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DESCRIPTION

Field of the Invention

[0001] The present invention relates to a wind turbine having a circular and a conical tower
structure with passive flow control means for suppressing vortex induced vibrations in said
tower structure. The invention further comprises the use of such a wind turbine.

Background of the Invention

[0002] It is well known that wind turbines will have towers being higher and that this causes
problems with vortex induced vibrations in the tower, especially during installation before the
nacelle is installed.

[0003] These problems in wind turbine towers and corresponding problems in other circular
structures are today solved with active control means or with passive means like e.g. spiral
formed ridges on chimneys.

[0004] The higher the wind turbine towers are the more problems occur with first and second
mode tower vibrations.

[0005] From blades on wind turbines and from wings on aeroplanes vortex generator units are
known which are triangular. They will function with a well-defined orientation of the wind
passing the vortex generator and will influence the boundary layer around the blade or wing.
These vortex generator units are used for noise reduction.

[0006] US 4059129 A1 describes a cylindrical body provided with means for counteracting
vibrations resulting from a transversely flowing fluid. US 2006/054073 A1 describes an
apparatus and a method for reducing vortices in a wake of a marine member. UGUR ORAL
UNAL ET AL, Exp Fluids (2010) 48:1059-1079, DOI 10.1007/s00348-009-0791-6 describes an
experimental investigation into the effect of vortex generators on the near-wake flow of a
circular cylinder. WO 2018/149527A1 and JP S5483230 U relating to a building structure with
means to reduce induced vibrations.

Object of the Invention

[0007] It is an object of the invention to provide a solution where a tower structure of a wind
turbine is provided with passive flow control means in order to solve the above problems with
vortex induced vibrations.
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Description of the Invention

[0008] According to the present invention this object is obtained with a wind turbine having a
circular and a conical tower structure and which is peculiar in that the said passive flow control
means comprises vortex generator units which each comprises a fin and a base through which
the fin is attached to the surface of the tower structure in order to influence the boundary layer
around the tower structure and thereby suppressing vortex induced vibrations and that each of
said fins comprises a rectangular plate being arranged substantially radially in relation to the
circular or conical tower structure and each of the fins is arranged under an angle between 0°
and 30° in relation to the plane being perpendicular to a longitudinal axis through the tower
structure, wherein the vortex generator units are covering more than 30% of the upper part of
the height of the wind turbine tower.

[0009] A wind turbine tower will be mounted at a foundation. The wind turbine tower may be
ground mounted on a foundation or pile structure on land or may be mounted off shore on a
foundation which may be a floating structure or be a fixed-bottom offshore structure.

[0010] The tower structure comprises a circular bottom section and a conical upper section.

[0011] The tower structure will be restrained in the foundation and will be subject to vibrations
induced by the wind.

[0012] As the vortex generator unit has a rectangular fin it will be able to effectively influence
the boundary layer around the tower structure where the wind may come from different
directions and with different orientation in relation to the tower structure.

[0013] Moreover, vortex generator units being rectangular will have double the area compared
to triangular vortex generator units for the same height above the surface of the tower
structure.

[0014] In a tower for a wind turbine, the height of the fins will be important due to
transportation. With rectangular fins it is possible to have a lower total diameter for the tower to
be transported. This is important for road transport where the overall height is important.

[0015] When the tower structure is constructed of steel, it is important that the vortex
generator units are glued to the surface of the wind turbine tower. Hereby it is possible to

obviate welding which could decrease the strength of the wind turbine tower.

[0016] The fin of the vortex generator unit will have two large flat side faces opposing each
other and small side faces around the perimeter of the rectangular fin.

[0017] It is preferred that the base through which the fin is attached to the surface of the tower
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structure has a larger extension than the side face of the rectangular fin. Accordingly, a plate
used for the base of the vortex generator unit will provide an area which ensures a secure
attachment of the vortex generator unit to the surface.

[0018] Especially when the attachments are effected by gluing it is important to have a surface
for efficient gluing of the vortex generator unit to the surface of the tower structure. VWWhen
having a base plate which can be substantially rectangular and where the fin is arranged on a
central part of the base plate with a direction perpendicular to the base plate, it is possible to
obtain an adhesion strength which ensures the maintenance of the vortex generator unit to the
surface of the tower structure, even when the wind load induces a moment on the vortex
generator unit.

[0019] In general the rectangular fin will have a greater extension along the surface of the
tower structure than the height about the surface of the tower structure. As explained above,
this will be important in order to have an overall diameter as low as possible due to
transportation. Accordingly it is possible to provide a sufficient area of the fin by increasing the
length along the surface and decreasing the height above the surface.

[0020] It is preferred that the vortex generator units are mounted on the tower structure off-site
during the manufacture of segments from which the tower structure is made. However, it is
also possible that the vortex generator units may be mounted at the tower structure on-site
where the tower structure is intended to be erected.

[0021] The plate of the fin is arranged substantially radially in relation to the tower structure.
For a wind turbine tower the direction of the wind will be substantially horizontally orientated.

[0022] As the rectangular fin is arranged substantially perpendicular to the longitudinal axis
through the tower structure, it will have a substantially horizontal orientation in a tower for a
wind turbine. Therefore the fin will predominantly have wind flowing parallel to the plane of the
rectangular plate of the fin.

[0023] The vortex generator units will have an efficient influence on the boundary layer around
the tower structure as the flow of the wind will normally have a horizontal orientation. The wind
will have a substantially laminar flow in a distance above the ground and accordingly the
lowermost part of the tower structure.

[0024] The more vortex generator units which are distributed around the circumference of the
tower structure, the more efficient reduction of vortex induced vibrations are obtained for wind
coming from different directions.

[0025] The wind turbine tower is especially vulnerable for wind induced vibration during
installation before a nacelle is arranged on top of the tower. However, even with the nacelle
mounted on top of the tower, a wind turbine tower having substantial height will benefit from
the effect of vortex generator units in order to suppress vortex induced vibrations in the tower.
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[0026] According to a further embodiment of the invention the wind turbine is peculiar in that
said tower structure comprises two or more vortex generator units, preferably four or more,
which are symmetrically arranged along the circumference or part of the circumference of the
tower structure.

[0027] The efficiency of the vortex generator units will be increased with more vortex generator
units arranged along the circumference of the tower structure. It is preferred to arrange the
vortex generator units symmetrically in order to have the best effect for wind coming from
different directions.

[0028] In general the number of vortex generator units along the circumference will depend on
the diameter of the tower at the actual section of the tower where the vortex generators are
arranged. However, simulations have illustrated that there will be a substantial effect only
having two vortex generator units along the circumference. As incoming wind, at specific
locations, predominantly will come from one direction, it will in a number of cases be sufficient
to have two vortex generator units arranged along the circumference.

[0029] In general strong winds causing vortex induced vibrations in the tower will come from
one prevalent direction. Therefore the vortex generators may only be distributed along a part
of the circumference of the tower structure.

[0030] The simulations have shown that four vortex generator units arranged with 90° along
the circumference is very efficient for incoming wind from any direction.

[0031] According to a further embodiment of the invention the wind turbine is peculiar in that
said tower structure comprises two or more vortex generator units, preferably four or more,
arranged in different sections along at least a part of the height of the tower structure.

[0032] The effect of the vortex generator units is increased by having the vortex generator
units distributed over the height of the tower structure and not only along the circumference of
the tower structure. Accordingly, one could say that a grid of vortex generator units can be
formed by distribution of the vortex generator units along the circumference and also in rows in
sections at different positions along a part of the height of the tower structure.

[0033] The tower structure being a tower mounted in a foundation on the ground will not need
to have vortex generator units distributed along the total height of such tower. It will only be
necessary to have the vortex generator units arranged in sections at the part of the tower
structure being close to the top of the structure. The effect of the wind will be higher at the top
of a tower than it will be at the bottom of a tower.

[0034] According to the invention the wind turbine is peculiar in that each of the fins may be
arranged under an angle between 0° and 30° in relation to the plane being perpendicular to
the longitudinal axis through the tower structure.
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[0035] The fin of the vortex generator unit needs not to be arranged in a plane exactly
perpendicular to the longitudinal axis through the tower structure. Simulations have shown that
the vortex generator units will be efficiently suppressing the vortex induced vibrations in the
tower structure even when being arranged on an angle up to 30° in relation to the plane
perpendicular to the longitudinal axis through the tower structure.

[0036] The fins may be arranged under different angles or the same angle. It is possible to
have more fins which are arranged under different angles. Likewise it is also possible to have
fins arranged with different orientations compared to the plane perpendicular to the longitudinal
axis through the tower structure.

[0037] According to a further embodiment of the invention the wind turbine is peculiar in that
said fins have a height being less than 5% of the diameter of the tower structure, preferably
less than 3% of the diameter of the tower structure.

[0038] Simulations have shown that the fins will be efficient with a height about a surface of the
tower structure which is relative to the diameter of the tower structure at the specific section of
the tower where the vortex generators are arranged. These simulations have shown that
efficient suppression of the wind induced vibrations is obtained with a height less than 5% of
the diameter of the tower structure.

[0039] In order to have a small overall diameter of the tower structure with the vortex
generator units mounted, it is preferred that the fins have a height which is less than 3% of the
diameter of the tower structure.

[0040] The fins may be arranged under different angles around the circumference.
Accordingly, when transporting a tower structure - or sections of such tower structure - for a
wind turbine tower, it is preferred that the tower is transported with fins not being orientated
vertical on the tower during transport. When orientating the fins under an angle the overall
height of the transported tower with vortex generator units will be decreased. For instance a
tower provided with four vortex generator units arranged symmetrical, the tower will be
transported with the fins orientated 22.5° to each side of a vertical plane through the tower.

[0041] According to a further embodiment of the invention the wind turbine is peculiar in that
the vortex generator units are arranged along a helical path at the surface of the tower
structure.

[0042] It is possible to provide the vortex generator units in different patterns or grids on the
surface of the tower structure. The vortex generator units can be arranged along a helical path
along the circular surface. Hereby the vortex generator units in different heights will each have
a position being off-set in relation to the neighbouring vortex generator units in order to create
the helical path.

[0043] Each vortex generator unit in such helical path may have a fin being orientated in a
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plane being substantially perpendicular to the longitudinal axis through the tower structure or
may have different angles in relation to such perpendicular orientation.

[0044] According to a further embodiment of the invention the wind turbine is peculiar in that
the vortex generator units are arranged in a pattern comprising more layers along the height of
the tower structure and with more vortex generator units in each layer along the circumference
of the tower structure and that vortex generator units in one layer are offset along the
circumference compared to the position of vortex generator units in an adjacent layer.

[0045] The vortex generator units may be arranged in a pattern comprising more layers along
the length of the structure. Each layer will comprise more vortex generator units. In such
pattern it is preferred that the position of vortex generator units in the different layers are off-
set around the circumference compared to the position of the vortex generator units arranged
in the neighbouring layers. Hereby the most efficient distribution of vortex generator units
around the circumference is obtained. Hereby a tower structure is obtained which is possible to
have a suppression of vortex induced vibrations for any direction of incoming wind on the tower
structure.

[0046] Moreover, this embodiment may be erected with any orientation. Accordingly there is
no requirement for a specific orientation of the tower when erecting a tower on site.

[0047] According to the invention the wind turbine is peculiar in that the vortex generator units
are covering more than 30% of the upper part of the height of the wind turbine tower.

[0048] As already mentioned a wind turbine tower will have special benefits of vortex generator
units covering the upper part of the tower structure. Simulations have shown that a covering of
approximately 30% or more of the upper part of the height will be efficient for suppressing the
vortex induced vibrations.

[0049] The 30% need not to be the upper most part. There might be an upper most part of the
tower structure which is not provided with vortex generator units and then vortex generator
units are arranged at an intermediate part close to the uppermost part. This intermediate part
may comprise 30%, or more, of the total height of the tower.

[0050] The length may be increased to 35% or 50% of the height of the tower. However, as
mentioned the length of the part covered with vortex generators should be provided at the
upper part of the tower structure.

[0051] According to a further embodiment of the invention the wind turbine is peculiar in that
the tower structure has a height of 100 meter or more, preferably of 140 meter or more and
that the vortex generator units are covering more than 30% and at most 50% of the upper part
of the tower structure.

[0052] For wind turbine towers it is still more common to operate with heights of 100 meter or
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more today. With these wind turbine towers having a length of 140 meter simulations have
illustrated that efficient suppressing of the vortex induced vibration is obtained when 30 - 50
meter of the length of such tower structure is provided with vortex generator units.

[0053] According to a further embodiment of the invention the wind turbine is peculiar in that
the vortex generator units are arranged with a mutual distance of more than 1 meter.

[0054] Simulations have illustrated that efficient suppression of the vortex induced vibrations is
obtained even when the vortex generator units are not arranged close to each other. Thus the
simulations have illustrated that the vortex generator units function effectively even when
having a mutual distance of more than 1 meter. Efficient results are obtained even with a
mutual distance up to 3-4 meter.

[0055] According to a further aspect of the invention a wind turbine with vortex generator units
is used to solve problems with first and second mode vibrations in the tower structure.

[0056] The vortex generator units are efficient to solve problems with vortex induced vibrations
not only of first mode but also second mode in the tower structure.

[0057] When even higher towers are established there may also be realised problems with
third mode vibrations. These third mode vibrations may also be suppressed with the present
invention.

[0058] The vortex generator units may be manufactured from different materials. It is preferred
to use plastic materials for the manufacture due to low weight and due to the ability to be glued
on the surface of a tower structure.

[0059] The material used for the vortex generator unit will preferably be UV-resistant
polycarbonate. This is a material which is also used for noise reducing vortex generator units
on wind turbine blades.

[0060] The thickness of the fin of a vortex generator unit can be between 1 and 4 mm and
preferably about 2 mm thick. The dimensions for the fin of the vortex generator unit will
typically be 150 mm x 75 mm. The base of the vortex generator unit will typically have a size of
80 mm x 160 mm.

[0061] When establishing a base of the vortex generator unit it is easy to provide a curvature
corresponding to the circular curvature of the tower structure. However, the flexibility of the
plastic material may also provide a curvature which may be adapted to tower structures having
different diameters. Accordingly identical vortex generator units may be used for mounting on a
circular tower structure or a tower structure having a decreasing diameter from the bottom
against the top and thus having a slight conical form.

[0062] There are especially two situations where the use of vortex generator units is beneficial.
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[0063] The first situation is when a tower is erected. Just before the last section on a wind
turbine tower is mounted and during the mounting of the last section of the tower, then the
effect of the vortex generator units will be most efficient.

[0064] The second situation is a wind turbine in which the blades are pitched out or if there is a
loss of power and the wind direction changes in comparison to the wind direction earlier. In this
situation the wind may enter from the side of the wind turbine blade. This will cause fore and
aft vibrations in the tower. In this situation the vortex generator units will be efficient in
suppressing the vibrations.

[0065] For a wind turbine tower where the nacelle and the rotor blades are not mounted it is
not likely that the high frequency which initiates second mode will occur. However, the second
mode vibration has occurred in wind turbine tower having a height of 140 meter.

[0066] The problems with the first or second mode vibrations have not been dealt with in prior
art.

[0067] The use of the present invention is especially beneficial in steel towers for wind
turbines.

[0068] Simulations effected illustrate that the distance between the vortex generator units can
be approximately 1-1.2 meter. However, it is also possible a distance between vortex generator
units being 3 meter in the height direction. A tower for a wind turbine will at a height of 80
meter in general have a circumference of 14 meter. In this position there can be 3-4 meter
between each vortex generator units in the circumferential plane. In general one could say that

there will be approximately one vortex generator unit per 3 m2. However, the simulations

illustrate that the ratio could be as low as one vortex generator unit per 12 m2.

[0069] Above is mentioned different ratios for the height of the vortex generator units
compared to the diameter of the tower. In practice it has shown that the boundary layer around
a tower is approximately 2% of the diameter of a tower. Accordingly, the height of a vortex
generator unit needs only to be 2% of the diameter of the tower in the section of the tower
where the vortex generators are arranged.

[0070] However, as explained above the height could be up to a height being less than 5% of
the diameter of the tower.

[0071] If prior art helical stripes are used the height will normally be 3-4% of the diameter of
the tower. Accordingly, the overall diameter when using vortex generator units will be less than
the overall diameter of the prior art helical stripes.

[0072] Moreover, helical stripes are necessarily mounted over a larger portion of the height of
the tower with a continuously extension. This causes a use of material which is much higher
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amounts than the use of material for vortex generator units according to the present invention.

Description of the Drawing

[0073] An embodiment of the invention will now be described, by way of example only, with
reference to the accompanying drawings, in which:

Fig. 1 shows a wind turbine comprising a tower, Fig. 2A illustrates a first embodiment of a
vortex generator unit for use on a wind turbine tower,

Fig. 2B illustrates a further embodiment of a vortex generator unit for use on a wind turbine
tower,

Fig. 3 is a schematic illustration of the geometry of a wind turbine tower,

Fig. 4 illustrates the wind turbine tower illustrated in fig. 3 with indication of a zone, in which
vortex generator units are arranged,

Fig. 5 illustrates a picture corresponding to fig. 4, however, illustrating another zone in which
vortex generator units are arranged,

Fig. 6 illustrates a simplified wind turbine tower,

Fig. 7 illustrates a simplified graph of critical shear in relation to wind speed for the wind turbine
tower illustrated in fig. 6,

Fig. 8 illustrates a simplified graph for the vortex induced vibration in relation to the power input
for the wind turbine tower illustrated in fig. 6,

Figs. 9-12 illustrate graphs for first and second mode vibrations for a wind turbine tower having
vortex generator units arranged in the zone illustrated in fig. 4, and

Figs. 13-16 illustrate graphs for first and second mode vibrations for a wind turbine tower
having vortex generator units arranged in the zone illustrated in fig. 5.

Detailed Description of the Invention

[0074] In the following text the figures will be described one by one, and the different parts and
positions seen in the figures will be numbered with the same numbers in the different figures.
Not all parts and positions indicated in a specific figure will necessarily be discussed together
with that figure.

Position number list



[0075]
1
wind turbine
2
tower
3
foundation
4
nacelle
5
hub
6
wind turbine rotor blade
7
first end of blade (root end)
8
second end of blade (tip end)
9
vortex generator unit
10
fin
11
base
12
length
13
height
14
lower part
15
intermediate section
16
upper section
17
zone
18
tower bottom
19
tower top
20

another zone

DK/EP 3853473 T3
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21

bottom section
22

upper section
23

graph
24

graph.

[0076] In fig. 1 a typical wind turbine 1 is seen comprising a tower 2 installed at a foundation 3.
At the top of the tower 2 a nacelle 4 comprising e.g. a gearbox, a generator and other
components is seen. At the nacelle 4 a shaft for carrying a rotor comprising a hub 5 and three
wind turbine rotor blades 6 is also installed. The rotor blades 6 are arranged at the hub 5 at a
first end 7 called the root end of the rotor blade 6. The second end 8 of the rotor blades 6
constitutes a tip end.

[0077] Fig. 2A illustrates a first embodiment for a vortex generator unit 9. The vortex generator
unit 9 comprises a fin 10 and a base 11. Both the fin 10 and the base 11 are plate formed
having a rectangular form. The fin 10 is arranged with an extension perpendicular to the
orientation of the base 11.

[0078] The fin 10 has a length 12 and a height 13 above the base 11. In this embodiment the
fin 10 is arranged at one side of the base 11.

[0079] Fig. 2B illustrates a further embodiment for a vortex generator unit 9'. The vortex
generator unit 9' comprises a fin 10’ and a base 11'. Both the fin 10' and the base 11' are plate
formed having a rectangular form. The fin 10" has a length 12 and a height 13 above the base
11",

[0080] In this embodiment the fin 10" is arranged in an intermediate position of the base 11'.
The fin 10" is arranged centrally on the base 11'. However, the fin 10' may alternatively be
displaced further to one side or another side.

[0081] It is also possible that the fin 10 or 10' can have a length 12 which is different from the
length of the base 11,11".

[0082] In fig. 2A and 2B the fin and base is illustrated with sharp edges. However, this is of
illustrative purpose. The fin and the base may have rounded edges in order to better ensure a
smooth flow of the wind around the vortex generator unit.

[0083] Fig. 3 illustrates a principle for the geometry of a 140 meter tower for a wind turbine.
The geometry comprises a lower section 14 of the tower, which is cylindrical and has a height
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of 80 meter and a diameter of 4 meter. Moreover, the tower comprises an intermediate section
15 having a conical shape decreasing from a diameter of 4 meter to a diameter of 3.66 meter
over a height of 30 meter. Furthermore, the tower comprises an upper section 16 which is
cylindrical and has a height of 30 meter and a diameter of 3.66 meter.

[0084] The actual dimensions are for illustrative purpose and the towers may have any other
height and any other dimension than the dimensions illustrated.

[0085] Fig. 4 illustrates a tower 2 having a first zone 17 in which area vortex generator units 9,
9' are arranged. The first zone 17 extends from a height of 90 meter from the tower bottom 18,
which is placed on the ground or a foundation 3 to the tower top 19.

[0086] Fig. 5 illustrates a second zone 20 in which vortex generator units 9,9' are arranged.
The second zone 20 is arranged with a height of 30 meter and extending from a position 90
meter above the bottom of the tower 18 to a position 120 meter above the bottom 18 of the
tower.

[0087] The figures 6-8 illustrate an example intended to illustrate conditions for vortex induced
vibrations (VIV) on a tower.

[0088] The lock in wind speed is governed by the Strouhal number, the diameter, and the

frequency of the tower:
Ullock_in = f.structural * diameter/Strouhal number.

[0089] A cylinder is said to be "locked in" when the frequency of oscillation is equal to the
frequency of vortex shedding. In this region the largest amplitude oscillations occur.

[0090] The tower 2 illustrated in fig. 6 comprises a bottom section 21 having a circular
cylindrical embodiment and an upper section 22 having a conical shape.

[0091] Hence, the diameter is constant below and decreasing with higher elevation above. The
lock in wind speed is governed by the Strouhal number, the diameter, and the frequency of the
tower:

U.lock_in = fistructural * diameter/Strouhal number

[0092] Hence, for a constant Strouhal number the lock in wind speed is constant on the
cylindrical section. Along the conical section, the lock in wind speed decreases with elevation
as the diameter reduces according the formula above.

[0093] In fig. 7 the critical shear is illustrated in relation to the wind speed for the tower
illustrated in fig. 6.
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[0094] The lock in wind speed is illustrated by the curve denoted with 26 in fig. 7. A curve 25
illustrates a positive wind shear with a given maximum wind speed at the tower top. It is seen
that the two curves cross at a given elevation. This elevation is at the conical section in this
example, but it may be anywhere along the tower. At the position where the two curves cross
the vortex frequency is equal to the tower frequency and lock in occur and the largest lift forces
from vortices to the tower vibration is assumed. Moving away from the lock in elevation, to both
sides, the vortex forces decrease.

[0095] The vortex forces multiplied by the speed of the tower provides the power input to the
total tower vibration. The power input is illustrated by a curve denoted with 27 in fig. 8.

[0096] Figure 8 also illustrates the fact that, for certain conditions, the lift forces produces a
negative power input to the vibration. The conditions for negative power input occur when the
difference between the lock in wind speed and the real wind speed is large enough to make a
phase shift between the lift forces and the tower velocity of more than +/- pi/2.

[0097] Figs. 9-12 illustrate different graphs for amplitudes caused by vortex induced vibration
and the dampening effected with different locations of the zone 17 illustrated in fig. 4.

[0098] Figs. 13-16 illustrate different graphs for amplitudes caused by vortex induced vibration
and the dampening effected with different locations of the zone 20 illustrated in fig. 5.

[0099] In figs. 9-16 a graph 23 illustrates the first mode and a graph 24 illustrates the second
mode.

[0100] On the right hand side the amplitude of the second mode is illustrated in meter and on
the left hand side the amplitude of the first mode is indicated in meter.

[0101] In figs 9-12 the amplitudes are illustrated compared to the extension of the zone 17.
The horizontal axis indicates the extension of the zone 17. The figures represent the start of
the zone 17 in meter above the bottom 18 of the tower.

[0102] In the right hand side of this horizontal axis is an illustration of a tower called "smooth".
This indicates that there is no vortex generator units arranged on the tower. Accordingly the
graphs 23 and 24 illustrates in the far right hand side the amplitude for a first and second
mode vortex induced vibration around the tower without any vortex generator units mounted.
[0103] The different figures 9-12 illustrate the amplitudes under different conditions.

[0104] Fig. 9 illustrates a situation where turbulence is 0.0 and wind shear is 0.0.

[0105] Fig. 10 illustrates a situation where turbulence is 0.10 and wind shear is 0.0.

[0106] Fig. 11 illustrates a situation where turbulence is 0.0 and wind shear is 0.1.
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[0107] Fig. 12 illustrates a situation where turbulence is 0.1 and wind shear is 0.1.

[0108] In figs 13-16 the amplitudes are illustrated compared to the extension of the zone 20.
The horizontal axis indicates the extension of the zone 20. The figures represent the start and
end of the zone 20 in meter above the bottom 18 of the tower.

[0109] In the right hand side of this horizontal axis is an illustration of a tower called "smooth".
This indicates that there is no vortex generator units arranged on the tower. Accordingly the
graphs 23 and 24 illustrates in the far right hand side the amplitude for a first and second
mode vortex induced vibration around the tower without any vortex generator units mounted.
[0110] The different figures 13 -16 illustrate the amplitudes under different conditions.

[0111] Fig. 13 illustrates a situation where turbulence is 0.0 and wind shear is 0.0.

[0112] Fig. 14 illustrates a situation where turbulence is 0.1 and wind shear is 0.0.

[0113] Fig. 15 illustrates a situation where turbulence is 0.0 and wind shear is 0.1.

[0114] Fig. 16 illustrates a situation where turbulence is 0.1 and wind shear is 0.1.

[0115] From the graphs in figs. 9-16 it is concluded that a primary factor for large amplitudes is
turbulence and a secondary factor for large amplitudes is wind shear for first mode.

[0116] For second mode it is concluded that a primary factor for large amplitudes is wind shear
and a secondary factor for large amplitudes is turbulence.

[0117] From the graphs it is concluded that the best positioning of vortex generator units is a
zone of 30 meter extending from 70 to 100 meter above the bottom 18 of the tower in a 140
meter tower.

[0118] The invention is not limited to the embodiments described herein, and may be modified

or adapted without departing from the scope of the present invention as described in the
patent claims below.
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Patentkrav

1. Vindmglle (1) med en cirkelformet og en konisk tarnstruktur (2) med passivt
flowstyringsorgan til at undertrykke hvirvelinducerede vibrationer i naevnte
tarnstruktur, hvor tarnstrukturen inkluderer en cirkelformet cylindrisk nedre
sektion (21) og en konisk gvre sektion (22), hvor naevnte passive
flowstyringsorgan omfatter hvirvelgeneratorenheder (9), som hver omfatter en
finne (10) og en base (11), hvorigennem finnen (10) er fastgjort til overfladen af
tarnstrukturen for at pavirke graenselaget omkring tarnstrukturen og derved
undertrykke hvirvelinducerede vibrationer, og at hver af naevnte finner (10)
omfatter en rektangulaer plade, der er anbragt i alt vaesentligt radialt i forhold til
den cirkelformede eller koniske tarnstruktur, og hver af finnerne (10) er
arrangeret under en vinkel mellem 0° og 30° i forhold til planet, der er vinkelret
pa laengdeaksen gennem tarnkonstruktionen,

hvor hvirvelgeneratorenhederne (9) daekker mere end 30% af den gvre del af
hgjden af vindmglletdrnet (2).

2. Vindmgille ifglge krav 1, kendetegnet ved, at naevnte tarnstruktur omfatter to
eller flere hvirvelgeneratorenheder (9), fortrinsvis fire eller flere, som er

symmetrisk anbragt langs omkredsen eller en del af omkredsen af tarnstrukturen.

3. Vindmglle ifglge krav 1 eller 2, kendetegnet ved, at naevnte tarnstruktur
omfatter to eller flere hvirvelgeneratorenheder (9), fortrinsvis fire eller flere,
anbragt i forskellige sektioner langs i det mindste en del af hgjden af

tarnstrukturen.

4. Vindmglle ifalge et hvilket som helst af de foregdende krav, kendetegnet ved,
at naevnte finner (10) har en hgjde (13), der er mindre end 5% af diameteren af

tarnstrukturen, fortrinsvis mindre end 3% af diameteren af tarnstrukturen.

5. Vindmglle ifalge et hvilket som helst af de foregdende krav, kendetegnet ved,
at hvirvelgeneratorenhederne (9) er anbragt langs en spiralformet bane ved

overfladen af tarnstrukturen.
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6. Vindmglle ifglge et hvilket som helst af de foregdende krav 1-4, kendetegnet
ved, at hvirvelgeneratorenhederne (9) er anbragt i et mgnster, der omfatter flere
lag langs tarnstrukturens hgjde og med flere hvirvelgeneratorenheder i hvert lag
langs omkredsen af tarnstrukturen, og at hvirvelgeneratorenheder (9) i et lag er
forskudt langs omkredsen sammenlignet med positionen af hvirvelgenerator-
enheder (9) i et tilstgdende lag.

7. Vindmglle ifslge krav 1, kendetegnet ved, at t3rnkonstruktionen har en hgjde
pa 100 meter eller mere, fortrinsvis 140 meter eller mere, og at hvirvelgenerator-
enhederne (9) daeekker mere end 30% og hgjst 50% af den gverste del af en

tarnkonstruktion.

8. Vindmgille ifglge krav 7, kendetegnet ved, at hvirvelgeneratorenhederne (9)
er anbragt med en indbyrdes afstand pa mere end 1 meter.

9. Anvendelse af en vindmglle (1) med hvirvelgeneratorenheder (1) ifglge et
hvilket som helst af de foregdende krav til at Igse problemer med fgrste og anden
modusvibrationer i tdrnstrukturen.
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Fig. 2A
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