wO 2008113349 A2 |10 00 00 N0 R

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization Vd”Ij

) IO O T O 0 O

International Bureau

(43) International Publication Date
25 September 2008 (25.09.2008)

(10) International Publication Number

WO 2008/113349 A2

(51) International Patent Classification: Not classified
(21) International Application Number:
PCT/DK2008/000102

(22) International Filing Date: 13 March 2008 (13.03.2008)

(25) Filing Language: English

(26) Publication Language: English
(30) Priority Data:

PA 2007 00428 20 March 2007 (20.03.2007) DK

(71) Applicant (for all designated States except US): VESTAS
WIND SYSTEMS A/S [DK/DK]; Alsvej 21, DK-8900
Randers (DK).

(72) Inventor; and

(75) Inventor/Applicant (for US only): GODSK, Kristian,
Balschmidt [DK/DK]; Blegdamsvej 22, 3. th., DK-2200
Kobenhavn (DK).

(74) Agent: PATENTGRUPPEN A/S; Arosgaarden, Aaboule-
varden 31, DK-8000 Aarhus C (DE).

(81)

(34)

Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AOQ, AT, AU, AZ,BA, BB, BG, BH, BR, BW, BY, BZ, CA,
CH, CN, CO, CR, CU, CZ, DE, DK, DM, DO, DZ, EC, EE,
EG, ES, FI, GB, GD, GE, GH, GM, GT, HN, HR, HU, ID,
1L, IN, IS, JP, KE, KG, KM, KN, KP, KR, KZ, LA, LC,
LK, LR, LS, LT, LU, LY, MA, MD, ME, MG, MK, MN,
MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM, PG, PH,
PL, PT, RO, RS, RU, SC, SD, SE, SG, SK, SL, SM, SV,
SY, TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN,
ZA, 7M, 7ZW.

Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI,
FR, GB,GR, HR, HU, IE, IS, IT, LT, LU, LV, MC, MT, NL,
NO, PL, PT, RO, SE, SI, SK, TR), OAPI (BF, BJ, CF, CG,
CIL, CM, GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Published:

without international search report and to be republished
upon receipt of that report

(54) Title: SLOW ROTATING WIND TURBINE ROTOR WITH SLENDER BLADES

Fig. 6

~

I

N

(57) Abstract: An advantageous new design of a wind turbine designed to a slow rotation of the rotor is obtained by providing
one, two or more parallel rows of sub-boundary layer vortex generators, whereby a blade is obtained, which is resistant to stall and
provides for a high maximum lift coefficient Cp j,y of the blades and a slender blade design, a low so-called radius specific solidity
of the rotor. The very high lift coefficient C allows for an advantageous new design of a rotor operated with a low tip speed of
the blades, which reduces the generation of aerodynamic noise. The row or rows of sub-boundary layer vortex generators are in a
preferred embodiment of the invention provided in combination with Gurney Flaps generating a very high lift coefficient Cy with a

relative gentle stall at very high angle of attack.
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SLOW ROTATING WIND TURBINE ROTOR WITH SLENDER BLADES

The present invention relates to a wind turbine designed to a slow rotation of the -
rotor, wherein the provision of vortex generators on the blades allows for an
advantageous new design of a rotor operated with a low tip speed of the blades which

reduces the generation of aerodynamic noise.
BACKGROUND

Reduction of the tip speed of the rotor blades in order to decrease the generation of
aerodynamic noise from the blades, in particular from the generation of a tip vortex,
is known in the art. However, in order to maintain the power production of the wind
turbine, the chord length of the blades is increased which causes a higher lift but at

the same time increases the tendency to fatigue damages of the blades.

Application of vortex generators on wind turbine blades is also well known in the art.
The use of vortex generators on wind turbine blades to counteract flow separation
and stall is disclosed in WO 00/15961 (LM Glasfiber) showing the use of vortex
generators along the whole span of the blade or at the tip end thereof, the vortex
generators being of a generally triangular shape and extending from the suction side

of the blades to a height of 0.01 to 10%, preferably 0.25 to 6% of the chord length.

Also in WO 01/164482 (Stichting) wind turbine blades provided with vortex
generators on the suction side and/or on the pressure side are disclosed. The
preferred height of the vortex generators is disclosed as about 1% of the chord length
and the purpose of the vortex generators is to prevent the occurrence of sudden stall

during gusts of wind causing loss of production and vibrations.

In WO 2006/122547 (Vestas) yet another disclosure is made of wind turbine blades

with vortex generators, in this case for a pitch controlled wind turbine, with the

CONFIRMATION COPY
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purpose of reducing the emission of noise during stall. The height of the vortex

generators is disclosed to be between 0.01% and 5% of the chord length.

Thus, the provision of vortex generators, including micro vortex generators to wind
turbine blades is well known in the art with the purpose of reducing noise emission
and preventing stall as well as making the occurrence of stall more gentle and
predictable. The fact that vortex generators increases the drag coefficient of the blade
and thus reduces the power production of the wind turbine delimits the actual use of

vortex generators on wind turbine blades.

BRIEF DESCRIPTION OF THE PRESET INVENTION

With the present invention it has been realised that an advantageous new design of a
wind turbine blade and rotor may be obtained by providing two or more parallel rows
of micro or sub-boundary layer vortex generators, whereby a blade is obtained,
which is resistant to stall and provides for a high maximum lift coefficient C max of
the blades and a slender blade design, a low so-called radius specific solidity of the
rotor. Thereby, a rotor suitable for slow rotation, i.e. for a low tip speed of the blades
is provided with a potential for reducing the emission of aerodynamic noise from the

wind turbine while maintaining a reasonable power production.

According to common wind turbine design, the chord length and thereby the radius
specific solidity of the rotor is increased when the rotor design is adjusted to
compensate for a reduction in the angular speed of the rotor and thus the tip speed of
the blades, by increasing the chord length of the blade and thereby the lift, but at the
same time, the risk of fatigue damages to the blades is increased wit increasing chord

length.

The concept of micro vortex generators has previously been tested e.g. on airplane

flaps and showed that very small vortex generators with a height of about 0.2 % of
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airfoil chord length could increase the maximum Cp with only a small increase in
airfoil drag coefficient Cp determining the aerodynamic resistance of the airfoil. By
combining the micro vortex generators in rows at different chord position e.g. 20%
and 50% and possibly also at 70%, it has been found that the maximum Ilift
coefficient C, can be increased to extremely high values and the stall will to a large
extend be avoided and when it occurs, it will start more gentle as compared to only
one row of larger vortex generators with a much smaller increase in airfoil drag
coefficient Cp as compared to only on row of larger vortex generators of a height
sufficiently to obtain similar results in the increase of the maximum lift coefficient

CL,max-

By the term height is herein understood a maximum height of the vortex generator in
a direction perpendicularly away from the surface of the blade at the position where

the vortex generator in question is arranged.

The low height of the vortex generators, where they do not extend through the whole
of the boundary layer, reduces the induced drag from the vortex generators, which
makes it feasible also to apply the vortex generators to the outer part of the blade,
where the relative wind velocity and thereby the possible induced drag is highest. By
the provision of two or three parallel rows of vortex generators, the positive effect of
the vortex generators on the aerodynamic characteristics of the blade is obtained, and

an advantageous new wind turbine blade design is reached.

The provision of the vortex generators on the blades according to the invention
results in an increased maximum lift coefficient Cpmax of the blade due to the
reduction in tendency to separation of the flow over the blade, i.e. the tendency to
stall, caused by the effect of the vortex generators, which allows a blade to operate
with a higher angle of attack (AoA) without the occurrence of stall. The vortex
generators also makes it possible to employ blades having a high lift profile as the

ones disclosed in WO 2007/010329 and obtain a very high maximum lift coefficient
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CL max Of the blade when operating the blade at high angles of attack. The magnitude
of the maximum lift coefficient Ci . of the blade will generally depend on the
design of the vortex generators, the number of consecutive rows of vortex generators
as well as the design of the blade profile. The operation of wind turbine with blades
of high lift and low solidity as disclosed in WO 2006/090215 may also be improved

by the application of the present invention.

The present invention in all its aspects as presented herein may be applied to all sizes
of wind turbine blades and rotors, but it is particularly advantageous to apply the
invention to rotor blades of a length exceeding 30 meters and to wind turbine rotors
exceeding a rotor diameter of about 60-63 meters, as the relative wind speed
experienced by the outer part of the blades will be high and therefore more exposed
to problems involving separation of the flow over the blades, i.e. to stall which
generates noise but the generated aerodynamic noise from the blades depends to a
large extend on the relative wind speed experienced by the blade. Furthermore, the
larger wind turbines, i.e. having rotor blades of a length exceeding 30 meters and
wind turbine rotors exceeding a rotor diameter of about 60-63 meters are much more
vulnerable to aerodynamic loads and the positive effect of applying the present

invention is much more pronounced than for smaller wind turbines.

Thus, the present invention relates in a first aspect to a wind turbine having a rotor
with at least two blades, each blade comprising

a first row of vortex generators arranged in the longitudinal direction of the
blade on a suction side thereof, wherein the height of said vortex generators in a
direction away from the surface of the blade is within the range of 0.1% to 0.65%,
preferably 0.15 % to 0.35 % of the chord length of the blade, and

a second row of vortex generators arranged in the longitudinal direction of the
blade on a suction side thereof, wherein the height of said vortex generators in a
direction away from the surface of the blade is within the range of 0.1% to 1%,
preferably 0.15 % to 0.5 % of the chord iength,
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wherein the first and second row of vortex generators are provided along at least
10% of the longitudinal extend of the blade, and the second row of vortex generators
extends at a chord wise distance from the leading edge in the range from 20 % to 50
% of the chord length further away from the leading edge than the first row of vortex
generators, the wind turbine furthermore comprises control means for controlling the
operation of the wind turbine, the control means including means for controlling the
rotational speed of the rotor so that the tip speed under normal operation does not
exceed a predetermined value, said value being

below 70 m/s, preferably below 65 m/s for a wind turbine having a rotor
diameter between 80 meters and 100 meters,

below 75 m/s, preferably below 70 m/s for a wind turbine having a rotor
diameter between 100 meters and 120 meters, and

below 80 m/s, preferably below 75 m/s for a wind turbine having a rotor

diameter between 120 meters and 160 meters.

By normal operation is understood operation at wind speeds where the wind turbine
produces its rated power output, normally from a wind speed in the range of 10-15
m/s and until the cut-out wind speed, where the operation of the wind turbine is

halted for safety reasons, typically around 25 m/s.

By providing the blades with the two rows of vortex generators, the blades may be
operated at a higher angle of attack and thereby at a higher lift coefficient with only a
small increase in drag forces, which means that the wind turbine having a slow
rotating rotor may be operated with a high production and at the same time relatively

low loads on the blades and a very low noise emission from the blades.

The second row of vortex generators may extend further away from the blade surface
than the first row in that the thickness of the boundary layer generally is higher at the

position of the second row and the drag induced by the second row of vortex
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generators therefore is sufficiently low even if it is higher than the first row of vortex

generators.

The rows of vortex generators may be applied at any position on the blade,
depending on the design of the blade and its acrodynamic properties. In a preferred
embodiment, the rows of vortex generators are provided along the outer half part of
the longitudinal extend of the blade, i.e. along at least 20% of the outer half part,
preferably at least 30% and most preferred along at least 50% of the outer half part of
the blade.

The first row of vortex generators extends preferably at a chord wise distance from
the leading edge in the range from 10 % to 40 %, more preferred in the range from
15 % to 35 % of the chord length. _
The second row of vortex generators extends preferably at a chord wise distance
from the leading edge in the range from 30 % to 70 % and more preferred in the

range from 40 % to 60 % of the chord length.

In a particularly preferred embodiment of the present invention, the wind turbine
further comprises

a third row of vortex generators arranged in the longitudinal direction of the
blade on a suction side thereof and provided along said at least 10% of the
longitudinal extend of the blade, i.e. coinciding with the longitudinal position of the
first and second row of vortex generators, wherein the height of said vortex
generators in a direction away from the surface of the blade is within the range of
0.25% to 2%, preferably 0.4 % to 1.5 % of the chord length, and
wherein the third row of vortex generators extends at a chord wise distance from the
leading edge in the range from 10 % to 30 % of the chord length further away from

the leading edge than the second row of vortex generators.
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The third row of vortex generators may extend further out from the blade surface
than the first and sécond rows of vortex generators in that the thickness of the
boundary layer generally is higher at the position of the third row closest to the
trailing edge of the blade profile and the drag induced by the second row of vortex
generators therefore is sufficiently low even if it is higher than the first and second

rows of vortex generators.

It is preferred that the third row of vortex generators extends at a chord wise distance
from the leading edge in the range from 50 % to 90 %, more preferred in the range
from 60 % to 80 % of the chord length.

With a second aspect of the present invention it has furthermore been realised that an
advantageous new design of a slow rotating wind turbine rotor may be obtained by
combining the provision of micro or sub-boundary layer vortex generators on the
blades with a high maximum lift coefficient Cy, max of the blades and a slender blade

design, a low so-called radius specific solidity of the rotor.

The micro vortex generators increases the drag coefficient of the blade as compared
to an ordinary wind turbine blade design, but it also allows for a blade design with
respect to angle of attack and aerodynamic profiles which has a significantly higher
maximum lift coefficient Cp max as the tendency to stall at high angles of attack is
reduced and the stall, when it occurs, is less abrupt and more gentle. The higher lift
coefficient makes it possible to reduce the chord length of the blade and thus the
radius specific solidity of the rotor, and still obtain an acceptable power production
from the wind turbine. However, the more slender blade design results in a reduction
of the drag coefficient of the blade, which counteracts the increase of drag coefficient
caused by the vortex generators. With the present combination of features, the
drawbacks of providing the blades with vortex generators are reduced or eliminated,

and an advantageous slender blade design is obtained, resulting in a slow rotation
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rotor with a satisfactory power production as well as satisfactory mechanical fatigue

characteristics.

The provision of a slow rotating rotor with high lift blades means potential for a
more productive rotor with very low noise emission and still having relatively low
loads. The reason for this is when slowing down the rotor the blade either has to have
a wide chord or high lift to maintain aerodynamic efficiency. A rotor With ultra low
solidity operating with ultra high lift coefficients provides a possibility for a load
reduction or/and more productive rotor with equal loads. An important issue in
design of wind turbine blades is the resistance towards fatigue damage. In general,
the fatigue is driven by the chord size, i.e. the larger the chord, the higher the fatigue
loads on the blade. Furthermore, the vibrations arising in the blade in case of stall
also increase the fatigue damages. It is therefore a considerable advantage of the
present invention that despite the blade is operated with a higher design angle of
attack, AoA, the fatigue characteristic of the blade is improved, mainly due to the

reduction in chord length.

Extreme wind gusts with wind speeds up to 70 m/s generate extreme loads on the
wind turbine. During extreme wind speeds the wind turbine rotor is idling, i.e.
rotating slowly or is stopped with the blades in stop position and without power
production. The magnitude of the extreme loads in such situations is depending on
the chord length of the rotor blades, i.e. the larger the chord, the higher the extreme
loads. It is therefore also a considerable advantage of the present invention that

extreme loads are reduced by the slender blade design.

The principle of this aspect of the present invention is the use of one or preferably
multiply rows of micro (or sub boundary layer) vortex generators attached to at least
a part of the whole span of the blade, preferably including the outer half of the blade,
and in a preferred embodiment of the invention in combination with Gurney Flaps

generating a very high lift coefficient C_ with a relative gentle stall at very high
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angle of attack. The very high lift coefficient Ci, can reduce the necessary blade area
and loads or/and increase the length of the blade and maintain the original loads with

higher production.

When this furthermore is combined with the use of Gurney Flaps at the inboard part
of the blade (such as the inner 10 — 50 % of the blade radius as measured from the

hub centre) to make a wind turbine blade of extreme slenderness.

Thus, the present invention relates also to a wind turbine having a rotor with at least
two blades, each blade comprising a first row of vortex generators arranged in the
longitudinal direction of the blade on a suction side (also called the leeward side)
thereof and provided along at least 10% of the longitudinal extend of the blade and
preferably along substantially all of the outer half part of the blade, wherein the
height of said vortex generators in a direction away from the blade surface on which
it is provided is within the range of 0.1% to 1% of the chord length, preferably within
the range of 0.15% to 0.35% of the chord length as measured at the longitudinal

position where the vortex generators are provided.

The combined radius specific solidity (Sol,) of the rotor is
e below a value of 0.025 at distance » from the hub being 50% of the rotor
radius R,
e below a value of 0.017 at distance » from the hub being 70% of the rotor
radius R, and
e below a value of 0.011 at distance r from the hub being 90% of the rotor

radius R.

The solidity of a wind turbine blade is the ratio between the area of the blades
projected into the rotor plane and the total area covered by the rotating blades, Aplade-

The combined solidity, i.e. the sum of solidities of the blades, is hence:
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Sol =

7Rk
Where n is the number of wind turbine blades, e.g. 2, 3 or 4. The combined radius
specific solidity (Sol,) of the rotor is defined as

Sol, =2
27R

n being the number of blades in the rotor, ¢, the chord length at the distance r from
the hub and R the radius of the rotor, i.e. the distances as measured from the centre of
the hub, which is understood hereinafter. The combined radius specific solidity (So/;)
of the rotor preferably develops smoothly along the longitudinal direction of the
blade, and the combined radius specific solidity of the rotor is expected to be below a

linear interpolation between the indicated values.

Also, the maximum lift coefficient Cp max of each of the blades, valid for a two-
dimensional flow passing the profile of the blade, fulfil that

o  CpLma> 1.75 for Re = 3.0%10°

e CpLmax> 1.80 for Re =4.5*10°

e  CLma> 1.85 for Re = 6.0*10°

e CLmax> 1.90 for Re = 7.5*10°
for at least the part of the longitudinal extend of the blades comprising the vortex

generators.

The wind turbine furthermore comprises control means for controlling the operation
of the wind turbine, the control means including means for controlling the rotational
speed of the rotor so that the tip speed under normal operation does not exceed a
predetermined value, said value being

‘below 70 m/s, preferably below 65 m/s for a wind turbine having a rotor
diameter between 80 meters and 100 meters,

below 75 m/s, preferably below 70 m/s for a wind turbine having a rotor

diameter between 100 meters and 120 meters, and
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below 80 m/s, preferably below 75 m/s for a wind turbine having a rotor

diameter between 120 meters and 160 meters.

It is furthermore preferred that the wind turbine comprises means for controlling the

pitch angle of the blades of the rotor.

The first row of vortex generators may be applied at any position on the blade,
depending on the design of the blade and its aerodynamic properties. In a preferred
embodiment, the first row of vortex generators is provided along the outer half part
of the longitudinal extend of the blade, i.e. along at least 20% of the outer half part,
preferably at least 30% and most preferred along at least 50% of the outer half part of
the blade. |

It is preferred that the maximum lift coefficient C max Of each of the blades, valid for
a two-dimensional flow passing the profile of the blade, furthermore fulfil the
conditions that |
e CLmax> 1.65 for Re = 1.5%10°
and
e CpLmax> 1.95 for Re = 9.0%10°
e  CLmax > 2.00 for Re =10.0%10°
for at least the part of the longitudinal extend of the blades comprising the vortex

generators.

In order to further improve the protection against the occurrence of flow separation,
it is preferred that a second row of vortex generators is arranged in the longitudinal
direction of the blade on a suction side thereof and provided along said at least 10%
of the longitudinal extend of the blade, i.e. coinciding with the longitudinal position
of the first row of vortex generators, wherein the height of said vortex generators in a
direction away from the surface of the blade is within the range of 0.1% to 2% of the

chord length, and wherein the second row of vortex generators extends at a chord
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wise distance from the leading edge in the ré.nge from 20 % to 50 % of the chord
length further away from the leading edge than the first row of vortex generators,
preferably in the range from 30 % to 70 % and most preferred in the range from 40
% to 60 % of the chord length. By the provision of a second row of vortex generators
at this chord wise position, the boundary layer of the flow past the blade is further
reinforced and the risk of a separation of the flow starting near the trailing edge of

the blade and moving upwind towards the leading edge of the blade is reduced.

With the rotor having blades comprising the second row of vortex generators, it is
preferred that the maximum lift coefficient Ci max of each of the blades, valid for a
two-dimensional flow passing the profile of the blade, fulfil that

o  ClLma> 1.90 for Re =3.0*10°

o CLmax> 1.95 for Re =4.5%10°

o CLmax> 2.0 for Re =6.0¥10°

e  CpLma>2.10 for Re = 7.5%10°

o CLmax>2.15 for Re = 10*10°
for at least the part of the longitudinal extend of the blades comprising the vortex

generators.

An even more satisfactory result in reducing the tendency to separation of the flow
and thereby stall of the blades is obtained by the provision of a third row of vortex -
generators arranged in the longitudinal direction of the blade on a suction side
thereof and provided along at least 10%, i.e. coinciding with the longitudinal position
of the first and second row of vortex generators, wherein the height of said vortex
generators in a direction away from the surface of the blade is within the range of
0.1% to 2% of the chord length, and wherein the third row of vortex generators
extends at a chord wise distance from the leading edge in the range from 10 % to 30
% of the chord length further away from the leading edge than the second row of
vortex generators, preferably in the range from 50 % to 90 % and most preferred in

the range from 60 % to 80 % of the chord length. By the provision of a third row of
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vortex generators at this chord wise position, the boundary layer of the flow past the
blade is yet further reinforced and the risk of a separation of the flow starting near
the trailing edge of the blade and moving upwind towards the leading edge of the
blade is reduced which provides for the use of a blade design with very high

maximum lift coefficients and very low radius specific solidity of the rotor.

With the rotor having blades comprising a third row of vortex generators, it is
preferred that the maximum lift coefficient Ci max of each of the blades, valid for a
two-dimensional flow passing the profile of the blade, fulfil that

o CpLmax> 2.0 for Re = 3.0%¥10°

o  CLma> 2.05 for Re = 4.5%10°

o CLmax> 2.1 for Re=6.0*10°

o CLmax> 2.2 for Re=7.5*10°

o  CpLmax>2.25 for Re =10*10°
for said part of the longitudinal extend of the blades comprising the vortex

generators.

The vortex generators should be designed to extend through only a part of the
boundary layer, sufficient to generate vortices of a size that may transport air of a
higher relative velocity closer to the surface of the blade and thereby reinforce the
boundary layer against the tendency to flow separation. On the other hand, the vortex
generators should not extend further out from the blade surface than necessary in
order to avoid the generation of excessive drag. Thus, the height of at least 80 % of
said vortex generators of the first row is preferably within the range of 0.15 % and
0.35 % of the chord length, the height of at least 80 % of said vortex generators of
the second row is preferably within the range of 0.25 % and 1 % of the chord length
and the height of at least 80 % of said vortex generators of the third row is preferably
within the range of 0.25 % and 1 % of the chord length, the thickness of the
boundary layer being higher at the position of the second and possibly third row of

vortex generators.
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The combined radius specific solidity (Sol/;) of the rotor is in a preferred embodiment

below a value of 0.022 at distance r from the hub being 50% of the rotor
radius R,

below a value of 0.015 at distance » from the hub being 70% of the rotor
radius R, and

below a value 0.009 at distance » from the hub being 90% of the rotor radius
R

In a more preferred embodiment, the combined radius specific solidity (Sol/,) of the

rotor is

below a value of 0.020 at distance » from the hub being 50% of the rotor
radius R,

below a value of 0.014 at distance r from the hub being 70% of the rotor
radius R, and

below a value 0.0085 at distance r from the hub being 90% of the rotor radius
R

In a yet more preferred embodiment, the combined radius specific solidity (So/,) of

the rotor is

below a value of 0.017 at distance r from the hub being 50% of the rotor
radius R,

below a value of 0.012 at distance r from the hub being 70% of the rotor
radius R, and

below a value 0.0075 at distance » from the hub being 90% of the rotor radius
R

The combined radius specific solidity (Sol,) of the rotor preferably develops

smoothly along the longitudinal direction of the blade, and the combined radius

specific solidity of the rotor is expected to be below a linear interpolation between

the indicated sets of values.
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The defined values for the maximum lift coefficient C;ma of the blades are
preferably fulfilled for at least the outer 75 % of the longitudinal extend of the
blades.

With the term vortex generators are herein generally understood means for
generating vortices in the boundary layer of the airflow over the suction side of the
blades. However, a preferred type of vortex generators are of a design for during
operation of the rotor to produce vortices with a centre line of vorticity extending
substantially in the transverse direction of the blade, i.e. substantially in the main
direction of the relative airflow with respect to the blade. The vortex generators are
preferably provided in the form of a delta shaped protrusions, which are slanted with
respect to the transverse direction of the blades. Other designs of the vortex
generators are also possible and the literature on the subject presents a vast number
of suitable vortex generator designs. The distance in the longitudinal direction of the
blade between the individual vortex generators forming a row as understood in the
present context is generally in the range of 1 to 8 times the height of the vortex
generators, preferably in the range of 2 to 6 times the height of the vortex generators,
and the length of the individual vortex generator is also generally in the range of 1 to
8 times the height of the vortex generators, preferably in the range of 2 to 6 times the
height of the vortex generators. The thickness of the protrusions that in a preferred
embodiment of the invention constitute the vortex generators is generally in the
range of 0.05 to 1 time the height of the vortex generators, preferably in the range of
0.2 to 0.6 times the height of the vortex generators.

In a preferred embodiment are neighbouring vortex generators slanted in opposing .-
directions with respect to the transverse direction of the blade, so that the generated
neighbouring vortices will obtain opposing directions of rotation, such as vortex
generators comprise sides alternately slanted at an angle in relation to the transverse

direction of the blade of between 50° and 2°, preferably between 30° and 5° and
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most preferred between 20° and 10°, and -50° and -2°, preferably between -30° and -
5° and most preferred between -20° and -10°. Embodiments of such vortex

generators are e.g. disclosed in international patent application WO 2006/122547
(Vestas).

The vortex generators may be attached to the wind turbine blades individually or as
pairs by means of attachment means such as screws, bolts, rivets, welding or
preferably adhesive. Alternatively, the vortex generators are attached to the wind
turbine blade as part of a string of tape, a coil or a band by means of attachment
means such as screws, bolts, rivets, welding or preferably adhesive. In another
alternative embodiment, the vortex generators are formed integrally with the wind

turbine blades.

The vortex generators may in a particularly preferred embodiment be provided as
plates extending in an angle between 60° and 120°, e.g. orthogonally, from the

surface of said wind turbine blades suction surface side.

The combined radius specific solidity (Sol,) of the rotor is in a preferred embodiment
e below a value of 0.022 at distance r from the hub being 50% of the rotor
radius R,
e below a value of 0.015 at distance » from the hub being 70% of the rotor
radius R, and
e below a value 0.009 at distance r from the hub being 90% of the rotor radius
R.

In a more preferred embodiment, the combined radius specific solidity (Sol;) of the
rotor is
e below a value of 0.020 at distance » from the hub being 50% of the rotor

radius R,
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e Dbelow a value of 0.014 at distance r from the hub being 70% of the rotor
radius R, and

e below a value 0.0085 at distance r from the hub being 90% of the rotor radius
R

In a yet more preferred embodiment, the combined radius specific solidity (Sol,) of
the rotor is
e below a value of 0.017 at distance r from the hub being 50% of the rotor
radius R,
e below a value of 0.012 at distance r from the hub being 70% of the rotor
radius R, and
e below a value 0.0075 at distance r from the hub being 90% of the rotor radius
R
The combined radius specific solidity (Sol,) of the rotor preferably develops
smoothly along the longitudinal direction of the blade, and the combined radius
specific solidity of the rotor is expected to be below a linear interpolation between

the indicated sets of values.

The defined values for the maximum lift coefficient Cy max Of the blades, are
preferably fulfilled for at least the outer 75 % of the longitudinal extend of the
blades.

Also the inner part of the rotor is preferably deéigned with slender blades and the
combined radius specific solidity (So/,) of the rotor is preferably
e below a value of 0.043 at distance r from the hub being 20% of the rotor
radius R, and
e below a value 0.036 at distance r from the hub being 30% of the rotor radius
R
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In a more preferred embodiment, the combined radius specific solidity (So/,) of the
rotor is
e below a value of 0.038 at distance » from the hub being 20% of the rotor
radius R, and _
e below a value 0.031 at distance » from the hub being 30% of the rotor radius
R.

In a yet more preferred embodiment, the combined radius specific solidity (So/,) of
the rotor is
e below a value of 0.033 at distance » from the hub being 20% of the rotor
radius R, and
e below a value 0.025 at distance r from the hub being 30% of the rotor radius
R.
The combined radius specific solidity (Sol,) of the rotor preferably develops
smoothly along the longitudinal direction of the blade, and the combined radius
specific solidity of the rotor is expected to be below a linear interpolation between

the indicated values for the outer as well as the inner part of the blade.

In yet a preferred embodiment of the present invention, the blades are provided with
Gurney flaps along the longitudinal direction extending at least between a distance r
from the hub being 20% of the rotor radius R to 40% of the rotor radius R, preferably
from 10% of the rotor radius R to 50% of the rotor radius R.

The height of the Gurney flaps is preferably within the range of 0.35 % to 2 % of the
c_hord length, more preferred within the range of 0.5 % to 1.5 % of the chord length.

It is also preferred that said row or rows of vortex generators are provided not only at
the outer part of the blades but also along at least 10% of the inner half part of the
longitudinal extend of the blade, preferably along at least 25%, and most preferred
along at least 50% of the inner half part of the longitudinal extend of the blade.



WO 2008/113349 PCT/DK2008/000102

10

15

20

25

19

The inner part of the blade and in particular the root section is highly sensitive to
stall since the blade thickness is large and the twist of the blade in many operational
situations is far from optimal for this part of the blade, leading to a too high angle of
attack of the experienced inflow. The possible stall of the flow over thé inner part of
the blade influences the neighbouring sections of the blade and may decrease the
aecrodynamic performance of the blade significantly. Therefore, it is of high
importance for the overall operation of the blade and thus of the wind turbine that
stall at the inner part of the blade and in particular of the root section is prevented
even at high angles of attack and on thick profile sections, for which the provision of
vortex generators, in particular of multiple rows of vortex generators has proven to

be suitable.

In particular the combination of vortex generators and Gurney Flaps on the inner
section of the blade has shown to be favourable to the overall performance of the

blade and thereby the rotor.

The provision of vortex generators and in particular combined with the provision of
Gurney Flaps on the inner section of the blade makes it possible to provide the near-
hub inner section of the blade with an actual aerodynamic profile instead of a

cylinder-like profile.

Thus, the provision of vortex generators and possibly the Gurney Flaps makes it
possible to operate a wind turbine having blade of a thickness ratio t/c; i.e. a ratio of
the maximum thickness (t) to the chord length (c;) of the blade profiles defined as
¢ within the range of 0.35 and 0.70 at distance » from the hub being 10% of the
rotor radius R,
e within the range of 0.20 and 0.38 at distance » from the hub being 20% of the

rotor radius R,
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¢ within the range of 0.18 and 0.33 at distance 7 from the hub being 30% of the
rotor radius R,

e within the range of 0.17 and 0.30 at distance r from the hub being 50% of the
rotor radius R, '

e within the range of 0.15 and 0.24 at distance r from the hub being 70% of the
rotor radius R, and

e within the range of 0.15 and 0.18 at distance  from the hub being 90% of the

rotor radius R.

The present invention also relates to a wind turbine having a rotor as defined above,
which preferably is of the type, which further comprises means for controlling the

pitch angle of the blades of the rotor.
The scope of protection is defined by the appended set of claims.
BRIEF DESCRIPTION OF THE FIGURES

The detailed disclosure of the present invention is illustrated by the enclosed figures

of which

Fig. 1 is a cross-section of a blade with a vortex generator,

Fig. 2 shows a schematic vortex generator and the surrounding flow,

Fig. 3 shows the lift coefficient Cy as a function of angle of attack (AoA) for an
airfoil without vortex generator compared with an airfoil having a vortex generator,
Fig. 4 shows the drag coefficient Cp as a function of angle of attack (AoA) for the
airfoil of Fig. 3 without vortex generator compared with an airfoil having a vortex
generator,

Fig. 5 shows the lift coefficient Cy as a function of the angle of attack (AoA) for a
wind turbine blade without vortex generators and with one, two and three rows of

vortex generators,
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Fig. 6 is a perspective view of an ultra slender blade having two rows of micro vortex
generators,

Fig. 7 shows a comparison of annual production of an original wind turbine having a
three-bladed rotor compared with a rotor of a diameter enlarged by 5% and designed
according to the invention,

Fig. 8 shows a comparison of forces on a rotor of an original wind turbine having a
three-bladed rotor compared with a rotor of a diameter enlarged by 5% and designed
according to the invention,

Fig. 9 is a cross-section of the trailing part of blade provided with a Gurney Flap,

Fig. 10 shows the lift coefficient Cy. as a function of the angle of attack (AoA) for a
wind turbine blade with and without a Gurney Flap, and

Fig. 11 illustrates the generation of noise from the trailing edge provided with a

Gurney Flap

The figures are provided for illustration purposes only and are not to be regarded as

limiting for the scope of protection of the appended set of claims.
DETAILED DISCLOSURE

The principle of the pre.ferred vortex generators is a delta shaped plate attached
substantially orthogonal to the blade surface at the suction side (leeward side) of the
wind turbine blade as shown in Fig. 1 depicting a cross-section of a blade 1 with a
vortex generator 2 arranged on the suction side 3 of the blade 1 at a position of 30%
of the chord length ¢, downstream of the leading edge 4 of the blade 1. The thickness
t of the profile is also indicated. Other types of vortex generators than the ones
discussed in this description may also be applied, please refer to the enclosed lists of

references regarding vortex generators.

The vortex generators 2 induces vortices in the boundary layer substantially parallel

to the direction of the flow over the blade and the vortices increases the kinetic
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energy of the airflow closest to the surface of the blade by transporting air of a higher
velocity from the outer of the boundary layer down to the near surface region,
thereby reinforcing the boundary layer and delay the separation of the boundary
layer, i.e. the occurrence of stall to a much higher angle of attack. In Fig. 2, the
principle is illustrated by a schematic vortex generator 2 with the incoming
substantially laminar flow to the left of the vortex generator and the flow with

vortices to the right after passing the vortex generator 2.

The concept of using vortex generators to delay boundary layer separation has until
now in the technical field of wind turbines mainly been applied to the inner part of
blades for sole purpose of increasing the maximum lift coefficient. The reason for
that is the penalty of using vortex generators is a large increase in drag during normal
operation of the wind turbine and also induced noise from the vortex generators.
Another drawback is that the lift tends to drop dramatically after the stall point is
reached with huge variation in lift over a very small span in angle of attack, which
leads to aerodynamic instability as illustrated in Fig. 3 showing the lift coefficient Cy,
as a function of angle of attack (AoA) for an airfoil without vortex generator
compared with an airfoil having a vortex generator (VG). Also, the drag coefficient
Cp as a function of angle of attack (AoA) for an airfoil without vortex generator

compared with an airfoil having a vortex generator (VG) are shown in Fig. 4.

It is important to note that a wind turbine blade having vortex generators and
operated at a high angle of attack (AoA), e.g. of 14° and high lift coefficient Cy, the
drag coefficient Cp is much lower than compared to a blade without vortex
generators as illustrated Figs. 3 and 4. However, the wind turbine still operates more
optimal at low AoA when running with optimal tip speed vs. wind speed ratio. Here,
the largest value of the ratio C/Cp which corresponds to the aerodynamic efficiency
of the blade is found at low AoA of 4 — 7° and therefore the drag increase from the
vortex generators should be as low as possible. It is only when the turbine is operated

at high wind speed conditions where it is not able to run any faster due to generator
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limitations and noise restrictions that the effect of the vortex generators are exploited

fully by increasing the AoA.

Recent investigations by the inventor has show that by carefully designing the vortex
generators by optimising the shape and size of the vortex generators and the span
wise and chord wise position of the vortex generators on the wind turbine blade, the
lift coefficient Cp can be increased significantly without the drawbacks of a large
increase in drag, self induced noise and very steep fall in lift after the stall point. A
result of a simulation of the effect of vortex generators arranged in 1-3 rows is shown
in Fig. 5 illustrating the lift coefficient C. as a function of the angle of attack AoA
for a wind turbine blade without vortex generators and with one, two and three rows
of vortex generators arranged at the optimal span wise positions on the blade of 20%,
50% and 70% distance of the chord length from the leading edge of the blade. The
positive effect of the vortex generators increases with the number of the rows. For
the calculations of the effect of only one row of vortex generators, large vortex

generators of a height above 1 % of thé chord length has been applied.

Quasi steady calculation on an original wind turbine having a three-bladed rotor
compared with a wind turbine having a rotor of a 5% increased diameter and ultra
slender blades having ultra high lift coefficients with two rows of micro vortex
generators as shown in perspective in Fig. 6 are illustrated in Figs. 7 and 8 and
demonstrates the highly positive effect of applying a rotor according to the present
invention as defined in the appended claims. The enlarged rotor according to the
present invention has up to 8 % higher production and less loads for both flap wise

and edge wise blade root moment as well as tower bottom moment.

The Gurney Flap is a triangle or plate mounted at the very trailing edge on the
pressure side of the profile as shown in Fig. 9, illustrating a cross-section of the
trailing part of a blade 1 having a Gurney Flap 5 in the shape of a plate extending

downwards on the pressure side 6 of the blade 1 at the trailing edge 7 thereof
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substantially perpendicularly to the pressure side 6. An upstream separation bubble 8
is formed between the pressure side and the Gurney Flap 5, and a downstream
separation bubble having two counter rotating vortices 9 is formed on the trailing
side of the Gurney Flap 5. The downstream separation bubble has the effect that the
suction side surface 3 is extended with a continuation 10 into the wake region 11 and

the effect is to increase the local camber of the trailing edge.

The effect on the lift coefficient C by adding a Gurney Flap of a height of 1 % of
the chord length is illustrated in Fig. 10.

The optimal height of the Gurney Flap 5 is crucial for efficient use on a wind turbine
blade. Several investigation have shown that a Gurney flap with a height of 1 % of
the chord length increase the lift coefficient Cp without any increase in the drag. A
larger Gurney Flap means yield and increase of the drag and therefore are the
benefits of the Gumney Flap diminished. A Gurney Flap smaller that 0.5 % yields

only a small increase in lift coefficient Cy.

The radial position of the Gurney Flap along the longitudinal extend of the wind
turbine blade is also important. The increase in trailing edge thickness by the Gurney
Flap will introduce an increase noise level from the blunt trailing edge, as illustrated
with Fig. 11 showing a cross-section of a wind turbine blade 1 with the boundary
layer 12 indicated and vortex shedding from the trailing edge causing the generation

of tonal noise being radiated from the trailing edge.

The strength of the noise level is proportional with the velocity of the blade at the
local radial position to the power of 5 so doubling the speed means 32 times higher

noise.
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The Gurney Flap is therefore only useable at the inboard part of the blade were the

local velocity is lower. The relevant radial span is from 0 — 50 % of the total radius

as measured form the hub centre of the rotor.

The Gurney Flap may be combined with or replaced by an adaptive trailing edge
flap, such as the one disclosed e.g. in WO 2004/088130.

The blades may in a further preferred embodiment be equipped with a winglet as
disclosed e.g. in WO 2004/061298 and EP 1 500 814.
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CLAIMS

1. A wind turbine comprising a rotor having at least two blades, each blade
comprising

a first row of vortex generators arranged in the longitudinal direction of the
blade on a suction side thereof, wherein the height of said vortex generators in a
direction away from the surface of the blade is within the range of 0.1% to 0.65% of
the chord length of the blade, and

a second row of vortex generators arranged in the longitudinal direction of the
blade on a suction side thereof, wherein the height of said vortex generators in a
direction away from the surface of the blade is within the range of 0.1% to 1% of the
chord length,
wherein the first and second row of vortex generators are provided along at least
10% of the longitudinal extend of the blade, and the second row of vortex generators
extends at a chord wise distance from the leading edge in the range from 20 % to 30
% of the chord length further away from the leading edge than the first row of vortex
generators,

the wind turbine furthermore comprises control ‘means for controlling the
operation of the wind turbine, the control means including means for controlling the
rotational speed of the rotor so that the tip speed under normal operation does not
exceed a predetermined value, said value being

below 70 m/s for a wind turbine having a rotor diameter between 80 meters and
100 meters,

below 75 m/s for a wind turbine having a rotor diameter between 100 meters
and 120 meters, and

below 80 m/s for a wind turbine having a rotor diameter between 120 meters

and 160 meters.

2. A wind turbine according to claim 1, wherein said value is
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below 65 m/s for a wind turbine having a rotor diameter between 80 meters and
100 meters,

below 70 m/s for a wind turbine having a rotor diameter between 100 meters
and 120 meters, and

below 75 m/s for a wind turbine having a rotor diameter between 120 meters

and 160 meters.

3. Wind turbine according to claim 1 or 2, wherein the first and second row of vortex
generators are provided along the outer half part of the longitudinal extend of the
blade.

4. Wind turbine according to claim 3, wherein the first and second row of vortex
generators are provided along at least 30% of the outer half part of the longitudinal
extend of the blade, preferably along at least 50% of the outer half part of the
longitudinal extend of the blade.

5. A wind turbine according to any of the preceding claims, wherein the first row of
vortex generators extends at a chord wise distance from the leading edge in the range

from 10 % to 40 % of the chord length.

6. A wind turbine according to claim S, wherein the first row of vortex generators
extends at a chord wise distance from the leading edge in the range from 15 % to 35

% of the chord length.

7. A wind turbine according to any of the preceding claims, wherein the second row
of vortex generators extends at a chord wise distance from the leading edge in the

range from 30 % to 70 % of the chord length.
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8. A wind turbine according to claim 7, wherein the second row of vortex generators
extends at a chord wise distance from the leading edge in the range from 40 % to 60
% of the chord length.

9. A wind turbine according to any of the preceding claims, further comprising

a third row of vortex generators arranged in the longitudinal direction of the
blade on a suction side thereof and provided along said at least 10% of the
longitudinal extend of the blade, wherein the height of said vortex generators in a
direction away from the surface of the blade is within the range of 0.25% to 2% of
the chord length, and
wherein the third row of vortex generators extends at a chord wise distance from the
leading edge in the range from 10 % to 30 % of the chord length further away from

the leading edge than the second row of vortex generators.

10. Wind turbine according to claim 9, wherein the third row of vortex generators is

provided along the outer half part of the longitudinal extend of the blade.

11. Wind turbine according to claim 10, wherein the third row of vortex generators is
provided along said at least 30% of the outer half part of the longitudinal extend of
the blade, preferably along said at least 50% of the outer half part of the longitudinal
extend of the blade.

12. A wind turbine according to any of claims 9 to 11, wherein the third row of
vortex generators extends at a chord wise distance from the leading edge in the range

from 50 % to 90 % of the chord length.

13. A wind turbine according to claim 12, wherein the third row of vortex generators
extends at a chord wise distance from the leading edge in the range from 60 % to 80
% of the chord length.
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14. A wind turbine according to any of the preceding claims, wherein the height of
said vortex generators of the first row is within the range of 0.15 % and 0.35 % of the

chord length.

15. A wind turbine according to any of the preceding claims, wherein the height of
said vortex generators of the second row is within the range of 0.15 % and 0.5 % of

the chord length.

16. A wind turbine according to any of claims 9 to 15, wherein the height of said
vortex generators of the third row is within the range of 0.4 % and 1.5 % of the chord
length.

17. A wind turbine comprising a rotor having at least two blades, each blade
comprising
a first row of vortex generators arranged in the longitudinal direction of the
blade on a suction side thereof and provided along at least 10% of the longitudinal
extend of the blade, wherein the height of said vortex generators in a direction away
from the surface of the blade is within the range of 0.1% to 1% of the chord length of
the blade, |
wherein the combined radius specific solidity (Sol,) of the rotor is
e below a value of 0.025 at distance » from the hub being 50% of the rotor
radius R,
e below a value of 0.017 at distance » from the hub being 70% of the rotor
radius R, and
e below a value of 0.011 at distance » from the hub being 90% of the rotor
radius R,
and wherein the maximum lift coefficient Ci max of each of the blades, valid for a
two-dimensional flow passing the profile of the blade, fulfil that
e  CLma> 1.75 for Re = 3.0*10° |
o CLma> 1.80 for Re = 4.5%10°
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o  Cpmax> 1.85 for Re = 6.0*10°
o CLmax> 1.90 for Re = 7.5%10°
for at least the part of the longitudinal extend of the blades comprising the vortex
generators,
the wind turbine furthermore comprises control means for controlling the
operation of the wind turbine, the control means including means for controlling the
rotational speed of the rotor so that the tip speed under normal operation does not
exceed a predetermined value, said value being
below 70 m/s for a wind turbine Having a rotor diameter between 80 meters and
100 meters,
below 75 m/s for a wind turbine having a rotor diameter between 100 meters
and 120 meters, and
below 80 m/s for a wind turbine having a rotor diameter between 120 meters

and 160 meters.

18. A wind turbine according to claim 17, wherein said value is

below 65 my/s for a wind turbine having a rotor diameter between 80 meters and
100 meters,

below 70 m/s for a wind turbine having a rotor diameter between 100 meters
and 120 meters, and

below 75 m/s for a wind turbine having a rotor diameter between 120 meters

and 160 meters.

19. Wind turbine according to claim 17 or 18, wherein the first row of vortex
generators is provided along the outer half part of the longitudinal extend of the
blade.

20. Wind turbine according to claim 19, wherein the first row of vortex generators is

provided along at least 30% of the outer half part of the longitudinal extend of the
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blade, preferably along at least 50% of the outer half part of the longitudinal extend
of the blade.

21. A wind turbine according to any of claims 17 to 20, wherein the maximum lift
coefficient Cy, max Of each of the blades, valid for a two-dimensional flow passing the
profile of the blade, furthermore fulfil that

o  CpLmax> 1.65 for Re =1.5%10°

and

e CLmax> 1.95 for Re = 9.0*10°

o CLmax > 2.00 for Re =10.0*10°
for at least the part of the longitudinal extend of the blades comprising the vortex

generators.

22. A wind turbine according to any of claims 17-21, wherein the first row of vortex
generators extends at a chord wise distance from the leading edge in the range from

10 % to 40 % of the chord length.

23. A wind turbine according to claim 22, wherein the first row of vortex generators
extends at a chord wise distance from the leading edge in the range from 15 % to 35
% of the chord length.

24. A wind turbine according to any of claims 17-23, further comprising

a second row of vortex generators arranged in the longitudinal direction of the
blade on a suction side thereof and provided along said at least 10% of the
longitudinal extend of the blade, wherein the height of said vortex generators in a
direction away from the surface of the blade is within the range of 0.1% to 2% of the
chord length, and
wherein the second row of vortex generators extends at a chord wise distance from
the leading edge in the range from 20 % to 50 % of the chord length further away

from the leading edge than the first row of vortex generators.
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25. Wind turbine according to claim 24, wherein the second row of vortex generators

are provided along the outer half part of the longitudinal extend of the blade.

26. Wind turbine according to claim 24 or 25, wherein the second row of vortex
generators are provided along at least 30% of the outer half part of the longitudinal
extend of the blade, preferably along at least 50% of the outer half part of the
longitudinal extend of the blade.

27. Wind turbine according to any of claims 24-26, wherein the maximum lift
coefficient C max Of each of the blades, valid for a two-dimensional flow passing the
profile of the blade, fulfil that

o  CLmax> 1.90 for Re =3.0*10°

o  CLmax> 1.95 for Re =4.5*10°

o CLma> 2.0 for Re = 6.0¥10°

o  CLma>2.10 for Re = 7.5%10°

e  CLma>2.15 for Re = 10*10°
for at least the part of the longitudinal extend of the blades comprising the vortex

generators.

28. A wind turbine according to any of claims 24-27, wherein the second row of
vortex generators extends at a chord wise distance from the leading edge in the range
from 30 % to 70 % of the chord length.

29. A wind turbine accordihg to claim 28, wherein the second row of vortex
generators extends at a chord wise distance from the leading edge in the range from

40 % to 60 % of the chord length.

30. A wind turbine according to any of claims 24-29, further comprising
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a third row of vortex generators arranged in the longitudinal direction of the
blade on a suction side thereof and provided along said at least 10% of the
longitudinal extend of the blade, wherein the height of said vortex generators in a
direction away from the surface of the blade is within the range of 0.1% to 2% of the
chord length, and
\;vherein the third row of vortex generators extends at a chord wise distance from the
leading edge in the range from 10 % to 30 % of the chord length further away from

the leading edge than the second row of vortex generators.

31. Wind turbine according to claim 30, wherein the third row of vortex generators is

provided along the outer half part of the longitudinal extend of the blade.

32. Wind turbine according to claim 31, wherein the third row of vortex generators is
provided along at least 30% of the outer half part of the longitudinal extend of the
blade, preferably along at least 50% of the outer half part of the longitudinal extend
of the blade.

33. Wind turbine according to any of claims 30-32, wherein the maximum lift
coefficient Cp max Of each of the blades, valid for a two-dimensional flow passing the
profile of the blade, fulfil that

o  CpLmax> 2.0 for Re =3.0¥10°

o CpLmax>2.05 for Re = 4.5%10°

o CLmax>2.1 for Re = 6.0%10°

e CpLma>22 forRe=7.5*10°

o ClLmax>2.25 for Re = 10*10°
for said part of the longitudinal extend of the blades comprising the vortex

generators.



WO 2008/113349 PCT/DK2008/000102

10

15

20

25

37

34. A wind turbine according to any of claims 30-33, wherein the third row of vortex
generators extends at a chord wise distance from the leading edge in the range from

50 % to 90 % of the chord length.
35. A wind turbine according to claim 34, wherein the third row of vortex generators
extends at a chord wise distance from the leading edge in the range from 60 % to 80

% of the chord length.

36. A wind turbine according to any of claims 17-35, wherein the height of at least

- 80 % of said vortex generators of the first row is within the range of 0.15 % and 0.35

% of the chord length.

37. A wind turbine according to any of claims 24-36, wherein the height of at least
80 % of said vortex generators of the second row is within the range of 0.25 % and 1
% of the chord length.

38. A wind turbine according to any of claims 30-37, wherein the height of at least
80 % of said vortex generators of the third row is within the range of 0.25 % and 1 %

of the chord length.

39. A wind turbine according to any of claims 17-38, wherein said maximum lift
coefficient Cy, max Of the blades, valid for a two-dimensional flow passing the profile
of the blades, fulﬁl the defined criterions for at least the outer 75 % of the

longitudinal extend of the blades.

40. A wind turbine according to any of the preceding claims, wherein the combined
radius specific solidity (Sol,) of the rotor is
e below a value of 0.022 at distance » from the hub being 50% of the rotor

radius R,
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below a value of 0.015 at distance » from the hub being 70% of the rotor
radius R, and

below a value 0.009 at distance » from the hub being 90% of the rotor radius
R

41. A wind turbine according claim 40, wherein the combined radius specific solidity

(Sol,) of the rotor is

below a value of 0.020 at distance » from the hub being 50% of the rotor
radius R,

below a value of 0.014 at distance r from the hub being 70% of the rotor
radius R, and

below a value 0.0085 at distance » from the hub being 90% of the rotor radius
R.

42. A wind turbine according claim 41, wherein the combined radius specific solidity

(Sol,) of the rotor is

below a value of 0.017 at distance r from the hub being 50% of the rotor
radius R, ,

below a value of 0.012 at distance r from the hub being 70% of the rotor
radius R, and

below a value 0.0075 at distance » from the hub being 90% of the rotor radius
R.

43. A wind turbine according to any of the preceding claims, wherein the vortex

generators are of a design for during operation of the rotor to produce vortices with a

centre line of vorticity extending substantially in the transverse direction of the blade.

44. A wind turbine according to claim 43, wherein the vortex generators are provided

in the form of a delta shaped protrusions which are slanted with respect to the

transverse direction of the blades.
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45. A wind turbine according to claim 44, wherein neighbouring vortex generators
are slanted in opposing directions with respect to the transverse direction of the
blade, so that the generated neighbouring vortices will obtain opposing directions of

rotation.

46. A wind turbine according to claim 45, wherein said vortex generators comprise
sides alternately slanted at an angle in relation to the transverse direction of the blade
of between 50° and 2°, preferably between 30° and 5° and most preferred between
20° and 10°, and -50° and -2°, preferably between -30° and -5° and most preferred
between -20° and -10°.

47. A wind turbine according to any of the preceding claims, wherein said vortex
generators are attached to the wind turbine blades individually or as pairs by means

of attachment means such as screws, bolts, rivets, welding or preferably adhesive.

48. A wind turbine according to any of the preceding claims, wherein said vortex
generators are attached to the wind turbine blade as part of a string of tape, a coil or a
band by means of attachment means such as screws, bolts, rivets, welding or

preferably adhesive.

49. A wind turbine according to any of the preceding claims, wherein said vortex
generators are plates extending in an angle between 60° and 120°, e.g. orthogonally,

from the surface of said wind turbine blades suction surface side.

50. A wind turbine according to any of the preceding claims, wherein said vortex

generators are formed integrally with the wind turbine blades.

51. A wind turbine according to any of the preceding claims, wherein the combined

radius specific solidity (So/,) of the rotor is
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e below a value of 0.043 at distance 7 from the hub being 20% of the rotor
radius R, and

e below a value 0.036 at distance r from the hub being 30% of the rotor radius
R

52. A wind turbine according to claim 51, wherein the combined radius specific
solidity (So/,) of the rotor is
e below a value of 0.038 at distance » from the hub being 20% of the rotor
radius R, and
e below a value 0.031 at distance » from the hub being 30% of the rotor radius
R.

53. A wind turbine according to claim 52, wherein the combined radius specific
solidity (Sol,) of the rotor is
e below a value of 0.033 at distance » from the hub being 20% of the rotor
radius R, and
e below a value 0.025 at distance r from the hub being 30% of the rotor radius
R.

54. A wind turbine according to any of the preceding claims, wherein the blades are
provided with Gurney flaps along the longitudinal direction extending at least
between a distance r from the hub being 20% of the rotor radius R to 40% of the

rotor radius R.

55. A wind turbine according to claim 54, wherein the blades are provided with
Gurney flaps along the longitudinal direction extending at least between a distance r

from the hub being 10% of the rotor radius R to 50% of the rotor radius R.

56. A wind turbine according to claim 54 or 55, wherein the height of the Gurney
flaps is within the range of 0.35 % to 2 % of the chord length.
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57. A wind turbine according to claim 56, wherein the height of the Gurney flaps is
within the range of 0.5 % to 1.5 % of the chord length.

58. A wind turbine according to any of the preceding claims, wherein said row or

rows of vortex generators are provided along at least 10% of the inner half part of the

longitudinal extend of the blade.

59. A wind turbine according to claim 58, wherein said row or rows of vortex

generators are provided along at least 25%, preferably along at least 50% of the inner

half part of the longitudinal extend of the blade.

60. A wind turbine according to any of the preceding claims, wherein the ratio of the

maximum thickness (t) to the chord length (c;) of the blade profiles is

within the range of 0.35 and 0.70 at distance r from the hub being 10% of the
rotor radius R,

within the range of 0.20 and 0.38 at distance r from the hub being 20% of the
rotor radius R, '

within the range of 0.18 and 0.33 at distance r from the hub being 30% of the
rotor radius R,

within the range of 0.17 and 0.30 at distance r from the hub being 50% of the
rotor radius R,

within the range of 0.15 and 0.24 at distance r from the hub being 70% of the
rotor radius R, and

within the range of 0.15 and 0.18 at distance r from the hub being 90% of the

rotor radius R.

61. A wind turbine according to'any of the preceding claims, further comprising

means for controlling the pitch angle of the blades of the rotor.
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Lift coefficient CL, measured, smooth, Re=1.6e6
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Drag coefficient Cd, measured, smooth, Re=1.6e6
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Annual production - benchmark turbine= 100 %
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Lift coefficient CL, measured, smooth, Re=1.6e6
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