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Abstract

In  the  history  of  sailing,  specifically  the  America’s  Cup,  the  development  of  new  technologies  and

methods for making a boat go faster have led to leaps in the field that have resonated throughout the

industry and beyond. One such innovation was that of a wing sail in place of the traditional fabric sail. The

recent America’s Cup matches have shown that at high wind speeds and in large applications, the wing

sail is much more efficient and capable of producing higher boat speeds than that of a traditional sail. It is

worth investigating whether or not these principles hold true for small sailboats at relatively low wind

speeds.  In  this  paper, it  is  shown through theoretical  modeling using Computational  Fluid  Dynamics

(CFD) as well as a practical experimentation using a small sailboat that the wing sail performs at least

similar and most of the time better than the traditional sail for the given parameters. The results of this

paper prove that the application of wing sails can be used for smaller boats as well as larger boats as was

previously known. These results also show that for any use of sailing methodologies, a wing sail can be

used instead of a traditional sail for greater performance.
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1. Introduction

1 History of the America’s Cup and Wing Sails

The America’s Cup is the most prestigious trophy in all of the sport of sailing. It has been contested 34

times with the first competition taking place in 1851. This also makes the America’s Cup the oldest trophy

in international sport. The America’s Cup regattas have for the most part been a series of one-on-one

match  races  between  two  competing  sailboats,  the  defender  and  the  challenger.  Each  competing

syndicate is responsible for the design and construction of their individual yacht. While the yachts are not

identical, they are all bound by a set of pre-determined design rules for each individual match to help

ensure that the racing would be relatively even. Because of this, the design of the boats has always been

just as important, if not more important than the people sailing the boats. 

In the very first match, in 1851, the Royal Yacht Squadron in Cowes, England invited yachts to compete in

a race around the Isle of Wight for the “R.Y.S. £100 Cup”. John Stevens and a small group of other

Americans decided to build a boat that would race in this event. They built the schooner, America, which

won the race. Thereafter the trophy was renamed as the America’s Cup after the yacht which first won the

trophy. Between 1851 and 1983, the New York Yacht Club enjoyed the longest winning streak in sports

history, successfully defending the cup 23 times. In 1983, under a shroud of secrecy on the design of the

boat, Australia II, Alan Bond and his syndicate from Australia defeated the New York Yacht Club for the

America’s Cup. The yacht that the Australians used had a design feature that  had never been seen

before, a winged keel (a keel is an underwater appendage used to provide righting moment for sailboats

to counter the force of the wind on the sails). This winged keel allowed Australia II to sail much faster than

the American yacht Liberty on certain points of sail. After helping the Australians win the cup, the design

innovation led to winged keels becoming commonplace for yacht designs of all sizes today.
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Another large leap in sailing technology took place only 5 years later. First,

in 1987, a team from San Diego Yacht Club skippered by Dennis Connor

(the same skipper who lost  the cup in 1983) went down to Fremantle,

Australia and won the cup back for the United States. Then in 1988, a

team from New Zealand challenged for the America’s Cup seemingly out

of nowhere in what is called a “Deed of Gift” match. A Deed of Gift match

is essentially one club challenging another without a challenger selection

series. The New Zealanders had built a 90 foot mono-hull  boat (as the

deed of gift for the trophy stated) and were ready to take on the American

team from San Diego Yacht Club. Dennis Connor decided that he did not

have enough time to build a competitive big boat so it was decided to build a multi-hull catamaran for the

racing. Dennis and his syndicate had one more trick up his sleeve. They hired some of the greatest

airplane designers around (names such as Burt Rutan) to design a hard wing to be used as a sail in place

of the traditional soft sails made mostly out of Kevlar and Dacron. They tested between the soft traditional

sail and the wing sail and found that the wing sail was far superior to the soft sail on all points of sail. The

match was not even close; with the wing sail catamaran beating the large mono-hull boat with a soft sail

by about 20 minutes each race. The fact that the races were so one sided led the New Zealanders to take

the matter to court, with the courts ultimately deciding that because the Deed of Gift for the America’s Cup

had no specifications about the boat other than it is to be contested in boats 90 feet or less with one mast,

the catamaran with the wing mast was legal.

Due to the long court battles over the validity of the boats, the next 5 America’s Cups (1992-2007) were

contested in very similar mono-hull boats that all conformed to a design rule. After the 2007 America’s

Cup, there was another legal battle brewing over the rules for the next America’s Cup match. In the end,

another Deed of Gift match was set for 2010 between the challenger, BMW Oracle from the Golden Gate

Yacht  Club  in  the  United  States  and  the  Defender  Alinghi  from  Société  Nautique  de  Genève  in
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Switzerland. Because of the last America’s Cup Deed of Gift match in 1988 being so one sided in favor of

the multi-hull boats, both teams set off to build multi-hull boats for the match. 

For the 2010 America’s Cup, the defender Alinghi built a 110 foot long two hulled catamaran, Alinghi 5,

with a traditional soft sail plan (approximately 21,800 square feet of sail area). With so much sail area

(power) and so little amount of boat in the water (drag), Alinghi 5 was able to sail at twice the speed of the

wind going upwind and 2.5 times the speed of the wind downwind. The challenger, BMW Oracle Racing

built  a 113 foot three hulled tri-maran,  USA 17,  also with a traditional soft  sail  plan when it  was first

launched. There were rumors circling before the event that BMW Oracle Racing had something up their

sleeve and in 2009 a year before the match, they announced that they had developed a rigid wing sail to

replace the traditional soft main sail that was currently on the boat. The wing that was unveiled for the

boat was originally a 190 foot tall wing which then grew after modifications to a 223 foot wing (longer than

the entire wingspan of a Boeing 747). With the wing sail, USA 17 could sail over 3 times the speed of the

wind on all points of sail.

Figure 2: (Clockwise from top left): USA 17 with its traditional soft sail B, USA 17 with the wing mast and sail C,     USA

17 and Alinghi 5 racing in the 2010 America's Cup D
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On February 10, 2010, the first race of the 33 rd America’s Cup took place in Valencia, Spain. It was clear

from the start of the race that BMW Oracle Racing and USA 17 had a clear speed advantage on all points

of sail. They ended up beating  Alinghi 5 by over 8 minutes in the first race of a best of 3 match. The

second race was more of the same with USA 17 actually trailing for a bit due to a bad start but just flying

past Alinghi 5 on the first leg of the race and going on to a win of over 5 minutes. The America’s Cup was

heading back to America for the first time since 1995 and it was mostly due to the design innovation of the

wing sail.

The speeds exhibited by  USA 17 in the 33rd America’s Cup have had a lasting impression on how the

boats of the future should be designed. For the 34th America’s Cup in 2013 as well as the 35th Cup coming

in 2017, the design rule for the competing boats incorporated a wing sail similar to the one used by USA

17 but on a much smaller scale. The boats were reaching top speeds of over 45 miles per hour in only 20

miles per hour of wind. Just as the winged keel became a standard for high performance boats after the

1983  America’s  Cup,  the  wing  sail  is  now becoming  the  standard  for  many different  types  of  high

performance boats.

2  Other Uses of Wing Sails in Sailing Endeavors 

Another usage of a wing sail to achieve higher performance

than a traditional soft sail was on a boat called Vestas Sail

Rocket. It was created for the purpose of breaking the world

speed record for a wind powered craft on the water. Prior to

the construction of the boat, the record was held by a kite

board  at  just  over  50  knots  (57  mph).  The  Vestas  Sail

Rocket, with its wing sail and low profile smashed the record

as it ran the 500m course at 65.45 knots (75.32 mph) with a 68.01 knots (78.26 mph) peak in only 30 mph

of wind. This record would not have been possible without the wing sail on the boat.
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Sails  have  also  become a topic  of  discussion  on  how to  reduce  carbon  emissions  by  ocean going

freighters around the world. Almost all  commodities that are moved between countries are moved on

container  ships.  Currently, there  are  over  10,000  ships  worldwide  that  are  moving  goods via  cargo

containers and almost 5000 tanker ships (such as oil tankers) in operation. Most of those vessels are

burning fossil fuels such as petrol and oil to operate and their exhaust is polluting the Earth. There is

current research out there that would help reduce the dependency on fossil fuels by placing sails on these

large vessels and letting the wind help propel them around the world. The research is centering around

optimizing wing sail design for large ships in differing sail patterns (amount of sails on the ship). If this

research can help stem the use of fossil fuels, then it is very worthwhile.

Sailing  and  sail  technology  also  has  applications  in  the  Aerospace  Engineering  field  in  the  form of

Atmospheric Satellites. The concept uses two aircraft tethered together where they use each other for

both propulsion and stability, similar  to  how a boat  uses a sail  to maneuver through the water. The

satellite body acts as the sail in this application. This theory uses modern sailing principles to help solve

the problem of how to stabilize and propel the atmospheric bodies as a system.

Using a solar sail as a means of spacecraft propulsion is another area that uses modern sailing principles

for propulsion. The basic theory is that the sun radiates photons in what is called a solar wind. Sails that

are deployed on spacecraft use this solar wind just as a sailboat would use the wind on earth to propel

the sail. Most of the development and testing of solar sails has been with traditional films deployed on

rigid  members similar  to how sails  are deployed on sailboat  masts on Earth but  with the increasing

knowledge about wing sails, more rigid solar sails are being looked at as possible alternatives.

3 Motivation for Project

Prestigious regattas such as the America’s Cup and the World Sailing Speed Record have throughout

their  history  pushed  the  creative  minds  of  designers.  Many  of  the  design  innovations  such  as  the

development of wing sails created in the quest for victory have become commonplace in not only the
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sailing industry, but other industries as well. With modern sailing principles becoming helpful in solving

modern engineering problems, it is worth investigating if the gains of using a wing sail versus a traditional

soft sail can be seen on smaller sized boats than those of the America’s Cup at lower wind speeds.

2. Forces Acting on a Sailboat and its Sail

When most people envision a sailboat sailing through the water, they picture the sail catching the wind

and pushing the boat forward. If this were true, then how would a sailboat be able to sail into the wind or

even with the wind at its side? The solution is in the forces and the force balance acting on the sailboat

and the sails. The principle forces acting on a sailboat are the centerboard/keel force, the sail force and

the resistance force. Other forces acting on a sailboat that are not shown (they are small and considered

negligible) include the weight of the crew in the boat which is counter balanced by the hull force floating in

the water (or displacement). All of these force vectors are added up to create the drive force or direction

of  motion.  When  the  boat  is  moving  at  a  constant  velocity,  the  drive  force  is  equal  to  zero  (no

acceleration) and the sum of all of the forces on the boat also equals zero.

FDrive=FC /K+FSail+FR

Figure 4: Principle forces on a sailboat
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The centerboard/keel force,  FC /K  is a force that is provided by the appendage on the boat that is

below the hull of the boat. If there was no centerboard/keel on the boat, that boat would just slip sideways

through the water and would not go forwards. This is due to two factors. As the sail force pushes the boat

over with a moment about the center of gravity of the boat, the centerboard/keel provides a counter force

opposite  of  the  sail.  The  second  factor  is  that  the  centerboard/keel  also  acts  similar  to  an  airfoil,

specifically similar to a glider because of the low angle of attack in relation to the flow of the substance

and also the size of the foil compared to the density of the fluid it is moving through. The density of the

water is much higher than that  of  air  so the centerboard/keel can be relatively small  yet  provide the

necessary force to balance the sail force. Centerboard/keels are typically symmetrical about the chord

length in order to be useful in multiple directions. The force acting on the centerboard/keel, FC /K  can

be broken down into the three components: FL, K , the force of lift on the foil, FD, K , the drag force

of the foil moving through the water and FRighting , the righting force that counters the force of the sail.

FC /K=FL, K+F D, K+FRighting

The resistance force,  FR  is the amount of drag caused by the boat moving through the water. This

force consists of many different components including the skin friction of the boat moving through the

water, the form drag or drag due to the shape of the boat, and the wave making drag force. There are

other forces that act on a boat but these are negligible if a boat moves in a straight line along its longest

dimension.  The  largest  component  of  the  resistance  force  is  the  wave  making  drag force.  At  lower

speeds, boats displace the water they sail through as they move the water molecules around them. This

creates  a  drag on  the  boat  that  is  proportional  to  the  speed of  the  boat.  Once  a  boat  reaches its

hydrodynamic hull speed, it enters a forced mode where the drag on the boat is increasing exponentially

as the speed only slightly increases. At higher speeds, certain hull shapes actually allow a boat to enter a

turbulent and laminar flow called planing which allows the resistance force to increase at a slower rate

than if the boat was just displacing water. 
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Opposite of the resistance force is the drive force, FDrive  or direction of motion. This is the sum of all

of the other forces and makes the boat accelerate in a given direction. If a boat is moving at a constant

velocity and there is no acceleration, then the drive force is zero and the rest of the forces added together

equal zero. 

FDrive=FC /K+FSail+FR=0  (constant boat velocity)

The sail force, FSail  is the force applied by the wind moving over the sails. The sail force acting on a

sailboat is created by air movement near and relative to the sails causing air pressure differences and air

viscosity acting near the sail. 

Figure 5: Flow over an air foil F

At most points of sail, the sail acts as an airfoil with pressure differences on the top and bottom of the sail.

The forces can be summed up into a simple formula for the entire surface.

F=CE

Using the Bernoulli equation for kinetic energy, the maximum force over the entire sail can be shown.

E=qmax S=
1
2

ρS V 2

Where the full expression for the sail force can be described as.

FSail=
1
2

ρS CV 2

The velocity component V  for the sail force equation above is represented by the flow of wind over

the sail. Since sails (wing or traditional) are also moving forward due to being attached to the boat, the

true wind velocity vector, V T , seen if standing on shore is not the one that that boat sees. The boat
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instead sees a relative wind velocity vector of,  V R . The relationship between true wind velocity and

relative wind velocity can be shown in figure 6 below. Note that as the speed of the boat increases, the

angle of the apparent wind gets smaller and the length of the V R  vector gets larger. 

Figure 6: Apparent wind and true wind geometry

For each sail force FSail , there is a component of the force in each of the three principle directions.

The x component of the force is the axis that is parallel to the direction of the particle’s movement. This

component is also known as the drag (FD,S) and the C for the equation can be known as CD.

FD, S=
1
2

ρS CD V 2

The z component of the force is the axis perpendicular to the direction of movement of the particles along

the sail and also perpendicular to the wing span of the sail. This component is also known as lift (FL,S) and

the C for the equation can be known as CL.

FL, S=
1
2

ρSC LV 2

The last component is the y axis along the span of the wing and for a sail/wing profile of infinite length

(where the 2D representation of the foil holds true), it is zero. In our case, we are theoretically comparing

infinite wingspan shapes.

Using the Bernoulli equation, we discover that changing the coefficients of lift and drag can have a big

effect on the sail force acting on a sailboat. Increasing the lift on the boat would provide more force for the
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boat to move forward. Also, decreasing the drag on a sailboat would also provide more force for the boat

to move forward. Because of this relationship, a common variable used in sail making (and also air foil

design) is the lift to drag ratio (L/D). 

L/ D=CL /C D

The lift to drag ratio for most air foils is known for certain angles of attack and is typically plotted on a

polar curve. For the purposes of this analysis, the drag will remain relatively constant and variations in lift

will be investigated. 

When  investigating  wing  sails  and  traditional  sails,  we  are  going  to  be  looking  to  increase  the  lift

generated on the sail/wing which then in turn would increase the overall sail force and allow the boat to

move through the water faster. There are three ways to increase the lift on the craft from the Bernoulli

equation derived above. We can change the density of the fluid that the air foil moves through, we can

also increase the velocity that the air foil is moving in and lastly we could alter the surface area of the foil

to increase the lift. Changing the shape of the sail  from the traditional soft sail  to the wing sail  could

provide more lift and therefore more speed for the boat.

3. Theoretical Analysis of Traditional Sails and Wing Sails

4 Computational Fluid Dynamics Theory

In  order  to  theoretically  examine  the  differences  between  a  traditional  sail  and  a  wing  sail,  a

Computational  Fluid  Dynamics  (CFD)  solver  must  be  used.  Computational  Fluid  Dynamics  uses

numerical  methods  to  solve  problems  that  involve  fluid  flow.  CFD solving  programs  utilize  different

methods in order to solve Navier-Stokes equations or Euler equations. These use conservation laws

(mass, momentum, and energy). 

The conservation of mass states that over a given system, the amount of mass in the system remains

unchanged. The law implies that mass in the system can neither be created nor destroyed. Specific to
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fluid dynamics, the conservation of mass in a system means that the amount of fluid going into the system

has to be equal to the amount of fluid going out of the system. It can be written in differential form as the

following equation.

∂ ρ
∂ t

+∇ ∙ ( ρu )=0

The conservation of momentum takes into account Newton’s second law of motion and states the amount

of momentum in a given system must remain unchanged. For fluid dynamics it means that any change in

momentum in the system be due to the fluid flow into the system and the net forces that are acting within

that system. The equation for fluid dynamics takes the following form.

du
dt

=F⃗−
∇ p
ρ

The conservation of energy states that over a given system, the total amount of energy in the system is

constant  and  does  not  change.  Energy  may take  different  forms but  the  total  amount  of  energy  is

unchanged for  the system.  For  fluid  dynamics,  the second law of  thermodynamics  requires that  the

dissipation of the system is always positive or energy cannot be created through viscosity. The equation

can be expressed as below.

ρ
dh
dt

=
dp
dt

+∇ ∙ (k∇T )+Φ

These equations in non-dimensional form are:

∂t Q+∂x E+∂y F=ℜ
−1

(∂x Ev+∂ y Fv)

where

Q=[
ρ
ρu
ρv
e

]  , E=[
ρu

ρ u2
+ p

ρuv
u(e+ p)

]  , F=[
ρv

ρuv
ρ v2+ p
v(e+ p)

]  , Ev=[
0
τ xx

τ xy

f 4
]  , Fv=[

0
τ xy

τ yy

g4
]

with

τ xx=
μ(4ux−2v y )

3
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τ xy=μ (u y+vx )

τ yy=
μ (−2ux+4v y)

3

f 4=u τxx+v τ xy+μ Pr−1
(γ−1)−1 ∂x a2

g4=uτ xy+v τ yy+μ Pr−1
(γ−1)

−1 ∂y a2

Pressure in the system is related to the conservative flow variables by the equation of state as shown

below

p=(γ−1)(e−1
2

ρ (u2+v2 ))
Typically, the ratio of specific heats γ is 1.4 and the speed of sound, a, and the dynamic viscosity μ are

constants derived for the system. For Euler equations, there are no viscous influences and therefore the

right side of the first equation ( ℜ
−1

(∂x E v+∂y Fv ) ) can be set to zero to form the equations.

5 Theoretical Experiment Setup

The ESI Group makes a suite of CFD software designed to analyze geometric shapes called the ACE+

Suite. The ACE+ software suite includes a geometry modeler, a CFD solver and also a CFD model viewer

which allow the user to properly simulate complex aerospace problems that might arise. The software is

capable of demonstrating CFD solutions by using a density based compressible Euler and Navier-Stokes

flow  solver  with  moving  multi-body  dynamics,  generalized  finite  rate  chemistry  and  thermal  non-

equilibrium modules. 

For this application, a simple sail geometry was made showing a similar curvature on both sides of the

sail. The shape of the sail is non-linear and has a very thin rectangular leading and trailing edge (for

simplicity). A similar shape was created for the wing sail with the only difference being that the lower edge

of  the wing was linear  in shape. This allows the comparison of  similar  chord lengths and geometric

shapes with the only difference being the lower edge as a sail or a wing. Two different angles of attack
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were used for the testing, one at 14 degrees (typical for a boat on a reaching course) and 0 degrees (for

reference).

To accurately display the velocity and pressure profiles, a grid mesh was used on the models created in

ESI. The mesh gets more detailed (less area per cell) as you get closer to the wing or sail shape in order

to more precisely portray what is going on around the shape. A meshing pattern with the power of 2 was

used close to the shape for this experiment. The meshing patterns for both the traditional and wing sail at

both 14 and 0 degrees angle of attack are shown in Appendix A.

For the testing setup, an inlet was placed on the left side of the sail/wing and an extrapolated outlet was

placed on the right side. The inlet and the initial conditions for this test were at the flow velocity noted, 1

atm and 300K. A Navier-Stokes set of equations was used in the theoretical simulations shown on 1000

cycles with all other values set to default (per the program) unless otherwise noted. 

For the testing four different flow velocities were used for each angle of attack to demonstrate the flow

profiles at different Reynold’s Numbers. The four flow velocities chosen were 100, 50, 20 and 10 m/s. The

100 and 50 m/s flow velocities are well out of the scope of the principle being tested in this paper but were

used more to calibrate the results and ensure that the data output was correct. The 10 m/s flow velocity is

a  very  realistic  example  of  the  velocity  a  small  sailboat  can  see  while  out  sailing  and  is  a  good

representation.

6 Results of Theoretical Experiment

Running the FASTRAN solver from ESI for each simulation gives us two outputs of note, a visualization

where the user can show the pressure and flow profiles of each simulation and also a force file which

outputs the forces acting on the set boundaries for each section within the simulation. Table 1 shows a

summary of the outputs of the force file for this simulation. The angle of attack, cross section and flow

velocity are given from the inputs into the system. The vertical and horizontal forces are outputs of the

force file. The lift force, drag force and lift to drag ratio (L/D) are calculated from the vertical and horizontal
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forces on the system. The negative signs in the data on Table 1 reflect the direction of the vectors and do

not mean that the section is producing a negative amount of force because that is not possible.

Table 1: Summary of force outputs on selected theoretical models

Angle
of

Attack
(degre

es)

Cros
s

Secti
on

Flow
Veloci

ty
(m/s)

Verti
cal

Force
Unde
r (N)

Vertic
al

Force
Over
(N)

Lift
For
ce
(N)

Horizon
tal

Force
Before

(N)

Horizon
tal

Force
After
(N)

Dra
g

For
ce
(N)

L/D
Rat
io

0 Sail 10 49429
0

-
49431

0

20 3106.3 -3078.5 27.8 0.72

0 Wing 10 49433
0

-
49430

0

30 3105.1 -3080.1 25 1.20

14 Sail 10 49415
0

-
49499

0

840 3079.2 -3111.1 31.9 26.3
3

14 Wing 10 49417
0

-
49494

0

770 3082 -3106.9 24.9 30.9
2

The visualization output from the ESI software allows the user to pictorially demonstrate the results of the

simulation that was run. The software allows the user to show pressure distributions, flow profiles and

other useful factors. For each angle of attack (0 and 14 degrees) and flow velocity (100, 50, 20 and 10

m/s),  both  a  traditional  sail  profile  and  a wing sail  profile  were  run  and placed  side  by side  in  the

visualization software for easy comparison. For each of the simulations, both a pressure distribution and a

flow velocity figure were created. The pressure distribution shows how the flow creates variable pressure

around the given geometry. The flow velocity shows how the flow interacts with the geometry given in the

simulation. The visualization software also has adjustable scales which were shown on the figures to give

a quantity to the colors in the output. The scales were normalized from the default settings in order to

quickly and accurately compare the data. Every simulation output created with the visualization software

is available for viewing in Appendix B at the end of this paper. 
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Figures 7 and 8 show the pressure distribution and flow velocity profile respectively for a 10 m/s flow

velocity and a 14 degree angle of attack. The wing sail is on the left of each figure and the traditional sail

is on the right. The pressure and velocities have been set equal for both sides of each figure to accurately

compare the data for each sail.

Figure 7: Pressure distribution at 14° angle of attack and 10 m/s for a wing (left) and a traditional sail (right)

Figure 8: Flow Velocity at 14° angle of attack and 10 m/s for a wing (left) and a traditional sail (right)
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Figures 9 and 10 show the pressure distribution and flow velocity profile respectively for a 10 m/s flow

velocity and a 0 degree angle of attack. All figures have the wing sail on the left and the traditional sail on

the right. The pressure and velocities have been set equal for both sides of each figure to accurately

compare the data for each sail.

Figure 9: Pressure distribution at 0° angle of attack and 10 m/s for a wing (left) and a traditional sail (right)

Figure 10: Flow Velocity at 0° angle of attack and 10 m/s for a wing (left) and a traditional sail (right)
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7 Discussion of Theoretical Experimental Analysis

For  the  14  degrees  angle  of  attack,  the  wing  and  the  traditional  sail  have  a  very  similar  pressure

distribution as seen in Figure 7. Both shapes have higher pressure on the underside of the shape as

expected to produce lift on the body. Both shapes also have a higher pressure at the tail end of the body.

The traditional sail has a slightly higher pressure on the very front edge than the wing and also a small

area of lower pressure on the front part of the lower side of the sail. This is most likely due to the fact that

the angle of attack is not steep enough for the flow of particles to maneuver around the front edge of the

sail cleanly. This is shown well in Figure 8 as the sail has a large area of lower flow around the front edge

of the sail on the lower side. The flow velocity for both the wing and the traditional sail in Figure 8 is

mostly the same (except for the previously mentioned flow matter) with a higher velocity on the upper side

as expected showing the lift on the body. It is worth noting that while both seem to be generating lift; the

wing seems to have a more even distribution of flow velocity and pressure distribution than the traditional

sail.

In Table 1, we see that for the 14 degree angle of attack force output files, the traditional sail actually

produces slightly more lift than the wing sail. This is offset, however, by the fact that the traditional sail

produces more drag than the wing section and therefore has a lower lift to drag ratio (L/D ratio). The wing

section, with its lower drag than the sail section has a higher lift to drag ratio and therefore is the more

efficient sail to use in the conditions provided for this part of the experiment.

For the 0 degrees angle of attack, the wing and traditional sail once again have very similar pressure

distribution profiles (Figure  9).  Both  shapes have higher  pressure  on the underside  of  the  shape to

produce the expected lift on the sail. The traditional sail has a slightly greater pressure difference between

the top and bottom sides near the trailing edge of the sail but this is most likely offset by the appearance

once again of an area of very low pressure at the very front edge of the shape. The wing section has a

much smoother pressure distribution than the traditional sail and similarly has a smoother flow distribution
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as seen in Figure 10. For the traditional sail, the flow is once again interrupted by the front edge of the

shape and causes a very low flow situation. Both the wing and traditional sail have low flow around the

very front edge and trailing edge of the shapes and this is expected because the flow is perpendicular to

the section and has a hard time moving around the shape efficiently. The flow around the top of both the

wing and traditional sail are close to being the same so the difference in lift and drag developed by the

sections comes down to the bottom side and how the air moves around it.

As you can see in Table 1, the amount of lift produced by both the wing and the traditional sail is much

lower than at 14 degrees angle of attack. This is expected as any angle of attack would provide more lift

as the air flows around the surface. The wing has a slightly higher amount of lift  developed than the

traditional sail and once again has a lower drag force than the sail section. This is most likely due to the

front edge of the traditional sail and the lack of pressure and flow around it. The wing section, just as in

the 14 degree angle of attack has a higher lift to drag ratio than the traditional sail and is the more efficient

section for this experiment.

4. Practical Experimental Analysis of Traditional Sails and Wing Sails

8 Practical Experimental Setup

To experimentally test the performance of traditional sails and wing sails, we must find a testing platform

that allows for all performance factors besides the sail and wing itself to be controlled. To do this, a radio

controlled sailboat called an RC Laser was chosen to be the testing boat. The RC Laser is a 1/4 scale

radio controlled model of the Laser sailboat that is one of the boats contested in the Olympic Games

since 1996. The RC Laser is a simple hull  design with a single sail  mounted on a mast with a very

minimal amount of control lines for the sail (to adjust the shape of the sail). The simplicity of the RC Laser

allows a wing sail to be fitted to the hull without changing a lot of factors on the boat and its performance. 
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Figure 11: RC radio and RC Laser (not to scale)

The RC Laser hull is made out of a plastic composite material and is formed in a mold to keep the boats

similar coming out of the factory. On board the boat is a battery pack which powers the radio remote. The

radio remote has two channels that control the two servos on the boat. One servo controls the rudder at

the back of the boat for steering and the other servo controls how far the sail goes in and out (otherwise

known as the mainsheet). The boat also has a fiberglass keel with a lead bulb to provide both the keel

force and also to provide righting moment to the boat. The mast for the sail is made out of two pieces of

composite fitted together that slides into a hole on the hull of the boat which allows it to rotate around. On

the mast is the connection for the boom, otherwise known as the gooseneck. The boom is an aluminum

tube which runs along the bottom of the sail and has sliders on it. The sliders connect to the clew or aft

bottom section of the sail to the boom and also connect the boom to the mainsheet which allows for

control of the sail. The traditional sail for the boat has a sleeve on it where the mast slides in and also a

grommet at the clew for the slider connection. The traditional sail has a sail area of approximately 710 in 2.

The controller for the RC Laser is a four channel controller (two channels unused) that has both fine tune

and coarse tune adjustments for both servos.
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Figure 12: Servos and battery pack for the RC Laser

For the wing sail, a lightweight yet strong material needed to be used that could also be relatively the

same size as the traditional sail on the RC Laser. A standard balsa wood glider kit was procured for the

construction of the wing sail. The glider wingspan was slightly longer than the length of the mast of the

RC Laser so the wing was sized to fit the mast instead of the nominal wingspan that the kit calls for. The

standard glider kit also calls for the wing to be swept up at the wingtips but this was not done for the wing

sail  as  it  would  not  be  similar  to  the  straight  mast  of  the  traditional  sail.  The  wing  structure  was

constructed using the kit directions (other than the modifications mentioned) and the mast for the RC

Laser was fit into the structure prior to covering the wing. The wing was reinforced in some areas outside

of the scope of the glider kit as the forces acting on the wing are not the same as if it was used as a glider

wing.  The reinforcements were also made at  the clew (aft  bottom) part  of  the wing where the wing

connects to the main sheet and also along the area where the mast goes into the wing and through the

structure. Reinforcements were made using a harder wood than balsa wood for extra strength. For the

covering, standard wing covering (heat shrink wrap) was used. A covering iron was used to seal, shrink

and stretch the covering for a smooth finish. When the wing sail was complete, the sail area measured to

be approximately 550 in2. While this is less than the traditional sail, the size of the glider kit used did not

allow for a larger sail area to be constructed. Due to the shape of the wing, one side being flat and the
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other side having the wing curvature, the wing sail will perform better on one tack than the other. On

starboard tack, where the wind is coming over the starboard or right side of the boat first, the wing sail

has the flat side on the bottom side of the flow direction. The wing should perform better on starboard tack

(wind coming over the right side of the boat first) than on port tack (wind coming over the left side of the

boat first). 

Figure 13: Wing sail (left) and traditional sail (right) used for the testing

The test runs were performed at Spreckles Lake in San Francisco, CA. This site was chosen for many

reasons. The wind during the time of year for testing (March-April 2015) is very consistent, approximately

5-8 knots in the morning building to 8-10 knots in the afternoon. Also, the water is very flat due to the fact

that the lake is small and very shallow, causing little wind chop (waves due to wind) to form. The lake was

also an ideal choice because if there was an issue with the boat, it could easily be recovered by either

waiting for it to come to shore or using another boat to retrieve the RC Laser. Spreckles Lake also has

some fixed buoys in the lake that can be used as the start and ending points of the test run, normalizing

the distance covered for each testing run. To measure the distance covered for each test, a laser range

finder was used.

During the testing, the following variables were measured for analysis. The date and time of the test run,

the sail used, the wind speed, the distance covered, the time to complete the run, the average speed

(calculated from the time and distance of the run), and any visual observations of the test run that could
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alter the results of the run. Items that have the potential to alter the test run include a sudden gust or lull in

the wind, a wave caused by another craft, a wind shift, etc. All of the data for the tests were recorded to

an Excel spreadsheet which allows for easy comparison of the data analytically and graphically. Any data

that was altered for one of the reasons listed above was thrown out of the analysis.

Figure 14: Testing on Spreckles Lake, traditional sail (left) and wing sail (right)

To get the wind speed, an Anemometer was used and the data recorded. To measure the speed of the

boat, a GPS enabled tracker was procured and installed on the boat. The data from the GPS tracker is

stored aboard the unit  and downloaded later to a computer. The GPS tracker is able to give us the

maximum speed for each test run. For the average speed of each test run, a standard stop watch was

used to time the run of the boat over the given distance. With the distance of each test run known and

controlled, the time of each run gives us the average speed of each run.

To help normalize the testing runs between port tack (wind coming over the left side of the boat first) and

starboard tack (wind coming over the right side of the boat first), an appropriate sailing angle needed to

be  chosen.  Sailboats  cannot  sail  directly  into  the  wind  because  there  would  not  be  any  pressure

difference over the sides of the sail and it would flap or luff in the wind. The area where sailboats cannot

sail is shown in the red cross section in figure 15. This is known as the sailing compass rose. 
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Figure 15: Compass rose of sailing relative to the wind G

Per any given wind direction, the points of sail are shown as A, B, C, D, and E which are into the wind,

close hauled, beam reach, broad reach, and downwind, respectively.  For this experiment, a beam reach

of 90 degrees true wind angle was chosen as this is the fastest point of sail typically due to a minimum

amount of drag on the sail. 

9 Results of Practical Experiment

Testing for the experiment was conducted over a two day period (April 3-4, 2015) at Spreckles Lake as

noted above. The conditions were excellent for testing with light winds in the morning on day 1 and

slightly stronger breezes on day 2 in the afternoon. Due to the different wind directions seen throughout

the testing periods, different distances of test runs were used. For most test runs, a distance between two

buoys on the water was used that was 63 feet. When the breeze was further south, the buoy distance per

run was increased in order to keep the runs at 90 degree angles to the true wind direction. Even though

the true wind angle to the hull was 90 degrees, the true wind angle to the sail (wing or traditional) was

kept at about 15 degrees by trimming the sail servo on the boat as it sailed along. The data was entered

into the spreadsheet shown in Appendix C. For each testing run, the following items were entered into the

spreadsheet, date, time of the test, the sail used, the wind speed during the test, the wind direction, the

boat tack, the distance covered and the time it took the boat to cover that distance. From this, the average

speed for each run was derived as well as a normalized average speed. The reason for the normalization
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is due to the sail area difference between the traditional sail and the wing sail. The normalization factor is

1.3 which is the ratio of the sail area difference between the two sails.

The data was then organized into a graph with each test represented as a data point. The data sets were

grouped per sail type and direction (starboard tack traditional sail, port tack traditional sail, starboard tack

wing sail and port tack wing sail) and plotted with the wind speed of the test on the x axis and the average

speed of the run on the y axis. For each data set, a linear trend line was added to each data set to show

the projected average speed per given wind strength. Figure 16 shows all of the test runs on one chart

with the linear trend lines for each data set.

Starboard Traditional Sail

Linear (Starboard Traditional 
Sail)

Port Traditional Sail

Linear (Port Traditional Sail)

Starboard Wing Sail

Linear (Starboard Wing Sail)

Port Wing Sail

Linear (Port Wing Sail)

Figure 16: Testing data from experimental tests
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Figure 17 shows the normalization of the wing sail data on starboard tack along with the data for the

traditional sail and wing sail on starboard tack for the testing period. The figure also includes linear trend

lines for the different  data sets.  For this figure, the port tack testing runs for both sets of sails were

omitted.

2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0

Starboard Traditional Sail

Linear (Starboard Traditional 
Sail)

Starboard Wing Sail

Linear (Starboard Wing Sail)

Starboard Wing Sail 
(Normalized)

Linear (Starboard Wing Sail 
(Normalized))

Wind Speed for the Test (mph)

Figure 17: Testing data from experimental tests with normalization of the wing sail data on starboard

10Discussion of Practical Experimental Analysis

As shown in Figure 16, the results of the testing show that the wing sail was significantly slower on port

tack than on starboard tack. This was expected as the wing was not built symmetrical and had a flat side

on the starboard side of the wing. When the boat was on starboard tack, the air flow around the wing was

similar to what an airplane wing would see and also the theoretical examples. On port tack, the wing was

effectively upside-down in relation to the theoretical examples and did not generate nearly as much lift
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while producing more drag. The traditional sail has the ability to conform itself to the shape similar to the

theoretical example on each tack and as shown it had very similar results on starboard tack as it did on

port tack. 

When comparing the traditional sail to the wing sail, we can exclude both the port tack wing sail and the

port tack traditional sail. This is because the port tack wing sail numbers are not viable (as noted above)

and  we  can  get  a  more  direct  comparison  between  sails  by  using  the  same tack  to  eliminate  any

difference between the two tacks during testing. Figure 17 shows the comparison between the starboard

traditional sail (dark blue) and the starboard wing sail (green) test runs. It is worth noting that these results

are very similar and have similar trend lines. This shows that the wing sail performance was similar to the

traditional sail for this testing. 

Keeping in mind that the wing sail had a smaller sail area than the traditional sail (550 in 2 to 710 in2 and

shown clearly in Figure 13, a normalization factor was created to further analyze the data. The starboard

wing sail data was multiplied by this factor (~1.3) and plotted in Figure 17 as the light blue data set. As

you can see, if the wing sail had a similar sail area to the traditional sail, the performance would have

been much better and surpassed the performance of the traditional sail.

5. General Discussion

Through a theoretical analysis using a CFD modeling software package and a practical experiment it has

been shown that a wing sail can perform at minimum similar and most of the time better than a traditional

sail on a small sailing craft at low speeds. This is mostly due to the flow around the wing section being far

more uniform than that around the traditional sail. This allows the drag of the wing sail to be lower while

also producing the same amount or more lift and thus a higher lift to drag ratio for the section. This was

true at many different wind speeds and also at different angles of attack.
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Even with the simple, smaller wing section chosen for the practical experiment, the results between the

wing sail and traditional sail were almost identical. If the wing sail was more efficient and also the same

size as the traditional sail, the wing sail could have outperformed the traditional sail as shown by the

normalized data in Figure 17. The wing sail also suffered from inefficiency on port tack due to the shape

of the wing. Modern wing sail designs have gotten past that by developing wings that have two sections

that camber between them to form an airfoil that is the same on both tacks. Each section of the wing is

symmetrical in itself but the two sections are angled relative to each other to form the air foil. An example

of how the cambered wing sail would look can be seen in Figure 18.

Figure 18: Two section camber wing cross-section

Another way that the wing sail could be more efficient is to build up apparent wind. As the boat speed

begins to build, the amount of apparent wind around the sail grows and the angle of attack gets smaller.

The traditional sail would hit a limit point where the angle of attack would be too shallow and the amount

of lift developed would not overcome the amount of drag begin developed. Since the wing sail has a more

efficient shape, the amount of lift developing would be higher than the amount of drag being developed

and you would have potential for exponential growth for the amount of apparent wind as the angle of

attack gets smaller.

For the 33rd America’s Cup, Oracle Team USA, the defenders and eventual winner used a winged main

sail for their boat. The wing sail was two sections and would camber between the two sections to provide

the angle of attack on each port tack and starboard tack. The wing sail was so efficient that the boat was

able  to  sail  at  speeds  of  over  46  mph  in  only  20  mph  of  wind.  The  boat  speeds  downwind  were
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particularly impressive as the boat’s apparent wind angle built up to a level where the wing was trimmed

similar to how one would trim it going upwind.

Figure 19: Oracle Team USA, winner of the 34th America’s Cup with their cambered wing main sail H

Further experimentation should take place with the wing sail and the traditional sail at higher wind speeds

to find out if there is a limit to the performance of the wing sail. Judging by how sailing speed records

continue to be broken by craft with wing sails versus traditional sails, it is plausible to believe that the wing

sail will continue to perform similar if not better than the traditional sail at higher wind speeds. Follow on

testing could also be performed with cambered wing sections that allow the sailboat to perform equally

better on both port and starboard tack as well. The build for this setup would be more complex and might

require a testing platform that has more servo control than the one used for this experiment. 

Further theoretical testing can also be performed at different angles of attack in order to find the optimum

angle of attack for both the traditional sail and the wing sail for different wind speeds. This data could be

useful in development of larger applications of both types of sails.

6. Conclusions
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For small sailboats at lower wind speeds, the wing sail had a similar or greater performance than that of

the traditional sail.  The theory that  has been applied to larger  sailboats and wing sections at  higher

speeds holds true for boats of a smaller scale and can be adapted to modern sailing designs. The facts

found in this paper can help to begin to develop larger applications of wing sails to be used on sailboats,

commercial  vessels,  spacecraft,  and any other application that uses modern sailing principles.  As in

previous versions of the America’s Cup developing the latest sailing technology, the application of a wing

sail outperforming a traditional sail is one that will reverberate through the technical community forever.
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http://www.cupinfo.com/images/or-72-speed-ggotu-6782-1.jpg
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Appendix A: Grid Patterns for the Theoretical Mesh Models

Figure 20: Grid mesh for wing sail section with 14 degrees angle of attack

Figure 21: Grid mesh for traditional sail section with 14 degrees angle of attack

32



Figure 22: Grid mesh for wing sail section with 0 degrees angle of attack

Figure 23: Grid mesh for traditional sail section with 0 degrees angle of attack
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Appendix B: Theoretical Experiment Results

Figure 24: Pressure distribution at 14° angle of attack and 100 m/s for a wing (left) and a traditional sail (right)

Figure 25: Flow Velocity at 14° angle of attack and 100 m/s for a wing (left) and a traditional sail (right)
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Figure 26: Pressure distribution at 14° angle of attack and 50 m/s for a wing (left) and a traditional sail (right)

Figure 27: Flow Velocity at 14° angle of attack and 50 m/s for a wing (left) and a traditional sail (right)
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Figure 28: Pressure distribution at 14° angle of attack and 20 m/s for a wing (left) and a traditional sail (right)

Figure 29: Flow Velocity at 14° angle of attack and 20 m/s for a wing (left) and a traditional sail (right)
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Figure 30: Pressure distribution at 14° angle of attack and 10 m/s for a wing (left) and a traditional sail (right)

Figure 31: Flow Velocity at 14° angle of attack and 10 m/s for a wing (left) and a traditional sail (right)
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Figure 32: Pressure distribution at 0° angle of attack and 100 m/s for a wing (left) and a traditional sail (right)

Figure 33: Flow Velocity at 0° angle of attack and 100 m/s for a wing (left) and a traditional sail (right)
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Figure 34: Pressure distribution at 0° angle of attack and 50 m/s for a wing (left) and a traditional sail (right)

Figure 35: Flow Velocity at 0° angle of attack and 50 m/s for a wing (left) and a traditional sail (right)
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Figure 36: Pressure distribution at 0° angle of attack and 20 m/s for a wing (left) and a traditional sail (right)

Figure 37: Flow Velocity at 0° angle of attack and 20 m/s for a wing (left) and a traditional sail (right)
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Figure 38: Pressure distribution at 0° angle of attack and 10 m/s for a wing (left) and a traditional sail (right)

Figure 39: Flow Velocity at 0° angle of attack and 10 m/s for a wing (left) and a traditional sail (right)
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Appendix C: Practical Experiment Raw Testing Data

Table 2: Practical experiment testing data
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