
THESIS FOR THE DEGREE OF LICENTIATE OF
ENGINEERING

in

Thermo and Fluid Dynamics

Large-Eddy Simulation of the
Flow around Simplified

High-Speed Trains under Side
Wind Conditions

HASSAN NASR HEMIDA

Department of Applied Mechanics

CHALMERS UNIVERSITY OF TECHNOLOGY
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Abstract
The new generation of high-speed trains, which are characterized

by light weight, are at high risk of overturning or derailment when
cruising in a strong side wind. With the introduction of high-speed
trains traveling at 250 km/hr and more, the likelihood of such an ac-
cident has increased. However, prevention of the unwanted influences
of a side wind requires that the flow structures on the train surface
and around it are fully understood in both the instantaneous and the
time-averaged flow.

In this work, large-eddy simulation (LES) using the standard Smagorin-
sky sub-grid scale (SGS) model with model constant �������	��
 is used
to compute the side-wind flow around stationary generic train mod-
els. The side-wind flow is obtained at three different yaw angles, ���� ,���� and ���� . LES gives results that agree well with the experimental
observations and displays many flow features that were not observed
in the experiments. The flow around high-speed trains involves many
small structures due to the instabilities of the shear layers that con-
tribute to the time varying values of the forces around the train. In the
results of LES, we have studied the time-dependent behavior of these
structures and their impact on the train surface pressure and thus on
the aerodynamic coefficients. The influence of the train nose shape on
the flow field under side-wind conditions is investigated. Our LES re-
sults show that the train nose shape determines to a large extent the
characteristics of the wake structures and their associated frequencies.
The investigations conducted in the present work focus on the wake
structures and their influence on the aerodynamic coefficients.
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Nomenclature

Upper-case Roman�����
second order tensor��� drag force coefficient��� lift force coefficient��� side force coefficient and Smagorinsky model coefficient��� local pressure coefficient�
train height� � drag force� � lift force� � side force ���
Jacobian tensor!
train length" � pitching moment"$#
rolling moment"$%
yawing moment&
first invariant of the velocity gradient'
second invariant of the velocity gradient(
third invariant of the velocity gradient(*)
Reynolds number+ �,�
strain rate tensor+.-
Strouhal number/
velocity

Lower-case Roman0 �21435� vectors in space6 � constant in Eq.3.167
frequency8 pressure-
time-:9
dimensionless time unit; � Cartesian components of velocity vector
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< 1>=?1A@ Cartesian coordinate vector components

Upper-case GreekB
filter width and matrix discriminantB -
time stepC ���
rotation tensor

Lower-case GreekDE���
Kronecker deltaF
angle from in a train cross-sectionG
tensor eigenvaluesH viscosityI kinematic viscosity J I � HLKNMPOIRQ turbulent kinematic viscosityM densityS ��� viscous stress tensorT ��� subgrid scale stress tensor

Subscripts-
turbulent quantity

o initial conditionU free stream or ambient conditions

Superscripts

SGS subgrid scaleV spatially filtered quantity

Abbreviations

CFD Computational Fluid Dynamics
CFL Courant-Friedrichs-Levy
LES Large Eddy Simulation
MPI Message Passing Interface
RANS Reynolds Averaged Navier-Stokes
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Chapter 1

Introduction

1.1 Motivation
When a high-speed train cruises in a side wind, the effective side wind
is strong even if the magnitude of the side-wind velocity is low. The
effective side wind is the result of the train speed and the side-wind
speed. The angle between the effective side-wind direction and the
train cruising direction is the yaw angle, as shown in Fig. 1.1. The
value of this angle is determined by the train cruising speed, the side-
wind speed and the side-wind direction. Normally, side wind yaw an-
gles are below XY��� owing to relatively low-speed side winds compared
to the train speed. However, it is possible to find high-speed trains that
are cruise at larger yaw angles, e.g. when they exit from tunnels or
when a strong side wind has a strong component in the direction of the
train motion.

Train cruising direction

wind speed

train speed

effective cross-wind speed
yaw angle

Figure 1.1: Effective side wind

The new generation of high-speed trains is light in weight in or-
der to provide high acceleration and to reduce the energy necessary
to overcome gravity and friction forces. When these trains cruise in a
strong side wind, there is a stagnation region with high pressure on
the streamwise face while a region of low pressure is formed on the lee
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Weight

High pressure Low pressure

Side force

Lift force Turning moment

Figure 1.2: Aerodynamic forces and moments due to side wind

side due to the recirculation regions in the wake flow. In addition, the
flow moves over the train roof at high velocity, making a region of low
pressure on the upper side of the train. Due to these pressure differ-
ences, the high-speed trains experience strong aerodynamic forces and
moments such as side and lift forces and a yaw moment, as shown in
Fig. 1.2. In such conditions, the high-speed trains are at high risk of
overturning or derailment.

It is well known that the shape of the vehicle determines the influ-
ence of the side winds on the vehicle stability. Thus the vehicle’s side
wind resistance can be improved by adjusting its design. Previous ex-
perimental studies have concentrated mainly on the vehicle’s response
to the side wind and not much on understanding the flow mechanisms.
Prevention of the unwanted influences of a side wind requires that flow
structures on the train surface and around it are fully understood in
both the instantaneous and the time-averaged flow. Unsteady flow past
a train in a side wind has been the object of numerous experimental
investigations [1, 2, 3, 4, 5, 6, 7]. The primary interest in these inves-
tigations was the measurement of some integral parameters such as
drag, lift and side force coefficients together with measurements of the
natural wind characteristics around the train. Some other researchers
have investigated the flow structures numerically [8, 9] to obtain a bet-
ter understanding of the flow behavior. Most of these studies are based
on Reynolds-averaged Naiver-Stokes (RANS) equations or time vary-
ing RANS (URANS). Since the side-wind instability is a consequence
of the unsteadiness of the flow field around the train, an accurate time-
dependent solution is necessary. Diedrichs [10] made a comprehensive
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CHAPTER 1. INTRODUCTION

literature review of computational methods for cross-wind stability of
railway trains. His study showed that most of the previous side-wind
investigations are based on the time-averaged solution. Here only the
mean flow is explored and the instantaneous information is lost.

1.2 Aerodynamic coefficients
As mentioned before, when high-speed trains cruise in a side wind they
experience aerodynamic forces and moments. The aerodynamic forces
are the drag force,

� � , which resists the forward motion of the train,
lift force,

� � , which acts upward and tends to raise the train of the rail,
and the side force,

� � , which pushes the train from the side. The latter
is a result of the side wind. The aerodynamic moments that arise due
to side wind are the rolling moment,

"Z#
, the pithing moment,

" � , and
the yawing moment,

"Z%
. Figure 1.3 shows the different aerodynamic

forces and moments on a train subjected to a side wind. The magnitude
of these forces and moments depends on the Reynolds number and the
shape of the train.

a)

[\] � ^ � b)
_ [ ^ �

] #

c)

_\ ^ �
^ �

] %
Side-wind direction

Figure 1.3: Forces and moments acting on trains under the influence
of a side wind.

It is useful to have a simple means to compare the aerodynamic
forces produced by different train shapes regardless of their size or
driving speed. This is conveniently provided by factors called aerody-
namic coefficients, which mainly depend on the shape of the train and

3
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side wind direction. The drag coefficient, �`� , the lift coefficient, ��� , and
the side force coefficient, ��� , are defined as:����� a 8 �cb �edfW M /.g W ��d 1 (1.1)

���h� a 8 �ib � %fW M /.g W � % (1.2)

and ���A� a 8 �ib �kjfW M /�g W �ej (1.3)

where 8 � is the surface pressure, and
�kd

,
� %

and
�kj

are the projected
surface areas in the < ,

=
and

@
directions, respectively.

In certain flow regimes, the effect of Reynolds number on the aero-
dynamic coefficients can be quite pronounced. The coefficients can
change dramatically over the Reynolds number region, which encom-
passes transition from laminar to turbulent boundary layers. How-
ever, in other flow regimes, the effect of the Reynolds number is much
weaker. As a result, aerodynamic coefficients are often considered to
be rather weak functions of Reynolds number and a strong function of
yaw angle.

It is convenient to express the pressure distribution in terms of the
pressure coefficient, �l� , which is defined as:���k� 8 V 8 gfW M /.g W (1.4)

where 8 is the local static pressure,
/lg

is the free-stream velocity and8 g is the free-stream static pressure. The difference between the local
static pressure, 8 , and the free-stream static pressure, 8 g , depends di-
rectly on the dynamic pressure of the free stream, 
 Km�M /Ag W . Therefore,
the pressure coefficient remains constant at all speeds.

1.3 Flow Structures Around Trains
Copley [5] investigated the influence of Reynolds number on the flow
field around a train when it is subjected to a cross wind. He found
that, for very low Reynolds number, the flow around the train is lami-
nar everywhere and remains attached to the train surface. Increasing

4



CHAPTER 1. INTRODUCTION

the Reynolds number results in a separation on the roof-side stream-
wise edge and the detachment of the flow from the face, as shown in
Fig. 1.4.a. At the same time, the wake begins to shed vortices in a reg-
ular fashion. A further increase in Reynolds number makes the flow
fully turbulent in the wake and in the separation region over the roof-
side face. At some critical Reynolds number, the flow reattaches to the
face, forming a separation bubble, as shown in Fig. 1.4.b. For higher
Reynolds number, this separation bubble is suppressed and the flow
over the roof-side face is fully attached, as shown in Fig. 1.4.c. How-
ever, although the influence of a train nose shape is believed to play an
important role in the flow structures and aerodynamics of high-speed
trains and influences the value of the Reynolds number at which the
flow becomes fully attached, it has not been properly investigated in
previous studies.

a) b) c)

Figure 1.4: Reynolds number effect on the flow structures around train
under cross-wind conditions.

Numerical and experimental studies of the flow around bluff bodies
[11, 12, 13, 14, 15] show that such flows are highly unsteady and three-
dimensional. Moreover, when the Reynolds number is high enough
to obtain a fully turbulent flow in the shear layers and in the wake,
two main instability modes are present in the wake. The first is the
large-scale shedding in the wake, and it manifests itself as a progres-
sive wave motion with alternate fluctuations produced by the shear
present at the limit between the recirculation zone and the exterior
fluid. These fluctuations determine the periodic shedding of the vor-
tices that form behind the bluff body. The second high frequency mode
is so called spiral mode, which is associated with the small-scale shear-
layer Kelvin-Helmholtz instability on the periphery of the recirculation
region where shear flow is present, as shown in Fig. 1.5. This instabil-
ity is responsible for the distortion of the large vortex structures, shed-
ding of the vortex tubes in a quasi-coherent fashion inside the detached
shear layers, production of the small scales, and, eventually, transition
to turbulence in the wake (for more detail see [15]).

Capturing these structures and the investigating the flow features

5
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a)

Vortex tubes

b)

Shear-layers instabilities

Figure 1.5: Cross-section of the LES flow around trains in a cross-wind
showing the shear-layer instabilities colored by (a) the instantaneous
static pressure and (b) the magnitude of the instantaneous velocity vec-
tor.

require simulation methods that resolve, rather than model, the main
dynamics governing the flow. Numerical solutions using URANS are
not able to catch these high frequency modes since the Reynolds stresses
representing the turbulence in URANS are modeled with a turbulence
model. Finding a true representation of the flow is dependent on the
turbulence model used. Moreover, it is difficult to define a model that
can accurately represent the Reynolds stresses in the region of sepa-
rated flow, such as the wake behind a train. The discretization schemes
play important roles in determining these structures. Since the high
frequency modes in the train boundary layers and shear layers are im-
portant in side-wind simulations, the convective flux, the viscous diffu-
sion and the sub-grid fluxes should be approximated by a second-order-
accurate central difference scheme to reduce the numerical dissipation
that arises from using upwind schemes. This dissipation suppresses
the formation of the small eddies and hence the formation of high fre-
quency modes.

6



Chapter 2

Governing Equations and
Numerical Method

Since side-wind stability is a consequence of flow unsteadiness, an un-
derstanding of the instantaneous flow is crucial to understanding of
flow around high-speed trains. Thus a time-dependent method, such
as LES, should be used in order to provide instantaneous information
about the flow. LES has already been proven to be a reliable technique
in the prediction of flows around simplified road vehicles [16, 17]. Until
recently, it was impossible to numerically predict the time-dependent
flow around a train model even at moderate Reynolds numbers. In
recent years, the increase in computer capability has made these sim-
ulations possible with LES.

It is worth mentioning that complicated flow structures develop in
the wake region behind trains. These wake structures are dominated
by large turbulent structures. Most of these structures are resolved
using LES, and only the influence of the scales smaller than the com-
putational cells is modeled. Although LES is computationally more
expensive than RANS, it can provide more accurate time-averaged re-
sults and also give information on the instantaneous flow that is out of
the reach of RANS. This chapter presents the governing LES equation
and the subgrid-scale model used in the simulation. This is followed by
a presentation of the numerical scheme used and the boundary condi-
tions.

2.1 Governing Equations
In LES, the large eddies are computed directly and the influences of
the small-scale eddies on the large-scale eddies are modeled. The in-
compressible Navier-Stokes equations and the continuity equation are
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filtered using an implicit spatial filter. The resulting filtered equations
are: nAo; �n -qp nn < � J o; � o; � O � V 
M n4o8n < � p I n W o; �n < � < � V n T ���n < � (2.1)

and nAo; �n < � �r�	� (2.2)

Here,

o; � and

o8 are the resolved filtered velocity and pressure, respec-
tively, while T ��� � ; � ; � V o; � o; � are the sub-grid scale (SGS) stresses. The
sub-grid scale stresses represent the contribution of the small unre-
solved scales to the large resolved ones. These are unknown and must
be modeled. The Smagorinsky model is used in the present work to
model the SGS stresses because of its simplicity and in order to reduce
computational cost. It models the SGS stresses as:T �,� V 
� DE�,� Tts5s � V mI �vui� o+ �,� (2.3)

where

o+ ���
is the resolved rate of strain defined as:o+ ��� � 
m w nxo; �n < � p nxo; �n < �Ry (2.4)

and I �vui� is the SGS viscosity defined as:I �zui�l�{J|��� 7 B O W~} o+ } � (2.5)

Here,
} o+ } �{J m o+ ��� o+ ��� O f|� W , ��� is the SGS model coefficient and

7
is the

van Driest damping function that has the form:7 ��
 V ) <Y8 w =��m � y � (2.6)

The value of the SGS model coefficient, ��� , is 0.1 in the present
work. Since the resolved strain-rate tensor,

o+ ���
, does not vanish at the

wall, the value of the coefficient, ��� , should be adjusted to take par-
tially into account the effect of the wall. Thus, the damping function,7

, is used to damp the turbulence length-scale next to the wall. The
same model constant has been used in simulations of the flow around
simplified road vehicles [16, 17]. The filter width,

B
, is taken as the

cubic root of the volume of a finite volume cell.

8



CHAPTER 2. GOVERNING EQUATIONS AND NUMERICAL
METHOD

2.2 Numerical implementations
Two computations on two different computational grids were made for
each model at each yaw angle in order to investigate the influence of
the mesh resolution on the results and to establish numerical accu-
racy. The ICEM-CFD commercial grid-generator package was used to
create the meshes. In this work, the numerical flow predictions were
carried out using an in-house finite volume developed multi-purpose
package CALC-PVM for parallel computations of turbulent flow in com-
plex multi-block domains. LES equations were discretized using a
three-dimensional finite volume method in a collocated grid arrange-
ment using Rhie-Chow interpolation. The convective, viscous diffusion
plus sub-grid fluxes were approximated by second-order-accurate cen-
tral difference scheme. To reduce the numerical dissipation, no up-
wind schemes were used in the simulations. Because of that, the mesh
stretching ratio was kept below 1.1 around the train models since the
central difference scheme is more sensitive to the stretching ratio, es-
pecially in the places where large flow variations are expected (close to
the train model and in the wake where the flow is highly unsteady).
The time integration was done using the Crank-Nicolson second-order
scheme. The SIMPLEC algorithm was used for the pressure-velocity
coupling. Additional details about this code can be found in [18].

2.3 Boundary Conditions
Three simulations were made in this work. Two simulations use a
generic train model while the third simulation uses a simplified ICE2
train. In all the simulations, the train used is stationary without wheels
or suspension so that the train can not move with the wind. The models
and yaw angles in our study are those for which experimental data are
available. The computational domains are similar to the experimental
set-up in all simulations. The flow enters the computational domain
with the uniform velocity profile being constant in time. The domain
is extended upstream a sufficient distance from the model to ensure
constant inlet total pressure and to allow the generation of some tur-
bulence in the flow before it approaches the model. The exit plane is
also extended downstream of the model to allow proper shedding in
the wake and to use a convective boundary condition at the exit. The
meshes are concentrated around the model and ground board in order
to resolve the important near-wall flow structures. No-slip boundary
conditions are applied on the train wall and the floor. The boundary
conditions on the side walls and roof are set depending on the exper-

9
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imental set-up. For open wind tunnel, slip boundary conditions are
used on the side walls and roof while wall functions are used for the
closed wind tunnel. For all cases, a homogeneous Neumann boundary
condition is used for the pressure on all the boundaries.

10



Chapter 3

Visualization Techniques

The first step in the analysis of the LES results is to visualize the flow
around the train. This step is very important for understanding the
flow structure and highlighting the flow spots that are of special fea-
tures. Streamlines, path lines, separation and reattachment lines are
tools commonly used to visualize the time-averaged surface flow. Dif-
ferent tools (such as local minimum pressure and second invariant of
velocity gradient) are used to define the vortex cores in the wake and
around the vehicle in both the instantaneous and time-averaged flows.
Ensight package for flow visualization is used to visualize the three-
dimensional data where most of the flow visualization tools are imple-
mented. The following sections give a short description of the visual-
ization tools used in this work.

3.1 Second Order Tensor Characteristics
The tensor can be defined as a linear transformation of vectors [19].
According to this definition, if a vector 0 � is transformed to another
vector

35�
through a linear transformer

�k���
as in Eq. 3.1,����� 0 � � 35�

(3.1)

then
�e���

is a tensor.

3.1.1 Rotation Tensor
The rotation tensor is a tensor that transforms vectors in a rigid body
rotation manner. That is, the rotation transforms vectors drawn in the
rigid body into other vectors. Consequently, there is an infinite number
of rotation tensors according to the angle that they rotate the vectors.

11
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3.1.2 Eigenvalues and Eigenvectors of a Tensor
If there is a vector 0 � that transforms under a tensor

�k�,�
to a vector

parallel to itself, i.e. �e�,� 0 � � G 0 ��1 (3.2)

then vector 0 � is called the eigenvector of the tensor
�k���

and the con-
stant,

G
, is the corresponding eigenvalue. The eigenvector components

can be determined in an automatic way if we rearrange Eq. 3.2 to be
written in the following formJ �e��� V G DE�,� O:0 � ���	� (3.3)

Equation 3.3 is a system of linear homogeneous algebraic equations in0 f 1 0 W , and 0�� . Obviously, regardless of the values of
G
, a solution of this

system is 0 f � 0 W � 0Y� ��� . This is known as the trivial solution. This
solution simply states the obvious fact that 0 � ��� satisfies the equation�e��� 0 � � G 0 � , independent of the value of

G
. To find the nontrivial eigen-

vectors for
�e���

, we note that a homogeneous system of equations admits
nontrivial solution only if the determinant of its coefficients vanishes.
That is ������ � f�f V G � f W � f �� W f � W�W V G � W �� � f � � W � ��� V G

������ �r��� (3.4)

The above equation is a cubic equation in
G
. It is called the characteris-

tic equation of tensor
�k���

. The roots of this characteristic equation are
the eigenvalues of

�k���
. The eigenvectors can be calculated from equa-

tion 3.3 using the eigenvalues that have been calculated from Eq. 3.4.
If tensor

�e���
is symmetric, then the three eigenvalues

G f 1 G�W and
G �

are real. This gives three real eigenvectors to tensor
�����

corresponding
to the three real eigenvalues. On the other side, some tensors have
eigenvectors in only one direction. For example, for any rotational ten-
sor that affects a rigid body rotation about an axis, only those vectors
that are parallel to the axis of rotation will remain parallel to them-
selves. In general, the antisymmetric real tensors, which have real
components like the rotational tensor, have two complex conjugates
eigenvalues and one real. The real eigenvalue gives one real eigen-
vector that is parallel to the axis of rotation.

3.1.3 Principal Invariants of a Tensor
The characteristic equation 3.4 can be written asG � V & G W p ' G V ( �r� (3.5)

12



CHAPTER 3. VISUALIZATION TECHNIQUES

where & � -c� �����' � fW J �e�������|� V �e�,���4�:� O � fWP� J -c� ����� O W V -c� J �e��� W O��( ��b ) - � ����� � � (3.6)

Since by definition the eigenvalues of tensor
���,�

do not depend on the
base vectors, the coefficients of Eq. 3.5 will not depend on any partic-
ular choice of basis. They are called the principal invariants of tensor�����

.

3.2 Critical Point Theory
It was and is still difficult to visualize the flow field in three-dimensional
data sets. This is because turbulent flows are characterized by vortices
ranging in size from the integral length scale down to the Kolmogorov
scale, and the definition of the vortex is still unclear.

Most of the proposed definitions of vortices are based on the critical
point theory. The critical points are points in the flow field where the
streamline slope is indeterminate and the velocity is zero relative to an
appropriate observer. Asymptotically exact solutions of Navier-Stokes
and continuity equation were found close to the critical points, as in
the work of Perry and Chong [20]. These solutions give a number of
standard flow patterns close to the critical point.

One of the most important parts of the flow visualization is to de-
termine the critical points in both of the instantaneous and the time-
averaged flow. In the three-dimensional numerical solution of Navier-
Stokes equations, the solution domain is divided to very small cells that
may take different shapes. One of these common shapes in computa-
tional fluid dynamics is the hexahedral cell, which is commonly used
in the structured mesh in the finite volume method. The critical points
are found in the cells where the ; , � and � components of the velocity
vector pass through zero. Taylor series can be used to expand velocity; � around any arbitrary point, � , inside the cell. This gives; � � ��� p ����� b < � p �e��� s b < � b < s p ����������� (3.7)

Coefficients
�k�

,
�e���

etc. are functions of time if the flow is unsteady,
and they are symmetric tensors in all indices except the first. If � is
located at a critical point, then

�e�
are equal to zero since the velocity is

zero at the critical point relative to an appropriate observer. Moreover,
since the cell is very small and infinitesimal, then Eq. 3.7 can be trun-
cated at the first-order term. The higher order terms have very little
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influence in Eq. 3.7 only if the cell size is large. Since we are dealing
here with infinitesimal cells, we can use the truncated equation as an
exact expression for the velocity field inside the cell. This gives;������� d b < p ���� % b = p ���� j b @� � ���� d b < p ���� % b = p ���� j b @� ������ d b < p ���� % b = p ���� j b @��� ¡ � (3.8)

Equation 3.8 can be written in the tensor form as; � �  ��� b < � (3.9)

where
 ���

is the rate of deformation tensor or velocity gradient tensor,n ; � K n < � (Jacobian). The velocity gradient tensor, ; ��¢ � , can be decom-
posed into a symmetric part and an antisymmetric part as follows:; ��¢ � � 
m � J ; ��¢ � p ; �:¢ � O p J ; ��¢ � V ; �c¢ � O�� � (3.10)

Equation 3.10 can be written as; ��¢ � � + ��� p C ���
(3.11)

where
+ ���

is the symmetric part representing the strain rate tensor, i.e.+ ��� � 
m J ; ��¢ � p ; �:¢ � O (3.12)

and
C ���

is the antisymmetric part representing the rotation or the spin
tensor C ��� � 
m J ; ��¢ � V ; �c¢ � O � (3.13)

It has been proven that the relative velocity, � � , can be related to the
relative position, b < � , by an antisymmetric tensor,

C ���
. Thus � � � C ��� b < �

represents a rigid body rotation with an angular velocity of £ [21]
Thus the antisymmetric part of the velocity gradient tensor corre-

sponds to rigid body rotation, and, if the motion is a rigid one, the
symmetric part of the velocity gradient tensor will vanish. For this
reason, tensor

+ �,�
is called the rate of strain tensor and its vanishing is

necessary and sufficient for the motion to be without deformation, that
is, rigid. It should be remembered that the rotation tensor has one real
and two complex conjugate eigenvalues.
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At the critical point, if the rotation tensor dominates over the rate of
strain tensor, then the velocity gradient tensor,

n ; � K n < � , is an antisym-
metric tensor. This implies that one of the eigenvalues is real and the
other two are complex conjugates. Thus, an attracting spiral-saddle
pattern is formed. Equation 3.9 supports this theory, since the veloc-
ity, ; � , rotates around an axis parallel to the real eigenvector, which
corresponds to the real eigenvalue. If the real eigenvalue is zero, then
the critical point has absolute zero velocity. Otherwise it moves in the
direction of the real eigenvector with a velocity equal to the real eigen-
value. The flow pattern around the critical point in that case is called
focus. On the other side, if the eigenvalues and eigenvectors of the
velocity gradient tensor,

n ; � K n < � , are real, then three planes can be de-
fined by the eigenvectors, and this will be referred as the eigenvector
planes. These planes do not need to be mutually orthogonal and, in
general, they are the only planes that contain solution trajectories (i.e.
some of the streamlines oscillate to these planes close to the critical
points). Figure 3.1 shows the different kinds of critical points that can
appear in the flow.

pblnbl

node focus sadleSaddle pointStable focusUnstable node

¤�¥k¦§¨¥�¦
Figure 3.1: Schematic representation of an unstable node, stable focus
and saddle. ©«ª ! and

& ª ! are negative and positive bifurcation lines,
respectively.
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3.3 Streamlines and Path-lines

Streamlines and path-lines are useful tools for visualizing the flow, es-
pecially on the model surface, since the separation and reattachment
lines can easily be detected. Vortex can be also detected using stream-
lines as each pair of separation and reattachment lines has an associ-
ated vortex core. Streamlines can, together with velocity vectors pro-
jected on the surface, be used to identify critical points. However, there
is a problem in terms of of predicting the critical points in the time-
averaged three-dimensional data sets far from the surface since the
streamlines are not Galilean invariant.

3.4 Vortex Core

Since the turbulence is viewed as a tangle of vortex filaments and most
of turbulence physics is well explained using the concept of vortex dy-
namics, a definition of a vortex could be used for flow visualization.
Although the concept of a vortex is very old, we still lake a definition of
it. As a consequence, different vortex definitions are proposed in the lit-
erature. Jeong and Hussain [22] summarized the different definitions
for vortex core and proposed a new definition based on the following
requirements:
(1) The vortex core must have net vorticity.
(2) It should be Galilean invariant.
They found that the intuitive indicators of vortices such as local pres-
sure minimum, closed or spiraling streamlines and path-lines, and
isovorticity surface are inadequate and not suitable tools for detecting
vortices in an unsteady flow.

3.4.1 Region of Constant Vorticity Magnitude

Vorticity magnitude ( £ ) has been widely used to educe coherent struc-
ture and represent vortex cores [22]. However, this approach is not
always satisfactory since

} £ }
does not identify vortex cores in shear

flow, especially if the background shear is comparable to the vorticity
magnitude within the vortex. Thus, a

} £ }
at a sufficiently low level

is necessary but not sufficient to detect a vortex in both free and wall-
bounded free shear flows [22].
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3.4.2 Region of Complex Eigenvalues of Velocity Gra-
dient Tensor

The critical point theory can be used to identify the center of the swirling
flow (i.e. vortex core). According to the theory, the eigenvalues and
eigenvectors of the rate of deformation tensor,

n ; � K n < � , evaluated at
the critical point define the flow pattern about that point. Specifically,
if the eigensystem displays one real and one pair of complex-conjugate
eigenvalues, the flow forms a spiral-saddle pattern. The two eigenvec-
tors corresponding to the pair of complex-conjugate eigenvalues define
the plane on which the flow swirls, while the eigenvector correspond-
ing to the real eigenvalue points in the direction about which the flow
spirals. The eigenvalues,

G
, of the velocity gradient tensor, ; ��¢ � , satisfy

the characteristic equation Eq. 3.5 where& � ; ��¢ � ���' � fW � J ; ��¢ � O W V ; ��¢ � ; �:¢ � �( ��b ) - � ; ��¢ � � (3.14)

are the three invariants of ; ��¢ � . The vortex core can be defined as the
region of complex

G
that will occur when the discriminant,

B
, of Eq. 3.5

is positive, i.e. B ��J 
� ' O � p J 
m ( O Wk¬ ��� (3.15)

The above criteria have been used by Sujudi and Haimes [23] to de-
velop an algorithm to automatically locate the center of the swirling
flow in a three-dimensional vector field. The algorithm uses only tetra-
hedral cells, with all other cell types reduced to two or more tetrahe-
drals. It evaluates the velocity distribution inside the cell using linear
interpolation of four node points of the tetrahedral in the form:; � � 6 � p n ; �n < � B < � � (3.16)

The rate of deformation tensor is simply the coefficient of the linear
interpolation velocity vector. The algorithm checks the eigenvalues for
each tetrahedral cell in the computational domain. If there is a cell
where one real and a pair of complex conjugate eigenvalues for the rate
of deformation tensor are found, then a vortex core passes through it.
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3.4.3 Region of Positive Second Invariant of Veloc-
ity Gradient

The second invariant of the velocity gradient,
'

, is defined in Eq. 3.14
as ' � 
m® J ; ��¢ � O W V ; ��¢ � ; �c¢ ��¯ � (3.17)

For incompressible flow, ; ��¢ � ��� , this gives' � V 
m ; ��¢ � ; �:¢ � � 
m±°�² C ² W V ² + ² W�³ (3.18)

where ² + ² �  -c� ° + ��� + ��� Q ³ ¯ , ² C ² �  -c� ° C ��� C ��� Q ³ ¯ and
+ ���

and
C ���

are the
symmetric and antisymmetric components of the velocity gradients as
defined in Eq. 3.12 and Eq. 3.13, respectively. Thus

'
represents the

local balance between the shear strain rate and vorticity magnitude.
The region of positive

'
implies that the rotation tensor dominates

over the rate of strain tensor, i.e. there is a vortex. Moreover, from
Eq. 3.15, positive

'
implies positive

B
, i.e. the condition of

' ¬ � is
more restrictive than

B ¬ � .
3.4.4 Region of Negative ´xµ
Jeong and Hussain [22] proposed a new definition of the vortex core
based on the local pressure minimum after discarding the viscous effect
that can eliminate the local pressure minimum in a flow with vortical
motion and also the effect of the unsteady straining, which can create
pressure minimum without involving vortical or swirling motion. Us-
ing the above criteria, they defined the vortex as the region of the flow
that has two negative eigenvalues for tensor

+ �,� W p C ��� W . If
G f 1 G�W and

G �
are the eigenvalues and

G f�¶ G�W ¶ G � , the definition is equivalent to the
requirement that

G·We¸ � within the vortex core.

3.4.5 Region of Minimum Local Pressure
The pressure will have a local minimum in the vortex core in the case
in which the centrifugal force is balanced by the pressure force. In that
case, the local pressure isosurface can be used to identify the vortex
core. Unfortunately, in some cases the centrifugal force can be balanced
by the viscous force. This will imply that the method in this case fails
to identify the vortex. Thus, the existence of a local pressure minimum
is neither a sufficient nor a necessary condition for the presence of a
vortex core in general [22].
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Chapter 4

Side-Wind Flow over a
Simplified ICE2 Train Model

This chapter investigates the flow around a simplified high-speed train
model of the Inter-City Express 2 (ICE2) under a side wind using LES.
The study is restricted to a side-wind yaw angle of �� � and Reynolds
number of mº¹ 
»��¼ based on the free-stream velocity and height of the
train.

4.1 Train model and computational domain
The simplified train model consists of a leading car to which an end car
dummy is attached. The total length of the train model is

! �{�	�½�� m�¾
and its height is

� �¿�	�À�Y��Á ¾ . These dimensions are 1:10 of the real
dimensions of the leading train car. The clearance between the train
and the computational domain floor is �	�À�Y���YÂ ¾ ( �	�Ã
R� � ). The model is
shown in Fig. 4.1.

Leading car End car dummy �! ����
R� �
Figure 4.1: Computational ICE2 train model

The LES results are compared with wind tunnel test results. The
measurements were made in the subsonic Russian ÄkÅ ��ÆÈÇ Ä V 
»��� open
jet tunnel. The experimental set-up is shown in Fig. 4.2. In contrast to
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the computational model, the wind tunnel model has bogies and an in-
ner gap between the leading car and the dummy end car. Moreover, in
order to keep the ground clearance, the model is held by a single cylin-
drical support positioned midway between the bogies. To simplify the
model in the computations, the inner gap is filled and both the bogies
and the cylindrical support are removed. In the measurements, the
Reynolds number was

(*) ��
�ÉX ¹ 
»��Ê based on the free-stream velocity
and the height of the train. A six-component external gauge was used
to measure the aerodynamic forces and moments on the train. The
time-averaged data were collected in X�Å ) 6 with a sampling frequency of
»��Ë @ [24]. The model stands on a thin elliptic plate (see Fig. 4.2) to
reduce the thickness of the approaching boundary layer.

Leading car End car

Bogies

Inner gap

Ground board

Figure 4.2: Experimental set-up. Taken from [24].

In the computational domain, the model is yawed �� � to the free-
stream direction as shown in Fig. 4.3. The clearance between the model
and the ground board is typically the same as in the experimental set-
up.

The model centerline is kept parallel to the inlet of the domain with
an Á � streamwise distance to ensure the same thickness of the ap-
proaching boundary layer. The distance between the train tail and the
exit of the computational domain is m 
 � downstream. These dimen-
sions proved to be sufficient in a similar work around ground vehi-
cles [16, 17]. The height of the computational domain is ��� m � .
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ÌÍ�Î�Ï Í
ÌÍ Ï Î ÍÐ ÍSlip wall

ÑxÒ E
xit

Lateral wall

Lateral wall

ÓÔ

Figure 4.3: Computational domain

4.2 Boundary conditions
The flow enters the domain with a uniform velocity profile constant in
time. A convective boundary condition is implemented at the domain
exit. No-slip boundary conditions are used on the train surface. To sim-
ulate the experimental set-up, a slip boundary condition is applied at
the lateral walls and the roof. To reduce the thickness of the boundary
layer approaching the train model, two kinds of boundary conditions
are applied at the channel floor. A slip boundary condition is applied
on a part extending � � (see Fig. 4.3) from the inlet to suppress the
development of a boundary layer, while a no-slip boundary condition
is used on the rest of the floor. A homogeneous Neumann boundary
condition is used for the pressure on all the boundaries.

4.3 Numerical details
LES is performed on the previously described model at Reynolds num-
ber of m�¹ 
��¼ based on the free-stream velocity and height of the train.
The ICEM-CFD mesh generator package is employed to build a struc-
tured mesh around the train. The total number of nodes in the compu-
tational domain is 11 million. Another simulation using a finer mesh
(17 million) is ongoing. A dummy ICE2 train is built around the model.
The belt of thickness �	�À�Õ � between the model and the dummy train
is used to make an � -type grid. Another � -type grid is built around
the first one to give better control of the mesh stretching as shown in
Fig. 4.4. The dummy train surface is used as a sheared wall between
the two � -type grids. Ë -type meshes are used in the rest of the grid
topology. Figure 4.4.b depicts the mesh density on the train surface
and the channel floor.

Hyperbolic stretching is used in the whole domain. The stretching
ratio between any two successive cells in the � -type meshes does not
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a)

First Ö -type
mesh

Second Ö -type
mesh×

-type mesh

b)

Figure 4.4: Computational mesh around the ICE2 train. (a) Cross-
section of the mesh showing the � -type grids. (b) Mesh density on the
train surface and the channel floor.

exceed 1.1. This ratio varies in the Ë -type meshes but is kept below
1.5 in any extreme place in the mesh. To resolve the boundary layer
on the model surface and to capture the variation of the flow physics
around it, the mesh is concentrated around the model where more thanm �YØ of the total nodes are confined in the � -type grids. The governing
equations are solved all the way to the model wall to insure proper
variation of the flow quantities in the near-wall region, where much
of the flow physics originates. The grid density near the wall was fine
enough to resolve the small-scale structures that arise via shear layer
instabilities. The spatial resolutions of the first cell layer at the model
and floor are shown in Table 4.1, where ; 9 is the friction velocity, Ù is
the distance between the first node and the train surface in the wall
normal direction,

B Å is the cell width in the streamwise direction andBÛÚ
is the cell width in the span-wise direction.

Table 4.1: Spatial resolutions for the coarse mesh sim-
ulation. = � ��Ù ; 9 K�I Å � � B Å ; 9 KI Ú � � BÜÚ ; 9 KI

mean 0.5 40 90
maximum 4 250 700

LES equations are discretized using the three-dimensional finite
volume method in a collocated grid arrangement using Rhie-Chow in-
terpolation. Since the high frequency modes in the model boundary and
shear layers are important in side-wind simulations, the viscous diffu-
sion and sub-grid fluxes are approximated by a second-order-accurate
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central difference scheme. It was not possible to use pure central differ-
ence discretization for the convective flux because of divergence prob-
lems. Instead, the convective flux is approximated using a blend of a
��YØ second-order upwind scheme (Van-Leer) and a ��YØ second-order
central difference scheme. The numerical dissipation that gained from
the 
»�YØ upwind scheme played an important role in the stabilizing
of the convergence. The time integration is done using the Crank-
Nicolson second-order scheme. The SIMPLEC algorithm is used for
the pressure-velocity coupling. Fully developed turbulent flow is ob-
tained from the simulation after time

- 9 � - /.g K � �Ý
RÂ�� . The physical
time step is 
��½� ¹ 
»�PÞ�ß (

-:9 �{�	�À����Á ), which gives a maximum Courant-
Friedrichs-Levy � �~! number of about 1.5. The time-averaged flow is
obtained using

-i9 � m Á , which is about two and half times longer than
the experimental sampling time.

4.4 Results
The choice of the proper boundary conditions is crucial in any numeri-
cal simulation. Since the inlet boundary condition is a uniform velocity
profile constant in time, the distance between the inlet plane and the
model surface should be long enough to avoid the influence of the model
on the inlet total pressure. This distance is also necessary to get some
turbulence in the flow before it approaches the model as an attempt to
simulate the natural wind. Moreover, the slip boundary conditions that
are used on the lateral walls and roof of the channel require a sufficient
distance from the model to be applicable.à á
a) b)

Figure 4.5: Cross-section of the computational domain at the middle of
the train, parallel to channel floor: (a)showing static pressure contours,
(b) colored by total pressure.

Thus attention is paid to the size of the numerical domain and the
the position of the model inside it. In order to reduce the total number
of nodes and to get high resolution, which is required for good LES, the
size of the computational domain should be as small as possible. This is
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met by the blocking constraint and the requirement of a constant total
pressure at the inlet and lateral walls. The influence of the model on
the static and total pressures of the boundaries are shown in Fig. 4.5.
Figure 4.5.a represents the static pressure contours on a plane parallel
to the channel floor at the middle of the height of the train, where the
distance between the inlet plane and the train surface is at its mini-
mum. There are variations in the static pressure on the boundaries of
the computational domain. Figure 4.5.b displays the same plane col-
ored by the time-averaged total pressure. The total pressure at the
inlet and lateral walls is approximately constant and is not affected by
the model. There is a total pressure loss in the wake behind the train.
This loss extends to the exit of the channel.

4.4.1 Time-averaged flow
The physical time step in our LES computation is

B - � ���½����	
 sec.
The time-averaged data are collected using 100000 time steps. This
corresponds to a simulation time of 
»�Å ) 6 (

- 9 � m Á ), which is 2.5 times
longer than the sampling period in the wind tunnel measurements.
These data are used to calculate the statistics of the flow and to explore
the flow structures around the train in the time-averaged sense. In this
section, the surface pressure distribution is computed and compared
with the measured surface pressure. The wake structures and their
influences on the surface flow pattern are explored.

Surface pressure distribution

The surface pressure distributions are computed at certain cross-sections
along the length of the train where experimental data are available, as
shown in Fig. 4.6. Figure 4.6 also shows some details from the ex-
perimental train, such as spoiler, support, bogies and inner-car gap,
which are omitted from the computational model. These differences
should be kept in mind when comparing the LES results with the ex-
perimental data. Figure 4.7 displays the local pressure coefficient, �x� ,
distributions over the circumferential angle,

F
, measured counterclock-

wise around the < -axis, as shown in Fig. 4.6. The LES results show
good agreement with the measurements on the streamwise and top-
side faces at all the cross-sections. Moreover, good correlation is ob-
tained between the LES results and the measured data on the lee-side
face. The difference in the geometry under the train (i.e. bogies, the
spoiler and the support) between the experimental and the numerical
set-ups resulted in a difference in �l� values on the surface of the under
side.
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Figure 4.6: Location of the measured time-averaged pressure distribu-
tions and the orientation of angle

F
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Figure 4.7: Comparison of the surface pressure coefficient distribu-
tion along the length of the train: LES (solid line); experimental data
from [24] (symbols).
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Suction pressure is reported in the experimental data at the most
frontal position, <ùK ! �{�	�À�� , on the bottom side of the train. This suc-
tion pressure can be attributed to the influence of the front spoiler. The
influence of the bogies is shown as higher �A� values at the streamwise
corner on the underbody face at <ùK ! �ú�	�À�YÂ . There are no measured
data on the underbody face at <ùK ! �ú�	�Ã
�X due to the existence of the
bogies. The LES results coincide with the measured data at the other
faces at that position. Cross-section <ùK ! ���	�ÉXX is probably the best one
for a comparison between our LES results and the experimental data
since it is the position farthest from the bogies. Although the influence
of the bogies on the flow at this position is relatively small, the flow is
also affected by the support cylinder. However, there is good agreement
between the LES results and the measurements on all the faces. Far-
ther from the train front, at <ùK ! �Ý�	�½��Á and 0.75, the influence of the
underbody details (bogies, the support and the spoiler) used in the ex-
periment are still visible. In addition, the influence of the inner-car gap
appears on the lee-side face pressure distribution, where measured �x�
values are higher than LES results. The maximum suction peak and
the highest pressure are found on the upper-face leeward edge of the
nose and on the streamwise face of the nose, respectively, at two front
cross-sections, <ùK ! �û�	�À�� and <ùK ! ���	�½�Â (Fig. 4.7). The peak �A� mag-
nitudes in these two sections are almost twice as large as those in the
subsequent cross-sections. This suggests that the loads are accumu-
lated in the nose region of the leading car and increase the importance
of the nose shape in the side wind instability. In general, although the
LES Reynolds number is seven times lower than the experimental one,
the LES results are in fairly good agreement with the measurements.

Surface flow patterns

Figure 4.8 displays the LES streamlines projected on the train surface
representing the time-averaged surface flow patterns. The surface flow
pattern displays regions of separated and attached flow. These regions
are separated by separation, reattachment and bifurcation lines. Fig-
ure 4.9 is a schematic representation of these lines as inferred from
Fig. 4.8. Figure 4.8.a shows a uniform flow over the streamwise face.
There is one bifurcation line, ª f , on the streamwise face, as shown in
Fig. 4.9.a, from which flow is moving toward the roof and the bottom
of the train. As soon as the flow reaches the upper-side face it sepa-
rates from the face at separation line

+ f , as shown in Fig. 4.9.b. The
Reynolds number in the simulation is mÛ¹ 
»�¼ , which is about 30 times
lower than the Reynolds number of the real high-speed trains at the
normal operating conditions. Thus separated flow is expected on the
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upper-side face. The flow attaches to the face at the reattachment line,� f , as shown in Fig. 4.9.b. Figure 4.8.b shows that the separated flow
on the upper-side face is increasing in the direction of the length of the
train. At approximately <ùK ! �ú�	�ÉX , the face is completely covered by
the separated flow. The flow separates on the bottom-side face at sepa-
ration line

+ � , and reattaches at reattachment line
� W

, forming a small
separation bubble in the underbody flow. Both the reattached flow on
the upper-side and the bottom-side faces separate from the train sur-
face when they reach the lee-side edge at separation lines

+ W
and

+ ß ,
respectively. The two vortex sheets shedding from the upper side and
under side of the train roll up to form separation bubbles in the wake
flow. These bubbles are not always attached to the surface but they
detach from the surface at successive places along the length of the
train. When these vortices detach from the surface, other vortices are
formed. Figure 4.8.c shows a complicated flow pattern on the lee-side
face caused by the attachment and detachment of the wake vortices.
Figure 4.10 shows part of this flow on the lee-side face of the train nose.
The two recirculation bubbles shed from the upper and lower sides of
the face and meet at bifurcation line ª W on the train surface. The at-
tached flow from the upper recirculation bubble moves toward the roof
of the train where it separates on secondary separation line

+ ¼ and
reattaches to the surface at secondary reattachment line

� � before it
separates again at primary separation line

+ W
. Similarly, the attached

flow from the floor-side recirculation bubble moves toward the bottom-
side face. Figure 4.10.b shows that this flow separates from the train
surface at secondary separation line

+ Ê and reattaches to the surface
at secondary reattachment line

� ß before it separates again at primary
separation line

+ ß . The size of the recirculation bubbles increases in
the positive x-direction along the train. After a certain distance, they
have completely detached from the face and convected away into the
wake flow. Once these two circulation bubbles detach from the train
surface, two other bubbles are formed. This process is repeated along
the the length of the train with bifurcation lines ª � and ª ß and sec-
ondary separation lines

+ýü
and

+ÿþ
for the lower recirculation region, as

shown in Fig. 4.9.c. On the other side, the upper recirculation region
seems to be attached to the train surface for approximately two-thirds
of the length of the train, as is shown by long secondary separation and
reattachment lines

+ ¼ and
� � , respectively.
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Figure 4.8: Time-averaged trace lines projected on the surface of the
train showing surface flow patterns.
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Figure 4.9: Schematic representation of the separation and reattach-
ment lines found in Fig. 4.8.
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Figure 4.10: Surface flow pattern on the lee-side face of the nose: (a)
view from above and the lateral side on the rear end of the train, (b)
view from below and the lateral side on the rear end of the train.
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Wake structure

Figure 4.11 shows the time-averaged wake structures by means of the
vortex cores. Two vortices,  6 f and  6 W , originate on the train nose
tip. Figure 4.11.a shows that vortex  6 f stretches in the wake flow
all the way from the nose tip to the end of the leading car. It grows
in size but remains attached to the train surface. Numerous vortices,

b)

!#"%$

!&"�'!#"%(!#"%)!#"+*!#"+, ì - .

a)

!#" '

!#"0/

!#"%$!#"%(!#"%) ì -

.

Figure 4.11: Streamlines generated from the vortex cores: (a) view
from above, (b) view from below the train.

 6 � , are born on the lee-side of the upper edge of the train. These weak
vortices roll up and merge with the strong vortex,  6 f . The recircu-
lated flow around the strong vortex,  6 f , is attached to the upper half
of the lee-side face of the train along the length of the leading car until
it separates at separation line

+ ¼ , as shown in Fig. 4.9.c. In contrast,
Fig. 4.11.b shows that the other nose vortex,  6 W , once it is born on the
lower part of the train nose, detaches from the surface and is convected
downstream in the wake. At <ùK � � 
 another vortex,  6�� , sheds from
the underbody flow. It rolls up and detaches shortly after its onset and
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convects downstream in the wake flow. Similarly, another strong vor-
tex,  6 ß , emerges from the lee-side underbody edge. The vortex grows
in size in the direction of the length of the train due to the emergence of
the other weak vortices,  621 , which are born at the same edge. After a
short distance in the direction of the length of the train, the vortex  6 ß
detaches from the train surface and changes its direction toward the
wake. The process of shedding vortices under the train body continues
by shedding vortex  6 ¼ , as shown in Fig. 4.11.b.

a) b)

Figure 4.12: Wake structures. (a) Experimental view (taken from [5]).
(b) DES results (taken from [24]).

This finding about the wake structures is different from that found
in the experimental investigations. Figure 4.12.a shows a schematic
representation of the flow around a generic train under the influence
of side wind at a ���� yaw angle by Copley [5]. He defined the wake
shedding as a progressive couple of vortices shed from the upper and
lower edges of the lee-side face at the same position. Wu [24] computed
the flow around the ICE2 model at a ��� yaw angle using detached-
eddy simulation (DES). Although the Reynolds number in his simula-
tion was five times higher ( 
»�Ê ) than that used in the present work, he
found in agreement with our results that the upper vortex in the wake
flow extends far beyond the inter-car gap, as shown in Fig. 4.12.b. He
visualized another vortex shed from the upper edge of the lee-side face
directly after the inner-car gap. Besides, he found several vortices that
were shed from the underbody. They detach from the surface and de-
cay within a short distance. The model used in his simulation was
almost twice as long as in the present work. Thus, the distance that
vortex  6 f remains attached to the lee-side face is independent of the
Reynolds number or the length of the model used in the simulation.
Figure 4.13 shows the development of the major vortices in the time-
averaged wake flow by means of the pressure minimum. It shows that
vortex  6 f detaches from the lee-side face after <ùK ! � �	�ÀÕ . Along the
distance over which  6 f remains attached to the surface, a number of
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vortices are formed and detach on the lower part of the face.
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Figure 4.13: Cross-sections colored by the time-averaged static pres-
sure showing the development of wake structures along the length of
the train.

4.4.2 Aerodynamic forces
The lift and the side force coefficients are computed at each time step.
The values of these coefficients are saved during the averaging process.
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The time varying signal is shown in Figs. 4.14.a and 4.14.b for the side
and lift coefficients, respectively. Their statistics are shown in Tab. 4.2.
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Figure 4.14: Time history of the aerodynamic coefficients. (a) Side force
coefficient. (b) Lift force coefficient.

Table 4.2: Statistics of the time varying signal of
the aerodynamic coefficients.
force mean

� ¾ Å maximum minimum��� 0.41 0.014 0.449 0.368��� 0.0834 0.0257 0.1442 0.0179

Due to the absence of underbody blocking (i.e. bogies, spoiler and
support cylinder) in our simplified model, there is relatively high veloc-
ity under the train. Consequently, a region with lower pressure exists.
This results in a lower mean value of the lift force coefficient g|���ih as
reported in Tab. 4.2.

4.4.3 Instantaneous flow
The time varying signals of the side and the lift force coefficients reflect
the dynamic behavior of the flow around trains at a �� � yaw angle. Fig-
ure 4.14 shows that, in certain time slots, the aerodynamic coefficients
oscillate around the mean with high amplitude. These high amplitude
oscillations are due to the detachment and reattachment of the wake
vortices to and from the lee-side face. The centers of these vortices do
not have fixed position in space. Instead, they oscillate in a plane par-
allel to the channel floor. The higher values of the side force coefficient
are associated with the attachment of wake vortices (the nearest dis-
tance between the center of the vortices and the lee-side face) and vice
versa. This oscillation produces unsteady vortex shedding in the wake.
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In contrast to this process, some parts of the time signal of the aerody-
namic forces display lower oscillation around the mean. This is because
of the stationary behavior of the wake vortices. Only some weak vortex
shedding from the upper and lower sides of the train causes the high
frequency oscillation of the forces. Here, there is no vortex shedding in
the wake flow. Instead, the flow circulates in a spiral way around the
stationary vortex cores. This flow is similar to that of the slender body
flow.
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Figure 4.15: Cross-section of the flow at <ùK ! � �	�½���Á colored by instan-
taneous static pressure. The time difference between two successive
snapshot is

B - �r�	�Ã
 sec.

Figure 4.15 gives 12 instantaneous pictures showing the time-varying
of the distribution of the local pressure coefficient in the plane <ùK ! ���������Á . The plane passes through the major vortices,  6 f and  6 ß , and
some of the weak vortices,  6 � and  6D1 . Vortex  6 f has different sizes
at different times due to the process of merging with the upper weak
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vortices. The largest size of vortex  6 f is found at time
- � - � , yielding

low pressure on the upper-side and lee-side faces, shown by the large
area of dark color representing the low pressure. Its smallest size is
registered at

- � - � p Õ B - . The center of vortex  6 f is fixed in time
and space. However, the size of the vortex changes in a regular fash-
ion around the mean size with almost constant frequency. The lower
vortices are highly unsteady and their centers are not stationary. At- � - � p Á B - the vortex is fully attached to the wall, while at

- � - � p 

 B -
it is fully detached. Figure 4.15 also explores a time-varying size of this
vortex. We found that the lower vortices are responsible for the vortex
shedding in the wake if it exists and there is no vortex shedding from
the upper vortices.

a) 0 0.1 0.2 0.3 0.4 0.5 0.6
0

1

2

3

PSfrag replacements

z W U

{}| z W UY~

b) 0 0.1 0.2 0.3 0.4 0.5 0.6
0

5

10

15

PSfrag replacements

z W c

{�| z W cn~

Figure 4.16: Autopower spectra of the time-varying signal of force co-
efficients. (a) Side force coefficient. (b) Lift force coefficient.

To determine the frequencies of these motions, autopower spectra
of the time varying signals of the force coefficient are computed. Fig-
ures 4.16.a and 4.16.b show these spectra for side and lift force coeffi-
cients, respectively. One common dominating frequency corresponding
to
+.- ���	��
 is found for both the lift and the side forces. This frequency

represents the averaged oscillating frequency of the wake vortices in
the horizontal plane. The shedding frequencies are displayed as two
other dominating frequencies corresponding to

+.- � ����
R� and 0.2. A
number of high frequency modes are found in the range of 0.2

¸ +.- ¸
0.4. These frequencies are caused by the unsteady shedding of the
weak vortices from the upper and lower faces of the train.
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