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Abstract: The finite element method and smoothed particle hydrodynamics (SPH) method are used to sim-

ulate the high-speed impact of a single raindrop on a prestressed wind turbine blade, and the factors affecting 

impact pressure and stress in a single raindrop impact, such as impact speed and raindrop diameter, are 

analyzed. In addition, the coupling generated by the simultaneous high-speed impact of dual raindrops is 

analyzed, and the effect of the distance between raindrop centers is analyzed. To address the difficulty in 

calculation due to the large number of impacting raindrops during the rainfall process, based on the calcu-

lation results of single raindrop impacts, the method of applying equivalent loads of raindrop impacts is 

proposed and validated by the stress distribution and the stress at each time point, thus ensuring the simu-

lation accuracy of using the equivalent load of raindrop impact for the actual raindrop impact. 
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1  Introduction 

To meet the continuously growing global demand for energy, clean and renew-

able energy is needed. Compared with green energy sources such as solar and nu-

clear energy, wind energy has the advantages of large resource reserves, wide distri-

bution, and high conversion efficiency suitable for large-scale industrial develop-

ment. Wind is an indispensable clean energy source with an important strategic po-

sition in the energy structure, and it is one of the most promising renewable energy 

sources [1]. 

China is rich in wind energy resources. According to relevant statistics from the 

China Meteorological Administration, the exploitable capacity ranges from approxi-

mately 700 GW to 1.2 TW [2]. In China, wind energy resources are mainly distributed 

in inland areas such as North, Northeast and Northwest China, as well as in south-

eastern coastal areas and their surrounding islands [3]. 

Wind turbines are often installed on land. With the maturity of wind power 

technology, the number of offshore wind turbines is gradually increasing. In offshore 

wind farms, wind resources are rich and wind speed stability is high, so they can 

achieve higher stand-alone power generation while maintaining stable energy con-

version efficiency. However, offshore wind farms experience abundant rainfall and 

are vulnerable to extreme weather conditions such as typhoons and heavy rains. Due 

to this harsh environment, the blades of offshore wind turbines are subjected to salt 

spray corrosion and the impact of raindrops, hail and other objects; thus, blade sur-

face erosion can easily occur under this long-term action, seriously affecting the ser-

vice life of prestressed blades. Due to higher rotation speeds and thinner wall 
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thicknesses, the prestressed blade tip region typically suffers the most severe rain 

erosion damage. 

With the continuous development and maturity of wind power technology, to 

improve power generation efficiency and the ability to capture wind energy, wind 

turbine blades are becoming increasingly large, and their diameter is constantly in-

creasing. An increase in the blade length continuously increases the maximum linear 

speed of the tip. Taking the 15 MW offshore wind turbine developed by Siemens 

Gamesa and General Electric as an example, the tip speed can exceed 100 m/s. The 

continuous increase in the linear speed of the blade tip increases the frequency and 

severity of rain erosion at the blade leading edge [4]. 

Wind power generation is mainly caused by the rotation of wind turbine blades 

driven by flowing air to convert wind energy into electricity. The blade is one of the 

core components of wind power equipment. Rain erosion damage causes the coating 

at the blade leading edge to fail, the surface roughness to gradually increase, and the 

blade shape to change. In the initial state of rain erosion damage, small pits with 

irregular distributions are generated on the pressure side of the wind turbine blade 

and in the area near the stagnation point; as damage accumulates, the pits connect 

with each other and develop into gouges. Long-term rain erosion causes the complete 

removal of the coating on the blade surface; this exposes the laminated plate under 

the coating, and delamination cracks can occur at the connection of the blade leading 

edge, which seriously affects the structural stability and dynamic performance of the 

prestressed blades and threatens production safety (Figure 1). 

 

Figure 1  Changes in blade erosion [5] 

The methods used to calculate raindrop impact include the impact method and 

the energy method. In the impact method, the water hammer equation or the com-

putational fluid dynamics (CFD) are used to calculate the impact pressure of 

raindrops, and the finite element method is used to construct a wind turbine blade 

model to analyze the stresses generated by raindrop impact. Based on the principle 

of energy conservation, the energy method can better integrate the impact process 

with the mechanical characteristics of the impacting object; however, it is difficult to 

quantify the energy transfer between the rainfall field and wind turbine blades in 

actual calculations. 

There have been many studies on blade leading edge erosion in China and 

abroad, but the focus has been on the effect of sand and gravel wear on blade leading 

edge erosion; there are fewer studies on leading edge blade erosion caused by 

raindrops. The calculations of raindrop impact have mainly focused on the stress 

generated by the single impact of a single or a small number of raindrops, and the 
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erosion caused by the multiple impacts of multiple raindrops has been mainly ob-

tained through experiments. However, rain erosion tests are costly and time-consum-

ing. Reducing the cost of testing by simulating the impact of multiple raindrops re-

mains an open issue. 

2  Analyzing the High-Speed Impact Process of Raindrops on Prestressed Wind 

Turbine Blades 

Due to the high linear speed at the tip of a large wind turbine blade, the leading 

edge is impacted by raindrops at high speeds during the sweeping process, resulting 

in severe rain erosion. A simulation of a single raindrop impact event on a wind tur-

bine blade is performed to analyze the rain erosion damage generation process. The 

impact of high-speed raindrops on prestressed wind turbine blades is a solid–fluid 

coupling process, and the deformation and breakage of raindrops caused by the im-

pact is a large deformation problem. Based on the consideration of calculation accu-

racy and time, the smoothed particle hydrodynamics (SPH) method is chosen for 

modeling and simulation, with the raindrop distribution in the natural environment 

as the basis. 

2.1  Construction of a Model of Raindrops Impacting Wind Turbine Blades 

2.1.1  Raindrop Physical Model 

A simulation analysis of the high-speed impact of spherical raindrops is per-

formed, and a model is constructed via the SPH method. The physical properties of 

water droplets can be defined by the Gruneisen equation of state [6]. The Gruneisen 

equation (see Formula (1)) relates the volume of liquid at a given temperature to the 

pressure to determine the pressure generated by the impact of compressible liquid: 

P =
ρC2μ [1 + (1 −

γ0
2
) μ −

α
2
μ2]

1 − (S1 − 1)μ − S2
μ2

μ + 1
− S3

μ3

(μ + 1)2

+ (γ0 + αμ)e (1) 

where C is the speed of sound in the liquid, S1, S2, and S3 are the fitting coef-

ficients, γ
0

 is the Gruneisen coefficient, α is the first-order volume modification, 𝜌 

is the density of the liquid, μ is the dynamic viscosity of the liquid, and e is the 

internal energy per unit volume. 

The parameters of the raindrop physical material model are shown in Table 1. 

Table 1  Parameters for the raindrop physical material model [6] 

𝛒 
(𝐤𝐠/𝐦𝟑) 

𝐯𝐬 
(𝐏𝐚 ⋅ 𝐬) 

𝐂 

(𝐦/𝐬) 
𝛂 𝐒𝟏 𝐒𝟐 𝐒𝟑 

1000 0.001 1480 0 2.56 -1.986 0.226 

2.1.2  Structure and Material Properties of the Prestressed Blade Panels 

The structure of a prestressed wind power blade mainly includes the blade tip, 

blade root, blade leading edge, blade trailing edge, and internal supporting main 

beam and shear web; the cross-sectional structure is shown in Figure 2a) [7]. Accord-

ing to the parameter information for a Sandia all-glass baseline wind turbine blade, 

the composite panel structure is composed of a bottom composite layer, a middle 

foam layer, an upper composite layer, and a surface coating, as shown in Figure 2b). 

The thicknesses of the upper and bottom composite layers are both 5 mm, and the 

material used is a QQ1 composite material consisting of Vantico TDT 177-155 epoxy 

resin, Saertex U14EU920-00940-T1300-100000 0 fiber and VU-90079-00830-01270-

000000 45 fiber. The thickness of the middle layer is 5 mm, and the material used is 
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Corecell™ M-Foam M200. The coating thickness is 0.6 mm, and the material used is 

epoxy resin [8]. 

  

a) Blade cross-section structure [7] b) Panel structure composition 

Figure 2  Blade cross-section structure and panel composition 

Table 2 lists the material properties of each layer of the prestressed wind turbine 

blade panel. 

Table 2  Material properties of each blade layers [8] 

Material type 

Material 

properties 

Coating Foam layer QQ1 

Density 𝜌 (kg ⋅ m−3) 1235 200 1919 

Longitudinal 

Young's modulus 
E1 (GPa) 3.44 0.256 33.10 

Transverse 

Young's modulus 
E2 (GPa) 3.44 0.256 17.10 

Shear modulus G12 (GPa) 1.38 0.098 6.29 

Poisson's ratio  v12 0.30 0.330 0.27 

2.2  SPH Method-Based Analysis of the High-Speed Impact of a Single Raindrop on a 

Blade 

In a natural rainfall field environment, the speed and size distribution of 

raindrops are random, and the impact process between the leading edge of the wind 

turbine blade and the raindrops is similar and repeatable. Therefore, by simulating 

the impact process of a single raindrop and the leading edge of wind turbine blades 

by the SPH method, the effect of raindrops impacting the blades during natural rain-

fall is analyzed. 

To ensure that the whole influence area of a single raindrop impact process is 

included and to improve the simulation accuracy while saving computational re-

sources, since the influence area of raindrop impact is usually a circle at 10 times the 

raindrop diameter, a blade panel model of 25×25×15.6 mm is constructed. The bottom 

and sides of the panel model are completely fixed, and the size of the coating mesh 

in the model is refined. In the center of the constructed blade panel model, a raindrop 

with a diameter of 2 mm tangent to the panel is placed, and its initial speed is set to 

90 m/s. After the mesh is generated, the raindrop is converted to an SPH particle, and 

the contact process within 50 μs of a single raindrop impacting vertically on a blade 

is simulated by the SPH method. 

The raindrop SPH particle speed during the impact process is analyzed. The 

raindrop SPH particle speed contours at the central cross-section at each moment are 
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shown in Figure 3. To better represent the speed distribution and variation in 

raindrop particles, the upper limit of the speed is 250 m/s, i.e., the red area in the 

diagram, and 0 mm/s is used as the lower limit, i.e., the blue area in the diagram. 

 
a) t=0 μs 

 
b) t=1 μs 

 
c) t=3 μs 

 
d) t=5 μs 

 
e) t=10 μs 

 
f) t=20 μs 

Figure 3  Raindrop speed at central cross-section 

During the impact process, the particle speed at the contact edge between the 

raindrop and the blade coating first increases and then decreases. The raindrop is 

initially in a compressed state; part of it first contacts with the coating and is located 

in the center, and particle speed decreases rapidly; part of it contacts the edge, the 

particle velocity increases rapidly, and it ejects along the surface of the coating. At 

this time, most of the particles maintain speed, the raindrop maintains an overall 

spherical state, and the raindrop impact contacting edge part of the coating surface 

forms a lateral jet. The lateral jet reaches a maximum speed of 363 m/s at 1 μs (Figure 

3b)), then decreases rapidly and remains at approximately 200 m/s, as shown in Fig-

ure 3c) and Figure 3d). As the impact process proceeds, the liquid breaks through the 

surface tension and spreads along the coating surface. At this time, the speed of most 

particles in the raindrop center gradually decreases to approximately 20 m/s, while 

the particles at the contact edge between the raindrops and the coating maintain their 

initial speed and are sprayed along the direction of the coating, while a part of the 

raindrop splashes, as shown in Figure 3e) and Figure 3f). 

The impact pressure load generated on the prestressed wind turbine blade coat-

ing surface after impact by a 2 mm diameter raindrop at 90 m/s is analyzed, and the 

maximum impact pressure on the coating surface at each moment is extracted, as 
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shown in Figure 4. The maximum load generated at 0.6 μs after impact is 73.4 MPa, 

similar to the 76.6 MPa calculated by the water hammer equation, decreases rapidly 

to 10 MPa within 10 μs, and then decreases slowly. 

 

Figure 4  Impact pressure load–time curves on the coating surface 

The equivalent von Mises stress contours on the upper surface of the blade coat-

ing and the cross-section of the impact center on the blade panel at different times 

after impact are extracted, as shown in Figure 5, where the stress distribution on the 

upper surface of the coating is on the left side and the stress distribution in the central 

cross-section is on the right. A display threshold of 1 MPa is used to display the stress 

wave more intuitively, and the portion above the threshold is shown in gray. 

As shown in Figure 5, during the impact of high-speed raindrops on the blade 

coating, Rayleigh waves are generated and propagate from the impact contact center 

of raindrops and coatings to the free boundary of the blade model; at the same time, 

vertical and lateral body waves are generated, and there is interference between the 

waves. During the raindrop impact process, the stresses of contact area with the 

blade coating and the stress propagation area under the coating interface are rela-

tively large. The high stress on the coating surface is generated by the peak pressure 

generated by the impact of raindrops, and the high stress under the interface is the 

superposition of the shock wave front and part of the stress generated by the local 

high pressure. The large stress distribution indicates that the microcracks due to the 

blade rain erosion may occur in the impact contact area between raindrops and blade 

coating and the area under the coating interface. Due to the different material prop-

erties of the different layers of the blade panel model, there is an obvious interface in 

the stress distribution. The constructed model is based on a perfect combination of 

different materials so that the deformation of the different materials between the lay-

ers is the same, while the Young’s modulus of different materials is different, so the 

generated stresses are different. 

During the initial contact stage of raindrop impact, the stress at the impact con-

tact center increases rapidly to form a high-stress area, which is transmitted down-

ward along the thickness of the blade panel. As the impact contact area between 

raindrops and blades increases, the stress at the impact center gradually decreases. 
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Due to the interference of stress waves and reflected waves, an annular high-stress 

region is generated at the impact contact edge. 

The maximum strain of the coating material on the prestressed wind turbine 

blade at failure is 0.3ε [9]. During the impact process, the maximum plastic strain 

generated by the prestressed wind turbine blades is approximately 0.0055ε, which is 

far from the value that can cause damage. Therefore, rain erosion damage occurs af-

ter multiple impacts from raindrops. 

  
a) t=0 μs 

  
b) t=0.5 μs 

  
c) t=1 μs 

  
d) t=2 μs 

  
e) t=5 μs 

Figure 5  Stress contours on the blade coating surface (left) and central cross=section (right) 
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3  Construction of an Equivalent Load of High-Speed Raindrop Impact on Pre-

stressed Wind Turbine Blades 

The rain erosion damage of the leading edge of the prestressed wind turbine 

blade is the accumulation of fatigue damage under the long-term impact of raindrops. 

The high-speed impact of a single raindrop cannot directly damage the prestressed 

wind turbine blades. However, during the generation and evolution of rain erosion 

damage, the number of raindrops is large; therefore, the single raindrop impact sim-

ulation cannot be used for many raindrops throughout the whole rain erosion pro-

cess since the simulation time could be too long. The SPH method is used to analyze 

the pressure and stress factors affecting the single raindrop impact, and the equiva-

lent load of raindrop impact, which is used for the accelerated calculation of impact 

of many raindrops in the rain erosion process, is constructed and validated. The sim-

ulation of dual high-speed raindrops impacting the blade at the same time is per-

formed to verify whether the coupling effect on the impact of raindrops could be 

ignored and whether the impact of multiple raindrops during the rain erosion pro-

cess could be accelerated by using the equivalent load of raindrop impact. 

3.1  Raindrop Distribution 

Raindrops can be considered to be uniformly distributed in the rainfall space, 

and the volume of the rainfall space 𝑉𝑓 can be calculated by the following equation 

(2) [9]: 

𝑉𝑓 = 𝑆 × 𝑉𝑟𝑎𝑖𝑛 × 𝑡𝑟𝑎𝑖𝑛  (2) 

where 𝑆 is the area of the rainfall projection area, 𝑡𝑟𝑎𝑖𝑛 is the rainfall duration, 

and 𝑉𝑟𝑎𝑖𝑛 is the raindrop speed. 

The number of raindrops usually follows a Poisson distribution. The probability 

that the number of raindrops 𝑁(𝑉𝑓) in a unit volume 𝑉𝑓 of rainfall space is equal 

to 𝑘, then the probability 𝑃(𝑁(𝑉𝑓) = 𝑘) is [10]: 

𝑃(𝑁(𝑉𝑓) = 𝑘) =
(λ𝑟𝑎𝑖𝑛𝑉𝑓)

𝑘
𝑒−λ𝑟𝑎𝑖𝑛𝑉𝑓

𝑘!
 (3) 

where 𝜆𝑟𝑎𝑖𝑛 is the expectation for the number of raindrops in the unit volume, 

which can be expressed by a power law function, see Formula (4) [11]: 

λ𝑟𝑎𝑖𝑛 = 48.88𝐼0.15 (4) 

where 𝐼 is the rainfall intensity in mm/h. 

In natural rainfall fields, large raindrops have difficulty maintaining large di-

ameters under the influence of air resistance and are often broken into several small 

raindrops, and raindrops larger than 5 mm have a very small probability of occurring. 

The cumulative distribution of raindrop diameters is expressed by the following 

equation (5) [10]: 

𝐹 = 1 − 𝑒𝑥𝑝 [− (
𝑑

1.3𝐼0.232
)
2.25

] (5) 

where 𝑑 is the raindrop diameter in mm and 𝐼 is the rainfall intensity. 

Figure 6 shows the probability density curve and cumulative distribution curve 

of raindrop diameter for different rainfall intensities of 1 mm/h, 5 mm/h, 10 mm/h, 

25 mm/h, and 50 mm/h. 
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a) Raindrop diameter probability den-

sity curve 

b) Raindrop diameter cumulative distri-

bution curve 

Figure 6  Distributions of raindrop diameters under different rainfall intensities 

As shown in Figure 6, for rainfall intensities below 10 mm/h, the diameter of 

most raindrops is less than 3 mm, and for rainfall intensities below 50 mm/h, the 

diameter of most raindrops is less than 5 mm. The rainfall grades in China are di-

vided according to two time periods: 24 h and 12 h, as shown in Table 3 [12]. A 12-

hour rainfall greater than 140 mm or a 24-hour rainfall greater than 250 mm is a rel-

atively rare extremely torrential rain, so most rainfall intensity is less than 10 mm/h. 

Therefore, in a natural rainfall field, the diameter of most raindrops is concentrated 

between 1 mm and 3 mm, and raindrops with a diameter greater than 3 mm can be 

ignored. 

Table 3  Rainfall grades for different time periods [12] 

Grade 
Rainfall for different time periods (mm) 

12 h 24 h 

Trace rainfall (scattered 

light rain) 
<0.1 <0.1 

Light rain 0.1-4.9 0.1-9.9 

Moderate rain 5.0-14.9 10.0-24.9 

Heavy rain 15.0-29.9 25.0-49.9 

Rainstorm 30.0-69.9 50.0-99.9 

Torrential rain 70.0-139.9 100.0-249.9 

Extremely torrential rain ≥140.0 ≥250.0 

3.2  Analysis of Influencing Factors of High-Speed Raindrop Impact Load Based on SPH 

Method  

The natural rainfall environment is more complicated, so the impact speed of 

raindrops on blades and the effect of raindrop diameter on raindrop impact are ana-

lyzed. 

In the natural environment, raindrops with a diameter of 2 mm have the highest 

distribution probability among intense rainfall events. Therefore, the time history of 

the impact pressure generated by the raindrops with a diameter of 2 mm at 70 m/s, 

90 m/s, and 110 m/s impacting blades is shown in Figure 7. In addition to the speeds 

listed in the Figure 7, for speeds of 70 m/s to 110 m/s, the maximum impact pressure 

of raindrops is generated within 1 μs and rapidly decreases to 10 MPa within 10 μs 

and then decreases slowly, approaching 0 at approximately 30 μs. 
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Figure 7  Impact pressure–time curves of 2 mm raindrops with different speeds 

With 5 MPa as the lower limit, the pressure action area generated by the impact 

of 2 mm diameter raindrops on the coating surface of the wind turbine blades at dif-

ferent speeds is shown in Figure 8. The pressure action area generated by the impact 

of a 2 mm diameter raindrop on the blade at a speed of 70 m/s reaches a maximum 

value of 2.75 mm2 at 7 μs and decreases to 0 at 16 μs; the pressure action area gener-

ated by the impact at a speed of 90 m/s reaches a maximum value of 3.77 mm2 at 7 μs 

and decreases to 0 at 18 μs; and the pressure action area generated by the impact at 

a speed of 110 m/s reaches a maximum value of 4.66 mm2 at 8 μs and decreases to 0 

at 17 μs. 

 

Figure 8  Area–time curves of impact pressure of 2 mm raindrops at different speeds 

The time history of the maximum pressure generated by raindrops with diame-

ters of 1 mm, 2 mm and 3 mm at a speed of 90 m/s on the wind turbine blades is 

shown in Figure 9. The maximum impact pressure by raindrops is generated within 

1 μs, rapidly decreases to approximately 10 MPa within 10 μs, and then decreases 

slowly to approach zero at approximately 30 μs. 
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Figure 9  Impact pressure–time curves of raindrops with different diameters at 90 m/s 

With 5 MPa as the lower limit, the pressure action area generated by raindrops 

with diameters of 1 mm, 2 mm, and 3 mm impacting the coating surface of the wind 

turbine blades at a speed of 90 m/s is shown in Figure 10. The impact pressure action 

area of raindrops with diameter of 1 mm reaches a maximum of 0.97 mm² at 4 μs and 

decreases to 0 at 9 μs. The impact pressure action area of raindrops with a diameter 

of 3 mm reaches a maximum value of 8.31 mm² in 10 μs and decreases to 0 at 21 μs. 

 

Figure 10  Area–time curves of impact pressure of raindrops with different diameters at 90 m/s 

The analysis shows that the action area of raindrop impact pressure and the ac-

tion time of impact pressure increase with increasing raindrop diameter and impact 

speed, but they are mainly affected by raindrop diameter rather than impact speed. 

The impact pressure action area is approximately equal to the maximum cross-sec-

tional area of a raindrop. 

3.3  Construction and Validation of the Equivalent Load of High-Speed Raindrop Impact  

In the natural environment, the impact of a single raindrop or a small amount 

of raindrops cannot directly cause damage to the coating of a prestressed wind tur-

bine blade, and the rain erosion of the wind turbine blade is the result of the long-

term impact of high-speed raindrops. The SPH method-based simulation of a single 

raindrop impact on a wind turbine blade by a single computer (CPU processor: i7-
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13700HX, memory: 32GB) could take nearly 2 hours, so it is difficult to perform sim-

ulation on the entire process of raindrop impact on a wind turbine blade. 

To improve the simulation efficiency, an impact load is constructed based on the 

simulation of raindrop impact on a wind turbine blade. The load is applied to the 

raindrop impact area on the upper surface of the coating to ensure accuracy and in-

crease the calculation speed. 

The high-speed raindrop impact load is constructed based on the impact pres-

sure and pressure action area. The simulation analysis of raindrops impacting wind 

turbine blades due to different factors reveals that impact pressure is mainly deter-

mined by raindrop impact speed and can be quickly calculated by the water hammer 

equation, while the pressure action area is mainly determined by raindrop diameter. 

The impact pressures and pressure action areas under different raindrop impact 

loads are obtained through the simulation of a single raindrop impact. Taking a 

raindrop with a diameter of 2 mm impacting a wind turbine blade at 90 m/s as an 

example, a load model is constructed based on the simulation results using the SPH 

method, and the pressure and action area at each moment are shown in Figure 11. 

 

a) pressure 

 

b) action area 

Figure 11  Pressure and action area calculated by load model and simulation 
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Simulation of the constructed load applied to the prestressed wind turbine blade 

coating shows that the stress reaches a maximum at 1 μs. To make the results more 

intuitive, the stress contours of the central cross-section when the output stress 

reaches the maximum value with 1 MPa as the upper limit are compared with the 

simulation results of raindrop impact using the SPH method, as shown in Figure 12. 

The simulation results of the applied load are on the left, the simulation results of 

raindrop impact by the SPH method are on the right, and the stress distributions of 

the central cross-sections are similar when the stress is maximum. 

  
a) Load model b) Raindrop impact 

Figure 12  Comparison of stress contours 

The stress–time curves of the applied load model simulation and the raindrop 

impact simulation are shown in Figure 13. 

 

Figure 13  Comparison of stress–time curves 

During the impact of raindrops, the pressure on the coating surface reaches a 

maximum at 0.5 μs, while the load model simulation reaches a maximum pressure 

at 1 μs; therefore, there is some difference in the time required for the two to reach 

the maximum stress, and for other moments, the difference is relatively small. 

The simulated stress distribution and the stress at each time point are similar for 

the two simulations of applying the constructed load on the upper surface of the 

coating and the raindrop impacting coating. Therefore, the approximate calculation 

of raindrop impact can be performed by constructing a load model. 

3.4  Load Analysis of the Dual Raindrop Coupling Impact Based on the SPH Method 

If the rainfall intensity in the natural rainfall environment is strong and 

raindrops are densely distributed in the air, multiple raindrops are prone to multiple 
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impacts and collisions with a small area of prestressed wind turbine blades in a rela-

tively short time, resulting in raindrop coupling. In the natural rainfall field, the time 

interval between two consecutive raindrop impacts on the same point on the pre-

stressed wind turbine blade is three orders of magnitude longer than the duration of 

the stress wave generated by the impact of a single raindrop. On the other hand, the 

probability of the occurrence of three or more raindrops impacting on a small area of 

the prestressed wind turbine blade without interference is small and could be ig-

nored [13]. Therefore, only the effect of the distance interval on raindrop coupling 

when the prestressed wind turbine blade is impacted by double raindrops is ana-

lyzed, and the effect of the time interval on raindrop coupling is ignored. 

Figure 14 shows the speed contour in the vertical direction (i.e., the impact di-

rection) at each time point in the SPH simulation results of the coupling impact of 

dual raindrops with a spacing of 3 mm and a diameter of 2 mm. To make the results 

more intuitive, the initial speed direction of raindrops is the negative direction, and 

the upper and lower speed limits are set to 200 m/s and -90 m/s, respectively. The 

pair of raindrops with a spacing of 3 mm starts to couple when they impact each 

other at 5 μs. Under the coupling effect, the raindrop particles in the central contact 

part splash in the direction away from the prestressed wind turbine blades, but the 

number of particles affected by the coupling only account for a small part, and the 

coupling effect is limited. 

  
a) t=0 μs b) t=5 μs 

  
c) t=10 μs d) t=15 μs 

Figure 14  Impact speed of double raindrops with 3 mm spacing along the vertical direction 

When the coupling of double raindrops with a distance of 3 mm or 5 mm is 

generated, in addition to the area in direct contact with the coating of prestressed 

wind turbine blade, the central area of the double raindrop spacing is subjected to 

the impact pressure generated by the splashing liquid particles, as shown in Figure 

15. There is no such pressure area on the coating surface when the distance of double 

raindrops is 8 mm and 10 mm. 

  
a) Double raindrops with 3 mm spacing b) Double raindrops with 5 mm spacing 

Figure 15  Impact pressure of double raindrops impacting the coating surface 

With 5 MPa as the lower pressure limit, the impact pressure area–time curves 

generated by the impact of double raindrops under different spacings are shown in 
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Figure 16. Under the coupling action of double raindrops with spacings of 3 mm and 

5 mm, the maximum impact pressure action areas on the coating surface are 7.86 mm2 

and 7.69 mm2, respectively; compared to the maximum impact pressure action area 

generated by the impact of double raindrops with no coupling, which is 7.54 mm2, 

the area is increased by 1.04 and 1.02 times, respectively. Therefore, raindrop cou-

pling has a limited effect on the impact pressure action area. 

The time curves of impact pressure generated by the impact of a single raindrop 

and double raindrops with different spacing distances are shown in Figure 17. 

The maximum pressures generated by the impact of double raindrops with a 

diameter of 2 mm and a distance of 3 mm, 5 mm, 8 mm and 10 mm are 77.69 MPa, 

77.39 MPa, 77.22 MPa and 77.19 MPa, respectively, which are all approximately the 

maximum pressures generated by the impact of a single 2 mm diameter raindrop 

(73.6 MPa). The rate of decrease in the impact pressure under dual raindrop coupling 

is 1.05 times lower than that under single raindrop impact, but the speed change is 

smaller. Therefore, the effect of the coupling of dual raindrops with different spac-

ings on the generated impact pressure is limited. 

 

Figure 16  Impact pressure area–time curves of the coupling of dual raindrops impacting on 

the coating surface 

 

Figure 17  Pressure–time curves for single raindrop and double raindrop coupling 
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The impact stress–time curves of a single raindrop and double raindrops with 

different spacings are shown in Figure 18. The maximum stresses generated by the 

impact of dual raindrops with a diameter of 2 mm and a distance of 3 mm, 5 mm, 8 

mm and 10 mm are 39.83 MPa, 39.81 MPa, 39.82 MPa and 39.83 MPa, respectively, 

which are almost the same as the maximum stress generated by the impact of a single 

2 mm diameter raindrop (38.89 MPa). Compared to the maximum stress at each time 

point caused by the impact of a single raindrop, under dual raindrop coupling, the 

stress at each time point (except the maximum stress generated by the initial impact 

contact) shows a second stress peak at 10 μs and 11 μs, which arises from the inter-

ference between the stress waves generated by the impact of different raindrops, ra-

ther than from the coupling between two raindrops. 

 

Figure 18  Stress–time curves of single raindrop and double raindrop coupling 

Based on comprehensive consideration of the impact pressure, impact pressure 

area and impact stress generated in the simulation results of single raindrop impact 

and double raindrop coupling using the SPH method, in the process of multiple 

raindrop impact on prestressed wind turbine blade, the pressure and stress gener-

ated by double raindrops impacted at the same time with a certain distance are only 

slightly different from those of the single raindrop impact, and other coupling cases 

of multiple raindrop impact (> 2 raindrops) are negligible, so the rain erosion of pre-

stressed wind turbine blades produced in the natural environment can be regarded 

as the cumulative result of fatigue damage produced by the load generated by a sin-

gle raindrop impact repeated many times on the surface of prestressed blades, and 

the simulation of raindrop impact in the rain erosion damage evolution process of 

prestressed wind turbine blades can be accelerated by using the equivalent load of 

raindrop impact. 

4  Conclusions 

This paper proposes an accelerated calculation method for simulating the mul-

tiple impacts of raindrops in terms of rain erosion by applying the impact load of an 

equivalent raindrop based on the simulation results of a single raindrop impact. Us-

ing the SPH method, the simulation of raindrops with a diameter ranging from 1 to 

3 mm impacting a prestressed wind turbine blade at a high-speed ranging from 70 to 

110 m/s is performed. The maximum impact pressure generated by a single raindrop 

impact is determined by the raindrop impact speed and can be approximated by the 

water hammer equation. The impact pressure action area is determined by the 

raindrop diameter. The SPH method is used to simulate the coupling impact of dou-

ble raindrops with a center spacing of 3 to 10 mm and a diameter of 2 mm at 90 m/s. 
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The coupling has a limited effect on the impact pressure, impact stress, and impact 

pressure action area at each time point. The analysis of the factors influencing the 

impact pressure of single raindrop and double raindrops provides the basis for the 

construction of a model using the equivalent load of raindrop impact. Based on the 

simulation results of single raindrop impact, a model using the equivalent load of 

raindrop impact is constructed and validated through stress distribution and stress 

values at different times. On the premise of ensuring calculation accuracy, the model 

using the equivalent load of raindrop impact provides an effective method for accel-

erating the simulation of prestressed wind turbine blades under the multiple impacts 

of raindrops. 
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