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Preface

The present report is the final document in the project "DANAERO MW II: Influence of atmo-
spheric and wake turbulence on MW turbine performance, loading and stability". The project
was partly funded funded by EUDP2009-II and partly funded bythe project partners (Vestas
Wind Systems, LM Wind Power, Siemens Wind Power, DTU Wind Energy) themselves.

The investigations in chapter 14 in which full rotor simulations using Computational Fluid Dy-
namics (CFD) are validated by comparing with DANAERO MW measurements was supported
by the project "Center for Computational Wind Turbine Aerodynamics and Atmospheric Tur-
bulence" contract no.: 2104-09-0026.

The authors would like to thank all the involved partners fortheir invaluable help and sup-
port. Also, special thanks are given to Niels Sørensen and Pierre-Elouan Réthoré in the project
"Center for Computational Wind Turbine Aerodynamics and Atmospheric Turbulence" for pro-
viding the numerical grids used for the investigations in chapter 14.

Technical University of Denmark, April 2013

Niels Troldborg, Christian Bak, Helge Aa. Madsen and WitoldSkrzypínski
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1 Summary

This section summarizes the main results of the DANAERO MW IIproject.

• Calibration and organization of database
The extensive data obtained in the Tjæreborg experiment as part of the DANAERO MW
project have been calibrated and a thorough description of the calibration procedures is
provided. The calibration also includes synchronization of the measurements obtained
with the different systems. Furthermore, all data from the experiment have been organized
in files which are easy to read with standard analysis software. Finally, a MySQL database
containing most of the data from the Tjæreborg and Høvsøre experiment, including a
variety of derived quantities and some statistics, have been build along with tools for
sorting and binning the data.

• Analysis of measurements
The conclusions drawn from the analysis of measurements canroughly be divided as
follows:

– 2D/3D aerofoil data
Comparisons of the aerodynamic aerofoil characteristics measured in 2D in a wind
tunnel with the corresponding characteristics measured in3D full scale and atmo-
spheric conditions revealed the following (see chapter 6 and 9): 1) For angles of
attack (AoA) just larger than the AoA of maximum normal forcecoefficient,cn, a
lower negative slope of thecn curve is measured on the blade sections of the NM80
turbine than on the corresponding aerofoils in a wind tunnel. Whether this is due to
3D effects or the absence of wall effects is not fully known. 2) In the 3D case a delay
of separation was observed due to centrifugal and Coriolis forces which, especially
for the inner section (r/R=0.325), caused an increase incn for AoA above maximum
cn compared to wind tunnel measurements. 3) For the outermost section (r/R=0.925)
the overall level and slope of thecn curve was lower than measured in 2D in a wind
tunnel. 4) For the mid span sections of the turbine the aerofoil characteristics was
found to be fairly 2D.

– Aerofoil data measured in different tunnels
A comparison of the aerodynamic polars measured on the same aerofoils in different
wind tunnels revealed the following (see chapter 8): 1) The measured zero-lift-angle-
of-attack, slope of the linear part of the lift curve, maximum lift, stall characteristics
and drag, respectively, is different in each wind tunnel. 2)The agreement between the
measurements improved with increasing Reynolds number. 3)The minimum drag
seems to be unaffected by the turbulence intensity (TI) in the tunnel provided that
TI < 0.1%. ForTI > 0.1% the minimum drag is influenced by the level of TI. 4) TI
affects the location of the transition point and hence also the aerofoil performance.
4) No clear correlation between the lift curve characteristics and the wind tunnel
layout could be identified. 5) Most of the differences between the measurements are
ascribed to differences in aerofoil model shapes, methods for analysing the data and
calibrations.

– Standstill
As described in chapter 10 extracting lift and drag polars from standstill measure-
ments on the NM80 turbine proved to be difficult. The overall quality of the polars
was unsatisfactory which seemed to be due to combined uncertainties in the mea-
surements of all parameters involved in deriving the polars, i.e. angle of attack, wind
speed and pressure distribution. The reason for the uncertainties was that the used
equipment for measuring the polars were calibrated to work under normal operation
and not at standstill. Thus, it seemed that an increase in quality of all the involved
measurements, especially the pressure distribution, would be necessary to obtain re-
liable polars in standstill.

DTU Wind Energy E-0027 1



– Transition
A robust method for detecting transition from laminar to turbulent boundary layer
from high frequency microphone measurements of the sound pressure level (SPL)
has been proposed (see chapter 7). The method has been applied to the entire dataset
obtained in the Tjæreborg experiment and the estimated positions of the transition
points on both suction and pressure side have been included as a derived quantity in
the database.

– Noise
In relation to wind turbine noise the following findings was achieved by analysing
surface pressure (SP) measurements on an outboard blade section of the NM80 tur-
bine and wind tunnel measurements on an identical aerofoil section (see chapter 12):
1) At low frequencies, increasing the angle of attack (AoA) yields an increase in SP
spectral energy at the trailing edge (TE), and thereby TE noise in the far-field. At
high frequencies the opposite is true. 2) For a wind turbine operating in wake the
SP fluctuations near the leading edge (LE) is increased at lowfrequencies due to the
inflow turbulence associated with the wake whereas the spectral energy of the SP
fluctuations near the TE increases at high frequencies, which is a consequence of
the different turbulent boundary layer characteristics created at the TE by the inflow
turbulence as observed in the wind tunnel.

• Validation and demonstration of simulation models
A thorough validation and demonstration of various models have been conducted. The
investigations included validation of computational fluiddynamics (CFD) models, blade
element momentum (BEM) based methods, aeroelastic models and noise models. To facil-
itate the validation specific test cases from the Tjæreborg measurements were selected and
described in a report. The main conclusions from the validation of the different models
are:

– CFD based models
A comparison of different CFD models with measurements of the NM80 turbine
operating in nearly non-sheared inflow revealed the following (see chapter 14): 1)
Generally the computed aerodynamic forces and surface pressure distributions were
in good agreement with measurements. 2) The standard deviation in the measure-
ments made it difficult to conclude whether including a transition model improved
the simulations. 3) Most of the physics could be captured without considering the
inflow turbulence in the simulations.
A comparison of computed aerofoil characteristics with measurements showed the
following (see chapter 9): 1) 2D computations of lift and drag on aerofoils with rel-
ative thickness below 24% agree fairly well with wind tunnelmeasurements at low
and moderate AoA but showed important differences at AoA above maximum lift.
2) For the thickest considered aerofoil (relative thickness of 33%) large differences
were observed between wind tunnel measurements and computations at all AoA.
The differences are likely to be due to wall effect in the tunnel but could also be
because it may be inadequate to simulate thick aerofoils at high AoA using 2D CFD.
3) Comparison of aerofoil characteristics obtained from 3Drotor CFD and mea-
surements generally revealed good agreement for all blade sections and AoA. This
finding supports the conclusion that the differences between wind tunnel measure-
ments and 2D aerofoil computations are due to wall effects inthe tunnel.
Furthermore, simulations of the inflow and loads on the NM80 turbine operating
partly in the wake of another turbine were carried out using the Navier Stokes
solver EllipSys3D and an actuator line technique (see chapter 11). A comparison
with corresponding measurements revealed fair qualitatively agreement but showed
also some significant quantitative differences. The differences are likely to be a con-
sequence of uncertainties in the ambient conditions but also because the blades were
assumed stiff in the simulations.
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– BEM based models
A comparison of different BEM models with measurements of the NM80 turbine
operating in various inflow conditions revealed the following (see chapter 15): 1) In
non-sheared inflow the different models agree well with eachother and reasonably
well with measurements. 2) In sheared and yawed inflow the differences between
BEM computations and measurements are much larger. 3) More investigations are
needed to explain fully the discrepancies but some of them are due to inaccurate
aerofoil data. 4) The inaccuracy of the aerofoil data shows the importance of correct-
ing aerofoil data obtained in wind tunnels before using themin BEM computations.

– Noise models
Based on analysis of sound pressure (SP) measurements on theNM80 wind turbine
the model by Amiet for turbulent inflow (TI) noise and the TNO-Blake model for
trailing edge (TE) noise modelling were validated. The conclusions from this study
are (see chapter 13): 1) A general good agreement between themodel and measure-
ment data was found. However, some discrepancies between the SP measured at the
TE on the NM80 wind turbine and the TNO-Blake model were observed. These dif-
ferences could however be explained by the presence of a turbulent inflow impacting
the turbine blade which was not accounted for in the model. 2)For both TI and TE
noise models, the use of the Von Karman spectrum for describing the respective tur-
bulence characteristics may be source of errors at very low frequencies. 3) For the
TE noise model, the assumption of uncorrelated vortex sheets across the turbulent
boundary layer may also yield poor results at low frequencies.

• Coordination of DANAERO MW measurements with other measurements
Chapter 4 in the present report describes three measuring campaigns which were under-
taken simultaneously with the DANAERO Tjæreborg experiment at the same site as part
of other projects. The chapter further documents where the different projects were running
in parallel and thus potentially might provide simultaneous measurements of inflow, loads
and wake conditions, which would make these datasets very extensive and unique.

Besides the results presented in this report the following publications where made as part of
the DANAERO MW II project:

Internal documents:

C. Bak, H.Aa. Madsen, M. Gaunaa, U. Paulsen, P. Hansen, M. Rasmussen, P. Fuglsang, P. Enevold-
sen, J. Laursen, and J. Romblad. DAN-AERO MW: Wind tunnel tests. Technical Report Risø-
I-3047(EN), Technical University of Denmark, 2010.

C. Bak, H.Aa. Madsen, P. Hansen, M. Rasmussen, P. Fuglsang, J. Romblad, and N.A. Olesen.
DAN-AERO MW: Measurement campaigns on the NM80 2.3MW turbine at Tjæreborg 2009.
Technical Report Risø-I-3046(EN), Technical University of Denmark, 2010.

C. Bak, H.Aa. Madsen, N. Troldborg, M. Gaunaa, W. Skrzypiński, A. Fischer, U. Paulsen,
R. Møller, P. Hansen, M. Rasmussen, and P. Fuglsang. DANAEROMW: Instrumentation of
the NM80 turbine and meteorology mast at Tjæreborg . Technical Report DTU Wind Energy
Report-I-0083, Technical University of Denmark, 2013.

C. Bak, H.Aa. Madsen, N. Troldborg, N.N. Sørensen, and J. Madsen. DANAERO MW: Data
for the NM80 turbine at Tjæreborg Enge for aerodynamic evaluation. Technical Report DTU
Wind Energy Report-I-0087, Technical University of Denmark, 2013.

C. Bak, H.Aa. Madsen, N. Troldborg, and J.J Wedel-Heinen. DANAERO MW: Data for the
NM80 turbine at Tjæreborg Enge for aeroelastic evaluation.Technical Report DTU Wind
Energy Report-I-0088, Technical University of Denmark, 2013.

M. Døssing, H.A. Madsen, C. Bak, A. Fischer, N. Troldborg, P.Hansen, and Bertagnolio F.
High frequency microphone measurements for detection of transition on airfoils. Technical
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Report Risø-I-3177(EN), Risø-DTU, Roskilde, Denmark, 2011.
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DAN-AERO MW II: High frequency microphone measurements fordetection of transition on
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2 Introduction

In the DANAERO MW project, which is an abbreviation for the EFP2007 project "Experi-
mental Rotor and Airfoil Aerodynamics on MW Wind Turbines",a number of innovative and
coordinated measurements on two modern full scale MW turbines as well as wind tunnel mea-
surements on various airfoil sections were conducted. The project was carried out in the period
from March 2007 to December 2009 in a corporation between RisøDTU and the companies
LM Wind Power, Vestas Wind Systems, Siemens Wind Power and DONG Energy.
The outcome of the DANAERO MW project was a comprehensive andunique dataset, which
contains data that the wind energy research community and the industry can benefit from in the
next many years.

As a follow up on the project the EUDP funded DANAERO MW II project was established in
2010 with the participant RisøDTU (now DTU Wind Energy), LM Wind Power, Vestas Wind
Systems A/S and Siemens Wind Power. The overall objective ofDANAERO MW II is to use
the data obtained in DANAERO MW to explore in detail the influence of atmospheric and
wake turbulence on MW turbine performance, loading and stability. In order to achieve this the
following work packages (WPs) were formulated in the DANAERO MW II project

• WP1: Calibration and organization of database
The aim of this work package is to calibrate and organize the data from the DANAERO
MW project and build a database together with tools for sorting and binning.

• WP2: Analysis of measurements
The objective of this work package is to analyse the measurements with the aim of re-
vealing the influence of atmospheric and wake turbulence on aerodynamic, aeroelastic
and aeroacoustic characteristics and in general improve the design basis for MW rotors.
A main part of the analysis is aimed at comparing aerodynamiccharacteristics obtained
in 2D in a wind tunnel with the corresponding characteristics in 3D full scale and atmo-
spheric conditions.

• WP3: Validation of models
The objective of this work package is to demonstrate the validity of existing models and
sub models for modelling aerodynamics, aeroelastics and wind turbine noise by making
thorough comparisons with the measurements obtained in theDANAERO MW project.

• WP4: Demonstration of influence of new models
The aim of this work package is a demonstration of the influence of the new findings
on the wind turbine design, sitting, operation and performance verification by use of the
complete design complex.

• WP5: Coordinate the DANAERO MW measurements with other measurements
The purpose of this work package is to document the relation of the measurements carried
out in the DANAERO project with related measurement campaigns carried out in parallel
as part of other projects.

This final report describes the overall results of the DANAERO MW II project. In accordance
with the objectives set in the project work packages the report is divided into three parts

• Part I: Data overview

• Part II: Analysis of data

• Part III: Validation of models
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Part I: Data overview
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3 Available data

Author(s): N. Troldborg

This section gives a brief overview of all the data availablein the DANAERO MW experiment
including the data contained in the database.

3.1 The Tjæreborg experiment

In this part of the DANAERO experiment a 2.3MW NM80 turbine located at the Tjæreborg
Enge site and a nearby met mast were both heavily instrumented with various sensors.
The layout of the wind farm is sketched in Figure 3.1 and consists of 8 turbines organized in
two rows. The turbines in the southern row and the instrumented turbine, denoted WT3, are all
of the NM80 type, while the others are Vestas V80’s.
The measurement campaign at the site was carried out in the summer of 2009 from July 16th
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Figure 3.1.Layout of Tjæreborg Enge wind farm

to September 11th. A detailed description of the instrumentation and acquired data is provided
in [1] and here only a brief overview will be given.
Tables 3.1-3.3 summarizes the instrumentation of the blade, tower, nacelle, drive train and met
mast. All data except for the surface pressure tap measurements and the surface microphone
measurements are sampled at 35 Hz. Three different systems were used to acquire the data: The
ScaniValve system which handled the surface pressure measurements, the cRIO system which
handled the microphone measurements and the DaqWin system,which handled the remaining
sensors.
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Instrument Sensor Position Sampling rate
[m] [Hz]

Strain gauges
Flapwise and {3.0, 8.0, 13.0, 16.0,

35edgewise 19.0, 22.0, 26.0,
moments 30.0, 34.0, 37.0}

Five-hole Pitot tubes
Relative velocity and

{14.5 20.3, 31.0, 36.0} 35
flow angles

Pressure taps Surface pressure {13.0, 19.0, 30.0, 37.0} 100
Accelerometers Acceleration {13.0, 19.0, 30.0, 37.0} 35
Thermometer Blade temperature {13.0, 19.0, 30.0, 37.0} 35
Microphones Surface pressure 37.0 50000

Table 3.1. Instrumentation on the LM38.8 blade

Instrument Sensor Position Sampling rate
[Hz]

Strain gauges Tower moments Tower top/bottom 35
Strain gauges Shaft moments Shaft 35

- Electrical power nacelle 35
- Rotor azimuth angle nacelle 35
- Rotational speed nacelle 35
- Yaw angle nacelle 35
- Pitch angle nacelle 35

Cup anemometer Wind speed at nacelle nacelle 35

Table 3.2. Instrumentation of tower, nacelle and drive train

Instrument Sensor Height Sampling rate
[m] [Hz]

Cup anemometers Wind speed
{17.0, 28.5, 41.0, 57.0,

35
19.0, 77.0, 93.0}

Sonic anemometers
Velocity,

{17.0, 57.0, 93.0} 35wind direction
and temperature

Wind vanes Wind direction {17.0, 57.0, 93.0} 35
Thermometer Temperature {5.7 57.0, 93.0} 35

Barometer Pressure 5.7 35
- Precipitation 5.7 35

Table 3.3. Instrumentation of the nearby met mast

3.2 Wind tunnel measurements

As part of the DANAERO MW experiment a number of wind tunnel tests on different aerofoils
were also carried out in different wind tunnels. A detailed description of the various tests is
given in [2] and here only a summary will be given.
The objective of the wind tunnel tests were

• Benchmarking wind tunnels by testing each of the DU96-W-180, NACA63418 and Risø-
B1-18 aerofoils in the LM Wind Power, Delft and VELUX wind tunnels, respectively.
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• Testing copies of the four blade sections of the LM38.8 bladewhich were instrumented
with pressure taps (see Table 3.1) during the tests on the NM80 wind turbine at Tjæreborg
Enge, Denmark.

In all the performed tests the pressure distribution as wellas the lift, drag, moment, normal
force and tangential force coefficient are available as a function of angle of attack.
Tables 3.4- 3.6 give an overview of all the tests which were carried out.

Aerofoil Configuration Re[106]

LM38.8 (r=13.0 m) Clean {1.5, 3.1, 4.1, 5.1, 6.1}
LM38.8 (r=13.0 m) Various roughness {3.1, 6.1}
LM38.8 (r=19.0 m) Clean {1.5, 3.0, 4.1, 5.1, 6.1}
LM38.8 (r=19.0 m) Various roughness {3.0, 6.1}
LM38.8 (r=30.0 m) Clean {1.5, 3.0, 4.1, 5.1, 6.1}
LM38.8 (r=30.0 m) Various roughness {3.1, 6.1}
LM38.8 (r=37.0 m) Clean {1.5, 3.0, 4.1, 5.1, 6.1}
LM38.8 (r=37.0 m) Various roughness {3.1, 6.1}

DU96-W-180 Clean {1.5, 3.0, 4.0, 5.0, 6.0}
DU96-W-180 Various roughness {3.0, 6.0}
NACA63-418 Clean {1.5, 3.0, 4.0, 5.0, 6.0}
NACA63-418 Various roughness {3.0, 6.0}
Risø-B1-18 Clean {1.5, 3.0, 4.0, 5.0, 6.0}
Risø-B1-18 Various roughness {3.0, 6.0}

Table 3.4. Tests carried out in the LM Wind Power wind tunnel

Aerofoil Configuration Re[106]

NACA63-418 Clean {1.6, 3.0}
NACA63-418 Zigzag tape {1.6, 3.0}
NACA63-418 Grid 3.0
Risø-B1-18 Clean {1.6, 3.0}
Risø-B1-18 Various zigzag tape {1.6, 3.0}

Table 3.5. Tests carried out in the Delft wind tunnel

Aerofoil Configuration Re[106]

DU96-W-180 Clean 1.6
DU96-W-180 Zigzag tape 1.6
NACA63-418 Clean 1.6
NACA63-418 Zigzag tape 1.6
Risø-B1-18 Clean 1.6
Risø-B1-18 Zigzag tape 1.6

Table 3.6. Tests carried out in the VELUX wind tunnel

3.3 Høvsøre measurements

The final measurement campaign carried out within the DANAERO project is the inflow mea-
surements with a five-hole Pitot tube mounted on one of the blades of the Siemens 3.6MW
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turbine at the Høvsøre test site for large wind turbines in Denmark [3, 4]. The five hole pitot
tube was mounted in radius 36.5 m on the leading edge of one of the blades of the 107 m di-
ameter rotor.
The data available from this experiment was obtained in the period from late April 2009 until
mid July 2009. Table 3.7 lists the instrumentation and type of data measured throughout the
experiment.

Sensor Sampling rate

Local velocity and flow angle from Pitot tube 25
Wind speed and direction at hub height from met mast 25

Electrical power (averaged over 10 s) 35
Rotor speed (averaged over 10 s) 25

Rotor azimuth position 25
Air temperature and density 25

Table 3.7. Instrumentation on the Siemens 3.6MW at Høvsøre

3.4 Database

All the data from the three experiments are available in datafiles with formats as explained in
[1–3].
In addition to this, most of the data from the Høvsøre and Tjæreborg experiment have been
gathered in a database, which is designed to ease searching for specific data.
From the Høvsøre experiment all data including the 10 minutestatistics (mean, minimum,
maximum and standard deviation) is available in the database.
From the Tjæreborg experiment the database contains 35 Hz measurements and 10 minute
statistics (mean, minimum, maximum and standard deviation) of all the data acquired by the
DaqWin system (see Tables 3.1 -3.3) as well as down sampled surface pressure measurements
from five selected pressure taps at each of the four blade sections. Besides the data obtained
directly from the instruments in Table 3.1-3.3 a number of derived quantities are also included
from the Tjæreborg experiment as summarized in Table 3.8. Note that in the database all data
acquired by the three different systems (see section 3.1) are synchronized using dedicated pulse
signals.
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Quantity Position Note
[m]

Load normal to chord {13.0, 19.0, 30.0, 37.0}
From integration of surface

pressure distribution

Load parallel to chord {13.0, 19.0, 30.0, 37.0}
From integration of surface

pressure distribution
Moment around

{13.0, 19.0, 30.0, 37.0}
From integration of surface

quarter chord pressure distribution
Spanwise, tangential and

{14.5 20.3, 31.0, 36.0}
From Pitot tube

normal velocity measurements

Air density -
Derived from pressure and
temperature at met mast

Transition points on upper
37

Derived from microphone
and lower airfoil surface measurements

Syncronized time - Derived from trigger signals

Table 3.8. Derived quantities included in the database
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4 Relation to other measuring campaigns

Author(s): N. Troldborg

During the DANAERO Tjæreborg experiment a number of other measuring campaigns were
undertaken simultaneously at the site as part of other projects. This section describes each of
these projects and how they are related to the DANAERO project.

4.1 The TOPFARM project

The EU project TOPFARM was running from 1st December 2007 to 30th November 2010,
and addressed optimization of wind farm topology and control strategy based on aero-elastic
modelling of loads as well as of power production [1]. As partof the TOPFARM project a
full scale wake measurement campaign was held at Tjæreborg Enge wind farm (see Figure
4.1) where the instrumented NM80 turbine from the DANAERO project was equipped with a
downwind scanning LIDAR in the period from February to September 2009.
The following instrumentation is available from the Tjæreborg Enge wind farm within the
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Figure 4.1.Layout of Tjæreborg Enge wind farm

TOPFARM project:

• SCADA data from WT1-WT2 and WT4-WT8 (see Figure 4.1).

• 1 Hz recordings of the WT3 controller values for power, pitch, yaw position and rotational
speed

• 10 minute statistics of the meteorological signals from the93 m mast, MM (see Figure
4.1).

• Focuses LIDAR mounted on nacelle of WT3, performing at 348 Hz.

The data from the experiment is partly available in the Database of Wind Characteristics [2]
and in an internal network drive.
On the final day (September 11th) of the TOPFARM Tjæreborg experiment the LIDAR sys-
tem was mounted on a movable crane lift, placed downstream ina direction perpendicular to
the rotor plane of the turbine, thus enabling successive scanning campaigns of different parts
of the rotor plane [3]. It should be mentioned that the yaw position recordings of the turbines
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WT01-WT02 and WT04-WT08 are not correct due to individual offset errors and cannot be
used without a correction [4].

4.2 The WindScanner.dk facility

As part of the activities of the Danish research infrastructure facility WindScanner.dk [5, 6] a
measuring campaign was conducted where the Tjæreborg NM80 turbine (WT03) was equipped
with an upwind scanning spinner LIDAR [7, 8]. The experimenttook place from the beginning
of April 2009 until the 11th of September 2009.
During this experimental campaign the following instrumentation was available:

• 1 Hz recordings of the WT03 controller values for power, pitch, yaw position and rota-
tional speed

• 10 Hz recordings of wind speed and direction measured by cup anemometers and wind
vanes, respectively at various heights on the met mast.

• 20 Hz recordings of velocity from sonic anemometers at various height on the met mast

• 50 Hz recordings of an upwind scanning ZephIR LIDAR mounted in the spinner of WT03.

In the period from July 7th to August 27th the spinner LIDAR was equipped with a 30o optical
wedge prism and the focus distance was set to 53 m. On September 11th the focus distance was
set to 160 m and a 15o optical wedge was used.

4.3 The “Noise from wind turbines in wake” project

The EFP project “Noise from wind turbines in wake” [9] was carried out as a supplement to
the DANAERO project. In this project the far field noise levels was measured by a parabolic
measurement system (PMMS) and related to the surface pressure and inflow angles measured
on different blade sections of the instrumented NM80 turbine (WT03) at the Tjæreborg Enge
site.
During the campaign the PMMS measurements was synchronizedusing a trigger signal from
the DANAERO measurements and one of the PMMS trigger channels.
A total of 65 far field noise measurement series were carried out during the project and they
were distributed on the dates listed below:

• 16 July 2009 (22 measurement sessions)

• 14 August 2009 (4 measurement sessions)

• 1 September 2009 (28 measurement sessions)

• 11 September 2009 (11 measurement sessions)

4.4 Concurrency of related projects

Figures 4.2-4.3 show histograms of where the above described projects are running concur-
rently with the DANAERO project. There are a total of 174 parallel 10-minute recordings be-
tween the DANAERO and TOPFARM campaigns. The correspondingnumber of simultaneous
10 minute recordings of the DANAERO and the WindScanner project is 201. For complete-
ness Figure 4.4 shows histograms of where the DANAERO project is running concurrently
with both the TOPFARM and the WindScanner projects (the specific times for the wake noise
project is not known).
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Figure 4.2.Distribution of available 10 minute recordings in the DANAERO (DA) project and
where the DANAERO (DA) and TOPFARM (TF) campaigns are running in parallel.
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Figure 4.3.Distribution of available 10 minute recordings in the DANAERO (DA) project and
where the DANAERO (DA) and WindScanner (WS) campaigns are running in parallel.

There are 62 recordings of 10 minute length where the three projects are running at the same
time. However, it should be mentioned that even though thereare several times where the
project are running in parallel they may not be directly synchronized so some efforts may be
needed to achieve this. Furthermore, the quality of the concurrent datasets have not yet been
verified. Nevertheless, the cases where the three projects are running simultaneously could
potentially provide knowledge of inflow, loads and wake conditions at the same time, which
would make these datasets very extensive and unique.
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Figure 4.4.Distribution of available 10 minute recordings in the DANAERO (DA) project and
where the DANAERO (DA), TOPFARM (TF) and WindScanner (WS) campaigns are running
in parallel.
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5 Calibration of data obtained in the Tjære-

borg experiment

Author(s): N. Troldborg

One of the tasks in DANAERO MW II was to calibrate the sensors used during the experiment.
As outlined in detail in [1] this turned out to be much more challenging than expected.
In most cases the complications arose from sensor failures caused by e.g. saturation of strain
gauges, broken tube connections to the pressure taps or blocked holes in the Pitot tubes.
Even though a lot of efforts were made to maintain, clean and protect the measurements equip-
ment during the experiment it is nearly impossible to avoid sensor failure when equipment are
used in the field where it naturally is exposed to various external effects.
In other cases the calibration was challenging because somesensors drifted from their original
calibration. An example is the strain gauges measuring edgewise bending moments which were
affected by the blade temperature and hence needed to be recalibrated.
Finally, some sensors needed to be recalibrated because of human mistakes, e.g. misplacement
of calibration sheets, wrong calibration coefficients provided by suppliers or small offsets in
position of strain gauges.
The difficulty when sensors are to be recalibrated is that it must be based on measurements car-
ried out during the campaign while the initial calibrationstypically are carried out under con-
trolled conditions. Fortunately, the experimental campaign was from the beginning designed
with some degree of redundancy making it possible to calibrate one sensor using measure-
ments from other sensors.
An example of a particularly challenging sensor to calibrate was the strain gauge measuring
shaft torque. This sensor was calibrated by using the straingauges measuring the edgewise
bending moment distribution along the blade to compute the moment around the shaft. How-
ever, the measurements of these strain gauges were found both to depend on blade temperature
and on the flapwise bending moment. Thus, the calibration of the shaft torque strain gauge re-
lied on accurate calibration of the strain gauges measuringboth edgewise and flapwise bending
moments as well as blade temperature and should still be consistent with the measurements of
electrical power.
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Part II: Analysis of data
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6 Measured airfoil characteristics for a MW

rotor in atmospheric conditions

Author(s): C. Bak, N. Troldborg, H.A. Madsen

This section shows examples of pressure and inflow measurements carried out during the DAN-
AERO MW project on both the NM80 rotor and in the LM Wind Power wind tunnel. For more
details see Bak et al. [1].

6.1 Experimental approach

In order to explain how the aerodynamic characteristics areon a real wind turbine and how 2D
wind tunnel data should be transferred to 3D this investigation uses both full scale and wind
tunnel experiments as a basis.
From the field experiment on the NM80 turbine the following sensors are used:

• 4×64 surface pressure taps at the four radial stations, r/R=0.325, 0.475, 0.750 and 0.925
of the LM38.8 blade.

• Four five-hole Pitot tubes mounted at r/R=0.36, 0.51, 0.78 and 0.90, respectively.

• Rotational speed of the rotor

• Air density (derived from temperature and pressure measurements)

From the measurements in the LM Wind Power wind tunnel the following sensors are used:

• 4×64 surface pressure taps on four aerofoils with nearly the same geometry as the four
blade sections of the LM38.8 blade which were instrumented with pressure taps.

6.1.1 Predicting the angle of attack

The results from wind tunnel tests are commonly polars in terms of lift, drag and moment co-
efficients as a function of angle of attack. These data are used in aeroelastic calculations with
corrections of e.g. 3D effects. In this way the rotor performance and the loads on the entire
wind turbine can be predicted. However, the angle-of-attack term is an entity, which is not
possible to measure directly on or at the blade. The bound circulation on the blade and the
downwash are some of the effects influencing the flow around the blade sections. Thus, even
though Pitot tubes are measuring the angle of attack, the measured angles are not correspond-
ing to those measured in wind tunnels, because angles of attack in the tunnel are measured as
the pitch angle of the airfoil with corrections of blockage,streamline curvature and downwash.
The hypothesis in this analysis is that the pressure distributions corresponding to airfoil flow is
similar in the wind tunnel and at the rotor. In this way transfer functions from angles of attack
measured by the Pitot tubes and angles of attack measured in wind tunnels are established.
In situations with attached flow it is expected that good agreement will be seen for all parts
of the pressure distribution despite of the rotational effects. This is based on experience from
3D CFD calculations on several rotors. However, with separated flow a delay of the separa-
tion is expected based on observations from other experiments and therefore a good agreement
is generally only expected on the pressure side and close to the trailing edge on the suction
side. Therefore, angles of attack are estimated in an optimization process, where pressure dis-
tributions measured at the rotor are compared to pressure distributions measured in the wind
tunnel, by minimizing the standard deviation of the pressure differences with higher weight
from x/c=0.40 to x/c=1.00 at the pressure side and x/c=0.70 to x/c=1.00 at the suction side and
lower weight on the rest of the airfoil.
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However, in the analysis process it turned out that the innersection, Section 03 at r/R=0.325,
needs special treatment. For each measured pressure distribution on the rotor similar distribu-
tions from the wind tunnel were searched for, but the agreement was far less pronounced than
on the three other sections. Thus, another method for searching for the right pressure distribu-
tions was developed for the inner section. Since the dynamicpressure and the angle of attack
were determined for the three outer sections, the corresponding inflow velocity can be predicted
and good correlations between the inflow velocities for these sections are observed. This was
the reason for assuming that the inflow velocity for the innersection, Section 03 at r/R=0.325,
can be determined by extrapolating/regression of the inflowvelocities from the outer sections.

6.2 Results

In the following, results from an analysis of a number of selected time series are shown.

6.2.1 Pressure distributions

Figure 6.1 shows pressure distributions corresponding to lowest and highest angles of attack
extracted from these time series in comparison to wind tunnel data. The pressure distributions
are normalized as:

Cp =
p∞ − p
1
2ρW2

WhereCp is the normalized pressure,p∞ is the static pressure [Pa] in the far field, p is the
pressure [Pa] measured at the blade surface,ρ is the air density[kg/m3] andW is the relative
velocity [m/s]. For the three outboard sections the agreement is very good. For low angles of
attack the pressure distributions are very similar and fit well both at the leading edge and trail-
ing edge. However, at high angles of attack Section 05 (r/R=0.475) shows deviations between
pressure distributions in the tunnel and on the rotor. The pressure recovery from minimum
pressure to the trailing edge is not as abrupt on the rotor as in the tunnel. This could be caused
by 3D effects on the rotor, but could also be the influence fromthe walls in the wind tunnel.
This is yet unknown. However, for the inner section, Section03 at r/R=0.325, the agreement is
not so good. The pressure around the leading edge fits well, but the pressure around the trailing
edge does not agree as well as for the three outer sections even at fairly low angles of attack.
At higher angles of attack, as shown in Figure 6.1, the pressure distribution measured on the
rotor is much bigger than from the wind tunnel and a nearly constant pressure level is reached
at a chord position closer to the trailing edge at the rotor (x/c=0.44) compared to the wind tun-
nel data (x/c=0.38). This indicates the position of the separation point, which again indicates a
delay in stall on the rotor compared to the wind tunnel.
To investigate the precision of this method to derive airfoil characteristics for the rotor Figure
6.2 compares the derived angles of attack and dynamic pressures, called "synthetic", to those
measured by the Pitot tube in Section 05. There is a distinct trend, however with some scatter
of data. This was the reason not to use the Pitot tube measurements directly and it indicates the
degree of correlation between angles of attack and pressuredistributions.

6.2.2 Integrated forces

Figure 6.3 shows the normal force coefficientscn and Figure 6.4 shows the tangential force
coefficientct integrated from the pressure distributions for the rotor and for wind tunnel flows
both with clean surface and leading edge roughness (LER). The normal force coefficient,cn,
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Figure 6.1.Pressure measurements for four different blade sections. Upper left: Section 03
(r/R=0.325). Upper right: Section 05 (r/R=0.475). Lower right: Section 08 (r/R=0.750). Lower
left: Section 10 (r/R=0.925).

Figure 6.2.Angles of attack (left) and dynamic pressures (right) predicted by comparing pres-
sure distributions from the rotor with pressure distributions from the wind tunnel (”synthetic”)
plotted against the angles of attack and dynamic pressures as measured by the Pitot tube in
Section 05 (”Pitot”), respectively.

and the tangential force coefficient,ct , were computed, respectively, as:

cn =
n

1
2ρW2c

ct =
t

1
2ρW2c

where n and t is the normal and tangential force per meter [N/m] , respectively, integrated
from theCp distributions,ρ is the air density[kg/m3], W is the relative velocity [m/s] and c
is the chord length [m]. For the three outboard sections the agreement is very good for both
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Figure 6.3. Measuredcn polars for four different blade sections. Upper left: Section 03
(r/R=0.325). Upper right: Section 05 (r/R=0.475). Lower right: Section 08 (r/R=0.750). Lower
left: Section 10 (r/R=0.925).

cn andct . However, it seems that comparing to maximumcn for the clean wind tunnel model
the rotor showed slightly lowercn. This could be caused by surface roughness or differences
in surface quality, i.e. the roughness height on the airfoilsurface. More interesting, it seems
that the decrease incn for angles of attack above maximumcn observed in the characteristics
from the wind tunnel is less pronounced on the rotor at Section 05 at r/R=0.475. This might
be controlled by centrifugal/Coriolis forces or controlled by the lack of walls around the airfoil
section. For the inner section, Section 03 at r/R=0.325, theagreement is good, but not as good
as the other sections with higher scatter in the values even at low angles of attack. This is
due to the method used, where the inflow velocity found by extrapolation/regression of the
inflow velocities measured at the outer sections and where angles of attack are not determined
by comparison of pressure distributions. At high angles of attack thecn values in stall are
higher than in the wind tunnel which indicates that the separation is delayed like for Section
05. It should be noted that the plot ofcn shows wind tunnel data at two Reynolds numbers,
Re= 3×106 andRe= 5×106. The data is different in stall, with low Recn higher than the
high Recn. The increase ofcn in stall supports earlier observations of highercn values when
separation starts.
Figure 6.5 showscn polars for the two blade sections at the inner part of the rotor, compared
to polars derived from wind tunnel tests corrected for 3D effects using the model by Bak et al.
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Figure 6.4. Measuredct polars for four different blade sections. Upper left: Section 03
(r/R=0.325). Upper right: Section 05 (r/R=0.475). Lower right: Section 08 (r/R=0.750). Lower
left: Section 10 (r/R=0.925).

[2].

Only the two inner sections are considered because it is onlythose that are significantly affected
by the 3D correction model. However, it seems that the drop incn for angles of attack just above
maximumcn still exists despite of the 3D correction. With the given wind tunnel data in Section
03 and 05 it seems that the 3D correction is too small comparedto the actual data from the rotor.
However, this is mainly due to the drop incn just after maximumcn.

6.3 Conclusion

This paper showed examples on pressure and inflow measurements carried out in the DAN-
AERO MW project on both a full scale rotor and in a wind tunnel.Wind tunnel tests in the
LM Wind Power LSWT on four airfoil sections identical to the blade sections on the LM38.8
blade were carried out. Also, measurements on an NM80 2MW wind turbine were carried out,
including pressure measurements in four sections, inflow measured with four Pitot tubes and
several other sensors, such as strain gauges, accelerometers and those controlling the turbine.
The pressure measurements as well as the integrated normal force and tangential force coef-
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Figure 6.5.Measuredcn polars for two different blade sections compared to 3D corrected wind
tunnel data using the method by Bak et al [2]. Left: Section 03(r/R=0.325). Right: Section 05
(r/R=0.475).

ficients,cn andct , revealing the airfoil performance from the full scale rotor in atmospheric
conditions and the airfoil performance in the wind tunnel are compared to reflect the differ-
ences and compare to models for 3D correction. A general trend is that the negative slope of
the cn curve just above angles of attack corresponding to maximumcn as measured in wind
tunnels is not as pronounced at the rotor. Whether this is dueto 3D effects or the lack of walls
around the section on the rotor is not known. Also, delay of separation was observed, especially
for the inner section, which caused an increase incn for angles of attack above maximumcn

as measured in the wind tunnel. However, 3D correction of wind tunnel data showed for these
measurements too abrupt decrease in the forces for angles ofattack just above the maximum
normal force coefficient as measured in the tunnel.
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7 Detection of transition on airfoils from high

frequency microphone measurements

Author(s): M. Døssing, H.A. Madsen, C. Bak, A. Fischer, N. Troldborg, P.Hansen, F. Bertag-
nolio

This chapter presents a method which uses high frequency surface microphone measurements
to detect transition from laminar to turbulent boundary layer flow on a full scale wind turbine
blade. For more details see the report by Døssing et al. [1].

7.1 Introduction

The chordwise position of the transition from laminar to turbulent boundary layer flow is a key
parameter in both experimental and computational aerodynamics as well as in airfoil design.
Previous work carried out in wind tunnels have shown that high frequency surface pressure
measurements is an efficient way of detecting transition [2–4]. Figure 7.1 shows an example of

Figure 7.1.Power spectrum of surface pressure from four microphones inthe leading edge
region of an airfoil in a wind tunnel. Transition is detectedto be between position 10.2% from
the leading edge and position 13.8%.

a surface pressure power spectrum measured by four microphones in the leading edge region
of an airfoil in a wind tunnel. The figure is taken from work by Madsen et al. [4]. As seen
the spectrum for the microphone at position 13.8% from the leading edge is much higher than
the spectrum for the microphone at position 10.2%. So, the transition has been detected to be
within these two positions. In the wind tunnel measurementson airfoils by Bak and Døssing
[2] and Døssing [3] transition was identified as the chordwise position with an increase in the
quantityµl defined as:

µl =

∫ fny
0 f Pspd f∫ fny
0 Pspd f

(1)

where fny is the Nyquist frequency andPsp the power spectrum of the surface pressure. This
definition ofµl means that the energy at high frequencies are weighted higher than the energy
at low frequencies.
This approach does however not work in the DANAERO field experiment because the low
frequency part of the power spectrum dominates. Therefore,the method proposed here is to
use microphones to measure the sound pressure level (SPL) ina given frequency band and
infer transition as locations with a sudden chordwise increase of the SPL.
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7.2 Measurement data

The used measurements are obtained in the part of the DANAEROMW project where a 2MW
NM80 wind turbine and a nearby met mast located at the Tjæreborg site near Esbjerg, Denmark
was extensively instrumented to facilitate inflow and load measurements on the turbine. As
part of the instrumentation of the blade of the NM80 turbine 50 high frequency microphones
measuring surface pressure fluctuations at 50 kHz was installed at a position 3 m from the tip.
See [5] for further details.

7.3 Method

As mentioned in the introduction the method proposed here isto detect transition as positions
with a chordwise increase in the sound pressure levelLp.

7.3.1 Computing the sound pressure level

The sound pressure levelLp at each of the 50 microphone positions is computed from the power
spectral density of the surface pressure,Psp as follows

Lp = 20log10

(
Prms

pre f

)
(2)

wherepre f = 20µPaand

P2
rms= 2

∫ f2

f1
Psp( f )d f (3)

wheref1 ≤ f ≤ f2 is a given frequency range. The influence off1 and f2 on the sound pressure
level is studied in section 7.4.
In order to derive temporal variations in the transition point each time series of surface pressure
measurements are divided intoK sections (windows) with a 50% overlap and for each of these
windowsLp is computed from equation 2 and 3. To each of theK windows is then associated
a sound pressure levelLp,k and a discrete timetk, which is taken to be at the center of the
window. In the present work the method described by Welch [6]is used to make the Fourier
analysis needed to computePsp and a Hanning window function is applied to each window
section. More details about the procedure can be found in [1]. The number of surface pressure
samples in each window is denotedL, which is equivalent to a time span of∆t = L/ fs, where
fs = 50kHz is the sampling frequency.

7.3.2 Detection of transition

The transition point at each discrete time steptk is determined from the chordwise distribution
of the sound pressure level,Lp in the following way:

• SortLp according to chordwise position,x, of the 50 microphones.

• Filter spatiallyLp to obtain a smooth distribution denotedLp(x).

• Determine transition points,xt , as positions where the chordwise derivative ofLp(x) is
larger than a specified limit(dLp(x)/dx)limit .

• In general there will be a range of chordwise positions whichfulfils this criteria and the ex-
act position is defined to be the zero crossing of the second order derivatived2Lp(x)/dx2.
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• If more than two chordwise positions on each side of the airfoil satisfy the criteria then
(dLp(x)/dx)limit is increased until only two transition points are found on each side of the
airfoil.

Figure 7.2 shows an example of calculated transition pointstogether with the corresponding
sound pressure level and its first and second derivative. Theparameters used in Figure 7.2 are

a)

b)

c)

Figure 7.2.Example of calculated transition points on suctions side ata given timetk and the
corresponding SPL (a) as well as its derivative (b) and second derivative (c)

shown in Table 7.1.

(dLp(x)/dx)limit 350 dB
f1 2.0 kHz
f2 6.0 kHz
L 2048

Table 7.1. Key parameters for detection of transition

DTU Wind Energy E-0027 33



7.4 Parameter study

In this section the influence of various parameters on the prediction of the transition point on
the suction side is investigated. The parameter study includes the following parameters:

• Window size,L

• Frequency range,f1 ≤ f ≤ f2

• Limit on derivative ofLp, (dLp(x)/dx)limit

The measurements used for the parameter study was obtained on july 21st and is located in the
data filecRIO_20090721_144710.tim.

7.4.1 Dependency on window size

Figure 7.3 shows contour plot ofLp versustk andx for various window sizes, L. In all plots
Lp has been computed usingf1 = 1kHz, f2 = 6kHzand(dLp(x)/dx)limit = 350dB. The plots
are converging when L is decreased and there is only small differences when L is less than
approximately 2048.
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a) b)

c) d)

e) f)

g) h)

Figure 7.3.Contours ofLp as function of chordwise position and time.f1 = 1.0 kHz, f2 =

6.0 kHzand(dLp(x)/dx)limit = 350dB. a)L = 256; b)L = 512; c)L = 1024; d)L = 2048; e)
L = 4096; f)L = 8192; g)L = 16384; h)L = 32768

DTU Wind Energy E-0027 35



a) b)

c) d)

e) f)

g) h)

i) j)

Figure 7.4.Contours ofLp as function of chordwise position and time. In all casesL = 2048
and (dLp(x)/dx)limit = 350dB. The frequency range( f1, f2) is (in [Hz]): a) (100,300), b)
(300,500); c) (500,750); d) (750,1000); e) (1000,2000); f) (2000,3000); g) (3000,4000);
h) (4000,5000); i) (5000,6000); j) (6000,7000)
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7.4.2 Dependency on frequency range

Figure 7.4 shows contour plot ofLp versustk andx for various frequency ranges. In all plots
L = 2048 and(dLp(x)/dx)limit = 350dB.
The plots show that the chordwise distribution of the sound pressure level based on low fre-
quencies differs substantially to the corresponding values at higher frequencies.

7.4.3 Dependency on (dLp(x)/dx)limit

Figure 7.5 shows contour plots ofLp versustk andx for L = 2048, f1 = 2kHzand f2 = 6kHz.
Also included in the plots are the predictions of the transition pointsxt using various values of
(dLp(x)/dx)limit .

Figure 7.5.Contours of SPL as function of chordwise position and time together with predic-
tions of transition points for various values of(dLp(x)/dx)limit . In all casesL = 2048, f1 =

2.0 kHzand f2 = 6.0 kHz). Left: Suction side; Right: Pressure side. Top:(dLp(x)/dx)limit =

300dB; Middle: (dLp(x)/dx)limit = 400dB; Bottom:(dLp(x)/dx)limit = 500dB.
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Note thatx denotes the chordwise position scaled with the chord of the airfoil section, i.e.
0≤ x≤ 1. The red curve shows the first transition point and the greencurve shows the second
transition point. The first transition point (red) has the largest derivativedLp(x)/dx. The aim
of the analysis is to determine a value of(dLp(x)/dx)limit which gives numerically stable de-
tections of the transition points. Choosingmin(dLp(x)/dx) to be between 300dB and 400dB
gives good predictions of the transition points in the showncase. Therefore,(dLp(x)/dx)limit =

350dBwas selected for the full analysis of all data.

7.5 Results

In section 7.4 we saw that it is possible to use small data windows and thereby analyse the time
variations ofLp in the boundary layer and hence also the dynamics of the transition points.

a) b)

c) d)

e) f)

Figure 7.6.Various representative examples of contours of SPL on suction side versus chord-
wise position and time together with predictions of transition points. In all casesL = 2048,
f1 = 2000kHz, f2 = 6000Hz) and(dLp(x)/dx)limit = 350dB
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Figure 7.5 already indicates that the method used for identifying the transition point is robust
and accurate. To further verify the method Figure 7.6 show contours of sound pressure level on
the suction side in different cases together with the predictions of the corresponding transition
points using the parameters in Table 7.1. In cases where the turbine is in operation i.e. where
the Lp levels are not too low the proposed method is generally successful in detecting the
transition point. Figure 7.6d reveal a case with nearly steady transition from laminar to turbulent
boundary layer, Figure 7.6e show periodic variations with transition and relamination zones
corresponding to the rotational speed of the turbine, whileFigure 7.6f show a non-periodic
behaviour. However, as indicated in Figure 7.6b), the method may fail in cases with low values
of Lp where the turbine is at standstill or rotates very slowly. Based on the plots in Figure 7.6
the SPL can roughly be divided into the following regimes when using the parameters in Table
7.1:

• 0 - 60 dBTurbine at standstill and background noise

• 60 - 85 dBLaminar boundary layer

• 85 - 95 dBTransition

• 95 - 120 dBTurbulent boundary layer

The proposed technique for identifying transition points have been applied with the parameters
in Table 7.1 to all microphone data obtained in the Tjæreborgexperiment and are available in
appendix reports [7–12]. The resulting chordwise positions of the transition points on both the
suction and pressure side are available in the database.

7.6 Conclusions

The calculated sound pressure (SPL) level is converging when the size of the data window is
decreased. In practice a window of 2048 data points yields converged data and corresponds to
a sampling time of 0.041 seconds.
A frequency range of 2000-6000 Hz was found useful for detection of transition. The approxi-
mate SPL associated with standstill, laminar, transitional and turbulent flow has been identified.
Transition was detected by enforcing a minimum derivative of SPL of 350 dB i.e. a 35 dB in-
crease over 10% of the chord. This yielded good results in most cases, however transition
was erroneously detected in a few special cases. The analysis has resulted in appendix reports
[7–12], which contains results for each file sampled in the period from June 25th to Semptem-
ber 11th. These contains plots which gives an indication of the time varying properties in the
boundary layer on the suction and pressure side.
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8 Comparisons of airfoil characteristics for

two airfoils tested in three different wind

tunnels

Author(s): C. Bak, H.A. Madsen, M. Gaunaa, U. Paulsen, P. Fuglsang, J. Romblad, N.A. Ole-
sen, P. Enevoldsen, J. Laursen, L. Jensen

This section compares the measured characteristics on two different airfoils in various wind
tunnels. For more details see [1].
The comparisons are carried out between the commonly used NACA 633-418 airfoil [2] and
the wind turbine dedicated high lift airfoil Risø-B1-18 [3]measured in the three different wind
tunnels:

• The VELUX wind tunnel (DK)

• The LM Wind Power Low Speed Wind Tunnel (LSWT) (DK)

• The Delft Low Speed Low Turbulence (LSLT) tunnel (NL)

For the NACA 633-418 airfoil additionally available data from the Stuttgart LWK (GER) and
the Langley LTPT (USA) were shown in the comparison of the data.
Key values for the different wind tunnel layouts are relatedto the test results.

8.1 Experimental setup and approach

Two different airfoil designs were tested:
The commonly used NACA 633-418 airfoil designed for airplanes and the wind turbine dedi-
cated high lift airfoil Risø-B1-18. One NACA 633-418 airfoil model and one Risø-B1-18 airfoil
model with chord length 0.600mwere used in both the VELUX tunnel and the Delft tunnel. For
the LM Wind Power tunnel new models were manufactured with a chord length of 0.900m.
Tests were carried out atRe= 1.5× 106 andRe= 1.6× 106. For the Delft and LM tunnel
Re= 3× 106 was also tested. Different configurations were tested such as clean surface and
leading edge roughness in terms of zigzag tape at the leadingedge.

8.2 The airfoils

NACA 633-418

The NACA 633-418 airfoil is described by Abbott and Doenhoff [2] and is designed for use on
airplanes. However, it has been extensively used in the windturbine industry for a few decades,
because of the relatively smooth stall characteristics, the relatively high insensitivity of max-
imum lift to leading edge roughness, the quite good aerodynamic performance and the good
structural characteristics. The intended use for airplanes causes the maximum lift- drag ratio
to appear at a rather low lift coefficient (cl 0.9) and with a medium maximum lift coefficient
(cl ,max≈ 1.3 for Reynolds numbers between 1.5 and 3×106).

Risø-B1-18

The Risø-B1-18 airfoil is described by Fuglsang and Bak [3] and is designed for wind turbines
and specifically for those with Pitch Regulation and Variable rotor Speed (PRVS). For this type
of regulation, stall is to a great extent avoided and the stall characteristics require less consid-
eration. The airfoil is designed to be insensitive of maximum lift to leading edge roughness, to
have high maximum lift (cl ,max≈ 1.6) and to show maximum lift-drag ratio at a quite high lift
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coefficient (cl ≈ 1.3 for Reynolds numbers between 1.5 and 3×106). The two airfoil contours
are shown in Figure 8.1.

Figure 8.1.The NACA 633-418 and Risø-B1-18 airfoil contours

8.3 The leading edge roughness

With the requirement of 20 years wind turbine operation it isunavoidable that the blades surface
condition will vary especially at the leading edge. The surface will change either because of
contamination caused by dust and bugs sticking to the surface or by erosion. Thus, apart from
testing airfoils with a clean surface, also leading edge roughness (LER) should be simulated
in wind tunnel tests. However, there is still no consensus ofhow to do it. In this work four
different types of roughness were used:

• Zigzag tape mounted atx/c= 0.05 at the suction side and atx/c= 0.10 at the pressure
side with a tape thickness of 0.4 mm, a tape width of 3mmand a tape pattern of 90o.

• Zigzag tape mounted atx/c= 0.02 at the suction side with a tape thickness of 0.4 mm, a
tape width of 3mmand a tape pattern of 90o.

• Zigzag tape mounted atx/c= 0.05 at the suction side and atx/c= 0.10 at the pressure
side with a tape thickness of 0.4 mm, a tape width of 3mmand a tape pattern of 60o.

• Sandpaper 3M Safety-Walk of width 0.15m (6 inches) wrapped around the leading edge
covering the entire airfoil from the leading edge tox/c= 0.08 on both pressure and suction
side.

Only the first type of simulation was used in all the tunnels, whereas the second was used only
in the LM LSWT and the third and fourth were used in the Delft tunnel. In this paper only the
results from the first roughness simulation type will be compared. With a constant thickness of
the zigzag tape in all the tunnels, the relative thickness inthe LM tunnel wast/c= 4.4×10−4

and 50% higher in the LM and Delft tunnels,t/c= 6.7×10−4

8.4 The tunnels

Below the three wind tunnels are described. However, also the Stuttgart LWK and the NASA
Langley LTPT are described because measured characteristics for the NACA 633-418 airfoil
from these tunnels are also shown here. In all wind tunnels the drag was measured using a
wake rake (an arrangement of parallel total pressure tubes in the wake of the airfoil). Thus, the
pressure distribution (or the pressure/velocity deficit) in the wake of the airfoil is measured and
converted to a drag coefficient.
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VELUX wind tunnel

This wind tunnel is situated in Østbirk, Denmark, is owned bythe roof top window manu-
facturer VELUX and is of the closed return type. The test section is open and the turbulence
intensity is relatively high, TI=1%. The airfoil forces aremeasured using pressure taps in the
airfoil surface and the drag is measured using a fixed wake rake. The distributed pressure mea-
surements are integrated to lift, drag and moment coefficients. The forces are corrected with
respect to down wash and stream line curvature, see Ref. [4].The test stand is mobile and
owned by Risø DTU, so the measurements are carried out in campaigns over three to four
days. The tunnel has been used by Risø DTU since the start of the 1990s. The dimensions of
the tunnel are seen in Table 8.1.

LM Wind Power LSWT

This wind tunnel is situated in Lunderskov, Denmark, is owned by LM Wind Power and is of
the closed return type. The test section is closed and the turbulence intensity is relatively low,
TI=0.1%. The airfoil forces are measured using airfoil surface pressure taps and the drag is
measured using a traversing wake rake. The distributed pressure measurements are integrated
to lift, drag and moment coefficients and corrected according to Fuglsang and Bove [5]. The
tunnel has been active since 2006. The dimensions of the tunnel are seen in Table 8.1.

The Delft LSLT

This Low Speed Low Turbulence (LSLT) wind tunnel is situatedin Delft, The Netherlands, at
Delft University of Technology. It is of the closed return type and the test section is closed.
The turbulence intensity is very low, TI=0.02%. The airfoilforces are measured using the
same principles as in the LM tunnel and lift, drag and moment coefficients are integrated and
corrected according to the method described by Timmer [6]. The dimensions of the tunnel are
seen in Table 8.1.

The Stuttgart LWK

This Stuttgart Laminar Windkanal (LWK) was not part of the general comparisons, but was
used because one of the two airfoils was measured in the tunnel. It is situated in Stuttgart,
Germany, at Stuttgart University and is of the open type and the test section is closed. The
turbulence intensity is extremely low, TI=0.0002%. The airfoil forces are measured using pres-
sure taps on the wind tunnel walls and the drag is measured using a traversing wake rake. The
distributed pressure measurements are integrated to lift and drag coefficients and corrected, see
Althaus [7]. The dimensions of the tunnel are seen in Table 8.1.

The NASA Langley LTPT

As for the Stuttgart wind tunnel, this tunnel was not part of the general comparisons, but was
used because one of the airfoils was measured at one Reynoldsnumber. It is situated in Hamp-
ton, Virginia, USA, at the NASA Langley Research Center and is a Low Turbulence Pressure
Tunnel (LTPT). It is of the closed return type and the test section is closed. The turbulence
intensity is unknown, but is probably similar to the turbulence level in the Delft tunnel, because
of the similarities in contraction ratio. The airfoil forces are measured using pressure taps on
the wind tunnel walls and the drag is measured using a wake rake. The dimensions of the tunnel
are seen in Table 8.1. A further feature of this tunnel is the possibility of increasing the pressure
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from 1atm to 10atm increasing the density and thereby increasing the Reynoldsnumber. The
tunnel has been used for test of a huge number of e.g. NACA airfoils, which are reported by
e.g. Abbott and Doenhoff [2].

Summary of the wind tunnels

In Table 8.1 a summary of the tunnels is seen in terms of key parameters. The knowledge of
these parameters is important for interpretation of the results, because the boundary and initial
conditions for the tunnel flow affect the airfoil performance. The question is how the following
parameters influence the performance:

• The turbulence intensity: A high turbulence intensity willmove the transition from laminar
to turbulent flow towards the leading edge. However, energy spectra of the turbulence are
unspecified.

• The wind tunnel blockage: The ratio between the height of thetest section and the chord
length is a measure of how the walls/jet boundary will interact with the airfoil forces.

• The aspect ratio: The ratio between the chord length and the span width of the airfoil
model gives an indication of the degree of two-dimensionality of the flow.

• Fixed or traversing wake rake: The wake rake can either be fixed to measure the velocity
deficit in one plane or the wake rake can be traversed to integrate possible changes along
the airfoil span.

The above list of parameters is not meant to be complete, but shows some of the very important
factors that can contribute to deviations in measurements between wind tunnels.
Finally, from the limited list of wind tunnels, Table 8.1, there is a relation between contraction
ratio,cr , and turbulence intensity, TI, that follows the function:cr [-] = 4(TI[%])−0.38. However,
according to the theory, Barlow et al. [8], the relation should for the longitudinal direction be
cr [-]≈ TI(U)[%]−0.5 and for the lateral directioncr [-]≈ TI(V)[%]−2, which do not agree with
the observation. As stated by Barlow et al. [8], there does not appear to be a good method of
predicting the effects of contraction ratios in turbulencereduction. Thus, to support the validity
of the above observed relation significantly more wind tunnels have to be analyzed.

Tunnel VELUX LM Delft Stuttgart Langley

Return Closed Closed Closed Open Closed
Test section Open Closed Closed Closed Closed

Test section length, L [m] 7.50 7.00 2.60 3.15 2.29
Test section height, H [m] 3.40 2.70 1.80 2.73 2.29
Test section width, W [m] 1.90 1.35 1.25 0.73 0.91

Turbulence intensity, TI [%] 1.0 0.1 0.02 0.0002 -
Chord length, c[m] 0.60 0.90 0.60 0.60 0.60

Height-chord ratio, H/c [-] 5.7 3.0 3.0 4.55 3.81
Aspect ratio, W/c [-] 3.2 1.5 2.1 1.2 1.5
Contraction ratio [-] 3.11 10 17.8 100 17.6

Maximum speed [m/s] 40 105 120 90 130
Lift measurements Airfoil Airfoil Airfoil Wall Wall

Wake rake Fixed Traverse Traverse Traverse -

Table 8.1. Key parameters describing the dimensions and setup of the wind tunnels.
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8.5 Results

The airfoils were tested in the three tunnels atRe= 1.6×106 in Delft [9] and VELUX [10] and
at Re= 1.5×106 in LM [11, 12]. Also, the airfoils were tested atRe= 3.0×106 in Delft and
at LM, but not in the VELUX wind tunnel. Furthermore, the NACA633-418 airfoil was tested
atRe= 1.5×106 and 3×106 in the Stuttgart LWK and atRe= 3.0×106 in the Langley LTPT.
Key parameters extracted from the wind tunnel measurementsare seen forRe= 1.5×106 and
Re= 3.0×106 for the NACA 633-418 airfoil in Tables 8.2-8.3 and for the Risø-B1-18 airfoil
in Tables 8.4-8.5.
The measurements atRe= 3.0× 106 in clean configurations are compared to XFOIL, Drela
[13]. XFOIL is a panel code with inviscid/viscous interaction and for a given angle of attack,
AoA, and Re, it provides thecp-distribution and lift and drag coefficients. Transition from
laminar to turbulent flow was modeled by theen method with n = 9 corresponding to TI=0.07%.
Investigations carried out by Bertagnolio et al. [14] showed that XFOIL for thin airfoils in many
cases over predicts and delayed maximum lift slightly compared to EllipSys2D [15–17]. Later,
Bertagnolio et al. [18] investigated 3D airfoil computations using different turbulence models,
which showed significant differences in the prediction of maximum lift. However, at low angles
of attack both XFOIL and EllipSys predicted the airfoil performance quite well.

Delft LM Stuttgart VELUX

Re×10−6 1.6 1.5 1.5 1.6
AoA0 -2.5 -3.5 -3.3 -2.2
cl ,max 1.23 1.31 1.32 1.33

AoAcl,max 11.3 11.1 12.3 16.3
cd,min 0.0064 0.0083 0.0072 0.0093(
cl
cd

)
max

119.5 101.1 110.9 73.0

AoA(cl/cd)max
6.1 5.1 5.7 5.0

cl ,(cl/cd)max
1.00 0.94 1.02 0.80

Table 8.2. Key values describing the aerodynamic performance of the NACA633-418 in clean
surface configuration at Re= 1.5×106 to Re= 1.6×106

Delft LM Stuttgart Langley

Re×10−6 3.0 3.0 3.0 3.0
AoA0 -2.5 -3.2 -3.0 -2.8
cl ,max 1.30 1.35 1.30 1.38

AoAcl,max 12.8 11.7 10.9 13.3
cd,min 0.0062 0.0054 0.0062 0.0060(
cl
cd

)
max

121.1 134.8 114.7 121.6

AoA(cl/cd)max
5.2 5.1 4.4 6.1

cl ,(cl/cd)max
0.91 0.93 0.86 1.01

Table 8.3. Key values describing the aerodynamic performance of the NACA633-418 in clean
surface configuration at Re= 3.0×106

8.5.1 NACA 633-418

Reynolds number 1.5×106

Figure 8.2 shows results for the clean configuration. Here, also data from the Stuttgart tunnel is
included for comparison. It is seen that there is no exact agreement between the data from the
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Delft LM VELUX

Re×10−6 1.6 1.5 1.6
AoA0 -3.6 -4.3 -3.3
cl ,max 1.55 1.50 1.64

AoAcl,max 11.8 11.4 13.5
cd,min 0.0080 0.0074 0.0090(
cl
cd

)
max

122.6 125.3 100.2

AoA(cl/cd)max
8.2 7.1 6.5

cl ,(cl/cd)max
1.36 1.21 1.16

Table 8.4. Key values describing the aerodynamic performance of the Risø-B1-18 in clean
surface configuration at Re= 1.5×106 to Re= 1.6×106

Delft LM

Re×10−6 3.0 3.0
AoA0 -3.5 -3.9
cl ,max 1.68 1.66

AoAcl,max 12.3 12.9
cd,min 0.0072 0.0067(
cl
cd

)
max

135.8 129.7

AoA(cl/cd)max
7.2 6.1

cl ,(cl/cd)max
1.30 1.15

Table 8.5. Key values describing the aerodynamic performance of the Risø-B1-18 in clean
surface configuration at Re= 3.0×106

different tunnels. There are several deviations between the measurements. The determination
of the zero-lift-angle-of-attack,AoA0, from the different tunnels is measured within the range
of 1.3 degrees. This can be due to uncertainties in measuringthe geometric AoA, shape devia-
tions in the airfoil contour and corrections of the measuredlift. The slopes of the linear part of
the lift curve agree fairly well between 0.111 and 0.116 per degree (between 2π+0.077rad−1

and 2π+0.363rad−1) with a somewhat higher slope in the Delft tunnel and lower slope in the
VELUX tunnel. The slope seems not to correlate with the wind tunnel layout parameters shown
in Table 8.1. The maximum lift coefficients,cl ,max, agree fairly well between 1.23 and 1.33. It
is noted that the AoA, at whichcl ,maxappears,AoAcl,max, increases with increasing ratio of H/c.
This means that a reduction in blockage could be the reason for an increase incl ,max. How-
ever, several other parameters determine the level ofcl ,max such as TI [19], the aspect ratio and
whether the lift measurement is carried out on the tunnel walls or on the airfoil surface. Also,
the quality of the models determines the level. However, to the extent that these parameters are
known they do not correlate with the variations incl ,max.
The drag coefficient,cd, differs somewhat and especially in the VELUX tunnel which has a
rather high TI compared to the other tunnels. Because the Delft tunnel shows the lowest min-
imum drag values,cd,min, there seems however not to be a clear correlation between TIand
cd,min, since the Stuttgart tunnel has lower TI than the Delft tunnel. However, parameters such
as the degree of two-dimensionality of the flow and the methodof measuring the wake deficit
can also affect the prediction ofcd. Somewhat fluctuatingcd from the LM tunnel seems to ap-
pear, which probably is caused by less sensitivity of the measurement equipment, because it is
calibrated for Reynolds numbers betweenRe= 3.0×106 andRe= 6.0×106.
Figure 8.3 shows data for the LER configuration (zigzag tape mounted on suction side at
x/c= 0.05 from the leading edge and on pressure side atx/c= 0.10 from the leading edge).
Here, only data from Delft and VELUX is available with the prescribed zigzag tape. Also,
measurements from Stuttgart [7] are shown with a somewhat different way of simulating the
leading edge roughness. The data from Delft and VELUX agreesvery well, however with

46 DTU Wind Energy E-0027



Figure 8.2.Polars of the NACA 633-418 airfoil atRe= 1.5×106 to Re= 1.6×106 in clean
configuration

somewhat highercd in the VELUX tunnel. The data from Stuttgart is not based on the same
LER simulation and cannot be directly compared. However, itshows the same trends in the
decrease incl ,max and increase incd.

Figure 8.3.Polars of the NACA 633-418 airfoil atRe= 1.6×106 in LER configuration

Reynolds number 3.0×106

Figure 8.4 shows results for the clean configuration. Here, the VELUX tunnel is not part of
the comparisons, because this Reynolds number is above the range of this tunnel. However,
data from the Stuttgart and the Langley tunnels are includedfor comparison. It is seen that the
agreement between the data in the different tunnels are muchbetter than at 1.5×106 for the
clean configuration. However, there are still some deviations between the measurements. The
determination ofAoA0 from the different tunnels is measured within the range of 0.7 degree.
As for the lower Reynolds number this can be due to uncertainties in measuring the geometric
AoA, shape deviations in the airfoil contour and corrections of the measured lift.
The slopes of the linear part of the lift curve agree fairly well between 0.112 and 0.120 per
degree (between 2π+0.114rad−1 and 2π+0.592rad−1) with a somewhat higher slope in the
Delft tunnel and lower slope in the Langley tunnel. As was thecase for the lower Reynolds
number, the slope seems not to correlate with the wind tunnellayout parameters shown in
Table 8.1. Agreement ofcl ,max is fairly good between 1.30 and 1.38. No correlations between
theAoAcl,max and the four parameters 1) the ratio H/c, 2) TI, 3) the ratio W/c and 4) whether
the pressure is measured on the airfoil surface or on the walls have been detected as was the
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Figure 8.4.Polars of the NACA 633-418 airfoil atRe= 3.0×106 in clean configuration

case at the lower Reynolds number.
Agreements ofcd are quite well at all lift coefficients withcd,min between 0.0055 in the LM
tunnel and 0.0062 in the Stuttgart tunnel. Because the LM tunnel with the highest TI (which
is quite low) shows the lowestcd and the Stuttgart tunnel with lowest TI shows the highestcd,
an expected reduction incd with a reduction in TI is not observed. Sincecd depend on more
parameters than TI such as the airfoil surface quality, the resolution of the pressure tubes in the
wake rake measuring the pressure in the airfoil wake, the method used to detect the wake and
the Mach number, no conclusions regarding correlation of the drag measurements to the wind
tunnel configuration can be drawn. Finally, the results withclean configuration are compared
to XFOIL computations. It is seen that XFOIL predicts the aerodynamic performance well at
low AoA, however with somewhat under predictions ofcd. At high AoA XFOIL seems to over
predictcl ,max andcl for separated flows significantly.

8.5.2 Risø-B1-18

Reynolds number 1.5×106

The Risø-B1-18 airfoil was like the NACA 633-418 airfoil tested in the three tunnels atRe=
1.6× 106 at Delft and VELUX and atRe= 1.5× 106 at LM. Figure 8.5 shows data for the
clean configuration and Figure 8.6 shows data for the LER configuration atRe= 1.5×106 to
Re= 1.6×106.
As for the NACA 633-418 airfoil atRe= 1.6×106. it is seen that there is no exact agreement

Figure 8.5.Polars of the Risø-B1-18 airfoil atRe= 1.5×106 to 1.6×106 in clean configuration
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Figure 8.6.Polars of the Risø-B1-18 airfoil atRe= 1.5×106 to 1.6×106 in LER configuration

between the data in the different tunnels for the clean configuration. The results deviated from
each other in several ways.
The determination ofAOA0 from the different tunnels is within 1.0 degree. As for the NACA
633-418 airfoil this can be due to uncertainties in measuring the geometric AoA, shape devia-
tions in the airfoil contour and corrections of the measuredlift.
The slopes of the linear part of the lift curve differ somewhat between 0.106 and 0.122 per
degree (between 2π− 0.21rad−1 and 2π+ 0.71rad−1), again with somewhat higher slope in
the Delft tunnel and lower slope in the LM tunnel. However, the slope seems not to correlate
with the wind tunnel layout parameters shown in Table 8.1.
Significant differences are seen forcl ,max and the stall characteristics, between 1.48 and 1.64.
Since the VELUX tunnel shows the highestcl ,max there might be a correlation between on one
hand the ratio H/c, the ratio W/c or whether the test section is open or closed and on the other
handcl ,max. However, other parameters such as TI might influence the measurements signifi-
cantly. Thus, there is no clear correlation betweencl ,max and the wind tunnel layout.
Some differences are seen forcd and especially in the VELUX tunnel as was the case for the
NACA 633-418 airfoil. Thus, the measurements show that high TI affectscd, but that TI below
a certain level does not affect the determination ofcd,min. However, comparing thecl vs cd

plot, Figure 8.5, a "knee" in the curve is seen for both LM and Delft data. The knees appear at
cl ≈ 1.3 for the LM data and atcl ≈ 1.4 for the Delft data. The knees indicate the lift levels
at which the transition from laminar to turbulent flow moves towards the leading edge. Thus,
it seems that the somewhat higher TI or the given energy spectra of the turbulence in the LM
tunnel affects the transition from laminar to turbulent flowin an earlier stage than the Delft
tunnel. For the LER configurationcl from Delft and VELUX agrees very well, however with
somewhat highercd in the VELUX tunnel and more abrupt stall in the Delft tunnel.

Reynolds number 3.0×106

The Risø-B1-18 airfoil was tested in only two tunnels, Delftand LM, atRe= 3.0×106. Figure
8.7 shows results for the clean configuration and Figure 8.8 shows data for the LER config-
uration atRe= 3.0× 106. It is seen that there is very good agreement between the datain
the two tunnels for the clean configuration. However, the results deviated from each other in a
few ways. The determination ofAoA0 from the different tunnels is within 0.4 degree. No other
reasons for this than those mentioned for the test at the lower Reynolds number are known.
The slopes of the linear part of the lift curve differ somewhat between 0.115 and 0.123 per
degree (between 2π+ 0.31rad−1 and 2π+ 0.76rad−1), again with somewhat higher slope in
the Delft tunnel and lower slope in the LM tunnel. Very similar values ofcl ,max is seen, between
1.66 and 1.68, and also the stall characteristics are very similar.
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Figure 8.7.Polars of the Risø-B1-18 airfoil atRe= 3.0×106 in clean configuration

Figure 8.8.Polars of the Risø-B1-18 airfoil atRe= 3.0×106 in LER configuration

Also, thecd values are very similar. However, as was the case atRe= 1.6×106, the knee of
thecl vscd plot appears at different cl for the two tunnels. In the Delfttunnel the knee appears
at highercl , indicating lower TI, which is in good agreement with the specifications for the
tunnels. Thus, as long as TI is fairly low (≤ 0.1%) it seems that it does not affectcd very much.
However, it seems to affect the dynamics of the transition point location.
For the LER configurationcl from Delft and LM agrees very well, but with some difference in
cl ,max, between 1.62 and 1.72.
The determination ofAoA0 is within 0.5 degrees in this case. Also, differences are seen in
cd, with highercd in the Delft tunnel. Thus, some deviations in aerodynamic performance are
observed for the Risø-B1-18 airfoil when comparing the clean configuration with the LER con-
figuration.
This can however be due to small differences in the geometry of the zigzag tape and the rela-
tively thicker zigzag tape as stated in section 8.3, or the way the zigzag tape was mounted on
the airfoil surface.
Finally, the data with clean configuration is compared to XFOIL computations using the e to
the nth method withn= 9. It is seen that XFOIL predicts the aerodynamic performance well
at low AoA, however with somewhat under predictions ofcd. Especially the knee at thecl vs
cd plot is quite well predicted. At high AoA, the measurements do not agree very well with the
predictions and XFOIL over predictscl ,max andcl for the separating airfoil significantly.

50 DTU Wind Energy E-0027



8.6 Conclusions

This paper showed polars measured in the LM Wind Power LSWT, the Delft LSLT tunnel and
the VELUX tunnel carried out in the DAN-AERO MW project. Comparing the polars revealed
differences in zero-lift-angle-of-attack, the slope of the linear part of the lift curve, maximum
lift, the stall characteristics and the drag. Here, also a few measurements carried out in the
Stuttgart LWK and the Langley LTPT were used for the comparisons. Even though the wind
tunnel tests deviated in several ways, only the general conclusions will be emphasized here.
The best agreement between results was seen for Reynolds number of Re= 3.0×106 . The
results for Reynolds numbers ofRe= 1.6×106 deviated somewhat from each other. This was
probably due to the (lack of) sensitivity of the measurementequipment and the calibration of
the wind tunnels, because the tunnels are designed to work atdifferent Reynolds numbers.
With the rather high turbulence intensity of 1% in the VELUX tunnel all comparisons of polars
showed significantly higher drag values in the VELUX tunnel.However, for the rest of the wind
tunnels it seems that the minimum drag was not influenced by the turbulence intensity. Thus,
with a turbulence intensity below a certain value, which is minimum TI=0.1%, minimum drag
seems to be unaffected by the turbulence level. However, thetransition point location seems to
be affected by the turbulence intensity, so that differences in the airfoil performance will be seen
clearly, if fast changes appear in the transition point location. No clear correlation between on
one side the maximum lift, the stall, the zero-lift angle-of-attack and the slope of the linear part
of the lift curve and on the other side the wind tunnel layout could be identified. However, this
might be due to counteracting mechanisms such as extremely low turbulence intensity, which
could tend to reduce maximum lift, combined with a relatively high ratio between test section
height and chord length, which might increase the maximum lift. Thus, most of the differences
between the measurements are ascribed to differences in airfoil model shapes, methods for an-
alyzing the data and calibrations.
In addition, the measurements were compared to XFOIL computations. This comparison re-
vealed the necessity to be aware of e.g. the turbulence intensity when using airfoil charac-
teristics for wind turbine design. It also revealed the limitations in XFOIL, where the drag
coefficient in general was under predicted and maximum lift and the lift on the separating
airfoil was significantly over predicted. Furthermore, thecomparisons between measurements
and the predictions by XFOIL stress the necessity to carry out wind tunnel measurements to
validate the flow simulations. When validating the airfoil performance in a wind tunnel, this
work revealed the importance of specifying the turbulence intensity. It is however not known
for the time being, which turbulence intensity that represents atmospheric flow on wind turbine
blades.
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9 Investigation of 3D aerofoil characteristics

on the NM80 turbine

Author(s): N. Troldborg, C. Bak, N.N Sørensen, H.Aa. Madsen, P-E, Réthoré, F. Zahle, S.
Guntur

This section deals with 3D aerofoil characteristics on the NM80 wind turbine. For more details
see Troldborg et al. [1].

9.1 Introduction

Aerodynamic aerofoil characteristics used for design of wind turbines are usually obtained
from wind tunnel tests. However, the actual 3D aerofoil characteristics on a rotor can be quite
different from those measured in a wind tunnel because of centrifugal forces in the boundary
layer, spanwise pressure gradients generated by the Coriolis force as well as unsteady and
turbulent inflow conditions. Thus, a direct application of the 2D characteristics obtained in a
wind tunnel shows bad agreement between measured and calculated loads especially at the
inner part of the blade where the 3D effects are most dominant.
This chapter studies 3D aerofoil characteristics in comparison with aerofoil performance in 2D
flow through a combination of field measurements, wind tunneltests and computational fluid
dynamics (CFD).

9.2 Experimental approach

In this investigation both field and wind tunnel measurements obtained within the DANAERO
experiment have been used.
From the field experiment on the NM80 turbine the following sensors are used:

• 4×64 surface pressure taps at the four radial stations, r/R=0.325, 0.475, 0.750 and 0.925
of the LM38.8 blade where the relative thickness of the aerofoils is 33%, 24%, 20% and
19%, respectively.

• Four five-hole Pitot tubes mounted at r/R=0.36, 0.51, 0.78 and 0.90, respectively.

• Rotational speed of the rotor

• Pitch of the blade

• Velocity measured at the met mast

• Air density (derived from temperature and pressure measurements)

From the wind tunnel measurements the following sensors areused:

• 4×64 surface pressure taps on four aerofoils with nearly the same geometry as the four
blade sections of the LM38.8 blade which were instrumented with pressure taps.

• Drag measurements from a wake rake.

These data creates a basis for studying how the aerodynamic characteristics on a real wind
turbine deviates from those obtained in 2D in a wind tunnel.
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9.3 Computational approach

Two different types of simulations are carried out using thein-house incompressible finite
volume Reynolds Averaged Navier-Stokes (RANS) flow solver EllipSys [2–4]:

• 2D steady state simulations on the four aerofoil sections using thek−ω SST turbulence
model [5] and a correlation based transition model [6–8]. The grids used for the simu-
lations were of the O-mesh type. The domain height was set to approximately 30 chord
lengths and the height of the first cell adjacent to surface was set to 10−6 chord lengths
corresponding to a maximumy+ of approximately 0.2. All grids had 256 cells around the
aerofoil and 128 cells normal to the aerofoil.

• 3D rotor computations on the NM80 turbine in steady and uniform inflow using the same
turbulence and transition models as used for the 2D simulations. In the simulations the
rotor geometry and the blade surface boundary layer is fullyresolved using a standard
O-O mesh configuration. The radius of the domain was approximately 10 rotor diameters
and the height of the first cell adjacent to the blade surface was set to satisfy the condition
y+ < 1 as required for this type of computations. The blades of theturbines were resolved
with 256×128×128 cells in the chordwise, spanwise and normal direction, respectively.
The grid consisted of 432 block of 323 (14·106) grid cells.

These computed data can be considered analogous to the experimental datasets and forms a
basis for studying the difference between 2D and 3D aerofoilcharacteristics.

9.4 Results

In the following selected results from the analysis of measurements and simulations will be
presented.

9.4.1 Comparison of wind tunnel measurements and 2D simulations

In this section the wind tunnel measurements and 2D aerofoilcomputations are validated by
comparing them against each other.
Figure 9.1 showsCp distributions at three different angles of attack (AoA) forsmooth aerofoils
at a Reynolds number ofRe= 5·106. For the sections at r/R=0.475, 0.750 and 0.925 the agree-
ment is good except at the highest AoA, where the computations predicts a much larger suction
peak than observed in the measurements. Similar discrepancies have been seen in previous
work [9] and indeed these aerofoils are quite challenging tosimulate at high AoA because the
transition point is located rather far aft on these aerofoils. For the thickest aerofoil (r/R=0.325)
there are quite large discrepancies between computations and measurements for all AoA. The
reason for these discrepancies are most likely due to tunnelblockage and 3D effects caused
by the walls of the wind tunnel. While 3D effects are also present for thin aerofoils they are
only important at higher AoA. As shown in [10] 3D effects are particularly pronounced for
thick aerofoils as well as at high AoA and in order to predict the correct stalling behaviour
the inclusion of the tunnel walls is important as these may play an important role in the actual
aerodynamic behaviour of the aerofoil in the wind tunnel.
Figures 9.2-9.3 showsCL andCD polars for each section. The lift and drag coefficients are
defined as:

CL =
FL

1
2ρcV2

rel

CD =
FD

1
2ρcV2

rel
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whereFL andFD is the lift and drag force per meter, respectively,ρ is the air density,Vrel is the
relative velocity and c is the local chord length.
Computations have been carried out assuming both transitional and fully turbulent flow over
the aerofoil surface. For the three thinnest sections the computedCL,max is significantly higher
than the measured, which is as expected from theCp distributions shown in Figure 9.1. For the
thickest aerofoil the computed and measured lift coefficient does not show much resemblance,
which is most likely a combined consequence of wind tunnel effects and the inadequacy of
simulating the flow over thick aerofoils as 2D. In all cases the simulations are seen to predict
higher drag at low AoA than what is measured in the wind tunnel. This is because the used
grid resolution in the chordwise direction is not sufficiently high for this type of aerofoils. We
did simulations with increased chordwise resolution of 384cells and found that the drag in
these simulations were in much closer agreement with measurement at low AoA. However,
these results are not shown here because we want to make a one-to-one comparison with the
3D computations where 256 grid cells were used in the chordwise direction.
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Figure 9.1. C∗p distributions predicted from wind tunnel measurements and2D computations.a)
r/R=0.325; b) r/R=0.475; c) r/R=0.750; d) r/R=0.925.

9.4.2 Comparison of field measurements and 3D rotor simulations

In order to validate the 3D rotor computations and the field measurements a comparison of
the pressure distributions along the four investigated blade sections was conducted at different
operational conditions.
For the comparison 1-minute averages ofCp distributions were extracted from the DANAERO
database in cases where the turbine was operating in undisturbed flow at nearly constant rota-
tional speed and pitch. During the DANAERO field measurementcampaign a number of tests
were carried out where the turbine was forced to operate at fixed pitch and rotational speed.
Even though this means that the turbine is operating off design in these cases they are suitable
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Figure 9.2. Lift coefficient predicted from wind tunnel measurements and 2D aerofoil compu-
tations. a) r/R=0.325; b) r/R=0.475; c) r/R=0.750; d) r/R=0.925.
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Figure 9.3. Drag coefficient predicted from wind tunnel measurements and 2D aerofoil com-
putations. a) r/R=0.325; b) r/R=0.475; c) r/R=0.750; d) r/R=0.925.

for comparison with CFD. In all cases the measuredCp distribution is computed as:

Cp =
p− p∞

1
2ρ(V2

∞ +(rΩ)2)

56 DTU Wind Energy E-0027



whereV∞ is the free-stream velocity measured by the met mast locatednearby,P∞ is the ambient
pressure,r is the radial position of the blade section,Ω is the rotational speed of the turbine
andρ is the air density.
Figures 9.4-9.5 compare measured and computed pressure distributions at different free-stream
velocity and operational conditions as specified in the figure captions. Note that a negative pitch
angle means towards stall. The errorbars included in the plots shows the standard deviation of
the measured 1 minute averages and thus represent the scatter in the measurements. As seen
the pressure distributions are generally in quite good agreement and the numerical predictions
generally lie within the uncertainty bars. However, a general trend is that the computed suction
peak for the two outermost sections is over predicted in comparison with measurements. The
discrepancies may be explained as differences in inflow conditions caused by wind shear/veer,
turbulence and yaw error.
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Figure 9.4. Comparison of measured and computedCp distributions on the NM80 turbine
operating atV∞ = 6.1ms1 at a rotational speed of 12.1 RPM and a pitch angle of 0.15o. a)
r/R=0.325; b) r/R=0.475; c) r/R=0.750; d) r/R=0.925.

9.4.3 Comparison of 2D and 3D aerofoil characteristics

In order to compare 2D and 3D aerofoil characteristics it is necessary to determine the angle
of attack (AoA) at the different blade sections on the rotor blade. Several methods have been
proposed for this purpose. Here we use the azimuthal averaging technique (AAT) employed
by Hansen and Johansen [11, 12] in which the velocity, at a given radial position in the rotor
plane, is calculated using the azimuthally averaged velocity at axial positions up and down-
stream of the rotor. Since the AAT requires information about the velocity field both up and
downstream we can not use it to estimate the AoA from the measurements. Instead the AoA in
the measurements is computed using the following procedure:

• Extract measured 1-minute averagedCexp
p distributions for each blade section and bin

average them on the flow angle measured directly by the pitot tube located at r/R=0.78
using bins of±0.5o, i.e. establishCexp

p (AoApitot)
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Figure 9.5. Comparison of measured and computedCp distributions on the NM80 turbine
operating atV∞ = 10.5ms1 at a rotational speed of 16.2 RPM and a pitch angle of−4.75o. a)
r/R=0.325; b) r/R=0.475; c) r/R=0.750; d) r/R=0.925.

• From the 3D rotor computations determine the AoA for each blade section using the AAT
and establish the computedCc f d

p (AoA).

• Estimate the measured AoA in an optimization process involving minimizing the objective
function:

min

∥∥∥∥∥
n

∑
i=1

(
Cexp

p (AoApitot)−Cc f d
p (AoA)

)2
∥∥∥∥∥

wheren= 64 is the number of pressure taps along the aerofoil section.

In this way transfer functions fromAoApitot to AoA in 3D is established.
Figures 9.6-9.7 show measured and computedCp distributions at the different blade sections
in comparison with the corresponding distributions obtained in the wind tunnel and using 2D
computations. Generally, the agreement between the measurements on the rotor and the rotor
computations is fairly good. The observed discrepancies ispartly due to uncertainties in deter-
miningCp from the measurements where we do not know the true free-stream velocity but also
due to inadequate turbulence modelling.
For AoA= 6o the flow appears to be 2D over most of the blade span but even at this low AoA
there are important difference between 2D and 3D flows at the inner and outermost sections.
The pressure over the suction side is generally slightly higher in 2D than in 3D. We cannot
explain this difference but it is interesting to notice thatit appears both in the computations and
in the measurements.
At the high AoAs, the suction over most of the upper aerofoil surface at r/R=0.325 is higher in
3D than in 2D and also the position where a nearly constant pressure level is reached is closer
to the trailing edge in 3D than in 2D. This indicates a delay install on the rotor compared to the
2D case. This stall delay can be explained to be caused by the presence of Centrifugal/Coriolis
on the rotor.
Figure 9.8-9.9 shows respectively the normal and tangential force coefficients integrated from
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the pressure distributions. The normal force coefficient,Cn, and the tangential force coefficient,
Ct , are defined as:

Cn =
Fn

1
2ρc(V2

∞ +(rΩ)2)

Ct =
Ft

1
2ρc(V2

∞ +(rΩ)2)

whereFn andFt is the normal and tangential force per meter, respectively,integrated from the
Cp distributions.
Generally, the agreement between 3D rotor computations androtor measurements is good,
however there are important differences at r/R=0.750, where it seems thatCn measured on the
rotor is closer to the 2D computations.
At high AoA theCn values indicate delay in stall at r/R=0.325 and r/R=0.475. At the outermost
section theCn values are below the 2D values for all AoA and it also seems that the slope of
theCn curve is lower in 3D than in 2D. Shen et al. [13] showed similarbehaviour of the lift
coefficient near the tip of a rotor. From Figure 9.7 it appearsthat the lowerCn is caused by a
reduction in the suction peak.
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Figure 9.6. Cp distributions for the four different blade sections atAoA= 4o. a) r/R=0.325; b)
r/R=0.475; c) r/R=0.750; d) r/R=0.925.

9.5 Conclusion

In this chapter the aerodynamic performance of aerofoils measured on the NM80 wind turbine
was investigated and compared to the corresponding aerofoil characteristics deduced in the
wind tunnel and as predicted from both 2D aerofoil simulations and full 3D rotor computations
using CFD. The combination of field tests, wind tunnel measurements as well as 2D and 3D
CFD provides a unique dataset for studying the complex phenomena of 3D aerofoil character-
istics.
Initially wind tunnel measurements on four different aerofoil sections were compared to 2D
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Figure 9.7. Cp distributions for the four different blade sections at differentAoA. a) r/R=0.325
(AoA= 14o); b) r/R=0.475 (AoA= 12o); c) r/R=0.750 (AoA= 9o); d) r/R=0.925 (AoA= 10o).
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Figure 9.8. Cn polars for the four different blade sections. a) r/R=0.325;b) r/R=0.475; c)
r/R=0.750; d) r/R=0.925.

aerofoil simulations. The agreement was found to be fairly good but there were important dif-
ferences at high angles of attack (AoA). For the thickest aerofoil large difference was found
between measured and computed aerofoil performance. Thesedifference was argued to be
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Figure 9.9. Ct polars for the four different blade sections. a) r/R=0.325;b) r/R=0.475; c)
r/R=0.750; d) r/R=0.925.

partly due to wall effect in the tunnel but also because it maybe inadequate to simulate thick
aerofoils at high AoA using 2D CFD.
Secondly a comparison of surface pressure distributions predicted from full rotor CFD and
measurements showed rather good agreement at both low and high inflow velocities.
Finally, a comparison of 2D and 3D aerofoil performance was conducted. It was shown that the
aerofoil at the inner section (r/R=0.325) experienced augmented performance compared to 2D
because of centrifugal and Coriolis forces. For the outermost section (r/R=0.925) it was found
that both the overall level and the slope of the normal force coefficient (Cn) curve was lower
than in 2D. For the mid span sections the aerofoil characteristics was found to be fairly 2D.
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10 Standstill

Author(s): W. Skrzypínski, M. Gaunaa, C. Bak

This chapter describes research on standstill wind turbineblade vibrations carried out within the
DANAERO project. The work was divided into experimental andcomputational investigations.
In the experimental part an attempt to extract full airfoil polars from the standstill measurement
carried out on the LM 38.8m blade of the NM80 wind turbine at the Tjæreborg site was made.
The numerical investigations included preliminary derivation of an engineering model for stall-
induced vibrations as well as CFD analysis of vortex-induced and stall-induced vibrations. In
the following both parts of the work will briefly be described.

10.1 Experimental investigations

The standstill measurements were carried out twice: on August 19th from 16:50 till 17:40, and
on September 1st, from 16:20 till 17:00. In order to acquire the data, the turbine was set to
standstill with one of the blades set in vertical position with its tip facing up. Then, the turbine
was slowly yawed at a rate of 0.3 deg./sec. The surface-pressure distributions used for calculat-
ing the loading were recorded at 4 sections of the blade. Eachof the 4 sections was equipped
with 64 pressure taps. Locations of the sections together with their names are listed in Table
10.1.
This chapter deals exclusively with the data obtained at section 5A, on August 19th. At that

Section name Distance from the tip [m]

3A 27
5A 21
8A 10
10E 3

Table 10.1. Names and positions of blade sections with surface-pressure-taps

time, the rotor approximately made two yaw revolutions at standstill. September 1st was ex-
cluded because preliminary analysis revealed that the dataobtained on this date was of insuf-
ficient quality. Section 5 was chosen because the measurement equipment at sections 8 and
10 was of lower resolution. That was because the equipment was primarily set up to measure
while the turbine operated. During operation, the Pitot tubes and surface-pressure sensors at
the outer part of the blade were subjected to higher wind speeds due to rotation. Therefore,
their resolution was lower than that at section 5. On the other hand, section 3, which is the
innermost section of the blade, was subjected to 3-D effectsduring standstill more than the
other sections were. Therefore, choosing section 5 for standstill analysis was a compromise
between measurement resolution and influence of the 3-D effects. Moreover, on August 7th,
the measurement system experienced a failure which caused apermanent malfunction of the
surface-pressure measurement equipment at sections 8 and 10. Even though a successful at-
tempt to partly restore the corrupted data was made [1] the use of restored data from sections 8
and 10 would impose additional uncertainty.

10.1.1 Experimental setup and data storage

The experimental setup is extensively described by Bak et al.[1]. The layout of the pressure
taps at section 5 is presented in Figure 10.1, together with the profile geometry. 40 sensors
around the leading edge had resolution of 2.5 psi while the remaining sensors had resolution
of 1 psi. The sensors of lower resolution are marked with red.The profile used at this section
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Figure 10.1.The surface-pressure tap layout at blade section 5

was NACA 63424. The gauge pressure values at all the sensors were recorder by Scanivalve
system at the frequency of 100 Hz. Some of the sensors malfunctioned during the standstill
which showed during analysis of the pressure-distributiontime series. The data related with
these sensors was interpolated linearly based on the valuesfrom the neighbouring sensors. The
angle of attack, necessary for the calculation of the polars, was determined in the following
way:

α = 90o−θ− τ+ ε (4)

whereθ is the pitch angle,τ is the twist at section 5, andε is the yaw misalignment. The yaw
misalignment is the difference between the wind and yaw directions. The yaw misalignment
angle was calculated in three alternative ways:

• Measurement of yaw position of the rotor and wind direction at the nacelle

• Measurement of yaw position of the rotor and wind direction at the met mast

• Measurements from the Pitot tubes mounted at the leading edge at sections 5 and 8. The
data from both tubes was analyzed in order to limit potentialerror in case of a malfunction
of one of the tubes.

Calculating the polars also require determination of the wind speed. This was done in five
alternative ways: The wind speed was measured at the nacelle, met mast, by the Pitot tubes at
sections 5 and 8, and calculated based on the surface pressure at the stagnation point at section
5. The angle-of-attack and wind-speed time series from the Pitot tubes were only relevant in the
relatively narrow operational region of the Pitot tubes, i.e. approx. between -20 and 20 degrees
of the inflow angle relative to the tubes.

10.1.2 Angle-of-attack measurement

The angle-of attack time series was calculated in four alternative ways. The results showed that
the Pitot tube at section 5 measured the angle of attack incorrectly. This was probably due to
the tube’s hoses being blocked. During processing of all thedata, parts of the time series where
sudden changes of the angle of attack occurred were removed together with a safety margin
in order to exclude potentially unsteady loading conditions. The time series are presented in
Figure 10.2. A sign of edgewise blade vibration may be visible in the time series from the
nacelle at approx. 150 degrees of the angle of attack, between samples 3·104 and 3.5 ·104. A
similar signal was present in the edgewise root bending moment (MX) time series. The jump
in the time series visible approx. between samples 5·104 and 5.5·104 is due to a pitch change.
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Figure 10.2.Time series of angle-of-attack at section 5

Parts of the time series corresponding to the pitch being in motion were removed together with
a safety margin, in order to exclude potentially unsteady loading.
The measurement carried out by the Pitot tube at section 8 wastreated as a source of additional
information, and not used for the load computation, due to its limited angle coverage. Both the
nacelle and met-mast time series were potentially interesting source of information. On one
hand, the met mast is at certain distance from the turbine. Therefore, it unfortunately looses
some information about the flow around the turbine. On the other hand, the measurement made
on the nacelle was influenced by the presence of the nacelle itself and the blade. Both angle-
of-attack time series were corrected by applying an offset,in order to achieve polars closest
to the reference polars extracted from measurements of the same profile, performed in the LM
Wind Power wind tunnel [2]. The time series from the nacelle appeared as more accurate since
a lower offset value needed to be applied in order to meet the reference polars: 2 deg offset was
applied to the nacelle time series while 21 deg offset was applied to the met-mast time series
in order for the resulting polars to meet the reference.

10.1.3 Wind-speed measurement

Wind speed was measured in five alternative ways: at the nacelle, met mast, by the Pitot tubes
at sections 5 and 8, and calculated based on the dynamic pressure at the stagnation point at
section 5. Resulting time series are presented in Figure 10.3.
In order for the figure to be clear, the time series were plotted only up to sample 5·104. Again,
the measurements made by the Pitot tubes were only considered a source of additional informa-
tion due to their limited angle-of-attack coverage. The Pitot tube at section 5 seemed to record
wind speed correctly, despite the faulty angle-of-attack measurement. Pressure-distribution
time series had been processed before the stagnation-pressure time series was extracted. This
was done by first removing insubstantially high instantaneous pressure peaks, and second, by
applying a low-pass filter. The filter applied was Butterworth of order 10 and cut-off frequency
of 1 Hz. Analysis of polars normalized by means of different wind-speed time series indicated
that the wind speed measured at the nacelle was the most reliable. As it was mentioned in the
previous section, the data from the nacelle was also used fordetermination of the angle-of-
attack time series. As seen the stagnation-point time series was not in agreement with any other
time series. This indicated that the pressure measurement may have been of poor quality. This,
in turn could be caused by the measurement equipment being set up to work in the operational
region where the flow velocities are significantly higher than in standstill. In such a case, when
measuring at standstill, the signal-to-noise ratio may have been too low to record substantial
data.
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Figure 10.3.The wind-speed time series obtained in the 5 alternative ways

10.1.4 Pressure-distribution measurement

Measured pressure distributions were compared with XFOIL computations of the same profile
at the same Reynolds number. XFOIL computations were carried out with both free and forced
transition models. In order to validate the XFOIL computations, the polars resulting from the
XFOIL computations were compared with results of the wind-tunnel measurements performed
by LM Wind Power [2]. The comparison was made in the angle-of-attack region from -6 to 19
deg. However, XFOIL forced-transition polars were unavailable in the angle-of-attack region
below -1 deg. Pressure distributions from the aforementioned wind-tunnel measurements were
unfortunately unavailable as well. The comparison of the polars is presented in Figures 10.4
and 10.5 The first two entries in both legends refer to the measurements of the clean profile

Figure 10.4.Comparison of the XFOIL and measured lift coefficients

at Reynolds numbers of 1.5 · 106 and 3· 106, respectively. The third entry corresponds to the
measurement on the profile with zigzag tape of 0.4 mm thickness placed at 2% chord on the
suction side. The fourth entry to zigzag tape of 0.4 mm thickness placed at 5% chord on the
suction side and 10% chord on the pressure side. The fifth to bump tape of 0.1 mm thickness
placed at 2% chord on the suction side. The last two entries correspond to the XFOIL pre-
dictions with free and forced transition models, respectively. The XFOIL free-transition lift
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Figure 10.5.Comparison of the XFOIL and measured drag coefficients

coefficient corresponds well with the lift coefficients fromthe measurements on the clean air-
foil and the airfoil with the bump tape installed. The XFOIL forced-transition lift coefficient
corresponds well with the measurements on the airfoil with the zigzag tape installed, in the
angle-of-attack region above 10 deg. The XFOIL free-transition drag coefficient corresponds
well with the measurements on the clean airfoil and the airfoil with the bump tape installed, in
the angle-of-attack region below 10 deg. The XFOIL forced-transition drag coefficient corre-
sponds well with the measurements on the airfoil with the zigzag tape installed, especially in
the angle-of-attack region below 5 deg. Overall, the polarscompared satisfactorily, and there-
fore the comparison verified the XFOIL computations. This, in turn, made XFOIL a reliable
reference for the measured pressure distributions. Figure10.6 shows the measured pressure dis-

Figure 10.6.The measured pressure distribution at approx. 5 deg. of angle of attack, compared
with the XFOIL computations, plotted as a function of the normalized x coordinate

tributions both before and after the processing. The latterdistribution was processed with the
low-pass Butterworth filter of order 10 and cut-off frequency of 1 Hz. In both distributions the
faulty points were linearly interpolated. The measured distributions were compared with the
XFOIL computations of the same profile at Reynolds number of 2·106. Two XFOIL distribu-
tions are presented above, one corresponding to free and oneto forced transition model. Also,
the measured angle of attack was subjected to the low-pass filter of the same characteristic, in
order to remove high frequency variations. The same pressure distributions are presented as a
function of the normalized y coordinate in Figure 10.7 The comparison of the measured and
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Figure 10.7.The measured pressure distribution at approx. 5 deg. of angle of attack, compared
with the XFOIL computations, plotted as a function of the normalized y coordinate

computed pressure distributions was unfortunately unsatisfactory. That was because significant
differences in the distribution shapes were present. Moreover, the difference between the pres-
sure distributions coming from the two XFOIL computations appears significantly smaller than
the difference between the measured distribution and either of the two XFOIL distributions. To
shed more light on this issue, the offset between the XFOIL and measured pressure-distribution
mean values was analyzed. Another analyzed parameter was the ratio between the integrated
pressure distributions (XFOIL/measured). These two parameters are presented as functions of
the angle of attack in Figures 10.8-10.9. If either the offset or the ratio appeared as constant,
it would imply that some sort of systematic error had been present during the measurement.

Figure 10.8.The offset between the measured and XFOIL pressure-distribution mean values

Unfortunately, both the offset and the ratio show relatively high variation in the angle-of-attack
region between -1 and 20 deg. The offset varies approx. from 0to 1. The ratio varies approx.
from 0.4 to 2. In the angle-of-attack range from -6 to -1 deg.,it varies from -10 to 9, what is
not shown in the figure above.

10.1.5 Comparison of the polars

In order to obtain the lift and drag coefficients, the following steps were taken:

• Normal and tangential loads were calculated and normalized
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Figure 10.9.The ratio between the measured and XFOIL pressure-distribution integrated values

• Angles of attack were calculated as in equation 4

• The normal and tangential load coefficients were projected according to the angle-of-
attack values, to obtain the lift and drag coefficients

• The lift and drag coefficients were binned because the measurement involved two yaw
revolutions of the turbine

Figures 10.10-10.12 present the lift and drag coefficients,normalized by the dynamic pressure
values obtained in two ways:

• measured at the stagnation point of the profile at section 5 (labelled "SEC")

• calculated according to the wind-speed measurement at the nacelle (labelled "NAC")

Moreover, figures 10.11 and 10.12 show a comparison with the two reference sets of polars
coming from the wind tunnel measurements, previously presented in figures 10.4 and 10.5.
Unfortunately, the resulting polars presented in figures 10.10- 10.12 are of poor quality. The

Figure 10.10.The measured polars, normalized by the dynamic pressure values obtained in the
two alternative ways

first issue is that neither the lift nor the drag curves overlap with any of the reference curves.
This could actually have been foreseen by looking at the wind-speed time series presented in
Figure 10.3. There, it is clear that the wind-speed time series measured on the nacelle and
at blade section 5 differ significantly. The most significantdifference in the lift coefficient
is visible approx. between 0 and 100 deg. The drag curves differ most significantly approx.
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Figure 10.11.The measured lift coefficients, compared with the referencewind-tunnel results.

Figure 10.12.The measured drag coefficients, compared with the referencewind-tunnel results

between 20 and 150 degrees. However, both the lift and drag curves normalized by means of
the wind speed read on the nacelle are especially uncertain in the angle-of-attack region around
90 deg. The reason is that around this angle the measurement equipment on the nacelle was in
the wake of the blade. Moreover, none of the lift and drag curves are particularly smooth as
was expected. What is particularly visible in Figure 10.12 is that the drag coefficient becomes
negative in the angle-of-attack region between -5 and 10 deg. This is clearly unphysical. In
principle, such a problem could arise from incorrect calculation of the angle of attack. Then,
at an angle thought of as zero (and, in fact, being non-zero),normal-to-chord force component
(CN) could decrease the apparent drag value. However, it wasverified that the problem did not
arise from the incorrect angle-of-attack computation. This is because the tangential-to-chord
force component (CT) in vicinity of the zero angle of attack does not change in sign (see
Figure 10.15). Therefore, offsetting the angle of attack could not solve the problem which is
probably caused by the inaccurate pressure-distribution measurement.

10.1.6 Error analysis

Here, further analysis of the polars is presented. It was done in order to find the source of
their poor quality, and to propose changes in the experimental setup that would improve result
quality in the future. The aim was to learn to which extent thefollowing factors decreased the
quality of the results:

• Inaccurate measurement of the wind speed

70 DTU Wind Energy E-0027



• Inaccurate measurement of the angle of attack

• Inaccurate measurement of the pressure distribution

The first was analyzed by plotting CL/CD. The reason was that any inaccuracy in the wind-
speed measurement would be cancelled out while plotting thelift-to-drag ratio. Therefore,
such a curve should match the reference better than the CL or CD curves alone. Such approach
was previously proposed by Timmer [3]. It should also be pointed out that CL/CD curve was
not expected to fit the references well in the angle-of-attack region between -5 and 10 deg,
since CD is negative in this region. The CL/CD curve is presented in Figure 10.13 together
with the references: As seen the measured CL/CD curve fits oneof the reference curves well

Figure 10.13.The measured CL/CD curve, compared with the reference wind-tunnel measure-
ments

in the angle-of-attack region between 10 and 19 deg, better than the CL curve alone. On the
other hand, the CL/CD curve does not fit either of the references in the angle-of-attack region
between -13 and -5 degrees. Actually, it shows a worse fit thaneither the CL or CD curves
alone. In general, it does not seem that the CL/CD curve fits any reference significantly better
than the CL or CD curves alone. Therefore, it does not seem that inaccurate measurement of
the wind speed was the major source of error in this experiment. The measured CN and CT
curves together with the reference curves are presented in figures 10.14 and 10.15.

Figure 10.14.The measured CN curves, compared with the reference wind-tunnel measure-
ments

If the angle-of-attack measurement was the main source of error, the measured CN and CT
curves should resemble the reference curves better than theCL and CD curves. The reason is
that CN and CT are obtained directly from the measured pressure distributions, independently
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Figure 10.15.The measured CT curves, compared with the reference wind-tunnel measure-
ments

of the angle of attack while CL and CD are functions of the angle of attack. Therefore, while the
CL and CD curves would change in shape due to incorrect angle of attack measurement, the CN
and CT curves would only offset in horizontal direction. In other words, incorrect measurement
of the angle of attack would result in CL and CD being further from the reference curves than
the CN and CT curves would be. However, CN and CT do not seem closer to the references
than CL and CD. The last attempt to observe any influence of incorrect wind speed or angle
of attack measurements was to plot CN/CT: Using CN/CT for thecomparison removes both

Figure 10.16.The measured CN/CT curves, compared with the reference wind-tunnel mea-
surements

the influence of incorrect wind speed and angle of attack measurements. Using CN/CT instead
of CL/CD showed that CN/CT was closer to the reference in the angle-of-attack region below
-5 deg. Using CN/CT instead of CN and CT showed that CN/CT was slightly closer to the
reference, especially in the angle-of-attack region above10 deg. However, the differences were
far from pronounced. The outcome of the aforementioned comparisons together with the fact
that CL and CN seem to compare better with their references than CD and CT do, in the
attached-flow region, indicate that the error to a large extent lies in the pressure measurement.
In other words, CL and CN are of significantly higher magnitude in the attached-flow region
than CD and CT are. Therefore, the signal-to-noise ratio of CL and CN might have been higher.
Poor signal-to-noise ratio would also explain the non-smooth polars.
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10.2 Numerical investigations

Wind turbine blade vibrations at standstill conditions were also investigated through numerical
simulations within the DANAERO project. These investigations included vortex-induced and
stall-induced vibrations. Thus, it was investigated whether the stand still vibrations are vortex-
induced, stall-induced or a combination of both types. The work comprised analysis based on
engineering models and Computational Fluid Dynamics. Two-dimensional, three-degree-of-
freedom, elastically-mounted-airfoil engineering models were created. These models aimed at
investigating the effect of temporal lag in the aerodynamicresponse of an airfoil on the aeroe-
lastic stability limits. The motivation for this work was toinvestigate whether the assumption
of quasi-steady aerodynamics in deep stall made in state of the art aeroelastic codes, if in-
accurate, may lead to inaccurate predictions of blade standstill vibrations. Further, two- and
three-dimensional CFD computations on a DU96-W-180 airfoil were carried out around 25
and 90 degrees angle of attack. These included non-moving, prescribed-motion and elastically-
mounted airfoil suspensions. Moreover, analysis of the dynamic lift and drag resulting from 2D
and 3D CFD computations carried out around 25 degrees angle of attack was carried out. The
aim was to study the mechanisms involved in both types of vibrations as well as to learn about
the conditions corresponding to the onset of both. The CFD computations were carried out with
EllipSys2D and EllipSys3D Navier-Stokes solvers developed by Michelsen [4, 5] and Sørensen
[6, 7]. Elastically mounted airfoil computations were performed with an EllipSys add-on for
structural computations developed by Heinz et al. [8]. Detailed description of the parameter
values used in the CFD computations as well as in the structural model is presented in [9].

10.2.1 Engineering elastically-mounted-airfoil aerodynamic model

The effect that time lag in the aerodynamic lift, drag and moment has on the aeroelastic stability
limits was investigated by means of an engineering elastically-mounted-airfoil model. This
analysis is described in more detail by Skrzypiński [9] as well as by Skrzypiński and Gaunaa
[10, 11]. The current setup of the 2D 3-DOF elastically-mounted-airfoil model is presented in
Figure 10.17.C is the chord line,AA is the aerodynamic axis, andEA is the elastic axis (hinge
point).FX andFY are the aerodynamic force components applied atAA in x and y directions,
respectively.FΘ is the aerodynamic moment applied atAA. Θg is the angle betweenC and the
line (C′) throughEAand the center of gravity (CG).C is parallel with the x axis when the profile
is in the equilibrium without the aerodynamic forces involved. The three equations of motion

Figure 10.17.2D 3-DOF elastically-mounted-airfoil model
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used to govern the aforementioned model are described in detail in [9, 11]. The dynamic lift
coefficient was calculated as the linearised static lift coefficient at an effective angle of attack.

Clin
L =C0

L +
dC0

L

dα
α1

E (5)

whereC0
L is the lift coefficient at the equilibrium state. Further,α1

E is a small perturbation of the
effective angle of attack from its equilibrium value. A moredetailed description of the utilized
equations including the equations for the dynamic drag and moment coefficients is presented
in [9, 11]. The work also included a study of the significance of the added mass terms from
Jones’ thin airfoil theory [12] in the equations for the aerodynamic forces.

In the study, different amounts of temporal lag were imposedon the dynamic aerodynamic
response of the model. The comparison presented in Figure 10.18 shows the model’s damp-
ing ratios corresponding to its edgewise oscillation for three different amounts of the temporal
lag. Note that when the damping ratio was negative, the modelexperienced negative aerody-
namic damping and therefore increasing vibrational amplitude. The three amounts of temporal
lag respectively correspond to quasisteady aerodynamic response, aerodynamic response of a
thin airfoil (No. 1) as described by Jones [12], and an arbitrary response being slower than the
response of a thin airfoil (No.2). As it is seen in Figure 10.18, the study showed that even a

Figure 10.18.Damping ratio of the edgewise oscillation of the engineering elastically-mounted-
airfoil model; three different amounts of time lag in the full aerodynamic response with Qua-
sisteady being the fastest and No.2 being the slowest.

relatively low amount of time lag in the dynamic aerodynamicresponse of the model signifi-
cantly increased the model’s aerodynamic damping. This information, combined with the fact
that state of the art aeroelastic codes assume quasisteady aerodynamics in deep stall, indicates
that these aeroleastic codes may inaccurately predict aerodynamic damping in deep stall, and
therefore inaccurately predict stall-induced vibrationsat standstill conditions.

10.2.2 CFD investigations of vortex-induced vibrations around 90 degrees angle

of attack

Locked-in vortex induced vibration is a potential threat tolarge wind turbine blades at standstill
conditions. The part of the present work described in this section and in more detail in [9, 13]
was a study of vortex-induced vibrations of the DU96-W-180 airfoil CFD model. The present
study included 2D and 3D unsteady CFD computations. These included computations on non-
moving, prescribed motion and elastically mounted airfoilsuspensions. Stationary vortex shed-
ding frequencies corresponding to the 2D and 3D computations were obtained by performing
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a frequency analysis of the loading on the non-moving airfoil models. In the prescribed motion
computations the airfoil was forced to oscillate in the direction of the chord line. The elasti-
cally mounted airfoil computations were made with both one and three degrees of freedom of
movement. It is common to resolve such flows by means of computationally expensive 3D DES
simulations. The motivation for including 2D computationsin the present work was to investi-
gate whether relevant flow characteristics may be captured by 2D computations. This could be
beneficial because of the high computational efficiency of such computations compared to 3D
DES. A DU96-W-180 non-moving airfoil model subjected to a flow at 90 degree inflow angle
experienced aerodynamic force oscillations in the chordwise force of frequency corresponding
to the Strouhal number of this system. To illustrate that theoscillations were caused by the vor-
tex shedding, two snapshots of the 3D flow are presented in Figure 10.19. The figure presents
vorticity magnitude. Dark areas correspond to high values.In the snapshot on the left side, a
vortex is being shed off the leading edge. The vortex is marked with a circle. In the snapshot on
the right side, a vortex is being shed off the trailing edge - also marked with a circle. This was
confirmed by analysis of the animation showing pressure variation. Vortex-induced vibration is

Figure 10.19.Snapshots presenting vorticity magnitude of the 3D flow around the DU96-W-
180 airfoil at 90 degree inflow angle

by nature an aeroelastic problem. However, here an attempt was made to identify the aeroelas-
tic stability limits by means of prescribed motion computations where the airfoil was subjected
to forced oscillations along the chord line. The mean power was extracted from the computa-
tions. When the power was positive, the flow fed energy to the oscillating system. A number of
computations were made at different vibration periods, T. Then, the mean dimensionless power
was plotted as a function of the dimensionless vibration period T∗ = TV/c. The dimension-
less mean power was obtained by normalization of the mean power with density, chord length,
absolute wind speed, vibrational amplitude and period:

P∗ =
T

ρcAV2 P̄ (6)

Figure 10.20 presents the results of the 2D RANS and 3D DES computations with three curves
showing the dimensionless power,P∗, as a function of the dimensionless forced-oscillation pe-
riod,T∗, of the DU96-W-180 model. Each of the curves corresponds to simulations carried out
at a specificA∗/T∗ ratio. The reason was thatA∗/T∗ - whereA∗ is the dimensionless oscillation
amplitude - can be thought of as the level of perturbation imposed by the airfoil motion on the
flow. If A∗ was constant in a set of computations, then such a level of perturbation would grow
with f ∗. Then, computations with relatively high oscillation frequency would drive the vortex
shedding and create the lock-in more likely than computations with low oscillation frequency.
The dimensionless vortex shedding period of the non-movingairfoil in the 2D computations
wasT∗ = 7.7. As the figure shows, the dimensionless power in all three cases increased to a
peak with positive sign when the oscillation period reached7.7. The power value also grew
in the surrounding of the peak point. Note that the higher theA∗/T∗ ratio was, the wider the
T∗ band in which the power grew was. The existence of this band and its growth withA∗/T∗

indicate the existence of the so called lock-in in which the vortex shedding frequency follows
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the vibrational frequency in a relatively narrow frequencyband causing amplification of vibra-
tions. All this indicated that an actual DU96-W-180 airfoilwith the natural frequency of the
chordwise mode close to the frequency of vortex shedding could experience the mechanism
of lock-in and suffer from vortex-induced vibrations. The results presented in Figure 10.20

Figure 10.20.Dimensionless power related to prescribed oscillation of the DU96-W-180 profile
at 90 degree angle of attack, oscillating perpendicular to the free stream; results of the 2D
RANS and 3D DES computations

were verified by extracting force-displacement plots whichindicated the existence of the res-
onance in the system, and later by performing elastically-mounted-airfoil computations which
confirmed the results presented in Figure 10.20. Dimensionalization of the dimensionless num-
bers used in the computations indicated that large MW wind turbine blades could suffer from
vortex-induced vibrations at moderate wind speeds. However, in order to verify this conclu-
sion future work should be carried out, e.g. including computations on 3D blades taking into
account their twist and taper as well as different inflow conditions.

10.2.3 CFD investigations of vortex-induced and stall-induced vibrations in stall

This section presents an analysis of 2D and 3D non-moving, prescribed motion and elastically
mounted CFD computations of the DU96-W-180 airfoil in the angle of attack region poten-
tially corresponding to the highest risk of stall-induced vibrations. The computations aimed
at investigating the mechanisms of both vortex-induced andstall-induced vibrations. Like in
the preceding section, the aeroelastic stability limits were investigated by calculating the mean
dimensionless aerodynamic power in the prescribed motion computations. In order to facilitate
the process of finding the angle-of-attack region of the highest risk of stall-induced edgewise
vibrations prior to performing CFD computations, an equation for aerodynamic damping by
Gaunaa and Larsen [14] was applied to the aerodynamic characteristics of the DU96-W-180 air-
foil obtained experimentally by Timmer and van Rooij [15] and Timmer [3], indicating where
the vibrations could emerge. It was decided that 26 degrees and 24 degrees were the angles of
attack investigated further in 2D and 3D, respectively. Despite the similarities between the 2D
and 3D computations presented in the preceding section, at the inflow angles considered in the
present section, 2D and 3D computations returned completely different results. After analysis
and discussion of these results, a decision was made that 3D computations are more reliable in
the present case because of the three-dimensional flow characteristics.

Figure 10.21 presents theP∗ curve corresponding to the 3D prescribed motion computations of
the DU96-W-180. The power appeared positive in twoT∗ regions. The first was approximately
between 1 and 15 while the second was approximately above 44.The first region contained
relatively high values ofP∗ with steep rise and fall. The underlying values ofT∗ contained the
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dimensionless period of stationary vortex shedding. Thesefacts indicated that the increase in
power was associated with vortex shedding. The same kind of vibrations is shown by both 2D
and 3D prescribed motion and elastically mounted airfoil CFD simulations of the same airfoil
at 90 deg angle of attack, presented in the preceding section. The second region containedT∗

values larger than the frequency of stationary vortex shedding by an order of magnitude. This
indicated the presence of stall induced vibrations. However, dimensionalization of the results
indicated that if such vibrations occurred on a modern wind turbine blade, the associated wind
speed would be far from any realistic regime, i.e. 88 m/s. Thethick vertical dotted line in
Figure 10.21 shows the value ofT∗ corresponding to the wind speed of 50 m/s. These results
were verified by performing computations on the elasticallymounted airfoil.

Figure 10.21.Dimensionless power related to prescribed motion 3D CFD simulations of DU96-
W-180 at 24 deg angle of attack; oscillating in chordwise direction

10.2.4 Modeling of unsteady airfoil aerodynamics in stall

In one of the preceding sections, it was shown that even a relatively low amount of temporal
lag in the aerodynamic response of an airfoil model in deep stall may dramatically decrease the
range of angles of attacks at which the aerodynamic damping of this model is negative. Un-
der the assumption that the actual aerodynamic response of airfoils in deep stall is slower than
quasi-steady this indicates that present aeroelastic codes may over-predict deep stall standstill
vibrations. To analyze this issue further, the focus of the work presented in this section was on
determining the amount of temporal lag of an airfoil in deep-stall. 2D and 3D prescribed motion
CFD computations were respectively carried out at 26 and 24 degrees angle of attack. Temporal
lag of the aerodynamic response was quantified by means of theaforementioned engineering
aerodynamic model described in detail in [9, 11]. In the model, the parameters were adjusted to
match the dynamic lift and drag coefficient loops obtained during the CFD simulations. Then,
these parameters were considered representative of the respective CFD simulations. Note that
the angles of attack used in the present work were defined withrespect to the flow velocity rel-
ative to the airfoil. The motion of the airfoil was thereforetaken into account. In Figure 10.22,
the following curves concerning the dynamic lift coefficient loops of the 2D CFD simulations
are presented:

• Static lift coefficient resulting from the time-marching 2DCFD with the non-moving
DU96-W-180

• Dynamic lift coefficient loop resulting from the prescribedmotion 2D CFD

• Dynamic lift coefficient loop modeled to match the dynamic 2DCFD response using the
method from [9, 11], based on the 2D CFD polars
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• Dynamic lift coefficient loop modelled assuming inviscid response using the method from
[9, 11], based on the 2D CFD polars

• Dynamic lift coefficient loop modelled using Beddoes-Leishman type [16, 17] dynamic
stall model, based on the 2D CFD polars

The direction of the presented loops was clockwise. The results showed that the dynamic-lift
response resulting from prescribed motion 2D CFD was slowerthan the one modelled using [9,
11] and the inviscid parameters for the temporal response. Neither the dynamic lift coefficient
loop modeled using the Beddoes-Leishman type dynamic stallmodel [16, 17] resembled that
of the prescribed motion CFD computations. The approximatedynamic 2D CFD response
was modeled by tuning the parameters in the aforementioned engineering model. However,
the exact shape of the CFD response was impossible to obtain.The dynamic lift coefficient
loop resulting from the prescribed motion 2D CFD was averaged over 20 periods of oscillation
in order to decrease the influence of the higher-frequency fluctuations associated with vortex
shedding. In Figure 10.22, the following curves concerningdynamic lift coefficient loops of

Figure 10.22.Lift coefficients from the: 2D CFD with the non-moving DU96-W-180, 2D pre-
scribed motion CFD and from two engineering models.

the 3D CFD simulations are presented:

• Static lift coefficient resulting from the time-marching 3DCFD with the non-moving
DU96-W-180

• Dynamic lift coefficient loop resulting from the prescribedmotion 3D CFD

• Dynamic lift coefficient loop modeled assuming inviscid response using the method from
[9, 11]; based on the 3D CFD polars

• Dynamic lift coefficient loop modeled using Beddoes-Leishman type [16, 17] dynamic
stall model; based on the 3D CFD polars

The direction of the presented loops was clockwise. The results were surprising as the char-
acteristic of the prescribed motion CFD dynamic-lift loop was completely different from the
corresponding 2D CFD loop which was of negative slope. The loop averaged over 30 oscilla-
tion periods had positive slope, as if the static values wereof positive instead of negative slope.
Modelling the 3D CFD dynamic lift with the tools from [9, 11] or the Beddoes-Leishman model
[16, 17] proved difficult and will require further investigation and possibly another approach.
This is because these models are not developed to model loopswith a slope of opposite sign
to that of the steady values. To see results concerning drag coefficient loops of the 2D and 3D
simulations, refer to [9, 18].
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Figure 10.23.Lift coefficients from the 3D CFD with the non-moving DU96-W-180, 3D pre-
scribed motion CFD and from two engineering models.

10.3 Conclusions

The current research on standstill wind turbine blade vibrations was divided into experimental
and computational investigations. Standstill measurements carried out on LM 38.8m blade of
the NM80 turbine were analyzed. Polars were extracted from the pressure-distribution time
series measured at blade section 5 on August 19th, between 16:50 and 17:40. The angle of
attack was determined in two alternative ways: by means of the yaw-misalignment measure-
ment from the nacelle and the wind-direction measurement from the nearby met mast. The
nacelle measurement showed to be more reliable. The wind speed was also measured at the
nacelle and met mast. Dynamic pressure was measured at the stagnation point at section 5. The
above mentioned were alternatively used for normalizationof the loads in order to extract the
polars. Wind-speed measurement from the nacelle appeared as the most reliable, qualitatively
producing the most reliable polars. Unfortunately, the overall quality of the polars was unsat-
isfactory. Simple error analysis was performed in order to indicate whether the wind-speed or
angle-of-attack measurements were the main source of error. The analysis included compari-
son of the CL, CD, CN, CT, CL/CD and CN/CT curves. While it was difficult to pinpoint a
single faulty measurement (angle of attack, wind speed or pressure distribution), it seemed that
an increase in quality of all the involved measurements, especially the pressure distribution,
would be necessary to obtain reliable polars.

In the computational studies it was investigated whether the stand still vibrations are vortex-
induced, stall-induced or a combination of both types. The work comprised analyzes based
on engineering models and Computational Fluid Dynamics. Two-dimensional, three-degree-
of-freedom, elastically-mounted-airfoil engineering models were created. Analysis based on
these models showed that even a relatively low amount of timelag in the dynamic aero-
dynamic response significantly increases the models’ aerodynamic damping. Note that state
of the art aeroelastic codes assume quasisteady aerodynamics in deep stall. Therefore, these
aeroelastic codes may inaccurately predict aerodynamic damping in deep stall, if the actual
aerodynamic response of airfoils in deeps stall is slower than quasisteady. Further, two- and
three-dimensional CFD computations on a DU96-W-180 airfoil were carried out around 25
and 90 degrees angle of attack. These included non-moving, prescribed-motion and elastically-
mounted airfoil suspensions. These computations indicated the vortex-induced vibrations may
occur on modern wind turbine blades at standstill conditions and moderate wind speeds. On
the other hand, the occurrence of stall-induced vibrationsappeared unlikely due to relatively
high wind speed necessary for their onset. Analysis of dynamic lift and drag coefficient loops
computed in stall with 3D CFD indicated that present engineering models may be insufficient
in modeling these loops, and the problem should be investigated further in future work. Note
that the present CFD computations involving 2D and 3D airfoils are not necessarily repre-
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sentative of actual wind turbine blades due to lack of twist and taper. Computations on full
blades should be carried out in future work together with investigations concerning different
flow characteristics.
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11 Investigations of Wind Turbine Wake Deficit

and Loads in Partial Wake Operation

Author(s): N. Troldborg, H.A. Madsen, C. Bak

In this section the inflow conditions and loads on the NM80 wind turbine operating partially in
the wake of another wind turbine are analysed using field measurements as well as numerical
simulations using both an actuator line technique combinedwith LES and predictions of an
aero elastic engineering wake model.

11.1 Introduction

The inflow and load conditions on a turbine, which is operating in the wake of one or more
turbines, deviate significantly from that of an isolated turbine. Typically a wake inflow causes
increased fatigue loads, and in particular yaw loads, especially when the turbine is in partial
wake operation. However, even when the wind direction is such that a turbine on average is
operating fully in the wake of another turbine, large scale meandering of the wake causes
the wake operating turbine to continuously experiencing part wake operation. For this reason
wake meandering may significantly contribute to increased fatigue loads and this including this
effect is of crucial importance when simulating turbines inwind farms. Even though a large
body of work exists on wakes and wake operation, modelling partial wake situations as well
as other cases with extreme shear over the rotor disc is a verychallenging task, which even
advanced state-of-the-art models has difficulties to handle as outlined by Madsen et al. [1] The
objective of this paper is to present an analysis of the structure and dynamics of a wake based
on Pitot tube measurements obtained along the blade of a modern wind turbine. Furthermore,
to investigate how a turbine is loaded when it is partially exposed to wake flow. Finally, to
investigate the ability of the actuator line method and an advanced aero-elastic engineering
model to modelling the complex phenomenon of wake operationthrough a comparison with
the measurements.

11.2 The DAN-AERO experiment

The used experimental data were obtained as a part of the DAN-AERO MW project [2, 3],
in which one blade of a NM80 2MW wind turbine was heavily instrumented with various
measuring equipment including e.g.:

• 4× 64 surface pressure taps at four radial stations r=13 m, 19 m,30 m and 37 m. In
this way pressure distributions were obtained and integrating the pressure distributions re-
sulted in normal forces and tangential forces normal to and parallel with the chord length,
respectively.

• 4 five-hole Pitot tubes at the radial stations 14.5 m, 20.3 m, 31 m and 36 m. From these
tubes the relative velocity, the inflow angle and slip angle can be determined.

• Strain gauges at 10 different radial stations. From these strain gauges the flap and edge
moment can be determined. For the present analysis only the strain gauge located at the
radial station 3 m was used. This sensor represents the flap root moment.

The instrumented turbine has a diameter of 80 m and is situated in a wind farm at the flat
Tjæreborg Enge site. The wind farm is sketched in Figure 11.1and consists of 8 turbines
organized in two rows. The turbines in the southern row and WT3 are all of the NM80 type,
while the others are Vestas V80’s. The met mast denoted M1, which is located between WT2
and WT4, provides measurements of respectively wind speed,wind direction, pressure and
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temperature at various heights above ground. As indicated in the figure, for a wind direction of
201o the instrumented turbine WT3 operates fully in the wake of turbine WT4.

Figure 11.1.Layout of the Tjæreborg wind farm including meteorologicalmast (M1). The
instrumented turbine is denoted WT3.

11.3 Computational methods

11.3.1 The actuator line simulations and atmospheric boundary layer modelling

The numerical simulations are carried out with the three-dimensional Navier-Stokes solver
EllipSys3D [4–6] together with an actuator line [7] representation of the wind turbine blades.
The atmospheric boundary layer is modeled using a techniquewhere body forces, applied to
the entire computational domain, are used to impose a given steady wind shear profile, while
free-stream turbulence is modelled by introducing synthetic turbulent velocity fluctuations to
the mean flow in a predefined cross-section upstream of the first rotor [8]. The numerical set-up
is as described in [9].

11.3.2 Aeroelastic simulations

The aero elastic simulations are conducted using the HAWC2 model combined with the dy-
namic wake meandering (DWM) model [10] for representing thewake dynamics.

11.4 Results and discussion

The present analysis is based on two datasets measured on September 1st 2009. The two
datasets were chosen because they combine partial wake operation with well defined oper-
ational conditions, i.e. constant rotor speed, pitch and yaw position. The overall conditions
during the two selected dataset are summarized in Table 11.1. The two cases represent approx-
imately half wake and 2/3 wake operation.
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Case 1 2

Date 01-09-2009 (12:30) 01-09-2009 (13:30)
Wind speed (57 m) 13.2 m/s 13.4 m/s
Turbulence intensity 7.5% 6.8%

Shear coefficient 0.26 0.19
Wind direction (17 m) 187o 195o

Wind direction (57 m) 187o 195o

Wind direction (90 m) 190o 199o

Yaw position 165o 182o

Yaw error 22o 13o

Rotor speed 16.2 RPM 16.2 RPM
Pitch −4.75o −1.25o

Table 11.1. Operational conditions in the two selected cases

11.4.1 Inflow conditions

In order to give an impression of the inflow experienced by theinstrumented turbine Figures
11.2 and 11.3 show polar plots of respectively the measured and computed inflow angle at the
radial station r = 31 m for each of the two cases. The corresponding results for the relative
velocity are shown in Figures 11.4 and 11.5. The error bars included in the plots show the
standard deviation of the predicted curves, while the greenand red curves show the maximum
and minimum predictions in the datasets, respectively. Note that azimuth angle equal to 0o

corresponds to the blade pointing upwards. Qualitatively,the agreement between actuator line

Figure 11.2.Azimuthal variation of the inflow angle at r=31 m in case 1. From left to right:
Measurements, actuator line simulations and HAWC2 simulations.

Figure 11.3.Azimuthal variation of the inflow angle at r=31 m in case 2. From left to right:
Measurements, actuator line simulations and HAWC2 simulations.
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Figure 11.4.Azimuthal variation of the relative velocity at section 8 (r=31 m) in case 1. From
left to right: Measurements, actuator line simulations andHAWC2 simulations.

Figure 11.5.Azimuthal variation of the relative velocity at section 8 (r=31 m) in case 2. From
left to right: Measurements, actuator line simulations andHAWC2 simulations.

and HAWC2 simulations is fairly good. However, when compared to measurements there are
many differences. The most apparent is the inflow angle, which in the measurements, in both
cases, is shifted compared to the simulations. It is difficult to explain the reason for this behavior
in the measurements. One should rather expect a behavior as predicted by the two simulations
where the inflow angle maximizes at azimuth angles between 45o and 90o where the blade
is expected to be outside of the wake and at the same time is moving with the wind. Despite
these differences both measurements and simulations predicts the same overall behaviour in
the standard deviation: In case 1 the standard deviation of the inflow angle is clearly lowest
for azimuth positions where the blade is outside the wake, where the opposite is true in case
2. The reason that the standard deviation in case 2 apparently is larger where at least parts of
the blade on average should be outside of the wake is probablydue to wake meandering. The
overall behavior of the relative velocity predicted by bothactuator line and HAWC2 simulations
seem to agree fairly well with the measurements, though there are differences in the magnitude.
However, since the measured values are at the position at thePitot tube and the computed results
are on the blade itself, one should not expect quantitative good agreement. The meandering
effect mentioned above is clearly seen in Figure 11.6, whichshows a representative time trace
of the inflow angle at r = 31 m in case 1. The large peaks in the inflow angle occur whenever
the blade rotates outside of the wake. The large variation inthe magnitude of these peaks is
evidently a sign of a meandering inflow wake. Furthermore, itis interesting to notice how
abrupt the peaks in the inflow angle occur. This behaviour indicates that the incoming wake in
a meandering frame of reference has very sharp edges.

11.4.2 Aerodynamic blade loading

Figure 11.7 shows the measured and simulated azimuth variation of the flap root moment in the
two cases, respectively. Note that the shown flap root moments have been normalized with the
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Figure 11.6.Time trace of inflow angle at r=31 m in case 1.

maximum value of the HAWC2 simulation. The numerical methods predict lower flap root mo-
ments than measured by the strain gauge. In case 1 the computed shape of the flap root moment
deviates significantly from the measured curve. In the simulations the influence of the wake
is clearly seen to reduce the flap root moment over approximately half of a rotor revolution,
whereas it in the measurements only is reduced over approximately 1/4 of the rotor revolution.
In case 2 there is a good agreement between actuator line simulations and HAWC2 simula-
tions. In this case the overall shape of the flap root moment also compare rather well with the
measurements. Figure 11.8 compares the measured and simulated loading tangential and nor-
mal to the chord. The loading has in all cases been normalizedwith the maximum normal load
predicted by the HAWC2 simulation at r=30m. Note that there are only measurements avail-
able at the two inner sections because the pressure measurements on the two outer sections on
this date were corrupted. In case 1 there are significant differences between measurements and
simulations. Again the measured values indicate that this may not be a half wake case because
the measured loads for azimuth angles between 0o and 90o are larger than in the simulations.
In case 2 there is generally a much better agreement between measurements and simulations.
However, again the simulations predict lower tangential loading at azimuth angles between 0o

and 90o.

Figure 11.7.Scaled flap root moment as a function of azimuth position in case 1 (left) and 2
(right).
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Figure 11.8.Scaled tangential and normal loading, respectively as a function of azimuth posi-
tion in case 1 (top) and case 2 (bottom). Circles: Measurements; Full line: actuator line; Dashed
line: Hawc2. Color code in legend.

11.4.3 Influence flexible blades

In the comparisons shown in the previous section only the aerodynamic loading was consid-
ered in the simulations. In order to study the influence of thestructure dynamics including
flexible blades and the mass of the blade the two cases were simulated again using HAWC2
with an aeroelastic model included. Figure 11.9 compares the aerodynamic flap root moment
predicted with flexible and stiff blades. Also included in the plot is the structural moment.
As seen accounting for the structure dynamics significantlyimproves the comparison with the
measurements both in terms of shape and magnitude.

Figure 11.9.Scaled flap root moment as a function of azimuth position in case 1 (left) and 2
(right).
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11.5 Conclusions

The inflow and loads on a wind turbine operating partially in the wake of another turbine has
been analyzed from measurements and two different computational methods. A comparison
of measured and computed values revealed fair qualitative agreement but also significant dif-
ferences. Further investigations have to be made to determine what is causing the observed
differences. The analysis showed that the inflow angle can beused to separate the blade az-
imuth positions where the blade is inside the wake from thosewhere it is outside and hence
enables derivation of statistics of e.g. angle of attack variations both inside and outside the
wake. Furthermore, it was shown that despite the ambient flowbeing turbulent the wake as
seen in a meandering frame of reference is well defined with a sharp edge at the wake bound-
ary. Finally, it was shown that including the structure dynamics of the blade in the aeroelastic
simulations significantly improved the agreement with measured flap root moments.
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12 Aerodynamic Noise Characterization of

NM80 Turbine through High-Frequency

Surface Pressure Measurements

Author(s): F. Bertagnolio, H.A. Madsen, C. Bak, N. Troldborg, A. Fischer

The aim of this section is to investigate and characterize the aerodynamic noise emission from
the blade of the NM80 turbine and in particular to study the influence of atmospheric turbulence
and the turbulence from operation in wake of another turbineon noise emission.

12.1 Introduction

The aerodynamic noise produced by modern megawatt-sized wind turbines originates mainly
from two types of flow-structure interactions: turbulent inflow noise which is usually dom-
inating in the low-frequency range, and trailing edge-turbulent boundary layer noise in the
high-frequency range (see Wagner [1] for a review on wind turbine noise).
Turbulent inflow (TI) noise is produced by atmospheric turbulence vortices that upon impinge-
ment on a wind turbine blade generate opposite surface pressure (SP) fluctuations on each side
of the blade, subsequently radiating as sound. Such incoming atmospheric turbulence may have
two origins: the natural wind turbulence created within theatmospheric boundary layer (BL)
and/or the wake flow structures generated by one or more wind turbines, or alternatively by
other large objects such as buildings or trees, located upstream of the wind turbine of interest.
Trailing edge (TE) noise is produced by the convection past the sharp TE of an airfoil of the
vortices generated within the turbulent BL developing on the airfoil surface itself, resulting in
a scattering phenomenon. Theoretical work shows that the radiated noise in the far-field can be
directly related to the SP turbulent fluctuations near the TE[2, 3].
Since both TI and TE noise are related to the SP fluctuations, the SP spectra may be used to
characterize noise emission in the far-field for both mechanisms, TI noise being predominantly
generated in the area of the airfoil section near the leadingedge (LE) [4, 5] whereas TE noise is
characterized by airfoil SP fluctuations occurring near theTE [3]. It should be emphasized that
the SP fluctuations generated by either the atmospheric TI orthe airfoil turbulent BL vortices
are less prone to be contaminated by spurious experimental noise since the intensity of these
fluctuations is typically larger than the sound that they will subsequently radiate or than any
other ambient noise for that matter. Therefore, measuring these SP fluctuations contributes to
an accurate characterization of the actual aeroacoustic noise generated by a wind turbine.
This chapter uses field measurements, wind tunnel tests and two different modelling approaches
to characterize the SP fluctuations and hence also noise emissions from the blade of the NM80
turbine. The aim is to investigate the influence of atmospheric and wake turbulence on noise
emission as well as to validate the used noise models. To fit best the overall structure of the
report the model validation results are placed in chapter 13whereas the models are presented
in the present chapter.

12.2 Description of the Measurements

The main characteristics of the experimental campaign are described in this section. More
details concerning the experimental set-up, measurement conditions and acquired data can be
found in the references [6, 7].
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12.2.1 Full-Scale Wind Turbine Set-Up

A new test blade, a LM 38.8 m blade, was manufactured and during the manufacturing of the
blade, a lot of sensors were integrated in the blade structure. Afterwards the blade was mounted
on a NM80 2.3 MW turbine which is located in a flat terrain area and is part of a small wind
farm of 8 turbines located in Tjæreborg, Denmark.
In the present work the following sensors are used:

• Pressure taps measuring static pressure distributions along the blade chord at 100 Hz at
four radial positions (r=13 m, 19 m, 30 m and 37 m)

• Five-hole Pitot tubes measuring relative inflow velocity and local angle of attack (AoA) at
a sampling frequency of 35 Hz at four radial positions (r=14.5 m, 20.3 m, 31 m and 36 m)

• 50 high frequency microphones for measuring SP fluctuationsat 50 kHz was installed at
r=37 m.

• Sensors measuring the rotational speed, pitch and azimuthal position of the blade.

• Cup and sonic anemometers as well as wind vanes for measuringwind velocity and direc-
tion at several heights at a nearby meteorology mast.

• Sensors for measuring temperature and pressure at the met mast (used for deriving air
density).

12.2.2 Analysis tool

In order to analyze the pressure coefficient distributions and fluctuating SP measurements, an
analysis software tool was developed. The analysis takes the following steps:

• Identify particular periods of time during the campaign that are of interest for a specific
study.

• Truncate the recorded pressure distributions and SP time-series into shorter time-series so
that the latter represent the state of the flow for a relative short azimuth displacement of
the blade (in our case, the shorter time period is 1/4 s or an azimuth span of 24o).

• For each of these shorter time-series, the various aerodynamic (e.g. local AoA, relative
inflow velocity, wind speed, electrical power) and geometric (e.g. azimuth position of the
blade, yaw angle, wind direction) parameters are averaged during the corresponding time
period of recording.

• Sort the shorter time-series by enforcing various user-defined constraints on these aerody-
namic or geometric averaged values.

• Bin average the time series according to the values of one of the above aerodynamic or
geometric averaged parameters, often the local AoA.

• Perform a spectral analysis on the binned SP time-series, including spectral averaging of
the selected data within the same bin, whilst the binned pressure distributions are simply
averaged.

12.2.3 Wind Tunnel Measurements of the NACA 63-418 Airfoil

In addition to the field experiment presented above, measurements of a NACA 63-418 airfoil
section were conducted in the LM Wind Power wind tunnel in Lunderskov [7]. The airfoil
model has a shape that is identical to the 37 m radius cross-section of the LM 38.8 blade of the
NM80 turbine, though with a shorter 0.9 m chord compared to the 1.2 m chord on the blade at
this radius.
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The airfoil model was equipped with pressure taps and microphones in the same way as for the
equipped wind turbine blade section. In addition to measurements carried out in a clean tunnel
with a turbulence intensity around 0.1%, other measurements were carried out with a turbulence
grid in the inlet to the test section raising the turbulence intensity to about 1.2%. Finally, SP
measurements were conducted with two different trip/roughness tapes mounted close to the LE
of the airfoil.

12.2.4 Pitot Tubes and Calibration of Inflow Angles

From the five-hole Pitot tube measurements two inflow angles can be derived as well as the
relative velocity. The Pitot tubes were positioned relatively to the blade so that one of the
measured angles is the local AoA of the inflow to the blade. However, for analyzing noise
model results as well as for comparisons with the wind tunnelmeasurements on the copy of the
blade section, it is necessary to convert this local inflow angle to a standard AoA which is the
angle between the chordline and the free wind vector for an airfoil section in a two-dimensional
(2D) flow. The transfer functions to convert from angles of attack measured by the Pitot tubes
to angles of attack measured in the wind tunnel is established from analysis of the pressure
distributions on the turbine blade and in the wind tunnel, respectively as described by Bak [8]
and verified by Bertagnolio et al. [9].

Unfortunately, the Pitot at the most outboard section (r =36m) was malfunctioning and there
the AoA measured with the Pitot tube located at the next inward station at radiusr =31m had
to be used for analyzing the pressure measurement data atr=37 m. However, through analysis
of measurements and use of the Blade Element Momentum (BEM) theory by Glauert [10]
Bertagnolio et al. [9] showed that the difference between the AoA at r =31 m andr =37m is
small. A conclusion which was also confirmed using 3D CFD calculations.

12.3 Numerical Models

In this section the various modelling techniques used here are described. The so-called TNO-
Blake TE noise model is used to calculate SP fluctuations generated by the airfoil turbulent BL
in the vicinity of the TE. In addition, Amiet’s TI noise modelis used to calculate SP fluctuations
near the airfoil LE as a response to the inflow turbulence. TheTNO-Blake model requires as
input additional informations concerning the BL characteristics. For this purpose, 2D CFD
calculations of the airfoil section are performed at specified AoA and Reynolds number.

12.3.1 CFD Reynolds-Averaged Navier-Stokes simulations

The in-house developed Navier-Stokes incompressible finite volume flow solver EllipSys2D
[11–13] is used for the steady state RANS simulations on the NACA 63-418 airfoil. Thek−ω
SST turbulence model by Menter [14] in its original version is used to obtain the turbulent
viscosity. The O-type mesh used for the calculations is refined near the airfoil surface so that
the non-dimensionalized distance of the first mesh point from the airfoil surface always satisfies
the conditiony+≤1 as required for this type of computations. The grid extends35 chords away
from the airfoil. It contains 256 cells around the airfoil and 256 from the airfoil to the outer
boundary. In the calculations, the transition is determined with theen transition model by Drela
and Giles [15]. In some cases, the transition will be fixed at some specified chord location in
order to model a tripping device or a known transition location.
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12.3.2 Modified TNO-Blake Trailing Edge Noise Model

The turbulent BL developing over the airfoil surface is idealized as the flow over an infinite half-
plane for which the main flow direction is denoted asx1, the direction normal to the wall isx2,
andx3 is the direction transversal to the flow and parallel to the TE. (x1,x2,x3) are indifferently
denoted as(x,y,z) in the following. Assuming homogeneity in time and in planesparallel to the
surface, neglecting turbulence second-order moments and using Green’s function formalism, a
solution for the wave number-frequency SP spectrum can be obtained as an integral across the
BL [16–18]. An improved version of the model [19] takes the following form:

Φp(k‖,ω) = 4ρ2
0

k2
1

k2
1+ k2

3

∫ δBL

0
2L2(y)

(
∂U1

∂y
(y)

)2

u2
2(y)Φ̃22(k‖,Λ)

×Φm(ω−Uc(y)k1)e−2k‖y dy (7)

whereδBL is the BL thickness,L2 is the vertical correlation length characterizing the vertical
extent of the vertical turbulent velocity componentu2, u2

2 its mean squared value,U1 is the
streamwise mean velocity,k‖ is the norm of the wavenumber vectork‖=(k1,k3) spanning the

plane parallel to the wall,̃Φ22 is the normalized spectrum of the vertical velocity fluctuations
integrated overk2, Φm is the so-called moving axis spectrum which describes howΦ̃22 is dis-
torted by the generation and destruction of eddies during their convection past the TE. Details
of its definition can be found in the paper by Moriarty [20], but it is here approximated as a
Dirac delta function assuming frozen turbulence. The convection velocityUc of these eddies is
related to the local velocity as:Uc(y)=0.7U1(y). Note thatΦ̃22 depends on the integral length
scaleΛ (see definition below) and is therefore also a function ofy.

The various quantities in the integral in Eq. (7) need to be quantified in order to evaluate the SP
spectrum. In this work, the RANS-CFD solver EllipSys2D (seedescription above) is used. It
directly provide the BL thickness and the mean velocity profile. The turbulent normal stress can
be estimated from the turbulent kinetic energy (TKE)kT calculated by the solver as:u2

2 =αk kT

whereαk is set to 0.45 and 0.3 on the suction and on the pressure side ofthe airfoil, respectively.

Using the classical Von Karman model and introducing anisotropy stretching factors [21], the
vertical velocity spectral tensor̃Φ22 reads:

Φ̃22(k‖,Λ) =
4
9π

Λ2 β1β3
(β1Λk1)

2+(β3Λk3)
2

[1+(β1Λk1)2+(β3Λk3)2]7/3
(8)

where the integral length scaleΛ characterizes the size of the energy-containing eddies, the
coefficientsβ1 andβ3 are anisotropic stretching factors in the streamwise and spanwise direc-
tions, respectively. Following the approach by Lynchet al [22] and introducing the stretching
factors in the derivation, the correlation lengthL2 is defined as a frequency dependent quantity:

L2(ω) =
55Γ(1/3)

108
√

πΓ(17/6)
Λβ2

3+11(β1Λkc)
2

3+8(β1Λkc)2

1√
1+(β1Λkc)2

wherekc=ω/Uc is the convective wavenumber andβ2 is an additional anisotropy stretching
factor in the direction perpendicular to the airfoil surface. Using the turbulence dissipation
rateε calculated by the RANS solver, the integral length scale canbe deduced [23] from the
asymptotic behavior of the Von Karman spectrum in the inertial range as:

Λ = 0.314k3/2
T /ε (9)

In order to close the model and as a result of a tuning procedure using experimental data
(see [19] for details), the anisotropy stretching factors are given as:

β1 = 0.4 and β2 = (γ)1/5 and β3 = (2γ)1/2

using the following non-dimensional BL pressure gradient along the airfoil chord defined as:

γ =
δBL

Uτ

[
(∂P/∂x1)

2

ρ0 µ

]1/3
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whereP is the mean static pressure,Uτ is the friction velocity, andµ the dynamic viscosity.

The frequency-spectrum of the SP fluctuations that will be considered later in this paper for
comparisons with measurements is obtained by integrating Eq. (7) over the whole wavenumber
space:

Φp(ω) =
∫∫ +∞

−∞
Φp(ω,k‖)dk1dk3 (10)

The far-field noise spectrumS(ω) can be deduced from the SP spectrum model defined above
using Howe’s theory [3]. For an observer located at a distance R above the TE orthogonally to
the flow leaving the TE and in the limit of low Mach number flow, it reduces to [24]:

S(ω) =
L

4πR2

∫ +∞

−∞

ω
c0|k1|

Φp(ω,k‖)|k3=0dk1 (11)

whereL is the span of the considered airfoil section. Comparing Eqs. (11) and (10), it is clear
that SP and far-field noise frequency spectra are closely related and that the former can be used
to characterize the latter.

12.3.3 Amiet’s Turbulence Inflow Noise Model

In the theoretical derivation of inflow noise by Amiet [4], the incoming turbulence is assumed
to be frozen and the airfoil is idealized as a flat plate. SP fluctuations and far-field noise are
generated by inflow gusts modeled by sinusoidal variations of the velocity component normal
to the airfoil plane.

The airfoil SP can be found by summing up the airfoil responsefor all gust frequency contri-
butions. Assuming an airfoil of chord 2b and span 2d in a turbulent flow with mean velocityU ,
the power spectral density (PSD) of the SP fluctuations reads:

Φp(x,ω) = 2U(πρ0)
2
∫ ∞

0
g∗
(
ξ,K1,k3

)
·g
(
ξ,K1,k3

)
Φ22(K1,k3)dk3 (12)

whereK1=ω/U is the convective wave-number,ξ=x/b, x being the abscisse along the chord
relatively to the chord center.g is the airfoil response function to a vertical gust (see its de-
tailed derivation in [5]), andΦ22 is the spectrum of the turbulence inflow component normal
to the airfoil integrated along the normal wave-numberk2, the classical Von Karman isotropic
spectrum is being assumed here. Note that the former result has been divided by a factor 4
compared to the original formula by Amiet as the latter is given for the pressure jump between
the suction and pressure sides of the airfoil.

The radiated far-field noise spectrum generated by the aboveSP fluctuations is given as:

S(r,ω) =
(

ωρ0 by

c0 σ2

)2

πUd
∣∣L(r ,K1,K3)

∣∣2 Φ22(K1,K3) (13)

wherer = {x,y,z}T is the observer location relativelÃęy to the airfoil center, K3 =ωz/c0 σ,
σ2=x2+β2(y2+z2) andβ2=1−M2. The Mach number is defined as:M=U/c0, wherec0 is
the sound velocity. The effective lift response is calculated from the response functiong as:

L(r ,K1,k3) =

∫ 1

−1
g(ξ,K1,k3)e−iµξ(M−x/σ) dξ

whereµ=MK1b/β2. Similarly to the TNO-Blake model in the previous section, comparing
Eqs. (13) and (12) shows that SP and far-field noise frequencyspectra are closely related.

Note that Amiet’s TI noise theory was extended to rotor noiseevaluation [25]. It was imple-
mented and tested during the present study. However, since rotational speeds are moderate and
relative Mach numbers remain sufficiently low, no significant difference was observed between
results of the two model formulations. In addition, for sufficiently large TI vortices (i.e. low
wave numbers) blade-to-blade correlation effects arise and concentrate sound energy around
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blade passage harmonics. This phenomenon is not included inthe present study. In any case, it
only affects lower frequencies in the spectra that will not be considered here.

Amiet’s model requires as input parameters the relative inflow velocity, the turbulence intensity
to determine the normal velocity component varianceu2

2 and the integral length scale for eval-
uating the turbulence spectrumΦ22. In the case of the NM80 rotor, the relative inflow velocity
can be evaluated using the BEM model or the 3D CFD calculations mentioned in Section 12.2.4
or measurement data. The remaining quantities can be evaluated using empirical formulae for
atmospheric turbulence or from mast measurement data. As for the wind tunnel experiment, all
these quantities are measured using hot-wire anemometry [26].

12.4 Results

This section presents the results of the analysis of the data.

12.4.1 Analysis of Pressure Coefficient Distributions

In this section, the pressure coefficient distributions measured in the LM wind tunnel and on
the turbine blade are compared to the CFD calculation results. The comparisons are performed
at equivalent Reynolds numbers and AoA and therefore validates the calibration technique
proposed in Section 12.2.4 to convert measured local inflow angles from the Pitot tubes to
actual 2D AoA.

Fig. 12.1(a) compares CFD results and LM wind tunnel measurements of the pressure coeffi-
cient distributions for two AoAsα=8 and 10o . Fig. 12.1(b) shows the corresponding compar-
ison for the LM wind tunnel and NM80 experiment measurementswhere a bin size of±0.5o

are used in the measurements on the NM80 turbine. In all cases, there is generally a good
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Figure 12.1. Pressure Coefficient along the NACA 63-418 Arfoil: a) CFD vs. LM wind tunnel
measurements; b) LM wind tunnel vs. NM80 wind turbine at r=37m.

agreement between the computational results and measurements. The good agreement brings
confidence in the methodology for extrapolating the measured AoA and relative velocity at
radiusr=31 m tor=37 m using the technique introduced in Section 12.2.4.

12.4.2 Analysis of transition point positions

In order to illustrate the differences between the actual flow on the LM 38.8 blade, the wind
tunnel conditions in the LM Wind Power facility and the idealconditions of the CFD calcula-
tion, the transition locations along the airfoil section chord on the suction side for the various
cases described in section 13.1.2 are displayed as a function of the AoA in Fig. 12.2.
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Figure 12.2. Transition Location on the Suction Side of NACA63418 Airfoil Section.

As for the measurements, the high-frequency microphones are used to detect transition as de-
scribed by Døssing [27]. Uncertainties displayed as error bars in the figure are associated to the
distances between two consecutive microphones along the airfoil chord that intrinsically limit
the accuracy of the detection of transition location. In addition, horizontal error bars character-
ize the AoA uncertainties for the NM80 data associated to thebinning process (see above). As
for the CFD calculations, the error bars are associated to the actual transition location predicted
by theen transition model [15] (lower limit of the error bar) and the intermittency model that
is used in the code to ensure a smooth transition from a laminar BL to a fully turbulent BL
(higher limit of the error bar). The results obtained for thewind tunnel experiment for which a
turbulence grid was installed at the inlet of the test section are also reported.

It can clearly be observed that the transition location behavior is quantitatively similar for the
CFD calculation and the wind tunnel experiment in the absence of turbulence grid (denoted
hereafter as ’laminar’ flow even if the wind tunnel inflow contains residual turbulence in the
order of 0.1% as specified in Section 12.2.3). Contrastingly, the wind tunnel data in the presence
of a turbulence grid and the experimental data acquired on the NM80 turbine exhibit a transition
consistently located upstream of the previous results. In addition, in the latter cases, transition
location is relatively unaffected by changes in AoA.

12.4.3 Relations between Inflow Turbulence, Transition and Boundary Layer Tur-

bulence

In order to explain the discrepancies observed between the measured SP spectra at the TE
and the CFD/TNO-Blake calculations at equivalent AoA, (seesection 13.1.2) the influence of
inflow turbulence and of tripping the airfoil is investigated. During the experimental campaign
conducted in the LM Wind Power wind tunnel as described in Section 12.2.3, in addition to
the case of a clean airfoil and laminar inflow conditions, various additional configurations were
studied. In particular, the airfoil BL was tripped near the LE using a zig-zag (ZZ) tape and
a turbulence grid was placed in the inlet of the wind tunnel test section increasing the inflow
turbulence to approximately 1.2% [26, 28]. The two methods were both tested individually and
in combination.

Firstly, the influence of the tripping and of the turbulence grid on the SP fluctuations near the
airfoil LE is investigated atx/C=7.15% on the suction side of the airfoil, which is located
downstream of the transition point even for a clean airfoil in laminar inflow. The SP spectra are
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plotted in Figs. 12.3(a) and (b) for AoAs equal toα=8 and 10o, respectively.
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Figure 12.3. SP Spectra near LE (x/C=7.15%, Suction Side) - NACA63418 in LM Wind Tun-
nel: a)α=8o; b) α=10o.

Whereas the turbulence grid significantly increases the SP fluctuations energy in the whole fre-
quency range compared to the clean airfoil in laminar inflow,the ZZ tape mainly influences the
higher frequency range of the spectra and slightly the low frequencies. When combining both
devices, at the lowest AoA the ZZ tape unexpectedly reduces the influence of the turbulence
grid, whilst at the highest one it only has a small effect. Note the presence of the spurious peak
in the spectra around 3000 Hz generated by the wind tunnel fanas observed in section 13.1.1,
as well as the broader and intense peak around 6000Hz associated to spurious noise generated
by the turbulence grid.

Secondly, the influence of the tripping and of the turbulencegrid on the SP near the TE is
studied. The SP spectra measured in the wind tunnel are plotted in Figs. 12.4(a) and (b) for
AoAs equal toα=8 and 10o, respectively. The influences are different than what was observed
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at the LE. The turbulence grid increases the SP spectral energy in the higher frequency range
and decreases it in the lower range. Surprisingly, the ZZ tape has the opposite effect, though
it slightly increases the SP spectral energy in the high frequency range for the highest AoA.
Combining the two methods produces intermediate results. In addition, the results presented
in the previous section comparing the NM80 mesurements withCFD/TNO-Blake model cal-
culations are reported once again for two AoAsα=8 and 10o in Figs. 12.4(c-d). In addition,
CFD calculations were also performed by forcing transitionat approximately the same location
where transition does occur on the blade. It can be seen that forcing transition in this way more
upstream and closer to the LE has no effect on the modeled SP spectra at the TE. The important
conclusion that can be drawn by comparing Figs. 12.4(a-b) with Figs. 12.4(c-d) is that inflow
turbulence has the same effect on the SP near the TE in both thewind tunnel and on the NM80
wind turbine compared to their respective reference cases,i.e. the wind tunnel without turbu-
lence grid (laminar or quasi-laminar inflow) for the wind tunnel and CFD calculations for the
NM80 turbine. This explains the discrepancies shown in Fig.13.2(b) (section 13) where the
SP spectra measured on the NM80 turbine departed from the CFD/TNO-Blake model results
performed at corresponding AoA.

12.4.4 Influence of Inflow Turbulence and Wake Effects

The influence of the inflow turbulence is studied in a first stepby comparing the SP measure-
ments performed in the wind tunnel and on the LM 38.8 blade. The microphones considered
in both cases are located near the LE atx/C=2.2% on the pressure side of the airfoil/blade,
which is located upstream of the transition location in all cases. These measurements are then
representative of the inflow turbulence impinging on the airfoil section. These data are com-
pared with results obtained with Amiet’s model (see Section12.3.3). In the case of the NM80
experiment, the measured spectra were acquired when the turbine operated in a free-wake situ-
ation and data were sorted out by binning the recorded time-series so that the blade is pointing
vertically downward within an azimuth angular interval of 90o. The inflow velocity at blade
radiusr =37 m where the SP is measured can be determined from the Pitot tube. The height
of the measured blade section averaged during the measurement period is estimated at 28.5 m,
the tower height being 60 m. The turbulence intensity is deduced from a velocity sensor lo-
cated on a nearby wind mast at the same height and is estimatedto 10%. The turbulence
integral length scale is estimated by the following empirical formula for atmospheric flow
as Λ= 0.7×height, i.e. approximately 20 m. These quantities are used as input for Amiet’s
model. As for the wind tunnel measurements, these quantities could be acquired using hot-wire
anemometry. The wind tunnel results presented hereafter include only the case for which the
turbulence grid was present in the wind tunnel section upstream of the measured airfoil. The
measured turbulence intensity is 1.2% and the integral lengh scaleΛ=15 mm. Note that the
measured spectra displayed in the following are truncated above 2000 Hz. Indeed, as observed
in Fig. 12.3, beyond this frequency wind tunnel fan noise andturbulence grid generated noise
result in large broadband peaks that pollute this part of thespectra.

Due to the large difference in turbulence scales present in the wind tunnel (of the order of a
centimeter) and in the atmosphere (of the order of 20 m as mentioned above), a scaling of the
results is necessary. Amiet’s model data collapse in the limit of high-frequencies for micro-
phones located at the same relative chord location by using the following scaling for the SP
spectra:Sp(ω)≈Uu2

2Λ3/C2 as a function of the reduced frequencyω/(U/Λ) whereU is the
relative inflow velocity. The results are displayed in Fig. 12.5.

It can be observed that the NM80 measurements collapse quitewell with Amiet’s model results
using the corresponding input data. The results obtained inthe LM wind tunnel appear at much
lower reduced frequencies due to the large difference in turbulence scalesΛ. As expected, the
asymptotic behavior of Amiet’s model using inflow data for the wind tunnel with turbulence
grid does collapse in the high-frequency limit, and ultimately with the NM80 data by extrap-
olating these curves. As noticed earlier for the BL flow near the TE, the lack of collapse at
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Figure 12.5. Influence of Inflow Turbulence - LE Microphone - x/C=2.2% (Pressure side).

lower frequencies may originate from the use of the Von Karman spectrum to define the inflow
turbulence and which might not be representative of the actual turbulence characteristics in this
part of the spectrum.

In order to illustrate the influence of the increase of inflow turbulence due to the wake of an
upstream wind turbine in the case of the NM80 turbine experiment, the following investigation
is performed. During the measurement campaign described inSection 12.2.1 the wind changed
direction and the NM80 wind turbine eventually stood in the wake of an upwind wind turbine.
It is well known that wind turbine generates large scale vortices in their wake, which can be
interpreted as a more intense turbulence intensity in the flow impinging the blade. However, it
should be kept in mind that wind turbine wakes are also associated with wind velocity deficit
due to the energy extracted from the wind by the wind turbine rotor. Nevertheless, since data
are sorted out by constraining the time-series with respectto the electrical power generated by
the turbine, the actual mean wind velocity experienced by the turbine can be compared to the
free-wind case.

This wake situation is used to investigate the influence of turbulence intensity on the SP mea-
surements both at the LE and TE. This is reported in Figs. 12.6(a-b), respectively.
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Figure 12.6. NM80 Rotor - Comparison Free-Wind/Wake - AoA Binning: a) LE Microphone -
x/C=2.2% (Pressure side); b) TE Microphone - x/C=93%(Suction side).

The influence of the wake can clearly be observed at the LE withan significant increase of
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spectral energy, mainly in the low frequency range. At the TE, the mechanism observed earlier
for which the spectral energy of the SP fluctuations is increased at higher frequency and de-
creased at lower frequency when the inflow becomes turbulentcompared to the laminar case, is
further amplified in this wake situation where turbulence intensity in the inflow is supposedly
also more intense as explained above.

12.5 Conclusions

Surface pressure (SP) measurements related to noise emission on a full-scale wind turbine has
been analysed using reference wind tunnel measurements of an airfoil section identical to the
one at the blade radius where SP are measured, as well as numerical models including BEM
theory and a CFD code for aerodynamic calculations, as well as Amiet’s model for TI noise
and TNO-Blake model for TE noise modeling. A general good agreement between the model
and measurement data is found. However, some discrepanciesbetween the SP measured at the
TE on the NM80 wind turbine and the CFD/TNO-Blake model are observed. But these can
be explained by the presence of a turbulent inflow impacting the turbine blade which is not
accounted for in the model.

In addition, the present study does clarify important issues about wind turbine noise mech-
anisms. For low frequencies, increasing the AoA yields an increase in SP spectral energy at
the TE, and thereby TE noise in the far-field. For high frequencies, the tendency is reversed.
The dependence of the inflow noise on AoA variations, which isnot accounted for in Amiet’s
model, has also been highlighted.

The case of a wind turbine operating in wake is also studied. It is shown that SP fluctuations
near the LE increase at lower frequencies due to the inflow turbulence associated with the pres-
ence of the wake. In contrast, SP measurements at the TE exhibit an increase of spectral energy
at higher frequencies, which is a consequence of the different turbulent BL characteristics cre-
ated at the TE by the inflow turbulence as observed in the wind tunnel.
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13 Validation of Amiet’s turbulent inflow noise

model and the TNO Blake trailing edge

model

Author(s): F. Bertagnolio, H.A. Madsen, C. Bak, N. Troldborg, A. Fischer

The Amiet model for computation of noise from inflow turbulence and the TNO model for
TE noise, described in section 12.3 will now be validated against microphone results on the
NM80 rotor as well as on the blade section in the LM wind tunnel. The SP measurements on
the NM80 rotor were aquired at 37m̃ radius and on the NACA 63-418 airfoil in the LM wind
tunnel, respectively.

13.1 Analysis of Surface Pressure Fluctuations

The validation of the models is carried out through a comparison of the influence of various
parameters on the surface pressure fluctuations.

13.1.1 Influence of Microphone Chord Location

The influence of the location of the microphone along the airfoil chord near the LE of the NM80
turbine blade (atr =37 m) on the SP spectra at a given AoA is studied first. The SP spectra at
two chord locations on the pressure side of the airfoil,x/C=1.2% and 2.2% respectively, are
shown in Fig. 13.1(a). As predicted by Amiet’s model, the measured data show a decrease
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Figure 13.1. Influence of Microphone Chord Location on SP Spectra: a) NM80 Rotor - SP
Spectra near LE (Pressure side); b) NACA 63-418 - SP Spectra near TE (Suction side).

of the SP fluctuation amplitudes at all frequencies as the distance from the LE increases. It
should be noted that in the case of the measured data, if the distance from the LE is further
increased then the SP amplitude starts to increase again. This is caused by the amplification of
disturbances in the laminar BL yielding further downstreamto transition and ultimately to a
fully developed turbulent BL in which SP fluctuations will dominate TI generated ones [1].

As for microphones located near the TE, SP spectra are analyzed for microphones located on
the suction side of the NACA 63-418 airfoil section atx/C=92.2, 78.3 and 69.7%. Measure-
ments performed in the LM Wind Power wind tunnel are comparedto CFD/TNO-Blake model
results, both at an AoA equal to 10o, in Fig. 13.1(b). The decrease and increase of SP fluctua-
tion amplitudes at higher and lower frequencies, respectively, as the TE is approached are very
well reproduced by the model. In this figure, spurious peaks in the measured spectra can be
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observed around 3000 Hz (and a harmonic at approximately 6000 Hz). These are the result of
noise disturbances present in the wind tunnel and generatedby the driving fan.

13.1.2 Influence of Local Angle of Attack

Fig. 13.2(a) shows the the SP spectra measured on the NM80 rotor blade atx/C=2.2% on the
pressure side of the airfoil for various AoA. The SP fluctuations energy decreases slightly with
increasing AoA for frequencies below 600 Hz, and vice-versaabove. Such phenomenon was
also reported for some non-symmetric airfoils in the work byDevenportet al [2]. However,
Amiet’s theory [3] used in the present TI noise model cannot explain this phenomenon.
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Figure 13.2. NM80 Rotor (vs. CFD/TNO-Blake Model for SP nearTE) - Influence of AoA: a)
SP Spectra near LE (x/C= 2.2%, Pressure side); b) SP Spectra near TE (x/C=93%, Suction
side).

The case of the SP spectra at the TE is considered next. In order to validate the CFD/TNO-
Blake model the SP spectra measured in the wind tunnel on the NACA 63-418 airfoil section
are investigated. Fig. 13.3 displays both the modeled and measured SP spectra near the TE of
the airfoil (x/C=92.2%) for a Reynolds numberRe=5×106 and for three different AoAs.
There exists a good quantitative agreement between model results and experimental values that
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deteriorates at low frequencies. The modeling at such frequencies by the TNO-Blake model is
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however dubious. Indeed, the turbulence content of the BL flow is most probably not correctly
estimated by the Von Karman spectrum used to describe the flowat the corresponding low
wavenumbers (see Section 12.3.2). Another possible explanation for the discrepancies observed
at low frequencies for the TNO-Blake model is the fact that a stratification of uncorrelated
turbulent vortex sheets across the turbulent BL is assumed [4, 5]. At low wave numbers, the
size of the involved turbulent vortices become non-negligible compared to the BL thickness
and the above assumption breaks down.

SP spectra measured on the NM80 rotor near the TE at 37 m radiusof its LM 38.8 blade are
now considered. The microphone used for this SP analysis is located at 93% of the chord on
the suction side. Three different bins of equal sizes and based upon the calibrated measured
AoA at 31 m radius are defined as:

7.5< α < 8.5o and 8.5< α < 9.5o and 9.5< α < 10.5o

According to the analysis conducted in Section 12.2.4, the AoA can be binned according to its
values measured at 31 m radius and the corresponding AoA at 37m radius should be approxi-
mately the same.

CFD RANS calculations of the NACA63-418 airfoil are performed at a Reynolds number
Re=5×106, which corresponds to the value calculated by the BEM method, and SP spectra
were calculated using the modified TNO-Blake model described earlier. Note that the model
results are more sensitive to the amplitude of the relative inflow velocity impinging on the air-
foil through the AoA dependence, than to small variations ofthe actual Reynolds number of the
flow. The AoAs used to perform the RANS calculations are 8o, 9o and 10o. These correspond,
respectively, to the centers of the bins defined above for theanalysis of rotor pressure coef-
ficient and turbulent SP measurements. The relative inflow velocities are those calculated by
averaging in the binning process for each of the specific AoA bin. The results are displayed in
Fig. 13.2(b). As it can be seen, there exists a shift between the measured and modeled spectra,
though the increase and decrease of SP fluctuation amplitudes at lower and higher frequencies,
respectively, as a function of the AoA is consistently predicted. This suggests that some phe-
nomenon that is not accounted for in the present CFD/TNO-Blake model does occur on the
actual blade. Such a phenomenon was brought to light in section 12.4.3.

13.2 Conclusions

Surface pressure (SP) measurements related to noise emission on a full-scale wind turbine has
been analysed using reference wind tunnel measurements of an airfoil section identical to the
one at the blade radius where SP are measured, as well as numerical models including BEM
theory and a CFD code for aerodynamic calculations, as well as Amiet’s model for TI noise
and TNO-Blake model for TE noise modeling. A general good agreement between the model
and measurement data is found. However, some discrepanciesbetween the SP measured at the
TE on the NM80 wind turbine and the CFD/TNO-Blake model are observed. But these can be
explained by the presence of a turbulent inflow impacting theturbine blade which is not ac-
counted for in the model. It was also found that for both TI andTE noise models, the use of the
Von Karman spectrum for describing the respective turbulence characteristics may be source of
errors at very low frequencies. For the TE noise model, the assumption of uncorrelated vortex
sheets across the turbulent BL may also yield poor results atlow frequencies.
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14 Comparison of CFD rotor simulations with

DANAERO measurements

Author(s): N.N. Sørensen, N. Troldborg, J. Johansen, J. Madsen, P-E Réthoré

This chapter presents a comparison of full rotor simulations using Computational Fluid Dy-
namics (CFD) with measurements from the DANAERO MW experiment. The study is a part
of a validation study carried out in the project "Center for Computational Wind Turbine Aero-
dynamics and Atmospheric Turbulence" contract no.: 2104-09-0026. Simulations have been
carried out by DTU Wind Energy, Siemens Wind Power and LM WindPower, respectively so
that a inter comparison between the different Navier Stokessolvers and grids can be made.

14.1 Introduction

Even though Computational Fluid Dynamics (CFD) of wind turbines, in which the geometry
of the rotor is fully resolved, generally have proven to predict loads and power production on
wind turbines quite accurately, this type of simulations still need further validation. One major
uncertainty is that these types of simulations mostly are restricted to non-turbulent, steady
inflow conditions. Also the transition modelling in particular in 3D CFD is uncertain. In this
work a number of CFD rotor simulations using different flow solvers and grids are validated by
comparing them to each other and to measurements obtained aspart of the DANAERO MW
experiment.
The present work only considers the turbine operating in non-sheared inflow. Though this is the
simplest possible case the comparison will still reveal theimportance of inflow turbulence and
the necessity of including laminar/turbulent transition modelling at realistic Reynolds numbers.

14.2 Measurements

As part of the DANAERO MW project comprehensive inflow and load measurements were
conducted on the NM80 wind turbine located at the Tjæreborg Enge site in Denmark [1]. From
the extensive campaign the present work primarily uses the blade surface pressures measured
at the four sectionsr = 13 m,19 m,30 m and 37m of the 40m long blade. The aerodynamic
forces parallel and perpendicular to the chord line in each section is subsequently computed by
integrating the chordwise pressure distributions.
For the purpose of validation specific benchmark cases has been selected from the measure-
ments as described in [2]. The selected test cases include situations where the turbine is op-
erating in non-sheared, sheared and yawed inflow conditions. However, the present work only
uses the measurements in the non-sheared inflow case. For this case the inflow and operational
conditions are as shown in Table 14.1.It should be emphasized that the turbine is operating
at nearly constant rotational speed and pitch in the used dataset.The reason for choosing
a case where the turbine control activity is very limited is that it is easier to simulate.

U0 TI α Ω pitch Yaw error
[m/s] [%] [-] [RPM] [ o] [o]

6.1 6.8 0.025 12.3 0.15 -0.6

Table 14.1. Measured inflow and operational conditions. U0 is the mean velocity at hub height,
T I the turbulence intensity,α the power law shear exponent andΩ the rotational speed of the
rotor.

DTU Wind Energy E-0027 109



14.3 Computations

Simulations of the NM80 turbine have been carried out by DTU Wind Energy, Siemens Wind
Power and LM Wind Power, respectively. A grid was generated by DTU Wind Energy to be
used by all participant involved in the comparison study. However, LM Wind Power ended up
using a different grid, which closer resembled the type of grid that they normally use for rotor
simulations. This grid still contained the same number of grid points as the one provided by
DTU Wind Energy.

14.3.1 Grid

The reference grid provided by DTU Wind Energy has a standardO-O mesh configuration. The
radius of the domain is approximately 10 rotor diameters andthe height of the first cell adjacent
to the blade surface is set to satisfy the conditiony+ < 1 as required for this type of compu-
tations. The blades of the turbines are resolved with 256× 128× 128 cells in the chordwise,
spanwise and normal direction, respectively. The grid consists of 432 block of 323 (14· 106)
grid cells.

14.3.2 Navier-Stokes solvers

The incompressible finite volume Reynolds Averaged Navier-Stokes (RANS) flow solver El-
lipSys3D [3–5] was used by both DTU Wind Energy and LM Wind Power, while Siemens
Wind Power used the commercial CFX code.

14.3.3 Simulation setup

All simulations were carried out assuming steady and uniform inflow, i.e. neglecting turbine
tilt as well as the small shear and yaw error present in the measurements. Turbulence was in all
cases modelled using thek−ω SST turbulence model by Menter [6]. Simulations were carried
out assuming both fully turbulent (ft) and transitional (tr) boundary layer flow. In addition to the
case specified in Table 14.1 simulations were also carried out at inflow velocities ofU0 = 8 m/s
andU0 = 12m/s, respectively keeping all other parameters as in Table 14.1.

14.4 Results

14.4.1 Grid study

Before distributing the reference grid a thorough study wasmade to quantify grid dependency.
In the study the overall layout was the same while the number of grid points was varied suc-
cessively using the build in grid sequencing in EllipSys3D.The results of the study is shown
in Table 14.2. GridC1 refer to the reference grid. As seen both the shaft torque and thrust
predicted on the reference grid are in close agreement to thecorresponding predictions on the
finer grids showing that the solutions presented in the following are grid independent.

14.4.2 Comparison of simulations

Table 14.3 shows a comparison of the simulated mechanical power predicted by the participants
in the various cases. Generally, the differences between the computations at the same wind
speed are very small. All simulations suggest that transition modelling do affect the power
production.

110 DTU Wind Energy E-0027



Grid level Cells LSSTQ [Nm] Thrust [N]

S4 0.4 ·106 250.47·103 9.500·104

S3 3.6 ·106 247.38·103 9.344·104

S2 28·106 244.19·103 9.246·104

S1 226·106 244.14·103 9.186·104

C1 14·106 243.55·103 9.188·104

Table 14.2. Results of the grid dependency study

U0 [m/s] 6.1 8.0 12.0
LM (ft) 3 .07·105 - -
LM (tr) 3.25·105 - -

Siemens (ft) 3.13·105 6.71·105 1.61·106

Siemens (tr) 3.45·105 7.41·105 1.88·106

DTU (ft) 3.12·105 6.86·105 1.66·106

DTU (tr) 3.39·105 - -

Table 14.3. Mechanical power [W] predicted in the various simulations assuming fully turbu-
lent (ft) and transitional (tr) flow respectively.

14.4.3 Comparison with measurements

Figure 14.1 and 14.2 compares the measured aerodynamic forces along the blade with the cor-
responding forces predicted from simulations assuming fully turbulent and transitional bound-
ary layer flow, respectively. The errorbars on the measurements indicate the standard deviation
of the measurements and thus can be considered a measure of the uncertainty in the compar-
ison. Generally, the computed normal forces are higher thanmeasured, while the opposite is
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Figure 14.1. Comparison of measurements and fully turbulent computations of normal (a) and
tangential (b) aerodynamic forces at U0 = 6.1 m/s

true for the tangential forces. However, since the computations in most cases lies within the
errorbar of the measurements the agreement is satisfactory.
Including transition modelling improves slightly the agreement between measured and com-
puted tangential force, while the agreement slightly worsens for the normal forces.
To get a better impression of the influence of transition modelling Figure 14.3 shows forces sim-
ulated by DTU Wind Energy assuming both fully turbulent and transitional boundary layer flow
in comparison with measurements. The transition modellingmostly affects the loads on the in-
board sections. It seems that including transition modelling improves the agreement between
measured and computed forces at the most inboard section. Unfortunately, the measurements
are not conducted far enough inboard to completely verify whether the effect of the transition
model to increase significantly the tangential force at the spanwise position from approximately
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Figure 14.2. Comparison of measurements and computations including transition modelling of
normal (a) and tangential (b) aerodynamic forces at U0 = 6.1 m/s
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Figure 14.3. Comparison of measurements and the computations by DTU Wind Energy of nor-
mal (a) and tangential (b) aerodynamic forces at U0 = 6.1 m/s

r = 5 m to r = 12m is reflected in the measurements.

Figure 14.4 compares measured and computed pressure coefficient distributions at each of the
four blade sections. The pressure coefficient is defined as:

Cp =
p∞ − p
1
2ρV2

rel

whereCp is the normalized pressure,p∞ is the static pressure [Pa] in the far field, p is the
pressure [Pa] measured at the blade surface,ρ is the air density[kg/m3] andVrel is the relative
velocity [m/s]. In the measurementsVrel is determined from the rotational speed and the veloc-
ity at the nearby met mast. In general the agreement is quite good for all sections. The figure
confirms that the agreement between measurements and computations is improved at the most
inboard section by the inclusion of transition modelling, whereas it is difficult to say whether
an improvement is achieved at the outer sections.

14.5 Conclusion

A comparison of field measurements and computations of aerodynamic forces and surface pres-
sure distributions at four blade sections of the NM80 turbine operating in nearly non-sheared
inflow has been conducted. The results generally show good agreement when considering the
standard deviation of the measurements. Simulations were carried out assuming both fully
turbulent and transitional flow over the blade boundary layer with the aim of validating the
transition model against measurements. However, with the spread in the used measurements
it was hard to conclude whether laminar or turbulent computations produces the best results.
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Figure 14.4. Comparison of measured and computed pressure coefficient distributions at U0 =
6.1 m/s. a) r= 13 m; b) r = 19 m; c) r = 30 m; d) r = 37 m. Left plots: fully turbulent
computations; Right plots: Transitional computations

All simulations were carried out assuming steady and uniform inflow and the good agreement
between measurements and simulations thus indicate that most of the flow physics can be cap-
tured without considering the relatively high inflow turbulence in the measurements of TI=6%.
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R. Møller, P. Hansen, M. Rasmussen, and P. Fuglsang. DANAEROMW: Instrumentation
of the NM80 turbine and meteorology mast at Tjæreborg . Technical Report DTU Wind
Energy Report-I-0083, Technical University of Denmark, 2013.

[2] N. Troldborg. DAN-AERO MW: Potential benchmark cases from the Tjæreborg campaign.
Technical Report DTU Wind Energy Report-I-0090, DTU Wind Energy, 2013.

[3] J.A. Michelsen. Basis3D - a platform for development of multiblock PDE solvers. Tech-
nical report AFM 92-05, Technical University of Denmark, Lyngby, 1992.

[4] J.A. Michelsen. Block structured multigrid solution of2D and 3D elliptic PDEs. Technical
Report AFM 94-06, Technical University of Denmark, 1994.

[5] N.N. Sørensen.General Purpose Flow Solver Applied to Flow over Hills. PhD thesis,
Technical University of Denmark, 1995.

[6] F.R. Menter. Zonal Two Equation k-ω Turbulence Models for Aerodynamic Flows.AIAA
Journal, (93-2906), 1993.

114 DTU Wind Energy E-0027



15 Comparison of BEM simulations with DANAERO

measurements

Author(s): N. Troldborg, C. Bak, D. Veldkamp, J. Johansen, J. Madsen

This chapter presents a comparison of various Blade ElementMomentum (BEM) simulations
with measurements from the DANAERO MW experiment. Simulations have been carried out
by DTU Wind Energy, Vestas Wind Systems, Siemens Wind Power and LM Wind Power, re-
spectively so that in addition to validating the codes against measurements an inter comparison
between the different BEM models could also be made.

15.1 Introduction

Models based on the Blade Element Momentum (BEM) theory are the most commonly used
by industry for predicting aerodynamic loads on wind turbines. While these models generally
predict power output and loads quite well in simple inflow conditions they may perform less
favourably in more complex inflow conditions [1]. Thus, these models along with their sub
models for e.g. tip correction, dynamic induction, dynamicstall and 3D aerofoil data correc-
tion still need further validation. In this work a number of BEM computations using different
models are validated by comparing them to each other and to measurements obtained as part
of the DANAERO MW experiment.

15.2 Measurements

As part of the DANAERO MW project comprehensive inflow and load measurements were
conducted on the NM80 wind turbine located at the Tjæreborg Enge site in Denmark [2]. From
the extensive campaign the present work uses the following data:

• Surface pressures measured at the four sectionsr = 13m,19m,30mand 37mof the 40 m
long blade. The aerodynamic forces parallel and perpendicular to the chord line in each
section is subsequently computed by integrating the chordwise pressure distributions.

• Shaft torque

For the purpose of validation specific benchmark cases has been selected from the measure-
ments as described in [3]. In selecting the cases focus was put on datasets where the operational
conditions were favourable for model comparisons, i.e. constant rotor speed, yaw and pitch po-
sition. Thus, the instrumented turbine was generally not operating in automatic (normal) mode
in the periods where the data was extracted. The selected test cases include situations where
the turbine is operating in non-sheared, sheared and yawed inflow conditions. The inflow and
operational conditions of each of the tested cases are shownin Table 15.1.

15.3 Computations

The BEM simulations of the NM80 turbine have been carried outby DTU Wind Energy, Ves-
tas Wind Systems, Siemens Wind Power and LM Wind Power. DTU Wind Energy used the
HAWC2Aero code [4] for the BEM computations, which is a simplified version of the aeroe-
lastic model HAWC2, whereas Vestas Wind Systems, LM Wind Power and Siemens Wind
Power used BEM codes developed in-house for their simulations.

The same aerofoil and blade data were used by all participants so that any differences in pre-
dictions are due to differences in the used BEM codes only. The aerofoil data were obtained in
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Case U0 TI α Ω pitch Yaw error
[m/s] [%] [-] [RPM] [ o] [o]

1 6.1 6.8 0.025 12.3 0.15 -0.6
2 10.5 3.0 0.33 16.2 -4.75 -1.3
3 10.3 3.3 0.20 16.2 -4.74 -17.1
4 8.4 4.4 0.28 16.2 -4.75 -38.6
5 7.8 4.7 0.22 16.2 -4.75 -61.5

Table 15.1. Measured inflow and operational conditions in the considered cases. U0 is the mean
velocity at hub height, T I the turbulence intensity,α the power law shear exponent andΩ the
rotational speed of the rotor.

the LM Wind Power wind tunnel [5] and corrected for 3D effectsusing the method of Bak et
al. [6], whereas the used blade data is as described in [7].

15.4 Results

15.4.1 Non-sheared inflow

Figure 15.1 compares the measured aerodynamic forces alongthe blade with the corresponding
forces predicted from simulations in the non-sheared inflowcase. The errorbars on the mea-
surements indicate the standard deviation of the measurements. Note, that all loads have been
normalized as follows:

F∗ =
F

F̄max,DTU
(14)

whereF̄max,DTU is the maximum value of the azimuthally averaged spanwise force predicted by
DTU. The model predictions of both tangential and normal forces are seen to be in quite good
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Figure 15.1. Comparison of measurements and BEM computations of normal (a) and tangential
(b) aerodynamic forces in non-sheared inflow at U0 = 6.1 m/s

agreement with each other for this case. This is further confirmed in Table 15.2, where it is seen
that the differences in predicted power, torque and thrust,respectively are very small. Gener-
ally, the computed normal forces are higher than measured, while the opposite is true for the
tangential forces. However, the computations still lie within the errorbars of the measurements
in most cases and therefore the agreement can be considered satisfactory. The uncertainty in
the measurements is also reflected in the fact that the measured torque is slightly lower than the
computed torque. From the comparison of the tangential loads the opposite should be expected.
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P/PDTU τ/τDTU T/TDTU

[-] [-] [-]

Measured 0.996 0.978 -
Vestas 1.007 1.007 1.002
LM 1.002 1.002 1.021

Siemens 0.984 0.984 1.016
DTU 1.000 1.000 1.000

Table 15.2. Mechanical power, torque and thrust in non-sheared inflow normalized with pre-
dictions by DTU

15.4.2 Sheared inflow

Figure 15.2 and 15.3 compare the measured aerodynamic forces along the blade at different
azimuth positions with the corresponding forces predictedby Vestas Wind Systems and DTU
Wind Energy in the sheared inflow case. Again the errorbars onthe measurements indicate the
standard deviation of the measurements. Note that an azimuth position of 0o corresponds to the
blade pointing vertically upwards. Due to a broken tube connection, the pressure tap measure-
ments on the two outer sections were corrupted and hence no forces have been computed for
these sections. The simulated normal forces are seen to be ingood agreement with each other
for all azimuth positions. The simulated tangential forcesagree well when the blade is in the
horizontal positions whereas larger differences are seen in the two vertical positions.
Generally, the agreement between the measured and computedresults is rather good, though
the simulations tend to under predict the normal loads atr = 19m. The measured and simulated
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Figure 15.2. Spanwise distribution of measured and computed tangential loads at four blade
positions in sheared inflow. a)0o (vertical upwards); b)90o; c) 180o; d) 270o.

torque, thrust and power are shown in Table 15.3. Whereas thesimulations agree well in their
predictions of both torque and thrust, the torque deviates significantly from what is measured.
The reason for this is not known yet but is not reflected in the load measurements.

DTU Wind Energy E-0027 117



a)
0 0.2 0.4 0.6 0.8 1

0

0.2

0.4

0.6

0.8

1

1.2

1.4

r/R [−]

F
n*  [−

]

 

 

Measured
Vestas
DTU

b)
0 0.2 0.4 0.6 0.8 1

0

0.2

0.4

0.6

0.8

1

1.2

1.4

r/R [−]

F
n*  [−

]

 

 

Measured
Vestas
DTU

c)
0 0.2 0.4 0.6 0.8 1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

r/R [−]

F
n*  [−

]

 

 

Measured
Vestas
DTU

d)
0 0.2 0.4 0.6 0.8 1

0

0.2

0.4

0.6

0.8

1

1.2

1.4

r/R [−]

F
n*  [−

]
 

 

Measured
Vestas
DTU

Figure 15.3. Spanwise distribution of measured and computed normal loads at four blade po-
sitions in sheared inflow. a)0o (vertical upwards); b)90o; c) 180o; d) 270o.

P/PDTU τ/τDTU T/TDTU

[-] [-] [-]

Measured 1.179 1.177 -
Vestas 1.010 1.010 1.009
DTU 1.000 1.000 1.000

Table 15.3. Mechanical power, torque and thrust in sheared inflow normalized with predictions
by DTU

15.4.3 Yawed inflow

Figures 15.4-15.9 compare measurements of aerodynamic forces along the blade at different
azimuth positions in the three considered yawed inflow caseswith simulations by Vestas Wind
Systems and DTU Wind Energy. In the case with a yaw error of−17.1o there are no mea-
surements available for the two outer most sections becauseof a broken tube connection to the
pressure taps here. The other two cases also suffered from bad pressure measurements at the
two outer sections. However, in these cases it was possible to recover the pressure distribution
using the method described in [2]. Nevertheless, the measurements at the two outer sections are
probably less reliable than at the two inboard sections and therefore should be interpreted with
caution. In all cases the overall level of the computed bladeforces agree quite well with the
measurements but there are large differences in the azimuthal behaviour. In the case with a yaw
error of−17.1o the normal loads predicted by Vestas Wind Systems and DTU Wind Energy
agree quite well at all blade positions whereas larger discrepancies are seen for the tangential
loads.
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Figure 15.4. Measured and computed tangential loads at fourblade positions in the case with
a yaw error of−17.1o. a) 0o (vertical upwards); b)90o; c) 180o; d) 270o.
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Figure 15.5. Measured and computed tangential loads at fourblade positions in the case with
a yaw error of−38.6o. a) 0o (vertical upwards); b)90o; c) 180o; d) 270o.
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Figure 15.6. Measured and computed tangential loads at fourblade positions in the case with
a yaw error of−61.5o. a) 0o (vertical upwards); b)90o; c) 180o; d) 270o.
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Figure 15.7. Measured and computed normal loads at four blade positions in the case with a
yaw error of−17.1o. a) 0o (vertical upwards); b)90o; c) 180o; d) 270o.
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Figure 15.8. Measured and computed normal loads at four blade positions in the case with a
yaw error of−38.6o. a) 0o (vertical upwards); b)90o; c) 180o; d) 270o.
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Figure 15.9. Measured and computed normal loads at four blade positions in the case with a
yaw error of−61.5o. a) 0o (vertical upwards); b)90o; c) 180o; d) 270o.
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For the other two yaw cases there are significant differencesin the predictions especially in the
tangential loads and when the blade is in the horizontal positions. The deviations between the
model predictions indicate different implementation of the sub models used to handle yawed
inflow conditions.

When comparing computed and measured torque/power it is clear that there are large discrep-
ancies, see Table 15.4. The reasons for these discrepanciesare not yet fully known but as will
discussed in section 15.5 could be partly due to inaccurate aerofoil data.

Yaw angle P/PDTU τ/τDTU T/TDTU

[o] [-] [-] [-]

Measured −17.1 1.177 1.175 -
Vestas −17.1 0.994 0.994 1.006
DTU −17.1 1.000 1.000 1.000

Measured −38.6 1.259 1.257 -
Vestas −38.6 0.963 0.963 1.015
DTU −38.6 1.000 1.000 1.000

Measured −61.5 2.208 2.207 -
Vestas −61.5 0.874 0.873 1.030
DTU −61.5 1.000 1.000 1.000

Table 15.4. Mechanical power, torque and thrust in yawed inflow normalized with predictions
by DTU

15.5 Discussion

In the previous section we saw large differences between themeasured and computed shaft
torque in all cases except for the first. This could suggest that the sub models used for including
dynamic inflow (shear, yaw etc.) are insufficient. However, there are also indications that the
shaft torque measurements may be inaccurate. This is evident in case 1 where the measured
tangential loads are higher than computed whereas the opposite is true for the shaft torque.
A potential source of error in the comparison above could also be due to differences in the
inflow conditions. Currently, the inflow conditions are determined from measurements at a met
mast located about 2.5 diameter from the turbine. In future work we will, where available, use
measurements from the WindScanner project (see chapter 4) to verify the accuracy of inflow
conditions experienced by the turbine.

Another reason for the observed discrepancies is inaccurate aerofoil data. Figures 15.10 and
15.11 compares the used aerofoil data with the aerofoil datameasured directly on the NM80
turbine, see chapter 9. As seen there are large differences for the most inboard and outboard
sections. This shows the importance of correcting aerofoildata obtained in wind tunnels before
using them for BEM computations. The differences in aerofoil data cannot, however, explain
the discrepancies in azimuthal variations.

The significant differences between the predictions by Vestas and DTU in cases 4 and 5, indi-
cate that there is still a need to revisit the sub-models usedfor handling yawed inflow in BEM
codes. The predictions are both obtained using state-of-the-art BEM codes with the same aero-
foil data and blade data and thus the observed differences should only be due to differences in
modelling dynamic inflow.
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Figure 15.10.Comparison of the used lift polars with those measured on therotor (see section
9). a) r/R=0.325 (relative thickness 33%); b) r/R=0.475 (relative thickness 24%); c) r/R=0.750
(relative thickness 20%); d) r/R=0.925 (relative thickness 18%).
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Figure 15.11.Comparison of the used drag polars with those measured on therotor (see section
9). a) r/R=0.325 (relative thickness 33%); b) r/R=0.475 (relative thickness 24%); c) r/R=0.750
(relative thickness 20%); d) r/R=0.925 (relative thickness 18%).
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15.6 Conclusion

A comparison of field measurements and BEM computations of aerodynamic blade forces on
the NM80 turbine operating in various inflow conditions has been conducted.

In non-sheared inflow the simulations carried out by Vestas Wind Systems, LM Wind Power,
Siemens Wind Power and DTU Wind Energy, respectively, revealed good agreement. Further-
more, the simulated results generally showed reasonable agreement with measurements in this
case when considering the standard deviation of the measurements.

In sheared and/or yawed inflow the agreement between measurements and simulations carried
out by Vestas Wind Systems and DTU Wind Energy was less favourable. One reason for the
discrepancies is shown to be inaccurate aerofoil data and shows the importance of correcting
aerofoil data obtained in wind tunnels before using them in BEM computations. However, the
used aerofoil data cannot explain the differences in the azimuthal variation of the aerodynamic
blade loads as well as the differences between the simulations. Further investigations are re-
quired to explain the observed discrepancies.
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16 Appendices

A Installing the database

Author(s): N. Troldborg, P.B. Andersen, S.A. Sørensen

This appendix describes how to install the software required for making the database opera-
tional on a Windows computer. The database is designed to be used with the MySQL software.

A.1 Installing MySQL client/server

This section describes how to install the client/server MySQL softwareMySQL Server 5.1on
a local Windows machine. Note thatMySQL Server 5.1is an older version of the software but
is used here because the database has been tested for this version. However, the database may
also work with newer versions.MySQL Server 5.1is installed as follows:

• go to http://dev.mysql.com/

• click "archives" under the downloads menu in the bottom of the homepage

• select "MySQL Database Server 5.1"

• In the menu "Software Downloads by Platform" click "Microsoft Windows"

• Select "Microsoft Windows 32. (Windows Installer format)"

• Select "run" when asked if you want to run or download the file.This will start the instal-
lation wizard:

– Step 1: Click "Next"
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– Step 2: Tick "I accept the terms in the license agreement" andclick "Next"

– Step 3: Choose "Typical" and click "Next"

– Step 4: Click "Install"

– Step 5-7: Confirm installation and click "Next" through the advertisements
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– Step 8: Choose "Configure the MySQL Server now" and click "Finish"

– Step 9: Click "Yes"

– Step 10: Click "Next"
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– Step 11: Choose "Detailed Configuration"

– Step 12: Choose "Developer Machine"

– Step 13: Choose "Non-Transactional Database Only" and click "Next"
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– Step 14: Choose "Manual Settings" and select number of concurrent users (this may
be changed later). Then click "Next"

– Step 15: Tick "Enable TCP/IP Networking", "Add firewall exception for this port"
and "Enable Strict Mode". Then click "Next".

– Step 16: Choose "Standard Character Set" and click "Next"
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– Step 17: Choose "Install As Windows Service" and click "Next"

– Step 18: Choose a password for the root and click "Next"

– Step 19: Click "Execute"

132 DTU Wind Energy E-0027



– Step 20: Click "Finish"

A.2 Installing GUI tools for the client

In order to simplify setting up the database and to search it for data it is recommended to install
a MySQL GUI tool. This section shows how to install the toolMySQL Tools for 5.0, which
is a small program which facilitates administrating the databases as well as searching in the
database. The program is installed for Windows as follows:

• go to http://dev.mysql.com/

• click "archives" under the downloads menu in the bottom of the homepage

• select "MySQL GUI Tools"

• In the menu "Software Downloads by Platform" click "Microsoft Windows"

• Select "Microsoft Windows 32. (Windows Installer format)"

• Select "run" when asked if you want to run or download the file.This will start the instal-
lation wizard:

– Step 1: Click "Next"
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– Step 2: Choose "Complete" installation and click "Next"

– Step 3: Click "Finish"

A.3 Setting up the database

To set up the database start the programMySQL Administrator. You will be asked for your
password.
When the program starts you will be presented for a menu as shown in Figure A.1. By clicking
the sub menu "Startup Variables" on the left you will get a menu as shown in Figure A.2. In
"Data Directory" you can see the current path to the database. This is where the files in the
database on the external hard disk should be copied to.
In the sub menu "Catalogs" on the left there is a list of all thedatabases available. They are
located in the "Data Directory" mentioned above. In the shown case (Figure A.3) a folder has
already been made which is called "danaero" where the data from the database will be copied
to. This folder can be made either by right clicking the mousein the list of schemata and select
"Create New Schema" or by going to the folder through explore(in this case the data files
are located in "C:/ProgramData/MySQL/MySQL Server 5.1/Data/" (note that the files may be
hidden). After creating a folder in the data directory then copy the contents of the database
into that folder. Now, the database is ready for use withMySQL Query Browseror any other
MySQL tool you would like to use for searching the database.
Note that if a server is already existing then it suffice to copy the contents of the database on
the external hard disk to the data folder of this server in order to make the database working.
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Figure A.1.

Figure A.2.

Figure A.3.

DTU Wind Energy E-0027 135



 



 



DTU Wind Energy is a department of the Technical University of Denmark with a unique integration of research, education, innovation and
public/private sector consulting in the field of wind energy. Our activities develop new opportunities and technology for the global and Danish
exploitation of wind energy. Research focuses on key technical-scientific fields, which are central for the development, innovation and use of
wind energy and provides the basis for advanced education at the education.

We have more than 230 staff members of which approximately 60 are PhD students. Research is conducted within 9 research programmes or-
ganized into three main topics: Wind energy systems, Wind turbine technology and Basics for wind energy.

Technical University of Denmark
DTU Vindenergi
Frederiksborgvej 399
Building 118
4000 Roskilde
Denmark
Telefon  46 77 50 85
info@vindenergi.dtu.dk
www.vindenergi.dtu.dk


	frontpage 1.pdf
	blank
	R_report
	blank
	blank
	backpage

