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ABSTRACT

The aerodynamics problems of train commonly come when the flow pass through train body. The increasing
speed of train to achieve highly technology demands has led to increase the forces and moments and increase sensitivity of
train stability and may cause the train to overturn. In this paper, two prisms arranged in tandem represent a simplified
model of high speed train are performed at different yaw angle ranging from 0° to 90° by using the unsteady Reynolds-
Averaged Navier Stokes (URANS) equation combined with k-w SST turbulence model. The Reynolds number is
3.14x10%based on height of the train and the free stream velocity. The aerodynamic quantities such as the side force, lift
force and drag force coefficient show a similar trend where the forces increase with the yaw angle until a certain critical
yaw angle before start to decrease till the yaw angle of 90°. The flow structure around the train under the effect of
crosswind is visualized. The vorticiticy start to form from the nose and slowly drifts away further towards the trailing edge.
The two-dimensional mean streamlines on the cross-section of train at different yaw angle show that the size of vortex
increase as the yaw angle increase. Time averaged pressure contour plotted on the cross section along x-axis show the
variation of region between high pressure and low pressure region on the leeward and windward side of the train model

that may cause train to overturn.

Keywords: crosswind, high speed train, URANS, k-® SST turbulence model, flow structure.

INTRODUCTION

In the last three decades, a new trend of trains
towards higher running speeds and light in weight has
evolved in railway transportation. The speed of train may
exceed 300km/h in regular operation and nearly
comparable with the speed of light airplanes [1]. At these
speeds, aerodynamic forces and moment are becoming
more important for the running performance of the train.
Strong crosswind may affect the running stability and
riding comfort of the vehicle.

The increase of the aerodynamic forces and
moments due to crosswind may influenced the train
operating safety and the worst case may lead train to
overturn. Recently, 29 wind-induced accidents were
reported since the first high speed was introduced in Japan
in 1872 [2]. Crosswinds stability of rail vehicles has gain
the intention of a number of scholars mainly motivated by
overturning accidents. The risk of crosswind that may
cause train to overturn depends on the track infrastructure
and vehicle aerodynamics [3]. Track infrastructure with
tall viaduct and high embankment are exposed to strong
crosswinds and sudden wind gust and led to increase the
number of accident regarding to train overturning. On the
other hands, aerodynamics plays an important role of train
stability when exposed to strong crosswinds especially on
the leading car. Leading car is the most sensitive part
because it’s exposed the highest aerodynamics forces and
moment [4].

The study of train aerodynamic under the effect
of crosswind is growing with the help various types of
numerical simulation and wind tunnel. Hemida et al.
(2005) was investigated the aerodynamic performance

around simplified model of high speed train using LES.
He found that the flow separation appear at the lateral
edge near the nose of the train led to the creation of two
vortices that start from the nose of the train [5].
Gawthorpe (1994) study the effect of yaw angle on the
rolling moment of simplified train model. He found that at
the yaw angle below 45°, the inclined vortices found like a
slender body and beyond 60°, the flow on the leeside are
resembles that behind a circular cylinder [6]. In 2006,
Krajnovic investigated the flow structure around
simplified model of ICE2 train for both 35° and 90° yaw
angle. His work concluded that crosswind mainly shows
transient at 90%yaw angle and at the smaller yaw angle, the
train is act like a slender body [7].

The objective of this paper is to investigate the
aerodynamic characteristic of simplified model of high
speed train subjected to crosswind using numerical
method of unsteady RANS combined with k- SST
turbulence model. This work using 2 prisms located in
tandem orientation that represents the simplified model of
train. Results of numerical method using the yaw angle
ranging from 0° to 90° are summarized.

NUMERICAL SIMULATION

Governing reynolds averaged Navier-stokes equation
The flow around simplified high speed train
model in this study is solved using unsteady Reynolds
Averaged Navier-Stokes equations (URANS). The flow
around the train has been considered as incompressible
and is obtained by solving the incompressible form of the
URANS equation combined with the help of turbulent
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model [8]. The URANS equations are basically derived
from the usual RANS equation, but the unsteady term has
been maintained [9]. RANS equation is derived from two
equations: continuity and Navier-Stokes equation for the
incompressible flow as follows:

i S
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The velocity components and the pressure, p are
nonlinear partial differential equations, which means that
there is no analytical solution for the problem with
arbitrary boundary conditions. The unsteady RANS
equation is based on the decomposition of the flow
parameters into time averaged and fluctuating component.
The decomposed velocities and pressure into mean value
and fluctuations are shown as follow
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The Reynolds decomposed velocities and
pressures are substitute into equation of continuity and
Navier-Stokes equation by taking the time average parts
and the time-averaged fluctuating parts are equal zero. The
time averaged turbulent flow for continuity and RANS
equation are shown below:
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Turbulence model

Turbulence model is a computational procedure
to close the system of flow equation as derived before. In
URANS simulation, the Reynolds stress tensor is resolved
using an eddy-viscosity model based on the Boussinesq
assumption as shown below:
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Where K is the turbulent kinetic energy and o is

the specific dissipation rate. Both equations are solved
using the following equation;
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where vT is the kinematic eddy viscosity
and can be defined as follow;
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The following closure coefficient is used in this study;
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2™ order backward scheme is used for temporal
discretization, 3" order QUICKYV scheme is used for the
convection term and 2™ order unbounded Gauss linear
differencing scheme is used for the viscous term.

COMPUTATIONAL DOMAIN AND BOUNDARY
CONDITION

Description of Model Geometry

The model used in this work consists of two
identical prisms that representing the simplified model of
high speed train. The prisms have a square cross-section
with width of D, height is D and length is 4D. The carriage
separation between the cars is chosen as 0.5D, the possible
distance for the flow to reattach to the downstream car.
The train model and definition of the coordinate system of
simplified high speed train model is given in Figure-1:
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Figure-1. Train model with the coordinate system.

The non-dimensional aerodynamic side force, lift
force and drag force presented in this work can be
calculated as follow:

C Lide Lift Drag
L T e B o A Aur s O ity pap
szmA szmA szmA (19)

where p is the air density, is the free stream
velocity and A is the prisms cross-sectional area. Lift, Side
and Drag are the aerodynamic forces in the upward,
sideward and backward to the trains.

Computational domain and boundary condition

Open source CFD software package of Open
Foam software is used to simulate the problems. The
different yaw angles are ranging from the yaw angle of 0°
to 90° with the constant free stream velocity at inlet is
applied. The computational domain used in this research is
shown in Figure-2. Uniform free stream velocity and zero
pressure gradients are applied at the inlet located at the
front and side of the domain. The front inlet and side inlet
are located 10D from the leading edge of the upstream
body. The outlet is located 20D downstream from the
trailing edge of the downstream body and 10D from the
side of the model surface. Both sides are located at 10D
from the train model and symmetrical boundary condition
is applied for both sides.

Free stream BC Free stream BC

Inlet BC Qutlet BC 10D
Qutlet BC SIIP BC
—> o=
10D 20D 10D 10D

Figure-2. Sketch of computational domain view from top
and front.

The cells in the computational domain are
constructed using a structured non-uniform Cartesian
mesh. Mesh refinement is applied on the train surface and
its surrounding areas. The total generated mesh in this
study is 5.86 million with the smallest cell size is 0.025D.
Wall function is used for all the cases to reduce the
computational cost by maintained the cell size near the
surface [10]. The distance of the first cell layer to the
model surface should be located within the requirements
of y+. The Reynolds number used in this simulation is

3.14x105based on the height of the train’s model and free
stream velocity.

RESULT AND DISCUSSION

Aerodynamic forces

Figure-3 and Figure-4 below show the
aerodynamic forces acting on the train model for the case
of upstream and downstream body. As can be seen in
Figure-3, the side force coefficients increase steadily with
the yaw angle until the critical yaw angle of 75° before it
start to decrease at the yaw angle of 90° because of the
vortex breakdown occur at this critical yaw angle. Side
force is caused by the pressure difference between
windward side and leeward side of the train model. The
pressure different on this two surfaces tend to cause train
derailment when reaches the maximum side force. Lift
forces and drag forces coefficients show the trend to
increase steadily till the yaw angle of 30° before start to
decrease. The lift forces coefficient decreases with the
yaw angle is caused by the larger area of low pressure on
the underneath surface compared to top surface of train
model.

Figure-4 below shows the aerodynamic forces
coefficient for side, lift and drag for the case of the
downstream body. Side force coefficient increases steadily
with the yaw angle. Like for the case of upstream body,
lift force and drag force coefficient increases steadily with
yaw angle before it start to decrease at critical yaw angle
of 45° for lift force and 30° for drag force coefficient.
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Figure-3. Aerodynamic force coefficient for upstream

body.
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Figure-4. Aerodynamic force coefficient for downstream
body.
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Flow structure

The flow structure of two-dimensional streamline
and pressure contour are used to explain more details the
aerodynamic phenomena happen in Figure-4 and Figure-5.
The train model is sliced into 4 different locations along x-
axis as shown in Figure-5 below.

1D 3D

Figure-5. Train cross-section at different distance from
the leading edge of train model.

Figure-6 above shows the vortex formation for
the case of 30° yaw angle. Three vortices are clearly
identified namely V1, V2 and V3. Vortex V1 keep
increasing in size from the leading edge to the trailing
edge of the train surface. For vortex V2, the vortex starts
to drift away from the surface of train as further towards
the trailing edge. At the distance of 1D from the nose,
vortex V3 is attached at the top and side surface of train
model and as the distance is further towards the trailing
edge, the vortex is increase in size and remain attached
only at the top surface of the train

Figure-6. Vortex formation at different location along x-
axis.

Figure-7 below shows the variation of vortex
formation at distance 1D from the nose of the simplified
high speed train model. As can be seen, flow separation
takes place on both the lower and upper leeward edges.
These vortices develop into larger size as the yaw angle
increase. The presence of vortex on the leeward side
formed the region of low pressure at the leeward (see
Figure-8). As the vortex larger in size, the pressure is
decreased and hence increase the side force on the leeward
side.

Figure-7. Mean streamlines along the train’s cross section
at the distance of 1D from the nose of the train.

Figure-8 shows the two-dimensional pressure
contour at distance 1D from the nose of the train model at
different yaw angle. All cases of yaw angle show the low
region of pressure at the leeside of the model if compared
to the windward side. At the yaw angle beyond 45°, the
pressure at the top surface of the model is lower than at the
underneath surface this cause the lift force coefficient
decreases with the yaw angle up to 45°.

Figure-8. Pressure contour along train cross section at the
distance of 1D from nose of the train model.
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Figure-9 below shows the pressure distribution
for upstream and downstream body around the top and
bottom surfaces of the train model at the critical yaw angle
of 75°. At the nose region, downstream body has the
higher pressure distribution compare to the upstream body
because vortex formation produces on the upstream body
is larger than the leading edge of downstream body. On
the region behind train model, the wake produce at the
trailing edge of the upstream body is larger than
downstream body and this size is the major contribution of
drag force [11].
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Figure-9. Pressure distribution at top and bottom surface
of train model.
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Figure-10. Pressure distribution along train’s cross section
at different distance from the nose of the train.

Figure-10 above shows the pressure distribution
around the circumference of train at different cross section
for the yaw angle of 75°(see Figure-5). The graph shows
that the pressure distribution does not change much along
the train. This shows that the pressure distribution around
the train model at higher yaw angles is independent with
the axial position.

CONCLUSIONS

The flow around two prisms in tandem
orientation have been simulated numerically using
Unsteady Reynolds Navier-Stokes (URANS) equation
combined with k-o SST turbulence model for different
case of yaw angles. URANS has the capability to produce
flow structure and pressure distribution and has a good

agreement with other scholar. The flow separation takes
place on the lower and upper leeward surface and the size
of vortex formation is depends on the yaw angle. The size
of vortex is increased as the yaw angle is increased.
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