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Abstract: A relatively high aerodynamic drag is an important factor that hinders the further acceleration of high-speed trains. Using the shear stress transport (SST) k-ω turbulence model, the effect of various vortex generator types on the aerodynamic characteristics of an ICE2 (Inter-city Electricity) train has been investigated. The results indicate that the vortex generators with wider triangle, trapezoid, and micro-ramp arranged on the surface of the tail car can significantly change the distribution of surface pressure and affect the vorticity intensity in the wake. This alteration effectively reduces the resistance of the tail car. Meanwhile, the micro-ramp vortex generator with its convergent structure at the rear exhibits enhanced flow-guiding capabilities, resulting in a 15.4% reduction in the drag of the tail car.
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1  Introduction

With the advantage of safety, comfort, swiftness, and low energy-consumption, high-speed trains emerge as the optimal preference for travelers seeking a superior mode of transportation [1,2]. As the velocity of high-speed trains escalates, the air resistance they encounter grows in direct proportion to the square of their velocity, while the energy consumption of the trains maintains a positive correlation with the cube of their velocity [3,4]. Consequently, air resistance remains a pivotal constraint on the advancement of high-speed train speeds.

Up to now, many researchers have predominantly engaged in studies targeting the reduction of aerodynamic drag in high-speed trains. The conventional approach to optimize the aerodynamic drag force of high-speed trains mainly focuses on the head shape design [5,6], the underneath structures of the train body [7,8], the inter-car region of the train [9,10], and pantograph [11]. However, the scope for implementing traditional aerodynamic drag optimizations is confined, and these drag reduction techniques have seen incremental advancements, resulting in a progressively diminishing optimization space. Consequently, novel drag reduction technologies have gradually garnered the attention of researchers. The drag reduction technologies are mainly divided into active control technology and passive control technology. Active control technologies mainly include blowing and suction drag reduction [12,13], as well as plasma drag reduction [14]. While passive control technologies include biomimetic surface drag reduction and flow control drag reduction by means of vortex generators (VG). Presently, high-speed train drag reduction technology based on vortex generators has gained significant traction as a focal point for researchers. By installing smaller devices on the train body to change the wake, the energy consumption of train operation is reduced.

In 1947, Taylor [15] first proposed the concept of the vortex generator and applied it to aviation, automobiles and so on, which can effectively achieve flow separation on wings and aerodynamic drag reduction on cars. Özden et al. [16,17] studied the S809 airfoil by using flap and vortex generators as integral components. Meanwhile, the application of single and double VGs was studied, and the results provide a theoretical basis for a deeper understanding of the mechanism of vortex generators. Evrard et al. [18] conducted a comparative study on the effect of vortex generators on the Ahmed and Peugeot 208 real car bodies by means of wind tunnel tests. The study showed the beneficial effect of vortex generators on the base resistance, and the magnitude of the effect depends on the type of vortex generator. Aziz et al. [19] verified the flow control effect of vortex generators on a simplified eight-carriage high-speed train from the aspects of the configuration, size, and direction of the vortex generator. It is pointed out that the co-rotating VGs have a better drag reduction effect. Du et al. [20] conducted transient numerical simulations of the CRH5 train with VGs arranged, and the results show that the surface flow and aerodynamic drag of the train are affected by the position of the VGs. Li et al. [21] selected the ICE2 train as the research object. From the perspective of flow control, it is discussed that the arrangement of vortex generators at the flow separation point can affect the surface pressure of the tail car and thus achieve drag reduction.

Based on the previous study [21], it is found that a reasonable arrangement of the vortex generator at the tail of the ICE2 train can achieve a better drag reduction effect. In addition, the type of vortex generator is also one of the key factors. When different types of vortex generators were installed on the train, they may show completely different characteristics. Therefore, based on the fact that the triangular and trapezoidal vortex generators have been used in the automotive field for many years, this study investigated the effects of different types of vortex generators on the aerodynamic characteristics of ICE2 trains from the perspectives of pressure, flow field structure and resistance. The results probe the drag-reduction potential of high-speed trains using vortex generators.

2  Governing Equation, Numerical Information

2.1 Governing Equations

The flow field around a train running in the open air with a speed of 200 km/h can be considered as a three-dimensional incompressible viscous turbulent flow. The mass and momentum equations are as follows:


∂ui∂xi=0
(1)


∂ui∂t+uj∂ui∂xj=−1ρ∂p∂xi+ν1ρ∂2ui∂xi∂xj
(2)

where 
ui
and 
uj
are the velocity of flow field, 
i,j=1,2,3
represents the component of velocity vector along x, y, z three coordinate directions; 
xi
and 
xj
are the components of the coordinate axis in different directions; 
ρ
is the density of the airflow, 
p
is the pressure, and 
ν
is the viscosity coefficient.

Meanwhile, SST k-ω model is used in this study. The method combines the advantages of standard k-ω turbulence model in near-wall calculation and k-ε turbulence model in far-field calculation, and is widely used in the high-speed train aerodynamics [22,23]. The corresponding equations are as follows [24]:


∂k∂t+uj∂k∂xj=Pk−β∗kω+∂∂xj[(ν+σkνT)∂k∂xj]
(3)


∂ω∂t+uj∂ω∂xj=αS2−βω2+∂∂xj[(ν+σωνT)∂ω∂xj]+2(1−F1)σω21ω∂k∂xi∂ω∂xi
(4)

where k is turbulent kinetic energy; ω is the turbulent specific dissipation rate; 
νT=a1k/max(a1ω,SF2)
is kinematic eddy viscosity, 
a1=0.31
being a constant, S is the strain rate magnitude, 
F2=tanh⁡[[max(2k/β∗ωy,500ν/y2ω]2]
; 
Pk=min(τij∂ui/∂xj,10β∗kω)
is production limiter; 
σk
and 
σω
are the turbulent Prandtl numbers for k and ω, respectively; some closure coefficients and auxiliary relations in the equation are 
F1=tanh⁡{{min[max(k/β∗ωy,500ν/y2ω),4σω2k/CDkωy2]}4}
, 
CDkω=max(2ρσω21ω∂k∂xi∂ω∂xi,10−10)
, 
α1=59
, 
β1=340
, 
β2=0.0828
, 
β∗=0.09
, 
σk1=0.85
, 
σk2=1
, 
σω1=0.5
, 
σω2=0.856
.

2.2 Train Model

The 1/10th scaled model of the ICE2 train is taken as the research object, as shown in Fig. 1. The tail car includes only the streamlined part of the train and a bogie. The train model used in this study is consistent with the model used in previous studies [21]. The three-dimensional size of the train is 3.552 m × 0.302 m × 0.358 m.
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Figure 1: Train model

2.3 Different Types of Vortex Generator Models

Since the inception of vortex generators, many scholars have undertaken thorough and comprehensive investigations into their applications. Especially, the type of vortex generators is one of the most extensively explored aspects [25,26]. Diverse types of vortex generators yield wholly distinct impacts on identical components. Fig. 2 shows the common type of traditional vortex generators.
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Figure 2: Several common types of vortex generators

According to our previous research, we obtained the optimal installation location of vortex generator based on ICE2 train. Therefore, this article is based on the study of the impact of vortex generator types on aerodynamic drag reduction of ICE2 trains, and selects the optimal layout position of the vortex generator obtained above. The positions of the different types of VGs correspond to the optimal positions of the VGs obtained [21], and the shape parameters of vortex generators refer to the previous research [25]. Fig. 3 shows the schematic diagrams of triangle and trapezoid vortex generators. The β of the triangle and trapezoid vortex generators is 30°, and the height H is 15 mm, consistent with those of the micro-ramp vortex generator. The upper base of the trapezoid vortex generator is 10 mm. According to the study by Heyes et al. [26], vortex generators with small aspect ratios may perform better in flow control. Therefore, the widths of the triangle and trapezoid vortex generators are 4 and 30 mm, respectively, with a width of 30 mm. When the width W is 4 mm, 6 vortex generators are arranged on the top surface of the train. When the width W is 30 mm, 3 vortex generators are arranged.

[image: images]

Figure 3: Triangle and trapezoid vortex generators

2.4 Computational Domain and Boundary Conditions

The computational domain of all cases is consistent. The three-dimensional size of the computational domain is 30 m × 6 m × 4 m, and the train is 0.0503 m from the ground, as shown in Fig. 4. The distance between the nose of the head car and the inlet is 10 m, which satisfied the requirements in computational domain.
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Figure 4: Computational domain

For the boundary conditions, the inlet is set to velocity inlet with a speed of 55.56 m/s, outlet is set to pressure outlet and its surface pressure is 0 Pa, the top and sides are set to symmetry planes, the train surface and ground are fixed wall boundaries. The air density is 1.225 kg/m3, and the kinematic viscosity is 1.7894 × 10−5 Pa∙s.

2.5 Computational Method

In the numerical simulation, a pressure-based solver is used. The SIMPLE (Semi Implicit Method for Pressure Linked Equations) algorithm is used to deal with the coupling between pressure and velocity, and the second-order upwind scheme is used to discretize all terms in the control equation.

Based on the published experimental and numerical simulation data, the validation of the calculation method is carried out in this paper, and the verification results can be found in [21].

2.6 Grid Generation and Grid Independent Test

To accurately capture the details of the flow field, the discrete grid must be refined. As shown in Fig. 5, the three refined regions are defined inside the computational domain, which represent the regions where the flow field changes dramatically and the physical quantity gradient is large. In addition, to solve the attached flow on the train surface, the boundary layer grid is also considered. The height of the first layer is 0.01 mm to meet the turbulence model’s demand for y+ less than 1, the growth rate is set to 1.2, and a total of 12 layers are divided to ensure that the boundary layer grid contains the entire viscous layer.
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Figure 5: Computational grid

In order to ensure the effectiveness of the comparison, the dimensionless drag coefficient Cd and lift coefficient Cl were selected for comparison, which are defined as follows:


Cd=Fd0.5ρU2S
(5)


Cl=Fl0.5ρU2S
(6)

where Fd is the aerodynamic drag force, Fl is the aerodynamic lift force, ρ is the air density (1.225 kg/m3), U is the train’s running speed (55.56 m/s), and S is the cross-sectional area of the train.

The accuracy of numerical results is closely related to the grid number. Therefore, the grid independence test is carried out. For the same ICE2 train model, refinement box and computational domain, different grid sizes are selected, three sets of grids with different density are generated. The number of the three sets of grids is 13.72 million, 19.73 million and 28.43 million, respectively. As shown in Fig. 6, there is a significant difference between the aerodynamic force coefficients calculated using coarse grid and those obtained using medium or fine grids. For the other two sets of grids, the error is less than 1%. Therefore, the medium grid can be considered as the optimal choice and used in subsequent simulation cases.
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Figure 6: Computational results obtained using different grids

3  Results

For trains with different types of vortex generators, the aerodynamic force and flow field structure are compared and analyzed.

3.1 Aerodynamic Forces of Trains

The aerodynamic results of all calculation cases are listed in Table 1. The aerodynamic drag of the head car is basically not affected by the vortex generator installed on the tail car, while the lift force changes slightly. The sensitivity of the train’s lift force to the grid is high, and differences in grid division are inevitable issues. The maximum difference in the lift force of the car with vortex generators compared to the original model is 8.89%. The lift force of the tail car with vortex generators varies significantly, with a change rate of 40% to 50%. Therefore, the change in lift of the head car is significantly within an acceptable range compared to that in drag of the head car. Meanwhile, the change of aerodynamic drag of the tail car is more significantly affected by different type of vortex generators. Triangle and trapezoid vortex generators with a width of 4 mm have almost no drag reduction effect. Whereas the triangle, trapezoid, and micro-ramp vortex generators with a width of 30 mm all show good drag reduction effects, with the drag reduction effect in descending order being micro-ramp, triangle, and trapezoid, among which the micro-ramp vortex generator reduces the drag force of the tail car by 15.4%. The drag force of the micro-ramp vortex generator itself is also the smallest among all types of vortex generators. The drag of the triangle and trapezoid vortex generators with a width of 30 mm is greater than that of the vortex generators with a width of 4 mm. Besides, the type of vortex generator also has a significant effect on reducing the lift force of the tail car. Triangle, trapezoid, and micro-ramp vortex generators with a width of 30 mm not only have good drag reduction effects, but also a more obvious reduction effect on the lift force of the tail car. The reduction effect on the lift force of the tail car is in descending order of triangle, micro-ramp, and trapezoid, among which the reduction effect on the lift of the tail car by the triangle vortex generator can be up to 51.4%.
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3.2 Flow Field

The pressure comparison results of the tail car surface for all calculation cases are shown in Fig. 7. There are significant differences in pressure distribution. It can be observed that the pressure on the first row of tail cars is relatively consistent, the pressure distribution on the second row of tail cars is similar, and there is a significant difference in pressure distribution between the two rows. From the perspective of pressure distribution, the triangular and trapezoidal vortex generators with a width of W = 4 mm are installed on the tail car and do not cause significant changes, which also explains why the triangular and trapezoidal vortex generators with a width of W = 4 mm have almost no drag reduction effect on the tail car, as shown in Table 1. The pressure distribution of the tail cars with triangle, trapezoid, and micro-ramp vortex generators with a width of W = 30 mm is relatively consistent, and compared with the prototype’s pressure distribution of the tail cars, the negative pressure on the top and both sides of the tail cars is significantly reduced, which is the main reason for the reduction in aerodynamic drag and lift forces of the tail cars. By comparing the pressure on the red rectangle region in the figure, it can be seen that the negative pressure zone behind the micro-ramp vortex generator is the smallest, and that of the trapezoid vortex generator is the largest. By comparing the pressure distribution on both sides of the train in the orange dashed box, it can be seen that the negative pressure value on both sides of the tail car with the micro-ramp vortex generator is the smallest, and that of the trapezoid vortex generator is the largest.

[image: images]

Figure 7: Pressure distribution on the tail car

Figs. 8 and 9 show the distribution of streamlines in space and on the surface. There are significant differences in the cross-section streamline distribution and surface pressure distribution for different types of vortex generators. Compared with the prototype train, the installation of a triangle vortex generator with a width of 4 mm on the tail car has little effect on the streamline distribution in the space. A large separation vortex appears in the tail car with a 4 mm width trapezoid vortex generator. The tail car with 30 mm width triangle, trapezoid, and micro-ramp vortex generators produces more obvious separation vortices. The chaotic streamlines in the blue rectangular box in Fig. 9 indicate that different types of vortex generators lead to significant differences in the surface streamlines. The orange oval box in the figure shows that the airflow reattaches to the train surface after leaving the vortex generator.
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Figure 8: Distribution of cross-sectional streamlines around the tail car
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Figure 9: Streamline distribution on the tail car

Fig. 10 shows the vorticity distributions on the cross-section located at 42.5 mm far from the tail car nose tip. The type of vortex generator has a significant impact on the vorticity distribution in the wake. For the triangle vortex generator with a width of 4 mm, the vorticity amplitude distribution in the wake is similar to that of the prototype, while the trapezoid vortex generator with a width of 4 mm is reduced in both strength and lateral width. The vorticity distributions for the 30 mm width triangle, trapezoid, and micro-ramp vortex generators are significantly different from those of the prototype. Among them, the vorticity distributions for the triangular and micro-ramp vortex generators are relatively consistent in both strength and lateral width, while the vorticity distribution for the trapezoid vortex generator is slightly stronger. This also corresponds to the results shown in Table 1, which shows that the drag reduction effect of the trapezoid vortex generator is slightly worse among the 30 mm width vortex generators. This once again proves that the vortex generator triggers flow separation in advance, and the separation vortex behind it produces the drag reduction effect by breaking the spatial distribution of the original longitudinal development vortex and attenuating its strength.

[image: images]

Figure 10: Vorticity diagram for different types of vortex generators

In summary, the installation of different types of vortex generators on the tail car will produce different drag reduction effects. The width of the vortex generator is a very important factor. The smaller width cannot achieve the purpose of drag reduction. On the contrary, the larger width can produce a significant drag reduction effect. This is because the larger width can change the flow separation and affect the surface pressure and wake. It is worth paying more attention to the micro-ramp vortex generator, which is due to the better diversion effect of the contraction structure on the airflow, resulting in more resistance reduction. Therefore, the micro-ramp vortex generator is the best among the common types of vortex generators in terms of drag reduction effectiveness.

4  Conclusion

(1) For all calculation cases, different types of vortex generators show different drag reduction effects. When the width of the vortex generator is small, it is difficult to change the flow field too much, resulting in almost no drag reduction effect. Wider triangle, trapezoid, and micro-ramp vortex generators can significantly destroy the airflow at the top of the prototype train, which affects the surface pressure and wake of the train, resulting in a reduction in the drag and lift of the tail car.

(2) The ranking of the drag reduction effects achieved by different types of vortex generators installed on the top of the ICE2 car is as follows. The best is the micro-ramp generator, followed by the triangle generator, and then the trapezoid generator. The triangle generator can achieve a drag reduction of 15.4% for the tail car.

(3) The vortex generator with a wider width installed on the tail car will trigger the flow separation earlier, resulting in a larger separation vortex in the wake. In addition, the vorticity amplitude in the wake also decreases significantly, which will reduce the resistance of the train.
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Table 1: Aerodynamic forces of trains with different types of vortex generators
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