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Abstract: Combining the detached eddy simulation (DES) method and Ffowcs Williams-Hawkings (FW-H) equation, the effect of bogie cavity end wall inclination on the flow field and aerodynamic noise in the bogie region is numerically studied. First, the simulation is conducted based on a simplified cavity-bogie model, including five cases with different inclination angles of the front and rear walls of the cavity. By comparing and analyzing the flow field and acoustic results of the five cases, the influence of the regularity and mechanism of the bogie cavity end wall inclination on the flow field and the aerodynamic noise of the bogie region are revealed. Then, the noise reduction strategy determined by the results of the simplified cavity-bogie model is applied to a three-car marshaling train model to verify its effectiveness when applied to the real train. The results reveal that the forward inclination of the cavity front wall enlarges the influence area of shear vortex structures formed at the leading edge of the cavity and intensifies the interaction between the vortex structures and the front wheelset, front motor, and front gearbox, resulting in the increase of the aerodynamic noise generated by the bogie itself. The backward inclination of the cavity rear wall is conducive to guiding the vortex structures flow out of the cavity and weakening the interaction between the shear vortex structures and the cavity rear wall, leading to the reduction of the aerodynamic noise generated by the bogie cavity. Inclining the rear end wall of the foremost bogie cavity of the head car is a feasible aerodynamic noise reduction measure for high-speed trains.
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1  Introduction

Over the past decades, the high-speed railway has developed rapidly in the world due to its advantages of high efficiency, energy conservation, environmental friendliness, and safety. Nowadays, the operation speed of high-speed trains in many countries can achieve 300 km/h and people are still making efforts for further improvement. For example, the “CR450 technology innovation project” carried out in China aims to further improve the train operation speed to 400 km/h. To achieve this goal, many technical challenges need to be addressed, especially problems related to train aerodynamics [1–4], one of which is the aerodynamic noise control [5,6]. The high-speed train noise mainly includes rolling noise and aerodynamic noise. It is generally believed that the aerodynamic noise increases faster with running speed than rolling noise. When the train speed exceeds 300 km/h, the contribution of the aerodynamic noise should not be ignored any longer. Therefore, aerodynamic noise control has been an important consideration during the design of trains with operation speeds higher than 300 km/h [5,6].

The aerodynamic noise control of high-speed trains can be boiled down to the control of the main aerodynamic noise sources. The bogie region, especially the first bogie of the head car, is one of the most important aerodynamic noise sources of high-speed trains [7–10]. To better understand the generation mechanism of the aerodynamic noise in the bogie region and grasp its characteristics, several experimental and numerical studies have been conducted. Lauterbach et al. [7] tested the aerodynamic noise of a 1:25 scaled model of an ICE train in the wind tunnel and found that the bogie region is the primary source of aerodynamic noise in the frequency range below 5000 Hz (corresponding to 200 Hz for full-scale model), showing certain characteristics of cavity noise. Meskine et al. [8] simulated the aerodynamic noise of a full-scale train model based on the Lattice Boltzmann Method (LBM) and pointed out that the aerodynamic noise in the bogie region is related to the interaction between the shear layer falling off at the leading edge of the bogie cavity and the solid parts inside the cavity, as well as the cavity rear wall. Besides, affected by the boundary layer beneath the train, the airflow velocity beneath the train decreases gradually along the direction from the head car to the tail car, which is considered to be the reason that the aerodynamic noise generated by the foremost bogie is much higher than that of other bogies. Iglesias et al. [11] tested the aerodynamic noise of 1:7 scaled bogie models with different configurations in an anechoic wind tunnel and concluded that the components exposed to the free stream are the main aerodynamic noise sources of the bogie region.

In terms of aerodynamic noise control of the bogie region, adding side skirts is the most widely used measure. The side skirts eliminate the discontinuity of train side walls and also have certain sound insulation effects [12,13]. The numerical and experimental studies in references [14–16] show that the side skirts are also beneficial for reducing the aerodynamic drag of the bogie region and mitigating slipstream induced by the train.

The aerodynamic noise in the bogie region is also closely related to the airflow beneath the train. In recent years, the management of the underbody flow of high-speed trains has also been a hotspot in studies on train aerodynamic performance optimization. Zhang et al. [17] investigated the influence of bogie cut outs’ angles on the aerodynamic performance of high-speed trains and proposed a new compound mode of bogie cut outs, which could reduce the aerodynamic drag of a three-car model by 2.92%. However, this scheme is not symmetrical for the head car and tail car. Considering the feature of the two-way operation of high-speed trains, additional mechanisms are required to realize the deformation of the bogie cavity end walls when the running direction is reversed. Guo et al. [18] studied the effect of the clearance under the cowcatcher on the aerodynamic performance of high-speed trains. They found that a smaller clearance reduces the aerodynamic drag of the front part of the train body and strengths the negative lift while increasing the drag of the middle and rear parts as well as the positive lift. In reference [19], Liu et al. proposed a method of installing small deflectors upstream of the leading edge of the bogie cavity to optimize the underbody flow and reduce the aerodynamic drag of high-speed trains. Their numerical results show that the deflectors can reduce the impact of underbody flow on the bogie by guiding the airflow to the ground, thus producing a significant drag-reduction effect. By further optimizing the installation positions of the deflectors, the maximum drag reduction effect of about 12% can be obtained. The numerical results of Yao et al. [20] further suggest that the introduction of such small deflectors also has a positive effect on reducing aerodynamic noise in the bogie region. In summary, the current studies on the flow control of train underbody flow mostly focus on the reduction of aerodynamic drag, while the aerodynamic noise control of the bogie region has not received equal attention. The effects and corresponding mechanisms of altering the shape parameters of train bottom structures, such as the bogie cavity and cowcatcher, on aerodynamic noise in the bogie region remain unclear, necessitating further investigation.

The presence of the bogie cavity makes the flow in the bogie region present certain cavity flow characteristics. Many experimental and numerical studies have shown that the shapes of the front and rear walls of the cavity are key factors that affect the pressure fluctuation inside the cavity [21–24]. However, these studies were mainly conducted on clean cavity models (no object in the cavity). The differences in the Mach number of incoming flow and geometry size of the cavities also make their flow characteristics significantly different from that in the bogie region [25]. The presence of the bogie will cause a coupling effect with the cavity. The aerodynamic noise control of the bogie region needs a suppression of the random noise induced by turbulent fluctuation over a wide frequency range, rather than the tonal noise caused by flow induced oscillation. Besides, for high-speed trains, the feature of two-way operation is also an important factor that needs to be considered in the optimization of the shape of the bogie cavity. To sum up, it is necessary to conduct a detailed analysis of the effect of the cavity end wall shape on the flow field and aerodynamic noise in the bogie region.

In this paper, the detached eddy simulation (DES) method is employed in combination with Ffowcs Williams-Hawkings (FW-H) equation to investigate the effect of bogie cavity end wall inclination on flow field and aerodynamic noise in the bogie region. The numerical study is conducted on a simplified cavity-bogie model first, including five cases obtained by changing the inclination angles of the front and rear end walls of the cavity. The influence regularity and corresponding mechanism are revealed by comparing and analyzing the flow field and acoustic results of the five cases. After that, the noise reduction strategy determined based on the simulation results of the simplified cavity-bogie model is applied to a three-car marshalling train model to verify its effectiveness when applied to the real train. The relevant results contribute to a deeper understanding of the flow field and aerodynamic noise characteristics in the bogie region and could provide valuable reference for the aerodynamic noise control of high-speed trains.

2  Numerical Methods

2.1 DDES Model

DES is the most widely used turbulence model in the prediction of aerodynamic noise generated by intricate geometry structures. DES is a kind of hybrid model. Its basic idea is to solve the boundary layer in near wall region by Reynolds Averaged Navier-Stokes (RANS) model, and to solve the large-scale vortex motion by large eddy simulation (LES) model in the separation region [26]. Based on the original DES model, two variants have been proposed successively, namely the delayed detached eddy simulation (DDES) and the improved delayed detached eddy simulation (IDDES), to address the issues of grid-induced separation and log-layer mismatch [27–30]. Based on our previous test of the turbulence models, the DDES model based on the shear stress transport (SST) k−ω model is chosen to numerically solve the unsteady flow field in the bogie region in current research.

2.2 FW-H Equation

The FW-H equation is the theoretical description of sound generated by the interaction between moving objects and fluid, as depicted in Eq. (1) [31].

1c02∂2∂t2[p′H(f)]−∇2[p′H(f)]=∂∂t[ρ0vnδ(f)]−∂∂xi[pijn^jδ(f)]+∂2∂xi∂xj[TijH(f)](1)

where c0 is the speed of sound, t is time, p′ is sound pressure, xi,i=1,2,3 is the Cartesian coordinate component, f=0 is the equation of the source surface, H(⋅) is the Heaviside function, ρ0 is the density of fluid in undisturbed area, vn is the projection of the surface velocity of the source in the outer normal direction, pij=(p−p0)δij−σij is the fluid compressive stress tensor, p is pressure, p0 is the pressure of fluid in undisturbed area, σij represents the viscous stress and can be ignored in most cases, n^j is the unit outer normal vector of the source surface, ∇ is the Nabla operator, Tij is the Lighthill stress tensor. According to the idea of acoustic analogy, the three terms on the right-hand side in Eq. (1) are monopole source term, dipole source term, and quadrupole source term, respectively.

In the current study, the quadrupole source term is neglected, which is a classical assumption for low Mach number flow. Besides, the numerical simulation is based on wind tunnel mode, the train is a static rigid surface, so the monopole source term is also 0. That is, the far-field noise only includes the contribution of the dipole source term. By using the Green’s function in free space, the sound pressure at far field point x can be expressed as [32]

p′(x,t)=14π∫f=0(p˙n^ir^ic0r+pn^ir^ir2)retdS(2)

where r is the distance between the source point and the receiver, r^i is the unit vector in the direction that the source point points to the receiver, the superscript dot represents the time derivative, and the subscript ret represents the relevant variables evaluated at the emission time τ=t−r/c0.

3  Simplified Cavity-Bogie Model

3.1 Geometry Model, Computational Domain, and Boundary Conditions

The simulation is first conducted on a simplified cavity-bogie model, which is 1:8 scaled with respect to the real bogie, as shown in Fig. 1. The bogie model has been simplified to some extent but is still sufficient to reflect the geometric characteristics of a real bogie [33]. The cavity in the model is extracted from the bogie region of the mid car of a high-speed train model. It is convenient to modify the inclination angles of the front and rear end walls of the cavity on this model without involving changes in other structures so as to better compare the influence caused by the changing of the inclination angles of the front and rear end walls of the cavity.
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Figure 1: The simplified cavity-bogie model

By adjusting the inclination angles of the front and rear end walls of the cavity, five schemes of the bogie cavities are established, as shown in Fig. 2 and Table 1. In case0 (base model), the front and rear walls of the cavity are both kept upright with an inclination of 0°. In case1 and case3, the front walls of the cavities are inclined forward by 30° and 45°, respectively, and the rear walls are kept upright. In case2 and case4, the front walls of the cavities are kept upright, and the rear walls are inclined backward by 30° and 45°, respectively.
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Figure 2: Cavity end wall inclination
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The computational domain established for this simplified cavity-bogie model is shown in Fig. 3. The boundary conditions of the domain are also marked in Fig. 3. The inlet of the domain is set as the velocity inlet with an inflow velocity of 97.22 m/s. The outlet of the domain is set as the pressure outlet with 0 gauge pressure. The ground and track surfaces are set as moving walls with the moving velocity equal to the inflow velocity. Both sides of the computational domain are set as symmetry boundaries. The top surface of the domain is set as the wall without friction.
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Figure 3: Computational domain for the simplified cavity-bogie model (not to scale)

3.2 Mesh Generation

The trimmed mesh is used to discrete the computational domain. The surface grid size of the bogie and cavity is controlled within 0.375–1.5 mm, and the maximum grid size of the domain is 192 mm. To simulate the flow in the near wall region accurately, 15 layers of fine prism layer mesh with an initial height of 0.01 mm and a stretching ratio of 1.2 are generated on the train surface. Several blocks are established for local refinement of the volume mesh. The volume grids with 1.5 mm size are adopted for the refinement of the bogie region. By modifying the surface grid size of the bogie components, three sets of meshes are generated for the mesh independence test, which are named as mesh1-mesh3 in turn. The total number of volume cells of them are 15 million, 22 million and 29 million, respectively. Fig. 4 presents the grid distribution around the bogie region in mesh2.
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Figure 4: Grid distribution around the bogie region in mesh2

3.3 Solver Setup

The Mach number in the current simulation is less than 0.3, so the air is considered as a gas with constant density. The segregated flow solver based on the Semi-Implicit Method for Pressure Linked Equations (SIMPLE) algorithm is adopted to solve the discretized flow governing equations. The convection term is discretized by a hybrid scheme of second-order upwind and central differencing [26,34], and the diffusion term is discretized by the second-order scheme. The second-order hybrid Gauss-least square method is used for gradient calculation [26]. The second-order implicit method is adopted for time marching with a time step size of 0.00005 s. For a second-order spatial scheme, based on the principle of containing 10–15 points per time period to resolve the wave amplitude, it is expected that the noise components up to 2000 Hz can be accurately analyzed [26]. The simulation of an unsteady flow field is carried out with a convergent steady-state solution obtained by RANS simulation as an initial field. The total simulation time of the unsteady flow field is 0.4 s, and the FW-H solver is activated when the transient simulation reaches 0.2 s for far field noise signal calculation.

4  Validation of the Mesh Strategy and Numerical Methods

4.1 Mesh Independence Test

The time-averaged and fluctuating value of the pressure coefficient Cp (Cp=(p−p0)/(12ρ0u02), u0 is the free stream velocity 97.22 m/s) on a line probe beneath the bogie cavity calculated based on the three sets of meshes are compared for mesh independence test, as shown in Fig. 5. For time-averaged values, the calculation results of the three sets of meshes show good consistency. However, regarding the fluctuating value, its convergence during the refinement of the volume mesh is slightly worse than that of the time-averaged value, but the results of mesh2 seem to match better with that of mesh3. Considering both the accuracy and resource consumption of the simulation, the mesh parameters of mesh2 are used in the following simulations.
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Figure 5: Results of the mesh independence test

4.2 Simple Bogie Case Validation

The simple bogie model proposed by Zhu [12] is selected to validate the numerical methods in current research further. This model is composed of two wheelsets and a simple side frame without central structure and is 1:10 scaled, with the axle diameter d equal to 17.5 mm and the wheel diameter D equal to 92 mm, as shown in Fig. 6a.
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Figure 6: The simple bogie model and computational domain

The wind tunnel test in reference [12] was conducted on a half-bogie model. To match the configuration of the wind tunnel test, the numerical simulation is also conducted on a half-bogie model. The corresponding computational domain and boundary conditions are shown in Fig. 6b. The mesh for this case is generated based on the mesh strategy of mesh2 in Section 3.2, and the number of volume cells is about 3.9 million. The far field noise results of the measurement point named as “top microphone” in reference [12] is used to validate the numerical results. The specific coordinates of the microphone location can also be found in reference [12]. Fig. 7 presents the comparison between the spectrum results of the current simulation and the wind tunnel test. As can be seen, the numerical results and test results are in good agreement in spectrum shape and dominant frequency. The peak frequency in the wind tunnel test results is 314 Hz and that predicted in the current simulation is 307 Hz. This peak corresponds to the main frequency of the lift fluctuation of the wheelsets. Furthermore, the usage of the wall boundary condition at the bottom of the domain improves the overestimation of sound pressure level at the dominant frequency caused by the usage of symmetry boundary condition in reference [12]. In general, the numerical results are in good agreement with the test results, which proves again that the mesh strategy and numerical methods in current research are reliable.
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Figure 7: Simulation and wind tunnel test results of the far field noise of the simple bogie

5  Results of the Simplified Cavity-Bogie Model

5.1 Flow Characteristics

Fig. 8 shows the time-averaged velocity vector diagrams on the mid-section of the bogie region. These results clearly show the path of the underbody flow entering and exiting the bogie cavity. For all the models, airflow separation occurs at the leading edge of the bogie cavity, leading to the formation of a shear layer. Subsequently, the airflow crosses the front of the bogie cavity and rolls up into the cavity. The airflow entering the cavity slowly recirculates towards the front of the cavity, ultimately rolling downwards and exiting the cavity under the influence of the cavity front wall, merging with the high-speed airflow beneath the train. In case0, the shear layer starts to rise up after crossing the middle of the bogie, while in case1 and case3, the inclined front wall makes the position where the airflow rises up move upstream. The airflow beneath the front wheelset has already exhibited a noticeable trend of moving upward. As for case2 and case4, the differences between the flow field results of them and that of case0 are primarily observed at the rear of the bogie cavity. In contrast to that the airflow beneath the bogie impacts almost vertically on the cavity rear wall in case0, the inclined rear walls in case2 and case4 appear to play a certain guiding role, a clear deflection of the streamlines toward the outside of the cavity can be observed. This is expected to alter the flux distribution of the airflow entering and flowing outside the cavity, making more airflow flow outside instead of entering the cavity.
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Figure 8: Velocity vector diagrams in the bogie region

Fig. 9 illustrates the time-averaged pressure distribution in the bogie region. As can be observed, compared with the base model, both the area and magnitude of positive pressure at the lower part of the bogie increase in case1 and case3. This indicates that the inclined cavity front wall leads to a stronger impact from the underbody flow on the lower part of the bogie. In case2 and case4, there is no significant difference in the pressure distribution at the lower part of the bogie compared with the base model. However, there is a noticeable decrease in positive pressure at the lower part of the cavity rear wall, suggesting that the inclined rear wall is beneficial to attenuate the impact from the airflow on the rear wall of the bogie cavity.
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Figure 9: Time-averaged pressure distribution in the bogie region

5.2 Dipole Source

For Eq. (2), under the condition of acoustic far-field, the approximation in Eq. (3) holds true.

p′(x,t)≈14π∫f=0(p˙n^ir^ic0r)retdS(3)

Based on Eq. (3) and the concept of correlation function, the sound power W of the surface dipole sources can be expressed as [35–38]

W=112πρ0c03∫S[p˙(y,t)]2¯Ac(y)dS(4)

where Ac(y) is the correlation area of point y on source surface. The integrated term in Eq. (4) can be regarded as the sound power density of the dipole sources. The changing rate of pressure vs. time reflects the intensity of the dipole source and Ac(y) reflects the correlation between the fluctuating pressure of point y and that of its surrounding points.

Fig. 10 presents the distribution of the root mean square value of pressure derivative vs. time (dp/dt)rms in the bogie region. In all the cases, the highest (dp/dt)rms values appear at the lower and lateral surface of the bogie, the rear wall of the bogie cavity and the carbody surface that connects to the cavity rear wall. In case0, the dipole source intensity at the rear of the bogie is significantly higher than that at the front of the bogie. In case1 and case3, the (dp/dt)rms values on front wheelset, front traction motor and front gearbox exhibit a significant increase compared with that in case0, especially in case3, while the (dp/dt)rms values on the rear wall of the cavity are almost the same as that in case0. In case2 and case4, the (dp/dt)rms values at the front of the bogie are basically the same as that in case0, while the (dp/dt)rms values on the rear wall of the bogie cavity show a notable decrease and this decrease in case4 is much more obvious. In summary, the forward inclination of the front end wall of the bogie cavity increases the intensity of dipole sources at the front part of the bogie, while the inclination of the rear end wall of the bogie cavity could reduce the dipole source intensity on the cavity rear wall.
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Figure 10: (dp/dt)rms distribution in the bogie region

The pressure fluctuation on the solid surface is typically induced by the interaction between vortex structures and the solid wall. To analyze the influence mechanism of the bogie cavity end wall inclination on the intensity and distribution of dipole sources in the bogie region, Fig. 11 shows an instantaneous vorticity distribution on the mid-section of the bogie region. In all the cases, a jet shear layer forms at the leading edge of the bogie cavity and convects with the airflow beneath the train. Due to the velocity difference between the airflow inside and outside the cavity, the shear layer exhibits Kelvin-Helmholtz instability. When the velocity difference reaches a certain limit, the shear layer begins to form a series of swinging vortex structures. These vortex structures continue to grow, eventually roll up and invade into the cavity. The velocity vector diagrams in Fig. 8 also approximately illustrate the motion trajectory of the vortex structures.

[image: images]

Figure 11: Instantaneous vorticity distribution in the bogie region

In case0, the shear layer could span the front components of the bogie, mainly interacting with the rear part of the bogie and the rear wall of the cavity. As a result, there are fewer vortex structures at the front of the cavity and the flow field there is relatively stable. In case1 and case3, the inclined front wall makes the position where the shear layer loses stability and rolls up move upstream, which enlarges the influence area of the shear vortices. In Fig. 11, it can be observed that the vorticity magnitudes at the front of the bogie cavity in case1 and case3 are much higher than that in case0, indicating that the interaction between the shear vortex structures and the front part of the bogie is intensified. This is the reason for the increase of the dipole source intensity on front wheelset, front traction motor and front gear box increase in case1 and case3. In case2 and case4, when the airflow passes through the rear wall of the cavity, due to the flow guiding effect of the inclined rear wall, the vortex structures mostly flow out of the cavity rather than invade into the cavity, which could effectively weaken the interaction between the vortex structures and the cavity rear wall. Therefore, in case2 and case4, the (dp/dt)rms values on the cavity rear wall are significantly reduced compared with that in case0.

The relationship between correlation area Ac(y) and correlation scale lc(y) of point y on the source surface meets

Ac(y)∝lc2(y)(5)

For broadband noise, considering that the turbulent fluctuating pressure on the surface of the sound source propagates at convective velocity, thus

lc(y)∝Uc(y)(6)

where Uc(y) is the convective velocity of point y. To simplify the calculation, it is generally assumed that the ratio of the convective velocity Uc(y) to the airflow velocity U(y) is a constant value [35,37,38]. Therefore, the flow velocity in the near wall region can be used as an index to approximately characterize the correlation area [38].

Fig. 12 shows the surface flow velocity (the velocity value at the cell center of the first layer grids outside the wall) distribution in the bogie region in each case. It suggests that the highest surface airflow velocity occurs at the lower surface of the traction motor, gearbox, and wheels, because these areas are close to the high-speed airflow outside the cavity. Compared with the base model, the airflow velocity at the lower part of the front wheelset, front traction motor and front gear box in case1 and case3 slightly increases, the flow velocity at the lower part of the cavity rear wall in case2 and case4 slightly increases. Overall, the difference in surface flow velocity in the bogie region among the five cases is not as obvious as that in surface (dp/dt)rms.

[image: images]

Figure 12: Surface flow velocity distribution in the bogie region

5.3 Far Field Noise

As depicted in Fig. 13, nine measurement points on the track side are defined for the evaluation of far field noise, denoted as p1–p9. Each measurement point is positioned at a lateral distance of 2.5 m from the track centerline and shares an equivalent height with that from the geometry center of the bogie to the ground. The distance between two adjacent measurement points is 1 m.

[image: images]

Figure 13: Arrangement of the measurement points (not to scale)

Fig. 14a presents the overall sound pressure level (OASPL) results of the base model (case0) with different components used as source surfaces. As depicted in Fig. 14a, the far-field noise is primarily contributed by the bogie at p4, p5, and p6, while at other measurement points, it is predominantly influenced by the bogie cavity. The difference in radiation characteristics between the bogie and bogie cavity can be elucidated by referring to the dipole source identification results in Fig. 10. For the bogie itself, the strongest dipole sources are distributed on its lower and lateral surfaces. Hence, for measurement points on the track side, the variation in OASPL is approximately consistent with the variation of distance between the source surface and receivers. For the bogie cavity, the strongest dipole sources are located on its rear wall, so it mainly radiates noise to the forward and backward direction of the bogie region and contributes little to the measurement points on both sides of the bogie region.

[image: images]

Figure 14: OASPL results at measurement points p1–p9

Fig. 14b illustrates the comparison of OASPL results at p1–p9 measurement points with the bogie and cavity together set as source surface. It is evident that the OASPL results for case1 are essentially equivalent to those of case0. Notably, in case3, the OASPL results reach their highest levels, approximately 1 dB higher than those observed in case0 at p4–p6. Conversely, both case2 and case4 exhibit significant reductions in OASPL compared to case0, particularly noticeable at measurement points p1–p3 and p7–p9 where there is a reduction of 2–4 dB in OASPL.

Figs. 14c and 14d further illustrate the OASPL results with the bogie and bogie cavity used as source surfaces, respectively. It can be seen that the aerodynamic noise generated by the bogie itself in case3 is about 1 dB higher than that in case0. This corresponds to the enhancement of dipole source intensity at the front of the bogie observed in Fig. 10. In addition, the aerodynamic noise generated by the bogie cavity in case2 and case4 is significantly reduced compared with that in case0, especially at measurement points p1–p3 and p7–p9. This corresponds to the decrease of dipole source intensity on cavity rear wall observed in Fig. 10. As the aerodynamic noise in the bogie region is mainly contributed by the bogie cavity at p1–p3 and p7–p9, the most significant aerodynamic noise reduction effect of the bogie region also appears at these positions.

Fig. 15 presents the spectrum results of aerodynamic noise in the bogie region at measurement points p2 and p5 (limited by sampling time, the noise components below 100 Hz are considered to be inaccurate and are not shown). As shown in Fig. 15, the aerodynamic noise energy in the bogie region is mainly concentrated in the frequency range below 2000 Hz. According to the similarity law of aeroacoustics, the aerodynamic noise energy in the bogie region of a full-scale model is mainly concentrated in the frequency range below 250 Hz. At p2, the inclined front walls in case1 and case3 contribute to an increase in noise levels in the bogie region in the frequency range of 100–200 and 800–1000 Hz, resulting in a slight increase of OASPL. Conversely, the inclined rear walls in case2 and case4 could effectively mitigate aerodynamic noise in the bogie region over a wide frequency range (200–2000 Hz), leading to a significant reduction in OASPL. At p5, an increase in noise in the frequency range of 100–200 and 800–1000 Hz in case1 and case3 can also be observed, especially in case3. Due to the negligible contribution of the bogie cavity to the total noise at p5, no obvious noise reduction behavior is observed in the spectrum results of case2 and case4.

[image: images]

Figure 15: Spectrum results at p2 and p5

6  Results of the Three-Car Marshalling Model

The simulation results of the simplified cavity-bogie model suggest that inclining the rear wall of the bogie cavity appears to be a promising measure for reducing aerodynamic noise in the bogie region. However, further confirmation is required to assess its effectiveness when applied to the foremost bogie region of a real train. On the one hand, the presence of the head streamlined surface and cowcatcher makes the incoming flow state of the foremost bogie region of the real train somewhat different from that of the simplified cavity-bogie model. On the other hand, additional validation is imperative to ascertain whether the two-way operation of the train will exert any influence on the efficacy of noise reduction. In this section, the aforementioned noise reduction strategy is applied to a three-car marshalling model to further substantiate its effectiveness. The model configurations are depicted in Fig. 16. In the optimized model, the first bogie cavity of the head car features a rear wall inclined at an angle of 45°, while maintaining symmetrical bogie cavity structures between the head car and tail car.
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Figure 16: Three-car marshalling model

The same mesh strategy as mesh2 in Section 3.2 is used for the three-car marshalling model and the corresponding number of volume cells is approximately 120 million. Fig. 17 shows the grid distribution around the train model. For the three-car marshalling model, due to the increase of the model length, longer running time is required for transient simulation to ensure the full development of the transient flow field. After initializing the transient simulation with a converged steady field, the transient simulation is initially run for 0.3 s with a time step size of 0.0001 s, then the time step size is switched to 0.00005 s and the simulation is run to 0.4 s. Finally, maintaining the time step size of 0.00005 s, the simulation is run for another 0.2 s to calculate the far field noise.
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Figure 17: Grid distribution of the three-car marshalling model

Fig. 18 shows the distribution of surface dipole sources ((dp/dt)rms) of the two three-car marshalling models. As can be seen, the dipole source intensity in the foremost bogie region is much higher than that of other bogies. In the foremost bogie region of the optimized model, the intensity of dipole sources on the rear wall of the bogie cavity and the carbody surface connects to it exhibits a significant attenuation compared with that of the original model, which is similar to the simulation results of the simplified cavity-bogie models.
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Figure 18: (dp/dt)rms distribution in the bogie region of the three-car marshalling model

The far field noise generated by the bogies and cavities of the two three-car marshalling models are further calculated. The arrangement of the far field noise measurement points is shown in Fig. 19. The height of the measurement points from the ground is the same as the height of the geometry center of the bogie from the ground.

[image: images]

Figure 19: Arrangement of the far field noise receivers for the three-car marshalling model

As shown in Fig. 20, for far field noise calculation, two source configurations are considered for the foremost bogie region, referred to as “Train head” and “Bogie region”. The former encompasses the head streamlined surface, cowcatcher, bogie, and bogie cavity, whereas the latter only comprises the bogie and its cavity. As for other bogies, only the source configuration named as “Bogie region” is considered.

[image: images]

Figure 20: Definition of source surfaces

Fig. 21 presents the OASPL results of the original model and optimized model at q1–q16. According to the results in Fig. 21, the following conclusions can be drawn. Firstly, for most measurement points, there is no obvious difference between the results of the source configurations of Train head and Bogie region1. Only at q4 that is located at the side of the Bogie region1, the head streamlined surface has a relatively significant contribution. Secondly, on both sides of the track, the noise generated by the Train head or Bogie region1 is significantly higher than the noise radiated by the other sources. At downstream measurement points such as q10 and q11 that are far away from the Bogie region1, the total noise is still dominated by the Bogie region1. Besides, a notable phenomenon is that the noise generated by Bogie region6 seems to be higher than that of Bogie region2 to Bogie region5. Especially at q12–q16, Bogie region6 is the main contributor to the total noise. Similar results were reported by Li et al. in reference [9]. They found that the pressure and velocity fluctuation around the last bogie of the tail car are stronger than those of the bogies in the middle position. One possible reason for this phenomenon is that the Bogie region6 is close to the train tail, and the flow structures there are different from those of the other bogies, but there is not sufficient evidence to confirm this view, so further research is needed in the future.

[image: images]

Figure 21: OASPL results of the three-car marshalling model

Fig. 22 further compares the far-field noise results of the original model and the optimized model with the Train head and Bogie region1 used as source surfaces, respectively. The noise reduction effect (OASPLoriginal–OASPLoptimized) is also presented in Fig. 22, which suggests that the most obvious noise reduction effect appears at measurement points q7-q16 that are located downstream of the foremost bogie, and the noise reduction effect becomes increasingly significant along the direction from q7 to q16. At these points, the OASPL can be reduced by 0.5 to 1.5 dB. However, at measurement points q3, q4, and q5 that are located at the side of Bogie region1, the OASPL results are almost unchanged, consistent with the sound radiation characteristics of the bogie cavity shown in previous results. In addition, a comparison is also made between the OASPL results of the two models with the Bogie region6 used as source surface and the results show that there is little difference between the results of the two models (the difference in OASPL is not separately listed in the paper).
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Figure 22: Noise reduction effects

In general, the far field noise results of the three-car marshalling model further confirm the effectiveness of inclining the rear wall of the bogie cavity in aerodynamic noise reduction of the bogie region. This kind of effectiveness is reflected in the suppression of noise radiated by the bogie cavity, while having limited impact on the noise generated by the bogie itself. Considering that the measurement points located at the side of the bogie exhibit higher noise level and the noise at these positions is mainly contributed by the bogie itself, further investigation is imperative to explore measures to mitigate the aerodynamic noise generated by the bogie itself, as well as their integration with noise control measures for the bogie cavity, in order to achieve a comprehensive aerodynamic noise reduction in the bogie region.

7  Conclusions

In this paper, the influence regularity and mechanism of the bogie cavity end wall inclination on flow field and aerodynamic noise characteristics in the bogie region are numerically studied. The simulation is first conducted on a simplified cavity-bogie model, including five cases with different cavity end wall inclination angles. By comparing and analyzing the five cases’ flow field and acoustic results, a noise reduction strategy is determined and subsequently applied to the foremost bogie region of a three-car marshalling model to verify its effectiveness when applied to the real train. The results indicate that variations of the inclination angles of the bogie cavity’s front and rear end walls can significantly affect the aerodynamic noise in the bogie region and have different influence mechanisms. The inclined front wall makes the position where the shear layer rolls up move upstream and enlarges the influence area of the shear vortices, which intensifies the interaction between the shear vortex structures and the front wheelset, front motor, and front gearbox, thereby increasing the aerodynamic noise generated by the bogie itself. The inclined rear wall has certain flow guiding effects, making more vortex structures flow out of the cavity, which could effectively weaken the interaction between the vortex structures and the rear wall of the bogie cavity and reduce the aerodynamic noise generated by the bogie cavity over a wide frequency range. The far-field noise results of the three-car marshalling model further validate the efficacy of inclining the rear end wall in mitigating aerodynamic noise in the bogie region. This effectiveness is primarily observed in attenuating noise emitted by the bogie cavity while having a limited impact on the noise generated by the bogie itself. A noise reduction of 0.5 to 1.5 dB can be achieved in the main sound radiation direction of the bogie cavity. Considering that the measurement points located at the side of the bogie have higher noise level and the noise at these positions is mainly contributed by the bogie itself, further investigation is needed to explore measures to reduce the aerodynamic noise generated by the bogie itself, as well as their integration with noise control measures for the bogie cavity, in order to achieve a comprehensive aerodynamic noise reduction in the bogie region.
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