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Abstract Severe weather, especially strong rain-loaded wind, appears in coastal areas frequently.

The strong wind driving raindrops worsens the wind effect and aggravates its impact on the intercity

railway bridge and running trains. Based on the Euler multiphase model, for evaluating the effect of

raindrops in wind and rain environment on running trains, a numerical simulation approach was

adopted in this study, and the influence of the crosswind speed and rainfall with varying character-

istic parameters on the aerodynamic performances of intercity trains was analysed. The results

showed that the airflow around the train drove some raindrops to show a parabolic projectile fea-

ture, and the projectile distance increased as the crosswind speed increased, but the projectile dis-

tance showed no noticeable change with the rise in the rainfall, because the impact of the

crosswind played a dominant role, while the raindrops provided additional effects in the wind

and rain environment. Furthermore, in the wind and rain environment, as the crosswind speed

increased and compared to that of the 10 m/s conditions, an increase of 354.37 %, 369.60 %

and 355.07 % in CS, CL and CM of the whole train was shown in 30 m/s wind speed conditions,

respectively, while, as the rainfall increased to 100 mm/h compared to that of the 20 mm/h, an

increase of 6.41 % and 6.25 % in CS and CM of the whole train, as well as a decrease of 0.71 %

in CL of the whole train was shown, respectively.
� 2022 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Alexandria

University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Given the rising passenger volume of intercity commuters and

demand for diverse transportation in metropolitan areas [1],
intercity railways have rapidly developed in the urban agglom-
eration areas of China due to their high speeds, large volumes,

safety, and reliability [2–8]. In recent years, bridges have
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played a dominant role in intercity railways owing to the inte-
grative development of various modes of transportation
between cities. However, compared to those running on the

ground, the aerodynamic characteristics and safety of trains
running on viaducts are more complicated, under the influence
of environmental winds [9–15], which pose a significant threat

to the operational safety and stability of intercity trains on
bridges [16–21]. In addition, the coastal urban agglomeration
in southeast China is located in the monsoon climate region.

These areas are mainly affected by the wet warm airflow from
the ocean in summer and are disturbed by strong convective
weather, such as typhoons, accompanied by severe monsoon
rainfall, which forms the combined effect of wind and rain.

The strong wind driving raindrops in the wind and rain envi-
ronment worsens the turbulent effect of pulsating wind, which
aggravates its impact on intercity trains running on bridges.

Large areas and continuous strong wind and rain will have sig-
nificant impacts on the regular operation of trains, such as
causing train malfunctions, delays, and even overturning acci-

dents [22]. In light of this, the aerodynamic characteristics
associate with trains on bridges under the combination of wind
and rain therefore require an in-depth analysis.

The impact effect of raindrops driven by wind on structure
surfaces has attracted extensive attention in engineering fields
such as buildings [23,24] and bridges [25], and the transporta-
tion field [26–29]. However, in terms of the high-speed trains,

performing a full-scale experiment and wind tunnel test for
investigating the aerodynamic performances in wind and rain
environments is a tough challenge, owing to cost and technol-

ogy factors. Therefore, researchers have mainly used numerical
simulations to carry out research, for example, Shao et al. [26]
adopted an Euler multiphase model to analyse the aerody-

namic characteristic and operational stability of trains on the
ground under heavy rain. In addition, Yue et al. [30] indicated
that, under the force of rain-load wind, the operational stabil-

ity of trains tends to reduce when a train runs on the ground,
due to its aerodynamic loads increased. Furthermore, some
researchers used a coupled Eulerian–Lagrangian method to
simulate wind and rain environments. Jing and Gao [31] pro-

posed a combined method using a turbulent model and a dis-
crete phase model to analyse the raindrop density distribution
around the carriage of a train with different crosswind speeds

and amounts of rainfall. Du and Ni [32] further revealed the
influence of raindrop particles on the airflow around the train
base on the lower atmospheric boundary layer wind field using

the Marshall–Palmer raindrop spectrum model. Yu et al. [33]
analysed the airflow characteristics around a train on the
ground and the relation between the aerodynamic load coeffi-
cient and rainfall at different operating speeds.

As mentioned above, trains running on the ground have
been the subject of previous studies focusing mainly on their
aerodynamic performances. Different from earlier studies,

based on the three-dimensional numerical simulation method
and Euler multiphase model, an intercity train operating on
a bridge under rain and wind environments in terms of its com-

prehensive aerodynamic performances were taken into account
in this work, and the influences of different parameters of the
wind and rain environment were also considered in detail.

Section 2 describes the numerical details, including the
parameter settings of the wind and rain, computational model,
domain, mesh generation, and solve settings. Section 3
describes the validation of the numerical method. Then, a
detailed result analysis and discussion are presented in Sec-
tion 4. Finally, the main conclusions are drawn in Section 5.

2. Numerical method

2.1. Governing equations

Due to the large number and discontinuous feature of rain-
drop particles in a numerical simulation of the wind and rain

environments, turbulent transport around the train affects its
aerodynamic performance significantly. As the Euler multi-
phase model can comprehensively explore in great detail of

raindrops’ turbulent action on the aerodynamic characteristics
of complex objects [26], in the current work, an Euler multi-
phase model was used to carry out the numerical simulation

of the wind and rain coupled environment. The Euler multi-
phase model distinguishes different independent phases based
on the physical properties and dynamic responses of the mate-
rials, so both air and raindrops with different diameters were

regarded as a continuous medium, and the volume fraction
was introduced to represent the volume ratio of each phase
in the flow field to solve the governing equations [34].

2.1.1. Wind phase

Most of the flow phenomena associated with trains are turbu-
lent flow phenomena, so a turbulence model was adopted in
this paper. Due to higher computational requirements and
time costs, the large eddy simulation (LES) and detached eddy

simulation (DES) are hard to using for engineering application
research, even if they can capture more detailed flow struc-
tures. Nevertheless, for resolving engineering turbulence in

train aerodynamics, the Reynolds-averaged Navier–Stokes
(RANS) method based on the standard k-e turbulence model
is also suitable for simulating the flow field around a train in

crosswind conditions using similar geometries, owing to its
better computational cost, stability, and accuracy [35–37]. Fur-
thermore, for the wind phase, using the standard k-emodel can
achieve good consistency with experimental results in the study

of building structures under wind and rain environments
[38,39]. Therefore, the steady standard k-e turbulent model
was adopted herein, and the governing equations for the wind

phase in the present work based on the steady standard k-e
model were described by the following equations [38]:
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where qa denotes the density of air, p represents the pressure,
sij is the Reynolds stresses, Gk is the generation of turbulence
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kinetic energy, rk and re represent the turbulent Prandtl num-

ber corresponding to the turbulence kinetic energy k and the
turbulence dissipation rate e, respectively, l represents the
dynamic viscosity of air, and lt represents the dynamic turbu-

lent viscosity of air. For the standard k-e model, the following
model constants were specified, which were widely used in rel-
evant research of wind and rain environment simulations pre-
viously[38–41]: C1e = 1.44, C2e = 1.92, Cl = 0.09, rk = 1.0,

and re = 1.3.

2.1.2. Rain phase

In order to describe the multiphase flow by a continuous phase

with mutual permeability, the volume fraction was introduced.
According to this term, each phase occupied a different volume
in the flow field. For additional phase representing the rainfall,

the multiphase governing equations of the mass and momen-
tum conservation can be written as follow [39]:
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where ak is the volume fraction of kth rain phase, uk,i and uk,j
denote the velocity components of kth rain phase along the i
and j directions, respectively, ui is the wind velocity component
in the i direction, qw denotes the raindrop density, g represents
the gravitational acceleration, and CD and Rep represent the

raindrop drag coefficient and the relative Reynolds number,
respectively.

2.2. Parameters of wind and rain environment

2.2.1. Initial condition of wind field

To accurately assess the wind and rain effect on a train on a
bridge, the initial condition of the crosswind was determined
by the lower atmospheric boundary layer wind field. For the

average wind speed profile of horizontal uniform terrain, the
regularity of exponential distribution in height can be
described as follows [42]:

vwind
vwindr

¼ h

h0

� �a

ð8Þ

where vwind is the average crosswind speed at the height of h,

vwindr donates the average crosswind speed at the standard ref-
erence height, h represents the height, and h0 and a are the
standard reference height and ground roughness index, respec-

tively. According to previous studies of the railway terrain [43–
46], in open terrain, h0 = 10 m and a = 0.16. The crosswind
speed range of 10–30 m/s and interval of 5 m/s were considered

in the present study.

2.2.2. Raindrop size distribution

The proportions of raindrops with different diameters in the

rainfall are the called raindrop size distribution, which makes
it possible to be determined into different groups depending
on the raindrop size spectrum, based on the modified K distri-
bution function [47].

N D;Rð Þ ¼ N0D
be�KD ð9Þ
where D represents the raindrop diameter, b donates an expo-

nential constant equal to 2.93, and N0 and K are functions of
the rainfall amount R. N0 and K are described as follows,
based on the standard atmospheric pressure:

N0 Rð Þ ¼ 1:98� 10�5R0:186 1:047� 0:0436 lnðRÞ þ 0:00734ðlnðRÞÞ2
h i

ð10Þ

K Rð Þ ¼ 5:38� R0:186 ð11Þ
2.2.3. Terminal velocities of raindrops

When the gravity and aerodynamic forces are combined, the
velocity of a raindrop increases gradually with the increase

in the falling distance until it reaches an equilibrium state
and falls at a constant speed. The terminal velocity of rain-
drops can be expressed as follows, based on the Atlas model

[48]:

VtðDÞ ¼
0;

4:323ðD� 0:03Þ;
9:65� 10:3e�0:6D;

8><
>:

D 6 0:03 mm

0:03 mm < D 6 0:6 mm

D > 0:6 mm

ð12Þ
where Vt (D) is the terminal velocity of the raindrop.

2.2.4. Drag coefficient

The motion of raindrops in the flow field is mainly determined

by the gravitational and drag forces [49]. Under the wind and
rain conditions, due to the flow field around a train presents
the high-Reynolds-number characteristics of under the action

of strong crosswinds, the Morsi–Alexander model was intro-
duced to describe the drag forces on the raindrops. The equa-
tion of motion of a single raindrop can be expressed as follows

[34]:
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2
qq vp
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where phases p and q donate the rain phase and wind phase,
respectively, Ap represents the surface area of a spherical rain-

drop, mp donates the mass of a single spherical raindrop, qq
donates the physical density of phase q, vp

! and vq
! are the

velocities of phases p and q in the space coordinate, respec-
tively, and CD and Rep are the drag coefficient and relative
Reynolds number, respectively, which can be expressed as fol-

lows [34]:
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where, a1, a2, and a3 are constant, which is referenced by
ANSYS [34].

2.2.5. Volume fraction of rain phase

Based on the terminal velocity, rainfall, and raindrop size dis-
tribution, the volume fraction ak of the rain phase with rain-
drop size D can be expressed as follows [50]:

ak ¼ RfhðD;RÞ
VtðDÞ

1� 10�3

3600
ð16Þ



Fig. 1 Variation of raindrop terminal velocity with particle

diameter.

Fig. 2 Variation of raindrop volume fraction with particle size

for different rainfall amounts.
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where fh (D,R) denotes the fraction of the rain flux correspond-

ing to raindrops with diameter D, which is given by [50]:

fhðD;RÞ ¼ D3NðD;RÞVtðDÞR1
0

D3NðD;RÞVtðDÞdD ð17Þ

The terminal velocities and volume fractions of raindrop
particles with different raindrop diameters are shown in Figs. 1

and 2, respectively, which shows that the volume fraction of
raindrops smaller than 1.50 mm was significantly higher than
that of the others. Due to the relative concentration of the

raindrop distribution, the raindrop particle diameters with
higher volume fractions can be grouped to represent the rain-
drop distribution with similar sizes in the flow field space.

Based on the above analysis, raindrops with diameters of
0.25–1.50 mm were selected for numerical calculations, and
the particle size grouping interval was 0.25 mm. A rainfall
range of 0–100 mm/h with an interval of 20 mm/h was consid-

ered in this paper.

2.3. Computational model

An intercity train comprising three cars was investigated in this
work. As shown in Fig. 3, the lengths of the head and tail cars
were both 25.45 m, and that of the middle car was 24.50 m.

The total length, width, and height were L = 76.30,
W = 3.33, and H = 3.86 m, respectively. As shown in
Fig. 4, the total width and height of the bridge were 12.2

and 3.5 m, respectively, and it was 15.0 m above the ground.

2.4. Computational domain and boundary conditions

Fig. 5 shows that the total length, width, and height of the

computational domain were 53H, 72H, and 20H, respectively,
where H is the height of the train. The distance between the
nose of the streamlined head car and the face ABCD and the

transverse distance between the centre line of the train and
the face BFGC were both 24H.

In terms of boundary conditions setting, the faces ABCD

and BFCG were both set as a velocity-inlet, and the incoming
flow was initiated with the velocity component in the velocity-
inlet boundary conditions, as shown in Fig. 6. The faces

EFGH and AEHD contrasted to the velocity-inlet were set
as zero-pressure-outlet boundary conditions. In order to
ensure that the results could be compared, the top surface
DCGH was also set as a velocity-inlet, with a value of zero.

Because it was far from the geometric model, the boundary
condition setting of the top face would not affect the flow field
around the train and bridge. Besides, for a realistic simulation

of relative motion, all of the surfaces on the ground and the
bridge were configured as moving no-slip walls and same with
the train speed. Also, the stationary wall boundary conditions

were configured to both train and bogie surfaces.
In the wind and rain environment, the boundary conditions

were the same as in the crosswind simulation. For the rain
phase, considering the effect of rain driven by crosswinds,

the raindrops were released from the top face DCGH, front
face ABCD, and side face BFGC. Furthermore, there are
assumed no relative motions between the rain phase and wind

phase in the horizontal direction, which means that the veloc-
ities of the raindrops were determined to be the same as the
velocities of incoming flow in the horizontal direction, and
the vertical velocities of the raindrops were determined by for-

mula (12). The initial volume fraction of raindrops at the inlet
of the computational domain was determined by formula (16).

2.5. Grid generation

The domain was discretised based on an unstructured trimmer
grid in Star-CCM+. The grid was finer around the complex
structures of the train, such as the bogie and the region around

the train cars, to capture details of occurring flows close to the
structures. Considering to avoid the mesh sensitivity, a coarse
mesh consisting of 10 million cells, a medium mesh consisting

of 25 million cells, and a fine mesh consisting of 40 million cells
were established, and the coefficients of the side force CS, lift
force CL, and rolling moment around the leeward side rail

CM of each carriage of the train were compared. These are
defined as follows:

CS ¼ FS= 0:5qAV2
couple

	 

ð18Þ

CL ¼ FL= 0:5qAV2
couple

	 

ð19Þ

CM ¼ MT= 0:5qAlV2
couple

	 

ð20Þ



Fig. 3 Intercity train model.

Fig. 4 Intercity train and bridge.

Fig. 5 Computational domain.

Fig. 6 Definition of coupled wind speed parameters.

Aerodynamic characteristics of intercity train running on bridge 877



878 G.-Z. Zeng et al.
where FS, FL, and MT are the side force, lift force, and rolling

moment around the leeward side rail of the train, respectively;
A and l represent the reference area with 11.22 m2 and the ref-
erence length with 3 m for the full-scale size, respectively [51]; q
is the air density; vcouple is a coupled speed based on the train’s
running speed and the crosswind speed, which is defined in
Fig. 6.

The aerodynamic load results of the head car from all

three meshes are shown in Table 1. The deviations ƞ of
the aerodynamic load coefficient between the coarse and
medium meshes were about 5 %, but about 1 % between

the medium and fine meshes, which indicated that it could
meet the need of engineering applications. Considering the
calculation accuracy and computational time cost compre-

hensively, the medium mesh was adequate. Fig. 7(a) and
(b) show the grid on the train, bridge, and bogie surface,
and Fig. 7(c) shows the mesh of the top view of the refine-
ment region. The y+ distribution on the train surface for the

different meshes was in the range of 30–150, meeting the
requirement of the standard k-e turbulence model.

2.6. Solver settings

The flow field was simulated based on the Euler multiphase
model and steady standard k-e turbulence model [39].

Given that the 200 km/h train speed was thought to be
the highest operating speed on China’s intercity line,
Table 1 Computational grid and mesh independence verification.

Mesh CS ƞS CL

Coarse 0.8264 / 0.1349

Medium 0.8063 �2.43 % 0.1278

Fine 0.7987 �0.95 % 0.1264

Fig. 7 Computational grid: (a) grid on train and bridge surface, (b)
according to Anderson [52], the flow could be reasonably
assumed to be incompressible, owing to the corresponding
Mach number Ma < 0.3. Therefore, a pressure-based

incompressible solver was adopted in the current work,
and the Phase Coupled Semi-Implicit Method for Pressure
Linked Equations (SIMPLE) algorithm was employed to

solve the pressure and velocity coupling equations [26].
The gradients in the control volumes were calculated using
the Green-Gauss cell-based method, while convection and

diffusion terms were resolved by the second-order upwind
scheme [48].

3. Result validation

In Section 2.5, the grid generation and mesh independence
were discussed. Due to the high requirements of the train’s

full-scale test and wind tunnel experiment in the wind and rain
environment, there is still no laboratory providing the test con-
ditions and publishing relevant testing data. To verify the reli-
ability of the numerical simulation presented in this paper, two

existing wind tunnel data were employed for validation,
including a train under crosswinds conducted by Zhang et al.
[12], as shown in Fig. 8, while an airfoil suffering wind and rain

coupled action measured by Bezos et al. [53], as shown in
Fig. 9. Furthermore, the numerical method, mesh strategy,
and other relative settings of the simulations related to the

wind tunnel tests were the same as described above.
ƞL CM ƞM

/ �4.6579 /

�5.23 % �4.5546 �2.22 %

�1.11 % �4.5157 �0.85 %

grid on bogie surface, and (c) grid for the computational domain.
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3.1. Wind tunnel test of the train under crosswind

A wind tunnel test for a 1:8 scaled high-speed train under
crosswinds reported previously was used for validation
[16,17]. As shown in Fig. 8, there was one rotated slab with

a 7 m diameter that can rotate 0� to 360� for varying yaw
angles, while other parts are fixed. Besides, approximately
1.06 m of height separated the top of the slab from the ground
of the wind tunnel to reduce the effects of the boundary layer.

The aerodynamic forces of the train were investigated in an
8 m � 6 m large-scale low-speed wind tunnel at the China
Aerodynamic Research and Development Centre based on

six-component balances [12]. The simulation was performed
using wind speed which was the same as the wind tunnel test
at a yaw angle of 19.8�, with a corresponding Reynolds num-

ber of 1.89 � 106 based on the height of the train model and
kinematic viscosity of 1.47 � 10�5 m2/s.
Fig. 8 Wind tunnel and train model (adapted from Zhang et al.

[12]).

Fig. 9 Wind tunnel test schematic diagram and
The discrepancy of the aerodynamic forces between the
wind tunnel test and the simulation, as shown in Fig. 10, indi-
cated that the numerical method used in the present work was

feasible for further CFD analysis, owing to the differences less
than 5 %. Furthermore, the train’s aerodynamic forces were
predominated by the flow structures, so it could also be indi-

rectly proven that the analysis of the flow structures in this
paper was acceptable, and this indirect approach was also used
in previous studies [54].

3.2. Wind tunnel test of the airfoil under wind and rain

For the coupled flow field of the wind and rain, the aerody-

namic performance result of the NACA 64–210 aerofoil mea-
sured by Bezos et al. [53] in the NASA wind tunnel under the
strong rain conditions, as shown in Fig. 9, was used to verify
the accuracy of the numerical method in this paper. The sub-

sonic wind tunnel had a height of 14 ft (4.27 m) and a width
of 22 ft (6.71 m). The aerofoil model had a chord length of
2.5 ft (0.76 m) and a span of 8 ft (2.44 m), which was fixed

by two endplates and placed along the longitudinal centre line
of the wind tunnel, and the rain manifold was placed 25 ft
(7.62 m) in front of the leading edge of the aerofoil. In the sim-

ulations, the computational domain and boundary condition
were established based on the characteristic size of the wind
tunnel and the position arrangement of the model and equip-
ment, as shown in Fig. 11. The face in front of the aerofoil

was set as a velocity-inlet. The dynamic pressure of the incom-
ing flow was consistent with that in the wind tunnel test, and
the initial density of the rain phase was set to 0 g/m3 in the

no-rain condition and 25 g/m3 in the rain condition. The face
opposite to the velocity-inlet was set as a zero-pressure-outlet.
The other faces were set as stationary walls in the computa-

tional domain.
The drag coefficient results of the aerofoil in the wind tun-

nel test and the numerical simulation under no-rain conditions

are shown in Fig. 12(a), while the comparison of the results
parameters (adapted from Bezos et al. [53]).



Fig. 10 Result comparisons between wind tunnel test and numerical simulation: (a) CS and (b) CL.

Fig. 11 Computational domain and grid.
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under rain conditions is shown in Fig. 12(b). The drag coeffi-

cient of the aerofoil showed an increasing tendency as the
attack angle increased under the different conditions. The geo-
metric model of the numerical simulation did not consider the

holder and end plates of the aerofoil, and the rain manifold
placed in the wind tunnel affected the incoming flow in the
Fig. 12 Result comparisons between wind tunnel test and numer
experiment, which led to different results between the numeri-

cal simulation and the wind tunnel experiment at high attack
angles. However, the numerical simulation results were in
good consistency with the wind tunnel experiment at lower

attack angles, and the overall tendency was similar both in
ical simulation: (a) no-rain conditions and (b) rain conditions.
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no-rain and rain conditions, proving the numerical method
was accurate and appropriate for this study.

4. Results analysis and discussions

4.1. Impact of crosswind speed

4.1.1. Raindrop density around train

As the train and bridge were exposed to the wind and rain
environment, the raindrops density around the train and
bridge may reveal the airflow fluctuations situation. Therefore,

to compare the variation of the raindrop density distribution
around the train and bridge, the slices in the middle position
of the head car, middle car, and tail car were chosen for anal-

ysis, as shown in Fig. 13.
Fig. 13 Definition of the loca

Fig. 14 Raindrop density distributions under different
To ensure that the comparison was effective, conditions
with varying crosswind speeds under a rainfall of 60 mm/h
and the train’s running speed of 200 km/h were chosen for

analysis. The raindrop density around each slice of the train
and bridge is shown in Fig. 14. Raindrops in the air impacted
the windward side surface (WWS-S) of the train and bridge

under the action of a crosswind, as shown in Fig. 14. With
the rise of the crosswind speed, the speed of the raindrops dri-
ven by the crosswind also increased, resulting in more rain-

drops covering the WWS-S of the train and bridge and
demonstrating an increasing tendency of the raindrop density.
Furthermore, under the action of gravity, some of the rain-
drops attached to the WWS-S of the train and bridge flowed

down to the bridge floor and ground. Due to the rising trend
of the airflow speed between the windward side and top of
the train, some raindrops driven by the airflow around the
tions of slices on the train.

wind speeds: (a) 10 m/s, (b) 20 m/s, and (c) 30 m/s.
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train exhibited a parabolic projectile feature, as shown by the
red arrows in Fig. 14. The projectile distance, i.e., Lp in Fig. 14,
showed an increasing tendency with the increase in the cross-

wind speed, and the Lp values around the middle car and tail
car were greater than that of the head car, which was likely
because the airflow around the leeward side of the train inten-

sified along the longitudinal direction of the train and bridge.
This phenomenon was also demonstrated in the area between
the windward side and the bottom of the bridge. Meanwhile,

the projectile distances under the bridge were more significant
than at the top of the train at lower crosswind speeds. How-
ever, for the higher crosswind speed, discrepancies in the pro-
jectile distance between the top of the train and the bottom of

the bridge were not evident. Furthermore, the airflow action
caused raindrops that accumulated on the bridge floor to be
thrown along the leeward side of the bridge (LWS-B), as

shown in the regions of the LWS-B in Fig. 14. The projectile
feature was more significant with the increase in the crosswind
speed and rise of the longitudinal direction of the train and

bridge. This was probably because vortices formed and
stretched on the leeward side of the train as well as on the bot-
tom and leeward side of the bridge, driving raindrops to be

thrown to the leeward side. Thus, the raindrop density on
the leeward side of the train and bridge was lower, and this
area demonstrated an increasing tendency as the crosswind
speed increased.

4.1.2. Pressure on train surface

Due to the significant driving effect of the coupled wind

formed by the crosswinds and the slipstream induced by the
train on the raindrops, the head car was impacted by raindrops
more violently than the other carriages of the train. Two lines
on cross-sectional planes in the vertical section, i.e., X-direc-

tions, and horizontal longitudinal section, i.e., Z-directions,
were obtained to estimate the pressure coefficient distribution
of the head car, as shown in Fig. 15(a). The two lines were

all divided into several sections, as shown in Fig. 15(a), (b),
Fig. 15 Definition of the lines on the train surface: (a) loca
and (c). To ensure the effectiveness of the comparison results,
the pressure coefficient Cp is defined as follows:

CP ¼ ðPi � P0Þ=ð0:5qV2
coupleÞ ð21Þ

where Pi is the pressure of a certain point in the space of the
computational domain, and P0 is the reference pressure, which
was 0 Pa.

Under a rainfall of 60 mm/h and the train operating speed
of 200 km/h, the pressure coefficient distributions around dif-
ferent lines are shown in Fig. 16. As shown in Fig. 16(a), under

the crosswind speed of 10 m/s, the pressure coefficient of the
train in the rain and no-rain conditions demonstrated similar
variation trends, which was likely because the impact of the

crosswind played a dominant role in the wind and rain envi-
ronment. On the cross section of the head car, the windward
side surface of the train (section A-B) was significantly affected
by the crosswind, and the surface pressure coefficient was rel-

atively high. Meanwhile, the crosswind drove the raindrops to
impact the windward side surface of the train most violently,
resulting in the pressure coefficient of section A-B under rain

conditions being higher than that under no-rain conditions.
As the curvature changed significantly at the transition arc
from the sidewall to the roof of the train, the airflow separa-

tion led to significant pressure fluctuations in section B-C.
However, in sections B-C and C-D, there were no significant
variations in the pressure coefficient between the rain and

no-rain conditions owing to raindrops being driven by cross-
winds and thrown to the leeward side of the train. For the lee-
ward side and bottom of the train (sections C-D and D-A), the
pressure coefficient variation trends were smaller and gentle

than those of the windward side and roof of the train, respec-
tively. Nevertheless, the crosswind action was weaker than that
of the slipstream induced by the train at lower speeds, which

caused a stronger pressure pulsation to be generated under
the streamlined head of the head car and enhanced the impact
of raindrop particles on its bottom. Thus, a significant discrep-
tion, (b) division of X_Line, and (c) division of Z_Line.



Fig. 16 Pressure distributions around lines: (a) X_Line under rain and no-rain conditions, (b) Z_Line under rain and no-rain conditions,

(c) comparison of different wind speeds of X_Line, and (d) comparison of different wind speeds of Z_Line.
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ancy between the rain and no-rain conditions was evident at

section D-A.
Furthermore, under the crosswind speed of 10 m/s, the

pressure coefficient distribution of the head car in the horizon-

tal direction is shown in Fig. 16(b). Due to the combined
action of the crosswind and slipstream induced by the train,
the windward side surface of the train (section E-F), especially

the side of the train nose near the windward side, was impacted
by raindrops relatively significantly. Therefore, the pressure
coefficient exhibited a significant increasing trend under rain

conditions. With the change of the longitudinal distance, the
surface pressure coefficient showed a gentle declining trend,
with the expected fluctuation characteristics in the windshield
position owing to the airflow separation. The surface pressure

coefficient on the train’s leeward side (section F-E) was lower
than that of the windward side, and the discrepancy between
the rain and no-rain conditions was not noticeable on the lee-

ward side.
As shown in Fig. 16(c) and (d), with the crosswind rising,

the surface pressure coefficient of the train exhibited a similar

variation tendency in the sections of X_line and Z_line, and it
also showed a growing trend. Because the yaw angle increased
with the increase in the crosswind speed under the same oper-

ating speed of the train, the amplitude of the pressure coeffi-
cient on the horizontal section tended to shift in the
longitudinal direction. Thus, the pressure fluctuations on both
sides of the train nose were more significant, as shown in

Fig. 16(d).

4.1.3. Aerodynamic load coefficient

Under the rain and no-rain conditions, as the train ran at
200 km/h, the variations of the aerodynamic load coefficients
of the whole train with the crosswind speed are shown in
Fig. 17. At the same crosswind and operating speed of the

train, the discrepancy percentages of the aerodynamic loads
under rain conditions compared with no-rain conditions are
also shown in the bar graphs in Fig. 17. Under different cross-

wind speed conditions, the CS and CM values of the whole
train increased with the increase in the crosswind speed, as
shown in Fig. 17(a) and (c). Due to raindrops driven by cross-

wind and impacting the train’s surface, the CS of the train
under rain conditions showed an increasing trend compared
with that under no-rain conditions. Furthermore, the discrep-

ancy of CS of the whole train under the rain and no-rain con-
ditions showed a decreasing trend with the increase in the
crosswind speed, which meant that the rainfall had a more
noticeable effect on the CS under low crosswind speeds. The

same variation tendency was evident for CM, because the over-
turning moment of the whole train was produced by the com-
bined action of the side and lift forces of the whole train, and

the side force had a more significant effect.



Fig. 17 Comparison of aerodynamic force coefficients: (a) CS, (b) CL, and (c) CM.
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With the increase in the crosswind speed, a rising trend of
CL of the whole train was evident under rain and no-rain con-
ditions, as shown in Fig. 17(b). Nevertheless, the crosswind
action was weaker than that of the slipstream induced by the

train at lower crosswind speeds, which caused a stronger pres-
sure pulsation to be generated under the bottom of the train
and enhanced the impact of the raindrop particles on its bot-

tom. Thus, the CL of the train under rain conditions tended
to increase compared with that under no-rain conditions.
However, with the gradual increase in the crosswind speed,

more raindrops were driven by the crosswind and brought into
the area around the train, and thus, the effect of raindrops on
the vertical direction of the train was enhanced owing to the

combined action of coupled airflow and gravity. Therefore,
the CL of the whole train under rain conditions showed a
downward trend compared to that under the no-rain condi-
tions at higher crosswind wind speeds. Under the same rainfall,

the aerodynamic loads of the whole train varied as the cross-
wind speed increased at different operating speeds, as shown
in Fig. 18. CS, CL, and CM of the whole train demonstrated

similar trends of increasing with the increase in the crosswind
speed and decreasing with the decrease in the train speed.

As the analysis above, the effect of slipstream induced by

the train combined with the crosswind on the aerodynamic
loads of the train played a predominant role, while the role
of rainfall on the tendency was less influential. Thus, at various
operating speeds of the train, the variation of the aerodynamic

loads impacted by the increased crosswind speeds in different
rainfall was similar. To describe this, the average increase rate,
which was the mean value of the aerodynamic loads at the
Fig. 18 Comparison of aerodynamic force
same crosswind speed and different rainfall and operating
speed of the train, was introduced to show the discrepancy
of CS, CL and CM of the whole train varying with the cross-
wind speed. Compared to the scenario of 10 m/s, the average

increase rate of CS has 79.87 %, 166.77 %, 258.82 %, and
354.37 % increase with the increase of the crosswind speed
in 15, 20, 25 and 30 m/s. Furthermore, based on this quantity,

a minor decrease was noted when the train’s operating speed
rose, while a slight increase was observed as the train’s operat-
ing speed declined. In addition, this regularity was also found

in the average increase rate of CL and CM across the whole
train. Compared to the 10 m/s crosswind scenario, the average
variation of CL of the whole train increased by 79.52 %,

167.71 %, 256.19 % and 369.60 %, while CM of the whole
train increased by 79.93 %, 166.91 %, 259.19 % and
355.07 %, with the increasing of crosswind speed.

4.2. Impact of different rainfall

4.2.1. Raindrop density around train

To ensure that the comparison was reliable, under the cross-
wind speed of 20 m/s and the train operating speed of
200 km/h, the raindrop densities around each slice of the train

and bridge are shown in Fig. 19. With the increase in the rain-
fall in the range of 20–100 mm/h, the raindrop density around
the train and bridge demonstrated a growing trend. Due to the
increased raindrop density with the rainfall increasing, rain-

drops driven by the crosswind were broken and then splashed
and covered the surface of the train and bridge, resulting in the
coefficients: (a) CS, (b) CL, and (c) CM.



Fig. 19 Raindrop density distribution under different rainfall amounts: (a) 20 mm/h, (b) 60 mm/h, and (c) 100 mm/h.
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volume fraction of raindrops on the WWS-S of the train and
bridge increasing. Furthermore, raindrops driven by the air-
flow intensified along the longitudinal direction of the train
and bridge, so the Lp of the tail car from the roof near the

windward side to the leeward side was the longest, while that
of the head car was the shortest, as shown in Fig. 19.

However, with increasing rainfall, differences of Lp at the

same longitudinal slices were not evident, which was likely
because the impact of the crosswind on the flow field around
the structures was predominant while the effects of raindrops

were weaker in the wind and rain environment. Thus, affected
by the airflow separation caused by the bridge and vortex
development, some of the raindrops were affected by turbulent
vortices, and the Lp of the raindrops also showed a trend of

increasing along the longitudinal direction of the train. In
addition, the number of raindrops accumulated on the bridge
floor showed a rising trend with increasing rainfall.

4.2.2. Pressure on train surface

Under the crosswind speed of 20 m/s and the train’s operating
speed of 200 km/h, the pressure coefficient distributions in the

vertical and horizontal longitudinal sections of the head car
are shown in Fig. 20. The rainfall amounts of 20, 40, 60, 80,
and 100 mm/h, representing light, moderate, heavy, torrential,

and heavy rain, respectively, followed similar trends to those of
the pressure coefficient. Furthermore, as shown in Fig. 20(b),
the amplitude shift of the pressure coefficient in the longitudi-
nal direction on the horizontal section was not as significant as
that of the crosswind speed variation. Thus, the increase in the
rainfall had little effect on the airflow around the head of the
train, and the crosswind effect was more significant than the

impact of raindrops on the surface pressure coefficient of the
train under the wind and rain environment.

To investigate the surface pressure coefficient of the train

under different rainfall amounts, the peak values of the surface
pressure coefficients in each section were utilised for compara-
tive analysis, and the variation rate of the peak value of the

pressure coefficient is defined as follows:

gp ¼
Cpr � Cp0

� �
Cp0

� 100% ð22Þ

where Cp0 is peak value of the train surface pressure coefficient
under no-rain conditions, and Cpr is the peak value of the train
surface pressure coefficient for different rainfall amounts.

The peak values and variation rates of the surface pressure

coefficient of the head car for different rainfall amounts are
shown in Tables 2 and 3. With the increase in the rainfall
amount, the effect of the impact of raindrops on the windward

surface of the train was enhanced, and the peak value of the
surface pressure coefficient on the windward side (sections
A-B and E-F) showed a significant increasing trend. However,

the increased rainfall also resulted in an increased number of
raindrops filling the air, and the probability of collision and
fusion under the action of coupled airflow showed a significant



Fig. 20 Pressure distributions around lines: comparison for different rainfall amounts along (a) X_Line and (b) Z_Line.

Table 2 Comparison of the peak values of each section of X_Line.

Section 20 mm/h 40 mm/h 60 mm/h 80 mm/h 100 mm/h

Cp ƞp Cp ƞp Cp ƞp Cp ƞp Cp ƞp

A-B 0.139 1.64 % 0.142 3.63 % 0.144 5.76 % 0.148 8.06 % 0.151 10.43 %

B-C 0.691 �0.40 % 0.687 �0.89 % 0.683 �1.43 % 0.679 �2.02 % 0.675 �2.64 %

C-D 0.133 �0.61 % 0.132 �1.23 % 0.131 �1.88 % 0.130 �2.60 % 0.129 �3.28 %

D-A 0.109 �0.86 % 0.108 �1.85 % 0.107 �2.95 % 0.106 �4.05 % 0.104 �5.21 %

Table 3 Comparison of the peak values of each section of Z_Line.

Section 20 mm/h 40 mm/h 60 mm/h 80 mm/h 100 mm/h

Cp ƞp Cp ƞp Cp ƞp Cp ƞp Cp ƞp

E-F 0.648 0.81 % 0.655 1.88 % 0.662 3.03 % 0.670 4.27 % 0.679 5.55 %

F-E 0.459 �0.14 % 0.458 �0.37 % 0.458 �0.43 % 0.458 �0.46 % 0.457 �0.51 %
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upward trend. For this reason, the number of raindrops driven
by airflow decreased owing to the gravitational effect, and

their impact on the train surface was weakened. Thus, the peak
values of the pressure coefficients on the roof, leeward side,
and bottom sections (i.e., sections B-C, C-D, and D-A) of X_-

line and Z_line along the train surface all showed a downward
trend with the increase in the rainfall. The value at the bottom
(section D-A) was the largest, followed by that on the leeward

side (C-D), and the value on the roof (section B-C) was the
smallest.

4.2.3. Aerodynamic load coefficient

When the train ran at 200 km/h, the aerodynamic load coeffi-
cient of the whole train varied with the rainfall, which is shown
in Fig. 21. The bar graph represents the differences of the aero-
dynamic loads compared to those under the no-rain condition

with the same crosswind speed and operating speed of the
train. With the increase in the rainfall, the number of raindrops
around the train showed an increasing trend. Therefore, the

impact on the train’s side surface was enhanced when the rain-
drops driven by the crosswind, and the CS of the whole train
increased linearly with the increase in the rainfall amount, as
shown in Fig. 21(a). The CL of the whole train varied with
the rainfall amount, as shown in Fig. 21(b). Due to more rain-

drops being brought to the upper side of the train by the cou-
pled airflow with the increasing rainfall amount, the impact on
the vertical direction of the train tended to increase, and it also

inhibited the driving force of the airflow under the train bot-
tom to a certain extent. As a result, the CL of the whole train
exhibited a decreasing trend with the increase in the rainfall,

but the decreasing amplitude was relatively small because most
raindrops were driven by the airflow and thrown to the lee-
ward side of the train and bridge. In addition, since the varia-
tion of the rainfall had a relatively weak effect on the lift

coefficient of the train, the trend of CM was basically consistent
with that of CS as the rainfall amount increased, as shown in
Fig. 21.

Under the same crosswind speed, the aerodynamic load of
the whole train varied as the rainfall increased at different
operating speeds, as shown in Fig. 22. Under the different

operating speeds, CS and CM of the whole train showed the
same trend of increasing with the increase in the rainfall
amount, as shown in Fig. 22(a) and (c), while CL dropped
slightly with the increase in the rainfall amount, as shown in



Fig. 21 Comparison of aerodynamic force coefficients: (a) CS, (b) CL, and (c) CM.
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Fig. 22 Comparison of aerodynamic force coefficients: (a) CS, (b) CL, and (c) CM.
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Fig. 22(b). In addition, compared to the rainfall amount of

20 mm/h, the percentage differences of CS, CL, and CM of
the whole train under different rainfall amounts under the
operating speeds of 200, 160, 140, and 120 km/h are also

shown in Fig. 22. Under the same operating speed of the train,
the rates of the aerodynamic load coefficient increase with
increasing rainfall amount were similar, which was likely
because of the additional influence of the rainfall in the wind

and rain environment. Furthermore, with a decrease in the
running speed of the train, CS, CL and CM both showed a
decreasing tendency at the same rainfall amount and crosswind

speed.
The variation of aerodynamic load coefficients, which was

affected by rainfall at different crosswind speeds, was similar,

while this tendency was also similar during the reduction of the
operating speed of the train. Thus, the average change rate,
which was the mean value of the aerodynamic loads in the
same rainfall and different crosswind speed and operating

speed of the train, was introduced to illustrate the discrepancy
of CS, CL and CM with the varying rainfall. Compared with the
scenario of 20 mm/h rainfall, an average change rate of CS was

shown in an increase of 1.48 %, 3.04 %, 4.69 %, and 6.41 % in
a rainfall of 40, 60, 80 and 100 mm/h. Furthermore, based on
this quantity, a minor increase was noted when the train’s

operating speed rose, while a slight reduction was observed
as the train’s operating speed declined. In addition, CM of
the whole train also showed a similar variation tendency and

quantity of the average change rate with that of CS compared
to the scenario of 20 mm/h rainfall, which increased by 1.44 %,
2.97 %, 4.58 % and 6.25 % in a rainfall range of 40–100 mm/

h. In terms of CL of the whole train, a slight decrease was
observed in the average change rate. The average variation rate
of CL decreased by 0.15 %, 0.32 %, 0.49 % and 0.71 %, com-

pared to the 20 mm/h rainfall scenario.

5. Conclusions

Based on the standard k-e turbulent model and Euler multi-
phase model, the influences of the crosswind speed and rainfall
on the aerodynamic performances of intercity trains running
on bridges were investigated and validated against wind tunnel

experimental results in this paper. The raindrop density distri-
butions as well as surface pressure and aerodynamic forces of
the train were discussed. The significant conclusions can be

summarised as follows:

(1) With the increase in the crosswind speed and rainfall

amount, the raindrop density around the surface of
the train and bridge showed an increasing trend. Some
raindrops presented a parabolic projectile feature, and
their projectile distance increased with the increase in

the crosswind speed. However, the projectile feature
and the projectile distance of the raindrops were rela-
tively less affected by the rainfall.

(2) Under the wind and rain environment, the effect of
crosswinds played a dominant role, while raindrops pro-
vided additional effects. Thus, the distributions of the
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surface pressure coefficient were similar in the rain and

no-rain conditions and showed increasing trends with
the increase in the crosswind speed and rainfall amount.

(3) With the increase of crosswind speed in rain conditions,

both aerodynamic force and rolling moment showed
increasing trends. An increase of 79.87 %–354.37 %
was demonstrated in the average increase rate of CS of
the whole train as the crosswind speed increased in a

range of 15–30 m/s with the rain condition, compared
to the crosswind speed conditions of 10 m/s. Also, the
average increase rate of CL and CM of the whole train

showed an increasing tendency of 79.52 %–369.60 %
and 79.93 %–355.07 %, respectively.

(4) In wind and rain conditions, owing to the effect of cross-

wind driven raindrops, the average change rate of CS

and CM of the whole train increased by 1.48 %–
6.41 % and 1.44 %–6.25 %, respectively, in an increas-
ing range of the rainfall in 20–100 mm/h with crosswind

condition, compared to the 20 mm/h rainfall scenario.
However, in terms of CL of the whole train, a slight
decrease was observed in the average change rate, which

decreased by 0.15–0.71 % with the rainfall increasing.

In the current work, the variation of the surface pressure

and aerodynamic load coefficient of the train running on the
bridge under different crosswind speeds and rainfall was com-
pared and investigated in detail, which could provide a theo-

retical reference for those who are concerned about the
structures’ design of intercity trains and bridges and to
improve the operation safety of the train. Due to the complex-
ity of the multiphase flow in wind and rain environment, the

influence of different turbulent models and operating schemes
of the train as well as more factors could be further investi-
gated to reveal the coupled effect on the aerodynamic perfor-

mance of the train running on the bridge in the further works.
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