
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: May 23, 2023

A spectral model generalising the surface perturbations from leading edge erosion and
its application in CFD

Meyer Forsting, A.R.; Olsen, A.S.; Gaunaa, M.; Bak, C.; Sørensen, N.N.; Madsen, J.; Hansen, R.; Veraart,
M.

Published in:
Turbine Technology; Artificial Intelligence, Control and Monitoring

Link to article, DOI:
10.1088/1742-6596/2265/3/032036

Publication date:
2022

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Meyer Forsting, A. R., Olsen, A. S., Gaunaa, M., Bak, C., Sørensen, N. N., Madsen, J., Hansen, R., & Veraart,
M. (2022). A spectral model generalising the surface perturbations from leading edge erosion and its application
in CFD. In Turbine Technology; Artificial Intelligence, Control and Monitoring [032036] IOP Publishing. Journal of
Physics: Conference Series Vol. 2265 No. 3 https://doi.org/10.1088/1742-6596/2265/3/032036

https://doi.org/10.1088/1742-6596/2265/3/032036
https://orbit.dtu.dk/en/publications/bc4ec64e-9145-4a12-829d-d2bf49f81a31
https://doi.org/10.1088/1742-6596/2265/3/032036


Journal of Physics: Conference Series

PAPER • OPEN ACCESS

A spectral model generalising the surface
perturbations from leading edge erosion and its
application in CFD
To cite this article: AR Meyer Forsting et al 2022 J. Phys.: Conf. Ser. 2265 032036

 

View the article online for updates and enhancements.

You may also like
Light extraction efficiency and internal
quantum efficiency of fully UVC-
transparent AlGaN based LEDs
Martin Guttmann, Anna Susilo, Luca
Sulmoni et al.

-

Enhanced light extraction efficiency of UV
LEDs by encapsulation with UV-
transparent silicone resin
Shaojun Wu, Martin Guttmann, Neysha
Lobo-Ploch et al.

-

A systematic study of light extraction
efficiency enhancement depended on
sapphire flipside surface patterning by
femtosecond laser
E Jelmakas, A Kadys, T Malinauskas et al.

-

This content was downloaded from IP address 192.38.90.17 on 09/06/2022 at 12:25

https://doi.org/10.1088/1742-6596/2265/3/032036
/article/10.1088/1361-6463/ac021a
/article/10.1088/1361-6463/ac021a
/article/10.1088/1361-6463/ac021a
/article/10.1088/1361-6641/ac6823
/article/10.1088/1361-6641/ac6823
/article/10.1088/1361-6641/ac6823
/article/10.1088/0022-3727/48/28/285104
/article/10.1088/0022-3727/48/28/285104
/article/10.1088/0022-3727/48/28/285104
/article/10.1088/0022-3727/48/28/285104
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsu8hgzLpO2NLEocFg5IPuZmmdRz96Ds-aStZLWJkLuaJIbHFv079j5q7eSoiLbCM7b7Uj8yQkFfJdpStS_-KaHDVSn57sfKjukNdJEqeNhKxRdsXaI6swpJVJQ_szt2EocHfxhCShwZArYhcpeE5kI_G_8QRfft5JdRWcvH32KTDpITyq7x7sTIUpmQKzh8jbZxpsTZ3oKCkFY29ZjYTtnurj0RVrJUd-hDqp1dWHW62kP2_oPUsWl5fwf6Gk1fOurbUjsmmYdxAnrqeSHMuyhEF1bkaB0n9Q8&sig=Cg0ArKJSzKa11_iYcHC0&fbs_aeid=[gw_fbsaeid]&adurl=https://www.electrochem.org/individual-membership%3Futm_source%3DIOP%26utm_medium%3D1640x440%26utm_campaign%3D2022Membership%23community


Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd

The Science of Making Torque from Wind (TORQUE 2022)
Journal of Physics: Conference Series 2265 (2022) 032036

IOP Publishing
doi:10.1088/1742-6596/2265/3/032036

1

A spectral model generalising the surface

perturbations from leading edge erosion and its

application in CFD

AR Meyer Forsting1, AS Olsen1, M Gaunaa1, C Bak1, NN Sørensen1,
J Madsen2, R Hansen2, M Veraart
1 DTU Wind Energy, Technical University of Denmark, Roskilde, Denmark
2 Aero Group, LM Wind Power, Lunderskov, Denmark

E-mail: alrf@dtu.dk, sols@dtu.dk

Abstract. Blade leading edge erosion (LEE) is a major cost driver in the wind energy sector.
LEE is caused by the environmental conditions under which the blades operate. The impact
energy of the airborne particles striking the leading edge determines the speed of erosion, thus
LEE severity grows towards the blade tip and with a turbine’s tip speed. Currently there
is no established method for assessing the aerodynamic impact of LEE, either numerically or
experimentally caused by a lack of erosion topological data and its stochastic nature. Whilst
previous studies investigated specific realisations of real-world erosion—modelling roughness,
gouges, pinholes etc.—we propose a novel, reproducible representation of erosion, based on
the superposition of waves with different frequencies and directions of propagation. Using
lidar surface scans of a LE exposed to a rain erosion test, we demonstrate the possibility of
representing surface perturbations from erosion by a simple spectrum, thereby allowing the
mathematical representation of eroded surfaces. Furthermore, we demonstrate how the spectral
model simplifies the analysis of LEE-affected aerofoils in CFD. Our study thus encompasses the
workflow from rain erosion test → surface scan → spectral perturbation model → numerical
erosion generation → 2D CFD → performance loss statistics.

1. Introduction
Blade leading edge erosion (LEE) is a major cost driver in the wind energy sector. It perturbs
the aerodynamically optimised blade shape and thus negatively impacts its aerodynamic and
acoustic performance. Especially over the last decade this issue has moved to the top of the
agenda, as even modern wind turbine designs have suffered strong LEE after only 2-3 years of
operation with noticeable effects on power production and costs. In Denmark‘s Anholt wind
farm for instance all 111 turbines were dismantled and repaired due to severe LEE after only 5
years of operation [1]. LEE is caused by the environmental conditions under which the blades
operate. The impact energy of the airborne particles (sand, rain, hail, ice, sea spray etc.) striking
the leading edge determines the speed of erosion, thus LEE severity grows towards the blade
tip and with a turbine’s tip speed [2]. As the latter is continuously growing in-line with the
size of turbine rotors, LEE is set to remain a major performance risk over the coming years [3].
However, currently there is no established method for assessing the aerodynamic impact of LEE,
either numerically or experimentally, which would serve as a basis for determining this risk—also
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because there is a lack of high-resolution topological data of real-world erosion, which would allow
its digital representation. Unfortunately the stochastic nature of the erosion process furthermore
requires an extensive amount of samples to conclude on the general topological characteristics
of erosion.

Whilst previous studies [4, 5] have investigated specific realisations of real-world erosion—
modelling roughness, gouges, pinholes and delamination—we propose a novel, reproducible
representation of erosion, based on the superposition of waves with different frequencies and
directions of propagation. In section 2 we present the analysis of surface scans from a specimen
exposed to a rain erosion test and show how the surface perturbations of different erosion
severities can be generalised by a single, simple spectrum. We describe how to simulate eroded
surfaces in section 3 and show how they can be used in CFD simulations in section 4 to assess
the performance loss caused by erosion.

2. Spectral surface perturbation model from rain erosion specimen
2.1. General model
Veraart [6] collected lidar surface scans of the leading edge during a rain erosion test of an
aerofoil and applied similar perturbations to wind tunnel models to investigate the aerodynamic
impact from LEE. Line profiles of the surface perturbations taken along the spanwise direction
of the scans serve as basis for the formulation of the model. The spectral content of those profiles
revealed the possibility to generalise the surface perturbations from different stages of erosion
by a simple spectrum taking the form:

S(ω) = Aσ2
0λ0

√
ωλ0 exp(−Bωλ0) (1)

where ω = 2π/λ is the angular frequency based on wave length λ, λ0 is the zero up-crossing
wave length and σ0 is the standard deviation. Both parameters need to be determined for each
phase of erosion, A and B are global constants, which are estimated in the following section.
Note that the waves are assumed to oscillate around a mean erosion level, µ0, which is also
erosion level dependent.

2.2. Spectrum parameters
The parameters included in the spectrum in equation 1 are estimated from the surface scans
reported by Veraart [6]. The two most severe roughness levels are used (phase 2 and phase 3 in
the notation of [6]), see figure 1.

(a) Level 2
(b) Level 3

Figure 1: 3D scans of the leading edge of a rain erosion test specimen at two levels of severity
[6].
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Figure 2: Coordinate system definition with z pointing out-of-plane, along the blade span. The
arc length is either defined from the LE as s′ or relative to the erosion centre as s. The erosion
is symmetric about the centre sc with maximum extent smax.

The two specimens are scanned in a Cartesian (x, y, z)-coordinate system, where z is along
the span, x is in the chordwise direction and y completes a right hand coordinate system, as
shown in figure 2. The scans are made with the same (y, z)-grid, so x becomes a measure of the
LE roughness. In order to get the actual roughness it is necessary to find the normal distance
from the reference profile to every grid point on the eroded surface. The resolution in the y
direction on the eroded part varies from ∆y = 0.20mm to ∆y = 0.26mm and in the z direction
the resolution is constant with ∆z = 0.22mm. The total span of the rain erosion tester (RET)
specimen is 203.7mm.

The A and B parameters in the spectrum are based on five spanwise erosion profiles (constant
y or s′) from each erosion level (10 in total). The profiles are extracted for y ≥ 0 with constant
spacing (7) in the y grid points, thereby the profiles include the chordwise variation in the
erosion within each overall level. The ∆y varies from 1.84mm at the LE to 1.68mm furthest
downstream. Examples of spanwise erosion profiles at different chord locations from the level 3
erosion specimen are seen in figure 3.

As the erosion profiles are from a RET with a rotating arm, there could be a variation of
the erosion parameters, e.g. mean value and standard deviation, along the arm. Looking at the
moving mean along the span it is seen to oscillate slightly, however there is not a constantly
changing trend towards the root of the arm, see figure 4. Hence, it is assumed that the mean
value is constant along the span. The same applies to the standard deviation. Therefore, only
a single value for the mean and the standard deviation for each spanwise erosion profile is used
when estimating the A and B parameters.

The power spectrum, S(ω), for each of the 10 erosion profiles is estimated from the following
definition of the spectrum, with the amplitudes (ai) determined from a FFT of the erosion
profile:

ai =
√
2S(ω)∆ω (2)

Examples of the power spectrum for the three erosion profiles from figure 3 are presented in
figure 5. The corresponding normalised spectra are shown on the right, demonstrating that the
spectra collapse to the same levels once normalised according to the proposed spectrum given
in equation 1.
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Figure 3: Spanwise erosion profiles from
the level 3 erosion specimen at three chord
positions. smax = 8.708mm
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Figure 4: Spanwise mean value and the moving
mean based on 102 samples (= 211/20) for the
three erosion profiles in figure 3.

In order to find the A and B parameters, the 10 normalised power spectra are sorted into
34 bins spanning the normalised wave frequency range from 0 to 16. These binned spectra
are further averaged to give a single spectrum, which is then used to estimate the A and B
parameters in the generalised erosion spectrum (equation 1). Figure 6 shows the binned spectra
together with the generalised spectrum. Table 1 shows the variation in A and B for all 10 erosion
profiles and for the averaged spectrum. Generally, the variations are small and are resulting in
negligible differences in the estimated erosion profiles.

Table 1: Global surface spectrum constants A, B (equation 2) derived from the averaged
spectrum of 10 spanwise erosion profile spectra and their profile-dependant variation.

A [rad−3/2] A range [rad−3/2] B [rad−1] B range [rad−1]

0.175 [0.149, 0.177] 0.290 [0.248, 0.292]

2.3. Chordwise variation of spectrum parameters
When making a 3D erosion surface the chordwise variation of the three statistical parameters
(µ0, σ0 and λ0) describing the erosion is needed. Again this information is estimated from the
same 3D scans [6] used in the previous section. A total of 87 spanwise roughness profiles are
extracted at different chord locations (constant y or s′) and spectra fitted to each of them to
obtain their statistical parameters.

Whereas figure 7 demonstrates that the chordwise variation for λ0 is nearly constant with the
arc length from the LE s′, the evolution of µ0 and σ0 shows a clear dependency, see figure 8a).
As expected µ0 is seen to decrease from the highest value close to the LE to 0 moving towards
the trailing edge. The variation for σ0 is similar and thus omitted. The chordwise variation is
nearly symmetric, yet the centre of symmetry is slightly shifted with respect to the LE. This
is not unexpected as the centre of erosion is more likely to coincide with the stagnation point
than the LE, corresponding to the region absorbing the largest kinetic energy [6]. Denoting
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Figure 5: Power spectra for the three roughness profiles in figure 3. Based on a FFT with
211 = 2048 frequencies and a ∆ω = 0.0308 rad/mm. Left with units and right normalised.

the location of the erosion centre as sc, shifting the arc length (s = s′ − sc) and normalising
by the values at this location, the distributions for different severity levels collapse as shown in
figure 8b). Here the shift is relatively small with sc = −1.32mm, but could differ from the LE
significantly for lift producing aerofoils.

The variation of µ0 and σ0 resemble a Super-Gaussian distribution:

f{µ,σ}(s̃) = exp

−

(
s̃2

2ξ2{µ,σ}

)P{µ,σ}
 (3)

with s̃ = s/smax. The ξ and P parameters are fitted to the normalised distributions of µ0 and
σ0 around the chordwise erosion centre as in figure 8b). Table 2 presents the fit constants and
the erosion level dependant spectrum parameters.

Table 2: Erosion level dependant spectrum constants plus Super-Gaussian fit parameters
(equation 3). As λ0 is not dependant on chordwise position, the mean is given instead. All
dimensions in mm, if applicable.

Level 2 Level 3
smax sc/smax ⟨λ0⟩s σ0(sc) µ0(sc) ⟨λ0⟩s σ0(sc) µ0(sc) ξµ Pµ ξσ Pσ

8.708 −0.152 1.322 0.084 0.304 1.480 0.170 0.537 0.402 1.536 0.397 1.408

3. Numerical generation of 2D erosion patches
3.1. Methodology
This section describes the method for translating the wave energy spectrum (equation 1)
describing LEE into two-dimensional wave patterns/erosion patches. Following the approach
of simulating irregular sea waves [7] as a superposition of regular waves of different frequency,
phase and amplitude, the plane normal surface perturbations due to erosion are given by:
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Figure 8: Chordwise variation of the mean erosion depth µ0 for the two roughness levels.

n′(z, s) =

Nω∑
i

Nθ∑
j

√
2S(ωi)|s=0fθ(θj)∆ωi∆θj sin(ωi [z cos(θj) + s sin(θj)] + ϕi,j) (4)

where Nω and Nθ describe the number of frequency and directional bins, respectively, with bin
widths ∆ω, ∆θ and random phase shifts ϕ, uniformly distributed over 0 ≤ ϕ ≤ 2π. Frequencies
are discretised between 0 ≤ ω ≤ Nω∆ω and directions over −π/2 ≤ θ ≤ π/2.

The plane spatial coordinates are z, s with z aligned with the spanwise direction and s
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perpendicular, fθ(θ) is the directional weighting given by:

fθ(θ) =

{
2
π cos(θ) −π/2 ≤ θ ≤ π/2

0 elsewhere
(5)

with direction θ = 0◦ pointing along z/spanwise.
As detailed in section 2 the mean and standard deviation of roughness diminishes moving

downstream along the aerofoils’ surface and is approximated by equation 3. The reduction
is assumed symmetric about s = 0. Superimposing waves following equation 4 gives the
fluctuation around the mean with spatially constant standard deviation σ0. To impose the
observed chordwise variation of the standard deviation, the fluctuations are scaled by the ratio
σ0(s)/σ0(0) given by equation 3. As the roughness oscillates around a mean erosion depth, it
can simply be added to the fluctuations to give the total surface perturbation:

n(z, s) = n′(z, s)fσ(s) + µ0|s=0fµ(s) (6)

To attach the roughness smoothly to the clean aerofoil leading edge, the roughness vanishes
smoothly towards smax following a hyperbolic tangent activation function ñ(z, s) = n(z, s)g(s)
and ñ(z,±smax) = 0 is enforced.

The method detailed above was implemented within the openly available Parametric
Geometry Library (PGL) [8] inside the function ocean_erosion(), which should be consulted
for any implementational details.

3.2. Simulation and Verification

Table 3: Rain erosion specimen analyses and roughness simulation parameters. L• refers to the
specimen’s extend in the respective direction.

Lz [mm] Ls [mm] Nω Nθ ∆ω [rad/mm] ∆θ [rad] ∆ [mm]

203.7 19.5 281 41 2π/Lz π/Nθ
1
2

2π
Nω∆ω

To verify the numerical implementation, 2D erosion patches (level 3 LEE severity, see figure
1) are simulated with increasing levels of complexity and their statistics compared to their
respective target value. The simulation parameters are given in table 3 and, if applicable, are
identical to those used throughout the measurement analyses to ensure the modelled surfaces
mimic the observations (note that smax is Ls/2 and greater than in section 2 to allow the erosion
to smoothly vanish). The spatial discretisation, ∆, is directly linked to the frequency step and
is half the minimum wave length to be simulated, ensuring the proper spatial resolution up to
the highest frequency. Frequency, directional and spatial discretisation is uniform.

Figure 9 visualises the different stages in generating the final erosion patch. It presents
contours of erosion depth n(z, s) for square extracts from simulations with unidirectional waves
(left), multidirectional waves (centre) and with σ, µ scaling and smoothing towards smax (right).

For each of the three patches S(ω), µ(s), σ(s) and λ(s) are computed, as in the measurement
analyses in section 2. Ideally the input spectrum given in equation 1 and the corresponding
statistical parameters would be retrieved. Figure 10 demonstrates that this is very much the
case. The fluctuations for the multidirectional simulation (2D) are a consequence of the limited
sample length and numerical noise from the cartesian spatial discretisation. This also required

https://gitlab.windenergy.dtu.dk/frza/PGL
https://gitlab.windenergy.dtu.dk/frza/PGL
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Figure 9: Stages of erosion patch generation. Contours of erosion depth n(z, s) for square
extracts from simulations with unidirectional waves (left), multidirectional waves (centre) and
with σ, µ scaling and smoothing towards smax (right).

binning the spectrum, which was not necessary for the unidirectional results. The scaling is
also working as expected and allows a smooth transition into the clean aerofoil. As there is
no guarantee for the perturbations to not become negative (i.e. protruding outwards from the
aerofoil surface) n is enforced to remain greater zero. However this constraint is nearly never
active (< 0.7%).
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4. 2D aerofoil CFD with spectral erosion
Even though—as figures 1 and 9 clearly demonstrate—erosion is highly three-dimensional, 2D
CFD might serve as a relatively cheap tool for assessing the impact of erosion on aerofoil
performance. Yet only a single chordwise profile (constant z) of erosion can be simulated at a
time in 2D CFD; thus to incorporate the spanwise variation in erosion, multiple profiles should
be simulated. Additionally, the stochastic nature of the modelled erosion pattern depends on
the particular random seed selected and thus should also be varied.

To showcase the potential performance impact from rain erosion and its evaluation with 2D
CFD, erosion was applied to the NACA 63-418 over the leading edge in the region x/c < 2.4%, as
observed on turbines in the field [5]. Level 3 erosion patches were simulated with three different
random seeds (0,1,2) with the same parameters as detailed in section 3, except for Ly which
increased to 81.8mm. Per patch 50 profiles were randomly selected (out of 1125 with same
seed as the patch) and applied to the leading edge. Six of those are visualised in figure 11a).
The aerofoil surface grid incorporating the erosion profile was generated using the Parametric
Geometry Library (PGL).

(a) LE with 6 erosion profiles.
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(b) Lift versus drag.
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Figure 11: 2D CFD simulations of the NACA 63-418 with level 3 spectral erosion. Performance
loss reported with respect to the clean aerofoil with natural transition. 450 CFD simulations of
eroded profiles, 150 per angle-of-attack.

The CFD simulations were performed with DTU Wind Energy’s 2D steady-state,
incompressible flow solver EllipSys2D [9] using a structured O-mesh. The angle-of-attack is
varied by rotating the inflow vector and the boundary layer flow is modelled with and without
transition. The k − ω SST turbulence closure by Menter et al. [10] is applied in combination
with the viscous sublayer SST shield by Hellsten and Laine [11] and coupled to the eN stability
model [12, 13] for the clean transitional case. The free-stream turbulence intensity (TI) at the
aerofoil is 0.1%, as in DTU’s Pour La Cour wind tunnel. The 2D computational grid definition
follows DTU Wind Energy’s best practice. The domain is meshed following an O-topology with
a radius of 45c - with chord length c - and the aerofoil at its centre. The in- and outflow
boundary conditions are applied dynamically depending on the angle-of-attack. The cell size
normal to the wall grows by a hyperbolic tangent and the mesh is refined in the wake of the
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aerofoil to improve the drag computation. Accurate predictions of lift and drag strongly depend
on resolving the boundary layer sufficiently, which is controlled by the first cell height at the
aerofoil surface. Therefore it is set to 1× 10−7c, which keeps y+ at the first grid cell centre well
below 0.2 at all angles-of-attack, even at the suction peak. The clean aerofoil uses 512 cells in
the chordwise and 256 cells in the wall normal direction. Another 256 chordwise cells are added
in the region x/c < 2.4% to resolve the erosion.

The basis for evaluating the loss in performance is the degradation of the sectional lift and
drag coefficients with erosion. As the NACA 63-418 should be operating close to its design angle-
of-attack of 8◦ on a wind turbine rotor, the influence of roughness on aerodynamic performance
is evaluated around this angle-of-attack. Lift and drag are thus computed at 6◦, 8◦ and 10◦ to
account for turbulence and shear induced angle-of-attack variations [14]. The loss in performance
is then averaged over this region; thus 450 CFD simulations were performed in total. Pre-
processing (including erosion generation), running and post-processing of the CFD simulations
was fully automatised by the in-house Python tool PyE2Dpolar.

How the spatial and random seed variations translate into variations in aerodynamic
performance loss is shown in figures 11b) and c). Changes are reported with respect to the clean
aerofoil with natural transition, as the modelled type of roughness leads to immediate transition
at the stagnation point [6]. LEE is causing a significant loss in performance over the operational
angle-of-attack range, especially approaching stall, far exceeding the effect of triggering early
transition at the stagnation point (compare to clean | turbulent). The effect of erosion on
aerofoil performance is thus not fully captured by solely switching from transitional to turbulent
boundary layer flows. Figure 11c) presents the probability density function (pdf) of performance
loss registered in all simulations and also for each erosion patch individually, demonstrating the
variation with seed selection. The vertical dashed lines indicate the sample mean and standard
deviation range, whereas vertical solid lines indicate quartiles (lower, median, upper). The mean
performance loss lies at −30.1 with a relatively small standard deviation of 1.7. The symmetry of
the distribution insinuates that the randomness in the surface perturbations is directly reflected
in the performance loss caused by LEE, which is not obvious. If this behaviour is confirmed for
other erosion levels, it might allow quantifying the aerodynamic loss for certain erosion levels
by solely indicating the mean and standard deviation for the quantities of interest.

5. Conclusion
In this paper we demonstrate—using 3D lidar surface scans from rain erosion tests—that the
complex surface topology of rain eroded leading edges can be mathematically represented as a
superposition of regular waves and thus can be described by a single wave spectrum with erosion
level specific model constants. Furthermore we present how the erosion spectrum is translated
into surface perturbations, verify the approach and using the Parametric Geometry Library
(PGL) [8] generate 2D CFD surface grids for aerofoils with eroded leading edges. Chordwise
slices of the modelled leading edge surface perturbations are extracted and simulated in 2D CFD
using DTU’s EllipSys2D to assess the performance loss caused by rain erosion. To capture the
stochastic nature and the spanwise variation of erosion a total of 150 slices are selected. Over the
aerofoil design angle-of-attack range this results in a sharp performance loss distribution with
a mean of −30.1 glide points and relatively small standard deviation of 1.7. The distribution is
nearly symmetric showing that the randomness in the surface perturbations is directly reflected
in the performance loss caused by erosion for this particular case. Further investigations
are needed to confirm whether this can be generalised, which would allow quantifying the
aerodynamic loss for certain erosion levels by solely indicating the mean and standard deviation
for any quantity of interest.

In the future—as part of the EUDP funded LERCat project—the generated erosion patches
will be applied in 3D CFD simulations to validate the 2D approach and compared to wind
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tunnel measurements. Additionally, the validity of the spectral erosion model will be tested
by collecting and analysing leading edge surface data from operating wind turbine blades and
potentially enhanced by using wavelets.
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