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Abstract

:

Flutter is an instability phenomenon that can occur in wind turbine blades due to fluid–structure interaction, particularly for longer and more flexible blades. Aeroelastic tailoring through bend–twist coupling is an effective method to enhance the aeroelastic performance of blades. In this study, we investigate the impact of bend–twist coupling on the structural performance and flutter limit of the IEA 15 MW blade, which is currently the longest reference wind turbine blade, and determine the optimal layup configuration that maximizes the flutter speed. The blade is modeled by NuMAD and iVABS, and the cross-section properties are obtained by PreComb and VABS. The accuracy of the blade model is verified in terms of stiffness and frequency. The bend–twist coupling is implemented by changing the fiber angle of the skin and spar cap considering symmetric and asymmetric layups. The flutter limits of both the baseline and the bend–twist coupled blade are evaluated based on HAWC2. The results show that the angle of spar cap carbon fiber has a greater effect on the blade’s structural properties and flutter speed than the skin fiber. Varying the spar cap carbon fiber angle increases the flutter speed, with the effect being more significant for the symmetric layup, up to 9.66% at a fiber angle of 25 degrees. In contrast, the variation in skin fiber angle has a relatively small impact on flutter speed—within ±3%.
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1. Introduction


The wind industry is rapidly developing, and the Global Wind Energy Council (GWEC) estimates that the average turbine rating for new installations will exceed 12 MW in 2025 [1]. The blade is a critical component for capturing wind energy, mainly constructed of composite fiber to meet rigidity requirements while minimizing weight [2,3,4]. However, to break the square–cube law, the mass and stiffness of the blade are compressed, resulting in greater flexibility that puts the blade at risk of flutter during operation. The Science report [5] emphasized the need for stability analysis of ultra-long flexible blades to ensure safety margins for flutter. Utilizing bend–twist coupling (BTC) for aeroelastic tailoring is a proven technique to enhance the aeroelastic performance of blades. However, this can also alter the blade’s structural properties, such as flapwise and torsional stiffness, which can affect the flutter limit of the blade [6,7,8].



Bent–twist coupled blades have been widely studied as passive load reduction methods. Veers [9] and Lobitz [10,11], of Sandia National Laboratory, were the first to investigate blade load reduction by BTC, and they found that BTC leads to a slight decrease in annual power production, but the fatigue load on the blade can be reduced substantially. Bottasso [12] conducted a parametric study of bent–twist coupled blades for 2 MW wind turbines by changing the angle of the skin and spar cap fibers to introduce BTC in both full and partial blade areas. The results show that changing the fiber orientation in the radial part of the blade can design blades with significant load reduction capability while being lighter than the baseline uncoupled blades. Bagherpour [13] demonstrated the potential of the material BTC method to reduce blade load and found that by changing the off-axis fiber angle of the spar cap of the DTU 10 MW blade, the blade root bending fatigue and ultimate load could be reduced by 10% and 8%, respectively. Meng [14] investigated the effect of introducing BTC by changing the spar cap fiber orientation on the structural properties and fatigue life of NREL 5 MW blades, and the results showed that there was a substantial decrease in flapwise mode frequency and a slight increase in torsional mode frequency, and the bend–twist coupled blades could reduce the fatigue load in the wake condition. Chen [15] obtained the cross-sectional stiffness of the NREL 5 MW BTC adaptive blade by VABS [16] and investigated its relationship with the off-axis fiber angle of the spar cap, and evaluated the load reduction effect under wind shear inflow conditions. The results showed that the tension and flapwise stiffness decreased significantly with increasing fiber angle, while the edgewise stiffness was less affected and the torsional stiffness increased.



The BTC will cause the blade to undergo certain torsion in bending, which changes the aerodynamic performance and, thus, affects the flutter limit. The linear frequency domain analysis method to predict the flutter limit has the advantage of short computation time and the ability to find the cause of blade instability quickly. Lobitz [17] found that BTC changes the damping coefficient of the first-order torsional mode of the flutter mode. The flutter speed will decrease when the blade BTC towards feather and increase when the blade BTC towards stall. Stäblein [18] used the linearization tool HAWCStab2 to investigate the effect of material coupling on the aeroelastic mode and stability limits of the DTU 10 MW RWT. The results showed that the edge-twist coupling towards feather caused a decrease in the blade instability limit, but it was not possible to investigate the effect of flap-twist coupling on the classical flutter because the blade first-order edgewise mode was already unstable before reaching the flutter speed. Shakya [19] calculated the blade cross-sectional stiffness for various combinations of skin triaxial fiber angles by PreComp [20]. Then, they used a parametric approach to investigate the effect of the fiber angle of the symmetric or asymmetric skin of the NREL 5 MW and SNL 61.5 wind turbine blades on the flutter speed. It was shown that the full-blade asymmetric skin can increase the flutter speed by 100% at the appropriate angle.



The time domain analysis method can take into account the nonlinearity and maintain the accuracy of the calculation results. The commonly used time-domain aeroelastic tools are OpenFAST [21], HAWC2 [22], and Bladed [23]. In another study by Shakya [24], they performed a detailed parametric study exploring the effect of skin unbalance on flutter limit in different regions of SNL 61.5 blade by the time-domain analysis method considering geometric nonlinearity. The results indicated that the asymmetric skin exhibited higher critical flutter speed than the symmetric skin and the maximum flutter speed obtained from the nonlinear analysis was lower than that obtained from the linear analysis. Hayat [25] investigated the flutter limit of the NREL 5 MW blade with an unbalanced fiber angle, material, and thickness of the skin. The flutter speed was found to be reduced by 5% with unbalanced layup angles and increased by about 7.6–9.5% with the use of carbon fibers to replace the glass fiber generating material and thickness unbalanced fibers. Zhou [26] combined the nonlinear beam model with the BEM method and the non-constant dynamic stall model to investigate the flutter limit when the NREL 5 MW blade skin fiber angle and thickness are unbalanced. The results show that the unbalanced skin laminate has no significant effect on the flutter limit in the nonlinear flutter analysis. Torregrosa [27] found that the flutter wind speed can be increased by 10% when changing the spar cap fiber of the NREL Phase VI wind turbine blade from 0 degrees to 8 degrees. However, the above-mentioned research objects are mostly focused on wind turbine blades with a capacity below 10 MW and blade length shorter than 100 m.



The IEA 15 MW reference wind turbine (RWT) is currently the largest and most technologically advanced RWT [28]. Many researchers have conducted extensive studies on the IEA 15 MW wind turbine to better understand its aeroelastic behavior and to develop new technologies and design strategies to enhance its performance and efficiency. Rinker [29] compared the aeroelastic response of the IEA 15 MW RWT under steady wind, step wind, and turbulent wind conditions from HAWC2 and OpenFAST. Fritz [30] presented an extension model of blade element momentum theory for swept blades, and it was validated using the IEA 15 MW RWT blade. Scott [31] utilized two optimization strategies, with the objectives of minimizing the mass and leveling the cost of energy, respectively, to optimize the design of the IEA 15 MW RWT blade. Trigaux [32] investigated the aeroelastic effects on the IEA 15 MW RWT in a turbulent atmospheric boundary layer. The results demonstrated that the blades undergo substantial displacements, causing significant changes in loads along the blade span. The turbulence also interacts with the natural frequencies of the blades, resulting in variations in the spectra of the different loads. Oliveira [33] conducted full-scale CFD simulations of the IEA 15 MW wind turbine to evaluate its performance. Loubeyres [34] investigated stall flutter instabilities on the IEA-15 reference wind turbine under idling conditions. The results showed that the blades experienced large amplitude vibrations in the parked state and under specific strong crosswind conditions. To the authors’ knowledge, the effect of BTC on the structural properties and flutter limits of ultra-large wind turbine blades has not been studied in detail.



This paper performs a detailed parametric study of the IEA 15 MW RWT blade to investigate the effects of symmetric and asymmetric skins and spar cap carbon fiber angles on the structural properties and flutter limits. The IEA 15 MW RWT blade is modeled using iVABS [35] and NuMAD [36], respectively, and its accuracy is verified by solving the blade section mass and stiffness matrices by VABS version 4.0 and PreComb version 1.00.03 software. The BTC blade designs are achieved by varying the fiber angles, and their impacts on the structural properties of the blades are evaluated. The flutter speed is obtained by simulating the time-series aeroelastic response of the wind turbine for runaway situations based on the HAWC2. The optimal layup regions and angles for increasing the flutter speed are identified, thereby providing a valuable reference for the anti-flutter design of ultra-long flexible blades.




2. Aeroelastic Model


2.1. Polar Grid Blade Element Momentum Model


The classical blade element momentum (BEM) is widely used in the wind energy industry because of its simple and fast calculation, but with the enormous growth of wind turbine size, its assumption of uniform in-plane loading may cause large errors in blade aerodynamic loading. The basic idea of the polar grid BEM theory is to calculate the thrust and torque coefficient of each blade separately, and the thrust and torque coefficients of the grid points not on the blade are obtained by weighting the azimuth between the grid points and the two adjacent blades [37]. The schematic diagram is shown in Figure 1.



The specific calculation procedure of the polar grid BEM model is as follows:



The relationship between the thrust coefficient and the axial induction factor is fitted with a polynomial and expressed as:


  a = 0.0883  C T    3  + 0.0586  C T    2  + 0.2460  C T   



(1)







The local induction factor is defined as:


  a = −    |   U i   |     |   U  0 , l    |     



(2)




where    U i    is local induction velocity and    U  0 , l     is local free wind speed.



The relative wind speed vector of the blade cross-section    U b S    is


   U b S  =  T  G → S    (   U 0 G  +  U i G  −    x ˙   b G   )   



(3)




where  S  is the cross-sectional co-ordinate system,  G  is the global co-ordinate system,  b  is the number of adjacent blades,    T  G → S     is the transformation matrix of the global co-ordinate system into the cross-sectional co-ordinate system,    U 0 G    is the free wind speed,    U i G    is the induced wind speed, and      x ˙   b G    is the blade rotation speed.



The angle of attack    α b    and the relative wind speed    U   r ,  b     can be expressed as


   α b  = arctan    |   U  b , y  S   |     |   U  b , x  S   |    − θ  



(4)






   U   r ,  b   =    U  b , x  S    2  +  U  b , y  S    2     



(5)




where  θ  is the pitch angle and    U  b , x  S    and    U  b , y  S    are components of the relative wind speed vector in the  x  and  y  directions, respectively.



According to the BEM theory, the thrust   d  T b    and the moment   d  Q b    are


  d  T b  =  1 2  ρ  U  r , b  2   C  n , b    (   α b   )  c d r  



(6)






  d  Q b  =  1 2  ρ  U  r , b  2   C  t , b    (   α b   )  c d r  



(7)






   C  n , b    (   α b   )  =  C L  cos ϕ +  C D  sin ϕ  



(8)






   C  t , b    (   α b   )  =  C L  sin ϕ −  C D  cos ϕ  



(9)




where    C L    and    C D    are the lift coefficient and drag coefficient, respectively.



The thrust and torque coefficients for the points on the blades are expressed as


   C   T ,  b   =   d  T b    ρ π  U 0 2   r 2  d r    



(10)






   C   Q ,  b   =   d  Q b    ρ π  U 0 2   r 2  d r    



(11)







The thrust and torque coefficients at any point (azimuthal angle of  ϕ ) are expressed as


   C  T / Q   =  C  T /  Q , 1    +  (  ϕ −  ϕ 1   )     (   C  T /  Q , 2    −  C  T /  Q , 1     )     ϕ 2  −  ϕ 1     



(12)







The Prandtl blade tip loss correction factor  F  [38] was introduced due to the blade tip loss effect caused by the limited number of blades. Dynamic stall is a strong nonlinear non-constant aerodynamic effect, and this phenomenon is important for flutter analysis and accurate calculation of the critical flutter speed [39]. Therefore, a modified Beddoes-Leishman model [40] is used to describe the non-constant aerodynamic forces on the airfoil under stall flow with the attached flow and trailing edge separation.




2.2. Structural Model


The single classical linear Timoshenko or Bernoulli–Euler beam model cannot capture the nonlinear behavior of large wind turbine blades [41]. The structural model of wind turbines in HAWC2 is based on a multibody formulation, which discretizes the blade into multiple Timoshenko beam elements, and structural nonlinear effects such as large rotations and translations can be captured [41]. Figure 2 shows the schematic diagram of the co-ordinate system in HAWC2.



The position of a point on the flexible body is expressed as


    r  p  =  R  +  A     u ¯   p  =  R  +  A   (     u ¯   0  +    u ¯   f   )  =  R  +  A     u ¯   0  +  A S    q  f   



(13)




where   R   is the vector from the origin of the inertial co-ordinate system to the origin of the floating co-ordinate system,   A   is the rotational transformation matrix from the floating co-ordinate system to the inertial co-ordinate system, and      u ¯   p    is the position vector of the point in the floating co-ordinate system, which is the sum of the position of material point of the undeformed flexible body      u ¯   0    and deflection of material point of the deformed flexible body      u ¯   f   . And      u ¯   f    can be expressed by the shape function   S   and the vector of degrees of freedom     q  f   .



The velocity of this point can be expressed as


     r ˙   p  =   R ˙   +   A ˙      u ¯   p  +  A S     q ˙   f  =   R ˙   +  A   (   ω ¯  ×    u ¯   p   )  +  A S     q ˙   f   



(14)







The above formula can be illustrated in a matrix form as follows:


     r ˙   p  =  [      I     −    A   (     u ¯   p  ×  I   )       A S       ]   [       R ˙        ω ¯          q ˙   f       ]  =  H  q ˙    



(15)




where   I   is the identity matrix,    H  =  [      I     −    A   (     u ¯   p  ×  I   )       A S       ]    and    q ˙    is the generalized velocity vector.



The acceleration at this point can be expressed as


     r ¨   p  =   H ˙   q ˙   +  H  q ¨   =  [      I     −    A   (     u ¯   p  ×  I   )       A S       ]   [       R ¨         ω ¯  ˙          q ¨   f       ]  +  A   [   ω ¯  ×  (   ω ¯  ×    u ¯   p   )  + 2  ω ¯  ×     u ¯  ˙   p   ]   



(16)







For anisotropic beam elements, the shape function   S   is expressed as


   S  =   T   E S     N  T    N  Z    T   E  S 4   T   



(17)




where


    T   E  S 4   T  =  [        T   E S  T                      T   E S  T                      T   E S  T                      T   E S  T       ]   



(18)







    T   E S     is the standard orthogonal transformation matrix from the element co-ordinate system to the floating co-ordinate system,     N  T    is the rotation matrix of the points not on the centerline, and     N  Z    is the offset and rotation matrix of the centerline.



The virtual work is given as follows:


  δ W =    ∫ V   δ  r  ⋅ ρ   r ¨      d V =    ∫ V    H  δ  q  ⋅ ρ   r ¨      d V  



(19)







The virtual displacement is obtained from Equation (13) and is expressed as


  δ  r  = δ  R  + δ  A     u ¯   0  +  A S  δ   q  f  =  [      I     −    A   (     u ¯   p  ×  I   )       A S       ]   [      δ  R        δ θ       δ   q  f       ]  =  H  δ  q   



(20)







Substituting Equations (16) and (20) into Equation (19) yields


    δ W =    ∫ V   δ   q  T   [      I       −    (     u ¯   p  ×  I   )   T    A  T          S  T    A  T       ]     ⋅ ρ  {   [      I     −    A   (     u ¯   p  ×  I   )       A S       ]   [       R ¨         ω ¯  ˙          q ¨   f       ]  +  A   [   ω ¯  ×  (   ω ¯  ×    u ¯   p   )  + 2  ω ¯  ×     u ¯  ˙   p   ]   }  d V     = δ   q  T   (   M   [       R ¨         ω ¯  ˙          q ¨   f       ]  +  Q   )     



(21)




where   M   and   Q   are the mass matrix and load vector, respectively. They can be denoted as


   M  =    ∫ V   ρ  [      I     −  A   (     u ¯   p  ×  I   )       A S        −  A   (     u ¯   p  ×  I   )         (     u ¯   p  ×  I   )   T   (     u ¯   p  ×  I   )      −    (     u ¯   p  ×  I   )   T   S         A S      −    (     u ¯   p  ×  I   )   T   S        S  T   S       ]     d V  



(22)






   Q  =    ∫ V  ρ    [       A   [   ω ¯  ×  (   ω ¯  ×    u ¯   p   )  + 2  ω ¯  ×     u ¯  ˙   p   ]        −    (     u ¯   p  ×  I   )   T   [   ω ¯  ×  (   ω ¯  ×    u ¯   p   )  + 2  ω ¯  ×     u ¯  ˙   p   ]          S  T   [   ω ¯  ×  (   ω ¯  ×    u ¯   p   )  + 2  ω ¯  ×     u ¯  ˙   p   ]       ]  d V  



(23)









3. Composite Wind Turbine Blade


3.1. Layup and Stiffness Properties


The key parameters of the IEA 15 MW RWT are shown in Table 1. The layout of the wind turbine blade cross-section is shown in Figure 3. The spar cap is reinforced with carbon fiber while the leading edge (LE) and trailing edge (TE) use uniaxial glass fiber for reinforcement. The blade has two webs connecting the suction side and pressure side, and medium density foam is added as core material to the panel and web.



While the cross-sectional layup and stiffness properties of the blade have been described in detail by [28], the previous model has some issues according to maintainers. The carbon fiber reinforced polymer (CFRP) was outdated compared to modern pultrusion manufacturing methods, and TE reinforcement was incorrectly placed too close to the root and tip of the blade [42]. Therefore, the material properties used in the work and the layup distribution at different radial locations of the blade are obtained from reference [43]. Table 2 lists the properties of the materials, including density, Young’s modulus (E1, E2, and E3), shear modulus (G1, G2, and G3), and Poisson’s ratio (υ12, υ23, and υ13). The biaxial fibers [45/−45] and triaxial fibers [45/02/−45] can be represented by multiple uniaxial fibers in different directions. And layup thickness along the radial direction for each region is shown in Figure 4. Note that the LE panel and TE panel layups are identical.




3.2. Validation


Based on the above description, NuMAD and iVABS are used to build the blade model, respectively, and PreComb and VABS are used to calculate the blade section stiffness matrix, correspondingly. PreComb is based on a modified classic laminate theory combined with a shear-flow approach [20], while VABS is based on a variational asymptotic method to compute the properties [44]. The NuMAD blade model is shown in Figure 5. The cross-sectional layups of iVABS at different span locations, including the first and last sections (s = 0, 1), the section where the web layout begins (s = 0.1), and three sections at the middle of the blade and skewed towards the tip (s = 0.47, 0.65, and 0.78), are shown in Figure 6. These layups are produced by preVABS code developed by Su et al. [45].



The calculation result of PreComb is solely for verification, while the result of VABS is used as the input file of HAWC2. The HAWC2 blade section stiffness matrix    K    is expressed as


   K  =  [       K  11        K  12        K  13            K  14        K  15        K  16                 K  22        K  23            K  24        K  25        K  26                    K  33            K  34        K  35        K  36                                           s y m .                                            K  44                          K  45          K  55                     K  46          K  56          K  66                ]   



(24)




where    K  11     and    K  22     are the shear stiffness in the  x  and  y  directions, respectively.    K  33    ,    K  44    ,    K  55    , and    K  66     are the tension, flapwise, edgewise, and torsional stiffness, respectively.    K  46     and    K  56     are the flap-twist coupling term and the edge-twist coupling term, respectively.


   K  46   = α    K  44   ×  K  66      (  − 1 < α < 1  )   



(25)




where  α  denotes the flap-twist coupling factor. When it is negative, the blade flapwise bending will cause the blade to twist towards the feather.



Comparing the calculated results of the two methods with the HAWC2 reference model, as shown in Figure 7. The calculated values generally agree with the reference model data, although the tensile stiffness values are higher, which may be attributed to differences in the software and meshing strategies used in the analysis. Furthermore, Table 3 compares the natural frequencies of the blade obtained from the present study with those reported by Rinker et al. [29] and Lu et al. [41], demonstrating good agreement between the results.




3.3. Implementation of Bend–Twist Coupling


In the present work, the BTC is achieved in two ways. The first way is to change the fiber angle of the skin. The skin fibers are laid in [45/02/−45] for the entire baseline blade, which does not produce any BTC. By changing the angle θ1 and keeping θ2 = 45° to achieve unbalanced laminate, which can be symmetric or asymmetric, all cases are shown in Table 4. The second way is to change the angle of the spar cap fibers. The carbon fiber angle is set from the original 0° to 45° with a step of five degrees, equally symmetric and asymmetric. In the asymmetric case, only the angle of the pressure surface is changed.





4. Results and Discussion


4.1. Flutter Analysis of Baseline Blade


To find the critical flutter speed of the wind turbine blade more precisely, it is necessary to consider the nonlinearity of the wind turbine. An analysis of the runaway situation has been simulated, which is a more realistic scenario where flutter may occur [47]. The wind speed is 4 m/s in the first 500 s, then increases uniformly to 2100 s, with a final wind speed of 16 m/s. Figure 8a illustrates the variations in rotor speed and wind velocity over the duration of the test. It can be seen that the rotor reaches the terminal speed at low wind speed operation [47]. After 500 s, the wind speed increases uniformly and the blades absorb more wind energy into kinetic energy so that the rotor speed increases gradually. Until 1428 s, the wind turbine speed drops down due to the partial energy of wind turbine rotation transformed into violent vibration of the blades, which implies the occurrence of instability, and the rotor speed at this time is 12.31 r/min. Figure 8b shows the variation of blade tip flapwise displacement and angle of attack (AOA) near the instability phenomenon. Before the onset of instability, the flapwise displacement ranges from −2.48 to −0.61 m and the AOA variation ranges from −3.88° to −4.95° during 1150~1155 s. After the onset of instability, the variation range of flapwise displacement and AOA is continuously expanding, indicating a diverging trend. Within 1595~1600 s, the flapwise displacement motion range was −3.44~7.43 m, and the whole variation interval increased by 9.00 m. The maximum AOA variation range was −12.17°~1.49°and the range increased by 12.58°. By observing the flapwise displacement and AOA during 1250~1251 s, it can be found that there is a phase difference between them, indicating the coupling between flapwise and torsional motions [48].




4.2. Effect of Skin Fiber Angle


Case1 involves changing the fiber orientation of the full blade skin, while case2 only changes the fiber angle on the suction side. Figure 9 shows the effect of fiber angle on structural properties for five span locations of blade: s = 0, 0.22, 0.47, 0.78, 1. From Figure 9a,b, it is observed that the edge-twist coupling factor is maximum at θ1 = 35° only for asymmetric skin and s = 0. In all other cases, the edge-twist coupling factor achieves the maximum value at θ1 = 25°. The flap-twist coupling factor for symmetric skin is almost 0, which indicates that symmetric skin hardly introduces coupling of flapwise and twist, and the maximum value for asymmetric skin is achieved at θ1 = 25°. However, it can be determined that the BTC caused by the skin fiber angle is very low, with the maximum values of edge-twist and flap-twist coupling factors being 0.019 and 0.020.



Figure 9c–f demonstrate that both symmetric and asymmetric skins experience a decrease in tension, edgewise stiffness, and flapwise stiffness of the blade as the fiber angle increases. Meanwhile, the torsional stiffness increases for θ1 less than 45° and decreases for θ1 greater than 45° with increasing fiber angle. And the closer to the blade root, the more obvious this trend is. That is because the skin thickness value at the blade root is the largest compared to other span positions of the blade. At the blade root (i.e., s = 0), case1-1 (i.e., a layup with off-axis fiber angle θ1 = 15 in full blade) showed an increase of 11.60%, 11.99%, and 12.00% in tension, edgewise and flapwise stiffness, respectively, and a reduction of 12.64% in torsional stiffness. As fiber angle greater than 45°, for case1-4 (i.e., a layup with off-axis fiber angle θ1 = 55 in full blade), the tension, edgewise, flapwise, and torsional stiffness showed a slight decrease of 0.48%, 0.50%, 0.50%, and 1.96%, respectively. Comparing case1 and case2, it is found that the impact of fiber angle on stiffness is more pronounced for blades with symmetric skins than for those with asymmetric skins. The reason why this phenomenon occurs is that symmetric skins change the fiber angle throughout the entire blade, while asymmetric skins only change the fiber angle on the suction side. For case2-1 (i.e., a layup with off-axis fiber angle θ1 = 15 on the suction side of the blade), the rates of change (ROCs) of the tension, edgewise, flapwise, and torsional stiffness are 5.78%, 5.82%, 5.79%, and −6.14%, respectively. For case2-4 (i.e., a layup with off-axis fiber angle θ1 = 55° on the suction side of the blade), the four ROCs are 0.25%, 0.26%, 0.31%, and −1.00%, respectively.



A comparison between the flutter limits of blades with symmetric and asymmetric skin is shown in Figure 10. Compared with the baseline (θ1 = 45°), the flutter speed is slightly increased at θ1 = 35°, the flutter speed decreases at all other angles, and the minimum value of flutter speed is obtained at θ1 = 15°. This phenomenon may be explained by the fact that when θ1 = 35°, the reduction in torsional stiffness is minimal and there is a certain positive flap-twist coupling factor. At the same fiber angle, it was observed that the asymmetric blade exhibited a higher flutter speed compared to the symmetric blade. The reason for this may be attributed to the smaller reduction in torsional stiffness and the larger flap-twist coupling factor of the asymmetric blade. In the case of the symmetric blade, the maximum flutter speed was observed to be 12.33 rpm, with a minimum of 11.98 rpm. This represents a ROC of 0.08% and −2.76% compared to the baseline. On the other hand, for the asymmetric blade, the maximum flutter speed was 12.39 rpm, with a minimum of 12.21 rpm. The ROC of flutter speed was found to be 0.57% and −0.89% compared to the baseline. Higher flutter speeds mean less risk of flutter during turbine operation, which is critical for the safe operation of wind turbines.




4.3. Effect of Carbon Fiber Angle of the Spar Cap


Similar to the skin fiber angle case, fiber angle changes in the spar cap can also be divided into symmetric and asymmetric cases. The main difference is that in the asymmetric layup, the fiber angle on the pressure side is changed instead of the suction side. Figure 11 illustrates the variation of blade structural properties with respect to fiber angle at five radial positions of the blade (s = 0, 0.22, 0.47, 0.78, 1) in the case of the symmetric layup. It can be observed that all values at the blade root (i.e., s = 0) remain almost constant and are always close to 0, regardless of the fiber angle. The explanation for this is the extremely small thickness of the carbon fiber, resulting in minimal changes to blade properties when its angle is altered.



As shown in Figure 11a,b, the edge-twist and flap-twist coupling factors exhibit a trend of initially increasing and then decreasing with the fiber angle at the other four positions. Specifically, the edge-twist coupling factor reaches its maximum bending–twist coupling at a fiber angle of 25°, with a maximum negative value of −0.103 at s = 1, while the flap-twist coupling factor has a smaller maximum positive value of 0.010 at s = 0.78. These observations suggest that changing the fiber angle of a symmetric spar cap introduces stronger coupling between edgewise and twist, but weaker coupling between flapwise and twist. Figure 11c–f demonstrate that the stiffness of tension, edgewise and flapwise, decreases as the fiber angle increases. Furthermore, tension and flapwise stiffness exhibit greater sensitivity to changes in fiber angle than edgewise stiffness. At a fiber angle of 45 degrees, the flapwise stiffness at s = 0.47 experiences a maximum decrease of 84.98%, while the tension and edgewise stiffness at s = 0.78 experience a maximum decrease of 77.39% and 40.84%, respectively. The torsional stiffness at each position increases somewhat compared to the baseline at any angle. Generally, the torsional stiffness increases with an increasing fiber angle, except at the tip of the blade (s = 1) where the torsional stiffness at a fiber angle of 45° is slightly lower than that for 40°. When s = 0.47 and the fiber angle is 45°, the torsional stiffness achieves a maximum increase of 58.32%.



For asymmetric layup (i.e., changing only the fiber angle at the pressure surface), the variations of blade structural properties with fiber angle are displayed in Figure 12. Similar to symmetric layup, the cross-sectional properties at s = 0 exhibit little variation with angle, remaining close to 0. Similarly, at the other four positions, bend–twist coupling exhibits an increasing-then-decreasing trend, with the maximum coupling occurring at s = 1. However, the fiber angles at which the maximum negative values are attained differ: edgewise bend–twist coupling has a maximum negative value of −0.042 at a fiber angle of 20°, whereas flapwise bend–twist coupling reaches a maximum negative value of −0.168 at a fiber angle of 25°. The evidence suggests that the asymmetric spar cap leads to significant flap-twist coupling, whereas edgewise bend–twist coupling is minor. This finding is in contrast to the case of a symmetric spar cap. The behavior of tension, edgewise, flapwise, and torsional stiffness with respect to fiber angle is consistent with that of the symmetric layup. However, the asymmetric layup is less sensitive to changes in fiber angle than the symmetric layup. At a fiber angle of 45°, the maximum decreases in tension and edgewise stiffness are 39.77% and 18.96% at s = 0.78, respectively, while the maximum decrease in flapwise stiffness is 73.19% at s = 0.47. The ROC of torsional stiffness achieves a maximum value of 24.29% at s = 1 for a fiber angle of 40°.



Figure 13 illustrates the trend of flutter speed with changes in the spar cap carbon fiber angle for both symmetric and asymmetric layups. It is clear that, compared to the baseline, there is an increase in flutter speed for both symmetric and asymmetric layups. Moreover, changing the carbon fiber angle in the entire spar cap area is more effective in increasing flutter speed than changing only the pressure side. The phenomenon may be due to the fact that torsional stiffness increases more significantly with a symmetric layup, while the flap-twist coupling of an asymmetric layup causes the blade to twist towards the feather during bending. When the spar cap is laid symmetrical, the flutter speed increases and then decreases as the fiber angle is changed from 5 to 45°. The maximum value of 13.51 rpm is achieved at a fiber angle of 25°, which is 9.66% higher than the baseline. In contrast, for the asymmetric layup, the maximum flutter speed of 12.88 rpm is achieved at a fiber angle of 30°, which is 4.55% higher than the baseline.





5. Conclusions


A parametric approach was utilized to investigate the impact of the BTC effect on the properties and the flutter limit of ultra-long flexible composite blades resulting from modifications to the fiber angles of the skin and spar cap. The IEA 15 MW RWT blade model was established, and the structural properties were analyzed, revealing a general agreement with the reference model. By altering the angles of the fibers in the skin and spar cap, the characteristics of BTC blades were obtained. The flutter limits of the BTC blades were predicted using HAWC2 version 12.8 software, and the optimal layup configuration was determined. The results show that a symmetric spar cap will result in higher flutter speed but also lower stiffness compared to an asymmetric layup, while the skin has a minor influence. The research findings can provide guidance for the anti-flutter design of ultra-long flexible wind turbine blades with bend–twist coupling.



The BTC resulting from changes in the skin fiber angle is small, with a maximum value of 0.020. Increasing the fiber angle results in a decrease in tension, edgewise, and flapwise stiffness of the blade, as well as an increase in torsional stiffness for angles less than 45° and a decrease for angles greater than 45°. This trend is more pronounced closer to the blade root. Compared to asymmetric layup, the blade stiffness of symmetric layup is more sensitive to changes in the fiber angle. At a fiber angle of 15°, the maximum increment in tension, edgewise, and flapwise stiffness at the root of the blade for symmetric layup is 11.60%, 11.99%, and 12.00%, respectively. Meanwhile, the maximum reduction in torsional stiffness is 12.64%. For asymmetric layup, the corresponding stiffness increments are 5.78%, 5.82%, 5.79%, and a reduction of 6.14%, respectively.



The flutter limit is higher for asymmetric skin than for symmetric skin. However, for both symmetric and asymmetric skin, the flutter velocity only slightly increases at a fiber angle of 35° and is somewhat reduced at all other angles, with the minimum value obtained at a fiber angle of 15°. Compared to the baseline, the symmetric skin blade showed a maximum increase of 0.08% in flutter speed, with a corresponding decrease of 2.76% in the minimum value. In contrast, the asymmetric skin blade exhibited a maximum increase of 0.57% in flutter speed, with a corresponding decrease of 0.89% in the minimum value.



The study on spar cap carbon fiber angle parameterization reveals that the symmetric layup has a greater impact on blade characteristics and flutter limits compared to the asymmetric layup. The bend–twist coupling increases and then decreases as the fiber angle increases. The maximum negative edge-twist coupling factor for the symmetric layup is −0.103 at a fiber angle of 25°, while for the asymmetric layup, it is −0.042 at a fiber angle of 20°. The flap-twist coupling of the symmetric layup is negligible, with a maximum value of only 0.010, and the asymmetric layup achieves a maximum negative value of −0.168 at a fiber angle of 25°. Tension, edgewise, and flapwise stiffness decrease with increasing fiber angle, while torsional stiffness generally increases. The symmetric layup experiences maximum reductions of 79.48%, 84.98%, and 40.84% in tension, edgewise, and flapwise stiffness, respectively. In contrast, for the asymmetric layup, the corresponding reductions are 39.77%, 18.96%, and 73.19%. The maximum increase in torsional stiffness is 58.32% for the symmetric layup, while for the asymmetric layup, it is 24.29%.



Both the symmetric and asymmetric spar cap layups can increase the chattering speed, but the effect of the symmetric layup on the flutter speed is more significant. As the fiber angle increases, the flutter limit first increases and then decreases. The flutter speed for the symmetric layup reaches a maximum of 13.51 rpm at a fiber angle of 25°, which represents a 9.66% increase compared to the baseline. For the asymmetric layup, the maximum chattering speed of 12.88 rpm is achieved at a fiber angle of 30°, which represents a 4.55% increase compared to the baseline.



At present, only the effect of bend–twist coupling due to fiber angle on blade characteristics and flutter limit has been investigated. Investigating the BTC caused by material and layup thickness imbalance, as well as different ply angles in various sections, and the effect of BTC on the operational performance of wind turbine, particularly power generation, could be a further extension of this work.
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Figure 1. Schematic diagram of the polar grid BEM. 
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Figure 2. Schematic diagram of the co-ordinate system in HAWC2. 
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Figure 3. Illustration of the cross-section geometry. 
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Figure 4. Blade layup: (a) thickness of layers in the LE reinforcement; (b) thickness of layers in the LE and TE panel; (c) thickness of layers in the spar; (d) thickness of layers in the TE reinforcement; and (e) thickness of layers in the web. 
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Figure 5. Blade model established by NuMAD. 
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Figure 6. Cross-sectional layout at different spans locations: (a) s = 0; (b) s = 0.1; (c) s = 0.47; (d) s = 0.65; (e) s = 0.78; and (f) s = 1. 
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Figure 7. Comparison of blade stiffness properties: (a) tension stiffness; (b) edgewise stiffness; (c) flapwise stiffness; and (d) torsional stiffness. 
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Figure 8. (a) Rotor speed and wind speed; (b) blade tip flapwise displacement and AOA near the instability phenomenon. 
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Figure 9. Variation of blade structural properties at different span locations with respect to skin fiber angle: (a) edge-twist coupling factor; (b) flap-twist coupling factor; (c) ROC for tension stiffness; (d) ROC for edgewise stiffness; (e) ROC for flapwise stiffness; and (f) ROC for torsional stiffness. 






Figure 9. Variation of blade structural properties at different span locations with respect to skin fiber angle: (a) edge-twist coupling factor; (b) flap-twist coupling factor; (c) ROC for tension stiffness; (d) ROC for edgewise stiffness; (e) ROC for flapwise stiffness; and (f) ROC for torsional stiffness.



[image: Energies 16 05829 g009]







[image: Energies 16 05829 g010 550] 





Figure 10. Flutter speed at different ply angles for wind turbine blades with symmetric or asymmetric skin. 
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Figure 11. Variation of blade structural properties at different span locations with respect to symmetric spar cap fiber angle: (a) edge-twist coupling factor; (b) flap-twist coupling factor; (c) ROC for tension stiffness; (d) ROC for edgewise stiffness; (e) ROC for flapwise stiffness; and (f) ROC for torsional stiffness. 
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Figure 12. Variation of blade structural properties at different span locations with respect to asymmetric spar cap fiber angle: (a) edge-twist coupling factor; (b) flap-twist coupling factor; (c) ROC for tension stiffness; (d) ROC for edgewise stiffness; (e) ROC for flapwise stiffness; and (f) ROC for torsional stiffness. 
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Figure 13. Flutter speed at different angles for wind turbine blades with symmetric or asymmetric spar cap. 
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Table 1. Main parameters for the IEA 15 MW reference wind turbine.
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	Parameters
	Values





	Rated power
	15 MW



	Blade number
	3



	Blade length
	117 m



	Rated rotor speed
	7.56 rpm



	Hub height
	150 m



	Rated wind speed
	10.59 m/s



	Blade prebend
	4 m



	Blade mass
	65 t
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Table 2. Material properties.
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	Material
	Density (kg/m3)
	E1

(MPa)
	E2

(MPa)
	E3

(MPa)
	G1

(MPa)
	G2

(MPa)
	G3

(MPa)
	υ12
	υ23
	υ13





	Gelcoat
	1235
	3440
	3440
	3440
	1323
	1323
	1323
	0.3
	0.3
	0.3



	Glass_uni
	1940
	44,600
	17,000
	16,700
	3270
	3480
	3500
	0.262
	0.35
	0.264



	Carbon UD
	1220
	114,500
	8390
	8390
	5990
	5990
	5990
	0.27
	0.27
	0.27



	Foam
	130
	129.2
	129.2
	129.2
	48.95
	48.95
	48.95
	0.32
	0.32
	0.32
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Table 3. Natural frequencies of IEA 15 MW blade.
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Mode

	
Frequency




	
Present Study

	
Reference Model

	
Rinker [29]

	
Lu [46]






	
First-order flapwise

	
0.512

	
0.504

	
0.521

	
0.555




	
First-order edgewise

	
0.692

	
0.691

	
0.619

	
0.642




	
Second-order flapwise

	
1.509

	
1.476

	
1.559

	
1.598




	
Second-order edgewise

	
2.120

	
2.134

	
1.933

	
1.925




	
Third-order flapwise

	
2.992

	
2.929

	
3.078

	
3.016




	
Third-order edgewise

	
4.278

	
4.291

	
4.156

	
-




	
First-order torsion

	
4.314

	
4.371

	
4.475

	
3.911
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Table 4. Skin fiber angle orientation.
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Cases

	
Symmetric/

Asymmetric

	
Subcases

	
Triax Glass Fiber

Angle Orientation

[+θ1/02/−θ2]

	
Region of Changing Fiber Angle Orientation




	
θ1

	
θ2






	
1

	
Symmetric

	
1

	
15

	
45

	
Full blade




	
2

	
25

	
45




	
3

	
35

	
45




	
4

	
55

	
45




	
2

	
Asymmetric

	
1

	
15

	
45

	
Suction side




	
2

	
25

	
45




	
3

	
35

	
45




	
4

	
55

	
45
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