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In order to study unsteady aerodynamic loads on high speed trains passing by each other
350km/h, three-dimensional flow fields around trains during the crossing event are numerically
simulated using three-dimensional Euler equations. Roe's FDS with MUSCL interpolation is
employed to simulate wave phenomena. An efficient moving grid system based on domain
decomposition techniques is developed to analyze the unsteady flow field induced by the
restricted motion of a train on a rail. Numerical simulations of the trains passing by on the
double-track are carried out to study the effect of the train nose-shape, length and the existence
of a tunnel on the crossing event. Unsteady aerodynamic loads-a side force and a drag force
-acting on the train during the crossing are numerically predicted and analyzed. The side force
mainly depends on the nose-shape, and the drag force depends on tunnel existence. Also. a push
-pull (i.e.impluse force) force successively acts on each car and acts in different directions
between the neighborhood cars. The maximum change of the impulsive force reaches about 3
tons. These aerodynamic force data are absolutely necessary to evaluate the stability of high
speed multi-car trains. The results also indicate the effectiveness of the present numerical
method for simulating the unsteady flow fields induced by bodies in relative motion.
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The increased speed of a high speed train (e. g.
a magnetic levitation vehicle) generates many aer-
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FDS : Flux Difference Splitting
FSA : Fortified Solution Algorithm
GLS : Galerkin Least Squares
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1. Introduction
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Fig. 1 Problem definition of crossing Trains

odynamic problems (Peters, 1981), especially
when going through tunnels or passing each
other.

When two trains pass each other, at 350km/m
3-dimensional unsteady impulsive aerodynamic
loads may destabilize the trains, leading to un
favorable snake-like motions by push-pull like
side force. Also, large pressure fluctuation over
the trains would be expected during the crossing
event. Therefore, to enhance passenger comfort
and stability, better understanding of the unsteady
flow phenomena induced by the trains is required.
However, the flow details and unsteady aer
odynamic forces during the crossing event are not
yet well understood as shown in Fig. 1.

Kim( 1997) adopted a I-dimensional character
istic approach and showed good results for 1
dimensional pressure variations in the tunnel.
However, the crossing event is essentially a 3
dimensional phenomenon. Therefore the I
-dirnensional approach is inadequate for the 3
-dimensional efferts such as the side force and
yawing moment. Fujii and Ogawa (1995) comput
ed a three-dimensional flow induced by two
trains passing each other inside a tunnel using
FSA (Fujii, 1992). Though Fujii's approach
reveals the basic nature of the crossing event, his
approach is not applicable to the other crossing
cases because of the computational inefficiency in
grid topology. There are many unknown parame
ters on the crossing event including the nose
shape, crossing location, train length and gap
between the trains. Therefore, a more problem

-oriented efficient grid system and solution strat
egy are needed.

In the present study, a 3-dimensional compress
ible, inviscid code is developed to analyze the
flow field around high speed trains in relative
motion in open space and in tunnels. Since the
viscous effects on the wave characteristics are
negligibly small as shown by Maeda (1993), and
since we focus on the global flow characteristics
to study the force coefficients, an inviscid calcula
tion would be sufficient. A higher order Roe's
upwind scheme with MUSCL and van Albada
limiter function is employed to simulate the pres
sure wave phenomena-generation at the entrance,
propagation through the tunnel, reflection at the
end of the tunnel and interaction again with the
trains. A smart moving grid technique based on
domain decomposition technique is applied to
analyze the unsteady flow field induced by the
restricted motion of a train on a rail. Due to the
restricted linear motion of trains, the grid system
can be tuned up without losing generality; conse
quently, less computational resources are needed
as suggested by Hwang and Lee (1998, 1999). The
code was validated through a comparison with
single track experimental values from Kwon et al.
(1998)

The numerical simulations of trains passing at
350 krn/h are carried out for 2 nose-shapes each
other. The configuration of the KHST (Korean
High Speed Train) under development are used.
The crossing flow phenomena are studied for the
trains passing by outside and inside a tunnel.
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where,

accuracy. The present computation has a third
order spatial accuracy. The Roe's numerical flux
at the cell interface can be expressed as Eq. (3).

- 1 - -
E(QL, QR)= 2 [E(QR)+ E(QL)

- IA(QL, QR) I(QL - QR)] (3)

2.2.2 Time integration
Calculations of unsteady, three-dimensional

flow field around moving body require a time
accurate numerical scheme and huge
computational resources. In the present study,
Yoon's LU-SGS scheme (Yoon, 1987) is chosen
for efficient time integration. The factorized form
of the governing equation is

(4)

aE(Q)
aQ

2. Numerical Procedure

And, finally the number of cars is changed to
examine the length effect and side force variation
-push-pull like side force - on each car. So, a
parametric study on the flow field around trains
passing by each other is performed to understand
basic nature of the crossing event.

This paper is organized as follows. In Sec. 2,
the current numerical procedure is introduced
briefly, including a unique problem-oriented grid
strategy. In Sec. 3, the test cases are defined and
after validation of the current method, the
computed results are discussed. Finally, conclud
ing remarks are drawn.

2.1 Governing equations
We focus on the unsteady, compressible, three

dimensional Euler equations. In physical coordi
nates, the equations are

where

2.2.1 Space discretization
Roe's finite volume flux difference splitting

technique (Roe, 1981) is used for spatial discret
ization and MUSCL with van Albada flux limiter
function is used to achieve a high order of spatial

Q=(:)' E=( p:~:p ),
pw ouw

pe (pe+P)u

F=( p!,:p ), c=( :: ),
PlJW pw 2+ p

(pe+P))) (pe+P)w

where

L= lit +DiA++D;jB++D~C+

-A--B--c-,

D= lit +A+-A-+B+-B-+c+-C-,

U= IJt +DtA-+DtB-+DtC

+A++B++C+,

2.3 Grid system
The grid system for computing three dimen

sional train/tunnel interaction and train/train
interaction is characterized by a moving body
confined to linear motions on the rail, relative
motions between solid bodies, ground proximity
and long tunnels. So, it takes huge computational
resources with conventional grid systems such as
Chimera grid (Steger et al., 1983) and unstructur
ed mesh (Mestreau, 1993), both in time and stor
age device.

To accommodate the relative motion,
Fujii(l995) and Ogawa(l994, 1997) used FSA
(Fortified Solution Algorithm) (Fujii, 1992), and
they successfully computed the tunnel entry and
crossing problems. Fujii's approach is similar to
the Chimera procedure (Steger et a!., 1983)-com-

(1)

(2)1 P 1 (2 2 2)
p(y-l) +2 u +)) +we

2.2 Numerical discretization

and the equation of state yields

where the ratio of specific heats y is 104.
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Between zone 3 &. 4

Chimera
Boundary Condition

Far Boundary Conditio

Fig. 2 Schematic diagram of zonal interfaceusing 3 types of domain decomposition technique

posed of hole construction and linear interpola
tion at boundaries, so a strict criteria on bound
aries such as moderate cell volume ratio between
giving cell and target cell is necessary to get a
stable solution. If the region to be swept by the
train is large, there should be a large number of
grid points along the region to satisfy proper
interpolation criterion through the whole 3
dimensional computational domain. Fujii and
Ogawa(1997) used an intermediate zone to over
come this requirement, but it makes the computa
tion inefficient because the intermediate zone
requires more linear interpolation routines.

As an alternative, Mestreau(l993) used an
unstructured grid with automatic remeshing and
Holmes(1999) applie moving boundary condition
to the tunnel wall, using a flow solver based on
GLS finite element formulation. These grid sys
tems can be applied to limited cases(e. g. tunnel
entry problem), and they are not suitable for
parametric studies using several parameters
because of costly remeshing and sophisticated
assumptions on the grid system.

Hwang and Lee(l998, 1999) suggested that the
grid system could be tuned up to avoid costly
unsteady remeshing and sophisticated assump
tions by choosing of domain decomposition tech
nique carefully.

In the present study, 3 types of domain decom
position techniques-multi-block grid, patched
grid, and overlapping grid-are applied. Figure 2
shows a schematic diagram of a smart grid system
and the zonal interface for the tunnel entry prob-

lem. The grid system can be extended to train/
train crossing and tunnel outgoing problems just
by imposing line symmetric boundary condition
and adding an extra computational domain at the
exit region. Zone I is a moving zone around a
high speed train, and Zone 2 is a background
zone which overlaps with Zone I. Consequently,
a simplified Chimera hole construction and linear
interpolation routines between Zone I and 2 are
needed only at the fore and aft parts of Zone I.

Compared with the 3-dimensional Chimera pro
cedures, the current method is more efficient
because it uses much fewer fringe cells and do not
uses additional iterations to find interpolation
coefficients. Considering the mild variation of the
flow variables except the in vicinity of the train
and I-dimensional wave phenomena in the tun
nel, the linear interpolation can be used with
great reliability, without adopting a tedious 3
dimensional conservative treatment of Rai (1986).

As an intermediate Zone, Zone 3 shares a
sliding surface with Zone I, and a conservative
patching algorithm is applied at the surface. By
using this intermediate zone, code can be
extended for the crossing case. Zone 4 is the
tunnel entrance zone. For computing the unsteady
flow field around a train going into/out of a
tunnel, simply adding Zone 5 at the other end of
the tunnel is sufficient as shown in Fig. 3. Figure
4 shows a schematic of grid system for a computa
tion of the crossing case. By generating the grid
system on the half of the double track, and by
applying a line symmetric boundary condition at
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Fig. 3 Grid system for train running on single track (5 block zonal approach)

Fig. 4 Schematic diagram of grid system for the crossing case using line symmetric boundary condition

the symmetric surface on one intermediate zone,
simulation of the crossing event on the double
track can be realized without other changes.

3. Results and Discussions

For the present study deals with an aperiodic
unsteady problem, the unsteady field data are
stored during the whole computation. And,
numerous field data are post-processed to time
histories of force coefficient and to other various
forms, including animations of unstead y flow
field.

In the present computation, three reference
times are used for convenience. Dealing with the
whole process, time is set to zero when starting
the computation. Concentrating on specific
events, (e. g. the tunnel entr ance and the cross ing),
time is set to zero when the nose enters the tunnel
or when noses cross .

3.1 Code validation
To validate the code, a numerical result is

compared with the experimental values from
Kwon et ai. (1998) for a tunnel entry problem.
Experiment was performed at a train-tunnel test
facility in NLR, Netherlands. The pressure probe
is located at 4% from the tunnel entr ance to
defect a compression wave front. The train speed
is 350km/h and the blockage ratio is 0.083. In .
F ig. 5, we can see that the numerical result
matches well with the exper imental values.

3.2 Trains on the double track

3.2.1 Problem definition
Due to the difficult ies in studying on the cross

ing event of the high speed trains, onl y a few and
limited numer ical stud ies (Fujii, 1995) and exper
imenta l researche s (Shimbo, 1993) have been re-
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Table 1 Definition of the Cases

Case Shape of train Crossing region Train length

LFCT Long frontal shape( 15m long) In the tunnel 40m(2 CAR)

SFCT Short frontal shape(6.64m long) In the tunnel 40m (2 CAR)

LFCO Long frontal shape( 15m long) At the open space 40m (2 CAR)

SFCO Short frontal shape(6.64m long) At the open space 40m (2 CAR)

SFC03 Short frontal shape(l5m long) At the open space 60m(3 CAR)

Table 2 Number of grid points and initial distances

1400 .......--------------,

1200 ""1-'==-_1-
1000

400

200

0.001 0.002 0.003
t(sec)

Fig. 5 Compression wave front generated by train
running at 350kmjh(Kwon et aI. 1998)

ported. Shimbo(l993) measured only the pressure
data at the limited points over train surface dur
ing the crossing event and reported asymmetric
pressure distribution. But, parametric studies
about the crossing event have not yet been done.
Therefore, to understand the unsteady aer
odynamic forces associated with crossing, 3 basic
parameters-the nose shape (long and short frontal
shapes), location (inside and ontside a tunnel)
and train the length (train of 2 cars and 3 cars)
are selected for the current research. The shapes of
train and tunnel are given by KHST, and they are
simplified to facilitate grid generation. Since, we
concentrate on the global flow physics, the shape
of train is generated just to satisfy the frontal
viewtcross-section), the plan view, the side view
and the area distribution along the nose. Table. I
shows the definition of the adopted 5 cases.

The width, height and cross-sectional area of
the train are 2.80 m, 3.50 m, and 9.00 m2 respec
tively And the cross-sectional area of the tunnel
is 108 m-. The length of the train is set to 40 m,

Case No. of Initial distance
grid points between the trains

LFCT 341,941 48.60 D(about 457m)

SFCT 488,061 66.25 D(about 623m)

LFCO 235,471 21.14 D(about 199m)

SFCO 302,051 21.14 D(about 199m)

SFC03 316,111 21.14 D(about 199m)

approximately twice the length of the power car
except in the case SFC03 of 60 m representing 3
cars. Table 2 lists the number of grid points used
for each case and the initial position between the
trains. The height of the tunnel D is chosen as a
reference length. In the computations, the global
time step, Llt=O.Oljiteration is used for all cases
after the time step sensitivity study on the load
histories. It takes 3.8 X 10-5 sec per grid point for
1 iteration with a 450Mhz Digital Alpha CPU
and the interpolation time between the domains is
less than 1% of the total time per one iteration.
Figure 6 shows the frontal view of the grid system
used for the case SFCT, and the grid length in x
direction could be shortened for the cases of
crossing at the open space (LFCO, SFCO,
SFC03) by neglecting the tunnel region.

3.2.2 Aerodynamic force history
The spatial distribution of pressure along the

tunnel wall during the crossing is shown in Fig. 7
for in SFCT case. The positions of pressure
probes are given in Fig. 6, In Fig. 7, the reflected
pressure waves at the open end of the tunnel are
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shown. The figures also show that pressure field
induced by a virtual opposite train is acceptably
simulated by the line symmetric boundary condi
tion. And, it can be clarified from the first figure
of Fig. 7 that except in the vicinity of trains, the
flow field in a tunnel is nearly I-dimensional.
During the crossing event, it is expected that the
train may undergo complex aerodynamic load
condition.

The definition of aerodynamic force coeffi
cients-Cd(Drag Force), Cs(Side Force), Cl(Lift
Forcer- is given in Fig. 1. The time for load
histories is set to zero when the trains start cross
ing , and accordingly t = 15.32 when the trains
finish crossing. At t=7.66, the two trains are

Fig. 6 Frontal view of grid system for crossing case
and locations of tunnel wall pressure probes

located exactly side by side. And the times are
increased by factor of 1.5 when for the SFC03
case due to the increased length of the train by the
same factor.

Figure 8 (a)- (e) shows the aerodynam ic load
histories for all of the cases. The load variation
with respect to time shows a similar pattern for all
cases. Among aerodynamic forces, unsteady side
force is the most significant and influential in
determining the stability of crossing trains. When
two trains are approaching each other , they start
pushing each other away due to the high pressure
region around the noses. So, the Cs curves have
maximum positive peak around 1-2 second after
the two noses meet depending on the nose length
(Fig. 8). Following the progres sive overlapp ing
of two trains, low pressure at the inner side of the
nose parts induces the attractive forces, and attrac
tive force reach the maximum value when the two
trains are located exactly side by side. Then, as
they start parting away from the full overlapping
position, the side force becomes repul sive again.

By comp aring the cases of two (Fig 9(d)) and
three cars (Fig 9(e)) , it can be pointed out that
there is no effect of the length of the train under
our inviscid assumption. Peak values and overall
trends of the curves of SFC03 case are almost the
same as tho se of the SFCO case except the elonga-
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Fig. 7 Tunnel wall pressure distribution

(case SFCT-short frontal shape crossing in the Tunnel, t= 110, 120, 130, (40)
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Fig. 8 Time history of aerodynamic force coefficients of train during crossing event

tion of the time between the peak values for side

force.

Aerodynamic drag histories during the crossing

show similar patterns for all cases, and they

resemble point-symmetric curves about the point

t = 7.66 for the case of two cars. When the fore

nose is located at the side of the opposite train,

the stagnation pressure of the nose is weakened by

negative pressure field at the side and so the drag

force is decreased. And, when the aft nose is

positioned at the side of the opposite train, drag

force is increased by the weakened base pressure.

Lift curves, which is not so important for the

heavy ground vehicle, show negligible varia

tions with small overall values. (Fig. 8) By

comparing Fig. 8(a) and (b), Fig. 8(c) and (d), it
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Fig. 10 Side force histories of each car for train consist of 2 and 3 cars

can be concluded that the time derivatives of the
force coefficients are mainly affected by the nose
shape of the train. This could be explained by the
differences of the spatial distributions of flow
properties that sweep the opposite train. Because
the more the shape varies, the stiffer the flow
properties are.

In Fig. 9, comparisons of side force
coefficient(Cs) and drag coefficient(Cd) for 4
cases are given. Since the difference of pressure
distribution between inner and outer side of the
train surface during the crossing event is chiefly
affected by the nose shape, it can be argued that
the side force mainly depends upon the nose
shape of train, not on the existence of tunnel as
shown in Fig. 9(a).

From Fig. 9(b), it is shown that the strength of
the drag variation is mainly affected by the loca
tion where the crossing event occurs. Cd curve's
trend mainly depends on the location where the

crossing events occur, not on the nose shape of the
train, because the stagnation pressures of the two
nose shapes are almost the same, and the flows
remain I-dimesional in the tunnel even during
the crossing event.

In general, a train consists of cars connected by
articulated connectors which permits yawing
motions for each car. So the information about
the side force distribution on the each car is
indispensable data for design and analysis of
bogie systems. Aerodynamic load histories can be
taken for each car, if we perform the force integra
tion over the separated parts, not over the whole
surface (Fig. 10, Fig 1I and Fig 12). For the side
forces (see Fig. 10), the curve for each car shows
similar pattern and slightly different temporal
distribution, which may result in severe snake
like motions of the train during the crossing. And,
from Fig. lO(b), we can expect that mid-cars of
the real train might undergo the same aer-
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Fig. 12 Drag histories of each car for 2-car train(long frontal shape cases)

odynamic load of the mid-car of the case. The
aerodynamic side force histories on each car have
two dramatic changing parts- 'push-pull part'
when the fore nose of the opposite car sweeps the'
car, and 'pull-push part' when the aft nose of the
opposite car sweeps it away. The time interval
between the push-peak and the pull-peak is
proportional to the nose length. The shorter the
nose is, the narrower the interval is. And the time
interval between the 2 'push-pull parts' is propor
tional to the train length. (see Fig. 8(e), Fig. 9(a)
and Fig. lO(b))

The physical values of side forces with respect
to the physical time are shown in Fig. ll(a). The
force on the fore car changes from +20,000N to
-IO,OOON in 0.1 second at the beginning of the
crossing event, which can be treated as a great
impulse on the nose. In order to extend the cur
rent results to a multi-car train without
recomputation, a time scale should be defined as

shown in Fig. ll(b). T! denotes the duration of
the aerodynamic load variation which is propor
tional to the train length at the given speed of a
train. T, denotes the duration of 'push-pull part'
and 'pull-push part', which is proportional to the
length of the nose and so to the length of one car
approximately. For mid cars of a multi-car train,
the 'push-pull part' (segment A-B) induced by
the fore nose of the opposite train and the 'pull
push part'(segment C-D) would be repeated and
the segment E would be increased proportional to
T!. Thus, simply, by shifting the curves about T2,
the side force histories of fore and aft cars to a
mid car can be guessed as shown in Fig. ll(b).
The figure,shows that mid cars which are about
20 m long and running at 350 kmjh might
undergo the opposite directional side forces for
two adjacent cars. (point A, B, C, D at the Fig.
ll(b)).

As for the drag force, it is shown that fore car
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Fig. 13 Top view of pressure field of crossing event in tunnel and at open space for long frontal shape cases

and aft car undergoes temporally and directional
ly different drag during the crossing event and
that drag variations are heavily dependent on the
location as shown in Fig . 12. However, for a
multi-car train, mid cars might have negligible
drag variation.

In Fig. 13(a) and Fig. 13(b), the top views of
the pressure fields ground and train for the LFCT
and LFCO case are shown. As mentioned before,
the strength of pressure variation for the LFCT
case (inside a tunnel) is much higher than that for
the LFCO case (open space) . But, it is shown that
nearly I-dimensional pressure distributions in the
tunnel are valid as is pointed before as the reason
for the drag dependence on the locations(see Fig.
13(a)).

4. Concluding Remarks

To study unsteady aerodynamic loads on high
speed trains when two trains are passing by each
other, a three-dimensional inviscid numerical
method , based on 3 types of domain decomposi
tion technique, is developed and applied. Numeri
cal simulations of trains passing by are conducted
and discussions are given for five different cases
using three basic parameters-nose shape, exis-

tence of tunnel, and train length.
From the results, some conclusions are drawn

as follows ;
(I) Even during crossing event, one-dimen

sional pressure distribution along the tunnel is
valid except in the vicinity of trains.

(2) Overall variations of side force and drag
during the crossing are determined by the relative
locations of the two passing trains. As the fore
nose part passes by, 'push-pull' side force is
induced, and as the aft part goes by, 'pull-push'
side force is induced. Drag decreases when the
fore nose is positioned at the side of the opposite
train, and increases when the aft nose to located
at the side.

(3) The side force variation depends mainly on
the nose shape of a train, and the drag force
variation depends mainly on the location where
the crossing event occurs. Also, the sustained
one-dimensionality in the tunnel even during the
crossing procedure explains the different depen
dencies of the load histories.

(4) The current approach can give load data
for each car of a multi-car train, and, thus, can be
applied to multi -body dynamics of train.
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