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A B S T R A C T

Rain erosion of wind turbine blades causes increased maintenance cost and shortened intervals. Lifetime
prediction of coating systems is challenging because of complexities in determining liquid droplet impact
pressures, resulting coating stress history and high strain rate fatigue parameters. The current work discusses
a novel modeling method for characterizing single point and distributed impact fatigue lifetimes. The effects
of changes in material, impact and geometric parameters on the predicted lifetimes were studied. Droplet
diameter and coating layer thickness were found to play an important role in the lifetime of the system.
Overlap of stress histories led to a difference between single point and distributed impact location lifetimes.
The resulting model allows more elaborate analysis of LEP performance.
1. Introduction

With global climate agreements driving the energy transition, sus-
tainable electricity sources such as wind energy are becoming more
important. Offshore wind has high potential to generate large amounts
of electricity because of a larger swept area resulting from longer
blades. Currently, the largest wind turbines have diameters over 200 m.
These large turbines have blade tip speeds of over 100 m s−1. The
high speed tips interact with rain droplets and other airborne particles
causing erosion damage over time [1]. Although the occurrence of
rain erosion is well known nowadays in the wind energy sector, the
fundamental understanding of the mechanisms driving rain erosion
as well as predictive models need to be further developed. Leading
edge protection (LEP) layers are commonly applied to the blades in
order to protect them from erosion damage. These LEP systems can
be applied directly in liquid form (gelcoats or polyurethane based
coatings) or as tape/shell form by adhesive bonding. The performance
of these systems is generally determined by extensive experimental test
campaigns rather than predictive modeling based on common material
parameters.

Fatigue lifetime is generally expressed by SN-curves containing the
applied stress level (S) on the y-axis and the number of cycles to
failure (N) on the x-axis. This relation is often fitted by a power law
or logarithmic law. For rain erosion of wind turbine blade applications,
often a VN-curve is used instead, which uses impact velocity (V) instead
of stress. Since the number of stress cycles is not easily measured in
the field or in whirling arm rain erosion test setups, often the lifetime
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is expressed as time before failure, specific number of impacts per
area or impingement, which is the total impacted water column. These
values can be converted into each other when the test conditions are
constant. The conditions are different between single point impact tests
and distributed impact point tests, which might result in variations
in predicted lifetime. This further complicates the correlation between
rain erosion tests and field data.

The traditional way to determine the liquid droplet impact erosion
lifetime of a coated substrate is by using the Springer model [2]. This
model defines a so called erosion strength based on the fatigue pa-
rameters of the material. The number of impact events before damage
initiation (incubation) is calculated by fitting a power law to the ratio
of the erosion strength to the impact pressure. For this impact pressure
value, traditionally, the waterhammer pressure is used. The coefficients
of the power law were found to be constant for most metallic and
ceramic materials. Variations on the Springer model have been devel-
oped and used in the wind turbine blade industry [3]. Since recently,
elastomeric materials are more often used as coating layers [4]. The
Springer model is not able to accurately predict erosion lifetimes for
these materials due to a singularity in the model for 𝜈 ←←→ 0.5 [5]. Often,
this problem is overcome by assuming the power law coefficients to not
be constant and by fitting them to experimental rain erosion test results.
This fitting however is undesired since prediction of lifetimes is ideally
based on material parameters and not on extensive experimental rain
erosion testing.
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Fig. 1. Wind turbine sites in North America (a) and Europe (b) where site-specific wind velocity distribution (c) and droplet size distribution (d) were measured.
Source: Reproduced with permission from Pryor et al. Energies; published by MDPI, 2022 [6].
An engineering approach to surface fatigue damage using the
Palmgren–Miner fatigue damage rule was proposed for lifetime predic-
tion of coated substrates by Slot et al. [7]. This approach considers
a maximum surface stress based on the waterhammer pressure that
depends on the radial coordinate caused by the Rayleigh wave. This
stress is related to traditional fatigue material data by the Palmgren–
Miner damage rule in order to define the increase in damage per hour.
From this, the incubation time was calculated defined as the time when
the damage parameter reaches unity. It was found that lifetime can be
increased by reducing the contact pressure or enlarging the safe area
by applying coatings with adjustable compressive stresses, adjustable
hardness and a low amount of defects and impurities. In a follow up
study, the SN–curves were determined for two different polybutylene
terephthalate (PBT) materials from axial tension/tension fatigue tests
(R = 0.1). This data was used with the model to successfully predict
incubation times for these materials [8]. The model was extended with
strain-hardening and shot peening for metallic surfaces which resulted
in a good correlation with laboratory results for AISI 316 steel and
AL6061-T6 [9]. The model has not yet been applied to more commonly
used elastomeric LEP materials.

Where the previously discussed lifetime prediction models make use
of the Waterhammer equation, numerical modeling has been applied
to obtain a more accurate prediction of the pressures and stresses in-
volved in liquid droplet impact. Numerical methods based on combined
Eulerian–Lagrangian modeling as well as smoothed particle hydrody-
namics [10,11] have been proposed. The modeled stresses have been
used in combination with the Palmgren–Miner rule [12] or critical
plane fatigue analysis [13] in order to predict lifetimes. The Rainflow
counting method was used to track the stress cycle magnitudes and
counts for dynamic, varying loads. The Rainflow counting algorithm
does not directly consider the amplitudes of the different frequencies
present in the stress signal, but the maximum stresses occurring as a
result from these superimposed signals.

In order to accurately predict LEP lifetimes, it is necessary to include
site–specific conditions in the modeling framework. Conditions such as
2

wind speeds and droplet size distributions are taken into account by
measuring and implementing meteorological data in lifetime prediction
models [14,15]. These models are often based on empirical data and
fitted to field observations. It was shown that droplet diameter and
terminal velocity depend on the site [6] as shown in Fig. 1. Some
numerical frameworks include the droplet size effect [16] to some
extent.

Although it is generally assumed that droplet diameter affects
the rain erosion performance, it was only recently shown by ex-
periments [17]. It was found that droplet size affects rain erosion
performance by the use of a whirling arm rain erosion test. The
specific impacts, specific impacts per area and impingement values
were computed and compared for four different droplet diameters and
the resulting VN-curves were used to predict lifetimes for different
meteorological sites. Predictive modeling efforts based on material
parameters to study the effect of droplet diameter on predicted lifetime
were not performed in this study and the current work could contribute
towards a better fundamental understanding of the effect of droplet
diameter on the stress and lifetime.

For polymeric materials at high strain rates it has been shown in
literature that, the yield strength increases and the response in the
glassy regime is linear up to a higher stress [18,19]. This indicates that
for the high strain rates of liquid droplet impact, the stress response of
the materials can be modeled using a linear elastic approach and the
fatigue damage occurs in the elastic region. High-cycle fatigue methods
that consider low stresses in the linear elastic regime should therefore
be used. Although high–cycle fatigue is well known, the strain rate
dependency for polymeric materials has not been studied extensively.
Moreover, for high–cycle fatigue, initial defects become more important
as damage nucleation points. Using fatigue data measured at low strain
rates is therefore not recommended for accurate lifetime predictions,
but it can be useful to study the trends of changes in impact, material
and geometric parameters on the predicted lifetime.

This paper aims to develop a lifetime prediction model using numer-

ical simulations based on the physical phenomena involved in liquid
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Fig. 2. Example of a part of a mesh for a bulk LEP material. The contact pressure
is put as a pressure load at the top of the mesh. The transient problem is solved
axisymmetrically for the radial coordinate (r), the depth (z) and time (t).

droplet impact that predict contact pressures and coating-substrate
stresses. The method discussed takes into account a numerical frame-
work including air cushioning [20,21] and is based on traditional
fatigue damage modeling methods such as the Palmgren–Miner rule.
As discussed previously, high–cycle, high strain rate (±106 s−1) fatigue
parameters are ideally used. Since these are generally not readily
available, the fatigue strengths used in this work are based on low
strain rate experiments which does allow for prediction of the trends
caused by changes in parameters, but not for accurate prediction of
lifetimes. Moreover, for polymeric based coating systems, viscoelastic
heating of the specimens occurs when the test frequency is high which
influences the results. The effect of changes in impact, geometrical and
material parameters on the resulting lifetimes will be discussed. The
sensitivity of the lifetimes with respect to fatigue strength parameters
will also be addressed. The model is developed with the aim to close the
gap between rain erosion testing and modeling. This will allow a more
accurate prediction of LEP performance and opens up the possibility to
optimize LEP systems for use as protection layers against rain erosion
damage for wind turbine blades.

2. Methods

The lifetime prediction model discussed in this paper uses the liquid
droplet impact pressure including air cushioning [21] and a slight
adaption of the coating stress model [20] proposed in earlier work
by the authors. Axisymmetry is used to allow for extensive parameter
studies within acceptable computation times. The Von Mises stresses
are considered for the damage calculations in this work but other stress
components can be used in the analysis as well. The resulting stress
history 𝜎(𝑟, 𝑧, 𝑡) is stored for each node in the mesh of which an example
is shown in Fig. 2. An example of the stress history for a 2 mm water
droplet impacting a flat epoxy panel at 100 m s−1 is shown in Fig. 3 and
can be obtained from the supplementary dataset [22]. It can be seen
that the stresses in the target rise when the pressures increase at the
instance of contact at 1 μs. The high stress regions disperse relatively
fast and mainly the initial contact is important for the high stress state
due to the compressive effects in the droplet.

The algorithms developed in this work were implemented in
Matlab® using the Rainflow counting algorithm provided in the signal
3

processing toolbox which follows the ASTM E1049-85 standard [23].
Rainflow counting can be applied for data reduction of the full stress
history in each node to a filtered set of discrete load changes (thus
their average and amplitude) and their number of occasions, which
can subsequently be used with Miner’s rule to determine the resulting
nodal damage parameter. Note that the damage parameter in Miner’s
rule is based on an elastic analysis and varies between 0 and 1 where a
value of 1 indicates that the material is damaged. The current approach
does not include damaged geometries in the numerical analysis. The
developed Matlab code and a required stress input file are published
as a supplementary dataset to this paper [22]. The stress input file is
obtained by means of a transient axisymmetric FEM simulation [20]
which uses a pressure input solved from an axisymmetric two-phase
flow fluid–structure interaction droplet impact simulation [21].

In order to calculate lifetimes, a material strength model is required.
The strength parameters used for the present analysis were based on a
power law according to

𝑁f (𝜎) =
(

𝜎
𝜎U

)− 1
𝑚

, where 𝑚 = −
log (𝑁)

log (𝜎I) − log (𝜎U)
(1)

where 𝜎 is the stress level, 𝜎U is the ultimate tensile strength, 𝜎I the
fatigue limit at 𝑁 cycles and 𝑁f the lifetime at stress level 𝜎. This
damage law is linear in a graph with logarithmic axes. Fig. 4 shows
the SN-curve for Eq. (1) for an epoxy material as defined in Table 1.
The endurance limit is implemented as a cut-off below which damage
accumulation does not occur. This results in a knee in the fatigue curve
as indicated in the figure by the dashed line. The proposed damage
model is used in a parameter study of the trends in the resulting
VN-curves.

The following subsections discuss lifetime calculations for impacts
occurring in a single point and at distributed impact locations respec-
tively. Although the same building blocks are used for the calculations,
the interpretations are slightly different. For the remainder of this
work, calculated lifetimes are denoted by a bar and Rainflow counting
variables by a tilde. The stress values used as input are based on a slight
adaption of the coating stress model [20] which used a triangular mesh.

2.1. Single point impact method

For impacts occurring at a single point, the extracted stress history
for a single impact event was used in the Rainflow counting algorithm
to obtain the number of stress cycles and the magnitudes that each
point in the LEP system endured. As shown by the stress history in
Fig. 5, the signal can contain multiple stress cycles that have to be
considered by the Rainflow counting algorithm. The Palmgren–Miner
rule was used with the stress cycle magnitudes and counts to determine
the damage parameter for each point. The point with the highest
damage parameter is considered as the point where damage initiates.
By taking the inverse of the damage parameter, the expected lifetime
can be obtained as the number of impacts before damage for single
point impacts. Since this method directly relates to the stress history,
it is a deterministic approach.

The following summarizes the lifetime calculation method for single
point impacts:

1. Perform Rainflow counting to obtain the stress cycle amplitudes
(�̃�𝑗 (𝑟, 𝑧)) and the number of stress cycles at each stress level
(�̃�𝑗 (𝑟, 𝑧)) for each node in the stress history data. Note that both
have a length �̃�(𝑟, 𝑧) representing the distinct number of stress
levels distinguished in the signal, denoted by the subscript 𝑗.

2. Calculate the damage parameter 𝐷 for each node from the
Rainflow counting data according to:

𝐷(𝑟, 𝑧) =
�̃�(𝑟,𝑧)
∑ �̃�𝑗 (𝑟, 𝑧)

( ) (2)

𝑗=1 𝑁f �̃�𝑗 (𝑟, 𝑧)
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Fig. 3. Stress history for a 2 mm diameter water droplet impacting an epoxy material at 100 m s−1 and the extraction method for distributed impact location stress history.
Fig. 4. Model used for fatigue SN–curve interpretation and the endurance limit based
on Eq. (1) and the material parameters of epoxy in Table 1 with 𝑅 = −1.

Fig. 5. Stress history at a node resulting from a single impact event containing multiple
stress cycles to be considered by Rainflow counting.

3. Calculate the lifetime in number of impacts (�̄�∗
𝑖 ) for each node

by:

�̄�∗
𝑖 (𝑟, 𝑧) =

1
𝐷(𝑟, 𝑧)

(3)

This analysis results in a two dimensional figure containing the damage
parameter for each node. The node with the lowest lifetime value will
4

Fig. 6. Schematic representation of the calculation for the distributed impact location
distribution with six impact points with distances 𝑟𝑖 towards the point of interest in
the center.

be the location where damage is expected to initiate and the resulting
lifetime value is considered as the lifetime of the material system.

2.2. Distributed impact locations

Lifetime prediction for distributed impacts is more complex since
the stress histories from different locations need to be superimposed.
Because of the random nature of the superposition, this method is
stochastic. In order to calculate lifetimes for distributed impact loca-
tions, a single point is considered for the damage calculation and an
impact location distribution (𝑟𝑖) is determined for a number of impacts
(𝑛) around this point by

𝑟𝑖 = 𝑟max
√

rand(𝑛) (4)

where rand(𝑛) is an array of 𝑛 numbers between 0 and 1 and 𝑟max is
the maximum distance to the point of interest to consider (generally
taken as the width of the substrate in the simulation). This approach is
schematically represented in Fig. 6.

The distances 𝑟𝑖 are used to extract the stress history as represented
in Fig. 3. The method is valid if at 𝑟max the stresses have dispersed
significantly and no longer contribute to damage. It is assumed that the
stress fields of consecutive impacts do not overlap. Or, in other words,
that the energy of a single impact event is dispersed before a second
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Fig. 7. Schematic representation of the construction of a continuous signal by concatenating signals from 5 discrete impact events at random locations.
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mpact occurs in the same region. From Fig. 3 it can be seen that the
tress field does not extend beyond the droplet diameter (of 2 mm)
nd that the time in which it disperses is significantly smaller than
.5 μs. This indicates that two droplets have to be very close together
nd have to impact within a few microseconds in order for their stress
ields to interact. As a simplification, the average distance between two
roplets of 2 mm diameter (𝑑) for a rainfall rate (𝑅𝑅) of 10 mm/h
ith a uniform distribution and a terminal velocity (𝑉t) of 6 m s−1 was

alculated. This was done by calculating the number of droplets in a
ubic meter (𝑁d) as:

d =
0.001𝑅𝑅
3600𝑉d𝑉t

, where 𝑉d =
1
6
𝜋𝑑3 (5)

he inverse of this number is the volume of air that surrounds each
roplet. By assuming the droplets to be packed closely like a face
entered cubic lattice structure (with a packing factor of 74%), the
inimum distance between two droplets is calculated by

min = 3

√

0.74 ⋅ 6
𝑁d𝜋

(6)

hich results in a minimum distance between two droplets of 0.2338 m
or the given parameters. This indicates that the stress fields for two
roplets impacting simultaneously do not interact. When the LEP ve-
ocity is assumed to be 100 m s−1, the time in between two impacts for
roplets in this uniform distribution at the same location is calculated
y 𝑡 = 𝑟avg∕𝑉 to be 2.3 ms. In this time, the stress waves have dispersed
ignificantly and do not interact as seen from the stress wave decay in
ig. 3. Based on this simplified analysis, it can be reasonably assumed
hat interaction between the stress fields of two consecutive impacts is
egligible.

In order to predict the damage parameter and resulting lifetime
or impacts that occur at distributed distances 𝑟𝑖 from the point of
nterest, the stress histories at these distances have to be taken into
ccount. For this purpose, the interpolated through thickness stress
istories at 𝑛 points at distances 𝑟𝑖 from the center of impact are used
n the Rainflow counting algorithm. This approach is represented in
ig. 3 by the extracted time histories at the top of the figure. This
esults in the stress cycle magnitude and count for the set of impact
ocations distributed around the point of interest as a function of the
-coordinate. The resulting damage parameter and expected lifetime
herefore take into account distributed impact locations. For simplicity,
he method proposed in this work uses a constant droplet diameter
ut the model can easily be adapted to take into account droplet
izes according to a well defined droplet size distribution (DSD) or
isdrometer data accounting for site specific conditions.

The following summarizes the approach developed for lifetime cal-
ulation due to distributed impacts:

1. Determine a set of discrete droplet impact locations 𝑟𝑖 according
to:

√

rand(𝑛) (7)
5

𝑟𝑖 = 𝑟max m
where rand(𝑛) is an array of 𝑛 randomly distributed floating point
numbers on the domain [0, 1].

2. Interpolate and concatenate the stress histories 𝜎𝑖(𝑟, 𝑧, 𝑡) from 𝑛
distributed impacts at distances 𝑟𝑖 from the center (𝑖 = 1… 𝑛) to
a combined stress history distribution through the thickness at
the respective distances 𝑟 = 𝑟𝑖 according to

𝜎 (𝑧, (𝑖 − 1)𝛥𝑡 + 𝑡) = 𝜎𝑖(𝑟𝑖, 𝑧, 𝑡) 𝑡 ∈ [0, 𝛥𝑡], 𝑖 = 1… 𝑛 (8)

where 𝛥𝑡 is the duration of a single impact. Note that this
equation forms a continuous signal from discrete events. This
is schematically represented in Fig. 7 for 5 signals at a single
z-coordinate and in Fig. 3 for 4 signals through thickness.

3. Perform Rainflow counting on the resulting stress signal (𝜎(𝑧, 𝑡))
to obtain the stress cycle magnitudes (�̃�𝑗 (𝑧)), the number of cy-
cles at each stress level (�̃�𝑗 (𝑧)) and the distinct number of stress
levels �̃�(𝑧). Note that for distributed impacts, these variables are
only a function of the z-coordinate and not of the r-coordinate.

4. Calculate the damage parameter 𝐷 as a function of the z-
coordinate from the Rainflow counting data according to:

𝐷(𝑧) =
�̃�(𝑧)
∑

𝑗=1

�̃�𝑗 (𝑧)

𝑁f
(

�̃�𝑗 (𝑧)
) (9)

Because the concatenated stress history 𝜎(𝑧, 𝑡) was taken into
account, the damage is a result of 𝑛 impacts in a circular area
with radius 𝑟max as was shown in Fig. 6.

5. Calculate the lifetime as specific impacts �̄�A and impingement
�̄� according to:

�̄�A(𝑧) =
𝑛

𝐷(𝑧)𝐴
, where 𝐴 = 𝜋𝑟2max (10)

and

�̄�(𝑧) = �̄�A(𝑧)𝑉 , where 𝑉 = 4
3
𝜋𝑟3𝑑 (11)

Since the approach for distributed impact locations is stochastic, the
alculations can be performed multiple times to determine the mean
nd standard deviation of the predicted lifetime. These values can be
sed to optimize the number of impact locations considered 𝑛. It was
ound that a value of 𝑛 = 5.000 leads to a good balance between results
nd computation time.

.3. General problem definition

In order to predict VN-curves, the developed approaches can be
epeated for multiple impact velocities and the resulting lifetimes can
e plotted as a function of impact velocity. The discussed approaches
lso allow for studying the effect of droplet diameter, material pa-
ameters, layer thicknesses and other impact, geometrical and material
arameters on the predicted lifetimes of the coating-substrate systems.

For this work, coated-substrates are considered as leading edge

aterial systems. An interphase region is present between the two
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Table 1
Material parameters considered for the coating materials used in the current work.

Material TPUD60 Epoxy PAI

𝐸 [GPa] 0.25 2.41 4.9
𝜈 [−] 0.4575 0.399 0.45
𝜌 [kg m−3] 1100 1255 1425
𝜎𝑈 [MPa] 55.1 67.3 192
𝜎𝐼 [MPa] 10 10 10
𝑁 [−] 107 107 107

Table 2
Impact and geometric parameters considered for the simulations in this work.
𝑉 𝑑 ℎLEP ℎIP
[m s−1] [mm] [μm] [μm]

80 1 250 0
100 2 500 50
120 3 750 100
140 ∞
160

materials where the material properties gradually change. The effects
of material parameters, droplet diameter, impact velocity and LEP
thickness and interphase thickness on the predicted lifetime will be
discussed. The material parameters considered in this work are given
in Table 1. The epoxy material properties are also used for the sub-
strate since the properties in the thickness direction are driven by the
substrate.

The impact and geometric parameters considered for the simula-
tions in this work are summarized in Table 2. 𝑉 is the impact velocity,
𝑑 the droplet diameter, ℎLEP the LEP thickness and ℎIP the interphase
thickness. The bold settings are used as a reference case. The infinite
LEP thickness means that the coating was modeled as a bulk material
without a glass-epoxy substrate underneath. Note that the interphase
layer was modeled as a functionally graded material in order to obtain
the stress field, but that the strength properties of the interphase region
were unknown. Therefore, strength and fatigue life were determined
only in the pure LEP layer based on low strain-rate fatigue properties.
This is a limitation of the current modeling approach but it is still
valuable to evaluate the developed method and to study the trends of
changes in parameters on the predicted lifetimes.

In order to effectively take into account fatigue damage through
thickness for distributed impacts, a number of points in 𝑧–direction
had to be considered. Within the LEP layer, at least 50 points were
used for the damage calculation through thickness. When this resulted
in elements larger than 10 μm, the size was limited to 10 μm. In the
substrate, the distance between the points was set to 100 μm. When
a single material was used, the size of 10 μm was used for the top
1 mm. An increase of resolution was possible but would result in a
computationally more expensive Rainflow calculation. Fortunately, this
calculation only had to be performed once for each simulation since the
stress levels and number of cycles were stored. The strength parameters
could be changed/fitted to the stored data which is computationally
more efficient.

3. Results

The lifetime calculations performed for this work follow the ap-
proaches described in the methods section and the resulting VN–curves
are plotted and the effects of changes in parameters are discussed. For
convenience, the process of calculating a VN–curve for both single point
impact and distributed impacts is demonstrated once below.

For single point impacts, the stress history (from e.g. Fig. 3) is
used directly in the Rainflow counting method to obtain the stress
cycle magnitude and count for each node. From the stress magnitudes
and counts, the damage parameter is calculated per node according
to Eq. (2). The result is the damage that occurs as a function of a single
6

Fig. 8. The effect of droplet diameter on the predicted lifetime of an epoxy target for
a single impact location.

impact in each node. In order to calculate the lifetime, the maximum
damage value is extracted as 𝐷max. The number of impacts before the
damage parameter equals one can now be calculated by taking the
inverse of 𝐷max. This gives the lifetime in number of impacts for a
certain set of input parameters as �̄� = 1

𝐷max
. Repeating this process for

multiple impact velocities results in a VN–curve. Note that for single
point impacts with equal droplet size and velocity, the stress history
in each node is repeated for each impact and that damage initiation
therefore occurs in the point with the highest damage parameter from
a single impact.

For distributed impacts, the stress history is not constant. This
complicates the lifetime calculation because the stress history has to
be determined accordingly. A set of impact distances 𝑟𝑖 to the point of
interest (in which damage is determined) is calculated based on Eq. (4).
The stress history that is felt for each of these impacts at the point of
interest can be determined by extracting the stress history at a distance
𝑟𝑖 from the center of impact as shown in Fig. 3. The interpolated stress
history at these distances is calculated for a number of impact points
𝑛 (set to equal 5.000) and used in the Rainflow counting method.
This results in stress cycle magnitudes and counts resulting from 𝑛
distributed impacts for the point of interest for multiple z-coordinates.
Similar to the approach for single point impacts, the damage parameter
can be calculated from the stress cycle magnitudes and counts. In
this case, the damage parameter is constructed from multiple impact
histories and not based on the history in a single node. Note that this
parameter is obtained for multiple z-coordinates leading to a profile of
the accumulated damage through the thickness. Because this analysis
takes into account a certain area 𝐴 and a certain number of impacts
𝑛, the lifetime follows from Eq. (10) to obtain the number of impacts
per square meter or Eq. (11) to obtain the impacted water column
(or impingement). Note that the relation with the number of impacts
for single point impacts is not trivial since the stress field size and
shape cause a complex overlap for which the coupling is based on
the discussed approach. It is not possible to state an influenced area
for single point impacts and hence, it is not possible to determine the
impingement value or specific impacts for single point impact locations.
Since single point impact methods correspond with (most) jet based
rain erosion tests while the distributed impact method corresponds with
traditional rain erosion tests and field data. Both are considered in this
work. Because of this, the analyses in this work are separated for single
point impact locations and distributed impact locations in the following
sections. The sensitivity of the model to changes in fatigue strength

parameters is investigated and reported in a third section.
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Fig. 9. Damage parameter for each node representing the damaged area and depth for single point impacts on epoxy targets at 100 m s−1 for different droplet diameters.
Fig. 10. The effect of LEP thickness on the predicted lifetime of PAI coated epoxy substrates for different droplet diameter impacts at a single location.
3.1. Single point impacts

The effect of droplet diameter on the predicted lifetime of bulk
epoxy targets is shown in Fig. 8. It can be seen that the effect of
droplet diameter on the predicted lifetime is very limited. All three
curves do however show a deviation for an impact velocity of 120 m
s−1. It was found that for all three droplet diameters, the maximum
stress at this impact velocity shows the same trend. Therefore, this
is expected to be related to the stress history, and not the lifetime
prediction method. When observing the damage depth and area given
for an impact velocity of 100 m s−1 in Fig. 9, it can be observed that the
depth at which the damage occurs is predicted to be slightly larger for
larger droplets. Also, the affected area is significantly larger for larger
droplets. Note that the color scale is linear and the lifetime is given
in logarithmic scale. For single point impacts at an epoxy target, it
is therefore expected that the damage will initiate around the same
number of impacts independent of the droplet diameter. For larger
droplets however, the expected damaged area is predicted to be larger.

Fig. 10 shows the effect of droplet diameter and LEP thickness on
the predicted lifetime for a PAI coated epoxy substrate. It can be seen
that for small droplet diameters, LEP layer thickness does not play a
major role in the lifetime prediction. For larger droplets, LEP thickness
plays a more important role where thicker LEP layers result in longer
predicted lifetimes. This is due to the larger volume with high stresses
that is present for larger droplets which interacts with the interface
for thicker LEP layers. This figure therefore clearly illustrates that LEP
thickness and droplet diameter are both important design parameters in
lifetime prediction. Since droplet diameters are not constant and vary
for each wind park site, the LEP solution should also be site specific
and based on a sophisticated DSD or disdrometer data. A thicker LEP
is generally beneficial in order to obtain a safe operation.

The effect of interphase thickness for single droplet impact locations
on TPUD60 and PAI materials for 3 mm droplet impact on a 250 μm
7

coated epoxy substrate is shown in Fig. 11. The materials are not
compared to each other due to the absence of reliable high strain rate
fatigue data. The figure clearly shows that interphase thickness has an
effect on the lifetime of the LEP where thicker interphase regions lead
to longer lifetimes. This is because the energy density in the stress wave
is gradually reflected by the interphase which leads to lower stress
concentrations for thicker interphases. Note that interphase thickness
plays a significant role for thin LEP layers and not so much for thicker
LEP layers. This is due to significant dispersion of energy density in
the wave before it reaches the interphase for thick LEP layers. This
leads to lower reflected stresses and hence, a lower effect of interphase
thickness on the predicted lifetime for thicker LEP layers.

3.2. Distributed impact locations

For distributed impacts, the specific impacts and impingement val-
ues will be used. These values will be significantly different from the
single point impact values and there is no trivial way to compare them.
This does result in a shift on the x–axis of the VN–curves.

The specific impacts and impingement curves showing the effect
of droplet diameter on the resulting lifetime of an uncoated epoxy
target for distributed impact locations are given in Fig. 12. When
considering specific impacts, it can be seen that the lifetime decreases
for larger droplets, which has also been observed in experiments by
Bech et al. [17]. This means that less large droplets are required to
impact within a certain area in order for damage to accumulate at the
leading edge. When observing the impingement value (impacted water
column height), it can be seen that larger droplets lead to a longer
lifetime and smaller droplets lead to an earlier onset of damage. This
has to do with the fact that larger droplets have a higher volume and
the impingement value increases faster than the damage due to the
number of impacts. Since the maximum stress state is driven by the
initial contact, generally it can be said that smaller droplets lead to an
earlier accumulation of damage since more impact events occur for the
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Fig. 11. The effect of interphase thickness on the predicted lifetime of 250 μm TPUD60 and PAI coated epoxy substrates for 3 mm droplet diameter impacts at a single location.
Fig. 12. The effect of droplet diameter on the lifetime of an epoxy target.
ame impingement value. However, for larger droplets the affected area
ncreases and overlap of lower stress cycle regions can occur increasing
he number of fatigue cycles. So, although for single point impacts the
redicted lifetimes for different droplet diameters were the same, for
istributed impacts there is a non-linear effect caused by overlap of
tress histories that significantly affects the predicted lifetimes both in
erms of specific impacts as well as impingement. This effect clearly
emonstrates why the relation between single point impact lifetime and
istributed impact lifetime is non-trivial.

Fig. 13 shows the damage depth for distributed impacts on an epoxy
arget. From this figure, it can be seen that larger droplets cause damage
eeper inside the material which is related to overlap of high stress
egions. Moreover, the damage parameter is high in a larger region for
arger droplet diameters which is related to the influenced area.

The effect of LEP thickness on the resulting lifetime highly depends
n the stress state in the material and therefore also depends on the
iameter of the impacting droplets. Fig. 14 shows the effect of LEP
hickness on the impingement value of PAI coated epoxy substrates
or 1 mm, 2 mm and 3 mm diameter droplets. It can be seen that
n all cases thinner LEP layers led to a decreased predicted lifetime.
his is expected because of the stress increase in the LEP layer due to
eflections at the interface [20]. It can also be seen that for smaller
roplet diameters, the effect of LEP thickness on lifetime becomes less
or higher LEP thicknesses. For larger droplets, the effect is more promi-
ent and thicker LEP layers result in significantly longer lifetimes. This
s due to the larger volume of high stress and the resulting reflections
t the interface. In general, thicker LEP layers have better performance.
ased on the developed model, an LEP thickness limit can be derived
or a certain set of impact and material parameters.
8

Fig. 13. Damage parameter for distributed impacts on epoxy targets for different
droplet diameters at 80 m s−1 as a function of the z–coordinate for a constant number
of impacts.

A functionally graded material led to a significantly reduced stress
state in the coating layer due to more spread out reflections in the
interphase region. The effect of interphase thickness on the predicted
lifetime is shown for 3 mm droplet impacts on 250 μm TPUD60 and
PAI coated epoxy substrates in Fig. 15. It can be seen that thicker
interphases result in longer lifetimes. The effect is less than the effect
of LEP thickness itself. A smart combination of a sufficiently thick LEP
with a thick interphase could lead to a resilient material system that can
withstand impacts with an average droplet size due to the LEP thickness
and some impacts with larger droplets due to the interphase thickness.
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Fig. 14. The effect of LEP thickness and droplet diameter for PAI coated epoxy substrates on the resulting impingement lifetime.
Fig. 15. The effect of interphase thickness on the lifetime of 250 μm TPUD60 and PAI coated epoxy substrates for 3 mm droplet diameter impacts.
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.3. The effect of fatigue strength parameters

Fig. 16 shows the sensitivity of the predicted lifetime of an epoxy
arget for 2 mm diameter liquid droplet impact with respect to changes
n the fatigue parameters. It can be seen that a change in the ultimate
ensile strength causes the predicted lifetime to be significantly influ-
nced, especially at higher impact velocities. This has to do with the
act that high–cycle fatigue is occurring and the slope of the SN–curve
ignificantly influences the lifetimes. A higher ultimate tensile strength
as a significant effect on the slope of the VN–curve. The effect of
𝐼 is more prominent at lower impact velocities. This has to do with
he fact that the involved stresses are lower and the endurance limit
ignificantly influences the stress cycles involved in the fatigue analysis.
he effect of 𝑁 on the predicted lifetime is limited. The large effect
f small changes in 𝜎𝑈 and 𝜎𝐼 emphasizes the need for proper high
train rate, high–cycle fatigue data in order to make accurate lifetime
redictions.

The curves discussed above are based on the same stress cycle
agnitudes and counts since they were stored after Rainflow counting.
herefore, the curves are deterministic and the study isolates the effect
f a change in fatigue parameters. For different impact conditions,
he Rainflow counting has to be performed an additional time and
ence, the model becomes stochastic. For this reason, a Monte Carlo
nalysis was performed to show the spread in predicted lifetime as a
unction of the stochastic nature of the model. The results are shown
n Fig. 17 for 2 mm diameter droplet impacts on an epoxy target with
he number of impacts for each simulation 𝑛 equal to 5.000. It can be
een that the standard deviations are low and the lifetime prediction
esults presented are stable and therefore valid. Interestingly, for lower
mpact velocities, the standard deviations are slightly higher than
9

a

or higher impact velocities. This indicates that longer lifetimes are
ore difficult to predict. Since longer lifetimes are mainly driven by

ow stress magnitudes, overlap of low stress histories becomes more
mportant. This is the case for low velocity impacts and the impact
ocation distribution.

. Discussion

Single point impact lifetime is driven by the maximum stress and its
ocation in the coating–substrate system. This results in a straightfor-
ard coupling between fatigue lifetime and the stress field for constant

mpact velocity. If the impact velocity is changing, overlap of stress
istory regions occurs and the damage mechanisms and fatigue lifetime
alculations become more complex.

For distributed impact locations, stress fields overlap even for a
onstant impact velocity. This can be understood from Fig. 9 because
or distributed impacts, the damage does no longer occur at the marked
oint, but overlap of lower stress regions occurs causing more fatigue
ycles. This results in a non-linear coupling between the stress state
nd the damage locations and lifetime of the materials. The method
roposed for distributed impacts in the current work is based on a
uperposition of stress fields, the Rainflow counting algorithm and the
almgren–Miner damage rule. This means that well established ideas
an be used to predict the lifetimes and damage locations of distributed
iquid droplet impacts on coated substrates.

It was shown that comparison of the predicted lifetimes for single
oint impacts and distributed impact locations is non–trivial due to
his overlap. The overlapping area and the stress cycle magnitudes
nd counts depend on the impact, geometric and material parameters
nd the relation is not straightforward. Because of the fundamental
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Fig. 16. Influence of changes in 𝜎𝑈 , 𝜎𝐼 and 𝑁 on the impingement value for 2 mm diameter droplet impacts on an epoxy target.
Fig. 17. Mean and standard deviation for the predicted lifetimes of a Monte Carlo simulation of 2 mm diameter droplet impacts on epoxy targets.
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ifferences between single point and distributed impact locations, care
hould be taken when interpreting rain erosion test results from differ-
nt test setups or facilities. This holds for tested lifetime values, but also
or damage locations and types. The developed modeling framework
ould be used to relate the different loading cases since it includes the
on–linear effects.

Fitting of the predicted VN–curves to measured fatigue parameters
s challenging due to the fact that the VN–curve is not directly related
o the SN–curve. The lifetime of the material is based on a combination
f overlapping regions of low and high stresses, which means that
hanging fatigue parameters like 𝜎𝑈 , 𝜎𝐼 or 𝑁 does not have the same
ffect in the VN–curve as it has in the SN–curve. A coupling exists based
n the stress history through thickness. In order to couple the SN–curve
o the VN–curve, it is therefore important to understand which stress
agnitudes influence the lifetime and to what extend. These effects are

ncluded in the modeling framework.
There is not a straightforward relation between changes in impact

r geometric parameters and the predicted lifetimes. This means that
change in droplet diameter, material parameters or even impact

elocity does not necessarily result in a shift or change of slope in the
ifetime curve but the behavior may be quite different. This is due to
he fact that the change in stress field and the overlap of low stress
egions for fatigue damage calculations is not trivial. The developed
odel includes the nonlinear effects which enables a more accurate
rediction of the effects of changes in the LEP design on the lifetime.

High strain rate material parameters are very important to consider
or accurate lifetime predictions. These high strain rate parameters
o not only determine how the materials respond to liquid droplet
mpact and how the stress develops in the coating–substrate system
ut also how the material responds to fatigue loads. It was shown in
iterature [18] that at high strain rates, typical polymeric materials
ehave in a glassy way and the yield strength increases. This indicates
10

hat at the relevant strain rates for liquid droplet impact, the materials o
are loaded in the elastic regime and high–cycle fatigue is the rele-
vant damage mechanism. The considered fatigue damage calculations
should therefore focus on high strain rate, high–cycle material data.
This material data is challenging to obtain since the required strain
rates are in the order of 106 and high frequency fatigue tests lead to
iscoelastic heating of the materials which influences the results. A
ood starting point could be to fit the model to a single rain erosion test
nd predict the trends for changes in problem parameters. The elastic
esponse of the considered LEP materials can be measured by e.g. a
plit Hopkinson pressure bar experiment.

Since the problem concerns high–cycle fatigue, the initial state of
he coating–substrate system is largely determining the fatigue lifetime.
ny irregularities in the material could cause stress concentrations and
rowth of fatigue damage. This can lead to unpredictable behavior if
he quality of the production process of the LEP system is not well
ontrolled. Combined with the complex non–linear effects of the stress
ycles in the material, these uncertainties could lead to seemingly
andom failure of the LEP system as sometimes observed in rain erosion
xperiments in literature [24].

. Conclusions

Lifetime prediction of coated-substrates for wind turbine blade ap-
lications is traditionally based on the Springer model. The current
ork investigated the possibilities of using a numerical framework to
redict the lifetimes and the influence of LEP design parameters on the
redicted lifetimes. The liquid droplet impact pressure and coating–
ubstrate stress history were modeled according to earlier work by the
uthors [20,21]. The lifetime prediction was based on the Palmgren–
iner rule and the Rainflow counting algorithm which were applied

or each node. A method for distributed impacts was proposed based

n a superposition of the stress histories.
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The current work analyzed the effect of changes in LEP design pa-
rameters on the predicted rain erosion lifetime of the coating–substrate
system. The effect of droplet diameter, LEP thickness, interphase thick-
ness and coating material parameters was studied for single point
impact locations and distributed impacts. It was shown that the stresses
and the number of cycles in the material due to distributed impacts are
highly non–linear due to overlap of stress history and dynamic stress
fields caused by interactions of waves with interfaces/interphases. It
was argued that high strain rate material parameters are required in
order to accurately predict fatigue lifetimes and that the production
process of the coating–substrate system should be controlled in order
to limit initial defects which could accelerate fatigue damage growth.
The following conclusions were drawn based on the work performed:

1. The droplet diameter significantly affects the lifetime of the
coating substrate system.
The initial contact point between the droplet and the substrate
is most important for the stress and therefore the lifetime of
the LEP system. Small droplets have a smaller volume than
large droplets and hence, more impacts occur for the same im-
pingement value for small droplets. Consequently, small droplets
cause more damage than large droplets for the same impinge-
ment value for bulk materials.

2. The LEP thickness significantly influences the lifetime of the
coated substrate.
The design of the LEP system (especially the thickness of the
coating layer) influences the stress state in the system and with
that the expected lifetime. Thin coating layers cause reflections
of high energy stress waves at the interface which lead to a
significant increase in the stress level in the coating system
and hence, a lower lifetime. This effect also depends on the
droplet diameter since larger droplets have a larger influenced
volume and the energy in the stress waves penetrates to a
larger depth. Therefore, the LEP design should be based on site
specific conditions at the blade tip which should be measured
in the field [6] or modeled using rainfall kinematics [14,15].
The developed model can be utilized to optimize LEP design
and study the sensitivity to changes in impact, geometric and
material parameters on the performance of the LEP system.

3. There is a difference in lifetime and damage location for sin-
gle point impacts and distributed impacts due to overlap of
high–cycle fatigue regions.
For distributed impacts, low stress regions overlap which leads
to a higher number of cycles for these low stress regions. This
leads to high–cycle fatigue damage in different areas than for
single point impacts. This indicates that there is a significant dif-
ference in observed damage mechanisms and lifetimes between
the different types of rain erosion tests that are used. This should
be taken into account when interpreting rain erosion test results
from different test types or facilities.

4. The lifetime model is very sensitive to changes in the used
ultimate tensile strength.
This dependence on ultimate tensile strength is related to the
way the model incorporates the fatigue damage SN–curve. The
ultimate tensile strength is used in Eq. (1) to model the SN–
curve. Since the liquid droplet impact loading is mainly causing
stresses in the elastic regime of the materials (at high strain
rates), high–cycle fatigue methods should be used for damage
calculations. The use of the ultimate tensile strength should
therefore be prevented and the model is best fitted to high strain
rate and high–cycle fatigue experiments.

Future research should be focused on obtaining high strain rate
igh–cycle fatigue parameters in order to couple the model to field data
nd rain erosion experiments. This can be a challenging task due to
he high strain rates required (±106 s−1) and the lack of a standard
11

est method. It would be useful to measure high strain rate elastic
parameters (using e.g. a split Hopkinson pressure bar) and to fit the
resulting model to a single rain erosion test to be able to study the effect
of changes in impact and geometric parameters as well as site–specific
performance.
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