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Effects of high geotemperature and high altitude on the pressure
wave of high-speed trains running in a long tunnel
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Abstract: Considering the high-temperature distribution along a tunnel in a high-altitude area, the effects of high geotemperature
and high altitude on the pressure wave of trains running in long tunnels were investigated using a 3D, compressible, unsteady
turbulence model. To reduce the simulation cost and reflect the pressure wave characteristics in long tunnels, a representative
tunnel length was first determined for simulation. The simulation results indicated that compared to the condition of a normal
ambient-temperature tunnel, when trains go through a high geotemperature tunnel, the distribution of the minimum pressure
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by 15.9%. As the altitude rises, when trains cross and meet in tunnels, the waveforms of pressures on the tunnel and train and
the pressure difference between the two sides of the train remain unchanged, and the peaks decrease linearly.
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1 Introduction

To satisfy the design requirements of high-speed
railway lines, different kinds of structures are con-
structed along the track, such as tunnels, bridges, and
embankments. With the increase in the speed of
trains, the aerodynamic effect of the coupling system
composed of the train, structure, and airflow becomes
more notable, and many aerodynamic problems ap-
pear or are exacerbated. Such problems include vehi-
cle vibration under a crosswind (Liu TH et al., 2018;
Chen et al., 2023), aerodynamic drag (Raghunathan
et al., 2002; Baker, 2014; Zhang et al., 2021; Li et al.,
2023), and air pressure waves in tunnels, which affect
the ride comfort and cause damage to the car body
structure and tunnel facilities (Niu et al., 2018a). With
the progress and development of high-speed railway
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technology, high-speed railways are being planned
and constructed in some high-altitude areas with com-
plex terrain and harsh natural environments, to pro-
mote the local economy. A section of railway under
construction in southwestern China is one such rail-
way. The average altitude of the line is about 3500 m
and it has 69 tunnels with a total length of about
841.7 km, accounting for 82.6% of the total line. The
longest tunnel reaches 42.4 km (Zhang et al., 2022).
Therefore, the tunnel operation of trains in this sec-
tion is frequent and the air pressure wave in tunnels is
non-negligible. Due to dynamic geothermal activity,
the temperature inside some tunnels reaches 60—80 °C
(Zhao et al., 2023). The geological condition of the
tunnel construction is shown in Fig. S1 (Zhao et al.,
2023) in the electronic supplementary materials (ESM).
A geothermal source with a temperature of up to
850 °C below the line leads to complex geothermal
activity, resulting in geological problems inside the
tunnel, such as high geothermal temperature and water
seepage. When trains run in long tunnels with low
atmospheric pressure and high temperature in high-
altitude areas, the special environment affects the
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characteristics of aerodynamic pressure waves, thus
affecting the normal operation of trains. Therefore, rele-
vant studies on the effects of high geotemperature and
high altitude on the pressure wave of high-speed
trains are needed.

Through full-scale experiments, mobile model
tests, and numerical simulations, numerous scholars
have studied the characteristics of air pressure waves
of trains running in tunnels and the effects of key pa-
rameters of tunnels and trains in low-altitude areas
with standard atmospheric pressure and normal tem-
perature. Liu et al. (2017a) explored the effects of the
tunnel length, train length, and speed on the pressure
wave in tunnels produced by the passage of high-
speed trains through field tests. Liu F et al. (2018)
measured the air pressures to explore the pressure
wave characteristics when trains go through tunnels.
Gilbert et al. (2013a, 2013b) explored the acrodynamic
pressure caused by a train traversing tunnels with
different confining infrastructures using 1:25 scale
mobile model tests. Using mobile model experiments,
Miyachi et al. (2016) analyzed the pressure transient
of trains with different nose shapes travelling through
a tunnel. Zarnaghsh et al. (2019) conducted numerical
simulations to investigate the alternating pressure and
velocity fields when trains run in tunnels at different
speeds. Liu K et al. (2018) numerically studied the
pressure wave characteristics when trains intersect in
tunnels at the same and different speeds, and the dy-
namic responses of the car body and side window
to pressure waves were further explored (Jing et al.,
2019). Li et al. (2019, 2021) conducted numerical
simulations to explore pressure waves when high-
speed trains go through a tunnel with an expanding
portal and two adjoining and separated tunnels. Nu-
merous studies have also been implemented to investi-
gate the effects of the marshalling form (Niu et al.,
2017), length (Niu et al., 2018a), nose shape (Li et al.,
2017), and nose length (Chen et al., 2017) of a train on
pressure waves resulting from trains running in tunnels.

Some researchers have also conducted explor-
atory studies on the air pressure waves when trains go
through tunnels with low atmospheric pressure and
high temperature in high-altitude areas, to investigate
the influence of special environments on the aerody-
namics of high-speed train/tunnel systems. Ling et al.
(2022) numerically investigated the effects of temper-
ature and atmospheric pressure on the aerodynamic
drag of trains passing through tunnels of a railway

under construction in southwestern China. The results
showed that the aerodynamic drag increases as tem-
perature decreases, and decreases as atmospheric pres-
sure decreases. Luo (2016) and Huang et al. (2022)
studied the effects of altitude on the pressure transient
and passenger comfort when trains pass through tun-
nels using numerical simulations and found that the
pressure peaks showed a linear decreasing trend with
increasing altitude. Wang et al. (2021, 2022) con-
ducted mobile model tests and numerical simulations
to investigate the characteristics of pressure waves
and micro-pressure waves produced by high-speed
trains travelling through a tunnel with localized high-
temperature areas. The results indicated that the pres-
sure gradient on the tunnel wall first decreases and
then remains basically unchanged with the increase of
the length and circumferential angle of the localized
high-temperature areas. Nevertheless, studies on the
effect of high temperature on pressure waves have fo-
cused only on localized high temperatures in tunnels,
the temperature was assumed to be constant, and a
long tunnel length and low atmospheric pressure were
not considered simultaneously. In this sense, consider-
ing the more realistic condition of the distribution of
high temperature along an entire tunnel, the pressure
wave characteristics inside a long tunnel in a high alti-
tude area need to be further explored.

In this study, considering the distribution of high
temperature along an entire tunnel, the pressure wave
characteristics of high-speed trains passing through a
tunnel and passing by each other in a long tunnel in a
high-altitude area were numerically studied using a
3D, compressible, unsteady turbulence model. The ef-
fect of the tunnel length was first analyzed to deter-
mine an appropriate tunnel length for simulations, to
reduce the simulation cost, and to reflect the pressure
wave characteristics of long tunnels. The effects of
high temperature and high altitude on the pressure
waves of high-speed trains going through and meet-
ing in the tunnel were then investigated in detail.

2 Numerical simulation and

verification

algorithm

2.1 Train and tunnel models

Fig. 1 shows the full-scale model of the high-
speed train. The three cars adopted in this study had a



total length of 76.4 m, a width of 3.4 m, and a height
of 3.7 m. To reduce the calculation cost and ensure ac-
curacy, the model retains the bogie and the stream-
lines of the nose and tail, but omits small features
such as pantographs and other attachments. With ref-
erence to the design speed of high-speed trains on a
railway under construction in southwestern China, a
train speed of 200 km/h was selected in this study.

Middle car Head car

257 m 1

Tail car

s

25.7m
I
Streamlined nose

Fig. 1 Geometrical model of the high-speed train

A cross-section of the designed double-track tun-
nel of a railway under construction in southwestern
China was selected for this study. The area of the
cross-section is 81 m’ and the distance between the
two lines is 4.50 m (Ling et al., 2022) (Fig. 2a). The
line environment of the Layue Tunnel was adopted.
The elevation of the whole tunnel is about 2500 m,
and the tunnel is affected by a high geothermal haz-
ard. The predicted temperature along the Layue Tun-
nel based on borehole temperature measurement data
provided by the China Railway First Survey and De-
sign Institute Group is shown in Fig. 2b (Zhang,
2021). The abscissa x/L,, indicates the ratio of the dis-
tance between the location in the tunnel and the en-
trance to the tunnel length.

From an aerodynamic viewpoint, the most unfa-
vorable tunnel length for trains passing through and
intersecting in a tunnel can be calculated by the fol-
lowing equations (CEN, 2010):

L, ¢ c
Lo~ S 1+ 1
tu, crit 4 v ( + V), ()
cL
L ..~—=%, 2
tu, crit v ()

where L, is the critical tunnel length, L, is the train
length (76.4 m in this study), v is the train speed
(55.55 m/s in this study), and c¢ is the sound speed
(m/s), which is affected by the temperature and can
be calculated as follows:
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c=c,\/(273.15+T)1273.15 , (3)

where 7' is the air temperature (°C), and ¢, is the sound
speed at 0 °C (m/s).

According to Egs. (1)—(3) and the temperature
distribution in Fig. 2b, the most unfavorable tunnel
length for trains passing and intersecting in the tunnel
in this study are within the ranges of 820-960 m and
464—505 m, respectively. As these lengths are far less
than the actual tunnel length, using them for simula-
tion may not effectively reflect the characteristics of
aerodynamic pressure waves in long tunnels. Mean-
while, the cost of using the actual length of the Layue
Tunnel (31 km) for simulation is high, and the aerody-
namic pressure waves in the tunnel attenuate with in-
creasing tunnel length. Therefore, an appropriate com-
putational tunnel length between the actual length and
the most unfavorable length was needed. Three tunnel
lengths were selected for this study: 1 km, 3 km, and
5 km. The temperature distributions along the tunnels
of different lengths are shown in Fig. 2b.
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Fig. 2 Tunnel model and temperature distribution curve:
(a) tunnel cross-section (Ling et al., 2022); (b) predicted
temperature distribution along the Layue Tunnel (Zhang,
2021)
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2.2 Solver setting

As the air between the tunnel and train is restric-
ted and compressed, the compressibility of the air can-
not be ignored (Li et al., 2020). The airflow of trains
going through and intersecting in a tunnel is unsteady
and turbulent. Wang et al. (2018) and Ji et al. (2019)
compared five commonly used turbulence models,
namely realizable k-¢, re-normalization group (RNG)
k-¢, standard k-e, shear stress transport (SST) k-, and
standard k-, for simulating pressure waves of trains
running in tunnels. The results showed that the errors
between the pressure values calculated using different
models and the results from moving model tests were
almost within 10%. The RNG k-¢ turbulence model,
considered an effective and reliable turbulence model
in the most recent studies (Zhang et al., 2018; Li et al.,
2022; Zhou et al., 2022; Xue et al., 2023), has been
widely used to simulate the pressure field induced by
trains running in tunnels. The simulation results in
these studies were in good agreement with experimen-
tal data. As a result, in this study we adopted a 3D,
compressible, unsteady RNG k-¢ turbulence model in
the software ANSYS FLUENT to simulate the pres-
sure wave in tunnels. The y+ on the train surface is
about 300, which satisfies the usage conditions of the
wall function (Niu et al., 2018a), and the standard
wall function was used to bridge the wall-affected
region and the fully turbulent region (Chu et al.,
2014; Niu et al., 2018a). The semi-implicit method
for pressure-linked equations (SIMPLE) algorithm was
used to realize pressure-velocity coupling (Wang et al.,
2021, 2022). The time step was set to 0.005 s (Liu
et al., 2017b; Li et al., 2021). Based on the time step,
the minimum grid size of the tunnel surface, and the
propagation speed of pressure waves, the estimated
Courant number was about 9, close to those of Niu
et al. (2018b) and Yang et al. (2019). The second-order
implicit scheme was applied in the time discretization
process in the model (Chu et al., 2014; Niu et al.,
2018a).

2.3 Computational region and boundary conditions

Fig. 3 shows the computational region and bound-
ary conditions of trains going through and intersecting
in a tunnel. The entire region consists of a sliding
region including the train, and a static region including
the open area outside the tunnel and the gap between
the sliding region and the tunnel wall. The open area
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Fig. 3 Computational region and boundary conditions:
(a) a train passing through the tunnel; (b) two trains passing
by each other in the tunnel

outside the tunnel consists of two cuboids 300 m
long, 120 m wide, and 60 m high (Wang et al., 2022),
to ensure that the flow near the tunnel portals is not af-
fected by the outer domain. The sliding grid method
was used between the two regions through the inter-
face to implement the data exchange and relative slid-
ing of regions. The train surface, tunnel wall, ground,
and the front of the open area were set as the no-slip
wall, and other boundaries of the open area were set
as the pressure outlet. The train was placed 50 m from
the tunnel portals to avoid pressure fluctuation when
trains enter the tunnel (Liu et al., 2017b). The operat-
ing pressure of the entire region was set to the values
corresponding to the altitude, to simulate the condi-
tion of the realistic atmospheric pressure of different
altitudes. To realize the high temperature inside the
tunnel, before the train entered, the air temperature of
the entire region was set to the normal ambient tem-
perature corresponding to the altitude, and when the
train was about to enter, the tunnel wall was set as the
constant temperature boundary according to the tem-
perature distribution in Fig. 2b. The air temperature
inside the tunnel was set to the value corresponding to
the wall of different longitudinal positions, through
patch initialization.

2.4 Grid scheme

The hybrid grid scheme is shown in Fig. 4. Due
to the complexity of train structure, the tetrahedral
shape was adopted for the grid of the sliding region
close to the train, while the prism was adopted for the
region away from the train. The hexahedral grid was



Fig. 4 Grid diagram: (a) longitudinal section of the
computational region; (b) surface grid of the head car; (c)
surface grid at the tunnel portal

implemented in the static region as it has a geometri-
cally regular shape. The surface grids of the head car
and tunnel portal are shown in Figs. 4b and 4c. The
surface grids of the streamlined parts of train were lo-
cally densified due to its complex geometry.

To verify the grid independence, three grid gen-
eration schemes were conducted for calculation. Trains
going through a 500 m tunnel (Section 2.6) were se-
lected as the validation case. The minimum grid sizes
and the total numbers of grids of three schemes are
shown in Table S1 in the ESM. The pressure variation
curves of observation points on the tunnel wall and
train surface calculated using different grid schemes
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are shown in Fig. S2 in the ESM. The deviations of
pressure peak values of points on the tunnel wall and
train surface calculated using the coarse grid scheme
and middle grid scheme were 0.95% and 1.46%, re-
spectively, and those calculated using the middle grid
scheme and fine grid scheme were 0.78% and 0.46%,
respectively. As a result, to reduce the amount of cal-
culation, the middle grid scheme was adopted in this
paper. The total numbers of grids of models of the train
passing through the 1 km, 3 km, and 5 km tunnels
were 8 million, 10 million, and 12 million, respectively,
and those of models of two trains passing by each
other were 10.3 million, 12.5 million, and 14.8 million,
respectively.

2.5 Observation point layout

The layout of pressure observation points on the
train and tunnel is shown in Fig. 5. The points TR 1
and TR 11 were located at the tips of the nose and
tail, respectively. There were 49 pressure observation
points on the tunnel, which were 1 m above the rail
top. The spacing between each point was 0.02L,, to
compare the cases under different tunnel lengths con-
veniently. For cases of the passage of a train, the pres-
sure observation points on the tunnel and train were
located on the narrower side, as the changes on that
side are more obvious than those on the wider side
(Li et al., 2019). For cases of two trains intersecting,
the pressure observation points on the tunnel were
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Fig. 5 Layout of the observation points: (a) on the train surface; (b) on the tunnel wall
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located on the narrower side, and those on the train
were located on both sides. The points TR 2a to TR _
10a were located on the side near the tunnel, and
points TR 2b to TR_10b on the other side.

2.6 Verification of the algorithm

The precision of the numerical algorithm in this
study was verified through comparison with the re-
sults of Liu et al. (2017b). The validation cases were
trains travelling through and intersecting in the tunnel
at the speed of 350 km/h, with a tunnel length of
500 m and a cross-sectional area of 100 m*. The re-
sults are shown in Figs. S3 and S4 in the ESM. The
pressure observation point on the tunnel was 6 m from
the tunnel portal and 1 m above the rail top, and that
on the train was located at the same level as the train
nose tip and 2.845 m from it. The pressure waveforms
of the present results and those of Liu et al. (2017b)
fit well. The deviations of the pressure peak-peak
values of observation points on the tunnel and train
are 1.4% and 6.6%, respectively, when trains travel
through the tunnel, and 2.1% and 9.2%, respectively,
when trains intersect in the tunnel. Therefore, the pres-
ent numerical algorithm is accurate and reliable.

3 Determination of the computational tunnel
length

3.1 Computational tunnel length for the train
passing through the tunnel

3.1.1 Pressure wave characteristics in the tunnel

The case of a train travelling through the 1 km
tunnel was taken as an example to analyze the pres-
sure wave characteristics. The propagation processes
of pressure waves and the pressure variation of obser-
vation points on the tunnel and train are depicted in
Fig. S5 in the ESM. In Fig. S5a, the Y-axis denotes
the distance from the tunnel portal and the black lines
denote the locations of the tips of the train nose and
tail. The colored full and broken lines respectively de-
note compression waves and expansion waves travel-
ling at the speed of sound, which are provoked by the
entry of the train nose and tail, respectively. When
they reach the tunnel exit, most of them reflect as
pressure waves of the contrary nature. The arrival of
the compression wave and expansion wave causes the
pressures on the tunnel and train to rise and drop,

respectively. In Figs. S5b and S5c¢, the vertically col-
ored full and broken lines respectively represent the
arrivals of compression waves and expansion waves,
and the grey area represents the train passage. At 0 s,
the train enters the tunnel and compresses the air in
front of it (called the “piston effect”), inducing the
pressure of the train nose tip (TR 1) to rise sharply
and provoking a compression wave to propagate for-
ward. When it reaches the tunnel midpoint (TU_25),
the pressure rises rapidly. With the further entry of the
train, the pressures of TR 1 and TU 25 have a slight
second rise due to the friction effect of air, and then
drop as the expansion wave arrives. In addition, as the
train moves away the air around it forms a high pres-
sure region in front of it and a negative pressure re-
gion on each side of it. When it passes observation
points on the tunnel, the pressure first rises slightly,
then drops rapidly, and recovers after the train passes
completely.

3.1.2 Determination of tunnel length

The propagation process of pressure waves and
the corresponding pressure variation curves of TU 25
and TR 1 during the passage of trains through the
tunnels with lengths of 3 km and 5 km are depicted in
Figs. S6 and S7 in the ESM, respectively. Az, and Af,
indicate the time intervals between the compression
waves and expansion waves arriving at TU 25 and
TR 1, respectively. A¢, and Az, indicate the time inter-
vals between two adjacent expansion waves arriving
at TU 25 and TR _1, respectively. They can be calcu-
lated as follows:

A=t )
cL
At,= ——4—, 5
2 v(c+y) )
Llll Lr

A== ©)

2L, cL,
M= e 7)

According to Egs. (4) and (5), At, and At, are indepen-
dent of the tunnel length, indicating the time lengths
for the pressures of TU 25 and TR 1 to reach the
positive peaks caused by rise-drop or the negative
peaks caused by drop-rise remain unchanged, and
only the peaks decrease slightly due to the stronger at-
tenuation of pressure waves in longer tunnels. Within



the time interval between two adjacent expansion
waves or two adjacent compression waves arriving at
the observation point, the pressures at TU 25 and
TR_1 have a relatively long and stable stage, such as
At, and At,, which increase as the tunnel length in-
creases according to Egs. (6) and (7). As a result, the
stable stage is prolonged accordingly, while the pres-
sure values remain basically unchanged. The subse-
quent stable stages also show the same situation. How-
ever, in the 1 km tunnel, stable pressure stages are too
short to be clearly distinguishable. With the tunnel
length increasing from 3 km to 5 km and much longer
lengths, only the pressure waveforms have a great ef-
fect on the time length of the stable pressure stages.

The distributions of the maximum pressure (P,)
and minimum pressure (P, ) along the tunnel when a
train passes through the 1 km, 3 km, and 5 km tun-
nels, are presented in Figs. S8a and S8b in the ESM.
The P, is induced first by the arrival of the compres-
sion wave and the friction effect, and decreases as the
distance from the observation points to the tunnel por-
tal increases due to the attenuation of the compression
wave. However, when the distance is less than the
train length, as the P, is also affected by the train’s
passage, it first increases and then decreases. When
the distance is more than x, (Figs. S5a and S6, ESM),
as the reflected expansion wave arrives earlier, the
pressure drops in advance, causing the P, to decrease
faster. The x,/L,, is expressed as follows:

cL,
oL (3

tu

x,/L,~1-

where x, denotes the position where the expansion
wave reflected by the initial compression wave en-
counters the initial expansion wave for the first time.
c is set to 352 m/s, which is the median number with-
in the range (337-367 m/s) calculated according to
the temperature in Fig. 2b and Eq. (3) in the text.
Under different tunnel lengths, except at observa-
tion points closer to the tunnel portal and exit, the dis-
tribution of P, remains basically unchanged, and in
longer tunnels, the values decrease due to the stronger
attenuation of the compression wave. Eq. (8) shows
that when L, increases from 1 km to 3 km, x,/L
increases from 0.76 to 0.92, representing a change rel-
ative to the entire tunnel of 16%, and when the L, fur-
ther increases to 5 km, the x,/L,, increases to 0.94, rep-
resenting a change relative to the entire tunnel of 2%.

tu
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Furthermore, the x,/L, increases as the tunnel length
increases and is always less than 1. Therefore, with L,
increasing from 3 km to 5 km and much longer
lengths, the change of x /L, relative to the entire tun-
nel is always less than 8%. P, results from the expan-
sion wave and the train’s passage. As presented in
Figs. S5b and S7a (ESM), the expansion wave reaches
TU_25 during the passage of the train in the 1 km tun-
nel. Their superposition effect enhances the P, of
TU 25, resulting in a value 35.7% higher than that in
the 3 km tunnel. The expansion wave does not reach
TU_25 during the train’s passage in the 3 km and
5 km tunnels. In the 5 km tunnel, the value of P, de-
creases by only 0.9% and the gap between the arrival
of the expansion wave and passage of the train in-
creases, indicating that with the tunnel length increas-
ing from 3 km to 5 km and much longer lengths, the
two will not coincide. At other observation point loca-
tions, the chances of the expansion wave encountering
the train’s passage are similar, thus the distribution of
the P ;, along the tunnel length is roughly consistent.

Figs. S8c and S8d (ESM) show the distributions
of P, and P, along the train, and x/L, indicates the
ratio of the longitudinal distance from observation
points on the train to the train nose tip to the train
length. Under different tunnel lengths, the distribu-
tions of P, and P, remain unchanged. As the tunnel
length increases, the P, of observation points on the
nose and constant section body of the train basically
remain unchanged, as they result from the piston ef-
fect and friction effect, while those on the train tail de-
crease, as they result from the compression wave, and
the values of P, decrease as they result from the ex-
pansion wave.

To sum up, under different tunnel lengths, the
distributions of P, and P, along the train remain ba-
sically unchanged. With tunnel length increasing from
1 km to 3 km, the waveforms of pressures on the
tunnel and train and the distributions of P, and P
along the tunnel change greatly, but with the tunnel
length increasing from 3 km to 5 km and much longer
lengths, the pressure waveforms change only in the
duration of the stable pressure stage, and the distribu-
tion of P and P,, remains roughly unchanged. Al-
though with increasing tunnel length, reductions of
P and P, on the tunnel and train are inevitable due
to the attenuation of pressure waves, based on the
above results, the characteristics of pressures on the

tunnel and train in the 3 km tunnel can effectively
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reflect those in longer tunnels. Therefore, 3 km was
determined as an appropriate computational tunnel
length for a train passing through tunnels.

3.2 Computational tunnel length for two trains
passing by each other in a tunnel

3.2.1 Pressure wave characteristics in the tunnel

The case of trains meeting in a 1 km tunnel was
taken as an example to analyze the pressure wave
characteristics. Fig. S9 (ESM) shows the propagation
processes of pressure waves in the tunnel and the
pressure variation curves of observation points on the
tunnel and train. As the temperature along the tunnel
is distributed asymmetrically about the tunnel mid-
point, the speed of pressure waves from the tunnel
portal and exit are different. Consequently, the mo-
ments when they reach TU_25 have a small interval.

3.2.2 Determination of tunnel length

The propagation processes of pressure waves
and the pressure variation curves at TU 25 and TR 1
in the 3 km and 5 km tunnels are shown in Figs. S10
and S11 (ESM). A¢;—At, can be calculated as follows:

Ltr

A=t ©)
A= e (10)

v(ic+v)

i Lu L.
Atj= "% = =x, (11)

L cL
At]= —4 — —— 12
= e (12)

where the small time interval between the pressure
waves from the tunnel portal and exit reaching TU 25
is ignored in Egs. (9) and (11).

Similar to cases of trains travelling through tun-
nels of different lengths, according to Egs. (9)-(12),
the tunnel length affects only Az} and A¢,, which indi-
cates that the times for the pressures at TU 25 and
TR 1 to peak remain unchanged. The pressure wave-
forms have a big effect only on the duration of the sta-
ble stages with tunnel length increasing from 3 km to
5 km and much longer lengths.

Fig. S12a (ESM) shows the distribution of P,
along the tunnel when two trains pass each other in
the 1 km, 3 km, and 5 km tunnels. The overall distri-
bution is roughly symmetrical about the tunnel mid-
point, with a high in the middle and a low at each

end. The P, results from the first arrivals of the com-
pression wave provoked by the entry of the noses of
train 1 (C1) and train 2 (C2). The closer the distance
between the observation points and the tunnel mid-
point, the shorter the time interval between the first ar-
rivals of C1 and C2. Thus, their superposition effect is
stronger, which enhances the P . At the position
where x/L, is 0.16, the P, increases sharply due to
the superposition effect of the first arrival of C2 and
the high-pressure region in front of train 1, as shown
by the point x, in Figs. S9a and S10 (ESM). x,/L,, can

be calculated as follows:

v
c+v’

x,/L, =~ (13)

Eq. (13) shows that x,/L,, is independent of the tunnel
length. Therefore, under different tunnel lengths, the
point at which the P, increases sharply is roughly
the same. At the point where x/L, is 0.84, although
the superposition of the first arrival of C1 and the
high-pressure region in front of train 2 occurs, the ar-
ea between the observation point and train 2 is wide,
the pressure is less affected by the high-pressure re-
gion, and a sharp increase of P, is not obvious. After
the distance from observation points to the tunnel por-
tal is more than x, (Figs. S9a and S10, ESM), as the
first arrival of C2 is earlier than the first arrival of the
expansion wave provoked by the entry of the tail of
train 1 (E1), the superposition effect of the first arriv-
als of C1 and C2 is no longer weakened by E1. Thus,
P_ increases faster. x,/L, can be calculated as follows:

max

~0.5— cL,

x3/Lm T[‘m

(14)

According to Eq. (14), when the tunnel length is 1 km,
3 km, and 5 km, the values of x,/L,, are 0.26, 0.42, and
0.45 respectively, which are roughly the same as
those at the position where the P, starts to rise faster
in Fig. S12a (ESM). With the tunnel length increasing
from 1 km to 3 km, the change of x,/L,, relative to the
entire tunnel is 16%, reducing to 3% as the tunnel
length increases to 5 km. Furthermore, x,/L,, increases
as the tunnel length increases and is always less than
0.5. Therefore, with the tunnel length increasing from
3 km to 5 km and much longer lengths, the change of
x,/L,, relative to the entire tunnel is less than 8%.

The distribution of the P, values along the tun-

min

nel is shown in Fig. S12b (ESM). They also distribute



roughly symmetrically about the tunnel midpoint. With
the tunnel length increasing from 1 km to 3 km, the
situation whether the expansion wave encounters the
train-passage changes, resulting in changes in the dis-
tribution and values of P . However, with the tunnel
length increasing from 3 km to 5 km and much longer
lengths, the likelihood of the expansion wave encoun-
tering the passing train remains almost unchanged,
thus the changes in the distribution and values of P,
are small. Unlike the case of trains going through
tunnels, the P,, at TR 1 occurs at the second peak
(Fig. S11b, ESM), as it results from the first arrival of
C2. Simultaneously, the P, at TR 1 occurs as the trains
intersect, as it is affected by the pressure drop caused
by the passage of train 2. As depicted in Figs. S12¢
and S12d (ESM), under different tunnel lengths, the
distributions of P, and P, along the train are the
same but the values decrease due to the more severe
attenuation of pressure waves in longer tunnels.

Similar to the determination of the tunnel length
for the passage of trains, based on the above analysis,
the characteristics of pressures on the tunnel and train
when two trains meet in a 3 km tunnel can effectively
reflect those in longer tunnels. Therefore, 3 km was
also selected as the computational tunnel length for
two trains passing each other in a tunnel.

4 Simulation results and discussion

4.1 Effect of high geotemperature on the pressure
wave

The effect of high geotemperature on pressure
waves was investigated by comparing the cases of
trains passing through and intersecting in the tunnel at
high temperature and normal ambient temperature.
The distribution of high temperature along the tunnel
is shown in Fig. 2b, with a maximum temperature
(T,..) of 62.5 °C. The normal ambient temperature
(Ty) corresponding to the altitude of 2500 m is
-1.25°C.

4.1.1 Trains passing through tunnels

Fig. 6 shows the distributions of P and P,
along the tunnel for trains passing through the ambient-
temperature and high-temperature tunnels. The distri-
butions of P, along the tunnel at the two temperatures

are the same. The P at high temperature is smaller
than that at ambient temperature, with a maximum

J Zhejiang Univ-Sci A (Appl Phys & Eng) 2024 25(11):953-969 | 961

(a) 800
—e— T=125°C

700 ° —a— T,,=62.5°C

600 -\r...“'”o.ooooo

(b) -200

—e— T,=-125°C
—s— T,,=625°C

-350

-500 [guunungnnn,
90900000000

650

Prin (Pa)

-800 |

-950

-1100 d
0.0
X/Ly,

Fig. 6 Distributions of P, and P, along the tunnel when

trains pass through an ambient-temperature tunnel and
high-temperature tunnel: (a) P, ; (b) P,. T, indicates that

the temperature inside the tunnel is the normal ambient
temperature outside the tunnel. 7, denotes the maximum

max

temperature inside the high geotemperature tunnel

reduction of 7.9%. When the train enters the ambient-
temperature and high-temperature tunnels, the air tem-
perature and air density around the tunnel portal are
as depicted in Fig. 7. The distribution of the air density
is roughly the same as that of the air temperature. The
air density decreases as the temperature rises, which
reduces the compression wave, thereby reducing the
P,_... The distribution and values of P, along the tun-
nel at high temperature both change. Compared to the
case at ambient temperature, the maximum reduction
of the P,,, reaches 44% at TU 19, and the maximum
increase reaches 89.5% at TU 41. The difference in
the P, at the two temperatures is much greater than
that in the P, ..

Fig. 8 shows the pressure variation curves at
TU 19 and TU 41, where x/L, is 0.38 and 0.82, re-
spectively. Fig. 9 shows the propagation process of
pressure waves when trains pass through tunnels at
different temperatures. The speed of propagation of
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Fig. 7 Airflow field distributions of trains entering the
ambient-temperature and high-temperature tunnels: (a)
temperature fields in the ambient-temperature tunnel and
high-temperature tunnel; (b) air density fields in the ambient-
temperature tunnel and high-temperature tunnel

pressure waves increases as the temperature rises. This
affects the superposition of the train-passage and pres-
sure waves, thereby affecting the P, along the tunnel.
At ambient temperature, the compression wave arrives
at TU 19 after the pressure drop induced by the pass-
ing train. At high temperature, it arrives in advance,
before the passage of the train. This balances part of
the pressure drop, resulting in the value of the P, be-
ing 44% smaller than that at ambient temperature. At
ambient temperature, the compression wave reaches
TU_41 before the passage of the train, which balances
part of the pressure drop, and the expansion wave ar-
rives after the pressure recovers. At high temperature,
they arrive in advance and both before the passage of
the train. Thus, the pressure drop is not affected by
them, resulting in the value of the P, being 89.5%
bigger than that at ambient temperature.

In addition, as shown in Fig. 6, the peaks of the
P, along the tunnel at high temperature move to the
tunnel portal. The distance between the peaks of the
P at the two temperatures increases as the distance
from observation points to the tunnel portal increases.
The first peaks of the P, both appear at the position
where x/L,, is 0.28. The last one at ambient temperature
appears at the position where x/L,, is 0.82 and the last
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Fig. 8 Curves of pressure variation at observation points
on the tunnel when trains pass through the ambient-
temperature tunnel and high-temperature tunnel: (a) TU_
19; (b) TU_41. C: compression wave; E: expansion wave

one at high temperature appears at the position
where x/L,, is 0.86. The pressure peaks on the tunnel
at high temperature appear increasingly earlier than
those at ambient temperature, such as at TU 19
(Figs. 8 and 9). The time interval between the first
pressure peaks at the two temperatures is 0.13 s, while
the time between the final pressure peaks is 3.04 s.
The above phenomena result from the faster propaga-
tion of pressure waves at high temperature, and as
pressure waves continuously reflect and propagate,
the distance difference between pressure waves at the
two temperatures increases.

Fig. 10 shows that the distributions of P, and
P along the train at the two temperatures are the
same, and the P, values at high temperature are
smaller than those at ambient temperature. In the
high-temperature tunnel, the air density is lower, re-
ducing the piston and friction effects, and as those at
TR 1 are the strongest, the difference of the P, at
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TR 1 is the most apparent, with a 4.6% reduction.
The pressure variation curve of TR 1 is shown in
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Fig. 11. AP, and AP, represent the pressure rise result-
ing from the piston effect and the friction effect, re-
spectively. They decrease by 65 Pa and 29 Pa at high
temperature, respectively, compared to those at ambi-
ent temperature. Although the AP, at high tempera-
ture decreases, the friction effect is not only reduced
with the air density decreasing, but also enhanced with
the air viscosity increasing. The reduction of AP, indi-
cates that the change of the friction effect with the
air density is greater than that with the air viscosity
with the temperature rising. At high temperature, ex-
cept when the P, of TR 1 is 12% lower than that at
ambient temperature, the P, values of the observa-
tion points are about 6% higher. Although the de-
crease of the air density reduces the expansion wave,
for TR 1, the reduction effect of the temperature rise
on the piston effect and friction effect is greater than
that on the expansion wave, causing a reduction of
the pressure rise larger than that of the pressure drop.
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Fig. 11 Curves of pressure variation at observation points
on the train: (a) curves of trains passing through the
ambient-temperature tunnel and high-temperature tunnel;
(b) enlargement of the dashed rectangle in Fig. 11a. N and H
represent the conditions under normal ambient temperature
and high temperature, respectively
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In addition, the pressure peaks on the train at high
temperature also gradually appear earlier, and the
time interval between the first pressure peaks of TR 1
resulting from pressure waves at the two temperatures
is 0.83 s, while that between the final pressure peaks
is 2.39 s.

4.1.2 Two trains passing by each other in a tunnel

o and P,
along the tunnel for two trains meeting in the ambient-
temperature and high-temperature tunnels. The P, at
TU_25 is the largest at the two temperatures. The P,
values at high temperature are generally lower than
those at ambient temperature: the decrease in P, is
7.5% at TU 25 and 13.8% (the largest reduction) at
TU_8. Fig. 13 shows the pressure variation curves of
TU 8 and TU 25. At high temperature, the decrease
of the air density reduces compression waves. At
TU_8, as the second pressure peak at ambient temper-
ature appears later than that at high temperature and
encounters the high-pressure region in front of train 1,

Fig. 12 shows the distributions of P,
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Fig. 12 Distributions of P,, and P, along the tunnel when

two trains pass each other in the ambient-temperature
tunnel and high-temperature tunnel: (a) P,_; (b) P,,,
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Fig. 13 Curves of pressure variation at observation points
on the tunnel when two trains pass each other in the
ambient-temperature tunnel and high-temperature tunnel:
(a) TU_8; (b) TU_25

their superposition enlarges the difference of P_,.
In addition, the symmetrical point of the distribution
of P, along the tunnel at high temperature moves
slightly toward the tunnel portal. As shown in Fig. 2b,
the temperature from the tunnel midpoint to the tunnel
exit is higher than that from the tunnel midpoint to the
tunnel portal. Fig. 14 shows the propagation process
of pressure waves when trains pass through tunnels at
different temperatures. The C2 wave propagates faster
than C1, causing their point of intersection to move to
the tunnel portal. The time interval between the first
arrivals of C1 and C2 at the observation point on the
left side of the tunnel midpoint is shorter than that on
the right side, thus the superposition effect is stronger,
resulting in the P, on the left side being bigger than
those on the right symmetrical position. Compared
to the case at ambient temperature, at high tempera-
ture, the maximum increase of the P, reaches 42.5%
at TU 13, and the maximum reduction of the P,
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reaches 36.9% at TU 39. The distribution of the P,
changes, as the change of the propagation speed of
pressure waves affects their superposition and the train-
passage. As the temperatures at both sides of the tunnel
midpoint are the same at ambient temperature, the
symmetry of the distribution of the P,, about the tun-
nel midpoint is stronger than that at high temperature.

Fig. S13 (ESM) shows the distributions of P,
and P, along the two sides of the train at ambient
temperature and high temperature. The distributions at
the two temperatures are roughly the same. The P,
values at high temperature are smaller than those at
ambient temperature as the P, results not only from
the piston and friction effects, but also the first arrival
of C2, and the P, results from the expansion wave
and train 2 passing (Fig. S14, ESM). Compared to the
case at ambient temperature, at high temperature, as
the air density is lower, the compression wave is re-
duced, causing the P, to decrease, and the change at
TR 1 is the most apparent, with a 7.1% reduction.
The expansion wave and the pressure drop induced
by the passing train are also reduced, causing the P,
to decrease. The difference at TR_3b is the most appar-
ent, with a 15.6% reduction.

Fig. S15 (ESM) depicts the variation curve of the
pressure difference between two observation points,
one on each side of the middle car (the pressure differ-
ence between TR _6a and TR _6b). The pressure differ-
ence fluctuates slightly when the train enters and
leaves: there are two slight fluctuations when the
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windshield of train 2 passes and two large fluctua-
tions when the trains intersect, as the pressure of the
observation point on the side of train 1 close to train 2
is more affected by the high-pressure region and nega-
tive pressure region around train 2. When the nose of
train 2 passes, the pressure difference shows first a
negative and then a positive fluctuation, while when
the tail of train 2 passes, it shows first a positive and
then a negative fluctuation. At high temperature, the
decrease of the air density reduces the pressure of the
region around the train, causing the peak-peak value
of the pressure difference during intersection to de-
crease by 15.9%.

4.2 Effect of high altitude on pressure wave
4.2.1 Trains passing through tunnels

Fig. 15 shows the pressure variation curves of
TR_25 and TR 1 for trains travelling through the
high-temperature tunnels at different altitudes. In this
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Fig. 15 Curves of pressure variation at observation points
on the tunnel and train when trains pass through high-
temperature tunnels at different altitudes (H): (a) TU_25;
(b) TR_1
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study, the temperature inside the tunnel was assumed
to result mainly from the high geothermal environ-
ment inside the tunnel. The influence of temperature
changes outside the tunnel caused by changes in alti-
tude on the temperature inside the tunnel was as-
sumed to be negligible. Thus, as the altitude rises, the
temperature inside the tunnel does not change, and
the propagation speed of pressure waves in the tunnel
remains unchanged. Thus, their superposition and the
train’s passage are not affected, and the distributions
of P and P, along the tunnel and train also remain
unchanged. Therefore, they are not explored further in
this section. The pressure waveforms of TR 25 and
TR 1 remain unchanged, and the pressure peaks de-
crease with the rise in altitude, as the air density de-
creases with the rise in the altitude, reducing the pres-
sure waves, piston effect, friction effect and the
pressure drop resulting from the train’s passage. The
fitted curves and equations between the P, and
P_..of TR 25 and TR 1 and the altitude are shown
in Fig. 16. The absolute values of P, and P, de-
crease linearly with the rise in the altitude, and the
fitted R* coefficients are more than 0.99, indicating

that the fitting accuracies are high.
4.2.2 Two trains passing each other in a tunnel

The pressure variation curves of TU 25 and
TR 1 for two trains meeting in the high-temperature
tunnels at different altitudes are shown in Fig. 17. The
pressure waveforms remain unchanged, and the pres-
sure peaks decrease with the rise in the altitude. The
fitted curves and equations between the P, and P,
of TU 25 and TR 1 and the altitude are shown in
Fig. 18. The absolute values of P and P, decrease
linearly with the rise in the altitude, and the fitted R’
coefficients are more than 0.99. The rate of change
in the P, of TU 25 with the altitude of two trains
passing by each other in a tunnel is much faster than
that of a single train passing through a tunnel. As the
P of TU 25 of two passing trains results from two
compression waves provoked by the entries of the
noses of the two trains, the effect of altitude on the
P is greater. Fig. S16 (ESM) shows the pressure dif-
ference between TR 6a and TR _6b as the trains inter-
sect in the high-temperature tunnels at different alti-
tudes. The waveform of the variation curves remains
unchanged, and as the decrease in the air density re-
duces the pressure of the region around the train,
the peak-peak value decreases linearly with the rise
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Fig. 16 Fitted curves between P,, and P, of observation

points on the tunnel and train and the altitude when
trains pass through the high-temperature tunnel: (a) TU_
25; (b) TR_1. References to color refer to the online version
of this article

in altitude, and the fitted R* coefficient is more
than 0.99.

5 Conclusions

In this study, considering the high-temperature
distribution along a tunnel in a high altitude area, the
effects of high geotemperature and high altitude on
pressure waves of trains passing through and passing
by each other in a long tunnel were examined through
numerical simulations. The results obtained can be
summarized as follows: (1) a representative tunnel
length of 3 km was determined as an appropriate com-
putational tunnel length for high-speed trains run-
ning in a long tunnel; (2) compared to the condi-
tion of a normal ambient-temperature tunnel, when
trains go through a high geotemperature tunnel, the
pressure peaks on the tunnel and train resulting from
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Fig. 17 Curves of pressure variation at observation points
on the tunnel and train when two trains pass each other in
high-temperature tunnels at different altitudes: (a) TU_25;
(b) TR_1

pressure waves decrease and appear increasingly earlier;
(3) compared to the condition of the normal ambient-
temperature tunnel, when trains meet in a high geo-
temperature tunnel, the symmetrical point of the dis-
tribution of P, along the tunnel moves slightly to-
wards the tunnel entrance, and the distribution of P,
also changes; (4) when trains cross and meet in the
high-temperature tunnels at different altitudes, as the
altitude rises, the waveforms of pressures on the tun-
nel and train and the pressure difference between two
sides of the train remain unchanged, and the peaks
decrease linearly. The results of this study show that
when trains run in a long tunnel at high altitudes and
high geotemperatures, the pressure amplitudes on the
train surface and tunnel wall decrease integrally, and
from an aerodynamic viewpoint, it is safer for the
structure of the train body and tunnel. However, the
changing temperature affects the locations where the
P,.. and P, appear on the tunnel wall. Thus, those
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locations may require more attention during tunnel
design and maintenance, and should be more accu-
rately located considering the changing temperature.
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