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1 Introduction

In this paper two projects are presented in which
measurements have been, or will be performed in
the German Dutch Wind Tunnel DNW.

e Project 1. DATA, 'Design and Testing of
Aeroacoustically Optimised Airfoils. This
project has been performed within the EU
JOULE 11l program. The project started in
October 1998 and ended in October 2000;

e Project 22 MEXICO, 'Measurements and Ex-
periments under Controlled Conditions'. This
project has been proposed for the EU 5th
Framework program. Although at the time
of writing this paper, the project is not offi-
cially approved yet, it is expected that it will
start in the beginning of 2001 and end in the
beginning of 2004.

1.1 DATA project

In the DATA project the following partners partici-
pated:

¢ University of Stuttgart (coordinator, FRG);

National Aerospace Laboratory, NLR (NL);

TNO, Ingtitute for Applied Physics (NL);

LM Glassfiber Holland (NL);

Netherlands Energy Research Foundation,
ECN (NL).

In the project, aero-acoustic tests have been carried
out on three model rotors, which were placed in the
German-Dutch Wind Tunnel DNW. The difference
between the three model rotorsisin the blade outer
part (i.,e. r/R > 0.55) for which three different
airfoils are used:

o The NACA64418 profile. This profileis used
on many nowadays used wind turbinesand in

the sequel this airfoil and its associated rotor
blade are often identified by the 'reference’
profile and the 'reference’ blade;

e Two special purpose tip profiles which are
designed in the present project. The design
goal of these profiles was to reduce the noise
level where the loss in aerodynamic perfor-
mance should be limited compared to rotors
which use nowadays state of the art aerody-
namic profiles (for example the NACA64418
profile). Thespecial purpose profilesareiden-
tified by the X3 and X5 profiles and the asso-
ciated blades areidentified through the X3 and
X5 blades.

The overall emphasisin the DATA project was on
the acoustic behaviour of the model rotor. This pa-
per however, describesthe ECN tasksinthe project,
which were focussed on the aerodynamics of the
model rotors. More specific the following ECN
tasks will be described:

e The aerodynamic design of the model rotors,
i.e the design of the rotor blades in terms of
the chord and twist distribution (section 3);

e The comparison of power calculations with
power measurements (section 6). This com-
parison should be considered as important
spin-off of the project: It offered a unique
validation opportunity for ECN’s aeroelastic
code, due to the controlled, well defined and
stationary conditionsinthewindtunnel, which
are never experienced in the free field.

1.2 MEXICO project

Inthe MEXICO project, the following partnerswill
participate:

e Netherlands Energy Research Foundation,
ECN (Coordinator, NL);

e Délft University of Technology, DUT (NL);



e Aerpac B.V. (NL);

e National Aerospace Laboratory, NLR (NL);
e RISZ National Laboratory (DK);

e Danish Technical University, DTU (DK);

e FFA, The Aeronautical Research Institute of
Sweden (S);

e National Technical University of Athens,
NTUA (Gr);

¢ Centre for Renewable Energy Sources, CRES
(Gn);

¢ |sradl Institute of Techonology, Technion (Isr)

Opposite to the situation from the DATA project,
the emphasis of the Mexico project will be put on
the aerodynamic analysis of a model rotor in the
DNW.

As dready reported before, the MEXICO project
has not started yet and therefore this paper only
presents a short introduction to the project (section
8. In addition a brief comparison will be given
between the measurements which are planned in
the MEXICO project and the measurements which
have already been performed by NREL in the
United Statesin the NASA-Ameswind tunnel.

2 DNW tunnd

A picture and the sizes of the DNW tunnel are
shown below:

129 meter

30 meter

Interchangeablg

sections

e The specificationsof the applied measurement
section are:

— Open section;
— 95* 95 m?;
— Max. air speed 30 m/s;

¢ For the open test section, the aerodynamic fea-
turesare [2]:

— Local pressure deviations < 0.3% of to-
tal pressure;

— Local flow angularity +/- 0.3 degrees;
— local temperature deviations < 1.0K;

— Turbulence intensities <0.5%.

3 DATA: Aerodynamicdesign of the
model rotor

Thebasic aim at the design of themodel rotor wasto
maximise its energy production. This optimisation
has been performed with the program PVOPT, [1]:
PVOPT isaprogramwhich optimizesthe chord and
twist distribution along awind turbine rotor blade,
such that the maximum energy yield is obtained for
stationary, axisymmetric flow conditions and for a
wind climate which is characterized by a Weibull
distribution. PVOPT assumesthe turbine construc-
tion to berigid. Constraints on chord and twist can
be imposed.

The approach at the design of the model rotor has
been to follow a procedure which is as much as
possible comparable to a 'full scale’ procedure.
Nevertheless it should be realised that, despite the
relatively large size of the DNW tunnel, the scale
and environment of the wind tunnel rotor are still
substantially different from the size and environ-
ment which is experienced by a full scale turbine.
Hence inevatible concessions have to be made to
the representativeness of the model rotors.

The basic problem in maintaining the similarity
between awind tunnel wind turbineand afull scale
wind turbine is given by the fact, that the Reynolds
number, the solidity and the local tip speed ratio
should be comparable to the full scale situation.

A similar Reynolds number yields comparablevis-
cous effects around the rotor blades. This is of
particular importance for the tip Reynolds num-
ber, sincethe aero-acoustics of aturbine are mainly



driven by thetip flow. A straightforward way to in-
crease the Reynolds number of asmall wind tunnel
model up to full scale values, would be to increase
the chord or the rotor speed. However at the same
time the tip speed ratio (€2 - r/V) and the solidity
(B-c/2xr) should berepresentativein order toyield
the correct global flow field (i.e. angle of attack,
inflow velacities) around the rotor. This obviously
limits the rotor speed and the chord. Hence the
requirements on Reynolds number, tip speed ratio
and solidity impose opposite demands on the tip
chord and the rotor speed and a compromise was
inevatible.

After a number of preliminary optimisations, the
final optimisation were then based on thefollowing
assumptions:

e Diameter 4.5 m;
e Two bladed;
e Tip speed = 100 m/s;

e Tip Reynolds number = 1.7 Million. In con-
junction with the tip speed of 100 mv/s this
resultsin a constraint for the tip chord of 0.24
m. Thisyields atip solidity which turned out
to be 2 to 3 times the optimal unconstrained
tip solidity of arepresentative full scale rotor.

e Airfails;

— r=0.0tor = 0.5: No aerodynamic pro-
filesare prescribed (i.e. no aerodynamic
loads are modelled on this part of the
blade)

— r=0.5tor=0.9m: DU91-W2-250
—r=09tor=12m: FFA-W3-211

— r=12tor=2.25m: NACA64418, X3o0r
X5airfoils. Althoughtheairfoilswill not
be presentedin this paper, it isimportant
to know that the X3 profile differs from
the other airfoils due to a much higher
camber.

For most airfoils, measured 2D profile data
were available which could be used in the cal-
culations. For the DU91-W2-250 and FFA-
W3-211 airfoils, these measurements were
available from open literature ([3] and [4]).
For the NACA64418 and X3 airfoils, wind
tunnel measurements have been performed by

the University of Stuttgart. The X5 airfoil data
were derived from XFOIL calculations.

The optimisations have been performed for
a rotor with clean blades. As such the 2D
profile data, as prescribed to PVOPT, are
based on measurements for clean airfails.
However, rotating measurements have also
been performed on model rotors with tripped
blades. These measurements have been sim-
ulated with ECN’s aeroelastic code, as will
be discussed later. Obviously these calcula-
tionsrequired tripped airfoil data. Thereto the
University of Stuttgart has also measured the
profile coefficientsof the NACA 64418 and X3
airfoils at tripped conditions. The tripping of
the airfoils in the 2D wind tunnel measure-
ments was similar to the tripping which was
applied to the blades at the rotating test: Trip-
ping was done with simple (2-dimensional)
Scotch tape of 0.13 mm thickness and 2 mm
width. The tripping was applied at 5% chord
on both suction aswell as pressure sides.

e Wind climate: Itisobviousthat ahypothetical
(and consequently an arbitrary) wind climate
needed to be prescribed to the optimiser.

The result of the optimisation yielded a negative
taper: The optimiser tries to compensate the very
large tip solidity (due to the constraint on the tip
chord) by amuch smaller solidity at the inner part
of the blade. A negative taper was considered to
be very unrepresentative. For this reason the chord
was constrained to ¢ = 0.24 m for all radial posi-
tions. Hence the final blade design is untapered
with optimised twist. For the X3 and X5 blade,
the twist on the inner part of the blade (r < 1.2
m) was fixed to the optimised twist of the refer-
ence blade and the twist at the outer part of the
blade is optimised only. Note that the optimised
X3 blade showed ajump in twist between the outer
part (with X3 profile) and the inner part (with FFA
profile) This is a result of the much higher cam-
ber of the X3 profile: The jump in twist causes
the profile coefficients to behave continuous at the
transition between the X3 and FFA airfoils, despite
the differences in camber.

4 DATA: PHATAScalculations

In order to estimate the design loads and resulting
power on the model rotor, and to provide input for



the aeroacoustic cal culations which were made by
the other participants, some cal culations have been
performed using ECN’s aeroelastic code PHATAS
([5] and [6]). In this paper, the PHATAS power
calculations are presented only.

Notethat the original design calcul ationshave been
performed at the end of 1999 and the beginning of
2000 with the third version of PHATAS (PHATAS-
I11) before the measurements were available. Af-
ter the measurements have been performed, the
fourth version of PHATAS had become available
(PHATASIV) and some of the calculations have
been repeated with this version. Differences be-
tween PHATAS-II and PHATASIV are various
but for the present project the most important dif-
ferences are:

¢ A different modelling of the massflow through
the rotor at yawed conditions;

e Debugging.

The differences between the PHATAS-III and
PHATAS-IV calculationa results at aligned con-
ditions turned out to be small: At aligned con-
ditions the PHATAS-IV power was approximately
2% higher. For yawed conditions however, the
differences between PHATAS 111 and PHATAS- IV
calculationa results turned out to be substantial.
Hencefor al calculations at aligned conditions the
PHATAS-III results are presented, where for the
yawed casesthe PHATA S|V results are presented.

5 DATA power measurements

5.1 DATA measurement conditions

In the following sections the power measurements
are discussed and compared with the calculations.
Unless otherwise stated, the measurements are
taken at conditions which are given in bold let-
ters below. Although the majority of data have
been taken at these conditions, alimited number of
additional measurements have been performed at
different conditions.

e Tunnel speed:

— 14 m/s

— Additional; V =10.8 m/sand V = 15.9
m/s

e Rotor speed Q:

— 425rpm;
— Referencerotor; Additional: 539 rpm

Tip speed ratio A ( = QR/V): The tip speed
ratios follows from the combination of tunnel
speed and rotor speed:

— 7.15;
— Additional; 6.26, 9.1

Pitch angle 8:

— Reference and X5 rotors. -2 deg (This
turned out to be the optimal pitch angle);
Additional: -3.5 and -0.5 deg.

— X3rotor: -1 deg (This turned out to be
the optimal pitch angle); Additional:
-2.5and +0.5 deg

Yaw angle ¢, :

— Odeg;

— Reference rotor; Additional: + 10, -5,
-10, -15, -20, -25 deg

— X3 and X5 rotors; Additional: -15 deg

Transition:

— Clean blades;

— Additional: Tripped blades, see section
3.

Note that the measurement turned out to be very
repeatable. Somelight scatter could be observedin
the datawhich mainly can beattributed to variations
in tunnel and rotor speed. Obviously the precise
values of tunnel and rotor speed were measured.

It turned out that the rotor speed could differ with
approximately + 5 rpm from the adjusted rotor
speed. The figures in this report, which present
data as function of wind speed, pitch angle or yaw
angle, are a selection of the measurements which
are closest to 425 rpm.

Thetunnel speed could differ with approximately +
0.1 m/sfrom the adjusted tunnel speed. Thefigures
inthisreport, which present dataasfunction of rotor
speed, pitch angle or yaw angle, are a selection of
the measurements which are closest to the adjusted
tunnel speed.

Note that also some differences were apparent in
the air density at the different campaign. Therefore
all measurementshave been translated to astandard
air density of 1.225 kg/m3.



5.2 DATA power measurements. Effect of
different tip profiles (clean blades)

Infigure 1the power measurementsaregivenfor the
three different rotors with clean blades. Note that
RE denotesthe reference profile. It isrecalled that
only three wind speeds are measured: V = 11 m/s,
14 m/sand 16 m/s (section 5.1). The measurements
are performed at the optimal pitch angleswhich are
given in section 5.1. The following observations
can be made:

e The power of the X5 rotor is comparable to
the power of thereferencerotor. At 16 m/sthe
power of the X5 rotor is even slightly higer.

e The power of the X3 rotor is slightly lower
compared to the power of the two other rotors.
Thedifferenceisintheorder of 5%. Thisdoes
not necessarily imply apoor aerodynamic per-
formance of the X3 profile, but it may also be
caused by the fact that the outer part of the X3
bladeis not compatibleto the prescribed inner
part. Theincompatibilitiesareduetothemuch
larger camber of the X3 profile, compared to
the camber of the profiles on the inner part of
the blade (section 3).
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Figure 1: Measured power curvesfor threetip pro-
files (clean blades, no yaw, 425 rpm)

5.3 DATA power measurements. Effect of
different tip profiles (tripped blades)

Infigure 2 the power measurementsaregivenfor the
three rotors with tripped blades. The observations
on the difference between the tripped rotors are
similar compared to the observations given for the
clean rotor:

e The power of the X5 rotor is comparable to
the power of the reference rotor;

e Thepower of the X3rotor isapproximately 5%
lower than the power of the reference rotor.
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Figure 2: Measured power curvesfor threetip pro-
files (tripped blades, no yaw, 425 rpm)

By comparing figure 1 with figure 2 the following
observations can be made:

e Thelossin power dueto tripping the reference
blade isin the order of 3 %.

e Thelossin power due to tripping the X3 and
X5 bladeis slightly more: 4 to 6 %.

6 DATA comparison between calcu-
lated and measured power

In the sequel the comparison is shown between
the calculated and the measured power for sev-
eral configurationsand conditions(i.e. differenttip
profiles, different rotor speeds, different pitch an-
gles, different yaw angles and for clean and tripped
blades).

6.1 DATA comparison between calculated
and measured power: Different tip
profiles, clean

In thefigures 3 to 5 the comparison between calcu-
lated and measured power is given for the different
tip profiles (clean blades). The following observa-
tions can be made:

e The agreement between calculated and mea-
sured powersfor the reference and X5 rotor is
very good at all wind speeds,



e The agreement between calculated and mea-
sured powers for the X3 rotor is less good:
Differences are in the order of 5%. As amat-
ter of fact, the calculated power of the X3
rotor is equal to the power of the reference
rotor. However as described before, the mea-
sured power of the X3 rotor is lower than the
measured power of the reference rotor. These
differences may be attributed to the modelled
jump in twist between the X3 profile at the tip
and the FFA profile at the inner subsections.
This causesthe modelled lift distribution to be
continuous and almost similar to thelift distri-
bution on the reference blade (section 3). The
real X3 blade however shows a more grad-
ual changein twist and airfoils, which as such
differs from the modelling.
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Figure 3: Comparison between calculated and mea-
sured power (RE profile, clean)

Calc. and measured power curve

Clean X3 blades, pitch angle = —1 deg, no yaw, 425 rpm
20000 ‘

18000

16000

3 ® calc
== mdas.

14000

12000

10000

Power [W]

8000

6000

4000

2000

o

o 2 a 6 8 10 12 14 16 18 20
Wind speed (m/s)

Figure4: Comparison between calculated and mea-
sured power (X3 profile, clean)

Calc. and measured power curve

Clean X5 blades, pitch angle = —2 deg, no yaw, 425 rpm
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Figure5: Comparison between calculated and mea-
sured power (X5 profile, clean)

6.2 DATA comparison between calculated
and measured power: Different tip
profiles, tripped

In the figures 6 and 7 the comparison between cal-
culated and measured power is given for the dif-
ferent tip profiles with tripped blades. It should be
realised that no tripped X5 profile data were avail-
able and hence this blade could not be calculated.
Furthermore it is important to note that the effect
of tripping was only taken into account for the tip
profile(fromr=1.2mtor =2.25m), for which the
appropriate tripped airfoil data were available.

Despite the fact that the effect of the tripped inner
side of the blade is not included, a good agreement
is found between calculations and measurements.
The agreement for the X3 rotor is less, which was
also observed for the clean rotor. Possible explana-
tionfor thelarger discrepanciesaregiven in section
6.1.

Calc. and measured power curve
Tripped RE blades, pitch angle = —2 deg, no yaw, 425 rpm
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Figure6: Comparison between calculated and mea-
sured power (RE profile, tripped)



Calc. and measured power curve

Tripped X3 blades, pitch angle = —1 deg, no yaw, 425 rpm
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Figure 7: Comparison between calculated and mea-
sured power (X3 profile, tripped)

6.3 DATA comparison between calculated
and measured power: Different pitch
angles

In the figures, 8 to 10 the comparison is given be-
tween the cal culated and measured power for differ-
ent pitch angles (clean blades, V = 14 m/s). It can
again be concluded that the agreement between cal-
culations and measurements is poorest for the X3
blade. For the reference and the X5 rotor, the dif-
ferences between calculated and measured power
remain limited (< 5%) for al pitch angles. Never-
theless the deviations between cal culated and mea-
sured power at the non-optimal pitch angles turn
out to be larger than the deviations which were ob-
served at the optimal pitch angles. Furthermore
the calculated trend between power and pitch angle
does not always follow the measured trend.
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Figure8: Comparison between calculated and mea-
sured power for different pitch angles, RE blade,
clean

Calc. and measured power, different pitch angles
Clean X3 blades, yaw angle = O deg, 425 rpm, V = 14 m/s

12000

10000

Power [W]

- ® calc
m meas

8000
-3 -2 -1 o 1

Pitch angle (deg)

Figure9: Comparison between calculated and mea-
sured power for different pitch angles, X3 blade,
clean

Calc. and measured power, different pitch angles
Clean X5 blades, yaw angle = O deg, 425 rpm, V = 14 m/s
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Figure 10: Comparison between calculated and
measured power for different pitch angles, X5
blade, clean

6.4 DATA comparison between calculated
and measured power: Different yaw
angles

In the figures 11 to 13 the power is presented as
function of yaw angle (clean blades, V=14 m/s). It
isrecalled that the calculations at yawed conditions
are performed with a different version of PHATAS
(section 4).

Note that for the X3 and the X5 rotor only a very
limited number of yaw measurementsare available.
As amatter of fact, for these rotors, measurements
areonly availableat aligned conditionsand at ayaw
angle of -15 degrees.

The following observations can be made:

e The measured drop in power due to yawed
conditonsisin the order of cos'®¢y;



e The calculated drop in power due to yawed
conditionsis much less;

e As a result the power is overpredicted at
yawed conditions and the discrepancies in-
crease rapidly with the yaw angle.

The differences between cal cul ations and measure-
ment at yawed conditions may be due to the fact,
that because of the large rotor speed, the loading
ontheturbine (i.e. the axial induction) isrelatively
high. As a consequence the turbine is (partly) as-
sumed to be in the turbulent wake state. This state
is modelled through an empirical relation, the va-
lidity of which is not known at yawed conditions.
Another reason for the discrepancies may be an
overprediction of the mass flow through the rotor
at yawed conditions.

Calc. and measured power, different yaw angles
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Figure 11: Comparison between calculated and
measured power for different yaw angles, RE blade,
clean

Calc. and measured power, different yaw angles

Clean X3 blades, V = 14 m/s, 425 rpm, pitch angle = —1 deg
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Figure 12: Comparison between calculated and
measured power for different yaw angles, X3 blade,
clean

Calc. and measured power different yaw angles

Clean X5 blades, V = 14 m/s, 425 rpm, pitch angle = —2 deg
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Figure 13: Comparison between calculated and
measured power for different yaw angles, X5 blade,
clean

6.5 DATA comparison between calculated
and measured power: Different rotor
speeds

In figure 14 the comparison is presented between
the cal culated and measured power for two different
rotor speeds. 425 and 538 rpm (V= 14 m/s, clean
blades). This comparison can only be given for
the reference rotor, since the other rotors were only
measured at asinglerotor speed. It can be observed
that the decrease in power, due to the increase in
rotor speed is predicted well: The agreement in
power is good at both rotor speeds.

Calc. and measured power, different rotor speeds

Clean RE blades, yaw angle = O deg, pitch = —2 degrees, V= 14 m/s
12000

Power [W]

10000

8000

500
Rotor speed (rpm)

Figure 14: Comparison between calculated and
measured power for different rotor speeds, RE
blade, clean



7 Conclusons from ECN’stasksin
the DATA project

e Three model rotors have been designed on
which agero-acoustic measurements have been
performed in the German Dutch Wind Tunnel,
DNW. The difference between therotorsisin
the airfoils at the outer part of the blade;

e Thedesign of the model rotors has been made
as much as possible representative for a full
scalerotor. Thereto attention has been paid to
yield representativetip Reynolds numbers, tip
speed ratios and solidities;

e For the final design the tip Reynolds number,
thetip speed ratios and thetip solidity turn out
to be:

— Tip Reynolds number: 1.7 109;

— Tip speed ratios. Between 6 and 9 (on
basis of the DNW tunnel speeds at the
experiments);

— Tip solidity: 0.03

Theresulting tip solidity is2-3timesthetip so-
lidity of a representative full scalerotor. This
large tip solidity was accepted: It was con-
sidered as an inevatible concession which had
to be made due to the difference between the
wind tunnel and the full scale environment;

e The power of the rotor with the X5 profile is
comparableto the power of the referencerotor
with the NACA 64418 profile;

e The power of the rotor with the X3 profile is
5% smaller than the power of the reference
rotor. This may be due to the fact that the
prescribedinner part of the bladeisnot optimal
in combination with an outer X3 airfoil;

e Thelossin power dueto tripping the blade is
in the order of 5%;

e The measured drop in power due to yawed
conditionswasin the order of cos™¢,;

e As spin-off of the acoustic experiments, a
unique validation opportinity was offered for
the aeroelastic program PHATAS.

— At aligned conditions the agreement be-
tween the (blind) PHATAS calculations
of the power and the measured power

turned out to be very good (difference
< 5%). It should be noted however that
these comparisons are done at attached
flow. It is expected that the deviations
become larger in stalled conditions;

— At yawed conditons the power is over-
predicted and the disagreement between
calculations and measurements increase

rapidly:

8 MEXICO project

8.1 MEXICO, goal and duration

The principal goal of the Mexico project is defined
as the creation of a well documented database of
aerodynamic measurements, which are taken un-
der controlled and hence known conditions, and
which will be used to validate or improve calcula-
tional methods (BEM methods, free wake methods
and CFD methods). Thereto measurementswill be
taken on a model rotor in the DNW. The project
duration is three years.

8.2 MEXICO: working procedure, model
design, instrumentation and measure-
ments

The following information will serve as global
guidelines for the definition of the model design,
the instrumentation and the measurement program,
the details of which still need to be established:

e Therotor will be three bladed;

e Thedesign of the rotor will be performed in a
similar way aswas done in the DATA project:
A rotor will be designed which is as represen-
tative as possible to a full scale rotor. It is
expected that the diameter of the model rotor
will be in the order of 4-4.5 m (similar to the
size of the DATA rotor) and that the Reynolds
number will bein theorder of 1.0 106. Thero-
tor sizeis maximised to the existing tunnel ge-
ometry without incurring unpractical blockage
corrections by means of calculations. More-
over the model rotor is designed with regard
to structural reliability and stiffness criteria.
Possibly this implies that for some cases the
Reynolds number will be dightly smaller than
1.0 108. Thismay betruefor the stalled cases,



whichrequirealow tip speedratio. Thelowtip
speed ratio in conjunction with the relatively
high rotational speed which is associated with
a Reynolds number of 1.0 10, yields high
tunnel speeds and possibly too high structural
loads.

Note that because of the higher tunnel speed,
the design loads on the MEXICO rotor are
anyhow expected to be much larger than those
on the DATA rotor.

Pressure distributions will be measured with
fast Kulite transducers at (probably) 4 radial
positions along one of the blades. As a con-
sequence, no tubing (with inevatible damping
and phase shifts) is required;

The inflow and near wake will be measured
with '5hole’ Kulite probes at (probably) 4 ra-
dial positions;

Flow visualisation will be performed (the se-
lected techniques still need to be determined);

Dynamic load measurements will be per-
formed with root strain gauges;

2D wind tunnel measurements will also per-
formed, the data of which will serve as refer-
ence for the rotating tests;

The measurement matrix will be defined in
consultation with the complete project group:
Measurements will anyhow be performed at
aligned conditions, yawed conditions (up to
45 degrees), stalled conditions, and proba-
bly at the turbulent wake and at fast pitching
changes,

Measurements will be performed on the ro-
tor with clean blades, tripped blades and with
boundary layer manipulators (such as vortex
generators and stall strips);

The measurements will be performed in two
tunnel entries. The total DNW tunnel time
will be 7.5 working days. Extensive testing
of the test set-up and the instrumentation will
be performed before the DNW measurements
will be carried out;

9 MEXICO project related to the
NREL'sNASA-AMES project

It is interesting to compare the tests which are
scheduled for the MEXICO project with the mea-
surements which have already been performed
by the National Renewable Energy Laboratory
(NREL) in the worlds largest wind tunnel at the
NASA Ames Research Center. The size of the
measurement section is 24.4 by 36.6 meter and the
diameter of theturbinewas 10-meter. Thewind tur-
bine was extensively instrumented to characterize
the aerodynamic and structural responses of afull-
scale wind turbine rotor. Measured gquantities in-
cluded inflow conditions (relatively far upstream),
airfoil aerodynamic pressure distributions, and ma-
chine responses. The aerodynamic pressure dis-
tributions were measured with pressure scanners
which were connected by means of tubes to the
pressure taps.

An extensive range of pitch angles, pitch motions,
yaw positions, and wind velocitiesweretested. The
3-week test was completed in May 2000 with the
turbine operated in over 1700 different test condi-
tions.

In the table below the characteristics of NREL's
NASA-Ames experiments are given and compared
with the MEXICO test for a number of aerody-
namic aspects. The table does not only contain the
MEXICO and NASA-Ames wind tunnel measure-
ments, but also the remaining ’state of the art’ in
aerodynamic experiments on wind turbine rotors,
i.e:

o Full scaleaerodynamicfield experiments, (see
e [7]);

o Measurements which have been taken in the
FFA-CARDC wind tunnel (see i.e. [8] and

[9))-

The characteristics of all these experiments are
given for three different aerodynamic aspects:

e Time averaged blade flow (i.e. 3D effectsin
stall);

e Near wake flow and induction near the rotor;

e Unsteady blade flow (i.e. dynamic stall).
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Aerodynamic aspect | State of the art NASA-AMES Mexico
Time averaged Field experiments: 2bladed, 3bladed
blade flow Ambient inflow Ambient inflow Ambient inflow
only statistical known known
Re~ 310° Rea 1.5 108 Re~ 1.0 10°
FFA- CARDC: 2 bladed;
Ambient inflow known
Re~ 0.5 10°
Near wake/induction | Hot wire measurements | Not measured Detailed meas.
small wt. models of flow in rotor plane
(i.e. DUT) and wake
Unsteady blade Field measurements: Rel. slow tubing Fast blade pressure
flow Difficult dueto No correlation with | measurements
lack of inflow details flow in rotorplane | Correlation with flow
Re~ 3.0 10° Re~ 1.5 10° in rotor plane
Re~ 1.0 10°
FFA: Relatively slow
Re~ 0.5 10°

The survey shows that the MEXICO project is ex-
pected to yield important information, which is
partly similar and partly additional, to the informa-
tion from the NASA-Ames measurements and the
‘state of the art’” experiments. It should be realised
that even the MEXICO information which at first
sight lookssimilar to theinformation from other ex-
periments, is only similar in a global sense: From
experience is known that, due to the complexity
of the phenomena which are associated with rotor
aerodynamics, the understanding and the general
modelling of aerodynamic aspects requires mea-
surements on more than one configuration.

Additional information is in particular expected
from the measurements which will be taken with
thefast pressure transducers and which will deliver
measurements with a very high resulution. In the
other tests the resolution is poorer (although not
always insufficient). Furthermore additional infor-
mation is expected from the near wake measure-
ments. They will yield important information on
the understanding of yaw aerodynamics and they
make it possible to correlate the global flow field
around the rotor with the pressure measurements
on the blade.
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