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Abstract:  In order to study the unsteady aerodynamics effects in railway tunnels, the 3D Reynolds average Navier-Stokes
equations of a viscous compressible fluid are solved, and the two-equation k-¢ model is used in the simulation of turbulence, while
the dynamic grid technique is employed for moving bodies. We focus on obtaining the changing tendencies of the aerodynamic
force of the train and the aerodynamic pressures on the tunnel wall and train surface, and discovering the relationship between the
velocity of the train and the intensity of the micro pressure wave at the tunnel exit. It is shown that the amplitudes of the pressure
changes in the tunnel and on the train surface are both approximately proportional to the square of the train speed, so are the

microwave and the drag of the train.
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1 Introduction

When a train enters or leaves a tunnel, finite
amplitude pressure waves are generated and propa-
gate in the tunnel. At the tunnel exit, the waves are
partially reflected. The reflected waves of opposite
pressure return into the tunnel and are partly emitted
outside the tunnel as a microwave. The air pressure
change in and around the tunnel has a great impact on
the safe operation of trains, staff comfort, and envi-

ronment around the tunnel (Joseph, 2001; Tian, 2007).

A 1D numerical simulation method was first used to
study the pressure variations on the train and in the
tunnel (Woods and Pope, 1979; Mei et al., 1995;
William-Louis and Tournier, 2005). In the 20th cen-
tury, a series of experiments concerning the pressure
changes, microwave, and aerodynamic drag was car-
ried out on the Japanese Shinkansen. In recent years,
Japanese researchers have simulated the changes of
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the pressure and microwave using 3D models and
model experiments (Ogawa and Fujii, 1997; Tanaka
et al., 2003; Sato and Sassa, 2005; Iida et al., 2006).
In Europe, model experiments were performed on the
compression wave generated by a train entering a
tunnel with different configurations (flared portals,
vented portals, vented hoods, etc.) (Ricco et al., 2007;
Anthoine, 2009). In China, 3D numerical simulation
and model experiments have been used, and the in-
fluences of running speed, blocking ratio, train head
shape, and railroad condition on the aerodynamic
effects have been analyzed (Luo et al., 2004; Zhao et
al., 2006; Zhao and Li, 2009; Li et al., 2010; Liu et al.,
2010a; 2010b). To date, studies have mainly focused
on a speed of 250 km/h and few have examined the
aerodynamic effects above 300 km/h. Moreover, 3D
effects are rarely taken into account.

In this paper, we solve the 3D Reynolds average
Navier-Stokes equations of a viscous compressible
fluid, and the dynamic grid technique is employed for
moving bodies. The unsteady aerodynamic effects of
a high-speed train entering a tunnel are studied to
obtain the changes of the pressure and the aerody-
namic force. In order to find the relationship between
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the train speed, and the pressure changes and micro-
wave, we calculate the models at different speeds of
200, 250, 300, 350, 400, 450, and 500 km/h.

2 Fundamental flow equations

When a train passes through a tunnel, the flow
field around the train is compressible, viscous, un-
steady turbulent flow. For more details of the turbu-
lent flow equations, please refer to (Ferzieger and
Peric, 1996). The Reynolds average Navier-Stokes
equations are presented as below.

Continuity equation:
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where ¢ is the time, p is the density, x; is the cartesian
coordinate, and u; is the absolute fluid velocity
component in direction x;.

Momentum equation:
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where p is the static pressure, u; is the velocity com-
ponent in direction x;, f; is the mass force component
in direction x;, and 7; is the stress tensor with the
specific expression as
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where  is the viscosity coefficient of the air and & is
a unit tensor.
Turbulent kinetic energy (k) equation:
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3 Computational domain and mesh generation

A simplified geometric model of electric mul-
tiple units (EMU) is used in the numerical simulation
(Fig. 1). This model removes the bogies, pantograph,
and other details of the train. The front shape of the
model and the real train match well. The total length
of the train model is 76.5 m.

Fig. 2 shows the grids used in the numerical
simulation of the train entering a tunnel. The grids are
divided into two parts: one part is the moving mesh,
which contains the semi-cylindrical region around the
train; the other part is the fixed part, which includes
the area around the tunnel wall. The sliding interface
technology is used to solve the relative motion be-
tween the train and the tunnel. The moving mesh
moves at the speed of the train. On the direction of the
motion, the front boundary deletes grids, while the
opposite one adds grids layer-by-layer to make the
grids move. The grids have about 1.2 million grid
hexahedral elements.

—

’_,..""
Fig. 1 Simplified geometric model of electric multiple
units (EMU)

Fig. 2 Grids of a train entering a tunnel
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In order to simulate the impact of the turbulent
boundary layer, the standard turbulent wall function is
adopted. Therefore, the first layer near the wall should
meet the requirement of 30<y+<300 (y+ is the non-
dimensional parameter of wall) to include it in the
logarithmic area of the turbulent boundary layer.
According to the velocity and size of the train, the
height of the first layer near the wall should be
0.005 m.

4 Results
4.1 Description of the wave propagation process

Fig. 3 shows 25 monitor points that are set on the
train. The maximum pressure differences of the
monitor points 1-11 and 15-25 are also shown in this
figure. The differences of the pressure amplitude
between different monitor points are small, and the
maximum value of the differences is 147 Pa. Due to
the train passing through a double-track tunnel, the
distribution of the pressure differences is asymme-
trical, and the pressure differences on the side that is
closer to the tunnel wall are higher than that of the
other side. About the longitudinal distribution of the
train, the two sides of the train take on an entirely
different distribution. For the side closer to the tunnel
wall, the pressure difference amplitude on the middle
of the train is smaller than that on the two ends.
However, on the other side of the train, the pressure
difference amplitude on the middle of the train is
higher than that on the two ends.

Fig. 4 shows the pressure change in the tunnel
wall and on the train surface when the EMU passes
through a tunnel at the speed of 200 km/h. Fig. 4a
shows the Mach wave propagation diagram and
Fig. 4b shows the pressure history of the measured
point 6 on the train surface. This point is presented by
the dash-and-dot line in Fig. 4a. Now we focus on the
pressure changes on the train surface: point 4 indi-
cates that the initial expansion wave of the train tail
reached the point 6; point B denotes that the first
reflection expansion wave of the train head reached
the point 6; point C presents that the first reflection
compression wave of the train tail reached the point 6;
point D shows that the second reflection compression
wave of the train head reached the point 6; point £
indicates that the second reflection expansion wave of
the train tail reached the point 6; and, points F—J can
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Fig. 3 Twenty five monitor points set on the train sur-
face and the pressure amplitude with the location of the
monitor points
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Fig. 4 Wave diagram and pressure transients due to
EMU passing through a tunnel at the speed of 200 km/h
(a) Wave diagram; (b) Pressure changes at point 6 on the
train; (c) Pressure changes at 250 m in the tunnel
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be handled in the same manner. Point L indicates that
the compression wave of the train head leaving the
tunnel reached the point 6. When a compression wave
passes through the measuring point, the pressure of
the point increases; and when an expansion wave
passes through the point, the pressure of the point
decreases. We can infer that when the time reaches
points A, B, E, F, I, and J in Fig. 4b, the pressure at
these points decreases, and when the time reaches
points C, D, G, H, K, and L in Fig. 4b, the pressure at
these points increases.

Fig. 4c shows the pressure history of the meas-
ured point at 250 m from the tunnel entrance, and it is
represented by the x=250 m line in Fig. 4a. Point 1
indicates that the initial compression wave of the train
head goes through the measured point, the pressure of
the measured point increases; point 2 indicates that
the initial expansion wave of the train tail goes
through the measured point, the pressure of the
measured point decreases; point 3 shows that the train
head goes through the measured point, the pressure of
the measured point decreases; point 4 indicates that
the first reflection expansion wave of the train head
goes through the measured point, the pressure of the
measured point decreases; point 5 reveals that the train
tail goes through the measured point, the pressure of
the measured point increases; point 6 indicates that the
second reflection compression wave of the train head
and the first reflection compression wave of the train
tail go through the measured point, while the pressure
of the measured point increases; and, point 7 denotes
that the compression wave of the train head leaving the
tunnel goes through the measured point, the pressure of
the measured point decreases.

4.2 Pressure difference amplitudes on the train
surface and the tunnel wall

Table 1 shows the results of the pressure dif-
ference amplitudes on the train surface and the tunnel
wall of the train passing through the tunnel at differ-
ent speeds. The fitting formulas between the pressure
difference amplitude (y) and the train speed (x) for
these two cases are, respectively, y=0.017x2'08 and
y=0.013x>"", which indicate that, when the train op-
erates at a higher speed, greater than 200 km/h, the
amplitudes of the pressure change on the tunnel wall
and the surface of the train are approximately pro-
portional to the square of the train speed.

Table 1 Pressure difference amplitudes on the train
surface and tunnel wall

Train speed Pressure difference amplitude (Pa)

(km/h) Train surface Tunnel wall

200 1027 1169.8

250 1613 1874.5

300 2335 2840.7

350 3199 3716.8

400 4202 4937.6

450 5380 6377.5

500 6751 8264.0
Fitting formula  y=0.017x*% y=0.013x*"

Fig. 5 compares the numerical simulation results
with the on-site test results of pressure change mag-
nitude on the train surface with the train speed. The
numerical simulation results approximately conform
to the on-site test results. However, the numerical
result is still a little higher than the on-site test results.
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Fig. 5 Pressure difference amplitude on the train surface

4.3 Microwave

The microwave is radiated from the portal to-
ward the outside. Therefore, it is connected with the
pressure amplitude of the tunnel exit. Fig. 6a shows
the pressure changes at 970 m in the tunnel, which is
30 m away from the tunnel exit. The pressure at this
point is taken to stand for the pressure of the tunnel
exit. In Fig. 6a, the first wave crest is produced by the
initial compression wave of the train head and the first
reflection expansion wave of the train head, and the
first wave trough is produced by the initial expansion
wave of the train tail and the first reflection com-
pression wave of the train tail. The first peak of the
microwave is from the first wave crest of the pressure,
and the first trough of microwave is from the first
wave trough of the pressure.
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Fig. 6 Pressure changes at 970 m in the tunnel and the
microwave history of the tunnel

The amplitude of the first pressure wave of the
tunnel exit and the amplitude of the first microwave
are compiled as shown in Fig. 7. The fitting lines of
the microwave, and changes with the pressure of the
tunnel exit, are also presented in Fig. 7. The fitting
lines between the microwave amplitude and the am-
plitude of the pressure are y=—4.6+0.059x (L=15 m,
where L is the distance between the test point and the
tunnel exit) and y=—5.6+0.046x (L=20 m), respec-
tively. The microwave is approximately proportional
to the pressure of the tunnel exit.
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Fig. 7 Microwave change amplitudes with the initial
magnitude of tunnel exit pressure

The relationships between the microwave and
train speed are shown in Fig. 8. The figure shows that
the microwave is approximately proportional to the
square of train speed. The fitting formulae between
the microwave amplitude and the train speed are y=
1.5%x10 ¥ (L=15 m) and y=7.9x10 *x*** (L=20 m),
respectively.
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Fig. 8 Microwave change amplitude with the train speed

4.4 Aerodynamic forces of the train

Due to the pressure wave propagation and air-
flow in the tunnel, the aerodynamic forces are dif-
ferent between the train passing through the double-
track tunnel and running on the open line. Fig. 9
shows the results of aerodynamic forces change of the
train passing through the tunnel. It can be concluded
that the lift force of the train exhibits no significant
difference between the cases running on the open line
and in the tunnel. The lateral force of the train in-
creases when the train enters the tunnel, and then
remains constant after the train entering. When the
train leaves the tunnel, the lateral force increases
rapidly, and then decreases rapidly to a steady state.
The aerodynamic drag increases rapidly when the
train enters the tunnel, then fluctuates about a certain
value. Compared with the changes of the lateral force
and the lift force of the train, the changes of the drag
of the train act a complex manner. A detailed analysis
on the change of the drag for the train passing through
the tunnel is as follows.
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Fig. 9 Aerodynamic forces of the train passing through
the tunnel
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In Fig. 10, point 4 stands for the train head be-
ginning to enter the tunnel. The pressure of the train
head increases, and the drag of the train increases
rapidly; point B stands for the train tail entering the
tunnel. When the whole train enters the tunnel, the
pressure of the train tail increases, and the drag of the
train decreases; at point C, the initial expansion wave
of the tail reaches the train head, the pressure of the
train head decreases, and the drag of the train de-
creases; point D stands for the first reflection expan-
sion wave of the train head meeting the train head,
when the pressure of the train head decreases, and the
drag of the train decreases; point E stands for the first
reflection expansion wave of the train head reaching
the train tail, when the pressure of the train tail de-
creases, and the drag of the train increases; point F
stands for the train head running out the tunnel, when
the pressure of the train head decreases, and the drag
of the train decreases; point G stands for the com-
pression wave of the train leaving the tunnel meeting
the train tail, when the pressure of the train tail in-
creases, and the drag of the train decreases; and, point
H stands for the whole train leaving the tunnel, when
the pressure of the train tail decreases, the drag of the
train increases. The expansion wave reaches the train
head, the pressure of the train head decreases, and the
drag of the train decreases. The compression wave
reaches the train head, the pressure of the train head
increases, and the drag of the train increases. The
expansion wave reaches the train tail, the pressure of
the train tail decreases, and the drag of the train in-
creases. The compression wave reaches the train tail,
the pressure of the train tail increases, and the drag of
the train decreases.

Most researchers analyze the drag of the train
varying with the speed of the train. The maximum
value of the drag is used, and the amplitude of the
drag force is neglected. In this study, we combine the
amplitude of the drag and the average value of the
drag to analysis the drag variation with train speed.
The drag of the train can be represented by Drag=
DA+(DB/2), where DA is the average value of the
drag, and DB is the amplitude of the drag. Fig. 11
shows the average value of the drag and the amplitude
of the drag change with the speed of the train. The
fitting formulas between the drag and train speed are
y=0.025x** and y=0.065x>", respectively, which
show that the average value of the drag and the am-

plitude of the drag are all approximately proportional
to the square of train speed.
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Fig. 10 Wave diagram and drag changes due to EMU
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5 Conclusions

Via numerical simulation of the train passing
through a tunnel, the following conclusions are made:

1. The amplitude of the pressure change on the
tunnel wall and in the train surface is approximately
proportional to the square of the train speed.

2. The microwave is approximately proportional
to the square of train speed.

3. The drag of the train is represented by Drag=
DA+(DB/2), where DA is the average value of the
drag, and DB is the amplitude of the drag. Both the
average value of the drag and the amplitude of the
drag are approximately proportional to the square of
train speed.
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