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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)
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LER Topographies
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Not exactly the position for the 3D print

Real LER on blades

LER-1 (mild erosion)

LER-2 (severe erosion)

Quantification of LER3D rendering of 
extracted LER

Suction side

Suction side

Suction side

FFA-W3-211

Zigzag-tape:
• 0.4 mm thick
• 12 mm wide
• 60 deg. angle
• 0.05x/c on the 

upper side
• 0.10x/c on the 

lower side

3D print for wind 
tunnel tests

DU91-W2-250

Sandpaper:
• 95 mm wide
• P400 

grainsize (35 
µm)

• P40 grainsize 
(425 µm)

Standard LER
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Aerofoils
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Method for applying the LER topographies:

- Exchangeable LE either in CIBATOOL or 
aluminium

- 3D printed shells (SLA)

- Smooth the joints

Aerofoil DU00-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
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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 
Tunnel at LM Wind Power, Denmark

Maximum flow speed: 105 
m/s (378 km/h)

Turbulence intensity: < 0.1%

Test section Height x Width: 
2x3 meters

Drag from the wake rake

Lift from wall pressures

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 
floor

Wake rake:
- 0.695m wide
- 96 total pressure tubes
- 2 static pressure tubes
- 2.620m downstream of the 

turntable centre
- Traversing horizontal and 

vertically

LM

PLCT

Infrared cameras

http://www.olct.dk/
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Results – Lift coefficient
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• General:
– lower maximum Cl
– the angle of attack for maximum Cl 

decreases
– Cl curve slope decreases

• 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

Increasing roughness

DU91-W2-250, Re 4.5 million

Typical operating range 
(maximum Cl – [0.3;0.7])
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Results – Drag coefficient
• P40 has the highest drag increase (applied 

on a larger arc length than the LER1 and 
LER2)
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Suction side

Pressure side

Clean configuration stagnation point 

ZZ-tape location:

+0.08 s/c

-0.12 s/c 

FFA-W3-211, Re 4.5 million

Typical operating range 
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Results – Drag coefficient
• P40 has the highest drag increase (applied 

on a larger arc length than the LER1 and 
LER2)

• ZZ-tape and P400 similar drag increase
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Suction side

Pressure side

Clean configuration stagnation point 

ZZ-tape location:

+0.08 s/c

-0.12 s/c 

FFA-W3-211, Re 4.5 million

Typical operating range 
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Results – Drag coefficient
• P40 has the highest drag increase (applied 

on a larger arc length than the LER1 and 
LER2)

• 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
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Suction side

Pressure side

Clean configuration stagnation point 

ZZ-tape location:

+0.08 s/c

-0.12 s/c 

FFA-W3-211, Re 4.5 million

Typical operating range 
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Results – Drag coefficient
• P40 has the highest drag increase (applied 

on a larger arc length than the LER1 and 
LER2)

• 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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Suction side

Pressure side

Clean configuration stagnation point 

ZZ-tape location:

+0.08 s/c

-0.12 s/c 

FFA-W3-211, Re 4.5 million

Typical operating range 
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Results – Drag coefficient
AoA = 0 deg.
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Suction side

Pressure side

Clean configuration stagnation point 

ZZ-tape location:

+0.08 s/c

-0.12 s/c 

FFA-W3-211, Re 4.5 million

Clean LER1

Flow

LETE

Straight transition line

LETE

Typical operating range 
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Results – Drag coefficient
AoA = 1 deg.

TORQUE 2026, Bruges, Belgium 123-5 June, 2026

Suction side

Pressure side

Clean configuration stagnation point 

ZZ-tape location:

+0.08 s/c

-0.12 s/c 

FFA-W3-211, Re 4.5 million

Clean LER1

Flow

LETE

Straight transition line

LETE

Turbulent wedges

Cyclic drag

Typical operating range 
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Results – Drag coefficient
AoA = 5 deg.

TORQUE 2026, Bruges, Belgium 133-5 June, 2026

Suction side

Pressure side

Clean configuration stagnation point 

ZZ-tape location:

+0.08 s/c

-0.12 s/c 

FFA-W3-211, Re 4.5 million

Clean LER1

Flow

LETE

Straight transition line

LETE

Transition on LE part

Typical operating range 
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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
• Chordwise step:
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Step at the edge
LE1 LE2 LE3 LE4
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Idealised LER – Parameter Study
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DU00-W-212, Re 5 million

• The tested cavities without roughness (LE3 
& LE4) has small effect on lift and drag. 
Chordwise step is relatively smooth

• Increasing roughness inside the cavity (LE1 
vs. LE2) decreases the aerodynamic 
performance, i.e. decreases maximum lift 
and increases drag.
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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 

• More details are found in the associated paper:
• Future work:

– Further analyses of the measurements, e.g.
from the boundary layer rake

– The data are gradually published on DTU Data
TORQUE 2026, Bruges, Belgium 163-5 June, 2026



DTU Wind WTD / RTSTORQUE 2026, Bruges, Belgium 173-5 June, 2026

Acknowledgement
• The study is partly funded by the EUDP LERCat project ref. no. 64021-2027 and by the 

AIRE project from the European Union under the grant agreement 101083716
• Christen Malte Markussen, Knud S. Nielsen and Nicki Jeppesen for the imprint making 

and the castings
• Jimmie Beckerlee, Sigurd B. Ildvedsen and Thies L. Aarup for performing the major part 

of the wind tunnel tests and making the preparations for them




	Aerofoil performance degradation due to realistic leading edge roughness
	Introduction
	LER Topographies
	Aerofoils
	Wind Tunnels
	Results – Lift coefficient
	Results – Drag coefficient
	Results – Drag coefficient
	Results – Drag coefficient
	Results – Drag coefficient
	Results – Drag coefficient
	Results – Drag coefficient
	Results – Drag coefficient
	Idealised LER – Parameter Study
	Idealised LER – Parameter Study
	Conclusions
	Acknowledgement
	Slide Number 18

