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Abstract The complex three-dimensional flow around three different tip sha-
pes on a rotating wind turbine blade is investigated and analyzed using
Computational Fluid Dynamics. Differences in production, flapwise bending
moments and forces are discussed. A method for determining the local inflow
angle of attack is presented and further analysis is performed on lift and drag
coefficients.

It is shown that the original Standard tip results in a more concentrated tip
vortex leading to a steeper gradient on both tangential and normal forces when
approaching the tip, whereas the two tapered tips show a more flat behavior.
This again leads to lower flapwise bending moments and lower production for
the Standard tip compared to the two tapered tips. At 12 m/s, though, the Swept
tip shows a separation pattern on the surface. This separation causes a decrease
in normal force and an increase in tangential force. The Taper tip keeps the
higher loading causing the flapwise bending moment to be higher as seen in
measurements.

To determine the radial variation of lift and drag coefficients the local inflow
angle of attack is determined. It is shown that the Standard tip experiences a
slightly larger angle of attack at the tip compared to the two tapered tips. The
lift coefficients are kept at a more constant level for the two tapered tips due to
the decrease in chord, while the drag coefficients actually decrease for the two
tapered tips, especially for the Swept tip. For the Swept tip at 12 m/s both lift
and drag coefficients changed considerably due to the separation

Differences in aerodynamic damping of the three tips were investigated using
HAWCDAMP. The Standard tip seems to be slightly less damped with respect
to the flapwise vibrations, but no particular differences were obtained with re-
spect to the edgewise vibrations.

Front picture shows streamlines around three tips and iso-vorticity surfaces
downstream
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1 Introduction

It is well known that the geometry of a rotor tip influences the aerodynamic
damping [1] and aeroacoustics [2] of a wind turbine rotor. But for the overall
aerodynamics of the rotor the influence of the tip is not well investigated. The
flow around the tip is a very complex three-dimensional flow and the present
design and analysis tools used for blade design do not resolve the details of the
flow. As a consequence this causes tip design to be based mainly on simple en-
gineering methods, such as e.g. Blade Element Momentum methods, experi-
ments, experience and intuition. Many experiments have been carried out to
investigate tip flows. But, to the authors’ knowledge, the only experiment where
several tips have been measured on the same wind turbine rotor is the one de-
scribed in Antoniou et al [3]. Here a 95 kW Tellus wind turbine with LMS8.2
blades has been equipped with five different tips in order to investigate the in-
fluence on rotor performance.

The purpose of the present work is to apply Computational Fluid Dynamics,
CFD, to validate and supplement the conclusions made in the experimental
work. Using CFD it is possible to resolve the complex flow around the tip and
through analysis gain a better understanding of the flow physics. This will even-
tually help in developing more physically correct design guidelines for wind
turbine blade tips. Section 2 describes the work, where three of the five different
tips were chosen from the Tellus experiment and focus is made on the low wind
speeds, where the flow is mostly attached and where CFD is known to give rea-
sonable predictions.

Also the aerodynamic damping of the three different tips is investigated and
described in Section 3. Only the first flapwise and edgewise damping modes
have been investigated. Finally Conclusions are drawn in Section 4.
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2 Aerodynamics of wind turbine
blade tips

The three tips investigated in the present study are shown in Figure 1. They are
the Standard tip, the Swept tip (which is also tapered) and the Taper tip.

Flow
direction

il T il

Figure 1: Three tips from the Tellus 95 kW wind turbine: Standard (left), Swept
(middle) and Taper tip (right), respectively. The leading edge is to the left.

2.1 Method

The CFD code EllipSys3D is used for the present investigation. The code is de-
veloped by Michelsen [4], [5] and Serensen [6] and is a multiblock finite vol-
ume discretization of the incompressible Reynolds Averaged Navier-Stokes
equations in general curvilinear coordinates. The code uses a collocated variable
arrangement, and Rhie/Chow interpolation is used to avoid odd/even pressure
decoupling. As the code solves the incompressible flow equations, no equation
of state exists for the pressure and the SIMPLE algorithm is used to enforce the
pressure/velocity coupling. The EllipSys3D code is parallelized with MPI for
executions on distributed memory machines, using a non-overlapping domain
decomposition technique. Solution of the momentum equations is obtained us-
ing a second order upwind differencing scheme (SUDS) for the convective
terms. Computations are made assuming steady state conditions taking advan-
tage of a local time stepping algorithm. Computations are performed assuming
fully turbulent flow and the turbulent eddy viscosity is modeled using the k-®
SST model by Menter [7].

Computations are performed on the rotor only neglecting tower and nacelle
and the computational grids are made using an in-house hyperbolic grid genera-
tor, HypGrid3D. The grid consists of two regions: The inner region around the
blade consists of five blocks with 64° cells in each. There are 256 cells around
the blade in the chordwise direction and 64 in the spanwise direction. At the tip
an additional block of 64x64 cells is placed. The number of cells in the normal
direction away from the surface is 64. An outer region consisting of three blocks
of 64° cells is wrapped around the inner region. This gives in total 2.1-10° grid
cells.

The outer boundary of the computational domain is spherical and located ap-
proximately five rotor diameters away. On the blade surface a no-slip boundary
condition is used. On the inner surface surrounding the rotational axis a slip
boundary condition is applied. The outer boundary has inflow and outflow
boundary conditions, respectively. See Figure 2.
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Figure 2: Computational grid around the LMS8.2 blade equipped with a Stan-
dard tip.

2.2 Results

Computations have been made on the rotor of a 95 kW Tellus wind turbine
equipped with three LM8.2 blades on a 1.3 m extender. Wind speeds varying
from 7 m/s to 20 m/s have been computed for all three tips, but focus will
mainly be put on the low wind speeds, i.e. 7, 10 and 12 m/s, where the agree-
ment with measurements is good. The rotational speed is 47.9 rpm correspond-
ing to QQ =5.016 rad/s. The pitch angle at the blade tip is 1.8°. In the experiment
the rotor is tilted 5°, but this is not accounted for in the present computations.

Results are presented as power production, flapwise bending moments, radial
force distributions and flow visualization. A method of determining the local
inflow angle of attack will be presented and lift and drag coefficients will be
extracted.

Production

Figure 3 shows the computed mechanical power compared with the measured
mechanical power. It is seen that there is a considerable over prediction at peak
power, which is a well-known problem. Some of the main reasons are incor-
rectly prediction of the flow separation and transport of turbulence using a con-
ventional two-equation RANS turbulence model. The neglect of transition from
laminar to turbulent flow is also believed to influence the power prediction. At
low wind speeds, though, the agreement is good.
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Figure 3: Computed power for the three tips compared with measured power
for the Standard tip.

Flapwise bending moments

Figure 4 show the flapwise bending moments for the three different tips
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Figure 4: Computed flapwise bending moment for the three tips

There is no large difference in the computed flapwise moments, but at around
12 m/s the flapwise bending moment for the Taper tip is slightly larger com-
pared to the two other tips.

Radial force distributions

To further investigate this, the tangential, or driving, force, F,, and normal
force, F,, distributions have been plotted for the outer 1.7 m of the 10 and 12
m/s case, Figure 5. (7 m/s behaves similar to the 10 m/s case.)

First it should be noted that the plane area is kept constant for the three blades
causing the Standard tip to be shorter than the two tapered tips. The Standard tip
shows a steeper gradient on both tangential and normal force when approaching
the tip. This indicates that the circulation decreases more abruptly, and the tip

Rise-R-1353(EN)



vortex generated by the Standard tip is more concentrated compared to the two
other tips. Secondly, it can be deduced that the two tapered tips have a slightly
larger loading at the tip indicating that a tapered tip is more efficient based on
power production at low wind speeds.

At 12 m/s (up to approx. r = 9.5 m) the Swept tip shows a steeper decrease in
force distribution similar to the Standard tip. The flattening of the force distribu-
tion is caused by a separation of the flow. The force distribution of the Taper tip
decreases more gradually, which explains the previously mentioned higher
value of flapwise bending moment for the Taper tip. This is also seen in the
measurements. (The discontinuity at r = 9.1 m on the Swept tip is caused by the
discontinuity in the geometry as seen in Figure 1)

20 r standard ——

-100
-120

8 85 9 9.5 10 8 85 9 95 10

radius [m] radius [m]
50 : : ; 800
standard —— 700 ¢
0r q 600 -
500
W u™ 400
300
200 r standard ——
100
. . . 0 taper —— . \
8 85 9 95 10 8 85 9 95 10
radius [m] radius [m]

Figure 5: Radial tangential and normal force distributions for 10 m/s (top) and
12 m/s (bottom), respectively. The discontinuity seen on the Swept tangential
force at 9.1 m is caused by a discontinuity on the blade geometry (See Figure

6).

Flow visualization

By looking at limiting streamline plots, Figure 6, it is observed that the decrease
in force distribution from 10 to 12 m/s for the Swept tip is due to a flow separa-
tion close to the tip. This separation is probably caused by a combination of de-
crease in chord, resulting in a lower Reynolds number, and the sweep of the
leading edge.
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Flow direction

J

Figure 6: Limiting streamlines at W=12 m/s of the outer part of the blades with
Standard (top), Swept (middle) and Taper (bottom) tip, respectively.

At 15 m/s the same kind of separation is appearing on the Taper tip, even
though the size of the vortex is not as large compared to the one on the Swept
tip. The Standard tip does not show such a separation pattern on the surface.

Figure 7 shows streamlines around the tip region of the three blades. The flow
is coming from left to right. Approximately one meter downstream an iso-
vorticity surface is shown to display the spatial extension of the shed vorticity.
It is seen that the dark center of the tip vortex is slightly larger on the Standard
tip indicating a more concentrated tip vortex, whereas the vorticity for the two
tapered tips are more “smeared” out. The pressure contours on the blades show
a regular pattern except on the outer part of the Swept tip, where the separated
region is seen as a constant pressure plateau.

Rise-R-1353(EN)



Figure 7: Streamlines around the three tips and iso-vorticity surfaces down-
stream showing the spatial extension of the tip vortex. W = 12m/s.

Reynolds Number

A second reason for the Standard tip not to separate could be the local Reynolds
number, which decreases as the chord decreases. Figure 8 shows the local Rey-
nolds number as function of radius, and it is seen that for the two tapered tips
the Reynolds number decreases to around 5-10°. At this Reynolds number the
transition from laminar to turbulent flow is known to have a large influence on
the flow.

1800000 — T T T T
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1400000 r R
1200000 + 1
[J)
©
1000000 + R
800000 R
|l standard —m— J
600000 swept
taper —a—
400000 1 1 1 1 1
8 8.5 9 9.5 10
radius

Figure 8: Local Reynolds number as function of radius. For wind speeds = 7,
10 and 12 m/s.

Angle of attack

To further investigate the local flow around the various tips it is convenient to
define the local angle of attack. It is well known that the actual incidence of the
flow around a wing or blade is difficult to define due to induced velocities from

Rise-R-1353(EN)
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the blade. Here we will present a method of determining this local angle of at-
tack, Qnnow- The method is based on determining the disturbed axial velocity
and is called the reduced axial velocity method.

The method is a way to determine the actual inflow velocity taking into ac-
count the decrease in axial flow due to the presence of the rotor. In the reduced
axial velocity method the average incoming axial velocity is determined in a
thin annular element at a specific radial position in consideration (See Figure 9).
The reduced axial velocity as function of axial position can be obtained by
sweeping this annular element from upstream to downstream the rotor in the
axial direction, Figure 10. Now the reduced axial velocity in the rotor plane can
be determined (axial position = 0 in Figure 10). Knowing the rotational speed
and the local pitch setting it is now possible to determine the local angle of at-
tack.

Axial velocity |

i

Figure 9: Schematic plot showing the principle of the reduced axial velocity
method. The thin annular element is placed at radius = 8.16 m.
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Figure 10: Averaged axial velocity as function of axial position at radius = 8.16
m.

In order to check or validate the angle of attack, 2D computations are performed
around this angles of attack on an airfoil section with the same physical dimen-
sion, grid point distribution and Reynolds number as the 3D case. By comparing
the 2D stagnation point location and pressure distribution with the 3D pressure
distribution it is possible to determine the “correct” corresponding angle of at-
tack.

The method is illustrated in the following example.

Blade LMS8.2 with a 1.3 m extender and a Swept tip
Rpm, Q: 5.016 rad/s

Radial position, r 8.16 m

Wind speed, W 12 m/s

Blade pitch, @i -0.6°

Using the reduced axial velocity method at radius = 8.16 m one gets an axial
velocity of 10.05 m/s (Figure 10), which corresponds to an angle of attack,

10.05

——|-0.6°=13.2°.
8.16-5.016

w
Linflow = arctan(aj + & pien = arctan(

Three 2D angles of attack have been computed around 13.2° and Figure 11
shows (top) the 2D pressure distributions compared with the 3D pressure distri-
bution. A close up around the stagnation point is shown at the bottom.

Rise-R-1353(EN)
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Figure 11: Three 2D pressure distributions compared with a 3D pressure dis-
tribution.

First it is seen that the 3D pressure distribution has same shape as the 2D pres-
sure distributions indicating that the flow at this particular radial position is very
close to being 2D. Secondly, one observes that the best agreement is obtained
with the 2D computation at 13.2° as predicted by the reduced axial velocity
method.

The local inflow angle of attack has been computed using the reduced axial
velocity method for the outer part of the blades, even though the method is
questionable close to the tip due to three-dimensional effects. Also at high an-
gles of attack, where the flow separates, it can be difficult to determine a corre-
sponding 2D angle of attack.

Figure 12 and Figure 13 show the variation of reduced axial velocity, w, and
local inflow, dlnnow, Tespectively, as function of radial position of the three dif-
ferent tips. (The local blade pitch setting only varies from -0.7° at 8.0 m radius
to -0.2° at the tip). The plots are grouped according to wind speed. The top three
curves correspond to 12 m/s, the middle three curves correspond to 10 m/s and
the bottom three curves correspond to 7 m/s.
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Figure 12: Variation of axial velocity in the rotor plane for three different tips
at three different wind speeds.
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Figure 13: Variation of inflow angle of attack for three different tips at three
different wind speeds.

It is seen that there is no difference in axial velocity and therefore in angle of
attack between the different tips at radius < 9.2 m. But at around 9.5 m radius
(right at the tip!) the Standard tip shows an angle of attack, which is around 0.5°
larger than the Swept tip, which again is 0.5° larger than the Taper tip for 12
m/s. This could also influence the later separation of the Taper tip compared to
the Swept tip.

Lift and drag coefficients

Now that we have both forces and angles of attack it is possible to determine the
lift and drag curves at the tip by

L= Fz COS Qlinflow - Fx Sil'l Qinflow
and
D =F, sin infiow + Fx COS Qinfiow-

Figure 14 shows the lift and drag coefficients as function of radius for the three
tips at three different wind speeds.
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Figure 14: Lift and drag coefficients as function of radius for the three different
tips at three different wind speeds.

Several aspects can be observed in the plots. Starting with the three 7 m/s
curves in Figure 14 it is seen that the lift coefficient for the Standard tip is de-
creasing approaching the tip, while the two tapered tips are kept approximately
constant. This is mainly due to the smaller aspect ratio for the Standard tip. Also
the slope of the decrease increases with radius, which indicates that three-
dimensional effects are more pronounced for the Standard tip compared to the
two tapered tips. For the Swept tip the drag coefficient are slightly increasing
until the point where the swept tapering begins. After that, drag is decreasing
and even becomes negative at the tip. This is caused by a combination of the
decrease in chord and an even larger decrease in drag force. Also the determina-
tion of inflow angle of attack could be questionable due to 3D effects. A similar
but weaker effect is seen for the Taper tip. At 10 m/s the trends are more pro-
nounced.

Finally, at 12 m/s the flow on the Swept tip separates at the tip, which causes
the lift to decrease and the drag to increase.

Rise-R-1353(EN)



3 Aerodynamic damping

The second aspect considered in the present report is the investigation of the
aerodynamic damping of the blade equipped with the three different tips.

At high winds stall regulated wind turbines do in some cases experience unde-
sirable unstable vibrations, called stall induced vibrations. This phenomenon is
associated with the amount of total damping of the turbine. The total damping
consists of the structural damping and of aerodynamic damping. The latter is
highly dependent on wind speed. In some cases negative acrodynamic damping
exceeds the positive structural damping resulting in a total damping being nega-
tive, which again causes the wind turbine to vibrate in an unstable condition.

Aerodynamic damping for a given airfoil section is defined as the integration
over one cycle of the work, F,v, performed by the aerodynamic forces on the

blade structure in a simple harmonic motion.
T
W, = j Fvde
o

Here F, is the force in the edgewise (x) and flapwise (y) directions, respec-

tively, v is the velocity of the airfoil section, ¢ is time and 7 is the period of the
oscillating motion.

The aerodynamic damping is positive when the work performed by the aero-
dynamic forces is negative.

The stability of the system is defined by the logarithmic decrement of the lo-
cal modal damping along the blade, o(r), defined as

S(ry=ln- 727
4

t+T 2

where A4, is the amplitude of vibration at time ¢. Finally, the local modal damp-
ing can be integrated over the length of the blade to give the global modal
damping:

5= j S(rydr .

blade

3.1 Method

The modal damping is computed using HAWCDAMP [8], which is a commer-
cial software developed at Risg National Laboratory for computing and analyz-
ing the aerodynamic damping of a wind turbine blade.

The aerodynamic model in HAWCDAMP is based on the Blade Element
Momentum (BEM) theory. As input to the model airfoil characteristics are
needed. In the present work these has been extracted from the CFD computa-
tions described in the previous chapter.

The extracted lift and drag coefficients, C; and Cyq, for the Standard tip, Swept
tip and Taper tip, respectively, are shown as function of angle of attack, a, in
Figure 15 to Figure 17.

Rise-R-1353(EN)
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Figure 15: Lift and drag data extracted from CFD computations (Standard tip)
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Figure 16: Lift and drag data extracted from CFD computations (Swept tip)

Rise-R-1353(EN)




1,60

1,40

1,20

1,00

0,80

CLCd

0,60 4 L

0,40

0,20 4

0,00 +—XK&
6,0

/

/

8,0

alpha

Y g——X ‘!:% —®
10,0 12,0 14,0 16,0 18,

0

20,0

Cl_rad8.2
=@ | _rad9.0
@she==C|_rad9.1

Cl_rad9.2

Cl_rad9.3
e C|_rad9.4

Cl_rad9.5
—@—Cd_rad8.2
Cd_rad9.0
~—¥—Cd_rad9.1
——t—Cd_rad9.2

Cd_rad9.3
e Cd_rad9.4

Cd_rad9.5

Figure 17: Lift and drag data extracted from CFD computations (Taper tip)

Only the outer 1.3 m of the blade is shown and only 7, 10, 12 and 15 m/s are
used for extracting airfoil characteristics. The lift coefficient of the Standard tip
shows a decrease in both C; and Cj-slope approaching the tip. The two tapered
tips shows a more constant C; level at lower angles of attack whereas the flow

separates earlier when approaching the tip.

3.2 Results

Production

The resulting power curves using HAWCDAMP are shown in Figure 18 and

Figure 19.
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Figure 18: Power curve from HAWCDAMP.
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Figure 19: Power curves for Standard tip, Swept tip and Taper tip, respectively.
Both CFD and HAWCDAMP

It is seen from Figure 19 that the HAWCDAMP power curves are in relatively
good agreement with the CFD predictions indicating that the method of extract-
ing the corresponding inflow angle of attack is reasonable. The extracted data
does automatically take into account rotational effects together with 3D effects.
It is thus not necessary with further 3D corrections.

For the aerodynamic damping calculations only the to first flapwise and
edgewise mode shapes are used. These have been computed using the finite
element program HAWC and are shown in Table 1.

Table 1: Normalized flapwise and edgewise mode shapes of the LMS.2 blade
with Standard tip.

1. flapwise mode (f=2.53 Hz) | 1. edgewise mode (f=5.58Hz)
Radius [m] x-defl. [-] y-defl. [-] x-defl. [-] y-defl. [-]
0.000 0.00 0.00 0.00 0.00
2.575 -1.70-10™ 3.54:10° 3.96:10° -9.86:107
6.580 4.62:10 4.25:10" 4.84-10" 7.38:107
7.080 5.56:107 5.13-10™ 5.54-10"" 1.02:10™
8.113 7.52:107 7.14-10" 7.24-10" 3.46:107
9.500 1.01-10™ 1.00 1.00 -1.83-10™

The mode shapes are computed for the LMS.2 blade with the Standard tip and
are used for the two other tips as well.

Computations using HAWCDAMP have been performed using both the Stig
@ye dynamic stall model and the Beddoes-Leishman dynamic stall model for
the unsteady aerodynamics. The aerodynamic damping is determined by mov-
ing the blade according to the given mode shape with a given amplitude, in this
case 20 cm in both the flapwise and the edgewise direction. The number of
blade elements in the HAWCDAMP computation is 12.

Rise-R-1353(EN)
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Figure 20: Computations of global modal damping of the three different tips
excited in first flapwise mode shape using HAWCDAMP with Stig Oye model
(top) and Beddoes-Leishman model (bottom)

The global modal damping, or the modal logarithmic decrement, in flapwise
direction is shown in Figure 20 and it can be seen that damping is positive for
all wind speeds. Despite the differences using different dynamic stall models it
is seen that the Standard tip are slightly less stable at low wind speeds, while the
Swept tip is slightly less stable at higher wind speeds.
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Figure 21: Local modal damping for 9, 10, 11, 12, 13, 14, 15 and 16 m/s, re-
spectively, when first flapwise mode shape is excited (Stig Oye model).

By looking at the radial distribution of the local modal damping, or nodal loga-
rithmic decrement, Figure 21, it is seen that the difference in damping at high
winds for the Swept tip is caused by the earlier separation. Due to this separa-
tion the slope of the Cj-curve is negative causing the aerodynamic damping to
become negative. The Taper tip experiences a comparable behavior at the
higher wind speeds but not as severe.
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First edgewise mode shape

The global modal damping in edgewise direction is shown in Figure 22 and it is
seen that damping is positive up till around 13 m/s using the Stig @ye model,
while the global modal damping changes sign at around 9.5 m/s using the Bed-
does-Leishman model. The difference between the tips is very small.
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Figure 22: Computations of global modal damping of the three different tips
excited in first edgewise mode shape using HAWCDAMP with Stig Oye model
(top) and Beddoes-Leishman model (bottom). Only the outer 3.5 m is shown.

Again by looking at the radial distribution of the local modal damping, Figure
23, it is seen that negative local modal damping at the outer 1.5 — 2.5 m of the
blade causes the negative damping at wind speeds above 13 m/s.
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Figure 23: Local modal damping for 9, 10, 11, 12, 13, 14, 15 and 16 m/s, re-
spectively, when first edgewise mode shape is excited. (Stig Oye model).

Discussion

With respect to the flapwise vibrations the Swept tip seems to be slightly less
stable compared to the two other tips, even though the level of aerodynamic
damping is very high. But with respect to the edgewise vibrations no large dif-
ference is observed on the global modal damping.
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4 Conclusions

An investigation of the complex three-dimensional flow around the tip of a ro-
tating wind turbine blade using Computational Fluid Dynamics has been per-
formed. Differences in production, flapwise bending moments and radial forces
have been investigated and discussed, and flow visualization is used for further
analysis. A method for determining the local inflow angle of attack based on the
reduction of axial flow velocity has been presented and further analysis is per-
formed on lift and drag coefficients. Three wind speeds below peak power were
analyzed. It was shown that the original Standard tip resulted in a more concen-
trated tip vortex leading to a steeper gradient on both tangential and normal
force when approaching the tip, whereas the Swept tip and the Taper tip showed
a more flat behavior. At 12 m/s the Swept tip showed a separation pattern on the
surface, leading to a steeper gradient in force distributions. The Taper tip keeps
the higher loading causing the flapwise bending moment to be higher as seen in
the measurements.

To determine the radial variation of lift and drag coefficients the local inflow
angle of attack was determined and showed that the Standard tip experienced a
slightly larger angle of attack compared to the two tapered tips. At 12 m/s,
though, the Swept tip experienced an increase in angle of attack compared to the
Taper tip due to a separation at the tip.

The lift coefficients for the Standard tip decreased approaching the tip, while
the two tapered tips kept at a more constant lift level. The drag coefficients ac-
tually decreased for the two tapered tips, and even becomes negative for the
Swept tip. At 12 m/s both lift and drag coefficients changed considerably for the
Swept tip due to the separation.

The differences of the aerodynamic damping of the three tips were investi-
gated using HAWCDAMP. The Standard tip seems to be slightly less damped
with respect to the flapwise vibrations, but no particular differences were ob-
tained with respect to the edgewise vibrations.

The present study has investigated the very complex flow around a tip of a ro-
tating wind turbine blade. Preliminary conclusions are drawn and further inves-
tigations will be carried out before any final conclusions can be drawn with re-
spect to tip design guidelines.
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