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Abstract: Blade leading edge erosion (LEE) is a persistent challenge in the wind industry,
resulting in reduced aerodynamic efficiency and increased maintenance costs, with an
estimated total expense of GBP 1.3M over a 25-year turbine lifetime. To mitigate these
effects, leading edge protection (LEP) systems are widely used, but their real-world per-
formance often falls short of predictions based on the standard rain erosion test (RET).
This study investigates the limitations of current RET practices, which are designed to
accelerate testing but fail to replicate the diverse environmental conditions experienced
by wind turbines. Two LEPs with contrasting viscoelastic properties were tested using
a novel design of experiments (DoEs) approach. The study explored the droplet impact
frequency, combination and sequencing of high or low rainfall intensities, recovery during
the inspection period and droplet size effects on erosion behaviour, to uncover significant
differences in material performance compared to standard RET conditions. Results, sup-
ported by dynamic mechanical analysis (DMA), indicated that the chosen LEPs undergo a
transition between elastic and brittle failure modes at a critical impact frequency, influenced
by the viscoelastic properties of the material. Importantly, the findings emphasise the
need for revised testing protocols across a range of parameters that incorporate realistic
environmental conditions to improve the predictability of LEP performance.

Keywords: wind turbine blades; leading edge erosion; leading edge protection; rain erosion
testing; environmental characterisation; dynamic mechanical analysis; realistic testing

1. Introduction
Blade leading edge erosion (LEE) remains a critical issue for the wind industry [1,2].

The predominant universal mechanism for LEE is in the form of rain precipitation, which
impacts the blades at speeds around 100 m/s and imparts fatigue, resulting in the loss of
material and accompanying aerodynamic losses and structural concerns [3,4]. The general
literature on the aerodynamics of LEE [3–6] agrees on annual energy production (AEP)
losses in the region of 0–3% (found both experimentally and numerically). Structural
concerns relate to the erosion of the composite shell needing composite laminate repair
which is difficult and costly to perform on an operational turbine. Leading edge protection
(LEP) is therefore typically installed along the leading edge near the blade tip to mitigate
or slow erosion. LEPs were traditionally tapes adopted from the aircraft industry, but the
correct selection of an adhesive to achieve satisfactory installation whilst being able to
contour the straight-sided tapes around the curved tips of blades has led to failure through
delamination issues rather than erosion [7]. Currently, the use of coatings that can be
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applied by a brush or roller [2], or pre-formed shells that are adhesively fixed to the blade
surface, are more prevalent as commercial LEP products. No current LEP system lasts the
lifetime of the turbine in an erosive environment onshore or offshore and so requires regular
repair and replacement, sometimes in as little as one year. There is therefore high interest
in the testing process used to test and certify improved LEP products being developed, as
evidenced by WP4 in IEA Wind Task 46. The primary method for developing LEP systems
and evaluating their rain erosion resistance is to perform rain erosion tests (RETs) using a
whirling arm rain erosion test rig.

The R&D A/S whirling arm rain erosion tester, depicted in Figure 1, simulates the
erosion of LEP materials on wind turbines by accelerating specimens through a rain field
generated by 600 needles of the same droplet size [8]. The acceleration of the test compared
to the wind turbine is generally created through increasing rotational speed and using
higher than average rainfall intensities under a larger than average single droplet size.
Typically, rotational speeds from 85 to 160 m/s are used under rainfall intensities from
26 to 34 mm/h with nominal 2.3–2.5 mm droplet sizes. These parameters are reflected in
the high-speed (HALT) and low-speed (ALT) test requirements set by DNV-RP-0573 [9].
Note that, generally observed in practice, the only difference between HALT and ALT
is rotational speed with the same rainfall intensity and droplet size being used for both
tests. This range of combinations is specific to the R&D A/S test rig and will vary with
other rotational arm test rig designs. There are 17 R&D A/S test rigs adopted by the
wind industry at the time of writing, and it is the most common test rig design. The
DNV-RP-0573 [9] details testing to be performed in DNV-RP-0171 [10], and the latter sets
wind-sector-specific requirements of only using whirling arm rigs together with velocity–
number (VN) curve analysis, above ASTM G73 [11]. An ISO standard for testing, ISO TS
19392-2 [12] is not currently used but is under revision to align with DNV-RP-0171 [10].
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Figure 1. The R&D A/S whirling arm rain erosion tester at Offshore Renewable Energy (ORE)
Catapult (Source: Offshore Renewable Energy Catapult).

When the whirling arm test was developed for the aerospace sector, the failure modes
and order of failure for several different aerospace materials were assessed against failure
observations on aircraft [13]. Similarly, for the wind sector, real turbine data were compared
against rain erosion test performance as part of the COBRA working group [14]. However,
the assessment did not cover the range of different LEP materials that are currently on the
market for wind applications, with their wide range of mainly elastic to very viscoelastic
properties. In addition, there has been a trend of increasing viscoelasticity over the last
5–10 years as these materials are observed to have better erosion performance. With the
time- and strain-dependent response behaviour of viscoelastic materials [15–17], test pa-
rameters that affect these behaviours need to be re-evaluated to consider if the method
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can accurately identify the order of performance of materials and accurately represent the
realistic in-service behaviour. To assess the accuracy of the RET, first, the in situ environ-
mental conditions must be well understood and then compared against recommended
RET practices.

Precipitation data from ORE Catapult’s National Offshore Anemometry Hub (NOAH)
were examined by Herring et al. [18] to identify the characteristics of an offshore envi-
ronment. Herring observed wide variation in precipitation intensity over a year with an
average below 20 mm/h but spikes up to 126 mm/h with dry periods between. These
trends align with the broader scientific literature [19,20]. Furthermore, studies on the
effects of climate change [20,21] suggest rainfall intensities in extreme events versus var-
ious durations with different return periods are expected to increase by up to 17% by
2030, compounded by extreme monsoon seasons in global areas of offshore wind industry
growth [22,23]. Herring [18] also illustrates the droplet size distributions (DSD) obtained
according to Best’s derived formulae adopted throughout the industry [24]. At NOAH,
droplet sizes vary significantly, ranging from 0 to 3 mm. This variability is particularly
pronounced during higher intensity rainfall events, which tend to produce larger droplets
with greater impact energies, thereby increasing their erosive potential. These observa-
tions align with other research studies, where Letson and Pryor [19] estimated that the
total kinetic energy of hydrometeor impacts can vary by up to 38% over four years, and
Barfknecht [25] demonstrated that larger droplets are substantially more damaging than
smaller ones, proposing an operational erosion-safe mode. Further studies [26–28] using
finite element analysis (FEA) have all similarly emphasised the significant impact of droplet
size on the stress field’s size and shape during impact events, highlighting the critical
role of droplet variability in assessing erosion. Conversely in testing, DNV-RP-0171 [10]
uses a fixed droplet size of approximately 2 mm, which simplifies the testing process
but overlooks these real-world dynamic effects and potentially underestimates the true
erosive impact.

Researchers have also highlighted limitations in the reproducibility and control of
current testing techniques, stressing the importance of defining a relevant and broad
RET testing window for accelerated erosion testing. Caboni et al. [29] conducted rainfall
measurements using disdrometers across offshore, coastal and onshore sites, correlating
these data with erosion damage via the Palmgren–Miner rule. Their findings indicate
that erosion is highly site-specific and significantly influenced by factors such as wind
speed and rain rate. In one instance, 30% of annual erosion damage was predicted to have
occurred within a 12 h period. Bech et al. [30] developed a droplet size-dependent model
based on an expanded range of RETs with four droplet sizes between 0.76 mm and 3.5 mm.
Compared to the recommended 2.38 mm singular droplet model, their new drop-size
dependant model predicted a 2.35-fold increase in lifetime. Both studies underscore the
impact of variance in environmental conditions on rain erosion resistance. In testing, DNV-
RP-0573 [9] defines a narrow testing window, outlined in the first column of Table 1, with
little to no variance in the parameters throughout testing. To fully determine whether these
standard tests are adequate for evaluating LEP performance in real-world environments
(outlined in the third column of Table 1), it is essential to first understand the isolated
influence of the RET parameters.

To investigate a wider testing window more akin to in situ conditions, a two-phase
testing campaign was established. DoE 1 performed the initial characterisation of each
LEP and examined the influence of droplet impact frequency (variable 1 in Table 1) upon
their rain erosion resistance, supported by DMA results. DoE 2 investigated the effects of
droplet impact frequency sequencing, material recovery and droplet size (variables 2, 3,
and 4 in Table 1, respectively) upon rain erosion resistance.
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Table 1. RET experimental design space recommended by DNV-RP-0573 compared with in
situ conditions.

Precipitation
Variable

LEP Conditions Experienced in RETs
According to DNV-RP-0573 LEP Conditions Experienced In Situ

1

The accelerated test (ALT) and highly accelerated
test (HALT) use two distinct rotational speeds,
1200 rpm and 800 rpm, respectively, to drive

two different droplet impact frequencies using
constant single droplet size.

A broad range of intermittent droplet frequencies
defined by the tip speed of the turbine.

2
A single droplet impact frequency is

maintained consistently throughout the
test duration.

Sequenced periods throughout the year of
low-intensity events, followed by

high-intensity events and vice versa.

3 Maintains a constant rain field with no
interruptions.

Recovery periods throughout the year
characterised by significant intervals of no rainfall.

4

A nominal droplet size of 2 mm is required,
though in practice in R&D A/S rigs, the

actual droplet size typically ranges between
2.3 and 2.5 mm.

A range of droplet sizes from 0.5 (below 0.5 mm
expected not to impact) to 6 mm.

2. Materials and Methods
2.1. RET Procedure

ORE Catapult’s R&D A/S whirling arm rain erosion tester was used to test two
industrial LEP systems, which were quantitatively characterised using DMA following
the protocols established by Jones et al. [17] described in Section 2.3 and Table 2. The
rain erosion tester contains three rotational arms, each with a specimen holder, spinning
horizontally with a range of speeds between 800 and 1200 rpm used for the tests. The
water manifold, which is situated 400 mm above the rotating arm plane, consists of six
hundred needles arranged at staggered intervals to ensure equal coverage of droplets
over the LEP specimen whilst maximising falling velocity and minimising aerodynamic
effects on the droplet trajectories. Three samples per test were evaluated for the DoE test
campaigns described in Table 3 (DoE 1) and Table 5 (DoE 2). The samples were inspected
for erosion damage regularly with the period between inspections set before the test started
based on the expected length of the test. At each inspection period (slice), test engineers
manually extracted the samples, removed any surface water and photographed them to
document their condition using high-resolution cameras. Some selected tests were run in
automated mode and the photographs from the internal rig camera were used. These data
were validated against visual observations at the end of the test due to differences in image
quality. Detailed records of the incubation locations and times for each sample were also
maintained for cross-referencing against the images. The process was repeated sequentially
until the erosion had penetrated through to the composite substrate on all three samples.

Both the DoE 1 and DoE 2 testing campaigns were conducted on two industrial LEP
systems, LEP A and LEP B, which were selected based on their contrasting viscoelastic
properties LEP A predominantly exhibited an elastic response under load, while LEP B
demonstrated a substantially greater degree of viscoelastic behaviour.

LEP A is a system consisting of a filler and LEP and was applied to glass/epoxy RET
samples sourced from Olsen Wings A/S. LEP B consists of a filler and LEP system which
was applied over a specific blade-representative substrate. Products were applied to the test
surfaces following the specific guidelines outlined in their respective technical datasheets.
These application protocols included details on surface preparation. In both cases, the
application was performed by a single individual using the same process for each sample



Wind 2025, 5, 3 5 of 20

following best practice. All samples were cured for at least one week before testing and
manufactured over the duration of the testing to minimise differences in curing times. No
variations from different stages of curing were observed in the DoE test results.

2.2. RET Analysis

Using current analysis methods and DNV guidelines [9,10], there are two critical stages
during a rain erosion test: the end of the incubation stage and sample failure otherwise
known as a breakthrough. The end of the incubation stage is the point at which damage
is first observed on the test specimen, defined by ASTM G73 [11] as a loss of material,
surface deformation or any other changes in microstructure, properties or appearance.
Sample failure, or breakthrough is the point at which the underlying substrate is exposed.
Failure time is recorded conservatively as the time step preceding visible observation of the
substrate. According to DNV-RP-0573 [9], fatigue data can be well described by a power
law of type, where N is the specific number of impacts to failure, dependent on a variable
associated with stress, in this case, impact velocity, V:

N = bV−m (1)

By representing as a log–log graph, the equation becomes a linear law allowing
extraction of slope m and intercept b:

log(N) = log(b)− mlog(V) (2)

Velocity is calculated from the erosion position on the specimen and rotational speed,
while the specific number of impacts is calculated from the test time of incubation and
the specific impact frequency. This specific droplet impact frequency is derived from a
mathematical equation partially provided in [10] which accounts for the test rig geometry
and testing conditions. It was used to generate the specific impact frequency values in
Tables 3 and 5. However, not every part of the equation is well defined, e.g., the droplet
falling velocity calculation, and it has been observed that different test houses use different
calculations leading to a wide range of derived specific impact frequencies, so values used
in this paper are specific to ORE Catapult’s calculation.

Typically, a LEP with strong rain erosion performance would consistently incubate at
higher velocities and sustain a greater number of impacts, resulting in a VN curve shifted
toward the far right of the graph. This is illustrated in Figure 2, a synthetic example of a
VN curve, where LEP Example 1 demonstrates superior performance compared to LEP
Example 2. Figure 2 underscores the critical importance of larger datasets, as evidenced
by the wider confidence band for LEP Example 1 compared to LEP Example 2, which is
attributable to the smaller dataset available for LEP Example 1. The methodology used in
this paper to compare VN curves for the differing tests works on the basis that a statistically
significant deviation of the VN curve suggests that a targeted variable 1–4 in Table 1 is
significant and should therefore be integrated into the test regimes.

The erosion damage progression rate, from incubation to breakthrough, depicted
in Figure 3 is an additional novel method used to analyse the significance of the tar-
geted variables in each DoE upon rain erosion resistance. It is assumed that a slower
damage progression rate is desired in performance. The damage progression rate is calcu-
lated from the percentage difference between incubation and breakthrough times for each
erosion point.
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in later testing.

2.3. Dynamic Mechanical Analysis (DMA)

Film samples of LEP A and LEP B with approximate dimensions of 50 mm length × 10 mm
width were obtained from cast LEP specimens using a freehand strip cutter (RDM Test
Equipment, Stortford, UK). Dynamic mechanical analysis (DMA) was performed using
a DMA 850 (TA Instruments, New Castle, DE, USA) with the modular tension clamp
attachment. All DMA experimental procedures featured an initial conditioning step, and
the temperature was equilibrated at the defined value for 5 min. Table 2 details the test
parameters for all DMA performed in this study, which includes the use of several routine
experimental procedures for the characterisation of viscoelastic materials in LEP applica-
tions, as previously reviewed [17].
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Table 2. Test parameters for DMA oscillatory experimental procedures.

Experimental Procedure Temperature (◦C) Amplitude (µm) Frequency (Hz)

Oscillation strain sweep 20 0.1–10,000 1

Oscillation frequency
sweep/time–temperature

superposition (TTS)
−50 to 50 (at 10 ◦C intervals) 20 0.1–10 (per frequency sweep)

Oscillation fatigue test 20 20–500 1–200

Oscillation frequency sweep data acquired at 10 ◦C intervals between −50 and 50 ◦C
and 0.1 to 10 Hz were used to extrapolate the values of E′, E′′ and tan δ across a maximum
frequency range of 10−2 to 1010 Hz by application of time–temperature superposition
(TTS) within the TRIOS software package (v5.1.1) provided by TA Instruments. The
validity of the produced TTS master curves was confirmed by shift factor analysis using the
Williams–Landel–Ferry (WLF) and Arrhenius models within TRIOS, in accordance with
the general method as detailed by Dorléans et al. [31]. The WLF model was exclusively
used within the temperature region between the Tg and Tg + 100 ◦C to ensure the validity
of the WLF equation [32]. Plots of the horizontal shift factors against temperature generated
R2 values > 0.99 in all cases, and the determined Arrhenius activation energy for each LEP
(between 185 and 195 kJ/mol) was comparable with previous values obtained for other
polymer classes used as LEP products [33].

3. RET DoE 1
3.1. Method

DoE 1 was used to characterise LEPs A and B in the widest possible range of droplet
impact frequencies in the R&D A/S test rig using standard test procedures. Results were
used to inform DoE 2. The rain erosion test parameters that influence droplet impact
frequency were selected based on Pearson correlation tests to ensure no dependency
between each parameter (correlation coefficients below 0.3) to avoid collinearity issues [34].
Such examples included rotational speeds, reflective of the range between the 800 rpm ALT
and 1200 rpm HALT tests defined in DNV-RP-0573 [9], two needle sizes with various flow
rates to cover the 0–3 mm droplet size range where pure droplet formation (not spraying) is
created in the R&D A/S test rig at ORE Catapult and no inspection period under automated
rig operation compared to 20 and 60 min removal for inspection to explore LEP recovery
under non-rain periods. The outputted campaign is shown in Table 3.

Table 3. The testing campaign for DoE 1.

Test
Needle
Size (G)

Rotational
Velocity

(rpm)

Flow Rate
(L/h)

Inspection
Period
(mins)

LEP A LEP B

Droplet
Size (mm)

Droplet
Impact

Frequency
(#/m2s)

Droplet
Size (mm)

Droplet
Impact

Frequency
(#/m2s)

T1 27 950 65 60 2.46 45,176 2.23 41,941

T2 22 1100 95 0 2.94 44,152 3.00 41,493

T3 27 1000 55 20 2.52 37,356 2.49 38,762

T4 22 1050 90 60 3.01 37,140 2.97 38,700

T5 22 900 95 0 2.94 36,125 3.00 33,949

T6 27 1200 35 20 2.55 27,505 2.55 27,505
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3.2. Results and Discussion

Images from select test slices for T1 and T4 from one sample of each LEP, as illustrated
in Figure 4, represent the general observations of the entire DoE 1. Visual inspection of
these samples revealed that both LEP systems exhibited different failure modes at lower
droplet impact frequencies (T3 to T6) compared to higher frequencies (T1 and T2). At lower
droplet impact frequencies, each LEP exhibited a typical elastic failure or high-cycle fatigue
failure mechanism. At higher droplet impact frequencies, each LEP exhibited a typical
brittle or low-cycle fatigue failure mechanism. Table 4 outlines the qualitative criteria used
to define these failure modes, which are based on extensive testing experience at ORE
Catapult and the prior literature on viscoelastic failure mechanisms [35,36].
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T1 Sample 1. Brittle fatigue mechanism—substantial number of damage sites that occur in correlation

with linear velocity. Damage form has sharp edges with this becoming more apparent when chunks

of material are removed; (b) LEP A T4 Sample 1. Elastic fatigue mechanism—damage occurs at

distinct locations on the sample with no damage between sites. Damage sites have smooth edges;

(c) LEP B T1 Sample 1. Brittle fatigue mechanism—substantial number of damage sites with cracking

and tearing of LEP in multiple locations. Tearing progresses down the length of the sample; (d) LEP B

T4 Sample 1. Elastic fatigue mechanism—small number of distinct damage sites consisting of cracks.

Damage slowly progressed along the length of the sample.

Table 4. Criteria used to determine failure mechanism of LEP system.

Criteria Elastic Brittle

Number of damage sites Few Many

Relation of damage to the linear velocity
Minimal dependency (i.e., does not

necessarily initiate at high-speed end
of sample)

Highly dependent (i.e., initiates at
high-speed end and propagates along

the sample)

Relation to other damage Damage is localised with no/
minimal damage between local sites Continuous damage along sample

Damage progression rate Slow Fast

Damage form Smooth edges Sharp edges

A summary of all testing performed in DoE 1 is provided in Figure 5, which illustrates
the test length, droplet impact frequency and the determined failure mode for each test.
LEP A exhibited a longer time to breakthrough in comparison to LEP B for tests T1 and T2
(at higher impact frequency tests), whereas the trend was reversed for T3 to T6, with LEP B
exhibiting a longer time to breakthrough (at lower impact frequency tests). Note that the
HALT test detailed in DNV-RP-0573 [9] has a similar specific impact frequency to T1 and
T2 which sit above the elastic–brittle threshold observed for both LEPs A and B in Figure 5.
It can be observed that performing HALT in isolation could reject LEP B instead of LEP A,
whilst LEP B is significantly better performing in lower rotational speed tests.
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As observed in Figure 4, LEP A experienced pitting in accordance with typical damage
mechanisms for LEP coating [35,36]. The LEP system exhibited poor interfacial adhesion
between the LEP and the filler layers, which was evidenced by the delamination of large
regions of LEP coating after a period of erosion damage. As defined in Table 4, the tests
at higher impact frequencies (T1 and T2) introduced a large number of damage sites that
developed at the high-speed end before propagating in correlation with the reduction in
linear velocity along the length of the test specimen. The observed erosion damage features
also contained sharp edges consistent with a brittle failure mechanism. At lower impact
frequencies (T3 to T6), the damage did not always start at the high-speed end. Furthermore,
the erosion damage features included smooth edges, which is consistent with an elastic
failure mechanism. The failure mode changed based on the impact frequency, proving the
hypothesis that the droplet impact frequency and, hence, the in situ precipitation intensity
on a turbine change the failure mode of the LEP system. For LEP A, the determined droplet
impact frequency threshold from high-cycle to low-cycle fatigue failure mechanisms is
between 37,356 and 44,152 m−2s−1.

For samples of LEP B tested at a high impact frequency (T1 and T2), significant cracking
was observed at the high-speed end of the test specimen with damage propagating quickly
and joining to cause tearing of the LEP. In contrast, tests at lower impact frequencies
(T3 to T6) exhibited a smaller number of cracks and tears at distinct points on the sample.
The cracks showed minimal progression through the LEP material before failure occurred.
For LEP B, the determined droplet impact frequency threshold from high- to low-cycle
fatigue failure mechanisms is between 38,762 and 41,493 m−2s−1.

An explanation for the variation in rain erosion resistance with respect to test pa-
rameters for both LEP systems was explored further using DMA. Figure 6 illustrates E′′

and tan δ values for LEP A and LEP B as a function of frequency upon the application of
TTS to oscillation frequency sweep data. Previous studies [17] have inferred a correlation
between increased values of E′′ and tan δ and the rain erosion resistance of a material. The
extrapolation of material properties at increased strain rates equivalent to those generated
by the mechanism of droplet impact is also of particular interest (estimated to be 106 Hz [2]).
It is observed that at frequencies < 100 Hz, LEP B exhibits higher E′′ and tan δ values
in comparison to LEP A. However, at frequencies > 100 Hz, LEP A exhibits higher E′′

and tan δ values in comparison to LEP B. Although the reported strain rates generated
by droplet impact are in the region of 106 Hz, it was deemed more applicable within this
study to relate the values of E′′ and tan δ at a measured test frequency within DMA to
the specific impact frequency during a rain erosion test, i.e., a greater E′′ and tan δ for
LEP B at DMA test frequencies < 100 Hz may correlate to greater rain erosion resistance
under high-cycle fatigue test conditions, and a greater E′′ and tan δ for LEP A at DMA
test frequencies > 100 Hz may correlate to greater rain erosion resistance under low-cycle
fatigue test conditions.

Further DMA experiments were also performed to rationalise the superior perfor-
mance of LEP A under low-cycle fatigue test conditions. The linear viscoelastic region
(LVER) of a viscoelastic polymer material indicates the region at which the viscoelastic
parameters are strain-independent below a critical strain. As illustrated in Figure 7, the
critical strain corresponds to a 5% drop in the plateau storage modulus (E′) value during
an oscillation strain sweep. The critical strain values for LEP A and LEP B were calculated
as 5.2 and 2.7%, respectively.

A series of oscillation fatigue experiments were also performed on LEP A and LEP B
at amplitude values ranging between 20 and 500 µm, between frequencies of 1–200 Hz. A
summary of the oscillation forces and stresses imparted upon both LEP materials during the
oscillation fatigue experiments is presented in Figure 8, with each data point representing
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the maximum oscillation stress and oscillation force imparted during each separate fatigue
experiment. It is observed that LEP B undergoes irreversible plastic deformation outside
of the LVER upon the application of oscillation forces above 3 N. However, no plastic
deformation was observed for LEP A at imparted oscillation forces of up to 6 N. The
oscillation strain sweep and oscillation fatigue experiments indicate that LEP B exhibits
a lower critical strain value and is more prone to plastic deformation at relatively higher
oscillation stresses. It is therefore reasonable to assume that LEP A may exhibit greater rain
erosion resistance under test conditions that impart greater strain at increased frequency.
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In conclusion, it is observed that there are qualitative correlations between the vis-
coelastic properties and the rain erosion resistance of LEP material as previously re-
viewed [17]. However, this study has demonstrated that there is also a requirement
to consider the specific rain erosion test parameters when attempting to determine such
material property–erosion correlations.

The results of DoE 1 highlight the critical need for understanding the effect of droplet
impact frequency upon the rain erosion resistance of a LEP system. The observed transition
from elastic to brittle failure at a threshold of approximately 40,000 m−2s−1 for the tested
viscoelastic LEP systems indicates that testing at a single constant droplet impact frequency
does not characterise the behaviour of a LEP sufficiently to produce a decisive order of
failure for LEP comparison and selection. A DoE approach of at least 6 variations as used
in Table 3 is recommended. There is also no guarantee that the DNV-defined HALT and
ALT are going to represent the behaviour of the LEP and the range of real-world conditions
it will be subjected to. Therefore, an improved understanding of droplet impact frequency



Wind 2025, 5, 3 12 of 20

and failure mode during RET must be coupled with an understanding of droplet impact
frequency and material response on the wind turbine blade in situ to fully validate the
effectiveness of RET methods for all levels of viscoelasticity in LEPs.
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Figure 7. Oscillation strain sweep curves for LEP A and LEP B (20 ◦C, 1 Hz). The dashed line
represents the end of the LVER or critical strain for each LEP.
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Figure 8. Summarised data from separate oscillation fatigue experiments conducted on LEP A and
LEP B. Each data point represents the maximum imparted oscillation stress and oscillation force
during each separate oscillation fatigue experiment.

4. RET DoE 2
4.1. Method

DoE 2 aimed to understand the influence of realistic rain parameters on the erosion
process including sequencing of high- and low-cycle fatigue events, non-rain periods where
recovery might occur and the stress variations in droplet size distributions compared to
a single droplet size. These precipitation parameters are identified as variables 2, 3 and 4
in Table 1.

Different stress levels in a typical fatigue process cause different damage mechanisms
to occur and interact. For composite materials, low-cycle fatigue is characterised by a
brittle failure of the matrix through high-energy cracks that can penetrate rapidly across
fibre bundles. In high-cycle fatigue, energy absorption mechanisms that slow damage
progression such as fibre bridging and fibre pullout may occur. The switch in failure
mode in DoE 1, with droplet impact frequency related to rotational speed and precipitation
intensity, shows similarity to the composite fatigue process. It was surmised that the very
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high precipitation intensities may act as low-cycle fatigue processes where embrittlement of
the LEP occurs due to polymer chain freezing and lack of time for the viscoelastic portion
of the loading curve to complete. In contrast, high-cycle fatigue processes would ensure
the polymers remain more elastic as chains have time to flow and even recover through
hydrogen bonding. T2 in DoE 1 evidenced this additional embrittlement with a high
flow rate and larger droplet size. It was thought that a period of low-cycle fatigue (high
precipitation intensity) at the start of the test may embrittle the LEP and lead to more rapid
failure than if the low-cycle fatigue period happened later in the test sequence, so the effect
was tested for confirmation.

The test conditions to impart low-cycle and high-cycle fatigue were determined based
on the droplet impact frequency transitions of the LEP systems identified in DoE 1. Both
LEP A and LEP B transitioned from high- to low-cycle fatigue at an impact frequency
between 37,356 and 44,152 m−2 s−1 and between 38,762 and 41,493 m−2 s−1, respectively.
Therefore, high-cycle fatigue was determined with a droplet impact frequency below
37,356 m−2 s−1, and low-cycle fatigue was determined with a droplet impact frequency
above 44,152 m−2 s−1. The rotational velocity is the most influential parameter in erosion
performance, and this has been fixed between high-cycle and low-cycle with the impact
frequency therefore changed through the flow rate alone. The following test conditions are
used for each loading:

• High-cycle fatigue: 2.53 mm droplet size 1000 rpm, 45 L/h. Impact frequency =
32,017 m−2 s−1.

• Low-cycle fatigue: 2.38 mm droplet size, 1000 rpm, 65 L/h. Impact frequency =
46,245 m−2 s−1.

Based on the findings by Herring et al. that determined high-intensity events last for
11 min on average [18], the low-cycle fatigue test was 11 min in length. It is then assumed
that a LEP might spend 10% of its time in low-cycle fatigue, making the high-cycle fatigue
events 99 min in length. A rest period of 2 h was also included to examine if recovery after
low-cycle fatigue would occur.

The effect of droplet size on rain erosion resistance has been previously docu-
mented [25,30]. The total stress effect is clearly non-linear with larger droplets being
lower in number but significantly more damaging. This set of experiments will explore
the validity of using the recommended droplet size of only 2 mm, by expanding testing to
use G22, G27 and G32 needles in the test rig, corresponding to droplet sizes of 2.05, 2.40
and 2.95 mm, respectively. Each test uses a different single droplet size and results are
analysed to explore statistical differences. The rotational velocity was held at 1000 rpm for
all tests, whilst the flow rate was varied to ensure that the pressure in the water system was
not exceeded and the droplets did not spray. Future research should investigate whether
testing with a droplet distribution, similar to that observed in natural environments, is
necessary and under what conditions it may be beneficial.

It is well known in polymer materials that, given time, the bonding interactions
between chains may break, move and reform through secondary bonding mechanisms such
as hydrogen bonding. This effect has also been observed in RETs comparing the removal of
samples for inspection to automated running on the same LEP, with differences in time to
failure of over 10 h. Currently, the length of the inspection period is not considered within
RET procedures, and if tests are run in automated mode this may be a difference to in situ
behaviour for lifetime predictions. Three tests of differing inspection periods and times
between slices were selected: no inspection period, standard 1 h inspection period, and at
least a 24 h inspection period. Table 5 summarises all the described tests that form DoE 2.
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Table 5. The testing campaign for DoE 2.

Test Motivation Description Test Conditions [RPM:Flow
Rate (L/h):Droplet Size (mm)]

T1 Standard DNV-RP-0171 test (control) Standard test with G27 needles and 1 h
inspection period 1000:55:2.37

T2

Sequencing of high- and low-cycle
fatigue loading as occurs in situ

Low-cycle fatigue–high-cycle
fatigue–repeat 1000:45:2.53/1000:65:2.38

T3 High-cycle fatigue–low-cycle
fatigue–repeat 1000:45:2.53/1000:65:2.38

T4 Low-cycle fatigue–rest
period–high-cycle fatigue–repeat 1000:45:2.53/1000:65:2.38

T5 Exploration of the potential droplet size
combination effect (uses T1)

Test with G32 needles 1000:30:2.05

T6 Test with G22 needles 1000:60:2.95

T7 Examination of the
influence of the inspection period

(uses T1)

No inspection period (test ran on
automated mode) 1000:55:2.37

T8 At least 24 h inspection period 1000:55:2.37

4.2. Results and Discussion
4.2.1. Sequencing

The VN curves in Figure 9 illustrate the difference in rain erosion resistance of the
different sequencing regimes. For both LEP systems, the high-cycle–low-cycle sequence
resulted in the worst rain erosion performance, followed by the low-cycle–rest–high-cycle
and then the low-cycle–high-cycle sequences, i.e., the opposite trend to what may be
expected. Indicator–variable regression analysis was used to determine whether there was
a statistical difference in VN curves [34,37]. A calculated p-value below 0.005 suggests that
each different sequencing regime has a statistically significant impact on the VN curve and
therefore the LEP performance. However, it was determined that additional VN data are
necessary to achieve a more accurate curve fit. Subsequent R2 values of 0.46, 0.47 and 0.60
for LEP A, and 0.60, 0.32 and 0.17 for LEP B, were calculated for the high–low, low–high,
and low–rest–high curves, respectively. As a result, concrete conclusions cannot be drawn
at this stage, and further testing is required.
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Figure 9. VN curves of erosion incubation on LEP A (a) and LEP B (b). Blue, red and green power
fit and datapoints correspond to the high-cycle–low-cycle, low-cycle–high-cycle and low-cycle–rest–
high-cycle fatigue sequences, respectively.
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The performance metric of damage progression, as presented in Table 6, indicates an
enhanced performance for the low-cycle–high-cycle sequencing in LEP A, evidenced by a
slower damage progression rate. Conversely, LEP B did not exhibit a significant difference
in the damage progression rate, which may be attributed to its tape composition, resulting
in less consistent and more sporadic damage progression measurements.

Table 6. The percentage difference between the samples’ time to incubation and time to breakthrough.
This value corresponds to the damage progression rate through the material from incubation to the
first sign of composite at breakthrough. Higher percentages suggest slower damage progression
rates. Note: The CoV is based on the progression rate difference between the times to incubation and
breakthrough and the original standard deviations of the three tested samples.

LEP A LEP B

% Difference from
Incubation to Breakthrough CoV % Difference from

Incubation to Breakthrough CoV

T2: Low-cycle—High-cycle 700 33.1 444 22.7

T3: High-cycle—Low-cycle 367 24.8 445 24.0

T4: Low-cycle—Rest—High-cycle 533 9.1 562 18.8

4.2.2. Recovery

The VN curve analysis for differing recovery regimes, as depicted in Figure 10, sug-
gests no observable difference in LEP performance with varying recovery times based on
initial incubation points. Indicator–variable regression analysis for LEP A, with a p-value
above 0.005, supports the conclusion that recovery times do not significantly impact LEP
performance. For LEP B, despite a p-value below 0.005, the poor fit of the VN curve casts
doubt on the reliability of this statistical outcome, highlighting challenges in applying RP
VN curves to materials that deviate from a power law erosion pattern. Subsequent R2

values of 0.60, 0.75 and 0.46 for LEP A, and 0.03, unavailable and 0.02 for LEP B, were
calculated for the long inspection period, no inspection period and standard inspection
period curves, respectively. This limitation underlines that VN curves focused only on
incubation may not fully capture the effects of recovery periods on rain erosion resistance.
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The damage progression rate data in Table 7 display contrasting results to the RET VN
curve data, as longer inspection intervals (24 h or more) are associated with reduced damage
progression rates compared to the standard 1 h inspection or no inspection intervals, which
correlate with reduced performance in both LEP systems. These observations reinforce the
notion that viscoelastic recovery in LEP materials, when given adequate time, can impact
rain erosion resistance.

Table 7. The percentage difference between the samples time to incubation and time to breakthrough,
full description on Table 6 caption.

LEP A LEP B

% Difference from
Incubation to Breakthrough CoV % Difference from

Incubation to Breakthrough CoV

T7: Automated Inspection 300 88.6 172 22.0

T1: Standard Inspection (1 h) 875 55.0 506 69.6

T8: Long Inspection (at least 24 h) 1080 48.0 1100 37.2

4.2.3. Droplet Size

The VN curve analysis for differing droplet sizes of 2.95 mm, 2.37 mm and 2.05 mm,
corresponding to needles G22, G27 and G32, respectively, as illustrated in Figure 11, reveals
a marked decrease in LEP performance with larger droplets. Specifically, the 2.95 mm
droplets result in a significant reduction in erosion resistance compared to the 2.37 mm
and 2.05 mm droplets, which exhibit similar effects. Subsequent R2 values of 0.52, 0.46 and
0.62 for LEP A, and 0.05, 0.02 and 0.31 for LEP B, were calculated for the G22, G27 and
G32 curves, respectively, highlighting the need for more data or improved recommended
practice on analysis to make concrete conclusions.
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These findings align with the results published by Bech et al. [30], who conducted
similar tests on four droplet sizes using the same DNV-RP-0171 [10] VN curve analysis.
The agreement between these results supports the assertion that droplet size impacts LEP
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performance. Consequently, the current RP of using a single nominal droplet size of 2 mm
to characterise the erosion resistance of the material should be reconsidered and the range
expanded for qualification.

Table 8, which outlines the damage progression rate for each droplet size tested in the
RET, indicates no significant differences in the damage progression behaviour, suggesting
that droplet size only affects the period to incubation for a LEP system.

Table 8. The percentage difference between the samples time to incubation and time to breakthrough,
full description on Table 6 caption.

LEP A LEP B

% Difference from
Incubation to Breakthrough CoV % Difference from

Incubation to Breakthrough CoV

T6: G22, 2.95 mm 1200 27.8 614 33.6

T1: G27, 2.37 mm 875 55.0 506 69.6

T5: G32, 2.05 mm 870 28.3 - -

In practical scenarios, droplets impacting at any given time can vary widely in size,
ranging from an estimated 0.5 mm to 6 mm. Therefore, future research should investigate
the combined effects of different droplet sizes and the impact of small droplets (~0.5 mm)
that cannot be tested in the current RET setup due to needle size limitations and test
duration. This broader approach will provide a more comprehensive understanding of
how various droplet sizes affect LEP performance.

5. Conclusions and Future Work
This study highlights the significant limitations of the current standard RET cam-

paigns in accurately evaluating LEP systems for wind turbine blades. By comparing in
situ precipitation conditions with the RET environments, it is evident that the simplistic
parameters in current standards fail to replicate the complex erosive conditions experienced
in real-world scenarios. Furthermore, the limitations of current testing methods stem from
the recent advancements in LEP development towards viscoelastic materials, which show
poor compatibility with the recommended analysis techniques. RET procedures have
been developed in the aerospace industry where the materials used were typically elastic
(e.g., metallics). Upon droplet impact, elastic materials respond instantaneously to the
stress, and the response is completed before the next droplet impact. A viscoelastic material
has the benefit of deforming under impact, dissipating the impact energy of the droplet,
before recovering to its final configuration. However, this process is time-dependent and,
if the time between impacts is short, the recovery of a LEP system from one droplet may
interact with its deformation from the next impact. Due to the historic development of
testing practices, this time-dependent behaviour is not factored into the current test method
and standards.

The findings from the two-phase DoE approach underscore the importance of ex-
panding the testing window to include a broader range of conditions defined in Table 1.
Specifically, in DoE 1, a critical droplet impact frequency threshold for LEP A and B was
identified, differentiating between elastic and brittle failure modes in viscoelastic LEP
materials. This discovery suggests that standard tests, held at constant droplet impact
frequencies throughout, may not provide a comprehensive assessment of LEP durability.
The DoE 2 investigation into droplet impact frequency sequencing, recovery periods and
varying droplet sizes, revealed that these factors also influence the performance and failure
modes of LEP systems.
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Building on these findings, future research should focus on the following key areas to
improve the accuracy and reliability of LEP evaluations:

Representative testing campaign: This paper has highlighted the areas where current
standards have limitations. Future work must convert this knowledge into a realistic testing
campaign. This could extract environmental data from the desired environment and design
a wide-window testing campaign that accurately evaluates a LEP.

More in situ LEP data: Field data give important insights into how a LEP performs in
situ, compared to the RET. In closing this gap between testing and in situ performance, it is
important to gather a vast amount of field data to verify methods.

Droplet impingement understanding: There is currently a gap in the literature on the
droplet impact stresses for droplets impinging on a different wind turbine blade geometry
to the RET specimen geometry; for example, large shear stresses caused by angled droplet
impacts. Additionally, future work should investigate transitioning from the recommended
specific droplet impact frequency metric to an impingement-based metric, which may offer
an improved characterisation of droplet impacts.

Improved RET Analysis: The current subjectivity in RET analysis caused by ambiguous
incubation definitions set by ASTM G73 [11] could be mitigated by incorporating automated
processes. High-resolution imaging and automated analysis software could help minimise
test engineer subjectivity and standardise practices across testing houses.
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