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A B S T R A C T   

When a high-speed maglev train travels through a tunnel, sudden pressure changes are generated in the tunnel, 
which have a negative impact on the comfort of passengers and the service life of equipment. Moreover, a strong 
micro-pressure wave is radiated, causing environmental noise at the tunnel exit. Using the unsteady compressible 
Reynolds-averaged Navier–Stokes equations based on the shear stress transport k-ω turbulence model, this study 
investigates the effectiveness of suction (deployed on the tunnel wall) to mitigate the pressure waves and 
compares the results obtained under different suction velocities. The results show that when the suction is 
actuated, a low-pressure region is generated near the suction slots, which can trim down the initial compression 
wave and the high-pressure region in front of the train. Moreover, the instantaneous train surface pressure, 
tunnel surface pressure and micro-pressure wave have a significant relationship with the suction velocity. For 
instance, compared to the no suction case, the suction-actuated case with the suction velocity of 50 m/s con
tributes to an amplitude reduction of 10.44% and 30.61% for the first and second sudden pressure changes, 
respectively, at train surface measuring point H1 (at the nose of the train); an amplitude reduction of more than 
14% for the sudden pressure change at tunnel surface measuring point T17 (at the middle of the tunnel); and an 
amplitude reduction of 12.44% for the micro-pressure wave at measuring point M2 (outside the tunnel and 20 m 
from the tunnel exit). These indicate that the suction technique can be employed to alleviate the tunnel aero
dynamic effect. Also, the results obtained under different suction velocities can serve as a guide for the design of 
suction actuators.   

1. Introduction 

Railway transportation is a vital sustainable system connecting 
passengers and goods across the world due to its ecological nature and 
immense capacity (Lin et al., 2021; Schmutzler, 2021). Despite this, 
railway transportation faces many challenges and opportunities. For 
instance, the limited accessibility and flexibility of railway trans
portation make it difficult to offer the first and last mile travel for pas
sengers and goods. Meanwhile, the development of new transportation 
technologies is providing more efficient solutions to these challenges, 
such as bike sharing systems (Guo et al., 2021; Yu et al., 2021), drone 
transport systems (Kellermann et al., 2020; Zailani et al., 2020), and 

intelligent transport systems (Chehri & Mouftah, 2019; Dogaroglu et al., 
2021). On the other hand, limited by the friction force, the development 
of contact-type rail has gradually reached a bottleneck (Fang et al., 
2018). Thus, the maglev train has become the main research focus of 
new generation of high-speed transport systems, benefiting from its 
advantages of faster speed, lower energy consumption, higher stability, 
and less impact on the environment (Sun et al., 2021). 

In recent decades, the operating speed of maglev trains has made a 
great breakthrough. The Shanghai high-speed maglev reached the 
maximum commercial operating speed of 430 km/h (Shi et al., 2022; 
Vuchic & Casello, 2002). The L0 Series maglev in Japan set a world 
record of the ultrahigh speed at 603 km/h in 2015 (Dong et al., 2019; 
Han & Kim, 2016). The 600 km/h high-speed maglev was rolled out in 
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China (Lin & Sheng, 2018; Schmid et al., 2021). However, the 
state-of-the-art maglev technology has not completely resolved the po
tential environmental and riding comfort issues associated with the 
running speed from 400 km/h to 600 km/h (Han & Kim, 2018; Minelli 
et al., 2021; Zhou et al., 2021). One of the critical challenges resides in 
the generation of compression waves, expansion waves, and 
micro-pressure waves (MPWs) when a high-speed maglev train passes 
through tunnels (Han et al., 2022; Zhou et al., 2022) as shown in Fig. 1. 
These waves can cause significant pressure disturbances in the tunnel, 
leading to noise and other aerodynamic issues. Thus, minimizing the 

impact of these waves is crucial for ensuring safe, efficient, and suitable 
operation of maglev trains in tunnels. 

2. Literature review 

The typical and efficient measures to resolve the above problem are 
the deployment of tunnel hoods and ventilation shafts (Li et al., 2022b; 
Saito et al., 2013; Xiang et al., 2018). In recent years, there are many 
studies addressing tunnel hoods, including the investigations on oblique 
hoods (Zhang et al., 2017, 2018), enlarged section hoods (Li et al., 2019; 

Nomenclature 

CH1 Initial compression wave generated by the head car 
entering the tunnel 

CH3 Third-reflected compression wave generated by the 
reflection of the second-reflected expansion wave 

CT2 Second-reflected compression wave generated by the 
reflection of initial expansion wave 

EH2 Second-reflected expansion wave generated by the 
reflection of initial compression wave 

ET1 Initial expansion wave generated by the tail car entering 
the tunnel 

ET3 Third-reflected expansion wave generated by the reflection 
of the second-reflected compression wave 

H1-H33 Maglev train surface pressure measuring points 
Htr Height of the maglev train 
k Turbulence kinetic energy 
Ltr Length of the maglev train 
Ltu Length of the tunnel 
M1-M10 Micro-pressure wave measuring points 
Stu Cross-sectional area of the tunnel 

SV10 Suction velocity at 10 m/s 
SV20 Suction velocity at 20 m/s 
SV30 Suction velocity at 30 m/s 
SV40 Suction velocity at 40 m/s 
SV50 Suction velocity at 50 m/s 
t Time 
T1-T31 Tunnel surface pressure measuring points 
USV Unactuated suction velocity case 
w Specific dissipation rate 
Wtr width of the maglev train 

Abbreviations 
CFD Computational fluid dynamics 
FSPC First sudden pressure change 
ICW Initial compression wave 
MPW Micro-pressure wave 
MPWs Micro-pressure waves 
SSPC Second sudden pressure change 
SST Shear stress transport 
TSPC Third sudden pressure change  

Fig. 1. (a) Generation of pressure waves by a stationary train; (b) generation of pressure waves by a moving train; (c) generation of compression waves, expansion 
waves, and micro-pressure waves in the train/tunnel aerodynamics. (For interpretation of the references to color in this figure legend, the reader is referred to the 
web version of this article.) 
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Wang et al., 2018) or windows on tunnel hoods (Miyachi & Fukuda, 
2021; Okubo et al., 2022). Apart from the traditional tunnel hoods, a 
bio-mimic tunnel hood has been developed by imitating the respiration 
of hunter shark gills (Kim et al., 2021a, 2021b). Like the research made 
on tunnel hoods, the majority of studies on ventilation shafts have 
focused on parametric investigations, including the location, ratio and 
shape of ventilation shafts (Luo et al., 2020; Xiang et al., 2018). Only 
passive approaches were addressed in the previous studies where 
different tunnel hoods and ventilation shafts require different tunnel 
external or internal structures, respectively. While a ventilation hood or 
ventilation shaft can be well designed in advance, their alleviation effect 
may be insufficient as the running speed of train increases. Furthermore, 
due to the complex environment around a tunnel, it is oftentimes diffi
cult to construct a ventilation hood or ventilation shaft in practice. 
Compared with the passive mitigation methods, active mitigation 
methods are more flexible and competitive. 

Inspired by vacuum cube high-speed trains (Gillani et al., 2019; 
Zhong et al., 2021), tunnel ventilation technology (Li & Chen, 2019; 
Zhang & Li, 2021) and active flow control techniques used in high-speed 
trains and large-scale bridges (Chen et al., 2022; Xue et al., 2021), this 

study explores the feasibility of active suction on tunnel walls to miti
gate pressure variations in tunnels, thereby further alleviating the 
interaction of maglev train/tunnel aerodynamics. The novelty of this 
study and its potential contribution to healthy transportation and 
resilient environments are summarized as follows:  

• The flow topologies, train surface pressure, tunnel surface pressure, 
and micro-pressure wave with and without suction are compared in 
this study, with intent to investigate whether the suction control 
could affect the propagation of pressure waves, thereby providing 
insights into the behavior of suction actuation on the maglev train/ 
tunnel aerodynamic effects. 

• Building on the above study, the train surface pressure, tunnel sur
face pressure, and micro-pressure wave obtained under different 
suction velocities are comparatively analyzed in detail, to examine 
the influence of suction velocity on the propagation of pressure 
waves, which could serve as a guidance for tunnel engineers in 
designing and implementing the suction actuation to alleviate the 
maglev train/tunnel aerodynamic effects. 

Fig. 2. Pressure measuring points and model: (a) train surface pressure measuring points, (b) MPW measuring points, (c) front view of tunnel measuring points, and 
(d) side view of suction slots and tunnel surface pressure measuring points. (Unit: meter). (For interpretation of the references to color in this figure legend, the reader 
is referred to the web version of this article.) 
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The remaining sections below are structured as follows. The 
computational model, settings in numerical method, and validation are 
presented in Section 2. Section 3 provides an analysis about the influ
ence of suction velocity on the maglev train surface pressure, tunnel 
surface pressure and micro-pressure wave (MPW). Conclusions are 
drawn in Section 4. 

3. Methodology 

3.1. Geometry model and computational domain 

In this study, a full-scale, simplified high-speed maglev train model is 
considered to evaluate the influence of suction on the tunnel aero
dynamic effects. As shown in Fig. 2, the maglev train of concern consists 
of three cars, with a total length of Ltr = 50.00 m, height of Htr = 4.00 m 
and width of Wtr = 3.70 m, and its running speed is assumed to be 430 
km/h. A double-track tunnel is considered with a line spacing of 5 m, 
and the length of the tunnel is Ltu = 500 m with a cross-sectional area of 
Stu = 100 m2. The position and dimension of the suction actuators are 
described in Fig. 2(d). There are three pairs of actuation slots positioned 
near the tunnel entrance, middle and exit, in coincidence with the wave 
generation, propagation and emission processes, respectively. To assess 
the effectiveness of multiple suction slots, paired actuation slots with a 
width of 0.50 m are adopted to monitor the pressure variations between 
them, with a spacing of 1.00 m between each pair. 

To evaluate the impact of suction on wave propagation, a series of 
measuring points are arranged. Fig. 2(a) illustrates the locations of the 
train surface’s measuring points H1 to H33 (near the tunnel side). 
Among them, the measuring points H1 to H6 and H28 to H33 are 
positioned on the streamline zone. In addition, to evaluate the pressure 
distribution of the train in the vertical direction, the middle cross- 
sections of the cars are monitored, i.e., H8 to H12 on the head car, 
H15 to H19 on the middle car, and H22 to H26 on the tail car. To analyze 

the pressure distribution along the longitudinal direction, measuring 
points H7, H13, H14, H20, H21 and H27 are positioned at the train’s 
half-height. Similarly, Fig. 2(c) and (d) show the positions of measuring 
points on the tunnel surface. To evaluate the variation of the tunnel 
surface pressure, particularly along its length, measuring points are set 
at the level of train’s half height, including T3, T6, T7, T8, T9 and others. 
Extra measuring points are arranged near the actuation slots, e.g., T1 to 
T6, T12 to T20, and T26 to T31. In addition, there are 10 MPW 
measuring points outside the tunnel exit, as shown in Fig. 2(b). 

Fig. 3 shows the computational domain and its main dimensions. The 
sizes of the tunnel entrance domain are the same as those of the exit 
domain, with a length of 600 m, a width of 120 m and a height of 60 m. 
There is an initial distance of 100 m in front of the train. As for the 
boundary conditions, the no-slip wall is applied on the train, tunnel, 
track, and ground (ground surfaces include surfaces EFGH, A’B’C’D’, 
BDFH, B’D’F’H’) as shown in Fig. 3(a). The sides and top of the tunnel 
entrance domain (surfaces ABEF, CDGH, ABCD, ACEG) are treated as the 
pressure inlet boundary condition, while those of the tunnel exit domain 
(surfaces A’B’E’F’, C’D’G’H’, E’F’G’H’, A’C’E’G’) are the pressure outlet 
boundary condition; The reference pressures on the pressure inlet and 
outlet boundary conditions are both presumed static pressure (0 Pa). A 
uniform, constant velocity profile is given at the actuation slots, which is 
normal to the tunnel surface. To study the impact of suction velocity on 
the tunnel aerodynamic effects, five different suction velocities of 10, 
20, 30, 40 and 50 m/s are considered, denoted as SV10, SV20, SV30, 
SV40 and SV50, respectively. When the suction slots are unactuated 
(denoted as USV), the slot surfaces are defined as no-slip wall. 

As illustrated in Fig. 3(b), the sliding mesh method, which has been 
widely used in studying tunnel aerodynamic effects (Chen et al., 2017; 
Li et al., 2021b; Meng et al., 2021), is employed in this study. The 
computational domain is divided into the sliding domain and the static 
domain. The train is included in the sliding domain, and the others are in 
the static domain. The moving velocity of the sliding domain is set as 

Fig. 3. (a) Computational domain and (b) sketch of different domain parts. (Unit: meter). (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 

Z.-W. Chen et al.                                                                                                                                                                                                                                



Sustainable Cities and Society 96 (2023) 104682

5

119.44 m/s (i.e., the train’s operating speed 430 km/h) to simulate the 
relative motion between the tunnel and maglev train. The interface 
boundary condition is used to exchange data between the sliding domain 
and the static domain. 

3.2. Computational mesh and numerical scheme 

A hybrid mesh is adopted in this study. A hexahedral mesh is con
structed in all regions except the complex streamline region where a 
tetrahedral mesh is applied. Fig. 4 shows the surface mesh of the nu
merical model. Same as the meshing strategy used in earlier studies 
(Chen et al., 2017; Li et al., 2021a; Liu et al., 2019b; Yang et al., 2021), 
the size of the train surface cells ranges between 0.01 and 0.10 m. The 
cells around the actuation slots are refined (0.05 m) to preserve their 
geometric features and surrounding flow information. There are 
approximately 22 million computational cells in total. 

ANSYS FLUENT 2020R2, a commercial computational fluid dy
namics (CFD) software, is used to perform all the simulations in this 
study. The unsteady, compressible shear stress transport (SST) k-ω tur
bulence model is adopted, which was popular in previous studies on 
tunnel aerodynamic effects (Wang et al., 2021). The Semi-Implicit 
Method for Pressure-Linked Equations algorithm is employed for the 
pressure-velocity coupling, where the Least Squares Cell-based algo
rithm is chosen for computing the related gradient terms. The dis
cretization schemes of all equations are second-order accuracy. The time 
advance process is implemented using the second-order implicit scheme. 
The physical advance time-step size from one iteration to the next is set 
as 0.005 s (Li et al., 2020; Liu et al., 2017; Niu et al., 2018), and the 
number of maximum iterations in each time-step is set as 30. 

3.3. Validation of numerical scheme 

The full-scale experimental data from Liu et al. (2019a) are used for 
the validation of the numerical scheme. The test adopted the China 
high-speed train CRH2, an eight-car train. In the test, the train passed 
through the 1921 m-long Pingtu tunnel (the efficient clearance area of 
the tunnel is 100 m2) at 300 km/h. Using the same mesh-generating 
strategy and numerical settings described in Section 2.2, Fig. 5 com
pares the instantaneous pressure variations between the simulation and 
experimental results. The measuring point related to Fig. 5(a) is posi
tioned at the middle of the fourth car of CRH2, and that related to Fig. 5 
(b) is located in the tunnel and 415 m from the tunnel entrance portal. 
The results from the numerical simulation agree well with those from 
the full-scale experiment. The relative errors are all less than 10%, which 
are mainly because the simplification of the train model slightly alters 
the blocking ratio. Altogether, it is validated that the current 
mesh-generating scheme and numerical settings are feasible for this 
study. 

4. Results and discussion 

4.1. Flow structure analysis 

To comprehend the impact of suction on the flow structures, Fig. 6 
presents the flow structures in the tunnel under the unactuated and 
suction-actuated cases. Compared with those in the suction-actuated 
cases, the flow field of the unactuated case is relatively stable, and the 
pressure distribution is more uniform and closer to the atmospheric 
pressure. When the suction is actuated, the airflow near the suction slots 
is sucked away through the slots, thus forming a low-pressure region 
there. Fig. 7 further shows the evolution process of the flow structures 
during the passage of the train under the USV and SV50 cases. The high- 
pressure region generated by the entrance of the train is weakened under 
SV50, as shown in Fig. 7(a) and (b), since it is needed to overcome the 
flow field formed by the suction. In addition, at t = 2.93 s and t = 5.00 s, 
the high-pressure region in front of the train decreases significantly 
under SV50. 

4.2. Transient pressure on the train surface 

4.2.1. Pressure variation and distribution 
Fig. 8 illustrates the process of pressure wave propagation at the 

measuring point H17 (at the middle of the middle car) under the USV 
and SV50 cases. In this figure, marks E and C denote the expansion and 
compression waves, respectively. Marks H and T represent the head and 
tail cars, respectively. Subscripts H and T refer to the pressure waves 
caused by the head and tail cars, while the number in subscripts signifies 
the number of reflections of pressure waves. The propagation of pressure 
waves in the tunnel under SV50 is consistent with that under USV, 
indicating that the suction does not affect the propagation of pressure 
waves. At t = 0.84 s, as the train nose enters the tunnel, CH1 is generated 
and propagates towards the exit at sonic speed. When CH1 reaches the 
tunnel exit portal at t = 2.31 s, one part of its energy is reflected to form 
EH2, and the other part is emitted outside the tunnel as an MPW. Like
wise, at t = 1.26 s, when the train tail enters the tunnel, ET1 is generated 
and propagates towards the entrance. At t = 2.73 s, CT2 is formed at the 
exit by the reflection of ET1. For the instantaneous pressure at the 
measuring point H17, the pressure at H17 falls rapidly at t = 1.37 s when 
ET1 catches up to H17. Moreover, when the reflected pressure waves EH2 
and CT2 meet H17 at t = 3.07 and 3.38 s, the pressure at H17 suffers a 
significant decrease and increase. The sudden pressure variations at H17 
perfectly comply with the moment when the pressure waves act on the 
measuring point, indicating sufficient accuracy of the numerical simu
lation in the current study. 

The instantaneous pressure variations at H1, H2 and H3 on the head 
car are shown in Fig. 9(a). H1 and H2 have a very high positive pressure 
value because they are close to the stagnation point of the head car, 
where the positive pressure is much stronger than the pressure varia
tions induced by the pressure waves. However, for H3, the peak value of 
its first sudden pressure change (FSPC) is positive, but that of its second 
sudden pressure change (SSPC) is negative because there is a distance 

Fig. 4. (a) Train surface mesh and (b) tunnel and suction actuation slot surface mesh. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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from the stagnation point. The pressures at H31, H32 and H33 on the tail 
car have similar trends. However, compared with those at H1, H2 and 
H3, the pressure amplitudes at H31, H32 and H33 are smaller, and even 
their FSPC disappears. In addition, Fig. 9(a) clearly shows the advantage 
of the suction flow control. On the one hand, the pressure amplitudes at 
H1, H2 and H3 experience a considerable reduction; on the other hand, 
the magnitudes of FSPC and SSPC at H1, H2 and H3 also have a sig
nificant reduction. As shown in Fig. 9(b), under SV50, there is a small 
drop in the magnitude of FSPC at H31, H32 and H33, and the pressure 
amplitudes at H31, H32 and H33 slightly decline after FSPC. Fig. 10 
shows the instantaneous pressure variations near the streamline regions. 
The pressure near the streamline regions fluctuates in the negative 
pressure region because of the flow acceleration in these regions. After 
the suction is actuated, the pressure amplitudes near the streamline 
regions have an obvious increase, except for the region before FSPC. 

Fig. 11 shows the instantaneous pressure variations at the measuring 
points H13, H14, H20 and H21, all of which are distributed at the train’s 
half height. Because the pressure waves act on the measuring points in 

turn, there is a shift between the pressure variations at these measuring 
points. Furthermore, the pressure amplitudes at H15, H16, H17 and H18 
progressively decrease from the head to the tail. Under SV50, there is a 
drop in the magnitudes of FSPC and SSPC at H13, H14, H20 and H21. 
Along the height direction, the pressure variations at H15, H16, H17 and 
H18 are shown in Fig. 12. Although the pressure variations at H15 (on 
the roof) are slightly different, the pressure variations at H16, H17 and 
H18 (on the side) nearly overlap. Similarly, the magnitudes of FSPC and 
SSPC at H15, H16, H17 and H18 decrease under SV50. In addition, 
Fig. 12 shows that the pressure amplitudes between FSPC and SSPC 
increase and the pressures after SSPC decrease, which can further reduce 
the pressure gradient near FSPC and SSPC. 

4.2.2. Effect of different suction velocities 
To further identify the influence of suction velocity, the instanta

neous pressure variations at H1 (at the train nose and near the highest- 
pressure region) and H17 (at the middle of the train, which is less 
affected by the flow structures of the head and tail cars) under different 

Fig. 5. Comparison of instantaneous pressure variations: (a) train surface and (b) tunnel surface. The full-scale test data are from Liu et al. (2019a). (For inter
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 6. Flow structures in the tunnel under the unactuated and suction-actuated cases: (a) the tunnel entrance portal under USV, (b) the tunnel entrance portal under 
SV50, (c) the middle of the tunnel under USV, (d) the middle of the tunnel under SV50, (e) the tunnel exit portal under USV, and (f) the tunnel exit portal under SV50. 
The section is at the train’s half height, and the pink lines represent the locations of suction actuators. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 
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suction velocities are presented in Fig. 13. For H1, the magnitude of 
FSPC and the pressure amplitudes in the region between FSPC and SSPC 
considerably decrease with increasing suction velocity. At the same 
time, the magnitude of SSPC and the pressure amplitudes in the region 
behind SSPC increase steadily, but the magnitude of SSPC changes little 
when the suction velocity increases from 30 m/s to 50 m/s. Compared 
with H1, the magnitude of FSPC at H17 experiences a smaller fall as the 
suction velocity increases. Moreover, the reduction in the magnitude of 
FSPC becomes smaller with increasing suction velocity. Similarly, the 
magnitude of SSPC at H17 increases slightly as the suction velocity 

increases, but the increase is small after the suction velocity reaches 30 
m/s. 

To gain a quantitative insight into the influence of suction velocity 
on the magnitudes of FSPC and SSPC, Fig. 14 shows the peak, valley, and 
peak-valley values of FSPC at H1 and H17 under different suction ve
locities. As depicted in Fig. 14(a) and (b), the peak and valley values of 
the FSPC have almost the same trend as the suction velocity, which 
means that the FSPC shifts up and down with the suction velocity, and 
the magnitude of the FSPC does not change considerably (see Fig. 14(e) 
and (f)). However, in Fig. 14(c) and (d), the peak values of SSPC at H1 

Fig. 7. Evolution process of the flow field during the passage of the train: (a) t = 0.84 s under USV, (b) t = 0.84 s under SV50, (c) t = 2.93 s under USV, (d) t = 2.93 s 
under SV50, (e) t = 5.00 s under USV, and (f) t = 5.00 s under SV50. The section is at the train’s half-height, and the pink lines represent the locations of suction 
actuators. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 8. Propagation of pressure waves at H17: (a) USV and (b) SV50. The upper part of the figures shows the pressure wave propagation, and the lower part of the 
figures shows the pressure variations at H17. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 
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and H17 decrease with increasing suction velocity, while the valley 
value of SSPC increases. Thus, the reduction of SSPC is relatively sig
nificant in Fig. 14(e) and (f), especially at H1. 

To further quantify the alleviation effect of suction velocity on the 
sudden pressure changes, Table 1 compares the peak-valley values of 
FSPC and SSPC under different suction velocities, where the peak-valley 
values of FSPC and SSPC under USV are taken as a reference. As the 
suction velocity increases, a significant downward trend is observed in 
the magnitudes of SSPC at H1 and H17. For instance, under SV50, the 
magnitudes of SSPC at H1 and H17 decrease by 30.61% and 16.94%, 
respectively. However, the reduction of FSPC is quite limited. Although 

there are 10.44% and 6.82% drops in the magnitudes of FSPC at H1 and 
H17, respectively, the variations in FSPC between SV40 and SV50 do not 
exceed 1%, and even the magnitude of FSPC at H1 shows a small in
crease from SV40 to SV50. 

4.3. Transient pressure on the tunnel surface 

4.3.1. Pressure variation and distribution 
Fig. 15 illustrates the process of pressure wave propagation at the 

tunnel surface measuring point T17 (the middle of the tunnel) under the 
USV and SV50 cases. The whole propagation process of the pressure 

Fig. 9. Instantaneous pressure variations at measuring points near the stagnation points for (a) the head car and (b) the tail car. (For interpretation of the references 
to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 10. Instantaneous pressure variations at measuring points near the streamlined regions for (a) the head car and (b) the tail car. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 11. Instantaneous pressure distributions along the longitudinal direction. 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 12. Instantaneous pressure distributions along the vertical direction. (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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waves is highly identical to that in Fig. 8, but the instantaneous pressure 
variations at the tunnel surface measuring points are different from 
those at the train surface measuring points. As illustrated in Fig. 15, 
there are three sudden pressure changes at T17, while H17 has only two 
(see Fig. 8). The first sudden pressure change (FSPC) occurs when the 
initial compression (CH1) and expansion (ET1) waves propagate succes
sively to T17. Then, the second sudden pressure change (SSPC) is the 
cooperative effect of the train nose, the expansion wave (EH2), the train 
tail, and the compression wave (CT2) passing through T17 in succession. 
As the train nose passes by, there is a sharp drop in the pressure at T17, 
and this pressure will fall further when EH2 passes by. Thus, the 
magnitude of SSPC is much larger than that of FSPC. The third sudden 
pressure change (TSPC) is the result of successive passage of the 
compression (CH3) and expansion (ET3) waves. 

Fig. 16 shows the instantaneous pressure variations of the measuring 
points T3, T9, T17, T23 and T31. These measuring points are at half the 
train height, where T3, T17 and T31 are distributed between each pair of 
actuation slots, while T9 and T23 are in the middle of two pairs of 
actuation slots. As shown in Fig. 16, the instantaneous pressure varia
tions of these measuring points are distinct because of different locations 
of the measuring points. For example, SSPC at T17 in Fig. 15 is the su
perposition effect caused by the passage of the train and pressure waves; 
but in other measuring points, SSPC is split into two negative sudden 
pressure changes, and the distance between them changes as the 
measuring point approaches the tunnel exit. On the magnitude of FSPC, 
T31 is the smallest (near the tunnel exit portal), followed by T3 (near the 
tunnel entrance portal), and finally by T9, T17 and T23 (closer to the 
middle of the tunnel). In addition, suction can significantly reduce the 
magnitude of FSPC, which is one of the main indices for evaluating the 
magnitude of the pressure waves (Han et al., 2022; Li et al., 2022a; 
Xiong et al., 2020). Nevertheless, a comparison of the instantaneous 
pressure variations at T9, T17 and T23 (points in the front, middle and 
rear of middle suction actuators) tells that the reductions of FSPC at 
these measuring points are almost the same, which means that the 
alleviation effect of suction on the tunnel wall cannot be accumulated. 

To further reveal the tunnel surface pressure variations before and 
after actuating the suction, Fig. 17(a) shows the instantaneous pressure 
variations at T13, T16 and T19, which are located at both the sides and 

middle of the middle suction actuators. As shown in Fig. 17(a), under 
SV50, the magnitudes of FSPC, SSPC and TSPC at these measuring points 
suffer a dramatic decrease, except that the magnitude of SSPC at T19 
increases slightly, which is caused by the superposition effect shown in 
Fig. 16. In addition, the magnitudes of FSPC at the measuring points are 
almost the same before the suction is actuated, but the reductions of 
FSPC at these points are slightly different after the suction is actuated. 
The reduction of FSPC in the middle of the suction actuators (T16) is the 
largest, while the reduction in the front of suction actuators (T13) is 
greater than that in the rear of the suction actuators (T19). Fig. 17(b) 
shows the instantaneous pressure variations at T15, T16 and T17. Under 
SV50, the pressure variations at the measuring points basically overlap 
like those under USV, indicating that the pressure waves still propagate 
in one dimension after the suction is actuated. 

4.3.2. Effect of different suction velocities 
Fig. 18 shows the instantaneous pressure variation at T17 under 

different suction velocities. The absolute pressure at T17 decreases when 
the suction is actuated, especially the magnitudes of FSPC, SSPC and 
TSPC. However, the absolute pressure at T17 does not decrease signif
icantly. There is a tiny difference between the pressure curves under 
USV and SV10. When the suction velocity increases from 10 m/s to 30 
m/s, the absolute pressure at T17 decreases obviously. After the suction 
velocity increases to 40 m/s or 50 m/s, the decreasing rate of the ab
solute pressure at T17 becomes slower, which is similar to the train 
surface pressure variations shown in Fig. 13(b). 

As shown in Fig. 19, although FSPC and TSPC have similar magni
tudes, the alleviation effect of suction on them is slightly different. When 
the suction velocity increases, the peak value of TSPC decreases faster 
than that of FSPC, so the downtrend of the magnitude of TSPC is more 
obvious than that of FSPC (see Fig. 19(a) and (c)). Furthermore, as the 
suction velocity increases, the downtrend of the magnitude of SSPC is 
the steepest (see Fig. 19(d)) because the trends of its peak and valley 
values are opposite (see Fig. 19(b)), which greatly decreases the peak- 
valley value of SSPC. Table 2 lists the reduction percentage of sudden 
pressure change at T17 under different suction velocities, with the value 
from USV as a reference. When the suction velocity increases to 50 m/s, 
the magnitude of TSPC decreases significantly by 32.02%, while those of 
FSPC and SSPC decrease by 14.95% and 15.96%, respectively. In addi
tion, unlike the train surface sudden pressure changes, when the suction 
velocity increases from 40 m/s to 50 m/s, the variation of the tunnel 
surface sudden pressure changes is still larger than 1%, meaning that 
there is space to further increase suction velocity to alleviate the tunnel 
surface sudden pressure changes. 

4.4. MPW at the tunnel exit 

One part of the “head wave”, i.e., initial compression wave (ICW) 
CH1, radiates as an MPW at the tunnel exit, causing noise pollution. 
Fig. 20 shows the MPW at the measuring points M1 to M7 under the USV 
and SV50 cases. The amplitude of the MPW decreases as the distance 
from the exit increases either under USV or SV50. However, under SV50, 
the amplitudes of the MPW at each measuring point obviously decrease. 
The effect of suction gradually weakens with increasing distance from 
the exit. For example, the reduction of amplitude of the MPW is obvious 
at M1, but it is difficult to observe at M9, as shown in Fig. 20(b). 

According to previous studies (Fukuda et al., 2006; Standardization, 
2018), the magnitude of the MPW is approximately proportional to the 
pressure gradient of the ICW. Fig. 21 shows both the wavefront of the 
ICW and its pressure gradient at T17. The wavefront of the ICW at T17 
decreases as the suction velocity increases, and its pressure gradient 
decreases accordingly. Finally, as displayed in Fig. 22, the amplitude of 
the MPW is alleviated. Herein, the amplitudes of MPWs at M2 and M5 
are selected for analysis since they are key indices used to measure the 
intensity of noise pollution (Han et al., 2022; Zhang et al., 2017). As 
shown in Fig. 22, the amplitudes of the MPW at M2 and M5 decrease as 

Fig. 13. Instantaneous pressure variations under different suction velocities: 
(a) H1 and (b) H17. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 
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the suction velocity increases, but the amplitude of the MPW at M2 
decreases more than that at M5, as shown in Fig. 20. The relationship 
between the amplitude of the MPW and the suction velocity is shown in 

Fig. 23, and Table 3 lists in detail the reduction in the MPW. Compared 
to those under USV, the amplitudes of the MPW under SV50 at M2 and 
M5 decrease by 12.44% and 11.91%, respectively. 

Fig. 14. The peak, valley and peak-valley values of FSPC and SSPC versus suction velocity: (a) the peak and valley values of FSPC at H1, (b) the peak and valley 
values of FSPC at H17, (c) the peak and valley values of SSPC at H1, (d) the peak and valley values of SSPC at H17, (e) the peak-valley values of FSPC and SSPC at H1, 
and (f) the peak-valley values of FSPC and SSPC at H17. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 

Table 1 
Comparison of the peak-valley values of FSPC and SSPC under different suction velocities.  

Measuring points Sudden pressure change USV SV10 SV20 SV30 SV40 SV50 

H1 FSPC \ − 7.29% − 8.87% − 7.95% − 11.06% − 10.44% 
SSPC \ − 5.67% − 13.54% − 20.43% − 26.56% − 30.61% 

H17 FSPC \ − 2.32% − 3.34% − 4.15% − 6.14% − 6.82% 
SSPC \ − 3.81% − 7.74% − 11.24% − 13.82% − 16.94%  
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Fig. 15. Propagation of pressure waves at T17: (a) USV and (b) SV50. The upper part of the figures shows the pressure wave propagation, and the lower part of the 
figures shows the pressure variations at T17. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 16. Instantaneous pressure variations at the measuring points along the 
tunnel. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 

Fig. 17. Instantaneous pressure variations at the measuring points: (a) around the suction actuators, and (b) in the middle section of the tunnel. (For interpretation of 
the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 18. Instantaneous pressure variations at T17 under different suction ve
locities. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 
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5. Conclusions 

In this study, the application of the suction flow method on a tunnel 

wall under different suction velocities has been investigated using a 
compressible, unsteady, SST k− ω turbulence model. The suction actu
ators are positioned near the entrance, middle and exit of the tunnel 

Fig. 19. The peak, valley and peak-valley values of FSPC, SSPC and TSPC at measuring point T17 versus suction velocity: (a) the peak and valley values of FSPC, (b) 
the peak and valley values of SSPC, (c) the peak and valley values of TSPC, and (d) the peak-valley values of FSPC, SSPC and TSPC. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 

Table 2 
Comparison of the peak-valley values of FSPC, SSPC and TSPC at T17 under different suction velocities.  

Measuring points Pressure sudden change USV SV10 SV20 SV30 SV40 SV50 

T17 FSPC \ − 1.90% − 7.39% − 11.54% − 13.37% − 14.95% 
SSPC \ − 3.34% − 7.25% − 11.44% − 14.84% − 15.96% 
TSPC \ − 4.87% − 14.13% − 22.88% − 26.67% − 32.02%  

Fig. 20. (a) Distributions of the MPW at the tunnel exit and (b) variations of the MPW with distance. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 
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with intent to reduce the tunnel aerodynamic effects through altering 
the generation, propagation, and emission of pressure waves. The main 
conclusions obtained from this study are as follows:  

(1) The suction has an obvious influence on the pressure distribution. 
A low-pressure region is formed near the suction slots after the 
suction is actuated. As the train and pressure waves pass through 
the low-pressure region, a part of the positive pressure can be 
canceled out; thus, the high-pressure region in front of the train 
and the ICW are obviously diminished; 

Fig. 21. (a) Wavefront of the ICW and (b) pressure gradient of the ICW at T17 under different suction velocities. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 

Fig. 22. MPW under different suction velocities at (a) M2 and (b) M5. (For interpretation of the references to color in this figure legend, the reader is referred to the 
web version of this article.) 

Fig. 23. Variations of the MPW versus suction velocity.  

Table 3 
Comparison of the amplitudes of MPW under different suction velocities.  

Measuring 
points 

USV SV10 SV20 SV30 SV40 SV50 

M2 \ − 4.45% − 7.20% − 8.74% − 10.31% − 12.44% 
M5 \ − 4.40% − 6.95% − 8.06% − 9.73% − 11.91%  
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(2) Compared with the unactuated case, the suction-actuated cases 
are proven helpful in improving the train surface pressure, tunnel 
surface pressure, and MPW. Upon reaching a suction velocity of 
50 m/s, the FSPC and SSPC of the train surface pressure at H1 
suffer significant reductions by 10.44% and 30.61%, respectively; 
the FSPC, SSPC and TSPC of the tunnel surface pressure at T17 
decrease by 14.95%, 15.96% and 32.02%, respectively; the MPW 
at M2 and M5 decrease by 12.44% and 11.91%, respectively. 

(3) The effectiveness of the suction method in alleviating the inter
active aerodynamics between the train and tunnel gradually in
creases with an increase in suction velocity. It is worth noting that 
the suction method has a greater impact on mitigating the tunnel 
surface sudden pressure and MPW than mitigating train surface 
sudden pressure. Moreover, while the variation in train surface 
sudden pressure is negligible as the suction velocity increases 
from 40 m/s to 50 m/s, there is still room for further mitigation of 
tunnel surface sudden pressure and MPW through further in
creases in the suction velocity. 

The current work reveals the capability of the suction technique in 
alleviating the tunnel aerodynamic effect. However, as observed in the 
evaluation of the tunnel surface pressure, the alleviation effect of mul
tiple suction slots cannot be accumulated. Therefore, there is a need for 
further studies on the distribution and dimension of suction slots in 
future. 
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