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Abstract

When a train travels through tunnel at a high speed, large pressure variations are produced on the train surface by pressure waves. In
particular, when an express train travels through a narrow tunnel at a speed higher than that of a conventional train, more severe pressure
variations can occur and cause passengers ear discomfort. This paper presents a very simple and effective reduction method of the large
pressure variation for a narrow conventional tunnel. When a compression wave and an expansion wave are superposed, the pressure
variation can be greatly reduced. Using this phenomenon, this study proposes the construction of a dummy tunnel duct which superposes
the pressure waves and reduces the large pressure variation. Using the proposed method, the construction cost is much lower compared to
other methods because the dummy tunnel duct can be constructed at the entrance or at the exit of an existing tunnel with a simple tunnel
shape. To investigate the change in the maximum pressure difference and pressure variation ratio with the application of a dummy tunnel
duct, full-scale tests and numerical analyses were conducted. The results showed that the maximum pressure changes and pressure varia-
tion ratio are significantly reduced by a short dummy tunnel duct. From these results, the dummy tunnel duct is expected to be a very
economical and practical solution to passenger ear discomfort problems for express trains traveling through conventional narrow tunnels.
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1. Introduction

A train entering a tunnel at a high speed generates compres-
sion and expansion waves that propagate through the tunnel at
the speed of sound. As these pressure waves pass the train,
large pressure changes are produced on the train surface. The
surface pressure penetrates into the passenger car and causes
ear discomfort to passengers. The large pressure fluctuations
also place a sustained pressure load on the train surfaces,
which can lead to cracks on these surfaces [1-2].

To reduce the pressure variation in a tunnel, numerous
measures have been proposed and investigated. Some of the
examples of these measures to alleviate severe pressure varia-
tion are listed below [3].

(1) Vehicle operational measures: reducing the tunnel entry
and exit speed of a train

(2) Pressure sealing of rolling stock: making the vehicle suf-
ficiently airtight

(3) Tunnel structural measures: construction of a tunnel

T This paper was recommended for publication in revised form by Associate Editor
Do Hyung Lee
“Corresponding author. Tel.: +82 2 880 7399, Fax: +82 2 882 7927
E-mail address: donghlee@snu.ac.kr
© KSME & Springer 2010

with a larger cross-section or localized modification of a tun-
nel.

Though speed restrictions are feasible solutions, they are
impractical considering the operating efficiency of the railway.
Moreover, complete sealing is not only impossible consider-
ing the many systems on a passenger train, but it is also costly
to adopt the special ventilation system needed in this case. The
construction of a larger cross-sectional area requires an enor-
mous cost. On the other hand, localized modifications of a
tunnel, such as a flared or perforated entrance, are more prac-
tical and economical alternatives. Hagenah et al. measured
and simulated the surface pressure of a train (SBB Re 460 and
Cisalpino ETR 470) travelling through a tunnel with and
without pressure relief shafts (Ashaﬁ=12.25m2). Their study,
in a comparison of the pressure fluctuation between the tun-
nels, proved that pressure relief shafts give a higher degree of
pressure comfort [4]. In addition, Kim et al. [5] and Bellenoue
et al. [6] conducted scale-model tests and Yun et al. [7-8] con-
ducted numerical analyses to verify the effects of a slit cover
hood and a blind hood on tunnel-entrance for micro-pressure
wave reduction. According to the results, both the slit cover
hood and the blind hood reduced only the micro-pressure
wave efficiently.
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Fig. 1. Experimental set-up for the full-scale test: (a) Schematic view of the measurement system; (b) Pressure transducer mounted on the test train

surface; (¢) Location of pressure transducers on the middle car [10].

When a quasi high-speed express train travels existing con-
ventional tunnels that are narrow and short, large pressure
fluctuations can occur that can affect the comfort the passen-
gers on the train. The objective of the present study is to re-
duce the large pressure variation in a tunnel when a train trav-
els through the tunnel.

2. Experiment: field measurement

Full-scale tests were performed to obtain the surface pres-
sure histories of a test train, while it traveled through a con-
ventional tunnel at a high speed [9]. The test train was devel-
oped to increase the maximum commercial speed of a conven-
tional train to 180km/h from 80~100km/h. The test train was
144m long and the cross-sectional area of the tunnel was 61m’
(blockage ratio: 0.161).

Fig. 1 shows the experimental apparatus for the full-scale
test. A high sensitivity piezoresistive pressure transducer
(ENDEVCO 8510B) and a Baraton differential manometer
(MKS Type220) were used to measure the rapidly changing
external and internal pressure of the train respectively, as it
traveled through the tunnel. A pressure reservoir was used for
the reference pressure supplier, as shown in Fig. 1(a). The
external pressure transducer was mounted on the side surface
of the train, as shown in Fig. 1(b). It was 69.6m from the nose-
end and 1.6m from the ground, as shown in Fig. 1(a) and Fig.
1(c).

Fig. 2 shows the data acquisition process of the experimen-
tal system. The pressure transducer creates and transfers the
differential pressure signals between the surface pressure and
the reference pressure into the Amplifier module. The A/D
converter with 16bits resolution then encodes the amplified
output signals and transfers them to the data acquisition mod-
ule. The digitalized data are sampled at a rate of 2kHz, filtered
with a 100Hz low pass filter, and recorded in a storage device

Pressure Transducer PW & Amplifier A/D Converter

Data acquisition

*P(t): Surface Pressure [

|
* Resolution :16 bits
*P, : Reference Pressure

* Vou(P(1)-PO) « Sample : 2kHz/S

Fig. 2. Data flow of the experimental apparatus.
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Fig. 3. Measurement of surface pressure variation (a) Large pressure
variation (V,: 158km/h, L,,:880m), (b) pressure Variation reduction
( Vi 147km/h, Ly,:570m) [9].

[10-12].

Fig. 3 shows internal and external (surface) pressure histo-
ries obtained while the test train traveled through conventional
tunnels. Fig. 3(a) is a case in which the train passed through an
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sectional area distribution of the test train [14].

880m long tunnel at 158km/h, and Fig. 3(b) is a case in which
the train passed through a 570m long tunnel at 147km/h. A
comparison of Fig. 3(a) and Fig. 3(b) shows that the trend
curves of the pressure are very different from each other.

In Fig. 3(a), internal and external pressure fluctuations are
very large. Hence, the maximum value of the pressure change
is close to 1215pa (4P;.;). On the other hand, in Fig. 3(b),
large pressure fluctuations are not shown and the maximum
value of the pressure variation is approximately 198Pa (4P;.,)
which is only 16.2% of that shown in Fig. 3 (a). In addition,
these values remain nearly unchanged while the train travels
through the tunnel.

The differences between Fig. 3(a) and Fig. 3(b) are simply
the tunnel length (L,) and entry velocity (V) of the test
train. The results of a full-scale test suggest that large pressure
variation on the train surface can be significantly reduced in
an appropriate condition.

3. Numerical analysis

To investigate the pressure variation reduction of the full-
scale test, numerical analyses were conducted. Although the
flow fields generated by a train passing through a tunnel have
three-dimensional and unsteady characteristics, the pressure
wave propagation in a tunnel can be modeled as a one-
dimensional compressible flow [13]. Moreover, three-
dimensional numerical analyses require enormous computing
resources and time. Therefore, in this study, Reynolds-
averaged, unsteady, axi-symmetric compressible Navier-
Stokes equation is used to save computing resource and time.
The conservative form of the governing equation can be writ-
ten as Eq. (1),

800+0F+9G+H=Re',F+0,G +H,) (1)

where O is the conservative variable vector, F and G are
the flux vectors and H is the axi-symmetric source term.
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Fig. 5. (a) Comparison between measurements of full-scale test and
computation; (b) pressure distribution of tunnel wall [9] (V;,: 158km/h,
L,,:880m, —: numerical analysis, o: full-scale test, £: Expansion wave,
C: Compression wave, ne: nose-entry, fe: tail-entry, no: nose-out,
rireflection).

Fig. 4(a) shows the composition of the computational zones
for the axi-symmetric numerical analysis. The total computa-
tional domain consisted of four sub-domains (Entrance far,
Exit far, Tunnel zone, Train zone). Among the sub-domains,
Entrance far, Exit far and Tunnel zone sub-domains are sta-
tionary grids and only the Train zone sub-domain is a moving
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Fig. 6. Numerical results for the surface pressure variation reduction:
(a) surface pressure history; (b) pressure distribution of tunnel wall
(Vo=147km/h, L,=570m, —: numerical analysis, o: full-scale test, E:
Expansion wave, C: Compression wave, ne: nose-entry, no: nose-out,
rireflection).

grid which is translated along the tunnel wall at the speed of the
test train at every time step.

To consider the shape of the test train, a computational
model in the Train zone was created with the same cross-
sectional area distributions of the full-scale test train. The
physical data of each domain can be exchanged through a
patched boundary condition. The modified patched grid me-
thod was used principally to simulate the travelling motion of
the train and to reduce the computation time in the Train zone
[15].

3.1 Source of the surface pressure variation reduction

The numerical analysis results for a test train travelling
through an 880m long tunnel at 158km/h are shown in Fig. 5.
The surface pressure variations of the numerical results are
compared with the full-scale test in Fig. 5(a). The solid line
denotes the numerical results obtained at the location of the
field measurement and the circles are the results of the full-
scale test. The results of the numerical analysis are in good
agreement with those of the full-scale test. Fig. 5(a) shows that
the large pressure fluctuations were applied on the train sur-
face, while it traveled through the tunnel.

Fig. 5(b) shows the pressure distribution on the tunnel wall.
The dashed line and the dashed-dotted line indicate the trace

Train Path

Time

Aty

Train Entrance

Tunnel Exit

Fig. 7. Requirement for the superposition between pressure waves
(— : compression wave, --- : expansion wave).

of the train and the measurement point of the surface pressure,
respectively. Fig. 5(b) clearly shows that the pressure waves
are generated (C,., E,) at the entrance and are reflected (E,)
at the exit. Whenever the pressure waves pass the measure-
ment point, the surface pressures largely and suddenly change,
as shown in Fig. 5(a).

Fig. 6 shows the results of the numerical analysis when the
test train traveled through a 570m long tunnel at 147km/h. The
surface pressure change of the computational train during the
passage is shown in Fig. 6(a). These results also show good
agreement with the full-scale test.

In contrast to the large pressure variations shown in Fig.
5(a), however, small and gentle pressure changes are pre-
sented in Fig. 6(a). In Fig. 6(b), a tail-entry expansion wave is
not shown when the tail of the train enters the tunnel. The
pressure wave propagations also do not appear after the re-
flected expansion wave (E,) arrives at the entrance. This situa-
tion arises due to the superposition between the compression
wave and the expansion wave. Specifically, the compression
wave converted from a reflected expansion wave (E,) overlaps
with the tail-entry expansion wave (E,). This is a type of de-
structive interference of pressure waves.

3.2 Relationship between the train and the tunnel for the
reduction of the pressure variation

When the destructive interference occurs, the shape of the
resulting wave is determined by the sum of the separate ampli-
tudes of each wave. Therefore, in order to reduce the pressure
fluctuation via superposition, two pressure waves with the
same amplitudes in the opposite direction are used. Moreover,
they have to be completely overlapped [16, 17].

Fig. 7 shows the requirement for the superposition between
a compression wave and an expansion wave. First, for the
superposition, the tail-entry expansion wave (E,) and the re-
flected compression wave (C,,) have to be generated simulta-
neously. To ensure that this occurs, the time required ( /¢,
for the nose-entry compression wave (C,,) to go and return to
the tunnel has to be equal to that for the tail-entry expansion
wave to be generated ( At,,)

Another requirement for the superposition is equal ampli-
tudes of the pressure waves in the opposite direction. To com-
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pare the amplitudes of the pressure waves, the pressure distri-
bution along the tunnel wall is presented in Fig. 8(a) at the
tail-entry moment.

In Fig. 8(a), both the compression wave propagating along
the tunnel and the expansion wave generated by the tail-entry
are shown simultaneously. The compression wave (A4P,)
consists of two parts that cause the pressure increase. The first
sudden pressure increase ( /P,.) is generated by the blockage
effect between the tunnel and the train. The second gradual
pressure increase ( 4 Py) is produced by a viscous effect. 4P,
is continuously increased by the train body until the expansion
wave (A4P,) is generated by the tail-entry of the train. It is
well known that both /P,, and AP, mostly depend on the
Mach number of the train and the blockage ratio [18, 19].
However, because AP, generally has a larger amplitude
than AP, [20], over propagation of the compression wave is
required so that the positive amplitude ( //P,) increases at the
same amplitude of the tail-entry expansion wave ( A4P,). In
this paper, the over propagation distance is termed overlap-
ping distance ( 4L, and the tunnel, in which a pressure wave
superposition can occur, is termed a ‘critical tunnel’.

During the required time for the superposition, the compres-
sion wave propagates at the same distance of 2L+ AL, and
the train travels the same distance as length of the train. There-
fore, the required time can be defined using the train entry
time and the total propagation time of the compression wave,
as expressed by Eq. (2).
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Fig. 9. (a) Change of pressure variation rate as a function of 4L,; (b)
Surface pressure history at AL, =0, 80, 220 (L,:144m, 17“ 180
km/h).

A Lo 2L, +AL
V. (1)

: Mean entry velocity of train

: Length of train

. Length of critical tunnel

(T) : Speed of sound

: Mean local temperature
AL, : Overlapping distance

For an ideal superposition, the overlapping distance must be

=At, )

determined. To calculate the overlapping distance, the pres-
sure variation rate (PVR) of the train surface is evaluated by
means of numerical analysis. The PVR is calculated by Eq.
(3). A high PVR indicates that a large pressure fluctuation
occurs on the surface. On the other hand, a low value indicates
that a small pressure fluctuation occurs.

— 1 )2
PYR= f (P(t)— P)dt 3)
T Total travel time through the tunnel
P Pressure of the train surface
P Mean value of the surface pressure

Fig. 9(a) shows the change in the PVR as a function of the
overlapping distance. In Fig. 9(a), the PVR rapidly decreases
as the overlapping distance increases from Om to 80m. Around
80m, however, it shows a minimum value and no significant
changes are presented. This indicates that a compression wave
and an expansion wave are superposed by each other, which
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greatly reduces the large pressure fluctuation. Therefore, an
overlapping distance with a minimum PVR value can be used
for the overlapping distance of the ideal superposition. Be-
yond 100m, the PVR increases steeply again as the overlap-
ping distance increases.

To prove the change of the surface pressure fluctuation for
given overlapping distance (a (4L,,=0), b (4L, =80) and c
(4L,,=220)), the surface pressure histories are presented in Fig.
9(b). The pressure histories of a and ¢ in Fig. 9(b) show a con-
siderable amount of fluctuation. The maximum pressure dif-
ference of a and c is approximately 757Pa (4P,.;) and 828Pa
(4P3.3), respectively. However, the pressure fluctuation of b is
very small. Because the pressure waves are perfectly super-
posed with the ideal overlapping distance, the maximum pres-
sure difference of b is only 198Pa (4P,.;). Therefore, in this
case, to create an ideal superposition between a compression
wave and an expansion wave, an overlapping distance of 80m
must be used.

4. Application of dummy tunnel duct for pressure
variation reduction

The large pressure variation is naturally reduced in a critical
tunnel. To change the existing base tunnel into a critical tunnel,
a ‘dummy tunnel duct’ is proposed in this paper. It has a sim-
ple tunnel shape and can be constructed at the entrance or the
exit of a base tunnel easily. Therefore, the required construc-
tion cost and modification time of a base tunnel can be re-
duced significantly.

Fig. 10(a) shows the application procedure of the dummy
tunnel duct for an existing railway on which the newly devel-

Table 1. Specifications of the train and tunnel for the application of the
dummy tunnel duct.

V. (km/h) 180
L, (m) 200
L, (m) 550
L, (m) 80
L, (m) 640

oped quasi high-speed train can travel. After the maximum
operational speed (V) and the length (L,) of an advanced
train are determined, the overlapping distance (4L,) can be
obtained. Then, the length of a critical tunnel (L) is deter-
mined from Eq. (3). If the length of a base tunnel is shorter
than that of the critical tunnel, the dummy tunnel duct (4L,,)
must be constructed at the portals (entrance (4L;) or exit
(4L,)) of the base tunnel as much as the insufficient length
compared to the critical tunnel length. Subsequently, although
an advanced train travels through an existing tunnel at a higher
speed, the pressure variation can be reduced and passenger
comfort will be enhanced. In addition, the dummy tunnel duct
has high adaptability for construction at the tunnel portals. A
reduction of the large pressure variation can occur naturally,
when the adapted dummy tunnel duct has the same total
length (4L,,). Therefore, in case it is impossible to construct at
the entrance (4L)) or the exit (4L,), the length (AL',,AL",) of
the each part of the dummy tunnel duct can be appropriately
controlled, as shown in Fig. 10(b).

To investigate the effects of a critical tunnel using dummy
tunnel ducts, numerical analyses were conducted for quasi
high-speed express train travelling through an existing tunnel.
The train length (Z,) of a numerical model was 200m long and
the maximum operating speed (V,,..) was 180km/h. The length
of the base tunnel (Ly,.) was 550m long, as listed in Table 1.
If the over propagation distance (4L,,) is set to 80m, the length
of the critical tunnel becomes 640m. Therefore, a 90m long
dummy tunnel duct (4L,,) is required for the critical tunnel. It
is only 16.3% of the length of the base tunnel.

The critical tunnel length is defined by the objective maxi-
mum velocity and train length. Therefore, it is necessary to
investigate the effects of other variables including the velocity,
train length and blockage ratio. Figs. 11 and 12 show the ef-
fects of these variables while a train passes through the base
tunnel without dummy tunnel duct and the base tunnel with
dummy tunnel duct.

Fig. 11(a) shows maximum pressure variation (4P,,,) as a
function of the entry velocity. As the entry velocity increases
from 160km/h to 180km/h, 4P, of the base tunnel (A) grad-
ually increases from 874Pa to 1023Pa. The maximum 4P, of
the base tunnel is shown at the maximum speed (180km/h).
However, in the case of a base tunnel with dummy tunnel duct
(o), 4P, rapidly decreases, in contrast to the base tunnel. It
shows the minimum 4P, (403Pa) value at the maximum
speed (180km/h). Therefore, the reduction ratio (m) also in-
creases from 11% (160km/h) to 60% (180km/h) as the train
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velocity approaches the maximum speed.

Fig. 11(b) shows the change of 4P,,, as a function of the
train length. AP, of the base tunnel gradually increases from
911Pa to 1054Pa, as the length of the train increases from
190m to 210m. It is because of the viscous effect of the train
body. In the case of base tunnel with dummy tunnel duct,
AP, changes greatly from 398Pa to 810Pa. Although the
AP, of the base tunnel with dummy tunnel duct changes
more rapidly, this result shows that 4P, can be greatly re-
duced around a specific length (in this case from 195m to
200m). The maximum reduction ratio is, therefore, about 61%
in that region.

Fig. 12(a) and (b) show the change of AP,, and (4P,
At=15) 4 according to the blockage ratio (4,/4,,) at a speed of
180km/h. (4P, At=15),,, 1s the maximum surface pressure
variation in time interval while the train travels through a tun-
nel. 4P, and (4P, At=1Is),,, are usually used as criteria for
travelling comfort or health risk of passengers in a vehicle [4].
Blockage ratio of a double-track tunnel and a single-track
tunnel is approximately 0.16 and 0.32, respectively.

In Fig. 12(a), 4P, of the base tunnel is about 1021Pa at 0.16,
and continuously increases with the increase of the blockage
ratio. 4P, is about 2202Pa at 0.32. For the base tunnel con-
nected by the dummy tunnel duct, however, 4P, becomes
about 403Pa at 0.16. Therefore, 4P,,, is reduced by 60%. At
0.32, 4P, is about 1195Pa and 4P,,,, is reduced by 45%.

In Fig. 12(b), (4P, At=15),,,, of base tunnel is about 609Pa
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Fig. 12. Effects on Maximum pressure variation: (a) and Maximum
pressure variation in time interval; (b) as a function of the blockage
ratio (A: base tunnel, 0: base tunnel with dummy tunnel duct).

at 0.16 and about 1520Pa at 0.35. In case of base tunnel ap-
plied by dummy tunnel duct, (4P, At=Is),, shows about
228Pa at 0.16 and 920Pa at 0.35 respectively. Therefore, the
reduction ratio is about 62% and 39%. From Fig. 12(a) and (b),
AP, and (4P, At=15),,.,. can be reduced significantly even in
a single-track tunnel using the dummy tunnel duct.

5. Conclusion

This paper suggests a dummy tunnel duct to reduce the
large and sudden pressure variation for an express train in a
narrow conventional tunnel. For an evaluation of the effects of
dummy tunnel duct, full-scale tests and numerical analyses
were conducted. The conclusions are given below.

(1) The large and sudden pressure variation is greatly re-
duced when the reflected compression wave and the tail-entry
expansion wave are perfectly superposed by each other at the
entrance.

(2) For the superposition, the relationship among the vari-
ables (the velocity of the train, the length of the train, the
length of the critical tunnel, the overlapping distance and the

speed of sound) can be defined as ]i = %

(3) In the case of a 550m long base tunnel, only a 90m
(16% of base tunnel) dummy tunnel duct is required for the
superposition of pressure wave. As the express train velocity
increases to the maximum operating speed (180km/h), AP,
is rapidly decreased and reduced by 60% at the maximum




1440 S.-H. Yun et al. / Journal of Mechanical Science and Technology 24 (7) (2010) 1433~1440

operating velocity, using dummy tunnel duct.
(4) In a double-track tunnel, 4P, and (4P, At=1s),, can be
reduced by 60% and 62%, respectively. In a narrow single-track

tunnel, AP, and (4P, At=15),,4 can be reduced by 45% and 39%.

When the length of an existing conventional tunnel is short-
er than the critical tunnel, therefore, the construction of an
optimum dummy tunnel duct is a very economical and practi-
cal solution to reduce the large pressure variation.
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