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Phase 2: WP3 Objectives

This WP has five key overarching objectives:

1.

Improve the understanding of wind turbine performance in the context of erosion, especially the
effect of LEE surface roughness and leading edge protection (LEP) on aerodynamics.

Promote collaborative research to mitigate erosion by means of wind turbine control,
demonstrating the viability of erosion safe mode.

Improve the understanding of droplet impingement in the context of erosion.
Promote collaborative research on lifetime erosion modelling for decision making.
System integration and uncertainty of complete erosion modeling chain.

3.1 Updated erosion classification system with report 1-10
32 Aerodynamic benchmarking and simulations 3-18
33 AEP Loss and Reference Erosion Turbines Models 11-22
34 Development of methods for erosion safe-mode operation 23-40
35 Design of field experiment to assess accuracy of LEE performance loss models 19-28
3.6 Lifetime Erosion Modeling and O&M Decision Making 1-12
3.7 Improved droplet impingement model for use in fatigue analysis 15-24
38 System integration and uncertainty analysis 13-46
3
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WP3: Phase 2 Activities and Deliverables

3.1 Updated erosion classification system with report 1-10
3.2 Aerodynamic benchmarking and simulations 3-18
Group 1
Aero. 3.3 AEP Loss and Reference Erosion Turbines Models 11-22
Ref. Models . :
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WP3.2 Aerodynamic benchmarking and simulations D3.2
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WP3.5 Design of an experiment to assess the accuracy of LEE performance loss D3.5
WP3.6 Lifetime erosion modeling and O&M decision makingl | [ | D3.6
WP3.7 Improved droplet impingement model for use in fatigue analysis | D3.7
WP3.8 System integration and uncertainty analysis | | | | r | D38
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WP3: Updated Erosion Classification System

* An openly available scheme for categorising blade leading edge roughness/erosion related aerodynamic and DTU
noise performance losses
* Reference to a clean wind tunnel model. The initial blade surface is more similar to Category A.
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Presenter Notes
Presentation Notes
An openly available scheme for categorising blade leading edge roughness/erosion related aerodynamic and noise performance losses
Categorisation based on images 
Datasets used to develop the scheme: 
LERCat: 4 aerofoils Of varying thickness, 2 with reproductions of real erosion, one with idealised erosion 
Wind tunnel data by Gaudern et al. and Kruse et al. 
5 categories: A to E For each category Clmax, Cl. Cd, and noise ratios are given with respect to clean Ranges are provided for each category 
Scheme drafted and tested in WP3
Details will be provided as part of a technical report and a Wind Europe paper 



WP3: Phase 1 Aerodynamic Benchmark

* 2 wind tunnel measurement campaigns

* 9 airfoil analysis codes

* AEP loss analyses based on 5 MW turbine
*  Preparing for publication of results
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Comparison of measured data and computed results of the rough NACA63;-418 airfoil of
the Texas A&M experiment.
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WP3: Phase 1 Aerodynamic Benchmark
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Comparison of measured and computed aerodynamic performance difference of clean and rough
NACA63,-418 airfoil of the Texas A&M experiment at AoA 5 °: (a) lift coefficient percentage difference

ACI, (b) drag coefficient percentage difference ACd; (c) drag coefficient percentage difference A(CI/Cd). *

/

iea wind



Example: Aero. Classification Applied to the Phase 1 Benchmark
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Presenter Notes
Presentation Notes
The lift and drag results from the Phase 1 benchmark are at the top and the proposed aerodynamic classification system is on the bottom.


WP3: Phase 2 Aerodynamic Benchmark

Aero Benchmark Phase2 - LERCat (coordinated
by DTU)
Benchmark codes on simulating FFA-W3-211
(21%) with roughness and erosion

All cases are from LERCat and available online
Roughness is modelled, whereas erosion is
resolved

Participants: AIST, CENER, DTU, IWES, TNO,
Vestas, Lancaster University

9 Benchmark cases exhibiting leading edge erosiona

Eroded leading edge models from
DTU LERCat project.

Leading edge
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WP3: Phase 2 Aerodynamic Benchmark

FFA-W3-211 | Re = 6.0 x 10°
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Performance of the FFA-W3-211 at a Reynolds number of 6 million, when tripped at the LE (left) or with
P400 and P40 sandpaper covering the LE. Gray lines provide clean and tripped reference (DTU).

Results will be presented at Torque 2026
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WP3: Phase 2 Aerodynamic Benchmark
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Performance of the FFA-W3-211 with three different erosion profiles (mild, severe 1 and severe 2).
Dots indicate AoAs from 0° to 6 ° in 1 ° steps.

Gray lines are for reference from numerical predictions of clean and tripped (DTU). 3
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Results will be presented at Torque 2026 : y
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WP3: Sensitivity of erosion predictions to rain measurement method
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Life of coating protection at three sites based on different rain measurement type (same wind in all cases).
S. Shende et al., Comparative analysis of wind turbine leading edge 1 2
erosion using reanalysis and measured rain data
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WP3: Use of Vortex Generators to Alleviate severe LEE Power Losses
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VG-induced vortices (left); power variation curves with erosion and VGs (right) offshore.

T. Collin et al., Can vortex generators reduce power losses of
utility-scale wind turbines due to blade leading edge erosion? 1 3
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WP3: Upcoming Activities

AEP Loss benchmark kickoff: Offshore reference turbine (IEA 22 MW).
* Also onshore reference turbine models (3MW and ~6MW).

Modelling and benchmark on aerodynamic effects and loss due to several representative
LEP solutions. Investigate higher Reynolds numbers effects.

Development of methods for erosion safe-mode operation: reference turbine controller
demonstration.

Improved droplet impingement model for use in fatigue analysis: benchmarking models
with experiment lab data.

Design of an experiment to assess the accuracy of LEE performance loss models based
on field observations.

Lifetime Erosion Modeling and O&M Decision Making: aerodynamic and material model

deployment for decision making with uncertainty. P/
14 =S
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Phase 2: Summary of WP3 Activities

3.1 Updated erosion classification system with report, collaboration across work packages with recent participant results
3.2 Aerodynamic benchmarking and simulations, and reference models
— Aerodynamic benchmark on LERCat data
— Relate erosion categories to sandgrain roughness or other roughness parameterization. Modeling and benchmark on
aerodynamic effects and loss due to several representative LEP solutions.
3.3 AEP Loss and Reference Erosion Turbines Models
— Reference turbine models with range of roughness, erosion, and LEP
— Development and publication of simple AEP loss models for the reference turbines
3.4 Development of methods for erosion safe-mode operation: reference turbine model with a nominal ESM controller
3.5 Design of an experiment to assess the accuracy of LEE performance loss models based on field observations.
— Model uncertainty of field measurements and in comparison to model predictions
— Publication on what is needed to measure AEP loss (2%) in uncertainty (3%)
3.6 Improved droplet impingement model for use in fatigue analysis
3.7 Lifetime Erosion Modeling and O&M Decision Making
— Combines material erosion model with aerodynamic loss model to predict repair time and aerodynamic loss time history
over a turbine lifetime
3.8 System integration and uncertainty analysis
— Integrate modeling chain of complete erosion system, with sensitivity and uncertainty analysis

16
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AEP Loss Modeling from Phase 1 Report vs. Phase 1 Benchmark Example

* AEP loss in the example shown from the Phase 1 benchmark (slides 7-8) is likely higher than what would be
measurable in the field

Partly due to the baseline 'clean' condition in the wind tunnel or in aerodynamic models being idealized, not what is the
reference new or repaired conditions in the field. Also, LEP adds some loss relative to ‘clean” wind tunnel condition and can
get dirty or rough itself.

Also due to erosion damage being constant across the outer blade span rather than using a damage model.

The impact of the spanwise erosion damage model and the
subsequent impact on AEP loss was studied in the
on the IEA 22 MW offshore wind turbine, - Erosion Case 2,313
where applying uniform Cat 4 erosion along the blade tip 5 i -1.98
showed ~2% AEP loss while a more realistic distribution of 2 150 ; I I
& @
% B

AEP Loss vs. Erosion Case (8.5 m/s Umean)

EP Loss

1.19% -
erosion damage showed a ~1% AEP loss (‘Cat 4’ or ‘Cat 4 exp ot

o -0.897
; uJ ~1-00 . -0.60%
5.4%) -0.50% 0183 O:32% . I
0.00 | -
O > n ™

Results in graph are still relative to idealized 'clean’ & .
conditions. If the 'Cat 1' tip damage level case is = = - = e CANP &
representative of an in-field reference condition (0.18% & <8 F

AEP loss), then the Cat 4 relative AEP loss would be 0.7-

0.8% and Cat 3 would be 0.4 -0.5%.
This is something planned to investigate in more detail in future Figure 17. AEP loss for range of erosion cases, 8.5 m/s mean wind speed.

work (AEP loss benchmark and field experiment design). 1 7
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https://usercontent.one/wp/iea-wind.org/wp-content/uploads/2025/03/IEA_Wind_Task_46_WP3.1_AEP_Loss-1.pdf
https://usercontent.one/wp/iea-wind.org/wp-content/uploads/2025/03/IEA_Wind_Task_46_WP3.1_AEP_Loss-1.pdf

AEP Loss Modeling from Phase 1 Report vs. Phase 1 Benchmark Example

* The percent of the blade covered by the damage and the damage at each spanwise
station, for the Cat 4 case in the case in this report the damage covered the outer

30-35% span.

Airfoil Erosion Category

Figure 9. Impact of exponent in erosion damage model. a
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https://usercontent.one/wp/iea-wind.org/wp-content/uploads/2025/03/IEA_Wind_Task_46_WP3.1_AEP_Loss-1.pdf
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