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A B S T R A C T

Predicting losses of wind turbine energy yield due to blade leading edge erosion is a major challenge, hindering
blade predictive maintenance, and preventing further cost of energy reductions. Using jointly laser scans of
operational offshore turbines, photographs of eroded leading edge samples from swirling arm rain erosion
tests and validated simulation methods, this study estimates the growth of energy yield losses as erosion
progresses from small-scale distributed roughness to severe damage of the leading edge. A multi-fidelity
analysis is employed, combining high-fidelity computational fluid dynamics and blade element momentum
theory. Erosion-induced aerodynamic performance losses are analyzed with a scale separation approach,
modeling the effects of low-amplitude roughness with generalized rough-wall functions, and capturing the
effects of larger geometry alterations by geometrically resolving them. The sensitivity of energy losses to the
level of equivalent sand grain roughness, an uncertain parameter of the problem, is analyzed. For a typical
North Sea installation site, the loss of energy grows from 0.6%, for moderate modeled roughness, to 2%, for
resolved severe erosion. The largest loss at a typical Southern European onshore site is 2.5%. Severe erosion-
induced energy losses are found to vary significantly with the damage topography, emphasizing the necessity
or resolving larger erosion scales.
1. Introduction

Wind energy is a major player in the clean energy transition,
carrying a significant weight for meeting stringent and urgent targets
of carbon emission reduction [1]. Onshore wind is already one of the
most sustainable renewable energy technologies; a higher levelized cost
of energy (LCOE) resulted in an initially slower deployment of offshore
wind [2], but fast technological advances in offshore engineering are
now lowering offshore wind LCOE, prompting a large scale exploitation
of this resource worldwide. Since LCOE decreases as the Annual Energy
Production (AEP) of wind farms increases, all sources of AEP losses
need to be assessed, and mitigated or removed. One of these losses is
that due to blade Leading Edge Erosion (LEE), which reduces turbine
power and energy yield due to reduced aerodynamic performance of
the blades and the resulting reduction of rotor torque.

The AEP loss due to LEE is difficult to measure, partly because it
depends on the detailed geometry of the eroded surface. To date, the
actual value of AEP lost to LEE is uncertain, with recently reported es-
timates for wind farms ranging from 0.5 to 8% [3–7]. The large scatter
of the reported AEP losses is partly due to the fact that this quantity
depends on the specific geometry of the blade surface perturbation
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caused by the Leading Edge (LE) material loss. At its onset, erosion
increases LE surface roughness, whereas it yields larger alterations of
the nominal LE geometry at more advanced stages. The aerodynamic
performance loss at these two extremes varies significantly for both
level and governing physics.

LEE impairs the aerodynamic performance of the blade airfoils,
yielding a reduction of the maximum lift force, an increase of the
total drag force at all values of the Angle of Attack (AoA), and a
reduction of the stall margin, due to a reduction of the AoA at which
stall commences [8–10]. At the initial LEE stages, characterized by
small-scale roughness, one has a shift towards the LE of the chordwise
position where laminar-to-turbulent transition of the boundary layer
(BL) occurs on the airfoil upper side [11,12]. The larger wall shear
stress and thickness of turbulent BLs [13] start increasing the total
drag and reducing the lift. When roughness reaches levels exceeding
a critical roughness height [14], laminarity is completely lost, and BLs
are turbulent from their onset at the LE. Furthermore, the roughness
elements perturb also the turbulent BL, increasing further the pressure
drag at the wall, a phenomenon that intensifies as wall roughness
increases.
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As erosion progresses and the perturbations of the LE geometry
approach or exceed the BL thickness, additional aerodynamic losses
occur, which may vary significantly with the specific LEE damage [15].
These phenomena contribute, with strength depending on the erosion
severity, to premature separation of the BL on the airfoil upper side
at AoAs where the nominal airfoil has a clean flow [7,16,17], with
consequent reduction of the lift and further increase of the drag.

Enabling reliable predictions of the AEP loss caused by given LEE
damages would provide wind turbine operators with an additional
tool to reduce LCOE by optimizing the trade-off of AEP revenue and
blade maintenance costs (predictive maintenance). Blade inspection
data acquired with remote monitoring of the blade state, for example
by using autonomous drone-based inspection technologies [18–21] can
be fed into the AEP loss prediction system (ALPS) [5,17,22], which
calculates the loss of energy yield due to the observed damage, a key
input for the predictive maintenance cost analysis.

Several numerical and experimental approaches have been applied
to investigate the aerodynamics and performance implications of LEE.
Maniaci et al. [11] modeled LEE and other LE perturbations by means
of trip tape and vinyl stickers. Different levels and patterns of roughness
were applied on the LE of wind tunnel models of the NACA633-418 and
NREL S814 airfoils. The aerodynamic force coefficients were measured
at Reynolds number (Re) of 3.2M. A similar approach was adopted
by Kruse et al. [23], who applied sandpaper, zig-zag tapes and 2D LE
cavities of constant depth to the wind tunnel model of the NACA633-
418 airfoil, tested at Re = 3M and Re = 5M. Wind tunnel experiments
were also conducted using geometrically more complex models of LEE.
Gaudern et al. [24] applied to the LE of the wind tunnel airfoil model,
an erosion tape profiled using waterjet cutting to replicate irregular
erosion patterns observed in field operation. Sareen et al. [25] modeled
LEE by removing material from the LE of the wind tunnel model of a DU
96-W-180 airfoil, reproducing random distributions of hemispherical
erosion cavities and chordwise grooves at the LE.

Computational Fluid Dynamics (CFD) is also extensively used to
assess the detrimental effects of LEE at the high Reynolds numbers of
the outboard blade sections of utility-scale turbines. A simple approach
to account for the effects of roughness consists of using a distributed
wall roughness model applied to the nominal airfoil geometry [26].
This approach may account for the impact of distributed roughness
due to moderate erosion on anticipating or suppressing BL transition
and increasing surface drag of turbulent BLs. However, this method
is inapplicable when the roughness height approaches or exceeds the
BL thickness [27,28], which is the case of the large roughness caused
by severe LEE. In this circumstance, the geometry of the roughness
elements needs to be resolved.

Schramm et al. [29], Campobasso et al. [22] and Papi et al. [30]
modeled severe LEE with 2D LE grooves of depth and chordwise extent
based on field observations and literature, and assessed their perfor-
mance impairment with 2D Reynolds-averaged Navier–Stokes (RANS)
simulations. Wang et al. [31] used 2D RANS CFD to study the S809
airfoil performance degradation caused by distributed circular erosion
pits. Successively, Castorrini et al. [32] and Campobasso et al. [17]
investigated LE pitting by means of 3D RANS analyses, geometrically
resolving hemispherical LE cavities and including distributed roughness
modeling to account for the effect of smaller unresolved roughness
scales. Han et al. [3] performed 2D RANS analyses of three geometri-
cally resolved erosion patterns derived from field observations, using a
distributed roughness model to account for the impact of unresolved
roughness. The study also used the computed force coefficient data
of the eroded airfoils in the aero-servo-elastic simulation analysis of
a reference wind turbine to determine the AEP losses for selected
installation sites, an approach adopted also in [17,22,30].

So far, most CFD investigations into the aerodynamics of eroded
wind turbine blades relied on fairly simple representations of LEE
geometry. A recent study by Ortolani et al. [15] presented the first
2

assessment of the airfoil performance reduction caused by LEE making i
use of the eroded LE geometry from the 3D laser scan of a utility-
scale offshore turbine blade. Their RANS simulations adopted a scale
separation approach to the analysis of multi-scale roughness, resolving
the erosion geometry of the scan and modeling the impact of roughness
scales unresolved by the scan with a distributed surface roughness
model. Aerodynamic analyses of three blade sections extracted from
the scan were preformed to assess the sensitivity of the lift coefficient 𝑐𝑙
and the drag coefficient 𝑐𝑑 to real LEE. Recently, the impact of resolved
LEE on blade aerodynamic performance was also investigated with 3D
RANS CFD using the geometry from the scan of the eroded blade of an
onshore turbine [33].

The investigations of the present study are partly based on the
eroded LE laser scan of [15], and the main objectives of the work
are: (a) to assess the progression of power and AEP losses as LEE
severity increases using the scale separation CFD analysis of erosion-
induced LE roughness, (b) to investigate the dependence of these losses
on the resolved erosion geometry, which, in turn, depends also on
the structural properties of the LE material, and (c) to investigate
the sensitivity of the blade performance degradation and turbine AEP
loss to the level of the equivalent sand grain roughness, a parameter
affected by uncertainty due to its dependence on the typically unknown
geometry of the unresolved roughness scales.

The article structure is as follows. Section 2 presents the simulation
codes used by ALPS; Section 3 describes and discusses the selected
case study, including the definition of the reference wind turbine,
its damaged variants, and a representative offshore and onshore site
for the AEP loss analyses. Results and discussions of blade section
aerodynamics, turbine power and AEP losses, and turbine loads and
control parameters of the considered eroded turbines are provided in
Section 4. A summary of the study is provided in Section 5.

2. Methodology

The computation of the AEP losses due to LEE is based on the ALPS
technology [5,22]. The input of the ALPS analysis can be subdivided
in three main groups. The first group consists of the nominal turbine
definition, i.e. rotor radius and hub height, radial profiles of blade
chord and twist, blade airfoil geometry and turbine control strategy.
These data are defined in Section 3.1. The second data group defines the
blade surface alterations due to erosion. The definition of all LE damage
variants considered in this study, and the scale separation approach
adopted for their analyses are defined and discussed in Sections 3.2
and 3.3. The third data group consists of the wind characteristic of the
considered site, i.e. turbulence data, yearly mean wind speed and wind
frequency data, and vertical wind shear. These data, for the considered
offshore and onshore installation sites, are provided in Section 3.4.

ALPS requires an estimate of the nominal airfoil geometry for two
reasons. One is computing the power curve and the AEP of the nominal
turbine, with the latter quantity used as reference to calculate the
AEP loss of the damaged turbine. The other reason is enabling the
parametrization of the erosion geometry, needed for the robustness
of the CFD geometry and mesh generation. The parametrization re-
quires computing the erosion-induced surface alterations relative to the
nominal geometry, as explained in Section 3.2. Once the geometry of
the nominal airfoils and that of its perturbed variants are available,
the airfoil force coefficients are computed. These data, in the form of
curves providing lift coefficient 𝑐𝑙 and drag coefficient 𝑐𝑑 as functions
of the AoA 𝛼 are part of the input of the wind turbine performance
analysis module, presently using the Blade Element Momentum Theory
(BEMT) for rotor aerodynamics (see Section 2.1). The ALPS estimate
of the curves 𝑐𝑙(𝛼) and 𝑐𝑑 (𝛼) is based on RANS CFD, and the adopted
et-up is summarized in Section 2.2. ALPS can also use artificial neural
etworks for the rapid estimate of the force coefficients of the eroded
lade sections [5,22].

The AEP loss of the damaged turbine is obtained by first computing
he power curve of the nominal and damaged turbines, and then
alculating the AEP of the two turbines at the given site. The AEP loss

s the difference of these two values.
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2.1. Wind turbine analysis module

The turbine power curve is computed using OpenFAST [34], a
multi-body aero-hydro-servo-elastic wind turbine analysis code. Ro-
tor aerodynamics is handled by the BEMT library AeroDyn - version
15 [35], which uses semiempirical corrections, such as the tip and root
Prandtl correction [36], Minnema/Pierce variant of Beddoes-Leishman
dynamic stall model [37], and the skewed-wake correction model of
Pitt-Peters [35] to account for complex rotor aerodynamics features not
handled by the baseline BEMT formulation.

In all OpenFAST simulations of this study, blades and tower are
assumed rigid, and the foundation is fixed. The turbine uses rotor
speed control from cut-in to rated wind speed, and blade pitch control
from rated to cut-out wind speed. The analyses use turbulent wind
conditions. Each point of the power curve refers to a particular wind
speed 𝑉 at hub height, and is obtained by time-averaging the output
power of a 10-min time-dependent simulation of the NREL 5 MW
reference turbine [38], the baseline turbine of this study. The velocity
𝑉 ranges from 4 (close to cut-in) to 25 m/s (cut-out), with step of 1 m/s.
Between 11 and 12 m/s a smaller step of 0.2 m/s is used to resolve the
knee of the power curve around rated wind speed, where the power
control transitions from the variable-speed to the constant-speed and
variable-pitch regime. Each analysis simulates 10.5 min of operation,
with time-step of 0.01 s, and the first 30 s of the output are excluded
from the averaging process.

For each mean wind speed, the 10.5-min time series of the three
wind velocity components are generated with the stochastic wind
generator TurbSim [39] on a square domain of side 145 m, containing
the projection of the rotor swept area, and discretized with 30 intervals
in both directions. The spatial and temporal turbulent fluctuations are
generated with the Kaimal spectral method [40], as recommended in
the IEC61400 Standard. The exponent of the power law for the vertical
wind shear, and the turbulence intensity (TI) for each mean wind speed
refer to specific offshore and onshore sites defined in Section 3.4.

2.2. CFD method

The force coefficients 𝑐𝑙 and 𝑐𝑑 of the blade sections are com-
puted with 2D aerodynamic simulations, using ANSYS FLUENT version
19 - R3 [41]. In all simulations, the flow field is considered 2D,
incompressible, single–phase and turbulent. The RANS equations are
solved in conjunction with Menter’s two-equation 𝑘 − 𝜔 shear stress
transport (SST) model [42] for the turbulence closure. For the nominal
airfoil geometries, laminar-to-turbulent transition of the BLs is simu-
lated by using the Langtry-Menter four-equation 𝛾–𝑅𝑒𝜃 SST transition
model [43–45]. The model couples to the two transport equations of
the SST model, two additional transport equations, one for the momen-
tum thickness Reynolds number 𝑅𝑒𝜃 and the other for the turbulence
intermittency 𝛾. The Kato-Launder turbulence production limiter [46]
is also used in transitional BL simulations.

In addition to resolving the LE erosion geometry, the simulations of
the damaged airfoils also use a distributed roughness model to account
for the effects of erosion scales unresolved by the scan. The distributed
roughness is included in the 𝛾–𝑅𝑒𝜃 SST transition model through a
modification of the 𝑅𝑒𝜃 field equation to account for the increase of
the BL momentum thickness due to the unresolved roughness. The
correction function depends on the geometric height 𝐾 of the modeled
distributed roughness [17].

Near rough wall boundaries, FLUENT applies an automatic wall
treatment based on a rough wall function. This enables determining
the wall shear stress 𝜏𝑤 and the friction velocity 𝑢𝜏 = (𝜏𝑤∕𝜌)1∕2 using
an analytic expression. This expression depends on the nondimension-
alized wall distance 𝑦+ = 𝑦𝑤𝑢𝜏∕𝜈 of the first cell center off the wall from
the wall itself, the nondimensionalized velocity component parallel to
the wall 𝑢+ = 𝑢𝑤∕𝑢𝜏 at 𝑦𝑤, and the nondimensionalized equivalent sand

+
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grain roughness 𝐾𝑠 = 𝐾𝑠𝑢𝜏∕𝜈. Here, 𝑦𝑤, 𝐾𝑠, 𝑢𝑤 and 𝜈 are, respectively,
the dimensional distance of the first cell center off the wall from
the wall itself, the equivalent sand grain roughness, the dimensional
velocity parallel to the wall at 𝑦𝑤, and the kinematic viscosity. The
law of the rough wall used to compute 𝑢𝜏 is a generalization of the
smooth wall logarithmic law [47], introducing an offset 𝛥𝑢+ depending
on 𝐾+

𝑠 [13]. Furthermore, the local 𝑦+ value is automatically increased
by 𝐾+

𝑠 ∕2 when 𝐾𝑠 > 𝑦𝑤 to avoid a singularity in the calculation
of 𝑢𝜏 [17,41]. A similar approach is used for calculating the specific
turbulent dissipation rate 𝜔 at the rough wall.

All steady-state CFD simulations use the COUPLED solver, which
integrates in a strongly coupled fashion the continuity and momentum
equations, and in a loosely coupled manner all other transport equa-
tions. A second order space discretization is used for all conservation
laws.

As in previous works [17,22], the constant 𝑎1 in the expression of
the SST eddy viscosity is changed from 0.31 to 0.28 in all NACA633-618
airfoil analyses below, to improve the agreement between computed
and measured force coefficients of this airfoil [15].

The aerodynamic force coefficients are computed over the interval
−8◦ ≤ 𝛼 ≤ 14◦ with a step of 2◦. Time-dependent simulations, based
on the loosely coupled SIMPLE integration, are used for the two LE
damages consisting of chordwise grooves, defined in Section 3.2. This
is needed to cope with the aerodynamic instabilities at the lowest
and highest AoAs. Each simulation is carried on for 3000 time-steps,
performing 25 sub-iterations per time-step. The time-step is obtained
by dividing in 35 intervals the time taken by the air flow to cover
one chord length. The far field TI and turbulent length scale in all
NACA633-618 airfoil simulations below are set to 0.1% and 0.2 chords,
respectively. All other simulations converge using the pseudo-transient
method of the steady solver, achieving good convergence levels using
4000 iterations.

For each airfoil geometry, the CFD analysis is performed at Reynolds
numbers of 6.5M, 8.2M and 11.5M, accounting for the variability of
this parameter with the rotor speed. The three values are those of the
outboard part of the blade at wind speeds of 3 m/s (cut-in speed),
7 m/s and 11.4 m/s (rated speed), respectively. The aerodynamic
force coefficient curves for 𝑉 between 3 and 7 m/s are obtained by
interpolating between those computed for Re = 6.5M and Re = 8.2M,
whereas, for 𝑉 between 7 and 11.4 m/s, the curves are interpolated
between those for Re = 8.2M and Re = 11.5M. Above rated wind speed,
the curves for Re = 11.5M are used. For each Reynolds number, the
force coefficient curves from −180◦ to 180◦, needed by the AeroDyn
BEMT library embedded in OpenFAST, are obtained by extrapolating
the CFD-based curves using Viterna’s method [48], implemented in the
NREL Airfoilprep tool [49] used in this work.

All CFD and OpenFAST computations have been performed on the
Lancaster University HEC cluster [50], using the message passing inter-
face (MPI) libraries for the CFD simulations, and running concurrently
multiple OpenFAST simulations.

3. Case study

3.1. Wind turbine model

The laser scan of the eroded blade of a utility-scale offshore turbine
used in this study covers the front part of the blade outer portion,
starting from the LE. To complete the blade geometry in the chordwise
direction, the NACA633-618 airfoil has been found to be the airfoil best
matching the scan. Moreover, the blade of the NREL 5 MW reference
turbine has similar geometric characteristics as that of the offshore
turbine from which the scan has been taken. Therefore, a modified
version of the NREL 5 MW turbine is taken as the reference turbine
of this investigation. The blade of the modified reference turbine is
obtained by replacing the NACA643-618 airfoil, the original airfoil of
this turbine, used from about 70% rotor radius to the blade tip, with the
NACA63 -618 airfoil. The geometry of the blade elements of the eroded
3
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Fig. 1. Power curves of baseline and modified versions of NREL 5 MW wind turbine.

blade are defined using data of the scan, as described in Section 3.2.
The rest of the blade design is that of the original NREL 5 MW turbine.

Fig. 1 compares the power curve of the original NREL 5 MW turbine,
and that of the modified reference turbine. The 𝑐𝑙(𝛼) and 𝑐𝑑 (𝛼) curves
of both the NACA643-618 and the NACA633-618 airfoils have been
computed using the CFD set-up defined in Section 2.2 at Re = 6M.
The comparison shows negligible differences between the two power
curves, highlighting that the considered alteration does not affect the
turbine performance significantly, enabling to use all other geometry
parameters and the control laws of the NREL 5 MW turbine for the
reference turbine of this study.

3.2. Resolved leading edge erosion

The definition of part of the LEE geometries used in this study
is based on a ‘snapshot’ of the eroded LE of an offshore utility-scale
wind turbine blade available from a 3D laser scan. In previous studies,
ALPS was used to study the AEP loss due to geometrically simpler LEE
geometries, corresponding to specific erosion stages. These geometries
included hemispherical erosion cavities, often observed at the initial
stages of erosion [5,17], and chordwise grooves corresponding to se-
vere erosion stages [5,22]. Assessing the progression of AEP losses
as erosion progresses requires consideration of intermediate erosion
stages, which may be characterized by higher geometric complexity. To
estimate AEP losses at different erosion levels, the damage geometries
considered herein include both geometries generated directly from the
scan, and parametrized LE chordwise grooves.

The 2D geometries of the damaged blade sections for the CFD
analyses are generated from the triangulated surface reconstruction
of the damaged LE given by the scan. This surface is sliced in the
chordwise direction with each slice providing a polyline of the eroded
LE. A total of 2369 slices is extracted. For each slice, the chordwise
portions of the polyline without erosion are used as a reference to fit the
NACA633-618 profile to the eroded LE, a process yielding the chord of
the airfoil and, thus, completing the section geometry until the trailing
edge. Then, the erosion displacement ℎ(𝑠), i.e. the distance between the
eroded and the nominal LE normal to the nominal airfoil is computed
along the curvilinear coordinate 𝑠 on the nominal LE. The function
ℎ(𝑠) provides a local measure of the material loss caused by erosion.
Finally, ℎ(𝑠) is Fourier-transformed and reconstructed with between
700 to 1200 harmonics to obtain an analytical definition of the eroded
geometry, improving the robustness of grid generation. Fig. 2 shows a
CAD reconstruction of the eroded LE using the processed slides at about
93% rotor radius.

The 2D erosion geometry data extracted from the scan are used
to generate four plausible time-consecutive LEE states, an abstraction
enabled by the rich variability of the damage geometry along the span.
A mild, mean, severe and critical damage are applied to the outer 30%
4

Fig. 2. Portion of 3D blade geometry reconstructed from laser scan.

of the blade length, a blade region harvesting a large amount of wind
power and more severely hit by erosion, due to the high relative impact
speed between blade and rain droplets or other particles. Erosion data
were not available at lower radii, but this shortfall is deemed to have
a negligible impact on this study, for the reasons above. To reduce
the computational cost of the BEMT analyses, each of the four blade
models is defined by ten blade strips of equal radial length, and the
target level of erosion severity is met by selecting the airfoil geometry
of these strips as explained below.

First, the 𝑐𝑙(𝛼) and 𝑐𝑑 (𝛼) curves of all 2369 airfoils are calculated.
This was done in [15], for Re = 9M and 𝐾 = 𝐾𝑠 = 0. Then, one
introduces the parameter 𝜀𝑅𝑀𝑆 , the root-mean-square of the difference
of aerodynamic efficiency 𝜀 = 𝑐𝑙∕𝑐𝑑 of damaged and nominal sections.
The parameter is computed for a typical range of AoA during operation,
here 2◦ ≤ 𝛼 ≤ 10◦. Therefore,

𝜀𝑅𝑀𝑆 =

√

√

√

√

5
∑

𝑖=1
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5

(

𝑐𝑙(𝛼𝑖)
𝑐𝑑 (𝛼𝑖)

|

|

|

|𝑛𝑜𝑚.
−

𝑐𝑙(𝛼𝑖)
𝑐𝑑 (𝛼𝑖)

|

|

|

|𝑑𝑎𝑚.

)2
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Fig. 3 plots with black dots the values of 𝜀𝑅𝑀𝑆 of the 2369 sections,
with each value reported at the radial position of the airfoil it refers
to. The dashed vertical lines mark the border between adjacent blade
strips. For each strip, the continuous red line is the mean value of 𝜀𝑅𝑀𝑆
of the airfoils in the strip. The airfoil for the blade model with mean
erosion level is one with the value of 𝜀𝑅𝑀𝑆 at the indicated mean level,
namely that with the value of 𝜀𝑅𝑀𝑆 highlighted with the ‘X’ symbol.

The mean value of 𝜀𝑅𝑀𝑆 divides the airfoils of each strip into two
subsets, one with higher, and one with lower 𝜀𝑅𝑀𝑆 values. The red
dashed and dotted lines denote the median value of the upper and lower
subsets, respectively. For each strip, the airfoils for the severe and mild
erosion levels are, respectively, those with 𝜀𝑅𝑀𝑆 equal to the median
of the upper and lower subsets, respectively; their 𝜀𝑅𝑀𝑆 is marked by
the ‘X’ symbol. The airfoil with critical damage is one with 𝜀𝑅𝑀𝑆 equal
to the 95th percentile of the 𝜀𝑅𝑀𝑆 set of the strip, indicated with a
dash-dotted black line in Fig. 3.

LEE geometry depends on a large number of environmental, turbine
control and LE material properties. Two examples of realistic LEE
geometries are provided in Fig. 4, which presents photographs of two
Leading Edge Protection (LEP) systems after achieving fatigue failure
in R&D AS swirling arm rain erosion test facility of the UK Offshore
Renewable Energy Catapult. Fig. 4(a) shows the sample LEE geometry
observed with an Armour Edge thermoplastic erosion shield (LEP 1),
and Fig. 4(b) shows the eroded LE sample geometry of a standard
wind industry repair LEP system (LEP 2). One notes that, while the
LEE geometry of LEP 1 is relatively smooth, that of LEP 2 features an
erosion pattern resembling a series of chordwise grooves.

Parametric models of LEE consisting of LE grooves, with the groove
defined by its depth 𝑑, and curvilinear lengths 𝑠𝑢 and 𝑠𝑙 on the airfoil
upper and lower sides, respectively, have been used in CFD and wind
tunnel investigations of severe LEE [22,25,29,51]. This representation
of LEE is a convenient choice in the definition of a digital model
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Fig. 3. Schematic of damaged airfoil selection criteria for defining four eroded blade models based on 𝜀𝑅𝑀𝑆 parameter. Black dots: values of 𝜀𝑅𝑀𝑆 of 2369 airfoils extracted from
scan; red and black lines: 𝜀𝑅𝑀𝑆 levels of four damage states; blue ‘X’ marker: selected airfoils for four damage levels.
Fig. 4. LEE geometry of two LEP systems tested to failure in R&D AS swirling arm rain erosion test facility of UK Offshore Renewable Energy Catapult. Courtesy of UK Offshore
Renewable Energy Catapult.
of LEE geometries of the type shown in Fig. 4(b). Therefore, this
geometry pattern is also included in the LEE analyses below, since
it is representative of an observed LEE geometry type more irregular
than that revealed by the laser scan. Two groove-shaped blade LEE
geometries are added to the four LEE levels inferred from the scan. Both
geometries assign to the groove of each of the ten strips values of 𝑠𝑢 and
𝑠𝑙 similar to those of the mean LE damage inferred from the scan. The
two groove geometries differ from each other for the erosion depth 𝑑,
set to the mean erosion depth obtained from the scan section for less
severe erosion, and the maximum erosion depth of the same section
for more severe erosion. The subplots of Fig. 5 depict the scan-based
eroded LEs of the ten blade sections corresponding to the mean damage
inferred by the scan, i.e. the airfoils marked with the ‘X’ symbol on the
solid red line of Fig. 3. The figure also reports the two groove-shaped
eroded LEs for each section, named ‘𝑑𝑚𝑒𝑎𝑛-groove’ and ‘𝑑𝑚𝑎𝑥-groove’
hereafter. The left part of Table 1 provides the values of 𝑠𝑢, 𝑠𝑙, 𝑑𝑚𝑒𝑎𝑛
and 𝑑𝑚𝑎𝑥 as percentages of the local chord for the ten blade sections of
the mean damage inferred by the scan. For completeness, the middle
and right parts also provide, respectively, the same parameters for the
severe and mild damages.

3.3. Modeled roughness

A distributed roughness model is adopted to complete the scale sep-
aration analysis of the LEE damage. This model accounts for the impact
of small irregular roughness not resolved by the laser scan on airfoil
performance. As discussed in Section 2, the rough wall BL transition
model of FLUENT requires both the geometric roughness height 𝐾 and
the equivalent sand grain roughness 𝐾𝑠, although its predictions depend
predominantly on the value of 𝐾. For fully turbulent analyses, only the
values of 𝐾 is required.
5

𝑠

The value of a probable scan resolution of 200 μm may be taken
as an estimate of 𝐾 for the unresolved roughness scales; thus, all
modeled roughness analyses of this study assume 𝐾 = 200 μm for
the unresolved small roughness scales. The value of 𝐾𝑠 depends on
how the elements of the considered roughness topography interact with
the BL [52,53]; available geometric correlations, relate 𝐾𝑠 to both 𝐾
and other geometric parameters of the roughness profile [27,54]. The
ratio 𝐾𝑠∕𝐾 can be larger or smaller than unity. For regular roughness
patterns, it may range from 0.1 to 10 and above, depending on the
shape and density of the roughness elements [27]. In the case of irreg-
ular roughness patterns, the ratio depends also on statistical properties
of the roughness profile, and varies significantly among profiles with
the same 𝐾 [55]. Ref. [54] offers a comprehensive review of the
correlations between 𝐾𝑠∕𝐾 and the geometric parameters of roughness
profiles.

Since the geometric parameters needed to calculate 𝐾𝑠∕𝐾 are not
known, the aerodynamic coefficients of all eroded airfoils for power
and AEP loss calculations are computed parametrically, for 𝐾𝑠 corre-
sponding to a typical range of 𝐾𝑠∕𝐾. The chosen range 0.5 ≤ 𝐾𝑠∕𝐾 ≤ 5
corresponds to 𝐾𝑠 varying from 100 to 1000 μm. The analysis of the
sensitivity of airfoil aerodynamics and AEP losses to this parameter is
presented in Section 4.

The modeled roughness is assumed to cover the LE from 𝑥∕𝑐 = 0
to 𝑥∕𝑐 = 5.5% on both sides of the eroded airfoil in all simulations,
corresponding to 𝑠𝑢∕𝑐 = 7.6% and 𝑠𝑙∕𝑐 = 6.8% on the upper and lower
sides, respectively. This range was used in previous studies [17,32],
where a plausible extent of the LEE damage was estimated combining
literature data and observation of photographs of damaged blades.
In the case of groove-shaped LE erosion, the distributed roughness is

applied over the groove surface and the two steps normal to the airfoil.
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Fig. 5. Leading edge geometries of NACA633-618 airfoil: nominal geometry, mean scan-based erosion damage, and two groove-shaped damages with low and high erosion severity.
Table 1
Geometric parameters of mean, severe and mild scan-based LE damage of NACA633-618 airfoil.
Strip Mean damage parameters Severe damage parameters Mild damage parameters

(chord percentage) (chord percentage) (chord percentage)

𝑠𝑙∕𝑐 𝑠𝑢∕𝑐 𝑑𝑚𝑒𝑎𝑛∕𝑐 𝑑𝑚𝑎𝑥∕𝑐 𝑠𝑙∕𝑐 𝑠𝑢∕𝑐 𝑑𝑚𝑒𝑎𝑛∕𝑐 𝑑𝑚𝑎𝑥∕𝑐 𝑠𝑙∕𝑐 𝑠𝑢∕𝑐 𝑑𝑚𝑒𝑎𝑛∕𝑐 𝑑𝑚𝑎𝑥∕𝑐

1 0.95 2.28 0.19 0.25 0.99 2.76 0.19 0.27 0.99 2.21 0.20 0.25
2 1.08 2.08 0.26 0.57 1.05 2.03 0.28 0.56 1.25 2.38 0.26 0.38
3 0.73 2.10 0.17 0.26 0.75 1.95 0.17 0.24 1.03 3.42 0.16 0.21
4 1.37 2.76 0.20 0.27 1.10 2.99 0.24 0.37 1.46 2.69 0.21 0.26
5 1.94 2.08 0.23 0.33 1.83 2.80 0.20 0.33 1.69 2.20 0.24 0.34
6 1.81 1.34 0.19 0.22 1.63 1.94 0.20 0.30 1.29 1.35 0.18 0.22
7 1.97 1.55 0.24 0.31 1.88 2.08 0.23 0.41 2.18 1.65 0.29 0.39
8 2.17 2.77 0.29 0.53 2.55 2.95 0.29 0.43 2.50 4.76 0.31 0.56
9 2.83 3.56 0.32 0.53 4.37 4.10 0.51 0.89 3.96 5.06 0.49 0.85
10 4.27 4.69 0.54 0.93 3.94 4.20 0.63 0.96 3.93 3.96 0.49 0.79
Most eroded airfoil simulations of this study assume that modeled
mall-scale roughness trip the BLs at the LE; thus, BLs are treated as
ully turbulent from their onset. To verify this assumption, Figs. 6(a)
nd 6(b) compare, respectively, the 𝑐𝑙(𝛼) curve and the drag polar of

an eroded NACA633-618 airfoil computed using both the transitional
and the fully turbulent analysis. The considered geometry is the blade
section of strip 2 of the mean scan-based damage, centered at 74.5%
rotor radius. The value 𝐾 = 200 μm is used only by the transitional
analysis, whereas 𝐾𝑠 = 100 μm is used in both analyses. One observes
that the 𝑐𝑙(𝛼) curves and the drag polars obtained with the two simula-
tions do not differ notably, confirming the validity of the fully turbulent
BL assumption made above.

It is noted that the uncertainty on 𝐾𝑠 is larger than that on 𝐾. How-
ever, numerical experiments, not reported for brevity, demonstrated
that the position of the BL transition predicted by the rough wall 𝛾–
𝑅𝑒𝜃 SST transition model of FLUENT is fairly insensitive to the value
of 𝐾𝑠, and is instead much more sensitive to the value of 𝐾. Other
6

numerical tests also indicated that the fully turbulent and transitional
force coefficient curves remain very close to each other for 𝐾 > 200 μm,
as expected; the two curves start differing for 𝐾 values well below the
scan resolution of 200 μm.

3.4. Offshore and onshore sites

The AEP loss analyses are performed for two representative installa-
tion sites, one offshore and one onshore. The reference wind conditions
of the offshore site are typical of a site in the North Sea. The mean
annual wind speed at 90 m, the hub height of the considered offshore
turbine, is 9.36 m/s; the shape factor of the Weibull distribution is 2. A
power law with exponent 1/7 defines the vertical profile of the mean
wind speed.

The reference wind conditions of the onshore site are taken from the
Italian Wind Atlas [56]; they refer to a windy location in Southern Italy
(41◦ 18′56′′N, 15◦ 80′44′E). The mean annual wind speed at 100 m,
the hub height of the considered onshore turbine, is 7.84 m/s, and

the shape factor of the Weibull distribution is 1.88. The vertical wind



Renewable Energy 218 (2023) 119256A. Castorrini et al.

s

c
o
a
𝑇
l
h
a
u
l
o
t
a
s
o

3

M
d
v

Fig. 6. Force coefficients of eroded NACA633-618 airfoil at Re = 8.2M computed with transitional (tr.) and fully turbulent (ft.) simulations. Resolved erosion geometry is LEE of
trip 2 of mean scan-based erosion, with modeled roughness defined by 𝐾 = 200 μm and 𝐾𝑠 = 100 μm. Values of 𝐾 and 𝐾𝑠 refer to real chord of strip.
Fig. 7. Wind turbulent intensity at selected onshore and offshore sites.

profile is modeled by a power law with exponent 0.2. The hub height
of the onshore turbine is greater than that of the offshore turbine to
increase the energy capture, partly compensating for lower wind speeds
at the hub height compared to offshore sites.

The wind TI also affects the turbine AEP due to the dependence
of part of the power curve on this parameter [57]. The turbulent
wind time series, used as input of OpenFAST to determine the mean
power curve, are generated for each mean wind speed 𝑉 and the
orresponding TI level. For the onshore site, the TI(𝑉 ) profile is based
n the guidelines of the International Standard IEC61400. Assuming
n onshore wind of class B, the TI for each wind speed is given by
𝐼 = 𝑇 𝐼𝑟𝑒𝑓 (0.75 + 5.6∕𝑉 ) where 𝑇 𝐼𝑟𝑒𝑓 = 14%. Offshore TI is typically

ower than onshore, and the formula above may lead to unrealistically
igh TI values. Therefore, the TI data for the offshore reference site
re taken from the FINO 1 measurements [58,59], a dataset frequently
sed to characterize typical North Sea conditions. The measured TI
evels were lower than 9%. The mean wind speed-dependent TI data
f [59] have been used to generate the TurbSim wind time series for
he offshore site. Fig. 7 reports the mean profiles TI(𝑉 ) at the offshore
nd onshore sites. The notable TI level difference of the two sites has a
ignificant weight on the difference between offshore and onshore AEP
f a given turbine [7].

.5. Mesh sensitivity and validation

The mesh topology used in this study is a structured C-grid. A
ATLAB script generates the nominal and eroded airfoil geometries

efined in Section 3.2, and runs the mesh generator ANSYS ICEM CFD
ersion 19 - R3. The mesh sensitivity analysis below is performed by
7

comparing the force coefficients of the nominal NACA633-618 airfoil
and the scan-based mildly eroded airfoil of strip 2 with distributed
roughness defined by 𝐾𝑠 = 200 μm. The simulation of the nominal
smooth airfoil accounts for laminar-to-turbulent transition of the airfoil
BLs using the 𝛾–𝑅𝑒𝜃 SST transition model, whereas that of the eroded
airfoil assumes fully turbulent BLs and uses the standard SST turbulence
model. The AoA range is −8◦ ≤ 𝛼 ≤ 14◦, using a step of 2◦, and
all simulations of the mesh sensitivity analysis use Re = 8.2M. Three
grid levels are used. The coarse-, medium- and fine-refinement meshes
have, respectively, 55 494, 126 940 and 284 916 cells; from coarse to
fine, these grids use 422, 636 and 956 cells around the airfoil, and
the minimum grid vertex-based wall distance of 2.7 × 10−6 chords
yields 𝑦+ < 1 in all simulations without rough wall functions. The
aforementioned grid parameters apply to both nominal and eroded
airfoil analyses.

Figs. 8(a) and 8(b) report, respectively, the lift curve and the drag
polar of the nominal and eroded airfoils computed with the three
aforementioned grids. In all cases the results of the three grids are very
close to each other, and the medium and fine grid results are slightly
closer than those of the coarse and medium grids are. Therefore, the
medium-refinement mesh has been selected for all analyses of this
study.

The CFD set-up used for this study has been successfully validated
in several previous studies by comparing measured and computed force
coefficients of different nominal and damaged variant counterparts. The
clean DU96W-180 airfoil and a variant featuring severe LE grooves at
Re = 1.5M, along with the nominal NACA643-618 airfoil at Re = 6M are
examined in [22]; the clean DU96W-180 airfoil and a variant featuring
LE erosion cavities and additional modeled roughness at Re = 1.5M are
studied in [17]; the nominal NACA633-618 at Re = 9M is considered
in [15]; the clean NACA633-418 and a variant featuring LE grooves
with added modeled roughness at Re = 5M are studied in [5].

A new validation test, considering the wind tunnel experiments
of [12] using the NACA633-418 airfoil at Re = 3.2M is considered
below. The performance of the nominal airfoil with transitional BLs
is compared to that of a variant with rough LE, with 𝐾𝑠 = 101 μm
per meter chord, roughness with density of 3% applied from the LE
to 𝑥∕𝑐 = 0.13 on the lower side and from the LE to 𝑥∕𝑐 = 0.02 on
the upper side. The roughness element height is 𝐾 = 246 μm, and the
choice of the ratio 𝐾𝑠∕𝐾 yielding 𝐾𝑠 = 101 is discussed in [12]. The CFD
grid differs from the medium grid above only because it has 110,852
cells, 530 points along the airfoil, and minimum grid vertex-based wall
distance of 7.2 × 10−6. The constant 𝑎1 of the SST model is set to
0.29. The clean airfoil analysis uses the 𝛾–𝑅𝑒𝜃 SST transition model,
whereas the rough LE analysis uses the fully turbulent SST model, since
transition was observed to occur at the LE at most AoAs for this airfoil
variant. Measured and computed data in Fig. 9 are in good agreement
for both force coefficients, confirming the suitability of the developed

CFD set-up for the investigations below.
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Fig. 8. Mesh sensitivity analysis of nominal and eroded NACA633-618 airfoils at Re = 8.2M. Resolved erosion geometry is LEE of strip 2 of mild scan-based erosion level, with
modeled roughness defined by 𝐾𝑠 = 200 μm.
Fig. 9. Comparison of measured and computed force coefficients of nominal and rough-LE NACA633-418 airfoils at Re = 3.2M. Modeled roughness defined by 𝐾𝑠 = 101 μm for
eter chord.
. Results

Fig. 10 compares the computed aerodynamic force coefficients of
he nominal airfoil with free transition (‘nom. tr.’), the nominal airfoil
ith transition forced at the LE (‘nom. ft.’), one airfoil for mild, severe
nd critical scan-based damage (‘scan mild’, ‘scan critical’, and ‘scan se-
ere’, respectively) and the 𝑑𝑚𝑒𝑎𝑛-groove damage. The force coefficients
f the four airfoils with resolved damage are those of strip 8, centered
t 92.5% rotor radius. Figs. 10(a), 10(b) and 10(c) report, respectively,
he 𝑐𝑙(𝛼) curve, the drag polar and the aerodynamic efficiency 𝜀 of all
ndicated airfoils computed without distributed roughness (𝐾𝑠 = 0).
igs. 10(d), 10(e) and 10(f) report analyses similar to those of the first
hree subplots, but assume distributed roughness with 𝐾𝑠 = 200 μm for
he ‘nom. ft.’ and the four damaged airfoils, corresponding to 𝐾𝑠∕𝐾 = 1;
igs. 10(g), 10(h) and 10(i) replicate the analyses of the first three
ubplots using a rough wall analysis with 𝐾𝑠 = 600 μm, corresponding
o 𝐾𝑠∕𝐾 = 3. The indicated values of 𝐾𝑠 refer to the real chord of the
lade strip.

The analyses for 𝐾𝑠 = 200 μm and 𝐾𝑠 = 600 μm test the sensitivity
8

f the computed performance to the value of 𝐾𝑠∕𝐾, an uncertain
parameter, for the assumed geometric roughness height 𝐾 = 200 μm.
They may be viewed also as testing the relative weight of modeled
roughness scales on performance losses. The results of Fig. 10 indicate
that the main reason for the aerodynamic performance impairment of
the scan-based damaged sections is the loss of BL laminarity, since the
largest difference between pairs of adjacent performance curves is that
between the ‘nom. tr.’ and ‘nom. ft.’ curves for all considered 𝐾𝑠 values.
Moreover, as 𝐾𝑠 increases, the force coefficient curves of the ‘nom.
ft.’ and the scan-based damaged airfoils rapidly become very close
to each other. The most notable performance variation of all damage
variants is the reduction of their 𝑐𝑙 as 𝐾𝑠 increases. This indicates a
weak dependence of the aerodynamic loss on the scan-based damage
geometry and a larger dependence on 𝐾𝑠.

The trends above are inverted for the more localized damage of the
airfoil with the 𝑑𝑚𝑒𝑎𝑛-groove. Despite this geometry having the same
mean depth 𝑑∕𝑐 = 0.0029 of the severe scan-based damage, and the
latter having a larger maximum depth of 𝑑∕𝑐 = 0.0045 (Table 1), the
groove-shaped damage yields a significantly larger impairment of the

aerodynamic performance, which is also independent of 𝐾𝑠.
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Fig. 10. Force coefficients of nominal and damaged NACA633-618 airfoils with scan-based erosion of strip 8 for different levels of equivalent sand grain roughness at Re = 8.2M.
alues of 𝐾𝑠 refer to real chord of strip.
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The results above underline the importance of both resolving larger
rosion scales, particularly for significantly jagged erosion geometries,
nd reliably estimating the equivalent sand grain roughness 𝐾𝑠.

Figs. 11(a) and 11(b) present the NREL 5 MW turbine AEP loss
9

nalysis based on the LE erosion geometries of the scan at the offshore i
nd onshore site, respectively. The results of the ALPS analyses are
lustered in sets of five damage states, and each set has a constant
alue of 𝐾𝑠. The first state is the ‘nom. ft.’ configuration, and the other
our states use the resolved mild, mean, severe, and critical damages,

.e. the corresponding ten-airfoil sets defined in Section 3.2. In all cases,
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Fig. 11. AEP loss vs. 𝐾𝑠 for nominal blade with forced transition (nom. ft.) and four damaged blades with mild, mean, severe and critical scan-based damages.
only damage over the outermost 30% of the blade is considered, and
this blade portion is subdivided into ten strips positioned as indicated
in Fig. 3. All five damage states are assessed for 𝐾𝑠 = 0 and the ten
𝐾𝑠 values defined in Section 3.3. Thus, 55 damaged variants of the
reference turbine are examined; for each variant, all Reynolds number-
dependent force coefficient curves needed by the OpenFAST/AeroDyn
analysis are computed with CFD. For given 𝐾𝑠, each five-state his-
togram of Fig. 11 shows how the AEP loss evolves with severity of the
resolved erosion. The variability among histograms, instead, indicates
the AEP loss sensitivity to the uncertain sand grain roughness 𝐾𝑠 of the
unresolved roughness.

Since the laser scan resolution does not depend on the radial po-
sition along the blade, the value of 𝐾𝑠 is kept constant in all CFD
calculations of the force coefficients. However, the blade chord de-
creases from 3 m at 70% rotor radius to about 1.5 m at the blade tip.
Therefore, for a set value of 𝐾𝑠∕𝐾, the ratio 𝐾𝑠∕𝑐, i.e. the value of 𝐾𝑠
per meter chord, varies along the damaged blade portion.

As highlighted in Fig. 10, the relative differences of aerodynamic
performance loss of the sections with resolved scan-based damage at
𝛼 = 4.5◦, the mean AoA of the outermost 30% in region 2, are fairly
independent of the modeled roughness parameter 𝐾𝑠. However, the
performance of all sections with scan-based damage decreases by the
same amount as 𝐾𝑠 increases, or, equivalently, as 𝐾𝑠∕𝐾 increases.
These trends are reflected in the AEP loss analysis of Fig. 11. For given
resolved damage, the AEP loss increases with 𝐾𝑠 for 𝐾𝑠 < 500 μm, and
becomes fairly independent of this parameter for 𝐾𝑠 > 500 μm. In the
offshore case, for example, the AEP loss of the critical damage at 𝐾𝑠 = 0
and 𝐾𝑠 = 500 μm are 0.84% and 1.21%, respectively, whereas the loss
is 1.30% at 𝐾𝑠 = 1000 μm. The loss range of the resolved damages
at 𝐾𝑠 = 1000 μm is 0.21%, the difference between the loss of 1.30%
of the critical damage and that of 1.09% of the ‘nom. ft.’ set-up. This
difference does not vary significantly over the considered 𝐾𝑠 range.

The trends highlighted above are also observed for the onshore
installation, whose AEP losses are presented in Fig. 11(b). Comparing
the AEP loss levels of Figs. 11(a) and 11(b) shows that, for a given
damage variant, the onshore AEP loss is larger than the corresponding
offshore loss. For example, at 𝐾𝑠 = 500 μm the mean AEP loss of
the five damaged variants is 1.09% at the offshore site and 1.27% at
the offshore site. The higher AEP loss for given LE damage at onshore
sites is due to both the lower yearly mean wind speeds and the higher
turbulence intensity of these sites. An extensive study of the sensitivity
of LEE-induced AEP losses to mean wind speed and turbulence intensity
is reported in [5]. The sensitivity analyses of [7] also indicate that the
AEP loss increase due to higher turbulence intensity at the onshore site
may be comparable with that due to lower mean wind speed.

The impact of the two LE erosion grooves defined in Section 3.2 on
AEP losses is examined in Fig. 12. Four damage variants are analyzed at
six 𝐾𝑠 values. The first two variants are the ‘nom. ft’ and the mean scan-
based damage, reported for reference. The labels ‘grv. d ’ and ‘grv.
10

mean
dmax’ refer to the 𝑑𝑚𝑒𝑎𝑛-groove and 𝑑𝑚𝑎𝑥-groove LEE geometry, with the
depths of the ten strips given, respectively, in the left and middle part
of Table 1. The AEP loss of the groove-shaped LE damages, amounting
to about 1.5% for the 𝑑𝑚𝑒𝑎𝑛-groove and about 2% for the 𝑑𝑚𝑎𝑥-groove
at the offshore site (Fig. 12(a)), is independent of 𝐾𝑠, unlike the loss of
the two reference damages. Notably, despite the 𝑑𝑚𝑒𝑎𝑛-groove damage
having the same mean depth of the smoother mean scan-based damage,
its AEP loss is always larger, up to twice as large at low 𝐾𝑠 values.
Similarly, the AEP loss of the 𝑑𝑚𝑎𝑥-groove damage, with depth equal to
the maximum depth of the mean scan-based damage, is between two
and more than three times that caused by the scan-resolved damage.
The loss amplification arises because the localized perturbation to the
LE smoothness given by the forward facing step on the upper side
induces a strong local recirculation that severely weakens the BL. This
impairs the airfoil overall performance over most positive AoAs, as
visible in Fig. 10 and discussed further in [7,22]. This loss dominates
over those of modeled or resolved smoother roughness, highlighting
the strong dependence of the turbine performance reduction on the
geometric characteristics of the larger resolved scales of erosion, which
depend also on the LE material properties. The AEP loss trends at the
onshore site (Fig. 12(b)) are the same of the offshore case.

LEE affects both the power, and the loads and controlled parameters
of the turbine. The top left and right plots of Fig. 13 present, respec-
tively, the percentage power loss of three damaged turbine variants
at the offshore and onshore sites. The three variants are those with
the ‘nom. ft.’, ‘scan mean’ and 𝑑𝑚𝑒𝑎𝑛-groove blades, and 𝐾𝑠 = 500
μm in all cases. The percentage power losses in Fig. 13 are computed
dividing the difference between the damaged and nominal turbine of
the time-averaged power at each mean wind speed by the nominal
turbine power. This definition of the percentage variations applies to
all results of the figure. In both offshore and onshore conditions, small
power differences are observed between the nominal blade with fully
turbulent BLs and that with mean resolved damage, consistently with
the AEP loss analysis of Fig. 12. Power losses are notably higher for
the 𝑑𝑚𝑒𝑎𝑛-groove damage. In the offshore case, all three damage variants
yield a large power loss near cut-in speed, and the 𝑑𝑚𝑒𝑎𝑛-groove damage
gives a fairly constant loss of about 3.4% in region 2 of the power curve.
There is no power loss above the rated speed, since the pitch control
reduces the blade pitch to compensate for the aerodynamic efficiency
loss. The trends of the onshore power loss curves are similar. However,
the largest power loss in region 2 is about 4.3%, and the damaged
onshore turbines achieve the rated power at higher wind speed than
their offshore counterparts, as observed also in [7].

The rotor thrust percentage variations of the offshore and onshore
damaged turbine variants are shown in the left and right plots of the
middle row of Fig. 13, respectively, whereas the percentage variations
of the out-of-plane root bending moment are displayed in the bottom
row of the figure. One sees that, when the blades feature a LE damage,
both loads decrease before the rated wind speed. This is due primarily
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Fig. 12. AEP loss vs. 𝐾𝑠 for nominal blade with forced transition (nom. ft.), damaged blade with mean scan-based damage, and damaged blades featuring two groove-shaped
damages.
Fig. 13. Offshore (left) and onshore (right) percentage deviation from nominal values of power 𝑃 , rotor thrust 𝑇 , and out-of-plane root bending moment 𝑀𝑦 for blade featuring
nominal geometry and fully turbulent BLs, mean scan-based damage, and 𝑑𝑚𝑒𝑎𝑛-groove damage (𝐾𝑠 = 500 μm).
to LEE-induced reductions of 𝑐𝑙. The lower lift coefficient yields a reduc-
tion of the lift force and its projection along the rotor axis, contributing
to the observed reductions of rotor thrust and blade bending moment.
Above the rated wind speed, the pitch control compensates for the
reduced aerodynamic performance of the damaged blade by decreasing
the blade pitch less than in the case of the nominal blade. This results in
higher AoA at the eroded blade, enabling to increase the lift coefficient
and the lift force. However, the lower pitch also results in a larger
force projection along the rotor axis, increasing rotor thrust and blade
bending moment. As for the power, the load variations of the groove-
shaped damage are larger than those of the other two LEE states. The
percentage load variations for given LE damage at the offshore and
onshore sites are comparable.

The top left and right plots of Fig. 14 show the rotor speed variation
of the three damaged turbine variants with respect to the reference
turbine at the offshore and onshore sites, respectively. The magnitude
of the observed negative variations is very small. It is interesting noting
that the rotor speed of turbines with LE damage was observed to
11
increase when using the so-called adaptive turbine control for eroded
rotors proposed in Campobasso et al. [22]. The adaptive control up-
dates the original tip-speed-ratio 𝜆 of the nominal turbine, replacing it
with the 𝜆 value yielding the maximum power coefficient of the turbine
with LEE.

The bottom left and right plots of Fig. 14 depict the blade pitch
variation of the three damaged turbine variants with respect to the
reference turbine at the offshore and onshore sites, respectively. The
variation above rated wind speed is negative, indicative that the pitch
angle of the eroded blades is smaller than that of the nominal blades.
As expected, the turbine with the largest damage is that with the
largest pitch reduction, since the aerodynamic performance reduction
is largest.

5. Conclusions

A RANS CFD- and BEMT-based investigation into the progression
of offshore and onshore wind turbine AEP losses corresponding to
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Fig. 14. Offshore (left) and onshore (right) deviation from nominal values of rotor speed 𝛺, and blade pitch 𝜃 for blade featuring nominal geometry and fully turbulent BLs, mean
scan-based damage, and 𝑑𝑚𝑒𝑎𝑛-groove damage (𝐾𝑠 = 500 μm).
the progression of blade LEE has been presented. Two eroded LE
topographies have been considered. One is typical of materials that
erode fairly smoothly, without severe localized geometry irregularities,
with four erosion stages of increasing severity inferred from the laser
scan of the eroded LE of an offshore turbine; the other topography
type, observed in rain erosion test photographs and also reported in the
literature, refers to materials that erode more irregularly, with patterns
resembling chordwise LE grooves.

The adopted scale separation analysis of LEE aerodynamics, that
resolves erosion scales detectable with laser scans and models the
effects of unresolved small scales with a 𝐾𝑠-based distributed roughness
model, shows that (a) the AEP loss variability due to varying degrees
of smooth resolved erosion is smaller than the loss variability with
𝐾𝑠, and (b) localized geometric irregularities of the LE geometry yield
larger AEP losses than smoother erosion with comparable depth, and
are insensitive to 𝐾𝑠. These conclusions emphasize the necessity of
esolving large scale erosion and developing a LE material-focused
eometric roughness database needed to estimate the equivalent sand
rain roughness 𝐾𝑠, thus reducing its uncertainty in LEE RANS analyses.

At the considered offshore site, the largest AEP loss, caused by local-
zed groove-shaped irregularities, amounts to about 2%. For smoother
arge-scale erosion, AEP losses reach about 1.3% at large 𝐾𝑠 values.
or a plausible variability range 0.5 < 𝐾𝑠∕𝐾 < 2.5, the AEP loss of

the turbine with nominal airfoils and small-scale distributed roughness
varies between about 0.78 and 1.09%.

The onshore AEP loss trends are similar to those at the offshore
site. However, losses are larger, due to both lower mean wind speed
and higher TI. The AEP loss due to the most severe groove-shaped LE
damage is about 2.5%. Moreover, the variability of 𝐾𝑠∕𝐾 results in
larger variability of the AEP loss than at the offshore site. For example,
0.5 < 𝐾𝑠∕𝐾 < 2.5 results in the AEP loss of the turbine with nominal
blade geometry and roughened LEs varying between about 0.88 and
1.27%.

The effects of LEE on the variations of rotor loads and control
parameters from cut-in to cut-out speeds have also been assessed. The
most notable effects of LEE are the reduction of rotor thrust and root
bending moment between cut-in and rated wind speeds, and their
increase above rated wind speed, due to reduced blade pitch angles to
maintain the rated power despite the reduced aerodynamic efficiency
of the blades. As reported in previous studies, the power and AEP loss
before the rated power is achieved may be alleviated by implementing
an adaptive control strategy [22].

The performance analysis of the resolved scan-based LEE damage
may be affected by yet undefined uncertainty due to the adopted 2D
12

CFD approach. Based on preliminary investigations, however, these
analyses will require new validation data based on wind tunnel testing
and simulation technologies with higher fidelity than RANS CFD.
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