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Introduction: Swept blades can achieve effective load reduction, thereby improving the operational performance of wind turbines. To investigate the impact of hundred-meter-level swept blades on the load characteristics of wind turbines, this paper takes the IEA-15 MW wind turbine as the subject.Methods: Based on the free-wake lifting line theory model and the geometrically exact beam theory model, the load characteristics of straight blades and swept blades under rated conditions are compared.Results and discussion: The results show that swept blades undergo greater torsional deflection, thereby reducing the effective angle of attack of the blades and achieving load reduction. The influence of different sweep parameters on load characteristics is also discussed. The study finds that the load reduction effects of the sweep starting point and sweep index are similar, while the load reduction effect of the sweep displacement is the most significant, and it becomes more pronounced as the sweep displacement increases. Additionally, under yaw conditions, as the sweep displacement increases, the gradually increasing torsional deflection and the gradually decreasing amplitude of the flapwise speed fluctuation lead to a downward trend in both the mean and fluctuation amplitude of the angle of attack.Keywords: aeroelastic performance, yaw condition, free vortex wake method, geometrically exact beam theory, swept blades
1 INTRODUCTION
Floating offshore wind turbines operate in complex, variable, and unpredictable marine environments throughout the year (Yang et al., 2020; Yang et al., 2023a; Yang et al., 2023b). Under the combined effects of wind, waves, and currents, these turbines are not only influenced by unsteady inflow but also by the periodic motion of the floating platform and the additional acceleration caused by the reciprocating bending deflection of the blades. These factors intensify blade load fluctuations and deflection, reducing the fatigue life of the blades. Therefore, effective load control of floating wind turbine blades is crucial for the stable and safe operation of wind turbines (Shen et al., 2021; Zhang et al., 2020).
Current load reduction strategies for wind turbines can be categorized into active and passive control methods. In addition to the conventional pitch control, emerging active load reduction techniques in recent years primarily involve installing mechanical actuators to modify the airfoil shape or angle of attack, thereby controlling blade loads (Zhang et al., 2014; Han et al., 2023; Qi et al., 2022). Passive load reduction is achieved by altering the blade’s geometric structure or ply orientation to induce bend-twist coupling. This design allows overloaded blades to naturally twist toward a nose-down direction during bending deflection, reducing the angle of attack and partially shedding loads. Compared to active load control, passive load reduction is easier to implement in engineering practice. There are two main approaches to achieve passive load reduction: blade sweep (Larwood et al., 2014b; Stäblein et al., 2016; Pavese et al., 2017; Chen et al., 2019a) and asymmetric composite layup. Among them, blade sweep does not require changes to the blade’s layup design, resulting in relatively lower design complexity.
Many studies have concentrated on the design of the swept blade for load reduction of the wind turbine. Larwood et al. (2014b) conducted parametric and scaling studies on swept blades for wind turbines, using the CurveFAST aeroelastic code. They analyzed a 750 kW turbine and extended the study to 1.5 MW, 3 MW, and 5 MW turbines. The results showed that tip sweep had the most significant impact on load reduction and energy production. Successful designs were achieved for 1.5 MW and 3 MW turbines, but the 5 MW turbine exhibited twist instability at high wind speeds, suggesting limitations for larger turbines. Stäblein et al. (2016) used eigenvalue analysis and the HAWCStab2 tool to study the effects of bend-twist coupling on the aeroelastic properties of the DTU 10 MW wind turbine. They introduced material-based coupling through cross-sectional stiffness matrices and found that edge-twist coupling increased damping for feathering and decreased it for stall. Flap-twist coupling increased frequency and reduced damping for feathering, while the opposite occurred for stall. The study confirmed load alleviation benefits but highlighted stability challenges, particularly for edgewise modes. Pavese et al. (2017) used a multidisciplinary design optimization (MDO) framework to optimize a 10-MW wind turbine blade, incorporating sweep as a design variable. The study employed a multi-fidelity approach, combining steady-state and frequency-domain models to estimate loads. The optimization aimed to minimize blade mass and blade root flapwise fatigue damage equivalent loads (DELs). The results demonstrated that including sweep in the MDO process allowed for further reductions in blade mass (2%–3%) and flapwise fatigue DELs (8%) compared to straight blades. The study concluded that swept blades could passively control loads, improving overall turbine performance. Chen et al. (2019a) employed an advanced aeroelastic model based on the Free Wake Vortex Lattice Model (FWVLM) and Geometrically Exact Beam Theory (GEBT) to study the potential of backward swept blades in mitigating load variations caused by vertical wind shear. The study focused on the NREL 5-MW reference wind turbine and compared the performance of baseline and swept blades. The results showed that backward swept blades effectively reduced the amplitude of flapwise root moment variations and mean rotor yaw and tilt moments, albeit at the cost of increased blade root torsion moment. The study concluded that backward swept blades could passively alleviate fatigue loads in shear wind conditions. Thangavelu et al. (2021) conducted aeroelastic performance analysis using CFD and FEA to investigate the effect of yaw angle on HAWT swept blades. The study compared swept and un-swept blades under yaw angles of 0°, 10°, 30°, and 60° at a wind speed of 10 m/s. The results indicated that yaw error negatively affected both swept and un-swept blades, but swept blades exhibited better performance in terms of higher rotor power and lower deflection. The study concluded that swept blades offer improved stability and power generation under yaw conditions compared to un-swept blades. McWilliam et al. (2022) introduced a Post-Optimum Sensitivity Analysis (POSA) method to study the impact of design constraints and parameters on wind turbine blade performance. They used statistical techniques to automatically tune numerical gradients and applied this method to swept wind turbine blades. The study found that introducing sweep reduces sensitivity to blade root flap-wise bending moments but increases sensitivity to material failure and blade root torsion moments. The POSA method was shown to be effective in identifying key design drivers without requiring multiple optimization runs.
The aforementioned studies have confirmed the load reduction effectiveness of swept blades and laid a foundation for further research in this area. However, most of these studies focused on 5 MW wind turbines, which do not provide sufficient data support for the development of current 15 MW or even 20 MW wind turbines. Therefore, this paper investigates the load reduction characteristics of swept blades on the IEA-15 MW wind turbine under unsteady operating conditions and examines the impact of different sweep parameters on the load reduction performance of the blades.
2 METHODOLOGY AND RESEARCH OBJECT
2.1 Aeroelastic method
This paper investigates the load reduction characteristics of swept blades for a 15 MW wind turbine under unsteady operating conditions, utilizing the lifting line free vortex wake model and the geometrically exact beam model. In previous work, these models were discussed and compared in detail. To ensure the completeness of this paper, a brief overview of these models is provided in this section. For more detailed information on the models, please refer to the relevant literatures (Sebastian and Lackner, 2012; Shen et al., 2018; Bauchau, 2011; Hodges, 2009; Chen et al., 2019b).
The free vortex wake model can accurately predict the load characteristics of wind turbines under unsteady operating conditions. It also accounts for the dynamic evolution of the wake and its impact on the induced velocity at the rotor plane. The governing equation for the wake evolution is given by Equation 1.
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where [image: image] denotes the rotor azimuth angle; [image: image] represents the position vector of the wake control point; [image: image] is the wake age; [image: image] is the velocity vector at the wake control point; [image: image] is the rotational speed of the rotor.
The geometrically exact beam model accounts for the bend-twist coupling characteristics and nonlinear deflections of blades with swept designs. The governing equation of this model is given by Equation 2.
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where, [image: image] is the position vector of the blade node; [image: image] is the blade axis; [image: image] and [image: image] represent the force and moment acting on the beam cross-section, respectively; [image: image] and [image: image] represent the momentum and angular momentum of the beam cross-section, respectively. [image: image] and [image: image] represent the external force and external moment, respectively. [image: image] is the virtual displacement.
2.2 Research object
This study selects the IEA-15 MW wind turbine as the research object. The IEA-15 MW is an upwind, horizontal-axis wind turbine featuring a rotor diameter of 240 m, a hub height of 150 m, and blade length of 117 m. The turbine is mounted on a monopile foundation with a diameter of 10 m, suitable for a water depth of 30 m and a burial depth of 45 m below the seabed. The cut-in and cut-out wind speeds are 3 m/s and 25 m/s respectively, and the rated wind speed is 10.59 m/s. The rated rotational speed is 7.55 rpm, and the design tip-speed ratio is 9. Basic parameters of the IEA-15 MW wind turbine are listed in Table 1 (Gaertner et al., 2020).
TABLE 1 | Basic parameters of the IEA-15 MW wind turbine.
[image: Table 1]3 RESULTS AND DISCUSSION
3.1 Definition method of swept blade
Swept blade can effectively alter the aerodynamic forces acting on the blades by adjusting their geometric shape, gradually inclining from the root to the tip, thereby enhancing the aerodynamic performance and structural stability of wind turbines. As the scale of wind turbines continues to expand, the design of swept blades has become an important strategy for optimizing aerodynamic performance and reducing load fluctuations in large wind turbines. Based on the bend-twist coupling characteristics of swept blades, passive load reduction control for unsteady loads can be achieved, reducing the amplitude of load fluctuations. Compared to active pitch control, passive control offers advantages such as rapid response and no reliance on actuators. Larwood et al. (2014a) found that swept blades can effectively reduce the fatigue loads on the blades, improve wind turbine performance, and extend the fatigue life of the blades.
The geometric shape of the swept blades established in this paper follows an exponential form, and the specific formula is as Equation 3:
[image: image]
In the formula, [image: image] represents the distance from the blade pitch axis to the swept curve; [image: image] represents the spanwise distance from the blade root to the local position; [image: image] is the starting point of the sweep; [image: image] is the tip sweep displacement; [image: image] is the sweep shape index; and [image: image] is the total length of the blade. Figure 1 provides a schematic diagram of the swept blade parameters. Following this, the IEA-15 MW straight blade will be modified into a swept blade based on the above method.
[image: Figure 1]FIGURE 1 | Schematic diagram of swept blade parameters (Larwood et al., 2014a).
3.2 Comparison between straight blade and swept blade
To thoroughly analyze the load reduction mechanism of swept blades, this section compares and analyzes the load characteristics, blade deflection, and sectional angle of attack differences between the straight blade (i.e., the IEA-15 MW prototype blade) and a specific swept blade under rated conditions. The swept blade in question has a sweep index of 2, a sweep starting point at 0.2 R, and a sweep displacement of 2 m. Table 2 lists the mean values and fluctuation amplitudes of the rotor power, thrust, and root moments for both the straight blade and the swept blade under rated conditions (namely 10.59 m/s and 7.55 rpm). As the present study focus on the aeroelastic performance under unsteady condition of the IEA-15 MW wind turbine, the servo control is not considered in the present study.
TABLE 2 | Mean and amplitude of loads for the straight and swept blades under rated conditions.
[image: Table 2]The results show that the swept blade design effectively reduces the mean values and fluctuation amplitudes of the rotor loads, as well as the mean values and fluctuation amplitudes of the flapwise and edgewise moments at the blade root. However, the absolute mean value of the torsional moment increases significantly. Specifically, the mean values of power and thrust decrease by approximately 4.99% and 9.59%, respectively, while the mean values of the flapwise and edgewise moments decrease by approximately 11.98% and 5.19%, respectively. In contrast, the mean value of the torsional moment increases by approximately 264.71%.
Figure 2 presents the contour plots of the normal thrust distribution with respect to the azimuth angle for both the straight blade and the swept blade under rated conditions. The results indicate that the normal thrust distribution on the rotor plane of the straight blade is significantly greater than that of the swept blade, particularly in the spanwise region from 60% to 90%, where the difference is most pronounced. Due to the concentrated and uneven distribution of radial aerodynamic loads on the straight blade, larger loads are generated at the blade root, thereby exacerbating the fatigue loads at the root. In comparison to the straight blade, the swept blade exhibits a smaller mean normal thrust and a more uniform distribution of radial aerodynamic loads. This demonstrates that the swept design effectively reduces the peak normal thrust and the non-uniformity of the radial aerodynamic load distribution on the blade.
[image: Figure 2]FIGURE 2 | Contour of normal thrust with azimuth angle for the two types of blades under rated conditions. (a) Straight (b) Swept.
Figure 3 presents the contour plots of blade deflection with respect to the azimuth angle for both the straight blade and the swept blade under rated conditions. It can be observed that, due to the effective reduction of normal thrust by the swept design, the flapwise deflection of the swept blade is significantly smaller than that of the straight blade, particularly in the tip region (r/R = 0.9∼1.0), where this characteristic is most pronounced. Primarily influenced by gravity, the difference in edgewise deflection between the straight blade and the swept blade is relatively small. At the 90° azimuth angle, the edgewise deflection is larger due to the tangential force aligning with the direction of gravity, while at the 270° azimuth angle, the edgewise deflection is smaller as the tangential force opposes the direction of gravity. The torsional deflection of the swept blade is significantly greater than that of the straight blade, with the difference becoming increasingly evident in the spanwise region from 60% to 100%. Additionally, the negative value of torsional deflection indicates that the blade undergoes torsional deflection in the direction of reducing the angle of attack. Therefore, compared to the straight blade, the swept blade exhibits more significant torsional deflection, leading to a reduction in the effective angle of attack and thereby achieving load reduction.
[image: Figure 3]FIGURE 3 | Contour of deflection with azimuth angle for the two types of blades under rated conditions. (a) Flapwise deflection of the straight blade (b) Flapwise deflection of the swept blade (c) Edgewise deflection of the straight blade (d) Edgewise deflection of the swept blade (e) Torsional deflection of the straight blade (f) Torsional deflection of the swept blade.
To further investigate the influence of blade torsional deflection on the angle of attack, Figure 4 presents the spanwise amplitude distributions of the angle of attack and torsional deflection for both the straight blade and the swept blade. The results show that, compared to the straight blade, the swept blade exhibits a reduction in both the mean value and fluctuation amplitude of the angle of attack, with the mean value decreasing significantly. At the same time, the mean value of torsional deflection for the swept blade increases notably, while its fluctuation amplitude decreases significantly. Therefore, the swept design, through its unique bend-twist coupling characteristics, induces greater torsional deflection in the blade under aerodynamic loads, thereby reducing the effective angle of attack and achieving load reduction for both the blade and the rotor. Additionally, the smaller fluctuation amplitudes of torsional deflection and angle of attack in the swept blade indicate that the swept design can effectively enhance the stability of the blade’s dynamic response, thereby extending the operational lifespan of the wind turbine. However, it is noteworthy that the torsional moment at the root of the swept blade increases significantly, which requires careful consideration and trade-offs during the design process of swept blades.
[image: Figure 4]FIGURE 4 | Angle of attack and torsional deflection spanwise amplitude under rated conditions. (a) Angle of attack (b) Torsional deflection.
3.3 Discussion on the influence of different sweep parameters
The swept blade adjusts the aerodynamic loads by optimizing the blade’s geometric shape. Its bending-torsion coupling characteristics significantly enhance the impact of torsional deflection on the angle of attack, thereby achieving a better load reduction effect. Therefore, for large wind turbines, a reasonable swept design can effectively improve the stability of the wind turbine, and the discussion and analysis of the swept parameters are of great significance. To comprehensively analyze the impact of different swept parameters on the wind turbine’s load characteristics, this section selects an unsteady operating condition with a yaw angle of 40° as the inflow environment. Based on a swept blade with a sweep index of 2, a sweep starting position of 0.2 R, and a sweep displacement of 2 m, three swept parameters are changed to thoroughly investigate the influence of each parameter on the wind turbine’s load performance.
Different sweep indices imply differences in the variation of the blade’s swept shape along the spanwise direction. A lower sweep index results in a more gradual sweep shape, while a higher sweep index leads to a steeper sweep shape. To deeply analyze the impact of the sweep index on the load reduction effect of flexible blades and wind turbine loads, a comparative design scheme based on the blade’s geometric sweep parameters was proposed. In the study, the sweep start position was fixed at 0.2 R, and the sweep displacement was fixed at 2 m. Different swept blades were constructed by adjusting the sweep index (values of 2, 3, 4, and 5). Figure 5 gives the bar charts of the mean and amplitude of the wind turbine loads under different sweep index conditions with a yaw angle of 40°. It can be observed that as the sweep index increases, the mean thrust of the wind turbine increases, while the mean tilt moment and yaw moment decrease. When the sweep index increases from 2 to 4, both the mean wind turbine power and thrust show a downward trend, and the fluctuation amplitude of the tilt and yaw moments also decreases. These changes are more significant when the sweep index increases from 2 to 4. However, when the sweep index increases from 4 to 5, both the mean wind turbine power and thrust, as well as the fluctuation amplitudes of the tilt and yaw moments, show slight increases. Additionally, the fluctuation amplitude of the wind turbine power does not show a clear regular trend with the increase in the sweep index, reaching its minimum value at a sweep index of 3.
[image: Figure 5]FIGURE 5 | Bar chart of the mean amplitude of wind turbine loads under different sweep indices. (a) Power (b) Thrust (c) Tilt moment (d) Yaw moment.
Figure 6 gives the distribution of the mean and fluctuation amplitude of the torque at the blade root under different sweep indices with a yaw angle of 40°. It can be observed that when the sweep index increases from 2 to 3, the mean flapwise moment significantly decreases, while the mean tilt moment slightly decreases, and the fluctuation amplitudes of both decrease slightly. When the sweep index increases from 3 to 5, the mean values and fluctuation amplitudes of both the flapwise moment and tilt moment change little. The difference in the mean values of the flapwise and tilt moments at sweep indices 2 and 5 is approximately 2.49 × 106 N·m and 0.14 × 106 N·m, respectively. Additionally, the absolute value of the mean torsional moment gradually decreases with an increase in the sweep index. The fluctuation amplitude of the torsional moment decreases slightly as the sweep index increases from 2 to 3, and from 3 to 5, the changes in amplitude become consistent. The difference in the mean torsional moment at sweep indices 2 and 5 is approximately 0.21 × 106 N·m.
[image: Figure 6]FIGURE 6 | Torque fluctuation amplitude at the blade root under different sweep indices. (a) Flapwise moment (b) Edgewise moment (c) Twist moment.
The sweep start position refers to the radial location at which the blade’s swept shape begins to change. Different sweep start positions mean that the radial range of the blade involved in the sweep design differs, leading to variations in the blade’s bending-torsion coupling characteristics. Similar to the approach used to discuss the sweep index, this study designs multiple comparative schemes. By fixing the sweep index at 2 and the sweep displacement at 2 m, different swept blades were designed by adjusting the sweep start position (at 0.2 R, 0.3 R, 0.4 R, and 0.5 R along the span). The impact of these changes on blade loads was analyzed under yaw conditions. Figure 7 presents the bar charts of the mean and amplitude of the wind turbine loads under different sweep start positions. It can be observed that as the sweep start position increases, the mean wind turbine power and thrust gradually decrease, while the fluctuation amplitude of the wind turbine thrust significantly increases. The wind turbine power gradually decreases within the sweep start position range of 0.1 R–0.3 R, but significantly increases at 0.4 R, showing no clear regularity. The mean and fluctuation amplitudes of the wind turbine tilt moment and yaw moment significantly decrease as the sweep start position increases, indicating that increasing the sweep start position can effectively reduce the torque loads on the wind turbine.
[image: Figure 7]FIGURE 7 | Bar chart of the mean amplitude of wind turbine loads at different sweep starting positions. (a) Power (b) thrust (c) tilt moment (d) yaw moment.
Figure 8 shows the effect of different sweep start positions on the mean and fluctuation amplitude of the torque at the blade root under a yaw angle of 40°. The results indicate that as the sweep start position increases, the mean flapwise moment at the blade root decreases significantly, and the fluctuation amplitude slightly decreases. The difference in the mean flapwise moment at sweep start positions of 0.1 R and 0.4 R is approximately 3.6 × 106 N·m. The mean and fluctuation amplitude of the edgewise moment at the blade root show a slight decreasing trend. The difference in the mean edgewise moment at sweep start positions of 0.1 R and 0.4 R is approximately 0.23 × 106 N·m. The absolute value of the mean torsional moment and its fluctuation amplitude gradually decrease, with the change in the fluctuation amplitude being relatively small. At sweep start positions of 0.1 R and 0.4 R, the difference in the mean torsional moment is approximately 0.16 × 106 N·m.
[image: Figure 8]FIGURE 8 | Torque fluctuation amplitude at the root under different starting positions. (a) Flapwise moment (b) edgewise moment (c) twist moment.
The sweep displacement refers to the offset of the blade axis in the direction of the airfoil’s trailing edge. Different sweep displacements represent variations in the blade’s sweep amplitude and shape, thus affecting the aerodynamic load distribution characteristics of the blade. In this study, a method similar to the previous approach is used, with the sweep index fixed at 2 and the sweep start position at 0.2 R. Different swept blade shapes are designed by changing the sweep displacement (2 m, 4 m, 6 m, 8 m, and 10 m), and the impact on blade loads is analyzed under yaw conditions. Similarly, the effect of different sweep displacements on wind turbine and blade loads was analyzed under a yaw angle of 40°. Figure 9 presents the bar charts of the mean and fluctuation amplitude of the wind turbine loads under different sweep displacements. The results show that as the sweep displacement increases, the mean and fluctuation amplitudes of wind turbine power, tilt moment, and yaw moment all decrease significantly. The mean thrust of the wind turbine gradually decreases with the increase in sweep displacement, while its fluctuation amplitude shows a continuous increasing trend. However, the fluctuation amplitude of wind turbine thrust is relatively small compared to its mean value and can be considered negligible in terms of overall impact. Overall, as the sweep displacement increases, both the mean and fluctuation amplitude of the wind turbine loads show a decreasing trend, demonstrating a more significant load reduction effect.
[image: Figure 9]FIGURE 9 | Bar chart of the mean amplitude of wind turbine loads under different sweep displacements. (a) Power (b) Thrust (c) Tilt moment (d) Yaw moment.
Figure 10 shows the effect of different sweep displacements on the mean and fluctuation amplitude of the torque at the blade root under yaw conditions. From the chart, it can be observed that as the sweep displacement increases, both the mean and fluctuation amplitude of the blade root flapwise moment decrease. Specifically, at sweep displacements of 2 m and 10 m, the difference in the mean flapwise moment is approximately 12.41 × 106 N·m, and the difference in the fluctuation amplitude is approximately 4.91 × 106 N·m. The mean and fluctuation amplitude of the edgewise moment at the blade root also gradually decrease with the increase in sweep displacement. When the sweep displacement increases from 2 m to 10 m, the mean edgewise moment decreases by approximately 0.87 × 106 N·m, and the fluctuation amplitude decreases by approximately 0.91 × 106 N·m. Additionally, as the sweep displacement increases, the absolute value of the mean torsional moment at the blade root increases significantly, indicating a more pronounced effect of torsional moment at the blade root. Its fluctuation amplitude shows a slow decreasing trend. From a sweep displacement of 2 m–10 m, the absolute value of the mean torsional moment increases by approximately 0.77 × 106 N·m, while the fluctuation amplitude decreases by about 0.13 × 106 N·m. The results show that sweep displacement has a significant impact on the torque characteristics at the blade root. As the sweep displacement increases, the swept blade effectively reduces the flapwise and edgewise moments at the blade root but leads to a significant increase in the torsional moment.
[image: Figure 10]FIGURE 10 | Torque fluctuation amplitude at the root under different sweep displacements. (a) Flapwise moment (b) edgewise moment (c) twist moment.
From the above analysis, it can be seen that the sweep index and sweep start position show similar performance in load reduction, while the sweep displacement has the most significant effect on load reduction. However, large-angle torsional deflections significantly increase the mean torsional moment at the blade root, especially as the sweep displacement increases, the absolute value of the mean torsional moment rises considerably. Additionally, the decrease in the angle of attack caused by torsional deflection inevitably leads to a reduction in wind turbine output power, thus affecting the wind energy utilization efficiency. Therefore, in the design of swept blades, it is necessary to comprehensively consider the range of output power and the impact of bending-torsion coupling characteristics on the torsional moment. Within the allowable range of torsional moments, the sweep displacement can be appropriately increased to effectively reduce the mean and fluctuation amplitude of the flapwise and edgewise moments, thereby optimizing the wind turbine load reduction.
3.4 Aeroelastic characteristics of blade with different sweep displacement
Based on the analysis in the previous section, it is clear that sweep displacement can significantly reduce the mean and fluctuation amplitude of the blade root flapwise moment and edgewise moment loads, thus effectively decreasing blade fatigue damage and structural losses, extending the lifespan of both the blade and the entire system. Therefore, to further analyze the load reduction characteristics of swept blades, this section performs an aeroelastic coupling characteristic analysis of swept blades with different sweep displacements (2 m, 6 m, and 10 m) under a yaw angle of 40°, with a sweep index of 2 and a sweep start position of 0.2 R. From the previous analysis of the overall wind turbine loads, it is evident that as the sweep displacement increases, the mean and fluctuation amplitude of the overall wind turbine load significantly decrease. Additionally, the mean and fluctuation amplitudes of the blade root flapwise moment and edgewise moment also decrease substantially. Although the fluctuation amplitude of the torsional moment gradually decreases, its mean value significantly increases.
To further analyze the blade loads, Figure 11 shows the contour of the blade normal thrust distribution with azimuth angle for the IEA-15 MW wind turbine prototype flexible blade and swept blades with different sweep displacements under yaw conditions. It can be observed that for the straight blade, the thrust distribution on the upper and lower wind turbine planes during one rotation exhibits significant asymmetry, with the thrust mean on the upper half of the wind turbine plane higher than that on the lower half. When the sweep displacement is 2 m, the blade thrust mean significantly decreases, especially on the left half of the wind turbine plane, where the thrust reduces noticeably from 70% to 90% of the blade span. The thrust distribution across the wind turbine plane becomes more uniform compared to the prototype, though some asymmetry still remains. As the sweep displacement increases further to 6 m and 10 m, the blade thrust mean decreases further, and the thrust distribution across the wind turbine plane becomes increasingly uniform, with the asymmetry gradually diminishing. When the sweep displacement reaches 10 m, the blade thrust mean is at its lowest, and the fluctuation amplitude significantly decreases. Therefore, compared to straight blades, swept blades can significantly reduce the mean and fluctuation amplitude of blade thrust, thereby weakening the non-uniformity of the thrust distribution across the wind turbine plane, with these characteristics becoming more pronounced as the sweep displacement increases.
[image: Figure 11]FIGURE 11 | Contour of thrust with azimuth angle for the straight and swept blades under yaw conditions. (a) Straight blade (b) sweep displacement 2 m (c) sweep displacement 6 m (d) sweep displacement 10 m.
The flexible blade undergoes deflection when subjected to aerodynamic loads, resulting in complex aeroelastic phenomena. Figure 12 shows the deflection distribution of a straight blade and swept blades with different sweep displacements (2 m, 6 m, and 10 m) under yaw conditions. From left to right, the figures represent the straight blade and swept blades with sweep displacements of 2 m, 6 m, and 10 m, respectively. From the chart, it can be observed that as the sweep displacement increases, the flapwise deflection generally decreases, with the most significant reduction occurring in the blade tip region (r/R = 0.8–1.0). At a sweep displacement of 10 m, the flapwise deflection reaches its lowest value. This indicates that as the sweep displacement increases, the load on the blade decreases significantly, thereby reducing the flapwise deflection and its fluctuation amplitude. Primarily influenced by gravity, the blade undergoes larger edgewise deflection towards the airfoil’s trailing edge at a 90° azimuth angle, while at a 270° azimuth angle, the edgewise deflection is smaller, directed towards the airfoil’s leading edge. Regarding torsional deflection, increasing the sweep displacement significantly increases the blade’s torsional deflection. When the sweep displacement increases to 6 m and 10 m, the torsional deflection becomes significantly greater than that of the straight blade. However, larger torsional deflection leads to a significant increase in the torsional moment at the blade root.
[image: Figure 12]FIGURE 12 | Contour of deflection with azimuth angle for the straight and swept blades under yaw conditions. (a) Flapwise deflection (b) edgewise deflection (c) twist deflection.
The angle of attack of the blade is a key factor determining the aerodynamic load distribution, while the coupling velocity induced by flapwise deflection and the torsional deflection both have significant effects on the angle of attack. Figure 13 shows the spanwise amplitude distribution of the blade’s angle of attack and flapwise velocity under yaw conditions. As shown in Figure 13a, with the increase in sweep displacement, the gradually increasing torsional deflection causes the mean angle of attack to gradually decrease, which effectively reduces the mean blade and wind turbine loads. Additionally, the fluctuation amplitude of the angle of attack also decreases progressively with the increase in sweep displacement. This is because the flapwise velocity, by affecting the axial component of the airfoil section’s velocity triangle, significantly reduces the fluctuation amplitude of the angle of attack. From Figure 13b, it can be observed that as the sweep displacement increases, the mean flapwise velocity at each section of the blade does not change significantly, but the fluctuation amplitude decreases substantially. At the blade tip region, the fluctuation amplitudes of the flapwise velocity for the straight blade and blades with different sweep displacements (2 m, 6 m, and 10 m) are 3.36 m/s, 2.24 m/s, 1.14 m/s, and 0.73 m/s, respectively.
[image: Figure 13]FIGURE 13 | Angle of attack and flapwise velocity spanwise amplitude for the straight and swept blades under yaw conditions. (a) Angle of attack (b) Flapwise velocity.
The shape changes of the swept blade and the load reduction effect influence the wake profile characteristics of the wind turbine, thereby altering the induced effect of the wake on the wind turbine. Figure 14 shows the top view of the wake profile of the wind turbine under yaw conditions for the straight blade and various swept blades. It can be observed that as the sweep displacement increases, the wake distribution gradually becomes more uniform, the spacing between the vortex lines increases, and the disturbance intensity significantly decreases, resulting in a more stable overall wake profile. The wake vortex lines for the straight blade are more closely spaced, and the disturbance intensity is higher. When the sweep displacement increases to 2 m, the spacing between the vortex lines widens, and the wake distribution becomes more uniform, although some disturbances remain. As the sweep displacement increases further to 6 m and 10 m, the wake distribution becomes more uniform and stable, with the overall disturbance significantly reduced and the vortex line spacing noticeably increased. This indicates that a larger sweep displacement in blade design can effectively reduce wake disturbances, making them more stable.
[image: Figure 14]FIGURE 14 | Wake contour of the wind turbine for the straight and swept blades under yaw conditions. (a) Straight blade (b) Sweep displacement 2 m (c) sweep displacement 6 m (d) sweep displacement 10 m.
4 CONCLUSION
The present study focuses on the IEA-15 MW wind turbine and compares the load characteristics of straight and swept blades under rated operating conditions based on the lifting-line free vortex wake method and geometrically exact beam model. The impact of different sweep parameters on the load characteristics is discussed, and the unsteady aeroelastic coupling characteristics of the wind turbine with swept blades under yaw conditions are analyzed. The following conclusions are obtained:
1) Under rated operating conditions, compared to the straight blade, the swept blade experiences larger torsional deflection in the downward direction due to aerodynamic loads, which reduces the effective angle of attack of the blade, achieving a load reduction effect on both the wind turbine and the blade. Additionally, the fluctuation amplitude of the angle of attack and torsional deflection in the swept blade is smaller, effectively alleviating the fatigue load on the blade.
2) Under yaw conditions, as the sweep index increases from 2 to 4, the mean wind turbine loads and blade root moments show a clear decreasing trend. From 4 to 5, the blade root moment becomes consistent, and the mean wind turbine load starts to increase again. When the sweep start position moves from 0.1 R to 0.3 R, both the wind turbine load and the blade root moment mean values decrease significantly. When the sweep start position moves from 0.3 R to 0.4 R, the fluctuation amplitude of the wind turbine power slightly increases. As the sweep displacement increases from 2 m to 10 m, the wind turbine load decreases significantly, but the mean torsional moment increases substantially. For the blade root moment, the sweep index and sweep start position show similar load reduction effects, while the sweep displacement has the most significant load reduction effect.
3) Under yaw conditions, as the sweep displacement increases: the mean and fluctuation amplitude of the blade thrust significantly decrease, and the thrust distribution across the wind turbine plane gradually becomes more uniform; flapwise deflection shows a decreasing trend, with the most noticeable reduction occurring in the blade tip region; influenced by gravity, the blade experiences large edgewise deflection towards the airfoil’s trailing edge at a 90° azimuth angle, and smaller edgewise deflection towards the airfoil’s leading edge at a 270° azimuth angle; torsional deflection significantly increases, with torsional deflection at sweep displacements of 6 m and 10 m being notably greater than that of the straight blade; the wake distribution becomes more uniform, with vortex line spacing increasing and disturbance intensity decreasing, resulting in a more stable wake profile. Furthermore, as the sweep displacement increases, the progressively increasing torsional deflection and the decreasing fluctuation amplitude of the flapwise velocity lead to a downward trend in both the mean and fluctuation amplitude of the angle of attack.
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