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The invention relates to a rotor blade of an aerodynamic rotor of a wind turbine having a rotor rotation axis and an outer radius,
comprising a blade root for attaching to a rotor hub, a blade tip oriented away from the blade root, a blade longitudinal axis running
from the blade root to the blade tip, a blade leading edge that faces forward in a direction of motion of the rotor blade, a blade
trailing edge that faces backward in a direction of motion of the rotor blade, and profile sections that change along the blade
longitudinal axis, wherein each profile section has a chord that extends from the blade leading edge to the blade trailing edge, and
each chord has an installation angle as an angle in relation to a rotor plane, wherein the installation angle first decreases from the
blade root to the blade tip in a blade inner region oriented toward the blade root, then increases in a blade central region, and
decreases again in a blade tip region oriented toward the blade tip. The invention also relates to a rotor for a wind turbine and to a
corresponding wind turbine.
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Abstract

The invention relates to a rotor blade of an aerodynamic rotor of a wind turbine having a
rotor axis of rotation and an outer radius, comprising a blade root for fastening to a rotor
hub, a blade tip which faces away from the blade root, a blade longitudinal axis which
extends from the blade root to the blade tip, a blade front edge which faces toward the
front in the direction of movement of the rotor blade, a blade rear edge which faces
toward the rear in the direction of movement of the rotor blade, and profile sections which
change along the blade longitudina! axis, wherein each profile section has a profile chord
which extends from the blade front edge to the blade rear edge, and each profile chord
has an installation angle as an angle in relation to a rotor plane, wherein the installation
angle from the blade root to the blade tip first decreases in a blade inner region oriented
toward the blade root, increases again in a blade central region and decreases again in a
blade tip region oriented toward the blade tip. The invention further relates to a rotor of a

wind turbine and to a corresponding wind turbine.

(Fig.3)
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Rotor Blade for a Wind Turbine

The present invention relates to a rotor blade of a rotor of a wind turbine. The present
invention further relates to a corresponding rotor of a wind turbine. Moreover, the present

invention relates to a corresponding wind turbine.

Wind turbines are generally known and the wind turbine type to be encountered most
frequently nowadays is a so-called horizontal-axis wind turbine. In the case of such a
wind turbine, a rotor having rotor blades which are substantially arranged in a rotor plane
rotates about a substantially horizontal axis of rotation. As a rule, wind turbines are de-
signed for an average wind speed, with the length or the radius of the rotor blades and
the average wind speed at the location of the wind turbine being associated with the
power generated by the wind turbine.

Those skilled in the art designate the position on a rotor blade in the rotor blade longitudi-
nal axis also as being the radius of the respective position with respect to an outer radius
of the rotor. As a result, the relevant position on the rotor blade can be indicated as a
radius having a value in the region from 0 to 1. The use of the radius for describing a
position along the rotor blade is based on the fact that rotor blades are provided for their
intended use for mounting on a rotor of a wind turbine. Rotor blades are thus always
fixedly assigned to a rotor such that the use of the radius is taken as reference variable.
The normalized radius has the value 0 (zero) in the center point of the rotor, that is to say
in the rotor axis of rotation. At the blade tip, which designates the outermost point of the

rotor, the normalized radius has the value 1 (one).

In order that locations having small average wind speeds can also be made economically
attractive, the lengths or the radii of the rotor blades in the case of new wind turbines to
be developed is ever further increased. In the case of rotor blade design for a wind tur-
bine, the geometry of the rotor blade and, in connection with the profiles, the aerodynamic
properties of the rotor blade are determined. Important geometric parameters of a rotor
blade design are the blade depth, the blade thickness, the relative blade thickness result-
ing therefrom, and the geometric installation angle. The aerodynamic properties of a rotor
blade substantially depend on the shape, that is to say the geometry, of the profile of the
rotor blade. Here, a profile section indicates a perpendicular section through the rotor
blade with respect to a rotor blade longitudinal axis. On account of the rotational speed
which changes with the radius of the rotor blade, and thus also on account of the chang-
ing incidence angle, it is also expedient to change the shape of the profile section with

increasing radius, that is to say adapt it to the changing rotational speed.
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Such a profile has a profile front edge and a profile rear edge facing away from the profile
front edge in the direction of movement, that is to say in the direction of rotation, of the
rotor blade. The profile front edge, which can also be referred to as profile nose, is char-
acterized by a front edge radius, which is also referred to as nose radius, wherein the
profile rear edge frequently tapers at an angle. A connecting straight line from the profile
front edge to the profile rear edge is called the profile chord. The distance from the profile
front edge to the profile rear edge is called the profile depth.

The largest extent between an upper side of the profile, the suction side, and an under-
side of the profile, the pressure side, is called the profile thickness. The ratio of profile
thickness to profile depth is referred to as relative profile thickness. The relative profile
thickness is thus large if the profile has a high thickness and/or a small depth.

In operation, air fiows around the profile. Here, the resulting direction from which the air
strikes the profile front edge is referred to as incident direction. The resulting direction is
composed of the circumferential speed of the profile and the wind speed striking the wind
turbine and wind direction. The angle between the profile chord and the incident direction
is referred to here as angle of attack of the profile.

A profile is designed in terms of a certain operating range in which the profile is intended
to work. Here, the operating range is characterized, inter alia, by the incident speed to be
expected. The profile is also designed in terms of a maximum angle of attack. Since the
resulting incident direction and speed also changes on account of the relatively high
rotational speed, the angle of attack of the profile also changes as a result. Finally, the
local angle of attack determines the local lift and resistance of the rotor blade. It should be
noted in particular that the local angle of attack is smaller in each operating state of the
wind turbine than the local positive stall angle at which typically the lift greatly decreases
and the resistance considerably increases and thus the aerodynamic quality is significant-

ly impaired.

What is meant by positive stall is a flow state in which the flow separates on the suction
side of the profile at high positive effective angles of attack. In the case of correctly de-
signed profiles, the separation starts on the profile rear edge and migrates in the direction
of the profile front edge with further increasing effective angles of attack. This flow state is
to be avoided by the rotor blade design, in particular by a suitable choice of the installa-
tion angle for each operating state of the wind turbine.
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The installation angle is adapted to the incident conditions by twisting the rotor blade.
Here, the installation angle is understood to mean the angle between the profile chord

and the rotor plane in the inoperative state.

Modern wind turbines have so-called pitch adjustment devices by means of which the
angle of attack of the profile can be changed during operation by the complete rotor blade
being turned about the rotor blade longitudinal axis. Expressed in simplified terms, the

installation angle of the rotor blade is changed by the pitch adjustment devices.

When increasing the length or the radius of a rotor blade, the mechanical properties also
have to be adapted in order, for example, to ensure a sufficient stiffness of the rotor blade
that also has effects on the aerodynamic properties of the rotor blade. However, merely

stiffening the rotor blade leads to a significantly increased weight of the rotor blade.

The German patent and Trademark Office searched the following prior art in the priority
application to the present application: DE 10 2008 052 858 A1, DE 10 2009 060 650 A1,
US 2014/0119915 A1, US 2014/0286787 A1 A1, EP 0 100 131 A1 and EP 2 840 255 A2.

The object on which the present invention is based in thus to address at least one of the
aforementioned problems. In particular, a solution is to be proposed to optimize the
weight and the separation behavior of long rotor blades. At least, an alternative solution to

previous rotor blades is to be proposed.

According to the invention, a rotor blade of an aerodynamic rotor of a wind turbine is
proposed having a rotor axis of rotation and an outer radius thus comprises a blade root
for fastening to a rotor hub, a blade tip which faces away from the blade root, a blade
longitudinal axis which extends from the blade root to the blade tip, a blade front edge
which faces toward the front in the direction of movement of the rotor blade, a blade rear
edge which faces toward the rear in the direction of movement of the rotor blade, and
profile sections which change along the blade longitudinal axis, wherein each profile
section has a profile chord which extends from the blade front edge to the blade rear
edge, and each profile chord has an installation angle as an angle in relation to a rotor
plane, wherein the installation angle from the blade root to the blade tip first decreases
in a blade inner region which is oriented toward the blade root, increases again in
a blade central region and decreases again in a blade tip region which is

oriented toward the blade tip. Here, and in the further description of the

Date Regue/Date Received 2020-04-09
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invention, the installation angle relates to an unpitched operating state, that is to say to an
operating state in which the rotor blades are not rotated out of the wind. Such an operat-

ing state is particularly present in a lower part-load operation.

For this purpose, the blade can have at the blade root a large installation angle which can
have a value of 60°, to name only one example. This installation angle then at first in-
creasingly decreases toward the blade tip. However, the installation angle then increases
again still before reaching the blade tip, namely in a blade central region. In the case of
profile sections which are then situated still further toward the blade tip, the installation
angle then decreases again until it has reached its smallest value in the vicinity of the
blade tip or at the blade tip.

A rotor blade is therefore twisted particularly because the path speed of each point on the
rotor blade, that is to say also of each profile section, increases with increasing distance
from the axis of rotation, and the local incident direction thereby continuously changes
with increasing distance from the axis of rotation. The twisting means that it is possible for
the angle of attack to be kept as constant as possible over the entire radius.

However, it has now been found that it can be advantageous not to keep the angle of
attack constant over the entire radius of the rotor. Here, it has been found that it is also
important to avoid a flow breakaway. However, a flow breakaway also depends on the
profile or profile section. In particular, it has very generally been found that thick profiles
can tend to a flow breakaway even at smaller angles of attack than is the case for thinner
profiles. Therefore, for thick profiles, it can be expedient to provide a smaller angle of

attack than for thinner profiles.

The proposal has been derived therefrom that the installation angle increases again in the
blade central region in order thereby to locally reduce the angle of attack. It has been
found that, coming from the rotor axis of rotation, the installation angle first decreases
with increasing distance from the axis of rotation in order to take account of the increase
in the path speed. However, so small an angle of attack can then be selected in the blade
central region that it is achieved only by increasing the installation angle. With still further
distance from the axis of rotation, a larger angle of attack is then again selected and/or
the increase in the path speed is again taken more strongly into consideration such that

the installation angle is selected to be lower again.
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Here, the finding is also based on the fact that the structural properties of the rotor blade,
in particular the mass of the rotor blade and thus the loads acting on the wind turbine, can
be reduced if profiles having high relative profile thicknesses are displaced further out-
ward in the direction of the blade tip, that is to say the rotor blade has in certain portions
comparatively high relative profile thicknesses in the blade central region and/or in the

blade tip region.

Particularly by displacing thick profiles outward in the direction of the blade tip, there can
result the described effects that a flow breakaway can occur even at a small angle of
attack. The occurrence of flow separation in the case of thick profiles in the blade central
region can be avoided by the proposed progression of the installation angle. In particular
rear edge separations which occurred in power-bearing and sound-sensitive regions can
be avoided by the proposed solution, while at the same time a more lightweight and
especially larger blade can be created.

It has furthermore been found that, for example for operating modes with reduced nomi-
nal rotational speed for a sound-reduced operation of the turbine, the maximum neces-
sary pitch angle of the entire rotor blade can be reduced if the installation angle is in-
creased only in a subregion. If namely the installation angle changes in a critical region in
which first a flow breakaway is to be expected such that a flow breakaway is thus no
longer so readily to be expected, the entire rotor blade has to be pitched less overall.
Otherwise, this critical region namely determines the maximum necessary pitch angle of
the entire blade. A rotor blade according to the invention thus has an increase in the
installation angle in the central region in order to reduce the effective angle of attack in
operation. The relative profile thickness reduces again toward the blade tip such that the
installation angle can also be less. In this respect, according to the invention, there results
a progression of the installation angle in which the installation angle is large in the region
of the blade root and first decreases along the blade longitudinal axis, then increases
again in a region and then decreases again. A separation of the flow on the rotor blade in
operation is also prevented in a central region with increased relative blade thickness by

this progression according to the invention of the installation angle.

A further refinement of the rotor blade proposes that profile sections have a relative
profile thickness with a value of greater than 0.25 at least in certain portions in a region of
greater than 60% with respect to the outer radius. Displacing high relative profile thick-
nesses in the direction of the blade tip region results in an improvement in the rotor blade

in terms of weight and mass and structural properties. In this way, long rotor blades with
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particularly fow weight can be realized, wherein at the same time separation of the flow
on the rotor blade is prevented particularly in a central region with increased relative
blade thickness. A comparatively thick profile still outside of 60% of the rotor can thus be
realized by the proposed solution of the progression of the installation angle. As a result,
a comparatively long rotor blade can be realized.

One embodiment of the rotor blade provides that the installation angle increases in the
blade central region from 35% to 60% with respect to the outer radius. By displacing high
relative profile thicknesses in the direction of relatively large radius regions, the limit
angles of attack, that is to say the maximum permissible angles of attack for this profile
section, decrease in these regions with high relative profile thickness. An increase in the
installation angle counteracts this effect. With an increase in the installation angle of the
profiles, the effective angle of attack decreases in operation. As a result, a separation of
the flow is prevented in this region. Consequently, a rotor blade portion with large thick-
ness can be created in this region of 35% to 60% in order thereby to form the rotor blade
to be long with a good supporting structure and comparatively low weight. This makes it
possible to achieve a structural improvement with respect to a conventional rotor blade
which is designed to be otherwise already very thin in this central region.

The blade central region thus extends here approximately in a radius of from 35% to 60%
with respect to the outer radius. It has been found that an increase in the installation
angle in this region can compensate for effects which arise by displacing large relative
profile thicknesses into relatively large radius regions of the blade. In addition, it has been
found that an increase in the relative profile thickness beyond this radius region brings
about advantages for the structural or mechanical properties particularly of an extended
rotor blade. It has been found here that a structural improvement can be achieved in a
region of from 35% to 80% by using thick profiles. For this purpose, an increase in the
installation angle that does not need to go up to 80% is proposed in the stated region of
from 35% to 60%. A high strength combined with a low weight is achieved there as a
result. A thickening of the rotor blade in a region further outward, namely for positions
above 80%, can be avoided. By displacing high relative thicknesses into this radius
region of from 35% to 80%, it is thus possible to reduce the mass of the rotor blade by
comparison with simply extended rotor blades having increased stiffness. However, the
higher profile thickness also brings about a reduction in the maximum permissible angle
of attack in this region before the flow separates. There is therefore provision to increase
the installation angle in this region in order to reduce the effective angle of attack during

operation in order to prevent separation of the flow.
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In one refinement of the rotor blade according to the invention, the installation angle has a
local maximum in a region of between 35% and 80% with respect to the outer radius. The
local maximum reflects the increase in the installation angle in the blade central region
and allows a high relative profile thickness in relatively high radius regions. A correspond-
ingly thick profile and thus a structurally strong region can be made possible in this region

of the local maximum.

A further refinement of the rotor blade proposes that the installation angle has a local, in
particular an absolute, minimum in a region of between 80% and 100% with respect to
the outer radius. The relative profile thickness decreases from the blade central region in
the direction of the blade tip such that the profiles become thinner again toward the blade
tip. Thin profiles allow a high maximum angle of attack. As a result, the installation angle
in the direction of the blade tip can decrease after passing through the maximum and
have a local and/or absolute minimum in the blade tip region. Therefore, the profile
chords can have a small angle in the vicinity of the blade tip in relation to the rotor plane.
The local maximum and the local minimum are preferably spaced apart from one another

by at least 15% in order to create a continuous or gradual transition.

According to another embodiment, it is proposed that the installation angles of the profile
chords are positive over the entire rotor blade length or the radius, namely with respect to
the rotor plane, which is here used as a reference plane. By virtue of the renewed in-
crease in the installation angle in the blade central region, the regions of the rotor blade
which follow in the direction of the blade tip also have a higher installation angle than is
known from the prior art. The progression of the installation angle increases again in the

blade central region over the radius such that it is positive over the entire rotor radius.

In one refinement of the rotor blade, the installation angle is 4° in a region of between
30% and 40% with respect to the outer radius and 5° in a region of between 45% and
60% with respect to the outer radius and approximately 1° in a region of between 85%
and 95% with respect to the outer radius. This particular refinement allows a long and
lightweight rotor blade. By virtue of high relative blade thicknesses in the relatively high
radius region, the rotor blade is nevertheless robust. The installation angle is designed
such that no flow separations occur on the profile rear edge in operation that would
otherwise lead to a yield reduction and noise increase in the wind turbine.

in one embodiment of the rotor blade, the blade inner region extends approximately to a
radius of 35% with respect to the outer radius. The blade inner region designates the
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region in which the installation angle decreases from the blade root in the direction of the
blade tip. As a result, the increase in the rotational speed in this region with increasingly
larger radius is compensated for. Thus, the angle of attack of the profiles remains sub-

stantially constant in this region.

The rotor blade is preferably characterized in that a ratio of the installation angle at a
radius position of approximately 60% to the installation angle at a radius position of 40%
is greater than 1.2, preferably greater than 1.5, in particular greater than 2. Consequently,
there is a significant increase in the installation angle at approximately 60% by compari-
son with the radius position at 40%. It has been found that there can thus be achieved an
advantageous transition from the region of a first local minimum of the installation angle
to a local maximum and further subsequent decrease in the installation angle. For this
purpose, the positions of 40% and 60% are characteristic positions in order to designate

a first region of a blade thickening.

In yet a further embodiment of the rotor blade, the blade tip region extends in a radius of
greater than 60% with respect to the outer radius. It has thus been found, as has been
mentioned above, that the relative profile thickness can decrease again in the region from
60%. The blade tip region designates the radius region in which the installation angle
decreases again in the direction of the blade tip. As a result of the decrease in the instal-
lation angle, the effective angle of attack increases in this region. Since, however, the
relative profile thickness decreases in this region, it is ensured that the flow continues to
bear on the rotor blade in this region and the maximum permissible angle of attack in the

entire operating range of the wind turbine remains undershot.

Moreover, a rotor of a wind turbine having a rotor axis of rotation and an outer radius is
proposed according to the invention, wherein the rotor has at least one rotor blade ac-

cording to an above-described embodiment,

Furthermore, a corresponding wind turbine having such a rotor is proposed.

The invention will be described by way of example below on the basis of embodiments
with reference to the appended figures.

Figs. 1a
to 1c show a schematic illustration of progressions of relative profile thicknesses and

limit angles of attack over the rotor radius.
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Fig.2  shows a schematic illustration of a progression according to the invention of the

relative profile thickness over the rotor radius.

Fig. 3  shows a schematic illustration of a progression according to the invention of the

installation angle over the rotor radius.

Fig.4  schematically shows a perspective view of an embodiment of a rotor blade.

Fig. 5  shows a wind turbine in perspective in a schematic illustration.

Fig. 1a shows a diagram in which there are schematically plotted the progressions of the
maximum permissible angle of attack 14‘, namely the stall angle, and of the relative
profile thickness 16° in dependence on the position r thereof along the blade longitudinal
axis. The position r is indicated in a normalized manner by its relative radius r/R with
respect to the outer radius R of the rotor with vaiues from 0 to 1, which thus correspond to
values of 0% to 100%. Fig. 1a shows the conditions as are typically present in the case of
a rotor blade according to the prior art. In the diagram of fig. 1a, the stall angle 14‘ is
plotted as a limit angle 14‘ for a contaminated or a wet rotor blade. Here, the limit angle
14 can be regarded as the maximum permissible effective angle of attack oy of the rotor
blade in operation of the wind turbine. In addition, the diagram of fig. 1a illustrates the
progression 16" of the relative profile thickness d/t of a rotor blade of the prior art.

The profile 14 of the maximum angle of attack and the progression 16’ of the relative
profile thickness d/t are associated with one another. In the region of the blade root, the
rotor blade has a high relative profile thickness. On account of the circumferential speed,
which is low by comparison with the blade tip, a high maximum angle of attack 14‘ is also
possible in the region of the blade root since rotation effects on the rotating rotor blade
have a stabilizing effect on the boundary iayer flow. The maximum permissible angle of
attack 14‘ decreases from the blade root to a radius position of approximately r/R<0.35.
With increasing rotor radius /R, the relative profile thickness decreases, with the resuit
that the profile of the rotor blade becomes more slender. For example, the thickness of
the profile can become smaller if the depth of the profile remains constant. However, with
increasing radius, the circumferential speed increases, stabilizing effects diminish, and,
therefore, the maximum permissible angle of attack 14' also first decreases with increas-

ing rotor radius.
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The incident angle of the air on the rotor blade likewise changes with increasing radius
since the rotational speed of the rotor blade increases with increasing radius. The dia-
gram of fig. 1a illustrates a region 18‘ of the effective angle of attack in operation. The
effective angle of attack is calculated from the local incidence angle less the local installa-

tion angle according to the formula:

Ui (1) = A(F) — Cingt, (1)

wherein g (r) designates the effective angle of attack at the rotor position r, a(r) desig-
nates the local incidence angle at the rotor position r and ane (r) designates the local
installation angle at the rotor position r. Here, it has been assumed for the sake of simplic-
ity that the rotor blade considered is neither pitched nor twisted or that a pitch angle and a
twist angle are also taken into account in the installation angle, in particular are contained

cumulatively therewith.

The region 18 of the effective angle of attack in operation is illustrated as a region be-
cause the wind fluctuates, with the result that the angle of attack also has a scatter which

cannot be regulated in operation.

In a central blade region, the maximum permissible angle of attack 14 falls into the region
of the effective angie of attack 18‘, since the relative profile thickness 16' is also still
relatively high in this region. Here, during operation of the wind turbine, the case can arise
that the effective angle of attack 18' exceeds the maximum permissible angle of attack
14'. If this case occurs, the flow separates in this region starting from the rear edge of the
profile, with the result that the resistance of the rotor blade increases and the power
output decreases since the lift coefficient drops. This critical region is indicated in fig. 1a
by the reference sign 20‘. An operation of the wind turbine in the critical region 20‘ should
absolutely be avoided.

It is only with a further decrease in the relative profile thickness 16’ with increasing rotor
radius r/R that the maximum permissible angle of attack 14‘ increases again and leaves
the region of the effective angle of attack 18'. The progression of the maximum permissi-
ble angle of attack 14' is based on the finding that thin profiles have a higher permissible

angle of attack.

In order that locations with small average windspeeds of for example less than 6.5 m/s
can also be made economically attractive, the rotor blade lengths are ever further in-
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creased. According to the invention, it has been found here that the increase in the rotor
blade masses can be minimized if the rotor blade has profiles with high relative thick-
nesses over a relatively large radius region. It is thus proposed to displace profiles with
relative thicknesses further outward in the direction of the blade tip. As a result, the struc-
tural properties of the rotor blade and thus also the aerodynamic properties of an extend-

ed rotor blade are improved.

A schematic progression of the relative profile thickness according to one embodiment of
the invention is illustrated in fig. 1b by the reference sign 16“. By contrast with the pro-
gression 16° of fig. 1a, it can be seen in the progression 16" of the relative profile thick-
ness in fig. 1b that the relative profile thickness d/t remains high up to a relatively high

radius region r/R.

A comparison of the progressions 16° and 16" is illustrated in enlarged form in fig. 2.
Fig. 2 shows the progression 16* and the progression 16" of the relative profile thickness
dit plotted over the standardized rotor radius r/R. Arrows indicate the displacement of the
high relative profile thickness in the direction of relatively large rotor radii. According to
the progression 16“ according to the invention of the relative profile thickness, a rotor
blade according to the invention has a high relative profile thickness d/t up to radius
regions of greater than 0.5. For example, a rotor blade according to the invention now has

a relative profile thickness d/t of greater than 0.25 in radius regions of greater than 0.6.

With further reference to fig. 1b, the maximum permissible angle of attack 14“ is also
displaced up to high radius regions r/R by the high relative profile thicknesses in high
radius regions r/R. Accordingly, the critical region in which the effective angle of attack in
operation 18‘ can lie above the maximum permissible angle of attack 14‘ is also in-
creased. This increased critical region is indicated in fig. 1b by the reference sign 20° and
extends into radius regions r/R between approximately 0.75 and 0.8. A pure increase in
the relative profile thickness into high radius regions therefore leads to a large critical
region 20" which extends over a relatively large region of the rotor radius 12. However, an
operation of the wind turbine in this critical region 20" must be avoided under all circum-

stances.

It has been found according to the invention that the critical region 20" can be omitted in
operation by changing the installation angle of the profiles in the central region. For this
purpose, according to the invention, the installation angle of the profiles is increased in
the central blade region. In this way, the effective angle of attack is reduced in this region
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in operation. The new region of the effective angle of attack in operation is indicated in
fig. 1¢ by the reference sign 18*. Fig. 1c also shows the progressions, which are known
from fig. 1b, of the relative profile thickness 16" and of the maximum permissible effective
angle of attack 14". Increasing the installation angle in the blade central region reduces,
in operation, the effective angle of attack 18“ according to the above formula, with the
result that, in operation, the effective angle of attack 18* does not exceed the maximum
permissible effective angle of attack 14“. It is ensured in this way that the wind turbine
does not operate in its entire design region in a critical region in which the flow separates

from the rotor blades.

Fig. 3 now shows the progression 28 of the installation angle of a rotor blade according to
one embodiment. In the diagram in fig. 3, the standardized rotor radius r/R is plotted on
the abscissa and the installation angle a,. is plotted on the ordinate. For comparison
purposes, a progression 26 of the installation angle of a rotor blade of the prior art is
ilustrated in fig. 3. It can be clearly seen in the progression 28 of the installation angle
that the installation angle first decreases in a blade inner region. This region can be for
example up to 35% with respect to the outer radius of the rotor, which corresponds to a
normalized rotor radius of 0.35. The blade inner region is adjoined by the blade central
region which is substantially characterized in that the installation angle 28 increases
again in this region. The blade central region can extend for example over a region of
approximately 35 to 60% with respect to the outer radius. This corresponds to a region of
0.35 to 0.6 of the normalized rotor radius. The blade central region is adjoined by the
blade tip region which is characterized in that the installation angle of the profiles de-
creases again in this region. This region can extend for example in a radius of greater

than 60% with respect to the outer radius (0.6 normalized rotor radius).

It can also be seen in figure 3 that the progression 28 of the installation angle of a rotor
blade according to the invention has a local maximum in the blade central region. The
installation angle 28 in the region about the local maximum can be only 0.125 times the
installation angle at a radius positon of 10% with respect to the outer radius. After passing
through the local maximum, the installation angle 28 decreases, in a region of greater
than 60% with respect to the outer radius, less quickly than in the blade inner region in a
region of from 0% to 35% with respect to the outer radius. The progression 28 of the
installation angle has a local minimum in the blade tip region. In particular, there is provi-
sion that the progression 28 of the installation angle has a global or absolute minimum in

the blade tip region.
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in one particular embodiment of the rotor blade according to the invention, there is provi-
sion that the installation angle increases again in the outermost blade tip region in the

vicinity of the blade tip, which can also be seen in fig. 3.

The abscissa indicates the zero line of the instaliation angle in the diagram of fig. 3. The
zero line substantially corresponds to the rotor plane of the rotor of the wind turbine,
wherein the installation angle relates to an unpitched operation, particularly in a lower
part-load operation. Fig. 3 clearly shows that the installation angle 28 is positive over the
entire radius. By contrast, the progression 26 of the installation angle shows that rotor
blades exist in the prior art in which the installation angle can be negative in the blade

central region or blade tip region.

Fig. 4 shows purely schematically in a perspective view one embodiment of a rotor blade.
Various profile chords along the rotor radius from the individual regions of the rotor blade
are shown. There are illustrated five profile chords 30, 32, 34, 36, 38 which have an angle
with respect to a reference plane 40 which constitutes the rotor plane of the rotor of the
wind turbine. The profile chord 30 has a large installation angle 31 with respect to the
rotor plane 40 and constitutes a profile chord in the vicinity of the blade root of the rotor
blade at a radius position r/R of approximately 0.05. The installation angle 31 is 40° at this

radius positon.

The profile chord 32 is also shown. The angle 33 indicates the installation angle 33 of the
profile chord 32 with respect to the rotor plane 40. The installation angle 33 is approxi-

mately 20° at approximately a rotor radius r/R of 0.25.

The profile chord 34 also indicates a profile chord in the blade inner region. However, the
installation angle 35 of the profile chord 34 is considerably smaller than the installation
angle 33 of the profile chord 32. The installation angle 35 is 4° at a rotor radius of approx-

imately 0.35.

The profile chord 36 indicates a profile chord in the blade central region and has a larger
installation angle 37 than the installation angle 35 of the profile chord 34. However, the
installation angle 37 is smaller than the installation angle 33 of the profile chord 32. The
installation angle 37 is 6° at a rotor radius of approximately 0.53.

The profile chord 38 indicates a profile chord in the blade tip region in the vicinity of the
blade tip. The installation angle 39 is smalier than the installation angle 37 of the profile
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chord 36 and aiso smaller than the installation angle 35 of the .profile chord 34. The
installation angle 39 of the profile chord 38 is 1° at a rotor radius of 0.9.

The installation angles 31, 33, 35, 37 and 39 reflect the progression 28 from fig. 3; how-
ever, they are not true to scale but illustrated purely schematically. The stated degree
values and rotor blade radii are also purely exemplary and are not intended to be limiting.

Fig. 5 shows a wind turbine 100 according to the invention having a tower 102 and a
nacelle 104. On the nacelle 104 there is arranged a rotor 106 according to the invention
having three rotor blades 108 according to the invention and a spinner 110. During opera-
tion, the rotor 106 is set in a rotational movement by the wind and thus drives a generator

in the nacelle 104.

The schematically itlustrated rotor blades 108 can be fastened, for example, by means of
a blade connection or blade adapter to a rotor hub of the wind turbine that is arranged
within the spinner 110. For this reason, the progressions of the respective variables of the
rotor blade have a free region on the left-hand side in figures 1a to 1c, 2 and 3, this region
substantially reflecting the region of the rotor hub. The rotor blades can be rotated about
their longitudinal axis via pitch devices arranged on the rotor blades 108 of the wind
turbine 100, with the result that the installation angle of the rotor blades can be changed

during the operation.
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Claims
1. A rotor blade of an aerodynamic rotor of a wind turbine having a rotor axis of
rotation and an outer radius, comprising
5 - a blade root for fastening to a rotor hub,

- a blade tip facing away from the blade root,
- ablade longitudinal axis extending from the blade root to the blade tip,
- a blade front edge facing toward the front in the direction of movement of the
rotor blade,
10 - a blade rear edge facing toward the rear in the direction of movement of the
rotor blade, and
- profile sections which change along the blade longitudinal axis, wherein
- each profile section has a profile chord which extends from the blade
front edge to the blade rear edge, and each profile chord has an in-
15 stallation angle as an angle in relation to a rotor plane, wherein the in-
stallation angle from the blade root to the blade tip
- first decreases in a blade inner region oriented toward the
blade root,
- increases in a blade central region, and

20 - decreases again in a blade tip region oriented toward the blade

tip

characterized in that the installation angle increases in the blade central region having a

relative radius in a range from 35% to 60% with respect to the outer radius.

2. The rotor blade as claimed in claim 1, characterized in that the profile sections
25 have a relative profile thickness with a value of greater than 0.25 at least in some portions

in a region of greater than 60% with respect to the outer radius.

3. The rotor blade as claimed in claim 1 or 2, characterized in that the installation
30 angle has a local maximum in a region of between 35% and 80% with respect to the

outer radius.
4. The rotor blade as claimed in any one of claims 1 to 3, characterized in that the

installation angle has a local minimum in a region of between 80% and 100% with respect

35 to the outer radius.

Date Regue/Date Received 2020-11-13
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5. The rotor blade as claimed in claim 4, wherein the local minimum is an absolute
minimum.
6. The rotor blade as claimed in any one of claims 1 to 5, characterized in that the

installation angles of the profile chords are positive over the entire rotor blade length.

7. The rotor blade as claimed in any one of claims 1 to 5, characterized in that the
installation angle is 4° in a region of between 30% and 40% with respect to the outer
radius and is 5° in a region of between 45% and 60% with respect to the outer radius and

is approximately 1° in a region of between 85% and 95% with respect to the outer radius.

8. The rotor blade as claimed in any one of claims 1 to 6, characterized in that the
blade inner region extends approximately to a radius of 35% with respect to the outer

radius.

9. The rotor blade as claimed in any one of claims 1 to 7, characterized in that a ratio
of the installation angle at a radius position of approximately 60% to the installation angle

at a radius position of 40% is greater than 1.2.

10.  The rotor blade as claimed in claim 9, wherein the ratio is greater than 1.5.

11.  The rotor blade as claimed in claim 9, wherein the ratio is greater than 2.

12.  The rotor blade as claimed in any one of claims 1 to 11, characterized in that the

blade tip region extends in a radius of greater than 60% with respect to the outer radius.

13.  Arotor of a wind turbine having a rotor axis of rotation and an outer radius, wherein

the rotor has at least one rotor blade as claimed in any one of claims 1to 12.

14. A wind turbine for generating electrical energy which has an aerodynamic rotor,
wherein the rotor has at least one rotor blade which comprises the following:

- a blade root for fastening to a rotor hub,

- a blade tip facing away from the blade root,

- a blade longitudinal axis which extends from the blade root to the blade tip,

- a blade front edge which faces toward the front in the direction of movement

of the rotor blade,

Date Regue/Date Received 2020-11-13
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- a blade rear edge which faces toward the rear in the direction of movement
of the rotor blade, and

- profile sections which change along the blade longitudinal axis, wherein
- each profile section has a profile chord which extends from the blade
5 front edge to the blade rear edge, and each profile chord has an in-
stallation angle as an angle in relation to a rotor plane, wherein the in-

stallation angle from the blade root to the blade tip
- first decreases in a blade inner region oriented toward the blade
root,
10 - increases in a blade central region, and

- decreases again in a blade tip region oriented toward the blade

tip

characterized in that the installation angle increases in the blade central region having a

relative radius in a range from 35% to 60% with respect to the outer radius.

15 15.  The wind turbine as claimed in claim 14, having at least one rotor blade as claimed

in any one of claims 1 to 12 or having a rotor as claimed in claim 13.

Date Regue/Date Received 2020-11-13
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