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Abstract

:

Pitch regulation plays a significant role in improving power performance and achieving output control in wind turbines. The present study focuses on a novel, pitch-regulated vertical axis wind turbine (VAWT) with inclined pitch axes. The effect of two pitch parameters (the fold angle and the incline angle) on the instantaneous aerodynamic forces and overall performance of a straight-bladed VAWT under a tip-speed ratio of 4 is investigated using an actuator line model, achieved in ANSYS Fluent software and validated by previous experimental results. The results demonstrate that the fold angle has an apparent influence on the angles of attack and forces of the blades, as well as the power output of the wind turbine. It is helpful to further study the dynamic pitch regulation and adaptable passive pitch regulation of VAWTs. Incline angles away from 90° lead to the asymmetric distribution of aerodynamic forces along the blade span, which results in an expected reduction of loads on the main shaft and the tower of VAWTs.
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1. Introduction


Currently, there has been growing interest in vertical axis wind turbines (VAWTs) because of their low costs of installation and maintenance and no need for a yawing system [1]. Nevertheless, wild applications of VAWTs are retarded by their low energy conversion efficiency compared with their horizontal counterparts [2]. Pitch regulation is a valid approach for enhancing the aerodynamic performance and acquiring power control of wind turbines [3].



Quite a few studies have been done on pitch-regulated VAWTs, and the effect of both static pitch and dynamic pitch on the aerodynamics of VAWTs has been analyzed by numerical simulations and experiments [4,5]. Rezaeiha et al. [6] evaluated the effect of the static pitch angle on the angles of attack (AoAs), aerodynamic force components, boundary layer events of the blades, and power coefficients of the wind turbine at length by the computational fluid dynamics (CFD) method and revealed that the power coefficient with a pitch angle of −2° was 6.6% higher than that with a pitch angle of 0°. Chen and Kuo [7] pointed out that the self-starting ability of a VAWT changes with the pitch angle. Zhao et al. [8] proposed a new dynamic pitch strategy to broaden the azimuthal range of the high performance of a VAWT so as to obtain an 18.9% increase in the power coefficient at the optimal tip-speed ratio (TSR). Zhang et al. [9,10] compared the performance of a VAWT with and without pitch control, and it was shown that pitch regulation could increase the power output with a reduction of the deformation of the blades at the same time. Furthermore, Zouzou et al. [11] highlighted that lower blade–wake interactions of VAWTs could be obtained by pitch adaptation of the blades. On the contrary, Ferreira and Scheurich [12] investigated aerodynamic loads on the equator of the blades of a VAWT with three fixed pitch angles, using both a 2D panel model and a vorticity transport model. They demonstrated that changes in the fixed pitch angles—that is to say, changes of the bound circulation of the blades by constant values—could transfer instantaneous torque and thrust between the upwind and downwind region, but they did not notably change the average power of the wind turbine.



The aerodynamic forces of the blades exert a significant influence on the performance and operational life of wind turbines. However, previous studies mainly focused on the tangential and normal forces of the blades [13,14], lacking comprehensive discussion of the aerodynamic force components in the streamwise, lateral and vertical directions. Dyachuk et al. [15] measured the variations of the normal forces of a 12 kW VAWT prototype at an open site. Li et al. [16,17] assessed the instantaneous tangential and normal forces of VAWTs, as well as blade surface pressure distributions with different numbers of blades and the solidity by multiport pressure devices in wind tunnel experiments. Peng et al. [18] measured the aerodynamic forces of a high-solidity VAWT and proved its self-starting ability. Delafin et al. [19] used a free-wake vortex model to simulate the aerodynamic loads of two-, three- and four- bladed Φ-shape VAWTs with the same solidity and found that the instantaneous torque, thrust and lateral force ripples of wind turbines were diminished with more blades, which was believed to prolong the service life of VAWTs. Rogowski et al. [20,21] conducted comparative analysis of VAWTs with a series of NACA airfoils and concluded that cambered airfoils could reduce structural vibration in wind turbines. Meanwhile, the aerodynamic force components of the blades are influenced mainly under the conditions of low TSRs by the airfoil thickness, whereas more are influenced at high TSRs by the airfoil camber. Song et al. [22] examined the effect of the airfoil leading edge radius by 2D CFD simulations, and it turned out that the airfoil leading edge radius had an influence on the strength and diffusion rate of the shed vortices, leading to large differences in the torque characteristics of the blades in the upwind region and small differences in the downwind region. Wang et al. [23] quantified the effect of tower tilting and found that the effect on the tangential forces was stronger than that on the normal forces. Lei et al. [24,25] focused on the movements of platforms of offshore floating VAWTs. They illustrated that both the pitch and surge motions of the platform aggravated variations in the aerodynamic forces and may have increased the fatigue loads. Guo et al. [26] also evaluated the aerodynamics of an H-type floating VAWT with surge-heave-pitch floating foundation motions by a double-multiple streamtube model and acquired similar findings.



The normal pitch axes of a VAWT are coincident with the aerodynamic center lines of the blades. However, a previous study proposed an innovative VAWT with inclined pitch axes which could convert the drive mode of the pitch and achieve better structural performance [4]. The inclined pitch axis of a blade is still in the plane of the chord lines, but there is a nonzero intersection angle between the pitch axis and the aerodynamic center line. A pitch movement of the blade is achieved while folding around the inclined pitch axis, along with flapwise and edgewise movements at the same time. Therefore, it leads to quite different aerodynamics for the blade and performance of the wind turbine, which are illustrated at length in the present study.



To summarize, the instantaneous aerodynamic loads and overall performance of a straight-bladed VAWT with inclined pitch axes are investigated using an actuator line model. Instantaneous AoAs and the tangential and normal forces of a blade versus azimuth are evaluated under the conditions of various fold angles and incline angles, as are the power output and average aerodynamic forces in the streamwise, lateral and vertical directions of the wind turbine. The main objective of the present study is to investigate the effect of the pitch parameters on the aerodynamic forces of a VAWT with inclined pitch axes.




2. Methodology and Computational Model


2.1. Actuator Line Model


An actuator line model (ALM) was employed in the present study to simulate the aerodynamics of a VAWT because of its high computational accuracy and relatively low cost. Based on computational fluid dynamics (CFD), ALM replaces the displacement boundary conditions of the blades with the body forces using blade element theory (BET). In BET, the aerodynamic forces of the blades are determined by AoAs, which are extracted from the flow field by velocity sampling. Several methods of velocity sampling have been proposed, especially for simulations of horizontal axis wind turbines, such as averaging the velocities adjacent to the blades [27,28,29,30] or extracting the flow velocities at monitor points minus the induced velocities by bound circulation [31,32]. In the present study, the planar velocities in the airfoil profiles at the aerodynamic centers were employed to calculate the AoAs. The previous literature by the authors described the details of the ALM employed, as well as several necessary modifications [33], so they are omitted here for brevity.



The instantaneous aerodynamic force coefficient of a blade element (   C  F i − b e    ) is


   C  F i − b e   =    F  i − b e      1 2  ρ  V ∞ 2  c  l  b e      



(1)




where    F  i − b e     is the instantaneous aerodynamic force of a blade element ( i  refers to various directions:  t  for tangential,  n  for normal, x for downstream, y for lateral and z for upward),  ρ  is the air density,    V ∞    is the freestream velocity,  c  is the blade chord length and    l  b e     is the blade element length. The instantaneous aerodynamic force coefficient of a blade (   C  F i    ) is


   C  F i   =    ∑   F  i − b e      1 2  ρ  V ∞ 2  c H    



(2)




where H is the blade span length. The average aerodynamic force coefficient of a blade (   C j   ) is then


   C j  =    C  F i    ¯   



(3)




where j refers to various directions (including thrust, lateral and vertical) and      C  F i    ¯    is the azimuth-averaged aerodynamic force coefficient of a blade.



The power coefficient of a turbine (   C P   ) is


   C P  =  P   1 2  ρ  V ∞ 3  A   =   N λ c  D     C  F t    ¯   



(4)




where  P  is the power output,  A  is the swept area of the turbine with unfolded blades,  λ  is tip-speed ratio and D is the rotor diameter. Obviously, the rotating diameter of a blade element is changed with the folding movement of the blade, which results in the change of the swept area of the turbine simultaneously. However, these changes are ignored when calculating    C P   , in consideration of the direct comparison between results with different fold angles. Additionally, variations of the swept area are calculated and discussed solely below.




2.2. Wind Turbine Model and Coordinate Systems


A straight-bladed VAWT was used in the present study, which was the same as one in the previous literature [33]. The turbine had a diameter (D) and a span length (H) of 1 m with 3 blades. The airfoil was NACA0015, and the chord length (c) was 0.0575 m. The turbine operated in a uniform inflow field of 7 m/s with a rotational speed of 535 r/min, corresponding to a tip-speed ratio of 4.0. The intersection points of the inclined pitch axes and the aerodynamic center lines were in the equator of the blades.



As shown in Figure 1, three coordinate systems were built up to describe the innovative VAWT. The first was an inertial coordinate system (ICS), of which the origin was at the center of the turbine as high as the inclined pitch axes, and the    x i   ,    y i    and    z i    axes were in the downstream, lateral and upward direction, respectively. The second was an unfolded blade coordinate system (BCS), of which the origin was at the aerodynamic center of a blade as high as the inclined pitch axes, and the    x b   ,    y b    and    z b    axes were in the chordwise, thickness and upward direction, respectively. The third was an inclined pitch axis coordinate system (PCS), which was the rotational transformation of the BCS around its negative    y b    axis with an incline angle ( γ ). The    x p    axis of the PCS was coincident with the inclined pitch axis. In this way, the blade was folded around the negative    x p    axis of the PCS with a fold angle ( η ). It is clear that two parameters dominated the results of the present pitch regulation, namely the fold angle and the incline angle. Therefore, the present study focused on these two pitch parameters.



The sign convention of the concerned variables is shown in Figure 2. A revolution of the blade was divided into four quartiles: the first quartile refers to    0   °     ≤    ψ    ≤    90   °    , the second quartile refers to    90   °     ≤    ψ    ≤    180   °    , the third quartile refers to    180   °     ≤    ψ    ≤    270   °     and the fourth quartile refers to    270   °     ≤    ψ    ≤    360   °    . Besides that, the fore half refers to    0   °     ≤    ψ    ≤    180   °     and the aft half refers to    180   °     ≤    ψ    ≤    360   °    .




2.3. Computational Setup


In the present study, the ALM was implemented in the ANSYS Fluent platform together with user-defined functions. A computational domain of    60   D   ×   60   D   ×   60   H    was built up to eliminate the blockage effect, and the wind turbine was located at the center (Figure 3a). The boundary conditions were set as follows: a velocity inlet of 7 m/s with a turbulence intensity of 5%, a pressure outlet of zero gauge pressure and symmetry on the other four boundaries. A hexagonal mesh with 1,166,480 elements in total was generated in ANSYS ICEM CFD, which was composed of three zones (Figure 3b). An inner zone of    2   D   ×   2   D   ×   2   H    contained the turbine, with an element size of   0  . 5   c   ×   0   . 5   c   ×   0   . 5   c   . A transition zone of    3   D   ×   3   D   ×   3   H    was adjacent to the former, with a double element size using hanging nodes on the interface between zones. Lastly, an outer zone corresponded to the whole domain, with a quadruple element size growing larger toward the boundaries. The numerical settings in Fluent were decided based on previous studies [34,35]. The sheer stress transport (SST) k–ω turbulence model and semi-implicit method for pressure-linked equations consistent (SIMPLEC) algorithm were utilized. Other settings can be found in the previous literature of the authors [33].





3. Validation


During the numerical computation, the average tangential force coefficient of a blade per revolution was calculated to confirm a convergence. In addition, the criterion was defined as the relative error between two consecutive revolutions lower than 0.25%. Simulation results were obtained and then analyzed.



A series of sensitivity analyses of the spatial discretization (mesh element size and blade element length) and temporal discretization (azimuthal angle step size) were carried out, and the instantaneous tangential force coefficients were compared. In terms of the meshes, besides a basic M1 mesh, as mentioned above, a refined M2 mesh was used as a comparison, with a smaller element size of   0  . 4   c   ×   0   . 4   c   ×   0   . 4   c   . The total number of elements of M2 was 3,338,616, almost triple that of M1. The results with the two meshes exhibit good conformability in Figure 4a, with a relative error of 0.4% for the average tangential force coefficients. Therefore, the M1 mesh was selected for the following simulations. The blade element length is related to the Gaussian distribution width ( ϵ ) in the ALM, which equaled the blade chord length in the present study. Three lengths of  ϵ ,    2 / 3    ϵ   and    1 / 2    ϵ   were chosen, and it was found that the relative errors of the two former lengths, compared to the latter, were 2.6% and 0.6%, respectively (Figure 4b). Thus, the blade element length was set to  ϵ , corresponding to 27 elements in total for a blade. As for the azimuthal increments, simulations with azimuthal angle step sizes of 2.0° and 1.0° were executed. As shown in Figure 4c, the differences between the two results were quite tiny, with less than a 0.1% relative error. As such, an azimuthal angle step of 2.0° was determined in the present study.



The ALM employed in the present study had been validated in the aspect of power coefficients (   C P   ) of a VAWT for a wide range of tip-speed ratios [33]. The simulation results by the ALM showed satisfying agreement with the experimental data, especially for moderate-to-high tip-speed ratios. Other than that, the    C  F n     and    C  F t     of a blade on the equator were calculated and compared with the measured ones by Li et al. [36]. The wind turbine model used in the experiments had a diameter of 2 m and a span length of 1.2 m with two straight blades. The airfoil was NACA0021, and the chord length was 0.265 m. The inlet velocity of the wind tunnel was 8 m/s, and two moderate tip speed ratios, 2.58 and 2.19, were chosen to study. From Figure 5, it is clear that the calculated results fit well with experimental data. To be specific, the peaks of the    C  F n     in the fore half, as well as the    C  F t     in the aft half, were predicted well, but the peaks of the    C  F t     in the fore half and the    C  F n     in the aft half were overpredicted with acceptable errors.



Therefore, the present ALM was proven to properly predict the aerodynamics of a VAWT, and the following studies were then carried out.




4. Results and Discussion


In this section, the effect of two pitch parameters, namely the fold angle and the incline angle, on the instantaneous and average aerodynamic forces of a blade is demonstrated in detail.



4.1. Fold Angle


To investigate the effect of the fold angle, the instantaneous forces and overall performance of the wind turbine with different fold angles from −2° to 8.5° were calculated, given an incline angle of 60°. The range of fold angles was determined in consideration of the power performance of the VAWT. The results are discussed below, which are similar to those of VAWTs with conventional pitch axes [6], as well as having some distinct characteristics.



First, the AoA,    C  F n     and    C  F t     of a blade element on the equator were assessed (Figure 6). The variations of the AoA versus azimuth showed that variations of the AoA were approximately proportional to the fold angles all around the revolution. With the increase of the fold angle, the AoA in the fore half of the revolution decreased (in absolute terms), while that in the aft half increased (in absolute terms). The opposite effect occurred with the decrease of the fold angle. The variations of the    C  F n     versus azimuth with different fold angles were similar to those of the AoA. The slight decrease of the    C  F n     in the second quartile—with a fold angle of −2° and, in the aft half, a fold angle of 8.5°—suggests that the blade experienced a stall for these azimuthal angles, which could be seen more apparently by the variations of the    C  F t    . As shown in Figure 6c, a sharp drop of the    C  F t     in the fore half after the peaks occurred for fold angles from 2° to −2°. A similar drop was observed in the aft half for large fold angles (8° and 8.5°). It is clear that the appearance of a stall happened earlier in the azimuth as it grew deeper. Besides the stall phenomena, variations of the    C  F t     versus azimuth were a bit complicated. For fold angles from −2° to 8.5°, the climbing of the    C  F t     in the first quartile was delayed backward, and lower peaks of the    C  F t     occurred at later azimuthal angles. A positive    C  F t     was seen in a narrower azimuthal range. On the contrary, the climbing of the    C  F t     in the third quartile was advanced forward, and the lowest peaks of the    C  F t     occurred with a fold angle of 4°. Furthermore, for a fold angle of 4°, two peaks of    C  F t     existed in the aft fore, with one in the third quartile and the other in the fourth quartile. When the blade was folded in the positive direction—namely, increasing the fold angles—two peaks grew simultaneously. However, when the blade was folded in the negative direction—namely, decreasing the fold angles—the first peak grew but the second declined. This is reasonable, since the performance in the aft half is influenced by that in the fore half for a VAWT.



Next, the instantaneous aerodynamic forces, namely the    C  F x    ,    C  F y     and    C  F z    , of a blade were examined with fold angles from −2° to 8° (Figure 7). The    C  F x     generally stayed positive in most of the azimuth range. With increasing fold angles, the peaks of the    C  F x     in the fore half reduced, and the climbing of the    C  F x     was delayed. Opposite changes could be seen in the aft half, making the variations of the    C  F x     flatter with larger fold angles. In addition, changes of the    C  F x     in the fourth quartile were greater when compared with those in the third quartile because of the performance in the fore half, similar to    C  F t    . As for the    C  F y    , its direction changed between quartiles. Different from the    C  F t     and    C  F x    , the effect of the fold angle on the    C  F y     was reversed at azimuthal angles of 90° and 270°. The    C  F y     increased in the windward half and decreased in the leeward half with increasing fold angles, which means that the blade folding movement in the positive direction strengthened the lateral force away from the main shaft. Additionally, the occurrence of a stall also resulted in a slight reduction of the    C  F y    . Variations of the    C  F z     showed that the fold angle intensified the fluctuations of    C  F z    . With increasing positive fold angles, the blade experienced larger aerodynamic forces upward in the fore half and downward in the aft half, which was reversed with negative fold angles. Moreover, the effect of the fold angle on the    C  F z     was much stronger in the aft half than that in the fore half.



As was mentioned above, the folding movement of the blades led to changes in both the pitch angle and the swept area. Variations of the swept area of the blades could also contribute to the variations in overall performance of the VAWT. However, as can be seen in Figure 8a, the variations of the swept area for fold angles from −2° to 8.5° were less than 0.3%, which could be neglected, suggesting that the variations of the overall performance of the VAWT were mainly owed to pitch movement. Variations of the    C P    versus the fold angle are shown in Figure 8b. As can be seen, the maximum    C P    was obtained at a fold angle of 4°, and it decreased gradually when the blades were folded in two directions. It is shown that the sensitivity of the    C P    to the folding movement in the negative direction was higher than that in the positive direction. However, the occurrence of a stall, caused by large positive fold angles (8.5° in this case), resulted in a sharp drop of the    C P   . The findings coincided with previous experimental results [4].



As for the average thrust of a blade, the    C  T h r u s t     grew when the blades were folded in the positive direction (shown in Figure 9). In addition, it diminished with the occurrence of a stall. The    C  L a t e r a l     was approximately proportional to the fold angle. As a result, the fold angle strengthened the asymmetry of the lateral force of a blade. Fold angles above 2° led to lateral forces pointing to the windward half, and those lower than 2° led to forces pointing to the leeward half. The vertical forces kept downward for most of the fold angles, except for minor positive fold angles (2° in this case). In addition, the    C  V e r t i c a l     increased when the blades were folded in both directions.




4.2. Incline Angle


The incline angle dominates the relationship between the pitch angle ( θ ) and the fold angle. The pitch angle equals the fold angle with an incline angle of 90°, while the pitch angle remains constant regardless of the fold angle with the incline angle of 0°. In this way, the application of an inclined pitch axis slows the pitch movement, compared with a conventional pitch axis. The relationship among three variables is as follows [4]:


  θ = arctan   sin γ sin η     sin  2  γ cos η +   cos  2  γ    



(5)







The effect of the incline angle on the overall performance of the VAWT was investigated with fold angles from −2° to 10°. The incline angle was set to 30°, 60°, 90°, 120° and 150°. Variations of the swept area of the wind turbine versus the fold angle for different incline angles are shown in Figure 10. As can be seen, variations of the swept area increased with the incline angles away from 90°, but were still quite tiny for the range of fold angles observed. The sensitivity of the    C P    to the fold angle diminished with the incline angles away from 90°. A similar effect could be found for the    C  T h r u s t     and    C  L a t e r a l    . However, the effect on the    C  V e r t i c a l     was more complicated, which was the comprehensive result of both the variable modulus of aerodynamic forces resulting from the pitch angle and different decompositions of forces resulting from different orientations of the blades. For incline angles from 90° to 60°, vertical forces grew downward for most of the fold angles. Then, for incline angles from 60° to 30°, the vertical forces increased downward for the negative fold angles, but the vertical forces trended upward for the positive fold angles. The opposite changes were observed with    γ   >   90   °    . The upward vertical forces could diminish the burden of the gravity of the blades on the supporting structures of the wind turbine.



In addition, to clarify the effect of the incline angle, a pitch angle of 3° was selected to be constant for various incline angles—30°, 60°, 90°, 120° and 150°—leading to corresponding fold angles of 6°, 3.5°, 3°, 3.5° and 6°, respectively. The Average aerodynamic forces of the blade elements along the blade span were evaluated, as shown in Figure 11. It is apparent that incline angles away from 90° modified the distribution of aerodynamic forces to asymmetry about the equator. For the    C  F t     with    γ   <   90   °    , the peak appeared at the upper half of the blade and declined along the blade span downward. The trend was the opposite with    γ   >   90   °    . Besides that, the maximum    C  F t     with    γ   =   30   °     and 60° was 9.1% and 3.0% higher than that at the equator with    γ   =   90   °    , respectively. The asymmetry of the    C  F t     resulted in additional normal moments on the blade attachment points. Similar phenomena were found for the    C  T h r u s t    , leading to different tilting moments applied to the main shaft and the tower of the wind turbine. A 2.3% reduction of the tilting moment to the main shaft at z/H = −0.5 with    γ   =   150   °     was estimated, compared with that utilizing    γ   =   90   °    . The asymmetry of the    C  L a t e r a l     caused the same results as the    C  T h r u s t     to a minor extent. As for the    C  V e r t i c a l    , variations along the blade span could be ignored in view of the values.





5. Conclusions


In the present study, the instantaneous and average aerodynamic forces of a VAWT with inclined pitch axes were simulated by an actuator line model. The effect of two pitch parameters, namely the fold angle and the incline angle, was illustrated, and major findings followed.



The fold angle changed the angles of attack directly and, in turn, the aerodynamic forces. Blade folding movement in the positive direction made the variations of the    C  F x     flatter and strengthened the instantaneous lateral forces away from the main shaft. Furthermore, the fold angle intensified the fluctuations of the    C  F z    . As for overall performance, the    C P    of the VAWT varied with different fold angles. The    C  T h r u s t     grew when the blades were folded in the positive direction, but the    C  V e r t i c a l     increased when the blades were folded in both directions. The direction of the average lateral force depended on the fold angle.



Diverse sensitivities of the power control could be obtained with different incline angles, since the sensitivity of the    C P    to the fold angle diminished with incline angles away from 90°. A similar effect could be found for the    C  T h r u s t     and    C  L a t e r a l    . Opposite directions of the    C  V e r t i c a l     were seen for incline angles higher and lower than 90°. The upward vertical forces could diminish the burden of the gravity of the blades on the supporting structures of the wind turbine. From studies along the blade span, it is clear that incline angles away from 90° led to an asymmetric distribution of the aerodynamic forces about the equator. For the    C  T h r u s t    , the tilting moments applied to the main shaft and the tower of the wind turbine were different with various incline angles. Specifically, a 2.3% reduction of the tilting moment to the main shaft at z/H = −0.5 with    γ   =   150   °     was estimated, compared with that utilizing    γ   =   90   °    . Variations of the    C  L a t e r a l     and    C  V e r t i c a l     were minor.



The present study lays a necessary foundation for dynamic pitch and adaptive passive pitch regulation of a VAWT with inclined pitch axes. Aerodynamic performance under a low tip-speed ratio with the occurrence of a deep stall is good to explore as a comparison and supplement to the present study. In addition, the effect of the asymmetric distribution of aerodynamic forces on the structural performance of the wind turbine under the conditions of various incline angles also needs to be investigated in detail in the future.
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Figure 1. Different coordinate system arrangements: (a) inertial coordinate system (ICS) and unfolded blade coordinate system (BCS); (b) top view of the ICS and BCS; and (c) BCS and inclined pitch axis coordinate system (PCS) [4]. 
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Figure 2. Sign convention of the variables. 
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Figure 3. (a) Computational domain and (b) three mesh zones of the domain (not to scale). 
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Figure 4. Instantaneous tangential force coefficients of a blade with different (a) meshes, (b) blade element lengths and (c) azimuthal angle step sizes. 
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Figure 5. Comparison of simulated instantaneous force coefficients against experimental data [36]: (a) normal and (b) tangential. 






Figure 5. Comparison of simulated instantaneous force coefficients against experimental data [36]: (a) normal and (b) tangential.



[image: Applsci 11 01033 g005]







[image: Applsci 11 01033 g006 550] 





Figure 6. Instantaneous variables of a blade element on the equator with different fold angles: (a) angle of attack (AoA); (b)    C  F n     and (c)    C  F t    . 
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Figure 7. Instantaneous aerodynamic forces of a blade with different fold angles: (a)    C  F x    ; (b)    C  F y     and (c)    C  F z    . 
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Figure 8. Variables of a wind turbine with    γ   =   60   °    : (a) swept area (normalized by that of the unfolded blades) and (b)    C P   . 
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Figure 9. Average aerodynamic forces of a blade with    γ   =   60   °    : (a)    C  T h r u s t    ; (b)    C  L a t e r a l     and (c)    C  V e r t i c a l    . 
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Figure 10. Overall performance of a wind turbine with different incline angles: (a) swept area, (b)    C P   , (c)    C  T h r u s t    , (d)    C  L a t e r a l     and (e)    C  V e r t i c a l    . 
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Figure 11. Average aerodynamic forces along the blade span with different incline angles: (a)    C  F t    , (b)    C  T h r u s t    , (c)    C  L a t e r a l     and (d)    C  V e r t i c a l    . 
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