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ABSTRACT 

Studies of auxiliary sails and wind assisted ships have been carried out many times 
before. The prospect of reducing fuel consumption in combination with increased 
bunker prices has been the major incentive in most cases but they did not turn out to be 
economically justifiable at the time. 

This study presents the energy savings potential of auxiliary sails on a panamax tanker 
sailing on two transatlantic routes. Two types of sails are studied, soft sails and hard 
wing sails and an investigation of what to consider when designing the sails are made. 
Their performance is computed with a MATLAB program that can predict the net power 
of the sails as a function of true wind and course over ground while taking into 
consideration the speed of the ship, wing profile data, load condition, wind profile, 
induced resistance and sail configuration. 

Together with weather statistics, an analysis of possible energy savings along the two 
defined transatlantic routes are made and presented in terms of net power produced by 
the sails during the voyage. The hard wing sail, equipped with a flap, performs best and 
the mean net power is 1.10 kW/m2 on the northern route and approximately 0.43 kW/m2 

on the southern route. For a sail of 100 m2 this corresponds to 2.76% and 1.08% of the 
effective power for the hull at 13 knots including a 15% sea margin. 

 
 
 
 
 
 
 
 
 
 
 

 
Keywords: auxiliary sail, wing sail, flap, tanker, energy savings, wind propulsion.
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LIST OF SYMBOLS 

AR aspect ratio 

AT transverse area of the above water 
hull 

AL lateral area of the above water 
hull 

b span 

c chord 

CD drag coefficient 

CL lift coefficient 

CE sail centre of effort 

D drag 

FR driving force 

FAS aerodynamic side force 

FAT total aerodynamic force 

FHS hydrodynamic side force 

FHT total hydrodynamic force 

GM metacentric height 

GZ righting arm 

L lift 

LPP length between perpendiculars 

P mean sail power 

R total resistance 

Ri Induced resistance 

S wing area 

T draft 

t maximum thickness 

u velocity component in the 

 x-direction 

v velocity component in the  

 y-direction 

V velocity 

VA apparent wind velocity 

VS ship velocity 

VT true wind velocity 

� mass displacement 

� angle of attack 

� apparent wind angle 

�T true wind direction 

�  flap deflection angle 

γ pointing angle 

� leeway angle 

� density of air 

�SW density of sea water 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2 

1. INTRODUCTION 

THE IDEA OF using the winds to propel ships has a long history and sails were the 
primary means of power for ships covering long distances before the invention of the 
steam engine. After the introduction of the engine the sail area decreased as larger and 
more powerful engines were invented and installed, eventually replacing the sails 
completely.  

If the energy in the wind is going to be used again in the seaborne trade, at least in the 
short term, ships equipped with auxiliary sails together with an engine providing the 
main power seems most feasible as they can be operated in the same way as a 
conventional motor ship. 

1.1. Background 

Studies of auxiliary sails and wind assisted ships have been carried out many times 
before. The prospect of reducing fuel consumption in combination with increased 
bunker prices has been the major incentive in most cases but they did not turn out to be 
economically justifiable at the time. The main reason was low bunker prices, compared 
to the prices of today, which led to small savings from the decrease in fuel consumption. 
Environmental aspects did not get much attention at the time when these investigations 
were done, but today, these issues have become more and more important for 
economical as well as competitive reasons. The higher bunker prices of today makes it 
interesting to investigate auxiliary sails again as well as the improved competitiveness 
with the green image. 

1.2. Objective 

The purpose of this study was to investigate the energy savings potential of auxiliary 
sails on a panamax tanker sailing on transatlantic routes. Two types of sails were 
studied, soft sails and hard wing sails. The performance of the sails was calculated using 
experimental and theoretical data together with weather statistics along defined 
transatlantic routes. The results were used for analysis of possible energy savings and 
presented in terms of net power produced by the sails and daily savings due to reduced 
fuel consumption. 

1.3. Limitations 

The study does not provide a finished design ready for realization and do not cover 
issues concerning class, structural design, operation and costs. Only sails are studied, no 
Flettner rotors, wind rotors or kites. Problems regarding stability have only been 
covered briefly. Sail coefficients were taken from literature. No attempt on developing 
new profiles was made. Empirical data were used for the hydrodynamic effects of the 
hull. 
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1.4. Specification of the objective  

The aim of this study is to answer the following questions: 

• What types of sails are suitable as auxiliary sails? 

• How will the sails perform under different conditions? 

• What conditions are expected along the investigated routes? 

• What will the energy savings be along the investigated routes? 

1.5. Outline of the report 

Chapter 1 – Introduction: The background and objective of the study is explained in 
detail. 

Chapter 2 – Theory: Theoretical background to orientate the reader on the subject is 
given. Previous studies on the subject are presented together with background theory on 
aerodynamics, hydrodynamics, wing theory, weather statistics and wind profiles. 

Chapter 3 – Method: The sequence of work and how the study was carried out is 
presented. 

Chapter 4 – Choice of sail: What to consider when choosing a sail is discussed. 

Chapter 5 – Evaluated sails and section profiles: A description of the sails 
investigated in this study in terms of sail coefficients together with arguments for 
choosing these sails is given. 

Chapter 6 – Power prediction: The method to determine the expected power is 
explained in detail. The results showing the net power generated by the sails is 
presented in polar plots for the evaluated sails. 

Chapter 7 – Influence of the hull on the undisturbed wind: The influence of the hull 
on the undisturbed wind is investigated using CFD to see if the assumption of 
undisturbed wind is reasonable. 

Chapter 8 – Energy savings: The expected conditions and the energy savings for two 
transatlantic routes are investigated and presented. 

Chapter 9 – Conclusion: A summary of the results is presented as well as a discussion 
regarding the compliance with the objectives. The reliability of the results is discussed 
and finally recommendations and ideas on further work are presented. 



4 

2. THEORY 

THIS CHAPTER INCLUDES brief summaries of previous studies on the subject that have 
provided valuable information for the realization of this work. They could also be of 
interest for others working on this subject. 

General and specific theory concerning the areas treated in this study is presented and 
will hopefully provide the reader with enough information to be able to understand what 
and why it was done. The theory part is divided into different sections each discussing 
certain areas concerning aerodynamics, hydrodynamics, wing theory, basic sail theory, 
weather statistics and wind profiles. 

2.1. Previous studies 

Studies on auxiliary sails on ships have been carried out before and it is of course a 
good idea to investigate their results. These studies contain valuable information and 
can save both work and provide ideas for further studies. 

Although a lot of problems concerning the subject were investigated, often very 
thoroughly, most studies were very specialized into a certain aspect of the problem and 
only a few encompassed the whole aspect of investigating the potential energy savings 
of a sail assisted ship. A few of these projects are described and summarized briefly in 
this chapter. They were all carried out during the last 25 years and the latest one was 
ended in the late 90’s. At that time the circumstances were still a lot different when it 
comes to fuel prices as compared to the situation today. 

2.1.1. WindShip project 

In 1995, Knud E. Hansen A/S initiated the WindShip project (1), which was funded by 
the Danish Ministry of Environment and Energy. The purpose was to investigate the 
feasibility of sail assisted commercial ships and the project was divided into several 
phases. Phase 1 was finished in November 1996 and investigated previous projects 
involving sail assisted ships. It also proposed a design of a 200 meters long sail assisted 
ship with a deadweight of 50 000 tonnes. 

Phase 2 was initiated 1998 and a more detailed design of a sail assisted ship was 
developed resulting in a highly advanced rig and ship design. This phase involved 
detailed design of asymmetrical high-lift hard wing sails, wind tunnel and towing tank 
tests, simulations with a, for the project, specifically developed velocity prediction 
programme (VPP), weather routing, finite element modelling (FEM) and an economical 
feasibility study comparing the design to conventional equal-sized ships. The result 
showed an average increase in cost of 10% on typical trading routes when compared to 
an equal-sized conventional ship. 
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2.1.2. Auxiliary sail rig. Calculation of energy saving 

In 1982, SSPA (2) investigated the energy saving potential for a 200 000 dwt tanker 
with a 130 m2 sail area with a luff of 20 m. The mast could rotate and hence reef and 
store the sails. This also resulted in the positive effect of letting the sail canvas leave the 
suction side on the mast smoothly, which prevents separation at this point where it is 
most important for the performance of the sail. 

The energy saving was calculated for three routes: Arabian Gulf to Japan, a Caribbean 
and a European route. The Atlantic routes turned out to be the most favourable while the 
Japanese route turned out less attractive. Statistical weather data, wind gradient, air 
density and induced resistance due to a leeway angle were taken into account. It was 
concluded that close-hauled performance should be emphasized since the apparent wind 
angle always was between 0–90° and mainly between 0–50°. The maximum mean sail 
power was 0.373 kW per 10 m2 of sail and occurred in the Caribbean route. 

2.1.3. Wind tunnel tests and manoeuvre simulator tests with different 
types of sails and ships 

In 1985, the Danish Maritime Institute, DMI (3), developed a method for estimating the 
annual reduction in power consumption by using wind tunnel tests, manoeuvring 
simulator tests and wind statistics. 

Burmeister & Wain Ship Design had at the same time developed a new hard wing sail 
arrangement that was supposed to be fitted on a 60 000 dwt bulk carrier. DMI carried 
out extensive tests on the design, which looked very promising, and presented them in a 
paper. 

The wind tunnel tests were divided into three tests. First the single wing profiles were 
tested, then the model without sails were tested and the final test included the model 
equipped with sails. 

The model was sailed at various angles to the wind and at different wind speeds in the 
manoeuvring simulator. The speed was set to 12 knots and the course was controlled by 
an autopilot. These tests made it possible to predict the power consumption. 

Weather routing and weather statistics was used to estimate the annual fuel savings for 
two routes in the North Atlantic, one straight eastbound and one straight westbound. 
The eastbound route showed a 4.9% reduction in power consumption and the west-
bound route showed an 8.3% reduction. 

2.2. General theory 

The components of aerodynamic and hydrodynamic forces acting on a ship sailing at 
velocity VS through the water with a leeway angle � are illustrated in Figure 2.1. The 
total aerodynamic force on the sail FAT can be represented in components as lift L and 
drag D, as measured in wind tunnels, or as driving force FR and aerodynamic side force 
and heeling force, FAS which corresponds to the ships heading.  
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 Figure 2.1 Aerodynamic and hydrodynamic forces acting on a sailing ship. 

Side force and driving force can be expressed in terms of lift and drag as 

 
)cos()sin(

)sin()cos(

ββ

ββ

⋅−⋅=

⋅+⋅=

DLF

DLF

SailR

SailAS
 

where � is the apparent wind angle, Larsson and Eliasson (4). 

The total hydrodynamic force FHT is composed of a hydrodynamic side force FHS and a 
resistance R. 

2.2.1. Apparent wind 

The apparent wind is defined as the velocity of the true wind minus the velocity of the 
ship 

 STA VVV −=  

and is illustrated in Figure 2.2. 

 

 

 Figure 2.2 Wind triangle and apparent wind 



7 

In other words, while the true wind is the wind experienced by a stationary observer, the 
apparent wind is the wind experienced by an observer in motion and is the relative 
velocity with respect to the observer.  

The apparent wind speed VA and apparent wind angle � can be calculated according to 
the following equations: 

 

VA = VS + VT ⋅ cos γ( )( )2
+ VT ⋅ sin γ( )( )2( ) ,   0 < γ <180°

β = arccos
VS + VT ⋅ cos γ( )( )

VS + VT ⋅ cos γ( )( )2
+ VT ⋅ sin γ( )( )2( )

� 

� 

� 
� 
� 

� 

� 

� 
� 
� 
 ,   0 < γ <180°

 

where � is the pointing angle, i.e. the angle between VS and VT. 

2.2.2. Points of sail 

The different directions of the apparent wind in relation to the course of the vessel are 
called points of sail. They are, in this report, denoted as follows, see Figure 2.3 

 

 

 Figure 2.3 Points of sail 

2.3. Wing theory 

A wing can be defined by its span b, chord c, maximum thickness t, camber, section 
profile and aspect ratio AR. Their corresponding definitions are found in Figure 2.4 and 
the following list: 
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 Figure 2.4 Definitions of the wing 

• Span – the distance from tip to tip of the wing 

• Chord – the distance between the leading and trailing edge of the wing 

• Chord line – a straight line between the leading and trailing edge 

• Camber – the asymmetry between the upper and lower surface contours 

• Section profile – the profile of the wing 

• Thickness – maximum thickness of the wing 

• Aspect ratio – the ratio of span and chord 

2.3.1. Lift and drag 

The forces generated by the flow of air around a wing, can be measured in wind tunnel 
tests and are expressed in terms of lift and drag. Drag is defined as the force acting in 
the direction of the flow and lift as the force acting perpendicular to the flow. For a 
given angle of attack �, the forces are depending on the density of air �, the speed V, 
and the wing area S. The lift and drag can be expressed with the use of non-dimensional 
coefficients. 

 

D

L

SCVD

SCVL

2

2

2
1
2
1

ρ

ρ

=

=
 

The lift and drag coefficients, CL and CD, are both functions of the angle of attack, i.e. 
the angle between the chord line and the direction of flow. A frequently used way to 
present aerodynamic characteristics of wings is diagrams showing the coefficients 
plotted against angle of attack, Abbott and von Doenhoff (5) 



9 

2.3.2. Influence of aspect ratio 

The conventional definition of aspect ratio is the span b squared divided by the wing 
area S.  

 
S
b

AR
2

=  

For a rectangular wing the aspect ratio is then simplified to the ratio between the span 
and the chord. The aspect ratio has a strong influence on the lift and drag coefficients. 
Wind tunnel tests show that an increasing aspect ratio will result in increased lift and 
lower drag, Abbott and von Doenhoff (5). The effect of varying aspect ratio is shown in 
Figure 2.5. 
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 Figure 2.5 Effect of aspect ratio, Abbott and von Doenhoff (5) 

The Lanchester-Prandtl wing theory expresses the lift and drag coefficients as functions 
of aspect ratio. For wings with an elliptical area distribution the coefficients can be 
calculated according to the equations 

 
AR

C
cC L

dD ⋅
+=

π

2

 

 

AR

c
C l

L 2
1+

=  

where cd and cl are the drag and lift coefficients of a wing with infinite aspect ratio, 
often referred to as section lift coefficients. It is common to present wind tunnel results 
in section characteristics since it can be applied on wings of arbitrary aspect ratio. 
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2.3.3. Flaps 

Within aviation it is common practice to use high lift devices such as flaps to maintain 
lift when reducing the speed for landing. Deflection of a trailing edge flap will increase 
the camber of the aerofoil section which will delay flow separation from the upper side 
of the wing. A flap will also increase the wing performance for lower angles of attack, 
Hoerner and Borst (6). Figure 2.6 illustrate a wing profile equipped with a flap, with the 
flap deflection angle �. 

 
Figure 2.6 Wing profile with split flap 

2.4. Wind profile 

Due to the wind shear in the atmospheric boundary layer, the true wind speed varies 
with the distance above sea level. This variation can be described with the 
approximation 

 VTW (z) = VTW (zref ) ⋅ z
zref

� 

� 
� � 

� 

� 
� � 

1
n

 

where z is the distance above sea level and zref is the distance above sea level at which 
the true wind speed is given. The value of n affects the fullness of the profile and for 
stronger winds a higher value should be used while a lower value is more appropriate 
for lower wind speeds. Suitable values of n are 10 for stronger winds and 5 for lighter 
winds, Larsson and Raven (7). 

Usually the wind speed is given for a distance of 10 m above the surface and a suitable 
value of n for the North Atlantic is 8. As an example, the wind profile for a wind speed 
of 15 m/s can be described by 

 VTW (z) = VTW (10) ⋅ z
10
� 
� 
� 

� 
� 
� 

1
8

=15 ⋅ z
10
� 
� 
� 

� 
� 
� 

1
8
 

and is illustrated in Figure 2.7. 
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 Figure 2.7 Wind profiles 
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2.5. Wind statistics 

Wind statistics for the specified routes are found in pilot charts provided by the Defense 
Mapping Agency (8) and routeing charts from the Hydrographic Office (9), (10). The 
data used is presented in charts of the North Atlantic Ocean and of the South Atlantic 
Ocean. Each chart illustrates the expected conditions in a particular month. A common 
way to present wind statistics is by the use of wind roses. The two sources use different 
types of wind roses, see Figure 2.8.  

1 0.6

 
Figure 2.8 Wind rose according to Defense Mapping Agency (8) and 
Hydrographic Office (9), (10) 

A wind rose represents the distribution of the wind speed, direction and the 
corresponding occurrence. The length of the arrow or bar indicates the percentage of the 
observations in which the wind has blown from that direction. The figure in the centre 
represents the percentage of calm. The Defense Mapping Agency use feathers to 
illustrate the mean wind speed where the number of feathers illustrates the mean force 
of the wind on the Beaufort scale. The Hydrographic Office divide the bar into five 
sections where each section represents a range of observed wind speeds, see Figure 2.9.  

1 - 345 - 678 - 12

Figure 2.9 Hydrographic Office (9), (10) divide each arrow into sections of 
observed wind speeds, the numbers represents wind speeds on the Beaufort scale 

The Beaufort scale is used to describe observed wind and sea conditions. Table 2.1 
presents the related values of speed in knots, m/s to the Beaufort scale, Marchaj (11). 
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Table 2.1 Beaufort scale

RMS wind speed
Beaufort scale knots m/s m/s

1 1 - 3 0.51–1.54 1.07

2 4 - 6 2.06–3.09 2.59

3 7 - 10 3.60–5.14 4.40

4 11 - 16 5.66–8.23 6.98

5 17 - 21 8.75–10.80 9.79

6 22 - 27 11.32–13.89 12.63

7 28 - 33 14.40–16.98 15.71

8 34 - 40 17.49–20.58 19.06

9 41 - 47 21.09–24.18 22.65

10 48 - 55 24.69–28.29 26.51

11 56 - 63 28.81–32.41 30.63

12 64 - 80 32.92–41.16 37.12

Wind speed

 

2.6. Hydrodynamic forces and induced resistance 

The hydrodynamic forces acting on the hull tend to vary with the speed of the ship, heel 
and the angle of leeway. The total hydrodynamic force FHT is composed of a 
hydrodynamic side force FHS and a resistance R. These components can be measured in 
a towing tank test. The hydrodynamic side force as a function of leeway angle can be 
expressed as 

 FHS = k ⋅ ρSW ⋅ LPP
2 ⋅ Vs

2

2
⋅ sin(λ) 

where k is one of the stability derivatives. A typical value for a tanker is -0.0185,  
Dyne (12). 
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To avoid a yawing moment from the sail the centre of lateral resistance and the centre of 
effort on the sail need to be balanced longitudinally. The location of this point, called 
the neutral point, for a tanker is typically around 18% of Lpp from the bow, Dyne (12). 

Induced resistance Ri due to side force created by the hull under leeway cannot be 
neglected for a hull with an effective aspect ratio of 0.1–0.2 or even less. This additional 
resistance can be regarded as a reduction of the useful driving force produced by the 
sails. 

The hydrodynamic side force on the hull has to be balanced by the aerodynamic side 
force from the sails and the above water hull and superstructure 

 FHS = FAS  

Using the aerodynamic side force FAS, the added resistance Ri can be calculated as 
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The factors kRi, k1 and k2 depend not only on hull shape but also on heel angle and 
whether or not the ship has an operating propeller. For a conventional ship with little or 
no heel and an operating propeller the values can be assumed to be as stated above, 
Schenzle (13). 

The aerodynamic side force FAS can be split into two parts representing the contribution 
from the sails and the above water ship and superstructure respectively. 

hullwateraboveASsailASAS FFF ,, +=  

The latter may be estimated according to 

)sin(
2
1

,
2

, βρ ⋅⋅= hullwateraboveASLAhullwateraboveAS CAVF  

where CAS, above water hull is the maximum drag coefficient at right angles to the surface 
referring to the lateral above water area AL and can be assumed to be in the order of  
0.8–1.0, Schenzle (13). 
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3. METHOD 

THIS REPORT CAN be divided into four main parts representing the workflow of the 
study. They all differ from each other in the character of the work and therefore it is 
convenient to discuss them separately as follows: 

• Sail configuration concepts 

• Power prediction 

• Influence of the hull on the undisturbed wind 

• Power and fuel savings 

In this chapter the methods of the four parts will be covered. 

3.1. Sail configuration concepts 

It is more or less impossible to tell what kind of sail will produce the best result during a 
whole voyage and how large the difference is between them simply by looking at their 
lift and drag coefficients. Cost is a relevant factor for this kind of system and it is 
important to know the performance for each individual sail concept so that it can be 
seen in relation to the complexity of the construction. Therefore several sail 
configuration concepts were developed. 

After assessing literature and experimental data a number of different section profiles 
with and without flaps were chosen for the study while complexity as well as 
performance characteristics were taken into account. 

The position on deck were investigated and chosen with the intent to minimize any 
additional yawing moment created by the forces acting on the sails. 

3.2. Power prediction 

Predicting the power produced from the sails while placed on a ship under different 
wind conditions is in it self a complex task and when this has to be done for computing 
the net power produced during hundreds of different voyages where the wind conditions 
are constantly changing, the task has to be automated in some sense. 

Therefore a MATLAB program was developed that could predict the performance of the 
sails in terms of net power generated as a function of true wind and course over ground 
while taking into consideration the ship speed, profile data, load condition, induced 
resistance and sail configuration. 
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3.3. Influence of the hull on the undisturbed wind 

Investigating the influence of the hull on the undisturbed wind was done by computing 
the flow around a simplified geometry resembling a ship hull with the use of 
SHIPFLOW, a commercial viscous flow RANS-solver. Two cases where the inflow 
angle was varied provided a base for the study of the disturbance on the wind caused by 
the hull. 

By visualising the flow characteristics, conclusions regarding the effects could be made 
keeping in mind that the results of the computations do not represent the reality to the 
full extent. 

3.4. Power and fuel savings 

One of the main goals of this study was to calculate how much fuel equipping the ship 
with auxiliary sails could save. With the use of the power prediction program the 
different sail configuration concepts could be evaluated from this point of view. 

Knowing the performance of the sails, the net power generated by the sails along a route 
could be computed by the use of wind statistics. The wind statistics were provided for 
each month and therefore seasonal variations could be studied as well as annual 
averages. 

Finally the energy saved by the sails was computed by integrating the power with 
respect to time. The fuel savings were estimated by taking into consideration the 
specific fuel consumption of the engine and the efficiency of the propulsion system on a 
typical panamax tanker. 
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4. CHOICE OF SAIL 

WHEN CHOOSING THE type of sail and its section profile there are many things to take 
into consideration. When using sails as an auxiliary power source and the ship is 
making speed through the water by the use of its main engine, upwind performance 
becomes more important. For the apparent wind angle to become larger than 90°, the 
wind speed must be higher than the component of the ships velocity acting in the same 
direction as the wind. In other words, as long as the wind speed is lower than the ship 
speed the apparent wind angle will never become larger than 90°. 

In a study made by SSPA on an auxiliary sail rig, they made the conclusion that the 
apparent wind angle always was between 0–90° and mainly within 0–50° for the 
investigated scenarios and thus upwind performance should be emphasized (2). 

When sailing close-hauled the relation between lift and drag is very important. It can be 
beneficial from a driving force point of view to use a profile with less lift as long as the 
drag is small. A wing sail has considerably higher lift coefficient than a soft sail, but at 
the same time the drag coefficient is higher. Another thing is that the wing sail is less 
sensitive to changes in angle of attack due to a wider peak in the lift curve. In addition, 
soft sails require a certain margin for the angle of attack for the wind fill the sailcloth 
and give it the desired shape (1). 

It is clear that a qualitative choice of sail is very difficult as the performance in the end 
is affected by many parameters.  

4.1. Wing sail 

It is important to be able to sail with the wind on either side of the sails and the easiest 
and least complicated solution to accomplish this is to use a symmetric profile. 
Unfortunately, symmetric profiles do not perform as well as asymmetric profiles. The 
common way to solve this is to use an asymmetric profile that has the possibility to 
mirror its shape along the chord line. There are many possible ways to do this 
mechanically and some solutions involve sections that can rotate 180° while other make 
use of flaps, some may even involve both. The easiest solution is to equip the wings 
with flaps. 

The wing sections in the NACA four-digit series have lift-curve slopes very close to 
what the theory of thin wing sections says. The slope remains more or less the same 
with Reynolds numbers varying between 3 and 9 million and changes in camber up to 
4% of the chord. The thickness, on the other hand seems to have an effect on the slope 
as it decreases with increase of thickness ratio (5). 

4.1.1. Types of flaps 

The use of flaps can drastically improve the performance of a wing profile. When 
deflected the flap will generate extra lift and when the conditions change the flap can be 
retracted to minimize drag. A number of different types of flaps have been used in the 
past, see Figure 4.1. The two types most suitable for this application are the plain and 
the split flap. The plain flap is seldom used as high-lift device for aeroplanes; it is more 
common to see the type used as control device in rudders etc. The split flap has a long 
history in aeroplane design, it is considered to be structurally simple and the increase in 
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lift is high, Hoerner and Borst (6). A wing sail with split flap would be required to have 
two flaps installed, one on each side. 

  

 Figure 4.1 Types of flaps (adopted from Hoerner and Borst (6))  

A flap to chord ratio around 20% is regarded to be the most economical choice for 
producing lift. At a deflection angle of about 60° the increase in lift reaches a maximum 
and increasing the angle even more will only generate a small additional increase in lift. 
Hoerner and Borst (6). In Figure 4.2 a comparison of the plain and split flap, with the 
split flap showing a higher lift to drag ratio, which is advantageous. 

 

0 0.05 0.1 0.15 0.2 0.25
0

0.5

1

1.5

2

2.5

Section drag coefficient, cd

S
ec

tio
n 

lif
t c

oe
ffi

ci
en

t, 
c l

Split flap
Plain flap

 

Figure 4.2 Comparison of lift-drag for NACA 23012 aerofoil with 0.20c plain and 
split flaps Abbott and von Doenhoff (5)  
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4.2. Soft sail 

In Figure 4.3 some typical rig types and their corresponding sail coefficients are 
presented. More detailed data were difficult to find. For the more common Bermuda rig, 
often used on sailing yachts, literature on yachting and yacht design was somewhat 
more helpful. 

 

Figure 4.3 Basic rig types (adopted from (1)) 
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5. EVALUATED SAILS AND SECTION PROFILES 

WITH THE GOAL of studying the energy savings potential of soft and hard sails, two sail 
configuration concepts were generated. 

A conventional Bermuda rig type was chosen for the soft sail concept. The reason was 
its relatively good performance in upwind and close-hauled conditions combined with 
difficulties finding sail coefficients for other kinds of sails. For this study sail 
coefficients representing a typical sail of this kind were chosen for the power 
predictions. 

For the hard wing sail, a number of section profiles were chosen for evaluation. All of 
them were symmetric NACA profiles from the four-digit series of different thicknesses 
and with or without flaps. These profiles were chosen because they are symmetric and 
for their relatively good performance under these conditions and also because of the 
availability of experimental wind tunnel test data. Although only lift and drag 
coefficients for wings with an aspect ratio of 6 were found and used, this aspect ratio 
happened to be a suitable number for this application. The available data on profiles 
with flaps was limited to deflection angles of 50° and 90° and for a flap to chord ratio of 
15–20%. Due to air draft restrictions the maximum span was limited to 24.5 m and with 
a chord of 4.1 m the aspect ratio is close to 6 and the total area almost 100 m2. 

For the computations, one soft sail configuration with an aspect ratio of 4.6 and several 
hard wing sails with an aspect ratio of 6, each having different thickness were used. All 
sails had an area of 100 m2. 

The sail coefficients used for sail evaluation is presented in Figure 5.1. The data can be 
found in tables in Appendix A.  
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Figure 5.1 Sail data for the evaluated sails 
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For large angles of attack no experimental data has been found for the investigated sails. 
When sailing downwind, angles of attack up to 90° is not uncommon. To ensure that 
downwind performance was not neglected, coefficients for a flat plate were used for 
angles of attack between 70°and 90° as an approximation of a flattened wing. The effect 
is illustrated in Figure 5.2. 
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Figure 5.2 Effect of using sail coefficients for a flat plate for large angle of 
attacks. 
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6. POWER PREDICTION 

THERE IS NO straightforward method to compare the performance of the different sails 
just by comparing the sail coefficients. A sail that produces a high amount of lift does 
not necessarily have to be the best option. For yacht designers a Velocity Prediction 
Program (VPP) is a common tool used to estimate the performance of a yacht. For a sail 
assisted ship the approach is somewhat different as the speed is assumed to be constant 
since the ship is propelled both by engine and sail power and the forces in the 
longitudinal direction do not have to be balanced for the sake of finding the speed of the 
ship. This is the main reason for not choosing to work with a VPP but instead use a 
program using a constant speed. As far as the authors know, there are no commercial 
softwares predicting the power for sail assisted vessels on the market today. To be able 
to investigate the influence of the different sails on the aerodynamic driving force, an 
auxiliary sail power prediction program (ASPPP) was developed in MATLAB. 

6.1. ASPPP 

In a VPP the velocity of the yacht is of primary interest but for the case of a sail assisted 
ship it is the power produced by the sails that is important. Since the speed of the ship 
can be assumed to be constant, the apparent wind velocity and direction can be 
calculated for a given true wind speed and direction. In the case of a VPP the ship speed 
is guessed, which results in iterative calculations to find the speed. For the calculations 
of the apparent wind, as for all calculations, heel angles were assumed to be zero. 

The ASPPP predicts the net driving force for all possible wind conditions and just like a 
VPP, the ASPPP balances the aerodynamic and hydrodynamic forces acting on the ship 
but only in the transverse direction for a given ship speed, true wind velocity and wind 
direction. The procedure to find the leeway angle is to balance the side forces. The 
leeway angle is guessed until the side forces converge, i.e. for the converged leeway 
angle  

ASHS FF =  

To account for the wind profile and twist, the forces sailASF ,  and shipASF ,  were calculated 

using the apparent wind velocity of sailAV , and shipAV ,  which were based on the root 

mean square (RMS) of the true wind speed. The wind profile was defined according to 
(2.4) with the reference height zref of 10 m and the value of n was set to 8. The influence 
of the wind profile is illustrated in Figure 6.1. 
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Figure 6.1 Wind profile as used in the program for VT ref = 7 m/s 

When the leeway angle has been found, the forces are in equilibrium. For the forces 
acting in the longitudinal direction it is only the contribution from the sail to the total 
driving force that is of interest. Hence, no iterations to establish the convergence 
between driving force and resistance are needed. However, the induced resistance due to 
additional leeway has to be taken into account. The net driving force from the sail is 
calculated by adding the additional induced resistance due to the extra side force 
produced by the sails. 

FR Sail net = FR + Ri − Ri no sail( ) 
The induced resistance depends on the square of the total aerodynamic side force, hence 
Ri no sail, the induced drag due to FAS above water hull, needs to be deducted from the total 
induced resistance and only the additional part from the sails are taken into account.  

When FR Sail net has been calculated a new angle of attack is used for the calculations 
with the result of finding the angle of attack or sheet angle that creates the largest 
driving force. The maximum net driving force for a given true wind speed and direction 
is now known. The next step is to loop through all pointing angles � for a given wind 
speed and finally loop through a range of wind speeds. The end result will be a table 
giving the maximum net driving force for all possible wind speeds and directions for the 
investigated sail. At this point it is possible to change sail and run the program again, 
giving the possibility to compare the sail performance between different types of sails. 
A flow diagram of the ASPPP can be found in Figure 6.2. 
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 Figure 6.2 ASPPP flow chart 
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6.1.1. Parameters 

The parameters used as input for the program are based on a panamax tanker, whit a LPP 
of 220 m. The ship speed has been kept at 13 kts, unless else stated. Two load 
conditions have been investigated, fully laden and ballast, which will affect the areas of 
the above water hull and positions in the vertical direction. The two load cases are 
defined in table 6.1. 

Table 6.1 Investigated load conditions

Lpp 220 m 220,00 m
T 14,50 m 7,70 m
� 91 500 MT 45 000 MT
At 573 m2 805 m2
Al 1 782 m2 3 392 m2
freeboard 7 m 14 m

Load condition
Fully laden Ballast

 

All calculations were based on a single sail with an area of 100 m2. The sail was 
assumed to be positioned close to the neutral point and therefore not give rise to any 
yawing moment. Different types of sails were investigated and their characteristics can 
be found in Appendix A. 

6.2. Plots of the net power 

Some of the results from the ASPPP for three different wind speeds are illustrated in 
Figure 6.3. The net driving power is plotted against the pointing angle, i.e. the angle 
between VS and VT. The two profiles called NACA 0015 Split flap and NACA 0030 
Split flap use combined data for different flap deflection angles while the NACA 0012 
only use data for one flap deflection angle. 
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Figure 6.3 The net driving power produced by the evaluated sails for different 
wind speeds 

The NACA 0015 profile with split flap is producing more driving force than any of the 
other profiles. In Figure 6.3–6.5 the performance is illustrated in polar plots showing the 
net power against the pointing angle for a number of true wind speeds in fully laden 
condition for the NACA 0015 with and without flap and for a Bermuda rig. Note the 
different scales on the axes in the figures. More detailed plots can be found in 
Appendix C. 
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Figure 6.3 Net power, NACA 0015 without flap 
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Figure 6.4 Net power, NACA 0015 split flap 
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Figure 6.5 Net power, Bermuda rig 
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6.3. Leeway angle 

In Figure 6.6 the leeway angle is plotted against pointing angle at Beaufort 8, the 
leeway reaches a maximum at a pointing angle around 50°. Note the sudden jump in the 
curve for the NACA 0015 Split flap representing the deflection of the flap. 
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Figure 6.6 Leeway angle at Beaufort 8 

6.4. Sheet angle 

In Figure 6.7 the sheet angle giving the maximum net driving force is illustrated for a 
number of headings and wind speeds. 

Vt = 12.6 m/s (Beaufort 6) Vt = 4.4 m/s (Beaufort 3)

 
Figure 6.7 Sheet angle and flap deflection angle for NACA 0015 with Split flap 



29 

6.5. Heel angle 

Te heel angle was assumed to be small for all calculations. A quick check assuming that 
the heeling and righting moment to be in equilibrium the righting arm can be calculated 
using  

g

freeboard
FCEF

GZ
shipASsailAS

⋅∆

⋅+⋅
= 2  

where CE is the sail centre of effort. The righting arm GZ at a wind speed of Beaufort 8 
was estimated to only 3 mm. If the metacentric height GM, see Figure 6.8, is assumed to 
be 1.5 m this represents a heel angle of 0.11°. The assumption of small heel angles is 
reasonable. 

 

Figure 6.8 Righting arm GZ and metacentric height GM 
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7. INFLUENCE OF THE HULL ON THE UNDISTURBED 
WIND 

WHEN THE WIND is blowing over the water surface the velocity profile can be estimated 
as discussed in (2.4) and is the only effect on the wind that is taken into account in the 
ASPPP. In reality, the hull influences the velocities of the wind hitting the sail as it is 
obstructing its path. The air has to flow over and around the hull which gives rise to 
pressure and velocity disturbances. This effect was unaccounted for in the ASPPP and 
an attempt to investigate this was made by computing the viscous flow using 
SHIPFLOW. 

7.1. Limitations 

The computations were made with no relative velocity between the ship and the water 
surface. The effect is as if the ship was lying dead in the water. This introduces an error 
in the incoming flow angles and velocity profile, as there is no twist in the apparent 
wind profile as opposed to what there would be if the ship made speed through the 
water. On the other hand, this twist is assumed to be relatively low. 

Another limitation is the simplification of the hull geometry. The geometry of the hull 
used in the computations resembles a high aspect ratio box with one rounded end, 
representing the bow. 

These simplifications are assumed to be acceptable in the sense that it should still be 
possible to draw conclusions on the characteristics of the general flow around the area 
where the sails will be situated. 

7.2. Method 

A structured grid for the simplified geometry were made in ICEM CFD and imported 
into SHIPFLOW. An inflow velocity profile similar to the one described in (2.4) was 
applied and two different angles of flow were used, 30° and 90° off the bow. The 
reference speed of the flow, i.e. the speed 10 m above the water surface, was set to  
15 m/s and with a reference length of 220 m (LPP) a Reynolds number of approximately 
3.5·108 was used. 

The streamlines, flow velocities and the twist of the flow were investigated at different 
locations of interest above deck where sails probably would be placed. Conclusions 
about the impact of the disturbed flow on the sail performance were made. 

7.3. Result 

As the air is flowing up and around the edge of the deck a recirculation zone forms and 
the transverse components of the velocities change direction. This phenomenon is 
practically the same as bilge vortices produced by the underwater hull. 

If part of the sail is within this region, it will not be able to generate lift as desired and 
therefore it is of interest to investigate the extent of these recirculation zones. 
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In other regions the flow will be accelerated and if the sail is placed within such a 
region the increased amount of kinetic energy in the flow will make the sail generate 
more lift as long as the angle of attack is not changed in a too large extent. 

The results from the two computations, at 30° and 90° inflow angle, are presented 
separately. The velocities in all figures are normalized by 24 m/s, which is the speed at 
400 m above the surface. The velocity components u and w represent the speed in the  
x- and y-direction respectively. 

7.3.1. 30 degrees 

In Figure 7.1 the transverse velocity component v is visualized by contours on five 
different transverse slices between 18% and 50% of LPP from the bow. This represents 
the region that is of interest when it comes to location of the sails, although the part 
closest to 18% of LPP is of most interest as explained in (2.6). In addition to the 
contours, ten streamlines are plotted. They represent the flow through a vertical line 
representing the centreline of an imagined sail placed at 18% of LPP from the bow and 
25% of the beam to windward from midship. 

  

Figure 7.1 Recirculation zones at 30° inflow angle (speed normalized with 24 m/s) 

The height of the recirculation zones is mostly less than 3 m, which is the distance of 
the sail from deck. Hence, the recirculation should not influence the performance in a 
too large extent. 
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Focusing on the accelerated flow instead, the streamlines passing the sail centreline are 
plotted in Figure 7.2. The colour scale represents the absolute value of the velocities in 
the horizontal plane, i.e. the absolute value of the velocity components u and v.  

 Vhorizontal = u2 + v 2  

This is the component of the flow velocity that is perpendicular to the sail and is 
contributing to the generation of lift. 

  

Figure 7.2 Stream lines and velocities in the horizontal the plane at 30° inflow 
angle (speed normalized with 24 m/s) 

It is clear that Vhorizontal is larger where it passes the position of the sail. This means 
that the disturbance on the flow from the hull is actually increasing the kinetic energy in 
the flow where the sail is positioned. 

The last factor investigated is the change in angle of attack, or in other words, the twist 
introduced by the hull disturbance. The twist of the streamlines passing through the 
imagined sail is illustrated in Figure 7.3. 
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 Figure 7.3 Twist at 30° inflow angle 

The highest streamline is barely diverging from the free stream flow of 30° while the 
lowest stream line is changing its direction with a couple of degrees. This change in 
angle of attack along the height of the sail is more or less within the margin of natural 
fluctuations of the wind experienced by the hull and should not impact the performance 
in a too large extent. 

It is also important to keep in mind that the flow in this computation does not have a 
twist from the beginning as it would have in reality as an effect of the apparent wind 
and the wind profile of the true wind. The twist of the apparent wind profile in reality 
would probably counteract the inversed twist of the flow in these computations. It is 
therefore fair to assume that this would not have a large impact on the performance on 
the sail. 
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7.3.2. 90 degrees 

In Figure 7.4 the transverse velocity component v is visualized by contours on the same 
transverse slices between 18% and 50% of LPP from the bow. 

  

 Figure 7.4 Recirculation zones at 90° inflow angle (speed normalized with 24 m/s) 

The height of the recirculation zones in this case is considerably larger, especially on 
the leeward side and would probably affect the performance of a sail placed there very 
much. On the windward side the height is not extending above the free slot between the 
sail and deck and should therefore not affect the flow on the sail too much. The 
disturbance of a sail placed upstream would affect a sail placed on the leeward side very 
much. However, the interaction between sails is not investigated at all in this study, 
although it is good to keep in mind, as it will probably have an effect on the 
performance as well. 
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Once again, focusing on the accelerated flow, the streamlines passing the sail centreline 
in this case are plotted in Figure 7.5. 

  

Figure 7.5 Stream lines and velocities in the horizontal the plane at 90° inflow 
angle (speed normalized with 24 m/s) 

The value of Vhorizontal has increased in the upper parts in this case as well. On the 
other hand, the lower region shows lower velocities than compared to the previous case 
with 30° inflow angle. This indicates a decrease of the performance compared to the 
other case. 
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The twist of the streamlines passing through the imagined sail is illustrated in  
Figure 7.3. 

  

 Figure 7.6 Twist at 90° inflow angle 

The twist of the flow is considerably lower compared to the previous case as expected. 
Again, it is important to remember that in reality the inflow would have a twist from the 
beginning. This twist will probably not have a too large impact on the performance but 
should definitely be kept in mind. 

7.4. Conclusion 

The vortex system developing at the edge of the hull does not seem to extend high 
enough to affect the sail in such a way that assuming undisturbed flow becomes 
completely unrealistic. However, the effect seems to become larger the closer the angle  
of inflow gets to 90° and sails on the leeward side will suffer more from this than sails 
on the windward side. 

Above this zone, the computations showed an increase in speed of the flow in the 
horizontal plane which will have a positive effect on the performance, although the 
interaction between sails placed in the stream direction, i.e. upstream and downstream 
relative to one another, has not been investigated. If a sail configuration is done like this 
the impact on performance is very much unclear and would need further investigation. 
On the other hand, several sails placed more side by side in the stream could give rise to 
a slot effect depending on the distance between them that in some cases could have a 
positive effect on the flow and therefore improve performance. This has not been 
investigated either and could also be of interest for further studies. 
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Finally the conclusion could be made that assuming undisturbed flow on the sails, as 
they were hanging free in the air, is probably not too far from the reality. However, the 
effects could prove to be drastic under unfortunate circumstances. Also the position of a 
sail will have a relatively large effect on the performance. Placing it on the windward 
side is preferable, especially with large angles of inflow. 
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8. ENERGY SAVINGS 

TWO ROUTES HAVE been investigated; one east–west bound route and one north–south 
bound route covering the North and South Atlantic Ocean, see Figure 8.1. These routes 
correspond well to the tanker trade. Earlier investigations point out the importance of 
the route when considering wind propulsion. Routes on the Indian Ocean investigated 
by Knud E. Hansen (1) showed that the winds were unfavourable and the fuel 
consumption actually increased for the wind propelled ship compared to a conventional 
ship.  

 

 Figure 8.1 Investigated routes 

The shortest distance to destination was chosen as strategy for setting the course, hence 
ignoring the prevailing wind directions. Better results could most likely be achieved if 
weather routing were to be employed (1). 

8.1. Sail power along route 

The wind statistics used for the investigated routes were found in routeing charts, which 
provide data for every month. Two sources for wind statistics were used, pilot charts 
provided by the Defense Mapping Agency (8) and routeing charts from the 
Hydrographic Office (9), (10). The difference between the two types of wind roses used 
by the two sources is illustrated in Figure 2.8. In Table 7.1 and 7.2 the data behind 
Figure 2.6 is shown and the simplicity of the wind rose used in the pilot charts from the 
Defense Mapping Agency (8) appears clearly. 

Table 8.1 Wind rose data, Defense Mapping Agency

Percentage
Calm

Force Percentage Force Percentage Force ...

1 5 13 5 9 5 ...

000° 045°       090°

. 
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Table 8.2 Wind rose data, Hydrographic Office

Percentage
Calm

Percentage
force 1 - 3

Percentage
force 4

Percentage
force 5 - 6

Percentage
force 7

Percentage
force 8 - 12

0,1 2,17 2,17 3,25 0,54 0,54

000°

 

To determine the sail power along the route a method for calculating the mean sail 
power over a wind rose were used. This will not likely correspond well to one specific 
voyage but will give an estimate of the mean power over a large number of voyages. 
The two sources define wind speeds as wind force on the Beaufort scale. For 
calculations the root mean square, RMS, of the wind speed was used, see Table 2.1  
and 8.1. 

Tabell 8.3 Beaufort scale

RMS wind speed
Beaufort scale knots m/s m/s

1 - 3 1 - 10 0.51–5.14 3.13

4 11 - 16 5.66–8.23 6.98

5 - 6 17 - 27 8.75–13.89 11.41

7 28 - 33 14.40–16.98 15.71

8 - 12 34 - 80 17.49–41,16 30.11

Wind speed

 

The procedure used for calculating the mean sail power P over a single wind rose can be 
explained as follows. 

Wind rose according to Hydrographic Office: 

 ( )� ⋅=
i

directionWindTiTroseWindSidirectionWind
VVPP ),,course,(percentage

,, β  

 ( )
directionWind

i
i percentagepercentage =� , i = force 1–3, force 4 … force 8–12 

 

 ( ) )0,0,,(percentage
,

courseVPPP sCalm
i

idirectionWindroseWind
⋅+=�  

 ( ) 1percentagepercentage =+� Calm
i

directionWind
, i = n�030°, n = 0,1,2 … 11 
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Wind rose according to Defense Mapping Agency: 

),,course,(percentage
,, directionWindTWdirectionWindTroseWindSdirectionWinddirectionWind

VVPP β⋅=
 
 

  ( ) )0,0,course,(percentage
, sCalm

i
idirectionWindroseWind

VPPP ⋅+=� ,  

 ( ) 1percentagepercentage =+� calm
i

directionWind
, i = n�045°, n = 0, 1, 2 … 7 

The distance along the route was divided into parts each corresponding to a wind rose 
and the course was assumed to be constant for every part. Then the mean sail power for 
the month was calculated by summarizing the mean power over each wind rose along 
the route 

 
( )

route

i
iroseWindiroseWind

month

P
P

distance

distance
,,� ⋅

= , i = 1, 2, 3 … n, n = number of wind 

roses along the route 

The mean sail power for the full year was then calculated according to 

 
12

,�
= i

imonth

year

P
P , i = 1, 2, 3 … 12 

The calculation procedure described above was implemented in another MATLAB 
program reading a route file and the output from the ASPPP, see Appendix B. The mean 
sail power for every month was calculated for the two routes in both fully laden and 
ballast conditions. Differences between east bound and west bound voyages for the 
North Atlantic route as well as south bound and north bound for the South Atlantic 
route were investigated. This was achieved by calculating the mean sail power again but 
this time using the contra course. The results are summarized in Figure 8.2–8.5 and 
Table 8.4–8.9 and the complete result for every month can be found in Appendix D. The 
annual mean for the North Atlantic route were calculated using both wind statistics from 
the Defense Mapping Agency (8) and the Hydrographic Office (9), (10). The two 
sources resulted in considerable differences due to the fact that the wind rose used by 
the Defense Mapping Agency (8) is not presenting the wind speed in terms of the root 
mean square. Hence results from (8) will not give a good estimate of the expected mean 
sail power. The differences are illustrated in Appendix D. Figures presented in this 
chapter are all based on wind statistics from the Hydrographic Office (9), (10).  

For the North Atlantic route the mean power generated by the NACA 0015, NACA 
0015 with split flap and for the Bermuda rig is 74 kW, 110 kW and 45 kW respectively. 
The difference is 147% when comparing the wing sail with flap against the Bermuda 
rig. For the South Atlantic route the three sails generate a mean power of 31 kW, 43 kW 
and 17 kW respectively. The difference is 161% when comparing the wing sail with 
flap against the Bermuda rig. 
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Figure 8.2 Annual mean for North Atlantic route, fully laden 

0 2 4 6 8 10 12
0

50

100

150

200

Month

S
ai

l p
ow

er
 [

kW
]

Power along North Atlantic Route - East bound - Annual mean - Ballast condition

NACA 0015 AR=6 (mean: 79kW)
Bermuda main sail AR=4.6 (mean: 50kW)
NACA 0015 Split flap (mean: 120kW)

0 2 4 6 8 10 12
0

50

100

150

200

Month

S
ai

l p
ow

er
 [

kW
]

Power along North Atlantic Route - West bound - Annual mean - Ballast condition

NACA 0015 AR=6 (mean: 67kW)
Bermuda main sail AR=4.6 (mean: 37kW)
NACA 0015 Split flap (mean: 96kW)  

Figure 8.3 Annual mean for North Atlantic route, ballast 

Table 8.4 - Power along North Atlantic route, NACA 0015

Ship speed
(kts) (kW) (%Pe*) (kW) (%Pe*) (kW) (%Pe*) (kW) (%Pe*)
10 60 3,27 63 3,43 56 3,05 48 2,62
11 65 2,66 68 2,79 62 2,54 55 2,25
12 71 2,26 74 2,35 68 2,16 61 1,94
13 76 1,91 79 1,98 74 1,86 67 1,68
14 81 1,61 85 1,69 80 1,59 74 1,47
15 87 1,37 90 1,41 86 1,35 81 1,27
16 92 1,13 96 1,18 93 1,14 88 1,08

* Pe,13 kts = 3981 kW, including 15% sea margin

East bound West bound
Fully laden Ballast Fully laden Ballast
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Table 8.5 - Power along North Atlantic route, Bermuda main sail

Ship speed
(kts) (kW) (%Pe*) (kW) (%Pe*) (kW) (%Pe*) (kW) (%Pe*)
10 39 2,13 40 2,18 32 1,74 27 1,47
11 43 1,76 44 1,80 36 1,47 30 1,23
12 46 1,46 47 1,49 39 1,24 33 1,05
13 49 1,23 50 1,26 42 1,05 37 0,93
14 52 1,04 54 1,08 45 0,90 40 0,80
15 55 0,86 57 0,89 48 0,75 43 0,67
16 58 0,71 60 0,74 51 0,63 47 0,58

* Pe,13 kts = 3981 kW, including 15% sea margin

East bound West bound
Fully laden Ballast Fully laden Ballast

 

Table 8.6 - Power along North Atlantic route, NACA 0015 Split flap

Ship speed
(kts) (kW) (%Pe*) (kW) (%Pe*) (kW) (%Pe*) (kW) (%Pe*)
10 92 5,02 95 5,18 81 4,42 69 3,76
11 100 4,10 103 4,22 90 3,69 78 3,19
12 108 3,44 111 3,53 98 3,12 87 2,77
13 116 2,91 120 3,01 107 2,69 96 2,41
14 124 2,47 128 2,55 115 2,29 105 2,09
15 131 2,06 136 2,13 124 1,95 114 1,79
16 139 1,70 144 1,76 133 1,63 123 1,51

* Pe,13 kts = 3981 kW, including 15% sea margin

East bound West bound
Fully laden Ballast Fully laden Ballast
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Figure 8.4: Annual mean for South Atlantic route, fully laden 
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 Figure 8.5: Annual mean for South Atlantic route, ballast  

Table 8.7 - Power along South Atlantic route, NACA 0015

Ship speed
(kts) (kW) (%Pe*) (kW) (%Pe*) (kW) (%Pe*) (kW) (%Pe*)
10 23 1,25 23 1,25 23 1,25 23 1,25
11 25 1,02 25 1,02 26 1,06 25 1,02
12 27 0,86 27 0,86 28 0,89 28 0,89
13 30 0,75 30 0,75 31 0,78 31 0,78
14 32 0,64 32 0,64 33 0,66 33 0,66
15 35 0,55 35 0,55 36 0,56 36 0,56
16 37 0,45 37 0,45 39 0,48 39 0,48

* Pe,13 kts = 3981 kW, including 15% sea margin

South bound North bound
Fully laden Ballast Fully laden Ballast

 

Table 8.8 - Power along South Atlantic route, Bermuda main sail

Ship speed
(kts) (kW) (%Pe*) (kW) (%Pe*) (kW) (%Pe*) (kW) (%Pe*)
10 14 0,76 14 0,76 13 0,71 13 0,71
11 15 0,61 15 0,61 14 0,57 14 0,57
12 16 0,51 16 0,51 15 0,48 15 0,48
13 17 0,43 17 0,43 16 0,40 16 0,40
14 18 0,36 18 0,36 17 0,34 17 0,34
15 19 0,30 19 0,30 18 0,28 18 0,28
16 20 0,25 20 0,25 19 0,23 19 0,23

* Pe,13 kts = 3981 kW, including 15% sea margin

South bound North bound
Fully laden Ballast Fully laden Ballast
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Table 8.9 - Power along South Atlantic route, NACA 0015 Split flap

Ship speed
(kts) (kW) (%Pe*) (kW) (%Pe*) (kW) (%Pe*) (kW) (%Pe*)
10 34 1,85 33 1,80 33 1,80 33 1,80
11 37 1,52 36 1,47 37 1,52 36 1,47
12 40 1,27 40 1,27 40 1,27 39 1,24
13 43 1,08 43 1,08 43 1,08 43 1,08
14 46 0,92 46 0,92 46 0,92 46 0,92
15 49 0,77 49 0,77 50 0,78 50 0,78
16 52 0,64 53 0,65 53 0,65 53 0,65

* Pe,13 kts = 3981 kW, including 15% sea margin

South bound North bound
Fully laden Ballast Fully laden Ballast

 

Figure 8.6 is showing the results from a self-propulsion test together with a 15 % sea 
margin, used to determine the sail and effective power ratio. 
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Figure 8.6 Ship speed to effective power 
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8.2. Apparent wind along the routes 

Earlier conclusions point out the importance of upwind performance (2). Investigations 
of the apparent wind along the two routes confirm that good upwind performance is 
favourable, see Figure 8.7–8.10. 
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Figure 8.7 Apparent wind angle along North Atlantic route 
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Figure 8.8 Apparent wind speed along North Atlantic route 
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Figure 8.9 Apparent wind angle along South Atlantic route 
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Figure 8.10 Apparent wind speed along South Atlantic route 

8.3. Daily savings 

The daily savings were estimated according to the formula 

cebunker prihnconsumptio
P

ngsdaily savi meanannual ⋅⋅⋅= 24
η

 

where the propulsive efficiency 	 is estimated to 0.65 and the engine fuel consumption 

is estimated to tonne/kWh
1000

2.0
. The results are presented in Table 8.10 and 8.11. 

NACA 0015
(74 kW)

NACA 0015 Split flap
(110 kW)

Bermuda main sail
(45 kW)

Bunker price
(USD/tonne) (USD/day) (USD/day) (USD/day)

200 109 162 66
300 164 244 100
400 219 325 133
500 273 406 166
600 328 487 199
700 383 569 233
800 437 650 266

Table 8.10 - Daily savings, North Atlantic Route
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NACA 0015
(31 kW)

NACA 0015 Split flap
(43 kW)

Bermuda main sail
(17 kW)

Bunker price
(USD/tonne) (USD/day) (USD/day) (USD/day)

200 46 64 25
300 69 95 38
400 92 127 50
500 114 159 63
600 137 191 75
700 160 222 88
800 183 254 100

Table 8.11 - Daily savings, South Atlantic Route
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9. CONCLUSION 

This study presents the energy savings potential of auxiliary sails on a panamax tanker 
sailing on transatlantic routes. Two types of sail were studied, soft sails and hard wing 
sails. The performance of the sails was calculated using experimental and theoretical 
data together with weather statistics along the defined transatlantic routes. The results 
were used for analysis of possible energy savings. 

The following questions have been answered: 

• What types of sails are suitable as auxiliary sails? 

• How will the sails perform under different conditions? 

• What conditions are expected along the investigated routes? 

• What will the energy savings along the investigated routes be? 

9.1. Summary of the results 

Regarding the most suitable types of sails for use as an auxiliary power source, hard 
wing sails perform better than soft sails. The NACA four-digit series appears to be a 
good alternative for the wing section profile and when equipped with split flaps, the 
performance is very good compared to alternatives without flaps and especially 
compared to soft sails. 

Results of the performance of the sails under different conditions can be found in 
APPENDIX C where the net power is plotted for different sails and conditions. 

Histograms showing the apparent wind speeds and angles could be produced using a 
MATLAB program and the wind statistics combined with the defined routes. This 
information is of interest when designing a sail, trying to make it as effective as possible 
for this application. These histograms can be found in (8.2) and showed that good 
upwind performance of the sails is of interest.  

The energy savings were expressed in terms of net power produced by the sails and 
calculated along the investigated routes. For the wing sail with a flap the mean net 
power was approximately 1.10 kW/m2 for the northern route and for the southern route 
it was approximately 0.43 kW/m2. For a sail of 100 m2 this corresponds to 2.76% and 
1.08% of the effective power for the hull at 13 knots including a 15% sea margin. 

By equipping the wing sail with a flap an increase in power of approximately 45% can 
be expected compared to a wing sail without flap. The difference is even larger, up to 
154%, when comparing the wing sail with flap against the Bermuda rig. 

Seasonal variations proved to be considerable and for the northern route the variations 
was as large as a factor of three between the best and worst month. The winds were a lot 
stronger during the winter months compared to the summer months. For the southern 
route no evident variations over the year was identified. The winds were much lighter 
compared to the North Atlantic route and hence close-hauled performance is even more 
important for this route. 
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9.2. Reliability 

The hydrodynamic side force was calculated using a value of the stability derivatives 
that are typical for tankers (12) and should give an acceptable result. The formula for 
calculating the induced resistance on the other hand includes three different constants 
that were taken from a tentative suggestion in the literature (13) and is of course 
somewhat different for each individual ship, although the impact of this would most 
probably not affect the results too much due too the fact that the order of magnitude for 
the induced resistance is small in this case. 

The approximations on the wind profile and the apparent wind used for the 
computations on the other hand will probably have a larger impact on the result, 
although they are believed to be reasonable as the effects of the atmospheric boundary 
layer and the apparent wind, including twist, were taken into consideration to a certain 
degree. 

The next factor that could have an impact on the reliability of the results is the fact that 
wind statistics were used as input for the wind conditions. Both the digitalisation 
process and the fact that they are statistical data measured by the crew of thousands of 
different ships over several years, gives rise to some margin of error. Also the effect of 
continuous fluctuations of the wind is lost in this method. 

9.3. Recommendations for further work 

A good complement to the calculations based on wind statistics would be to log wind 
data for individual voyages. Weather routing should be considered since earlier studies 
on the subject show that the sail would suffer a substantial loss of the power generated 
by the sail when routing is based only on the shortest distance. 

This study was carried out with the assumption that the sails were positioned in such a 
way that no yawing moment was generated, i.e. the centre of effort of the sails 
coincided with the centre of lateral resistance of the hull. If many sails are to be used it 
will be impossible to place them in such a way and further investigations on increased 
resistance due to yawing moment will be required. 

The experimental data available on wing profiles with flaps were quite limited. More 
work involving wind tunnel test to investigate the effects of the flap to chord ratio and 
also the influence of the flap deflection angle would make it possible to improve the 
performance of the wing sail. It would also be of interest to investigate the influence of 
aspect ratio. For this study an aspect ratio of 6 was used for the wing sail, with more 
experimental data it would be possible to study the effects of increasing the sail area for 
a given wing span.  

Further investigations on the influence of the hull on the wind profile are recommended, 
as this can have a considerable effect on the performance of a system of this kind. 
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APPENDIX A – SAIL COEFFICIENTS 

The sail coefficients for the NACA profiles are based on experiments in a compressed 
air tunnel carried out by the Aeronautical research council (14). For the Bermuda rig 
and for the rectangular plate coefficients found in the literature were used (15).  

� Cl Cd � Cl Cd
(deg) (deg)
-6,40 0,4380 0,1700 -0,85 -0,0780 0,0085
-4,35 0,6020 0,1810 0,25 0,0050 0,0081
-2,10 0,7590 0,1950 1,35 0,0870 0,0083
1,20 0,9890 0,2200 3,55 0,2520 0,0114
4,35 1,2040 0,2500 6,75 0,4900 0,0217
7,55 1,4200 0,2810 10,05 0,7380 0,0383

10,70 1,6070 0,3160 13,25 0,9610 0,0622
12,85 1,7200 0,3430 16,45 1,1820 0,0914
13,95 1,8010 0,3560 18,60 1,3240 0,1150
15,95 1,9100 0,3850 19,70 1,3690 0,1260
16,95 1,9700 0,3960 20,75 1,4320 0,1360
18,00 2,0400 0,4140 21,75 1,2160 0,1890
19,05 2,0850 0,4310 22,70 1,1820 0,2360
20,15 1,1400 0,5850 24,75 1,0000 0,2900
22,20 1,1600 0,6640

Table A.1 NACA 0012 Split flap 90°
AR = 6, R = 5.60·10^6, 0.15c flap

Table A.2 NACA 0015 without flap
AR = 6, R = 5.54·10^6

 



 

� Cl Cd � Cl Cd
(deg) (deg)
-2,50 0,7180 0,1560 -11,35 0,0430 0,1450
0,60 0,9650 0,1810 -9,10 0,2210 0,1540
3,90 1,2010 0,2090 -5,75 0,4900 0,1710
7,05 1,4220 0,2450 -1,45 0,8230 0,1980

10,20 1,6330 0,2830 3,05 1,1270 0,2360
13,25 1,8430 0,3220 7,35 1,4200 0,2790
15,45 1,9790 0,3510 11,65 1,6980 0,3250
17,65 2,1030 0,3810 16,00 1,9460 0,3870
19,80 2,2250 0,4140 19,15 2,1400 0,4360
20,90 2,2850 0,4320 21,30 2,2720 0,4670
22,00 2,3470 0,4460 22,40 2,3230 0,4870
23,05 2,3880 0,4650 23,50 2,3740 0,5070
24,00 1,2260 0,5730 24,25 1,1980 0,6310
25,10 1,1910 0,5960 25,25 1,2020 0,6850

Table A.3 NACA 0015 flap at 50 °
AR = 6, R = 4.31·10^6, 0.20c flap

Table A.4 NACA 0015 flap at 90 °
AR = 6, R = 5.39·10^6, 0.15c flap

 

� Cl Cd � Cl Cd
(deg) (deg)
-0,25 -0,0170 0,0145 -4,90 0,6270 0,1490
0,80 0,0400 0,0144 -1,85 0,8870 0,1770
1,85 0,0960 0,0149 1,20 1,1520 0,2140
2,90 0,1520 0,0158 4,25 1,3960 0,2540
4,95 0,2650 0,0191 7,30 1,6170 0,2980
8,05 0,4410 0,0283 10,35 1,8400 0,3450

11,15 0,6100 0,0428 13,40 2,0250 0,3950
12,15 0,6590 0,0493 14,40 2,1000 0,4140
13,20 0,7060 0,0579 15,45 2,1620 0,4300
14,25 0,7330 0,0701 16,45 2,2150 0,4510
15,30 0,7210 0,0881 18,10 1,3500 0,4720
16,35 0,7270 0,1040 19,20 1,2830 0,4880
17,45 0,7340 0,1210 20,25 1,2370 0,5030
19,60 0,6960 0,1600
21,80 0,6250 0,1950

Table A.5 NACA 0030 without flap
AR = 6, R = 5.52·10^6

Table A.6 NACA 0030 flap at 90 °
AR = 6, R = 5.39·10^6, 0.15c flap

 



 

� Cl Cd � Cl Cd
(deg) (deg)
8,20 0,4200 0,0800 10,00 1,30 0,24

11,00 0,6300 0,1070 15,00 1,50 0,25
13,80 0,8400 0,1530 20,00 1,23 0,41
16,60 0,9870 0,2190 25,00 1,18 0,49
19,30 1,0010 0,2870 30,00 1,14 0,58
22,00 1,0000 0,3330 40,00 0,93 0,70
25,00 0,9990 0,3790 50,00 0,79 0,84

60,00 0,65 0,98
70,00 0,49 1,11
80,00 0,29 1,18
90,00 0,00 1,23

Table A.7 Bermuda main sail
AR = 4.6

Table A.8 Rectangular rigid plate
10% cambered, untwisted

 



 

APPENDIX B – DESCRIPTION OF PROGRAMS 

The program calculating the sail performance is programmed in MATLAB. It is 
composed of a main program called ASPPP and a number of sub functions. The 
sequence of operations is described in detail in (6.1) and is illustrated in Figure 6.2. 
Below the scripts and functions are presented together with a block diagram. 

 
% ASPPP.m - Auxiliary sail power prediction program 
 
clf 
clear all 
close all 
tic 
 
% --------------- List of symbols ----------- 
% AR - aspect ratio [] 
% Beaufort - wind speed for Beaufort scale [m/s] 
% CE - center of effort, above water line [m] 
% cl - section lift coefficient 
% Cl - lift coefficient 
% cd - section drag coefficient 
% Cd - drag coefficient 
% displ - displacement (weight) [MT]  
% Drag - drag force 
% Fas_sail - Aerodynamic side force from sail 
% Fas_ship - Aerodynamic side force from above water ship and superstructure 
% Fhs_ship - Hydrodynamic side force from hull 
% Fr - Aerodynamic driving force 
% GZ - righting lever  
% g - acceleration due to gravity [m/s^2] 
% Lift - lift force 
% k1 - hydrodynamic factor [] 
% k2 - hydrodynamic factor [] 
% kdc - hydrodynamic factor [] 
% Lpp  - length between perpendiculars [m] 
% S - sail area [m^2] 
% Span - wing span [m] 
% T - draft [m] 
% Va - apparent wind speed [m/s] 
% Vs - ship speed [kts or m/s]  
% Vt - true wind speed [m/s] 
% alpha - angle of attack [deg] 
% beta - apparent wind angle [deg] 
% gamma - angle between Vt and Vs [deg] 
% lambda    - leeway angle [deg] 
% rho_air   - air density [kg/m3]  
% rho_sw    - sea water density [kg/m3] 
 
% Constants 
rho_sw = 1025; % sea water density [kg/m3] 
rho_air = 1.292; % air density, at standard temperature and pressure (0 °C and 101.325 kPa) [kg/m3]  
k1 = 2; % hydrodynamic factor [] 
k2 = 0.25; % hydrodynamic factor [] 
kdc = 1.1; % hydrodynamic factor [] 
Cdal = 0.9; % maximum drag coefficient in lateral inflow [] 
g = 9.81; %acceleration due to gravity [m/s^2] 
 
Lpp = 220; % length between perpendiculars [m]  
 
%Load case ballast 
% loadcase = 'Ballast condition'; 
% T = 7.7; % draft [m] 
% displ = 45000; %displacement (weight) [MT]  
% At = 805; % transversal above water area [m2] 
% Al = 3392; % longitudinal above water area [m2] 
% freeboard = 14; % freeboard [m] 
 
% %Load case fully laden 
loadcase = 'Fully laden condition'; 
T = 14.5; % draft [m] 
displ = 91500; %displacement (weight) [MT]  
At = 573; % transversal above water area [m2] 
Al = 1782; % longitudinal above water area [m2] 
freeboard = 6.8; % freeboard [m] 
 
%Sail configuration 
S = 100; % sail area [m^2] 
nos = 1; % number of sails [] 
Span = 24.5; % wing span [m] 
CE = freeboard+1+Span/2; % Center of effort, from water level [m] 
AR = Span^2/S; % Aspect ratio [] 
S = nos*S; % Total sail area [m2] 
 
z1 = CE-Span/2; %sail bottom from water level [m] 
z2 = CE+Span/2; %sail top from water level [m] 
  
Beaufort_scale = [0 1.1 2.6 4.4 7.0 9.8 12.6 15.7 19.1 22.7 26.5 30.6 37.1]; %[Beaufort 1, Beaufort 2 ... Beaufort 
12], Root Mean Square wind speed [m/s] 



 

Beaufort_mean = [3.1 7.0 11.4 15.7 30.1]; %[Beaufort 1-3,Beaufort 4,Beaufort 5-6,Beaufort 7,Beaufort 8-12], Root Mean 
Square wind speed [m/s] 
 
Vt = [0 1.1 2.6 3.1 4.4 7.0 9.8 11.4 12.6 15.7 19.1 22.7 26.5 30.1 30.6 37.1]; 
 
for a=1:length(Vt) 
    %Vt = Vt(a) 
    gamma=0:1:180; % true course between Vt and Vs [deg] 
    gamma=gamma*pi/180; % true course between Vt and Vs [rad] 
 
    Vs = 16; % Ship speed [kts] 
    Vs = Vs*1852/3600; % [m/s] 
     
    % --------------- Wind profile ---------------  
    n = 8; 
    ref = 10; % distance above sea level at which Vt is given [m] 
    Vt_rms_sail = 0; % Corrected wind speed for the sail, wind profile taken into account 
    step = 0.001; % 
    for z=z1:step:z2 
        Vt_rms_sail = Vt_rms_sail+((Vt(a)*(z/ref)^(1/n)))^2; 
    end 
    Vt_rms_sail = sqrt(Vt_rms_sail/length(z1:step:z2)); 
     
    Vt_rms_ship = 0; %Corrected wind speed for ship, wind profile taken into account 
    for z=0:step:freeboard 
        Vt_rms_ship = Vt_rms_ship+((Vt(a)*(z/ref)^(1/n)))^2; 
    end 
    Vt_rms_ship = sqrt(Vt_rms_ship/length(z1:step:z2));     
         
    % --------------- Profiles ----------- 
    nop = 8; % Number of profiles 
 
    % Profile(i,:) = {['Profile name'] [angle of attack, alpha] [Cl(alpha)] [Cd(alpha)] [Maximum driving force, Frmax, 
for given gamma] [alpha at Frmax] [lambda at Frmax]} 
     
    % Lift and drag for NO SAIL - This "dummy profile" is used to determine the "initial" induced hydrodynamic drag 
due to side force on hull and superstructure 
    n=1; % Profile number 
    alpha = 0; %Angle of attack 
    Cl = 0; 
    Cd = 0; 
    Profile(n,1)={'NO SAIL'}; 
    Profile(n,2)={alpha}; 
    Profile(n,3)={Cl}; 
    Profile(n,4)={Cd}; 
 
    % Lift and drag for NACA 0012 Aerofoil with 0.15c sharp edge split flap at 90 degree deflection R5.60 
    % NOTE! Data for A = 6, i.e. not section lift and drag coefficient 
    n=n+1; 
    alpha = [-6.4 -4.35 -2.1 1.2 4.35 7.55 10.7 12.85 13.95 15.95 16.95 18.0 19.05 20.15 22.2]; 
    Cl = [0.438 0.602 0.759 0.989 1.204 1.420 1.607 1.720 1.801 1.910 1.970 2.040 2.085 1.140 1.160]; 
    Cd = [0.170 0.181 0.195 0.220 0.250 0.281 0.316 0.343 0.356 0.385 0.396 0.414 0.431 0.585 0.664]; 
    Profile(n,1)={'NACA 0012 Split flap 90deg AR=6'}; 
    Profile(n,2)={alpha}; 
    Profile(n,3)={Cl}; 
    Profile(n,4)={Cd}; 
 
    % Lift and drag for NACA 0015 Aerofoil without flap R5.54 
    % NOTE! Data for A = 6, i.e. not section lift and drag coefficient 
    n=n+1; 
    n0015 = n; % Index for use when combining NACA 0015 for different flap angles 
    alpha = [-0.85 0.25 1.35 3.55 6.75 10.05 13.25 16.45 18.6 19.7 20.75 21.75 22.7 24.75 70 80 90]; 
    Cl = [-0.078 0.005 0.087 0.252 0.490 0.738 0.961 1.182 1.324 1.369 1.432 1.216 1.182 1.000 0.49 0.29 0.00]; 
    Cd = [0.0085 0.0081 0.0083 0.0114 0.0217 0.0383 0.0622 0.0914 0.115 0.126 0.136 0.189 0.236 0.290 1.11 1.18 1.23]; 
    Profile(n,1)={'NACA 0015 AR=6'}; 
    Profile(n,2)={alpha}; 
    Profile(n,3)={Cl}; 
    Profile(n,4)={Cd}; 
 
    % Lift and drag for NACA 0015 Aerofoil with 0.20c split flap at 50 degree deflection R4.31 
    % NOTE! Data for A = 6, i.e. not section lift and drag coefficient 
    n=n+1; 
    n0015 = [n0015,n]; % Index for use when combining NACA 0015 for different flap angles 
    alpha = [-2.5 0.6 3.9 7.05 10.2 13.25 15.45 17.65 19.8 20.9 22.0 23.05 24.0 25.1]; %Angle of attack  
    Cl = [0.718 0.965 1.201 1.422 1.633 1.843 1.979 2.103 2.225 2.285 2.347 2.388 1.226 1.191]; %Lift coefficient 
    Cd = [0.156 0.181 0.209 0.245 0.283 0.322 0.351 0.381 0.414 0.432 0.446 0.465 0.573 0.596]; %Drag coefficient 
    Profile(n,1)={'NACA 0015 Split flap 50deg AR=6'}; 
    Profile(n,2)={alpha}; 
    Profile(n,3)={Cl}; 
    Profile(n,4)={Cd}; 
 
    % Lift and drag for NACA 0015 Aerofoil with 0.15c sharp edge split flap at 90 degree deflection R5.39 
    % NOTE! Data for A = 6, i.e. not section lift and drag coefficient 
    n=n+1; 
    n0015 = [n0015,n]; % Index for use when combining NACA 0015 for different flap angles 
    alpha = [-11.35 -9.1 -5.75 -1.45 3.05 7.35 11.65 16.0 19.15 21.3 22.4 23.5 24.25 25.25]; % 20.05 21.05 22.15 
23.2]; 
    Cl = [0.043 0.221 0.490 0.823 1.127 1.420 1.698 1.946 2.140 2.272 2.323 2.374 1.198 1.202]; % 1.619 1.428 1.348 
1.260]; 
    Cd = [0.145 0.154 0.171 0.198 0.236 0.279 0.325 0.387 0.436 0.467 0.487 0.507 .631 0.685]; % 0.511 0.540 0.565 
0.588]; 
    Profile(n,1)={'NACA 0015 Split flap 90deg AR=6'}; 
    Profile(n,2)={alpha}; 
    Profile(n,3)={Cl}; 
    Profile(n,4)={Cd}; 
 
    % Lift and drag for NACA 0030 Aerofoil without flap R = 5.52 
    % NOTE! Data for A = 6, i.e. not section lift and drag coefficient 
    n=n+1; 
    n0030 = n; %Index for use when combining NACA 0030 for different flap angles 
    alpha = [-0.25 0.8 1.85 2.9 4.95 8.05 11.15 12.15 13.2 14.25 15.3 16.35 17.45 19.6 21.8 70 80 90]; 
    Cl = [-0.017 0.040 0.096 0.152 0.265 0.441 0.610 0.659 0.706 0.733 0.721 0.727 0.734 0.696 0.625 0.49 0.29 0.00];  
    Cd = [0.0145 0.0144 0.0149 0.0158 0.0191 0.0283 0.0428 0.0493 0.0579 0.0701 0.0881 0.104 0.121 0.160 0.195 1.11 
1.18 1.23]; 
    Profile(n,1)={'NACA 0030 AR=6'}; 
    Profile(n,2)={alpha}; 
    Profile(n,3)={Cl}; 
    Profile(n,4)={Cd}; 
     
    % Lift and drag for NACA 0030 Aerofoil with 15%c flaps at 90% R = 5.39 
    % NOTE! Data for A = 6, i.e. not section lift and drag coefficient 
    n=n+1; 
    n0030 = [n0030,n]; %Index for use when combining NACA 0030 for different flap angles 
    alpha = [-4.9 -1.85 1.2 4.25 7.3 10.35 13.4 14.4 15.45 16.45 18.1 19.2 20.25]; 
    Cl = [0.627 0.887 1.152 1.396 1.617 1.840 2.025 2.100 2.162 2.215 1.350 1.283 1.237]; 
    Cd = [0.149 0.177 0.214 0.254 0.298 0.345 0.395 0.414 0.430 0.451 0.472 0.488 0.503]; 
    Profile(n,1)={'NACA 0030 flap 90 deg AR=6'}; 
    Profile(n,2)={alpha}; 
    Profile(n,3)={Cl}; 



 

    Profile(n,4)={Cd}; 
     
    % Bermuda main sail, AR = 4.6, slot between sail and deck 6.5% of luff 
    n=n+1; 
    alpha = [8.2 11 13.8 16.6 19.3 22 25]; 
    Cl = [0.42 0.63 0.84 0.987 1.001 1 0.999]; 
    Cd = [0.08 0.107 0.153 0.219 0.287 0.333 0.379]; 
    Profile(n,1)={'Bermuda main sail AR=4.6'}; 
    Profile(n,2)={alpha}; 
    Profile(n,3)={Cl}; 
    Profile(n,4)={Cd}; 
     
    % ------------ Profile loop ------------ 
    for i=1:nop 
 
        % ------------ True wind angle loop ------------ 
        Fr_max = zeros(1,length(gamma))-1000000000000000;  
        alpha_at_max = zeros(1,length(gamma)); 
        lambda_at_max = zeros(1,length(gamma)); 
        beta_v = zeros(1,length(gamma)); 
        deltaFx_v = zeros(1,length(gamma)); 
        GZ_at_max = zeros(3,length(gamma)); 
        hydro_sideforce = zeros(1,length(gamma)); 
 
        for j=1:length(gamma) 
             
            [Va_sail beta_sail] = apparentwind(Vs, Vt_rms_sail, gamma(j)); %Calculates apparent wind velocity and 
apparent wind angle (wind triangle) 
            [Va_ship beta_ship] = apparentwind(Vs, Vt_rms_ship, gamma(j)); %Calculates apparent wind velocity and 
apparent wind angle (wind triangle) 
 
            %------------ Alpha loop ------------ 
            for k=1:length(Profile{i,2}) %loop for all angle of attack 
                alpha = Profile{i,2}(k); 
                Cl = Profile{i,3}(k); 
                Cd = Profile{i,4}(k); 
 
                % Calculation of aerodynamic side force, sail  
                Lift = 0.5*rho_air*Va_sail^2*S*Cl; 
                Drag = 0.5*rho_air*Va_sail^2*S*Cd; %Induced drag included 
                Fas_sail = Lift*cos(beta_sail)+Drag*sin(beta_sail); %Sail aerodynamic side force 
 
                % Calculation of aerodynamic side force, hull and superstructure 
                Cas_ship = Cdal*sin(beta_ship); 
                Fas_ship = Cas_ship*((rho_air/2)*Va_ship^2*Al); %Above water ship and superstructure aerodynamic side 
force                                    
                 
                %------------ Iteration to find leeway angle ------------ 
                stop=0; 
                l = 0; 
                while stop == 0 
                    lambda = l; % Leeway angle [rad] 
                    l = l + 2E-004; % 0.0115 [deg] 
                    % Calculation of hydrodynamic side force 
                    Yvprim = -0.0185;  
                    Yv = Yvprim*rho_sw/2*Lpp^2*Vs; 
                    v = Vs*sin(lambda); 
                    Y = Yv*v; %Hydrodynamic side force 
                    Fhs_ship = -Y; 
 
                    if (abs(Fas_ship) + abs(Fas_sail) - abs(Fhs_ship)) < 1 
                        stop = 1; 
                    end 
                    if l > 0.35 
                        stop = 1; 
                        'Leeway angle not found' 
                    end 
                end % leeway loop 
 
                % Calculation of righting lever, GZ 
                GZ = (Fas_sail*CE+Fas_ship*freeboard/2)/(displ*1000*g); %Mheel_sail+Mheel_ship / disp*g 
  
                % Induced hydrodynamic drag due to side force 
                deltaFx = -(Fas_ship+Fas_sail)^2*(kdc/(rho_sw*Vs^2*k1*T^2*(1+k2/k1*Lpp/T*lambda))); 
                 
                % Aerodynamic driving force 
                Fr = Lift*sin(beta_sail)-Drag*cos(beta_sail); 
                Fr = Fr + deltaFx; %Aerodynamic propulsive force, induced hydrodynamic drag included 
 
                % Store maximum driving force and corresponding "variables" 
                if Fr > Fr_max(j) 
                    Fr_max(j) = Fr; 
                    Alpha_at_max(j) = alpha; 
                    deltaFx_v(j) = deltaFx; 
                    lambda_at_max(j) = lambda*180/pi; 
                    GZ_at_max(:,j) = [Fas_sail*CE;Fas_ship*freeboard/2;GZ]; %Mheel_sail, Mheel_ship, GZ 
                    hydro_sideforce(j) = Fhs_ship; 
                end 
 
            end % alpha loop 
 
        end % gamma loop 
 
        if i == 1 
            Induced_drag_no_sail = deltaFx_v; %Induced hydrodynamic drag due to side force, in "no-sail" mode 
        else 
            Fr_max = Fr_max - Induced_drag_no_sail; %The "true" driving force of the sail 
        end 
        Profile(i,5)={Fr_max}; 
        Profile(i,6)={Alpha_at_max}; 
        Profile(i,7)={lambda_at_max}; 
        Profile(i,8)={GZ_at_max}; 
        Profile(i,9)={hydro_sideforce}; 
    end % profile loop 
 
    % Combined wing section, i.e multiple flap angles 
    % NACA 0015 - n = 5 6 7 
    Profile(nop+1,1)={'NACA 0015 Split flap'}; 
    flapangle_at_max = zeros(1,length(gamma)); 
    for i=1:length(gamma) 
        if Profile{n0015(1),5}(i) == max([Profile{n0015(1),5}(i) Profile{n0015(2),5}(i) Profile{n0015(3),5}(i)]) 
                    Fr_max(i) = Profile{n0015(1),5}(i); 
                    Alpha_at_max(i) = Profile{n0015(1),6}(i); 
                    lambda_at_max(i) = Profile{n0015(1),7}(i); 
                    GZ_at_max(:,i) = Profile{n0015(1),8}(:,i); 
                    hydro_sideforce(i) = Profile{n0015(1),9}(i); 
                    flapangle_at_max(i) = 0; 
        elseif Profile{n0015(2),5}(i) == max([Profile{n0015(1),5}(i) Profile{n0015(2),5}(i) Profile{n0015(3),5}(i)]) 
                    Fr_max(i) = Profile{n0015(2),5}(i); 



 

                    Alpha_at_max(i) = Profile{n0015(2),6}(i); 
                    lambda_at_max(i) = Profile{n0015(2),7}(i); 
                    GZ_at_max(:,i) = Profile{n0015(2),8}(:,i); 
                    hydro_sideforce(i) = Profile{n0015(2),9}(i); 
                    flapangle_at_max(i) = 50; 
        else 
                    Fr_max(i) = Profile{n0015(3),5}(i); 
                    Alpha_at_max(i) = Profile{n0015(3),6}(i); 
                    lambda_at_max(i) = Profile{n0015(3),7}(i); 
                    GZ_at_max(:,i) = Profile{n0015(3),8}(:,i); 
                    hydro_sideforce(i) = Profile{n0015(3),9}(i); 
                    flapangle_at_max(i) = 90; 
        end 
    end 
    Profile(nop+1,5)={Fr_max}; 
    Profile(nop+1,6)={Alpha_at_max}; 
    Profile(nop+1,7)={lambda_at_max}; 
    Profile(nop+1,8)={GZ_at_max}; 
    Profile(nop+1,9)={hydro_sideforce}; 
    Profile(nop+1,10)={flapangle_at_max}; 
 
    % Combined wing section, i.e multiple flap angles 
    % NACA 0030 - n = 8 9 
    Profile(nop+2,1)={'NACA 0030 Split flap'}; 
    flapangle_at_max = zeros(1,length(gamma)); 
    for i=1:length(gamma) 
        if Profile{n0030(1),5}(i) == max([Profile{n0030(1),5}(i) Profile{n0030(2),5}(i)]) 
                    Fr_max(i) = Profile{n0030(1),5}(i); 
                    Alpha_at_max(i) = Profile{n0030(1),6}(i); 
                    lambda_at_max(i) = Profile{n0030(1),7}(i); 
                    GZ_at_max(:,i) = Profile{n0030(1),8}(:,i); 
                    hydro_sideforce(i) = Profile{n0030(1),9}(i); 
                    flapangle_at_max(i) = 0; 
        else 
                    Fr_max(i) = Profile{n0030(2),5}(i); 
                    Alpha_at_max(i) = Profile{n0030(2),6}(i); 
                    lambda_at_max(i) = Profile{n0030(2),7}(i); 
                    GZ_at_max(:,i) = Profile{n0030(2),8}(:,i); 
                    hydro_sideforce(i) = Profile{n0030(2),9}(i); 
                    flapangle_at_max(i) = 90; 
        end 
    end 
    Profile(nop+2,5)={Fr_max}; 
    Profile(nop+2,6)={Alpha_at_max}; 
    Profile(nop+2,7)={lambda_at_max}; 
    Profile(nop+2,8)={GZ_at_max}; 
    Profile(nop+2,9)={hydro_sideforce}; 
    Profile(nop+2,10)={flapangle_at_max};     
     
    % PowerVt = [{Profile at 0 m/s},{Profile at 0.1 m/s} ... {Profile at n m/s}] 
    ProfileVt(Vt(a)*10+1)={Profile}; 
end %Vt loop 
 
nop = nop+2; %Add the combined wings 
 
% Power = [{Profile1 Power(gamma,Vt)} {Profile2 Power(gamma,Vt)} ... {Profilen Power(gamma,Vt)}] 
for i=1:length(Vt) 
    Profile = ProfileVt{Vt(i)*10+1}; 
    for j=1:nop 
        Power(j,Vt(i)*10+1) = {Profile{j,5}.*Vs}; % [W] 
    end 
end 
 
%Profile Names 
ProfileName = ProfileVt{1,1}(:,1); 
 
global Vs Power nop Beaufort_scale ProfileName ProfileVt loadcase; 
 
'Phase 1' %End of phase 1 
toc 

 
% powerplot.m – Plots the results from the ASPPP 
 
tic 
clf 
close all 
 
a=[3 8 9]; %Selects which profiles to be included in the plot 
 
plotcolor = {':k' '--k' 'k' ':r' '--c' 'g' 'm'  'b' 'y' 'k' ':.r' ':.g' ':.m' '-.c' '-.b' '-.y' '-.k'}; 
 
for 1:length(Beaufort_scale) 
     
    Vt = Beaufort_scale(i); 
     
    figure(i) 
     
    name = {}; 
    for b=1:length(a) 
        p=a(b); 
        name(b) = {[char(ProfileName(p,1)),' - mean: ',num2str(round(mean(Power{p,round(Vt/0.1+1)})/1000)),' kW 
(',num2str(round(mean(Power{p,round(Vt/0.1+1)}/1000/(3462*1.15)*100*100))/100),'% effective power)']}; 
    end 
     
    for b=1:length(a) 
        p=a(b); 
        plot(gamma*180/pi,Power{p,round(Vt/0.1+1)}/1000,char(plotcolor(b))) 
        axis([0 180 -50 700]) 
        xlabel('Pointing angle [deg]') 
        ylabel('Sail power [kW]') 
        hold all 
    end 
    y = zeros(length(gamma)); 
    hold on 
    plot(gamma*180/pi,y,'k') 
    legend(name','Location','SouthOutside') 
    title(['V_t = ',num2str(Vt),' m/s (Beaufort ',num2str(i-1),') - ', loadcase]) 
    set(i,'Position',[105 243 485 400]) 



 

end 
toc 

 
%polarplot.m - The results from the ASPPP presented in polar plots 
 
function A = polarplot(Vt,profilenr) 
 
global Power ProfileName 
 
gamma=[0:180,180:360]; 
gamma=gamma*pi/180; 
 
Vt = sort(Vt,'descend'); 
 
name = {}; 
 
for i=1:length(Vt) 
    P = Power{profilenr,round(Vt(i)/0.1+1)}/1000; 
    P = [P P(length(P):-1:1)]; 
    polar(gamma,P) 
    hold all 
    name(i) = {[num2str(Vt(i)) ' m/s']}; 
end 
 
legend(name,'Location','EastOutside') 
 
set(1,'Position',[232 248 600 420]) 
view([90 270]) 

 
% routeplot.m - plots the estimated sail power along the route 
 
function [meanpower] = routeplot(route_filename, a, fignumber,location) 
global Power ProfileName nop Beaufort_scale loadcase 
 
plotcolor = {':k' '--k' 'k' ':r' '--c' 'g' 'm'  'b' 'y' 'k' ':.r' ':.g' ':.m' '-.c' '-.b' '-.y' '-.k'}; 
 
route = xlsread([location route_filename]); 
routename = route_filename(4:length(route_filename)-4); 
 
% route = [Nr Square Course Distance Calm(Percentage) 5*N(Percentage 1-3, Percentage 4, Percentage 5-6, Percentage 7, 
Percentage 8-12) 5*NNE 5*NEE 5*E ...] 
 
% Calculation of gamma for the given route 
A = size(route); 
gamma_v = zeros(A(1),12); %gamma_v(i,:) = [gamma for beta_tw = N, gamma for beta_tw = NE ... gamma for beta_tw = NW] 
for i=1:A(1) 
    for j=0:11 
        course = route(i,3); 
        beta_tw =j*30; 
        gamma_v(i,j+1) = gammafunc(course, beta_tw); 
     end 
end 
 
% Calculation of sail generated power 
%Beaufort_mean = [Beaufort 1-3,Beaufort 4,Beaufort 5-6,Beaufort 7,Beaufort 8-12] 
Beaufort_mean = [3.1 7.0 11.4 15.7 30.1]; 
 
for b=1:length(a) 
    p = a(b); 
    Power_square = zeros(A(1),1); 
    for i=1:A(1)   
        PercentageCalm = route(i,5)/100; 
        Power_square(i) = PercentageCalm*Power{p,1}(1); 
        procent = PercentageCalm; 
        for j=1:12 
            for k = 1:5  
                Percentage = route(i,k+j*7-1)/100; 
                Vt = Beaufort_mean(k); 
                Power_square(i) = Power_square(i) + Percentage*Power{p,round(Vt/0.1+1)}(gamma_v(i,j)+1); 
                procent = procent + Percentage; 
            end 
        end 
        procent; 
        Power_square(i)/1000; 
    end 
    Power_square_profile(b) = {Power_square}; 
end 
 
% Calculation of mean sail power in each square 
 
name = {}; 
for b=1:length(a) 
    p=a(b); 
    name(b) = {[char(ProfileName{p})]}; 
end 
 
for b=1:length(a) 
    x = []; 
    y = []; 
    for i=1:A(1) 
        if i == 1 



 

            x = [0,route(i,4)]; 
        else 
            x = [x,x(length(x)),x(length(x))+route(i,4)]; 
        end 
        y = [y,Power_square_profile{1,b}(i),Power_square_profile{1,b}(i)]; 
    end 
    distance(b) = {x}; 
    sailpower(b) = {y}; 
end 
 
%Calculation of mean power along route 
for b=1:length(a) 
    x = 0; 
    
    for i=1:2:length(distance{b}) 
        x = x + (sailpower{b}(i)+sailpower{b}(i+1))/2*(distance{b}(i+1)-distance{b}(i)); 
    end 
 
    meanpower(b) = x/distance{b}(i+1); 
end 
 
for b=1:length(a) 
    figure(fignumber) 
    plot(distance{b},sailpower{b}/1000,char(plotcolor(b))) 
    xlabel('Distance [M]') 
    ylabel('Sail power [kW]') 
    hold all 
end 
 
deg = (meanpower/1000)/0.65*0.2/1000*24*380; %USD/day 
 
for b=1:length(a) 
    name(b) = {[char(name{b}),' (mean: ',num2str(round(meanpower(b)/1000)),'kW)']}; %, ',num2str(round(deg(p))),' 
USD/day)']}; 
end 
 
 
 
legend(name','Location','SouthOutside') 
title([routename ' - ' loadcase]) 
 
a = axis; 
axis([a(1) distance{1}(length(distance{b})) 0 150]); 
set(fignumber,'Position',[105 243 420 367.5]) 

 

 
% apparentwind.m - Calculates apparent wind velocity and apparent wind angle 
 
function [Va, beta] = apparentwind(Vs, Vt, gamma) 
 
Va = sqrt((Vs+Vt*cos(gamma))^2+(Vt*sin(gamma))^2); 
beta = acos((Vs+Vt*cos(gamma))/Va); 

 
% gammafunc.m - Calculates the pointing angle 
 
function gamma = gammafunc(course, beta_tw) 
%Course and beta_tw in degrees 
 
if abs(course-beta_tw) <= 180 
    gamma = abs(course-beta_tw); 
else 
    gamma = 360 - abs(course-beta_tw); 
end 

 



 

APPENDIX C – PLOTS OF NET POWER 

The following figures illustrate the expected net driving power generated by the sail. 
Calculations for both fully laden and ballast condition at VS = 13 kts is presented. The 
mean driving power for the different wind speeds can be found in the legend in terms of 
kilo-watts and in percentage of the effective power, PE,13kts = 3981 kW, including a sea 
margin of 15%. 

Fully laden condition 
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Vt = 4.4 m/s (Beaufort 3) - Fully laden condition

NACA 0015 AR=6 - mean: 11 kW (0.28% effective power)
Bermuda main sail AR=4.6 - mean: 5 kW (0.13% effective power)
NACA 0015 Split flap - mean: 15 kW (0.37% effective power)
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Vt = 7 m/s (Beaufort 4) - Fully laden condition

NACA 0015 AR=6 - mean: 24 kW (0.6% effective power)
Bermuda main sail AR=4.6 - mean: 13 kW (0.32% effective power)
NACA 0015 Split flap - mean: 34 kW (0.84% effective power)
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Vt = 9.8 m/s (Beaufort 5) - Fully laden condition

NACA 0015 AR=6 - mean: 44 kW (1.11% effective power)
Bermuda main sail AR=4.6 - mean: 25 kW (0.64% effective power)
NACA 0015 Split flap - mean: 65 kW (1.63% effective power)
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Vt = 12.6 m/s (Beaufort 6) - Fully laden condition

NACA 0015 AR=6 - mean: 72 kW (1.82% effective power)
Bermuda main sail AR=4.6 - mean: 43 kW (1.09% effective power)
NACA 0015 Split flap - mean: 108 kW (2.72% effective power)
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Vt = 15.7 m/s (Beaufort 7) - Fully laden condition

NACA 0015 AR=6 - mean: 113 kW (2.84% effective power)
Bermuda main sail AR=4.6 - mean: 70 kW (1.75% effective power)
NACA 0015 Split flap - mean: 170 kW (4.28% effective power)
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Vt = 19.1 m/s (Beaufort 8) - Fully laden condition

NACA 0015 AR=6 - mean: 169 kW (4.25% effective power)
Bermuda main sail AR=4.6 - mean: 106 kW (2.66% effective power)
NACA 0015 Split flap - mean: 256 kW (6.42% effective power)
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Vt = 22.7 m/s (Beaufort 9) - Fully laden condition

NACA 0015 AR=6 - mean: 242 kW (6.07% effective power)
Bermuda main sail AR=4.6 - mean: 153 kW (3.83% effective power)
NACA 0015 Split flap - mean: 366 kW (9.18% effective power)  

Ballast condition 
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Vt = 4.4 m/s (Beaufort 3) - Ballast condition

NACA 0015 AR=6 - mean: 12 kW (0.29% effective power)
Bermuda main sail AR=4.6 - mean: 5 kW (0.13% effective power)
NACA 0015 Split flap - mean: 15 kW (0.38% effective power)
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Vt = 7 m/s (Beaufort 4) - Ballast condition

NACA 0015 AR=6 - mean: 24 kW (0.61% effective power)
Bermuda main sail AR=4.6 - mean: 13 kW (0.33% effective power)
NACA 0015 Split flap - mean: 34 kW (0.86% effective power)  
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Vt = 9.8 m/s (Beaufort 5) - Ballast condition

NACA 0015 AR=6 - mean: 45 kW (1.13% effective power)
Bermuda main sail AR=4.6 - mean: 26 kW (0.65% effective power)
NACA 0015 Split flap - mean: 66 kW (1.66% effective power)
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Vt = 12.6 m/s (Beaufort 6) - Ballast condition

NACA 0015 AR=6 - mean: 73 kW (1.85% effective power)
Bermuda main sail AR=4.6 - mean: 44 kW (1.1% effective power)
NACA 0015 Split flap - mean: 109 kW (2.73% effective power)
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Vt = 15.7 m/s (Beaufort 7) - Ballast condition

NACA 0015 AR=6 - mean: 114 kW (2.85% effective power)
Bermuda main sail AR=4.6 - mean: 69 kW (1.73% effective power)
NACA 0015 Split flap - mean: 169 kW (4.24% effective power)
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Vt = 19.1 m/s (Beaufort 8) - Ballast condition

NACA 0015 AR=6 - mean: 168 kW (4.21% effective power)
Bermuda main sail AR=4.6 - mean: 103 kW (2.58% effective power)
NACA 0015 Split flap - mean: 250 kW (6.27% effective power)
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Vt = 22.7 m/s (Beaufort 9) - Ballast condition

NACA 0015 AR=6 - mean: 236 kW (5.92% effective power)
Bermuda main sail AR=4.6 - mean: 146 kW (3.66% effective power)
NACA 0015 Split flap - mean: 351 kW (8.81% effective power)  



 

APPENDIX D – ROUTE DATA 

The following figures illustrate the calculated monthly mean power generated by the 
sail at VS = 13 kts for the two routes. At the end of the appendix wind statistics from the 
Defense Mapping Agency are compared to the Hydrographic Office.  

North Atlantic Route – East Bound – Fully laden condition 
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North Atlantic Route - East bound - January - Fully laden condition

NACA 0015 AR=6 (mean: 117kW)
Bermuda main sail AR=4.6 (mean: 77kW)
NACA 0015 Split flap (mean: 178kW)
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North Atlantic Route - East bound - February - Fully laden condition

NACA 0015 AR=6 (mean: 114kW)
Bermuda main sail AR=4.6 (mean: 74kW)
NACA 0015 Split flap (mean: 173kW)
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North Atlantic Route - East bound - March - Fully laden condition

NACA 0015 AR=6 (mean: 99kW)
Bermuda main sail AR=4.6 (mean: 64kW)
NACA 0015 Split flap (mean: 151kW)
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North Atlantic Route - East bound - April - Fully laden condition

NACA 0015 AR=6 (mean: 72kW)
Bermuda main sail AR=4.6 (mean: 45kW)
NACA 0015 Split flap (mean: 109kW)
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North Atlantic Route - East bound - May - Fully laden condition

NACA 0015 AR=6 (mean: 50kW)
Bermuda main sail AR=4.6 (mean: 31kW)
NACA 0015 Split flap (mean: 75kW)
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North Atlantic Route - East bound - June - Fully laden condition

NACA 0015 AR=6 (mean: 39kW)
Bermuda main sail AR=4.6 (mean: 25kW)
NACA 0015 Split flap (mean: 59kW)



 

0 500 1000 1500 2000 2500 3000
0

50

100

150

200

250

300

Distance [M]

S
ai

l p
ow

er
 [k

W
]

North Atlantic Route - East bound - July - Fully laden condition

NACA 0015 AR=6 (mean: 33kW)
Bermuda main sail AR=4.6 (mean: 20kW)
NACA 0015 Split flap (mean: 49kW)
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North Atlantic Route - East bound - August - Fully laden condition

NACA 0015 AR=6 (mean: 38kW)
Bermuda main sail AR=4.6 (mean: 24kW)
NACA 0015 Split flap (mean: 57kW)
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North Atlantic Route - East bound - September - Fully laden condition

NACA 0015 AR=6 (mean: 59kW)
Bermuda main sail AR=4.6 (mean: 38kW)
NACA 0015 Split flap (mean: 90kW)
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North Atlantic Route - East bound - October - Fully laden condition

NACA 0015 AR=6 (mean: 81kW)
Bermuda main sail AR=4.6 (mean: 52kW)
NACA 0015 Split flap (mean: 124kW)
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North Atlantic Route - East bound - November - Fully laden condition

NACA 0015 AR=6 (mean: 99kW)
Bermuda main sail AR=4.6 (mean: 65kW)
NACA 0015 Split flap (mean: 152kW)
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North Atlantic Route - East bound - December - Fully laden condition

NACA 0015 AR=6 (mean: 111kW)
Bermuda main sail AR=4.6 (mean: 73kW)
NACA 0015 Split flap (mean: 170kW)  



 

North Atlantic Route – West Bound – Fully laden condition 
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North Atlantic Route - West bound - January - Fully laden condition

NACA 0015 AR=6 (mean: 108kW)
Bermuda main sail AR=4.6 (mean: 62kW)
NACA 0015 Split flap (mean: 157kW)
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North Atlantic Route - West bound - February - Fully laden condition

NACA 0015 AR=6 (mean: 107kW)
Bermuda main sail AR=4.6 (mean: 62kW)
NACA 0015 Split flap (mean: 156kW)
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North Atlantic Route - West bound - March - Fully laden condition

NACA 0015 AR=6 (mean: 95kW)
Bermuda main sail AR=4.6 (mean: 55kW)
NACA 0015 Split flap (mean: 139kW)
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North Atlantic Route - West bound - April - Fully laden condition

NACA 0015 AR=6 (mean: 70kW)
Bermuda main sail AR=4.6 (mean: 41kW)
NACA 0015 Split flap (mean: 103kW)
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North Atlantic Route - West bound - May - Fully laden condition

NACA 0015 AR=6 (mean: 49kW)
Bermuda main sail AR=4.6 (mean: 28kW)
NACA 0015 Split flap (mean: 71kW)
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North Atlantic Route - West bound - June - Fully laden condition

NACA 0015 AR=6 (mean: 41kW)
Bermuda main sail AR=4.6 (mean: 21kW)
NACA 0015 Split flap (mean: 57kW)
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North Atlantic Route - West bound - July - Fully laden condition

NACA 0015 AR=6 (mean: 35kW)
Bermuda main sail AR=4.6 (mean: 18kW)
NACA 0015 Split flap (mean: 49kW)
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North Atlantic Route - West bound - August - Fully laden condition

NACA 0015 AR=6 (mean: 40kW)
Bermuda main sail AR=4.6 (mean: 21kW)
NACA 0015 Split flap (mean: 56kW)
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North Atlantic Route - West bound - September - Fully laden condition

NACA 0015 AR=6 (mean: 59kW)
Bermuda main sail AR=4.6 (mean: 33kW)
NACA 0015 Split flap (mean: 85kW)
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North Atlantic Route - West bound - October - Fully laden condition

NACA 0015 AR=6 (mean: 79kW)
Bermuda main sail AR=4.6 (mean: 45kW)
NACA 0015 Split flap (mean: 115kW)
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North Atlantic Route - West bound - November - Fully laden condition

NACA 0015 AR=6 (mean: 97kW)
Bermuda main sail AR=4.6 (mean: 56kW)
NACA 0015 Split flap (mean: 142kW)
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North Atlantic Route - West bound - December - Fully laden condition

NACA 0015 AR=6 (mean: 105kW)
Bermuda main sail AR=4.6 (mean: 60kW)
NACA 0015 Split flap (mean: 153kW)



 

North Atlantic Route – East bound – Ballast Condition 
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North Atlantic Route - East bound - January - Ballast condition

NACA 0015 AR=6 (mean: 123kW)
Bermuda main sail AR=4.6 (mean: 80kW)
NACA 0015 Split flap (mean: 186kW)
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North Atlantic Route - East bound - February - Ballast condition

NACA 0015 AR=6 (mean: 119kW)
Bermuda main sail AR=4.6 (mean: 76kW)
NACA 0015 Split flap (mean: 180kW)
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North Atlantic Route - East bound - March - Ballast condition

NACA 0015 AR=6 (mean: 103kW)
Bermuda main sail AR=4.6 (mean: 66kW)
NACA 0015 Split flap (mean: 155kW)

0 500 1000 1500 2000 2500 3000
0

50

100

150

200

250

300

Distance [M]

S
ai

l p
ow

er
 [k

W
]

North Atlantic Route - East bound - April - Ballast condition

NACA 0015 AR=6 (mean: 74kW)
Bermuda main sail AR=4.6 (mean: 46kW)
NACA 0015 Split flap (mean: 111kW)
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North Atlantic Route - East bound - May - Ballast condition

NACA 0015 AR=6 (mean: 52kW)
Bermuda main sail AR=4.6 (mean: 32kW)
NACA 0015 Split flap (mean: 77kW)
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North Atlantic Route - East bound - June - Ballast condition

NACA 0015 AR=6 (mean: 41kW)
Bermuda main sail AR=4.6 (mean: 26kW)
NACA 0015 Split flap (mean: 61kW)
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North Atlantic Route - East bound - July - Ballast condition

NACA 0015 AR=6 (mean: 34kW)
Bermuda main sail AR=4.6 (mean: 21kW)
NACA 0015 Split flap (mean: 51kW)
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North Atlantic Route - East bound - August - Ballast condition

NACA 0015 AR=6 (mean: 39kW)
Bermuda main sail AR=4.6 (mean: 24kW)
NACA 0015 Split flap (mean: 59kW)
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North Atlantic Route - East bound - September - Ballast condition

NACA 0015 AR=6 (mean: 61kW)
Bermuda main sail AR=4.6 (mean: 39kW)
NACA 0015 Split flap (mean: 93kW)
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North Atlantic Route - East bound - October - Ballast condition

NACA 0015 AR=6 (mean: 84kW)
Bermuda main sail AR=4.6 (mean: 54kW)
NACA 0015 Split flap (mean: 128kW)
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North Atlantic Route - East bound - November - Ballast condition

NACA 0015 AR=6 (mean: 103kW)
Bermuda main sail AR=4.6 (mean: 66kW)
NACA 0015 Split flap (mean: 156kW)
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North Atlantic Route - East bound - December - Ballast condition

NACA 0015 AR=6 (mean: 116kW)
Bermuda main sail AR=4.6 (mean: 76kW)
NACA 0015 Split flap (mean: 177kW)  



 

North Atlantic Route – West bound – Ballast Condition 
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North Atlantic Route - West bound - January - Ballast condition

NACA 0015 AR=6 (mean: 95kW)
Bermuda main sail AR=4.6 (mean: 51kW)
NACA 0015 Split flap (mean: 134kW)
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North Atlantic Route - West bound - February - Ballast condition

NACA 0015 AR=6 (mean: 95kW)
Bermuda main sail AR=4.6 (mean: 53kW)
NACA 0015 Split flap (mean: 136kW)
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North Atlantic Route - West bound - March - Ballast condition

NACA 0015 AR=6 (mean: 87kW)
Bermuda main sail AR=4.6 (mean: 48kW)
NACA 0015 Split flap (mean: 124kW)
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North Atlantic Route - West bound - April - Ballast condition

NACA 0015 AR=6 (mean: 66kW)
Bermuda main sail AR=4.6 (mean: 37kW)
NACA 0015 Split flap (mean: 95kW)
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North Atlantic Route - West bound - May - Ballast condition

NACA 0015 AR=6 (mean: 47kW)
Bermuda main sail AR=4.6 (mean: 25kW)
NACA 0015 Split flap (mean: 66kW)
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North Atlantic Route - West bound - June - Ballast condition

NACA 0015 AR=6 (mean: 38kW)
Bermuda main sail AR=4.6 (mean: 20kW)
NACA 0015 Split flap (mean: 53kW)
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North Atlantic Route - West bound - July - Ballast condition

NACA 0015 AR=6 (mean: 34kW)
Bermuda main sail AR=4.6 (mean: 17kW)
NACA 0015 Split flap (mean: 46kW)
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North Atlantic Route - West bound - August - Ballast condition

NACA 0015 AR=6 (mean: 38kW)
Bermuda main sail AR=4.6 (mean: 20kW)
NACA 0015 Split flap (mean: 53kW)
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North Atlantic Route - West bound - September - Ballast condition

NACA 0015 AR=6 (mean: 55kW)
Bermuda main sail AR=4.6 (mean: 30kW)
NACA 0015 Split flap (mean: 78kW)
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North Atlantic Route - West bound - October - Ballast condition

NACA 0015 AR=6 (mean: 72kW)
Bermuda main sail AR=4.6 (mean: 40kW)
NACA 0015 Split flap (mean: 103kW)
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North Atlantic Route - West bound - November - Ballast condition

NACA 0015 AR=6 (mean: 89kW)
Bermuda main sail AR=4.6 (mean: 50kW)
NACA 0015 Split flap (mean: 127kW)
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North Atlantic Route - West bound - December - Ballast condition

NACA 0015 AR=6 (mean: 93kW)
Bermuda main sail AR=4.6 (mean: 51kW)
NACA 0015 Split flap (mean: 132kW)  



 

South Atlantic Route – North bound – Fully laden condition 
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South Atlantic Route - North bound - January - Fully laden condition

NACA 0015 AR=6 (mean: 37kW)
Bermuda main sail AR=4.6 (mean: 20kW)
NACA 0015 Split flap (mean: 53kW)
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South Atlantic Route - North bound - March - Fully laden condition

NACA 0015 AR=6 (mean: 28kW)
Bermuda main sail AR=4.6 (mean: 15kW)
NACA 0015 Split flap (mean: 39kW)
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South Atlantic Route - North bound - May - Fully laden condition

NACA 0015 AR=6 (mean: 26kW)
Bermuda main sail AR=4.6 (mean: 13kW)
NACA 0015 Split flap (mean: 36kW)
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South Atlantic Route - North bound - July - Fully laden condition

NACA 0015 AR=6 (mean: 30kW)
Bermuda main sail AR=4.6 (mean: 16kW)
NACA 0015 Split flap (mean: 43kW)
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South Atlantic Route - North bound - September - Fully laden condition

NACA 0015 AR=6 (mean: 29kW)
Bermuda main sail AR=4.6 (mean: 16kW)
NACA 0015 Split flap (mean: 42kW)
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South Atlantic Route - North bound - November - Fully laden condition

NACA 0015 AR=6 (mean: 33kW)
Bermuda main sail AR=4.6 (mean: 18kW)
NACA 0015 Split flap (mean: 46kW)  



 

South Atlantic Route – South bound – Fully laden condition 
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South Atlantic Route - South bound - January - Fully laden condition

NACA 0015 AR=6 (mean: 35kW)
Bermuda main sail AR=4.6 (mean: 20kW)
NACA 0015 Split flap (mean: 51kW)
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South Atlantic Route - South bound - March - Fully laden condition

NACA 0015 AR=6 (mean: 27kW)
Bermuda main sail AR=4.6 (mean: 16kW)
NACA 0015 Split flap (mean: 39kW)
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South Atlantic Route - South bound - May - Fully laden condition

NACA 0015 AR=6 (mean: 26kW)
Bermuda main sail AR=4.6 (mean: 15kW)
NACA 0015 Split flap (mean: 37kW)

0 1000 2000 3000 4000 5000 6000 7000
0

50

100

150

Distance [M]

S
ai

l p
ow

er
 [k

W
]

South Atlantic Route - South bound - July - Fully laden condition

NACA 0015 AR=6 (mean: 30kW)
Bermuda main sail AR=4.6 (mean: 17kW)
NACA 0015 Split flap (mean: 43kW)
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South Atlantic Route - South bound - September - Fully laden condition

NACA 0015 AR=6 (mean: 29kW)
Bermuda main sail AR=4.6 (mean: 17kW)
NACA 0015 Split flap (mean: 42kW)
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South Atlantic Route - South bound - November - Fully laden condition

NACA 0015 AR=6 (mean: 32kW)
Bermuda main sail AR=4.6 (mean: 19kW)
NACA 0015 Split flap (mean: 46kW)  



 

South Atlantic Route – North bound – Ballast Condition 
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South Atlantic Route - North bound - January - Ballast condition

NACA 0015 AR=6 (mean: 37kW)
Bermuda main sail AR=4.6 (mean: 20kW)
NACA 0015 Split flap (mean: 52kW)
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South Atlantic Route - North bound - March - Ballast condition

NACA 0015 AR=6 (mean: 28kW)
Bermuda main sail AR=4.6 (mean: 14kW)
NACA 0015 Split flap (mean: 39kW)
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South Atlantic Route - North bound - May - Ballast condition

NACA 0015 AR=6 (mean: 26kW)
Bermuda main sail AR=4.6 (mean: 13kW)
NACA 0015 Split flap (mean: 37kW)
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South Atlantic Route - North bound - July - Ballast condition

NACA 0015 AR=6 (mean: 30kW)
Bermuda main sail AR=4.6 (mean: 16kW)
NACA 0015 Split flap (mean: 42kW)
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South Atlantic Route - North bound - September - Ballast condition

NACA 0015 AR=6 (mean: 29kW)
Bermuda main sail AR=4.6 (mean: 15kW)
NACA 0015 Split flap (mean: 41kW)
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South Atlantic Route - North bound - November - Ballast condition

NACA 0015 AR=6 (mean: 33kW)
Bermuda main sail AR=4.6 (mean: 17kW)
NACA 0015 Split flap (mean: 46kW)

 



 

South Atlantic Route – South bound – Ballast Condition 
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South Atlantic Route - South bound - January - Ballast condition

NACA 0015 AR=6 (mean: 34kW)
Bermuda main sail AR=4.6 (mean: 20kW)
NACA 0015 Split flap (mean: 50kW)
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South Atlantic Route - South bound - March - Ballast condition

NACA 0015 AR=6 (mean: 27kW)
Bermuda main sail AR=4.6 (mean: 16kW)
NACA 0015 Split flap (mean: 39kW)
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South Atlantic Route - South bound - May - Ballast condition

NACA 0015 AR=6 (mean: 26kW)
Bermuda main sail AR=4.6 (mean: 14kW)
NACA 0015 Split flap (mean: 37kW)
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South Atlantic Route - South bound - July - Ballast condition

NACA 0015 AR=6 (mean: 30kW)
Bermuda main sail AR=4.6 (mean: 17kW)
NACA 0015 Split flap (mean: 43kW)
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South Atlantic Route - South bound - September - Ballast condition

NACA 0015 AR=6 (mean: 29kW)
Bermuda main sail AR=4.6 (mean: 17kW)
NACA 0015 Split flap (mean: 42kW)
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South Atlantic Route - South bound - November - Ballast condition

NACA 0015 AR=6 (mean: 32kW)
Bermuda main sail AR=4.6 (mean: 19kW)
NACA 0015 Split flap (mean: 46kW)



 

Comparison between wind statistic sources 

In the figures below the annual mean for the North Atlantic route have been calculated 
using wind statistics data from the Defense Mapping Agency (8) and the Hydrographic 
Office (9), (10). The variations over the seasons follow each other very well. When it 
comes to the actual mean driving power generated by the sail, the wind statistics based 
on the Defense Mapping Agency (8) results in a mean power of 54 kW which is 
approximately equal to one half of the mean power generated by the sail when using 
wind statistics from the Hydrographic Office (9), (10). 
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Power along North Atlantic Route - Eastbound - Fully laden condition

NACA 0015 AR=6 (mean: 36kW)
Bermuda main sail AR=4.6 (mean: 22kW)
NACA 0015 Split flap (mean: 54kW)  

Annual mean according to Defense Mapping Agency 
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Power along North Atlantic Route - East bound - Annual mean - Fully laden condition

NACA 0015 AR=6 (mean: 76kW)
Bermuda main sail AR=4.6 (mean: 49kW)
NACA 0015 Split flap (mean: 116kW)  

Annual mean according to Hydrographic Office 


