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Rotor blade of a wind turbine

Abstract

The 1nvention relates to an i1mproved rotor blade (5) of
a wind turbine having 1increased 1lift while having good
aerodynamic properties. The rotor blade has a profile (1-
4), which has a top side (suction side) (7) and a bottom
side (pressure side) (8). The profile (1-4) has a mean
camber line (21, 25) and a chord (18) between the front
edge (10) and the rear edge (11) of the profile (1-4).
The rotor blade 1s characterized in that the profile (1-
4} has a relative profile thickness of more than 45 %,
at least one vortex generator (50, 50', 507", 50™) 1s
arranged 1n the region of the profile (1-4), on the
suction side (7) of the rotor blade (5), the profile (1-
4) having a blunt rear edge, the rear edge thickness
being between 15 % and 70 % of the chord length.
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Rotor blade of a wind turbine

Description

The 1nvention relates to a rotor Dblade of a wind
turbine, having a profile that has a suction side and a
pressure side, wherein the profile comprises a camber
line and a chord between the 1leading edge and the
trailing edge of the profile, wherein the camber line
extends at least portionally beneath the chord, 1in the
direction of the pressure side, and wherein the profile

Q

has a relative profile thickness of more than 45 %.

+J

Known from DE 10 2008 003 411 Al are a rotor blade of a

wind turbine and a corresponding familly, or a
plurality, of profiles. The airfoil profiles, or
profiles, disclosed 1n this document have a Dblunt

trailing edge, a substantially oval suction side and a

substantially S-shaped pressure side.

Other profiles are also known. In particular, there
are known low-speed profiles, which are used 1n
proximity to the rotor-blade root, or in proximity to

the hub of the wind turbine.

A profile of large relative thickness, known from
Dieter Althaus "Niedriggeschwindigkeltsprofile”,
Friedr. Vieweqg & Sohn Verlagsgesellschaft mbH,

Braunschweig/Wiesbaden, 1996, 1s produced 1n that a

profile of small relative thickness, known per se, 1s
brought to the required relative thickness wvalues that
are needed 1n the proximity of the blade root by
truncating the trailing edge, or by scaling-up the
thickness. An example that may be cited in connection
with this is that of FX 77-W-500, which 1s disclosed on
pages 162 to 163 of the book mentioned. This profile,
in the clean state, 1n the case of a Reynolds number of
2.75 million, achieves a maximum lift coefficient of

ci; = 1.6 with an angle of attack of 10°, and 1n the
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dirty, 1.e. turbulent, state, achieves a maximum c; of
0.8 with an angle of attack of 4°. The FX 77-W-500 has

Q.

a relative profile thickness of 50 %.

In the context of the i1nvention, an angle of attack, or

angle of 1ncident flow, 1s an angle of the 1incident

apparent wind in relation to the chord of the profile.

For any definitions, reference 1s to be made, 1in
particular to the textbook: Erich Hau,
"Windkraftanlagen", Fourth Edition, 2008, 1n particular
prage 126 ff.

Although known profiles having a large relative profile
thickness, such as, for example, the FX 77-W-500, do
have an acceptable 1ift coefficlient ¢; 1n the clean
state, nevertheless in the case of turbulent
circumfluent flow, 1.e. 1n the dirty state, the maximum
lift coefficient collapses significantly. In addition,
the aerodynamic angle of attack at which the maximum
li1ft coefflicient 1s attained in the dirty state changes
significantly 1n comparison with the angle of attack at
which the maximum lift coefficient 1s attained in the
clean state. This behavior, namely, the small amount
of 1l1ft 1n the dirty state with a large change 1in the
angle of attack for the maximum lift coefficient, iS
highly unfavorable for wind turbines. 1f, because the
blade depths are to be kept small, the angle at which
the c¢lean profile has the maximum appropriate 11ft
coefficient, or a lesser angle, 1s selected as the
design angle of attack, 1.e. the angle of attack that

1s used, 1n the design of the rotor blade, for
calculating the respective profile, the lift
coefficient 1n the dirty state then diminishes to a
fraction of the clean value. Owing to the thick
tralling edge, the profile of the FX 83-W-500 has only
moderate aerodynamlic properties even 1n the case of

laminar circumfluent flow. In the case of turbulent

circumfluent flow, 1t still has high lift coefficients,
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but then has relatively poor lift/drag ratios.
Moreover, the maximum thickness of this profile 1is
approximately 80 % of the profile 1length, or chord
length, which structurally does 1little to provide the
rotor blade with a good body contour. Consequently, 1n
the case of a blade having the profile of the FX 83-W-
500, only a relatively small spacing of the main
girders can be established, and this results 1n
corresponding curtailments 1in respect of the

constructability and blade weight of a rotor blade.

EP 1 944 505 Bl discloses a wind-turbine rotor blade

having a profile that has a suction side and a pressure

side, wherein the profile comprises an inner profile
portion and an outer profile portion, wherein the 1nner
profile portion 1s comparatively thicker than the outer

profile portion, wherein the thickness of the 1inner

\

profile portion 1s between 30 % and 80 % of the chord
length of the inner profile portion, and the 1nner
profile portion 1s provided with eddy generators,
whereln the eddy generators are disposed, on the
suction side of the 1nner profile portion, at between
8 3 and 12 % of the chord length, as measured out from
the leading edge of the profile portion. This 1s
intended to achieve an adequate aerodynamic capability

with, at the same time, a high structural stability.

The applicant's document DE 10 2008 052 858 Al
discloses particular profiles of a rotor blade, and a
correspondling rotor blade of a wind turbine, 1n which
the profiles provide very good aerodynamic properties.
In particular, the profiles are relatively thick, and
have a high lift coefficient. In order to achilieve even
higher 1lift coefficients for rotor Dblades of wind
turbines, 1t might be possible to 1mplement a measure
used 1n the case of airfoils of aircraft. Thus, for
example, the publication "Fluid-dynamic 11ft",

Information on Lift and 1i1ts Derivatives, 1n Alr and 1n
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Water, presented by Dr.-Ing. S. F. Hoerner 1985, pages
5-12 and 5-13, and also 6-2 and 6-3, Hoerner Fluid
Dynamics, Bakersfield, CA 93390, disclose very high

11ft coefficilents. In this case, high lift

coefficients, of up to over 3.0, are achieved by the

provision of flaps, 1n particular slotted flaps,

adjoining the airfoil, and of flaps, 1n particular

slotted flaps, projecting from the airfoil, which 1in

each case are spaced apart from the actual airfoil.

It 1s the object of the present invention to specify a
rotor blade of a wind turbine that has a very large

11ft, while having good aerodynamic properties.

This object 1s achilieved by a rotor blade of a wind
turbine, having a profile that has a suction side and a
pressure side, wherelin the profile comprises a camber
line and a chord between the leading edge and the
trailing edge of the profile, wherein the profile has a
relative profile thickness of more than 45 %, whereiln
at least one vortex generator 1s disposed, 1n the
region of the profile, on the suction side of the rotor
blade, wherein the profile 1s provided with a blunt
traliling edge, wherein the thickness of the trailing

edge 1s between 15 % and 70 % of the chord length.

Unexpectedly, by provision of a rotor blade according
to the i1nvention, having a profile optimized 1n respect
of ~ aerodynamics and having correspondingly good
aerodynamic properties, 1n particular a high 1ift
coefficient, and additionally with the use of at least

one vortex generator, which, 1n particular, may also be

P
p—
-

referred to as an eddy generator, extremely high 1lift

)

coefficients, of over 3.0, with corresponding large
angles of attack, were achieved, without use of the
above—-mentioned technology (slotted flaps) known from
alrcraft construction. Also, unexpectedly, the

lift/drag ratio improves, despite the greater drag
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achieved because of the vortex generators. For

Q

example, the lift/drag ratio 1ncreases by up to 100 3.

Preferably, the camber line extends at least
portionally beneath the chord, 1n the direction of the
pressure side. Preferably, the profile has a relative

Q

profile thickness of more than 49 3.

The rotor blade according to the 1invention makes 1t
possible to realize a rotor Dblade that 1s highly
insusceptible to turbulence and that, by allowing
greater possible aerodynamic angles of attack, reduces
a rotor-blade twist at the rotor-blade root that 1s
unfavorable 1n respect of production engineering,
thereby, 1in turn, making 1t ©possible to achieve
improved structural compatibility 1n that a 1less

twisted rotor-blade girder 1is provided.

In particular, the invention makes 1t possible, while

still having good lift/drag ratios of the rotor blade,

or of the corresponding rotor-blade portions of great
thickness, to significantly 1increase the 1lift of the

rotor blade 1in this portion.

Through use of the corresponding profiles, having
vortex generators, 1n the case of corresponding rotor
blades according to the 1i1nvention, the weight, and
therefore the static moment, of the rotor blade can be

reduced considerably 1n comparison with conventional

designs. Since, 1n the case of rotor blades of more
than 50 m, the static moment 1s the principal limiting
variable for the design, the 1nventlion can be used to
increase the maximally possible rotor diameter for a
given static moment, while maintalning a high rotor
efficiency. This results 1n a considerable 1ncrease 1n
yield 1n the <case o0of correspondingly given and

dimensioned blade connection designs. In particular,

no multiple-slot flaps such as, for example, Fowler
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flaps, known in aircraft engineering, are used 1n this

Case.,

Preferably, the vortex generator, or the at least one
vortex generator, 1s disposed in front of, or
immediately in, the separation point of the air flow
for a predefined angle of attack. The at 1least one

vortex generator 1s preferably a type of fin, or pair

of fins, that projects substantially orthogonally out
of the surface of the rotor blade and generates an eddy
in the air flow. This results 1n mixing of the
boundary layer at the surface of the rotor blade, such

that a greater l1lift 1s generated.

The boundary layer 1s preferably a layer of ailr, around
the rotor blade or on the rotor blade, that 1is
influenced by the friction of the air on the rotor
blade, 1.e. that 1s slower than the ambient air speed.
Owing to the eddy, or eddies, generated by the at least
one vortex generator, high-energy flow, 1.e. flow at
high wvelocity, 1s transported from outside 1into the
region of the flow that i1s decelerated by the friction
on the wall of the rotor blade, thereby thoroughly
mixing the boundary laver. As a result, the boundary

layer remailns stable for 1longer, and the flow

separation 1s shifted i1n the direction of the trailing

edge of the rotor Dblade, or toward greater angles of
attack. As a result, an improved flow around the rotor
blade 1s achieved. Preferably, the position of the at
least one vortex generator 1s just 1n front of, or in,
the separation position of a corresponding profile

without a vortex generator, 1n the case of the desired

angle of attack.

Preferably, a profile having a blunt trailing edge 1s
provided, wherein the thickness of the traliling edge 1s

between 15 % and 70 % of the chord length. This makes

1t possible to achieve a particularly high 11ft
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coefficient. In particular, the 1lift/drag ratios of
the profiles are also 1increased by the provision of
vortex generators. For example, 1n the case of a
profile having a position of maximum thickness at 50 5%,
the provision of vortex generators results 1n the
lift/drag ratio belng increased from 17 to 32. This

.

corresponds to an 1ncrease of 88 %. In the case of a

\

o\

profile having a thickness of 70 %, the provision of

vortex generators results in the 1lift/drag ratio being

increased from 7 to 10, which corresponds to an

increase of 43 %.

Preferably, the at least one vortex generator 1s
disposed 1n a range of from 5 % to 40 %, 1n particular
from 19 % to 30 %, in particular from 20 % to 28 %, of
the profile depth of the profile, or of the chord

length. These stated ranges are understood to be

measured from the leading edge of the rotor blade. A
particularly large amount of 1lift can be achieved as a

result.

I1f, preferably, the at least one vortex generator
comprises a palr of fins, wherein, 1in particular, the
fins of the pair of fins are disposed at an angle, 1n
relation to each other, that 1s 1n a range of from 10°
to 50°, 1n particular 20° to 40°, 1n particular is 30°,
this generates alr eddies in mutually opposite
directions, resulting in a high-energy boundary layer
and thereby rendering possible an enduring flow, even
in the case of large angles of attack. The angle 1n
thlis <case 1s, 1n particular, an angle 1n a plane

parallel to the surface of the rotor blade. This

means, 1n particular, the angle between the two faces
of the respective fins of the pair of fins. Thus, for

example, thils 1s twice the angle [ according to Fig.

11, which 1s to be described in the following.
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Preferably, the at least one vortex generator 1s
disposed 1n the region of the rotor blade that 1s close
to the hub.

Preferably, the vortex generator 1s of a height, at
most, that corresponds to the height of an air boundary
layer, on the suction side of the rotor blade, that
forms when the rotor blade 1s 1n operation, wherein the

alr boundary layer 1s deflned 1n that the air spéed in

\O

the air boundary layer 1s reduced by at least 1 % as a
result of friction on the rotor-blade surface of the

suction side.

Preferably, a plurality of vortex generators are
provlided, which are disposed next to each other,
substantially parallel to a 1longitudinal axis of the
rotor blade. Next to each other 1n this case means

next to each other 1n the direction of incident flow.

This design gives the rotor blade a very high 1ift

coefficient, 1in particular 1n the case of the
correspondingly thick profiles (45 % and more of the
chord length). The vortex dJgenerators may also Dbe
disposed even further toward the tip of the rotor
blade, 1n particular also 1in the case of rotor-blade

profiles of a relative thickness of less than 45 $%.

Preferably, the plurality of vortex (Jenerators, 1n

particular all vortex generators, are disposed at a

relative profile depth of 20 % to 40 % as viewed from

the leadling edge.

In the case of the rotor blade according to the
invention, the measure according to the invention makes
1t possible to select a large angle of attack, at the
same time achieving a high lift coefficient and a high
lift/drag ratio. As a result, the twist of a rotor

blade provided with such a profile, or of a rotor blade

provided with a family or multiplicity of profiles, can
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be kept small, such that it 1is possible to achieve a
spacing of the main glrders that 1s as dJreat as
possible, and the weight of the rotor Dblade 1is

therefore reduced.

Preferably, the camber line 1is disposed at a distance

\O

of between 0 % and 60 %, 1n particular between 0 % and
50 %, of the profile depth of the profile beneath the

chord. This makes 1t possible to achieve a profile

having very good aerodynamic properties for a wind

turbine.

1f, preferably, the camber line 1s disposed entirely 1in
a portion at between 5 % and 50 %, 1n particular
between 2 % and 60

profile to even lower Reynolds numbers 1s relatively

\O
o\C

, beneath the chord, designing the

unproblematic.

Preferably, the amount of the maximum camber 1s less
than 0.015, 1.5 %. The camber 1n this case 1s the
distance of the camber line 1n relation to the chord,.

as a percentage of the chord length. For the given

profile, therefore, the maximum camber 1s the greatest
distance of the camber line 1n relation to the chord,
as a percentage of the chord length. In the context of
the invention, the camber line 1s the line of the mid-

points of the circles 1nscribed between the upper side

and underside of the profile. In the context of the

invention, the chord 1s defined as the line from the

r—

center of the trailing edge of the profile to the

farthest profile point, this corresponding to the nose

polnt. In the context of the 1invention, the camber

line curvature 1s defined as the second derivative of

the function of the camber 1line. The maximum profile
thickness, also called the relative profile thickness
in the context of the 1nvention, 1s the maximum
thickness of a profile perpendicular to the chord,

relative to the chord length. In the context of the
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_10_

invention, the relative position of maximum thilickness

is defined as the distance of the maximum profile
thickness from the front nose point, relative to the
chord length, and 1s thus also stated as a percentage.
The thickness of the trailing edge 1s defined, 1n the
context of the 1nvention, as the thickness of the

trailing edge, relative to the chord length.

Preferably, the second derivative of the camber line
(camber line curvature) 1s either 0 or positive from
10 ¥ to 40 %, 1n particular from 5 % to 50 %, 1n
particular from 2 % to 60 %, of the profile depth.

This profile has i1ts own inventive subject-matter.

A profile of a rotor blade according to the 1nvention
has particularly good aerodynamic properties 1f the
profile has a relative profile thickness of more than
49 %, 1n particular more than 55 % or equal to 55 %,

wherein the position of maximum thickness 1s at 1less

than 35%. This profile 1s suitable, 1n particular, for

profiles at the rotor-blade root side.

The aerodynamilic properties of the rotor blade according
to the 1invention are particularly good, 1n particular,
in that the respective profile has a blunt trailing

#

edge, wherein the thickness of the blunt trailing edge,

or the relative trailing-edge thickness, has 1n a

range, or 1n an order of magnitude, of from 15 % to
70 % of the chord 1length of the profile at this

location. Particularly preferred 1s a trailling-edge

O

thickness of from 20 % to 60 %, 1n particular from 25 %
to 50 %, 1in particular from 30 % to 45 %, 1n particular
35 % to 40 %, of the chord length i1in each case. Other
ranges may also be preferred. Owing to the blunt
trailing edge, the high lift coefficients are achileved

in a particularly efficlent manner.
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Particularly preferred 1is a profile of a rotor blade
according to the 1invention 1f the latter, on the

suction side, toward the trailing edge, has an S shape,

Or concave shape, 1.e. 1s cambered 1nward, thus
cambered toward the chord. Preferably, a corresponding
concave camber 1s provided on the pressure side, toward
the trailing edge. The concave camber toward the
trailing edge 1s preferably more pronounced on the
pressure side than on the suction side. Preferably,
the concave camber on the suction side begins only from
60 3 of the chord 1length, measured from the leadiling
edge of the profile. Preferably, the transition from
the suction side, or from the pressure side, to the

trailing edge of the profile 1s as sharp as possible.

In the case of a blade depth, or chord length, of 2 m -
5.5 m, a transition radius of less than 10 mm, 1in
particular preferably 1less than 7 mm, in particular

preferably less than 5 mm, 1s provided.

Preferably, the rotor blade has a profile that has a

relative profile thickness of more than 45%, 1in
particular more than 50% or equal to 50%, wherein a
lift/drag ratio of greater than 6, 1in particular
greater than 10, 1n particular greater than 15, 1is
attained 1n the case of turbulent circumfluent flow.
With use of this profile 1n the region of the rotor

blade near the blade root, the energy contalned 1in the

incident flow 1s efficiently exploited despite the high

-

relative profile thicknesses of more than 45%, even

without extreme blade depth. This effect 1s also
achieved to the greatest extent possible with dirty

profiles, thus 1n the case of completely turbulent flow

around the profiles. Moreover, the aforementioned

profiles for the rotor blade according to  the
invention, and also the following profiles, have been
developed 1n that the working region 1lies at large

aerodynamic angles of attack, for example > 10°. As a

result, a large geometric blade twist, which 1s
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unfavorable in respect of production engineering, 1S

avolded. Preferably, the relative profile thickness 1s

ow

greater than 49 %, 1n particular greater than or equal

to 50 3.

A particularly preferred profile of a rotor blade,
having a vortex generator, of a wind turbine 1s
characterized 1n that the profile has a relative
profile thickness of more than 45 %, with a position of
maximum thickness at less than 50%, wherein a 1lift
coefficient of greater than 1.8, 1n particular greater
than 2.8, 1s achieved 1n the «case of turbulent

circumfluent flow.

Preferably, the relative profile thickness of the rotor

o\

blade 1s more than 65 %, 1n particular greater than or
equal to 70 %. Preferably, the lift coefficients are
achieved with design angles of incident flow, or angles
of attack, of from 12° to 30°, in particular 16° to

24°,

A further particularly preferred rotor blade has a

profile having a nose radius that 1s greater than 18 %
of the profile depth, whereln the profile 1S

asymmetrical 1n the nose region.

Preferably, a ratio of the maximum lift coefficient 1in

the case of turbulent circumfluent flow, to the maximum

lift coefficient 1n the case of laminar circumfluent

flow, of more than 0.75 to 1.0 1s achieved.

Preferably, the suction side and the pressure side of
the profile of the rotor blade each have a concave
contour, at least portionally, in the rear region. Due
to this, significantly lesser overspeeds occur on the
suction side, while a significant proportion of the
total li1ft of the profile 1s generated on the pressure

side, by a so-called "rear loading".
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Preferably, a plurality of differing profiles are

provided 1n the rotor blade, which are realized 1n at

-

least one region of a rotor blade of a wind turbine,

and which behave harmoniously 1n relation to each
other. A harmonious behavior 1s understood to mean, 1n
particular, a continuous shape, in particular a

derivative without discontinuity.

In the context of the invention, a turbulent flow, or
profile circumfluent flow, 1s then considered as
present when  the aerodynamilically cleanly defined

transition of the flow from lamilinar to turbulent 1is

present. A turbulent circumfluent flow, 1n the context

of the 1nvention, 1s 1n particular a flow state, at

P
p—

, oOf

o\©

OO

which more than 90 %, 1n particular more than 92

the surface has a turbulent bouhdary layer. This 1s
simulated experimentally, and also 1n the case of the
measurements presented 1n the following, through
roughnesses that are just large enough to bring about a
transition from a laminar boundary layer to a turbulent

boundary layer. For this purpose, an 1ndented Dband,

Q

for example, 1s realized on the suction side at 5 %

Q.

from the nose polnt, and on the pressure side at 10 %

Q.

from the nose point, sometimes also at 5 % (suction

9

side) and 5 % (pressure side), or 3 % / 5 %, or
= the

3% / 3 %. In this case, the exact location o:
indented band depends on the nose radius and on the

angle of attack to be measured.

An advantage of the rotor blade according to the

invention lies 1n the high 1lift coefficients, both 1n

”
-

the clean and 1n the dirty state, 1.e. 1n the case of

both laminar and turbulent flow. A further advantage
lies 1n that the operating polints of the rotor Dblade
according to the 1invention are located, close to the
rotor-blade root, at large aerodynamic angles of

—

attack, as a result of which the geometric twist of the
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entire rotor blade can be significantly reduced, which
is a great advantage 1n production and also results 1n
lower rotor blade weights. It may also be the case
that the maximum blade twist 1s fixed by production
techniques, such that the profiles of the rotor blade
in the proximity of the blade root, 1n comblnation with
the vortex generator or the vortex generators, which
are disposed 1n the region of this profile, or these
profiles, enable these sti1ll to be used at the optimal
operating point, with very high 1lift coefficients,
which 1s not possible 1n the region 1n the proximity of
the rotor blade root 1n the case of the rotor blades
known hitherto. Thus, 1in the case of the profiles
used, angles of attack at which an optimal 1lift 1s
generated can prevall with known profiles 1n the blade
tip, and simultaneously other angles of attack that,
for the profiles there, still generate an optimal, or
at least still acceptable, 1lift, can prevail 1n the

proximity of the blade root.

A further advantage lies 1n that the position of
maximum thickness 1s exactly designed for a good body
contour within the rotor blade. This renders possible

a maxlmum maln glrder spacing 1n the region of relative

\O

profile thicknesses of 35 % up to the cylinder (at the

rotor-blade root), with the least possible curvatures

1n the leading-edge gilirder and traliling-edge girder.

Particularly advantageously, the maximum profile
thickness and/or the relatively large nose radius are

located comparatively far forward.

All stated features, 1including those taken from the
drawings alone, as well as 1ndividual features that are
disclosed 1in combination with other features, are
considered to be material to the invention, singly and

1n comblnation.
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Particularly preferred and advantageous 1s a trailing

edge thickness of 26 % of the chord'length 1n the case

of a profile having a thickness of 50 %. In connection
with this, reference 1s to be made, 1n particular, to
the following figures, 1n which exemplary embodiments
for profiles according to the i1nvention are specified.
Accordingly, 1t 1s particularly advantageous 1f the

traliling edge thickness 1s approximately 50 % of the

chord 1length 1in the <case of a profile having a
thickness of 70 %. In connection with this, likewilise,

reference 1s to be made, in particular, to the figures.

According to the 1nvention and particularly preferred

1s a rotor blade of a wind turbine, having a profile
that has an upper side (suction side) and an underside
(pressure side), wherein the profile comprises a camber
line and a chord between the leading edge and the
trailing edge of the profile, wherein the camber line
extends at least portionally beneath the chord, 1in the
direction of the pressure side, and wherein the profile
has a relative profile thickness of more than 45 %, 1in
particular more than 49 %, 1n particular more than
69 %, wherein at least one vortex generator 1is
disposed, 1in the region of the profile, on the suction
side of the rotor blade, preferably at between 20 and
40 3 of the profile depth, 1.e. as viewed from the
leading edge. Moreover, preferably provided 1n this
case 1s an S-shaped camber 1line having a negative
camber 1n the front region of the profile, i.e. toward
the leading edge, and a posilitive camber 1in the rear
region of the profile. In addition, there 1s
preferably provided an S-shaped pressure side, which 1s
convex 1n the front region of the profile and concave
in the rear reglion. Further, there 1s preferably
provided an S-shaped suction side, whilich 1s convex 1n
the front region and concave 1n the rear region. These
embodiments of a rotor blade according to  the

invention, having corresponding profiles, are
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particularly preferably provided wilth vortex
generators, which are triangular 1n outline, or
vertical section. These are preferably and
advantageously disposed 1n opposite directions 1n
pairs, such that eddies rotating 1n opposite directions
are generated. Particularly preferably, the vortex
generators are of a height that 1s less than or equal
to the local boundary layer thickness. Moreover, the
vortex generators are preferably disposed at between
15 % and 45 % of the chord length, measured from the
leading edge of the profile, and particularly
preferably at between 20 % and 40 % of the profile
depth.

Preferably, the profile of the rotor blade has a blunt
trailing edge, wherein the thickness of the trailing
edge may vary according to the thickness of the

profile. The following feature combinations are

particularly preferred in this case. A profile having
a thickness of more than 45 % ©preferably has a

trailing-edge thickness of more than 15 % and

corresponding vortex generators. A profile having a

\O

thickness of more than 49 % preferably has a trailing-
edge thickness of more than 20 %, and corresponding

vortex generators are provided. A further profile,

o\

having a thickness of more than 69 %, has a trailing-
edge thickness of preferably more than 45 %.

Correspondingly, vortex generators are also provided.

These aforementioned profiles preferably have an S-
shaped camber 1line, having a negative camber 1n the

front region of the profile and a positive camber 1in

g—

the rear region of the profile.

Moreover, 1t may preferably be provided that these
profiles have an S-shaped pressure side, which 1s

convex at the front and c¢oncave at the rear. In

Q

addition, preferably, a profile having a 45 % thickness
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may be provided, wherein a trailing-edge thickness of
more than 15 % 1s then provided. Additionally provided
are vortex generators and an S-shaped pressure side,

which is convex in the front region and concave 1n the

rear reglon. Preferably provided, moreover, 1s a

o

profile having a thickness of more than 49 %, having a
trailing—-edge thickness of more than 20 % and
corresponding vortex generators, 1n the case of a rotor
blade having a corresponding profile. Provided 1n this
case 1s an S-shaped pressure side, which 1s convex 1n
the front region and concave 1n the rear region. Also

preferably provided 1s a profile having a thickness of

more than 69 %, having a traililing-edge thickness of

\

more than 45 % and a corresponding vortex generator,
wherein an S-—shaped pressure side, which 1s convex at

the front and concave at the rear, 1s provided.

If, in the context of the invention, 1t 1s stated that
a profile 1s provided with vortex generators, this
means that a vortex generator 1s disposed on a rotor
blade, in the region at which this profile is provided.
The vortex generators are preferably disposed,
particularly preferred 1in the case of the previous
example, at between 20 % and 40 % of the chord, as

viewed from the leading edge.

Other combinations of features are also possible within

the scope of the invention.

The 1invention 1s described 1n the following, without

limitation of the general concept of the invention, on

the basis of exemplary embodiments and with reference

to the drawings, wherein reference 1s expressly made to
the drawings 1in respect of all details according to the
invention that are not explained more fully 1n the

text. There are shown 1n:



10

15

20

25

30

39

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

6

10

CA 02909012 2015-08-05

- 18 -

a schematic representation of a rotor Dblade
according to the invention, with profiles drawn

in,

a profile of a rotor blade according to the
invention 1n comparison with a profile of the

prior art,

a further profile of a rotor blade according to
the invention 1in comparison with a further

profile of the prior art,
a profile of the prior art 1in comparison with
three profiles for a rotor blade according to

the invention,

a schematic diagram relating to calculated

profile polars of a profile of a rotor blade

without a vortex generator,

a schematic diagram relating to calculated

profile polars of a profile of the prior art,

a schematic diagram of measured profile polars
of a profile of a rotor blade without a vortex

generator,

a schematic diagram of measured profile polars

of a profile of the prior art,

a profile of a rotor blade according to the

invention having a vortex generator, 1n a

schematilic representation,

a schematic diagram of profile polars of a

profile of a rotor blade according to the

invention having a vortex generator, and of a



10

15

20

29

30

35

CA 02909012 2015-08-05

- 19 =

profile of a rotor blade without a vortex

generator, and

Fig. 11 a schematic representation of two vortex

generators.

In the drawings, elements and/or parts that are the

same or of the same type are 1n each case denoted by

the same reference numerals, such that i1n each case

they are not presented anew.

Shown schematically in Fig. 1 1s a rotor blade 5 of a

wind turbine, the latter not belng represented, whereiln

some profiles 1-4 and © have already been drawn 1n.

Profiles 1-4 are provided in a transition region 13 1n
the proximity of a rotor-blade root 12. The transition
region 13 may be distinguished 1in that, for example,
the trailing edge 11 no longer tapers, as 1n the case
of the other profiles 6, but 1is blunt in form, for
example becoming ever more blunt, the closer the
profiles are to the rotor-blade root 12. To aid
illustration, the leading edge 10 1s also 1ndicated, as
well as an upper side, or suction side 7, and an
underside, or pressure side 8. Of particular 1interest

in the context of the 1i1nvention are the profiles 1-4,

which are located in the transition region 13, as well

as additionally provided vortex generators 50, 2507, 207

and 50". These profiles 1-4 are now to be explained 1in

the followiling.

Fig. 2 shows a profile of a rotor blade 5 according to
the invention without a vortex generator 1in comparison

with a profile of the prior art. The profile 20, which

has the designation RE-W-50-B6, has a camber line 21
that, in the front profile region, to 60 %, or 0.6, of
the chord length, is curved toward the pressure side 8.

It is only at approximately 0.63 of the chord length
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that the camber line 21 1ntersects the chord 18 and

goes 1in the direction of the suction side 7. Moreover,
in comparison with the profile FX 83-W-500 (see
Althaus, loc.cit., pages 552, 553), which 1s denoted by
the reference numeral 22, the maximum profile thickness
is relatively far forward. In the case of the profile
20, this 1s located at 34.4 %, or 0.344, of the profile

depth, or chord length. The known profiles cited 1n
the above-mentioned document by Althaus have positions

of maximum thickness at 37.4 % to 78.7 %.

Also the nose radius of the profile 20, with 23.3 % of
the profile depth, 1s significantly larger than the

Q

comparison profiles, which have values of between 5.6 3%
and 14.8

that the profile is also asymmetrical in the region of

o\©

, Wherein 1t must be taken 1nto account here

the nose. The comparison profile 22, namely, the FX
83-W-500, also has a camber line 23 that 1s disposed

entirely above the chord 18, toward the suction side 7.

The relative profile thickness of the profile 22 1is
50 %. This 1s located at a profile depth of 78.7 %.

There 1s a maximum camber of 2.539 % with a profile

\

depth of 52.7 %. The nose radius 1s 5.6 %. There 1s a
profile cross-sectional area of 0.4134, and a trailing-
edge thickness of 47.9 $. The profile 20 according to
the invention has a relative profile thickness of 50 %
at a profile depth of 34.4 % and a maximum camber of
1.23 %. The maximum camber 1s located at a profile

depth of 82.5 %. The nose radius 1is 23.3 %, the

profile cross—-sectional area 1s 0.3827, and  the
trailing—-edge thickness 1s 25.7 5. It can be seen
that, particularly on the pressure side 8, 1n the rear
region of the profile, the profile has a concave
contour. This 1s also the case on the suction side 7,
but not as pronounced as on the pressure side 8. By
contrast, the contour of the profile 22 according to

the prior art 1s convex 1in the rear region.
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In addition, the profile for the rotor blade according

to the invention has a blunt trailing edge 11, which

QC

has an extent of approximately 23 % to 25 %, 1n

particular 23.7 %, of the chord length.

Fig. 3 again shows a profile of a rotor blade 5

according to the invention, but without a vortex

generator, namely, the profile RE-W-70-B9 (reference

numeral 24), 1n comparison with a profile of the prior

art, namely, the profile FX 79-W-600A (reference
numeral 26). The assocliated camber lines 25 and 27 are
also represented. Also in this case, the camber line
25 of the RE-W-70-BY9 1s disposed beneath the chord 18,

toward the pressure side 8, and the camber line 27 of

the FX 79-W-0660A of the prior art 1s disposed above the

chord 18, toward the suction side 7. The profile 24

has a relative profile depth of 70 % at a profile depth

of 47.7 %. A minimum, ©or, 1n respect of amount,

maximum, camber, of 1.4 %, 1is provided at a profile

O

depth of 39.9 %. The maximum positive camber 1s 1.18 %

\

O

at 85 % profile depth. The nose radius 1s 23.87 %.

\O

O

The blunt trailing edge 11 has a thickness of from 50 %
to 60 % of the chord length.

In the case of the profile 26 according to the prior

X

art, there 1s a relative profile thickness of 66.4 % at

a profile depth of 46.7 %. There 1s a maxlimum camber
of 2.2 % at a profile depth of 17.1 %. The nose radius

1s 4.1 %.

Fig. 4 shows four further profiles of a rotor blade 5
of a wind turbine, wherein the profiles 28, 29 and 30
are profiles of a rotor blade 5 according to the
invention, and one profile, namely, the profile 31, 1s

a profile of the prior art.

The profile 31 corresponds to the FX 77-W-700 from the

prior art. The latter 1is to be realized, for example,
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on the basis of the Dieter Althaus document,

"Niedriggeschwindigkeitsprofile”, cited above, such
that the profile FX 77-W-500, which 1s specified on
pages 162 and 163, 1s further truncated at the rear,
such that a relative thickness, or relative profile
thickness, of 70 % 1s obtained. Naturally, the latter
is located at a profile depth that 1s relatively far

9

back, in this case at approximately 68 %.

The profile 28, corresponding to RE-W-70-Al, the
profile 29, corresponding to RE-W-70-A2, and the

profile 30, corresponding to RE-W-70-Bl, also have a
relative profile thickness of 70 %, with a position of

maxilmum thickness at approximately 34 % for the profile

283, approximately 37 % for the profile 29, and

approximately 50 % for the profile 30. Here, also, 1t

can be seen, 1n the case of the profiles 28 to 30, that
concave contours, which, 1n particular, are more

pronounced on the pressure side 8, are provided toward

the trailing edge of the profile. The blunt trailing

edges 11 have an extent of from 25 % to 39 % of the
chord length.

The aforementioned represented profililes of Figs. 2, 3
and 4 are profiles that are represented without vortex

generators. According to the invention, the profiles

that have prefixes "RE-W" and are correspondingly

designed to generate maximum performances 1n the
aerodynamic sense, 1.e. 1n particular very high 1ift
coefficients, 1n ©particular both 1n the case of
turbulent and laminar flow, and this Dbelng with
correspondingly good lift/drag ratios, are Now
provided, according to the i1nvention, with at least one
vortex generator, preferably a plurality of vortex
generators, this being on the suction side 7 of the
rotor blade, 1n order to 1mprove vyet further the
properties of the rotor blade. An unexpected synergy

effect 1s thereby produced since, as a result of this,
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exceptionally large 1lift coefficients are achieved,
which are otherwise only achieved with corresponding
flaps 1n high-1ift systems 1n the case of ailrcraft
alrfoils. The particularly good properties ensue, 1n
particular, from a combination of the relatively thick
profiles with the vortex generators. Particularly
preferred 1is the provision of the correspondingly
thick, blunt trailing edges already described above.
In addition, preferably, a negative camber line 1s
provided, and in addition, preferably, concave portions
are provided 1n the rear region of the profiles of the

rotor blade, on the pressure side and, 1n particular,

also on the suction side. A negative camber line
means, in particular, a camber line having a
portionally negative camber. The camber 1line 1s

preferably S-shaped, being negatively cambered 1n the
front portion of the profile and positively cambered 1n

the rear portion.

The following profile polars of Figs. 5 to 8 are

profile polars of profiles that were calculated without
vortex dJenerators. With vortex generators, different
profile polars would be obtained, as 1s also shown 1in

the following.

F1g. 5 shows a schematic diagram relating to calculated

profile polars of a profile of a rotor blade according
to the 1nvention without a vortex generator, namely,
the RE-W-70-B9. The diagram shows the lift coefficient
c; over the angle of attack o (alpha), and the ratio of
the lift coefficient to the drag coefficilent cg4. This

ratio 1s the lift/drag ratio. The polars of Fig. 5 are

a calculation of the profile polars for a Reynolds

number of 3 million. Corresponding calculations were

performed for a turbulent circumfluent flow and a
laminar circumfluent flow. The profile polar 32

represents a calculation of the 1lift coefficient c¢; 1n

the case of laminar circumfluent flow, and the profile



10

15

20

29

30

39

CA 02909012 2015-08-05

_24_

polar 33 represents the corresponding value 1n the case

of turbulent circumfluent flow. The profile polar for

the lift/drag ratio in the case of laminar circumfluent
flow 1s denoted Dby the reference numeral 34, and
correspondingly by the reference numeral 35 1n the case
of turbulent circumfluent flow. It can be seen that

the 1lift coefficient has a maximum at approximately

14.8° of the angle of attack, this being 1in the case of

laminar circumfluent flow, and has a maximum at

approximately 9° in the case of turbulent circumfluent
flow. The 1lift/drag ratio also has a maximum at
approximately 14.8° 1in the case of laminar circumfluent
flow and at approximately 11° 1n the case of turbulent

circumfluent flow.

As a comparison with the corresponding profile polars
of a profile according to Fig. 5, Fig. 6 glives the
corresponding profile pairs 36, 37, 38 and 39 of a
known profile, namely, of the FX 79-W-660 A. It can be
seen, 1n particular, that there 1s a local maximum of

F

the 1lift coefficient in the case of the profile polars

36, for laminar circumfluent flow, at approximately 7°,

and 1in the case of a profile polar relating to the

lift/drag ratio, 1in the case of lamlnar clrcumfluent
flow, which 1s denoted by the reference numeral 38,
there 1s also a corresponding maximum at 7° of the

angle of attack o.

In the case of turbulent circumfluent flow, the profile
polar 37, which also relates to the lift coefficient c;,

indicates clearly that the 1ift has been significantly

minimized. The same also applies to the profile polar

y—
p—

39 relating to the 1lift/drag ratio 1n the case of

turbulent circumfluent flow.

Fig. 7 shows a schematic diagram of measured profile
polars of a profile of a rotor blade without a vortex

generator, according to the 1invention, namely, the
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profile RE-W-50-B6, which has already been represented

in Fig. 2. The profile polar 40 represents the 1lift
coefficient, in the case of laminar circumfluent flow,
for a Reynolds number of 3 million. A maximum 1lift
coefficient of approximately 1.84 1s attained at an

angle of approximately 13°.

It 1is <clearly evident that, even 1n the case of
turbulent circumfluent flow, according to the profile
polar 41, the 1lift coefficient 1s only slightly
reduced. There is a maximum of 1.4 for an angle of
attack, or angle of incident flow, o of approximately
10°. Here, the Reynolds number during the measurement

was 3.1 million. The profile polar 42 relating to the

lift/drag ratio (c1/cq), in the case of laminar

circumfluent flow, has a maximum with the angle of

attack of approximately 13°. The quotient here 1s
approximately 22. In the case of turbulent
circumfluent flow, the maximum lift/drag ratio

decreases, according to the profile polar 43, to 15.5

for an angle of attack of approximately 10°.

For comparison, Fig. 8 shows a corresponding schematic

diagram, which represents measured profile polars of a

r—

profile of the prior art, namely, the profile FX 77-W-

500. In comparison with the profile polars of the 1lift
coefficient c¢; 44, in the case of laminar circumfluent
flow, and the profile polar 46 relating to the
lift/drag ratio 1in the case of laminar circumfluent

flow, which, per se, already have less favorable values

than according to the i1nvention 1n the case of laminar
circumfluent flow, the profile polaré collapse entirely
in the case of turbulent circumfluent flow. Thus, here
also, the measured profile polar for the 1l1ft
coefficient ¢; 1n the case of turbulent circumfluent
flow is denoted by 45, and the corresponding measured

profile polar 47 relating to the 1lift/drag ratio 1s

also represented for turbulent circumfluent flow.
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Shown schematically in Fig. 9 1s a profile of a rotor

blade 5 according to the 1invention. The profile 20

corresponds to a profile RW-W-50-B6 of the applicant.
There 1s a vortex generator 50 provided on the suction
side 7, at approximately 19.5 or 20 % of the chord
length, measured from the leading edge 10. The shown
profile 20 corresponds approximately to the profile 20
from Fig. 2, apart from the fact that a vortex
generator 50 has been added 1in Fig. 9. This vortex
generator 50 1s now the <cause of a significantly
increased 1lift coefficient, as shown schematically 1n

Fig. 10. In Fig. 10, the reference numeral 40 denotes

a profile polar of the profile from Fig. 2, namely, the

profile 20 shown therein, having the designation RE-W-
50-B6. As can be seen, the profile polar runs from the

angle of attack of -20° to almost +40°. The profile
polar 40 of the profile 20 of the RE-W-50-B6 comes as

far as a li1ft coefficient c; of 1.8, and then collapses
at an angle of attack of 13°. There ensues here a
corresponding hysteresis behavior, as this 1s known per

se, as 1s also i1ndicated by the arrows.

Provision of the vortex generator 50 according to Fig.
9, the trailing edge of which 1s disposed at 20 % of
the chord 1length, measured from the leading edge 10,

improves the 1lift coefficient 1n such a way that the
l1ft coefficient collapses only at an angle of attack
of 36°. At this angle, a lift coefficient c; of over 3
1S achieved. Here, the polar 1S denoted
correspondingly by the reference numeral 48. This very

great improvement 1n the 1lift coefficient 1s an

entlirely unexpected result for the experts concerned.

Fig. 11 shows, agaln 1n corresponding schematlic manner,
two vortex generators 50 and 50' 1n corresponding

arrangements and orilentations. The fins 52 and 53 of

the pair of fins 51 of the vortex generator 50 and
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also, correspondingly, of the vortex generator 50', are
disposed, relative to an intersecting plane of a

profile, at an angle B in the case of the fin 53 and at

an angle -p in the case of the fin 52. The two fins
52, 53 of the pair of fins 51 of the vortex generator
50 converge forwardly to the leading edge 10 of the
profile, or of the rotor blade, at an angle of 2p 1in
relation to each other. Owing to this design, mutually
mirrored eddies, which enable a particularly high 1lift
coefficient to be achieved, are generated by each fin
52, 53. The height h of the respective fin 52, 53
corresponds approximately to the height of the boundary
layer that 1is generated by the friction at the surface
of the rotor blade, thus approximately 2 cm to © cm.
The length 1 corresponds to 1.5 to 4 times the height
h, a length of 2.5 h, 1in particular, being preferred.
The spacing s of the fins 52, 53 1s preferably between
1.5 and 5 h, in particular preferably 3 h. The spacing
of the pair of fins 51, or of the vortex generators 50,
50' in relation to each other 1s 1n the range of

between 3 and 9 h, preferably being 6 h.

All stated features, 1including the features (given
solely by the drawings and also 1ndividual features

that are disclosed 1in combination with other features,

are considered to be material of the 1nvention, both

singly and 1n combination. Embodiments according to

the invention may be fulfilled by 1individual features

or a combilination of a plurality of features.
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Rotor blade of a wind turbine

Claims

A rotor blade (5) of a wind turbine, having a profile
(1-4) that has an upper side (suction side) (/) and
an underside (pressure side) (8), wherein the
profile (1-4) comprises a camber line (21, 25) and
a chord (18) between the leading edge (10) and the
traliling edge (11) of the profile (1-4),
characterized 1n that the profile (1-4) has a
relative profile thickness of more than 45 %,
wherein at least one vortex generator (50, 50', 50",
50"} 1s disposed in a region of the profile (1-4)
on the suction side (7)) of the rotor blade (95),
wherein the at least one vortex generator 1s
disposed in a range of from 20 to 28% of a profile
depth of the profile, wherein the profile (1-4) 1s
provided with a blunt trailing edge, and wherein the
thickness of the trailing edge is between 135 % and
70 % of the chord length.

The rotor blade (5) as c¢laimed 1in claim 1,
characterized 1n that the at least one vortex
generator (50 - 50™) comprises a pair of fins (51),
wherein the fins (52, 53) of the pair of fins (51)

are disposed at an angle, i1n relation to each other,

that is in a range of from 10° to 50°.

The rotor Dblade (5) as claimed 1in claim 2,
characterized in that the fins (52, 53) are disposed

at an angle that is in the range of 20° to 40°.

The rotor blade (5) as claimed 1n a claim 2,
characterized 1n that the fins (52, 53) are disposed
at an angle of 30°.

The rotor blade (5) as claimed in any one of claims

1 to 4, characterized in that the at least one vortex

CA 2902012 2017-10-20
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generator (50 - 50™) i1s disposed in a region (13)
of the rotor blade (5) that is close to the hub.

The rotor blade (5) as claimed in any cne of claims
1 to 5, characterized 1in that the at least one vortex
generator (50 - 50") 1s of a height, at most, that
corresponds to the height of an ailr boundary layer,
on the suction side (7) of the rotor blade (5), that
forms when the rotor blade (5) 1s 1n operation,
wherein the air boundary layer 1s defined in that
the air speed 1n the air boundary layer 1s reduced
by at least 1 % as a result of friction on the rotor-

blade surface of the suction side (7).

The rotor blade (5) as claimed 1n any one of claims
1 to o, characterized in that a plurality of vortex
generators (50 - 50") are provided, which are
disposed next to each other, substantially parallel

to a longitudinal axis of the rotor blade (5).

The rotor blade (5) as c¢laimed 1in claim 7,

characterized 1n that a plurality of vortex
generators (50 - 50™) are disposed at a relative
protile depth of 20% to 40% as wviewed from the
leading edge (10).

The rotor blade (5) as claimed 1in claim 8,
characterized 1in that all vortex generators (50 -

are disposed at a relative profile depth of

NO
-
oo
T
O
e
O
\O

5 as viewed from the leading edge (10).

CA 2902012 2017-10-20
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