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Report of the Wind Powered and Wind
Assisted Ships Committee

1. INTRODUCTION

Wind assistance as a means to reduce fuel
consumption of ships has gained an increased
interest in the last few years. The number of
companies providing wind propulsion technolo-
gies is increasing rapidly. In the coming decades
the number of wind-powered ships is predicted
to increase to 10 000+ ships according to UK
Clean Maritime, Plan (2019) and Nelissen
(2016). ITTC can play an important role in this
development, especially regarding performance
indicators, performance assessments and sea tri-
als. Before this background, the 29" ITTC es-
tablished the first Specialist Committee for
Wind Powered and Wind Assisted Ships.
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Five committee meetings have been held
during the work period:

e The first meeting was held online on the
13" September 2021

e The second meeting was held online on
the 18" & 19" January 2022

e The third meeting was hybrid held
online and Trondheim, Norway on the
24" to 25" August 2022

e The fourth meeting was online on the
21% and 28" February 2023

e An intermediate meeting was online on
the 17" November 2023

e The fifth meeting was hybrid held online
and Shanghai, China from the 16" to 19"
January 2024

3. TASKS

The recommendations for the work of the
Wind Powered and Wind Assisted Ships Com-
mittee as given by the 29" ITTC were as the fol-
lowing Terms of Reference (ToR):

1. Review technologies for wind propulsion
and wind assistance. Clarify the distinction be-
tween wind powered and wind assisted ships.

2. Review methods of ship model hydrody-
namic tests, wind tunnel tests, CFD, ship dy-
namics simulations and routing relevant for pre-
dicting the performance and safety of wind pow-
ered and wind assisted ships at design stage with
particular attention paid to higher side forces
and drifting of the ship due to wind powering.

3. Review long-term statistics of winds and
waves from the point of view of applicability for
the evaluation of wind assisted ships at design
stage.

4. Derive a guideline for predicting the fuel
consumption of a wind propulsion ship on a

route at design stage with the consideration of
weather-routing effects.

5. Review safety and regulatory issues re-
lated to hydro/aero dynamic testing and evalua-
tion and recommend measures to take at design
stage.

6. Derive performance indicators for com-
paring the performance of wind propulsion at
design stage.

7. Investigate the effect on propulsive factors
due to reduced propeller load arising from the
use of wind power. Identify the effects of wind
propulsion on the propulsion system, e.g. pres-
sure side cavitation occurrence. Liaise with Re-
sistance and Propulsion Committee and SC on
Cavitation and Noise.

8. Derive a modified procedure for full scale
trial of wind propulsion ships. Liaise with Full
Scale Performance Committee.

9. Cooperate with MEPC on the continuous
development of the EEDI for wind propulsion
ships. Liaise with Full Scale Ship Performance
Committee.

10. Liaise with the Ocean Engineering Com-
mittee regarding their work on SiL and control-
lable fans to model wind loads.

4. STATE OF THE ART

This section describes the work done by the
committee on tasks 1, 2, 3, 5, 7, 9 and 10 de-
scribed in the previous “Tasks” Section 3.

The work done in the other tasks (4, 6, 8) can
be found in the “Procedures” Section 5.

4.1 Review technologies for wind propul-
sion and wind assistance

The scope of this section is to briefly review
the main technologies currently used in the pro-
duction of power from wind for the use onboard



ship. It serves as a reference for the ITTC Spe-
cialist Committee on Wind Powered and Wind
Assisted Ships and defines a distinction between
wind powered and wind assisted ships, which
can be used to maintain consistency throughout
other ToRs.

The technologies focus mainly on propul-
sion power, rather than power required for hotel
loads etc.

There are seven predominant categories of
wind propulsions systems (WPS), (International
Windship Association, 2021):

1. Rotor Sails: Based on the “Magnus” ef-
fect. Commonly referred to as a Flettner rotor.

2. Kite Sails: Flown off the bow to assist
propulsion, can be dynamic or passive.

3. Soft Sails: Traditional cloth and modern
adaptations.

4. Hard Sails: Also referred to as wingsails.
Have flaps to vary the camber for tacking.

5. Suction Sails: Non-rotating wing with
boundary layer suction to increase maximum lift
values

6. Turbines: Wind turbines used to generate
electrical energy

7. Hull Form: Redesign of a ship’s hull-
form to capture the wind force and generate
thrust

The main disadvantages of all these technol-
ogies are that they cannot produce as much
power as conventional prime movers, and that
power levels cannot be guaranteed.

Table 1 summarises the maturity, costs, tech-
nical and operational aspects of sails, kites and
rotor sails-

Table 1: Some aspects to consider when selecting a WPS (Gerhardt, Werner et al. 2021)

Aspect Flettner Rotors | Kite Wingsails Soft Sails | Suction
Wing
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proved manoeu-
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Deck space | Open deck for Deployed Open deck Open deck
requirements | optimal perfor- | form a small | for optimal for opti-
mance. mast near the | performance. | mal per-
bow. formance.
Remova-
ble con-
tainer can
be placed
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holds.
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Sail Trim- Only rpm can be | Figure-eight | Not many op- | Can be Not many
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Reverse rotation | with dense
possible for im- | traffic.




4.1.1 Working Principles of Operation

To determine how a WPS generates a force,
consider a fluid particle travelling at constant
velocity along a curved streamline. The stream-
line is curved as it flows over the surface of the
WPS. Because the particle is changing direction,
there must exist a centripetal force acting normal
to the direction of motion. Ignoring all other
forces, this centripetal force can only be gener-
ated from pressure forces, i.e. the pressure on
one side of the particle is greater than on the
other. So, if a streamline is curved, there must
be a pressure gradient across the streamline,
with the pressure increasing in the direction
away from the centre of curvature (Babinsky,
2003).

This analogy can be used to describe how a
lift force is generated from a WPS.

To calculate the force produced from sails,
provided the flow largely remains attached, in-
viscid codes have successfully been imple-
mented since the 1960s (Milgram 1968). If the
sails experience large regions of flow separa-
tion, then viscous flow solvers become neces-
sary, increasing the time and resources neces-
sary to complete the analysis.

All of these technologies work on the appar-
ent wind velocity flowing over a WPS which
produces lift. If the wind direction is not favour-
able, then the mechanism will produce more
drag than lift, usually resulting in either a change
in course or the cessation in use of the WPS.

4.1.2 Sails

This section will summarise the three main
sail types, namely soft sails, wing sails (or rigid
sails) and suction sails.

Generally, due to the nature of the structure
being relatively tall, sails are more suited to ves-
sels with low air draught.

4.1.3 Soft Sails

4.1.3.1 Background

Soft sails are usually manufactured from a
flexible fabric, such as canvas or polyester. They
are supported through various rigging configu-
rations. The use of soft sails is a well-established
and proven method of propelling water-borne
vehicles, with evidence of their use dating back
to 6000 B.C. (Carter 2012).

The sails generate thrust through different
mechanisms depending on the apparent wind
angle. When the vessel is on a broad reach or
running before the wind, the sails no longer gen-
erate force from lift, but from drag, which is
somewhat less efficient.

Greater lift coefficients can be obtained from
using higher aspect ratio sails; however, this re-
sults in a relatively higher vertical centre of ef-
fort and consequently a greater heeling arm. To
circumvent the higher heeling arm whilst retain-
ing a high lift coefficient, many sails can be
used. It is common to see three or perhaps four
masts on commercial vessels, however little re-
search has been conducted on sail interaction for
many-masted vessels, as well as sails configured
in rows, athwart ships.

Specialist rigs for large craft have been de-
veloped using modern materials and design
methods (Thomas 2015), where the hullform
and rig are designed together. One suchrig is the
DynaRig and resembles a traditional square rig.
The masts are free-standing and able to rotate so
as to adjust the sails’ angle. The rig is able to be
controlled by a single person. When fully de-
ployed, there are no gaps between the sails, con-
tributing to high efficiency, which is estimated
to be twice that of a traditional square rig (Per-
kins, Dikstra et al. 2004).

Fore and aft rigs tend to have better upwind
performance, whereas square rigged vessels



generally have better downwind performance
(Marchaj 1988).

4.1.3.2 Advantages and Disadvantages

Soft sails require no external power source
to operate and can be easily reefed or furled and
stowed due to their flexible nature. If designed
correctly, spars and booms which support the
sails can also be used as derricks for cargo han-
dling.

Soft sails take up a large amount of deck
space, meaning that consideration needs to be
given in the design of the rigging to allow access
to cargo hatches and docking.

4.1.3.3 Potential Energy Savings

The reduction potential is dependent on ves-
sel size, segment, operation profile and trading
areas. The likely reduction potential is estimated
to be in the range of 1% to 10% on main engine
fuel consumption (Glomeep 2019). However,
given enough sail area, it is possible to propel
the vessel using nothing other than the power
from the sails.

4.1.3.4 Cost

Soft sails are relatively cheap to produce and
can be manufactured in existing facilities. Oper-
ational costs of soft sails can be quite high, as
extra, specialist crew is required to operate them
and the rigging.

The price per mast (including installation) is
expected to decrease dependent on how many
masts are installed on board. Thus, the capital
cost involved will range from $170,000 to
$300,000 (USD) per mast installed (Glomeep
2019).

4.1.3.5 Commercial Adoption

The Tres Hombres is a successful example
of a commercial cargo vessel, solely propelled
by soft sails. It has been trading since 2007.

Numerous commercial fishing vessels are oper-
ated solely by soft sails, especially in the middle
and far East.

4.1.4 Wing Sails

4.1.4.1 Background

Wing sails, also known as hard sails, are
rigid sails which operate in a similar way to their
soft-sail counterparts. The main advantage of
wing sail over traditional soft sails is that their
camber can be varied, confer to Figure 1. This
results in a sail that can be tuned more effec-
tively to provide a greater lift to drag ratio than
soft sails, greater efficiency, and more precise
control. Wing sails can be constructed of metals,
plastics with elements of fabric to reduce
weight.

Figure 1. Top view of arigid wing-sail from the
Oceanbird concept (Oceanbird 2023).

4.1.4.2 Advantages and Disadvantages

Wing sails are usually operated on a rotating
mast. This results in an optimum angle of attack
over any apparent wind angle, and thus a greater
efficiency compared to soft-sails is achieved.

Because of the rotating mast and variable
camber, more precise control is available, mak-
ing this technology more amenable to autono-
mous control. This in turn means that no extra
crew are required for its operation.

Due to the rotating mast and sail, careful
consideration needs to be given with regards to
deck space and sail dimensions to ensure ade-
quate clearance.



4.1.4.3 Potential Energy Savings

The Shin Aitoku Maru was fitted with a wing
sail from NKK, an increase in power from the
wing sails was measured between 5% and 10%
when operated in the East China Sea.

The reduction potential is dependent on ves-
sel size, segment, operation profile and trading
areas. The likely reduction potential is estimated
to be in the range of 1% to 10% on main engine
fuel consumption (Glomeep 2019). However,
given enough sail area, it is possible to propel
the vessel using nothing other than the power
from the sails.

41.44 Cost

Capital costs are larger for wingsails com-
pared to soft sails.

The price per mast (including installation) is
expected to decrease dependent on how many
masts are installed on board. Thus, the capital
cost involved will range from $170,000 to
$300,000 (USD) per mast installed (Glomeep
2019).

4.1.45 Commercial Adoption

Commercial adoption of Wing Sails started
to gain popularity in the late 1970s and early
1980s, where Japanese company NKK fitted a
folding wingsail to the Shin Aitoku Maru and
about 10 other vessels. The system successfully
demonstrated fuel saving potential.

In 1986 Walker Wingsail Systems (WWS)
plc built and sold an 8 tonne wingsail for use on
MV Ashington. The WWS used a unique tan-
dem arrangement of wingsails to allow for auto-
matic feathering. In the Ashington’s trading
area, “usable wind” was restricted during the
trial to approximately 30% of the total passage
time. Average wind speeds were relatively low.
There was also significant downtime due to nec-
essary wingsail maintenance, and the vessel’s
fuel consumption results were not consistent. In

summary, the wingsail produced thrust equiva-
lent to 8% of normal engine load. At this time,
there was a collapse of the world’s oil prices
which destroyed the economic use case, this and
lack of investors ultimately lead to the demise of
WWS plc (Cooke Associates 2023).

More recently the use of wing sails are be-
coming more popular, with the likes of Becker
Marine Systems (Becker Marine Systems 2023)
and OceanBird (Oceanbird 2023) investing in
the wing sail concept.

4.1.5 Suction Sails

Suction Sails are a relatively new method for
creating lift from wind, with the original Tur-
bosail developed by Jacques Cousteau (Char-
rier, Constans et al. 2985). More recently the
Ventifoil, which is based on the same principle,
is currently being developed by (Econowind
2022).

Suction Sails operate on the same principle
as conventional sails or aerofoils, generating lift
from flow over the surface. However, Suction
Sails have a relatively thick cross section with a
moveable fin or flap (confer to Figure 2).

Such a thick profile would usually result in
flow separation due to the adverse pressure gra-
dient near the trailing edge and consequently a
loss of lift. However, a fan provides suction to
the leeward edge of the sail (through a mesh)
which removes the retarded flow, leaving a thin,
fast moving boundary layer which remains at-
tached much further downstream and thereby
producing relatively high lift coefficients.

Depending on which side of the ship the ap-
parent wind is coming from, the flap can switch
sides to cover the mesh on the windward side,
thus enabling the Suction Sail to tack like a con-
ventional sail.

Automatic control systems allow trimming
and reefing of the Suction Sail through rotation
of the ‘mast’ and variation of the suction
strength respectively. This minimises additional



training of crew. The Suction Sail can relatively
easily be retrofitted, either by directly mounting
on areinforced deck, or deployed from a secured
40 foot shipping container, as on the Ventifoil
system (Econowind 2022).

The lift of Suction Sails is comparatively
very high but drag is also high and so the
lift/drag ratio is limited. This leasd to restricted
upwind performance, but high performance
across and downwind on reaching courses.

SUCTION FAN

SUCTION AREA

FLAP

MAIN STRUCTURE
& SKIN

AUTONOMOUS CONTROL
SYSTEM

ROTATION SYSTEM

Figure 2: Main components of a suction sail
(Bound4Blue 2022)

4.1.5.1 Advantages and Disadvantages

Some energy must be used to control the
boundary layer separation; however this must be
balanced with the extra lift that these WAP de-
vices produce. Suction sails can be relatively
easy to retrofit and can be versatile in their
placement.

4.1.5.2 Potential Energy Savings

Boomsma Shipping retrofitted two Flatrack
11m suction wings from Econowind on the
6,446 DWT Frisian Sea and estimate a power
saving of 10%.

.— FLANGE CONNECTION TO THE DECK

4153 Cost

There is insufficient data to make a meaning-
ful analysis, however it is expected that both
CAPEX and OPEX would be comparable to Ro-
tor Sails, or perhaps a little more expensive from
added complexity.

4.1.5.4 Commercial Adoption

As part of the EU Interrg WASP project, the
3,600 DWT general cargo vessel MV Ankie,
made its first voyage with the two wings in-
stalled, sailing for Wagenborg from Delfzijl to
Hamburg, onwards to Norway and back to Rot-
terdam. With this auxiliary propulsion, a pro-
posed fuel saving of 1000 litres per day can be
achieved. This installation is part of EU Interreg
WASP project (Interreg North Sea Region
2021).

The 2300 DWT Tharis has also been retro-
fitted with two 9m x 3m TwinFoil retractable
wingsails from Econowind in a similar Interreg
WASP project.

416 Kites

A variety of WASP technologies are availa-
ble on the market with each having its distinct
characteristics. Kite propulsion has emerged as
an attractive means to harness wind power in a
way that yields environmental and financial
benefits, which has been studied and installed on
commercial ships. Kites offer significant ad-
vantages compared other WASP technologies
and subject to some limitations at the same time.
Some aspects such as maturity, operational po-
tential of power saving etc. of this technology
are reviewed.

4.1.6.1 Background

Although kites are believed to have existed
since circa 500 BC, record of their use for pro-
pulsion only dates back to the 1820s. The con-
cept of kite powered ships did not actually



appear attractive at the time and was only
brought back a few decades ago.

Kite is applied in naval transportation usu-
ally by two ways.

The kite is used to directly tow a ship, like a
classical sail does. They provide thrust to ships
with the lift generated by high altitude winds.

Another way is using a Kite energy system,
able to convert wind energy into electricity
onboard, so that the ship propulsion can be ob-
tained from the wind not only directly, through
the towing forces exerted by the kite’s lines, but
also indirectly, through electric propellers. Elec-
tricity is supplied to the propellers, onboard aux-
iliaries like lights, pumps, etc. by a battery pack,
and the batteries are recharged with the electric
energy generated by the kite energy generator it-
self. This may not in the scope of wind-assisted
propulsion options.

Kite propulsion has emerged as an attractive
means to harness wind power in a way that
yields environmental and financial benefits.
Kite Systems (Figure 3) provide thrust to ships
with the lift generated by high altitude winds. It
can be seen in Figure 3 that the kite systems con-
sist of three main components. These are a tow-
ing kite, a control system for automatic opera-
tion and a launch and recovery system. From
2006 to 2021, some commercial applications of
towing kites were developed.

L
airseas

Figure 3: Towing kite - Airseaks L Line
https://airseas.com/

A distinction is made between static and dy-
namic flight for kites (Cadalen, Griffon et al.
2018). A static flight would be a much more pas-
sive system, where the Kite acts primarily as a
drag generating device, and thus only contrib-
uting to the ship’s propulsion when sailing close
to dead-downwind. Roughly speaking, the kite
is able to pull the boat if the angle between the
wind and the boat speed vector ranges from 0°
(i.e. the boat moves downwind) to approxi-
mately 135° (i.e. 45° against the wind). Con-
versely, a dynamic flight would operate in an
eight-shape pattern, with a very different kite de-
sign allowing lift. As such, a wider range of sail-
ing angles can be achieved, and far greater per-
formance attained. Typically, the dynamic mode
can provide 13 to 30 times more force than the
static flight (Paulig, Bungart and Specht 2013).

4.1.6.2 Advantages and disadvantages

The kite has significant practical advantages
which make its commercial application attrac-
tive (Dadd 2013). Firstly, the ease of installation
and ability to be fitted, or retrofitted, to virtually
all ships. Secondly, Since the line tension acts
through its tether at deck level, the heeling mo-
ment arm (between the centre of hydrodynamic
and aerodynamic centres of effort) is reduced
greatly compared to other conventional sailing
rigs such as sails and rotors, thereby alleviating
the significant stability concerns of the other
methods. Thirdly, the towing kite may be
mounted at the bow and does not require a large
support structure such as a mast, so can be retro-
fitted without affecting the existing deck layout
or operation. Kites can be retrieved in storm and
there were no constrains when not sailing. Fur-
thermore, additional performance benefit can be
realised by raising the propulsive kites higher in
the atmospheric boundary layer enabling exploi-
tation of stronger winds at altitude. Lastly, kites
have their own velocity in dynamic flight, which
increases the apparent wind, and then the towing
forces. The inflatable leading edge is another ad-
vantage, it shapes the kite and makes the launch
easier.


https://airseas.com/

There are practical disadvantages to the use
of kites that must be avoided if they

are to continue successful use on shipping
fleets. These difficulties arise primarily with
launch and recovery reliability. In particular, ex-
cessive bow motions on many ships induce an
undesirable vertical wind component that makes
it very difficult to maintain steady line tension
and this impairs the stability of the kite. Risk that
kite falls into the water exists in low wind
speeds. The consequences of a crash are uncer-
tain; at the least it would cost the ship operators
time to recover the fallen kite, and worse the kite
would sustain significant damage and render the
system unusable if there is no replacement kite.

For safety reasons the kite must fly suffi-
ciently far from the sea and the line forces have
to be contained, so to avoid line breaking and
excessive roll moments on the boat speed. Kites
cannot be used in areas with dense traffic.

4.1.6.3 Potential Energy Savings

Fuel saving predictions have been carried
out in the literature by (Naaijen, Koster and Dal-
linga 2006), (Leloup, Roncin et al. 2016), and
(Podeur, Merdrignac et al. 2016). The cost sav-
ing of the ship can be reduced from 10% to 35%
considering the wind conditions by the virtue of
the Kite systems. At the optimal conditions, the
amount of the cost saving reaches instantane-
ously about 50%. Actually, all cargo ships and
newly built ships can be equipped by the kite
systems.

Naaijen, Koster and Dallinga (2006) esti-
mated the fuel saving potential of kite towing
ships. As the estimation depends on the wind

velocity, he showed the necessity to optimize
the shipping route. His estimation of fuel saving
can go up to 50% at Beaufort 7 using a kite of
500m? attached to a 350m towing line for a
50,000 dwt (dead weight tonnage) tanker.

Leloup, Roncin et al. (2016), also imple-
mented a procedure to predict the fuel saving po-
tential by optimizing the elevation of the kite
and the trajectory orientation and position (azi-
muth and elevation). The prediction are higher
than Naaijen’s because Leloup introduced addi-
tionally the modeling of static flight in the opti-
mization process, when Naaijen only took into
account the dynamic flight. The kite can also
switch between horizontal and vertical flight
paths, which is useful for upwind conditions.
Leloup predicted a fuel saving of about 10% for
a 50,000 dwt tanker using a kite of 320m? with
awind velocity of 10ms~1.

Kukner, Bulut and Halibese (2016) investi-
gated wind-based propulsion for small craft and
highlighted some further benefits of the towing
Kite approach.

Glomeep (2019) conclude that the reduction
potential is dependent on vessel size, segment,
operation profile and trading areas. The ex-
pected reduction potential is in the range of 1%
to 5% on main engine fuel consumption.

Podeur, Merdrignac et al. (2016) performed
fuel predictions on a 2200 TEU container ship
towed by a kite of 800m?, over a 5-year period,
a potential fuel economy of around 12% and
6.5% can be reached respectively at 16 and 19
knots on a North Atlantic crossing. Table 2 gives
a review of fuel-saving performance of kites.



Table 2: Review of fuel-saving performance of kites

Study Dimensions Ship Type Route Fuel Saving
Area = a, Found
Rope Length
=1
Naaijen, 1 kite: a = 50k dwt Tanker N.A. Up To 35%
Koster and 500m?, | =
Dallinga 150m
(2006) 1 kite: a = 50k dwt Tanker Up To 50%
500m?, 1 =
350m
Naaijen, 1 kite: a = 50k dwt Tanker N.A. Up To 50%
Koster and 500m?, [ =
Dallinga 350m
(2006)
Ran, Janson 1 kite: a = 73k dwt Tanker N.A. 40%
and 640m?, | =
Allenstréom 600m
(2013)
Traut, Gilbert | 1kite: a = 7k Dwt Roro Dunkirk-Dover 3%
et al. (2014) 500m?, [ = 8k dwt Product London-Milford Ha- | 24%
350m Tanker ven
6k dwt Product Varber-Gillingham | 32%
Tanker
50k Dwt Bulk Car- | Tubarao-Grimsby 6%
rier
30k dwt Container Yantian-Felixstowe | 1%
Ship
Naaijen, 1 kite: a = 5k dwt Tanker Worldwide Trades 9%—-15%
Koster and 400m?, 1 = 90k dwt Tanker Of Each Ship Type 3%-4%
Dallinga 350m 7k dwt Bulk Carrier | According To AIS 9%-14%
(2006) 90k dwt Bulk Carrier | Data 5%-9%
1k TEU Container 2%-4%
Ship
5k TEU Container 1%-2%
Ship
Leloup, 1 kite: a = 50k dwt Tanker N.A. 10%-50%
Roncin et al. 320m?, 1 =
(2016) 300m
Podeur, 1kite: a = 2200 TEU Container | Le Havre - Halifax 12% at 16kn,
Merdrignac et | 800m?, 1 = Ship 6.5% at 19kn
al. (2016) 300m




41.6.4 Cost

The main cost elements for the kite will be
purchase, installation and operational expenses,
and these are expected to increase with the size
of the kite as shown in Table 3.

Table 3: Overview of size of kite and installation
cost (Glomeep 2019)

Size of kite | Power gen- | Purchase cost
[m?] erated [KW] | [USD]

160 600 280 000

320 1200 480 000

640 2 500 920 000

1280 4 900 1755 000

2 500 9 600 2 590 000
5000 19 200 3420000

4.1.6.5 Commercial applications

Kite sails have been installed and tested in
numerous commercial vessels. Ships can be ret-
rofitted with kites in a few days or weeks. The
CAPEX is relatively low, but the OPEX is high
due to wear and tear (Gerhardt, Werner et al.
2021).

The French company Airseas has installed
its first half-size automated Seawing kite to a
cargo ship chartered by Airbus, and commence
six months of trials from January, 2022. The
full-size kite is estimated to save up to 20% of
fuel burn and emissions.

The German company SkySails was one of
the first to equip a cargo ship with a Kite as an
auxiliary propulsion device. In 2008, the com-
pany set up a prototype of kite propulsion sys-
tem of 320m? on a 132m ship (Erhard and
Strauch 2012), (Fritz 2013).

In 2017, SkySails equipped the 35m catama-
ran Race For Water with a 40m? ram air kite.
The Energy Observer was launched in 2017,
equipped with a Leading Edge Inflatable (LEI)
kite from Beyond the Sea. Both types of Kite
have been deemed a success.

The Airbus Group has installed one 500m?
kite from Airseas on the Ro-Ro vessel Ville de
Bordeaux in November 2020. Japanese ship
owner Kawasaki Kisen Kaisha (K Line)) in-
stalled one 1,000m? kite on one capsize bulk
carrier in 2021, and Airseas indicated that K
Line would consider 50 possible installations
conditional on a successful first delivery
(Lloyd’s List 2020), (Maritime Global News
2022).

The 210,000 dwt vessel will be built at Ni-
hon Shipyard with delivery scheduled for the
first half of 2024. In addition to LNG power to
reduce emissions K Line will be installing an

Airseas “Seawing” automated kite for wind pro-
pulsion (Hand 2021).

Table 4 provides further examples of com-
mercial uptakes of kite technology.

Table 4: Some examples of the adoption of kite systems installed on merchant ships (Chou, Kosmas

et al 2021)
Ship Name Ship Type DWT Dimension | Ship Installation
of kite [m?] | Built | Year
Year
Michael A. General 4884 160 1994 2008
Cargo
BBC Skysails General 9832 320 2008 2008
Cargo




Theseus General 3667 160 2009 2009
Cargo

Aghia Marina Bulk carrier | 28522 320 1994 2012

Ville de Bordeaux | RoRo 5200 500 2004 2020

4.1.7 Rotor Sails

The Rotor Sail, commonly referred to as a
Flettner rotor after its inventor Anton Flettner, is
an electrically powered rotating cylindrical
structure, with one end vertically installed on the
deck.

4.1.7.1 Background

Referring to Figure 4, thrust is generated us-
ing the principle of the Magnus effect. This is

Slow windspeed = Higher pressure

T e N

caused by the wind encountering the spinning
cylinder which, due to skin friction, pulls the air
around to one side of the cylinder, creating a
pressure difference across it. This results in a net
force towards the low pressure side which, if the
apparent wind is favourable, can be resolved
into a thrust in the direction of the ship’s travel.

If the ship changes tack, that is the apparent
wind is now coming across the rotor on the other
side, the direction of the rotation must be re-
versed to produce a thrust in the direction of
travel, otherwise the force would be opposing
the direction of travel.

N

Figure 4: Magnus effect on rotating cylinder. (Source: http://www.norsepower.com/rotor-sail-solu-

tion/technology)

(Lu and Ringsberg 2020) studied the fuel
saving performance of three wind-assisted ship
propulsion technologies—the Flettner rotor, the
DynaRig and a wingsail — for an Aframax Oil
Tanker was simulated and compared on two ac-
tual voyages on two different routes. The results
show that all three sail technologies contribute
to fuel savings between 5.6% and 8.9%. The

Flettner rotor contributed the most to fuel sav-
ings with the least sail area on the studied routes.
Their parametric study of the Flettner rotor sail
technology was presented to analyse the sensi-
tivity in Flettner rotor dimensions, operations,
and positioning of the rotor. The study was car-
ried out on two ships on two routes. The results
show that the Flettner rotor has a better perfor-
mance for the smaller Handysize Bulk Carrier in
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comparison with the Aframax Oil Tanker, espe-
cially when the rotor is installed in the fore part
of these two ships. Ship speed has a stronger ef-
fect on fuel savings compared to that of the ro-
tor. However, the higher spinning speed and big-
ger sizes (keeping the same aspect ratio) of the
rotor is not always positive to fuel savings.
Therefore, it is necessary to select and operate
the Flettner rotor according to its ship type,
speed, voyage routes and corresponding weather
conditions.

Seddiek and Ammar (2021) performed a
case study, where one of the bulk carrier ships
operating between Damietta port in Egypt and
Dunkirk port in France has been investigated.
The results showed the high influence of the in-
teraction between ship course and wind speed
and direction on the net output power of Flettner
rotors.

4.1.7.2 Advantages and Disadvantages

Due to the vector of forces being generated,
a rotor ship is able to sail closer to the wind than
a conventional ship and the deck space required
is relatively less than that of soft sails and wing
sails.

4.1.7.3 Potential Energy Savings

Mittal and Kumar (2003), Craft, lacovides et
al. (2012) and Karabelas, Koumroglou et al.
(2012) studied the aerodynamic performance of
the Flettner rotor using computational fluid dy-
namics (CFD) simulations. Based on the CFD
simulation results, Traut, Gilbert et al. (2014)
proposed a performance model to simulate the
power savings contributed by Flettner rotors. In
their case study, a 5500 DWT cargo ship with
three Flettner rotors (27 m in height and 4 m in
diameter) installed onboard could save up to
50% of the power required by the main engine.

In 2015, two Norsepower rotors 18 m in
height and 3 m in diameter were retrofitted on
the 9700 DWT Ro-Ro Carrier M/V Estraden. It
was confirmed by the company Norsepower and

the ship owner that 5% fuel savings on yearly
basis have been saved (confer to
http://www.norsepower.com).

In another study, the classification society
Lloyd’s Register followed up the performance
and handling test of the Integrated Greenwave
MK1 Rotor assembly on a Panamax Bulk Car-
rier (Hirdaris and Cheng 2012). For a 1/85"
scale model for a 182m waterline bulk carrier
fitted with the Greenwave Flettner rotor, the per-
formance and handling tests indicated that the
Flettner rotor was capable to provide 50% of the
required thrust in light winds and 100% of the
required thrust in moderate winds.

Glomeep (2019) estimate the reduction po-
tential of a Flettner motor as 3% to 15% on main
engine fuel consumption depending on vessel
size, segment, operation profile and trading ar-
eas. Some have reported reductions as high as
35%, but for a reduction potential in general, this
IS seen as high.

41.7.4 Cost

The range of cost for a Flettner rotor is
$400,000 to $950,000 (USD) depending on the
model (size) of the rotor. Size of a typical deliv-
ery with multiple rotor sails starts from
$1,000,000 to $3,000,000 (USD) (Glomeep
2019).

4.1.7.5 Commercial Adoption

Flettner, with the aid of Betz, Ackeret and
Prandtl, applied this concept to a marine vessel
and created the first wind-powered ship called
“Buckau” (Figure 5), which utilised the Flettner
towers as the primary source of propulsive
power. Flettner’s attempts were considered not
successful, because of inadequacies in overall
operational performance and economics of the
ship. One of the main reasons is that fossil fuels
at the time were relatively cheaper. However,
fossil fuels as a resource are limited and expen-
sive. Recently, environmentally optimised
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solutions are being pursued and a renewed inter-
est in this technology has been emerged re-
cently.

Figure 5: The Bukau, the first vehicle to be pro-
pelled by a Flettner rotor, photographed in 1924.

In 2008, the company ENERCON launched
the first prototype vessel using this technology.
The vessel ‘E-Ship 1’ is equipped with 4 Flett-
ner towers, which are 27m in height and have a
diameter of 4m each. The performance of the
towers is controlled through the rotational speed
of each individual tower and the study reports a
maximum fuel consumption reduction of almost
25% (Morsy El Gohary 2013), (Schmidt, 2013).

4.1.8 Turbines

4.1.8.1 Background

Wind turbines can potentially be used in a
number of ways. They can be coupled directly
to a generator to produce electricity, or, on
smaller vessels, they can be operated in auto-
gyro mode or windmill mode, depending upon
apparent wind direction. In the latter two cases,
the turbine is attached to a propeller through
some mechanism (mechanically, electrically or
hydraulically) (Twidell 2021).

With the wind over the beam (i.e. on a
reach), the turbine is used in autogyro mode,
where no power is transmitted to the propeller
and the turbine acts in the same manner as a con-
ventional sail. When the vessel is sailing down-
wind, the apparent wind speed decreases with
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increasing ship speed. When the ship speed is
greater than or equal to the wind speed, the ap-
parent wind speed is zero (or negative), so the
wind turbine cannot generate power or thrust in
the autogyro mode. Windmill ships are thus lim-
ited to less than the wind speed when running
before the wind, just as conventional sail driven
vessels.

Generally, the force generated by the tur-
bines alone is not sufficient to propel the vessel,
unless the hullform has been specifically de-
signed for reduced friction, such as multihulls or
hydrofoils.

Research is still ongoing as to the most suit-
able design of rotor system. There are two main
types, the Horizontal Axis Wind Turbine
(HAWT), which tends to have a relatively
higher centre of effort, and the Vertical Axis
Wind Turbine (VAWT), such as the Savonius.
The HAWT needs to yaw to find the correct po-
sition of the apparent wind direction, while the
VAWT operates in all wind directions. The
VAWT tends to be quieter than its HAWT coun-
terpart as the blade tip-speed is lower.

4.1.8.2 Advantages and Disadvantages

Wind turbine propulsion systems are unique
in that the device can provide propulsion in at all
apparent wind angles, including directly into the
wind. Performance is restricted, especially up-
wind, by the efficiency of transferring energy
from wind to the water, wind turbine propulsion
generally provides higher propulsive force than
wingsails per turbine/sail area only when the
ship speed is less than about half the wind speed
(Blackford 1985). This implies that ship speeds
should be slow, or the area of operation should
have strong winds.

The engineering design of wind turbine sys-
tems is more complex compared to other WAP
devices. Careful consideration needs to be given
to the stability of the vessel, due to the large mas
of rotating equipment required at height above



deck, as well as dangers that this may impose to
crew.

In order to operate efficiently in the typically
slow speed through the water, the propeller must
be large enough to generate more upwind thrust
than the combined downwind force of the wind
turbine and the air and water resistances of the
ship structure itself. The design for this propeller
may be different to the design of a propeller
driven by the main engine, and thus may be an
inefficient compromise.

Automatic control can easily be incorporated
into the design of a wind turbine system.

4.1.8.3 Potential Energy Savings

Bagckmann and Steen (2011) conducted a
fuel estimation analysis for a notional HAWT
used as auxiliary propulsion for a 150 m Ly,
tanker, operated between Peterhead, UK and
Bremerhaven, Germany. They concluded that
using a pre-designed HWAT resulted in an en-
ergy saving of 24.4% and for an optimised wind
turbine design, the energy saving was 33.1%.

Bgckmann and Steen (2011) also compared
the energy savings from using an optimised
HAWT to wingsails. In this comparison, the
area of the wingsail was set equal to the wind
turbine’s rotor disc area and analysed on the
same notional hullform. Using this method, this
resulted in a fuel saving of 31.8%.

4.1.8.4 Cost

As there are no practical applications of the
use of wind turbines being used for propulsive
power generation, there is insufficient data to
make an analysis.

4.1.8.5 Commercial Adoption

There are very few wind turbine driven ves-
sels that have been built, and while some small
craft and research vessels exist, there are no full-
scale commercial ships existing using wind

turbines for propulsive power generation. This
is due to the disadvantages outlined above.

An early example of a wind turbine-powered
vessel is the City of Ragusa, which was a con-
verted lifeboat crewed by two men and a dog.
They had the idea that the boat would be able to
sail directly upwind without tacking by using the
wind turbine to drive a propeller. The crossing
was done East to West, into the wind and it took
them 96 days to go from Liverpool, UK to Bos-
ton, USA (Anonymous 1870). There is some de-
bate as to whether the turbine was actually uti-
lised (Longyard 2005).

The Bois Rosé, produced by a French engi-
neer Constantin was built in 1924 (Bose 2008).
More recent examples include the Falcon, which
was aimed at researching potential fuel savings
for larger ships (Bose 2008).

Applications are most suited to slower speed
vessels, or if used for electrical power genera-
tion, on vessels with a high electrical load.

4.1.9 Hull Form

Another interesting technology is that of the
design of the hullform that can itself generate lift
from the prevailing wind. Lade AS in Norway
was established in 2010 and have been develop-
ing the project Vindskip (Lades AS 2023). Pro-
ject Vindskip is a hybrid merchant vessel for
sustainable sea transport.

The hull is shaped similar to a giant sail (Fig-
ure 6) and thus generates a forward thrust to-
wards the apparent wind. This is Vindskip’s
Wind Power System. The ship is fitted with an
LNG-electric propulsion system as well, the
combination of the two forming a dynamic sys-
tem that maintains a constant ship speed. Using
computerized weighting of meteorological data,
a computer program will calculate the best sail-
ing route to exploit the available wind energy
potential.



Figure 6: The Vindskip hybrid propulsion con-
cept, https://ladeas.no/

Ship types that are particularly relevant to
the Vindskip design are

RoRo

RoPax

PCTC
Passenger ships
Container Ships

4.1.9.1 Advantages and Disadvantages

Because the hullform is shaped like a wing,
air-draught may need to be increased in order to
maintain cargo carrying capacity.

4.1.9.2 Potential Energy Savings

According to Lade AS the ship’s design is
estimated to cut fuel use by 60% and carbon
emissions by up to 80% (Lades AS 2023).

41.9.3 Cost

There is no cost information available due to
the concept not having been built yet. The more
complex hullform shape may increase capital
costs.

4.1.9.4 Commercial Adoption

The Vindskip is presently a concept design.

4.1.10 Conclusions

Section 4.1 has briefly reviewed the main
technologies currently considered as the main
source of power from wind for use onboard ship.
This ToR can be used further in the ITTC Spe-
cialist Committee on Wind Powered and Wind
Assisted Ships to maintain consistency.

4.2 Clarify the distinction between wind
powered and wind assisted ships.

4.2.1 Introduction

The Committee was tasked to provide a dis-
tinction between wind powered and wind as-
sisted ships. Possible usage scenarios for the dis-
tinction between wind powered and wind as-
sisted ships could be general or specific. Spe-
cific use cases are normally associated with their
own definitions. Indeed, the ToR calls for a dis-
tinction, rather than a definition.

The scope of the following commentary
should therefore be for general use in initial de-
sign and vessel classification.

4.2.2 Rationale for the distinction

It is assumed that distinct definitions will be
required for specific purposed, such as the appli-
cation of rules and regulations of various kinds.
However, since the scope of those applications
differs, it is not wise to formulate one explicit
definition that is valid for all purposes. Instead,
each rule and regulation should include its own
definition.

The distinction that the Committee propose
is intended to be used when describing a type of
ship in general terms. It is not an explicit defini-
tion that can be calculated for each ship. For ex-
ample, if it is stipulated that a “Primary Wind
Powered ship is powered by the wind for at least
90% of the time when full away on passage”,
then this becomes route and speed dependent,
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and requires definitions of calculation method to
derive the percentage time. It would then chance
its “status” if the route or speed is changed,
which would be confusing.

The Committee propose the distinction
given in Table 5.

Table 5: The SC proposal for distinction

Primary A Primary Wind Powered Ship is
Wind one which is designed to maintain
Power service speed the majority of time
using wind propulsion only.
Wind As- A Wind Assisted Ship is a motor
sisted Ships | ship which is adapted such that in

favourable wind conditions, the
propulsive power to maintain ser-
vice speed is reduced from using
wind powered technology.

During the work, the Committee has been in
contact with the International Wind Ship Asso-
ciation (IWSA) regarding the distinction, since
it would be favourable to have the same distinc-
tion throughout the industry. IWSA use cur-
rently the wording given in Table 6. It is noted
by the Committee that IWSA’s distinction de-
scribes the actual state of a ship in operation,
where its status can change if it is operated on a
different route or speed. ITTC’s distinction
seeks to categorise a vessel from its design and
purpose.

Table 6: IWSA distinction (International
Windship Association, 2024)

Primary Wind propulsion is the primary

Wind propulsion energy for that ship

Power

Wind As- | Wind propulsion system delivers

sisted Ships | on average less than 50% of the
propulsive power to the ship at a
given commercial speed

4.3 Review of methods for prediction of
performance and safety of wind pow-
ered ships

Performance of ships with wind and wind-
assisted propulsion in wind and waves is more
complicated than ships with traditional propul-
sion. A lot of effort has been dedicated in the last
few years to the study of predicting the perfor-
mance of wind powered ships.

The following are the methods of ship model
hydrodynamic tests, wind tunnel tests, CFD,
ship dynamics simulations and routing relevant
for predicting the performance and safety of
wind powered and wind assisted ships at the de-
sign stage with particular attention paid to
higher side forces and drifting of the ship due to
wind powering.

4.3.1 Ship Performance prediction

Performance Prediction Programme (PPP)
for WASP concepts couple the aerodynamic and
hydrodynamic forces to obtain a solution for ve-
locity under sail and ultimately power saving.
The performance prediction fundamentally re-
lies on achieving equilibrium for the degrees of
freedom (DoFs) considered. Velocity prediction
programs (VPPs) or Energy Prediction Pro-
grams (EPPs) or performance prediction pro-
grams (PPPs) for wind-assisted ships typically
consider either: 3-DoF (surge, sway, roll), 4-
DoF (surge, sway, roll, yaw), 6-DoF (surge,
sway, roll, yaw, pitch , heave).

4.3.2 Performance Prediction Program

VPP was presented in (Tillig and Ringsberg,
2018; van der Kolk et al., 2019a; Viola et al.,
2015). In (Viola et al., 2015; Lee et al., 2016),
the aerodynamic interaction effects were evalu-
ated using CFD computations, while the model
in (van der Kolk et al., 2019a) was based on
model tests. Typically, the hydrodynamics of a
hull are based on empirical methods from ma-
neuvering research, as in (Tillig and Ringsberg,
2018; Viola et al., 2015), or on CFD or model



test results using standard series hulls (van der
Kolk et al., 2019b; van der Kolk, 2016).

A 4-DoF ship performance prediction model
called "ShipCLEAN" has been developed by
Tillig and Ringsberg (2020), which includes
aero-hydro coupling and a method for rpm con-
trol of Flettner rotors on a ship to maximize fuel
savings. This ship performance prediction
model based on analytical and empirical meth-
ods as well as on propeller and hull standard se-
ries. Thies et al. (2021) used the model Ship-
CLEAN in the example with a ferry operating
on a short route in the Baltic Sea. Focus is put
on evaluating the difference between 1-DoF and

Ship Profiles
(ShipPOWER)

4-DoF methods as well as the impact of aerody-
namic interaction effects in between multiple
sails.

Based on a generic energy systems model
proposed by Tillig et al. (2017) and Tillig and
Ringsberg (2019), the performance prediction
model for ships at sea (ShipJOURNEY) is fur-
ther developed by Ruihua Lu & Ringsberg
(2019) which is a 4-DoF balance model. Ship
profiles, voyage routes, operational conditions
and sail technologies are the essential inputs and
the voyage time and main engine fuel consump-
tion are the major outputs (Figure 7).

Route and operational conditions

Ship Technologies

\ 4

Calm water resistance
Correction for current
Shallow water resistance

Added resistance (wave and wind)
Sail force (ShipSAIL)

Force and moment balance

Added resistance (drift and rudder)

J

!

Total resistance/speed loss
Required propulsion power
Fuel consumption

Voyage time

Figure 7. Schematic flowchart of Ship JOURNEY( Ruihua Lu & Ringsberg , 2019)

Reche-Vilanova et al. (2021) presented a 6-
DoF PPP based on semi-empirical methods and
a WAPS aerodynamic database created from
published data on lift and drag coefficients
which can predict the performance of any com-
mercial ship with three possible different WAPS

installed: rotor sails, rigid wing sails and
DynaRigs. The tool was with only the ship main
particulars and general dimensions as input data
(Figure 8). The model did not take the sail-sail
and sail-hull interaction effects on the aerody-
namic performance.
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Figure 8. Outline of Performance Prediction Program (Reche-Vilanova et al., 2021)

Bataille et al. (2023) took the vessel ONRT
as a reference study case to assess the wind-as-
sisted vessel’s performance on its operating
route, based on the PERFO methodology (Fig-
ure 9) which contains two existing PPP tools:
XWASP as an open-source solver is a 6 DoFs
Dynamic VPP/PPP using semi-empirical

formulations dedicated to WASP and SEECAT
(Ship Energy Efficiency Calculation and Analy-
sis Tool) with loads from CFD modelling is aim-
ing at assessing the global efficiency of ships for
realistic operational profiles and weather condi-
tions and capable of modelling any kind of ma-
rine propulsion architecture.

ENVIRONMENT SHIP

Apparent Wind Speed Main particulars
Apparent Wind Direction Loading condition

| Mumerical ESeml-empiriclI;

Calm water Forward Speed
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Figure 9. PERFO methodology (J Bataille et al. 2023)



Mason et al. (2021) described a performance
prediction model developed by Bordogna et al.
(2019, 2020) and van der Kolk et al. (2019,
2020, 2021). Specified lift and drag coefficients,
scale effects, interaction effects between multi-
ple Flettner rotors, as well as interaction effects
between the Flettner rotors and the ship’s deck
are accounted for and the results were derived
from the performance of dedicated wind tunnel
experiments (Bordogna et al. 2019, 2020). The
hydrodynamic and aerodynamic models com-
bine to calculate the resulting force in the direc-
tion of motion of the ship that is required to
achieve a given speed. For a range of wind
speeds and wind angles, the forces are combined
to calculate the main engine power, or brake
power.

4.3.3 Route optimization method

Mason (2021), Paakkari (2022) and Dupuy
et al. (2023) have highlighted the importance of
weather routing for the performance of wind
propulsion as it has been shown that the perfor-
mance of wind propulsion can be as much as
doubled when weather routing is utilized. On the
other hand, different wind propulsion technolo-
gies have significantly different characteristics
in terms of propulsion performance. Compari-
sons between different wind propulsion systems
have been made by Sarsila (2022) and Maxime
Dupuy et al. (2023) .

Mason et al. (2021) investigated the com-
bined abatement fuel consumption potential of
wind propulsion and voyage optimisation,
alongside their subsequent interaction with
speed reduction. The development and analysis
of the ship routing model used the VVoyage Op-
timisation for the International Decarbonisation
of Ships routing model to calculate carbon sav-
ings from a Flettner rotor-assisted ship on the
great circle route and optimised voyage route.

4.3.3.1 Safety prediction

There are several criteria and methods to
evaluate the stability of sail-assisted ship as pro-
posed by Classification Societies. Hussian
(2021) used the recommended stability criteria
on a sail assisted ship to do stability and struc-
tural analysis.

Van der kolk et al. (2019) presented the ex-
perimental results for the sailing performance of
ships fitted with bilge keel appendages. System-
atic variations in appendage height, length and
position were tested, including several special
cases (multiple bilge keels). The appendage ty-
pology has been shown to mitigate the strong
"destabilizing" yaw moment that is characteris-
tic of wind-assisted commercial vessels and to
promote the non-linear sideforce component.

Wang etal (2022) studied the dynamic
stability under the combined wind and wave
loads by using the spectral analysis method and
the time domain analysis method with consider-
ation of multiple wind spectrum, wave spec-
trum, and wave direction. The spectral analysis
method did not consider the system nonlinearity,
while the time domain analysis method consid-
ered the nonlinearity of the roll restoring stiff-
ness.

Kite operation may enter resonance with
ship roll or pitch natural period and dramatically
impact the ship stability. Richard (2014) calcu-
lated the roll, pitch natural periods and Kite
structure behaviour with three different ap-
proaches. The results showed that for shorter
tethers length, the risk of kite flight period en-
tering resonance with the ship roll or heave pe-
riod may appear and the kite flight trajectory
may be adapted in order to prevent any risk of
such phenomenon.



4.3.4 Hydrodynamic characteristics

4.3.4.1 Hybrid testing approach

In hybrid testing approach (cyber-physical
approach), one part of the system is modeled
physically, while the other part, whose behavior
is assumed to be well described theoretically, is
modeled numerically.

For sailing ships, generally, experimental
methods of prediction seakeeping and manoeu-
vring can be grouped as captive tests and free
sailing tests. With the various sub-categories
shown in Figure 10.

Seakeeping & Manoeuvring
tests for sailing vessels

captive free sailing
PMM model scale full scale

. . wind tunnel
semi-captive | above water
Model towed

at sail CE

|| Sails sim. by

fans

Figure 10. Alternatives for seakeeping and
manoeuvring tests with sailing ships (F C
Gerhardt et al. , 2021)

The hybrid testing approach was used by F
C Gerhardt et al. (2021) to investigate the sea-
keeping and manoeuvring properties of "Wind
Powered Car Carrier" called Oceanbird , which
is the "mirror image" of Hansen's RT-VPP: the
sail forces are simulated (by fans) while the hull
is tested in waves (Figure 11). The setup con-
sists of the physical subsystem "hull" that is
tested in the seakeeping basin and the numerical
subsystem "sails" that is simulated by the two
azimuth and rpm-controlled fans. As illustrated,
strain gauges are used to measure the axial force
of each fan. This allows determining the actual
"sail" forces and moments.

Figure 11. Wave tests with a model of
Oceanbird ( the wing sails have been replaced
by fans/airscrews) (F C Gerhardt et al. , 2021)

Sauder and Alterskjeer (2022) used the
cyber-physical approach to study a bulk carrier
model (SOBC-1) retrofitted with four (virtual)
Flettner rotor sails. The ship model was placed
in the seakeeping carriage and the loads were ap-
plied on the frame through six thin wires visible
as depicted in Figure 12. In the experiments, the
ship model was running at self-propulsion,
where propulsion was delivered from four nu-
merically modelled Flettner rotors based on
published CFD simulations results (De Marco et
al. 2016), in addition to a single screw conven-
tional propeller. The forces generated by the
wind propulsors were applied to the model using
a system of wires, connecting the model to actu-
ators, providing forces in 5 degrees of freedom
(except the heave force) according to prescribed
wind conditions. Aerodynamic loads on the sails
were computed in real-time based on the ship
motions and on computational fluid dynamics
results.

Figure 12. Model of SOBC-1 in the towing tank
(left). Two of the six actuators mounted on the
car-riage (right).( Sauder and Alterskjeer , 2022)



4.3.4.2 Numerical methods

Bigi et al. (2018, 2020) proposed a numeri-
cal modelling associating the strip theory for the
ship motion simulation and the zero-mass mod-
elling for the kite force and motion simulation.

An extensive test matrix, adapted to assess
the hull and appendages behaviour in a range of
flow speeds and directions, was simulated in
CFD to obtain the hydrodynamic forces and mo-
ments acting on the underwater part of the ship
in Marimon et al (2020). Being a wind-assisted
vessel, three different conditions were tested
where the ship is propelled using only the pro-
pulsive power from the sails/wings, using only
the propulsive power from the engine and a
combination of the former two (50% sail, 50%
power).

Kjellberg et al. (2022) developed a numeri-
cal method for predicting a ship’s motions and
loads in its rigid wing sails. The numerical
method is based on an unsteady 3D fully nonlin-
ear potential flow hydrodynamic model coupled
with a hybrid 2D RANS/3D lifting-line aerody-
namic model. Simulations in a seaway with
short-crested irregular waves and corresponding
wind conditions are conducted, resulting in time
histories of the aerodynamic and inertial forces
acting on the rig.

Fabio Pili et al. (2023) investigated the effect
of Flettner rotors on the seakeeping of a cata-
maran, predicting the motions of the ship in the
6-DoFs. The rotors were modelled using a
quasi-static approach and a linearized approach
to analyze the effect of the rotor in pure roll mo-
tion in beam seas. The seakeeping model is
based on regular waves. The aerodynamic inter-
actions between the four rotors and variation of
the hull wetted surface were neglected in this
study.

4.3.5 Aerodynamic characteristics

4.3.5.1 Wind tunnel tests

Bordogna (2020) and Chen et al. (2023) ex-
perimentally investigated the aerodynamic per-
formance of large-scale Flettner rotors for ma-
rine applications.Wind-tunnel experimental
campaign on a single Flettner rotor and two
analogous Flettner rotors for a range of different
relative positions and velocity ratios (Figure 13
and Figure 14). In this series of tests, their lift
and drag coefficients were measured and then
compared to those of the single Flettner rotor to
investigate the effects of the aerodynamic inter-
action.

Figure 13. The Delft Rotor and two Flettner
rotors in Pol-ytechnic University of Milan wind
tunnel (Bor-dogna, 2020)

(a) (b)

=) - (c) — T

Figure 14. Experimental setup (a) tested model
and meas-urement system, (b) single Flettner
rotor, and (c) two Flettner rotors ( Chen et al.,
2023)

Aerodynamic interaction of two similar rigid
sails exposed at apparent wind angles, the lift
and drag forces, as well as the pressure meas-
ured on each sail, were compared with the re-
sults of measurements carried out on an analo-
gous single sail in Bordogna (2020), shown in
Figure 15. These results are eventually used to
compare the performance, expressed in terms of
driving and heeling force coefficients, of a



"ship" equipped with one or two rigid sails. The
number of sails employed and their gap distance
are key parameters in the determination of the
effects of the aerodynamic interaction on the
performance of multiple sails.
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Figure 15. Single sail model and two-sail
arrangement mounted on the wind-tunnel
turntable during the experiments (Bordogna
2020)

James et al. (2019) carried out Wind tunnel
tests on a model of Actively Controlled Wing
Sail. The data exhibits clear trends of increasing
lift as injection momentum increases, with criti-
cal flow attachment points being identified at
specific combinations of jet momentum coeffi-
cient and angle of attack.

A wind tunnel testing campaign was con-
ducted to confirm the findings of the CFD opti-
misation study of the suction sail by A. Llopis
Pascual, et al. (2023). The model consists of a
main body and a span with interchangeable
components: flap, porous plate, and winglets.
The model was attached to a turntable, used to
vary the angle of attack of the model.

4.3.6 Kite performances experiments

Wind tunnel testing of large deformable soft
kites is in many cases practically not feasible.
Johannes Oehler et al. (2019) reviewed experi-
ments described in the literature to determine the
lift-to-drag ratio of kites, and presented an ex-
perimental method for aerodynamic characteri-
zation of flexible membrane kites by in situ
measurement of the relative flow, while per-
forming complex flight maneuvers.

Experimental campaigns onshore by M.
Behrel et al. (2018) and at sea by Kostia Roncin
et al. (2020) were achieved to control and

measure performances of small leading edge in-
flatable kite shown in Figure 16. Experiments
set-up in M. Behrel et al. (2018) are a three-
dimensional load cells to get kite force and Kite
position into the wind window. Kite is con-
trolled using winches, and an autopilot performs
repeatable 8-pattern trajectories. Experimental
boat Kitelab (Kostia Roncin et al. 2020) experi-
enced ten full days of measurements, keeping all
parameters as fixed as possible. Various config-
urations of sailing were tested, using different
kites, different lengths of tethers, different dag-
ger boards, different points of sail and so various
true wind angles. All these data were analysed
using only average values for each run to get to
an overview of the kiteboat performance.

Figure 16. Kite control and measurement device
deployed on shore and picture of the Kitelab .
(Kostia Roncin et al. 2020)

Cadalen et al. (2018) described experiments
recorded by "Beyond The Sea" on the ground.
The anchor point consists of a fixed manual
steering device that allows for asymmetrical and
symmetrical steering by acting on two handles
at the end of the two steering lines. The traction
line is connected to the ground as well, but is not
used for control. On the wing, the measurements
are made with an inertial measurement unit
(IMU). On the steering device, each tether is
connected to a load cell to measure the sustained
force. Shaft encoders measure each line dis-
placement. Additionally, an anemometer
measures the wind speed and direction. The kite
is then steered manually, via the two steering
lines. The sensors measure the kite attitude, the
tethers’ force and their steering.



4.3.7 Kite force and motion simulation

In most wind conditions, compared to a
static flight, a dynamic motion of a tethered
wing with an eight-shaped pattern can provide
sufficient force through traction to tow a ship.

4.3.7.1 Zero-mass model

The zero-mass kite modelling neglects the
weights of the kite, the inertial forces and defor-
mation of the tethers. The zero-mass model was
established by Wellicome (1984) and is often
used to estimate the kite performances. Under
the assumptions of the zero mass model, Dadd
et al. (2010, 2011, 2013) and Naaijen et al.
(2006) calculated the kite velocity with an itera-
tive algorithm. Dadd et al. (2010) used the zero-
mass Kite manoeuvring theory to predict kite
line tension and other performance parameters.
These results were compared with real kite tra-
jectories that had been recorded using a purpose-
specific kite dynamometer. Traut (2014) intro-
duced a numerical performance model applying
zero-mass model on a Kite to predict wind-gen-
erated thrust and propulsive power which were
computed as a function of local wind and ship
velocity and linked with wind data along a set of
five trade routes.

A kite flight modelling based on the zero-
mass assumptions was rewritten by Leloup et al.
(2014) in order to speed up the velocity and
tether tension calculations along a flight path.
The wind gradient and the ship velocity were in-
tegrated to the kite flight modelling.

C. Duport et Al. (2016) developed a 3D non-
linear model based on the lifting line of Prandtl
to be able to quickly estimate the traction that
can provide a kite according to its trajectory. An
iterative equilibrium procedure has been devel-
oped, based on zero-mass model assumptions. It
allows the rapid calculation of aerodynamic
forces for a wing with any laws for the dihedral
angle, the twist, and the sweep angle, along the
span; and for a general flight kinematic taking

into account translation velocities and rotation
rates.

4.3.7.2 Point mass model

A point mass model assumes that the kite
mass is concentrated at a point and this entails
the apparition of inertial forces and weight. It
has been proposed in Fagiano (2009), Williams
et al. (2008), Jehle and Schmehl (2014). Wil-
liams et al. (2008) used the point mass model of
the kite to determine the optimal trajectory to
maximize power generation while keeping low
the efforts needed to control the kite. In order to
obtain a sufficiently realistic model which can
also be easily implemented in a controller, a
point mass model was chosen by Baptiste (2018)
and a transverse aerodynamic force nullifying
the drift angle, as well as a slacking and hauling
command have been taken into account. The
steering lines are considered constant in length
and non-deformable. Their effects on the wing
dynamical behaviour are neglected .

Dadd et al. (2010) compared the results of
the zero mass model with the point mass model ,
which showed that the mass of the kite and the
tether can be neglected if the weight is small
enough in comparison with aerodynamic forces.

Behrel et al. (2018) presented experimental
results comparing zero mass and point mass
modeling. Differences are about few percent.
Actually, both modelings give the same results
when their coefficients identification is con-
sistent. If taking into account the mass can be
important for control issue, this is clearly not the
case for performance assessment.

4.3.8 CFD computations on other WPS

Karman D. (2016) investigated the flow
around a Flettner-rotor without its end plate in
2D and 3D by CFD package. Several unsteady
(LES and URANS) and steady (RANS) simula-
tions were carried out and compared among sev-
eral turbulence models. Two LES subgrid mod-
els: the Smagorinsky-Lilly and the Wall-



Adapting Local Eddy-Viscosity (WALE) were
compared, also the analysis several RANS runs
were carried out with the k — &, the SST k — w
and the RSM stress— o,

De Marco et al. (2016) performed a paramet-
ric study with CFD aimed at establishing the
drag and lift coefficients on various rotor sails
geometries operating at various rotational
speeds. Unsteady RANSE was solved using SST
K —w turbulence model. Hybrid mesh ap-
proach, coupling unstructured and structured
mesh, has been used for all the simulations.

A. Persson et al. (2019) presented CFD sim-
ulations on rotor sails and wing sails. The 3D lift
and drag coefficients of the wing sail predicted
by the different methods of Quasi-3D methods
including Sectional Integration with 3D-correc-
tion (SILL), Non-linear Lifting Line algorithm
(NL-LL) and 3D Sectional Integration Method
(3D-SIM). They were compared with the 3D
CFD simulations.

L. Jones et al. (2019) carried out a series of
CFD simulations to evaluate the impact of para-
metric changes in Flettner rotor design, includ-
ing the impact of multiple rotors operating in
combination, and the influence of the ship in-
duced flow field. Simulations were conducted
using an unsteady Reynolds averaged Navier-
Stokes based transient solver. Turbulence ef-
fects were accounted for using a SST k — w tur-
bulence model, with the viscous sublayer mod-
elled using wall functions.

James Cairns at.al (2019) carried out 2D
CFD simulations on Actively Controlled Wing
Sail using the Spalart-Allmaras model with ro-
tation correction (SARC) and the SST k — w
model with curvature correction (SST-CC).
Good agreement was found when comparing
simulation and experiment for low jet momen-
tum coefficient, detached flow cases. However,
certain simulation conditions exhibited a well-
documented shortcoming of RANS-based tur-
bulence models for circulation control flows and
over-predicted surface pressures and lift coeffi-
cient for fully attached flow cases.

Will Hopes et al.(2021) carried out a CFD
study on the performance of Suction Aerofoils
choosing the RANS-based Shear Stress
Transport (SST) turbulence model to determine
values for the lift and drag coefficients over a
range of angles of attack and suction levels. Sup-
plementary studies also investigated the effects
of introducing an endplate to reduce end vorti-
ces, and the effect of a ship side on the wind
speed incident on the Suction Aerofoil.

4.3.8.1 Interaction effects

To improve the methods of performance pre-
diction for wind-assisted propulsion, the im-
portance of interaction effects in between the
sails and between the sails and the hull, i.e., rud-
der angle and drift, was discussed in (Viola et
al., 2015; van der Kolk et al., 2019b).

4.3.8.2 Aerodynamic interactions

Complex aerodynamic interaction effects of
various wind-propulsion systems occur and that
eventually have an impact on the amount of
wind-generated thrust. Aerodynamical interac-
tions are crucial to model to accurately predict
the jaw moments and thus the necessary rudder
angle and for reliable sail control. The results of
studies from Bordogna (2020), Tillig and Rings-
berg (2020) showed that in-between sails, poten-
tial flow interaction effects are predominant
(Figure 17).

Wind tunnel tests interaction between two
rotating cylinders were carried out by B Charrier
(2021) to demonstrate the effect of the aspect ra-
tio, the rotating endplates and the Reynolds
number.
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Figure 17. Effects of sail interaction (Tillig and
Ringsberg, 2020)

An investigation into combination of the var-
ious aerodynamic interaction effects on the lift
and drag was performed by Jones et al. (2019)
on the interaction between multiple rotor sails, a
block located at various positions relative to the
rotor and the ship and superstructure. Garenaux
etal. (2021) developed a numerical approach us-
ing steady full scale RANS simulations to esti-
mate the effects of the interaction between the
ship and its three Flettner rotors. Large interac-
tion effects are found to depend on the apparent
wind angle.

The Non-linear lifting line method described
by Phillips (2000) was adapted for use for wind
propulsors and implemented in the module of
Wind Propulsor Interaction(wpi) by Schot and
Garenaux(2023). The method can use a non-uni-
form wind profile which consists of an atmos-
pheric boundary layer profile, ship speed and the
disturbed wind from the ship and superstructure.

A. Llopis Pascual, et al. (2023) conducted
CFD study to analyse the sail-to-sail interaction
of two model eSAILS (suction sails) fitted at the
stern of a ship. The images are aligned with the
ship, where the bow is to the left and the wind is
simulated at different apparent wind angle. A
detailed analysis of these results allows to un-
derstand the influence each eSAIL has on the
other and use that information to customise the
control algorithm to maximise the performance
of the systems for this specific installation.

4.3.8.3 Aero-hydrodynamic interactions

Integrated aero-hydrodynamic models in
VPPs or PPPs for the prediction of performance
of WPS usually include static VPPs and dy-
namic VPPs. Bigi et al. (2016) investigated the
influence of the kite attachment point on the
deck of a fishing vessel. A manoeuvring model-
ling limited to horizontal ship motions is imple-
mented with a monolithic coupling approach be-
tween the ship and the kite. The water is sup-
posed to be calm and the effect of the radiated
waves on the ship motions was not taken into
account. To consider drift and yaw effect on pro-
pulsion system, a MMG mathematical model-
based simulation was carried out for different
drift angles of motion of the ship considering
hard sail-based wind loads in Hussain et al.
(2021).

Steady-state VPPs are very efficient and
fast , but it is not able to consider dynamic ef-
fects such as unsteady wave forces on the hull
and the ship's motions in a seaway that the an-
gles of attack of the sails fluctuate. Martin Kjell-
berg et al. (2023) used an unsteady 3D fully non-
linear potential flow hydrodynamic model cou-
pled with an efficient lifting-line aerodynamic
model to investigate the differences in sailing
performance of a vessel sailing in steady condi-
tions to the performance when sailing in a sea-
way and gusty wind based on a spatio-temporal
wind model. The analysis showed clearly that
the unsteady wind model affected the predicted
performance.

The motions of a ship towed by a kite are
highly dynamic since a kite experiences a peri-
odic dynamic flight. To perform a strong cou-
pling between the kite and the ship, Bigi et al.
(2020) applied a time domain method to assess
the importance of taking into account the cou-
pling between the kite and the ship motions.
Seakeeping modelling is coupled with a zero-
mass Kite modelling assuming linear depend-
ence of aerodynamic characteristics with respect
to turning rate.



4.3.8.4  Fluid-structure interactions (FSI)

Fluid-Structure Interactions (FSI) is the in-
teraction of the deformable structure with a sur-
rounding flow. Such interactions are generally
investigated numerically using the coupling of
fluid simulation and structural simulation.

4.3.8.5 Numerical method

Breukels et al. (2011, 2013) carried out CFD
simulation on a 2D aerofoil to compute its lift,
drag and moment coefficients as a function of
the angle of incidence, thickness and camber of
the aerofoil. A model simulation was also com-
pared with experimental data, tension in the four
lines of various kites during a loop. Bosch et al.
(2012, 2014) chose a complete finite element
modelling of the wing. The canopy is modeled
by triangular shell elements and the battens by
beam elements. The fluid model is the same as
the one used by Breukels (2011) and gives the
forces distribution on the canopy as a function
of the angle of incidence, thickness and camber
of the section. .

Monolithic coupling to FSI problems where
fluid and structure are solved simultaneously
was used in Le Tallec & Mouro (2001). Mono-
lithic coupling is more stable and more accurate
than partitioned coupling (Michler et al. (2004))
but also more computationally expensive.

A fast and robust approach to model FSI for
yacht sails is presented in Morvan et al. (2021).
Specifically, interaction effects between the jib
and the mainsail are taken into account in the
flow model presented. The flow model is cou-
pled with a structural finite element software,
using shell elements for the modelling of sail
membranes, beam stringers for battens model-
ling and a quasi-static resolution based on a dy-
namic backward Euler scheme.

4.3.8.6 Experimental method

The possibility of measuring a structural de-
flection under fluid load and the flow behaviour

around the structure is particularly interesting
with the rise of composite materials. A robust
and repeatable experimental methodology will
also provide researchers with a validation case
for numerical FSI simulations.

A fully coupled FSI methodology was de-
veloped in a wind tunnel to assess the response
of a PAC aerofoil in L. Marimon et al. (2017,
2018, 2020). Digital Image Correlation (DIC)
and Particle Image Velocimetry (PIV) were
used in-air to obtain high-speed full-field wing
deformation and flow field velocity data in syn-
chronous with forces and moments. Laura and
Ivan (2021) carried out a detailed review of the
experimental methods able to describe FSI
events in an underwater dynamic environment.
A feasibility study is carried out to understand
the implications, limitations and advantages of
being able to measure with full-field techniques
in a towing tank.

4.3.9 Validation and Verification of CFD

Numerical methods are typically validated
towards experimental results. In the case of per-
formance predictions for wind assisted vessels,
sail models can be validated by (or generated
from) e.g. wind tunnel tests, hydrodynamic
force models towards for instance PMM (Planar
Motion Mechanism) tests, propeller and rudder
models towards dedicated propulsor tests, and
SO on.

A maodified version of the horseshoe vortex
method to compute the velocity field behind a
given wind-propulsion system were compared
with numerical tools ( CFD body force method
and a standard RANS solver) as well as with ex-
perimental data obtained by means of dedicated
wind tunnel tests in Bordogna (2016). Duport et
al. (2016, 2019) developed a 3D non-linear
model based on the lifting line of Prandtl for cal-
culation of aerodynamic forces and this model
has been verified by comparison with 3D
RANSE simulations and produces satisfactory
results in incidence and sideslip.



Duport et al. (2016) did estimation of the nu-
merical accuracy of the RANSE simulations in-
cluding the deviations, coming from the varia-
tions of the domain size, of the mesh and of the
turbulence model. The numerical results were
compared with experimental ones obtained in
wind tunnel at the same Reynolds number.

ITTC procedure and guidelines and Ameri-
can Society of Mechanical Engineers (ASME)
standard procedures are applied to verification
and validation of RANS CFD simulations on hy-
drodynamics of wind-assisted ship propulsion in
van der Kolk et al. (2016, 2017, 2019, 2020).
The verification has been conducted with partic-
ular focus on the hydrodynamic sideforce, as a
leading component of the hydromechanics of
wind-assisted ships. Based on the results, the un-
certainty procedure developed by Eca (2010),
based on the Grid Convergence Index (GClI) of
Roach (1997), was the most robust approach.

The RANS numerical set up has been exten-
sively verified and validated using different ex-
perimental data including a twin rotor configu-
ration by M Garenaux and J J A Schot (2021). A
good correlation is found with experiments for
both standalone rotor and twin-rotor configura-
tion.

Kume et al. (2022) compared the results of
RANS-based CFD calculations and wind tunnel
tests of aerodynamic forces on a VLCC
equipped with 4-Flettner rotors using model
scale, indicating that CFD can be ued as a sub-
stitute for wind tunnel test. Eide et al. (2023)
performed cyber-physical empirical model test
of awind-assisted cargo ship to validate a steady
numerical simulation method which is a predic-
tion program solving the motion of the vessel in
three degrees of freedom (surge, sway and yaw).

N Abiven et al. (2023) demonstrated wind-
powered cruise ship aerodynamic simulations,
hydrodynamic simulations and correlations. Se-
ries of drift hydrodynamic numerical / experi-
mental simulations and correlations to assess in-
duced lateral drag and impact on ship hydrody-
namic behaviour, in particular course stability

and manoeuvrability have been developed and
conducted.

R Azcueta and H Ward (2023) presented
CFD simulation results of open water propeller,
towing resistance at model and full scale and
propulsion with the virtual disk and with rotat-
ing propeller approaches of a bulk carrier and
the 6-DoF simulations of the full-scale vessel in
motor-sailing conditions including the WASP
devices which were validated by comparison to
the test results. Numerical uncertainty analysis
following the ITTC and IACS recommendations
are described to verify the qualification of the
CFD solution.

4.3.10 Conclusions

A review of the literature on the methods of
ship model hydrodynamic tests, wind tunnel
tests, CFD, ship dynamics simulations and rout-
ing relevant for predicting the performance and
safety of wind powered and wind assisted ships
has been undertaken. Verification and validation
of numerical method including uncertainty anal-
ysis are commonly performed on hydrodynam-
ics and aerodynamics.

The performance prediction methods show
great promise in becoming a tool for designers
and researchers for analysis and optimisation of
wind propulsion device layout and operational
parameters. To generate more accurate results
for a specific ship with WPS, further investiga-
tion into the effects of drift angle on propulsion
performance and resistance, routing simulations
are needed for ship performance prediction of
ship with wind and wind-assisted propulsion in
wind and waves.

Detail developments of hybrid wind-propul-
sion ship for different ship applications with
specific new features to address heel and drift
during navigation and manoeuvring (e.g. devel-
opment of anti-drift equipment and potential ad-
ditional appendages), and corresponding ship
design assessments and validations: stability,
power  management  strategy, coupled



aerodynamic / hydrodynamic CFD simulation
and experimental tests at large scales on stand-
ard ship operation conditions (sailing, manoeu-
vring) as well as extreme cases (safety issues
and rules) need to be investigated.

Sailing performance with an improved
manoeuvring model and CFD simulations, sim-
ulations and hybrid model tests performed in
waves, zig-zag manoeuvring model tests and
time domain simulations, investigation into the
effects of dynamic heel, trim and drift angle on
the propeller wake are to be further studied.

4.4 Review long-term statistics of winds
and waves from the point of view of
applicability for the evaluation of wind
assisted ships at design stage.

4.4.1 Introduction

Long-term statistics of winds are essential
for the evaluation of wind assisted ships at the
design stage. The Global Wind Probability Ma-
trix is used to calculate the EEDI and EEXI for
Wind Assisted Propulsion Systems, however the
area of applicability is limited to the main global
shipping routes as shown in Figure 18
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Figure 18. The main global shipping network
used for the wind chart (MEPC 62, 2011)

Inadequacies with this method may poten-
tially arise when used outside of these routes.
Werner et al. (2021) describes a methodology to
analyse full scale speed trials on a wind-assisted
hybrid ferry. The trial area is off Gedser, Falster,
Denmark, outside of the main shipping routes
depicted in the Global Weather Matrix. Wind

statistics were obtained from the Global Wind
Atlas (2022) and results are complimented with
the wind statistics from the EEDI Global
Weather matrix. As can be seen from Figure 19,
the Global Wind Atlas predicts higher wind
speeds for the actual sea area the ferry operates
in, compared to the EEDI global weather matrix.
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Wind speed 10 m over sea level (m/s)

Figure 19. Wind speed distribution from Global
Wind Atlas for ferry route, and the EEDI Glob-al
Weather matrix (Werner et al., 2021)

Since global wind speed datasets are assem-
bled from various sources of satellite and reanal-
ysis data, the most-suitable dataset for a particu-
lar purpose is often unclear. The accuracy of
global datasets differs depending on the ocean
area. Due to their coarse resolution, reanalyses
are known to fail to represent local climatic con-
ditions adequately (Werner et al., 2021).

While global reanalysis data sets offer the
advantage of conducting multi-country or global
analyses without the need for country or region-
specific climate data sources, their use for wind
power simulation would benefit from a more
granular spatial resolution (Staffell et al., 2016),
as offered by regional reanalyses such as
COSMO-REA (2019) which in more detail rep-
resents the local climatic conditions.

The great advantage of numerical models is
their wide coverage on a high time and space
resolution in a global scale, making it possible



to produce long-term wind (and wave) climatol-
ogies without gaps.

4.4.2 Wind Models

To assess potential savings in power for
wind assisted ships at the design stage, various
data-sets incorporating different data assimila-
tion models were selected for evaluation. Some
data-sets are superseded by others but are in-
cluded as many present-day methodologies still
use them (Li et al., 2022). These climate models
are summarised in the following sections, and in
Table 7.

4421 ERA-Interim

ERA-Interim dataset is provided by the Eu-
ropean Centre for Medium-Range Weather
Forecasts (ECMWF). It is a global atmospheric
reanalysis from 1979, continuously updated in
real time and replaces the previous ERA-40 rea-
nalysis dataset. ERA-Interim is now obsolete
and has been replaced by ERA-5.

4422 ERA-5

ERA-5 dataset is provided by the European
Centre for Medium-Range Weather Forecasts
(ECMWEF) and produced by the Copernicus Cli-
mate Change Service (C3S). It is a fifth-genera-
tion atmospheric reanalysis of the global climate
covering the period from January 1940 to pre-
sent, providing hourly estimates of a large num-
ber of atmospheric, land and oceanic climate
variables. It is the most recent model out of the
ones listed here.

4.4.2.3 NCEP — National Centre for Atmos-
pheric Research (NCAR)

The National Centre for Atmospheric Re-
search (NCAR), also known as R-1, is an atmos-
pheric reanalysis produced by the National Cen-
tres for Environmental Prediction (NCEP). The
time period spans from 1948 to the present.

4.4.2.4 NCEP — Department of Energy (DOE)

The Department of Energy (DOE), also
known as R-2, is a climate model from the Na-
tional Centers for Environmental Prediction
(NCEP). It is based on the NCAR reanalysis but
fixes some errors and uses updated parameteri-
sations of physical processes.

4.4.25 NCEP - Climate Forecast System Re-
analysis (CFSR)

The Climate Forecast System Reanalysis
(CFSR) was developed by the National Centre
for Environmental Prediction (NCEP) and spans
the period from 1979 to 2017. It is a third-gen-
eration reanalysis product, superseding R-1 and
R-2.

It is superior to previous NCEP reanalyses,
having an improved model, including atmos-
phere-land-ocean-sea ice coupling, finer resolu-
tion and more advanced assimilation schemes.

There have been relatively few evaluations
of CFSR so the performance is not well-known.
Ocean-atmosphere interactions are not used di-
rectly. Rather the information is used for back-
ground information, meaning the actual reanal-
ysis is uncoupled.

4.4.2.6 The Modern-Era Retrospective analy-
sis for Research and Applications
(MERRA)

The Modern-Era Retrospective analysis for
Research and Applications (MERRA) is pro-
duced from the National Aeronautics and Space
Administration (NASA). MERRA data span the
period 1979 through February 2016. It is based
on a version of the GEOS-5 atmospheric data as-
similation system that was frozen in 2008. The
MERRA dataset is superseded by MERRA-2.



4.4.2.7 The Modern-Era Retrospective analy-
sis for Research and Applications Ver-
sion 2 (MERRA-2)

The Modern-Era Retrospective analysis for
Research and Applications, Version 2
(MERRA-2) is produced from the National Aer-
onautics and Space Administration (NASA).
provides data beginning in 1980 to the present.
It replaces the original MERRA dataset because
of the advances made in the assimilation system.

4.4.2.8 The Cross-Calibrated Multi-Platform
wind vector analysis (CCMP)

The  Cross-Calibrated ~ Multi-Platform
(CCMP) is a gridded Level 4 (L4) product that
provides vector wind over the world's oceans. It
is produced by Remote Sensing Systems (RSS),
(https://www.remss.com/). CCMP is a combina-
tion of ocean surface (10m) wind retrievals from
multiple types of satellite microwave sensors
and a background field from reanalysis. Data
spans from 1987 to the present.

The reanalysis used in the latest version of
CCMP (v3) is ERA-5.

The CCMP model generally performs poorly
in rain and under high wind conditions (>
15m/s) and is not well suited for studies of
global wind trends (CCMP, 2023).

4429 JRA-55

The Japanese 55-year Reanalysis (JKA-55)
dataset is provided by the Japan Meteorological
Agency (JMA). The JMA carried out this sec-
ond reanalysis project to address some of the
shortcomings of the previous JRA-25 model, in-
cluding the use of a much-improved data assim-
ilation system. The analysis period covers the 55
years from 1958, when regular radiosonde ob-
servation began on a global basis.

The result of the JRA-55 project is the pro-
duction of a high-quality homogeneous climate
dataset covering the last half century.

4.4.3 Summary of Wind Models

A summary of the different wind models can
be found in Table 7

Table 7. Summary of data sets used in analysis.

Time Assimilati
Data-set | Instituti | Resolut . .

. Spatial Resolution | on Refs
Name on ion

Method
(hours)
0.3° % 0.3° (v1) i
CFSR NCEP 1 0.2° % 0.2° (v2) 3D-VAR | Saha et al. (2010)
NCAR NCEP 6 1.875° x 1.875° | 3D-VAR | Kalnay et al. (1996)
DOE NCEP 6 1.875° x 1.904° 3D-VAR | Kanamitsu et al. (2002)
ﬁ}ﬁ{m ECMWF | 6 0.75°x 0.75° | 4D-VAR | Dee et al. (2011)
ERA-5 ECMWEF | 1 0.1°x 0.1° 4D-VAR | Hersbach et al. (2020)
i o o i Kobayashi et al. (2015);

JRA-55 | IMA 3 0.5625° x 0.5625° | 4D-VAR Harada et al. (2016)
CCMP RSS 6 0.25° x 0.25° Scat/Rad | Atlas et al. (2023)
MERRA | NASA 6 0.5° X 0.66° GEOS-5 Rienecker et al. (2011)
Z'ERRA NASA |1 0.5° X 0.625° SGESE Koster (2015)




4.4.4 Comparison of Wind Models for Relia-
bility and Accuracy

The datasets outlined in the previous section
are compared with a view to determining if there
is an overall model which is most suitable for
use in the applicability for the evaluation of
wind assisted ships at design stage.

Suzuki et al. (2018) analysed the CCMP,
NCEP/CFSR, NCEP-R1, NCEP-R2, ERA-In-
terim and JRA-55 global wind datasets and com-
pared them to the measured wind speed from
buoys. The data were analysed for the year, 2001
in which neither El Nifio nor La Nifia events oc-
curred. The wind speed at 10m above sea sur-
face was used. The wind speeds in the global da-
taset were converted to the smallest grids with
0.25°x0.25° through interpolation. To examine
the validation, the wind speeds on a grid closest
to the buoy location were used. 57 buoys were
used, located in the Indian Ocean, Tropical Pa-
cific, Tropical Pacific, Tropical Atlantic, North
Pacific and Atlantic. The data from the buoys
were converted to a value corresponding to 10m
above sea level so as to correlate with the global
wind speed datasets.

The Root Mean Square Errors (RMSE) for
all datasets were calculated to investigate ran-
dom errors of wind speed. Lower values indicate
higher reliability. Results are shown in Table 8.
The CCMP dataset is shown to be consistently
the most reliable.

Table 8: RMSE of the wind speed of each
datasets against the all buoy wind speed
measurements

The reliability of the datasets was also com-
pared against buoy wind speed measurements
for localised regions, as shown in Table 9

In all regions, the CCMP dataset is shown to
be the most reliable. It can also be seen from the
table that the lowest RMSE in Indian Ocean fol-
lowed by Tropical Pacific, Tropical Atlantic,

Data set RMSE Data set RMSE
[m/s] [m/s]

CCMP 1.05 ECEP/CFS 1.53

NCEP- ERA-

R1 2.16 Interim 1.42

ESEP' 2.46 JRA-55 1.64

North Pacific, and North Atlantic.

Table 9: Reliability of datasets in localised

regions.
RMS RM
Area Data Set | E Data Set | SE
[m/s] [m/s]
NCEP/
CCMP 0.89 CFSR 1.32
Indian | NCEP- ERA-
Ocean | R1 1.65 Interim 0.92
NCEP-
R2 2.08 JRA-55 | 1.29
NCEP/
oo CCMP 0.99 CESR 1.54
Pica "NCEP- ERA-
| 2.07 ) 1.28
e R1 Interim
Pacific NCEP-
2.20 JRA-55 | 1.57
R2
NCEP/
Tropica CCMP 1.04 CESR 1.49
| NCEP- ERA-
Atlanti | R1 1.56 Interim 1.22
c NCEP- 1232 |RA-S5 | 151
R2
NCEP/
CCMP 1.23 CFSR 1.45
North NCEP- ERA-
Pacific | R1 2.73 Interim 2.07
NCEP-
R2 3.41 JRA-55 | 2.07
ccmp | 152 | NCEPT 1) 74
North CFSR
Atlanti | NCEP- |88 [ERA- 1545
c R1 Interim
ESEP' 3.73 |JRA-55 | 2.07




Suzuki et al. (2018) concluded that the wind
speed dataset in CCMP is the most accurate for
any local ocean area. In the North Pacific and
North Atlantic, all the tested datasets were inac-
curate. All global wind speed values differ from
the buoy wind speed measurements in low wind
speed range. Distribution trends of all the global
datasets are similar to that of the buoy’s wind
speed measurement. Compared to the buoy wind
speed measurements, the NCEP-R1 and NCEP-
R2 datasets show especially large dispersion and
the CCMP dataset shows the smallest variation.

Gruber et al. (2022) conducted a study on the
assessment of wind power simulation from bias-
corrected MERRA-2 and ERA-5 reanalysis.
They concluded that ERA-5 on average per-
forms better than MERRA-2 in all regions, with
ERA-5 showing approximately 0.05 higher cor-
relations than MERRA-2 and 0.05 lower
RMSEs in most regions. Only in New Zealand,
MERRA-2 performs better on average than
ERA-5.

Stefanakos (2021) studied several statistical
features of the datasets are assessed, such as sea-
sonal variability, quantiles of the probability dis-
tribution, monthly, annual and inter-annual

Coastal Area

variability, and several error metrics on two re-
analysis products, ERA-5 and CFSR. The anal-
ysis was per-formed at both a global and re-
gional scale. They conclude that the two datasets
are in a very good agreement, with CFSR having
little greater variability than ERADb.

Carvalho (2019) have made comparisons be-
tween NCEP-CFSR, ETA-Interim and JRA-55
and were analysed to evaluate the MERRA-2
model. Results showed that MERRA-2, CFSR,
ERA-Interim and JRA-55 showed similar error
metrics. All reanalyses showed a tendency to
underestimate ocean surface winds, particularly
in the tropics. MERRA-2 showed lower wind er-
rors in the poles when compared to the other re-
analyses.

4.45 \Wave statistics

There are a number of approaches to obtain
wave data. For instance, Fang and Lin (2013)
used WAVEWATCH 11l to obtain the precise
forecast of environmental factors along routes
for ship route optimization. Eggers (2018) used
wave scatter diagram to perform the route opti-
mizations.
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Figure 20. Typical wave scatter diagram (Egger, 2018 ), IACS wave scatter diagram.



Figure 20 Typical wave scatter diagram (Eg-
ger, 2018 ), IACS wave scatter diagram.

The IACS wave scatter diagram describes
the wave data of the North Atlantic, covering the
area as defined in the Global Wave Statistics
(GWS) with more realistic considerations of the
wave steepness. Short-term sea states are as-
sumed to be statistically independent and hence
uncorrelated in the standard procedure for the
long-term response analysis (IACS, 2000). It
should be noted that Bretschneider or two pa-
rameter Pierson-Moskowitz spectrum is recom-
mended for the North Atlantic.

Global Wave Statistics (Figure 21) provides
nearly worldwide coverage of wave climate in
104 sea areas, and an additional database provid-
ing smaller sea areas for the North European
Continental Shelf. Based on 130 years of ship
visual observations to provide a stable climatic
average, the data has been quality enhanced by
the well-established NMIMET process.

Figure 21. GWS plot

Bitner-Gregersen et al. (2013) investigated
uncertainties in the Global Wave Statistics data
and their effects on ship loads and responses, as
well as on fatigue damage. They have concluded
that the GWS should be used with care.

NMRI in Japan developed a system called
Globus which can offer statistical results of
global winds and waves, which are analysed by
NMRI. The statistical data are based on the nu-
merical weather prediction of 10 years, from
2006, calculated by Japan Meteorological

Agency and these are composed of significant
height, peak period and primary direction of
waves, and mean speed and direction of winds
in 2.5 degrees interval in space and 6 hours in-
terval in time.

In terms of the wave forecast system,
ECMWEF was developed in Europe and Global
Real Time Ocean Forecasting System (RTOFS)
was developed by NOAA, US.

For the fatigue life prediction of ship struc-
tures, it is important to obtain both the long-term
distribution and the time history of wave-in-
duced loads. Gracia et al. (2019) compared two
statistical wave models and validated them by a
ship’s actual encountered wave conditions.
They found that Statistics of wave height and
stresses generated from the two models agree
well with that from hindcast and onboard meas-
urements. They also concluded that the actual
wave environments encountered by the ship dif-
fer significantly from the wave scatter diagram
provided by class guidelines for ship fatigue de-
sign. Today’s onboard wave radar sensor can
provide rough approximation of a ship’s en-
countered sea conditions, but the measured sig-
nificant wave height may contain large errors in
comparison with the hindcast wave data in par-
ticular at harsh sea environments.

Mikuli¢ et al. (2021) studied the effect of
spatial correlation of sea states on extreme wave
loads of ships. By comparing the results using
“uncorrelated scatter diagram” and “scatter dia-
gram”, they concluded that spatial correlation
may considerably reduce extreme vertical wave
bending moments.

4.45.1 Correlation between Wind and Wave
Statistics

Sea surface wind speed and significant wave
height follow a monotonical relationship under
a growing sea up to the fully developed stage.
This final stage is usually reached when the
phase velocity corresponding to the dominant



peak wave slightly exceeds the wind speed
(Chen et al., 2002).

Wave forecasting models always employ the
concept of a fully developed sea. For a given
constant wind speed, if the upwind distance to
the point of observation over which the wind has
blown is larger than a certain distance and if the
duration of the wind is longer that a certain time,
then the wave height will be solely a function of
wind speed (Sverdrup and Munk, 1947). Based
on the statistics of wind speed and significant
wave height of developed seas for a large
enough fetch and a long enough duration,
Pierson and Moskowitz (1964) found the signif-
icant wave height is positively related to the
square of wind speed, i.e. H; = aU? (H, is the
significant wave height, U is the wind speed, a
is a coefficient obtained by linear fitting). They
reconciled the differences in wind speed at dif-
ferent heights and found a = 2.45 x 1072,
Ewing and Laing (1987) found 33 examples of
spectra for "nearly" fully developed seas by
means of a study of the past winds at the meas-
urement site and the wind pattern upwind of the
measurement, and they proposed a third-order
polynomial to describe the relation between the
significant wave height and wind speed, i.e.
Hy = 1073(8.7U% + 0.728U%). However, the
Wave Model (WAM) found the relation Hg =
aU? applies to the lower wind speed, i.e. 0 <
U < 7.5m/s. To improve the accuracy of wave
forecast in condition of larger wind speed, they
adopted a third-order polynomial, i.e. H, =
1073(10U% + 0.81U3) (Hasselmann et al.,
1988).

Based on collocated wind speed and
significant wave height measurements from sim-
ultaneous satellite scatterometer and altimeter
sources, Chen et al. (2002) analyzed the global
statistics of wind wave and swell, and plotted a
scatter diagram of sea surface wind speed and
significant wave height, which is shown in Fig-
ure 22. The three different lines are theoretical
relations between wind speed and significant
wave height for fully developed seas according
to Hasselmann et al. (1988), Ewing and Laing

(1987) and Pierson and Moskowitz (1964), re-
spectively. Measurements lying below the
curves are mostly from a growing sea, while
those above the curves are probably swell dom-
inated.
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Figure 22. Scatter diagram of sea surface wind
speed and significant wave height based on
global wave data and wind data (Chen et al,
2002)

The wind speeds are extracted from
QuikSCAT, and the significant wave heights are
extracted from the TOPEX altimeter (Chen et al,
2002).

Because of the complexity of the wind wave-
swell coupling, the assumption that the wave
height is solely a function of wind speed in a
fully developed sea is not suitable to the real sea
state. Waves depend on both local and global
wind conditions. It is not only the local wind that
defines local waves, and wind from distant re-
gions generates swells that may reach the target
point (Ardhuin and Orfila, 2018).

Considering the complexity of the wind
wave-swell coupling, Obakrim et al. (2023) de-
veloped a method to predict the significant wave
height in wind seas and swells by including local
and global predictors. Wind speed, duration, and
the fetch are used as local predictors, while the
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zonal and meridional components of the wind
data are used as global predictors. A regression-
guided clustering method is used to constructed
weather types, and the resulting clusters corre-
spond to different wave systems (wind seas and
swells). Then, in each weather type, a penalized
linear regression model is fitted between the pre-
dictor and the significant wave height.

The extreme wind and wave storms can pose
a threat to the safety of both marine structures.
Based on the data from four meteorological
(buoys and anemometers) stations of the Na-
tional Data Buoy Center moored off the East
Coast of the United States, Laface and Arena
(2021) proposed a criterion to identify and asso-
ciate wind and wave storm. An optimal thresh-
old combination is achieved assuming both
wind speed and significant wave height thresh-
old as 1.5 time their respective averages. The
wind speed is characterized by a higher variabil-
ity with respect to the significant wave height.
The significant wave height increases with the
wind speed. However, the peak of the significant
wave height does not always occur after that of
the wind speed.

4.4.6 Conclusions and Recommendations

For the general purpose of the evaluation of
wind assisted ships at design stage, it is recom-
mended that the ERA-5 Reanalysis or CCMP
product is used. However, if a shipping route is
particularly localised, it may be beneficial to use
a regional high-resolution reanalysis system
such as COSMO-REAG for Continental Europe,
for increased accuracy and reliability. Regard-
ing the wave scatter diagram, there is no special
requirements for wind-assisted ships.

4.5 Review safety and regulatory issues re-
lated to hydro/aero dynamic testing

and evaluation and recommend
measures to take at design stage

45.1 Introduction

After discussion with the Advisory Council,
it was understood that the main aim of this term
of reference is to specify testing and evaluation
methods. However, these methods of course
need to address specific safety and regulatory is-
sues as relevant for wind powered and wind as-
sisted ships. Therefore, the present section be-
gins with a review of safety (and operability) is-
sues. Following that is a discussion of existing
rules and regulations. Both of these sections de-
scribe scenarios and criteria that are to be satis-
fied. The final main section then discusses test-
ing methods that may be used to simulate the
scenarios and to evaluate compliance.

The scope of behaviour that is covered in the
present section are those activities generally
conducted by ITTC members, extended with
aerodynamics. This means that the following
topics are covered:

e Motions and accelerations

e Forces

e Energy and power as relevant to safety and
rules & regulations.

Considering the focus is on safety, any rules
& regulations on performance in steady condi-
tions are not handled here. These are part of
other Terms of Reference.

As will be seen in the following sections,
rules and regulations on safety are at present not
tailored for wind powered and wind assisted
ships. Ships with modest assistance may operate
with only small changes to their behaviour as a
conventionally propelled ship. However, with
more powering provided by the wind, ships start
to behave differently. As of yet there are not
much research results that give a general over-
view of the impact. Perhaps matching that, class
societies have only provided guidelines, that
also vary quite a lot from society to society. As



a result, some assumptions are unavoidable to
anticipate what kind of testing will be required
going forward.

4.5.2 Potential safety and operability issues
for wind powered and assisted ships

Potential safety and operability issues are
discussed based on available literature. This is
partially the same literature discussing testing
and simulation methods as addressed in section
4. There is much to be said on the accuracy and
practicality of these methods. However, that is
discussed in section 4.5.6. For the purpose of the
discussion here, the methods are deemed suffi-
ciently accurate.

45.2.1 Course keeping

In principle one can think of two mecha-
nisms for wind propulsion to affect course keep-
ing ability:

1. Dynamic aerodynamic forces (wind gusts,
changes in wind direction) that push the ship
of course directly

2. Loss of steering capability from conven-
tional actuators (rudders, thrusters, pod) due
to a lower propeller thrust that reduces the
flow along these actuators. This, combined
with other external forces, specifically
waves from the stern quarter, can lead to a
decrease in course keeping performance.
Part of the available rudder action is already
committed to counter the (quasi-)steady
sway forces and yaw moment from the wind
propulsion system, thus, less margin may be
available for countering unsteady forces
from wind, waves and current.

Course changes directly through variable
aerodynamic forces (mechanism 1) were tested
and reported by Sauder and Alterskjeer (2002).
In a model test, a ship with three four Flettner
rotors was exposed to wind gusts and variable
wind directions. The model showed only mar-
ginal course changes and some modest rolling.
The mentioned reason for the small course

variation is the ship, which its large mass, that
acts as a filter. The frequency of the excitation
through the wind is much higher than the ship
response. Inertia in heel is relatively less, which
means that some rolling could still occur.

Eggers and Kisjes (2019) have illustrated
mechanism 2. In substantial wind conditions
(roughly 7 Beaufort) and a matching sea state
from the stern quarter, four times increase of the
yaw angle variation was observed for the coaster
design that was tested with three Flettner rotors.
The reference was the same ship in a very mild
wind condition. Differently to mechanism 1, the
excitation comes from the waves, and this exci-
tation can have a substantial amplitude and rele-
vant frequency in stern quartering seas, with a
lower encounter frequency. In contrast, Ger-
hardt et al (2021) found in experiments that yaw
oscillations were not substantially affected when
testing a Car Carrier with three wing sails. The
difference in conclusions may be attributed to
the designs and test conditions. In the experi-
ments by Eggers and Kisjes an existing ship
model was taken without substantially changing
it for wind propulsion, whereas the car carrier in
the experiments by Gerhardt et al (Gerhardt et
al. 2021) was a dedicated design. Also, wave
heading was arguably more demanding in the
coaster case. Based on this scarce data it can be
concluded that wind propulsion could present a
challenge for course keeping, but not necessarily
always.

The discussed papers showed only a few
ship designs and wind and sea conditions. Thus,
the general applicability of the conclusions on
more ship types and environmental conditions is
not yet known.

4.5.2.2 Ability to keep speed in adverse bow
(quartering) wind and waves

Keeping control in adverse bow (quartering)
wind and waves is an important ability.

Whereas the main purpose of wind propul-
sion is to aid in the propulsion of the ships, there



are two mechanisms in which wind propulsion
may also lead to a decrease in performance in
the conditions discussed here:

1. When wind propulsion systems cannot be
fully reefed/lowered, then the windage of a
ship can increase when sailing in unfavoura-
ble bow (quartering) wind. This adds to the
overall resistance. Especially combined with
a low/reduced capacity propeller and engine,
ships could have trouble to remain under
control. The speed of the ship could be re-
duced by too much.

2. Wind propulsion changes the equilibrium
condition of the ship, in general affecting
heel, leeway and rudder angle. These aspects
could potentially impact the second order
mean wave drift forces (which includes
added resistance in waves). The hydrody-
namic shape and inflow under water
changes, which means that the general
knowledge on added resistance in waves
may need extension.

Heel, leeway and rudder angle may also di-
rectly by themselves lead to an increase in drag.
However, it is considered that any smart design
and control will make sure that this drag compo-
nent is modest in relation to the thrust of the
wind propulsion system. And if it is not, then the
wind propulsion system may be depowered or
disabled.

In most cases, wind, wind sea, and swell are
assumed to be aligned in direction, i.e. they are
“co-linear”. However, they don’t always need to
be in equilibrium. Particularly swell does not
full correlate with wind. If the sea or swell di-
rection that provides the largest contribution to
the second order mean drift forces has a consid-
erable offset in direction compared to the wind
direction, then there may be possibility for the
wind propulsion to assist in the propulsion of the
ship, thereby helping to maintain control in head
waves. Although such a scenario may occur, it
will likely be something that one can depend on.
Nevertheless, it would be interesting to see this
scenario elaborated in future research.

4.5.2.3 Heel, roll and stability

Heel (steady average value) and roll (dynam-
ics) can affect the safety and comfort and result
in loads on ship parts and cargo. This is already
relevant for modest angles. However, ultimately
too large roll may even lead to capsize. This is
valid for all but one wind propulsion technol-
ogy. Kites are an exception here: if the connec-
tion point on deck is relatively low, then the in-
troduced roll moment is very low compared to
other technologies and heel and roll effects are
likely minimal.

Very generally it is found that wind propul-
sion:

1. Leads to an increased heel angle through the
heeling moment directly introduced by the
wind propulsion system

2. Can lead to increased roll motions due to dy-
namics in the wind propulsion systems, in-
troduced e.g. through wind gusts

3. Can lead to decreased roll motions because
of an increase in roll damping

Mechanism 1 is shown already in static VPP
/ PPP calculations for which there is a relatively
large amount of data available in literature. The
extent of heel depends on the vessel stability and
the relative size and height of wind propulsion.
Some new designs directly implement methods
to limit heel. For instance, some projects are al-
ready using dedicated water ballast on board that
can be pumped from side to side, so called “anti-
heel tanks”. On few conditions, fin stabilisers
are also used to provide a heel restoring mo-
ment.

Sauder and Alterskjaer (2022) show some
test data where a wind spectrum leads to varia-
ble roll angles. In their tests the wind speed was
variable. A variation in “quasi-static” roll due to
variable wind is to be expected for any system
(except kites if mounted low). However, on this
aspect there is little literature.

Eggers and Kisjes (2019) showed the in-
creased aerodynamic roll damping for Dynarigs



and Flettner rotors. Especially with apparent
wind from the bow quarter, roll motions lead to
a strong variation of angle of attack, resulting in
roll damping. When using relatively large de-
vices compared to the ship, the aerodynamic roll
damping may be similar in magnitude to the hy-
drodynamic damping and therefore its impact on
roll motion is substantial. Devices that are not
dependent on an angle of attack for their force
magnitude, such as Flettner rotors still show in-
creased roll damping due to the changing appar-
ent wind speed, however with a smaller impact.
If dynamic roll is much reduced then the accept-
ability of a non-zero (quasi) steady heel angle
may be increased, though no research has been
identified on this topic.

4.5.2.4 Manoeuvring in transit

Manoeuvring in transit has been studied by
Vahs (2019), Gerhardt et al. (2021) and Eggers
and Kisjes (2019), (2023) and Kisjes at al
(2023). The general test case here are the
manoeuvring criteria specified by IMO in reso-
lution MSC 137(76) with the criteria further dis-
cussed in section 4.5.3.3.

The results for a coaster with a single Flett-
ner rotor in 4 Beaufort wind presented by Vahs
for the turning circle and crash stop easily com-
ply with IMO criteria. Although the results for a
ship without wind propulsion are not shown, the
conclusion that wind propulsion had very small
effect seems plausible.

The other publications, with a relatively
larger contribution from wind propulsion, show
an appreciable influence of sail propulsion on
zig-zag overshoot angles. In Gerhardt et al.
(2021) these are all increasing for the ship with
wind propulsion, while the trend in Eggers and
Kisjes varies. This may very well be case and
wind condition specific. In the MHTC case pre-
sented by Eggers and Kisjes it was expected that
the yaw moment that is introduced by increased
or decreased heeling close to the wind may in
fact stabilise the manoeuvre. When bearing
away from the wind, the angle of attack and

heeling moment increases. Heeling puts the
thrust from the sails further outboard on the lee-
ward side, generating a luffing moment, thus re-
turning to the original course. The reverse hap-
pens when luffing to the wind. Such an affect
may be irrelevant with little heel, other device
types and other wind conditions. Eggers and
Kisjes also show that there are also changes in
the other derived characteristics from the zig-
zag manoeuvre. The MHTC tested by Eggers
and Kisjes already had trouble to comply with
the manoeuvring standards in IMO Resolution
MSC 137(76) without wind propulsion. With
some parameters deteriorating with wind pro-
pulsion, compliance could not be achieved. The
MARIN Ferry case (Eggers and Kisjes, 2023)
shows how manoeuvring is affected for ship that
has a better “base” manoeuvring performance.
Compliance is not exceeded. However, what is
shown is the heel angle can increase substan-
tially for a ship with a relatively low stability.

In the publications referred to, the control of
the wind propulsion is not used to aid the ma-
noeuvre. Some work underway suggests that
controlling the wind propulsion to aid manoeu-
vring could help. The results likely vary per type
of wind propulsion. E.g. it is known that some
Flettner rotors have a slow response time to sub-
stantially change their rotation rate (or to stop),
whereas other devices, that need to only slightly
change their angle of attack, can respond rather
fast. However, it is expected, that these specifi-
cations will prove to be important, the specifica-
tions of all devices can likely be changed in or-
der to aid manoeuvring. Thus, this field of re-
search is highly relevant. The possibilities to use
wind propulsion to steer the ship should also be
clearly identified in regulations, as discussed in
section 4.5.3.

4.5.2.5 Manoeuvring in port or laying at an-
chor

It is assumed that wind propulsion is disa-
bled when in port as far as possible. Wind pro-
pulsion devices that can be fully folded down or
retracted should not lead to any change in



manoeuvrability in port. However, devices that
are still (partially) erect will lead to increased
windage that will need to be dealt with. Likely,
the capacity of on board thrusters or tugs needs
to be increased if the (un)berthing still needs to
happen at the same wind speeds.

Aside from a change in side force, the centre
of effort of windage force may also be moved
far forward in case of a wind propulsion system
that is only fitted on the bow. This could intro-
duce instabilities at anchor, potentially trigger-
ing fishtailing behaviour.

45.2.6 Structural loads

Wind propulsion devices and also their foun-
dation on ships must be able to cope with the
loads that they are subjected to. Loads originate
from the aerodynamics. However, also ship mo-
tions, both as a rigid body and with deformations
can yield loads due to structural inertia and
added mass. In the specific case of Flettner ro-
tors the loads are further increased due to pre-
cession load related to the rotation speed of the
device. Devices could stop to work properly in
case of excessive (elastic) deformation, It could
fail on ultimate strength or fatigue. If a device
fails then for modest assistance it is not likely to
endanger the entire ship. However, in case of a
ship where the majority of propulsion is from
wind, the loss of one or more devices may be
critical.

Limited literature gives few indications on
the relevance of the topic. Eggers and Kisjes
(2019) in their preparations identified that mo-
tion related loads on Flettner rotors may be in
the same order of magnitude as the average aer-
odynamic loads, such that these should always
be accounted for. However the loads are of
course highly dependent on the encountered
waves and motion response of the ship. Kjell-
berg (2022) performed an extensive analysis to
estimate fatigue loads for wing sails.

4.5.2.7 Dead ship condition

In case a ship is sailing with wind propul-
sion, and loses all power due to a system mal-
function (“dead ship” condition) , it may be
more vulnerable than other ships. Unless there is
a method onboard that readily disables the wind
propulsion system, it will generally continue to
exert forces on the ship. For small systems, this
may not be problematic. However, for larger in-
stallations, the wind propulsion system may
push the ship of course and potentially increase
heeling moment when the angle of attack on
sails or wings increases. Particularly combined
with a demanding sea condition from the stern
quarter, controllability of the vessel may be
challenging. Nevertheless, no literature is pub-
lished on this topic.

45.2.8 Loss of kites

A topic that is regularly raised is the poten-
tial loss of kites. If such a thing would happen,
retrieving the kite from the sea or abandoning it
would present an operational challenge and/or
large cost in damage. One could also imagine
the kite cable falling over the ship, damaging
structures on deck. Such concern are sometimes
raised in discussions within the wind propulsion
community and stake holders, however no liter-
ature is available to illustrate whether this risk is
real or can be practically avoided with autono-
mous control and proper safeguards in opera-
tions. Hence, the topic is not discussed further
here.

4.5.3 Existing rules and regulations

This section is split in several sections. Stat-
utory regulations are those that are established at
IMO and should be enforced by flag and harbour
states. Class rules are dealt with separately. IMO
and class rules are effectively mandatory to be
complied with. However, as already concluded
in the previous sections there also aspects of ship
behaviour with wind propulsion that are pres-
ently not associated with mandatory require-
ments. Nevertheless, owners may come up with



criteria by themselves and later on new criteria
may be considered for adoption at class or IMO.
These are together discussed in the last section.

The rules and regulations discussed in this
report is a selection that are relevant for hydro-
dynamic and aerodynamic testing and calcula-
tions at ITTC members. A larger number of
rules and regulations are relevant for wind pro-
pulsion in shipping though these are not dis-
cussed here.

4.5.3.1 Statutory regulations (IMO)

4.5.3.2 Stability

IMO sets requirements on the GZ curve,
down flooding angles and subdivision in the fol-
lowing documents:

e International Code on Intact Stability

e SOLAS II-1, Consolidated text of the Inter-
national Convention for the Safety of Life at
Sea

e MSC.429(98), Revised Explanatory Notes
to the SOLAS Chapter I1-1 Subdivision and
Damage Stability Regulations

e SDC 7/WP.6 Finalization of Second Gener-
ation Intact Stability Criteria

Compliance to these criteria is checked gen-
erally by design offices using calculations. No
tests or simulations are generally required. An
exception is the severe wind and rolling criterion
(weather criterion) as defined in the intact sta-
bility code, where this is often also tested in a
basin.

4.5.3.3 Manoeuvring in transit

IMO MSC Resolution 137(76) (2002) spec-
ifies criteria that are to be verified with zig-zag,
turning circle and crash stop tests. The purpose
of these tests is to ascertain that ships have a sat-
isfactory manoeuvring performance when sail-
ing at speed. When following the rules to the let-
ter, it is not relevant to ships with wind

propulsion, because compliance needs to be
demonstrated in a calm environment (with as lit-
tle wind as possible). However, class societies
are generally interpreting the rules such that all
ships should be able to do evasive manoeuvres
when in transit, including when sailing with
wind propulsion.  Though, interpretation
amongst class societies varies on how to apply
IMO Resolution 137(76) with wind propulsion.

4.5.3.4 Controllability in adverse conditions

4535 Minimum Power Requirement

Ships equipped with a single diesel-direct
propulsion line need to have a certain minimum
power level on board to ascertain that they re-
main controllable in demanding wind and sea
from the bow (quarter) as specified by IMO
(2001). The requirement is evaluated in a tiered
approach. In the simplest but most conservative
method (assessment level 1), the required power
is only dependent on deadweight and ship type,
which does not consider whether a wind propul-
sion system is fitted. On the one hand this
means that it does not require much effort at all
to demonstrate compliance. However, It can be
questioned whether the empirical relationships
account properly for ships with wind propulsion.
Assessment levels 2 and 3, require consideration
of aerodynamic resistance. If potential increased
windage with wind propulsion is properly ac-
counted for, then the required engine power is
automatically adjusted and any safety implica-
tions of fitting a wind propulsion system is
properly accounted for in head wind and sea.

It is noted however, that the requirement is
specified only for head wind. The requirement
effectively assumes that being able to keep a
head wind and sea heading is a requirement for
safety. It may be argued that ships could be safe
as well when adopting other headings in which
conditions a wind propulsion could actually pro-
vide (part of) the ship propulsion. If this is in-
deed the case then the Minimum Power Require-
ment could be seen as conservative. However,
that ships can generally be safe in a wind and



wave heading where the wind propulsion can be
used effectively is something that has not been
demonstrated by research.

45.3.6 Safe Return to Port

The safe return to port requirement is defined
in SOLAS [19] II-2 regulation 21 (Regulation
21 - Casualty threshold, safe return to port and
safe areas), article 4, however specific guidance
is given in explanatory notes MSC.1/Circ.1369
(2010). The requirement applies to passenger
vessels of 120m in length or above. Such ships
should have double engine rooms and/or propul-
sion rooms. In case one engine room or propul-
sion room is disabled and one of the propeller
shafts or propulsion units becomes blocked, the
ship should still be able to reach the nearest port
while sailing through demanding wind and sea
conditions. A minimum speed of 6 knots while
heading into Beaufort 8 weather and corre-
sponding sea conditions is recommended to
show compliance. As this regulation accounts
for windage in head wind, similarly like for the
minimum propulsion requirement, any addi-
tional windage due to wind propulsion systems
that cannot be completely retracted is to be ac-
counted for. Therefore it is judged that the regu-
lation does properly account for the impact of a
wind propulsion system on performance in head
wind.

A similar comment can be made as for the
Minimum Power Requirement. If in the future it
could be demonstrated that ships can be safe and
reach port without needing to keep a minimum
ship speed only in head wind and sea then, po-
tentially, the wind propulsion system could help
rather than only increase windage when it can-
not fully be retracted.

45.4 Class rules

Class societies also commonly set require-
ments on the topics described above or they pro-
vide their own interpretations. However, in the
overview here, focus is given on topics that are
only addressed by class societies and not by

IMO. Documents from the following class soci-
eties were considered to prepare the summary
below: American Bureau of Shipping
(2022) ,Bureau Veritas (2021), ClassNK (2023),
Det Norske Veritas (2023), Lloyd’s Register
(2023a), (2023b). Except for DNV, the refer-
enced documents concern dedicated rules for
wind propulsion. Though the general rules from
these organisations may also impact wind pro-
pulsion. In the cases of Class NK and Lloyd’s
Register the wind propulsion specific docu-
ments include only guidelines, e.g. they are not
mandatory. The other referenced class societies
have mandatory rules and regulations. In either
case, guidelines or rules may not still cover all
eventualities. Thus, custom processes may be
required, such as Failure Mode and Effects
Analysis (FMEA), Hazard Identification
(HAZID) or Hazard and Operability Study
(HAZOP). Using such procedures class may as-
certain that a ship is safe, without having dedi-
cated firm rules & regulations for a specific de-
sign feature.

45.4.1 Loads

Loads (and structural response) is a topic
generally addressed by class. Although the elab-
oration is different per class, generally load
cases are defined for:

e Wind load, by deriving the maximum wind
load with the wind propulsion in operation
and also when it’s inactive

¢ Inertia loads (heel and ship motions)

e Green water loads

Subsequently it must be checked that the
structure can cope with it considering various
failure modes, including also fatigue. The rules
& guidance generally includes methods to esti-
mate the loads. However, it may be interesting
to get this information from testing. Obtaining
inertia loads for instance may be done using
model tests. Testing methods have not been
specified.



4.5.4.2 Machinery systems and control

So far in classification rules, wind propul-
sion has been purely treated as assistance in pro-
pulsion. The propeller propulsion is still there.
Therefore the operability of wind propulsion is
not a safety requirement. Redundancy to always
have wind propulsion is not required. Neverthe-
less, the instrumentation of wind propulsion sys-
tems is subject to specific requirements. Never-
theless, the hydro- and aero dynamic testing
doesn’t seem to be directly relevant for these re-
quirements.

455 Potential owner criteria or new formal
regulations

It is identified that wind propulsion may trig-
ger some behaviour that is undesirable but for
which there are no accepted criteria. They have
been identified already in section 4.5.3.2. In the
feature we may see that either owners can up
with their own criteria or that formalised criteria
are developed.

4551 Heel

Heel has an impact on stability. Although in-
terpretation may be required, this is handled in
the rules discussed in section 4.5.3.2. Heel may
also have an effect on loads on the ship and
cargo and this should also be accounted for,
principally in class rules as discussed in 4.5.4.1.

But heel can have other impacts that are not
covered by existing criteria. For instance, crew
and passenger comfort may be decreased. Fur-
ther specific systems on board may not function
with large heel angles. We are considering here
the (quasi-) steady heel. However, the impact is
realised generally in combination with oscilla-
tory heel due to waves.

We see in some publications that heel thresh-
olds are used. Though, a clear rule or converged
value, even for specific ship types, could not be
identified. Though there are some (proposed)

criteria for other applications that could give
some reference:

e RINA (2012) proposed a maximum heel an-
gle of 10 degrees for the steady part of a turn-
ing circle

e Dallinga and Bos (2010) derive a maximum
“Effective Gravity Angle” (equivalent to
heel in steady conditions) of 9 deg for naval
staff and they suggest it should be about half
for passengers that are not trained

e As identified also by Dallinga and Bos the
ITTC (1999) suggested a maximum lateral
acceleration of 0.8 m/s2 onboard high speed
craft. This corresponds to about 4.6 deg of
heel.

These references suggest a threshold in the
range of about 5 to 10 deg. However, the higher
side of that is really intended for trained crew
and a temporary situation in a turning circle.
They may therefore be judged as high. Although
this report does not claim that it is well verified
for the specific application of wind propulsion,
a threshold maximum heel angle of 5 deg may
be reasonable as a first reference. It is however
expected that actual thresholds considered in
projects will be adjusted to the specific ship type
and operations. For instance, on a cruise ship,
where untrained individuals are on board and
comfort is paramount, a much lower threshold is
expected.

4.5.5.2 Yaw and/or rudder angles

As discussed in section 4.5.2, wind propul-
sion may lead to larger yaw oscillations. At
some point, controllability may be decreased as
a result. Depending on control settings, the rud-
der gear needs to work harder, leading to more
wear. It is not yet understood if and how prob-
lematic these changes in behaviour are, but it
can be imagined that in the future owners will
set criteria on the maximum variability of yaw
and/or rudder angle.



4.5.5.3 Manoeuvring in port or laying at an-
chor

As discussed in section 4.5.2.5, due to in-
creased windage, the maximum forces delivered
by tug(s), tunnel thrusters and/or mooring equip-
ment may need to be increased. How an owner
will deal with this likely varies. In some cases
the impact of increased windage may be well
within the capabilities of the ship and port. Nev-
ertheless, in other cases some increase cost may
need to be anticipated. Operational cost for tugs
of higher capacity or numbers or a larger invest-
ment in transverse tunnel thrusters.

A common indicator to describe how well
ships can berth is the crabbing capability as for
instance described by Ferrari et al (2018). The
indicator is effectively the maximum wind
speed that can be sustained at all wind angles
when berthing. An example from Ferrari et al is
shown in Figure 23. When an owner specifies
that the same wind speed must be sustained for
a ship with wind propulsion, then an increase in
windage will be compensated for by specifying
larger capacity tunnel thrusters (and/or tugs).

It is unknown to the owners how owners may
specify criteria for increased anchor loads and
yaw instability that could occur at anchor.

Crabbing polar plot
Maximum wind speed [m/s] as function of wind direction [deg]
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Figure 23: Crabbing capability plot from Ferrari
et al (2018)

4.5.6 Testing and simulation methods

45.6.1 Simulations

45.6.2 Calculations on desktop and HPC

Whereas high fidelity simulations, at the
level of CFD, have been shown for sailing
yachts in waves, e.g. Mazas et al (2017) and
Azcueta (2002), it is judged that this technology
is not yet ready for a comprehensive analysis of
safety and operability on its own. Assessing
safety and operability requires a large amount of
simulations with many degrees of freedom in-
volved. The degrees of freedom do not only re-
late to motions of the vessel, but also the envi-
ronment conditions, including several parame-
ters for wind, wind sea, swell and potentially
current. Long time traces are also required to de-
rive statistics with sufficient certainty for sea-
keeping. The time (and cost) involved to resolv-
ing a full assessment is generally too high for
running CFD. Nevertheless, these methods can
be highly valuable for assessment of specific
conditions. The simplified methods as discussed
below are generally constrained to first order
forces and motions strictly following a linear re-
lation to wave height and second order forces a
quadratic relationship, which are both simplifi-
cations. CFD does away with such assumptions.

For good reason, research on simulations has
so far also focussed on simplified methods.

Kjellberg (2022) provides an extensive de-
scription of time domain simulations. In sum-
mary, the hydrodynamics is simulated in poten-
tial flow, with viscous corrections. The aerody-
namics is simulated using a stripwise approach
akin to lifting line. Whereas the principal objec-
tive was to verify fatigue loads in the rigs, the
same calculation approach can deal with all
kinds of manoeuvring and seakeeping scenarios.
Hydrodynamic “manoeuvring” coefficients
need to be prepared in advance as well as the
stripwise aerodynamic forces.

Eggers and Kisjes (2023) and Kisjes and Eg-
gers (2023) also documented manoeuvring



simulations. For manoeuvring their approach is
similar. It is based on pre-processed manoeu-
vring coefficients. The aerodynamics are imple-
mented using coefficients just using the wind
conditions at the centre of effort height of the
rig(s). Although not documented in the publica-
tion, when modelling seakeeping, the MARIN
methods rely on pre-processing to model wave
excitation, radiation and damping using calcula-
tions in the frequency domain with a Boundary
Element Method.

45.6.3  Bridge simulations

Vahs (2019) published on bridge simulations
with wind propulsion. The Flettner rotor forces
were accounted for in the simulations, although
no detailed description is given on the methods.
Manoeuvring simulations were conducted.

45.6.4 Model tests in wind tunnels

Quite some publications are available on
wind tunnel tests with individual wind propul-
sion units up till complete ships with wind pro-
pulsion. However, no publications are known
where the emphasis was on safety issues. The
general focus is on steady forces as input to per-
formance predictions. The data generally does
allow to assess the loads against structural lim-
its. However, as these are only the steady loads,
it is likely not the full answer. It is known that
tests have been conducted with dynamics, such
as wind gusts, however these are not yet pub-
lished.

For sailing yachts, experiments are known
with some dynamics, such as by Fossati and
Muggiasca (2011). They put a sailing yacht
model with rigid sails on a set-up that culd make
pitching motions. The methods used there could
be used also for ships and systems deployed in
merchant shipping.

45.6.5 Model tests in basins

Various approaches have been used to model
wind propulsion in a model test basin with

waves. It appears that modelling wind in the ex-
periment itself is very challenging as described
below. An approach where a simulation is run-
ning the loop (SiL) to calculate aerodynamic
forces in real time seems to be preferred
amongst several tests institutes. However, there
are differences in the tools used to apply aerody-
namic loads, e.g. winches versus wind fans. Rel-
ative advantages of one method over another are
not yet clear. Details are described in the sec-
tions below.

45.6.6 A wind tunnel in the basin

Eggers and Kisjes (2019) fitted a (simpli-
fied) wind tunnel in a wave basin, to model both
the aerodynamics and hydrodynamics experi-
mentally. As also discussed by Gerhadt et al
(2021), in such an approach it is impossible to
satisfy similarity on Froude number and Reyn-
olds number simultaneously. It has not yet been
ascertained how important it is for the end result.
In wind tunnels it is accepted practice to run
wind tunnel experiments not at the Reynolds
number of the actual application. However, as-
suming that some corrections are necessary,
these are not trivial to apply. Moreover, the ex-
periments by Eggers and Kisjes showed that on
average the target wind conditions could be
achieved in the centre of test section. However,
there were deviations outside that centre. These
could not be avoided with disturbances from the
openings in the test section that were still re-
quired to run the tests. In order to create a better
wind field throughout the test section, the sec-
tion would need to be closed of further and
likely more wind fans would need to be used.
This would drive up the time (and cost) required
for such experiments substantially. The method
may have value in case the aerodynamic proper-
ties are not known and they are to be determined
in the combined experiment itself. However, in
general it appears to be more practical to apply
aerodynamic forces using a numerical model us-
ing the methods described in sections 4.5.6.8 or
4.5.6.8. Nevertheless, experiments were done
using the simplified wind tunnel, as shown in
Figure 24. Results are discussed in section
45.2.1.



Figure 24: Coaster with Dynarigs in simplified
wind tunnel in wave basin (Eggers and Kisjes,
2019)

45.6.7  Numerical aerodynamic loads ap-

plied using winches

Eggers (2018) demonstrated free running
tests with winches on a sailing yacht. The same
test set-up is in use for merchant ships with wind
propulsion at MARIN. The aerodynamic loads
are modelled dynamically in the (ship fixed)
sway and surge directions using two winches.
This is done using an adjustment in height of the
winches on the carriage to an expected average
heel angle per test. The connection point on the
model is in the aerodynamic centre of effort. As-
suming that this aerodynamic centre of effort re-
mains constant throughout a test, the pitch mo-
ment and heeling moment are also modelled cor-
rectly. A third winch is used to correct for vis-
cous scale effects, pulling strictly from the bow.
The set-up is extendable with more winches, al-
lowing more degrees of freedom to be modelled
dynamically.

Sauder and Alterskjeer (2022) have con-
ducted experiments with a free running model
using an advanced winch system named Cable-
Driven Parallel Robots, essentially also a com-
bination of multiple winches. Using 6 winches
allows to dynamically apply forces in 5 degrees
of freedom (only heave excluded). Assumptions
on centre of effort are not necessary. Tests were
run in calm water, but using a variation of wind
conditions, including a spectrum. The tests
showed that the target forces could be applied
accurately.

45.6.8 Numerical aerodynamic loads ap-

plied using wind fans

Gauvain (2019) published on an unre-
strained test set-up to apply aerodynamic loads
for a yacht sailing in waves or manoeuvring.
Although results are shown for a yacht as illus-
trated in, the set-up should also be suitable for
merchant vessels. The set-up includes a mast
with a single fan. With a possibility to rotate the
fan on the mast manually, the proportion of
surge and side force can be adjusted in between
tests. It is not mentioned whether yaw moment
can be varied, but this is assumed to be the case
by moving the position of the mast in the model.
A particular point of attention in the test set-up
was to eliminate any connection to the carriage,
thereby eliminating and unwanted influence
from such connections.

Gerhardt et al (2021) published on manoeu-
vring and seakeeping tests with a wind powered
car carrier. As opposed to using winches, air
screws (fans) were used to impose aerodynamic
loads. The set-up allowed to dynamically model
forces in surge, sway and yaw moments. The
publication discusses various options to apply
aerodynamic loads and reflects on the impossi-
bility to adhere to all scaling/similitude laws
when real wind is used in the basin test. Viscous
scale corrections are described in an accompa-
nying paper by Giovanetti et al (2022).

4.5.6.9 Onboard trials and monitoring

A modest amount of publications is available
on onboard trials an monitoring. However, also,
on this topic, the emphasis is on (quasi-steady)
performance measurements. No publications are
known with an assessment concerning operabil-
ity or safety.

4.5.7 Summary

The emphasis in research and projects di-
rectly for industry has mostly been on steady
equilibrium conditions, which are directly rele-
vant for performance, but are less relevant for



operability and safety. This is evident both in
regulations as well as methods to verify safety,
operability and compliance.

There is a gap in regulations. These are pres-
ently dealt with for a large part within custom
HAZID and HAZOP studies. As experience is
gained with operation of ships with wind propul-
sion, it is expected that more rule or risk-based
guidance will be specified.

New or existing assessment methods are
trialled mainly in (subsidised) research studies.
Some methods show good potential and it is ex-
pected that with their continued use, a conver-
gence and refinement will be seen in the meth-
ods that are used.

4.6 Investigate the effect on propulsive fac-
tors due to reduced propeller load aris-
ing from the use of wind power.

The goal of this ToR is to investigate the ef-
fect on propulsive factors due to reduced propel-
ler load arising from the use of wind power,
identify the effects of wind propulsion on the
propulsion system, e.g. pressure side cavitation
occurrence and liaise with Resistance and Pro-
pulsion Committee and SC on Cavitation and
Noise.

4.6.1 State of the art of effect on propulsive
factors for wind propulsion ships

The research about effect on propulsive fac-
tors due to reduced propeller loading for wind
propulsion ships has been few. Many researches
have focused on propeller overloading due to
added resistance by waves because of IMO reg-
ulations on EEDI (Energy Efficiency Design In-
dex) and minimum propulsion power in adverse
weather.

Propulsive factors like as wake fraction (w),
thrust deduction factor (t) and propulsion effi-
ciency (np) should be investigated for wind pro-
pulsion ships. Wind propulsion ship in steady
state navigation has been in reduced propeller

loading, drift angle, heel angle, wind and wave
conditions.

Sauder & Alterskjaer(2022) carried out free
running tests where real-time sail loads interact
by Cable-Driven Parallel Robots. The target
ship was SOBC-1(SINTEF Ocean Bulk Carrier-
1, Lpp=190m), 4 rotor sails (height=35m, diam-
eter=5m, top end plate diameter=6m), and all ro-
tor sails are located on the ship’s centreline. Fig-
ure 25 shows propulsive factors as a function of
the true wind direction(TWD) and true wind
speed(TWS). Vessel sails towards North. TWS
=10, 15, 20 m/s are represented in black, blue
and red, respectively. The dashed black refer-
ence line represents values for the case without
rotor sails at vessel speed 12.25 knots.
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Figure 25. Propulsion parameters of model tests

Schot & Eggers(2019) studied on the effect
of leeway(drift) angle on the propulsive factors
by viscous flow calculation and captive model
test. The predicted Taylor wake feaction(wr) is
compared with measured data for KVLCC2 in
Figure 26.
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Figure 26. Comparison of the predicted wT and
measured values for the two model tests
campaigns on the KVLCC2

Yang et. al(2019) carried out CFD calcula-
tion for POW characteristics in oblique flows.
Figure 27 shows the comparison results for Pots-
dam Propeller Test Case(PPTC).
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Figure 27. Comparison of POW curves for
PPTC(Upper: incidence angle Oo, Lower:
incidence angle 12°)

China(2018) proposed the thrust deduction
factor and wake fraction at low speeds ast=0.1
and w =0.15 on IMO MEPC. (Figure 28)
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Figure 28. Model test results of wake fraction
and thrust deduction at low speeds.

4.6.2 Modelling of propulsive factors for
wind propulsion ships

With the steady state assumption the wind
propulsion ship has drift (8) and heel angle.
Manoeuvring mathematical model considers
with drift angle for the modelling of wake frac-
tion where POW test result is used to predict the
wake fraction. POW test with drift angle can be
carried out, but it is difficult to predict the inflow
angle at the propeller position. However, the
thrust deduction factor is kept constant value
with the given speed for manoeuvring simula-
tion. Itis available to make a modelling of thrust
deduction factor with drift angle.

Yasukawa & Yoshimura (2015) introduced
the MMG mathematical model for manoeuvring



simulation, and proposed several models for
wake fraction with drift angle are as follows.
Wp/Wpo = exp (—4f85) 1)

Py Ci(Bp + C2Bp1Bp1)*  (2)

11 I =1 "’0(1 — cos?Bp)(1 — |Bp) 3)
128 14 {1 - exp(—CalBrD}(C — 1) (4)

Bp=B—xp'r

Where w,, is the wake fraction in manoeu-

vring motion and wp, is the wake fraction in
straight-line motion

In Figure 29 the analysis results of wake fac-
tion with drift angles using Eq. (4) are shown.
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Figure 29. Analysis results of wake fraction in
manoeu-vring motions for KVLCC2 model (Eq,

(4)

4.6.3 Example of model test of effect on pro-
pulsive factors for wind propulsion
ships

To investigate the propulsive factors in re-
duced propeller loading, model tests were car-
ried out by Korea Research Institute of Ships
and Ocean Engineering (KRISO). The Target
ship is Ksupramax (KRISO Supramax class
Bulk Carrier, Lpp=192m), and the test speed is
12 knots of real ship. The scale ratio of model
ship is 26.087. Figure 30 shows the body plan
and model ship of Ksupramax.

RN )/

Figure 30: Body plan and model ship of
Ksuparamx Bulk carrier

Two types of model test were carried out.
One is load variation test, and the other is static
drift test in reduced propeller loading condition.
The wake fraction, thrust deduction factor and
propulsive efficiency were analysed by ITTC
Recommended Procedures and Guidelines 7.5-
02-03-01.4. Wake fraction is obtained by thrust
identity method and using POW data. Thrust de-
duction factor is obtained by using the measured
thrust and resistance forces considering skin
friction correction. Propulsive efficiency is ob-
tained by using thrust deduction factor, meas-
ured propeller thrust force and torque.

4.6.3.1 Load variation test in reduced propel-
ler loading

The loading conditions of load variation test
on design draft condition is 50% ~ 130% of re-
sistance force including skin friction correction,
Fp. The photo of load variation test using self-
propulsion test equipment is shown in Figure 31.

Figure 31: Photo of load variation test on design
draft condition

The analysis results of propulsive factors are
shown in Figure 32, Figure 33 and Figure 34.
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Figure 32: Analysis results of wake fraction with
propeller loadings (design draft condition)
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Figure 33: Analysis results of thrust deduction
factor with propeller loadings (design draft
condition)
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Figure 34: Analysis results of propulsive
efficiency with propeller loadings (design draft
condition)

4.6.3.2 Static drift test in reduced propeller
loading

Static drift test in reduced propeller loading
was carried out by planar motion mechanism
(PMM) equipment of KRISO. Test speed of 12
knots of real ship on heavy ballast condition be-
cause of some problems of PMM system. The
range of drift angles is -20° ~ + 20°, and propel-
ler loading is at 60%, 80% and 100% of real
ship’s self propulsion point. Figure 35 shows the
photo of static drift test.

Figure 35: Photo of static drift test on heavy
ballast condition

Figure 36 to Figure 38 show the analysis re-
sults of wake fraction, thrust deduction factor
and propulsive efficiency.
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Figure 36: Analysis results of wake fraction with
drift angles (heavy ballast condition)
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Figure 37: Analysis results of thrust deduction
factor with drift angles (heavy ballast condition)
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Figure 38: Analysis results of propulsive
efficiency with drift angles (heavy ballast
condition)

Wake fractions in several propeller loadings
are fitted by Eq. (5), and the fitted result of 100%
loading and manoeuvring coefficients are shown
in Figure 39 and Table 10.
wp/Wpo = exp (—Cpv}) ®)
vp =V +xp'r’
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Figure 39: Fitted results of wake fraction by Eq.
(5) (100% loading, 12 knots)

Table 10: Fitted results of wake fraction (Eq. (5))

100% | 80% 60%
loading loading loading
Cp 15801 |6702 |6.684
(for +vp)
Cp 16019 |6236 |6.989
(for -vp)

The analysis of propulsive factors is proper,
and the values of wake fraction are reasonable.
But the values of thrust deduction factor and
propulsive efficiency isn’t acceptable. It is the
reason that the measured propeller thrust and
torque are appropriate values, but the X force
measuring system of PMM of KRISO isn’t ap-
propriate to maintain the accuracy of X force.
The X forces during static drift test in real ship’s
self-propulsion point are very small contrast to
large capacity of X force gages because the X
force measuring system of PMM should with-
stand the acceleration and deceleration forces
during the tests. More accurate analysis of pro-
pulsive factors in manoeuvring motion, it is in-
evitable to use more accurate X force measuring
system like as the clamp system for PMM.

Based on the experience reported above, the
Committee recommends that for static drift test
without accurate X force measurement system,
the thrust deduction factor should be kept



constant value obtained from self-propulsion
test with given speed.

4.6.4 Liaise with other Committees

One of the goals of this ToR is to liaise with
general committee on Resistance and Propulsion
and specialist committee on Cavitation and
Noise about the propulsive factors and reduced
propeller loading.

The TOR 9 of the general committee on Re-
sistance and Propulsion which is to update load
variation test method in 7.5-02-03-01.4 "1978
ITTC Performance Prediction Method" taking
into consideration a wider range of resistance
and develop a new method if necessary, is re-
lated with this TOR. It is suggested that reduced
propeller loading conditions (including 70%,
80% and 90% of resistance force) should be in-
cluded in load variation test.

There is no related TOR of specialist com-
mittee on Cavitation and Noise. But it is neces-
sary to investigate the pressure side cavitation
occurrence, noise, vibration etc. in reduced pro-
peller loading. The controllable pitch propeller
(CPP) would be recommend to avoid the pres-
sure side cavitation.

4.7 Cooperate with MEPC on the continu-
ous development of the EEDI for wind
propulsion ships. Liaise with Full Scale
Ship Performance Committee

The Committee did not initiate action within
this period to propose improvements to the Ma-
rine  Environment Protection Committee
(MEPC) in IMO. Until release of the ITTC
guideline and procedure in September 2024, the
only publicly available guideline for perfor-
mance prediction for ships with wind propulsion
is included in MEPC.1/Circ.896 as published in
2021. That guideline only serves to quantify the
benefit of wind propulsion under EEDI and
EEXI, which may justify that it does not

necessarily need to achieve best accuracy. How-
ever, the Committee is of the opinion that there
IS substantial scope for improvement, even with-
out increasing the effort for ship owners and
their partners to follow the MEPC guideline. A
submission for the 81th MEPC by IWSA and
RINA (IMO, 2024, MEPC 81/INF.40), building
on work by MARIN in the WiSP2 project illus-
trates how at present the specification of wind
statistics does greatly influence the predicted
savings. The submission illustrates that the ben-
efit of the present specification can likely not be
achieved in real operation. The submission also
illustrates potential other methods to derive
wind statics, which are more similar to what can
be achieved in reality, without resorting the
methods that were in place before 2021 (and that
arguably disadvantaged wind propulsion). A
follow-up specialist Committee, supported by
R&D projects, may pick up this and other topics
to deliver submissions to IMO’s MEPC for
adopting better guidance in MEPC.1/Circ.896.

4.8 Liaise with the Ocean Engineering
Committee regarding their work on
SiL and controllable fans to model
wind loads.

We have unfortunately not been able to
achieve any fruitful outcome in this task. We
recommend that the next committee should fo-
cus more on sea keeping model test of wind
powered ships in general.

5. PROCEDURES

This section describes the work done by the
committee on tasks 4, 6 and 8 described in Sec-
tion 3.

The work done in the other tasks (1, 2, 3, 5,
7, 9 and 10) can be found in “State of the Art”
Section 4.



5.1 Proposed guidelines for performance
predictions of wind assisted ships

The Specialist Committee for Wind Assisted
and Wind Powered Ships under the 30" ITTC
has prepared guidelines for prediction of power
saving of wind propulsion technology. This sec-
tion gives an outline of how the guideline is
structured and how it connects to performance
indicators.

In the process to derive common KPI’s, sev-
eral focus group meetings were held with indus-
try stakeholder in cooperation with the Interna-
tional Wind Ship Association (IWSA) and the
Interreg North Sea region project WASP. The
proposed process was also presented at several
international conferences in Europe and Korea
(Werner 2022a, Werner 2022b). Furthermore,
the Committee run several workshops with in-
dustry representatives, with the purpose to get
feedback on the proposed method. The last
workshop was held in February 2024, and the
participants had received draft versions of the
procedure beforehand. 18 organisations submit-
ted in total 174 comments.

Some of the key pieces of feedback received
from industry on the provisional version of the
procedure document are listed below.

e The air density should as default have the
value of 1.225 kg/m”3, equivalent to stand-
ard value for 15 deg, sea level.

e A standard value for power law exponent
should be provided, but the user should in
the end seek relevant documentation of the
appropriate value for route to be studied.

e Uncertainty analysis and sensitivity analysis
of all assumptions and models should be per-
formed.

e Guidelines for route optimization should be
further developed in future revisions

The proposed guideline is the first attempt to
create a common ground and common terminol-
ogy for expressing performance expectations of
wind powered ships at design stage. It focuses

on methodologies for predicting the power sav-
ing of a wind powered ship on a route at design
stage, compared to the corresponding ship with-
out wind propulsion. The guidelines give an
overview of the type of methods that are suitable
for the different stages of the ship design pro-
cess, considering the balance of confidence level
and computational cost. It is not the intention to
provide detailed procedures. It is assumed that
the organization conducting the predictions has
relevant background knowledge and tools.

The guidelines are intended to be used by or-
ganizations conducting performance predictions
for wind powered ships (e.g. consultants, yards,
technology providers). They are also intended to
be used indirectly by all stakeholders who need
to discuss the resulting performance indicators
(e.g. ship owners, operators, investors). By
providing standard indicators that are linked to
prediction procedures of varying confidence
levels, the guidelines aim to provide a common
terminology for all stakeholders.

The guidelines are mainly applicable to
cargo vessels with wind assistance technology
(moderate size of wind propulsion), although
they can to some extent be applied to vessels
with primary wind propulsion. Sailing yachts,
racing boats or traditional sailing vessels are not
in the scope.

The focus of the guidelines is the relative
performance of wind assisted ships, i.e. the
power saving relative to the same ship with con-
ventional motor propulsion. The industry today
still sees the conventional motorship as the
benchmark which the business case for novel
technologies relate to. However, this perspective
may change in future versions. It is expected that
the guidelines will be updated frequently the
coming years as the knowledge and tools in the
industry develops.

Deriving the expected fuel saving from a
wind propulsion solution involves four principal
steps:



1. Generating background data. (Towing tank
tests, wind tunnel experiments, CFD simula-
tions).

2. Generating models from the background
data, which describes the sub-systems re-
sponse to a changed of state. For example,
describing the aerodynamic force of a sails
in different wind angles.

3. Deriving steady state force equilibrium with
Velocity Prediction Programs (\VPPSs) or Per-
formance Pre-diction Programs (PPPs).

e Route studies, where the variation of envi-
ronmental conditions that the vessel will
meet on a route is combined with the static

performance model to derive the expected
average power or energy saving due to the
wind propulsion.

Predictions of the power savings from wind
propulsion systems are used at various stages of
the design process, from initial assessments to
final performance expectation. The guidelines
are arranged into various levels of accuracy to
meet the specific needs, requirements, and avail-
ability of data of each stage. The fidelity and the
required efforts increase with increasing level.
An overview is given in Table 11, the complete
table is found in the guideline.

Table 11: Overview of methods for prediction of power sav-ing of wind propulsion technologies

Level 0 Level | Level 1 Level 111 Level IV
Business case | Advanced Busi-
C WPS  rated . Early business| & Perfor- | ness case & Per-
Applicability -> Early idea
power case assessment | mance expec- | formance expec-
tation tation
Force balance 1DOF 1DOF 3-4DOF 4DOF 4 DOF (at least)
Aerodynamics Specific Generic :g/)ll)V/Mld fidel- | High fidelity™ | High fidelity
Hydrodynamics Generic Low/Mid fidelity | High fidelity | High fidelity
Machinery inter- Generic SFOC + | Specific SFOC | Specific SFOC +
action limitations + limitations limitations
Weather on the EEDI or in- Intended route or
Intended route Intended route .
route tended route weather routing
Optional effects:
e.g. ship motions
and varying wind
energy manage-
ment  optimisa-
tion

*) Low/Mid fidelity methods can be for example high fidelity data or regression models from similar

cases, or case specific lifting line methods

**) High fidelity refers to case specific CFD, model test or full-scale test.

5.2 Derive performance indicators for
comparing the performance of wind
propulsion at design stage.

The maritime wind propulsion industry is
evolving rapidly, and many new wind propul-
sion technologies have emerged on the market.
All these technologies have their specific
strengths and weaknesses, which need to be

assessed and quantified when selecting a WPT
for a particular application. The wind propulsion
community has, however, up to now not agreed
on common key performance indicators (KPI).
Some technologies are described using aerody-
namic coefficients, others by e.g. expected fuel
savings. Percentage saving figures are com-
monly used, but it is often unclear what is in-
cluded in the comparison. This complicates



comparing technologies, puts the level playing the ship design process from early concept
field at risk, and delays investment decisions. stage to operation stage, gradually adding
more and more complexity.

Before this background the 29" ITTC Spe-
cialist Committee for Wind Assisted Ships co-
operated with the Interreg North Sea region pro-
ject WASP and the International Wind Ship As-

sociation (IWSA) to develop and propose KPIs Indicators in this category should describe
for wind-assisted ships. As part of this effort,  {he characteristics of wind propulsion units
several focus group meetings were held during  41one without considering a ship. The Commit-

the autumn of 2022. These online workshops  tee concluded the following recommendations:
were open to all stakeholders from the wind pro-

pulsion community and aimed at sharing ideas
and discussing implications of various KPI al-
ternatives. Figure 40 summarises and groups the
participants.

5.2.1 Recommended KPIs for Stand-alone
wind propulsion units

Nondimensional stand-alone coefficients are
useful to understand the characteristics of a
WPT but not directly the fuel saving poten-
tial. This is relevant for experts working with
the design or assessment of wind powered

Providers ships. However, it should not be the first

Class choice when communicating performance

Consultant with community in general.

Reseacher e There is no single nondimensional coeffi-
» Ship owner/Operator cient that describes all the important charac-

NGO teristics of a WPT. The best demonstration

of the complete picture is a power coefficient
_ _ curve over apparent wind angle.
Figure 40: ITTC, IWSA and the WASP project e In the early concept phase, when scanning

hosted focus group meetings with the industry S . .
aiming for deriving harmonised KPls. The the market and shortlisting possible devices,

participants affiliation business types are show it could be convenient to have easy, ship in-

the graph. dependent indicator of a unit size or its

power. This could be achieved via a nominal

A summary of the considerations and recom- or “rated” power derived in the same way as
mendations from the Committee is given here. the “fefr*Perf” in MEPC.1/Circ.815 (2013)

More details are given by Werner et.al (2023).

The industry focus groups indicated that the Rated WPU Power;, =
need from the industry can be summarised as:

nm Fx . Vs
e It would be helpful to have a set of agreed Z[ b _PTILJ. x (W] ©)
KPIs, especially for expressing ship specific Y
fuel saving potential in the business case and
procurement phase.

e KPIsthat will be communicated to ship own- where

ers and operators should be tangible to their

business. W; ; is the EEDI weather matrix (pre-2021)
e It would be useful if the KPIs reflect the pre- np=0.7

diction method used to derive the value. E, is the force matrix at the corresponding wind
e It would be useful to have a set of KPI defi- ;=10 knots

nitions that is consistent and can accompany



PTI is the power required by the wind propul-
sion unit (eg spinning a rotor)

Rated power values for other standard ship
speeds (e.g. 15 and 20 knots) can be worked out
in a similar way

This KPI is one way to describe a device
while including the size. It is a theoretical num-
ber and gives an indication of a unit’s theoretical
potential. It should be understood that it this ig-
nores the effects of aerodynamic side forces and
that the propulsive efficiency, n, may be differ-
ent for a specific ship.

It is important that Standard conditions for
nondimensional KPIs are defined by for exam-
ple ITTC. That could be:

e Uniform/rectangular wind profile

e Area A defined as projected/planform area
of WPT

e Standard air density of 1.225 kg/m3

5.2.2 Recommended KPIs for Performance
expectation and business case input

The purpose of this type of indicators is to
communicate a realistic expectation of the sav-
ing potential from a WPT. They are typically
used as decision support for business cases, or
for agreements between commercial stakehold-
ers.

Power saving, fuel saving, energy saving or
CO2 saving?

The saving due to a WPT in absolute terms
can be expressed either as power, fuel, energy,
or CO2 saving. While this choice will not affect
the ranking between the WPTs for the same ship
it can make a difference in how far a KPI reso-
nates with different stakeholders of the shipping
industry. Owners and operators tend to think in
tonnes of bunker per day, engineers are more fa-
miliar power or energy-based numbers, law-
makers will mostly focus on CO savings.

If we consider ships with conventional diesel
engines and power saving for constant opera-
tional speeds, then there is an almost linear rela-
tion between the predicted power, fuel, and en-
ergy savings. This allows for an easy conversion
between the savings expressions by simply post-
processing route simulation results. For hybrid
propulsion systems, and if routing and speed op-
timisation are included, the relation is not that so
straight forward and must be modelled within in
the voyage simulations. Some of the advantages
and disadvantages of the various units for sav-
ings are summarised below. These points were
raised during discussions with industry stake-
holders.

5.2.3 Fuel saving

Definition: difference in fuel consumption
between ship with WPT and without WPT for
same route and speed.

Comments from industry focus group:

e Ship owners can relate to fuel (tons/day and
ka/h).

e Tons/miles makes it easier to scale to differ-
ent routes.

e Can be used in atransition period when HFO
is still the standard in shipping.

¢ Need modelling of machinery efficiency, or
stipulate fixed specific fuel oil consumption
(SFOCQ).

e Not easy for hybrid propulsion systems.

5.2.4 Energy saving

Definition: difference in energy (=propul-
sion power x time on route) between ship with
WPT and without WPT for same route and
speed.

Comments from industry focus group:

e Using propulsion energy instead of fuel al-
lows to leave out engine efficiency.

e For specific cases ship owners can translate
to fuel themselves.



e More future proof considering future fuels.

5.25 CO; savings/ CO,s avoided

Definition: difference in CO2 (=fuel x con-
version factor) between ship with WPT and
without WPT for same route and speed.

Comments from industry focus group:

e Parameter assessed in EEDI, CIl and emis-
sion trading schemes like EU-ETS.
e Of interest to the wider society.

5.2.6 Power saving

Definition: difference in propulsion power
between ship with WPT and without WPT for
same route and speed.

Comments from industry focus group:

e Propulsion power is a measure that both
yards, designers, ship owners and operators
are familiar with.

e It does not require any modelling of engine
efficiency or assumptions of fuels and hy-
brid propulsion.

e WPT providers do not always have infor-
mation on the details of the propulsion sys-
tem or engine efficiency. In this case the
power makes for safe option for the saving
prediction.

Considering these pro and cons, it appears
that “power savings” are the most feasible way
of expressing WPT performance and are also a
concept that is familiar to owners and operators.
However, nothing prevents showing them all in
a prediction report.

5.2.7 Percentage

The percentage fuel saving is the most com-
mon KPI in communications around wind pro-
pulsion today.

The ship’s propulsion power when employ-
ing the WPT is compared to the propulsion
power when there is no WPT, for the same sea
leg and same speed:

Pno WPT — Pwith WPT

AP% =

Pno WPT (7)
One could think that a percentage saving is a
clear KPI that can be used for comparison be-
tween different installations, since it is nondi-
mensional. Very often, percentage saving claims
are published without any further description of
the specific cases. This is, however, a problem-
atic approach.

The first issue is to what the savings have
been related to, i.e. what number to have in the
denominator. The calm water power, or power
including sea margin, and should we use the fuel
consumption for propulsion of the total fuel con-
sumption including electric generation, harbour
operation etc? That can change the KPI [%] by
several %-units. Moreover, the percentage sav-
ing figure is very sensitive to ship speed. A
higher ship speed gives much reduced %-saving.
Thus, a percentage saving number, taken out if
its context, may be misleading. A percentage
number gives the false impression that it can be
universally compared with other percentage sav-
ing predictions. For the reasons addressed here,
many of the industry partners participating in the
study are sceptical of using this KPI.

5.2.8 Power reduction

The performance of WPT could also be ex-
pressed as power reduction in KW, ap = P, ypr —
Puienwer- S€veral options for a standardised KPI
related to AP were suggested by the industry
partners involved in this study:

Max AP for TWS=10m/s (at the best wind
direction)

AP at a specified “design point” which could
be for example TWS 10 m/s, TWA=60 deg
AP at the most frequent weather



AP on a given route, averaged over a year to
include all season’s weather

AP from the EEDI equation (pre or post
2021), but using weather statistics for an ac-
tual route

The advantage of option i) — iii) is that the
prediction does not require any routing/voyage
analysis tool. However, selecting one condition
where AP is extracted can give large over or un-
der predictions of the power reduction compared
to the average saving on a route. The maximum
AP gives also a misleading comparison between
high lift versus high lift/drag devices. The same
drawback is true for the option to derive AP at a
specified “design point”. Selecting the most fre-
quent weather as the design point is completely

Power reduction (kW)
At design points
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_50 max OP af
TWS=10 m/s

DP at a design condition
(TWA=60deg, TWS=10m/s)

most frequent
wind Cop-Riga

WPT 1 WPT 2 m WPT 3

misleading. The most frequent weather could
well be head wind, where WPTSs cannot even be
employed. Figure 41 shows the comparison of
three fictive wind propulsion technologies
(WPT 1-3) fitted on the same ship, evaluated
with the different suggested KPIs. The left most
value is the Max AP for TWS=10m/s, which
gives a very optimistic value compared to the re-
sult from the route analysis in the graph to the
right. On the other hand, using the most frequent
wind (third option in the left graph) gives over-
pessimistic values (almost no saving). This
shows that there is no way around using voyage
simulations for deriving the power saving poten-
tial. The right graph shows the importance of
conducting the analysis in the actual route, as the
result is rather different for various routes.

Power reduction (kW)
Yearly average on a route

350

250

50 Rotterdam-Bergen Copenhagen-Riga New Yark- UK

WPT 1 WPT 2 WPT 3

Figure 41: Example of how power saving can be computed in different ways, and different
conditions, which results in different performance expectations. WPT 1, 2, 3 are fictive test cases.

5.2.9 Power Saving Potential (PSP)

No matter how accurate we try to model the
power saving on a route, it is still a theoretical
value. The real saving achieved in operation will
depend on many practical aspects which cannot
be foreseen in the predictions, such as mainte-
nance time, changed route and speed, changed
hull efficiency due to fouling, crew skill, func-
tion of the automated WPU control system, ic-
ing and wear. For this reason, it would be wise
to denote the predicted AP the “Power Saving
Potential”. This will indicate that it is an ideal
number derived under certain conditions. The
PSP should be possible to verify during a short,

controlled sea trial. After that, it is up to the
owner, operator, and crew to use this potential
in the best way.

5.2.9.1 Comparison of power saving

Some industry partners request that KPIs de-
rived by different organisations should be truly
comparable with each other also in terms of the
derivation method. To ensure that all actors in
the industry derive indicators that are truly com-
parable would require that some organisation
could derive detailed procedures prescribing
methods for CFD simulations and wind tunnel
test. This is not a feasible solution. A true “apple
to apple” comparison can only be achieved if the



same simulation platform is used for the cases to
be compared. However, we believe that it would
be an improvement compared to today’s situa-
tion if the industry agreed on a number of KPIs
that are linked to certain levels of confidence.
This is reflected in the proposed Guidelines for
performance prediction, see section 5.1.

5.3 Derivation of a procedure for full scale
trial of wind propulsion ships

5.3.1 Considerations before deriving a sea
trial method for wind propulsion

Verifying the performance of wind propul-
sion solutions is essential for both shipowners
and technology providers. Even without con-
tractual obligations, such verification provides
valuable confirmation for investments. Ship-
owners benefit from knowing the actual perfor-
mance, while technology providers can use the
data to enhance their designs and promote the
technology. Additionally, accurate performance
models are crucial for routing and performance
monitoring software.

The Committee was tasked to suggest a
method to verify the power saving from wind
propulsion technology. After discussions with
the industry, the current requirement for a veri-
fication method was identified:

e A method that verifies the saving from wind
propulsion technology, not the absolute
power. This is currently how WPT systems
are sold, contracted, and also how it is
treated in EEDI.

e A method that is commercially feasible for
all yards and providers.

e A method that is transparent and possible to
check by external verifiers.

¢ A method that does not require complex cal-
culations or advanced equipment.

Various alternative strategies where dis-
cussed. Published full-scale campaigns for wind
assisted ships have mainly been based on long-
term monitoring data, such as for m/v Viking

Grace Paakkari (2019) and for m/v Maersk Pel-
ican Paakkari (2020). An advantage of this type
of data is that it reflects the variety of weather
conditions and operational profile that the ship
encounters, as well as the real operability factors
like idling time due to maintenance, weather
routing, and crew skills. A challenge of using
long-term monitoring data to detect even mod-
erate power savings is the large scatter of such
data, together with difficulties to find a compa-
rable reference period with all other conditions
except the wind propulsion installation un-
changed. The main disadvantage is, however,
the long period of time that such campaign re-
quires. This is both costly and impractical in a
commercial context and for EEDI verification.

Another alternative could be to measure the
thrust forces from the wind propulsion devices
directly. This requires, however, very complex
measurement techniques that is now mature to-
day. Moreover, with this method, the increased
drift, increased rudder angle, and effect on the
propeller are not taken into account.

The Committee suggests instead a process
based on short sea trial runs, with the wind pro-
pulsion device turned on and off. The procedure
Is summarised in the next section.

5.3.2 Summary of recommended procedure

This section gives a summary of the new
ITTC 7.5-04-01-02 Recommended Procedure
Sea trials for assessing the power saving from
wind assisted propulsion.

Like a conventional speed trial, the wind
propulsion sea trial consists of a series of short
runs. The main difference to a conventional sea
trial is that the outcome is not the absolute value
of the speed-power curve, but the power reduc-
tion due to the wind propulsion system. The ef-
fect of the wind propulsion system is extracted
by comparing speed and power of single runs
with and without wind propulsion for the same
wind condition. The measured speed difference
is converted to a power difference using the



shape of the speed power curve and with some
corrections for speed differences.

The minimum test program includes 5 wind
conditions and can be conducted within one day.
However, the scope can well be extended to in-
clude a larger number of conditions and can be
conducted over a longer period during opera-
tion.

The signals to be measured are the same as
for a normal speed-power sea trial: ship’s speed,
power, wind. In contrast to the normal proce-
dures, the correction of current, which is usually
done based on double runs, cannot be applied
when wind propulsion is active. To overcome
this, the speed is measured using the ship’s log
if the trial is conducted in a location which is
known to be affected by tidal current. Since the
purpose is to derive a speed difference, the rela-
tively poor accuracy of the speed logs is accepta-
ble.

The wind propulsion sea trial can be carried
out at any wind conditions that gives sufficient
driving force from the wind propulsion system,
typically between Bf 4-7.

In the development of the procedures, the
process was tested for five ships in the EU Inter-
reg North Sea Region project WASP, and re-
ported in Werner (2022).

Note that described procedure applies to
ships with wind assisted propulsion, not primary
wind powered ships.

The largest source of uncertainties probably
originates from the measured wind. To minimise
the uncertainty, it is recommended to use one, or
even better, several, well calibrated, modern an-
emometers. However, it is unavoidable that the
anemometers are disturbed by the superstruc-
ture, freeboard and WPS on the wind measure-
ment. It is highly recommended if possible, to
use a Lidar either to measure the wind at the
trial, or to correct/calibrate the anemometer
readings before the trial. CFD simulations can

be used to find the most undisturbed position for
the anemometer.

The uncertainty of wind propulsion sea trials
is yet not fully investigated and document. It is
recommended that the next Committee continue
to improve the procedure and investigate the un-
certainty.

5.3.3 How to apply the sea trial in contractual
context

The wind propulsion sea trial verifies the
power saving at one ship’s speed, one wind
speed, and a range of wind directions. It thus
gives only spot check of the complete perfor-
mance. To derive the total power saving poten-
tial for a given route or representative opera-
tional weather conditions, the sea trial needs to
be combined with a performance prediction in
the following manner:

1. The power saving is predicted according to
ITTC 7.5-02-03-01.9 or for EEDI according
to MEPC.1/Circ.896 sec 2.3 for all wind
speeds, directions and relevant ship speeds.

2. The sea trial verifies the power saving for a
limited number of wind conditions.

3. If the comparison between the predictions
and the sea trial is satisfactory, the power
saving for a given route or representative op-
erational weather conditions can be calcu-
lated according to ITTC 7.5-02-03-01.9.

4. In case the comparison is not satisfactory,
the provider of the prediction should give an
updated prediction and a description of what
has been modified. The changes should re-
flect all wind conditions in a reasonable way,
not just the conditions tested in the sea trial.

The conventional motor-ship speed/power
trial, which is conducted by shipyards before de-
livery of a new build ship, needs to be done in
calm weather. It is very important to run the con-
ventional speed/power trial as accurately as pos-
sible in calm weather. The introduction of wind
propulsion systems should not be used as an ex-
cuse for performing the yard sea trial in heavier



weather. Therefore, the wind propulsion sea trial
needs to be done at a different occasion, when
the wind conditions are suitable. If the wind con-
dition is not suitable for wind propulsion sea tri-
als at the time or location of delivery from a
yard/retrofit site, it is suggested that the wind
propulsion trial is conducted during service
within an agreed period after delivery/installa-
tion.

The conventional speed/power trial proce-
dure 7.5-04-01-01.1 do not need to be modified.
In that trial, the ship is treated as a normal motor
ship. This is the most useful and feasible way to
treat wind assisted propulsion. If we in the future
will build almost completely sailing vessels,
there may be need for different approaches.

The proposed process was presented at sev-
eral international conferences in Europe and Ko-
rea (Werner 2022a, Werner 2022b). The Com-
mittee also run several workshops with industry
representatives, with the purpose to get feedback
on the proposed method. The last workshop was
held in February 2024, and the participants had
received draft versions of the procedure before-
hand. 18 organisations submitted in total 174
comments. Some of the key pieces of feedback
received from industry on the provisional ver-
sion of the procedure document are listed below.

e The instructions for the wind angle to be set
during sea trial should be specific.

e The method of manoeuvring the ship during
sea trial should be specified as either a con-
stant heading or a constant course.

e It should be indicated how to determine
whether a steady state is reached before
measurement.

e The influence of errors in the electromag-
netic logs for measuring ship speed on the
results should be clarified.

e The acceptable difference in ship speed
when a constant power condition is selected
should be clarified.

e Clarify the rationale for the minimum wind
speed conditions that are appropriate as sea
trial conditions.

e Perform an uncertainty analysis and sensitiv-
ity analysis of all assumptions and models.

It is expected that the procedure will be up-
dated ones more experience is gained. The un-
certainty of the sea trial procedures, as well as
the uncertainty of the performance predictions
are still not well established. At current stage it
is recommended to not yet use sea trials to con-
firm performance guarantees in a contractual
context. However, it is strongly recommended
to conduct sea trial of each wind propulsion in-
stallation to confirm the performance in a stand-
ardised manner.

6. CONCLUSIONS AND RECOM-
MENDATIONS TO THE 30™ ITTC

Wind propulsion for ships is a new area and
it is developing quickly. Up to now, most wind
installations are retro-fit ships with rather mod-
erate wind assistance technology. A few ITTC
members have been involved in research and
commercial services related to wind propulsion,
for example supporting ship owners with feasi-
bility studies. The coming years, the interest in
wind propulsion is expected to increase world-
wide and there will likely be more new-built
ships with very powerful wind installations.
ITTC members can play an important role to
support ship builders and ship designers in de-
signing and assessing these new-built ships. Not
only performance but also safety and regulation
aspects will be important issues where ITTC
members can contribute to the industry.

The 30th Specialist Committee on Wind
Powered and Wind Assisted Ships has fulfilled
all its TOR’s except for one and produced two
Procedures/Guidelines. Large efforts were spent
on aligning these procedures and guidelines
with the industry outside the ITTC. The devel-
opment was presented at several public confer-
ences and seminars. Several dedicated work-
shops were also held with technology providers,
ship owners and designers.



The vast feed-back that the Committee re-
ceived from the industry shows that there is a
great interest in the coming procedures. Many
stakeholders outside ITTC expressed their grat-
itude to our attempts. The young and developing
industry seems to have lacked a common
ground, and the new procedures fill a gap.

The Committee recommends to the full con-
ference that the Specialist Committee is contin-
ued or even be turned into a permanent commit-
tee.

Producing two Procedures from scratch in a
few years required large efforts. Although the
procedures are complete, they can certainly be
refined. More effort should be spent on scruti-
nizing every step and assumption. Thresholds
and guides should be better motivated, and the
uncertainty assessed.

The next committee should seek more closer
cooperation with IMO, offering to assist with
e.g. EEDI.

We also recommend wind tunnels to join
ITTC and the SC.

The scope should be widened to include sea
keeping and manoeuvring aspects. This is im-
portant when there will be very powerful wind
powered ships being designed.

6.1 Future work

The Committee suggests the research com-
munity to study the following topics:

e Uncertainty analysis of sea trials for ships
with wind assistance propulsion

e How to correct/calibrate anemometer with
Lidar or CFD

e Sensitivity analysis of which wind statics is
used in performance prediction on a route
(source, year, duration)

e Effect of leeway and heel on propulsive effi-
ciency determined with CFD. Validation and
experience of different hull forms.

o Effect of leeway and heel on wave making
and added resistance in waves

o Effect of reduced propeller flow on rudder

e The effect of wind propulsion on motions in
waves, and conversely, the effects of mo-
tions on wind propulsion performance

e The effect of wind propulsion on manoeu-
vring

e The effect of control systems on perfor-
mance, in relation to the actual wind experi-
ence by the WPU
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