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Introduction

Design of airfoils that are robust in performance to leading-edge erosion damage
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Motivation
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[1] Meyer Forsting, A., Dicholkar, A., Sarensen, N. N. & Olsen, A. S. (2025). High-resolution 3D CFD simulations of wind turbine aerofoils with 3D scanned leading edge
roughness. In AIAA Aviation Forum and Ascend 2025 (p. 3174).
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[1] Meyer Forsting, A., Dicholkar, A., Sarensen, N. N. & Olsen, A. S. (2025). High-resolution 3D CFD simulations of wind turbine aerofoils with 3D scanned leading edge
roughness. In AIAA Aviation Forum and Ascend 2025 (p. 3174).
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Motivation
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(a) Limitations of 2D-CFD in capturing effects of leading edge damage!'!

[1] Meyer Forsting, A., Dicholkar, A., Sarensen, N. N. & Olsen, A. S. (2025). High-resolution 3D CFD simulations of wind turbine aerofoils with 3D scanned leading edge
roughness. In AIAA Aviation Forum and Ascend 2025 (p. 3174).
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Hypothesis

Design of leading edge erosion-resistant airfoils using CFD-based shape
optimization requires the inclusion of a surface roughness model in the CFD
workflow.

Technical University of Denmark
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Subjective design criteria

Clean Vs. eroded airfoils:

- Minimal reduction in stall angle

- Minimal loss in performance

- Max. lift-over-drag ratio neighborhood should overlap

- Flat neighborhood around max. lift-over-drag ratio

Technical University of Denmark
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Methodology

Roughness in design loop:
- Turbulent polar — Knopp Roughness model
- P40 sand paper — Eqv. Sand grain roughness = 1477 micron

- Simulate performance under severe damage
- Re = 12 million

- AoA = [2, 16] deg

Technical University of Denmark




=
—
—

i

Methodology

Objective function:
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== Results — 21% airfoil
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Vs. FFA-W3-211 airfoil
- L/D increase of 50 counts in clean conditions

- L/D increase of 16 counts in eroded conditions
(P40 roughness)

Vs. 0S0-21-WT2 airfoil
- similar L/D,

- offers a thicker trailing edge and a more rounded
performance peak

Technical University of Denmark
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Results from wind tunnel: DTU-AIRE-21
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= Results — 30% airfoil
e e ot
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Vs. FFA-W3-301 airfoil
- L/D increase of 28 counts in clean conditions

- L/D increase of 9 counts in eroded conditions
(P40 roughness)

Vs. 0S0-30-WT2 airfoil
- L/D increase of 37 counts in clean conditions

- L/D increase of 8 counts in eroded conditions
(P40 roughness)

Date Technical University of Denmark
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Questions to consider

- Do we need need to include “roughness” in the design loop?

- Can we use tripped flow as a proxy?

- Does it have to be the severe “P40” damage?
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Results

Mixing ratios comparison: Tripped Vs. P40
Solid line: Clean turbulent (ratio = 0) + Clean free transition (ratio = 1)
Dashed line: Rough turbulent (ratio = 0) + Clean free transition (ratio = 1)
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Results

Mixing ratios comparison: P120 vs P40
Solid line: Rough turbulent P120 (ratio = 0) + Clean free transition (ratio = 1)
Dashed line: Rough turbulent P40 (ratio = 0) + Clean free transition (ratio = 1)
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Conclusion

* DTU-AIRE-21 and DTU-AIRE-30 met design criteria:
- Minimal reduction in stall angle

- Minimal loss in performance

- Max. lift-over-drag ratio neighborhood should overlap

- Flat neighborhood around max. lift-over-drag ratio

Reduction in max. Cl in the rough-turbulent mixing (using P40 roughness) was
significantly larger than when using state-of-the-art clean-turbulent mixing.

Difficult to attain equivalent mixing ratio in which the clean-turbulent approach mimics the
rough-turbulent behavior

Performance scale predictably across different magnitudes of physical roughness i.e. P40
and P120.




=
—
—

i

Date

Technical University of Denmark

Appendix

Title



=
—
—

i

Results — 21% airfoil
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Results — 30% airfoil
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Methodology

Lower Bound Upper Bound

Category Name 21% 30% 21% 30%
Objective  —f - - - -
Variables CPps —-04 0.2
CPg 0.0 0.5
CPe 0.01 0.10
CPe 0.001 0.04
Constraints  fyax 0.21 0.30 -
t1(0 < x < 0.15¢) 0.85 - fiax -

t3(0.3¢ < x < 0.45¢) 0.85 - fmax -
14(0.45¢ <x < 0.8¢) 0.03 0.065 -
t:5(0.8c <x<0.9¢c) 0.015 0.027 -
t6(0.9¢ <x <0.99¢) 0.002 0.01 -
157(0.99¢ < x < ¢) 0.002  0.007 -

Xt 0.27 -

| Ay | - 0.03
max(Ymean) - - 0.045
O (Ymean,X < 0.15¢) - —5° - 10°
O (Ymean,X > 0.99c¢) - —20° - 10°
Xirss(12°) - 0.04 0.10
Kgs(x > 0.50c) -1.0 -

Kps (x < 0.15¢) -50 -15 -

Technical University of Denmark
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