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Abstract

:

Bushing-insert connections have emerged as efficient blade root connection designs. Bushing-insert connections with fibre-reinforced plastic (FRP) wedge-sticks enhance the strength and stability of the blade root, prevent stress concentration at the blade root, and improve the service life and reliability of the blade. However, studies on the failure mechanisms of the FRP wedge-sticks in bushing-insert connections are scarce. Hence, in this study, the influence of the FRP wedge-stick on the structural performance of the blade root was analysed by changing the slope of the FRP wedge-stick’s inclined surface at a constant thickness. The finite element method, sample testing, and full-size blade testing method were employed, and structural verification was conducted using an 84.5 m blade. The results reveal that the contact area of the inclined surface can be increased by reducing the slope of the FRP wedge-stick. This increase in area reduces the stress transmitted to each node of the FRP wedge-stick and blade root, prevents delamination of the FRP wedge-stick and blade root, and enhances the reliability of the blade root connection.
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1. Introduction


Globally, countries are adopting low-carbon emission strategies to combat climate change and promote significant modifications to energy systems [1]. In addition to promoting energy conservation and efficiency, countries are actively developing new renewable energy sources to reduce their dependence on fossil fuels. Wind power generation has become a pivotal component in the effort to reshape the global energy structure [2,3]. As the largest energy consumer in the world, China plans to increase its share of renewable energy to 20% of its total energy consumption by 2030. China is estimated to increase its wind power generation capacity to 400 GW by 2030 [4]. However, to meet the surging demands, larger wind turbines are necessary to increase the efficiency and stability of power generation. However, there are major safety concerns associated with increasing the blade-rotor diameter. Therefore, researchers have begun to focus on the causes of wind turbine failure [5,6,7], actively monitoring the structural health and identifying the damage caused to wind turbines [8,9,10].



Most wind turbine failures can be attributed to blade failures [11]. Blade failures can be caused by various factors, including delamination damage [12], buckling damage, cracking damage [13], and damage due to environmental ageing [14,15]. Lee et al. [16] reported a blade fault that caused the blade to detach from the wind turbine at the Eclipse and Ocotillo wind farms. This failure was attributed to delamination damage at the root of the blade. Additionally, they observed the same failure mechanism while testing and simulating a 30 m long blade. A significant difference was found between the load distribution at the root of the slender and large wind turbine blade and the bending load distribution of the hollow cylinder in the root model. The authors observed that the delamination failure occurred at the root of the blade due to a local load increase, which separated the T-bolt connection. The blade root connection is a vital part of the connection between the blade and spindle, and its stability and reliability directly affect the safe operation of the entire wind power system. Currently, the most common types of blade root connections used in wind turbines are the T-bolt and bushing-insert connections.



The T-bolt connection is realised by drilling radial holes in the blade root and installing cylindrical nuts. This connection mode is widely used owing to its high production efficiency and quality control. Zheng and Chen [17] proposed a time-domain fatigue assessment method for floating offshore wind turbines (FOWTs) based on T-bolt connections. The method was employed to predict the effects of various design and installation factors on the fatigue life of blade root bolts. In addition, Zheng et al. [18] proposed a framework for evaluating the structural strength of thin-walled blade root joints of FOWTs and discussed the effects of joint form, T-bolt spacing, load conditions, and bolt pretension on the structural strength of FOWT blade root joints. Further, Verma et al. [19] studied a T-bolt-connected blade root using a three-dimensional finite element model. They examined an axial hub connection, considered the influence of the actual fitting process, and analysed the effect of the impact load on the connection.



Recently, bushing-insert connections have become popular in commercial designs. The load on a blade root increases as the blade length increases. The thickness of the blade root must be increased when employing a T-bolt, thus, excessively increasing the weight of the blade root and resulting in material overuse. The pre-installation of bushings inside a blade root can effectively enhance the strength and stability of the blade root and improve the service life and reliability of the blade. Ha [20] used two- and three-dimensional finite element analysis methods to study the stress concentration factor at the screw thread of a blade bolt on a large offshore platform. Ha comprehensively investigated the stress concentration factors on bolt connections and discovered that the primary approach to reducing the stress concentration factor was to reduce the bolt diameter. Hosseini-Toudeshky et al. [21] studied the progressive de-bonding of the root bonding joints of 660 kW wind turbine blades under static and cyclic loads. They used cylindrical and bonding zone models for metals, composite materials, and bonding components. When the load on the blade was more than 10 times the normal fatigue load, the adhesive at the root joint of the blade accrued significant damage after 1 month (one million fatigue load cycles).



The blade structure with bushing-insert connections, is incorporated with a fibre-reinforced plastic (FRP) wedge-stick and polyvinyl chloride (PVC)/polyethylene glycol terephthalate (PET). The FRP wedge-sticks, such as bolts and bushings, also play an important role in ensuring the integrity of blade root connections. Figure 1 depicts a model of the FRP wedge-stick. The FRP wedge-sticks can enhance the connection strength and rigidity of a blade root connection and have excellent tensile properties. They have small volumes and weights, which are essential factors for wind-blade design. Lightweight FRP wedge-sticks can reduce the overall weight of the blades, thereby improving the efficiency of wind–energy conversion. In addition, they have good corrosion resistance and are well-suited for wind power generation under harsh environmental conditions. Camargo et al. [22] used structural joints composed of FRP dowels in laminated wood beams as an alternative to connect pieces of wood; it proved the feasibility of using this material in dowel joints for wooden structures. Khelifa et al. [23] proposed a technique for modelling steel connections strengthened with FRP and the behaviour of the connection was simulated both under monotonic and cyclic loadings. Faudree et al. [24] reviewed the latest reinforcement methods to strengthen Ti/carbon-fibre-reinforced polymer hybrid joints. The FRP materials have great potential as a part of connectors. However, failure mechanisms of the FRP wedge-sticks in bushing-insert connections have not been investigated.



Hence, in this study, we investigated the performance of the FRP wedge-stick in a blade root with a bushing-insert connection and the influence of the slope of the FRP wedge-stick on the structural performance of the blade root. We used an 84.5 m blade for design verification in the finite element method, sample experiments, and a full-size blade test method.




2. Materials and Methods


2.1. Establishment of a Finite Element Model


FRP wedge-sticks with inclined surface slopes of 1:7.3, 1:10, and 1:12 (full thickness: X axial length of the inclined surface) were designed, and a finite element model for the blade root of an 84.5 m long blade was developed. Table 1 lists some parameters of the 84.5 m blade.



Model development and mesh division are integral aspects of finite element modelling. The size of the model and the number of meshes directly affect the calculation scale and accuracy. In order to ensure a quick and convenient follow-up finite element analysis, only a part of the blade root was modelled. Due to symmetry, for the case of 112 bolts, the calculations used 1/224 of the entire model. This means on one edge, the bolt was sliced in order to have a half bolt in the model. On the other side, the model was sliced just in between two bolts. Figure 2 shows a schematic of the ½ and 1/224 finite element models used to establish the bushing-insert connection. Based on the parameters in Table 1, the solid model of each component of the blade root was established by the CATIA software (CATIA V5; the CATIA is a CAD/CAE/CAM-integrated software of the French company Dassault System, which supports all industrial design processes from pre-project stage, specific design, analysis, simulation and assembly to maintenance.). A mesh size of approximately 4 mm was defined and all the solid meshes were assigned SOLID185 unit properties. The solid elements were solved using the Static Structural analysis module in the finite element software ANSYS workbench (ANSYS 2021 R2; the ANSYS finite element software is a versatile finite element method computer design program that can be used to solve problems such as structures, fluids, electricity, electromagnetic fields, and collisions). Three different 1/224 finite element models were constructed with 155,456; 165,048; and 172,142 numbers of nodes and 122,593; 129,779; and 135,113 numbers of meshes. The coordinate system is also depicted in Figure 2.



The materials used in the connection components and material properties are listed in Table 2 and Table 3, respectively. Two boundary conditions were used to analyse the blade root: fixed support at the bottom surface of the hub and frictionless support at the 0° and 360/224° symmetry planes. The loads were defined in load steps. The bolt pretension was defined in the first loading step. As shown in Table 1, the bolt pretension was set to 187.5 kN (375 kN complete bolt) in the Static Structural analysis. The next loading step was for the external force, gradually loading to the limit force of 153 kN (306 kN complete bolt) of the half bolt. Several contact pairs were defined between the model parts that were touching each other. One type of contact pair was frictional contact, which was applied to surfaces in contact with the bearings and flanges. The coefficient of frictional contact was 0.2. The other type of contact pair was the bonding contact, which was applied between other contact surfaces, such as bolts and nuts, bolts and bushings, and bolts and hub.




2.2. Sample Test and Full-Size Blade Test


To assess the maximum shear stress at the interface between the FRP wedge-stick and blade root, a single-lap shear test was performed for the glass fibre pultruded profile according to EN 1465-2009 test standards [25]. The number of test samples was 10. The preparation process of the test samples was as follows: 6 layers of E6-TLX1215 triaxial fabric (purchased from Zhenshi Holding Group Co., Ltd., Tongxiang, China) were laid on the glass fibre pultruded profile (purchased from Anhui Composite Technology Co., Ltd., Tongcheng, China) with a length of 300 mm and demoulding cloth removed. The fibre direction of the glass fibre pultruded profile should be consistent with the main fibre direction of the fabric. The preparation process adopted the vacuum infusion process, and the infusion resin system adopted WD 0135/0137 (purchased from Shanghai Kangda New Chemical Materials Group Co., Ltd., Shanghai, China). The infusion direction of the infusion resin system was perpendicular to the fibre direction of the glass fibre pultruded profile. The corresponding curing treatment was carried out according to the resin system. The temperature was raised at a rate of 0.5 °C/min to 50 °C and maintained at a constant temperature for 2 h. Then, the temperature was raised at a rate of 0.5 °C/min to 75 °C and maintained at a constant temperature for 5 h. Finally, the temperature was naturally lowered to below 40 °C for demolding treatment.



The test was conducted using an INSTRON 5982 test machine and a strain gauge displacement sensor purchased from Instron (Shanghai) Testing Equipment Trading Co., Ltd. (Shanghai, China) Test Equipment Trading Co., Ltd. The grip pressure and test speed were set to 20 bar and 1 mm/min, respectively. Figure 3 shows the test machine and sample sizes.



During the preparation process of full-size test blades, the FRP wedge-sticks were purchased from Anhui Composite Technology Co., Ltd. and made from E-glass fibre and epoxy resin using a pultrusion process. The dimensions of the FRP wedge-sticks with inclined surface slopes of 1:7.3 are shown in Figure 4. The unmarked linear and angular dimensional tolerances refer to level m in ISO 2768-1 [26], while the shape and position tolerances refer to level H in ISO 2768-2 [27]. The glue content of the FRP wedge-sticks is not less than 20%. According to the requirements of GB/T 8923.1-2011 [28], the surface of the FRP wedge-sticks shall be sandblasted and meet the requirements of Sa2.5. The surface roughness of the FRP wedge-stick sandblasting treatment is Ra ≥ 6.3 (Ra is arithmetic mean roughness).



Before installation, the FRP wedge-sticks were checked that there were no cracks, no dry spots, no stains, no foreign matter inclusions, no obvious fibre bending, no damage caused by external force impact, and no omission in rough treatment. The laying details of the FRP wedge-sticks, bushings, PVC and Triax fibre on the mould are shown in Figure 5a. The applied full-size testing procedure of the blade complied with the international standard IEC-61400-23 [29]. The bearing capacity and interface of the blade test bed, loading equipment, and test instruments and equipment were tested in the Aeolon Blade Test Center and met the test requirements (Figure 5b).





3. Results


3.1. Finite Element Analysis of the FRP Wedge-Stick


A commonly observed failure mode of a blade root is the separation of the FRP wedge-sticks from the blade root. The finite element method was used to analyse the influence of the slope of the inclined surface of the FRP wedge-sticks on the contact surfaces between the FRP wedge-sticks and the blade root. The stress exerted on the contact surfaces between the FRP wedge-sticks and blade roots was examined during the operation. Subsequently, the critical stress was determined for reinforcing and enhancing the reliability of the blade root connection. The FRP wedge-stick and blade root share three contact surfaces (long, short, and inclined). The shear-stress cloud diagrams for the long and short contact surfaces are shown in Figure 6 and Figure 7, respectively. On the long surface, the shear stress decreased as the slope decreased, with the maximum stress appearing at the end of the bushing. Additionally, the shear stress increased as the thickness of the FRP wedge-stick decreased.



Corresponding to the slopes of 1:7.3, 1:10, and 1:12, the maximum shear stresses on the long surface of the FRP wedge-stick were 27.989, 25.847, and 24.723 MPa, respectively, and those on the long surface of the blade root were 14.300, 13.045, and 12.441 MPa, respectively. The maximum shear stress on the short surface of the FRP wedge-stick was experienced at the end position of the bushing. However, the maximum shear stress exhibited an increasing trend as the slope of the inclined surface increased (10.617, 12.321, and 13.306 MPa). As the slope increased, the position of the maximum shear stress on the short surface of the blade root moved forward to approximately 20 mm from the blade root end, and the maximum shear stress was maintained at approximately 9.3 MPa. The shear stress on the inclined surfaces of the FRP wedge-stick and blade root decreased as the inclined-surface slope decreased, and the maximum stress was experienced at the end of the FRP wedge-stick. The maximum shear stresses on the FRP wedge-stick inclined surface corresponding to the slopes of 1:7.3, 1:10, and 1:12 were 23.079, 15.289, and 13.781 MPa, respectively, and the maximum shear stresses on the inclined surface of the blade root were 17.513, 12.850, and 10.588 MPa, respectively.



The maximum normal stresses on the various FRP wedge-sticks and blade roots in the X, Y, and Z directions and the maximum shear stresses in the XY, XZ, and YZ planes were compared and analysed, as shown in Figure 8.



The results indicate that decreasing the slope of the inclined surface increased the contact area of the inclined surface, reducing the stress transmitted to each node of the FRP wedge-stick and blade root. Additionally, decreasing the slope improved the stress concentration between the FRP wedge-stick and blade root and improved the reliability of the blade root connection.



The maximum equivalent stresses were extracted and compared for the bolt and bushing whose dimensions remained unchanged, as shown in Figure 9.



The results indicate that extending the inclined surface contributes to reducing the maximum equivalent stress on the bolt and bushing. However, the contribution is insignificant, and the effect further decreases with the extension of the inclined surface.




3.2. Testing of Sample Parts


Table 4 and Figure 10 present the test results for the 10 samples. The maximum, minimum, and average stresses were 31.76, 26.74, and 28.92 MPa, respectively.



According to the finite element analysis results in the Section 3.1, the maximum shear stress of the FRP wedge-stick with a transition slope of 1:7.3 was 27.989 MPa. The maximum shear stress was located on the long surface of the FRP wedge-stick. Although the maximum shear stress value was lower than the average test value of 28.92 MPa, it was higher than the minimum test value of 26.74 MPa. The theoretical value (27.989 MPa) of the failure of the connection between the FRP wedge-stick with a transition slope of 1:7.3 and blade root was very close to the results of the actual sample tests. This blade root connection structure was located at the end of the bushing and the FRP wedge-sticks. Excessive shear stress at the blade root may cause delamination, gradually deteriorating the overall structural stability of the blade root. The different test results of the samples indicated the complexity of the FRP wedge-sticks and blade root connections in actual production. In addition, it was necessary to consider the possible defects that may occur during the production and manufacturing process, which can also affect the safety of the blade root connection. The reliability of the overall structure of the blade root can be improved by increasing the transition ratio of the inclined surface to 1:10 and reducing the maximum shear stress to 25.847 MPa. This method can mitigate the risk of delaminating the FRP wedge-sticks and blade root.




3.3. Testing of Blade Root


A full-scale test of the 84.5 m blade was conducted. During the test, the FRP wedge-sticks and bushings above the blade pressure surface were delaminated and separated by the blade root. Figure 11 shows the damage locations and photographs of the blade root. The preliminary assessment indicated that during the test, delamination occurred between the FRP wedge-sticks and blade root owing to an excessive shear stress between them.



This result is consistent with the finite element simulation and sample test results. The blade root of the 84.5 m blade was polished to investigate the cause of the damage further. After grinding, no abnormal phenomena were observed on the long surface of the blade root, as shown in Figure 12.



After additional grinding, interface separation occurred between the long surface of the FRP wedge-sticks and the blade root, as shown in Figure 12. The structure of the bushing insert connected to the blade root was optimised, the inclined surface of the FRP wedge-sticks was changed from 1:7.3 to 1:10, and the full-size model of the blade was further tested.



Applying a static load to a blade in the flapwise and edgewise directions is a rapid and accurate method of determining the ultimate bearing capacity and overall stiffness of the blade. The target load was statically applied to the 84.5 m blade in the flapwise and edgewise directions. No limit failure such as bolt breakage, fibre failure, or bonding failure occurred at the blade root, thereby meeting the standard (IEC-61400-23 [29]) requirements. Fatigue loads applied to the blade in the flapwise and edgewise directions can be used to verify the fatigue load capacity of the blade root during the intended operating life. Fatigue loads were applied to the 84.5 m long blade 1 and 2.5 million times in the flapwise and edgewise directions, respectively. This test verified that the blade root would remain structurally sound without fatigue damage during its 20-year operating period. Therefore, the blade root of the 84.5 m blade successfully passed the fatigue test conducted in the flapwise and edgewise directions.





4. Conclusions


In this study, the performance of an FRP wedge-stick inserted in a bushing-insert connection was investigated via finite element analysis, sample testing, and full-size blade testing. In practical applications, well-suited and optimised bushing-insert structures and materials can be selected depending on the specific requirements of wind turbines. This will help achieve a long-term and stable operation of wind turbine blades. The most significant points of this conclusion can be summarised as follows:




	
Decreasing the inclined-surface slope of the FRP wedge-stick could effectively improve the strength and stability of the blade root and improve the service life and reliability of the blade;



	
The maximum shear stress of the FRP wedge-stick is located on the long surface, at the end position on the tip side of the bushing;



	
Extending the inclined surface has a small contribution to reducing the maximum equivalent stress on the bolt and bushing;



	
The effects of other sizes of the FRP wedge-stick, such as the inner diameter and full thickness length, and changes in the overall structure of the bushing insert cannot be ignored. Currently, the single-inclined transition mode is the most commonly used for FRP wedge-sticks. In the near future, a multi-inclined transition mode and even improved designs for FRP wedge-sticks could be developed.
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Figure 1. Model of the FRP wedge-stick. 
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Figure 2. Three-dimensional 1/2 and 1/224 finite element models for bushing connections. 
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Figure 3. Test machine and sample (unit: mm). 
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Figure 4. The dimensional diagram of the FRP wedge-sticks with a slope ratio of 1:7.3 (unit: mm). 






Figure 4. The dimensional diagram of the FRP wedge-sticks with a slope ratio of 1:7.3 (unit: mm).



[image: Coatings 14 00129 g004]







[image: Coatings 14 00129 g005] 





Figure 5. (a) The laying details of the FRP wedge-sticks and (b) test blade with a length of 84.5 m. 
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Figure 6. Shear stress on the long surfaces of (a) an FRP wedge-stick and (b) a blade root. 
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Figure 7. Shear stress on the (a,c) short surfaces and (b,d) inclined surfaces of (a,b) an FRP wedge-stick and (c,d) a blade root. 
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Figure 8. Maximum stress in each direction of the (a) FRP wedge-stick and (b) blade root. 
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Figure 9. Maximum equivalent stress on the (a) bolt and (b) bushing under different bending moments. 
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Figure 10. Displacement–stress diagram of the samples. 
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Figure 11. (a) Damage location and (b–e) photographs of the blade root. 
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Figure 12. Tested blade root after grinding. (a,b) is the surface of blade root after preliminary grinding; (c–e) is the surface of blade root after grinding. 
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Table 1. Parameters of the blade model.






Table 1. Parameters of the blade model.





	Item
	Description
	Item
	Description





	Blade length
	84.5 m
	Root connection type
	Bushing insert type



	Blade circle diameter
	2800 mm
	Number of bolts/nuts
	112 ea.



	Thread size
	M36
	Bushing diameter
	62 mm



	Bolt length
	705 mm
	Bushing length
	410 mm



	Bolt/bushing/nut grade
	10.9
	External/Internal diameter of blade root
	2900/2700 mm



	Bearing thickness
	259 mm
	Blade root flange thickness
	15 mm



	Bolt pretension
	375 kN
	Maximum axial force at each bolt joint
	306 kN










 





Table 2. Materials used in the connection components.
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	Part
	Material





	Bolt/bushing/nut/flange/inner and outer pitch bearing
	Structural steel



	Hub
	Cast iron



	FRP wedge-stick
	Pultrusion UD



	Roving
	UD fibre



	PVC/PET insert
	PVC



	Outer and inner of the blade root
	Triax fibre










 





Table 3. Parameters of the blade root material.






Table 3. Parameters of the blade root material.





	
Material

	
Ex/MPa

	
Ey/MPa

	
Ez/MPa

	
Vxy

	
Vxz

	
Vyz

	
Gxy/MPa

	
Gxz/MPa

	
Gyz/MPa






	
Triax fibre

	
34,000

	
13,500

	
11,500

	
0.470

	
0.300

	
0.300

	
8000

	
4000

	
4000




	
Pultrusion UD

	
50,000

	
14,000

	
11,500

	
0.300

	
3600

	
1300

	
1300




	
UD fibre

	
40,000

	
12,000

	
11,500

	
0.300

	
3600

	
1300

	
1300




	
PVC

	
60

	
0.300

	
20




	
Structural steel

	
210,000

	
0.300

	
80,769




	
Cast iron

	
169,000

	
0.275

	
66,275








E is Young’s modulus; V is Poisson’s ratio; G is shear modulus; x, y, z is direction (The coordinate system is also depicted in Figure 2).













 





Table 4. Summary of test results of the sample pieces.






Table 4. Summary of test results of the sample pieces.





	Identification
	b/mm
	L/mm
	F/kN
	τ/MPa





	01
	25.03
	12.347
	8.551
	27.67



	02
	24.94
	12.217
	8.302
	27.25



	03
	24.93
	12.759
	10.103
	31.76



	04
	24.98
	12.471
	9.413
	30.22



	05
	24.84
	12.340
	9.002
	29.37



	06
	25.17
	12.570
	9.440
	29.84



	07
	25.09
	12.367
	8.297
	26.74



	08
	24.87
	12.387
	8.935
	29.00



	09
	24.98
	12.467
	9.172
	29.45



	10
	24.95
	12.541
	8.727
	27.89



	Mean
	24.98
	12.447
	8.994
	28.92







b is the width of the test samples, L is the bonding length of the test samples, F is the applied force, and τ is shear strength at the test sample failure.
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