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Abstract

:

Taking the S823 airfoil as the research object, this study investigates the influence of different types of leading-edge erosion on the aerodynamic performance of airfoil by using the computational fluid dynamics method. The effect of leading-edge erosion on the inception of stall vortex is also analysed. The results show that when the angle of attack (AoA) is greater than 5°, the leading-edge erosion results in a significant decrease in the lift coefficient and an increase in the drag coefficient. The deterioration in the drag coefficient of the airfoil caused by leading-edge erosion is much greater than that of the lift coefficient. Moreover, the maximum promotion rate of the drag coefficient can reach 357% at Re = 300,000. The exacerbation of the erosion level leads to a dramatic expansion of the stall vortex on the airfoil suction side at a large AoA and results in a reduction in the pressure difference between the pressure and suction sides of the airfoil. This is also the reason erosion causes the degradation of the aerodynamic performance of the wind turbine airfoil. This work is beneficial to establish the reasonable maintenance cycle of the wind turbine blades working in a sand blown environment.
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1. Introduction


Owing to the threat of global warming and the depletion of fossil fuel reserves, the development of renewable energy has received increasing attention. Among the various renewable energy sources, wind energy is considered the most cost-effective of all currently developed renewable energy sources. However, onshore wind turbine blades are often eroded by natural elements such as sand, rain, and snow [1,2]. With the development of offshore wind, the blades of offshore wind turbines can also be eroded by rain and salt haze [3]. As a key component of wind turbine energy conversion, turbine blades eroded by the external environment during operation will suffer from increased blade roughness and will result in a decrease in the blade aerodynamic performance. As a result, the annual power generation of the wind turbine is reduced and the intended service life of the blade is shortened [4]. According to the computational fluid dynamics (CFD) analysis on an NREL 5 MW wind turbine that had not been maintained for 12 years, the annual power generation of wind turbines had been reduced by 4% due to erosion [5].



The pitting, cracks, pits, and delamination of wind turbine blades are caused by different degrees of erosion under various environmental conditions [6]. The surface roughness of blades is deteriorated due to erosion, and the leading edge of the blade is the most serious region of blade erosion [2,7]. SAREEN et al. [8] studied the erosion generated by the leading edge of DU 96-W-180 through experiments. Their results show that leading-edge erosion led to a remarkable increase in drag and a significant decrease in lift near the upper corner of the pole curve. Ge et al. [9] used numerical simulation to study the erosion of S809 airfoil. They found that the maximum lift coefficient decreased by 35–61%, and the drag coefficient increased sharply by 131%–217%. Li et al. [10] established a geometric model of leading-edge erosion by modifying the leading edge of the wind airfoil type. Their results indicated that leading edge erosion aggravates flow separation near the trailing edge. Therefore, leading-edge erosion has a great influence on the aerodynamic properties of airfoils. Through numerical simulation, Wang et al. [3] studied the variation in flow field of S809 airfoil under different erosion levels. Their results validated that when the erosion depth was constant, the increase in erosion thickness could lead to flow separation at the leading edge and trailing edge. Ravishankara et al. [11] implemented roughness models in a different turbulence model, and the various integral boundary layer quantities in the presence of erosion roughness were investigated using this model. Cappugi et al. [12] presented a simulation-based technology that could rapidly and accurately estimate the wind turbine energy field losses due to blade leading-edge erosion. This technology makes it possible to estimate the wind power energy loss caused by erosion in a few minutes. Pathak et al. [13] found that a coating with a 15%wt filler concentration had a relatively low erosion rate. Moreover, there are other studies focusing on the suppression of erosion [14,15,16]. There is a consensus on the above studies that the leading-edge erosion not only results in the reducing of the energy conversion efficiency of wind turbines but also increasing additional maintenance costs [17]. The development of leading-edge erosion goes through a process from distributed erosion pits to centralized erosion pits. However, most studies have only analyzed the effect of one type of erosion morphology on the performance of airfoil. The influence of different erosion morphologies on airfoil performance still lacks quantitative analysis.



To provide a theoretical basis for blade protection, the influence of different types of leading-edge erosion morphology on the airfoil performance are studied in this paper. The aerodynamic performance and the flow field around the eroded airfoil at different Reynolds numbers are analyzed using the CFD method. Based on these results, the effects of different types of leading-edge erosion morphology on the lift and drag of the airfoil are obtained. In addition, the relationship between different types of leading-edge erosion morphologies and the stall phenomenon is analyzed.




2. Erosion Type


The variation of airfoil performance under different leading-edge erosion depths and thicknesses is of great significance for the safety and maintenance of turbine blades. According to the depth of the leading-edge erosion morphological features, the erosion is divided into sand holes (0.51 mm), small pits (2.54 mm), and delamination (3.81 mm) [10]. In wind turbine blades (Vestas V47) that have been working in the desert for 12 years without maintenance [4], the severity of the erosion of the leading edge increases towards the blade tip. The blade leading edge has been delaminated at 90% and 95% from the hub, but the depth and width of the delamination at 95% are the largest. At the blade section 85% away from the hub, large pitting corrosion is found at the centre of the leading edge of the airfoil. Figure 1a shows the original geometry of the S823 airfoil. Its chord length c is 152.4 mm and the maximum thickness t is 33.9 mm. On the basis of the erosion characteristics of the blade leading edge in actual operation, five types of eroded airfoil with different erosion levels at the leading edge are established. In the Eroded Airfoil A (EAA), a single small-scale erosion pit is found in the middle of the leading edge. As the erosion develops further, distributed erosion pits begin to appear. Moreover, the erosion morphology of the leading edge develops into the morphology, as displayed by the Eroded Airfoil A1 (EAA1). When the erosion worsens, the small-scale distributed erosion pits and middle erosion pits become connected. Then, large-scale erosion pits are formed in the middle of the leading edge, as displayed in the Eroded Airfoil B (EAB). Subsequently, the distributed erosion pits form again, and the Eroded Airfoil B1 (EAB1) is generated. Finally, a large material spalling is formed by further development of the erosion and the connection of the large-scale erosion pits. Then, the Eroded Airfoil C (EAC) is generated. All of the erosion morphologies are shown in Figure 1.



For all of the eroded airfoil, the thickness of the erosion is expressed in tE, and the depth of erosion is expressed in hE. The relative erosion thickness is the ratio of the erosion width to the maximum thickness of the airfoil, and the relative erosion depth is the ratio of erosion depth to the chord of the airfoil. Table 1 shows the detailed erosion characteristic data of the leading-edge erosion morphology.




3. Simulation Method


3.1. Governing Equation and Flow Field Solution Process


The governing equation of the CFD method includes continuity equation, momentum equation, and energy equation. The general form of the governing equation is [18]:


    ∂  (  ρ f  )    ∂ t   + d i v  (  ρ U ϕ  )  = d i v  (   Γ ϕ  g r a d ϕ  )  +  S ϕ   



(1)




where ϕ is a universal variable that can represent solving variables such as u, v, w, and T; Γϕ is the generalised diffusion coefficient of general variables; and Sϕ is the generalised source term.



This paper uses the commercial solver ANSYS CFX for the numerical simulation. The geometry is established by UG and the grid is generated by ICEM CFD. The whole CFD solution process adopted in this paper is given in Figure 2. Following the solution process, the aerodynamic performance of the original airfoil and the eroded airfoil are obtained.




3.2. Simulation Domain and Mesh


As presented in Figure 3a, the simulation domain is a 2D domain. The simulation domain is composed of a semicircle and a rectangle. The distance between the airfoil leading-edge and the semicircle boundary is 10c. The distance between the trailing edge and the rectangular boundary is 15c, where c is the chord length of the airfoil. The domain in the ANSYS CFX is presented in Figure 3b.



The simulation domain is discretized by a block structured grid. The boundary layer grid at the leading-edge erosion position is encrypted. Thus, the flow details at the erosion position of leading edge and the airfoil wall can be captured accurately. Four sets of grids are generated to carry out the grid independence verification. The detailed grid information is listed in Table 2.



The simulation domain is discretized by these four grid schemes respectively. And then the lift and drag coefficients of the original airfoil at Re = 2 × 105 is used as a criterion to determine the independence of grid. The results are given in Figure 4. For the lift and drag coefficient, when the number of grids reaches 363,512, the relative difference between grid scheme 3 and grid scheme 4 is less than 2%. Considering the calculation time, the grid scheme 3 is chosen as the final grid scheme.



After grid independence verification, the number of grids is identified as 245,915. The value of y+ on the airfoil wall ranges from 1 to 5, thus satisfying the requirements of the SST k-ω turbulence model. Figure 5 presents the grid around the airfoil.




3.3. Boundary Conditions


For the domain shown in Figure 3, line segments AB and DE are defined as the symmetry and semi-arc     BCD  ⌢    is defined as the velocity inlet. Line segment AE is defined as the outlet. The inlet velocity is obtained based on the equation of the Reynolds number shown in Equation (2). The flow direction is given on the basis of the angle of attack (AoA). The static pressure at the outlet boundary is 0 Pa. A non-slip boundary condition is applied on the airfoil wall.


  R e =    U  i n   c ρ  μ   



(2)




where Uin is the free stream velocity and also the inlet velocity of the domain, c is the chord length of the airfoil, ρ is the density of the fluid, and μ is the dynamic viscosity of the fluid.



To solve the governing equations, they must be solved using the turbulence model as a supplementary equation. In this paper, the SST k-ω turbulence model is used to solve the Reynolds averaged Navier–Stokes equations. The SST k-ω turbulence model takes into account the propagation of the turbulent shear stress and accurately predicts the flow separation under adverse pressure gradient [19,20]. The application of this turbulence model ensures accurate simulation of the stall vortex near the airfoil. Before analyzing the influence of leading-edge erosion on the aerodynamic performance of the S823 airfoil, the simulated aerodynamic performance data of the original airfoil are compared with the experimental data. Figure 6 provides the results of the comparison.



As presented in Figure 6, the simulation method used in this paper demonstrates a satisfactory performance. The variation trend in the lift and drag coefficients obtained by the numerical simulation are consistent with the experimental data. Within the calculated range of AoA, the lift and drag coefficients are successfully estimated because of the good agreement between the simulation data and experimental data. The result validates that the simulation method adopted in this paper can be used to analyze the effect of leading-edge erosion on the aerodynamic performance of the airfoil.





4. Results and Discussion


Based on the CFD simulation method, the effects of different types of leading-edge erosion on the aerodynamic performance of the airfoil are analyzed.



4.1. Lift and Drag Coefficients


According to the CFD simulation, the aerodynamic performance of five different types of eroded airfoil is obtained for Reynolds numbers of 200,000 and 300,000, respectively. The performance of each type of eroded airfoil is compared with that of the original airfoil in Figure 7.



As shown in Figure 7, when AoA is lower than 5°, the difference in lift coefficients between EAA, EAA1, and the original airfoil is relatively small. The maximum deviation of the lift coefficient between EAA and the original airfoil is 14.45%. The same deviation is 8.8% between EAA1 and the original airfoil. They all occurred at Reynolds numbers equal to 2 × 105. Compared with the original airfoil, the maximum increment of the drag coefficient of the EAA and EAA1 are 22.6% and 25.6%, respectively. It follows that the difference in drag coefficients between EAA, EAA1, and the original airfoil is greater than the difference in the lift coefficient.



With AoA greater than 5°, the leading-edge erosion results in a significant reduction in lift coefficient and an increase in the drag coefficient. This phenomenon becomes significant when the erosion thickness tE increases. In Figure 7a,c, the critical stall AoA of EAA and EAA1 is 10°, and the critical stall AoA of EAB, EAB1, and EAC has been moved forward to 7.5°. They are all smaller than the critical stall angle of the original airfoil. Therefore, an increase in erosion thickness tE inevitably causes the critical stall AoA of the airfoil to move forward, which reduces the effective working range of the airfoil. However, the lift and drag coefficient of EAA and EAA1 is similar. The same applies to EAB and EAB1. Because the erosion thickness tE of EAA and EAA1 is the same, this is also true for EAB and EAB1. Thus, it is revealed that the Type 1 erosion pit at the center of the leading edge is the main factor affecting the aerodynamic performance of airfoils.



To quantitatively analyze the effect of leading-edge erosion on the aerodynamic performance of airfoil, this paper calculates the deviation rate of the aerodynamic performance coefficient between the eroded airfoil and the original airfoil. The deviation rate is calculated using Equation (3). The deviation rates of the aerodynamic performance for each type of eroded airfoil are presented in Figure 8.


   P D  =    x b  -  x a     x a    × 100 %  



(3)




where xa is the aerodynamic performance of the original airfoil and xb is the aerodynamic performance of the eroded airfoil.



As shown in Figure 8a,c, the maximum reduction rate in the lift coefficient of the eroded airfoils is 67% at Re = 2 × 105 and 68.8% at Re = 3 × 105. The largest deviations in lift coefficients for both Reynolds number cases are caused by EAC. The distribution of the deviation rate indicates that the deviation rate of the aerodynamic performance coefficient is basically the same in EAA and EAA1. Moreover, the deviation rate of the aerodynamic performance coefficient is basically the same in EAB and EAB1. Hence, the erosion morphology in the middle of the leading edge is the key factor determining the decrease in the lift coefficient. The distributed erosion pits have little effect on the aerodynamic performance coefficient of the airfoil.



At the condition of AoA = −5°, the lift coefficient of the eroded airfoil is increased compared with that of the original airfoil. Firstly, the lift coefficients of all airfoils are negative at this condition. Then, the eroded airfoil has only a small absolute value for its lift coefficient at this condition due to the leading-edge erosion. However, a negative lift coefficient with a large absolute value is generated by the original airfoil at this condition. Therefore, the lift coefficient of the original airfoil is smaller than that of the eroded airfoil at a negative AoA.



In Figure 8b,d, the maximum promotion rate of the drag coefficient of the eroded airfoil is 306.8% at Re = 2 × 105 and 357% at Re = 3 × 105. The drag coefficient of the eroded airfoil is raised by more than 50% when the AoA is greater than 10°. Thus, the drag coefficient deteriorates more severely than the lift coefficient after the leading edge of the airfoil is eroded. This phenomenon validates that the influence of the leading-edge erosion is more significant on the drag coefficient than on the lift coefficient. The dramatic rise in the drag coefficient also becomes the main source for the deterioration of the aerodynamic performance of eroded airfoil.




4.2. Pressure Distribution around the Airfoil


As mentioned above, the critical stall AoA of the eroded airfoil is 7.5° and 10°. At the critical stall condition, the aerodynamic performance of the airfoil deteriorates. The most significant phenomenon is that the lift coefficient begins to decrease. The lift force of the airfoil is derived from the pressure difference in the airfoil. Hence, the reason for the drop in the lift coefficient can be elucidated by analyzing the pressure distribution change. Taking the airfoil working at Re = 300,000 as the object, the pressure distributions on the airfoil at AoA equal to 7.5°, 10°, and 15° are presented in Figure 9.



In Figure 9a, within the range of the relative chord length of 0.14–0.76, the pressure difference between the suction and pressure surfaces of the eroded airfoil is significantly reduced compared with the original airfoil. Severe pressure difference reductions occur in EAB, EAB1 and EAC. A similar situation is presented in Figure 9b. The relative chord length range in which the pressure difference decreases is from 0.0 to 0.62. Figure 9c shows a similar situation. Within the range of relative chord length of 0.0–0.5, the pressure difference of the eroded airfoil is sharply reduced. The pressure difference for the eroded airfoil is greatly different from that for the original airfoil. Thus, the lift in the eroded airfoil must be much lower than that of the original airfoil. Figure 10 shows the pressure around the eroded and original airfoil at the condition of AoA = 10°.



In Figure 10, with the aggravation of erosion, the high-pressure region located at the leading edge of the airfoil suction side gradually transfers to the centre of the airfoil leading-edge. This transfer phenomenon causes the pressure difference at the leading edge to decrease, resulting in a drop in the lift coefficient.




4.3. Analysis of Flow Characteristics


To examine the relationship between the leading-edge erosion and the stall vortex, the flow field around the airfoil at the conditions of Re = 3 × 105 is given in Figure 11a. Compared with the original airfoil, the critical stall AoA of the five types of eroded airfoil are moved forward. When AoA reaches 15°, the original airfoil and the eroded airfoil work in a deep stall state. At this moment, a pair of reverse stall vortexes is formed at the trailing edge of the airfoil, which results in severe deterioration of the aerodynamic performance. For all of the eroded airfoil, flow separation first appears at the tailing edge of EAB, EAB1, and EAC. With the increase in AoA, the separation flow becomes more severe and results in the expansion of the separation vortex. For the condition of AoA = 10°, the scale of the stall vortex caused by EAB and EAC is significantly expanded, while the stall vortex caused by the other airfoils is still attached on the tailing edge of the airfoil. With the further increase in AoA, the stall vortex begins to depart from the airfoil surface. Especially for EAB, EAB1, and EAC, the stall vortex has occupied a large area near the suction side of the airfoil.



Figure 11b shows evident vortices in the erosion pits at the leading edge. It can be found that a recirculation vortex was formed in the erosion pit. This vortex will result in further rotation of the sand particles and will enlarge the relative erosion thickness of the erosion pits. Furthermore, an attached vortex is formed downstream of the center erosion pit. The scale of this attached vortex increases with AoA. When AoA is greater than 10°, this attached vortex is fused into the stall vortex to form a large-scale vortex area, and then deteriorates the lift coefficient of the airfoil.





5. Conclusions


In this paper, the influence of different degrees of erosion for the leading edge on the aerodynamic performance and flow characteristics of the wind turbine airfoil are investigated. Several conclusions can be obtained, as follows:



(1) At different Reynolds numbers, the aerodynamic performance coefficients deteriorated significantly with the increase in relative erosion thickness. Therefore, the relative erosion thickness is the primary factor that results in performance deterioration.



(2) The deterioration of drag coefficient caused by leading-edge erosion is much greater than that of the lift coefficient. The most abrasive airfoil EAC can make the drag coefficient 357% higher than that of the original airfoil. Therefore, the sharp rise in the drag coefficient due to leading-edge erosion is the main reason for the deterioration of the airfoil aerodynamic performance.



(3) The reduction in pressure difference between the airfoil pressure and the suction side is the main reason for the drop in the eroded airfoil lift coefficient. In addition, the critical stall AoA would be moved forward because of the leading-edge erosion, thereby reducing the effective working region of the airfoil.
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Figure 1. Original airfoil and leading-edge erosion structure. 
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Figure 2. Flow chart of the CFD simulation. 
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Figure 3. Simulation domain. 






Figure 3. Simulation domain.



[image: Sustainability 14 12344 g003]







[image: Sustainability 14 12344 g004 550] 





Figure 4. Grid independence verification. 
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Figure 5. Grid around the airfoil. 
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Figure 6. Lift and drag coefficients of S823 airfoil [21]. 
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Figure 7. Comparison of the aerodynamic performance between the original and eroded airfoils. 
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Figure 8. Performance deviation between the eroded and original airfoil. 






Figure 8. Performance deviation between the eroded and original airfoil.



[image: Sustainability 14 12344 g008]







[image: Sustainability 14 12344 g009a 550][image: Sustainability 14 12344 g009b 550] 





Figure 9. Pressure distributions on the airfoil. 
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Figure 10. Pressure around the original and erosion airfoil (α = 10°, Re = 3 × 105). 
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Figure 11. Streamline around the airfoil at different AoA (Re = 3 × 105). 
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Table 1. Data of leading-edge erosion morphology.
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Eroded Airfoil

	
EAA

	
EAA1

	
EAB

	
EAB1

	
EAC






	
Type of erosion pit

	
1

	
1

	
2

	
1

	
1

	
2

	
1




	
tE/(mm)

	
4.07

	
4.07

	
2.04

	
8.14

	
8.14

	
4.07

	
16.25




	
hE/(mm)

	
3.05

	
3.05

	
1.53

	
6.10

	
6.10

	
3.05

	
6.09




	
Relative erosion thickness

	
12%

	
12%

	
6%

	
24%

	
24%

	
12%

	
48%




	
Relative depth of erosion

	
2%

	
2%

	
1%

	
4%

	
4%

	
2%

	
4%








The center erosion pit of the airfoil leading edge is named the type 1 pit, and the distributed erosion pit is named type 2.
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Table 2. Detailed information of the grids.
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	Grid Scheme 1
	Grid Scheme 2
	Grid Scheme 3
	Grid Scheme 4





	Number of grids
	105,315
	179,692
	245,915
	363,512
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