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Aerodynamic Characteristics of High
Speed Train under Turbulent Cross
Winds: a Numerical Investigation using
Unsteady-RANS Method

Increasing velocity combined with reduced mass of modern high speed
trains poses the question of influence of strong cross winds on its
aerodynamics. Strong cross winds may affect the running stability of high
speed trains via the amplified aerodynamic forces and moments. In this
study, simulations of turbulent cross wind flows over the leading and end
car of ICE-2 high speed train have been performed at different yaw angles
The train aerodynamic problems are closely associated with the flows
occurring around train. The flow around the train has been considered as
incompressible and was obtained by solving the incompressible form of the
unsteady Reynolds-Averaged Navier-Stokes (RANS) equations combined
with the realizable k-epsilon turbulence model. Important aerodynamic
coefficients such as the side force and rolling moment coefficients have
been calculated for yaw angles ranging from -30° to 60° and compared to
results obtained from wind tunnel tests. The dependence of the flow

structure on yaw angle has also been presented.

Keywords: cross-wind, high speed trains, computational fluid dynamics,
Reynolds-averaged Navier-Stokes equations, k-epsilon turbulence model,
numerical analysis.

1. BACKGROUND AND MOTIVATION

Railway transport is widely used in many countries.
Recently, the Ethiopian government has given the
Ethiopian Railways Corporation (ERC) the task of
developing a national railway network. To date Ethiopia
has rail transport system which consists of only 781km
of old French-built railway from the Red Sea port
Djibouti to Addis Ababa. This old French built railway
is currently under construction to be replaced by a
Chinese-built standard gauge electrified railway.
According to ERC, the new electric trains with design
speed of 160km/h will be used for freight and passenger
transport, replacing slow and costly truck transport. In
addition, the Ethiopian government has considered
constructing a series of eight rail network corridors
(Fig.1) totalling 4,744km in two phases, with the aim of
creating a series of key trade routes to neighbouring
Kenya, South Sudan, Sudan and Djibouti. The
construction of railway is a key component of the
Ethiopia’s government plan to boost economic growth
and enhance regional integration.

The development of railway transportation and the
increase in train speed result in significant social and
economic benefits. Western Europe dominates the
market, followed by Asia and the Pacific. In October
1964, in Japan, the first high-speed rail in the world was
put into operation with the highest speed of 210km/h
[1]. Since then, during the last decades, there has been
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rapid development of high speed rail system in many
countries such as Germany, France, Italy, Spain, China
and South Korea. In addition to these, other emerging
countries like Turkey and Brazil are also constructing
high speed rail networks to connect their major cities.
Some African countries such as Morocco, Algeria and
South Africa proposed to build a combined passenger
and freight high speed railway.
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Figure 1. Planned and ongoing rail way network in Ethiopia

Many of the current generation high speed trains
such as the Spanish AVE class 103, the German ICE-3,
the French TGV Duplex, the South Korean KTX-II, the
Chinese CHR C, and the Japanese Shinkansen E6 reach
speeds of 300km/h in regular operation. At these speeds
aerodynamic forces and moments are becoming more
and more important for the running performance of the
train. Strong cross wind may affect the running stability
and riding comfort of the vehicles.
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The increases of the aerodynamic forces and
moments due to cross winds may deteriorate the train
operating safety and cause the train to overturn. The
stability of trains in cross winds is a great concern to a
number of countries with high-speed rail networks [2].
Crosswind stability of rail vehicles has been a research
topic during the last decades, mainly motivated by
overturning accidents. Therefore, understanding of train
stability under crosswinds should be a topic of
recognized safety issue in the railway community of
every country. Recently, the aerodynamics of a train
under the influence of cross winds has become a
relevant safety topic which is covered in national
standards in the UK [3], in Italy [4], in Germany [5] as
well as in the European Community legislation and
norm [6-7].

The risk of cross wind induced overturning depends
on both the track infrastructure and the vehicles
aerodynamic characteristics [8]. On the infrastructure
side, sites with tall viaducts and high embankments call
for attention. The combination of modern light weight
and high speed leads to an increased concern regarding
the stability of high-speed trains, especially when
travelling on high embankments exposed to crosswinds
and sudden, powerful wind gusts. Therefore, acquiring
detailed and correct data on these scenarios is quite
important due to the involved risks of accidents such as
a train overturning.

On the vehicles side, the topic of train overturning
due to cross wind exposure is closely linked to the
susceptibility to cross winds of the leading car of the
train set, which is often the most sensitive part. This is
because the front-end of a railway car is usually
subjected to the largest aerodynamic loads per unit
length [9-10].

Cross wind

Figure 2. Flow behind a train in a cross wind

The crosswind stability against overturning is a
major design criterion for high speed railway vehicles
and has been an experimental and/or numerical research
topic for a number of scholars [11-18]. The
experimental study allows to have a higher confidence
in the absolute values of the measured aerodynamic
forces whereas the numerical calculations allow to
obtain a more detailed information of the flow field
around the vehicle.

Among the experimental investigators, Alexander
Orellano and Martin Schober [14] have conducted a
wind tunnel experiments on the aerodynamic
performance of a generic high-speed train. The wind
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tunnel model used was a simplified 1:10 scaled ICE-2
train with and without simplified bogies. The model is
known as Aerodynamic Train Model (ATM). The study
involved the application of steady acrodynamic loads on
the stationary first car of the ATM for flat ground
scenario at yaw angles ranging from -30° to 60°. The
flow speed considered was 70m/s, which corresponds to
Reynolds numbers of 1.4x10° based on the approximate
model width of the train (0.3m). The results have been
presented through aerodynamic coefficients.

The objective of this study is to conduct a numerical
investigation using unsteady RANS method combined
with the k-epsilon turbulence model on the aerodynamic
characteristics of the leading and end car of ICE-2 high
speed train subjected to a cross-wind. The width, length
and height of the modeled train are 3m, 29.3m and 3.9m
respectively. Similar to the experimental set up, in this
paper, the numerical simulation scenario consists of a
stationary train model exposed to a constant cross wind
of 70m/s at different yaw angles ranging from -30° to
60°. The results were compared to the wind tunnel
experimental data [14].

At present, feasible modeling technologies for
turbulent flows are steady and unsteady RANS methods,
Large Eddy Simulation (LES) and Detached Eddy
Simulation (DES). Because of its relatively low
computational cost, the unsteady RANS method was
used in this study. The aim is to assess the predicting
capability of the unsteady RANS method by examining
the behavior of the vehicle’s aerodynamic coefficients
numerically and comparing to the wind tunnel results.

This paper is arranged in such a way that section two
aims merely to be a short review of the derivation of the
continuity and Navier-Stokes equations. In sections
three and four, the numerical simulation method and
results will be discussed respectively.

2. THEORY

The equations which govern the flow over the train are
the continuity and Navier-Stokes equations. These
equations are nothing but the mathematical statements
of two fundamental physical principles which are
conservation of mass and Newton’s second low [19]. In
this section, those governing equations will be derived
by applying physical principles to a suitable model of
the flow.

2.1 Continuity equation

Consider a specific mass of fluid whose volume V is
arbitrarily chosen (see Fig. 3). If this given fluid mass is
followed as it moves, its size and shape may change but
its mass will remain unchanged. Hence, one can state
that the time-rate-of-change of the integral of the mass
of the fluid element is zero as the element moves along
with the flow.

D - 1
EJ‘V pdV =0 (1)
where p and t are density and time respectively.

Applying Reynolds’ transport theorem [20] and
divergence theorem to the above equation one obtains:
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where U(u,v,w) is the flow velocity vector field. Since
the volume V was arbitrarily chosen, the only way in
which the equation (2) can be satisfied for all possible
choices of V is for the integrand to be zero. Then
equation expressing conservation of mass will be given
as:

%’W.(pm:o. (3)

Equation (3) is the differential form of the continuity
equation for compressible fluid.
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X

Figure 3. Arbitrary material volume at times t and t+Dt

2.2 Momentum equation

Consider the flow model of a moving fluid element with
only the forces in the x direction shown (see Fig. 4).
When Newton’s second law applied to the moving fluid
element states that the net force on the fluid element
equals its mass times the acceleration of the element,
Fy=ma,. This is a vector relation, and hence can be split
into three scalar relations along the X, y, and z-axes.
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Figure 4. Infinitesimal moving fluid element

The moving fluid element experiences a force in the
x-direction due to body forces and surface forces. The
body forces act at a distance directly on the volumetric
mass of the fluid element. Examples are gravitational,
electric and magnetic forces. Whereas the surface forces
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which act directly along the surface of the fluid element
are due to only two sources: (a) the pressure distribution
acting on the surface, imposed by the outside fluid
surrounding the fluid element, and (b) the shear and
normal stress distributions acting on the surface, also
imposed by the outside fluid ‘tugging’ or ‘pushing’ on
the surface by means of friction.

If the body force per unit mass acting on the fluid

element is denoted by £, with f, as its x-component and
the volume of the fluid element is (dxdydz), the body
force on the fluid element acting in the x-direction will
be pfy(dxdydz). Adding all the net surface forces in the
x-direction in Fig. 4 together with the body force in the
x-direction, the total force in the x-direction, F,, will be:
p , 0t , I7yx 0

T
F, =((- x f )dxdydz. (4
= oX  oX oy az)+pX)XyZ

The mass of the fluid element is fixed and is equal to
p(dxdydz) and the acceleration of the fluid element is
nothing but the time-rate-of-change of its velocity
(a,=Du/Dt) in the x-direction. Now by applying
Newton’s second law (F,=ma,), the X-component of the
momentum equation for a viscous flow will be:

+——+

or
pﬁz_@Jr% yx ‘%wax. %)
Dt oX  OX oy 0z

In a similar fashion, the y and z components can be
obtained as:

or or or
pmz,@+i+i+i+pfy, (6)
Dt ay ox oy oz
0
DW——@wLaTXZ Al +6TZZ +pf,. (7

Dt oz ox oy oz

Equations (5-7) are scalar form of Navier-Stokes
equations. One can obtain those Navier-Stokes
equations in divergence form as follows.

Writing the left-hand side of equation (5) in terms of
the definition of the material derivative [21]:

Du

ou
—=p—+pli-Vu. )
th ,Dat el

Also, expanding the following derivative,

Ao = N0 ©)

ot Pt ot

Recalling the vector identity for the divergence of the
product of a scalar times a vector, we have:

V- (pul) = uV - (pid) + (pii) - Vu. (10)
Using equations (8-10) we can get:

Du d(pu) _u

Dt ot

(%”w.(pmjw-(pum. (11)

The term in brackets in equation (11) is simply the
left hand side of the continuity equation given as
equation (3) hence the term in brackets is zero. Thus
equation (11) reduces to:

Du _ a(pu)

(pui 12
Bt ot +V - (put). (12)
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By substituting equation (12) into equation (5) and
transforming using similar fashion equations (6) and (7),

the  Navier-Stokes  equations in  conservation
(divergence) form can be expressed as:
a<6t am) o Uw)__@ 6;x(x+aa;x+@gzzx ipf, (13)
.. - % f% a;y % oty (14)
@+V-(pwﬂ)——% 6;2 + a;’z +a(;zz +pf,.  (15)

In the majority of practical aerodynamic problems,
the fluid can be assumed to be Newtonian (shear stress
in the fluid is proportional to the time-rate-of-strain).
For such fluids the expressions for viscous stress terms
can be shown as follows [21]:

9. u+2y@ v, ou #(6u awj
OX ax 6y 0z ox
ox oy oy 6y 82
(6—u+%j U @+@ /IV-U+2y@
oL oXx oy oz oz |

where p is the molecular viscosity coefficient and A is
the bulk viscosity coefficient. According to Stokes
hypothesis A= -2p/3. Substituting the stresses from
equation (16) into equations (13-15), one can obtain the
complete Navier-Stokes equations for viscous and
compressible fluid as follows:

5(/11)5(/11)5(,0\1\/)5(,0\1\'\1) P,

a[w-mzy@)
a X ¥y a X )17

&g 2l
=L

+a (@Jréwj +pf
a x
6(’0/)+ ( )+ ( )+ (o) —@ a(/lv u+2y6VJ
a x ¥y a ¥y ¥) 13
0
+7

S AAS5

2.3 RANS equations

Since the flow around the train in our particular problem
is assumed to be incompressible, it is important to
express the continuity and Navier-Stokes equations for
incompressible flow (in indices notation) as follows:

a

=0 20
o (20)
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p@_}_puj au = 6pl +i 7] 71_'_% +pfl (21)
a e T oo

Equations (20) and (21) form a system of four
equations with four unknowns. Those are the three
velocity componentsu,and the pressurep. These

equations are nonlinear partial differential equations,
which means that there is no analytical solution for the
problem with arbitrary boundary conditions. Instead, the
flow around the train is solved numerically by
discretizing the equations. Depending on the behavior of
the flow, different models can be used. The flow around
a high speed train becomes turbulent very soon, only a
few centimeters after the front part.

The Direct Numerical Simulation (DNS) of
turbulent flow using very fine mesh and very small time
step is used to resolve the smallest turbulent phenomena
and the fastest fluctuations. This approach is capable of
resolving turbulence without additional modeling.
Eventhough DNS is the most reliable method, resolving
turbulence for high Reynolds-number in complex
geometries using this method is too computationally
expensive. Therefore turbulence needs to be modeled.
At present, feasible modeling technologies are steady
and unsteady RANS methods, large eddy simulation
(LES) and detached eddy simulation (DES).

The method used in the simulation of this study is
unsteady RANS model which is based on the
decomposition of the flow parameters into a time
averaged and a fluctuating component.

Substituting the Reynolds decomposed velocities
u, =, +u', and pressure, p, =p, +p', into equation (20)
and (21), and taking the time average (noting that the
time-averaged fluctuating parts equals zero and
neglecting gravity) one can get the time averaged
turbulent flow continuity and RANS equations as
follows:

W _y, (22)
aXi

TR NCL I SN LR v B )
ot 6XJ anl aXJ aXJ

2.4 Turbulence model

The last nonlinear term in equation (23) is the turbulent
stress tensor and can be expressed as:

|v| quv

<
c

A b (24)

w'u' w'v' w

The need for additional equations to specify these
new unknowns is called Turbulence Modeling. To
model this stress tensor in terms of the mean flow
quantities, and hence provide closure of the above open
set of governing equations, the two-equation eddy
viscosity model, specifically the realizable k-epsilon
turbulence model, is used in our particular problem.
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In linear eddy-viscosity models [22-23], the eddy
viscosity is derived from turbulent transport equations.
One assumes that the turbulent stress is proportional to
the mean rate of strain (see equation 25) in a manner
similar to viscous stress.

I
ST ﬂt[f}MUJJ (25)

oxj  OX;

where u, is called eddy viscosity or turbulent viscosity (a

property that varies with the flow). One can also define
a kinematic turbulent viscosity as v, = p/p. Equation
(25) can be expressed in a more complete form as
follows:

oo, Ouj | 2 ou,
— u'_u‘_: 7|+7J ,75__ 7'(7 (26)
PR ”‘[axj axi] 3l )

where k is the mean turbulent kinetic energy.

The k-epsilon model takes mainly into consideration
how the turbulent kinetic energy is affected. In this
model, turbulent viscosity is modelled as p&= pCHkZ/s
where, C,, is a constant, K is the turbulent kinetic energy
and ¢ is the rate of dissipation of turbulent kinetic
energy. The realizable k-epsilon model has been widely
used in various types of flow simulation. The transport
equations for realizable k-epsilon [22-24] model can be
expressed as:

ok ok 0 Hp . 0k (27)
—+pli—=—|(u+—)— |+R -
P p’axj axj[(” ak)axj} R —pe

g _ 0g 0 M . Og & (28)
it 2L 2 o S Wl Se—
p8t+puJ 6XJ ax] [(#+O'€)a)(j]+pC] & pczk+x/%

76Ui 7
——huu'. ,C; =max(0.43,——),
R =-puiu'j—C ( 77+5)

6xJ
n=sX (29)
&

e o 1{ 0Uj  on;
1

]

The terms on left hand side of equations (27) and
(28) present the local rate of change of k and & and
transport of k and & by convection respectively.
Whereas the terms on the right hand side present the
transport of k and ¢ by diffusion, rate of production of k
and € and rate of destruction of k and ¢ respectively. The
model constants (closure coefficients) are C,=0.09,
Cr=1.9, 6y =1.0 and 5. =1.2.

3. NUMERICAL SIMULATION METHOD

In a similar fashion to the experimental set up, the
numerical simulation scenario consists of a stationary
train exposed to a constant cross wind of 70m/s at
different yaw angles ranging from -30° to 60°. For the
numerical simulations the commercial CFD software
ANSYS FLUENT was used. The detailed numerical
simulation procedure such as the model train and
computational domain creation, the mesh and boundary
conditions are disccused below.
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3.1 Definition of coordinate system and aerodynamic
coefficients

A definition of the coordinate system is given in Fig.5.

z z
x(_C= 0_] =J L N
Y,
x| 0?\\ o ]
Nl | J
Y

Fig.5. Definition of coordinate system and yaw angle (a)

The non-dimensionalized aerodynamic side force
coefficient (C;) and rolling moment coefficient (C,,) can
be calculated as follows:

E
Cs=—2— (1)
0.50V,,"A
M
mx = Xzi (32)
0.5pV,,~AL

where F, is the force in the y direction, My is the
moment about x-axis, p is the air density, V,, denotes
the approaching air speed, A represents a fixed
reference area and L represents a fixed reference length.

3.2 Description of the model geometry

Full-size trains are not often used for aerodynamic
studies owing to their geometrical complexities; instead,
simplified, shortened models are used. Performing
numerical simulation for a complete train with a length
of about 205m requires more advanced computational
resources than those available. In addition, since the
flow structure downstream of a certain distance from the
nose of the train (less than one coach length) is more or
less constant, a decrease in length does not alter the
essential physical features of the flow [25].

The model studied in this work is a more realistic
version of the ICE-2 high speed train which consists of
the leading car, end car and inter-car gap. The model
geometry has total length of 29.3m, width of 3m and
height of 3.9m. The model has been created with
simplified bogies as shown in Fig. 6.

Figure 6. Leading and end car model with simplified bogie
used in the numerical simulation

The moment reference point is set to be located at
ground level in the midway of the train length. The
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coefficients for the aerodynamic forces and moments
have been obtained using a fixed reference area of
11.6m” which corresponds to the cross-sectional area of
the train model and reference length of 3m which
presents the width of the train model.

3.3 Computational domain and mesh

After the basic shape of the train has been created, a
parallelepiped computational domain (Fig. 7) of the
following dimensions: height 50m, width 100m and
length 150m is created simulating the wind tunnel
working section. In the computational domain, the
model can be rotated in the x-y plane by the required
yaw angle for simulation. The distance between nose of
vehicle and the inlet boundary is around 50m which is
sufficient to ensure that the velocity and pressure fields
are uniform at the inlet and to allow the flow to develop
by the time it reaches the train. The model is also
sufficiently far from the top and side walls to minimize
near wall effects.

Outlet plane

Inlet flow

Inlet plane

Figure 7. Computational domain with a train model for CFD
simulation

The mesh of the computational domain was
generated using a tetrahedron patch conforming method.
Mesh refinement has been done on the train surfaces,
bogies of the train and areas surrounding the train. The
generated mesh consists of 3,127,697 elements. The
mesh resolution at the wall is very important. For
standard or non-equilibrium wall functions, each wall-
adjacent cell's centroid should be located within the log-
law layer, 30<y*<300. In the generated meshes, five
prismatic cell layers of constant thickness were made on
the train walls and the first cell layer adjacent to the
walls of the train was adjusted to meet the requirements
of y'. The cross-section of the meshes with refinement
on the modeled train surfaces and surrounding areas is
shown in Fig. 8.

Figure 8. Cross section of the mesh
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3.4 Boundary condition

The flow enters the domain with a uniform velocity of
70m/s. The Reynolds number based on the inlet flow
velocity and the width of train model was 1.4x10’. No-
slip boundary conditions were used on the train surface
and the ground floor meaning that the velocity is zero.
Symmetry boundary conditions were used on the top
and side walls.

On the outlet, a uniform Neumann boundary
condition is applied, meaning that the pressure gradient
equals zero. This allows the flow to pass through the
outlet without affecting the upstream flow, provided that
the upstream distance to the aerodynamic body is large
enough. The realizable k-epsilon model was used for the
turbulence closure.

The inflow turbulence intensity and length scale
were set to be 3% and 0.3m respectively. On the ground
and solid surfaces, the non-equilibrium wall functions
were used to determine the boundary turbulence
quantities. All runs were performed in a transient mode
with a time step of 0.08 sec, which was considered
small enough to resolve the fluctuations in the
aerodynamic forces.

The conventional SIMPLE algorithm was used to
solve the coupled equations, where several iterations are
performed in each time step to ensure convergence.

4. RESULTS AND DISCUSSIONS

Convergence is achieved when both the side force and
rolling moment deviate less than 0.01% in conjunction
with residuals that are nearly fully converged. The
computed coefficients of side force and rolling moment
were compared to experimental data and shown in Fig.
9 and 10 respectively [14].

As can be seen in the graphs, the computed side
force and rolling moment coefficients are in good
agreement with the experimental data. However, at yaw
angles of 40° and 50° CFD slightly under-predicts the
side force and over-predicts the rolling moment. This
may be due to the effect of inter car gap that was
included in the CFD model.

The nature of the flow field and its structures is
depicted by contours of velocity vectors, total pressure
distributions and streamline patterns along the train’s
cross-section are presented in Fig. 11-16. As expected,
for large yaw angles, large flow separation zone and
lower pressure region exist on the leeward side of the
train.

4.1 Side force coefficient

As can be seen from Fig. 9, the side force coefficient
increases steadily with yaw angle till about 50° before it
starts to exhibit an asymptotic behavior. Side force is
mainly caused by the pressure difference on the two
sides of the train.

The side force increases the wheel-track load on the
leeward side and the wheel-rail contact force.

Large side forces worsen the wear of the wheel and
rail, and may cause train derailment, or even
overturning.

VOL. 42, No 1,2014 =15
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Figure 9. Side force coefficient vs. yaw angle

4.2 Rolling moment coefficient

As can be seen from Fig.10, the rolling moment
coefficient varies in a similar fashion to the side force
and the result is in a good agreement with the
experiment. The rolling moment is the result of both the
lift and side forces with the side force being the main
contributor. The rolling moment is responsible for the
overloading of wheel-track on the leeward side and is
found to be one of the most important aerodynamic
coefficients regarding cross-wind stability.
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Figure 10. Rolling moment coefficient vs. yaw angle

4.3 Flow structure

The flow structure for different yaw angles is shown in
detail by the two-dimensional streamlines at different
locations on the x-axis in Fig. 11 and 12. As can be seen
from the figures, flow separation takes place on both the
lower and upper leeward edges and the vortex
distribution depends on the yaw angle. The recirculation
region caused by the vortex flow starts bieng adjacent to
the walls of the train, then it slowly drifts away from the
surface as the flow develops further towards the wake.

Contours of velocity vectors and total pressure
distributions (Fig.13-16) have been computed at
different cross-sections from the nose of the train along
its length for different yaw angles. As can be seen in
Fig. 13 and 14, the flow accelerates in the train’s top
surface and the gap between the ground and the train’s
bottom surface. Due to the presence of vortex on the

16 = VOL. 42, No 1, 2014

leeward side, a low pressure region is created (Fig. 15
and 16). The existence of the lower pressure region on
the leeward side of the train explains the increased side
force and roll moment.

50° 60°
Figure 11. Mean streamlines along the train’s cross section
at 4.15m from the nose of the train

RISy
\\_“}\.9;\‘.\. i 4“ —

Figure 12. Mean streamlines along the train’s cross section
at 14.65m from the nose of the train
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500 60°
Figure 13. Velocity vectors along the train’s cross section

at 9.65m from the nose of the train coloured by velocity
magnitude (m/s)
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Figure 14. Velocity vectors along the train’s cross section
at 14.65m from the nose of the train coloured by velocity

magnitude (m/s)
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Figure 15. Total pressure contours (in pascal) along the
train’s cross section at 4.15m from the nose of the train
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Figure 16. Total pressure contours (in pascal) along the
train’s cross section at 14.65m from the nose of the train

The pressure coefficient around the circumference of
the train at different locations along its length is plotted
in Fig.17 for yaw angle of 60°. As can be seen from
graphs the pressure distribution does not change much
along the train length except in a small region close to
the nose. This shows that the pressure distribution
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around a high speed train at higher yaw angles is almost
independent on the axial position.
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Figure 17. Pressure coefficient along the train’s cross
section at different distance (L) from the nose of the train

5. CONCLUSION

The flow of turbulent cross wind over a more realistic
ICE-2 high speed train model has been simulated
numerically by solving the unsteady three dimensional
RANS equations. The simulation has been done in static
ground case scenario for different yaw angles. The
computed aerodynamic coefficient outcomes using the
realizable k-epsilon turbulence model were in good
agreement with the experimental data for almost all yaw
angles. This study shows that unsteady CFD-RANS
methods combined with an appropriate turbulence
model can present an important means of assessing the
crucial aerodynamic forces and moments of a high
speed train under cross wind conditions. The
aerodynamic data obtained in this study can be used as a
starting point for more advanced studies that investigate
influence of strong cross wind on the aerodynamic
coefficients of high speed trains while moving either on
flat ground or in other dangerous scenarios such as sites
with tall viaducts and high embankments.
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AEPOJJMHAMUYKE KAPAKTEPUCTUKE
BO30BA BEJMKHUX BP3UHA MO/JI IEJCTBOM
BOYHHMX BETPOBA: HYMEPUUKA AHAJIM3A

KOPUCTERHM HECTALIMOHAPHM RANS

METO]]

Assress Mulugeta Biadgo, Anexcangap Cumonosuh,
Jenena Cpopuan, Cio6onan Ctynap

VYenen Tpenna mnosehama Op3nHa M cMamema Mace
MOJICPHMX BO30Ba BEJIHMKHX Op3MHA HEOIXOMHO je
pa3MaTpaTH IejCTBO jaKHMX OOYHHMX BETPOBa HA HHUXOBY
aepoIMHAMUKy. Jaku GOYHM BETPOBH MOTY YTHLATH Ha
CTaOMITHOCT OBHUX BO30Ba ycien nosehama
acpoIMHAMHUYKE CHJIE M MOMEHTa. Y OBOj aHaIU3M
CIIpOBEZIEHE Cy HyMEpHYKe CHMYyaluje TypOyIeHTHHUX
0OYHHX BETPOBA KOjH [IyBajy IPEKO MPBOT U MOCIEAET
BaroHa Op3or Bo3a ICE-2 npu pasnuuunTuM yrioBuma
ckperama. IIpobnemu craOMIHOCTH BO3a Cy OJHMCKO
BE3aHU 3a CTPYjHO TMOJbe OKO Bo3a. OkoyHu (iayua
CMaTpaH je HEeCTHILbUBHM, a CTPYjHO IIOJbE€ OKO BO3a

JI0OHjeHO je penraBameM HECTAlMOHAPHUX
PejHonncoBux jemnaunna (RANS) y xkomOunanmju ca
realizable  k-epsilon  TypOyJeHTHHM  MOZIEIOM.

AepoarHaMIYKA KOS(PHIINjEHTH BaXKHHU 32 OBY aHAIH3Y,
KOe(DUUHMjeHT cuile KIn3ama U MOMEHTa CKpeTama,
M3padyHaTH Cy 3a yIJIOBE CKpeTama y omcery ox -30°
mo 60° m ymopeherm ca pesynratuMa JOOHjeHHM Yy
aeporyHeny. KpamuraTtBHa aHanmM3a  3aBUCHOCTH
CTPYJHHX CTPYKTypa OJf yrjla CKpeTama je Takole
CIIpOBEJICHa U MTPUKa3aHa.
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