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ABSTRACT
Leading edge erosion (LEE) of a wind turbine blade (WTB)

is a complex phenomenon that contributes to high operation and
maintenance costs. The impact between rain droplets and ro-
tating blades exerts cyclic fatigue stresses on the leading edge
- causing progressive material loss and reduced aerodynamic
performance. One of the most important parameters for erosion
modelling and damage prediction is the relative impact velocity
between rain droplets and rotating blade and depends upon the
environmental conditions. The environmental condition, in gen-
eral, could vary for onshore and offshore wind turbines (OWTs)
- for instance, the presence of wave-induced loads along with
less turbulent wind and varying rainfall conditions in the off-
shore environment. The present paper tries to provide guidelines
whether all these parameters need to be included for LEE mod-
elling. Aero-hydro-servo-elastic simulations are carried out for a
rotating blade based on the NREL 5 MW turbine by considering
realistic environmental conditions for a land-based wind turbine
and monopile-supported OWT. Further, the impact velocities and
erosion damage rate, evaluated using a surface fatigue model,

∗Address all correspondence to this author.

are analysed and compared for different environmental condi-
tions. It is found that rainfall intensity and turbulence intensity
influences the impact velocity minorly, however, has a substan-
tial effect on the overall erosion damage rate. For instance, for
the investigated load cases, an 8% increase in the impact veloc-
ity is observed when the turbulence intensity increases from 6%
to 26%, which indicates an increase of erosion damage rate by
more than 40%. Furthermore, no substantial influence is found
due to the effects of wave-induced loads on the wind turbine.

INTRODUCTION
The consistent demand in the renewable sources of energy

has led to rapid increase in the exploitation of power from sus-
tainable sources such as wind, hydro, wave and solar [1]. Among
different resources, wind energy is one of the most reliable and
readily available, and can be harnessed using wind turbines [2,3]
(Figure 1(a)). The principle for energy extraction through wind
turbines involves converting the kinetic energy of the wind into
mechanical energy through the rotation of the blades, and finally
harnessing this into usable electrical energy by means of genera-
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FIGURE 1: Examples of leading edge erosion of wind turbine blades [4–6]

tors present in the nacelle. Given that the power extracted from
a turbine increases with the rotor swept area along with cube of
the wind speed, large size turbines are currently in high demand
both in onshore and offshore sectors [7, 8]. For instance, the av-
erage rated capacity for installed offshore wind turbines (OWTs)
in Europe has increased from 4.2 MW in 2014 to 6.8 MW at the
end of 2018, with 10 MW turbines currently in operation [9].

This upscaling in the size of wind turbines is profitable, how-
ever, it poses several engineering challenges especially related to
their design aspects. For instance, a typical 10 MW turbine can
have blade length in the range of 70-100 meters, and they must be
designed stiff enough to negate collision with tower during their
mechanical rotation under the action of wind-induced flapwise
loads. In addition, these large size blades are susceptible to ma-
terial degradation due to exposure to harsh environmental condi-
tions in the forms of rain (Figure 1(a)), UV or hail impact [10].
The issue becomes critical as the latest generation blades rotate
with tip speeds in the range of 65-110 m/s. The impacts between
rain droplet and rotating blades at such high velocities, during the
service life, exert cyclic fatigue stresses on the blade eventually
causing their leading edge erosion (LEE) [11].

Leading edge erosion (LEE) of a wind turbine blade (WTB)
is a critical issue that causes development of pitting and surface
cracks at the leading edge (Figure 1(b)) and in severe cases the
damage could even penetrate into the composite substrate (Fig-
ure 1(b)) [12]. LEE causes the local roughening of surfaces,
which in turn provokes premature transition of laminar flow into
turbulent flow along the leading edge - thereby reducing the aero-
dynamic efficiency and annual energy production (AEP) of a tur-

bine [13]. In general, regular inspection, maintenance and repair
of WTBs due to LEE is inevitable to keep up with the target AEP
of a turbine through the design life - thereby making the energy
produced from the wind turbine expensive. It has been reported
by [13, 14] that repair and maintenance due to LEE costs Euro-
pean OWT sector more than £56 million annually- therefore LEE
of WTBs requires immediate attention.

To tackle the issue of LEE due to high velocity rain droplet
impact, several research efforts are being made. These include
developing, testing and comparing leading edge coating systems
in accelerated rain erosion tests, and quantifying their rain ero-
sion resistance in excess of 100-200 m/s droplet impact [15–17].
Another aspect for controlling rain erosion of WTB is to develop
control algorithm [18], which automatically reduces the tip speed
of the blade (and thus the impact velocity) in the event of harsh
precipitation, thereby inhibiting cumulative fatigue damage ac-
cumulation due to repeateted rain droplet impact. Computational
models [12, 19] are also being developed where emphasis is to
estimate the fatigue life based on cyclic stresses induced on the
leading edge over its service life.

Amirzadeh et. al [21] developed a computational framework
to estimate fatigue life of blade, where erosion damage rates for
the leading edge under varying impact velocities and different
rainfall conditions were evaluated. Similar studies can also be
found in [16,22–24] where fluid structure interaction models are
developed using sophisticated numerical codes. However, one
of the simplifications in all the previous studies is that a maxi-
mum impact velocity between 100-140 m/s is simply assumed
for analysis purposes and the effects of droplet impact angles
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FIGURE 2: Different input variables related to onshore and OWTs (Modified figure from [20]) and definition of impact angle α

and blade rotation are ignored. In principle, for fatigue design of
the coating material, it is essential to quantify the impact velocity
and their cyclic variation during the blade rotation as well as their
dependence on rainfall intensity and droplet impact angle. It has
been proved in the literature [11, 17] that damage erosion rate
(Ḋi) of leading edge is proportional to impact velocity (~Vimp) by
a power of almost seven times (|~Vimp|6.7). Therefore, this makes
~Vimp as one of the most important parameters for erosion mod-
elling and damage prediction of leading edge.

In principle,~Vimp depends on the environmental conditions a
wind turbine (WT) is exposed to and this could vary for onshore
and OWT. For instance, the presence of wave loads (Figure 2)
along with less turbulent wind and varying rainfall conditions in
the offshore environment. This poses the question if there are
any differences in impact velocities and erosion damage rates of
a WTB due to - (a) different rainfall intensities (b) turbulence
intensities, and (c) wave-induced loads and how does each pa-
rameter influence LEE during blade rotation. The present pa-
per tries to answer this question and provides guidelines whether
all these parameters need to be included for LEE modelling.
Aero-hydro-servo-elastic simulations are carried out for a rotat-
ing blade based on the NREL 5 MW turbine for a land-based WT
and a monopile-supported OWTs. The relative impact velocity
between the rain droplet and rotating blade along with erosion
damage rate based on a surface fatigue model are compared for
different rainfall intensities and blade azimuth angle.

PROBLEM DEFINITION AND ANALYSIS PROCEDURE
There are two main parameters that are of interest for the

LEE of WTBs and are - (a) relative impact velocity between
rain droplet and rotating blades (~Vimp), and (b) droplet impact re-
sponses and associated LEE damage rate (Ḋi). These parameters
are defined below:

I. Relative impact velocity between rain droplet and ro-
tating blade (~Vimp)

~Vimp depends upon following input variables: (1) environ-
mental conditions consisting of significant wave height (Hs),
spectral wave peak period (Tp), mean wind speed (Uw) and tur-
bulence intensity (T I), (2) the rainfall intensity (I), (3) droplet
diameter (φd), (4) droplet impact angle (α), (5) terminal velocity
of rain droplet (~Vtg), and finally (6) design power curve of a WT
which governs the rotational speed of blade during operation.
Further, for a given wind turbine and as a result of these vari-
ables, ~Vimp would vary with blade azimuth angle (θ ∈ [0o,360o])
and at different positions (r) along the blade length (l).

The relative impact velocity between rain droplet and rotat-
ing blade (~Vimp) is given by the following equation (Figure 2):

|~Vimp|=
√

(Vx)2 +(Vy−|~R| sinα)2 +(Vz−|~R| cosα)2 (1)

where Vx, Vy, and Vz are rotational velocity components of the
blade in global-x, y and z direction. For simplicity, Vx is neglected
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FIGURE 3: Analysis procedure considered in the study

in this study for estimating the relative impact velocity, as this
component is not affected by varying the rainfall characteristics.
α is defined as the droplet impact angle, and is defined as [25]
(see Figure 2):

α = arctan
|~Uw|
|~Vtg|

(2)

where ~Uw is the horizontal mean wind speed, and ~Vtg is defined
as the terminal velocity of a droplet in the normal direction to the
ground. |~R| is defined as the resultant vector between |~Uw| and
|~Vtg|. ~Vtg is given by:

~Vtg = 9.65−10.3e−0.6φd (0.5mm < φd < 5mm) (3)

where φd is defined as the representative droplet diamater for a
given rainfall intensity (I). It is to be noted that for simplicity,
the normal velocity of the droplet is assumed to be the mean
wind speed rather than the local wind speed, whereas the termi-
nal velocity of the droplet (~Vtg) is empirical defined by eq. 3. It
is possible to obtain the local wind velocity at the blade tip and
use it in the relative impact velocity. However, there will be un-
certainties associated with the turbulent wind field. Furthermore,
the rain droplet diameter (φd) is related to rainfall intensity (I)
through a distribution given by Best distribution [26]:

F(φd) = 1− e−
(

φd

1.3∗ I0.232

)2.25

(4)

where F(φd) is the cumulative distribution function (CDF) of
droplet size. Note that recently Herring et al. [27] presented a

CDF for φd for offshore conditions, as well as compared the es-
timates from Best [26], and notable differences were found. The
Best’s distribution has been used extensively in all the literature
reports in the past, and data for analysis in [27] for offshore con-
ditions are based on only one year of recorded data, and requires
further improvement. Therefore, in this study, the Best’s distri-
bution [26] is used for selecting suitable droplet size for both on-
shore and offshore conditions. It is to be also noted that the cur-
rent study assumes droplets as spherical for all the cases. How-
ever, there could be changes in the shape of the droplet especially
for larger size droplets and could affect the droplet terminal ve-
locity. All the variables discussed through these equations are
also marked in a flow chart shown in Figure 3, where analysis
framework of the study is described. First, aero-hydro-servo-
elastic simulations are carried out in HAWC2 [28] for a rotating
blade based on NREL 5 MW turbine [29] by considering realis-
tic environmental conditions for land-based WT and monopile-
supported OWT. From the analysis, rotational speed of the blade
(Vz, Vy) are evaluated at different θ along the blade span length
(r/l). Further, these results are combined with an inhouse exter-
nal code describing rainfall parameters - φd , I, α and ~Vtg, and
|~Vimp| is estimated using eq. (1). The details of environmental
load cases are described in the next section. Once, |~Vimp| is eval-
uated, structural responses of the leading edge due to rain droplet
impact are evaluated for different environmental parameters.

II. Droplet impact responses and associated LEE dam-
age rate (Ḋi)

Following are the LE structural response parameters that are
used to quantify LEE damage: (1) peak impact forces (Fimp),
(b) water hammer pressure (pwh), and (c) damage erosion rate
(Di)(Figure 3). The Fimp on the blade’s leading edge is given by
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an analytical model developed by [30, 31]. The analytical model
is verified in our previous work [22] and Fimp is given as:

Fimp = 0.84 ρw |~Vimp|2 φ
2
d (5)

where, ρw is the density of water taken as 1000kg/m3. Further,
the erosion damage rate is defined by an analytical surface fa-
tigue damage model developed and validated by [11, 17]. The
model applies Miner’s rule to estimate Ḋi and is given by:

Ḋi =
Ṅ
Nic

=
q|~Vimp|βd

8.9
φ 2

d

( S
P

)5.7 (6)

where, Ḋi ≥ 1 implies fatigue damage, q is the number of
droplets per unit volume of rainfall which is given by:

q = 530.5
I

Vtgφ 3
d

(7)

βd is the impingement efficiency given by the relation:

βd = 1− e−15φd (8)

Pwh is the water hammer pressure defined by:

Pwh =
ρwcw|~Vimp|

1+
ρwcw

ρscs

(9)

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

S =
4σu(m−1)

1−2ν
(10)

σu, m and ν are the ultimate strength, Wohler slope and Pois-
son’s ratio of the coating material. In this study, a Polyethylene
Terephthalate (PET) based thermoplastic coating material [15] is
used to determine the erosion damage rate. The material proper-
ties are derived from [15] and tabulated in Table 1.

MATERIAL AND MODELLING METHOD

A generic 5MW based wind turbine originally designed by
NREL is modelled in aeroelastic HAWC2 code [28] for estimat-
ing global motion responses of the rotating blade for both on-
shore and OWT. The code is based on multibody dynamics where

Table 1: Material properties for coating material [15]

Parameter Values Units

ρs 1320 kg/m3

cs 2480 m/s
σu 57.6 MPa
m 14.9 -
ν 0.395 -

structural systems can be discretised with timoshenko beam ele-
ments and components of the turbine can be connected together
through constraints or joints [32]. The code is able to simulate
time domain responses of wind turbines under the action of aero-
dynamic as well as hydrodynamic loads. The design parameters
for the NREL 5 MW wind turbine are are provided in Table 2.
Figure 4 presents the numerical model for OWT considered in

Hub

Layer 1

A

Layer 2

Layer 3

MSL

77.6 m

30 m

22 m

Blade 1

5 m

9 m

Monopile

Mudline

Tower

xglobal

yglobal

zglobal xlocal

zlocal

Blade 2

Blade 3

0o / 360o

FIGURE 4: Numerical model considered in HAWC2 for OWT

the study, where the NREL 5 MW turbine [29] is adapted based
on phase II model of Offshore Code Comparison (OC3) [33].
Realistic soil properties are defined for the monopile, having a
diameter of 9 m. An eigenfrequency analysis is performed for
the OWT turbine and the natural period in first fore-aft and side-
side bending mode is found to be around 4.2 s (TFA, TSS = 4.2s).
It is to be noted that in the original OC3 model, the damping
ratio of the first fore-aft and side-side bending mode of the tur-
bine is close to 0.2%, which is tuned to value of 1% critical
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FIGURE 5: (a) North sea centre offshore site; 2D contour surface for Hs, Tp for (a) Uw=6m/s (b) Uw=14m/s (c) Uw=20m/s and selected load cases

in this study as per recommendations and experimental obser-
vations from [34]. The structural components including blades,
monopile and tower are modelled using timoshenko beam ele-
ments, and soil is defined through distributed springs. The hy-
drodynamic loads on the monopile are calculated by Morison’s
equation [35] and the JONSWAP spectrum is used to gener-
ate the irregular wave. Further, in HAWC2 simulations [36],
aerodynamic loads on the blade are evaluated using Blade El-
ement Momentum (BEM) theory with engineering corrections.
The BEM implemented in HAWC2 includes several engineering
models such as dynamic inflow (dynamic induction), skew in-
flow, dynamic stall and the near-wake model. The efficiency of
these models in HAWC2 are validated against CFD and advanced

vortex model for blade load and axial induction; see [37, 38].
However, note that BEM cannot account for advanced flow ef-
fects like wake rotation and hence may affect the local flow phe-
nomenon, but the corrected BEM is still useful for engineering
aeroelastic analysis. Furthermore, inflow wind turbulence is gen-
erated using Mann’s turbulence box in HAWC2 code, and effects
of wind shear are included. The details of the parameters used for
generating the turbulence can be found in another work [2]. Also,
note that the model for onshore wind turbine is similar to OWT
except that: (1) the tower of the land-based turbine is rigidly con-
nected at the bottom, (2) and there are no hydrodynamic loads
acting on the turbine.
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Table 2: Description of NREL 5-MW reference turbine [29]

Rating 5MW turbine
Rotor orientation, configuration Upwind, 3 Blades

Control Variable speed Collective pitch
Drivetrain High speed Multiple-stage gearbox
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

Rotor mass 110,000 kg
Nacelle mass 240,000 kg
Tower mass 347,460 kg

Environmental load cases
Wave and wind conditions: For analysing LEE sub-

jected to rain droplet impact for onshore and offshore wind tur-
bine, three different mean wind speeds i.e, Uw = 6, 14, 20 m/s
are considered in this study. These cases range between the cut-in
and rated wind speed of a turbine (Uw = 6m/s), rated and cut-off
speed (Uw = 14m/s), and the last one being closer to the cut-off
speed (Uw = 20m/s). Further, for each case of Uw, four differ-
ent T I are considered (T I = 0, 0.06, 0.12, 0.26). These values
represent steady wind, and wind with low, medium and high tur-
bulences respectively. For instance, T I = 0.06 represents turbu-
lence level at which OWT operates, while T I = 0.26 corresponds
to inflow wind conditions during gust and storm. For consider-

Table 3: Load cases considered for the analysis

EC Uw (m/s) T I Hs (m) Tp (s)

EC1 6 0, 0.06, 0.12, 0.26 1.00 2.00
EC2 6 0, 0.06, 0.12, 0.26 2.30 4.20
EC3 6 0, 0.06, 0.12, 0.26 3.14 8.00
EC4 6 0, 0.06, 0.12, 0.26 2.00 12.00
EC5 14 0, 0.06, 0.12, 0.26 0.70 4.20
EC6 14 0, 0.06, 0.12, 0.26 3.50 4.20
EC7 14 0, 0.06, 0.12, 0.26 4.00 8.00
EC8 14 0, 0.06, 0.12, 0.26 6.00 10.00
EC9 20 0, 0.06, 0.12, 0.26 2.27 4.20

EC10 20 0, 0.06, 0.12, 0.26 4.90 4.20
EC11 20 0, 0.06, 0.12, 0.26 5.00 6.00
EC12 20 0, 0.06, 0.12, 0.26 6.00 10.00

ing the effects of wave loads, the North-sea centre is considered
as a representative offshore site (Figure 5(a)), and the 2D con-
tour surface [3] for different combinations of Hs and Tp for the
chosen Uw are shown in Figures 5(b)-(d). The red dots in the
Figures 5(b)-(d) correspond to the selected load cases for OWT.
Note that the points where the vertical line intersects the contour
surface corresponds to the case close to the highest resonance
frequency of the turbine (TFA = 4.2s). Overall, there were twelve
load cases (EC1 to EC12) considered and given in Table 3. Also,
for each load case, there were 20 random seeds analysed for con-
sidering statistical uncertainty. Each analysis is run for 4000 s,
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where the first 400 s are filtered out to avoid start-up effects.

Rainfall conditions: Four different rainfall intensities
(I) are considered for both onshore and OWT - (1) Light rain-
fall (2 mm/hr), (b) moderate rainfall (10 mm/hr), (c) heavy rain-
fall (25 mm/hr), and (d) very heavy rainfall (50 mm/hr). Based
on these I, rain droplet size (φd) is determined from the dis-
tribution given by eq. (4), and is shown in Figure 6(a). The
points where the black horizontal line intersects the CDF curve
corresponds to representative φd considered in the study i.e,
φd = 1.30, 1.90, 2.34, 2.74mm for different I. Further, ~Vtg are
obtained for different φd from eq. (3), based on which droplet
impact angles (α) are evaluated for different Uw. Figure 6(b)
presents α for various cases of φd and Uw, where white dots in
the figure represent the values considered in the present study.

RESULTS AND DISCUSSION
In this section, the results for the velocities of rotating blade

are presented first and are discussed at different azimuth angle
and blade positions. Further, the effects of: (a) rainfall intensity
(b) wave-induced loads, and (c) turbulence intensity, on impact
velocities and erosion damage rate are discussed. Note that for
all the cases ‘Blade 1’ of the turbine is used for discussion.

I. Blade speed at different azimuth angles (θ ) and blade
positions (r)

Figures 7(a)-(c) present the blade velocity in the global x,y
and z-direction respectively for the case of Uw = 20m/s, T I =
0.06, and corresponding to an onshore wind turbine. The results
are presented at different blade azimuth angles (θ ), and three
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FIGURE 8: Comparison of (a) |~Vimp| for I = 2mm/hr, 10mm/hr, 25mm/hr, 50mm/hr (b) magnified view; comparison of (c) Ḋi (d) Fimp

different positions along the blade length. It can be seen that the
velocity of the rotating blade is highest in the rotor-plane (xz),
with blade velocity largest in x and z direction. On the other
hand, the velocity of the blade in the global y-direction (V blade

y ) is
relatively smaller and its peak value is close to 11 m/s compared
to Vx and Vz where peak velocity can be in the range of 80 m/s.

Also, as expected, blade tip shows the largest velocity for
all the cases, and thus will be used for discussion of results in
subsequents sections. Furthermore, the velocity of the blade in
x-direction has the positive peak value at θ = 180o and negative
peak value at θ = 0o. On the other hand, V blade

z has the highest
positive impact velocity at θ = 90o, and corresponding negative
velocity at θ = 270o. This negative velocity at θ = 270o is ex-
pected to give the largest relative impact velocity between rain
and the rotating blade (~Vimp), due to the direction of rainfall in
the opposite direction. Note that it is V blade

y and V blade
z that in-

fluences the ~Vimp (see eq.(1)) for varying rainfall characteristics,
hence only these will be discussed further. It is also seen from
the figure that V blade

z shows a perfect smooth sinusoidal curve.
However, V blade

y is affected by T I, and thus a perfect sinusoidal
smooth function is not obtained, the effect of which is critical
at the blade tip. Nevertheless, the spectral density curve of the
blade tip speed shown in Fig. 7(d) clearly shows its narrow band
behaviour and represents the dominating frequency defined by
the power curve of WT.

II. Effects of rainfall intensity (I)
Figure 8(a) presents the comparison between relative im-

pact velocity between rotating blade tip (r = 61.5m) and
rain droplet corresponding to different rainfall intensities (I =
2mm/hr, 10mm/hr, 25mm/hr, 50mm/hr). The results are pre-
sented at different θ and for a case of onshore wind turbine op-
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FIGURE 9: Comparison of (a) Uy

hub and its (b) Spectral density for EC2 and EC4; Comparison of (c) Uy
hub and Uy

blade (d) V blade
y

erating at Uw = 20m/s (i.e, above rated wind speed). Note that
for all the cases of rainfall intensities and corresponding Uw, the
droplet impact angle (α) varies, (see Figure 6(b)) and is consid-
ered in all the results presented hereafter. It can be seen from
the figure that the highest impact velocity for all the cases is ob-
tained at around θ = 270o, where V blade

y and V blade
z had their

negative peak values (as discussed previously). A magnified
view is also presented in Figure 8(b) showing the differences in
the impact velocity for different rainfall intensities, which are
found in the range of 5-10%. From the figure, there might be
thoughts that there are not much differences in the impact ve-
locities of the blade tip for different rainfall intensities, and that
only the blade tip speed dominates erosion while operating at a
given wind speed. However, it is to be noted that the erosive pa-
rameters, especially erosion damage rate (Ḋi) is proportional to

~Vimp with a power of 6.7 (see eq. (5)). Therefore, even a mod-
est increase in the impact velocity is expected to increase the
Ḋi substantially. This can be seen from Figure 8(c), where ero-
sion damage rate is compared for blade tip (considering material
properties of PET coating listed in Table 1) at different rainfall
intensities, different θ and Uw = 20m/s. The results clearly show
that there is a substantial increase in the Ḋi, which is more than
85% when exposed to very heavy rainfall compared to blades
exposed to light rainfall. These results clearly demonstrate that
for a given blade tip speed, different magnitude of rainfall inten-
sity is expected to have varying rain erosion performance. Thus,
these aspects need to be considered while developing control al-
gorithm for reducing the tip speed of the blade. In this way,
the incubation period (1/Ḋi) of the blade can be extended. Fig-
ure 8(d) further presents the comparison between the peak im-
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FIGURE 10: Comparison of (a) Fimp (b) Ḋi, between onshore and OWT for EC10 (Hs = 4.9m,Tp = 4.2s,Uw = 20m/s) and I = 2mm/hr, 50mm/hr

pact forces caused between the rotating blade tip (r = 61.5m)
and rain droplet corresponding to different rainfall intensities
(I = 2mm/hr 10mm/hr 25mm/hr 50mm/hr). Given that the peak
force is proportional to ~Vimp with a power of 2 (see eq.(5)), a no-
ticeable difference can be seen in the peak forces developed by
heavy rainfall compared to light rainfall at different θ . Overall,
Ḋi as well as other erosion parameters due to varying I are essen-
tial to be included for LEE analysis.

III. Effects of wave-induced monopile motions (Hs, Tp)
In this section, the effects of wave-induced loads on the

LEE of WTBs in terms of |~Vimp|, and damage erosion rate (Ḋi)
will be discussed. Since collinear wind-wave conditions are
considered in the study, only the motion of monopile in the
fore-aft direction will affect the results for |~Vimp| and are dis-
cussed hereafter. Figure 9(a) compares the motion of monopile
in the fore-aft direction (y-global) for a load case correspond-
ing to Hs = 2.30m, Tp = 4.2s (EC2) and Hs = 2m, Tp = 12s
(EC4) together with a constant Uw = 6m/s, T I = 0.06 (below
rated). It can be seen that the monopile has large responses in
the fore-aft direction compared to Tp = 12s and this is due to the
fact that Tp = 4.2s matches with the eigenfrequency of the tur-
bine, thereby causing resonance. A spectral density curve for the
monopile motion is compared for EC2 and EC4 in Figure 9(b),
where high peak is seen at the the resonance frequency for load
case EC2. Nevertheless the motion is still minor compared to
the motion of the blade itself in the y-direction. This is due to
the presence of aerodynamic damping from the rotating blades
which reduces the amplification of responses at the resonance.
For instance, Figure 9(c) compares the motion of monopile and

blade in the global y-direction, and it is evident that the contribu-
tion of the monopile is minor. This implies that the wave-induced
monopile motion is not expected to significantly change V blade

y .
This can be confirmed from Figure 9(d), where the V blade

y is com-
pared for EC1,EC2, EC3 and EC4, where EC1 corresponds to the
case of onshore wind turbine. The contribution of wave-induced
loads is negligible as the results for all the load cases completely
overlap with each other except EC2, which exhibits a minor dif-
ference due to resonance effects discussed above.

Subsequently, the impact forces and damage erosion rates
are compared (Figures 10(a)-(b)) between onshore and OWT for
EC10. This case is the most critical for OWT due to large wave
height (Hs = 4.9m) and Tp = 4.2s which matches the resonance
frequency. These results are presented for two different rain-
fall intensities (I = 2mm/hr ;50mm/hr), above rated wind speed
(Uw = 20m/s) and T I = 0.12. The results show that the dif-
ferences in the impact forces and damage erosion rate is minor
for onshore and OWT for very heavy rainfall conditions, and is
found negligible for light, moderate and heavy rainfall condi-
tions. Overall, it can be implied from the results that the LEE ero-
sion is not affected by wave-induced motions - therefore this pa-
rameter is not essential for LEE of WTBs. Note that the present
paper only considers monopile-based fixed OWTs. These results
will be compared in the future for floating OWTs.

IV. Effects of turbulence intensity (T I)
In this section, the effects of T I on the LEE are discussed.

Figure 11(a) compares the velocity of the rotating blade in the
global y-direction, for three T I = 0.0, 0.12, 0.26 and Uw =
20m/s. It is evident from the figure that considering just the
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FIGURE 11: Comparison of (a) V blade

y (b) blade tip speed in yz-plane (c) |~Vimp| (d) Ḋi for T I = 0.06, 0.12, 0.26, and Uw = 20m/s

steady wind for the LEE analysis, underpredicts V blade
y . Further-

more, peak values for V blade
y increases from 7 m/s for T I = 0.0

to more than 20 m/s for T I = 0.26 - thereby implying the sig-
nificance of T I for LEE modelling. Similar observations can be
seen in Figure 11(b) where velocity of the lifted blade in the crit-
ical yz-plane are compared for T I = 0.06, 0.12, 0.26, and Uw =
20m/s. It can be seen from the figure that the V blade

y increases
with increasing T I, and there are minor influences on the V blade

z .
Further, Figure 11(c) compares the |~Vimp| for two T I = 0.06, 0.26
and at θ . The difference in |~Vimp| for both the cases is minor,
however, there is a substantial influence on the erosion damage
rate of LE. Figure 11(d) compares the Ḋi for (T I = 0.06, 0.26),
and two rainfall intensities (I = 2mm/hr, 50mm/hr). The turbu-
lence intensity is found to have significant influence on the ero-

sion damage rate, and the effect is most critical for very heavy
rainfall conditions (I = 50mm/hr) and high turbulent wind asso-
ciated with gust conditions (T I = 0.26). Overall, T I is an im-
portant parameter to be included for LEE modelling. The re-
sults also show that current state of the art method, where steady
power curve of wind turbine is included for the LEE analysis
would underpredict the results.

CONCLUSION
The present paper performs aero-hydro-servo-elastic simu-

lations on the rotating blade and investigate the influence of - (1)
rainfall intensity (b) wave-induced loads, and (c) turbulence in-
tensity, on the impact velocities and erosion damage rate of the
leading edge. Different precipitation parameters are considered
through an in-house code, and impact velocities are compared.
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Analytical surface fatigue damage model are used to estimate
erosion damage rate for a PET-based thermoplastic leading edge
coating material. It is found that rainfall intensity and turbulence
intensity influences the impact velocity minorly, however, has
a substantial effect on the overall erosion damage rate. For in-
stance, for the investigated load cases, an 8% increase in the im-
pact velocity is observed when the turbulence intensity increases
from 6% to 26%, which indicates an increase of erosion damage
rate by more than 40%. Further, no substantial influence is found
due to effects of wave-induced loads on the wind turbine.

LIMITATION AND FUTURE WORK
The investigations performed in this paper is limited to

short-term analysis. Accurate evaluation of long-term LEE re-
quires site-specific environmental data, information of the wind
turbine operational condition, and a probabilistic framework.
These aspects will be considered in the future work. Also, the
springer model [11] used in this study for estimating erosion
damage rate for the coating material needs to be validated, and
further improved by considering factors such as- rest periods and
viscoelastic properties of the elastomeric coatings. Further, given
that the atmospheric stability conditions vary for onshore and off-
shore conditions, their effects on the erosion damage rate will be
investigated in further studies. Also, all these investigations and
results will be compared in the future for floating-based OWTs.
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