
Aerodynamic and Erosion Simulations

2-stage Eulerian-Lagrangian CFD (OpenFOAM version v2306 [4])

analysis:

1) Steady-state RANS (simpleFoam [5]) airfoil flow simulation:

Fully-turbulent SST k − ω (FFA-W3-211) or transitional

Langtry–Menter γ −Reθ model (OSO-30), fixed AoA-range

around optimal AoA

2) LPT simulation (spherical particles, 1-way coupling, gravity

and droplet deformation are neglected) with subsequent

erosion post-processing

Rain Droplet Injection Model

*calculated using the rain model of Marshall and Palmer [5]

The diameter distribution of injected particles was calculated as a 

function of droplet diameter and rain intensity [6].

Results

FFA-W3-211 (fully-turbulent case)

OSO-30 (transitional case)

Motivation

Rain-induced leading-edge erosion (LEE) is a growing problem for

wind turbines with increasing diameter and tip speeds. LEE

degrades aerodynamic performance and results in considerable

loss in Annual Energy Production (AEP) [1], and causing extra

maintenance and repair cost which increases the Levelized Cost

of Energy (LCOE). Besides preventative measures to avoid or

postpone erosion onset, this study shows that the airfoil design

can also play an essential role in reducing potential erosion. We

present a numerical airfoil optimization study with two primary

goals:

1) Maintaining high aerodynamic efficiency

2) Decreasing susceptibility to critical particle impacts related to
erosion onset

To this end, an evolutionary optimization framework was

developed in which the impact of rain particles on an airfoil is

simulated using Lagrangian Particle Tracking (LPT) over a range of

angles of attack (AoA). Aerodynamic forces and erosion-related

metrics calculated from the simulation results are combined into

a scalar objective function which guides an airfoil shape

optimizer. The method was used to optimize the FFA-W3-211 tip

airfoil with a fully-turbulent boundary layer and the new OSO-30

airfoil with a transitional boundary layer at a Reynolds number of

Re = 12 × 106.

Optimizer

▪ Particle Swarm Optimization (PSO) [3] algorithm

▪ Combined objective function formulated using a weighted 

geometric mean of the aerodynamic and the erosion-related 

objectives

▪ Added penalty function to encourage solutions which improve 

both objectives simultaneously

▪ Constraints (enforced through added penalty values): 

▪ Const. maximum airfoil thickness (± 1%)

    Additional for OSO-30:

▪ Fixed x/c location of max. thickness (± 1%)

▪ Max. thickness plateau (min. 85% over ±0.15 x/c of max. 

thickness position)
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𝑚p ∙ 𝑉impact,normal
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𝑑p ∙ Aimpact ∙ ∆𝑇
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𝒇𝐚𝐞𝐫𝐨 =
εmax,initial

𝜀max

with 𝜀max =
𝐶𝐿

𝐶𝐷 max

minimize 𝒇𝐜𝐨𝐦𝐛𝐢𝐧𝐞𝐝 = 𝑓aero
𝑤 ∙ 𝑓erosion

1−𝑤
+ Φ 𝑓aero, 𝑓erosion , 0 ≤ 𝑤 ≤ 1

Φ 𝑓aero, 𝑓erosion = max 0, 𝑓aero − 1 + max 0, 𝑓erosion − 1

withPenalty Function

Rain intensity Rh [mm h-1] 5

Liquid Water Content LWC [g m-3] 0.34374*

Droplet diameter range [mm] 0.1 – 5 

Injection Point 25 chord lengths upstream

Injection Direction parallel to flow

Injection Velocity const. 𝑉∞ (178ms-1)

Methodology

A Python framework was developed that combines  (1) the Class Shape Transformation (CST) [2] using eight geometric design 
variables for airfoil parametrization, with (2) an optimizer and (3) an Eulerian-Lagrangian CFD calculation module:

Conclusion

The developed optimization tool could improve two 

baseline airfoils at Re = 12 × 106 under the objective of 

increasing their erosion resistance while maintaining high 

aerodynamic efficiency:

▪ The FFA-W3-211 airfoil (optimized using the SST k − ω 

turbulence model) resulted in a sharper leading edge and 

higher nose curvature. The maximum local impact rate 

and integral impact rate were reduced, and the peak and 

post-stall aerodynamic efficiency were slightly increased.

▪ The OSO-30 airfoil (optimized using the Langtry-Menter 

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 

were reduced, and aerodynamic efficiency was 

significantly enhanced and shifted to slightly lower AoA.

➢ The study confirms the potential of a design-focused 

approach to erosion mitigation.
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