN technical papers 2, the global fleet of active and ordered bulk carriers as of 2018 is:

Table 1.3 Number of vessels per bulk carrier class 23

BULK CARRIER VESSEL CLASSES
Small 371
Handysize 2272
Handymax 2195
Panamax 3696
Capesize 2971
VLBC 660
The impact on Greenhouse emissions from the majority of the global merchant fleet is investigated
by Lyridis 9. This is achieved with the establishment of the emission index, which is a measure of
CO, emissions per DWT and nautical mile. Containerships, bulk carriers, tankers and LPG vessels are
considered, since they comprise the largest part of the fleet, both in terms of capacity (DWT) and
number of vessels in operation. Emission footprint was studied under the different filters installed
power and significance in fleet, flag registry, vessel classification society and ship domicile.
Containerships and bulk carriers have proven to be the most pollutive vessels. Specifically, containers
are responsible for the 38.42% of greenhouse gas emissions, followed by the bulk carriers which
emissions are of the order of 35.48%. The bulk carrier class with the largest greenhouse footprint
was the Handysize class, accounting for 40% of the bulk carrier fleet emissions. Handymax
accounted for 27%, Panamax vessels for 20% while the rest covered for 13%. A very important result
from this study is that as the vessel size grows, the ship is proven to be more efficient, since the
emission index drops due to increased geometry and optimum ship design.
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2. Calculation of vessel parameters

2.1 Introduction

The main target of the study is to estimate the fuel lost due to friction in the propulsion installation
for the bulk carrier fleet, at a designated period and state of operation. So, in order to initiate the
estimation effort, calculation procedure is performed on a single vessel, prior to proceeding to fleet-
scale measurements. For this reason, a “virtual” vessel is created by the steps of preliminary ship
design. At first, the geometrical parameters of a vessel are calculated. Next, hydrodynamic
parameters are calculated in order to provide an estimation for the resistance of the vessel and as a
result for the propulsion power. Afterwards, a two-stroke Diesel engine is selected from a valid
industry catalogue, according to the calculated resistance and predicted power. A 25% margin is
considered as the maximum increase in vessel resistance. Then, an operation profile is set, at a cargo
loading condition (full load, full ballast, partially laden), at a certain service speed level (slow-
steaming or full speed) and at a certain hull condition (newly dry-docked vessel or vessel prior to
special survey when fouling effects on hull are maximized). Finally, friction losses are calculated; for
shafting system and for main engine components separately.

Database
reference

Geometrical
Parameters

Hydrodynamic
Parameters

Engine selection

Vessel
Operation
Parameters

Friction Losses
Calculation
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For the purpose of the study, proper software was designed. The software, by exploiting actual data
of the SeaWeb database, is able to create a virtual fleet, different that the actual; nevertheless,
described by similar characteristics. In this manner, global scale measures can be achieved.
Calculation of frictional losses is performed on this recreated vessel (for the single vessel case) and on
the virtual fleet (for the fleet-scaled measurements).

2.2 Workflow

In order to commence the calculation steps, the deadweight of the vessel (DWT) is given as input
value, along with the number of propeller blades, trim angle and longitudinal center of floaticity
(LCF). The deadweight is the main variable defining all other main dimensions. For the propeller, four
or five blades are considered. Trim angle is considered zero (even keel vessel) and the LCF is located
at 48% of the waterline length (Lw), measured from the rudder shaft line. The practice of 48% is
somewhat arbitrate; however, it is a usual value for a typical bulk carrier. Hydrostatic values are used
solely for calculating draft at the mid ship area, for the purposes of estimation formulae used
throughout the study.

2.2.1 SeaWeb database

Seaweb database for the bulk carrier fleet is used as the main source of data for the creation of the
ship. A database use offers the advantage of providing basic information of each registered vessel
and based on this information the vessel can be recreated virtually in order to apply the necessary
calculations. From the Seaweb database, for each vessel, information on length, breadth, depth,
draft, displacement, deadweight and main engine model is retrieved.

2.2.2 Geometrical parameters
The following geometrical parameters are calculated:

e Class of vessel depending on the given deadweight (DWT)
e Service speed and slow-steaming value (if applied)

e Length between perpendiculars (L)

o Waterline length (Lw)

e Depth (D)

e Breadth (B)

e Draft (T), at summer load

e Double bottom height, (db)

° % ratio, displacement (A) and lightship weight (LS)
e Block coefficient (Cp) at summer load draft

e Midship Area Coefficient (Cu)

e Waterplane Area Coefficient (Cup)

For every mode of study (single vessel or fleet scale), these parameters are calculated by any one of
the following methods:

e Empirical relations found in literature.

e The mean value of the SeaWeb list for vessels within a specified DWT margin of 3%.

e The empirical relation of all used, that yields the closest value to the L obtained from SeaWeb
database.

e Forthe calculation of L, B, D, the calculation can be performed with a sense of randomness.
In this case, the dimension is calculated from one of the three above methods. Then, between
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the value and the information from the database, the standard deviation is estimated. Finally,
the actual value is calculated as the dimension of SeaWeb plus this deviation:

2.2.2.1 Length
The length of a ship is the most important dimension regarding construction, loading and operation.

As much as the length increases @+

28),

Bending moments increase

Total resistance decreases for low-speed vessels (F,>0.15)

Cargo zone can be expanded (more payload capacity for the vessel)
Lightship weight increases

Restrictions on certain routes

Weight of propulsion installation decreases for a certain speed

Calculation of length can occur:

through empirical relations or use of Seaweb database without randomness factor.
through empirical relations or use of Seaweb database with randomness factor.

Empirical relations used:

Papanikolaou @4 I, = 7.60301DWT-300155

Misra 6%: L = 6.667DWT"3%8

Average of the above two equations.

Use of Seaweb database: calculation of mean length for vessels within a 3% deadweight
margin. L is the closest value of the other empirical relations to that of the mean length of
Seaweb database.

Optimum equation against Seaweb database: The Seaweb database obtained length, is
considered as the mean value and the rest relations are considered as its measures. Then, the
selected length is that of the equation with the minimum standard deviation. L = Lgeqwep
¥S4ev, Where yis arandom integer between -1,1.

2.2.2.2 Depth
The depth of the vessel is the dimension affecting the volume of cargo and the freeboard height.
Larger depth can also lead to larger engine room and larger load draft.

Equations used for the vessel are:

Papanikolaou ®¥: D = 0.584268DWT 310795

Misra ®2: D = 0.081L + 1.516

Average of the above two equations

Use of Seaweb database: calculation of mean depth for vessels within a 3% deadweight
margin. D is the closest value of the other empirical relations to that of the mean depth of
Seaweb database.

Optimum equation against Seaweb database: The Seaweb database obtained depth, is
considered as the mean value and the rest relations are considered as its measures. Then, the
selected depth is that of the equation with the minimum standard deviation,

D = Dsoawer  YSgev, Whereyis a random integer between -1,1.
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2.2.2.3 Breadth

The calculation of breadth for a vessel can be achieved accurately if other dimensions have been
calculated in advance. Breadth affects the stability of the vessel, the wave making resistance, the
weight and strength of structure as well as seakeeping and maneuverability of the vessel.

Equations used for the vessel are:

. Papanikolaou 4. B = 1.0559DWT0-309724

e Misra®): D = 0.164L + 0.09

. 9295.65+1.77644DWT
e Papanikolaou @¥: B = ( N )

e Average of the above three equations

e Use of Seaweb database: calculation of mean breadth for vessels within a 3% deadweight
margin. B is the closest value of the other empirical relations to that of the mean breadth of
Seaweb database.

e Optimum equation against Seaweb database: The Seaweb database obtained breadth, is
considered as the mean value and the rest relations are considered as its measures. Then, the
selected breadth is that of the equation with the minimum standard deviation,

B = Bseawepr T VSder, Whereyis arandom integer between -1,1.

2.2.2.4 Draft
The load draft is a major dimension of the vessel since it affects:

e Frictional resistance and wave making resistance through the wetted surface
e Stability of the vessel

e (Cargo space available

e Propeller diameter

e Seakeeping and maneuvering of vessel

Equations used for the calculation of draft:

e Papanikolaou ®¥: T = 0.480719DWT %-298295

. D
e Misra®): T = —
1.385

e Average of the two above mentioned relations
Finally, after T is defined, draft at forward, aft and midship area is calculated as follows:

For negative trim angles:

« T,=T-LCFtan—

© Tp=T+ Ly — LCF)tan=
Otherwise:

« T,=T+LCFtanc

© Tp=T=(Ly—LCF)tan =
Distances are measured from A.P.

_ Tp+Ty

° TM 5

27



2.2.2.5 Double bottom height dp
An estimation of the minimum double bottom height is calculated with the use of class rules 425,

e ABS:d, = 32B + 190VT
e LR:d, = 28B + 205VT, not less than 650 mm
e DNV-GL: 250 + 20B + 50T, not less than 650 mm

. . . DWT
2.2.2.6 Deadweight to displacement ratio ——

The deadweight to displacement ratio for bulk carriers usually varies between 0.74-0.87%. For its
calculation, an empirical model proposed by Papanikolaou @4 is used:

% — 0.46676DWT00529501

2.2.2.7 Lightship weight
The lightship weight is also estimated from empirical models provided by Papanikolaou #4:

. LA_S = 0.656409 — 0.0449219In (DWT)
e LS=10"*-6.5134DWT0678895

2.2.2.8 Displacement
The methods of calculating the displacement of the vessel, provided by the above-mentioned author
@4) are listed below:

o A= 2.21442DWT 0943855

o A=LS+DWT
DWT

A= 5pr
A

2.2.2.9 Block Coefficient Cs
Block coefficient is an indication of how close to a box shape of dimensions L, B, T is the vessel’s hull.

v L . .
By default, Cz = T Block coefficient is needed in order to calculate the total resistance of the

vessel. The equations #4283 ysed are:

e Ship study equation @4 Cp = k=1.005 is a correlation constant, 4, is the displacement

A

pkLBT'
of the vessel and p is sea water density at 15°C.

e Papanikolaou @4 empirical: Cg = 0.515788DWT 0042626

e Mean value of the above two relations

e Estimations @¥ of the form: Cyz = k; as shown in the following table

A
_2\/g_iL 3@1
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Table 2.1 Cg equation parameters

Equation k. k. ks \ L gi
[ Hom W3 1.68 0 m/s m 9.81
1.08 1.68 0 m/s m 9.81
1 144 0 m/s m 981
1.06 1.68 0.224 m/s m 9.81
1.156 0.625 0 knots ft 1
1.225 0.378 0 knots ft 1
1214 0394 0 knots  ft 1
% < 0.65 1.12 0.5 ) knots ft 1
Al\fv);i:::r' 0.65 < % <08 1.03 0.5 o knots ft 1
Y Sos 1.06 0.5 ) knots ft 1

VL

2.2.2.10 Midship area coefficient Cy

The midship area coefficient is an indication of how close to a rectangle shape of B, T is the midship
Aym

area of the vessel’s hull. By definition, Cy = —.

The empirical relations used for Cy calculations are**:

1
L] HSVA: CM :W

e VanLammeren: () = 0.9 + 0.1Cp

e Kerlen: ), = 1.006 — 0.0056C5 ¢

e Papanikolaou (randomness included): Cp = 0.93 4+ (0.997 — 0.93)k,, k, is a random
variable in the unity interval [0,1].

e Average of the above four relations

2.2.2.11 Prismatic coefficient Cp

After defining Cg, Cv the prismatic area coefficient can be calculated as: Cp = E—B
M

2.2.2.12 Waterplane area coefficient Cyp

The waterplane area coefficient expresses the area at the waterline of a specific draft T as a portion

of a rectangle of the dimensions L, T. By definition, Cyp = %

The empirical relations used for Cwe calculations are228:30:32;

° CWP =

1

e Cyp=0.778Cp + 0.248
e Papanikolaou: Cyp = 0.7Cp + 0.3
o ( —__ %

WP ™ 0.471+0.551Cp

2

e Schneekluth: Cyyp = Cp3
o CWP = CB + 0.1
e Average of the above seven relations
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2.2.2.13LCB

The LCB parameter is affecting the resistance of the vessel. For typical cargo vessels such as bulk
carriers and tankers it usually lies between -2.5%+2.5% of L, measured amidships. In the absence of
hydrostatic values and specific loading condition parameters, LCB cannot be estimated. So, two
methods are used in order to achieve an accurate estimate of LCB ©2.

e LCB =20(Cz — 0.675)

e LCB= %(1 + 170p), Where ricg is a random number in the interval [0, 0.3].
2.2.2.14 Wetted surface S
The wetted surface is affecting the resistance of the vessel. If the wetted surface increases, the
contact with the surrounding water increases, leading to larger frictional resistance for a certain
speed. For the purpose of the calculations, the wetted surface is calculated with the help of empirical

formulae. Then an increase for bilge keels and rudder is applied, since the appendages of the vessel
increase friction between hull and water.

The empirical relations used for wetted surface calculations are 24:28:30:32);

1 1
e Lap-Keller: Sy = V3(3.4V5 + Lzﬂ)

e Holtrop-Mennen:

B
Shuit = L(2Ty; + B)C5%5(0.453 + 0.4425C, — 0.2862C,,) — 0.003467 -+ 0.3696Cyyp
M
\% 1.7 B

. Danckwardt:Shu” = 3 (m + a

e Mumford: Spyy = 1.7LTy + 2

e Froude: Sy, = 3.4V§

o BSRA:Spuu = 3.371V5 + 0.2967 + 0.437% +0.595C

o SERIES 60: Sy, = 3.432V5 + 0.205% + 0.443% +0.643C

e The average of the seven above mentioned relations

The rudder projected area can be estimated from the relation:

LT B
o Ana =755 (()?50C5* +1)

o A, — (2lpk b+ IbkWhbi)
bk cosOpg

The surface of the appendages can be calculated as:
*  Sapp = 2(Arua + Apk)

The total wetted surface is the sum of the naked hull value and the appendages increase:
o S=Sappt Shu

2.2.2.15 Propeller Diameter
In general, larger propeller diameter can lead to increased propulsion efficiency; however, the larger
the propeller, the lesser the speed that can be achieved for a certain P/D ratio.

Propeller diameter 533 can be estimated either as a function of Tx, or as a random proportion of 65-
70% of Ta.
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e Dp=0395T,+ 13
®  Dp = TyropTa, Where ryp lies in the interval [0.65, 0.7]

2.2.3 Estimation of total resistance

Resistance calculation is performed for the service speed of the vessel, in order to estimate the power
needed for propulsion and select a proper engine installation. Resistance is estimated with the use of
empirical formulae in the absence of actual vessel data. Accurate resistance prediction cannot be
achieved without experimental procedures. However, absolute accuracy is not needed, as the aim of
the software is to perform an accurate resistance estimation for a reasonable selection of a two-
stroke Diesel engine.

The total resistance of vessel is calculated as follows. (28:29:30:32:34)
Rt = Rfr + Rvp + Ra + Rair + RW
In the above relation, the components of the total resistance are:

e Ry isthefrictional resistance of the vessel.
e Ry, isthe viscous pressure resistance

e Ry isthe wave-making resistance

e R,isthe correlation resistance

e R,risthe airresistance

2.2.3.1 Reynolds and Froude Numbers
For the calculation of certain parameters Reynolds number and Froude number are needed.

. : v .
Reynolds number is calculated from the relation: R,, = sz; , Whereas, the Froude number is
14

gLwi

calculated from the relation: F,, =

2.2.3.2 Frictional Resistance

Frictional resistance is the component of a vessel’s total resistance, at which energy is consumed
due to the tangential shear forces acting on each element of the hull. Frictional resistance can be
regarded as the sum of naked hull skin friction resistance, the appendage skin friction and a
component of surface roughness effect. Rudders, bilge keels, sea chest openings, thruster orifices
and duct arrangements introduce an increase on the skin friction resistance 9. To incorporate the
effect of appendages on the friction resistance, for the purpose of this study, the appendages surface
was calculated, as it was illustrated on paragraph wetted surface. Due to the complexity of the
problem, methods and models of estimation of the friction coefficient C, are actually referring to a
rectangular plate instead of the actual shape of the vessel. Friction force is then corrected for the
specific geometry of interest. Frictional resistance coefficient Cris calculated using the ITTC proposed
model.

C. - 0.075
T~ (log(Ry) — 2)2

Frictional resistance is the dominating component at low-speed vessels (bulk carriers, tankers). It is
highly dependable on speed, wetted surface, roughness and the lines form of the vessel (as a blurred
body with a U shape hull would lead to increased pressure drop due to friction) 84,

The friction resistance is then calculated by the formula: Ry = %pCfSV2
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2.2.3.3 Roughness correction on skin friction

When the ship travels at sea, the flow of surrounding water is turbulent, due to water viscosity and
hull roughness. This turbulent flow creates vortexes vertical to ship movement. The produced
boundary layers have a thin laminar sublayer which in general can flow around small roughness
without separating. However, if the local roughness is large enough to project through this laminar
sublayer, it is then capable of increasing drag force. Roughness effect is higher where the boundary
layer is thinner (bilge keel area mostly than bow and stern areas) and at points where the local flow
velocity is high. The key element to study the effect of roughness is the ratio of grain size to length
of wetted surface. For galvanized steel the average grain size usually is 150 pm.

It is not always possible to obtain actual vessel data, regarding the localized condition of the hull
surface. So, for the purpose of this study, in order to incorporate the effects of hull roughness on the
friction resistance, a correction coefficient is used. 64

In the absence of actual ship data, which is also the case of this study, the Bowden Equation is used:

1
ACy = 0.105(%)5 — 0.00064, where AHS = 150um, is the average hull roughness for galvanized

steel.
In the presence of actual ship data, the Towsin equation can be used:

AHS L _1
ACr = 0.00044((7)3 —10R,, 3) + 0.000125.

The correction is an average estimation and cannot take into consideration roughness from hull
deformations or other life cycle factors that affect the structure of the vessel. Roughness effects will
be calculated in the correlation resistance component (2.2.3.6). 3234

2.2.3.4 Viscous Pressure Resistance

The viscous pressure resistance is the integral of all normal forces acting vertically on the hull,
projected on the direction of the flow. If the fluid is ideal, then the sum of these pressures equals zero.
However, when the fluid is real, a thick, turbulent boundary layer is created over the surface of the
body, which at certain points in the afterbody, it separates. The existence of the layer and its growth,
lead to a modified pressure distribution over the hull, different than that of the inviscid fluid case. As
aconsequence, the sum of the forces can no longer be zero and energy losses occur. Viscous pressure
resistance is therefore dependent on wetted surface, geometry of the hull and hull roughness of the
vessel. 64

The majority of methods of calculation of viscous pressure resistance, treat it as a fraction k of the
frictional resistance, Ry, = kRy.

The equations used are the following 3°32):

e Granville: k = 18.7(61%3)2
B@?
e AlteandBaur: k = 14—~
Tm
o Watanabe: k = —0.095 + 25.6 —2—
B (L
75)
CgB

e Grigson:k = 0.028 + 3.3 |22

C e 0.1526 » B 50.0533 (B 0.3856
o Wright: k = 2.48C5°%%° () (%)

e Holtrop:
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B T Ly, Ly® _
k =093+ 0487118(1 + 0_011Cstern)(T)1.06806(TM)O.4—6106(L_R1)0.121563(71)0.36486(1 _ CP) 0.604247 __ 1

1-Cp+0.06Cp- >

4Cp—1

e Schneekluth: Cyp = 0.16 + 26C;, + Ti _
M

where Ly =L,

13-0.001Cy
6

(0.535-35Cy)

(Cp + 58Cy — 0.408) ===

where €y, = e
wl

For the viscous pressure resistance, a deep-water correction is applied, since reduced port depth
results in an increase in the eddy field of the vessel3+.

T,
k =k + 0.644(-2)172
hp

According to the used equation, the viscous pressure resistance is calculated by either the formula:
1
Ry, = kRy, or: Ry, = EC,,ppSVZ.

2.2.3.5 Wave making resistance

Wave making resistance exists, when a vessel is sailing on the waterline surface, as in the case of the
ship 84, This resistance component would not be present in the case of a submarine or an aircraft.
The hull points at the waterline area are moving pressure points. As a result of their movement,
waterline surface is forced to change its level. In order to counter against this change, the sea water
consumes energy, in the form of pressure in order to return to its original position. So, wave making
resistance is a proportion of energy that the ship needs to consume in order to maintain this
generated wave formation. There is no simple method to predict the wave making resistance. Wave
making resistance cannot be eliminated in the case of a ship and it is highly dependent on geometry
of the hull and speed. Wave making resistance is dominant for high-speed vessels (F,>0.16).
However, since the study is focused on bulk carriers, the associated Froude number to the usual
service speed of this vessels does not exceed the value of 0.16, so it is fair to imply that wave making
resistance is 5% of the total resistance. Therefore, R, = 0.05R,.

2.2.3.6 Correlation Resistance

The correlation coefficient was originally used in order to incorporate the effects of hull roughness on
skin friction. Now, this coefficient expresses the correlation of resistance between model and ship.
Research on this coefficient aims at incorporating in the calculations the practice obtained
throughout different towing labs. The common value for Ca used in literature is 0.4% of the total
resistance. Another value commonly used is the Bowden Equation as the correction of Ca. Another
empirical relation that can be used, proposed in the work of Volker 8 is: €, = 0.00035 — 2L107°.
ITTC 57 method can also be used 34, where Ca is calculated according to the following table:

Table 2.2 Correlation resistance correction

L [m] Ca correction
<150 0.00035-0.0004
<210 0.0002
<260 0.0001
<300 o)
<350 -0.0001
>350 -0.00025
In this study the Bowden equation is used, which was mentioned at (2.2.3.3). After Ca is established,

. : : 1
correlation resistance is calculated as: R4 = EpCASV2
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2.2.3.7 Air Resistance

Air velocity is measured at least 10 meters above sea level in order to take into consideration its
influence on the operation of a certain structure. Air resistance has a lesser effect on the total
resistance and it is highly dependent on the surface existing above the load waterline. Hence, it can
be fairly assumed that air resistance depends on the vessel type 32,

Forexample, air resistance for a cruise vessel or a containership, which both carry solid structures and
increased payload above the main watertight deck, has a significantly intense effect on the total
resistance than another conventional cargo vessel travelling on full load. According to MAN technical
papers @2, air resistance for a bulk carrier or a tanker can be found up to 4% of the total resistance,
whereas it can exceed 10% in the case of a container vessel.

For the purposes of this study the following method is used 3°32:

e ITTC'78: In this case the coefficient of air resistance is calculated as: C,, = 0.001 (A“TM“),

where Aisand Ais are the transverse and longitudinal surfaces of superstructures, exposed to
air motion respectively. It should be noted that, in the resistance calculation the vessel is
assumed travelling head-to-head against the air direction, which in this case of air resistance
maximized.

The air resistance is calculated as: R, = %Cairpair(AtﬁAls +2L(D-T)(V — Vair)z

The surface that is in contact with the flowing air is the A and Ais for the superstructures. The
freeboard area is considered as a rectangle of dimensions (D-T) x L in order to approximate the
contact surface. Also, the speed used for the calculation is the relative Vship-Vair.

2.2.3.8 Fouling

With the progressing vessel life and continuous operation, hull painting gradually breaks down,
resulting in erosion and attachment of marine plants, barnacles and weeds on the hull surface. This
phenomenon is called fouling and it affects the roughness of the existing hull surface. Specifically,
this attached slime has the ability to increase the wetted surface, resulting in larger frictional
resistance and consequently, larger total resistance. In this manner, additional propulsion power is
needed in order to maintain the propeller revolutions, or, the propeller revolutions will decrease for
constant engine load 2.

The fouling growth rate is larger initially but slows down as the mechanism advances. Growth rates
depend on the ports of operation, the season of the year, the duration at anchorage at the port, trade
patterns and turnaround times. 82 Additional fouling can be found on propeller blades, reducing
further the revolutions for constant engine load @9. Hull fouling and propeller fouling are studied as
two separate problems. During operation of the vessel, temporarily, fouling is controlled with hull
treatment methods (underwater cleaning).

Throughout the lifetime of the vessel, supposing that no hull treatment is conducted, this increase
can reach values up to 50% of the total resistance.
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Figure 2.1 Fouling progression with time 3

According to Molland, it can easily be seen that both fouling and roughness influences can never be
completely eliminated. With the passage of time, hull roughness resistance effect will reach a
permanent minimum level due to:

e aging of vessel

e hull deformations originating from cargo distribution

e seastate

e effects from shot blasting

e forces applied when on dry dock, since each time a ship is docked, since the support points
differ from one drydocking to the next.

Fouling is dealt with proper antifouling coatings and paintings. Currently, self-polishing antifouling
systems are being used, silicone-based which discourage marine growth from occurring. However,
technology has not yet reached the complete prevention of the phenomenon and fouling must be
treated in regular periods, in order to improving propulsion efficiency of the vessel and to reduce fuel
oil consumption. Cleaning periods are arranged by class requirements of the vessel and occur at least
every five years when the vessel is subject to drydocking class special survey. Each time the vessel
leaves the drydock, it can be assumed that the fouling effect is zero.

The main engine must be capable of at least maintaining the necessary power in order for the vessel
to sail at the constant, predefined service speed. However, this speed must be achieved even in the
case of a fouled surface. In this study, a fouling margin of 15% will be considered and applied on the
total resistance in order to choose a Diesel engine for propulsion.

2.2.3.9 Wind and waves

On a scheduled voyage, the vessel must be able to reach and maintain the required speed. So, the
main engine must be able to provide additional power according to the service weather. Rough
weather increases heavily the power requirements that the propulsion system must achieve. Two
parameters are affecting power demand; wind speed and waves generated from the upcoming wind.
Usually, facing heavy weather, speed is reduced in order to avoid excessive slamming damage and
accelerations, or the course is altered; nevertheless, fuel consumption is increased 9.

Weather influences can be obtained from theoretical or experimental methods 4. Either wind tunnel
and towing tank tests are applied or actual vessel voyage data are analyzed. Normally, the weather
effect depends on wind speed, wave height, period and direction of vessel. Speed reduction curves

for a specific vessel are obtained during sea trial period and the loss depends on the Beaufort Scale
(30)
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For the purpose of this study, weather conditions are not analyzed in detail. Instead, an additional
margin of 10% is applied on the total resistance, which considers a possible adverse weather
condition.

2.2.3.10 Total Resistance
The total resistance is the sum of each resistance component:

Rt,fw =1. OS(Rf + Rvp + Ra + Rair)(l + mﬂmww)
Where mgq is the fouling margin (15%) and mww is the wind and wave margin (10%).

This resistance is then used to predict the necessary propulsion power and, eventually, to select a
two-stroke Diesel engine from an updated industry product catalogue 67

2.2.3.11 Total resistance in full ballast condition

The same procedure is followed in order to calculate the resistance of a bulk carrier under full ballast
loading condition. With the draft changed, geometrical and propulsion parameters are changed,
which, in turn, affect the total resistance and the respective brake power of the engine. Calculation
of ballast condition resistance aims at estimating the propulsion power needed at the case of full
ballast condition. At first the new draft must be calculated, Tws, then Cg and Cuwe.

For the draft in water ballast condition, due to lack of other data, these equations are used for the
calculation of draft:

TAWb = DpT‘ + 06

Tewp = 0.027L
Ty + Tk
Twp = Tuwp = T

With the change in draft, block and waterplane area coefficients must be reestablished ¢

Tymwo
CB,wb = CB(—TW )
M

Cwp
SWP_q
Ceg D

TM, b (CVV_P_l)
Cwpwb = Cwp( Tz\‘: )" B

The rest parameters listed on the following table are re-calculated with the use of the same formulae
of paragraph 2.2.3.
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Table 2.3 Parameters changed

Parameter changed-Full Ballast

Cwm, fb Midship coefficient
Cp, b Prismatic coefficient
Lcs, Center of Buoyancy
Shull, b Wetted surface
Arud, fb Rudder wetted surface
Af, Ballast displacement
Rn, b Reynolds number
Rs, b Frictional resistance
Rup, b Viscous pressure resistance
Rair, b Air resistance
Ra, b Correlation resistance
R, b Total resistance

2.2.3.12 Total resistance in partially laden condition

Resistance is also estimated for the partially laden condition. Due to lack of hydrostatic diagram and
tables for a vessel, the partially laden condition is considered as an intermediate condition between
full loaded and full ballast. For this reason, a random variable is defined, rq, 5 Which receives
percentage values in the interval of [0.1, 0.9]. This variable is used to calculate a draft larger than that
of the full ballast condition. The drafts at forward perpendicular, aft perpendicular, and the midship
draft for the intermediate loading condition are then calculated as:

Tepr = Trwp(1 + Tap1)

Tapr = Tawp(1 + Tap1)

_ Tapi + Trp
Toa.pr = 2

Forthe intermediate draft, Cs and Cwe are calculated using the same relations of the ballast condition.

Ty 1 (CWP_l)
Cppip = Cp (T_p) Cs
M

TM, A (CVV_P_l)
Cwpprt = CWP(_T . )" B
M

The rest parameters listed on the following table are re-calculated with the use of the same formulae
of paragraph 2.2.3.
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Table 2.4 Parameters changed

Parameter changed-Partially Laden

Cwm,pl Midship coefficient
Ce,pl Prismatic coefficient
Lcs,pl Center of Buoyancy
Shull,pl Wetted surface
Arud,pl Rudder wetted surface

Ap Partially laden displacement
Rn,pi Reynolds number

Rt pi Frictional resistance
Rup,pi Viscous pressure resistance
Rair,pi Air resistance

Ra,pl Correlation resistance
Re,pi Total resistance

2.2.4 Estimation of propulsion power

After estimating the resistance of the vessel, propulsion parameters calculation follows. For the
propulsive power to be predicted, the knowledge of propulsion efficiency is needed. The propulsion
efficiency is divided into four components; the hull efficiency ny, the open water propeller efficiency
no, the relative rotative efficiency ng and the shafting efficiency ns 54,

2.2.4.1 Wake deduction

Friction from vessel’s hull, when the ship is moving in the water, creates a boundary layer, where the
water velocity varies. Specifically, at the contact surface, water velocity is the same as the vessel’s
speed, where at the end of this layer water velocity is zero. This distribution depends on the thickness
of this created layer, whereas this thickness increases away from the fore end of the hull. This results
in an uneven distribution of the velocity of water, which eventually meets the propeller at a lower
speed. This speed reduction, or, the wake field as referred, is highly dependent on hull type, allowing
the interpretation that every ship has a unique wake field. According to MAN technical papers ®? the
wake fraction can be found between 0.2 and 0.45 for single screw vessels.

The wake deduction factor is calculated by pre-estimation equations for single-screw ships @®):

e Kruger:w = 0.75C — 0.24

e Heckscher: w =0.7Cp, — 0.18

e Troost:w = 0.25 + 2.5(Cz — 0.6)?
e The average of the above formulae.

Wake field is calculated for every cargo loading condition for the relevant draft, ws, we, Wop.

2.2.4.2 Thrust deduction

With the rotation of the propeller behind the ship, water velocity is increased. This results in a
reduction of water pressure, (Bernoulli effect), an increase in drag and thus an increase in the
resistance of the vessel. Alternatively, it is a fraction of thrust loss, stating that the propeller must
overcome the towing resistance plus the drag due to this pressure drop @2.

The equations for use regarding single-screw ships are 34):

e Danckwardt: t = 0.5C; — 0.15

o Heckscher:t = 0.5C; — 0.12
e SSPA:t=w(1.57 — 2.3—2 + 1.5Cp)

9]
Cwp
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e The average of the above formulae.

Thrust deduction can be found between o0.12 and 0.3 for single screw vessels 2 and is calculated for
every cargo loading condition for the relevant draft, tg, te, tpl.

2.2.4.3 Hull efficiency

Hull efficiency, through the wake and thrust deduction, expresses propeller and hull interaction @®,
asitis the ratio of the effective power (towing power) against the thrust that the propeller delivers to
the water. For a single screw ship34, the values of this coefficient usually lie between 1.1 and 1.4,
whereas for twin screw vessels is approximately 0.95-0.98. In order to estimate the hull efficiency
coefficient, the wake and thrust deduction factors need to be calculated as shown in the below
formula.

1

Ny = ﬁ , Where w is the wake deduction factor and t the thrust deduction factor.

Hull efficiency is calculated for every cargo loading condition for the relevant draft, nuf, Nub, NHp!-

2.2.4.4 Thrust Force

The thrust force is calculated from the obtained total resistance and the thrust deduction factor:
R,

11—t

2.2.4.5 Expanded area ratio

E

: Ag . : : : .
Expanded area ratio 4, L Is necessary for the calculations of relative rotative efficiency. Ae
o

represents the expanded area of the propeller, where Ao is the surface of the propeller disc

T

AO = ZDZ

N o . A 1.3+0.32)T
For the approximation of this ratio the Keller equation is used: =£ = M
Ao (Po—pv)Dp

static pressure at the shaft center line and p. is the water vapor pressure. For the purpose of this study
all vessels have been considered to be equipped with Wageningen B-Screw propeller series. By this
consideration, the expanded area ratio will be selected from table 2.5 according to number of
propeller blades and the closest approximation the Keller equation provides ©9).

+ 0.2 where p, is the

K]’ABLE 6.4 Extent of the Wageningen B-Screw Series (Taken From Reference 6) \
Blade Number (Z) Blade Area Ratio Ag/Agp
2 0.30
3 0.35 0.50 0.65 0.80
4 0.40 0.55 0.70 0.85 1.00
5 0.45 0.60 0.75 1.05
6 0.50 0.65 0.80
7 0.55 0.70 0.85
\ /

Table 2.5 Wageningen blade area ratio 29
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2.2.4.6 Relative rotative efficiency

Relative rotative efficiency is the ratio between the propeller efficiency when operating in the wake
field behind the hull against the propeller efficiency which operates in open water. This occurs from
the nature of the speed around the propeller; at the propeller-hull system the water meets the
propellerin a rotative direction instead of being constant and under a specific angle. Values for single
screw vessels are often unity and can reach up to 1.07, which means that in this case, the rotation of
the flow is beneficial for the propulsion of the vessel.

Formulae used for the calculation are 9"

e Holtrop:ng = 0.9922 — 0.05908E + 0.07424(Cp — 0.0225=7)

e BSRA:7g = 0.5524 + 0.8443C5 — 0.5054C5% + 1151122 + 0.4718 -2~

Relative rotative efficiency is calculated for every cargo loading condition for the relevant draft, ngs,
NRfb, NRpl-

2.2.4.7 Open water propeller efficiency
When the propeller operates in open water, due to absence of hull, the wake field is homogenous
(2234) which is not true for the case of hull-propeller system. Open water efficiency is the efficiency of

the propeller when operating in a homogenous wake field and defined as: 9 = % where THP, is
o

the thrust power and DHP, the dead horse power (power the propeller actually receives) in open
water 84, This coefficient is dependent on propeller diameter, the number of blades, the pitch and
the speed of advance I, = V(1 — w). The larger the open water efficiency, the less power losses at
the propeller. For the purpose of the study and in the absence of ship data, n.is calculated through
the quasi-propulsive coefficient, np.

Open water propeller efficiency is calculated for every cargo loading condition for the relevant draft,

Nofl, Nofb, Nopl-

2.2.4.8 Quasi propulsive coefficient

The quasi-propulsive coefficient, no reflects the power losses due to each hydrodynamic parameter
calculated ©®, The power transmitted from the propeller to the water in order to produce the
necessary thrust is not the same, since the torque varies due to hull efficiency, relative rotative
efficiency and open water propeller efficiency. The total impact of these three efficiencies that

influences the selection of installed machinery is expressed via the quasi-propulsive coefficient, np:
Towing power

Np = = NoMuMNr

" Power delivered to propeller

This coefficient can be found between 60-70% for a cargo ship @®. In early stages of design, it can be
estimated from empirical formulae with the knowledge of propeller revolutions and displacement
volume. The values of these formulae become more accurate if at least one of the respective
efficiencies is known.

The equations/methods used for the calculation of np are:

1
e Danckwardt: np = 0.836 — 0.000165nVs
e Keller:n, = 0.885 — 0.00012n+/L

np

Open water efficiency is the calculated asny = —
H''R
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Quasi propulsive efficiency is calculated for every cargo loading condition for the relevant draft, nos,

Npfb, NDpl-

2.2.4.9 Propulsive coefficient

Propulsive coefficient, n,, is defined as the complete efficiency of the propulsion system (or the total
of power losses during transmission of torque from the engine to the propeller and thrust
generation), expressing both hydrodynamic and frictional losses. Propulsive coefficient usually lies
between 70-75%.

Np = NaNRNoNs = NpNg
The propulsive coefficient is calculated by:

e Useofnpandns
e Running Grid.exe (a method of calculating rotational speed and the propulsion coefficient
based on a resistance estimation provided by Politis 34)

Propeller revolutions and quasi propulsive coefficient are obtained by the use of grid program.

Propulsion efficiency and revolutions of the propeller are calculated for every cargo loading condition
for the relevant draft, nes, Npfb, Nepi, N, Niv, Npl.

2.2.4.10 Effective Power P,
The effective power is the minimum required energy for towing the vessel. P. is simply calculated by:
P, =R,V

2.2.4.11 Dead Horse Power Pp

Dead horse power Py, i.e., the power delivered to the propeller is found by correcting P. with the
P, _ P
NulRNo  Mp

relevant hydrodynamic coefficients. Pp =

2.2.4.12 Shaft Horse Power, shafting losses and propulsive coefficient

After establishing the hydrodynamic coefficients and calculating the dead horse power of the vessel,
the shaft horse power can be estimated. During the transmission of power from the engine to the
propeller, certain power losses occur at the shafting system bearings due to friction from the rotation
of the shaft. According to abundant literature @6*28:29:32) the |osses are often of the magnitude 1-2%
of the brake power of the engine. Vlachos #®, stated that for a specific VLCC, the shafting losses are
a fraction of 0.5% of the brake power of installed engine, indicating that the 1% measure sometimes
might be conservative. Shafting losses depend on the condition of the shafting system, whether or
not a misalignment exists and on the viscosity of the lubricating oil, excluding other operating
parameters. Thus, there is no yet a direct analytical method of calculating the losses.

For the purpose of the study, in order to be able to select a valid engine, shaft losses ns will be

considered as 2%. This estimation will be validated later on, when the friction study is conducted.
Pp Pg
Pong my

Ps, is the power required for propulsion of the vessel, including all the losses met in the shafting
system and hull-water interaction, in case of a fully fouled hull and under heavy weather service
conditions. In other words, it is the maximum power output that the propulsion installation
generates.
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2.2.5 Maximum continuous rating and engine selection

The propeller revolutions, n, are obtained from running the grid.exe 8% by using as input the number
of blades, expanded area ratio, wake and thrust deduction, shaft efficiency and the total resistance
under the maximum influence of fouling and heavy service weather.

At this point, every parameter needed in order to define the brake power of the installed propulsion
unit has been estimated. The point of interest (the maximum service point that the engine is expected
to operate at) must at least generate power equal to Ps at n revolutions (Ps, n). The created vessel will
be “fitted” a two-stroke Diesel engine. There are a few considerations to be taken into account
regarding selection of the proper engine model. A two-stroke Diesel engine, which today remains the
most efficient propulsion solution, is defined by a very large stroke, which is the key parameter for
increased efficiency. Thus, one limitation for the engine selection is the engine room height, which
is limited by the depth of the vessel. In order to overcome this problem, for this study, vessels with
depth less than 10.5 m (for ensuring that a large engine can be fitted) are being excluded in the
calculation steps.

A two-stroke engine can be set to operate in various points, which are included in the engine’s layout
diagram. A typical layout engine diagram is shown in Figure 2.2.

. | L1
L2
e | L3 -___‘H‘h
| hWMax Rpm
L
- Pin Rpm

Figure 2.2 Engine layout diagram

The L1-L2-L3-L4 map, is the set of all possible service points under which the engine model can
operate. So, another aspect to be considered before selecting an engine for the vessel, is that the
calculated service point M is as close to the L. value as possible (regarding both power and rpm). The
reason for this is clearly economic, as it would be more profitable to install an engine close to its
maximum capabilities, with respect to the installation weight.

With the calculated shaft horse power Ps and the relevant revolutions for that certain amount of
power, a two-stroke Diesel engine is selected from an updated MAN product catalogue 67,

2.2.5.1 Propeller law and service conditions

. , , RV ,
The brake power of the vessel in terms of resistance is expressed as Pg = nL Also, for a Diesel
P

engine, the brake power is proportional to the rate of revolution and the mean effective pressure:
Pg = cnp,. When operating at constant mean effective pressure pe, the relation between power and
revolutions is linear, Pg = cn (1). Moreover, resistance is a function of the square of the speed of the
vessel:
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R, =3pCrSV2 > R, = CV? (2).

If the vessel is equipped with a fixed pitch propeller, then the speed of the vessel is proportional to
the rate of revolution of the propeller, through the coefficient of advance number of the propeller, J.

The advance number is a dimensionless coefficient that correlates the linear and tangential velocity

of water flow around the propeller. The coefficient is expressed as | = nV; , Where Va is the speed of
14

advance, V, = (1 — w)V. If the revolutions of the propeller do not change (which implies that the

mean effective pressure of the engine does not change), J is a constant and V is proportional to the

D.
revolutions, n by the relation: V = % -V =Cn(3).

From relations (1) and (2), it is derived that brake power is proportional to the third power of speed:

Py = CV3. By exploiting relation (3), brake power is proportional to the third power of revolutions
Py = Cn3. This relation is known as the propeller law ¢34,

Measurements and experience have shown that the power slightly differs for various vessel types 2.
For large high-speed ships Py = Cn*, whereas for medium speed vessels, Py = Cn3*>. For low-speed
ships like tankers and bulk carriers, the modified propeller law is: Py = Cn32.

When the ship sails under clean hull and calm weather, the brake power of engine and propeller

revolutions are described by the propeller law P = ¢n32 , where ¢ = - Pszlz.
MCR clean 11
hull
L2

L3

L4

Figure 2.3 Engine load diagram-Clean hull

However, as time progresses and hull fouling is increased, due to this added resistance, the engine is
forced to provide extra power in order to maintain the revolutions at a constant level and the service
speed unchanged. This is clearly shown in the figure 2.4.
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MCR fouled hull 11

- » | MCR clean
hull

L2
L3

L4

Figure 2.4 Engine load diagram-Fouled hull

It can easily be seen that the law abiding to P and n is no longer line C;, but C, which is moved to the
left of the original “clean hull” curve. The MCR point changes and the new coordinates are
(Ps_fouled_nmcr_fouled). The new propeller law, governing the power demand of the fouled hull is

P oute:
P = ¢'n32, where now ¢’ = ——foued i
Nincer,fouled™
This curve is further moved to the left if the vessel sails under both fouled hull and heavy weather.
Another law relates the power needed to the necessary revolutions, as illustrated in figure 2.5. In
general, each different service condition that affects the total resistance, influences propulsion

efficiency in this manner.

MCR fouled hull

L1
MCR fouled hull and heavy weather <. o| MCRclean
hull
3 L2
> —7

L4

Figure 2. 5 Engine load diagram heavy fouled hull

2.2.5.2 Engine selection

After the resistance estimation, a two-stroke Diesel engine is selected from a valid industry
catalogue. The model of the engine might not be the same existing in the SeaWeb database;
however, since the vessel is recreated the selected engine would at least be a similar propulsor to the
existing.
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2.2.6 Setting the operational point of the vessel

Apart from the selection of a Diesel engine and the estimation of an installed brake power, the
operational point of the vessel must be set. It is not a necessity for a low-speed bulk carrier to be
operating under the maximum rating of their engine. There are numerous reasons for that. The most
important is that the vessel is forced either by the charter party or the policy of management to run
on reduced speed (also referred as slow steaming). Another important aspect is that the vessel may
not be able to reach up to its maximum propulsion power. This could be a result of:

e Machinery aging
e Excessive hull fouling (period from previous drydock repair)
¢ Inadequate maintenance of machinery

In addition to these factors, the fact that the ship might not be sailing at maximum cargo load
conditions must also be considered. The explanation is that when the draft changes, the resistance is
changed, thus, the necessary power for propulsion is different than that of the maximum continuous
rating.

Friction losses are different between the MCR power and an intermediate operational point. As the
engine load decreases, the mean effective pressure is reduced more drastically than the mean friction
pressure loss. As a result, the total friction losses might be higher for the operational point.

For the virtual vessel, of all these factors, fouling and slow-steaming are considered. Defective
machinery and improper maintenance are excluded since these factors cannot be controlled by
simple assumptions.

2.2.6.1 Cargo loading condition

As stated, at an instant timeframe a bulk carrier might be loaded at a different condition than the full
load. So, in order to perform accurate calculations, a probabilistic model which decides at what cargo
condition the vessel is loaded, is considered. A decision-random variable rearqo is defined, which
receives percent values that refer to a specific cargo loading condition. The study is narrowed down
in three cases; full load condition, full ballast and partially laden. The probability of travelling on full

load condition is assumed 70%, 20% for full ballast and 10% for a partially laden vessel. The random
0.1

variable receives either one of the following values: T¢4go = 10.2. Values are assigned to reargo
0.7

randomly. Depending on the value of rarqo, the total resistance is calculated accordingly.

2.2.6.2 Hull fouling (period from previous drydock repair)

As mentioned in paragraph 2.2.3.8, the total resistance of a vessel is increased due to fouling of the
hull. When the vessel is newly constructed or recently dry-docked, hull roughness and fouling effects
are almost eliminated, thus barely affecting the total resistance. When the vessel leaves dock, it is
considered as newly treated and the total resistance is with a small deviation the predicted resistance
for towing. However, after a short duration of operation, even less than six months, marine growth
starts, increasing the resistance. As time progresses, the growth will continue, in smaller rates, but
will not cease. So, it can be assumed that, right before entering a drydock for survey and repairs, the
effect on the total resistance is considered to be maximum.

At this point, a random variable is defined, rperiod, Which is defined as: 0 < 1¢pjpq < 1.

This variable is zero for a recently docked vessel, when there is no fouling effect on resistance. The
value of unity represents the case of heavy fouled hull, prior entering a drydock. In any other case,
the variable represents an intermediate period between drydock repairs, at which the effect of
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fouling is intense, but not maximum. The total resistance of the operational point, at any cargo
loading condition, including this random variable is: R = Ry(1 + TperioaMsiMmyyw,),

maand my, is the 15% maximum fouling margin and wind-wave 10% maximum margin respectively
that were considered paragraph 2.2.3.10.

2.2.6.3 Actual voyage service speed

Slow steaming is the operation of a vessel at reduced service speed of the order 10-20%. Slow
steaming is an economic practice in order to cut down fuel costs, reduce operational expenses of the
vessel and, as a consequence, increase its competitiveness. After all, the more competitive a vessel
is, the more easily can be hired for a voyage. Another important benefit of this practice, is the
reduction of exhaust gases and the improved control of nitrogen and Sulphur oxides that are emitted.
Whether or not a vessel operates under slow-steaming condition depends on the company policy and
the agreement on the charter party. However, there are two limitations for a vessel on how much the
speed can be cut down. The first limitation is the turbocharger. If the vessel is not equipped with by-
pass method of turbocharger for low engine loads, then the engine must always operate at a load
where the turbocharger operates efficiently; the exhaust gas pressure must be enough to conserve
the rotation of turbine. The second limitation is the restricted frequency of the shafting system. By
lowering the revolutions, the frequency is reduced, with the danger of entering the area of resonance
frequencies, which can lead the shafting system to failure.

As done in the two previous cases, a probabilistic model is considered, which decides whether the
vessel is operated under slow steaming or travels at full speed and, in the case of slow steaming,
defines the reduction order. First of all, a 50% the global bulk carrier fleet is considered to be travelling
under reduced engine load of 10 or 20%, whereas the rest of the fleet is assumed to be travelling
under maximum service conditions. As a consequence, a binomial random variable, rs, of a

probability p = 515 introduced, which decides whether or not the vessel runs under slow steaming.

v _{(l—rrd)V, 0<ry<0.5
s V, 0.5<rsl

2.2.6.4 Resistance of operational service point

For the calculation of total resistance at the operational point, the variable reargo is used at first.
Depending on its value, for the operational resistance one of the three total calculated is used (R,
Rewb, Repl)-

Vs 2
R s1(1 + Tperioa? fi7w) (7)
|4
R =R 1+ rperiodrflrw)(vs)z

Vs,
Rt,pl(l + rperiodrflrw) (7)

2.2.6.5 Power of operational service point

The propulsion efficiency is calculated for the operational point. Hull efficiency is dependent on the
draft, so according to reargo, the relevant hull efficiency is used in the calculations. The same applies
for relative rotative efficiency. Next, the grid.exe is exploited again, with resistance R as input, in
order to provide propulsion efficiency, n, and revolutions, N, for the operational point.
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The brake poweris: P = gand the propeller law is defined by P, Nis: P = CN32,
p

2.2.7 Shafting system weight

The shafting system weight is needed in order to estimate the friction losses at the bearings due to
rotation of the shaft and to validate the ns coefficient. In the absence of actual vessel data, some
necessary considerations and assumptions are made:

The shafting system of the virtual fleet consists of:

e Atwo-stroke Diesel engine.

e Athrust shaft and bearing included in the engine components.

e Anintermediate shaft with one intermediate bearings.

e The propeller shaft with one aft and one forward stern tube bearings.

Additionally:

e Allbearings are oil lubricated.

e Inthe friction calculations, permanent deformations are not taken into consideration.
e Shaft systemis properly aligned.

e Bearings are usual cylindrical journals of diameter Dy, and length Ly

For the definition of lengths, diameters and weights, the 2008 DNV method is used. However, for
more accuracy, data from * regarding shaft lengths are used, in order to provide more accurate
results.

The shafting system is constructed by steel. Steel density is assumed ps; = 7,8 #While the yield

stress is assumed oy i = 500 Mpa. In addition, propeller shaft liners are assumed to be constructed
by stainless steel, or steel alloy adequately resistant to marine corrosion. Stainless steel density is

t
assumed to be pg o+ = 7,9 —

2.2.7.1 Shaft diameters

Each shaft diameter is calculated by the formula: d = F.k.*

In the above formula:

o d;isthe shaft diameter
e d,isthe outer shaft diameter

. (1 - z—;)=1 considering d<o.4d,

e F=100 for Diesel engines
560

e (C, is a material constant, C,, = 160’
u

where oy is the tensile strength of the

material.
e Pg, isthe brake power before the thrust bearing
e Naretherelevant rpm
e k,isaconstantthatis:
= 1 fortheintermediate shaft,
» 1.1 for the thrust shaft, provided that it is separate from the engine
components
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= 1.22 for propeller shafts and keyless propellers or 1,26 in the case of key.

2.2.7.2 Shaft lengths
According to GL 2008 method ©®, each shaft length is calculated as the maximum distance between
bearings by the formula: L,,,4, = kqVd. In this formula:

e d,isthe relevant shaft diameter in mm
o ki,
* is 450 oil lubricated white metal
= is28ofor grease lubricated grey metal
= lies between 280-350 for water lubrication

However, this formula provides extreme measurements for a typical shaft length. So, regression
formulae from actual ship data @7 are used. Specifically, for the propeller shaft length and
intermediate shaft length, the relevant equations are:

e I, =4-10"8DWT?+0.0126DWT + 4938
e Ul =599.48DWTO?173

2.2.7.3 Flanges
Flange diameters of each shaft are calculated as: dy = 2d, whereas the thickness is:

e 0.2d for the thrust and intermediate shaft
e 0.25d for the propeller shaft

2.2.7.4 Propeller shaft liners

Propeller shaft liners provide protection of the metal shaft from contact and corrosion from sea
water. Thickness of propeller shaft liners is given in mm by the formula: s = 0.03d,,,. + 7.5

2.2.7.5 Propeller
According to Schneekluth ®9, the propeller weight on air is calculated as Wy, 4 = K, D 3 for

pYpr
manganese bronze propellers, where K; is a coefficient that can be estimated by the formula:
K, = der g g5 22
P D, TAp 100
2.2.7.6 Weights
dzy

Thrust shaft weight is calculated as: wyy, = T linpst
. o d?
Intermediate shaft weight is calculated as: w,; = n%t linpst
— dpr
Propeller shaft weight is calculated as: wy,, = == lenpst

dZ
Thrust shaft flange weight is calculated as: wy 1, = n% tenPst

d3;
Intermediate shaft flanges weight is calculated as: wy 5, = Zn% tintPst

dz,.
Propeller shaft flanges weight is calculated as: w¢ ;. = n% torPst
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. I s?-d3
Propeller shaft liners weight is calculated as: wy, 1, = ZHTprlprpsst

Propeller weight in water is calculated as: W,,. = KprTS(l - pp—w)
mb

The total shafting weightis: W, = Wy, + Wy + Wpp r + Wh 1 + Wine + Wine + Wep + Weep

2.2.8 Friction Calculation
Friction calculation is separated in two stages. At first the calculation of friction for shafting system
components, then friction calculation for the Diesel engine.

2.2.8.1 Friction at the shafting system

Friction at the shafting system is lost in the transmission of power from the engine to the propeller.
Energy is lost as heat transfer at the bearings and every contact part along the shafting line. Mainly,
losses occur at the thrust bearing, the intermediate bearing(s) and the aft and forward propeller
bearings.

Friction of shafting system is estimated for both MCR service condition and partial engine load. A
quick method in order to estimate accurately the friction losses is the use of Sommerfeld number for
a shafting system operating under steady state. To determine load-carrying capacity or any other

bearing characteristic, the eccentricity ratio must first be determined. The Sommerfeld number is a

UNDL

: : . o R
dimensionless parameter related to the eccentricity ratio, given by: § = ” (E)Z

In the above relation:

e pisthe dynamic viscosity of the lubrication oil
e Nare the revolutions of the shaft

e W isthe load carried to the bearing

e Distheinner diameter of the bearing

e Listhelength of the bearing

e Risthe radius of the bearing

e Cisaradial clearance

The radial clearance is calculated as: € = 0.002d, where d is the diameter of each shaft.

Consequently, diameter of bearingis: D = d + 2C. An % ratio is considered for bearings of each shaft.

Specifically, % is taken as:

e 1forintermediate and thrust shaft bearings
e 2 forthe aft propeller shaft bearing
e 0.8 forthe forward propeller shaft bearing

In order to calculate the friction losses, the load is assumed to be distributed at the bearings
depending on their size. In other words, the pressure, psh, applied to each bearing, resulting from the

total weight, is constant. If wap, W, Wint, Win are the respective weights that each bearing is able to
Wint

carry, then the shafting weight is: Wy, = wgp, + wp, + + wy, where zi; is the number of

Zint

intermediate bearings. For each of the respective bearings, the weight and the pressure are
Wsh
Y A;
the total area of all bearings on which the weight is applied. Since the journal is cylindrical, A; = LD.
After establishing these parameters, the Sommerfeld number is calculated. For each bearing, for the

where ZAis

dependent on the contact surface, w; = pA;. These two relations, yield that: pgp, =
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. . . R L
calculated Sommerfeld number, according to Booser ®®, a dimensionless fE coefficient is given,

where f is the friction coefficient. Friction force is calculated as: Fr; = fw; and power lost to each
bearing is given by the relation: Pr; = 2mRNFy ;. By performing this method for every bearing, the
total shafting friction power loss is: Py = P o, + Py rp + Pfint + Pren

2.2.8.2 Engine Friction

The mechanical losses of a Diesel engine are difficult to estimate without direct measurement of the
installation in operation, or actual data. For the purpose of this study, the mean pressure of
mechanical losses is estimated through the following three empirical models, which provide friction
loss estimation with the use of common engine parameters as input.

2.2.8.2.1 Mrzljak model
According to this model, the mean friction pressure loss is given by the empirical formula:

Prmr = K1 (1 + ch ) + Di + ko,mep + k3cg where:
yl cl
o ky=0.0384, k,=0.018, k;=0.04
o Dudisthe engine bore in mm
o mepisthe engine mean effective pressure in MPA
O Gsisthe mean piston speedin m/s
Mechanical losses power is then given by the formula: Pgy. pmy = nzcylse"g;ﬁpf'mrlv

2.2.8.2.2 Millington model
According to this model, the mean friction pressure loss is given by the empirical formula:

Pfm = 6895(R., —4) + 48.2N + 401c,?%, where Ren is the compression ratio of the engine.

2
Zcy1SenDc1” P fuN
60

Mechanical losses power is then given by the formula: Py =

2.2.8.2.3 Petrovsky model
According to Petrovsky, the mechanical losses power of a two-stroke marine Diesel engine can be
expressed with an experimental model of the form:

Prrpe = ANP, where Ais a constantand 1.0 < b < 1.2 for low-speed engines.

Mrzljak and Millington models are used in order to calculate constant A for the MCR point of the
PrrmrtP frml

vessel. So, A = ——2——— while bis calculated with linear interpolation according to engine model

mcr

(engine size).
Friction power loss is calculated as the average of the three above models:

_ Pfr,mr + Pfr,ml + Pfr,pt

Py, 3

Friction calculation is done for both MCR point and the arbitrate operational point.

2.3 Single vessel example
Before proceeding to fleet scale calculations, a vessel example is illustrated. The calculation
procedure is done twice; one for the MCR service point and one for an operational service point. As a
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reference, a Panamax vessel of a 75000-t deadweight will be used, from the data of the study done
by Georgakis @7. Data of the reference vessel are stated in the following table:

Table 2.6 Principal particulars

225m
217.51m
- 31.96m
. 22 o 19.44 M
14.04m
12.5m
4.5 kn
0.86
75314 t
I 87003t
MAN 5-560MC-C
8990 kW
101 RPM
6.75m

2.3.1 Calculation of vessel parameters

2.3.1.1 Length
The equations used for the length calculation provided the following results.

Table 2. 7 Length values

EQUATION VALUE

220.94m
| Mism 212.57m
216.25m
217.50m
216.25m

Since the length of the reference vessel is 217 m, the SeaWeb equation provided the most accurate
results.

2.3.1.2 Depth
The equations used for the depth calculation provided the following results.

Table 2.8 Depth values
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Papanikolaou 19.13 M

19.14mM

Average of Papanikolaou and Misra 19.14 M
SeaWeb 19.44 M

Optimum equation 19.14 M

Since the depth of the reference vessel is 19.6 m, the SeaWeb equation provided the most accurate
results.

2.3.1.3 Breadth
The equations used for the breadth calculation provided the following results.

Table 2.9 Breadth values

Papanikolaou 34.16m
Papanikolaou 33.73M

35.77m

Average of Papanikolaou and Misra 34.55mM
SeaWeb 31.96 m

Optimum equation 33.73mM

Since the breadth of the reference vessel is 32.26 m, the SeaWeb equation provided the most
accurate results.

2.3.1.4 Draft
The draft of the example vessel is calculated with the relation: T = %. The result provided was
14.04 M. Since the vessel is even keel, T=Ta=T¢.

2.3.1.5 Deadweight to displacement ratio

DWT
— = 0.46676DWT-0529501 — 846

LS = 6.5134DWT67889 — 13288.1¢

A=LS +DWT = 88288.1¢

For the block coefficient estimation, the average of the two empirical methods provided by
Papanikolaou are used.

Cg1 = 0.515788DWT0042626 = (0,832

Ul
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1000A

Cp, =—— = 0.885
27 pkaweLBT
Cp1 + Cp
p =2 ——"2=0.858

2.3.1.9 Midship coefficient
Midship coefficient is calculated by using the Kerlen equation:

Cy = 1.006 — 0.0056C5 >° = 0.996.

2.3.1.10 Prismatic coefficient

2.3.1.11 Waterplane area coefficient
Waterplane area coefficient is calculated by using the equation for average hull:

1426,

2.3.1.122 LCB
LCB is calculated from the equation of BSRA:

LCB = 20(Cy — 0.675) = 116.735m

2.3.1.13 Wetted surface
The naked hull wetted surface is calculated using the LAP-KELLER relation:

1 1 ]
Spun = V3(3.4V3 + %) = 11527.38 m?
The rudder projected area is:

LTy B, ., )
Arua = 2755 ()?50C5% +1) = 109.28 m

The bilge keel configuration considered for the vessel is the BK15 [see appendix]. This yield:

Clpk bpk + lpxWpi)
cos Oy,

App = =101.54 m?

The total wetted surface is then: § = 11738. 2 m?

2.3.1.14 Propeller Diameter
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The propeller diameter is calculated as: Dy, = 0.395T, + 1.3 = 6.84m

2.3.1.15 Reynolds and Froude Numbers

4 9
Ry = Ly = 1.407-10

vV
E, = =0.159
ngl

2.3.1.16 Frictional resistance
According to ITTC the frictional resistance coefficient is:
C = 0.075
"7 Qlog(Ry) - 2)2

The frictional resistance is then calculated as:

1
— 2
Ry =5 pCrSV? = 491.687 kN

2.3.1.17 Viscous pressure resistance
The Holtrop calculation method is used to estimate the viscous pressure resistance of the vessel:

14+ k =0.93+0.487118(1 + 0.011Cg¢ern) -

B T
. 1.06806 - M 0.46106
(PO

L )0.121563 )

3
] (Lwl )0.364-86(1 — Cp)0604247

v
Cstern =0

1—Cp+ 0.066p¥

4CP_1

Lp = Ly,

So, the viscous resistance is a k fraction of the frictional: R,,, = kRy = 128.854 kN

2.3.1.18 Wave-making resistance
The wave-making resistance is considered as 5% of the total resistance.

2.3.1.19 Air resistance
For the calculation of the air resistance, the ITTC ‘78 method is used.
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A +A
Coir = 0,001 Ats T Ais)
S

1 2
Ry = 5 Cairpair(Ats+Als +2L(D - T))(V = Vainy™ = 2. 165 kN

A and Ais are the transverse and longitudinal surfaces of superstructures exposed to air motion
respectively, for a head-to-head vessel-air direction.

2.3.1.20 Correlation resistance
For the correlation resistance, the Bowden formula is used.

C, =0.105 AHS % 0.00064
a — . (LWl) .
The correlation resistance is then calculated as:

1
Ra = 5pCoSV? = 34.092 kN

2.3.1.21 Total resistance
The total resistance, for a 15% fouling increase and 10% weather conditions increase, is:

Refw = 1.05(R; + Ryp + Ry + Raip) (1 + mpymy,,) = 681.839 kN

Total resistance in ballast condition for a 15% fouling increase and 10% weather conditions increase,

)

R;fy = 852.3 kN

2.3.1.22 Main engine and maximum service point M
According to the total resistance for the maximum load draft condition, the engine installed is the
following:

Table 2.10 Engine details of vessel

ENGINE MAIN DATA

Maker MAN
7G50ME-Cgq.6
Bore 0.5
Stroke 2.5
Cylinder Number 7
Compression Ratio 15.05

The propeller law for this service pointis: P = 0.00262N32

2.3.1.23 Wake field
The average wake field as shown in [paragraph] is: w = 0.288

2.3.1.24 Thrust deduction factor
The thrust deduction factor as shown in [paragraph] is: t = 0.412
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2.3.1.25 Hull efficiency
The hull efficiency as shown in [paragraph] is: n, = 1.21

2.3.1.26 Relative rotative efficiency
The Relative rotative efficiency as shown in [paragraph] is: np = 1.022

2.3.1.27 Open water efficiency
The open water efficiency as shown in [paragraph] is: n, = 0.463

2.3.1.28 Shafting efficiency
Shafting efficiency is ng = 0.98

Table 2.11 Shafting system weights

PARAMETER VALUE

28907.7
Propeller weight [kg] 14.68
0.436
6.11
7174.36
0.873
0.109
512.68
0.437
0.873
0.436
0327
0.021
7837
0.358
6.873
5423.6
0.726
0.054
338.8
5
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Intermediate Bearing Diameter [m]

Intermediate Bearing Length [m]

Table 2.12 Materials

0.358
0.358

MATERIALS

Viscosity of shaft lubricating oil [Pa.s]

2.3.2 Calculation procedure results

Steel density [t/
Stainless steel density [t/m3]
Manganese Bronze density [t/m3]

2.3.2.1 Power and revolutions at different voyage conditions

Loading

Condition

Draft

Partially
Laden

Full Ballast

VALUES

0.3
7850
8000
8359

Table 2.13 Power and propeller revolutions at each voyage

Hull
Condition

Clean Hull

Partially
Fouled Hull
Fully Fouled

Hull

Clean Hull

Partially
Fouled Hull
Fully Fouled

Hull

Clean Hull

Partially
Fouled Hull
Fully Fouled

Hull

8480
11197
11320
9404
12445
12582
11428
15154

15319

4152
99
99

94.2

102.5

102

5596

119

119

57

Operational

91.2

5482.7
5543
4605
6094
6161

100

7421

7501

Revolutions

Operational

73
79-4
79
75-4
82
82

80

95

94.8



Power [kW]

12500
11500
10500
9500
8500
7500
6500
5500
4500

3500

2500

Engine points at clean hull

/

70 75 8o 85 90 95 100
Propeller revolutions [RPM]

—@— Service points at clean hull —@— Operational points at clean hull

Figure 2.6 Engine operating points-Clean hull
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Power [kW]

Power [kW]

Engine points at partially fouled hull

16500
14500
12500
10500
8500
6500 /////,/—”’///////
4500
2500
70 80 90 100 110 120
Propeller revolutions [RPM]
—@— Service points at partially fouled hull —@— Operational points at partially fouled hull
Figure 2.7 Engine operating points at partially fouled hull
Engine points at fully fouled hull
17000
15000
13000
11000
9000
7000 /
5000
3000
70 8o 90 100 110 120
Propeller revolutions [RPM]
—@— Service points at fully fouled hull —®— Operational points at fully fouled hull

Figure 2.8 Engine operating points at fully fouled hull
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2.3.2.2 Shafting friction

Table 2.14 Shafting frictional losses

Shafting friction in % of brake
power

Loading Shafting friction in kW
. Hull
Condition o
condition

Draft MCR Operational MCR Operational

Clean Hull 11.948 7.685 0.141 0.185
Summer Partially
Load Fouled Hull 14.123 9.066 0.126 0.165
Fully
Fouled Hull 14.038 9.011 0.124 0.163
Clean Hull 12.599 8.064 0.134 0.175
Partially Partially 16.070 6 0191 o1
Laden Fouled Hull 507 9573 | 153
Fully
Fouled Hull 14.980 9.617 0.119 0.156
Clean Hull 14.169 9.070 0.124 0.162
Full Partially 50,20 15.970 o1 o1
:EIESSN Fouled Hull 203 97 133 75
Fully 20.102 12.910 0.131 0.172
Fouled Hull ' 9 13 -
Shafting frictional losses in kW
B MCR ® Operational
25
20
E 15
5
[T
(0]
S.L. P.L. F.B. S.L. P.L. F.B. S.L. P.L. F.B.
Clean hull Partially fouled hull Fully fouled hull

Hull condition

Figure 2.9 Shafting frictional losses in kW
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Shafting frictional losses % of brake power

B MCR ® Operational

S.L. P.L. F.B. S.L. P.L. F.B. S.L. P.L. F.B.

Clean hull Partially fouled hull Fully fouled hull

0.200%
0.180%
0.160%
0.140%
0.120%

0.100%

Friction in %

0.080%
0.060%
0.040%

0.020%

0.000%

Hull condition

Figure 2.10 Shafting frictional losses in %

2.3.2.2.1 Aft bearing friction
Table 2.15 Aft bearing losses

Loading Hull Total friction in kW Total friction in % of brake power
Condition "
condition

Draft MCR Operational MCR Operational

Clean Hull 7195.68 4616.23 0.085 0.1112
Summer Partially
Load Fouled Hull 2 G 5448.61 0.076 0.0994
Fully 8461 X oo .
Fouled Hull 45134 5415.7 .0747 .0977
Clean Hull 7627.71 4882.5 0.0811 0.106
Partially Partially
ELELES Fouled Hull 9086.32 5817.15 ORI 0.0955
Fully
Fouled Hull 9033-39 578314 0.0718 0.0981
Clean Hull 8578.43 5491.01 0.07506 0.0981
Full Partially
NP FoledHull 121948 781439 0.0805 0.1053
Fully 151 o ores ront
Fouled Hull 337 777497 .079 103
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Firiction in W

Friction in %

Aft bearing losses

B MCR ® Operational

14000

12000

10000

8000

6000

4000

2000

0 — T — e — T — T — T — T — T — T — T
S.L. P.L. F.B. S.L. P.L. F.B. S.L. P.L. F.B.
Clean Hull Partially Fouled Hull Fully Fouled Hull
Hull condition
Figure 2.11 Aft bearing losses in kW
Aft bearing losses % of brake power
B MCR m Operational
0.120%
0.100%
0.080%
0.060%
0.040%
0.020%
o.000Y e EHEE HIIL TEEL EEE TR R e
S.L. P.L. F.B. S.L. P.L. F.B. S.L. P.L. F.B.

Clean Hull Partially Fouled Hull Fully Fouled Hull
Hull condition

Figure 2.12 Aft bearing losses %
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2.3.2.2.2 Fore Bearing losses

Table 2.16 Forward bearing losses

Loading Total friction in kW Total friction in % of brake power

Condition co:dl;'lclion
Draft MCR Operational MCR Operational

Clean Hull 2753.57 1782.71 0.0325 0.0429
Summer Partially 2401 20 0.05 0.028
NER Fouled Hull 324943 e e 0255
Fully
Fouled Hull 3229.86 2087.1 0.02853 0.03765
Clean Hull 2867.23 1835.74 0.0305 0.0399
Partially Partially
Laden Fouled Hull 3646.94 2237.62 0.0278 0.0367
Fully
Fouled Hull 3445.03 2224.88 0.0274 0.0361
Clean Hull 3224.43 2064.39 0.0282 0.0369
Full Partially
Ballast Fouled Hull 4632.62 2986.97 0.0306 0.0403
Fully
Fouled Hull 4609.6 2972.18 0.0301 0.0396
Fore bearing friction
B MCR ® Operational
5000
4500
4,000
3500
% 3000
:é 2500 ‘ I
g 2000 I I I M I I
1500 i - - - - ‘ ‘ - -
1000 i - - - - ‘ ‘ - -
500 i - - - - i i - i
(0]
S.L. P.L. F.B. S.L. P.L. F.B. S.L. P.L. F.B.
Clean Hull Partially Fouled Hull Fully Fouled Hull

Hull condition

Figure 2.13 Forward bearing losses in kW
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Fore bearing friction in % of brake power

B MCR m Operational

S.L. P.L. F.B. S.L. P.L. F.B. S.L. P.L. F.B.

Clean Hull Partially Fouled Hull Fully Fouled Hull
Hull condition

0.050%
0.045%
0.040%
0.035%
0.030%

0.025%

Friction in %

0.020%
0.015%
0.010%

0.005%

0.000%

Figure 2.14 Forward bearing losses %

2.3.2.2.3 Intermediate bearing losses
Table 2.17 Intermediate bearing losses

Loading Total friction in kW Total friction in % of brake power

Condition co:dl;'lclion
Draft MCR Operational MCR Operational

Clean Hull 1998.85 1286.21 SR 0.03098
Summer Partially 2360.96 1517.54
Load Fouled Hull 0:02103 0.02767
Fully 2346.84 1508.52 0.02073
Fouled Hull e
Clean Hull 2103.64 1346.7 0.02237 0.02924
Partially Partially 2519.11 1618.53
Laden Fouled Hull 0:02024 w2005
Fully 2504.52 1609.21 0.02612
Fouled Hull SHEREE)
Clean Hull 2365.78 151449 0.02070 0.02706
Full Partially 3375.45 2168.91 0.02923
:EIEGSN Fouled Hull 0:02227
Fully 3358.56 2158.08 0.02192
Fouled Hull 0.02877
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Friction in W

Friction in %

3500

3000

2500

2000

1500

1000

o

50

0.035%
0.030%
0.025%
0.020%
0.015%
0.010%
0.005%

0.000%

Intermediate bearing losses

B MCR m Operational

S.L. P.L. F.B. S.L. P.L. F.B.

CLEAN HULL

PARTIALLY FOULED HULL
Hull condition

Figure 2.15 Intermediate bearing losses

S.L. P.L. F.B.
FULLY FOULED HULL

Intermediate bearings losses % of brake power

CLEAN HULL

S.L. P.L. F.B. S.L. P.L. F.B.

B MCR ® Operational

PARTIALLY FOULED HULL
Hull condition

Figure 2.16 Intermediate bearing losses %
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2.3.2.3 Engine friction

Table 2.18 Engine frictional losses

Engine friction in % of brake
power

Loading Engine friction in kW
s Hull
Condition s
condition

Draft MCR Operational MCR Operational

Clean Hull 328.900 240 3.879 5.779
Summer Partially 870 560,200 o 1
Load Fouled Hull 373-57 923 3-34 49
Fully
Fouled Hull 372.465 268.326 3.290 4.841
Clean Hull 345.270 250.681 3.671 5.444
Partially Partially
Laden Fouled Hull 393526 3.162 281.977 4627
Fully
Fouled Hull 392.091 280.995 3.116 4.561
Clean Hull 377-900 271.900 3.307 4.860
Partially
Fouled Hull 494.045 346.56 3.260 4.670
Fully
Fouled Hull 492.381 345.459 3.214 4.605
Engine frictional losses
B MCR ® Operational
600
500
> 400
-~
% 300 - :
ng_
200 i i ‘ ‘ ‘ - - - I
(0]
S.L. P.L. F.B. S.L. P.L. F.B. S.L. P.L. F.B.
Clean Hull Partially Fouled Hull Fully Fouled Hull

Hull condition

Figure 2.17 Engine frictional losses in kW
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Engine frictional losses % of brake power

B MCR m Operational

P.L. F.B. S.L. P.L. F.B. S.L. P.L. F.B.

Clean Hull Partially Fouled Hull Fully Fouled Hull
Hull condition

7.000%
6.000%
5.000%
£4.000%

3.000%

Friction in kW

2.000%

1.000%

0.000%

Figure 2.18 Engine frictional losses %

2.3.2.4 Total friction

Figure 2.19 Total frictional losses

Total friction in kW Total friction in % of brake power

Loading Hull
Condition condition
Draft MCR Operational MCR Operational

Clean Hull 340.86 247.611 4.02 5.964
Summer Partially
Load Fouled Hull 387.991 278.357 3.465 5.077
Full
Fouled)ll-|ull EEEE 277338 3-414 5.003
Clean Hull 357.867 258.746 3.805 5.619
Partiall Partiall
Ladeny Fouled H)tlJII 408.597 ZERCE 3-283 4.786
Fully
Fouled Hull 407-074 290.613 3.235 4.717
Clean Hull 392.111 281.004 3.307 5.021
Full Partially
:E|ESS Fouled Hull 24 359:531 3-393 4845
Full
Fouled)ll-|ull 512.482 358.364 3.345 4777

67



Friction in kW

Friction in %

600

500

400

7.000%
6.000%
5.000%
£4.000%
3.000%
2.000%
1.000%

0.000%

300

200

100
o (NS EEES EIE EEES R -
S.L. P.L. F.B. S.L. P.L. F.B.

Total frictional losses

B MCR m Operational

S.L. P.L. F.B.

Clean Hull Partially Fouled Hull Fully Fouled Hull
Hull condition

Figure 2.20 Total frictional losses in kW

Total frictional losses % of brake power

B MCR m Operational

P.L. F.B. S.L. P.L. F.B.

S.L. P.L. F.B. S.L.

Clean Hull Partially Fouled Hull Fully Fouled Hull
Hull condition

Figure 2.21 Total frictional losses in kW
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3.Parametric study

3.1 Introduction

In this chapter a parametric study is performed on the attribute of friction losses according to the
changing bulk carrier vessel class. The simulation is done for 100 vessels, 20 per vessel class,
Handysize, Handymax, Panamax, Capesize, VLBC. Shafting friction losses, engine friction losses and
total friction losses are illustrated in the following diagrams both in quantitative and percentage
forms. Finally, based on these measurements, a regression model for friction power loss estimation
is suggested, based on these values with the changing parameters of vessel size, installed power, hull
condition (added resistance due to fouling and weather conditions) and service speed levels.

For each vessel, eighteen scenarios are considered, regarding service speed, hull fouling condition
and draft at a specific loading. The three hull conditions are: clean hull, 50% margin and 100% margin
of extra resistance. For each resistance, three loading conditions are created, fully loaded vessel,
partially laden vessel and full ballast condition. All these cases divide into two subcategories;
travelling at full-service speed or sailing under slow steaming conditions with a 20% reduction. All are
summarized in the following diagram.

Added resistance 0% Added resistance 50% Added resistance 100%
loaded laden ballast loaded laden ballast loaded laden ballast loaded laden ballast loaded laden ballast loaded laden ballast

Figure 3.1 Scenarios under study

For each of the twenty vessels, the average value was obtained, for power, revolutions, vessel
dimensions and friction measurements. By performing the same procedure as mentioned in chapter
2.3, the following results were received for each vessel class.

Table 3.1 Principal dimensions

VESSEL
CLASS DWT A LS L B D

27125 33768.3 6643.3 161.4 25.9 13.7
44750 540915 9341.5 180.8 30.6 163
67350 79686.5 12336.5 205.4 321 18.8
139475 1595644 20089.5 258.2 42.6 22.6
312687.5 347605.0 34917.5 324.3 58.9 28.8

Table 3.2 Principal dimensions

VESSEL
CLASS Tn Tb Tpi \" Vs Ps N

9.9 5.1 75 137 121 5574.7 124.3

Handymax 11.8 5.7 8.7 14.2 12.4 8231.9 113.5
13.6 6.4 10.0 14.5 12.8 10709.5 101.6
16.3 7.7 12.0 14.5 12.8 17145.9 93.1
20.8 9.4 15.1 14.5 12.6 29166.8 82.7
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The brake power and the relevant revolutions are the operational point at maximum service speed;
the power that the engine needs to generate in order to move the vessel at full speed under the
maximum estimated resistance.

For each MCR point for the different drafts and the different hull conditions, the necessary power and
rotational speed were calculated with the estimation of the total resistance and the use of the
grid.exe program. Each operational point was calculated by use of the propeller law, since the same
curve applies for reduced speed at a constant draft at a certain period of operation of the vessel.

As explained in 2.2.5.1, the revolutions of the propeller and the service speed are proportional. By
using the grid.exe the combination of power and revolutions for each operational point for the
different cases are calculated. By cutting down to the slow steaming speed, the revolutions will be
reduced in a proportional way. So, after estimating the service points, by using the propeller curve

. . . Vs .
law, the operational points can be estimated, as: Ng = VN' From N, the relevant operational power

is obtained from the propeller law curve, P = ch3'2.

The service points of each case for every hull fouling condition are illustrated in the following tables:

Table 3.3 Power and revolutions at clean hull

CLEAN HULL
VESSEL CLASS Handysize Handymax Panamax Capesize VLBC
Power MCR Full load 4196.7 6186.9 8025.2 12806.8  21737.2

Revolutions MCR Full load 115.1 105.0 93.8 84.3 73.1
Operational power Full load 2054.9 3029.4 3929.5 6270.9  10643.7
Revolutions Operational Full load 92.1 84.0 75.0 67.4 58.5
Power MCR Full ballast 5328.3 8051.1 10698.3 17890.1  31442.0
Revolutions MCR Full ballast 123.9 113.9 102.4 93.6 84.8
Operational Power Full ballast 2609.0 3942.2 5238.5 8759.9  15395.6
Revolutions Operational Full ballast 99.1 91.1 81.9 74.9 67.8
Power MCR Partially laden 4580.5 6783.4 8861.1 14382.8  24649.1
Revolutions MCR Partially laden 118.3 108.1 96.7 87.3 77-4
Operational Power Partially laden 2242.9 3321.5 4338.9 7042.5  12069.5

Revolutions Operational Partially laden 94.7 86.5 774 69.9 61.9
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Power demand at clean hull

35000
30000
25000
20000
15000

Power [kW]

10000 —///
5000 ///

0
60 70 80 90 100 110
Propeller Revolutions [RPM]
—8—Handysize —@®—Handymax —@—Panamax Capesize —@—VLBC

Figure 3.2 Power demand at clean hull

Table 3.4 Power and revolutions at partially fouled hull

PARTIALLY FOULED HULL

120

VESSEL CLASS Handysize Handymax Panamax Capesize

Power MCR Full load 5515.6 8146.0 10597.1
Revolutions MCR Full load 124.7 113.9 101.9
Operational power Full load 2700.7 3988.7 5188.9
Revolutions Operational Full load 99.7 91.1 81.5
Power MCR Full ballast 7016.0 10624.6 14160.9
Revolutions MCR Full ballast 134.4 123.7 114.5
Operational Power Full ballast 3435.4 5202.3 6933.9
Revolutions Operational Full ballast 107.5 99.0 91.6
Power MCR Partially laden 6021.8 8936.5 11707.9
Revolutions MCR Partially laden 128.2 117.3 105.1
Operational Power Partially laden 2948.6 4375.8 5732.8
Revolutions Operational Partially laden 102.6 93.8 84.1
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16965.6
93-4
8307.3
747
23765.2
106.8
11636.7
85.4
19073.2
991
9339.2
793

VLBC
28866.5
83.0
14134.6
66.4
41875.3
93-4
20504.4
747
32762.6
86.6
16042.3
69.3



Power demand at partially fouled hull

50000

40000

30000

20000

Power [kW]

10000 /_/////
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Propeller Revolutions [RPM]
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120

130
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Figure 3. 3 Power demand at partially fouled hull

Table 3. 5 Power and revolutions at fully fouled hull

140

FULLY FOULED HULL

VESSEL CLASS
Power MCR Full load
Revolutions MCR Full load
Operational power Full load
Revolutions Operational Full load
Power MCR Full ballast
Revolutions MCR Full ballast
Operational Power Full ballast
Revolutions Operational Full ballast
Power MCR Partially laden
Revolutions MCR Partially laden
Operational Power Partially laden

Revolutions Operational Partially laden

Handysize
5574.7
124.3
2729.7
99.5
7092.1
134.0
3472.7
107.2
6086.2
127.9
2980.1
102.3
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Handymax Panamax Capesize

8231.9
113.5
4030.8
90.8
10735-4
123.4
5256.6
98.7
9030.8
117.0
4422.0
93.6

10709.5
101.6
5243.9
81.3
14312.6
115.2
7008.2
92.2
11833.6
104.9
5794-4
83.9

17145.9
931
8395.5
745
24014.8
107.5
11758.9
86.0
19272.1
983
9436.6
78.6

VLBC
29166.8
82.7
14281.6
66.2
42318.9
93.8
20721.5
751
33092.9
86.1
16204.0
68.8



Power demand at 100% added resistance

45000

40000

35000
3 30000 —@— Handysize
-~
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= 20000
& 15000 —&— Panamax

10000 // —0— Capesize

5000 / —e— VLBC
0
0 20 40 60 80 100 120 140 160

Propeller revolutions [RPM]

Figure 3. 4 Fully fouled hull

3.2 Study results

In the next paragraphs the results of the simulation are illustrated. Charts, based on the friction
calculations show the attribute of frictional losses against the changing size of added resistance, draft
and speed.

3.2.1 Shafting friction losses

Handysize-Shafting friction losses

10

Power loss in kW
w ~ w [e2JRN] o O

N

MCR Operational MCR Operational MCR Operational

Full load Partially ladden Full Ballast
Voyage condition

B Added resistance 0% B Added resistance 50% B Added resistance 100%

Figure 3.5 Handysize frictional losses in kW

From the above column charts, quantitative shafting friction losses increase with:

e Reduction in draft.
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e Sailing at full speed (engine operating under maximum service point).
e Increase of the additional resistance caused by fouling.
® Increase in vessel size.

The main parameter affecting shafting friction losses is the rotational speed of the crankshaft and
hence; the propeller. Higher revolutions lead to increased Sommerfeld Number, which causes the
friction coefficient to be larger resulting at increased power losses.

A reduction of draft implies that the resistance of the vessel is lower. Thus, at a constant engine load,
the revolutions will increase with the reduced resistance.

If the hull of the vessel is clean (absence of fouling) and additionally if the vessel sails in calm weather,
then resistance is also less and higher rpm can be achieved with constant engine load. Obviously, if
the engine is operated under maximum service conditions whether resistance decreases or not, then
the revolutions again are higher and the amount of energy lost. The friction losses per shaft bearing
are illustrated. As mentioned in paragraph 2.2.7 the bearings considered are the aft and the fore
bearings of the propeller shaft and the intermediate bearing of the intermediate shaft, while the
thrust is assumed to be built in the engine.

3.2.1.1 Aft bearing frictional losses
Aft bearing, forward and intermediate bearing losses per bulk carrier class:

Handysize-Stern tube aft bearing friction losses

18
16
14
2o
£
»n 10
(%]
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Figure 3.6 Handysize aft bearing losses
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Figure 3.7 Handymax aft bearing losses
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Figure 3.8 Panamax aft bearing losses
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Figure 3.9 Capesize aft bearing losses

VLBC-Stern tube aft bearing friction losses
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Figure 3.10 VLBC aft bearing losses
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Figure 3.11 Handysize aft bearing losses %
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Figure 3.12 Handymax aft bearing losses %
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Figure 3.13 Panamax aft bearing losses %
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Figure 3.14 Capesize aft bearing losses %
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VLBC-Stern tube aft bearing friction losses % of
brake power
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Figure 3.15 VLBC aft bearing losses %

3.2.1.2 Forward bearing frictional losses

Handysize-Stern tube fore bearing friction

losses
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Figure 3.16 Handysize forward bearing losses
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Figure 3.17 Handymax forward bearing losses
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Panamax-Stern tube fore bearing friction losses

.\./‘\/‘\o

MCR Operational MCR Operational MCR Operational

Full load Partially ladden Full Ballast
Voyage condition

=@=— Added resistance 0 % =@ Added resistance 50% =@ Added resistance 100 %

Figure 3.128 Panamax forward bearing losses

Capesize-Stern tube fore bearing friction losses
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Figure 3.19 Capesize forward bearing losses

81



Power loss in kW

Power loss in %

25

20

15

10

VLBC-Stern tube fore bearing friction losses
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Figure 3.20 VLBC forward bearing losses
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Figure 3.21 Handysize forward bearing losses %
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Figure 3.22 Handymax forward bearing losses %
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Figure 3.23 Panamax forward bearing losses %
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Figure 3.24 Capesize forward bearing losses %
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Figure 3.25 VLBC forward bearing losses %
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3.2.1.3 Intermediate bearing frictional losses
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Figure 3.26 Handysize intermediate bearing losses
Handymax-Intermediate bearing friction losses
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Figure 3.27 Handymax intermediate bearing losses
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Panamax-Intermediate bearing friction losses
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Figure 3.28 Panamax intermediate bearing losses
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Figure 3.29 Capesize intermediate bearing losses
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Figure 3.30 VLBC intermediate bearing losses
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Figure 3.31 Handysize intermediate bearing losses %
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Figure 3.32 Handymax intermediate bearing losses %
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Figure 3.33 Panamax intermediate bearing losses %
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Figure 3.34 Capesize intermediate bearing losses %
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Figure 3.35 VLBC intermediate bearing losses %
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Figure 3.36 Handysize shafting frictional losses %
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Figure 3.37 Handymax shafting frictional losses %
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Figure 3.38 Panamax shafting frictional losses %
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Figure 3.39 Capesize shafting frictional losses %
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Figure 3.40 VLBC shafting frictional losses %

The aft bearing is the shaft component carrying the heaviest loads during the operation of the
propulsion installation. The fore bearing is the bearing with the next larger amount of friction losses,
while the intermediate bears the lowest. In every case, the friction losses in quantitative form, are
larger for a decreasing draft, an increased added resistance and the speed at its maximum service
values. Moreover, friction losses increase with vessel size, with the VLBC class being the most energy
consuming.

Another important parameter affecting friction losses is the weight of the shafting system. Heavier
installations generate larger loads that the bearings are bound to withstand. Of course, a large vessel
in means of deadweight needs to consume more power for propulsion, so larger engines are installed.
The increased installed propulsion power leads to heavier shafting systems, affecting thus friction
losses.

In contrast with the quantitative case, the shafting friction losses as a percentage are less with the
decreasing draft, vessel size and higher with increased speed and hull fouling. This is attributed to the
fact that the operational power is higher for a large vessel, fully fouled, operating at its maximum
engine output, while the relevant revolutions at that service point are low (the larger the two-stroke
engine, the less revolutions per minute are needed). So, even though a VLBC would generate the
highest shafting friction losses among other vessel types, due to its size and installed propulsion unit,
these losses are the smallest percentage among other vessel classes.

As a percent of operating brake power, friction losses attribute from the quantitative case in the
opposite manner; they are maximum for Handysize vessels and keep reducing as the vessel size
increases. As small-sized the vessel is, the equipped engine would run on higher revolutions; thus,
affecting friction losses. Moreover, the installed brake power increases with vessel size. So, the
percentage losses are higher for small classed vessels, in contrast with the quantitative case.
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3.2.2 Engine friction losses
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Figure 3.41 Handysize engine frictional losses kW
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Figure 3.42 Handymax engine frictional losses kW
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Figure 3.43 Panamax engine frictional losses kW
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Figure 3.44 Capesize engine frictional losses kW
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VLBC-Engine friction losses
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Figure 3.45 VLBC engine frictional losses kW

Engine friction losses were calculated by the use of empirical relations. These relations take into
account the following parameters:

e Engine cylinder number

e Engine stroke

e Engine bore

e Engine mean effective pressure
e Engine mean piston speed

e Engine compression ratio

e Engine crankshaft revolutions

So, the attribute of the engine friction losses is dependent on these parameters. From these
parameters, pressure and speed are variable; the rest are constant for a certain engine model.

As an amount of energy, friction losses increase by:

e Vesselsize
e Increased service speed
e Reducing draft of vessel (as in the case of shafting losses)

Engine friction varies also by the increase of added resistance. For the case of shafting losses, reduced
resistance leads to increased propeller revolutions for the constant system weight. However, this is
not valid for the engine friction losses. Reduced resistance means operation of engine at a reduced
load; a reduced mean effective pressure and crankshaft speed. As the engine load drops, the mean
effective pressure reduction is more significant than the friction pressure reduction. So, the friction
losses depend on the combination of revolutions and pressure values on a specific load for a specific
engine model.
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Based on this observation, a dependency between losses and draft is distinguished. A decrease in

draft leads to an increase in engine losses. The wetted surface is reduced at lower draft, lowering the
power demand for propulsion.

The effect of service speed is the same for the engine friction case as for the shafting; reduced speed
leads also to reduced power losses due to friction.

Handysize-Engine friction losses as % of brake
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Figure 3.46 Handysize engine frictional losses %
Handymax-Engine friction losses as % of brake
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Figure 3.47 Handymax engine frictional losses %
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Figure 3.48 Panamax engine frictional losses %
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Figure 3.49 Capesize engine frictional losses %
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VLBC-Engine friction losses as % of brake power
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Figure 3.50 VLBC engine frictional losses %

As a percentage of brake power, engine friction losses behave in an inverse manner. They increase as
draft and vessel size decrease and as resistance and speed increase. As explained in the quantitative
case, engine load drops, (which means that less fuel is injected in the combustion chamber) the drop
in mean effective pressure and mean friction pressure loss is uneven. As tested by Ulman ©, friction
pressure loss is not affected by crankshaft speed and engine size but merely depends on mean piston
speed; thus, friction is not reduced proportionally to the engine load. However, mean piston speed is
constant among different engine models. In this manner, engine friction loss can be considered
constant. Brake power is calculated as:

/14 2 N
P = Zchlspb %

The mean effective pressure is the same for each engine model. So, for two different engine models,
brake power is a function of:

e Bore

e Stroke

e Cylinder number

e Crankshaft revolutions

If both engines have the same cylinder number, then brake power depends only on bore and stroke,
while the revolutions will be higher for the smaller engine.

P = csNb?

Consequently, friction losses in quantitative form are higher for a large engine, whereas, for the same
engine, in percentage form, friction losses are low.
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3.2.2.1 Frictional losses main engine components

For the engine loss distribution, values proposed by Clausen 2 are used in order to calculate the
losses per engine part. The next figures, illustrates the power lost at engine components for the
changing speed, draft and resistance.

Engine loss distribution

B Engine loss distribution
B Guide shoe bearing

B Piston assembly

& Main bearing

B Connecting rod

B Stuffing box

W Thrust bearing

Figure 3.51 Engine loss distribution *2

3.2.2.1.1 Guide shoe frictional losses

Handysize-Guide shoe bearing friction losses

180
160
140
120
100

80

Power loss W

60

3 \/\/\

20

MCR Operational MCR Operational MCR Operational
Full load Partially ladden Full Ballast

Voyage condition
=@=— Added resistance o0 % =@ Added resistance 50% =@ Added resistance 100%

Figure 3.52 Handysize guide shoe frictional losses W
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Figure 3.53 Handymax guide shoe frictional losses W
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Figure 3.54 Panamax guide shoe frictional losses W
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Figure 3.55 Capesize guide shoe frictional losses W
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Figure 3.56 VLBC guide shoe frictional losses W
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3.2.2.1.2 Piston frictional losses
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Figure 3.57 Handysize piston frictional losses W
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Figure 3.58 Handymax piston frictional losses W
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Figure 3.60 Capesize piston frictional losses W
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Figure 3.61 VLBC piston frictional losses W
3.2.2.1.3 Main bearing frictional losses
Handysize-Main bearing friction losses
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Figure 3.62 Handysize main bearing frictional losses W
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Figure 3.63 Handymax main bearing frictional losses W
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Figure 3.64 Panamax main bearing frictional losses W
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Figure 3.65 Capesize main bearing frictional losses W

VLBC-Main bearing friction losses in kW
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Figure 3.66 VLBC main bearing frictional losses W
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3.2.2.1.4 Connecting rod frictional losses
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Figure 3.67 Connecting rod frictional losses W

Handymax-Connecting rod friction losses in kW
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Figure 3.68 Handymax connecting rod frictional losses W
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Figure 3.69 Panamax connecting rod frictional losses W

Capesize-Connecting rod friction losses in kW
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Figure 3.70 Capesize connecting rod frictional losses W
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VLBC-Connecting rod friction losses in kW
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Figure 3.71 VLBC connecting rod frictional losses W

3.2.2.1.5 Thrust bearing frictional losses
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Figure 3.72 Handysize thrust bearing frictional losses W
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Figure 3.73 Handymax thrust bearing frictional losses W
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Figure 3.74 Panamax thrust bearing frictional losses W
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Figure 3.75 Capesize thrust bearing frictional losses W

VLBC-Thrust bearing friction losses in kW
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Figure 3.76 VLBC thrust bearing frictional losses W
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3.2.2.1.6 Stuffing box frictional losses
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Figure 3.77 Handysize stuffing box frictional losses W
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Figure 3.78 Handymax stuffing box frictional losses W
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Figure 3.80 Capesize stuffing box frictional losses W
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VLBC-Stuffing box friction losses
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Figure 3.81 VLBC stuffing frictional losses W

3.2.3 Total friction losses

Total losses are the sum of shafting friction losses and engine friction losses. So, they highly

dependent on engine friction losses nature. As a quantity of energy lost, the total losses increase with
the service speed and with the reduction of draft.
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Figure 3.82 Handysize total frictional losses W
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Figure 3.84 Panamax total friction losses in W
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Figure 3.86 VLBC total friction losses in W
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Figure 3.88 Handymax total friction losses %
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Figure 3.90 Capesize total friction losses %
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Figure 3.91 VLBC total friction losses %

The total losses in percentage form, as in the case of its components, attribute inversely to the case
of quantitative losses. So, in terms of mechanical efficiency, a large sized vessel operating at the MCR
engine point at a certain draft and at a certain added resistance condition, is the most efficient vessel.
This proves that the growing vessel size is more beneficial in terms of fuel, emissions and efficiency.

3.2.3 Regression model for friction power loss estimation

In this chapter, by exploiting the data computed for the above-mentioned vessels, a non-linear
regression model is generated for the estimation of the friction power loss. As already discussed,
friction is affected by various parameters, both geometrical (such as the draft of vessel) and
mechanical (such as the weight of shafting system). The proposed model relates the total friction
power loss met in the propulsion installation (engine and shafting losses), the dependent random
variable, with a set of independent random variables as:

P;=—103.976 + 0.399W,*302 p0376 N0.065 (| ppT)~00250, 982 (1~Tra+Tperioa)

The independent random variables are explained in the following table:

Table 3.6 Model variables and units

Independent variable Units
Weight of shafting system Wsh kg

P w
N RPM
L m
B m
D m
T m

Fraction of added resistance Frd -
Fraction of maximum service speed Fperiod -
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Power loss, Py, is estimated in terms of kW. This model can be used at preliminary design of a bulk
carrier, which provides an estimation of friction at a specified voyage condition described by these
variables. The accuracy of the model was found 0.23%.

3.2.4 Energy lost due to friction from each class in an annual calendar period
According to Georgakis 7 the total days of operation during a year of a bulk carrier are divided as:

Table 3.7 Annual distribution of operational vessel days

Annual distribution of days of operation
Total days 365
In port operation 95
Travelling at full load 180
Travelling at full ballast 90
Voyage days 270
However, in the above table only the case of a full loaded and a full ballast vessel are considered. In
order to include the case of a partially laden vessel, the operation calendar is modified as:

Table 3.8 Annual distribution of operational vessel days-modified

Annual distribution of days of operation
Total days 365
In port operation 95
Travelling at full load 189
Travelling at full ballast 54
Travelling partially laden 27
Voyage days 270
For the purpose of the study, in order to estimate the annual friction losses caused by the bulk carrier
fleet, a distribution for draft, added resistance and speed must be made.

Table 3.9 Probabilities for different loading conditions

Probabilities at different loading conditions
Percentage at full load r, 0.7
Percentage at partial load 1, 0.1
Percentage at full ballast r¢, 0.2
The probabilities considered for each hull condition are shown in the following table.

Table 3.10 Probabilities for different added resistance conditions

Probabilities at different added resistance conditions
Clean hull r.p, 0.1
Partially fouled hull (50%) 7,1, 0.7

Fully fouled hull (100%) 7 ¢p, 0.2
The probability of the speed level of a bulk carrier is considered binomial.

Table 3.11 Probabilities for different speed conditions

0.5

0.5
Since not all vessels sail at the same speed, draft or hull condition, the effect of these parameters
must be included in the calculations. So, power loss during one-year period is calculated as the
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weighted average of all eighteen cases (draft, resistance, speed). It is expressed by introducing the
variables P;j;, which are obtained for a different loading condition, hull fouling condition and speed
level, eighteen in total for each vessel class. Index i, represents the draft of the loading condition,
index j the added resistance condition and index k the speed level.

1+3
j=1+3
k=1=+2

Since friction loss by main engine use is under investigation in this study, only the voyage days are
considered in the calculations.

+ Tplel

— Sl
Power = "MCR (rch (rﬂP ft,chmcr

ft,chmer

+ rbefb )

ft,chmer

+ T'plel

fl
+ Tph(rflp ftph,mcr
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ft.oh,mer + T'be )
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According to the above probabilistic formula and tables [3.8+3.11] the amount of energy lost due to
each class of the bulk carrier fleet are illustrated in the following table:

Table 3.12 Daily and annual power loss per bulk carrier class

Number Daily power loss
of per class
vessels GWh TJ GWh TJ

Annual power loss per class

2272 8.68,  31.263  2344.757 8441.126
2195 12.578 45.280 3396.019 12225.670
3696 28713 103366  7752.419 27908.710
2971 38.079 137.083 10281.194 37012.300
660 12.722 45.801 3435.042 12366.150
11794  100.776 362.794  27209.430 97953.950

Table 3.13 Daily and annual propulsion power production

Number Daily power Annual power production per
of production per class class
vessels GWh TJ GWh TJ

2272 224.897 809.631  60722.296 218600.265
2195 322.623 1161.441  87108.100 313589.159

3696  708.875 2551.952 191396364  689026.909
2971 926750 3336.299 250222.404  900800.655
660 340.968  1227.485  92061.376 331420.954
11794  524.113 9086.807 681510.539  2453437.941
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The vessel class with the largest energy losses is the Capesize class, followed by the Panamax class.
These two classes compose the majority of the bulk carrier fleet. VLBCs, although they are the largest
sized class, they do not account for the majority of energy losses. Therefore, from the above table,
VLBC's and Handysize vessels are the most competitive vessels in terms of engine and shafting
friction loss.

Annual energy loss due to friction by
bulk carrier class

12366 8441

12226

37012

B Handysize B Handymax ® Panamax Capesize mVLBC

Figure 3.92 Annual energy loss due to friction per bulk carrier class

4 Global scale bulk carrier fleet study

4.1 Introduction

In this chapter, annual friction calculation is performed on global fleet scale. Through a
representation of the Seaweb bulk carrier fleet database, by creating vessels bearing similarities to
the vessels registered in Seaweb, friction losses in an annual period are estimated for different cases,
by changing parameters regarding service speed and slow steaming values. Energy consumption is
estimated for power loss due to friction and due to main engine operation. Finally, the friction model
proposed in paragraph 3.2.3 and the results of the parametric study were tested against the global
scaled results.

4.2 Friction loss calculation and fuel consumption due to friction

The Seaweb database, being comprised by 10347 bulk carriers, was used as a reference for the
simulations. Specifically, by using the methods described in chapter 2, a virtual representation of the
database was performed, followed by test simulations. Every dimension and geometrical parameter
of each vessel was calculated, with each measure lying within a 3% margin of the actual database.
For each vessel, the maximum total resistance was calculated, with a 25% margin of extra added
resistance. Then, the necessary shaft power and a Diesel engine for propulsion were defined.

Next, by randomly selecting added resistance margin (time period of vessel passed between drydock
repairs), draft, and service speed level, the operation point of the engine was calculated. Finally,
friction losses and main engine fuel oil consumption were calculated for that operational point.

In order for the simulations to apply for tier Il regulation, the vessels of the database used for the
calculations, met, the following criteria.
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e Construction date from 2005 and afterwards. In this sense, the life span of the used vessels is
15 years (3 drydock repairs at maximum).

e In order to eliminate the case of a vessel equipped with a four-stroke Diesel engine for
propulsion, vessels with depth less than 10.5 meters were excluded.

e Eachvessel burns heavy fuel oil with the below specifications:

. - kI
LCV=39550 kg

= Sulphur content 0.05%
For each simulation, in order to set the operational point of the engine for each voyage:

e Aresistance factor was randomly selected, in order to simulate the time period of each vessel
since its last drydock repair. In this way, the added resistance due to fouling and weather
conditions is estimated.

e A draft value was randomly selected, since not all vessels travel at the same draft every
moment of every operational day.

Nine simulations were performed and for each:

e Adifferent fraction of the bulk carrier fleet was considered to operate under slow steaming
values.

e A10% or20% maximum service speed reduction was applied for the fraction of fleet applying
slow steaming.

Each simulation represents one day of an assumed voyage for each bulk carrier at a certain timeframe
of the year. At that timeframe, a group of vessels travel at full load, another at full ballast and the rest
at intermediate draft values, all under different resistance conditions. Each daily measure was
multiplied by the number of days of main engine operation (270 according to Georgakis ©7), in order
to estimate the effect at an annual period. The following measures were calculated for the bulk
carriers following the necessary criteria:

e Daily and annual shafting friction losses

e Daily and annual engine friction losses

e Daily and annual total friction losses (shafting and engine)

e Daily and annual friction losses at stern tube bearings, intermediate bearing

e Daily and annual friction losses at main engine components (guide shoe, main bearing,
piston, connecting rod, stuffing box and thrust bearing)

e Daily and annual fuel consumed due to friction losses

e Daily and annual fuel consumed due to operation of main engine
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4.2.1 Simulation run 1
Table 4.1 Simulation 1 input parameters

Simulation input parameters

Fleet fraction under slow steaming conditions 0%
Service speed reduction 0%
Fleet fraction at full load 70%
Fleet fraction at full ballast 20%
Fleet fraction at partial load 10%
Position of LCF amidships by stern 2%

Trim angle of vessel 0

Number of intermediate bearings 1
Shafting oil dynamic viscosity Pa 0.3

Table 4.2 Simulation 1 frictional losses

Daily Annvual

Fleet energy loss

GWh T GWh TJ
64.895 233.622 17521.642 63077.909
63.072 227.060 17029.513 61306.245
1.823 6.562 492.129 1771666

Table 4.3 Simulation 1 shafting system bearing frictional losses

Dail Annual
Fleet energy loss avy nnua

GWh TJ GWh TJ
1.095 3.941 295.557 1064.005
0.305 1.099 82.425 296.729
0.423 1.522 114,148 410.931

Table 4.4 Simulation 1 main engine components frictional losses

Dail Annvual
Fleet energy loss ol -

GWh T GWh TJ
19.522 70.389 5279149 19004.936
16.399 59.036 4427.673 15939.624
14.507 52.224 3916.788 14100.436
6.307 22.706 1702.951 6130.624
3.154 11353 851.476 3065.312
3.154 11.353 851.476 3065.312

Table 4.5 Simulation 1 fuel consumption

ETIY Annvual
Fuel amount

t.10? t.10l
Fuel consumed due to friction 11.191 3021.648
Fuel consumed due to main engine operation 290.128 78334.632
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4.2.2 Simulation run 2
Table 4.6 Simulation 2 input parameters

Simulation input parameters

Fleet fraction under slow steaming conditions 30%
Service speed reduction 10%
Fleet fraction at full load 70%
Fleet fraction at full ballast 20%
Fleet fraction at partial load 10%
Position of LCF amidships by stern 2%

Trim angle of vessel 0

Number of intermediate bearings 1
Shafting oil dynamic viscosity Pa 0.3

Table 4.7 Simulation 2 frictional losses

Daily Annual

Fleet energy loss

GWh J GWh TJ
64.645 232.723 17454.196 62835.106
62.823 226.162 16962.124 61063.648
1.822 6.561 492.072 1771.666

Table 4.8 Simulation 2 shafting system bearing frictional losses

Daily Annual

GWh TJ GWh TJ
Aft stern tube bearing 1.095 3.941 295.522 1063.878

Forward stern tube bearing 0.305 1.099 82.415 296.695
Intermediate bearing 0.423 1.522 114.135 410.886

Fleet energy loss

Table 4.9 Simulation 2 main engine components frictional losses

Dail Annvual
Fleet energy loss H

GWh T) GWh TJ
19.475 70.110 5258.218 18929.73
16.334 58.802 4410.152 15876.55
14-449 52.017 3901.289 14044.64
6.282 22.616 1696.212 6106.365
3142 11308 848.106 3053182
3141 11308 848106 3053.182

Table 4.10 Simulation 2 fuel consumption

ETIY Annvual
Fuel amount

t.10? t.10l
Fuel consumed due to friction 11.159 3013
Fuel consumed due to main engine operation 268.081 72382
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4.2.3 Simulation run 3
Table 4.11 Simulation 3 input parameters

Simulation input parameters

Fleet fraction under slow steaming conditions 30%
Service speed reduction 20%
Fleet fraction at full load 70%
Fleet fraction at full ballast 20%
Fleet fraction at partial load 10%
Position of LCF amidships by stern 2%

Trim angle of vessel 0

Number of intermediate bearings 1
Shafting oil dynamic viscosity Pa 0.3

Table 4.12 Simulation 3 frictional losses

Daily Annual

Fleet energy loss

GWh TJ GWh TJ
64.433 231.957 17396.808 62628.509
62.610 225.397 16904.739 60857.060
1.822 6.561 492.067 1771.450

Table 4.13 Simulation 3 shafting system bearing frictional losses

Dail Annual
Fleet energy loss — =

GWh TJ GWh TJ
1.095 3.940 295.521 1063.876
0.305 1.099 82.415 296.693
0.423 1.522 114.134 410.881

Table 4.14 Simulation 3 main engine components frictional losses

Dail Annvual
Fleet energy loss ol -

GWh TJ GWh TJ
19.409 69.873 5.240 18865.68
16.279 58.603 4395 15822.836
14400 51.841 3.888 13997.123
6.261 22.540 1690.474 6085.706
3.131 11.270 845.237 3042.853
3131 11.270 845.237 3042.853

Table 4.125 Simulation 3 fuel consumption

ETIY Annvual
Fuel amount

t.10? t.10l
Fuel consumed due to friction 11.188 3020.865
Fuel consumed due to main engine operation 24.927 67302.450
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4.2.4 Simulation run 4
Table 4.16 Simulation 4 input parameters

Simulation input parameters

Fleet fraction under slow steaming conditions 50%
Service speed reduction 10%
Fleet fraction at full load 70%
Fleet fraction at full ballast 20%
Fleet fraction at partial load 10%
Position of LCF amidships by stern 2%

Trim angle of vessel 0

Number of intermediate bearings 1
Shafting oil dynamic viscosity Pa 0.3

Table 4.17 Simulation 4 frictional losses

Daily Annual

Fleet energy loss

GWh TJ GWh TJ
64.527 232.298 17422.340 62720.440
62.705 225.737 16930.260 60948.940
1.823 6.561 492.084, 1771.502

Table 4.28 Simulation 4 shafting system bearing frictional losses

Daily Annvual

GWh TJ GWh TJ
Aft stern tube bearing 1.095 3.940 295.530 1063.906

Forward stern tube bearing 0.305 1.099 82.417 296.701
Intermediate bearing 0.423 1.522 114.137 410.894

Fleet energy loss

Table 4.129 Simulation 4 main engine components frictional losses

Dail Annvual
Fleet energy loss H

GWh TJ GWh TJ
19.439 69.978 5248381  18894.170
16303 58602 4401868 15846.72
14.422 51.919 3893.96 14018.250
6.270 22.574 1693.026 6094.894
3.135 11.287 846.513 3047-447
3-135 11.287 846.513 3047-447

Table 4.20 Simulation 4 fuel consumption

ETIY Annvual
Fuel amount

t.10? t.10l
Fuel consumed due to friction 11.137 3007.021
Fuel consumed due to main engine operation 257.195 69442.7
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4.2.5 Simulation run g
Table 4.21 Simulation 5 input parameters

Simulation input parameters

Fleet fraction under slow steaming conditions 50%
Service speed reduction 20%
Fleet fraction at full load 70%
Fleet fraction at full ballast 20%
Fleet fraction at partial load 10%
Position of LCF amidships by stern 2%

Trim angle of vessel 0

Number of intermediate bearings 1
Shafting oil dynamic viscosity Pa 0.3

Table 4.22 Simulation 5 frictional losses

Daily Annvual

Fleet energy loss

GWh TJ GWh TJ
64.243 231.274 17345.530 62443.9
62.421 224.715 16853.640 60673.11
1.821 6.558 491.886 1770.790

Table 4.23 Simulation 5 shafting system bearing frictional losses

LTl Annual
Fleet energy loss 2

GWh TJ GWh TJ
1.094 3.939 295.411 1063.478
0.305 1.098 82.384 296.583
0423 521 114,001 410,720

Table 4.24 Simulation 5 main engine components frictional losses

Dail Annvual
Fleet energy loss H

GWh T GWh TJ
19.350 69.662 5248.629 18808.660
16.229 58.426 4381947  15775.010
14.357 51.685 3876.338 13954.820
6.242 22471 1685.364 6067.311
3121 11.236 842.682 3033.656
3121 11.236 842.682 3033.656

Table 4.25 Simulation 5 fuel consumption

ETIY Annvual
Fuel amount

t.10? t.10l
Fuel consumed due to friction 11.186 3020.327
Fuel consumed due to main engine operation 228.17 61753.55
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4.2.6 Simulation run 6
Table 4.26 Simulation 6 input parameters

Simulation input parameters

Fleet fraction under slow steaming conditions 80%
Service speed reduction 10%
Fleet fraction at full load 70%
Fleet fraction at full ballast 20%
Fleet fraction at partial load 10%
Position of LCF amidships by stern 2%

Trim angle of vessel 0

Number of intermediate bearings 1
Shafting oil dynamic viscosity Pa 0.3

Table 4.27 Simulation 6 frictional losses

Daily Annual

Fleet energy loss

GWh TJ GWh TJ
64.354 231.675 17375.620 62552.230
62.532 225.117 16883.750 60781.510
1.822 6.558 491.867 1770.720

Table 4.28 Simulation 6 shafting system bearing frictional losses

LTl Annual
Fleet energy loss — =

GWh TJ GWh TJ
1.094 3.939 295.399 1063.436
0.305 1.098 82.380 296.570
0423 521 114,087 20704

Table 4.29 Simulation 6 main engine components frictional losses

Dail A |
Fleet energy loss arly nnua

GWh TJ GWh TJ
19.385 69.786 5233.964  18842.270
16.258 58.530 4389.776 15803.190
14.382 51777 3883.263 13979.750
6.253 22,512 1688.375 6078.151
3.127 11.256 844.188 3039.076
3127 11.256 844.188 3039.076

Table 4.30 Simulation 6 fuel consumption

ETIY Annvual
Fuel amount

t.10d t.10d
Fuel consumed due to friction 11.113 3000.578
Fuel consumed due to main engine operation 241.013 65073.460
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4.2.7 Simulation run 7
Table 4.31 Simulation 7 input parameters

Simulation input parameters

Fleet fraction under slow steaming conditions 80%
Service speed reduction 20%
Fleet fraction at full load 70%
Fleet fraction at full ballast 20%
Fleet fraction at partial load 10%
Position of LCF amidships by stern 2%

Trim angle of vessel 0

Number of intermediate bearings 1
Shafting oil dynamic viscosity Pa 0.3

Table 4.32 Simulation 7 frictional losses

Daily Annual

Fleet energy loss

GWh T GWh T
64.037 230.975 17290.121 62244.43
62.215 223.975 16798.149 60473330
1.822 6.560 491.972 1771.101

Table 4.33 Simulation 7 shafting system bearing frictional losses

LTl Annual
Fleet energy loss 2

GWh TJ GWh TJ
1.094 3.939 295.462 1063.663
0.305 1.098 82.399 296.635
0423 521 114 am1 410,802

Table 4.34 Simulation 7 main engine components frictional losses

Dail Annvual
Fleet energy loss H

GWh T) GWh T
19.287 69.432 5207426 18746.730
16.176 58.234 4367.519 15723.07
14.310 51.514 3863.574 13908.870
6.222 22.398 1679.815 6047.333
3112 11.199 839.907 3023.667
3111 11.199 839.907 3023.667

Table 4. 35 Simulation 7 fuel consumption

ETIY Annvual
Fuel amount

t.10d t.10d
Fuel consumed due to friction 11.198 3023.478
Fuel consumed due to main engine operation 195.829 53602.770
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4.2.8 Simulation run 8
Table 4.36 Simulation 8 input parameters

Simulation input parameters
Fleet fraction under slow steaming conditions 100%
Service speed reduction 10%
Fleet fraction at full load 70%
Fleet fraction at full ballast 20%
Fleet fraction at partial load 10%
Position of LCF amidships by stern 2%
Trim angle of vessel 0
Number of intermediate bearings 1
Shafting oil dynamic viscosity Pa 0.3

Table 4.37 Simulation 8 frictional losses

Daily Annual

Fleet energy loss

GWh TJ GWh TJ
63.918 230.104 17257.760 62127.950
62.095 223.542 16765.640 60356.31
1.823 6.562 492.122 1771.639

Table 4.38 Simulation 8 shafting system bearing frictional losses

LTl Annual
Fleet energy loss — =

GWh TJ) GWh TJ
1.094 3.941 295.553 1063.989
0.305 1.099 82.423 296.724
e = YR o

Table 4.39 Simulation 8 main engine components frictional losses

Dail A |
Fleet energy loss arly nnua

GWh TJ GWh T)
19.249 69.298 5197.349 18710.460
16.145 58.121 4359.067 15692.640
14.282 51.415  3856.098  13881.950
6.222 22.354 1676.564 6035.631
3105 11177 838.282 3017.815
3.105 11.177 838.282 3017.815

Table 4.40 Simulation 8 fuel consumption

ETIY Annvual
Fuel amount

t.10d t.10d
Fuel consumed due to friction 11.185 3020.029
Fuel consumed due to main engine operation 188.407 50869.780
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4.2.9 Simulationrun g
Table 4.41 Simulation 9 input parameters

Simulation input parameters
Fleet fraction under slow steaming conditions 100%
Service speed reduction 20%
Fleet fraction at full load 70%
Fleet fraction at full ballast 20%
Fleet fraction at partial load 10%
Position of LCF amidships by stern 2%
Trim angle of vessel 0
Number of intermediate bearings 1
Shafting oil dynamic viscosity Pa 0.3

Table 4.42 Simulation g frictional losses

Daily Annual

Fleet energy loss

GWh TJ GWh TJ
64.303 231.490 1736174 62502.26
62.480 224.929 16869.640 60730.710
1.823 6.561 472.097 1771.549

Table 4.43 Simulation 9 shafting system bearing frictional losses

Dail Annual
Fleet energy loss 2

GWh TJ) GWh TJ
1.095 3.941 295.538 1063.936
0.305 1.099 82.419 296.710
e = e o

Table 4.44Simulation 9 main engine components frictional losses

Dail Annvual
Fleet energy loss H

GWh TJ GWh T
19.369 69.728  5229.589 18826.52
16.245 58.481 4386.107 15789.97
14.370 51.734 3880.018 13968.06
6.248 22493 1686.964 6073.071
3124 11.246 843.482 3036.536
3124 11.246 843.482 3036.536

Table 4.45 Simulation g fuel consumption

ETIY Annvual
Fuel amount

t.10d t.10d
Fuel consumed due to friction 11.115 3000.915
Fuel consumed due to main engine operation 234.628 33075
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4.3 Simulation results

Annual fuel oil consumption due to friction
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Figure 4.1 Annual fuel consumption due to friction
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Figure 4.2 Annual fuel consumption due to main engine operation

Friction fuel consumption depends both on the magnitude of speed reduction and the fleet fraction
that applies slow steaming operation. There is a limit in speed reduction, imposed by the operation
of the main engine, so crankshaft speed cannot be reduced boundlessly. For simplicity, in this study,
10% and 20% service speed reduction were considered.
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From the above figures, consumption due to friction losses are minimized when the fraction of global
fleet applying slow steaming strategies ranges between 50-80%. Both speed reduction cases
attribute in the same manner. By increasing fleet fraction operating under slow steaming, fuel
consumption due to operation of main engine is reduced. For both cases, fuel consumption is
minimized when the total fleet reduces speed.

By comparing these two curves, for slow steaming operation, some key points are concluded:

e Forthe case of speed reduction 10%, fuel consumption is minimum when the fraction of fleet
applying slow steaming ranges between 70-80%.

e For the case of speed reduction 20%, fuel consumption is minimum when the total fraction
of fleet applying slow steaming.

e If no vessel applies slow steaming operation, the annual consumption of fuel, both due to
friction and due to main engine operation are increased.

e Ineconomic terms, the study proposes that, in order to reduce the amount of fuel consumed
due to friction from main engine operation, the 80% of the bulk carrier fleet should operate
under slow steaming conditions.

However, these key points need to be further more investigated, since:

e The maximum increase in resistance was considered 25%. Larger values would lead to
different engine installations and therefore, different specific oil consumptions and frictional
losses.

e The maximum service resistance was no more than 15 knots, according to MAN technical
papers @3, Higher speeds lead to larger propulsion installations and therefore again, different
oil consumptions and frictional losses.

e The slow steaming model was regarded as a fraction of the bulk carrier fleet reducing
maximum speed by 10 or 20%. A more complex slow steaming model may lead to
significantly different results, since the reduction processes differs among vessels (since
turbocharger operation and shafting resonance frequencies are not the same for each
vessel).

e Vessels were considered to burn Heavy fuel oil. Different fuel, which implies different lower
calorific value affects the specific fuel oil consumption; thus, energy lost.

e 270 days of main engine operation were considered and the annual results were the product
of a certain voyage times the number of these days. So annual results were produced from a
certain timeframe, integrated in an annual period. Different results may occur, if annual
results were the integration of different timeframes.

e Friction losses were calculated based on the selected random variables regarding added
resistance, draft and speed. By changing the ranges of these variables, friction losses would
differ and as a consequence, annual amount of energy consumed.

Summarization of results:

e Annual shafting friction losses ranged between 1771.450 to 1771.670 TJ

e Annual engine friction losses ranged between: 60857.06 to 61306.20 TJ

e Annual total friction losses ranged between: 62628.509 to 63077.909 TJ

e Annual stern tube aft bearing friction losses ranged between: 1063.876 to 1064.005 TJ

e Annual stern tube forward bearing friction losses ranged between: 296.693 to 296.730 TJ
e Annualintermediate bearing friction losses ranged between: 410.,881 t0 410.931 TJ

e Annual guide shoe friction losses ranged between: 18865.69 to 19004.940 TJ
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e Annual piston friction losses ranged between: 15822.840 t0 15939.624 T)J

e Annual main bearing friction losses ranged between: 13997.124 t0 14100.436 TJ

e Annual connecting rod friction losses ranged between: 6085.706 to 6130.625 TJ

e Annual stuffing box and thrust bearing friction losses, each ranged between: 3042.853 to
3065.312 TJ

e Annual amount of fuel consumed due to friction, ranged between: 3000.578 to 3023.478
thousand tones.

4.4 Comparison of energy consumption between parametric study and global fleet
study

From the global fleet study, among 10347 ships, 97953.3 TJ of energy were lost due to friction in 270
days. By subtracting a 30% factor (which applies to the number of vessels not included in the
simulations due to the lack of the necessary criteria), the total amount energy lost is 68567.8 TJ. On
average, 7921 ships from the fleet-scale simulations account for 62853.2 TJ. The difference between
the two studies is of the order of 9.1%. Since the parametric study is based on 100 vessels of fixed
resistance, draft and speed conditions and the fleet-scale study is the integration of a timeframe of
7921 ships, the difference of 9.1% is quite reasonable.

In the following figure, the regression model suggested in paragraph 3.2.3, is compared to the
measurements of the calculation procedure.
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Figure 4.3 Regression model comparison to calculation procedure
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5.Conclusions and future work

5.1 Conclusions

In the present study, the annual energy losses and fuel oil consumption due to friction in the
propulsion system of the global bulk carrier fleet have been investigated. At first, empirical relations,
formulae and methods have been reviewed in order to calculate all geometrical, hydrodynamic and
mechanical parameters of each vessel of the fleet. To this end, proper software has been developed,
which performs all the necessary calculations per vessel. The SeaWeb database has been used as the
main source to determine the population of the worlds’ bulk carrier fleet. To illustrate all the
calculation steps, a single vessel example has been thoroughly analyzed and presented.

Next, a parametric study of frictional losses as a function of changing vessel size (dwt) has been
performed. For each bulk carrier class, frictional losses were calculated for three cases of added
resistance (clean hull, 50% fouled hull and 100% fouled hull), three cases of draft (summer load,
partially laden 50% and full ballast) and two service speed conditions (maximum service speed and
20% reduced speed). A regression model has been extrapolated, based on the results of these
scenarios, combining friction power loss to certain geometrical and propulsion parameters of a bulk
carrier vessel.

Finally, nine simulations were performed on 10347 bulk carriers, calculating the friction power loss
and the amount of fuel consumed due to friction annually, by setting random operational main
engine points. The parameters changed in these simulations were the bulk carrier fleet fraction under
slow steaming operation and the magnitude of vessel speed reduction (10% or 20%). The draft
condition of these vessels was randomly chosen and the maximum total resistance increase that a
ship could have, was assumed to be 25% of that corresponding to the case of clean vessel hull. The
fuel consumed due to friction was calculated for each vessel and summarized over 270 days per year.

Specifically:

e Friction losses both at the shafting system and at the engine, as a quantity increase by vessel
size, added resistance due to hull fouling and weather adverse conditions, increase of service
speed and by decrease of vessel draft.

e As a percentage of power, friction behavior is the opposite of the quantitative case. This is
explained by the fact that, as the engine load drops, mean effective pressure and mean
friction pressure decrease in an uneven manner; with the effective pressure reduction being
more significant.

e Engine losses were found varying between 4-6% of the operational brake power, an estimate
that is in agreement with the existing literature.

e Shafting friction losses were found to receive values of the order of 0.1-0.25% of the
operational brake power. This result implies that in literature, shafting friction losses are
overestimated since they are usually considered to be 0.5-2% of the operational brake power.

e Frictional losses also depend on the geometrical characteristics of the ship (L, B, D), in
addition to the above-mentioned parameters. Shafting weight, brake power and revolutions
of the propeller affect the friction power loss.

e The most energy consuming bulk carrier class, in terms of friction, is the Capesize class
followed by the Panamax class. Less losses occur at Handymax vessels. VLBCs and Handysize
vessel seem to be the more efficient classes of the bulk carrier fleet, regarding their level of
losses, size and vessel number.

e A regression model of estimation of power loss due to friction in main engine, line and
propeller bearings was suggested. This model can be used in the preliminary stage of design
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of abulk carrier, based on the knowledge of principal vessel dimensions and engine operating
point. The accuracy of the model was estimated 0.23%.

e Annually, on average, 62602 TJ of energy are consumed due to friction in the main engine
components, bearings of the shafting system and propeller shaft bearings.

e Based on the above figure, annually, on average 3 million tons of fuel are consumed due to
friction.

e The effect of slow steaming strategy varies according to the fraction of fleet applying, the
amount of speed cut down and the engine load.

e The annual amount of fuel consumed due to friction decreases when slow-steaming
operation is applied. By averaging all possible cases, 1.6 million tons of fuel are consumed
due to friction annually.

e The annual amount of fuel consumed due to operation of main engine, decreases as more
and more vessels apply slow steaming strategy. As anticipated, this is affected by the number
of vessels of each bulk carrier class, since larger vessel sizes, demand more power thus
increasing fuel oil consumption.

e However, conclusions or a universal model of predicting the effect of slow steaming in the
global economy and the environment cannot be derived, since more simulations are needed.
The complexity of the problem depends not only on the number of vessels applying this
strategy, but also on the draft and hull condition each vessel operates under. In addition, no
conclusion can be objective if other vessel types (tankers and containerships) are included in
the calculation procedure. Another operating profile should be adopted if these vessels are
included.

e Each vessel voyage scenario was based on three random variables, regarding draft, hull
condition and vessel service speed. If these variables’ margins were changed, friction losses
would differ and so would annual quantity of fuel have been consumed.

e Asmentioned, friction loss is not proportional to the engine load, and, as the latteris reduced,
mean effective pressure drops in a more intensive manner than friction pressure loss. In this
study, friction losses were estimated with the use of empirical relations. If a more
sophisticated model, integrating pressure during an engine cycle, then the results might be
affected in a different manner.

5.2 Future work
As a result of this work/thesis the following case studies can be investigated:

e Energy consumption due to friction in:
o Tankers
o Containerships
o Passenger and Cruise vessels.

e Astudy on a more complex slow steaming model applied to the global fleet in order to better
understand the benefit of this strategy.

e Evaluation of energy losses from auxiliary engines and machinery.

e Investigation of the effect of applying different propulsion solutions (for instance electric
propulsion) and energy-saving systems.

e Investigation of an expanded model to calculate friction losses in all vessel types.

e Conduct simulations for the implementation of different energy consumption reduction
strategies, by application of various technologies to the global fleet, and investigate the
effect of each strategy on the shipping industry by evaluation of the market and freight rate
changes.
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