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Abstract

The maritime industry faces increasing pressure to reduce greenhouse gas emissions and
improve energy efficiency in accordance with the International Maritime Organization’s
(IMO) decarbonization targets. To meet these objectives, ship operators are exploring
technologies that reduce fuel consumption and environmental impact. Among the most
promising measures are Wind-Assisted Propulsion (WASP) systems, which harness
renewable wind energy to support conventional propulsion. This thesis aims to assess the
impact of such technologies on fuel consumption and emission reduction, with a specific
focus on the suction-based eSAIL system applied to a bulk carrier case study.

The work introduces a computation model, with formulas that could be applied to real
operating conditions. The main resistance components established in the methodology—
calm-water resistance, added resistance from wind and waves, additional resistances from
drift and rudder deflection—are linked through propeller open-water characteristics to
determine propulsion power and fuel consumption.

A series of computational analyses were carried out to evaluate ship performance and fuel
consumption under varying wind conditions. The results showed that the integration of the
suction-based eSAIL system can lead to fuel savings of up to 40 % in a realistic sea-going
scenario, corresponding to typical service speed and wind conditions. Additional scenarios
were introduced for different sea states, demonstrating that system could be beneficial across
a wide range of environmental conditions.

These outcomes demonstrate the strong potential of wind-assisted propulsion systems to
reduce fuel consumption and emissions, contributing to the ongoing decarbonisation of
maritime transport. Overall, this study highlights that the further development and practical
adoption of WASP could play a key role in achieving a more energy-efficient and sustainable
future for the shipping industry.
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Iepiinyn

H voavtimokn Bopnyovia aviipetonilel av&ovopeves mECELS Yo TN HEIDMOT TOV EKTOUTAOV
aepiov tov Beppoknmiov kot T PeAtioon Tng evepyelokng omdoooNs, CUUPMVO, LLE TOVG
o10)ovg amavOpakonoinong tov Atebvoig Navtilokov Opyavicpov (IMO). I'a v enitevén
QLTOV TOV GTOYWV, 01 TAOIOKTNTEG KOl OLUYEIPIOTEG OCTPEPOVTOL GE TEXVOAOYIEG TOV UEIDVOLY
MV KATOVOA®ON Kovoiov kot to TEPPAALOVIIKO omoTtOmopo. Avapeso ot To
VROGYOUEVEC AVGELS cuyKataléyovTan To, Zvotipata [Ipowong pe Bonbeio Avépov (Wind-
Assisted Ship Propulsion — WASP), ta onoio a&lomotodv v avave®oiun oloAlkn evépyela
yio v vrootpiEn ¢ ovpupotikng mpdéwonsg. H moapovoo epyacio amookomel otnv
a&lohdynon g emidpaong AVTAOV TOV TEYVOLOYIOV GTNV KOTOVAA®OT KOVGILOV Kol GT1)
HElOON TOV EKTOUTOV, HE €0IKN EUPOCT 0TO cvotnua oavoppoenong eSAIL, to omoio
EPAPUOOTNKE GE TAOLO LETAPOPES YOOV poptiov (bulk carrier) og pelétn nepintwong.

H epyacio mapovsialetl Eva vTOAOYIGTIKO HOVTEAO, [LE TOTOVS TOL UTOPOVV VO EPUPLOGTOVV
oe mpoyuoTikéc ovvOnkec Aettovpyiog. Toa kOpl CLOTOTIKA 1TNG OVTIOTOONG 7OV
kabopiomkav otn pebodoroyioa — 1 avtiotoon o NPeRo vepd, N TPOcHETN avTicTaon A0y
aVELOD KOl KLUOTIOHOV, KaOdg Kot ol TPOGHETEC AVTIOTAGELS OV TPOKVLTOLV OO TNV
TAOYI0AICON O KOl TV EKTPOTY] TOL TNOAAIOL — GLVIEOVTAL PECH TMV YOPOUKTNPLOTIKAOV
avolytng Aettovpyiog (open-water) TG TPOTEANG, (DOTE VO TPOGOIOPICTEL 1 OTOULTOVLEVN
1oYVG TPOMOTG KOt 1) KOTAVIAMGT) KAVGIHLOV.

[Tpaypotomombnkay VTOAOYICTIKEG OVOAVGELS YO TNV EKTIUNGN NG ATOd00NG TOV TAOIOV
KOl TNG KOTOVAA®ONG KOLGIHOV VO OlapopeTikés cuvOnkeg avépov. Ta amotelécpato
£oe1&av OTL 1 evowpdtoon tov cvotiuatog eSAIL pmopel va odnynoetl o eEowcovounon
Kavoipov £oc kot 40 % oe peaAloTikd GEVAPLO TAEVLONG, TOV OVTIGTOLYEL GE TLTIKY TAYVTNTA
vnpeciag Kot mwpaypotikés ovvOnkeg avépov. EmumAiéov, efetdotniav  SlopopeTikég
KaTooTAoElS 0dA0co0C, amodElKVHoVTag OTL TO GUGTNUA UTOopEl va eivonl m@EANo oe €val
gVpY EAGLO TEPIPOALOVTIKOV GUVONKOV.

Ta amoteléopato oVTE KATASEIKVOOVV TN GNLOVTIKT SLVATOTNTO TOV CUGTHUATOV TPOMGNG
pe vmofondnomn ovEUoL VO HEWMOOLY TNV KOTOVAAMOT KOLGIHOL KOl TIS EKTOUTECS,
cuupdrrovtag otn ocvveyllopevn oamavipakomoinon ¢ vouTIAMoc. ZUVOAKA, M HEAET
vroypoppilel 6Tt | TEPAUTEP® AVATTLEY KOl TPOKTIKY EQOPHOYN TV cvathudtov WASP Ba
umopovse v, dladpopaticel KoBoploTikd poOro otV emitevén MO WO  EVEPYELNKE
AmOO0TIKNG Kot PLOGIUNG VOUTIAING GTO HEAAOV.
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Chapter 1: Introduction

Shipping has long been one of the main pillars of global trade and the international economy.
For centuries, ships have carried people and goods across seas and oceans, which also
encouraged cultural exchange. Even today, more than 80% of global trade is transported by
sea. This shows that shipping is not only an essential part of economic activity but also one of
the most important services for society as a whole.

At the same time, the growth of shipping has also brought new challenges, especially
concerning its impact on the environment. Modern ships still depend heavily on fossil fuels,
which makes them a major contributor to greenhouse gas emissions. Because of this, the
international community now calls for cleaner and more sustainable alternatives for ship
propulsion [10], [20], [21]. Responding to this imperative, the thesis is driven by the potential
of innovative technologies, such as Wind-Assisted Propulsion Systems, that have now re-
emerged as sustainable alternative solutions. By integrating theoretical concepts with
computational tools, the goal is to demonstrate how such systems could modify a ship’s
energy profile and reduce its environmental footprint [11], [29].

1.1 Motivation of the Thesis

The maritime industry is entering a critical phase in its transition toward cleaner and more
efficient operations. Reducing emissions has become a core objective, driven by stricter
international regulations and the increasing demand for sustainable transport. Achieving these
targets requires not only policy measures but also practical technological solutions capable of
delivering measurable results.

New technologies play a central role in this transition because regulations alone are
insufficient without practical solutions to lower fuel use and emissions. Current developments
include alternative fuels such as LNG, hydrogen, and ammonia, as well as improvements in
engine performance, hull design, and digital route optimization [2], [3]. Among these, wind-
assisted propulsion is attracting renewed attention because it is renewable, clean, and cost-
effective. Such systems can reduce fuel consumption by harnessing wind energy, often
without requiring major changes to ship design or daily operations [1], [8].

However, adopting new technologies involves more than just technical considerations.
Shipping companies must also evaluate economic, operational, and organizational factors,
including costs, maintenance, crew training, and safety. Systems like those based on wind-
assisted propulsion aim to balance theory with practicality, offering real energy savings while
remaining usable in everyday conditions. With growing regulatory pressure and rapid
technological development, these systems are now at a promising stage. Researchers need to
study their performance in depth to guide investment and adoption [11], [17], [23].
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Using such technologies does more than improve operations—it also promotes innovation
and sustainability, values that are increasingly important for regulators, customers, and
investors. Many companies have already started implementing these systems and are
supporting further research and development, which strengthens their competitive advantage
[23], [33]. In conclusion, there is a strong link between emission reduction frameworks and
technological innovation. Regulations set the goals, while wind-assisted systems provide the
tools to achieve them. Joint progress in policy, innovation, and simulation will create the
foundation for a more sustainable shipping industry, guided by both science and practice.
This thesis applies these principles by simulating WASP systems to evaluate their effect on
emissions and operational efficiency in real-world conditions [1], [29].

1.2 Purpose and Objectives of the Thesis

The main purpose of this thesis is to assess how suction-based sail systems contribute to ship
performance and sustainability through mathematical modeling. Using MATLAB as a
computational environment, the work focuses on developing and applying a set of
mathematical formulations that describe the aerodynamic and hydrodynamic behavior of a
vessel equipped with such a system. The goal is to quantify the potential reduction in fuel
consumption and engine load that can be achieved through wind-assisted propulsion [32].

The study aims to translate theoretical knowledge on aerodynamics, propulsion, and
resistance into a practical analytical framework. The suction sail system is first described to
provide a clear understanding of its operating principle and its role within the overall
propulsion balance of the ship. Although the concept is based on well-known physical laws,
its technological implementation is relatively new to maritime applications; therefore,
presenting its function and interaction with vessel resistance is essential for the subsequent
analysis [14].

The second objective is to evaluate the system’s performance across different operational
conditions, such as wind speed and direction, to determine when suction-based sails offer the
highest efficiency. Comparing the results across these conditions helps reveal when and
where these systems are most effective and could be better utilized [15].

Finally, the thesis aims to demonstrate how such modeling can support decision-making in
ship design and operation. By establishing a reproducible framework, it provides a scientific
basis for evaluating wind-assisted technologies and contributes to ongoing research in
sustainable maritime propulsion [DNV, 2024].
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1.3 Structure of the Thesis

This thesis is structured to progress from the general context of maritime decarbonization to
its practical implementation, through the development and analytical evaluation of a
computational model focused on suction-based sail systems.

Chapter 1 introduces the subject, explains the aim and objectives, and discusses the need for
emission reduction in shipping through new technologies. It highlights the relevance of
emission reduction in shipping and the role of innovative technologies such as wind-assisted
propulsion, establishing the framework for the study.

Chapter 2 presents a detailed literature review. It covers international regulations from the
International Maritime Organization, existing energy-saving systems, and studies on suction-
based sail performance compared with other propulsion methods. This chapter provides the
theoretical foundation and context required for the following research.

Chapter 3 develops the theoretical framework used to assess the impact of wind-assisted
propulsion on ship performance. It presents the formulas that can be utilized for the
calculation of the main resistance components, establishing their connection to propulsion
power and fuel consumption. The structure of the complete modelling process is summarized
through a flowchart illustrating the sequence of computational steps.

Chapter 4 presents the application of the developed theoretical model to the case study vessel
and analyses the main findings from the results. The chapter includes the evaluation of total
resistance, required power, and fuel consumption under different apparent wind conditions
and sea states. The performance of the vessel with and without the eSAIL system is compared
across the defined operational scenarios, highlighting the potential fuel reduction, through
wind-assisted propulsion.

Chapter 5 presents the conclusions drawn from the overall analysis and summarises the key
findings of the research. The results are discussed in relation to existing studies and
established theoretical principles, providing context for the outcomes of the developed model.
The chapter also outlines proposed directions for future research and highlights the
contribution of suction-based wind-assisted propulsion as a promising solution for improving
ship efficiency and reducing emissions.
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Chapter 2: Literature Review

The shipping industry is undergoing significant change due to climate-related pressures and
stricter environmental rules. According to the IMO’s GHG study (2011)), ships are
responsible for about 2.89% of global greenhouse gas emissions, making them a key focus of
decarbonization. The International Maritime Organization (IMO) is the main regulatory
authority for international shipping and has introduced a series of measures to improve energy
efficiency and lower fleet-wide emissions (IMO, 2011).

At the heart of this regulatory approach is the Initial IMO GHG Strategy, adopted in 2018. Its
long-term vision is to cut total annual GHG emissions from international shipping by at least
50% by 2050, compared with 2008 levels, while working toward

full decarbonization. This vision is supported by both technical and operational measures.

e Energy Efficiency Design Index (EEDI): Introduced in 2011, the EEDI is
mandatory for new ships. It sets minimum efficiency standards depending on ship type
and size. This supplier-driven measure promotes innovation in hull design,
propulsion, and the use of alternative energy sources (IMO, 2011).

e Ship Energy Efficiency Management Plan (SEEMP): Applicable to all ships, this
plan requires operators to implement onboard strategies such as voyage planning,
speed optimization, and better maintenance to reduce fuel use (IMO 2011, IMO
2012).

e Energy Efficiency Existing Ship Index (EEXI): Effective January 2023, the EEXI
extends the principles of the EEDI to existing vessels. Compliance may involve
engine power limits or retrofits with energy-saving devices to meet efficiency
standards (IMO 2021a, IMO 2011, MEPC.335(76) 2021).

e Carbon Intensity Indicator (CII): Also starting in 2023, the CII gives ships an
annual rating from A to E based on CO: emissions per transport work. Ships rated D
or E for three consecutive years must submit a corrective action plan, which
encourages the adoption of low-carbon technologies (IMO 2021b, IMO 2011)

Overall, these measures create strong incentives for shipowners and operators to adopt smart
solutions that comply with regulations. Among the promising technologies, Wind-Assisted
Ship Propulsion (WASP) systems stand out as they harness renewable wind energy to reduce
fuel consumption and emissions. Additionally, shipping companies face increasing carbon
fees, which enhance the economic value of energy efficiency measures, making them both
environmentally and economically beneficial (European Commission, 2021). As a result,
WASP technologies are gaining market momentum, with various systems offering improved
efficiency, automation, and compact design, helping shipowners comply with regulations
while simultaneously improving vessel performance. Overall, environmental policy, market
pressure, and new technologies are driving the development of a new generation of
environmentally friendly propulsion solutions.
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2.1 Wind-Assisted Ship Propulsion Systems

Wind-assisted propulsion systems harness wind energy to reduce fossil fuel reliance,
employing various technologies with distinct aerodynamic principles and designs. Among the
most recognized are:

2.1.1Flettner Rotors:

Cylindrical rotating devices that exploit the Magnus effect to generate lift. Among the most
widely studied systems that perform well in producing additional thrust. According to Thies
and Ringsberg [35], fuel savings from these systems range from 10% to 30%, depending on
ship type and conditions. However, challenges arise from their high rotational speeds, large
deck space requirements, and complex design. Their size and appearance also limit use on
certain vessels such as passenger ships or those with low freeboard.

B prestie :: .
IMa AT s = Sl

Figure : -Shi qiped ith four Flettner rotors [53]
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2.1.2 Kite Sails:

Large kites that generate thrust by being deployed ahead of the vessel., pulling it forward. In
favourable wind conditions, they can cut fuel use by up to 35% [57]. They require only a
small deck footprint and can reach stronger winds higher above the surface. However, their
performance is highly dependent on sea and wind conditions. Launching and retrieving kites
requires complex systems and trained crew, while limited manoeuvrability during
deployment has reduced their widespread adoption.

Figure 2: Kite Sail on ship
2.1.3 Rigid Sails

Also called wing sails or hard sails, resemble airplane wings and operate as fixed
aerodynamic structures. They usually function passively, producing thrust at favourable wind
angles. Fuel savings are estimated to range from 20% to 30% [58]. However, their fixed
geometry makes them less adaptable to variable wind conditions and installing them often
requires ship modifications that can reduce flexibility.
- — .
- —

moving

Figure 3: Berge Olympus fitted with four Rigid sails [54]
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2.1.4 Suction Sails

A system designed to enhance lift by managing airflow through boundary layer control. It
integrates the aerodynamic principles of rigid sails with added adaptability. Suction-based
technologies improve on passive designs by actively regulating airflow with suction. Air is
drawn into the system via integrated mechanisms, which delay flow separation and boost lift.
Research and experimental data suggest that these systems achieve a lift-to-drag ratio

comparable to or better than Flettner rotors, while maintaining a compact and lightweight
profile [32].

Figure 4: eSAIL system retrofitted in vessel Bow Olympus [56]
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2.2 Review of Works for WASP Performance Assessment

The practical deployment of wind-assisted propulsion systems (WASP) has transitioned from
theoretical modeling to real-world applications, with several studies demonstrating
measurable fuel savings, emissions reductions, and operational feasibility. This section
reviews works on various WASP systems, drawing from literature, field trials, and
simulations to assess their performance [10].

Notable deployments include systems on chemical tankers and bulk carriers. For instance, a
chemical tanker operated by Odfjell SE was retrofitted with suction sail units in 2023 as part
of a strategy to meet IMO's EEXI and CII requirements while improving operational
efficiency [11], [27], [28]. Performance modeling indicated expected fuel consumption
reductions of approximately 10%, depending on wind conditions and voyage profile [32]. A
later retrofit on a larger chemical tanker with additional units forecasted reductions of
approximately 1,616 tonnes of COze per year, with potential savings reaching 2,908 tonnes
annually if advanced weather routing is applied. These reductions are expected to improve
the vessel’s CII rating, supporting regulatory compliance [32], [13].

Academic research has provided validation through modeling. A diploma thesis from the
National Technical University of Athens (NTUA) by Thalassinos (2025) modeled the
performance of a bulk carrier retrofitted with both Flettner rotors and suction sail units [12].
Using parametric modeling and CFD-based performance curves, the study evaluated fuel
consumption across various wind scenarios. The results showed potential fuel savings of up
to 44% when side forces were considered, and up to 48% when side forces were neglected
[12].

Wind tunnel testing has also played a crucial role in validating aerodynamic performance
across WASP systems. Collaborations with research institutions have conducted controlled
experiments that confirmed CFD predictions, demonstrating that active flow control, such as
suction, significantly delays flow separation, resulting in higher lift coefficients and improved
thrust generation [32]. Technical reports detail aerodynamic optimization processes that led
to improvements in lift-to-power ratios compared to earlier prototypes [32].

Additionally, the EU-funded WASP project, coordinated by the International Windship
Association (IWSA), has compiled performance data from multiple vessels equipped with
different WASP technologies [29]. The project provides comparative insights into operational
profiles, integration challenges, and fuel savings across systems, supporting the conclusion
that various WASP approaches offer a balance of efficiency, automation, and retrofit
potential [29].
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Together, these studies and trials confirm that WASP systems are viable for reducing fuel use
and emissions. Their modular designs, automated operations, and aerodynamic efficiencies
make them suitable for a range of vessel types and operating conditions. The consistent
performance across simulations, field trials, and wind tunnel tests highlights their role in the
transition toward low-carbon shipping.

2.3 Suction-Based Sail System — eSAIL

Suction-based sail systems represent a significant category of wind-assisted propulsion
(WASP) technologies, designed to enhance thrust generation while minimizing drag through
advanced aerodynamic principles. Inspired by early concepts such as the Cousteau
Foundation’s TurboVoile project, these systems utilize a porous surface and internal fans to
regulate airflow around the sail structure [33]. By actively controlling the boundary layer,
suction sails maintain stable aerodynamic performance across a range of wind conditions,
making them a versatile option for reducing fuel consumption in maritime applications.

The primary advantage of suction-based sails lies in their ability to combine the aerodynamic
efficiency of rigid sails with dynamic adaptability to varying environmental conditions.
Unlike passive systems, they employ active airflow control, which enhances lift and reduces
drag, contributing to improved propulsion efficiency. This section explores the basic working
principles of suction-based sail systems and their potential for integration into modern
shipping, supported by theoretical and empirical studies.

Following figure illustrates a typical suction sail system, showcasing its compact and
streamlined design, which is well-suited for retrofitting on various vessel types. The system’s
structure, with its thick foil profile and internal ventilation, enables precise control of airflow,
a key factor in its aerodynamic performance.

Figure 5: Suction sail example [32]

Page 21 of 82



Diploma Thesis Mousgas Marinos

2.3.1 Basic Working Principles

Suction wings are wing sails equipped with a mechanical air suction mechanism and a
notably thick profile. The core mechanism involves boundary layer suction, where ventilators
installed inside the sail profile draw air through a porous surface. This process controls
airflow around the sail’s “thick” foil shape, accelerating it at the leading edge, or the “nose”
of the egg-shaped cross section. This acceleration creates a region of low pressure along the
suction side and the top-left side of the profile, significantly reducing the drag coefficient
while maintaining a high lift coefficient—up to 7-8, depending on the angle of attack and
suction efficiency [28].

When the sail is inactive, drag is created due to its presence in incoming wind as shown
below.

“
\
Wind 3 ~——
Drag
Suction Off

Figure 6: Suction sail inactive [32]
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Upon activation, the suction mechanism generates lift while substantially reducing drag,
enhancing the sail’s contribution to propulsion.

Lift
Wind 3
Drag
Suction On

Figure 7: Suction sail active [32]

With appropriate rotation the lift can be further increased while minimal increase in drag is
induced.

N

Wind ~—
Drag

Suction On

Figure 8: Suction sail active with appropriate rotation [32]
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2.3.2 Performance Analysis and Application

The performance of suction-based sail systems has been evaluated through advanced
analytical methods and practical applications. Computational Fluid Dynamics (CFD)
simulations have been employed to optimize sail geometry, fan characteristics, and suction
porosity, with wind tunnel tests validating a lift-to-power ratio improvement of
approximately 20% compared to earlier prototypes [32]. These systems achieve lift
coefficients comparable to other WASP technologies, such as Flettner rotors, but with lighter,
more compact structures and lower energy requirements [32]. Automated sensors and
actuators adjust suction levels and sail orientation in real time, enhancing efficiency across
diverse wind conditions [32].

From a physics perspective, the boundary layer control mechanism delays flow separation,
reducing stall risks and enabling higher efficiency in variable winds [33]. The design
prioritizes mechanical simplicity, minimizing maintenance needs and enhancing reliability
for integration on both new builds and retrofitted vessels [32].

2.3.3 Application in Thesis Modeling

In this thesis, a suction-based sail system was selected as a case study to demonstrate the
application of a general mathematical model for WASP technologies, using data available for
the eSAIL system developed by bound4blue [32]. The model, implemented in MATLARB,
evaluates interactions between ship resistance, propulsion efficiency, and fuel consumption
under various wind scenarios to quantify potential benefits [12], [19], [20], [23]. This
approach ensures the framework’s applicability to other WASP systems, with the suction sail
serving as a practical example due to accessible performance data.
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Chapter 3: Theoretical Model and Methodology

This chapter presents the mathematical model and methodology developed to evaluate ship
propulsion performance with and without wind-assisted technologies. Following the literature
review and regulatory framework discussed in Chapter 2, the focus here is on the technical
approach, including the key equations for resistance, propulsion, and fuel consumption. A
flowchart is provided to illustrate the computational sequence, ensuring a structured and
reproducible framework. The specific application scenarios are deferred to Chapter 4, where

they are implemented and analyzed.

3.1 Methodology Overview

The methodology integrates hydrodynamic, aerodynamic, and propulsion principles into a
computational framework implemented in MATLAB. It begins with input data on the vessel's
particulars, environmental conditions (such as wind speed, direction, and wave parameters),
and optional wind-assisted system specifications. Resistance components are calculated step-
by-step, followed by propeller and engine performance evaluations, leading to fuel

consumption estimates.
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The computational sequence is summarized in the following flowchart, which outlines the
main steps:

Input Data

]

Calculate Resistance
Components

|
l ] ] l

Calm Water Aero_dynamic Wave Resistance Drift & Rudder
resistance resistance resistance

v

Determine Total | Subtract longitudinal

<

NO

A

YES

Resistance (Rr) Thrust
l I
Propeller Performance
(open-water, working point,
Delivered Power) NO
YES
Total Required Power «—  Add Power
consumed

l

Output Results

/' (Fuel Consumption, Fuel /
/ savings) !

Figure 9: Methodology Flowchart

Page 26 of 82



Diploma Thesis Mousgas Marinos

3.2 Components of Ship Resistance

The total resistance acting on a vessel can be expressed as the sum of hydrodynamic and
aerodynamic contributions, corrected by the thrust generated by the wind-assisted system
(when installed) [45], [46], [47].

The general formulation used in this thesis is:

RT = RCW + RAA + RAW + Rdrift + Rrudder - Fsail (31)
Where:

e R, : Calm-water resistance,

o Ry, : Added aerodynamic resistance due to wind,

e R,y : Added resistance in waves,

® Ry : Resistance due to drift forces from sideslip,

® R4 : Resistance from rudder deflection,

o F,; : Longitudinal thrust contribution of the wind-assisted system (when installed).

Data for each component has been individually treated using empirical or semi-empirical
methods, ensuring the final formulation is consistent with the case study vessel and the data
provided. The next subsections will provide the detailed theoretical treatment of each term
[45], [46], [47].

3.2.1 Calm-Water Resistance (Rcw)

Calm-water resistance represents the baseline hydrodynamic drag experienced by a ship's hull
when moving through still water, serving as the foundational component for assessing overall
propulsion performance. It primarily arises from frictional effects due to the viscous
interaction between the hull and surrounding fluid [40]. This resistance can be estimated
through various methods, including model tank tests for empirical validation, computational
fluid dynamics (CFD) simulations for detailed flow analysis, and semi-empirical formulas
based on regression of experimental data, such as those from the International Towing Tank
Conference (ITTC) standards [45], [46], [47].
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3.2.2 Added aerodynamic resistance due to wind

Wind blowing against the hull and superstructure which is above waterline creates
aerodynamic resistance. This resistance is computed by following equation:

1 1
Rpa = 5 Pa Cpa* (o) - Axy - UG — 5 Par Cpa(0) - Axy - V&2 (3.2)

Where:

Ayy : area of maximum transverse section exposed to wind [m?]
Cp4 : wind resistance coefficient

Vs : measured ship's speed [m/s]

U, : apparent wind speed [m/s] at reference height

pa : mass density of air [kg/m?3]

Y, : apparent wind direction at reference height (0 means heading wind)

For specific true wind speed U; and true wind angle ¥ (where i = By, — Heading, see
Figure 11) the apparent wind speed, U, and apparent wind angle, 1, can be calculated from
the equations:

Ua=\/U,:Z+V52—2-Ut-V5-cos(180—1p) (3.3)

U2 +VZ—U?
=t -1 a N t
o =t (M

(3.4)
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The sign conventions and sign convention for wind direction are depicted below.

North
00
270°

90°

7
180° Sign conventions

Figure 10: Sign convention [23]

[North

Wind input

Figure 11: Sign convention for wind directions [23]

The variation with wind angle Y is significant, as drag increases notably in beam and
quartering winds. Unlike earlier studies, where this component was often neglected or
oversimplified, this work explicitly accounts for angle-dependent coefficients, enhancing the
accuracy of the aerodynamic resistance calculation based on the formulations above.
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3.2.3 Added resistance in waves

3.2.3.1 Added Resistance in Regular Waves
The effect of waves on ship resistance is quantified by the added resistance in waves ( Rqyy),

which accounts for additional drag from wave reflection, diffraction, and ship motions.
Following Liu & Papanikolaou (2008), the added resistance in regular waves is calculated by:

Raw = Rawr + Rawm (3.5)

Where:
Ry g : reflection/diffraction component,
Ry : mean drift force component,

Refer to Appendix B: Added resistances, B.1.2 Added wave resistance.

3.2.3.2 Added Resistance in Irregular Waves

In real seas, the energy of waves is distributed across a range of frequencies. To capture this,
the regular-wave results are integrated over a wave spectrum. A JONSWAP spectrum is used
in this work, parameterized by the significant wave height Hs and spectral peak period Tp.
The spectral density function S(w) assigns relative weight to each wave frequency [47].

The added resistance in irregular waves is therefore:

R (@)
@

Ryw =2 f ) S(w) - dw (3.6)
0

Where:

S : spectrum function [m?/Hz]
w : angular velocity [rad/s]

{, - wave amplitude [ m |
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This integral is computed numerically for each heading angle. The spectral density function
is:

5/ w -4 exp((w—wp)z>
2
S(Hs Tpy) = a" - HZ -, - 0™ - exp [_Z(_> ]'V 205 (3.7)

With parameters:

H, : significant wave height [m],

T, : spectral peak period [s],

wy, : peak angular frequency [rad/s],
y : peak shape factor,

o : spectral width

a* : scaling factor depending on y
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3.2.4 Drift & Rudder Resistance

When exposed to side winds, the ship develops a drift angle B, to balance the lateral
aerodynamic force. The hull generates a hydrodynamic restoring side force and yaw moment,
while the rudder must deflect to maintain course. Both the hull and the rudder introduce
additional drag components that contribute to the vessel’s total resistance. To estimate
velocity and construct a ship with a sailing system, it is crucial to account for significant
rudder angles and the induced resistance caused by drift.

e Dirift resistance Xp(B), empirically expressed as a polynomial in the drift angle.
e Rudder resistance Fyy, proportional to the rudder normal force and its deflection
angle 6.

The following diagram depicts the drift angle and rudder deflection resulting from the
combined influence of aerodynamic and hydrodynamic moments acting on the ship, which is
fitted with a Wind Propulsion System (WPS).

Figure 12: System of coordinates
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As illustrated in coordinate system (Fig. 12), the y direction is positive to starboard and the x-

direction is positive in the forward ship direction.

The drift and rudder forces are obtained using Skogman (1985) and Inoue et al. (1981)
formulations, with aerodynamic inputs from Fujiwara's coefficients. The balance of lateral

forces and yaw moments is solved for each wind angle, producing the values of () and

s(¥).
The formulations are based on the equilibrium of moments that can be formed, under steady-
state conditions, around the center of gravity, which is located at the midship section for

simplicity.

The aerodynamic moment N, the sails' moment Ng,;, and the hydrodynamic moment Ny,

are all in balance when:

N + Nsail + Nhyd = O (38)

The yaw moment Ny and the rudder-induced moment N make up the hydrodynamic

moment Nyyg.

The formula for Ng,; (moment by the sails) is as follows:

Ngyip = Fs - X (3.9

Xs : the horizontal lever arm of the sail force to midship

Fs : Sail Lateral force
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The aerodynamic lateral force and yaw moment are given by:

1
@) = —-C ) 'EPAU/%AYV (3.10)

1
N@) = —-Cy(¥) 'EPAU/%AYVLOA (3.11)

Where:
pa :1s the air density,

Ayy: is the lateral projected area above the waterline,
Loa: is the overall ship length,
Cy () and Cy (¥) are the Fujiwara aerodynamic coefficients, dependent on wind angle .

U, : is the apparent wind speed calculated based on equation (3.28)

In the present work, the aecrodynamic coefficients Cy(y) and Cy(y) were evaluated using the
semiempirical regression method of Fujiwara [41], which provides explicit angle-dependent
expressions. The coefficients were calculated as functions of the wind incidence angle v,
making the aerodynamic loads vessel specific and angle-sensitive.

The methodology for calculating these coefficients, as well as their contribution to the
resistance formulation, is presented in appendix (B.1.2).

The negative sign on Fy(y) and N(y) reflects the difference in coordinate system
conventions:

e In Fujiwara's framework [41], the wind is assumed to act from the port side, leading
to a positive definition opposite the convention adopted here.

e In this thesis, which is based on Elger (2019) [40] and Skogman (1985) [39], that
form the basis of the present drift and rudder balance model, the wind is assumed to
act from the starboard side, as shown in Figure 12.

To ensure consistency between aerodynamic forces and the hydrodynamic/yaw equilibrium
equations, a negative sign was applied in Egs. (3.10) and (3.11) above.
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In the next step, an auxiliary factor is computed using xz as the lever arm from the rudder's
pressure point to midship:

1 1
Yo = | Fy + Fs —— - (N + Ng; 3.12
mo 05 p TLWL ] Vsz < Y S Xg ( sall)) ( )

The underwater portion of the hull's effective aspect ratio, or ARy, is:

AR, = —— (3.13)
LWL

The lateral force's hydrodynamic derivatives, ¥, and Y,', are as follows:

B
Y, =—05-m-AR, — 1.4 Cy - —2= (3.14)
LWL

T
Yy =66 (1~ Cp) 5—+0.08 (3.15)
WL

Drift dimensionless speed v’ is calculated:

(Yé + ARy, - LWL) + \/(Yv’ n Ath- LWL)z R

XR R
v = - (3.16)
Y‘V‘U
Drift angle S is:

B = arcsin v’ (3.17)

y -direction ship velocity is:
v=v Vs (3.18)

x -direction ship velocity is:
u=V2—-v? (3.19)

The drift-related non-dimensionalized additional resistance is:

cxp = 0.0833- B — 0.1 - B2 + 0.0041667 - B3 (3.20)
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Drift-related additional resistance is then:
Xp=cxp-05-p-u?-Ly,-T-1073 (3.21)
Yaw moment by the hull is:
Ny=05-p-1%, T -V2-(—ARy - v') (3.22)

The span x5 across the rudder area A, and mean chord line c,.,, are used to compute the
effective aspect ratio, or AR,., before calculating the rudder angle:

X3
ARr =2 ARgeometric =2 c (323)
mean
The wake decreases the inflow speed v, to the rudder:
v,=V,-(1—w) (3.24)

In the beginning, the lateral rudder force Fyy needs to be calculated using an arbitrary inflow
angle a,, such as —5° :

6.13 - AR,

Fyy =05-p —— T
Ny P 325+ 4R,

A, - v? - sin (a,) (3.25)

The term "hydrodynamic force" refers to the force that the rudder action exerts on the ship's
hull. Using regression analysis based on model testing ay, which is the ratio of the force on
the hull caused by the rudder to the rudder force, is calculated [33]:

ay = 0.64-Cg — 0.154 (3.26)

To find the rudder angle 0, the following formula is
used:

2

§ = 0.5 - arcsin = (05-p ARy - Ly, - T -V -v' =N —=Ng1) | (3.27)

sin (ay)

—(1+ay)-xg-
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The rudder force Fyy needs to be calculated again using the new inflow angle. The rudder's
additional resistance is:

FNX = _FNY - sin 5 (328)
Finally, rudder moment is:
NR = _(1+aH) 'xR 'FNy'COS 5 (329)

The total resistance from Side Forces can now be estimated by adding Drift Resistance and
Rudder's additional resistance:

Rdrift + Rrudder = Xp + Fyy (3.30)

3.2.5 WASP thrust contribution

When WASP units are installed, they produce a net longitudinal effective thrust that reduces
the required propeller thrust. Their performance could be either estimated by analytical
expressions, semi-empirical methods or directly provided as an experimental dataset from the
manufacturer, where longitudinal thrust, perpendicular force, and (if applicable) power
consumption are tabulated, as functions of apparent wind speed and angle.

The net contribution to resistance is —Fsail, while the perpendicular force component is

included to the lateral balance equations, modifying rudder and drift resistance.
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3.3 Propeller and Engine Performance

3.3.1 Propeller Open Water Performance and Working Point

The propeller open-water characteristics are an essential element in linking the resistance
model with the propulsion and fuel consumption calculations. The thrust generated by the
propeller depends on its advance ratio and efficiency, which in turn are affected by
modifications in total resistance and required effective power due to wind-assisted propulsion

[1], [40].
The propeller performance is described through the standard open-water coefficients:

Rr

T, =
071 —¢

(3.31)

Where:
e T, is the open-water thrust [N],

e Ry is the total ship resistance [N],
e t is the thrust deduction factor (a dimensionless coefficient accounting for the

reduction in thrust due to hull interaction).

Vo=(1-w)-V (3.32)

Where:
e V), is the advance speed of the propeller [m/s],

e w is the wake fraction (a dimensionless factor representing the velocity reduction
behind the hull),
e V is the ship speed [m/s].

To
kr p-n%-D4 To
Constant number: C=—= 0 5 = 2 2 (3.33)
] ( Vo ) p-Vy-D
ng-D
is utilized to create following curve:
kr =c-J? (3.34)
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The previous curve is plotted in the same diagram with the k; = f(J) (3.34) curve of the
propeller (from open water performance results) and the intersection of these two provides
the working point of ship propeller system. Using the propeller advance coefficient ] at this
intersection, the open-water propeller speed n,, efficiency 7n,, and torque Q, are estimated.

1.0

O 1 1 1 Y 1\\‘»1 ]
0O 02 04 06 08 1.0 1.2 14 1.6
o

----- K, - - 10K,
T K'I',ship — o

Figure 13: Intersection of hull demand thrust coefficient curve and propeller open water
performance curve for an example vessel [59]]

_ Yo 3.35
" =TTp (3.35)
no=fU) (3.36)
TO * VO
Qo (3.37)

=2'7T'n0'770
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3.3.2 Delivered Power and Main Engine Load

To account for hull-propeller interactions and performance adjustments, the final shaft speed
n, delivered torque Q4, and delivered power P; are calculated as follows, based on the open-
water values corrected by the RPM correction factor C,,, rotative efficiency 71z, and power
correction factor C, :

n=_C, ng (3.38)

Qq=— (3.39)
Nr

Pp=C,-2-m-n-Qq (3.40)

The engine load is calculated relative to the Maximum Continuous Rating (MCR) of the main
engine:

Py

0, — .
Load(%) = 100 VMR

(3.41)

3.3.3 Wind-Assisted Power Integration

When wind-assisted devices are in operation, in addition to the delivered power required for
propulsion, the wind-assisted system introduces an auxiliary power demand. Each unit
requires a certain consumption P.,, to maintain the flow control used for thrust generation
[13], representing the suction fan consumption of each unit. For a configuration with N units,
the total consumption is:

Pwasp = Feon - N (3.42)
This power requirement is added to the delivered power to obtain the total required power,

which represents the combined load from the main engine and the power for the wind-
assisted system supplied by auxiliary sources:

Breq = Pa + Pyasp (3.43)
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3.4 Fuel Consumption Model

The estimation of fuel consumption is based on the relationship between the delivered power
and the engine's specific fuel oil consumption (SFOC). This model converts the delivered
power into fuel mass flow and allows the assessment of operational performance with and
without the contribution of the wind-assisted system [14].

The fuel consumption rate for the main engine is given by:

Myeyelbaseline — Pd - SFOC (344)

Where:

Miyel baseline 15 the fuel consumption rate [kg/h],
P, is the delivered power [kW],
SFOC is the specific fuel oil consumption for the main engine [g/kWh].

The SFOC is typically provided by the engine manufacturer and depends on the load fraction
relative to MCR. For simplicity, it can be considered constant or interpolated from the engine
load-SFOC curve.

Since wind-assisted systems are installed, additional electrical consumption is provided by
auxiliary generators. The fuel consumption for this auxiliary load is calculated separately
using the auxiliary engine's specific fuel oil consumption (SFOCaEg):

Meyerwasp = Pwasp - SFOCxpg (3.45)

The total fuel consumption is then:

Miyeltotal = Miuelbaseline T Mfucl WASP (3.46)

This formulation accounts for the propulsion demand plus the parasitic load of the system,
providing a comprehensive estimate of the vessel's fuel usage.
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Chapter 4: Case Study

4.1 Ship’s Particulars

In this section, the main particulars of the case study vessel are presented. These data are
necessary as input for the resistance calculations that follow.

Table 1: Principal Particulars of Ship

PRINCIPAL PARTICULARS
LENGTH O.A. 229 m
LENGTH B.P. 225.5m
BREADTH (MLD.) 32.26 m
DEPTH (MLD.) 20.05 m
DESIGNED DRAFT 12.20 m
Cs (@ DESIGNED DRAFT 0.8624
DEADWEIGHT (DESIGNED
DRAFEF) 64911.79 t
SCANTLING DRAFT 14.45 m
Cs @ SCANTLING DRAFT 0.8772
DEADWEIGHT
(SCANTLING DRAFT) 80996.09 ¢
LIGHTSHIP WEIGHT 13800.11 t
MAIN ENGINE MAN B&W 6S60ME-C8.5-TII
TRANSMISSION 0.99
EFFICIENCY n;s
Pmcr 9930 kW
PmcRr ME lim 8230 kW
NMCR 90.4 rpm
TYPE OF FUEL (ME & AE) DIESEL/GAS OIL
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4.2 eSAIL Description and Data Source

The eSAIL is a suction-assisted rigid sail developed by bound4blue, representing a modern
wind-assisted propulsion (WASP) technology. It is available in three models (Models 1, 2,
and 3), each with distinct dimensions and power ratings. Following consultation with the
manufacturer, Model 2 was selected as the optimal choice for the case study vessel.

eSAIL model 2

Width

Various heights

Automatic control

Tilting system Optional

EX Rating Optional

Example vessels Hand!

Figure 14: eSAIL model 2

For this analysis, four eSAIL units were adopted, each measuring 23 m in height and 4.5 m in
width, installed on deck. This configuration adds a total of 414 m? to the vessel's exposed
lateral area. Originally, the ship's lateral area above waterline was 2024.5 m?, and with the
addition of the four eSAIL units, it increases to 2438.5 m?. This enhanced lateral area directly
impacts the aerodynamic components of Total Resistance and is accounted for in the
calculation of aerodynamic coefficients with the FUJIWARA method.
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The positioning of the four eSAIL units on the main deck is shown in Figure 4.2. They were
arranged symmetrically along the deck to minimize interference effects and to ensure
effective distribution of aerodynamic forces.

Figure 15: Position of eSAIL units on the ship’s main deck

The performance data per eSAIL unit were provided by the manufacturer, and include:

* Longitudinal force (DF): effective thrust component (positive when assisting propulsion).

* Perpendicular force (HF): side force generated perpendicular to the ship's centerline.

* Power consumption (Pcon): electrical power required for the suction fans and control
systems.

These values were tabulated as functions of the apparent wind speed (Ua) and apparent wind
angle (ya).

The control logic of the system ensures that:

» When thrust is positive, the eSAIL operates normally, consuming auxiliary power (Pcon) .
* When thrust is negative (unfavorable wind condition), the system is automatically
deactivated, avoiding unnecessary energy consumption.
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The following figures present the manufacturer-provided eSAIL performance data for the
case study vessel at a service speed of Vs =11kn and a true wind speed of Ut=10 m/s. The
plots show the variation of Longitudinal thrust (DF), Perpendicular force (HF), and power
consumption (Pcon) as functions of wind angle.

To better illustrate the performance of the eSAIL under different wind conditions, the data
were interpolated across varying apparent wind scenarios to reveal how both the force
components and power demand evolve with changing wind direction and intensity.

1. Variable Apparent Wind Speed (Ua)
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Figure 16: Relative variation of eSAIL effective Forces and Power Consumption under
Variable Apparent Wind Speed
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2. Constant Apparent Wind Speed (Ua)
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Figure 17: Relative variation of eSAIL effective Forces and Power Consumption under

4.2.1 Defined Scenarios

Constant Apparent Wind Speed

To evaluate the impact of the eSAIL® system, four scenarios were defined, combining the
presence or absence of sails with two different treatments of wind speed:

Scenario 1: Conventional ship without eSAIL, with variable apparent wind speed.
Scenario 2: Conventional ship without eSAIL, with constant apparent wind speed ( Ua = 10

m/s ).

Scenario 3: Ship equipped with four eSAIL units, with variable apparent wind speed.
Scenario 4: Ship equipped with four eSAIL units, with constant apparent wind speed ( Ua =

10 m/s).

In the constant-wind cases (Scenarios 2 and 4), the apparent wind speed is fixed at 10 m/s for
all headings, providing a simplified baseline for comparison.
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4.3 Resistance Components

In this section, the methodology for calculating the main resistance components of the vessel
is presented. Each contribution is examined separately, starting from calm water resistance,
followed by wind resistance and wave resistance. The results provide the basis for the total
resistance formulation used in the subsequent analysis [49].

4.3.1 Resistance from Model Tests

The resistance of the case study vessel in calm water and in Scantling draft was derived from
data obtained through Towing tank Model Test results, as documented in the available Model
Test report [49]. These results are visually represented in the following diagram.

For this analysis, the vessel is assumed to operate at a service speed of 11 knots.

Resistance in calm water

1000
900
800
700
600
500
400
300

Resistance (kN)

200
9 10 11 12 13 14 15 16

Vessel Speed (kn)

—@— Resistane in calm water —@— Service Speed point

Figure 18: Resistance in calm water for Scantling draft [49]
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4.3.2 Added Wind Resistance

The added aerodynamic resistance is determined from the wind resistance coefficients (Cpa),
which vary with the wind angle of attack and these coefficients are incorporated into the
mathematical calculation (Equation 3.2) to derive the final aerodynamic contribution.

The required data for computing these coefficients are provided in the following table for
both the baseline vessel and the case where it is fitted with eSAIL units. In the latter scenario,
the presence of the units on the deck results in notable shifts in parameters, significantly
affecting the aerodynamic behavior.

Table 2: Required data in Scantling draft

Required Data
Baseline vessel | Fitted with eSAIL

Loa 229 229 m

B 32.26 32.26 m
Aod 705 1119 m”"2
AXV 637 637 m”"2
Ayv 2024.5 2438.5 m”2

Cmc -10.54 -7.48 m

Hbr 26.5 26.5 m

He 5.48 7.45 m
1) 10 10 deg
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The respective plots of wind resistance coefficient versus the wind angle are depicted in the
figures:

Fujiwara Method - Scantling - baseline vessel
Wind Resistance Coefficient (Cpba) - Angle of Attack

1.2

Cba

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180

Wind Incidence Angle [deg]
® O<Wa<n Poly. (0<Wa<mn)

Figure 19: Wind Resistance Coefficient Cpa versus Wind Incidence Angle - Baseline Vessel

Fujiwara Method - Scantling - eSAIL fitted
Wind Resistance Coefficient (Cpba) - Angle of Attack

Cba

0O 10 20 30 40 50 60 70 &80 90 100 110 120 130 140 150 160 170 180

o VYinghIncidence grgleldeel. -,

Figure 20: Wind Resistance Coefficient Cpa versus Wind Incidence Angle - eSAIL Fitted
Vessel

Page 49 of 82



Diploma Thesis Mousgas Marinos

The variation of the apparent wind speed (U,) with wind direction is presented, in order to
provide context for the following analysis of the case study vessel. According to Equation
(3.3), U, depends on the true wind speed (U;), the ship's speed (V;), and the true wind angle.

The following figure shows this variation, together with a reference case of constant U, =
10 m/s. The apparent wind speed reaches its maximum when the wind acts from ahead and
decreases progressively toward the stern, influencing the aerodynamic forces and the
resulting hydrodynamic responses.

Apparent wind speed vs wind angle
I I T I

16 T T ] 1

Variable U; (for U=10 m/s, V.=11 kn)

— = = Constant U; = 10 m/s

14

-l
N

[e-]

Apparent wind speed U, (m/s)
)

4 | 1 | 1 1 | 1 1

0 20 40 60 80 100 120 140 160 180
true wind angle y (deg)

Figure 21: Apparent Wind Speed versus Wind Direction for Variable and Constant (Ua)
Scenarios.
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The aerodynamic Lateral Force and Yaw Moment, which contribute to vessel’s estimated
side forces (Rudder & Drift resistance) will be calculated based on coefficients Cy(y) and
Cy(Y) of Fujiwara [41]. The required data for the calculation of coefficients are the same as
in Table xx.

Lateral Force coefficient vs Wind Incidence Angle
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Figure 22: Lateral Force coefficient (Cy) versus Wind Incidence Angle

Yaw moment coefficient vs Wind Incidence Angle
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Figure 23: Yaw Moment coefficient (Cn) versus Wind Incidence Angle
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4.3.3 Wave Resistance Calculation
Using MATLAB code developed for the theory of added wave resistance described in
Methodology section, the added wave resistance Raw (at Scantling draft) is computed versus

the heading angle, where 0° (deg) is considered for bow waves.

The basic inputs for the calculation at scantling condition are provided in the table below and
apply in both scenarios (baseline vessel / eSAIL-fitted)

Table 3: Parameters for calculation of wave resistance

LBP 225.5 [m]
Ta 14.45 [m]
Tf 14.45 [m]

LE1 32 [m]
LR 30 [m]

g 9.81 [m/s?]

Kyy 0.25 [-]
E1 26.75 [deg]
E2 28.27 [deg]
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The significant wave height Hs is calculated, based on true wind speed (Ut = 10 m/s in this
analysis) utilizing the following relation [60, eq. 11]:

Hs=0.115-Ut"* 4.1)
where:

Ut=10 m/s.

The results are integrated over the JOHNSWAP spectrum to obtain the irregular wave
resistance. This is repeated for a range of peak periods; the maximum value across Tp is
taken as the conservative estimate:

Raw max = maxRAW (a, Tp) (4.2)

Maximum Added Resistance vs Wave Heading (across Tp 6-15 s)
T I I I I T I

T

50

[ w P
o o o

Max Added Resistance Ray (kN)

=
o

1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180
Wave Heading (deg)

Figure 24: Max. Added Resistance in Waves across Peak Period Range (Tp = 6-15 s)
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4.3.4. Drift & Rudder resistance

The equations presented in Section 3.2.4 were applied in MATLAB to compute the resulting
drift angle, rudder angle, and their associated resistances. The results are presented together
for the baseline vessel and the eSAIL-fitted vessel, enabling direct comparison.

Drift Angle vs wind angle - All Scenarios

\ 7 Scenario 1: Baseline vessel / Variable Ua
08} \ / Scenario 2: Baseline vessel / Constant Ua=10 m/s
N P — = = Scenario 3: eSAlL fitted / Variable Ua
Sle — = = Scenario 4: eSAIL fitted / Constant Ua=10 m/s
09 1 1 1 1 1 ! 1 1 J
0 20 40 60 80 100 120 140 160 180

wind angle (deg)

Figure 25: Variation of Drift Angle with Wind Direction under Different Apparent Wind
Conditions for Baseline and eSAIL-Fitted Vessel

For all scenarios, the drift angle reaches its highest absolute values between 40° and 100°,
where crosswind effects are strongest. The eSAIL-fitted case under variable apparent wind
shows increased drift angles, particularly around 60°, consistent with the peak of the
perpendicular effective force generated by the eSAILs, as shown in Figure 4.3. The scenarios
with constant apparent wind exhibit a more symmetrical distribution of drift angles across the
0°-180° range, reflecting the simplified nature of the fixed-wind assumption.
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Rudder Angle vs wind angle - All Scenarios
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Figure 26: Variation of Rudder Angle with Wind Direction under Different Apparent Wind
Conditions for Baseline and eSAIL-Fitted Vessel

The diagram shows the rudder deflection angle required to keep the vessel on a steady
heading for different wind incidence angles (0°-180°). The deflection follows the general
trend of the drift angle, reaching its maximum around beam winds. The eSAIL-fitted vessel
requires greater correction to maintain course stability, reflecting the higher moments
introduced by the addition of the sails. In contrast to the drift angle, the rudder deflection
decreases more gradually after its peak, indicating a more sustained corrective response

across wider heading angles.
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Rudder & Drift Resistance - All Scenarios

Rudder & Drift Resistance [kN]

Scenario 1: Baseline vessel / Variable Ua

\ ’
14 \ 7 Scenario 2: Baseline vessel / Constant Ua=10 m/s
N 2 - = = Scenario 3: eSAIL fitted / Variable Ua
S = = = Scenario 4: eSAIL fitted / Constant Ua=10 m/s
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Figure 27: Rudder and Drift Resistance versus Wind Direction under Different Apparent
Wind Conditions for Baseline and eSAIL-Fitted Vessel

The combined side forces from drift and rudder deflection show a clear increase when the
eSAIL system is active, indicating the additional drag induced by the control forces required
to maintain course. The variable apparent wind case produces the highest resistance values
around 60°-80°, aligning with the most effective operating range of the sails. The constant-
wind cases display smoother variations, indicating a more uniform balance between

aerodynamic and hydrodynamic effects across the examined heading range.
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4.4 Total Resistance for Defined Scenarios
The total resistance on the vessel was performed by considering all hydrodynamic and
aerodynamic contributions. The formulation applied follows the structure introduced in

Chapter 3, where individual resistance components are defined and subsequently combined.

The sub-components along with the Rtotal are displayed in the figures below for each
scenario.

Scenario 1:

600 Resistance Components vs. wave/wind direction | Variable Ua
T T T T T T T

S = S Rmodel test
Raa (Wind)
Raw (Waves) |
Side Forces (Rudder/Drift)

R‘.OB’

500

400

300 1

200 .

Resistance (kN)

100 | —

- — .
——————
———
S—————

L

.1 00 | 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180
wave/wind direction (deg)

Figure 28: Total Resistance Components for Scenario 1 — Variable Ua, No eSAIL
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Scenario 2
500 Resistance Components vs. wave/wind direction | constant Ua
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Figure 29: Total Resistance Components for Scenario 2 — Constant Ua, No eSAIL

Scenario 3
00 Resistance Components vs. wave/wind direction | Variable Ua - eSAIL fitted
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Figure 30: Total Resistance Components for Scenario 3 — Variable Ua, With eSAIL
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Scenario 4
500 Resistance Components vs. wave/wind direction | constant Ua - eSAIL fitted
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Figure 31: Total Resistance Components for Scenario 4 — Constant Ua, With eSAIL
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To provide a comprehensive comparison, a combined plot of total resistance (R;,y) was
prepared. This plot illustrates the variation of resistance across all examined scenarios and
heading angles, allowing for clearer assessment of the effects of eSAIL operation and
apparent wind conditions.
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Figure 32: Total Resistance versus Wave/Wind Direction under Different Apparent Wind
Conditions for Baseline and eSAIL-Fitted Vessel
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4.5 Power Requirements for Defined Scenarios

Based on the total resistance results presented in previous section, the corresponding power
demand is derived according to the propulsion relations described in Sections 3.3.1 and 3.3.2,
which link total resistance to propeller thrust and delivered power.

The plot compares the Total Required Power across all four operational scenarios,
highlighting the influence of the eSAIL system on propulsion demand. Consistent with the
power integration approach described in Section 3.3.3, the total power includes both the Main
Engine load and the auxiliary consumption of the eSAIL units. Results show that when the
eSAILs operate, the power is notably reduced—especially at favourable wind angles—
confirming the system’s contribution to lowering overall energy demand.

Total Required Power - All Scenarios

Scenario 1: Baseline vessel / Variable Ua
Scenario 2: Baseline vessel / Constant Ua=10 n/s

4000 = = = Scenario 3: eSAIL fitted / Variable Ua
— = = Scenario 4: eSAIL fitted / Constant Ua=10 m/s

3500

3000

Total Required Power Preq (kW)

2500

2000

1 1 1 1 1 1 1 | J
0 20 40 60 80 100 120 140 160 180
wave/wind direction (deg)

Figure 33: Total Required Power versus Wave/Wind Direction under Different Apparent
Wind Conditions for Baseline and eSAIL-Fitted Vessel
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4.6 Specific Fuel Oil Consumption

To support the analysis of engine performance under the different scenarios, the specific fuel
oil consumption (SFOC) values obtained from the shop test of the main engine are presented
in Table 4. These values serve as the reference for evaluating fuel consumption across the
four defined scenarios. (Reference: MAIN Engine SHOP TEST, [50])

Table 4: Specific Fuel Oil Consumption versus Engine load

Engine Load (%) | SFOC (g/kWh)
25 175.85
35 172.75
50 167.68
71.6 165.96
75 167.65
100 172.6
110 174.94

Specific fuel oil consumption versus engine load
178
176
174
172

170

SFOC (g/kWh)

168
166

164
0 20 40 60 80 100 120

Engine load (%)
Figure 34: Specific Fuel Oil Consumption versus Engine load
For the calculation of fuel consumption resulting from the auxiliary power demand of the

eSAIL units, a specific fuel oil consumption for auxiliary engines (SFOCag) of 220 g/kWh
has been assumed in this thesis.
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4.7 Fuel Consumption Comparison

The daily fuel consumption for each operational scenario was estimated by combining the
specific fuel oil consumption (SFOC) values of Section 4.6 with the corresponding
propulsion power demand obtained from the analysis. The resulting plot presents the
variation of total daily fuel use with wind direction under different apparent wind conditions.
The baseline cases, representing operation without eSAIL assistance, show consistently
higher fuel consumption across most headings. When the eSAIL system is active, the total
fuel demand decreases, resulting in noticeable fuel reductions— clearly visible at angles
between 60° and 120°, where the sails are most effective. The comparison between variable
and constant apparent wind cases highlights that accounting for wind variation produces

smoother and more realistic fuel consumption profiles.
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Figure 35: Total Daily Fuel Consumption versus Wave/Wind Direction under Different

Apparent Wind Conditions for Baseline and eSAIL-Fitted Vessel
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The corresponding fuel savings, expressed as a percentage reduction between the eSAIL-
fitted and baseline configurations, are presented below. These results quantify the benefit of
the wind-assisted system by comparing total daily fuel use across the four operational

scenarios.
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Figure 36: Fuel Savings in (%) versus Wave/Wind Direction under Different Apparent Wind

Conditions for Baseline and eSAIL-Fitted Vessel

Average fuel savings across heading angles (0—180°):
* Variable Ua — 19.96%
* Constant Ua — 18.66%

Maximum fuel savings across heading angles (0—-180°):

* Variable Ua —39.3 %
e Constant Ua — 40.4 %

The two curves follow a similar trend, but their peaks occur at slightly different headings.
Under variable apparent wind conditions, the maximum savings appear at intermediate angles
between beam and quartering conditions (around 90°-130°), where the combined effect of
true and apparent wind vectors enhances the aerodynamic contribution of the eSAILs. In
contrast, the constant-wind scenario shows a more symmetrical pattern across heading angles.
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4.8 Fuel Savings in Different Sea States

This section extends the analysis beyond the reference condition of a fixed true wind speed
(Ut = 10 m/s) by incorporating different sea states derived from the Beaufort scale. The
objective is to evaluate how varying wind and wave conditions influence the vessel’s fuel-
saving performance when equipped with the eSAIL system.

Table 5: Beaufort Scale of Wind — Representative Sea States [ITTC, 2021 Sea Trials]

BEAUFORT SCALE
_ Mean Wind Probable Wave
No. Descriptive Term .
Speed, Ut (m/s) Height, Hs(m)
4 Moderate breeze 6.7 1.0
6 Strong breeze 12.3 3.0

Two representative sea states corresponding to Beaufort numbers 4 and 6 are considered,
covering moderate and strong breeze conditions. For each case, the associated mean wind
speed and probable wave height, as defined in the Beaufort scale, are applied to establish
realistic operating environments. These conditions are used to compute and visualize the
variation of fuel savings with wind incidence angle. The resulting polar plots provide a
comparative illustration of how eSAIL performance evolves under increasingly energetic sea
states, reflecting its capability to deliver consistent fuel reduction across a broad spectrum of
environmental conditions.
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BF 4: Moderate breeze

Fuel Savings (%) - (e SAIL / No eSAIL) vs wave/wind direction (deg)
Ut=6.7 m/s, Hs=1.0 m
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Figure 37: Polar Plot of Fuel Savings across Wave/Wind Angles under Beaufort 4 (Moderate
Breeze) Conditions for Baseline and eSAIL-Fitted Vessel

For Beaufort 4 (Ut = 6.7 m/s, Hs = 1.0 m), the eSAIL achieves an average fuel saving of =
8.2%. The highest savings appear between 70° and 110°, showing the most effective range of

operation.
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BF 6: Strong breeze

Fuel Savings (%) - (eSAIL / No eSAIL) vs wave/wind direction (deg)
Ut=12.3 m/s, Hs=3.0 m
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Figure 38: Polar Plot of Fuel Savings across Wave/Wind Angles under Beaufort 6 (Strong
Breeze) Conditions for Baseline and eSAIL-Fitted Vessel

For Beaufort 6 (Ut = 12.3 m/s, Hs = 3.0 m), the eSAIL achieves an average fuel saving of =
29.6%. This represents a clear increase compared to previous sea state, with higher savings
maintained across a wider angle range.
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To facilitate a direct comparison between sea states, the individual polar plots are
consolidated in a single figure. This combined representation enables the evaluation of how
fuel-saving performance evolves with increasing wave energy and apparent wind intensity,
emphasizing the overall consistency of the eSAIL system across diverse operating
environments.

Fuel Savings (%) - (eSAIL / No eSAIL) vs wave/wind direction (deg)

09
80%
330° 30°
e Ut=6.7 /s, Hs=1.0 m 60%
= Ut=12.3 m/s, Hs=3.0 m
300° 60°
40%
270° 90°
240° 120°
210° 150°

180°

Figure 39: Combined Polar Plot of Fuel Savings across Wave/Wind Angles for Different Sea
States (Beaufort 4 and 6) under Baseline and eSAIL-Fitted Conditions

The combined results show a steady increase in average fuel savings from Beaufort 4 to 6,
confirming that stronger winds and higher sea states enhance the eSAIL’s contribution while
maintaining a consistent angle of peak performance.
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Chapter S: Conclusions and Future Research

5.1 Main Conclusions of the Thesis

This thesis investigated the potential of Wind-Assisted Propulsion Systems (WASP) as a
practical approach to reduce fuel consumption and greenhouse-gas emissions in line with the
objectives of the IMO’s GHG reduction strategy. The study focused on the broader need for
integrating renewable energy sources into conventional ship propulsion to achieve
measurable efficiency improvements. Wind assistance was examined as a sustainable means
of supplementing engine power, thereby decreasing dependence on fossil fuels and
contributing to the transition toward cleaner maritime operations.

The analysis demonstrated that the suction-based eSAIL system effectively harnessed wind
energy to generate auxiliary thrust, thereby relieving part of the load on the main engine. This
reduction in propulsion demand directly translated into lower power requirements and fuel
consumption, aligning with the broader objective of reducing greenhouse gas emissions in
maritime transport. The system’s suction-assisted airflow mechanism enhanced aerodynamic
performance by increasing lift and reducing drag, which contributed to the overall
improvement in propulsive efficiency observed throughout the study.

Theoretical Modeling: The theoretical framework developed in this thesis, including the
baseline model without wind assistance and the modified configuration with the eSAIL
system, provided a consistent basis for evaluating ship propulsion performance. The model
accounted for the main resistance components —calm water resistance, added wind and wave
resistance, side forces from rudder deflection & drift— and integrated the aerodynamic thrust
generated by the eSAIL units. The incorporation of these factors enabled realistic estimation
of total resistance, required power, and fuel consumption across different headings and
operating conditions.

Influence of Resistance Sub-components: The analysis emphasised the importance of
accounting for all resistance components and their combined influence on vessel
performance. Calm-water resistance was the main contributor to total resistance, while added
wind and wave resistances increased with heading angle. The integration of side forces,
arising from drift and rudder deflection, proved essential for representing the ship’s balance
and course stability in crosswind conditions. These forces, though relatively small compared
with the primary resistance terms, introduced additional resistance that slightly reduced the
net benefit of the eSAIL thrust. Their inclusion demonstrated that wind-assisted devices
modify the vessel’s total resistance profile and must therefore be evaluated together with the
control forces required to maintain heading. By capturing these effects within the model, the
analysis provided a more realistic prediction of power demand and fuel consumption for both
baseline and eSAIL-fitted conditions.
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Fuel Reduction and Key Performance Results: The comparison of the four operational
scenarios demonstrated a consistent reduction in propulsion power and daily fuel
consumption when the eSAIL system was active. The maximum savings reached 39.3 %
under variable apparent wind and 40.4 % under constant apparent wind, occurring in beam-
to-quartering winds, specifically between 70° and 110°, where the aerodynamic thrust
contribution was most effective. The corresponding average daily fuel savings were 20 % and
18.7 %, respectively, confirming the consistent benefit of suction-assisted propulsion across
all headings.

When the analysis was extended to different sea states, the mean fuel savings across three
conditions from the Beaufort scale, with progressively higher wind speed and sea severity,
increased from 8.2 % to 29.6 % in the most severe case. As wind speed and wave height
intensified, the relative advantage of the eSAIL system became more evident, since the
generated thrust helped offset the additional resistance caused by rougher sea conditions.
Overall, the study verified that suction-assisted propulsion can substantially reduce the total
required power and fuel consumption and improve vessel efficiency under a wide range of
operating environments.

5.2 Relation to Previous Studies

The findings of this thesis align well with the established theoretical understanding of wind-
assisted propulsion and with results reported in recent studies on suction-based and rotor-type
systems. The pattern of fuel savings peaking at beam and quartering winds agrees with the
expected aerodynamic behaviour, where the lift-to-drag ratio of the sail-generated thrust is
maximised. The use of angle-dependent aerodynamic coefficients was essential in
reproducing realistic variations of forces and moments with heading angle, confirming
observations from prior experimental and numerical research.

Overall, the results are consistent with recognised aerodynamic principles and previously
published performance assessments of modern Wind-Assisted Propulsion Systems. The
analysis across different headings and operating scenarios validated the reliability of the
modelling framework and confirmed that suction-assisted sails can deliver measurable
efficiency improvements under realistic operating conditions.
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5.3 Future Research Directions

The methodology and results of this thesis provide a strong foundation for further work on
the evaluation and optimization of wind-assisted propulsion. Future research could focus on
several key areas:

Model validation and refinement: Experimental or CFD studies could be performed to
validate the aerodynamic coefficients and the predicted side-force behaviour of the eSAIL.
Such data would allow calibration of the current model and improved confidence in lift- and
drag-force estimation.

Dynamic and voyage-scale analysis: Extending the steady-state approach to time-dependent
simulations would enable assessment of eSAIL performance over complete routes using
realistic wind and wave conditions, leading to annualised fuel-saving estimates.
Techno-economic assessment: Integrating the power and fuel-consumption results with cost,
emission, and maintenance data would provide payback and life-cycle analyses to support
investment and fleet-planning decisions.

Design and operational optimization: Future studies could investigate the influence of sail
number, placement, and control strategy on overall efficiency and maneuverability,
identifying optimal configurations for different vessel types.

Hybrid and regulatory integration: Combining suction sails with other Energy-Saving
Devices (ESDs) and evaluating the combined effect on efficiency indices such as EEXI and
CII would further support compliance with forthcoming decarbonization targets.

In conclusion, the application of suction-based wind-assisted technologies such as the eSAIL
represents a practical and forward-looking step toward a more sustainable maritime sector.
By harnessing wind energy to complement conventional propulsion, these systems can reduce
fuel consumption and emissions while supporting the industry’s long-term decarbonization
goals. As innovation and regulatory momentum continue to advance, wind-assisted
propulsion is expected to play an increasingly important role in shaping the next generation
of energy-efficient ship designs.
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Appendix A: Ship Data from Towing Tank Test Report

Table 6: Properler open-water characteristics in Scantling Draft

Propeller's open-water performance

Particular Symbol Unit Value
Diameter D m 6.95
J kr 10*kq Mo
0 0.4045 0.4691 0
0.05 0.3941 0.4577 0.0685
0.1 0.3791 0.4417 0.1366
0.15 0.3614 0.4234 0.2037
0.2 0.342 0.4043 0.2692
0.25 0.3216 0.3849 0.3324
0.3 0.3005 0.3651 0.3929
0.35 0.2789 0.3448 0.4505
0.4 0.2568 0.3236 0.5051
0.45 0.2342 0.3014 0.5564
0.5 0.2112 0.2781 0.6042
0.55 0.1878 0.2538 0.6476
0.6 0.1639 0.2285 0.6848
0.65 0.1395 0.2024 0.7128
0.7 0.1145 0.1754 0.727
0.75 0.0884 0.1467 0.719

Table 7: Self Propulsion factors for Scantling Draft

Scantling Draft (14.45m)

v
(kn)

t

W

N

Cp

Cn

10

0.193

0.261

1.035

10.5

0.193

0.261

1.035

11

0.193

0.261

1.035

11.5

0.193

0.261

1.035

12

0.182

0.255

1.015

12.5

0.178

0.253

1.012

13

0.178

0.253

1.015

13.5

0.179

0.253

1.015

14

0.176

0.251

1.014

14.5

0.168

0.248

1.014

15

0.179

0.254

1.014

15.5

0.179

0.254

1.014

0.99
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Appendix B: Added resistances

B. 1 Added wave and wind resistances
B.1.1 Added wind resistance - Fujiwara regression formula

For the wind resistance coefficient Cp4, the Fujiwara regression formula [23, p.51] can be
used. According to this formula:

1
Cpa = Crp - cos Y, + Cxy; - (sin (s > - sin Y, - cos? Eba) -sin Y, - cos Y, + Cy1p

- sin Y, - cos3 Y,

With:
for 0 <, <90 (deg.)
Ayy Cuc
Cir = Pro + P11 'm"‘ﬁu 'EA
Cxir = 610 + 611 - ——— 4 815 - =%
XLI 10 W 12 B
Aop B
Carr = 510+511'm+512 'E
for 90 < 1, < 180 (deg.)
Axy B Axy
Cxit = 620 + 81 - ———+ 8pp - —L 4 8p3 - — + 8
XLI 20 21 lém . hzz . A23 Los 24 B hop
c oD XV
oD
Carr = €20 + €21 A
Yv

for Y, = 90 (deg.)

CDAllpa=90(deg.) = E (CDAllpa=90(deg.)—u + CDAllpa=90(deg. )+u)

Where:

App : lateral projected area of superstructures etc. on deck,

Ayy @ area of maximum transverse section exposed to the winds,
Ayy : projected lateral area above the waterline,

B : ship breadth,

Cp4 : wind resistance coefficient,

Cuyc : horizontal distance from midship section to centre of lateral projected area Ay,
hgg : height of top of superstructure (bridge etc.),

h¢ : height from waterline to centre of lateral projected area Ay,
Loy : length overall,

u : smoothing range; normally 10 (deg.),

Y, : smoothing range; normally 10 (deg.),

Non-dimensional parameters f;, §;; and ¢;; are defined below.
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Table 8: Non-dimensional parameters [23, Tbl. F-2]

i j

0 1 2 3 4

) 1 0922 |-0507 |-1.162 |- -
Py 2 20.018 | 5.091 10367 | 3.011 | 0341

5 1 0458 | -3245 | 2313 : i
2 1901 | -12.727 | -24407 | 4031 | 5481

) 1 0.585 | 0.906 3239 |- .

&y 2 0314 | 1.117 - - i

The parameters that need to be inputted in regression formula by Fujiwara are portrayed in
the following figure.

AOD A Yv AXV
center of Ay

upper deck

midship

Figure 40: Input parameters for regression formula by Fujiwara

B.1.2 Methodology for Calculation of Fujiwara Coefficients (CY, CN)

Cx = Xo+ X1cosy + X3 cos 3y + Xs cos 5S¢ (3.28)
Cy=Yisiny +Y3sin 3y + Vssin 5¢ (3.29)

Cn = Nisin P + Nasin 2y + N3sin 31(3.30)

Ck = Kisin Y + K»sin 2y + K3sin 33 + Kssin 5i(3.31)

Where:

Cx = surge force coefficient,

Cy = sway (lateral) force coefficient,

Cn = yaw moment coefficient,

Cx = roll moment coefficient,

y= wind incidence angle.

Each term on Cy is expressed as follows.
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Car C AOD)

Yi =Yio+Yi1— I +}’12L+Y13<AL

c BHpp\~*
+y14H_c + Y15 ( A, )

Ly +
LB V32— 4, V33— I

Hpp Aop BHpgg
+}’34(B> + 35A +}’36< AT>

Ap Hpg\ ™" Cgr
Ys YS0+)’51LB+)’52( L ) + Y53 —— L

AT)_l N C N LH,
=7 Vss T+ Vse ——

Y; =y30 + Y3175

+Vs4 (

Each term on Cy is expressed as follows;

C LH, ANt
Ny =nyg +nq;—+nyp——+ Ny (A ) T Nqy
T

L AL
AL Ar Ar - Cpr
E”“ 2 Bz) +“1BT
C A0D>

+
L L n23(AL

Ap Hgg BHpp\ *
124 g2 +"25< L ) +"26( A )

A
L2

Cpr BHgg\ ™" Ay
N3 =ngzo + n3g —— + N3y ( Y ) N33~
T T

He

+n15 + Nnyy <

Ny =nyo +nyy — + Ny~

+n,; — + Nog ==

LB

L

The regression constants Yi, Ni, are determined based on the principal particulars of the ship,
including block coefficient, length-to-beam ratio, draft, and lateral projected area. For the
case study vessel, these constants were extracted from the parameter tables provided in
Fujiwara.
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Table 9: Each coefficient of independent variables
m= 0 1 2 3 4 5 6 7 8
Xom | -0.330 0.293 0.0193 | 0.682 . )
Cx | xim | -1.353 1.700 2.87 -0.463 -0.570 | -6.640 | -0.0123 | 0.0202
x3m | 0.830 | -0.413 | -0.0827 | -0.563 0.804 -5.67 0.0401 -0.132
Xsm | 0.0372 | -0.0075 | -0.103 0.0921 v
Yim | 0.684 0.717 -3.22 0.0281 0.0661 0.298
Cy | ysm | -0.400 0.282 0.307 0.0519 | 0.0526 | -0.0814 | 0.0582
Vs 10,122 -0.166 | -0.0054 | -0,0481 | -0.0136 | 0.0864 | -0.0297
nm | 0.299 1.71 0.183 -1.09 -0.0442 | -0.289 424 -0.0646 | 0.0306
Cn | mam | 0.117 0.123 -0.323 0.0041 -0.166 | -0.0109 | 0.174 0.214 -1.06
n3, | 0.0230 | 0.0385 | -0.0339 | 0.0023 B!
kim 3.63 -30.7 16.8 3.270 -3.03 0.552 -3.03 1.82 -0.224
Cx | ko | -0.480 | 0.166 0.318 0.132 -0.148 0408 | -0.0394 | 0.0041
kam | 0.164 | -0.170 | 0.0803 -4.92 -1.780 | 0.0404 | -0.739
ks | 0.449 -0.148 |:-0.0049 | -0.396 | -0.0109 -0.0726 [

B.1.3 Added wave resistance

B.1.3.1 Wave reflection added resistance R, wgr

This part of the added wave resistance is computed using the sum:

With :
25 . 2-
Raw , =%-p-g-B'{§-aT-{sm2 (Ey—a) + wg
0.87\1+4VFr
cos a]} . (E)
. ) 2-wo-U
Raw ,=22-p-g-B-33-ar-{sin? (£ +a) + 222
° 2.25 2 2 2:woU
Rawr, :—T'P'Q'B'Za'aT'{Sm (E; +a)+ E [
0.87\ 1+4-VFr
cos a]}. (E)
. ) 2-woU
Rawr, = —ZTZS'P'Q'B'(é'aT'{SmZ (E;—a) + a;o
0.87\1+4-VFr
cos a]}. (E)

4
Rawr = } RAWRi
i=1

Y [cos E; - cos (E; — a) —
- [cos E; - cos (E; + a) — cos a]}.
cos E, - cos (E; +a) —

- [cos E, - cos (E, —a) —
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Where:

p : seawater density in [kg/m?3]

g : acceleration due to gravity in [m/s?]
B : ship breadth in [m]

{q : wave amplitude [m]

(1 —e /1 25T£PP) LL <25
ar =

0 A > 25
"Ly .
A :wave length in [ m ]

For cases 1 and 2,

Tmax (tylcos ah) = gy, Cg <0.75
° <0.

)

T* = Tyax but for cases 3 and 4, T* =
- Tmax 24yJcos al) = g Cg > 0.75
- .

)

w, : angular velocity of wave in [rad/s]
U : ship speed in [ m/s ]

a : is the angle of the wave, in [rad], with 0 being the bow waves and m being the following

waves
Fr: is the Froude number of the ship
E;, E, : are the angles, in [rad], shown in the picture below

% 0.495B 0.495B $
AP. Ez Ey
Lg Lg
S SE

Figure 41: Lengths LR,LE and angles E1,E2 [38, Fig. 15]
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B.1.3.2 Ship motion added resistance R ywwm

It can be calculated by the formula:

2

Mousgas Marinos

by-(1-@P1)
RAWM:4-p.g.(§.L_.al.az.as.a_)bl.e dq
PP
Where:
, £0.87\ (HFr)cos a B\ (1-2-cosa)m
603 C33* - (4-kyy)* - (C_B) (m Tmax> S <asn
M= linear interpolation between beam and following seas, 0 < a < g
f(UV,),a=0
JE
Vg = o the wave group speed in [m/s]
_ {0.0072 + 0.1676 - Fr,Fr < 0.12
2T FriS.e 5P Fr> 012
T, —T
a; = 14 28.7 - tanh™! [7a =1yl
pp
T, Ty : draught at aft and fore respectively in [m]
0.111 B Cg \*Y
=2.142 - / ”p [ ( —1In 2.75)] : (—B)
Trax 0.65
0.618 - (13 + cos 2a)
- [(-1.377 - Fr? +1.157 - Fr) - |cos a| + 12 ]

k,, : longitudinal mass radius of gyration (pitch)

b= | 11,6 < 1
17 1-8.5, elsewhere

Lo oy ~266
( 566 - (%’3 o<1
d = Lyp\ 2% 125 - tan™}|T, — Ty|
—566 - (4-
B Loy

> , elsewhere
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