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DESCRIPTION

[0001] The present invention relates to a blade for a rotor of a wind turbine having a
substantially horizontal rotor shaft, said rotor comprising a hub, from which the blade extends
substantially in a radial direction when mounted to the hub, the blade having a longitudinal
direction with a tip end and a root end and a transverse direction, the blade further comprising:
a profiled contour including a pressure side and a suction side, as well as a leading edge and a
trailing edge with a chord having a chord length extending there between, the profiled contour,
when being impacted by an incident airflow, generating a lift, wherein the profiled contour is
divided Into: a root region having a substantially circular or elliptical profile closest to the hub,
an airfoil region having a lift-generating profile furthest away from the hub, and a transition
region between the root region and the airfoil region, the transition region having a profile
gradually changing in the radial direction from the circular or elliptical profile of the root region
to the lift-generating profile of the airfoil region, and a shoulder having a shoulder width and
being located at the boundary between the transition region and the airfoil region, wherein the
blade has a blade length, and the profiled contour comprises a local relative thickness defined
as the local ratio between a maximum profile thickness and the chord length.

[0002] Wind turbine manufacturers are constantly making efforts to improve the efficiency of
their wind turbines In order to maximise the annual energy production. Further, the wind
turbine manufacturers are interested in prolonging the lifetime of their wind turbine models,
since It takes a long time and a lot of resources to develop a new wind turbine model. An
obvious way to improve the efficiency of the wind turbine iIs to improve the efficiency of the
wind turbine blades, so that the wind turbine can generate a higher power output at a given
wind speed. However, one cannot arbitrarily replace the blades of a wind turbine model with
other, more efficient blades. The wind turbine models are dimensioned to specific loading
ranges from the rotor and the blades. Thus, it must be ensured that the new wind turbine
blades comply with the design specifications of the wind turbine model, and further it must be
ensured that the wind turbine blade itself complies with warranty issues and is built to last for at
least a number of years without breaking down.

[0003] Examples of blades with relatively thick airfoil profiles are given for instance In the
article: "Life Prediction of Wind Turbine Blades" by K. K. Jin et al, International Conference on
Composite Materials (ICCM), vol. 17, 1 July 2009, pages 1-12 and document EP1152148.

[0004] It i1s an object of the iInvention to obtain a new wind turbine blade, which Is designed to
comply with such previous design specifications or which provides a useful alternative to
existing blades.

[0005] According to a first aspect of the invention, the object Is obtained by a wind turbine
blade according to claim 1 wherein the ratio between the shoulder width and the blade length

IS less than or equal to 0.075, and the relative thickness in a blade length interval of 0-0.8L Is
at least 22%.
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[0006] Thus, It iIs seen that the invention provides a slender and relatively thick wind turbine
blade. Thereby, it is possible to minimise loading of the blade, since the total area of the blade
IS minimised, thus lowering for instance storm loads. Further, the relatively thick blade is stiffer,
due to the load carrying structure being further spaced apart, which in turn means that the
blade shell can be made thinner. The overall mass may thus be kept down. However, the
combination of using a narrow shoulder width and a relatively thick blade profile has
surprisingly been found to increase the annual energy production (AEP) of such a blade
significantly, in particular since the blade can be made longer than existing blades imposing
approximately the same loading on the wind turbine provided with such blades. However, If
one were to use one of these two measures alone to reduce loading, the AEP would have
been decreased.

[0007] Shoulder i1s here defined as the position at which the wind turbine blade has its largest
chord length. The length interval is defined from the root end to the tip end, the root end thus
being positioned at =0 and the tip end being positioned at r=L.

[0008] Preferably, the blade Is prebent or prestressed. In such an embodiment, the blade Is
curved towards the pressure side of the blade, 1.e. being curved so that the blade when
Installed on an upwind wind turbine curves away from a tower of the wind turbine, at least at
relatively low wind speeds. In operation at for instance the design wind speed, the blades are
straightened due to the force of the incoming wind and the pressure distribution on the
pressure side (or correspondingly the upwind or windward side) of the blade and the suction
side (or correspondingly the downwind or leeward side) of the blade, respectively, thus
maximising the area swept by the blade Iin a rotor plane. A prebent blade makes it possible to
lower the stiffness of the blade even further, thereby reducing the material needed and
consequently also the loading of the blade.

[0009] All in all, it 1Is seen that a narrow shoulder or slender blade with a relatively high

thickness and provided with a prebend combined provide a blade with lower loading than prior
art blades.

[0010] In one embodiment, the ratio between the shoulder width and the blade length iIs less
than or equal to 0.0/3, and advantageously less than or equal to 0.07/25 and more
advantageously less than or equal to 0.072. These embodiments all provide blades, which are
relatively slender, i.e. having a small maximum chord length.

[0011] In another embodiment, the relative thickness in a blade length interval of 0-0.8L is at
least 23%, advantageously at least 23.5%, and more advantageously at least 24%. Such
profiles have a relative blade thickness which is significantly larger than conventional blades, In
particular in the region from 0.65L-0.8L.

[0012] In yet another advantageous embodiment, the relative blade thickness In the blade
Interval of 0-0.8L Is at least 25%, or at least 26%.



DK/EP 3199802 T3

[0013] Advantageously, the blade length Is at least 40 meters, more advantageously between
40 meters and 50 meters. The slenderness and thickness proposed have been found to be
particularly suited for these blade lengths.

[0014] In an advantageous embodiment, the root region has a root diameter at the root end of
the blade, wherein the ratio between the shoulder width and the root diameter is 1.6 or less. By
having a low shoulder width to root diameter radius it is possible to have a small divergence of
the trailing edge and leading edge of the blade In the transition region, which in turn means
that the curvature of the trailing edge and the leading edge, respectively, may be kept low.
Thus, according to a particularly advantageous embodiment, the trailing edge has a smooth
shape without any discontinuities in the longitudinal direction of the blade. This particular
applies to the transition region of the blade and including the transitions from the root region to
the transition region and from the transition region to the airfoil region of the blade. From a
manufacturing point of view, such an embodiment is attractive, since it makes it easier to carry
out the fibre layer layup In the moulds for manufacturing. Furthermore, the loadings which
affect the trailing edge during normal operation of such a blade are significantly reduced.

[0015] In another advantageous embodiment, the trailing edge has a curvature with an outer
radius external to the trailing edge, which at all positions 1s at least 0.2L, advantageously at
least 0.22L, and more advantageously at least 0.24L. According to one embodiment, the
position of the minimum outer radius Is located between 0.04L and 0.06L, advantageously

between 0.045L and 0.055L.

[0016] In yet another advantageous embodiment, the trailing edge has a curvature with an
iInner radius (Ri) internal to the trailing edge, which at all positions 1s at least 0.2L,
advantageously at least 0.225L, and more advantageously at least 0.25L. According to one
embodiment, the position of the minimum outer radius iIs located between 0.16L and 0.20L,
advantageously between 0.19L and 0.21L.

[0017] A large trailing edge radius (inner and/or outer) ensures a low trailing edge curvature,
which from a manufacturing point of view means that the fibre layup may be carried out without
the fibre layers wrinkling. This In turn ensures that the finished blade shell after injection of
resin and curing does not comprise detrimental mechanical properties.

[0018] Due to the twist and the three-dimensional design of the blade, it may be difficult to
determine the exact location of the trailing edge. Therefore, the inner and outer radius may In
one embodiment be deduced by projecting the blade into a plane, when observing the blade
from above at O degree pitch.

[0019] In one embodiment, the shoulder 1s located in an interval between 0.18L and 0.25L,
advantageously between 0.19L and 0.24L. In one advantageous embodiment, a wind turbine
blade having a length in the interval of 40-45 meters has the shoulder located between 0.19L
and 0.21L. In another embodiment of a wind turbine blade having a length in the interval 45-50
meters, advantageously in the interval 46.5-48.5 meters, the shoulder Is located between
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0.22L and 0.24L.

[0020] In another embodiment, the leading edge has a smooth shape without any
discontinuities In the longitudinal direction of the blade. Advantageously, the blade comprises a
pitch axis, and wherein a distance between the leading edge to the pitch axis from the root end
to the shoulder increases no more than 20%, advantageously no more than 15%.

[0021] As previously mentioned, the wind turbine blade s preferably prebent or curved
towards the pressure side of the blade. The prebend at the tip end of the blade Is In one
embodiment at least 0.05L, advantageously at least 0.06L, more advantageously at least
0.65L, and even more advantageously at least 0.07L. Prebent here means that the profile
centre or chord of a local profile is distanced from a pitch axis or longitudinal axis of the blade.
By increasing the prebend compared to conventional blades the stiffness must be lower In
order for the blade to straighten and for maximising the swept area at the design wind speed.
Thus, less material is needed In the blade shell or the load bearing structure of the blade. This
In turn means that the total mass of the blade may be lowered even more.

[0022] Advantageously, the blade 1s prebent over at least an outer 50% of the Dblade,
advantageously over at least an outer 60% of the blade, even more advantageously over at
least an outer /0%, or even at least an outer 75%. Thus, the blade Is curved over a large part
of the blade at the part nearest the tip.

[0023] In another embodiment, the blade is provided with a twist, and wherein the airfoil region
comprises an inboard part in which a twist angle is decreasing towards the tip end of the blade
and an outboard part in which the twist angle 1s increasing towards the tip end of the blade,
sald outboard part and inboard part being separated by a position of a twist inflection tangent.
By decreasing the twist angle in an inboard part of the blade, a compensation for the local
radial velocity of the blade is achieved. The tip noise from the blade is reduced by letting the
twist of the outboard part of the blade increase towards the tip.

[0024] The twist Is usually calculated from a defined point of origin. For the present blade, said
origin may for instance be defined at the inflection tangent, the local twist in this position thus
being defined as O degrees. Thus, It Is clear that the twist is not to be regarded only as a local
absolute twist angle, which may vary due to the set pitch angle of the blade, but that it rather
should be seen as a twist variation, 1.e. as the difference In twist angle between one cross-
sectional profile at a first radial position of the blade, and a second cross-sectional profile at a
second radial position of the blade for a given pitch setting of the blade.

[0025] In yet another embodiment, the position of the twist inflection tangent is located
between 0.8L and 0.9L, advantageously between 0.82L and 0.88L, more advantageously
between 0.83L and 0.87L, and even more advantageously approximately at 0.85L.

[0026] Advantageously, the twist In the outboard region is at least 4 degrees, advantageously
at least 5 degrees, and more advantageously at least 5.5 degrees. Thus, the difference In twist
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at the point of the Inflection tangent and the tip is at least 4, 5, or 5.5 degrees. The twist Iin the
Inboard part may advantageously be between 8 and 12 degrees, advantageously between 8.5
and 11.5 degrees, and more advantageously between 9 and 11 degrees. Thus, the difference
In twist at the shoulder and the point of the inflection tangent is between 8 and 12 degrees.

[0027] In one embodiment, the blade Is provided with a twist, which In the root region and the
transition region Is increasing towards the tip end of the blade. The Increase In twist may for

Instance in the root region and transition region be between 1.5 and 2.5 degrees. Thus, the
twist variation In this region Is between 1.5 and 2.5 degrees.

[0028] According to a second aspect, the invention provides a number of wind turbine blade
profiles, which are particularly effective and which depart from standard blade profiles, such as
NACA profiles, which are typically utilised for wind turbine blades. The blade profiles are not
only applicable to the wind turbine blade according to the first aspect of the invention.

[0029] Thus, the iInvention provides a wind turbine blade, which In a cross-section comprises at
least one of the following six profiles:

o a first airfoil profile having a relative thickness of between 35% and 37% and a position
of maximum thickness located between 0.24c and 0.30c from the leading edge,
advantageously located between 0.25¢ and 0.29c¢ and more advantageously around
0.26c and 0.28c,

e a second airfoll profile having a relative thickness of between 29% and 31% and a
position of maximum thickness located between 0.28¢ and 0.32c from the leading edge,
advantageously between 0.29c and 0.31c,

e a third airfoil profile having a relative thickness of between 26.3% and 27.7/% and a
position of maximum thickness located between 0.28¢ and 0.32c from the leading edge,
advantageously between 0.29c and 0.31c,

» a fourth airfoil profile having a relative thickness of between 23.5% and 24.5%,
advantageously between 23.8% and 24.2%, and a position of maximum thickness
located between 0.35¢ and 0.39c from the leading edge, advantageously between
between 0.36¢ and 0.38c¢ from the leading edge,

e a fifth airfoil profile having a relative thickness of between 20.6% and 21.4% and a
position of maximum thickness located between 0.35¢c and 0.39c¢ from the leading edge,
advantageously between 0.36¢ and 0.38c, and

e a sixth airfoil profile having a relative thickness of between 17.7% and 18.3% and a
position of maximum thickness located between 0.37c and 0.41c from the leading edge,
advantageously between 0.38¢ and 0.40c.

[0030] The airfoils are defined In relation to the relative thickness of the profile, the relative
chordal position of the maximum thickess, and the relative chordal position of the maximum
pressure side camber. The thickness is defined Iin a direction perpendicular to the chord, and
the pressure side camber is defined as the distance between the pressure side of the blade
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and the chord In a direction perpendicular or normal to the chord. These parameters are also
depicted In Fig. 3 and explained in the accompanying description.

[0031] Preferably, the blade comprises a root region, a transition region, and an airfoil region
In accordance with the wind turbine according to the first aspect of the invention. In such an

embodiment, the profiles are located in the airfoil region (outboard of the shoulder) of the
blade.

[0032] In one embodiment, the blade comprises at least two of the six airfoil profiles. In
another embodiment, the blade comprises at least three of the six airfoil profiles. In yet another
embodiment, the blade comprises at least four of the six airfoil profiles. The blade may also
comprise at least five of the six airfoil profiles, and it may even comprise all six of the airfoll
profiles.

[0033] The aforementioned embodiments and the following embodiments may all relate to a

wind turbine blade according to the first aspect as well as a wind turbine blade according to the
second aspect.

[0034] The first airfoil profile may comprise a position of maximum pressure side camber
located between 0.24c¢ and 0.30c from the leading edge, advantageously located between
0.25c and 0.29¢c and more advantageously around 0.26¢ and 0.28c. The first airfoil profile may
advantageously be located between 0.23L and 0.30L.

[0035] The second airfoll profile may comprise a position of maximum pressure side camber
located between 0.28c¢ and 0.32c from the leading edge, advantageously between 0.29c¢ and
0.31c.The second airfoil profile may advantageously be located between 0.30L and 0.36L.

[0036] The third airfoil profile may comprise a position of maximum pressure side camber
located between 0.255¢c and 0.295c¢ from the leading edge, advantageously between 0.265c
and 0.285c. The third airfoil profile may advantageously be located between 0.36L and 0.45L.

[0037] The fourth airfoil profile may comprise a position of maximum pressure side camber
located between 0.35¢ and 0.39c¢ from the leading edge, advantageously between 0.36¢ and
0.38c. The fourth airfoll profile may be located between 0.5L and 0.85L, advantageously along
the entire interval from 0.67L to 0.8L.

[0038] The fifth airfoil profile may comprise a position of maximum pressure side camber
located between 0.31¢c and 0.35c from the leading edge, advantageously between 0.32¢ and
0.34c. The fifth airfoil profile may advantageously be located between 0.85L and 0.95L.

[0039] The sixth airfoll profile may comprise a position of maximum pressure side camber
located between 0.37¢ and 0.41c from the leading edge, advantageously between 0.38¢ and
0.40c.The sixth airfoil profile may advantageously be located at the tip, between 0.95L and L.
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[0040] The novel airfoil profiles and in particular the fourth, fifth and sixth airfoil profiles are all
relatively thick and the position of maximum thickness Is positioned relatively far from the
leading edge. Also, the position of maximum pressure side camber is nearly coincident with the
position of maximum relative thickness. These features have surprisingly been found to have a
high lift-to-drag ratio at the design point despite of the large relative thicknesses of the profiles.
Furthermore, the airfoils are geometrically compatible.

[0041] According to one embodiment, a region between adjacent airfoil profiles comprises a
smooth transition between said adjacent profiles via interpolation between said adjacent
profiles, e.g. via Gaussian distribution curves. Thus, the region between the first airfoil profile
and the second airfoll profile comprises interpolated profiles between the first airfoil profile, and
correspondingly between the second and the third airfoil profile, between the third and the
fourth airfoll profile, between the fourth and the fifth airfoil profile, and/or between the fifth and
the sixth airfoll profile. The transitions should of course also account for the varying twist in the
longitudinal direction of the blade.

[0042] The blade may advantageously be provided with flow altering devices, such as vortex
generators, wherein said devices are arranged at profile sections having a relative thickness of
at least 30%. In one embodiment, the blade Is provided with flow altering devices, such as
vortex generators, wherein said devices are arranged at profile sections having a relative
thickness of maximum 70%.

[0043] In one particularly advantageous embodiment, the flow altering devices are |Iift
augmenting devices.

[0044] Thus, the devices are arranged In a longitudinal region where the relative profile
thickness I1s between 30% and 70%. According to another advantageous embodiment, said
devices are arranged in a range between 0.1L and 0.4L, advantageously between 0.11L and
0.37L. The devices may be arranged in this region only.

[0045] In one embodiment, the relative thickness of the blade at the shoulder is between 40%
and 50%, advantageously between 42% and 48%.

[0046] Preferably, the blade comprises a shell body. The shell body may for instance be
assembled from a pressure side shell and a suction side shell, which are adhered or bonded to
each other near the leading edge and near the trailling edge. In another embodiment, the shell
IS manufactured via a one-shot process, e€.g. via a closed, hollow moulding method.

[0047] The shell body may comprise a longitudinally extending load carrying structure, such as
a main laminate. Such a load carrying structure or main laminate is typically formed as a fibre
Insertion which comprises a plurality of fibore reinforcement layers, e.g. between 20 and 50
layers. On each side of the load carrying structure, the blade typically comprises a sandwich
structure with a core material, such as balsa wood or foamed polymer, and with an inner and
outer skin made of fibre reinforced polymer.
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[0048] The blade shell i1s typically made of a fibre reinforced polymer material. The
reinforcement fibres may for instance be glass fibres, carbon fibres, aramid fibres, metallic
fibres, such as steel fibres, or plant fibres, whereas the polymer for instance may be epoxy,
polyester or vinylester.

[0049] According to a third aspect, the invention provides a wind turbine comprising a number,
preferably two or three, of blades according to any of the aforementioned embodiments, the
blades extending substantially radially from a hub on a main shaft having a substantially
horizontal centre axis, the blades together with the hub constituting a rotor with a rotor plane,
and which can be put into rotation by wind.

[0050] In one embodiment, the wind turbine is pitch controlled. The wind turbine may be power

regulated. According to one embodiment, a maximum power output of the wind turbine iIs
pbetween 1.3MW and 1.7/MW, advantageously around 1.5MW. That i1s, the blades are
particularly suited for 1.5MW class wind turbines.

[0051] The Invention Is explained In detail below with reference to an embodiment shown In
the drawings, In which

Fig. 1 shows a wind turbine,
Fig. 2 shows a schematic view of a wind turbine blade according to the invention,
Fig. 3 shows a schematic view of an airfoil profile,

Fig. 4 shows a schematic view of the wind turbine blade according to the invention, seen from
above and from the side,

Fig. 5 shows a chord length distribution of the wind turbine blade according to the invention,

Fig. 6 shows a relative thickness distribution of the wind turbine blade according to the
Invention,

Fig. 7 shows a twist distribution of the wind turbine blade according to the invention,
Fig. 8 shows a prebend distribution of the wind turbine blade according to the invention, and

Fig. 9 shows a power curve of a wind turbine according to the invention as a function of wind
speed.

[0052] Fig. 1 illustrates a conventional modern upwind wind turbine according to the so-called
"Danish concept” with a tower 4, a nacelle 6 and a rotor with a substantially horizontal rotor
shaft. The rotor includes a hub 8 and three blades 10 extending radially from the hub 8, each
having a blade root 16 nearest the hub and a blade tip 14 furthest from the hub 8. The rotor
has a radius denoted R.



DK/EP 3199802 T3

[0053] Fig. 2 shows a schematic view of a first embodiment of a wind turbine blade 10
according to the invention. The wind turbine blade 10 has the shape of a conventional wind
turbine blade and comprises a root region 30 closest to the hub, a profiled or an airfoil region
34 furthest away from the hub and a transition region 32 between the root region 30 and the
airfoil region 34. The blade 10 comprises a leading edge 18 facing the direction of rotation of
the blade 10, when the blade i1s mounted on the hub, and a trailing edge 20 facing the opposite
direction of the leading edge 18.

[0054] The airfoil region 34 (also called the profiled region) has an ideal or almost ideal blade
shape with respect to generating Iift, whereas the root region 30 due to structural
considerations has a substantially circular or elliptical cross-section, which for instance makes it
easler and safer to mount the blade 10 to the hub. The diameter (or the chord) of the root
region 30 may be constant along the entire root area 30. The transition region 32 has a
transitional profile gradually changing from the circular or elliptical shape of the root region 30
to the airfoll profile of the airfoil region 34. The chord length of the transition region 32 typically
Increases with increasing distance r from the hub. The airfoil region 34 has an airfoil profile
with a chord extending between the leading edge 18 and the trailing edge 20 of the blade 10.
The width of the chord decreases with increasing distance rfrom the hub.

[0055] A shoulder 40 of the blade 10 iIs defined as the position, where the blade 10 has its
largest chord length. The shoulder 40 is typically provided at the boundary between the
transition region 32 and the airfoil region 34.

[0056] It should be noted that the chords of different sections of the blade normally do not lie In
a common plane, since the blade may be twisted and/or curved (i.e. pre-bent), thus providing
the chord plane with a correspondingly twisted and/or curved course, this being most often the
case In order to compensate for the local velocity of the blade being dependent on the radius
from the hub.

[0057] Figs. 3 and 4 depict parameters, which are used to explain the geometry of the wind
turbine blade according to the invention.

[0058] Fig. 3 shows a schematic view of an airfoil profile 50 of a typical blade of a wind turbine
depicted with the various parameters, which are typically used to define the geometrical shape
of an airfoil. The airfoll profile 50 has a pressure side 52 and a suction side 54, which during
use - I.e. during rotation of the rotor - normally face towards the windward (or upwind) side and
the leeward (or downwind) side, respectively. The airfoll 50 has a chord 60 with a chord length
¢ extending between a leading edge 56 and a trailing edge 58 of the blade. The airfoil 50 has a
thickness £, which Is defined as the distance between the pressure side 52 and the suction side
54. The thickness t of the airfoil varies along the chord 60. The deviation from a symmetrical
profile Is given by a camber line 62, which i1s a median line through the airfoil profile 50. The
median line can be found by drawing inscribed circles from the leading edge 56 to the trailing
edge 58. The median line follows the centres of these inscribed circles and the deviation or
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distance from the chord 60 Is called the camber f. The asymmetry can also be defined by use
of parameters called the upper camber (or suction side camber) and lower camber (or
pressure side camber), which are defined as the distances from the chord 60 and the suction
side 54 and pressure side 52, respectively.

[0059] Airfoil profiles are often characterised by the following parameters: the chord length c,
the maximum camber f the position df of the maximum camber f, the maximum airfoll

thickness £, which iIs the largest diameter of the inscribed circles along the median camber line
62, the position dy of the maximum thickness { and a nose radius (not shown). These

parameters are typically defined as ratios to the chord length ¢. Thus, a local relative blade
thickness t/c Is given as the ratio between the local maximum thickness ¢ and the local chord
length c¢. Further, the position d, of the maximum pressure side camber may be used as a

design parameter, and of course also the position of the maximum suction side camber.

[0060] Fig. 4 shows other geometric parameters of the blade. The blade has a total blade
length L. As shown In Fig. 3, the root end Is located at position r = 0, and the tip end located at
r= L. The shoulder 40 of the blade Is located at a position r=L,, and has a shoulder width W,

which equals the chord length at the shoulder 40. The diameter of the root is defined as D. The
curvature of the trailing edge of the blade Iin the transition region may be defined by two
parameters, viz. a minimum outer curvature radius r, and a minimum inner curvature radius r;,

which are defined as the minimum curvature radius of the trailing edge, seen from the outside
(or behind the trailing edge), and the minimum curvature radius, seen from the inside (or In
front of the trailing edge), respectively. Further, the blade Is provided with a prebend, which Is

defined as Ay, which corresponds to the out of plane deflection from a pitch axis 22 of the
blade.

Example:

[0061] In the following an example of a wind turbine blade according to the invention is given.

[0062] The wind turbine blade i1s provided with the following parameters for length, shoulder
width, minimum curvature radii for trailing edge and root cylinder diameter:
Table 1

Parameter Size
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[0063] The distribution of chord length ¢, relative thickness f/c, and prebend Ay is listed In
Table 2.
Table 2

QCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCC000QCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQN CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

M 89 . 3
a
*
B e e T T T T T T T e T e T e e T T e e T e e T e e T e e e e T T T T T T T T e e e e T T T T T e T T T T T e e T e T e e e e e T T e T e e e e T e e e e e e s B e ) qcoq5oq50q5oq5oqcoq5oqcoq5oq5oqcoqcoqcoqcoqcoqcoqcoqc\" qqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqq \

[0064] The wind turbine blade comprises six novel blade profiles 41-46, which are located at
different longitudinal positions along the blade and as shown In Fig. 2. Table 3 lists the relative
thickness f/c, the position of maximum thickness dyc, the position of the maximum pressure

side camber dy/c and the approximate radial position r of the profiles:
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[0065] The airfoil profiles have surprisingly been found to provide higher lift-to-drag ratios than
conventional wind turbine airfoils and in particular compared to NACA-profiles. The six profiles
are aerodynamically compatible, and the regions between adjacent airfoil profiles comprise a
smooth transition between said adjacent profiles via interpolation between said adjacent
profiles, e.g. via Gaussian distribution curves. The transitions also account for the varying twist
In the longitudinal direction of the blade and the transition is thus seen to be three-dimensional.

[0066] Figs. 5-8 depict graphs of the chordal distribution c, the relative thickness f/c, the twist
0, and the prebend Ay of the wind turbine blade according to the example (denoted LM42.1p)
as a function of the relative radial position r/L. The graphs are compared to that of the prior art
blade LM40.3p, which has a blade length of 40.0m and thus I1s comparable to the present
blade.

[0067] From Fig. 5, it can be seen that the shoulder width of the present blade is
approximately 8% smaller than that of the prior art blade. Further, it should be noted that the x-
axis depict the relative radial position of the blade. Thus, the relative shoulder width of the
present blade has been reduced even further than the 8%.

[0068] Fig. 6 depicts a graph of the relative blade thickness as a function of the relative radial
blade position. It Is seen that the relative thickness of the present blade is much higher than
the relative thickness of the prior art blade, in particular in the range from 0.5L to 0.9L. In the
range from 0.6L to 0.8L the relative thickness I1s approximately 33% larger than the prior art
blade.

[0069] Fig. 7 shows the twist distribution of the present blade compared to the prior art blade.
It can be seen that the twist Is increasing in the root region and the transition region as
opposed to the prior art blade, where the twist is substantially constant or slightly decreasing in
this region. The twist Is decreasing in an inboard part of the airfoil region and Is increasing In
an outboard part of the airfoil region. The inboard part and the outboard part are separated by
a position of a twist inflection tangent. The twist at the inflection tangent i1s defined as O
degrees twist. The Inflection tangent is located at r = 0.855L, which 1s much further inboard
than the prior art blade, where the inflection tangent is located at r = 0.943L. The maximum
twist of the present blade iIs 10.28 degrees, which Is smaller than the maximum twist of 11
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degrees of the prior art blade.

[0070] Fig. 8 depicts the prebend of the blade, and it can be seen that the total absolute
prebend of the present blade i1s 50% larger than that of the prior art blade.

[0071] All these differences, and In particular a narrower shoulder, a relatively thicker blade
and a larger prebend combined make it possible to obtain a lighter blade, which mechanically
IS Just as strong, but performs more efficient aerodynamically. In fact, the present blade has a
lower mass than the prior art blade despite being longer. The loadings that the two blades
would impose on a wind turbine are comparable, which means that the present blade readily
may replace the prior art blade without having to redimension the wind turbine itself.

[0072] Fig. 9 schematically illustrates a first power curve 80 showing the power output of a
wind turbine provided with prior art blades and a second power curve 81 showing the power
output of a wind turbine provided with blades according to the present invention, both graphs
llustrated as a function of wind speed V,,. It Is seen that the power output increases more

quickly as a function of the wind speed until the level of power regulation of the wind turbine.
The Increase In annual energy production (AEP) relates to the difference between the two
curves and thus the hatched area 82 of the graph. The increase in AEP Is projected to be 4%.

List of reference numerals

[0073]
2
wind turbine
4
tower
6
nacelle
8
hub
10
blade
14
blade tip
16
blade root
18
leading edge
20
trailing edge

22



30

32

34

41

42

43

44

45

46

50

52

54

o6

58

60

62

80

81

82

pitch axis

root region

transition region

airfoil region

first airfoil profile

second airfoll profile

third airfoil profile

fourth airfoil profile

fifth airfoil profile

sixth airfoil profile

airfoil profile

pressure side

suction side

leading edge

trailing edge

chord

camber line / median line

power curve of wind turbine with prior art blades

power curve of wind turbine with novel blades

Increase In power output

chord length

position of maximum thickness
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position of maximum camber

dp
position of maximu pressure side camber
f
camber
L
blade length
P
power output
r
local radius, radial distance from blade root
t
thickness
Vw
wind speed
S
twist, pitch
Ay
prebend
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Krav

1.  En vinge (10) til en rotor til et vindenergianlaeg (2), som har en | hovedsagen
vandret rotoraksel, idet rotoren omfatter et nav (8), ud fra hvilket vingen (10) strackker
sig 1 hovedsagen i en radial retning, nar den er monteret til navet (8), hvor vingen har
en langsgaende retning (r) med en tipende (16) og en rodende (14) og en tvaergaende

retning, hvor vingen yderligere omfatter:

- en profileret kontur, der omfatter en trykside og en sugeside savel som en for-
kant (18) og en bagkant (20) med en korde, som har en kordelaengde (c), straek-
kende sig derimellem, idet den profilerede kontur, nar den rammes af en indkom-
mende luftstrom, generer lift, hvor den profilerede kontur er opdelt i:

- et rodomrade (30) med en cirkuleer eller elliptisk profil teettest ved navet,

- et beereplansomrade (34) med en lift-genererende profil lzengst veek fra navet,
0g

- et overgangsomrade (32) mellem rodomradet (30) og baereplansomradet (34),
hvor overgangsomradet har en profil, som gradvist aendrer sig | den radiale ret-
ning fra den cirkulaere eller elliptiske profil i rodomradet til den lift-genererende
profil i baereplansomradet, og med

- en skulder (40), der har en skuldervidde og lokaliseret ved graensen mellem
overgangsomradet (30) og baereplansomradet (34), hvor

- vingen (10) har en vingelaengde (L), hvor laengden af vingen er mindst 40 meter,
0g

- den profilerede kontur omfatter en lokal relativ tykkelse, som er defineret som
det lokale forhold mellem en maksimum profiltykkelse (t) og kordelazengden (c¢),

- hvor forholdet mellem skuldervidden (W) og vingelaengden (L) er mindre end el-
ler lig med 0,075, og kendetegnet ved, at

- den relative tykkelse (t/c) i et vingeleengdeinterval fra 0-0.8L er | det mindste
22%,

- hvor vingen omfatter en anden baereplansprofil, som har en relativ tykkelse pa
mellem 29% og 31% og en position for den maksimale tykkelse lokaliseret mellem
0,28c og 0,32c fra forkanten, hvor den anden baereplansprofil omfatter en position
for en maksimal trykside-camber lokaliseret mellem 0,28¢ og 0,32¢ fra forkanten,
og den anden baereplansprofil er lokaliseret mellem 0,30L og 0,36L,

- hvor vingen omfatter en tredje baereplansprofil, som har en relativ tykkelse pa
mellem 26,3% o9 27,7% o0g en position for den maksimale tykkelse lokaliseret
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mellem 0,28¢ og 0,32c¢ fra forkanten, hvor den tredje baereplansprofil omfatter en
position for en maksimal trykside-camber lokaliseret mellem 0,255¢ og 0,295c¢ fra
forkanten, og den tredje baereplansprofil er lokaliseret mellem 0,36L og 0,45L, og

- hvor vingen omfatter en fjerde baereplansprofil, som har en relativ tykkelse pa
mellem 23,5% o0g 24,5 og en position for den maksimale tykkelse lokaliseret mel-
lem 0,35¢ og 0,39c fra forkanten, hvor den fjerde baereplansprofil omfatter en po-
sition for en maksimal trykside-camber lokaliseret mellem 0,35¢ og 0,39c fra for-

kanten og den farste baereplansprofil er lokaliseret mellem 0,5L og 0,85L.

2. En vindmgllevinge ifalge krav 1, hvor rodomradet har en roddiameter (D) ved vin-
gens rodende, hvor forholdet mellem skuldervidden (W) og roddiameteren er 1,6 eller

mindre.

3. En vindmgllevinge ifalge ethvert af de foregaende krav, hvor bagkanten har en
glat form uden diskontinuiteter i den langsgaende retning af vingen, eksempelvis hvor
bagkanten har en krumning med en ydre radius (r,) uden for kanten, og som i alle posi-
tioner er i det mindste 0,2L, fortrinsvist | det mindste 0,22L og mere fortrinsvist | det
mindste 0,24L, og/eller hvor bagkanten har en krumning med en indre radius () inden
for bagkanten, hvilken 1 alle positioner er i det mindste 0,2L, fortrinsvist | det mindste

0,225L og mere fortrinsvist i det mindste 0,25L.

4. En vindmgllevinge ifolge ethvert af de foregaende krav, hvor skulderen er lokali-
seret | et interval mellem 0,18L og 0,25L, fortrinsvist mellem 0,19L og 0,24L, og/eller
vingens relative tykkelse ved skulderen er mellem 40% og 50%, fortrinsvist mellem
42% 0Qg 48%.

5. En vindmgllevinge ifolge ethvert af de foregaende krav, hvor vindmgllevingen er
forkrum mod vingens trykside, og hvor en forudbgjning (Ay) ved vingens tipende er |
det mindste 0,05L, fortrinsvist | det mindste 0,6L, mere fortrinsvist | det mindste 0,65L
0g endda mere fortrinsvist | det mindste 0,7L, eksempelvis hvor vingen er forkrum over
| det mindste en ydre 50% af vingen, fortrinsvist over | det mindste en ydre 60% af vin-
gen, mere fortrinsvist over | det mindste en ydre 70% af vinge eller endda i det mindste
en ydre 75%.

6. En vindmgllevinge ifolge ethvert af de foregaende krav, hvor vingen er forsynet

med et twist, og hvor baereplansomradet omfatter en indenbords-del, hvor en twist-
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vinkel mindskes mod vingens tipende, og en udenbords-del, hvor twist-vinklen gges
mod vingens tipende, hvor udenbords-delen og indenbords-delen er adskilt af en posi-
tion for en vendetangent, eksempelvis hvor positionen af vendetangenten er lokaliseret
mellem 0,8L og 0,9L, fortrinsvist mellem 0,82L og 0,88L, mere fortrinsvist mellem 0,83L
og 0,87L, og endda mere fortrinsvist cirka 0,85L.

/. En vindmgllevinge ifglge krav 6, hvor twist i udenbords-delen er i det mindste 4
grader, fortrinsvist | det mindste 5 grader og mere fortrinsvist i1 det mindste 5,5 grader,
og/elle twist | indenbords-delen varierer mellem 8 og 12 grader, fortrinsvist mellem 8,5
og 11,5 grader og mere fortrinsvist mellem 9 og 11 grader.

8. En vindmgllevinge ifolge ethvert af de foregaende krav, hvor vingen omfatter en
farste baereplansprofil, som har en relativ tykkelse pa mellem 35% og 37% 0g en posi-
tion for den maksimale tykkelse lokaliseret mellem 0,24¢c og 0,30c fra forkanten, for-
trinsvist lokaliseret mellem 0,25¢ og 0,29¢ og mere fortrinsvist omkring 0,26¢ og 0,28c,
eksempelvis hvor den farste baereplansprofil omfatter en position for en maksimal tryk-
side-camber lokaliseret mellem 0,24c og 0,30c fra forkanten, fortrinsvist lokaliseret mel-
lem 0,25¢ og 0,29c¢ fra forkanten og mere fortrinsvist omkring 0,26¢ og 0,28c, og/eller
den farste baereplansprofil er lokaliseret mellem 0,23L og 0,30L.

9. En vindmgllevinge ifalge ethvert af de foregaende krav, hvor den anden beaere-
plansprofil har en position for den maksimale tykkelse lokaliseret mellem 0,29¢ og
0,31c fra forkanten, og hvor den anden baereplansprofil omfatter en position for en
maksimal trykside-camber lokaliseret mellem 0,29¢ og 0,3 1c¢ fra forkanten.

10. En vindmgllevinge ifglge ethvert af de foregaende krav, hvor den tredje baere-
plansprofil har en position for den maksimale tykkelse lokaliseret mellem 0,29¢ og
0,31c fra forkanten, og hvor den tredje baereplansprofil omfatter en position for en

maksimal trykside-camber lokaliseret mellem 0,265¢ og 0,285c¢ fra forkanten.

11. En vindmgllevinge ifalge ethvert af de foregaende krav, hvor den fjerde baere-
plansprofil har en position for den maksimale tykkelse lokaliseret mellem 0,36¢ og
0,38c¢ fra forkanten, og hvor den fjerde baereplansprofil omfatter en position for en

maksimal trykside-camber lokaliseret mellem 0,36¢ og 0,38¢ fra forkanten.
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12. En vindmgllevinge ifalge ethvert af de foregaende krav, hvor vingen omfatter en
femte baereplansprofil, som har en relativ tykkelse pa mellem 20,6% og 21,4% og en
position for den maksimale tykkelse lokaliseret mellem 0,35¢c og 0,39c¢ fra forkanten,
fortrinsvist mellem 0,36¢ og 0,38c¢, eksempelvis hvor den femte baereplansprofil omfat-
ter en position for en maksimal trykside-camber lokaliseret mellem 0,31¢ og 0,35c fra
forkanten, fortrinsvist lokaliseret mellem 0,32¢ og 0,34c, og/eller den femte baereplans-

profil er lokaliseret mellem 0,85L og 0,95L.

13. En vindmgllevinge ifglge ethvert af de foregaende krav, hvor vingen omfatter en
sjette baereplansprofil, som har en relativ tykkelse pa mellem 17,7% og 18,3% o0g en
position for den maksimale tykkelse lokaliseret mellem 0,37¢ og 0,41c¢ fra forkanten,
fortrinsvist mellem 0,38c og 0,40c¢, eksempelvis hvor den sjette baereplansprofil omfat-
ter en position for en maksimal trykside-camber lokaliseret mellem 0,37¢ og 0,41c fra
forkanten, fortrinsvist mellem 0,38¢ og 0,40c, og/eller den sjette baereplansprofil er lo-

kaliseret ved tippen, mellem 0,951 og L.

14. En vindmgllevinge ifalge ethvert af de foregaende krav, hvor vingen er forsynet
med stromningsaendrende indretninger, sasom vortex-generatorer, hvor naevnte ind-
retninger er placeret pa profilsektioner, der har en relativ tykkelse pa mindst 30%,
og/eller naevnte indretninger er placeret pa profilsektioner, som har en relativ tykkelse

pa maksimalt 70%.

15. Vindenergianlaeg omfattende et antal, fortrinsvist to eller tre, vinger ifglge ethvert
af de foregaende krav, idet vingerne straekker sig i hovedsagen radialt fra et nav pa em
hovedaksel med en | hovedsagen vandret centerakse, hvor vingerne sammen med na-
vet udgar en rotor med et rotorplan, hvilken kan bringes til rotation af vingen, hvor
vindenergianlaegget kan veaere pitch-reguleret og/eller effekt-reguleret, eksempelvis
med en maksimal effekt-output for vindenergianlaegget pa mellem 1,3MW og 1,7MW,

fortrinsvist omkring 1,5MW.
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