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Abstract: Tropical storms pose a great threat to the traffic safety of tunnel-13 

embankment transition sections in coastal areas, especially when two trains are 14 

meeting. A series of 3D computational fluid dynamics numerical simulations of wind-15 

rain-tunnel-embankment-train are established using the Eulerian multiphase and the 16 

Shear-Stress Transport k- models. The numerical model’s reliability is verified by 17 

wind tunnel tests using rainfall simulation technology. The differences in the train’s 18 

aerodynamic performance before and during the meeting under different wind-rain 19 

conditions are analyzed. The rain phase’s impact mechanism on the flow field is 20 

revealed. Results show that: Before the meeting, the rain phase will worsen the train’s 21 

aerodynamic performance. When the wind speed and rainfall intensity is 20 m/s and 22 

400 mm/h, the head train’s average lift force ( yC ), yawing and pitching moments ( zmC ) 23 

increase by 6.25%, 9.68% and 10.31%, respectively. The rain phase increases the 24 

wind-rain load amplitude during the meeting, and the head train’s pitching moment 25 

increases by 10.7%. The moment is more worthy of attention than that of force under 26 
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a rainy day, and the change rate of  zmC  is 4.9 times of that of yC . The amplification 27 

effect of rain on wind-rain loads may endanger the driving safety of trains at the 28 

tunnel entrance. 29 

Key words: strong wind-rain environment; tunnel-embankment section; two high-30 

speed trains meeting; Eulerian multiphase model; transient aerodynamic performance 31 

1. Introduction32 

There have been a number of train accidents in strong winds around the world33 

(Andersson et al., 2004). Now, global warming has led to increased damage to 34 

infrastructure by tropical storms along the coasts of eastern Asia and western Europe 35 

(Jian et al., 2022). According to the statistical study conducted by Liu et al. (2021), 36 

there were about 975 railway disasters caused by heavy rainfall in China during 1981-37 

2016. Therefore, extreme natural weather, such as strong winds and heavy rain caused 38 

by tropical storms, has become a major source of risk affecting the safe operation of 39 

high-speed trains (HST) (Montenegro et al., 2020(a); Mohebbi et al., 2013, 2018a; 40 

Ottar et al., 2023). The tunnel-embankment transition section is in the weak zone of 41 

the operation environment due to the rapid change in the infrastructure structure. This 42 

leads to dramatic changes in the train's wind-rain loads in a very short period of time. 43 

Therefore, it is of great significance to grasp the change law of the wind-rain loads of 44 

the carriage under the coupling of wind-rain phases and the spatial distribution law of 45 

wind-rain phases around the train to ensure the safe operation of high-speed trains. 46 

At present, in the study of aerodynamic performance of HST under crosswind 47 

environments (Mohebbi et al., 2021, 2022), some researchers pay attention to the 48 

energy dissipation shielding effect of anti-wind structure on incoming flow on the 49 

windward side of trains (Mohebbi et al., 2017, 2018b). Many scholars are currently 50 

studying the aerodynamic characteristics of trains under pure crosswinds (Li et al., 51 



 

 

2023; Liang et al., 2023), which are reflected in wind tunnel tests or numerical 52 

simulations of flat ground, embankments and bridges (Chen et al., 2018; Noguchi et 53 

al., 2019; Montenegro et al., 2020(b)). Some researchers have also found that 54 

differences in wind models can also significantly affect the aerodynamic 55 

characteristics of trains. Neto et al. (2021) systematically studied the regularity of 56 

different wind directions on the safety of trains, and the wind contour line was 57 

generated based on the Chinese cap model. The results showed that vertical wind 58 

direction is the greatest threat to the safe operation of trains. Han et al. (2020) 59 

compared the effects of steady and unsteady aerodynamic loads on the dynamic 60 

response index of trains running on bridges and found that considering the pulsating 61 

components in the crosswind flow is more conducive to evaluating the operational 62 

safety of trains. Yang et al. (2022a) also compared the difference in flow fields around 63 

trains under reconstructed natural wind and steady wind conditions in the tunnel-64 

bridge section. It can be seen that great progress has been made in the relevant 65 

research, considering pure crosswind simulation methods and different infrastructure 66 

factors. 67 

Wind-driven rain (WDR) are raindrops that obtain horizontal speed when driven 68 

by wind power. For wind-rain two-phase flow, researchers mainly use the 69 

computational fluid dynamics (CFD) technique using the Eulerian multiphase (EM) 70 

model and the wind tunnel test method using the spray device (Zeng et al., 2023). In 71 

the current wind-rain numerical simulation techniques, due to the randomness of the 72 

initial conditions of raindrops, a large number of calculations are required on the 73 

raindrop trajectories to obtain the distribution of capture rates. Jiang et al. (2016) 74 

proposed a new method to obtain the capture rate distribution by the finite surface 75 

element method, which reduced the computational amount of raindrop trajectories and 76 



 

 

the randomness of the capture rate distribution. In order to more accurately predict the 77 

influence of wind-rain on the wetness distribution of the façade of buildings, Kubilay 78 

et al. (2015) proposed a method to achieve turbulent diffusion in the EM model. 79 

Wind-rain simulation is mainly used in the study of rainwater intrusion into the 80 

external walls of buildings and the dynamic response of raindrops impacting 81 

structures in a typhoon environment (Huang et al., 2012; 2019). However, some 82 

researchers have carried out related studies on the train’s aerodynamic characteristics 83 

in heavy wind-rain cases. Shao et al. (2011) studied the wind-rain loads under wind-84 

rain environments based on the EM model and concluded that the train’s resistance, 85 

lateral and lift forces are greater under rainy conditions than under rainless conditions, 86 

and the difference increases with the incoming flow speed. Li et al. (2019) 87 

investigated the train’s aerodynamic performance under the wind-rain coupling based 88 

on the Euler-Lagrangian method, and the findings revealed that the raindrops 89 

accelerate the airflow around the train while inhibiting the vortex degeneration, which 90 

will lead to an increase in fluid flow velocity around the train with the increase in 91 

rainfall. Some researchers have begun to pay attention to the influence of raindrop 92 

simulation methods on the aerodynamic coefficients of trains. For example, Yu et al. 93 

(2021) discussed the usefulness of the raindrop shape hypothesis. The team also 94 

studied the train’s aerodynamic coefficients using the non-spherical raindrop model, 95 

and the results indicated that the density of raindrops around the train is positively 96 

correlated with the rainfall intensity (Yu et al., 2022). On the basis of researching the 97 

aerodynamic load of trains, Gou et al. (2021) further addressed the impact of wind-98 

rain on the train-track-bridge dynamic response system. The findings indicate that the 99 

rainfall intensity has significant effect on the dynamic response of the train. 100 

Although the above researchers have carried out different degrees of research on 101 



 

 

the train’s aerodynamic characteristics under the coupling of wind-rain and achieved 102 

certain results, there are still some problems that need to be solved. First of all, their 103 

research subject is mainly a train, and the complex aerodynamic characteristics of 104 

trains meeting are overlooked (Wang et al., 2019; Yang et al., 2022b). Secondly, under 105 

the coupling of wind-rain, the rain phase will affect the incoming flow’s velocity and 106 

turbulence intensity (Zeng et al., 2023), but the above studies are based on the steady-107 

state or quasi-steady-state assumption, that is, the train is stationary or only uses the 108 

simulation method of ground or bridge deck movement, and the results are relatively 109 

conservative (Krajnovic  ́et al., 2012; Dorigatti et al., 2015). In fact, in the study of 110 

the transient aerodynamic effect of HSTs under a pure crosswind environment, some 111 

researchers based on wind tunnel tests and CFD simulations revealed that there is an 112 

acceleration effect on crosswinds at the tunnel entrance and high-speed trains 113 

traveling through tunnel openings produce complex aerodynamic abrupt behavior 114 

(Wang, et al., 2021; Zhou, et al., 2021; Yang et al., 2022c). In addition, the train’s 115 

aerodynamic change behavior is aggravated by the pulsating impact of two trains 116 

traveling in opposite directions. As a result, it is especially important to investigate the 117 

aerodynamic characteristics of trains passing each other and the spatial evolution rule 118 

of two-phase around the train in a wind-rain environment at the tunnel entrance, 119 

which is also one of the purposes of this study. 120 

In this study, a series of 3D wind-rain-tunnel-embankment-train CFD numerical 121 

dynamic models are established based on the EM and Shear-Stress Transport (SST) k-122 

 turbulence models. Firstly, the turbulence model’s accuracy and the multiphase 123 

flow model using raindrop grouping are verified by wind tunnel tests. Secondly, the 124 

transient aerodynamic differences in the meeting process under different wind speed 125 

and rainfall intensity conditions are analyzed, including the average wind-rain loads 126 



 

 

and its amplitude. The temporal and spatial distribution laws of the two phases around 127 

the train body with the change of rainfall intensity and wind speed are studied, and the 128 

rain phase’s impact mechanism on the wind-rain loads and separation vortex is 129 

revealed by the flow field. The structure of the article is arranged as follows: The 130 

second section introduces the geometric model, boundary conditions, mesh method, 131 

rain phase model and working condition arrangement. The third section mainly 132 

analyzes the differences in aerodynamic characteristics under different rainfall 133 

intensity and wind speed conditions, displays the spatial distribution law of the two 134 

phases by the flow field, and reveals the mechanism of aerodynamic load differences. 135 

This paper’s primary contribution is to reveal the aerodynamic characteristics and 136 

time-varying characteristics of the rain phase when two trains meet under strong 137 

wind-rain environments. 138 

2. Numerical model methods 139 

2.1. Wind-rain phase model 140 

At present, there are two main numerical methods for simulating wind-rain 141 

environment: the discrete particle model (DPM) and the EM model. Due to the huge 142 

CPU resource consumption and computing memory space, DPM is difficult to use in 143 

large engineering numerical models. Therefore, the EM model is used in the paper, 144 

which has been used by some researchers to research the train’s aerodynamic 145 

performance under wind-rain conditions (Shao et al., 2011). Under the action of 146 

crosswind, the tracks of raindrops with different particle sizes are different (Zeng et 147 

al., 2023), so their effects on the aerodynamic performance of the carriage are also 148 

different. Therefore, rain phases with different particle sizes should be considered in 149 

the model. In the EM model, both the air and rain phases are treated as independent 150 

parts of the continuum. Considering that raindrops tend to break into small raindrops 151 



 

 

in the air after reaching 6 mm in diameter, the particle size of the rain phase is divided 152 

into 6 groups, and the intermediate particle size of each group is used as a 153 

representative value. For example, the particle size in the first group is 
1 0.5D =  mm, 154 

and the particle size range is 01 mm. The mass and momentum equations for the rain 155 

phase are shown in Eqs. 1 and 2 (Kubilay et al., 2013). The relation between the 156 

volume fraction of wind phase and rain phase is shown in Eq. 3. Based on the Navier-157 

Stokes equations, the governing equation of wind phase is shown in Eqs. 4-7. 158 
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where k  represents the volume fraction of kth rain phase; a represents the volume 159 

fraction of air;   represent the dynamic viscosity; ,k iu , ,k ju  represent the velocity of 160 

the i and j directions in the kth phase, respectively; w  represents the raindrop’s 161 

density; g represents the gravitational acceleration; DC and pRe  represent the drag 162 

coefficient and the relative Reynolds number, respectively. Sli represent the 163 

momentum contribution of rain to air. 164 



 

 

The volume fraction of raindrops with different diameters is different under 165 

different rainfall intensity. The distribution function of Marshall-Palme (M-P) is an 166 

earlier proposed raindrop spectrum, but it has some problems that lead to its limited 167 

range of use. Another widely used raindrop spectrum is the Gamma distribution, 168 

which is essentially a correction of the M-P distribution. In order to simulate the rain 169 

phase more accurately, the modified Gamma distribution form is used, and its 170 

functions are shown in Eqs. 8 and 9 (Wolf D., 2001; Huang et al., 2012). 171 

2.93 0.186

0( )= exp( 5.38 )N D N D I D−− , (8) 

5 0.384

0 1.98 10N I− −=  , (9) 

where, I  denotes the rain intensity. 172 

Rainfall intensity (I), volume fraction ( k ), and rain phase fall speed ( )tV D are the 173 

key parameters of wind and rain simulation. Considering the coastal typhoon-prone 174 

areas, heavy rainfall can even reach 400 mm/h in a short period of time (Yang et al., 175 

2021). Therefore, the rainfall intensity in this paper is 100 mm/h, 200 mm/h, 300 176 

mm/h and 400 mm/h. After determining the rainfall intensity, the volume fraction of 177 

raindrops with different diameters can be obtained by Eqs. 10 and 11, and the final 178 

falling speed of raindrops can be determined by Eq. 12 (Gunn and Kinzer, 1949). 179 
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2.2. Turbulence model 180 

Researchers often use four turbulence models, such as the Renormalization 181 



 

 

Group (RNG k-ε), SST k-, improved delayed detached eddy simulation (IDDES) 182 

and large eddy simulation (LES), to study the train’s aerodynamic performance. 183 

Among them, the IDDES and LES models are often used for scaled models because 184 

of their extremely high requirements for the grid size of train walls and large 185 

computing resources. Although the computational accuracy of the RNG k-ε turbulence 186 

(Rezvani et al., 2014) model can meet the needs of engineers, its ability to simulate 187 

separated flows is weak, and it is not suitable for observing the development and 188 

change of separation vortices around the train. The SST k- turbulence model can 189 

meet this point well, and the computing resource consumption is within an acceptable 190 

range. This turbulence model is also used by researchers to study the development of 191 

flow around the train (Li et al., 2019) and wind and rain simulation (Yu et al., 2021). 192 

Therefore, the separation and distribution of wind and rain phases around the train are 193 

researched using the SST k- model. It is expressed in the following form (Menter, 194 

1994). 195 
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where k represents turbulent flow energy;   represents turbulence frequency; k  196 

represents the dissipating rate of k  ;   is the dissipating rate of  ; kG  and G  are a 197 

turbulence generation term; kY and Y  are the turbulence dissipating term; D  198 

represents the cross- dissipating term. 199 

2.3. Geometry model and boundary conditions 200 

The geometric information about the tunnel-embankment-train model and the 201 

settings of the boundary condition are given in Fig. 1. Using the CRH380B train as 202 

the research object, in order to facilitate modeling and mesh generation, the bogies, 203 



 

 

pantographs and other components are ignored, and the train is only composed of 204 

three carriages. The actual length of the three carriages is 25.85 m, 24.83 m and 25.85 205 

m, respectively. The actual width and height of the three carriages are 3.27 m and 3.89 206 

m, respectively. The corresponding length, width and height of the head train are 207 

expressed in dimensionless forms such as L, W and H. In the numerical model, train A 208 

is located on the windward side track and moves in the positive direction of X; train B 209 

is located on the leeward side track and moves in the negative direction of X; trains A 210 

and B both run at speeds of 350 km/h. Under the action of the wind phase, the rain 211 

phase not only has a vertical falling velocity but also has a horizontal velocity along 212 

the incoming flow’s direction (Uif). The overall width of the calculation domain is set 213 

to 54.7 W to guarantee that the rain phase can impact the train's windward side. The 214 

length and height of the calculated domain are 13.1 L and 10.3 H, respectively, and 215 

the specific geometric parameters of the embankment are shown in Fig. 1(b). The side 216 

surface for simulating incoming flow and the top surface of the computational domain 217 

in Fig. 1(c) are set to Velocity-inlet boundary conditions to control the wind and rain 218 

phases; the ground, embankment, train wall, and tunnel wall are used. No-slip Wall 219 

boundary conditions and other computational domain boundary conditions are set to 220 

Pressure-outlet. 221 
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Fig. 1. Information about the geometric model: (a) the simplified train model; (b) 224 

Section A in Fig.1(c); (c) calculate domain and boundary conditions.  225 

 2.4. Grid method 226 

The specific mesh details of the numerical model are shown in Fig. 2. The 227 

dynamic grid method used to realize the meeting of two trains at the tunnel entrance 228 

under a wind and rain environment is adopted in this paper. Yang et al., 2022b 229 

provides a detailed description of the moving grid approach. The information 230 

transmission through Interface is realized by the dynamic grid and the surrounding 231 

static grid region. Taking into account the intricate alterations to the flow field at the 232 

tunnel’s entrance during the meeting, the grid refined area is set around it. The refined 233 

area’s grid size is restricted to no more than 410-3 L, and the range size is 2.3 L5.7 234 

W2.3 H. The spatial distribution of the two phases around the train is one of our 235 

concerns, so the grid area around trains needs to be further refined to meet the 236 

requirements of the turbulence model. In this paper, the surface of the train and tunnel 237 



 

 

adopts a polygonal grid with a grid size of 810-4 and 110-3 L, respectively. A ten-238 

layer boundary layer grid is set on the train wall, with a first grid thickness of 810-4 L 239 

(the value of y+ is close 30), and the growth rate is 1.2. The total mesh of the model is 240 

42 million cells, and the SST k- model in Fluent software is employed for transient 241 

solving. The solution mode uses the second order, with a time step of 0.001 s (Courant 242 

number less than 1). The computing device is a supercomputer with a 120-core 243 

processor for a week’s calculations. 244 

10 layers

 245 

Fig. 2.  Overview of the grid. 246 

2.5. Model validation 247 

2.5.1. Grid independence validation 248 

In the numerical model, the setting scheme of grid size at different locations is 249 

related to the accuracy of the train's aerodynamic loads. A crucial part of the entire 250 

calculation process is played by the static grid refined area of the tunnel entry and the 251 



 

 

dynamic grid refined area surrounding the train. Three boundary layer schemes are 252 

shown in Fig. 3(a), with total grid quantities of 34, 42 and 50 million, respectively. 253 

Taking a wind speed of 20 m/s and rainfall intensity of 0 mm/h (Uif20 and I0) and a 254 

wind speed of 30 m/s and 400 mm/h (Uif30 and I400) as examples, Figs. 3(b) and (c) 255 

show the rolling moment’s time history curves corresponding to the three grid 256 

schemes. As can be seen, a change in the number of boundary layers has a significant 257 

influence on the value but has little effect on the train’s rolling moment change law in 258 

Fig. 3(b) and (c), and the main impact area is in the embankment and the tunnel 259 

entrance sections. In Uif20 and I0 and Uif30 and I400, the difference in magnitude 260 

between scenarios 1 and 2 is 7.6% and 17.9%. Compared with scheme 1, the 261 

amplitude of the rolling moment of scheme 2 and scheme 3 is closer; the difference is 262 

only 3.3% and 2.5%, but the calculation time and data file storage space of scheme 3 263 

are basically 1.5 times that of scheme 2. Therefore, schemes 1 and 3 are discarded due 264 

to their poor calculation accuracy and computational efficiency, respectively, and the 265 

scheme of 10 boundary layers is selected. 266 
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Fig. 3. Grid independence validation: (a) schemes about the boundary layer number; 269 



 

 

(b) rolling moment in Uif20 and I0; (c) rolling moment in Uif30 and I400. 270 

2.5.2. Validation of two trains meeting 271 

The aerodynamic loads of the carriage will change drastically due to the head 272 

wave and wake wave during the meeting of the two trains. The sudden peak of the 273 

aerodynamic loads is directly related to the degree of deterioration of the aerodynamic 274 

performance during the meeting. As a result, it is necessary to compare the turbulence 275 

model and associated boundary setting scheme used in this study with a wind tunnel 276 

test involving two trains colliding. The wind tunnel test (Hu et al., 2022) is given in 277 

Fig. 4(a), and the train is a 1:20 scale model. The wind velocity is 8 m/s, the train 278 

velocity is 5.6 m/s, and the two trains are meeting at the bridge. Since the train model 279 

goes through the acceleration, constant speed and deceleration stages, respectively. 280 

The speed of the acceleration and deceleration stages is unstable, and the aerodynamic 281 

coefficient is subject to many uncontrollable factors. Therefore, only the train’s 282 

aerodynamic coefficient in the stable section is verified. A numerical model is built 283 

with reference to the wind tunnel test, and boundary condition type and the turbulence 284 

model used are consistent with the working conditions in this paper. From the analysis 285 

of Fig. 4(c), the results obtained by the numerical model and the wind tunnel test have 286 

a great agreement. The amplitude errors of the Cz and Cmx are 6.9% and 4.5%, 287 

respectively. Fluctuations in vehicle speed during the test and interference from some 288 

factors, such as surface roughness of numerical models and scaled models, may be the 289 

main reasons for the difference in results. Hence, the dynamic mesh simulation 290 

scheme adopted in this paper can be considered reasonable. 291 
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Fig. 4. Validation of two trains meeting: (a) calculate domain and train model; (b) 294 

lateral force coefficient; (c) rolling moment coefficient. 295 

2.6. Introduction of working conditions and data processing 296 

In order to analyze the of train’s aerodynamic performance during meeting under 297 

different rainfall intensity and wind speed conditions and reveal the spatial 298 

distribution law and evolution mechanism of the rain phase during under correspond 299 

conditions. The combination of three wind speed classes (20, 25 and 30 m/s) and five 300 

rainfall intensity classes (0, 100, 200, 300 and 400 mm/h) is considered, and six 301 

different calculation scenarios are listed in Table 1 for analysis. The analysis focused 302 

on train A, which enters the tunnel from outside the tunnel on the windward line. 303 

Train B exits the tunnel from the leeward line. Four feature positions are chosen for 304 

analysis to help with the comparison of flow field differences between various 305 

working conditions. The feature position is selected based on the distance between the 306 



 

 

train A’s nose tip and the tunnel entrance, which is X=-1 L, X=0 L, X=1.5 L and X=3 L, 307 

respectively. The wind-rain load time history curves are obtained by a User-defined 308 

Function (Yang et al., 2022b). This paper focuses on the analysis of the lift, lateral 309 

forces, rolling, yawing and pitching moments, which are dimensionless according to 310 

the specification (BS EN, 2006), and the specific treatment formula is shown in Yang 311 

et al. (2022b). 312 

Table 1 Introduction to working condition parameters. 313 
Cases Schemes Speed of train Speed of incoming flow Rainfall intensity 

Uif20 and I0 Wind 350 km/h 20 m/s 0 mm/h 

Uif20 and I200 Wind and rain 350 km/h 20 m/s 200 mm/h 

Uif20 and I300 Wind and rain 350 km/h 20 m/s 300 mm/h 

Uif20 and I400 Wind and rain 350 km/h 20 m/s 400 mm/h 

Uif25 and I400 Wind and rain 350 km/h 25 m/s 400 mm/h 

Uif30 and I400 Wind and rain 350 km/h 30 m/s 400 mm/h 

3. Results and analysis 314 

3.1. Wind-rain loads 315 

The three carriages’ wind-rain loads under four conditions are shown in Fig. 5, 316 

and the analysis of wind-rain loads is helpful to master the stress state of the train in 317 

the whole process of operation so as to design the wind-resistant structure. Three 318 

feature positions have been marked in the Fig. 5 with black lines for ease of analysis. 319 

The entire calculation process can be divided into three stages. The first stage is for 320 

train A to run alone on the embankment (X<0 L). The second stage is for train A to 321 

meet at the entrance of the tunnel (0 L<X<3.0 L). The third stage is for train A to fully 322 

enter the tunnel (X>3.0 L). In the first stage, the focus is on the effect of rain on the 323 

train’s average aerodynamic loads. In the second stage, the focus is on the influence of 324 

I and Uif on the amplitude of aerodynamic loads during two trains meeting. In order to 325 

eliminate the fluctuation of single time-node data and the influence of the acceleration 326 

effect on trains at tunnel entrance and to achieve the research objectives of the first 327 

stage, the average aerodynamic loads of train A at 0-0.2 s are selected for comparison. 328 

In order to quantitatively compare the difference in the train’s wind-rain load 329 



 

 

amplitudes between different cases and analyze its relationship with rainfall intensity, 330 

the amplitude of wind-rain load coefficient (C) is introduced in Eq. 15, and the value 331 

range is 0.2-1.4 s. 332 

max minC C C = − , (15) 

where, 
maxC and 

minC represents the positive and negative peak values of the wind-rain 333 

loads. Fig. 6 shows the normalization results of the train’s C, and the working 334 

condition with a wind speed of 20 m/s and a rainfall intensity of 400 mm/h is used as 335 

the reference working condition. Table 2 shows the average wind-rain load 336 

coefficients under Uif20 and I0 and Uif20 and I400 when train A runs alone on the 337 

embankment section. 338 

Based on the analysis of Fig. 5, Fig. 6 and Table 2, it can be seen that the 339 

variation rule of the wind-rain load coefficients is basically consistent in the four 340 

working conditions. In the early stages of the first phase, the train is subjected to a 341 

steady wind or wind-rain load. In the late stage of the first stage, only the head train is 342 

affected by the acceleration effect from crosswinds near the tunnel entrance, and the 343 

Cy, Cz and Cmz of the lead train increased by 67.7%, 6.9% and 13.3%, respectively. In 344 

the second stage, the train is mainly affected by the pulsating impact generated by the 345 

meeting. In the third stage, the loads of the train are basically equal because it 346 

completely driven into the tunnel and not affected by the meeting. This is followed by 347 

a detailed analysis of the first and second phases, respectively. 348 

In the first stage, the average wind-rain loads of the trains in Uif20 and I400 are 349 

higher than those of Uif20 and I0 (except for the tail train’s lateral force and the middle 350 

train’s rolling moment), and the influence degree from rain phase on different 351 

carriages is significantly different in Fig. 5. This shows that under the action of wind-352 

rain, the rain has an impact force on the train’s surface. Under the same wind speed, 353 



 

 

the rain phase has an additional contribution to the aerodynamic loads on the train 354 

body. In addition, the rain phase exhibits different aerodynamic effects due to the 355 

difference in the flow field around different carriages. The zC , myC  and mzC  of the 356 

head train in the Uif20 and I400 are higher than those of the middle and tail trains. For 357 

example, the zC of the head train is about three times that of the middle train, and the 358 

myC  is about two times that of the tail train. This indicates that the lateral swing, 359 

serpentine movement and pitching motion posture of the head train are more complex 360 

than those of the middle and tail trains under the influence of wind-rain, which is 361 

basically consistent with the research conclusion under pure crosswinds (Ouyang et 362 

al., 2023). For the head train, the degree of influence of rain on various load indicators 363 

also differs. The effect of rain on the head train’s zC  and xmC  is small, and the zC  364 

only increased by 2.12%. However, the yC , ymC  and zmC  of the head train can be 365 

increased by 6.25%, 9.68% and 10.31%, respectively. This indicates that the impact of 366 

rain phase on the lateral force is weaker than that of rain phase on the flow field 367 

around the roof. There are two reasons for this difference may be that the water film 368 

attached to the roof of the train increases the flow velocity, leading to the increase of 369 

lift and yaw moment, while the rain phase leads to the increase of negative pressure 370 

on the leeside of the train, leading to the increase of lateral force. It also shows that it 371 

is unreasonable to consider only the wind load when analyzing the dynamic response 372 

index of the train and the driving safety under wind-rain conditions, and the rain load 373 

on the train must also be considered. 374 

In the second stage, the influence of the rain phase on the amplitude of the wind-375 

rain load is first analyzed. It can be seen from the time history curve that during the 376 

meeting at the tunnel entrance, the mutual aerodynamic impact generated by the 377 

relative movement of the two trains dominates the wind-rain forces of the carriage, 378 



 

 

and the rain phase has the amplification effect relative to part of the wind-rain loads, 379 

but it is obviously weaker than the influence of wind speed. The impact of rain on Cy 380 

and Cz is limited, and the corresponding difference does not exceed 5%. The Cmz of 381 

the head, middle and tail trains under the Uif20 and I400 are 10.7%, 10.1% and 13.7% 382 

higher than those under the Uif20 and I0, respectively. It is worth noting that when the 383 

train is in a critical wind speed environment, the amplification effect of rain on 384 

aerodynamic loads may cause the train’s dynamic response index to exceed the limit, 385 

which needs the attention of researchers. Additionally, the track surface will appear 386 

both dry and wet states for the tunnel shielding, and the wheel-rail will experience dry 387 

and wet contact conversion during the vehicle's entry and exit from the tunnel. This 388 

could further exacerbate the deterioration of the wheel-rail relationship and result in 389 

the train derailing (Chen et al., 2020; Wu et al., 2022). 390 

Next, the relationship between the wind-rain load amplitudes of the three 391 

carriages and the Uif is analyzed under the condition of a constant rain phase. The 392 

aerodynamic amplitudes of the three carriages are basically positively correlated with 393 

the Uif. This is because the influence of crosswind speed on aerodynamic amplitude 394 

dominates throughout operation. It is worth noting that in the head and tail trains, the 395 

Cmx is negatively correlated with the Uif, while the Cmx of the middle train has no 396 

obvious linear relationship with the Uif. This is because wind speed not only increases 397 

the rolling moment value of the train before the meeting, but also changes the pulse 398 

peak generated by the train during the meeting, which leads to the fact that the 399 

amplitude of the rolling moment of different carriages is not significantly related to 400 

the change in wind speed. 401 
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Fig. 5. Time history curve of wind-rain loads of the train under different conditions: 407 

(a-e) represent the Cy, Cz, Cmx, Cmy and Cmz, respectively. Subscripts 1, 2 and 3 408 



 

 

represent the corresponding head, middle and tail trains, respectively. 409 

Table 2 Comparison of wind-rain load coefficients under Uif20 and I0 and Uif20 and I400. 410 

 
Uif20 and I0 Uif20 and I400 

Head train Middle train Tail train Head train Middle train Tail train 

yC
 

0.064 0.088 0.061 0.068(6.25%) 0.088(0.00%) 0.061(0.00%) 

zC
 

0.189 0.061 0.013 0.193(2.12%) 0.065(6.56%) 0.009(-30.77%) 

mxC
 

0.001 0.003 0.002 0.001(0.00%) 0.004(33.33%) 0.003(50.00%) 

myC
 

0.248 0.010 0.124 0.272(9.68%) 0.019(90.00%) 0.143(15.32%) 

mzC
 

0.194 0.033 0.012 0.214(10.31%) 0.031(-6.06%) 0.021(75.00%) 
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Fig. 6. Normalized wind-rain loads amplitude: (a) head train; (b) middle train; (c) tail 412 

train. 413 

3.2. Characteristic surface of the wind-rain loads 414 

To further analyze the impact of rainfall intensity and wind speed on the C  and 415 

C of the train in the first and second stages. Considering that during the entire 416 

operation, the wind-rain load of the head train is generally higher than those of the 417 

middle and tail trains. Fig. 7 shows the average wind-rain loads and its amplitude 418 

characteristic surfaces of the head train at wind speeds of 20 m/s, 25 m/s and 30 m/s, 419 

respectively, when the rainfall intensity is 0, 100, 200, 300 and 400 mm/h, 420 

respectively. The feature surface is fitted using a 3D plane equation ( c ifz a bI U= + + ), 421 

and when the coefficients b and c are positive or negative, it means that the wind-rain 422 

loads are positively or negatively related to I and Uif, respectively. The magnitudes of 423 

b and c represent the strength of the wind-rain loads affected by rainfall intensity and 424 

wind speed. The gray lines in the figure represent contour lines. Based on this, the 425 

wind-rain characteristic surface given in Fig. 7 can provide a reference value for 426 



 

 

engineering builders and subsequent researchers who study wind-rain loads. 427 

According to the analysis of Fig. 7, the average wind-rain loads and their 428 

amplitude have a significant linear correlation with Uif and I. Analyzing the 429 

relationship between wind-rain loads (including average value and amplitude) and 430 

rainfall intensity, it can be seen that the average wind-rain loads are positively 431 

correlated with rainfall intensity because the increase in the volume fraction of the 432 

rain phase leads to an increase in the impact of the wind-rain loads on the train. Cy, 433 

Cz, Cmz are positively correlated with rainfall intensity, while Cmx and Cmy are 434 

negatively correlated with rainfall intensity, which may be due to the influence of the 435 

water film attached to the train body on the pulse force generated during the meeting. 436 

It is worth noting that with the increase in rainfall intensity, the average wind-rain 437 

moments are faster than the change rate of wind-rain forces, and the change rate of 438 

ymC  reaches 2.3 times that of zC , and the change rate of zmC  reaches 4.9 times that of 439 

yC ; the amplitude of wind-rain loads also shows this phenomenon, and the change 440 

rate of zmC  reaches 4.8 times that of yC . This shows that the rain phase has a higher 441 

degree of deterioration than the yawing and pitching attitude of the train when 442 

running on the embankment and the pitching attitude at the meeting. As the intensity 443 

of rainfall increases, wind-rain moments deserve more attention than wind-rain forces. 444 

Analyzing the relationship between wind-rain loads (including average value and 445 

amplitude) and wind speed, it can be seen that the average wind-rain loads and its 446 

amplitude are positively correlated with wind speed (except for Cmx). It is worth 447 

noting that as wind speed increases, the change rate of the average wind-rain forces is 448 

higher than that of the wind-rain moments; the change rate of yC reaches 3.4 times 449 

that of zmC ; a similar phenomenon is not found in the change law of the amplitude of 450 

the wind-rain loads and wind speed, which may be caused by the influence of the 451 



 

 

meeting. Finally, comparing the influence of Uif and I on wind-rain loads (including 452 

average value and amplitude), it can be seen that the average wind-rain loads and their 453 

amplitude are significantly more affected by wind speed than rainfall intensity. For 454 

example, for the average lift force and its amplitude, c is 1248.8 and 1420.9 times that 455 

of b, respectively. This is mainly because the volume fraction of the rain phase is 456 

small, and the increase in I has a weak effect on the aerodynamic loads of the train 457 

compared to the increase in Uif. 458 

 459 

 460 



 

 

 461 

 462 

 463 

Fig. 7. Characteristic surface of the wind-rain loads (including average value and 464 

amplitude) with wind speed and rainfall intensity: (a-e) represent the Cy, Cz, Cmx, Cmy 465 

and Cmz of the head train, respectively. Subscript 1 and 2 represent before and during 466 

the meeting, respectively. 467 

4. Discussion about the flow field mechanism 468 



 

 

4.1. One train running on the embankment 469 

4.1.1. Distribution of pressure coefficient 470 

The distribution of pressure is an aspect that reflects the train’s aerodynamic 471 

performance. In the second stage, the wind-rain force of the carriage is mainly 472 

dominated by the pulsating impact of the train, so the pressure coefficient at a single 473 

moment in this stage is not suitable for analyzing the difference between working 474 

conditions. In the first stage, the wind-rain loads of the train are basically stable with 475 

time, and the distribution law of the pressure coefficient is basically stable, which can 476 

help better analyze the difference between different cases. Therefore, the pressure 477 

coefficients of the horizontal plane and the cross section at the time of t=0.2 s are used 478 

as representatives to compare the difference in the distribution of pressure coefficients 479 

between different cases. The horizontal distribution of pressure coefficients in Uif20 480 

and I0, Uif20 and I400, Uif25 and I400 and Uif30 and I400 is shown in Fig. 8 in order to 481 

analyze the influence of the rain phase on the pressure coefficient and its distribution 482 

law with the Uif under wind-rain environments. The horizontal contour line is 0.5 H 483 

from the underbody, starting from the tail train’s nose tip (O1), passing through the 484 

windward side body to the head train’ nose tip (O2) and then returning to the O1 485 

through the leeward side body. The pressure coefficient’s cross-sectional distribution 486 

in the four cases is shown in Fig. 9, and subscript 1, 2, 3 corresponds to sections S1, 487 

S2 and S3, respectively. Each carriage set three cross-sections, and the cross-sections 488 

of the head train are named H-S1, H-S2, H-S3 respectively; the cross-sections of the 489 

middle train are named M-S1, M-S2, M-S3; the cross-sections of the tail train are 490 

named T-S1, T-S2, and T-S3, and the specific location of the cross-section is shown in 491 

Fig. 9. The calculation formula of pressure coefficient is showed in Eq. 16. 492 
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where pC  represents the pressure coefficient, faceP represents the pressure of the train 493 

wall, 
0P  represents the reference pressure in the calculation domain,   represents the 494 

air density, 
aV  represents the couple velocity between the train and incoming flow. 495 
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Fig. 8. Horizontal distribution of pressure coefficient around the train A. 497 
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Fig. 9. Cross-sectional distribution of pressure coefficient around the train A: (a) head 503 

train of the train A; (b) middle train of the train A; (c) tail train of the train A. 504 

Subscript 1, 2 and 3 represent the S1, S2 and S3 slices of the corresponding carriages, 505 

respectively. 506 

As can be seen from the analysis in Fig. 8, the difference between the with or 507 

without rain phase is mainly reflected in the head and tail train’s nose tips, while there 508 

is no significant difference in the constant section body. Under rainy conditions, the 509 

positive and negative pressure at the head train’s nose tip is about 2% higher than that 510 

pure crosswind, and the positive and negative pressure at the tail train’s nose tip is 511 

about 12.5% and 6% lower than that of pure crosswinds. This reason is mainly 512 

because the windward side of the head train’s nose tip is affected by the impact of the 513 

rain phase and the pressure increases, and the negative pressure on the leeward side 514 

increases due to the around flow’s acceleration. But, the development of the vortex 515 

structure is interfered with by the rain phase around the tail train’s nose tip. This 516 

further explains the effect of the rain on the head and tail train’s lateral forces in Fig. 5. 517 

When the wind speed changes, the windward side’s pressure coefficient distribution is 518 

close, and the leeward side’s pressure coefficient distribution is quite different. This is 519 

caused by the acceleration of the incoming flow through the train body and the 520 

instability of the vortex structure that is constantly evolving on the train body’s 521 

leeward side. This is also the primary cause of the small difference in the positive 522 

pressure region in the ring pressure coefficient in Fig. 9, and the large difference in 523 



 

 

the negative pressure region. 524 

In the cross-sectional distribution of the pressure coefficient, the difference in 525 

rain phase is mainly reflected in H-S1 and T-S2, and there is no significant difference 526 

in other cross-sectional positions. For example, in the H-S1 section, the head train’s 527 

windward roof can be found to be 38.8% greater in rainy conditions than in a pure 528 

crosswind. This difference gradually disappeared as the contour line reaches the 529 

windward side, and no significant differences caused by the rain phase are found on 530 

the train’s windward side or the underside, but the difference in the rain phase 531 

reappeared on the train’s leeward side. This indicates that the rain phase affects the 532 

flow around the roof at the variable section and the strength of the vortex structure 533 

corresponding to the leeward side. Further explanation is as follows: the rain phase 534 

causes the roof to accelerate around the flow, and then the negative pressure increases, 535 

and the lift force increases; considering the lateral impact effect of rain phase, it is 536 

finally manifested as the phenomenon of increased lateral force. In addition, it can be 537 

found that the degree of pressure coefficient fluctuation at the variable section of the 538 

head and tail trains in these four cases is significantly more severe than that at the 539 

equal section, mainly because the variable section not only has accelerated around 540 

flow but also has uneven shear of the longitudinal velocity of the fluid caused by 541 

longitudinal geometric asymmetry. This shows that the head and tail trains’ 542 

aerodynamic performance is more susceptible to wind-rain deterioration than the 543 

middle train, especially the variable section. Except for the head and tail trains’ 544 

variable sections, the difference on the windward side’ pressure coefficient of other 545 

sections decreases as wind speed increases, whereas it increases on the underbody, 546 

leeward side and roof. This demonstrates that as wind speed increases, the winding of 547 

the roof and the development and shedding of the train's leeward vortex structure 548 



 

 

become more important in the study of the train's aerodynamic performance. 549 

4.1.2. Spatial distribution of rain phase 550 

In order to analyze the spatial distribution differences of rain phase under 551 

different rainfall intensities and wind speeds, Fig. 10 shows the rain phase’s volume 552 

fraction around the train under the cases in Table 1 at the time of t=0.2 s. Since the 553 

rain phase is not added to Uif20 and I0, it is not considered in Fig. 10. Each case uses 554 

three slices, located in the middle of the three carriages. 555 

According to the analysis of Fig. 10, the spatial distribution difference of the rain 556 

phase between various cases is primarily represented in the head train’s leeward side, 557 

with no significant difference between the middle and tail train. For middle and tail 558 

trains, when the wind speed is constant and the rainfall intensity increases, there is no 559 

significant difference in the distribution of rain phase. When the rainfall intensity 560 

remained constant and the wind speed increases, the spatial distribution area of the 561 

rain phase on the leeward side of the roof gradually increases. Furthermore, in the 562 

same case, the head train’s leeward side has a higher rain phase volume fraction than 563 

the middle and tail trains. This reveals the reason for the difference in the distinction 564 

of the head train’s pressure coefficient caused by the rain phase in Section 4.1.1. To 565 

facilitate analysis, the head train’s leeward area is simply divided into four zones (z1, 566 

z2, z3 and z4) according to the difference in volume fraction. Among them, the z1 567 

area is close to the leeward side wall of the train, and its volume fraction is at least 568 

close to 0 due to the blocking of the train body and the carrying effect of the wind on 569 

the rain phase; z2 is the area with the highest volume fraction of the rain phase on the 570 

train’s leeward side, which is greatly affected by rainfall intensity and wind speed. An 571 

interesting phenomenon occurs in area z3; that is, although the height of z3 is close to 572 

the roof of the train, its volume fraction is smaller than that of areas z2 and z4 on both 573 



 

 

sides. The reason for this phenomenon may be that: because the density of the rain 574 

phase is much higher than that of the air, after the incoming flow bypasses the roof, 575 

the rain phase is affected by gravity and moves downward, and the wind phase 576 

maintains the original movement trend, which in turn leads to the diversion 577 

phenomenon between the rain and wind phases. z4 region represents the volume 578 

fraction in the domain environment, which is mainly affected by the intensity of 579 

rainfall. Under the condition of constant wind speed, the slope of the dividing line of 580 

z2 and z3 is roughly the same, while the slope of the dividing line of z2 and z3 581 

gradually decreases under the condition of increasing wind speed. It can be speculated 582 

that the slope of the dividing line between z2 and z3 has a high correlation with the 583 

incoming wind speed. The red area in the z2 region expands with the increase of I, 584 

while the area in the z1 region is continuously compressed. This means that the 585 

influence range and intensity of rain relative to the flow field on the leeside of the 586 

train increase, which is also the reason why the lateral force of the train increases with 587 

the intensity of rain. With an increase in wind speed and constant volume of rain 588 

phase, the area of z1 continues to grow, the area of z2 continues to decrease and 589 

gradually moves towards the roof, and z3 gradually moves away from the train and 590 

downstream. Since the volume fraction of rain phase in z1 region is almost 0 under 591 

these working conditions, it can be inferred that if the rainfall intensity is unchanged, 592 

the increase of wind speed will weaken the influence of rain on the flow field on the 593 

train’s leeward side. 594 

In order to reveal the mechanism of the influence of rain phase on the turbulent 595 

intensity of the wind phase, the cross-sectional slices in Uif20 and I0 and Uif20 and I400 596 

are shown in Fig. 11, and the slice position is the same as in Fig. 10, colored by 597 

turbulence intensity, which describes the fluctuation of wind speed. It is clear from the 598 



 

 

analysis of Fig. 11 that the turbulence intensity is significantly influenced by the rain 599 

phase. First, the rain phase will increase the fluid’s turbulence intensity on the head 600 

train’s leeward side. For example, the red area on the head train’s leeward side in Uif20 601 

and I400 is significantly larger than the corresponding position in Uif20 and I0, and this 602 

difference position corresponds to the region with a higher volume fraction of the rain 603 

phase in Fig. 10. The reason for this phenomenon may be that the rain phase is 604 

separated by gravity with the wind phase on the train’s leeward side, which leads to a 605 

difference in flow velocity between the area with a high rain volume fraction and the 606 

area with a low rain volume fraction, thereby promoting the development of 607 

turbulence intensity. In addition, the water film adhering to the train body’ surface 608 

also affects the flow speed of the wind phase around the train. The phenomenon of 609 

increasing turbulence intensity in the rain phase is also reflected in slices 2 and 3 in 610 

Fig. 11, while the turbulence intensity on the corresponding carriage’s leeward side 611 

does not increase significantly. This is mainly because the rain phase near the middle 612 

and tail trains in the Uif20 and I400 is mainly distributed in the roof position, while the 613 

rain phase’s volume fraction in the corresponding leeward side position is almost 0. 614 



 

 

Uif:20 m/s

I:200 mm/h

k

310-50

Uif:20 m/s

I:300 mm/h

Uif:20 m/s

I:400 mm/h

Uif:25 m/s

I:400 mm/h

Uif:30 m/s

I:400 mm/h

Slice 1 Slice 2 Slice 3

Head Middle Tail

z1 z2

z3

z4

z1 z2

z3

z4

z1
z2

z3

z4

z1
z2

z3

z4

z1 z2

z3

z4

Leeward Leeward Leeward

 615 

Fig. 10. Volume fraction distribution of rain phase at t=0.2 s. 616 
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Fig. 11. Comparison of turbulence intensity with or without rain phase. 618 

4.2. Evaluation of wind-rain field during the meeting 619 

In order to reveal the spatiotemporal evolution mechanism of the wind-rain field 620 

during the meeting. Fig. 12 shows the horizontal pressure cloud around the train at 621 



 

 

different characteristic locations in Uif20 and I0, Uif20 and I400 and Uif30 and I400. Figs. 622 

13 and 15 show the spatial transient distribution of pressure and rain phase at different 623 

carriage cross-sections at three feature positions, and the position of the carriage 624 

cross-section is consistent with the position of the section in Fig. 10. In the analysis 625 

process, the rainfall intensities of 0 mm/h and 400 mm/h are selected as 626 

representatives to analyze the difference in rain phase on the pressure field, and the 627 

incoming flow velocities of 20 m/s and 30 m/s are chosen to analyze the influence of 628 

wind velocity on the pressure field. 629 

Based on the distribution characteristics of rain phase in Section 4.1, the train’s 630 

leeward side is still the focus area. From the red oval area in Fig. 12(a), it can be seen 631 

that the leeward side’s negative pressure of under the conditions of Uif20 and I400 is 632 

higher than that of Uif20 and I0. The reason for this phenomenon may be that the rain 633 

phase sandwiched in the wind phase and the water film attached to the roof of the 634 

train cause the roof flow to accelerate, and the acceleration of the roof flow causes the 635 

train’s leeward vortex structure to move away from the body and the negative 636 

pressure to increases. Therefore, compared with pure crosswinds, the pressure 637 

difference between the two sides of the train body under wind-rain conditions 638 

increases, and the lateral deflection attitude of the train body becomes more 639 

significant. 640 

 In addition, under the premise of unchanged rainfall intensity, the windward 641 

side’s positive pressure and the leeward side’s negative pressure gradually increase as 642 

the wind velocity increases, and the aerodynamic performance of the train body will 643 

further deteriorate. The phenomenon of an additional increase in negative pressure on 644 

the train’s leeward side caused by wind-rain phases is also reflected in Fig. 12(b). 645 

It is worth noting that this phenomenon gradually weakens as the train meeting 646 



 

 

progresses. The cause of the wind-rain load fluctuation during the meeting can be 647 

found in the four different characteristic positions in Fig. 12. The pressure in the small 648 

gap between the two trains is essentially unaffected by the rain phase during the 649 

meeting, and the wind-rain loads are primarily controlled by pulsating impacts. The 650 

pulsating impacts comes from the head and wake waves of train B. The aerodynamic 651 

force of train A’s head train stabilizes near zero as it enters the tunnel. Furthermore, as 652 

seen in the red elliptical region of Fig. 12(d), train A's wake vortex interacts with the 653 

flow field surrounding train B as it enters the tunnel. Under rainy conditions, rain 654 

phase will be carried into the wake vortex, and when the wake vortex of train A and 655 

the incoming flow are coupled, the volume fraction of the rain in the tail vortex may 656 

be much higher than the incoming flow, which might have a more significant impact 657 

on train B's aerodynamic efficiency. 658 
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Fig. 12. Horizontal pressure field at different characteristic positions of the meeting 661 

process: (a) X=0 L; (b) X=1 L; (c) X=1.5 L; (d) X=3 L. 662 

According to the analysis of Figs. 1315, it can be further known that the 663 

windward side of the train body belongs to the positive pressure area under wind-rain 664 

environments. At the junction between the windward side and the train roof, the 665 

pressure changes from positive pressure to negative pressure, which is caused by the 666 

acceleration of the incoming flow on the top of the train. At the junction between the 667 

roof and the leeward side, although the pressure is still negative, its negative pressure 668 

strength weakens to a certain extent. In addition, from the head train to the tail train, it 669 

can be found that the center of negative pressure on the leeward side is constantly 670 

moving away from the body. 671 

The difference in the three working conditions is not only reflected in the 672 

leeward side’s negative pressure area, but also has an obvious impact on the windward 673 

side’s positive pressure area. For a single case, the pressure in the positive pressure 674 

zone of three carriages outside the tunnel decreases sequentially, and the leeward 675 

side’s negative pressure increases sequentially. It is challenging to understand why the 676 

head train’s lateral force is the greatest and the tail train’s lateral force is the smallest 677 

in the time history curve when only the cross-sectional pressure is taken into account. 678 

This can be achieved by combining the pressure coefficient curve in Fig. 8 with the 679 

horizontal pressure cloud plot in Fig. 12(a). The vortex structure of the leeward side 680 

of the head train’s cross-sectional section is less developed than that of the middle 681 

train, and its negative pressure value around the head train is slightly lower than that 682 

of the middle train. However, the high positive pressure on the windward side of the 683 

head train’s nose tip and the leeward side’s high negative pressure are the dominant 684 

factors that lead to the huge pressure difference of the head train. The head train’s 685 



 

 

lateral force is therefore larger than the middle train’s under the influence of the 686 

incoming flow. Due to the wake flow, which is the opposite of the aerodynamic effect 687 

of the head train's nose tip, the tail train experiences negative pressure on its 688 

windward side and positive pressure on its leeward side, resulting in a lower lateral 689 

force than the middle train. 690 

For the cross-sectional pressure difference of different working conditions, it can 691 

be clearly observed from the figure that the rain phase increase the pressure value in 692 

the positive pressure area. The main reason for this phenomenon is that the falling 693 

rain phase is affected by the incoming flow to give it a horizontal speed. When the 694 

rain phase impacts on the train’s windward side, part of the energy of the rain phase is 695 

lost and part of it increases the positive pressure due to momentum exchange (Yu et 696 

al., 2021). In addition, combined with the spatial distribution of rain phase and the 697 

pressure cloud map in Fig. 13, it can be found that the rain phase concentrated on the 698 

head train’s leeward side increases the negative pressure value at the corresponding 699 

position. The rain phase distributed in the head train’s leeward side increases the 700 

negative pressure intensity in the corresponding position, while the volume fraction of 701 

rain phase in the middle and tail trains’ leeward sides is close to zero, but the vortex 702 

structure in the corresponding position is affected by the around flow, and the 703 

negative pressure increases. 704 

It can be found that the volume fraction of the rain phase distributed in the head 705 

train’s leeward side gradually decreases under the meeting, and it is difficult to 706 

observe a significant rain phase distribution at the X=1.5 L position. This is mainly 707 

because the head train entering the tunnel is not replenished by the rain phase, and the 708 

rain phase that was originally attached to the train body under the action of the 709 

slipstream gradually separates from the train. It is worth noting that in slice 2 of Figs. 710 



 

 

14 and 15, it can be found that the rain phase’s volume fraction around the train B at a 711 

wind speed of 30 m/s has increased significantly, mainly because the tunnel entrance’s 712 

obstruction of the incoming flow causes a rise in flow near the entrance, which raises 713 

the volume fraction of the rain phase. When the train enters and leaves the tunnel in 714 

wind-rain environments, this phenomenon can further worsen the train’s aerodynamic 715 

performance. 716 
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Fig. 13. Cross-sectional pressure and volume fraction at X=0 L: (a) pressure field at 718 

different slices; (b) the rain phase’s volume fraction at different slices. 719 
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Fig. 14. Cross-sectional pressure and volume fraction at X=1 L: (a) pressure field at 721 

different slices; (b) the rain phase’s volume fraction at different slices. 722 
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Fig. 15. Cross-sectional pressure and volume fraction at X=1.5 L: (a) pressure field at 724 

different slices; (b) the rain phase’s volume fraction at different slices. 725 

5. Conclusions and future works 726 

This paper focuses on the aerodynamic characteristic of trains meeting at tunnel-727 

embankment section under different rainfall intensities and wind speed conditions by 728 

the Eulerian multiphase and SST k- models. The rain phase’s spatial distribution 729 

around the train under different cases and the influence mechanism of the rain phase 730 

on the pressure field around the train are revealed by the flow field. The main 731 

conclusions are as follows: 732 

1. When the train runs alone on the embankment, the average wind-rain loads of 733 

the train are higher than those in the pure crosswind (except for the tail train’s lateral 734 

force and the middle train’s rolling moment). For head train, the yC , myC  and zmC  735 

increased by 6.25%, 9.68% and 10.31%, respectively, under Uif20 and I400. 736 

2. The pulsating pressure between the two trains dominates the train’s wind-rain 737 

loads under wind-rain environments, and the rain phase has a certain amplification 738 

effect on the amplitude of some wind-rain loads. The Cmz of the head, middle and 739 

tail trains increased by 10.7%, 10.1% and 13.7%, respectively. When the train is in a 740 

critical wind speed environment, the amplification effect of the rain phase on wind-741 



 

 

rain loads may cause the train’s dynamic response index to exceed the limit. 742 

3. Moment is more sensitive than force with the increase of rainfall intensity, the 743 

change rate of zmC  reaches 4.9 times that of yC , the change rate of 
zmC  is 4.8 times 744 

that of yC ; the average wind-rain force change rate is higher than that of wind-rain 745 

moment with a rise in wind speed, the change rate of yC  reaches 3.4 times that of zmC ; 746 

no similar law is found in the change law of wind-rain amplitude and wind speed, 747 

which may be caused by the influence of the meeting. 748 

4. The distinction in the rain phase’s spatial distribution between various wind 749 

speed and rainfall intensity conditions is mainly reflected on the head train’s leeward 750 

side, and there is no significant difference between the middle and tail trains. The rain 751 

phase on the head train’s leeward side can be divided into four regions according to 752 

the difference of volume fraction. 753 

5. The rain phase increases the positive pressure on the head train’s windward 754 

side and the leeward side’s negative pressure and turbulence intensity, which 755 

promotes the vortex structure of the middle and tail trains away from the carriage. 756 

In this paper, the spatial distribution of rain phase around the train and the 757 

influence mechanism of rain on the flow field around the train are determined, and the 758 

sensitivity of different wind-rain loads to the increase of wind speed and rainfall 759 

intensity under different operating conditions (one vehicle or two trains meeting) is 760 

analyzed. But the current research work is that there is still some room for further 761 

exploration. 762 

1. In the process of rainfall, the rain phase is composed of raindrop with different 763 

particle sizes, so determining the spatial distribution of raindrops with different 764 

particle sizes around the train and their contribution to the aerodynamic force of the 765 

train can provide guidance for subsequent researchers in the selection of rain phase. 766 



 

 

2. This paper only discusses and analyzes the transient aerodynamic performance 767 

of trains under different wind speed and rainfall intensity. The next work we need to 768 

do is the dynamic response index and driving safety under wind and rain environment. 769 

This is conducive to the safety evaluation of high-speed train running in rainy days at 770 

the tunnel entrance. 771 

3. Under wind and rain environment, a water film will be attached to the track 772 

surface. For the operation scenarios such as tunnel and embankment, dry rail surface 773 

inside the tunnel and wet rail surface outside the tunnel are bound to occur. The 774 

existence of water medium between wheel and rail will affect the creep force and 775 

other indicators. Therefore, it has a broad prospect to study the influence of wheel-rail 776 

dry and wet conversion conditions on vehicle running safety at tunnel entrance. 777 
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