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Preface
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bulence" contract no.: 2104-09-0026.
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1 Summary

This section summarizes the main results of the DANAERO M\ dlject.

e Calibration and organization of database
The extensive data obtained in the Tjeereborg experimerdaa®pthe DANAERO MW
project have been calibrated and a thorough descriptioheotalibration procedures is
provided. The calibration also includes synchronizatiéithe measurements obtained
with the different systems. Furthermore, all data from tkgegiment have been organized
in files which are easy to read with standard analysis soéwenally, a MySQL database
containing most of the data from the Tjaereborg and Hgvsgperarent, including a
variety of derived quantities and some statistics, haven liegld along with tools for
sorting and binning the data.

e Analysis of measurements
The conclusions drawn from the analysis of measurementsaaghly be divided as
follows:

— 2D/3D aerofoil data
Comparisons of the aerodynamic aerofoil characteristieasured in 2D in a wind
tunnel with the corresponding characteristics measur&Diriull scale and atmo-
spheric conditions revealed the following (see chapter & @n 1) For angles of
attack (AoA) just larger than the AoA of maximum normal formeefficient,c,, a
lower negative slope of thg, curve is measured on the blade sections of the NM80
turbine than on the corresponding aerofoils in a wind turélether this is due to
3D effects or the absence of wall effects is not fully knownrithe 3D case a delay
of separation was observed due to centrifugal and Coriolisels which, especially
for the inner section (r/R=0.325), caused an increasg far AOA above maximum
cn compared to wind tunnel measurements. 3) For the outerractns (r/R=0.925)
the overall level and slope of ttog curve was lower than measured in 2D in a wind
tunnel. 4) For the mid span sections of the turbine the aérciiaracteristics was
found to be fairly 2D.

— Aerofoil data measured in different tunnels
A comparison of the aerodynamic polars measured on the sarmofds in different
wind tunnels revealed the following (see chapter 8): 1) Tkasared zero-lift-angle-
of-attack, slope of the linear part of the lift curve, maximiift, stall characteristics
and drag, respectively, is differentin each wind tunnelt2g agreement between the
measurements improved with increasing Reynolds numb@&rh8)minimum drag
seems to be unaffected by the turbulence intensity (TI) éenttinnel provided that
T1<0.1%. ForT| > 0.1% the minimum drag is influenced by the level of TI. 4) Tl
affects the location of the transition point and hence disoaerofoil performance.
4) No clear correlation between the lift curve charactmssand the wind tunnel
layout could be identified. 5) Most of the differences betwt#® measurements are
ascribed to differences in aerofoil model shapes, methadsfalysing the data and
calibrations.

— Standstill
As described in chapter 10 extracting lift and drag polaosnfistandstill measure-
ments on the NM8O0 turbine proved to be difficult. The overalhlity of the polars
was unsatisfactory which seemed to be due to combined @anues in the mea-
surements of all parameters involved in deriving the polagsangle of attack, wind
speed and pressure distribution. The reason for the umtggtawas that the used
equipment for measuring the polars were calibrated to wadeunormal operation
and not at standstill. Thus, it seemed that an increase ilitgjoéall the involved
measurements, especially the pressure distribution,dilmeihecessary to obtain re-
liable polars in standstill.

DTU Wind Energy E-0027 1



— Transition
A robust method for detecting transition from laminar tobiwient boundary layer
from high frequency microphone measurements of the soueskpre level (SPL)
has been proposed (see chapter 7). The method has beermaptie entire dataset
obtained in the Tjeereborg experiment and the estimatedi@usiof the transition
points on both suction and pressure side have been inclededearived quantity in
the database.

— Noise

In relation to wind turbine noise the following findings wash@&ved by analysing
surface pressure (SP) measurements on an outboard blaide £$¢he NM8O0 tur-
bine and wind tunnel measurements on an identical aerafdiien (see chapter 12):
1) At low frequencies, increasing the angle of attack (Ao&)ds an increase in SP
spectral energy at the trailing edge (TE), and thereby TEenoi the far-field. At
high frequencies the opposite is true. 2) For a wind turbiperating in wake the
SP fluctuations near the leading edge (LE) is increased dré&muencies due to the
inflow turbulence associated with the wake whereas the gdesiergy of the SP
fluctuations near the TE increases at high frequencies,hnkia consequence of
the different turbulent boundary layer characteristiesated at the TE by the inflow
turbulence as observed in the wind tunnel.

e Validation and demonstration of simulation models
A thorough validation and demonstration of various modagehbeen conducted. The
investigations included validation of computational flaighamics (CFD) models, blade
element momentum (BEM) based methods, aeroelastic mauglsmse models. To facil-
itate the validation specific test cases from the Tjeereb@asurements were selected and
described in a report. The main conclusions from the vabdaof the different models
are:

— CFD based models
A comparison of different CFD models with measurements efXiM80 turbine
operating in nearly non-sheared inflow revealed the folhga(see chapter 14): 1)
Generally the computed aerodynamic forces and surfaceymedistributions were
in good agreement with measurements. 2) The standard eviatthe measure-
ments made it difficult to conclude whether including a tiams model improved
the simulations. 3) Most of the physics could be capturetiouit considering the
inflow turbulence in the simulations.
A comparison of computed aerofoil characteristics with sueaments showed the
following (see chapter 9): 1) 2D computations of lift andgloan aerofoils with rel-
ative thickness below 24% agree fairly well with wind tunmetasurements at low
and moderate AoA but showed important differences at AoAvabmaximum lift.
2) For the thickest considered aerofoil (relative thicknes33%) large differences
were observed between wind tunnel measurements and caimopstat all AocA.
The differences are likely to be due to wall effect in the telnibut could also be
because it may be inadequate to simulate thick aerofoilgatAoA using 2D CFD.
3) Comparison of aerofoil characteristics obtained fromr8r CFD and mea-
surements generally revealed good agreement for all blect®as and AoA. This
finding supports the conclusion that the differences betweied tunnel measure-
ments and 2D aerofoil computations are due to wall effectisertunnel.
Furthermore, simulations of the inflow and loads on the NM@&®bine operating
partly in the wake of another turbine were carried out usimg Navier Stokes
solver EllipSys3D and an actuator line technique (see enait). A comparison
with corresponding measurements revealed fair qual@gtimgreement but showed
also some significant quantitative differences. The diffices are likely to be a con-
sequence of uncertainties in the ambient conditions batdsause the blades were
assumed stiff in the simulations.
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— BEM based models
A comparison of different BEM models with measurements ef &M80 turbine
operating in various inflow conditions revealed the follog/i(see chapter 15): 1) In
non-sheared inflow the different models agree well with eztbler and reasonably
well with measurements. 2) In sheared and yawed inflow tiferdifices between
BEM computations and measurements are much larger. 3) Moestigations are
needed to explain fully the discrepancies but some of theendae to inaccurate
aerofoil data. 4) The inaccuracy of the aerofoil data shdwwsrhportance of correct-
ing aerofoil data obtained in wind tunnels before using ti@BEM computations.

— Noise models
Based on analysis of sound pressure (SP) measurements M8@&wind turbine
the model by Amiet for turbulent inflow (TI) noise and the TNBIake model for
trailing edge (TE) noise modelling were validated. The dasions from this study
are (see chapter 13): 1) A general good agreement betweemotthel and measure-
ment data was found. However, some discrepancies betwe&Pimeasured at the
TE on the NM80 wind turbine and the TNO-Blake model were obsgrThese dif-
ferences could however be explained by the presence of alémtbnflow impacting
the turbine blade which was not accounted for in the moddra2)ooth Tl and TE
noise models, the use of the Von Karman spectrum for desgribie respective tur-
bulence characteristics may be source of errors at very lequencies. 3) For the
TE noise model, the assumption of uncorrelated vortex shamabss the turbulent
boundary layer may also yield poor results at low frequencie

e Coordination of DANAERO MW measurements with other measurements
Chapter 4 in the present report describes three measunngaigns which were under-
taken simultaneously with the DANAERO Tjeereborg experitragrthe same site as part
of other projects. The chapter further documents whereiffexeht projects were running
in parallel and thus potentially might provide simultansoweasurements of inflow, loads
and wake conditions, which would make these datasets véeygixe and unique.

Besides the results presented in this report the followingipations where made as part of
the DANAERO MW Il project:

Internal documents:
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I-3047(EN), Technical University of Denmark, 2010.

C. Bak, H.Aa. Madsen, P. Hansen, M. Rasmussen, P. FuglsaRgmblad, and N.A. Olesen.
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2 Introduction

In the DANAERO MW project, which is an abbreviation for the FEED07 project "Experi-
mental Rotor and Airfoil Aerodynamics on MW Wind Turbinea"number of innovative and
coordinated measurements on two modern full scale MW tesbas well as wind tunnel mea-
surements on various airfoil sections were conducted. Tojeqt was carried out in the period
from March 2007 to December 2009 in a corporation betwee[Ri4J and the companies
LM Wind Power, Vestas Wind Systems, Siemens Wind Power anbllG@&nergy.

The outcome of the DANAERO MW project was a comprehensivelarique dataset, which
contains data that the wind energy research community aniddustry can benefit from in the
next many years.

As a follow up on the project the EUDP funded DANAERO MW Il peo was established in
2010 with the participant RisgDTU (now DTU Wind Energy), LMind Power, Vestas Wind
Systems A/S and Siemens Wind Power. The overall objectin@*MAERO MW Il is to use
the data obtained in DANAERO MW to explore in detail the inflae of atmospheric and
wake turbulence on MW turbine performance, loading andlgtalbn order to achieve this the
following work packages (WPs) were formulated in the DANAERIW |1 project

e WP1: Calibration and organization of database
The aim of this work package is to calibrate and organize #dta ttom the DANAERO
MW project and build a database together with tools for egréind binning.

e WP2: Analysis of measurements
The objective of this work package is to analyse the measem&with the aim of re-
vealing the influence of atmospheric and wake turbulenceesadgnamic, aeroelastic
and aeroacoustic characteristics and in general impravdekign basis for MW rotors.
A main part of the analysis is aimed at comparing aerodynaimicacteristics obtained
in 2D in a wind tunnel with the corresponding characterssiic 3D full scale and atmo-
spheric conditions.

e WP3: Validation of models
The objective of this work package is to demonstrate thaliglof existing models and
sub models for modelling aerodynamics, aeroelastics and twirbine noise by making
thorough comparisons with the measurements obtained IDANAERO MW project.

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

e WP5: Coordinate the DANAERO MW measurements with other measrements
The purpose of this work package is to document the relafitmomeasurements carried
outin the DANAERO project with related measurement campaarried out in parallel
as part of other projects.

This final report describes the overall results of the DANAERW 11 project. In accordance
with the objectives set in the project work packages thentépalivided into three parts

e Part|: Data overview
e Part ll: Analysis of data

e Part lll: Validation of models

DTU Wind Energy E-0027 7
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3 Available data

Author(s): N. Troldborg

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

3.1 The Tjaereborg experiment

In this part of the DANAERO experiment a 2.3MW NMS80 turbinedbed at the Tjeereborg
Enge site and a nearby met mast were both heavily instrumh@rite various sensors.

The layout of the wind farm is sketched in Figure 3.1 and ciesif 8 turbines organized in
two rows. The turbines in the southern row and the instrugtehirbine, 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 theeuof 2009 from July 118

5 L 4
. °
J, WT1
o Of i 1
E_, o WT3
g WT2 o °
E M1 [ ] WT5
5 WT4 °
5 WT7
g -5r ° .
o WT6 .
WT8
-10t , . . . ]
-8 -4 0 4 8 12

Rotor diameters [-]

Figure 3.1.Layout of Tjeereborg Enge wind farm

to September 1. A detailed description of the instrumentation and acqlitata is provided
in [1] and here only a brief overview will be given.

Tables 3.1-3.3 summarizes the instrumentation of the btadesr, nacelle, drive train and met
mast. All data except for the surface pressure tap measuatsrard the surface microphone
measurements are sampled at 35 Hz. Three different systemeaased to acquire the data: The
ScaniValve system which handled the surface pressure measnts, the cRIO system which
handled the microphone measurements and the DaqWin systdoh handled the remaining
sensors.
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Instrument Sensor Position Sampling rate
[m] [Hz]
Flapwise and {3.0,8.0,13.0, 16.0,
Strain gauges edgewise 19.0, 22.0, 26.0, 35
moments 30.0, 34.0, 37.0}
Five-hole Pitot tubes RCaive velocityand v\ o o6 3 31 ¢ 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 drivertrai
Instrument Sensor Height Sampling rate
[m] [Hz]
) {17.0, 28.5, 41.0, 57.0,
Cup anemometers Wind speed 19.0, 77.0, 93.0} 35
Velocity,
Sonic anemometers wind direction {17.0,57.0, 93.0} 35
and temperature
Wind vanes Wind direction {17.0,57.0, 93.0} 35
Thermometer Temperature {5.757.0, 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 tunnetsson different aerofoils
were also carried out in different wind tunnels. A detailegctiption of the various tests is

given in [2] and here only a summary will be given.
The objective of the wind tunnel tests were

e Benchmarking wind tunnels by testing each of the DU96-W;N8CA63418 and Risg-
B1-18 aerofoils in the LM Wind Power, Delft and VELUX wind tnals, respectively.
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e Testing copies of the four blade sections of the LM38.8 blatiech were instrumented
with pressure taps (see Table 3.1) during the tests on theONM8 turbine at Tjeereborg
Enge, Denmark.

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

Aerofoil Configuration RE10°]
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 {15,3.0,4.1,5.1, 6.1}
LM38.8 (r=19.0 m) Various roughness {3.0, 6.1}
LM38.8 (r=30.0 m) Clean {15,3.0,4.1,5.1, 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}
Risg-B1-18 Clean {1.5,3.0,4.0,5.0, 6.0}
Risg-B1-18 Various roughness {3.0, 6.0}

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

Aerofoil Configuration RE10°]
NACA63-418 Clean {1.6, 3.0}
NACA63-418 Zigzag tape {1.6, 3.0}
NACA63-418 Grid 3.0

Risg-B1-18 Clean {1.6, 3.0}
Risg-B1-18  \Various zigzag tape {1.6, 3.0}
Table 3.5. Tests carried out in the Delft wind tunnel
Aerofolil Configuration Rg10°]
DU96-W-180 Clean 1.6
DU96-W-180  Zigzag tape 1.6
NACA63-418 Clean 1.6
NACA63-418  Zigzag tape 1.6
Risg-B1-18 Clean 1.6
Risg-B1-18 Zigzag tape 1.6

Table 3.6. Tests carried out in the VELUX wind tunnel

3.3 Hgvsdgre measurements

The final measurement campaign carried out within the DAN@KRoject is the inflow mea-
surements with a five-hole Pitot tube mounted on one of theédslaf the Siemens 3.6MW
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turbine at the Hgvsgre test site for large wind turbines inark [3, 4]. The five hole pitot
tube was mounted in radius 36.5 m on the leading edge of orfeedflades of the 107 m di-
ameter rotor.

The data available from this experiment was obtained in #greog from late April 2009 until
mid July 2009. Table 3.7 lists the instrumentation and typdata 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 Hgvsgre

3.4 Database

All the data from the three experiments are available in @kgs with formats as explained in
[1-3].

In addition to this, most of the data from the Hgvsgre and dljgerg experiment have been
gathered in a database, which is designed to ease searohspugtific data.

From the Hgvsgre experiment all data including the 10 mistaéistics (mean, minimum,
maximum and standard deviation) is available in the datbas

From the Tjeereborg experiment the database contains 35 lsur@aments and 10 minute
statistics (mean, minimum, maximum and standard deviptball the data acquired by the
DagWin system (see Tables 3.1 -3.3) as well as down sampi&tseipressure measurements
from five selected pressure taps at each of the four blademsecBesides the data obtained
directly from the instruments in Table 3.1-3.3 a number ofwae quantities are also included
from the Tjeereborg experiment as summarized in Table 3.8 Mat in the database all data
acquired by the three different systems (see section XKyaurchronized 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
From integration of surface
pressure distribution

Moment around {13.0,19.0, 30.0, 37.0} From integratiop of su.rface
quarter chord pressure distribution
Spanwise, tangermal and {14.520.3, 31.0, 36.0} From Pitot tube
normal velocity measurements
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

Load parallel to chord {13.0, 19.0, 30.0, 37.0}

Air density -

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 Tjeereborg experiment a number of otheasneing campaigns were
undertaken simultaneously at the site as part of other gioj@his section describes each of
these projects and how they are related to the DANAERO projec

4.1 The TOPFARM project

The EU project TOPFARM was running fronttiDecember 2007 to 30 November 2010,
and addressed optimization of wind farm topology and cdmstrategy based on aero-elastic
modelling of loads as well as of power production [1]. As pafrthe TOPFARM project a
full scale wake measurement campaign was held at Tjeerebrmgg ®ind farm (see Figure
4.1) where the instrumented NM80 turbine from the DANAEROjpct was equipped with a
downwind scanning LIDAR in the period from February to Sepber 2009.

The following instrumentation is available from the Tjsavedp Enge wind farm within the

5 L 4
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o Of e 1
9 ° WT3
g WT2 o °
Q M1 [ WT5
S WT4 °
S WT7
e 5t ° 1
DC:) WT6
°
wT8
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Rotor diameters [-]

Figure 4.1.Layout of Tjaereborg Enge wind farm

TOPFARM project:

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

e 1 Hz recordings of the WT3 controller values for power, pitgdwv position and rotational
speed

e 10 minute statistics of the meteorological signals from38em mast, MM (see Figure
4.1).

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

The data from the experiment is partly available in the Dasabof Wind Characteristics [2]

and in an internal network drive.

On the final day (September )l of the TOPFARM Tjeereborg experiment the LIDAR sys-
tem was mounted on a movable crane lift, placed downstreardinection perpendicular to

the rotor plane of the turbine, thus enabling successiversieg campaigns of different parts
of the rotor plane [3]. It should be mentioned that the yawitsrecordings of the turbines
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WTO01-WT02 and WT04-WTO08 are not correct due to individudsef errors and cannot be
used without a correction [4].

4.2 The WindScanner.dk facility

As part of the activities of the Danish research infrastiteefacility WindScanner.dk [5, 6] a
measuring campaign was conducted where the Tjaereborg NMi&ae (WT03) was equipped
with an upwind scanning spinner LIDAR [7, 8]. The experimik place from the beginning
of April 2009 until the 11" of September 2009.

During this experimental campaign the following instruriagion was available:

e 1 Hz recordings of the WTO3 controller values for power, Ipitgaw position and rota-
tional speed

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

e 20 Hz recordings of velocity from sonic anemometers at varteeight on the met mast

e 50 Hzrecordings of an upwind scanning ZephIR LIDAR mountetthe spinner of WT03.

In the period from July fh to August 21" the spinner LIDAR was equipped with aB0ptical
wedge prism and the focus distance was set to 53 m. On Septédibthe focus distance was
set to 160 m and a P®ptical wedge was used.

4.3 The “Noise from wind turbines in wake” project

The EFP project “Noise from wind turbines in wake” [9] wasrigd out as a supplement to
the DANAERO project. In this project the far field noise lev@las measured by a parabolic
measurement system (PMMS) and related to the surface peemsd inflow angles measured
on different blade sections of the instrumented NM80 tuel{MT03) at the Tjeereborg Enge
site.

During the campaign the PMMS measurements was synchrongirg a trigger signal from
the DANAERO measurements and one of the PMMS trigger channel

A total of 65 far field noise measurement series were carrigdioring the project and they
were distributed on the dates listed below:

e 16 July 2009 (22 measurement sessions)
e 14 August 2009 (4 measurement sessions)

e 1 September 2009 (28 measurement sessions)

e 11 September 2009 (11 measurement sessions)

4.4 Concurrency of related projects

Figures 4.2-4.3 show histograms of where the above destcphgects are running concur-
rently with the DANAERO project. There are a total of 174 pletal 0-minute recordings be-
tween the DANAERO and TOPFARM campaigns. The corresponulimgber of simultaneous
10 minute recordings of the DANAERO and the WindScannergmtos 201. For complete-
ness Figure 4.4 shows histograms of where the DANAERO prrdgeinning concurrently

with both the TOPFARM and the WindScanner projects (theifipgitmes for the wake noise

project is not known).
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Figure 4.2 .Distribution of available 10 minute recordings in the DANRE& (DA) project and
where the DANAERO (DA) and TOPFARM (TF) campaigns are rugrnimparallel.

60 \
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Figure 4.3.Distribution of available 10 minute recordings in the DANRE (DA) project and
where the DANAERO (DA) and WindScanner (WS) campaigns aneing in parallel.

There are 62 recordings of 10 minute length where the threjeqis are running at the same
time. However, it should be mentioned that even though theeeseveral times where the
project are running in parallel they may not be directly dyonized so some efforts may be
needed to achieve this. Furthermore, the quality of the woant datasets have not yet been
verified. Nevertheless, the cases where the three projeetauaning simultaneously could
potentially provide knowledge of inflow, loads and wake dtinds 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 DANRE& (DA) project and
where the DANAERO (DA), TOPFARM (TF) and WindScanner (WShngaigns are running
in parallel.
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5 Calibration of data obtained in the Tjaere-
borg experiment

Author(s): N. Troldborg

One of the tasks in DANAERO MW Il was to calibrate the senseeduduring the experiment.
As outlined in detail in [1] this turned out to be much morelt@raging than expected.

In most cases the complications arose from sensor failiesed by e.g. saturation of strain
gauges, broken tube connections to the pressure taps é&eblboles in the Pitot tubes.

Even though a lot of efforts were made to maintain, clean aatept the measurements equip-
ment during the experiment it is nearly impossible to aveidser failure when equipment are
used in the field where it naturally is exposed to variousresteeffects.

In other cases the calibration was challenging because sensers drifted from their original
calibration. An example is the strain gauges measuringwidgéending moments which were
affected by the blade temperature and hence needed to bibrateal.

Finally, some sensors needed to be recalibrated becausenafrhmistakes, e.g. misplacement
of calibration sheets, wrong calibration coefficients jed by suppliers or small offsets in
position of strain gauges.

The difficulty when sensors are to be recalibrated is thatigtrbe based on measurements car-
ried out during the campaign while the initial calibratidgpically are carried out under con-
trolled conditions. Fortunately, the experimental cargpavas from the beginning designed
with some degree of redundancy making it possible to cdkbome sensor using measure-
ments from other sensors.

An example of a particularly challenging sensor to calibnatis the strain gauge measuring
shaft torque. This sensor was calibrated by using the sgairges measuring the edgewise
bending moment distribution along the blade to compute thenemnt around the shaft. How-
ever, the measurements of these strain gauges were fountblaeépend on blade temperature
and on the flapwise bending moment. Thus, the calibratiohethaft torque strain gauge re-
lied on accurate calibration of the strain gauges measboitiyedgewise and flapwise bending
moments as well as blade temperature and should still béstenswith the measurements of
electrical power.
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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 is a shortened description of a paper preséyt8ak et al. [1] and shows exam-
ples on pressure and inflow measurements carried out dinengAN-AERO MW project on
both a full scale rotor and in a wind tunnel.

6.1 Experimental approach

In order to explain how the aerodynamic characteristicoara real wind turbine and how 2D
wind tunnel data should be transferred to 3D this investigaises both full scale and wind
tunnel experiments as a basis.

From the field experiment on the NM80 turbine the followingsears are used:

e 4 x 64 surface pressure taps at the four radial stations, rA2800.475, 0.750 and 0.925
of the LM38.8 blade.

e Four five-hole Pitot tubes mounted at r/R=0.36, 0.51, 0.74BGAO, respectively.
e Rotational speed of the rotor

e Air density (derived from temperature and pressure measemes)
From the measurements in the LM Wind Power wind tunnel thHeviohg sensors are used:

e 4 x 64 surface pressure taps on four aerofoils with nearly theesgeometry as the four
blade sections of the LM38.8 blade which were instrumentiéll pressure taps.

6.1.1 Predicting the angle of attack

The results from wind tunnel tests are commonly polars imseof lift, drag and moment co-
efficients as a function of angle of attack. These data aré insaeroelastic calculations with
corrections of e.g. 3D effects. In this way the rotor perfante and the loads on the entire
wind turbine can be predicted. However, the angle-of-&ttaem is an entity, which is not
possible to measure directly on or at the blade. The boumdleition on the blade and the
downwash are some of the effects influencing the flow arouadltade sections. Thus, even
though Pitot tubes are measuring the angle of attack, theunegangles are not correspond-
ing to those measured in wind tunnels, because angles ckattdhe tunnel are measured as
the pitch angle of the airfoil with corrections of blockag&eamline curvature and downwash.
The hypothesis in this analysis is that the pressure digtoibs corresponding to airfoil flow is
similar in the wind tunnel and at the rotor. In this way trardtinctions from angles of attack
measured by the Pitot tubes and angles of attack measurethihtinnels are established.
In situations with attached flow it is expected that good egrent will be seen for all parts
of the pressure distribution despite of the rotational@ffeThis is based on experience from
3D CFD calculations on several rotors. However, with sejgarflow a delay of the separa-
tion is expected based on observations from other expetiaewl therefore a good agreement
is generally only expected on the pressure side and clodeettrdiling edge on the suction
side. Therefore, angles of attack are estimated in an ggdtion process, where pressure dis-
tributions measured at the rotor are compared to presssirgbdiions measured in the wind
tunnel, by minimizing the standard deviation of the presdtifferences with higher weight
from x/c=0.40 to x/c=1.00 at the pressure side and x/c=@#&0d=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 iseetion, Section 03 at r/R=0.325,
needs special treatment. For each measured pressurbudistiion the rotor similar distribu-
tions from the wind tunnel were searched for, but the agre¢mas far less pronounced than
on the three other sections. Thus, another method for segrfir the right pressure distribu-
tions was developed for the inner section. Since the dynaneissure and the angle of attack
were determined for the three outer sections, the correpgimflow velocity can be predicted
and good correlations between the inflow velocities for ¢heesctions are observed. This was
the reason for assuming that the inflow velocity for the irsemtion, Section 03 at r/R=0.325,
can be determined by extrapolating/regression of the infielacities from the outer sections.

6.2 Results

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

6.2.1 Pressure distributions

Figure 6.1 shows pressure distributions correspondingwest and highest angles of attack
extracted from these time series in comparison to wind tuda@. The pressure distributions
are normalized as:

P — P

p— j?_pwz

WhereC, is the normalized pressurgs, is the static pressure [Pa] in the far field, p is the
pressure [Pa] measured at the blade surfadethe air densitykg/m?] andW is the relative
velocity [m/s]. For the three outboard sections the agrewsevery good. For low angles of
attack the pressure distributions are very similar and fit bath at the leading edge and trail-
ing edge. However, at high angles of attack Section 05 (r/&#8) shows deviations between
pressure distributions in the tunnel and on the rotor. Thesgre recovery from minimum
pressure to the trailing edge is not as abrupt on the rotor tieeitunnel. This could be caused
by 3D effects on the rotor, but could also be the influence fthenwalls in the wind tunnel.
This is yet unknown. However, for the inner section, Sectidrat /R=0.325, the agreement is
not so good. The pressure around the leading edge fits weth&pressure around the trailing
edge does not agree as well as for the three outer sectionsaefarly low angles of attack.
At higher angles of attack, as shown in Figure 6.1, the presdistribution measured on the
rotor is much bigger than from the wind tunnel and a nearlystamt pressure level is reached
at a chord position closer to the trailing edge at the rot@<8.44) compared to the wind tun-
nel data (x/c=0.38). This indicates the position of the s&f@n 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 aliidbaracteristics for the rotor Figure
6.2 compares the derived angles of attack and dynamic pesssalled "synthetic”, to those
measured by the Pitot tube in Section 05. There is a distiantd{ however with some scatter
of data. This was the reason not to use the Pitot tube measutsilirectly and it indicates the
degree of correlation between angles of attack and predgitriutions.

6.2.2 Integrated forces

Figure 6.3 shows the normal force coefficientsand Figure 6.4 shows the tangential force
coefficientc; integrated from the pressure distributions for the rotat fom wind tunnel flows
both with clean surface and leading edge roughness (LER).nbhmal force coefficient,,
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Figure 6.1.Pressure measurements for four different blade sectioppetJeft: Section 03
(r/R=0.325). Upper right: Section 05 (r/R=0.475). Loweyhti: Section 08 (r/R=0.750). Lower
left: Section 10 (r/R=0.925).
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Figure 6.2.Angles of attack (left) and dynamic pressures (right) presdi by comparing pres-

sure distributions from the rotor with pressure distribas from the wind tunnel ("synthetic”)

plotted against the angles of attack and dynamic presssreseasured by the Pitot tube in
Section 05 ("Pitot”), respectively.

and the tangential force coefficieit, were computed, respectively, as:

e__nm
" Ipwzc
G = t

~ lpwc

where n and t is the normal and tangential force per meter [N/raspectively, integrated
from theC,, distributions,p is the air densitykg/m?|, W is the relative velocity [m/s] and c
is the chord length [m]. For the three outboard sections gteeanent is very good for both
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Figure 6.3. Measuredc, polars for four different blade sections. Upper left: Sewti03
(r/R=0.325). Upper right: Section 05 (r/R=0.475). Lowgyht: Section 08 (r/R=0.750). Lower
left: Section 10 (r/R=0.925).

cn andc. However, it seems that comparing to maximagrfor the clean wind tunnel model
the rotor showed slightly lowet,. This could be caused by surface roughness or differences
in surface quality, i.e. the roughness height on the aidoiface. More interesting, it seems
that the decrease iy, for angles of attack above maximucp observed in the characteristics
from the wind tunnel is less pronounced on the rotor at Sed® at r/R=0.475. This might
be controlled by centrifugal/Coriolis forces or contrdlley the lack of walls around the airfoil
section. For the inner section, Section 03 at r/R=0.325atgreement is good, but not as good
as the other sections with higher scatter in the values etvéowaangles of attack. This is
due to the method used, where the inflow velocity found byapdlation/regression of the
inflow velocities measured at the outer sections and whegtesiof attack are not determined
by comparison of pressure distributions. At high anglesttdck thec, values in stall are
higher than in the wind tunnel which indicates that the safiam is delayed like for Section
05. It should be noted that the plot af shows wind tunnel data at two Reynolds numbers,
Re= 3 x 10° andRe= 5 x 10°. The data is different in stall, with low R higher than the
high Rec,. The increase of, in stall supports earlier observations of higlegvalues when
separation starts.

Figure 6.5 shows, polars for the two blade sections at the inner part of therretumpared

to polars derived from wind tunnel tests corrected for 3&f using the model by Bak et al.
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Figure 6.4. Measuredc; polars for four different blade sections. Upper left: Saweti03
(r/R=0.325). Upper right: Section 05 (r/R=0.475). Loweyhti: Section 08 (r/R=0.750). Lower
left: Section 10 (r/R=0.925).

12].

Only the two inner sections are considered because it istbage that are significantly affected
by the 3D correction model. However, it seems that the drap far angles of attack just above
maximumcy still exists despite of the 3D correction. With the given diinnnel data in Section
03 and 05 it seems that the 3D correction is too small comparthe actual data from the rotor.
However, this is mainly due to the dropég just after maximunc,.

6.3 Conclusion

This paper showed examples on pressure and inflow measuieoagried out in the DAN-

AERO MW project on both a full scale rotor and in a wind tuni#ind tunnel tests in the

LM Wind Power LSWT on four airfoil sections identical to théatle sections on the LM38.8
blade were carried out. Also, measurements on an NM80 2MW wirbine were carried out,
including pressure measurements in four sections, infloasmed with four Pitot tubes and
several other sensors, such as strain gauges, accelersiaetiethose controlling the turbine.
The pressure measurements as well as the integrated namoaldnd tangential force coef-
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Figure 6.5.Measured, polars for two different blade sections compared to 3D atecwind
tunnel data using the method by Bak et al [2]. Left: Sectiorfrf®=0.325). Right: Section 05
(r/R=0.475).

ficients,c, andc, revealing the airfoil performance from the full scale roito atmospheric
conditions and the airfoil performance in the wind tunnel eompared to reflect the differ-
ences and compare to models for 3D correction. A general tiethat the negative slope of
the c, curve just above angles of attack corresponding to maximguas measured in wind
tunnels is not as pronounced at the rotor. Whether this igal@® effects or the lack of walls
around the section on the rotor is not known. Also, delay pésation was observed, especially
for the inner section, which caused an increaseifor angles of attack above maximury

as measured in the wind tunnel. However, 3D correction ofiimnel data showed for these
measurements too abrupt decrease in the forces for angstok 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. Dgssing, H.A. Madsen, C. Bak, A. Fischer, N. Troldbordg;iBnsen, F. Bertag-
nolio

This chapter presents a method which uses high frequenfaceunicrophone measurements
to detect transition from laminar to turbulent boundaryelaffow on a full scale wind turbine
blade. The chapter is a shorter version of the report by Dgstial. [1].

7.1 Introduction

The chordwise position of the transition from laminar tdowient boundary layer flow is a key
parameter in both experimental and computational aeradigseas well as in airfoil design.

Previous work carried out in wind tunnels have shown thahHrgquency surface pressure
measurements is an efficient way of detecting transitiod][2=igure 7.1 shows an example of

TUNNEL -- Re. 4 mill. -- 5 deg.
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0.01 =
0.001 |

0.0001 |
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Figure 7.1.Power spectrum of surface pressure from four microphonésareading edge
region of an airfoil in a wind tunnel. Transition is detectede between position 10.2% from
the leading edge and position 13.8%.

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

o™ Py f

1
Jo™ Peptl Y

where fyy is the Nyquist frequency anies, the power spectrum of the surface pressure. This

definition ofyy means that the energy at high frequencies are weightedrigée the energy

at low frequencies.

This approach does however not work in the DANAERO field ekpent because the low

frequency part of the power spectrum dominates. Theretbesmmethod proposed here is to

use microphones to measure the sound pressure level (SRLyjiiren frequency band and

infer transition as locations with a sudden chordwise iasesof the SPL.
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7.2 Measurement data

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

7.3 Method

As mentioned in the introduction the method proposed hei@ detect transition as positions
with a chordwise increase in the sound pressure leyel

7.3.1 Computing the sound pressure level

The sound pressure levsg) at each of the 50 microphone positions is computed from thepo
spectral density of the surface pressiig,as follows

Lpzzomgo(fh§) 2)
Pref

wherepres = 20uPaand

f2
%mzzﬂ Pop(f)d f 3)
1

wheref; < f < fyis a given frequency range. The influencepfind f, on the sound pressure
level is studied in section 7.4.

In order to derive temporal variations in the transitionmi@ach time series of surface pressure
measurements are divided irkosections (windows) with a 50% overlap and for each of these
windowsLp is computed from equation 2 and 3. To each ofkh&indows is then associated
a sound pressure leveh and a discrete timé&, which is taken to be at the center of the
window. In the present work the method described by Welchg&ised to make the Fourier
analysis needed to compugg, and a Hanning window function is applied to each window
section. More details about the procedure can be found irTHg number of surface pressure
samples in each window is denotegdwhich is equivalent to a time span &f = L/ fs, where

fs = 50kHzis the sampling frequency.

7.3.2 Detection of transition

The transition point at each discrete time digis determined from the chordwise distribution
of the sound pressure levél, in the following way:

e SortlLp according to chordwise positior, of the 50 microphones.

e Filter spatiallyL , to obtain a smooth distribution denotigl(x).

¢ Determine transition points¢, as positions where the chordwise derivative gfx) is
larger than a specified lim{tLp(x) /dX)iimit -

e In generalthere will be a range of chordwise positions whidfiis this criteria and the ex-
act position is defined to be the zero crossing of the secatef dlerivatived®L p(x) /dx2.
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e If more than two chordwise positions on each side of the #isttisfy the criteria then
(dLp(x)/dX)iimit is increased until only two transition points are found odreside of the
airfoil.

Figure 7.2 shows an example of calculated transition pdogsther with the corresponding
sound pressure level and its first and second derivativep@temeters used in Figure 7.2 are
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Figure 7.2.Example of calculated transition points on suctions side @iven timety and the
corresponding SPL (a) as well as its derivative (b) and sgdenivative (c)

shown in Table 7.1.

(dLp(x)/dX)iimt 350 dB

f1 2.0 kHz
fa 6.0 kHz
L 2048

Table 7.1. Key parameters for detection of transition
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7.4 Parameter study

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

e Window sizeL

e Frequencyrangd; < f < f;

e Limit on derivative ofLp, (dLp(X)/dX)iimit

The measurements used for the parameter study was obtaifely @15 and is located in the
data filecRIO_20090721_144710.tim

7.4.1 Dependency on window size

Figure 7.3 shows contour plot af, versust, andx for various window sizes, L. In all plots
Lp has been computed usitig= 1kHz f, = 6kHzand(dLp(X)/dX)jimit = 350dB. The plots
are converging when L is decreased and there is only smédirelifces when L is less than
approximately 2048.
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Figure 7.3.Contours ofL as function of chordwise position and timg. = 1.0 kHz, f, =
6.0 kHzand(dLp(x)/dX)imit = 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
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Figure 7.4.Contours ofL, as function of chordwise position and time. In all cakes 2048
and (dLp(x)/dx)iimit = 350dB. The frequency rangéfs, f2) is (in [Hz]): a) (100,300), b)
(300,500); c) (500,750); d) (750,1000); e) (10002000); f) (20003000, g) (30004000);
h) (400Q5000); i) (50006000); j) (600Q 7000
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7.4.2 Dependency on frequency range

Figure 7.4 shows contour plot &f, versusty andx for various frequency ranges. In all plots
L = 2048 and dLp(x)/dX)jimit = 350dB.

The plots show that the chordwise distribution of the sourasgure level based on low fre-
quencies differs substantially to the corresponding \@aténigher frequencies.

7.4.3 Dependency on (dLp(X)/dX)jimit

Figure 7.5 shows contour plots bf, versus andx for L = 2048, f; = 2kHzand f, = 6kHz
Also included in the plots are the predictions of the traosipointsx; using various values of
(dLp(x)/dX)iimit -

0.9 ‘ ‘ ‘ ‘ 140 09 . 110
0.8 g e
0.7 07
0.6 90
T05
< 04 80

2 4 6 8
t[s] t[s]

Figure 7.5.Contours of SPL as function of chordwise position and tingether with predic-
tions of transition points for various values @Lp(X)/dX)jimit. In all cased. = 2048, f; =
2.0kHzand f, = 6.0 kHz). Left: Suction side; Right: Pressure side. TOpL,(X)/dX)iimit =
300dB; Middle: (dLp(x)/dX)iimit = 400dB; Bottom: (dLp(x)/dX)jimit = 500dB.
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Note thatx denotes the chordwise position scaled with the chord of iHeilasection, i.e.
0 <x < 1. The red curve shows the first transition point and the geceeve shows the second
transition point. The first transition point (red) has theyést derivativelLp(x)/dx The aim
of the analysis is to determine a value(diLp(x)/dX)imit Which gives numerically stable de-
tections of the transition points. Choosimin(dL,(x)/dx) to be between 308B and 400dB
gives good predictions of the transition points in the shoase. ThereforédLp(x)/dX)jimit =
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 dataeviscand thereby analyse the time
variations ofL, in the boundary layer and hence also the dynamics of theiti@mpoints.
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Figure 7.6.Various representative examples of contours of SPL on@uside versus chord-

wise position and time together with predictions of transitpoints. In all casek = 2048,
fi = 200kHz f> = 6000H2) and(dLp(X)/dX)jimi = 350dB
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Figure 7.5 already indicates that the method used for ify@mg the transition point is robust
and accurate. To further verify the method Figure 7.6 shawars of sound pressure level on
the suction side in different cases together with the ptexdlis of the corresponding transition
points using the parameters in Table 7.1. In cases whereithim¢ is in operation i.e. where
the L levels are not too low the proposed method is generally ssfakin detecting the
transition point. Figure 7.6d reveal a case with nearlydsteéiansition from laminar to turbulent
boundary layer, Figure 7.6e show periodic variations wigmsition and relamination zones
corresponding to the rotational speed of the turbine, whitpire 7.6f show a non-periodic
behaviour. However, as indicated in Figure 7.6b), the nebthay fail in cases with low values
of Lp where the turbine is at standstill or rotates very slowlys@&hon the plots in Figure 7.6
the SPL can roughly be divided into the following regimes whsing the parameters in Table
7.1

0 - 60 dB Turbine at standstill and background noise

60 - 85 dBLaminar boundary layer
85 - 95 dBTransition

95 - 120 dBTurbulent boundary layer

The proposed technique for identifying transition poirdaséabeen applied with the parameters
in Table 7.1 to all microphone data obtained in the Tjeerelegmeriment and are available in
appendix reports [7—12]. The resulting chordwise posgiohthe transition points on both the
suction and pressure side are available in the database.

7.6 Conclusions

The calculated sound pressure (SPL) level is convergingite size of the data window is
decreased. In practice a window of 2048 data points yieldgerged data and corresponds to
a sampling time of 0.041 seconds.

A frequency range of 2000-6000 Hz was found useful for deteaif transition. The approxi-
mate SPL associated with standstill, laminar, transifiand turbulent flow has been identified.
Transition was detected by enforcing a minimum derivativ8PL of 350 dB i.e. a 35 dB in-
crease over 10% of the chord. This yielded good results int mases, however transition
was erroneously detected in a few special cases. The amalsiresulted in appendix reports
[7—-12], which contains results for each file sampled in théopkfrom June 2% to Semptem-
ber 11". These contains plots which gives an indication of the timgyig 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, P. Fuglsang, J. Romblad, P. Enevoldsen, L. Jensen

In this work comparisons are carried out between the comyn@m®dad NACA 63-418 airfoil [1]
and the wind turbine dedicated high lift airfoil Risg-B1-[28 measured in the three different
wind tunnels:

e The VELUX wind tunnel (DK)
e The LM Wind Power Low Speed Wind Tunnel (LSWT) (DK)
e The Delft Low Speed Low Turbulence (LSLT) tunnel (NL)

For the NACA 63-418 airfoil additionally available data from the StuttggWK (GER) and
the Langley LTPT (USA) were shown in the comparison of thedat
Key values for the different wind tunnel layouts are reldtethe test results.

8.1 Experimental setup and approach

Two different airfoil designs were tested:

The commonly used NACA 3418 airfoil designed for airplanes and the wind turbineided
cated high lift airfoil Risg-B1-18. One NACA 63418 airfoil model and one Risg-B1-18 airfoil
model with chord length. 800mwere used in both the VELUX tunnel and the Delft tunnel. For
the LM Wind Power tunnel new models were manufactured withad length of 000m.

Tests were carried out &e= 1.5 x 10° andRe= 1.6 x 10°. For the Delft and LM tunnel
Re= 3 x 10° was also tested. Different configurations were tested saatlemn surface and
leading edge roughness in terms of zigzag tape at the leadiyeg

8.2 The airfoils

NACA 633-418

The NACA 63-418 airfoil is described by Abbott and Doenhoff [1] and isidmed for use on
airplanes. However, it has been extensively used in the twirdne industry for a few decades,
because of the relatively smooth stall characteristies rétatively high insensitivity of max-
imum lift to leading edge roughness, the quite good aeroaymperformance and the good
structural characteristics. The intended use for airdaaises the maximum lift- drag ratio
to appear at a rather low lift coefficient (cl 0.9) and with adioen maximum lift coefficient
(¢ max~ 1.3 for Reynolds numbers between 1.5 and ).

Risg-B1-18

The Risg-B1-18 airfoil is described by Fuglsang and Bak {i2] & designed for wind turbines
and specifically for those with Pitch Regulation and Varaiottor Speed (PRVS). For this type
of regulation, stall is to a great extent avoided and the sleracteristics require less consid-
eration. The airfoil is designed to be insensitive of maximiift to leading edge roughness, to
have high maximum lift§ max~ 1.6) and to show maximum lift-drag ratio at a quite high lift
coefficient ¢ ~ 1.3 for Reynolds numbers between 1.5 and Bf). The two airfoil contours
are shown in Figure 8.1.

DTU Wind Energy E-0027 41



0.25

Bl NACA63,-418 —
y Risoe-B1-18
015
o 01 ——— v 1
= PO L i ]
0 K _--_______,_f=-
<0.05 [ T s 1
-041 o . -
0 0.2 0.4 0.6 0.8 1
xlc

Figure 8.1.The NACA 63%-418 and Risg-B1-18 airfoil contours

8.3 The leading edge roughness

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

e Zigzag tape mounted af'c = 0.05 at the suction side and gtc = 0.10 at the pressure
side with a tape thickness ofDmm a tape width of 3nmand a tape pattern of 90

e Zigzag tape mounted afc = 0.02 at the suction side with a tape thickness dfiim a
tape width of 3mmand a tape pattern of 90

e Zigzag tape mounted ac = 0.05 at the suction side and gtc = 0.10 at the pressure
side with a tape thickness ofDmm a tape width of 3nmand a tape pattern of 80

e Sandpaper 3M Safety-Walk of widthd®m (6 inches) wrapped around the leading edge
covering the entire airfoil from the leading edgect@ = 0.08 on both pressure and suction
side.

Only the first type of simulation was used in all the tunnelsereas the second was used only
in the LM LSWT and the third and fourth were used in the Delftrtgl. In this paper only the
results from the first roughness simulation type will be canapl. With a constant thickness of
the zigzag tape in all the tunnels, the relative thicknessen_M tunnel wag /c = 4.4 x 104
and 50% higher in the LM and Delft tunnetgc = 6.7 x 104

8.4 The tunnels

Below the three wind tunnels are described. However, als@thttgart LWK and the NASA
Langley LTPT are described because measured charac®ffistithe NACA 63-418 airfoil
from these tunnels are also shown here. In all wind tunne&gdtag was measured using a
wake rake (an arrangement of parallel total pressure tultbeiwake of the airfoil). Thus, the
pressure distribution (or the pressure/velocity defioithie wake of the airfoil is measured and
converted to a drag coefficient.

VELUX wind tunnel

This wind tunnel is situated in @stbirk, Denmark, is ownedthg roof top window manu-
facturer VELUX and is of the closed return type. The testisecis open and the turbulence
intensity is relatively high, TI=1%. The airfoil forces ameeasured using pressure taps in the
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airfoil surface and the drag is measured using a fixed wale fiie distributed pressure mea-
surements are integrated to lift, drag and moment coeffiidihe forces are corrected with
respect to down wash and stream line curvature, see RefT[ig].test stand is mobile and
owned by Risg DTU, so the measurements are carried out inagmgpover three to four
days. The tunnel has been used by Risg DTU since the staré dP90s. The dimensions of
the tunnel are seen in Table 8.1.

LM Wind Power LSWT

This wind tunnel is situated in Lunderskov, Denmark, is ovbg LM Wind Power and is of
the closed return type. The test section is closed and thelemce intensity is relatively low,
T1=0.1%. The airfoil forces are measured using airfoil auef pressure taps and the drag is
measured using a traversing wake rake. The distributedpresneasurements are integrated
to lift, drag and moment coefficients and corrected accgrtlinFuglsang and Bove [4]. The
tunnel has been active since 2006. The dimensions of thektan® seen in Table 8.1.

The Delft LSLT

This Low Speed Low Turbulence (LSLT) wind tunnel is situaitedelft, The Netherlands, at
Delft University of Technology. It is of the closed returmpty and the test section is closed.
The turbulence intensity is very low, TI=0.02%. The airffofces are measured using the
same principles as in the LM tunnel and lift, drag and momesfficients are integrated and
corrected according to the method described by Timmer [B§ dimensions of the tunnel are
seenin Table 8.1.

The Stuttgart LWK

This Stuttgart Laminar Windkanal (LWK) was not part of thengeal comparisons, but was
used because one of the two airfoils was measured in the ltubie situated in Stuttgart,
Germany, at Stuttgart University and is of the open type &edtést section is closed. The
turbulence intensity is extremely low, TI=0.0002%. Thédaforces are measured using pres-
sure taps on the wind tunnel walls and the drag is measurad adraversing wake rake. The
distributed pressure measurements are integrated todftieag coefficients and corrected, see
Althaus [6]. The dimensions of the tunnel are seen in Talle 8.

The NASA Langley LTPT

As for the Stuttgart wind tunnel, this tunnel was not parthaf general comparisons, but was
used because one of the airfoils was measured at one Reynoidser. It is situated in Hamp-
ton, Virginia, USA, at the NASA Langley Research Center and Low Turbulence Pressure
Tunnel (LTPT). It is of the closed return type and the testisads closed. The turbulence
intensity is unknown, but is probably similar to the turbnde level in the Delft tunnel, because
of the similarities in contraction ratio. The airfoil fors@are measured using pressure taps on
the wind tunnel walls and the drag is measured using a walke Tdle dimensions of the tunnel
are seen in Table 8.1. A further feature of this tunnel is tesbility of increasing the pressure
from latmto 10atmincreasing the density and thereby increasing the Reymaldsber. The
tunnel has been used for test of a huge number of e.g. NACAilairfvhich are reported by
e.g. Abbott and Doenhoff [1].
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Summary of the wind tunnels

In Table 8.1 a summary of the tunnels is seen in terms of kegrpaters. The knowledge of
these parameters is important for interpretation of theltesbecause the boundary and initial
conditions for the tunnel flow affect the airfoil performa@&ndhe question is how the following

parameters influence the performance:

e The turbulence intensity: A high turbulence intensity wilbve the transition from laminar
to turbulent flow towards the leading edge. However, enepggsa of the turbulence are

unspecified.

e The wind tunnel blockage: The ratio between the height otékesection and the chord
length is a measure of how the walls/jet boundary will int¢wraith the airfoil forces.

e The aspect ratio: The ratio between the chord length andghe width of the airfoil
model gives an indication of the degree of two-dimensidyali the flow.

e Fixed or traversing wake rake: The wake rake can either bd fxeneasure the velocity
deficit in one plane or the wake rake can be traversed to mtegossible changes along

the airfoil span.

The above list of parameters is not meant to be completehioowtsssome of the very important
factors that can contribute to deviations in measuremegttgden wind tunnels.

Finally, from the limited list of wind tunnels, Table 8.1 gite is a relation between contraction
ratio, cr, and turbulence intensity, Tl, that follows the functieri:] = 4(T 1{%])~*38. However,
according to the theory, Barlow et al. [7], the relation dddor the longitudinal direction be
¢ [-] = T1(U)[%]~°° and for the lateral directiont [-] =~ T1(V)[%] 2, which do not agree with
the observation. As stated by Barlow et al. [7], there dodsappear to be a good method of
predicting the effects of contraction ratios in turbuleneguction. Thus, to support the validity
of the above observed relation significantly more wind tushave 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, Tl [%] 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 3.0 455 3.81
Aspect ratio, W/c [-] 3.2 15 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 Airfoll Airfoil Wall Wall
Wake rake Fixed  Traverse Traverse Traverse -

Table 8.1. Key parameters describing the dimensions angh sdtthe wind tunnels.

8.5 Results

The airfoils were tested in the three tunnelRat= 1.6 x 10° in Delft [8] and VELUX [9] and
atRe=1.5x 10%in LM [10, 11]. Also, the airfoils were tested Re= 3.0 x 10° in Delft and
at LM, but not in the VELUX wind tunnel. Furthermore, the NAG®33-418 airfoil was tested
atRe= 1.5 x 10° and 3x 10° in the Stuttgart LWK and a@e= 3.0 x 10° in the Langley LTPT.
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Key parameters extracted from the wind tunnel measurenaeatseen foRe= 1.5 x 10° and
Re= 3.0 x 10° for the NACA 63-418 airfoil in Tables 8.2-8.3 and for the Risg-B1-18 airfoi
in Tables 8.4-8.5.

The measurements Re= 3.0 x 10° in clean configurations are compared to XFOIL, Drela
[12]. XFOIL is a panel code with inviscid/viscous interactiand for a given angle of attack,
AoA, and Re, it provides thep-distribution and lift and drag coefficients. Transitiormrin
laminar to turbulent flow was modeled by tHemethod with n =9 corresponding to T1=0.07%.
Investigations carried out by Bertagnolio et al. [13] shdwleat XFOIL for thin airfoils in many
cases over predicts and delayed maximum lift slightly camg#o EllipSys2D [14-16]. Later,
Bertagnolio et al. [17] investigated 3D airfoil computatsousing different turbulence models,
which showed significant differences in the prediction okimaum lift. However, at low angles
of attack both XFOIL and EllipSys predicted the airfoil pmrhance quite well.

Delft LM Stuttgart VELUX

Rex 10°° 1.6 1.5 1.5 1.6
Aok 2.5 -3.5 -3.3 2.2
Cl.max 1.23 1.31 1.32 1.33

AOA max 11.3 11.1 12.3 16.3

Cdmin 0.0064 0.0083 0.0072  0.0093
(&) 1195 1011  110.9 73.0
max

Cd

AOAG/cg, . 6.1 5.1 5.7 5.0
Cl!(CI/CCDmax 1.00 0.94 1.02 0.80

Table 8.2. Key values describing the aerodynamic perfooaari the NACA33-418in clean
surface configuration at Re 1.5 x 10f to Re= 1.6 x 10°

Delft LM Stuttgart Langley

Rex 10°° 3.0 3.0 3.0 3.0
Aok -2.5 -3.2 -3.0 -2.8
Ci,max 1.30 1.35 1.30 1.38

AO0A max 12.8 11.7 10.9 13.3

Ca.min 0.0062 0.0054 0.0062  0.0060
(&) 1211 1348 1147 1216
max

Cd
AoAc/cd), . 52 5.1 4.4 6.1
O(cl/ed)y, 091  0.93 0.86 1.01

Table 8.3. Key values describing the aerodynamic perfonaari the NACA33-418in clean
surface configuration at Re 3.0 x 10°

8.5.1 NACA 633-418
Reynolds number 1.5 x 10°

Figure 8.2 shows results for the clean configuration. Hése,data from the Stuttgart tunnel is
included for comparison. It is seen that there is no exaeeagent between the data from the
different tunnels. There are several deviations betweemtéasurements. The determination
of the zero-lift-angle-of-attacld oAy, from the different tunnels is measured within the range
of 1.3 degrees. This can be due to uncertainties in meastiméngeometric AoA, shape devia-
tions in the airfoil contour and corrections of the measlifedr he slopes of the linear part of
the lift curve agree fairly well between 0.111 and 0.116 pegrde (betweenr®40.077ad 1
and 2t+ 0.363ad 1) with a somewhat higher slope in the Delft tunnel and lowepslin the
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Delft LM VELUX

Rex 1076 1.6 1.5 1.6
Aoy -3.6 -4.3 -3.3
Cl.max 1.55 1.50 1.64

AO0A: max 11.8 11.4 135
Cd,min 0.0080 0.0074 0.0090

(&)max 1226 1253  100.2

AOA(d/Cd)max 8.2 7.1 6.5
C'v(d/Cd)max 1.36 1.21 1.16

Table 8.4. Key values describing the aerodynamic perfooneasf the Ris#B1-18in clean
surface configuration at Re 1.5 x 10° to Re= 1.6 x 10°

Delft LM
Rex10©® 30 3.0
AoAy 35 -39
Cl.max 168  1.66

AOA max 12.3 12.9
Cd,min 0.0072 0.0067

(&)max 1358  129.7

Cd
AOA<C|/Cd)max 7.2 6.1
(¢] (cl/cd) max 1.30 1.15

Table 8.5. Key values describing the aerodynamic perfooeaf the RisgB1-18in clean
surface configuration at Re 3.0 x 10°

VELUX tunnel. The slope seems not to correlate with the wimthel layout parameters shown
in Table 8.1. The maximum lift coefficients, max agree fairly well between 1.23 and 1.33. It
is noted that the AoA, at whict) maxappearsihoAy max increases with increasing ratio of H/c.
This means that a reduction in blockage could be the reasoanfincrease it max. How-
ever, several other parameters determine the lewgl@f such as TI [18], the aspect ratio and
whether the lift measurement is carried out on the tunnebvealon the airfoil surface. Also,
the quality of the models determines the level. Howevehéoextent that these parameters are
known they do not correlate with the variation<ijmnax.

The drag coefficientsy, differs somewhat and especially in the VELUX tunnel whiasta
rather high Tl compared to the other tunnels. Because thi fDahel shows the lowest min-
imum drag valuescq min, there seems however not to be a clear correlation betweand'|
Cd,min, Since the Stuttgart tunnel has lower Tl than the Delft tlindewever, parameters such
as the degree of two-dimensionality of the flow and the metifadeasuring the wake deficit
can also affect the prediction of. Somewhat fluctuatingy from the LM tunnel seems to ap-
pear, which probably is caused by less sensitivity of thesmesament equipment, because it is
calibrated for Reynolds numbers betwd®e= 3.0 x 10° andRe= 6.0 x 1(F.

Figure 8.3 shows data for the LER configuration (zigzag tapemted on suction side at
x/c = 0.05 from the leading edge and on pressure side’at= 0.10 from the leading edge).
Here, only data from Delft and VELUX is available with the gceibed zigzag tape. Also,
measurements from Stuttgart [6] are shown with a somewlfffareint way of simulating the
leading edge roughness. The data from Delft and VELUX agveeg well, however with
somewhat highety in the VELUX tunnel. The data from Stuttgart is not based anghme
LER simulation and cannot be directly compared. Howeveshdws the same trends in the
decrease i maxand increase iny.
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Figure 8.2.Polars of the NACA 63418 airfoil atRe= 1.5 x 10° to Re= 1.6 x 1(® in clean

configuration
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Figure 8.3.Polars of the NACA 63-418 airfoil atRe= 1.6 x 10° in LER configuration

Reynolds number 3.0 x 10°

Figure 8.4 shows results for the clean configuration. Hére MELUX tunnel is not part of
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Figure 8.4.Polars of the NACA 63418 airfoil atRe= 3.0 x 1(f in clean configuration

the comparisons, because this Reynolds number is abovarige of this tunnel. However,
data from the Stuttgart and the Langley tunnels are incldidiecomparison. It is seen that the
agreement between the data in the different tunnels are imetbér than at 5 x 10° for the
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clean configuration. However, there are still some dewuiatioetween the measurements. The
determination ofAoAy from the different tunnels is measured within the range @fdegree.
As for the lower Reynolds number this can be due to uncertsiim measuring the geometric
AO0A, shape deviations in the airfoil contour and correctiofithe measured lift.

The slopes of the linear part of the lift curve agree fairlyilvibeetween 0.112 and 0.120 per
degree (betweenm2 0.114rad~* and 21+ 0.592rad 1) with a somewhat higher slope in the
Delft tunnel and lower slope in the Langley tunnel. As was ¢hse for the lower Reynolds
number, the slope seems not to correlate with the wind tulayelut parameters shown in
Table 8.1. Agreement afi max is fairly good between 1.30 and 1.38. No correlations betwee
the AoA max and the four parameters 1) the ratio H/c, 2) Tl, 3) the ratic Afid 4) whether
the pressure is measured on the airfoil surface or on thes\Wwaite been detected as was the
case at the lower Reynolds number.

Agreements oty are quite well at all lift coefficients witleg min between 0.0055 in the LM
tunnel and 0.0062 in the Stuttgart tunnel. Because the LMdlwith the highest Tl (which

is quite low) shows the lowes} and the Stuttgart tunnel with lowest Tl shows the higlogst
an expected reduction ity with a reduction in Tl is not observed. Sincg depend on more
parameters than Tl such as the airfoil surface quality,elselution of the pressure tubes in the
wake rake measuring the pressure in the airfoil wake, théodetised to detect the wake and
the Mach number, no conclusions regarding correlation ®fittag measurements to the wind
tunnel configuration can be drawn. Finally, the results wltan configuration are compared
to XFOIL computations. It is seen that XFOIL predicts theaglymamic performance well at
low AoA, however with somewhat under predictionsgf At high AoA XFOIL seems to over
predictc max andc for separated flows significantly.

8.5.2 Risg-B1-18
Reynolds number 1.5 x 10°

The Risg-B1-18 airfoil was like the NACA 63418 airfoil tested in the three tunnelsRé=

1.6 x 10° at Delft and VELUX and aRe= 1.5 x 10° at LM. Figure 8.5 shows data for the
clean configuration and Figure 8.6 shows data for the LER gordtion atRe= 1.5 x 1(f to
Re= 1.6 x 1C°.

As for the NACA 63-418 airfoil atRe= 1.6 x 10P. it is seen that there is no exact agreement
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Figure 8.5.Polars of the Risg-B1-18 airfoil &e= 1.5 x 1P to 1.6 x 10° in clean configuration

between the data in the different tunnels for the clean cardigpn. The results deviated from
each other in several ways.

The determination oAOAy from the different tunnels is within 1.0 degree. As for the GIA
633-418 airfoil this can be due to uncertainties in measurirggbometric AoA, shape devia-
tions in the airfoil contour and corrections of the measiifed
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Figure 8.6.Polars of the Risg-B1-18 airfoil &e= 1.5 x 10°to 1.6 x 10° in LER configuration

The slopes of the linear part of the lift curve differ somewbatween 0.106 and 0.122 per
degree (betweenr2- 0.21rad ! and 21+ 0.71rad %), again with somewhat higher slope in
the Delft tunnel and lower slope in the LM tunnel. Howevee ghope seems not to correlate
with the wind tunnel layout parameters shown in Table 8.1.

Significant differences are seen @may and the stall characteristics, between 1.48 and 1.64.
Since the VELUX tunnel shows the higheskax there might be a correlation between on one
hand the ratio H/c, the ratio W/c or whether the test secgarpen or closed and on the other
handc max. However, other parameters such as Tl might influence thesunements signifi-
cantly. Thus, there is no clear correlation betwegpax and the wind tunnel layout.

Some differences are seen frand especially in the VELUX tunnel as was the case for the
NACA 633-418 airfoil. Thus, the measurements show that high Tl &dfeg but that TI below

a certain level does not affect the determinatiorcgfin. However, comparing the vs cq
plot, Figure 8.5, a "knee" in the curve is seen for both LM arffilata. The knees appear at
¢ ~ 1.3 for the LM data and at; ~ 1.4 for the Delft data. The knees indicate the lift levels
at which the transition from laminar to turbulent flow movewards the leading edge. Thus,
it seems that the somewhat higher Tl or the given energy ispetthe turbulence in the LM
tunnel affects the transition from laminar to turbulent flowan earlier stage than the Delft
tunnel. For the LER configurationp from Delft and VELUX agrees very well, however with
somewhat highety in the VELUX tunnel and more abrupt stall in the Delft tunnel.

Reynolds number 3.0 x 10°

The Risg-B1-18 airfoil was tested in only two tunnels, Datitl LM, atRe= 3.0 x 10°. Figure
8.7 shows results for the clean configuration and Figure I808vs data for the LER config-
uration atRe= 3.0 x 1(°. It is seen that there is very good agreement between thenlata
the two tunnels for the clean configuration. However, theltesleviated from each other in a
few ways. The determination éfoA, from the different tunnels is within 0.4 degree. No other
reasons for this than those mentioned for the test at therIBeygnolds number are known.
The slopes of the linear part of the lift curve differ somewbatween 0.115 and 0.123 per
degree (betweenr2+ 0.31rad ! and 21+ 0.76rad 1), again with somewhat higher slope in
the Delft tunnel and lower slope in the LM tunnel. Very simialues ofc) maxis seen, between
1.66 and 1.68, and also the stall characteristics are venilesi

Also, thecy values are very similar. However, as was the cadeeat 1.6 x 10°, the knee of
thec vscy plot appears at different cl for the two tunnels. In the Deiftnel the knee appears
at highercy, indicating lower TI, which is in good agreement with the afieations for the
tunnels. Thus, as long as Tl is fairly low (0.1%) it seems that it does not affegtvery much.
However, it seems to affect the dynamics of the transitiantdocation.
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Figure 8.7.Polars of the Risg-B1-18 airfoil &e= 3.0 x 10° in clean configuration
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Figure 8.8.Polars of the Risg-B1-18 airfoil &e= 3.0 x 10° in LER configuration

For the LER configuration, from Delft and LM agrees very well, but with some differenoe i
Ci.max between 1.62 and 1.72.

The determination oAoAy is within 0.5 degrees in this case. Also, differences ara $ee
cq, With highercy in the Delft tunnel. Thus, some deviations in aerodynamifgomance are
observed for the Risg-B1-18 airfoil when comparing themleanfiguration with the LER con-
figuration.

This can however be due to small differences in the geométityeozigzag tape and the rela-
tively thicker zigzag tape as stated in section 8.3, or the tlva zigzag tape was mounted on
the airfoil surface.

Finally, the data with clean configuration is compared to XEGomputations using the e to
the nth method wittn = 9. It is seen that XFOIL predicts the aerodynamic perforneamell

at low AoA, however with somewhat under predictionscgf Especially the knee at the vs
cq plotis quite well predicted. At high AoA, the measuremerdsdt agree very well with the
predictions and XFOIL over predicts max andc; for the separating airfoil significantly.

8.6 Conclusions

This paper showed polars measured in the LM Wind Power LSWETDElft LSLT tunnel and
the VELUX tunnel carried out in the DAN-AERO MW project. Coaning the polars revealed
differences in zero-lift-angle-of-attack, the slope af tear part of the lift curve, maximum
lift, the stall characteristics and the drag. Here, alsova ffeeasurements carried out in the
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Stuttgart LWK and the Langley LTPT were used for the compauss Even though the wind
tunnel tests deviated in several ways, only the generallgsionis will be emphasized here.
The best agreement between results was seen for ReynoldsenofiRe= 3.0 x 10° . The
results for Reynolds numbers Be= 1.6 x 10° deviated somewhat from each other. This was
probably due to the (lack of) sensitivity of the measurengeptipment and the calibration of
the wind tunnels, because the tunnels are designed to wdiexent Reynolds numbers.
With the rather high turbulence intensity of 1% in the VELUXhel all comparisons of polars
showed significantly higher drag values in the VELUX tuniwever, for the rest of the wind
tunnels it seems that the minimum drag was not influenced éyutbulence intensity. Thus,
with a turbulence intensity below a certain value, which isimum TI=0.1%, minimum drag
seems to be unaffected by the turbulence level. Howevetrdhsition point location seems to
be affected by the turbulence intensity, so that differemcéhe airfoil performance will be seen
clearly, if fast changes appear in the transition pointtieca No clear correlation between on
one side the maximum lift, the stall, the zero-lift angleatfack and the slope of the linear part
of the lift curve and on the other side the wind tunnel layauild be identified. However, this
might be due to counteracting mechanisms such as extreowelfurbulence intensity, which
could tend to reduce maximum lift, combined with a relatMeigh ratio between test section
height and chord length, which might increase the maximétmlhus, most of the differences
between the measurements are ascribed to differencesait miodel shapes, methods for an-
alyzing the data and calibrations.

In addition, the measurements were compared to XFOIL coatiouis. This comparison re-
vealed the necessity to be aware of e.g. the turbulencesityerhen using airfoil charac-
teristics for wind turbine design. It also revealed the fations in XFOIL, where the drag
coefficient in general was under predicted and maximum fiff ¢he lift on the separating
airfoil was significantly over predicted. Furthermore, ttienparisons between measurements
and the predictions by XFOIL stress the necessity to cartywand tunnel measurements to
validate the flow simulations. When validating the airfadérformance in a wind tunnel, this
work revealed the importance of specifying the turbulemt¢erisity. It is however not known
for the time being, which turbulence intensity that représ@tmospheric flow on wind turbine
blades.
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9 Investigation of 3D aerofoil characteristics
on the NMB8O0 turbine

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

This section deals with 3D aerofoil characteristics on th438 wind turbine.

9.1 Introduction

Aerodynamic aerofoil characteristics used for design afdmiurbines are usually obtained
from wind tunnel tests. However, the actual 3D aerofoil elageristics on a rotor can be quite
different from those measured in a wind tunnel because dfibegal forces in the boundary
layer, spanwise pressure gradients generated by the Sdidote as well as unsteady and
turbulent inflow conditions. Thus, a direct application o 2D characteristics obtained in a
wind tunnel shows bad agreement between measured andatattubads especially at the
inner part of the blade where the 3D effects are most dominant

This chapter studies 3D aerofoil characteristics in comsparwith aerofoil performance in 2D
flow through a combination of field measurements, wind tutests and computational fluid
dynamics (CFD).

9.2 Experimental approach

In this investigation both field and wind tunnel measuremmeitained within the DANAERO
experiment have been used.
From the field experiment on the NM80 turbine the followingsears are used:

e 4 x 64 surface pressure taps at the four radial stations, rA2800.475, 0.750 and 0.925
of the LM38.8 blade where the relative thickness of the a@iofs 33%, 24%, 20% and
19%, respectively.

e Four five-hole Pitot tubes mounted at r/R=0.36, 0.51, 0.74BGA0, respectively.
e Rotational speed of the rotor

e Pitch of the blade

e \elocity measured at the met mast

e Air density (derived from temperature and pressure measemes)
From the wind tunnel measurements the following sensorased:

e 4 x 64 surface pressure taps on four aerofoils with nearly theesgeometry as the four
blade sections of the LM38.8 blade which were instrumentiéld pressure taps.

e Drag measurements from a wake rake.

These data creates a basis for studying how the aerodyndaiaateristics on a real wind
turbine deviates from those obtained in 2D in a wind tunnel.

9.3 Computational approach

Two different types of simulations are carried out using itidiouse incompressible finite
volume Reynolds Averaged Navier-Stokes (RANS) flow soMép&ys [1-3]:
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e 2D steady state simulations on the four aerofoil sectiomggubek — w SST turbulence
model [4] and a correlation based transition model [5—7] §hids used for the simu-
lations were of the O-mesh type. The domain height was sgbpooaimately 30 chord
lengths and the height of the first cell adjacent to surface se to 108 chord lengths
corresponding to a maximuyt of approximately 0.2. All grids had 256 cells around the
aerofoil and 128 cells normal to the aerofoil.

e 3D rotor computations on the NM80 turbine in steady and unifmflow using the same
turbulence and transition models as used for the 2D sinmmgtiln the simulations the
rotor geometry and the blade surface boundary layer is feplved using a standard
O-0 mesh configuration. The radius of the domain was apprateiy 10 rotor diameters
and the height of the first cell adjacent to the blade surfaa®sgt to satisfy the condition
y* < 1 as required for this type of computations. The blades ofitHgnes were resolved
with 256x 128x 128 cells in the chordwise, spanwise and normal directespectively.
The grid consisted of 432 block of 3214- 10°) grid cells.

These computed data can be considered analogous to thenespel datasets and forms a
basis for studying the difference between 2D and 3D aerof@facteristics.

9.4 Results

In the following selected results from the analysis of measwents 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 aerodoilputations are validated by
comparing them against each other.

Figure 9.1 show€,, distributions at three different angles of attack (AoA) fmnooth aero-
foils at a Reynolds number dte= 5-10°. For the sections at r/R=0.475, 0.750 and 0.925
the agreement is good except at the highest AoA, where theummtions predicts a much
larger suction peak than observed in the measurementdaSuliscrepancies have been seen
in previous work [8] and indeed these aerofoils are quitdlehging to simulate at high AcA
because the transition point is located rather far aft ogela@rofoils. For the thickest aerofoil
(r/R=0.325) there are quite large discrepancies betwempuatations and measurements for all
AoA. The reason for these discrepancies are most likely adtigrinel blockage and 3D effects
caused by the walls of the wind tunnel. While 3D effects ase aresent for thin aerofoils they
are only important at higher AoA. As shown in [9] 3D effecte garticularly pronounced for
thick aerofoils as well as at high AoA and in order to predie torrect stalling behaviour
the inclusion of the tunnel walls is important as these may ph important role in the actual
aerodynamic behaviour of the aerofoil in the wind tunnel.

Figures 9.2-9.3 showS_ andCp polars for each section. The lift and drag coefficients are
defined as:

FL
Cl=r2t_
3PCVE,

Fo
Co=1 7
?pcvrel

whereF_ andFp is the lift and drag force per meter, respectivelys the air densityy,e is the
relative velocity and c is the local chord length.

Computations have been carried out assuming both tranaitand fully turbulent flow over
the aerofoil surface. For the three thinnest sections thepooedCy max is significantly higher
than the measured, which is as expected fronGhdistributions shown in Figure 9.1. For the
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thickest aerofoil the computed and measured lift coefficileres not show much resemblance,
which is most likely a combined consequence of wind tunnigdot$ and the inadequacy of
simulating the flow over thick aerofoils as 2D. In all cases shmulations are seen to predict
higher drag at low AoA than what is measured in the wind tunikls is because the used
grid resolution in the chordwise direction is not sufficlgritigh for this type of aerofoils. We
did simulations with increased chordwise resolution of 88#s and found that the drag in
these simulations were in much closer agreement with meammnt at low AoA. However,
these results are not shown here because we want to maketa-one-comparison with the
3D computations where 256 grid cells were used in the cha®ldirection.
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Figure 9.1. G distributions predicted from wind tunnel measurementszhdomputations.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 fieldésneements a comparison of
the pressure distributions along the four investigateddkections was conducted at different
operational conditions.

For the comparison 1-minute average€gfistributions were extracted from the DANAERO
database in cases where the turbine was operating in urimisttflow at nearly constant rota-
tional speed and pitch. During the DANAERO field measurensantpaign a number of tests
were carried out where the turbine was forced to operate ed fpitch and rotational speed.
Even though this means that the turbine is operating ofigtheisi these cases they are suitable
for comparison with CFD. In all cases the measutgdiistribution is computed as:

P Ip(V2+(rQ)?)

whereV,, is the free-stream velocity measured by the met mast loceadbyP., is the ambient
pressurer is the radial position of the blade sectidd,is the rotational speed of the turbine
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Figure 9.2. Lift coefficient predicted from wind tunnel measurementd 2B aerofoil compu-
tations. a) r/R=0.325; b) r/R=0.475; c) r/R=0.750; d) r/F3db.
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Figure 9.3. Drag coefficient predicted from wind tunnel measurements2in aerofoil com-
putations. a) r/R=0.325; b) r/R=0.475; c) r/R=0.750; d=0F25.

andp is the air density.
Figures 9.4-9.5 compare measured and computed presstiifeutisns at different free-stream
velocity and operational conditions as specified in the &gaptions. Note that a negative pitch
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angle means towards stall. The errorbars included in ths pliows the standard deviation of
the measured 1 minute averages and thus represent the stalfte measurements. As seen
the pressure distributions are generally in quite goodeagemt and the numerical predictions
generally lie within the uncertainty bars. However, a gahtend is that the computed suction
peak for the two outermost sections is over predicted in @iapn with measurements. The
discrepancies may be explained as differences in inflowitiond caused by wind shear/veer,
turbulence and yaw error.

2

°  Exp| °  Exp
CFD

(13

0.2 0.4 0.6 0.8 1
xlc

Figure 9.4. Comparison of measured and compu@gddistributions on the NM80 turbine
operating aV, = 6.1mg" at a rotational speed of 12.1 RPM and a pitch angle. &80 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 itdsassary to determine the angle
of attack (AoA) at the different blade sections on the rotede. Several methods have been
proposed for this purpose. Here we use the azimuthal averagchnique (AAT) employed
by Hansen and Johansen [10, 11] in which the velocity, at egradial position in the rotor
plane, is calculated using the azimuthally averaged vilati axial positions up and down-
stream of the rotor. Since the AAT requires information atibe velocity field both up and
downstream we can not use it to estimate the AoA from the nmeasents. Instead the AoA in
the measurements is computed using the following procedure

e Extract measured 1-minute averagegl® distributions for each blade section and bin
average them on the flow angle measured directly by the pit# tocated at r/R=0.78
using bins of+0.5°, i.e. establisiCy P(AoApitot)

e From the 3D rotor computations determine the AoA for eaclédkection using the AAT
and establish the compute§'®(AoA).

e Estimate the measured AoA in an optimization process inmglminimizing the objective
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Figure 9.5. Comparison of measured and compu@gdistributions on the NM80 turbine
operating aw., = 10.5ms" at a rotational speed of 16.2 RPM and a pitch angle 4i75°. a)
r/R=0.325; b) r/R=0.475; c) r/R=0.750; d) r/R=0.925.

function:
n

; <chP(AoApimt) - cgfd(AoA)) i

min

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

In this way transfer functions frofAoApitot to AOA in 3D is established.

Figures 9.6-9.7 show measured and comp@gdistributions at the different blade sections
in comparison with the corresponding distributions oledim the wind tunnel and using 2D
computations. Generally, the agreement between the mezasats on the rotor and the rotor
computations is fairly good. The observed discrepancipaiiy due to uncertainties in deter-
miningCp from the measurements where we do not know the true frearstvelocity but also
due to inadequate turbulence modelling.

For AoA= 6° the flow appears to be 2D over most of the blade span but evhisdbiv AoA
there are important difference between 2D and 3D flows atrtheriand outermost sections.
The pressure over the suction side is generally slightiyérign 2D than in 3D. We cannot
explain this difference but it is interesting to notice thappears both in the computations and
in the measurements.

At the high AoAs, the suction over most of the upper aerofaiface at r/R=0.325 is higher in
3D than in 2D and also the position where a nearly constasspre level is reached is closer
to the trailing edge in 3D than in 2D. This indicates a delastall on the rotor compared to the
2D case. This stall delay can be explained to be caused byésemce of Centrifugal/Coriolis
on the rotor.

Figure 9.8-9.9 shows respectively the normal and tandedntiee coefficients integrated from
the pressure distributions. The normal force coeffic€qtand the tangential force coefficient,
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G, are defined as:

Fn

&= ez (19
R

“ = Teva+ (10

whereF, andF, is the normal and tangential force per meter, respectivgiggrated from the
Cp distributions.

Generally, the agreement between 3D rotor computationsraiod measurements is good,
however there are important differences at r/R=0.750, e/iteseems that,, measured on the
rotor is closer to the R computations.

At high AoA theC, values indicate delay in stall at r/R=0.325 and r/R=0.4713ha& outermost
section theC,, values are below the 2D values for all AoA and it also seenmisthiwaslope of
theC, curve is lower in 3D than in 2D. Shen et al. [12] showed similahaviour of the lift
coefficient near the tip of a rotor. From Figure 9.7 it appehas the lowelC, is caused by a
reduction in the suction peak.
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Figure 9.6. G, distributions for the four different blade sectionsfatA= 4°. a) r/R=0.325; b)
r/R=0.475; ¢) r/R=0.750; d) r/R=0.925.

9.5 Conclusion

In this chapter the aerodynamic performance of aerofoilasueed on the NM80 wind turbine
was investigated and compared to the corresponding akobfaiacteristics deduced in the
wind tunnel and as predicted from both 2D aerofoil simulagiand full 3D rotor computations
using CFD. The combination of field tests, wind tunnel measants as well as 2D and 3D
CFD provides a unique dataset for studying the complex pimena of 3D aerofoil character-
istics.

Initially wind tunnel measurements on four different aeibsections were compared to 2D
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Figure 9.8. G polars for the four different blade sections. a) r/R=0.3Rp1/R=0.475; c)

r/R=0.750; d) r/R=0.925.

aerofoil simulations. The agreement was found to be faiolgdybut there were important dif-
ferences at high angles of attack (AoA). For the thickestfadrlarge difference was found
between measured and computed aerofoil performance. Tifsence was argued to be
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Figure 9.9. @ polars for the four different blade sections. a) r/R=0.32py/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 in@ynadequate to simulate thick
aerofoils at high AoA using 2D CFD.

Secondly a comparison of surface pressure distributioadigied from full rotor CFD and
measurements showed rather good agreement at both lowgimthfiow velocities.

Finally, a comparison of 2D and 3D aerofoil performance wagdeicted. It was shown that the
aerofoil at the inner section (r/R=0.325) experienced arged performance compared to 2D
because of centrifugal and Coriolis forces. For the outstreection (r/R=0.925) it was found
that both the overall level and the slope of the normal fomefficient C,,) curve was lower
than in 2D. For the mid span sections the aerofoil charatiesiwas found to be fairly 2D.
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10 Standstill

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

This chapter describes research on standstill wind tutllace vibrations carried out within the
DANAERO project. The work was divided into experimental aoghputational investigations.
In the experimental part an attempt to extract full airfailgrs from the standstill measurement
carried out on the LM 38.8m blade of the NM80 wind turbine &t Tjeereborg site was made.
The numerical investigations included preliminary detitvaof an engineering model for stall-
induced vibrations as well as CFD analysis of vortex-induaed 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 Atg@th from 16:50 till 17:40, and
on September 1st, from 16:20 till 17:00. In order to acquie data, the turbine was set to
standstill with one of the blades set in vertical positiothwis tip facing up. Then, the turbine
was slowly yawed at a rate of 0.3 deg./sec. The surface4medsstributions used for calculat-
ing the loading were recorded at 4 sections of the blade. Batife 4 sections was equipped
with 64 pressure taps. Locations of the sections togethir tiveir names are listed in Table
10.1.

This chapter deals exclusively with the data obtained at@®8&A, 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 sefeessure-taps

time, the rotor approximately made two yaw revolutions anhdstill. September 1st was ex-
cluded because preliminary analysis revealed that theaddéaned on this date was of insuf-
ficient quality. Section 5 was chosen because the measut@ageipment at sections 8 and
10 was of lower resolution. That was because the equipmenpwiarily set up to measure
while the turbine operated. During operation, the Pitoegiand surface-pressure sensors at
the outer part of the blade were subjected to higher winddspedee to rotation. Therefore,
their resolution was lower than that at section 5. On therdtlaed, section 3, which is the
innermost section of the blade, was subjected to 3-D efidatmg standstill more than the
other sections were. Therefore, choosing section 5 fordstdhanalysis was a compromise
between measurement resolution and influence of the 3-BteffMloreover, on August 7th,
the measurement system experienced a failure which caugedvanent malfunction of the
surface-pressure measurement equipment at sections &afvdn though a successful at-
tempt to partly restore the corrupted data was made [1] th@tiestored 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.gf]alhe layout of the pressure
taps at section 5 is presented in Figure 10.1, together Wélptofile geometry. 40 sensors
around the leading edge had resolution of 2.5 psi while theameing sensors had resolution
of 1 psi. The sensors of lower resolution are marked with Tée. 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 senswesrecorder by Scanivalve
system at the frequency of 100 Hz. Some of the sensors méhued during the standstill
which showed during analysis of the pressure-distributiore series. The data related with
these sensors was interpolated linearly based on the Viatureshe neighbouring sensors. The
angle of attack, necessary for the calculation of the pplaes determined in the following
way:

a=90"-0-1+4¢ (4)

where@ is the pitch anglet is the twist at section 5, ardglis the yaw misalignment. The yaw
misalignment is the difference between the wind and yawctisas. The yaw misalignment
angle was calculated in three alternative ways:

e Measurement of yaw position of the rotor and wind directibtha nacelle
e Measurement of yaw position of the rotor and wind directibtha met mast

e Measurements from the Pitot tubes mounted at the leading &idgections 5 and 8. The
data from both tubes was analyzed in order to limit potesetiadr in case of a malfunction
of one of the tubes.

Calculating the polars also require determination of thednspeed. This was done in five
alternative ways: The wind speed was measured at the nacetanast, by the Pitot tubes at
sections 5 and 8, and calculated based on the surface predshe stagnation point at section
5. The angle-of-attack and wind-speed time series fromitio¢ thbes were only relevant in the
relatively narrow operational region of the Pitot tubes, 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 fourrdtidre ways. The results showed that
the Pitot tube at section 5 measured the angle of attackrieatty. This was probably due to
the tube’s hoses being blocked. During processing of aliittia, parts of the time series where
sudden changes of the angle of attack occurred were remogether with a safety margin
in order to exclude potentially unsteady loading cond#iofhe time series are presented in
Figure 10.2. A sign of edgewise blade vibration may be wsibl the time series from the
nacelle at approx. 150 degrees of the angle of attack, bataaaples 310* and 35-10*. A
similar signal was present in the edgewise root bending moiidX) time series. The jump
in the time series visible approx. between samplesd$and 55-10% 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 beingatian were removed together with
a safety margin, in order to exclude potentially unsteadyliog.

The measurement carried out by the Pitot tube at section &eated as a source of additional
information, and not used for the load computation, duesttiritited angle coverage. Both the
nacelle and met-mast time series were potentially inteigstource of information. On one
hand, the met mast is at certain distance from the turbineréfbre, it unfortunately looses
some information about the flow around the turbine. On therdtand, the measurement made
on the nacelle was influenced by the presence of the nacsdlé énd the blade. Both angle-
of-attack time series were corrected by applying an ofisebrder to achieve polars closest
to the reference polars extracted from measurements oéthe profile, performed in the LM
Wind Power wind tunnel [2]. The time series from the nacefipeared as more accurate since
a lower offset value needed to be applied in order to meegteeence polars: 2 deg offset was
applied to the nacelle time series while 21 deg offset wadiepfo 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 leaostt mast, by the Pitot tubes
at sections 5 and 8, and calculated based on the dynamiaipgesisthe stagnation point at
section 5. Resulting time series are presented in Figu 10.

In order for the figure to be clear, the time series were piattdy up to sample 5L0%. Again,
the measurements made by the Pitot tubes were only condidemirce of additional informa-
tion due to their limited angle-of-attack coverage. Thefitbe at section 5 seemed to record
wind speed correctly, despite the faulty angle-of-attadasurement. Pressure-distribution
time series had been processed before the stagnationspeisse series was extracted. This
was done by first removing insubstantially high instantarsgqaressure peaks, and second, by
applying a low-pass filter. The filter applied was Butterkast order 10 and cut-off frequency
of 1 Hz. Analysis of polars normalized by means of differemdvspeed time series indicated
that the wind speed measured at the nacelle was the mo$tieelfes it was mentioned in the
previous section, the data from the nacelle was also usedefi@rmination of the angle-of-
attack time series. As seen the stagnation-point timesass not in agreement with any other
time series. This indicated that the pressure measuremanhave been of poor quality. This,
in turn could be caused by the measurement equipment being $e work in the operational
region where the flow velocities are significantly highemtirastandstill. In such a case, when
measuring at standstill, the signal-to-noise ratio mayehasen too low to record substantial
data.
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Figure 10.3.The wind-speed time series obtained in the 5 alternativesway

10.1.4 Pressure-distribution measurement

Measured pressure distributions were compared with XF@hpmutations of the same profile
at the same Reynolds number. XFOIL computations were cbotéwith both free and forced
transition models. In order to validate the XFOIL compuwias, the polars resulting from the
XFOIL computations were compared with results of the windrel measurements performed
by LM Wind Power [2]. The comparison was made in the angledtdek region from -6 to 19
deg. However, XFOIL forced-transition polars were unaual# in the angle-of-attack region
below -1 deg. Pressure distributions from the aforemertionind-tunnel measurements were
unfortunately unavailable as well. The comparison of thiaysois presented in Figures 10.4
and 10.5 The first two entries in both legends refer to the oreasents of the clean profile
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Figure 10.4.Comparison of the XFOIL and measured lift coefficients

at Reynolds numbers of3.- 1P and 3 10°, respectively. The third entry corresponds to the
measurement on the profile with zigzag tape of 0.4 mm thickpésced at 2% chord on the
suction side. The fourth entry to zigzag tape of 0.4 mm thédsnplaced at 5% chord on the
suction side and 10% chord on the pressure side. The fifthrigpliape of 0.1 mm thickness
placed at 2% chord on the suction side. The last two entrie®goond to the XFOIL pre-
dictions with free and forced transition models, respetyivihe 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 frahe measurements on the clean air-
foil and the airfoil with the bump tape installed. The XFOlaréed-transition lift coefficient
corresponds well with the measurements on the airfoil with zigzag tape installed, in the
angle-of-attack region above 10 deg. The XFOIL free-tr@msidrag coefficient corresponds
well with the measurements on the clean airfoil and the #irfith the bump tape installed, in
the angle-of-attack region below 10 deg. The XFOIL forcehsition drag coefficient corre-
sponds well with the measurements on the airfoil with theagigtape installed, especially in
the angle-of-attack region below 5 deg. Overall, the patarapared satisfactorily, and there-
fore the comparison verified the XFOIL computations. Thisturn, made XFOIL a reliable
reference for the measured pressure distributions. FifuGeshows the measured pressure dis-

151 - ; S — XFOIL forced
' : : ——— XFOIL free
—&— Measured
— Low-pass
O Calculated

-Cp [1]

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

tributions both before and after the processing. The laigribution was processed with the
low-pass Butterworth filter of order 10 and cut-off frequgn€ 1 Hz. In both distributions the
faulty points were linearly interpolated. The measuredrithistions were compared with the
XFOIL computations of the same profile at Reynolds number-df®®. Two XFOIL distribu-
tions are presented above, one corresponding to free ant émieed transition model. Also,
the measured angle of attack was subjected to the low-ptessdiilthe same characteristic, in
order to remove high frequency variations. The same presfigtributions are presented as a
function of the normalized y coordinate in Figure 10.7 Thenparison of the measured and
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Figure 10.7.The measured pressure distribution at approx. 5 deg. oéarfgittack, compared
with the XFOIL computations, plotted as a function of themalized y coordinate

computed pressure distributions was unfortunately usfsatiory. That was because significant
differences in the distribution shapes were present. Maethe difference between the pres-
sure distributions coming from the two XFOIL computatioppears significantly smaller than
the difference between the measured distribution andraittee two XFOIL distributions. To
shed more light on this issue, the offset between the XFOtLmaeasured pressure-distribution
mean values was analyzed. Another analyzed parameter waatib between the integrated
pressure distributions (XFOIL/measured). These two patars are presented as functions of
the angle of attack in Figures 10.8-10.9. If either the dftgethe ratio appeared as constant,
it would imply that some sort of systematic error had bees@néduring the measurement.

offset []

) aoa [deq]

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

Unfortunately, both the offset and the ratio show relagirggh variation in the angle-of-attack
region between -1 and 20 deg. The offset varies approx. fréonl0 The ratio varies approx.
from 0.4 to 2. In the angle-of-attack range from -6 to -1 dégearies 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 follogisteps were taken:

e Normal and tangential loads were calculated and normalized
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Figure 10.9The ratio between the measured and XFOIL pressure-diitibintegrated values

e Angles of attack were calculated as in equation 4

e The normal and tangential load coefficients were projectambraling to the angle-of-
attack values, to obtain the lift and drag coefficients

e The lift and drag coefficients were binned because the meamunt involved two yaw
revolutions of the turbine

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

e measured at the stagnation point of the profile at sectioat(led "SEC")

e calculated according to the wind-speed measurement agttedle (labelled "NAC")
Moreover, figures 10.11 and 10.12 show a comparison withwioeréference sets of polars

coming from the wind tunnel measurements, previously prieskin figures 10.4 and 10.5.
Unfortunately, the resulting polars presented in figure4:010.12 are of poor quality. The

M zas O Re1626 SEC
——— Meas CD Rei e SEC
— Meas L RelSes NAC
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T T
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_________________________________

....................

aca fdeg]

Figure 10.10.The measured polars, normalized by the dynamic presswesabtained in the
two alternative ways

first issue is that neither the lift nor the drag curves oyenéth any of the reference curves.
This could actually have been foreseen by looking at the wsipeked time series presented in
Figure 10.3. There, it is clear that the wind-speed timeesemeasured on the nacelle and
at blade section 5 differ significantly. The most significdifference in the lift coefficient
is visible approx. between 0 and 100 deg. The drag curvesrdifbst significantly approx.
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Figure 10.12The measured drag coefficients, compared with the refergimcetunnel results

between 20 and 150 degrees. However, both the lift and dnagsmormalized by means of
the wind speed read on the nacelle are especially uncentttie iangle-of-attack region around
90 deg. The reason is that around this angle the measuremeépteent on the nacelle was in
the wake of the blade. Moreover, none of the lift and drag esiare particularly smooth as
was expected. What is particularly visible in Figure 104 ghiat the drag coefficient becomes
negative in the angle-of-attack region between -5 and 10 Teig is clearly unphysical. In
principle, such a problem could arise from incorrect caltioh of the angle of attack. Then,
at an angle thought of as zero (and, in fact, being non-zeooimal-to-chord force component
(CN) could decrease the apparent drag value. However, iverfied that the problem did not
arise from the incorrect angle-of-attack computationsTikibecause the tangential-to-chord
force component (CT) in vicinity of the zero angle of attaadked not change in sign (see
Figure 10.15). Therefore, offsetting the angle of attackl@mot solve the problem which is
probably caused by the inaccurate pressure-distributessorement.

10.1.6 Error analysis

Here, further analysis of the polars is presented. It wasdnrorder to find the source of
their poor quality, and to propose changes in the experiaisatup that would improve result
quality in the future. The aim was to learn to which extentfdilwing factors decreased the
quality of the results:

e Inaccurate measurement of the wind speed
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e Inaccurate measurement of the angle of attack

e Inaccurate measurement of the pressure distribution

The first was analyzed by plotting CL/CD. The reason was thgtimaccuracy in the wind-
speed measurement would be cancelled out while plottindifth-drag ratio. Therefore,
such a curve should match the reference better than the CD @u@/es alone. Such approach
was previously proposed by Timmer [3]. It should also be fealrout that CL/CD curve was
not expected to fit the references well in the angle-of-&ttagion between -5 and 10 deg,
since CD is negative in this region. The CL/CD curve is préseiin Figure 10.13 together
with the references: As seen the measured CL/CD curve fitobtie reference curves well
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Figure 10.13The measured CL/CD curve, compared with the reference windel measure-
ments

in the angle-of-attack region between 10 and 19 deg, bétser the CL curve alone. On the
other hand, the CL/CD curve does not fit either of the refezeric the angle-of-attack region
between -13 and -5 degrees. Actually, it shows a worse fit #ithrer the CL or CD curves

alone. In general, it does not seem that the CL/CD curve figgefierence significantly better
than the CL or CD curves alone. Therefore, it does not seetrirthecurate measurement of
the wind speed was the major source of error in this expetinfédre measured CN and CT
curves together with the reference curves are presentegliref 10.14 and 10.15.
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Figure 10.14.The measured CN curves, compared with the reference wimietuneasure-
ments

If the angle-of-attack measurement was the main sourcerof,éhe measured CN and CT
curves should resemble the reference curves better thablLttamd CD curves. The reason is
that CN and CT are obtained directly from the measured pressstributions, independently
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Figure 10.15.The measured CT curves, compared with the reference wimietuneasure-
ments

of the angle of attack while CL and CD are functions of the amdkttack. Therefore, while the
CL and CD curves would change in shape due to incorrect afigltack measurement, the CN
and CT curves would only offset in horizontal direction. ther words, incorrect measurement
of the angle of attack would result in CL and CD being furtlreni the reference curves than
the CN and CT curves would be. However, CN and CT do not seegerto the references
than CL and CD. The last attempt to observe any influence @iriect wind speed or angle
of attack measurements was to plot CN/CT: Using CN/CT fordtwaparison removes both

Ref CM/CT clean Rel.5ef
Ref CN/CTzz2 Relef
Meas CN/CTRel.6e6

Load Ratio [-]

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

the influence of incorrect wind speed and angle of attack oreasents. Using CN/CT instead
of CL/CD showed that CN/CT was closer to the reference in tiggeaof-attack region below
-5 deg. Using CN/CT instead of CN and CT showed that CN/CT Mightly closer to the
reference, especially in the angle-of-attack region ali@eeg. However, the differences were
far from pronounced. The outcome of the aforementioned e@wispns together with the fact
that CL and CN seem to compare better with their referencass @D and CT do, in the
attached-flow region, indicate that the error to a largeredies in the pressure measurement.
In other words, CL and CN are of significantly higher magnétuid the attached-flow region
than CD and CT are. Therefore, the signal-to-noise ratiolofui@ CN might have been higher.
Poor signal-to-noise ratio would also explain the non-stimpolars.

72 DTU Wind Energy E-0027



10.2 Numerical investigations

Wind turbine blade vibrations at standstill conditions @vatso investigated through numerical
simulations within the DANAERO project. These investigas included vortex-induced and
stall-induced vibrations. Thus, it was investigated wkethe stand still vibrations are vortex-
induced, stall-induced or a combination of both types. Tlekveomprised analysis based on
engineering models and Computational Fluid Dynamics. @woensional, three-degree-of-
freedom, elastically-mounted-airfoil engineering madekre created. These models aimed at
investigating the effect of temporal lag in the aerodynamsponse of an airfoil on the aeroe-
lastic stability limits. The motivation for this work was bavestigate whether the assumption
of quasi-steady aerodynamics in deep stall made in statheohitt aeroelastic codes, if in-
accurate, may lead to inaccurate predictions of blade stéindbrations. Further, two- and
three-dimensional CFD computations on a DU96-W-180 dixf@re carried out around 25
and 90 degrees angle of attack. These included non-movieggpbed-motion and elastically-
mounted airfoil suspensions. Moreover, analysis of theadyin lift and drag resulting from 2D
and 3D CFD computations carried out around 25 degrees ahgtéack was carried out. The
aim was to study the mechanisms involved in both types o&titins as well as to learn about
the conditions corresponding to the onset of both. The CrDpdations were carried out with
EllipSys2D and EllipSys3D Navier-Stokes solvers devetbipeMichelsen [4, 5] and Sgrensen
[6, 7]. Elastically mounted airfoil computations were meried with an EllipSys add-on for
structural computations developed by Heinz et al. [8]. Dedadescription of the parameter
values used in the CFD computations as well as in the stralatuwdel is presented in [9].

10.2.1 Engineering elastically-mounted-airfoil aerodynamic model

The effect that time lag in the aerodynamic lift, drag and reatihas on the aeroelastic stability
limits was investigated by means of an engineering elditioaounted-airfoil model. This
analysis is described in more detail by Skrfygki [9] as well as by Skrzypski and Gaunaa
[10, 11]. The current setup of the 2D 3-DOF elastically-medrairfoil model is presented in
Figure 10.17C is the chord lineAAis the aerodynamic axis, aitA is the elastic axis (hinge
point). Fx andFy are the aerodynamic force components appliedl/Ain x and y directions,
respectivelyFg is the aerodynamic moment appliedfah Oy is the angle betweet and the
line (C') throughE Aand the center of gravityJG). C is parallel with the x axis when the profile
is in the equilibrium without the aerodynamic forces invadv The three equations of motion

Figure 10.172D 3-DOF elastically-mounted-airfoil model

DTU Wind Energy E-0027 73



used to govern the aforementioned model are described @il def9, 11]. The dynamic lift
coefficient was calculated as the linearised static liffficient at an effective angle of attack.

ci"=cP+ %aé (5)
whereC{ is the lift coefficient at the equilibrium state. Furthet, is a small perturbation of the
effective angle of attack from its equilibrium value. A matetailed description of the utilized
equations including the equations for the dynamic drag aochemt coefficients is presented
in [9, 11]. The work also included a study of the significanf¢he added mass terms from
Jones’ thin airfoil theory [12] in the equations for the ayroamic forces.

In the study, different amounts of temporal lag were imposedhe dynamic aerodynamic
response of the model. The comparison presented in Figuld Ebows the model's damp-
ing ratios corresponding to its edgewise oscillation foeéhdifferent amounts of the temporal
lag. Note that when the damping ratio was negative, the mexjgtrienced negative aerody-
namic damping and therefore increasing vibrational amgét The three amounts of temporal
lag respectively correspond to quasisteady aerodynamsporee, aerodynamic response of a
thin airfoil (No. 1) as described by Jones [12], and an aabjtresponse being slower than the
response of a thin airfoil (No.2). As it is seen in Figure B).the study showed that even a
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Figure 10.18Damping ratio of the edgewise oscillation of the enginegeiastically-mounted-
airfoil model; three different amounts of time lag in thelfaérodynamic response with Qua-
sisteady being the fastest and No.2 being the slowest.

relatively low amount of time lag in the dynamic aerodynangisponse of the model signifi-
cantly increased the model's aerodynamic damping. Tharimétion, combined with the fact
that state of the art aeroelastic codes assume quasistedmiyaamics in deep stall, indicates
that these aeroleastic codes may inaccurately predictigeamic damping in deep stall, and
therefore inaccurately predict stall-induced vibratiahstandstill conditions.

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

Locked-in vortex induced vibration is a potential thred#i@e wind turbine blades at standstill
conditions. The part of the present work described in thisiee and in more detail in [9, 13]
was a study of vortex-induced vibrations of the DU96-W-1Btbd CFD model. The present
study included 2D and 3D unsteady CFD computations. Thesedad computations on non-
moving, prescribed motion and elastically mounted aigag8pensions. Stationary vortex shed-
ding frequencies corresponding to the 2D and 3D computaitimre obtained by performing
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a frequency analysis of the loading on the non-moving dinfimidels. In the prescribed motion
computations the airfoil was forced to oscillate in the dii@n of the chord line. The elasti-
cally mounted airfoil computations were made with both one taree degrees of freedom of
movement. Itis common to resolve such flows by means of coatiputlly expensive 3D DES
simulations. The motivation for including 2D computatianghe present work was to investi-
gate whether relevant flow characteristics may be captuyr@bDbcomputations. This could be
beneficial because of the high computational efficiency ohstomputations compared to 3D
DES. A DU96-W-180 non-moving airfoil model subjected to anflat 90 degree inflow angle
experienced aerodynamic force oscillations in the chasdviorce of frequency corresponding
to the Strouhal number of this system. To illustrate thattballations were caused by the vor-
tex shedding, two snapshots of the 3D flow are presented uré&i0.19. The figure presents
vorticity magnitude. Dark areas correspond to high vallreghe snapshot on the left side, a
vortex is being shed off the leading edge. The vortex is nthwkith a circle. In the snapshot on
the right side, a vortex is being shed off the trailing edgkse anarked with a circle. This was
confirmed by analysis of the animation showing pressureatiari. Vortex-induced vibration is
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Figure 10.19.Snapshots presenting vorticity magnitude of the 3D flow adoihe DU96-W-
180 airfoil at 90 degree inflow angle

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

* T >
P* = oA P (6)
Figure 10.20 presents the results of the 2D RANS and 3D DE$utations with three curves
showing the dimensionless powE¥, as a function of the dimensionless forced-oscillation pe-
riod, T*, of the DU96-W-180 model. Each of the curves correspondsrtalations carried out
at a specifid*/T* ratio. The reason was that /T* - whereA" is the dimensionless oscillation
amplitude - can be thought of as the level of perturbationdsagl by the airfoil motion on the
flow. If A* was constant in a set of computations, then such a level ainbation would grow
with f*. Then, computations with relatively high oscillation ftesspcy would drive the vortex
shedding and create the lock-in more likely than computatigith low oscillation frequency.
The dimensionless vortex shedding period of the non-moairfgil in the 2D computations
wasT* = 7.7. As the figure shows, the dimensionless power in all threecicreased to a
peak with positive sigh when the oscillation period reaciietl The power value also grew
in the surrounding of the peak point. Note that the higherAh€T * ratio was, the wider the
T* band in which the power grew was. The existence of this baddtargrowth withA*/T*
indicate the existence of the so called lock-in in which thetex shedding frequency follows
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the vibrational frequency in a relatively narrow frequebeyd causing amplification of vibra-
tions. All this indicated that an actual DU96-W-180 airfaiith the natural frequency of the
chordwise mode close to the frequency of vortex sheddinddoexperience the mechanism
of lock-in and suffer from vortex-induced vibrations. Thesults presented in Figure 10.20
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Figure 10.20Dimensionless power related to prescribed oscillatioheDU96-W-180 profile
at 90 degree angle of attack, oscillating perpendiculah&oftee stream; results of the 2D
RANS and 3D DES computations

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

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

This section presents an analysis of 2D and 3D non-movimggoibed motion and elastically
mounted CFD computations of the DU96-W-180 airfoil in theylenof attack region poten-
tially corresponding to the highest risk of stall-inducdbrations. The computations aimed
at investigating the mechanisms of both vortex-inducedstali-induced vibrations. Like in
the preceding section, the aeroelastic stability limitsanavestigated by calculating the mean
dimensionless aerodynamic power in the prescribed motorpatations. In order to facilitate
the process of finding the angle-of-attack region of the éaghisk of stall-induced edgewise
vibrations prior to performing CFD computations, an equafior aerodynamic damping by
Gaunaa and Larsen [14] was applied to the aerodynamic dbasdics of the DU96-W-180 air-
foil obtained experimentally by Timmer and van Rooij [L5dafiimmer [3], indicating where
the vibrations could emerge. It was decided that 26 degme®f4 degrees were the angles of
attack investigated further in 2D and 3D, respectively.fiteshe similarities between the 2D
and 3D computations presented in the preceding sectiohne aflow angles considered in the
present section, 2D and 3D computations returned compléiféérent results. After analysis
and discussion of these results, a decision was made thatr®@putations are more reliable in
the present case because of the three-dimensional flowotbasécs.

Figure 10.21 presents ti& curve corresponding to the 3D prescribed motion computatid
the DU96-W-180. The power appeared positive in twaegions. The first was approximately
between 1 and 15 while the second was approximately abovéh#ifirst region contained
relatively high values oP* with steep rise and fall. The underlying valuesiofcontained the
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dimensionless period of stationary vortex shedding. TH&sts indicated that the increase in
power was associated with vortex shedding. The same kintbodtions is shown by both 2D
and 3D prescribed motion and elastically mounted airfoiDGmulations of the same airfoil

at 90 deg angle of attack, presented in the preceding sedtiensecond region containgd
values larger than the frequency of stationary vortex simedoly an order of magnitude. This
indicated the presence of stall induced vibrations. Howealimmensionalization of the results
indicated that if such vibrations occurred on a modern windihe blade, the associated wind
speed would be far from any realistic regime, i.e. 88 m/s. ffiek vertical dotted line in
Figure 10.21 shows the value ©f corresponding to the wind speed of 50 m/s. These results
were verified by performing computations on the elasticaltyunted airfoil.
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Figure 10.21Dimensionless power related to prescribed motion 3D CFikitions of DU96-
W-180 at 24 deg angle of attack; oscillating in chordwisection

10.2.4 Modeling of unsteady airfoil aerodynamics in stall

In one of the preceding sections, it was shown that even &v&llalow amount of temporal
lag in the aerodynamic response of an airfoil model in deglpretay dramatically decrease the
range of angles of attacks at which the aerodynamic damgitigiomodel is negative. Un-
der the assumption that the actual aerodynamic responsdailsan deep stall is slower than
quasi-steady this indicates that present aeroelasticsandg over-predict deep stall standstill
vibrations. To analyze this issue further, the focus of tleekwpresented in this section was on
determining the amount of temporal lag of an airfoil in destgli. 2D and 3D prescribed motion
CFD computations were respectively carried out at 26 andegdetks angle of attack. Temporal
lag of the aerodynamic response was quantified by means affthementioned engineering
aerodynamic model described in detail in [9, 11]. In the niditie parameters were adjusted to
match the dynamic lift and drag coefficient loops obtainedrdythe CFD simulations. Then,
these parameters were considered representative of {hecte® CFD simulations. Note that
the angles of attack used in the present work were definedresghect to the flow velocity rel-
ative to the airfoil. The motion of the airfoil was therefdaden into account. In Figure 10.22,
the following curves concerning the dynamic lift coeffidiégmops of the 2D CFD simulations
are presented:

e Static lift coefficient resulting from the time-marching 20FD with the non-moving
DU96-W-180
e Dynamic lift coefficient loop resulting from the prescribemtion 2D CFD

e Dynamic lift coefficient loop modeled to match the dynamic @BD response using the
method from [9, 11], based on the 2D CFD polars
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e Dynamic lift coefficient loop modelled assuming inviscidpense using the method from
[9, 11], based on the 2D CFD polars

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

The direction of the presented loops was clockwise. Theltsesbhowed that the dynamic-lift
response resulting from prescribed motion 2D CFD was slthiaer the one modelled using [9,
11] and the inviscid parameters for the temporal responseh&f the dynamic lift coefficient
loop modeled using the Beddoes-Leishman type dynamicratadlel [16, 17] resembled that
of the prescribed motion CFD computations. The approxindgteamic 2D CFD response
was modeled by tuning the parameters in the aforementiongithe@ering model. However,
the exact shape of the CFD response was impossible to ofitaéndynamic lift coefficient
loop resulting from the prescribed motion 2D CFD was avedamyer 20 periods of oscillation
in order to decrease the influence of the higher-frequencyuifitions associated with vortex
shedding. In Figure 10.22, the following curves concerrdggamic lift coefficient loops of
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Figure 10.22 Lift coefficients from the: 2D CFD with the non-moving DU96-%80, 2D pre-
scribed motion CFD and from two engineering models.

the 3D CFD simulations are presented:

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

e Dynamic lift coefficient loop resulting from the prescribetion 3D CFD

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

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

The direction of the presented loops was clockwise. Thelteswere surprising as the char-
acteristic of the prescribed motion CFD dynamic-lift loopswcompletely different from the

corresponding 2D CFD loop which was of negative slope. The mveraged over 30 oscilla-
tion periods had positive slope, as if the static values wépmsitive instead of negative slope.
Modelling the 3D CFD dynamic lift with the tools from [9, 11} the Beddoes-Leishman model
[16, 17] proved difficult and will require further investiian and possibly another approach.
This is because these models are not developed to model\atpa slope of opposite sign

to that of the steady values. To see results concerning defficent loops of the 2D and 3D

simulations, refer to [9, 18].
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Figure 10.23Lift coefficients from the 3D CFD with the non-moving DU96-¥80, 3D pre-
scribed motion CFD and from two engineering models.

10.3 Conclusions

The current research on standstill wind turbine blade Yibna was divided into experimental
and computational investigations. Standstill measurésnearried out on LM 38.8m blade of
the NM80 turbine were analyzed. Polars were extracted filmanpressure-distribution time
series measured at blade section 5 on August 19th, betweB@ a6d 17:40. The angle of
attack was determined in two alternative ways: by meansef/tw-misalignment measure-
ment from the nacelle and the wind-direction measuremem fthe nearby met mast. The
nacelle measurement showed to be more reliable. The winelspas also measured at the
nacelle and met mast. Dynamic pressure was measured aagimaon point at section 5. The
above mentioned were alternatively used for normalizatiotme loads in order to extract the
polars. Wind-speed measurement from the nacelle appeartée anost reliable, qualitatively
producing the most reliable polars. Unfortunately, therallguality of the polars was unsat-
isfactory. Simple error analysis was performed in ordentlidate whether the wind-speed or
angle-of-attack measurements were the main source of &teranalysis included compari-
son of the CL, CD, CN, CT, CL/CD and CN/CT curves. While it wafficllt to pinpoint a
single faulty measurement (angle of attack, wind speedessure distribution), it seemed that
an increase in quality of all the involved measurementse@afly the pressure distribution,
would be necessary to obtain reliable polars.

In the computational studies it was investigated whetherstnd still vibrations are vortex-
induced, stall-induced or a combination of both types. Thekwcomprised analyzes based
on engineering models and Computational Fluid Dynamico-@unensional, three-degree-
of-freedom, elastically-mounted-airfoil engineering thets were created. Analysis based on
these models showed that even a relatively low amount of tagein the dynamic aero-
dynamic response significantly increases the models’ gesodic damping. Note that state
of the art aeroelastic codes assume quasisteady aerodymamndeep stall. Therefore, these
aeroelastic codes may inaccurately predict aerodynanmpohey in deep stall, if the actual
aerodynamic response of airfoils in deeps stall is slowan thuasisteady. Further, two- and
three-dimensional CFD computations on a DU96-W-180 dikf@re carried out around 25
and 90 degrees angle of attack. These included non-moviesgpbed-motion and elastically-
mounted airfoil suspensions. These computations indidhate vortex-induced vibrations may
occur on modern wind turbine blades at standstill condi&iand moderate wind speeds. On
the other hand, the occurrence of stall-induced vibratapyseared unlikely due to relatively
high wind speed necessary for their onset. Analysis of dyaéifhand drag coefficient loops
computed in stall with 3D CFD indicated that present engimgemodels may be insufficient
in modeling these loops, and the problem should be invastigfarrther in future work. Note
that the present CFD computations involving 2D and 3D dsfare not necessarily repre-
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sentative of actual wind turbine blades due to lack of twisd gaper. Computations on full
blades should be carried out in future work together witregtigations 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

The inflow conditions and loads on the NM80 wind turbine ofiagapartially in the wake of
another wind turbine are analysed from field measurementgelss from numerical simu-
lations using an actuator line technique combined with LE® redictions of an aero elastic
engineering wake model.

11.1 Introduction

The inflow and load conditions on a turbine, which is opeatmthe wake of one or more
turbines, deviate significantly from that of an isolatedtoe. Typically a wake inflow causes
increased fatigue loads, and in particular yaw loads, éalheavhen the turbine is in partial
wake operation. However, even when the wind direction i1ghat a turbine on average is
operating fully in the wake of another turbine, large scakandering of the wake causes
the wake operating turbine to continuously experiencing wake operation. For this reason
wake meandering may significantly contribute to increaatéidtie loads and this including this
effect is of crucial importance when simulating turbinesvimd farms. Even though a large
body of work exists on wakes and wake operation, modellintjgdavake situations as well
as other cases with extreme shear over the rotor disc is achafienging task, which even
advanced state-of-the-art models has difficulties to reasloutlined by Madsen et al. [1] The
objective of this paper is to present an analysis of the sgtraand dynamics of a wake based
on Pitot tube measurements obtained along the blade of armadied turbine. Furthermore,
to investigate how a turbine is loaded when it is partiallp@sed to wake flow. Finally, to
investigate the ability of the actuator line method and avaaded aero-elastic engineering
model to modelling the complex phenomenon of wake operdticough a comparison with
the measurements.

11.2 The DAN-AERO experiment

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

e 4 x 64 surface pressure taps at four radial stations r=13 m, 190mm and 37 m. In
this way pressure distributions were obtained and integyéihe pressure distributions re-
sulted in normal forces and tangential forces normal to amwdlfel with the chord length,
respectively.

e 4 five-hole Pitot tubes at the radial stations 14.5 m, 20.3 m3and 36 m. From these
tubes the relative velocity, the inflow angle and slip angle be determined.

e Strain gauges at 10 different radial stations. From thesénsgauges the flap and edge
moment can be determined. For the present analysis onlytriie gauge located at the
radial station 3 m was used. This sensor represents the fhapament.

The instrumented turbine has a diameter of 80 m and is sduate wind farm at the flat
Tjeereborg Enge site. The wind farm is sketched in Figure &hd consists of 8 turbines
organized in two rows. The turbines in the southern row andB\&fe all of the NM80 type,
while the others are Vestas V80’s. The met mast denoted Mithw located between WT2
and WT4, provides measurements of respectively wind speiedi direction, pressure and
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temperature at various heights above ground. As indicat#tkifigure, for a wind direction of
201° the instrumented turbine WT3 operates fully in the wake dfine WT4.
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Figure 11.1.Layout of the Tjaereborg wind farm including meteorologiozst (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 threeefisional Navier-Stokes solver
EllipSys3D [4-6] together with an actuator line [7] repnetsgion of the wind turbine blades.
The atmospheric boundary layer is modeled using a technidpege body forces, applied to
the entire computational domain, are used to impose a gieawlyg wind shear profile, while
free-stream turbulence is modelled by introducing symthetbulent velocity fluctuations to
the mean flow in a predefined cross-section upstream of thedios [8]. The numerical set-up

is as described in [9].

11.3.2 Aeroelastic simulations

The aero elastic simulations are conducted using the HAW@G&eincombined with the dy-
namic wake meandering (DWM) model [10] for representingwiage dynamics.

11.4 Results and discussion

The present analysis is based on two datasets measured tem®ep ® 2009. The two
datasets were chosen because they combine partial wakatiopewith well defined oper-
ational conditions, i.e. constant rotor speed, pitch and pasition. The overall conditions
during the two selected dataset are summarized in Table Theltwo 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) 13.2m/s 13.4 m/s
Turbulence intensity 7.5% 6.8%
Shear coefficient 0.26 0.19
Wind direction (17 m) 187 19%°
Wind direction (57 m) 187 19%°
Wind direction (90 m) 199 199
Yaw position 168 182
Yaw error 22 13
Rotor speed 16.2 RPM 16.2 RPM
Pitch —4.7%° —1.25°

Table 11.1. Operational conditions in the two selected sase

11.4.1 Inflow conditions

In order to give an impression of the inflow experienced byitis¢rumented turbine Figures
11.2 and 11.3 show polar plots of respectively the measurddamputed inflow angle at the
radial station r = 31 m for each of the two cases. The corredipgrresults for the relative
velocity are shown in Figures 11.4 and 11.5. The error barluded in the plots show the
standard deviation of the predicted curves, while the gegehred curves show the maximum
and minimum predictions in the datasets, respectivelyeNloat azimuth angle equal t& 0
corresponds to the blade pointing upwards. Qualitatithl/agreement between actuator line
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Figure 11.2.Azimuthal variation of the inflow angle at r=31 m in case 1.rArkeft to right:
Measurements, actuator line simulations and HAWC?2 sirariat

45
190

270

135

Figure 11.3.Azimuthal variation of the inflow angle at r=31 m in case 2. rArkft to right:
Measurements, actuator line simulations and HAWC2 sirariat
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Figure 11.4.Azimuthal variation of the relative velocity at section &34 m) in case 1. From
left to right: Measurements, actuator line simulations BAYVC?2 simulations.
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Figure 11.5.Azimuthal variation of the relative velocity at section &34 m) in case 2. From
left to right: Measurements, actuator line simulations BAYVC?2 simulations.

and HAWC?2 simulations is fairly good. However, when complai@measurements there are
many differences. The most apparent is the inflow angle, lwimt¢he measurements, in both
cases, is shifted compared to the simulations. Itis difficgxplain the reason for this behavior
in the measurements. One should rather expect a behavicedisted by the two simulations
where the inflow angle maximizes at azimuth angles betwe&rad8 90 where the blade
is expected to be outside of the wake and at the same time i;xgasth the wind. Despite
these differences both measurements and simulationscfgdélle same overall behaviour in
the standard deviation: In case 1 the standard deviatioheoinflow angle is clearly lowest
for azimuth positions where the blade is outside the wakera/the opposite is true in case
2. The reason that the standard deviation in case 2 apparetarger where at least parts of
the blade on average should be outside of the wake is probaklyo wake meandering. The
overall behavior of the relative velocity predicted by battuator line and HAWC2 simulations
seem to agree fairly well with the measurements, thouglether differences in the magnitude.
However, since the measured values are at the position Bittiteube and the computed results
are on the blade itself, one should not expect quantitatdagagreement. The meandering
effect mentioned above is clearly seen in Figure 11.6, whittws a representative time trace
of the inflow angle at r = 31 min case 1. The large peaks in thevinéingle occur whenever
the blade rotates outside of the wake. The large variatidhermagnitude of these peaks is
evidently a sign of a meandering inflow wake. Furthermorés ihteresting to notice how
abrupt the peaks in the inflow angle occur. This behavioucatds 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 azimuthiearitthe flap root momentin the
two cases, respectively. Note that the shown flap root masrteave been normalized with the
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Figure 11.6.Time trace of inflow angle at r=31 min case 1.

maximum value of the HAWC2 simulation. The numerical methprkdict lower flap root mo-
ments than measured by the strain gauge. In case 1 the cahghatee of the flap root moment
deviates significantly from the measured curve. In the sithuhs the influence of the wake
is clearly seen to reduce the flap root moment over approgimagelf of a rotor revolution,
whereas it in the measurements only is reduced over appatedynl/4 of the rotor revolution.
In case 2 there is a good agreement between actuator lindasioms and HAWC2 simula-
tions. In this case the overall shape of the flap root momeat @mpare rather well with the
measurements. Figure 11.8 compares the measured andtsidhioiading tangential and nor-
mal to the chord. The loading has in all cases been normaklizadhe maximum normal load
predicted by the HAWC?2 simulation at r=30m. Note that theeealy measurements avail-
able at the two inner sections because the pressure measuseon the two outer sections on
this date were corrupted. In case 1 there are significargrdifices between measurements and
simulations. Again the measured values indicate that thig mot be a half wake case because
the measured loads for azimuth angles betweéean@ 90 are larger than in the simulations.
In case 2 there is generally a much better agreement betweasumrements and simulations.
However, again the simulations predict lower tangentiatling at azimuth angles betweéh 0

and 90.
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Figure 11.7.Scaled flap root moment as a function of azimuth position sech (left) and 2

(right).

DTU Wind Energy E-0027

87



n T el L L L L L
0'050 90 180 270 360 0'20 90 180 270 360

Azimuth [°]

0 90 180 270 360 0% 90 180 270 360
Azimuth [°] Azimuth [°]

Figure 11.8.Scaled tangential and normal loading, respectively as etifumof azimuth posi-
tionin case 1 (top) and case 2 (bottom). Circles: MeasurésnEall line: actuator line; Dashed
line: Hawc?2. Color code in legend.

11.4.3 Influence flexible blades

In the comparisons shown in the previous section only thedggramic loading was consid-
ered in the simulations. In order to study the influence ofdtracture dynamics including

flexible blades and the mass of the blade the two cases weutasad again using HAWC2

with an aeroelastic model included. Figure 11.9 comparesérodynamic flap root moment
predicted with flexible and stiff blades. Also included irethlot is the structural moment.
As seen accounting for the structure dynamics significantpyroves the comparison with the
measurements both in terms of shape and magnitude.
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Figure 11.9.Scaled flap root moment as a function of azimuth position sech (left) and 2
(right).
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11.5 Conclusions

The inflow and loads on a wind turbine operating partiallyhia tvake of another turbine has
been analyzed from measurements and two different conipughtnethods. A comparison

of measured and computed values revealed fair qualitagiveement but also significant dif-

ferences. Further investigations have to be made to determhat is causing the observed
differences. The analysis showed that the inflow angle canske to separate the blade az-
imuth positions where the blade is inside the wake from thvalsere it is outside and hence

enables derivation of statistics of e.g. angle of attackatians both inside and outside the
wake. Furthermore, it was shown that despite the ambient fieig turbulent the wake as

seen in a meandering frame of reference is well defined witregpsedge at the wake bound-
ary. Finally, it was shown that including the structure dynes of the blade in the aeroelastic
simulations significantly improved the agreement with nueed 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. Fische

The aim of this section is to investigate and characterieetrodynamic noise emission from
the blade of the NM80 turbine and in particular to study tHkiance of atmospheric turbulence
and the turbulence from operation in wake of another turbimaoise emission.

12.1 Introduction

The aerodynamic noise produced by modern megawatt-sized twibines originates mainly
from two types of flow-structure interactions: turbulenfiom noise which is usually dom-
inating in the low-frequency range, and trailing edge-tileht boundary layer noise in the
high-frequency range (see Wagner [1] for a review on windihe noise).

Turbulent inflow (TI) noise is produced by atmospheric tuebge vortices that upon impinge-
ment on a wind turbine blade generate opposite surfaceyetSP) fluctuations on each side
of the blade, subsequently radiating as sound. Such ingpatmospheric turbulence may have
two origins: the natural wind turbulence created within gtenospheric boundary layer (BL)
and/or the wake flow structures generated by one or more wirdnes, or alternatively by
other large objects such as buildings or trees, locatedegrstof the wind turbine of interest.
Trailing edge (TE) noise is produced by the convection gastsharp TE of an airfoil of the
vortices generated within the turbulent BL developing omdlirfoil surface itself, resulting in
a scattering phenomenon. Theoretical work shows that thateal noise in the far-field can be
directly related to the SP turbulent fluctuations near th¢ 2 B].

Since both Tl and TE noise are related to the SP fluctuatibesSP spectra may be used to
characterize noise emission in the far-field for both meismas, T1 noise being predominantly
generated in the area of the airfoil section near the leagtigg (LE) [4, 5] whereas TE noise is
characterized by airfoil SP fluctuations occurring nearfted3]. It should be emphasized that
the SP fluctuations generated by either the atmospheric theoairfoil turbulent BL vortices
are less prone to be contaminated by spurious experimeunit® since the intensity of these
fluctuations is typically larger than the sound that they silbsequently radiate or than any
other ambient noise for that matter. Therefore, measuhiaga SP fluctuations contributes to
an accurate characterization of the actual aeroacoustie generated by a wind turbine.

This chapter uses field measurements, wind tunnel testsvardifferent modelling approaches
to characterize the SP fluctuations and hence also noissiemssrom the blade of the NM80
turbine. The aim is to investigate the influence of atmosipteard wake turbulence on noise
emission as well as to validate the used noise models. Toditthe overall structure of the
report the model validation results are placed in chaptexli@reas the models are presented
in the present chapter.

12.2 Description of the Measurements

The main characteristics of the experimental campaign aseribed in this section. More
details concerning the experimental set-up, measurenogiittons 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 gltiie manufacturing of the
blade, a lot of sensors were integrated in the blade streicidterwards the blade was mounted
on a NM80 2.3 MW turbine which is located in a flat terrain ared & part of a small wind
farm of 8 turbines located in Tjeereborg, Denmark.

In the present work the following sensors are used:

e Pressure taps measuring static pressure distributiong @@ blade chord at 100 Hz at
four radial positions (r=13 m, 19 m, 30 m and 37 m)

e Five-hole Pitot tubes measuring relative inflow velocitgdocal angle of attack (AoA) at
a sampling frequency of 35 Hz at four radial positions (r51#, 20.3 m, 31 m and 36 m)

¢ 50 high frequency microphones for measuring SP fluctuatb®® kHz was installed at
r=37 m.

e Sensors measuring the rotational speed, pitch and azihpghkition of the blade.

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

e Sensors for measuring temperature and pressure at the rse{usad for deriving air
density).

12.2.2 Analysis tool

In order to analyze the pressure coefficient distributiors ffuctuating SP measurements, an
analysis software tool was developed. The analysis talkefottowing steps:

e Identify particular periods of time during the campaigntthee of interest for a specific
study.

e Truncate the recorded pressure distributions and SP tariessnto shorter time-series so
that the latter represent the state of the flow for a relativgtsazimuth displacement of
the blade (in our case, the shorter time period/ié4.or an azimuth span of 24

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

e Sortthe shorter time-series by enforcing various usenddftonstraints on these aerody-
namic or geometric averaged values.

e Bin average the time series according to the values of onkeobove aerodynamic or
geometric averaged parameters, often the local AoA.

e Perform a spectral analysis on the binned SP time-seriglsidimg spectral averaging of
the selected data within the same bin, whilst the binnedspresdistributions are simply
averaged.

12.2.3 Wind Tunnel Measurements of the NACA 63-418 Airfoil

In addition to the field experiment presented above, measemts of a NACA 63-418 airfoil
section were conducted in the LM Wind Power wind tunnel in dewrskov [7]. The airfoil
model has a shape that is identical to the 37 m radius crat®s®f the LM 38.8 blade of the
NM8O0 turbine, though with a shorter 0.9 m chord compared ¢olt2 m chord on the blade at
this radius.
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The airfoil model was equipped with pressure taps and miwops in the same way as for the
equipped wind turbine blade section. In addition to measer#s carried out in a clean tunnel
with a turbulence intensity around 0.1%, other measuresnveaite carried out with a turbulence
grid in the inlet to the test section raising the turbulermensity to about 1.2%. Finally, SP
measurements were conducted with two different trip/rowggis 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 angdeshe derived as well as the
relative velocity. The Pitot tubes were positioned reklivto the blade so that one of the
measured angles is the local AoA of the inflow to the blade. &l@x, for analyzing noise
model results as well as for comparisons with the wind tunmedsurements on the copy of the
blade section, it is necessary to convert this local infloglato a standard AoA which is the
angle between the chordline and the free wind vector fordoiksection in a two-dimensional
(2D) flow. The transfer functions to convert from angles ¢déeit measured by the Pitot tubes
to angles of attack measured in the wind tunnel is estaldi$toen analysis of the pressure
distributions on the turbine blade and in the wind tunnedpestively as described by Bak [8]
and verified by Bertagnolio et al. [9].

Unfortunately, the Pitot at the most outboard sectioa 86 m) was malfunctioning and there
the AoA measured with the Pitot tube located at the next idvggation at radius=31m had
to be used for analyzing the pressure measurement data3t m. However, through analysis
of measurements and use of the Blade Element Momentum (BE&bry by Glauert [10]
Bertagnolio et al. [9] showed that the difference betweenAbA atr =31 m andr=37m is
small. A conclusion which was also confirmed using 3D CFD walions.

12.3 Numerical Models

In this section the various modelling techniques used herel@scribed. The so-called TNO-
Blake TE noise model is used to calculate SP fluctuationsrg&tby the airfoil turbulent BL
in the vicinity of the TE. In addition, Amiet’s Tl noise modslused to calculate SP fluctuations
near the airfoil LE as a response to the inflow turbulence. TN®-Blake model requires as
input additional informations concerning the BL charaisté&s. For this purpose, 2D CFD
calculations of the airfoil section are performed at spedif\0A and Reynolds number.

12.3.1 CFD Reynolds-Averaged Navier-Stokes simulations

The in-house developed Navier-Stokes incompressiblesfiitume flow solver EllipSys2D
[11-13] is used for the steady state RANS simulations on théAI63-418 airfoil. Thek — w
SST turbulence model by Menter [14] in its original versisnused to obtain the turbulent
viscosity. The O-type mesh used for the calculations is eefimear the airfoil surface so that
the non-dimensionalized distance of the first mesh poim fitee airfoil surface always satisfies
the conditiony™ <1 as required for this type of computations. The grid ext&tdshords away
from the airfoil. It contains 256 cells around the airfoilda®56 from the airfoil to the outer
boundary. In the calculations, the transition is determimih thee” transition model by Drela
and Giles [15]. In some cases, the transition will be fixedoate specified chord location in
order to model a tripping device or a known transition lomati

DTU Wind Energy E-0027 93



12.3.2 Modified TNO-Blake Trailing Edge Noise Model

The turbulent BL developing over the airfoil surface is iliizad as the flow over an infinite half-
plane for which the main flow direction is denotedxasthe direction normal to the wall i,
andxs is the direction transversal to the flow and parallel to the (KE x2, X3) are indifferently
denoted a$x, y, z) in the following. Assuming homogeneity in time and in plapasallel to the
surface, neglecting turbulence second-order momentssind Green’s function formalism, a
solution for the wave number-frequency SP spectrum can teeru as an integral across the
BL [16—18]. An improved version of the model [19] takes thédwing form:

2y

k2 OgL 2__ ~
Dy (k. 00) = 4p2— L / 2L ( )uz Bk, A
p(Kj, w) = 4p; €2 Jo 2(y) 3y (y) ) us(y) P2z2(k,\)

x Om(w—Ug(y)ki) e 2 dy  (7)

whered, is the BL thicknessl.; is the vertical correlation length characterizing the icait
extent of the vertical turbulent velocity component u22 its mean squared valud; is the
streamwise mean veloci% is the norm of the wavenumber veciqr: (k1,k3) spanning the
plane parallel to the wallp,; is the normalized spectrum of the vertical velocity flucioas
integrated ovek,, @y, is the so-called moving axis spectrum which describes ®owis dis-
torted by the generation and destruction of eddies duriag tonvection past the TE. Details
of its definition can be found in the paper by Moriarty [20] liis here approximated as a
Dirac delta function assuming frozen turbulence. The cotiwe velocityU, of these eddies is
related to the local velocity abl(y) =0.7U1(y). Note that®,, depends on the integral length
scale/ (see definition below) and is therefore also a functiog. of

The various quantities in the integral in Eq. (7) need to bentjied in order to evaluate the SP
spectrum. In this work, the RANS-CFD solver EllipSys2D (sescription above) is used. It
directly provide the BL thickness and the mean velocity feofihe turbulent normal stress can
be estimated from the turbulent kinetic energy (TH& calculated by the solver aszzz okt
whereay is setto 0.45 and 0.3 on the suction and on the pressure dide aiffoil, respectively.

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

(B1Ak1)? + (BsAks)? ®)
[1+ (BaAk1)2 + (BaAka)?] /3
where the integral length scafe characterizes the size of the energy-containing eddies, th
coefficients3; andfs are anisotropic stretching factors in the streamwise andwjse direc-
tions, respectively. Following the approach by Lyrethal [22] and introducing the stretching
factors in the derivation, the correlation lengithis defined as a frequency dependent quantity:

~ 4
P22(k, ) = %/\2 B1Bs

L] — 55I(1/3) A 34 11(BiAke)? 1
2(w) = 108,/ml (17/6) B 3+8(B1Ake)? \/1+ (B1Ake)2

wherek:. = w/U. is the convective wavenumber afid is an additional anisotropy stretching
factor in the direction perpendicular to the airfoil sudatJsing the turbulence dissipation
ratee calculated by the RANS solver, the integral length scalelmdeduced [23] from the
asymptotic behavior of the Von Karman spectrum in the iaéréinge as:

A=0.314K¥%/¢ ©)
In order to close the model and as a result of a tuning proeedsing experimental data
(see [19] for detalls), the anisotropy stretching factoesgiven as:
B1=04 and Bo=(y)/° and Bz=(2y)*?
using the following non-dimensional BL pressure gradiémng the airfoil chord defined as:
_ 5% {(aP/axgz] v
Ur Po M
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whereP is the mean static pressuts, is the friction velocity, angl the dynamic viscosity.

The frequency-spectrum of the SP fluctuations that will besatered later in this paper for
comparisons with measurements is obtained by integratin§& over the whole wavenumber
space:

Pp(w) = //::o Pp (0, k) dkidks (10)

The far-field noise spectru®w) can be deduced from the SP spectrum model defined above
using Howe'’s theory [3]. For an observer located at a dig&habove the TE orthogonally to
the flow leaving the TE and in the limit of low Mach number flotwgduces to [24]:

L oW
S0~ 72 [ . sy S0tk .

wherelL is the span of the considered airfoil section. Comparing Ekfg and (10), it is clear
that SP and far-field noise frequency spectra are closajeethnd 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]gtincoming turbulence is assumed
to be frozen and the airfoil is idealized as a flat plate. SRuhtons and far-field noise are
generated by inflow gusts modeled by sinusoidal variatidiiseovelocity component normal

to the airfoil plane.

The airfoil SP can be found by summing up the airfoil respdnseall gust frequency contri-
butions. Assuming an airfoil of chordbznd span & in a turbulent flow with mean velocity,
the power spectral density (PSD) of the SP fluctuations reads

Dp(x0) =200, [ (8K, k) 0(E, Kas o) @2l o) s (12)

whereK; = w/U is the convective wave-numbér=x/b, x being the abscisse along the chord
relatively to the chord centeg is the airfoil response function to a vertical gust (see és d
tailed derivation in [5]), andp,; is the spectrum of the turbulence inflow component normal
to the airfoil integrated along the normal wave-numkerthe classical Von Karman isotropic
spectrum is being assumed here. Note that the former reasilbéen divided by a factor 4
compared to the original formula by Amiet as the latter ieegifor the pressure jump between
the suction and pressure sides of the airfolil.

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

wp, by\?
S(r,u))_( CZ’OO 2y> U d [L(r,K1,Ks)|* ®2(K1, Ks) (13)

wherer = {x,y,z}T is the observer location relativelAgy to the airfoil cemi€z = wz/co0,
02=x2+ B2(y2+ ) andp?=1— MZ2. The Mach number is defined a¢:=U /co, wherecy is
the sound velocity. The effective lift response is calcedarom the response functigras:

l .
L(r,Ky,ks) :ng(E,Kl,IQ)e*'UE(M*X/G) de

wherep= MK3b/B?. Similarly to the TNO-Blake model in the previous sectionmparing
Egs. (13) and (12) shows that SP and far-field noise frequgpegtra are closely related.

Note that Amiet’s Tl noise theory was extended to rotor neis&luation [25]. It was imple-
mented and tested during the present study. However, sitaonal speeds are moderate and
relative Mach numbers remain sufficiently low, no significdifference was observed between
results of the two model formulations. In addition, for stifintly large Tl vortices (i.e. low
wave numbers) blade-to-blade correlation effects arisecammcentrate sound energy around
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blade passage harmonics. This phenomenon is not includbd present study. In any case, it
only affects lower frequencies in the spectra that will netbnsidered here.

Amiet's model requires as input parameters the relativewnflelocity, the turbulence intensity
to determine the normal velocity componentvariaugzand the integral length scale for eval-
uating the turbulence spectrut.. In the case of the NM8O rotor, the relative inflow velocity
can be evaluated using the BEM model or the 3D CFD calculgtioentioned in Section 12.2.4
or measurement data. The remaining quantities can be ésdluaing empirical formulae for
atmospheric turbulence or from mast measurement data.rAlsdovind tunnel experiment, all
these quantities are measured using hot-wire anemomeéiy [2

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 snead in the LM wind tunnel and on

the turbine blade are compared to the CFD calculation esTiite comparisons are performed
at equivalent Reynolds numbers and AoA and therefore veldthe calibration technique

proposed in Section 12.2.4 to convert measured local inflogles from the Pitot tubes to

actual 2D AoA.

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

are used in the measurements on the NM8O0 turbine. In all césa® is generally a good

NACAG63418 - CFD - A0A=08 —=— 3 NACAG63418 - LM tunnel - AoA=08 —=—
A0A=10" o 35 F AocA=10° —— |
NACAB3418 - LM tunnel - AoA=08 —&— &\, NMB80 Exp. - Bin: 7.5<A0A<8.S -
& A0A=10" —&— = 3 Bin: 9.5<A0A<10.8 e ]
* E s %&
2 = TS
g oihg, g 15 : X
> o
; 1 \ggﬁ‘sg © 1 N
=] §\§. =] e
8 E‘N&gﬁ%‘ ? 05 e
S B © g
& & o _ g o
0.5
_1 . L
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XIC [] x/C []
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Figure 12.1. Pressure Coefficient along the NACA 63-418ilAdd CFD vs. LM wind tunnel
measurements; b) LM wind tunnel vs. NM80 wind turbine-aB7m.

agreement between the computational results and measuseribe good agreement brings
confidence in the methodology for extrapolating the meaké®@A 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 actuat fhm the LM 38.8 blade, the wind
tunnel conditions in the LM Wind Power facility and the ideahditions of the CFD calcula-
tion, the transition locations along the airfoil sectiorohon the suction side for the various
cases described in section 13.1.2 are displayed as a foradtibe AoA in Fig. 12.2.
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Figure 12.2. Transition Location on the Suction Side of NA8#L8 Airfoil Section.

As for the measurements, the high-frequency microphoreessed to detect transition as de-
scribed by Dgssing [27]. Uncertainties displayed as emos n the figure are associated to the
distances between two consecutive microphones alongtiod ahord that intrinsically limit
the accuracy of the detection of transition location. Inigdd, horizontal error bars character-
ize the AoA uncertainties for the NM80 data associated tdtheing process (see above). As
for the CFD calculations, the error bars are associatecetadtual transition location predicted
by the€" transition model [15] (lower limit of the error bar) and threermittency model that
is used in the code to ensure a smooth transition from a lanBhao a fully turbulent BL
(higher limit of the error bar). The results obtained for tiad tunnel experiment for which a
turbulence grid was installed at the inlet of the test secie also reported.

It can clearly be observed that the transition location bignas quantitatively similar for the
CFD calculation and the wind tunnel experiment in the abseidurbulence grid (denoted
hereafter as 'laminar’ flow even if the wind tunnel inflow caimis residual turbulence in the
order of 0.1% as specified in Section 12.2.3). Contrastjiggywind tunnel data in the presence
of aturbulence grid and the experimental data acquired®NM80 turbine exhibit a transition
consistently located upstream of the previous resultsdttitian, 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 tasuned SP spectra at the TE
and the CFD/TNO-Blake calculations at equivalent AoA, (seetion 13.1.2) the influence of
inflow turbulence and of tripping the airfoil is investigdt®uring the experimental campaign
conducted in the LM Wind Power wind tunnel as described intiSecl2.2.3, in addition to
the case of a clean airfoil and laminar inflow conditionsjmas additional configurations were
studied. In particular, the airfoil BL was tripped near thE Lsing a zig-zag (ZZ) tape and
a turbulence grid was placed in the inlet of the wind tunnst section increasing the inflow
turbulence to approximately 1.2% [26, 28]. The two methodsadoth tested individually and
in combination.

Firstly, the influence of the tripping and of the turbulencel@n the SP fluctuations near the
airfoil LE is investigated ak/C =7.15% on the suction side of the airfoil, which is located
downstream of the transition point even for a clean airfolaiminar inflow. The SP spectra are
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plotted in Figs. 12.3(a) and (b) for AoAs equalde=8 and 10, respectively.

T N T T T L T N
[ LM exp. - Clean - AoA=8 —— é LM exp. - Clean - AoA=19 ]
e Turbulence grid------ i En Turbulence grid------ 1
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Figure 12.3. SP Spectra near LE/@=7.15% Suction Side) - NACA63418 in LM Wind Tun-
nel: a)a=28° b) a=10".

Whereas the turbulence grid significantly increases theusRititions energy in the whole fre-
guency range compared to the clean airfoil in laminar inftbw,ZZ tape mainly influences the
higher frequency range of the spectra and slightly the laguencies. When combining both
devices, at the lowest A0OA the ZZ tape unexpectedly reduoeinfluence of the turbulence
grid, whilst at the highest one it only has a small effect.é\thie presence of the spurious peak
in the spectra around 3000 Hz generated by the wind tunneldarbserved in section 13.1.1,
as well as the broader and intense peak around 6000 Hz assbitisspurious noise generated
by the turbulence grid.

Secondly, the influence of the tripping and of the turbulegdd on the SP near the TE is
studied. The SP spectra measured in the wind tunnel areglottFigs. 12.4(a) and (b) for
AoAs equal too =8 and 10, respectively. The influences are different than what wasoked
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Figure 12.4. SP Spectra near TE (Suction Side): a) LM expattrata =8° (x/C=92.2%); b)
Same as (a) but =10°; ¢) NM80 Turbine vs. CFD/TNO at =8° (x/C=93.3%); b) Same as
(c) buta=10°.
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at the LE. The turbulence grid increases the SP spectraggirethe higher frequency range
and decreases it in the lower range. Surprisingly, the Z2& tas the opposite effect, though
it slightly increases the SP spectral energy in the highueegy range for the highest AoA.
Combining the two methods produces intermediate resultadtition, the results presented
in the previous section comparing the NM80 mesurements @GibB/TNO-Blake model cal-
culations are reported once again for two Acds-8 and 10 in Figs. 12.4(c-d). In addition,
CFD calculations were also performed by forcing transiibapproximately the same location
where transition does occur on the blade. It can be seendten transition in this way more
upstream and closer to the LE has no effect on the modelede&g®ajat the TE. The important
conclusion that can be drawn by comparing Figs. 12.4(a-th) Rigs. 12.4(c-d) is that inflow
turbulence has the same effect on the SP near the TE in bottikdeunnel and on the NM80
wind turbine compared to their respective reference cageshe wind tunnel without turbu-
lence grid (laminar or quasi-laminar inflow) for the wind tweh and CFD calculations for the
NM8O turbine. This explains the discrepancies shown in E&j2(b) (section 13) where the
SP spectra measured on the NM80 turbine departed from théTORD 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 sigomparing the SP measure-
ments performed in the wind tunnel and on the LM 38.8 blade fiicrophones considered
in both cases are located near the L&A =2.2% on the pressure side of the airfoil/blade,
which is located upstream of the transition location in abes. These measurements are then
representative of the inflow turbulence impinging on théodisection. These data are com-
pared with results obtained with Amiet’s model (see Secti®r8.3). In the case of the NM80
experiment, the measured spectra were acquired when tiiedwperated in a free-wake situ-
ation and data were sorted out by binning the recorded teniessso that the blade is pointing
vertically downward within an azimuth angular interval di®9The inflow velocity at blade
radiusr =37 m where the SP is measured can be determined from the Ei®t The height
of the measured blade section averaged during the measutrpered is estimated at 28.5m,
the tower height being 60 m. The turbulence intensity is dedurom a velocity sensor lo-
cated on a nearby wind mast at the same height and is estin@te@?. The turbulence
integral length scale is estimated by the following empiriformula for atmospheric flow
as/\ =0.7x height, i.e. approximately 20 m. These quantities are useidut for Amiet's
model. As for the wind tunnel measurements, these quantitield be acquired using hot-wire
anemometry. The wind tunnel results presented hereaftkrda only the case for which the
turbulence grid was present in the wind tunnel section epstrof the measured airfoil. The
measured turbulence intensity i2% and the integral lengh scafe=15 mm. Note that the
measured spectra displayed in the following are truncatede2000 Hz. Indeed, as observed
in Fig. 12.3, beyond this frequency wind tunnel fan noise mmbulence grid generated noise
resultin large broadband peaks that pollute this part ofgeetra.

Due to the large difference in turbulence scales presertamtind tunnel (of the order of a
centimeter) and in the atmosphere (of the order of 20 m asiamatt above), a scaling of the
results is necessary. Amiet's model data collapse in thi bifnhigh-frequencies for micro-
phones located at the same relative chord location by ubldaillowing scaling for the SP
spectraSy(w) ~UusA3/C? as a function of the reduced frequenwoy(U /A) whereU is the
relative inflow velocity. The results are displayed in Fig.A5.

It can be observed that the NM80 measurements collapsevgeliterith Amiet's model results
using the corresponding input data. The results obtaingteihM wind tunnel appear at much
lower reduced frequencies due to the large difference toutence scale8. As expected, the
asymptotic behavior of Amiet's model using inflow data foe thind tunnel with turbulence
grid does collapse in the high-frequency limit, and ultielatwith the NM80 data by extrap-
olating these curves. As noticed earlier for the BL flow néer TE, the lack of collapse at
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Figure 12.5. Influence of Inflow Turbulence - LE MicrophongGC x 2.2% (Pressure side).

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

In order to illustrate the influence of the increase of inflawbulence due to the wake of an
upstream wind turbine in the case of the NM80 turbine expenitythe following investigation
is performed. During the measurement campaign describ®édation 12.2.1 the wind changed
direction and the NM80 wind turbine eventually stood in thekey of an upwind wind turbine.
It is well known that wind turbine generates large scaleivegt in their wake, which can be
interpreted as a more intense turbulence intensity in theiflqpinging the blade. However, it
should be kept in mind that wind turbine wakes are also aatetiwith wind velocity deficit
due to the energy extracted from the wind by the wind turbaterr Nevertheless, since data
are sorted out by constraining the time-series with resjpeitie electrical power generated by
the turbine, the actual mean wind velocity experienced lyttinbine can be compared to the
free-wind case.

This wake situation is used to investigate the influence difutience intensity on the SP mea-
surements both at the LE and TE. This is reported in Figs.(&a2b§ respectively.

1 T
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Figure 12.6. NM80 Rotor - Comparison Free-Wind/Wake - AodnBig: a) LE Microphone -
x/C=2.2% (Pressure side); b) TE Microphone /@=93%/(Suction side).

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

12.5 Conclusions

Surface pressure (SP) measurements related to noise @missa full-scale wind turbine has
been analysed using reference wind tunnel measurementsaiiffail section identical to the
one at the blade radius where SP are measured, as well asicaimavdels including BEM
theory and a CFD code for aerodynamic calculations, as weflraiet's model for Tl noise
and TNO-Blake model for TE noise modeling. A general gooctagrent between the model
and measurement data is found. However, some discrepdiatigsen the SP measured at the
TE on the NM80 wind turbine and the CFD/TNO-Blake model arsevbred. But these can
be explained by the presence of a turbulent inflow impactiegttirbine blade which is not
accounted for in the model.

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

The case of a wind turbine operating in wake is also studigd.dhown that SP fluctuations
near the LE increase at lower frequencies due to the inflobutance associated with the pres-
ence of the wake. In contrast, SP measurements at the THtextibcrease of spectral energy
at higher frequencies, which is a consequence of the difféuebulent BL characteristics cre-
ated at the TE by the inflow turbulence as observed in the windel.
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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. Fische

The Amiet model for computation of noise from inflow turbutenand the TNO model for
TE noise, described in section 12.3 will now be validatedragjanicrophone results on the
NM8O rotor as well as on the blade section in the LM wind tuniible SP measurements on

the NM8O rotor were aquired at Bvradius 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 congoariof 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 thevdichord near the LE of the NM80
turbine blade (at =37 m) on the SP spectra at a given AoA is studied first. The Sétrspat
two chord locations on the pressure side of the airfgiC=1.2% and 2.2% respectively, are
shown in Fig. 13.1(a). As predicted by Amiet's model, the sugad data show a decrease

Amiet's model - x/C=1.206—— CFD/TNO - x/C=92.2%——
. XIC=2.2—
NMB8O Exp. - xIC=1.2%
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Figure 13.1. Influence of Microphone Chord Location on SPc8pea) NM80 Rotor - SP
Spectra near LE (Pressure side); b) NACA 63-418 - SP SpeetiaTE (Suction side).

of the SP fluctuation amplitudes at all frequencies as thmmte from the LE increases. It
should be noted that in the case of the measured data, if stende from the LE is further
increased then the SP amplitude starts to increase agamisidaused by the amplification of
disturbances in the laminar BL yielding further downstre@antransition and ultimately to a
fully developed turbulent BL in which SP fluctuations willminate TI generated ones [1].

As for microphones located near the TE, SP spectra are athfgz microphones located on
the suction side of the NACA 63-418 airfoil sectiondC =922, 78.3 and 69.7%. Measure-
ments performed in the LM Wind Power wind tunnel are comp&wei-D/TNO-Blake model
results, both at an AoA equal to 4,0n Fig. 13.1(b). The decrease and increase of SP fluctua-
tion amplitudes at higher and lower frequencies, respelgtias the TE is approached are very
well reproduced by the model. In this figure, spurious peakihé measured spectra can be
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observed around 3000 Hz (and a harmonic at approximatel§ ld@Q These are the result of
noise disturbances present in the wind tunnel and genebgtéee driving fan.

13.1.2 Influence of Local Angle of Attack

Fig. 13.2(a) shows the the SP spectra measured on the NM&Mtatle ak/C=2.2% on the
pressure side of the airfoil for various AoA. The SP fluctoiasi energy decreases slightly with
increasing AoA for frequencies below 600 Hz, and vice-vexisave. Such phenomenon was
also reported for some non-symmetric airfoils in the workDBvenportet al [2]. However,
Amiet’s theory [3] used in the present Tl noise model canmptagn this phenomenon.
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Figure 13.2. NM80 Rotor (vs. CFD/TNO-Blake Model for SP nEBj - Influence of AoA: a)
SP Spectra near LE (& = 2.2%, Pressure side); b) SP Spectra near TEGx93% Suction
side).

The case of the SP spectra at the TE is considered next. In wrdalidate the CFD/TNO-
Blake model the SP spectra measured in the wind tunnel on A@AN3-418 airfoil section
are investigated. Fig. 13.3 displays both the modeled arabored SP spectra near the TE of
the airfoil (x/C=92.2%) for a Reynolds numbédRe=5x 10° and for three different AoAs.
There exists a good quantitative agreement between maidtsand experimental values that
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Figure 13.3. NACA63-418 (LM Wind Tunnel Exp. vs. CFD/TN@kB] - SP Spectra near TE
(x/C=92.2%, Suction side).

deteriorates at low frequencies. The modeling at such &eges by the TNO-Blake model is
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however dubious. Indeed, the turbulence content of the Bi.ifanost probably not correctly
estimated by the Von Karman spectrum used to describe theaflaive corresponding low
wavenumbers (see Section 12.3.2). Another possible exfitenfor the discrepancies observed
at low frequencies for the TNO-Blake model is the fact thatratsication of uncorrelated
turbulent vortex sheets across the turbulent BL is assudhe8l][ At low wave numbers, the
size of the involved turbulent vortices become non-neblegcompared to the BL thickness
and the above assumption breaks down.

SP spectra measured on the NM80 rotor near the TE at 37 m raffitssLM 38.8 blade are
now considered. The microphone used for this SP analysixétdd at 93% of the chord on
the suction side. Three different bins of equal sizes anddagpon the calibrated measured
A0A at 31 m radius are defined as:

75<a<85° and 85 < a < 9.5° and 95 < o < 10.5°

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

CFD RANS calculations of the NACA63-418 airfoil are perfardhat a Reynolds number
Re=5x10°, which corresponds to the value calculated by the BEM methand SP spectra
were calculated using the modified TNO-Blake model desdriszlier. Note that the model
results are more sensitive to the amplitude of the relatiflew velocity impinging on the air-
foil through the AoA dependence, than to small variationthefactual Reynolds number of the
flow. The AoAs used to perform the RANS calculations &te®8 and 10. These correspond,
respectively, to the centers of the bins defined above foattaysis of rotor pressure coef-
ficient and turbulent SP measurements. The relative infldacitees are those calculated by
averaging in the binning process for each of the specific AmAhe results are displayed in
Fig. 13.2(b). As it can be seen, there exists a shift betweemieasured and modeled spectra,
though the increase and decrease of SP fluctuation amiatdewer and higher frequencies,
respectively, as a function of the AoA is consistently pegeti. This suggests that some phe-
nomenon that is not accounted for in the present CFD/TN@&Btaodel does occur on the
actual blade. Such a phenomenon was brought to light incsetf.4.3.

13.2 Conclusions

Surface pressure (SP) measurements related to noise @missa full-scale wind turbine has
been analysed using reference wind tunnel measurementsaiffail section identical to the
one at the blade radius where SP are measured, as well asicaimavdels including BEM
theory and a CFD code for aerodynamic calculations, as weflraiet's model for Tl noise
and TNO-Blake model for TE noise modeling. A general gooctagrent between the model
and measurement data is found. However, some discrepdmatigsen the SP measured at the
TE on the NM80 wind turbine and the CFD/TNO-Blake model areavbed. But these can be
explained by the presence of a turbulent inflow impactingttibine blade which is not ac-
counted for in the model. It was also found that for both Tl @&&choise models, the use of the
Von Karman spectrum for describing the respective turbrdarharacteristics may be source of
errors at very low frequencies. For the TE noise model, tearaption of uncorrelated vortex
sheets across the turbulent BL may also yield poor results\efrequencies.
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14 Comparison of CFD rotor simulations with
DANAERO measurements

Author(s): N.N. Sgrensen, N. Troldborg, J. Johansen, J. Madsen, PHoRét

This chapter presents a comparison of full rotor simulaiosing Computational Fluid Dy-

namics (CFD) with measurements from the DANAERO MW experim&he study is a part

of a validation study carried out in the project "Center fan@utational Wind Turbine Aero-

dynamics and Atmospheric Turbulence" contract no.: 21940026. Simulations have been
carried out by DTU Wind Energy, Siemens Wind Power and LM Whuver, respectively so

that a inter comparison between the different Navier Stekégers and grids can be made.

14.1 Introduction

Even though Computational Fluid Dynamics (CFD) of wind tods, in which the geometry
of the rotor is fully resolved, generally have proven to pcetbads and power production on
wind turbines quite accurately, this type of simulationk seed further validation. One major
uncertainty is that these types of simulations mostly astricked to non-turbulent, steady
inflow conditions. Also the transition modelling in partiauin 3D CFD is uncertain. In this
work a number of CFD rotor simulations using different flovivens and grids are validated by
comparing them to each other and to measurements obtairattast the DANAERO MW
experiment.

The present work only considers the turbine operating instugared inflow. Though this is the
simplest possible case the comparison will still reveaitigortance of inflow turbulence and
the necessity of including laminar/turbulent transitioadelling at realistic Reynolds numbers.

14.2 Measurements

As part of the DANAERO MW project comprehensive inflow anddaaeasurements were
conducted on the NM80 wind turbine located at the Tjeerebaggtsite in Denmark [1]. From
the extensive campaign the present work primarily uses ltmetsurface pressures measured
at the four sections = 13 m,19 m 30 m and 37m of the 40m long blade. The aerodynamic
forces parallel and perpendicular to the chord line in eactien is subsequently computed by
integrating the chordwise pressure distributions.

For the purpose of validation specific benchmark cases has $aected from the measure-
ments as described in [2]. The selected test cases incltidgisns where the turbine is op-
erating in non-sheared, sheared and yawed inflow condittéowever, the present work only
uses the measurements in the non-sheared inflow case. $oa#& the inflow and operational
conditions are as shown in Table 14itishould be emphasized that the turbine is operating
at nearly constant rotational speed and pitch in the used datset.The reason for choosing
a case where the turbine control activity is very limitechiattit is easier to simulate.

Uo Tl a Q pitch  Yaw error
[mis] [%] [[1 [RPM] [°] [°]
6.1 6.8 0.025 12.3 0.15 -0.6

Table 14.1. Measured inflow and operational conditiongidthe mean velocity at hub height,
T the turbulence intensity the power law shear exponent afidthe rotational speed of the
rotor.
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14.3 Computations

Simulations of the NM80 turbine have been carried out by DTIdd\Energy, Siemens Wind
Power and LM Wind Power, respectively. A grid was generate®®bU Wind Energy to be
used by all participant involved in the comparison studyweeer, LM Wind Power ended up
using a different grid, which closer resembled the type af trat they normally use for rotor
simulations. This grid still contained the same number @ goints as the one provided by
DTU Wind Energy.

14.3.1 Grid

The reference grid provided by DTU Wind Energy has a stan@a@imesh configuration. The
radius of the domain is approximately 10 rotor diametersthadheight of the first cell adjacent
to the blade surface is set to satisfy the conditidn< 1 as required for this type of compu-
tations. The blades of the turbines are resolved with28@8x 128 cells in the chordwise,
spanwise and normal direction, respectively. The grid stm®f 432 block of 32 (14- 10°)
grid cells.

14.3.2 Navier-Stokes solvers

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

14.3.3 Simulation setup

All simulations were carried out assuming steady and umiforflow, i.e. neglecting turbine
tilt as well as the small shear and yaw error present in thesareanents. Turbulence was in all
cases modelled using the- w SST turbulence model by Menter [6]. Simulations were cdrrie
out assuming both fully turbulent (ft) and transitiona) ioundary layer flow. In addition to the
case specified in Table 14.1 simulations were also carriedtanflow velocities ofJo =8 m/s
andUp = 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 masle to quantify grid dependency.
In the study the overall layout was the same while the numbgrid points was varied suc-
cessively using the build in grid sequencing in EllipSys3De results of the study is shown
in Table 14.2. GridC1 refer to the reference grid. As seen both the shaft torqdetfanust
predicted on the reference grid are in close agreement teotiesponding predictions on the
finer grids showing that the solutions presented in the g are grid independent.

14.4.2 Comparison of simulations

Table 14.3 shows a comparison of the simulated mechanieadigaredicted by the participants
in the various cases. Generally, the differences betweeradmputations at the same wind
speed are very small. All simulations suggest that trasithodelling do affect the power
production.
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Grid level Cells LSSTQ [Nm] Thrust[N]

sS4 04-10° 25047-10° 9.500-10°
S3 36-10° 24738-10° 9.344-10°

S2 2810°  24419-10° 9.246-10°
S1 226 10° 24414-10° 9.186-10°
C1 14.10° 24355.-10° 9.188-10"

Table 14.2. Results of the grid dependency study

Uo [m/s] 6.1 8.0 12.0

LM (ft)  3.07-10° - -

LM (tr) 3.25.-1C° - -
Siemens (ft) 313-10° 6.71-10° 1.61-10°
Siemens (tr) 35.10° 7.41-10° 1.88-10°

DTU (ft)  3.12-10° 6.86-10° 1.66-1(C°
DTU (tr)  3.39-1C° - -

Table 14.3. Mechanical power [W] predicted in the varioumsiations 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 aerodynamésfalang the blade with the cor-
responding forces predicted from simulations assumirlyg futbulent and transitional bound-
ary layer flow, respectively. The errorbars on the measunésriadicate the standard deviation
of the measurements and thus can be considered a measuecurfcirtainty in the compar-
ison. Generally, the computed normal forces are higher theasured, while the opposite is
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Figure 14.1. Comparison of measurements and fully turtiidemputations of normal (a) and
tangential (b) aerodynamic forces ap: 6.1 m/s

true for the tangential forces. However, since the compmriatin most cases lies within the
errorbar of the measurements the agreement is satisfactory

Including transition modelling improves slightly the agneent between measured and com-
puted tangential force, while the agreement slightly wosder the normal forces.

To get a better impression of the influence of transition oagFigure 14.3 shows forces sim-
ulated by DTU Wind Energy assuming both fully turbulent araahsitional boundary layer flow
in comparison with measurements. The transition modettiogtly affects the loads on the in-
board sections. It seems that including transition moaglimproves the agreement between
measured and computed forces at the most inboard sectidartumately, the measurements
are not conducted far enough inboard to completely verifgtiver the effect of the transition
model to increase significantly the tangential force at famsvise position from approximately
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Figure 14.2. Comparison of measurements and computatimhsding transition modelling of
normal (a) and tangential (b) aerodynamic forces atd6.1 m/s
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Figure 14.3. Comparison of measurements and the compuataltip DTU Wind Energy of nor-
mal (a) and tangential (b) aerodynamic forces at6.1 m/s

r=5mtor = 12mis reflected in the measurements.

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

_ PP
2PV2

rel

Co

whereC, is the normalized pressure,. is the static pressure [Pa] in the far field, p is the
pressure [Pa] measured at the blade surfaéethe air densitykg/m?] andV is the relative
velocity [m/s]. In the measurementg, is determined from the rotational speed and the veloc-
ity at the nearby met mast. In general the agreement is qaid &pr all sections. The figure
confirms that the agreement between measurements and @iiopsiis improved at the most
inboard section by the inclusion of transition modellindyeseas 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 gaeadic forces and surface pres-
sure distributions at four blade sections of the NM80 tuebmperating in nearly non-sheared
inflow has been conducted. The results generally show gomagent when considering the
standard deviation of the measurements. Simulations wamrged out assuming both fully
turbulent and transitional flow over the blade boundary dayigh the aim of validating the
transition model against measurements. However, with pheasl in the used measurements
it was hard to conclude whether laminar or turbulent comparia produces the best results.
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Figure 14.4. Comparison of measured and computed press@f@icent distributions at f)=
6.1 m/s. a) r=13m; b) r=19m; ¢) r=30m; d) r = 37 m. Left plots: fully turbulent

computations; Right plots: Transitional computations

All simulations were carried out assuming steady and umifmiflow and the good agreement
between measurements and simulations thus indicate thsttahie flow physics can be cap-
tured without considering the relatively high inflow turbote in the measurements of TI=6%.
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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 EleMententum (BEM) simulations
with measurements from the DANAERO MW experiment. Simolasi have been carried out
by DTU Wind Energy, Vestas Wind Systems, Siemens Wind Poweild/ Wind Power, re-
spectively so that in addition to validating the codes agfaimeasurements an inter comparison
between the different BEM models could also be made.

15.1 Introduction

Models based on the Blade Element Momentum (BEM) theorylaartost commonly used

by industry for predicting aerodynamic loads on wind tugsinWhile these models generally
predict power output and loads quite well in simple inflow dibions they may perform less

favourably in more complex inflow conditions [1]. Thus, teanodels along with their sub

models for e.g. tip correction, dynamic induction, dynastall and 3D aerofoil data correc-

tion still need further validation. In this work a number oEBl computations using different

models are validated by comparing them to each other and &sunements obtained as part
of the DANAERO MW experiment.

15.2 Measurements

As part of the DANAERO MW project comprehensive inflow anddaaeasurements were
conducted on the NM80 wind turbine located at the Tjeerebaggtsite in Denmark [2]. From
the extensive campaign the present work uses the followartey d

e Surface pressures measured at the four seatiens3m, 19m,30mand 37mof the 40 m
long blade. The aerodynamic forces parallel and perpetaditnl the chord line in each
section is subsequently computed by integrating the chisedpressure distributions.

e Shaft torque

For the purpose of validation specific benchmark cases hers $&lected from the measure-
ments as described in [3]. In selecting the cases focus wamplatasets where the operational
conditions were favourable for model comparisons, i.estamt rotor speed, yaw and pitch po-
sition. Thus, the instrumented turbine was generally netating in automatic (normal) mode
in the periods where the data was extracted. The selectedasss include situations where
the turbine is operating in non-sheared, sheared and yavilediconditions. The inflow and
operational conditions of each of the tested cases are simovable 15.1.

15.3 Computations

The BEM simulations of the NM80 turbine have been carriedoyuDTU Wind Energy, Ves-
tas Wind Systems, Siemens Wind Power and LM Wind Power. DTddinergy used the
HAWC2Aero code [4] for the BEM computations, which is a siifiptl version of the aeroe-
lastic model HAWC?2, whereas Vestas Wind Systems, LM Wind &oand Siemens Wind
Power used BEM codes developed in-house for their simulatio

The same aerofoil and blade data were used by all partigganthat any differences in pre-
dictions are due to differences in the used BEM codes onlg.adrofoil data were obtained in
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Case U Tl a Q pitch  Yaw error
[ms] [%] [[1 [RPM] [ [°]

6.1 6.8 0.025 123 0.15 -0.6
105 3.0 0.33 16.2 -4.75 -1.3
10.3 3.3 0.20 16.2 -4.74 -17.1
84 44 0.28 16.2 -4.75 -38.6
78 47 0.22 16.2 -4.75 -61.5

a b~ wNPRE

Table 15.1. Measured inflow and operational conditions exdbnsidered casesglis the mean
velocity at hub height, T the turbulence intensitythe power law shear exponent atdthe
rotational speed of the rotor.

the LM Wind Power wind tunnel [5] and corrected for 3D effeating 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 forcesthlebtpde with the corresponding
forces predicted from simulations in the non-sheared inftage. The errorbars on the mea-
surements indicate the standard deviation of the measuteni¢ote, that all loads have been
normalized as follows:

=

e —
FmaxpTU

(14)

whereF_maxDTU is the maximum value of the azimuthally averaged spanwisefpredicted by
DTU. The model predictions of both tangential and normatésrare seen to be in quite good

1.4

14

. T
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Figure 15.1. Comparison of measurements and BEM computatibnormal (a) and tangential
(b) aerodynamic forces in non-sheared inflow gt£J6.1 m/s

agreement with each other for this case. This is further ooefil in Table 15.2, where it is seen
that the differences in predicted power, torque and thraspectively are very small. Gener-
ally, the computed normal forces are higher than measurkitke the opposite is true for the
tangential forces. However, the computations still liehivitthe errorbars of the measurements
in most cases and therefore the agreement can be considisfdciory. The uncertainty in
the measurements is also reflected in the fact that the nmeghsargue is slightly lower than the
computed torque. From the comparison of the tangentiabltt@elopposite should be expected.
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P/Potu  t/toru  T/Tbru

[-] [-] [-]

Measured P96 Q978 -
Vestas 1007 1007 1002
LM 1.002 1002 1021
Siemens ®84 Q984 1016
DTU 1.000 1000 1000

Table 15.2. Mechanical power, torque and thrust in non-sbé&anflow normalized with pre-
dictions by DTU

15.4.2 Sheared inflow

Figure 15.2 and 15.3 compare the measured aerodynamicfaloeg the blade at different
azimuth positions with the corresponding forces preditieiestas Wind Systems and DTU
Wind Energy in the sheared inflow case. Again the errorbath®@measurements indicate the
standard deviation of the measurements. Note that an dziposition of @ corresponds to the
blade pointing vertically upwards. Due to a broken tube emtion, the pressure tap measure-
ments on the two outer sections were corrupted and henceroesfbave been computed for
these sections. The simulated normal forces are seen togmthagreement with each other
for all azimuth positions. The simulated tangential foragsee well when the blade is in the
horizontal positions whereas larger differences are se#meitwo vertical positions.
Generally, the agreement between the measured and conrpstdt is rather good, though
the simulations tend to under predict the normal loads-a19m. The measured and simulated
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Figure 15.2. Spanwise distribution of measured and contptaegential loads at four blade
positions in sheared inflow. & (vertical upwards); bp0°; c) 18C°; d) 27C°.

torque, thrust and power are shown in Table 15.3. Whereasitihdations agree well in their
predictions of both torque and thrust, the torque devidtgsfecantly from what is measured.
The reason for this is not known yet but is not reflected in tlagl Imeasurements.
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Figure 15.3. Spanwise distribution of measured and contputemal loads at four blade po-
sitions in sheared inflow. &° (vertical upwards); bP0°; c) 18%; d) 27C°.

P/Potu  T/toru  T/Toru

[-] [-] [-]

Measured 1n79 1177 -
Vestas 1010 1010 1009
DTU 1.000 1000 1000

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

15.4.3 Yawed inflow

Figures 15.4-15.9 compare measurements of aerodynancesfatong the blade at different
azimuth positions in the three considered yawed inflow cagébssimulations by Vestas Wind
Systems and DTU Wind Energy. In the case with a yaw errorb7.1° there are no mea-
surements available for the two outer most sections beaHuwsbroken tube connection to the
pressure taps here. The other two cases also suffered frdmprbasure measurements at the
two outer sections. However, in these cases it was possibexbver the pressure distribution
using the method described in [2]. Nevertheless, the measents at the two outer sections are
probably less reliable than at the two inboard sections lekfore should be interpreted with
caution. In all cases the overall level of the computed bfadees agree quite well with the
measurements but there are large differences in the azarhghaviour. In the case with a yaw
error of —17.1° the normal loads predicted by Vestas Wind Systems and DTW\Kimergy
agree quite well at all blade positions whereas larger ejmmcies are seen for the tangential
loads.
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For the other two yaw cases there are significant differeimctbe predictions especially in the
tangential loads and when the blade is in the horizontatiposi. The deviations between the
model predictions indicate different implementation of #ub models used to handle yawed
inflow conditions.

When comparing computed and measured torque/power itas tat there are large discrep-
ancies, see Table 15.4. The reasons for these discrepaneirst yet fully known but as will
discussed in section 15.5 could be partly due to inaccusatdail data.

Yaw angle P/PDTU T/TDTU T/TDTU
[°] [-] [-] [-]
Measured —17.1 1177 1175 -

\Vestas —-17.1 0.994 Q994 1006
DTU -17.1 1.000 1000 1000
Measured —38.6 1.259 1257 -
Vestas —-386 0.963 0963 1015
DTU —386 1.000 1000 1000
Measured —615 2.208 2207 -
Vestas —615 0.874 Q873 1030
DTU —615 1.000 1000 1000

Table 15.4. Mechanical power, torque and thrust in yaweawnfhormalized with predictions
by DTU

15.5 Discussion

In the previous section we saw large differences betweemiesured and computed shaft
torque in all cases except for the first. This could suggesthte sub models used for including
dynamic inflow (shear, yaw etc.) are insufficient. Howevieeré are also indications that the
shaft torque measurements may be inaccurate. This is évidease 1 where the measured
tangential loads are higher than computed whereas the i@pesrue for the shaft torque.
A potential source of error in the comparison above could als due to differences in the
inflow conditions. Currently, the inflow conditions are detined from measurements at a met
mast located about 2.5 diameter from the turbine. In futwekwe will, where available, use
measurements from the WindScanner project (see chaptendyify the accuracy of inflow
conditions experienced by the turbine.

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

The significant differences between the predictions byagand DTU in cases 4 and 5, indi-
cate that there is still a need to revisit the sub-models t@etandling yawed inflow in BEM
codes. The predictions are both obtained using statees&thBEM codes with the same aero-
foil data and blade data and thus the observed differencegdsbnly be due to differences in
modelling dynamic inflow.
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Figure 15.10.Comparison of the used lift polars with those measured onatoe (see section
9). a) r/R=0.325 (relative thickness 33%); b) r/R=0.47%afiree thickness 24%); c) r/R=0.750
(relative thickness 20%); d) r/R=0.925 (relative thickei#8%).
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Figure 15.11.Comparison of the used drag polars with those measured oattirgsee section

9). a) r/R=0.325 (relative thickness 33%); b) r/R=0.47%afiree thickness 24%); c) r/R=0.750
(relative thickness 20%); d) r/R=0.925 (relative thickn&8%).
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15.6 Conclusion

A comparison of field measurements and BEM computationsafdg@amic blade forces on
the NM8O turbine operating in various inflow conditions hagib conducted.

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

In sheared and/or yawed inflow the agreement between measnteand simulations carried
out by Vestas Wind Systems and DTU Wind Energy was less falaber One reason for the
discrepancies is shown to be inaccurate aerofoil data amdssthe importance of correcting
aerofoil data obtained in wind tunnels before using themHiMBcomputations. However, the
used aerofoil data cannot explain the differences in thaattial variation of the aerodynamic
blade loads as well as the differences between the simntatkurther 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. Sgrensen

This appendix describes how to install the software requioe making the database opera-
tional on a Windows computer. The database is designed tedzbwith the MySQL software.

A.1 Installing MySQL client/server

This section describes how to install the client/server RiSoftwareMySQL Server 5.bn
a local Windows machine. Note thistySQL Server 5.5 an older version of the software but
is used here because the database has been tested for sios velowever, the database may
also work with newer version®MySQL Server 5.1k installed as follows:

e go to http://dev.mysqgl.com/

e click "archives" under the downloads menu in the bottom eftibmepage

e select "MySQL Database Server 5.1"

e In the menu "Software Downloads by Platform" click "Micrdés@/indows"

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

e Select "run" when asked if you want to run or download the Tikas will start the instal-
lation wizard:

— Step 1: Click "Next"

2 MySQL Server 5.1 - Setup Wizard ==
Welcome to the Setup Wizard for MySQL
Server 5.1

The Setup Wizard will install MySQL Server 5.1 release 5.1.66
on your computer, To continue, dick Next.

Copyright (c) 2000, 2012, Orade and/or its affiliates. All rights

) M l__l S Q L reserved,

Back [ Mext J [ Cancel
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— Step 2: Tick "l accept the terms in the license agreement'tiokl "Next"

) Mys0L Server 51 - Setup Wizard
License Agreement

Please read the following license agreement carefully.

‘GNU GENERAL PUBLIC LICENSE -
Version 2, June 1991 I

Copyright (C) 1989, 1991 Free Software Foundation, Inc.,
51 Franklin Street, Ffth Floor, Boston, MA 02110-1301 USA
Everyone is permitted to copy and distribute verbatim copies
of this license document, but changing it is not allowed.

Preamble

The licenses for most software are designed to take away your
freedom to share and change it. By contrast, the GNU General Public =

(@ T accept the terms in the license agreement

(71 I do not accept the terms in the license agreement

&

<gack || mext> || cancel

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

Setup Type
Choose the setup type that best suits your needs.

Please select 3 setup type.

2 (@ Typical

.-_"‘___‘__ Common program features will be installed, Recommended for

‘ _6' ‘I general use,

*1 Complete

-_— ‘{E‘ All program features will be installed. {Requires the most disk
R

: (& E space.)

L () Custom

w & [¥] Choose which program features you want installed and where they
o will be installed. Recommended for advanced users.
" %

1] < Back Next = ! Cancel

— Step 4: Click "Install"

| 5! MySQL Server 5.1 - Setup Wizard
Ready to Install the Program
The wizard is ready to begin installation.

If you want to review or change any of your installation settings, dick Back. Click Cancel to
exit the wizard,

g

E Current Settings:

Setup Type:
| Typical
g Destination Folder:
C:\Program Files\MySQL\MySOL Server 5.1Y
Data Folder:
Ci'\ProgramDataiMySOLMySOL Server 5,14

Z <Back | m%_’[ Cancel

— Step 5-7: Confirm installation and click "Next" through ttdvartisements

128 DTU Wind Energy E-0027



— Step 8: Choose "Configure the MySQL Server now" and clicki¥fit

Wizard Completed

Setup hag finished installing MySQL Server 5.1, Click Finish to
exit the wizard.

Configure the MySQL Server now
Use this option to generate an optimized MySQL config
file, setup 3 Windaws service running on a dedicated part
and to set the password for the root account.

— Step 9: Click "Yes"

%) Do you want to allow the following program to make
/' changes to omputer?

Program name:  MySOLInstanceConfig.exe
. Verified publisher: Oracle America, Inc.

File origin: Hard drive on this computer

() Show details ves [ Mo |

Change when these notifications appear

— Step 10: Click "Next"

Welcome to the MySQL Server Instance
Configuration Wizard 1.0.17.0

The Configuration Wizard will allow you to configure
the MySQL Server 5.1 server instance. To Continue,
click Next.

Cancel I
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— Step 11: Choose "Detailed Configuration”

| MySQL Server Instance Configuration Wizard
MySQL Server Instance Configuration

Configure the MySQL Server 5.1 server instance,

Please select a configuration type.

(+ Detailed Configuration

(" Standard Configuration

™) Use this only on machines that do not already have a MySQL
» server installation., This will use a general purpose configuration
faor the server that can be tuned manually.

= Back I

Cancel I

— Step 12: Choose "Developer Machine'

'MySQL Server Instance Configuration Wizard
MySQL Server Instance Configuration
Configure the MySQL Server 5.1 server instance,

Please select a server type. This will influence memaory, disk and CPU usage.

- This is a development machine, and many other applications will
| be run on it. MySQL Server should only use a minimal amount of
memary.

" Server Machine

Several server applications will be running on this machine,
g Choose this option for web/application servers. MySOL will have
medium memaory usage.

(" Dedicated MySQL Server Machine

This machine is dedicated to run the MySQL Database Server. No
other servers, such as a web or mail server, will be run, MySQL
will utilize up to all available memory,

< Back 1 Mext > I Cancel

— Step 13: Choose "Non-Transactional Database Only" ankl ‘@lext"
i MySQL Server Instance Configuration Wizard @1

MySQL Server Instance Configuration

Configure the MySQL Server 5.1 server instance,

Please select the database usage.

" Multifunctional Database

= General purpose databases, This will optimize the server for the
- use of the fast transactional InnoDB storage engine and the
high speed MyISAM storage engine.

{~ Transactional Database Only

_:j Optimized for application servers and transactional web
g applications. This will make InnoDB the main storage engine.
WM Note that the MyISAM engine can still be used.

* Non-Transactional Database Only

- 3 Suited for simple web applications, monitoring or logging
_Mrf applications as well as analysis programs. Only the
non-transactional MyISAM storage engine will be activated.

Nexf > | Cancel
L
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— Step 14: Choose "Manual Settings" and select number of comtiLusers (this may
be changed later). Then click "Next"

MySQL Server Instance Configuration Wizard @

MySQL Server Instance Configuration
Configure the MySQL Server 5.1 server instance,
Please set the approximate number of concurrent connections to the server.
" Decision Support (DS5)/OLAP
- Select this option for database applications that will not require
@ a high number of concurrent connections. A number of 20

connections will be assumed.

" Online Transaction Processing (OLTP)

Choose this option for highly concurrent applications that may
have at any one time up to 500 active connections such as
heavily loaded web servers.

Please enter the approximate number of concurrent

Concurrent connections: 5] -

< Back | Mext 5 | Cancel
aF

— Step 15: Tick "Enable TCP/IP Networking", "Add firewall exd®n for this port"
and "Enable Strict Mode". Then click "Next".

. MySQL Server Instance Configuration Wizard @ .
MySQL Server Instance Configuration

Configure the MySQL Server 5.1 server instance.

Please set the networking options.

[v¥ Enable TCP/IP Networking

Enable this to allow TCR/IP connections. When disabled, only
(O local connections through named pipes are allowed.

—_—=

Port Number: [3306 ~| ¥ iAdd firewall exception for this port

Please set the server SQL mode,
[¥ Enable Strict Mode
&Qa traditional

This option forces the server to behave more li
database server, It is recommended to enable this option.

< Back | MNext > | Cancel

— Step 16: Choose "Standard Character Set" and click "Next"

MySQL Server Instance Configuration Wizard @

MySQL Server Instance Configuration
Configure the MySQL Server 5.1 server instance.

Please select the default character set.

Makes Latinl the default charset. This character set is suited for
English and other West European languages.

(" Best Support For Multilingualism
g Make UTFE the default character set. This is the recommended
character set for storing text in many different languages.
i~ Manual Selected Default Character Set / Collation
Please specify the character set to use,
Character Set: -

< Back | Neyt = Cancel
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— Step 17: Choose "Install As Windows Service" and click "Next

MySQL Server Instance Configuration Wizard
MySQL Server Instance Configuration

Configure the MySQL Server 5.1 server instance,

Please set the Windows options,

v Install As Windows Service

e

This is the recommended way to run the MySQL
server on Windows,

Service Name: Im i

[¥ Launch the MySQL Server automatically

[~ Include Bin Directory in Windows PATH

Check this aption to include the directory containing b
the server / dient executables in the Windows PATH
variable so they can be called from the command line,

< Back

Cancel 1

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

| MySQL Server Instance Configuration Wizard

MySQL Server Instance Configuration

Configure the MySQL Server 5.1 server instance,

Please set the security options.

¥ Modify Security Settings

Mew root password: I“‘“"“"‘“‘MM Enter the root password.
Lroat | Confirm: I“‘“"“"‘“‘MM Retype the password,

[~ Enable root access from remote machines

[~ Create An Anonymous Account

This option will create an anonymous account on this server,
Please note that this can lead to an insecure system,

< Back | NexfNy I Cancel

— Step 19: Click "Execute"

MySQL Server Instance Configuration Wizard
MySQL Server Instance Configuration

Configure the MySQL Server 5.1 server instance.

Ready to execute ...

() Prepare configuration
() Write configuration file
() Start service

() Apply security settings

Please press [Execute] to start the configuration.

< Back i Cancel
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— Step 20: Click "Finish"

MySQL Server Instance Configuration Wizard

MySQL Server Instance Configuration

Configure the MySQL Server 5.1 server instance,

Processing configuration ...

(¥ Prepare configuration

() Write configuration file {Ci\Program FilesiMySQLUMySQL Server 5.1y ind)
) Start service

4 Apply security settings

Configuration file created.

Windows service MySQL installed.

Service started successfully.

Security settings applied.

Press [Finish] to close the Wizard.

A.2 Installing GUI tools for the client

In order to simplify setting up the database and to seardr ddta it is recommended to install
a MySQL GUI tool. This section shows how to install the tddySQL Tools for 5.0which

is a small program which facilitates administrating theatiaises as well as searching in the
database. The program is installed for Windows as follows:

go to http://dev.mysqgl.com/

click "archives" under the downloads menu in the bottom eftbhmepage

select "MySQL GUI Tools"

In the menu "Software Downloads by Platform” click "Micrdés@/indows"

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

Select "run" when asked if you want to run or download the Tild@s will start the instal-
lation wizard:

— Step 1: Click "Next"

12! MySQL Tools for 5.0 - Setup Wizard

Destination Folder 1 . .
Click Mext to install to this folder, or dick Change to install to a different folder, L

. j Install MySQL Toals for 5.0 to:
C:\Program FilesYMySQLYMySQL Tools for 5.0% Change...
< Back | Nem > Cancel

DTU Wind Energy E-0027 133



— Step 2: Choose "Complete" installation and click "Next"

5 MySQL Tools for 5.0 - Setup Wizard
Setup Type
Choose the setup type that best suits your needs,

Please select a setup type.

All program features will be installed. (Requires the most disk
space.)

Choose which program features you want installed and where they
will be installed. Recommended for advanced users.

< Back ][ NEIt » [ Cancel

— Step 3: Click "Finish"

2 MySQLTools for 5.0 - Setup Wizard T B
Wizard Completed

Setup has finished installing MySQL Tools for 5.0.

A.3  Setting up the database

To set up the database start the progtg8QL AdministratarYou will be asked for your
password.

When the program starts you will be presented for a menu agrshmoFigure A.1. By clicking
the sub menu "Startup Variables" on the left you will get a maa shown in Figure A.2. In
"Data Directory" you can see the current path to the databidss 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 databases available. They are
located in the "Data Directory" mentioned above. In the shoase (Figure A.3) a folder has
already been made which is called "danaero" where the datatfie database will be copied
to. This folder can be made either by right clicking the moungée list of schemata and select
"Create New Schema" or by going to the folder through exp(orehis case the data files
are located in "C:/ProgramData/MySQL/MySQL Server 5.180anote that the files may be
hidden). After creating a folder in the data directory th@pythe contents of the database
into that folder. Now, the database is ready for use WfSQL Query Browseor any other
MySQL tool you would like to use for searching the database.

Note that if a server is already existing then it suffice toyctie contents of the database on
the external hard disk to the data folder of this server ireotd make the database working.
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