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(54) Title: TWISTED BLADE ROOT

(57) Abstract: The invention is related to a rotor blade for a wind turbine comprising a blade root, a transition piece and an aerody -
namic part, wherein the blade root essentially is optimized for fixation of the blade to the hub and the aerodynamic part essentially is
optimized to extract energy from the wind and wherein the transition part realizes a beneficial transition between the blade root and
the aerodynamic part. According to the invention the rotor blade can perform better both aerodynamically and structurally compared
to a classic design when the blade part located near the axis, approximately the part between 0%L and 50%L is provided with one or
more of the following characteristics: more twist than usual, attached flow stimulating measures at the suction side, flow blocking
measures at the pressure side, thicker profiles than usual, a triangular shape of the profile back and back twist.
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Twisted Blade Root

The-invention-is-related-to-a-rotor blade assembly for a wind turbine_comprising a blade.
root, a transition part and an aerodynamic part, wherein the blade root part is optimized
essentially for the fixation of the rotor blade to the hub and the aerodynamic part is
optimized essentially to extract energy from the wind and wherein the transition part
realizes a favorable transient between the blade root and the aerodynamic part.

A cross section of the blade perpendicular to the longitudinal axis of the blade is called a
profile. The joint line between to profile points with the largest mutual distance is called
the chord. In the case that the trailing edge of the profile is essentially flat, the chord line
cuts the flat trailing edge half way. This definition of the chord is also applicable for the
determination of the twist. A second definition of the chord progresses analogously with
the difference that it is related to the profile without extensions or additions. The largest
profile thickness perpendicular to the chord direction is called the thickness, which also
is related to the profile without additions or extensions. The relative thickness is the ratio
between the thickness and the chord, both with relation to the profile cross section
without additions or extensions. In the direction from the tip to the root, the relative
thickness usually increases. This is necessary in order to cope with the bending
moments and to limit blade bending. Modern rotor blades have a circular cross section
near the blade root so that the blade fits easily to the blade bearing. Between the blade
root and the more outwardly positioned aerodynamic part of a rotor blade, the transition
part is located wherein the profiles transform of e.g. 100%c thickness to e.g. 35%c
thickness, which thickness range usually comprises airfoils with low aerodynamic
performance. Still, to let this part contribute to the energy-yield, several embodiments
are known in literature.

An attempt to reach a good aerodynamic performance of the transition part, is to choose
the chord near the rotor axis longer than conventional as is described in
PCT/EP2004/003294 and PCT/EP03/05605 (Wobben). According to the manufacturer,
this option results in a yield increase in the order of 10-15%, however the embodiment is
complex, heavy and therefore expensivé. Furthermore the total surface of the rotor
increases which leads to inter alia higher wind loads, in particular at the survival wind
speed, which means further additional costs for the tower and foundation. A variant of
this option is described in EP2194267A2 (GE), for which it is also the case that large,
expensive and complex additions are required to capture the extra yield. Further
developments can be found in US20120134836A1 (GE) and US20120141281A1 (GE),
for which always applies that it considers large additions to the blade\ which leads to
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large costs and structural problems. An alternative transition part is described in
US6910867B2 (Corten) and is also included in EP2343450A1 (LM). Here it is proposed
to improve the aerodynamic performance of the part near the blade root to attach flow
manipulrators such aé vdrtex generators and stagnation strips. This solution is simple
and delivers 1%:% additional yield, although the majority of the aerodynamic loss in the
rotor center persists.

A variant of this solution is described US8052394B2 (Repower), wherein the strip is
replaced by a large flow blocking element added to the blade which also characterizes
this addition as complex, expensive and risky. Risky references to the probability that a
part fixed to the blade root comes loose. Other embodiments of the transition part are
described in US2011/0229332 A1 (Nordex) and US2012/0027588A1 (GE). In the first
case an addition is proposed which deviates much from a structurally optimal shape. In
the second case an addition or extension is proposed of e.g. 10% of the blade length
which is fixed to the blade root. This also is a complex, expensive and risky solution.
The application of flow blocking Gurney flaps to wind turbine profiles is studied manifold
and proves to deliver a lift increase but also a loss due to higher drag.
US20100141269A1 (GE) further describes such a flow blocking device. Herein a
solution is presented for the fixation of Gurney flaps, which are proposed as flat back
folded plates. The problem hereof is that such shapes have a high stiffness and
therefore attract forces and thus easily come loose from the blade. Variants of the
Gurney flap are additions such as e.g. are described in EP1845258A1 (Siemens) and
US2009/0263252A1 (Gamesa). With those additions in the shape of diverging trailing
edges, a lower drag is claimed, however compared to profiles without additions one
does not reach considerably more lift, so that a disadvantageous large chord is required
to achieve maximum efficiency and furthermore the flat trailing edges are structurally
and production technically disadvantageous and therefore expensive.

Since the moment of the aerodynamic forces increases with decreasing distance to the
shaft and because the area swept by a blade section and thus also the share in the
energy yield decreases with decreasing distance to the shaft, a blade cross section is
optimized from essentially aerodynamic to essentially structural in the direction from the
tip to the axis. This means that profiles near the rotor axis are relatively thick with the
disadvantage of aerodynamic loss. The wish of the structural engineer would be to
choose starting from the blade root up to 80% radial position a profile thickness which is
(much) more than the aerodynamically optimal thickness of 15-18% to create more
building height so that a lighter blade design is achievable. However the ratio between
lift and drag decreases with increasing relative profile thickness and furthermore the
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roughness sensitivity increases much with increasing relative profile thickness. Still the
designer will be forced to apply thick airfoils for structural reasons with a reduction of
yield as consequence. v

A corhplication of the broblem with wind turbine blades is that t'hé‘optimum chord
essentially is inversely proportional to the radial position and that a large chord is
required at the blade root side of the blade to optimally extract energy from the flow. At
the same time the swept area near the rotor center is relatively small so that the relative
contribution to the yield of the inner part of the blade is small. The needed large chord
and the relatively low contribution to the yield are reason for many manufacturers to
choose the chord near the blade root shorter than optimal, so that the yield is reduced.

Another complication arrives from the twist of the angle of attack of the air flow to
the profile in the direction from the tip to the axis: from more in the rotor plane to almost
parallel to the axis the blade root. Therefore a modern rotor blade is twisted, which
means that the chord line of the airfoils in the direc;tion from tip to root is turning. The
number of degrees of twist in the length direction is called the twist or the twist
differénce and is e.g. 10°-12° for classic blades. Thanks to the twist, the profiles are
optimally adjusted to the flow, at least in the aerodynamic part of the blade. In the
transition part, the inflow angle turns fast with decreasing distance to the axis. This fact
together with the fact that optimum angle of attack for a profile decreases with
increasing relative profile thickness, means that much twist is required to set the profiles
at the correct angle. The large twist over a small radial distance (high twist rate) leads to
structural problems and not to much extra energy and therefore the designer chooses
not to further twist the transition part e.g. the part between 0%L and 20%L or that
between 5%R and 20%R. An additional argument for this is that conventional computer
codes to calculate the yield such as Blade Element Momentum codes or CFD codes
estimate that adding twist in the transition part hardly has a yield benefit, e.g. less than
1%.

A final complication is that extreme loads to a wind turbine often occur at survival
wind speed when the turbine is halted. Then the blade surface is the determining factor
for the magnitude of the forces. Therefore the designer would like to choose the blade
as small as possible, however due to moderate lift coefficients and relatively thick airfoils
at the inner side of the rotor, he is forced to choose a large chord (in order to reach an
acceptable energy yield), with consequently high loads at extreme wind speeds and thus

a heavy and expensive structure.
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The aim of the invention is to realize a rotor blade so that the yield inter alia from the
rotor center increases in such a way that the above described disadvantageous are
avoided.

It is found that - in contradiction to the classical thodgh ~ in the rotor center a blade
design is possible that both from aerodynamic and structural point of view is more
beneficial than classical designs and that this design can be realized in a simple manner
by providing one or more of the following 6 characteristics at the blade part located near
the axis, about the part between 0%L and 55%L. more twist than usual, attached flow
stimulating measures at the suction side, (radial) flow blocking measures at the pressure
side, thicker airfoils than usual, a triangular shape of the profile trailing part and back

twist.

Entirely in contradiction to governing views, it is found that twisting the transition part
certainly does lead to a relevant increase of yield and that a thoroughly choice of the
twist distribution, the blade can be produced as easy and that the blade performs
structurally good or even better wherein the classical blade is always the reference.

The further surprising conclusion is that according to an embodiment of the invention,
the relative profile thickness in the transition part can be chosen larger than usual so
that a structural advantage is created and that by application of boundary layer
manipulators, the aerodynamic performance furthermore increases inter alia when both
at the pressure side and at the suction side of the airfoil flow manipulators are provided.
Said flow manipulators are small, cheap and reliable elements which can be attached to
the blade easily, e.g. with double sided adhesive tape possibly combined with screws or
by any other possible conventional method of attachment wherein the elements are
attached to the blade surface directly or in a recess in the blade.

Due to the invention the designer can use a more or less ideal transition part
which performs considerably better if one accounts for aerodynamic, structural and
production technical arguments.

According to the invention and in contradiction to what is considered by the
designer of rotor blades as a fact, airfoils with a thickness of more than 30%c, and in
particular of more than 40%c and more in particular of more than 50%c can have good
aerodynamic performance provided that they are provided with vortex generators at the
suction side and flow blocking measures at the pressure side. Shown is that those thick
airfoils then achieve maximum lift coefficients of 2.0 or even 2.5 in a large angle of
attack range and that the ratios between lift and drag are above 20, 30 or even 40. By
the high thickness and certainly when they are combined with a triangular trailing part,
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the profiles are suitable to transfer high bending moments. This way a blad design is
created which is lighter than classical designs.

A beneficial embodiment of a rotor blade according to the invention delivers
appfoximately 2-8% a»dditional yield,v 1-3% weight reduction and easier 'Vtran'sportation}
without increase of costs.

According to governing views of persons skilled in the art, a maximum additional
yield of 1 % is possible by designing the transition part differently. The explanation is
inter alia that the person skilled in the art designs rotor blades with so-called blade
element momentum theory (BEM) which comprises a too simple model of the physics to
show the advantage of blades according to the invention. BEM does e.g. not account for
a tip loss at the blade root. Furthermore the 3D-corrections known from literature
assume that profiles near blade axis reach much more lift and perform well up to much
higher angles of attack then under 2D-conditions so that the person skilled in the art
thinks that the omission of twist in the transition part hardly introduces disadvantage. A
new insight of the inverter shows a different reality: the thick cylindrically shaped profiles
of the transition part near the rotor center produce a wake of detached air which by
rotational effects (read centrifugal forces and the reduction of pressure in the wake with
increasing radial position) flows outward'ly towards the suction sides of more oufwardly
located profiles, which experience a reduction of lift which occurs up to 30%-40%-50%
of the rotor radius. This effect is opposite to the expectation of the designef. A second
new insight of the inventor is that the detached air at the pressure side of the profiles
near the blade root also flow outwardly by rotational effects so that at the pressure side
due to the great bulging of the root profiles at the pressure sides negative pressures are
created which reduce the lift of the profile as a whole.

Embodiments of the rotor blade according to the invention at the transition part
the lift coefficient can reach values above 1.5, or above 2.0 and even above 2.5 for
airfoils with a relative thickness of more than 30%c, 40%c, 50%c and even 60%c, so
that in a significant blade part where the chord reduces in the direction from blade tip to
blade root about the optimum lift can be realized. This means that without increase of
the chord and without structural disadvantage, the radial position wherein the blade
reaches high aerodynamic efficiency shift in the direction of the blade root from 30%R-
40%R to 5%R-20%R. The embodiments from the references do not commit to the
demand to reach a high lift coefficient by a relatively simple method. The strip and the
vortex generators from US6910867B2 (Corten) cause a large wake which leads to a lift
reduction at a larger radial position and requires the addition of twist according to the
invention. The embodiments with a diverging trailing edge of other additions or
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extensions at the trailing edge or at the pressure side are complex but ineffective in
reaching a high lift coefficient. Those embodiments reach the beneficial high lift
coefficients when, according to an embodiment of the invention, at the suction side
attached flow is stimulated e.g. by vortex generators optionally in combination with
additional twist and in particular when the pressure side comprises flow blocking
elements with a concavity at the pressure side of said elements.

According to an embodiment of the invention the twist varies more than 3°, in
particular more than 5°, more in particular more than 10° and even more in particular
more than 15° in the continuous range which comprises profiles with a relative thickness
between 25%c and 70%c or between 33%c¢ and 70%c or between 40%c¢ and 70%c.

According to another beneficial embodiment of the invention the twist difference
is at least 3°, in particular 6° and more in particular 10° in the continuous blade part with
profiles with a relative thickness between 50%c¢ and 70%c.

A beneficial embodiment is that wherein the assembly in the longitudinal range
below 25%L in particular below 21%L and more in particular below 15%L, comprises 3°
twist. A different beneficial embodiment is that wherein the assembly in the longitudinal
range of 10%L to 25%L and in particular to 21%L and more in particular to 15%L,
comprises 5° and in particular 10° and more in particular 15° twist or wherein said
assembly in the longitudinal range from 5%L to 25%L, in particular to 21%L and more in
particular to 15%L, comprises 10° and in particular 15° and more in particular 20° twist.

A beneficial variant of the embodiment is that wherein the twist distribution
follows from 50% radial position globally a 1/r distribution to 10%R, or even 5%R or up
to the blade root, wherein, in contradiction to the invention described in the said
applications by Wobben, the blade twists in the part between the blade root and the
largest chord. Another combinable beneficial embodiment is that wherein the twist rate
between 10%L and 21%L is at least 0.5° per percent blade length, in particular at least
0.75° per %L and more in particular at least 1 degree per %L, wherein the upper
longitudinal limit also can have the particular value 18%L and the more particular value
of 15%L. Another beneficial embodiment is that wherein the blade in the direction from
the tip to the blade root in the range below 80%L comprises at least 10° twist in a first
direction and subsequently back-twists in opposite direction over at least 3°, in particular
at least 6° and more in particular at least 10° in the longitudinal range with profile
thicknesses of less than 97%c, so that the advantages is created that the blade division
line in the mould turns back to the horizontal plane near the blade root which simplifies

the production.
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A beneficial embodiment is one wherein the range of profiles with a chord larger
than 105% of the blade root located between L=0 and the largest chord, comprises a

twist of 5°, in particular 10° and more in particular 15°.

A further beneficial embodiment is one> wherein the rotor blade between 5%L and -

25%L in the trailing half of the profile is provided with a flow blocking measures and
wherein the rotor blade is provided with vortex generators on the suction side in the
range between 5%L and 25%L. An embodiment according to the invention comprises a
rotor blade with a chord distribution which in the direction from the tip to the blade root
first essentially increases, then reaches a maximum value and subsequently decreases
wherein the blade twists by e.g. more than 3°, in particular more than 5°, more in
particular more than 10° and preferably about 15° - 20° in the longitudinal range
between the maximum chord and the blade root, wherein the largest chord e.g. is
located at a longitudinal position larger than 18%L and in particular larger than 24%L
and more in particular larger than 30%L.

A beneficial embodiment according to the invention is one wherein the rotor
blade in the longitudinal range between the maximum chord and the blade root is
provided with flow manipulators which prevent stalling at the suction side such as e.g.
vortex generators, boundary layer suction of flow guiding flaps, which can be attached
as separate parts or which are integrated with the blade.

Further benefit is realized when between the blade root and 50%L or on profiles
with a thickness of more than 40%c, the blade comprises vortex generators with a fin
height above the blade surface of more than 2%c, in particular more than 3%c and more
in particular more than 5%c. Those vortex generators are higher than known from prior
art and stick out of the boundary layer which can be understood since their task is inter
alia to feed away radial flow from separated zones near the blade root towards the
suction side of more outwardly located profiles, so that the efficiency of those more
outwardly located profiles increases. It is found that more advantage is realized when
those high vortex generators are combined with a second row of vortex generators at a
larger chord wise position and with a lower fin height.

Further advantage is realized according to the invention when the rotor blade in
the longitudinal range between 0%L and 80%L and in particular between 10%L and
50%L comprises a flow blocking measures at the pressure side. An embodiment of a
flow blocking measures is one in the shape of a edge which extends from the profile
surface by e.g. a distance between 0,5mm and 10% of the local chord and in particular
over a distance between 0,2%c and 3%c and more in particular by a distance between
0,5%c and 1,5%c. An inventor thought which underlies the invention is that classical
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flow blocking elements essentially extending in longitudinal blade direction do not
effectively block the flow. The classic designs are inter alia resulting from wind tunnel
tests with wind turbine blades in 2-dimensional flow or from CFD-simulations of
aerodynamic behavior of wind turbine profiles in 2D-conditions with such a flow blocking
element. According to the inventor it is found that due to the rotation of the wind turbine
blades and the resulting radial pressure gradients and centrifugal and Coriolis forces,
the flow moves in radial direction from the blade root to the tip and that effective flow
blockage also requires obstruction of the radial flow over the blade. We will call a flow
blocking measures which is designed so that also the radial flow is obstructed a radial
flow blocking element, where it should be understood that such an element not only
hinders flow in radial direction but also flow in chord wise direction. A beneficial
embodiment according to the invention of a radial flow blocking element is one of which
the cross section with a plane parallel to the blade surface at the location where the
element is located is shaped concave or convex. A characteristic of radial flow blocking
elements is that the shape (of a single element or of a group of elements) differs
essentially from a longitudinally in blade length direction extending pultrusion. The radial
flow blocking elements are (together) three dimensionally shaped and thereby differ
regarding function and shape from flow blocking elements as e.g. the ‘flow guidance
device’ in EP2343450A1 (LM) or strip in US6910867B2 (Corten).

An integration option is that wherein the edge of the main girder located at the
pressure side néar the leading edge protrudes so that a flow blocking element is formed.
Further advantage arises according to the invention when a flow blocking measures
comprises an element which extends in blade length direction by less than 100cm, in
particular by less than 45cm and more in particular by less than 25cm and optionally that
every element comprises 2 joints. Further benefit arises according to the invention when
the rotor blade comprises at the pressure side a radial flow blocking element which
comprises a fixation plane and a flow blocking plane wherein the average plane through
said flow blocking plane has an angle with the blade longitudinal direction of at least 10°,
in particular with at least 20° and more in particular by at least 30° and or wherein the
fixation plane extends according to a curve more or less in the length direction of the
blade and that this plane has an angle with the over the flow blocking surface averaged
normal of less than 80° in particular of less than 70° and more in particular of less than
60°.

A further beneficial embodiment according to the invention is that wherein the
rotor blade comprises a flow blocking measures in the form of an outstretched which at
least comprises 2 zigzag of curved periods with which the radial flow blocking element
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repeats which is attached at the pressure side, possibly to the trailing edge. Such an
element is comparable to a Gurney flap although it has the essential benefits that the
flow blockage is improved since also radial flow is obstructed and that the element can
be fixed to the blade easily and reliably because the element can easily follow
deformations. An example of such a radial flow blocking element is that of an erected
curved strip or zigzag strip wherein such a strip is fixed to the rotor blade with a fixation
surface which is not continuous in the direction wherein the strip extends (e.g.
comprises at least 2 joints with the blade). The classical straight shaped flow blocking
elements with a continuous joint over length >45cm cannot follow thermal expansion
differences of bending of the rotor blade and are proven to come loose after a while. The
wavy or zigzagged embodiments of radial flow blocking elements smaller than 100cm or
45cm or 25cm according to the invention can follow deformations or can cope with
thermal expansion differences due to the limited dimensions so that the joint to the blade
is reliable.

The radial flow blocking element or the flow blocking element according to the
invention can be applied to the rotor blade as separate part of being integrated
therewith. Said elements can e.g. be attached with double sided adhesive tape, screws,
glue, dovetails, magnets and all other known attachment methods. '

Further advantage arises according to the invention when the rotor blade is
provided with artificial roughness which is located e.g. between 1%c at the suction side
to, via the leading edge, 50%c at the pressure side and in particular in the range
between 0%c and 10%c at the pressure side and more in particular between 1%c at the
pressure side to 5%c at the pressure side. This artificial roughness can exists of any in
technology known type of roughness such as sand paper, rough paint, zigzag tape,
protruded edges, small vortex generators, ribs and can be attached during the blade
manufacturing or after that and has as benefits that the maximum negative lift of the
airfoils is reduced, that the roughness dependence is reduced and that it can be easily
and reliable attached. The application of artificial roughness to wind turbine blades is a
measure according to the invention which is opposite to what will be proposed by the
person skilled in the art: he would state that wind turbine blades should be produced as
smooth as possible.

Further advantage arises by combining the artificial roughness with vortex
generators, which increase the maximum positive lift coefficient (or recover to the value
without roughness) and an essentially roughness insensitive profile with high lift
coefficient is realized, so that a rotor blade under clean conditions (new blade) does not
reveal higher lift (read higher costs) compared to standard contaminated conditions
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which will occur weeks or years after commissioning so that the wind turbine design
does not need to be resistant against higher loads during clean periods and thus can be
produced more optimal (cheaper).

A further béneficial embodiment according to the Ainven'tio'n considers a rotor
blade which when attached to a horizontal axis wind turbine and when adjusted'to the
blade angle corresponding to the maximum power coefficient at the optimum tip speed
ratio comprises a profile at radial position 16%R of which the suction side at 95%c has
an angle with the rotor plane which is between 0° and 16° and in particular between 3°
and 13° and more in particular between 6° and 10° and or comprises a profile at radial
position 20%R of which the suction side at 95%c has an angle with the rotor plane
between 2° and 17° and in particular between 5° and 13° and more in particular
between 7° and 11°.

According to a beneficial embodiment according to the invention the rotor blade
comprises a profile at 15%L of which the part behind the back shearweb up to the
trailing edge is essentially triangular wherein the profile outer contour maximally
deviates 5%c and in particular maximally 3%c and more in particular maximally 2%c of
two sides of an imaginary triangle fully inside the profile back side of wHich the third side
coincides with the back shearweb. Further advantage arises according to the invention
when the rotor blade comprises a profile at 15%L of which the suction side between
55%c and 98%c has less change of inclination than 8°, in particular less than 6° and
more in particular less than 4° and or whereof the pressure side between 45%c and
98%c has less change of inclination than 14°, in particular less than 12° and more in
particular less than 8°. Such a triangular back provides in combination with vortex
generators at the suction side and possibly a flow blocking element or radial flow
blocking element at the pressure side both a good aerodynamic performance and high
structural stiffness: The triangular profile back is structurally stiff and will not buckling of
the blade skin in contradiction to e.g. the form in US2009/0263252 A1 (Gamesa) so that
weight and costs are lower.

It is found that thicker airfoils according to the invention with vortex generators at
the suction side and possibly flow blocking measures at the pressure side have a higher
lift over drag ratio and lower roughness sensitivity and obviously a higher stiffness due
to the higher thickness. Advantageous embodiments of a rotor blade according to the
invention therefore apply relatively thick airfoils at relatively large radial positions,
wherein relative refers to classical blade designs:

According to a beneficial embodiment of the invention, at 20%L the profiles have a
thickness of 45%c, in particular of 50%c and more in particular of 55%c. According to a
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beneficial embodiment of the invention, at 30%L the profiles have a thickness of 35%c,
in particular of 38%c and more in particular of 41%c. According to a beneficial
embodiment of the invention, at 40%L the profiles have a thickness of 31%c, in
particular of 33%c and more in particular of 37%c. According to a beneficial embodiment
of the invention, at 50%L the profiles have a thickness of 30%c, in particular of 32%c
and more in particular of 35%c. According to a beneficial embodiment of the invention,
at 60%L the profiles have a thickness of 28%c, in particular of 30%c and more in
particular of 32%c. According to a beneficial embodiment of the invention, at 70%L the
profiles have a thickness of 25%c, in particular of 27%c and more in particular of 29%c.
According to a beneficial embodiment of the invention, at 80%L the profiles have a
thickness of 22%c, in particular of 24%c and more in particular of 26%c.

Further advantage arises according to the invention when the largest chord is
located at a longitudinal position of more than 24%L and in particular of more than 30%L
and more in particular of more than 35%L and or wherein the largest chord is less than
6.5%L, in particular less than 6%L and more in particular 5.5%L. A special embodiment
is that wherein the blade has its largest chord at longitudinal position 0 and comprises in
the direction of the tip initially a constant chord and subsequently a decreasing chord.
The shift of the maximum chord to larger radial position (larger longitudinal position) and
the reduction of the largest chord are both consequences thanks to the invention of
profiles with large relative which reach high aerodynamic lift so that blades can be built
lighter (due to the larger building height) and are easier transportable (due to the
reduced maximum chord) and experience lower loads at extreme wind speeds (due to
the reduced chord).

A beneficial embodiment according to the invention is one wherein the largest
chord is at least equal to the blade root diameter and not more than 130%, in particular
not more than 120% and more in particular not more than 110% thereof.

Another beneficial embodiment is that wherein the rotor blade from blade root to
the tip is one piece. Finally a beneficial embodiment according to the invention is that
wherein the rotor blade length L is larger than 40 meters, in particular larger than 60 and
more in particular larger than 80m. With increasing size of wind turbines the bending
moments increase faster than the yield, so that savings by better optimization
increasingly is beneficial. For example with increasing turbine size the relative thickness
of rotor blades increases to resist optimally the relatively higher bending moments. The
disadvantage hereof is the reducing aerodynamic performance. The invention takes

away this disadvantage.
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A rotor blade assembly according to an embodiment of the invention comprising
flow manipulators such as e.g. vortex generators, flow blocking elements or radial flow
blocking elements of which the form, size, orientation and location on the blade
influence the impact to the blade characteristics. According to a beneficial embodiment
of a rotor blade assembly according to the invention the characteristics are optimized for
a certain wind climate and for a certain wind turbine. This way, according to the
invention, a first rotor blade assembly comprises a first pattern which is optimized for a
first situation and a second rotor blade assembly essentially with the same shape
comprises a second pattern of flow manipulators which is optimized for a second
situation. E.g. a rotor blade for a site with high blade surface contamination can be
provided with a in longitudinal direction and or in chord wise direction more extensive
pattern of artificial roughness and or a in longitudinal direction more extensive pattern of
vortex generators compared to an equal rotor blade for a site with low blade surface
contamination. According to another example a rotor blade assembly can be accurately
adjusted per site or per turbine by the pattern of flow manipulators within the allowable
load envelope of the blade or the turbine.

Figures:

Figure 1: Horizontal axis wind turbine,

Figure 2: Cross section of rotor blade according to line I-l in figure 1,
Figure 3: Cross section of rotor blade,

Figure 4: Cross section of rotor blade,

Figure 5: Cross section of rotor blade,

Figure 6: Cross section of rotor blade,

Figure 7: Cross section of rotor blade,

Figure 8: Cross section of rotor blade with zigzag profile at pressure side,
Figure 9: Rotor blade,

Figure 10: Rotor blade,

Figure 11: Rotor blade,

Figure 12: Close up of part 62 in figure 10,
Figure 13: Twist and chord distribution,

Figure 14: Twist rate and thickness distribution.

Detailed description of the invention with examples according to figures: Figure 1 shows
a horizontal axis turbine 1 with a tower 2, a nacelle 3 and a hub 4 with thereto attached
rotor blade 6 with blade root 7 and tip 8. Also another rotor blade is shown with leading
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edge 9 and trailing edge 10, which blade comprises 2 parts: the part attached to the hub
and the part 12 which e.g. can adjust the blade pitch angle. The parts come together at
position 11. The direction of rotation is 5. Cross section I-l is shown in figure 2. In figure
2 the chord ¢ and the thicknéss t are indicated and also chord line 33 which at chord
wise position 0%c coincides with the leading edge 21 and oat chord wise position
100%c with the trailing edge 22. The cross section shows the main girders 27 and 28 at
respectively the suction side 24 and the pressure side 28, with in between the front
shearweb 25 and the back shearweb 26. An example of a design inflow 29 is shown
which has an angle of attack 30 with the chord line 33. The flow manipulators 31 and 32
show respectively vortex generators and a flow blocking element which optionally is
comprised with a concavity 39 at the pressure side. The triangle defined by sides 34, 35
and 36 is inside the profile back side. Side 35 coincides with the back shearweb, and
sides 34 and 36 have maximum distances 37 and 38 to the outer contour of the profile.
Figure 3 shows the same cross section, although this time with a diverging trailing edge
realized by addition 40. Note that the chord definition which is applied for the twist
definition in this application intersects at the back side the middle of the flat trailing edge.
The definitions of the chord and thickness in this application which are relevant for the
relative thickness should be determined without extensions or additions 40, 50, 51, 53.
Figure 4 shows a cross section with a flow blocking element 50 which is located closer
to the leading edge than in figure 3. Figure 5 shows addition 51 which extends over
both the pressure side and the suction side. Figure 6 shows flow blocking element 54 in
the form of Gurney flap. The chord line again intersects the flat trailing edge half way.
Figure 7 shows artificial roughness 55, which provides an effective flow blockage, can
be attached easily, which reduces the roughness sensitivity of the blade and which
opposes high negative pressure gradients. Between position 80 at the pressure side at
approximately 45%c and position 82 at approximately 98%c the tangents 81 and 82
show the difference in slope 84 of the profile contour. Figure 8 shows a 3D view of flow
lines 56 and radial flow blocking element 57. Figures 9, 10, 11 and 12 show a view at
the pressure side of (a part of) a rotor blade. Figure 9 shows radial flow blocking
element 60 with a zigzag pattern and multiple concavities 65 at the pressure side thereof
of which one is indicated. Figure 10 shows radial fiow blocking element 61 with wavy
pattern and close up 62 which is shown in figure 12. Element 61 comprises at its
pressure side concavities 66 of which one is indicated. Figure 11 shows radial fiow
blocking elements 63 with a concave inflow side 67 (just one concavity indicated). On a
single element 63 is ay position 69 the plane 70 through door the flow blocking plane
drawn which has an angle 71 with the blade longitudinal axis 68. The normal to plane 70
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is not perpendicular to the curve which connects elements 63. Element 63 can, due to
its small dimensions, over maximally its full length be joint to the blade or has 2 or more
non-continuous joints 71 with the blade. A shown embodiment of element 63 comprises
2joi}'1ts 71 which connedt elemeht 63 to the blade, e.g. by double sided adhesive tape.
According to a beneficial embodiment the flow blocking surface of element 63 does not
touch the blade surface, but instead allows air to flow between the element 63 and the
blade surface over a height of e.g. 0.01%c to 2%c or in particular between 0.1%c and
0.5%c. By inclining the flow blocking surface by an angle with said curve as shown in
figures 8 -12 a more effective blockage of the flow is realized, which can be understood
since rotational effects will drive stagnant flow outwardly (centrifugal forces) what is not
obstructed in the case of longitudinal embodiments as in US 6910867 B2 (Corten) and
EP2343450A1 (LM), but (partly) is blocked by the embodiments according to the
invention. Figure 12 shows a close up of part 62 in figure 10. Figure 12 shows again the
radial flow blocking element 61 with the wavy pattern and also the joint surfaces 64
which are in the direction wherein the element extends in not continuous. At position 73
the plane 74 through the radial flow blocking surface is drawn and has an angle 75 with
the blade longitudinal axis 68. Figure 13 shows the distribution of the twist and the
chord according to an embodiment according to the invention and also a classical twist
distribution. In the figure the twist difference according to this embodiment of the
invention between 15%R and 20%R 5° and is the back twist between 5§%R and 10%R
also 5° or even 7°. Figure 14 shows the distribution of the twist rate and the relative

thickness according to an embodiment of the invention.

For clarification the flow manipulators like the vortex generators are drawn larger than in:
reality in several figures. The zigzag pattern of waves in the ribs and the artificial
roughness are drawn with a well visible amplitude, while the amplitude of a beneficial

embodiment can be larger of smaller.

Although the invention is described inter alia by several examples and figures, one
should understand that the invention is not limited hereto. Several changes can be made
by the person skilled in the art without getting out of the scope of the claims. An example
is the application of the invention on a wind turbine with 2 rotor blades which have a
common center part which intersects with the rotational axis. In such a case one should
understand that the position L=0 coincides with the position R=0 and that the tip is

located at position L=R.
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Another example is that of a blade which consists of multiple part in longitudinal
direction, then L is related to the assembly of parts which is located between the hub
and the blade tip. Also in chord wise direction the blade can consist of more than one
part in which case the chord of the from the multiple parts assembled blade should be
used.

The person skilled in the art will understand that the invention is applicable to multiple
wind turbines, such as wind turbine of both the horizontal axis type and the vertical axis
type, onshore and offshore wind turbines, wind turbines with pre-bent blades, wind
turbines with a tilt angle and in particular when this tilt angle is between 2° and 7°, wind
turbines with a cone angle and in particular when this cone angle is between 2° and 7°,
stall regulated and pitch regulated turbines, variable speed and constant speed turbines,
turbines in farms, turbines which are retro fitted and get a new rotor, wind turbines for
wind classes 1, 2, 3, 4 of 5, and turbulence classes a, b, ¢, wind turbines with active
flaps or active vortex generators or which use aero-elastic tailoring and wind turbines
with rotors which have their maximum power coefficient at a design between 2 and 15
and in particular between 4 and 14 and more in particular between 7 and 13, wind
turbines with rotors which contain glass fibers of carbon fibers, optionally in combination
with a thermo harder of thermo plastic. In addition hereto the person skilled in the art will
immediately combine the invention with technology described in the references and will
consider this as non-inventive embodiments according to the invention.

One should that the term ‘comprises’ does not exclude other elements or steps, that the
term ‘a’ does not exclude plurality and that the denotation ‘comprises x’ should be
explained as ‘comprises at least x’, wherein x e.g. is the number of degrees twist. The
references to figures in the claims serve illustration purposes and should not be
considered as limiting.

The discussion of the referenced patent texts in this document considers the inventors
opinion and has no legal status. Finally the physical explanation in this document is
added for illustrative reasons and does not have a relation to the validity of the attached

claims.
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‘Rotor-blade--assembly—for—a- wind - turbine - which -comprises—a—fixation - end at

longitudinal position L=0 for the fixation of the blade to the hub and essentially at the
opposite side a blade tip at longitudinal position L and a suction side, a pressure
side, a trailling edge and a leading edge, characterized in that said assembly
comprises 3 degrees twist difference in the longitudinal range smaller than 25%L, in
particular smaller than 21%L and more in particular smaller than 15%L.

Rotor blade assembly according to claim 1 characterized in that said assembly in the
longitudinal range limited at one side by 10%L and at the other side by position
25%L, in particular by position 21%L and more in particular by position 15%L
comprises 5 degrees, in particular 10 degrees and more in particular 15 degrees
twist. |

Rotor blade assembly according to claim 1 characterized in that said assembly in the
longitudinal range limited at one side by position 5%L and at the other éide by
position 25%L, in particular by position 21%L and more in particular by position
15%L comprises 10 degrees, in particular 15 degrees and more in particular 20
degrees twist. .

Rotor blade assembly according to any of the preceding claims characterized in that
said assembly in the longitudinal range limited ét one side by position 10%L and at
the other side by position 25%L, in particular 21%L and more in particular 15%L, the
twist rate reaches a value above 0.5° per %L, in particular above 0.75° per %L and
more in particular above 1° per %L.

Rotor blade assembly according to any of the preceding claims of which the profiles
starting at longitudinal position 80%L, following the blade axis towards the blade root
first twist over at least 10 degrees in a first direction characterized in that within the
longitudinal range comprising profiles with a thickness of less than 97%c
subsequently twist back over 3 degrees and in particular over 6 degrees and more in
particular over 10 degrees.

Rotor blade assembly optionally according to any of the preceding claims for a wind
turbine which comprises a fixation side at longitudinal position L=0 for the fixation of
the blade to the hub and a tip at the opposite side at longitudinal position L and a
suction side, a pressure side, a trailing edge and a leading edge, which assembly
comprises in longitudinal direction a continuous range of profiles of minimally 25%c
and maximally 70%c thickness, characterized in that the twist difference within said
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range is more than 3 degrees, in particular more than 5 degrees and more in
particular more than 10 degrees and even more in particular more than 15 degrees.
Rotor blade assembly according to claim 1 which in blade longitudinal direction
comprises a continuous range of pfofiles of minimally 33%c and maXimally 70%c
thickness, characterized in that the twist difference in said range is more than 3
degrees, in particular more than 5 degrees and more in particular more than 10
degrees and even more in particular more than 15 degrees.

Rotor blade assembly according to any of the preceding claims which in blade
longitudinal direction comprises a continuous range of profiles of minimally 40%c
and maximally 70%c thickness, characterized in that the twist difference in said
range is more than 5 degrees, in particular more than 10 degrees and more in
particular more than 15 degrees.

Rotor blade assembly according to any of the preceding claims which in blade
longitudinal direction comprises a continuous range of profiles of minimally 50%c
and maximally 70%c thickness, characterized in that the twist difference in said
range is more is than 3 degrees, in particular more than 6 degrees and more in
particular more than 10 degrees.

Rotor blade assembly optionally according to any of the preceding claims which
comprises at the pressure side between 5%L and 25%L an addition or flow blocking
measures (32, 40, 50, 51, 53, 57, 60, 61, 63) characterized in that said assembly
comprises in the range between 5%L and 50%L at the suction side vortex
generators and in particular that said flow blocking measures comprise a radial flow
blocking element with a concavity (65, 66, 67) at the pressure side.

Rotor blade assembly according to any of the preceding claims with a chord
distribution which in the direction from the tip towards the blade root first essentially
increases then reaches a maximum value and subsequently decreases again
characterized in that the blade twists in the longitudinal range between the maximum
chord and the blade root over at least 3 degrees.

Rotor blade assembly according to any of the preceding claims characterized in that
the twist in the longitudinal range between the maximum chord and the blade root is
more than 5 degrees, in particular more than 10 degrees and more in particular more
than 15 degrees.

Rotor blade assembly according to any of the preceding claims characterized in that
the largest chord is located at a longitudinal position larger than 24%L and in
particular larger than 30%L and more in particular larger than 35%L.
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Rotor blade assembly according to any of the preceding claims characterized in that
the largest chord is less than 6.5%L, in particular less than 6%L and more in
particular less than 5.5%L.

Rotor blade assembly according to any of the prebéding claims characterized in that
the largest chord is not larger than 130% of the blade root diameter, in particular not
larger than 120% and more in particular not larger than 110%.

Rotor blade assembly according to any of the preceding claims which comprises a
continuous blade part of profiles with a chord larger than 105% of the diameter of the
blade root in the longitudinal range between [=0 and the largest chord,
characterized in that said continuous blade part twists 5 degrees, in particular 10
degrees and more in particular 15 degrees.

Rotor blade assembly according to any of the preceding claims characterized in that
said assembly comprises at the suction side measures which oppose flow
separation such as vortex generators, boundary layer suction of flow guiding flaps.
Rotor blade assembly according to any of the preceding claims characterized in that
said assembly comprises vortex generators which are attached as separate parts or
are integrated in the blade.

Rotor blade assembly according to any of the preceding claims which comprises
vortex generators in the longitudinal range between the blade root and 50%L at the
suction side characterized in that the fins of said vortex generators have a height
above the blade surface of at least 2%c in particular at least 3%c¢ and more in
particular at least 5%c.

Rotor blade assembly according to any of the preceding claims which comprises in
the longitudinal range between the blade root and 50%L at the suction side vortex
generators characterized in that it comprises at least two rows of vortex generators
which rows essentially extend in blade longitudinal direction.

Rotor blade assembly according to claim 17 characterized in that it comprises at
approximately equal blade longitudinal positions (difference less than % chord)
vortex generators with higher and with lower fins and that the vortex generators with
higher fins are located at a smaller chord wise position than the vortex generators
with lower fins.

Rotor blade assembly according to any of the preceding claims characterized in that
said assembly comprises in the longitudinal range between 0%L and 80%L and in
particular between 10%L and 50%L at the pressure side a flow blocking measure.
Rotor blade assembly according to any of the preceding claims characterized in that
it comprises at the pressure side a flow blocking measures (32) which protrudes
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from the profile surface over a distance between 0.5mm and 10%c and in particular
over a distance between 0.2%c and 3%c and more in particular over a distance
between 0.5%c and 1.5%c.

Rotor blade assembly according to any of the préceding claims. which at the
pressure side comprises a flow blocking measure (32), characterized in that this
measure comprises a radial flow blocking element of which a cross section with a
plane paraliel to the local blade surface comprises a concavity (39, 65, 66, 67).

Rotor blade assembly according to any of the preceding claims which at the
pressure side is provided with a flow blocking measure which comprises an element
(63), characterized in that each element extends in blade longitudinal direction over
less than 100cm, in particular over less than 45¢cm and more in particular over less
than 25cm.

Rotor blade assembly according to any of the preceding claims which at the |
pressure side is provided with a flow blocking measure which comprises an element
(61, 83), characterized in that this element comprises at least 2 connections with the
blade.

Rotor blade assembly according to any of the preceding claims which at the
pressure side comprises a flow blocking measure in the form of an element (63)
which element comprises a mounting plane and a flow blocking plane characterized
in that at least 10% of the flow blocking surface has an angle (71, 75) with the blade
longitudinal direction (68) of more than 10 degrees, in particular more than 20
degrees and more in particular more than 30 degrees, e.g. about 45 degrees.

Rotor blade assembly according to any of the preceding claims which at the
pressure side comprises a flow blocking measure in the form of an element which
comprises a mounting plane and a flow blocking plane which mounting plane
extends following a curve characterized in that the direction of said curve has an
angle with the over the flow blocking surface averaged normal, which angle is less
than 80 degrees in particular less than 70 degrees and more in particular less than
60 degrees.

Rotor blade assembly according to any of the preceding claims characterized in that
it comprises artificial roughness (55) in the range between 1%c at the suction side
up to, via the leading edge, 50%c at the pressure side and in particular in the range
between 0%c and 10%c at the pressure side and more in particular between 1%c
and 5%c at the pressure side, which roughness has a height between 100 um and
40 mm and in particular between 250 ym and 5 mm and more in particular between

500 ym and 2 mm.
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Rotor blade assembly according to any of the preceding claims which at the
pressure side, e.g. at the trailing edge, is provided with a flow blocking measure,
characterized in that this measure comprises a wavy strip (61, 66) or a zigzag strip
(57, 65) or a repetitive series of elements (63, 76, 77, 78).

Rotor blade assembly according to any of the preceding claims which at the
pressure side comprises a flow blocking measure in the form of an element,
characterized in that this element is connected to the assembly with a mounting
surface which is not continuous in the direction wherein the element extends and
wherein this element comprises at least 2 periods with which flow blocking part
essentially repeats.

Rotor blade assembly according to any of the preceding claims which is mounted to
a horizontal axis wind turbine which is set to the blade angle corresponding to the
maximum power coefficient at the optimum tip speed ratio, comprising a profile at
radial position 16%R characterized in that the suction side of said profile without
additions or extensions at 95%c has an angle with the rotor plane between 0
degrees and 16 degrees and in particular between 3 degrees and 13 degrees and
more in particular between 6 and 10 degrees.

Rotor blade assembly according to any of the preceding claims which is mounted to
a horizontal axis wind turbine which is set to the blade angle corresponding to the
maximum power coefficient at the optimum tip speed ratio, comprising a profile at
radial position 20%R characterized in that the suction side of said profile without
additions or extensions at 95%c has an angle with the rotor plane between 2
degrees and 17 degrees and in particular between 5 degrees and 13 degrees and
more in particular between 7 and 11 degrees.

Rotor blade assembly according to any of the preceding claims comprising a profile
at 15%L characterized in that the part of said profile from the back shearweb which
supports the main girders to the trailing edge essentially is triangular and of which
the profile outer contour maximally 5%c and in particular maximally 3%c and more in
particular maximally 2%c deviates of both sides of an imaginary triangle inside the
back of the blade of which the third side coincides with said back shearweb.

Rotor blade assembly according to any of the preceding claims comprising a profile
at 15%L characterized in that the suction side of said profile between 55%c and
98%c has less slope change than 8 degrees, in particular less than 6 degrees and
more in particular less than 4 degrees.

Rotor blade assembly according to any of the preceding claims comprising a profile
at 15%L characterized in that the pressure side van said profile between 45%c (80)
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and 98%c (82) has less slope change (84) than 14 degrees, in particular less than
12 degrees and more in particular less than 8 degrees.

Rotor blade assembly according to any of the preceding claims characterized in that
the thickness at 20%L is more than 45%c in particular more than 50%c and more in
particular more than 55%.c.

Rotor blade assembly according to any of the preceding claims characterized in that
the thickness at 30%L is more than 35%c, in particular more than 38%c and more in
particular more than 41%c.

Rotor blade assembly according to any of the preceding claims characterized in that
the thickness at 40%L is more than 31%c in particular more than 33%c and more in
particular more than 37%c. |
Rotor blade assembly according to any of the preceding claims characterized in that
the thickness at 50%L is more than 30%c in particular more than 32%c and more in
particular more than 35%c.

Rotor blade assembly according to any of the preceding claims characterized in that
the thickness at 60%L is more than 28%c in particular more than 30%c and more in
particular more than 32%c.

Rotor blade assembly according to any of the preceding claims characterized in that
the thickness at 70%L is more than 25%c in particular more than 27%c and more in
particular more than 29%c.

Rotor blade assembly according to any of the preceding claims for a variable speed
horizontal axis turbine with a rotor diameter larger than 80 meter and a design tip
speed'ratio between 7 and 13 and a chord distribution which from 50%L to 5%L first
increases to the maximum chord, then reduces again to less than 90% of the
maximum chord and which between 10%L and 25%L comprises vortex generators
at the suction side, characterized in that said assembly in the longitudinal range
between 10%L and 25%L comprises at least 4 degrees, in particular at least 6
degrees and more in particular at least 8 degrees twist difference.

Rotor blade assembly according to any of the preceding claims characterized in that
the length L is larger than 40 meter, in particular larger than 60m and more in
particular larger than 80m.

Rotor blade assembly according to any of the preceding claims characterized in that
it is designed for a horizontal axis wind turbine with a tip speed ratio between 7 and
13 and in particular that this turbine is of the pitch regulated variable speed type.
Rotor blade assembly according to any of the preceding claims with a main girder at
the suction side and a main girder at the pressure side, which girders are limited in
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longitudinal direction at the root side and at the tip side and perpendicular thereto
are limited at the front side at lower chord wise position and at the back side at larger
chord wise position, characterized in that in the longitudinal range between 5%L and
40%L the plane through the leading edge of one of said main gifders and through
the trailing edge of the same main girder twists less than 10 degrees, in particular
less than 5 degrees and more in particular less than 3 degrees.

Rotor blade assembly according to any of the preceding claims comprising a first
pattern of flow manipulators which is optimized for a first turbine in a first situation
and a second rotor blade assembly according to any of the preceding claims of
essentially the same shape comprising a second pattern of flow manipulators which
is optimized for a second turbine in a second situation.

Rotor blade assembly according to any of the preceding claims which in a
continuous longitudinal range comprises profiles with a thickness between 25%c and
70%c comprising maximally 3 degrees twist difference in particular maximally 5
degrees, and more in particular maximally 10 degrees and even more in particular
maximally 15 degrees.

Rotor blade assembly according to any of the preceding claims which comprises
maximally 3 degrees twist in the longitudinal range between 0%L and 25%L and in
particular in the longitudinal range between 0%L and 21%L and more in particular in

the longitudinal range between 0%L and 15%L.
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