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A compression wave generated when a high-speed train emerges from the exit portal of
a tunnel, causes an impulsive noise called micro-pressure wave. There are various
countermeasures to reduce the micro-pressure wave, the most e!ective one being the proper
design of the nose shape of the train. In the present study, we adopted a new method for the
prediction of sonic boom noise, considering the e!ect of the nose shape on the resultant
noise. The Euler equation is "rst solved, after which the linear Kirchho! formulation is used
for the prediction of far"eld acoustics from the #ow-"eld data.

Experimental investigation is also carried out on the pressure #uctuations in the tunnel
and the micro-pressure wave with parameters such as train speed, blockage ratio, nose shape
of train and air-shafts. The computational prediction and experimentally measured data,
compared in this paper, show a good agreement with each other. The results shows that
several countermeasures could be used for the e$cient reduction of the micro-pressure wave.
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1. INTRODUCTION

Some examples of aerodynamic noise sources of a high-speed train are a train nose, cover
and pantograph (collecting system) and its cover, cavities of windows, gap noise of the
vehicle and tunnel, etc. In low-speed operation, the most dominant sources are rolling and
rail noise, but in high-speed operation, aerodynamic noise becomes dominant. Social
demand and technological progress together have pushed the speed of trains giving rise to
a variety of aerodynamic and aeroacoustic problems.

When a train enters a tunnel at high speed, a compression wave is generated and it
propagates along the tunnel. At the tunnel exit, the compression wave is re#ected back into
the tunnel forming an expansion wave. Such waves create unfavourable aural e!ects,
causing discomfort to passengers when passing through the tunnel. Populations near tunnel
exit portals, on the other hand, can su!er from the noise and vibrations (phenomena
designated as &&sonic boom'') caused by the transmission of an impulsive pressure wave
called a micro-pressure wave.

The ultimate objective of this research is the reduction of the micro-pressure wave.
Therefore, understanding the characteristics of the compression wave and investigating the
parameters directly related to the micro-pressure wave are very important. Among
conventional methods, a proper design of the nose shape of the train is known to be an
important countermeasure in reducing the micro-pressure wave.

In the present study, a new method for predicting the pressure #uctuations in the tunnel
and the micro-pressure wave are proposed. Computational #uid dynamics (CFD) technique
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is combined with a linear Kirchho! formulation for computational prediction of the
phenomena. An Euler "nite di!erence solver is "rst executed, from which the near"eld #ow
data are obtained. The data are then transferred to the linear Kirchho! formulation to
predict the far"eld acoustics.

In previous studies, the relation between the micro-pressure wave and compression wave
has been derived using the acoustic model of a vibrating circular piston on an in"nite ba%e
plate with low frequency approximation. For example, Ozawa predicted the micro-pressure
wave, considering only parameters such as blockage ratio, train speed and tunnel length
[1}3]. Since the magnitude of the micro-pressure wave is proportional to the highest
pressure gradient of the compression wave arriving at the tunnel exit [4], many numerical
methods considering the e!ect of the nose shape were attempted, to analyze the
compression wave at the entrance of the tunnel [5}9].

Experimental investigations were also carried out in the Train Tunnel Test Facility (T3F)
a the National Aerospace Laboratory (NLR) in Netherlands under a contract with
Seoul National University. The in#uence of train nose shapes and tunnel con"gurations
on the micro-pressure wave and pressure #uctuations in the tunnel were examined
by varying the train speed, blockage ratio and air-shafts. The facility can launch a
rig-test train model with an interchangeable nose at velocities up to 500 km/h using
a pneumatic launch system. The experimental results are compared with the
computationally predicted results. These numerical and experimental studies can be
very useful in designing the nose shape and tunnel cross-section that minimize the
ringing in passengers' ears and the sonic boom. The studies are also important to
understand the physical phenomena of aeroacoustic and aerodynamic origins generated
while a train passes by a tunnel.

2. PREDICTION METHODS OF MICRO-PRESSURE WAVE

The new prediction method for the tunnel sonic boom is a combined CFD}Kirchho!
formulation, consisting of near"eld #ow solver based on CFD and Kirchho! integral
formulation. The Euler equation is used to analyze the #ow-"eld originating from
the aerodynamic interaction of train and tunnel. The #ow-"eld information obtained
by CFD is then used in the classical linear Kirchho! formula to predict the far"eld
acoustics.

2.1. CFD TECHNIQUE

2.1.1. Numerical algorithm

An unsteady, compressible and three-dimensional Euler equation is solved to analyze the
#ow-"eld around the high-speed train. The system of equations consists of a local time
derivative term and three convective #ux vectors. In physical co-ordinates, the governing
equation is
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where c is the ratio of speci"c heats.
Roe's "nite volume #ux di!erence splitting technique based upon the solution of the

Riemann problem [10] is used for spatial discretization and monotone upstream-centered
scheme conservation laws (MUSCL) with van Albada #ux limiter is used to achieve the
third order spatial accuracy. Calculations of unsteady #ow-"eld around a moving body
require a time-accurate numerical integration. In the present study, Yoon's LU-SGS [11],
an implicit scheme, is chosen for e$cient time marching due to the huge demand on
computer power for such three-dimensional computation.

2.1.2. Grid systems

The grid system for the computation of the three-dimensional train/tunnel interaction is
characterized by a moving body con"ned to linear motions on the rail, relative motions
between solid bodies, ground proximity and large computational domain through which
a train moves.

To accommodate the relative motion, Fujii [8, 12] used forti"ed solution algorithm
(FSA), while Mestreau [9] used unstructured grid with automatic remeshing. Fujii's
approach to the current problem is similar to the Chimera [13] procedure composed of hole
construction and linear interpolation at boundaries. To obtain a stable solution, a moderate
cell volume ratio between giving cell and target cell has to be maintained at the boundaries.
If the region swept by the train is large, a huge number of grid points along the region are
required in order to preserve the proper interpolation criterion. Fujii used an intermediate
zone to overcome this requirement, the application of which made the linear interpolation
routine more complicated. In this study, three types of domain decomposition technique
(DDT) were applied: multi-block, patched and overlapping grid to obtain computational
e$ciency and extensibility. Figure 1 shows the schematic for zone decomposition and the
zonal interface for the tunnel entry problem. Zone 1 moves with the high-speed train while
zone 2 is a "xed grid. Consequently, a simpli"ed Chimera hole construction and linear
interpolation are required at the fore and aft overlapping regions of zones 1 and 2. As there
exists no sti! gradient of the #ow variables except in the vicinity of the train, and the wave
phenomena in the tunnel are nearly one-dimensional, the linear interpolation is su$ciently
reliable and does not require a tedious three-dimensional conservative treatment [14]. Zone
3 as an intermediate zone shares a sliding surface with zone 1. Zone 4 is the tunnel entrance
zone. At the tunnel exit, we can de"ne zone 5 similar to zone 4. Table 1 lists the number of
grid points used to predict the near"eld #ow. In the computations, the constant time step of
Dt"0)01/iteration is used. It takes approximately 16 s for 1 iteration at 450MHz digital
Alpha CPU. The time scale is normalized by D/a

=
.



Figure 1. Schematic diagram for zone decomposition and boundary condition.

TABLE 1

Number of grid points used for prediction -ow-,eld

Zone Grid (x, y, z) Sum of grid

1 (71, 23, 25) 40 825
2 (441, 23, 25) 247 825
3 (441, 23, 25) 49 565
4 (120, 18, 25) 58 500
5 (40, 18, 25) 18 000

Total sum of grid 410 215
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2.2. KIRCHHOFF FORMULATION

The Kirchho! formulation is applied to predict the micro-pressure wave at the tunnel
exit. The near"eld #ow data obtained by CFD is used as an input to Kirchho! formulation.
The Kirchho! integral formula for a stationary control surface is the analytic expression of
Huygens' principle [15]. The Kirchho! equation is
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where p@ is the perturbed pressure; (x, t) are the observer's location and time; (y, q) are the
source location and retarded time variables; h is the angle between the normal vector (n) on
the surface and the radiation vector (r); r is the distance between a source at the retarded
time and an observer; and a

=
is the speed of sound. Note that pressure and its derivatives

are calculated at the retarded time, q. Equation (3) has been widely used for aeroacoustic
predictions such as high-speed impulsive noise and transonic blade}vortex interaction noise
generated by a rotor [16, 17].

The integration is performed at the control surface called Kirchho! surface containing
the #ow-"eld information. In the present study, the exit plane is considered as the control
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surface, and an image source of sound is imposed to consider the ground e!ect. Using
a coe$cient of sound absorption at the ground, the absorption of the acoustic wave is
calculated. The coe$cient varies with the frequency of the incident wave and the material
property [18]. In this study, the rising time of the compression wave is regarded as the
characteristic time. The coe$cient is determined with respect to this characteristic time.

3. EXPERIMENT

3.1. DESCRIPTION OF THE EXPERIMENT

The train tunnel facility, depicted in Figure 2, consists of a train model, a pneumatic
launcher and a tunnel. After rupturing the driver membrane, the pressurized air accelerates
the axisymmetric model train in the launch tube. After leaving the launch tube, the train
model can be guided through the tunnel model by using a guidance ring that slides along
two piano wires. The models are made of balsa wood except for the noses made of
aluminum.

Three di!erent train noses were used in the rig test. All the models were 20 mm in
diameter and had a length of 2340 mm. A view of the train and the tunnel model is presented
in Figure 3. The tunnel had a rectangular shape of constant height (40 mm) and changeable
width. Four di!erent tunnel widths were investigated: 73, 77, 92 and 97 mm, corresponding
to a blockage ratio of respectively 10)8, 10)2, 8)5 and 8)1%. Two di!erent tunnel entrances
were also used in the test to investigate the e!ect of the geometry of the tunnel: a 453 slanted
and a non-slanted entry. The tunnel lengths were 7640 or 3820 mm. The air-shafts installed
to reduce the pressure wave have a lateral distance of 22)9 mm, a length of 66 mm and an
internal diameter of 14 mm, positioned at x"718, 1436, 2115, 5348, 6974 and 6807 mm (set
x"0 at the entry of the tunnel) for the 7640 mm tunnel.

B&K microphones were used to record the micro-pressure wave. There were placed at
120 and 240 mm from the exit and 20 mm above the ground plate, inclined 453 to the tunnel
axis. The diaphragm of each microphone was placed perpendicular to the propagation
direction of the micro-pressure waves.

3.2. DATA-ACQUISITION

The measurements were triggered by an accelerometer that was placed on the launch
tube. The train speeds before and behind the tunnel were determined from the interrupted
signal from light cells placed at a 300-mm interval at the entrance and the exit of the tunnel.
Figure 2. Experimental setup of Train Tunnel Test Facility (T3F) in NLR.



Figure 3. A view of the model of the train (a) and the tunnel (b) in rig test.
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The pressure #uctuations in the tunnel were recorded simultaneously at 11 positions with
pressure transducers (Endevco, type 8510-B2) of 13)8 kPa dynamic range and 70 kHz. For
the measurements of the micro-pressure waves, two 1/4-inch microphones (B&K, type 4135)
of 3)2 kPa maximum range and 110 kHz resonance frequency were used. The signals were
fed to a data acquisition system (Leuven Measurements and Systems), consisting of a DIFA
front end (low-pass "ltering and analogue to digital conversion) and HP9000/375 computer.

For all the tests, 16 measurement channels were used: they are listed in Table 2 with the
locations. The sampling frequency is 81 kHz for each channel. The discrete error of the
measured pressure transducer signals was 2)2 Pa, while that for the microphone signals was
between 0)2 and 1Pa.

The entrance speed of the train in the tunnel had to lie within 1)5 m/s from the desired
train speed. For a desired train speed of 83)3 m/s, this results in an error in the pressure rise



TABLE 2

Positions of pressure transducers in the tunnel and microphones

Channel number Type of transducer Location of transducer

01 Accelerometer On launch tube
02 Light cell array 300 mm for tunnel
03 Light cell array At tunnel exit
04 Pressure transducer (No. 1) 332 mm aft entrance
05 Pressure transducer (No. 2) 431 mm aft entrance
06 Pressure transducer (No. 3) 1149 mm aft entrance
07 Pressure transducer (No. 4) 1868 mm aft entrance
08 Pressure transducer (No. 5) 2860 mm aft entrance
09 Pressure transducer (No. 6) 3705 mm aft entrance
10 Pressure transducer (No. 7) 4551 mm aft entrance
11 Pressure transducer (No. 8) 5398 mm aft entrance
12 Pressure transducer (No. 9) 6244 mm aft entrance
13 Pressure transducer (No. 10) 7090 mm aft entrance
14 Pressure transducer (No. 11) 7227 mm aft entrance
15 B&K microphone 120 mm aft exit
16 B&K microphone 240 mm aft exit

TABLE 3

¹est types used in rig test

Test Model Tunnel Blockage Aspect
type train (mm2) area (mm2) ratio (%) ratio (h

max
/ l

p
)

A-1 (K-TGV) 314)2 3680 8)5 10 mm/40 mm
A-2 314)2 2920 10)8 10 mm/40 mm

B-1 (Short nose) 314)2 3880 8)1 10 mm/40 mm
B-2 314)2 3080 10)2 10 mm/40 mm

C-1 (Long nose) 314)2 3880 8)1 10 mm/70 mm
C-2 314)2 3080 10)2 10 mm/70 mm
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of the "rst compression wave of 3)6% (at 105)6 m/s this error is 2)9%). Since the temperature
deviation from 292 to 235 K is very small during the measurements, no corrections have
been carried out for temperature or other factors.

4. RESULTS AND VALIDATION

4.1. FORMATION OF COMPRESSION WAVE AND GENERATION OF MICRO-PRESSURE WAVE

Cross-sectional areas of each tunnel and train model with blockage ratios and
aspect ratios (maximum train height/pro"led nose length) are consolidated in Table 3.
Figure 4 plots the nose geometry of three models named type A, B and C.

The C-1 model and the non-slanted entry are considered as a representative case. At
the speed of 300 km/h the measured pressure #uctuation at x/¸"24)4% is plotted in
Figure 5(a) where ¸ is the tunnel length, and the pressure at x/¸"94)6% is represented in



Figure 4. Model of train. Key: **, train A; ) ) ) ) ) ) , train B; } ) } ) } ), train C.

Figure 5. Pressure #uctuations in the tunnel measured at various positions in case of test type C-1 at a speed of
300 km/h: (a) at x/¸"24)4%; (b) at x/¸"94)6%; (c) at x/¸"**, 4)3%; } } } } , 15%; } )} ) } ), 37)4%; (d) at
x/¸"**, 59)6%; } } }} , 70)6%; } ) } ) } ), 92)8%.
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Figure 6. Comparison with measured and predicted entry compression wave in case of test type C-1 having
non-slanted entry and for 300 km/h. Key: **, predicted results; j, measured data.
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Figure 5(b). As soon as the train passes by the tunnel, the compression wave is generated by
the abrupt change of cross-sectional area (region a) and the amplitude increases slowly by
Reynolds e!ect (region b) [19]. At the moment the train passes the transducer, the pressure
rapidly drops. However, in Figure 5(b), the pressure drops before the passage of the train
because the wave front of the compression wave has arrived at the tunnel exit, partially
radiating the micro-pressure wave and partially re#ecting back as an expansion wave. In
Figure 5(a) and (b), the inner part of the dotted line represents the region where the train
passes by the pressure transducer. Figure 5(c) and (d) show the measured pressure
#uctuations at various positions of the transducer. Figure 5(c) shows that the compression
wave becomes stronger as it propagates near the entry, corresponding to the piston
principle, while Figure 5(d) illustrates that the compression wave becomes weaker as it
propagates toward the exit because of the re#ected expansion.

To validate the prediction in the present study, entry compression wave at x/¸"4)3% is
compared with the experimental result in Figure 6. At non-dimensional time t"0, the train
is located at x"9D, where D is the width of the tunnel. Here, the length scale is normalized
by the width of the tunnel. The initial position of the train is determined such that the
pressure wave by the impulsive start is su$ciently attenuated by the time the train enters the
tunnel. An accurate prediction of the gradient and the amplitude of the compression wave is
very important in the prediction of the micro-pressure wave at the tunnel exit because the
strength of the micro-pressure wave is proportional to the gradient of the compression
wave.

The propagation of the compression wave along the tunnel is numerically simulated in
Figure 7(a)}(d) for the case of type C-1 of non-slanted entry with 350 km/h entrance
velocity. In Figure 7(a), it is observed that the compression wave is generated before the
head of the train enters the tunnel. The compression wave propagates toward the exit of the
tunnel faster than the train itself at about the speed of sound: see Figure 7(b) and (c). Finally,
in Figure 7(d), the compression wave radiates from the exit as a pulse-like wave called the



Figure 7. Time series of pressure contour representing the propagation of compression wave in case of test type
C-1 having a speed of 350 km/h and non-slanted entry: (a) at time"30; (b) at time"60; (c) at time"100;
(d) at time"130.
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micro-pressure wave, and the expansion wave is created at the entrance when the rear end of
the train arrives at the tunnel entry.

Figure 8 shows the comparison of the calculated results with experimental data at speeds
of 300, 350, and 380 km/h. The measurement positions at the exit are explained in section
3.1. The predicted micro-pressure wave shows a satisfactory agreement in both amplitude
and waveform. Therefore, the proposed prediction method, a combined CFD}Kirchho!
method, works very well in analyzing the micro-pressure wave as well as the aerodynamic
interaction between the train and the tunnel.

The characteristic of the compression wave is determined not only by the nose shape of
the train but also by the geometry of the tunnel entrance. One of the countermeasures to
reduce the gradient of the incident compression wave and the micro-pressure wave is the
slanted portal. Figure 9 shows the e!ect of the slanted entry in the case of C-1 with 453
slanted entry and a non-slanted entry at a speed of 350 km/h. In the prediction, the slanted
entry was treated as a wall boundary condition. The e!ect of slanted entry can be thought to
prevent the abrupt change of cross-sectional area. As shown in Figure 9, the pressure
gradient of the compression wave is not as steep as that of the non-slanted entry.

4.2. PARAMETRIC STUDIES ON THE MICRO-PRESSURE WAVE

The magnitude of the micro-pressure wave depends on parameters such as speed of the
train, blockage ratio, train nose and portal shape, length of the tunnel and air-shafts, etc.
Figure 10(a) shows the e!ect of train speed on the micro-pressure wave. The operation



Figure 8. Comparison of predicted and measured micro-pressure wave for (a) 300 km/h, (b) 350 km/h and
(c) 380 km/h in case of test type C-1 having non-slanted entry. Key: **, predicted; j, measured.
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Figure 9. E!ect of the slanted entry on incident compression wave at 4)3% from the entry of the tunnel in case
of test type C-1 at a speed of 350 km/h. Key: **, predicted (non-slanted entry); } } } } , predicted (453 slanted);
j, measured (non-slanted); h, measured (453 slanted).
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model is test type C-1 with a non-slanted and a 453 slanted entry. As shown in Figure 10(a),
the strength of the micro-pressure wave becomes stronger as the train runs faster. In the case
of 453 slanted entry, the intensity of the micro-pressure wave is weaker than in non-slanted
entry at comparatively low velocities, but the situation is reversed at the high velocity of
380 km/h. Figure 10(b) shows the e!ect of blockage ratio on the micro-pressure wave in case
of test type C-1 with a 453 slanted entry. As the blockage ratio increases, the micro-pressure
also increases.

Figure 11(a) compares the e!ect of the train nose shape on the micro-pressure wave in
case of test types A-1, B-1 and C-1 with 453 slanted entry. The relatively long nose shape
(type C) generates a smaller micro-pressure wave than the short nose shape (type B) for the
same blockage ratio. Maeda et al. suggested that an e!ective nose shape should have a small
deviation of the cross-sectional area [6]. From the result in Figure 11(a), even though
type A produces maximum micro-pressure wave at 300 km/h, the increase of far"eld noise
versus the speed of the train is milder than that of the other types. The tunnel length also has
an in#uence on the micro-pressure wave. In Figure 11(b) which shows type C-1 and a 453
slanted entry, the micro-pressure wave in a short tunnel is stronger in the whole range of
speed. This is because the track structure in the rig test has a property of ballasted track. In
general, it is known that the ballasted track can be regarded as a porous sound-absorbing
material that is e!ective in the low-frequency range. The penetration of the air in the tunnel
into the ballasted track gives rise to the dissipation and the dispersion of compression
waves [1].

Air-shafts of the tunnel are known to be an e!ective countermeasure for the reduction of
pressure #uctuation and the corresponding micro-pressure wave. For instance, Burri and
Zumsteg [20] tested the in#uence of air-shafts on the maximum pressure #uctuation inside
the tunnel, reporting that the air-shafts could reduce up to 40% of resultant noise. In this
study, the e!ects of air-shafts were examined with two, four and six air-shafts, the locations



Figure 10. E!ect of train speed and blockage ratio on micro-pressure wave. (a) E!ect of the speed of train on
micro-pressure wave in case of test type C-1 having non-slanted and 453 slanted entry. Key: j, non-slanted entry;
m, 453 slanted entry. (b) E!ect of blockage ratio on micro-pressure wave in case of test type C-1 and C-2 having 453
slanted entry. Key: j, blockage ratio of 8)1%; m, blockage ratio of 10)2%.
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and the sizes of which were referred to in section 3.1., and compared with the case of no
air-shaft. Figure 12(a) and (b) show the e!ect of the air-shaft on the micro-pressure wave in
case of the types C-1 and C-2 at train speeds of 300 and 350 km/h respectively. The
measurements imply that air-shafts can be an e!ective countermeasure for reducing the
micro-pressure wave instead of the expensive expansion of the tunnel cross-section.



Figure 11. E!ect of train nose shape and tunnel length on micro-pressure wave. (a) E!ect of shape of the train on
micro-pressure wave in case of test type C-1 having 453 slanted entry. Key:*j*, test type A-1;*m*, test type
B-1;*d*, test type C-1. (b) E!ect of length of the tunnel on micro-pressure wave in case of test type C-1 having
453 slanted entry. Key: *j*, a length of 3820 mm; *m*, 7640 mm.
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5. CONCLUSION

A novel method is attempted in predicting the micro-pressure wave generated at the
tunnel exit when the high-speed train passes by the tunnel. The results are compared with
the experimental data in T3F facility in NLR. The three-dimensional inviscid numerical



Figure 12. E!ect of slanted entry and air-shaft on micro-pressure wave. (a) E!ect of air-shafts on the micro-
pressure wave in case of test type C at a speed of 300 km/h. Key:*j*, blockage ratio of 8)1%; - - - h- - -, blockage
ration of 10)2%. (b) E!ect of air-shafts on the micro-pressure wave in case of test type C at a speed of 350 km/h.
Key: *j*, blockage ratio of 8)1%; - - - h- - -, blockage ration of 10)2%.
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method based on Domain decomposition technique (DDT) is applied to analyze the
near"eld #uid dynamics, and the linear Kirchho! formulation is used to predict the
micro-pressure wave. The agreement was found to be good in both the compression wave
and the micro-pressure wave. In addition, through the experimental parametric
investigation, several strategies of countermeasures have been validated for the e$cient
reduction of micro-pressure waves.
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APPENDIX A: NOMENCLATURE

a
=

speed of sound
D width of tunnel
e total energy per unit volume
pi acoustic pressure
¸ length of tunnel
h
max

maximum train height
l
p

length of pro"led nose
r distance between a source position at the sound generation time and an observer at the

sound receiving time
x, y, z cartesian co-ordinates
u, v, w velocity components in x, y, z direction
t observer time
c ratio of speci"c heat
o density
n normal vector on the surface
h angle between the normal vector on the surface and the radiation vector
q retarded time
Dt computational time step
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