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Abstract

:

Reducing the weight of a wind turbine blade is a major issue. Wind turbines have become larger in size to increase power generating efficiency. The blade has also grown in length to take more wind energy. A fabric-based wind turbine blade, introduced by General Electric Co., reduced the blade weight. In this study, a small fabric-covered blade for a 10 kW wind turbine was developed to verify structural ability. The blade was designed on the cross-section using variational asymptotic beam sectional analysis (VABS), structural analysis was carried out using MSC.Nastran for the design loads. A modal analysis was performed to compare the modal frequency and mode shapes. Static structural testing and modal testing were fulfilled. The analysis results were compared with the testing results. The fabric-covered structure was confirmed to reduce the blade mass with sufficient strength.
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1. Introduction


While wind turbines have increased in length and weight, wind turbine blades have faced challenges such as construction, transportation, and installation [1,2,3,4,5]. General Electric (GE) Co. and the National Renewable Energy Laboratory (NREL) have introduced a fabric-covered wind turbine blade [6] that reduces the weight and manufacturing cost of wind turbine blades. The fabric-covered blade, as shown in Figure 1, is similar to an aircraft wing and its skin is made from fabric materials. The fabric-covered blade is able to reduce weight and achieve modularization [6,7]. GE [8] studied several types of truss structure blades with tensioned fabric skin. Their blade structure did not save weight because the added mass required modifications to maintain the buckling margins. Bae et al. [9,10] studied the 5 MW fabric-covered blade to verify whether the structure could be adapted to a large wind turbine blade. They predicted a reduction in blade weight of over 30%, although their research was preliminary. Choi et al. [11] designed and analyzed a fabric-covered wind turbine blade structure. The authors performed static structural analysis and buckling analysis, and they proposed a spar structure for a fabric-covered blade. They concluded that the fabric-covered blade structure would reduce blade weight by up to 36%. However, previous authors have only carried out numerical analyses. An experimental study of fabric-covered blades is therefore needed to confirm that the structural ability would be dissimilar to typical wind turbine blades.



Wind turbine blades should be structurally tested for new development. Fagan et al. [12] designed and tested a specific 15 kW turbine blade. The blade design was based on the non-dominated sorting genetic algorithm and the numerical model was built using Abaqus. A whiffle tree test rig was used in the structural testing of the blade. The difference between the predicted and measured results were 13% in mass and 18% in deflection. Yang et al. [13] carried out an actual collapse testing under flapwise loading for a large-scale composite wind turbine blade with a 40 m length. The flapwise load was obtained by applying shear force at four locations. The test results showed that the final failure occurred at 160% of the extreme design load. Kong et al. [14] investigated the structural design and testing for a 750 kW wind turbine blade. The test load was applied at three positions. The analysis results showed a 3% difference compared with the testing results. Paquette et al. [15] tested three types of 9 m carbon fiber composite wind turbine blades where the blades were loaded with a three-point whiffle-tree arrangement. The three types of blades were compared with each other. Many researchers have studied structural testing and numerical analysis, but their research has been limited to typical wind turbine blades [12,13,14,15,16,17,18], thus the structural testing of fabric-covered blades is urgently needed.



This study investigated the structural design and testing of a fabric-covered wind turbine blade to confirm that the structure could reduce the blade mass while retaining sufficient strength. A small 10 kW wind turbine blade was selected because such a blade can be built and tested in a university laboratory. Structural behavior and normal mode were analyzed using variational asymptotic beam sectional analysis (VABS) and MSC.Nastran. Static and normal mode testing were performed. Finally, the analysis results were compared with the testing results.




2. Structural Design


2.1. Blade Shape


The blade’s aerodynamic shape was designed by the Korea Institute of Energy Research [19] as shown in Figure 2. The blade’s overall length was 3.55 m, the maximum chord length was 0.35 m, root diameter was 0.2 m, and the maximum twist angle was 20 degrees.



Figure 3 presents the structurally designed blade. The blade had a 0.35 m length root, a 2.91 m main structure, and a 0.29 m length tip. The root was a composite shell structure similar to a typical wind turbine blade. The main structure was composed of a C-spar, main spar, rear spar, ribs, root shell, and root mount. The spar design is explained in Section 2.3. The rib structure and the blade structure analysis model are described in Section 2.4. Figure 4 shows the finally designed and fabricated fabric-covered blade in this paper. The blade weight was 7.80 kg without the skin and tip. Table 1 is a list of the components’ mass.




2.2. Design Load Case


The blade load cases were selected from the International Electrotechnical Commission (IEC) 61400-1 Ed.3 Design Load Cases (DLC) [20]. The simulated wind conditions and details are listed in Table 2. The blade loads were calculated using FAST code [21]. The Vhub of DLC 1.1, 1.3, and 1.5 ranged from 4 m/s to 25 m/s at 2 m/s interval. The rated wind speed Vr was 9.5 m/s. Dash-lines in Figure 5 are the simulated results, and solid-lines with circles are the maximum and minimum values of all calculated cases. The partial safety factors were applied at 1.35 for simulated loads and 1.1 for materials. Figure 6 shows the design loads applied for the safety factors. The present study did not deal with unsteady loadings by atmospheric turbulence, wake turbulence, etc. The information about the unsteady loading can be referred to in works by Churchfield et al. [22] and Nandi et al. [23].




2.3. 2D Cross-Sectional Design of the Spar


The blade spar was designed by applying a cross-sectional analysis method. The cross-sectional properties and stress analysis were calculated using VABS [24], and pre/post-process were performed by applying in-house MATLAB-based codes. The applied carbon composite materials were LCU250NS and CF3327, which are products of Hankuk Carbon Co. The basic physical property tests were performed to obtain the carbon composite materials characteristics, as shown in Table 3.



The designed spar was composed with a C-spar, main spar and rear spar. The main spar caps that experience flapwise bending moments have the stacking sequence [(0)2/±45/(0)5/±45/(0)6] from root to 2.535 m and [0/0/±45/0/0]s from 2.535 m to 3.26 m, as shown in Figure 7. The main spar web that sustains shear loads has the stacking sequence [0/0/±45/0]s. The C-spar that also sustains shear loads during torsion has the stacking sequence [±45]. The rear spar that mainly experiences edgewise bending moment has the stacking sequence [0/±45/0].



Figure 8 shows the cross-sectional analysis results applied to Tsai–Wu failure criteria under design loads. The maximum failure index was 0.52 between the main spar cap and the web at the R = 1.59 m location. The results show that the blade structure is safe under the design loads.




2.4. 3D Finite Element Model of the Blade


The 3D finite element (FE) model was built from the results of the 2D cross-sectional design. The spars were joined to each other by ribs. The leading edge ribs that exist in between the C-spar and main spar retain the aerodynamic shape of the blade along with C-spar. The middle ribs connect the main spar and rear spar. The trailing edge ribs are placed on the trailing edge of the blade and forms the rear end shape with a thin composite skin. The middle and trailing edge ribs have a distance of 100 mm from each other. The leading edge ribs have a space of 50 mm, because it is necessary to keep the shape of the blade leading edge for aerodynamic characteristics. The ribs have a stacking sequence of [0/±45/0] and the applied material was CF3327. The ribs have an L-shape flange to increase stiffness. Some ribs that have sufficient airfoil thickness take a truss structure in order to reduce the mass. Figure 9 shows a rib applied to a truss structure. The fabric skin was not included in this model because the skin did not sustain the loads and it only maintains the aerodynamic shape.



Finally, the 3D blade FE analysis model is shown in Figure 10. The FE analysis model had 33,345 CQUAD4 elements. The design loads were applied to each rib position, for a total of 30 points. The root material was applied to the aluminum alloy 6061-T6 (MAT1, PSHELL), and the rest were applied to carbon composite materials (MAT8, PCOMP). The static analyses were performed with the maximum and minimum loads.



Figure 11 shows the blade displacement and Tsai–Wu failure indexes under the maximum load cases. The blade displacements were flapwise 182 mm and edgewise −12.6 mm under the maximum design load. The maximum failure index was 0.48 at blade location R = 0.610 m. Therefore, the designed blade structure has sufficient strength.





3. Modal Test


3.1. Test Apparatus


The modal test apparatus was composed of uniaxial acceleration sensors, an impact hammer, and a DAQ system. Table 4 shows the equipment list for the modal test. The uniaxial acceleration sensors convert the acceleration with flapwise and edgewise direction to an electric signal. The impact hammer applies an excitation to the blade. The DAQ system measures the acceleration data while the blade is vibrating.




3.2. Test Setup and Procedure


The modal testing was set to the free–free condition. The uniaxial acceleration sensors were attached to the blade with spacing of 500 mm, as shown in Figure 12. Each of the six acceleration sensors (a total of 12 sensors) were used to determine the flapwise and edgewise frequency and mode shapes. The excitation point was located at 1400 mm from the root. The DAQ system measures the acceleration sensor data with a sampling rate of 2000 sample/s. The time based acquired data were transformed to the frequency domain by Fast Fourier Transform (FFT).





4. Structural Test


4.1. Test Apparatus


The test apparatus was mainly composed of a test stand, hydraulic actuator, loadcell, wire displacement sensors, DAQ system, and control equipment, as shown in Figure 13. Table 5 shows the equipment list for the structural testing. The hydraulic actuator makes a load. A wire and pulley deliver the load to the blade from the hydraulic actuator. The loadcell is located on the cylinder of hydraulic actuator. The wire displacement sensors are placed above the blade and linked to the loading fixture. The DAQ system measures the loads and displacements during structural testing. The control equipment manages the hydraulic system in the test steps.




4.2. Test Load Case


The structural static tests were carried out at the maximum and minimum loads in the flapwise and edgewise directions. The dotted lines in Figure 14 are the maximum and minimum design loads, and the solid lines are test loads. Each testing direction, except the flapwise minimum load case, was divided by two cases to match with the bending moment level of design loads because the load was applied to one location on the blade. The flapwise minimum load could be set as one test case. Figure 15 shows the test loads at the loading position. There was a total of seven testing cases, as listed in Table 6.




4.3. Test Setup and Procedure


The global coordinate system was defined and used for the blade static test. It was fixed on the test stand. The origin of the global coordinate system was located at the center of the blade root. The x-axis is defined as the global horizontal line and directed to the right side when seeing the blade tip to root. The y-axis is defined as the global vertical line to the ground and is directed upside. The z-axis is defined as the line from the root to tip. The blade coordinate system is defined at the center of the blade root. The y-axis is defined as the line that is parallel with the chord line at the zero-twist blade station, and is directed to the trailing edge of the blade. The z-axis is defined as the line from the root to tip along the pitch axis of the blade. The x-axis is determined by the right hand rule. The global coordinate system and the blade coordinate system are shown in Figure 16.



When mounting the test blade on the test stand, the blade coordinate system was matched with the global coordinate system for the maximum edgewise test. For the maximum flapwise, minimum edgewise, and minimum flapwise test, the blade was rotated each −90°, 180°, and 90°. The structural testing was set up for the test equipment and the blade, as shown in Figure 17.



The structural test procedure had 12 steps. The load was applied in a total of five steps. The following is the test process.




	
Fixing the blade to the test stand.



	
Mounting the loading fixture at the location.



	
Performing the zero setting of the loadcell before connecting to the loading fixture.



	
Connecting the winch wire with the loading fixture and loadcell.



	
Increasing the load up to the 40%, 60%, 80%, 90%, and 100% level of the test load, and then maintaining the load for 15 s at each load level.










5. Result of Analysis and Testing


5.1. Modal Analysis and Testing


The modal analysis and testing were performed for the free–free condition. The uniaxial acceleration sensors measured flapwise and edgewise acceleration with each of the six sensors, for a total of 12 sensors. The impact hammer applied excitation to the blade. Figure 18a,b shows the sensor data during the modal test. The frequency response results are represented in Figure 18c,d. The first mode was the flapwise first bending mode with 30.52 Hz frequency, as shown in Figure 19a. The second and third mode were edgewise first and second bending mode with 39.31 Hz and 80.57 Hz frequencies, respectively, as shown in Figure 19b,c. The fourth mode was the flapwise second bending mode with the 91.31 Hz frequency, as shown in Figure 19d. The tested and simulated modal frequencies are listed in Table 7. The difference between the experimental results and analysis results was within 7.37%. Therefore, it can be said that the numerical model has the equivalent structural characteristics to the fabricated blade.




5.2. Structural Analysis and Testing


Figure 20 shows the structural testing and analysis results. The flapwise test results showed linear behavior, because the flapwise load was mainly sustained on the main spar, which had a thick laminate, as shown in Figure 20a–c. The flapwise analysis cases were within an 8.0% error compared with the flapwise test cases.



The edgewise test results showed linear and nonlinear behavior as shown in Figure 20d–g. The results of test cases 4, 6, and 7 had linear load-displacement curve, which were applied to smaller loads than that in test case 5. In test case 5, some of the ribs connected to the main spar and the rear spar sustained bending forces, as shown in Figure 21. Figure 22a shows a load-displacement curve for a rib bending test result. The curve had an initial linear region and final nonlinear region. The rib linear bending analysis result is shown in Figure 22b. The rib displacement was 6.8 mm on the load 60 N. The linear analysis result was well matched with the linear region of the rib test result. Therefore, nonlinearity of the rib must be considered in edgewise load conditions. The rib was analyzed for the nonlinear model or reduced stiffness for applied loads. In this study, some rib flanges were modeled to the membrane element because the rib experiencing buckling did not sustain compressive force by bending. The modified rib model could be simulated to nonlinearity, as shown in Figure 20e. The analysis error in the edgewise cases was 9.5% compared with the test results.



To reduce the nonlinearity of the ribs, the thickness has to be increased or the cross-section of the truss member in the rib to become L or C types. However, the increased thickness increases the blade weight, and the modification of the cross-section to L or C type makes the fabrication of the ribs more complex. To avoid these difficult challenges, the nonlinear behavior of ribs due to edgewise loading should be considered when analyzing the fabric-covered blade.





6. Conclusions


A fabric-covered blade was designed for the design load cases (DLC). Structural static and modal testing were carried out, and the testing results were compared with the numerical results. The fabric-covered blade behaved linearly in the flapwise direction. The edgewise behavior was shown nonlinearly, because the ribs sustained bending forces. To consider this phenomenon, nonlinear analysis is needed, or some ribs can be modeled to the membrane elements. The maximum displacement is predicted if all ribs are modeled to the membrane elements. The difference between the testing results and numerical analysis was within 9.45%.



In this study, the fabric-covered blade was confirmed to reduce the structural weight while retaining sufficient strength. Although this work studied a small wind turbine blade, the fabric-frame structure could be applied to a large wind turbine blade.
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Figure 1. The concept of a fabric-covered wind turbine (WT) blade. 
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Figure 2. The aerodynamic shape of the blade. 
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Figure 3. The fabric-covered blade structure. 
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Figure 4. The fabricated fabric-covered blade: (a) without skin and (b) with skin. 
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Figure 5. The simulated loads: (a) flapwise direction and (b) edgewise direction. 
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Figure 6. The design loads: (a) flapwise direction and (b) edgewise direction. 
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Figure 7. Main spar cross-section and stacking sequence. 
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Figure 8. The maximum failure indexes of the cross-sections along the blade span. 
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Figure 9. The truss ribs. 
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Figure 10. The 3D blade finite element model. 
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Figure 11. The structural analysis results of the 3D blade model: (a) deflection and (b) Tsai–Wu failure criteria indexes. 
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Figure 12. The modal test setup. 
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Figure 13. The static structural testing equipment configuration. 
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Figure 14. The test loads: (a) flapwise direction and (b) edgewise direction. 






Figure 14. The test loads: (a) flapwise direction and (b) edgewise direction.



[image: Energies 13 03276 g014]







[image: Energies 13 03276 g015 550] 





Figure 15. The test cases with testing loads at loading position: (a) flapwise direction and (b) edgewise direction. 
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Figure 16. The coordinate system: (a) the global coordinate system and (b) the blade coordinate system. 
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Figure 17. The test setup. 
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Figure 18. Modal testing results: (a) time signal(flapwise), (b) time signal(edgewise), (c) frequency response(flapwise), and (d) frequency response(edgewise). 
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Figure 19. The mode shapes: (a) first mode, (b) second mode, (c) third mode, and (d) fourth mode. 
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Figure 20. The structural testing and analysis results: (a) case 1, (b) case 2, (c) case 3, (d) case 4, (e) case 5, (f) case 6, and (g) case 7. 
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Figure 21. The rib deflection on the edgewise maximum load: (a) x-direction fringe and (b) z-direction fringe. 
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Figure 22. The rib bending test and analysis results: (a) testing results and (b) numerical results. 
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Table 1. The components’ mass of the fabric-covered blade.
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	Component
	C-Spar
	Main Spar
	Rear Spar
	Ribs
	Root
	Stringer
	Adhesive (Estimated)
	Total





	Mass (kg)
	0.34
	2.21
	0.20
	0.53
	4.08
	0.06
	0.38
	7.80
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Table 2. Design load cases.
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Design Situation

	
DLC

	
Wind Condition






	
Power production

	
1.1

	
NTM Vin < Vhub < Vout




	
1.3

	
ETM Vin < Vhub < Vout




	
1.4

	
ECD Vhub = Vr ± 2 m/s




	
1.5

	
EWS Vin < Vhub < Vout




	
Normal shut down

	
4.2

	
EOG Vhub = Vr ± 2 m/s and Vout




	
Emergency shut down

	
5.1

	
NTM Vhub = Vr ± 2 m/s and Vout




	
Parked

	
6.1

	
EWM 50-year recurrence period








NTM: Normal Turbulence Model; ETM: Extreme Turbulence Model; EC: Extreme Coherent gust with Direction change; EOG: Extreme Operating Gust; EWM: Extreme Wind speed Model; Vin: cut-in wind speed; Vout: cut-out wind speed; Vr: rated wind speed; Vhub: wind speed at hub height.
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Table 3. Properties of the carbon composite materials.






Table 3. Properties of the carbon composite materials.










	
	LCU250NS
	CF3327





	E1 (GPa)
	118.0
	54.90



	E2 (GPa)
	8.3
	57.95



	G12 (GPa)
	3.85
	3.30



	ν12 (-)
	0.33
	0.065



	XT (MPa)
	2005
	566.8



	YT (MPa)
	39
	579.4



	XC (MPa)
	978
	414.4



	YC (MPa)
	162
	410.8



	Shear Strength (MPa)
	85
	99.1
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Table 4. The equipment list for modal testing.






Table 4. The equipment list for modal testing.





	Equipment
	Specification





	Acceleration sensor
	Uniaxial type



	Impact hammer
	B&K 8206



	DAQ system
	dSPACE 1103
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Table 5. The equipment list for the static structural testing.






Table 5. The equipment list for the static structural testing.





	Equipment
	Specification





	Test stand
	-



	Loadcell
	DACELL 1 ton



	Wire displacement sensor
	1.2 m range



	Winch system
	Hydraulic cylinder



	Loading fixture
	-



	DAQ system
	NI PCI-6014
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Table 6. The test cases.






Table 6. The test cases.





	Case
	Quantity Description





	Case 1
	Flapwise maximum load 1 (loading 2.23 kN at 2.26 m)



	Case 2
	Flapwise maximum load 2 (loading 3.27 kN at 1.86 m)



	Case 3
	Flapwise minimum load (loading 0.92 kN at 2.26 m)



	Case 4
	Edgewise maximum load 1 (loading 0.89 kN at 1.26 m)



	Case 5
	Edgewise maximum load 2 (loading 1.71 kN at 1.06 m)



	Case 6
	Edgewise minimum load 1 (loading 0.21 kN at 2.26 m)



	Case 7
	Edgewise minimum load 2 (loading 0.77 kN at 1.26 m)
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Table 7. The experimental and numerical modal frequencies.






Table 7. The experimental and numerical modal frequencies.





	Mode
	Experiment (Hz)
	Numerical (Hz)
	Error (%)
	Mode Shape





	1
	30.52
	32.77
	7.37
	first flapwise bending



	2
	39.31
	39.90
	1.50
	first edgewise bending



	3
	80.57
	83.10
	3.14
	first edgewise bending



	4
	91.31
	94.73
	3.75
	second flapwise bending
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