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Abstract
The rain-induced fatigue damage in the wind turliifagle coating has attracted increasing
attention owing to significant repair and maintes&rcosts. The present paper develops an

improved computational framework for analyzing #iad turbine blade coating fatigue induced
by rain erosion. The paper first presents an exaérsdochastic rain field simulation model that
considers different raindrop shapes (sphericdl,dled spindle), raindrop sizes, impact angles, and
impact velocities. The influence of these raindecbpracteristics on the impact stress of the blade
coating is investigated by a smoothed particle bggnamic approach. To address the expensive
computational time, a stress interpolation metlsoproposed to calculate the impact stress of all
raindrops in a random rain event. Furthermore,icgdatigue analysis is performed by including
the fatigue crack initiation in the incubation meriand the fatigue crack propagation in the mass-
loss-rate increasing period due to raindrop im#&oglly, the proposed computational framework
is verified by comparing the estimated fatigue Wgh those obtained in literature. The results
from the study show that by incorporating the stas$ of rainfall data, the proposed framework

could be used to calculate the expected fatigeefithe blade coating due to rain erosion.

Keywords: wind turbine blade, rain erosion, raindrop impéatigue analysis, crack propagation,

smoothed particle hydrodynamic

1 INTRODUCTION

Wind turbine blades (WTBSs), especially at tip ses, are frequently exposed to impacts
from high-relative-speed objects such as rain, aptheric particles, hail, and sand during the

service life. These impacts may induce erosion d@naathe blade leading edge, thereby reducing
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the aerodynamic performance and power output ofl wirbines. In addition, such issues require
regular maintenance and repair, causing an increafe cost of energy. The issue of leading
edge erosion (LEE) of WTBs is becoming even moueiat as wind turbines continue to grow in

both hub-height and rotor diameter and are assutiaith large tip speeds.

Among the above-stated impacts from relatively k8gbed objects, raindrop impact is one
of the most important factors that contributes tELof WTBs. Traditionally, there are two
approaches utilized for analyzing the rain erogorblem, the impact approach (e.g., [1]) or the
energetic approach (e.g., [2]). The former apprdashcalculates the impact pressure using either
explicit formulas, e.g., the water-hammer equati@ <], or the expensive computational fluid
dynamic (CFD) methods (e.g. [5]), then carries thet transient stress analysis by applying the
pressure force on the finite element model of a WEB., [5]). Although it is less computationally
intensive to calculate pressure by the explicitaritammer equations, the following assumptions
are made: (1) the impact occurs in one dimensiah(2nthe impact solid is a perfect rigid body
[3], which do not realistically represent raindiagpacts. In addition, it is difficult to take intbe
account the fluid-solid interaction during raindriogpact by sequentially calculating the impact
pressure and the transient stress. The energetimagh attempts to relate the erosion to
mechanical properties of the impact body basederkinetic energy transmitted. Although this
approach can potentially avoid simplifications (etbe impact effects are independent of each
raindrop and the shape of raindrops is a perfeberg), it is difficult to quantify the total

transferred energy from the stochastic rain fielthe WTB.

A high-fidelity simulation of rain events is essahtfor accurately predicting the erosion
process. However, as rain events are complex gibemomena, it is challenging to simulate

them realistically due to varying raindrop sizesapges, and speeds. By integrating the micro-
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structural properties of rain, i.e., raindrop siaesl spatial distribution, a stochastic rain textur
model is developed to generate three-dimensiomafiedds by Amirzadeh et al. [5]. In this model,
the raindrops with perfectly spherical shapes ia s#hmulated rain event are assumed to be
distributed randomly in the spatial domain. Howeuee raindrops in the falling rain have a
complex mutual interaction with their neighbors,iethcauses varied velocity, sizes, and shapes,
as well as inflation, destabilization and ultimaggmentation during the falling [6]. For example,
different raindrop shapes exist, e.g., sphericatisoblate, and parachute forms for raindrops
diameter less than 2-mm, between 2 and 5 mm, agdrldhan 5 mm, respectively [7]. The
raindrop shapes are highly dynamic in response dalescence or fragmentation and to
aerodynamic forces (e.g., distorting the raindmp burger-bun-like shape [8]). Additionally, the
terminal velocity, i.e., the highest velocity ati@ble by the raindrop falling through the air, is
affected by raindrop mass, humidity, temperatung, arography, as well as wind. Thus, it is a
very challenging task to simulate a realistic s&stit rain field considering all the aforementioned

factors.

Calculations of raindrop impact pressure and/oracagstress is an important step before
evaluating the fatigue damage due to rain erodire to its explicit formulation, the water
hammer pressure is viewed in literature (e.g., IJ)-&s a preliminary metric to evaluate the
raindrop impact force on solid surface. To consitherinfluence of the stress wave reflections,
Eisenberg et al. corrected the water hammer presggumultiplying a term including impedance
of the substrate and the coating material BY integrating the stochastic rain texture model a
the raindrop impact pressure profiles [5], Amirzads al. further conducted the transient stress
analysis in a composite WTB using finite elemeralgsis, although the stress analysis is limited

to the time period before which surface rougherstagts to appear (i.e., the incubation period)
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88 [11]. To the authors’ knowledge, there is stillagKk of an efficient and accurate computational
89 model that well reveals the complex fatigue meckanior crack propagation induced by the

90 raindrop impact.

91 In the fatigue analysis, very little research haasidered the influence of complex rain-
92 induced stress on the fatigue life-cycle of WTBtowog including the incubation period, the mass-
93 loss-rate (MLR) increasing period, and the placddiqd [12] , as shown in Fig. 1. The WTB
94 coating fatigue damage is initiated in the inculratperiod and increased rapidly in the MLR
95 increasing period. In the incubation period, thatecw surface is smoother without obvious pits
96 and cracks, and there is no obvious observable logsslue to raindrop erosion. The damage in
97 this period is mainly attributed to fatigue of $@id material under direct deformation and stress
98 wave propagation [13, 14]. As the erosion processicues and the surface roughness is increased
99 in the MLR increasing period, the lateral jettingdahydraulic penetration produce large shear
100 stress on the surface and the fatigue crack opexinging the increased MLR [15]. In the placid
101 period, as the surface roughness is severely isedediquid material accumulates on the surface
102 and reduces the impact damage of the oncomingrapedesulting in a decreased MLR in this

103 period [5] Itis important to correctly estimate the timed#rs of the former two periods before

104 the aerodynamic and structural performance of WaBssignificantly degraded. Although several
105 studies have investigated the WTB rain erosionicenisig the incubation period (e.g., [8, 9, 11]),
106 very few have considered both the incubation pesizdithe MLR increasing period. For example,
107 the Miner’s rule has been often applied to estinthee fatigue damage by a simple linear
108 accumulation of fatigue damage due to each styeds m the incubation period (e.qg., [8-11, 16]).
109 Eisenberg et al. [9] derived an analytic wind taebLEE model and found that fatigue damage

110 rate is proportional to the impact velocity andnramtensity to the power of 6.7 and 2/3,
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respectively. However, in this model, the rain g¢stssof only droplets of the median diameter
under a certain rain intensity, and the fatigueuwaktion only considers the crack initiation during

the incubation period.

In view of existing challenges, the current paperspnts a comprehensive computational
framework (Fig. 2) for analyzing the WTB coatingid@e induced by raindrop impact. The
framework investigates the WTB coating fatigue kfied includes three parts: 1) an extended
stochastic rain field simulation, 2) raindrop-impatress calculation, and 3) coating fatigue

analysis, as schematically shown in Fig. 3. Theefteas of this work are three-fold:

1) An extended stochastic rain field simulation modehsidering the varied raindrop shapes
(spherical, flat, and spindle) and realistic raoplsize and distribution based on historical rain
data;

2) An efficient and accurate method to calculate #wedrop-impact stress under a stochastic rain
event using the smooth particle hydrodynamics (Sitd)a stress interpolation scheme;

3) Coating fatigue analysis including the incubati@nipd and the MLR increasing period due

to impact of raindrops.

Incubation period MLR increasing period Placid period
[}
[0}
o
|
[0}
(2]
®
=
-
o)
°
e}
L
Time

Figure 1 Eroded mass loss vs. time in rain erosion. Adafstad Springer and Yang(1975) [12]
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Figure 2 The computational framework of wind turbine blgWéTB) coating fatigue due to rain

erosion.
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Extended Stochastic
Rain Field Simulation

Raindrop Impact Stress
Calculation

Coating Fatigue Analysis

Figure 3 Schematic diagram of wind turbine blade coatirigyéee induced by raindrop impact.

The remainder of the paper proceeds as followstid®e presents the detailed
methodologies of the proposed computational frannkw®ection 3 provides a case study using
the framework, followed by the results and disaussn Section 4. Section 5 gives the concluding

remarks, limitations, and future work.
2METHODOLOGIES

Different from the existing simulated rain fieldshiwh only include perfectly spherical
raindrops (e.g., by the methods in [5]), the exéshdtochastic rain fields herein consists of
spherical and elliptical raindrop shapes accordmthe work in [17]. Since the raindrop impact
velocity is dominated by wind turbine rotation B8], we consider the angle between the falling
raindrops and the rotating blade as the impacteangstead of using the commonly assumed
vertical hitting angle of 90 degrees [11, 16]. Thandrop impact stress is calculated using SPH

and the FEA methods. To simulate the coating enosidhe life cycle of the blade, the coating

8
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fatigue analysis includes both fatigue incubatiod erack propagation periods.

2.1 Extended Stochastic Rain Field S mulation

The extended stochastic rain field model is basedhe stochastic rain texture model
described in [5], and further considers differemindrop impact speeds, impact angles, sizes of
raindrops, and shapes of raindrops in the simulaedfields. The simulated stochastic rain field
consists of three key components, including the emof raindrops in unit volume, the
distribution of the size of raindrops, and the gpatistribution of raindrops with varying shapes
in the simulated volume. The number of raindropsimit volumeV, N(V), follows a Poisson
distribution expressed as [5]:

(V) e

P(N(V)=k)= q

(1)

where/ is the expected number of raindrops per unit veluamd R{(V) =kK) is the probability of
havingk raindrops in volum#&'. Based on the relationship between the volumeatémin air and
the rain intensity suggested by Best [19], the etgztenumbet. of raindrops per unit volume can

be described by a power-law relationship with #ia mtensity following Amirzadeh et al. [5]

A=48.88°" (2)

wherel is the rain intensity in mnth We use Best's drop size distribution [19] to cectrthe rain
intensity with the distribution of the size of rdimops since it closely matches the experimental

data [5] The cumulative distribution functidn of the raindrop size (e.g., diameter) is expressed

as:

L _ d 2.25
F=1 ex;{ (—1l3|0232j } 3)

9
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whered is the raindrop diameter in mm ahi$ the rain intensity in mmh

Due to surface tension and external forces (egrodynamic force and gravity force),
raindrops normally have varying shapes when impgc/TBs. In this paper, the equilibrium
shape of raindrops is described by the axis ratéoratio of the minor axis to the major axis @ th
ellipse [17]. In the measurements by Beard etla. axis ratiax of a raindrop is found to have a
linearly decreasing relationship with the equivalgpherical radiuso (ro is in the range of 0.5 —

4.5 mm), which is expressed as [17]
a=1.030- 0.124 4

To address the varying raindrop shapes in a rantethe equivalent spherical radjiof the
simulated raindrops are obtained based on the Besip size distribution (Eqg. 3). Three types of
raindrop shapes are considered, perfect spheteglfiasoid, and spindle ellipsoid. The flat-
ellipsoid raindrops have the longest axis in hartabplan, while the spindle-ellipsoid raindrops
have the longest axis perpendicular to the horaguiain. The horizontal cross-sectional area of
both flat and spindle raindrops is assumed to ¢iecke, and the vertical cross-sectional area is an
ellipse. The axis ratio of the minor axis to thgenaxis of the ellipse is calculated by Eq. (Hr F
the raindrops having the same equivalent spherachlis, their volumes are the same although
their shapes may be different. In the experimehtdalaggart-Cowan and List (1975) [17, 20],
raindrop collisions were used to classify threedpreinate breakup types which is neck (27%),
sheet (55%) and disk (18%). As the raindrop shaes collision of these three types are
comparable to the flat ellipsoid, spindle ellips@dd perfect sphere [17, 20], we select the same
probability of occurrence for the three raindropss to be 27%, 55%, and 18%, respectively, in

the simulated stochastic rain event, as showngn&i

10
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Figure 4 Schematic diagram of raindrop shape and impadeafge flat, spindle, and spherical
raindrops correspond to the three predominate bpeglpes (i.e., neck 27%, sheet 55%, and

disk 18% from the reference [17]).

Due to the WTB rotation and complex weather condife.g., wind effect), raindrops could
impact the WTB at different angles (Fig. 4). Themal and tangential loads exerted due to
perpendicular impact and inclined impact, respetyivcould create different stress distribution in
the blade coating. Thus, this paper further comsittee inclined impact angle between the rotating
blade and the falling raindrops. While the impawajla could range from 0 to 180° (denoted as [0,
180°] herein) as demonstrated in Fig. 4, it is as=dito follow a uniform distribution from 0 to

90° considering the symmetric impacting effect ket the ranges of [0, 90°] and [90°, 180°].

As a raindrop is falling, the air resistance apgplom the raindrop approaches to its gravity,
which may result in a constant terminal speed.ifkgtance, the terminal speed of raindrops with

diameters larger than 3.5 mm through stagnansapproximately 9 m$§[18, 21]. However, as

11
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a result of the high relative speed between aingianegawatt-scale WTB and the falling
raindrops, raindrop impact speed at the tip ofolade could be 90-100 mg18]. In addition, the
raindrops are considered as uniformly distributed itall-column volume. The heightof the
column is calculated by the multiplication of thepact speed and the duratioifi of the simulated
rain event (i.e.h=vxT), as also conducted by Amirzadeh et al. [5]. Gitrenstatistical data of
rainfall history at a wind turbine location (seeti@n 3 for instance), the probability mass funetio
(PMF) of the rain intensity can be obtained andlusaletermine different rainfall hours per year

for the coating fatigue life estimation in Sect.

2.2 Method for Raindrop I mpact Stress Calculation

The raindrop impact is simulated by the transiem®HSusing the FEA tool in
ABAQUS/Explicit [11]. This SPH approach has threerits: (1) taking into the account of large
deformation of raindrops during impact on the so{®) directly calculating the transient stress

time series, and (3) characterizing the impact waepagation in the FEA model.

2.2.1 Impact stress calculation of a singleraindrop

The SPH approach is particularly effective to sdege deformation problems that can
afford moderate computational cost, which is ity leelvantage over traditional FEA and the
coupled Eulerian-Lagrangian approaches. The forimenot as accurate as SPH for large
deformation analysis, while the latter is usuallpren computationally expensive than SPH.
Detailed theory and application of SPH can be foumtterature [22-24]. Keegan et al. [25]
utilized the SPH method to simulate the effectsaof and hail on the coating materials of wind
turbines. The SPH method is coupled with traditidfidA to study the fluid-structural interaction

between the raindrop and the WTB (e.g., Astrid.gP&] and Verma et al. [27]).

12
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243 To reflect the aforementioned complexity of raiquan a rain event, herein the SPH analysis
244 s first applied to investigate single raindrop smpconsidering different raindrop sizes, raindrop
245 shapes, impact speeds, and impact angles. Spé#gjfiga conduct varying single-raindrop impact
246 cases considering 9 raindrop sizes (equivalentetard =1, 2, 3, 4, 5, 6, 7, 8, 9 mm), 3 raindrop
247 shapes (flat, spindle, spherical), 6 impact anffles 15°, 30°, 45°, 60°,75°, 90°), and 5 impact
248 speeds (70 m§ 80 ms?, 90 ms?, 100 mst, 110 ms?). Detailed results and discussion are seen
249 in Section 4.2. The von Mises stress due to meHiglndrops impact in a simulated rain field is
250 further calculated based on the interpolation efwbn Mises stress results of the single-raindrop

251 impact cases, as explained in the following section

252  2.2.2 Impact stress calculation under arandom rain event

253 In a real rain event, a significant number of raops$ with varied sizes, shapes, and impact
254  speeds and angles are randomly impacting on WT&sa Bingle raindrop impact simulation by
255  SPH, it costs 2 hours using a computer (Intel(ReCdV) i7-9700H CPU @ 3.00 GHz Processor,
256 Memory (RAM) 32 GB, 64-bit Windows Operating Sys)effhus, it is not practical to conduct
257 SPH simulation for all raindrops in a rain evensstead, an interpolation method is proposed to
258 efficiently obtain the impact stress due to vanmashdrop sizes, shapes, and impact speeds and
259 angles. The method utilizes pre-calculated impaess from the single-raindrop impact cases.

260 Detailed steps are explained as follows:

261 Step 1: Create a stochastic rain field by the method mpritesein Section 2.1 given a rain

262 intensity and a rain duration.

263 Step 2: Obtain the impact stress of a random raindroptsrpolating the SPH impact stress

264 from the single-raindrop impact cases in Secti@l2 After identifying the size, shape, and the

13
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impact angle and speed of the random raindroptcalar domain with the impact point as the
center and 10 times of the raindrop equivalent di@mas the radius is considered as the area
influenced by the raindrop impact [11]. Then, clodse same type of raindrop shape, and
interpolate the stress in this circular area adogrtb the stress results of the calculated impact

cases that have the closest raindrop diameter cinapale, and impact speed.

Step 3: Repeat Step 2 for calculating the impact stregstduhe other random raindrops.
Since the time interval between two consecutivadmips impact is almost three orders of
magnitude longer than the time required for thesstwwvave generated by a single raindrop impact
to disappear [11], we assume that the stress wewasdifferent single-raindrop impacts will not

interact with each other.

Through the above steps, the complex stress statera stochastic rain field can be

calculated and used for the coating fatigue amaysifollows.

2.3 Coating Fatigue Analysis

Herein we first use the traditional alternatinggess (S) versus the number of cycles to failure
(N), here defined as the stress life (S-N) metloochiculate the fatigue life during the incubation
period, then propose a fatigue crack propagatiothmdeto calculate the fatigue life during the

MLR increasing period.

2.3.1 Fatigue analysisfor the incubation period

The traditional S-N method has been widely usedaloulate the fatigue life during the

incubation period [11, 28, 29]. The S-N curve folang expressed as

g, =0, (N,)° ) (5

14



286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

Confidential manuscript submitted Renewable Energy

where 0; is the fatigue strength coefficient (FSC), and khie fatigue strength exponent (FSE),

Nr is the number of allowable cycles under a stresplitude o2 . According to the fatigue
experiments in [30], the values@fandb in Eq.(5) are 83.3MPa and —-0.117, respectivelytHe

epoxy coating used in this paper.

It is worth noting that the S-N curve formula difeat different stress ratiédwhich equal
the ratio of the minimum cyclic stress to the maximcyclic stress (i.eR = omin / omay). However,
due to the lack of experimental data for fatiguéhefcoating material under different stress ratios
a single S-N curve based on the fatigue experimar{®0] is used and the stress amplitudes are

corrected according to the Goodman's equation [11]:

_ oUTS

g, = 6
* UTS-o, ©)

where U; is the corrected amplitude,, is the mean stress, ahfllS is the ultimate tensile

strength. TheJTS of the epoxy material TS = 73.3MPa) from [30] is used in this paper.

Substituting theo, in Eq. (5) byU;, the number of allowable stress cyddsan be calculated

b
0.

N - a2

f u “

In Eq. (7), the cyclic stress should be a constamplitude cyclic stress, but the actual

as

impact stress has varied stress amplitudes dueeteandomness of raindrop impact. In order to
have cycle-by-cycle fatigue analysis, a simple-eaogunting method [31] is applied to count all

the half cycles, i.e., the local maximum (minimustjess and the neighboring minimum

15
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(maximum) stress are selected to constitute adtedss cycle. In this way, the complex stress
curve is split into half-cyclic stresses with vamyiconstant-amplitudes and tNe in Eq. (7) is

calculated for each half-cycle. Different from tteenflow cycle counting that breaks the stress
cycle sequence, the simple-range counting metholdl sequentially calculate fatigue damage for
each half-cycle. As a result, the fatigue dan@ageder half-cyclic stresses is linearly accumulated

based on the Miner’s rule

0.5
D=5
-N, ¥

The fatigue life during the incubation period isthcalculated as

t

anubation - 5 (9)

S

wheret; is the duration of the simulated rain abd is the damage accumulated over titne

2.3.2 Fatigue analysisfor the mass-loss-rate increasing period

The MLR increasing period starts at the end of itteibation period when the surface
roughness increases severely [5]. According tathek propagation law [32], we use the obtained
raindrop impact stress from Section 2.2.2 to caleuthe crack depth, and use a crack-propagation
stability criterion to calculate the fatigue lifé the coating during the MLR increasing period
when the rain intensity is larger than a thresh@ltien the rain intensity is smaller than or equal
to the threshold, the computational time using tinglitional crack propagation method is
increased significantly. For example, using thditr@nal crack propagation method, the computer
in this study will take approximately 179.67 dagcalculate a fatigue life of 11462 hours when

the rain intensity equals to 5 mmthTo overcome the computational burden, an equivaleck

16
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propagation method is proposed for estimatingdked track propagation time by calculating the
equivalent stress range, when the rain intensigynaller than a threshold. In this study, the rain
intensity threshold is selected to be 10 midased on our current affordable computational time
The proposed equivalent crack propagation methgrdfiiantly reduces the computational time
when calculating fatigue life during the MLR incse@@g period. For instance, it only cost 1.7

minutes to simulate the same fatigue life wherrdie intensity equals to 5 mm*h

The crack propagation method is first explainedtigea crack propagation studies are
performed with the cyclic-crack-tip stress stateedmined by a stress intensity factor range

According to the Paris law [32], the crack growdkeris expressed as:

da
7 = m 1
~ C(AK) (10)

whereC andm are the basic parameters describing the fatigaekayrowth performance of the
material, obtained from the crack growth experirmeAtcording to Brown's experimental results
[33], the crack propagation test for the epoxy malté.e., the gelcoat of a WTB) determines these

parameters to b€=9.7 andm=0.08. Considering that the von Mises stress id us¢he fatigue

analysis (i.e.R = Z"ﬂ > 0 ), the stress intensity factor rarngyK is expressed as [28, 29]

AK =K __ K, (11)

min

The calculation formula of stress intensity fadfas expressed as [28, 29]
K=Yovma (12)

Therefore, the maximum stress intensity fa&asx and the minimum stress intensity fadGin

can be expressed as,_, =Yo, J/m and K . =Yo  m, respectively.Y is a dimensionless

parameter related to the shape of the cracls the crack depth.
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For a constant amplitude stress and the numbéresisscycledl is small, the change in crack
deptha is small and the stress intensity factor rangfeis viewed as a constant. Thus the crack
growth rate (Eg. (10)) under a constant-amplitugic stress can be considered as a constant. As

a result, the crack depth formula is approximagealy
a:a0+IONC(/\K)mdN=a0+N><C(AK)’“ (13)

whereN is the number of applied stress cycles ani the initial crack depth, which is selected
to be 12 um according to the range of surface noesmh (5 to 20 um) used in [34]. This surface

roughness range is viewed as the indicator ofttdre af the MLR increasing period in this paper.

Since the stress time series have been split aiteckicle stresses, each half-cycle stress curve
is viewed as a constant amplitude stress with timeber of stress cycles 0.8 € 0.5). The crack

depthai+1 after one half-cycle stress cycle is calculatesedaon Egs. (11) - (13)
a1'+1 =a1' +0'5XC|:Y(0-max_a-min)\/n-ai :|m (14)

According to the elastic fracture criterion, whle thaximum stress intensity fact, ., is
greater than the fracture toughn#&ss, the crack extends in a rapid (unstable) manimowt an
increase in load or applied energy [28]. Here thettire toughness of the epoxy materiddds=
0.59 MPa 2 [33]. Here the relationshiff ., > K. is viewed as the first criterion indicating the
crack propagation has been completed. In additvben the crack depth is greater than the coating

thickness, it also indicates that the crack propagdnas been completed. By satisfying either the

aforementioned two criteria, the duration of theRincreasing periothr is obtained.

However, when the rain intensity is low, the tirequired for iteratively calculating the crack
depth (Eq. (14)) till the end of the crack propawats significantly long due to the relatively sina
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367 impact stress. Herein for low rain intensity (iles= 10 mm h), an average stress rarnge is
368 first calculated as an equivalent constant-ampditsidess with the same applied number of cyclic
369 stresses during the simulated rainfall time, whghased on the Paris formula. Then obtain the
370 fatigue life based on accumulation of fatigue dagnafmultiple simulated times. Details of this

371 equivalent crack propagation method are provideidlasvs.

372 Based on Eqgs. (10) and (12), the number of allogvaiptlic stresdlccan be calculated as:
Ne & da 1 & da
373 N, =) dN= i ). (15)
=), c(Yaovm)"  c(Yaoin) A a
374 If m#2
= L
a -
375 Lo a™ -m/2+1 (16)
376 If m=2
a da
377 —= In[i) (17)
% a &
378 The calculation formula of fatigue life is derivad [28, 29]
SN SN .
(m-2)c(Yaov7)
379 N, = . (18)
_m.n(&], m=2
c(yaoVn)" \&
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The parameters of the calculation formula for fatidife C, m, Y, ao) are constant. Based on
Eq.(18), the average stress range of N number of varied-amplitude cyclic stress can be

calculated as

2
N(m—Z)C(Yx/l_T)m|:
Ao = (19)

] -

whereN is the applied number of cyclic stress anid the crack depth. By Eq. (12), the critical

crack depth can be obtained by settiagx equal to the fracture toughndés[28, 29]:

Ko )
ac{ ]/ﬂ (20)

Yo,

where g, is the maximum stress under one simulated raitifaé periock.

The obtained average stress rangeand the critical crack dep#a are then substituted into
Eq. (18) to calculate the number of allowable aysliresdNc. Assuming the fatigue damage is
linearly accumulated for multiple simulated raihftanes, the duration of the MLR increasing

period under low rain intensities can be calculagsd

N
typ =—=t 21
MR T (21)

t

whereN is the allowable number of stress cycles tilléhe of crack propagation under low rain

intensities,N; is the applied number of stress cycles in one lsited rainfall timet. Accuracy
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results when using this approximation for calculgtfatigue life under low rain intensities are

discussed in Section 4.3.

2.3.3 Fatiguelife calculation for wind turbine blade coating

The total fatigue lifet;, under a rain intensity at each element of the RitoAlel is calculated
by adding the fatigue life during the incubatiorripg and the fatigue life during the MLR

increasing period, expressed as

tI :tinmbation +tMLR (22)

wheretincubationandtvLr are obtained by Egs. (9) and (21), respectivalyhé studied WTB
coating, as the crack grows, adjacent crack tipgintaract with each other causing the crack
propagation path to bend and the cracks to mergeoréling to Li et al. [35], when the cracked
area accounts for 78% ~ 90% of a coating matehalcracks start to merge and the coating
enters into a rapid failure stage. Here, th& gdrcentile (center of the 78% to 90% from Li et al
[35]) of the total fatigue life of all FEA elemernitsselected as the fatigue life of the WTB

coating.

Combining the PMMP; of the rain intensity and the total rainfall hoper yearta at a WT
location, the accumulated fatigue damage of the \Wa@&ing per yedD1yearconsidering different

rain intensities can be calculated as

Dlyear = z : a (23)

(24)
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3 CASE STUDY

The proposed computational framework is appliedthia fatigue life evaluation of a
composite panel at the tip section of a blade tepddge. The composite panel is modelled in the
FEA analysis as a layup that consists of a codtiggr, a composite layer beneath the coating
layer, a foam core material layer in the middlej another composite layer at the bottom (Fig. 5).
The coating material is an epoxy gelcoat, as sigecih the Sandia 100-meter all-glass baseline
WTB [36] and has a thickness of 0.6 mm. Each coitg&syer consists of the composite material
QQ1, which is a glass-fiber-reinforced plastic (GFRaminate that consists of Vantico TDT 177-
155 Epoxy Resin, Saertex U14EU920-00940-T1300-10aD§, and VU-90079-00830-01270-
000000 45's fabrics [37]. The core material is s&lé to be Corecélf! M-Foam M200 [38].

Detailed material properties are provided in Tdble

Ra7191d5 Panel Geometry

|
|

Meshed Panel

Coating

QQ1 Foam

T Wind Turbine Blade Model

Figure5 Schematic diagram of raindrops impacting on theepat the tip of a wind turbine blade.
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Table 1 Material properties of the composite panel usetienFEA model [36]

Material Types Coating QQ1 Foam
Material Properties
Longitudinal Young’s modulug: (GPa) 3.44 33.1 0.256
Transversal Young’s modulis (GPa) 3.44 17.1 0.256
Poisson’s ratio2 0.3 0.27 0.33
Shear modulu&:. (GPa) 1.38 6.29 0.098
Densityp (kg/m?) 1235 1919 200

The dimension of the simulated blade panel is 100x 15.6 mm. The boundary condition
is set to fixing the bottom surface of the panea &gpical approach for raindrop impact simulation
[11, 27]. Two assumptions are made here: 1) ther&ain the sandwich panel are perfectly bonded,
as the consideration of cohesive property betwagers would complicate the stress analysis; 2)
the effect of the blade surface curvature on thearhstress is not considered in this case study.
There are 10000, 50000, and 50000 SC8R elementsedeto mesh the coating layer, each of the
composite layer, and the foam layer, respectiviély. (5). SC8R is an 8-node, quadrilateral, first-
order interpolation, stress/displacement continalall element with reduced integration. The
average mesh size of the SPH particles in a rgmndr0.1 times the diameter of the raindrop. The
total number of SPH particles is ~750 — 1100 dependn different raindrop sizes and shapes.

These numbers of the SC8R elements and the SPE@=ere determined based on the sensitivity
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analyses of different mesh sizes on the calculstiess results and the affordable computational

time in this case study.

The proposed computational framework is validatgdcbmparing the fatigue life of the
studied WTB tip panel under different rain interestwith Bech’s results in [8] with the same
impact speed of 90 m’s In addition, based on the rainfall statisticeadatMiami, FL, from August
1957 to August 1958 [39], the PMF of the rain isignis created (see Figure 6) and used to
calculate the fatigue life of the studied paneltdded results and discussion are provided as

follows.

o
—

O

o

00)
]

O

)

>
|

O
-
=

O
)
R

Probability mass function

o
o

5 10 15 20 25
Rainfall Intensity (mm/h)

Figure 6 The probability mass function of rain intensityNtami, FL, from August 1957 to

August 1958
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4 RESULTSAND DISCUSSION

4.1 Extended Stochastic Rain Fields

As a demonstration, Fig. 7 shows the top viewshefdxtended stochastic rain fields with

varying raindrop shapes and sizes under four raémsities, 1 mm-h 10 mm h', 20 mm ht, and

50 mm ht. The flat ellipsoid, spindle ellipsoid, and splatiraindrops are indicated by red, green,

and blue solid circles, respectively. This figuleatly visualizes that as the rain intensity insesa

the number and the size of raindrops increase dicayly. Because this research focuses on the

WTB coating stress and fatigue due to the raindmgact, as elaborated in Sections 4.2 and 4.3,

the complex mutual interaction and dynamic deforomadf raindrops during their falling are not

considered here.
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Figure 7 Simulated stochastic rain fields under four raiensities: (a) 1 mmh (b) 10 mm H,

(c) 20 mm R, and (d)

50 mm+h
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4.2 Raindrop I mpact Stress

The stress waves due to raindrop impact is firgestigated. Figures 8 and 9 demonstrate the
propagation of von Mises stress of the panel uadgingle spherical raindrop impacting at the
panel center with 90° impact angle. The raindropnéi®@r is 2 mm, and the impact speed is 90
ms L. As a result of the impact, there is a Rayleighevgenerated and propagated from the impact
center to the free boundary of the coating surf@g. 8). In addition, the impact produces
longitudinal and transverse body waves that accompiess variation inside the panel exhibiting

an interference field of these waves (Fig. 9).

Figure 8 Simulation of a single raindrop impact. (a-f) Mdises stress contours of the top
coating at six time instants (0 ps, 10 pus, 20 A Y 40 us, 50 us) using the raindrop diameter
of 2 mm and the impact speed of 90ns
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Figure 9 Simulation of a single raindrop impact. (a-f) creestional views of von Mises stress
contours at six time instants (0 us, 1 us, 5 u$1s1@0 ps, 30 ps) using the raindrop diameter of

2 mm and the impact speed of 90 s

Two high-stress regions are observed during thredrap impact process: the one occurring
at the raindrop-coating contact surface (Figs. f®(land the other is propagating through the
thickness below the surface (Figs. 9(a-f)). Theni@ris due to the raindrop peak impact pressure
acting as the primary wave source, while the latecaused by superposition of the stresses
initiated from the shock wave front in the raindrapd from the high-pressure point. These
findings further confirm that micro-crack/fatigugepossibly occurring both at the raindrop-coating

contact surface and underneath the coating.

It is worth noting that there is a clear stressriiasice between the QQ1 layer and the foam

layer (Figs. 9(b-f)) due to the different elastiaterial properties of the two layers. Under the
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assumption of perfectly bonded layers, the elaformation of QQ1 and foam layer is the same
in the interfaces between layers. As the Young'dulus of the foam layer is much lower than

that of the QQL1 layer (see Table 1), the stressttweifoam layer are much lower than those in the
QQL1 layer. This finding confirms that the foam lay#ays a vital role as a stress cushion in

composite WTBs.

The influence of the raindrop size, impact spesthact angle, and raindrop shape on the
stress evolution on the impacted coating is showifig. 10. The coating center element with the
highest von Mises stress is studied here. Figu(a) Xhows the von Mises stress induced by the
normal impact (90°) under the same impact speedn(§®) and different spherical raindrop
diameters (1 mm, 2 mm, and 5 mm). A clear two-peake is observed for the stress time series
of all three cases, which is in line with earli®servations [5]. The gap between the two peaks is
increased as the raindrop size increases (Fig))10¢e first stress peak is due to the direct ichpa
of the raindrop against the coating surface, wihieesecond stress peak may be generated by the

shock wave front after the high density liquid cegis created [40].

Figure 10(b) compares the von Mises stress undemdhmal impact (impact angle 90°) of a
spherical raindrop (diameter 2 mm) with three défe impact speeds (70 Ms90 ms?, and 100
msY). It is found that three first stress peaks (44a\V8 MPa, and 86 MPa) increase as the impact
speed increases. The ratio among the three fiek-pen Mises stresses is approximately closed
to the ratio among the square of the impact spegtdgh is consistent with the relationship
between the kinetic energy and the impact speéueafaindrop. However, the second stress peak

is not significantly influenced by the impact speasdshown in Fig. 10(b).

To investigate the influence of the impact anglastite stress, a spherical raindrop with

diameter of 2 mm and impact speed of 90%issused to impact the blade panel with three dffe
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impact angles (30°, 60°, and 90°). Figure 10 (@)vsithat, as the impact angle decreases, the stress
is dramatically reduced, especially for the firsak stress, which indicates that non-perpendicular

raindrop impact could significantly reduce the imipstress.

Figure 10(d) compares the von Mises stress undee tifferent raindrop shapes (flat,
spindle, spherical) with the same volume (4/842 mn?) and the impact speed (90 s For the
non-spherical raindrops (spindle and flat), the siress peaks are not as obvious as those due to
the spherical raindrop. Instead, the stress casreipg to the non-spherical raindrops have a large
fluctuation in the time series. In addition, thénslte raindrop creates the maximum first-peak and
longest fluctuating time among the three raindiogpes, while the flat raindrop generates smaller

stress fluctuation than those by the other two tenparts, as demonstrated in Fig. 10(d).

160 100
_ (b)
140 ‘a) e = 1 MM | N L — v=70ms"
© —d=2mm © 80 o 1
o 120 d=5mm o v=90ms
= - = _ -1
(%) 2]
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(%) (7]
= S 40
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< § )
¥ e ADA 0 ' W‘I;‘.";.\A:\n- T I —
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Figure 10 Comparison of coating von Mises stress considediffgrent (a) raindrop sizes, (b)

impact speeds, (c) impact angles, and (d) raindhapes.
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The accuracy of the stress interpolation methoghgsed in Section 2.2.2 is verified by
comparing the interpolated impact stress with ttress directly calculated using the SPH
approach. As a demonstration, Fig. 11 shows ampioksted stress when a 2.5 mm diameter
spherical raindrop impact at the top-right cornethe blade panel with an impact angle of 80°
and an impact speed of 90fnsTaking the center of the panel as the originhef toordinate
system, the impact point is at (28 mm, 28 mm). fDue closest cases are (sphericak 2 mm,0
= 75°,v =90 ms!), (sphericald = 2 mm,f = 90°,v = 90 ms'), (sphericald = 3 mm,§ = 75°,v =
90 ms?) and (sphericall = 3 mm,# = 90°,v = 90 ms!). Figure 11(a) compares the time series of
interpolated von Mises stress of the raindrop dwode of the closes four raindrop impact cases.
As illustrated in Fig. 11(b), it is observed thlae tinterpolated stress agrees well with the stress

directly calculated by the SPH approach.

(a) (b)
{ ‘ ‘ S 100 , , ,
100 ---d=2mméo=75 | N . — Interpolated
; v = 2 mm 6 = 90° © 80| SPH
d=25mmg=80° & |
d=3mm@=75° ~ 601
d=3mmé=90° § |
S 40
5 20 i I
2 20| \M
, W\,
Lehdfse oo e et 0! i N
50 75 100 0 25 50 75 100
Time (us) Time (us)

Figure 11 Interpolated impact stress due to a random rain¢itiggneterd = 2.5 mm, spherical
shapes, impact anglés= 80°, impacting at a top-right corner of the blaa@&el. (a) Comparison
of the interpolated impact stress and the stresfsiée four closet raindrop impact cases; (b)
Comparison of interpolated stress (blue solid cuavel the SPH stress (green dash-dotted
curve)
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4.3 Blade Coating Fatigue

The accuracy of the proposed equivalent crack gati@n method is first verified by
comparing fatigue life during the MLR increasingripd based on the equivalent crack
propagation method and the traditional crack prapag method, as shown in Table 2. Under
large rain intensities (11 mnTh< | <20 mm h?), the relative error using the equivalent crack
propagation method is less than 3% and decreaséiseasin intensity decreases, while the
computational time using the equivalent crack pgapan method is significantly smaller than
that using the traditional method. For example, dhwllest relative error using the equivalent
crack propagation method when rain intensity equaldl mm h' is only 0.06%, and the
computational time using the traditional metho@d18.3 times as high as that using the equivalent
crack propagation method. Therefore, when the irgansity is low (i.e., K 10 mm h? in this
paper), the equivalent crack propagation methodidcimaleed accurately and efficiently predict

the fatigue life during the MLR increasing period.
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562 Table 2 The fatigue life of the blade panel during the MitRreasing period calculated by the
563 crack propagation method and the equivalent crempgmation method under large rain intensities

564 (11 mm h*<1<20 mm h?).

The crack propagation| The equivalent crack _

Rain method propagation method Rgl?g;/e Computationd
intensity| Fatigue Fatigue fime ratio
(mmh?) | . 9 Computational . 9 Computational &= - ter/ t

lifetime time tea (min) lifetime time tep(min) | tel /tn et le2
tr (Min) ot tr, (Min) °z

20 209 108.8 203 6.4 2.87% 17.0

19 372 347.8 366 4.5 1.61% 77.3

18 450 403.0 446 4.9 0.89% 82.2

17 781 566.4 776 3.4 0.649 166.6

16 874 583.5 869 3.9 0.57% 149.6

15 1831 728.7 1823 3.2 0.44% 227.7

14 2637 1163.8 2631 5.9 0.23% 197.3

13 2687 1212.6 2674 4.8 0.48% 252.6

12 4541 1506.5 4538 3.0 0.07% 502.2

11 8168 1939.3 8163 2.7 0.06% 718.3

565 The influence of the rain intensity, raindrop impapeed, raindrop impact angle, and

566 raindrop shape on fatigue life are investigateck fEtigue life of the coating during the incubation
567 period, the MLR increasing period, and the totéibtee life (summation of the incubation period
568 and the MLR increasing period) under different ratensities, raindrop impact speeds, raindrop

569 impact angles, and raindrop shapes are providédhte 3 and depicted in Fig. 12.

570
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Table 3 Coating fatigue life under different rain intensgtj impact speeds, impact angles, and

raindrop shapes

. . Varied rain i MLR Total
Fixed rain parameters 'ngﬁggtéﬁ;‘ Increasing| Fatigue
parameters P period (h) | Life (h)
1 mm/h | 10350.00 24966.67 35316.6]
5mm/h | 1.53 12.50 14.03
Impact Speed=90m/s Rai
ain
Impact Angle=90° _ 10 mm/h | 0.52 0.17 0.69
) | Intensity
Raindrop Shape=spherical 15 mm/h | 0.28 0.10 0.38
20 mm/h | 0.18 0.08 0.26
70 m/s 24.36 357.33 381.69
80 m/s 2.44 68.63 71.07
Rain Intensity=5mm/h
Impact Angle=90° Impact o0 m/s | 1.53 12.50 14.03
) _ Speed
Raindrop Shape=spherical 100 m/s | 0.73 128 201
110 m/s | 0.57 0.15 0.72
15° 258.33 1620.00 1878.33
30° 57.24 610.00 667.24
Rain Intensity=5mm/h 45° 15.11 206.17 221.28
Impact
Impact Speed=90m/s
_ _ Angle 60° 1.77 55.17 56.94
Raindrop Shape=spherical
75° 1.20 10.15 11.35
90° 1.53 12.50 14.03
Rain Intensity=5mm/h Flat 1.72 37.51 39.23
_ Raindrop .
Impact Speed=90m/s Shape Sphericall 1.53 12.50 14.03
Impact Angle=90° Spindle | 0.55 0.15 0.7
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Figure 12(a) compares the fatigue life of the bladating under the same vertical impact
(impact angle = 90°), the impact speed of 90'nad the spherical raindrops with five different
rain intensities (1 mm/h, 5 mm/h, 10 mm/h, 15 mnafig 20mm/h). As expected, the fatigue life
of the coating decreases exponentially with thesiase of the rainfall intensity. It is interestiog
find that under low rain intensity (e.g., | < 7~8nfh) the incubation period is shorter than the
MLR increasing period, while it becomes longer thi@a MLR increasing period under large rain
intensity (e.g., > 10 mm/h). This is probably due to that severeraotstress, consequently
severer crack propagation, occurs under largedramsize (see Fig. 10(a)) and more raindrops
hitting at large rain intensity than that at smmaih intensity. This finding also indicates thatin
event with a large rain intensity could more deéimally influence the blade coating crack

propagation than the crack initiation.

Figure 12(b) compares the fatigue life of the bladating under the same rain intensity (5
mm/h) and the vertical impact (impact angle = Qff°spherical raindrops with five different
impact speeds (70 ms 80 ms?, 90 ms?, 100 mst, and 110 m¥). There is a significantly large
gap between the incubation period and the MLR &sirey period at the impact speed of 70%ns
which means the MLR increasing period dominatesdtss fatigue life under small impact speeds.
This gap is narrowed down as the impact speedasere The current finding also indicates that
the raindrop impact speed influences the MLR irgirea period more severe than incubation

period.

Figure 12(c) compares the fatigue life of the bladating under the same rain intensity (5
mm/h) and impact speed (90 ™sof spherical raindrops with five different impaatgles (15°,

30°, 45°, 60°, 75°, and 90°). The fatigue life miyithe MLR increasing period dominates the total
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fatigue life under small impact angle. As the inpaagle increases, both the fatigue life during

the incubation period and the MLR increasing pedaoe exponentially decreasing.

Figure 12(d) compares the fatigue life of the bladating under the same rain intensity (5
mm/h), impact speed (90 mpand the vertical impact (impact angle = 90°), thuee different
raindrop shapes (flat, spherical, spindle). Ihteiiesting to find that 1) under the flat raindréipes
MLR increasing period is 21.8 times longer than itt@ibation period; 2) the MLR increasing
period under the flat raindrops is 250.1 times &@rthan that under the spindle raindrops. These
could be probably because the spindle raindropsecdarger stress peak and longer stress

fluctuation than those caused by the flat raindispe Fig. 10(d)).

% 400
104+ %% —+—Incubation Period E ——Incubation Period
o -4~ MLR Increasing Period v - 9= MLR Increasing Period
Total Fatigue Life 300t Total Fatigue Life
< 5 3
2 10° o
= |
® © 200t
3 3
= o
® ®
w400 w
100 | t
2 P i O i T (b)
10 : : : g
0 2] 10 15 20 70 80 90 100 110
Rain Intensity (mm/h) Impact Speed (m/s)
2000 . 40
—+—Incubation Period 2 —+—Incubation Period
-4~ MLR Increasing Period S -9- MLR Increasing Period
1500 1, Total Fatigue Life 30 Total Fatigue Life
3 <
2 2
5 1000 2 20
o | 3
2 E 2
i & i -
500 10 S
\\5-\5_~“‘. (c) “.\“(d)
0 0
15 30 45 60 75 90 flat spherical spindle

Impact Angle (°) Raindrop Shape

Figure 12 Coating fatigue life corresponding to differenk (@in intensities, (b) impact speeds,
(c) impact angles, and (d) raindrop shapes.
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To further verify the accuracy of the proposed cataponal framework, the calculated total
fatigue life of the blade coating is compared witht obtained by Bech et al. [8] under the same
impact speed of 90 mis Table 4 compares the total fatigue life undee figin intensities (20 mm
h™%, 10 mm h%, 5 mm ht, 2 mm h?, and 1 mm H). In this table, the hours per year indicate the
number of hours corresponding to the rain intensity year, which is from Bech et al. [8]. The
faction of life spent per year equals the hoursyear divided by the calculated total fatigue life.
The reciprocal of the sum of fraction is obtainedlze expected life in year. In general, the total
fatigue life under the five rain intensities arader than those obtained by Bech et al. [8]. Using
the same rain hours per year data, the expectigtiddife using the proposed framework is 2.1
years which is slightly longer than that obtaingdlech et al. [8]. This longer fatigue life is migin
because the proposed framework involves more siigdtesd and realistic computational
approaches. For example, the extended stochastifiel simulation considers various impact
angles and raindrop shapes that may alleviatedlcalated stress compared with that obtained by
assumed vertical impact of all perfectly spherarad fixed-diameter raindrops used in Bech et al.
[8]. Given that very few WTB rain erosion experirtedndata are available in literature, this
comparison still shows that the proposed computatieramework could produces reasonable
rain-erosion fatigue life for WTBs. It is worth mog that the fatigue life here is based on the
assumption that the blade is under continuous remitmpact throughout its service life and could

be conservative.
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629 Table4 Comparison of the total fatigue life in this stualyd from Bech’s result under different
630 rain intensities
Rain Hours | Blade tip Total Fraction of life Total Fraction of
intensity | per year | speed (m| fatigue life | spent per yean fatigue life | life spent
(mmh?) | (hyrd) s!) (Bech’'s | (Bech’s result)| (this study)| per year
result) (h) (%) (h) (this study)
(%)
20 1.8 90 3.5 51 4.2 42.9
10 8.8 90 79 11 192.7 4.6
5 88 90 3600 2.4 14463 0.6
2 263 90 7.5 %19 3.5 x 10?2 1.6 x 16 1.6 x 107
1 438 90 2.8 x 10 1.6 x 10° 4.5x 10 9.7 x 10%
Sum of fraction (%): 64.4 48.1
Expected life (year): 1.6 2.1
631
632 Based on the rainfall statistics data in Miami, fiom August 1957 to August 1958 [39],
633 the rain-erosion fatigue life of the Sandia 100-enetl-glass baseline WTB is ~ 1.3 years using
634 the proposed computational framework and the aleapected fatigue life calculation method.
635 This indicates the necessity of the blade surfapairing as early as 1.3 years after installation.
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5 CONCLUSIONS

For analyzing WTB coating fatigue due to rain evasithis paper presents a state-of-the-art

computational framework that including an extendtthastic rain field simulation (considering

varied raindrop sizes, impact speeds, impact angtesraindrop shapes), SPH-and-interpolation

hybrid raindrop impact stress calculation, and iogafatigue analysis (considering both the

incubation period and the MLR increasing periodtfa first time). Based on this new framework,

some interesting results are obtained and sumnagazéollows:

1)

2)

3)

4)

Both surface Rayleigh wave and longitudinal anddvarse body wave of impact stress are
generated by raindrop impact accompany with higbsstregions during the propagation of
these stress waves in the WTB.

The influence study of the raindrop size, impa&es) impact angle, and raindrop shape on
the stress evolution on the impacted coating shbassthe inclined impact of flat-ellipsoid
raindrops could produce smaller stress fluctuatiam the vertical impact of spindle-ellipsoid
raindrops do.

The proposed stress interpolation method and theva&ent crack propagation method could
efficiently and accurately calculate the impactes$r and fatigue, respectively, under a
stochastic rain event.

The influence study of the rain intensity, impgoead, impact angle, and raindrop shape on
the fatigue life reveals that i) a rain event watharge rain intensity could more detrimentally
influence the blade coating crack propagation tharcrack initiation; ii) the MLR increasing
period dominates the total fatigue life under snmafiact speeds (e.g., 70 m/s) and the raindrop

impact speed influences the MLR increasing periadensevere than incubation period; iii)
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the vertical impact of spindle-ellipsoid raindropsuld cause significantly larger fatigue
damage than the inclined impact of flat-ellipsadhdrops do.

The proposed framework is verified by comparing th&ulated fatigue life with existing
results in literature, and is readily applicableptedict WTB coating fatigue life due to rain

erosion given rainfall statistic data at a location

Although the current research provides innovatieatgbutions for predicting the WTB

coating fatigue life due to rain erosion, limitatgoand future work may include:

1)

2)

The usage of the proposed framework for WTB deaighmaintenance has not be investigated
in this paper. Future work may be the applicatibthe framework to design of new WTB
coating and to optimal control of wind turbine tata to reduce the rain erosion for WTB, as
well as to predictive maintenance (for example edeine the time when the predictive
maintenance due to rain erosion is necessary laséoe fatigue damage calculated by the
proposed framework).

The rain-wind correlation, the moisture effect, dmemical corrosion from insects, and other
object impacts (e.g., atmospheric particles, lzeaj sand) have not considered in this paper.
WT damage calculation considering these factorsthadvalidation with real experimental

results are worth investigating in the future.
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NOMENCLATURE

a Crack depth

& Initial crack depth

ac Critical crack depth

b Fatigue strength exponent (FSE)

C Exponential parameter describing the fatiguelcgrowth performance of the material
d Raindrop diameter

D Fatigue damage

Divear  Accumulated fatigue damage of the WTB coatingyear
D, Damage accumulated over tirffie

h Hight of the tall-column
I Rain intensity in mm-
K Stress intensity factor

Kc Fracture toughness

Ko Maximum stress intensity factor
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780 K., Minimum stress intensity factor

781 m Linear parameter describing the fatigue crackwn performance of the material

782 N(V) Number of raindrops in volumé

783 N The number of stress cycles

784 Nc Number of allowable cyclic stress till the endloé MLR increasing period

785 Nt Number of allowable cycles in the S-N method

786 Nt Applied number of stress cycles in one simulaitexe t

787 P Probability of the rain intensity |

788 1o Equivalent spherical radius

789 R The ratio of the minimum cyclic stress to theximaum cyclic stress

790 ta Total rainfall hours per year at a WT location

791 tc Computational time by the crack propagation métho

792 te2 Computational time by the crack equivalent crakpagation method

793 Expected fatigue life of the WTB coating

794  tn Fatigue life during the MLR increasing periodthg crack propagation method
795 tr Fatigue life during the MLR increasing period the equivalent crack propagation
796 method

797 U maior  Fatigue life during the incubation period

798 1 Total fatigue life under a rain intensity

43



799

800

801

802

803

804

805

806

807

808

809

810

811

812

813

814

815

816

tMLR

AK

Ao

Oa

max

Confidential manuscript submitted Renewable Energy

Duration of the MLR increasing period

Duration of the simulated rain in equivalent &racopagation method

Duration of a simulated rain event

Duration of the simulated rain event

Ultimate tensile strength

Impact speed

Unit volume

A dimensionless parameter related to the shafieeafrack.
AXis ratio

Stress intensity factor range

Average stress range in equivalent crack propagatethod
Impact angles

Expected number of raindrops per unit volume

Stress amplitude

Corrected stress amplitude

Fatigue strength coefficient (FSC)

Mean stress

Maximum stress under one simulated rainfall tiragqul
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