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1 Forord

Innholdet i denne oppgaven st̊ar for forfatterens regning. Jeg startet arbeidet med oppgaven

januar 2021 og ble ferdig mai 2021. P̊a grunn av en p̊ag̊aende SARS coronavirus pandemi ble

alle møter og samtaler gjort digitalt p̊a Microsoft teams via internett. Takk til Veileder ved

NTNU i Ålesund er H̊avard Vollset Lien, og kontaktperson / faglig veileder ved Ulstein AS er

Steinar Aasebø for ROPAX krav og wingsail veiledning, Olav Rognebakke veiledning om DNV

standard for WAPS.

Sted, dato

signatur

Abstract

Wind assisted propulsion technology have become more relevant after the discovery of fossil

fuels impact on the environment. Rising fuel and CO2 tax is making fuel saving technologies

such as wingsail more profitable. The purpose of this thesis is to investigate how wingsail can

be implemented and estimate a reduction of fuel consumption and CO2 emission. This thesis

uses a ROPAX ferry with route Grislehamn-Eckerö. Using momentum theorem, the wingsail

forward drive force was calculated by using the monthly dominant wind direction and average

wind speed fuel savings was calculated by subtracting the total energy used with wingsail from

the total diesel consumption without wingsail . The calculation show that under the conditions

on the route Grislehamn-Eckerö was a 1.6% fuel saving possible. The results varied from 8.4%

in April to 0,1% in may. Wind direction was the most determining factor for the low fuel savings

throughout the year. Calculations using more frequent wind data could get higher fuel savings.

Further research on weather statistic for fuel calculation is necessary.

1.1 Sammendrag norsk

Vind assistert framdrift teknologier har blitt mer relevant siden oppdagelsen av at menneskeskapt

CO2 har p̊avirkning som en drivhusgass. Stigende drivstoff og CO2 avgifter gjør det lønnsomt

å satse p̊a drivstoffbesparende teknologier som wingsail. Hensikten med denne oppgaven er

å undersøke hvordan Wingsail kan bli tatt i bruk og estimere drivstoff og CO2 besparelser.

Denne oppgaven bruker en ROPAX ferje med rute Grislehamn-Eckerö. Ved å bruke momentum

teori ble Wingsailet forrovervirkende drivkraft var beregnet ved den dominante vindretningen og

vindens gjennomsnittshastighet. Trekke ifra det totale energi forbruket. Drivstoffbesparelser ble

beregnet ved å trekke drivstoff forbruket n̊ar skipet bruker b̊ade wingsail ifra drivstofforbruket

n̊ar skipet bare bruker diesel motor. Beregningene viser at 1,6% drivstoffbesparelser var mulig

under forholdene p̊a ruten mellom Grislehamn-Eckerö. Resultatene varierte ifra 8,4% i april til

0,1% i mai. Vind retningen var den mest avgjørende faktoren for de lave drivstoff besparelsene

gjennom året. Beregninger med mer detaljert vind data kan gi høyere drivstoff besparelser.

Videre undersøkelser om værstatistikk for drivstoff besparelser er nødvendige.
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Symbols, abbreviations and concepts

1.2 Wind calculation terms

α is angle of true wind from forward position

A is the projected area to the wind at height h

∆ is the vessels mass

P is the wind pressure

1.3 Ship terms

~Fheel is the force acting on the transverse stability.

H is the vertical center of hydrodynamic resistance to the wind force

LOA is length over all

LCB is the longitudinal center of buoyancy.

LCG is the longitudinal center of buoyancy.

VCG is the vertical center of gravity.

VCB is the vertical center of boyancy.

KM is the distance of baseline to the metercenter

GM is the distance between center of gravity and meter center

AP is the aft ward perpendicular.

FP is the forward perpendicular.

MS is the point in the center of the length between FP and AP.

1.4 Airfoil terms

NACA 0025 is a standard airfoil created and tested by National Advisory Commission for

Aeronautics.

1.5 Wind terms

NNE is north north-east or 22.5o

ENE is east north-east or 67.5o

ESE is east south-east or 112.5o

SSE is south south-east or 157.5o

SSW is south south-west or 202.5o

WSW is west south-west or 247.5o

WNW is west north-west or 292.5o

NNW is north nort-west or 337.5o
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2 Introduction

Wind powered ships was the dominant way of transportation for millenniums. Wind was be-

coming less relevant during the industrial revolution. Oil and coal offered a faster and a more

reliable travel time. Since coal and oil power are independent of external weather conditions.

Wind assisted propulsion technology have become more relevant after the discovery of fossil fuels

impact on the environment. There are several competing technologies that harness the power

of the wind. The Flettner rotor consists of a spinning cylinder which uses the Magnus effect to

accelerate the wind aft wards. Kite sail or skysails uses a kite to catch the wind at a higher

altitude. More traditional sails are such as square rigging which catches the wind to drive the

ship forward. Bermuda rig is the most common type installed on sailing yacht today and acts

like an aerofoil by redirecting the wind from a side way direction to an aft ward direction which

creates a forward drive force. Wingsail acts in a similar way only with an actual foil instead of

sheets. A design was created in order to calculate resistance stability and strength analysis to

insure the feasibility of the wingsail. NACA experiment with airfoil 0025 Bullivant (1941) was

used in order to find the lift and drag coefficient. A excel spreadsheet calculating wingsail drive

force and fuel consumption by using wind direction, wind speed, route (with course length and

direction) and ship speed as input. The program was used to calculate fuel reduction under

different condition throughout the year.

This thesis is written for the company Ulstein. It is a technological report about possible

reduction in fuel consumption by applying wingsail technology. Bound4Blue wingsail was used

as an example for a provider of such technology. Eckerolinjen which is a ROPAX ferry with a

route Grislehamn- Eckerö was chosen as a subject for this experiment. Bound4blue n.d. states

”The system has been conceived as a complementary propulsion system, which produces effective

thrust from existing winds, reducing the main engine power required and, therefore, delivering

fuel consumption and pollutant emissions reductions of up to 40% and it ensures a payback

period under 5 years.” This thesis will investigate how wingsail can be implemented and fuel

consumption.

3 Literature review

A numerical method for the design of ships with wind-assisted propulsion Viola et al. (2015) was

useful in order to design a ship with wingsail in an effective way. Modern windships Hansen,

Bloch, and Jens (2000) were useful to find demands and limitations in design with wingsail. Tests

of the NACA 0025 and 0035 airfoils in the full-scale wind tunnel Bullivant (1941) were useful to

find lift and drag coefficient on the wingsail. DNVGL standard ST0511 Wind assisted propulsion

systems DNVGL (2019)(b) were useful in order to calculate possible hazardous conditions for

the wingsail. Windfinder n.d. was a use full reference for wind statistic.



Figure 1: Bound4blue foldable wingsail

4 Wingsail theory

There are several providers of wingsail technology and solutions to deploy the wingsails such as

telescopic, cloth or foldable. Bound4blue uses a foldable NACA 0025 foil profile for their rigid

wingsail design. The wingsail uses a solid wingsail composed of panels that can fold on top of

each other to minimise the wind impact when out of operation.

4.1 How it works

Wingsail works in the same way as an airplane wing. It accelerates the wind aftward which by

Newton´s third law creates a force in the opposite direction. This force is what drives a sailing

ship forwards.
Bermuda rig is the most common type of rigging. Wingsail uses the same principle as bermuda

rig only that it has a three dimensional form rather than sheets. With a solid form it is no need

for manual labor to adjust the sails by the wind. The wingsail adjust automatically after the

optimal angle of attack.

4.2 Demands for wingsail

Modern wind ship Hansen, Bloch, and Jens (2000) suggested the following demands for modern

ships powered by wind.

1. Must be handled automatically without requiring more crew.
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2. Must not interfere with the cargo handling.
3. Must not jeopardise the safety of the vessel.
4. Must be steady and reliable with a minimum of maintenance.
5. Must be suitable for navigation upwind as the power from the propellers will shift the

apparent wind forward.
6. The air draught of the rig above a reasonable ballast water line must not be more than 60

m for passage of bridges.
7. Must be reasonably easy to retrofit on existing ships.

4.3 Extreme loads

DNVGL (2019)(b) ST0511 2.2.2. put the following criteria A risk assessment addressing all

aspects of design, equipment and operation shall be carried out. The following aspects shall be

included:

- Severe weather (storm, ice)

- Overspeed

- Vibrations

- Control system failure

- Component failure

- Fire

- Overload

- Static electricity

- Human error.

according to DNVGL (2019)(b) ST0511 2.4.3.3.1 extreme wind loads shall be calculated from

the angle of most impact. The most demanding load for the ships stability is with the wind

perpendicular to the ships length with the wing sails parallel.

5 Sailing Theory

Bound4blue uses a NACA 0025 airfoil profile for their wingsail. National Advisory committee

for aeronautics made a series of wind tunnel tests on the 0025 airfoil described in the report on

NACA wind tunnel tests. Bullivant (1941).

5.1 Wind calculation

Momentum theory was used to calculate wingsail loads. In order to make a prediction about

the ships fuel savings a mathematical model for predicting the sails propulsion force was needed.

The wind that is acting on the wingsail is called apparent wind. Apparent wind gets distorted

compared to true wind by the ships motions. We can convert true wind speed and direction to

apparent wind speed and direction by using formula (1) and (2).

Wapparent =
√
W 2

true + V 2
ship + 2WtrueVship cosαtrue (1)

βapparent = arccos
Wtrue cosαtrue + Vship

Wapparent
(2)

3



Figure 2: NACA 0025 airfoil. Aspect ratio form wind tunnel testing 1941.

5.2 Wingsail calculation

L = CL
1

2
ρW 2

apparentA (3)

D = CD
1

2
ρW 2

apparentA (4)

By using formula (3) and (4) lift and drag can be calculated.
A is the area of the wing. ρ is the density of air 1.225, kg/m3 was used. Lift coefficient CL and

drag coefficient CD was found using NACA wind tunnel test on airfoil 0025 Bullivant (1941)

shown in figure 2.
The wing position is a function of angle of attack and apparent wind direction. Since lift always

act perpendicular on the wing while drag acts parallel with the wing we can use the wing position

to find the total forward and sideways force.The wing position is calculated using formula 5.

θwing = βapparent − γangle−of−attack (5)

By using the wing position we can calculate the heeling force and the forward force as shown in

formula (6) and (7).

Fheel = L cos θ +D sin θ (6)

Fforward = L sin θ −D cos θ (7)

4



Figure 3: First basic 3D GA. Made using CAD program Simen NX

Figure 4: Ship with 6 wingsail 20X8

6 Ship design with wingsail

The ships main task is to transport passengers and cars on a 25 nautical mile long sea voyage.
The ship design made in thesis is made in order to do calculations with wing sails on the route

between Grislehamn-Eckerö.

6.1 Design demands

The ship has the following customer demands:

1. Length over all (LOA) max 130 meters

2. Max breadth 25meters

3. 2000 passengers and areas for tax free stores.

6. 400 lane-meters

7. Max draught 5.5 meters

8. Service speed 14 knots

9. Trial speed 17 knots

10. Range 2800 nautical miles at 14 knots

11. Crew 140

6.2 Design process

Bottom up approach was chosen for this design as there are no similar ships that currently uses

wingsail. The first step was to locate essential systems such as car carrying systems, passenger

facility, crew accommodations, life boats, bridge and engine room. The first basic GA is show

in figure 3.

The wingsail was placed on top of the superstructure to provide the most airflow. Bound4blue

offers two wingsail dimensions 30x12 and 20x8. 4 30X12 wingsails could be fitted on the ship as

shown in figure 5 this would have created considerable more lift. 20x8 was chosen to keep the

height under 60 meter after suggestion from Modern Windship Hansen, Bloch, and Jens (2000)

as shown in figure 4

5



Figure 5: ship with 4 wingsail 30X12

Figure 6: Resistance curve. Holtrop, van Oortmerasen and Compton

The next step was to make a basic hull design which fit the design demands. The hull design

was then used to calculate hydro statics and resistance curve shown in figure 6.
The engine room was moved forward of MS in order to correct LCG to LCB. The weight and

stability calculation shows that the GM was shorter than 0,25m. The material of superstructure

was changed from steel to aluminium in order to increase the GM.

6.3 About the design

The Design is outfitted with 6 20x8 Bound4blue wing sails. The wingsail dimensions was to

keep the ship height below 60 meters as the larger 30x12 meter wingsail would make the ship

too tall. 6 sails was the most amount of sail that could be fitted on the ship without interfering

with the car carrying system. Fitting as many tall and thin wingsail is beneficial instead of few

and wide in order to maximise the forward drive force as presented in chapter 3.4 in the article

”A numerical method for the design of ships with wind-assisted propulsion” Viola et al. (2015).

The ship uses diesel electric as the main power system. The system is composed by four Wärt-

silä 8L32 generators which provide 18480Kw combined.

The ship hull has a straight bow. The Hull is divided into watertight compartments by 7

transverse bulkheads and 3 longitudinal bulkheads in accordance to DNVGL (2019)(a) RU-

SHIP, Pt 3, Ch 2, section 2202007 . The free board height is 5,7 meters.The ship has aft and

forward doors for loading and offloading cars.
The design consist of 8 decks. The top 4 Decks A-D are reserved for passengers and the top

deck has an outdoor area. The muster station and life boats are located in A deck. The car

6



Figure 7: Final GA

lanes are located on deck 3. The crew area is located in deck 1 and 2. final design is shown in

figure 7

6.4 Stability

The ships ability to resist rotation around the forward axis is known as transverse stability.

The GZ value describes the righting arm the ship has to correct its heeling angle. The GZ arm

creates an righting moment with the ships mass. The ship is in equilibrium when the ships GZ

value times the ships weight equals the moment acting on the ship.

6.4.1 Static stability

Hydrostatic stability was found by adding the mass and location of every object with a mass

over 1 tonne in the ship. The DATA was added into maxsurf stability. Maxsurf uses the hull to

find the meter center and compare it to the center of mass found in weight calculations. Maxsurf

used these values to create a GZ curve and a still water bending moment.

6.4.2 Wind impact on stability

The sideways wind force have an impact on the ships stability and act perpendicular to the

ships length. The sideways wind force drive the ship in a side way direction which creates a

resistance acting perpendicular to the ships length. The side way wind and resistance forces act

7



Figure 8: GZ curve Maxsurf stability

in opposite direction and creates an moment that have a impact on the ships sideways stability.

Hw(θ) = K

(
PA(h−H)

g∆

)
cosn(θ) (8)

Hw = K

(
Fheel(h−H)

g∆

)
(9)

6.4.3 Stability while sailing

The heeling angle is a function of the heeling moment and the ships ability to counter act the

heeling moment wich is called a GZ-curve. The GZ curve calculated for this ship is shown in

figure 8.

6.4.4 Heeling angle

According to DNVGL (2019)(b) shall the maximum true wind speed be calculated using formula

10.

vwe = 44

(
hL
10

)0.5

(10)

vwe will for this ship be 54 m/s. This will add up to a heeling arm of 1,1m with locked raised

sails and the wind facing the ships side perpendicular. The ship will be able to counter act this

heeling arm at 22o heeling angle. 54 m/s is higher than the highest speed measured in the Baltic

ocean. Under this condition the WASP unit would go out of operation and lower its height from

20m to 6,8m this would reduce the heeling angle to 14o. In operation with 25 m/s wind with

locked raised sail would the ship have an heeling angle of 5o. in 8m/s wind would the ship have

an 0.5o heeling angle. adaptive stabilizing tanks could create an righting lever of 0,45m this is

equal to righting up a 8.5o heeling angle.

8



Figure 9: superstructure Wingsail support NX

Figure 10: , cross section # 95, Hull girder calculations in DNV nauticus hull

6.5 Strength analysis

6.5.1 Global strength

The still water bending moment for hogging and sagging is necessary to calculate the strength

of the hull girder. Hogging and sagging condition was calculated using Maxsurf stability. The

bending moments was inserted into Nauticus hull shown in figure 12 and 13. The global strength

analysis was done in nauticus hull as shown in figure 10. The standard plate thickness was sett to

10 mm. Plate thickness was raised to 15mm in the keel, T-topp and longitudinal bulkhead. Lon-

gitudinal stiffener dimension is sett to HP-Bulb: HP 80x5, HP 120x8, Hp 180x10 and transverse

girder Welded tbar: T315x100x12/15, T450x120x12/25

6.5.2 Wingsail support structure

The wingsail is supported by the aluminium superstructure shown in figure 9.The highest mo-

ment acting on the wingsail support structure was calculated to be 3.1X106. This is under 54

m/s wind.

9



Figure 11: Superstructure, wingsail support FEM analysis NX nastran

Figure 12: Stillwater bending moments seagoing hogging

Figure 13: Stillwater bending moments seagoing sagging

Figure 14: Time table from eckerolinjen
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Figure 15: wind statistics Kapellskär,Soderarm https : //www.windfinder.com ,windstatistics, kapell-

skar,soderarm

7 Sailing the route

Time table was found at Eckerolinjen n.d. The current ferry makes three tour-re-tours in the

weekend as shown in figure 14. Travel time must be lower than 2 hours to make three tours a

day. This is a condition for the calculations.

The Van Oortmerssen Resistance curve was chosen to represent the ship hydrodynamic Resis-

tance shown in figure 6. In order to make an estimate about fuel savings a route must be sett up.

The different conditions was found using statistic from WindfinderWindfinder n.d. for a nearby

measuring station as shown in figure 20.
The standard route shown in figure 16 is the shortest route. It is also the route that the current

ferry uses. A excel spreadsheet was created to converted wind speed and direction, ship speed,

route direction and distance into fuel usage. Then a comparison between on the same route

using only diesel fuel and using wingsail was done in order to find fuel reduction.

7.1 Wind condition

The wind conditions during a year is shown in figure 15. There is most wind from between west

and south. The wind speed is most often between 3,6 - 11,3 m/s. The wind gives higher fuel

reduction in perpendicular wind.

The wingsail south wind is shown in figure 17. This wind direction is good for sailing and

has more than a 45o wind direction at the lowest. West wind is shown in figure 18. The lowest

wind direction here is 17o which is not good for sailing. West south-west. Wind is shown in

figure 19. This wind condition is one of the least favourable wind condition used in this thesis.

There are wind directions as low as 6o. The dominant wind direction and average wind speed

is shown in figure 20. This data was used to calculate yearly fuel savings.

11



Figure 16: Standard route

Figure 17: South wind standard route
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Figure 18: West wind standard route

Figure 19: West southwest wind standard route
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Figure 20: Monthly average wind speed statistics and dominant directions for Kapellskär/Soderarm from

windfinder website Windfinder n.d.

7.2 Yearly fuel savings hybrid drive

Windfinder n.d. was used in order to find dominant wind direction and average wind speed for

each month as shown in figure 20. Fuel price was found using website Marinemethanol n.d. from

January 2020 where it was 525€/tonne for marine gas oil. Since the ship is going to travel in

Swedish waters it will pay Swedish carbon tax. Swedish carbon tax was set to 126€/tonne in

2020Taxfoundation n.d. This tax is very likely to increase in near future as it has during the

last year.

7.3 Design result

Calculations on stability and strength design was within the boundary. The design is feasible.

14



Figure 21: yearly fuel reduction, 14 knot ship speed, 3 tour-re-tours a day

Figure 22: yearly fuel reduction, 12 knot ship speed, 3 tour-re-tours a day

8 Wingsail result

The route calculations was done both ways between Grislehamn-Eckerö to get accurate data.

Dominant wind direction and average wind speed was used. Resistance was calculated for the

hull design in Maxsurf Resistance with van Oortmerssen method shown in figure 6.

8.1 Only diesel engine

With only diesel engine is all energy on board provided by diesel. The ship uses 5170 kg diesel

on a tour-re-tour. The ship takes 3 tour-re-tours a day which amount to 5665 tonne diesel on a

yearly basis.

8.2 Only sail

The calculations on only sail is made by comparing the ships trajectory when only using engine

and only using wingsail. With only sail is ship speed a function of wind speed and direction.

Other systems need to use electric energy provided by diesel generators. Therefore will the ship

use diesel even if it is completely driven forward by sail. The ship can save as much as 65%

by only using sail in 12 m/s wind. This would mean a tour-re-tour time of 6 hours. The time

sailing the route increases rapidly with decreasing wind speed as shown in figure 23. The ship

would not be able to make three tour-re-tours a day and is therefore not an option.

8.3 Hybrid drive

Both wind and engine drives the ship forward with hybrid drive. The engine provides the power

that the sail lacks to maintain desired speed.The engine steps up when the wind provides less

force and diesel consumption increases.



Figure 23: only sail. comparison wind speed fuel saving time increase. 100% = 1,68 h

8.3.1 Fuel saving with hybrid drive

South wind (figure 17) gives 18% fuel savings at 14 knots ship speed and 12 m/s wind speed as

shown in figure 24. Slowing the ship speed 2 knots gives 4% decreased fuel consumption at the

most as a cause of increased wingsail drive. It also gives a 22% decrease in fuel consumption as

a cause of decreased resistance regardless of increased wind drive.

8.3.2 Yearly fuel saving

A yearly fuel saving estimate was done using data from Windfinder n.d. shown in figure 20.The

total fuel cost saved in a year is a combination of fuel cost and CO2 cost. The estimate gives a

prediction of a 2.2% yearly fuel consumption reduction shown in figure 21.
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Figure 24: south wind comparison fuel saving individual speed, hybrid compared to only diesel drive

Figure 25: wind direction comparison. 14 knots ship speed with wingsail compared to no wingsail

8.3.3 Possible fuel saving

The results varied from 8.4% to 0,1%. Wind speed is not under high fluctuation. Wind di-

rection was the most determining factor for the low fuel savings throughout the year. The

April conditions gives a 8.4% fuel saving with a NNW wind direction and a 7.7m/s wind speed.

By extending April condition throughout a year gives a 300 000 € fuel cost reduction. April

conditions shows what could be achieved with a more advantageous wind direction.

Figure 26: monthly fuel reduction, 14 knot ship speed, 3 tour-re-tours a day, April condition for 1 year
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Figure 27: Monthly fuel, wind direction savings, 14 knot ship speed, 3 tour-re-tours a day,

9 Discussion

Monthly dominant wind direction is used to predict fuel savings. This could give an inaccurate

result as the dominant wind direction shows which wind direction that occur most often in a

month. The calculations could give more favourable results if the daily dominant wind direction

was used instead of monthly. Figure 15 shows that there is wind from more favourable wind

directions. This is not the case in figure 20 which was used in calculations.

Wind direction and speed has a large impact on fuel savings as shown in figure 25. The monthly

dominant wind direction is more often than not between west to south-west as shown in figure 27.

September is the month with most fuel savings, this is because of the favourable wind direction

from north north-west. There would be more beneficial usage of wingsail in an environment

with more north-west to North or south east to south wind direction. This is shown in figure

25.



10 Conclusion

The 1.6% fuel reduction figure 21 is not as high as stated by Bound4blue Bound4blue n.d.

Payback time would depend on the cost of installation and components but could become more

profitable with rising carbon tax.

10.1 Fuel savings

It is estimated that the ship can save around 1.6% of the yearly fuel cost by using wingsail as

shown in figure 21. Using dominant wind direction does not give a very accurate prediction but

are likely to give a worse prediction of fuel savings than in a real scenario since the dominant

wind direction is unfavorable in terms of fuel saving as shown in figure 25. By slowing the ship

the impact of wingsail increases as the apparent wind comes more perpendicular to the ship.

Slowing the speed from 14kts to 12kts reduces 22% fuel in itself by reduction in resistance. The

wingsail manage to add 0.6% extra fuel reduction as shown in figure 22.

10.2 Payback time

The annual cost savings of 56 247€ predicted in this thesis as shown in figure 21. That would

amount to 281 235€ in 5 years. It is possible that this thesis show conservative estimate on fuel

reduction. A comparison between October condition and April in figure 27 condition show the

difference in wind direction has a large impact on fuel saving. Further calculation with daily

dominant wind direction instead of monthly wind direction is more accurate and could give a

different prediction.

10.3 Predictions for the future

The profitability of this systems wold increase when international pressure for higher CO2 tax

increases.

11 Recommendations

11.1 Strategical

The fuel savings from wing sails calculated in this thesis is not enough alone to reach the demand

for reduced CO2 emission. The wingsail could work favorable for instillation of a hybrid system

with battery-diesel propulsion system. The wind could increase the time of battery propulsion

in a diesel-battery hybrid system. There could also be beneficial to lower the speed and instead

add more ferries to the same route.

11.2 Tactical

The wingsail could have a positive effect on the aesthetic design of the ship. Wingsail could give

positive advertisement to the ferry as public interest in reducing CO2 emission increases.

12 Summary

A Design was created and in order to calculate stability, strength and resistance. Wingsail

drive and drag force was calculated by using momentum theory. Dominant wind direction and



average wind speed was used. An excel spreadsheet was created to calculate fuel consumption.

Result show a 1.6% fuel reduction. There is a possibility that more detailed DATA would have

estimated higher reduction in fuel consumption..
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A Appendix: A

A.1 Excel spreadsheet fuel consumption

Input Excel spreadsheet:
Converts true wind to apparent wind. Lift and drag coefficient is extruded by VLOOKUP com-

mand from a table for NACA 0025 airfoil Aspect ratio form wind tunnel testing 1941. Converts

lift and drag to propulsion force and heeling force.

The spreadsheet then calculates the necessary engine power to maintain speed. Fuel consump-

tion is calculated by multiplying the engine power by time and specific energy.

Total fuel consumption is calculated by summing diesel used on each heading. The percent-

age fuel saving is calculated by comparing fuel consumption without wingsail to consumption

with wingsail.
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A.2 Heeling spreadsheet
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