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A B S T R A C T   

Sudden changes in the aerodynamic loads acting on trains can result in derailment or overturning. The impacts of 
infrastructure scenarios on the aerodynamic performance of trains are significant. When high-speed trains travel 
from one infrastructure scenario to another one, the aerodynamic loads and flow field will change suddenly. It is 
a commonly in western China for HSTs to exit a tunnel with crosswinds. In order to investigate the aerodynamic 
loads and the flow evolution, a three-dimensional, compressible, unsteady Reynolds Averaged Navier-Stokes 
method was utilized to simulate the process of a train exiting a tunnel under crosswinds. Results show that 
the flow field and the pressure varied significantly in the horizonal plane while the train exited the tunnel under 
crosswinds. In addition, the aerodynamic loads of each carriage which varied abruptly resulted in complex 
dynamic responses of the train including lateral variation, snake-like locomotion, and pitching motion. 
Furthermore, the variation magnitudes of ΔCside, ΔClift, and ΔCRM for the head carriage were 4.1, 2.2 and 1.6 
times for the middle carriage, and 7.9, 8.1 and 8.2 times for the rear carriage. Therefore, the aerodynamic 
performance of the head carriage was the worst and the risk of accidents was the highest under crosswinds.   

1. Introduction 

By the end of 2020, the operating range of China’s high-speed rail
way system reached 38,000 km. Currently, China is rapidly constructing 
a high-speed railway network in western regions, and the Sichuan-Tibet 
high-speed railway is one of the most important railway lines, with a 
total length of 1742.4 km, including 1011 km of newly built line from 
Ya’an to Nyingchi. The total length of bridges and tunnels is 965.74 km. 
More than 70 tunnels with a total length of 851.48 km will be built, 
accounting for 74.43% of the total length of the line. Therefore, con
nections between tunnels and flat ground, as well as tunnels and bridges, 
will be more common during operation. In addition, wind-sand disasters 
are severe in China’s western regions. The Baili wind area is one of the 
four most famous wind areas in China, and the maximum wind speed 
can exceed 60 m/s (Sun et al., 2019a). 

With developments of the lighter and faster modern railway trains 
(Suzuki, 2016), crosswinds have emerged as one of the most important 
factors affecting train safety (Cooper, 1980; Baker, 2009; Zhuang and 

Lu, 2015). When train speed exceeds 200 km/h and the crosswind speed 
is greater than 30 m/s, the train is most likely to derail or overturn 
(Hoppmann et al., 2002; Fujii et al., 1999). Recently, train accidents 
induced by crosswinds have occurred in many countries worldwide 
including New Zealand, the UK, Japan, and China (Sun et al., 2019; 
Hosoi, 2011; Baker, 2010; Hemida, 2010; Suzuki et al., 2003; Cooper, 
1981). 

In recent decades, the influence of crosswinds on high-speed train 
has received extensive attention (Tomasini et al., 2014; Xiang et al., 
2018), including the study of the influences of crosswinds on the aero
dynamic performance of HSTs passing through different infrastructure 
scenarios, such as on flat ground (Guo et al., 2019; Rocchi et al., 2018; 
Niu et al., 2017), embankments (Baker, 1985; Guo et al., 2020; Tomasini 
et al., 2014; Diedrichs et al., 2007), cuttings (Zhang et al., 2015; Liu 
et al., 2018), bridges (Montenegro et al., 2020; Yao et al., 2020; He et al., 
2014), and wind barriers (Xue et al., 2020; He et al., 2014). In particular, 
Chen et al. (2020) and Wang et al. (2020) analyzed the influence of 
various infrastructure scenarios on HSTs under crosswinds using CFD 
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simulations. They concluded that the aerodynamic characteristics of 
trains exist significant distinction when the trains running in different 
infrastructure scenarios. 

Researchers have mainly concentrated on the impact of crosswinds 
on the aerodynamic characteristics of trains running in a single infra
structure scenario. When high-speed trains move from one infrastruc
ture scenario to another under crosswinds, the pressure field and the 
flow field vary rapidly. The aerodynamic loads acting on the train 
change accordingly, which is a critical factor of train accidents. For 
example, trains on the Lan-Xin line (Lanzhou-Xinjiang) are prone to 
overturning in the “Baili wind area” in China. In 2007, the first five 
carriages of the No. 5807 passenger train overturned at the end of a wind 
barrier (Tian, 2010). This was due to the sudden increase in the aero
dynamic loads when leaving the wind barrier under high-speed cross
winds, which led to significant deterioration of the aerodynamic 
performance and train overturning. Therefore, it is necessary to inves
tigate the aerodynamic behaviors of a train traveling from one infra
structure scenario to a different one. 

When a train leaves a tunnel with a crosswind, the horizontal swing 
induced by the aerodynamic lateral load significantly affects the train 
operation safety and passenger comfort. Therefore, it is extremely 
important to investigate the aerodynamic performance of a train exiting 
a tunnel under strong crosswinds. However, few studies on the aero
dynamic performance of trains exiting a tunnel under crosswind con
ditions have been reported. 

At present, methods for studying the influence of crosswind effects 
mainly include full-scale tests, model experiments, and computational 
fluid dynamics (CFD) simulations. Full-scale tests can measure the 
aerodynamic parameters directly and effectively in a real environment 
(Zhang et al., 2015). Suzuki (2016) studied the aerodynamic charac
teristics of a full-scale train under crosswinds, and they concluded that 
the critical wind speed for the train overturning was related to the 
incident angle of the crosswind as well as the train speed. Baker (2004) 
measured the unsteady aerodynamic forces and moments acting on a 
train on flat ground using a full-scale train. Owing to the long duration 
and the difficulty of controlling the experimental conditions (Gallagher 
et al., 2018; Dorigatti et al., 2015; Khier et al., 2000), this method is 
rarely used. 

Compared with full-scale tests, model tests have the advantages of 
low cost and easy operation. Model tests can be subdivided into wind 
tunnel tests and dynamic model tests according to the motion state of the 
train. Wind tunnel tests are the most widely utilized, but they cannot 
reflect the relative movement of the train. Dynamic model tests followed 
the wind tunnel tests later (Baker, 1986); these tests can reproduce the 
relative movement between the train and the ground. The situation in 
which a train passes through a tunnel and when two trains pass each 
other in a tunnel can be carried out using dynamic model tests (Yang 
et al., 2013, 2016). Wang et al. (2020), Bocciolone et al. (2008), Li et al. 
(2018), Cheli et al. (2010), and Schober et al. (2010) concluded that the 
differences between the dynamic and static model test were related to 
the train operating environment. 

In recent years, with the development of computer technology, CFD 
simulation has been extensively used. Sun et al. (2019a, b) studied the 
aerodynamic characteristics of a high-speed train passing through a 
breach between two windbreaks under strong crosswinds. Chen et al. 
(2017) and Zhou et al. (2017) investigated the influence of ambient 
wind on the pressure wave in a tunnel when a single train passed 
through a tunnel and two trains meeting in a tunnel. However, the 
pressure wave in the tunnel was analyzed only and they did not consider 
the impact of ambient wind on the aerodynamic performance of the 
train. Deng et al. (2019) numerically investigated the aerodynamic loads 
and traffic safety of two windproof facilities, including windbreak (WB) 
and an anti-wind open-cut tunnel (AOT), when a HST passed through 
them under crosswind conditions. The results showed that the AOT is 
more effective than the WB in terms of windproof effects. Yang et al. 
(2020) focused on the aerodynamic behaviors and operational stability 

of a HST entering a tunnel in a crosswind environment. The research was 
useful for assessing the operational safety of a running HST subjected 
crosswind. Miao et al. (2020) numerically investigated the aerodynamic 
performance of a high-speed train passing through tunnel junctions 
under crosswind. Overall, existing research mainly focused on condi
tions including low train speed or low crosswind speed, and thus may 
not reflect actual situations. 

In this study, three-dimensional compressible, viscous, unsteady 
Reynolds-averaged Navier-Stokes (URANS) simulations were performed 
to establish a numerical model including crosswind, tunnel and a train. 
The motion of the train relative to the tunnel was realized by the sliding 
mesh method. This study focused on the characteristics of the aero
dynamic loads and the flow field evolution of the train during the pro
cess of the train exiting a tunnel into crosswind conditions to reveal the 
interaction mechanism between the crosswind, train, and tunnel. The 
results provide a more comprehensive understanding and reference for 
train operation safety as a high-speed train exits a tunnel to open air 
under crosswinds. 

2. Methodology 

2.1. Governing equations 

A three-dimensional, compressible, and unsteady flow field is 
generated when a HST moves at high speed (Li et al., 2019; Yang et al., 
2018). It is very important to select a reasonable turbulence model for 
the calculation, which directly determines the reliability of the simula
tion. The Reynolds Averaged Navier-Stokes (RANS) equations describe 
the time-averaged flow, and it is currently the most widely used method 
(Liu et al., 2018). The shear-stress transport (SST) k − ω turbulence 
model has various advantages, including a high calculation accuracy 
and low calculation cost. In particular, the accuracy and stability of the 
SST k − ω model is much better than other models, and it can accurately 
capture the characteristics of separation flow (Catalano et al., 2003; 
Menter et al., 2003). Li et al. (2019) investigated the influence of six 
turbulence models on aerodynamic behaviors of high-speed train under 
crosswinds. By comparing the numerical simulations with the experi
mental results, the results show that the SST κ − ω model is most suitable 
for the numerical simulation of the aerodynamic behavior of trains in 
crosswinds. 

Therefore, a three-dimensional, compressible, unsteady RANS 
equation and SST k − ω turbulence model were selected for this study. 
This model has been extensively used to study the influence of cross
winds on the aerodynamic performances of trains (Yao et al., 2020; Li 
et al., 2019; Liu et al., 2018; Horvat et al., 2020). 

The SST k − ω turbulence model can be expressed as follows: 

∂ρκ
∂t

+
∂

∂xi

[

ρuiκ − (μ+ σκμt)
∂κ
∂xj

]

= τtijSij − β*ρωκ (1)  

∂ρω
∂t

+
∂

∂xi

[

ρuiω − (μ+ σωμt)
∂ω
∂xj

]

=Pω − βρω2 + 2(1 − F1)
ρσω2

ω
∂κ∂ω
∂xi∂xj

(2)  

where t is time; ρ is the density of the air; κ refers to the turbulence ki
netic energy; ω is the turbulence dissipation ratio; xj refers to the posi
tion, where the subscripts j = 1, 2, and 3 represent the x-, y-, and z- 
directions, respectively; uj refers to the components of the slipstream; 
σω, σω2, σκ, β, β*, and γ are empirical constants; F1 refers to a switch 
function, and μt is the vortex viscosity coefficient. 

2.2. Computational model 

The high-speed train model is presented in Fig. 1. The train prototype 
was a CRH380A high-speed EMU, which is widely used in China’s high- 
speed railways. The width and the height of the train were W = 3.38 m 
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and H = 3.70 m, respectively. The cross-sectional area was 11.2 m2. As 
the shape of the cross section on the middle carriages remained un
changed, the flow structure in the boundary layer tended to be stable 
when air flowed a certain distance from the nose tip of the head carriage, 
and the aerodynamic forces changed slightly (Suzuki et al., 2003; Khier 
et al., 2000; Ford, 2003). Therefore, a full-scale, three-carriage train 
model was adopted, and the shapes of the head and rear vehicles were 
the same. The total length of the train was L = 77 m. Other structural 
details, such as the pantograph, the bogie, and the door handles, were 
ignored. 

The tunnel model was the double-track tunnel suitable for 350 km/h 
HSTs in China. The width and height were 13.2 m and 8.78 m, respec
tively. The clearance area was 100 m2, and the centerline distance be
tween two tracks was 5.0 m, as shown in Fig. 2. To reduce the 
calculation cost, the tunnel was 500 m in length. The distance between 
the bottom of the train and the rail top was 0.2 m. The train ran at the 
speed of 350 km/h (97.22 m/s), and the corresponding Reynolds 
number Re = 2.46 × 107 when the characteristic length was selected as 
the train height H. 

The calculation domain of the model is presented in Fig. 3. The 
distance between the nose tip of the head carriage and the tunnel exit 
was 145.83 m. According to Clause 5.3.3.4 of BS EN14067-6(2018), the 
distance from the side of the train to the upstream and downstream 
boundary surfaces should not be less than 8H and 16H, respectively. 
Therefore, the dimensions of the exit side domain were length × width 
× height = 81.1H × 43.2H × 21.6H, and the blocking ratio was about 
1.2%. The distances from the windward and leeward side of the train to 
the corresponding boundary surface were 10.8H and 32.4H, 

respectively, which met the requirements of BS EN14067-6(2018). To 
reduce the mesh resolution, the dimensions of the entrance domain were 
length × width × height = 27H × 27H × 21.6H. 

2.3. Boundary conditions 

The boundary conditions of the model are shown in Fig. 4. The 
surface ABCD was a velocity-inlet boundary with uniform inlet wind 
speed of 30 m/s. The train surface, tunnel wall, ground surfaces (ADHE, 
A’D’H’E’), and surfaces adjacent to the tunnel portal (CDGH, A’B’F’E’) 
were no-slip walls. A pressure-outlet condition was applied for the other 
boundary surfaces, and the pressure value was set at 101,325 Pa. 

To reflect the train movement, the dynamic mesh method (DMM) 
and the sliding mesh method (SMM) are often used in simulations. The 
DMM is required to regenerate the grid after each iteration, which re
quires a high mesh quality and higher computational cost. To reduce the 
computational cost and improve the computational efficiency, the SMM 
was adopted to simulate the HST movement. Existing studies have 
shown that the SMM can accurately simulate the relative motion be
tween a train and a tunnel (He et al., 2018; Chu et al., 2014; Xiang et al., 
2010; Khayrullina et al., 2015). The moving region contained the train 
and its surrounding zones, while the other regions were stationary. The 
information between the two regions was exchanged through the 
interface after each iteration, as shown in Fig. 5. 

2.4. Computational mesh 

The computational model was discretized with a structural hexahe
dral mesh. The areas around the train were the zones of interest. The 
density of the mesh near the train surface was larger, while the density of 
the mesh in the area far from the train surface was small. To accurately 
capture the flow structure in the boundary layer of the train surface, it is 
very important to determine the thickness of the first layer mesh. Ac
cording to the ANSYS Fluent help document, SST κ − ω turbulence 
model is one of the low Reynolds number models, and the y + required 
by this model is not larger than 1 for the simulations with high accuracy 
demands on the wall boundary layer. The height of the first mesh in the 
boundary layer was 1 × 10− 5 m, and the corresponding y+ was roughly 
1. The gradient of the mesh was 1.1, and 12 layers were arranged in the 
boundary layer, as shown in Fig. 6. The mesh on the head and rear 
carriage was denser, and the grid element sizes of the middle vehicles 
were larger, with sizes between 0.1 and 0.5 m. The longitudinal grid 
length along the tunnel was 0.5 m. The number of structural units was 
12.62 million. 

2.5. Solution processes 

The calculations were carried out using ANSYS-FLUENT 17.1 

Fig. 1. Full-scale three-carriage train model.  

Fig. 2. Cross section of high-speed railway tunnel in China.  
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software. The three-dimensional compressible unsteady Navier-Stokes 
equations were discretized using the finite volume method (FVM). The 
SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) algo
rithm was used for the pressure-velocity coupling (Ferziger and Peric, 
2002). The second-order upwind scheme was used to discretize the 
convection and diffusion terms. The time derivative was discretized by a 
first-order implicit method. The physical time step size was 1 × 10− 3 s, 

which less than previously used values of 2.5 × 10− 3 s (Yang et al., 
2018), 7 × 10− 3 s (Baron et al., 2001), and 1.8 × 10− 2 s (Chu et al., 
2014). Therefore, the step time chosen here was appropriate. The 
number of iterations at each step was 20, and the residual of the tur
bulent items were allowed not exceed 10− 3 for each time step. 

Fig. 3. Diagram of computational domains.  

Fig. 4. Diagram of boundary conditions.  

Fig. 5. Diagram of the sliding mesh method.  
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2.6. Data post-processing 

The aerodynamic forces included six aerodynamic physical quanti
ties (lateral force, lift, drag, overturning moment, yawing moment, and 
pitching moment) that acted on the train under crosswinds. The side 
force, lift force, and overturning moment are the parameters that affect 
train safety most significantly under crosswinds. They are defined as 
follows: 

Cp= 2(P − P∞)
/

ρuw
2 (3)  

Fside =
1
2

ρuw
2CsideA (4)  

Flift =
1
2

ρuw
2CliftA (5)  

MRM =
1
2

ρuw
2CRMAh (6)  

where Cp, Cside, Clift, and CRM are the pressure coefficient, side force 
coefficient, lift force coefficient, and overturning moment coefficient, 
respectively; Fside, Flift, and MRM are the aerodynamic side force, the lift 
force, and the overturning moment, respectively; P is the static pressure 
on the train surface; P∞ is the static pressure at infinity; ρ is the air 
density; uw is the crosswind speed; A and h are the windward area and 
the height of the train, respectively. 

3. Validation 

3.1. Verification of mesh independence 

To better verify the mesh independence, three calculational models 
were performed with different grid resolutions: coarse mesh with 1.12 
× 107 elements, medium mesh with 1.26 × 107 elements, and fine mesh 
containing 1.44 × 107 element cells. They contained different numbers 
of elements in the boundary layer of the train surface. The first grid 
thickness near the train surface was 1 × 10− 5 m, and the boundary layers 
were arranged with 8, 12, or 18 layers. The HST exited the tunnel into 
open air under crosswind conditions. The speeds of train and the 
crosswind were 350 km/h (97.22 m/s) and 30 m/s, respectively. 

The curves of maximum Cside and Clift with different mesh resolutions 
of the boundary layer are presented in Fig. 7. Cside and Clift decreased 
with the increase in the number of boundary layer elements. When the 
number of layers in the boundary layer was 12, the maximum Cside and 
Clift had a tendency to remain stable. Therefore, the mesh with 12 layers 
in the boundary layer was selected. 

3.2. Moving model test validation 

To demonstrate the accuracy of the turbulence model, the simulation 
results were compared with the moving model test (MMT). The MMT 
was performed at the Advance Railway Mechanics Center (ARMC), 
Institute of Mechanics, Chinese Academy of Sciences in the Huairou 
District of Beijing City. The detailed information about the MMT was 
described by Yang et al. (2013) and Yang et al. (2016). A three-vehicle 
model was adopted. The train was 9.9 m long, and scale ratio was 1:8. 
The moving speed was 304 km/h. The tunnel model corresponded to the 

Fig. 6. Boundary layer mesh on train surface.  

Fig. 7. (a) Max Cside and (b) Clift with different boundary layer grids.  
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double-track tunnels commonly used in China, as shown in Fig. 2. The 
length of the tunnel was 60 m. The moving model rig was as shown in 
Fig. 8. The pressure sensor was installed 20 m from the tunnel entrance 
and 471 mm above the bottom surface. To avoid the dynamic similarity 
effect, the numerical model was consistent with the MMT. 

The comparison of the static pressure from the simulations and ex
periments is shown in Fig. 9. The numerical and experimental results as 
the train traveled through the tunnel showed reasonable agreement. The 
maximum and minimum initial compression wave were 1364 and -2166 
Pa in the MMT, respectively, and the variation amplitude was 3530 Pa. 
The maximum and minimum values of the initial compression wave 
were 1285 and -2099 Pa in the simulation, respectively, and the varia
tion amplitude was 3384 Pa. The differences in the maximum and 
minimum initial compression wave and the variation amplitude be
tween the simulation and MMT were 6.1%, 3.2% and 4.3%, respectively. 
The differences were attributed to the simplifications in the CFD 
geometry. 

Fig. 10 compares the three-dimensional flow field around the train 
under crosswinds in the present paper with the simulation results of 
Yang et al. (2018) (Fig. 10(b)) and the wind tunnel test of Copley (1987) 
(Fig. 10(c)). The dominant flow vortex structures occurred on the 
leeward side of the head train with a large deflection, which was 
discovered by Copley (1987). The simulated flow pattern showed strong 
agreement with the results of Yang et al. (2018) and Copley (1987). The 
comparisons above verified that the turbulent model adopted in this 
paper could reliably predict the flow around a train under crosswinds. 

4. Results and discussion 

4.1. Flow structure 

Owing to the piston effect, the air in front of a train is squeezed and 
flows along the direction of the train movement when the HST moves in 
a tunnel. The flow direction of the air between the tunnel and the train is 
opposite to the direction of the train motion. The flow field around the 
train changes when the train exits the tunnel into crosswind conditions. 
Fig. 11 displays the flow evolution around the train when the train 
exited a tunnel into non-crosswind and crosswind conditions. 

The flow field distributions in the annular space between the train 
and tunnel were basically the same, and the slipstream flowed from the 
head to the rear of the train under different wind conditions, as shown in 
Fig. 11 (a1) and (a2). The flow field distributions in front of the head 
carriage were different. Under non-crosswind conditions, the air in front 
of the train flowed out of the tunnel and diffused around it, and the flow 
field around the train was always symmetric as the train exited the 
tunnel, as shown in Fig. 11 (a1)–(g1). In contrast, part of the airflow in 
front of the head carriage was biased toward the leeward side, and 
another part of the air flowed into the tunnel again while the train exited 
the tunnel under crosswind conditions, as shown in Fig. 11 (a2). 

As the train exited the tunnel, the impact of the crosswind on the flow 
field gradually appeared. When the streamline section of the head 
vehicle exited the tunnel, flow separation occurred on the leeward side, 
resulting in a local strong negative pressure area, as shown in Fig. 11 
(b2) and (c2). As the train continued to exit, the flow separation on the 
leeward side of the vehicle outside the tunnel fully developed, forming a 
horizontal vortex structure that deviated from the train leeward side 
along the train. In addition, a complex flow field appeared behind the 
tail vehicle in the tunnel, as shown in Fig. 11 (d2) and (f2). Fig. 11 (g2) 
shows that the vortex on the train leeward side continued to extend to 
the rear of the train, with a length of about 1L (where L represents the 
total train length), after the train exited the tunnel completely. Fig. 11 
(d2)–(g2) show that the flow field was highly asymmetric, shifting to the 
train leeward side, when crosswinds existed at the tunnel exit. 

The three-dimensional flow field distribution when the train middle 
arrived at the tunnel exit is illustrated in Fig. 12. The red dotted and 
solid lines represent the evolution of the flow at the tunnel exit and the 
vortex structures on the train leeward side, respectively. When the 
crosswind (shown as A) reached the train windward side, the airflow 
divided into two parts. A small part of the air (shown as A1) flowed into 
the tunnel through the gap between the train windward side and the 
tunnel, and a large portion of the air (shown as A2) bypassed the train 
and moved downstream. Due to the blocking effect of the tunnel, the 
airflow (shown as A2) at the tunnel exit was divided into two parts 
again. Most of the air (shown as A21) flowed into the tunnel, and the rest 
(shown as A22) moved downstream. 

A longitudinal vortex system (shown as B) was generated on the train 

Fig. 8. Moving model rig of HST.  

Fig. 9. Comparison of numerical results and experimental test.  
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leeward side, and the size increased along the train under crosswind 
conditions. The evolution of the vortex changed near the tunnel exit. A 
portion of the air (shown as B1) suddenly changed its flow direction and 
entered the tunnel, and the vortices gradually dissipated in the tunnel. 
The other part of the air (shown as B2) flowed downstream in the di
rection of the crosswind. Therefore, under crosswind conditions, the 
interactions between the crosswind, train, and tunnel resulted in a 
complex flow field at the tunnel exit, which affected the aerodynamic 
loads acting on the train. 

The interactions between the train and tunnel disappeared gradually 
after the train exited the tunnel completely. The three-dimensional flow 
distribution as the tail nose was 50 m from the tunnel exit under 
crosswind conditions was shown in Fig. 13. Five vortex systems, V1–V5, 
were evident around the train. V1 originated from the end of the 
streamline section of the head vehicle and developed along the train 
length. The deviation angle and extension distance of V1 were the 
largest. V2 was generated by the flow separation at the train bottom, 
which only existed in the zone within the train length. Its deviation 
degree was smaller than that of V1. V3 was generated on the train 
windward side, and the size and deviation angle were small. V4 was 
produced by the airflow flowing through the bottom of the tail vehicle, 
which was similar to V2. Compared with V1 and V2, the dimensions and 
deviation angles of V3 and V4 were smaller. In addition to V1–V4, V5 
was generated at the tail carriage nose, and the deflection direction was 
consistent with V1. 

A simplified flow field is illustrated in Fig. 14(a), corresponding to 
Fig. 13. V1, V3, and V5 rotated counterclockwise, while V2 and V4 
rotated clockwise. The flow field varied with space, while the HST 
moved at high speed under crosswind conditions. Hemida et al. (2005) 
and Hemida and Krajnovi (2010) reviewed the characteristics of the 
flow field on the leeward side of a stationary train under crosswinds 
using CFD. The results showed that the flow structures on the leeward 
side remained stable when the distance from the head carriage nose was 
larger than 3.5D (D represents the train width). Fig. 14(b) shows the 
flow fields of a stationary vehicle under different yaw angles obtained by 
Chiu and Squire (1992). By comparing Fig. 14(a) and (b), it was 
concluded that the wind tunnel test of the stationary train cannot truly 
reflect the flow characteristics of a full-scale train. Therefore, it is 
necessary to consider the movement of the train relative to the 
surroundings. 

4.2. Pressure distribution on train surfaces 

The flow field variations around the train inevitably led to a pressure 
difference on the train surface. Fig. 15 shows the pressure contours on 
the train surface at the same time as that in Fig. 11. The left and right 
figures correspond to non-crosswind and crosswind conditions, 

respectively. 
In the absence of wind, the pressure distributions on both sides of the 

train were basically symmetric whether the train exited the tunnel or 
not. Furthermore, there was little difference in the pressure distributions 
of the train surface inside and outside the tunnel, as shown in Fig. 15 
(a1)–(g1). As the train was running in the tunnel, the pressures on the 
areas around the head vehicle and tail vehicle nose were positive, and 
the pressure on the middle vehicle was negative, while crosswinds 
existed at the tunnel exit, as shown in Fig. 15(a2). As shown in Fig. 15 
(b2), the position of maximum Cp was biased toward the upstream di
rection, and the pressure difference on both train sides appeared grad
ually when the head nose tip reached the tunnel exit. The pressure on the 
train windward side outside the tunnel was positive, while the pressure 
on the train leeward side was negative, as shown in Fig. 15(c2)–(e2). The 
pressure difference on both train sides resulted in a robust aerodynamic 
side force. In addition, the difference in the aerodynamic loads acting on 
the train inside and outside the tunnel led to large shear and torsional 
deformation, which significantly affected the train operating safety. A 
wake vortex generated behind the HST resulted in an unstable pressure 
field, as indicated in Fig. 15(f2)–(g2). 

The pressure on the train surface varied when the train arrived at the 
tunnel exit under crosswind conditions. Fig. 16 shows the Cp curves on 
the train windward and leeward sides of the horizontal cross section 
1.50 m above the rail surface as the train middle exited the tunnel. The 
curves of Cp on the windward are presented in Fig. 16(a). The positive 
Cp of the nose tip was the largest, with a value of 0.23 under non- 
crosswind conditions. With the increase in the nose tip distance, Cp 
rapidly decreased to the minimum value of − 0.19 and then increased 
sharply and stabilized. The pressure on the windward side near the 
tunnel exit decreased sharply. With the increase in the distance to the 
tunnel exit, the Cp value on the train windward side in the tunnel 
continued to decrease and then increased dramatically near the tail 
nose. 

The position of the maximum positive Cp was 2.1 m in front of the 
head carriage nose, and the value was 0.33, after which it decreased 
rapidly to a stable value of about 0.1 when the train exited the tunnel 
under crosswinds. The Cp on the windward side varied suddenly, and 
the variation amplitude was considerably higher than that of non- 
crosswind conditions at the tunnel exit. The crosswind had little effect 
on the Cp of the train windward side in the tunnel. Therefore, the 
crosswind had a significant impact on the pressure on the windward side 
outside the tunnel, and the variation amplitude of Cp was much larger 
than that of the non-crosswind conditions. 

The curves of Cp on the train leeward side are shown in Fig. 16(b). 
The Cp on the leeward side of the head carriage changed drastically. 
With the increase in the distance to the nose tip, the Cp on the leeward 
side decreased sharply first and then increased rapidly. The Cp on the 

Fig. 10. Comparison of flow structures in (a) this paper and (b) simulation by Yang et al. (2018) and (c) experiment by Copley (1987).  
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leeward side of the middle carriage changed smoothly without cross
winds, while it showed significant fluctuations under crosswind 
conditions. 

Fig. 17 shows Cp curves of the train top and bottom on the cross- 
sections through the train’s axis. Cp variations at the top and bottom 
were the same with or without crosswinds. As the distance from the nose 
tip increased, the difference between the Cp at the top and bottom 
decreased gradually in both cases. The pressure at the top and bottom of 
the train fluctuated significantly under crosswind conditions. The 
pressure difference between the top and bottom of the train was small in 
the tunnel. The impact of the crosswind on the pressure on the top and 
bottom of the head vehicle was the most significant. 

The peaks of the pressure coefficient on the train surface when the 
middle of the HST exited tunnel are summarized in Table 1. Under 
crosswind conditions, the peak positive and negative Cp values on the 
windward side of the train were 0.33 and − 0.25, respectively, while the 
corresponding values with no crosswinds were 0.23 and − 0.19. The 
ratios of the peak positive and negative Cp values were 1.44 and 1.32, 
respectively. The ratios of the peak positive Cp on the leeward, top, and 
bottom sides of the train under crosswinds were 0.17, 0.83, and 0.83, 
respectively, and the corresponding ratios of the peak negative Cp were 
2.53, 3.50, and 3.57. Thus, it was concluded that under the influence of 
crosswinds, the pressure on the windward side and the negative pressure 
on the leeward side increased, while the positive pressure on the leeward 

Fig. 11. Comparisons of 3D flow field when the train exited the tunnel under 0 m/s (left) and 30 m/s (right) crosswinds. t = 1.38 s: the distance between the nose tip 
of the head vehicle and the tunnel exit was about half the length of head vehicle; t = 1.50 s and 2.292 s: the nose tip of the head and rear vehicle arrived at the tunnel 
exit; t = 1.635 s,1.896 s and 2.157 s: the middle of the head, middle and rear vehicle reached the tunnel exit; t = 2.806 s: the train exited the tunnel for 50 m. 
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side decreased. The positive pressure at the top and bottom of the train 
decreased, while the negative pressure increased. 

4.3. Aerodynamic load 

The aerodynamic load variations induced by the pressure change on 
the train surface significantly affect the safety of train operation. Fig. 18 
shows the aerodynamic load curves as the train exited the tunnel, 
including the side force, lift force, and overturning moment. The left and 
right panels present the aerodynamic forces under non-crosswind and 
crosswind conditions, respectively. 

The values of Cside of the head and rear carriages were very close, and 
the value of Cside of the middle carriage was close to 0 as the train moved 
through the tunnel without crosswinds. When the train exited the tun
nel, the values of Cside of each carriage fluctuated significantly, and the 
variation amplitudes of the head, middle, and tail vehicles were 0.18, 
0.01, and 0.52, respectively. The fluctuation amplitude of the tail car
riage was the largest, followed by the head carriage, and that of the 
middle carriage was the smallest. This indicated that the swinging 
movement of the tail carriage was the most severe. After the train exited 
the tunnel completely, the values of Cside of each vehicle gradually 
tended to 0, as shown in Fig. 18 (a1). 

When the train ran in the tunnel with crosswinds at the exit, the Cside 
value of each vehicle was the same as that of the train without cross
winds. When the train arrived at the tunnel exit, the Cside value of each 
carriage changed significantly. After the train left the tunnel, Cside 
gradually stabilized. The values of Cside of the head, middle, and trail 
carriage were 4.97, 1.85, and 0.62, respectively, and the corresponding 
variation amplitudes were 5.07, 2.03, and 1.86. The variation amplitude 
of the head carriage was the largest, and that of the tail vehicle was the 
smallest. The variation amplitudes of the head carriage under crosswind 
conditions were 28.2, 203, and 3.6 times those with non-crosswind 

Fig. 12. Evolution of the flow field when the middle of the train arrived at the tunnel exit.  

Fig. 13. Three-dimensional flow field around train when the tail nose exited the tunnel at 50 m.  

Fig. 14. Three-dimensional flow field: (a) simulation; (b) experiment by Chiu 
and Squire (1992). 
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conditions, respectively. It should be noted that the variation of Cside was 
related to the position of the train marshalling. The side force decreased 
rapidly and then increased sharply as the train exited the tunnel, indi
cating that the train underwent swinging movement, shifting to the 

windward side first and then back to the leeward side. Furthermore, the 
swinging movement of the head carriage was more violent. The side 
force of the tail carriage increased dramatically and then decreased 
rapidly, indicating that the rear carriage underwent a lateral swinging 

Fig. 15. Comparison of pressure field when train exited the tunnel under 0 m/s (left) and 30 m/s (right) crosswinds.  
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motion that first moved to the leeward side and then shifted to the 
windward side. The side force gradually stabilized with small fluctua
tions after the train left completely, as shown in Fig. 18(a2). The over
turning moments were calculated by computing the moment of the side 
force acting on the train center. Therefore, the variation of the over
turning moment was the same as that of the side force, as shown in 
Fig. 18(c1) and (c2). 

The curves of Clift under non-crosswind conditions are shown in 
Fig. 18(b1). The variation amplitudes of Clift of the head, middle, and 
rear vehicles were 0.36, 0.02, and 0.34, respectively. Thus, the variation 
amplitude of the head carriage was the largest, and that of the middle 

carriage was the smallest. The Clift value of the head vehicle decreased 
sharply when the head vehicle exited the tunnel. The Clift value of the 
head vehicle was negative, and the direction was vertically downward 
after it exited the tunnel completely. The Clift value of the middle car
riage was maintained at about 0.07 during the exiting process, and the 
direction was upward. The value of Clift of the rear vehicle was close to 
zero as it ran in the tunnel. When the tail carriage exited, the aero
dynamic lift force experienced a sharp decrease and a rapid increase. 
After the tail carriage exited the tunnel fully, the aerodynamic lift 
gradually decreased to zero. The tail carriage exhibited vertical vibra
tions during the process of exiting the tunnel. 

The values of Clift of the vehicles fluctuated significantly when they 
exited the tunnel under crosswind conditions. After the train exited the 
tunnel, the lift forces of the head, middle, and trail carriages gradually 
stabilized, with values of − 1.29, 0.67, and 0.40, respectively. The 
variation amplitudes of Clift of the head, middle, and tail carriages were 
1.23, 0.95, and 1.47, respectively. The aerodynamic lift of the tail car
riage exhibited the largest variations, followed by the head carriage and 
the middle carriage. As the train exited the tunnel, each carriage 
vibrated vertically. After the tail carriage exited the tunnel, it experi
enced a regular vertical vibration. 

It was concluded from the analysis above that the aerodynamic 
performance of a train deteriorates significantly when the train exits a 

Fig. 16. Pressure coefficients on windward (a) and leeward (b) sides of train at height z = 1.5 m from the rail top when the middle of the train exited the tunnel.  

Fig. 17. Pressure coefficients on top (a) and bottom (b) of train at plane y = 0 when the middle of the train exited the tunnel.  

Table 1 
Pressure coefficient peak with tunnel exit under 0 m/s and 30 m/s crosswinds.  

Position Item 30 m/s 0 m/s Peak to peak 

z = 1.5 m Windward Maximum 0.33 0.23 1.44 
Minimum − 0.25 − 0.19 1.32 

Leeward Maximum − 0.04 0.23 0.17 
Minimum − 0.48 − 0.19 2.53 

y = 0 m Top Maximum 0.72 0.87 0.83 
Minimum − 0.63 − 0.18 3.50 

Bottom Maximum 0.75 0.90 0.83 
Minimum − 1.25 − 0.35 3.57  
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tunnel into crosswind conditions. The variation amplitudes of Cside, Clift, 
and CRM of the head carriage were the largest. Therefore, maintaining 
safety of the head carriage is the key to ensuring the safety of the entire 
train as it exits the tunnel under crosswind conditions. 

5. Conclusions 

Three-dimensional, compressible, and unsteady RANS method was 
adopted to investigate the aerodynamic loads and flow structures when 
a HST exited the tunnel and enter into a crosswind environment. The 
turbulent flow structures around the train were calculated by the SST 
k − ω turbulence model. The sliding mesh method was utilized to 

implement the train movement relative to level ground. The numerical 
model was verified by comparison with the results from existing simu
lations and moving model tests. Based on this, we established the 
following conclusions:  

(a) The flow structures and pressure field were symmetric as the HST 
exited the tunnel with non-crosswind. In contrast, the flow 
structure and pressure field distribution shown significant 
asymmetry in the horizontal plane as the train exited the tunnel 
under crosswinds. 

Fig. 18. Evolution of aerodynamic forces when train exited a tunnel with 0 m/s (left) and 30 m/s (right) crosswinds.  
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(b) Under crosswind conditions, the flow structures varied tran
siently, which caused a sudden change in the pressure distribu
tion on the train surface.  

(c) The influence of the crosswinds on the surface pressure on the 
train windward and leeward surfaces was greater than that of the 
crosswinds on the aerodynamic pressure on the train bottom and 
top surfaces.  

(d) The pressure on the train surface outside the tunnel was much 
more affected by crosswinds than the train inside the tunnel. The 
aerodynamic pressure on the train surface changed suddenly at 
the tunnel exit under crosswinds, especially the surface pressure 
of the head carriage.  

(e) As the train exited the tunnel and enter into open air under 
crosswind conditions, the aerodynamic performance of the head 
carriage was the worst and the risk of accidents was the highest. 
Therefore, controlling the safety of the head vehicle is essential to 
ensuring the safety of the entire vehicle as it exits a tunnel into 
crosswind conditions. 
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