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Shifting to wind farm wide erosion predictions

1Example of leading-edge erosion
1Expected lifetime for the wind turbine coating system 

applied on the DTU 10MW wind turbine

Going from a site-specific expected incubation time, towards …



Shifting to wind farm wide erosion predictions
Going from a site-specific expected incubation time, towards farm-wide leading-edge erosion predictions. 

1Expected lifetime for the wind turbine coating system applied on the DTU 10MW wind turbine
Visualization of the Belgian-Dutch offshore cluster with a combined rated
capacity of 3.7 GW and the future Princess Elisabeth zone with a planned

rated capacity of 3.5 GW.



Aim

• To provide insights into leading-edge erosion across large, clustered, wind farms.

• To investigate the impact of wind turbine wakes on the incubation period of leading-
edge erosion in offshore environments.

• To equip operators with physics-based models for the planning and execution of 
maintenance and inspections for offshore wind turbines.



Overview of the methodology



Probabilistic model
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• 𝑈𝑈∞: freestream wind speed
• 𝜃𝜃∞: freestream wind direction
• 𝐼𝐼 ∶ rain intensity
• 𝜙𝜙 ∶ droplet size



Site conditions

Wind rose from ERA5 reanalysis data2

(1997-2022) at the specific site.
Marginal distribution of rain intensity

from ERA5 reanalysis data2.
Empirical cumulative density function (CDF)
of rain intensity from ERA5 reanalysis data2, 
Together with a fitted Gamma and Lognormal

CDF.



Site conditions

Joint distribution of rain intensity with respect to 
wind speed and wind direction from ERA5 reanalysis data2. 

Wind rose from ERA5 reanalysis data2

(1997-2022) at the specific site.



Site conditions

Best’s droplet size distribution3 

for different rain intensities.
Best’s median droplet size distribution3 

as function of rain intensity.



Wind farm model

Example of a wake calculation applied on the case 
study wind cluster using the TurbOPark model with 

Gaussian wake profile4. This calculation is performed 
for each wind speed and wind direction bin.

Joint distribution of blade tip speed in [m/s] for
wind speed bins of 0.25 m/s and wind direction bins of 3∘.
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Damage model
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• �𝑞𝑞: Number of rain droplets per unit volume

• 𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖: Impact velocity of the rain droplet [m/s]

• 𝛽𝛽𝑑𝑑: Impingement efficiency [-]

• 𝑆𝑆: Erosive strength of the material [MPa]

• 𝑝𝑝𝑤𝑤𝑤: Waterhammer pressure [MPa]

• 𝑉𝑉𝑟𝑟𝑡𝑡: Terminal velocity of the rain droplet [m/s]

• 𝑉𝑉𝑏𝑏𝑙𝑙𝑟𝑟𝑑𝑑𝑒𝑒: Wind turbine blade tip speed [m/s]

• Ω𝑟𝑟: Rotor speed [rad/s]

• 𝑟𝑟: Blade radius [m]

• �𝑃𝑃𝑟𝑟𝑎𝑎𝑟𝑟: Expected power from wake simulation [MW]

Springer5 model:



Damage model
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• �𝑞𝑞: Number of rain droplets per unit volume

• 𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖: Impact velocity of the rain droplet [m/s]

• 𝛽𝛽𝑑𝑑: Impingement efficiency [-]

• 𝑆𝑆: Erosive strength of the material [MPa]

• 𝑝𝑝𝑤𝑤𝑤: Waterhammer pressure [MPa]

• 𝜎𝜎𝑢𝑢: Ultimate tensile strength of material [MPa]

• 𝑚𝑚: Wohler’s slope [-]

• 𝑣𝑣: Poisson’s ratio of coating material [-]

• 𝜌𝜌𝑤𝑤 ,𝜌𝜌𝑠𝑠: Density of water and coating material 
[kg/m3]

• 𝑐𝑐𝑤𝑤 , 𝑐𝑐𝑠𝑠: Speed of sound of water and coating 
material [m/s]

Springer5 model:
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• 𝑆𝑆: Erosive strength of the material [MPa]

• 𝑝𝑝𝑤𝑤𝑤: Waterhammer pressure [MPa]

• Coating properties taken from Verma et al. (2021) [1]

Springer5 model:



Results

Joint distribution of blade tip speed in 
[m/s] for wind speed bins of 0.25 
m/s and wind direction bins of 3∘.

Centrally located

Peripherally located

Joint distribution of short-term 
damage in [hour-1] for wind speed 
bins of 0.25 m/s and wind direction 

bins of 3∘.

Joint distribution of equivalent 
damage in [hour-1] for wind speed 
bins of 0.25 m/s and wind direction 

bins of 3∘.



Results

• Coating lifetimes can be extended ranging from 
5% to 40% for densely packed wind farms.

• Turbines predominantly positioned upstream 
are found to have the shortest coating lifetime. 

• Coating lifetime increases can vary between 
different turbine manufacturers due to different 
rotor speed curves.



Conclusion

• The effect of rain-induced leading-edge erosion on wind turbine blades using a physic-
based framework is presented.

• Wind and rain statistics are derived from ERA5 data2. 

• Wake effect are modeled through the TurbOPark model with Gaussian wake profile4.

• Springer5 fatigue model is applied to calculate the short-term damage.

• Results show that coating lifetime variability across the wind farms can be as high as 35%.

• Turbines predominantly positioned upstream are found to have the shortest coating 
lifetime.
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