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MOtlvatlon Methodology
Rain-induced leading-edge erosion (LEE) is a growing problem for A Python framework was developed that combines (1) the Class Shape Transformation (CST) [2] using eight geometric design
wind turbines with increasing diameter and tip speeds. LEE variables for airfoil parametrization, with (2) an optimizer and (3) an Eulerian-Lagrangian CFD calculation module:
degrades aerodynamic performance and results in considerable
loss in Annual Energy Production (AEP) [1], and causing extra Optimizer Aerodynamic and Erosion Simulations
maintenance and repair cost which increases the Levelized Cost
of Energy (LCOE). Besides preventative measures to avoid or " Particle Swarm Optimization (PSO) [3] algorithm 2-stage Eulerian-Lagrangian CFD (OpenFOAM version v2306 [4])
postpone erosion onset, this study shows that the airfoil design " Combined objective function formulated using a weighted analysis:
can also play an essential role in reducing potential erosion. We geometric mean of the aerodynamic and the erosion-related
present a numerical airfoil optimization study with two primary objectives 1) Steady-state RANS (simpleFoam [5]) airfoil flow simulation:
goals: = Added penalty function to encourage solutions which improve Fully-turbulent SST k - w (FFA-W3-211) or transitional
both objectives simultaneously Langtry—-Menter y —Re® model (0SO-30), fixed AoA-range
1) Maintaining high aerodynamic efficiency = Constraints (enforced through added penalty values): around optimal AoA
= Const. maximum airfoil thickness (£ 1%) 2) LPT simulation (spherical particles, 1-way coupling, gravity
2) Decreasing susceptibility to critical particle impacts related to Additional for 0SO-30: and droplet deformation are neglected) with subsequent

erosion onset = Fixed x/c location of max. thickness (+ 1%) erosion post-processing

= Max. thickness plateau (min. 85% over £0.15 x/c of max.

To this er?d, an evolujuonary optlmlzatlgn frameworI.< was thickness position) dx,, _
developed in which the impact of rain particles on an airfoil is dt P
simulated using Lagrangian Particle Tracking (LPT) over a range of mp@ — Y F;
angles of attack (AoA). Aerodynamic forces and erosion-related ER,. . dﬁlw
) . . , . ] — X __ €magx,initial t
metrics calculated from the simulation results are combined into ferasion ERpmax initial Jaero = —,_ Ipﬂ =T
a scalar objective function which guides an airfoil shape | M V2 et normal Mo , cL
. .. ) Wlth ER = pac- [kNm_ZS_l] Wlth gmax — (C_)
optimizer. The method was used to optimize the FFA-W3-211 tip dp - Aimpact * AT D/ max _ o
e Rain Droplet Injection Model
airfoil with a fully-turbulent boundary layer and the new OSO-30
airfoil with a transitional boundary layer at a Reynolds number of Rain intensity Ry, [mm h'] >
Re = 12 x 106. Liquid Water Content LWC [g m-3] 0.34374*
Q SN ‘ Droplet diameter range [mm] 0.1-5
666 (3 N Injection Point 25 chord lengths upstream
666 Injection Direction parallel to flow
O L (1w Injection Velocity const. Ve (178ms™V
C‘ minimize fcombined = faero ) ferosion + CI)(faero» ferosion)» O=w=1
*calculated using the rain model of Marshall and Palmer [5]
‘< with Penalty Function
D(Fooror farosion) = Max(0, frerg — 1) + max(0, farosion — 1) The d-lameter dIS’[rIbU.’[IOﬂ of in Jecteq partlclgs was calculated as a
function of droplet diameter and rain intensity [6].
Results
Original, parametrized and optimized shapes Lift-over-Drag vs. Angle of attack Distribution of impact force rates Conclusion
FFA-W3-211 (fully-turbulent case) T orgna o i Suction side The developed optimization tool could improve two
i -« - optimized : Prgs_su re side ) ) ) ) )
100 . ;% e baseline airfoils at Re = 12 x 10° under the objective of
75 - 051 $:§ Increasing their erosion resistance while maintaining high
- — ool _ s aerodynamic efficiency:
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S 2 o " The FFA-W3-211 airfoil (optimized using the SST k — w
2 oof - 5 bt | |
> S 04 o turbulence model) resulted in a sharper leading edge and
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01 ) IR higher nose curvature. The maximum local impact rate
“02- =251 021 _— and integral impact rate were reduced, and the peak and
00 02 s 0 o ) a8 \%“\ post-stall aerodynamic efficiency were slightly increased.
X/C Y [
e 5 i = The OSO-30 airfoil (optimized using the Langtry-Menter
0 e e O DA o I SRRl transitional turbulence model) resulted in a flattened
lower surface and a more bulbous upper airfoil surface.
The maximum local impact rate and integral impact rate
PR 1251 —e— origina l uction side . .
0S0-30 (transitional case) e 101 3 sy o were reduced, and aerodynamic efficiency was
,. '. ‘b: s original . o (Ao . c
100 - Al s significantly enhanced and shifted to slightly lower AoA.
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gt =~ ~ = optimized ) - 1% » The study confirms the potential of a design-focused
" 0 EE os- | approach to erosion mitigation.
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Angle of Attack chord distance [-] The simulations were partly performed at the HPC Cluster MOUSE, located at the

University of Oldenburg (Germany) funded by BMWK (grant no. 03EE3067A-B).

1 Ehrmann R S, Wilcox B, White E B and Maniaci D C 2017 Effect of surface roughness on wind turbine performance Tech. rep. Sandia National Lab. (SNL-NM),
Albuquerque, NM (United States)

2 Kulfan B M 2008 Universal parametric geometry representation method Journal of aircraft 45 142-158

3 Miranda A et al. 2021 Pyswarms: A python-based particle swarm optimization library accessed: 2025-08-02

4 Foundation T O 2023 OpenFOAM: The Open Source CFD Toolbox, Version 2306 The OpenFOAM Foundation

5 Marshall J S and Palmer W M K 1948 The distribution of raindrops with size Journal of the Atmospheric Sciences 5 165-166

6 Castorrini A, Venturini P and Bonfiglioli A 2022 Generation of surface maps of erosion resistance for wind turbine blades under rain flows Energies 15 5593

Contact

jan.te.kamp1@uni-oldenburg.de
hassan.kassem@iwes.fraunhoter.de




	Standardabschnitt
	Slide 1


