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Abstract
During the train meeting events, train equipment compartments are exposed to the worst pressure changes, potentially affect-
ing the ventilation performance of equipment, particularly for electrical facilities equipped with independent air ducts. In this 
paper, a two-step method is used for numerical computation: (1) obtaining the temporal and spatial transient node data of the 
flow field sections during the train-passing simulation and (2) using the data as the input data for the equipment compartment 
simulation. In addition, this paper also compares the difference in equipment ventilation between the single-train and train-
passing scenarios in real vehicle tests. The results indicate that the primary factors influencing ventilation effectiveness are 
the aerodynamic compression and deceleration of airflow induced by the other train’s nose, as well as the instability of the 
external flow field in the wake of the other train. During train crossing, the air is forced into the air duct, with a maximum 
ratio of the airflow in-duct to the airflow out-duct reaching 3.2. The average mass flow falls below the rated mass flow for 
the converter. Compared to the rated air volume of converter, the maximum suppression rates obtained from testing and 
simulation are – 24.5% and – 16.8%, respectively. Compared to the single-train operation, the maximum suppression rates 
obtained from testing and simulation are – 15% and – 18%, respectively. These findings provide valuable insights into the 
design and operation of high-speed trains.

Keywords  Train-passing event · Electrical facilities · Independent air duct · Ventilation performance
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T1HN	� Head nose of train 1
T2HN	� Head nose of train 2
T1-2	� Location of P2-1 on the 2nd car of 

train 1
T1-7	� Location of P7-1 on the 2nd car of 

train 1
T1TN	� Tail nose of train 1
T2TN	� Tail nose of train 2
TS	� Single-train stationary condition
TR	� Single-train operation condition
TP	� Train-passing events
TTPT	� T-Typed pitot tube
URANS	� Unsteady Reynolds-averaged 

Navier-Stokes method

Parameters
L	� Length of the train (m)
H	� Height of the train (m)
W	� Width of the train (m)
Vi	� Simulation region moving velocity, 

and i represents the region number 
(m/s)

Ma	� Mach number
x, y, z	� Coordinate system of streamwise, 

lateral, and vertical directions
u, v, w	� Instantaneous velocity in the x, y, z 

components (m/s)
U

∗

o
	� Normalised velocity magnitude 

relative to moving region of train 
meeting simulation

Ur
*	� Normalised velocity magnitude 

relative to static region of equipment 
cabin simulation

ΔP	� Pressure loss (Pa)
ρ	� Air density (kg/m3)
Us	� Airflow velocity magnitude on the 

surface (m/s)
α	� Porous inertial resistance
β	� Porous viscous resistance
y + 	� Non-dimensional distance of the first 

grid node to the wall surface
∆t	� Physical time step (s)
Pi′(i′)-i″	� Pressure probes, i′(i′) represent the 

first (last) 4 cars’ carriage number 
of the train, i″ represents the probe 
number on each carriage

Vi′ (i′)-i″	� The velocity probes, i′(i′) repre-
sent the first (last) 4 cars’ carriage 
number of the train, i″ represents the 
probe number on each carriage

Cp_max, Cp_min, ΔCp	� Maximum, minimum, and peak-
to-peak values of the pressure 
coefficient

ti	� Physical time, i represents the spe-
cial time during train meeting event 
(s)

Cp	� Pressure coefficient
U

∗

h
	� Normalised velocity in the horizon-

tal plane
u
∗
, v

∗
,w

∗	� Normalised instantaneous velocity 
in the x, y, z components

Uv
*	� Normalised velocity in the vertical 

plane
ΔPd	� Dynamic pressure (Pa)
Vm	� Measured airflow velocity (m/s)
Q	� Air volume (m3/h)
Vmi	� Measured velocity, i represents the 

measurement point number (m/s)
S	� Area of the air outlet vent cross sec-

tion (m)
cq_sim	� Normalised averaged air volume of 

the simulation
cq_test	� Normalised averaged air volume of 

the real vehicle test
Qstatic	� Average air volume during the train 

is static (fans are working) (m3/h)
QTP	� Average air volume during the train-

passing event (m3/h)
Qrated	� Rated air volume of the ventilation 

equipment’s cooling fan (m3/h)

1  Introduction

As a green transportation mode, high-speed trains (HSTs) 
are poised to become a popular transportation choice in 
the future. Consequently, the frequency of HST services 
is expected to increase, leading to a corresponding rise in 
instances of train encounters. When two trains pass by each 
other, significant transient pressures occur [1]. Chen and 
Wu indicated that each train is subjected to 6 times direc-
tional changes in the shaking force moment and impact force 
moments during the train meeting period [2]. The yaw and 
overturning moments resulting from the train meeting event 
can seriously affect the train’s running safety [3]. To mitigate 
the adverse effects of the impulsive load, the operation speed 
of the HST is restricted [4]. These unsteady impulsive aero-
dynamic loads also occur in situations when a single train 
passes over noise barriers [5–7], train stations [8–11], tunnel 
[12–14], human bodies [15, 16], and when two trains meet 
on the bridge [17, 18], under crosswind [19–21], or inside 
tunnels [22–24]. The unsteady impulsive aerodynamic loads 
are extremely hazardous to the operational stability of the 
train and to the safety of surrounding objects [25].

To ensure the safety of trains and surrounding objects, 
many scholars have investigated the fundamental nature and 
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influencing factors of the impulsive load. Raghunathan et al. 
reported that when the head cars pass each other, a posi-
tive–negative pressure pulse wave is generated [26]. When 
the tail cars meet, a negative–positive pulse pressure wave 
is induced. The peak pressure produced by the train meeting 
event is proportional to the square of the speed of trains, and 
the time width of the peak pressures is proportional to an 
inverse of the sum of the trains’ speeds. The values of the 
peak-to-peak pressure coefficient for the train meeting event 
are approximately double that of a single-train moving [27]. 
The studies of impulsive load characteristics contribute to 
developing safety standards for buildings near trains and pas-
sengers at the station. Piecewise linear representation tech-
niques are used to recharacterise typical high-dimensionality 
pulse pressure waves [28]. It provides a novel processing 
method for main trend extraction and dimensionality reduc-
tion of the pulse pressure wave data. Tian and He conducted 
the factors affecting the air pressure pulse generated by the 
train meeting event based on a series of moving model tests 
and numerical calculations [29]. An assessment with consid-
eration of operational safety was proposed, and the limiting 
pressure loads that can be sustained by the train body and 
windows were determined. Baker et al. reported a series of 
experiments using a moving model train to investigate the 
nose pressure pulses of trains and their effect on trackside 
structures, which supplemented the obsolete measurements 
and calculations data in Eurocode [30].

The large pressure changes during the train meeting event 
can be transmitted from gaps in the train body to the interior 
of the train, resulting in transient pressure changes inside 
the passenger cabin [31]. The pressure changes seriously 
impaired passenger comfort for the train with unfavourable 
airtightness [32]. When the pressure transmission from the 
train surface into carriages reaches 800 Pa/s, the pressure 
may cause damage to the eardrum, resulting in the hearing 
loss of the train driver [33]. When a train passes through 
a tunnel, the pressure changes inside and outside the train 
have a more significant impact on the train and the human 
body due to the blockage rate [34]. Sun et al. [35] stud-
ied the pressure variations inside and outside trains with 
different airtightness indices. Based on the corresponding 
criteria for different airtightness indices, the critical tunnel 
diameters corresponding to different train operating speeds 
were determined.

Moreover, the adverse effect of the train meeting event is 
also reflected in the flow field around the train. The shape 
of the inter-car gaps and the configuration of the bogies 
might influence the growth of the boundary layer thickness 
when two trains encounter [30]. The train meeting event 
can also cause complicated airflow changes with high slip-
stream velocity [36, 37]. Li et al. [38] found that the abso-
lute maximum value of the longitudinal velocity component 
is approximately 9 times greater than the transverse and 

vertical components for the train meeting inside the tunnel. 
Meng et al. [39] reported that a pair of counter-rotating lon-
gitudinal vortices followed by the near wake region of trains 
intersect in the train meeting period, enhancing the intensity 
of the turbulence in the flow field around trains. Especially, 
the effect of the train meeting event on the flow field occurs 
mainly at the bottom of either side of the train.

The above studies have contributed to the safety of train 
operations by examining in detail the temporal and spa-
tial pressure fluctuations and airflow structure variations 
of train meeting events under different scenarios. Fluc-
tuations in pressure and airflow around the train can also 
influence the ventilation performance of the equipment. 
Before discussing the studies concerning the equipment 
compartment of HSTs, there are some studies on the ven-
tilation performance of equipment compartments of other 
delivery vehicles, such as aeroplanes and missiles. Yi et al. 
[40] developed a temperature field analysis method based 
on the ANSYS parametric design language for investigat-
ing the heat dissipation issues of the high-speed missile’s 
cabin. Wang et al. [41] proposed an improved multi-nozzle 
spray cooling method for controlling the temperature of 
most equipment surfaces inside the aircraft equipment 
cabin. These studies can be used as references for inves-
tigating the ventilation performance of equipment com-
partments in HSTs. Niu et al. [42] investigated the indoor 
flow field of a dedusting equipment cabin in tunnels. The 
effects of different air intake locations on the airflow rate 
of the cabin’s filter cartridges are compared. Neverthe-
less, the effects of filter cartridge parameters and the fan 
performance are not considered in this study. Jia et al. [43] 
studied the surface temperatures of the equipment when 
the HST is running in the open air in the summer. They 
indicated that the equipment at two ends of the equipment 
compartment has unfavourable ventilation performance 
with the highest temperature of 81.9 °C, due to the train 
changing the operation direction. Zhang et al. [44] studied 
the surface temperatures of the equipment when the train 
passed through a windy area with an ambient temperature 
of 45 °C and a crosswind speed of 20 m/s. They found that 
the maximum temperature could reach 89 °C at the top of 
the converter of the head car. Li et al. [45, 46] worked on 
the condensing air flux performance of air-conditioning 
on the top of the HST. They concluded that the interaction 
of the airflow through the air-conditioning units and the 
boundary layer on the roof of the train resulted in a signifi-
cant drop in the condensing air flux. Wu et al. [47] adopted 
the improved delayed detached eddy simulation (IDDES) 
approach and T-typed pitot tube (TTPT) measurement 
devices to investigate the ventilation performance of 
equipment with independent air ducts when a single train 
operates in the open air. They found that the equipment 
ventilation effect of the independent air duct in Alpine 
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HST is directly influenced by the external environment. 
These studies on the ventilation performance of equip-
ment in the train were based on the single-train scenario. 
The influences of the train meeting event on the ventila-
tion characteristic of the equipment compartment have not 
been studied. Considering the more drastic changes in the 
environmental pressure fluctuation and airflow variation 
caused by the train meeting event, the influence of the 
train meeting event on the ventilation characteristics of 
the equipment compartment with the independent air ducts 
needs to be studied.

For these reasons, this work aims to clarify and inves-
tigate the ventilation characteristics of electrical facilities 
and equipment compartment with the independent air 
ducts in the train meeting event using numerical calcula-
tions and real vehicle tests. Specific contributions of this 
work are as follows:

1.	 A two-step simulation method is used to obtain the node 
data of the spatial–temporal transient mapping on the 
flow field cross sections during the train meeting pro-
cess, which is used as an input to the simulation of the 
equipment compartment region, and thereby captures 
the details of the flow characteristics around the equip-
ment compartment more economically.

2.	 The effects of the ventilation equipment inside the elec-
trical facilities on the overall ventilation performance 
of the equipment compartment are considered, giving a 
more realistic representation of the ventilation charac-
teristics of the equipment compartment.

3.	 The transient and continuous influence of train meeting 
event on the overall ventilation performance of the ven-
tilation equipment is characterised, to provide recom-
mendations for the ventilation equipment design.

4.	 The spatial effect of marshalling locations in the train 
meeting event on the ventilation performance of equip-
ment compartments is performed, advising on the ven-
tilation equipment arrangement.

5.	 T-type pitot tubes (TTPTs) are adopted in the airflow 
measurement of a real vehicle test. The TTPT is a bend-

able and miniature pitot tube that enables multiple meas-
uring points to be installed at a limited area of ventila-
tion air vents.

2 � Methodology

2.1 � Geometry models

2.1.1 � Alpine HST model

As a result of an increased demand for train transport in 
China, both the number of trains and the length of train for-
mations are expected to increase. The train formation is usu-
ally 8 cars, 16 cars, or even longer. Jiang et al. indicated that 
the grouping length of the train has a significant influence 
on the slipstream velocity and the pressure waves [48]. Tan 
et al. found that with the increase in the marshalling length, 
the position of the flow separation in the tail car is advanced 
[49]. When long marshalling trains meet, the impact on the 
ventilation effect on the equipment compartment of each car 
may be repeated and continuous. Hence, a full-scale oper-
ating Alpine HST model with 8 cars is used for both the 
numerical simulation and the real vehicle test in this study. 
The length (L), height (H), and width (W) of the train are 
201.39, 3.86, and 3.33 m, respectively. As shown in Fig. 1, 
the details of bogies are retained, and the pantographs of 
the train and rail models are not included in this simulation.

2.1.2 � Equipment compartment model

The head and the tail cars are trailers without electrical facil-
ities in the equipment compartments. Therefore, the equip-
ment compartments in the 2nd car and 7th car are chosen 
for the research objects in this study. The equipment com-
partments of these two cars have the same internal arrange-
ment, with two dust collection airboxes, a water tank, a 
transformer, and a converter as shown in Fig. 2. The length, 
width, and height of the equipment compartment are 4W, 

Fig. 1   a Side view, b head car, c front view, d interior gap and e bogie of the 8-marshalling Alpine HST model

(a)
L=201.39 m

H
=

3
.8

6
 m

W=3.33 m

(b) (c) (d) (e)
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0.98W, and 0.22W, respectively. The ventilation facilities 
of Alpine HST use the independent air duct to prevent the 
spread of sand in the equipment compartment. The air inlet 
and outlet vent are connected by deflector shields and air 
ducts. Besides, the ventilation fans are mounted inside the 
air duct, forcing the air to flow in and out from the equip-
ment. A grille and filter are installed at each air vent to 
smooth the train surface and screen out impurities.

2.2 � Numerical method

The unsteady re-normalisation group (RNG) k-ε turbulence 
model implemented in the Reynolds-averaged Navier–Stokes 
(URANS) method was found to be an effective model to 
simulate the pressure fluctuation caused by trains passing 
each other in open air [27] or tunnels [22, 38, 50]. Hence, 
the URANS method is used in the train meeting simula-
tion. However, the URANS method would ignore turbulent 
fluctuations, and conversely, the IDDES approach has been 
validated to capture the instantaneous flow field around the 
HST simulation [51–54], the indoor ventilation simulation 
[55], and the wake flow investigation [56–58]. To obtain a 
more precise characterisation of the flow field around the 
equipment compartment, the IDDES method is used in the 
equipment compartment simulation.

IDDES, a hybrid modelling approach, integrates the 
advantages of RANS and large eddy simulation (LES) 
methods. Its fundamental principle is to utilise the RANS 
resolution in the near-wall region to reduce computational 
expenses while maintaining LES accuracy in resolving the 
flow separation and other complex flow phenomena. For the 
RANS portion, the shear stress transport (SST) k–ω turbu-
lence model is often chosen due to its capability to handle 
adverse pressure gradient flows and its independence from 
free stream conditions [59]. The governing continuity and 
momentum equations are discretised using a commercial 
finite volume solver STAR-CCM + . Convective fluxes are 

discretised using a hybrid upwind scheme, blending the 
second-order upwind scheme typical in RANS with central 
differencing favoured in LES. The second-order implicit 
scheme is used for the temporal advancement and the time 
derivative discretisation for unsteady flow calculations. The 
semi-implicit method for pressure-linked equations (SIM-
PLE) algorithm is used to update the pressure and velocity 
fields.

2.3 � Computational domain and boundary 
conditions

2.3.1 � Train meeting simulation

A sliding mesh method is adopted to simulate the relative 
motion between two trains. The sliding mesh method has 
been proven to be one of the most effective ways of simu-
lating the relative motion of train meeting event [60]. The 
computational domain is divided into three regions: region 
1 with the moving velocity V1 (− 55.56 m/s), region 2 with 
the moving velocity V2 (55.56 m/s), and a stationary field, 
region 3 around the two regions, as shown in Fig. 3a. The 
relative velocity of trains reaches 111.12 m/s, leading to the 
Mach number (Ma) reaching 0.32, which can be assumed to 
be compressible when Ma > 0.3 [61]. Region 1 and region 
2 contain one train inside. The noses of two trains with an 
initial distance of 0.5L ensure a relatively stable flow field 
at the beginning. The coordinate system is denoted by x, 
y, and z for the streamwise, lateral, and vertical directions, 
respectively. Its origin is at the bottom of the wheel on the 
vertical centreline where the two trains meet. Conventional 
notations for the x, y, and z components of the instantaneous 
velocity field are denoted by u, v, and w, respectively. The 
superscript asterisk * is used to mark the normalised quanti-
ties. Reference values are the train width W and the region 
motion velocity. The tail nose of the train is 0.6L from the 
inlet of region 3. The lengths of regions 1, 2, and 3 are 5.4L, 

(a) 4W

(b)

Bogie

Train

Outlet Outlet

Outlet Outlet
1

Outlet
2

BogieInlet

Inlet
Inlet

1
Inlet

2

0
.9

8W

Equipment    Compartment

Watertank
Transformer Converter

Dust collection
airbox

0.22W

Fig. 2   a Top view and b side view of the equipment compartment and electrical facilities
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5.4L and 3.6L, respectively, which are long enough to avoid 
the wake structure of two trains when they were passing by 
each other. The cross section of regions 1 and 2 is a square 
with a side length of 1.32W. So, the distance of two trains 
in the y-direction is 1.32W. The width and height of region 
3 are 31.5W and 21W. The ground clearances between the 
train and region 1/2 and between region 1/2 and region 3 
are 0.1 m. The inlet and outlet of the three regions are set as 
pressure inlet and pressure outlet, respectively. The top and 
sides of region 3 are set as slip walls. A no-slip stationary 
wall is set for the rest planes. The inlets of regions 1 and 2 
are aligned with the inlet and outlet of region 3, respectively. 
Three pairs of interfaces are established for data exchange 
and relative motions realising: interfaces of region 1 to 
region 3, region 2 to region 3, and region 1 to region 2, as 
shown in Fig. 4.

2.3.2 � Equipment compartment simulation

Since the aerodynamic characteristics of the two trains are 
identical when they pass by each other at the same speed 
[62], the next discussion and analysis will focus on Train 
1. The equipment compartment simulations of the 2nd car 
and 7th car are denoted as a near head car (NHC) and near 
tail car (NTC) condition. The calculation domain of the 
equipment compartment simulation is shown in Fig. 3b; 
the length, width, and height of the computational region 

are 15W, 21W, and 11W, respectively. The ground clear-
ance of the train is 0.2 m. For the NHC condition, the 
length region is located from x = 0.34L to x = 0.58L of 
the train meeting simulation. For the NTC condition, the 
length region is from x = 0.96L to x = 1.2L. The origin of 
the equipment compartment simulation is at the bottom 
of the wheel on the vertical centreline of Train1. The spa-
tial–temporal transient mapping velocity distributions on 
the inlet surfaces near the 2nd car and 7th car taken from 
the simulation results of the train meeting simulation are 
applied as boundary conditions, respectively. The veloc-
ity inlet of the NHC and NTC condition is obtained from 
the cross-sectional plane on x = 0.34L and x = 0.96L of 
the train meeting simulation, respectively. The velocity 
magnitude relative to the moving region obtained from 
the train meeting simulation is denoted as U∗

o
 . The train 

is stationary in the equipment compartment simulation; 
the inlet surface and ground plane are given a velocity 
to simulate the train motion. The velocity magnitude 
relative to the static region input on the inlet surface is 
denoted as U∗

r
 . The ground is a no-slip moving wall with 

a speed of 55.56 m/s. The lateral and upper walls are set 
as slip walls. A zero-pressure outlet is set as the bound-
ary condition of the outlet end. The effect of ambient 
wind and temperature is not considered in this simula-
tion. The fans mounted in the inlet and outlet of the air 
duct inside the dust collection airbox and converter, and 

(b)(b)Train 2

Train 1

NHC (2nd car)
NTC (7th car)

NHC (2nd car) NTC (7th car)

Velocity inlet (input)

Pressure outlet

Top, side of region 3 

(slip wall)

Ground of region 3

(no-slip stationary wall)

Air vents & grilles

(porous pressure jump 

surface)
Fan (mass flow inlet)

(a)

Pressure inlet

6.4W4.2W <

Equipment compartment

<<

x=0.34L
x=0.58L

x=0.96L
x=1.2L

31.5W

21WRegion 2

Region 1

Region 3

x=-0.34Lx=-0.58Lx=-0.96Lx=-1.2L

0.5L

1.8L
0.6L

Fig. 3   Computational domain of a the train meeting simulation and b the equipment compartment simulation
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the inlet of the transformer are set as mass flow inlet 
boundary conditions. The airflow direction of the fans 
in the inlet vent (denoted as extractor fan) is from the 
external environment to the air duct, and the direction of 
the fans in the outlet vent (denoted as exhaust fan) is from 
the air duct to the external environment. The mass flow 
rates of the extractor fan in the duct collection air box, 
the transformer, and the converter are 1.8375, 3.0625, 
and 1.3271 kg/s, respectively. The mass flow rates of the 
exhaust fan in the duct collection air box and the con-
verter are 1.021 and 0.79625 kg/s, respectively [63]. The 

grilles and filter are simplified as porous pressure jump 
surfaces in this simulation, and the pressure loss caused 
by them is calculated according to Eq. (1) [64].

where ΔP is the pressure loss (Pa); ρ is the air density, 
1.225 kg/m3; Us is airflow velocity magnitude on the sur-
face (m/s); α is the porous inertial resistance; β is the porous 
viscous resistance. Here, the α is equal to 0.42996 and β is 
equal to 4.27159.

(1)ΔP = � ⋅ �||Us
||
2
+ � ⋅ �||Us

||,
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Fig. 4   Interfaces of the train meeting simulation
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2.4 � Mesh strategy

2.4.1 � Train meeting simulation

The trimming and prism layer mesh methods are used. The 
first-layer thickness is 0.37 mm with a growth factor of 1.2, 
and 12 prism layers are produced to solve the boundary on 
the wall surface. The average surface mesh size of the bogies 
and train is 0.0296 and 0.0592 m. The average mesh sizes 
of regions 1, 2, and 3 are 0.227, 0.227, and 0.474 m. The 
grid construction around the train is shown in Fig. 5. The 
overall number of computational cells is 56.8 million. The 
wall y + on surfaces of the middle cars are around 20, and 
the head and tail car are lower than 30 during the train meet-
ing period, which satisfies the requirement of the target wall 
y + value, 1 < y +  < 30, based on the unsteady RNG k-ε tur-
bulence model with enhanced wall treatment. It combines 
a two-layer model with enhanced wall functions [65]. The 
physical time step is Δt = 5 × 10

−4
s with 30 iterations in 

each time step, which ensures the CFL number is lower than 

1 in around 99% of the cells in the interest region. The total 
computational time is 4.8 s, which ensures two trains have 
passed by each other.

2.4.2 � Equipment compartment simulation

The same mesh method as the train meeting simulation is 
used, and the first-layer thickness of 0.21 mm and 12 prism 
layers is applied. The average mesh size of the equipment 
surface is 0.0168 m. The average mesh size of refinement 
areas around the equipment and cabin region is 0.0336 m 
and 0.0672 m, as shown in Fig. 6. The overall number of 
computational cells is 21.5 million. The average value of 
wall y + on surfaces of train, equipment compartment, and 
facilities is lower than 10, and the wall surfaces of air ducts 
are lower than 30, which satisfies the requirement of the tar-
get wall y + value is 1 < y +  < 30 based on the IDDES model 
with hybrid wall functions [66]. The physical time step of 
the transient calculation is Δt = 5 × 10

−4
s , which ensures 

the CFL number is lower than 1 in around 99% of cells in the 

Fig. 5   Grid construction of a the train meeting computational region, b the train nose area on the plane z = 0.3H, and c the plane x = 0.34L 
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Fig. 6   Grid construction details of the equipment compartment area on the plane z = 0.19H and surface of electrical facilities
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interest region. The maximum number of inner iterations for 
each time step is 10. The total computational time is 4.8 s. 
Since the grid resolution of this simulation is the same as the 
medium mesh case in Ref. [47], no further grid-independent 
study is conducted here.

3 � Results and discussion

Several measurement probes are arranged in the train meeting 
simulation, as shown in Fig. 7. The red points represent the 
pressure probe on the train surface, and the green points rep-
resent the velocity probe on two sides of the train. There are 
two pressure probes (Pi′ (i′)-i″) in each car and two velocity 
probes in the 2nd car and 7th car (Vi′(i′)-i″). Due to the sym-
metrical properties of the train, the carriage number of the 
first 4 cars is denoted as i′, the last 4 cars’ number is denoted 
as (i′), and the probe number in each carriage is denoted as i″. 
The line y = − 0.08W is located at the meeting side, and the 
line y = − 1.25W is located at the free sides of the two trains.

3.1 � Method validation

Xiong and Liang performed a real vehicle test in 2006 in 
China. Two CRH2 HSTs were passing by each other at the 
same speed of 200 km/h [67]. The test lines are the section 
of straight multiple railway lines with a spacing of 4.4 m. 

The test system comprised pressure measuring sensors, an 
amplifier, an A/D converter, a PC, and data collecting and 
processing devices. This system has a high resolution of the 
measured signal. By analysing and processing the transient 
pressure signals measured in real-time, the system effectively 
eliminates noise interference, accidental errors, and system-
atic errors, achieving high accuracy of the measurement 
results. The piezoresistive pressure sensors (8515C-15 pro-
duced by ENDEVCO) with a maximum measurement range 
of 103.35 kPa were used in this test. It has high measurement 
accuracy and minimal influence on the flow field. By mount-
ing them on the meeting side of two trains, the dynamic pres-
sure curves of the train surface during the train meeting period 
can be obtained. The sampling frequency is 1 kHz in this test.

To validate that the simulation method is suitable for the 
train meeting event, the pressure coefficient measured by 
pressure sensors P2-1 on the middle of the 2nd car in this 
simulation was compared with a real vehicle test. The maxi-
mum, minimum, and peak-to-peak values of the pressure 
coefficient caused by the head car passages are denoted as 
Cp_max, Cp_min, and ΔCp, respectively. As shown in Fig. 8, the 
ΔCp of the test and simulation is 0.336 and 0.347, respec-
tively, showing good agreement.

Moreover, the reliability of the two-step method needs to 
be validated. Based on the previous study in ref. [47], the 
difference in simulation results between the two-step method 
and the conventional coupled simulation method (the whole 

Fig. 7   Measurement probes arrangement of the train meeting simulation
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train model with the equipment compartment and electrical 
facilities) when a single train running in the open air was 
evaluated. The two-step method can capture similar fluctua-
tion and values in the flow field around the train compared to 
the coupled simulation method. Moreover, the CPU solver 
time per time step of the two-step method was reduced by 
62%.

3.2 � External field

In this section, the external field of two trains passing by each 
other is analysed. The operation map of two trains is shown in 
Fig. 9a, which illustrates the time history location of the head 
nose of train 1 (T1HN), the head nose of train 2 (T2HN), P2-1 
on the 2nd car of train 1 (T1-2), P7-1 on the 7th car of train 1 
(T1-7), the tail nose of train 1 (T1TN), the tail nose of train 2 
(T2TN). Based on the operation map, some special moments 
during the train meeting period which are concerned in this 
paper can be located, including two head noses of the trains 
encountering at t1, the T2HN approaching T1-2 at t2, the T2HN 
approaching T1-7 at t3, the relative positions of the two vehi-
cles coinciding at t4, the T2TN leaving T1-2 at t6, the T2TN 
leaving T1-7 at t6, and two tail noses of the trains meeting at 
t7. The time history pressure coefficient curve for this period 
measured by the probe P2-1 is shown in Fig. 9b. A significant 
positive pressure value occurs at t2, which is caused by the 

head nose of train 2 squeezing the air as it passes the P1. Then, 
the pressure decreases rapidly to the minimum negative value 
as the air flows along the streamline of the head and acceler-
ates. When the tail of train 2 leaves P2-1, the air accelerates 
along the streamline of the tail and then decelerates at the tail 
nose which induces a positive value at t5. During the middle 
train of Train2 passing by Train1, several slight pressure fluc-
tuations are observed at probe P2-1. To observe the pattern 
of pressure changes in each carriage, the Cp_max, Cp_min, and 
ΔCp measured by the pressure probes on each carriage are 
extracted in Fig. 10. The pressure transition on the side of the 
streamlined head is slightly greater than that on the tail car, as 
shown in Fig. 10a. On z = 0.5H of the middle cars, the pres-
sure transition is greater on the 2nd and 3rd cars, as shown in 
Fig. 10b. The magnitude of the pressure transition alternates 
with the marshalling location on the z = 0.19H of the train, the 
alternating pressure is strongest in the tail car, and the middle 
carriages show fluctuations in a tendency to decrease and then 
increase, as shown in Fig. 10c. The Cp distribution on the plane 
of z = 0.3H at t1–t7 moments is shown in Fig. 11. The positive 
and negative pressure zone induced by the head of the train is 
more significant than that induced by the tail of the train. There 
is a contraction in the positive pressure zones and expansion 
in the negative pressure zone near the head and tail region of 
the trains at the t4 moment. To figure out the rule of pressure 
transit on the baseline of the equipment compartment region 

Fig. 9   a Operation map and b the time history pressure coefficient curve on the measuring point during the train meeting event
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Fig. 10   Maximum, minimum, and peak–peak pressure coefficient values on a z = 0.5H, b z = 0.82H, and c z = 0.19H 
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(z = 0.19H) when the head car and tail car pass by, the Cp dis-
tributions at t1, t2, t3, t5, t6, and t7 are shown in Fig. 12. The 2nd 
car region and 7th car region are highlighted by the blue box 
and yellow box, respectively. When T2HN arrives, it causes 
the surface pressure of the equipment compartment to change 
from a negative pressure to a larger positive pressure, and this 

pressure difference is more significant when it passes through 
the 7th car, as shown in Fig. 12b and c. When T2TN leaves, 
it causes the surface pressure of the equipment compartment 
to change from a larger positive pressure to a negative pres-
sure and induces greater fluctuations in the surface pressure 
of the equipment compartment compared with T2HN passes 

Fig. 14   U∗

o
 distribution on the plane z = 0.3H at 7 special moments during the train meeting event
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by Train1, as shown in Fig. 12d and e. After the train meeting 
event, the great pressure fluctuations along the train surface 
still exist, as shown in Fig. 12a and f. In addition, the pressure 
transitions are more considerable on the meeting side than on 
the free side.

The time history curves of velocity in the horizontal plane 
(denoted as U∗

h
 ) during the train meeting event are shown 

in Fig. 13. During train 2 passing by the 2nd car of train 1, 
the airflow velocity at the free side is former increased and 
pulled to the meeting side, and then drives the airflow veloc-
ity at the meeting side, as shown in Fig. 13a. The airflow 
velocity at two sides of Train1 rises and fluctuates before 
train 2 passes by the 7th car, as shown in Fig. 13b. When 
train 2 arrives, the airflow at the meeting side is squeezed 
and slows down. Then, the air flows from the free side to 
the meeting side, pushing the airflow velocity to increase. 
As the velocity magnitude U∗

o
 distribution on the plane of 

z = 0.3H at t1–t7 moments shown in Fig. 14, the head of the 
train has a minor effect on the disturbance of the surround-
ing airflow, while the tail wake has a significant effect on the 

disturbance of the surrounding airflow. The Uh
* distributions 

at t1, t2, t3, t5, t6, and t7 are shown in Fig. 15. When T2HN 
arrives, the airflow behind it at the free side responds first, 
and then, the airflow velocity at the meeting side increases, 
while the airflow in front of T2HN is squeezed and slowed 
down, as shown in Fig. 15b and c. When T2TN leaves, the 
airflow velocity behind it decreases, as shown in Fig. 15d. 
After the train meeting event, the significant velocity fluc-
tuations along two sides of the train still exist, as shown in 
Fig. 15e and f. In addition, the velocity fluctuations are more 
considerable at the free side than at the meeting side, as it is 
constantly pushed to the meeting side.

3.3 � Velocity inlet boundary condition

The velocity distributions on the inlet surface U∗

r
 near the 

2nd car (x = 0.34L) and 7th car (x = 0.96L) for the train 
meeting period are input as velocity inlet of equipment 
compartment simulation, respectively, corresponding to 
NHC and NTC conditions. To ensure that the input data 
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are continuous in time, the velocity at the corresponding 
position is zero when train 2 crosses the plane, and the 
boundary interpolates the transition with the surrounding 
flow field. The data input frequency are 2000 Hz. The 
U∗

r
 distributions on the inlet surface of NHC and NTC 

condition at t1–t7 moments are shown in Fig. 16. The 
flow velocity at the bottom of the train is greater and the 
velocity boundary layer is thicker around the train bogie 
than that around the train, due to the disturbing effect of 
the bogie. Comparing the velocity boundary layer at the 
same moment with Fig. 16a and b, the velocity bound-
ary layer in the NTC condition is thicker than that in the 
NHC condition. During the train meeting event (at t3–t7), 
the velocity boundary layer is compressed between two 
trains, causing it to be thinner than the free sides of the 
two trains. Moreover, the boundary layer around the top 
of the train is thicker at the meeting side. As a result, the 
train meeting event will thicken the boundary layer, which 
might degrade the ventilation performance of equipment 
compartment.

3.4 � Ventilation characteristic

The velocity distribution around the equipment compart-
ment area and the air duct of converter, and the mass flow of 
the inlet side and outlet side of the air duct at t2, t5 in NHC 
condition (when T2HN arriving T1-2 and T2TN leaving 
T1-2) and t3 and t6 in NTC condition (when T2HN arriving 
T1-7 and T2TN leaving T1-7) are discussed in this section. 
The streamwise velocity u* and vertical velocity v* profiles 
along the inlet (y = 0.68W) and outlet (y = − 0.68W) sides 
of the equipment compartment are shown in Fig. 17 and 
Fig. 18. The u* of the meeting side is slightly greater than 
that of the free side. When the T2HN reaches the equip-
ment compartment of the 2nd car at t2, the u* and v* are 
not affected (Fig. 17a and Fig. 18a). When it reaches the 
equipment compartment of the 7th car at t3, the u* in front of 
T2HN climbs rapidly up to around 3 times the train’s oper-
ating speed (Fig. 17b). When the T2TN leaves the equip-
ment compartment of the 2nd car at t5, the airflow separates 
along the tail nose (Fig. 17c). When it leaves the equipment 
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compartment of the 7th car at t6, the u∗ in the wake of the 
tail nose rises (Fig. 17d).

The v∗ distribution profiles along the equipment compart-
ment are shown in Fig. 18. The difference in the v∗ distribu-
tion of vents located at different locations along the train 
could be significant. Before the T2HN arrives at the con-
verter of 2nd car, the air flows from the outlet vents (at the 
free side) to the inlet vents (at the meeting side), as shown 
in Fig. 18a. Before the T2TN leaves the converter of the 7th 
car, the air flows from the inlet vents to the outlet vents, as 
shown in Fig. 18c. When the T2HN passes the converter 
of 2nd car, the air flows to the meeting side in air duct 1 
(a’) and flows to the free side in air duct 2 (b’), as shown 
in Fig. 18b. When the T2TN reaches between two air ducts 
of the converter at the 7th car, the air flows in the air duct 
1 from two vents and flows to the free side in air duct 2, as 
shown in Fig. 18d. The v∗ distribution along the train fluc-
tuates dramatically and frequently when Train2 leaves the 
equipment compartment. It promotes the air circulation rate 
of the duct. As shown by the v∗ profiles in Fig. 19, as the 
T2HN arrives at the equipment compartment, it promotes 
the airflow towards the external environment for the vents. 
In contrast, it drives the airflow to enter the air duct for the 

vents when T2TN leaves. The flow characteristics inside the 
air duct of the converter were analysed. The velocity vectors 
in the vertical plane (denoted as U∗

v
 ) embodied in the middle 

profile of the air duct 1 (x1 = 2.5W) and air duct 2 (x2 = 2.9W) 
are shown in Fig. 20. The ventilation performance of the air 
duct is considerably enhanced when T2HN reaches the 7th 
car of Train1, and the airflow exits the external environment 
at a greater rate. When T2TN leaves the 2nd car of train 1, 
the air duct is better ventilated than the T2TN leaves the 
7th car of train 1 and the airflow is pushed into the air duct.

To analyse the ventilation performance rule for the train 
meeting period, the time history curves of mass flow in the 
inlet (at the meeting side) and outlet (at the free side) vent 
of the air ducts are shown in Figs. 21 and 22. The mass 
flow value is positive which means the airflow exhausts to 
the environment from vents located at the meeting side and 
enters the air ducts from vents located at the free side. On 
the contrary, the negative mass flow value means the airflow 
enters the air ducts from the meeting side and exhausts the 
environment from the free side. The blue box in Fig. 21 cov-
ers the period the train 2 arrives and leaves the equipment 
compartment in the 2nd car. As the T2HN approaches the 
vents, airflow is first pressed into the ducts from the meeting 
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side and then subsequently sucked out to the external envi-
ronment from the free side to the meeting side. As the T2TN 
leaves the vents, airflow is pushed from the meeting side to 
the free side. The yellow box in Fig. 22 covers the period 
Train 2 arrives and leaves the equipment compartment in the 
7th car. As the T2HN is close to the vents, airflow is drawn 
from the meeting and the free sides of the ducts to the exter-
nal environment. As the T2TN leaves the vents, the airflow is 
first pushed from the meeting side to the free side, and then, 
it quickly switches from the free side to the meeting side.

The maximum and average values of the mass flow to and 
from the air ducts are listed in Fig. 23. The maximum mass 
flow that enters the air ducts from the meeting side is greater 
than that from the free side, with the maximum differential 
mass flow entering air duct 1 33.6%. While the maximum 
mass flow that discharges to the environment from the free 

side is considerably greater than that from the meeting side, 
the maximum differential mass flow exhaust to the environ-
ment from air duct 1 is 53%. The air is driven into the air 
ducts during the train meeting period, with the maximum 
ratio of the airflow in-duct to the airflow out-duct of 3.2. The 
average mass flow in the NTC condition is slightly greater 
than that in the NHC condition. Moreover, the average mass 
flow during the train meeting period is lower than the rated 
mass flow of the converter (1.3271 kg/s). The maximum 
inhibition ratio of average mass flow to the rated mass flow 
reaches − 23% in the inlet vent of air duct 1 in the NHC 
condition.

Moreover, the influence of the train meeting event on 
the ventilation performance should also be evaluated by 
comparing it with the single train running in the open air 
case. In Ref. [47], the average mass flow of the air duct 1 on 

Fig. 23   Absolute maximum value and the absolute average value of mass flow in the meeting side and the free side of air ducts for the train 
meeting period

Flow in duct              Flow out duct              Average value

14

12

10

8

6

4

2

0

-2

M
as

s 
fl

o
w

 (
k
g
/s

)

NHC, duct 1, MS

NHC, duct 1, FS

NHC, duct 2, MS

NHC, duct 2, FS

NTC, duct 1, MS

NTC, duct 1, FS

NTC, duct 2, MS

NTC, duct 2, FS

Fig. 24   TTPT test system diagram

Outlet

T-type pitot tube
Pressure 

transmission

Pressure sensor

1

2

5

6

7

8

S1 S2 S3

3

4



146	 Y. Wu et al.

Railway Engineering Science (2025) 33(1):127–150

the free side in the NHC and NTC conditions is 1.354 and 
1.221 kg/s, respectively. The inhibition ratios of the average 
mass flow in the train meeting event to the single-train oper-
ation in the NHC and NTC conditions are − 18% and − 9%.

4 � Vehicle experiment on ventilation 
measurement

The Alpine HST operates between Urumqi–Hami–Lanzhou 
with a total length of 1,776 kms in north-western China, 
where the differential temperature in a day is so extreme that 
the electrical facilities are often alerted due to high tempera-
tures. With the improvement in passenger and freight trans-
port development in the northwest, the Lanxin Line became 
busier; meanwhile, train-passing events on this line became 
more frequent. Therefore, a real vehicle tracking test can 
contribute to monitoring the differences in the ventilation 
performance of electrical facilities under the single-train and 
train-passing scenarios. In this test, an 8-car train was oper-
ated at 200 km/h. The converter in the 2nd car was selected 
for the measurement subject, and the measurement points 
were arranged at its outlet vent 1.

As the train changed the running direction during the 
test, the relative location of the measurement subject was 
changed. When the train operates away from Urumqi, the 8th 
car will be the head car, and the measurement subject will 
be close to the tail car at this time (NTC condition), while 
the train approaches Urumqi, the 1st car is the head car, and 
the measurement subject will be close to the head car at this 
time (NHC condition).

4.1 � Measurement method

A double heads T-type pitot tube (TTPT) is used in the real 
vehicle tests, which was developed by the key laboratory of 
traffic safety on track (Central South University). It is a sym-
metrical structure to meet the bi-directional flow measure-
ment in the vehicle test, and its tubes are flexible to fit with 
the limited mounting space. In this case, 4 × 2 (rows × col-
umns) measurement points have been mounted in the middle 
area of the vent to leave enough space for ventilation, as 
shown in Fig. 24. This arrangement method of measurement 
points is corrected based on the Chebyshev method in Ref. 
[47]; the correction factor is 0.882.
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The TTPT is connected to a differential pressure sen-
sor using pressure transmission. According to the Ber-
noulli equation, the relationship of the differential pressure 
between two pressure holes of TTPT and the airflow velocity 
is given:

where ΔPd is the dynamic pressure (Pa) and Vm is measured 
airflow velocity (m/s).

The air volume Q (m3/h) at the outlet vent cross section 
is obtained:

where Vmi is the velocity of each measurement point (m/s) 
and S is the area of the air outlet vent cross section (m).

4.2 � Results analysis on running conditions

The air volume of different running locations in different 
operating routes during the test cycle is shown in Fig. 25. 
For analysing the ventilation performance in different run-
ning locations, the test data during the single-train stationary 
condition (TS), the single-train operation condition (TR), 
and train-passing events (TP) were picked out according to 
the operating mileage logs. The fans inside the air duct in 
the three operating conditions above are on. As shown in 
Fig. 26, in TS conditions, the averaged air volumes of the 
air outlet when the train runs on the route Urumqi–Hami and 

(2)ΔPd =
1

2
�V2

m
,

(3)

Q =

(
Vm1 + Vm2

)

2
⋅ S1 +

(
Vm3 + Vm4 + Vm5 + Vm6

)

4
⋅ S2

+

(
Vm7 + Vm8

)

2
⋅ S3,

Urumqi–Lanzhou are 4,580 and 4,304 m3/h, respectively, 
which are higher than the rated air volume 3,900 m3/h to 
meet the normal working requirements of the equipment. 
When in the TR event, the average air volumes of the con-
verter in the NHC condition on the route of Hami–Urumqi 
and Lanzhou–Urumqi are 4,940 and 4,409 m3/h, which is 
7.9% and 2.4% higher than the static air volume, respec-
tively. While in NTC conditions, the average air volumes 
of the converter on the route of Hami–Urumqi and Lan-
zhou–Urumqi are 3,828 and 3,822 m3/h, in other words, 
the restraint ratios in contrast to the static air volume are 
− 16.4% and − 11.2%, respectively, which is close to or 
even lower than the rated air volume 3,900 m3/h. During 
the TP period, which causes suppression in the average 
air volume, especially during the NTC conditions, the air 
volume is below the rated air volume of 3,900 m3/h. The 
average air volumes on the route of Hami–Urumqi and 
Lanzhou–Urumqi are 4,464 and 4,030 m3/h in the NHC 
condition. The reduction ratios relative to the single-train 
condition are − 9.6% and − 8.6%, respectively. In the NTC 
condition, the average air volumes are 3,288 and 3,250 m3/h. 
The reduction ratios relative to the single-train condition are 
− 14.1% and − 15.0%, respectively.

4.3 � Results comparison between simulation 
and experiment

For comparing the average air volume of the simulation and 
the real vehicle test, they are normalised as in Eq. (4) and (5).

(4)cq_sim =

QTP

Qrated

=

3, 600M∕�

Qrated

,

Fig. 26   Effect of train passing on air volume in different marshalling locations
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where the average air volume during the train is static (fans 
are working), train-passing event, and the rated air volume 
of the ventilation equipment’s cooling fan is denoted as 
Qstatic, QTP, and Qrated (m3/h), respectively. M is the mass 
flow (kg/s).

The air volume coefficient of the outlet vent 1 in the vehi-
cle test on the route of Lanzhou–Urumqi in NHC and NTC 
conditions is 0.936 and 0.755, respectively. The air volume 
coefficient of the outlet vent 1 in the simulations in NHC 
and NTC conditions is 0.832 and 0.836, respectively. The 
air volume coefficient reflects the reduction rate of ventila-
tion performance during the train meeting event relative to 
the normal state. The maximum reduction rate of the test 
and simulation are − 24.5% and − 16.8%. Consistently, the 
ventilation performance of the electrical facilities is sup-
pressed during the train meeting period. The deviation ratios 
between the test and simulation in the NTC and NHC condi-
tions are 12.5% and − 9.7%. The ambient wind is not consid-
ered in the simulation, while the vehicle test was performed 
on the Lanxin Line in windy weather. Ambient wind can 
affect the measurement results of airflow. Although the error 
satisfies the engineering requirement, the effect of ambient 
winds should be considered when processing the results of 
measuring equipment ventilation in future research.

5 � Conclusions

To accommodate the increasing frequency of train meeting 
events in the future, the effect of the train meeting event on 
the ventilation performance of equipment was investigated 
through a two-step numerical simulation. In addition, a real 
vehicle tracking test was conducted using TTPT.

Conclusions for the numerical calculation are as follows: 

1.	 Based on the analysis of the external flow field, it is 
assumed that the dominant factor affecting the ventilation 
effect when the head arrives at the equipment compart-
ment is the positive pressure area formed by the head nose 
squeezing the airflow and resulting in the airflow slowing 
down. The dominant factor affecting the ventilation effect 
when the tail leaves is the large turbulence energy caused 
by the tail wake resulting in an unstable status.

2.	 The train meeting event will result in a thickening of the 
boundary layer around the train, which is not conducive 
to the ventilation of the equipment compartment.

3.	 The air is driven into the air ducts during the train meet-
ing period, with the maximum ratio of the airflow in-
duct to the airflow out-duct of 3.2.

(5)cq_test =
QTP

Qrated

∕

Qstatic

Qrated

=

QTP

Qstatic

,
4.	 The average mass flow during the train meeting period 

is lower than the rated mass flow of the converter 
(1.3271 kg/s). The maximum inhibition ratio of average 
mass flow to the rated mass flow reaches − 23%.

5.	 The inhibition ratios of the average mass flow in the train 
meeting event to the single-train operation in the NHC 
and NTC conditions are − 18% and − 9%.

Conclusions for the real vehicle test are as follows:

	 i.	 During the train meeting period, the average air 
volumes on the route of Hami–Urumqi and Lan-
zhou–Urumqi are 4,464 and 4,030m3/h in the NHC 
condition, which is − 9.6% and − 8.6% lower than 
the single-train condition, respectively. In the NTC 
condition, the average air volumes are 3,288 and 
3,250 m3/h, which is − 14.1% and − 15.0% lower than 
the single-train condition, respectively.

	 ii.	 The ventilation performance of the electrical facilities 
is suppressed during the train meeting period.

In the future, the influence of trains passing through the 
tunnel and meeting inside the tunnel on the ventilation per-
formance of equipment compartment will be considered. 
Besides, the effect of ambient winds should be considered 
when processing the airflow test results measured by TTPT.
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