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Abstract

The maritime industry, responsible for approximately 2-3% of global carbon emissions, faces
increasing regulatory pressures to adopt sustainable practices to meet the International
Maritime Organization's (IMO) greenhouse gas (GHG) reduction goals. Among the various
strategies to improve energy efficiency, wind-assisted propulsion (WASP) systems stand out
as a promising solution, particularly through technologies such as the Flettner Rotor and eSAIL
systems. This thesis aims to evaluate the impact of these WASP technologies on the fuel
consumption and emissions reduction of commercial ships, with a specific focus on a bulk
carrier case study.

The research develops a comprehensive theoretical model that incorporates wind forces,
wave resistances, and side forces, alongside the effects of traditional propulsion methods.
Using this model, the performance of the retrofitted vessel is assessed under varying
environmental conditions. The case study vessel was analysed with both Flettner Rotor and
eSAIL systems installed, and the results indicate that significant reductions in fuel
consumption can be achieved, particularly when utilizing the eSAIL system. This study also
evaluates the ship’s compliance with IMO’s Minimum Propulsion Power requirements,
examining the vessel’s manoeuvrability in adverse weather conditions.

A series of computational trials are conducted to predict the ship’s speed and power curves,
considering factors such as calm water resistance, wind resistance, and the additional
propulsion provided by the WASP systems. The results highlight the potential of wind-assisted
propulsion systems to reduce fuel consumption by up to 44% (when considering side forces)
and 48% (when not considering side forces), depending on the environmental conditions and
operational parameters. The study also addresses the challenges of side forces, which can
impact the vessel's performance, necessitating the inclusion of drift and rudder-related
resistances in the model.

In conclusion, this thesis demonstrates that wind-assisted propulsion systems, particularly the
eSAIL, offer a viable path for the shipping industry to reduce its environmental impact. By
achieving significant reductions in fuel consumption and emissions, these systems contribute
to the decarbonization of maritime transport and provide a practical solution for compliance
with evolving environmental regulations. The findings suggest that continued development
and implementation of WASP technologies could play a crucial role in achieving future
maritime sustainability goals.
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MepiAnyn

H vautihlakr} Blopnxavia, n otroia euBuveTal yia TePITTOU 2-3% TWV TTAYKOOUIWY EKTTOUTTWV
avBpaka, avTigeTwTTifel auéavOoueveg PUBUIOTIKEG TTIECEIS YIa TNV UloBEéTNon BILCIHWY
TIPOKTIKWY, WOTE VO AVIATIOKPIOEI OTOUG OTOXOUG MEIWONG EKTTOUTTWV Tou AleBvoug
NauTiAlokoU Opyaviopou (IMO). Avdueoa oTiG dIAQopeg oTPaTNYIKEG BeATiwong NG
EVEPYEIOKAG aTTOOOTIKOTATAG, TA cuoTAuata TTpdwong pe T BorBeia tou avéuou (WASP)
EEXWPICOUV WG IO UTTOOXOPEVN AUOT, €IBIKA MECW TEXVOAOYIWY OTTWG Ta cuoThuaTa Flettner
Rotor kai eSAIL. H TTapouoa SITTAWMOTIKA epyacia oToxelel oTnv agloAdynon tng emidpacng
QuTWV TWV TeEXVoAoyItwy WASP oTnv KatavaAwaon KAQuoiou Kal TN JEIWON TWV EKTTOUTTWV TWV
EUTTOPIKWV TTAOIWYV, PE €10IKA £uPaacn o€ PIa JEAETN TTEPITITWONG QOPTNYOU TTAOIOU.

H épeuva avamTuooel éva oAOKANPWHEVO BewpnTIKO HOVTEAO TTOU EVOWMNOTWVEI TIG SUVAUEIG
TOU QVEUOU, TIS AVTIOTACEIG TWV KUPATWY Kal TIG TTAEUPIKEG DUVAEIG, 0€ OUVOUAOUO HE TIG
TTapadoolakég ueboddoug Tpdéwong. Me Bdon autd To povTtédo, aglohoyeital n arrdédoon Tou
TAOioU pE TIG eykateoTnuéveg TeXvoAoyieg Flettner Rotor kai eSAIL uttd Ol10QOpPETIKES
TePIBOANOVTIKEG ouvlnkes. Ta armoteAéopaTta Oeixvouv OTI PTTOPOUV va  €TTITEUXBOUV
ONMOVTIKEG WEIWOEIG OTNV KaTavaAwon Kauaoigou, 181aiTepa Pe TN Xprion Tou CUCTANATOG
eSAIL. H peAétn €€eTdlel 1Tiong TN CUPPOPQWON TOu TTACIOU HE TIG EAAXIOTEG OTTAITACEIG
IoXU0¢ Tpéwaong Tou IMO, eEeTdlovTag TNV eueAIia TOu 0 BUCUEVEIG KAIPIKEG OUVONKEG.

MpaypaToTrolEiTal PIa OEIPA UTTOAOYIOTIKWY OOKIJWY Yia TNV TTPOBAEWNn Twv KAUTTUAWY
TaXuTNTOG/IoXUog Tou TTAOIoU, AauBavovTag uttéwn TTapAyovTeEG OTTWG N AvTioTAoN O€ NPEPO
vEPO, N avTioOTAON OTOV AVEHUO Kal N TTPOCBETN TTPOWGN TTOU TTAPEXETAI ATTO Ta CUCTAMATA
WASP. Ta atroteAéouata uttoypappifouv 10 SUVAMNIKO TWV CUCTNPATWY TTPOWONGS ME Tn
BonBeia Tou avépou va PEIOOUV TNV KATAVAAWOT Kauaiyou €wg Kal 44% (6tav AauBdavovtal
uTTOWnN OI TTAEUPIKEG BUVAEIG) Kal 48% (6Tav dev AapBavovTal uTToWn ol TTAEUPIKEG DUVAEIG),
avaloya pe TIG TTEPIBAANOVTIKEG CUVONKEG Kal TIC TTOPANETPOUG AsiToupyiag. H peAETN
aoxoAceital €TTiong Me TIG TTPOKAACEIC TwV TTAEUPIKWY OUVAUEWY, Ol OTTOIEG MTTOPEI va
eTnpedoouv TNV ammédoon Tou TTAoIoU, KABIOTWVTAG ATTAPQiTNTN TNV EVOWHATWON Twv
avTioTdoewy atré TV TAayioAicBnaon (drift) kal To TTNAAAIO GTO pOVTEAO.

ZUuTTEPOOUATIKG, N TTapoUca SITTAWMATIKA epyacia deixvel 0TI Ta CUCTAPATA TTPOWONG UE TN
BonBeia Tou avépou, €IBIKG To eSAIL, TTpoo@épouv uia Biwaoiun Alon yia Tn Peiwon Tou
TEPIBAANOVTIKOU QTTOTUTTWHATOS TNG VAUTIAIGKAS Blounxaviag. Me Tnv emmiteugn onUavTikKwy
MEIWOEWY OTNV KATavAAWGON KAUCIHOU Kal TIG EKTTOPTTEG, AUTA TO CUCTHMATA GUNBAAAOUY aTnV
atravOpakoTroinon Twv BaAdoCIwY PETAQPOPWY KAl TTAPEXOUV HIO TTPAKTIKA AUCN yia TN
OUPUOpPWaON HE Toug efehilcodpevoug TTEPIBAANOVTIKOUG Kavoviopoug. Ta eupruata
UTTOOEIKVUOUV OTI N guveXAGS avatrTugn kal epapuoyn Twv Texvoloyiwv WASP Ba ptropouce
va dladpapatiosl KpioIdo pOA0 oTnv ETTITEUEN TwV PEAAOVTIKWV OTOXWV BIwoiudtnTag Tng
VauTIAiagG.
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1 Introduction

1.1 Background

The global climate crisis has underscored the urgent need to reduce carbon dioxide (CO,)
emissions across all sectors. International shipping, which is responsible for approximately 2-
3% of global CO, emissions, plays a significant role in this environmental challenge [1]. As
global trade continues to expand, the shipping industry must adopt more sustainable practices
to mitigate its environmental impact. Regulatory frameworks such as the International
Maritime Organization’s (IMO) strategy on reducing greenhouse gas emissions highlight the
necessity for innovative solutions to decarbonize maritime transport.

In response to these challenges, a variety of strategies aimed at reducing emissions have
been proposed, including the adoption of alternative fuels, energy-efficient technologies, and
wind-assisted propulsion systems. Among these, wind propulsion stands out as a promising
solution due to its potential to harness a renewable energy source—wind—thereby decreasing
reliance on fossil fuels [2]. Wind-assisted propulsion systems are increasingly being integrated
into modern vessels, contributing to significant fuel savings and emissions reduction, without
compromising the efficiency of maritime operations.

One of the most well-known wind-assisted propulsion technologies is the Flettner Rotor, first
developed in the 1920s by German engineer Anton Flettner [3]. The Flettner Rotor utilizes the
Magnus effect, whereby rotating cylinders generate lift perpendicular to the wind direction,
providing additional thrust to the vessel [4]. Though it showed promise in its early trials, such
as on the ship Buckau, it was not widely adopted at the time due to low fuel costs and limited
understanding of aerodynamic efficiency. However, the reemergence of environmental
concerns has revived interest in this technology. Modern Flettner Rotors, made from advanced
materials and optimized through computational fluid dynamics, are now installed on several
commercial ships, significantly reducing fuel consumption by up to 10-30%, depending on
wind conditions [5].

b

Figure 1: Ship Buckau with Flettner Rotor [6]
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A notable advancement of the Flettner Rotor concept is the eSAIL system, an innovative air
suction mechanism that enhances the performance of traditional wind propulsion. Developed
by bound4blue [7], the eSAIL system integrates suction technology into the rotor, reducing
drag and increasing the Magnus effect’s efficiency. By improving aerodynamic performance,
this system enables vessels to capture more energy from the wind, offering substantial fuel
savings and emissions reductions, particularly for long-haul shipping routes. As maritime
regulations continue to tighten, the eSAIL system presents a commercially viable solution that
aligns with both environmental and operational goals.

Figure 2: eSAIL system fitted on tanker SANTIAGO | [8]

In addition to the Flettner Rotor and eSAIL system, several other wind-assisted propulsion
technologies are currently being explored. Wing sails, for instance, operate on the same
principles as aircraft wings and have been successfully used on commercial vessels, offering
a highly efficient means of capturing wind energy [9]. Kite sails are another promising
technology, where a large kite is deployed to harness high-altitude winds, significantly
reducing fuel consumption [10]. Furthermore, DynaRigs—rigid sail systems—offer a modern
take on traditional sailing, using automated control systems to adjust sail angles for optimal
wind capture [11].

Figure 3: Wing sails on ship [12]
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Figure 5: DynaRigs on ship [11]

The potential for wind-assisted propulsion to contribute to a greener maritime sector is clear.
By leveraging these technologies, the shipping industry can make significant strides towards
reducing its carbon footprint and meeting international emissions targets. The following
chapters will delve deeper into the analysis of these systems, with a particular focus on the
Flettner Rotor and eSAIL systems and their applications in commercial shipping.
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1.2 Goal and thesis structure

The goal of this thesis is to evaluate the benefits of retrofitting a bulk carrier vessel with wind-
assisted propulsion systems to reduce fuel consumption and, consequently, its emissions.
The vessel's engine has been derated to lower the theoretical Energy Efficiency Existing Ship
Index (EEXI) and ensure compliance with future emission regulations.

The steps, followed in this study include:

e Presentation of methodology for calculation of the vessel’s speed/power trial prediction
curves.

e Development of model which includes ship resistance along with added wind and wave
resistances (Model 1%). This will be used for assessment of the vessel’s compliance
with the International Maritime Organization's (IMO) Minimum Propulsion Power
requirement, considering the engine's derating.

e Development of models which include ship resistance along with added wind and wave
resistance, as well as the utilization of wind energy through systems such as the
Flettner Rotor and eSAIL (Model 2, Model 32).

e Development of models which include ship resistance along with added wind and wave
resistance as well as the utilization of wind energy through systems such as the
Flettner Rotor and eSAIL and added resistances due to side forces generated by these
systems (Model 1 modified, Model 2 modified, Model 3 modified®).

e Presentation of methodology for calculation of the vessel’s fuel oil consumption.
e Presentation of results, that were produced, using the models mentioned above.

The study begins with the first chapter (Literature Review) which reviews wind-assisted
propulsion technologies, including wing sails and Flettner Rotors, and compares their
performance and efficiency. It highlights the increasing importance of these technologies in
meeting emission regulations.

The third chapter (Theoretical Model for ship propulsion including wind-assisted propulsion)
explores the theoretical models used to predict ship propulsion performance, including
resistance calculations, propulsion efficiency and fuel consumption. This chapter establishes
the technical basis for assessing wind-assisted technologies and coupling them with the main
engine for the propulsion of the ship.

The fourth chapter (Case Study) applies the theoretical models to a specific bulk carrier
retrofitted with eSAIL and Flettner Rotor systems. This chapter presents initial ship data,
speed/power curves, and evaluates performance under various conditions, including adverse
weather scenarios (IMO minimum power propulsion — Model 1). The implementation of WASP
systems along with the added resistances due to the side forces caused by their use are
calculated and new speed/power curves are generated. Finally, the fuel consumption for
different operation profiles is calculated and compared.

1 Reference to Different models examined in thesis
2 Reference to Different models examined in thesis
3 Reference to Different models examined in thesis
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Fifth chapter (Conclusions), summarizes the main findings of the thesis, emphasizing the
benefits of wind-assisted propulsion systems in reducing fuel consumption and emissions. It
concludes with insights into the potential of these technologies in the maritime sector.
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2 Literature Review

2.1 Wind-Assisted Propulsion

The shipping industry, a significant contributor to global greenhouse gas (GHG) emissions,
has faced increasing pressure to reduce its carbon footprint. According to the Fourth IMO
GHG Study (2020), shipping emissions account for about 2.89% of global anthropogenic
emissions [14]. Despite a reduction in carbon intensity between 2012 and 2018, the rate of
improvement has slowed, and projections for 2050 suggest that emissions could reach up to
130% of 2008 levels. This concerning trajectory has led to the adoption of stricter regulations,
such as the Energy Efficiency Existing Ship Index (EEXI) and the Carbon Intensity Index (CIlI),
introduced by the International Maritime Organization (IMO) [14].

In response to these regulations, wind-assisted propulsion technologies (WASP) have gained
popularity due to their potential to reduce fuel consumption and CO2 emissions. By harnessing
wind power, ships can reduce their reliance on traditional fossil fuels, which provides both
environmental and economic benefits. WASP systems, such as wing sails and Flettner rotors,
complement traditional propulsion systems [15]. This section reviews the key WASP
technologies, including wing sails, Flettner rotors, and their comparative advantages in fuel
savings and propulsion efficiency.

2.2 Wind-Assisted Propulsion Technologies

2.2.1 Wing Sails

Wing sails, a modern interpretation of traditional sails, offer a powerful solution for reducing
fuel consumption by exploiting wind energy. These rigid sails, often shaped like airplane wings,
generate thrust to assist the ship's conventional propulsion system. A novel method for
evaluating the energy-saving potential of sail-assisted ships by analysing the wind resources
available along specific routes was presented [16]. The research highlights the critical role that
route-based wind analysis plays in optimizing the performance of wing sails.

The study constructed a three-degree-of-freedom motion model to assess the forces acting
on wing sails under varying wind conditions, such as wind speed and direction. It was found
that, on routes like China to the Middle East, sail-assisted ships could reduce energy
consumption by 5.37% annually, and in optimal wind conditions, the reduction could reach as
high as 9.54% [16]. These savings illustrate the significant potential of wing sails in improving
the sustainability of long-haul shipping.

Furthermore, the effectiveness of wing sails depends not only on the wind but also on how the
sails are controlled. Sails must be adjusted based on the wind’s relative angle to the ship, and
factors such as rudder angle and ship stability need to be considered for maximizing energy
savings [16]. Despite the challenges in wind variability, wing sails offer an attractive solution
for reducing emissions in the global shipping industry.

Page 19 of 94



Diploma thesis Dionysios Thalassinos

2.2.2 Flettner Rotors

Flettner rotors, based on the Magnus effect, provide another promising wind-assisted
propulsion technology. These rotating cylinders generate lift when exposed to wind, which is
converted into thrust. Flettner rotors have gained popularity for their compact size, lightweight
nature, and ease of integration into existing ships, particularly in retrofitting projects [14].

The work on Flettner rotors demonstrates their use in innovative applications beyond
propulsion [15]. In a Marine Cloud Brightening (MCB) vessel, Flettner rotors were used to
generate propulsion while facilitating solar radiation management through the release of
seawater droplets [15]. The study showed that Flettner rotors could power an entire vessel,
proving their versatility and efficiency when combined with alternative technologies such as
hydrofoils, which provide additional power generation [15].

Figure 6: Fleet of Marine Cloud Brightening (MCV) vessels [15, Fig. 1]

One study, explored the potential of Flettner rotors when paired with diesel engines and
controllable pitch propellers [14]. The research focused on optimizing the interaction between
the rotor and conventional propulsion systems to minimize fuel consumption [14]. Using a
3000-ton Ro-Ro/Pax ferry as a case study, it was demonstrated that the integration of rotors
can reduce fuel consumption by up to 22%, with a payback period of six years. Similar results
were reported in other studies, with fuel savings ranging from 1% to 50%, depending on ship
size, rotor configuration, and wind conditions [14]. Another study conducted a case study on
a bulk carrier equipped with four Flettner rotors. The study highlighted the economic and
environmental benefits of Flettner rotors, with NOx and CO2 emissions reduced by 154.3 tons
and 5089 tons annually, respectively, on the longest route [17].

One of the primary advantages of Flettner rotors is their ability to function effectively in a wide
range of wind conditions, including moderate to high wind speeds. Unlike wing sails, rotors
are not as dependent on optimal wind direction, allowing for more consistent performance
across varying sea conditions. Furthermore, Flettner rotors can be integrated into both new
and existing vessels, offering flexibility for shipping companies looking to reduce their carbon
footprint without extensive modifications to ship design [14]. Moreover, the 4-DOF simulation
model emphasizes the importance of accounting for yaw and drift forces when analysing the
performance of ships with wind-assisted propulsion [18]. The model showed that Flettner
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rotors could deliver up to 20% fuel savings in rough sea conditions, although these savings
vary depending on wind conditions and rotor configurations [18].

2.3 Comparison of Wind-Assisted Propulsion Technologies

Both wing sails and Flettner rotors have demonstrated significant potential in reducing fuel
consumption and emissions. However, each technology presents unique advantages and
challenges that must be considered when selecting the appropriate system for a given vessel.

Wing sails, while highly effective in certain conditions, require careful route planning and wind
resource analysis to maximize their efficiency. They are more dependent on wind direction
and speed, and their performance may be diminished in regions with variable or unfavourable
wind patterns [16]. Additionally, their larger size and visibility concerns may limit their use on
certain ship types, particularly those with space constraints on deck.

On the other hand, Flettner rotors offer more flexibility in terms of operational conditions. As a
study highlights, rotors can produce consistent thrust even when wind conditions are less than
ideal, making them suitable for a broader range of shipping routes [14]. Rotors are also easier
to integrate into existing vessels and do not require extensive modifications to the ship’s
structure, making them an attractive option for retrofitting projects [14]. While the initial
investment in Flettner rotors may be higher, studies indicate that the payback period for such
systems ranges from 7 to 13 years, depending on the ship’s route [17]. Additionally, another
study highlighted the dual-functionality of Flettner rotors, which not only generate propulsion
but also support energy-intensive processes such as marine cloud brightening [15]. This
makes them particularly useful for multi-functional vessels that aim to address both propulsion
and environmental challenges.

In terms of fuel savings, both technologies have shown impressive results. Studies on wing
sails report fuel savings of 5% to 10%, depending on the route and wind conditions, while
Flettner rotors have demonstrated savings ranging from 10% to 22% in favourable conditions
[16] [14]. However, the higher initial investment costs associated with Flettner rotors may limit
their widespread adoption, particularly for smaller vessels or those operating in less windy
regions [14].

2.4 Energy Efficiency and Performance

The evaluation of energy efficiency for wind-assisted propulsion systems is critical in
determining their viability for reducing emissions and improving fuel consumption. A study
developed an energy-saving evaluation method based on wind resource analysis, which
considers factors such as the ship’s route, wind speed, and sail configuration [16]. The model
emphasizes the importance of optimizing sail performance through careful control of the sails’
attack angle and the ship’s rudder, which can significantly impact fuel savings.

The combined use of Flettner rotors and hydrofoils, was explored, to enhance the energy
output of a vessel. The research showed that the dual use of these technologies on a Marine
Cloud Brightening vessel allowed the ship to achieve greater efficiency while performing
complex tasks such as spraying seawater droplets to manage solar radiation [15]. The
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hydrofoils provided pitch control and additional energy generation, demonstrating the benefits
of integrating multiple green technologies to improve fuel efficiency [15].

For Flettner rotors, the 4-DOF simulation model provides a more accurate prediction of fuel
consumption by accounting for environmental forces such as wind and waves. The model
showed that ignoring yaw and drift forces can lead to an underestimation of fuel consumption,
especially in ships equipped with wind-assisted propulsion [18]. This finding is particularly
relevant for vessels operating in harsh weather conditions, where accurate predictions of fuel
use are essential for operational efficiency.

Economic analysis of Flettner rotors revealed that the systems are most cost-effective on
longer routes, with significant reductions in both fuel consumption and emissions. The study
found that Flettner rotors can reduce fuel costs by up to 20%, depending on the route, and
that the environmental benefits, such as reductions in NOx and CO2 emissions, make these
systems highly attractive from both an economic and regulatory perspective [17].

Similarly, another study proposed a mathematical model for evaluating the interaction
between Flettner rotors and conventional propulsion systems [14]. The model accounts for
factors such as propeller pitch and rotor dimensions to assess the overall energy efficiency of
the system. Results suggest that careful optimization of the rotor’s operational parameters can
lead to substantial reductions in fuel consumption and CO2 emissions.

Overall, studies highlight the importance of integrating wind-assisted technologies with
existing propulsion systems to maximize energy efficiency. Whether through the use of
advanced control systems for wing sails or the optimization of rotor performance, the key to
achieving significant fuel savings lies in the effective management of the ship’s propulsion
system as a whole [16] [14].

2.5 Discussion on WASP technologies

Wind-assisted propulsion technologies, such as wing sails and Flettner rotors, offer significant
potential for reducing fuel consumption and CO2 emissions in the shipping industry. While
each technology presents unique challenges and advantages, both have demonstrated their
effectiveness in real-world applications. Wing sails are more effective in regions with
consistent wind patterns, Flettner rotors provide greater flexibility and can be integrated into a
broader range of vessels. Research shows that these technologies can be combined with
additional systems, such as hydrofoils, to maximize efficiency and achieve multiple
environmental goals [15].

The successful implementation of these technologies requires careful consideration of the
ship’s route, wind conditions, and propulsion system. By optimizing the interaction between
wind-assisted propulsion and traditional engines, shipping companies can significantly reduce
their fuel consumption, leading to both economic and environmental benefits.

The successful implementation of these technologies will depend on continued advancements
in control systems, route optimization, and integration with conventional propulsion systems.
Future research should focus on improving the integration of these technologies with existing
ship systems and exploring new ways to enhance their performance under varying operational
conditions. With continued development, wind-assisted propulsion could play a key role in the
decarbonization of the global shipping industry.
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3 Theoretical Model for ship propulsion including wind-

assisted propulsion

3.1 Different models examined in thesis

The models, mainly examined in thesis, are briefly described below and a synoptic flowchart
diagram is provided.

1. Model 1: Scantling draft with PSV, modified propeller, added wind and wave
resistance (used for the minimum power propulsion calculations and for reference
when studying the other models)

2. Model 2: Model 1 and Flettner Rotor horizontal effective force (thrust)
3. Model 3: Model 1 and eSAIL horizontal effective force (thrust)

4. Model 1 modified: Model 1 along with side forces

5. Model 2 modified: Model 2 along with side forces

6. Model 3 modified: Model 3 along with side forces

In the current chapter, the theoretical background for analysing each different condition ‘s
resistance is presented in detail. Additional calculations and theoretical components are

provided in the appendices.
Ship and

data from model tests

Initial speed-power-propeller
speed curves

Added wave
resistance

Added wind
resistance

{

Flettner Rotor thrust

eSAIL thrust

Model 3 modified

Made! 1 modified

Figure 7: Flowchart diagram for the different models
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3.2 Speed/Power trial prediction curves

In a fixed ship condition (specific draft, propeller and appendages) the speed/power trial
prediction curves (with reference to propeller) result from following framework described in
Propeller open water performance and Propeller performance when coupled with hull [19, Ch.

3—4] which is repeated for each different ship speed in the specified condition.

3.2.1 Propeller open water performance

For a specific ship speed V, propeller thrust T,, advance speed V, are calculated:

Ty = 1R_Tt (3.1)
Vo=(1—-w)-V (3.2)
To
Constant number ¢ =% = 272" __To__ 33y js ytilized to create the ky = c-J2 (3.4)

st (nV—oD)2 ~ pVgD?
o

curve. The previous curve is plotted in the same diagram with the k; = f(J) (3.5) 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 the

intersection, propeller speed n,, efficiency n,, torque Q, are estimated:

Tlo—]_—D
no=f{)
TOIVO

Qo

:2-7T-n0-n0

3.2.2 Propeller performance when coupled with hull

(3.6)
(3.7)

(3.8)

To determine the performance of the propeller when coupled with hull, the rotative efficiency
n,, and correction factors® Cy, C, are used. With these, (propeller) shaft speed n, delivered

torque Qp and power Pp at propeller are determined:

n=CN'Tl0
Qo

Qp =—
S

PD=CP'2'7T'Tl'QD

4 In this equation T, in N
5 These correction factors are provided by the shipyard [20]

(3.9
(3.10)

(3.11)
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3.2.3 Extracting information using output power of main engine

If the power output of the main engine is known, as a percentage of the MCR, the ship speed
and propeller shaft speed can be estimated. Assuming X is the power output of the engine, as
percentage of MCR:

X

Pyg = m * Pucr (3.12)
Delivered power to propeller is:
Pp = Pyg " s (3.13)
Using the points (V,n, Pp) created according to the previous sections:
n=f(Pp) (3.14)
V=f(Pp) (3.15)

3.3 IMO Minimum Propulsion Power — Assessment level 2

To reduce the EEDI value of a ship, one option is to reduce the MCR of the main engine. By
this reduction, manoeuvrability in adverse weather conditions is directly impacted. The IMO
has published interim guidelines [21] for ensuring that ships which comply with EEDI
requirements possess installed propulsion power adequate for continuous manoeuvrability
under adverse weather conditions. There are 2 assessment levels in these guidelines. The
Assessment level 2 (simplified assessment) fundamental principle is that the ship shall be able
to maintain course in waves and wind coming from any direction if it has enough installed
power to travel at a specific advance speed in head waves and wind.

3.3.1 Adverse weather conditions

Adverse weather conditions depending on ship size are defined in the table below.

Table 1: Adverse weather conditions as a function of ship length [21, p. 2]

Ship length, m Significant wave Peak wave period Mean wind speed
’ height hy, m Tp, s V,,m/s
Less than 200 4 71015 15.7
200 < Ly, <250 Parameters linearly interpolated depending on ship’s length
More than L., = 250 5.5 | 7t015 | 19

3.3.2 Required ship speed
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The required ship speed, under the influence of head wind and waves, is the maximum of:

e minimum navigational speed, V,,,,,
e minimum course-keeping speed, V.,

3.3.2.1 Navigational speed

Navigational speed, V,,,,,, aids at reducing navigational danger and the possibility of excessive
wave motion caused by an unfavourable heading relative to the wind and waves by enabling
departure from the coastal area in enough time before the storm intensifies. For this speed
the following value is used V,,,,, = 4 kn

3.3.2.2 Course-keeping speed

Course-keeping speed, V., is being chosen so that the ship can maintain its course in wind
and waves coming from all directions. This speed is determined using two factors, an
adjustment factor that accounts for the actual rudder area and the reference course-keeping
speed Vi ref, Which corresponds to ships with the rudder area Az equal to 0.9% of the

submerged lateral area corrected for width effect:
Vck = Vck,ref —10- (AR% - 09), inkn (316)

For bulk carriers, combination carriers and tankers V.. is calculated based on the fraction
Apy /ALy of frontal windage area (Apy,) and lateral windage area (4,):

4, Apw /Ay = 04
Vekrer = 9, Apw /ALy < 0.1 (3.17)
linear interpolation between 4 and 9 for 0.1 < Apy /ALy < 0.4

Calculated as Ary, = Ar/ALscor - 100% (3.18), the actual rudder area, Ag, is expressed as a
percentage of the ship's submerged lateral area corrected for the breadth effect, A, c,. The
formula for the submerged lateral area corrected for the breadth effect is Ajgcor = Lpp * T

(1 +25- (BW,/Lm,)Z) (3.19), where B,,; is the width of the water line in meters, T,,, is the draft
of amidship in meters, and Ly, is the length between perpendiculars in meters.

3.3.3 Calculation of required power

The calculation of the required power to achieve the specified speed, from Required ship
speed, shall be done according to the methodology described in Speed/Power trial
prediction curves.

3.3.4 Calculation of Total Resistance Ry
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The ship total resistance R; is:

Rr = Rey + Rapp + Rair + Rgy (for regular waves) (3.20)
Or
Rt = Rew + Rapp + Rair + Rqy (for irregular waves) (Model 1) (3.21)

Where:

R.,,: is the calm water resistance

Rapp- is the resistance of appendages
® R,ir: added wind resistance

R,.,: added wave resistance, for regular waves
e R,,:added wave resistance, for irregular waves

Each resistance is described below.

3.3.5 Calm Water Resistance R,

For calculating the calm water resistance R, of the ship in a specified load condition and
speed, the following formula has been proposed:

RCW=(1+k)-CF-%-p-S-V;2 (3.22)
Where:
o k:form factor which should be acquired through model tests or else it can be calculated
as k = —0.095 + 25.6 - (Lpp/BWl)Cgm (3.23)

_ 0.075
(logyo Re—2)2

e Re=V;Ly,/v (3.25)

e p: water density in [kg/m3]

e S: wetted surface area of hull in [m?]

e % ship advance speed in [m/s]

e v: water kinematic viscosity in [m?/s]

e (p: hull block coefficient

e L,,: length between perpendiculars in [m]

e B,,;: breadth of waterline amidships in [m]

e T,:draught amidships in [m]

o (p (3.24), coefficient of frictional resistance

3.3.6 Resistance of appendages R,
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The resistance of appendages can be approximately considered as the 2.5%¢ of the calm
water resistance.

3.3.7 Added wind resistance R,

Added wind resistance can be calculated using the following formula from ITTC [23, Eq. 7]:

1 1
Raa =7 PaCoa- (bwrrer) " Axv * Vivgrer = 5 Pa Cpa(0) - Axy - V¢ (3.26)
Where:

e Ayy: area of maximum transverse section exposed to wind [m?]

e (p4: wind resistance coefficient

e V. measured ship’s speed over ground [m/s]

e Viyrrer: relative wind speed [m/s] at reference height

e p,: mass density of air [kg/m3]

*  Yyrres: relative wind direction at reference height (O means heading wind)

For specific true wind speed V,,r and true wind angle Y, (where Y, = Byr —
Heading (3.27), see Figure 9) the relative wind speed Vyyg,.; and relative wind angle Yy gcs
can be calculated from the equations:

Vwrres = \/VV%/T + V¢ =2 Vyr - Vg - cos(180 — yr) (3.28)
VV%/Rref + Vg - VV%/T

= tan~! 3.29

Ywr an < 2 Vir Ve ( )

The sign convention and sign convention for wind direction are depicted below.

8 For cargo vessels, appendage resistance is between 2 to 3 percent [22, p. 13]
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o°
North
270°

1!7!-0' Sign conventions

Figure 8: Sign convention [23, Fig. 3]

[North

Wind input

Figure 9: Sign convention for wind directions [23, Fig. 4]

3.3.7.1 Fujiwara regression formula

Refer to Appendix B: Added resistances, B.1.1 Added wind resistance.

3.3.8 Added wave resistance R,,, or R,,

To estimate added wave resistance, the Liu & Papanikolaou method [24] can be utilized.
According to this method the total added wave resistance, in regular waves, is calculated:

Row = Rawgr + Rawm (3.30)

Where:
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e R,wr: wave reflection added resistance [N]
e  R,wum: ship motion added resistance [N]

For irregular waves:

o)

_ Raw (W)
Row =2 | S(w) -
/

$a

cdw (3.31)

Where:

e S:spectrum function [m?/Hz]
e w: angular velocity [rad/s]
e (,: wave amplitude [m]

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

3.4 Wind Assisted Ship Propulsion (WASP) technologies and

side forces

For propulsion, merchant vessels depend on the thrust produced by their main engine. These
engines produce high levels of pollution emissions and fuel bills since they burn through
copious amounts of fuel. By using the wind to provide clean forward propulsion, Wind-Assisted
Propulsion Systems (WAPS) reduce the amount of engine thrust needed, which in turn
reduces fuel consumption and emissions of pollutants. The implementation of these
technologies, particularly the Flettner Rotor and the eSAIL is described below as well as in the
Different models examined in thesis.

3.4.1 Rotor Sail - Flettner Rotor

Below is a brief introduction to the Flettner Rotor and then the theoretical background used to
integrate the Flettner Rotor into the ship under study is presented. The theoretical background
followed is the same as in [15].

3.4.1.1 Introduction to Flettner Rotor

A Flettner rotor is a cylindrical structure equipped with disc-shaped end plates, rotated along
its lengthwise axis. When air flows perpendicular to it, the Magnus effect creates an
aerodynamic force perpendicular to both the rotor's axis and the airflow direction as shown in
Figure 10. This sail-type rotor is attributed to Anton Flettner, a German aircraft engineer and
inventor, who initiated its design in the 1920s [3].

Page 30 of 94



Diploma thesis Dionysios Thalassinos

Lift o Rotating cylinder
oo
S

a

Deflection of
airflow

Wind Flow

Foundation attached——=2# >
to ship deck . 4

Figure 10: Flettner Rotor Lift force [25, Fig. 1b]

3.41.11 Magnus Effect

The fundamental idea guiding the operation of Flettner rotors is the Magnus effect. Gustav
Magnus gave it its first definition in 1853 [4]. The effect is determined by the pressure and
velocity of a rotating object traveling through a fluid or air, such as a cylinder or sphere. The
pressure differential surrounding the rotating object can be used to explain the force that is
produced. The moving fluid's velocity will decrease as the pressure surrounding the rotating
object rises. The air will accelerate in one direction and retard in the other as the wind current
flows toward a spinning cylinder. As a result, areas of high and low pressure will form around
the rotating object. This phenomenon produces lift and drag forces perpendicular to and
parallel to the direction of wind flow [25, p. 2].

Magnus Force

— W
R @ =

Figure 11: Magnus Effect [4]

3.4.1.2 Reference System
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The reference system, with the basic quantities, used is depicted below.
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Figure 12: Vessel featuring a solitary Flettner rotor, depicting induced wind velocities, the velocity of the ship,
angles of wind speed, and the aerodynamic forces generated by the system [15, Fig. 3]

3.4.1.3 Fundamental Equations

Using ship speed V;, wind speed angle y, true wind speed V;, radius Ry, of cylinder, rotor
revolutions per minute N (and therefore angle velocity w = 2-m-N/60 (3.32)) the apparent
wind speed V,, apparent wind direction g, velocity ratio V,.,¢, rotor rotational speed U,.,; and

Reynold’s number Re shall be calculated by the following equations [26, Eq. 3.4], [15, Egs. 2—
5]:

I/;1=\/Vt2+VSZ—2-Vt-VS-cos(y+7r) (3.33)
2 _y2 _yp2
— enc-1 s a
= 3.34
B = cos R (3.34)
w- R
Viat = v I (3.35)
a
Upoe = @ Ry, (3.36)
, 1
Re=p,-w-Rfy-— (3.37)
He

Where:

e p: density of air (taken 1.225 kg/m3 for air temperature of 15°C)
e 1, dynamic viscosity of air (taken 1.81-107° kg/(m - s) for air temperature of 15°C)

The resistance to the rotation of the cylinder Fr caused by frictional force from the air is
estimated [15, Eq. (6),(8)]:

1
Fr=5C pa Uror " Ar (3.38)
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Where:

e A,: rotor surface area
1
o ¢ =(0.0576/Res) (3.39): coefficient of skin friction

The power P,,, [15, Eq. 9] needed to spin the rotor does not include endplate and bearing
friction [15, p. 5].

Peon = Fr " Urot (3.40)

As stated in Magnus Effect, lift and drag forces are created due to the Magnus effect. Drag
force acts parallel to the apparent wind and perpendicular to lift force. These are calculated
[15, Eq. (10),(11)]:

pa Vi A-C (3.41)

pa Vi A Cp (3.42)

Where:

o (. : coefficient of lift (dependent on velocity ratio)
e (j: coefficient of drag (dependent on velocity ratio)
e A: rotor cross-sectional affected surface

The horizontal and perpendicular effective forces F, and F, [15, Eq. (12),(13)] acting on the
ship’s motion are:

F,=L-sinf—D-cosp (3.43)
F,=L-cosp +D-sinf (3.44)

The horizontal force F, times the ship speed V yields the system power in ship direction [15,
Eq. 14], which can be calculated:

P,=F, -V, (3.45)

The difference between the power provided by the rotors and the power required to overcome
air friction is the system's net power output, or P,.; [15, Eq. 15]:

Ppet = (Ps - Pcon) ‘Ns (3-46)
Where:
o 1, system’s efficiency [15, p. 7]

The decision for the activation or deactivation of the rotor is determined based on the net
power output P,.;. If the output is positive the system is activated because the propulsion
power offered by the rotor is greater than the power needed for operation, whereas in other
cases the system is deactivated. When the system is not in use, additional resistance is
created due to the rotor acting as appendage (as a superstructure because it is located above
main deck). In such cases the additional horizontal effective force is calculated [27, Eq. 6]:

1
Fx=—E-K-pA-VaZ-A-cosﬁ (3.47)

Where:
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e K:is dependent on the rotor aspect ratio, 0.8 was considered to be the value [27, p. 6]

Based on the equation above, when the system is not in use, the perpendicular effective force
is calculated:

1
Fy=—E-K-pA-VaZ-A-sinﬁ (3.48)

To integrate the effect of the Flettner rotor in the ship propulsion, the horizontal effective force
E, must be included to the total resistance (and therefore thrust) that the propeller should
compensate for the ship to develop a specific speed. The analytical expression, that
incorporates the previous, is written below. When the F, is positive the rotor helps in propelling
the ship. If the F, is negative, then the rotor increases the total resistance of the ship and
ultimately the power needed for propulsion.

Total resistance being:
Rr = R,,; + Ryir + Ry, — Number of Flettner Rotors - F, (Model 2) (3.49)
Where:
e R;: total ship resistance
® R,.: ship resistance from model tests
e R, added wind resistance
e R,,: added wave resistance (in irregular waves)

e FE.: horizontal effective force (thrust) of Flettner Rotor

3.4.2 Suction Sail — eSAIL

Suction wings are wing sails with a built-in mechanical air suction mechanism and a
particularly thick profile. A boundary layer suction is used to control the airflow around the
"thick" foil shape. Therefore, one or more ventilators must be installed inside the suction wing
profile. The airflow is accelerated at the leading edge, or the "nose" of the egg-shaped cross
section, which causes extremely low pressure to occur throughout the suction-side and on the
top-left side of the profile. It is a manufactured method of lowering the wing profile's 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.
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\
\
Wind 3 e
Drag
Suction Off

Figure 13: Suction sail inactive [7]

After activation, lift is generated, and drag is reduced.

Lift
Wind 3
Drag

Suction On

Figure 14: Suction sail active [7]

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

Wind 3 *~—>
Drag
Suction On

Figure 15: Suction sail active with appropriate rotation [7]

A photograph of the eSAIL is found below:

Figure 16: eSAIL [7]

To integrate the effect of the eSAIL in the ship propulsion, the horizontal effective force must
be included to the total resistance (and therefore thrust) that the propeller should compensate
for the ship to develop a specific speed. The analytical expression, that incorporates the
previous, is written below. When the effective force is positive the rotor helps in propelling the
ship. If it is negative, then the rotor increases the total resistance of the ship and ultimately the
power needed for propulsion.
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Total resistance being:
Rr = Ryt + Ryir + Ry, — Number of eSAILs - Dy (Model 3) (3.50)
Where:

e R;: total ship resistance
® R,.: ship resistance from model tests

e R,;: added wind resistance

e R,,: added wave resistance (in irregular waves)

e Dg: horizontal effective force (thrust) of eSAIL

3.4.3 Side Forces

To estimate velocity and construct a ship with a sailing system, it is crucial to take significant
rudder angles and the induced resistance, caused by drift, into account. Increased hull and
rudder resistances during drift were found in a study conducted [29] on the operational
performance of wind-assisted ships. Another study [30] conducted a comparison between a
1-DOF model (pure added resistance) and a 4-DOF model (surge, sway, heel, and yaw). The
results indicated that the 1-DOF model, which did not account for the influences of drift and
the rudder, overvalued the reduction in fuel consumption by 7% and the propulsion power of
the sailing systems by 40%. From the above, it is obvious that a method should be used to
estimate the rudder and drift angle as well as the corresponding resistance. For this goal, the
Skogman’s method from was used [31]. For ease, the centre of gravity is located at the midship
section. The formulations are based on the equilibrium of moments that can arise, around it,
under steady-state conditions. As seen in Figure 17, the y direction of the coordinate system
is positive to starboard and the x-direction is positive in the forward ship direction. When the
superstructure's aerodynamic moment (M,;;-), the sails' moment (My,;;), and the hydrodynamic
moment (My,,q) are all in balance:

Mgir + Mg + Mhyd =0 (3.51)
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Figure 17: System of coordinates for the Skogman method [31, Fig. 4]

The yaw moment Ny and the rudder-induced moment N, make up the hydrodynamic moment
M}y q. The formulas for M,;, and M, are as follows:

Mair =-0.5 *Pa 'AL ' VMZ/R *CN "Xy (352)
Msay = Fy " x5 (3.53)

In which, the aerodynamic moment coefficient is cy, lateral area of the hull and
superstructure's overwater portion is represented by A,, the horizontal lever arm from the
aerodynamic centre of pressure to midship is represented by xg, and the centroid of the lateral
area of the superstructure, including the hull part above the waterline, is represented by x,.
The heeling force Fy must be interpreted as negative for the wind force from starboard.The
lateral force of aerodynamics is:

Fair = =05 ps- AL~ VV%/R "Ly (3.54)

As in a study [32], the aerodynamic moment coefficient ¢y and the lateral aerodynamic force
coefficient ¢y are both assumed to be 1.25. After that, an auxiliary factor is computed using xx
as the lever arm from the rudder's pressure point to midship:

1
S 05 p T Ly V3

1
Ymo | Fair + Fg — x_ ’ (Mair + Msail) (3-55)
R

The underwater portion of the hull's effective aspect ratio, or AR;,, is:
AR, =~ (3.56)
LWL

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

B
Y] =—05-7m AR, — 1.4 Cp  —2% (3.57)
LWL

T
Y] = —6.6-(1—Cg)-——+0.08 (3.58)
BWL

Drift dimensionless speed v’ is calculated:
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XR

(Yv' + ARy, .LWL) + \/(Yv, +ARh 'LWL)Z PR

(3.59)

4
Drift angle g is:
B = arcsinv’
y-direction ship velocity is:
v=uv'"-Vs

x-direction ship velocity is:
u= VSZ _ UZ

The drift-related non-dimensionalized additional resistance is:
cxp = 0.0833 - — 0.1 B2 + 0.0041667 - B3
Drift-related additional resistance is then:
Xp=cxp-05-p-u?-Ly, T 1073
Yaw moment is:

Ny =05-p- Ly, TV (AR V")

(3.60)

(3.61)

(3.62)

(3.63)

(3.64)

(3.65)

The span x5 (see Figure 18) across the rudder area A4,- and mean chord line ¢, are used
to compute the effective aspect ratio, or AR,., before calculating the rudder angle:

X3
ARy = 2 ARgeometric = 2°

Cmean

(3.66)
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SPADE RUDDER
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— — x . e 2 -—x - —
1
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| L
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— X —— e ————

5

Figure 18: Spare rudder dimensions [31, Fig. 5]
The wake decreases the inflow speed v, to the rudder:
v =V, (1—w) (3.67)

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 oo T
NY P 225+ 4R,

- A, - v? - sin(a,.) (3.68)

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-Cy — 0.154 (3.69)
To find the rudder angle §, the following formula is used:

(.

8§ = 0.5 arcsin | (0.5 p ARy * Ly, - T -V 0" = Maiy — Msair) | (3.70)
_(1 + aH) * xR "

Y
sin(a,.)

Page 40 of 94



Diploma thesis Dionysios Thalassinos

The rudder force Fyy needs to be calculated again using the new inflow angle. The rudder's
additional resistance is:

FNX = _FNY -sind (371)
Finally, rudder moment is:
Nr=—1+ay) xg-Fyy-cosé (3.72)

For the side forces to be considered, the rudder force Fyy and drift-related additional
resistance X, must be included to the total resistance (and therefore thrust) that the propeller
should compensate for the ship to develop a specific speed. The analytical expressions, that
incorporate the previous, are written below.

It should also be mentioned that the heeling force Fy, for a specific system, is the product
between the number of WASP systems and the perpendicular effective force produced by
each one of the systems.

Total resistance being Ry = Ryt + Rair + Raw + (Xp + Fyx) (3.73) (Model 1 modified), Ry =
Ryt + Rair + Ry, — Number of Flettner Rotors - F, + (X + Fyy) (3.74) for Flettner Rotor
(Model 2 modified) and Ry = Ry + Rgir + Ry, — Number of eSAILs - Dp + (Xp +
Fyx) (3.75) for eSAIL (Model 3 modified)

Where:
e Ry total ship resistance
e R,,;:: ship resistance from model tests
e R, added wind resistance
e R,,: added wave resistance (in irregular waves)
e FE.: horizontal effective force (thrust) of Flettner Rotor
e Dg: horizontal effective force (thrust) of eSAIL
e Xp: added resistance due to ship drift

e Fyx: added resistance due to the rudder

3.5 Fuel Oil Consumption Calculation

For the calculation of the daily fuel consumption the equation below is used:
Daily fuel consumption = SFOC - Pyg - 24-107° (3.76)
Where:

e Daily fuel consumption: [tn]
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e SFOC: specific fuel oil consumption of main engine [g/kWh]
e Py power output of the engine [kW] equal to Z—D (ns: transmission efficiency)
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4 Case Study

4.1 Ship initial data

The ship utilized in this study is a Bulk Carrier with principal particulars shown in Table 2.

Table 2: Ship principal particulars

PRINCIPAL PARTICULARS
LENGTH O.A. 229 m
LENGTH B.P. 2255 m
BREADTH (MLD.) 32.26 m
DEPTH (MLD.) 20.05 m
DESIGNED DRAFT 12.20 m
Cs @ DESIGNED DRAFT 0.8624
DEADWEIGHT (DESIGNED DRAFT) 64911.79 t
SCANTLING DRAFT 14.45m
Cs @ SCANTLING DRAFT 0.8772
DEADWEIGHT (SCANTLING DRAFT) 80996.09 t
LIGHTSHIP WEIGHT 13800.11t
MAIN ENGINE MAN B&W 6S60ME-C8.5-TlI
TRANSMISSION EFFICIENCY ns 0.99
Pwmcr 9930 kW
Pwmcr_ME,lim 8230 kW
NwvcR 90.4 rpm
Pae 496.5 kw
TYPE OF FUEL (ME & AE) DIESEL/GAS OIL

Information regarding ship towing tank tests is also available. Therefore, open water
performance characteristics’ of modified® propeller, effective power curve® (which includes
resistance due to the presence wind) at scantling draft (with PSV), self-propulsion factors?® at
scantling draft (with PSV) are known. These data can be found at Appendix A: Ship data from
towing tank test report. The initial condition used in the current thesis is Scantling draft with
modified propeller and PSV.

" Referring to J, kr, ko,

8 For this ship two different propellers are investigated, the original propeller of ship and a modified
one. The modified propeller is a hypothetical propeller that resulted through the reverse engineering
of the sea trial results. Thus, the open water characteristics for the modified propeller are more
accurate for the propeller of the ship.

9 Referring to total resistance for each speed

10 Referring to t, w, n,., Cp, Cy
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4.2 Speed/Power trial prediction curves of ship

Using a MATLAB script which applies the computational framework described in Speed/Power
trial prediction curves to the above data, the speed/power trial prediction curves are obtained
for each different condition.

4.2.1 Main engine load diagram with trial prediction curves

Ship trial prediction curves can also be plotted along the main engine load diagram. For the
calculation of load diagram points, CEAS [34] calculation tool was used for the model of the
engine.

4.3 IMO Minimum Propulsion — Assessment level 2

In this section, the theoretical framework developed in IMO Minimum Propulsion Power —
Assessment level 2, is applied. The scantling condition with PSV and modified propeller will
be verified through the guideline.

4.3.1 Adverse weather conditions

Using linear interpolation for L,,, = 225.5 m, adverse weather conditions can be specified.

Table 3: Adverse weather conditions for ship under study

Shio lenath. m Singificant wave | Peak wave period | Mean wind speed
plengtn, height hs, m Tp, S Vw m/s
2255 4.765 71015 17.383

4.3.2 Required ship speed and peak wave period

To calculate the required ship speed, we use the data tables:

Table 4: Vck calculation

| Amw[m? | 574 | | Ar[m}] | 52 |
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Aw [m?] | 1615 Auscor [M3] | 4925.7
Verrer [kN] | 4.743 Aros [ 1.06
Vek [kn] 3.186
Table 5: Vnav
Vo [kn] | 4

The required speed is V; = max(Vg, Vpgw) > Vs = 4 kn

4.3.3 Calculation of required power

Because towing tank results (water resistance R, + R4y, Wake fraction coefficient w, thrust
deduction factor t, rotative efficiency ng,power correction factor C, and propeller revolution
correction factor Cy ) for speeds as low as 4kn are not available, the theory (developed in the
Theoretical) to estimate the resistance will be used. Regarding the rest factors, the following
assumption will be made: these factors, for the speed of 4kn, are assumed the same as

those for the lowest speed available from towing tank test results.

Table 6: Factors for speed of 4kn

w [-] 0.37
t[] 0.215
nr [-] 0.99
Cr [] 0.99
Cn[-] 1

4.3.4 Calm Water Resistance R,

The calm water resistance is calculated using the table:

Table 7: Calm water resistance calculation at scantling draft for ship speed of 4kn

k[-] 0.2126
Cr [] 0.0017
Re[] | 4.4189*10°

p [kg/mq] 1025
S[m? | 12468.4
v[m?/s] | 1.05*10°
Bui [m] 32.26
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TW|

14.45

Rew [N]

55715

4.3.5 Resistance of appendages R

app

As stated in the respective section in the Theoretical the resistance of appendages is

approximately 2.5% - R, .

Table 8: Appendages resistance at scantling draft for ship speed of 4kn

Rapp [N]

1393

4.3.6 Added wind resistance

R air

For the added wind resistance, the head wind resistance should be calculated. The data

required for the calculations (at scantling condition) are the following:

Table 9: Required data for scantling draft

Required Data

Lsp 225.5 m

B 32.26 m
Aop 705 m”2
Axv 637 m”n2
Avv 2034 m”n2
Cwmc -7.51 m
her 28.7 m

hc 5.7 m

M 10 deg

Table 10: C.r, Cxvui, Cacr for scantling draft

0<l|JWR<90
Cir | 0.818941
Cxu | 0.113509
Car | 0.435656
90<ywr<180
Cir | 0.698735
Cxu | -0.20487
Car | 0.701161
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Table 11: Wind resistance coefficient Cpa for different angles

Coa for Angle of Wind Attack O<gwr<Tr

Angle of Attack

Angle of Attack

Wind Res. Coef.

[deg] [rad] (Coa)

0 0.0000 0.819
10 0.1745 0.880
20 0.3490 0.900
30 0.5236 0.866
40 0.6981 0.779
50 0.8726 0.649
60 1.0471 0.494
70 1.2216 0.329
80 1.3962 0.163
90 1.5707 0.000
100 1.7452 -0.091
110 1.9197 -0.207
120 2.0942 -0.358
130 2.2688 -0.530
140 2.4433 -0.692
150 2.6178 -0.805
160 2.7923 -0.843
170 2.9668 -0.801
180 3.1414 -0.699

Cpoba for Angle of Wind Attack -mr<ypwr<0

Angle of Attack

Angle of Attack

Wind Res. Coef.

[deg] [rad] (Con)
0 0.0000 0.819
-10 -0.1745 0.880
-20 -0.3490 0.900
-30 -0.5236 0.866
-40 -0.6981 0.779
-50 -0.8726 0.649
-60 -1.0471 0.494
-70 -1.2216 0.329
-80 -1.3962 0.163
-90 -1.5707 0.000
-100 -1.7452 -0.091
-110 -1.9197 -0.207
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-120 -2.0942 -0.358
-130 -2.2688 -0.530
-140 -2.4433 -0.692
-150 -2.6178 -0.805
-160 -2.7923 -0.843
-170 -2.9668 -0.801
-180 -3.1414 -0.699

The respective plots of wind resistance coefficient versus the wind angle are depicted in the
figures:

Fujiwara Method - Scantling Draft
Wind Resistance Coefficient (Cy,) - Angle of Attack

cDA

0 10 20 30 40 50 60 70 80 S0 100 110 120 130 140 150 160 170 180

Angle of Attack [deg]
® Fujiwara

Figure 19: Wind Resistance Coefficient Cpa versus the Angle of Attack
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Fujiwara Method - Scantling Draft
Wind Resistance Coefficient (Cp,) - Angle of Attack

cDA

0 -10 -20 -30 40 -50 -60 -70 -80 -90 -100 -110 -120 -130 -140 -150 -160 -170 -180
Angle of Attack [deg]

o -n<Wwr<0

Poly. (-m<Wwr<0)

Figure 20: Wind Resistance Coefficient Cpa versus the Angle of Attack

Using the wind resistance coefficient C,, = 0.819 for 0 degrees and that air density is
approximately p, = 1.2466 kg/m?3 it is calculated:

Table 12: Added wind resistance for head winds at scantling draft and ship speed of 4kn

Rair [N]

96875

4.3.7 Added wave resistance R,, or R,

For the added wave resistance, the head wave resistance should be calculated. The data

required for the calculations (at scantling condition) are the following:

Table 13: Required data for scantling draft and sea state

Lee | 2255 | [m]
Ta 14.45 | [m]
T 14.45 | [m]
L 35.5 [m]
L, 30 [m]
g 9.81 [m/s?]
Ky 0.22 []
E: | 0.4265 | [rad]
E, | 0.4933 | [rad]
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4.3.7.1 Added wave resistance R,,, in regular waves

Using MATLAB code developed for the theory of added wave resistance described in
Theoretical, the added wave (non-dimensional) resistances Rayr, Rawm, Raw fOr bow waves
are computed versus the wave length 4 divided by length between perpendiculars Lgp for
vessel speed of 4 kn in regular waves.

Non dimensional wave (Raw), Wave reflection (RAWR), Ship motion {RAWM) added resistance

4 versus wave length divided by length (between perpendiculars) of vessel speed of 4 kn (bow waves)

3.5

25

BP

ko 2w
R,./P "z BIL

0.5

Mlgp

aw

AWR

AWM

Figure 21: Added wave (non-dimensional) resistances R yyyp, Rawm, Rqw fOr bow waves versus peak wave
angular velocity for vessel speed of 4 kn
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4.3.7.1 Added wave resistance R, in irregular waves

A real sea state can be described by a sum of regular waves which can be achieved through
a spectrum function. In the present work, the JOHNSWAP spectrum [24, Tbl. 2] was used.

—(w-wp)®

5 (w)
ot P TE e, |

exp

S(Hs, Tp,v) =

. 0.0624:(1.9+y)
0.23+0.0336y—0.185

e Hs: significant wave height [m]
e w,: peak angular velocity [rad/s]

e « (4.2)

e y=33
(007, 0 < wp
© o= {0.09,w > w, 43
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0.5

JONSWAP Spectrum for HS=4.765 m

0.45

0.3
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s
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o
&5
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Figure 22: JOHNSWAP spectrum for Hs=4.765m

By utilizing the equation below, the resistance in irregular waves is calculated.

= Raw((‘))
Ry =2 | S(w)——-dw
J str-=2

(4.4)
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a Non dimensional Raw,mea.n versus peak wave period Tp

-y
-

i 2w 2
RAW,mean/p g Za B JI!‘LBF' (N)

0.9

0.8

0.7 | | 1 1 | | | |

T,

Figure 23: Non-dimensional R,,, versus peak wave period
The peak wave period that maximized R, is T, =11.25s.

Table 14: Added wave resistance for head waves at scantling draft and ship speed of 4kn

Raw,mean [N] 345907

4.3.8 P-V-n curves
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Utilizing the code mentioned in Speed/Power trial prediction curves, the P-V-n curves can be
created for scantling draft with PSV and modified propeller. Below, the respective figures are
depicted.

Delivered Power (PD) and propeller shaft speed (n)
with respect to ship speed (V) for scantling draft with MODpropeller
equipped with PSV (taking into account added wind and wave
3 x10% resistance for IMO Minimum Propulsion Power) 130
True wind angle Wt (0 deg: head wind): qJWT=D.OD deg
True wind velocity VWT: VWT=1T.3B m/s
Wave angle a {0 deg: following wave): «=180.00 deg
-120
- 110
100
s 3
= —90 £
o =
o c
-180
-70
-160
0 I 1 I | L 50
4 6 8 10 12 14 16
V (kn)
PD -V curve (MODpropeller and PSV with wind and wave)
®  Points from towing tank results (MODpropeller and PSV with wind and wave)
n-V curve (MODpropeller and PSV with wind and wave)
»  Points from towing tank results (MODpropeller and PSV with wind and wave)

Figure 24: P-V-n curve for scantling draft with PSV (taking into account added wind and wave resistance) and
modified propeller
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Delivered Power (PD) and propeller shaft speed (n)

with normalized, to delived power to propeller, load-overload diagram
for scantling draft with MODpropeller equipped with PSV (taking into account

3 5104 added wind and wave resistance for IMO Minimum Propulsion Power)
True wind angle Wit (0 deg: head wind): qJWT=D.OD deg
True wind velocity VWT: VWT=17.38 m/s
Wave angle a {0 deg: following wave): «=180.00 deg
251
2 -
=
< 151
a
o
1 —
05
.
/
,//
=
==
—
0 1 1 | | 1 1 1 1 |
40 50 60 70 80 90 100 110 120 130

n (rpm)

PD - n curve (MODpropeller and PSV with wind and wave)

®  Points from towing tank results (MODpropeller and PSV with wind and wave)
Overload diagram
Load diagram

Figure 25: P-n curve for scantling draft with PSV (taking into account added wind and wave resistance) and
modified propeller with load-overload diagram of engine (without MCR limitation)
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Delivered Power (PD) and propeller shaft speed (n)
with normalized, to delived power to propeller, load-overload diagram
for scantling draft with MODpropeller equipped with PSV (taking into account
3 5104 added wind and wave resistance for IMO Minimum Propulsion Power)
True wind angle Wit (0 deg: head wind): qJWT=D.00 deg
True wind velocity VWT: VWT=1?.38 m/s
Wave angle a {0 deg: following wave): «=180.00 deg
25
2 -
=
< 151
a
o
1 —
05
0 | 1 | | 1 1 1 1
40 50 60 70 80 90 100 110 120 130
n (rpm)
PD - n curve (MODpropeller and PSV with wind and wave)
®  Points from towing tank results (MODpropeller and PSV with wind and wave)
Overload diagram
Load diagram

Figure 26: P-n curve for scantling draft with PSV (taking into account added wind and wave resistance) and
modified propeller with load-overload diagram of engine (with MCR limitation)

It is calculated that for the ship to movie with 4kn under the influence of head wind and waves
(adverse weather conditions) the required:

e Delivered power to propelleris Pp, = 3797.17 kW
¢ Revolutions of propeller are n = 58.38 rpm

This point lies within the main engine load diagram when MCR limitation is not considered.
But when MCR limitation is considered, the point lies above the engine overload limit which
means that the ship cannot operate at this point without causing serious damage to the engine.
It is concluded that the ship does comply with the IMO Minimum Power Propulsion Guideline,
as expressed through the assessment level 2, without Maximum Continuous Rating limitation
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which has been applied to the main engine for reducing the EEDI value of the ship. But for the
case of MCR limitation the ship does not comply with the IMO Minimum Power Propulsion
Guideline.

4.4 Seagoing scenarios with added wind, wave resistance, wind
assisted ship propulsion (Flettner Rotor and eSAIL) and side

forces

In this section, actual seagoing scenarios are examined. For that reason, the added wind,
wave resistances, the thrust of Flettner Rotor and eSAIL are considered along with the side
forces produced by these systems. Moreover, the vessel is to be equipped with four Flettner
Rotor and four eSAIL systems. For each scenario, the six models mentioned in Seagoing
scenarios with added wind, wave resistance, wind assisted ship propulsion (Flettner Rotor and
eSAIL) and side forces are considered:

e Model 1
e Model 2
e Model 3

¢ Model 1 modified
¢ Model 2 modified
¢ Model 3 modified

4.4.1 Added wind resistance

The theoretical framework for the added wind resistance is the same as in Added wind
resistance R,;,.. The parameters used are the same as in Added wind resistance R,

4.4.2 Added wave resistance

The theoretical framework for the added wave resistance is the same as in Added wave
resistance R, or R,, but with some minor changes that are obvious in the below text. The
parameters used are the same as in Added wave resistance R, or R,

In the real sea environment, the significant wave height h; is dependent on the wind speed.
For this study, not fully developed severe sea states are considered. Therefore the following
relationship is utilized [35, Eq. 11]:

he = 0.115 - Vji#t (4.5)
Where:
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e hg: significant wave height in [m]
e Vyr: true wind speed in [m/s]

For the calculation of added wave resistance in irregular waves R,,,, for each different speed,
the following procedure is executed:

o Calculate the significant wave height hg based on true wind speed Vi

e Calculate the added wave resistance R,,, for each different wave peak period T, (T
between 7 and 15 s) using the JOHNSWAP spectrum [24, Tbl. 2]

e For the specific speed the added wave resistance R,,, is the mean value of the added
wave resistances R,,, for peak period T, between 7 and 15 s.

4.4.3 Position of Flettner Rotor and eSAIL on ship deck

The number of Flettner Rotors and eSAlLs to be installed, in each case, was chosen to be 4.
The position of those, on ship main deck, is depicted in the drawing below.

o,
L
o,
L
ot
o,
/"\

Figure 27: Position of eSAILs and Flettner Rotor, in each case, on ship main deck

4.4.4 Rotor Sail - Flettner Rotor

The Flettner Rotor Sail used in this study is one with endplate and dimensions of h = 20 m
and Ry, = 1.2m [15, p. 4].
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Rfr=1.2m

h=20m

Figure 28: Flettner Rotor sail with end plate and dimensions (original picture from [6])

4.4.4.1 Lift and Drag Coefficients (C;, Cp)

Coefficients of lift C;, and drag C,, used to calculate the lift and drag forces, of Flettner Rotors
with endplates, correspondingly are exported from Seifert’s article [36].

T P P P P
10 ' |
8 : ]
@ Lift coefficient
P SR SRS U SN SO SRR S Drag coefficient

Coefficient value

Velocity ratio

Figure 29: Lift and Drag Coefficients with respect to Velocity ratio

Something worth noting is that both coefficients are functions of the velocity ratio.

4.4.4.2 Selection of Flettner Rotor revolutions per minute (RPM)
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One crucial parameter that must be defined for the Flettner Rotor system is the revolutions
per minute (RPM). This parameter is crucial to determine the lift and drag forces as well as
the consumed power of the system. A usual range for the system is between 0 and 1000 RPM
[15, Fig. 7]. Due to the size of the ship under study along with the size of the rotor system,
speeds above 400 RPM were deemed excessive and therefore not included. To determine
the appropriate RPM for each different wind speed and angle pair, the following procedure
was followed. The calculation of net power output was conducted for speeds between 0 and
400 RPM and the speed which corresponds to the greatest net power output was chosen. Of
course, all the above are true when the net power output is positive. In different case, the
system remains inactive, and resistance is increased due to the presence of the system’s
surface in free incoming wind as described in Fundamental Equations. A typical diagram of
net power output for different true wind angles along with rotor speed as parameter and
specific true wind and ship speed is given below.
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Net power output Pnet of Flettner Rotor for Vship=11.00 kn
and VWT=12.00 m/s (0 deg being head wind), N=0.00-400.00 RPM
250
Wind angle Wt (0 deg: head wind): L|JWT=O—180
Wind velocity VWT: VWT=12.OO mis
Flettner Rotor N: N=0.00-400.00 RPM
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Figure 30: Net power output Py, of Flettner Rotor for Vg, = 11 kn and Vy,r = 12 m/s (0 deg being head wind),

N =0-400RPM

4.4.4.3 Lift, Drag, Horizontal and Perpendicular Flettner Rotor effective forces for

typical scenario

Below the resultants lift, drag, horizontal F, and perpendicular F, effective forces of a single
Flettner Rotor are demonstrated for ship speed Vi, = 11 kn, true wind speed Vi r =
10&12 m/s and revolutions per minute between 0 — 400 according to above paragraph.
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150°

180°

210°

Lift, Drag, Horizontal F_ and Perpendicular Fy effective forces versus true wind angle y, (0°-180°)
for Vship=11.00 kn and Vw.|.=10.00 m/s, Vw.r=12.00 m/s (0 deg being head wind), N=0.00-400.00 RPM

90°

120° 60°

240° 300°

270°

Lift (V,,;=10 m/s)
Drag (VWT:10 m/s)

Flettner Rotor Horizontal effective force Fy (V=10 m/s)
Flettner Rotor Perpendicular effective force Fy (Vyyr=10 m/s)
-------- Lift (V=12 mi/s)

rrrrrrrr Drag (V,, =12 m/s)

-------- Flettner Rotor Horizontal effective force Fx (VWT=12 m/s)

Flettner Rotor Perpendicular effective force Fy (VWT=12 m/s)

30°

330°

Figure 31: Lift, Drag, Horizontal and Perpendicular effective forces for Vg, = 11 kn and Vy,r = 10 m/s, Viyr =

12 m/s (0 deg being head wind), N = 0 — 400 RPM

4.4.5 Suction Sail — eSAIL

According to bound4blue [7] there are 3 different eSAIL models. These are eSAIL model 1, 2,
and 3. According to their page and after contacting the company, the use of model 2 was
suggested for the ship under study.
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eSAIL model 2

Width

Various heights

Automatic control

Tilting system

EX Rating

Example vessels

Figure 32: eSAIL model 2 [7]

Since there are no available analytical expressions for eSAIL calculations, measurements
from test were provided by the company. In particular, an EXCEL sheet was provided, in which
the horizontal D and perpendicular Hr effective forces (horizontal and perpendicular being
the parallel to x and y axis forces respectively, see Figure 12) along with the consumed power
P.,ns Were available for a specific apparent wind speed V, and apparent wind direction 8. The
consumed power P,.,,s is the required power for controlling the eSAIL (for example, rotating)
and powering the air suction system. When no thrust can be produced by the system (Dy is
negative), due to not favourable wind speed and angle, power is not fed and therefore it
remains shut off. When powered off, the system creates additional resistance due to its
presence in moving wind. This added resistance is considered in the calculations through the
addition of the horizontal effective force in the total resistance of the ship.

4.4.5.1 Horizontal and perpendicular effective eSAIL forces for typical scenario

Below the resultants horizontal D and perpendicular Hy effective forces of a single eSAIL are
demonstrated for ship speed Vg, = 11 kn, true wind speed V7 = 10&12 m/s and revolutions

per minute between 0 — 400 according to above paragraph.
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Horizontal D and Perpendicular H, effective forces versus true wind angle Yot (0°-180°)
for Vship=11 .00 kn and VWT=10.00 m/s, VWT=12.00 m/s (0 deg being head wind)
90°
120° 60°
100 kN
150° 30°
180° 0°
210° 330
240° 300°
270°
eSAIL Horizontal effective force D (V,, =10 m/s)
eSAIL Perpendicular effective force HF (\/WT=1 0 m/s)
rrrrrrrr eSAIL Horizontal effective force De (VWT=12 m/s)
-------- eSAIL Perpendicular effective force HF (VWT:1 2 m/s)

Figure 33: Horizontal D and Perpendicular Hy. effective forces for Vs, = 11 kn and Vy,r = 10 m/s, Vyyr =
12 m/s (0 deg being head wind)

4.4.6 Side Forces

The parameters used for the calculation of side forces are presented below.

Table 15: Parameters for calculation of side forces

AL[m?] | 1749
en [1 | 1.25

Page 64 of 94



Diploma thesis Dionysios Thalassinos

xa[m] | -12.53
xs[m] | -4.75
cv [ | 1.25
Lwe [m] | 229
xa [m] | 112.75
xs[m] | 9.639

Using a range of heeling force Fy between -160kN and 160kN, the following diagrams are
produced.

Added resistance due to drift (XD) versus heeling force (FK)
03
Relative wind speed VWR: VWR=O.00712.00 m/s
0.25 - Ship speed Vship: Vsm‘p:1 1.00 kn
02
0.15 -
0.1
z
=
[a]
x
0.05
ok
-0.05 -
-0.1
_0 15 1 | | | | | | |
-200 -150 -100 -50 0 50 100 150 200
FK (kN)
Xp - Fy ourve for V,, .=0 m/s
XD - FI< curve for VWR=6 m/s
Xp - F curve for Viur=10 m/s
XD - FK curve for VWR:12 m/s

Figure 34: Added resistance due to drift (X,,) versus heeling force (Fy)

Page 65 of 94



Diploma thesis Dionysios Thalassinos

Added resistance due to the rudder (FNX) versus heeling force (FK)
450

R VWR=O.DO—1 2.00 m/s

400 - Ship speed Vship: Vship:1 1.00 kn

Relative wind speed V,

350 [~

300 -

250 -

Frux (kN)

200 -

150 -

100

50 -

Fy (kN)

Xg - Fy curve for v, .=0 m/s

XD - FK curve for VWR=6 m/s

Xp - F curve for Viur=10 m/s

XD - FK curve for VWR:12 m/s

Figure 35: Added resistance due to the rudder (Fyyx) versus heeling force (Fy)
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Rudder angle (5) versus heeling force (FK)
40 -
Relative wind speed VWR: VWR=O.00712.OD m/s
Ship speed Vship: Vship=17.00 kn
30 -
20
g
=) 10 -
o]
ok
-10 -
_20 | | | | | | | |
-200 -150 -100 -50 0 50 100 150 200
FK (kN)
8- F, curve for V, =0 m/s
5- FK curve for VWR=6 m/s
8- F curve for Viye=10 m/s
5- FK curve for VWR:'I2 m/s

Figure 36: Rudder angle (0) versus heeling force (Fy)

Additional diagrams can be found at Appendix C: Side forces.

4.4.7 Fuel Oil Consumption Calculation

The specific fuel oil consumption curve of the main engine was acquired from the main engine
‘s shop test results document [37]. Relative information is found below

Table 16: Specific Fuel Oil Consumption versus engine load

| Engine Load (%) | SFOC (g/kWh) |
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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
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Engine load (%)
Figure 37: Curve of specific fuel oil consumption versus engine load
4.4.8 Results

The results for the different models mentioned in Different models examined in thesis are
presented below. For the first scenario, delivered power, propeller speed curves along with
the engine load diagram, forces analysis and fuel oil consumption for different vessel speeds,
constant wind/wave angles. For the second scenario, delivered power, forces analysis and
fuel oil consumption for constant vessel speed and different wind/wave angles are presented.
Both scenarios have constant true wind velocity. In that way, the first scenario covers different
vessel speeds but with constant wind/wave angles while the second scenario covers constant
speeds with different wind/wave angles.

4.4.8.1 First scenario (different vessel speeds, constant wind/wave angles)

Page 68 of 94



Diploma thesis Dionysios Thalassinos

Delivered Power (PD) and propeller shaft speed (n)

with respect to ship speed (V) for scantling draft with MODpropeller
equipped with PSV (taking into account added wind, wave
resistance, WASPs and side forces)

11000 - - 100
True wind angle Wit (0 deg: head wind): qJWT=130.OD deg
10000 |- True wind velocity VWT: VWT=10.00 m/s
Significant wave height h:h =2.96 m
Wave angle a (0 deg: following wave): a=50.00 deg -190
9000 Flettner Rotor N: N=0-400 RPM
Number of Flettner Rotors: 4 in total
Number of eSAILs: 4 in total
8000
-80
7000
2 £
< 6000 170 &
a =
o c
5000
. -1 60
4000
3000 - "
’ - 50
2000
1000 . . . ‘ ‘ 40
10 1 12 13 14 15 16

V (kn)

MODpropeller and PSV with wind and wave (Model 1)

MODpropeller and PSV with wind, wave and flettner rotor (Model 2)

MODpropeller and PSV with wind, wave and eSAIL (Model 3)

MODpropeller and PSV with wind, wave and side forces (Model 1 modified)
MODpropeller and PSV with wind, wave, flettner rotor and side forces (Model 2 modified)
MODpropeller and PSV with wind, wave, eSAIL and side forces (Model 3 modified)
MODpropeller and PSV with wind and wave (Model 1)

-- MODpropeller and PSV with wind, wave and flettner (Model 2)

-- MODpropeller and PSV with wind, wave and eSAIL (Model 3)

-- MODpropeller and PSV with wind, wave and side forces (Model 1 modified)
MOQODpropeller and PSV with wind, wave, flettner and side forces (Model 2 modified)
MODpropeller and PSV with wind, wave, eSAIL and side forces (Model 3 modified)

Figure 38: Delivered Power (Py,) and propeller shaft speed (n) with respect to ship speed (V) for scantling draft
with MODpropeller equipped with PSV (taking into account added win, wave resistance, WASPs and side forces)
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Delivered Power (PD) and propeller shaft speed (n)

with normalized, to delived power to propeller, load-overload diagram
for scantling draft with MODpropeller equipped with PSV (taking into account
added wind, wave resistance, WASPs and side forces)

10000
True wind angle Wit (0 deg: head wind): qJWT=‘T3U.OD deg
True wind velocity VWT: VWT=10.00 m/s
9000 - Significant wave height h:h =2.96 m
Wave angle a (0 deg: following wave): a=50.00 deg
Flettner Rotor N: N=0-400 RPM
8000 - Number of Flettner Rotors: 4 in total
Number of eSAlLs: 4 in total
7000 -
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=
< 5000 -
a]
o
4000 -
3000 -
2000 -
1000 -
O | | | | | |
40 50 60 70 80 90 100

n (rpm)

MODpropeller and PSV with wind and wave (Model 1)

MODpropeller and PSV with wind, wave and flettner rotor (Model 2)

MODpropeller and PSV with wind, wave and eSAIL (Model 3)

-------- MODpropeller and PSV with wind and wave (Model 1 modified)

-------- MODpropeller and PSV with wind, wave, flettner rotor and side forces (Model 2 modified)
******* MODpropeller and PSV with wind, wave, eSAIL and side forces (Model 3 modified)
Overload diagram

Load diagram

Figure 39: Delivered Power (P,,) and propeller shaft speed (n) with normalized, to delivered power to propeller,
load-overload diagram for scantling draft with MODpropeller equipped with PSV (taking into account added wind,
wave resistance, WASPs and side forces)
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160 -

140 -

120 -

Forces (added wind/wave resistance, horizontal and perpendicular
effective forces of flettner rotor and eSAIL along with added
drift and rudder resistances)

True wind angle Yt (0 deg: head wind): qJWT=130.OO deg
True wind velocity VW.I_: VWT=10.OO m/s
Significant wave height hh =2.96 m

Wave angle a (0 deg: following wave): a=50.00deg
Flettner Rotor N: N=0-400 RPM

Number of Flettner Rotors: 4 in total

Number of eSAlLs: 4 in total

11 12 13 14 15 16
V (kn)

Added resistance due to drift XD and rudder FNX - speed curve (MODpropeller, PSV, no WASP)
Added wind resistance - speed curve (MODpropeller and PSV)

Added wave resistance - speed curve (MODpropeller and PSV)

Flettner Rotor Horizontal effective force F, (4 Rotors) - speed curve (MODpropeller and PSV)

........ Flettner Rotor Perpendicular effective force Fy (4 Rotors) - speed curve (MODpropeller and PSV)
,,,,,,,,,,,,,,,, Added resistance due to drift X and rudder F,, - speed curve (MODpropeller, PSV and Flettner Rotor)
eSAIL Horizontal effective force DF (4 Sails) - speed curve (MODpropeller and PSV)
eSAIL Rotor Perpendicular effective force HF (4 Sails) - speed curve (MODpropeller and PSV)

Added resistance due to drift X, and rudder F . - speed curve (MODpropeller, PSV and eSAIL)

Figure 40: Forces (added wind/wave resistance, horizontal and perpendicular effective forces of flettner rotor and

eSAIL along with added dirft and rudder resistances)

For facilitation of reading, a table with the values of forces is provided. The numbers ([1],[2]
etc.) are the corresponding numbers of forces when reading the Figure 40 legend from top to

bottom.
Table 17: Values of forces for different vessel speeds
Vikn) | [1] (2] 3] [4] [5] [6] [7] [8] [9]
10 2182 | -1049 | -0.65 | 7541 9.81 17.33 | 143.63 | 26.66 | 10.79
11 1755 | -11.43 9.53 73.4 1456 | 12.24 | 139.53 | 35.14 6.33
12 1429 | -12.59 | 2057 | 71.74 | 19.34 8.67 135.19 43.5 3.59
13 12.02 -13.6 31.67 | 70.35 | 24.16 6.28 131.73 | 52.33 1.89
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14 10.6 -14.38 | 42,51 | 69.23 29.1 4.76 127.69 | 60.53 1.02
15 9.55 -15.37 | 53.27 | 68.34 | 34.17 3.64 123.16 | 68.34 0.49
Daily fuel consumption with respect to ship speed (V) for scantling draft
with MODpropeller equipped with PSV (taking into account added wind, wave
50 - resistance, WASPs and side forces)
True wind angle Wt (0 deg: head wind): uJWT=130.00 deg
45 - True wind velocity VWT: VWT=10.OO m/s
Significant wave height h_: h_=2.96 m
Wave angle a (0 deg: following wave): a=50.00 deg
40 Flettner Rotor N: N=0-400 RPM

35

Daily fuel consuption (tn)
N w
()] o

N
o

15

10 f

Number of Flettner Rotors: 4 in total
Number of eSAlLs: 4 in total

" 12

13
V (kn)

14

15

MODpropeller and PSV with wind and wave (Model 1)
MODpropeller and PSV with wind, wave and flettner rotor (Model 2)
MODpropeller and PSV with wind, wave and eSAIL (Model 3)
-------- MODpropeller and PSV with wind, wave and side forces (Model 1 modified)
-------- MODpropeller and PSV with wind, wave, flettner rotor and side forces (Model 2 modified)
-------- MODpropeller and PSV with wind, wave, eSAIL and side forces (Model 3 modified)

16

Figure 41: Daily fuel consumption with respect to ship speed (V) for scantling draft with MODpropeller equipped
with PSV (taking into account added wind, wave resistance, WASPs and side forces
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Percent of difference in daily fuel consumption (with reference to only considering
added wind and wave resistance, meaning with reference to Model 1) with respect
to ship speed (V) for scantling draft with MODpropeller equipped with PSV (taking into

10 account added wind, wave resistance, WASPs and side forces)

_| True wind angle Wit (0 deg: head wind): qJWT=13D.OD deg
Triie wind velagity V- V,,~=10.00 m/s
Significant wave height h “h-=2.96m.

Wave angle a (0 deg: following wave): a=50.00 deg
0 Flettner Rotor N: N=0-400 RPM
Number of Flettner Rotors: 4 in total
Number of eSAlLs: 4 in total

Percent of difference in daily fuel consuption (%)

50 I 1 I | I J
10 11 12 13 14 15 16

V (kn)

-==----- MODpropeller and PSV with wind, wave and side forces (Model 1 modified)
MODpropeller and PSV with wind, wave and flettner rotor (Model 2)

—— MODpropeller and PSV with wind, wave and eSAIL (Model 3)

"""" MODpropeller and PSV with wind, wave, flettner rotor and side forces (Model 2 modified)
-------- MODpropeller and PSV with wind, wave, eSAIL and side forces (Model 3 modified)

Figure 42: Percent of difference in daily fuel consumption (with reference to only considering added wind and
wave resistance, meaning with reference to Model 1) with respect to ship speed (V) for scantling draft with
MODpropeller equipped with PSV (taking into account added wind, wave resistance, WASPs and side forces)

4.4.8.2 Second scenario (constant vessel speed, different wind/wave angles)
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Py (kW)

for scantling draft with MODpropeller equipped with PSV (taking into account
added wind, wave resistance, WASPs and side forces)

Delivered Power (PD) normalized to delived power to propeller

10000 -
Ship speed VShip : Vship=1 1.00 kn
9000 True wind angle g, w,,-=0-180 deg
True wind velocity V... V|, .=10.00 m/s
Significant wave height hs: h5=2.96 m
8000 Wave angle a: a=0-180 deg
Flettner Rotor N: N=0-400 RPM
Wind direction = Wave direction (0 deg is head wind/wave)
Number of Flettner Rotors: 4 in total
Number of eSAlLs: 4 in total
7000 -
6000 -
5000 -
4000
3000 -
2000
1000 1 L | | 1 |
20 40 80 100 120 140

wave/wind direction (deg)

180

MODpropeller and PSV with wind and wave (Model 1), VWTZW(] m/s and h3:2.96 m
MODpropeller and PSV with wind, wave and Flettner Rotor (Model 2), VWT=10 m/s and h5=2.96 m

— MODpropeller and PSV with wind, wave and eSAIL (Model 3), VWT=1 0 m/s and h5=2.96 m

MODpropeller and PSV with wind, wave and side forces (Model 1 modified), VWT=10 m/s and h5=2.96 m

MODpropeller and PSV with wind, wave, Flettner Rotor and side forces (Model 2 modified), VWT=10 m/s and hs=2.96 m
MODpropeller and PSV with wind, wave, eSAIL and side forces (Model 3 modified), V,, =10 m/s and h_=2.96 m

Figure 43: Delivered Power (Pp,) normalized to delivered power to propeller for scantling draft with MODpropeller

equipped with PSV (taking into account added wind, wave resistance, WASPs and side forces)
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350

300

250 -

100 -

-50

Forces (added wind/wave resistance, horizontal and perpendicular
effective forces of flettner rotor and eSAIL along with added
drift and rudder resistances)

Ship speed VShip : Vship=1 1.00 kn

True wind angle Wt uJWT=0-1 80 deg

True wind velocity V, ... V|, .=10.00 m/s

Significant wave height hs: h5=2.96 m

Wave angle a: a=0-180 deg

Flettner Rotor N: N=0-400 RPM

Wind direction = Wave direction (0 deg is head wind/wave)
Number of Flettner Rotors: 4 in total

Number of eSAlLs: 4 in total

20

40 60 80 100 120 140 160
wave/wind direction (deg)

Added resistance due to drift XD and rudder FNx - speed curve (MODpropeller and PSV)
Added wind resistance - speed curve (MODpropeller and PSV)

Added wave resistance - speed curve (MODpropeller and PSV)

Flettner Rotor Horizontal effective force F (4 Rotors) - speed curve (MODpropeller and PSV)

,,,,,,,, Flettner Rotor Perpendicular effective force Fy (4 Rotors) - speed curve (MODpropeller and PSV)
rrrrrrrrrrrrrrrr Added resistance due to drift X, and rudder F, - speed curve (MODpropeller, PSV and Flettner Rotor)
eSAIL Horizontal effective force DF (4 Sails) - speed curve (MODpropeller and PSV)
eSAIL Rotor Perpendicular effective force HF (4 Sails) - speed curve (MODpropeller and PSV)
Added resistance due to drift X and rudder F, - speed curve (MODpropeller, PSV and eSAIL)

Figure 44: Forces (added wind/wave resistance, horizontal and perpendicular effective forces of flettner rotor and

eSAIL along with added drift and rudder resistances)

For facilitation of reading, a table with the values of forces is provided. The numbers ([1],[2]
etc.) are the corresponding numbers of forces when reading the Figure 44 legend from top to

bottom.
Table 18: Values of forces for different wind/wave angles
wave/wind
drection(kny | | @ | B | @ | B | @ | 7| | ]
30 298.86 | 70.42 |210.95| 17.83 | 137.74 | 92.04 | 39.98 | 249.83 | 17.75
40 261.8 | 6491 |229.16 | 39.12 | 171.69 | 511 | 66.21 | 245.26 | 13.39
50 22252 | 57.3 2316 | 61.74 | 185.72 | 30.33 | 100.56 | 306.85 | 0.16
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60 183.85 | 47.66 |218.02 | 82.08 | 181.72 | 20.92 | 139.73 | 326.58 | 6.37
70 147.53 | 36.46 | 190.26 | 97.72 | 165.14 | 16.92 | 166.48 | 290.4 | 4.12
80 114.72 | 25.33 | 151.84 | 107.39 | 141.03 | 15.45 | 179.86 | 239.41 | 0.72
90 86.14 | 14.79 | 104.31 | 110.74 | 113.24 | 15.06 | 182.48 | 187 0.09
100 62.19 5.43 86.03 | 108.05 | 84.76 | 14.93 | 187.02 | 155.02 | 0.22
110 4294 | -2.24 | 59.53 | 100.16 | 57.88 | 14.54 | 178.81 | 112.3 | 1.45
120 28.2 -8.14 | 32.86 | 88.12 | 34.09 | 13.67 | 162.83 | 71.51 | 3.64
130 17.55 | -11.43 | 9.53 734 | 1456 | 12.24 | 139.53 | 35.14 | 6.33
140 10.35 | -13.33 | -8.19 | 57.61 -0.2 [10.41|108.61| 4.84 | 8.92
150 589 | -16.21 | -19.36 | 4216 | -10.34 | 852 | 79.57 | -15.68 | 10.08
160 3.38 | -16.77 | -16.33 | 28.39 | -16.57 | 6.93 | 54.58 | -28.7 | 10.33
170 218 | -16.91 | -17.82 | 16.86 | -20.23 6 33.45 | -36.55 | 10.44
180 1.84 | -15.37 | -29.26 7 -22.85 | 6.03 | 14.93 | -41.69 | 10.24
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Daily fuel consumption with respect to wind/wave angles for scantling draft
with MODpropeller equipped with PSV (taking into account added wind, wave
resistance, WASPs and side forces)

| Ship speed Vship i Vship=1‘1.00 kn
\‘%.‘True wind angle Wiyt L]JWT=U-180 deg
True wind velocity V,, .+ V, . =10.00 m/s

Signi\fiqgnt wave height hs: h5=2.96 m

Wave aﬁgle a; a=0-180 deg

Flettner Rotor N: N=0-400 RPM

35 - Wind direction = Wave direction (0 deg is head wind/wave)
Number of Fleftner Rotors: 4 in total

Number of eSAlLs: 4 in total

Daily fuel consuption (tn)
&
T

5 I | 1 I | | | |
20 40 60 80 100 120 140 160 180

wave/wind direction (deg)

MODpropeller and PSV with wind and wave (Model 1)

MODpropeller and PSV with wind, wave and flettner rotor (Model 2)

MODpropeller and PSV with wind, wave and eSAIL (Model 3)

-------- MODpropeller and PSV with wind, wave and side forces (Model 1 modified)

-------- MODpropeller and PSV with wind, wave, flettner rotor and side forces (Model 2 modified)
-------- MODpropeller and PSV with wind, wave, eSAIL and side forces (Model 3 modified)

Figure 45: Daily fuel consumption with respect to different wind/wave angles for scantling draft with MODpropeller
equipped with PSV (taking into account added wind, wave, resistance, WASPs and side forces)
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Percent of difference in daily fuel consuption (%)
)

o

T

Percent of difference in daily fuel consumption (with reference to only considering

added wind and wave resistance, meaning with reference to Model 1) with respect
different wind/wave angles for scantling draft with MODpropeller equipped with PSV (taking into
account added wind, wave resistance, WASPs and side forces)

Shipspeed V__. :1V__ =11.00 kn
ship ship

] True wind angle Wiyt L]JWT=U-180 deg

‘True wind velocity V,, .- V|, =10.00 m/s

Significant wave height hs: h5=2.96 m

Wave angle a: a=0-180 deg

Flettner Rotor N: N=0-400 RPM

Wind direc}tiQn = Wave direction (0 deg is head wind/wave)

Number of Flettner Rotors: 4 in total

Number of eSAlLs: 4 in total

1 | 1 1

20

40 60 80 100
wave/wind direction (deg)

160 180

~------- MODpropeller and PSV with wind, wave and side forces (Model 1 modified)
MODpropeller and PSV with wind, wave and flettner rotor (Model 2)

MODpropeller and PSV with wind, wave and eSAIL (Model 3)

"""" MODpropeller and PSV with wind, wave, flettner rotor and side forces (Model 2 modified)
-------- MODpropeller and PSV with wind, wave, eSAIL and side forces (Model 3 modified)

Figure 46: Percent of difference in daily fuel consumption (with reference to only considering added wind and
wave resistance, meaning with reference to Model 1) with respect to different wind/wave angles for scantling draft
with MODpropeller equipped with PSV (taking into account added wind, wave resistance, WASPs and side

forces)

4.4.8.3 Comments on results

Comments regarding the results above are made.
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4.4.8.3.1 First scenario

Based on the images from the first scenario, it is evident that under given wind and wave
conditions and for different ship speeds, the use of the Flettner Rotor and the eSAIL proves
beneficial, as both systems lead to reduced power demand and, consequently, lower fuel
consumption for all examined ship speeds. This remains true even when side forces are
considered. Additionally, we observe that the inclusion of side forces is significant, as they
noticeably increase the required power and, therefore, the fuel consumption across all
examined ship speeds in each model (model 1, model 2, model 3). However, even when side
forces are included, the use of the Flettner Rotor and the eSAIL remains a beneficial option.

Another point worth highlighting, based on Figure 40, is that although the eSAIL seems to
generate a higher perpendicular effective force than the Flettner Rotor, it results in lower
added resistance due to side forces. This is expected, as shown in Figure 34 and Figure 35,
which reveal a declining behaviour of added resistance as a function of heeling force. It is also
noteworthy that the eSAIL achieves a greater horizontal effective force compared to the
Flettner Rotor.

Finally, it should be mentioned that the use of the Flettner Rotor and eSAIL systems can lead
to a reduction in fuel consumption of up to 20% in the case of the Flettner Rotor and 44% in
the case of the eSAIL (e.g., at a speed of 10 knots) when side forces are taken into
consideration. These figures increase to 26% and 48%, respectively, when side forces are not
considered.

4.4.8.3.2 Second scenario

The observations made for the first scenario also apply to the second scenario (except for the
consumption values mentioned at the end of the first scenario). However, the second scenario
reveals some additional noteworthy conclusions. Initially, it is observed that the impact of side
forces becomes significant for wind/wave angles approaching the bow. Specifically, when no
system such as the Flettner Rotor or eSAIL is used (model 1 modified), the increase in required
power and, consequently, in fuel consumption is substantial. This implies that the use of the
Flettner Rotor and eSAIL has a stabilizing effect and helps prevent significant added
resistance due to side forces. It is worth mentioning that in the case of the Flettner Rotor, when
side forces were considered (Model 2 modified), there was no fuel saving but additional fuel
consumption when compared to the scenario of not implementing Flettner Rotor to the ship
(Model 1) but that was true only for a narrow range of angles, primarily around 30 degrees

Moreover, based on the consumption charts, we observe that under favourable wind/wave
conditions, a fuel consumption reduction of 20% and 41% is achieved for the Flettner Rotor
and eSAIL, respectively, when side forces are considered. When side forces are not
considered, savings of 22% and 41%, respectively, are achieved.
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5 Conclusions

This thesis explored the potential of wind-assisted propulsion (WASP) technologies,
specifically the Flettner Rotor and eSAIL systems, to enhance the fuel efficiency and
environmental performance of a bulk carrier vessel. The study aimed to assess the impact of
retrofitting these technologies on reducing fuel consumption and emissions, thereby aligning
with international regulatory frameworks such as the International Maritime Organization’s
(IMO) strategy on reducing greenhouse gas emissions.

The findings of this thesis underscore the significant potential of wind-assisted propulsion
technologies, specifically the Flettner Rotor and eSAIL systems, in reducing fuel consumption
and emissions for bulk carrier vessels. By integrating these systems, the shipping industry can
make substantial progress towards achieving sustainability goals, complying with international
environmental regulations, and reducing operational costs.

The analysis demonstrated that both Flettner Rotors and eSAIL systems effectively harness
wind energy to provide auxiliary thrust, thereby reducing the load on the main engine. This
reduction in engine load translates directly into lower fuel consumption and decreased
greenhouse gas emissions, aligning with the IMO's strategy for reducing CO, emissions from
shipping. The eSAIL system showcased enhanced aerodynamic efficiency due to its
innovative air suction mechanism, which increases lift while minimizing drag, further improving
the system’s overall performance.

Key findings from the case study include:

o Theoretical Modeling: Theoretical models developed during the thesis, including
Model 1 (baseline with wind and wave resistance) and the modified models
incorporating the Flettner Rotor and eSAIL, provided a robust framework for evaluating
ship propulsion performance. The models accounted for various resistance factors,
including calm water resistance, added wind and wave resistance, WASP systems
thrust, and the effects of side forces generated by these systems. The incorporation of
these factors into the models allowed for precise predictions of fuel consumption, ship
speed, and propulsion power under different operating conditions.

e IMO Minimum Propulsion Power Compliance: The retrofitted vessel (without the
implementation of WASP systems) was assessed against the IMO Minimum
Propulsion Power requirements. While compliance was achieved under specific
conditions without Maximum Continuous Rating (MCR) limitations, the analysis
highlighted potential challenges when MCR limitations are imposed, underscoring the
need for consideration of compliance with requirements, imposed by authorities, when
applying modifications (like the MCR limitation).

e Performance under Different Scenarios: The performance of the bulk carrier
equipped with WASP systems (Flettner Rotor and eSAIL) was evaluated under various
operational scenarios. The study modelled conditions such as adverse weather,
varying wind and wave angles, and different ship speeds. It was found that both
technologies improved propulsion efficiency and contributed to fuel savings, especially
in scenarios with favourable wind conditions. For instance, during headwind scenarios,
both systems showed a reduction in resistance, which allowed for more efficient
propulsion. The results indicated that the systems remain effective under a wide range
of conditions, making them versatile options for retrofitting existing vessels or
equipping new builds.
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e Technical Challenges and Optimization: The thesis also highlighted some technical
challenges, such as the need to optimize the interaction between traditional propulsion
systems and wind-assisted devices. The rotor speed, system efficiency, and
operational parameters must be carefully managed to maximize net power output and
minimize resistance when the systems are not active. The study provided insights into
optimal settings for rotor RPM and the configuration of the eSAIL system, which are
critical for achieving the best performance.

o Impact of Side Forces and Added Resistances: The study accounted for added
wind and wave resistances, WASP thrust (horizontal effective forces), as well as the
influence of side forces generated by the WASP systems. The integration of these
factors into the propulsion model revealed that side forces, particularly from the rudder
and drift effects, can influence overall vessel performance, necessitating careful
consideration in real-world applications. It was illustrated that the addition of wind-
assisted propulsion devices alters the total resistance encountered by the vessel. The
inclusion of side forces generated by these systems, along with the added resistances
due to wind and waves, requires careful consideration of the ship's manoeuvrability
and overall performance. The use of advanced models, such as those accounting for
yaw and drift forces, ensures a more accurate prediction of fuel consumption and
system efficiency. This is particularly obvious in Figure 42 and Figure 46, in which,
reduction in fuel consumption (with reference to Model 1) was observed when
implementing WASP systems without considering side forces (Model 2 and Model 3).
However, when the side forces were considered, fuel saving was reduced (Model 2
modified and Model 3 modified) with reference to Model 1. In the case of Model 1
modified, additional fuel consumption was observed with reference to Model 1. It is
worth mentioning that in the case of the Flettner Rotor, when side forces were
considered (Model 2 modified), there was no fuel saving but additional fuel
consumption when compared to the scenario of not implementing Flettner Rotor to the
ship (Model 1) but that was true only for a narrow range of angles, primarily around 30
degrees. In other words when not accounting for side forces (Model 2 and Model 3), it
was demonstrated that the use of Flettner Rotor and eSAIL systems reduced the fuel
consumption (reference to Model 1) but when the side forces were also accounted for
(Model 2 modified and Model 3 modified), the fuel saving was reduced.

¢ Fuel Efficiency and Emissions Reduction: The deployment of WASP systems
showed potential fuel savings of up to 48% when not accounting for side forces (Model
2 and Model 3) and up to 44% when accounting for side forces (Model 2 modified and
Model 3 modified), depending on wind conditions and the operational setup of the
vessel. The savings are most pronounced in favourable wind conditions, where the
systems can provide substantial thrust without the need for engine power. This
translates into significant reductions in CO, and NOx emissions, aligning with the goals
of the IMO's decarbonization strategy.

e Comparative Analysis of WASP Systems: The comparative analysis between the
Flettner Rotor and eSAIL systems revealed distinct advantages and challenges for
each. The Flettner Rotor offered lower horizontal and perpendicular effective force
while the eSAIL system, with its innovative air suction mechanism, developed
increased horizontal and perpendicular effective forces. Overall, the eSAIL offered
larger decrease in power needed and therefore consumption.

The deployment of wind-assisted propulsion systems is expected to grow as the industry
seeks cost-effective and sustainable solutions to reduce its carbon footprint. Continued
research and development into these technologies will likely yield further improvements in
system efficiency and integration, making them even more attractive to ship operators.
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Moreover, advancements in control algorithms, materials, and aerodynamic designs could
enhance the performance of these systems, leading to wider adoption across various vessel
types.

To fully realize the benefits of wind-assisted propulsion, future studies should focus on the
following:

¢ Refining models to account for complex interactions between propulsion systems and
environmental forces.

o Exploring hybrid systems that combine multiple green technologies, such as solar
panels and hydrofoils, to further reduce dependency on fossil fuels.

e Conducting long-term trials and data collection on operational vessels to validate
theoretical models and optimize system performance.

In conclusion, the integration of Flettner Rotors and eSAIL systems presents a viable pathway
toward a more sustainable maritime industry. By leveraging the natural power of the wind,
these technologies not only reduce operational costs and emissions but also contribute to the
broader goal of decarbonizing global shipping. As the industry continues to innovate, wind-
assisted propulsion will play a crucial role in shaping the future of marine transport.
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Appendix A: Ship data from towing tank test report

This appendix contains data from ship towing tank test report.

A.1 Modified propeller open water performance
characteristics

Table 19: Open water performance characteristics of modified propeller

Modified propeller's open-water
performance
Particular Symbol Unit Value
Diameter D m 6.95
J kr 10*kq No

0.25 0.2731 0.3309 | 0.3284
0.2893 0.2566 0.3128 | 0.3777
0.3286 0.2398 0.2944 0.426
0.3679 0.2228 0.2757 0.473
0.4071 0.2055 0.2569 | 0.5184
0.4464 0.188 0.2377 | 0.5619
0.4857 0.1702 0.2182 | 0.6028
0.525 0.1549 0.2015 0.642
0.5643 0.1366 0.1816 | 0.6756
0.6036 0.118 0.1612 | 0.7029
0.6429 0.099 0.1405 | 0.7208
0.6821 0.0797 0.1195 | 0.7242
0.7214 0.0599 0.0979 | 0.7029
0.7607 0.0398 0.076 0.6348
0.8 0.0193 0.0536 | 0.4593

A.2 Effective power curves

Table 20: Effective calm water resistance with PSV [20, pp. 21-28]

Scantling Draft
(14.45m)
v Resy (kN)
(kn)
10 335.4
10.5 369.24
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11 406.96
115 448.56
12 494.05
125 543.44
13 596.73
135 653.93
14 715.06
145 780.1
15 849.08
155 921.99

Corresponding curve plots appear in the following figure.

A.3 Self-propulsion factors

Table 21: Self-propulsion factors for scantling draft

Scantling Draft (14.45m)
With PSV

V (kn) t w N Ce Cn
10 0.215 0.37 0.999
10.5 0.215 0.37 0.999
11 0.215 0.37 0.999
11.5 0.215 0.37 0.999
12 0.216 0.362 1.001

12.5 0.215 0.359 1.003 009 | 1
13 0.215 0.359 1.005
13.5 0.217 0.36 1.006
14 0.215 0.358 1.006
14.5 0.207 0.354 1.007
15 0.214 0.359 1.005
15.5 0.214 0.359 1.005
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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:

Cpa = Cpr - cosPyg + Cxyr - <Sin Ywr — % +sin g - cos? lPWR) “sinypg - cos Py + Carr
*sinyg - cos® Pyp
With:
for 0 < Yyr < 90(deg.)

Ayy Cuc
Cir = P1o + P11 .—LOA B + P12 ._LOA
YV XV
Cuwr = 810 + 811 - +6
xur = 010+ On T 02 g
Aop B
CaLr = €10 + €11 m t €12 Lon
Ayy Axy B Axy
Cuwr = 820 + 81— 4 8y XV 4§yt 8y
xur = 020 0217 o 022 7 G 0 Oy T Qo g
B hc Aop Axy
Cor = B2o + Ba1 'E"‘ﬁzz 'E"‘ﬁw 'm Baa "Bz
Aop
CaLr = €20 + €21 A
14

fOI’ IpWR = 90(deg.)

1
CDA|¢WR=90(deg-) = E (CDA|1PWR=90(d€g-)—M + CDA|¢WR=90(d€g-)+M)

Where:

Aop: 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,

Cpa: wind resistance coefficient,

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

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

Lo, length overall,

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

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

Non-dimensional parameters f;;, §;; and ¢;; are defined below.

Table 22: Non-dimensional parameters [23, Tbl. F-2]

- j
' 0 1 2 3 4
5 1 0.922 20.507 1.162 ; ;
ij 2 -0.018 5.091 210.367 3.011 0.341
5 1 20.458 -3.245 2.313 i i
ij 2 1.901 12727 | -24.407 40.310 5.481
» 1 0.585 0.906 -3.239 ; }
ij 2 0.314 1117 ; : ;

The parameters that need to be inputted in regression formula by Fujiwara are portrayed in

the following figure.

Aop

Avy

center of Ayy

upper deck

midship

Ay

Figure 47: Input parameters for regression formula by Fujiwara

B.1.2 Added wave resistance

B.1.2.1 Wave reflection added resistance R,y r

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

4
Rawr = § RAWRi
i=1
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With:
*  Ruwg, :Z%S-p-g-B -2 -aT-{sinZ(E]L —a)+2'“;+'u- [cos E; - cos(E; — a) —cosa]}-
0.87\1+4VFr
(&)
*  Ruwg, =2'Tf5-p-g-B -2 -aT-{sinz(El +a)+2'“‘;+'u- [cos E; - cos(E; + a) —cosa]}-
0.87\1+4VFr
(&)
* Ruyg, = —%-p-g-B {2 ap- {sinz(Ez +a) +2-a;+-U_ [cos E, * cos(E, + a) —cosa]}-
0.87\1+4VFr
(&)
* Rawg, = —%-p-g-B {2 ap- {sinZ(Ez —-a) +2-a;+-l}_ [cos E, - cos(E, — a) —cosa]}-
0.87\1+4VFr
(&)
Where:
o p: seawater density in [kg/m?3]
o g: acceleration due to gravity in [m/s?]
o B: ship breadth in [m]
o {,: wave amplitude [m]
_4.,1.(T_*_T_*) a
1-—e A 2slpp) — <25
o ar= R Lpp
0, —>25
Lpp
o A:wave length in [m]
o For cases 1 and 2, T"=Tyu but for cases 3 and 4, T'=
Tmax {4+ | [
L ClE) . “5l) for Gy < 075
Tmax(2+ | [
+ Viosl) o6y > 075
o wy: angular velocity of wave in [rad/s]
o U: ship speed in [m/s]
o a:is the angle of the wave, in [rad], with O being the following waves and 1 being the
bow waves
o Fr:is the Froude number of the ship
o E,, E,: are the angles, in [rad], shown in the picture below
= 0.4958 0.495B
an Ll R _ _ _ _
Le
S Se

Figure 48: Lengths Ly, L and angles E,E, [38, Fig. 15]
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B.1.2.2 Ship motion added resistance R,y

It can be calculated by the formula:

B2 by-(1-wb1)
RAWM=4'P'g'(§'L—'a1'a2'a3-6b1-e dq
pD
Where:
—(14Fr)-cosa -1
. 134, . 2 (o087 . B (1-2cosa) w
603 C3** - (4-kyy)" - (22) (n:2) e Z<axn

linear interpolation between beam and following seas, 0 < a < %
FU.Y), a=0

L]
Q
[aN
I
f_—'A——\

PN

g2
e ;'”, the wave group speed in [m/s]
0.0072 +0.1676 - Fr, Fr <0.12
* BT FriS. ST pr > 012
e ay=1+287-tanh~t 1
Lpp
e T, Tf: draught at aft and fore respectively in [m]

. @=2142- i/k_yy\@ 122 (Inz2=~n2.75)|- (L) [(~1377 - Fr2 +

Tma.x
1.157 - Fr) - |cos a| +W}

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

. b = { 11, w<1
17 1-8.5, elsewhere
o\ —2.66
566 - (@) L @<l
e dy= -2.66 tan—1|7 _
—566 - (Lﬂ) . (4 — 125tan—|Tan|) , elsewhere
B Lpp

Page 91 of 94



Diploma thesis Dionysios Thalassinos

Appendix C: Side forces

Drift angle (B) versus heeling force (F )
2 —
Relative wind speed VWR: VWR=O.00712.00 m/s
Ship speed Vship: Vship=17.00 kn
1 —
0 =
g
s-r
<28
2+
3
-4 1 l 1 1 l l l
-200 -150 -100 -50 0 50 100 150 200
FK (kN)

—B-F courveforVv, =0 mjs
B- FK curve for VWR=6 m/s
K

——B-F_ curve for Viyg=10 m/s

B- FK curve for VWR:12 m/s

Figure 49: Drift angle (B) versus heeling force (Fy)
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Dimensionless drift speed (u') versus heeling force (FK)
0.03
Relative wind speed VWR: VWR=O.00712.OD m/s
0.02 - Ship speed Vship: Vship=11.00 kn
0.01
0 [ -
-0.01 -
2
-0.02
-0.03 -
-0.04 -
-0.05 -
-0.06 ! I 1 1 | I ! |
-200 -150 -100 -50 0 50 100 150 200
FK (kN)
u'- F curve for V,, =0 m/s
u- F curve for vV, =6 m/s
u- F curve for vV, =10 m/s
u'- FK curve for VWR=12 m/s

Figure 50: Dimensionless drift speed (v') versus heeling force (Fy)
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ar,new (deg)

‘o New inflow angle (arynew) versus heeling force (F )
Relative wind speed VWR: VWR=O.00712.OD m/s
Ship speed Vship: Vship=17.00 kn
30 -
20 -
10 -
ok
-10 -
-20 1 l 1 1 l l l |
-200 -150 -100 -50 0 50 100 150 200
FK (kN)

ar.new

a
r.new

a
r.new

a
r.new

-Fy curve for V, =0 m/s

- F,. curve for VWR=6 m/s

K
K
- Fy curve for V=10 mis

- FK curve for VWR:Q m/s

Figure 51: New inflow angle (a, ,.,,) versus heeling force (Fy)
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