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Abstract: The running stability of high-speed train is largely constrained by the wheel-rail coupling relationship, and the continuous wear between the wheel and rail surfaces will profoundly affect the dynamic performance of the train. In recent years, under the background of increasing train speed, some scientific researchers have proposed a new idea of using the lift force generated by the aerodynamic wings (aero-wing) installed on the roof to reduce the sprung load of the carriage in order to alleviate the wear and tear of the wheel and rail. Based on the bidirectional running characteristics of high-speed train, this paper proposes a scheme to apply aero-wings with anteroposterior symmetrical cross-sections on the roof of the train. After the verification of the wind tunnel experimental data, the relatively better airfoil section and extension form of anteroposterior symmetrical aero-wing is selected respectively in this paper, and the aero-wings are fixedly connected to the roof of the train through the mounting column to conduct aerodynamic simulation analysis. The research shows that: compared with the circular-arc and oval cross-sections, this paper believes that the crescent cross-section can form greater aerodynamic lift force in a limited space. Considering factors such as aerodynamic parameters, ground effect, and manufacturing process, this paper proposes to adopt aero-wings with arc type extension form and connect them to the roof of the train through mounting columns with shuttle cross-section. When the roof of the train is covered with aero-wings and runs at high speed, the sprung load of the carriages can be effectively reduced. However, there are certain hidden dangers in the tail carriage due to the large amount of lift force, so, the intervention of the aero-wing lifting mechanism is required. At the same time, it is necessary to optimize the overall aerodynamic drag force reduction in the follow-up work.
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Nomenclature


	h	The thickness between the aero-wing surfaces at the axis of symmetry

	r	The rounded corner formed at the intersection of the upper and lower surfaces to meet the process requirements

	L	The length between the anteroposterior endpoints of the airfoil section

	R	The lower surface arc radius of the crescent airfoil

	H	The characteristic height of the train

	Ly	The extension length

	Cx	The terminal scaling ratio in the X direction

	Cy	The trapezoidal scaling ratio in the Y direction

	Rarc	The arc radius of the arc type extension form




1  Introduction

The wheel-rail coupling relationship affects the running state of high-speed train [1], and the continuous wear and tear of the wheel and rail makes the dynamic performance of the train change, the service life is shortened, and the unsafety increases. Reducing wheel and rail wear can not only prolong the stable running time of train, but also reduce operation and maintenance costs [2].

In recent years, some scientific researchers have proposed a new idea of reducing wheel-rail wear by means of aerodynamic lift force under the background of increasing train speed [3–6]. By installing aerodynamic wings (aero-wings) on the roof of high-speed train [7], the aerodynamic lift force can be used to reduce the sprung load of the carriage, thereby reducing wheel-rail contact, vertical loads and wear. Under the influence of “Ground Effect” [8], the aero-wing compresses the airflow between the lower surface of itself and the roof of the carriage, and the pressure under the aero-wing increases, which increases the lift force of the aero-wing. This principle was first applied to ground-effect aircraft [8], meanwhile, there is also a certain ground effect between the high-speed train itself and the ground [9,10].

The application of aero-wings to high-speed train is an emerging topic in recent years. At present, existing research results mainly come from Chinese scholars: Wang et al. [11] based on a subsonic two-dimensional airfoil, simulated and calculated the aerodynamic characteristics under different installation heights and attack angles, and proposed a better layout method and section optimization were carried out. Zhang [12] conducted multi-objective optimization on the subsonic airfoil, and carried out aerodynamic simulation based on the 3D model of a three-carriages train, studied the aerodynamic characteristics of the aero-wings on the train, and verified the dynamic performance. Dai et al. [13] improved the aerodynamic lift force of high-speed maglev train by adding aero-wings, and studied the influence of the attack angle and number of aero-wings on the aerodynamic performance of the tail carriage. Yan et al. [14] studied the ground effect of aero-wing and the influence law of inter-wing interference, and proposed a better six-wing layout. Gao et al. [15] analyzed the influence of the aero-wing mounting column on the aerodynamic characteristics of the aero-wing, and studied the influence of parameters such as the height, speed and attack angle of the aero-wing on its aerodynamic characteristics. Xiong et al. [16] compared and analyzed the time-average and instantaneous train wind development laws of two high-speed trains with or without aero-wings. Ding et al. [17] optimized the vehicle-mounted aerodynamic airfoil, and increased the lift coefficient as much as possible while the drag coefficient remained basically unchanged.

There are many types of aerodynamic airfoils [18,19], which are mainly used in the fields of aviation and ships, while the operating speed of high-speed train is generally in the range of 250–600 km/h [20], which belongs to the applicable range of low-speed and subsonic airfoils. The subsonic airfoil has a better cross-sectional shape and lift-drag ratio, but it has a unique direction of motion, which is in contradiction with the bidirectional running characteristics of high-speed train. In engineering practice, some methods can be used to solve the problem, such as manually changing the orientation of the aero-wings, installing a rotary mechanism on the roof of the train to realize the automatic reversing of the aero-wings, and arranging aero-wings in a staggered manner. However, the existing problems are also obvious: the workers on the roof of the train will be threatened by high-voltage electricity and, the operation time will be very long, the weight and energy consumption of the slewing mechanism installed on the roof of the train will cause an additional burden on the train, and the staggered aero-wings will greatly increase the aerodynamic drag force of the train, the loss outweighs the gain.

Therefore, this paper attempts to introduce an aerodynamic airfoil with anteroposterior symmetrical cross-sections, which better matches the needs of train traveling in bi-direction. It can be directly connected to the carriage, eliminating the need for manual and automated equipment because the purely mechanical structure has a low failure rate and high reliability. In the speed range of the train, there are three main types of anteroposterior symmetrical airfoil cross-sections: “Circular-arc”, “Oval” and “Crescent”:

1) Circular-arc airfoil is mainly used in ground-effect aircraft. Ishizuka et al. [21,22] considered that the ground-effect aircraft needs to move in bi-direction, introduced a circular-arc airfoil and obtained better aerodynamic performance than the NACA6412 airfoil. Different from the straight wing extension form, the team proposed a U-shaped and V-shaped extension form. Although it is a subsonic airfoil section, it has obtained a better effect than a flat extension, which is an idea worth learning from.

2) Oval airfoil is mainly used in rotary wing aircraft. Deng et al. [23–25] proposed a kind of airfoil with an oval cross-section and the construction method of its flaps. At the same time, the oval airfoil and two oval airfoils with or without camber are studied at high speed. Gao et al. [26] simulated the aerodynamic characteristics of the aircraft based on the oval cross-section airfoil and proposed a model clipping method based on an optimization algorithm.

3) Crescent airfoil is mainly used in helicopter wings. Based on the results of Lakshminarayan et al. [27], Yan et al. [28] conducted a hovering force measurement experiment on a crescent-shaped coaxial rotating wing, explored the optimal installation angle of single and dual rotors, and improved the problem of insufficient pulling force of a single rotor. Wang et al. [29] developed a crescent-shaped anteroposterior symmetrical airfoil design for the rotating wing airfoil and screened out GOE-10-12, which has the best lift-drag characteristics. The newly designed airfoil has been verified by multi-condition tests in the wind tunnel and is suitable for use on rotary wings.

For the purpose of reducing the wheel-rail wear of high-speed train, combined with the inherent characteristics of traveling in the bi-direction of high-speed train, this paper proposes a scheme to apply aero-wings with anteroposterior symmetrical cross-sections to the roof of the train. Based on the consideration of multiple factors, the better one was selected among different anteroposterior symmetrical cross-section shapes and extension forms, and the application effect was studied after covering it all over the top of the high-speed train, and a conclusion with a certain reference value was obtained.

2  Aerodynamic Model

2.1 Geometric Characteristics of Aero-Wing

The geometric characteristics of the three anteroposterior symmetrical airfoils are shown in Fig. 1. Among them, the airfoil thickness h is defined as the thickness between the surfaces at the axis of symmetry, and the rounded corner r is formed at the intersection of the upper and lower surfaces to meet the process requirements. The chord length L is the length between the anteroposterior endpoints of the airfoil section. For the crescent section, it is also necessary to control the arc radius parameter R of the lower surface. In this paper, h=0.12 m, r=0.01 m, L=1 m, and R=2.5 m are uniformly set.
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Figure 1: Geometric characteristics of anteroposterior symmetrical airfoils

2.2 Numerical Simulation Model

In order to explore the steady-state aerodynamic characteristics of the anteroposterior symmetrical aero-wings arranged behind the roof of the high-speed train, the simulation is carried out under the condition that the train is running straight with an open line and with no wind.

Referring to the requirements of the EN14,067–6:2010 standard, a certain type of five-carriages high-speed train with a 1:1 size is used as the carrier in this paper. The characteristic height H of the train is 3.98 m, and the train length is about 31.4H. As shown in Fig. 2, the model simplifies the small-scale details of the bogie area and inter-carriage connection area, ignoring the geometry of air conditioner, insulator, communication antenna, wiper, and other electrical equipment. The calculation domain size is shown in Fig. 3, and multiple mesh refinement areas are set to achieve a smooth mesh transition [30].
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Figure 2: Train model
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Figure 3: Computational domain

Set the train running speed to 300 km/h in the simulation. At this point, it is an incompressible flow. In the pressure-based solver, set the ambient temperature to 15°C, the atmospheric pressure to 0.1013 MPa, and use standard air with a density of 1.225 kg/m³; the entrance of the calculation domain is “Velocity Inlet” at 300 km/h (the current commercial operating speed of high-speed train), the exit is “Pressure Outlet”, and the ground is a sliding wall with the same speed and direction as the airflow [10,31], the outer surface of the vehicle is the “Wall” boundary without slip, and the rest are “Symmetry” boundaries. The “Turbulence Intensity” is calculated as 2%, and the “Turbulence Length Scale” is set as 4 m; the SST k-omega turbulence model is selected because it has high accuracy and calculation efficiency in the calculation of the external flow field of high-speed trains, and has been verified by many scholars [32–34], and the SIMPLE algorithm is used for calculation and combined with the second-order upwind interpolation scheme. Based on this, the standardized residual value of the flow field parameters can be reduced to below the order of 10−4, and the variation range of the monitoring parameters is less than 3% of the stable value.

2.3 Mesh Validation

Use the NUMECA Hexpress software to mesh the model and test the mesh irrelevance. Set the basic grid size “BaseH” to 1.6, 2.0 and 2.6 m, respectively [12,13]. Considering that y+ should be less than 5, it can be estimated that the first boundary layer thickness is about 0.01 mm, and the boundary layer number is 12, and the expansion rate is 1.2. The mesh result shown in Fig. 4 can be obtained in this case. The solution settings which mentioned above are used for the model, as shown in Fig. 5. The simulation results verify that the y+ value of the train surface is below 5. After comparative analysis, there is little difference in calculation accuracy between a finer grid and a moderate grid, but a coarser grid with higher calculation efficiency cannot achieve the required calculation accuracy. The calculation grid with “BaseH” of 2.0 m (the number of grids is about 67 million) can meet the calculation accuracy while taking into account the calculation efficiency.
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Figure 4: Mesh and boundary layers
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Figure 5: Mesh result

Furthermore, the numerical simulation results are compared with the wind tunnel test data, and the surface pressure coefficients of head and tail carriage in the ZOX plane are compared. As shown in Fig. 6, the numerical simulation results agree with the wind tunnel test data [35,36], and the error is within an acceptable range.
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Figure 6: Pressure coefficient comparison

The results above show that the mesh size, numerical model and calculation boundary conditions adopted in this paper can carry out numerical simulation of the aerodynamic characteristics of high-speed train more efficiently and accurately.

3  Qualitative Analysis of Aero-Wing

3.1 Airfoil Cross-Section

Three kinds of aero-wings with different cross-sections were placed respectively in the middle of the third carriage, and the aerodynamic characteristics of the aero-wings stretched along a straight line with a length of 3 m at a height of 300 mm from the roof of the carriage were studied. The aerodynamic lift force, drag force and lift-drag ratio of the aero-wing obtained through numerical simulation are shown in Fig. 7a, and at the same time, the pressure coefficient distribution on the airfoil profile in the ZOX plane obtained are shown in Fig. 7b.
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Figure 7: Aerodynamic simulation results of three airfoil cross-sections

From the perspective of lift force, the crescent airfoil can provide relatively the largest aerodynamic lift force, which is better than circular-arc airfoil and oval airfoil, but from the perspective of drag force and lift-drag ratio, the circular-arc airfoil has the least drag force and the largest lift-drag ratio, which is better than oval airfoil and crescent airfoil. In addition, by comparing the distribution of the pressure coefficient of the airfoil profile, it can be seen that in the upper airfoil surface, the crescent airfoil can generate more negative pressure than the circular-arc airfoil, while the negative pressure change of the oval airfoil is relatively insignificant, and the negative pressure generated is also relatively low. In the lower airfoil surface, since the circular-arc airfoil and oval airfoil are both planes, the positive pressure generated by the two is similar and relatively less, and the positive pressure along the X direction is slightly increased due to the ground effect. However, the crescent airfoil can generate more positive pressure, and the maximum value of the positive pressure is generated at the maximum depression of the lower airfoil surface.

As shown in Fig. 8, from the perspective of pressure distribution on the airfoil surface, compared with circular-arc airfoil and oval airfoil, the aero-wing with a crescent airfoil cross-section produces a positive pressure area farther away at the anteroposterior ends. The positive pressure on the front is larger than that of the other two airfoils. This is the root cause of its relatively largest drag force. But at the same time, the aero-wing with a crescent airfoil cross-section forms a strong negative pressure area on the upper airfoil surface due to the faster flow velocity and uses arcs to slow down part of the air on the lower airfoil surface, and generates a greater pressure by reducing its flow velocity. It is precisely because of this structure that it produces the most significant lift force overall.
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Figure 8: Aero-wing pressure distribution comparison

To sum up, in theory, the circular-arc airfoil should be relatively optimal, but considering that the actual available installation space in the X-axis direction of the roof of the train is less, and a certain installation distance is required between the aero-wings [14,17], therefore, after comprehensive evaluation, the crescent airfoil that can provide greater lift force is selected as a relatively better result, but the price is that it needs to bear relatively large aerodynamic drag force.

3.2 Airfoil Extension Form

After selecting a relatively better airfoil section, the extension form of the aero-wing also has a significant impact on its aerodynamic performance. After the investigation and analysis of the airfoil [18,19], as shown in Fig. 9, this paper intends to analyze and compare the aerodynamic performance of four types of extension forms of aero-wings: straight type, scaled-straight type, roof equidistant type (Curve type A) and arc type (Curve type B). The aero-wings are also placed respectively in the middle of the third carriage, and the aerodynamic performance of four typical extension forms at a height of 300 mm from the roof of the carriage is studied and compared (the extension length is 3 m).
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Figure 9: Different extension forms of crescent airfoil aero-wing. (a) Straight type: the section is stretched along a straight line; (b) Scaled-straight type: the end adopts a reduced ratio section with a coefficient of Cx, and stretches along a straight line according to Cy; (c) Roof equidistant type: stretch along the roof curve; (d) Arc shape: stretch along an arc curve with a certain radius

For the scaled-straight type, the effects of the two parameters of the terminal scaling ratio Cx in the X direction and the trapezoidal scaling ratio Cy in the Y direction on the aerodynamic performance of the aero-wing are investigated. In particular, when Cx=1 and Cy=0, the scaled-straight airfoil is the same with the straight airfoil. From the aerodynamic change law of the aero-wing under different scaling parameters sorted out in Fig. 10, it can be seen that whether shrinking the cross-section size of the end or increasing the length of the trapezoidal oblique line, the aerodynamic lift force of the aero-wing itself will be reduced, but at the same time its drag force will also be reduced, but combined, it can increase its lift-drag ratio.

[image: images]

Figure 10: Aerodynamic performance of scaled-straight type with different parameters

As shown in Fig. 11, the reason is that the airflow accumulated at the front is guided to both sides through the scaled trapezoidal structure, which significantly reduces the drag force, but due to the reduction of the air pressure area, the lift force also decreases. The larger the scaling ratio, the less negative pressure and positive pressure area can be generated by the upper and lower surface. In addition, the positive pressure area at the corresponding position of the roof of the carriage is also smaller. Therefore, on the whole, due to the more obvious drag force reduction effect, the lift-drag ratio has increased.

[image: images]

Figure 11: Pressure distribution of different scaled-straight type aero-wings

Compared with the straight type (the lift force is 6290.2 N, and the drag force is 671.3 N), the scaled-straight type can provide a larger lift-drag ratio, but its aerodynamic lift and drag force are relatively less. From the analysis of the pressure distribution shown in Fig. 11, it can be seen that the straight type can obtain a larger area of negative pressure on the upper surface and a relatively larger positive pressure area on the lower surface. It is because of this reason that its lift force is greater than that of the scaled-straight type, but the cost is that it loses the structural ability to discharge the airflow to both sides compared to the scaled-straight type, resulting in a relatively large aerodynamic resistance. From the perspective of the manufacturing process, it is more difficult and costly to produce the scaled-straight type. Therefore, this paper believes that the straight type is relatively better.

As shown in Fig. 12, for the roof equidistant type (Curve type A), since the distance between the lower surface of the aero-wing and the roof of the carriage is equal, there is almost no pressure difference in the lower surface of the aero-wing along the Y-axis due to ground effect.
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Figure 12: Pressure distribution of different extension forms

When the negative pressure on the upper surface is almost the same, the area of positive pressure on the lower surface of the roof equidistant type is larger, so a more uniform aerodynamic performance with a high lift-drag ratio can be obtained, but its disadvantage is that the production cost is high, and more complicated mechanical structure and sheet metal craft are required. Therefore, in order to obtain aerodynamic parameters similar to those of the roof equidistant type (Curve type A) at a more economical manufacturing cost, the extended form of the arc type (Curve type B) can be considered, and the aerodynamic performance of the aero-wing under different arc radius can be studied.

In Fig. 13, as the arc radius increases, the lift force of the arc type aero-wing gradually decreases and the drag force gradually increases, resulting in a significant decrease in the lift-drag ratio, indicating that as the distance between the two sides of the aero-wing and the roof of the carriage increases, the ground effect at this area is weakened, which is not conducive to the aero-wing to play its due role.
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Figure 13: Simulation results of arc type aero-wing

This phenomenon can be corroborated by the pressure distribution in Fig. 12: When the upper surface has similar negative pressure, as the arc radius increases (the straight type can be regarded as arc type with an infinite arc radius), the area where the greater positive pressure is generated gradually decreases to the nearby of y = 0, where the ground effect is relatively obvious, and the farther the sides are from the roof of the carriage, the weaker the ground effect is, and the positive pressure area corresponding to the roof of the carriage is relatively smaller.

In addition, as can be seen in Fig. 12, for the roof equidistant type, the airflow on the lower surface is relatively uniform and flows in a single direction. But with the increase of the radius of the arc type, the lower surface of the aero-wing gradually evolves the accumulation of cyclones and develops to both sides. This is due to the fact that the pressure on both sides is gradually smaller than that in the middle area, which reduces the lift force, and the incoming airflow is led to both sides under the attraction of relatively low pressure. At the same time, the swirling airflow on both sides hinders the incoming flow on both sides and increases aerodynamic drag force. Therefore, this paper believes that the closer the arc curve is to the roof contour curve, the better the aerodynamic performance obtained.

In the above results, when the airfoil extends along the curve, the arc length is set to 3 m, and its Y-axis projection size is less than 3 m, resulting in a smaller lift force of the arc type than the straight type in the result. In the Y-direction width of 3 m, the lift force of the arc type with the radius of 3 m is 6721.0 N, and the drag force is 563.8 N. Therefore, this paper believes that the arc type is better than the straight type.

4  Aerodynamic Performance of Train Equipped with Aero-Wings

The relatively better aero-wings obtained in the previous comparison are arranged on the roof of a certain type of five-carriages train to conduct a research on the aerodynamic performance of the whole vehicle. As shown in Fig. 14, the center distance between all aero-wings is guaranteed to be at least 4.5 m [14,17], and there is no relative height difference between the adjacent aero-wings (the uniform height is 300 mm), based on this condition, 4 aero-wings are arranged on the straight section of the head and tail vehicle respectively, and 5 aero-wings are arranged on the 3 intermediate carriages respectively. Therefore, a total of 23 aero-wings are arranged.
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Figure 14: High-speed train covered with aero-wings

The aero-wings are connected to the vehicle body through the shuttle cross-section mounting columns that are also suitable for the bidirectional characteristics of the train (considering the mechanical structure strength and other factors, set the span to 1.8 m). The higher the running speed of the train, the more significant its aerodynamic performance. Considering that the most economical running speed of the wheel-rail train is about 400 km/h (also the maximum commercial operating speed of the high-speed train) [37,38], the aerodynamic simulation analysis is carried out at this speed, which should be considered as a compressible calculation model. At this time, the entrance of the calculation domain is “Pressure inlet” at 0.3268 Ma, the energy equation of the model needs to be opened, and the computational domain medium need to be changed to “Ideal gas”.

As shown in Figs. 15a and 15b, compared with the working condition without aero-wings, the head vehicle (1#) covered with aero-wings no longer has a downward vertical force, and the total lift force it receives can be significantly reduces its sprung load. At the same time, the aerodynamic lift force received by the intermediate carriages (2# to 4#) without aero-wing is small. After the aero-wings are installed, the aerodynamic lift force it receives significantly reduces the sprung load, which is beneficial to reducing wheel and rail wear.
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Figure 15: Numerical simulation results of aerodynamic performance

However, the tail vehicle (5#) has been subjected to upward aerodynamic lift force before installing the aero-wings, and the lift force after the aero-wings are installed will further increase the lift force of the vehicle body, which may be a risk of exacerbating the shaking of the tail vehicle. In addition, in terms of aerodynamic drag force, the existence of aero-wings will inevitably increase the drag force on the train. At this time, consideration should be given to reducing aerodynamic drag force by optimizing the airfoil section and its mutual structural relationship with the train.

As shown in Figs. 15c and 15d, this paper will continue to analyze the aerodynamic lift and drag force of each aero-wing on the top of the train. After the mounting columns connect the aero-wing to the vehicle, the positive pressure on the lower surface of the aero-wing can be accumulated between the mounting columns, and the induced resistance generated by the vortex on both sides of the wing tip can be relieved, reducing the drag force of the aero-wing and increasing the lift force.

The first aero-wing on the head vehicle receives the largest lift force and the least drag force, so it has the best lift-drag ratio. The lift force of the last aero-wing of the tail vehicle is similar to the rest of the aero-wings, but it receives relatively the largest drag force, making it have the most unfavorable lift-drag ratio. The lift and drag force of the rest of the aero-wings are similar, indicating that the relative position between the aero-wings is appropriate [14]. In particular, when the airflow on the roof encounters the inter-carriage connection area, it will be disturbed and lifted, thereby reducing the lift force of the rear aero-wing and increasing the drag force, but the aero-wings on the top of the same carriage exhibit alternate or similar changing patterns, this shows that the inter-carriage connection area should be as flush with the carriage as possible to benefit the aerodynamic performance of the train [20].

From the pressure distribution in Fig. 15d, it can be seen that since the first aero-wing of the head vehicle is closest to the curve section, affected by the airflow passing through this area, the negative pressure on the upper surface of the aero-wing is relatively greater while the front positive pressure is relatively smaller, so it has the biggest lift force and the least drag force. Due to the reasonable relative position of the aero-wings in the middle carriages, the aerodynamic coupling between them is weak, so the aerodynamic lift and drag force are relatively similar. At the last aero-wing of the tail vehicle, affected by the negative pressure of the curve section of the tail vehicle, its lift force is the same as that of the front aero-wing, but the rear negative pressure is relatively greater, so the drag force increases significantly.

As shown in Fig. 15e, by observing the streamline distribution on the roof of the train, it can be seen that most of the airflow that makes the aero-wing generate lift force comes from the nose tip of the head vehicle. The first few aero-wings of the train mainly rely on the flow on the windward side to generate lift force, while the rest of the aero-wings generate lift force through the incoming flow starting from the nose tip of the vehicle and passing through the roof of the train to reach their respective positions. At the same time, due to the lifting effect of the aero-wing, the airflow passing through the upper surface of the front aero-wing continues to develop upwards, while the incoming flow passing through the lower surface will pass through the upper surface of the next aero-wing. It is precisely because of this reason that the airflow accumulates from the front to the rear through the train, making the lifting effect of the tail vehicle the most obvious.

Combined with the pressure coefficient distribution shown in Fig. 15f, it can be seen that the aero-wings have little influence on the streamlined part of the head vehicle, and the pressure change of the straight part on the roof of the carriage with aero-wings installed has a relatively regular and approximate fluctuation, which also shows that the arrangement of the aero-wings is suitable. At the same time, in the streamlined part of the tail vehicle, affected by the wake flow of the aero-wings, the pressure of the tail vehicle has a relatively obvious change compared with that without the aero-wings, which is also the root of the hidden risk of the tail vehicle.

In summary, the aero-wing with an anteroposterior symmetrical cross-section can better meet the aerodynamic lift force requirements and adapt to the characteristics of train traveling in bi-direction. The aero-wing can significantly improve the aerodynamic lift force of the train, reduce the sprung load, and ease the wear of the wheel and rail. A simple lifting mechanism can be used to lower the aero-wings on the tail vehicle and then raise them when the train is running in reverse to alleviate the problem of excessive lift force. After the aero-wings are installed, a certain amount of drag force will inevitably be generated, which can be alleviated through further optimization of aerodynamic drag reduction.

5  Conclusion

In order to reduce the wheel-rail wear during the high-speed running of the wheel-rail train and adapt to the characteristics of the bidirectional running of the train, this paper proposes a scheme of applying the aero-wings with anteroposterior symmetrical cross-sections to the roof of the high-speed train and conducts numerical simulation analysis. The following results are obtained:

1) Among the commonly used anteroposterior symmetrical cross-sections, compared with arc airfoil and oval airfoil, crescent airfoil can obtain greater aerodynamic lift force under the same structural parameters, but its lift-drag ratio is slightly smaller than the arc airfoil. Considering the limited space on the roof of the train, this paper considers that the crescent airfoil is relatively better.

2) Affected by factors such as the effective air pressure area on the upper and lower surface of the aero-wing and the manufacturing process, this paper believes that the straight type extension form is better than the scaled-straight type. Due to the ground effect between the lower surface of the aero-wing and the roof of the train, the distance between the two sides of the straight type is far from the roof, resulting in weak ground effect, so the extension form of the roof-equidistant type is obviously better than the straight type. However, because of its poor manufacturing process and economic efficiency, this paper proposes to use an arc type extension form with an arc similar to the roof curve for approximate replacement, and its aerodynamic performance is also better than the straight type.

3) After the installation columns between the aero-wing and the vehicle are added, the positive pressure on the lower surface will be accumulated and the induced resistance generated by the vortex on both sides of the wing tip will be relieved, reducing the drag force of the aero-wing and increasing the lift force.

4) Putting the anteroposterior symmetrical aero-wings all over the top of the train can effectively reduce the sprung load, especially to lift the head vehicle that was originally depressed, but the lifting amount of the tail vehicle is relatively large, which may cause adverse effects or even aggravate the shaking of the train.

Lowering the aero-wings on the tail vehicle while running through a simple mechanical structure is recommended to alleviate it. In addition, due to the addition of aero-wings, the aerodynamic drag force of the vehicle will inevitably increase, and further optimization of aerodynamic drag reduction is required. In future research, we should focus on the lightweight and high rigid structure design of the aero-wing and the aerodynamic drag force reduction technology of the whole vehicle. At the same time, we should also pay attention to the dynamic performance of the train under various aerodynamic conditions and set its load limit.
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