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Introduction

Present wind tunnel measurements on aerofoils with realistic
leading edge roughness (LER) topographies together with the
commonplace used methods, i.e. zigzag-tape and sandpaper

Motived by the LERCat project
Examples from previous work (not exhaustive)

Kruse et al. (2021)

Ehrmann, RS et al. (2017) Effect of Surface Roughness on Wind Turbine Performance, SAND2017-10669

Maniaci, DC et al. (2020) Uncertainty Quantification of Leading Edge Erosion Impacts on Wind Turbine Performance, J. Phys.: Conf. Ser. 1618 052082
Gaudern, N (2014) A practical study of the aerodynamic impact of wind turbine blade leading edge erosion, J. Phys.: Conf. Ser. 524 012031
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Figure 2. Stage 1 erosion.
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Figure 4. Stage 3 erosion.
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Figure 5. Stage 4 erosion.
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Figure 6. Stage 5 erosion.

Kruse EK et al. (2021) Wind tunnel experiments on a NACA 63,-418 airfoil with different types of leading edge roughness. Wind Energy. 2021;24(11):1263-1274.
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LER Topographies

3D rendering of 3D print for wind Quantification of LER Standard LER
eXtraCted LER tunnel teSts 08 07 -08 08 -04 -m”j:z_m:l ag a T Z. t
R - S D e igzag-tape:
Suction side " geag-ap ,
i o g 557 5o * 0.4 mm thick
ey e R, « 12 mm wide
ijr - v « 60 deg. angle
i Y
Real LER on blades L e T * 0.05x/c on the
. . Cn 0 e w0t 0 upper side
LER-1 (mild erosion) 0.10x/c on the
10 d - X
£ #é t"' o S e .
0 A~ = g - lower side
» 15O AN Sandpaper:
: e o * 95 mm wide
\%Ction % 36 —32 28 —24 20 —16 —12 ”.n':z 04 00 o COR ° P4OO
: grainsize (35
A S um)
~ : — « P40 grainsize
e . ,,,7,,,,/;'**‘""””’”//7 ;::W»W e wa/ "‘”\j’”\“\j\vﬂ’ (425 Hm)
Not exactly the position for the 3D print FEA-W3-211 DU91-W2-250 o i
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Aerofoils

DTU Wind
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Method for applying the LER topographies:

- Exchangeable LE either in CIBATOOL or
aluminium

- 3D printed shells (SLA)

- Smooth the joints

3-5 June, 2026

DTU Wind

Aerofoil DUOO0-W-212 | FFA-W3-211 |DU91-W2-250
Chord [m] 0.9 0.9 0.9
Max thickness [t/c] 0.21 0.21 0.25
TE Thickness [m] N/A 0.002 0.002
XLE split [x/c] 0.02 0.15 0.10
Coated for IR No Yes No
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Wind Tunnels

The wind tunnel tests are performed in the Poul la Cour Tunnel (www.plct.dk)

at DTU Wind and Energy Systems, Denmark and the Low Speed Wind Nt characteristics:

Tunnel at LM Wind Power, Denmark \ . Width .35 m
Height 2.70 m
Length: 7 m

« Two turn tables
+ Chord: Up to 0.9m

P LCT + 360 deg operation

MaX|mum ﬂOW Speed 105 Lift from wall pressures {: Lll"\‘- “ - : « Max Wind Spe'Qd: 105 I'I"I/S
m/s (378 km/h) ' ‘ Reynolds: Up to 6 million

Turbulence intensity: < 0.1% « T:<0.1%

Test section Height x Width:
2x3 meters

Wake rake:

- 0.695m wide

- 96 total pressure tubes
- 2 static pressure tubes

- 2.620m downstream of the
turntable centre

- Traversing horizontal and
verticall

Wall pressures:

Two rows spanning +/-2.850m from
turntable centre

Upper 16 orifices on each side, 1.267m from the
floor

| Lower 48 orifices on each side, 0.727m from the
Drag from the wake rake 3 floor

3-5 June, 2026 DTU Wind TORQUE 2026, Bruges, Belgium WTD /RTS 5
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« General: == Clean Increasing roughness
e 7
— lower maximum Cl 151 = Paoo
— the angle of attack for maximum ClI = PAO
1.0 4 =—@¢ LER1
decreases — LER2
— Cl curve slope decreases | LER1 filled

« Highest degradation with P40

» Lowest degradation with zigzag-tape
and LER1 filled

* LER1 and P400 similar

» Results similar for FFA-W3-211
however the curves remains more linear
with roughness and the differences are | |

smaller on the linear part -20  -15 -10 -5 0 5 10 15 20
AoA [deg]

G [-]

Typical operating range
(maximum CI —-[0.3;0.7])
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Results — Drag coefficient ..

0.020 A

» P40 has the highest drag increase (applied 3
on a larger arc length than the LER1 and
LER?2) 00101

0.005 A

0.015 A

Typical operating range
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-4
3
¥ o004 N
== Clean, Re=4.5E6
—0.04 9 _ _ LER1 upper
I — . LERL lower | e e ¢ e ¢ 3 e ¢
—0.06 7" —— LER2 upper
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~0.08 1 —=  P400/P40 upper Pressure side
==+ P400/P40 lower
-0.10 . , | | | | |
—20  -15 -10 -5 0 5 10 15 20
AoAyc [deg.]

Clean configuration stagnation point
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FFA-W3-211, Re 4.5 million

Results — Drag coefficient ... e
» P40 has the highest drag increase (applied 3 |
on a larger arc length than the LER1 and o
LER?2) o0n0]
« /Z-tape and P400 similar drag increase 0005 Typical operating
0.000 T T T T T T T !
AOA [deg]

0.06 -

Suction side

0.04 4
L e e W s S P —— —
T 000 e ————— 4+
=2
g
ul? LR e S S - - S S A ——
== Clean, Re=4.5E6
—0.04 9 _ _ LER1 upper
[ = LERL lower R R PR S —
—0.06 7" —— LER2 upper
-« LER2 lower .
~0.08 1 —=  P400/P40 upper Pressure side
==+ P400/P40 lower
-0.10 T T T T T T .
—20 -15 -10 -5 0 5 10 15 20
AoAyc [deg.]

Clean configuration stagnation point

DTU Wind

range

ZZ-tape location:
+0.08 s/c
-0.12 s/c
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Results — Drag coefficient

» P40 has the highest drag increase (applied
on a larger arc length than the LER1 and
LER?2)

« ZZ-tape and P400 similar drag increase

 For the realistic roughness, the drag increase
depends on the location of the stagnation
point relative to the roughness topography:

— Mild roughness (LER1): drag similar to
clean case when stagnation point is on the
roughness topography

Cal-]

SstaglC [-]

FFA-W3-211, Re 4.5 million

DTU Wind

0.035
== Clean
= /7
00309 == P400
== P40
0.025 | — LER1
—¢ LER2
0.020 |
0.015 |
0.010 |
0.005 - ' - :
1 Typical operating range
0.000 : 1 A . . . !
-20  -15 -10 -5 0 5 10 15 20
A0A [(!eg]
0.08 | |
006 I Suction side |
I e U A Y O e O | ZZ-tape location:
. +0.08 s/c
002 4 oY== ---r---—o----£-=-=57 -0.12s/c
3310 O A A R VS S S D —
002Ny
== Clean, Re=4.5E6
—0.04 9 _ _ LER1 upper
[ — . LERL lower e
—0.06 7" —— LER2 upper
-« LER2 lower .
~0.08 1 —=  P400/P40 upper Pressure side
==+ P400/P40 lower
-0.10 T T T T T T .
20 -15 -10 -5 0 5 10 15 20
AoAyc [deg.]

Clean configuration stagnation point
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Results — Drag coefficient

» P40 has the highest drag increase (applied
on a larger arc length than the LER1 and
LER?2)

« ZZ-tape and P400 similar drag increase

 For the realistic roughness the drag increase
depends on the location of the stagnation
point relative to the roughness topography:

— Mild roughness (LER1): drag similar to
clean case when stagnation point is on the
roughness topography

— Severe roughness (LER2): “W” shape in
drag when the stagnation point is on the
roughness topography for the FFA-W3-211
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FFA-W3-2
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Pressure side
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DTU Wind

i
Typical operating range

ZZ-tape location:
+0.08 s/c
-0.12 s/c
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FFA-W3-211, Re 4.5 million DTU Wind
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Results — Drag coefficient ..
Cyclic drag

AoA = 1 deg.

Straight transition line

3-5 June, 2026 DTU Wind

Turbulent wedges

FFA-W3-211, Re 4.5 million

DTU Wind
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Idealised LER — Parameter Study

« Parameter study on spanwise edge shape and roughness inside cavity

* Roughness: Superposition of random gaussian valleys with control on height and width
parameters cos e ™

L] ChordWise Step: M h=0, dh/ds=0

w

Step at the edge
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Idealised LER — Parameter Study
DU00-W-212, Re 5 million
» The tested cavities without roughness (LE3 L5 0.030 ‘l
& LE4) has small effect on lift and drag. J
Chordwise step is relatively smooth 0025, ,
. . . . 1.0
* Increasing roughness inside the cavity (LE1
vs. LE2) decreases the aerodynamic 0,020 /
performance’ Ie decreases maXImum “ft —— DLE_Clean-DLE-DamvigPrint, clean, Re=5.0E+06
and increases drag. vl el 8
—— DLE_LERCat-LE2, clean, Re=5.0E+06 5 00151
—— DLE_LERCat-LE3, clean, Re=5.0E+06
—— DLE_LERCat-LE4, clean, Re=5.0E+06
0.0101
-0.5
0.005 1
w w ' w w 0.000 w i w ;
=20 -10 0 10 20 -10 =5 0 5 10
AoA [Deg.] AoA [Deqg.]
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Conclusions

* The measurements show:

— The drag for the realistic LER topographies exhibits a larger spanwise variation at some AoAs
compared to the standard methods that have only negligible spanwise variations

— The increase in drag depend on the chordwise location of the LER, i.e. at some AoAs the effect on
drag is negligible for the mild LER topography (LER1)

— For the typical operating range of the aerofoils the effect from the applied zigzag-tape, P400
sandpaper and the mild LER topography (LER1) is similar, hence zigzag-tape and P400 can be
used to model mild LER

— P40 is affecting the aerodynamic performance the most (it is also applied on a larger chordwise
extend than the realistic LER topographies), hence it can be considered to provide a conservative
loss estimate

— The effect on lift from the zigzag-tape is less severe than the other cases as the zigzag-tape is not
affecting the flow around the LE of the aerofoil

PAPER - OPEN ACCESS

* More details are found in the associated paper: Aerofoil performance degradation due to realistic leading
» Future work: edge roughness
AS Olsen, AM Forsting, A Fischer, A Munoz, R Hansen, J Madsen and C Bak
- Further ana|ySGS Of the measurementS, eg Published under licence by IOP Publishing Ltd

Journal of Physics: Conference Series, Volume 3224, Aerodynamics, aeroelasticity, and aeroacoustics

from the boundary Iayer rake Citation AS Olsen et al 2026 J. Phys.: Conf. Ser. 3224 042050
— The data are gradually published on DTU Data | Po! o.108/1742-6596/322¢/4/042050
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