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The compression wave generated by a high-speed train emerging from the exit portal of a tunnel
gives rise to an impulsive noise called a micro-pressure wave. In this study, new methods for the
prediction of sonic-boom noise are proposed. The first method combines acoustic monopole analysis
and the method of characteristics with the Kirchhoff method. The compression wave from a train
entering a tunnel is calculated by an approximate compact Green'’s function, and the resultant noise
at the tunnel exit is predicted by a linear Kirchhoff formulation. The second method couples the
Kirchhoff formulation with the Euler equation, which is solved numerically for the generation and
propagation of the compression wave. Numerical prediction of the compression wave, the
propagation in the tunnel, and the micro-pressure wave obtained by the present methods are
compared with measured data. The numerical results exhibit a reasonable agreement with the
experimental data. The proposed methods in this study are shown to be very useful design tools for
the nose shape of trains and the geometry of tunnels, and they can be utilized to minimize the
pressure fluctuation in the tunnel and the corresponding booming nois200® Acoustical Society

of America. [DOI: 10.1121/1.1409374
PACS numbers: 43.50.Lj, 43.50.Pn, 43.28[RRS]

NOMENCLATURE
= speed of sound
a height of tunnel t
A uniform cross-sectional area of tunnel At
Ag uniform cross-sectional area of train U
At variable cross-sectional area of train «
b,D width of tunnel (=2b’) P
e total energy per unit volume
hhax ~ Maximum train height

Y
L length of tunnel b
lp length of profiled nose &*
I’ end-correction o
M train Mach number €U/a..) p
n normal vector on the surface 0
p’ acoustic pressure
q strength of volume source T
Q source strength Q
r distance between a source position at the sound gen-
I. INTRODUCTION

eration time and an observer at the sound receiving
time

observer time

computational time step

speed of train

velocity components i, y, zdirection

measured or predicted position of pressure fluctua-
tion in the tunnel

Cartesian coorinates

ratio of specific heat

velocity potential

potential function

mean air density

density

angle between the normal vector on the surface and
the radiation vector

retarded time €[t])

solid angle representing the configuration around
the tunnel exit

ratio, nose shape, etc. When the wave front of the compres-

When a high-speed train enters a tunnel, a Compressi(ﬁ;‘ion wave arrives at the exit of the tunnel, a pressure pulse is
wave is generated ahead of the train, which propagates alorigdiated out, causing a strong impulsive noise, which be-
the tunnel. The parameters affecting the magnitude and theomes a serious environmental problem. This pressure pulse
gradient of the compression waves are train speed, blockager “micro-pressure wave) often results in structural dam-
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age of the tunnel and much annoyance for the population
near the exit. The strength of the micro-pressure wave is
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® Acoustic monopole analysis

® 3D Euler equation

Stage 1
(Generation of compression wave)

A4

® Meth f ch isti . .
ethod of characteristics FIG. 1. Schematic of the prediction procedure for the

Stage 2 ® 3D Euler equations micro-pressure wave(combined acoustic monopole
analysis/method of characteristics—Kirchhoff method
(Wave propagation) and CFD—Kirchhoff method

\4
® Linear Kirchhoff formulation

Stage 3

(Computation of micro-pressure wave)

proportional to the gradient of the incident compressioning the effect of nose shape have attempted to analyze only
wave. If a tunnel with a concrete slab track is longer than 3he compression wave at the entrance of the tufiftel.om-

km, a nonlinear steepening of the compression wave capared to other methods, this numerical approach requires
produce a micro-pressure wave with peak magnitudes afnuch computational cost and time.

over 50 Pa. The peak value of the micro-pressure wave de- At stage(2), the propagation of the compression wave
pends on the train speed, the cross-sectional area ratio o&n be simulated by the method of characteristics using a

train to tunnel, the train nose shape, and sd on. one-dimensional Euler equatidt! or two/three-
The wave physics related to the micro-pressure wavelimensional Euler/Navier—Stokes solvers. Only the case of a
can be divided into three phases: short tunnel (about 1 km is adequate for two/three-

(1) generation of the compression wave by a train entering
tunnel,

(2) propagation of the compression wave in tunnel, and

(3) emission of a micro-pressure wave at the tunnel exit.

%imensional Euler/Navier—Stokes calculations, considering
the restriction of computer memory and time consumption.
For the prediction of the micro-pressure wave, the rela-
tionship between two wavedhe micro-pressure wave and
the compression wayéhas been derived using the acoustic

In the current work, the formation of the compression wavemodel of a vibrating circular piston on an infinite baffle
is predicted by an empirical formufayhich uses parameters Plate:*#**Yoon et al. proposed a new method for the sonic
such as the train speed and the blockage ratio. The nod®om noise using a linear Kirchhoff formulation which re-
shape of the train, which plays an important role in formationduires no approximation of frequency range. Furthermore,
of the compression wave, however, is not considered in théhe method has an additional advantage in that it can predict
empirical formula. A sufficiently slender nose profile can re-the directivity of the micro-pressure wave.

duce the micro-pressure wave strength by about 3HB. In this article, new methods to predict the micro-
Therefore, the empirical formula from Ref. 1 in its original pressure wave are proposed. First, a Cfmputational
form is not adequate for the design procedure of train andluid dynamicg technique is combined with a Kirchhoff for-
tunnel. Howe analyzed the compression wave by using thenulation. An Euler finite difference solver is first executed to
exact acoustic Green’s function for a semi-infinite andsolve the near field. The resulting data are then transferred to
circular-cylindrical tunnel. He treated the nose of the train bythe linear Kirchhoff formulation to predict the far field

a distribution of monopole sources along its symmetric axisacoustics. The process is named the combined CFD-
and calculated their interaction with the mouth of the turfnel. Kirchhoff method. The second method combines Howe's
He also derived the analytical representations of the Greentheory for the formation of the compression wave and the
function describing the generation of sound waves within anethod of characteristics for the propagation of the compres-
semi-infinite flanged cylinder with sources located in thesion wave with the Kirchhoff formulation. The method is
neighborhood of an open end using Rayleigh’s method fonamed combined acoustic monopole analysis/method of
the approximate calculation of out-going potential fifv. characteristics—Kirchhoff formulation. Figure 1 summarizes
His approach was demonstrated for the flanged and cylindrithe schematic of the above numerical and analytic calcula-
cal tunnels of semi-circular and rectangular cross sectiongjon procedures.

where exact analytic solutions of potential functions are not ~ The prediction results of the proposed methods are com-
available. This analytical method can also consider arbitrarpared with each other and are validated with experimental
shapes of tunnels. As for the numerical approach to prediadata obtained in the Train Test Faciliff3F) at National

the compression wave, two- and three-dimensional EulerAerospace Laborator§NLR) in the Netherland$? Axisym-
Navier—Stokes solvers are used. Many approaches considenetric model trains and a tunnel of rectangular cross section
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are used for the prediction and validation of the compressiotength is much larger than the tunnel diameter. Equat®n
wave and the micro-pressure wave. The blockage ratio and uniformly valid when regarded as a function of eitkewr
other specifications will be discussed in Sec. V. y, provided at least one of these points lies within the tunnel
The present study is aimed at developing a useful desigat a distance from the mouth large compared to the tunnel
tool for the nose shape of high-speed trains and tunnel crostiameter.
sections that can minimize the discomfort of passengers and The solution(3) determines the entry compression wave,
mitigate the micro-pressure wave. The significance of theorior to the propagation of wave in the tunnel, and is valid up
study reaches beyond just engineering interest in that th#® several tunnel diameters ahead of the train slightly after it
complex physical phenomena of aeroacoustics and aerodenters the tunnel. The perturbation presuiean be calcu-

namics are studied. lated from the linearized Bernoulli equatiqr= — pydp/ot.
This yields the following form when Eq.3) is substituted
Il. ACOUSTIC MONOPOLE ANALYSIS AND METHOD into Eq. (2):
OF CHARACTERISTICS pod
L ! _ * ! (-
A. Acoustic monopole analysis for formation of a p(x.t)= 2A f{q(x +U[t-M¢™(X'),y".2")

compression wave
, , —q(x'+U[t]+Mo*(x'),y",z)} d3x". (4
The velocity potentialp(x,t) of the sound generated by
a distribution of volume sourcg(x,t) is governed by the Here,[t]~t+(x—1")/a.., and is the retarded time.

inhomogeneous wave equation The source distributiony is nonzero only in the vicinity
1 2oxt) Po(xb) pf the nose and tal_l where its cross-sectional area is chang-
— —— = —q(X,t). (1)  ing. The compression wave is generated as the nose enters
a, ot X the tunnel and the length of the train should be assumed to be

The tunnel walls and surfaces of adjacent solid structures ai? arge that the rear end can be ignor(id. !f the train Mach
assumed to be sufficiently rigid that the potential satisfies th@Umber is so small tha®(M?) and M¢*(x') terms are
wall boundary conditiord ¢/ dx,=0 on all surfaces. The so- negligible during the formation of the compression wave,

lution to Eq. (1) takes on the following form: then
poU , ;09T (X) o
oox0=— | [ Boeyit=naty.m dydr @ P=P(D=" a0+ UMy 2) o —d
v )

Here, Green'’s functio(x,y;t— 7) is the solution of Eq(1) Equation(5) describes the generation of a compression wave

if the right-hand side is replaced by the impulsive pointduring the passage of the train nose into the tunnel. The

sourced(x—y) 8(t— 7). The integration in Eq(2) is over the  monopole source distribution considering the nose shape of

whole region of the fluid and over the time FunctionG  an axisymmetric train is as follows:

should satisfy bothwG/dx,=0 and dG/dy,=0, where the _

field pointsx,y lie on the rigid tunnel boundaries and the q(x—Ut)=UA,Q(x—Ut)5(y)8(2), (6)

solid surfaces outside the tunnel mouth. 1 9AH(X)
When the tube is semi-infinite with an open end, the Q(X)=A— Ix

radiated sound wave resulting from the interaction of source 0

g and the exit is determined by the following compact ap- Howe® suggested an extrapolation formula to extend the

proximation ofG:>® Mach number restriction. The prediction of E&) for very

small Mach numbers can be modified to larger Mach num-

)

* _ *
G(x,y;t— 1)~ 2_;\( H ( t—r— M) bers(about to 0.4 by the consideration of compressibility:
Ao
poU?Aq f d¢* (x',0z7)
*(X)+ ¢* Xt~ —— X'+ U[t]) ———dx’.
& 8
Wher¢¢* (x) is' the splution of Laplacg’s equation'ﬂ?r incom- In Eqg. (5), the Rayleigh method for estimating the length
pressible and irrotational flow aridi(x) is the Heaviside unit o eng-correction supplies an approximate representation of
step function. The function is normalized such that #* () for arbitrary shape of a given cross-sectional area of
x—1" as x——o in the tube, the tunnel. The functiorp* (x) is known analytically only
* o\ e . -
d* (X) |O(1/|x|) as x—oo outside the tube. for an unflanged and semi-infinite circular cylinder. Approxi

mate representations @f* (x) for circular flanged ducts or

In these equations, tepresents the “end-correction” of rectangular cross-section can be obtained by the Rayleigh
the tunnel mouth, which depends on the details of tunnemethod.
entrance geometry. The potential functigrf (x) plays an For a rectangular tunnel with a flanged portal of height
important role in the calculation of sound generated byand width b, the potential¢* (x) describes potential flow
sources in the neighborhood of the open tunnel end provideftom the rectangular duct of cross-sectioa>2b obtained
the frequency is sufficiently small that the acoustic wavefrom removal of the ground plane and introduction of the
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image of the tunnel iiy=0. Rayleigh’s method is applied by whereu is the medium air velocity accompanying the com-
takingu(y,z), the exit plane velocity in the following form:  pression wavef, is the frictional force at the periphery of
the tunnel,y is the specific heat ratio of air, andis the
i’ wayt spatial coordinate along the tunnel. The coefficienis
u(Oy.2)=—-=a| 1+ —7 ) : (9)  (=1.4x107%) andv*(=4.35<10"°) of Eq. (12) represent
the effect on propagation velocity of compression wave and

the dissipation effect, respectivefy.

F

wherea=111+ (ua+ up)/5].
The distribution of the potential function inside the tun-

nel (x<0) is lll. CFD FOR FORMATION AND PROPAGATION OF
COMPRESSION WAVE
Z 8a(—1)" 6 A. CFD technique
¢*(X):X_|’2 3 3 2. 2 . . .
n=1 Nn°m n°m An unsteady, compressible, and three-dimensional Euler

equation is solved to analyze the flow field around the high-

x{ auy COS ﬂ) gnmx/a speed train. The system of equations consists of a local time
a derivative term and three convective flux vectors. In physical
Nz coordinates, the governing equation is
+b’ wp cos( T) en™/b ] . (10)
aQ JE JF 09G
—+—+—+—=0, (13
. . L at - ox ady oz
Function ¢* (x) outside the tunnelx>>0) is given as fol-
lows: where
-1 u(y’,z")dy'dz' p pu
¢*(x):2_f . 2 _ (12) o Pt p
T I+ (y—y')?+(z—2)
Q=| pv |, E= puv )
.. . T pwW puw
The coefficients ofu, and u,, are determined to minimize
the length of end-correction by Kelvin’s minimum energy pe (pe+plu
principle. The value oft, and i, will be mentioned later in
Sec. V. pv pwW
B. Method of ch istics f ion of P puw
- Method of characteristics for propagation o F=| pr?+p | = pIW
compression wave )
pYwW pwWe+p
The micro-pressure wave depends on the waveform of (pe+p)v (pe+p)w
the incident compression wave at the tunnel exit. The mag-
nitude of the micro-pressure wave is approximately proporThe equation of state is
tional to the time derivative of the pressure of the incident
compression wavedp/dt). The micro-pressure wave be- 1 1,
comes larger in a long tunnel with a concrete slab track be- €= mlﬂ' E(U +ro+we). (14)

cause the wave front of the compression wave becomes steep
due to a nonlinear effect during the propagation. In along  Rge's finite volume flux difference splitting technique,
ballasted track tunnel, the wave front of the compression, qaq upon the solution of Riemann probtérs used for
wave does not steepen and the pressure gradient of the Wa¥Batial discretization and MUSCl(monotone upstream-
front decreases during propagation. The maximum value ofgntered scheme conservation lawéth a van Albada flux
the micro-pressure wave in long ballasted track tunnels b&;miter ysed to achieve third-order spatial accuracy. Calcula-
comes smaller than that in short tu.nnbls._ _ tions of unsteady flow field around a moving body require a
The effect of a ballasted track is attributed 1o its poros-ime accurate numerical integration. In the present study,

ity. A ballasted track can be regarded as a porous soundyoons | U-SGS schentéis chosen for efficient time march-
absorbing material, which is effective in the Iow-frequencying due to the huge demand on computer power.
range. Penetration of air into the ballasted track causes a

dissipation effect and prevents the wave front of the com-
pression wave from steepening. B. Grid systems

The hyperbolic wave equation for the forward-moving The grid system for computation of the three-dimen-

compression wave in a one-dimensional sense is as followgjo 4y train/tunnel aerodynamic interaction is characterized

by a moving body confined to linear motions on the rail,
u 1= aya.+ y+1l jou_ 1 Ju relative motions between the solid body and the background
e/ S0 2 U 1y ' grid, ground proximity, and large computational domains
(12 through which a train moves.

ot

ox 2

ox
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zoned

Wall Boundary Condition

Wall Boundary Condition

Patched Boundary Condition
Between zone 3 & 4
zone3

\ / Far Boundary Condition

\_7 \
zone2 el
zone3
Chimera

Far Boundary Condition Boundary Condition

(C))

d

(b)

FIG. 2. (a) Schematic diagram for zone decomposition and boundary conditioribarfidre-block grid system for the CFD calculation.

To accommodate the relative motion, FUjff used FSA  quirement, but this method made the linear interpolation rou-
(fortified solution algorithm while Mestreat® used an un- tine more complicated. In this study, three types of DDT
structured grid with automatic remeshing. Fujii's approach(domain decomposition techniguere applied. They are
for the current problem is similar to the Chimé&tarocedure  multi-block, patched, and overlapping grids to obtain both
composed of hole construction and linear interpolation at theomputational efficiency and extensibility.
boundaries. To obtain a stable solution, a moderate cell vol-  Figure 2 shows the schematic zone decomposition and
ume ratio between a giving cell and a target cell has to behe zonal interface for this problem. Zone 1 moves with the
maintained at the boundaries. If the region swept by the traimigh-speed train while zone 2 is fixed. Consequently, a sim-
is large, a huge number of grid points along the region isplified Chimera hole construction and linear interpolation are
required in order to preserve the proper interpolation criteapplied at the fore and aft overlapping regions of the moving
rion. Fujii used an intermediate zone to overcome this retrain. As no stiff gradient of the flow variables exists except

in the vicinity of the train, and as the wave phenomena in the

TABLE I. Number of grid points used for prediction flow field. tunnel are almost one-dimensional, linear interpolation is
sufficient without adopting a tedious and complicated three-
Zone Grid(x.y,2) Sum of grid dimensional conservative treatméhZone 3 is an interme-
1 (71,23,25 40 825 diate zone sharing a sliding surface with zone 1. Zone 4 is
2 (431,23,2% 247825 the tunnel entrance zone. At the tunnel exit, zone 5 similar to
3 (431,233 49565 zone 4 can be defined. Table | lists the number of grid points
g Eig?l';z'? ig’ 888 used for prediction'of near field flow. In the co'mput.atiorjs, a
Total sum of grid 410 215 constant computational time step aft=0.01/iteration is

used. It takes approximately 16 s per iteration at 450 Mhz
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Exit of tunnel: Kirchhoff surface (Control surface)
Observer point: %

Vo A A LA £ ]

Source: compression

wave arriving at exit ~

~
~

P “ Consideration of property
mage source Fis

of ground

Ground plane
=0

o

FIG. 3. Kirchhoff (contro) surface for prediction of the micro-pressure
wave and consideration of the effect of grouimage source of sound

with a digital Alpha CPU. The length and time scales are
normalized byD and D/a.., respectively, wherd is the

width of the tunnel. (a)

L —

—————
St

Model A
— — — = ModelB
N — Model C

LI B B L L L L L Y LI B

0.3
IV. KIRCHHOFF FORMULATION FOR RADIATION OF
MICRO-PRESSURE WAVE
0.25
A linear Kirchhoff formulation is applied to predict the
micro-pressure wave at the tunnel exit. The near field flow
data obtained by acoustic monopole analysis/method of char 92
acteristics or CFD are used as an input to Kirchhoff formu-
lation. The Kirchhoff integral formula for a stationary control 2 g 45
surface is the analytic expression of Huygens’ principle.
The Kirchhoff formulation is as follows:
0.1
. t_lff cosé 1 9p’
Pr(X=7— 2 ran 0.05
s
cosf dp’ d 15 0
ar o7 Sy, 7). (15 (b)

Here,p’ is the perturbed pressur&, t) are the observer’s
location and time(y, 7) are the source location and retarded
time variables ¢ is the angle between the normal vectoy

on the surface and the radiation vectoy, andr is the dis-
tance between an observer and a source at the retarded time.
Note that pressure and its derivatives are calculated at thr 25

FIG. 4. (a) Axisymmetric model trains A,
model train.

B, and C artl) a sketch of the

retarded time,r. Equation(15) has been widely used for
aeroacoustic predictions of high-speed impulsive noise anc
transonic blade-vortex interaction noise generated by &
rotor?3-2° —_
The integration is performed at the control surface,é
called the Kirchhoff surface, containing the flow field infor- E
mation. In the present study, the exit plane normal to theg
tunnel exit is considered as the control surface, and the im-2
age source of sound is imposed to consider the ground effec ®
The coefficient of sound absorption varies with the fre-
quency of the incident wave and the material prop&ttys-

1.5

source s

TABLE Il. Test types used in prediction and validation. 0.5

Test
type

LA N T L N B L N N B B LB A B BN (LN BN M

Model
train (mmn?)

Tunnel
area(mny)

Blockage
ratio (%)

Aspect
ratio (hyax/lp)

model A
— — — = modelB
————— - model C

A (K-TGV)
B (Short nosg
C (Long nose

314.2
314.2
314.2

3680
3880
3880

8.5
8.1
8.1

10 mm/40 mm
10 mm/40 mm
10 mm/70 mm

2384 J. Acoust. Soc. Am., Vol. 110, No. 5, Pt. 1, Nov. 2001

FIG. 5. Source strength of model trains A, B, and C.

T. Yoon and S. Lee: Prediction of the micro-pressure wave



1.2

within the tunnel (x<0)

b
™

o
'S

Model A
— =— — — ModelB

tunnel entry (x=0)

Non-dimensional pressure
o
(o))
IIIIIIIIIIIIIIIIIIAI\IIIII[II

ferent prediction methods. One is acoustic monopole analy-_qg’ 01
sis and the other is CFD.
The tunnel has a rectangular shape of constant heightg
(40 mm and width (97 mm), corresponding to a blockage
ratio of 8.1% except model A* Cross-sectional areas of
each tunnel and train model with its blockage ratio are listed - -4 2 0
in Table Il. The track structure has the property of a ballasted (®) Ultya

track. . . Lo . . FIG. 7. (a) Entry compression wave an) pressure gradient for model
The blockage ratio used in prediction and experiment israins A, B, and C at Mach number of 0.28 for the same blockage ratio of
very small compared to those in Japan or France. The pre:1%. (Pressure and pressure gradient are normalizeghy?A, /A and

diction model is based upon the standards of K-HSTroUAo/aA, respectively.
(“Korea-High Speed Train) that will go into service in
2004. The tunnel length is 7640 mm. Figurgg)4and (b) B, and C are predicted by the analytic theory of &), the
present the nose geometry and sketches of the three modetesult of which is plotted against nondimensional time
trains A, B, and C. Model train C is the most slender inU[t]/a in Fig. 7. As shown in Table Il, the blockage ratio of
shape. Corresponding strengths of sourcb&/@x) are plot- the model train A is slightly larger, about 0.4%, than that of
ted in Fig. 5. model trains B and C. However, in the prediction of the
The potential function distribution by Eq$9)—(11) is = compression wave, the same blockage ratio was used to in-
shown in Fig. 6. In the regior>0, namely outside the tun- vestigate the effect of the train nose shape. As all the models
nel, the flow spreads hemispherically. The functién(x) have the same blockage rat®.1%), the maximum pressure
varies continuously through the tunnel entrance, increasingse is also the same. As for the gradient of the compression
from negative values at<<O. In this calculation, as men- wave, however, model C has the minimum gradient. Al-
tioned in Sec. I, the value of, and u,, are determined to though models A and B have the same profile nose length
minimize the length of end-correction by Kelvin’s minimum (I,), the gradient of the compression wave of model B,
energy principl€. For height(a) 40 mm and width(b) 97  which is relatively more blunt, is greater than that of model
mm, w, is 0.911 andu,, is 0.820, respectively, and the mini- A. Since the magnitude of the micro-pressure wave is pro-
mized end-correction length’{lis 1.008. portional to the pressure gradient of the compression wave
At a speed of 350 km/HiM=0.28), the entry compres- arriving at the tunnel exit,model B is to exhibit the micro-
sion wave and its pressure gradients for the three models Aressure wave of the largest amplitude.

-d

o

0.2 —————e — Model C
FIG. 6. Distribution of the potential functiop* (x) within the tunnel and
outside the tunnel.
0 L L L L I L L L L l L L 1 L l 1 L L L I ] L L L I L L L il
-3 2 -1 0 1 2 3
ing the coefficient, the absorption of the acoustic wave by the (a) Ult/a
ground is calculated. In the present study, the rise time of the
compression wave is regarded as the characteristic time, anc 05
the absorption coefficient is determined with respect to this -
time. Figure 3 shows the schematics of the image source ancg | - mgg::g
the Kirchhoff surface under consideration. At the tunnel exit % 04 ——mee - Mode! C
portal, the baffle plate is not installed. g i
[} =
So03f
V. RESULTS 7
8 I
A. Formation of the compression wave e
S 02
All model trains have a dimension of 20 mm in diameter § -
and a length of 2340 mm. They are used to verify two dif- 2 |
:

(RN NN BRI BTN RSN A

2 4 6
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10°
|- | =———— Acoustic monopole analysis -
——— ~ 3D Euler [
1000 - n Measured data B
7
- P L 10"
i < -
[+ -
g, 8RR R R —eBl-oN o No my
e e |
35 =
gsoo = : |
5 with correction B 10°E
of additional dipole -3 =
and vortex sound source £ol -
| ——e—— Method of characteristics
10tk —-=7/-—- 3D Euler
g u Experiment
0 -
Ll I § I I - I | l | I l | I I l L B
0.0085 0.009 0.0095 0.01 0.0105 0.011 0.0115 0.012 b b L b L L L 1
time [sec] 0 1 2 3 4 5 6 7
tunnel length [m]
1500 . , . N
FIG. 9. Comparison with the maximum pressure gradient in the tunnel for
Acoustic monopole analysis model train C at a speed of 350 km/hr.
| =emeemes — 3D Euler |
H [ ] Measured data . . . "
’,..HF-'H-!!-" of the acoustic monopole with the correction of additional
1000 ! dipole and vortex sound source differs slightly in the maxi-
- | mum amplitude of pressure wave with the measured data but
g | the gradient of the compression wave, playing an important
o role in generating the micro-pressure wave, approximately
= B ..
2 | corresponds to the measured data. An accurate prediction of
9 : . . ) -
8500 with correction the compression wave is very important in the_pred|ctlon of
of additional dipole the micro-pressure wave because its strength is proportional
and vortex sound source . . . .
to the gradient of the compression wave. In the viewpoint of
computing time, the acoustic monopole method can mark-
edly reduce the time consumption compared with the Euler
0 simulation.
I3 Il | L I L il L " l 1 L 1 L l L L L L I L
0.008 0.009 0.01 0.011 0.012 _ _
{b) time [sec] B. Propagation of the compression wave

FIG. 8. Comparison with measured and predicted entry compression waves ~The entry compression wave obtained by acoustic
obtained by acoustic monopole analysis with second-order dipole correctiomonopole analysis is used as an input to the method of char-
and an Euler calculation fog) 300 km/hr and(b) 350 km/hr. acteristics. The magnitude of maximum pressure gradient in
the tunnel by the method of characteristics is compared to
To validate the prediction method, the entry compres-experimental data in Fig. 9 in the case of train speed 350
sion waves at position 4.3%(/L=4.3%) of whole tunnel km/hr for model C. The model tunnel having a length of
length (7640 mm from the tunnel entry obtained by analyti- 7640 mm is equivalent to a 1.2-km short tunnel in actual
cal theory and direct Euler computation are compared wittscale. Therefore, the influence of ballasted track on dissipa-
the experimental data in Figs(e8 and(b). Model C is pre- tion and dispersion of propagating compression wave is not
sented as a representative case. The train spe@ 80 so evident. Thus, for the prediction of propagation using the
km/hr and(b) 350 km/hr. Corrections to the monopole theory Euler equation, the track effect is not considered. It is also
can be invoked to render theoretical predictions compatibléroublesome to consider the damping effect in the Euler
with experiment’ First, an additional dipole source repre- equation. For a more accurate calculation, it is necessary to
senting the compression wave drag acting on the nose of these a Navier—stokes solver with porous modeling on the
train can be considered. The effect of this is to increase th&ack. As mentioned previously in Sec. I, it is appropriate to
amplitude predicted by the monopole source by a factor ofise the Euler equation in the prediction of train/tunnel aero-
(1+A/Ap), whereAl/A, is the cross-sectional ratio of train dynamic interaction for a short tunnel because the damping
to tunnel. Second, a dipole source is attributed to vorteeffect can be regarded as negligible.
sound sources in the shear layer of the back-flow out of the  The propagation of the compression wave along the tun-
tunnel displaced by the train. This gives a progressive infel is simulated by three-dimensional Euler equation as
crease of about 1%. The measufednd predicted results shown in Figs. 1@&)—(d) for model train C with an entrance
show good agreement with each other. The prediction resultpeed of 350 km/hr. In Fig. 18), it is observed that the
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non-dimensional time = 30 non-dimensional time = 100

FIG. 10. Time series of the pressure
contour representing the propagation
of the compression wave in the case of

" : o . . = del C having a speed of 350 km/hr.
non-dimensional time = 60 non-dimensional time = 130 mo

compression wave is generated from the head of the train 4
entering the tunnel. The compression wave propagates to: -
wards the exit of the tunnel faster than the train itself at about [ | ——— Monopole/Kirchhoff

the speed of sound: Figs. ) and(c). Finally, in Fig. 1ad), —=-== CFDIkirchhoff

] Measured
the compression wave radiates from the exit as a pulselikes s Simple formula
o

wave called the micro-pressure wave. Additionally the ex- =
pansion wave is created at the entrance when the rear end ¢ 3
the train arrives at the entry of the tunnel. The predicted 3
pressure fluctuation in the tunnel obtained by the three-
dimensional Euler equation is compared with the measured
data in the vicinity of the tunnel exit in Fig. 11. The mea-
surement position is at,/L=94.6% from the tunnel entry.
The predicted compression wave shows good agreemen:
with the experimental data in both waveform and pressure
gradient. The maximum pressure gradients in the tunnel ob- -
tained by the three-dimensional Euler equation are shown in i

ICro-pressure

. - - L L L L ' L L L L l 1 L Vl L
Fig. 9. The result shows that the maximum value of pressure -10y5z 003 0,035 0.04
(a) time [sec]
1500
[ 3D Euler 50 |- | ———— Monopole/Kirchhoff
1000 |- Experiment [ | e — CFD/kirchhoff
| [ ] Measured
- w 40 I
500 a [
© [ [ i
e B 0[
g L 3 r
5 0 o [
2 °F
o | 2 ok
g - @ 20
-500 |- a |
i g§ 1oF
1000 |- = P
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~ VI RSN SUT U VNN SRR N SR
1508 62 0.03 0.04 0.05 0.06 0.07 i 1
time [sec] 109025 0.03 0.035 0.04
(b) time [sec]

FIG. 11. Comparison of measured and predicted pressure fluctuations in the
vicinity of the tunnel exit &,/L=94.1%) obtained by 3D Euler equation FIG. 12. Comparison of predicted and measured micro-pressure waves for
for model train C at speed of 350 km/hr. (@) 300 km/hr andb) 350 km/hr in the case of model C.
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40 where Q) is the effective solid angle into which the wave
i Model A , radiatesy is the distance from the exit portal to the measured
| |— — — — ModelB A point. The dotted line in Fig. ¥2) represents the prediction
et — Model C o\ result from this simple formula. In prediction by the simple

i formula, the pressure gradient at the tunnel exit is obtained
by the acoustic monopole analysis and method of character-
istics. The image source is also used to consider the ground
effect as in the Kirchhoff formulation. Equatidi6) under-
predicts the magnitude of the micro-pressure wave by about
30%.

To obtain the entry compression waveform and the re-
sultant micro-pressure wave, it takes 670° s for a com-
bined CFD-Kirchhoff calculation, whereas a combined
acoustic monopole analysis/method of characteristics—
Kirchhoff requires 1.6k 10°s. Therefore, from the engi-
neering aspect, the combined acoustic monopole analysis/
L T S - method of characteristics—Kirchhoff formulation is a very

0.033 0.034 : S .
time [sec] useful tool in preliminary design.
Based upon the prediction results of Figéa)7and (b),
FIG. 13. Effect of the nose shape of the train on the micro-pressure wave ghe effect of nose shape of the train on the micro-pressure
a spegd of 350 kr_n/hr and blockage re_ltio 0.081, obtained by _pr(_edictio_n usinrz/ave is shown in Fig. 13 for the three models with the same
combined acoustic monopole analysis/method of characteristics—Kirchho . . . .
formulation. lockage ratio of 8.1%, using a combined acoustic monopole
analysis/method of characteristics—Kirchhoff formulation.
The model train C with the most slender nose generates the
gradient at exit § p/dtey 1) is nearly equal to that of entry micro-pressure wave of the smallest magnitude.
(dp/dtentry)- Even though the experimental result shows
dissipation during propagation, there is no large dissipation
as can be observed in a long tunnel with ballasted track. The
damping effect can thus be regarded as negligible due to the
property of the short model tunnel in the Euler calculation. VI CONCLUDING REMARKS

N w
o [=]

Micro-pressure wave [Pa]
=

L I _ L
0.032

Novel methodgcombined acoustic monopole analysis/
method of characteristics—Kirchhoff method, combined
C. Generation of the micro-pressure wave CFD—Kirchhoff methogl were used to predict, the compres-

The flow-field data obtained by the acoustic monopoIeSion wave, the propagation of the wave in the tunnel, and the

analysis/method of characteristics and CFD is transferred g’ |cr0;prlzs?|ure \(/jvatve generak';teo! bi; ‘1 h|gh-sp$ed train. Tlhe
a linear Kirchhoff formulation to predict the micro-pressure near field tlow data were oblained by acoustic monopole

wave at the exit of tunnel. Figure 12 shows the comparisor‘?‘nalys'S/methOd of characteristics where the train is modeled

of calculated results with experimental data at speeds of 308y monopole sources and by three-dimensional Euler equa-

and 350 km/hr for model train C. The micro-pressure wave ié!ons. For the monopole theory, second-order dipole correc-

measured and predicted at 120 mm from the exit and 20 m ons o the anglytic Fheory were applied to render the pre-
above the ground, inclined 45 degrees to the tunnel. For iction compatible with experimentally measured data. The
combined acou,stic monopole  analysis/method 0 ow data at the tunnel exit were transferred to the linear

characteristics—Kirchhoff formulation, a second-order dipoIeK'rcrl]thOff forhmulat:r(])n to tpredlct the acoustic far tfr']eld' The
correction to the monopole theory is applied as shown i esulls, such as ne entry compression wave, Ine pressure
luctuation in the tunnel, and the micro-pressure wave at exit,

Figs. 8a) and(b). The predicted micro-pressure wave shows d with th d data. Th i
satisfactory agreement in both amplitude and waveform! '€ compared wi € measured dala. The agreement was

Therefore, the proposed prediction method, a combinetflound to be good for both compression wave and micro-
pressure wave.

acoustic monopole analysis/method of characteristics+ Th dicti thod take int t the effect
Kirchhoff method and CFD—Kirchhoff method, works very € prediction methods can take nto account the efiec
of nose shape of the train and the tunnel geometry. The con-

well in predicting the micro-pressure wave as well as the

aerodynamic interaction between the train and the tunnel. tro(; of r:r?se shape ?Iant bef an ef;fﬁcttlve C(I)untde;hmeasurﬁ 0
In previous researchthe following simple relationship reduce the pressure fiuctuation i the tunnet and the resuiting
Jicro-pressure wave. The study can be a very useful design

between the micro-pressure wave and the compression Wat Lin minimizing th fluctuati d the b .
arriving at the exit portal using far field and low-frequency 00l In minimizing the pressure fluctuation and the booming
L ) noise. From the engineering viewpoint, the combined acous-
approximations were used: . - ; .
tic monopole/method of characteristics—Kirchhoff method is
very efficient in that less computation time is involved. The
, (169  method also provides the means of treating a long tunnel
EXIT,t—r/c with concrete slab or ballasted tracks.

A
Qa,r

p
at

p’(x,t)~
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