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Abstract

:

In order to further reduce the aerodynamic drag of High-speed Electric Multiple Units (EMU), an active flow control drag reduction method combining air suction and blowing is proposed at the rear of the EMU train. A numerical calculation method based on realizable k-ε is used to investigate the aerodynamic drag characteristics of a three-car EMU with a speed of 400 km/h. The influence of different suction-blowing mass flow rates, the position and number of suction and blowing ports on the aerodynamic drag and surface pressure of the EMU tail are analyzed. The results demonstrate that suction and blowing at the tail reduce the pressure drag of EMU. And with the growth of air suction-blowing mass flow rate, the aerodynamic drag reduction rate of the tail car gradually increases, but the increment of drag reduction rate gradually decreases. Under the same mass flow rate of the suction and blowing, the closer the ports are to the upper and lower edges of the windscreen, the lower the pressure drag of the tail car is. At the same flow flux of air suction and blowing, the more the number of ports, the better the pressure drag reduction effect of the tail car. This study provides a reference for the next generation of EMU aerodynamic drag reduction and is of great significance for breaking through the limitations of traditional aerodynamic drag reduction.
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1. Introduction


Improving the running speed of trains is the symbol and goal of railway science and technology development [1,2,3]. Whether for the development of higher-speed wheel-rail trains or maglev trains, aerodynamics has always been a subject of concern. At present, the traditional aerodynamic drag reduction optimization, namely, streamlined design of trains and components and smooth design of train surface, has become increasingly mature, and the space for optimization has become narrower and narrower [4,5,6,7,8,9]. In order to further reduce the aerodynamic resistance of the EMU in steady-state operation, the flow control drag reduction technology is applied to the EMU by referring to aerospace, fluid machinery, ships, and other fields [10,11,12,13]. As an emerging development direction, this technology has great application prospects.



Based on the mode of energy consumption and control loop, flow control technology can be divided into active flow control and passive flow control [14,15,16,17,18]. Passive flow control has no auxiliary energy consumption and is mainly achieved by adjusting the optimized geometric surface. However, such control is basically pre-installed at a specific position and only for specific operating conditions [19,20,21]. When the flow field deviates from the design state, it will increase additional resistance. Active flow control achieves local or even global flow field improvement through local energy input, with the advantage that flow control can be adjusted according to different operating conditions. As one of the active flow control methods, the combination of suction and blowing has a positive effect on improving the aerodynamic performance of wind turbine airfoils in the aviation field [22,23,24,25,26,27,28]. Based on the S809 wind turbine airfoil, Luo et al. [29] proposed a drag reduction method of suction and blowing combined with jet and studied the control effect of this method at different angles of attack, jet momentum coefficient, and opening positions to achieve the purpose of increasing lift and reducing drag. Xu and Zha [30] found that the flow separation at the trailing edge of the wing was significantly suppressed by a combination of blowing and suction. In ground vehicles, the research on the application of active flow control technology to achieve vehicle drag reduction is still in the preliminary stage. Aubrun et al. [31] set micro jet holes between the top and the tail slope of the 25°Ahmed model and used steady jet flow to reduce the drag coefficient by 9~14%. Zhang et al. [32] used the position of the jet holes and the jet velocity as variables to achieve the best drag reduction effect of more than 6% on the tail of the 35°Ahmed model. Yang et al. [33] added a jet device to the central region of the tail airflow rotation in addition to the non-smooth surface arranged at the tail of the MIRA straight-back model, which improved the tail airflow structure of the model and reduced the aerodynamic resistance by combining active and passive flow control. For rail vehicles, the method of aerodynamic drag reduction based on active flow control is still in the exploratory stage, and the existing literature only considers suction drag reduction or jet drag reduction without combining the two. Lin et al. [34] put forward the drag reduction scheme of suction boundary layer control for high-speed trains and set suction holes at the boundary layer separation points of the head car and the tail car, respectively, reducing the aerodynamic drag coefficient of the whole vehicle, with the maximum drag reduction rate reaching 6%. Huang et al. [35] set jet slits in the transition area between the uniform section body and the streamlined tail of high-speed trains, using 0.05 times the train speed as the jet speed, and the drag reduction rate of the whole train was up to 4.88%. Based on the principle of supercavitation drag reduction technology, Liang et al. [36] set up multiple rows of jet holes above the window area of the head train and sprayed different densities of gas on the surface of the high-speed train. The simulation results show that spraying low-density gas will reduce the friction resistance of the train, and spraying air and high-density gas will increase the friction resistance of the train. E.O.Shkvar et al. [37] proposed the method of micro-blowing drag reduction on the surface of high-speed trains, establishing the relationship between the drag reduction effect and micro-blowing area as well as strength. When micro-blowing is 70% of the surface area of a carriage, the drag reduction effect can reach 5.25%. Mitsuru Ikeda et al. [38] applied the blowing flow control technology to the pantograph of high-speed trains and arranged the blowing holes in rows at the trailing edge of the pantograph head to improve the aerodynamic characteristics of the pantograph during high-speed operation. In addition, some other methods are also proposed in recent years [39,40,41,42,43,44,45,46,47,48,49,50].



When the speed of EMU trains reaches 400 km/h, the aerodynamic drag accounts for more than 90% of the total drag, so it is necessary to reduce the aerodynamic drag through flow control technology on trains of this speed level [51,52,53,54,55,56,57,58]. In the previous studies on drag reduction by blowing and suction of trains, the source of gas is rarely considered in blowing, and the flow direction of gas is rarely considered in suction. In this paper, it is proposed that the suction ports are arranged in the streamlined body transition area at the upper edge of the windscreen at the rear of the train, and the air-blowing ports are arranged in the area below the windshield and above the coupler deflector. The gas can be transferred through the built-in flow channel. Taking the mass flow of air blowing and suction, the distance and number of air ports as variables, the drag reduction effect of the tail car is explored, and the influence mechanism and drag reduction characteristics are analyzed and summarized to provide a reference for the aerodynamic drag reduction mode of the next generation EMU.




2. Calculation Model and Method


2.1. Calculation Model and Parameters


In this paper, a 1:1 non-scale aerodynamic model of EMU is established based on a certain type of high-speed EMU train. It consists of three cars, which are composed of head car, middle car, and tail car. According to the general treatment of train aerodynamics, the EMU model is simplified. On the basis of the symmetry of the EMU structure, the longitudinal central surface of the car body is taken as the symmetry surface, and the semi-car body model of the EMU is selected as the object of study. The details of the roof pantograph components, air conditioning equipment, doors and windows, and windshields at the body are omitted and replaced with curved surfaces during modeling. As this paper mainly studies the influence of air blowing and suction at the rear of the train on the aerodynamic resistance of the EMU, the structure of the bogie is deleted, and the treatment method in the reference is used to seal the cavity where the bogie is located with a cover plate and coincide with the edge of the body. The simplified model retains the large slenderness ratio of the EMU and the aerodynamic shape of the head and tail, as shown in Figure 1. The number of grids is reduced, and the period of numerical calculation is shortened. The height of the EMU is selected as the characteristic length, H = 3.89 m. The semi-body model has a length of L = 20 H, a width of W = 1.63 m and a maximum cross-sectional area of A = 5.5 m2.




2.2. Calculation Domain and Boundary Conditions


The geometric dimensions and boundary conditions of the calculation domain are shown in Figure 2. The multiple units are located in front of the center of the calculation domain. the distance between the nose end and the inlet of the calculation domain is 15 H, and the distance between the nose end and the outlet of the calculation domain is 45 H. In this paper, the three-dimensional compressible Navier-Stokes equations are used to describe the flow field. The inlet condition is set to the pressure-far-field boundary, and the outlet condition is set to the pressure-outlet boundary. Reference analyzed the train surface roughness has little effect on the aerodynamic drag, so its surface is set to zero roughness of the fixed wall without slip. The bottom surface of the computational domain is set as a moving wall to simulate the relative motion between the EMU and the track during operation, and the speed is equal to the airflow velocity. The top surface, the side surface, and the longitudinal section central plane of the computational domain are set as symmetrical planes to ensure that the normal velocity of the wall is 0 and eliminate the influence of the wall on the flow field.




2.3. Meshing


The calculation mesh is divided by ICEM CFD. In order to make the mesh have a good fit, triangular mesh elements are used on the car body surface because there are a large number of complex surfaces on both sides of the head and tail of the EMU. Tetrahedral element meshes are adopted in the enriched grids region, and the hexahedral element meshes are used in the sub-enriched grids region and the external region, as shown in Figure 3a. In order to more accurately calculate the aerodynamic drag on the train body surface, as shown in Figure 3b, boundary layer grids (prismatic layer) are set close to the body wall, with a total of 20 layers, and the mesh growth rate is 1.15 per layer to facilitate the capture of the shear layer and the separated flow near the wall surface of the EMU. The mesh height of the first layer of the body wall is set to 0.001 m to ensure that y+ is within the appropriate range of the corresponding turbulence model.




2.4. Calculation Method and Turbulence Model


The aerodynamic drag characteristics of EMU with a speed of 400 km/h are studied in this paper. Mach number exceeds 0.3, so the air compressibility effect should be considered. The numerical simulation of this steady flow field is carried out in ANSYS Fluent. The implicit solution method of density-based solver (DBS) is selected as the solver type. The turbulence model realizable k-ε is selected for numerical simulation, and the enhanced wall function method is used. In addition, least squares cell based is used for gradient discretization, and second order upwind scheme is used for convection and dissipation terms. The residuals are set to 10−5 to ensure that the drag coefficient of each car is stable in the iterations. The drag coefficient of the EMU is expressed by the dimensionless coefficient as follows:


   C d  =    F d    0.5 ρ  U 2  S    



(1)




where Fd is the drag of the EMU in operation, ρ is air density, U is the speed of the EMU, and S is the cross-sectional area of the EMU.




2.5. Reliability Analysis


In order to eliminate the influence of grid density on the calculation results and ensure calculation accuracy under the condition of limited computing resources, three different mesh densities-coarse, medium, and fine mesh-are discretized. Table 1 shows the aerodynamic drag coefficients of each car under three meshes with different densities.



It can be seen from Table 1 that the aerodynamic drag coefficients obtained by the middle car and the tail car in the three density grids are not much different, but the aerodynamic drag coefficient of the head car is relatively large. When the total number of grids exceeds 10.55 million, the aerodynamic drag coefficient of each car is stable, and the number meets the grid independence requirements. The subsequent numerical simulation of the EMU will be carried out on the basis of medium-density grids.



In order to verify the accuracy of the numerical method and the car body model, the semi-car body model, medium grid strategy and numerical calculation method described in this paper are compared with the wind tunnel test in reference. The 1:25 scale model of CRH2 EMU is selected for the test, and the test section of the wind tunnel is 14 m, and the cross-section is 3 m × 3 m. The numerical verification model is consistent with the wind model, as shown in Figure 4. The wind tunnel wall is used as the train floor, and the balance is installed at the bottom of the train center. The entrance of the test section is 5 m away from the train head, and the exit of the test section is 9 m away from the train head.



Two data of wind tunnel test with external balance measurement and numerical calculation without external balance of a three-car EMU are selected and compared with the data obtained by the numerical calculation method in this paper when the wind speed is 40 m/s, 60 m/s, and 80 m/s, shown in Figure 5.



Through the comparison of the data in Figure 5, the maximum error rate between the numerical simulation results of the external balance in this paper and the wind tunnel test data in the reference is 3.50%. Additionally, the maximum error rate between the numerical simulation results without the external balance in this paper and the numerical simulation results without the external balance in the reference is 5.61%, indicating that the algorithm and the half-car body model in this paper are correct and credible, and can accurately solve the aerodynamic drag of the EMU.





3. Airflow Disturbance Characteristics and Setting of Suction and Blowing Ports


3.1. Surface Boundary Layer and Pressure Distribution of EMU


The analysis of boundary layer development law is the key to studying the drag reduction of EMU with an air suction-blowing combination. As a viscous fluid, when air flows through the side wall of the car body, a thin flow layer with an obvious velocity gradient is formed near the wall, which is called the boundary layer. Its thickness is defined as the vertical distance between the wall and the position where the wall’s tangential flow velocity in the normal direction is 0.99 times the incoming flow velocity. The dimensionless velocity Cv and pressure coefficient Cp are defined as follows:


   C v  =  V   V ∞     



(2)






   C p  =   2 ( p −  p ∞  )   ρ  V ∞ 2     



(3)




where V is the velocity of any point in the flow field, V∞ is the inlet flow velocity (that is, the running speed of the EMU, which is 111.11 m/s), p is the pressure at any point in the flow field, and p∞ is atmospheric pressure, p∞ = 101,325 Pa.



The boundary layer cloud map distributed along the train length on the central longitudinal section of the multiple units with a speed of 400 km/h is colored with Cv, as shown in Figure 6. Additionally, the pressure coefficient cloud diagram is colored by Cp, as shown in Figure 7. Combined with two figures for analysis, the aerodynamic excitation characteristics around the train are as follows.



	(1)

	
High-speed air strikes at the nose tip of the head car and forms a block. The speed drops sharply, and the pressure rises rapidly. Near the tip of the nose, Cv is close to 0, and Cp is about 1 at the maximum, where a strong positive pressure zone appears;




	(2)

	
Due to the effect of pressure difference, on the one hand, the compressed air moves backward along the car body, forming a negative pressure zone in the transition area between the streamlined curve of the head car and the body of the equal section, and forming a boundary layer with a large velocity gradient. On the other hand, the compressed air moves to the bottom of the train, accelerating the movement between the bottom of the body and the ground to form a strong negative pressure zone, and the minimum Cp is about −1.2;




	(3)

	
The airflow moves backward along the uniform section of the car body, and the pressure rises slowly and is slightly lower than the atmospheric pressure. At this time, the boundary layer gradually develops and thickens along the car body;




	(4)

	
In the sudden change area where the airflow just flows through the tail section, the local vacuum above the streamlined tail causes the airflow to accelerate and form a negative pressure zone again;




	(5)

	
After the airflow passes through the sudden change of the tail transverse section, the speed becomes smaller, and the pressure returns to normal, causing the boundary layer to separate from the wall surface of the EMU and forming a positive pressure near the nose end of the tail.








3.2. Setting of Suction and Blowing Ports


According to the distribution of boundary layer and pressure during the steady-state operation of the EMU, air ports are set in the two areas of the tail of the train to reduce the aerodynamic drag. A suction zone is arranged in the boundary layer separation area of the train tail to remove the low momentum fluid and suppress the flow separation. A blowing zone is set in the nose tip area of the tail car to control the wake flow to improve the tail airflow structure.



For the semi-body model, the number of air ports in the two regions and the number of air holes in each port is set to be the same (3 ports × 8 holes). The diameter of the air hole is 60 mm, and the spacing of the air holes in each port is 120 mm. Taking the upper edge of the windscreen as the starting position of the first suction port, extending to the direction of the equal section body with a fixed spacing; the lower edge of the windscreen is the starting position of the first row of blowing ports, extending to the tip of the nose according to a fixed spacing. The position of the suction port of the semi-body model is symmetrically displayed through the longitudinal section center plane, as shown in Figure 8b,c.



In addition, the airflow between the suction holes and the blowing holes can be transferred through the compressor device, and the entire suction-blowing process does not require an additional air source, as shown in Figure 8a. In order to simplify the calculation, the internal flow channel in the optimization simulation model can be omitted. The suction hole is set as the mass-flow-outlet boundary, and the blowing hole is set as the mass-flow-inlet boundary. The mass flow of the inhaled gas is equal to the mass flow of the blown gas. The blowing direction is consistent with the incoming flow direction, and the remaining conditions are consistent with those in the original model. The main factors affecting the drag reduction effect of the rear end of the EMU include the position distribution, arrangement mode, number of air ports, mass flow rate of blowing and suction gas, etc., and a certain factor will be analyzed step by step as a single variable.




3.3. Expression of Related Physical Quantities


To facilitate the analysis, mass flow rate and mass flux are introduced to express the intensity of suction and blowing, where the mass flux is the rate of mass flow rate, as follows:


   q j  = A  V j  ρ  



(4)






   G j  =    q j   A   



(5)




where qj refers to the mass flow rate of air suction and blowing, Gj refers to the mass flux of air suction and blowing, Vj refers to the speed of air-blowing and suction ports, A refers to the total cross-sectional area of all air-blowing holes or suction holes, and ρ represents the air density, which is 1.225 kg/m3.



The drag reduction rate of the EMU is defined as the following expression:


  α =    F  d ( n − S − B )   −  F  d ( S − B )      F  d ( n − S − B )      



(6)




where α represents the drag reduction rate, Fd(n−S−B) represents the aerodynamic drag of EMU without blowing and suction, and Fd(S−B) represents the aerodynamic drag of EMU under a certain suction-blowing condition.





4. Results Analysis


4.1. The Influence of Different Mass Flow Rate on the EMU Aerodynamic Drag


In order to study the effect of the mass flow rate of air suction and blowing on the aerodynamic drag of the EMU, numerical simulation is carried out for 6 working conditions of the optimized model. The air suction-blowing mass flow rate is set as 0, 0.923, 1.846, 2.769, 3.692, and 4.615 (kg/s), respectively; corresponding air blowing and suction speeds are 0, 0.1 U, 0.2 U, 0.3 U, 0.4 U, 0.5 U (U represents the speed of EMU, which is 111.11 m/s). The distance between the suction ports along the surface of the car body is set to 1060 mm, and the vertical distance between the blowing ports is set to 150 mm. Additionally, based on the above combination parameters, the aerodynamic drag coefficient and drag reduction rate of each car are analyzed.



According to the drag coefficient obtained at each position in Table 2, it can be observed that the setting of the suction and blowing ports at the tail of the EMU only has a great influence on the aerodynamic drag of the tail car, and has little influence on the aerodynamic drag of head car, the middle car and the windshield area. As shown in Figure 9, when the mass flow rate is between 0 and 4.615 kg/s, the aerodynamic drag coefficients of the tail car and the whole car raise with the increase in the mass flow rate, and the two physical quantities are positively correlated; When the mass flow rate exceeds 1.846 kg/s compared with the previous working condition, the drag reduction rate increment of whole car and tail car decreases with the increase in the mass flow rate. This shows that when the mass flow rate is greater than 1.846 kg/s, if the same unit drag reduction increment is attained, more energy will be consumed than before.



In the following, the differential pressure resistance and friction resistance of the EMU are analyzed, respectively. From Figure 10, it can be seen that the setting of blowing and suction ports at the tail of the EMU mainly reduces the differential pressure resistance and has no drag reduction effect on the friction resistance. When the mass flow rate is 0~4.615 kg/s, the pressure difference drag reduction rate of the tail car and entire car raises with the increase in the mass flow rate of the suction and blowing, and the two physical quantities are also positively correlated. The friction drags reduction rate of the tail car and the entire car decreases slightly with the increase in the mass flow rate of air suction and blowing, which indicates that the drag reduction method of combining air suction and blowing at the rear of the train has a drag reduction effect only on the differential pressure resistance of the tail car, and has no drag reduction effect on the friction resistance, but will slightly increase the friction resistance.



Figure 11 shows the pressure coefficient nephogram of the train tail end when the mass flow rate of the optimized model is 0, 0.923, 2.769, and 4.615 (kg/s). With the increase in mass flow rate, the area of positive and negative pressure areas on the tail surface of the train does not change much, and the actual effect of drag reduction is the amplitude of positive and negative pressure areas. From the perspective of the suction area at the top of the train tail, the increase in mass flow will lead to a large negative pressure gradient around the suction port, and the farther the suction port is from the upper edge of the windscreen, the greater the negative pressure gradient. For the air-blowing area at the nose tip of the train tail end, the increase in the mass flow rate will lead to a large positive pressure gradient above the air-blowing port. Combining Figure 10 with the cloud diagram changes of the positive and negative pressure areas at the tail end of the train, it can be shown that the drag reduction increment of the pressure difference resistance of the tail car will decrease with the increase in the mass flow rate of the blowing and suction.




4.2. The Influence of the Distance between the Ports on the Aerodynamic Drag


In order to compare the influence of the distance between the suction and blowing ports on the aerodynamic resistance of the EMU, two different spacing air ports are set up in the blowing and suction areas, respectively, without considering the interference between the blowing ports and the coupler deflector. The fixed variable method is used for analysis. The spacing of each port is used as a variable, and the spacing and aperture of the holes in each port are used as constants. The number of air ports and holes in each model is the same (for semi-body models, the total number of suction holes and blow holes is 3 × 8), and the drag reduction is carried out at a mass flow rate of 2.769 kg/s. The parameter settings of the models are shown in Table 3.



The drag reduction method of combining blowing and suction in the tail car does not affect the drag coefficient of the head car and the middle car, so only the aerodynamic drag (including differential pressure drag and friction drag) of the tail car of the four models is analyzed. In Figure 12, comparing models A and B, it can be seen that when the distance between the suction ports along the surface of the car body is constant, the smaller the distance between the blowing ports along the vertical direction, the greater the drag reduction rate. Comparing models A and C, it can be seen that when the distance between air-blowing ports in the vertical direction is fixed, the smaller the distance between air suction ports along the car body surface, the greater the drag reduction rate. This shows that although the three models have the effect of drag reduction, the more concentrated the suction ports are near the upper edge of the tail windscreen, and the more concentrated the blowing ports are near the lower edge of the tail windscreen, the better the effect of drag reduction on the differential pressure resistance of the tail car.



Combined with Figure 13 and the aerodynamic drag reduction rate of the tail car, it can be seen that in the suction area above the windscreen, the area of the surface negative pressure where the suction ports are densely arranged (model C) and sparsely arranged (models A and B) are located is approximately the same, but the amplitude of the negative pressure between them is quite different. The farther the sparsely arranged suction ports are from the upper edge of the windscreen, the greater the negative pressure intensity around the suction ports. On the contrary, since the densely arranged suction ports are concentrated at the upper edge of the windscreen, the negative pressure value of their positions in the original model is smaller than that far from the upper edge, so arranging suction ports here can achieve a better drag reduction effect. In the blowing area at the lower edge of the windscreen, the surface positive pressure area of the dense arrangement (models A and C) and the sparse arrangement (model B) of the blowing ports are approximately the same, but the positive pressure amplitude of the two is quite different. The closer the blowholes are arranged to the lower edge of the windscreen, the greater the positive surface pressure value of the lower part of the windscreen due to the airflow disturbance. Therefore, it is better to arrange blowholes centrally at the lower edge of the windscreen for drag reduction.




4.3. The Influence of the Number of Ports on the Aerodynamic Drag


In order to compare the influence of the number of air suction and blowing ports on the aerodynamic drag of EMU, the ports at the tail of model D are, respectively, set as five rows, and the interference between the air-blowing holes and the coupler deflector is not considered. The difference between model B and model D is only the number of ports and other physical quantities are set the same for a single port. As shown in Table 4, model D is divided into two working conditions (later represented by models D1 and D2), and the mass flow rate and mass flux of the two working conditions are calculated according to the formula. When the EMU trains are running at the same speed, the aerodynamic drag reduction characteristics of model B and model D1 are compared and analyzed under the same mass flow rate of blowing and suction; then compare and analyze the aerodynamic drag reduction characteristics of model B and model D2 under the same mass flux of air blowing and suction.



Figure 14 shows the aerodynamic drag reduction rate, differential pressure drag reduction rate, and friction drag reduction rate of the tail car of three kinds of car body models at the same speed as the multiple units. Comparing model B with model D1, it can be seen that at the same mass flow rate, the fewer the number of air-blowing and suction ports at the rear of the EMU, the better the drag reduction effect of its aerodynamic resistance and differential pressure resistance. Comparing model B with model D2, it can be seen that at the same mass flow rate, the more the number of air blowing and suction ports at the rear of the EMU, the greater the aerodynamic drag reduction rate and differential pressure drag reduction rate, but the corresponding friction drag increase rate also increases. However, the corresponding friction drag reduction rate also increases negatively.



Figure 15 depicts the rear surface pressure of three train models. In the case of the same total mass flow rate (model B and model D1), the increase in the number of suction and blowing ports means that the speed of air flowing through each hole becomes slower, which weakens the intensity of air suction or blowing of a single hole, and the positive pressure at the tip of the tail nose does not amplify significantly. At the same mass flow rate (models B and D2), the increase in the number of suction and blowing ports means that the ability to transfer the airflow will become stronger, and the positive pressure value at the nose of the EMU is also more obvious, reducing the overall pressure difference of the tail car, thereby reducing the aerodynamic resistance.




4.4. Analysis of Drag Reduction Mechanism


The aerodynamic resistance of EMU is generated by the viscous effect of airflow and vortex field, which is mainly divided into pressure drag and friction drag. In the simulation calculation, it is found that the differential pressure resistance is mainly concentrated in the head and tail cars of the EMU and accounts for 63% and 66% of the aerodynamic drag of the head and tail cars, respectively. This is because the head car is on the windward side and receives a large air resistance, while the tail car brings negative pressure due to the wake vortex. The combination of suction and blowing can effectively reduce the pressure difference on the vehicle body surface, reduce the energy dissipation of turbulent kinetic energy at the tail end, and thus reduce the aerodynamic resistance of the tail vehicle.



On the one hand, when the airflow flows through the variable cross-section area at the top of the tail, the intake holes located here will draw part of the airflow into the built-in flow passage. As shown in Figure 16, when the holes are not working, the boundary layers at different speed levels in this area are smooth and stable. After the holes start to inhale, the part of the boundary layer at the lower speed level from the surface of the EMU is pulled and thinned by the suction, which can delay the boundary layer separation. It can be predicted that the effect of delaying boundary layer separation is more obvious by increasing the number of suction ports and mass flux.



On the other hand, the airflow from the air-blowing ports at the lower edge of the windscreen converges with the tail vortex of the EMU. As shown in Figure 17, when the air-blowing port is not working, the tail vortex is generated by the confluence of the air from the side, top, and bottom of the train at both sides below the nose of the rear of the EMU. When the blowing ports are in operation, the wake flows into a stream of air ejected from the air-blowing port before it is formed, providing kinetic energy for the wake not to fall off. However, the jet flow rate at the air-blowing port cannot be increased all the time, which will damage the structure of the tail vortex. Additionally, on the contrary, it will reduce the differential pressure drag reduction rate of the tail car and increase the friction resistance, affecting the drag reduction effect of the tail car.





5. Conclusions and Prospects


In this paper, the numerical calculation method based on realizable k-ε is used to analyze the aerodynamic drag reduction characteristics of a simplified EMU model at 400 km/h. By setting the suction-blowing area at the special flow part of the tail of the EMU, the effects of different suction-blowing mass flow rates, the number and spacing of air ports, blow-suction mass flux on the aerodynamic drag, friction drag, pressure drag, and surface pressure are explored. The conclusions and prospects are summarized as follows:




	(1)

	
Suction at the upper edge of the rear windscreen and blowing at the lower edge of the rear windscreen can significantly reduce the pressure drag of the tail car. The suction can remove the low-momentum fluid and transfer it to the blowing area, and the blowing can improve the vortex structure in the near wake region of the EMU. When the mass flow rate is relatively low, the aerodynamic drag reduction effect of the tail car is better. When the mass flow rate increases too much, it will reduce the drag reduction efficiency of the tail car and consume more energy;




	(2)

	
Under a certain blowing and suction flow rate, the more the number of blowing and suction ports concentrated on the upper and lower edges of the windscreen, and the smaller the spacing, the better the drag reduction effect. If five ports are set, respectively, for the suction and blowing area at the EMU tail, when the suction-blow mass flow rate is 40.826 kg m−2 s−1, the pressure drag reduction rate of the tail car can reach 7.97%;




	(3)

	
Due to the simplification of the model and the omission of the bogie structure, the total aerodynamic drag of the EMU is smaller, and the corresponding drag reduction rate is larger. However, it is determined that the drag reduction method combining suction and blowing is arranged at the tail of the EMU, which can effectively reduce the differential pressure drag of the tail car. In the subsequent research, the same drag reduction method can be applied to the head car, bogie cavity, and other areas of the EMU to further reduce the differential pressure of the entire car;




	(4)

	
In view of different types of train heads, the setting of air-blowing and suction ports shall be analyzed according to specific conditions.
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Nomenclature




	Symbol
	Description
	Symbol
	Description



	Cd
	Drag coefficient
	p
	Pressure at any point in flow field



	Fd
	Aerodynamic drag
	p∞
	Atmospheric pressure



	ρ
	Air density
	qj
	Mass flow rate



	U
	Speed of EMU
	Vj
	Speed of air blowing and suction



	S
	Cross-sectional area of EMU
	A
	Total cross-sectional area of all air-blowing holes or suction holes



	Cv
	Dimensionless velocity
	Gj
	Mass flux



	V
	Velocity of any point in flow field
	α
	Drag reduction rate



	V∞
	Inlet flow velocity
	Fd(n−S−B)
	Aerodynamic drag of EMU without blowing and suction



	Cp
	Pressure coefficient
	Fd(S−B)
	Aerodynamic drag of EMU under a certain suction-blowing condition.
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Figure 1. Simplified model of EMU. 
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Figure 2. Simulation calculation domain. 
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Figure 3. Distribution of grids: (a) grids distribution of EMU body and domain; (b) local grids at the rear. 






Figure 3. Distribution of grids: (a) grids distribution of EMU body and domain; (b) local grids at the rear.



[image: Machines 11 00222 g003]







[image: Machines 11 00222 g004 550] 





Figure 4. Numerical calculation area compared with wind test (Unit: m). 
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Figure 5. Data comparison between this paper and the reference. 
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Figure 6. Boundary layer of central longitudinal section. 
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Figure 7. Pressure coefficient of central longitudinal section. 
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Figure 8. Setting of blowing and suction ports at the tail: (a) internal flow channel diagram; (b) suction ports position; (c) blowing ports position. 
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Figure 9. Drag reduction rate and increment at different mass flow rates. 
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Figure 10. Pressure and friction resistance reduction rate under different mass flow rates. 
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Figure 11. Surface pressure coefficient at rear under four mass flow rates: (a) qj = 0; (b) qj = 0.923 kg/s; (c) qj = 2.769 kg/s; (d) qj = 4.615 kg/s. 
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Figure 12. Drag reduction rate of tail car with different air ports spacing. 
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Figure 13. Surface pressure coefficient at rear with different air ports spacing: (a) model A; (b) model B; (c) model C. 






Figure 13. Surface pressure coefficient at rear with different air ports spacing: (a) model A; (b) model B; (c) model C.



[image: Machines 11 00222 g013]







[image: Machines 11 00222 g014 550] 





Figure 14. Drag reduction rate of tail car with different numbers of air ports. 
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Figure 15. Surface pressure coefficient at rear with different number of air ports: (a) model B; (b) model D1; (c) model D2. 
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Figure 16. Boundary layer near the suction ports. (a) No suction, (b) suction. 
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Figure 17. Streamlines around the EMU body and near the tail. (a) No blowing, (b) Blowing. 
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Table 1. Aerodynamic drag coefficients of three density meshes.
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Mesh Density

	
Mesh Number (106)

	
Aerodynamic Drag Coefficient




	
Head Car

	
Middle Car

	
Tail Car






	
coarse

	
5.41

	
0.120

	
0.051

	
0.092




	
medium

	
10.55

	
0.115

	
0.050

	
0.090




	
fine

	
16.00

	
0.114

	
0.050

	
0.090
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Table 2. Drag coefficient of each position of EMU under different mass flow rate.
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Position

	
Drag Coefficient Under Different Mass Flow Rate




	
0

	
0.923 kg/s

	
1.846 kg/s

	
2.769 kg/s

	
3.692 kg/s

	
4.615 kg/s






	
Entire car

	
0.2571

	
0.2565

	
0.2551

	
0.2539

	
0.2531

	
0.2527




	
Head car

	
0.1151

	
0.1151

	
0.1151

	
0.1151

	
0.1151

	
0.1151




	
Middle car

	
0.0502

	
0.0503

	
0.0502

	
0.0503

	
0.0502

	
0.0502




	
Tail car

	
0.0897

	
0.0891

	
0.0876

	
0.0864

	
0.0857

	
0.0853




	
Windshield

	
0.0021

	
0.0020

	
0.0022

	
0.0021

	
0.0021

	
0.0021
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Table 3. Spacing parameters of air blowing and suction ports.
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	Model
	Spacing of Suction Ports along the Surface of Car Body (mm)
	Spacing of Blowing Ports in Vertical Direction (mm)





	A
	1060
	150



	B
	1060
	300



	C
	265
	150
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Table 4. Quantity, total mass flow rate and mass flux of suction and blowing ports.
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Model

	
Total Mass Flow Rate

(kg s−1)

	
Mass Flux

(kg m−2 s−1)

	
Ports × Holes

(for Semi-Body Model)






	
B

	
2.769

	
40.826

	
3 × 8




	
D1

	
2.769

	
24.496

	
5 × 8




	
D2

	
4.615

	
40.826
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