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Summary

This report deals with a numerical investigation of the unsteady aerodynamics of a
floating horizontal axis offshore wind turbine and its validation against dedicated wind
tunnel experiments. In the underlying UNAFLOW project, both threedimensional and
twodimensional wind tunnel tests were conducted respectively on the rotating rotor
and the airfoil used by this rotor’s blades. For the rotating tests, the wind turbine base
was subjected to imposed sinusoidal surge oscillations to reproduce the motions of
floating platforms. The airfoil wind tunnel tests were designed based on the actual
conditions under which the rotor blades operated in the experiment, by harmonically
pitching the airfoil in the tunnel.

In the numerical investigation, different aerodynamic models are used to analyze the
complex unsteady flow. For the airfoil simulations different lifting line models for un
steady airfoil aerodynamics are compared. Shed vorticity modeling in attached flow
conditions has been validated both by means of a free vortex wake code as well as
an engineering approach based on Theodorsen theory. In stalled flow the potential
and shortcomings of several dynamic stall models have been assessed.

For the rotor simulations, free vortex wake and blade element momentum (BEM) ap
proaches were used (plus a few CFD simulations). For the imposed experimental
surge motion a dynamic inflow effect was hardly visible, resulting in a good agreement
between experiment and simulations. However the necessity of including apparent
wind velocities due to platform motion in the momentum equations was verified for
the BEM simulations. A numerical study into the variation of surge frequencies and
amplitudes and their impact on phase differences between surge velocity and result
ing thrust force revealed the influence of airfoil aerodynamics in separated flow rather
than the importance of wake aerodynamics and the associated dynamic inflow mod
eling. However the relevance of airfoil aerodynamics in separated flow is expected to
be limited for full scale turbines in surge motion.
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1 Introduction

Floating offshore wind turbines are often believed to represent the next generation
of green energy. Offshore systems can overcome some of the typical wind energy
limitations. Being installed at sea, they can be built bigger than onshore turbines with
out visual pollution or noise emission issues. Also the great distance from buildings,
mountains etc. typically means higher wind speeds and lower turbulence which turns
into higher energy production and lower fatigue loads. Floating offshore turbines use
floating platforms of different types fixed with anchor chains to the seabed. The main
advantage compared to nowadays industrial standard bottomfixed turbines is the
chance to exploit sea areas with much higher depth. This installation solution makes
the system sensitive to sea movements, making big displacements in high wave con
dition possible. For this reason, the turbine rotor is often working in strong unsteady
condition due to the platform translational and rotational motions. In the current state
of art modeling there are still open questions regarding the unsteady aerodynamic
response of large wind turbine rotors due to platform motion, and how accurate the
engineering methods as used by industry can capture this. Although previous work
has, by means of comparing to actuator disk simulations, indicated that blade ele
ment momentum simulations with the appropriate dynamic inflow engineering model
are able to accurately predict dynamic loading for the expected surge motions [1], a
validation exercise has never been performed.

In the IRPWind UNAFLOW project [2, 3], the unsteady aerodynamics of a floating off
shore wind turbine have been investigated numerically and experimentally in POLIMI’s
GVPMwind tunnel and the DTURedwind tunnel. This report presents the TNO contri
bution to this project, together with several additional investigations that were carried
out after the project. Firstly the investigations into unsteady airfoil aerodynamics are
reported in Chapter 2, followed by unsteady rotor aerodynamics in Chapter 3. Con
clusions are given in Chapter 4.
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2 Airfoil

Before analyzing the 3D simulations of the tested turbine model, the performance of
the several submodels covering unsteady airfoil aerodynamics (e.g. dynamic stall)
are assessed using the 2D experiments performed on the airfoil used in the UN
AFLOW blade, namely the 10% thick SD7030 airfoil. This is a low Reynolds num
ber airfoil, which was also applied to the blades in the rotating wind tunnel test in an
attempt to bypass the challenge of matching the large Reynolds numbers of the com
mercial wind turbines from nowadays. Another rationale behind this comparison is
to assess how important the dynamic stall effect is in the rotating experiment, and in
this way understand how much it contributes on the overall rotor dynamics analyzed
below.
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2.1 Experiment

The 2D experiments involved a 0.13 m chord 10% thick SD7030 airfoil in both steady
and unsteady conditions, clean and tripped configurations and under different turbu
lence intensity levels and Reynolds numbers. Unsteady conditions were obtained

Figure 2.1: Tested airfoil (SD7032, solid line) compared against full scale reference airfoil shape
(FFAW3240, dashed line) [4]

by harmonically pitching the airfoil (around the quarter chord location) at different re
duced frequencies for different geometric angles of attack (varying both mean and
amplitude). Herein the reduced frequency is defined as

k =
ωc

2U
(2.1)

with

k [] reduced frequency
ω [rad/s] pitch frequency
c [m] airfoil chord
U [m/s] wind tunnel speed

Velocities of 5.7, 8.6, 11.5 and 17.3 m/s equivalent to chord Reynolds numbers of
50k, 75k, 100k and 150k are measured. The lift coefficient was extracted at the blade
middle section using pressure taps (where the tunnel wall effect is small) as a function
of the pitch angle. The drag coefficient was inferred from wake rake measurements
The different turbulent intensities are created by adding three thin wires, placed in the
flow about 4 chords upstream covering full span of the 2D wing. Two wire diameters
were tested, d=0.15 mm and 0.30 mm. Measurement of turbulence intensity in the
empty wind tunnel was conducted using single component hotwire probe at the posi
tion of the quarter chord. The idea of using three wires upstream is to slightly increase
TI to bypass natural transition on the airfoil, removing unwanted laminar separation
phenomena. A photo of the setup together with some sample results are shown in
Figure 2.2. More information about the test setup can be found in the UNAFLOW
report [2], although a detailed description including test matrix overview is unfortu
nately not available. The current investigation focusses on the Re=100k dataset for a
clean blade with a 0.15 mm upstream wire, resulting in a turbulence intensity of about
0.29%, which seemed sufficient to bypass the laminar boundary layer and remove
nonlinear parts on the lift curve at the low Reynolds numbers.
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(a) Test setup in the DTU red tunnel
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(b) Steady lift polar (red line) and unsteady lift data (colored
circles, f=3Hz, ∆α=0.5 ◦, mean angles of attack between
0 ◦ and 15 ◦), Re=100k, clean conditions.

Figure 2.2: Airfoil test setup and sample results
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2.2 Simulations

2.2.1 Numerical setup

Aero Module is a TNO software featuring current stateoftheart wind turbine aerody
namic models [5]. The two aerodynamic models included in Aero Module are respec
tively a method based on the classical blade element momentum (BEM) theory similar
to the implementation of Phatas [6], and a method based on a free vortex wake model
coupled to the lifting line model, named Aerodynamic Wind turbine Simulation Module
(AWSM) [7]. Both models need the input of airfoil data, which need to be supplied
in terms of lift, drag and moment coefficients as a function of angle of attack. Sim
ulations were performed using both BEM and AWSM, modeling a large aspect ratio
blade (AR=769), pitching it in standstill (nonrotating) with the same periodic function
as used in the selected experimental cases.

In rapid angle of attack variations two important unsteady airfoil aerodynamic effects
are distinguished here that deserve special attention from lifting line modeling point of
view. Firstly there is the shed vorticity or Theodorsen effect [8], as the airfoil circulation
varies with angle of attack and thus time, leading to induced velocity variations at the
airfoil location. A free vortex wake code like AWSM implicitly includes the Theodorsen
effect as the wake itself is simulated (see also Figure 2.3). However a BEM simulation
needs an explicit addition to model this effect. The BeddoesLeishman model [9]
features a submodel for this effect. This also indicates that in order not to mimick
this effect twice, this part of the Beddoes Leishman model should be switched off
in combination with AWSM. Because the variation of airfoil circulation with angle of
attack is the steepest for attached flow conditions (due to the linear lift curve slope in
this region), this effect is most prominent before stall.

Figure 2.3: AWSM wake geometry [7]

Secondly there is the dynamic stall effect, resulting in deviation from the static airfoil
characteristics for stalled conditions depending on the dynamic inflow variations. Sev
eral models exist that cover the dynamic stall effect. In Aero Module users can opt for
four dynamic stall models, namely a Snel first and second order model [10], an Onera
model [11] and a BeddoesLeishman model [9]. Specific implementation details can
be found in [12, 13]. The lift and drag polar input was taken from the correspond
ing static wind tunnel measurements. The potential flow lift curve was determined
by linear regression of the specified polar between 3 ◦ and 5 ◦ angle of attack. The
available experimental cases were simulated with all of these four models, plus a sim
ulation without dynamic stall model selected. Calculations were performed with a time
step of 0.01 s (100 Hz) which should be sufficient to accurately resolve the pitching
motion even for the highest frequencies (3 Hz).
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2.2.2 Comparison

The resulting comparisons plots showing lift coefficient variation as a function of ge
ometric angle of attack are given in Appendix A (Figure A.1 to A.84). Several obser
vations can be made based on these plots.

Attached flow The plots featuring a low amplitude (0.5 ◦) and low frequency (0.5
Hz) like Figure A.2 hardly show any deviation from the static lift curve, both experi
mentally and numerically. For an increasing amplitude and frequency the Theodorsen
effect becomes visible in the experiment by means of a counterclockwise loop (note
the arrow in the plots), indicating the expected lag with respect to the static lift curve
(e.g. Figure A.24). It can be observed that the AWSM simulations are generally capa
ble of simulating this effect well in agreement with the measurements. As expected,
for the BEM simulations this holds when the BeddoesLeishman model is used. A
closer look however at the different BEM simulations shows also the Snel methods
to predict a deviation from the static lift curve. For a mean angle of attack of zero de
grees the direction of the loop is in agreement with the experiment (e.g. Figure A.12),
but for positive mean angles of attack a clockwise instead of counterclockwise loop
is predicted (e.g. Figure A.36). In some cases the same holds for the Onera model.
Theoretically the Snel (and Onera) method should not predict dynamic variation be
fore stall, but in case of slight deviations of the polar from the linear potential flow lift
curve, the model starts to ’act’ resulting in the observed loops. Using the Snel method
in combination with AWSM therefore slightly reduces the size of the loop. Although
the magnitude of the effect is relatively small, it is recommended to have a further
look at the implementation to resolve this. In case of laminar or CFD synthesized
polars, which often exhibit a nonperfectly linear lift curve in attached flow conditions,
the effect could start to play a larger role.

Separated flow Having a better look at the plots for higher angles of attack (µAOA =
9 ◦ and above) it can be observed that for the lower frequencies (f<1.5Hz) the mea
sured stall loops are often not predicted by the simulations, irrespective of the model
used (see e.g. A.43). In some cases (e.g. Figure A.44), two distinct measurement
loops are visible of which the upper version of the downstroke seems predicted by the
simulations. Perhaps this is related to the occurrence of leading edge stall and the
difference in chordwise separation point between upstroke and downstroke even for
quasisteady conditions. Above the mentioned frequencies of 1.5 Hz the agreement
seems satisfactory. For µAOA = 10 ◦ and 12 ◦ the reattachment in the downstroke is
predicted too early for all models (e.g. Figure A.58). The measurements sometimes
feature a sudden peak in the upstroke between 15 ◦ and 18 ◦ angle of attack which
is not replicated by any of the models (e.g. Figure A.68). Furthermore it can be ob
served that the current implementation of the combination between AWSM and the
Beddoes Leishman model can result in nonphysical trends for high angles of attack
(e.g. Figure A.81). In these cases the same holds for the AWSM simulations without a
dynamic stall model. As noted above the circulatory lift part of the Beddoes Leishman
model is switched off when used together with AWSM, which probably needs further
attention in terms of implementation in this indicial method.

Following the above observations it can be advised to use the Beddoes Leishman
model with BEM and the Snel model together with AWSM. Looking ahead at the wind
tunnel experiment with the rotating turbine we can compare reduced frequencies k
and angle of attack ranges of the airfoil experiment to the values at 75% span in
surge motion. Where the chord based Reynolds number at this station is around 90k,
the reduced frequencies stay below 0.02 and angles of attack below 8 ◦ stay away
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from stall. This indicates that for the rotating experiment the effects of unsteady airfoil
aerodynamics are expected to be limited.
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3 Rotor

3.1 Experiment

The 2.38m diameter turbinemodel tested in UNAFLOW is a 1:75 scaled version of the
DTU 10MWRWT [14], considering both structural and aerodynamic characteristics in
the scaling process. The model was designed and engineered by POLIMI within the
LIFES50+ project [15, 16]. To bypass the Reynolds number matching challenge, a low
Re profile (SD7032) was applied in the blades (see also Figure 2.1) changing chord
and twist distributions to fulfill compliance with full scale loads. The experimental
campaign was carried out in the Boundary Layer Test Section of the Galleria del Vento
POLIMI GVPM (13.84m wide x 3.84m high x 35 m long). The wind speed could be
considered constant in the rotor zone with a turbulence intensity of around 2%.

The turbine model is mounted on a test rig moved by two hydraulic actuators for surge
and pitch movement at the tower base respectively. Loads were measured by means
of two sixcomponent balances, mounted at the tower base and underneath the na
celle, of which only the latter was used in the postprocessing. To deduce the aero
dynamic thrust and torque variation, special effort was put into removing the inertial
forces from the measurements, which appeared far from trivial. In this report only the
measured thrust will be subject of investigation, which includes this correction. A PIV
system was used for measuring the two velocity components of the turbine wake in
the vertical plane behind the wind turbine. Rated conditions are studied in the present
report, featuring a rotational speed of 241 rpm, an inflow velocity of 4 m/s (tip speed
ratio of 7) at a blade pitch angle of zero degrees. Figure 3.1 gives a visualization of the
turbine model including the setup. A more detailed description of the experimental
setup, and of the background and purposes of the project is to be found in [2].

A variety of surge motions were executed. Using equation 2.1 based on the rotor
diameter and surge frequency rather than chord and airfoil pitch frequency, it is pos
sible to translate real life surge frequencies to the wind tunnel model case assuming
rated conditions. Typical real life surge frequencies are in to order of 60120 s, which
translates to 0.250.50 Hz at model scale using this assumption. It is noted that the
relevant time scale for dynamic inflow roughly scales with the ratio of rotor diameter
and wind velocity [1], which is around 15 s for modern turbines and around 0.6 sec
onds for the UNAFLOW turbine. This would imply that the surge motion is about 5
times slower than typical dynamic wake time scales, which could indicate this effect
not to be very relevant. The test matrix however features a variety of frequencies
between 0.125 Hz and 2 Hz of which the upper limit does fall in the range of interest.
Apart from the frequencies it is noted that the surge amplitude is also of interest, as
the product of frequency and amplitude determines the maximum surge velocity and
its derivatives. From previous research [17] it is known that gradual changes in wind
speed are less likely to result in dynamic wake effects compared to more abrupt wake
changes e.g. due to a sudden pitch step.
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(a) Test setup in the POLIMI tunnel (b) Picture of the model in the tunnel

Figure 3.1: Overview of the turbine test
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3.2 Simulations

3.2.1 Numerical setup

The AeroModule, as introduced in section 2.2.1, is used to simulate the aerodynamics
of the turbine undergoing surge motions. Both the AWSM and BEM model were used
in this respect by specifying, as input, the rotor kinematics, wind excitation and the
movement of the tower base. A rigid version of the turbine was simulated and the
effect of tower stagnation on the rotor was not considered. Airfoil data was obtained
from the corresponding 2D experiment (Chapter 2) for clean conditions at a Reynolds
number of 1·105. The insitu correction for rotational effects from Snel [18] was applied
to the airfoil data. The Snel first order dynamic stall model [10] was used on top of that.
The time step was kept at the approximate equivalent of 10 ◦ rotor azimuth change for
both the BEM and AWSM simulations. For a surge frequency range between 0.125
Hz and 4Hz this means the corresponding resolved phase angle of the surge motion
is ranging between 0.3 ◦ and 10 ◦ (assuming 360 ◦ for a full surge cycle).

Wake modeling The ECN dynamic inflow model [17] has been implemented for
usage with the BEM solver. This model adds another term to the axial momentum
equation to account for the aerodynamic rotor ‘inertia’ in the case of blade pitch angle
variation, rotational speed variation or wind speed variation. The term is proportional
to the time derivative of the annulus averaged axial rotor induction and has a depen
dency on the radial position.

AWSM models the wake geometry by convecting shed and trailing vorticity as de
picted in Figure 2.3. Here the trailing vorticity accounts for the effects of spanwise
circulation variation, whilst the shed vorticity accounts for the effects of bound vortex
variation with time. As a result, effects due to dynamic inflow, shed vorticity (e.g. aero
elastic instabilities), skewed wake, nonuniformities in the rotor plane (e.g. shear, in
dividual blade pitching, noncoherent gusts) and variation in spanwise circulation (e.g.
tip and root effect), are modeled intrinsically. For a free wake, the wake convection
speed at each wake point is determined by the aggregate of the induced velocities
from all vortices using the law of Biot and Savart.

For the free vortex wake simulation, the number of wake points was chosen to make
sure that the wake length was developed over at least 3 rotor diameters downstream
of the rotor plane. The wake convection was free for approximately 2 rotor diameters
downstream. For the remaining diameter in the far wake, the blade average induction
at the free to fixed wake transition is applied to all wake points. This choice is based
on experience obtained e.g. within the Vortexloads projects [19], which showed that
these parameters hardly influence dynamic loading and that the effect on average
load levels is less than a percent.

This report includes also some results obtained by means of Unsteady Reynolds
Averaged NavierStokes equations (URANS) numerical simulations. These calcu
lations were performed with the blockstructured, finitevolume flow solver FLOWer
developed by the German Aerospace Center (DLR) [20], with extensions for wind tur
bines simulations by the University of Stuttgart ([21], [22]). Amore detailed description
of these calculations can be found in the dedicated UNAFLOW paper [2]

Steady validation Prior to the unsteady investigation, a validation for steady con
ditions is carried out. Although only rotor global quantities are available as measure
ments, it is deemed useful to compare these to the numerical result at the chosen
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Table 3.1: Comparison of steady model performance at 4 m/s wind and 241 rpm

Experiment CFD AWSM BEM
Thrust T [N] 35.9 34.2 35.0 34.7
∆ wrt exp [%] / 4.8 2.5 3.5
Power P [W] 83.8 73.4 75.5 74.0
∆ wrt exp [%] / 12.4 9.9 11.8

operational condition of 4 m/s wind and 241 rpm (zero degree pitch angle). The re
sults are given in Table 3.1. The results indicate a slight under prediction of the thrust
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Figure 3.2: Comparison of force distributions in steady conditions, 4 m/s and 241 rpm

by the codes, probably within the error band of the experimental values. The power
discrepancy however is in the range of 10%. The underlying simulated force distribu
tions are given in Figure 3.2, which reveal a good agreement between the different
codes also on a sectional level. The observed difference led to an investigation into
the possible causes arising from the tunnel environment. The ceiling of the tunnel is
closest to the rotor and for an upward pointing blade the difference between blade tip
and ceiling was around 60 cm. In AWSM it is possible to model a ground (or ceiling)
effect by mirroring the whole system of vortices with respect to a defined horizontal
plane. A simulation mimicking the tunnel ceiling was performed, taking into account
an estimate of the tunnel ceiling boundary layer displacement thickness, which effec
tively places the ceiling closer to the rotor in an equivalent inviscid situation. Although
this simulation reveals the expected variation of thrust and power with azimuth angle
(or varying distance of the rotating blades with respect to the ceiling), the differences of
the revolution averaged power with respect to the free air simulation are below 0.4%.
Hence this cannot explained the observed differences between measurements and
simulations.

In a next step the tunnel velocity measurements which were obtained from a pitot
tube 5 m (about 2.1 diameters) upstream of the rotor plane were verified. From an
AWSM simulation it is possible to obtain rotor induced velocities at a specified point
in space. It appears that the rotor induced velocity 5 m upstream of the rotor center
is about 0.06 m/s for the investigated 4 m/s case. Rerunning the AWSM simulation
for 4.06 m/s instead of 4 m/s freestream wind it was confirmed that the velocity 5 m
upstream now equals to 4 m/s. The output of this run resulted in an increase in thrust
and power of respectively 1.6% and 4.2%. So it appears that this discrepancy can
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compensate for about half of the observed difference in power between simulations
and measurements. Unfortunately this investigation was performed after performing
the unsteady simulations. As the underlying difference due to this effect is small and
mainly affecting the absolute levels predicted by the codes rather than the unsteady
behavior, this effect is not compensated for in the unsteady simulations of this report.

3.2.2 Apparent wind

A turbine subject to surge or pitching motion experiences apparent wind velocities at
the rotor due to the movements of the tower base. Since these wind velocities are
adding energy to the system (as they are induced by the waves) it can be argued to
incorporate these in the effective wind speed used in the momentum part of the BEM
equations. This in addition to the obvious implementation of this relative motion in
the element part of the BEM equations, which should anyhow be present. See also
the below displayed axial momentum equation 3.1 to clarify this point (for the sake of
simplicity a rigid turbine is assumed and the tangential induction and a correction for
the finite number of blades have been removed here).

2a(1− a)ρ(Uw − Us)
2
2πrdr =

∑
B

c0.5ρW 2cl(α) cos(ϕ)dr , (3.1)

where

ϕ = atan2((Uw−Us)(1−a),Ωr), α = ϕ−ϵ and W =
√
((Uw − Us)(1− a))2 + (Ωr)2

with

Uw [m/s] wind speed
Us [m/s] surge motion velocity (apparent wind)
a [] axial induction factor (related to Uw  Us)
r [m] radius of element considered
c [m] local blade chord at radius r
ρ [kg/m3] air density
W [m/s] effective velocity at element
cl [] lift coefficient
α [ ◦] angle of attack
ϕ [ ◦] inflow angle wrt rotor plane
Ω [rad/s] rotor speed
ϵ [ ◦] twist plus pitch angle.

In this equation the blade element part is on the right hand side, in which the surge
velocity Us is included in the velocity triangle by subtracting it from the wind speed
Uw (thereby affecting effective velocity termW , the inflow angle ϕ and angle of attack
α). The momentum part is on the left hand side of equation 3.1, and the discussed
proposition is to replace the Uw term with (UwUs) as shown in the equation.

The validity of this statement is verified by comparing a simulation in surge with a
moving rotor (which is used in the present work) to a simulation with a ’fixed’ rotor
featuring a (sinusoidal) wind variation in agreement with the surge motion. See also
Figure 3.3 for the resulting plot of axial force versus surge motion. The free vortex
wake simulations give nearly identical results for both approaches, indicating that the
main effect the wind turbine rotor experiences is the apparent wind effect rather than
the rotor moving into and out of its own wake (at least for this case). For the BEM
simulations it is observed that the shape of the force response is off if apparent wind
velocities are not taken into account in the momentum equations.

Implementation wise this can result in a challenge since an aeroelastic code is not
always aware whether motion of the blade is due to flexible nature of the turbine (e.g.
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tower foreaft bending) or due to platform motion induced by waves. Recommended
practice here is to register translational and rotational movement at the tower base
and extrapolate the resulting apparent wind velocities to the designated rotor plane
locations. For a pitching movement this would imply a linear variation with height of
apparent wind velocity over the rotor disk, and hence a nonuniform inflow condition
which anyhow is a challenge for BEM simulations.
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Figure 3.3: Comparison of BEM and AWSM predicted axial force as function of surge, f=2 Hz,
∆x=0.008 m, U=4 m/s and 241 rpm. Applying surge excitation by means of
prescribing actual surge motion or harmonic wind variation are compared, as well as
the effect of incorporating the apparent wind variations in BEM for the first approach.

3.2.3 Unsteady comparison

Firstly a comparison between experiment and simulations in surge is presented. Then
two sets of surge simulations are calculated to investigate differences between BEM
and AWSM simulations. One set is characterized by a constant frequency and vary
ing amplitude while the other features a constant amplitude and varying frequency.
Investigated are the response of the angle of attack at 75% blade span (numerical
cases only), the rotor thrust and the rotor torque. The results of these simulations are
presented by means of Bode plots, showing the magnitude and phase of the above
mentioned output rotor signals with respect to the surge motion. This allows to eval
uate unsteady effects in the rotor aerodynamic response. The data reported in the
Bode plots are evaluated by processing the simulated signals in the time domain, by
calculating the peak to peak distances. For the constant frequency and constant am
plitude investigations, the rotor signals as a function of time and hysteresis plots are
given in Appendix B.

Comparison to experiments A comparison between experimental and numerical
response of the rotor is performed for three selected surge cases. An overview of
these cases is given in Table 3.2, also including the steady case. Figures 3.4, 3.5, 3.6
and 3.7 show the comparison between experimental rotor thrust and that predicted
by AWSM and BEM in the time domain. Figures 3.4 shows that for the steady case
the AWSM simulation has not yet fully converged, illustrated by the small decrease
of torque with time. CFD results are also included for the surge case at amplitude of
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0.008 m and frequency of 2 Hz (Figure 3.5). The measurement results are character
ized by highly noisy signals. To be treatable, these signals have been postprocessed
by selecting the component of the signal at the same frequency of the surge motion
using Fourier transforms. This processing was performed using the “fft” function in
Matlab taking 6 surge cycles in one bock (hence without window function and overlap).
The same processing applied to the CFD data, as it contains high frequency contri
butions due the modeling of tower shadow. As indicated above, AWSM and BEM
results are instead processed unfiltered using peak to peak distances. The measure
ment data being reported in the resulting Bode plot in Figure 3.8 have been obtained
directly from the Fourier transforms of the experimental data.

Both the magnitude and phase show a generally good agreement between measure
ments and simulations. To verify the importance of the dynamic inflow model, also
BEM simulations without this engineering model are included in Figure 3.8. These
results indicate that dynamic inflow effects are not significantly affecting the dynamic
response of the rotor for these cases. Because the magnitude of the thrust amplitude
is divided by the surge amplitude, an almost linear trend of this variable follows as a
function of frequency. In general, the rotor thrust follows the surge velocity (product of
frequency and amplitude) which has a 90 ◦ phase with respect to the surge motion.
It is noted that the 10 ◦ azimuth timestep of the simulations influences the accuracy
of the phase angle estimate as it limits the phase angle resolution to 5 ◦ for example
for the 2 Hz surge motion. Therefore phase differences below this number should be
treated with care.

Table 3.2: Surge experimental cases.

case No. amplitude [m] frequency [Hz]
1 0 0
2 0.035 1
3 0.008 2
4 0.125 0.125
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Figure 3.4: Comparison between experimental rotor thrust and that predicted by AWSM and BEM
with fixed turbine rotor.
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Figure 3.5: Comparison between experimental rotor thrust and that predicted by CFD, AWSM and
BEM for a surge motion characterized by frequency of 2 Hz and amplitude 0.008 m.
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Figure 3.6: Comparison between experimental rotor thrust and that predicted by AWSM and BEM
for a surge motion characterized by frequency of 1 Hz and amplitude 0.035 m.
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Figure 3.7: Comparison between experimental rotor thrust and that predicted by AWSM and BEM
for a surge motion characterized by frequency of 0.125 Hz and amplitude 0.125 m.
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Figure 3.8: Response of the rotor thrust to surge motion for the experimental cases from Table 3.2.
The response is evaluated by showing the ratio of the rotor thrust amplitude to the
surge amplitude (left subplot) and the phase between these two signals (right subplot).
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Amplitude variation for constant frequency An overview of the surge cases with
constant frequency and varying amplitude are given in Table 3.3. Figures 3.9, 3.10
and 3.11 shows the Bode plots of the aforementioned rotor signals. Looking at the
Bode plots for the rotor thrust in Figure 3.10 it is noted that a 5 to 10% magnitude
differences exist between BEM and AWSM. The verify whether this difference could
be caused by the modeling of shed vorticity, BEM simulations were executed with the
Beddoes Leishmanmodel and without amodel for unsteady airfoil aerodynamics. The
results showed a negligible influence (<1%) on the predicted magnitude and phase,
pointing in the direction of differences in rotor rather than airfoil aerodynamic modeling
as origin for the observed differences.

The predicted trend with surge amplitude is very similar between BEM and AWSM.
Since the magnitude is visualized by dividing the thrust amplitude by the applied surge
amplitude this yields a relatively constant value for these constant frequency cases.
A slight decrease of the magnitude is observed for increasing surge amplitude. The
highest amplitude case of 0.52 m shows a more sudden decrease, caused by the
angle of attack approaching 10 ◦ for which the lift curve slope of the airfoil starts to
fall off more steeply. See also the hysteresis plot of the thrust in Figure B.10 which
starts to deviate from the symmetric ellipsoid shape because of this. The phase of the
thrust signal remains clustered around 90 ◦ phase. Roughly the same observations
can be made for the torque signal in Figure 3.11.

Table 3.3: Surge cases with constant frequency.

case No. amplitude [m] frequency [Hz]
1 0.0325 0.5
2 0.065 0.5
3 0.13 0.5
4 0.26 0.5
5 0.52 0.5
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Figure 3.9: Response of the angle of attack at 75% of the blade span to surge motion. Simulations
are here performed with a fixed surge frequency of 0.5 Hz and amplitude ranging from
0.0325 m to 0.52 m (xaxes). The response is evaluated by showing the ratio of the
angle of attack amplitude to the surge amplitude (left subplot) and the phase between
these two signals (right subplot).
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Figure 3.10: Response of the rotor thrust to surge motion. Simulations are here performed with a
fixed surge frequency of 0.5 Hz and amplitude ranging from 0.0325 m to 0.52 m
(xaxes). The response is evaluated by showing the ratio of the rotor thrust amplitude
to the surge amplitude (left subplot) and the phase between these two signals (right
subplot).
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Figure 3.11: Response of the rotor torque to surge motion. Simulations are here performed with a
fixed surge frequency of 0.5 Hz and amplitude ranging from 0.0325 m to 0.52 m
(xaxes). The response is evaluated by showing the ratio of the rotor torque amplitude
to the surge amplitude (left subplot) and the phase between these two signals (right
subplot).
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Frequency variation for constant amplitude An overview of the surge cases with
constant amplitude are given in Table 3.4. Figures 3.12, 3.13 and 3.14 show the
Bode plots of the aforementioned rotor signals. From the thrust variation in Figure
3.13 it can be observed that the magnitude is increasing as expected for the con
stant amplitude variable frequency cases. The trend of the magnitude with frequency
is similar between BEM and AWSM, although the AWSM predicted amplitudes are
slightly lower in agreement with the constant frequency cases. The phase is clearly
departing the −90 ◦ offset for surge frequencies above 2 Hz, indicating the thrust to
lead by approximately 10 ◦ with respect to the maximum surge velocity. The fact that
the phase of the thrust is leading the surge velocity is unexpected as a dynamic inflow
effect is expected to result in a lag due to the inertia of the wake. A deeper inves
tigation revealed that switching off the Snel dynamic stall model instead results in a
lag of approximately 5 ◦ for both the BEM and AWSM simulations. Indeed the angle
of attack at the 75% span station reaches about 10 ◦ for this case (see Figure B.15),
where the lift curve slope starts to fall off. Together with the relatively high surge fre
quency this results in reduced frequencies with respect to the chord and apparent
velocity (equation 2.1), where dynamic stall modeling becomes important. However,
also referring to the discussion in section 2.2.2 on this topic, the questions remains
whether the calculated response is in agreement with real life physics. It should also
be noted that for full scale turbines, surge frequencies are not expected to approach
values that result in reduced frequencies typical for dynamic stall phenomena.

The 4 Hz case displays an even larger difference with the −90 ◦ phase offset for both
BEM and AWSM simulations. As now the angle of attack tops around 15 ◦ (see Figure
B.17), a more abrupt stall results in a sudden drop of the lift coefficient which results in
a highly asymmetric hysteresis plot in Figure B.18. As such this case is dominated by
airfoil aerodynamics rather than rotor wake aerodynamics. Similar conclusions can
be drawn for the corresponding Bode plot of the rotor torque.

Table 3.4: Surge cases with constant amplitude.

case No. amplitude [m] frequency [Hz]
1 0.13 0.25
2 0.13 0.5
3 0.13 1
4 0.13 2
5 0.13 4



TNO report | TNO 2020 R11345 29 / 136

Figure 3.12: Response of the angle of attack at 75% of the blade span to surge motion.
Simulations are here performed with a fixed surge amplitude of 0.13 m and frequency
ranging from 0.25 Hz to 4 Hz (xaxes). The response is evaluated by showing the
ratio of the angle of attack amplitude to the surge amplitude (left subplot) and the
phase between these two signals (right subplot).
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Figure 3.13: Response of the rotor thrust to surge motion. Simulations are here performed with a
fixed surge amplitude of 0.13 m and frequency ranging from 0.25 Hz to 4 Hz (xaxes).
The response is evaluated by showing the ratio of the rotor thrust amplitude to the
surge amplitude (left subplot) and the phase between these two signals (right
subplot).
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Figure 3.14: Response of the rotor torque to surge motion. Simulations are here performed with a
fixed surge amplitude of 0.13 m and frequency ranging from 0.25 Hz to 4 Hz (xaxes).
The response is evaluated by showing the ratio of the rotor torque amplitude to the
surge amplitude (left subplot) and the phase between these two signals (right
subplot).
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4 Conclusions and recommendations

Concluding it can be stated that a very successful comparison exercise has been
performed to validate the unsteady aerodynamic modeling of floating offshore wind
turbines using both airfoil and rotor wind tunnel test data. More specifically the dy
namic stall models used by the Aero Module have been validated using 2D airfoil
experiment results in pitching motion. The modeling of shed vorticity effects by a free
vortex code and the Beddoes Leishman model was found to be in good agreement
with the airfoil experiment. Following the observations it is advised not to use the
current implementation of the Beddoes Leishman model in combination with AWSM.
In addition to that it was found that the implementation of some dynamic stall mod
eling requires attention to prevent the prediction of nonphysical hysteresis loops in
attached flow for nonlinear lift curve slopes. For the turbine test, the imposed ex
perimental surge motion did not reveal the dynamic inflow effect to play a large role,
resulting in a good agreement between experiment and simulations. However the ne
cessity of including apparent wind velocities due to platform motion in the momentum
equations was verified for the BEM simulations. A numerical study into the variation
of surge frequencies and amplitudes and their impact on phase differences between
surge velocity and resulting thrust force revealed the influence of airfoil aerodynam
ics in separated flow rather than the importance of wake aerodynamics and the as
sociated dynamic inflow modeling. However the relevance of airfoil aerodynamics in
separated flow is expected to be limited for full scale turbines in surge motion.

It is recommended to further explore the experimental database (both rotor and air
foil), as only a small portion of the available data has been touched upon. For the
rotor experiments it is recommended to also focus on pitching motion, which brings
in addition to the dynamic inflow effect also yaw modeling effects. In addition to that
the incorporation of apparent wind velocities is less trivial as these are not uniformly
distributed over the rotor plane. Comparison to measurements and free vortex wake
code results can shed light on this topic.
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A Airfoil plots

Figure A.1: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 0◦ and 0.5◦, while frequency, f , is 0.25
Hz. In the figure, k denotes the reduced frequency.
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Figure A.2: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 0◦ and 0.5◦, while frequency, f , is 0.50
Hz. In the figure, k denotes the reduced frequency.
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Figure A.3: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 0◦ and 0.5◦, while frequency, f , is 1.50
Hz. In the figure, k denotes the reduced frequency.
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Figure A.4: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 0◦ and 0.5◦, while frequency, f , is 1.00
Hz. In the figure, k denotes the reduced frequency.
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Figure A.5: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 0◦ and 0.5◦, while frequency, f , is 2.00
Hz. In the figure, k denotes the reduced frequency.
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Figure A.6: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 0◦ and 0.5◦, while frequency, f , is 3.00
Hz. In the figure, k denotes the reduced frequency.
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Figure A.7: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 0◦ and 5.0◦, while frequency, f , is 0.25
Hz. In the figure, k denotes the reduced frequency.
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Figure A.8: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 0◦ and 5.0◦, while frequency, f , is 0.50
Hz. In the figure, k denotes the reduced frequency.
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Figure A.9: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 0◦ and 5.0◦, while frequency, f , is 1.50
Hz. In the figure, k denotes the reduced frequency.
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Figure A.10: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 0◦ and 5.0◦, while frequency, f , is 1.00
Hz. In the figure, k denotes the reduced frequency.
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Figure A.11: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 0◦ and 5.0◦, while frequency, f , is 2.00
Hz. In the figure, k denotes the reduced frequency.



TNO report | TNO 2020 R11345 46 / 136

Figure A.12: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 0◦ and 5.0◦, while frequency, f , is 3.00
Hz. In the figure, k denotes the reduced frequency.
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Figure A.13: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 3◦ and 0.5◦, while frequency, f , is 0.25
Hz. In the figure, k denotes the reduced frequency.
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Figure A.14: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 3◦ and 0.5◦, while frequency, f , is 0.50
Hz. In the figure, k denotes the reduced frequency.
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Figure A.15: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 3◦ and 0.5◦, while frequency, f , is 1.50
Hz. In the figure, k denotes the reduced frequency.
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Figure A.16: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 3◦ and 0.5◦, while frequency, f , is 1.00
Hz. In the figure, k denotes the reduced frequency.
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Figure A.17: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 3◦ and 0.5◦, while frequency, f , is 2.00
Hz. In the figure, k denotes the reduced frequency.
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Figure A.18: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 3◦ and 0.5◦, while frequency, f , is 3.00
Hz. In the figure, k denotes the reduced frequency.
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Figure A.19: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 3◦ and 5.0◦, while frequency, f , is 0.25
Hz. In the figure, k denotes the reduced frequency.
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Figure A.20: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 3◦ and 5.0◦, while frequency, f , is 0.50
Hz. In the figure, k denotes the reduced frequency.
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Figure A.21: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 3◦ and 5.0◦, while frequency, f , is 1.50
Hz. In the figure, k denotes the reduced frequency.
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Figure A.22: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 3◦ and 5.0◦, while frequency, f , is 1.00
Hz. In the figure, k denotes the reduced frequency.
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Figure A.23: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 3◦ and 5.0◦, while frequency, f , is 2.00
Hz. In the figure, k denotes the reduced frequency.
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Figure A.24: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 3◦ and 5.0◦, while frequency, f , is 3.00
Hz. In the figure, k denotes the reduced frequency.
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Figure A.25: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 6◦ and 0.5◦, while frequency, f , is 0.25
Hz. In the figure, k denotes the reduced frequency.
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Figure A.26: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 6◦ and 0.5◦, while frequency, f , is 0.50
Hz. In the figure, k denotes the reduced frequency.
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Figure A.27: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 6◦ and 0.5◦, while frequency, f , is 1.50
Hz. In the figure, k denotes the reduced frequency.
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Figure A.28: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 6◦ and 0.5◦, while frequency, f , is 1.00
Hz. In the figure, k denotes the reduced frequency.
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Figure A.29: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 6◦ and 0.5◦, while frequency, f , is 2.00
Hz. In the figure, k denotes the reduced frequency.
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Figure A.30: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 6◦ and 0.5◦, while frequency, f , is 3.00
Hz. In the figure, k denotes the reduced frequency.
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Figure A.31: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 6◦ and 5.0◦, while frequency, f , is 0.25
Hz. In the figure, k denotes the reduced frequency.
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Figure A.32: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 6◦ and 5.0◦, while frequency, f , is 0.50
Hz. In the figure, k denotes the reduced frequency.
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Figure A.33: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 6◦ and 5.0◦, while frequency, f , is 1.50
Hz. In the figure, k denotes the reduced frequency.
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Figure A.34: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 6◦ and 5.0◦, while frequency, f , is 1.00
Hz. In the figure, k denotes the reduced frequency.
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Figure A.35: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 6◦ and 5.0◦, while frequency, f , is 2.00
Hz. In the figure, k denotes the reduced frequency.
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Figure A.36: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 6◦ and 5.0◦, while frequency, f , is 3.00
Hz. In the figure, k denotes the reduced frequency.
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Figure A.37: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 9◦ and 0.5◦, while frequency, f , is 0.25
Hz. In the figure, k denotes the reduced frequency.
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Figure A.38: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 9◦ and 0.5◦, while frequency, f , is 0.50
Hz. In the figure, k denotes the reduced frequency.
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Figure A.39: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 9◦ and 0.5◦, while frequency, f , is 1.50
Hz. In the figure, k denotes the reduced frequency.
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Figure A.40: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 9◦ and 0.5◦, while frequency, f , is 1.00
Hz. In the figure, k denotes the reduced frequency.
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Figure A.41: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 9◦ and 0.5◦, while frequency, f , is 2.00
Hz. In the figure, k denotes the reduced frequency.
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Figure A.42: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 9◦ and 0.5◦, while frequency, f , is 3.00
Hz. In the figure, k denotes the reduced frequency.
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Figure A.43: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 9◦ and 5.0◦, while frequency, f , is 0.25
Hz. In the figure, k denotes the reduced frequency.
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Figure A.44: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 9◦ and 5.0◦, while frequency, f , is 0.50
Hz. In the figure, k denotes the reduced frequency.
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Figure A.45: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 9◦ and 5.0◦, while frequency, f , is 1.50
Hz. In the figure, k denotes the reduced frequency.
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Figure A.46: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 9◦ and 5.0◦, while frequency, f , is 1.00
Hz. In the figure, k denotes the reduced frequency.
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Figure A.47: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 9◦ and 5.0◦, while frequency, f , is 2.00
Hz. In the figure, k denotes the reduced frequency.
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Figure A.48: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 9◦ and 5.0◦, while frequency, f , is 3.00
Hz. In the figure, k denotes the reduced frequency.
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Figure A.49: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 10◦ and 0.5◦, while frequency, f , is 0.25
Hz. In the figure, k denotes the reduced frequency.
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Figure A.50: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 10◦ and 0.5◦, while frequency, f , is 0.50
Hz. In the figure, k denotes the reduced frequency.
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Figure A.51: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 10◦ and 0.5◦, while frequency, f , is 1.50
Hz. In the figure, k denotes the reduced frequency.
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Figure A.52: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 10◦ and 0.5◦, while frequency, f , is 1.00
Hz. In the figure, k denotes the reduced frequency.
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Figure A.53: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 10◦ and 0.5◦, while frequency, f , is 2.00
Hz. In the figure, k denotes the reduced frequency.
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Figure A.54: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 10◦ and 0.5◦, while frequency, f , is 3.00
Hz. In the figure, k denotes the reduced frequency.
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Figure A.55: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 10◦ and 5.0◦, while frequency, f , is 0.25
Hz. In the figure, k denotes the reduced frequency.
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Figure A.56: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 10◦ and 5.0◦, while frequency, f , is 0.50
Hz. In the figure, k denotes the reduced frequency.
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Figure A.57: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 10◦ and 5.0◦, while frequency, f , is 1.50
Hz. In the figure, k denotes the reduced frequency.
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Figure A.58: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 10◦ and 5.0◦, while frequency, f , is 1.00
Hz. In the figure, k denotes the reduced frequency.
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Figure A.59: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 10◦ and 5.0◦, while frequency, f , is 2.00
Hz. In the figure, k denotes the reduced frequency.
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Figure A.60: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 10◦ and 5.0◦, while frequency, f , is 3.00
Hz. In the figure, k denotes the reduced frequency.
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Figure A.61: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 12◦ and 0.5◦, while frequency, f , is 0.25
Hz. In the figure, k denotes the reduced frequency.
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Figure A.62: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 12◦ and 0.5◦, while frequency, f , is 0.50
Hz. In the figure, k denotes the reduced frequency.
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Figure A.63: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 12◦ and 0.5◦, while frequency, f , is 1.50
Hz. In the figure, k denotes the reduced frequency.
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Figure A.64: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 12◦ and 0.5◦, while frequency, f , is 1.00
Hz. In the figure, k denotes the reduced frequency.
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Figure A.65: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 12◦ and 0.5◦, while frequency, f , is 2.00
Hz. In the figure, k denotes the reduced frequency.
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Figure A.66: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 12◦ and 0.5◦, while frequency, f , is 3.00
Hz. In the figure, k denotes the reduced frequency.
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Figure A.67: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 12◦ and 5.0◦, while frequency, f , is 0.25
Hz. In the figure, k denotes the reduced frequency.
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Figure A.68: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 12◦ and 5.0◦, while frequency, f , is 0.50
Hz. In the figure, k denotes the reduced frequency.
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Figure A.69: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 12◦ and 5.0◦, while frequency, f , is 1.50
Hz. In the figure, k denotes the reduced frequency.
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Figure A.70: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 12◦ and 5.0◦, while frequency, f , is 1.00
Hz. In the figure, k denotes the reduced frequency.
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Figure A.71: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 12◦ and 5.0◦, while frequency, f , is 2.00
Hz. In the figure, k denotes the reduced frequency.
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Figure A.72: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 12◦ and 5.0◦, while frequency, f , is 3.00
Hz. In the figure, k denotes the reduced frequency.
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Figure A.73: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 15◦ and 0.5◦, while frequency, f , is 0.25
Hz. In the figure, k denotes the reduced frequency.
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Figure A.74: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 15◦ and 0.5◦, while frequency, f , is 0.50
Hz. In the figure, k denotes the reduced frequency.
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Figure A.75: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 15◦ and 0.5◦, while frequency, f , is 1.50
Hz. In the figure, k denotes the reduced frequency.
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Figure A.76: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 15◦ and 0.5◦, while frequency, f , is 1.00
Hz. In the figure, k denotes the reduced frequency.
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Figure A.77: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 15◦ and 0.5◦, while frequency, f , is 2.00
Hz. In the figure, k denotes the reduced frequency.
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Figure A.78: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 15◦ and 0.5◦, while frequency, f , is 3.00
Hz. In the figure, k denotes the reduced frequency.



TNO report | TNO 2020 R11345 113 / 136

Figure A.79: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 15◦ and 5.0◦, while frequency, f , is 0.25
Hz. In the figure, k denotes the reduced frequency.
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Figure A.80: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 15◦ and 5.0◦, while frequency, f , is 0.50
Hz. In the figure, k denotes the reduced frequency.
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Figure A.81: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 15◦ and 5.0◦, while frequency, f , is 1.50
Hz. In the figure, k denotes the reduced frequency.
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Figure A.82: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 15◦ and 5.0◦, while frequency, f , is 1.00
Hz. In the figure, k denotes the reduced frequency.
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Figure A.83: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 15◦ and 5.0◦, while frequency, f , is 2.00
Hz. In the figure, k denotes the reduced frequency.
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Figure A.84: Comparison between SD7032 airfoil’s experimental dynamic lift coefficient (incuding
the bin average) and that predicted by means of different unsteay airfoil aerodynamic
models for a Reynolds number of 100000. Geometric angle of attack mean, µAoA,
and amplitude, A, are respectively equal to 15◦ and 5.0◦, while frequency, f , is 3.00
Hz. In the figure, k denotes the reduced frequency.
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B Rotor plots

B.1 Surge cases with constant frequency

Figure B.1: Response of the angle of attack at 75% blade span, rotor thrust and rotor torque to a
surge motion characterized by frequency of 0.5 Hz and amplitude 0.0325 m.
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Figure B.2: Hysteresis loops of the angle of attack at 75% blade span, rotor thrust and rotor torque
for a surge motion characterized by frequency of 0.5 Hz and amplitude 0.0325 m.
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Figure B.3: Response of the angle of attack at 75% blade span, rotor thrust and rotor torque to a
surge motion characterized by frequency of 0.5 Hz and amplitude 0.065 m.

10 11 12 13 14 15
time [s]

32

34

36

38

ro
to

r 
th

ru
st

 [N
]

10 11 12 13 14 15
time [s]

2.5

3

3.5

ro
to

r 
to

rq
ue

 [N
m

]
10 11 12 13 14 15

time [s]

4.5

5

5.5

6

an
gl

e 
of

 a
tta

ck
 [d

eg
]

AWSM BEM

10 11 12 13 14 15
time [s]

-2

0

2

su
rg

e 
[m

], 
az

im
ut

h 
[r

ad
]

surge azimuth



TNO report | TNO 2020 R11345 122 / 136

Figure B.4: Hysteresis loops of the angle of attack at 75% blade span, rotor thrust and rotor torque
for a surge motion characterized by frequency of 0.5 Hz and amplitude 0.065 m.
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Figure B.5: Response of the angle of attack at 75% blade span, rotor thrust and rotor torque to a
surge motion characterized by frequency of 0.5 Hz and amplitude 0.13 m.
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Figure B.6: Hysteresis loops of the angle of attack at 75% blade span, rotor thrust and rotor torque
for a surge motion characterized by frequency of 0.5 Hz and amplitude 0.13 m.
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Figure B.7: Response of the angle of attack at 75% blade span, rotor thrust and rotor torque to a
surge motion characterized by frequency of 0.5 Hz and amplitude 0.26 m.
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Figure B.8: Hysteresis loops of the angle of attack at 75% blade span, rotor thrust and rotor torque
for a surge motion characterized by frequency of 0.5 Hz and amplitude 0.26 m.
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Figure B.9: Response of the angle of attack at 75% blade span, rotor thrust and rotor torque to a
surge motion characterized by frequency of 0.5 Hz and amplitude 0.52 m.
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Figure B.10: Hysteresis loops of the angle of attack at 75% blade span, rotor thrust and rotor
torque for a surge motion characterized by frequency of 0.5 Hz and amplitude 0.52 m.
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B.2 Surge cases with constant amplitude

Figure B.11: Response of the angle of attack at 75% blade span, rotor thrust and rotor torque to a
surge motion characterized by frequency of 0.25 Hz and amplitude 0.13 m.
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Figure B.12: Hysteresis loops of the angle of attack at 75% blade span, rotor thrust and rotor
torque for a surge motion characterized by frequency of 0.25 Hz and amplitude 0.13
m.
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Figure B.13: Response of the angle of attack at 75% blade span, rotor thrust and rotor torque to a
surge motion characterized by frequency of 1 Hz and amplitude 0.13 m.
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Figure B.14: Hysteresis loops of the angle of attack at 75% blade span, rotor thrust and rotor
torque for a surge motion characterized by frequency of 1 Hz and amplitude 0.13 m.
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Figure B.15: Response of the angle of attack at 75% blade span, rotor thrust and rotor torque to a
surge motion characterized by frequency of 2 Hz and amplitude 0.13 m.
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Figure B.16: Hysteresis loops of the angle of attack at 75% blade span, rotor thrust and rotor
torque for a surge motion characterized by frequency of 2 Hz and amplitude 0.13 m.
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Figure B.17: Response of the angle of attack at 75% blade span, rotor thrust and rotor torque to a
surge motion characterized by frequency of 4 Hz and amplitude 0.13 m.
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Figure B.18: Hysteresis loops of the angle of attack at 75% blade span, rotor thrust and rotor
torque for a surge motion characterized by frequency of 4 Hz and amplitude 0.13 m.
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