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Abstract. 2D wind tunnel tests at high Reynolds numberehasen done within the
EU FP7 AVATAR project (AdVanced Aerodynamic Toolkl8rge Rotors) on the
DUO00-W-212 airfoil and at two different test fatidis: the DNW High Pressure Wind
Tunnel in Gottingen (HDG) and the LM Wind Powerhiouse wind tunnel. Two
conditions of Reynolds numbers have been perforimdabth tests: 3 and 6 million.
The Mach number and turbulence intensity valuessemndar in both wind tunnels at
the 3 million Reynolds number test, while they significantly different at 6 million
Reynolds number. The paper presents a comparistire afata obtained from the two
wind tunnels, showing good repeatability at 3 milli Reynolds number and
differences at 6 million Reynolds number that asasistent with the different Mach
number and turbulence intensity values.

1. Introduction

Within the EU FP7 AVATAR project (AdVanced Aerodyn Tools of IArge Rotors) [1], 2D tests
have been performed at high Reynolds numbers iaradal evaluate airfoil performance under the
expected conditions of the future multi-MW windlime blades. The DU00-W-212, a 21% relative
thickness airfoil from the TU-Delft DU airfoil fadyi, has been tested at the DNW High Pressure
Wind Tunnel in Gottingen (HDG) at 5 different Reya® numbers (3, 6, 9, 12 and 15 million) and
low Mach numbers (below 0.1). In parallel, LM WiRdwer has performed at his own wind tunnel
facility a test on this same airfoil at two diffateReynolds numbers, 3 and 6 million, and Mach
numbers of 0.14 and 0.28 respectively.

The comparison of the results from these two erpanis gives a good opportunity to check the
repeatability of the results of airfoil aerodynanperformance data when obtained at different
facilities. In addition, the effect of significaxifferences in Mach number and turbulence intensity
conditions can be observed on the airfoil aerodyoa@wefficients behavior.

2. Testsdescription
Both wind tunnel tests have been performed on anfidel of the DU00-W-212 airfoil arranged
horizontally in a closed test section. The modedseninstrumented with 90 pressure taps to capture



the static pressure distribution around the airémitl a wake rake downstream to measure the total
pressure of the wake. Lift and pitching moment ficiehts (Cl and Cm) were obtained by integration
of the pressure distribution around the airfoil &vdg coefficient (Cd) was calculated from the wake
loss of momentum by integrating the wake total suess distribution.

A description of each of the wind tunnel faciliti@sd their particular test arrangement is presented
below:

2.1. DNW wind tunnel test

The DNW HDG is a closed return circuit wind tunmath a closed test section of 0.6 x 0.6 m. (width
x height) and 1 m. length, and a contraction rati6.85. The wind tunnel speed range is 3.5 to 86 m
and the maximum Mach number is 0.1. This tunnellmpressurized up to 100 bars to achieve high
Reynolds numbers.

A 150 mm. chord 2D airfoil model was horizontalhsialled in the middle of the test section and
was equipped with 90 pressure taps at the mid gpavake rake with 118 total and 8 static pressure
probes was installed around 2 chords downstredimedfailing edge of the model.

The data presented in this paper has been correstad classical wind tunnel wall corrections
compiled in AGARD-AG-336 [2].

Tests have been performed at different Reynoldsbeusn 3, 6, 9, 12 and 15 million. Analysis of
the Reynolds effect on the airfoil performance baen reported in [3]. Measurements have been
performed at airfoil surface clean configurationnasdl as with transition dots installed in the mbute
force laminar to turbulent boundary layer transitad a certain chord position.

Additional instrumentation as a 3-component balarice correlation of the aerodynamic
coefficients, 5 fast response kulite sensors ilestah the model for unsteady pressure measurements
a cylindrical hot-film probe for inflow speed flu@tion measurements and UV LED light and camera
for oil flow visualization have also been used.

2.2. LM wind tunnel test

LM wind tunnel is an atmospheric closed returnuiravind tunnel with a closed test section of 1335
2.7 m. (width x height) and 7 m. length, and a @gtton ratio of 10. The maximum wind speed at the
test section is 105 m/s.

A 900 mm. chord 2D airfoil model instrumented Wi pressure taps was horizontally installed in
the test section. A wake rake instrumented withalt@nd static pressure probes is installed
downstream of the model.

All the data presented here has been correctedifat tunnel effects classical wind tunnel wall
corrections as described in standards given in ABARS-336 [2]

Tests have been performed at two Reynolds numlmerditons, 3 and 6 million. Measurements
have been done at airfoil surface clean configomasis well as with transition zig-zag tape insthlfe
the model to force the laminar to turbulent bougdayer transition. In addition, some configuragon
with vortex generators and gurney flaps have bessted. An analysis of the effect of these
configurations has been reported within the AVATpARject.

Some additional instrumentation was also used i tist, as floor and ceiling pressure holes
distributions along the centerline of the testisacand a load cell system for measuring the dilifai
drag and pitching moment coefficients.

2.3. Main differences between both tests

Both tests have been done over the same airfoingey and using the same methodology for

obtaining the aerodynamic coefficients. The instatation of the model was also done in the same

way for both experiments, using the same numberchodd-wise positions of the pressure taps.
However, there are some differences between bgibrements that have to be taken into account

when comparing the results. These main differenaashe summarized, on one hand in the geometric



set up of the models and test sections, and oottie in the different wind conditions reproducead i
the test section.

From the geometric differences shown in Table tait be seen how the model chord size in the
HDG test is 6 times smaller than in the LM testisT$hould not have to make any difference in the
results, but it has to be considered for the tasingement as in a small model the height of farcin
transition elements has to be smaller as well.his way, to assure the laminar boundary layer
behavior in the clean configuration cases, a gooldse treatment of the model has to be made,rand i
the case of the HDG model, the surface roughnessetaalways below Rz Oun.

The model aspect ratio (ratio between span anddchbrthe model) difference between both
experiments is also considerable, being 2.6 tiniggeb in the case of the HDG. This difference will
affect the 3-dimensional effects that appear intdws. These effects are mostly important when
separation phenomena occur.

The geometric blockage parameter is presentedgige$ an indication of the tunnel test section
wall effects and therefore the order of wall inéeeince tunnel corrections applied. For both telses,
parameter is similar and low enough to derive bédiavind tunnel wall corrections up to angles of
attack (AoA) of 20°.

Table 1. Geometric set up differences between the tworaxpats

HDG LM
Test section (W x H) 0.6mx 0.6m 1.35mx2.7m
Model span (S) 0.6 m 1.35m
Model chord (c) 0.15m 0.9m
Model aspect ratio (S/c) 4 15
Geometric blockage (c/H) 25% 33%

The other important differences between the teststte airflow conditions. Table 2 shows the
Mach number and the Turbulence intensity for the Reynolds number conditions that are being
analysed in this paper, 3 and 6 million. The tuebgk intensity (TI) is lower at LM. This could afte
in principle the laminar behavior of the airfoil.

The Mach number shows important differences betwhkertests. The reason is that in the DNW
test, the Reynolds number variation is obtained ifyiod) the air density by pressurizing the wind
tunnel airflow. Therefore the Mach number is alwayaintained low (below 0.1) and only a pure
Reynolds number variation is obtained. On the otiamnd, in the LM test the Reynolds number
variation is obtained modifying the wind speed #metefore the Mach number. We can see then, that
for the Reynolds number 3 million condition the Mawumber for both tests is similar (around 0.1).
But for the Reynolds number 6 million, the LM tdsis a Mach number one order of magnitude
greater than HDG and close to 0.3. So, compressif#ets could be observed between those tests at
these conditions.

Table 2. Wind condition differences between the two expents

Reynolds 3million test  Reynolds 6 million test
HDG LM HDG LM
Mach number (M) 0.08 0.139 0.03 0.279

Turbulence intensity (TI) 0.1% 0.05 % 0.2 % 0.1%




3. Data comparison between both tests

A comparison of the results obtained in both testgresented below. The lift coefficient (Cl) agsin
angle of attack (AoA) and against drag coefficibtl), and the efficiency (CI/Cd) against angle of
attack have been plotted for the Reynolds numbreilibn case and for the 6 million one.

3.1. Reynods 3 million comparison
Figure 1 shows the comparison between both testheofift curve against angle of attack. The
curves match very well in the linear region andreaethe maximum Cl value.

Reynolds 3 million

T T T T T
HDG ———
LM
15 =
/NN
1+ /. ]
/
/
/
_ 05 | - 4 : —
O
0+ _
-0.5 .
1k /J i
-1.5 i i i i i

-20 -10 0 10 20
alpha [deg]

Figure 1. Lift coefficient (Cl) vs angle of attack (AoA) cqrarison at Re=3- £0

Only different behavior is observed at the statidibon, where 3D effects can be greatly affected
by formation of stall cells, whose size and numdrerinfluenced by the aspect ratio of the model [5]
The span-wise position of the pressure taps afieinces the measured lift, as the level of sepdrat
flow measured by the tap depends on the typologthefstall cells created. An example of this
phenomenon can be seen on Figure 2.

Figure 2. DNW flow visualization photos at 14° AoA (left) &di8° AoA (right)



Figure 2 shows two pictures from the flow visudii@a performed at the DNW test. They
correspond to two different post stall angles tdekt. The pictures show the model from a window on
the starboard wall of the test section. Some wiites are superimposed on the pictures to show
different chord-wise positions (the most right @ogresponds to the leading edge of the model)it As
can be seen in the pictures, the topology of thik &tlls varies with the angles of attack and pices
different levels of chord percentage of the modeiny stalled depending on the span position.
Therefore, the positioning of the pressure tapgsenfces the measured lift.

The differences in lift in the stall region betwdmuth tests can then be explained with the diffieren
aspect ratio of the model.

The measured drag matches also very well in tleatinegion. Figure 3 shows how the drag bucket
is completely reproduced in shape and values. Stk lift and drag are well reproduced, it is
expected that the airfoil efficiency (lift over draatio) will be also similar. We can also obsetivis
in Figure 4.
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Figure3. Cl vs Cd comparison at Re=3°10 Figure4. Cl/Cd comparison at Re=3-°10

3.2. Reynolds 6 million comparison

When we look into the data at Reynolds number @ionijlwe can see that in this case the results
from both tests do not show such a good agreeiémican already see in Figure 5 how the lift slope
is different and greater in the data from LM td3te drag values keep a very good comparison in the
linear region but the bucket corners (as it casd®n in Figure 6) are different, indicating a diffe
behavior on the boundary layer laminar to turbuteantsition and separation.
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Figure6. Cl vs Cd comparison at Re=6°10

Attending to these differences between lift andgdrthe efficiency curve shows the worst
agreement in the maximum values (Figure 7), as e8lts have a greater lift due to its higher slope
and a lower drag in the upper bucket corner.
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Figure 7. Cl/Cd comparison at Re=6-°10



4. Analysisof the effect of the Mach number and turbulence intensity

The next step is to study the reason for obtaimiffprent comparison results at each Reynolds
number. We look therefore to tables 1 and 2 tdseelifferences we have at each condition. The set-
up differences listed at table 1 are the same &tin Reynolds. Although their effect on the results
could have some variability depending on Reynaldsy affect mainly the results when separation
occurs, at high angles of attack, as it has besrady discussed. Table 2 shows different wind
conditions at each Reynolds number. The turbuldacm both cases twice at HDG. From this
different air stream turbulence, it is mainly exjgekcto have a different measurement in drag.

The Mach number has the same order of magnitudéhéoReynolds 3 million case, but for the
Reynolds 6 million case is one order of magnituidéér at LM.

The higher slope of the lift coefficient is comgéei with higher Mach number. If we make a
simplified compressible correction using Prandiu@rt law [4], expressed in (1) on the HDG data to
obtain the values that would be expected at a Niachber (1,,) of 0.279, we see in Figure 8 that the
linear region would match.
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Figure 8. Lift comparison between both tests applying PriaGttiuert compressibility correction to
HDG data

The differences in the maximum lift could be exp&d by the Mach effect, as the Prandtl-Glauert
law is only valid for the CI linear region, but thean also be explained by the different 3D effects
created by the stall cell formations [6].

An analysis using the panel method code XFOIL iver$.96 has been performed to evaluate the
differences we can expect by modifying Mach nurdosat inflow turbulence. In Figure 9, Figure 10
and Figure 11, the experimental differences for &y number 6 million case (at the left) are
compared to computations differences when Mach euraind N-factor (from the“emethod for
transition prediction) are modified.
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Figure 11. Experimental and XFOIL computations of Cl/Cd at RekS

The XFOIL computations are coherent with the idea tMach effect influences mainly the lift
slope and the different inflow turbulence affedte trag, especially at separation. The right piot i
Figure 9 shows how XFOIL predicts a negligible effef the turbulence (different N-factor values) in
lift, while the Mach effect would introduce an iease of the lift slope. On the other hand, Figre 1
shows how turbulence effect has more influencehendrag. Finally, Figure 11 shows the efficiency,
which represents the combined effects of lift arabd

In all of these last three curves, when we compiaeeleft (experimental) plot against the right
(XFOIL computation) plot, we can see that the dasalie variations of the aerodynamics coefficients
between HDG and LM test are the same as the omeguted with XFOIL. Then the different values
at 6 million Reynolds can be explained with thdegtént wind conditions in each wind tunnel.

5. Conclusions

The comparison of the data obtained at 3 milliogrieéds number condition at the two different wind
tunnels shows a very good agreement. Only diffaaerare shown at stall conditions, which can be
explained by the 3D effects caused by the diffefacitities set-up.

The comparison between data at 6 million Reynoldsber shows more significant differences.
An analysis of these differences has been perfommédhe conclusion is that they are consisterit wit
the different Mach number and turbulence intensitypoth wind tunnels at this Reynolds number
condition.



References

[1]

[2]
[3]

[4]
[5]
[6]

Schepers G J et al 2016 Latest results from theBjgct AVATAR: Aerodynamic modelling
of 10 MW wind turbines. Science of Making Torquel0

Ewald B F R 1998 Wind Tunnel Wall Corrections. AGBRAG-336

Pires O et al 2016 Analysis of high Reynolds numladfects on a wind turbine airfoil using 2D
wind tunnel test data. Science of Making Torque&201

Glauert H 1928 The Effect of Compressibility on thét of an Aerofoil. Proc. Roy. Soc.
London. VOL. CXVIII, 1928, p. 113-119

Schewe G 2001 Reynolds-number effects in flow adauore-or-less bluff bodiek Wind Eng.
& Ind. Aerodyn. 89 1267-1289

Llorente E et al 2014 Wind Tunnel Tests of Wind Bioe Airfoils at High Reynolds Numbers
J. of Phys.: Conf. Series 524 (2014) 012012



