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Numerical simulations of generic train in crosswind using AVL Fire

Master's thesis in Complex Adaptive Systems
PER RINGQVIST
Department of Applied Mechanics
Division of Fluid Mechanics
Chalmers University of Technology

Abstract

Many modern trains today have distributed engines in every wagon throughout the train making the leading
wagon relatively light. This can cause a risk of derailment, when traveling at high speeds and exposed to strong
crosswind or sudden gusts of wind. To study the forces acting on a trainas a result of side wind, low Reynolds
number experiments on a simpli�ed train geometry has been conducted at the RTRI institute in japan. The
experiments includes both stationary yaw angles as well as a train moving through a region of crosswind. The
experimental data consists of pressure measurments at 38 locations distributed along the train body.

The simulated scenarios consists of a stationary train exposed to side wind of 5 m/s at yaw angle 90 degrees
(Re = 16000), as well as a train moving at 5 m/s perpendiculary through the side wind (Re = 23000). To
simulate the moving train a moving velocity pro�le is used to as a model for the side wind. PANS and LES
are run on identical meshes for both cases. The standard Smagorinsky model is employed in the LES. For
the RANS part of PANS the � -f -model is used. The parameterf k de�ned as the unresolved to total ratio of
turbulence kinetic energy, is recomputed before each timestep.The mesh for the stationary case is slightly to
coarse for LES, which makes it possible to see the advantage of PANS. All simulations are performed using the
commersial software package AVL Fire.

Good agreement with the experimental data is found with both LES and PANS for the stationary case.
However, PANS makes a substantially better prediction of the pressure at the lateral ends of the train, where
the spanwise mesh-resolution is coarser. In the moving case LES and PANSdisplays very similar results, having
some discrepancies but showing fair agreement to experimental data.The computing of f k assumes a stable
time averaged 
ow, which is the probable reason why PANS does not show the same advantage in the moving
scenario.
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1 Introduction

1.1 Background

Crosswind stability has been a research area for decades, since higher speeds and lighter trains largely increases
the risk of derailment. Freight trains are both heavier and slower than passenger trains, but when running
with empty containers there is a risk of derailment related to crosswind. While the safety aspects of crosswind
stability is the most important, is also relevant for passenger comfort,as well as for reducing the fatigue on
the train and rail. When talking about a moving train in crosswind, it i s convenient to de�ne the yaw angle
as the angle between the train direction and the e�ective crosswind.The e�ective crosswind is the resulting
wind velocity from the negative train motion and the actual crosswind, see �gure 1.1.1. The 
ow around
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Figure 1.1.1: The yaw angle is the angle between the train direction and the e�ective crosswind

aerodynamic bodies, like a train exposed to crosswind, is highly turbulent. Reynolds Averaged Navier Stokes
(RANS) models is a computationally cheap method of computing turbulent 
ows, but it is computing only
the time average of the 
ow. This is not su�cient since the 
ow around a train in crosswind is highly time
dependent, even in the case of stationary yaw angle. In the case of a train passing through a crosswind gust,
this is a transient scenario which does not have a well de�ned time average. It is possible to solve the Navier
Stokes equations (NS) directly, obtaining the time history of the 
ow. However, due to the chaotic behavior of
the solution of NS the computational demands are unrealistic. Large Eddy Simulations (LES), is a method that
also resolves the time history of the 
ow, but is computing a local space average of the 
ow, hence decreasing
the computational demands. LES was performed on an simpli�ed car geometry by Krajnovi�c and Davidson
in [8] and [9]. Comparison with experimental data showed that LES is far superior to RANS for this type of
aerodynamic 
ow. However, LES demands very �ne resolution of the computational grid (mesh), which limits
it to computations at relatively low Reynolds numbers (Re). A full scale train traveling at high speed gives
rise to a very large Re, and hence it would be desirable to �nd a method that could resolve the important
transient dynamics but still be feasible for high Re 
ows. Also for low Re 
ows we would like a method more
robust than LES in regards to insu�cient mesh resolution. A promising approach is Partially Averaged Navier
Stokes (PANS), recently proposed by Girimaji [5]. PANS o�ers a way to directly regulate the amount of time
averaging in the governing equations. PANS is however less established than LES, and ongoing research is
evaulating its capabilities.

1.2 Previous work

Crosswind originates from weather conditions which are in general di�cult to model. A common experimental
setup for crosswind testing is to use a uniform 
ow generated from a wind tunnel, displacing the aerodynamic
body to obtain the desired yaw angle. It is however di�cult to do an e xperiment on a full scale train, simply
because it requires an extremely large wind tunnel. Hemida and Krajnovic simulated a high speed train using
LES at a steady yaw angle of 30� in [7]. Fairly good agreement with the experimental data was obtained
even though the Re in the simulation was seven times lower than in theexperiment. However, a steady 
ow
scenario does not reproduce the aerodynamic forces acting on the train when hit by a sudden wind gust [1].
The 
ow dynamics of a train exposed to a uniform crosswind is not the same as a train passing through a
crosswind region of �nite propagation in space. Krajnovic, Georgii and Hemida [10] modelled a high speed
train exiting a tunnel and passing through a region of varying crosswind. The crosswind was modelled by
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prescribing a moving velocity pro�le on the boundaries on either side of the domain. The shape of the velocity
pro�le was taken from a wind tunnel experiment speci�cally designed to generate wind gusts of �nite length.
The underlying 
ow mechanisms could then be analysed in a scenariothat before was considered complex
and di�cult to simulate. However, the numerical method used was DES (Detached Eddy Simulation), which
switches to unsteady RANS-modelling near the walls in order to savecomputational resources. This means
that important details of the 
ow could potentially be missed, and ther e was no experimental data available to
evaluate the accuracy of the simulations. The wind gust model is shownin �gure 1.2.1, comparing it to the
model used in this thesis.
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(a) Model of wind gust used by Krajnovic et al. [10]
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(b) Model of wind gust used in this thesis

Figure 1.2.1: Comparison of models for wind gusts. The distance on the x-axisis normalized by the current
train length L.

Noting the di�erence in length of the pro�les compared to the train, it can be mentioned that Krajnovic et al.
used two locomotives with a wagon in the middle, while the geometry inthis thesis is a generic train model
having the length of only one wagon. The di�erences in crosswind speedis also due to the fact that this thesis
deals with a low Re scenario. In the experimental work providing data for this thesis, the same wind tunnel was
used for testing the stationary yaw angles as for the train passing througha crosswind region. The crosswind
generated by the wind tunnel is hence not speci�cally designed to resemble that of a wind gust occuring in
nature. However, the experimental data is still invaluable when evaluating whether our computer models are
capable of recreating this type of transient scenarios.

1.2.1 Experimental scenario

In the experiments, the side wind is generated by a wind tunnel nozzle, blowing in perpendicular direction to
the train motion. The crosswind speed in the wind tunnel nozzle is 5m/s at all times. Several train velocities
are tested: 1, 2, 3, 4 and 5 m/s. The corresponding yaw angles is also testedon a stationary train; 90� , 79� , 68� ,
59� , 51� , and 45� . Note however that the e�ective crosswind speed in the moving cases does not correspond to
5 m/s. For example when the train is moving with 5 m/s, the e�ective c rosswind is

p
52 + 5 2 � 7 m/s. In

this thesis simulations are done only for the stationary case 90� and the moving case with train velocity 5
m/s. A schematic view of the experimental setup is presented below in �gure 1.2.2, together with the reference
coordinate system.
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Figure 1.2.2: Schematic view of the experimental setup the and reference coordinate system.

The train speed is supposed to be constant during the passage past the wind tunnel nozzle, see �gure 1.2.3
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Figure 1.2.3: The train accelerates, reaches constant speed, and decellerates after passing the wind tunnel nozzle.

The pressure is measured at 38 locations distributed along three cross-sections along the train, as well as the
front and rear of the body. Below �gure 1.2.4 shows the train geomtry and the measurement points; note that
the train geometry is basically a cuboid mounted on two support cylinders. Figure 1.2.5 shows the dimensions
of the train body. The cylinders continues down through a slit in the ground board, where they connect to

Figure 1.2.4: The points on the train body where the pressure is measured during the experiment.
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Figure 1.2.5: The dimensions of the train body and the distances between the measurement points. All numbers
are given in [mm].

the rail on which the train travels. The dimensions of the wind tunnel nozzle and the ground board can be
seen in �gure 1.2.6.
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Figure 1.2.6: The dimensions in the experimental setup.

The experimental setup does obviously have several features that di�ers from the 
ow in real train scenarios:

� The model is a miniatyr, hence the Reynolds number will become smaller and the 
ow less turbulent.
This can in
uence important 
ow features such as separation points etc. However for a cuboid geometry,
the 
ow will separate at the sharp edges for a wide range of Reynolds numbers.

� The velocity of the train is very low compared to real trains (1-5 m/s = 3. 6-18 km/h), which will further
decrease the reynolds number. The low velocity also gives very large yaw angles which is not very common
in real cases, at least not for high speed trains.

� The side wind is induced by a wind tunnel, which produces a 
owthat probably di�ers from the wind
gusts occuring in nature.

� The model is a single box with sharp edges, although freigh wagons often have a very box-like shape, the
front of the train is not likely to have sharp edges in real life.

This thesis aims primarily at comparing LES and PANS with the available experimental data, but the long
term goal is to simulate a full scale model train. Before we proceed with larger simulations and experiments
it is important to validate our simulation methods on generic cases. As said the low velocities and the small
train body will lower the reynolds number and hence make a LES possible, because the mesh resolution is
highly correlated with the reynolds number. The sharp edges of the train geometry ensures a well de�ned
separation. This is good because it makes it easier to predict the 
ow, and it also makes the 
ow more Re
independent. The experiment is therefore suitable to evaluate the LES and PANS models, since it is similar
to reality but is simpli�ed in a way that enables good simulations to be done. The scenarios studied in this
thesis; constant yaw angle 90� , and the train passing the region of crosswind at 5 m/s, will from now on be
refered to asthe stationary scenario, and the moving scenario, respectively. Note however that the 
ow in the
stationary scenario is highly transient, meaning that unsteady turbulent 
uctuations are present at all times.
But since the yaw angle 90� is constant in time, the time-averaged 
ow will converge to a steady state. For the
moving case, a time average over the full scenario will be less meaningful, since the yaw angle is changing when
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the train is entering and leaving the region of crosswind. The yaw angle will be constant (45� ) during a small
amount of time since the wind tunnel nozzle is wider than the train length, but it is not su�cient to make a
time average meaningful.

1.3 Purpose

The purpose of this thesis is to evaluate the performance of PANS using� -f as RANS model. Reference
LES will be performed on the same mesh. On a mesh to coarse to produce afully resolved LES, can PANS
provide a solution that is in better agreement to the experimental data? It is also interesting to compare the
computational demands for PANS and LES, since PANS is using four closure equations.

For the moving case it is relevant to ask whether a moving velocitypro�le is su�cient to model a a moving
train passing a perpendicular side wind, which will be evaluated in the comparison with experimental data.

1.4 Limitations

Due to lack of time, a mesh dependance study is not performed for either of the two cases. This is a severe
limitation since the mesh dependance is a highly relevant issue formost CFD-problems.

5



2 Theory
This chapter aims merely to be a short and shallow review of the most relevant theory that lies as a foundation
for the simulations performed in this thesis.

2.1 Solving the incompressible Navier-Stokes equations

The famous Navier-Stokes equations (NS) reads in incompressible form,with tensor notation:

@Ui
@t

+ Uj
@Ui
@xj

= !
@P
@xi

+ �
@2Ui

@xj @xj
(2.1.1)

Where Ui is the velocity, P is the pressure and� is the kinematic viscosity. Also � = �=� , where � is the
dynamical viscosity and � is the 
uid density. A balance between the number of unknowns and equations can
be obtained with the continuity equation:

@Ui
@xi

= 0

Analytical solutions to NS has been found only in simple, special cases of 
ow, and certainly not for 3D-
dimensional aerodynamic problems. It is possible to solve NS in its original form with numerical methods,
referred to as Direct Numerical Simulations (DNS). The problem with DNS is that in real life aerodynamics
the 
ow us highly turbulent. This means that the solution of NS exhibi ts a chaotic behavior that gives rise to
rotational structures, or eddies, of varying size.

Figure 2.1.1: Turbulence in a water 
ow

The size of these eddies are related to the well known dimensionless Reynolds number (Re);

Re =
�UL

�

Where � is the 
uid density, U the 
ow velocity, L the characteristic length (in aerodynamics often the height
of the body), and � the dynamical viscosity. Re is the ratio between the inertial forces in the 
ow; �U 2L 2 and
the viscous forces�UL . The higher Re, the more turbulence the 
ow exhibits. Let � denote the length scale
of the smallest turbulent eddies, and` denote the length scale of the largest turbulent eddies. The theory
of turbulence states that ratio between the smallest and largest eddies is of the order`=� � Re3=4 [12]. The
computational domain where the DNS resides then needs to be of size� `, and the mesh needs to have cells
as small as� � , in order to accurately represent the solution. Since the DNS also must be performed in
3D-dimensions to describe the 
ow, we would need� (`=� )3 � (Re3=4)3 � Re9=4 cells. For example the train
simulations of a miniatyr train at small velocities in this thesis has Re � 104, rendering a mesh size of� 109

cells, which would require a rather unrealistic amount of computational resources. The small cells also sets a
restriction for the timestep used in the simulation. For simplicity, we can think of a 
uid particle that travels in
x-direction with velocity U through a mesh cell of length � x. The time dimension is incremented with timestep

6



� t . The widely used numerical criteria based on the so called Courant-Friedrichs-Lewy (CFL) number is then
stated as:

CFL =
U� t
� x

� 1

This criteria basically says that a 
uid particle should not pass thr ough more than on cell during a timestep.
The fact that the timestep is proportional to the cell size further i ncreases the computational demands for a
DNS.

2.2 Averaged Navier-Stokes equations

A way to remove 
uctuations and reduce the computational cost is to average the velocity �eld Ui , either time
or in space. The averaging is done implicitly, meaning that we deriveequations that describe the average
�eld. An explicit averaging would correspond to computing all turbul ent 
uctuations and afterwards applying
the averaging �lter. This would not decrease the computational cost. When averaging, the velocityUi is
decomposed into an averaged partU i , which is resolved in the simulation, and an unresolved partui :

Ui = U i + ui

Saying that the averaging �lter is linear, equations for U i can be derived from NS and the continuity equation:

@U i

@t
+ U j

@U i

@xj
= !

@P
@xi

+ �
@2U i

@xj @xj
!

@�ij
@xj

(2.2.1)

@U i

@xi
= 0

Where � ij = ui uj + ui uj is the sub�lter stress tensor. In the Reynolds Averaged Navier Stokes, or RANS-
approach the average is taken over such a period of time that the solutionconverges to a steady state (this of
course assumes stationary boundary conditions). The mean velociy 
uctuation therefore becomes zero:ui = 0,
the sub�lter stress is reduced to � ij = ui uj and is refered to as the reynolds stresses. The sub�lter (or reynolds)
stresses introduces new unknowns in the system of equations, andthey must hence be modelled. The widely
used Boussinesq assumtion states that the unresolved stresses� ij should be proportional to the average rate of
strain Sij :

Sij =
1
2

�
@U i

@xj
+

@U j

@xi

�
(2.2.2)

� ij = ! 2� t Sij +
2
3

k� ij (2.2.3)

Where � t is invented and named the turbulent viscosity, or eddy viscosity,as an analogy to the 
uid viscosity
� . The turbulent kinetic energy is de�ned as k = 1

2 ui ui = 1
2

�
u2

1 + u2
2 + u2

3

�
. Another quantity is introduced,

namely the dissipation of turbulent kinetic energy " , which is de�ned is the rate of destruction of k. The
turbulent viscosity can be calculated on dimensional grounds as:

� t = c�
k2

"
(2.2.4)

Where c� is a dimensionless empirical constant.k and " is assigned their own transport equations which are also
derived with dimensional analysis and tuned with experimental parameters. The additional equations used to
close the undertermined system of equations given by Eq. 2.2.1 is called the closure equations. Since the RANS
seeks a stationary solution to Eq. 2.2.1 the time-dependent part@U i =@tbecomes zero, which is convenient
since one does not have to consider any time integration. Instead the solution will converge to a time average
which is often what one is interested in anyway. The time averaged solution removes all the small turbulent

uctuations and hence it is possible to use a very coarse mesh for RANS, compared to the mesh required for
DNS. RANS is therefore very popular in industrial applications, and a largenumber of di�erent RANS models
has been proposed. A way to resolve is to retain the time dependant terms in the RANS equations. This
method is called unsteady RANS (URANS), and it will resolve the largest frequencies of the time dependant

ow while modelling the rest. Which time and length scales that will be resolved depends on the RANS-model
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that is used. It is the modelled turbulent viscosity � t that will dampen the turbulent 
uctuations, and the
magnitude of � t depends on the model. A and a very dissipative RANS-model, like thestandard k-" -model, will
hardly resolve any turbulent 
utuations at all, depending on the speci�c 
ow situation [4]. A way to reduce the
dissipation in an URANS-simulation is to prescribe a very low valuek at the inlet boundaries, and prescribe"
so that � t << � . A better way to control the dissipation in the RANS-modeling is to use the Partially Averaged
Navier Stokes (PANS) method. In PANS the ratio between the unresolvedand total turbulence kinetic energy
can be controlled directly by introducing new parameters in the RANS-equations. The aim is then to resolve
as much turbulence as possible give the resolution in the mesh, and touse a RANS model for the unresolved
turbulence.

2.3 PANS

The concept of Partially Averaged Navier Stokes (PANS) equations introduces the parametersf k and f " , which
are de�ned as the ratio between the unresolved and total kinetic energy (f k ) and dissipation (f " ). Setting
f k = f " = 1 should turn PANS into URANS, while f k = f " = 0 will retain the original NS (Eq. 2.1.1). The
early PANS method proposed by Girimaji in [5] was based on the standardk-" model, while in this thesis the
� -f model is used. This was �rst proposed by Basara, Krajnovi�c and Girimaji in [2]. A weakness in the RANS
model will naturally be inherited by its PANS counterpart, hence th e � -f -model is a good choice. The� -f
model is developed to correct the inaccurate near wall behavior of thek-" -model, as well as being robust to
insu�cient mesh resolution near the wall [6]. In � -f , the transport equations for k and " are still used, but
an additional normalised wall-normal velocity scale� is introduced. � is de�ned as � = � 2=k, where � can be
thought of as the wall-normal turbulent velocity 
uctuations. f is an elliptic relaxation function that adjusts
the behavior of � close to the wall. � is incorporated in the equation for turbulent viscosity (2.2.4):

� t = c� �
k2

"

In PANS, the turbulent kinetic energy and dissipation is divided into resolved parts kr and " r , and unresolved
parts ku and "u :

k = kr + ku ; " = " r + "u

f k and f " is then de�ned as the unresolved to total ratio of k and " :

f k =
ku

k
; f " =

"u

"
(2.3.1)

The large majority of the dissipation is expected to take place at the smallest scales, which we don't want to
resolve. Thereforef " = 1 is a reasonable assumption. The equations for the unresolved quantities ku , "u , � u

and f u can be derived by combining de�nition 2.3.1 with the original � -f -equations, yielding the following:

@ku
@t

+ U j
@ku
@xj

=
@

@xj

��
� +

� u

� ku

�
@ku
@xj

�
+ Pu ! "u (2.3.2)

@"u
@t

+ U j
@"u
@xj

=
@

@xj

��
� +

� u

� "u

�
@ku
@xj

�
+ C" 1

"u

ku
Pu ! C �

" 2
"u

ku
"u (2.3.3)

@�u
@t

+ U j
@�u
@xj

=
@

@xj

��
� +

� u

� �u

�
@�u
@xj

�
!

� u

ku
Pu +

� u

ku
(1 ! f k )"u + f u (2.3.4)

L 2
u r 2f u ! f u =

1
Tu

�
c1 + C

0

2
Pu

"u

� �
� u !

2
3

�
(2.3.5)

Where Pu is said to be the production of unresolved turbulent kinetic energy, which is modelled as:

Pu = 2 � u Sij
@U i

@xj

Tu and L u is the unresolved taylor time- and length scale:
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Tu = max
�
min

�
ku

"u
;

0:6
p

6jSj� u

�
; C�

r
� u

"u

�

L u = CL � max

"

min

"
k3=2

u

"u
;

k1=2
p

6jSj� u
; C�

r
� u

"u

##

f k regulates the turbulent di�usion of ku and "u by adjusting the constants � ku;"u :

� ku;" u = � k;" f 2
k (2.3.6)

f k also regulates the parameterC �
" 2, which is taken as:

C �
" 2 = C" 1 + f k (C" 2 ! C" 1) (2.3.7)

The other parameters are empirically derived constants for the� -f -model, which value are shown in tabel 2.3.1
below.

Table 2.3.1: Constants used in the� -f -model.

C� C" 1 C" 2 c1 C
0

2 � k � " � � C� CL C�

0.22 1.4 1.9 0.4 0.65 1 1.3 1.2 6.0 0.36 85

The unresolved stress� ij in the averaged NS (equation 2.2.1) is computed as before:

� ij = ! 2� u Sij +
2
3

ku �ij

Where � u is the eddy viscosity of the unresolved scales:

� u = c� � u
k2

u

"u

Sij is the resolved rate of strain, or stress tensor, as given in equation 2.2.2. Now, f k could be set beforehand
to a constant value in the simulation, but in the current PANS model f k is recomputed at the beginning of
every timestep as proposed in [3].

f k =
1

p
C�

�
�
�

� 2=3

(2.3.8)

Where � is the the local cell dimension (taken as the cube root of the cell volume) and � is the taylor length
scale of turbulence:

� =
k3=2

"

This is an attempt to compute the value of f k so that the resolved turbulent length scale is of the same order
as the local cell size. A derivation of this expression can be found in [5]. Since the computation off k depends
on the total TKE k = ku + kr , the resolved TKE kr need to be computed as well. According to the de�nition,
the unresolved TKE ku is modelling the partial average of theunresolved 
uctuation:

2ku = u2
1 + u2

2 + u2
3

Where ui = Ui ! U i . To �nd the resolved 
uctuation we can apply a time average over the full simulation time
on the resolved velocityU i , denoted ash U i i . The resolved 
uctuation ur;i is approximated asur;i = U i ! h U i i ,
and kr is computed from the full time average ofu2

r;i :

2kr = hu2
r; 1i + hu2

r; 2i + hu2
r; 3i (2.3.9)

This way of computing kr assumes thathU i i is a converged, stable average that will not change over time. If
the boundary conditions are changed,U i might deviate from hU i i , not as a turbulent 
uctuation but as a
change in the global 
ow conditions. Computing kr in this way, all deviations from the total time average will
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Figure 2.3.1: The dynamic updating of f k

be interpreted as turbulent 
utuations, which might not be true. T he dynamic updating of f k in Eq. 2.3.8
means that f k will depend on the local value ofkr , ku and "u before each time step:

f k �
"u

2=3

ku + kr

This adds extra complexity to the model, which is illustrated in �gure 2.3.1. Note that for a developed 
ow
with stationary boundary conditions kr should be more or less constant. Worth mentioning is also that is
slightly deluding to de�ne f k as the ratio between unresolved to total ratio of turbulent kinetic energy. PANS
is derived by assuming thatk in the original URANS equations is the total TKE, but this is not true since
URANS should resolve a non zero amount of TKE.f k is rather the ratio between the TKE modelled by the
URANS equations, and the TKE modelled by the PANS equations.

2.4 LES

Large Eddy Simulations, or LES, is like PANS aiming to resolve the large turbulent structures, or eddies, and
to model the e�ect of the unresolved scales. The resolved velocity U i is however in LES thought of as a local
volume average, instead of a partial time average. The speci�c model used in this thesis is called the standard
Smagorinsky model [11]. LES is, like RANS and PANS, using the Boussinesq assumtion to model the sub�lter
stress� ij :

� ij = ! 2� SGS Sij +
1
3

� ij � ii

Where � SGS is called the sub-grid-scale(SGS) viscosity, SGS being another term for the unresolved scales. In
LES the SGS viscosity is modelled using only a single algebraic equation:

� SGS = ( Cs �) 2jSj (2.4.1)

Where � is the local �lter width, naturally taken to be the local cel l size, while Cs = 0 :1. Without going in to
details it is worth noting that equation 2.4.1 is based on the assumtion thatthe production and dissipation of
turbulent energy is in balance, which isa good assumtion only for the smallest turbulent eddies. This means
that the turbulent eddies must be resolved all the way down to thesmallest scales, which puts severe demands
on the mesh resolution. LES is of course substantially more economic than DNS, but lacks the 
exibility of
PANS which gradually can resort to URANS modelling when the mesh resolution decreases. It is however
computationally cheaper than PANS on the same mesh, comparing 4 extra di�erential equations (2.3.2-2.3.5)
against one algebraic (2.4.1).

2.5 Measuring mesh resolution at the wall

At the wall the no-slip condition says that the veloctity is zero, and hence the velocity gradient is very large at
the wall. The the mesh resolution at the wall is very important and needs to be quati�ed. The normalized wall
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distance y+ can then be used:

y+ = y

s
1
�

@u
@y

�
�
�
�

y=0

Where u is the velocity parallel to the wall and y is the wall normal distance. y+ is calculated at the node
closest to the wall surfuce, and should there satisfyy+ � 1, for both PANS and LES. Expressing the the
streamwise and spanwise cellsize �x and � z in wall units;

� x+ = � x

s
1
�

@u
@y

�
�
�
�

y=0

� z+ = � z

s
1
�

@u
@y

�
�
�
�

y=0

We have the approximate criteria for a well resolved LES [4]:

� x+ � 100 � z+ � 30

2.6 Aerodynamic Coe�cents

When talking about the forces acting on a train, is useful to de�ne dimensionless force coe�cients, in order to
compare experiments and simulations of di�erent scales. The normalized force coe�cents are de�ned as

Cs =
Fx

0:5U1 �A x

Cd =
! Fy

0:5U1 �A y

Cl =
Fz

0:5U1 �A z

Where Fx;y;z is the actual forces, andAx;y;z is the projected surface area in the x-,y-, and z-direction.U1 is
the free stream velocity and� is the 
uid density. Cs;d;l is refered to as the side, drag and lift force respectively.
Note that the drag coe�cent Cd is usually de�ned in the x-direction, while the side force coe�c ient Cs is
usually de�ned in the y-direction. In this thesis however, the train travels in the positive y-direction, while the
crosswind comes from the x-direction, hence the de�nitions.
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3 Method

3.1 Computational domains and meshes

The geometry and the mesh is generated using the commersial software package ICEM-CFD. ICEM-CFD
enables good control of the resolution near the train surface, as well as the streching of the hexagonal cells
further away from the walls. Figure 3.1.1 shows the dimensions of thecomputational domains used in both
scenarios. H refers to the train height, and the conventions is to have around 8H upstream of the body and
19H downstream. The requirements for the distances perpendicularto the free stream are not as large, and
are often determined of the size of the wind tunnel if experimentsare available. For the stationary scenario,
the dimensions are based on the size of the ground board and the height of thewind tunnel nozzle. The
upstream distance and the height could probably be decreased to lowerthe size of the mesh, as done in the
domin used for the moving scenario. The distance on the east lee side ofthe train is only 15H for the moving
scenario since the yaw angle will be only 45� when the crosswind is applied. The separated 
ow region on
the lee side of the train is therefore not expected to travel as far inthe x-direction as when the yaw angle is
90� . In the stationary scenario the reynolds number is calculated to:Re = U1 H

� = 7� 0:0483
1:51! 5 � 16000. The

��

��
���

���

���

(a) Domain dimensions: stationary scenario.

���

��

���

��

��

(b) Domain dimensions: moving scenario.

Figure 3.1.1: Dimensions of the computational domains.

Re for the moving scenario is higher since it must be based on the maximum e�ective crosswind speed� 7
m/s: Re = U1 H

� = 7� 0:0483
1:51! 5 � 23000. With the higher Re the mesh (se section 2.1) need substantially higher

resolution for LES to resolve the 
ow. For the moving case the 
ow is changing directions which also put
demands on the mesh resolution, since the it must always be high in the spanwise direction (parallel to the
surfuce but perpendicular to the 
ow). Therefore the mesh for the stationary scenario has 5.4 million cells,
while for the the moving scenario 13.3 million cells is used. Meshplanes in the vincinity of the train body is
displayed in �gure 3.1.2, looking from the front of the train, and in �gur e 3.1.3, from a side view. Note the
di�erence in spatial resolution.
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(a) Mesh plane: stationary scenario. (b) Mesh plane: moving scenario.

Figure 3.1.2: Mesh regions seen from the front of the train. The crosswind will approach from the right side.

(a) Mesh plane: stationary case. (b) Mesh plane: moving case.

Figure 3.1.3: Mesh regions seen from the side of the train. The crosswind will 
ow into the plane.

3.2 Boundary conditions modelling a stationary train in crosswind

The boundary conditions used for modelling the stationary yaw angle 90� is set according to conventions. The
west boundary, which is the inlet, is assigned a normal velocity component of magnitude 5 m/s. No gradients
in the 
ow are expected at the side walls and the roof, and they are treated as symmetry planes. This will
resemble the open space in the experiment. On the east boundary wall, which is the outlet, a homogeneous
neumann boundary condition is applied, meaning that the velocity gradient r U = 0. This will let the 
ow pass
through the outlet without a�ecting the upstream 
ow, provided that the upstream distance to the aerodyamic
body is large enough. The no-slip condition, meaningUi = 0 is set on the train as well as on the 
oor. The
boundary conditions are schematically represented in �gure 3.2.1.

13



�
�������
	
���

�

�

�

�

�

�
�������
���
��


���
���

���
�	�

�����	
������

�����	
������

�
�
���

�	�
���

Figure 3.2.1: Schematic representation of the boundary conditions for the stationary scenario. The symmetry
roof is excluded for simplicity.

3.3 Boundary conditions modelling a moving train in crosswind

In the experimental setup the train is moving, entering and passing the region of crosswind generated from the
wind tunnel. In the simulation the train is stationary, but the cross wind velocity pro�le is moving instead . To
impose the proper mass
ow in the cross direction of the train movement, i.e the x-direction, the velocity pro�le
is applied on both sides of the train, east as well as west. A schematic illustration of the boundary conditions
on the east and west wall are shown in �gure 3.3.1
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Figure 3.3.1: Schematic illustration comparing the experimental setup with thesimulation. Note that, for
simplicity, only the boundary conditions at the side inlet andoutlet (west and east) are included.

Note that it is important to prescribe the crosswind velocity pro�le also on the north inlet, which is facing the
front of the train. This makes sure that the crosswind is propagated through the entire domain in x-direction
already when the pro�le is entering the domain. The south outlet is set as r U = 0, in order to a�ect the 
ow as
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little as possible. The east outlet could have been set tor U = 0, but instead the crosswind pro�le is prescribed
there. This makes sure that the proper mass
ow is given in the x-direction, but it it forces the velocity �eld
to be identical at the west inlet and east outlet, which is unphysical. However this the 
ow conditions on
the lee side will not a�ect the 
ow around the train as much as the 
ow on t he wind side. Putting the train
far away from the east outlet hopefully makes the unphysical e�ects neglible, but it is a possible source of
error. The moving velocity pro�le is moving with the negative trai n velocity, i.e. -5 m/s in the y-direction.
The y-component of the velocity: U2 = V = -5 m/s is therefore prescribed on the north inlet (as a normal
component), as well as the west inlet and the east outlet (as a tangential component). The no-slip 
oor must
also be prescribed the negative train velocity, making it a "moving
oor". Figure 3.3.2 is an attempt to give a
full picture of the boundary conditions:
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Figure 3.3.2: Schematic illustration of the boundary conditions for the moving scenario.

In the experiment there is a slit in the ground board, where the cylinders continues down to the carriage which
brings the train forward. To resolve this kind of cavity 
ow is probabl y a thesis project in itself, why instead
the ground slit is set as a symmetry plane. Physically this would signify that the train has a mirrored copy
of iself below the ground board, which is of course not true. However it should simulate a resemblance of an
open space in the ground slit. The top roof of the domain is set as a symmetry plane as well, according to
conventions. Velocity data for the windtunnel pro�le are available f rom the experiments, obtained by removing
the train model from the ground plate and measuring the crosswind speed. The velocity is measured at 19
locations along the y-direction, keeping the x- and z-postion constantin the center of the train crossection.
The velocity data is not suitable to describe with a single polynomial, why instead spline interpolation is
used. Spline interpolation corresponds to a 3rd order polynomial being�tted in between each adjacent data
point. The function spline in matlab is used for this task. Figure 3.3.3 shows the spline �t together with the
experimental data points, as well as the resulting yaw angle for the moving scenario.
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Figure 3.3.3: Spline �t of the experimental velocity data from the wind tunnel, andthe resulting yaw angle for
train speed 5 m/s.

3.4 Numerical setup

3.4.1 Numerical schemes and parameters

All simulations are implemented in the commmersial CFD-package AVL Fire v2010. The numerical discretization
is set as similar as possible for LES and PANS. For the spatial discretazation;Central Di�erenting (C.D.) is
used in the momentum and the continuity equation. In the �nite volum e code, the variables are stored only in
the cell centers, but when solving the equations the values are needed at the cell faces as well. C.D. corresponds
simply to a linear interpolation between two cell centers to evaluate the face between them. Using a 2nd order
scheme is important since the accuracy needs to be high when describing small turbulent 
uctuations. However,
using C.D for the momentum equations (the �ltered NS) can give rise tounphysical oscillations. The �rst
order upwind scheme corresponds to evaluating the face value as equal to that of the upstream cell center.
Since it is only �rst order accurate, this upwind scheme should hence not be used, but it is more stable than
C.D. A common trick is to blend C.D. with upwind, i.e take a weighted average of the C.D value and the
upwind value. Taking more than 5% of the upstream value is not recommended for a LES, which corresponds
to an upwind blending factor of 0.95. For this thesis 0.98 is used for the momentum equation, while 1.0 is
used for the continuity equation. For the "u and ku equations the �rst order upwind scheme is used. It is
generally desired to always use a 2nd order scheme, but the 1st order upwind scheme has the advantage of good
convergence. For the time discretazation a implicit second order scheme is used which is unconditionally stable,
refered to as \2nd" in table 3.4.1. The timestep is � t = 5 � 10! 5 (5e-5) for all cases. The conventional SIMPLE
algorithm is used to solve the coupled equations, where several iterations are performed in each timestep to
ensure convergence. The under relaxation factors (URF:s) determines how much of the value in the previous
inner iteration will be used in the next. The URF:s have to be tuned for each individual simulation while
monitoring the iterations. The numerical schemes and parameters are given for both scenarios in table 3.4.1
and 3.4.2, as [LES value]/[PANS value].

Table 3.4.1: LES/PANS numerics: stationary scenario

Equation Spatial Scheme Upwind blending Temporal Scheme � t URF

Momentum C.D/C.D 0.98/0.98 2nd/2nd 5e-5/5e-5 0.4/0.35
Continuity C.D/C.D 1.0/1.0 2nd/2nd 5e-5/5e-5 0.4/0.35

ku - /upwind - / - 2nd/2nd 5e-5/5e-5 - /0.4
"u - /upwind - / - 2nd/2nd 5e-5/5e-5 - /0.4
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Table 3.4.2: LES/PANS numerics: moving scenario

Equation Spatial Scheme Upwind blending Temporal Scheme � t URF

Momentum C.D/C.D 0.98/0.98 2nd/2nd 5e-5/5e-5 0.7/0.5
Continuity C.D/C.D 1.0/1.0 2nd/2nd 5e-5/5e-5 0.7/0.5

ku - /upwind - / - 2nd/2nd 5e-5/5e-5 - /0.5
"u - /upwind - / - 2nd/2nd 5e-5/5e-5 - /0.5

3.4.2 Initialization and averaging

The iterative time marching need to start at some point, why all the values in the domian need to initialized.
For all cases, this is done by settingU1 = Uy (t = 0) = 5 m=s in all cells at the beginning of the �rst timestep.
The velocities in the 2 other coordinate directions are set to zero:Ux;z (t = 0) = 0. This solution is highly
unphysical, but the boundary conditions should "force" the 
ow to become realistic as the time marching
proceeds. From the beginning of the simulation, the forces acting on the train (Fx , Fy and Fz ) are monitored.
When the 
ow is fully developed, the forces should oscillate around stable average values. The averaging of the

ow should not be initialized before the 
ow is fully developed, since the initial solution does not represent the

ow. How long the developed 
ow needs to be averaged depends on the magnitude of the lowest frequencies in
the 
ow, i.e the frequency of the vortex shedding. For the stationary scenario, the 
ow is taken to be fully
developed after 0.95 seconds, which corresponds to a 
uid particle having passed the domain approximately 3
times. For LES, the total simulated time is in 6 seconds while for PANS it is 5.5 seconds. This corresponds to
the 
ow blowing through the domain 20 and 18.3 times respectively.

Unfortunately, due to a technical mistake the averaging is not taken from time t = 0.95, but instead from time
t = 0.0. This means that the unphysical solution in the initial stages is included in the averaged results. The
average results can hence not be fully trusted. However the simulations has been remade, and the results shows
that the proper averaged 
ow di�ers very little from the averaged 
ow presented in this thesis.

For the moving scenario, no averaging is done, but the 
ow is initialized to the negative train speed:
Ux (t = 0) = 5 m=s (Uy;z = 0), and the 
ow is considered fully developed after 0.95 seconds. Themov-
ing veloctiy pro�le is then applied as a boundary condition, which will create a crosswind traveling in the
x-direction through the domain, as described in section 3.3.
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4 Results

4.1 Stationary Scenario: yaw angle 90 �

4.1.1 Instantaneous 
ow structures

Although the instataneous 
ow should be highly chaotic, the presens of organized 
ow structures is important
in many turbulent 
ows. A way to visulize these rotational structu res is with an isosurface ofQ; the second
invariant of the velocity gradient r U. The Q-surface can provide a good overall picture of the 
ow, and
it makes it possible to compare the resolved turbulence in LES and PANS.The surfuce is colored with the
normalized velocity magnitude jUj=U1 , where U1 = 5 m/s is the free stream velocity. In Figure 4.1.1 we can
se how the 
ow separates at the sharp edges of the train, forming the vortices that are responsible for the
downstream wake region.

(a) LES (b) PANS

Figure 4.1.1: Instantaneous 
ow structures around the train body, visualized by a Q-surface, colored by velocity.

Figure 4.1.1 also shows that LES resolves smaller 
ow structures than PANS, which means that the dissipation
that dampens out the unsteadiness in the momentum equations is larger in PANS. Large dissipation means
a more averaged 
ow where instantaneous information will be lost. The question is whether enough of the
important structures are captured and the unresolved turbulence is modelled in a good way.
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4.1.2 CFL and y +

Figure 4.1.2 shows instantaneous y+ for LES and PANS at the front and wind side of the train, where y+ has
it's highest values. The vast majority of the values seem to satisfy y+ � 1.

(b) LES (c) PANS

Figure 4.1.2: Train body colored with y+ values, the vast majority of the values appear to be close to or below
unity.

In �gure 4.1.3 we can see the the CLF number in a plane at mid height of the train. The CFL number seem to
be well below one, which is desired.

(a) LES (b) PANS

Figure 4.1.3: Train mid height plane colored with CFL number.
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4.1.3 Validation with experimental pressure data

The average pressure is extracted from the train cross sections shown in �gure 1.2.4 seen in section 1.2.1.
The continuous pressure curves from LES and PANS can then be compared to the experimental data at the
measurement points. The left graph in �gure 4.1.4 shows the mid cross section at x = 0. The right graph shows
a cross section at mid height of the train z/H=0.85. The pressure is given as the normalized pressure coe�cient

Cp =
P ! Pref

0:5�U 2
1

Where P is the computed pressure andPref = 105 Pa is the reference pressure.
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Figure 4.1.4: Comparison of LES, PANS and experimental data for the pressure coe�cient Cp. Taken at
centered crossections from an y-normal backside view (a), and from anz-normal (b) above view.

At x = 0 (4.1.4 (a)), LES and PANS is making a very similar prediction of the p ressure, with a fairly good
agreement to the experimental data. The pressure is slightly overpredicted a the bottom downstream end of
the train (points 9-11). However looking at the the height centered cross section (4.1.4 (b)), LES is clearly
failing by severly underpredicting the pressure at the lateral ends of the train (points 37-38). In comparison
PANS is only doing a very slight underprediction. The reason why LES fails at the lateral edges could be
that the 
ow there changes direction rendering z as the spanwise direction, see �gure 4.1.5. The resolution of
the mesh at the train surface is about 1.7 times coarser in the z-direction than in the y-direction. This could
mean that the spanwise resolution is insu�cient for LES at the lateral ends of the train. PANS utilises a more
so�sticated modelling of the unresolved scales, and should be able tocope with a coarser spanwise resolution
at the wall. The results indicate that this is the case. Figure 4.1.6 isshowing the lateral cross sections near
the back and the front of the train. Here PANS is doing a better job than LES at predicting the pressure at
the roof of the train (points 16-18 and 28-30). Note that these cross sections should have identical pressure
values, since the 
ow is symmetric around x = 0. PANS is predicting the pressure in better agreement with the
experimental data than LES, but it is also more computationally demanding. PANS requires approximately 1.6
times as many cpu-hours as LES, for the same physical simulation time. PANSshould also resolve the lowest
frequencies of the 
ow, and hence needs the same averaging time as LES.
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(a) LES (b) PANS

Figure 4.1.5: 3-dimensional streamlines emitted from a line at the wind side of the train. As expected the 
ow
is directed in the lateral direction (y) at the lateral end of the train.
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(a) North cross section
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(b) South cross section

Figure 4.1.6: Comparison of LES, PANS and experimental data for the pressure coe�cient Cp at the lateral
crossections.
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4.1.4 Force coe�cents

We observe in �gure 4.1.7 that the side force acting on the train is of roughly the same magnitude for LES
and PANS. LES displays larger 
uctuations, indicating a more unsteadyness in the 
ow, which naturally will
produce higher magnitude peaks in the forces.
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Figure 4.1.7: Side force coe�cient Cs.

Figure 4.1.8 shows the lift coe�cent Cl , which is in this case is negative. The lower lift predicted by PANSis
consistent with �gure 4.1.6 in section 4.1.3, where PANS predicted a higher pressure at the roof of the train.
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Figure 4.1.8: Lift force coe�cient Cl .

Since the yaw angle is 90� , the average drag force should be zero, which is displayed in �gure 4.1.9.
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Figure 4.1.9: Drag force coe�cient Cd.
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4.1.5 Resolved and Unresolved Turbulence Kinetic Energy

As seen in section 4.1.1, �gure 4.1.1, LES resolves smaller turbulent 
owstructures than PANS. This should
mean that LES produces a larger resolved TKEkr (see section 2.3, Eq. 2.3.9).kr is compared for LES and
PANS in �gure 4.1.10.

(a) centered cross section: LES (b) centered cross section: PANS

(c) lateral cross section: LES (d) lateral cross section: PANS

Figure 4.1.10: Comparing the resolved TKEkr for LES and PANS.

LES has overall higher values ofkr , but the di�erence is larger at the lateral cross section, where LES failed
to predict the pressure at the roof. PANS seem to behave more dissipative than LES on the current mesh.
Therefore, PANS can be expected to produce a larger magnitud of unresolved TKE ( ku ) than LES. For LES ku

it is not explicitly used in the model equations, but it can be computed as ku = kSGS = C2
s � 2jSj2=0:3 (see

chapter 2 for de�nitions). ku is modelling the 
uctuations from a partial time average, hence the instantaneous
ku �eld will be chaotic. To make the comparison easier, the total time averagehku i is considered instead.

(a) centered cross section: LES (b) centered cross section: PANS

(c) lateral cross section: LES (d) lateral cross section: PANS

Figure 4.1.11: Averaged unresolved turbulence kinetic energy comparison between LES and PANS.

Figure 4.1.11 shows that PANS produces an overall larger amount ofku , which means that it is modelling a
larger fraction of TKE. To clarify further, the average unresolved to t otal ratio of TKE; <k u >

<k tot > = <k u >
<k u > + k r

is visualized in �gure 4.1.12. High values of the unresolved to total ratio should mean that the turbulence is
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(a) centered cross section: LES (b) centered cross section: PANS

(c) lateral cross section: LES (d) lateral cross section: PANS

Figure 4.1.12: Averaged unresolved to total ratio of the turbulence kinetic energy: <k u >
<k u > + k r

modelled rather than resolved. For both models the ratio is rather small close to the train, but as expected
PANS models a larger portion ofk than LES. Together with the favorable pressure prediction this suggests that
PANS works as intended; accurately modeling a larger portion of the turbulence hence decreasing the demands
on mesh resolution. We want the modelling ratio to be larger for PANS than for LES, but it should not be to
high. A ratio close to unity suggest a pure RANS modelling, which is notdesired in the separated 
ow regions.
One observation that raises questions is that under the train the ratiofor PANS is close to zero. The pressure
prediction here is also very similar to the LES prediction. The author has currently no suggestions why this is
the case. Interesting is also to compare theparameter f k to the actual ratio computed in the simulation, now
denoted asFk , where Fk = ku

ku + k r
.

(a) The control parameter f k (b) The computed unresolved to total
ratio of TKE.

Figure 4.1.13: View from above comparing the control parameterf k to the actual computed ratioFk = ku
ku + k r

.

Figure 4.1.13 shows that that the control parameter f k is consistently higher than the computed ratio Fk ,
which is due to the fact that setting to f k = 1 will render an URANS- � -f modeling with kr > 0.

4.1.6 Averaged 
ow �eld visualization

Since the instantaneous 
ow �eld is highly chaotic, it is convenient to study the averaged 
ow �eld instead.
Figure 4.1.14 compares the time averaged streamlines for LES and PANS at the mid cross section where the
pressure prediction is similar for both methods (see �gure 4.1.4(a)). Even though the pressure prediction at
the surface is very similar at the centered cross section, obvious di�erences can be observed when looking at
the streamlines. PANS predicts more distinct separation and recirculation bubbles at the roof than LES. The
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(a) LES (b) PANS

Figure 4.1.14: Streamlines together with the averaged pressure �eld at the centered cross section.

large recirculation regions forming behind the train also has a longer propagation in space. At the lateral
cross sections, the 
ow is expected to be more di�erent since thePANS predicted a higher pressure there (see
�gure 4.1.6). Figure 4.1.15 shows that PANS again is predicting a larger and moredistinct separation at the
roof, which is this case seem to a�ect the pressure prediction. A similar di�erence between LES and PANS

(a) LES (b) PANS

Figure 4.1.15: Streamlines together with the averaged pressure �eld at one of the lateral cross sections.

can be seen in �gure 4.1.16 at the cross section seen from above, where LES is severly underpredicting the
pressure (see �gure 4.1.6(b)). A possible explanation for the higher pressure predicted from PANS is that the
\second" recirculation bubble, following the separation bubble a the leading edge, is much more distinct in the

ow predicted by PANS.
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(a) LES (b) PANS

Figure 4.1.16: Streamlines together with the averaged pressure �eld seen from above; plane at mid height of the
train

4.2 Moving Scenario: train speed 5 m/s

4.2.1 Visualization of the 
ow scenario

The moving scenario corresponds to the train traveling at a constantspeed 5 m/s through the region of
perpendicular side wind. The scenario is visualized in �gure 4.2.1for the LES simulation. The left column
shows the velocity �eld in z-normal plane at mid height of the train, w hile the left column visualizes the 
ow
structures with a Q-surface, and the pressure on the train surface. The di�erence between LES and PANS is
less visible for the moving case, why only LES is displayed here. The sampling points y = -540,-220,-30,280,
and 680 mm refers to the position of the train midsection in relation to the center position of the cross wind
pro�le.
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Figure 4.2.1: LES 
ow. Left column: Instantaneous velocity �eld. Right column: Q -invariant = 1e4, train body
colored with pressure. Sample points at y = -540,-220,-30,280, and 680 mm.
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4.2.2 Validation with experimental pressure data

The pressure is here compared for the experimental measurement points 1-38. The LES and PANS data is
plotted together with the experimental data for direct comparison. What can be observed in the comparison
with experimental data is that LES and PANS is predicting the pressure in relatively similar manner. Many of
the general transient pressure trends seem to predicted, but the magnitude of the pressure is not always well
predicted.
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Figure 4.2.2: Transient pressure graphs for the wind side points.

Figure 4.2.2 contains all the transient pressure graphs for the measurement points situated on the wind side of
the train body. The dashed vertical black lines marks the position of the wind tunnel nozzle. The pressure is
generally underpredicted during the crosswind passage, indicating that the boundary layer on the wind side is
not properly resolved. Figure 4.2.3 shows the pressure graphs on the lee side of the train body. The pressure in
p. 19-21 indicate that the separation at the lee front of the train is hard to capture when the train is entering
the crosswind region. This can be caused by inadequate resolution in the mesh, but lack of turbulence in the
crosswind velocity pro�le might also contribute. Figure 4.2.4 showsthat the pressure trends at the roof is
harder to predict at the front of the train, in the vincinity of the qu asi steady vortices (p. 17-18).
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Figure 4.2.3: Transient pressure graphs for the lee side points.
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Figure 4.2.4: Transient pressure graphs for the roof points.
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Figure 4.2.5: Transient pressure at point 16.

Figure 4.2.6 shows that the pressure magnitude is quite poorly predicted under the train at the front and
midsection (p. 22-24 and 10-12). The symmetry condition on the ground slit under the train can't properly
describe the cavity 
ow in the ground slit. On the other hand the di stance between the ground and the train is
quite large; H=3 (where H is the train height). In the authors mind, the discrepancies is morelikely to be
caused by insu�cient mesh resolution.
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Figure 4.2.6: Transient pressure graphs for the points under the train.

Figure 4.2.7 shows the pressure on the front and rear of the train. The pressure oscillations seen at the front in
the experimental data is not captured in the simulations. This indicates once again that the crosswind in the
experiment contains oscillations that is not present in the smooth pro�le used in the simulation.

30



-600 -400 -200 0 200 400 600
6

8

10

12

14

16

18

20

22
37

Pa

y
-600 -400 -200 0 200 400 600

-20

-15

-10

-5

0

5
38

y

Pa

 

 

exp
LES
PANS

Figure 4.2.7: Transient pressure graphs for the front (p. 37), and the rear (p. 38) face of the train.

4.2.3 Force coe�cients

To obtain the force coe�cients, the maximum e�ective crosswind
p

52 + 5 2 is used. To compare the stationary
case with the moving, the unscaled forces are plotted. Note that the external crosswind is of the same magnitude
in the moving and the stationary case, but the e�ective crosswind will be larger in the moving case. As expected
the side force is greater when the train is moving than when stationary. This is displayed in �gure 4.2.8.
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(b) Moving and stationary case.

Figure 4.2.8: Side force time history over the passage through the crosswind.

The lift and drag force is also increased during the passage through the crosswind, as shown in �gure 4.2.9
and 4.2.10. It can also be noted that LES and PANS shows some major di�erences in the side and lift force,
which is not obvious when studying the pressure.
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(b) Moving and stationary case.

Figure 4.2.9: Lift force time history over the passage through the crosswind.
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Figure 4.2.10: Drag force time history over the passage through the crosswind.
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4.2.4 Computation of f k for transient boundary conditions

As explained in section 2.3f k is changing dynamically asf k � "2=3
u =(ku + kr ). However, kr is computed with

the deviations from the averaged velocity. For the moving case, the velocity is constantly changing due to
transient boundary conditions. This will cause the velocities to deviate strongly from the mean, which will
incorrectly be computed as resolved TKE. Large values ofkr will give very low values of f k , prohibiting a
proper modelling of the unresolved turbulence. This scenario isshown in �gure 4.2.11. The left column shows
the velocity �eld from the same above view, in order to illustrate t he train position relative the crosswind.

Figure 4.2.11: The parameter f k at three di�erent train positions: y = -720, 420 and 30 mm. The ri ght column
shows velocity in the same z-plane to vizualize the trains relativeposition to the side wind.
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Figure 4.2.12 visualizes how the unresolved TKEku goes to zero as the the computed resolved TKEkr increases.
This shows clearly that computing f k with the current de�nition of kr is not suitable for the current 
ow
scenario.

(a) kr (b) ku

Figure 4.2.12: The resolved and unresolved TKE at three di�erent train positions; y = -720, 420 and 30 mm.

34



5 Discussion and Future Work
� PANS shows promising results for the stationary case. However, the geometry has sharp edges and

therefore PANS ability to predict the separation point has not been tested. PANS � -f was tested on a
�nite cylinder in [2], and showed good results, but more investigations are needed.

� The resolution of the mesh is high enough to yield reasonable results with LES. The main target of the
PANS method is to use an even coarser mesh, which still remains to be tested.

� For the moving case, the current way of calculatingf k is not suitable. For moving cases,f k could be set
to a constant, or perhapsk = ku =f k could be used to calculatef k . Another suggestion is to solve the
original URANS equation for k in parallel. For stationary cases, it would also be interesting to compare
di�erent ways to set f k .

� For the moving case, the author believes that a moving crosswind boundary condition is su�cient
to recreate the scenario. The �rst step is to re�ne the mesh. If the pressure predicted by LES still
shows substantial discrepancies, imposed turbulence in the crosswind should be tested. This could be
implemented as sinusoidal oscillations imposed on the smooth velocity pro�le. Prescribing the crosswind
pro�le on the lee side is good because it ensures the propagation of the crosswind though the domain.
However it could be interesting to try a pressure or neumann boundary condition instead.
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