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ABSTRACT 
Conventional studies usually assume that the train surface 

is smooth, so as to simplify the numerical calculation. In fact, the 

surface of the train is irregular, which will change the flow 

characteristics in the boundary layer and further affect the 

aerodynamic performance of a train. In this work, roughness is 

applied to the roof of a 1:25 scaled train model in the form of 

longitudinal strips. Firstly, the improved delayed detached eddy 

simulation (IDDES) method is adopted to simulate the 

aerodynamic performance of the train model with both smooth 

and rough surface, which are subjected to crosswind. Results 

show that the side force coefficient and the roll moment 

coefficient subjected to rough model decreased by 3.71% and 

10.56% compared with the smooth model. Then, the width, 

height and length of the strips are selected as variables to design 

different numerical simulation schemes based on the orthogonal 

experimental design method. Through variance analysis, it can 

be found that four design parameters have no significant effect 

on the side force coefficient. Meanwhile, for the roll moment 

coefficient, the length of the strips in the straight region of the 

train has a significant effect and the width of the strips has a 

highly significant effect on it. These conclusions can provide a 

theoretical basis to improve the aerodynamic performance of the 

high-speed train subjected to crosswind. 

Keywords: High-speed train, Crosswind, Rectangular 

strips, Aerodynamic performance, Orthogonal design, Variance 

analysis 

1. INTRODUCTION
With the continuous development of railway transportation,

the aerodynamic problems of high-speed trains are more 

prominent. When a high-speed train is subjected to crosswind, 

the aerodynamic performance will be deteriorated, and can even 

cause a rollover accident. For example, in 1981, a passenger train 

in India fell to the bottom of a bridge under the influence of a 

hurricane, resulting in more than 800 deaths. Therefore, it is 

particularly important to systematically study the aerodynamic 

characteristics of a train under crosswind. Numerical simulation 

has been adopted in various industrial fields [1, 2, 3], and is one 

of the main research methods for high-speed train aerodynamics, 

which owns the advantages of low cost and high efficiency. Ben 

[4] obtained the aerodynamic lift of a high-speed train subjected 

to crosswind with different angles through numerical 

simulations. Justin et al. [5] used different turbulence models to 

simulate the flow field around a train subjected to crosswind. Liu 

et al. [6] conducted a study on the critical overturning wind speed 

of a high-speed train based on the numerical results of 

aerodynamic forces and torques. Gong et al. [7] established a 

three-dimensional viaduct-train coupling model, and performed 

a numerical simulation when it was subjected to the coupled 

effect of train speed and wind speed. 

According to the basic crosswind aerodynamic characteris-

tics of a high-speed train, scholars begin to explore applicable 

optimization methods. At present, most of the commonly used 

methods are carried out from the macro-scale, such as the shape 

design of the head of the train. However, due to many limitations 

in actual engineering, the benefits of such methods are limited. 

Therefore, some scholars try to start from a microscopic point of 

view to explore a new way to improve the aerodynamic 

performance of a high-speed train. Wang et al. [8,9] designed and 

studied the noise reduction effects of different types of micro-

structured surfaces. Miao et al. [10] found that adding ribs on the 

top of the train can help reduce the surface pressure. Sun [11] 

analyzed how the design parameters of different types of 

microstructure units influence the drag reduction effect of high-

speed trains. Zhu et al. [12] and Tang et al. [13] studied the drag 

reduction mechanisms of non-smooth surface with ball sockets 

and convex hulls, respectively. Based on the existing research, 

the microstructures are mainly used for drag and noise reduction 

of high-speed trains. However, there is no relevant references 
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about how the microstructures affect the crosswind aerodynamic 

performance of high-speed trains. Browand et al. [14] had 

mentioned in their study that design factors may have a strong 

influence on the stability of train bodies. Therefore, it is an 

important subject to evaluate the influence of the design 

parameters of the microstructure on the crosswind stability of 

high-speed trains.  

Experiment is often used to explore and confirm the laws of 

science. However, with the rapid development of science and 

technology, more and more factors are involved in the 

experiment, and the relationship between the factors becomes 

more and more complicated. The expected goal cannot be 

obtained by experience easily, so the concept of experimental 

design has emerged. There are many experimental design 

methods, among which orthogonal experimental design has been 

widely used. For example, Fan et al. [15] took the total inlet 

pressure, power split, working mode and throttle lever position 

as the experimental factors to evaluate the steady-state 

performance of engine by using the orthogonal experimental 

design. Cheng et al. [16] took the inlet width, the axial length of 

the blade, and the axial distance between the blade and outlet as 

the experimental factors to optimize the shape of the well-used 

submersible pump space guide vane on the base of the 

orthogonal design method. 

In this paper, the 1:25 scale model of the 390 Pendolino 

train is used as the prototype, and the non-smooth surface is 

designed by adding a rectangular strip on the top of the leading 

car. Section 2 firstly introduces the numerical algorithm, 

computational models, computational domain and boundary 

conditions adopted in this study. And numerical validation has 

also been performed in this section to ensure the correctness of 

the numerical algorithm and the computational mesh. Section 3 

adopts the method of combining orthogonal experimental design 

and variance analysis to analyze the sensitivity between the 

design parameters of the rectangular strip and the train 

aerodynamic force/torque. Finally, Section 4 concludes the 

research by listing the main research outcomes along with 

providing suggestions for future work. 

2. NUMERICAL SIMULATION
2.1 Numerical Algorithm 

In this paper, commercial software STAR-CCM+ is used to 

study the aerodynamics of a high-speed train subjected to 

crosswinds. This software can guarantee high computational 

efficiency and make results converge easily, so it is widely used 

in many industrial fields. And the governing equations used in 

this study is three-dimensional incompressible N-S equations, 

which needs to be discretized by finite volume method. For the 

temporal discretization, this paper adopts the first-order implicit 

scheme, which can quickly obtain the convergent results. 

Meanwhile, in order to improve the calculation accuracy, for the 

spatial discretization, the second-order central difference scheme 

and the second-order upwind scheme are used to discretize the 

viscous and inviscid terms of the governing equations. In 

addition, the improved delayed detached eddy simulation 

(IDDES) method based on SST k-ω two-equation model will be 

used to simulate the flow field around the high-speed train with 

smooth and rough surfaces. 

The detached eddy simulation (DES) method was proposed 

by Spalart et al. [17] in 2014. As a combination of the large eddy 

simulation (LES) method and Reynolds-averaged Navier–

Stokes (RANS) method, DES can reduce calculation time while 

ensuring calculation accuracy. This method is mostly used to 

solve the problem of large-scale separation flow, but it is not 

universal. There are still some problems, such as the sensitivity 

of the grid, which will lead to the appearance of non-physical 

separation. To solve these problems, Mikhail et al. [18] proposed 

the delayed detached eddy simulation (DDES) method, that is, 

adding a delay function to the DES, which slows down the 

conversion from RANS to LES.  

However, when use DDES to simulate, the slopes of the 

logarithmic regions solved by RANS and LES are different, 

which will interfere with the separation flow that is greatly 

affected by the boundary layer. Therefore, the improved delayed 

detached eddy simulation (IDDES) method was proposed, which 

can effectively process the grids solved by RANS and LES in the 

logarithmic area, and greatly reduce the grid correlation. This 

method has been widely used in the study of cross-wind stability 

of high-speed trains. For example, Munoz et al. [19] used this 

method to simulate the flow field around a high-speed train 

subjected to crosswind. Through analysis, they found that this 

method can capture the small vortex in the shear layer. Li et al. 

[20] obtained the surface pressure and the aerodynamic forces of 

a high-speed train subjected to crosswind by this method, which 

are in good agreement with the experimental results, indicating 

that this method can accurately predict the average flow field 

around the train.  

2.2 Computational Models and Computational Domain 
The smooth model is a 1:25 scale model of a class 390 

Pendolino train, including a leading car and a semi-trailing car, 

as shown in Figure 1. For the convenience of analysis, the bogies, 

air conditioner, pantograph and windshields are being simplified 

without affecting the calculation results. The calculation cannot 

run indefinitely, so a computational domain needs to be 

determined, as shown by the black frame in Figure 1. It can be 

seen that the calculation model also includes a track and a splitter 

plate, which are about 0.3 m from the ground to avoid the 

influence from the boundary layer of the ground. 

By adding rectangular strips to the two regions on the top of 

the leading car, a rough model is obtained, as shown in Figure 2. 

There are 15 strips in each region, and the distance between two 

adjacent strips is equal. Figure 3 shows the geometry of the 

rectangular strips. All strips have same cross-sectional area, but 

the length of the strips in different regions is different. The length 

of the strips in region 1 is 0.12 m, and the length of the strips in 

region 2 is 0.24 m. 
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Figure 1 Computational domain 

Figure 2 Computational model with rough surface 

Figure 3 Geometry of the rectangular strip 

2.3 Boundary Conditions 
The boundary conditions are shown in Figure 4. Except for 

the inlet and outlet boundaries, non-slip wall conditions are 

specified at the other boundaries. A uniform airflow with a speed 

of 7.2m/s acts on the inlet boundary, while the outlet boundary 

has a zero-pressure condition. During the calculation, the 

computational model is stationary and is subjected to a relative 

wind with a yaw angle of 90°. 

Figure 4 Boundary conditions 

2.4 Validation of Computational Mesh and Simulation 
Results 

Hashmi et al. [21] has completed the experiments of models 

shown in Figure 1 and Figure 2 in the wind tunnel at the 

University of Birmingham. They obtained the pressure 

coefficient Cp at certain points on the different loops of train, 

and position of all loops are as shown in Figure 5. The non-

dimensional pressure coefficient 𝐶𝑃 can be defined as Eq. (1):

  0

20.5
p

ref

P P
C

V

−
= (1) 

where P-Po represents the relative pressure, ρ is the airflow 

density, which takes the value of 1.185 kg/m3, and Vref is the wind 

velocity, which is 7.2 m/s.  

Figure 5 Position of all loops [19] 
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In this paper, cartesian grids are used for spatial meshing 

and two sets of grids are generated, namely the coarse set and the 

fine set. The amount of grids in the former is 52.16 million, while 

the amount of grids in the latter is 88.87 million. Figure 6 gives 

the comparison of numerical and experimental results of 

pressure coefficient on the loops E and G. It can be seen from the 

figure that the distribution of pressure coefficients obtained by 

using different grid schemes is consistent, but when comparing 

with the experimental results, it is obvious that the scheme with 

fine grids has higher calculation accuracy. Therefore, all 

subsequent calculations are meshed in a manner consistent with 

fine grids. 

(a) 

(b) 

Figure 6 The numerical and experimental results of pressure 

coefficient on the loops E and G: (a) Loop E; (b) Loop G 

Figures 7(a) and 7(b) show the grid distribution on the 

sections of x=0m and z=-0.2m, respectively. It can be seen that 

three grid refinement regions A2, A3, A4 are set around the 

model, and the grid size is gradually increased. On this basis, two 

regions with rectangular strips are further refined to improve the 

calculation accuracy, as shown in area A1. In addition, 

considering the influence of the boundary layer effect, prism 

layer grids are generated on the surface of the train and strips. To 

achieve natural transition between grids, a total of 10 prism 

layers are set up and the growth ratio is set at 1.1. This sizing 

gives an average of nondimensional wall distance, y+, of 

approximately 1.13. And it can be seen from the region P in 

Figure 7(c) that the strips’ geometry has not been damaged, 

indicating that the adopted grid scheme is of high quality. 

(a) 

(b) (c) 

Figure 7 Computational mesh 

2.5 Characteristics of Aerodynamic Loads 
Side force and roll moment are important indicators for 

evaluating the stability of high-speed trains subjected to 

crosswind. To simplify analysis, define side force coefficient Cs 

and roll moment coefficient Cmz as follows: 

20.5

s
s

ref ref

F
C

V A
= , 

20.5

z
mz

ref ref ref

M
C

V A H
= (2) 

where Fs is the side force, Mz is the roll moment, Aref = 0.1232m2  

[22] is the projected area of the train in the x direction, Href is the 

train carriage height. Figure 8 gives the results of Cs and Cmz of 

different models. By calculating the relative error, Cs and Cmz of 

rough model are decreased by 3.71% and 10.56% compared with 

smooth model, indicating that the train with certain roughness 

can operate more safely and stably. 

Figure 8 Results of Cs and Cmz of smooth surface model and 

rough surface model 

3. RESULTS OF SENSITIVITY ANALYSIS
The design of experiments (DOE) is a statistical method for

scientific arrange multi-factor experiments, which spreads the 

limited number of design samples in the whole design space [23]. 

There are many design methods including orthogonal 

experimental design, full factorial design, central composite 

design and Latin hypercube experiment. The variance analysis 

technique as a statistic method can be used to analyze the 
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difference between the experimental results under different 

observation conditions [24, 25].  

In the following discussion of sensitivity analysis, four 

design variables of rectangular strips aforementioned have been 

considered, namely L1, L2, W and H. Each design variance has 

three levels, i.e. L1∈{0.06, 0.09, 0.12}, L2∈{0.12, 0.18, 0.24}, 

W∈{ 0.001, 0.003, 0.005}, H∈{0.0003, 0.00075, 0.0012}. The 

design variable experimental arrangement and the force 

characteristics of numerical simulation are shown in Table 1. 

Design variables are arranged in the first four columns of the 

orthogonal experimental design table L18(38), and the other four 

columns are allotted to random errors. For all design schemes, 

the same settings as in section 2 are used for numerical 

calculations. 

Table 2 and Table 3 show the results of analysis of variance 

of the side force coefficient and the roll moment coefficient, 

respectively. ‘df’ denotes the freedom degree, ‘F’ is the ratio of 

the sum of squares of the mean deviation of each factor to that of 

error and ‘Sig.’ is the statistical significance used to estimate the 

possibility that the result occurs. The confidence interval is often 

set to be 0.01 or 0.05 in the variance analysis process of the 

experimental data. 

In Table 2, it is observed that for side force coefficient, the 

Sig.s of the length of rectangular strips in region 1 (L1), the 

length of rectangular strips in region 2 (L2), the width of 

rectangular strips (W) and the height of rectangular strips (H) are 

more than 0.05, which implies that the effects of all design 

variables are not substantial. The results of between-subjects 

effects for roll moment coefficient are shown in Table 3. It is 

observed that for roll moment coefficient, the Sig.s of the length 

of rectangular strips in region 2 (L2) and the height of 

rectangular strips (H) are less than 0.05, and this implies that the 

effects of L2 and H on the roll moment are substantial, but the 

effects of the other two design variables, namely L1 and W are 

not obvious. What’s more, the Sig. of the height of rectangular 

strips (H) is less than 0.01, which means the effects of H on the 

roll moment is highly substantial. 

As a summary of these results shown, the values of the 

length of rectangular strips in region 2 (L2) and the height of 

rectangular strips (H) must be investigated first, while the values 

of the length of rectangular strips in region 1 (L1) and the width 

of rectangular strips (W) could be neglected in the design process 

of the aerodynamic performance of a high-speed train subjected 

to crosswind.

Table 1 Experimental design of the rectangular strips’ size 

Test number 
Design variable Aerodynamic coefficient 

L1/m L2/m W/m H/m Cs Cmz 

1 0.06 0.12 0.001 0.0003 -2.04473 -0.01938 

2 0.06 0.18 0.003 0.00075 -2.01962 -0.02082 

3 0.06 0.24 0.005 0.0012 -2.03986 -0.02128 

4 0.09 0.12 0.001 0.00075 -2.14190 -0.01805 

5 0.09 0.18 0.003 0.0012 -2.02992 -0.01851 

6 0.09 0.24 0.005 0.0003 -2.04308 -0.02089 

7 0.12 0.12 0.003 0.0003 -2.02131 -0.02074 

8 0.12 0.18 0.005 0.00075 -2.08779 -0.02114 

9 0.12 0.24 0.001 0.0012 -2.05464 -0.01628 

10 0.06 0.12 0.005 0.0012 -2.08355 -0.01331 

11 0.06 0.18 0.001 0.0003 -1.99375 -0.02289 

12 0.06 0.24 0.003 0.00075 -2.01262 -0.02229 

13 0.09 0.12 0.003 0.0012 -2.06636 -0.01684 

14 0.09 0.18 0.005 0.0003 -2.00524 -0.02429 

15 0.09 0.24 0.001 0.00075 -2.00941 -0.02317 

16 0.12 0.12 0.005 0.00075 -2.04666 -0.01876 

17 0.12 0.18 0.001 0.0012 -2.02588 -0.01678 
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18 0.12 0.24 0.003 0.0003 -2.03222 -0.02084 

Table 2 Variance analysis of Cs 

Source df Sum of squares Mean square F Sig. 

L1 2 9.25E-04 4.62E-04 0.3556 0.7127 

W 2 1.36E-03 6.80E-04 0.5232 0.6141 

L2 2 5.82E-03 2.91E-03 2.2402 0.1770 

H 2 3.19E-03 1.60E-03 1.2308 0.3483 

error 7 9.11E-03 1.30E-03 - - 

Total 17 2.16E-02 1.27E-03 - - 

Table 3 Variance analysis of Cmz 

Source df Sum of squares Mean square F Sig. 

L1 2 4.69E-06 2.35E-06 0.8117 0.4819 

W 2 1.23E-06 6.13E-07 0.2122 0.8138 

L2 2 3.41E-05 1.70E-05 5.8939 0.0316 

H 2 6.39E-05 3.20E-05 11.0588 0.0068 

error 7 2.02E-05 2.89E-06 - - 

Total 17 1.34E-04 7.87E-06 - - 

4. CONCLUSION
In this paper, the influence of rectangular strips on the

aerodynamic performance of a high-speed train subjected to 

crosswind are demonstrated by using IDDES method based on 

SST k-ω two-equation model, and the effects of rectangular 

strips’ geometric parameters are analyzed by variance analysis 

method coupled with orthogonal experimental design. Main 

findings are summarized as follow: 

(1) Compared with the smooth model, the rough model can 

reduce side force coefficient and roll moment coefficient by 

3.71% and 10.56% respectively, thereby improving the cross-

wind stability of the train. 

(2) It is observed that the variance analysis method can be 

used to accurately analyze the effects of rectangular strips’ 

geometric parameters on the aerodynamic performance of a 

high-speed train subjected to crosswind. It can be applied to 

investigate and design the cross-wind control system of a high-

speed train. 

(3) In the design process of a high-speed train with 

rectangular strips, the values of the length of rectangular strips 

in region 2 (L2) and the height of rectangular strips (H) must be 

investigated first since small variance may lead to a substantial 

effect. 

The above conclusions can provide a new idea for the 

subsequent crosswind aerodynamic optimization design of high-

speed trains. However, current study mainly focuses on the 

scaled model. How the micro-structure surface affects the 

aerodynamic performance of high-speed trains in actual 

operation is still uncertain, which will be the main objective of 

our future research. 
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