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Abstract

Leading-edge erosion (LEE) of wind turbine blades is caused by the impact of parti-

cles, for example, raindrops, and leads to a loss in the power production and high

maintenance cost. Investigations have shown that a reduction in tip speed, so-called

erosion-safe mode, increases the blade lifetime but the influence of different drop-

size parameterizations and rain amounts on the blade lifetime is unclear. This study

compares blade lifetime calculations using two different drop-size parameterizations,

which both describe a characteristic drop size of a rain measurement. Furthermore,

changes in blade lifetime in case rain amount is increased or decreased are investi-

gated as well as the effect of different wind shear exponents. The blade-lifetime cal-

culations are based on a kinetic-energy model and an accumulated rain model. The

results show that a drop-size parameterization based on rain rate leads to 44 times

longer blade lifetime compared with a parameterization using in situ drop-size mea-

surements. This large difference is probably due to the underestimation of large

drops of the first mentioned parameterization. A change in rain amount of about ±17

% results only in a marginal change in blade lifetime. For both cases and models, an

extension of blade lifetime was calculated when reducing the tip speed during spe-

cific rain events. The change of wind shear exponents caused as well a considerable

effect on the lifetime prediction. Overall, blade lifetime is primary depending on the

chosen model, where the kinetic-energy model is highly sensitive to the drop-size

parameterization.
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1 | INTRODUCTION

Erosion of the leading edges of wind turbine blades is getting increasing attention in wind industry and academia. The impact of particles in the

atmosphere causes stresses in the material that can lead to tiny defects in the material and on the surface of the turbine blades. With time and

additional impacts, such defects enlarge to visible damages.1 Due to the damages, the surface of the turbine blades gets rougher, which causes a

decrease in the aerodynamic performance and a loss in the annual power production (AEP).2 In the worst case, expensive repairs of the turbine
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blades need to be carried out when the structure is severely damaged.3 For turbines installed in the North Sea area, it is assumed that raindrops

are mainly responsible for the erosion.4

To reduce the repair and maintenance cost caused by leading-edge erosion (LEE), two main mitigation strategies have been suggested:

(i) improving material and leading-edge protection5 and (ii) tip-speed reduction during intense rain events.6 While the idea of improving the mate-

rial to reduce LEE is obvious, the second strategy is based on the assumption that by reducing the tip speed, the impact velocity of drops is

reduced. The energy input at the impact can be described with the kinetic energy of the drop. The kinetic energy itself is a function of the mass

and velocity, where the velocity itself is the sum of the fall velocity of the drop and the tip speed. From theoretical calculation, it is known that a

reduced impact velocity causes less damage, because of the reduced energy input.7,8 Bech et al6 and Hasager et al4 show that such an erosion-

safe mode (ESM) not only extends the average blade lifetime but may also increase the AEP and the profit due to less erosion and lower repair

and maintenance cost.

Results based on finite-element modelling show that smaller drops cause less stresses in the material and therefore less erosion compared

with larger drops.7,8 It is known that rain consists of different drop sizes, because of coalescence and break-up of interacting drops during their

fall.9 Drop formation and wind-speed conditions influence the drop size as well.10,11 This distribution of drops is also called drop-size distribution

(DSD), where small drops are more abundant than larger drops. Various precipitation parameters like rain rate, rain amount or rainfall kinetic

energy are functions of the DSD and therefore also called moments of the DSD.12 As it is easier to measure the rain rate than the DSD, parame-

terizations exist to estimate a characteristic drop size using rain rate measurements.13,14

For estimating a representative drop size for a specific rain rate, Best13 proposes an equation using only rain rate measurements and averaged

constants based on DSD measurements at different locations on land as input. Hence, one can assume that these averaged constants are valid for

onshore environments. Although Blanchard and Woodcock15 have used Best for computing the number of raindrops impacting the sea, in mari-

time environments, the mass-weighted mean drop size is usually smaller then compared with land.16 Herring et al17 adapt the constants of Best

for offshore environments based on a 1-year disdrometer time series at an offshore platform in British water. However, Best also mentions that

assuming that the DSD being only a function of the rain rate is an over-simplification. Several investigations show that events with a high rain rate

tend to have drops with a larger diameter, but still different DSD can lead to the same rain rate. Hence, it is difficult to go the reverse way from

rain rate to DSD.18 Therefore, using the approach from Best13 introduces some uncertainty. For example, in case the drop size is used to estimate

the kinetic energy of a rainfall event, the fraction of rainfall kinetic energy due to large drops might be underestimated. Although different stud-

ies6,8,19–22 mention that they use the drop-size estimation of Best, not all of them consider this uncertainty in their discussions.

The availability of DSD measurements has increased since the publication of Best13 in the 1950s due to newly developed sensors23 and mea-

surements from ground-based weather radars and satellites. Using DSD measurements, it is possible to calculate a mass-weighted mean diame-

ter.24,25 As this approach weights the sizes of the drops, it provides different drop-size values for the same rain rate. This is in contrast to the

approach from Best13 but represents the related DSD more accurately. To the author's knowledge, the consequences of using different drop-size

parameterizations for LEE and average blade lifetime calculations have not yet been investigated.

The rain climate varies with location. While locations around the North Sea have an annual rain amount between 400 and 700 mm,26 coastal

locations in India measure 1800 mm per year and more due to the monsoon climate.27 Hence, it is of interest to analyse the average blade lifetime

also for different rain amounts. Talking about a wetter or drier climate, often only the rain amount compared with a reference is mentioned. A rea-

son for a wetter (drier) climate can be that more (less) rain is measured in the same number of 10-min intervals. Another explanation is that more

(fewer) 10-min intervals with rain were measured. For all options, the DSD and moments of the DSD like rain rate are different. Such information

is relevant, for example, to estimate a representative drop size as described above or to estimate the possible recovery time of the material

between the impact of two drops.28 In events with only short time between the impact of two consecutive drops, the material cannot recover

properly and the probability for damage increases.29 In general, it is assumed that in areas with higher rain amounts, LEE is enhanced and the aver-

age blade lifetime is shorter due to more drops that impact. In contrast, in areas with lower rain amounts, it is assumed that average blade lifetime

is longer due to fewer drop impacts.

Rain but also wind measurements are often not directly available for the exact desired position. For example, wind speed is frequently extrap-

olated from ground measurements to the turbine hub height using a power law. This engineering method has its limitations, in particular when

extrapolating to higher heights.30 The mean value of the wind shear exponent (α) varies for different stabilities and terrains.31 Some erosion

models (e.g., Skrzypi�nski et al32), use a general α to extrapolate available wind speeds. Depending on the location of the site of interest

(e.g., offshore), a more specific α would reduce uncertainties in the calculation of the average blade lifetime. However, it is unknown how much

blade lifetimes varies using different α values.

To improve our understanding of the erosion process and to develop tailored mitigation strategies, it is essential to understand the influence

of different rain properties on the average blade lifetime (hereafter only lifetime). This study investigates the effect of different drop-size parame-

terizations on the lifetime. Furthermore, we compare the lifetimes of a measured and related precipitation time series with more (less) rain

amount, keeping the distribution of measured rain rates similar for all three cases. For all cases, the change in lifetime by applying an ESM is

analysed as well. In a last step, the variation of lifetimes due to different rain properties is compared with the variation due to different α values

for the wind speed extrapolation.
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2 | DATA

In this study, data from two coastal stations were analysed. One station is located in the United Kingdom while the other station is located in

Denmark. The rain data of the two stations is based on two different precipitation sensors and data analysis also differs.

To investigate the influence of the drop-size parameterizations on the lifetime, data from the station Weybourne on the east coast of the

United Kingdom was used (Figure 1). Precipitation data from Weybourne was available from February 2017 to September 2019 (2.5 years) with a

temporal resolution of 1 min.33 Precipitation was measured with the disdrometer Thies Laser Precipitation Monitor (LPM), which provides the

number, size and velocity of all precipitation particles. The data are divided in 22 diameter classes (0.1875 to ≥8.000 mm) and 20 velocity classes

(0.100 to 15.000 m s�1), where both have varying class widths. Based on these measurements, several precipitation parameters like DSD, rain

rate or rain amount can be calculated.

However, when using this instrument type for precipitation measurements, quality control is essential to remove nonprecipitation particles.

For this study, quality control criteria mentioned in Tilg et al34 were applied. In a further step, the data were aggregated to a temporal resolution

of 10 min, to be consistent with data used in Hasager et al4 and Skrzypi�nski et al.32 Wind speed and wind direction were measured with a resolu-

tion of 1 min at a height of 6 m before May 2018 and 10 m afterwards.35 The 10-min wind values were calculated as the average of speed and

direction, respectively, of these 10 min. While 13 % of the precipitation data were missing, only 3 % of the wind data were missing.

While at the station Weybourne continuous disdrometer measurements were available, the time series was short with respect to the

expected lifetime of 25 years of a wind turbine. Hence, the question about the influence of increased and decreased, respectively, rain amount

and related number of intervals with rain, data from the station Hvide Sande on the west coast of Denmark was used (Figure 1). To the author's

knowledge, no continuous and long-term disdrometer measurements are available for this or other coastal sides. The Danish Meteorological Insti-

tute (DMI) provided precipitation and wind data from January 2002 to December 2017 (16 years). The 10-min precipitation amount (R10m) was

measured with the rain gauge Geonor. Based on R10m, the rain rate in mm h�1 was calculated. The precipitation type was measured with a

Vaisala FD12P located next to the rain gauge. The precipitation type was quality controlled as described in Hasager et al.4 Wind speed and wind

direction were measured with the Vaisala WAA151 and Vaisala WAW151, respectively, at 10 m height. The fraction of missing values were again

different for the parameters precipitation and wind. To be precise, 3 % of the precipitation data were missing and 0.5 % of the wind data.

The rain and wind conditions at the stations Weybourne and Hvide Sande were different. While at Weybourne in 12.5 % of the time rain

was measured, it was only in 3.1 % of the time in Hvide Sande. However, the percentage of 10-min measurements with a rain rate >1 mm h�1

was similar for both stations (Weybourne: 1.8 %, Hvide Sande: 2.0 %). The fact that at Weybourne a higher percentage of light rainfall was mea-

sured could be caused by the higher sensitivity of the disdrometer for light rainfall compared with the rain gauge installed at Hvide Sande.

Additionally, the percentage of wind speeds above 10 m s�1 during rain was higher in Hvide Sande compared with Weybourne (Figure 2). In

other words, it was more likely to measure a rain event with high wind speeds at Hvide Sande than in Weybourne.

F IGURE 1 Map with the location of the two analysed stations Weybourne (United Kingdom) and Hvide Sande (Denmark)
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3 | METHODS

This chapter provides detailed information about (i) the blade-lifetime calculation, (ii) the ESM, (iii) the applied drop-size parameterizations and

(iv) key points for manipulation of the rain amount. As rain was the dominant precipitation type at the two stations, the calculations were based

solely on rain and no other precipitation types (like hail or snow) were considered.

3.1 | Blade-lifetime calculation

We define blade lifetime as the average time until repair is needed. It can be written as

LT¼ d:ts
c:di

, ð1Þ

where d.ts is the duration of the analysed time series in years and c.di is the cumulative sum of the damage increments di over d.ts. When c.di is ≥

1, then the so-called fatigue life is reached, which means that repair is needed.6 In contrast, there is no damage if fatigue life or c.di is 0.

The value di is calculated for each time step t separately. It is defined as

di tð Þ¼ R tð Þ
R:d tð Þ , ð2Þ

where R(t) is the rain rate at time step t and R.d(t) is the rain rate at this time step that causes damage. The parameter R.d(t) is calculated with an

erosion model. In this study, we used two different models: (i) kinetic-energy model and (ii) accumulated rain model, where both are different

interpretations of experiments done in accelerated rain-erosion testers (RET).4

The kinetic-energy model estimates the damage as function of the kinetic energy of the drop impacts and has been already used by Bech

et al.6 and Hasager et al.4 Depending on the rain rate of time step t, there is a specific number of drops in a volume (N). From RET experiments, it

is assumed that a certain number of drops is needed to cause damage (Nd). This number can be expressed as function of the kinetic energy of

drops

Nd ¼ c
1
12

�ρ�π �D3 �v2
� ��m

, ð3Þ

F IGURE 2 Wind conditions during rain measurements with a rain rate ≥ 0.01 mm h�1 at (left) Weybourne and (right) Hvide Sande
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where ρ is the density of water, D the diameter of drops and v the impact velocity. The parameters c18 and m (4.63) are estimated from RET mea-

surements. In a further step, the relation N/Nd can be expressed in the same units as rain rate and inserted in Equation 2 for the parameter R.d(t)

to calculate di(t), using the measured rain rate for R(t). The detailed derivation of the equations can be found in Bech et al.6 This LEE model impli-

cates that larger and therefore faster drops cause more erosion because of higher kinetic energy than smaller and therefore slower drops. How-

ever, the exact damage process is still unknown and research is on-going to investigate to which extend this model assumption is correct.

In the default kinetic-energy model, D in Equation 3 is estimated using the parameterization from Best.13 To test the sensitivity of the lifetime

on the drop-size parameterization, a second drop-size parameterization is applied. More details about both parameterizations are provided in

Section 3.3.

The accumulated rain model, sometimes also called impingement model, estimates the damage as function of the accumulated water on the

leading edge independent from the drop size.4 In this case, the damage is only a function of the impact velocity v. More details about the deriva-

tion of the equations can be found in Hasager et al.4

The impact velocity in both models is determined by the tip speed of the turbine blade. The tip speed itself is a function of the turbine type

and the wind speed. Like in Skrzypi�nski et al,32 the turbine characteristics of the IEA Wind 15 MW Offshore Reference Turbine36 were used to

calculate the tip speed.

The wind speed measured at 6 and 10 m, respectively, was extrapolated to the hub height of the IEA Wind 15 MW Offshore Reference Tur-

bine taking a power law for both stations. As default, α was 0.143, assuming a neutral stable atmosphere.37 To test the sensitivity of the lifetime

on α, we calculated the lifetime assuming a lower α (0.11) that represents offshore conditions37 and a higher α (0.2) that represents onshore condi-

tions and is recommended by the International Electrotechnical Commission (IEC) standard for cite assessment.38

3.2 | Erosion-safe mode

The ESM is a concept described by Bech et al,6 Hasager et al4 and Skrzypi�nski et al.32 The concept assumes that the long-term financial profit of a

wind turbine may be increased by decreasing the maximum rotations per minute (RPM) of the turbine during heavy rains that cause LEE. On the

one hand, the energy production is decreased during those rain events. On the other hand, the growth of erosion is also decreased, and conse-

quently, the average surface condition of the blades is maintained. This leads to a long-term increase in the energy production, a direct decrease

of the erosion-induced repair cost and a decrease in the repair-induced down time.

In terms of turbine operation, ESM may be expressed with different levels of sophistication. A simple but effective way is to find a single

value of rain rate at which an additional RPM limit is imposed on turbines default RPM schedule to reduce damage due to rain. This type of addi-

tional turbine operation is considered in this study. In terms of modelling and optimisation, it involves two parameters that need to be optimised,

that is, rain-rate threshold and a new RPM limit. In terms of objective function to find optimal values, we utilised a cost model accounting for the

energy produced, direct repair cost and downtime to maximise the financial profit (Figure S1). The optimisation was carried out using the method

“Sequential Least Squares Programming” in Python. It included the power curves of the IEA Wind 15 MW Offshore Reference Turbine (clean and

eroded), RPM schedule and the historical weather time series from the stations Hvide Sande and Weybourne to find optimal operational parame-

ters and maximise the long-term financial profit, but not minimising damage itself.

The eroded power curve for the 15 MW Offshore Reference Turbine (Figure 3) was estimated based on the experience from previous experi-

mental and modelling work.39–41 That work included wind tunnel experiments on airfoils with leading-edge roughness, full-scale field experiments

on turbines with leading-edge roughness and corresponding modelling work. Note that in the present work, the wind turbine was considered on

the system level, that is, represented by the power curve. The corresponding pitch distribution was outside the scope of the current work. How-

ever, the corresponding RPM distribution was, in fact, considered and altered during the ESM operation, as it significantly influences the pace at

which erosion grows on the leading edge.

Meteorological parameters like rain amount influence the optimal turbine operational parameters and the gains from the ESM. For investigat-

ing the sensitivity of different rain amounts on the lifetime, the ESM parameters were optimised for a reference time series and reused for the

two varied time series with higher (lower) rain amount.

Both the kinetic-energy model and the accumulated rain model were used for the ESM optimisation modelling.

3.3 | Drop-size parameterization

In this study, two parameterizations for the drop size were applied to calculate the lifetime. Drop size is used as a synonym for drop diameter in

this study.

As already mentioned, several publications related to LEE use a parameterization from Best13 to calculate the drop size based on rain rate

measurements. The calculation is based on
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D50 ¼0:691=n �a, ð4Þ

where n is a constant and a is defined as

a¼A� Ip, ð5Þ

where A and p are constants and I is the rain rate. The constants are estimated based on DSD measurements using the filter-paper method and

flour-pellet method,23 that are very labour-intensive. Best13 provides the following mean values for the constants: n = 2.25, A = 1.30 and

p = 0.232. Hence, there is only one specific D50 value in mm per rain rate. D50 describes that 50 % of the water in the atmosphere is accumulated

in drops having a diameter smaller than D50.

The second drop-size parameterization is based on DSD measurements. The mass-weighted mean drop size (Dm; mm) is calculated as follows:

Dm ¼
P

iN Dið Þ �D4
i �ΔDiP

iN Dið Þ �D3
i �ΔDi

, ð6Þ

where D is the drop size (mm), ΔD the width of the size class i (mm) and N (Di) is defined as the concentration of drops per volume of air and per

drop size (m�3 mm�1):

N Dið Þ¼
X

j

nij
A�Δt�vj �ΔDi

, ð7Þ

where nij is the number of drops within the size class i and velocity class j registered by the disdrometer, A the measuring area of the disdrometer

(m2), Δt the time interval (s) and vj the mean drop fall velocity in velocity class j (m s�1). Dm is also known as the ratio of the fourth to the third

moment of the DSD.24,25 As the name says, drops with a larger diameter are weighted more than drops with smaller diameter. In contrast to D50

this parameterization depends on the DSD and provides different values for the same rain rate.

For investigating the sensitivity of the lifetime on the drop-size parameterization, rain data from Weybourne were used to calculate D50 using

the rain rate and Dm using the available DSD from the disdrometer.

F IGURE 3 The clean and eroded aerodynamic power curves of the 15 MW offshore reference turbine, with and without the erosion-safe
mode (ESM). The ESM power curves depend on the optimal ESM values for rain rate and tip speed. In this example the related optimal values
were 1 mm h�1 and 80 m s�1
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3.4 | Manipulation of rain amount

To investigate the effect of higher or lower rain amounts on the lifetime, the long-term precipitation data from station Hvide Sande was manipu-

lated. By changing the number of intervals with rain for each year, the cumulative rain amount was increased and decreased, respectively.

Taking all 16 years, the average and the standard deviation of the number of intervals with rain was calculated. The average minus the stan-

dard deviation described the lower number of intervals with rain, while the average plus the standard deviation described the upper number of

intervals with rain. According to the frequency distribution of R10m, intervals were added or removed to reach the lower or upper number of

intervals with rain. In case the number of intervals with rain were already above or below the set threshold, the number of intervals was not chan-

ged. By manipulating the number of intervals this way, the rain amount was increased (decreased).

As no long-term in situ DSD measurements were available for Hvide Sande, the rain rate was used to estimate the drop size using

Equation 4.

4 | RESULTS

To investigate the sensitivity of the lifetime, we calculated the lifetime using (i) two different drop-size parameterizations, (ii) a reference precipita-

tion time series and two related time series with an increased and decreased rain amount and (iii) different wind shear exponents using the

described kinetic-energy model and accumulated rain model.

4.1 | Sensitivity of lifetime on drop-size parameterization

Natural rain consists of drops with various diameters. Figure 4 shows the DSD of four measurements, each covering a time period of 10 min, at

the station Weybourne. All measurements had a rain rate between 0.95 and 1.05 mm h�1. Two measurements were dominated by small drops,

while two other measurements had a higher fraction of larger drops. Although the rain rate was similar, the DSDs were different. As a lot of small

drops can lead to the same rain rate as a few large drops, it is not surprising that the rain rate was similar.

Dm, which is a function of the DSD, was quite different for these four examples (Table 1). As two measurements had only a few drops with a

diameter above 1 mm, their Dm was small with values of 0.49 and 0.58 mm, respectively. The two other measurements observed drops with quite

large diameters, which lead to a larger Dm with values of 1.61 and 3.08 mm. In a further step, we calculated D50 based on Best13 using the rain

rates between 0.95 and 1.03 mm h�1 of the four examples (fourth column in Table 1). According to this calculation, the diameter of the drops

F IGURE 4 Drop concentration (N(D)) of four 10-min measurements at Weybourne having a rain rate between 0.95 and 1.05 mm h�1 as
function of the mean bin diameter of the disdrometer. The total number of measured drops of each measurement is given in the parenthesis

TILG ET AL. 7



would be between 1.09 and 1.11 mm. Hence, D50 values were in complete contrast to Dm. Knowing the DSD, Dm showed a more accurate estima-

tion of the diameter compared with D50.

The definition of D50 and the above example lead to the hypothesis that the calculation of D50 does not represent adequately the natural var-

iability of the diameter. Figure 5 shows D50 and Dm as function of rain rate, where data measured in Weybourne were used for calculation of the

parameters. The D50 values resulted in a line, because one specific rain rate has only one specific diameter. In contrast, Dm had different values

for a specific rain rate. The number of measurements with a specific rain-rate-Dm combination were plotted as colour-coded boxes. The distribu-

tion of these boxes shows that the lower the rain rate, the larger the variation of Dm. The D50-line followed roughly the boxes with the highest

number of measurements, but overestimated and underestimated, respectively, Dm. This result indicates that D50 represents an average diameter,

but not the natural variability of the diameter.

As the accumulated rain model is drop-size independent, no effect of different drop-size parameterizations on the lifetime was found

(Figure 6). In contrast, in case of the kinetic-energy model, the difference between the lifetimes using Dm and D50 was quite large. Considering

D50 as input, the predicted lifetime was 27.72 years, whereas using Dm as input a lifetime of only 0.63 years was estimated. The optimal parame-

ters for ESM varied as the growth rate of erosion was different. The specific values for each model are given in Figure 6. Considering an operation

with ESM, it was 51.30 years (D50) and 1.39 years (Dm), respectively, until the end of the blade's lifetime. Although the absolute numbers were

quite different, the relative lifetime increase using ESM was slightly higher for the case using Dm (2.2 times) than D50 (1.9 times). The lifetimes

based on the accumulated rain model (1.04 and 1.76 years) were in the same range as the lifetimes of kinetic-energy model using Dm as input.

Figure 7 gives a detailed temporal view on the fatigue life development using the kinetic-energy model with Dm and D50 as input. In case of

using Dm as input, fatigue life reached 0 within the first year due to a few events that caused substantial damage. Fatigue life after a theoretical

repair at beginning of the second year had a less step decrease. The lifetime was slightly longer when operating with a lower tip speed in case the

rain rate exceeded a certain threshold (ESM operation) due to slower damage growth. The related ESM power curve is presented in Figure 3.

TABLE 1 Date, rain rate, mass-weighted mean diameter (Dm), D50 calculated after Best13 and number of drops of the four plotted drop
concentrations in Figure 4

Date Rain rate (mm h�1) Mass-weighted mean diameter (Dm; mm) D50 by Best13(mm) # drops

2017-11-15 7:50 0.97 0.49 1.09 14861

2017-02-22 9:00 1.03 0.58 1.11 10235

2017-02-25 13:50 0.95 1.61 1.09 915

2019-05-04 3:00 1.02 3.08 1.11 286

F IGURE 5 The black line represents the diameter as function of rain rate using D50 of Best.
13 The colour-coded boxes represent the number

of measurements with a specific rain rate and mass-weighted mean diameter (Dm). The resolution of these boxes is 1 mm h�1 for rain rate and
0.25 mm for the diameter. Measurement data from Weybourne was used as input

8 TILG ET AL.



Contrary, using D50 as input did not lead to substantial damage considering the same time period. The decrease of fatigue life was much flat-

ter and caused 44- and 37-times longer lifetime, respectively, for the two different operation modes. Note that these long lifetimes are beyond

the expected turbine lifetime of 25 years.

As the kinetic energy of a drop is a function of its mass and velocity, where both depend on the diameter of the drop, the dependence of the

kinetic-energy model on the input of the drop diameter is not surprising. More kinetic energy due to larger drops can lead to faster erosion of the

leading edges (and vice versa) and therefore to different lifetimes depending on the input for the drop diameter.

4.2 | Sensitivity of lifetime on rain amount

It is not only the diameter that influences LEE but also the rain amount. In this study, the rain amount was manipulated by increasing and decreas-

ing, respectively, the number of intervals with rain in relation to an existing rain time series from Hvide Sande, called hereafter reference. The

intervals added or removed from the reference followed the distribution of the measured R10m values. A detailed explanation of the applied

steps was already provided in the Section 3.

The distribution of R10m followed a gamma distribution as shown in Figure 8. In other words, R10m values below 1 mm were observed most

frequently and hence added or removed most frequently. Higher R10m values were measured but had a probability density close to zero, which

means that they did not occur frequently. In general, there were only little differences in the distribution between the reference and the manipu-

lated time series. Table 2 gives an overview about the annual rain amount and the number of measured 10-min intervals with rain per year from

2002 to 2017. For comparison, the increased and decreased rain amount and the related 10-min intervals with rain were listed as well. Average

values over the 16 years are given in the last row of Table 2 and show that on average the measured annual rain amount was increased and

decreased, respectively, by around 93 mm. This change of 93 mm is based on 307 more and 309 fewer 10-min intervals compared with the

F IGURE 6 Comparison of the average blade lifetime considering two different drop-size parameterizations (Dm, D50), two different erosion
models (kinetic energy [EK], accumulated rain [Acc.]) and two different operation modes (default, erosion-safe mode). The number in the brackets
are the optimal rain rate (mm h�1) and optimal tip speed (m s�1) for the erosion-safe mode. Data of the station Weybourne was considered

F IGURE 7 Development of fatigue life using measured meteorological data (solid lines) in comparison with calculated average blade lifetime
(dashed lines) of default and erosion-safe mode (ESM) operation considering the kinetic-energy model with (left) Dm and (right) D50 as input.
Fatigue life of 1.0 means no damages, fatigue life of 0.0 means blade repair is needed. Data of the station Weybourne was considered
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reference. That is about 51 h or 18 % with more and less intervals with rain, respectively. The minimum and maximum number of intervals with

rain were restricted to 1930 and 1357, respectively, except for years having already more or less intervals than that.

Figure 9 shows the cumulative rain amount of all three cases. The cumulative amount of the reference was 8546.9 mm. In contrast, the

amount of the time series with increased number of intervals was 10039.1 mm or +17 %. The time series with a decreased number of intervals

had a cumulative sum of 7048.8 mm or �17 %.

F IGURE 8 Comparison of the distribution of the 10-min precipitation amount (R10m) at station Hvide Sande considering the monthly
measured time series and time series with an increased and decreased number of intervals, respectively. The included figure shows the
probability density for up to 2 mm R10m

TABLE 2 Annual rain amount and number of 10-min intervals with rain for the three analysed cases (measured/increased/decreased amount
and number of intervals with rain, respectively)

Year

Rain amount

[mm]—measured

# 10-min intervals

rain—measured

Rain amount

[mm]—increased

# 10-min intervals

rain—increased

Rain amount

[mm]—decreased

# 10-min intervals

rain—decreased

2002 516.3 1493 636.8 1923 482.7 1361

2003 435.1 1324 598.1 1922 435.1 1324

2004 518.9 1648 598.6 1929 437.6 1359

2005 468.5 1631 548.1 1927 394.5 1358

2006 632.1 2042 632.1 2042 431.7 1360

2007 552.5 1726 608.3 1925 441.9 1360

2008 569.8 1652 660.6 1930 475.2 1359

2009 515.8 1473 669.9 1930 482.9 1360

2010 413.2 1191 674.6 1930 413.2 1191

2011 468.2 1469 611.7 1930 435.9 1358

2012 677.2 1921 679.1 1929 482.2 1356

2013 538.4 1721 597.8 1927 432.1 1359

2014 672.5 1915 675.9 1929 496.2 1360

2015 681.1 2174 681.1 2174 435.2 1360

2016 341 1168 568.3 1932 341 1168

2017 546.3 1753 598.1 1932 431.4 1359

Average 534.2 1644 627.4 1951 440.6 1335
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For this analysis, D50 was used to estimate the drop size as no long-term disdrometer measurements to calculate Dm were available.

The lifetimes considering the default operation were in a similar range for both models with only slightly longer lifetimes for wetter conditions

and shorter lifetimes for drier conditions compared with the reference (Figure 10).

For the kinetic-energy model lifetimes between 1.81 years for the reference, 1.86 years (for drier conditions) and 1.77 years (for wetter con-

ditions) were calculated. Translated into days, the difference was only 14.6 and 18.3 days to the reference. For the accumulated rain model, the

calculated lifetime varied between 0.96 years for wetter conditions and 1.33 years for dryer conditions, where for the reference, a lifetime of

1.08 years was estimated. Translated into days, the difference was 43.8 and 91.3 days, which is more compared with the kinetic-energy model. In

other words, the kinetic-energy model was less sensitive to the change of the cumulative rain amount than the accumulated rain model.

The optimal parameters of the ESM were estimated using the reference rain amount and the kinetic-energy model for damage modelling. It

turned out that it is beneficial to reduce the tip speed to 64 m s�1 in case the rain rate exceeds 4 mm h�1. The application of these thresholds in

the ESM operation increased the lifetime in case of the kinetic-energy model considerable to 39.55 years (lower rain amount) and 36.37 years

(higher rain amount). The lifetime due to ESM was more than 20 times the lifetime without ESM. The increase in lifetime considering the accumu-

lated rain model and ESM operation was less pronounced. Lifetimes increased to values between 1.32 years (higher rain amount) and 1.83 years

(lower rain amount), which was only 1.4 times the lifetime without ESM.

To summarise, both erosion models are sensitive to a change in rain amount, where the difference to the reference was higher for the accu-

mulated rain model. The ESM caused an increase in the lifetime. However, this effect was more pronounced for the kinetic-energy model than for

the accumulated rain model.

4.3 | Sensitivity of blade lifetime on wind shear exponent

As mentioned, the two applied erosion models depend not only on rain, but also on the tip speed, which defines the impact speed of drops on the

leading edge. The tip speed itself is a function of the turbine type (e.g., IEA 15 MW Offshore Reference turbine) and the extrapolated wind speed

F IGURE 9 Cumulative rain amount over the available time series of Hvide Sande for the three analysed cases (measured (=reference)/
increased/decreased number of intervals with rain)

F IGURE 10 Comparison of the average blade lifetime considering three different rain amounts (wet, reference, dry), two different erosion
models (kinetic energy [EK], accumulated rain [Acc.]) and two different operation modes (default, erosion-safe mode). The optimal rain rate
(4 mm h�1) and optimal tip speed (64 m s�1) for the erosion-safe mode was kept constant for all cases. Data of the station Hvide Sande was
considered
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(e.g., with a power law). To investigate the effect of different wind shear exponents (α) of the power law on the lifetime, both erosion models were

run in the default mode with the α values 0.143, 0.11 and 0.2.

Compared with the default α value of 0.143, the models with a lower α estimated longer lifetimes while the use of a higher α predicted

shorter lifetimes using the data from the station Hvide Sande as input (Figure 11). For the kinetic-energy model, the increase was from 1.81 to

2.11 years (+16.6 %) and the decrease from 1.81 to 1.56 years (�13.8 %). For the accumulated rain model, the decrease of α resulted in an

increase in lifetime from 1.08 to 1.19 years (+10.2 %) whereas with a higher α the lifetime changed from 1.08 to 0.98 years (�9.3 %). Hence, we

see a considerable sensitivity of the damage on α. The effect itself was more pronounced for the kinetic-energy model than for the accumulated

rain model.

5 | DISCUSSION

In this study, we investigated the consequences on lifetime when using different drop-size parameterizations, different rain amounts and different

wind shear exponents for the wind speed extrapolation. The lifetime was found to be much shorter using a mass-weighted mean (Dm) drop-size

parameterization compared with using the drop-size parameterization D50 from Best.13 In contrast, lifetimes based on time series with different

rain amounts were in a similar range. The application of an ESM increased the lifetime in all cases. Lower wind shear exponents caused longer life-

times, while higher wind shear exponents had an opposite effect on the lifetime.

5.1 | Sensitivity of lifetime on drop-size parameterization

The larger variation of Dm compared with D50 was not surprising. The definition of D50 says that drops with a diameter less than this value include

only 50 % of the water in the atmosphere. Hence, drops with a larger diameter cover another 50 % of the water. There is only one specific D50

value per rain rate value but includes no information about the underlying DSD. In contrast, Dm is defined by the ratio of DSD moments and pro-

vides therefore some indication whether a lot of small or also some larger drops were observed.

The information about the DSD is of high importance for the kinetic-energy model. A short example: We can calculate the number of drops

that is needed to cause damage (Nd; Equation 3) using the calculated drop diameters from Table 1 (0.49 to 3.08 mm) and an impact speed of

95 m s�1 as input. When using the D50 values as input (1.09 and 1.11 mm), it would need 7.9 * 1012 and 6.1 * 1012 drops, respectively, before

coating from the leading edge is removed. Considering the Dm values as input, it would need between 5.2 * 1017 (for 0.49 mm) and 4.3 * 106 (for

3.08 mm) drops. Hence, using D50 as input would underestimate and overestimate, respectively, the number of drops and hence the damage

increment compared with Dm. The accumulated rain model would give the same damage increment for all examples as the rain rate and hence the

rain amount was the same for these examples.

This drop-size dependence of the kinetic-energy model is responsible to a certain degree for the longer lifetime when using D50 instead of

Dm. When using D50, it can be that the diameter is often underestimated compared with Dm. Therefore, the overall kinetic energy based on D50 is

lower compared with Dm and the predicted lifetimes is longer. In contrast, the higher kinetic energy using Dm causes faster erosion and a shorter

lifetime.

The calculated lifetimes of 0.63 years considering the kinetic-energy model (with Dm) and 1.04 years considering the accumulated rain model

are shorter than reported values in literature. Bartolomé and Teuwen42 write that LEE can occur only 2 years after installation. Eisenberg et al19

shows that the AEP starts decreasing between 3 and 4 years after installation due to LEE. Hasager et al4 reports calculated lifetimes with values

between 2 and 4 years for coastal areas. All of the mentioned studies illustrate that erosion is observed long before the end of the expected

F IGURE 11 Variation of average blade lifetime considering three different wind shear exponents (α; 0.143, 0.11 and 0.2), two different
erosion models (kinetic energy [EK], accumulated rain [Acc.]) and one operation mode (default) at the station Hvide Sande
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lifetime of 20–25 years. The lifetime of 27 years using D50 is unrealistic compared with these values. It might be that the length of the time series

is too short to give a realistic prediction of the lifetime. According to Hasager et al,43 the meteorological time series should have at least 10 years.

In general and without detailed field data to verify damage processes at blades, the estimated lifetimes in this study may be seen as minimum and

maximum lifetimes. The expected lifetime might be somewhere in between.

Satellite measurements can provide Dm,
44; hence, lifetime calculations would not be restricted to in situ measurements for characterising the

risk of erosion. However, one has to keep in mind that Dm is also an estimated diameter. Even though Dm reduces potentially the uncertainty of

the lifetime calculation, it would be optimal to use the measured DSD for lifetime calculation.

As the exact erosion mechanism is not yet completely understood, the exact influence of the drop size on the erosion damage is still part of

on-going research. Nevertheless, these results underline the importance of the drop size for LEE, which has already been pointed out in theoreti-

cal calculations.7,8

5.2 | Sensitivity of lifetime on rain amount

Although the number of intervals with rain was changed by ±18 % on average, which caused a change of ±17 % in the rain amount on average,

the lifetime changed marginal of around 2.5 % for the kinetic-energy model, but equal or more than 11 % for the accumulated rain model. What

are possible reasons for this different behaviour?

The accumulated rain model is more sensitive to changes in the rain amount as it considers only the rain amount itself to predict the lifetime.

In contrast, the kinetic-energy model also considers the drop size. As mainly the number of intervals with low rain rates changed, the related drop

sizes were small as the approach from Best13 was applied. Hence, the impact energy did not change much, and so the lifetime calculated by the

kinetic-energy model. Note that for some years (e.g., 2003 and 2006) the number of maximum or minimum numbers of intervals was the same as

the measured number and nothing was changed.

However, the lifetime did not change much for both models in absolute values. Mainly intervals with a low R10m value were added or

removed, as the distribution of R10m was kept similar for all three cases. Hence, one possibility for the small absolute change could be that an

increase or decrease of intervals with low R10m do not cause a large change in lifetime. In case the distribution of R10m would change, for exam-

ple, more intervals with higher R10m values due to climatic changes,45,46 the lifetime change might be more distinct. In other words, the lifetime

may be more sensitive to a change of intervals with high R10m values than to low R10m values. This would be in line with the hypothesis of Bech

et al6 who suggest reducing the tip speed only during intense rain events.

In general, the calculated lifetime using the data from station Hvide Sande with values between 1 and 2 years is on the lower edge of the

values observed in the field as mentioned earlier. This is interesting as the lifetimes of the kinetic-energy model were calculated using the

approach from Best13 to estimate the drop size from rain rate.

5.3 | Influence of ESM on lifetime

In both sensitivity investigations, the application of the ESM extended the lifetime of the blade. Hasager et al4 show an extension of the lifetime

and an associated increase profit when reducing the tip speed in case rain rate exceeds 1 mm h�1. Skrzypi�nski et al32 optimise the profit when

applying ESM by defining the tip-speed limit as function of rain rate and price of energy. They conclude that it is sufficient to define the tip speed

only using rain rate data. Optimal parameters for ESM depend also on material type and its resistance to erode (S-N curve). However, the positive

effect of ESM on the lifetime has not yet been verified in a full-scale study. To provide the necessary input for ESM at a wind farm, a nowcasting

concept using a vertical pointing radar has been proposed.47

5.4 | Influence of wind shear exponent on lifetime

Changing α in the power law causes a faster increase of wind speed with height if the value is increased and a slower increase of wind speed with

height in the opposite case. As a consequence, the tip speed, which is a function of the wind speed, changes and hence the impact speed of rain

in the erosion models.

A decrease of the lifetime, as it was estimated for higher α values, is therefore not surprising. Due to the higher wind speed at hub height, the

impact speed is higher and more damage is produced. The opposite is the case for the increase in lifetime. As both models depend on the tip

speed as impact speed, the same trend is observed.

However, some uncertainty in the lifetime calculation due to the wind speed extrapolations will remain even when α values are adapted to

the desired environment. First, the α value changes also for different atmospheric stratifications (neutral, stable, unstable), not only for the
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roughness. Second, the power law is only a simple approach. Considering more complex models, it would be possible to extrapolate the wind

speed from ground to hub height more accurately.

5.5 | Influence of location

Finally, we want to highlight the large difference in the estimated lifetime between Weybourne (27.72 years) and Hvide Sande (1.81 years) when

using the kinetic-energy model and D50 as drop size input. This difference might be an effect of (i) the different time series length and (ii) the dis-

tribution of measured rain rate and wind speed at the stations. Hasager et al43 conclude that time series of the meteorological parameters should

have at least 10 years to estimate stable average lifetime predictions. Furthermore, we showed in Section 2 that the percentage of light rainfall

and low wind speeds during rain was higher in Weybourne compared with Hvide Sande. Using the kinetic-energy model, this distribution includes

less drops with high kinetic energy and hence longer lifetimes in Weybourne. In contrast to the kinetic-energy model, the lifetimes estimated with

the accumulated rain model were similar for both stations. This result is less surprising as this model depends only on the accumulated rain

amount and both stations have a similar annual rain amount of around 550 mm.

Not only the lifetime of default operation but also the increase in lifetime when a ESM operation is considered in the modelling is different

between these two stations for the mentioned model setup. While at Weybourne the lifetime increases about two times, lifetimes increased

about 20 times in Hvide Sande. However, again the different meteorological conditions and length of input data as well as the different optimised

limits for rain rate and tip speed may cause this notable difference. However, this difference also shows that the ESM does not have the same

effectiveness at both stations.

6 | CONCLUSION

Leading-edge erosion (LEE) is caused by the impact of drops and leads to reduced annual energy production (AEP) and higher maintenance costs.

Therefore, it is of utmost interest to understand the sensitivity of blade lifetime on drop-size parameterizations and rain amount.

We found that different parameterizations for the drop size cause different lifetimes. While an approach from Best13 allowed the estimation

of the drop size (D50) based on rain rate, another approach provided the weighted-mean diameter (Dm) based on the DSD. The lifetime calculated

with Dm was much shorter (0.63 years) compared with the lifetime calculated with D50 (27.72 years) due to higher kinetic energy with Dm. This

result shows that lifetime is highly sensitive to the drop-size parameterization and the drop size itself. D50 might not be the optimal parameteriza-

tion to model LEE with the kinetic-energy model as it does not represent adequately the underlying DSDs. Therefore, Dm is an interesting alterna-

tive. The ideal solution would be the calculation of the kinetic energy using DSD data itself. Moreover, additional investigations are needed to

improve the understanding of the erosion mechanism. This knowledge is necessary to develop more realistic damage models and to calculate

blade lifetimes more accurate.

In contrast to the drop size, the sensitivity of lifetime on the rain amount was less pronounced. For all three cases considering the reference,

increased and decreased rain amount (and number of intervals with rain) a lifetime between 1.86 and 1.77 years for the kinetic energy model and

between 0.96 and 1.33 years for the accumulated rain model was estimated. However, it is not completely clear if the similar rain-rate distribution

with frequently low rates in all three cases influences this result. A change of the rain-rate distribution could help to answer this open question.

Both analyses showed that an ESM has a positive effect on the lifetime. In other words, by reducing the tip speed of wind turbines to a spe-

cific value in case the rain rate exceeds a certain threshold the lifetime was extended. In case of the different drop-size parameterizations the life-

time was extend around two times, in case of the different rain amounts more than 20 times for the kinetic-energy model and about 1.5 times for

the accumulated rain model. The optimal ESM parameters were a function of costs due to repair but also of the power curve of the turbine and

included historical meteorological data. Hence, this approach seems to be a promising option to reduce LEE and extending the lifetime of wind

turbine blades.

A further sensitivity study showed that changing the wind shear exponent α in the power law that extrapolates wind speed measured at the

ground to the hub high, influences the predicted lifetime as well. Higher α values increase the wind speed at hub height, increase the impact speed

of raindrops, cause more damage and reduce therefore the lifetime. In contrast, less rain events are critical for erosion in case of lower α values.

Therefore, depending on the site of interest, it is relevant to choose an appropriate α as it influences the lifetime calculations beside the rain

input.
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