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Abstract

:

The flow-induced vibration characteristic of the U-section rubber outer windshield structure of high-speed train is the key factor to limit its high-speed movement. Accurate and effective flow-induced vibration analysis of windshield structures is an important topic. In this paper, a hybrid modeling method for the analysis of flow-induced vibration of windshield structure is innovatively proposed for the U-section rubber windshield system of high-speed train. The method uses the external aerodynamic load obtained by aerodynamic simulation as the input condition of the flow-induced vibration model, and maps the aerodynamic load to the structural dynamics model characterized by the modal test data of the windshield structure. The flow-induced vibration model is established by means of modal superposition method and the time-domain response is effectively integrated by Runge Kutta method with variable step size. The results show that this method can effectively simulate the flow induced vibration of the wind baffle structure, and the real-time relationship between the aerodynamic load and the modal characteristics of the structure and the response of displacement and velocity can be obtained. On this basis, the comprehensive dynamic performance of the windshield system of high-speed trains at 400 km/h under external aerodynamic load is studied, that is, the force, displacement and velocity variation rules of the flexible structure are examined. It is determined that the displacement and velocity response curve of the measuring point near the lower side of the U-section rubber outer windshield is significantly higher than that of other parts. Moreover, the contribution of the first mode to the dynamic response of the structure is very obvious. This method provides an efficient calculation method for analyzing the flow-induced vibration characteristics of complex flexible structures.
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1. Introduction


The windshield system is a flexible structure connecting the two car ends of the high-speed train, usually composed of outer windshield and inner windshield. The design of the windshield system reduces not only the aerodynamic resistance of train operation but also the aerodynamic noise of the connection between the two car ends [1,2,3,4,5,6]. According to the train operation and maintenance data, once the train operating speed increases, the aerodynamic effect surges, and the lightweight design requirements make the windshield system more sensitive to flow-induced vibration [7,8,9,10,11,12,13], which intensifies the flow-induced vibration phenomenon of the outer windshield structure, and the windshield is obviously turned out or even torn. Therefore, when designing a higher speed train, the flow-induced vibration characteristics of the windshield system are a key design consideration [3,14,15,16,17,18,19,20].



In the current study, the analysis methods related to flow-induced vibration are roughly divided into two categories [13,21,22,23,24,25,26,27,28]. (1) Means of monitoring analysis through experiments. Cai Jianming et al. [29] determined in the following test that the U-shaped rubber outer windshield of some high-speed trains had a gap between the windshield connection between the two cars due to the installation process problem. When the train runs at a high speed, high-frequency vibrations occur at the inner windshield at the end of the train where there is a gap in the outer windshield. Wang Haiyan et al. [30] conducted a modal test on the inner windshield of high-speed trains with a speed of 350 km/h, and obtained the vibration characteristics of the inner windshield. The modal test was combined with the real vehicle dynamic test to compare and analyze the dynamic influence of the outer windshield on the inner windshield under the condition of with or without gaps in the outer windshield. Li Suxuan et al. [31] studied the vibration and deformation causes of the outer windshield with a maximum speed of 350 km/h, and analyzed the abnormal vibration and high noise of the inner windshield in detail through experiments and data analysis. However, due to the relatively high cost of experimental testing, it is only suitable for testing of finished products, not for the design stage. (2) Modeling and simulation analysis with the help of commercial software. With the improvement of computer performance and the rapid development of computational mechanics, numerical calculation methods have gradually become a very important research method in train aerodynamics. The numerical calculation method can analyze the influence of a certain parameter separately, which is a very important research method in train aerodynamics. Numerical calculation methods are much more convenient, cheaper, and can consider a variety of situations separately, which is why they are the most widely used research methods. Many scholars have carried out extensive research on train aerodynamics based on numerical calculation methods. Liu Zhen et al. [32] conducted a fatigue life analysis under aerodynamic load on the CRH2-300 EMU rubber windshield, which was used to explore the problem of cracks in the rubber outer windshield. Wang et al. [33] used the FLDutil module of the fluid software SC/Tetra (version 11.0) and the input port of the analysis software Ansys (version 10.0) to analyze the load of the high-speed trains to obtain its response and analyze the vibration situation. Miao [34] used three-dimensional numerical methods to discuss the influence of four schemes: full enveloping windshield, top open windshield, bottom open windshield, and top end and low end simultaneous opening windshield on the aerodynamic performance of high-speed trains, and obtained the aerodynamic loads of the following trains under different schemes. Long [35] used the Naiver–Stokes equation and the k-ε turbulence model to numerically simulate and calculate the aerodynamic characteristics of high-speed trains on flat ground, bridges, cuttings and embankments, and obtained the aerodynamic load of high-speed trains in this driving environment. Wang [36] established a train aerodynamic model to study the aerodynamic characteristics of high-speed trains under the action of two different lateral winds: average wind and index wind. Ouyang [37] used hybrid LES/APE method to simulate the unsteady flow field and the near-field aerodynamic noise of a 1/25 scale eight-coach high-speed train in long tunnel to study the changes in sound pressure in different cases, including tunnel with fully reflective walls and tunnel with fully absorptive walls and open air. S. Maleki et al. [38] used various turbulence modeling approaches including ELES, SAS, URANS and RANS to predict the aerodynamic flow around a double-stacked freight wagon. A. Premoli [39] used computational fluid dynamics to investigate the effect of the relative motion between train and infrastructure scenario.



However, the windshield material, structure and connection are complex, which not only makes it difficult to model accurately, but also increases the number of modeling degrees of freedom. In addition, the calculation time and efficiency of this method are low, so it is difficult to apply it well to the dynamic response and fluid-structure interaction analysis of windshield system, and it is also difficult to apply it to the optimization design or selection stage. In summary, it is difficult to analyze the flow-induced vibration characteristics of the windshield system quickly and accurately according to the existing research methods.



The windshield structure in this paper is modeled by mode superposition method based on the results of modal test, which is different from the previous works based on finite element simulations. On the one hand, the current experiment-based model can represent the dynamic characteristics of the windshield structure accurately without the need for cumbersome and complicated structural modeling processes. On the other hand, by using the mode superposition method, the computational efficiency of flow-induced vibration simulation is greatly increased. At the same time, due to the application of the mode superposition method, the aerodynamic loads under different operating conditions can be mapped to the structural nodes easily. In general, this method provides an efficient and reliable tool for the simulation of flow-induced vibration of complex flexible structures.



In this paper, a method is proposed to establish a flow-induced vibration simulation model of windshield structure based on modal superposition method and then analyze the flow-induced vibration characteristics of windshield structure by using aerodynamic simulation data combined with structural modal test data as input, and the specific principle is shown in Figure 1.



The rest of this paper is organized as follows: Section 2 introduces the aerodynamic simulation analysis and surface aerodynamic load extraction of U-section rubber windshield. In Section 3, the modal experiment of U-section rubber outer windshield structure and the analysis of the results are briefly summarized. In Section 4, the flow-induced vibration hybrid simulation method of U-section rubber outer windshield is introduced in detail. In Section 5, based on the simulation method proposed in this paper, the dynamic response of U-section rubber windshield was analyzed. Combined with the natural frequency of the outer windshield, the vibration mechanism and vibration characteristics of the outer windshield are summarized and discussed. Finally, Section 6 summarizes this research.




2. Extraction of Aerodynamic Load on U-Section Rubber Outer Windshield


In this section, an aerodynamic model of the U-section rubber outer windshield of high-speed train is developed, and the modelling process and the analysis of the aerodynamic load characteristics on the windshield surface are briefly described. In addition to this, an integration method for the aerodynamic loads is also presented.



2.1. Geometric Model and Computational Setup


To reduce the amount of calculation, the aerodynamic simulation model of the U-section rubber outer windshield adopts a three-car marshaling test train, including the head, middle and tail trains, and two groups of outer windshield structures. The middle section of the train remains unchanged, and the shortened model has relatively little effect on the flow field structure at the first windshield of the train [40]. During the numerical simulation, the modeling is carried out in strict accordance with the installation and size of the internal and outer windshields of the test train. In addition, the train’s height H = 4.0 m is selected as the characteristic length, the width of the train is 0.8 H, and the length of the train is 20.8 H. The established model of the high-speed train is shown in Figure 2.



The high-speed train adopts a U-section rubber outer windshield with two windshield opening positions at the lower end and a total of four U-section rubber elements. The U-section rubber outer windshield structure is shown in Figure 3.



The commercial software STRA-CCM+ (version 2020.3) is used to simulate the flow of the high-speed train in open line. The calculation area is shown in Figure 4. The calculation domain is 66.4 H long, 20 H wide and 15 H high. The nose tip of the head train is 18 H from the entrance of the calculation domain, and the nose tip of the tail train is 30 H from the exit of the calculation domain. The train is located in the middle of the calculation domain, and the lowest point of the wheelset is 0.05 H from the ground. The size ratio of the model to the actual high-speed train is 1:8.



The velocity inlet boundary condition is adopted at the inlet of the calculation domain, and the incoming flow velocity is set as 111 m/s. Pressure outlet boundary conditions are adopted at the outlet. The ground is set as a no-slip boundary condition, the velocity is consistent with the incoming flow velocity, and the rest are set to symmetry plane boundary conditions. The entire computing area grid is divided by tetrahedral mesh, and the total number of meshes is about 75 million; Figure 5 is a grid schematic. Three layers of nested encryption areas are set near the train’s body, and the maximum grid scale is set to 200 mm, 400 mm, and 600 mm, respectively. Grid encryption is carried out on the train’s body, bogie, windshield and other areas to ensure the accuracy of calculation. A 15-layer grid is set on the surface of the train body, windshield and pantograph. The first layer grid thickness is set to 0.02 mm, with a growth rate of 1.2, and the thickness of the first layer of the other surfaces is set to 0.05 mm, with a growth rate of 1.2. Overall, y+ is around 1, which meets the requirements of turbulence calculation [41,42,43,44].



For high-Reynolds-number flows, as the range for time and length scales that describe the flow depends on the Reynolds number, some level of turbulence modeling is required. The air flow around the train is highly turbulent, three-dimensional and time-dependent, and appropriate turbulence modeling is essential for accurate prediction. The model of train is 1:8 scaled, the implicit solution method pressure-based is selected for the constant flow field calculation, the SSTk − ω turbulence model is selected for numerical simulation, the SIMPLE algorithm is selected for pressure–velocity coupling, the pressure adopts Standard discrete format, and the convection term and dissipation term are adopted in the second-order windward discrete format. The unsteady flow field calculation adopts the LES method, and the discrete momentum equation adopts the bounded center difference format, with a time step of 5 × 10−5 s, and each step is iterated 20 times, for a total of 10,000 time steps.



In order to obtain the time history data of pulsating wind pressure of the flow field in the windshield area, the measurement points are arranged on the outer windshield of the train, and the three-group train has a total of two windshields, and a total of 479 measurement points are arranged on the inside and outside of each windshield. The aerodynamic measurement point arrangement is shown in Figure 6.




2.2. Data Analysis


This section introduces the aerodynamic pressure distribution of the windshield surface of the train and the extraction of the aerodynamic load of the surface measurement point. Pressure cloud diagram of cross-section and surface of U-section rubber outer windshield when the velocity of the train is 400 km/h in open line is shown in Figure 7 and Figure 8. Because the bottom of the windshield is close to the bogie area, and this area is similar to a groove, the speed of air decreases rapidly and the pressure value increases when the air flows through the windward side of bogie area. Through the arc connecting the wall and the train’s body, the incoming flow separates, the speed begins to increase rapidly, causing its pressure to decrease to a negative value. The upper side of the tail train is also affected by the separation of incoming flow in the pantograph area, showing partial negative pressure in the area.



Through the flow field simulation calculation, the time history data of aerodynamic pressure of all the windshield surface measurement points shown in Figure 6 can be obtained, and the pressure change curve of the measurement points at different positions of the head train’s windshield with time is shown in Figure 9, and it can be seen from the figure that the pressure amplitude of the bottom of the train is larger and the pressure amplitude of the top of the train is small. The pressure change curves of the measurement points at different positions of the windshield in the same horizontal plane are basically the same, and only the pressure amplitude at the peaks and troughs of the pressure wave is different.



Next, all aerodynamic data of measurement points is extracted, and the aerodynamic pressure of the measurement points is mapped to the structural modal measurement points by the method of interpolation integration.




2.3. Aerodynamic Load Integration


Flow-induced vibration analysis needs to correspond the aerodynamic load of the measurement point in the flow field analysis to the aerodynamic load of the modal test. According to the measurement point arranged during the modal test to divide the windshield structure into multiple area units, in order to ensure a more accurate description of the aerodynamic load, it is necessary to use as many measurement points as possible to study the change in the aerodynamic load of the external flow field to the structure, and load the measurement point in the aerodynamic simulation to the measurement point of the modal test through the difference integration method. The mapping is shown in Figure 10. The pressure per area unit can be obtained from the aerodynamic load and the unit area. The detailed steps are described below.



The inner and outer structure of the windshield can be divided into four parts: upper, lower, left and right. Each part of the structure establishes x-y local coordinates. The coordinate positions corresponding to the aerodynamic simulation measurement points and modal test measurement points of each part are ensured. Aerodynamic measurement points are used to interpolate each area unit at different positions. Assuming n aerodynamic pressure values are interpolated within an area unit, the average pressure for that area unit is


   P ¯  × n =   ∑  i = 1  n    p i    .  



(1)







The pressure of each area unit can be expressed as


  F = S ×  P ¯  ,  



(2)




where S is the area of the area unit.





3. Modal Experiment and Analysis of U-Section Rubber Outer Windshield Structure


In this section, the modal test method for U-section rubber outer windshield structures is presented and, based on this method, the natural frequencies, damping ratios and modal shapes of the windshield structures are obtained.



3.1. Test Object, Measurement Point and Excitation Point Arrangement


Hammer method was used to test the structural modes, and signals were collected by force sensor (force hammer) and acceleration sensor (measuring point). The lateral part of the structure of the outer windshield was selected as the main test object in this test (see Figure 11a). The thickness of the root of the U-section rubber is 18 mm, the overall width of the U-section rubber is 240 mm, and there is a pretension between the two U-section rubbers. Twenty measuring points are arranged on the side of the windshield (see red numbers Figure 11d). Three sets of tests were carried out at three different excitation points, which were above point 7, in the middle of point 14 and 15, and on the upper side of point 10, as shown by the yellow five-pointed star in Figure 11d.




3.2. Modal Analysis


After data of modal test collection, LMS PolyMAX module was used for mode extraction. The peaks with relatively concentrated S value (the mode with stable frequency, damping value and vector) were selected as the mode frequency, and the corresponding mode shapes of each order were extracted. In the modal test of the lateral part of the outer windshield structure, the results of the test under three different excitation points also have a good agreement. Based on the data measured at these excitation points, the first nine natural frequencies and damping ratios of the lateral part of the outer windshield can be obtained, as shown in Table 1, and the corresponding mode shapes of the first six modes are shown in Figure 12. The common point of the first four modes is large amplitude in the middle and small amplitude on both sides (connecting with the end wall of the train).





4. Establishment of U-Section Rubber Outer Windshield Flow-Induced Vibration Response Analysis Method


In this section, based on the modal superposition method, the time course curves of the aerodynamic loads on the outer windshield surface in Section 2 and the modal parameters of the outer windshield structure in Section 3 are used as inputs to build a simulation model of the flow-induced vibration of the U-section rubber outer windshield. The dynamic response of the model is solved using the Runge–Kutta method. In addition to their mathematical formulation, the advantages of using each of these methods are also presented.



4.1. Flow-Induced Vibration Model Based on Mode Superposition Method of U-Section Rubber Outer Windshield Structure


The differential equation of motion for the outer windshield system can be expressed as


  [ M ] {  x ¨  } + [ C ] {  x ˙  } + [ K ] { x } = { f } ,  



(3)




where    M    is the mass matrix,   [ C ]   is the damping matrix,   [ K ]   is the stiffness matrix, all of them are square matrices of order n, n is the degree of freedom of the system.    f    is the generalized force vector, representing the force on each degree of freedom.    x    is the generalized displacement matrix of the system, in which each parameter represents the generalized displacement on the corresponding degree of freedom of the system.     x ˙     and     x ¨     represent the generalized velocity vector and the generalized acceleration vector, respectively.



Generally, the degrees of freedom of a multi-degree-of-freedom system are coupled to each other, its mass matrix, damping matrix and stiffness matrix are not diagonal matrices, and it is not possible to convert the set of differential equations into individual differential equations to solve them; they need to be converted into independent differential equations in modal coordinates to solve them through coordinate transformation. Coordinate transformation of    x    is as follows:


  { x } = [ U ] × { y } ,  



(4)




where    U    is the coordinate transformation matrix. Substituting Equation (4) into Equation (3), the differential equations of motion are converted into the form under modal coordinates:


  [ M ] [ U ] {  y ¨  } + [ C ] [ U ] {  y ˙  } + [ K ] [ U ] { y } = { f } .  



(5)







Both sides of Equation (5) are left multiplied by the modal transpose matrix      U   T   :


    [ U ]  T  [ M ] [ U ]   y ¨   +   [ U ]  T  [ C ] [ U ] {  y ˙  } +   [ U ]  T  [ K ] [ U ] { y } =   [ U ]  T  { f } .  



(6)







The generalized mass matrix      M n     , generalized damping matrix      C n     , generalized stiffness matrix      K n      and generalized excitation      f p      are defined as


     M n    =    U   T   M   U  ,  



(7)






     C n    =    U   T   C   U  ,  



(8)






     K n    =    U   T   K   U  ,  



(9)






     f p    =    U   T   f  .  



(10)







Equation (6) can be expressed as


     M n    { y } +    C n    {  y ˙  } +    K n    { y } =    f p    .  



(11)







To ensure that the transformed equations can be decoupled,      M n     ,      C n     ,      K n      are all diagonal matrices, and    U    is the modal matrix. To obtain    U   , combining Equations (7) and (9) leads to


   K   U  =  M   U       M n      − 1      K n    ,  



(12)




where both        M n      − 1     and    K    are diagonal matrices of order n. The matrixobtained by multiplying        M n      − 1     and    K    is also a diagonal matrix, and the ith element on the diagonal of this matrix is    λ i  =    k i     m i     . Then, Equation (11) can be expressed as


     k 1   u 1  ,  k 1   u 1  , …  k n   u n    =    λ 1   m 1   u 1  ,  λ 2   m 2   u 2  , … ,  λ n   m n   u n    .  



(13)







That is, {u} is the generalized eigenvector of the mass matrix [M] and the stiffness matrix [K], and the vector consisting of      λ 1  ,  λ 2  , … ,  λ n      is its generalized eigenvalue. Equation (13) is the general eigenvalue problem if the mass matrix is the unit matrix, and therefore the modal vectors can be normalized. The generalized mass matrix corresponding to the ith order modal vector is


  [  M i  ] =   [  u i  ]  T  [ M ] [  u i  ] .  



(14)







     u i      is ith order modal vector. Normalization of the modal vector results in


     ϕ i    =    u i       M i      .  



(15)







Equation (11) can be decomposed into n separate differential equations:


   m i    y ¨  i  +  c i    y ˙  i  +  k i   y i  =  f  p i   , ( i = 1 , 2 , 3 , … , n ) .  



(16)







Both sides of the equation are simultaneously divided by    m i    and have


     k i     m i    =  ω  n i  2  ,  



(17)






     c i     m i    = 2  ζ i   ω  n i   .  



(18)







Thus, Equation (16) can be translated into


    y ¨  l  + 2  ζ i   ω i    y ˙  l  +  ω i 2   y i  =    f  p i      m i    , ( i = 1 , 2 , 3 , … , n ) .  



(19)







Equation (18) is the differential equation of mode shape of the ith order. The modal superposition method based on the measured modal data of the structure can effectively restore the real mechanical properties of the windshield structure and avoid the problem of oversimplification of the modal simulation model of the structure.




4.2. Dynamic Response of U-Section Rubber Outer Windshield Structure


For the motion differential Equation (19) of a system with multiple degrees of freedom, it can be expressed as a matrix as follows:


       Y ˙       Y ¨      =      0   1      −  ω 2      − 2 δ  ω 2            Y      Y ˙      +      0     F      .  



(20)







Further, Equation (19) could write


   X ˙   t  = A X  t  + U  t  ,  



(21)




where


    X  t  =      Y      Y ˙           A =      0   1      −  ω 2      − 2 δ ω       ,     U  t  =      0     F         



(22)




where   X  t    is the state vector of the system,  A  is the system matrix,   U  t    is the external load vector. Equation (20) is the state equation of the system. The external load vector of each time step and the state vector of the system in the matrix form of the equation of motion can be obtained by the above derivation process.



The ode45 function in MATLAB uses the Runge–Kutta method to solve the differential equation of motion of the structure under aerodynamic load and calculate the displacement response. This method can solve nonlinear problems effectively and has the advantages of less computation and high precision. For the outer windshield structure, the displacement of each measuring point over time can be expressed as


  W  ( x , y , t )  =   ∑ N   i = 1     ϕ i   ( x , y )   q i   ( t )  ,  



(23)




where   W   x , y , t     represents the displacement of a measuring point with coordinate (x, y) with time t,    ϕ i    x , y     represents the ith mode of a measuring point with coordinate (x, y), and    q i   t    represents the displacement of a point with time t under generalized coordinates. N is the number of modes of the first N order. As the Runge–Kutta method is solved using variable step integration, the dynamic response curves obtained are not of the same time step in the time domain and the results can be post-processed using numerical interpolation methods.





5. Dynamic Response Analysis of U-Section Rubber Outer Windshield


Through the calculation and analysis of the U-section rubber outer windshield structure, it is determined that under the action of aerodynamic load, only the first three modes of the outer windshield have major contributions, and the contributions of the latter modes are negligible. In order to ensure accuracy, the first six modes are used for modal superposition in the flow-induced vibration analysis of windshield structure. Figure 13 is a schematic diagram of the selection of measuring points for the displacement response of the U-section rubber outer windshield. The left part corresponds to the left windshield in Figure 10d, and the right part corresponds to the right windshield in Figure 10d. A total of 12 measuring points are selected for analysis. On a common computer, Intel(R) Core(TM) i7-10750CPU is used. The calculation time of this example is 16.74 s, which has engineering availability.



Figure 14 and Figure 15 show the displacement and velocity response curves of the measurement points on the left and right sides of the outer windshield within 6 s, respectively, positive in the direction toward the outside of the windshield. It can be seen from Figure 14 that the displacement and velocity amplitudes of measuring points 6 and 10 are the largest. This is due to the opening on the lower side of the outer windshield structure at points 6 and 10, which leads to lower stiffness compared with other measuring points and more obvious vibration there. On the other hand, measurement points 1, 4, 9 and 12 are closer to the connection between outer windshield and end wall. Due to the limitation of boundary conditions, their stiffness is larger than that of other measurement points, resulting in significantly smaller displacement and velocity response amplitudes than those of other measurement points.



Figure 16 shows the modal contribution of displacement at measurement points 6 (left) and 10 (right). The black solid line is the actual displacement at measurement point of outer windshield, and the dashed lines in other colors represent the contribution of each mode to the displacement of outer windshield, respectively. It can be observed that for measurement points 6 and 10, the first-order mode has a strong influence on the displacement of the outer windshield, while the other modes contribute relatively little to the displacement response.



Next, in order to investigate the dynamic response of the measurement points for different positions of the windshield, the train is divided by direction of travel. Windshield 1 between the head car and the middle car and windshield 2 between the middle car and the tail car were selected for comparison in this paper, as shown in Figure 17. Each windshield was selected for comparison at the same measurement point locations as in Figure 13.



Figure 18 and Figure 19 show a comparison of the maximum and mean values of the absolute values of each measurement point for different positions of the windshield at 400 km/h of the train. It can be seen that the amplitude of displacement vibrations at each measurement point on windshield 2 is higher than that of the measurement points on windshield 1, and the same is the case for the mean values. However, the difference is not very significant near the end of the car due to the constraints. It can be concluded that the outer windshield 2 vibrates more significantly under aerodynamic load excitation than windshield 1.



Furthermore, from Figure 13, it can be seen that the position of the measuring point on the lower side of the windshield is close to the windshield opening, and the constraint conditions at this place are weaker than the position of the measuring point on the upper side, and the stiffness is smaller. At the same time, for the measuring points on the lower side of the windshield, since both sides of the outer windshield are fixed at the end wall, points 4 and 12 near the end wall are more constrained than other measuring points at the same horizontal line (points 5, 6, 10, 11), while points 6 and 10 are more constrained than other measuring points at the same horizontal line. On the other hand, due to the opening on the lower side of the outer windshield, the airflow inside and outside the windshield is exchanged through the opening position, which increases the aerodynamic force on the surface at the lower side. Therefore, it can be seen from Figure 18 that the displacements of lower points are larger than those of upper points and displacements of points 6 and 10 are the largest.




6. Conclusions


In this paper, a new method is proposed to build a U-section rubber windshield structure flow-induced vibration model by using the external aerodynamic load and the measured modal data of the outer windshield structure as input, combined with the mode superposition method. This method can be used to analyze the dynamic response of U-section rubber outer windshield structure efficiently.



Since the aerodynamic load on the windshield surface as the input condition does not need to be iterated repeatedly, it is not limited by the computing resources required and can handle the dynamic response simulation calculation under various working conditions such as open line operation, open line intersection or tunnel operation.



The use of measured structural modal data can avoid the problem of inaccurate dynamic characteristics caused by oversimplification of U-section rubber outer windshield simulation modeling. This method is suitable for dynamic characterization of complex flexible structures.



Through the flow-induced vibration analysis of U-section rubber outer windshield structure of a 400 km/h train, it is determined that the displacement and velocity response curves of the measuring point near the windshield opening position are significantly higher than those of other parts due to the influence of the opening position. This area has a great potential for vibration reduction, and attention should be paid to the influence of the structure’s first-order mode on its response.
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Figure 1. Schematic diagram of U-section rubber outer windshield structure flow-induced vibration analysis. 
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Figure 2. Geometric model of the train. 
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Figure 3. Geometric model of U-section rubber outer windshield. 
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Figure 4. Computational domain. 
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Figure 5. Computational grids. 
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Figure 6. Schematic diagram of outer windshield measurement points. (a) Measurement points arranged circumferentially along the windshield section. (b) Lateral arrangement of measuring points on the outer surface of windshield. 






Figure 6. Schematic diagram of outer windshield measurement points. (a) Measurement points arranged circumferentially along the windshield section. (b) Lateral arrangement of measuring points on the outer surface of windshield.



[image: Applsci 13 05813 g006]







[image: Applsci 13 05813 g007 550] 





Figure 7. Pressure diagram of outer windshield section at 400 km/h. (a) Pressure diagram of head train windshield section. (b) Pressure diagram of tail train windshield section. 
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Figure 8. Pressure diagram of U-section rubber outer windshield surface at 400 km/h. (a) Side pressure cloud. (b) Side pressure cloud. (c) Top pressure cloud. 
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Figure 9. Aerodynamic pressure difference between inside and outside surface at different measuring points of head train windshield. (a) The layout diagram of horizontal and longitudinal measurement points. (b) Comparison of aerodynamic pressure difference at horizontal measurement points. (c) Comparison of aerodynamic pressure difference at longitudinal measurement points. 
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Figure 10. Mapping between aerodynamic measuring points and modal measuring points. 
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Figure 11. U-section rubber outer windshield structure and lateral part of the measurement points (red number) and excitation points (yellow five-pointed star) schematic. (a) The layout diagram of the modal experiment of the outer windshield. (b) The bottom section of the outer windshield. (c) The bottom of outer windshield. (d) The measurement points (red number) and excitation points (yellow five-pointed star). 
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Figure 12. The first four mode shapes of the lateral part of the outer windshield structure. (a)    ω 1    = 12.02 Hz. (b)    ω 2    = 14.25 Hz. (c)    ω 3    = 18.31 Hz. (d)    ω 4    = 23.66 Hz. (e)    ω 5    = 26.72 Hz. (f)    ω 6    = 28.41 Hz. Nodes 1–20 correspond to the modal test points in Figure 11d and different colored lines represent the outer outline of the windshield structure. 
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Figure 13. Schematic diagram of displacement response measurement point selection. The red circles are the displacement response measurement point 1–12. 
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Figure 14. The displacement response of measurement points 1–6 (a) and 7–12 (b) on both sides of the U-section rubber outer windshield. 
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Figure 15. The velocity response of measurement points 1–6 (a) and 7–12 (b) on both sides of the U-section rubber outer windshield. 
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Figure 16. The displacement modal contribution of U-section rubber outer windshield measuring point 6 (a) and measuring point 10 (b). 
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Figure 17. Diagram of the different positions of the windshield. 
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Figure 18. Comparison of the maximum values of the displacement of windshield 1 and windshield 2. 
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Figure 19. Comparison of the mean values of the displacement of windshield 1 and windshield 2. 
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Table 1. Modal frequency and damping ratio of outer windshield.
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	Mode
	Natural Frequency (Hz)
	Damping Ratio (%)





	1
	12.02
	6.25



	2
	14.25
	6.92



	3
	18.31
	6.37



	4
	23.66
	8.63



	5
	26.72
	6.21



	6
	28.41
	5.36



	7
	31.78
	5.72



	8
	33.46
	5.70



	9
	39.57
	4.10
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