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(57) Abstract: The present invention relates in a broad aspect to a method for design and modification of airfoils useful for wind
turbine applications, which airfoils possess smooth and stable characteristics in stall. These characteristics comprise: (1) no or very
little tendency to double stall; (2) insensitivity or little sensitivity of maximum lift to leading edge roughness; (3) high lift-drag ratio
just before maximum lift; (4) small variations of the aerodynamic loads in stall and (5) sufficient aerodynamic damping to suppress
blade vibrations in stall. The invention further relates to blades and/or airfoil sections in general which possess smooth and stable
characteristics in stall. Also, it relates to a method of implementing the desired shape on an airfoil or a wind turbine blade.
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MODIFIED WIND TURBINE AIRFOIL

The present invention relates in a broad aspect to a method for design and modification of
airfoils useful for wind turbine applications, which airfoils possess smooth and stable
characteristics in stall. These characteristics comprise: (1) No or very little tendency to
double stall, (2) Insensitivity or little sensitivity of maximum lift to leading edge roughness,
(3) High lift-drag ratio just before maximum lift, (4) Small variations of the aerodynamic
loads in stall and (5) Sufficient aerodynamic damping to suppress blade vibrations in stall.
The invention further relates to blades and/or airfoil sections in general which posses
smooth and stabile characteristics in stall. Also, it relates to a method of implementing the

desired shape on an airfoil or a wind turbine blade.

BACKGROUND FOR THE INVENTION AND INTRODUCTION TO THE INVENTION.

An increasing problem at ieast within the wind turbine industry is poor power quality, high
fatigue loads and unreliability of power and loads for wind turbines operating at high wind

speeds where the airfoil sections or blades are just before or in stall.

The airfoil sections on the blades operate at angles of attack ranging from low angles of
attack, where the lift is low on the linear part of the lift versus angle of attack curve, to high
angles of attack where the airfoil section is just before stall or in stall. This is in contrast to
other traditional aviation applications such as aeroplanes and helicopters. Especially
operation in stall is unique for some wind turbines, which use stall as a way of controlling

the peak power which is also called the rated power.

The following parameters influence the operation in stall:

DOUBLE STALL
Double stall denotes the situation wherein the flow past an airfoil section or blade having
an angle of attack relative to the free stream flow shows at least two levels of lift and drag

to the same angle of attack.

The problem becomes even larger when a wind turbine is operating in stall regulated
mode, i.e. the power of the turbine is limited by stall on the blades and the lift and drag

CONFIRMATION COPY
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produced by the blade or airfoil section may jump between at least two levels showing at
least two levels in generated power and/or thrust on the rotor. When the power jumps
from on level to another the aerodynamic forces acting on the blade or airfoil section
dramatically changes. This may cause uncertainties of the power level and thereby
uncertainties in the prediction of the energy production. Furthermore, large vibrations
induced in the turbine may be the result which at the end may cause break down of the

turbine.

LEADING EDGE ROUGHNESS

Leading edge roughness around maximum lift both at stall and in stall can appear when
the leading edge part of the airfoil section or blade is accumulating bugs, dust, ice or other
kind of material changing the roughness of the existing airfoil section or blade and the

effective flow pattern around the airfoil section or blade.

Leading edge roughness around maximum lift both just before stall and in stall is often
observed on wind turbines. It causes uncertainties of the power level and thereby
uncertainties in the prediction of the energy production. Furthermore, the loads on the

structure will change, which might result in undesirable structural dynamics.

LIFT-DRAG RATIO
The lift-drag ratio is a measure of the efficiency of the airfoil section or blade. The higher
ratio the better efficiency. Thus, the lift-drag ratio can be improved by increasing the lift

and/or decreasing the drag.

It is desirable that the lift-drag ratio just before stall is high. This is because maximum
power of the wind turbine this way will be obtained at lower wind speeds and the annual

energy production will increase.

VARIATION OF AERODYNAMIC LOADS

The variation of the aerodynamic loads can be measured as the standard deviation of the
aerodynamic lift and drag. A high standard deviation of lift and drag means that the
variation of the aerodynamic loads is high. Especially in stall the standard deviation can
be high, indicating that the flow is not smooth and stable.
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When operating in stall it is important that the variation of the aerodynamic loads is as
small as possible. This is because the structure will respond on the aerodynamic loads.
Thus, large variations in the loads will cause vibrations in the structure resulting in higher
fatigue loads and more noise. Furthermore, the quality of the produced power may
become poorer with larger variation in the aerodynamic loads. Very big variations in the

loads are observed when double stall appears.

AERODYNAMIC DAMPING

The total damping of a wind turbine blade is the sum of the structural damping and the
aerodynamic damping. Aerodynamic damping is a measure for how well the blade
structure is damped when influenced by aerodynamic loads. Especially when operating
under stalled conditions there is a risk for negative total damping. If the positive structural
damping is less than the negative aerodynamic damping severe vibrations of the structure

will appear possibly resulting in break down of the structure.

For wind turbines operating in high wind speeds vibrations of the blades both in the rotor
plane and out of the rotor plane can occur. This is a very undesirable situation and can be

avoided by changing the stall characteristics of the airfoils used for the blades.

Therefore a technical problem in connection with the above mentioned parameters
influencing stall is to provide airfoil sections or blades wherein the risk of presence of
double stall, significant influence of leading edge roughness, low lift-drag ratio just before
stall and in stall, big variations of the aerodynamic loads and/or negative aerodynamic

damping is minimised and in some cases avoided.

As many turbines today are utilising airfoil sections or blades producing double stall, big
influence of leading edge roughness, low lift-drag ratio just before stall and in stall, big
variations of the aerodynamic loads and/or negative aerodynamic damping a further
problem is to modify these turbines, that is modify the blades of existing wind turbines or

modify the existing moulds for airfoils and/or blades.

BRIEF DESCRIPTION OF THE INVENTION

These problems have been solved by means of the present invention, which provides

two- or three-dimensional cross sectional airfoil data, such as airfoil sections or blades,



10

15

20

25

30

35

WO 01/14740 PCT/DKO00/00472
4

useful for aerodynamic applications such as for a wind turbine, wherein the airfoil section
contour or parts thereof or wherein the contour of the blade or parts thereof have been

modified to avoid one or more of the problems listed below:

- Generation of double stall, that is the flow past the airfoil section or blade shows at least
two different lift and/or drag levels to the same angle of attack. According to several
aspects of the present invention, aerodynamic airfoil sections or blades are designed
which when exposed to a stream of fluid they do not have the tendency of generating a
burst of a leading edge separation bubble as such a leading edge separation may be the

source of double stall phenomena.

- Sensitivity to leading edge roughness, that is where the airfoil shows a decrease in the
lift and an increase in the drag just before stall and in stalled conditions when bugs, dust,
ice or other pollutants accumulate at the leading edge part of the airfoil. According to
several aspects of the present invention, aerodynamic airfoil sections or blades are
designed which when exposed to a stream of fluid they show less sensitivity to leading

edge roughness in stalled conditions.

- Low lift-drag ratio at angles of attacks just before maximum lift, that is where the airfoil
section or blade just before maximum lift shows a certain efficiency. According to several
aspects of the present invention, aerodynamic airfoil sections or blades are designed
which when exposed to a stream of fluid they show an increased lift-drag ratio at angles of
attacks from just before maximum stall and until lift and thereby an increased efficiency in

this angle of attack interval.

- Big variations in the aerodynamic loads, that is where the airfoil in stalled conditions
shows a certain standard deviation in lift and/or drag. According to several aspects of the
present invention, aerodynamic airfoil sections or blades are designed which when
exposed to a stream of fluid they show a decreased standard deviation of lift and/or drag

in stalled condition.

- Negative aerodynamic damping, that is where the airfoil in stalled conditions shows a
certain negative aerodynamic damping. According to several aspects of the present
invention, aerodynamic airfoil sections or blades are designed which when exposed to a

stream of fluid they show an increase in the aerodynamic damping in stalled conditions.
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These designs are in a general aspect of the present invention aimed at modifying
existing airfoil sections or blades applied in wind turbine applications as many existing
wind turbines suffers the problems of poor power quality, high fatigue loads,
aerodynamically induced vibrations and/or unreliability of power and loads for wind
turbines operating at high wind speeds where the airfoil sections or blades are just before

or in stall which is believed to be associated with the problems listed above.

Some attempts have been put forward in the past which in generally have led to devices
for disturbing the airflow boundary layer on the airfoil section or blade so much that the
boundary layer flow undergoes transition from laminar to turbulent flow in an abrupt way in
order to stabilise the flow. None of these devices have had an aerodynamic shape so that
the surface and/or the tangent to the surface in the vicinity of the intersections between
the device and the airfoil and blade are smooth such as continuous. These devices are
characterised in being flat plates extending normal to the surface of the airfoil section or
blade, which is only naturally as the understanding of the flow associated with the
problems listed above has not been accomplished earlier. Accordingly, none of these
devices have been designed with the objective to avoid double stall, to improve the
insensitivity to leading edge roughness in stalled conditions, to increase the lift-drag ratio
just before stall and in stalled conditions and/or to decrease the variations of the
aerodynamic loads in stall whereby the design of these devices has led to devices

producing for instance very high drag.

On the other hand, recent research has revealed some perception of the phenomena
termed double stall as disclosed in C. Bak, H. A. Madsen, P. Fuglsang, F. Rasmussen;
"Double Stall"; June 1998 (1998-06); Risg National Laboratory, Roskilde;
XP002140078.This document discloses calculations and wind tunnel tests of flows past
different airfoil sections at different conditions and concludes that there could be a
connection between the position of a real upper side free transition point being close to a
real critic transition point (that is the transition point which trick bursting of a leading edge
separation bubble) and double stall. However, no conclusion is disclosed and in particular

neither modifications to airfoils nor methods for designing airfoils are disclosed.
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Also, the patent application PCT/US98/24952 by Midwest Research Institute describes
airfoils for wind turbines. However, this description does not contain a description of
modifications of existing airfoils and/or blades. Neither does it describes a design method

nor modifications to airfoils.

Furthermore, the US patent 787,503 by General Motors Corporation describes airfoils for
high efficiency/high lift fans. This invention concerns airfoils for use for low Reynolds
numbers. Compared to airfoil flows with Reynolds numbers above approximately
1,000,000 airfoil flows with Reynolds numbers below approximately 1,000,000 have
different flow patterns in which the laminar flows are much more dominant. This means
that laminar separation bubbles are much bigger and more or less aiways a part of the
flow pattern. For high Reynolds numbers, i.e. above 1,000,000, laminar separation
bubbles are not very dominant except of some airfoils for angles of attack above
maximum lift. Thus, airfoils used for Reynolds numbers below 1,000,000 are behaving
quite different from airfoils used for Reynolds numbers above 1,000,000. In accordance

with this, neither design methods nor modifications have been disclosed.

As the computer power available has been ever increasing and thereby the methods
available for simulating the flow past airfoil sections and blades has correspondingly
become more sophisticated it is now possible to calculate the flow past two-dimensional -

and three dimensional - lifting bodies.

By these new possibilities it is possible to study the flow in higher details and more
interesting, as applied in the present invention, it is possible to simulate different flow
situations. Also, the increasing computer power has made it possible to optimise complex
problems by numerical means. For instance, the combination of flow simulations and
numerical optimisations of the airfoil section shape or blade shape has improved the
possibility of optimising airfoil sections and blades or parts thereof of existing airfoil

sections and blades.

According to the present invention it has been found that an airfoil section or blade or an
aerodynamic device used for modification of an airfoil section or a blade may be designed
so that the sections or blades does not suffer the same drawbacks as the prior art devices

and actually solve or improve the following problems: the risk of double stall, sensitivity to
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leading edge roughness in stall, low lift-drag ratio just before stall and in stall, big

variations of aerodynamic loads in stall and negative aerodynamic damping.

According to the invention, it has been found that airfoil sections or blades wherein the
transition point which tricks leading edge stall is to be situated downstream of the free
transition point in order to avoid double stali and to decrease the variations of the
aerodynamic loads in stall of the blade. The location of the transition point which tricks
leading edge stall is at a location where a leading edge laminar separation bursts, i.e. the
transition point has moved so much downstream that the flow cannot attach the surface.
Also, it has been found that the position of the free transition point, also called natural
transition point, the pressure distribution and the shape of the airfoil section or blade can
control the overall aerodynamic performance in stall. As will appear from the detailed
description herein, this gives rise to a new understanding of the decisive criteria for
designing airfoil sections or blades; in particular two- or three-dimensional airfoil sections

used for aerodynamically purposes.

In general, the flow produced by airfoil sections or blades designed according to the
present invention have the potential to fulfil certain desired characteristics. For instance, if
it is desired to avoid the tendency to double stall it is required in the design process that
the flow is stable in the sense that if a suction side leading edge laminar separation
bubble is present then this bubble is substantially stable in time. As mentioned above this
is provided by designing the airfoil sections or blades so that the position of the free
transition point is situated upstream of the transition points which tricks leading edge stall,

which in turn is assured by numerical modelling the flow past the airfoil or blade.

Thus, the present invention relates in a first aspect to a modified wind turbine airfoil
section comprising, such as being constituted by, composed of or made up by, an airfoil
section and a contour modification thereto. It has been found according to the present
invention that it is essential that the modified airfoil section has a contour modification
wherein the first, the second and optionally the third derivative of the outer contour of the
contour modification are smooth and continuos, such as substantially smooth and

continuos in order to modify airfoils according to the problems discussed above.

The terms "smooth and continuos” is herein used in accordance with the ordinary

aerodynamical sense of those terms. Accordingly, "smooth and continuos” is used to
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denote a contour - or surface - which do not spoil the flow past the contour or surface.
Thus, in general the mean contour or mean surface of an airfoil section or blade is at least
considered smooth and continuos, preferably quantified by having first, second and
optionally third derivatives being smooth and continuos, if that mean contour or mean
surface has no bumps or edges. Please also consult section "Brief explanation of certain

terms"

Furthermore, it has been found that a modified airfoil section according to the present
invention preferably has a contour wherein the first, the second and optionally the third
derivative of the contour of the modified airfoil section are smooth and continuos, such as
substantially smooth and continuos, except at the trailing edge of the airfoil - that is, not
only the modification of the airfoil but the whole airfoil must preferably have a contour

being smooth and continuos - preferably, except at the trailing edge.

In particular preferred embodiments, connected to modifying airfoils in order to avoid
double stall, it may be preferred that the modified airfoil section according to the present
invention has a contour wherein the angle between the suction surface and the chord line
evaluated substantially 2% chord length behind the leading edge is larger than 32°,
preferably larger than 33°, such as larger than 34°, in some situations preferably larger
than 35°, and even preferably larger than 36°, preferably larger than 37°, such as larger
than 38°, preferably larger than 39°, and even most preferably larger than 40°.

Alternatively or supplementary to the geometrical constraints on the suction side surface
in relation to the embodiments pertaining to double stall it may be preferred that the
suction side free transition point is located upstream of the transition point which tricks
bursting of a leading edge separation bubble. These transition points are preferably
evaluated at a Reynolds number between 1,000,000 and 20,000,000, but the actual size
of the Reynolds number depends, of course, of the application of the modified airfoil

section.

In such situations, the suction side free transition point may preferably be located more
than 0.25 % chord length, preferably more than 0.5 % chord length, such as more than 1
% chord length, preferably more than 1.5 % chord length, in some situations more than 2
% chord length, and even more than 3% chord length, preferably more than 5% chord
length, such as more than 7 % chord length, preferably more than 8.5 % chord length,
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and even more than 10 % chord length upstream of the transition point which tricks
bursting of a leading edge separation bubble, preferably being evaluated close to or at
maximum lift, such as at angles of attack between 2° before and 4° after maximum lift.
Again, the transition points are preferably evaluated at a Reynolds number between
1,000,000 and 20,000,000 but the actual size of the Reynolds number depends, of
course, of the application of the modified airfoil section.

in other preferred embodiments relating to modifying airfoils in order to minimise or avoid
the influence of leading edge roughness it may be preferred that the contour of the
modified airfoil section according to the present invention preferably is so shaped that the
suction side free transition point is located less than 10 % chord length, preferably less
than 8.5 % chord length, such as less than 7 % chord length, preferably less than 5 %
chord length, in some situations less than 3 % chord length, and even less than 2% chord
length, preferably less than 1.5% chord length, such as less than 1 % chord length,
preferably less than 0.5 % chord length, and even less than 0.25 % chord length from the
leading edge, preferably being evaluated around or at maximum lift, such as at angles of
attack between 6° before and 6° after maximum lift. The transition points is preferably
evaluated at a Reynolds number between 1,000,000 and 20,000,000, but the actual size
of the Reynolds number depends, of course, of the actual application of the modified

airfoil.

Such preferred embodiments may very advantageously be combined with embodiments

pertaining to double stall and the other embodiments discussed below.

According to present invention a high lift-drag ratio is often aimed at either alone orin
combination with the measures relating to double stall and/or influence on leading edge
roughness. In preferred embodiments of the modified airfoil section according to the
present invention the modified airfoil section may preferably have a lift-drag ratio being
higher than the airfoil without the contour modification, said lift drag-ratio being preferably
evaluated in an interval ranging from 8 degrees angles of attack before stall to maximum
lift.

More specifically, it is often preferred that a modified airfoil section according to the
present invention has a lift drag ratio being larger than 20, such as larger than 50,
preferably larger than 60, such as larger than 75 and most preferably larger than 100, said
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lift drag-ratio being preferably evaluated in an interval ranging from 5 degrees angles of

attack before stall to maximum lift.

Furthermore, preferred embodiments of a modified airfoil section minimising aerodynamic
loads alone or in combination with the other embodiments of the modified airfoil section
are preferably provided by airfoil sections, wherein the angle between the suction surface
and the chord line evaluated substantially 2% chord length behind the leading edge is
larger than 32°, preferably larger than 33°, such as larger than 34°, in some situations
preferably larger than 35° and even preferably larger than 36°, preferably larger than 37°,
such as larger than 38°, preferably larger than 39°, and most preferably larger than 40°.

In such situations airfoil sections according to the present invention are preferably shaped
so that the suction side free transition point is located more than 0.25 % chord length,
preferably more than 0.5 % chord length, such as more than 1 % chord length, preferably
more than 1.5 % chord length, in some situations more than 2 % chord length, and even
more than 3% chord length, preferably more than §% chord length, such as more than 7
% chord length, preferably more than 8.5 % chord length, and even more than 10 % chord
length upstream of the transition point which would trick bursting of a leading edge
separation bubble, preferably evaluated close to or at maximum lift, such as of angles of
attack between 2° before and 4° after maximum lif. The transition points are preferably
evaluated at a Reynolds number between 1,000,000 and 20,000,000, but the actual size
of the Reynolds number depends, of course, on the actual application of the modified

airfoil section.

When the measure to be fulfilled by the modified airfoil is relating to aerodynamic damping
alone or in combination with the other measures, embodiments of the modified airfoil are
often preferred, wherein normalised minimum edgewise damping, ¢, is greater than -2,
preferably greater than —1.8, such as greater than —1.6, preferably greater than —1.4, in
some situations greater than —1.2, preferably greater than —1.0 and even greater than -
0.8 and wherein the normalised minimum flapwise damping, c,, is greater than -6,
preferably greater than =5, such as greater than -4, preferably greater than =3, in some

situations greater than —2, preferably greater than —1 and even greater than 0.

The normalised damping coefficients, ¢, and ¢, should preferably be obtained by
normalising Cx and Cy by 0.5*c*p*W, and should preferably be evaluation after maximum
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lift, such as at angles of attacks from maximum lift to 10° after maximum lift. The damping
is preferably evaluated at a Reynolds number between 1,000,000 and 20,000,000, but the

actual size of the Reynolds depends, of course, on the actual application of the airfoil.

The present invention relates in another aspect to a modified blade for a wind turbine
having at least one modified airfoil section according to present invention. Thus, in
practical implementations in accordance with the present aspect of the present invention
an entire blade has not to be modified but only those parts or that part of a blade which
suffers one or more of the problems discussed above. On the other hand, in case the
entire blade suffers one or more of the problems discussed above all the airfoil sections of

the blade may preferably be modified according to the present invention.

Preferably, a modified blade for a wind turbine having at least one modified airfoil section
according to the present invention is modified so that bursting of a leading edge laminar
separation bubble is avoided in at least the vicinity of the at least one airfoil section being

modified.

Preferably, the modified blade for a wind turbine according to the present invention is a
blade wherein the contour modification is provided by an aerodynamic device mounted on

a blade.

In very important embodiments of the modified blade for a wind turbine according to
present invention the aerodynamic device is shaped so that once mounted on a blade, the
surface at least in the vicinity of the intersections between the device and the blade are
smooth and continuos. This measure is preferably provided by shaping the device at its

extremities similar to the shaped of the blade in the regions close to these extremities.

Accordingly, it is often preferred that the aerodynamic device of the modified blade for a
wind turbine is shaped so that once mounted on a blade, the tangent to the surfaces in
the vicinity of the intersection(s) between the aerodynamic device and the blade is(are)

smooth and continuos.

According to the findings of the present invention modifications pertaining to the problems
discussed above may preferably be applied mainly - or only - in the leading edge region of
the blade. Thus, in preferred embodiments of the present invention the aerodynamic
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device modifies a blade only in the leading edge region or modifies substantially only the

leading edge region of a blade.

In agreement with the different problems solved by the invention, the blade on which the
aerodynamic device is mounted may preferably a blade having an inclination towards

leading edge laminar separation, such as producing a flow past the airfoil having leading
edge laminar separation at a Reynolds number between 1,000,000 and 20,000,000 and

preferably at an angie of attack between 5° before maximum lift and 8° after maximum lift.

Different measures exist in order to implement modifications of blades according to the
present invention. In a particular important embodiment, the contour modification or
aerodynamic device may preferably be provided by adding material, such as a hardening

material, to a blade.

In other equally important embodiments of the implementation of the modification, the
maodification and/or aerodynamic device may preferably be made as a flexible sheet, such
as a rubber sheet and/or plastic sheet, having the form of the modification and/or

aerodynamic device.

Alternatively (or in combination) the contour modification or aerodynamic device may
preferably be made as a flexible sheet, such as rubber sheet or plastic sheet, being
substantially uniform in one direction and the modifications needed in order to modify a

blade may preferably be provided by compression and/or extraction of the flexible sheet.

In many cases it is advantageously to prepare the contour modification of site. Thus, the
contour modification or aerodynamic device may preferably be made as a pre-fabricated
device to be attached to a blade. Such prefabrication may preferably be obtained by
extruding a flexible material such as rubber, plastic or non-plastic material such as glass
fibre, aluminium or steel. In such cases the geometry of the device may be some average

of the modifications for each of the selected airfoil sections to be modified.

Such a pre-fabricated technique may also very advantageously be applied in connection
with fabrication of new blade, i.e. a blade not yet being in use. When such a new blade is
manufactured the leading edge is normally not smooth, which non-smoothness is

remedied by cutting away material of the blade in the leading edge region. In connection
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with the present invention, the whole leading edge region is removed from the blade and

replaced by a modification according to the present invention.

In connection to this, it should be noted that the description of the modification according
to the present invention has been focused on a positive modification, that is a modification
moving the contour of the airfoil section out in the flow. Anyhow, the invention is equally
well suited in case of a negative modification, that is a modification moving the contour
away from the flow, is required. In this case removal of material from a blade may provide

the practical implementation.

The invention relates in another aspect to a method of modifying, by use of a computer
system, the shape of a blade or an airfoil section. In the method according to invention a
design set-up has been provided in terms of

- an objective function to be minimised representing preferably the negative
efficiency of the airfoil section or blade, such as representing lift-drag ratios and/or
the driving force which is the force in the chord direction in upstream direction at
least at one angle of attack,

- design variables representing points on at least a part of the airfoil section or of the
blade,

- geometrical constraint(s) stipulating that each geometrical modification to the
airfoil section or to the blade determined by the method must be so that the first,
the second and optionally the third derivative of the airfoil section contour or blade
contour in at least in the vicinity of the intersection between the modification of the
airfoil section or the blade and the non-modified part of the airfoil section of the
blade are smooth and continuos, such as substantially smooth and continuos,

- aerodynamically constraint(s), such as constraints interrelating the distance
between the free transition point and the transition point which tricks bursting of a
leading edge separation bubble, eventually expressed in term of geometrical

constraint(s).

In put to the method are, of course, also fluid dynamical parameters such as Reynolds

number, velocity/velocities, viscosity, density, Mach number etc.

The method utilises the set-up and comprises the following steps:
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a) providing an initial shape of the airfoil section or blade, preferably being either an
existing airfoil, an initial guess on the airfoil to be designed or an airfoil shape enabling a
flow to be calculated,

b) simulating such as calculating a number of flows past the airfoil section or blade
necessary to evaluate the aerodynamically constraints,

c) and if the aerodynamically constraints is not fulfilled then the initial shape of the airfoil
section or blade is modified by modifying the design variables based on minimisation of
the objective function and respecting geometrical constraints, thereby providing a new
shape of the airfoil section or blade, and repeating steps b) and c¢) based on the new
shape of the airfoil until the objective function is minimised thereby providing a modified

airfoil.

In its basic form, the geometrical constraints relate particularly to extremities of
modifications determined by or during execution of the method. In preferred embodiments
of the method according to the invention the geometrical constraint(s) stipulates or further
stipulates that each geometrical modification to the airfoil section or to the blade
determined by the method must have smooth and continuos, such as substantially
smooth and continuos first, second and optionally third derivatives. Such preferred
embodiments will ensure that a modification determined by - or during execution of - the

method will be smooth and continuos.

In a particular preferred embodiment of the method according to the present invention, it
is often preferred that the geometrical constraints stipulate or further stipulates that the
contour of the modified airfoil section or the contour of the modified blade determined by
the method must have smooth and continuos, such as substantially smooth and

continuos, first, second and optionally third derivatives except at the trailing edge.

In preferred embodiments of the method, in connection with double stall, it is often
preferred that the aerodynamically constraint(s) stipulates or further stipulates that the
free transition point is located upstream of the transition point that tricks bursting of a
leading edge separation bubble. In such situations, it may be preferred that the free
transition point is to be located more than 0.25 % chord length, such as more than 0.5%
chord length, preferably more than 1% chord length, such as more than 1.5 % chord
length, preferably more than 2% chord length of the chord iength upstream of the
transition point which trick bursting of a leading edge separation bubble, preferably
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evaluated close to or at maximum lift, such as at angles of attack between 2° before and

4° after maximum lift.

Alternatively or in combination with the geometrical expressed aerodynamically
constraint(s) it is often preferred that the aerodynamically constraint(s) stipulates or further

stipulates attached suction side flow.

In yet another preferred embodiment of the method in connection with double stall the
aerodynamically constraint(s) may preferably be expressed in terms of geometrical
constraint(s) as the angle between the suction surface and the chord line evaluated at
substantially 2% chord length behind the leading edge to be larger than 32°, preferably
larger than 33°, such as larger than 34°, in some situations preferably larger than 35°, and
even preferably larger than 36°, preferably larger than 37°, such as larger than 38°,
preferably larger than 39°, and most preferably larger than 40°.

It is often preferred commonly for all the embodiments of the method pertaining to double
stall that the objective function stipulates or further stipulates maximisation of the
efficiency such as lift-drag-ratio at angles of attack between zero lift and maximum lift, e.g.

-3°to 13° angles of attack.

Those preferred embodiments of the method according to present invention discussed
above in connection with doubie stall might very advantageously be combined with
embodiments of the method pertaining to other flow probiems as discussed below.

Accordingly, in another preferred embodiment, pertaining to leading edge roughness
sensitivity, the aerodynamic constraint(s) stipulates or further stipulates that the suction
side free transition point, must be located less than 10 % chord length, preferably less
than 8.5 % chord length, such as less than 7 % chord length, preferably less than 5 %
chord length, in some situations less than 3 % chord length, and even less than 2% chord
length, preferably less than 1.5% chord length, such as less than 1 % chord length,
preferably less than 0.5 % chord length, and even less than 0.25 % chord length from the
leading edge, preferably being evaluated around or at maximum lift, such as at angles

between 6° before 6° after maximum lift.
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In connection with such preferred embodiments or combinations thereof, it is often
preferred that the objective function stipulates or further stipulates maximisation of the lift-
drag-ratio at or between 2° and 10° degrees angles of attack. In some situations it may be
preferred that maximisation takes place between angles of attack showing zero lift and

maximum lift.

In order to achieve high lift-drag ratios in general or in combination with the other
measures to be achieved, it is often preferred that the objective function stipulates
maximisation of the lift-drag-ratio at or between 8° and 12° degrees angles of attack. In
some situations it may be preferred that the maximisation of the lift-drag-ratio takes place
at or between 8° angles of attack before maximum lift and the angle of attack showing

maximum lift.

In preferred embodiments of the method according to the present invention, in which the
measure to be achieved pertains to aerodynamic loads, it is often preferred that the
aerodynamically constraint(s) is(are) expressed in terms of geometrical constraint(s) as
the angle between the suction surface and the chord line evaluated substantially 2%
chord length behind the leading edge must larger than 32°, preferably larger than 33°,
such as larger than 34°, in some situations preferably larger than 35° and even preferably
larger than 36°, preferably larger than 37° such as larger than 38°, preferably larger than

39°, and most preferably larger than 40°.

In combination thereto - or alone - it may be preferred that the aerodynamically
constraint(s) stipulates or further stipulates that the free transition point is located
downstream of the transition point that tricks bursting of a leading edge separation bubble.

In such situations it may be preferred that the aerodynamically constraint(s) stipulates or
further stipulates that the free transition point, is located more than 0.25 % chord length,
preferably more than 0.5 % chord length, such as more than 1 % chord length, preferably
more than 1.5 % chord length, in some situations more than 2 % chord length, and even
more than 3% chord length, preferably more than 5% chord length, such as more than 7
% chord length, preferably more than 8.5 % chord length, and even more than 10 % chord
length upstream of the transition point which would trick bursting of a leading edge
separation bubble; preferably evaluated close to or at maximum lift, such as angles of

attack between 2° before and 4° after maximum lift.
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In connection with such preferred embodiments or combinations thereof, it is often
preferred that the objective function stipulates maximisation of the lift-drag-ratio at or
between 2° and 10° degrees angles of attack, or preferably at or between the angles of

attack showing zero lift and maximum lift.

According to preferred embodiments of the method, pertaining to aerodynamic damping, it
may be preferred that the aerodynamic constraint(s) stipulates or further stipulates that
the normalised minimum edgewise damping, c,, should be greater than -2, preferably
greater than —1.8, such as greater than —1.6, preferably greater than —1.4, in some
situations greater than —1.2, preferably greater than —1.0 and even greater than —-0.8. and
wherein the normalised minimum flapwise damping, c¢,, should be greater than -6,
preferably greater than -5, such as greater than -4, preferably greater than -3, in some

situations greater than —2, preferably greater than —1 and even greater than 0.

The normalised damping coefficients, c, and c,, should preferably be obtained by dividing
Cx and Cy by 0.5*c*p*W and the normalised damping coefficients, ¢, and c,, should
preferably be evaluated after maximum lift, such as angles at attacks from maximum lift to

10° after maximum lift.

In connection thereto - or in combination with the other embodiments mentioned above - it
is often preferred that the objective function stipulates or further stipulates maximisation of

the lift-drag-ratio at or between 2° and 10° degrees angles of attack.

According to the above discussion of the different aspects of the invention and in
particular the discussion of different embodiments thereof, it is mentioned that the
different embodiments may very advantageously be combined. Combining the different
embodiments one might have to decide which embodiments is the most important
because some times may be a compromise between different desired characteristics.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will now be described in greater details in connection with the

accompanying drawings, in which
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Fig. 1 (upper) shows the flow past a NACA 63-415 airfoil, the flow is visualised by means

of stream lines,

Fig. 1 (lower) shows a detail of the flow depicted in Fig. 1 (upper); the detail is an enlarged
view of the flow past the leading edge of the airfoil and discloses a region of re-circulating

flow termed a laminar separation bubble,

Fig. 2 shows an aerodynamic device to be mounted on the leading edge of a NACA 63-
415 so that more stable stall characteristics are achieved. The device avoids double stall,

l.e. it avoids jumps in lift and drag of the airfoil section,

Fig. 3 shows by a solid line the NACA 63-415 airfoil section and by a dotted line the

aerodynamic device,

Fig. 4 shows the lift and drag for both the NACA 63-415 airfoil section and the modified
NACA 63-415 airfoil section, where both airfoils have a smooth surface. The lift-drag ratio
for the modified NACA 63-415 airfoil is increased. Measurements in the VELUX wind

tunnel, Denmark, Reynolds number = 1.6x105,

Fig. 5 shows the lift and drag for both the NACA 63-415 airfoil section and the modified
NACA 63-415 airfoil section, where both airfoil sections have a leading edge roughness.
The lift-drag ratio for modified NACA 63-415 airfoil section is increased. Measurements in
the VELUX wind tunnel, Denmark, Reynolds number = 1.6x10°,

Fig. 6 shows the standard deviation for both the NACA 63-415 airfoil section and the
modified NACA 63-415 airfoil section, where both airfoil sections have a smooth surface.
The standard deviation in stall for the modified NACA 63-415 airfoil section is decreased.
Measurements in the VELUX wind tunnel, Denmark, Reynolds number = 1.6x1 0°,

Fig. 7 shows a time series of the drag coefficient for the NACA 63-415 airfoil section with
smooth surface. Sudden shifts in the drag coefficient are observed showing double stall,

Fig. 8 shows by a solid line the NACA 63-215 airfoil section and by dotted line the

aerodynamic device.
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DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS OF THE INVENTION

The use of mathematical and numerical means for simulating and/or calculating flow past
aerodynamically shaped bodies has according to the present invention been applied in
order to assure that an airfoil flow is resistant to bursting of leading edge laminar
separation bubbles, resistant to leading edge roughness and/or to severe negative
aerodynamic damping. Furthermore, it ensures a greater efficiency of the airfoils such

greater lift-drag ratio if desired.

The design method according to the present invention contains to parts: A numerical

optimisation approach and a numerical flow solver.

NUMERICAL OPTIMISATION APPROACH

The design method is based on numerical optimisation. The objective function is
minimised by changing the design variabies. The design variables are a number of control
points that describe the airfoil shape. Inequality constraints are side values for the design
variables and bounds on response parameters from flow calculations and structural

calculations.

An airfoil section shape or a blade is input together with 1) the objective function, which
for instance is maximum lift-drag-ratio at several angles of attack, 2) the design variables,
which are the points describing the geometry and 3) the constraints, which for instance
stipulates that the tangent of the surfaces in the vicinity of the intersection between a
possible aerodynamic device and the airfoil so that the intersection is continuos. The
optimisation process is iterative involving many calculations of flow and structural
properties where the design is improved gradually. The flow calculations are used to
estimate the value of the objective function and the constraints. Multiple angles of attack
are calculated to allow off-design optimisations. The combination of flow and structural
responses allows interdisciplinary optimisation and when available, other calculation tools
can easily be incorporated. A simplex optimiser can for instance be used with a traditional

finite difference sensitivity analysis.

A smooth airfoil shape is important for the optimisation results. The shape description
should have as much geometric flexibility as possible with as few design variables as

possible to secure an effective and representative search of the design space with
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acceptable computational costs. In principle, any physically realistic shape should be
possible to allow design from scratch. The airfoil shape can for instance be represented
by a single B-spline curve defining the optimised shape by a set of control points. The
optimised shape could for instance be a complete airfoil section or just the leading edge

part of the airfoil section or similar for a blade.

NUMERICAL FLOW SOLVER

A flow solver is predicting the flow around the airfoil during the optimisations based on the
actual airfoil geometry and the specified flow conditions. For given angles of attack,
Reynolds number and Mach number, the flow solver provides for instance the pressure
distribution around the airfoil section or blade and the integrated forces on the airfoil
section or blade. In addition, numerous boundary layer parameters are calculated. In the
flow solver, transition is modelled for instance by the €” method with n = 9 as default

value.

The numerical flow solver gives the possibility of being able to simulate different states in
the flow in the sense that when an airfoil is tested in a real flow situation being the
counterpart to the numerical flow situation, the transition points in question are generally
not that stable and distinct. In the real flow the flow undergoes transition from laminar to
turbulent flow over a transition length and the location of the transition will fluctuate
somewhat. Depending on the geometry of the airfoil section or blade and the
characteristics of the fluid flowing past the airfoil section or blade a flow with or without
bursting will be present. Furthermore, the pressure distribution will change depending on
the location of the transition point and this will reveal the resistance to leading edge

roughness.

When the flow is simulated by use of numerical means the turbulent flow is often modelled
by use of for instance an eddy-viscosity model. In the transition region the transition may
suitably be modelled by use of an intermittence function taking into account the only part
time presence of turbulence in the flow. Such an intermittence function often turns on the

eddy-viscosity model gradually over a predetermined transition length.

Following the procedure described above an airfoil section shape or a part of an airfoil
section shape (or similar for a blade) is produced through use of numerical optimisation.

Depending on which characteristics are required for the modified airfoil section or blade
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different set ups for design and/or optimisation are needed. Before the optimisations are
carried out it is important to understand the physics and the mechanism underlying the
different parameters influencing stall. Five different parameters will be described in the

following.

NO TENDENCY TO DOUBLE STALL

Double stall is an airfoil flow situation in stalled condition in which the flow pattern jumps
between trailing-edge stall and leading-edge stall. The mechanism tricking this situation is
a laminar separation bubble at the leading edge of the airfoil, which sometimes appears
already before stall, but at some airfoil section or blades bursts at an angle of attack
greater than the angle of attack for maximum lift. The reason for the bursting of the bubble
is that the mean free transition point is too close to a downstream transition point for

which leading-edge stall appears.

To determine the distance between the free transition point and the transition point for
which leading-edge stall appears a flow solver should be used which can predict free
transition points and possibly where the transition point can be fixed. Thus, the free
transition point and the transition point for which leading-edge stall appears are provided
numerically in the sense that for a given airfoil section or blade different calculations
and/or determinations of the fluid past that airfoil section or blade is performed. In general

at least two calculations and/or determinations are to be performed:

= Calculation using free transition. In this case the transition of the flow is modelled so
that it follows a free transition, where the free transition is modelled by some empirical
relation describing the transition from laminar to turbulent flow which may be based on
suitable parameters for the boundary layer such as the momentum thickness,
Reynolds number based on the momentum thickness etc.

= Calculation of the flow which shows leading edge stall. In this calculation of the flow
the transition point is forced to be situated in a location where a leading edge
separation bubble is bursting irrespectively of the fact that in a real flow situation the
flow might have become turbulent upstream of this point whereby the bursting would

not occur.
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The method may be viewed upon as a design method assuring that bursting of a leading
edge separation bubble will not occur and the design method may also be used as a test
method for testing the stability of an airfoil flow to withstand bursting of a leading edge
separation bubble. In the design of the airfoil section shape or part of the airfoil section

shape (or blade) the following set up for the optimisation should be as follows:

- The objective function, which is to maximise the efficiency of the airfoil such as a linear
combination of the lift-drag-ratio at one or several angles of attack where the airfoil is not
stalled, for instance 2° and 10°angles of attack,

- The design variables, which are the points describing the airfoil section or pari(s) of the
airfoil section (or blade) and

- The constraints, which are

- 1) The first, second or even third derivative of the airfoil section or blade contour in the
vicinity of the intersection between the modified part of the airfoil section or blade and the
existing airfoil section or blade so that the intersection is smooth and continuos,

- 2) The free transition point, which should be more than 0.5 % chord length upstream of
the transition point which would trick bursting of a leading edge separation bubble. This
should be done at an angle of attack where the airfoil to be modified shows a distance
between the two transition points of less than 0.5% chord Iength.

- 3) An alternative to second constraint type is to use the angle between the suction
surface and the chord line evaluated substantiaily 2% chord length behind the leading
edge which should be larger than about 35°. This kind of constraint is based on a rule of

thumb more than the physics.

To investigate the tendency to double stall a flow solver is used, which can predict the
position of the transition point assuming free transition. Furthermore, the flow solver
should be able to fix the transition point so that the minimum transition point causing a
burst of the laminar separation bubble at the leading edge and thereby a leading edge
stall can be predicted. The investigation should be carried out for angles of attack near
maximum lift. If the free transition point is more than a certain distance upstream of the
transition point causing leading edge stall the airfoil section or blade is said to show no
tendency to double stall.

MAXIMUM LIFT INSENSITIVE TO LEADING EDGE ROUGHNESS
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Maximum lift sensitivity to leading edge roughness relates to a flow situation in which
bugs, dust, ice or other kind of material changes the roughness at the leading-edge part of
the airfoil. This changes the pressure distribution around the area at the surface in which
the roughness is located and the downstream content of the boundary layer. For instance,
this means that the suction pressure at the suction side of the airfoil is reduced leading to
a reduction of the lift and/or an increase of the drag. Since a suction peak typically is
located in the same area as the roughness a great loss of lift and an increase of drag are

observed compared to a smooth surface with no roughness.

The change in the pressure distribution is due to changes in the boundary layer flow. For
airfoil boundary layer flows transition from laminar to turbulent flow appears at some
distance from the leading edge. Furthermore, the height of the roughness adds to the
thickness of the boundary layer flow at the airfoil downstream of the roughness. When
roughness accumulates at the leading edge the transition from laminar to turbulent flow
moves toward the leading edge. This results in a decrease of the suction pressure on the
suction side of the airfoil. However, if the shape of the airfoil with smooth surfaces results
in a transition point close to the leading edge then the movement of the transition point
caused by roughness will be limited leading to a limited change in the pressure
distribution and thereby a limited change in the lift and the drag. Also, the increase of the
displacement thickness downstream of the roughness is taken into account in the design
of the modification. Thus, the difference in displacement thickness with and without
roughness for instance near the trailing edge should be minimised in an airfoil
modification. In the design of the airfoil shape or part of the airfoil shape the following set
up for the optimisation should be as follows:

- The objective function, which is to maximise the efficiency of the airfoil such as a linear
combination of the lift-drag-ratio at one or several angles of attack where the airfoil is not
stalled for instance 2° and 10° angles of attack,

- The design variables, which are the points describing the airfoil or part(s) of the airfoil
and

- The constraints, which is

- 1) The first, second or even third derivative of the airfoil contour in the vicinity of the
intersection between the modified part of the airfoil and the existing airfoil so that the
intersection is smooth and continuos,

2) The free transition point at different angles of attack above the angle of attack at which
stall appears, which should be located further upstream than it is found on the airfoil to be



10

15

20

25

30

WO 01/14740 PCT/DK00/00472
24

modified. Depending on the airfoil to be modified the free transition point should be moved
further upstream to increase the insensitivity to roughness. This means that the free
transition point for the airfoil to be modified should be calculated to find the location of the
free transition point on the suction side. Then the location of the free transition point
should be located upstream of this on the modified airfoil.

- 3) The displacement thickness at some location on the airfoil, for instance the trailing
edge, should below a certain value. This value is preferably determined by calculating the

displacement thickness at the same location for the airfoil to be modified.

To investigate the insensitivity to leading edge roughness a flow solver is used, which can
predict the position of the transition point assuming free transition. Furthermore, the flow
solver should contain a model for roughness on the airfoil surface so that the effect of
leading edge roughness could be estimated. The investigation should be carried out for

angles of attack near maximum lift.

HIGH LIFT-DRAG RATIO

The lift-drag ratio, determined as the airfoil lift force divided by the airfoil drag force, is a
measure for the efficiency of the airfoil. For aeroplanes this ratio is a direct measure for
the number of meters or feet the aeroplane will move in horizontal direction before it has
lost one meter or one foot height in vertical direction. For wind turbines there is no
illustrative way of explaining this measure, but still it is important because the driving force
of the rotor producing the wind turbine power correlates to the lift-drag ratio. Especially,
high lift-drag ratio for the wind turbine airfoils is important for wind speeds close to the
wind speed at which the peak power is obtained. This is because peak power is desired
for as small wind speeds as possible to increase the efficiency of the wind turbine. At
these wind speeds the airfoils on the outer part of the rotor has just entered stall or are
just about to enter stall. This is the main reason for requiring high lift-drag ratio in an angle
of attack interval just before stall and until maximum lift is obtained. In the design of the
airfoil shape or part of the airfoil shape the following set up for the optimisation should be

as follows:

- The objective function, which is to maximise a linear combination of the lift-drag-ratio at
one or several angles of attack just before and just after stall appears, but before

maximum lift, for instance 8° and 12° angles of attack,
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- The design variables, which are the points describing the airfoil or part(s) of the airfoil
and

- The constraints, which is

- 1) The first, second or even third derivative of the airfoil contour in the vicinity of the
intersection between the modified part of the airfoil and the existing airfoil so that the
intersection is smooth and continuos.

Since the lift-drag-ratio is maximised through the objective function there is no need to
use constraints on the lift-drag ration for this parameter, Thus, the optimisation ensures

that the lift-drag ratio will be improved compared to the airfoil to be modified.

SMALL VARIATIONS OF THE AERODYNAMIC LOADS

Variations in the aerodynamic loads, measured as the standard deviation of the airfoil lift
and/or the airfoil drag, indicate how stabile and smooth the airfoil flow is. Especially, in
stalled conditions big variations are expected. Use of airfoils in stalled conditions is unique
for wind turbines. Thus, for wind turbines it is important to decrease the variations of the
aerodynamic loads in stall. Big variations will lead to high fatigue loads for the wind
turbine structure and might even trick vibrations in the structure which in worst cases will
break down. If double stall appears it will result in very big variations in the aerodynamic
loads. This is why big variations in the aerodynamic loads will be avoided in the design of
airfoils or parts of airfoils in the same way that double stall is avoided. In the design of the
airfoil shape or part of the airfoil shape the following set up for the optimisation, which is

the same as for the double stall set-up, should be as follows:

- The objective function, which is to maximise the efficiency of the airfoil such as a linear
combination of the lift-drag-ratio at one or several angles of attack where the airfoil is not
stalled for instance 2° and 10° angles of attack,

- The design variables, which are the points describing the airfoil or part(s) of the airfoil
and

- The constraints, which is

- 1) The first, second or even third derivative of the airfoil contour in the vicinity of the
intersection between the modified part of the airfoil and the existing airfoil so that the
intersection is smooth and continuos,

- 2) The free transition point, which should be more than 0.5 % chord length upstream of
the transition point which would trick bursting of a leading edge separation bubble. This
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should be done at an angle of attack where the airfoil to be modified shows a distance
between the two transition points of less than 0.5% chord length.

- 3) An alternative to second constraint type is to use the angle between the suction
surface and the chord line evaluated substantially 2% chord length behind the leading
edge which should be larger than 35°. This kind of constraint is based on a rule of thumb

more than the physics.

To investigate the variations of the aerodynamic loads in stall a flow solver is used, which
can predict the position of the transition point assuming free transition. Furthermore, the
flow solver should be able to fix the transition point so that the minimum transition point
causing a burst of the laminar separation bubble at the leading edge and thereby a
leading edge stall can be predicted. The investigation should be carried out for angles of
attack near maximum lift. If the free transition point is more than a certain distance
upstream of the transition point causing leading edge stall the airfoil is said to show small

variations of the aerodynamic loads in stall.

HIGH AERODYNAMIC DAMPING
Aerodynamic damping is a measure for how well the structure can resist vibrations
caused by aerodynamic loads. The aerodynamic damping can be determined in the airfoil

chord direction as:
C,=0.5*c*p*(UW)*[Cp*(2*U*+V?)/U-V*(6Cp/da)-V*C +(VA/U)*(8C /o)),
and orthogonal to the airfoil chord direction it is determined as:
C,=0.5*c*p*(UW)*[Cp*(U*+2*V)/U+V*(6Cp/da)+V*C +U*(8C /ow)],

where ¢ is the chord length [m], p is the fluid density [kg/m’], U and V is the velocity in
chord direction and orthogonal to chord direction, respectively [m/s], W = (U*+V?)* [m/s],
C. and Gy, is the lift and drag coefficient [-], respectively and o is the angle of attack
[Radians].

For wind turbine applications it is important that the sum of aerodynamic damping in the
chord direction and/or orthogonal to the chord direction and the structural damping of the
blade in chord direction and/or orthogonal to the chord direction are positive. If the sum of
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the aerodynamic and structural damping is negative then vibrations will grow and the
turbine might break down. Since the aerodynamic damping for airfoil sections or blades
such as wind turbine blades has a minimum in stalled conditions it is important to
maximise the damping in stalled conditions to avoid that the total damping is negative. In
the design of the airfoil shape or part of the airfoil shape the following set up for the

optimisation should be as follows:

- The objective function, which is to maximise the efficiency of the airfoil such as a linear
combination of the lift-drag-ratio at several angles of attack where the airfoil is not stalled
or alternatively where the airfoil is below maximum lift, for instance 2° and 10° angles of
attack,

- The design variables, which are the points describing the airfoil or part(s) of the airfoil
and

- The constraints, which is

- 1) The first, second or even third derivative of the airfoil contour in the vicinity of the
intersection between the modified part of the airfoil and the existing airfoil so that the
intersection is smooth and continuos,

- 2) Damping in chord direction and damping in the direction orthogonal to the chord at
different angles of attack after maximum lift, with an aerodynamic damping coefficient in
the chord direction and/or orthogonal to the chord direction as mentioned above which is
greater than the damping coefficient in the same directions for the existing airfoil and/or
blade for which the modification is/modifications are designed. Damping in chord direction

is expressed as:
Cy=0.5*c*p*(UN)*[Cp*(2*U%+V?)/U-V*(8Cp/da)-V*C +(VZ/U)*(8C /61r)]
and in the direction orthogonal to the chord it is expressed as:
C,=0.5*c*p*(U/W)*[Cp*(U*+2*V?)/U+V*(8Cp/0)+V*C +U*(8C /o],
where c is the chord length, is the fluid density, U and V is the velocity in chord direction
and orthogonal to chord direction, respectively, W = (U>+V3)* , C, and Cj is the lift and

drag coefficient, respectively and o is the angle of attack. The minimum damping of Cx

versus a and/or Cy versus o should be increased compared to the airfoil to be modified.
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Thus, the aerodynamic damping for the airfoil to be modified should be calculated so that

the damping can be forced to higher values in the optimisation of the modified airfoil.

To investigate the aerodynamic damping in stalled conditions, a flow solver is used which
can predict the flow in stalled conditions well so that lift and drag in stall can be
determined. The investigation of the aerodynamic damping should be carried out for

angles of attack greater than maximum lift.

Modification of airfoil sections or blades

In the following different examples of airfoil sections designed by the present method will
be presented. The examples originate from actual designs of wind turbines utilising a
NACA 63-4nn basis airfoil section and a NACA 63-2nn basis airfoil. As it is common
practice within the field of wind turbines the blades of the turbine have different airfoil
section shapes at different locations on the blade.

MODIFIED NACA 63-4nn AIRFOILS

In the present example three different airfoil sections are considered which all belong to
the NACA 63-4nn basis, namely a NACA 63-415, a NACA 63-416 and a NACA 63-417
airfoil. Even though the flow past the blade in general comprises three-dimensional flow
effects each of the airfoil section is considered alone and modified using a two-

dimensional approach.

In Table 1 co-ordinates of the three different aerodynamic devices are tabulated as x-co-
ordinate and y-co-ordinate. As it is common practice, the co-ordinates are normalised by
the chord-length of the airfoil. (The basic shape of the airfoil sections are standard NACA
63-415, 416 and 417 airfoil sections and co-ordinates of those are therefore not presented

as these may be found in the literature).

63-415 63-415 63-416 63-416 63-417 63-417
X Y X Y X Y
0.135642 -0.044608 0.101028  -0.043183 0.090556 -0.044150
0.123689 -0.043393 0.090444  -0.041761 0.080452 -0.042597
0.112180 -0.042208 0.080342  -0.040385 0.070840 -0.041126
0.101128 -0.040993 0.070734  -0.038977 0.061732 -0.039640

0.090547 -0.039715 0.061631  -0.037519 0.053137 -0.038084
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0.080448 -0.038408 0.053044  -0.036045 0.045065 -0.036522

0.070845 -0.037078 0.044982  -0.034558 0.037526 -0.034952

0.061747 -0.035727 0.037453  -0.033000 0.030529 -0.033288

0.053166 -0.034323 0.030467  -0.031406 0.024083 -0.031624

0.045110 -0.032881 0.024034  -0.029800 0.018200 -0.029974

0.037590 -0.031415 0.018165 -0.028188 0.012885 -0.028226

0.030613 -0.029927 0.012865  -0.026492 0.008122 -0.026490

0.024190 -0.028386 0.008120  -0.024808 0.003910 -0.024780

0.018331 -0.026796 0.003932  -0.023139 0.000263 -0.023038

0.013041 -0.025197 0.000310  -0.021500 -0.002808 -0.021168

0.008311 -0.023601 -0.002738  -0.019679 -0.005326 -0.019259

0.004138 -0.022022 -0.005235  -0.017791 -0.007307 -0.017361

0.000533 -0.020385 -0.007197  -0.015882 -0.008786 -0.015187
-0.002495 -0.018693 -0.008660  -0.014016 -0.009929 -0.012606
-0.004969 -0.016939 -0.009789  -0.011653 -0.010457 -0.009082
-0.006904 -0.015153 -0.010303  -0.008828 -0.010091 -0.006434
-0.008333 -0.013291 -0.009922  -0.005496 -0.008999 -0.002781
-0.009410 -0.011027 -0.008811  -0.001784 -0.007221 0.001536
-0.009873 -0.008240 -0.007013 0.002433 -0.004777  0.005779
-0.009458 -0.005356 -0.004547 0.006438 -0.001698 0.010178
-0.008321 -0.002018 -0.001444 0.010552 0.002020 0.014796
-0.006502 0.001868 0.002297 0.014855 0.006380 0.019499
-0.004018  0.005670 0.006675 0.019247
-0.000900 0.009622 0.011679 0.023519

0.002853 0.013780

0.007241 0.018112

0.012253 0.022414

TABLE 1: Co-ordinates of aerodynamic devices for NACA 63-415, 63-416 and 63-417

airfoils.

5 The first aerodynamic device for NACA 63-415 tabulated in Table 1 is also depicted in
Fig. 2 and 3 together with the non-modified airfoil section, so as to render the modification

more visible.
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It is quite interesting to see that the modification to be applied to the airfoil section is
focused at the leading edge and the lower side of the airfoil section. One could be led to
the conclusion that, as the problem with leading edge separation originate at the suction
side of the airfoil section, the cure to the problem should also be focused here. But this is,

as shown in this situation, not always the case.

As only three sections of the blade in the present example have been modified by the
method according to the present invention, the remaining sections, i.e. the sections laying
between the sections modified, of the biade also need to be modified. Several ways to

modify these sections are provided by the method according to the present invention.

One way is to use an interpolation between the co-ordinates of the modified airfoil
sections with respect to the distance between these two airfoil sections. Typically
interpolations such a linear and cubic interpolations are used. In order to assure that the
actual modified blade will not produce double stall, the sections, which result from the
interpolations, may be controlied by the method according to the present invention, i.e. the
positions of the transition points are evaluated. Furthermore, the modified total blade may

be numerically evaluated in one or more full three-dimensional calculations.

Measurements on the NACA 63-415 airfoil and the modified airfoil show different
improvements. As shown in Fig. 4 the lift-drag ratio measured as the lift coefficient C_
divided by the drag coefficient Cp just before stall and in stall is improved for an airfoil with
smooth surface. in Fig. 5 the sensitivity to leading edge roughness is shown. It is seen
that the modified airfoil with leading edge roughness on the pressure side has a minor
reduction in maximum lift compared to the existing NACA 63-415 airfoil, while the existing
NACA 63-415 airfoil with leading edge roughness has a severe reduction in maximum lift.
An improvement of the variations of the aerodynamic loads are seen in Fig. 6, where
especially the standard deviation of the drag has improved dramatically. The improvement
is probably due to the avoidance of double stall which appeared on the NACA 63-415
airfoil shown in Fig. 7. Here two levels of the drag coefficient is seen for a fixed angle of

attack of 20.7°.

MODIFIED NACA 63-2nn AIRFOILS
In the present example two different airfoils are considered which all belong to the NACA
63-2nn basis, namely a NACA 63-215 and a NACA 63-216 airfoil. Even though the flow
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past the blade in general comprises three-dimensional flow effects each of the airfoils is

considered alone and modified using a two-dimensional approach.

in Table 2 co-ordinates of the two different aerodynamic devices are tabulated as x-co-
ordinate and y-co-ordinate. As it is common practice, the co-ordinates are normalised by
the chord-length of the airfoil. (The basic shape of the airfoils are standard NACA 63-215

and 216 airfoils and co-ordinates of those are therefore not presented as these may be

found in the literature).

63-215 63-215 63-216 63-216

X Y X Y
0.112627 -0.047403 0.101549  -0.048604
0.101586 -0.045625 0.090983  -0.046532
0.091021 -0.043887 0.080905  -0.044591
0.080945 -0.042089 0.071328  -0.042656
0.071370 -0.040238 0.062264  -0.040670
0.062307 -0.038317 0.053721  -0.038610
0.053768 -0.036350 0.045712  -0.036489
0.045762 -0.034339 0.038244  -0.034332
0.038298 -0.032291 0.031327  -0.032150
0.031385 -0.030217 0.024971  -0.029958
0.025033 -0.028128 0.019183  -0.027778
0.019251 -0.026045 0.013972  -0.025633
0.014045 -0.023989 0.009332  -0.023469
0.009412 -0.021917 0.005267  -0.021231
0.005354 -0.019771 0.001785  -0.018922
0.001880 -0.017545 -0.001110  -0.016586
-0.001004 -0.015282 -0.003425 -0.014273
-0.003309 -0.013028 -0.005170  -0.012061
-0.005039 -0.010811 -0.006361  -0.009652
-0.006213 -0.008666 -0.007087  -0.006797
-0.006913 -0.006032 -0.007200  -0.006274
-0.007000 -0.002987 -0.006551  -0.000535
-0.006334  0.000367 -0.005232 0.002997
-0.005002 0.003575 -0.003264 0.006352
-0.003023 0.006705 -0.000659 0.009856
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-0.000410  0.009926 0.002566 0.013463
0.002822 0.013219 0.006409 0.017186
0.006671  0.016580 0.010867 0.020989

0.011135 0.019990
0.016204  0.023446

TABLE 2: Co-ordinates of aerodynamic devices for NACA 63-415, 63-416 and 63-417

airfoils.

The first aerodynamic device for NACA 63-215 tabulated in Table 2 is also depicted in
Fig. 8 together with the non-modified airfoil, so as to render the modification more visible.

It is quite interesting to see that the modification to be applied to the airfoil is focused at
the leading edge and the lower side of the airfoil as it was the case with the modification
of the NACA 63-415 airfoil. As for the modification of the NACA 63-415 airfoil one could
be led to the conclusion that, as the problem with leading edge separation originate at the
suction side of the airfoil, the cure to the problem should also be focused here. But this is,

as shown in this situation, not always the case.

As only two sections of the blade in the present example have been modified by the
method according to the present invention, the remaining sections, i.e. the sections laying
between the sections modified, of the blade also need to be modified. Several ways to

modify these sections are provided by the method according to the present invention.

One way is to use an interpolation between the co-ordinates of the modified airfoils with
respect to the distance between these two airfoils. Typically interpolations such a linear
and cubic interpolations are used. In order to assure that the actual modified blade will not
produce double stall, the sections, which result from the interpolations, may be controlled
by the method according to the present invention, i.e. the positions of the transition points
are evaluated. Furthermore, the modified total blade may be numerically evaluated in one

or more full three-dimensional calculations.

It should however be mentioned, that the method for designing airfoils according to the
present invention may also make use of a full three-dimensional calculation, whereby the

need for the interpolation etc. are avoided - the method may utilise three-dimensional
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calculations where three-dimensional effects may not be neglected and utilise two-
dimensional calculation where the three-dimensional effects may be neglected and apply

interpolation at the interface between these regions.

Implementation of the modifications

In the following a description of implementation of the modifications according to the
present invention is presented. Even though the modifications earlier are termed as a
device, this should not be construed to only comprising a device which is to be attached to
a wing, but also to comprise for instance a change of the blades geometry provided by
adding or removing material to and/or from the blades in general. It is to be noted that it is
the shape of the outer surface of the aerodynamic devices, i.e. the surface being
contacted with the fluid, that provides the improved flow qualities. The interior of the

devices may for instance preferably be made hollow in order to save weight.

The following items describe a non exhaustive list of preferred embodiments of

implementation of modifications:

= An aerodynamic device shaped as a rubber sheet having the outer form of the
modifications - the modifications needed in order to modify a blade may be similitude
so that compression and/or extraction of the rubber sheet having a basic modification

shape may provide the correct modification.

= An aerodynamic device provided by filling and/or adding material to the blades. This
may preferably be provided by first providing islands of material giving the contour of
the modification and secondly providing material filling the volume between the
islands. The material is preferably a material which hardens after application.

* An aerodynamic device provided by removal of material from the blades.

* An aerodynamic device being pre-fabricated.

* A two-dimensional aerodynamic device (for instance extruded) in a flexible (or plastic)

material such as rubber or non-plastic material such as glass fibre, aluminium or steel.
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Thus, the device geometry will be some average of the modifications for each of the

selected airfoil sections.

Changes in the device producing the shape of the blade (for instance a mould)
according to modifications. Thus, the modifications are no longer presented by
devices, but by altering the geometry of new blades. This corresponds to a new airfoil
design. '

Device produced (for instance in a mould) to fit the original geometry of the blade
having the outer form of the modifications. The material can be either an elastic
material such as rubber or a non-elastic material such as glass fibre, aluminium or
steel.

Device produced to fit the original geometry of the blade. A part of the leading edge
part of the original blade is removed and the new device is mounted instead of the
removed part of the blade. This ensures higher tolerances at the leading edge
geometry. This kind of device also can be used for blades which is modified just to

ensure higher tolerances for this geometry.

BRIEF EXPLANATION OF CERTAIN TERMS

In the present context a number of terms have been used. These terms are believed to be

used in a manner not contradicting with the normal perception of the meaning of these

terms. Anyhow, in order to avoid any misunderstandings brief explanations of some used

terms are given below a blade is a three-dimensional structure

an airfoil section is in general a cross section of a blade and is thereby a two-
dimensional structure. Within the field of technology related to the present
invention, said two-dimensional structure is often considered as a quasi two-
dimensional structure in the sense that the extension of the structure normal to the
cross section normally to is considered infinite. Thus, it is common practice to refer
to the limiting contour of an airfoil section as a surface, for instance reference is
often made to "the suction surface" or “suction side” of an airfoil section even
though such section strictly speaking is only two-dimensional having no surface.
the term airfoil is used for short to indicate that both a blade and an airfoil section
is considered.

airfoil flow is the flow past a blade or an airfoil section
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bursting of a leading edge separation bubble is a break down of a leading edge
separation bubble and results in leading-edge stall

before/after stall means for angles of attack below/above the angle of attack at
which stall appears.

before/after maximum lift means for angles of attack below/above the angle of
attack at whichmaximum lift appears.

smooth and continuous in connection with surfaces or contours exposed to a
streaming fluid is preferably used to denote surfaces or contours being smooth
and continuos in fluid dynamical sense. When such surfaces are modelled or
described by mathematical terms, it is often a mean surface or contour that is
being modelled or described and in this case the smoothness and continuousness
may preferably be quantified by first, second and optionally third derivatives being
smooth and continuos, preferably in mathematical sense. Thus, in all cases,
bumps and edges are not expected on the airfoil section or biade if the contour or
surface and its derivatives are continuous. Typically, when designing airfoil
sections or blade, "smooth and continuos" is implemented as mathematical
continuos, that is the airfoil section is per definition smooth, unless smoothness is
modelled.

smooth airfoil or smooth blade means that no bugs, ice, dust or other kind of
material which changes the roughness is accumulated on the surface. However, a
smooth airfoil or smooth blade do not have to be hydraulically smooth in technical
terms but as smooth as the manufacturing allows.

Efficiency of an airfoil or blade means for wind turbine use that the driving force is
maximal. The driving force is the force acting in the rotor plane and tangential to
the radius and drives the rotor. The lift-drag ratio is often used as a measure of the

efficiency.
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CLAIMS

1. A modified wind turbine airfoil section comprising an airfoil section and a contour
modification thereto, said modified airfoil section being characterised in that the first, the
second and optionally the third derivative of the outer contour of the contour modification

are smooth and continuos, such as substantially smooth and continuos.

2. A modified airfoil section according to claim 1, wherein the first, the second and
optionally the third derivative of the contour of the modified airfoil section are smooth and
continuos, such as substantially smooth and continuos, except at the trailing edge of the

airfoil.

3. A modified airfoil section according to claim 1 or 2, wherein the angle between the
suction surface and the chord line evaluated substantially 2% chord length behind the
leading edge is larger than 32°, preferably larger than 33°, such as larger than 34°, in
some situations preferably larger than 35° and even preferably larger than 36°, preferably
larger than 37°, such as larger than 38°, preferably larger than 39° and most preferably

larger than 40° preferably.

4. A modified airfoil section according to any of the claims 1-3, wherein the suction side
free transition point is located upstream of the transition point which tricks bursting of a
leading edge separation bubble, said transition points being preferably evaluated at a
Reynolds number between 1,000,000 and 20,000,000

5. A modified airfoil section according to claim 4, wherein the suction side free transition
point is located more than 0.25 % chord length, preferably more than 0.5 % chord length,
such as more than 1 % chord length, preferably more than 1.5 % chord length, in some
situations more than 2 % chord length, and even more than 3% chord length, preferably
more than 5% chord length, such as more than 7 % chord length, preferably more than
8.5 % chord length, and even more than 10 % chord length upstream of the transition
point which tricks bursting of a leading edge separation bubble, preferably being
evaluated close to or at maximum lift, such as at angles of attack between 2° before and
4° after maximum lift and preferably being evaluated at a Reynolds number between
1,000,000 and 20,000,000.
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6. A modified airfoil section according to claim 1 or 2, wherein the suction side free
transition point is located less than 10 % chord length, preferably less than 8.5 % chord
length, such as less than 7 % chord length, preferably less than 5 % chord iength, in
some situations less than 3 % chord length, and even less than 2% chord length,
preferably less than 1.5% chord length, such as less than 1 % chord length, preferably
less than 0.5 % chord length, and even less than 0.25 % chord length from the leading
edge, preferably being evaluated around or at maximum lift, such as at angles of attack
between 6° before and 6° after maximum lift and preferably being evaluated at a Reynolds
number between 1,000,000 and 20,000,000.

7. A modified airfoil section according to claim 1 or 2, wherein the modified airfoil section
has a lift-drag ratio being higher than the airfoil without the contour modification, said lift
drag-ratio being preferably evaluated in an interval ranging from 8 degrees angles of

attack before stall to maximum lift.

8. A modified airfoil section according to claim 8, wherein the lift-drag ratio of the modified
airfoil section has a lift drag ratio being larger than 20, such as larger than 50, preferably
larger than 60, such as larger than 75 and most preferably larger than 100, said lift drag-
ratio being preferably evaluated in an interval ranging from 5 degrees angles of attack

before stall to maximum lift.

9. A modified airfoil section according to claim 1 or 2, wherein the angle between the
suction surface and the chord line evaluated substantially 2% chord iength behind the
leading edge is larger than 32°, preferably larger than 33°, such as larger than 34°, in
some situations preferably larger than 35°% and even preferably larger than 36°, preferably
larger than 37°, such as larger than 38°, preferably larger than 39°, and most preferably

larger than 40°.

10. A modified airfoil section according to claim 9, wherein the suction side free transition
point is located more than 0.25 % chord length, preferably more than 0.5 % chord length,
such as more than 1 % chord length, preferably more than 1.5 % chord length, in some
situations more than 2 % chord length, and even more than 3% chord length, preferably
more than 5% chord length, such as more than 7 % chord length, preferably more than
8.5 % chord length, and even more than 10 % chord length upstream of the transition
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point which would trick bursting of a leading edge separation bubble, preferably being
evaluated close to or at maximum lift, such as at angles of attack between 2° before and
4° after maximum lift and said transition points being preferably evaluated at a Reynolds
number between 1,000,000 and 20,000,000.

11. A modified airfoil section according to claim 1 or 2, wherein normalised minimum
edgewise damping, c,, is greater than -2, preferably greater than —1.8, such as greater
than —1.6, preferably greater than —1.4, in some situations greater than —1.2, preferably
greater than —1.0 and even greater than —0.8 and wherein the normalised minimum
flapwise damping, c,, is greater than -6, preferably greater than -5, such as greater than -
4, preferably greater than -3, in some situations greater than -2, preferably greater than -
1 and even greater than 0, said damping being preferably evaluated at a Reynolds
number between 1,000,000 and 20,000,000 and preferably evaluated after maximum lift,
such as at angles of attack from maximum lift to 10° after maximum lift.

12. A modified blade for a wind turbine having at least one modified airfoil section

according to any of the preceding claims.

13. A modified blade for a wind turbine having at least one modified airfoil section
according to any of the claims 1-12 so that bursting of a leading edge laminar separation

bubble is avoided in at least the vicinity of the at least one airfoil section.

14. A modified blade for a wind turbine according to claim 12 or 13, wherein the contour

modification is provided by an aerodynamic device mounted on a blade.

15. A modified blade for a wind turbine according to claim 14, wherein the aerodynamic
device is shaped so that once mounted on a blade, the surface at least in the vicinity of

the intersections between the device and the blade are smooth and continuos.

16. A modified blade for a wind turbine according to claim 14 or 15, wherein the
aerodynamic device is shaped so that once mounted on a blade, the tangent to the
surfaces in the vicinity of the intersection(s) between the aerodynamic device and the

blade is(are) smooth and continuos.
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17. A modified blade for a wind turbine according to any of the claims 14-17, wherein the
aerodynamic device modifies a blade only the leading edge region or modifies

substantially only the leading edge region of a blade.

18. A modified blade for a wind turbine according to any of the claims 14-17, wherein the
blade on which the aerodynamic device is mounted is a blade having an inclination
towards leading edge laminar separation, such as producing a flow past the airfoil having
leading edge laminar separation at a Reynolds number preferably between 1,000,000 and
20,000,000 and at an angle of attack between 5° before maximum lift and 8° after

maximum lift.

19. A modified blade for a wind turbine according to any of the claims 12-18, wherein the
contour modification or aerodynamic device is provided by adding material, such as a

hardening material, to a blade.

20. A modified blade for a wind turbine according to any of the claims 12-19, wherein the
modification and/or aerodynamic device is/are made as a flexible sheet, such as a rubber

sheet and/or plastic sheet, having the form of the modification and/or aerodynamic device.

21. A modified blade according to any of the claims 12-20, wherein the contour
modification or aerodynamic device is made as a flexible sheet, such as rubber sheet or
plastic sheet, being substantially uniform in one direction, so that the modifications
needed in order to modify a blade is provided by compression and/or extraction of the

flexible sheet.

22. A modified blade according to any of the claims 12-21, wherein the contour
modification or aerodynamic device is made as an pre-fabricated device to be attached to

a blade

23. A blade according to any of the claims 12-22, wherein the contour modification or the
aerodynamic device is pre-fabricated by extruding in a flexible material such as rubber,
plastic or non-plastic material such as glass fibre, aluminium or steel, whereby the device
geometry will be some average of the modifications for each of the selected airfoil

sections.
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24. A method of modifying by use of a computer system the shape of a blade or an airfoil

section, in which method a design set-up has been provided in terms of

- an objective function to be minimised representing the negative efficiency of the
airfoil section or blade, such as representing lift-drag ratios and/or the driving
force, at least at one angle of attack,

- design variables representing points on at least a part of the airfoil section or of the
blade,

- geometrical constraint(s) stipulating that each geometrical modification to the
airfoil section or to the blade determined by the method must be so that the first,
the second and optionally the third derivative of the airfoil section contour or blade
contour in at least in the vicinity of the intersection between the modification of the
airfoil section or the blade and the non-modified part of the airfoil section of blade
are smooth and continuos, such as substantially smooth and continuos,

- aerodynamically constraint(s), such as constraints interrelating the distance
between the free transition point and the transition point which trick bursting of a
leading edge separation bubble, eventually expressed in term of geometrical
constraint(s),

which method comprising the steps of

a) providing an initial shape of the airfoil section or blade,

b) simulating such as calculating a number of flows past the airfoil section or blade

necessary to evaluate the aerodynamically constraints,

c) and if the aerodynamically constraints is not fulfilled then the initial shape of the airfoil

section or blade is modified by modifying the design variables based on minimisation of

the objective function and respecting geometrical constraints, thereby providing a new
shape of the airfoil section or blade, and repeating steps b) and c) based on the new
shape of the airfoil until the objective function is minimised thereby providing a medified

airfoil.

25. A method according to claim 24, wherein the geometrical constraint(s) stipulates or
further stipulates that each geometrical modification to the airfoil section or to the blade
determined by the method must have smooth and continuos, such as substantially

smooth and continuos first, second and optionally third derivatives.

26. A method according to claim 24 or 25, wherein the geometrical constraint(s) stipulates

or further stipulates that the contour of the modified airfoil section or the contour of the
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modified blade determined by the method must have smooth and continuos, such as
substantially smooth and continuos, first, second and optionally third derivatives except at

the trailing edge.

27. A method according to any of the claims 24-26, wherein the aerodynamically
constraint(s) stipulates or further stipulates that the free transition point is located

upstream of the transition point that tricks bursting of a leading edge separation bubble.

28. A method according to claim 27, wherein the aerodynamically constraint(s) stipulates
that the free transition point is to be located more than 0.25 % chord length, such as more
than 0.5% chord length, preferably more than 1% chord length, such as more than 1.5 %
chord length, preferably more than 2% chord length of the chord length upstream of the
transition point which trick bursting of a leading edge separation bubble, preferably
evaluated close to or at maximum lift, such as at angles of attack between 2° before and

4° after maximum lift.

29. A method according to any of the claims 24-28, wherein the aerodynamically

constraint(s) stipulates or further stipulates attached suction side flow.

30. A method according to any of the claims 24-29, wherein the aerodynamically
constraint(s) is(are) expressed in terms of geometrical constraint(s) as the angle between
the suction surface and the chord line evaluated at substantially 2% chord length behind
the leading edge to be larger than 32°, preferably iarger than 33° such as larger than 34°,
in some situations preferably larger than 35°, and even preferably larger than 36°,
preferably larger than 37°, such as larger than 38°, preferably larger than 39°, and most
preferably larger than 40° preferably.

31. A method according to any of the claims 24-30, wherein the objective function
stipulates or further stipulates maximisation of the efficiency such as the lift-drag-ratio,

such as at the angles between zero lift and maximum lift, e.g.-3° to 13° angles of attack.

32. A method according to any of the claims 24-26, wherein aerodynamic constraint(s)
stipulates or further stipulates that the suction side free transition point must be located
less than 10 % chord length, preferably less than 8.5 % chord length, such as less than 7
% chord length, preferably less than 5 % chord length, in some situations less than 3 %
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chord length, and even less than 2% chord length, preferably less than 1.5% chord length,
such as less than 1 % chord length, preferably less than 0.5 % chord length, and even
less than 0.25 % chord length from the leading edge, preferably being evaluated around
or at maximum lift, such as at angles of attack between 6° before and 6° after maximum
lift.

33. A method according to claim 32, wherein the objective function stipulates or further
stipulates maximisation of the lift-drag-ratio, such as at or between 2° and 10° degrees
angles of attack, preferably at or between the angles of attack showing zero lift and

maximum lift.

34. A method according to any of the claims 24-26, wherein the objective function
stipulates or further stipulates maximisation of the lift-drag-ratio, such as at or between 8°
and 12° degrees angles of attack, preferably at or between 8° angle of attack before

maximum lift and the angle of attack showing maximum lift.

35. A method according to any of the claim 24-26, wherein aerodynamically constraint(s)
is(are) expressed in terms of geometrical constraint(s) as the angle between the suction
surface and the chord line evaluated substantially 2% chord length behind the leading
edge must larger than 32°, preferably larger than 33°, such as larger than 34°, in some
situations preferably larger than 35°, and even preferably larger than 36°, preferably larger
than 37°, such as larger than 38°, preferably larger than 39°, and most preferably larger
than 40°.

36. A method according to claim 35, wherein the aerodynamically constraint(s) stipulates
or further stipulates that the free transition point is located downstream of the transition

point that tricks bursting of a leading edge separation bubble.

37. A method according to claim 36, wherein the aerodynamically constraint(s) stipulates
or further stipulates that the free transition point, is located more than 0.25 % chord
length, preferably more than 0.5 % chord length, such as more than 1 % chord length,
preferably more than 1.5 % chord length, in some situations more than 2 % chord length,
and even more than 3% chord length, preferably more than 5% chord length, such as
more than 7 % chord length, preferably more than 8.5 % chord length, and even more
than 10 % chord length upstream of the transition point which would trick bursting of a
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leading edge separation bubble, preferably evaluated close to or at maximum lift, such as

at angles of attack between 2° before and 4° after maximum lift.

38. A method according to any of the claims 35-37, wherein the objective function
stipulates maximisation of lift-drag-ratio such as at or between 2° and 10° degrees angies

of attack, preferably at or between the angles of attack showing zero lift and maximum lift.

39. A method according to any of the claims 24-26, wherein the aerodynamic constraint(s)
stipulates or further stipulates that the normalised minimum edgewise damping, ¢y, should
be greater than -2, preferably greater than —1.8, such as greater than —1.6, preferably
greater than —1.4, in some situations greater than —1.2, preferably greater than —1.0 and
even greater than —0.8. and wherein the normalised minimum flapwise damping, c,,
should be greater than -6, preferably greater than -5, such as greater than -4, preferably
greater than -3, in some situations greater than -2, preferably greater than —1 and even

greater than 0.

40. A method according to claim 39, wherein the objective function stipulates or further
stipulates maximisation of lift-drag-ratio such as at or between 2° and 10° degrees angles

of attack.
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