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Abstract

:

In order to break through the speed bottleneck, researchers envision using tubes to cover high-speed maglev trains and extract some of the air inside the tubes, creating a low-density environment on the ground, greatly reducing the aerodynamic drag of the trains, and in a relatively economical and feasible way, making high subsonic (600 km/h and above) and even supersonic ground transportation possible. The faster the running speed of high-speed trains, the greater the impact of aerodynamic drag on their energy consumption. Studying the aerodynamic characteristics of trains with a speed of 600 km/h can help optimize the aerodynamic shape of the train, reduce aerodynamic drag, and reduce energy consumption. This has positive implications for improving train energy efficiency, reducing energy consumption, and environmental impact. This paper adopts the numerical simulation method to study the drag reduction effect of the plasma arrangement and different excitation speeds on the train set in four positions when the incoming wind speed is 600 km/h, to analyze the mechanism of drag reduction, and then to analyze the combination of working conditions in order to investigate the drag reduction effect of plasma on the vacuum tube train set with an ambient pressure of 10,000 Pa. The findings demonstrate that the plasma induces the directional flow of the gas close to the wall to move the flow separation point backward and delay the separation of the flow, thereby reducing the front and rear differential pressure drag of the train set and lowering the aerodynamic drag coefficient of the entire train. The plasma arrangement is located at the rear of the flow separation point and in close proximity to the flow separation point. The pneumatic drag reduction effect peaks when the excitation speed reaches 0.2 times the train speed and the pneumatic drag reduction ratio is around 0.88%; the pneumatic drag reduction ratio of the rear car peaks when the excitation speed reaches 0.25 times the train speed and the pneumatic drag reduction ratio is 1.62%. The SDBD (Surface Dielectric Barrier Discharge) device is installed at the flow separation point around the nose tip of the rear car.
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1. Introduction


The traditional approaches to enhancing the aerodynamic performance of trains, such as optimizing the shape of the head and rear cars [1,2,3,4,5,6,7], designing train bogies, pantographs, and windshield structures rationally, and other local structural optimization [8,9,10,11,12,13,14,15], have tended to be perfect and mature, subject to limitations imposed by the need to continuously improve the manufacturing process and design requirements, and gradually reveal their limitations. Scientists started devoting their time to investigating new kinds of drag reduction techniques as a result [16,17,18,19,20,21,22].



Vacuum tube transport combines vacuum tube technology with high-speed train technology to create a new type of surface rail transport. The vacuum tube allows the train to operate in low-density, low-pressure conditions and without external environmental disturbances, theoretically minimizing the train’s operating drag [23].



Due to the viscosity and speed of air, when high-speed trains operate in the thin air tube, air will generate friction with the tube wall and train surface, and a high-pressure area and low-pressure area will be generated at the front and rear of the train, respectively. The difference in pressure generated at the front and rear of the train will hinder the high-speed operation of the train [24].



The purpose of reducing drag on vacuum tube high-speed trains is to effectively reduce energy loss, improve energy efficiency and speed during high-speed operation. In a vacuum tube, by reducing collisions between gas molecules and trains, the aerodynamic drag of the train can be reduced, allowing the train to travel farther or at a faster speed under a given energy. This drag reduction technology is very important in high-speed transportation, as it can improve transportation efficiency and reduce energy consumption. In order to further reduce aerodynamic drag and reduce operational energy consumption, domestic and foreign scholars have conducted research on train shape optimization [25,26] and tube structure design [27,28].



Surface dielectric barrier discharge (SDBD) is one of the active drag reduction techniques for turbulent flow fields that improves aerodynamic performance without altering the shape of the object by applying the proper energy excitation [29]. It is currently most frequently used in the field of aircraft flow control.



Zhang et al. investigated the flow separation control effect of SDBD on devices with different angles of attack, and showed that SDBD can effectively inhibit the width of the airflow separation zone when the angle of attack is less than 20° [30], and Yang Bo et al. carried out experimental research on the inhibition of airfoil flow separation by SDBD devices under different incoming wind speeds and angles of attack, and the results showed that SDBD can effectively inhibit the airfoil flow separation under low flow speed and large angle of attack [31]; the results also showed that SDBD can effectively inhibit the airfoil flow separation under low flow speed and large angle of attack [32]. In a separation study [31], Che et al. simulated the effect of high-altitude SDBD on wing lift coefficient, and the results showed that the wing lift coefficient can be effectively improved after the excitation of SDBD [32]. Orlov et al. simulated the phenomenon of SDBD inhibition of airflow separation under different angles of attack using simulation. The simulation results show that SDBD can effectively control flow separation [33].



There have also been some studies on cars and moving trains. Zhou et al. applied the SDBD device to a car body and analyzed the flow separation and drag reduction effect by performing flow field simulation calculations on the GTS (Ground Transportation System) model [34,35]. However, research on the SDBD device applied to the airflow control of trains is still in its infancy. Based on tests, Gao [36] examined the flow control effects of variously shaped electrodes on train models.



The shortcomings of current research lie in the lack of relevant research on plasma surface dielectric barrier discharge in train drag reduction, as well as active control jet drag reduction research on low vacuum tube high-speed trains. The Shyy model is used to simulate the plasma in this study, which uses along-surface dielectric blocking discharge technology, to examine the flow control effects of various electrode placements and excitation speeds on a model of a high-speed moving train with vacuum tubes. Simultaneously, the N-S equation is used to determine the flow field surrounding the moving train model, and the effects of excitation voltage and incident velocity on the SDBD device’s ability to reduce drag are examined and contrasted. In this study, numerical computation techniques are used to analyze the structure of the flow field surrounding the fast-moving train and the features of aerodynamic drag.




2. Numerical Calculation Model


2.1. Geometric Model and Simulation Conditions


In this paper, CRH380CL, manufactured by CRRC Changchun Railway Vehicles Co., Ltd. in Changchun, China, is selected as the simulation model, the computational domain is selected, and the corresponding mesh is divided in the 2022 R1 version of ICEM CFD software provided by ANSYS, Inc. (Canonsburg, PA, USA). As shown in Figure 1a,b, the characteristic height of the train model is H = 3.8 m. The distance between the train head and the tube inlet is 9 H, the distance between the train tail and the tube outlet is 21 H, and the distance between the train bottom and the tube bottom is 0.074 H. The cross-sectional size of the tube is 1.58 H × 1.58 H. In this article, the blocking ratio of the vacuum tube is 0.356. At this point, using a low vacuum tube with a rectangular cross-section for simulation has no significant impact on the simulation results, and the influence of the tube cross-section shape on aerodynamic drag can be ignored [37].



The boundary conditions at the inlet and outlet of the tube are shown in Figure 1b. In the simulation of the vacuum tube transportation system in this article, it is assumed that the high-speed train unit is stationary. On this basis, a double precision calculation method is used to iteratively calculate in Fluent R13 software. The simulation boundary conditions are shown in Table 1.



The tube environment simulated in this paper is the operating environment of a moving train under a certain degree of vacuum, which is an environment with compressible air and a strong degree of turbulence, so the COUPLE algorithm coupled with pressure and velocity is selected, and the second-order windward format is chosen for each control equation to ensure the convergence of the results [38,39,40].




2.2. Validation of Numerical Plasma Simulation


For the dielectric blocking discharge plasma model, a simplified model of the equation of the plasma effect on the flow field proposed by Shyy et al. [41] is used, and the flow control effect of the plasma under the test condition is written as the following equation, taking into account the plasma excitation voltage, frequency, and pole-plate geometry:


   F x  = θ α  ρ c   e c   E x  Δ t δ  



(1)






   F y  = θ α  ρ c   e c   E y  Δ t δ  



(2)






  E = U / d  



(3)







In the above equations,  θ  is the alternating current frequency, taken as 7.5 kHz;  α  is the effective coefficient of elastic collision, taken as 1;    ρ c    is the charge number density;  U  is the excitation voltage;    e c    is the charge constant, that is, the electronic charge, taken as 1.6 × 10−19 C;   Δ t   is the unit cycle of the effective breakdown of air time, that is, discharge time, taken as 67;  E  is the strength of the electric field;  δ  is the Dirac delta function, which is used to calculate the electric field’s range. When the electric field strength is greater than the threshold value of the degree of air breakdown, the Clarke function, which is used to calculate the range of the electric field, is taken as 1, and in the opposite case, it is taken as 0.



Equations (1)–(3) are added to the N-S equation in the form of a volumetric force as a source term, which is programmed to be written as a user-defined function (UDF) and loaded into the Fluent software to achieve the purpose of simulating the plasma’s impact on the flow field.



A three-dimensional rectangular cavity model is selected for the validation of plasma numerical simulation, with the ground as the plasma layout location. The longitudinal mid-section of the geometric model is shown in Figure 2.



Because of the generation of plasma and the movement of the core area under the action of electromagnetic fields, the size of which is 3 mm × 1.5 mm, it is necessary to encrypt the grid at the place where the plasma is generated. In this paper, the minimum size at this place is taken as 0.1 mm, so that there is a large enough grid in this area to show a trend of plasma-induced wind speed attenuation as it moves away from the electrode plate. The simulation boundary conditions are shown in Table 2.



Due to the fact that the core region of the plasma is mostly located inside the boundary layer, in order to accurately describe the control effect of the plasma on the near wall flow, the turbulence model is selected as the SST (Shear Stress Transfer) k-ω model. The simulated velocity contour and vector of the longitudinal mid-section at a wind speed of 2 m/s are shown in Figure 3.



From Figure 3, it can be seen that the effect of arranging the plasma is to induce a horizontal rightward airflow with a certain velocity near the wall, and the induced velocity is the highest at the plasma arrangement position; as the flow develops backwards, the velocity value gradually decreases.



To verify the accuracy of the simulation results, a line perpendicular to the longitudinal centerline of the ground is drawn 3.8 mm to the right of the plasma layout position, as shown in Figure 2 with a dashed line mh. Monitor the velocity distribution along the y-axis on this dashed line mh under various incoming wind speeds, and the obtained results are compared with the results in reference [41]. The obtained results are shown in Figure 4. In Figure 4, u represents the velocity value on the dashed line mh, and    V ∞    is the free flow velocity from the velocity inlet.



From Figure 4, it can be seen that the simulation results in this article are basically consistent with the results in reference [41], and the error of the induced maximum wind speed at each incoming wind speed is within 3%, thus verifying the accuracy of plasma simulation in this article.




2.3. Knudsen Number


When   R e   > 4000, the flow field within the vacuum tube transport system is considered to be turbulent. The Reynolds number can be expressed as follows [42]:


  t   Re =   ρ v D  μ   



(4)




where  ρ  is the air density in the tube;  ν  is the operating speed of the train set;  D  is the characteristic length of the tube;  μ  is the aerodynamic viscosity.



The simulation uses a running speed of 600 km/h for the train set and a minimum characteristic length of 6.004 m for the tube. Substituting the relevant data into Equation (4) to obtain the minimum Reynolds number results in the following:


  Re = 6  . 31   ×    10 6   > 4000  



(5)







It can be concluded that the air flow within the vacuum tube transport system belongs to turbulent flow; this paper chooses the   R e a l i z a b l e   k − ε   model in the Fluent simulation. For a low vacuum and high flow rate in the vacuum tube transport system, the   R e a l i z a b l e   k − ε   model results are more in line with the real situation [37]. In order to determine whether the gas inside the tube is appropriate for the continuum medium model, which is often assessed using the Knudsen number    K n   , it is important to check the air pressure inside the vacuum tube transportation system, which is rather low and can be expressed as [43]


   K n  = λ / L  



(6)







In the equation,  λ  is the molecular mean free range;  L  is the length of the characteristic length taken to simulate the length of the rolling stock [44].



The vacuum tube air in the case of 10,000 Pa and 300 K has a molecular mean free range   λ = 6.21 ×  10  − 7    , the characteristic length to take the height of the rolling stock, and characteristic length dimensions of   L = 3.8    m   . Substituting Equation (6) to obtain the Knudsen number results in the following:


   K n  = 1.63    ×    10  − 7    < 0  . 01   



(7)







Therefore, the air inside the vacuum tube is still a continuous medium. In this paper, the moving train travels at a speed of 600 km/h ≈ 0.489 Ma, and the air flow inside the tube is treated as compressible [45,46].




2.4. Dimensionless Coefficients


For comparison purposes, the analysis was carried out using dimensionless coefficients specifically defined in Equations (8) to (10):


   C d  =    F d    0.5 ρ  U 2  S    



(8)






   C p  =  p  0.5 ρ  U 2     



(9)






  η =    C d     original   −  C d      plasma         C d     original     × 100 %  



(10)




where  η  represents the rate of drag reduction ratio;    C d    represents the aerodynamic drag coefficient;    C P    represents the pressure coefficient;    F d    represents the aerodynamic drag of the moving train;  ρ  represents the fluid density,   ρ    = 0.1161 kg/m3;  U  represents the velocity of the distant incoming flow;  S  is the area of the windward surface;  p  is the pressure at a point in the flow field.




2.5. Reliability Analysis and Mesh Partitioning Strategy


Because the degree of grid sparsity has a greater impact on the results of numerical calculations, in order to ensure the accuracy of the calculation requirements, while taking into account the economic rationality of computational resources and improving the efficiency of the calculation and cost savings, this paper uses the rough mesh, medium mesh, and fine mesh of the three different mesh densities to demonstrate the irrelevance of the validation of the three densities of the mesh parameters, as shown in Table 3.



The numerical simulation of the subsequent high-speed trains will be conducted on the basis of a medium-density grid. In addition, in order to make the grid more body-fitting, triangular unstructured grids are used on the train surface, tetrahedral unstructured grids are used on the fluid domain, and encryption is performed on the surrounding fluid domain of the rear car, as shown in Figure 5a–c. After verifying the independence of the grid, it was found that the minimum grid size of the outer surface grid of the train was 10 mm, which could meet the simulation accuracy requirements. We set the boundary layer to 12 layers with a growth rate of 1.2 to capture the shear layer and separated the flow near the surface of the high-speed train unit. As shown in Figure 5d, a boundary layer grid (prism layer) is set near the body wall, and the height of the grid in the first layer of the body wall is set to 1.4818 mm to ensure y + ≥30, which is within the appropriate range of the corresponding turbulence model.




2.6. Validation of Mathematical Techniques


The accuracy of the numerical calculation method in this paper is verified by using the results of wind tunnel tests in reference [47], and a numerical calculation model for the CRH3 high-speed multiple unit is established. The wind tunnel test adopts a 1:8 three-car high-speed train model, as shown in Figure 6a. Among them, the boundary conditions and fluid domain mesh division for wind tunnel experimental simulation calculation are shown in Figure 6a,b, and the wind speed in the simulation calculation is consistent with the 250 km/h operating condition in the wind tunnel tests. To ensure that the grid density does not affect the accuracy of the numerical calculation method used in the validation, three different specifications of grids were used in the validation.



The aerodynamic drag coefficients for the entire train in the wind tunnel test and in the numerical simulation are shown in Table 4, along with the numerical calculation’s inaccuracies in comparison to the wind tunnel test. Table 4 compares samples with various grid densities as well as the outcomes of wind tunnel tests. Since the table shows that the deviation of the drag coefficients calculated by mesh simulation under various densities from the experimental results is less than or equal to 10%, the numerical simulation method used in this paper, which uses the meshes chosen, can be taken as credible.





3. Discussion


Determination of SDBD Position at the Rear of the High-Speed Train


Analysis of the vacuum tube transport system’s pressure field reveals that as rolling stock moves through the tube, a complex turbulent flow field is created. The pressure contour of the surface of the rolling stock in the vacuum tube transportation system is illustrated in Figure 7. The pressure on the surface of the body of the rolling stock is not the same and it varies substantially in different portions of the rolling stock.



When Figure 7 is analyzed, it is clear that the rolling stock operating in a tube will create a complex turbulent flow field and that the surrounding air flow state is quite complicated. The pressure on the surface of the rolling stock’s body varies greatly depending on where it is located; during vacuum tube driving, the closed tube’s function causes the surrounding air flow velocity to accelerate, which causes the front of the train to constantly push the air in front of it, compressing it and increasing the air density, which causes the front of the moving stock’s pressure to increase. Additionally, the air in the moving train set’s rear area expands as a result of the vortex coming from the back, causing the air density there to decrease. As a result, the pressure on the rear portion of the moving train set is reduced.



As seen in Figure 8, there is flow separation at the area close to the top of the rear car’s nose, where the plasma excitation region can be changed to reduce the local boundary layer separation. Figure 8 shows that flow separation occurs in the rear car of the rolling stock near the window position. This, combined with the velocity contour diagram of the longitudinal section, creates a significant area of low pressure behind the rear, which raises the pressure differential between the front and rear of the rolling stock and then adds to the differential pressure drag during the rolling stock travel process.



Reduce the negative pressure effect of the rear vortex. As shown in Figure 9, illustrating the rear car surface streamline, rolling stock rear nose rear area, and the nose of the two sides of the region, there is a large volume of vortex, and the rear vortex generates a low-pressure area that will increase the differential pressure drag of the rolling stock, so it should be set up in the rear car nose as well as the nose around the plasma excitation area, so that the rear area produces a jet, which can reduce the differential pressure drag.





4. Analysis of Results


The plasma excitation active control method and wake jet active control method have similarities and differences, mainly in the flow field, to impose the appropriate perturbation mode, through the local energy input to change the local flow field, so as to achieve significant improvements in aerodynamic performance, mainly including transition of delayed/accelerated flow, weakening/strengthening the turbulence vortices, promoting or inhibiting boundary layer or flow separation, and so forth. The above places can be examined for drag reduction based on the turbulent flow field surrounding the high-speed train set of the model utilized in this work. Table 5 displays the particular components of each excitation position in the rear car.



4.1. Position 1


As seen in Figure 10, position 1 is composed of a rectangular slit, which curves alongside and fits the train’s surface. In Figure 11, when the moving rear end of the train, position 1, is excited at different speeds, the variation curves of the aerodynamic damping rate of the rear car and the entire train with the jet velocity are displayed.



When in position 1, only V/U (V for the excitation speed) < 0.05 speed jet shows a drag reduction effect, and when V/U = 0.025, the drag reduction ratio is the largest. When the rolling stock is 600 km/h, the speed operation of the rear car and the entire train drag reduction ratio are 0.3% and 0.18%, respectively, which is greater than the typical excitation speed drag reduction ratio.



When the dynamic group running speed is increased, the dynamic group pneumatic drag reduction ratio under the excitation speed gradually decreases and even seems to increase the trend of drag. On the other hand, when the dynamic group excitation speed is increased, the dynamic group pneumatic drag reduction ratio under the excitation speed is gradually reduced and even appears to decrease.



Figure 12 and Figure 13 illustrate the pressure coefficient distribution on the surface of the rear train, the center longitudinal profile velocity contour, and the streamlines when seven excitation speed jets are generated at position 1.



Figure 12 and Figure 13 show that for position 1, when the excitation velocity ratio increases, the area of the low-pressure area behind the excitation position progressively grows, and the aerodynamic drag caused by the low pressure at the rear gradually grows. As a result, the rear of the car experiences a delay in flow separation, flow adhesion is inhibited, the value of the low-pressure area at the back of the car is decreased, and the drag induced by the reduced value of positive pressure at the back of the car is increased. The effect causes position 1 of the plasma excitation active control to gradually lose its ability to reduce drag as the excitation speed rises. In conclusion, it can be observed that the drag reduction impact is optimum when position 1 generates a low excitation speed (V/U = 0.025).



Figure 14 shows the wall shear stress distribution of the moving train rear car at position 1 when the plasma device produces different excitation speeds. It can be seen that when the plasma device does not produce excitation, the lower-shear-stress region of the rear car wall is concentrated at the rear car window and nose tip positions. As the excitation speed increases, the lower-shear-stress region is also gradually expanded, the wall shear stress in this region decreases, the excitation velocity ratio V/U = 0.05, the low-stress region at the window and the low-stress region at the nose tip are correlated, and at this time, it reaches the minimum value of the wall shear stress. The excitation speed is increased again, then the wall shear stress does not decrease, but rather increases, and the wall shear stress is lower in this region. The region of lower wall shear stress decreases rapidly.



The aforementioned phenomenon is caused by the excitation jet generated at position 1, which raises air velocity close to the boundary layer of the rear window, both sides of the window, and the tip of the nose, thereby increasing the shear force of the air on the flow field inside the boundary layer, resulting in a significant increase in wall shear stress at the window, both sides, and the nose tip.




4.2. Position 2


As shown in Figure 15, position 2, fitted to the train’s surface, consists of two symmetrical trapezoidal slits with sloping edges facing upward. The variation curves of the aerodynamic drag reduction ratio of the rear car and the entire train with the jet velocity are shown in Figure 16 along with the increase in the excitation speed, when the rear car position 2 of the moving train is excited at different speeds.



As the excitation speed increases, the aerodynamic drag reduction first increases and then decreases. From the curve it can be seen that when the excitation velocity ratio is 0.1 < V/U < 0.3, there is an optimum value for both the entire train aerodynamic drag reduction ratio and the rear car aerodynamic drag reduction ratio, in which the rear car aerodynamic drag reduction ratio is the largest, with a drag reduction ratio close to 0.43%, when V/U = 0.15, and the entire train aerodynamic drag reduction ratio is the largest, with a drag reduction ratio close to 0.25%, when V/U = 0.2. V/U = 0.2 is the largest aerodynamic drag reduction ratio of the entire train, with a drag reduction ratio close to 0.25%. Subsequently, as the jet speed continues to increase, the drag reduction ratio gradually decreases. It can be seen that at rear position 2, with V/U = 0.2, the jet velocity has the best drag reduction effect.



A comparison of surface pressure coefficient distributions, center longitudinal profile velocity contours, and streamlines of the rear car at seven excitation velocity jets with the unexcited prototype in position 2 is shown in Figure 17 and Figure 18.



As shown in Figure 17 and Figure 18, the low-pressure region on both sides of the rear car is gradually brought closer to the rear tip along the characteristic line of the body, and the area of the low-pressure region is gradually increased as the plasma excitation velocity increases on both sides. Two symmetrical vortex zones are formed at the rear of the locomotive unit as a result of the rear air flow rate being accelerated by an increase in excitation velocity for the flow field at the rear of the rear car; additionally, the strength of the vortex zones is increased with the increase in excitation velocity, the flow reattachment is suppressed, and the value of the overpressure is further decreased.



Taking a comprehensive view at the excitation speed V/U < 0.2, the original positive pressure area positive pressure value reduction is not large, the low-pressure area does not have a wide range of coverage of the tailgate tip, and at this time, there is no obvious drag reduction effect; with the increase in excitation speed, the original tailgate flow separation of the region below the region and reattachment of the region of positive pressure value reduction of the drag increase effect is gradually obvious, so the aerodynamic drag reduction ratio with the increase in excitation jet speed shows a decreasing trend. Therefore, the aerodynamic drag reduction ratio shows a decreasing trend with the increase in the excitation jet velocity.



The distribution of wall shear stress in the rear car of a moving train at position 2 is shown in Figure 19 when the plasma device generates various excitation speeds. As can be observed, the rear car’s lower wall shear stress is centered at the rear window and nose tip position when the plasma device does not provide excitation. When the excitation velocity ratio V/U = 0.2, the low-stress area at the window and the low-stress area at the tip of the nose are completely separated. At this point, the excitation speed is increased again, the wall shear stress near the window gradually increases, and the increase in the lower wall shear stress area gradually decreases.



The aforementioned phenomenon is caused by the creation of an excitation jet at position 2, which raises air velocity close to the boundary layer of the window, the window’s outer sides, and the tip of the tailgate at the front, thereby increasing the shear force of the air on the flow field inside the boundary layer, resulting in a significant increase in wall shear stress at the window, both sides, and the nose tip.




4.3. Position 3


The shape of position 3 is a train’s surface fitted slit, which is formed by the connection of the front and back two curves around the rear train nose, as shown in Figure 20. As the excitation speed increases for locomotive rear position 3, Figure 21 shows the variation curves for the aerodynamic drag reduction ratio of the rear car and the complete train with jet velocity.



With the increase in the excitation speed, the total drag reduction ratio of the rear car of the moving train becomes an upward trend, and the drag reduction ratio of the total car of the moving train reaches the maximum at V/U = 0.15 and V/U = 0.2, with a drag reduction ratio of about 0.88%; the drag reduction ratio of the rear car reaches the maximum at V/U = 0.25, with a drag reduction ratio of 1.62%, while at this time, the drag reduction ratio of the rear car reaches about 0.88%. The aerodynamic drag reduction ratio of the rear car reaches the maximum at V/U = 0.25, with an aerodynamic drag reduction ratio of 1.62%. At this time, the aerodynamic drag reduction rate of the entire train decreases with the increase in excitation speed.



At position 3, the distribution of pressure coefficients on the surface of the rear car of the moving train at different excitation velocity jets, the velocity contour and streamlines in the central longitudinal profile, and the velocity contour and streamlines at the rear car at the z = 1.12 profile (a cross-section in the z-direction is introduced to more clearly describe the changes in the flow field near the rear car) are shown in Figure 22, Figure 23, and Figure 24 for comparison with that of the prototype car.



From Figure 22, when the excitation velocity ratio V/U < 0.5 at position 3, the low-pressure area generated by plasma excitation starts to appear on the rear surface pressure of the rear car, but the area is not large, so it does not have much influence on the drag reduction effect; with the increase in the excitation velocity, the area of the low-pressure area is enlarged, and the value of the positive pressure is further reduced. At the same time, with the increase in speed, the high-positive-pressure areas on the left and right sides of the nose tip of the rear car are divided by the excitation jets; at the same time, with the increase in speed, the high-positive-pressure areas on the left and right sides of the nose tip of the rear car are divided by the excitation jet, resulting in the area being reduced.



Due to the increase in excitation velocity, the acceleration of the airflow at the rear car and the velocity of the flow field behind the rear car also increase significantly. As shown in Figure 23 and Figure 24, the acceleration of the exciter at position 3 for the air reduces the gas reflux on both sides of the nose and bottom of the rear car, which reduces the gas adhesion, suppresses the flow adhesion, and significantly improves the drag reduction ratio.



Figure 25 shows the distribution of shear stress on the rear car’s wall surface at position 3 when the plasma device produces different excitation speeds. It can be seen that when the plasma device does not produce excitation, the lower-shear-stress region of the rear car wall is centered around the rear car nose tip and at the nose tip position. As the excitation speed increases, the low-shear-stress region is located near the nose tip of the rear car, and the wall shear stress in this region decreases. The low-stress region at the window and the low-stress region at the nose tip intersect, and the largest area of the low-shear-stress region is reached at this time; the excitation speed is increased again, then the wall shear stress does not decrease, but rather increases, and the area of the low-shear-stress region rapidly increases. The area of the low-shear-stress region rapidly decreases.



The aforementioned phenomena are brought on by the formation of an excitation jet at position 3, which accelerates air near the boundary layer’s nose tip and surrounding the rear car’s nose tip. This creates a considerable increase in the wall shear stresses in this area of the rear car’s nose tip and at position 3 close to the boundary layer. It also raises the air’s shear force on the flow field within the boundary layer.




4.4. Position 4


As shown in Figure 26, the shape of position 4 is a rectangular train’s surface fitted slit at the tip of the nose. When the moving train rear position 4 is excited at different speeds, the variation curves of the aerodynamic drag reduction ratio of the rear car and the entire train with the jet velocity are shown in Figure 27, as the excitation speed increases.



With the increase in the excitation jet speed, the drag reduction ratio gradually increases, and when the excitation velocity ratio is increased to V/U = 0.3, the drag reduction ratio of the rear car and the entire train can reach 0.6% and 0.41%. When jetting at different excitation speeds, the distribution of the pressure coefficient on the surface of the rear car of the moving train, the center longitudinal profile velocity contour, and the streamline diagrams at position 4 are shown in Figure 28 and Figure 29 for comparison with the non-excited model.



As shown in Figure 28 and Figure 29, with the increase in the excitation velocity, the surface of the car body at the tip of the rear car initially generates a small area of low-pressure positive pressure area, and with the further increase in the velocity, the low-pressure area is gradually reduced and the positive pressure value is gradually restored, and the effect of drag reduction is weakened. The flow field at the rear of the rear car has a larger vortex area, and it is continuously expanded with the increase in the excitation jet velocity. As a whole, the drag reduction potential at this position is small; the energy of the jet generated by the plasma excitation is much smaller than the vortex energy, which is insufficient to overcome the vortex energy. Overall, the drag reduction potential at this position is small; the energy of the jet generated by plasma excitation is much smaller than the vortex energy, which is insufficient to overcome the vortex to detach from the car surface, and more additional energy is consumed to improve the drag reduction ratio.



Figure 30 shows the wall shear stress distribution of the rear car of the moving train at position 4 when the plasma device produces different excitation speeds. It can be seen that when the plasma device does not produce excitation, the lower wall shear stress region of the rear car is concentrated in the rear car window and nose tip position. When the excitation velocity ratio V/U = 0.1, the low-stress area at the nose tip of the rear car develops to the maximum and then reaches the minimum value of the wall shear stress; with the further increase in the excitation speed, the low-stress area at the window and the nose tip of the rear car gradually intersect, and the low wall shear stress at the nose tip of the rear car is reduced to the minimum value. As the excitation speed is further increased, the low-stress area at the window and the low-stress area at the tip of the tailgate gradually overlap, and the area of low wall shear stress at the tip of the tailgate decreases rapidly and does not change much.



The above phenomenon is due to the generation of an excitation jet at position 4, which results in an elevated spatial position of the vortex pair and a relative reduction in the large vortex volume range and vortex scale, thereby reducing the shear force of the air on the flow field within the boundary layer, resulting in a reduction in the wall shear stress at the nose tip position.




4.5. Comparison of Drag Reduction Effects at Four Positions


Figure 31 and Figure 32 show the changes in aerodynamic drag of the entire train and the rear car when the absolute pressure in the vacuum tube is 10,000 Pa and the plasma excitation jets are carried out at different speeds at four positions at the rear end of the train set when the train set is travelling at a speed of 600 km/h, respectively. Overall, whether for the entire train or only for the rear car, the overall drag reduction effect is better at position 3, followed by position 4, while position 1 and position 2 have poor drag reduction effect and even drag increase phenomenon in the range of excitation speed in the paper.



From Figure 31, it is evident that putting the plasma excitation at position 1 has no effect on reducing drag, and that as excitation speed increases, aerodynamic drag on the train increases and the drag reduction ratio for the entire train drops., which is not suitable to be the setting part of the excitation from the point of view of energy consumption, when the ratio of the excitation speed is 0. If the ratio of the excitation speed is 1 < V/U < 0.3, the best drag reduction effect occurs at the jet speed V/U = 0.2, when the drag reduction effect is at its best, and the drag reduction ratio of the entire train hits 0.25%. The maximum value of the drag reduction effect of plasma excitation is at position 2, and the best drag reduction effect occurs at this speed.



For the drag reduction situation at position 3, when the excitation velocity ratio V/U = 0.15, the drag reduction ratio of the entire train is now around 0.88%, with the excitation jet at position 3 having the best effect on reducing drag; the excitation drag reduction situation at position 4 is more considerable, and with the increase in the excitation velocity ratio, the drag reduction ratio of the entire train also increases, and it keeps an upward trend, but the improvement rate is small. In summary, it can be seen that the active control based on plasma excitation is set up at position 3 and position 4 of the rear car, which has a better drag reduction effect, and position 3 is the best from the perspective of minimizing the energy consumption of the jet.



As shown in Figure 32, for the same position, the rear car drag reduction ratio and the entire train drag reduction ratio are roughly similar, but it can be more clearly seen that position 3 belongs to the optimal drag reduction position, position 4 has a relatively large drag reduction potential, while position 1 and position 2 have a stronger drag increase phenomenon, implying an increase in train set movement speed, and are not suitable for setting up as a drag reduction position.





5. Conclusions


Based on the surface dielectric barrier discharge technology, this paper compares the effects of different electrode positions and different excitation speeds on the flow control of a vacuum tube high-speed train model.



	(1)

	
The flow control mechanism of plasma on rolling stock delays the flow separation by causing directional gas flow close to the wall, moving the flow separation point backward, reducing the size of the negative pressure zone at the end of the train’s body, and reducing the pressure difference drag between the front and rear of the train’s body to reduce the drag coefficient of the entire train.




	(2)

	
The best drag reduction scheme can be obtained by studying the most effective way to reduce drag. The SDBD device is installed at the flow separation around the tip of the nose, and the drag reduction effect is maximized close to the excitation velocity ratio of V/U = 0.2, with the drag reduction ratio of about 0.88%; the drag reduction ratio of the rear car reaches the maximum at the excitation velocity ratio of V/U = 0.25, with the drag reduction ratio of 1.62%.




	(3)

	
In the four positions of the excitation jet, position 4 produces the excitation jet when the rolling stock rear car wall shear stress reduction amplitude and range are larger than the other three positions to produce the excitation jet, and when the excitation velocity ratio of V/U = 0.1, the area of the low-stress zone at the nose tip of the rear car develops to its maximum, reaching the minimum value of wall shear stress, thereby more effectively reducing the surface friction drag of the train.




	(4)

	
Vacuum tube moving train plasma excitation drag reduction is feasible, but the maximum drag reduction ratio is not more than 2%, so the effect is weak. Due to the fact that the vacuum tube belongs to a very narrow space, its internal flow field changes are more intense and variable, so using a simple plasma excitation jet to achieve the purpose of drag reduction effect is very limited.
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Figure 1. Simulated train model: (a) front view; (b) side view and boundary conditions. 
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Figure 2. Longitudinal mid-section of geometric model. 
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Figure 3. Longitudinal mid-section simulation with velocity contour and streamline. 
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Figure 4. Comparison of simulation results. 
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Figure 5. Model grid scheme: (a) surface grid division of high-speed train unit; (b) grid division of the watershed near the rear car; (c) internal grid division of vacuum tube; (d) boundary layer grid. 
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Figure 6. Numerical model for wind tunnel test: (a) numerical model and boundary conditions for wind tunnel test; (b) fluid domain of wind tunnel simulation. 
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Figure 7. Pressure contour for longitudinal mid-section of the original entire train. 
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Figure 8. Velocity contour for longitudinal mid-section of the rear car. 
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Figure 9. The rear car surface streamline. 
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Figure 10. Position 1 schematic diagram. 
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Figure 11. Drag reduction ratio variation curve with position 1 excitation speed for moving train. 
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Figure 12. Variation surface pressure coefficient of the rear car with different excitation velocity ratios at position 1: (a) V/U = 0; (b) V/U = 0.025; (c) V/U = 0.05; (d) V/U = 0.1; (e) V/U = 0.15; (f) V/U = 0.2; (g) V/U = 0.25; (h) V/U = 0.3. 
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Figure 13. Position 1 center longitudinal profile rear train velocity contour and streamline diagrams: (a) V/U = 0; (b) V/U = 0.025; (c) V/U = 0.05; (d) V/U = 0.1; (e) V/U = 0.15; (f) V/U = 0.2; (g) V/U = 0.25; (h) V/U = 0.3. 
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Figure 14. Distribution of shear stress on the rear car’s wall surface at position 1: (a) V/U = 0; (b) V/U = 0.025; (c) V/U = 0.05; (d) V/U = 0.1; (e) V/U = 0.15; (f) V/U = 0.2; (g) V/U = 0.25; (h) V/U = 0.3. 
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Figure 15. Position 2 schematic diagram. 
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Figure 16. Drag reduction ratio variation curve with position 2 excitation speed for moving train. 
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Figure 17. Variation in rear car surface pressure coefficient for different excitation velocity ratios at position 2: (a) V/U = 0; (b) V/U = 0.025; (c) V/U = 0.05; (d) V/U = 0.1; (e) V/U = 0.15; (f) V/U = 0.2; (g) V/U = 0.25; (h) V/U = 0.3. 
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Figure 18. Velocity contour and streamline diagrams at z = 1.12 profile for position 2: (a) V/U = 0; (b) V/U = 0.025; (c) V/U = 0.05; (d) V/U = 0.1; (e) V/U = 0.15; (f) V/U = 0.2; (g) V/U = 0.25; (h) V/U = 0.3. 
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Figure 19. Distribution of shear stress on the rear car’s wall surface at position 2: (a) V/U = 0; (b) V/U = 0.025; (c) V/U = 0.05; (d) V/U = 0.1; (e) V/U = 0.15; (f) V/U = 0.2; (g) V/U = 0.25; (h) V/U = 0.3. 
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Figure 20. Position 3 schematic diagram. 
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Figure 21. Drag reduction ratio variation curve with position 3 excitation speed for moving train. 
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Figure 22. Variation in rear car surface pressure coefficient for different excitation velocity ratios at position 3: (a) V/U = 0; (b) V/U = 0.025; (c) V/U = 0.05; (d) V/U = 0.1; (e) V/U = 0.15; (f) V/U = 0.2; (g) V/U = 0.25; (h) V/U = 0.3. 
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Figure 23. Position 3 center longitudinal profile rear train velocity contour and streamline diagrams: (a) V/U = 0; (b) V/U = 0.025; (c) V/U = 0.05; (d) V/U = 0.1; (e) V/U = 0.15; (f) V/U = 0.2; (g) V/U = 0.25; (h) V/U = 0.3. 
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Figure 24. Position 3 velocity contour and streamline diagrams of the trailing train at z = 1.12 profile: (a) V/U = 0; (b) V/U = 0.025; (c) V/U = 0.05; (d) V/U = 0.1; (e) V/U = 0.15; (f) V/U = 0.2; (g) V/U = 0.25; (h) V/U = 0.3. 
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Figure 25. Distribution of shear stress on the rear car’s wall surface at position 3: (a) V/U = 0; (b) V/U = 0.025; (c) V/U = 0.05; (d) V/U = 0.1; (e) V/U = 0.15; (f) V/U = 0.2; (g) V/U = 0.25; (h) V/U = 0.3. 
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Figure 26. Position 4 schematic diagram. 






Figure 26. Position 4 schematic diagram.



[image: Machines 11 01078 g026]







[image: Machines 11 01078 g027] 





Figure 27. Drag reduction ratio variation curve with position 4 excitation speed for moving train. 






Figure 27. Drag reduction ratio variation curve with position 4 excitation speed for moving train.
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Figure 28. Variation in rear car surface pressure coefficient for different excitation velocity ratios at position 4: (a) V/U = 0; (b) V/U = 0.025; (c) V/U = 0.05; (d) V/U = 0.1; (e) V/U = 0.15; (f) V/U = 0.2; (g) V/U = 0.25; (h) V/U = 0.3. 






Figure 28. Variation in rear car surface pressure coefficient for different excitation velocity ratios at position 4: (a) V/U = 0; (b) V/U = 0.025; (c) V/U = 0.05; (d) V/U = 0.1; (e) V/U = 0.15; (f) V/U = 0.2; (g) V/U = 0.25; (h) V/U = 0.3.
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Figure 29. Position 4 center longitudinal profile rear car velocity contour and streamline diagrams: (a) V/U = 0; (b) V/U = 0.025; (c) V/U = 0.05; (d) V/U = 0.1; (e) V/U = 0.15; (f) V/U = 0.2; (g) V/U = 0.25; (h) V/U = 0.3. 






Figure 29. Position 4 center longitudinal profile rear car velocity contour and streamline diagrams: (a) V/U = 0; (b) V/U = 0.025; (c) V/U = 0.05; (d) V/U = 0.1; (e) V/U = 0.15; (f) V/U = 0.2; (g) V/U = 0.25; (h) V/U = 0.3.
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Figure 30. Distribution of shear stress on the rear car’s wall surface at position 4: (a) V/U = 0; (b) V/U = 0.025; (c) V/U = 0.05; (d) V/U = 0.1; (e) V/U = 0.15; (f) V/U = 0.2; (g) V/U = 0.25; (h) V/U = 0.3. 






Figure 30. Distribution of shear stress on the rear car’s wall surface at position 4: (a) V/U = 0; (b) V/U = 0.025; (c) V/U = 0.05; (d) V/U = 0.1; (e) V/U = 0.15; (f) V/U = 0.2; (g) V/U = 0.25; (h) V/U = 0.3.
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Figure 31. Whole-train drag reduction ratio for different excitation speeds at four positions. 
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Figure 32. The rear car drag reduction ratio for different excitation speeds at four positions. 
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Table 1. Simulation boundary conditions.






Table 1. Simulation boundary conditions.





	Computational Domain
	Boundary Condition
	Calculation Settings





	Tube inlet
	Pressure far field
	0.489 Ma



	Tube outlet
	Pressure outlet
	0



	Train body
	Wall
	No-slip



	Tube
	Wall
	167 m/s










 





Table 2. Boundary conditions for plasma numerical simulation.






Table 2. Boundary conditions for plasma numerical simulation.





	Computational Domain
	Boundary Condition
	Calculation Settings





	Inlet
	Velocity inlet
	2–10 m/s



	Outlet
	Pressure outlet
	0



	Side surface
	Wall
	symmetry



	Bottom surface
	Wall
	Fixed wall










 





Table 3. Grid-independent validation.






Table 3. Grid-independent validation.





	Mesh Density
	Coarse
	Medium
	Fine





	Mesh density (106)
	14
	25
	45



	Aerodynamic drag coefficient    C d   
	0.5250
	0.5130
	0.5129










 





Table 4. Validation of numerical methods.






Table 4. Validation of numerical methods.





	Grid Density (Million)
	9
	16
	28
	33
	Experimental





	Pneumatic drag

coefficient    C d   
	0.321
	0.3
	0.318
	0.343
	0.335



	inaccuracies
	4%
	10%
	5%
	−2%
	-










 





Table 5. Description of each excitation position.






Table 5. Description of each excitation position.





	Position Number
	Excitation Position





	Position 1
	Position of flow separation above the front windshield of the rear car, between the equal-section body and streamlined rear portion of a moving train



	Position 2
	Upstream flow separation on both sides of the tailgate windshield



	Position 3
	Flow separation around the tip of the nose



	Position 4
	nasal tip where the rear vortex falls off
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