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(54) Title: WIND TURBINE BLADE HAVING A FLOW GUIDING DEVICE WITH OPTIMISED HEIGHT

Fig. 2

(57) Abstract: The invention discloses a wind turbine blade (10) with a flow guiding device (70) attached to a profiled contour
(40, 42, 50) on a pressure side (52) of the blade. The flow guiding device extends along at least a longitudinal part of a transition
region (32) of the blade and is arranged so as to generate a separation of airflow along at least a central longitudinal portion (71)
of the flow guiding device from the pressure side of the blade at a point between the flow guiding device and a trailing edge (20)
of the blade, when the blade is impacted by an incident airflow. The flow guiding device is arranged at a relative chordal position,
seen from the leading edge of the blade, lying in an interval between 40% and 92%. The height of the flow guiding device to the
profiled contour is at least 10% of a maximum thickness of the profiled contour for each transverse cross section.
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Title: Wind turbine blade having a flow guiding device with optimised height

The present invention relates to a blade for a rotor of a wind turbine having a substan-
tially horizontal rotor shaft, said rotor comprising a hub, from which the blade extends
substantially in a radial direction when mounted to the hub, the blade having a longitu-
dinal direction with a tip end and a root end and a transverse direction, wherein the
blade further comprises: a profiled contour including a pressure side and a suction
side, as well as a leading edge and a trailing edge with a chord having a chord length
extending there between, the profiled contour when being impacted by an incident air-
flow generating a lift, wherein the profiled contour is divided into: a root region having a
substantially circular or elliptical profile closest to the hub, an airfoil region having a lift-
generating profile furthest away from the hub, and a transition region between the root
region and the airfoil region, the transition region having a profile gradually changing in
the radial direction from the circular or elliptical profile of the root region to the lift-

generating profile of the airfoil region.

Ideally, a wind turbine blade of the airfoil type is shaped like a typical aeroplane wing,
where the chord plane width of the blade as well as the first derivative thereof increase
continuously with decreasing distance from the hub. This results in the blade ideally be-
ing comparatively wide in the vicinity of the hub. This again results in problems when
having to mount the blade to the hub, and, moreover, this causes great loads during

operation of the blade, such as storm loads, due to the large surface area of the blade.

Therefore, over the years, the construction of blades has developed towards a shape,
where the blade consists of a root region closest to the hub, an airfoil region comprising
a lift-generating profile furthest away from the hub and a transition region between the
root region and the airfoil region. The airfoil region has an ideal or almost ideal blade
shape with respect to generating lift, whereas the root region has a substantially circu-
lar cross-section, which reduces the storm loads and makes it easier and safer to
mount the blade to the hub. The root region diameter is preferably constant along the
entire root region. Due to the circular cross-section, the root region does not contribute
to the energy production of the wind turbine and, in fact, lowers this a little because of
drag. As it is suggested by the name, the transition region has a shape gradually
changing from the circular shape of the root region to the airfoil profile of the airfoil re-
gion. Typically, the width of the blade in the transition region increases substantially

linearly with increasing distance from the hub.
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As for instance blades for wind turbines have become bigger and bigger in the course
of time and may now be more than 60 meters long, the demand for optimised aerody-
namic performance has increased. The wind turbine blades are designed to have an
operational lifetime of at least 20 years. Therefore, even small changes to the overall
performance of the blade may over the lifetime of a wind blade accumulate to a high
increase in financial gains, which surpasses the additional manufacturing costs relating
to such changes. The focus areas for research have in many years been directed to-
wards improving the airfoil region of the blade, but during the recent few years, more
and more focus has been directed towards improving the aerodynamic performance of

the root region and the transition region of the blade also.

WQ0O2007/065434 discloses a blade wherein the root region is provided with indenta-

tions and/or projections in order to decrease the drag from this part of the blade.

WQ0O2007/045244 discloses a blade, wherein the root region and the transition region is
designed so as to have at least two separate airfoil profiles in order to increase the lift

of these regions.

WQ02007/118581 discloses a blade, where the inboard part of the blade is provided
with a flow guiding device on the pressure side of the blade in order to delay separation

of the airflow and increasing the aerodynamic performance of the blade.

WO 02/08600 discloses a blade comprising a connection part for connection to the hub
of a wind turbine, wherein the connection part is provided with a rib that projects from

the connection part, thereby increasing the overall efficiency of the wind turbine.

It is an object of the invention to obtain a new blade, and which overcomes or amelio-
rates at least one of the disadvantages of the prior art or which provides a useful alter-

native.

According to a first aspect of the invention, the blade is provided with a flow guiding
device added to the profiled contour of the blade on the pressure side of the blade, the
flow guiding device having an inflow surface with a start point attached to the profiled
contour and an end point located in a distance from the profiled contour of the blade,

the end point having a minimum distance to the profiled contour of the blade, wherein
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the flow guiding device extends along at least a longitudinal part of the transition region
and is arranged so as to generate a separation of airflow along at least a central longi-
tudinal portion of the flow guiding device from the pressure side of the blade at a point
between the flow guiding device and the trailing edge of the blade, when the blade is
impacted by the incident airflow, wherein the flow guiding device in at least the central
longitudinal portion is arranged so that the end point has a relative chordal position,
seen from the leading edge of the blade, lying in an interval between 40% and 92%,
and the inflow surface in at least the central longitudinal portion is formed so that, for
each transverse cross-section, the minimum distance from the end point to the profiled
contour is at least 10% of a maximum thickness of the profiled contour in that cross-

section.

Accordingly, it is seen that the relative height of the flow guiding device is at least 10%
of the local maximum profile thickness for all transverse cross-section in the central
longitudinal portion of the flow guiding device, which is significantly higher than conven-
tional flow guiding devices. The flow guiding device is mounted to the inboard part of
the blade, i.e. the part nearest the hub, and particularly to the transition region of the
blade. The power produced from this part of the blade is very poor, but attaching a flow
guiding device according to the invention increases the lift significantly on this section
of the blade at the governing inflow angles for this section. The flow guiding device
functions as an obstruction to the flow on the pressure side of the profile. This obstruc-
tion is resulting in a higher pressure after the flow guiding device, i.e. between the flow
guiding device and the trailing edge of the wind turbine blade, due to a detachment of
the flow. After the flow guiding device, i.e. between the flow guiding device and the
trailing edge of the blade, a separation of the airflow occurs. Therefore, the increase in
the height of the flow guiding device also increases the drag of the particular blade
segment significantly. However, experiments have surprisingly shown that the flow
guiding device according to the invention despite the increase in drag improves the
overall lift-to-drag ratio of up to 10% or more compared to conventional flow guiding
devices, where the relative height is substantially less than 10%. A realistic estimate of
the potential performance improvement is 1-1.5% of annual energy yield compared to
conventional wind turbine blades without such flow guiding devices. When seen over
the lifetime of a wind turbine rotor this provides a substantial economical benefit com-
pared to the additional manufacturing costs relating to the manufacturing of blades with

such flow guiding devices.
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The minimum distance is defined as the distance from the end point of the inflow sur-
face to the profiled contour along a normal to the profiled contour. Thus, the minimum
distance corresponds to the radius of a circle with a centre at the end point of the inflow

surface and touching only a single point of the profiled contour of the blade.

The relative chordal position corresponds to the distance from the leading edge (along
the chord) divided by the chord length of the particular cross-section of the contoured
profile. Thus, a relative chordal position relates to a point of the flow guiding device pro-

jected on to the chord.

According to an advantageous embodiment, the minimum distance from the end point
to the profiled contour is at least 11%, 12%, 13%, 14%, 15%, 16%, 17%, 18%, 19%,
20%, 21%, 22%, 23%, 24%, or 25% of the maximum thickness of the profiled contour.
In this regard it has surprisingly been found that increasing the relative height of the
flow guiding device according to these heights increases the energy yield of the blade

even further.

Due to manufacturing considerations, the minimum distance from the end point to the
profiled contour is advantageous less than or equal to 50%, 45%, 40%, 35%, or 30% of

the maximum thickness of the profiled contour.

According to a preferred embodiment, the inflow surface in at least the central longitu-
dinal portion of the flow guiding device is formed so that, for each transverse cross-
section, an end point tangent to the inflow surface at the end point crosses the profiled
contour at a crossing point, where the profiled contour has a profile tangent to the pro-
filed contour, and wherein an angle (a) between the profile tangent and the end point
tangent is at least 45 degrees. However, it is clear that the increase of the "release an-
gle" of the airflow entails that the drag of the particular blade segment also is increased
significantly. However, experiments have surprisingly shown that the flow guiding de-
vice according to this embodiment, despite the increase in drag, improves the overall
lift-to-drag ratio with at least 5% within the longitudinal extent of the flow guiding device
compared to conventional flow guiding devices, where said angle is substantially less
than 45 degrees. Thus, the increase in lift-to-drag ratio improves the overall perform-
ance of the wind turbine rotor even further, and the increase in lift alone reduces the lo-
cal inflow angle, thereby somewhat limiting the size of the separated flow region on the

suction side. It should be noted that the end point tangent and the profile tangent form
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more than one angle. From the following detailed description, it is clear that the angle
referred to is the angle between the exterior part of the end point tangent and the part
of the profile tangent, which extends towards the trailing edge of the blade. In other
words, the angle referred to is located in a quadrant external to the blade profile near-
est the trailing edge of the blade. The two tangents form an acute angle and an obtuse
angle (except for when they are mutually perpendicular). Thus, it is clear that it is the

acute angle, which is at least 45 degrees.

According to an advantageous embodiment, the angle between the profile tangent and
the end point tangent is at least 50 degrees, or at least 55 degrees, or at least 60 de-
grees. The angle may be up to 90 degrees. Preferably, the angle lies in an interval be-
tween 60 to 90 degrees, which surprisingly has found to provide the best efficiency de-
spite the high degree of separation and increased drag. The lift-to-drag ratio has been

found to be substantially constant within said interval.

According to another advantageous embodiment, a median line to the inflow surface
forms a second angle with the chord, the second angle being at least 25 degrees, or at
least 30 degrees, or at least 35 degrees. The second angle may be a supplementary
design parameter to the angle between the end point tangent and the profile tangent,
or it may be an alternative design parameter. According to an advantageous embodi-
ment, the inflow surface is substantially aligned along a line forming an angle to the
chord being at least 25 degrees, or at least 30 degrees, or at least 35 degrees. Accord-
ingly, the end point tangent may also form an angle to the chord being at least 25 de-
grees, or at least 30 degrees, or at least 35 degrees, if the inflow surface is straight.
The median line corresponds to a linear fitted line to the inflow surface or an average
tangent to the inflow surface. Thus, it is seen that the inflow surface on average forms
a second angle of at least 25 degrees with the chord. Again, it should be noted that the

second angle refers to the acute angle formed between the median line and the chord.

According to another advantageous embodiment, the relative chordal position of the
end point, seen from the leading edge of the blade, lies in an interval between 75% and
92%, and wherein an angle of attack for a design point of the central longitudinal por-
tion lies in an interval between 15 and 25 degrees, or between 15 and 20 degrees.
When the end point of the flow guiding device is located at a backwards position, i.e. a

position near the trailing edge of the blade, it has been found that the lift coefficient in-
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creases with increasing angle of attack up to an angle of attack of approximately 25

degrees, whereas the lift-to-drag ratio in the interval is substantially constant.

According to yet another embodiment, the relative chordal position of the end point,
seen from the leading edge of the blade, lies in an interval between 40% and 80%, or
between 40% and 70%, or between 40% and 60%. When the end point of the flow
guiding device is located at a forward position, i.e. a position towards the cross-
sectional point of maximum thickness and the trailing edge of the blade, it has surpris-
ingly been found that the lift coefficient and lift-to-drag ratio are substantially independ-
ent on the angle of attack of the incoming airflow. Thus, the operational range for the
inflow angle may be expanded and at the same time maintaining an increased opera-
tional production yield from the blade. Furthermore, the blade is less sensitive to fluc-

tuations in the wind speed, thus lowering loads on the blade.

According to another advantageous embodiment, the flow guiding device extends
along substantially the entire longitudinal length of the transition region. Thereby, the lift
and the lift-to-drag ratio are improved for substantially the entire aerodynamically non-

ideal transition region.

In a preferred embodiment according to the invention, the central longitudinal portion is
at least 50%, 60%, 70%, 80%, or 90% of the longitudinal extent of the flow guiding de-

vice.

Experiments have surprisingly shown that the flow guiding device or spoiler advanta-
geously may be moved towards the point of maximum thickness of the cross-sectional
profile for low angles of attack, whereas the flow guiding device advantageously may
be moved towards the trailing edge of the blade for high angles of attack. However, on
a rotor blade, the flow angle will decrease with increasing blade radius due to the in-
crease in the local rotational speed. Hence near the root region, the flow guiding device
should be moved towards the trailing edge of the blade, and it should then approach
the leading edge, when looking in the outboard direction, i.e. towards the airfoil region
of the blade. Thus, according to an advantageous embodiment according to the inven-
tion, the relative chordal position of the end point, seen from the leading edge of the
blade, is decreasing in the longitudinal direction of the blade. According to an advanta-
geous embodiment, the relative chordal position of the end point at an inboard part of

the flow guiding device, seen from the leading edge of the blade, lies in an interval be-
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tween 75% and 92%, and the relative chordal position of the end point at an outboard
part of the flow guiding device lies in an interval of between 40% and 60%. The inboard
part is defined as the part of the flow guiding device nearest the root end of the blade
or equivalently nearest the hub. The outboard part is defined as the part of the flow

guiding device nearest the tip end of the blade or equivalently farthest from the hub.

According to a particular simple embodiment of the blade, the flow guiding device is
formed as a rib protruding from the profiled contour of the blade, e.g. substantially nor-
mally to the profiled contour of the blade. Thus, the flow guiding device may for in-

stance be formed as an angle bar mounted on the surface of the blade.

Alternatively, the flow guiding device may be substantially wedge-shaped. The inflow
surface may be substantially straight. According to another embodiment, the inflow sur-

face is concave.

According to one embodiment, a starting point tangent to the inflow surface at the start-
ing point is substantially parallel to a tangent to the profile at the starting point.
Thereby, the profile has a smooth surface transition to the inflow surface of the flow

guiding device.

According to one advantageous embodiment, the flow guiding device has a width,
wherein the ratio between the width and the chord length decreases in the longitudinal
direction towards the tip end. This can for instance be obtained by the width being
substantially constant in the longitudinal direction of the blade, since the chord length is
increasing in the transition region. However, the width may also decrease in the longi-

tudinal direction of the blade.

In one embodiment according to the invention, the start point in at least the central lon-
gitudinal portion is arranged in an area between 55% and 88% of the chord length, or
between 57% and 87%, or between 60% and 85%, seen from the leading edge of the
blade. In another embodiment according to the invention, the end point in at least the
central longitudinal portion is arranged in an area between 70% and 90% of the chord
length, or between 75% and 88%, or between 80% and 87% from the leading edge of
the blade.
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In yet another embodiment according to the invention, the distance between the end
point and the trailing edge of the blade increases in the longitudinal direction towards
the tip end of the blade.

According to a preferred embodiment, the blade is manufactured partly as a shell con-

struction made of a fibre reinforced polymer material.

In one advantageous embodiment, the flow guiding device is integrally formed with the
blade. Accordingly, the flow guiding device may be manufactured together with the
blade, via for instance a moulding process, such as a VARTM process. In this case, the
profiled contour is to be conceived as an imaginary smooth, continuous surface extend-
ing from the start point of the inflow surface to a second point near the end point of the
inflow surface. In another advantageous embodiment, the flow guiding device is fitted
on the surface of the blade. Thus, the blade and the flow guiding device may be manu-
factured separately, and the flow guiding device be fitted to the surface of the blade af-
terwards. Thereby, the moulding surface of the mould for manufacturing the blade may
have a much simpler form without any discontinuities. This lowers the probability of the
blade surface sticking to the moulding surface and thus being damaged, when the
blade is to be removed from the mould after curing. According to yet another advanta-
geous embodiment, the flow guiding device may be actively emerged from or be re-
tracted to the profiled contour. The flow guiding device may be actively controlled so
that depending on the operational conditions, the blade may function with or without the

flow guiding device protruding from the profiled contour of the blade.

As previously mentioned, the flow guiding device preferably extends along substantially
the entire longitudinal extent of the transition region of the blade. However, the flow

guiding device may also extend into the root region.

According to one embodiment, the flow guiding device has a rear edge with a rear
edge height, and wherein the rear edge height in at least the central longitudinal portion
of the flow guiding device decreases in the longitudinal direction towards the tip end.
Thereby, a particular simple shape having a smooth transition from the transition region
to the airfoil region of the blade is obtained, and where the ratio between the rear edge

height and the profile thickness optionally may be kept substantially constant.



10

15

20

25

30

35

WO 2010/066500 PCT/EP2009/064084

9

According to another embodiment, the flow guiding device has a rear edge with a rear
edge height, and wherein the rear edge height is substantially constant in at least the
central longitudinal portion of the flow guiding device. The rear edge height may be de-
creasing from the central longitudinal portion to the longitudinal ends of the flow guiding
devices in order to obtain a smooth transition to the profiled contour near the longitudi-
nal ends of the flow guiding device. The latter two described embodiments of course

also relate to the minimum distance of the end point to the profiled contour.

The rear edge of the flow guiding device may be pointing backwards towards the trail-
ing edge of the blade or forward towards the leading edge of the blade. The rear edge

may be concave, straight or convex.

According to an advantageous embodiment of the blade, the blade is designed for op-
eration with an angle of attack of 15 to 20 degrees in the central longitudinal portion of

the transition region.

The flow guiding device can be designed in different ways. For instance it may be
formed as a rib, a triangular shape or a slightly curved shape. Along the longitudinal di-
rection, the flow guiding device may change its shape and chordal position. According

to an advantageous embodiment, the flow guiding device is a spoiler device.

According to another advantageous embodiment, the blade is further provided with vor-
tex generators at the transition region and/or root region of the blade. When vortex
generators are optimally positioned together with the flow guiding device, this provides

for an even better performance of particularly the blade root area.

The invention is explained in detail below with reference to an embodiment shown in

the drawings, in which

Fig. 1 shows a wind turbine,

Fig. 2 shows a schematic view of a first embodiment of a wind turbine blade provided

with a flow guiding device according to the invention,

Fig. 3 shows a schematic view of an airfoil profile,
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Fig. 4 shows a cross section of a wind turbine blade according to the invention,

Fig. 5 shows a schematic view of a second embodiment of a wind turbine blade pro-

vided with a flow guiding device according to the invention,

Fig. 6 shows a rear edge height of a first flow guiding device according to the invention

as a function of the radial distance from the hub,

Fig. 7 shows the rear edge height of a second flow guiding device according to the in-

vention as a function of the radial distance from the hub,

Fig. 8 shows a first rear edge shape for a flow guiding device according to the inven-

tion,

Fig. 9 shows a second rear edge shape for a flow guiding device according to the in-

vention,

Fig. 10 shows a third rear edge shape for a flow guiding device according to the inven-

tion,

Fig. 11 shows graphs of the lift coefficient as a function of the angle of attack for an in-

cident airflow,

Fig. 12 shows graphs of the lift-to-drag ratio as a function of the angle of attack for an

incident airflow,

Fig. 13 shows further parameters for designing a wind turbine blade according to the

invention,

Fig. 14 shows a cross section of a blade with a flow guiding device according to the in-

vention,

Fig. 15 shows graphs of the lift coefficient as a function of the height of a flow guiding

device, and
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Fig. 16 shows graphs of the lift-to-drag ratio as a function of the height of a flow guiding

device,

Fig. 17 shows graphs of the lift coefficient as a function of the angle of attack for an in-

cident airflow, and

Fig. 18 shows graphs of the lift-to-drag ratio as a function of the angle of attack for an

incident airflow.

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

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

the chord 60 and the suction side 54 and pressure side 52, respectively.

Fig. 2 shows a schematic view of a first embodiment of a wind turbine blade 10 accord-
ing to the invention. The wind turbine blade 10 has the shape of a conventional wind
turbine blade and comprises a root region 30 closest to the hub, a profiled or an airfoil
region 34 furthest away from the hub and a transition region 32 between the root re-

gion 30 and the airfoil region 34. The blade 10 comprises a leading edge 18 facing the
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direction of rotation of the blade 10, when the blade is mounted on the hub, and a trail-

ing edge 20 facing the opposite direction of the leading edge 18.

The airfoil region 34 (also called the profiled region) has an ideal or almost ideal blade
shape with respect to generating lift, whereas the root region 30 due to structural con-
siderations has a substantially circular or elliptical cross-section, which for instance
makes it easier and safer to mount the blade 10 to the hub. The diameter (or the chord)
of the root region 30 is typically constant along the entire root area 30. The transition
region 32 has a transitional profile 42 gradually changing from the circular or elliptical
shape 40 of the root region 30 to the airfoil profile 50 of the airfoil region 34. The width
of the transition region 32 typically increases substantially linearly with increasing dis-

tance r from the hub.

The airfoil region 34 has an airfoil profile 50 with a chord extending between the lead-
ing edge 18 and the trailing edge 20 of the blade 10. The width of the chord decreases

with increasing distance r from the hub.

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

dependent on the radius from the hub.

The wind turbine blade 10 according to the invention is provided with a flow guiding de-
vice 70, which protrudes from the pressure side of the blade in the transition region 32
of the blade.

Fig. 4 shows a cross section of the wind turbine blade 10 in the transition region 32.
The wind turbine in this region comprises a profiled contour with a transitional profile
42, which gradually changes from the circular profile 40 of the root region 32 to the air-
foil profile 50 of the airfoil region. The transitional profile is from an aerodynamic point
of view non-ideal. It can be seen that the profile has a smooth shape, from which the
flow guiding device 70 protrudes on the pressure side of the blade. The flow guiding
device 70 comprises an inflow surface 72 with a start point 74, where the inflow surface
72 continues over to the profiled contour 42 of the blade, and an end point 76, where

the flow detaches from the profile. The start point 74 can also be conceived as a point
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of attachment for the flow guiding device 70, if the flow guiding device is retrofitted to
the surface of the blade 10. The flow guiding device 70 further comprises a rear edge
84, which extends from the end point 76 to the profiled contour 42 of the blade 10. The
distance between the inflow surface 72 of the flow guiding device 70 and the profiled
contour 42 increases towards the trailing edge of the blade, so that the flow guiding de-
vice has a wedge-like shape. The inflow surface 72 may be substantially straight or it

may be slightly curved as shown in Fig. 4.

The inflow surface 72 is formed so that, for each transverse cross-section in at least a
central longitudinal portion 71 of the transition region 32, an end point tangent 80 to the
inflow surface 72 at the end point 76 crosses the profiled contour 42 at a crossing point
82, where the profiled contour 42 has a profile tangent 78 to the profiled contour. The
end point tangent 80 and the profile tangent 78 form a mutual crossing angle a. It
should be noted that the end point tangent and the profile tangent form more than one
angle. From the following detailed description, it is clear that the angle a is the angle
between the exterior part of the end point tangent and the part of the profile tangent,
which extends towards the trailing edge of the blade. In other words, the angle a is lo-
cated in a quadrant external to the blade profile nearest the trailing edge of the blade.
The two tangents 78, 80 form an acute angle and an obtuse angle (except for when
they are mutually perpendicular). Thus, it is clear from the description that it is the

acute angle, which is at least 45 degrees.

Further, another design parameter may be used for the design of the flow guiding de-
vice 70, and in particular the shape of the inflow surface 72, viz. a second angle 6,
which is the angle between a median line 86 to the inflow surface 72 of the flow guiding

device 70 and a chord 44 to the profiled contour 42.

The flow guiding device 70 functions as an obstruction to the flow on the pressure side
of the profile. This obstruction results in a higher pressure after the flow guiding device
70, i.e. between the flow guiding device 70 and the trailing edge of the wind turbine
blade, due to detachment of the flow from the surface. After the flow guiding device 70,
i.e. between the flow guiding device and the trailing edge of the blade 70, a separation

of the airflow occurs.

When the angle a is at least 45 degrees, experiments have shown that the lift-to-drag

ratio of a cross section of the transition region 32 can be increased significantly com-
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pared to prior art blades with similar flow guiding devices. This is unexpected, since the
degree of separation and thus the induced drag on the profile increase significantly due
to the larger "release angle" of airflow from the flow guiding device. Experiments have
shown that even greater angles from 60 degrees and up to 90 degrees provide even

further improvements to the lift-to-drag ratio.

In the first embodiment, the height h of the rear edge 84 of the flow guiding device is in
Fig. 2 and Fig. 7 seen to be decreasing in the longitudinal direction (or radial distance
from the hub) towards the tip end r of the blade. The height of the rear edge 84 is
shown as a function of the radial distance r from the hub in Fig. 7. At the longitudinal
end of the flow guiding device 70 nearest the hub, the flow guiding device 70 is
rounded or tapered in order to obtain a smooth transition to the profiled contour of the
blade. The rear edge height h corresponds to the distance between the end point of the

flow guiding device and the profiled contour in a direction perpendicular to the chord.

Fig. 5 shows a second embodiment of a blade 110 according to the invention, in which
like numerals refer to like parts of the first embodiment shown in Fig. 2. Therefore, only
the differences between the two embodiments are described. The second embodiment
differs in that the height of the rear edge 184 of the flow guiding device 170 is substan-
tially constant in the longitudinal direction of the blade, at least within the central portion
171. This is also shown in Fig. 6. As shown in Fig. 6, the flow guiding device 170 can
be rounded or tapered near the longitudinal ends of the flow guiding device 170 in or-

der to obtain a smooth transition to the profiled contour of the blade.

The shape of the rear edge 84, 184 of the flow guiding device 70, 170 may have vari-
ous shapes. The rear edge may for instance be pointing backwards towards the trailing
edge of the blade as shown in Fig. 8, be oriented substantially transverse to the chord
as shown in Fig. 4, or be pointing forwards towards the leading edge of the blade (not
shown). The rear edge may be either straight as shown in Fig. 8, concave as shown in

Fig. 9, or convex as shown in Fig. 10.

The flow guiding device 70, 170 according to the two embodiments must be designed
so that the angle a is at least 45 degrees for each transverse cross-section within the
central portion 71, 171 of the flow guiding device 70, 170. Furthermore, the flow guiding
device 70, 170 is arranged at a position so as to generate a separation of airflow along

at least a central longitudinal portion 71, 171 of the flow guiding device 70, 170 from
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the pressure side of the blade at a point between the flow guiding device 70, 170 and
the trailing edge 20, 120 of the blade 10, 110, when the blade 10, 110 is impacted by
the incident airflow. Near the longitudinal ends of the flow guiding device 70, 170 de-
sign variances may fall outside these design parameters. Preferably, the central portion
71, 171 of the flow guiding device extends along at least 80% of the longitudinal extent

of the flow guiding device 70, 170.

Fig. 11 and Fig. 12 show graphs of the lift coefficients ¢; and the lift-to-drag ratio ¢,/ cq,
respectively, as a function of the angle of attack AOA for various angles a and for a
constant rear edge height of the flow guiding device. The particular profile, which has
been examined in these measurements, is designed for operation with an angle of at-
tack AOA falling within approximately 15 to 20 to degrees. Furthermore, the inflow sur-

face is substantially straight.

In Fig. 11, the first graph 210 depicts the lift coefficient ¢, as a function of the angle of
attack AOA for a = 25 degrees, the second graph 220 depicts the lift coefficient ¢, as a
function of the angle of attack AOA for a = 65 degrees, and the third graph 230 depicts
the lift coefficient ¢, as a function of the angle of attack AOA for a = 85 degrees. It can
be seen that the lift coefficient is increased significantly within the design AOA. The lift

coefficient for a = 85 degrees is for instance 10-12% higher than for a = 25 degrees.

In Fig. 12, the first graph 240 depicts the lift-to-drag ratio ¢,/ ¢4 as a function of the an-
gle of attack AOA for a = 25 degrees, the second graph 250 depicts the lift-to-drag ratio
¢/ ¢4 as a function of the angle of attack AOA for a = 65 degrees, and the third graph
260 depicts the lift-to-drag ratio ¢,/ c; as a function of the angle of attack AOA for a =
85 degrees. It can be seen that the lift-to-drag ratio is increased significantly within the
design AOA. The lift coefficient for a = 85 degrees is for instance approximately 5%

higher than for a = 25 degrees.

It should be noted that the second angle 6 may be used as a supplemental or an alter-
native parameter for designing the flow guiding device. In this case, the second angle 0
should be at least 25 degrees according to the invention. The graphs depicted in Figs.
11 and 12 correspond to second angles 0 of 0, 45 and 60 degrees, respectively. Since
the inflow surface is straight, the second angle 0 also corresponds to the angle be-

tween the end point tangent and the chord.
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It has also been found that the height of the flow guiding device as well as the chordal
position of the flow guiding device are relevant for the performance of the blade. Ac-
cordingly, another design parameter must be introduced when designing the flow guid-
ing device, viz. the height of the flow guiding device (or equivalently a minimum dis-
tance d,, of the end point to the profiled contour of the blade) and the relative chordal
position ¢, of the end point. These parameters are shown in Fig. 13. Thus, it is seen
that the design parameter d,, is given as the distance from the end point of the inflow
surface to the profiled contour along a normal to the profiled contour. Thus, the mini-
mum distance corresponds to the radius of a circle with a centre at the end point of the
inflow surface and touching only a single point of the profiled contour of the blade. The
height of the flow guiding device is in the following described as the relative height,
which for a given cross-section is given as the ratio dey/tmax between the minimum dis-
tance of the end point to the profiled contour and a maximum thickness t,,,, of the pro-

filed contour in that cross section.

The increase in the height of the flow guiding device also increases the drag of the par-
ticular blade segment significantly. However, experiments have surprisingly shown that
the flow guiding device according to the invention, despite the increase in drag, im-
proves the overall lift and/or the overall lift-to-drag ratio significantly compared to con-

ventional flow guiding devices, where the relative height is substantially less than 10%.

As seen from the experiments plotted in Figs. 11 and 12, the lift-to-drag ratio is sub-
stantially constant in the range of a release angle of 60 to 90 degrees. Therefore, the
experiments have shown that it as such is sufficient to use a flow guiding device pro-
truding substantially normally from the profiled contour of the blade. Such an embodi-
ment is shown in Fig. 14, in which like numerals correspond to like parts of the em-
bodiment shown in Fig. 4, and where it is seen that a substantially rib-shaped flow
guiding device 270 protrudes from the surface on the suction side of the blade. The in-
flow surface 272 is in this embodiment seen to face towards the incoming flow or to-
wards the leading edge of the blade. The flow guiding device 270 can be mounted to
the surface of the blade by use of a first attachment means 294 and a second attach-
ment means 296, which may be connected to the blade in any conventional manner,
such as by gluing or by using nut and bolt means. Alternatively, it may be sufficient to

use an angle bar with only a single attachment means.
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Figs. 15-18 show graphs of the lift coefficients ¢, and the lift-to-drag ratio ¢,/ c,, respec-
tively, and where the effects of varying the height of the flow guiding device can be
seen. The experiments were carried out on a transition profile having a chordal length
of 450 mm and a maximum thickness of 280 mm. The flow guiding devices used were
ribs mounted to the pressure side of the profile. The flow guiding devices were tested
at two mounting points being 210 mm from the leading edge of the blade, correspond-
ing to a relative chordal position of 47%, and 410 mm from the leading edge of the
blade, corresponding to a relative chordal position of 91%. Three different ribs were
used having a height of 20 mm, 30 mmm and 40 mm, respectively, corresponding to a
relative height of 7.1%, 10.7%, and 14.3%, respectively.

In Fig. 15, the first graph 310 depicts the lift coefficient ¢, as a function of the height of
the rib for an angle of attack being 9 degrees and mounted at a relative chordal posi-
tion of 47%. The second graph 315 depicts the lift coefficient ¢, as a function of the
height of the rib for an angle of attack being 27 degrees and mounted at a relative
chordal position of 47%. The third graph 320 depicts the lift coefficient ¢, as a function
of the height of the rib for an angle of attack being 9 degrees and mounted at a relative
chordal position of 91%. The fourth graph 325 depicts the lift coefficient ¢, as a function
of the height of the rib for an angle of attack being 27 degrees and mounted at a rela-

tive chordal position of 91%.

Fig. 16 shows the corresponding graphs for the lift-to-drag ratio c/c,. The first graph
330 depicts the lift-to-drag ratio ¢/c, as a function of the height of the rib for an angle of
attack being 9 degrees and mounted at a relative chordal position of 47%. The second
graph 335 depicts the lift-to-drag ratio c¢/c, as a function of the height of the rib for an
angle of attack being 27 degrees and mounted at a relative chordal position of 47%.
The third graph 340 depicts the lift-to-drag ratio c¢/cy as a function of the height of the
rib for an angle of attack being 9 degrees and mounted at a relative chordal position of
91%. The fourth graph 345 depicts the lift-to-drag ratio c¢/cq as a function of the height
of the rib for an angle of attack being 27 degrees and mounted at a relative chordal po-

sition of 91%.

In Fig. 17, the first graph 350 depicts the lift coefficient ¢, as a function of the angle of
attack for a flow guiding device being mounted at a relative chordal position of 47% and
having a relative height of 7.1%. The second graph 355 depicts the lift coefficient ¢, as

a function of the angle of attack for a flow guiding device being mounted at a relative
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chordal position of 47% and having a relative height of 14.3%. The third graph 360 de-
picts the lift coefficient ¢, as a function of the angle of attack for a flow guiding device
being mounted at a relative chordal position of 91% and having a relative height of
7.1%. The fourth graph 365 depicts the lift coefficient ¢, as a function of the angle of at-
tack for a flow guiding device being mounted at a relative chordal position of 91% and

having a relative height of 14.3%.

Fig. 18 shows the corresponding graphs for the lift-to-drag ratio c/c,. The first graph
370 depicts the lift-to-drag ratio ¢/c4 as a function of the angle of attack for a flow guid-
ing device being mounted at a relative chordal position of 47% and having a relative
height of 7.1%. The second graph 375 depicts the lift-to-drag ratio ¢/c, as a function of
the angle of attack for a flow guiding device being mounted at a relative chordal posi-
tion of 47% and having a relative height of 14.3%. The third graph 380 depicts the lift-
to-drag ratio c/cy as a function of the angle of attack for a flow guiding device being
mounted at a relative chordal position of 91% and having a relative height of 7.1%. The
fourth graph 385 depicts the lift-to-drag ratio c¢/c4 as a function of the angle of attack for
a flow guiding device being mounted at a relative chordal position of 91% and having a
relative height of 14.3%.

From Fig. 15 it is seen that there is an increase in the lift coefficient, when the height of
the flow guiding device is increased; this being independent on the position of the flow
guiding device and on the angle of attack of the incoming flow. By increasing the rela-
tive height of the flow guiding device from 7.1% to 14.3%, the lift is increased with 15%-
50% depending on the position of the device and the angle of attack. For all device po-
sitions and operational angle of attacks, the tendency is that the larger the height of the
flow guiding device, the higher the lift coefficient. This is also supported by Fig. 17 and

additional experiments (not shown) carried out by the applicant.

It can also be seen from Fig. 15 that the flow guiding device should be moved towards
the leading edge of the blade under operational conditions, where the angle of attack of
the incoming flow is low. Conversely, the flow guiding device should be moved towards
the trailing edge of the blade, when the angle of attack is high. On a rotor blade, the
flow angle will decrease with increasing blade radius due to the increase in the local ro-
tational speed. Hence, near the root region, the flow guiding device should be moved

towards the trailing edge of the blade, e.g. near a relative chordal position of 90%, and
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it should then approach the leading edge, e.g. near a relative chordal position of 50%,

when looking in the outboard direction towards the airfoil region.

Fig. 16 shows that the lift-to-drag ratio increases, when the flow guiding device is
moved towards the trailing edge of the blade independently on the height of the flow

guiding device.

As shown in Fig. 17, the lift coefficient will increase with increasing angle of attack,
when the flow guiding device is placed near the trailing edge of the blade, whereas the
lift coefficient will start to decrease for forward positions of the flow guiding device. So,
depending on the exact inflow angle at a given section, there is one optimum location

for the flow guiding device that will yield the maximum possible lift coefficient.

Fig. 18 shows that the variation in the lift-to-drag ratio as a function of the angle of at-
tack is insignificant compared to the effect of varying the height of the flow guiding de-
vice. It is also seen that the effect of varying the height of the flow guiding device is de-
creased, when the flow guiding device is moved to a forward position, i.e. towards the
leading edge of the blade. Thus, the operational range for the inflow angle may be ex-

panded.

The invention has been described with reference to a preferred embodiment. However,
the scope of the invention is not limited to the illustrated embodiment, and alterations

and modifications can be carried out without deviating from the scope of the invention.
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angle between profile tangent and end point tangent
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Claims

1. Ablade (10) for a rotor of a wind turbine (2) having a substantially horizontal rotor
shaft, said rotor comprising a hub (8), from which the blade (10) extends substantially
in a radial direction when mounted to the hub (8), the blade having a longitudinal direc-
tion (r) with a tip end (14) and a root end (16) and a transverse direction, the blade fur-
ther comprising:

- a profiled contour (40, 42, 50) including a pressure side and a suction side, as
well as a leading edge (18) and a trailing edge (20) with a chord having a chord length
extending there between, the profiled contour, when being impacted by an incident air-
flow, generating a lift, wherein the profiled contour is divided into:

- a root region (30) having a substantially circular or elliptical profile closest to the
hub,

- an airfoil region (34) having a lift-generating profile furthest away from the hub,
and

- a transition region (32) between the root region (30) and the airfoil region (34),
the transition region (32) having a profile gradually changing in the radial direction from
the circular or elliptical profile of the root region to the lift-generating profile of the airfoil
region, and wherein

- the blade is provided with a flow guiding device (70) added to the profiled con-
tour (40, 42, 50) of the blade on the pressure side (52) of the blade (10), the flow guid-
ing device (70) having an inflow surface (72) with a start point (74) attached to the pro-
filed contour (40, 42, 50) and an end point (76) located in a distance from the profiled
contour (40, 42, 50) of the blade, the end point (76) having a minimum distance (d.,) to
the profiled contour (40, 42, 50) of the blade, characterised in that

- the flow guiding device (70) extends along at least a longitudinal part of the tran-
sition region (32) and is arranged so as to generate a separation of airflow along at
least a central longitudinal portion (71) of the flow guiding device (70) from the pressure
side (52) of the blade (10) at a point between the flow guiding device (70) and the trail-
ing edge (20) of the blade (10), when the blade (10) is impacted by the incident airflow,
wherein

- the flow guiding device (70) in at least the central longitudinal portion is arranged
so that the end point (76) has a relative chordal position, seen from the leading edge of

the blade, lying in an interval between 40% and 92%, and
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- the inflow surface (72) in at least the central longitudinal portion (71) is formed so that,
for each transverse cross-section, the minimum distance (d.,) from the end point (76)

to the profiled contour is at least 10% of a maximum thickness of the profiled contour.

2. Ablade according to claim 1, wherein the inflow surface (72) in at least the cen-
tral longitudinal portion (71) is formed so that, for each transverse cross-section, an
end point tangent (80) to the inflow surface (72) at the end point (76) crosses the pro-
filed contour (40, 42, 50) at a crossing point (82), where the profiled contour (40, 42,
50) has a profile tangent (78) to the profiled contour (40, 42, 50), and wherein an angle
(a) between the profile tangent (78) and the end point tangent (80) is at least 45 de-

grees.

3. A blade according to claim 2, wherein the angle between the profile tangent (78)
and the end point tangent (80) is at least 50 degrees, or at least 55 degrees, or at least

60 degrees.

4. A blade according to any of the preceding claims, wherein a median line to the in-
flow surface (72) forms a second angle (0) with the chord (44), the second angle being

at least 25 degrees, or at least 30 degrees, or at least 35 degrees.

5. A blade according to any of the preceding claims, wherein the relative chordal po-
sition of the end point, seen from the leading edge of the blade, lies in an interval be-
tween 75% and 92%, and wherein an angle of attack for a design point of the central
longitudinal portion lies in an interval between 15 and 25 degrees, or between 15 and

20 degrees.

6. A blade according to any of claims 1-4, wherein the relative chordal position of the
end point, seen from the leading edge of the blade, lies in an interval between 40% and
80%, or between 40% and 70%, or between 40% and 60%.

7. A blade according to any of the preceding claims, wherein the flow guiding device
(70) extends along substantially the entire longitudinal length of the transition region
(32).
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8. A blade according to any of the preceding claims, wherein the central longitudinal
portion (71) is at least 50%, 60%, 70%, 80%, or 90% of the longitudinal extent of the
flow guiding device (70).

9. A blade according to any of the preceding claims, wherein the flow guiding device

(70) extends into the root region (30).

10. A blade according to any of the preceding claims, wherein the relative chordal po-
sition of the end point, seen from the leading edge of the blade, is decreasing in the

longitudinal direction of the blade.

11. A blade according to claim 10, wherein the relative chordal position of the end
point at an inboard part of the flow guiding device, seen from the leading edge of the
blade, lies in an interval between 75% and 92%, and the relative chordal position of the
end point at an outboard part of the flow guiding device lies in an interval of between
40% and 60%.

12. A blade according to any of the preceding claims, wherein the minimum distance
(dep) from the end point (76) to the profiled contour, in at least the central longitudinal
portion (71) of the flow guiding device (70), decreases in the longitudinal direction to-
wards the tip end (14).

13. A blade according to any of the preceding claims, wherein the flow guiding device
(70) is formed as a rib protruding from the profiled contour of the blade, e.g. substan-

tially normally to the profiled contour of the blade.

14. A blade according to any of the preceding claims, wherein the flow guiding device
(70) is integrally formed with the blade (10), alternatively the flow guiding device (70) is
fitted on the surface of the blade (10).

15. A wind turbine comprising a number, preferably two or three, of blades according

to any of the preceding claims.
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