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Abstract: The MPW that emits from a tunnel’s exit when a high-speed train passes through is a serious
environmental problem which increases rapidly with the speed of the train. To alleviate the MPW
problem at 400 km/h, the aerodynamic effects caused by the hood located at the entrance or exit of
a tunnel are studied by numerical method, and the influences of hood geometry, such as an enlarged
cross-section, oblique entrance, and opening holes on the MPW, are also investigated. The research
indicates that the enlarged cross-section of the hood at the entrance and exit of the tunnel has opposite
effects on the MPW, and the oblique section can alleviate the MPW by extending the rising time of
the compression wave and increasing the spatial angle at the hood exit. The pressure gradient can be
mitigated through delaying the rising of the compression wave by opening holes on the side wall of
the hood, and the relief effects of the holes can reduce the MPW further. The MPW problem when
a train passes through a tunnel at 400 km/h can be effectively alleviated by an optimized oblique
enlarged hood with opening holes, even up to train speeds of 500 km/h.

Keywords: micro-pressure wave; compression wave; high-speed train; noise and vibration

1. Introduction

High-speed railways have become an important part of transportation, with advan-
tages of safety, comfort, and convenience. When a train passes through environments such
as mountains, rivers, and buildings, aerodynamic problems such as train wind, pressure
wave, noise, and micro-pressure waves will be induced. The micro-pressure wave (MPW)
is generated by the compression wave propagating outward from the tunnel exit, and is
formed when a train enters the tunnel. Serious problems such as structural vibration and
noise near the line will be caused by the MPW, and even a sonic boom can be induced,
which may affect the health of residents surrounding the tunnel exit [1]. The micro pressure
wave value at the exit of the tunnel is directly proportional to the pressure gradient inside
the tunnel, and the pressure gradient value directly depends on the train speed [2]. With the
development of high-speed rail technology, the running speed of trains gradually increases,
and the problem of micro-pressure waves generated by trains entering the tunnel becomes
more serious. Therefore, the MPW is a critical environmental problem that must be solved
in the construction of high-speed railways. Its formation can be divided into three stages:
compression wave generation, propagation and evolution, and micro-pressure formation.
Extensive studies have been carried out on the mitigation of the MPW according to its
formation process.

The air in the tunnel is compressed violently when a train enters a tunnel at high speed,
resulting in a sudden change in pressure, and a compression wave is formed. The intensity
of the MPW is related to the pressure gradient of the compression wave, and various hoods
set at the tunnel entrance have been found to be effective in reducing the gradient of the
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compression wave [3,4]. Bellenoue [5] studied the effects of the blind hood with a section
on the generation of compression waves through reduced scale experiments; the results
showed that a unique optimum hood exists for a fixed train/tunnel blockage ratio. Saito [6]
conducted a model experiment to investigate the effective composition of an unvented hood,
and the optimum cross-section area and length of the hood were obtained at 350 km/h.
Fukuda [7] investigated the effect of the cross-section area of hoods using axisymmetric
models; they found that a hood with multi-step cross-sections is more effective than those
with a constant cross-section. Zhang [8–10] studied the effects of different tunnel portals on
tunnel aerodynamics using a moving model test; the results indicated that the hat oblique
portal combined with a buffer structure with top holes is particularly effective. Auvity [11]
revealed that opening holes on the hood can delay the rising time of the compression
wave further by splitting the wavefront into multiple stages. Anthoine [12] carried out a
parametric investigation using a model experimental facility to study the effects of different
portals, which indicated that the progressive entrance has a relieving impact on the gradient
of the compression wave. Kim [13,14] proposed an entrance hood with air slits, which are
designed to bio-mimic the “ram ventilation” technique, and a subsequent reduction in the
MPW was observed in the reduced scale model test. Howe [15–19] proposed a compression
wave analysis method based on potential flow theory, and the influence of a portal on
the initial thickness of the compression wave was studied. Numerical simulation is also
widely used in the study of the tunnel portal. Zhang [20] studied the aerodynamic effects
of a train passing through tunnels without and with a hood by numerical method, and an
enlarged hood with an arch lattice-shell was proposed. Mok [21] studied the formation of
compressed wavefronts for different hoods based on the three-dimensional compressible
Euler equation.

When compressed waves propagate in tunnels, they tend to steepen gradually, influ-
enced by inertia. Vardy [22] presented a numerical model to analyze the propagation of a
wavefront along tunnels. Evolution experiments of the compression wave was tested at
Euerwang tunnel in Germany [23], and the wave steepening was measured. Miyachi [24]
carried out field measurements in Shinkansen; the results showed that the compression
wave with a waveform of pressure that has shallow valleys steepen more easily. Fukuda [25]
investigated the influence of ballast on the pressure gradient of the compression wave
in railway tunnels based on actual vehicle tests, indicating that it has a relieving effect
on the steepness of the compressive wave front. Wang [26] studied the wavefront prop-
agation using FVM methods, and the simulation demonstrated the presence of the most
unfavorable tunnel length. Rivero [27] proposed a one-dimensional model to investigate
the propagation process of compressed waves in the tunnel, then the wall friction and heat
transfer effects were analyzed.

When the compression wave propagates to the end of the tunnel, a part is released
outside in the form of a pulse wave, forming the MPW. Mayachi [28] performed a model
experiment to investigate the impacts of the environment around the tunnel exit on the
MPW, and a modification of a prediction model for MPW amplitude was made based
on the experimental results. Liu [29] conducted a serious of filed measurements to study
the MPW and the transient pressure, which obtained the variation of the MPW with the
position and train’s speed. The mitigation methods of the MPW can be divided into two
types, active and passive. The passive means reduces the MPW using a hood with the
inside partition at the tunnel exit portal [30], while the active methods of alleviation are
intended to generate pressure disturbances equal and opposite to the MPW that would
exist in their absence [31]. In engineering practice, several opening holes with small aera
can be set on the exit portal to reduce the MPW emitting from the tunnel.

The entrance hood is a main approach to mitigating the MPW by delaying the rising
time of the pressure, which is effective when the train speed is less than 350 km/h. With
the continuous progress of high-speed railways, train speeds increase continuously. The
experimental speed has reached Mach 0.5 [32], and the maximum speed of a single train
in the tunnel reaches 403 km/h. It is difficult to satisfy the MPW mitigation requirement
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at the speed of 400 km/h or above solely using the entrance hood. The tunnel hoods in
existing research mostly have top openings, which can cause difficulties in operation and
maintenance under the influence of falling rocks and other factors, and can easily lead to
safety issues. In addition, a double-track railway is usually used in current designs, so the
entrance hood is located at the tunnel’s exit when the train runs in reverse directions, the
effects of which on the MPW are rarely reported.

In summary, scholars have conducted extensive research on hoods at the tunnel
entrance. Establishing a tunnel hood at the tunnel entrance can effectively alleviate micro-
pressure waves, but it is difficult for the current tunnel hoods to meet the demand for
mitigation at higher speeds, and there are many parameters that affect the tunnel hood.
The numerical method is used to study the effects of the hood located at the entrance
or exit of a tunnel on the compression wave and the MPW. Then, the influences of the
cross-section area, oblique slope, and opening number of the hood are analyzed, and the
optimum configuration of the hood installed in both the entrance and exit of the tunnel is
also studied. The purpose of this study is to reduce the micro-pressure wave generated by
trains entering tunnels at higher speeds, and to provide reference for the construction of
tunnel hoods at speeds of 400 km/h or above.

2. Numerical Calculation Method
2.1. Governing Equation

The research methods for the aerodynamic effect of train tunnels mainly include
theoretical analysis, actual vehicle testing, model experiments, and numerical simulation.
Considering the advantages of low cost and convenient simulation of different working
conditions in numerical simulations, this paper adopts the method of numerical simulation
to analyze the MPW characteristics generated by trains entering tunnels with different
hoods. The numerical simulation of the aerodynamic effects of high-speed railway tunnels
is based on the fluid equation governed by the laws of physical conservation, including the
conservation of mass, momentum, and energy, which can be expressed as:

∂ρ

∂t
+∇·(ρu) = 0 (1)

∂(ρu)
∂t

+∇·(ρuu) = −∇p +∇·(τ) + ρg (2)

∂(ρE)
∂t

+∇·(u(ρE + p)) = ∇·[keff∇T + (τ·u)] (3)

where t is time; ρ represents fluid density; u denotes fluid velocity vector; p represents
fluid pressure; g denotes the gravity; τ is the viscous stress tensor; E represents the sum of
kinetic energy and internal energy; and keff represents the effective thermal conductivity
coefficient. For Newtonian fluid, the viscous stress is proportional to the deformation rate
of the fluid, which can be described as:

τ = µ

[(
∇u +∇uT

)
− 2

3
∇·uI

]
= µ

[(
∂ui

∂xj
+

∂uj

∂xi

)
− 2

3
∂uk
∂xk

σij

]
(4)

where µ is the dynamic viscosity of air, and I represents unit tensor.
Air based on the ideal gas model is adopted in this study, and the density for compress-

ible flows can be obtained by ρ = (p0 + p)/RT, where p0 is the operating pressure, and R
denotes the specific gas constant. For air at near-standard conditions, R = 287 J/(kg·K).
The dynamic viscosity is derived by Sutherland’s law with three coefficients, which can be
expressed as:

µ = µ0

(
T
T0

)3/2 T0 + S
T + S

(5)
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where µ0 and T0 denote the reference viscosity and reference temperature, respectively;
and S is the Sutherland constant. For air at moderate temperature and pressure,
µ0 = 1.716 × 10−5 kg/(m·s), T0 = 273 K, and S = 111 K. The effective thermal conductivity
coefficient is calculated according to the turbulence model, and the RNG k-ε turbulence
model is used [33]. The model constants are given as Cµ = 0.0845, C1ε = 1.42, and C2ε = 1.68,
and the turbulent Prandtl number at the wall is fixed as Prt = 0.85. Since the source terms
and species diffusion are not involved in this study, the values of Sm, Sh, and Jj are zero.

Although the variables of the three governing equations are different, they all represent
the conservation of the physical quantities in the fluid. If the general variable in the equation
is represented by φ, the governing equation can be written in the following general form:

∂(ρφ)

∂t
+∇·(ρuφ) = ∇·(Γ∇φ) + Sφ (6)

The left two terms represent the transient and convective terms, respectively, while
the right two terms represent the diffusion and source terms, respectively. For a specific
equation, φ, Γ, and Sφ have a specific form. Through appropriate mathematical processing,
the variables, transient terms, and diffusion terms can be organized into the standard form
of the above equations, and the remaining terms can be defined as source terms, thereby
transforming to a universal form of the governing equation.

2.2. Geometry Model

The geometric shapes of trains and tunnels are very complex. In order to form
a reasonable numerical model of tunnel aerodynamics, it is necessary to simplify the
geometry of the train and tunnel. The high-speed train CR400AF is used, which consists
of eight carriages with a total length of 211.3 m. The train is simplified into a smooth
geometric body by ignoring structures such as pantographs, door handles, and bogies,
as shown in Figure 1a. According to design specifications, when the train speed exceeds
350 km/h, the cross-section area of the double-track tunnel should not be less than 100 m2.
Considering the most severe conditions, the cross-section area is taken as At = 100 m2, the
distance between two lines as 5 m, and the tunnel length as lt = 647 m. The influences of
the track and ballast are also ignored, and the plane where the track is located is taken as
ground. A maintenance passage with a width of 1.6 m and height of 0.3 m is also modelled,
which is shown in Figure 1b. The oblique enlarged hood with opening holes is installed
at the entrance and/or exit of the tunnel. The length and cross-section of the tunnel hood
are denoted as lh and Ah, respectively, and the oblique rate is defined as k = d/h. To avoid
safety issues caused by factors such as falling rocks, two rows of holes are symmetrically
arranged on both side of the hood, with a width of 3 m and height of 3.5 m. The number of
the holes is denoted as n, and the spacing between two adjacent holes is 2 m, as shown in
Figure 1c.

2.3. Computational Domain and Boundary Conditions

The computational domain of the tunnel aerodynamics consists of regions outside
and inside of the tunnel. The size of the outside region is determined by the fact that the
disturbance at the boundary should not have a significant impact on the MPW emitted
from the tunnel. The numerical results show that the boundary of the outside region has
almost no effect on the MPW when the diameter of which exceeds 300 m. Therefore, the
diameter of the outside region is taken as D = 300 m. Both the boundary disturbance and
the smooth acceleration of the train should be taken into consideration for the length of the
outside region, and a length of L = 550 m is taken.
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Figure 1. Schematic diagram of the geometric model: (a) Three views of the train nose; (b) Tunnel
section; (c) Sketch of the hood.

The sliding mesh and dynamic layering are used to simulate the driving process of
trains in tunnels. The entire computational domain consists of four parts, the moving
domain around the train, deforming domains before and after the train, and the residual
fixed domain, as shown in Figure 2. The moving domain includes trains moving forward
at the same speed, while the deforming domain deforms as the train moves to maintain
the boundary of the stationary computational domain. The Interface boundary condition is
used for data exchange between two adjacent domains.
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When the speed of the train increases directly from zero to the specified running
speed, abnormal compression waves will be generated. To eliminate the effects of the
sudden start on the compression wave, a polynomial velocity curve is used when the train
accelerates [34]:

v(t) =
a

20
t5 − ata

8
t4 +

at2
a

12
t3 (7)

where a = 120 vt/ta
5, ta denotes the acceleration time of the train, and vt represents the train

speed. When the train moves forward, for any control volume in the moving domain, the
governing equation in integral form can be expressed as:

d
dt

∫
CV

ρφdV +
∫

CS
ρ
(
u− ug

)
·ndA =

∫
CS

Γ∇φ·ndA +
∫

CV
SφdV (8)

where CS is boundary of the control volume CV, ug is the velocity vector of the dynamic
mesh, and n is the normal vector of the surface element dA.

Pressure-Inlet is applied to the boundary of the region outside the tunnel entrance,
while that of the region outside the tunnel exit is set as Pressure-Outlet. The Non-Reflecting
condition in the Acoustic Wave Model is activated to eliminate disturbances from the
boundary reflection.
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2.4. Monitoring Points

To study the influences of the hood on the compression wave, two monitoring points
are arranged symmetrically on the tunnel 200 m away from the entrance, which are marked
as LP and RP, respectively. In numerical simulation, the variation of pressure and its
gradient of these points are monitored. Another two monitoring points are located in the
exit hood 20 m away from the tunnel exit, marked as LH and RH, which are parallel to LP
and RP, respectively. In addition, two monitoring points denoted as LM and RM are set at
20 m outside the tunnel or hood, as shown in Figure 3.

Appl. Sci. 2024, 14, x FOR PEER REVIEW 6 of 18 
 

where a = 120 vt/ta5, ta denotes the acceleration time of the train, and vt represents the train 
speed. When the train moves forward, for any control volume in the moving domain, the 
governing equation in integral form can be expressed as: 

( )gCV CS CS CV

d
dV dA dA S dV

dt
ρφ ρ φ φ+ − ⋅ = Γ∇ ⋅ +   u u n n  (8) 

where CS is boundary of the control volume CV, ug is the velocity vector of the dynamic 
mesh, and n is the normal vector of the surface element dA. 

Pressure-Inlet is applied to the boundary of the region outside the tunnel entrance, 
while that of the region outside the tunnel exit is set as Pressure-Outlet. The Non-Reflecting 
condition in the Acoustic Wave Model is activated to eliminate disturbances from the 
boundary reflection. 

2.4. Monitoring Points 
To study the influences of the hood on the compression wave, two monitoring points 

are arranged symmetrically on the tunnel 200 m away from the entrance, which are 
marked as LP and RP, respectively. In numerical simulation, the variation of pressure and 
its gradient of these points are monitored. Another two monitoring points are located in 
the exit hood 20 m away from the tunnel exit, marked as LH and RH, which are parallel 
to LP and RP, respectively. In addition, two monitoring points denoted as LM and RM are 
set at 20 m outside the tunnel or hood, as shown in Figure 3. 

 
Figure 3. Monitoring points in the simulation: (a) Hood at tunnel entrance; (b) hood at tunnel exit. 

2.5. Grid Scheme 
Hybrid grids are adopted to satisfy both accuracy and efficiency of the numerical 

simulation. For the moving domain, unstructured girds are used due to the complex shape 
of the train. The deformation domains before and after the train, which have regular 
shapes, can be meshed by high-quality structured grids as shown in Figure 4a. The adja-
cent domains are connected by setting node coincidence on the overlap boundaries. Alt-
hough there are hood structures and other structures in the fixed domain, the structured 
grids are still feasible to the fixed domain, as shown in Figure 4b. 

 
Figure 4. Grid distribution of the model: (a) Mesh of tunnel and train; (b) Mesh of hood. 

Figure 3. Monitoring points in the simulation: (a) Hood at tunnel entrance; (b) hood at tunnel exit.

2.5. Grid Scheme

Hybrid grids are adopted to satisfy both accuracy and efficiency of the numerical
simulation. For the moving domain, unstructured girds are used due to the complex shape
of the train. The deformation domains before and after the train, which have regular
shapes, can be meshed by high-quality structured grids as shown in Figure 4a. The adjacent
domains are connected by setting node coincidence on the overlap boundaries. Although
there are hood structures and other structures in the fixed domain, the structured grids are
still feasible to the fixed domain, as shown in Figure 4b.
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3. Numerical Method and Validation

The numerical method used in this paper is validated with the results of field mea-
surement [35]. A train with 8 carriages was used in the test, which had a total length of
201.4 m and a cross-section area of 11.2 m2, passing through the tunnel at 300 km/h. The
tunnel had the same cross-section as that mentioned in this paper, and a total length of
1005 m with ballast-less tracks laid inside. The atmospheric pressure of the test ground was
1.02 × 105 Pa, and the ambient temperature was 8.9 ◦C. During the testing, measurement
points were arranged at 140 m from the entrance with a height of 1.5 m to monitor the
pressure variation.

The convergence of the mesh is studied first. The grid sizes may affect calculation
accuracy; therefore, four sets of mesh with different quantities (denoted as N) are modelled
by changing the sizes of grids. ANSYS Fluent is used to solve the fluid governing equation.
The coupling between velocity and pressure is dealt with using the Semi-Implicit Method
for Pressure Linked Equations, and the gradient term is discretized by the Green-Gaussian
Cell-Based method. The pressure term is discretized using the standard format, and the
second-order upwind format is adopted in the discretization of the other spatial terms. In
addition, the second-order implicit format is used in the time discretization.
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The peak–peak pressure differential of the measurement point inside the tunnel and
the amplitude of the MPW 20 m outside the tunnel exit with different meshes are shown in
Table 1. The results show that when N > 7.990 × 106, the variation in ∆p and (∆pm)max can
be ignored. Therefore, the grid sizes used in Mesh 3 are taken in the subsequent calculation.
The minimum size of the grids on the train surface is 60 mm, which is set to 100 mm to the
surfaces of the tunnel and hood. Boundary layers with a total number of 5 and a height of
1 mm for the first layer are arranged near the surfaces of train, tunnel, and hood.

Table 1. The pressure differential and amplitude of the MPW with different meshes.

Parameters Mesh 1 Mesh 2 Mesh 3 Mesh 4

Grid quantity 6.329 × 106 7.354 × 106 7.990 × 106 8.945 × 106

∆p (kPa) 2.785 2.591 2.597 2.598
(∆pm)max (Pa) 60.17 59.44 59.39 59.26

Using the mentioned numerical model, the calculated pressure of the monitoring
points 140 m and 400 m away from the tunnel entrance are compared with the filed
measurement results, as shown in Figure 5. The pressure variation obtained by numerical
simulation is basically consistent with that from field measurements. The relative errors
of the peak–peak pressure differential compared to the experimental data are 0.74% and
2.86%, respectively. The numerical calculation results are in good agreement with the filed
measurement data, indicating that the numerical method used in this paper can accurately
simulate the aerodynamic effects caused by a train passing through a tunnel.
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4. Results and Discussion

The hood may be located at the entrance or exit of a tunnel depending on the direction
the train enters. Therefore, different types of entrance hoods and exit hoods are studied to
obtain the effects of the hood geometry on the compression wave and the MPW, and the
optimum hood installed at both the entrance and exit of the tunnel is also analyzed. The
standard condition of air is selected as the unperturbed condition, with p0 = 101,325 Pa and
T = 288.15 K in the subsequent study.

4.1. Hoods at Tunnel Entrance

The mitigation mechanism for the MPW due to enlarged hoods, oblique hoods, and
hoods with opening side holes are studied first. As is well known, the compression wave
has three-dimensional characteristics only at the initial stage of formation, transforming
into a one-dimensional plane wave after going a certain distance in the tunnel. So, only the
pressure characteristics of the right monitoring point are analyzed in subsequent studies.
The reference values for the geometric parameters of the hood in the calculation are as
follows: Ah = 155 m2, k = 1.25, n = 4. When a train passes through the tunnel with
different types of hoods (shown in Figure 6a) entering at a speed of 400 km/h, the pressure
characteristics of the RP point and the MPW at the RM point are shown in Figure 6b,c.
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When an enlarged hood is installed at the entrance of the tunnel, the rising process
of the compression wave is divided into three stages, corresponding to three small waves.
When the train enters the hood, the surrounding air is compressed to generate the first
wave (wt), and the air in front of the train is compressed further as the train enters the
tunnel, resulting in a second compression wave (wp) and an expansion wave propagating
to the rear. The expansion wave is reflected into a new compression wave (wr) at the
hood entrance, causing the third increasement in pressure. The compressibility effects
caused by the train entering the hood can be attenuated by an oblique entrance, leading
to a decrease in the pressure gradient of wt. The time when the pressure gradient peak
appears is also delayed. When several opening holes are arranged at the side wall of the
hood, a relief effect is induced to the pressure gradient of wt, while a new compression
wave wh is generated as the train passes through the openings, which tends to overlap with
wt. Subsequently, when the train enters the tunnel, wp appears at the same time as other
hoods installed, but the intensity increases slightly. The time when wr arrives is earlier,
with a decrease in the intensity due to the opening holes. The MPW at the measuring point
20 m outside the tunnel (RM point) is shown in Figure 6d. The variation of the MPW is
basically the same as that of the pressure gradient, except for that the waves wt and wh
superimpose into one wave (denoted as wh) when the hood with holes is adopted.

The maximum values of the pressure gradient of the compression wave and the MPW
with the mentioned four hoods are shown in Table 2. The values of (∂p/∂t)max and (∆pm)max
decrease by 53.97% and 51.80%, respectively, compared to that without a hood, which
means that the rising process of the compression wave can be extended effectively by an
oblique enlarged hood with opening holes, resulting in the mitigation of the MPW.
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Table 2. Maximum values of the pressure gradient and MPW with different hoods.

Type of Hoods
∂p/∂t ∆pm

Maximum
Value (kPa/s) Mitigation Rate Maximum

Value (Pa) Mitigation Rate

Without hood 17.49 / 130.20 /
Enlarged hood 11.70 33.10% 88.90 31.72%
Oblique hood 9.93 43.22% 80.40 38.25%

Hood with holes 8.05 53.97% 62.76 51.80%

The aerodynamics of hoods with different lengths (lh = 30–80 m) are simulated to
investigate the effects on the compression wave and the MPW. The pressure gradient at the
RP point and the MPW at the RM point are shown in Figure 7.
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(b) MPW at RM point.

For all lengths, there are two peaks marked as wt and wh in the first stage of compres-
sion wave, which superpose together before they propagate to the tunnel exit. As the length
of the hood increases, the time when wt and wh appear earlier with wr delays gradually,
while the time when wp arrives remains unchanged. When the hood length is less than
40 m, wh tends to overlap with wt during the propagation, even with an inclination of
superposing with wr, leading to a significant increase in the pressure gradient and the MPW.
When lh < 50 m, the amplitudes of the pressure gradient and the MPW do not change with
the length of the hood. Therefore, a sufficient length should be ensured, but excessive
length cannot provide further relief effects. In subsequent calculations, lh = 80 m is taken to
eliminate the influences of hood length on the tunnel aerodynamics.

The pressure gradients of the compression wave at RP point with different cross-
section areas of hood are shown in Figure 8a. When At > 200 m2, the pressure gradient
of wp is greater than wh, which indicates that the compressibility effect caused by a train
entering a tunnel plays a dominant role. With the decrease of the cross-section area, the
compressibility effect of the train entering the tunnel weakens, resulting in the decrease
of the pressure gradients of wh and wr. However, the compressibility effects of the train
entering the hood and passing through the opening increase, leading to the increase and
distinction of the pressure gradients of wt and wh, which means wh is dominant.
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The MPW at RM point with varied hood cross-section areas is shown in Figure 8b.
The waves wt and wh have been superimposed into a single wave (denoted as wh) due
to the influence of inertial effects, and the superposition effect is more significant with a
smaller hood area. Affected by this, the MPW caused by the train entering the tunnel will
surpass other effects when a larger hood area is adopted.

Therefore, there is an optimal hood area where the compressibility effects of the train
passing through the holes and entering the tunnel are equivalent, thereby minimizing the
amplitude of the MPW. Figure 9 shows the variation of the peak values of the pressure
gradient and the MPW of the three stages. The curves show that the first peak decreases
with increasing area, while the second and third peaks increase. The minimum value of
the pressure gradient appears near At = 200 m2, while the minimum value of the MPW
appears near At = 225 m2, which means that the optimal hood area is related to the tunnel
length due to the inertia effect. In addition, when At > 155 m2, the change rate of the first
peak decreases gradually. Considering factors such as construction costs, At = 155 m2 is
used in subsequent calculations.
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The pressure gradient caused by the train entering the hood can be weakened by an
oblique entrance. The pressure gradient at the RP point when different oblique rates of the
hood entrance adopted is shown in Figure 10a. The effective area and the length of the hood
entrance increase with the oblique rate, resulting in a decrease of wt—which is caused by
the compressibility effect when a train enters the hood—while the intensity of wh increases
gradually. The pressure gradient of wt is about the same as that of wh when k = 0.5, which
corresponds to the minimum pressure gradient. At the same time, the waveform of the
MPW is changed due to the superposition effect during the propagation of the compression
wave, leading to a decrease in the MPW with the increasing oblique rate, as shown in
Figure 10b.
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In addition, when the slope of the entrance hood changes, the micro pressure wave
(wp) caused by the train entering the tunnel and the micro pressure wave (wr) caused by
the reflected compression wave basically do not change with the slope. The micro pressure
wave (wh) caused by the complete entry of the train into the tunnel hood dominates, and
its peak value decreases with the increase of the slope, which can be approximated as:

(∆pm)max = 12.796e−k/0.494 + 61.737 (9)

Actually, the intensity of the MPW remains basically unchanged when k > 1, so k = 1.25
is taken.

The influences of the number of holes on the formation and evolution of the compres-
sion waves are also studied. When the number of holes ranges from 0 to 24, the pressure
gradients of the RP point is shown in Figure 11a. The wave wh appears obviously in the
waveform and begins to play a dominant role when n > 4. Due to the influence of wt,
the wave wh increases with the increasing number of holes. As the end of the opening
moves away from the hood entrance (n > 8), the wave wh decreases as the number of holes
increases due to the weakened influence of wt. At the same time, the wave wh increases
with the increasing holes number again due to the influence of wp, as the end of the opening
is closed to the tunnel entrance (n > 12). When the number of holes exceeds 20, wh and wp
are superimposed into a single wave, leading to a rapid increase of the pressure gradient.
The MPW exhibits the same variation compared with the pressure gradients as shown in
Figure 11b; however, the superposition between wh and wt is more obvious due to the
influence of the inertia effect. The distinction between wh and wt is inconspicuous when
n > 8, while wh and wp are completely superimposed together for cases where n > 18.



Appl. Sci. 2024, 14, 692 12 of 18

Appl. Sci. 2024, 14, x FOR PEER REVIEW 12 of 18 
 

influence of the inertia effect. The distinction between wh and wt is inconspicuous when n 
> 8, while wh and wp are completely superimposed together for cases where n > 18. 

 
Figure 11. The effects of number of holes at entrance hood on tunnel aerodynamics: (a) Pressure 
gradient at RP point; (b) MPW at RM point. 

Actually, the intensity of wt is acceptable when n = 6, while the amplitude of wh in-
creases significantly due to its influence. The superposition effect of wt and wh can be 
weakened by moving the holes at the third row forwards (towards tunnel entrance). Fig-
ure 12 shows the pressure gradient and the MPW when the position of the holes at the 
third row changes, where i represents the position of the holes located at the third row 
originally. As the holes move forward, wh is divided into two small waves, denoted as wh1 
and wh2. The pressure gradient amplitude of wh1 is about the same as that of wh2 when i = 
5, which has the best alleviation effect on the MPW. In such a case, the amplitude of the 
MPW at RM point is (∆pm)max = 49.1 Pa, which satisfies specification ((∆pm)max < 50 Pa). In 
addition, the results show that the amplitude of the MPW can be reduced to 36.4 Pa by 
expanding the area to At = 200 m2 while keeping other parameters unchanged, which is a 
decrease of 72.02% compared to that without a hood. 

 
Figure 12. The effects of position of holes on tunnel aerodynamics: (a) Pressure gradient at RP point; 
(b) MPW at RM point. 

4.2. Hoods at Tunnel Exit 
The entrance hood will be located at the exit of the tunnel when the train runs in the 

reverse direction, the effects of which on the MPW is rarely reported. Therefore, the effects 
of the enlarged cross-section, oblique entrance, and holes on the side wall of the hood on 
the MPW are studied gradually based on the enlarged hood with a constant cross-section. 

As the blind hood at the tunnel exit has little effect on the aerodynamics inside the 
tunnel, the waveform of the compression wave and the MPW will not change with the 
cross-section area. The maximum values of the pressure gradient at RH point and the 

Figure 11. The effects of number of holes at entrance hood on tunnel aerodynamics: (a) Pressure
gradient at RP point; (b) MPW at RM point.

Actually, the intensity of wt is acceptable when n = 6, while the amplitude of wh
increases significantly due to its influence. The superposition effect of wt and wh can
be weakened by moving the holes at the third row forwards (towards tunnel entrance).
Figure 12 shows the pressure gradient and the MPW when the position of the holes at the
third row changes, where i represents the position of the holes located at the third row
originally. As the holes move forward, wh is divided into two small waves, denoted as wh1
and wh2. The pressure gradient amplitude of wh1 is about the same as that of wh2 when
i = 5, which has the best alleviation effect on the MPW. In such a case, the amplitude of the
MPW at RM point is (∆pm)max = 49.1 Pa, which satisfies specification ((∆pm)max < 50 Pa).
In addition, the results show that the amplitude of the MPW can be reduced to 36.4 Pa by
expanding the area to At = 200 m2 while keeping other parameters unchanged, which is a
decrease of 72.02% compared to that without a hood.
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4.2. Hoods at Tunnel Exit

The entrance hood will be located at the exit of the tunnel when the train runs in the
reverse direction, the effects of which on the MPW is rarely reported. Therefore, the effects
of the enlarged cross-section, oblique entrance, and holes on the side wall of the hood on
the MPW are studied gradually based on the enlarged hood with a constant cross-section.
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As the blind hood at the tunnel exit has little effect on the aerodynamics inside the
tunnel, the waveform of the compression wave and the MPW will not change with the
cross-section area. The maximum values of the pressure gradient at RH point and the MPW
at RM point when a hood installed at the tunnel exit with different areas and a constant
length of 80 m is show in Figure 13.
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As is well known, when the compression wave arrives at the exit of the tunnel, part
of the energy enters the hood and propagates forward, while the other part propagates
backwards as a reflected expansion wave. The results show that the intensity of the
reflected expansion wave increases gradually with the hood area, while the compression
wave propagating forward decreases, resulting in a mitigation of the pressure gradient at
the RH point.

The MPW is generated from the energy radiating out from the compression wave,
which propagates to the exit of the hood. According to the low frequency approximation
theory, the amplitude of the MPW outside the exit can be expressed as:

∆pm(r, t) =
2A
Ωcr

(
∂p
∂t

)
(10)

where Ω is the spatial angle at the hood exit, ∂p/∂t represents the pressure gradient inside
the hood, and r denotes the distance from the hood exit to the monitoring point. It is shown
that that the amplitude of the MPW is proportional to the cross-section area of the hood
and the pressure gradient at the hood exit, which increases as the area of the cross-section
reduces. At the same time, the influence of the cross-section is dominant, resulting in an
increase of the MPW intensity with the enlargement of the cross-section, which has an
effect in contrast to the entrance hood. It is worth noting that the intensity of the MPW
with a constant hood reduces compared to that without a hood due to a larger spatial angle.
In addition, the change rate of the MPW slows down with the increasing area of the hood
when At > 155 m2. Considering the requirement of the entrance hood, At = 155 m2 is taken
in subsequent study.

The pressure contour of the hood with an oblique exit (k = 1.25) when the compression
wave arrives is shown in Figure 14. The compression wave radiates out from the hood
earlier with an enlarged radiating area, which means that the spatial angle can be increased
by an oblique exit, resulting in a decrease in the amplitude of the MPW.
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The amplitude of the MPW at the RM point with different oblique rate of the hood exit
is shown in Figure 15. As the oblique rate increases, the intensity of the MPW decreases
gradually due to the increasing spatial angle. The amplitude of the MPW can be reduced
to 68.36 Pa when k = 1.25, which drops by 47.46% compared to that without any hood.
Therefore, k = 1.25 is taken in subsequent calculation to be consistent with the hood at the
tunnel entrance.
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The pressure gradient of the compression wave in the exit hood can be further reduced
by opening holes on the side wall, leading to a decrease in the MPW emitting from the
hood. In addition, a reflected expansion wave is emitted backward when the front of the
compression wave passes through the opening holes, which can further relieve the pressure
gradient of the compressed wave. The variation of the gradient pressure at RH point with
different number of holes on the hood is shown in Figure 16a.

With the increase in the number of holes, the opening area enlarges and approaches
the monitoring point gradually, which leads to a stronger reflected expansion wave arriving
earlier; then, the pressure gradient at RH point decreases correspondingly. The MPW at
RM point with a varied number of holes on the hood is shown in Figure 16b. It is found
that the amplitude of the MPW deceases rapidly with the increasing hole number due to
the reflected expansion wave and the relief effect of the holes. The amplitude of the MPW
can be reduced to 27.02 Pa when 22 holes is arranged on the hood symmetrically, which is
79.23% less than that without hood.
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4.3. Hoods at Both the Entrance and Exit of the Tunnel

The mentioned study shows that an oblique enlarged hood with opening holes in-
stalled at the entrance or exit can alleviate the MPW emitted from the tunnel. However,
the geometric parameters of the hood located at different positions have varying effects
on the MPW due to their mitigation mechanisms, especially the cross-section area and the
number of holes.

The cross-section area of the hood is limited by local terrain and construction cost,
and a hood with a small cross-section Ah = 155 m2 is acceptable in engineering. However,
the alleviation effects of the hood can be optimized by adjusting the number of holes at
a reasonable cost. The pressure gradient at RH point when the same hood with various
numbers of holes is installed at both the entrance and exit of the tunnel is shown in
Figure 17a. The pressure gradient in the exit hood decreases compared to that in the tunnel
influenced by the reflected expansion wave, which is more obvious as the number of
holes increases. Due to the relief effect of the opening holes, the amplitude of the MPW
emitted from the hood is alleviated further, as shown in Figure 17b. In contrast to that in
Figure 11, the amplitude of the MPW decreases at first, and then increases as the number
of holes increases. The amplitude of the MPW decreases to its lowest when n = 16, with
(∆pm)max = 17.12 Pa, which drops by 86.85% compared to that without a hood.
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In fact, the optimized hood can satisfy the alleviation requirements of the MPW at
higher speeds. The maximum values of pressure gradient at RP point and the MPW at
RM point are listed in Table 3. It can be seen that the pressure gradient in the tunnel and
the MPW outside the hood increases rapidly with the train’s speed. The amplitude of the
MPW can be reduced to 42.33 Pa by the optimized hood when the train passes through the
tunnel at a speed of 500 km/h, which still satisfies the specification.
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Table 3. Maximum values of the pressure gradient and MPW at different speeds.

Speed of Train (∂p/∂t)max (kPa/s) (∆pm)max (Pa)

vt = 400 km/h 8.97 17.12
vt = 450 km/h 12.89 25.63
vt = 500 km/h 18.00 42.33

5. Conclusions

In this paper, the aerodynamic effects of the oblique enlarged hood with opening holes
installed at entrances or exits of tunnels are studied by a numerical method, and the effects
of the hood geometry on the compression wave and the MPW are obtained. Then, the hood
installed at both side of the tunnel is optimized. The main conclusions are as follows:

(1) An oblique enlarged hood with opening holes at the tunnel entrance can reduce the
MPW emitted from the tunnel by extending the rising process of the compression
wave, which is divided into three stages corresponding to multiple peaks. The
pressure gradient of the compression wave can be alleviated by properly increasing
the oblique rate of the hood entrance and the cross-section area of the hood.

(2) When the same type of hood is located at the exit of the tunnel, the MPW can be
mitigated due to the relief effects of the opening holes and a larger spatial angle
caused by the oblique exit. The amplitude of the MPW decreases with the increasing
oblique rate of the hood exit and the number of opening holes in a certain range.

(3) The MPW emitting from the tunnel can be greatly alleviated by the installation of
the oblique enlarged hood with opening holes at both sides of the tunnel. Based on
numerical simulation analysis, the tunnel hoods configuration that can satisfy the
MPW mitigation requirement is obtained at the speed of 400 km/h. The optimized
hood with lh = 80 m, At = 155 m2, k = 1.25, and n = 16 can reduce the MPW to satisfy
the specification even at a speed of 500 km/h. The result can provide reference for the
design of tunnel hoods at higher speeds.

(4) However, the impact of oblique enlarged hood with opening holes located at the
entrance and exit on aerodynamic effects such as transient pressure and passenger
comfort will be further studied in the future.
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