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a b s t r a c t

Rain-induced leading-edge erosion of wind turbine blades is associated with high repair and mainte-
nance costs. For efficient operation and maintenance, erosion models are required that provide estimates
of blade coating lifetime at a real scale. In this study, a statistical rainfall model is established that de-
scribes probabilistic distributions of rain parameters that are critical for site-specific leading-edge
erosion assessment. A new droplet size distribution (DSD) is determined based on two years’ onshore
rainfall data of an inland site in the Netherlands and the obtained DSD is compared with those from the
literature. Joint probability distribution functions of rain intensities and droplet sizes are also established
for this site as well as for a coastal site in the Netherlands. Then, the application of the proposed model is
presented for a 5 MW wind turbine, where the model is combined with wind statistics along with an
analytical surface fatigue model that describes lab-scale coating degradation. The expected lifetime of the
blade coating is found three to four times less for the wind turbine operating at the coastal site than for
the inland site - primarily due to rainfall at higher wind speeds. Further, the robustness of the proposed
model is found consistent with varying data periods used for the analyses.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

1.1. Background

The continuous demand in the growth of renewable sources of
power production has led to rapid growth in the wind energy
sector. Wind turbines, both at onshore and offshore locations, are in
high demand and it is expected that by 2050, half of the EU's1
electricity demandwill be met bywind energy alone [1]. In order to
achieve this goal, the current market trend involves deploying
turbines with higher power ratings, along with turbines deployed
at locations with larger wind speeds [2] such as near coastal and
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offshore locations. Such classes of turbines are profitable to the
industry [3], however, this also presents enough challenges to the
wind turbine owners and operators [4], especially from a mainte-
nance perspective. For instance, large size blades rotating at high
tip speeds are exposed to harsh environmental conditions such as
frequent exposure to rainfall (Fig. 1(a)), thereby causing material
degradation at the blade's leading-edge [5] - commonly referred to
as rain-induced leading-edge erosion (LEE) of WTBs (Fig. 1(b)). The
impact between rain droplets and the rotating blade at high tip
speeds, typically in the range of 70e110 m/s [6,7], develops large
impact pressure, subsequently leading to a combination of complex
damage modes such as pitting, roughening of the leading-edge
surface, fatigue failure of the blade coating, and eventually struc-
tural damage [8]. In Ref. [9], it has been found that LEE increases the
drag coefficient of the aerofoil section by more than 314% and de-
creases the lift coefficient by around 53%, thereby reducing the
overall aerodynamic efficiency of the WTB. The damage modes
associated with LEE and their effects on the turbine's performance
can appear in less than two years of the blade's service life, while
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. (a) Wind turbine exposed to rain field [Source: Vattenfall group [12]](b) Ex-
amples of rain-induced LEE [Source: TNO [13]].
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the blade is expected to last for atleast 15 years continuously. As a
result, costly repair and maintenance work is imperative to be
performed in order to maintain the design power curve of the wind
turbine, thereby contributing to the overall increase in the cost of
energy. It has been reported in Refs. [10,11] that LEE repair and
maintenance expenses cost the European offshore wind turbine
sector over £56 million annually, and hence LEE of WTBs requires
urgent attention.

In view of this problem, it is essential to develop tools and
methods that can aid the blade manufacturers and designers to
choose the best coating solutions for WTBs. One of the important
parameters is the expected lifetime of the blade coating system,
which will provide real scale performance of the chosen blade
coating solution for different sites and aid the turbine operators in
planning maintenance and repairs expected over a lifetime. As per
wind farm owner reports, some turbines require repairs as frequent
as two years while others may run for many years without repairs
[10,14]. Therefore, tools and methods that can provide site specific
estimates about the expected life of coatings are essential.

Several research efforts are currently being undertaken to
develop methods to obtain a reliable estimate of the expected
lifetime of the blade coating systems. For instance, advanced
leading-edge coating materials are tested under accelerated rain
erosion tests usingWhirling Arm Rain Erosion Rig (WARER) [15,16],
jet erosion test facilities [17,18] as well as Single Point Impact Fa-
tigue Tester (SPIFT) [19]. However, due to reasons such as lack of
correlation between the accelerated rain test facility and realistic
rainfall scenarios, experimental investigations are limited in rep-
resenting the real scale coating performance and only provide
comparative analysis of one coating against the other [20]. One of
the main important limitations is that in the lab setting, only a
limited number of representative test cases and rainfall conditions
are simulated and the analysis process is deterministic. However, a
rainfall event exhibits a stochastic nature, consisting of random
parameters such as rainfall intensity and droplet size, and these
parameters have varying probabilities of occurrence for different
sites. Hence, it becomes absolutely essential to include site-specific
stochastic treatment of rain and wind parameters for calculating a
realistic lifetime of the blade coating systems during blade rotation.

Inaddition, highfidelity computational LEEmodels have alsobeen
developed to study the leading-edge erosion of wind turbine blades.
These models range from coupled fluid structure interaction (FSI)
methods [5,19,21e24] to decoupled Computational Fluid Dynamics
(CFD) - Finite elementMethod (FEM) [25]. These studiesmostly focus
on single rain droplet response onto the coating specimen, with an
aim to understand the erosion process. However, these numerical
models are computationally extensive, and require several input
material properties for using a reliable damage criterion. Also, it is a
demanding task to extend the structural analysis results obtained
froma single droplet impact tomany random rain drops to estimate a
1436
realistic expected lifetime of the coating. Such an attempt has been
carried out in Refs. [26e28] where computational frameworks were
presented to link the impact stresses obtained from a random rain
field to theexpected lifetimeof theblade coating system.For instance,
a new stress interpolation method was developed in Ref. [27] to
calculate impact stresses of all raindrops in a randomrain event using
which fatigue analysis was performed for a given site. Nevertheless,
these methods did not consider the site specific characteristics for a
wind turbine site and the probabilistic treatment of associated rain
andwind parameters were not taken into account for calculating the
expected lifetime of the blade coating system.

Unlike the above discussed numerical models that are compu-
tationally demanding and lack site-specific stochastic treatment of
rain and wind parameters, analytical based LEE models are more
commonly used by the industry to estimate leading-edge (LE)
lifetime of the coating system. This is due to the fact that these
models are (1) simple, (2) systematic (3) require limited number of
input parameters, (4) can link together various interdisciplinary
models (rain, structural, wind turbine etc.) as well as (5) aid in
robust correlation of results obtained in the lab and in-situ obser-
vations. On top of that, aerospace industries [29] have a wide
experience with such models as they have been applied widely in
the past to mitigate erosion and cavitation problems related to
steam turbine blades [30], airfan blades [31] as well as optical
transmission losses in aircraft and spacecraft windows [32]. In the
current study, the main emphasis is placed on improving such
analytical based LEE models by including a site-specific probabi-
listic treatment of rain and wind parameters to obtain a reliable
estimate of the lifetime of a LE coating system. A brief description
about the framework for a typical analytical LEE model as well as
some of the important terms that are specific to the paper are
introduced and discussed below. Furthermore, the scope and
novelty of the current work will be defined.

1.2. Analytical LEE models

There exist a wide variety of analytical-based LEE models in the
literature such as - Springer's model for homogeneous materials
[33], Springer's model for coated specimens [34], Springer's model
for fiber reinforced composites [35], Siemens' LEE model [36],
TNO's fatigue model [17], and DTU's kinetic energy model [37] to
name a few. Fig. 2 presents a general architecture for a typical LEE
model, which requires four distinct input parameters: (a) Rainfall
statistical model that includes defining the statistical characteristics
of the rain data for a wind turbine site, consisting of parameters
such as rainfall intensity (I) and droplet diameter (4d), recorded
using rain gauges and disdrometers, (b) Wind turbine model that
gives information such as the type, class, location as well as the
associated power curve of the wind turbine together with wind
statistics of the site, (c) Impingement model that describes the
number of rain droplets that will actually hit the rotating WTB
during precipitation and (d) Material model consisting of fatigue
properties of the coatings. All the above input parameters are
combined through different expressions and finally fed to LEE
models. These models yield the following output parameters as
shown in Fig. 2: (a) incubation period i.e. the time until which there
is no significant mass loss in the coating which implies negligible
aerodynamic losses of the wind turbine, (b) linear rate of mass loss,
i.e. the rate at which the coating loses the mass upon exposure to
rain implying a need for repair and maintenance, and finally (c) the
total time to coating failure which implies a significant loss in po-
wer output. The incubation period defined in Fig. 2 is regarded in
this paper as ‘expected leading-edge lifetime of the blade coating
system’ and refers to the duration of insitu time that will require no
erosion induced repair activities.



Fig. 2. General architecture and inputs required for leading-edge erosion models.
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As described above, one of the essential input parameters for
LEE models includes defining the site-specific statistical charac-
teristics of the rainfall such as rainfall intensity and the rain droplet
size. In the literature there have been very few attempts to include
these aspects in the LEE models. For instance, current industry
standard feed the droplet sizes in the LEEmodel based on published
DSDs, such as Best's distribution [38] and Marshall-Palmer distri-
bution [39]. This involves choosing a representative droplet size
(such as median droplet diameter, D50) for different ranges of rain
intensities. One of the disadvantages of this approach is that during
the analysis, only the droplet size is considered as a probabilistic
statistical parameter, which do not reflect site sensitivity and lack
stochastic treatment. Additionally, both rainfall intensities together
with droplet diameters are statistically dependent random vari-
ables which are stochastic in nature and must be defined through a
joint probabilistic distribution. Further in the model, it is also
important to include the effects of dry periods for a given site when
there is no rain recorded, given that blade rotation on these days
will not contribute towards the rain-induced LEE. Recently, the
effects of dry periods as well as statistical dependence between
rainfall intensity and the rain droplet size have been included in
Ref. [14]. The rain parameters from the raw rainfall data were
directly fed to the kinetic energy based LEE model from Ref. [37] to
calculate the expected lifetime of the coating system and it was
hypothesized that the erosion occurs during a few extreme pre-
cipitation events. However, the work presented did not give any
considerations about how sensitive the estimated values are to the
data periods used for the analysis and the approach lacked a pure
probabilistic framework.

In the present paper, it is hypothesized that the probabilistic
distribution of the rainfall parameters, referred to as probabilistic
rainfall model, is a more consistent input form for the LEE model to
determine the expected LE lifetime, and the erosion is a result of
consistent exposure to rainfall rather than a few extreme precipi-
tation events. The probabilistic rainfall model proposed in the pa-
per describes the measured precipitation data for a given site
through three different probabilistic distributions (refer to the
three blue colored blocks in Fig. 2): (a) marginal distribution of
rainfall intensity (fI(I)), (b) the conditional distribution of rain
droplet size given the rainfall intensity (f4d jIð4djIÞ), also referred to
as droplet size distribution (DSD), and (c) joint probability distri-
bution of rainfall intensity and rain droplet size (fI;4d

ðI; 4dÞ), that
describes the statistical dependence between rain intensity and
rain droplet size. Further, the effects of dry period are quantified by
1437
the fourth block in the rainfall model (Fig. 2) which is the measure
of percentage duration of time when different rain intensities
actually occur at the site (P(I)). However, it is assumed in the paper
that rain and wind parameters are statistically independent, and
wind statistic is described through the marginal distribution of
wind speed at the hub height (refer to the yellow colored block in
Fig. 2 which is connected to the wind turbine model). This distri-
butionwill determine the expected tip speed with which blade will
rotate during the service life while interacting with the rain -
thereby contributing to the overall accumulated damage over the
lifetime. More details are discussed in the subsequent sections.

1.3. Novelty and scope of the current paper

To the authors’ knowledge, no existing work describes a prob-
abilistic model using which statistical rain parameters of a given
site can be fed to an LEE model to determine the site-specific ex-
pected life of the blade coating. Hence, one of the main novelties of
this paper is to establish a probabilistic rain model, determine
different distributions of the statistic rain model for different sites
in the Netherlands and demonstrate their application by evaluating
the expected lifetime of the blade coating system through case
studies.

The scope of the current paper is divided into two main parts:
(a) the first part is focused on establishing a probabilistic rainfall
model itself. A series of steps will be considered such as deter-
mining a new droplet size distribution (DSD) based on two years of
onshore rainfall data measured by KNMI using the Thies Clima
disdrometer at the inland De Bilt site in the Netherlands. Further,
the proposed DSD is compared with the most frequently used DSD
from the literature i.e. Best's DSD [38] and recently published DSD
[40]. Next, the marginal distribution of the rainfall intensity
together with meanwind speed at hub height is established for the
above stated inland site as well as for the coastal De Kooy site in the
Netherlands, and joint probability distribution functions of rain
intensity and droplet size are established. (b) The second part of the
paper deals with the application of the proposed probabilistic
rainfall model through case studies where expected life of a wind
turbine blade coating is calculated for inland and coastal sites by
considering NREL 5 MW wind turbine.

The remainder of the paper proceeds as: Section 2 presents the
literature review on different probabilistic distributions of the
rainfall model. Section 3 defines the analysis procedure. Section 4
describes the site and dataset description as well as the
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methodology involved. Section 5 discusses the details of the case
study. Section 6 presents and discusses the results. Section 7 con-
cludes the paper. Finally, section 8 provides limitation and recom-
mendations for future work.

2. Literature review related to probabilistic distributions of
rainfall model

In this section, a brief summary is made on some of the past
work carried out in the literature on different distributions that
make up the probabilistic model proposed in the paper.

2.1. Marginal distribution of rainfall intensity (fI(I))

A rainfall event is described by (a) the amount of rain defined by
the rainfall intensity (I) as well as (b) occurrence of rain that include
both data points - some positive numbers (that describe the
occurrence of rainfall i.e, wet periods) and ‘zero rainfall’ (no
occurrence of rain i.e. dry period) [41]. Generally, positive records of
dataset are used for determining the distribution for rainfall in-
tensity, whereas the occurrence of rain is dealt as a separate pro-
cess. Here, the literature review is presented dealing with
distribution fits for non-zero rainfall dataset. The aspect of occur-
rence of rainfall is considered in the paper through P(I) i.e. by
quantifying the percentage duration of time when different rain
intensities occur at the site.

One of the first work on this aspect was presented by Kedem
et al. [42] for modelling the rainfall intensity where different dis-
tributions including lognormal and gamma were used. The rain
data from weather station at Darwin and Florida in the USA were
utilised. It was found that the lognormal distribution fit the data
more accurately than the gamma distribution as well as other
parametric distributions defined in the paper. Cho et al. [43]
compared the gamma and lognormal distribution for describing
rain rates measured using Tropical Rainfall Measuring Mission
(TRMM) satellite, andminimum c2 method was utilised to estimate
their distribution parameters. The results show that the Probability
Density Function (PDF) of both the distributions described the rain
data satisfactorily. However, it was found that the gamma distri-
bution underestimates the light and heavy rainfall intensity,
whereas lognormal distribution underestimates the intermediate
rainfall intensity.

It is to be noted that most of the work in the literature considers
comparison of lognormal and gamma distribution for fitting rainfall
intensity for a site, given that these distributions are skewed to the
right, which is generally is seen as a characteristic feature of rainfall
intensity data.

Nevertheless, there is no common consensus regarding which
distribution is the best, and in the literature other distributions are
also utilised. Salisu et al. [44] compared the Generalized Pareto,
exponential, beta and gamma distribution to judge the best fit for
marginal distribution of rainfall intensity (fI(I)) representing hourly
rain data at twelve stations at peninsular Malaysia. Different
goodness of fit testing methods such as - Kolmogorov-Smirnov (KS)
test, c-square test and Anderson-Darling tests were explored, and it
was found that all the distributions can be used to describe the rain
intensity at the site. Nevertheless, Generalized Pareto distribution
outperformed all the other four probabilistic distributions used.
Adiku et al. [45] utilised rain data at two sites in Ghana, and twenty
years of rainfall data, along with Markov model and two parameter
distributions. The results in the study clearly show that the rainfall
data is well represented by gamma distribution. In summary, there
is plenty of work describing the best distribution fit for rainfall
intensity for a given site, and thus the available knowledge can be
applied to the proposed model.
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2.2. DSD, or conditional distribution of rain droplet size given the
rainfall intensity (f4djIð4djIÞ)

Rainfall intensity alone as a statistical parameter is not sufficient
to describe a rain event. Individual rain droplets impacting the
blade during precipitation while the blade is rotating govern the
accumulated fatigue damage of blade coatings, and influence the
LEE ofWTBs [36]. Consequently, it is essential to determine the rain
DSD which describe the distribution of droplet size and their dis-
tribution in space. In general, the droplet size depends on multiple
factors [38] that include - (a) rainfall intensity, (b) rain type
(thunderstorm, orographic), (c) as well as relative humidity to
name a few. However, in this paper, the focus is placed explicitly on
DSD dependence on rainfall intensity alone. The first ever DSD that
has been presented dates back to 1946, where an exponential dis-
tribution was proposed by Marshall and Palmer [39], also
commonly known as Marshall-Palmer function, which is given by:

nð4d; IÞ ¼ n0,expð�l4dÞ (1)

where, n(4d, I) is defined as the number of droplets of diameter
4d per unit volume of rainfall for a given rainfall intensity I, no is a
constant that defines the y�intercept and is considered as 8 ,
103 m�3/mm, and l is the parameter of the exponential distribution,
which is defined as the slope of n(4d, I)-4d curve on a semi-
logarithmic plot. It was found that l decreases with increasing I
and is defined by the following power law (Eqn 2):

l ¼ 4:1,I�0:21 (2)

where I is expressed inmm/hr. Marshall-Palmer fitted these data to
observations from Ref. [46], and the results were found to be in
good agreement (Fig. 3(a)). Some important observations through
their study were - (a) As the rain droplet size increases, the number
of droplets in a unit volume of rain reduces for any given I (b)
median droplet size increases (D50) with increasing rainfall in-
tensity (c) both the number of smaller and larger rain droplets in-
creases with increasing I, however, the increase in the number of
droplets is significantly higher for larger droplet size. It is to be
noted that the exponential model from Marshall-Palmer function
gives a higher prediction for smaller droplets [47], with the number
of droplets increasing monotonically for droplet size limiting to
zero (Fig. 3(b)) and the distribution is inappropriately skewed to
the lower end of the distribution. This is not a typical characteristic
of a pragmatic rainfall, and therefore, several researchers in the past
have tried to improve this model, such as the gamma distribution
from Ref. [48] as well as the lognormal model from Ref. [49].

The above stated DSD and the associated analysis represent the
rain droplets reaching the ground and are mostly applied to the
problems related to soil erosion and flood issues in the catchment
areas [38]. The problem related to LEE of WTBs require the DSD in
the air, given that turbines are placed at large heights from the
ground. Consequently, one of the most widely used DSD for LEE
models is Best's distribution where the author presented a DSD in
the air by dividing the number of drops of a given size reaching the
ground by the associated terminal velocities [38]. There are other
advantages of Best's distribution such as - (a) unlike Marshall-
Palmer DSD, which gives number of droplets of a given size in a
liquid rain and is inappropriately skewed to the lower end of the
distribution, Best's DSDmostly focuses on estimating the volume of
water droplets of a given size in the rain [36]. This makes Best's DSD
insensitive to the size of rain drops, and (b) parameters of Best's
DSD are obtained by averaging the rain data over several mea-
surement sites that include Marshal and Palmar data, Canadian
data, Ynysylas data, and Lenard rain data to name a few. Following



Fig. 3. (a) Comparison of the measured data with exponential function [39] (b) Typical characteridtic of Marshall-Palmer DSD for various I.
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the analysis, the author in Ref. [38] gave a generalized DSDwhich is
found to follow a two parameter Weibull distribution model
defined as (Eqn 3):

F4djIð4djIÞ ¼ 1� exp
h
�
�4d

a

�n i
(3)

where, F4djIð4djIÞ is defined as the fraction of rain droplets with size
less than or equal to 4d for a given rainfall intensity (I) also
considered as DSD in this paper, 4d is the droplet diameter
expressed in mm. a and n in the above equation are the scale and
shape parameters of the Weibull distribution respectively that are
related to I by the following relationship (Eqn 4 and 5):

a ¼ A,Ip (4)

n ¼ N,Iq (5)

where A, p, N and q are the constants in the above equation. In his
paper, Best found that the shape parameter n is independent of I
and the established constants are presented in Table 1. Overall, the
general form of Best's DSD is (Eqn 6):

F4djIð4djIÞ ¼ 1� exp

"
�
�

4d

1:3,I0:232

�2:25
#

(6)

Fig. 4(a) presents Best's DSD for different rainfall intensities (I),
where it can be seen that as I increases, median droplet size (D50)
also increases as was observed before for Marshall Palmer function.
Also, the distribution provides information about the volume
(mass) of rain drops of a particular size present in a rain for a given I.
For instance, as I increases, the fraction of volume contributed from
large droplets is higher compared to smaller rain droplets.

Following the above stated benefits of Best's DSD, recently, a
DSD was calculated for offshore conditions in the North Sea [40]
using disdrometer data. Here, similar methodology as presented by
Best was considered and the offshore DSD, also referred to as Cat-
apult's DSD in the paper, was found to be described satisfactorily by
Table 1
Constants determined for Best's and offshore Catapult's DSD.

DSD Constants

A p N q

Best's DSD 1.3 0.232 2.25 0
Catapult's DSD 1.026 0.1376 2.8264 �0.0953

1439
two-parameterWeibull distribution. A comparison of their datasets
with Best's DSD was presented, and it was concluded that Best's
DSD was not suitable for offshore rain condition. However, the
datasets for comparison represent only one year of disdrometer
data of offshore and for only one site in the North Sea, compared to
Best's DSDwhich is a generalized DSD calculated frommultiple rain
datasets. Also, unlike Best's DSD, the shape parameter nwas found
dependent on I (see eq. (7)), and the constants of the distributions
were obtained and are presented in Table 1. Overall, the general
form of Catapult's offshore DSD is given by (Eqn 7):

F4djIð4djIÞ ¼ 1� exp

"
�
�

4d

1:03,I0:138

�2:83,I�0:0953 #
(7)

Fig. 4(b) presents Catapult's DSD for different rainfall intensities
I, where the median droplet size (D50) increases with increasing I as
expected. However, the stretch of the DSD is less for larger in-
tensities compared to the Best's DSD. In the current paper, a new
DSDwill be developed based on the samemethodology followed by
Best [38] and Catapult [40] and constants of the eq. (4) and (5) will
be determined for rainfall data measured by KNMI [50] using the
Thies Clima disdrometer at the De Bilt site in the Netherlands.
Further, the proposed DSD will be compared with the above-
discussed DSDs. The methodology that is used to obtain these
constants (A, p, N and q) will be presented in the next section.

2.3. Joint probability distribution of rainfall intensity and rain
droplet size (fI;4d

ðI;4dÞ)

Rainfall intensity together with droplet diameter are statistically
dependent random variables and must be defined through a joint
probabilistic distribution for a given site. The joint probability
distribution of two random variables X and Y determines the
probability of both the variables simultaneously occurring together.
In general, for two dependent random variables X and Y, the joint
distribution function (fX,Y(x, y)) is defined by the following
equations:

fX;Yðx; yÞ ¼ fXðxÞ * fY jXðyjxÞ (8)

where fX(x) is the marginal distribution of X, and fY|X(y|x) is the
conditional distribution of Y given X. Based on the above definition,
the joint probability distribution function of rain droplet size and
rain intensity can be defined as the product of marginal distribution
of rain intensity and DSD and given by:



Fig. 4. Typical characteristics of (a) Best's DSD (b) Catapult's DSD for several I.
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fI;4d
ðI;4dÞ ¼ fIðIÞ * f4djIð4djIÞ (9)

Such a probabilistic approach is rare in the field of LEE of WTBs,
however it has been widely utilised for long term fatigue analysis
and reliability assessment in the OWT sector for monopile under
different stochastic wind and wave loads. A similar approach has
been recently utilised by Refs. [51,52] to calculate structural safety
assessment and estimate average failure probability for blade
installation task. Joint distribution function of random variables
such as significant wave height Hs, wave spectral peak period Tp,
and mean wind speed (Uw) is established and distribution param-
eters for different offshore sites in Europe have been presented [53].

3. Analysis procedure

Fig. 5 presents the flow chart describing the analysis procedure
used in the paper for development and application of the proba-
bilistic rainfall model. The flow chart also describes how different
input models (shown in different background colours) - i.e. rainfall
statistic model, wind turbine model, and material model are
coupled together and fed to an analytical surface fatigue model to
estimate the expected lifetime of the blade coating systems. Prin-
cipally, the overall analysis procedure consists of seven distinct
steps, where first four steps are related explicitly to the develop-
ment of the probabilistic rainfall model which is the main focus of
the paper (marked as steps I, II, III, and IV in the flow chart). The
remaining steps are related to the other inputs required for the
application part (steps V and VI are related to wind turbine model
whereas step VII is related to material model which describes the
material degradation of the coating). In the next section, the first
part dealing with the development of the probabilistic rainfall
model is presented. Further, in the next section, case study of the
proposed model with description of the considered turbine type,
coating properties and LEE model are presented.

4. Methodology: probabilistic rainfall model

4.1. Descriptions of the considered sites and rain datasets

The analysis is performed on rainfall data for two different sites -
one corresponds to the inland De Bilt site and the other corre-
sponds to the coastal De Kooy site (see Fig. 6). For the De Bilt site,
there are two different rainfall datasets available: (a) rainfall
dataset having record of droplet diameter (4d) and corresponding
rainfall intensities (I) measured by Thies Clima disdrometer for a
period of 2 years (February 2016eFebruary 2018) (b) rainfall
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dataset having record of only the rainfall intensity data (I)
measured by rain gauge and precipitation sensor for the past 50
years (1971e2020). On the other hand, for the coastal De Kooy site,
only the latter rain dataset (b) is available. It is important to note
that varying rainfall datasets are used for different purposes in the
paper - disdrometer data are used to establish the droplet size
distribution for the site, whereas the rain gauge data are used for
determining the distribution of the rainfall intensity for the site. In
addition, since the disdrometer dataset are not available for the
coastal De Kooy site, Catapult's offshore DSD will be used for this
site in the paper.
4.2. Droplet size distribution (DSD)-f4djIð4djIÞ

In this section, the methodology for establishing the droplet size
distribution (DSD) for the De Bilt site is discussed. The primary step
is to determine the constants of the eqs. (4) and (5) described in
section 2 i.e. A, p, N and q. An in-house script is prepared for the
purpose of data processingwhere the first step includes sorting and
identifying unique counts of different rainfall intensity (I) in the
rainfall dataset. This is followed by counting the number of times
these unique I are being repeated in the array. Different droplet
sizes corresponding to each unique I are then grouped together, and
each group is then plotted on a two-parameter Weibull probability
paper to check if the droplet size data for a given I fits the distri-
bution. The Weibull probability plot is given by the equation:

lnð�lnð1� FÞÞ ¼ n,lnð4dÞ � n,ln a (10)

From the analysis, an array of scale (a) and shape parameters (n)
are obtained for different I by using the above equation that takes
the form of a straight line. Finally, the dataset of scale (a) and shape
parameters (n) are plotted on respective scatter plots against
rainfall intensity (I) having logarithmic axes, which are based on
the following equations:

ln a ¼ p,lnI þ ln A (11)

ln n ¼ q,lnI þ ln N (12)

The line of best fit to the above scatter plots gives the constants
A, p, N and q and represents the DSD for the entire rainfall dataset.
Similar analysis is also performed for deriving these constants for
different seasons in Netherlands to estimate the seasonal DSD -
Winter (01 January to 31 March), Spring (01 April to 30 June),
Summer (01 July to 30 September), and Autumn (01 Oct to 31
December).



Fig. 5. Analysis procedure considered in the paper.

Fig. 6. Details of the site considered for the analysis [Modified from Ref. [54]].
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4.3. Marginal distribution of rainfall intensity fI(I)

For determining the most suitable distribution fit for describing
1441
the marginal distribution of rainfall intensity fI(I), two different
distributions are compared - lognormal distribution and gamma
distribution. The lognormal distribution is given by:

f ðxÞ ¼ 1ffiffiffiffiffiffi
2p

p
sx
e�ðlnðxÞ�mxÞ2

�
2s2

x ; x>0; and sx >0 (13)

where mx and sx are parameters of the distribution and are defined
as mean and standard deviation respectively. On the other hand,
gamma distribution is given by:

f ðxÞ ¼ xa�1e�x=b

baGðaÞ ; x>0; and a>0; b>0 (14)

where a and b are shape and scale parameters respectively. G(a) is
defined as the gamma function which is given by the integral:

GðaÞ ¼
ð∞
0

xa�1e�xdx (15)

For comparing these distributions, the rain data consisting of
only the wet periods is plotted on their individual probability pa-
pers, as well as on their respective quantile-quantile plots (Q � Q
plot) to check which distribution best represents the rainfall in-
tensity data. Further, the parameters for both the distributions are
obtained by using Maximum Likelihood Estimation (MLE) method
[55]. A c2 goodness of fit test is considered for both the distribu-
tions to perform hypothesis testing, where a significance level of 5%
is considered for null hypothesis (Ho: Data is represented by the
considered distribution). c2 goodness of fit test determines
whether a dataset belongs to a specified probability distribution
where the parameters are estimated from the data. In the c2

goodness of fit test, the entire dataset is grouped into several bins,
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and then the observed and expected count is estimated based on
which c2 value is determined given by the equation:

c2 ¼
Xn
k¼1

ðOk � EkÞ2
Ek

(16)

Once the c2 value is determined, this value is then compared
with c2cric value, which is obtained from a standard c2 distribution
corresponding to a particular degree of freedom equal to n � 1 �m
and associated significance level as. Here n is the number of bins in
which the entire dataset is divided, m is the number of parameters
of the distribution used for the analysis which is taken as 2 for both
gamma and log-normal distributions, and as is considered as 0.05
(5% significance level). It is then checked if the c2 value is less than
c2cric, and in that case, the null hypothesis (Ho: Data is represented
by the considered distribution) cannot be rejected, and the distri-
bution is found to represented by the considered distribution.

4.4. Joint probability distribution of rainfall intensity and rain
droplet size (fI;4d

ðI;4dÞ)

For the inland De Bilt site, the marginal distribution of the
rainfall intensity is combined with the De Bilt's DSD. A comparison
is also presented to show the joint distribution sensitivity to the
choice of DSD by combining themarginal distribution of the rainfall
intensity of the inland De Bilt's site with Best's DSD. On the other
hand, for the coastal De Kooy site, the Catapult's offshore DSD [40]
is combined with the marginal distribution of rain intensity given
that the disdrometer dataset was not available for the DSD
calculation.

4.5. Percentage of occurrence of rain of a given intensity (P(I))

The above discussed distribution parameters are determined by
only including the wet periods for the considered site. However, it
is equally essential to consider the dry periods for the considered
sites when there was no occurrence of rain intensity, and based on
that we can evaluate the total percentage of the occurrence of rain
of a given intensity at a given site. In general, only these days will
contribute towards the rain-induced LEE when the rain intensity is
recorded. In order to calculate this, the whole rain dataset of 50
years consisting of both ‘rain days’ and ‘no rain days’ is considered,
and percentage of occurrence of different range of intensities I in
the rainfall dataset are calculated based on Table 2.

5. Application and case studies

One of the main applications of the proposed rainfall model is to
estimate site-specific leading edge lifetime of blade coating system.
In this section, the application of the proposed model is presented
for a 5 MW wind turbine where the model is combined with wind
statistics along with an analytical surface fatigue model that de-
scribes lab-scale coating degradation. The details are discussed in
this section.
Table 2
Classification of different rainfall types [20].

Type of rainfall Range of intensity

No rainfall No I recorded
Light rainfall 0 < I < 2.5
Moderate rainfall 2.5 � I < 10
Heavy rainfall 10 � I < 50
Very heavy rainfall I � 50
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5.1. Wind turbine model

An open source NREL 5 MW wind turbine is considered for the
analysis. The details of the wind turbine model are presented in the
Table 3. The power curve of the wind turbine which determines the
rotational speed of the blade under different operational mean
wind speeds is presented in Fig. 7.
5.2. Wind statistic model

The rotational speed of the wind turbine blade is dependent
upon the operational wind speed at the hub height. Therefore
marginal distribution of mean wind speed at hub height is deter-
mined for both the inland and coastal sites considered in the paper.
The data is available with reference to 10 m height and is extrap-
olated to 90 m hub height for the considered turbine using power
law which is given by the equation:

UwðzÞ ¼ UwðzrÞ,
�
z
zr

�a
̄

(17)

where Uw(z) is the wind speed at any given height z, zr is the

reference height i.e. 10 m and a
̄
is power law exponent considered

as 0.14 for both the sites [57]. Two different distributions - Weibull
and lognormal distribution - are compared through their respective
Q � Q plot and corresponding distribution parameters are obtained
using Maximum Likelihood Estimation (MLE) method.
5.3. Description of LEE model, coating properties and long term
assessment

The maximum impact velocity (Vimp) between raindrop and
blade tip during the blade rotation can be approximately defined
as:

Vimp ¼ Vblade þ Vtg (18)

where Vblade is defined as the blade tip speed and depends upon the
operational mean wind speed (Uw). Vtg is defined as the terminal
velocity of the rain droplet and is dependent upon the rain droplet
size (4d) defined inmm, Vtg (inm/s) is defined by the equation [58]:

Vtg ¼ 9:65� 10:3e�0:64d (19)

The erosion damage rate calculated without considering the
probability of occurrence of precipitation parameter for any given

4d, I, and Uw is defined as the short term erosion damage rate ( _D
ST
i jI;

4d; Uw). The erosion damage rate (in hr�1) is defined by the
analytical surface fatigue model from Ref. [29]:
Table 3
Description of NREL 5 MW reference turbine [56].

Rating 5 MW turbine
Rotor orientation, configuration Upwind, 3 Blades
Control Variable speed Collective pitch
Rotor, Hub diameter 126 m, 3 m
Hub height 90 m
Cut-in, Rated, Cut-out wind speed 3 m/s, 11.4 m/s, 25 m/s
Cut-in, Rated rotor speed 6.9 rpm, 12.1 rpm
Rated tip speed 80 m/s



Fig. 7. NREL 5 MW turbine RPM v/s Uw curve.

Table 4
Material properties for polyurethane coating.

Parameter Values Units

rs 1020 kg/m3

cs 2480 m/s
su 37 MPa
m 6.1 e

n 0.42 e
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_D
ST
i ðI;4d;UwÞ ¼

_N
Nic

¼ q
̄
,Vimp ,bd

8:9
42
d

�
S

pwh

�5:7 (20)

where q
̄
is the number of droplets per unit volume of rainfall which

is given by:

q
̄ ¼ 530:5

I
Vtg4

3
d

(21)

where I is defined inmm/hr. bd is the impingement efficiency given
by the relation:

bd ¼ 1� e�154d (22)

pwh is the water hammer pressure defined by:

pwh ¼ rwcwVimp

1þ rwcw
rscs

(23)

where rs and cs are density of coating and speed of sound in the
coating material respectively. S is the erosive strength of coating
material defined by:

S ¼ 4suðm� 1Þ
1� 2n

(24)

where su, m and n are the ultimate tensile strength, Wohler's slope
and Poisson's ratio of the coating material respectively.

Finally, an equation for long-term erosion damage rate is pro-
posed in the paper which is given as the weighted sum of short
term erosion damage rate together with probability of occurrence
of all possible rain and wind conditions that are expected to occur
during the blade's service life:

_D
LT
i ¼

X∞
i

X∞
j

X∞
k

_D
ST
i ðI;4d;UwÞ,fI;4d

ðIi;4djÞ,PðIiÞ,fUw
ðUwkÞ

DI D4d DUw

(25)

where _D
LT
i � 1 imply failure of coating material. The above method

where short term responses are combined with long term distri-
bution of all possible environmental condition is in general defined
as the long term probabilistic assessment [59]. In the paper, different
range of I, 4d and Uw (I varies from (0 < I� 50mm/h), 4d varies from
(0 < 4d � 6 mm), and Uw varies from (0 < Uw � 30 m/s) are
considered such that eq. (26) is satisfied (total area under the PDF
curves is approximately 1 to ensure contribution of damage from all
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possible environmental cases is taken into consideration for a given
site):ð
i

ð
j

ð
k

fI;4d
ðIi;4djÞ,fUw

ðUwkÞ dI ,d4d,dUwz1 (26)

Finally, the expected lifetime for the blade coating system, in

years, is defined by ( _D
LT
i in hr�1):

tyears ¼ 1
_D
LT
i ,ð365,24Þ

(27)

In this study, a two component polyurethane based coating
material is used to determine the erosion damage rate. Thematerial
properties are obtained by using an inverse method where the
coating life observed in the WARER test is mapped with the esti-
mates from the analytical Springer's model (Table 4). The WARER
test results were obtained from the material datasheet [60] where
the life of the coating before complete failure is described as more
than 9 h for rain erosion test under 30e35 mm/h of rain, 2 mm
droplet size and 123e157m/s of impact velocity as per the ASTMG-
73 [61] standard (see Table 4).

6. Results and discussion

In this section, results and discussion are presented. This section
is also divided into two parts, where the first part (A) deals with the
discussion of results related to the development of the probabilistic
rainfall model whereas the second part (B) discusses the results
related to the application of the proposed model where expected
leading-edge lifetime of the coating system is calculated for both
the considered sites.

6.1. Probabilistic rainfall model

6.1.1. Droplet size distribution (DSD)-f4djIð4djIÞ
6.1.1.1. DSD: Determination of constants. Fig. 8(a)-(d) present the
recorded rain droplet size (4d: droplet diameter) fitted to the two
parameterWeibull probability papers for different unique counts of
rainfall intensities (I ¼ 0.5 mm/h, 0.8 mm/h) as well as for different
ranges of observed I (10 mm/h < I < 20 mm/h; 20 mm/
h < I < 50 mm/h). The results clearly show that the two parameter
Weibull distribution represents a sound representation of droplet
size data given that the data points lie close to the black dotted
straight line. Moreover, the coefficient of determination and least-
standard error for these fits corresponding to all I are determined
and Weibull distribution is found suitable for representing DSD for
the site. The scale (a) and shape (n) parameters of the Weibull
distribution are then obtained corresponding to each unique count
of recorded I usingMLE. In this way, an array ofWeibull distribution
parameters (a and n) are obtained. These parameters are then
plotted on a scatter plot based on the eqs. (11) and (12) against
rainfall intensity, with scatter plot defined with logarithmic axes
(Fig. 9(a)-(b)).



Fig. 8. Two-parameter Weibull fitting of rain droplet diameter (4d) for different (a) I ¼ 0.5 mm/h (b) I ¼ 0.8 mm/h (c) 10 mm/h < I < 20 mm/h (d) 20 mm/h < I < 50 mm/hr
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Note that unlike Best's distribution, the shape parameter (n) is
found to vary with the rainfall intensity (I), and is in line with the
observation made by Ref. [40] for the droplet size measured by
Fig. 9. (a) Calculation of constants A and p (b) Calculation of constants N and q using
scatter plots.
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disdrometer for Catapult's offshore DSD. Finally, the line of best fit
for both the scatter plots gives the constants of the DSD i.e. A, p, N
and q and are tabulated in Table 5. Overall, the DSD corresponding
to the De Bilt site recorded through the disdrometer has the form:

F4djIð4djIÞ ¼ 1� exp

"
�
�

4d

0:4811,I0:1186

�4:56,I0:14
#

(28)
6.1.1.2. Description of De Bilt's DSD and its comparison with existing
DSDs. Fig. 10(a)-(b) present the probability distribution function
(PDF) and cumulative distribution function (CDF) curve for the rain
droplet size corresponding to the De Bilt's DSD, describing different
rainfall intensities (I ¼ 0.1 mm/h, 1 mm/h, 10 mm/h, 50 mm/h,
100 mm/h). The results from both the figures show that as I in-
creases, median droplet size (D50) also increases. Also, the distri-
bution provides the information about the fraction of volume of
rain drops of a particular size present in the rain for a given I. For
instance, as I increases, the fraction of volume contributed from
large droplets is higher compared to smaller rain droplets. These
observations about the droplet size and volume of rain drops
Table 5
Constants determined for DSD at the De Bilt site.

A p N q

0.4811 0.1186 4.567 0.1404



Fig. 10. Characteristics of De Bilt's DSD (a) PDF (b) CDF (I ¼ 0.1 mm/h, 1 mm/h 10 mm/h, 50 mm/h, 100 mm/h).
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contained in the rain are in line with the pragmatic characteristics
of a typical rain DSD and verifies the accuracy of the obtained DSD.

Fig. 11(a)-(f) present the comparison between De Bilt's DSD
determined in this paper with Best's DSD and Catapult's offshore
DSD utilised in the literature for analysis of LEE of WTBs. The
comparisons are made between the probability distribution func-
tion (PDF) and cumulative distribution function (CDF) curve for the
rain droplet sizes corresponding to different I's (I ¼ 0.1 mm/h,
I¼ 1mm/h, I¼ 10mm/h). Some important observations are: (1) For
Fig. 11. Comparison of De Bilt's DSD with Best's DSD an
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very low rainfall intensity, the characteristics of all the three DSDs
are in close agreement, however, the difference in the statistical
representation of the droplet size by all these DSDs increases with
increasing rainfall intensity, (2) There is a large deviation in the rain
droplet size characteristics between onshore and offshore rainfall,
and Best's DSD together with De Bilt's DSD does not represent a
good fit for the offshore rain, (3) The data at De Bilt site cannot be
represented by existing DSDs and the error will be significant
especially for higher rain intensity, (4) The rain droplet size
d Catapult's DSD (I ¼ 0.1 mm/h, 1 mm/h 10 mm/h).
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described by De Bilt's DSD aremostly capped below 1mm, and is in
line with the recorded raw rainfall data. Overall, DSDs are site
specific distributions and must de defined independently for
different wind turbine sites. This also implies need for installing
more disdrometers in the future.

One of the analysis approaches for LEE of WTB in general in-
cludes selecting a representative rain intensity and corresponding
median rain droplet size. For instance, in Ref. [5], I ¼ 2 mm/h,
I ¼ 10 mm/h, I ¼ 25 mm/h and I ¼ 50 mm/h represented light,
moderate, heavy and very heavy rainfall conditions respectively,
and then based on a typical DSD, a droplet size corresponding to
CDF ¼ 0.5 is considered as the median (representative) droplet size.
Fig. 12(a)-(c) present the CDF curve of rain droplet size representing
rainfall described by Best's, Catapult's and De Bilt's DSDs respec-
tively. The point where the black solid line intersects the CDF curve
represents the median droplet size (D50), and is represented by red
dots for Best's DSD, blue dots for Catapult's offshore DSD, and green
dots for De Bilt's DSD. As observed before, the median droplet size
increases with increasing rainfall conditions for all the DSDs,
however it is Best's DSD that seems to over predict the median
droplet size for each rain intensity. This can also be seen from
Fig. 11(d), where a quantitative comparison for median droplet size
(D50) is made for Best's, Catapult's and De Bilt's DSDs and for
I ¼ 2 mm/h, I ¼ 10 mm/h, I ¼ 25 mm/h and I ¼ 50 mm/h. The
representative droplet size for Best's distribution is 2.74 mm for
I ¼ 50 mm/h, whereas for the Catapult's DSD it is 1.48 mm, and for
De Bilt's DSD the median droplet size is 0.73 mm. This implies that
not all sites for LEE analysis can be described by Best's DSD, as there
can be large deviations in the estimates of the representative sizes.

One of the important consequences of differences in the median
droplet sizes (D50) estimated by different DSDs is the effect on the
Fig. 12. Comparison of DSDs for different rainfall conditions with representative I (a) Bes
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number of droplets that occur in the rainfall for a given I. This is due
to the fact that q is inversely proportional to cube of droplet size
(see eq. (21)). As a result, though De Bilt's DSD and Catapult's DSD
predict smaller droplets for a rainfall with the same intensity, there
will be large number of drops in a unit volume of rainfall compared
to Best's DSD that predicts larger droplet sizes. This is expected to
influence the fatigue of the WTBs as there will be relatively more
number of hits during the blade rotation. A quantitative compari-
son of the number of droplets per unit volume of rainfall is pre-
sented in Fig. 13 for De Bilt's, Catapult's and Best's DSD, for different
values of I (I¼ 2mm/h, I¼ 10mm/h, I¼ 25mm/h, I¼ 50mm/h) and
corresponding median droplet size (D50) with the figure defined
with the logarithmic y-axis. The results show that the number of
drops are significantly larger for the same amount of rain for De
Bilt's DSD compared to Best's DSD. The corresponding dots on the
curve represent the median droplet size for a given rainfall
intensity.

6.1.1.3. Determination of seasonal De Bilt's DSDs. The above dis-
cussed DSDs represent non-seasonal DSDs calculated for the rain
data recorded by the disdrometer for the entire period of 2 years.
Here, the DSDs are presented for seasonal variations of rainfall for
the De Bilt site in Netherlands - Winter, Spring, Summer, and
Autumn. The procedure used in the previous discussions for
determining the non-seasonal DSDs is considered and the con-
stants A, p, N and q are determined for each season. Fig. 14(a)-(d)
present the scatter plot, where two parameter Weibull distribution
parameters determined for different unique counts of I corre-
sponding to different seasons are plotted on a scatter plot against
rainfall intensity with logarithmic axes. The line of the best fit
corresponding to each scatter plots gives seasonal parameters
t's DSD (b) Catapult's DSD (c) De Bilt's DSD (d) comparison of D50 for different DSD.



Fig. 13. Comparison of number of drops for different I and 4d with different DSD.

Table 6
Constants determined for seasonal DSD at the De Bilt site.

Constants Season A p N q

Winter 0.4690 0.1411 4.522 0.1402
Spring 0.5175 0.1044 5.0480 0.1697
Summer 0.5046 0.1134 4.4238 0.2244
Autumn 0.4625 0.1186 4.3623 0.2144
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which are tabulated in Table 6. These seasonal DSDs are useful
when a detailed analysis of LEE or development of erosion safe
control algorithm is required to be performed more specifically
applied to specific seasons. Nevertheless, it is observed from the
figure that there is not much seasonal difference in the parameters
representing the DSD. Hence, in the rest of the discussion, reference
to only non-seasonal DSD will be made.
Fig. 14. Calculation of constants A, p, N and q for (a) Win
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6.2. Marginal distribution of rainfall intensity fI(I)

For determining the best fit for marginal distribution of rainfall
intensity, hourly rainfall intensity data for inland De Bilt site as well
as the coastal site De Kooy De Bilt site are plotted on Q � Q plots of
both lognormal and gamma distributions. Fig. 15(a) presents Q � Q
plot with data representing De Bilt site.

It can be seen from the figure that the lognormal distribution is a
more suitable fit for the rainfall intensity as the data is relatively
closer to the straight line. A similar observation is found for the De
Kooy site where the lognormal distributionwas obtained as a more
suitable distribution fit to represent the rainfall intensity. Never-
theless, the distribution parameters for lognormal (m and s) and
gamma distributions (a and b) are obtained usingMaximum Like-
lihood Estimation (MLE) method for both the sites and is sum-
marised in Table 7. Fig. 15(b) compares the histogram data
representing the rainfall intensity for the De Bilt site with the fitted
lognormal and gamma distribution based on the parameters esti-
mated in Table 7. The results show that the gamma distribution
under predicts the low rainfall intensity, whereas lognormal
ter (b) Spring (c) Summer (d) Autumn seasonal DSD.



Fig. 15. (a) Comparison of Q � Q plots for lognormal and gamma for describing I (b)
Comparison of raw data with lognomral and gamma marginal distribution.

Table 7
Distribution parameter for lognormal and gamma for I at De Bilt and De Kooy site.

Parameter Site m s a b

1. De Bilt �0.1816 0.8617 1.912 1.126
2. De Kooy �0.1445 0.8275 1.2765 1.0531

Table 8
P(I) calculated for different type of rainfall for De Bilt and De Kooy site.

Type of Range of De Bilt De Kooy

rainfall intensity P(I)% P(I)%

No rainfall I < 0.05 88.26 88.47
Light rainfall 0.05 � I < 2.5 10.29 10.08
Moderate rainfall 2.5 � I < 10 1.35 1.364
Heavy rainfall 10 � I < 50 0.0910 0.0801
Very heavy rainfall I � 50 0.00069 0.00046
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distribution slightly underestimates the higher rain intensity. A c2

goodness of fit test was considered and it was found that lognormal
distribution cannot be rejected at 5% significance level. A compar-
ison of the empirical CDF and lognormal CDF for the rainfall in-
tensity is presented in Fig. 16(a)-(b) and relatively higher
differences can be seen for the case of gamma distribution
compared to the lognormal distribution. Overall, the rainfall in-
tensity (I) is found to be best described by lognormal distribution
for both the sites.
6.3. Percentage of rain duration for different intensities (P(I))

Table 8 compares P(I) for the inland and coastal sites for
different classes of rain intensities. It is seen that the percentage of
dry periods at both the sites is more than 88% of the total time
based on fifty years of hourly data. Also, most of the rainfall falls
under the light rainfall conditions category for both the sites
(0.05 mm/h � I < 2.5 mm/h) whereas moderate, heavy and very
heavy rainfall conditions are quite rare in realistic conditions and
Fig. 16. Comparison of emperical CDF with (a) lognormal CDF (b) gamma PDF for
representing I.
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only account for less than 2% of the total rainfall time. It was also
observed that the percentage of rain duration for different classes of
rain intensities are similar at both the sites (see Table 8).
6.4. Joint probability distribution of rainfall intensity and rain
droplet size (fI;4d

ðI;4dÞ)

A comparison of the joint PDF of rainfall intensity and rain
droplet size for inland as well as the coastal site is presented
through Figs. 17-18. For the inland De Bilt site, the joint PDF is
determined by combining the marginal distribution of I repre-
senting the De Bilt site with De Bilt's DSD (Fig. 17(a)). Moreover, in
order to check the sensitivity of the joint PDF to the choice of DSD,
the marginal distribution of I for the De Bilt site is also further
combined with Best's DSD (Fig. 17(b)), which is one of the most
commonly applied onshore DSD in the literature. On the other
hand, for the coastal De Kooy site (Fig. 18), the joint PDF is deter-
mined by combining themarginal distribution of I corresponding to
the De Kooy site with Catapult's DSD that represent offshore rain-
fall. There are some important observations that can be made for
the joint PDF from these figures: (a) for both the sites, the joint PDF
clearly shows the dominance of light rainfall conditions at the site
(I < 2.5 mm/h), however, there are differences in the corresponding
rain droplet size depending upon the DSD used (b) the joint PDF for
the inland onshore site varies for De Bilt's and Best's DSD. For
instance, the joint PDF for the site with De Bilt's DSD shows
dominance of droplet size less than 0.6 mm (Fig. 17(a)), whereas for
Best's DSD, the dominance of droplet size ranges till 2 mm
(Fig. 17(b)). As a result, the probabilistic rainfall model is highly
sensitive to the choice of DSD. (c) The joint PDF of coastal site shows
a slightly larger occurrence of rainfall intensity above 2 mm/h, and
corresponding smaller droplet size compared to the joint PDF
considered with Best's DSD.
6.5. Application and case studies

6.5.1. Marginal distribution of mean wind speed (f(Uw))
The case study considers NREL 5 MW reference turbine as the

base case which has a hub height of 90 m. During the precipitation,
the impact of rain droplets with the rotating blade is dominated by
the blade tip speed which depends upon the expected mean wind
speed at the hub height. The hourly meanwind speed data for both
the sites are available at 10 m reference height, and is extrapolated
to 90m hub height using the power law. The extrapolated dataset is
then fitted to lognormal and Weibull Q � Q plot to check the
appropriateness of the considered distribution (Fig. 19(a)-(b)). The
results show that Weibull distribution provides a more appropriate
fit than the lognormal, as the data points are close to the straight
line in the case of Weibull distribution. Further, the coefficient of
determination and standard error are checked and it was confirmed
that the mean wind speed for both the sites are well described by
Weibull distribution.

Moreover, the distribution parameters for two parameter Wei-
bull distribution for both the sites are obtained using theMaximum



Fig. 17. Joint PDF (f4d jIð4d jIÞ) for inland De Bilt site with (a) De Bilt's DSD (b) Best's DSD.

Fig. 18. Joint PDF (f4d jIð4djIÞ) for coastal De Kooy site with Catapult's DSD.

A.S. Verma, Z. Jiang, M. Caboni et al. Renewable Energy 178 (2021) 1435e1455
Likelihood Estimation (MLE) method (au: shape parameter and bu:
scale parameter) and are tabulated in Table 9. Fig. 19(c)e(d) present
the marginal PDF for the mean wind speed at the hub height for
both the sites and it can be seen that the averagewind speed as well
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as the shape parameter (bu) at the coastal site is comparatively
higher than the inland site. This is in line with the general obser-
vation about the preference for installing turbines in coastal and
offshore environments for efficient power production.
6.5.2. Estimation of erosion damage rates and expected life of the
blade coating

Fig. 20(a) presents the short term erosion damage rate of the

blade coating ( _D
ST
i ðI; 4d; UwÞ) calculated for the rotating WTB for

different rainfall conditions at the rated wind speed. The compar-
ison is presented in the figure for erosion damage rate calculated by
considering rainfall scenario through De Bilt's and Best's DSD for
the inland site, and by considering Catapult's DSD for the coastal
site. Note that these figures do not include the probability of
occurrence of given rain and wind conditions as well as the dry
periods of rainfall and represents coating damage under acceler-
ated erosion. The only difference by choosing different DSDs is the
difference in the median droplet size for different representative
rainfall types (see Fig. 12(d) for reference). There are two important
observations from the figure: (1) For any given DSD, the erosion
damage rate increases with increasing rainfall intensity and is
largest for very heavy rainfall condition (I¼ 50mm/h). On the other
hand, for any given rainfall type, the erosion damage rate is largest
for rainfall scenario described by De Bilt's DSD, followed by Cata-
pult's offshore DSD and the least is for Best's DSD. One of the
important reasons for this is the fact that De Bilt's DSD predicts a
smaller droplet radius for the given rainfall intensity, and therefore
there are a large number of droplets in the same volume of rain that
will hit the blade during rotation, compared to the coastal site
described by Catapult and the inland site described by Best's DSD.
In other words, among different DSDs considered in the paper,
Best's DSD seems to underpredict the acclerated erosion damage



Fig. 19. Comparison of Q � Q plot between lognormal andWeibull distribution for: (a) inbilt De Bilt site (b) De Kooy coastal site; Comparison of f(Uw) at 90 m hub height (c) inbilt De
Bilt site (d) De Kooy coastal site.

Table 9
Weibull distribution parameter for the site De Bilt and De Kooy.

Parameter Site au bu

1. De Bilt 1.8763 5.2162
2. De Kooy 1.9331 8.9419
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rate of the coating, indicating an overprediction in the estimate of
coating lifetime.

It is to be noted that the above results do not completely
describe the realistic coating degradation rate of a WTB during the
service life, as the results do not include probability of occurrence of
rain and wind conditions at the wind turbine site. Therefore,

probabilistic erosion damage rate ( _D
P
i ðI; 4d; UwÞ) is calculated by

combining the short term erosion damage rate for the WTB with
corresponding probability of occurrence of considered rain and
wind conditions. Fig. 20(b)e(f) present the probabilistic erosion

damage rate ( _D
P
i ðI;4d;UwÞ) for different rainfall types and different

range of wind speeds. The rainfall condition at the inland De Bilt
site is described by De Bilt's DSD as well as Best's DSD whereas the
rainfall condition at the coastal site is described by Catapult's DSD.
In these figures, different operational Uw are considered, for
instance (Uw ¼ 6 m/s) represents below rated wind speed,
(Uw ¼ 13 m/s Uw ¼ 16 m/s 20 m/s) represents above rated wind
speed, and (Uw¼ 24m/s) is close to the cut-off wind speed. It can be
seen from all the figures that the most dominating rainfall type that
causes the largest erosion damage rate of the blade coating belongs
to the category of light rainfall conditions (I � 2.5 mm/h). This is
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due to the fact that light rainfall conditions have the highest
probability of occurrence for both the sites. In addition, there is
significantly less erosion damage rate during heavy rainfall condi-
tions, as their occurrence rate is associated with a very small
probability. Also, as the meanwind speed increases and shifts away
from the rated wind speed and approaches the cut-off range, the
erosion damage rate increases significantly for the coastal site
compared to the inland site. This is due to the fact that the marginal
mean wind speed distribution for the coastal site considered in the
paper has a higher probability of occurrence of Uw above rated
conditions compared to the inland site. Overall, mean wind speed
(Uw) together with rain intensity (I) plays a crucial role during the
leading-edge erosion analysis. Also, as discussed before, among
different DSDs considered, Best's DSD seems to underpredict the
erosion damage rate of coating, and this implies overprediction of
the coating life.

Finally, the long term erosion damage rate and the expected life of
the blade coating is calculated by performing a weighted sum of
short term erosion damage rate for all possible rain and wind
conditions that can occur at the site during the blade's service life
together with their probability of occurrence. Fig. 21 compares the
expected lifetime of the blade coating for the inland and the coastal
site. The expected life of the blade coating system is found to be less
for the coastal De Kooy site compared to the inland De Bilt site. The
expected life is obtained as 4.2 years for the inland site compared to
the expected life of 1.2 years for the coastal site. One of the
important reasons that contributes to the accelerated erosion at the
coastal site is that the probability of occurrence of wind speed
between rated and cut-off conditions is higher at the coastal site



Fig. 20. (a) Comparison of short term damage erosion rate ( _D
ST
i ðI;4d ;UwÞ) for different rainfall conditions, inland and coastal sites and their associated DSDs; probabilistic damage

erosion rate ( _D
P
i ðI;4d;UwÞ) for different rainfall types (b) Uw ¼ 6 m/s,(c) Uw ¼ 13 m/s (d) Uw ¼ 16 m/s (e) Uw ¼ 20 m/s,(f) Uw ¼ 24 m/s.
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compared to the inland site. For instance, Fig. 22 compares the
exceedance probability of rated wind speed for both the sites and it
can be clearly seen that the point where the black dotted line in-
tersects the curve has a larger probability of exceedance for the
coastal site. The blade rotation in this regime is expected to cause
the highest erosion damage rate, given that it is associated with the
highest blade tip speed during blade rotation. In this way, blade
rotates at the rated speed for a large period of time and erodes
relatively faster during precipitation at the coastal site compared to
the inland site. The finding is also in line with the industrial
experience and observations found in the literature [14,25] where
the expected life of blade in offshore and coastal regions is found to
be less compared to the inland site.

In all the above discussions, hourly rain and wind statistic cor-
responding to fifty years of data were considered for the
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development and application of probabilistic rainfall model to es-
timate leading-edge lifetime of the blade coating. However, on
many occasions the availability of the length of data is limited and
varies from site to site. A sensitivity study is performed to check the
effect of the data period on the expected life of the coating calcu-
lated for inland and coastal sites. All the calculations performed in
the paper are repeated for different data periods ranging from 50
years to 2 years and the expected life of the blade coating is eval-
uated. Fig. 23 compares the expected life of the coating system
calculated for inland and coastal sites and corresponds to the data
periods of 50 years, 25 years, 10 years and 2 years. The results for
the coating lifetime are found consistent with varying data periods,
with a longer expected life estimated for the inland De Bilt site
compared to the coastal site.

Also, the magnitudes of the expected life of the coating are in



Fig. 21. Calculation of expected life of the blade coating for the inland De Bilt and
coastal De Kooy site.

Fig. 22. Comparison of exceedance probability of wind speed for for the inland De Bilt
and coastal De Kooy site.

Fig. 23. Calculation of expected life of the blade coating for the inland De Bilt and
coastal De Kooy site by considering different data period of measurement.
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close agreement for different data periods with differences be-
tween estimates using 50, 25 and 10 years of data being less than
5%, and the difference between estimates using 50 and 2 years of
data period being around 10%. These results confirm our initial
hypothesis that the probabilistic distribution of the rainfall
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parameters is a consistent input form for the rainfall statistic model
to determine the leading-edge lifetime of blade coating system. In
addition, the expected life estimated using the model for both
coastal (1.2 years) and inland site (4.2 years) falls within the range of
values seen insitu [25,36] which verifies the performance of the
proposed model.
7. Conclusions

The present paper proposed a probabilistic rainfall model that
enables site-specific assessment of leading-edge lifetime of the
blade coating system through the probabilistic distributions of rain
and wind conditions for a givenwind turbine site. An application of
the proposed model was presented through case studies for a
5 MW wind turbine. The analytical surface fatigue model from
Springer [29] was coupled with the rainfall statistic and the wind
turbine model. The expected lifetime of the blade coating was
compared for both inland and coastal sites using a long-term
probabilistic assessment. Following are the main conclusions:

1. A new droplet size distribution (DSD) was determined based on
two years of onshore rainfall data measured by KNMI using the
Thies Clima disdrometer at the inland De Bilt site in the
Netherlands which has the form:

F4djIð4djIÞ ¼ 1� exp

"
�
�

4d

0:4811,I0:1186

�4:56,I0:14
#

(29)
2. The proposed DSDwas compared with themost frequently used
DSD from the literature i.e. Best's DSD [38] as well as Catapult's
DSD [40] where the later represent offshore rainfall. It was
found that there is a large deviation in the statistical represen-
tation of the rain droplet size by these DSDs and the difference
increases with increasing I. A quantitative comparison for me-
dian droplet size (D50) between DSDs showed that for all the
cases D50 increases with increasing I. However, Best's DSD was
found to overestimate the D50 among all the three DSDs. For
instance, D50 for Best's distribution was 2.74 mm for I ¼ 50 mm/
h, whereas for Catapult's DSD it was 1.48 mm, and for De Bilt's
DSD the median droplet size was 0.73 mm.

3. The differences in the estimates of D50 by different DSDs was

also reflected in the number of droplets (q
̄
) that could occur in

the rainfall for a given I. This was due to the fact that q
̄
is

inversely proportional to cube of droplet size (see eq. (21)). The
results showed that the number of drops are significantly larger
for the same amount of rain for De Bilt's DSD compared to
Catapult's DSD and Best's DSD.

4. Next, the marginal distribution of the rainfall intensity together
with themeanwind speedwere established for the above stated
inland as well as the coastal De Kooy site and their distribution
parameters were obtained. The lognormal distribution was
found to be the best fit for the rainfall intensity, whereasWeibull
distribution was found as the best fit for the marginal wind
speed at the hub height for both the sites.

5. A comparison of percentage of rain duration for different in-
tensities (P(I)) was compared for the inland De Bilt as well as the
coastal De Kooy site. It was found that the percentage of dry
periods is more than 88% of the total time based on fifty years of
hourly data for both the sites. Further, the P(I) for different
rainfall categories at both the sites were nearly similar. On the
other hand, with regards to mean wind speed, it was found that
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the averagewind speed at the hub is comparatively higher at the
coastal site than at the inland site.

6. The joint PDF of I and 4d for the inland site and the coastal site
was presented and compared. It was found that for both the
sites, the joint PDF showed the dominance of light rainfall
conditions (I < 2.5 mm/h). However with varying DSDs, the
probability of the occurrence of corresponding droplet size
varied. For instance, the joint PDF for the inland site with De
Bilt's DSD showed dominance of droplet size less than 0.6 mm,
whereas for Best's DSD, the dominance of droplet size ranged till
2 mm. As a result, the probabilistic rainfall model was found
highly sensitive to the choice of DSD.

7. Finally, a long term erosion damage rate and the expected life of
the blade coating were calculated by performing a weighted
sum of short term erosion damage rate for all the possible rain
and wind conditions that can occur at the site during the blade's
service life together with their probability of occurrence. The
expected life of the blade coating systemwas found to be less for
the coastal De Kooy site (1.2 years) compared to the inland De
Bilt site (4.2 years). One of the primary reasons that contributed
to the accelerated erosion at the coastal site is the higher
probability of occurrence of mean wind speed between rated
and cut-off conditions for the turbine compared to the inland
site. Also, the estimated erosion damage rate was found
consistent with varying data periods used for the analysis.
8. Limitation and recommendation for future work

The present paper established a framework for a probabilistic
rainfall model that can be fed to an LEE model to determine the
expected life of the blade coating. However, there are some sim-
plifications and limitations associated with the current work which
presents scope for future work.

In the paper, a few assumptions were made to estimate the
expected leading-edge lifetime of blade coating system. In the
analysis, it was assumed that wind turbine is operating at all times
between the cut-in and cut-off wind conditions. However, in re-
ality, there may be some downtime already due to inspection and
repair of other equipment of the wind turbines and thus the results
are conservative. These factors need to be considered in the future.

For estimating the leading-edge lifetime, the Springer's model
for homogeneous coating system was considered, and effect of
substrate below the coating was ignored. This was based on the
industrial interaction where it was mentioned that for the given
coating considered in the work, material degradation at the surface
is the governing problem. In the future work, the effects of com-
posite substrates below the coating will be included in the analysis.

In the paper, two different sites - an inland De Bilt and coastal De
Kooy - were considered. However, it was only for the De Bilt site for
which the DSD was estimated and later combined with the site's
marginal distribution of rain intensity to obtain the joint PDF of I
and 4d. However, for obtaining the joint PDF for the De Kooy site,
the Catapult's offshore DSD was used along with the site's marginal
distribution of rain intensity. There are no disdrometer measure-
ments available for the coastal De Kooy site or for offshore condi-
tions. In the future, more disdrometer measurements will be
obtained to perform similar analysis for different onshore and
offshore wind turbine sites in the Netherlands.

In the paper, the wind speed (Uw) and rainfall intensity (I) were
considered as independent random variables, however, in general
Uw and I can also be described by a joint PDF according to Ref. [62].
In this way, it will be possible to obtainmore accurate results where
the long term assessment will include probability of simultaneous
occurrence of mean wind speed and rain intensity.
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Also, in the current study, the analytical surface fatigue model
from Ref. [29] was used along with one particular coating used in
the industry. A parametric study will be performed in the future
with different erosion models available in the literature along with
different coating materials to rank the performance of models as
well as coatings. For this it will also be essential to validate the
results with the insitu observations.
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Vtg: Terminal velocity of rain drop (m/s)
4d: Droplet diameter (mm)
I: Rainfall intensity (mm/hr)
Uw: Mean wind speed at hub height (m/s)
fI(I): Marginal distribution of rainfall intensity
f4d jIð4djIÞ: PDF: Droplet size distribution (DSD)
F4d jIð4djIÞ: CDF: Droplet size distribution (DSD)
fI;4d

ðI;4dÞ: Joint probability density function of I and 4d
P(I): Percentage of rain duration for different intensities (% , 0.01)
fUw

ðUwÞ: Marginal distribution of mean wind speed at hub height
D50: Median droplet size (mm)
l: Parameter of exponential distribution
_D
ST
i ðI;4d;UwÞ: Short term erosion damage rate (hr�1)
_D
P
i ðI;4d;UwÞ: Probabilistic erosion damage rate (hr�1)
_D
LT
i : Long-term erosion damage rate (hr�1)

a: Scale parameter of Weibull distribution
n: Shape parameter of Weibull distribution
A, p, N, q: Constants of DSD
q
̄
: Number of droplets per unit volume of rainfall

Vblade: Blade tip speed (m/s)
Vimp: Impact velocity (m/s)
n: Poisson's ratio
1455
Nic: Number of impacts during the incubation period
_N: Number of impacts at the blade tip
E: Young's modulus of material -(MPa)
su: Tensile ultimate strength of coating material -(MPa)
m: Wohler's slope
tyears: Expected lifetime of the blade coating system (yr)
bd: Droplet impingement efficiency
m: Mean: distribution parameter of lognormal distribution
s: Standard deviation: distribution parameter of lognormal distribution
Ho: Null Hypothesis
as: Significance level used in hypothesis test
zr: Reference wind turbine height (10m)
z: Hub height
a: Shape parameter of gamma distribution
b: Scale parameter of gamma distribution
i: Cases of rain intensity occurring at the wind turbine site
j: Cases of droplet size occurring at the wind turbine site
k: Cases of mean wind speed occurring at the wind turbine site and at hub height
c2: chi-square statistic
c2cric: chi-square critical
Ok: Observed counts
Ek: Expected counts
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