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Abstract
Rain-induced leading-edge erosion (LEE) of wind turbine blades (WTBs) is associated
with high repair and maintenance costs. The effects of LEE can be triggered in less

than 1 to 2 years for some wind turbine sites, whereas it may take several years for
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bines operating at the same site. Hence, LEE is a site- and turbine-specific problem.
In this paper, we propose a probabilistic long-term framework for assessing site-
specific lifetime of a WTB coating system. Case studies are presented for 1.5 and
10 MW wind turbines, where geographic bubble charts for the leading-edge lifetime
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and number of repairs expected over the blade's service life are established for
31 sites in the Netherlands. The proposed framework efficiently captures the effects
of spatial and orographic features of the sites and wind turbine specifications on LEE
calculations. For instance, the erosion is highest at the coastal sites and for sites
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located at higher altitudes. In addition, erosion is faster for turbines associated with
higher tip speeds, and the effects are critical for such sites where the exceedance
probability for rated wind conditions are high. The study will aid in the development

of efficient operation and maintenance strategies for wind farms.
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1 | INTRODUCTION

In order to account for the rising carbon levels in the atmosphere, there is a substantial increase in the demand of renewable sources of energy.
Among all the sources, wind energy owing to its abundant resource availability and decades-long technical maturity, is one of the fastest growing
renewable sectors.! Europe has been the front runner in the wind energy sector, and a recent report suggests that wind energy could become the
largest power source by 2050.2 In order to achieve this, a significant increase is expected in the number of turbines being deployed, both in
onshore and offshore sectors, along with improved technological advances. One of the methods to improve the efficiency and energy production
from the wind turbines is to increase the blade size that advances the total rotor swept area and improves the overall power capacity of the tur-
bine.>> However, increased blade length also poses major design constraints to the blade designer and maintenance constraints to the wind farm
owners. Wind turbine blades (WTBs) of lengths 70-75 m can be associated with high tip speed, in the range of 75-90 m/s.%” Due to recurring
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FIGURE 1 (A)Wind turbine exposed to rain field.'” (B) Example of LEE of WTB®

contact with rain during their service life (Figure 1A), WTBs can suffer material degradation at their leading edges (Figure 1B). This material degra-
dation leading to the roughening of leading-edge surface and subsequent material loss is designated as rain-induced leading-edge erosion (LEE) of
WTBs.®

The roughening of the surface due to LEE causes a reduction in the aerodynamic performance of the WTBs as well as the power output of
the turbine.” As a result, regular inspection and repair activities are required to be carried out to rectify the damaged profile of the leading edge,
which adds significant costs to the overall energy produced.*®*! It has been reported that the effects of LEE can trigger in less than 1 to 2 years
for some of the wind turbine sites, while it may take several years for other sites.!?® As a result, different wind turbine sites display a very dis-
tinct erosion lifetime for the same blade coating system and need site-specific inspection and repair requirements.*? The site-specific variation in
the LEE performance of coatings comes from the fact that wind and rain conditions govern the erosion of WTBs and their statistical parameters
exhibit a stochastic nature.**° In other words, the probability of occurrence of wind and rain conditions and their associated statistical parame-
ters vary from site to site*® and this makes LEE a site-specific problem. Consequently, tools and methods are required that enable site-specific
estimation of the expected lifetime of the blade coating system and treat rain and wind parameters as stochastic.

In the current study, a probabilistic long-term framework is proposed for assessing the site-specific expected lifetime of a WTB coating sys-
tem. To the best of the authors' knowledge no such framework exists which has been applied to LEE of WTBs and thus reflects the novelty of this
work. Also, one of the main goals of this paper is to propose this framework as an efficient way to perform analysis during the pre-design phase
to select a suitable coating system for a given wind turbine site and perform LEE calculations. Further, case studies are presented for a 1.5 and
10 MW turbine where geographic bubble chart® for the leading-edge lifetime and number of repairs expected during the blade's service life are
established for 31 sites in the Netherlands. The remainder of the paper proceeds as follows: Section 2 presents a brief literature review on the
state of the art LEE models. Section 3 presents the proposed framework, methodology as well as details on the case study. Section 4 presents
and discusses the results. Section 5concludes the paper and finally section 6 presents the limitations and recommendation for future work.

2 | LITERATURE REVIEW: LEE MODELS

In the literature, there have been several efforts in developing erosion models to predict the leading-edge performance of the blade coating sys-
tem against rain-induced erosion. These models in general require different input parameters since LEE of WTBs is a result of simultaneous

1Geographic bubble chart is a technique of presenting the data as filled, coloured circles, referred to as bubbles, at different position on a geographical map marked with longitude and latitude.
The bubble's size and colour can be used to represent magnitude and intensity of data values at these locations.
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interplay of several factors such as rain and wind parameters interacting with the blade coating system during operations. Figure 2 presents a gen-
eral framework of a typical LEE model with different input and output parameters. The input parameters include (1) rainfall statistical model con-
sisting of stochastic inputs such as rainfall intensity, rainfall duration as well as the rain droplet size that determine the rain loading on the blade
during its service life, (2) wind turbine model that includes defining the mean wind speed at the hub height which is a stochastic input as well as
defining the turbine's rotations per minute (RPM) schedule that determines the tip speed of the blade, (3) an impingement model that determines
the number of droplets that will actually hit the WTB during rotation, and (4) coating material model that includes fatigue and mechanical proper-
ties of the coating and characterises the erosion resistance of the coating material. These parameters are then fed into a LEE model and different
output parameters are calculated such as (1) incubation period that refers to the time period before any mass loss is seen in the coating and is
referred to as ‘expected leading-edge (LE) lifetime of blade coating system’ in this paper,'? (2) rate of mass loss that represents a stage where the
mass is lost at a steady rate, and (3) total time to failure which describes complete removal of coating materials. In addition to these results, other

420 and surface roughness growth?* due to recurring drop-

parameters are also of interest such as the analysis of impact stresses,'* fatigue cracks,
let impact onto the coating.

The above mentioned LEE models can either be a phenomenological-based analytical model or a pure numerical computational model.* The
computational models range from coupled fluid structure interaction models such as the Smooth Particle Hydrodynamic (SPH) methods®22 and
the Coupled Eulerian Lagrangian methods (CEL),'®?% to a more conventional decoupled computational fluid dynamics (CFD)-finite element
method (FEM) calculations.?* Most studies using such models are deterministic in nature and analyse single rain droplet impact response on the
coated panels to investigate the underlying erosion mechanism process, under averaged environmental and operation conditions. While these
models capture the realistic droplet impingement process to a very high degree of precision, such models are still too complex and computation-
ally demanding, and may not be an efficient choice at the preliminary design stage. In addition, it is not straightforward to extrapolate the results
from the single droplet to include the effects of multiple rain droplets hitting the blade in a random manner.® Nevertheless, attempts have been
made to propose frameworks where different parameters shown in Figure 2 are included to calculate erosion damage of a coating. A computa-
tional framework was presented in Amirzadeh et al.>*?> where stochastic rain texture model was coupled with the results from CFD-FEM code
to evaluate the expected fatigue life of the blade coating. Recently another computational framework* consisting of multi-axial critical plane
fatigue model of coating degradation was proposed based on the assumption that no two successive droplets overlap with each other while
impacting the blade during precipitation. Although these computational frameworks are promising and include randomness in the number and size
of drops hitting the blade surface area, the requirement of a framework that treats rain and wind parameters as stochastic and aids site-specific
analysis of LEE has still not been achieved.

Compared to the computational models, analytical-based LEE models present a more simplified analysis of LEE of WTBs. There are many
analytical-based models utilised in the literature such as Springer's surface fatigue model for homogeneous,?® coated?’ and fibre-reinforced
material, 282’ DTU's Kinetic energy model,%® Siemens erosion model,’” micromechanical model for Polyurethane coatings®! and TNO's fatigue
model.3222 Though the above models have several assumptions inherent in their formulations, they still represent a sound physical representation
of droplet impingement process onto the coating system. These models give first order estimates of parameters such as water hammer pressure,

incubation time as well as total time to failure to name a few. In addition, they efficiently couple different input models shown in Figure 2 along
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FIGURE 2 General architecture of LEE model with input and output parameters
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with the total number of drops contained in a rainfall to estimate the expected lifetime of a blade coating system. However, one of the main
shortcomings of these models is that the estimates from such an analysis represent the accelerated erosion of coatings based on deterministic
load cases and it is not straightforward to include all possible rain and wind loading conditions for site-specific erosion analysis. Generally, repre-
sentative load cases such as the median droplet sizes based on a few popular droplet size distributions (DSDs) for extreme rain cases are consid-
ered, based on which the erosion damage rate of a WTB is calculated.

In view of these shortcomings, there have been efforts to extend the scope of the above discussed analytical erosion models and perform

1'2 performed analysis on a 3.2 MW WTB in the Danish Seas using the kinetic energy based

site-specific analysis of LEE of WTBs. Hasager et. a
LEE model and considered five coastal and three inland sites. The results of the studies showed that the erosion of WTB coating system is approx-
imately 4 times higher for the coastal sites compared to the inland sites because of higher occurrence of heavy rain at large wind speeds. The
study provided a comprehensive discussion on erosion dependence on statistical characteristics of rain and wind conditions for a given site,
although the study lacked a pure probabilistic framework. It was also hypothesised that extreme rain events are significantly important during ero-
sion calculations, however, all rain events contributed to the fatigue of the blade surface. Another attempt has been made by the authors of the
present paper to propose a probabilistic rainfall model in Verma et al.1*# to establish rain and wind characteristics in terms of different probabilistic

[?¢ where the case studies

distributions. Those analyses were performed on a 5 MW wind turbine using the Springer's surface fatigue model
include one coastal and one inland Dutch site. It was found that the erosion lifetime for a WTB is 3 to 4 times less for turbines operating at coastal
sites compared to the inland sites based on the hypothesis that the observed erosion was a result of recurring exposure to all possible rain and
wind conditions. The current paper proposes a probabilistic long-term framework as an extension of this previous study in Verma et al.,** where
the probabilistic rainfall model was proposed. In the framework, the probabilistic rainfall model is combined with other input parameters such as
wind statistics model, wind turbine model, and coating material model and the leading-edge lifetime of a WTB coating system is evaluated for dif-

ferent sites.

3 | METHODOLOGY AND CASE STUDY

Figure 3 presents the flowchart describing the analysis procedure for the long-term probabilistic framework proposed in this study. The flowchart
describes how different input models—probabilistic rainfall model, wind statistics model, wind turbine model, and coating material model (shown
in varying background colours) are connected to the analytical surface fatigue model to calculate the site-specific leading-edge lifetime of WTB
coating system. The main outcome of the proposed model is to obtain a geographic bubble chart of leading-edge lifetime for all the chosen sites
as well as number of repairs expected over a turbine's lifetime. A brief summary of the description of the sites, models that make up the long-term

framework as well as the details of the case study is described below:
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FIGURE 3 General analysis procedure and long-term probabilistic framework
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TABLE 1 Details of different Dutch sites considered in the analysis

Station nhumber Site name Longitude (east) (degrees) Latitude (north) (degrees) Altitude (m)
210 Valkenburg 4.430 52.171 -0.200
235 De Kooy 4.781 52.928 1.200
240 Schiphol 4.790 52.318 -3.300
249 Berkhout 4.979 52.644 —2.400
251 Hoorn (Terschelling) 5.346 53.392 0.700
260 De Bilt 5.180 52.100 1.900
267 Stavoren 5.384 52.898 —1.300
269 Lelystad 5.520 52.458 —-3.700
270 Leeuwarden 5.752 53.224 1.200
273 Marknesse 5.888 52.703 —3.300
275 Deelen 5.873 52.056 48.200
277 Lauwersoog 6.200 53.413 2.900
278 Heino 6.259 52.435 3.600
279 Hoogeveen 6.574 52.750 15.800
280 Eelde 6.585 53.125 5.200
283 Hupsel 6.657 52.069 29.100
286 Nieuw Beerta 7.150 53.196 —-0.200
290 Twenthe 6.891 52.274 34.800
310 Vlissingen 3.596 51.442 8.000
319 Westdorpe 3.861 51.226 1.700
323 Wilhelminadorp 3.884 51.527 1.400
330 Hoek van Holland 4.122 51.992 11.900
344 Rotterdam 4.447 51.962 —4.300
348 Cabauw 4.926 51.970 —-0.700
350 Gilze-Rijen 4.936 51.566 14.900
356 Herwijnen 5.146 51.859 0.700
370 Eindhoven 5.377 51.451 22.600
375 Volkel 5.707 51.659 22.000
377 Ell 5.763 51.198 30.000
380 Maastricht 5762 50.906 114.300
391 Arcen 6.197 51.498 19.500
3.1 | Description of the sites

In this study, 31 Dutch sites corresponding to the KNMI? weather stations in the Netherlands (see Table 1 and Figure 4A) have been considered.
These stations are chosen in such a way that the entire Netherlands is covered in this analysis. The precipitation and wind data for each station
are obtained from the KNMI database for the last 25 years. The precipitation data is measured using rain gauge and consists of information such
as the total amount of rainfall (mm) at a given site and the data is available for each hour. Further, the data for the mean wind speed is available at
10 m reference height. Choosing these many sites is advantageous as this will provide a verification study for the proposed framework. For
instance, several stations corresponding to different inland and coastal sites are considered and thus this is expected to give a varying erosion life-
time. Also, these stations considered in the study are associated with varying altitudes above the sea level (see Table 1 and Figure 4B) and thus
the orographic effects on LEE calculation can be captured using the proposed framework. It is to be noted that most of the sites in the
Netherlands have altitudes below or just above the sea level (Table 1). However, some of the sites such as Maastricht (station no. 380) and Deelen
(station no. 275) have an altitude of 114.8 and 48.2 m, respectively.

2Koninklijk Nederlands Meterorologisch Institituut (KNMI): KNMI is the Dutch weather forecasting service that performs weather forecasting, climate monitoring and tasks related to seismology.

85U80|7 SUOWILIOD BAITea1D) 8|cedl|dde 8y A peusenob afe sajole YO 8Sn JO Sa|nJ o} Afeiq1T 8UIIUO AB|1AA UO (SUORIPUOD-PUB-SWLBY/W0D" A3 1M Ae.d Ul JUO//Scy) SUORIPUOD PUe SWwe 1 8y} 89S *[5202/0/y0] U0 ARIqIT8UIIUO AB]IM ‘FE9Z@M/ZO0T OT/I0p/W0D A8 |IMAIq Ul |UO//SdNy Wwolj pepeojumod ‘TT ‘T20Z ‘#Z8T660T



1320 SHANKAR VERMA .
50 | WILEY. T

3
z
o

T T . - NAI R
.- =
-4--2 x
I -2- -1
B -1-0
Emo-1
oN 1-2
53°N %2_4
C_14-7
E7-10
~10-15
North sea E:‘ws-zs
B 25- 35
52°30'N B 35- 45
[ 45 - 60
) I 60- 75
=] I 25 - 100
£ [ 100 - 150
K] I 150 - 200
52°N I 200 - 320
51°30'N

51°N

3°E 4°E 5°E 6°E 7°E 8°E
Longitude

(A)

FIGURE 4 (A) Different stations considered in the analysis. (B) Topography of the Netherlands®®

3.2 | Probabilistic rainfall model

The first input parameter for the proposed framework in this study is the probabilistic rainfall model. This model has been discussed elsewhere by
the Verma et al.'* and is summarised here briefly for completeness of discussion. The probabilistic rainfall model describes the rain statistical
parameters through the joint probabilistic distributions of rain droplet size (¢4) and rainfall intensity (I) along with a correction factor (P(l)) that
describe the percentage of time rain of a given intensity falls at a given site. Given that the droplet size and rain intensity are statistically depen-

dent random variables, the joint probability distribution function of ¢, and I is given by the relation
frpg(bda) =fi(1) - Fg,1(all) (1)

where f((l) is the marginal probability distribution of rain intensity, and f,,;(¢,|) is the droplet size distribution (DSD) that describes the distribu-
tion of droplet size for a given rainfall intensity. Note that both the distributions are site-specific; however, in this study, only the rainfall intensity
is varied for all the 31 Dutch sites. Although the DSD can be obtained using the disdrometer, it was not available for the considered Dutch sites
at the time when this study was performed. Instead, one of the most popular Best's DSD3* is considered for all chosen sites which is given by

L (b 225
Fg1(dall) =1—exp 130232 2)

Note that this assumption may underestimate the lifetime calculated for the wind turbines installed at the coastal sites as shown in Verma
et al.** and Shankar Verma et al.,%® but it shouldn't affect the main findings and conclusions of the paper. Figure 5 presents the probability density
function (PDF) of droplet size for different rain intensities (I=0.1, 1, 10, 25 mm/h) using Best's DSD. It can be seen from the figure that the contri-
bution of bigger droplet sizes in a given rain increases with increasing rainfall intensity. For obtaining the most appropriate distribution fit for the
rainfall intensity, lognormal and gamma distributions are compared®”-*® for all the sites and their distribution parameters are obtained using
maximum likelihood estimation (MLE) method. A goodness of fit test is also performed using the chi-square (;(2) method. The probability density
function (PDF) of the lognormal distribution is given by

f(x) = %}we‘('”m“‘x)z/z"f : x>0, and 6, >0 (3)
X

where p, and o, are parameters of the distribution and are defined as mean and standard deviation of logarithmic data, respectively. On the other

hand, gamma distribution is given by
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FIGURE 5 Probability density function of droplet size based on 14 . . . . .
Best's DSD
12} ——1I=0.1lmm/hr |
: —— I=1mm/hr
——I=10mm/hr
1r ——I=25mm/hr 7
<
— 08¢} 4
=
S06F} ]
<<
04r 1
0.2 1
0 L L
0 1 2 3 4 5 6
$4(mm)
fo0 =X 00, and a0, >0 4)
X)="—2 ;x>0,anda>0, >
pT(a)
where a and g are shape and scale parameters, respectively. I'(a) is called as the gamma function and is given by
[(a) = | x*~te™dx (5)

0

22 goodness of fit testing is performed by comparing 42 obtained from the equation below using the rain data and comparing with ;{fﬂc. The
22 is given by the relation

2= (0-Eo)?

Ex (6)

X
k=1

and y2,. value is obtained from the standard 4 curve that depends on the significance level which is assumed 5% (95% confidence level) and
degree of freedom is determined by the expression: n — 1 —m. Here n is the number of bins the data is divided into and m is the number of distri-
bution parameters which is 2 for both lognormal and gamma. If 42 is found less than X?n‘c’ then the distributions supported by the null hypothesis

statement cannot be rejected at the chosen significance level.
3.3 | W.ind statistics model

The wind statistics model is described by determining the best distribution fit for the mean wind speed at the hub height of the turbine. Given

that the data for all the stations are available at 10 m reference height, mean wind speed at the desired hub height using the power law is given

by
Un(2) = Uy (z:) - <5> ’ 7)

where U,(2) is the mean wind speed at the hub height, U,(z,) is the mean wind speed at the reference height of 10 m, and « is the power law
exponent taken as 0.14 in this study based on the IEC guidelines.3 The two-parameter Weibull distribution is considered as the best distribution
fit for wind statistics, which is acceptable for describing the mean wind speed in the literature.*® Nevertheless, a preliminary check is also made
by plotting the wind speed data on the Weibull and lognormal probability paper. The PDF of the two-parameter Weibull distribution is given by

o) (]

where a, and g, are shape and scale parameter which are obtained by using maximum likelihood estimation (MLE) method.
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3.4 | Wind turbine model

The wind turbine model is represented by the turbine's rotations per minute (RPM) schedule which determines the rotor speed for a given mean
wind speed. This is a necessary curve for the model that will govern the impact velocity between rotor blade and rain droplets during the opera-
tions. In addition, other specifics of the turbine such as length of WTBs and hub height are essential to describe the kinematics of rain droplet
impact during operation.

3.5 | Analytical LEE model and coating properties

In order to understand the long-term framework proposed in this study, it is essential to understand the concept of short-term erosion damage
and long-term erosion damage. These terms are well known in the marine community to calculate the fatigue damage of offshore structures**?

and operability analysis of marine operations.*>*¢ Here, both the terms and their associated equations applied to LEE of WTBs are described.

3.5.1 | Short-term erosion damage

The erosion damage calculated using the analytical LEE models such as the Springer's surface fatigue model?® can be referred to as the short-term
erosion damage. Here, the erosion analysis of a given coating is performed without considering the probability of occurrence of rain and wind
conditions and represent accelerated erosion. It is assumed that the coating is continuously exposed to the deterministic rain loading cases with
no dry periods® considered, based on which the incubation period is calculated. In this study, an analytical surface fatigue model from Springer?®
is used to describe the short-term erosion damage which is given by

B (1, pg, Uy) = Vi P 9)

57
2(-S
Pwh

© Y]

N

’

N

where D?T(l,¢d,UW) is the short-term erosion damage rate of a coating for a given rain load described by deterministic combinations of I, ¢4 and
Uw. Vimp in the above equation is defined as the magnitude of the impact velocity between individual raindrop and the blade that is approximately

given by

Vimp =Vblade + Vtg (10>

where Vyqqe is defined as the blade tip speed and depends upon the operational mean wind speed (U,). Vi is defined as the perpendicular termi-

nal speed of an individual rain droplet and is dependent upon the rain droplet size (¢4) defined in mm, Vig (in m/s) is given by the relation®”
Vig=9.65-10.3e~ 044 (11)

q is the number of rain droplets per unit volume of rainfall which is given by

|
Vtg¢3

G=5305 (12)

where [ is the intensity defined in mm/h. g, is the fraction of droplet that will hit the blade during rotation (impingement efficiency) and is given

by the relation*®
Ba=1-e150 (13)

Pwh is the water hammer pressure defined by

3Dry period is considered as the period of time when there is no occurrence of rain at the wind turbine site. In general, rotation of blade during the dry period is not expected to contribute
towards rain-induced erosion of WTBs.
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PwwVi
Pwh = _iv f/ﬁp (19
PsCs

where p,, and c,, are density of water (1000 kg/m3) and speed of sound in water (1480 m/s), ps and c are density of coating and speed of sound
in the coating material, respectively. S is the erosive strength of coating material defined by

_4ou(m-1)

S 1-2v

(15)

where 6,, m and v are the ultimate tensile strength, Wéhler slope and Poisson's ratio of the coating material, respectively. Note that a Polyure-
thane (PU) based coating material is used for the analysis in this study. The Wohler slope (m) for the coating is an essential material parameter and
is obtained by performing experiments in this work using the droplet impingement test and is discussed briefly below.

Experiment: Determination of Wéhler slope (m)

Droplet impingement test on the PU based coating system is carried out using Ducom droplet erosion tester®’ (Figure 6A-C). The Ducom droplet
erosion tester can simulate the accelerated erosion by repetitive droplet impingement onto the coating, and different test parameters, such as
impact velocity, droplet size, impact frequency and droplet impact angle, can be varied. The instrument produces the high velocity water droplets
by cutting a high pressure water jet flowing through a nozzle by obstructing it with a rotating disc. In this study, the accelerated erosion is per-
formed for five different impact velocities (V) ranging between 120 and 200 m/s, and the number of impacts (N) until the incubation period is
recorded. The incubation period is considered as the point of instant when the evidence of first surface damage is observed. In this way, a
V4 — N’ graph is obtained for the coating system as shown in Figure 7A,B. Here, the results represent mean of the incubation time measured
using six different coated samples to include the effects of variability. All the tests are performed for normal impingement (90° impact angle), using
a rotating disc that produces 2 mm droplet diameter. The method presented by Slot et al.>®> and DNVGL.*° is used to estimate the Wéhler slope

Damaged

/ sample

FIGURE 6 (A) Experimental setup. (B) PU sample (shown in white). (C) An example of droplet damage onto the coating
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(m) of the coating from the test results. First, the velocity of impact (V) and the recorded number of impacts (N) until the incubation period is

fitted through a power law which is given by*°

N=k-V7 (16)

Here, k and m are obtained as (9.9e40) and (—16.92), respectively (Figure 7A). Further, the above relation is then transformed such that the

below equation gives the Wéhler slope (m) for the coating material. This equation is given by

log(N) =log(k) + m-log(Vg) (17)

For the considered coating, m is obtained as 16.92 (Figure 7B). Other coating properties are obtained from the manufacturer's datasheet as
well as other literature sources that are summarised in Table 2.

Long-term erosion damage

Unlike the short-term erosion damage discussed above, the long-term erosion damage considers erosion analysis by including the probability of
occurrence of rain and wind conditions. It considers the damage on a structure as a result of continuous long-term exposure to environmental fac-
tors, such as exposure of blade to rain and wind condition throughout the service life. The long-term erosion damage rate of coating is given by
the weighted sum of short-term erosion damage rate contributed from all possible rain and wind conditions that could occur during the blade's

service life together with their probability of occurrence. The long-term erosion damage rate is given by
AT AR - ST
Di =335 D7 (hipa, Un) - fig, (lsbe) - () - fu, (U ) Al Apg AU (18)
ik

where D,-LTZ 1 implies the end of incubation time. P(l}) in the above equation describes the percentage of time rain of a given intensity falls at a
given site. One of the important checks during the analysis is to make sure that all possible rain and wind condition for a given site are included
for the analysis. Thus, it is essential to check that the area under the PDF curve is approximately 1 that is, the equation below is satisfied:

(A) (B)

220 220
—_ - 200 W
% 200 - E
: £ _
= ; | log N=40.9-16.92 logv
F180 B >° 180 L g B Y4
= 3 (%]
8 160 @ ° 160 .
- K e * 40\ *\/ -16.92 ) I
3 [N = (9.9%10%)*y, 1692 | g
B 140 L o 140 =
® Tt ©
& | el g [ e T TP T T el
) ot et et ettt A L ] E 1 ]
100 100
0 100000 200000 300000 400000 500000 600000 1.00E+02 1.00E+03 1.00E+04 1.00E+05 1.00E+06

Number of impacts (N) Number of impacts (N)

FIGURE 7  ‘V4-N’ curve shown by (A) power law and (B) with logarithmic x axis (N represents number of impacts at the end of incubation)

TABLE 2 Properties for the PU

coating®*°®
Ps Cs Oy m v

1100 kg/m®22 1900 m/s>? 37 MPa>? 16.92 0.3%2
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]'J'[f,,% () Fu, (Un) dli -y U, ~ (19)
)

I

Finally, the expected lifetime for the blade coating system, in years (t,cqs), is defined by

1

tyears = —————— (20)
D; -(365-24)
where D'iLT is defined in h™. The number of repairs (N) expected to occur during the blade service life is then given by
PP Y (21)

= ’
tyears n

where t;.1q is the total blade service life (in years) and is considered as 25 years in this paper and 5 is considered as the fraction of waiting time
post the incubation period before the repair activities are conducted for WTBs. According to Springer and Baxil, 2 5 can vary between
1 and 3, where 1 represents end of incubation time and 3 represents complete failure of the coating material. In this study, » is assumed as 1.5
(Figure 8). This means that a repair waiting time equal to half of the coating lifetime is considered. This value is chosen based on industrial discus-
sions given that the repair activities are not generally performed exactly after the first surface damage on the blade surface is observed. Note that
this factor is industry specific and the urgency to repair depends upon varying O&M strategies and different damage types®* such as if damage

penetrates down to the leading-edge protection or through the entire laminate thickness.

3.6 | Details of case studies

Case studies are performed for two turbines with distinct power ratings—NREL WindPact 1.5 MW?>°> and DTU 10 MW wind turbine.>®>” The
power curve and the corresponding specifications that are important for modelling of wind turbine are shown in Figures 9A,B. Note that it is
assumed in this study that both the turbines are commercially feasible to be installed at all the 31 sites for sake of comparison. However, in prac-

tice, feasibility studies are performed before making such a choice for installing a wind turbine.

A

Total time

Incubation time to failure

Mass loss

Time

FIGURE 8 Leading-edge lifetime (LEL) as described by the Springer's erosion model
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4 | RESULTS AND DISCUSSION

4.1 | Rain characteristics for different sites

Figure 10A presents the comparison of rain intensity data for station number 277 (Lauwersoog) plotted on gamma and lognormal quantile-
quantile (Q-Q) plots. A quantile-quantile (Q-Q) plot is referred to as a statistical method where two probability distributions are compared by
graphing their quantiles or percentiles against each other. If the data on the graph shows approximately a straight line, then the data is considered

(A) (B)
25 15
Cutin Rated Cut off
23 14 Cutin Rated Cut off
21 13 Hub height: 119 metres
19 12 Blade length: 86.4 metres
17 11 —@— DTU 10 MW Turbine
= ) ) =
T 15 —a— NREL WindPact 1.5MW turbine o 10
o 13 Hub height: 84 metres 9
Blade length:33.5 metres
11 8
9 7
- 6
5 5
0 5 10 15 20 25 5 10 15 20 25
Wind speed (m/s) Wind speed (m/s)
FIGURE 9 (A) Power curve for NREL WindPact 1.5 MW wind turbine. (B) Power curve for DTU 10 MW wind turbine
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FIGURE 10 Probabilistic rainfall model results for Site 277 (Lauwersoog). (A) Comparison of Q-Q plot for rain intensity data; comparison of

empirical CDF with (B) gamma CDF and (C) lognormal CDF. (D) Comparison of raw data with lognormal and gamma distributions; joint PDF of |
and ¢y. (E) 3D surface plot. (F) 2D contour plot
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to be well represented by the considered distribution. It is found from the analysis that for the given site, data for rain intensities is better repre-
sented by lognormal distribution compared to gamma distribution. This is also confirmed from goodness of fit test performed using y? method,
where the lognormal distribution defined through the null hypothesis is found to be not rejected at 5% significance level. A comparison between
empirical and theoretical cumulative distribution function (CDF) for the rain intensity data using both the distributions (Figures 10B,C) also shows
large difference for the case of gamma distribution compared to lognormal distribution. Finally, in Figure 10D, a histogram representing the raw
rain data is plotted against the distribution of lognormal and gamma, and it can be confirmed that lognormal distribution is an appropriate distribu-
tion fit for the rain intensity. Note that Figure 10D clearly shows that the nature of distribution of rain intensity is skewed to the right and that
most of the rainfall is associated with light rainfall conditions (I < 2.5 mm/h) for the given site. Further, this distribution is then combined with
Best's DSD and the joint probabilistic distributions of droplet size (¢,) and rainfall intensity (I) is obtained for this site. The joint PDF is shown by a
three dimensional (3D) surface plot in Figure 10E and two-dimensional (2d) contour plot in Figure 10F. It can be observed from these figures that
there is a large probability of occurrence for rain conditions associated with low intensity rainfall conditions (I < 2.5 mm/h) along with droplet size
varying in the range of 0.2 to 2 mm. One of the advantages of the joint PDF is that it describes the probability of simultaneous occurrence of rain
intensity and associated droplet size during precipitation. For instance, it can be obtained that the probability of simultaneous occurrence of rain
intensity 0.5 mm/h and droplet size 1 mm is approximately 0.697 (69.7%) for the considered site.

A similar approach is used for all the remaining 30 sites considered in this paper. For instance, Figures 11A,C present the results for the prob-
abilistic rain model for station number 348 (Cabauw), where it can again be seen that the lognormal distribution presents a good distribution fit
for the rain intensity compared to gamma distribution. Further, like the previous station, most of the rainfall at this site is also associated with light
rainfall conditions (I < 2.5 mm/h) which are shown in Figure 11D. Note that compared to the site 277, there is a difference in the magnitude of
joint distribution function of intensity and rain droplet size which can be seen by comparing Figures 10E,F and 11E,F. For instance, the probability
of simultaneous occurrence of rain intensity 0.5 mm/h and droplet size 1 mm is around 0.622 (62.2%) for site 348 compared to 69.7% for the site
277. Finally, for all the sites, the distribution parameters (u and o) for describing the rain intensity through the lognormal distribution is obtained
and tabulated in Table 3.

A geographic bubble chart representing the spatial variation in the median rainfall intensity for all the sites is presented in Figure 12. Note
that the median, compared to the mean, is a more appropriate statistical parameter to represent the measure of central tendency for the rain
intensity data. This is because the distribution of rain intensity is skewed to the right and not symmetrical. In the figure, the size and colour of the
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FIGURE 11 Probabilistic rainfall model results for Site 348 (Cabauw). (A) Comparison of Q-Q plot for rain intensity data; comparison of
empirical CDF with (B) gamma CDF and (C) lognormal CDF. (D) Comparison of raw data with lognormal and gamma distributions; joint PDF of |
and ¢y. (E) 3D surface plot. (F) 2D contour plot
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TABLE 3 Summary of different statistical parameters calculated for all the Dutch sites

Station no. Site name ay Bu 7 o P+(%) Py(%) P3(%) P4(%)

210 Valkenburg 1.831 7.984 -0.162 0.863 10.339 1.420 0.1004 0.0009
235 De kooy 1.963 9.082 -0.233 0.880 10.287 1.300 0.0845 0.0008
240 Schiphol 1.894 8.084 -0.208 0.897 10.490 1.402 0.0939 0.0012
249 Berkhout 1.909 7.891 —0.200 0.828 10.918 1.360 0.0834 0.0016
251 Hoorn (terschelling) 2117 10.156 —-0.205 0.826 10.826 1.352 0.0891 0.0013
260 De bilt 1.963 5.583 -0.247 0.872 10.601 1.271 0.0900 0.0012
267 Stavoren 2.078 9.452 -0.250 0.831 10.360 1.204 0.0686 0.0021
269 Lelystad 1.917 7.069 -0.243 0.885 10.401 1.215 0.1052 0.0004
270 Leeuwarden 1.928 7.512 -0.226 0.840 11.011 1.309 0.0888 0.0008
273 Marknesse 1.932 6.836 -0.268 0.850 10.696 1.178 0.1016 0.0021
275 Deelen 1.880 6.261 -0.276 0.888 10.887 1.241 0.0958 0.0016
277 Lauwersoog 2.145 10.187 -0.274 0.806 11.378 1.225 0.0707 0.0004
278 Heino 1.824 5.260 -0.320 0.848 10.361 1.066 0.0944 0.0004
279 Hoogeveen 1.918 6.471 -0.271 0.855 10.892 1.224 0.0921 0.0021
280 Eelde 1.882 6.850 -0.285 0.881 11.132 1.240 0.0896 0.0012
283 Hupsel 1.872 5.545 -0.325 0.858 10.269 1.038 0.0936 0.0021
286 Nieuw beerta 2.024 7.994 -0.337 0.819 11.004 1.050 0.0802 0.0008
290 Twenthe 1.901 5.747 -0.325 0.914 10.327 1.083 0.0993 0.0004
310 Vlissingen 1.990 9.848 -0.229 0.900 9.579 1.199 0.0997 0.0008
319 Westdorpe 1.813 6.794 —0.245 0.871 9.812 1.146 0.0885 0.0017
323 Wilhelminadorp 1.939 7.654 -0.235 0.834 10.166 1.228 0.0809 0.0010
330 Hoek van holland 2.244 11.427 -0.192 0.833 10.218 1.314 0.0914 0.0014
344 Rotterdam 1.815 7.184 -0.195 0.884 10.417 1.396 0.0958 0.0004
348 Cabauw 1.843 6.911 -0.128 0.807 9.823 1.248 0.0939 0.0012
350 Gilze-rijen 1.963 5.958 -0.301 0.921 10.111 1.132 0.0993 0.0004
356 Herwijnen 1.814 6.576 -0.266 0.839 10.186 1.099 0.0932 0.0013
370 Eindhoven 1.882 6.142 -0.324 0.928 9.713 1.058 0.0970 0.0016
375 Volkel 1.794 5.980 -0.298 0.897 9.542 1.068 0.0923 0.0027
377 Ell 1.795 5.806 -0.309 0.882 9.318 0.995 0.0879 0.0011
380 Maastricht 1.900 6.746 -0.347 0.919 9.903 1.025 0.0942 0.0012
391 Arcen 1.848 5.150 -0.322 0.868 9.488 0.987 0.0865 0.0008

Note:y, and f8,, are shape and scale parameters for the Weibull distribution representing wind speed data at hub height of 119 m; 4 and & are lognormal

distribution parameters representing the rain intensity data; P4, P», P3, and P4 describe the percentage of rain associated with light, moderate, heavy, and
very heavy rainfall condition, respectively.

bubbles represents the magnitude and severity of the data. A high severity (shown by the red bubbles) represents median rainfall intensity
between 0.8 mm/h and 1 mm/h, medium severity (shown by the orange bubbles) implies median rainfall intensity between 0.75 and 0.8 mm/h,
and low severity (shown by the yellow bubbles) implies median rainfall intensity between 0.6 and 0.75 mm/h. It can be seen from the figure that
the median rain intensity for all the sites ranges between 0.67 to 1 mm/h and is highest for the coastal sites compared to the inland sites. This
observation is in line with previous meteorological reports where it has been observed that the prevailing westerly winds in the Netherlands bring
moisture from the ocean to the land, and therefore coastal areas have higher amounts of precipitation than inland areas. This influence is more
dominant in the first 50 km from the coast, as can be observed from the bubble chart and also reported in Manola et al.>® Note that there are
other factors as well that affects the precipitation amount for a given site such as the urbanisation, city size, wind direction, etc. The reader is
suggested to refer to Manola et al.>® for more information on spatial variability of rainfall in the Netherlands. It is to be noted that the above anal-
ysis for determining the best distribution fit for the rain data and the associated joint PDF represent the ‘wet periods’ for a given site which
accounts for only the rain hours. However, rainfall is not a continuous phenomenon and there are periods of time when there is no rain intensity
calculated, which is taken as the ‘dry periods’ for a given site in this study. This aspect is quantified in the proposed long-term framework by a
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correction factor P(I) which determines the percentage of time a rain of a given intensity falls at a given site. This parameter can further be cat-
egorised as ‘P4’ that describes the percentage of rain associated with light rainfall conditions (0.0 < I < 2.5 mm/h), ‘P, that describes the percent-
age of rain associated with moderate rainfall conditions (2.5 <1 < 10 mm/h), and ‘P3’ and ‘P4’ that describe the percentage of rain associated
with heavy (10 < | < 50 mm/h) and very heavy rainfall condition (I > 50 mm/h), respectively. These parameters are tabulated in Table 3 and it can
be seen that the light rainfall conditions (P,) dominate for all the sites and range between 9% to 12% all over the Netherlands followed by moder-
ate rainfall conditions (P,). Also, for all the sites, P; and P, that represents heavy and very heavy rainfall are found to be almost negligible.

4.2 | Wind characteristics for different sites

The discussion regarding wind statistics model is made with respect to DTU 10 MW turbine that is associated with 119 m hub height.
Figure 13A-C compare the mean wind speeds plotted on respective Weibull and lognormal quantile-quantile plot for three different sites. These
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FIGURE 13 Wind statistics results—Comparison of Weibull and lognormal Q-Q plot for (A) station no. 391 (Arcen), (B) station no. 330 (Hoek
van Holland), and (C) station no. 380 (Maastricht).Comparison of wind speed PDF at the hub height (119 m) for (D) station no. 391 (Arcen),
(E) station no. 330 (Hoek van Holland), and (F) station no. 380 (Maastricht)
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sites represent distinct spatial features—station no. 391 (Arcen) is an inland site, station no. 330 (Hoek van Holland) is a coastal site and finally sta-
tion no. 380 (Maastricht) is an inland site having an altitude of 114 m. It is obvious from these figures that the Weibull distribution gives the best
distribution fit for representing mean wind speed for all these sites. Also, the respective shape (a,) and scale (5,) parameters for all the sites are
obtained and listed in Table 3. Based on these distribution parameters the PDFs of the mean wind speed can be obtained and are shown in
Figure 13D-F for the above mentioned sites. As expected, there are higher ranges of wind speeds for the coastal site compared to the other two
inland sites.

It is interesting to observe that the area under the PDF curve post the rated wind speed of DTU 10 MW turbine (i.e., 11.4 m/s) is the highest
for the coastal site followed by station no. 380 (Maastricht) which has an altitude of 114 m and the inland station no. 391 which has an altitude of
20 m. Note that this observation is expected to have noticeable implications on the calculations of the expected lifetime of the coating system for
a given site, as the blade is expected to rotate at its highest tip speed above the rated wind conditions. A comparison between the exceedance
probability for rated wind conditions for six different sites with varying spatial features is shown in Figure 14A. The coastal sites are found to have
higher probability of exceedance for the rated wind speed, and thus it is expected to have blade rotating at the largest tip speed (e.g., 90 m/s for
DTU 10 MW blade) for large periods of time compared to other inland sites. It is also essential to compare the Weibull scale parameters for differ-
ent wind turbine sites as this parameter indicates where the peak of the wind distribution lies. A geographic bubble chart representing the spatial
variation of the scale parameter of the mean wind speed for the considered sites is presented in Figure 14B. In the figure, the size and colour of
the bubbles represents the magnitude and severity of the data. A high severity (shown by the red bubbles) represents scale parameters between
9 and 12 m/s, medium severity (shown by the orange bubbles) implies scale parameters between 7 and 9 m/s, and low severity (shown by the
yellow bubbles) implies scale parameters between 5 and 7 m/s. It can be seen that the scale parameter ranges approximately between 5 and
11.5 m/s, is the largest for the coastal sites, and reduces towards the inland sites; that is, the majority of the bubbles along the coastal areas
represent high severity and larger bubble size. Also, Maastricht (station no. 380) which has the highest altitude is associated with a relative larger
bubble size compared to surrounding low lying inland locations, and thus the data plotted on geographical bubble chart captures the orographic

effects.

4.3 | Expected leading-edge lifetime and number of repairs

Figures 15A,B present the geographic bubble chart displaying the spatial distribution of the expected lifetime of the blade coating system calcu-
lated for DTU 10 MW and NREL WindPact 1.5 MW wind turbine, respectively, using the proposed long-term framework. The size and the colour
of the bubbles represent the magnitude and severity of the calculated leading-edge lifetime for all the considered sites in the Netherlands. A high
erosion severity (shown by the red bubbles) represents coating lifetime less than 2 years, medium severity (shown by the orange bubbles) implies
coating lifetime between 2 and 4 years, and low severity (shown by the yellow bubbles) represent coating lifetime above 4 years. It can be seen
from the first figure that the expected lifetime for the 10 MW wind turbine varies between 0.867 and 7.184 years, with higher erosion obtained
for the coastal sites compared to the inland sites. This is in line with the results presented in the previous discussions where coastal sites were
found to have larger probability of exceedance of rated wind conditions together with higher median rainfall intensity and greater precipitation
duration. As a result, turbines at coastal locations are expected to rotate at their largest tip speed for most of the time as compared to the inland
sites, and this leads to higher erosion while being exposed to rainfall. The lowest expected lifetimes for blade coating system are found at the
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FIGURE 14 (A) Exceedance probability of rated wind speed for coastal and inland sites. (B) Geographic bubble chart representing Weibull
scale parameters
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coastal sites—Hoek van Holland (station no 330), Hoorn (Terschelling) (station no 251) and Lauwersoog (station no 277)—compared to the inland
De Bilt site where expected lifetime is found to be approximately 5 years (see white arrows in Figure 15A where these sites are marked with
‘HvH’, ‘H’, ‘L, and ‘De’, respectively). Further, the average expected lifetime of leading-edge coating system is also calculated for all the inland
and coastal sites considered in this study along with standard error and shown in Figure 16. The average expected lifetime for a WTB is found to
be approximately 3 times lesser for turbines operating at coastal sites compared to the inland sites and this observation is in line with findings
made in other proposed frameworks.*?>% It is also interesting to note that Maastricht (station no. 380) and Deelen (station no. 275) that have high
altitudes are found to have relatively faster erosion compared to the surrounding inland locations (see white arrows in Figure 15A) where these
sites are marked with ‘M’ and ‘D’, respectively). This is primarily due to the fact that the site is associated with higher wind speeds and larger
exceedance probability for rated wind conditions compared to surrounding inland sites. Overall, the erosion bubble chart calculated through the
proposed long-term framework captures the effects of spatial and orographic features of the sites on LEE calculations. The second figure
(Figure 15B) presents the geographical bubble chart for expected lifetime for NREL WindPact 1.5 MW wind turbine. It can be seen that the ero-
sion for this turbine follows the same trend as shown by the DTU 10 MW wind turbine in terms of spatial and orographic effects, that is, faster
erosion at coastal sites as well as sites associated with higher altitudes. However, compared to DTU 10 MW turbine, there is at least 2 times
increase in the overall expected lifetime of blade coating system. The expected lifetime for the considered turbine is in the range of approximately
2.3 to 14.9 years. A detailed quantitative comparison is presented in Table 4. The increase in the incubation time is attributed to the turbine spec-
ifications for the NREL 1.5 MW wind turbine that has a tip speed of 75 m/s, and a hub height of 84 m compared to the DTU 10 MW wind turbine
that has a hub height of 119 m, and rated tip speed of 90 m/s. It is to be also noted that the damage erosion rate according to the Springer's ero-
sion model is almost proportional to the 6.7th power of the impact velocity. Hence, reduction in the tip speed of the blade from 90 to 75 m/s and
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FIGURE 15 Geographic bubble chart representing expected lifetime for WTB coating system (A) DTU 10 MW and (B) NREL 1.5 MW wind
turbine
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FIGURE 16 Comparison of average erosion lifetime for WTB at inland and coastal sites

95U8917 SUOWILLIOD SAITERID 9|dedljdde ay) Ag pauieAob ale Sajolle O '9SN J0 3N oy Aleld 1 8uljuo A3|1M U (SUOTIPUOI-pUE-SWULBYWID" A8 | 1M Ale1q 1 BUI JUD//:SANY) SUONIPUOD Pue SIS 18U 89S *[S202/20/70] Uo ArelqiT 8UlIUO A8|IM ‘FE£9Z 9M/Z00T OT/I0P/W0d" A3 | Im"Aleug 1 pul|uo//:sdny woiy pepeojumoq ‘TT ‘TZ0Z ‘¥28T660T



1332 Wl LEY SHANKAR VERMA €T AL.

TABLE 4 Summary of lifetime and number of repairs calculated for different sites and turbines

R St e DTU 10 MW wind turbine NREL 1.5 MW wind turbine
number name Lifetime (years) No. of repairs Lifetime (years) No. of repairs
210 Valkenburg 1.664 10 4.057 4
235 De kooy 1.323 12 3.348 4
240 Schiphol 1.651 10 4.003 4
249 Berkhout 1.636 10 3.910 4
251 Hoorn (Terschelling) 0.994 16 2.601 6
260 De bilt 5.187 3 10.600 1
267 Stavoren 1.200 13 3.050 5
269 Lelystad 2.374 7 5.364 3
270 Leeuwarden 1.866 8 4.333 3
273 Marknesse 2.541 6 5.626 2
275 Dee len 3.242 5 6.993 2
277 Lauwersoog 0.948 17 2478 6
278 Heino 5.899 2 12.300 1
279 Hoogeveen 2.941 5 6.369 2
280 Eelde 2412 6 5412 3
283 Hupsel 5.169 3 10.753 1
286 Nieuw beerta 1.662 10 3911 4
290 Twenthe 4.742 3 9.879 1
310 Vlissingen 1.235 13 3.225 5
319 Westdorpe 2.676 6 6.087 2
323 Wilhelminadorp 1.929 8 4.513 3
330 Hoek van holland 0.867 19 2.364 7
344 Rotterdam 2.156 7 5.026 3
348 Cabauw 2459 6 5.594 2
350 Gilze-rijen 4446 3 9.221 1
356 Herwijnen 2.810 5 6.299 2
370 Eindhoven 3.985 4 8.527 1
375 Volkel 4.083 4 8.856 1
377 Ell 4.590 3 9.852 1
380 Maastricht 2.950 5 6.544 2
391 Arcen 7.184 2 14.902 1

the associated reduced hub height extends the overall incubation time of the blade coating system. All in all, the proposed framework efficiently
captures the effects of spatial and orographic features of the sites and wind turbine specifications on LEE calculations.

Figure 17AB presents the geographical bubble chart displaying the spatial distribution of expected number of repairs required for DTU
10 MW and NREL WindPact 1.5 MW wind turbine, respectively, during the turbines' service life. The size and the colour of the bubbles represent
the magnitude and severity associated with the number of repairs required for the turbine blades. A high severity represents the sites that require
more than 12 number of repairs over their service life, medium severity represents the sites that require 5 to 12, and low severity represent num-
ber of repairs less than 5. As expected and in line with the previous discussions, the number of repairs is highest near the coastal sites and low for
the inland sites and ranges from 2 to 19 for the considered DTU 10 MW blade. A similar trend is seen in the second figure for the NREL 1.5 MW
wind turbine where it is still expected to have more number of repairs at the coastal sites, however, the number of repairs ranges from 1 to 7. A
detailed quantitative comparison is presented in Table 4. Notice that the erosion bubble chart for the total number of repairs also captures the
orographic aspect where sites Masstrict and Deelen are found to have a moderate severity (shown in orange bubble in Figure 17A) compared to
other surrounding inland sites which are associated with low severity (shown in yellow bubble). Overall, from the above discussions, it can be
clearly observed that the LEE is a site-specific problem and is sensitive to the chosen turbine type. Although increasing the turbine size is

expected to increase the power output, it also increases the probability of faster erosion, thus leading to large repair costs. The proposed method
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FIGURE 17 Geographic bubble chart for expected number of repairs required over the blade service life (A) DTU 10 MW and (B) NREL
1.5 MW wind turbine

in this paper can thus be used to perform LEE analysis by considering site-specific environmental parameters along with choice of a suitable
coating system and estimate site-specific repair cost. In this way, the proposed framework can be used during the pre-design phase to perform an
efficient trade-off analysis for all the important aspects related to the economics of erosion: choice of site, turbine type, best coating solution and

associated repair and maintenance costs.

5 | CONCLUSIONS

The current paper proposed a probabilistic long-term framework for assessing site-specific lifetime of a WTB coating system. Case studies were
presented for 1.5 and 10 MW turbines where geographic bubble charts for the leading-edge lifetime and number of repairs expected during the
blade's service life are established for 31 sites in the Netherlands. Following are the main conclusions that were obtained from this study:

1. It was found from the probabilistic rainfall model that the coastal sites have a relatively high median rainfall intensity and are associated with a
larger duration of precipitation hours compared to the inland sites.

2. It was also found in the study that coastal sites have higher exceedance probability of rated wind speed. This implies turbines rotating at maxi-
mum tip speed, thereby developing higher rain-induced erosion than the inland sites.

3. From the analysis, it was clearly observed that the coastal sites have 3 times reduced leading-edge lifetime and will require a higher number of
repairs compared to the inland sites, and this effect increased with increasing power rating together with higher tip speed.

4. Overall, the proposed framework is found to efficiently capture the effects of spatial and orographic features of the sites and wind turbine
specifications on LEE calculations.

6 | LIMITATIONS AND RECOMMENDATIONS FOR FUTURE WORK

A list of assumptions, limitations and recommendations for future work are presented below. Note that the recommendations made below are

listed in the order of importance for improving the proposed framework.

1. In this study, different sites were considered for verifying the numerical model for calculating the growth of erosion of wind turbines. How-
ever, it is important to have a real scale validation of the modelling approach proposed in the paper.

2. In the current study, only the effects of mean wind speed at the hub height were considered for calculating the impact velocity. However, the
study in Verma et al.>? shows that the turbulence intensity (TI) also has a considerable effect on the impact velocity and the erosion damage
rate. In the future, efforts will be made to include the effects of Tl in the proposed framework. Also, the statistical dependence between rain
and wind will be considered.

3. Only simplified WT models consisting of RPM schedule are used to derive the blade tip speed. Several factors are ignored, for example, control

strategy of a WT, effects of varying rotor azimuth angle, effects of droplet impact angle, aeroelasticity, as well as the disturbance caused in the
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7

trajectory of the rain droplet due to aerodynamic effects while the blade is rotating. In the future, more work will be performed to improve

these aspects.

. In this study, Springer's surface fatigue model for homogeneous material?® was considered for evaluating short-term erosion damage rate. In

the future, erosion models that include the effects of droplet, coating and substrate interactions during droplet impingement will be

considered.

. In the current paper, the site-specific variation in the LEE calculations were considered only by varying rain and wind conditions for different

sites. However, other environmental parameters such as the temperature and humidity of the site, as well as the salinity of the rainwater are

also expected to cause such variations. More work is required in the future to understand these effects and include them in the model.

| SUGGESTIONS AND RECOMMENDATIONS FOR WT DESIGNERS/OWNERS

In addition to the discussions above, following are some suggestions and recommendations to the WT designers/owners:

. The erosion modelling framework proposed in the study can be used to calculate site-specific lifetime of WTB coating system at real scale.

However, it is essential to have a reliable dataset for precipitation statistics, especially the distribution of droplet size which is site-specific. It is

recommended to instal measurement devices at the turbine site to record the essential droplet statistics with high accuracy.

. WT designers or operators can use this framework as a tool during the pre-design phase to perform an efficient trade-off analysis for all the

important aspects related to the economics of erosion: choice of site, turbine type, best coating solution and associated repair and mainte-

nance costs. The proposed framework also aids in comparing different coating performance as well as associated repair costs at real scale.

. The material characteristics such as the Wohler slope is an essential parameter for the LEE analysis. These data are rarely available in a typical

coating datasheet and requires time consuming and costly water erosion tests. The authors encourage coating suppliers to provide these
inputs in the datasheet that would aid in obtaining reliable estimates of coating lifetime using the proposed framework.
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