SCIENCE CHINA
Technological Sciences

* Article

October 2014  Vol.57 No.10: 2037-2043
doi: 10.1007/s11431-014-5664-4

Study on the critical diameter of the subway tunnel based on the
pressure variation

SUN ZhenXu!", YANG GuoWei! & ZHU Lan’

' Key Laboratory for Mechanics in Fluid Solid Coupling Systems, Institute of Mechanics, Chinese Academy of Sciences,
Beijing 100190, China;
? Beijing Rail and Transit Design & Research Institute CO., LTD, Beijing 100089, China

Received January 2, 2014; accepted June 9, 2014; published online September 11, 2014

When the subway train operates at a speed higher than 100 km/h, the corresponding aerodynamic issue becomes severe. To
meet the future requirement for the speedup of subway trains, a research on the critical diameters of the subway tunnel for
trains operating at 120 and 140 km/h has been performed based on passengers’ aural discomfort caused by rail tunnel pressure
variation. A three-dimensional computational fluid dynamic approach has been adopted for analysis. Meanwhile, trains with
different airtight indices are considered and the pressure variations inside and outside the trains are both under investigation.
Based on the corresponding criteria for different airtight indices, critical tunnel diameters for trains running at different speeds
have been determined. This study would aid in the tunnel section design for future high-speed subway trains.
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1 Introduction

As the speedup of the urbanization, the cutting-edge indus-
tries in every megacity further gather into the center of the
city, while the citizens generally reside outside. The cities
expand dramatically, especially the population and the land
of the city, resulting in urgent requirement for the commute
for the downtown and the suburb. As a result, the distance
of the commute expands and the efficiency to commute in
such a long distance decreases. Currently, the development
of urban transport becomes a limitation. The normal run-
ning speed of the subway trains in China is around 80 km/h,
which is far from the high-speed requirement. Consequently,
developing subway trains with higher speeds becomes the
most urgent need in the current circumstance.
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However, as the velocity of subway trains increases, a
series of aerodynamic problems emerge. The running drag
increases dramatically, which brings the energy-consuming
issues. The magnitude of the tunnel pressure waves in-
creases too, and the noise circumstance deteriorates rapidly
due to the increase in aerodynamic noise. The above phe-
nomena also bring a series of engineering problems. The
microwaves induced by the initial compression waves will
cause aeroacoustic problems in the surroundings and do
fatigue damage to the surrounding buildings. When the
pressure waves propagate inside the train, aural discomfort
for the passengers may arise. The pressure waves may also
do damage to the structures of the train and facilities in the
tunnel.

The approaches for metro gauges introduced in the
“Standard of metro gauges” used currently are only appli-
cable for a maximum speed of 100 km/h. However, for the
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speed higher than 100 km/h, there are no direct ways. At the
same time, a few literatures could be referred to on aerody-
namic study for high-speed subway trains. As a result, it is
meaningful to perform the research on aural discomfort and
metro gauge for subway trains at high speeds, both in the
academic aspect and in the engineering aspect.

The study on tunnel aerodynamics can be classified into
four groups, namely the theoretical analysis [1,2], the real
vehicle tests [3,4], the moving model rig tests [5,6], and
numerical simulations. Relatively speaking, numerical sim-
ulations benefit from low cost, short designing period, and
easy investigation on scenes in extreme conditions, which
could strongly support the engineering application. For the
numerical approaches, three types could be summarized,
which are one-dimensional approaches [6,7], two-dimen-
sional approaches [8,9], and three-dimensional approaches
[6,7], respectively. The flow details for trains passing by the
tunnel or passing by each other in the tunnel could be pre-
cisely simulated by three-dimensional approaches [10], such
as the flow around the train and the aerodynamic loads on
the train, which will aid in the structural design of the train.

In the present paper, the three-dimensional numerical
approach has been adopted and analysis of tunnel pressure
waves outside and inside the train has been performed with
different airtight characteristics, different running speeds,
and different tunnel cross-sections. The characteristics of
pressure waves under the above conditions have been pro-
vided. An assessment of passengers’ aural discomfort has
been conducted comparing corresponding pressure criteria
for different airtight indices. Finally, the critical tunnel di-
ameters for trains under different speeds are obtained.

2 Computational models and conditions

2.1 The train model

The S-type subway train is taken as the computational mod-
el in the present paper, whose cross-sectional area is 10.49
m?. This train is modified from the original A-type subway
train to meet the future speedup requirement. Compared
with the A-type train, a streamlined head could be observed
from the S-type train which is about 3 m in length. Mean-
while, the cross section of the S-type train is the same as the
prototype. Figure 1 shows the streamlined head of the
S-type train.

Hybrid mesh is adopted for the mesh generation in the
moving zone. The core area around the train uses unstruc-
tured grids, while the region near the wall uses prism grids
to capture the flow details within the boundary layer. The
v+ along the surface of the train ranges from 30 to 100 to
ensure the use of wall functions. Meanwhile, structured
grids are generated outside the core region for mesh up-
dation. The total number of grids is around 5.6 million.
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Figure 1 The streamlined head of the S-type train.

2.2 The tunnel model

The different intensities of tunnel pressure waves are gener-
ated in tunnels at different lengths. However, the magnitude
of the pressure waves is not proportional to the length of the
tunnel. Based on the condition that the maximum positive
pressure emerges on top of the leading streamline, the worst
tunnel length could be determined, which takes the form as

1 1
Ltunnel = Ltrain + 4
2M 1-M

where M is the Mach number of the train and L, is the
length of the train. Taking 8-grouping subway trains into
consideration, the length of the train is around 200 m. As-
suming that the running speed of the train is 120 km/h, the
worst tunnel length could be obtained as 1200 m according
to the above formula. The train experiences a worst pressure
condition in this case. The cross section of the tunnel is
shown in Figure 2.

Taking D as the width of the high-speed train, the lengths
of the domain before and after the tunnel are both set as
90.3D, the width of the domain is set as 30.1D, and the
length of the tunnel is Lry=401.2D. The whole domain for
the train passing by the tunnel is shown in Figure 3.

2.3 Boundary conditions

At present, the maximum running speed of subway trains in
the underground tunnel has already reached up to 120 km/h
for the Guangzhou Metro Line 3, as well as the under-
construction metro lines in Shenzhen and Shanghai. Mean-
while, for the New Airport Line and R1 Line in Beijing, 120

Figure 2 The cross section of the tunnel.
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30.1D

Figure 3 The computational domain for the train passing by the tunnel.

km/h is the suggested speed for the train running in the tun-
nel. As a result, the basic running speed considered in the
present paper is set as 120 km/h. To face the future re-
quirement for much higher speed, 140 km/h is also taken
into consideration. The critical tunnel diameters for speeds
above are under investigation.

The moving mesh technique is adopted in the present
paper. Consequently, the ground and the tunnels are set as
stationary no-slip walls while the train is moving at the real
running speed. The pressure outlet boundary is imposed
with 1 atm for the outer space.

2.4 Configuration of pressure probes

Three probes are placed in the streamlined head of the
leading car, top of the middle car, and the streamlined head
of the trailing car, respectively. As a representative of each
car, the pressure variations of these probes during the train
passing by the tunnel are recorded to represent the pressure
characteristics of each car. The exact configuration of the
probes is shown in Figure 4.

3 Algorithms

3.1 Algorithms for the analysis of pressure waves out-
side the train

The analysis of pressure waves outside the train should be
first performed. The unsteady Reynolds-Averaged Navier-
Stokes approach has been adopted to solve the flow field
when the train passes by the tunnel. The fluctuating values
lead to the emergence of Reynolds stress terms in the Reyn-
olds-averaged equations. Therefore, a turbulence model
needs to be introduced to close the equations to solve each
physical quantity in the flow field. The primary transport
variables are governed by conservation equations of mass
and momentum:

op
Ly (pv)=0,
” (pv)

I\;H1 MT/H M{1

Figure 4 Configuration of pressure probes on the train.
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where Sy, is the source term, which could be expressed as
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The fluctuating values lead to the emergence of Reynolds
stress terms in the Reynolds-averaged equations. The tur-
bulence model needs to be introduced to close the equations
to solve each physical quantity in the flow field.

The RNG k—¢ turbulence model is adopted [11], which
evolves on the basis of the standard k—& model and satisfies
the Reynolds stress constraints. This model includes the
effect of swirl on turbulence, which enhances the accuracy
for swirling flows. Besides, this model is a two-equation
model that is obtained from adding the transport equations
with turbulent kinetic energy k and turbulent dissipation rate
& which are
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The expressions of the variables in the above equations
could be referred to in the literature [11], which will not be
listed in the present paper for simplicity. When solving the
above equations, the SIMPLE algorithm has been adopted
to deal with the pressure-velocity coupling problem, while
the second-order upwind discretization has been used for
the momentum, &, and & equations.

The relative motion between trains needs to be consid-
ered in the present paper. Traditional computational fluid
dynamics (CFD) methods assume that the reference coordi-
nate system is placed on the train body and uniform flow is
imposed on the inlet of the computing domain, which is
unavailable in the present paper. Taking into account the
characteristics of the running trains, the sliding mesh should
be adopted [12], and the dynamic layering method is used in
the running direction of the train.

The dynamic layering method could be used to add or
remove layers of cells adjacent to a moving boundary based
on the height of the layer adjacent to the moving surface.

As shown in Figure 5, if the boundary is moving upward,
the cells in the jth layer will be compressed until A< higea,
where a, (O<e<1) is the combined coefficient and hjqey is
the ideal cell height. Then, the cells in the jth and ith layer
will be combined together; if the boundary is moving down-
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Figure 5 Schematic of the dynamic layering method.

ward, the cell heights are allowed to increase until h<
(1+ayhigea, Where o (O<a<1) is the splitting coefficient.
When this condition is met, the cells are split based on the
specified layering option: Constant height or constant ratio.

3.2 Algorithms for the analysis of pressure waves in-
side the train

After obtaining the pressure variations outside the train, an
uncoupled approach could be adopted to solve the pressure
variations inside the train, which takes the form as [13]

b; ZpO(l—erj,

where p; is the pressure variation inside the train between
adjacent time steps, p, is the difference between the pres-
sure outside the train and the pressure inside the train in the
current time step, ¢ is the time step, 7 is the airtight index,
taking the unit as s. The pressure variation inside the train
could be obtained via the above formula on the condition
that the pressure variations outside the train and the airtight
index of the train are both known.

3.3 Airtight index

When subway trains pass by the tunnel, the pressure waves
could propagate into the inside of the train according to the
airtight characteristics of the trains. The quality of airtight-
ness of the train could directly influence the characteristics
of pressure waves inside the train. Better quality of air-
tightness of the train corresponds to a smaller airtight index,
and vice versa. Table 1 shows the range of airtight index of
the train with different quality of airtightness.

However, the airtight index of the high-speed subway
train is uncertain at present. As a result, two kinds of air-
tight indices are taken into consideration. One is referred to
as unsealed trains, the airtight index of which is 0.7 s; the

Table 1 The range of airtight index of the train with different quality of
airtightness

Airtightness Airtight index Type of the train
assessment
Unsealed r<ls
Ordinary 1s<7<6s Eurocity
Good 6s<7<10s ICE1, TGV
Excellent 7>10s ICE3, Transrapid
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other is referred to as ordinary quality of subway trains, the
airtight index is 5 s. The former airtight index is mainly
discussed during the analysis, since most of the subway
trains in China belong to this type.

3.4 Criteria of aural discomfort

After obtaining the pressure waves inside the train, the
evaluation of aural discomfort should be performed. As a
result, the criterion of aural discomfort should be provided
in advance. A series of criteria exist, of which the American
Standard is mostly accepted and widely used in Guozhou
Metro Line 3 and Hong Kong New Airport Line. American
Standard mainly deals with the unsealed train and can be
expressed as follows: The pressure variation ratio should be
less than 410 Pa/s. For sealed vehicles, 800 Pa/3 s is taken
as the evaluation criterion according to the literature re-
leased by the authorities.

4 Results and discussion

To determine the critical tunnel diameter for specific run-
ning speed, a series of tunnel diameters should be consid-
ered and the pressure histories in each diameter should be
obtained so as to compare with the specific criterion. Con-
sequently, a large amount of computational cost should be
taken. In the present paper, the discussion is only focused
on the case that the tunnel diameter basically meets the cri-
terion of aural discomfort. First, the numerical validation for
CFD analysis has been performed.

4.1 Numerical validation

In this section the experiments in literature [14] are taken as
the test case for numerical validation. The experiments were
conducted at the von Karman Institute for Fluid Dynamics.
The tunnel is 6 meter long with a uniform circular cylindri-
cal section of 99 mm in diameter. The long train model
which is 600 mm in length and 38 mm in diameter is
adopted for validation. It has a conical nose with an angle of
60° between the axis and the directrix. Numerical models
and computational conditions keep the same with the ex-
perimental ones. The running speed of the train is chosen as
140 km/h. An axisymmetrical computation has been per-
formed with the same algorithms proposed in the present
paper. A typical pressure pattern is obtained for the probe at
[=900 mm from the tunnel extrance, which is shown in Fig-
ure 6 together with the experimental results.

As seen above, the numerical results agree well with the
experimental results, indicating that the algorithms pro-
posed in the present paper could be used for further study.

4.2 Critical tunnel diameter for the speed of 120 km/h

When the subway train runs at 120 km/h, the tunnel diame-
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ter of 6.0 m is chosen for discussion. The blockage ratio in
this case is about 0.4. The pressure histories of three probes
outside the train and inside the train under two airtight indi-

ces are shown in Figures 7-9.
As seen above, the three stages could be divided from the
pressure histories, which are entering the tunnel, running in
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Figure 6 Comparisons between experimental and numerical data at
1=900 mm.
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Figure 9 Pressure histories for probe MT1 in different conditions.

the tunnel, and leaving the tunnel, respectively, just as
shown in the rectangular boxes. As shown in Figure 7, when
the train runs into the tunnel, the air around the train is
compressed by the tunnel wall and the pressure increases
dramatically, forming the initial compressible pressure
wave. As the train moves forward, the length of the annulus
space between the train and the tunnel increases continu-
ously and the pressure in front of the train increases further.
Meanwhile, the pressure around the part of the train which
has already been in the tunnel grows higher too. As seen in
Figure 8, the middle car mainly experiences negative pres-
sure, and the magnitude of the pressure variations is obvi-
ously smaller than the leading car. As seen in Figure 9, after
the trailing streamline enters the tunnel, an expansion wave
is generated at the entrance and propagates along the tunnel.
The pressure decreases as long as the expansion wave pass-
es by. Meanwhile, reflection occurs when the pressure
waves reach at the portals and pressure forms get exchanged
then. For example, compressive waves may change into
expansion waves, and vice versa. The pressure around the
train varies due to the propagation of pressure waves.

For the probe in the leading streamline, the initial pres-
sure rise comes from the initial compression wave by the
interaction between the leading streamline and the tunnel.
The first pressure drop comes from the expansion wave that
is generated when the trailing streamline enters the tunnel.
In long tunnel conditions, a time gap exists between the
generation of the initial compression wave and expansion
wave, so a steady period could be observed during the
pressure drop.

Evident difference of the pressure variations could be
found between the trailing streamline and leading stream-
line. Since the trailing streamline enters the tunnel a little
later than the leading streamline, the initial compression
wave hardly affects the trailing streamline. As a result, the
initial pressure rise could not be detected and the pressure
drops directly.

Then, we will focus on the pressure variations inside the
train under different airtight indices. It can be seen clearly
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that the magnitude of the pressure variation and the varia-
tion ratio inside the train are both smaller than those outside
the train. The higher the airtight index, the smaller the mag-
nitude and the pressure variation ratio, indicating that the
pressure inside the train is much more comfortable.

The maximum pressure variation ratios for the probes
when the train enters the tunnel and runs in the tunnel are
shown in Tables 2 and 3.

As seen above, the pressure variation ratio is much
greater than the corresponding criterion when the train en-
ters the tunnel and much smaller than the corresponding
criterion when the train runs in the tunnel. When the train
entering the tunnel, if the ratio is taken as the representative
to determine the critical tunnel diameter, it will bring ex-
pensive engineering cost. It is a waste compared with the
case when the train runs in the tunnel. Concerning that long
tunnels are frequently encountered, the pressure variation
ratio when the train runs in the tunnel is chosen to deter-
mine the critical tunnel diameter. As for the high pressure
variation ratio generated when the train enters the tunnel,
kinds of buffering devices could be supplemented at the
tunnel portals. The maximum pressure variation ratio when
the train runs in the tunnel is 335 Pa/s, which satisfies the
American criterion of aural comfort (410 Pa/s).

To take all the scenes the subway train encounters into
consideration, other scenes (such as accelerating and decel-
erating in the tunnel, passing by the air shaft in the tunnel,
and entering the subway station) are all under investigation.
The results reveal that of all the scenes only the case that the
train passes by the air shaft in the tunnel gets worse situa-
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tions, of which the pressure variation ratio is slightly higher
than the American Standard. However, this also could be
relieved by equipping buffering device in the tunnel.

Based on all the above scenes, the critical tunnel diame-
ter is 6 m for the train that runs in the tunnel at a speed of
120 km/h. This diameter could satisfy the criterion of aural
discomfort in most scenes and for those scenes that do not
comply with the criterion buffering device should be
equipped.

4.3 Critical tunnel diameter for the speed of 140 km/h

Since the analysis procedure in the present case is the same
as the one in the above section, simplified discussion will be
performed in this section. A diameter of 7 m is taken into
consideration for the speed of 140 km/h and the blockage
ratio is 0.33. The pressure histories of three probes outside
the train and inside the train under two airtight indices are
shown in Figure 10.

Table 2 The maximum pressure variation ratios for the probes when the
train enters the tunnel

MH1 MM1 MT1
7=0.7s 639 Pa/s 622 Pa/s 325 Pals
7=5s 193 Pa/s 139 Pa/s 120 Pa/s

Table 3 The maximum pressure variation ratios for the probes when the
train runs in the tunnel

MH1 MM1 MT1
=0.7 s 335 Pa/s 305 Pa/s 325 Pals
=5s 113 Pa/s 106 Pa/s 80 Pa/s
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Figure 10 Pressure histories for the three probes in different conditions. (a) MH1, (b) MM, (c) MT1.
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As seen above, the characteristics of pressure variation
are almost the same with the speed of 120 km/h except that
the magnitude in the present case is a little bigger. Similarly,
the maximum pressure variation ratios for the probes when
the train enters the tunnel and runs in the tunnel are shown
in Tables 4 and 5.

For the sealed train, the pressure variation ratios of all the
probes satisfy the corresponding criterion of aural discom-
fort. However, for the unsealed train, the maximum pressure
variation ratio is 413 Pa/s when the train runs in the tunnel,
which is slightly higher than the American Standard. Con-
sidering the worst length of the tunnel is used, the maxi-
mum pressure variation ratio may be a little higher than the
present value, hence buffering device is suggested to be
used in the special part of the tunnel. Considering other as-
pects such as engineering cost, 7 m is determined as the
critical tunnel diameter for the running speed of 140 km/h.

5 Conclusions

Three-dimensional CFD numerical approach is adopted in
the present paper, and the passengers’ aural discomfort is
discussed for the train passing by the tunnel at a high speed.
Based on the corresponding criterion of aural discomfort,
the critical tunnel diameters for the speeds of 120 and 140
km/h are determined. The main conclusions are as follows.

1) When the subway train runs at a speed higher than 100
km/h, the aerodynamic characteristics should be taken into
consideration, including the running drag, tunnel pressure
waves, and aerodynamic noise. The designs of the head of
the train and cross section of the tunnel both need to be
considered.

2) Big pressure variation emerges when the train enters
the tunnel, which will bring aural discomfort problems for
the passengers. Therefore, for the running of high-speed
subway trains, proper speed deceleration should be per-

Table 4 The maximum pressure variation ratios for the probes when the
train enters the tunnel

MH1 MM1 MT1
=0.7s 693 Pa/s 594 Pa/s 389 Pa/s
=5 221 Pa/s 199 Pa/s 137 Pa/s

Table 5 The maximum pressure variation ratios for the probes when the
train runs in the tunnel

MHI1 MM1 MT1
=0.7 s 398 Pals 413 Pa/s 402 Pa/s
=55 147 Pa/s 151 Pa/s 156 Pa/s
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formed and certain buffering devices could be equipped at
the tunnel portals to relieve the initial pressure rise.

3) 6 m is determined as the critical tunnel diameter for
the speed of 120 km/h. This diameter could satisfy the crite-
rion of aural discomfort in most scenes and for those scenes
that do not comply with the criterion buffering device
should be equipped.

4) 7 m is determined as the critical tunnel diameter for
the speed of 140 km/h. This diameter could satisfy the crite-
rion of aural discomfort in most scenes and for those scenes
that do not comply with the criterion buffering device
should be equipped.
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