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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 tinoughout the train making the leading
wagon relatively light. This can cause a risk of derailment, when travéing at high speeds and exposed to strong
crosswind or sudden gusts of wind. To study the forces acting on a trairas a result of side wind, low Reynolds
number experiments on a simpli ed train geometry has been conducte at the RTRI institute in japan. The
experiments includes both stationary yaw angles as well as a train mong through a region of crosswind. The
experimental data consists of pressure measurments at 38 locationsstlibuted along the train body.

The simulated scenarios consists of a stationary train exposed to sideimd of 5 m/s at yaw angle 90 degrees
(Re = 16000), as well as a train moving at 5 m/s perpendiculary through the sice 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 mdde employed in the LES. For

the RANS part of PANS the -f-model is used. The parameterfy de ned as the unresolved to total ratio of

turbulence kinetic energy, is recomputed before each timestepThe mesh for the stationary case is slightly to
coarse for LES, which makes it possible to see the advantage of PANS. All simations are performed using the
commersial software package AVL Fire.

Good agreement with the experimental data is found with both LES and PANSfor the stationary case.
However, PANS makes a substantially better prediction of the pressue at the lateral ends of the train, where

the spanwise mesh-resolution is coarser. In the moving case LES and PANfisplays very similar results, having

some discrepancies but showing fair agreement to experimental datalhe computing of f assumes a stable
time averaged ow, which is the probable reason why PANS does not show th 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 higlspeeds 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 crossvind. 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 eate crosswind

aerodynamic bodies, like a train exposed to crosswind, is highly tbulent. Reynolds Averaged Navier Stokes
(RANS) models is a computationally cheap method of computing turbulert 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 trapassing through a crosswind gust,
this is a transient scenario which does not have a well de ned tine 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 Simlations (LES), is a method that
also resolves the time history of the ow, but is computing a local s@ce average of the ow, hence decreasing
the computational demands. LES was performed on an simpli ed car geometry ¥ Krajnovt and Davidson
in [8] and [9]. Comparison with experimental data showed that LES is far sperior to RANS for this type of
aerodynamic ow. However, LES demands very ne resolution of the comptational 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 methd that could resolve the important
transient dynamics but still be feasible for high Re ows. Also for lov 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 establisti 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 wd 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 Krajovic 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 traivhen hit by a sudden wind gust [1].
The ow dynamics of a train exposed to a uniform crosswind is not the samne as a train passing through a
crosswind region of nite propagation in space. Krajnovic, Georgii and Hemda [10] modelled a high speed
train exiting a tunnel and passing through a region of varying crosswind The crosswind was modelled by



prescribing a moving velocity pro le on the boundaries on either sde 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 scenarithat 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 saveomputational 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 showim gure 1.2.1, comparing it to the
model used in this thesis.
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Figure 1.2.1: Comparison of models for wind gusts. The distance on the x-axis 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 irthis thesis is a generic train model
having the length of only one wagon. The di erences in crosswind speeid also due to the fact that this thesis
deals with a low Re scenario. In the experimental work providing daa 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@semble that of a wind gust occuring in
nature. However, the experimental data is still invaluable when ewluating 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 nzzle, blowing in perpendicular direction to
the train motion. The crosswind speed in the wind tunnel nozzle is Gm/s at all times. Several train velocities
are tested: 1, 2, 3, 4 and 5 m/s. The corresponding yaw angles is also tested a stationary train; 90 , 79 , 68 ,
59, 51, and 45 . Note however that the e ective crosswind speed in the moving casegoes not correspond to
5 m/s. For example when the train is moving with 5 m/s, the e ective crosswind is 52+52 7 m/s. In
this thesis simulations are done only for the stationary case 90and the moving case with train velocity 5
m/s. A schematic view of the experimental setup is presented belo 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 coordinatessym.

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

The pressure is measured at 38 locations distributed along three cressections 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 cylindes. 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 dug the experiment.
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Figure 1.2.5: The dimensions of the train body and the distances between the nsesement 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 thati érs from the ow in real train scenarios:

The model is a miniatyr, hence the Reynolds number will become saller 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 numlrs.

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 lge 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 ¥ 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 wh larger simulations and experiments
it is important to validate our simulation methods on generic cases. As aid the low velocities and the small
train body will lower the reynolds number and hence make a LES possik, because the mesh resolution is
highly correlated with the reynolds number. The sharp edges of the tain geometry ensures a well de ned
separation. This is good because it makes it easier to predict the owand it also makes the ow more Re
independent. The experiment is therefore suitable to evaluatelte 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 scenarig and the moving scenariq 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 $ate. For the
moving case, a time average over the full scenario will be less meagful, since the yaw angle is changing when



the train is entering and leaving the region of crosswind. The yaw angt 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 producefdly resolved LES, can PANS

provide a solution that is in better agreement to the experimental cata? It is also interesting to compare the

computational demands for PANS and LES, since PANS is using four closure equiains.

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 i the comparison with experimental data.

1.4 Limitations

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



2 Theory

This chapter aims merely to be a short and shallow review of the most devant 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 formuith tensor notation:

@4_ Uj @J =1 @D-}- @U'
@t @x @x @x@x

Where U; 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 guations can
be obtained with the continuity equation:

@V _

@x
Analytical solutions to NS has been found only in simple, special cases ofow, and certainly not for 3D-
dimensional aerodynamic problems. It is possible to solve NS in its gginal 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.

(2.1.1)

0

Figure 2.1.1: Turbulence in a water ow

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

UL
Re= ——

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 2L2 and
the viscous forcesUL . 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 eddis is of the order'= Re3 [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 nst be performed in
3D-dimensions to describe the ow, we would need (‘= )® (Re®%)2 Re** cells. For example the train
simulations of a miniatyr train at small velocities in this thesis has Re  10*, rendering a mesh size of 10°
cells, which would require a rather unrealistic amount of computatioral 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



t. The widely used numerical criteria based on the so called Courankriedrichs-Lewy (CFL) number is then

stated as:

cFL=2"' 1
X

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 increases the computational demands for a
DNS.

2.2 Averaged Navier-Stokes equations

A way to remove uctuations and reduce the computational cost is to aveage the velocity eld U;, 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 Iter. This would not decrease the computational cost. When averaging, the velocityU; is
decomposed into an averaged part;, which is resolved in the simulation, and an unresolved partu; :

Ui:Ui+Ui

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

@, @, OP, @ui | @ 2.2.1)
@t @x @x @x@x @x
@i
=0
@x
Where j = UiU; + U;T; is the sub lter stress tensor. In the Reynolds Averaged Navier Stoks, or RANS-

approach the average is taken over such a period of time that the solutiolconverges to a steady state (this of
course assumes stationary boundary conditions). The mean velociy uatation therefore becomes zerotn; = 0,

the sub lter stress is reduced to j; = TiU; and is refered to as the reynolds stresses. The sub Iter (or reynals)

stresses introduces new unknowns in the system of equations, artldey must hence be modelled. The widely
used Boussinesq assumtion states that the unresolved stressgs should be proportional to the average rate of
strain S; :

1 @i, @
S = : & 222
T2 @x’ ex @22
2
ij = 12 tSij + ék i (2-2-3)

Where  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 = %T Ui = % u?+ u?+ u?) . 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 5 (2.2.4)

Where ¢ is a dimensionless empirical constantk and " is assigned their own transport equations which are also
derived with dimensional analysis and tuned with experimental paraneters. The additional equations used to
close the undertermined system of equations given by Eq. 2.2.1 is call the closure equations Since the RANS
seeks a stationary solution to Eq. 2.2.1 the time-dependent partdJ;=@tecomes zero, which is convenient
since one does not have to consider any time integration. Instead theotution will converge to a time average
which is often what one is interested in anyway. The time averaged sation removes all the small turbulent
uctuations and hence it is possible to use a very coarse mesh for RANSompared 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 tens in the RANS equations. This
method is called unsteady RANS (URANS), and it will resolve the largest fiequencies of the time dependant
ow while modelling the rest. Which time and length scales that will be resolved depends on the RANS-model



that is used. It is the modelled turbulent viscosity ; that will dampen the turbulent uctuations, and the
magnitude of ; depends on the model. A and a very dissipative RANS-model, like thstandard k-"-model, will
hardly resolve any turbulent utuations at all, depending on the speci ¢ 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"
sothat { << . 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 RANSequations. The aim is then to resolve
as much turbulence as possible give the resolution in the mesh, and tase a RANS model for the unresolved
turbulence.

2.3 PANS

The concept of Partially Averaged Navier Stokes (PANS) equations introdu@s the parametersf and f-, which
are de ned as the ratio between the unresolved and total kinetic ensgy (fx) and dissipation (f+). Setting
fx = f- =1 should turn PANS into URANS, while fy = f- =0 will retain the original NS (Eg. 2.1.1). The
early PANS method proposed by Girimaji in [5] was based on the standarck-" model, while in this thesis the

-f model is used. This was rst proposed by Basara, Krajnovt and Girimaji in [2]. A weakness in the RANS
model will naturally be inherited by its PANS counterpart, hence the -f-model is a good choice. The -f
model is developed to correct the inaccurate near wall behavior of th&-"-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 denedas = 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):

In PANS, the turbulent kinetic energy and dissipation is divided into resolved partsk, and",, and unresolved
parts k, and ":
k: kr+ku’ ||= "r+"u

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

fr=—; fo= (2.3.1)

The large majority of the dissipation is expected to take place at the mallest scales, which we don't want to
resolve. Thereforef- = 1 is a reasonable assumption. The equations for the unresolved quantasky, "y, u
and f, can be derived by combining de nition 2.3.1 with the original -f -equations, yielding the following:

@,;@_ @ , . @

ot Yoy o T +P, !y (2.3.2)
%‘t+ u,—g;: @i = g; R A (2.3.4)
L2r 2f, 1 f, = % o+ cg% ol g (2.3.5)
Where P, is said to be the production of unresolved turbulent kinetic enegy, which is modelled as:
Pu=2 S %J;(

Ty and L is the unresolved taylor time- and length scale:



r
T, = max min k”{a,oi6 .c =
u 6j$ﬂ u u

k32 ki=2 —

Ly=C. max mn —;p—:C

u GJSJ u u

fk regulates the turbulent di usion of k, and ", by adjusting the constants .y

ke, = ke f2 (2.3.6)
fk also regulates the parameterC.,, which is taken as:

Cip = Crp+ fi(Cra! Coy)

(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:qy Cuy
022 1.4

a C, k- C C C
1.9 04 065 1 13 12 60 036 85

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

2 .
i =125 + éku 1)

Where | is the eddy viscosity of the unresolved scales:

ki

u=C uy

u

Sj is the resolved rate of strain, or stress tensor, as given in equation 2.2.Now, fi could be set beforehand
to a constant value in the simulation, but in the current PANS model fy is recomputed at the beginning of
every timestep as proposed in [3].

C
Where

(2.3.8)
is the the local cell dimension (taken as the cube root of the ll volume) and
scale of turbulence:

is the taylor length
k3:2

This is an attempt to compute the value of f 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 irb]. Since the computation offy depends

on the total TKE k = ky + k., the resolved TKE k; need to be computed as well. According to the de nition,
the unresolved TKE k, is modelling the partial average of theunresolved uctuation:

— U2+ 2+ u2
2ky = uf+ us+ ug

Where u; = U; ! U;. To nd the resolved uctuation we can apply a time average over the full simulation time

on the resolved velocityU;, denoted ashU;i. The resolved uctuation uy; is approximated asu; = U; !'h Uji,
and k, is computed from the full time average ofu?;

2 = hiZ i+ 2,0+ huZ i

(2.3.9)
This way of computing k, assumes thathU;i is a converged, stable average that will not change over time. If

the boundary conditions are changed,U; might deviate from hU;i, not as a turbulent uctuation but as a
change in the global ow conditions. Computing k; in this way, all deviations from the total time average will
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Figure 2.3.1: The dynamic updating off

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

n 2=3
u
ky + ki

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 k; should be more or less constant. Worth mentioning is also that is
slightly deluding to de ne fy 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.fy is rather the ratio between the TKE modelled by the
URANS equations, and the TKE modelled by the PANS equations.

fi

24 LES

Large Eddy Simulations, or LES, is like PANS aiming to resolve the large turlulent structures, or eddies, and
to model the e ect of the unresolved scales. The resolved velogitU; is however in LES thought of as a local
volume average, instead of a partial time average. The speci c model &l in this thesis is called the standard
Smagorinsky model [11]. LES is, like RANS and PANS, using the Boussinesq samtion to model the sub lIter
stress jj :
1

i =!2sesSjt i
Where sgs is called the sub-grid-scale(SGS) viscosity, SGS being anotherr® for the unresolved scales. In
LES the SGS viscosity is modelled using only a single algebraic equati:

ses =(Cs) ?Sj (2.4.1)

Where is the local Iter width, naturally taken to be the local cel | 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 eddiesThis means
that the turbulent eddies must be resolved all the way down to the smallest scales, which puts severe demands
on the mesh resolution. LES is of course substantially more economic than 8, but lacks the exibility of
PANS which gradually can resort to URANS modelling when the mesh resolubn decreases. It is however
computationally cheaper than PANS on the same mesh, comparing 4 extra di eential 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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distancey* can then be used: S

l1@u
y'=y “a
Yo
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;

s
* X 1@u zt = 2z 10u
@yy=0 @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 normalied force coe cents are de ned as

Fyx
Coz — X
T 05U, Ay
_ ! FY
Ci= G50, A,
_ F;
G = 0:5U; A,

Where Fy,,, is the actual forces, andAy,., is the projected surface area in the x-,y-, and z-direction.U; is
the free stream velocity and is the uid density. Cs.q, is refered to as the side, drag and lift force respectively.
Note that the drag coe cent Cgy is usually de ned in the x-direction, while the side force coe cient 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 page ICEM-CFD. ICEM-CFD
enables good control of the resolution near the train surface, as well as ¢hstreching of the hexagonal cells
further away from the walls. Figure 3.1.1 shows the dimensions of theomputational domains used in both
scenarios. H refers to the train height, and the conventions is to hae around 8H upstream of the body and
19H downstream. The requirements for the distances perpendiculato 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 theind tunnel nozzle. The
upstream distance and the height could probably be decreased to lowehe size of the mesh, as done in the
domin used for the moving scenario. The distance on the east lee side thfe train is only 15H for the moving
scenario since the yaw angle will be only 45when the crosswind is applied. The separated ow region on
the lee side of the train is therefore not expected to travel as far irthe x-direction as when the yaw angle is
90 . In the stationary scenario the reynolds number is calculated to:Re = Y1 H = 70048 16000, The

1:51'

z

k.

(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 maxum e ective crosswind speed 7
m/s: Re= YL H = 700483 23000. With the higher Re the mesh (se section 2.1) need substantially giher
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 #hspanwise 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. Meshlanes 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 pproach from the right side.
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(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 @ 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 compnent of magnitude 5 m/s. No gradients
in the ow are expected at the side walls and the roof, and they are treaéd as symmetry planes. This will
resemble the open space in the experiment. On the east boundary wallvhich is the outlet, a homogeneous
neumann boundary condition is applied, meaning that the velocity gradent 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, meanindJ; = 0 is set on the train as well as on the oor. The
boundary conditions are schematically represented in gure 3.2.1.
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