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An EERA (European Energy Research Allianck consortium started an ambitious EU
FP7 project AVATAR (AdVanced Aerodynamic Tools of IArge Rotors) in November 2013.
The project lasts 4 years and is carried out in a consortium with 11 research institutes and
two industry partners. The motivation for the AVATAR project lies in the fact that future
10 to 20 MW turbine design model analysis will importantly violate known validity limits of
todaybés aer od yemstiminadelsanagdpecss dike @aompressibility and Reynolds
number effects,laminar/turbu lent transition and separation effects, all in combination with
a much more complex fluid-structure interaction. Further complications enter by the
possible use of active or passive flow devices. AVATAR's main aim is then to develop
enhancements for aerodgamic and aercelastic models suitable for large (LOMW+) wind
turbines analysis. Theturbine modeling improvements will be demonstrated on anew
10MW reference turbine design model description The first results from the AVATAR
project are presented inthis paper.

Nomenclatureand abbreviations

A = Rotor arearf?)

A(N)EP = Annual Energy productiotkWh/year)
a = Axial coefficient[-]

BEM = Blade element momentum method

Cq = Drag coefficient {]

Ce = Power coefficient]

of = Lift coefficient [-]

Co = Pressure coefficiert]

Cr = 0 T h rfarcs) toéfficierda[® i a |
c = Chord[m]

D = Rotor Diameter [m]

kitoks = Scaling parameters

HDG = Pressurized tunnel of German Dutch Wind Tunnel DNW
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LCE = Levelized cost of Bergy[Eurocents/kWh]

P = Power[kW]

PT = Tunnel pressure [Nfh

O = Tunnel dynamic pressure [Nfmn

Re = Reynolds humber]

Ref = Reference value

SA = Spalart Almaras turbulence model

Ma = Mach number

RWT = Reference Wind Turbine

a = Scaling factor between AVATAR and INNWIND.EU RWT on specific power] [
o) = Scaling factor between AVATAR andNNWIND.EU RWT on rated wind spedd]
Vp = Free stream ounnel velocity [m/s]

Vdes = Design wind speed

VG = Vortex Generator

a(or ava) = Angle of attack [deg]

I. Introduction and background

This paper describes the objective, the workplan and first results of the EU FP7 project AVATAR (AdVanced
Aerodynamic Tools of IArge Rotors) which is carried out by the following consortium:

Energy Research Centre of the Netherlands, EC¢ Netherlands, coordinator)
Delft University of Technology, TU Delftlthe Netherlands)

Technical University of Denmark, DTU (Denmark)

Fraunhofer IWES (Germany)

University of Oldenburg, Forwind (Germany)

University of Stuttgart (Germany)

National Renewable Energy Centre, CENER (Spain)

University of Liverpool (UhitedKingdom)

Centre for Renewable Energy Sources and Saving, CRES (Greece)
National Technical University of Athens, NTUA (Greece)
Politecnico di Miano, Polimi (Italy)

General Electric, GE (Germany)

LM Wind Power (Denmark)

= =4 =4 =4 4 -4 -4 -4 - -4 -4 -8 A

The objective ofthe AVATAR project is to model the aerodynamics of turbines larger than 10NK\Vsimilar
accuracy as is done for commercially sized turbines todaybines of 10MW are conceivable from a
manufacturing, structural, and installation perspective for application offshore, whereby the economiesacé scale
crucial contributiorto reduce the levelized cost of wind energy. The smaller contribution of the turbirte tos
overall investment costs compared to onshore application put a strong incentive to invest in rotor techablogy
enhances the energy capture of the wind farmartie same timémits the design driving loads for the support
structure. Moreowe increasing the ratio between rogwept areand installed generator power, i.e. a lower specific
power, corresponds to a higher capacity factor leading to more operating hours in full power and hence less
variability in wind power andh more effectiveuse of the power transport cables, whagk major advantagefor
utilities [2, 8]. Recent results also show that the space needed per kW rated power may be lessstaldavged
turbines [3].

Upscaling wind turbines to sizes beyond 10 MW challengesralidationboundarief current state of the art
aerodynamic tools and alshallengeghe applicability of established technologies by which radical innovations are
considered in order to makechl0MW+ large wind turbines reality. Aerodynammmdels and aerodynamic design
solutions do have a central role in this and it is expected that new methods are required to enable validated up
scaling to coseffective, novel design solutions.
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The motivation for the project can be demonstrated furthisrFigg. 1 which is based on calculations from [1]. It
illustrates that lestbaded rotors, i.e. rotors with a lower axial induction (a) make it possible to increase the rotor
diameter at the same loads giving lower cost of wind energy. Hence, thesevaititoperate aanaxial induction
factor that is lowerthan a=1/3 (i.e. the axial induction factor where maximum power coefficightsCfound).
Instead axial induction factors in the range of 0.23 to 0.28 are better from a cost of energy point A$ deside
effect such low induction rotors can be favorable in terms of wind farm aspedtsageduce wake losses and
smallerwake induced turbulence.
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Figure 1. Characteristic properties of rotors with the same root bending moment designed for different
values of the axial induction factor. D = rotor diameter, P(Vdes) = the power production at design wind
speed, LCE = the levelized cost of energy (rotor contribution only) AnER the annual energy production. All
properties are relative to their corresponding values at (a) = 1/3 [1].

Rotors operating at a reduced axial induction are characterized by lower solidity values, and a high tip speed due
to the larger rotor diameter.h€& larger diameter leads to a lower specific poweteast when the rated power is
kept constant. Maintaining bending stiffness with reduced solidity also calls for platform designs with thicker
airfoils. In addition, passive (e.g. vortex generatorspoilers) and active (e.g. flaps) flow devices should be ready
to-use, for trimming blade loading.

Rotor designs of this kind are unconventional in the sense that they fall outside the validated range of current
state of the art tools. Very large bladeigting at high tip speeds will lead to (rRealidated and unknown) high
Reynolds and Mach numbers effects, thick airfoils, need to be assessed in terms of aerodynamic performance (and
structural/aeroelastic implications); aerodynamic modeling of flowogsvinust be included in the design process;
increased flexibility will lead to larger deflections and more pronouncedlinear aeroelastic behavior with
unknown aerodynamic implications etc.

Consequently current state of the tools should be classHigusafficiently validated for the design of 10MW+
turbines. In view of the huge investments which are associated to such designs thiticial aituation. In order to
overcome this problem the AVATAR project is carried out. In the AVATAR projectdygi@mic models are
improved and calibrated in the aforementioned aspects including an assessment of-¢estermonsequences.
Thereto the entire chain of aerodynamic modeling is co
tools to hgh fidelity, but computationally expensive tools. In this respect it is important to realise the role of
calculation time which for wind energy calculation is much more crucial than it is forathestareas of technology
[5]. This is in particular truedr the calculation of a design load spectrum: a large number-wiirliite time series
have to be calculated and combined into an overall load spectrum in order to reflect the statistics of the wind over
the entire 20 years lifetime of a wind turbine. Thigigsthe number of time steps for such calculatitma valuein
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the order of 7 million (!). Bearing in mind that every time step requires an aerodynamic calculation this puts severe
constraints on the computational efficiency of the aerodynamic niydelhich, even in modern times, it is still
imperative to use engineering aerodynamic models based on the Blade Element Momentum Theory (BEM theory)

Therefore AVATAR will first work on understanding the implications of the above mentioned model
deficiendes for large wind turbine blades (using advanced aerodynamic models and dedicated experiments).
Secondl vy, their -defwhéc tfsr oar eaddrmamndeldednodel s into the
rotational effects, aerodynamic models for active passive flow control devices). The model improvement will be
assessed on two 10 MW reference turbines, one fromadfaentNNWIND.EU project andanotheronethat is
designedwithin AVATAR. The AVATAR reference turbine is intended to be challenging in terms of aerodynamic
modelling, i.e. aspects like airfoil thicknesses, Reynolds and Mach nuchb@@me out at levels that well exceed
todays standards but are consistent with whatxipected fofuture commercial application§.he present paper
introduces the project but it also descrikiest results from the project. This includes ttesign and the background
of the AVATAR reference turbine, some first modelling resuifsairfoil characteristicsat conditions relevant for
such large turbinesa description of awvind tunnelexperimentin which Reynolds numbers up to 15 M can be
reached and some first results from measurenzsmtsalculationsn airfoils with flow devices.

Il Ob jective

The overall objective of the AVATAR project is to evaluate, improve and validate aerodynamic aedbatoo
tools to ensure applicability for large optimized wind turbinEsereto AVATAR develops enhancements for
aerodynamic and aesmdastic nodels suitable for large (10MW+) wind turbines analysis. This includes several
aerodynamic models, ranging from low complexity/computational efficient models that are typically based on BEM
with engineering adans, to high complexity/computationally dendémg models, e.g. CFD tools or models based
on viscousinviscid interaction schemes. Moreover intermediate tools such as those using Free Vortex wake methods
are considered. The model improvement will be assessed on two 10 MW reference turbines, orfe from t
INNWIND.EU project and one designed in AVATAR. The latter is specifically designed to extend the validity
boundaries of the aero tools keeping in mind realistic boundaries.

Il Workplan and procedure

The AVATAR project started on Novembef' 2013 am runsfor four years. It is organized in different Work
Packages ( WP 06 sWork Packages tdissemiration andh aordination there is a Work Package (WP2)
thatdeals with the advanced aerodynamic modeling of all aspects which are expected to play a role in the design of
large 10MW+ wind turbine blade¥he modeling of flow devices is included in a separate Work Package (WP3).
The modeling of aerelastic effecton large and flexible rotor blades also needs a separate Work Package (WP4).
Moreover a Work Package (WP1) is added which integrates and evaluates the results and which provides the
reference turbines on which the modeling is tested.

As such there ar®ur technical Work Packages
1 Integration and Evaluation 10 MW RotgWP1),

1 Advanced Aerodynamic Modellifg/P2),
1 Models for Flow Devices and Flow Contr¢§\WP3),
1 Aeroelastic Analysis of Large and Flexible Blag@&4).

Figure2 presents he wor k structure where WPl is presented i
horizontally. WP1 is led by CRES, WP2 by DTU, WP3 by CENER and WP4 by NTUA.
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New flow devices
modeling

Design Guidelines

Model Validation
Conclusions

* Development of advanced engineering tools
¢ Validation against high fidelity models
* Validationat industrial standards

Figure2. AVATAROs f ouwWPotsechni cal

More specifically the focus of WP1 lies on the (integrated) design and evaluation of a 10MW reference rotor.
Thereto a design of a reference rotor is delivered to the horizontal work packages for further analysis. The design of
the reference rotois closely related to activities carriedtin the adjacent INNWIND.EU project where a 10 MW
reference rotor is designed too. However AVATAR adds another reference rotor which is intended to be more
challenging, i.e. more extreme in terms of aerodynanmadeting. Thedesign of this AVATAR reference wind
turbine isdescribed in section V.

The design of the AVATAR reference rottmok place in the firssix monthsof the project after which it v
together with the | NNW ND. EU reference rotor, delivere
sixto monththirtysixo f t he proj ect, the emphasis of the activities:c
In WP2 the aerdools ae improved and calibrated for all aspects, which play a role at the design of large wind
turbines. In WP3 the models for flow devices and flow control are developed and improved in aerodynamic terms,
basically on a sectional level. Then WP4 considersaatheelastic aspects of large scale rotors where it should be
noted that aerodynamics and aetasticity are inextricably connected.

After the delivery of the WPO6s 2 36 thedemphass ofladtisties( i . e .
moves gain to WP1 where the behavior of the reference rotorévatuated based on the newly developed models.
This is followed by a redesign of the turbine using the advanced control options. Finally WP1 will also develop
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aerodynamic/aerelastic design guilines on theaerodynamiaelated actions which are needed to attafurtner
upscaling towards 20 MW. These guidelines include a list of models which need further adjustments when applied
to 20 MW turbines and a definition of a large scale experiment.

IV Work procedure: How to calibrate aerodynamic models forlOMW+ turbines?

Roughly speaking, three types of models can be distinguished for evaluation of wind turbine aerodynamics,
ranging from low complexity/computational efficient models to high cexipl/computational demanding models,
with intermediate models in between. All model types will be employed in AVATAR

Low complexity models are based on thecatied BEM theory with engineering adas, see e.g. [5]. High
complexity (high fidelity)models basically consists of CFD tools seg Bl] or possibly models based on viscous
inviscid interaction schemes. One can also think of intermediate tools mainly consisting of Free Vortex (or possibly
prescribed) wake methods. As explained in sectidhe role of calculation time for wind energy applications is
much more crucial than it is for most other areas of technology which makes the use of computational efficient
methods (i.e. BEM with engineering methods) inevitable for routinely design dadoislaNow, it is in particular

the engineering class of model s which O6suffersd from

validity of which is unknown for 10 MW+ turbines.

The improvement of low and intermediate complexity models is then largely achieved by calibrating low and
medium complexity models with results from high fidelity models. This however does not exclude a further
enhancement of these high fidelity modelakelves, e.g. for the modeling of transition, flow devices etc.

The improvement and validation of aerodynamic models obviously also requires suitable experimental data but
as 10 MW+ turbines doot exist, experimental data agained from a range of suhodel tests or tests at a smaller
scale. Amongst others 2D airfoil measurements at high Reynolds numbers taken in the Pressurized DNW HDG wind
tunnel inGéttingenwerecarried out as well as wind tunnel measurements with vortex generators where LM provide
dynamic airfoil measurements taken in their turared Forwind provide wind tunnel data under controlled turbulent
conditions Also datafrom the Danish Dafvero project in which detailed aerodynamic field measurements were
taken on the blade of a 2MW tumle are included.

The povision of experimental data acsely linked to similar activities going on in the subgroup aerodynamics
of EERA which clearly stated that the time is ripe for a new joint field aerodynamic measurement program on a
scale which s aslarge as possible (at least 5SMW scale, increasing to 10MW+ in the near future). The subgroup
aerodynamics also stated that the data of this experiment should be made publicly available to the entire European
research society. Thereto an extensiveo$eterodynamic data should be collected on a large scaleo$ttite art
turbine using the most advanced measurement techniques. A detailed definition of the experiment will be carried
out in AVATAR and forms part of the above mentioned guidelines omettpgired aerodynamic actions needed to
make 20 MW turbines possible.

In the next sessions the most important results from the various Work Packages as obtained until now, are
presented

V WP1: Design of AVATAR Reference Wind turbine

A. Introduction to the design of the AVATAR referencewind turbine
As mentioned before the 10MW offshore INNWIND.EU RWT §&fvel as astarting pointfor the design of the
AVATAR RWT where it is basically the rotor only which is chang&d.important requirement for the AVATAR
rotor is that it should form a platform with which the aerodynamic modelling aspects are pushed towards the limits,
taking into account realistic boundaries.
It must be noted thahe scaling relationas presented in this chaptegither apply to GE btes or to LM blade
designsdut theywere specifically developed in view of the AVATAR rotor design
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B. Scaling rulesfor the design of the AVATAR reference wind turbine
First estimatedor design parameters of the AVATAR rotor were foumy application of engineering scaling
rules presented in this chapt@hereto it should be known that the key parameters of the INNWIND.EU 10MW
platform are a specific power of 401 W{na rated rotor speed of 9.6 rpm, a rated wind speed of 11.4 ndora
diameter of 178 m and a hub height of 119 m. The axial induction factor along the blade is around 0.3. As starting
point for the AVATAR rotor an opti mal specific power
chosen by the project team, dtirag to a 300 W/ specific power.

The second column in table 1 then shows the scaling of various parameters (e.g. rotor diameter, rated wind
speed, induction etc.) in case the specific power is scaled down with aifErtdrwhere rated power and nioal
rotor speed are kept unchanged. The scaling rules can be derived relatively straightforward and they show for
example that the diameter behaves$ B3 Table 2 then quantifies these parameters fof75% showing a diameter
increase of 15% to 20Bneter. Table 2 also shows that the baseline loads are exceeded significantly. The 10%
increase in thrust is particularly costly. Thereto it should be realized that the INNWIND.EU turbines has a 30m
clearance between blade tip and mean sea level, whigheip t unchanged, makes the win
132.9m, resulting in a 23% increase in support structure base overturning moment. This leads to the requirement of
strengthening both the tower and the substructure, which does not comply with theasj@eiset forth by the
project team7]. Hence significant rotor design changes due tesagling are imperative, and alternative design
solutions were explored in a second scenario.

In this second scenario, it was not only the specific power whichrecaged but in addition the design rated
wind speed wasonstrainedvhich subsequently dictates a (reduced) power coefficient, induction and thrust. Table 1
column 3 then shows the scaling of the design parameters fogettimdscenario i.e. it is notrdy the specific
power which is reduced with a factbfout in addition the rated wind speed is decreased with a fac#rfurther
approximation of the scaling in which the design parameters are expres§addolis given in the fourth column
of table 1. These approximations are mainly meant to provide transparency on the effect of specific power and rated
wind speed to various loads. However the error bound to the exact solution could be 4% by which they should not
be used for the actual scalin@or more details on the derivation of these scaling parameters reference is made to
[7]. This reference also shows the scaling coefficientt kg to be 0.496, 04907.389, 0.551, 0.444 and 5.557
respectively.

Table 1. Scaling rules for various design parameterThe secondcolumn gives results for a scaling of
specific power with ¥ the third column also scales the rated wind speed with The fourth column gives an
approximation for the scenario in which both specific power and rated wind speed are scaled using the
coefficients from [7].

Specific power

Specific Specific power & & rated wind speed

ower rated wind speed . .
P P (approximation)
Rotor diameter {112 2 {2
Rated wind speed [ 0 0
Power coefficient 1 {0 6 )
Induction 1 OO M N Qiv
") ; .

Thrust coefficient 1 mpp—mq, o Q Qiv

r-1/3 N 3
Axial thrust ! Lt vo Qi v Qi v
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Now table2 shows that the combination bf 0.75 andd[= 0.925 keeps the axial thrust similar to the thrust of
the INNWIND.EU reference turbine. Moreover it reduces the axial induction with 19% from 0.3 for the
INNWIND.EU reference turbine to 0.24 on the AVATARtoo. It is noted that the rated wind speed in the second
scenario of [= 0.75 and)[= 0.925 leads to a 7.5% lower rated wind speed in comparison to a 9% lower rated wind
speed when the specific power is reduced alone. Hence the rated wind speeddartessenario is higher than it
is in the first scenario. This higher rated wind speed in the second scenario can be explained by the lower power
coefficient

Table 2. Scaling numbers of various parameters compared to baseline INNWIND.EU when scaling the
specific power alone withy 0.75 (second column) and when scaling the specific power with 0.75 and the
rated wind speed witho = 0.925(third column)

Scalirg of: V= 75% 6'72:97550/3/0
Rotor Diameter +15% +15%
Rated Wind Speed -9% -7.5%
Induction 0% -19%
Axial thrust +10% 0%
Aerodynamic out of plane blade moments +27% +15%

It is important to note that the tables 1 and 2 only list the mtoodynamic forces and moments. Obviously a
load analysis should consider the entire load envelope which includes inertial loads but also tower bottom loads
These loads are generally knownibarease with increasingptor radius.In the nextsectionit is explained that
mitigation was found by employing high cost carbon composites, enabling a lower mass design where the structure
base overturning moment wasducedby acepting a reduced clearance to sea lesiglcethe above mentioned
scaling rules showhat theINNWIND.EU base moment is returned only if treted wind speeds increasedrom
92.5 % to 96% which in turn leads to a very low induction of 0.19 and a power coefficient of 0.37. These values of
induction and power coefficient were considereda extreme.

Hencethe present scaling relationgremainly meant to provide transparency on how design parameters change
in relation to power density and rated wind spaed they gava starting point fothe more detailed analysishich
is discussed in the next chapter.

C. Design of AVATAR Reference Wind Turbine

As mentioned in section Ihé decision to produce a new reference wind turbine, instead of utilizing one already
available from other research projects, was related tepteeific aerodynamic problems that needed to be tackled in
the current work. The main driving factors wehne need to cover:

1 . High-speed flows, where the effect of compressibility will be examined
2 . High Reynolds number flows, sintkere & a significankknowledge gap on this fiel(see section VI.B)

The reference wind turbine design is not meant to be an optimum design, but a testbench where the various
computational toolsan be tested in new regimes.

9
American Institute of Aeronautics and Astronautics



1. Specifications

Even though it was not possible feiquired) to have a productiaquality design for the project, a connection to
standard industry practices was maintained. The industrial partners provided the general guidelines for the blade

design, that would need to be satisfied. These included mamafbitity constraits anda minimum set 61EC load

casesto be checked at the initial design stage.
2. Airfoil Family Selection

It is expected that because of the unusual aerodynamic characteristics of the wind turbine, existing airfoil

families are proably suboptimal for the final design. A new set of airfoil families will be produced later in the

course of the project, but for the reference wind turbine, an existing family needs to be utilized. The main

requirements were that it is readily availabled dhat some experimental data for operation at various Reynolds
numbers are also available. It was therefore decided to use the established DU airfoil families at thicknesses shown
in Table3. The main challenge lies in acquiringiable polar curves for theses airfoils at the very high Re numbers

involved.

Table 3. Main characteristics of the airfoils and the corresponding conditions on the AVATAR RWT

t/ c Family Rerated)
60% Artificial7.0910

40 % DUOW24 01 11. 6710
35% DUOW2350 14. 110
30% DU9W-300 17. 06110

(downscal e

3. Blade Planform Design

Ma(rat ed)
0.
0.
0.
0.
24 % DUSW?2250 1320. 7110 0.0630

05
07
09
12

For the given aifoil families, an optimized spanwise distributibthe chord, thickness and twist (Fig. 4) were
obtained through an iterative process. The reference blade from the INNWIND.EU project was used as a starting

point. The constrains on the resulting blade were (see section V.B):
1 The specific power should be drastically reduced (frc
400W/nf Y 3 0 03V/This goes together with ar
increase of blade radius from 89102.5 meter.
1 The trustis decreased, so that bending moment at tov
bottom remains constant
1 The otational speed should be kept the same (i.e. a r:
value of 9.6 rpm), so that the other subcomponents will
interchangeable between the two wind turbine
The result is a low induction blade, where different operati
strategies can be employed - ¢
shavingo the root bending mo
a constant low induction at partial load ($ég. 3).
The resulting geometry is shown Figure4. Maximum chord

is similar to the shorter initial blade, resulting in a more slen: Figure 3. Blade root bending moment
design. The design performance along the span of the blac When using constant low induction (red)
indicatively given inFigure 5, showing the reduced inductior Or peak shaving (blue)

factor along the span.
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4. Structural Design
The initial structural design was performed before the actual loads were known. It was therefore hihsed on
calculated loads for a similar sizavind turbine,but increased to account for the different design thrust. A glass
fibre solution was examinedut this was considered too heavy to place theINNWIND.EU rotor. A hybrid
carbon/glassfibre solution was used, with the congtthat the weight should not excetiet INNWIND.EU blade
weight by more than 15%A full

Planform

18 structural analysis for an initialegign,
6l 700 with a weight of 46t was performed,
LI including load and buckling constrains.
. y The resulting blade was excessively stiff
80 in the flapwise direction, resulting in
Al 2 |, increased fatigue loads, as was
T . . discovered during aeroelastic validation.
& R L A second blade Isabeen defined, with
e s more conventional stiffness properties,
)| which is being used for all further
6 40 calculations.An increase of the weight
. \ 20 from 42t to 50t has been estimated,
though the internal structure design is
i 7 10 & Ly 100 » not finalized. As mentioned before the
Figure 4. Main geometrical characteristics of the proposed radus is increasedrom 89 to 102.5m
AVATAR reference wind turbine blade. compared to the INNWIND.EU lade

that is used as a startipgint

Planform

Planform

0.3
0.5 0.5
0.28
s 0.26 03
06 0.24

0.3 0.22

s %2
01g 8 5] o
0.16 0.3

0.2

cp

0.1 0.14
0.12
0.1 [ 102
0.08
0.2 0.06
0.04 0.1

10 20 30 40 50 60 70 80 a0 160 10 20 30 40 50 60 70 80 a0 1l|]0
Figure 5. Spanwise distribution of power and thrust coefficents: below rated (8 m/s leftand above rated
(12 m/s, right)

-0.1

5. Aeroelastic Validation

Initial tests irtluded eigenfrequancy placementnarmal operation, rampp and ramglown of the power, as
well as a subset of the IEC load cases for extreme and normal operation. Detailed aeroelastic calculations will be
performel at a later stagélowever, sincghe focus of the resear work is on aerodynamic modelling simplified
strength and d&igue analysiss employed A comparison of the dynamic response between the intial and final
designs isshown inFigure 7, whereit is seen that thdeflection has been allowed to increase considerably in the
revised design.

Initial calculations for fatigue arghawvn in Figure8, comparedo the INNWIND.EU bladeDeflections are now
comparable to the INNWIND.EU bladthough an increase in fatigue loads is expkdtee to the increased size and
weight.

It is noted that the results are still preliminary and more detailed analysis and interpretation is in.progress
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VI WP2: Aerodynamic modelling

A. Introduction to the Work Package on aerodynamic modeling

WP2 deals with the aerodynamics of the pure rotor neglecting elasticity and aerodynamic devieih, dut
focus on Reynolds Number effects, laminar turbulent transition and compréggfigicts. In the initial perid of
the poject, while establishing the rotamn WP1 as explained in sectidh the main activities in WP2 lied on the
modelling of 2D airfoil characteristics for the appropriated operating conditions of the AVATAR Reference Wind
Turbine and supplementing measuretseshich have been taken in the DNMDG wind tunnel at high Reynolds
number.lt is noted that the results in this chapter are still preliminary and more detailed analysis and interpretation
is in progress

B. Modelling of 2D airfoil characteristics

As explaned in section V.Ba series of six airfoils were selected for the desigihe AVATAR reference wind
turbinebasel on existing DU airfoils originally designed at TU Delft see Table 3 and the original references for the
airfoils in [9] and [10]

Basedon the blade geometry and operational conditions for the AVATAR rotor, the operational conditions for
each of the six airfoil sections could be determined. The main parameters of concern were the Reynolds number and
the Mach number. For all airfoils therfail data G, Cy and G, were computed for the angle of attack range26f
degrees to 20 degrees.
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As can be seen fromable3, the Reynolds numbensange from ~ 4 million up to 20 million. The Mach numbers

are generallyi n

t he

Ma slightly surpasses this limit, and reacheslue of (8.

6i ncompressible

i mitdé with a

Ma c h

Figure 9. Example of the computational grids used for the &foil computations, left a full view of the O-

mesh topology and right a detailled view.

For the CFD simulations, a common series of grids were gtkby using the HypGrid2D [14}id generator,
all with an Omesh topology and 384 times 256 cells in charse and normal direction, séég. 9. To have a y+

number

value below twdor all cases a normalized off wall distance of 1.5%fithes thechordwas chosen. Some partners
decided tagenerate their own meshes with a comparable resolution.

A series of different flow seokrs were usedRFOIL/XFOIL [12,13], the inhouse viscous/inviscid method
Q3UIC [14] the compressible CFD solvers WMB5,16]and MapFlow by NTUA21] and the incompressible CFD

solver EllipSys2D[19,20] For the transitional computations the transition modeling was based ofi thedel

[19,20].

Comparing the pressure coefficients computed by the different codes for a situation with a relativBlgdiigh
number, we see that especially on the suction side in leading edge area there is a clear effect of the compressibility.
Here we see that the WMB, RFOIL and Q3UIC at Ma=0.25 all predict higher suction than the incompressible
predictions by EllipSys2Drad Q3UIC at Ma=0. The curly nature of the pressure in the CFD type codes is related to
a nonsmooth definition of the surface geometry of the DWMBR12 airfoil, see k. 10.

DU 00-W-212, Re=20 mill., Transitional

" EllipSys2D, M=0.00
= WMB, M=0.16

Q3UIC, M=0.16
3UIC, M=0.00

RFOIL, M=0.16 —— ]

Figure 10.

I
0.2 0.4 0.6 0.8
x/chord

Pressure distribution for the DUOOW-212 airfoil at a Reynolds Number of 20 million,
assuming free trasitional condition. Left Fig. show the overall comparison of the pressure

DU 00-W-212, Re=20 mill., Transitional

EllipSys2D, M=0.00
WMB, M=0.16
RFOIL, M=0.16 —— |
Q3UIC, M=0.16

| Q3UIC, M=0.00 —

L L L L
0 005 01 015 02 025 03 035 04 045
x/chord

distribution, whereas the right figure show the deviation at the leading edge.
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Looking to the glide ratiogh imprtantquantity for rotor designthe results showed a large spread in the result.
For the thinner airfoils sections, 21 and 24 percent a quite decent agreement of the slope in the attached region is
seen for the major part of the codes in turbulent conditimasly the CENER results seem to deviate due to a very
low drag. For the transitional conditions, even the slope in the attached regiom same spread, indicating the
strong need for further investigatiofsg. 11.

For the thicker airfoil sectionsjot shown in this papean even larger spread is seen in the results, clearly
supporting the objective of theVATAR project to further validate and improve the modeling approaches

T21, RE=13E06 T21, RE=13E06
CENER —— DTU-Q NTUA CENER —— DTU-E DTU-Q —— ECN ——
DTU-E ECN —
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Figure 11.  Glide ratio for the DU0OO-W-212 airfoil for a Reynolds Number of 13 million under turbulent
and transitional conditions in the left and right hand side respectively.

C. Measurements of airfoil characteristics in DNWHDG wind tunnel

One of themostimportart experimentsn AVATAR is done in the DNWHDG wind tunnel.The main objective
of this wind tunnel test is to obtain high Reynolds number data from a 2D airfoil model to be used for validation of
aerodynamic model#\s explained in section VI B common &taif the art airfoil design codes show largetual
differencesn the prediction of airfoil data at realistic conditions for large wind turbines asking for an experimental
validation.Table 3shows @erating Reynolds numbers fAVATAR rotor to reach20x1( but eisting wind
turbine airfoils are not usually tested for such high Reynolds number.range

The selected wind tunnel is the DNW High Pressure Wind Tunnel in Géttingen (HDG). This tunnel can be
pressurized up to 100 bars to achieve high Relmoumbers. It has a closed return circuit with a closed test section
of 0.6 x 0.6 m. (width x height) and 1 m. length, and has a contraction ratio of 5.85. The fan is driven by a 470 kW
electric motor, located outside of the pressurized shell. Air spgeedried by rpm regulation of the constant pitch
fan. The wind tunnel speed range is 3.5 to 35 m/s and the maximum Mach is 0.1. The 2D airfoil model is
horizontally installed in the middle of the test section between two mechanically coupled turn tedblesitth the
side walls. This wind tunnel has a unique feature of increasing Reynolds number without changing the fluid and
without increasing the Mach number of the flow. This gives opportunity to isolate the Reynolds number effects from
other combined écts that might come from the compressibility or different fluid viscosity.
Eventually the DUOON-212 airfoil waschosen to be testedhirfoil selection wasdone from a list of airfoils
including a few of NACA, FFA, DU iad FX airfoils, considering the ifferent transition behavior in pressure and
suction side, a visible change in laminar drag bucket under different turbulent inflow conditibesairfoil
thickness andhe amount of wind tunnel data fromther facilities. Note that &hough at the monre of writing the
paper there is no publicly available wind tunnel test results of DMBQ12 airfolil, it will be testedn the LM wind
tunnelat lower Reynolds number

The aerodynamic behavior of DUBW-212 airfoil at different Reynolds numbensstesed up to at least 15
millions see below The lift and pitching moment coefficients are calculated by integration of the pressure
distribution over the airfoil. The drag coefficient is calculated from the flow loss of momentum by integrating the
total and tatic pressures in the airfoil wake.

14
American Institute of Aeronautics and Astronautics



Data obtained from the tests widimongst otherbe used to validate/improve existing (transition) prediction
models for high Reynolds numbers at low Mach numldrigh, as shown in section VI,Bs urgently neededrhe
position of the boundary layer lamar to turbulent transition wadone by high frequency pressure transducers
placed on the model and through oil flow visualizations.

1. Instrumentation:

The wind tunnel model chord length is chosen as 0.15m. The médattached between the side walls and
therefore the span is 0.6m. The chord length is chosen as a compromise between highest possible Reynolds number
and limited wall interference. The wind tunnel model has 90 pressuraltaps the mid span section. gkessure
scanner is used to read the static pressures with the highest possible frequency rate. In addition to the static pressure
readings, five Kulite sensors are installed to the model in order to acquire the unsteady pressure data in chosen
locations.Four of the Kulites are located on the pressure side and one is on the suction side about 0.1m far from the
static pressure taps in spanwise position.

A wake rake with 118 total and 8 static pressure probes is installed 3.5 chords downstreamaitihthedge of
the model. The complete wake rake can be-gide traversed along the starboard half of the test section.

Top and bottom walls are instrumented with 23 pressure taps each, equally distributed over the length of the test
section, in ordeto calculate wall interference properties.

The nodel is connected to a@mpenent balance that measures tangential, normal force and pitching moment
which can be used to correlate aerodynamic coefficient data extracted from pressure measuremerisseiocyzons
The total sampling time is 30s for all the acquisition system and the values are averaged over 30s in order to ensure
stable averaging of the readings, especially in the deep stall range.

2. Test matrix
The objective of the test is to measure diéoil at 6 different Reynolds numbers: 3, 6, 9, 12, 15 millionsiaind
possiblel8 millions. These measurements are taken at a clean condition of the model surface. Additionally, forced
transition measurements using tdpts for three different Reynachumbers and oil flow visualizatiohsive been
performed at different angles of attack.

Table 4shows the initial text matrix.

Table4. Test matrix for DNW-HDG tests (Note that the maximum achievable Reynolds number was
determined during the actual wind tunnel tests)

Condition One Condition Two
Reynolds |No PT o Up No PT (o1} Up Surface condition Ao0A range [Comments
(Mio.) (bar) (bar) (m/s) (bar) (bar) (m/s) |Type Position
3.0 2 34 0.02 10.0 1 20 0.03 17.0 Clean - -20° to 25°
6.0 3 34 0.08 20.0 5 72 0.04 10.0 Clean - -20° to 25°
9.0 4 34 0.17 30.0 6 72 0.09 14.8 Clean - -20° to 25°
12.0 10 80 0.15 18.0 7 72 0.16 19.8 Clean - -20° to 25°
15.0 11 80 0.23 22.5 8 72 0.25 24.8 Clean - -20° to 25°
18.0* 12 80 0.33 27.0 9 72 0.38 30.5 Clean - -20° to 25°
3.0 17 34 0.02 10.0 Clean - ai, ap, az, @Visualization
9.0 18 72 0.09 14.8 Clean - ai, az, as, 4Visualization
15.0 19 72 0.25 24.8 Clean - ai, ap, az, @Visualization
3.0 16 34 0.02 10.0 Tripped P -20° to 25°
9.0 13 72 0.09 14.8 Tripped P -20° to 25°
12.0 14 72 0.16 19.8 Tripped P -20° to 25°
15.0 15 72 0.25 24.8 Tripped P -20° to 25°

At the moment of writing the paper, the tests s completedand the results will benadeavailable and
reported in public literature in 2015.

VI1 WP3: Aerodynamic modelling of flow devices

A. Description of the Work Package on the modelling of flow devices.
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Flow control devicesre expected to be valuatdelutionsfor improving the behavior of modern windrhine
blades. In order to filthe knowledge gaps on the modeling of these devices (whiebpiscidly expectedor the
largescalewind turbines considered in AVATARand to providehe means foithe design of devices dilades of
that sizethe AVATAR WP3aims at developing aerodynamic models for flow devafesarying complexity levels.

Importantproblemsare
1  To predict the aerodynamic implications of flow devices at sectional and blade level.
1 To develop and validate low/intermediate models to be included in aeroelastic simulations on wind turbine
equipped with flow devices.

The main objective ofWP3 is to generate reliable simulation models to include flow control concepts (mainly
LE/TE flaps and vortex generators, but also root spoilensjacge wind turbine blades. In order to reach the
objectiveof the Work Packages divided infour tasks:

Task 1:Creation of a CFD and experimental database of flow devices on 2D airfoils and rotors
Task 2:Development of aerodynamic codes for modeling of flow devices on airfoils and rotors
Task 3:Parametric study of the impact of flow devices on the perfocmaf airfoils and blades
Task 4:Study of control strategies using flow control devices

Hence he work is focused towards the development @igcand methodologies fahe modéng of flow
devices, in particulatE/TE flaps and vortex genematfor large wind turbine blade®ncountering new technical
challenges in terms of loads and aeroelastic response. Currently, hagthédelity CFD nor experiments alone are
able to providehe necessary insight into the effectiveness of these solutionsefohe thework must results from
high order @tailed models and experiments in order to temgineeringBEM based tools or intermediate methods
such as vortex wake methods.

Once the models and tools are validated, different configurations and oparatoditions of the LE/THaps
and vortex generators wilbe evaluated in terms of the aerodynamic/aeroelastic influence. The results of this
parametric study are useful $apport decisioln the best implementation of the flow devices on the AVATAR an
INNWIND.EU rotor, including control strategies.

B. CFD and experimental database of flow devices on 2D airfoils and rotors

At the time of writing the papeall the activitis paformed belong to the Task(%eesection VII A): Creation
of a CFD and expémental database of flow devices on 2D airfoils and ratdree test matrixo create this
database idivided in three parts:

I  Part Aof the test matrixncludes D cases for which experimental data are available

1  Part Bof the test matrixncludes 2Dcagswithout experimental data

1  Part Cof the test matriincludes the 3D cases

The parts A, Band C include a set of cases related to VGs and flaps. For Bathé test matrixthe cases are
defined depending on the availability of experimental data. Fots B and Qof the test matrix operational
conditions of the AVATAR and INNWIND RWTs have been used.

Fi gds 1®mparecdandcdpolarsfor a case of VGs included iRrart Bof the test matrix as obtained
with two of the RANS CFD methodsalready used in WR2n the present cadellipSys [17,18 fully resolves the
VG and uses the-k SST turbulence mod@&hereadMaPFlow[21, 27 appliesthe Bay mode]23] with the Spalart
Almaras(SA) turbulencemodel The presence of the VGs is sensed tlgl body forces that enter as source terms
in the equations. To determine these forces the local velocity is used along with an empirical estimation of the lift
forceonaditawingResul ts are shown for two dif V@voricedgereratg out s .
an upflow in between the V@whereas n t he fAdownf |l owo | aysealFigl2t he opposite
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Figure 12. VG layouts with downflow (right) and upflow (left) between the VG pairs:

In all simulationsone VG pairis modeledand periodic boundary conditioase appliedn the lateral direction.
For the casavithout VGs the two sets agree fairly well up to light stall (~12deg). In deeper stall, MaPFlow predicts
higher CL values which could be linkedttte use of the model. Ftine case with VGs, fdpoth layouts and up to
~18deg EllipSys & MaPFlow agree well in terms of lift. Beyond that poinpredictedby EllipSysdrops indicating
deeper stalwhereasMaPFlow predictsa further increase irt; which could be linked to the way the VGs are
resolved as well as to the different turbulence modélinthe two codes use However further investigation is
needed since the deviation between the two models is substantial. In terms of drag, both codessmetlidrag
penalty up to 12deg, which is however higher in the MaPFlow results. A closer look into the drag results, indicates
that the downflow layout gives higher drag penalty at low angles (<10deg). At high angles the results agree on a
significant dag reduction as long as the VG control the flow. InElgSys resultsthe effect of the VGs seem to
endat 18° whereasn the MaPFlow resultthis is expected at even higher angles of attack.

Figure13. ¢vs U f 0-831 &irfoig doriflow Figure 14 cy;vs U f 0-831 airfoie do®riflow
and upflow refer to VG configuration of Fig. 10 and upflow refer to VG configuration of Fig. 10

Figures15 and 16how the comparison of thg and thecy polars respectively, for a case of aeflectedflap
included in PartA of the test matrixThe considered airfoil shows a trailing edge flap of 10% chord and was
designed in the frame of the European UpWind project for the application to a rotor with active flap for load control
[26].

The figures show the original airfoil (flap 0°) and a flap deployment of 10°, including the experimental data
provided by the University of Stuttgar24] compared to two different CFD and a panel code simulatidhe.
currentWMB [15] calculations are RANS andvere performed usinthe €" transitionmodelwith a k-¥ baseline
turbulence model on mulblock structured gridsThe currentMaPFlowcode isused with the & SST turbulence
model. FOIL2W uses a strong viscoirsviscid interaction model to calculateetflow around the 2D airfoil25].

The computations show a very good agreement in the linear regionfaf the two flap angles, and a slight
overestimation of the maximumwith a delay in the stallTaking into account the results obtained, the effétihe
flap deployment in the,ds accurately represented by the simulatimoig. The different curves oy agree to a first
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