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Abstract

:

Wind turbine blades in excessive wind conditions present extreme deflection problems. For this reason, an analysis of the structural response of composite reinforced box beams is developed. For this purpose, reinforced box beams were fabricated to improve the bending strength in the flapwise direction of the wind turbine blades. The box beams were analyzed with three-dimensional models using the Finite Element Method (FEM) and validated with bending tests at four-points and two-points. The box beam meets the characteristics of lightness and mechanical strength. Experimental four-point bending results showed that reinforced cross-sections decrease displacements by 30.09% and increase their stiffness to 43.41% for a box beam without structural reinforcement. In addition, the two-point bending results showed a difference of 18.98% between the displacements of the beams with structural reinforcements. In the FEM analysis, a maximum error of 11.24% was obtained when correlating the maximum displacement value with the experimental results of the beams.
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1. Introduction


As the capacity to generate energy in wind farms increases day by day, and in order to take advantage of the energy provided by the winds, there is a trend of designing wind turbines with rotor sizes larger than 200 m in diameter [1]. In turn, failures occur in different components, ranging from the foundation to the blades. These failures are due to design, materials, working conditions, and life cycles.



The wind turbine blades (WTB) are considered one of the most critical components and are susceptible to operational failures. The WTB works with various loads, such as tension–compression, torsional, cyclic, transient, induced, and self-induced. This diversity of loads makes the mechanical and structural behavior of the blades very complex. These loads cause bending efforts, stress, and strain [2,3]. There are several factors to consider in the blade design; however, most reside in two categories: (1) aerodynamic efficiency and (2) structural resistance. The first defines the blade topology and performance; the second defines the structural resistance parameters that are directly linked to the material properties and the internal design of the WTB structure. A structural analysis is desired to minimize the values of the maximum tension of the WTB and the maximum deflection of the tip, which can become unstable due to the various load sources. Currently, the Finite Element Method (FEM) is used to study the structural analysis of blades. FEM is used to analyze the behavior of various situations via dividing the structure into many small elements. In addition, the design process encompasses conceptual design, detailed component design, and the subsequent testing of complete WTB. As far as the detailed component design is concerned, the aim is to ensure that the blade components withstand the loads that are expected to be experienced [4,5]. Veludirthi et al. use Ansys software to model the buckling of the WTB. The software can predict the critical loads that support the different blades. In this study, the weights of the blades, the geometric shape, the material, and the working conditions or restrictions are considered [6].



Other studies [7,8] prove that the structural collapse of a WTB is the consequence of the combination of various failure modes: (1) spar cap buckling, (2) separation of the first layer, (3) bulge in the center of the cut, (4) detachment of the adhesive at the trailing edge, (5) matrix cracking, (6) the influence of the blade’s weight, (7) manufacturing imperfections effects, and (8) the Brazier effect, mainly local buckling on the suction side of the airfoil (spar cap). Therefore, it is necessary to investigate the structural performance to predict the deformation and, in turn, the deviation of the WTB tip due to extreme deflections [9]. Jensen et al. [10] demonstrated the positive effect of reinforcement on the stringer cap. In this work, real-scale tests of beams with and without reinforcement were carried out. In addition to testing the results, they used three reinforcement configurations on the stringer cover: wires, i-shaped pultruded profiles, and dry fiber mats. Clausen et al. added different structural members, such as box beam reinforcements, preventing box beams from deforming in the transverse direction [11].



On the other hand, the Blazier effect is of great interest when analyzing the cross-sections, due the non-linear behavior of both the effects of the material and the geometric deformations, which manifests in the buckling and wrinkles of the beam faces. This effect can be minimized with internal reinforcement in the cross-sections of the box beams [12].



The WTBs comprise two casings, which were manufactured separately and joined to a structural beam. At present, the structural beam is designed with a box-shaped cross-section and can be made of fiberglass, carbon, or aramid. The box beam is considered a critical and essential structure of the WTB because it is the element that supports the force produced by the wind [13,14,15]. Nevertheless, it is necessary to understand the mechanical behavior of box beams to analyze the failure modes. Some researchers use the Euler–Bernoulli beam theory to calculate the load and deflection characteristics of thin-walled composite blades and beams [16,17,18].



However, the structural designs of the WTB and their manufacture are complex, because the folds (creases) that occur after their manufacture can significantly reduce the overall performance of the structure [19]. In addition, research has been carried out to identify the optimal angle of the laminate to perform the stacking sequence of each sheet to form the laminate of a thin-walled beam; subsequently, the thicknesses and orientations of the laminate are optimized to obtain the maximum bending–twisting torque effect [20]. In addition, the damage detection technique using deformation sensors helps to determine the location of the failures, deformations, and stresses produced in the WTB and the beam [21]. Experimental results are validated using MEF. Chen et al. developed a numerical simulation methodology to predict the failure modes of large composite structures [22].



Some researchers [19,23,24] have proposed different types of non-linear solutions for WTB and composite beams, both numerical and experimental, and have reported a difference of less than 10% when comparing the load determined by strain gauges with the FEM. Lopez et al. developed a system to validate the cantilever blade’s behavior experimentally. For this study, the geometry, the rigidity, the blade deflection, and the different types of loads were considered. These tests show that non-linearities are linked to the large deflections of the WTB [25].



On the contrary, Kam et al. compared his experimental results with the simulation results, finding a difference of more than 10% [6]. Other authors compare their experimental results with FEM [8,9,25,26]. Likewise, the configurations in numerical analysis and the lack of standardized test procedures and experimental techniques imply differences in the results [27]. This difference in the results can be caused by imperfections resulting from the manufacturing technique or the inaccuracies in the measurement system that was used, such as extensometer configuration, load points, and beam configuration [28].



Research on the performance of box beams in bending WTB is limited, and available comparisons with Euler–Bernoulli and Timoshenko’s theories of composite beams with different cross-sectional shapes usually include solid and hollow shapes. The objective of the work is to analyze the behavior of the reinforcements of the box beams to increase the rigidity of the WTBs. The study considers profiles with different cross-section shapes subjected to transverse loads in the flag direction. These profiles are analyzed using three-dimensional models by the FEM. Likewise, to validate the rigidity in the box beams with flexural reinforcements, experimental tests were carried out: (1) flexural tests at four- points and (2) flexural tests at two-points.




2. Materials and Methods


2.1. Materials


In the reinforced box beam, mat-type fiberglass 450 × 52, polyester resin matrix (Resin PP 70 × 60) and catalyzer K-2000, a stacking of three sheets was considered to standardize the thickness of each laminate that makes up the beams and the reinforcements. Figure 1 shows the beam wall configuration, three polyester resin matrix layers, and three mat-type fiberglass layers [29].




2.2. Methods


The methodology proposed in this work arises from an understanding of the different types of multi-scale structural tests of WTBs and the study conducted by Tang and Chen [15]. This generic model methodology assesses the resistance and structural failure experimentally and numerically under bending conditions in four-points and two-points. Figure 2 shows the proposed methodology, and Figure 3 shows the profiles proposed for the development of a flexural analysis by FEM.




2.3. Beam Manufacturing


In the manufacturing process, the amounts of catalyst, grams of resin, and grams of fiberglass were controlled; fiberglass is the element that provides the higher resistance at the blades. However, despite taking care of the parameters mentioned above, each manufactured profile showed a variation in the density (Figure 4). All tests were performed within certain temperature ranges in order to guarantee the chemical, physical, and mechanical properties of the materials. However, the density of the samples ranged from 0.9250 to 1.0857 g/cm3. One of the inherent reasons for this density variation could be environmental conditions (humidity was not controlled) and the contact manufacturing process (manual manufacturing). However, the parameter that did remain constant was the amount of fiberglass sheets in each profile.



Each profile’s cross-sectional area and moment-of-inertia properties were calculated with a wall thickness of 2.32 mm (Table 1). These properties help to estimate blade stiffness.



Figure 5a shows the composite material at 4× zoom with a Velab stereo microscope model VE-S1 (upper view). Figure 5b shows the micrograph of the composite material used to manufacture the box beams (cross-section view). These micrographs were taken at a 7 kV acceleration voltage in a field emission scanning electron microscope (field emission) Brand JEOL model JSM 7100F. Previously, the sample was prepared by depositing gold particles on the surface, which was deposited at 10 mA for 120 s with a GSEM model G20 (SEM Coater) metal evaporator.




2.4. Experimental Setup and Instrumentation


2.4.1. Four-Point Bending Tests


For the bending tests at four-points, a system was assembled consisting of two parallel supports and two parallel load points positioned symmetrically to the central point between the supports, and a precision measurement indicator of 0.01 mm with a range of measurement from 0 to 10 mm. The bending tests at four points were developed with the test method ASTM D7264 [30], and the load was applied at a uniform speed as established by the Mexican standard NMX-C-191-ONNCCE-2004 [31]. Figure 6 shows the setup to four points, and the displacement is determined by Equation (1).


    y   A C   =   − F a   6 E I     ( 3 a L − 3   a   2     − x   2   )  



(1)




where:   F   is the cross-section force;   a   is the distance between the center of the support and the point of load;   E   is the elastic modulus of the material;   I   is the inertia moment;   L   is the total length of the beam, and   x   is an arbitrary point between the stretch AC.




2.4.2. Two-Points Bending Tests


A system was mounted for the bending tests at two points, as shown in Figure 7. The system consists of a load cell S3-A-200 kg with a sensitivity of 2000 mv/v, a signal amplifier, a tensor attached to the ground to apply the load, and two iron clamps to hold the specimen at one end. The maximum displacement of the simple cantilever beam is determined using Equation (2). The procedure for the application of the load in the bending tests at two points was carried out by adjusting a tensioner, and with the help of the signal amplifier, the data of the increase in the applied load were acquired.


    y   m á x   = −   F   L   3     3 E I    



(2)




where:   F   is the transverse force;   L   is the distance between the support and the point of load;   E   is the elastic modulus of material; and   I   is the moment of intertia.





2.5. Finite Element Simulation


Figure 6 and Figure 7 show the dimensions of profiles. The simulations were considered under the four-point bending and two-point bending scheme, respectively. In addition, 3D models were created based on the primary box beam model by adding reinforcements to the cross-section of the same thickness of the shear center and the stringer cap that make up the box beam. The beams were subjected to a static structural analysis using the Mechanical APDL solver for the processing stage. These beams were analyzed considering small deformations with homogeneous and isotropic material [32] and, subsequently, the relationships between the “Bonded” and “No separation” types. The methodology used to discretize the beams was the creation of a global mesh to include supports and loading tips and two local meshes for lateral and transversal faces with different dimensions, thereby avoiding convergence problems in the results. In addition, a counter was added to increase the load by 10 steps for both bending cases. Finally, the quality criteria Skewness and Orthogonal Quality were considered because they were the elements in three dimensions that matched an acceptable range of mesh quality.





3. Results


3.1. Design of Experiments


Numerical simulations were created of the seven profiles of Figure 3 using FEM, and profiles B and C were discarded by statistical analysis because they presented similar displacements to box profile A. Also, profile D was discarded because the reinforcement configuration implies higher displacements to profile E. Profile G was discarded because a box-shaped reinforcement was attached in its center and presented a (1) higher mass and (2) a complex manufacturing process compared to all profiles. Consequently, profiles E and F were chosen because they retain the property of lightness and present fewer displacements compared to profile A. Finally, three test pieces of each selected profile were manufactured. The profiles are as follows: in first place, profile A as the reference element; in second place, profile E; in third place, profile F. In the following sections, profiles A, E, and F are called Profile 1, Profile 2, and Profile 3, respectively.




3.2. Four-Point Bending Tests


A total of nine test pieces were studied for the evaluation of the experiments. The bending tests at four-points were performed with a maximum load of 2114.91 N in the flag direction according to the classical beam theory.



Figure 8 shows the force results and the average displacement of profiles 1, 2, and 3. The structural response naturally demonstrates a difference in the displacements of the tested beams. In other words, V-shaped and X-shaped reinforcements like those in profile 2 and profile 3 to a box beam (profile 1) were incorporated, resulting in a percentage decrease in displacements of approximately 30.09% and 19.41%, respectively. The profiles are compared in terms of maximum load capacity. The results show that the total failure of profile 1 occurred when the applied load reached the value of 3000 N. Thus, the proposed reinforcements increase the maximum load capacity of the beams, since the fracture of profiles 2 and 3 occurs under loads higher than 5000 N and 4000 N, respectively. Generally, the highest displacement is observed for the simple box beam (profile 1) at 3.09 mm, profile 3 at 2.49 mm, and profile 2 at 2.16 mm.



As the load increased on the profiles, the deformation of the profiles caused acoustic waves. These acoustic waves indicate an eminent fracture of the element to tension. Thus, fractures of profiles 1, 2, and 3 occurred in the joint. The failures in profile 1 are displayed in Figure 9. As the upper laminate failed (compression), the lateral laminates continued to compress, creating a fracture in the joining fibers. The total failure of profile 1 is the result of the complete separation of the beam components. In profiles 2 and 3, the failures were similar.



Nevertheless, a deformation distribution was formed in the contact zone with the loading tip, causing matrix cracking, as seen in Figure 10a. However, joint failure and fracture of each profile are an inherent possibility during the manufacturing process. An extensometer was placed on one side of a load point to measure displacements. The displacements recorded by the extensometer were 3.09 mm, 2.16 mm, and 2.49 mm of profiles 1, 2, and 3, respectively.




3.3. Bending Tests at Two-Points


Figure 11 shows the results of the force–displacement relationship with the linear behavior of profiles 2 and 3. The maximum displacement of profiles 2 and 3 before the workload of 392.26 N is 30.83 mm and 36.68 mm, respectively. In addition, if the result of profile 3 is compared to profile 2 with a load of 392.26 N, there is an increase in displacement of 18.98% by profile 3. The fractures of profiles 2 and 3 were similar, as shown in Figure 11. When a fault occurs at the junction that is located between the contact face and the side face, a deformation distribution is formed, with some fiber breaks located around the contact area. These broken fibers cause the cracking of the matrix. However, total failure due to fracture was recorded under loads of 617.82 N and 441.30 N in profiles 2 and 3, respectively.




3.4. Four-Point Bending Simulation


The elastic modulus used to simulate profiles 1, 2, and 3 is 4.58 GPa, calculated by Equation (1). Figure 12 shows that, at the ends of profile 1, there are positive displacements of 3.93 mm. In addition, there are displacements around the supports from 1.06 mm to −1.80 mm because the displacement is zero at the support points. Naturally, the most significant deflections are found just below the peak loads; for this reason, the maximum deflection (shaded red) is found at the midpoint of the beam, and its approximate value     y   m á x     is −4.67 mm. Therefore, the value of −4.67 mm for profile 1 is taken as a reference to compare the results of the simulations of profiles 2 and 3.



On the other hand, the maximum negative displacement of profile 2 “    y   m á x    ” is 2.40 mm, and deforms less than 48.61% compared to the displacement of profile 1. Likewise, the displacement to one side of the load points is −1.96 mm and is approximated with the displacement registered in the bending tests at four points. Finally, the simulation results of profile 3 indicated a maximum negative displacement of −2.31 mm, just below the load points. However, profile 3 deforms less than 50.54% to profile 1.




3.5. Two-Point Bending Simulation


An elastic modulus of 3.66 GPa, calculated by Equation (2), was used in the bending simulations. In lateral view, profile 2 presents a displacement of 31 mm with a load of 392.27 N, as shown in Figure 13a. Profile 3 presents a displacement of 37.70 mm with a load of 392.27 N, as shown in Figure 13b. Finally, when comparing the numerical simulation results of profiles 2 and 3, profile 3 presents higher displacements at its free end, of 21.61%, compared to profile 2.





4. Discussion


The boundary conditions derive from the problem of extreme deflections in blades under loads in the flag direction. In addition, in the bending studies, the solution for shear deformations was not considered necessary because it is a thin laminate. Therefore, the analysis is mostly influenced by deflection calculations in its static response.



In both bending tests (four/two-point bending tests), the laminates that make up the beams failed in a brittle manner, resulting in fiber breaks leading to the matrix’s fracture; then, the laminates’ separation began. The results are similar to the work reported by Martin et al. [33,34].



In the four-point bending tests, the laminates on the upper face of profile 1 deform in a fragile manner due to the penetration of the loading tips. Then, the faces and joints fail. Finally, the side laminates also fail. On the other hand, the reinforcement of profiles 2 and 3 prevented the laminate of the upper face from bending inward. These reinforcements help the joints between faces to support higher loads. The deformity and failure of the profile structure depend on the geometry of the cross-section and the element’s stiffness. The maximum displacement values of profiles 2 and 3 ranged between 2.16 mm and 2.49 mm, respectively, while profile 1 had a maximum displacement of 3.09 mm. However, the inverted V-reinforced profile 2 delayed superior surface compression failure, presenting a lower deformation of 15.32% compared to profile 3.



As noted, the experimental results show that the reinforcement of the cross-section of the beams (profile 2 and profile 3) exhibited better resistance to flexion at four points of 43.41% and 24.33%, respectively, compared to the box beam (profile 1). This result means that the elastic rigidity of the beams increases equally with increases in fiber content [35]. The elastic modulus was determined in a theoretical–experimental way, with notable results achieved for each of the profiles. On the other hand, considering both the displacement and rigidity results determined by the bending tests at four points and two points, profile 2 has a better performance and is more suitable to support loads in flag direction than profile 3.



The three forms of failure mentioned above were observed: (1) failure through the stress-compression of upper and lower laminates; (2) cracking in the resin matrix caused by brittle deformation; (3) total fracture caused by the separation of the joints of the beam faces. In addition, the simulation results showed that the profiles with structural reinforcements performed better, with minor deformations compared to the hollow profiles.



The most excellent convergence of numerical and experimental results was obtained with the bending tests at two points, with a percentage difference of less than 10%. It was also determined that simulations can reasonably predict the behavior of cantilevered beams with reinforcements in the cross-section. However, in the bending tests at four points, the maximum percentage difference was 11.24%, possibly due to the contact conditions applied in the simulations. Finite element models could be used to optimize parameters, improving performance, lightness, and flexibility required to replace box beams.



In addition, the profile failure showed fragile behavior due to a fortuitous defect in the type of laminate joint (in this case, the type of failure constitutes a variable that is not being studied). However, understanding the failure of the joints is vital to improving the structural design to satisfy the design needs of beams in WTB due to the complexity of calculations, manufacturing, and optimization.




5. Conclusions


Based on experimental and simulation work, a static analysis of fiberglass box beams was presented in four-point and two-point bending tests.



	
In the bending analysis at four points, it was determined that profile 2, with an inverted V shape, and profile 3, with an X shape, decrease their bending by 30.09% and 19.41%, respectively, compared to profile 1.



	
Comparisons between simulations and experiments were made regarding the bending response, and the most excellent convergence in the results was obtained with the bending tests at two points, with an error of less than 10%.



	
The box beam reinforced with the same composite material has a higher structural resistance of 43.41% (profile 2) and 24.33% (profile 3) in four-point bending tests. In addition, by using the same material for structural reinforcements, properties such as lightness and flexibility are preserved.



	
The elastic modulus of the material was determined theoretically and experimentally by bending tests at two points and bending tests at four points. The values range from 3.66 GPa to 6.57 GPa, respectively.



	
Using inverted V-shaped fiberglass and polyester resin laminates as a structural reinforcement improved the flexural strength of the box beam by 43.41%. In this way, the reinforcement of profile 2 with an inverted V shape improves the resistance of the box beams when they are subjected to loads in the flag direction. For this reason, applying WTB is a viable option.
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Figure 1. Thickness of laminate. 
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Figure 2. General methodology. 






Figure 2. General methodology.
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Figure 3. Profiles for FEM simulation: (a) simple square, (b) square with left diagonal reinforcement, (c) simple square with diagonal reinforcement, (d) simple square with V reinforcement, (e) simple square with inverted V reinforcement, (f) simple square with X reinforcement, and (g) simple square with reinforcement made up of a square and diagonals. 
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Figure 4. Composite materials beams: (a) box-shaped profile 1, (b) box-shaped profile 2 with inverted V reinforcement, and (c) box-shaped profile 3 with X-shaped reinforcement. 
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Figure 5. Beams composite material: (a) 4× zoom with the microscope model VE-S1 (upper view), and (b) micrograph with a GSEM model G20 (cross-section view). 
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Figure 6. Configuration of a simple beam supported with symmetric point loads in mm. 
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Figure 7. Configuration of a simple cantilever beam with point load in mm. 
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Figure 8. Comparison of the average force-displacement relationships of the experimentally tested profiles in bending with four-points. 
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Figure 9. Joint failure of profile 1: (a) fracture in the upper and lower left corner, (b) fracture in the upper and lower right corner, and (c) crushing on the upper surface of the section by the load points. 
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Figure 10. Joint failure: (a) upper surface of profile 2 after applying the bending test at four-points and (b) lower surface of profile 2 due to clamping after applying the bending test at two-points. 
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Figure 11. Comparison of the average force–displacement relationships of the experimentally tested profiles during bending with two-points. 
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Figure 12. 3D Displacement of profile 1 with a load of 2114.91 N. 
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Figure 13. Displacement with a load of 392.27 N with lateral view: (a) profile 2, (b) profile 3. 
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Table 1. Physical properties of manufactured profiles.
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Cross-Sectional

Area (mm2)

	
Inertia Moment

(mm4)




	
Profiles






	
1

	
433.19

	
162,769.25




	
2

	
661.30

	
201,114.18




	
3

	
708.10

	
250,022.23
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