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Abstract

:

The present study was conducted to evaluate the analytical precision of finite element analysis models of wind turbine bearings. In the finite element analysis models, balls were modeled as finite element meshes as a solid model or replaced by nonlinear springs as two kinds of spring models. In addition, test bench modeling was performed to calculate the displacement following the application of a turnover moment by means of a global model analysis and to calculate the contact stress by means of a sub-model analysis. The comparison of the results of the finite element analyses with the results of the bearing bench test showed that the analytical precision was 17% in the single-spring model, 9% in the Daidie spring model, and 3% in the finite element mesh ball model, indicating that the finite element mesh ball model exhibited the highest precision.
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1. Introduction


Slewing bearings with a diameter of several meters, used in wind turbines, cranes, and mine industry applications, are subject to high turnover moments because the load is applied at positions some distance from the supporting point, unlike the case of general rolling bearings. A high turnover moment and axial and radial loads are alternatingly transmitted to pitch bearings due to the wind force acting on the blades. Pitch bearings for wind turbines are typical examples of large slewing bearings that connect the hub and the blades. In pitch bearings for wind turbines, as the capacity increases, the outer diameter of the bearing ring linearly increases compared to the cross-sectional area of the rolling element and bearing. Therefore, the accurate calculation of the lifetime and the evaluation of the safety of pitch bearings require analysis of the load distribution in bearings, the contract stress between the raceways of rolling elements and bearings, and the overall deformation of bearings. Finite element analysis (FEA) is an efficient analytical means for predicting the deformation and contact stress of pitch bearings which involves a complicated structure and multi-directional forces [1].



Large bearings generally include an inner ring and an outer ring and a multitude of rolling elements. Slewing bearings are designed such that rolling elements are in contact with both the inner and outer rings at two points, and thus, a single rolling element is in contact with four points. Finite element (FE) modeling performed with many rolling elements as three-dimensional solids needs fine elements and nodes, requiring high calculation costs and a long simulation time. To overcome this problem, various methods have been developed to produce an FE-bearing model that does not need to assume rolling elements as three-dimensional solids. In the design of bearings, research on numerical design preceded analytical methods in the analysis of contact stress between balls and raceways. In designing bearings, Harris [2], Houpert [3], and Antoine et al. [4] proposed a formula for calculating the contact stress based on the Hertz theory and in consideration of the equivalent load, raceway curvature, and ball size when a complex load is applied to a bearing. However, since this is a stress analysis that considers equivalent load by simplifying contact zones as much as possible, the deformation according to the stiffness of the ball bearings and other factors may not be sufficient. It is critical to the design of ball bearings to calculate the contact angle between the balls and the raceway, the change in the contact point upon applying a load, and the load applied to the rolling elements. Aguirrebeitia et al. [5,6] developed analytical procedures for evaluating the general load-carrying capacity of slewing bearings when load and moment are applied thereto.



Zupan and Prebil [7] determined the load-carrying capacity of bearings in terms of the contact angle and the geometric parameters. They proposed a model for calculating changes in contact angle based on the displacement of the contact point with the raceway when a load is applied to the bearing. They calculated the displacement and contact stress of the bearing using FEA based on the proposed model but did not present specific details about the procedures and methods of FEA. Daidie et al. [8] employed ABACUS 6.5 and IDEAS6.0, commercial software programs, and the load and displacement model formulated in previous studies to construct a nonlinear spring element model for ball bearings to calculate, through FEA, the reaction force acting on the springs. In addition, they constructed a model consisting of two rigid beams and rigid shells to calculate the contact angle between the balls and the raceway. This is a local–global approach for handling the rolling elements of bearings. Their study focused on the load-carrying mechanism of the bearings in the entire structure rather than an analysis of the bearings themselves. Duijvendijk et al. [9] performed a structural analysis in a case in which load is applied to wind turbine blade bearings for four types of boundary conditions corresponding to the spring section model, the 2.5D model, the contact section model, and the 180-degree half model and argued, based on the comparison of the consistency of the modeling results with the measurements, that the results from the contact section model were closest to the measurements. Gao et al. [10] built an eight-node hexagonal mesh model for the inner and outer rings of slewing bearings and replaced the contact point of the rolling elements with a single nonlinear spring element to calculate the load distribution on the raceway in consideration of the raceway stiffness. At this time, the stiffness of the spring element was numerically modeled based on Hertz’s theory. Starvin et al. [11] performed both experiments and numerical analyses including an analysis based on Hertz’s theory and FEA to calculate the stiffness of the balls in radial ball bearings and confirmed the nonlinearity of the displacement and load. In order to accurately predict the pitch and yaw bearings for wind turbines, Aguirrebeitia et al. [12] and Plaza et al. [13] adopted the nonlinear spring element, rigid bean element, and rigid surface element connections, which are the connection methods of balls and raceways by Daidie, and proposed a superelement-based FEA approach for downsizing the problem of the load applied to the blades using a superelement technique, thereby improving the precision of the deformation analysis of wind turbines. Schwack et al. [14] analyzed the effects of a free contact angle on the contract stress using FEA in the design validation of two-row four-contact blade bearings for 7.5 MW wind turbines. Zhang. H et al. [15] formulated the effects of the contact angle and radius of curvature on the contact stress of double-row four-point contact slewing ball bearings and performed 3D FEA analysis to compare the results, and the analytical analysis results were higher than those of FEA. Porziani et al. [16] proposed a toroid model to replace the ball of the bearing, calculated the elastic modulus and Poisson’s ratio to simulate the displacement of the bearing, and compared the displacement analysis results of the FE model and the toroid model according to the load applied to the bearing.



Validation through experiments is necessary to verify the deformation of bearings and the precision of stress analysis when a turnover moment and load are applied to slewing bearings. He et al. [17] compared the structural safety of bearings in consideration of the surface hardening depth for supporting against the high stress on the contact region between the balls and the raceway, with the strain measured at the bearing using a test bench and the results of the structural analysis to evaluate the structural similarity and then predict the fatigue life in consideration of the contact stress distribution. In order to verify the deformation of bearings when load is applied to pitch bearings, Graßmann [18] compared the strain obtained using FEA with the measurements obtained by a test using a Test Rig BETA1 tester and evaluated the consistency of the Daidie model and the 3D FE model, showing that the Daidie model exhibited larger displacement than the 3D FE model under the same load. He et al. [19] performed a global analysis by replacing the ball with a single spring element and then compared the analysis results according to the mesh density in the sub-modeling analysis with the analysis results of the test bench. The results of the FEA analysis were a minimum of 5% larger than the results of the loading formula based on the Hertz contact theory, and the difference from the formula decreased as the mesh density increased.



If the bearing is analyzed as a solid model, long analysis times and convergence problems may occur due to the excessive contact conditions between the ball and the raceway. When modeling bearings that are part of a large structure such as a wind turbine, a precise yet simplified bearing model is needed. Additionally, to verify the results of FEAs, the most effective method is to compare them with test results using actual bearings. In this study, we attempted to find the most precise analysis method by comparing the FEAs based on the ball modeling method and the displacement using a bearing test bench. To evaluate the analytical precision of FEA models, FEAs including the bearing and test bench were performed and compared with the results of the test bench. The test bench was capable of applying axial, radial, and turnover moments in a bearing test and was applicable to tests on bearings of up to 8 MW. After testing and modeling the bearings, FEAs were performed in the FE mesh ball model, the Daidie spring model, and the single-spring model. FEAs were carried out as global model analysis and sub-model analysis. In the global model analysis, a coarse mesh was generated to calculate the displacement, and the results were compared with the results of the bearing test using the test bench to confirm the precision of the FEAs. In pursuit of an accurate analysis of the contact stress, the sub-model analysis was performed using cut boundary constraints. To accurately assess the safety of the bearings, the analytical results of the contact stress from the FE model, which were the most similar to the results of the bearing test using the test bench, were used to calculate the safety factor to perform the structural safety evaluation.




2. Research Methodology


2.1. Bearing Information


The subject of the present study was a pitch ball bearing for 8 MW wind turbines; the bearing had dimensions of Ø5200 mm for the outer ring and Ø4957 mm for the inner ring and a height of 274 mm. In each row, 160 balls with a diameter of Ø71.32 mm were assembled, and the total number of assembled balls was 320. Table 1 shows the dimensions of the pitch bearings, and Figure 1 shows the simplified shape of the bearings. The material of the bearing raceway was 42CrMo4 + QT.




2.2. Four-Contact FE Bearing Model


In the present study, three models were used to analyze the deformation and the contact stress when load was applied to a 2-row 4-contact ball bearing. The Daidie spring model using a nonlinear spring, which is traditionally studied most, is a model in which the centers of the individual raceways in contact with the balls are connected with a nonlinear spring element, and two rigid elements are connected at the centers of the individual raceways. Figure 2 shows the Daidie spring model.



In Gao’s method [10], a single nonlinear spring element is connected to the point at which the ball and the raceway meet according to the contact angle. However, when large displacement of the outer ring occurs, change in the contact angle increases, and thus the load cannot be supported by a single spring element. Figure 3 shows Gao’s spring model.



Replacement of balls with nonlinear spring elements requires good stiffness of the balls, which can be calculated using the formula presented by Houpert [3] and Daidie [8]. In the formula below, Q is the load,    D w    is the ball diameter,    D  profile     is the raceway diameter, and  s  is the dimension ratio of the ball diameter to the raceway diameter. Equation (1) expresses the dimension ratio.  δ  in Equation (2) represents the stiffness, and the formula indicates that the displacement and the load Q have a nonlinear relationship.



Dimension ratio of the ball to the raceway:


  s =    D w     D  profile      



(1)







Formula for calculating the stiffness of a ball:


  δ = 8.97 ×   10   − 4      (  1 − s  )    0.1946      Q  2 / 3       D w   1 / 3      



(2)







In the models in which balls are replaced by spring elements, the accurate behavior and deformation of the contact points between the rolling element and the raceway are difficult to predict; it is also difficult to represent the movement of the contact points as the actual movement. Therefore, a method for analyzing the displacement after performing FE mesh ball modeling and analysis was proposed. Global analysis was performed to obtain the displacement when an external force was applied to all the bearings under three conditions, and contact stress analysis was performed through a sub-model with cut boundary constraints in order to calculate the accurate contract stress. The ANSYS R2 2023 Mechanical software program was employed for the FEA.




2.3. Test Bench of Pitch Bearing


In the present study, a bearing test was performed using a test bench to evaluate the precision of the FEAs, and the bearing test results were compared with the results of the FEAs to evaluate the analytical precision. The equipment can be used to simultaneously test two bearings; it has a base frame as a bottom platform, a loading frame as the top platform, and six hydraulic devices between the base frame and the loading frame. The bearing test bench is shown in Figure 4a,b. The six hydraulic devices are installed to apply radial load, axial load, and turnover moment, as shown in Figure 4c, and a durability test under the fatigue load case can be performed using the electric motor and drive shaft installed in the center of the test bench, as shown in Figure 4d. The specifications of the bearing test bench are summarized in Table 2.



In the present study, only turnover moment, which has the highest impact on the bearings, was applied. The bearing test with the test bench was performed to apply only the turnover moment by operating the hydraulic device on the left in the negative direction and the hydraulic device on the right in the positive direction.





3. Finite Element Analysis of Pitch Bearing


In the present study, FEAs were performed separately from the global model and the sub-model. When the mesh is finely generated in global model analysis, due to the contact points and nodes, there may be problems in the convergence, analytical time, and CPU capacity. Therefore, in the present study, a coarse mesh was generated in the global model analysis to calculate the displacement, and then, a fine mesh was generated in the sub-model analysis with cut boundary constraints to calculate the contact stress. The global analysis and sub-model technique were based on the research of Sanit Vanant [20], stating that there is no stress difference between concentrated and distributed loads when the location of the load is far away, and the research of Liu [21], stating that the lattice density has a large effect on stress but no effect on displacement in static analysis, C hang [22] is based on (2-D) beam element model, the theory of sub-model was theoretically deduced, based on sub-modeling technique of nodal displacements, the results of the global model and the sub-model for the skew bridge were compared and studied in terms of stress field and plastic damage of concrete. Therefore, if the displacement obtained from the global analysis is input as the boundary condition of the sub-modeling analysis, reasonable analysis accuracy can be expected. For the convergence of nonlinear conditions, the analysis was divided into 100 substeps. Force and displacement convergence tolerance was applied to the analysis with the “Program controlled” option. The force convergence criterion of “Program controlled” option has a maximum value of 5 × 10−6, which is calculated as the product of convergence tolerance of 0.05% and the internally calculated minimum reference value for force or a maximum of 0.01.



3.1. Global Model Finite Analysis Condition


In the global analysis, a maximum turnover moment was applied to analyze the deformation of the bearing and test bench. The hydraulic cylindrical force was 3946.4 kN because the distance between the cylinders was 4.0 m and the maximum turnover moment was 63,142 kNm. The global model for FEA is shown in Figure 5, composed of two bearings, the test bench, and the several jigs presented in Figure 4d. The turnover moment was modeled according to four vertical hydraulic forces. The bottom surface was fixed, and the side plate was frictionlessly supported to constrain movement. The FEA boundary conditions of the ball contacting sector between the raceway and ball were set as shown in Figure 6a,b for the spring models and as shown in Figure 6c for the FE mesh ball model. The bearing in the global analysis was modeled by rotating and arraying the ball treatment sector model described in Figure 6.



The regions where the components came into contact with each other, such as the frames, bearings, and jigs, were set in the ‘bonded’ condition, and the regions where the ball and raceway came into contact with each other were set in the ‘frictional’ condition.




3.2. Sub-Model Finite Analysis Condition


An accurate stress analysis requires fine elements. However, a global model, which is large and has many contact points between the balls and the raceway, may have problems in the analytical convergence and analytical time when the elements are fine. Therefore, sub-model analysis was performed with the cut boundary constraints. In the sub-model analysis, a model with a coarse mesh was first analyzed, and then a model for a specific part was prepared and this part was analyzed with a finer mesh. To confirm the accurate contract stress of the bearings, global model displacement analysis was performed to cut the point where the maximum displacement was found, and a model of the point was built. Then, the displacement results obtained from the global model analysis were mapped to perform the sub-model analysis. Figure 7 illustrates the boundary conditions used in the sub-model analysis.





4. Results


4.1. Global Model Analysis Results


In the FEAs, global model analysis of the balls was performed with the Daidie spring model, the single-spring model, and the FE mesh ball model; the results of the global analysis are shown in Figure 8. The maximum displacement of the bearing test bench was found on the side at which the hydraulic device was connected. The maximum displacement was approximately 12.08 mm in the single-spring model, 10.97 mm in the Daidie spring model, and 10.36 mm in the FE mesh ball model.



Figure 9 shows the displacement of the bearings in each of the FEA models. The displacement of the bearings was 3.199 mm in the single-spring model, 2.682 mm in the Daidie spring model, and 2.379 mm in the FE mesh ball model. Compared to the model that exhibited results that were most similar to the test results, the difference for the single-spring model was 0.82 mm and that for the Daidie spring model was 0.3 mm. The displacement difference was particularly large in the single-spring model, which is probably because an excessive displacement was generated at the inner ring and the outer ring and the change in the contact angle increased, thereby making it difficult for a one-dimensional spring element to support the load.




4.2. Sub-Model Analysis Result


A sub-model analysis was performed to accurately analyze the contact stress of the bearings. Figure 8 shows the contact stress under different conditions. The distribution contour of the contact stress was similar among the three models. The maximum contact stress is 8991 MPa in Figure 10a, 4675 MPa in Figure 10b, and 3067 MPa in Figure 10c. The single-spring model exhibited the highest stress, which was about 1000 MPA higher than that of the Daidie spring model and the FE mesh ball model.




4.3. Comparison of Results between FEAs and the Test with the Test Bench


Global model analysis was carried out to calculate the displacement, and the sub-model was performed to calculate the accurate contact stress. The bearing test results obtained by using the test bench were compared with the results of the FEAs to evaluate the precision of the FEAs. The displacement was 10 mm in the bearing test results obtained by using the test bench, and this value was used for the comparison with the FEAs. According to the results of the global model analysis in the FEAs, the displacement was 12.08 mm in the single-spring model, 10.97 mm in the Daidie spring model, and 10.36 mm in the FE mesh ball model. The difference between the test results and the FEA results was 2 mm (17%) for the single-spring model, 0.97 mm (9%) for the Daidie spring model, and 0.36 mm (3%) for the FE mesh ball model. Therefore, the results obtained from the FE mesh ball model were most similar to the bearing test results. Figure 11 compares the results of the FEAs with the bearing test results.



To evaluate the safety of the bearings, as shown in Table 3, the safety factor was calculated for the FEA models using the contact stress of the model that exhibited results most similar to the bearing test results based on the allowable stress 4200 MPa, presented in the NREL DG:03 Bearing Guideline.




4.4. Discussion of the Analysis Results


In this study, simplified spring models of ball bearings were analyzed by means of finite element analysis. One of these models is the single-spring model [10], which can replace the ball with two springs by connecting the two raceway contact points with one spring, and the other is the Daidie model [8], which proposes a spring between the contact points of two rigid beams. Finite element analyses were performed for these spring models and the FE mesh ball model, in which the ball is meshed as a solid model. To evaluate the accuracy of the FEA results for both spring models, the displacement of FEA using the spring models and the ball model was compared with that of the test bench. As summarized in the previous section, the test bench deformation shows an error of 17% for the single-spring model, 9% for the Daidie model, and 3% for the FE mesh ball model. This error is because the spring element is a structure that connects the contact angle of the raceway and the ball, so when a large overturning moment is imposed, the contact angle changes. Because the spring element transmits load only in the longitudinal direction, it is believed that if the contact angle changes, the load it supports may change and the accuracy of the analysis may decrease. The Daidie model also has the same characteristics, but because it connects the contact points of the rigid beam at two points on the raceway, it is judged that there is little difference in the displacement value for the change in contact angle. The phenomenon of high deformation for the same load in the analysis using the Daidie model has the same tendency as in the study by Graßmann, M. [18].



In this study, when conducting tests on a test bench, only the vertical displacement of a hydraulic cylinder indicated by the maximum turnover moment was measured, so positional deformation was not compared with FEAs.





5. Conclusions


The analytical accuracy of the finite element model when calculating the stresses acting on a ball and raceway and the displacement of the bearing when a load is applied to a slewing bearing was compared with the results of a bearing tester, and the following conclusions were obtained.




	(1)

	
According to the results of the global model analysis, the differences in displacement from the test results were 2.0 mm (17%) in the single-spring model, 0.97 mm (9%) in the Daidie spring model, and 0.36 mm (3%) in the FE mesh ball model. Therefore, the results from the FE mesh ball model were the most similar to the test results.




	(2)

	
According to the results of the sub-model analysis, carried out based on the results of the global model analysis, the contact stress was 8991 MPa in the single-spring model, 4675 MPa in the Daidie spring model, and 3067 MPa in the ball model. The ball model shows the lowest contact stress. The single-spring model and the Daidie spring model showed high stress values, probably because they failed to simulate contact angle changes caused by turnover moments.




	(3)

	
To evaluate the safety of bearings, a safety factor was calculated using the contact stress of the model that exhibited results most similar to the bearing test results based on the static allowable stress of ball bearings at 4200 MPa, presented in the NREL DG:03 Bearing Guideline. The calculated safety factor was 2.271 for the inner ring and 2.721 for the outer ring.




	(4)

	
Further studies may need to be conducted to measure the displacement of both the bearing test bench and the bearings, considering the composite loads together, including the axial load, radial load, and turnover moment. The FEA results can be compared among the spring models and the FE mesh ball models with or without a preload for validation.
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Figure 1. Structure of the two-row four-contact pitch bearing. 
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Figure 2. Daidie spring element connection of balls. 






Figure 2. Daidie spring element connection of balls.
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Figure 3. Single spring element connection of balls. 
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