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Abstract

Cross wind analysis is one of the important safety measures for rail vehicle certification. The
objective of this study is to identify which vehicle certification ground setup, true flat ground
(TFG) or single track ballast and rail (STBR) represents a more realistic ground setup with
atmospheric boundary layer (ABL) wind inlet and also to represent an embankment scenario.
A streamlined high speed train ICE3 and a conventional Regional train are taken for the
analysis to represent both categories. CFD is used as a tool for calculations. The best practice
recommended by the AeroTRAIN project is used for the CFD approach. The analysis is done
for various configurations including STBR, TFG, embankments, ground roughness, moving
ground, non-moving ground, block profile inlet, ABL inlet, model scale and full scale setups.

The Regional train shows higher roll moment coefficient about lee rail (Cmx,lee) compared to
the ICE3 train, whereas the ICE3 train has a higher lift force coefficient than the Regional
train. STBR setup shows a higher force and moment coefficient compared to TFG. The STBR
setup represents the more realistic setup of moving rough ground with ABL wind inlet and
also the realistic embankment scenario.

Key words: Crosswind, ICE3, true flat ground (TFG), single track ballast and rail (STBR),
atmospheric boundary layer (ABL), AeroTRAIN, CFD.



Symbols and abbreviations

ABL
BP
CFD
cwcC
DES
DNS
DTBR
FS

H_bak_STBR

H_bak TFG

HHTSL
H_LWC
H_WWC
ICE3
LES
LwWC
Ma

MG
N-MG
RANS
Re

RG

RT

SFS

Atmospheric Boundary Layer
Block Profile velocity inlet.
Computational Fluid Dynamics
Characteristic Wind Curves
Detached Eddy Simulation
Direct Numerical Simulation
Double Track Ballast and Rail
Full Scale(1:1)

High embankment result obtained by Baker hypothesis applied on
STBR result.

High embankment result obtained by Baker hypothesis applied on
TFG result.

Horizontally Homogeneous Turbulent Surface Layer.
High embankment Lee Ward Case.
High embankment Wind Ward Case.
Inter City Express 3.

Large Eddy Simulation

Lee Ward Case

Mach number

Moving Ground.

Non-Moving Ground.

Reynolds Averaged Navier-Stokes
Reynolds number

Rough Ground.

Regional Train.

Sub Filter Scale



SGS
STBR
TFG
TSI
WT

WWC

Faragr Fsiger Fiife
Mzo1, Mpitcn, Myaw
Cy, Gy C,

Cmx> Cmy» Cinz
Cinx,lee

me,lee,bmk

A

L

Bw

Sub Grid Scale

Single Track Ballast and Rail

True Flat Ground

Technical Specification for Interoperability
Wind Tunnel

Wind Ward Case

Aerodynamic forces on x, y and z direction.
Aerodynamic moment along X, y and z axis.
Aerodynamic force coefficient.
Aerodynamic moment coefficient.
Aerodynamic roll moment coefficient on lee rail.
Benchmark roll moment coefficient on lee rail.
Reference area 10m?

Reference length 3m

wind yaw angle

Resultant wind yaw angle

air density 1.225kg/m3

half track width 0.75m

Resultant wind velocity

dimensionless wall distance.

Dynamic viscosity

height from the ground (or) top of rail

S

roughness height (m)z, = :—O
sand grain roughness height (m)

Frictional velocity

Velocity over embankment used in baker hypothesis


http://www.rssb.co.uk/EUROPE/Pages/TSI.aspx�

f emb

speed up factor over embankment.
von Karman constant 0.4
Turbulent kinetic energy
Turbulent dissipation rate.

Specific dissipation rate.
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1 Introduction

Time is the most important factor of life. Time can be evaluated in terms of billions of dollars
and Euros. Hence, in the recent times, it can be said that increasing the speed is the only way
of controlling the unlimited flow of money throughout the world. Train transportation has also
been increasing its operational speed continuously for the last two decades. Sometimes nature
also increases its wind speed. It is the duty and responsibility of the engineers to ensure a safe
journey in strong cross wind conditions.

In the last 20 years, the awareness of safety issues due to cross wind is increased and lot of
research has been done and improvements have been made in the last decade. The
experimental methods for understanding the crosswind calculations are available in works of
[1, 2]. The understanding of the flow field around the train in a crosswind condition is
explained in the works of [3, 4, 5, 6, 7]. The effect of turbulence on crosswind simulation is
mentioned in the work of [4, 5, 8]. The analysis of crosswind conditions along the train is a
multi-disciplinary area involving aerodynamic forces and moments, vehicle dynamics which
govern the effect of forces on wheel rail contacts and overturning, the knowledge of
atmospheric boundary layer, ground roughness and turbulence are added advantages of
realistic calculation of cross wind analysis.

In this thesis, the crosswind assessment of trains on different ground configurations is done
through CFD method. As per the European standard EN 14067-6:2010 [9], the CFD is used as
tool for crosswind assessment if it satisfies the benchmark testing. An ICE3 model is one
available reference train for the benchmark testing. ICE3 is a streamlined train but many
conventional non-streamlined trains are also in operation. Hence the conventional Regional
train model with roof box is also taken for investigation.

AeroTRAIN found the simulation accuracy with the standard approach of wind tunnel setup
and RANS turbulence modelling was higher for streamlined trains than blunt trains [34],
hence AeroTRAIN proposed more reference vehicles to represent the conventional regional
trains [34]. The relative comparisons between different configurations should minimise the
influence of computational accuracy.

The reference setups used for crosswind assessments of trains in wind tunnel testing are true
flat ground (TFG) and single track ballast and rail (STBR). The former is used in the German
RIL 807.04 and HS RST TSI along with a 6m embankment scenario. The latter is used in
EN14067-6:2010, STBR is the only setup mentioned which is intended to replace the TFG
and 6m embankment scenario.

Different configurations are compared: conventional train over the streamlined train, the true
flat ground (TFG) over the single track ballast and rail (STBR) ground configuration, the
wind tunnel model scale over the full scale model, the moving ground over the non-moving
ground and the rough ground over the smooth ground. The effect of embankment on the flow



field and force acting on the train on a crosswind condition is analysed. Moreover the vehicle
certification configurations such as TFG and STBR are compared with the more realistic
setup such as moving ground with roughness and onset atmospheric boundary layer (ABL)
wind inlet.

As per the industrial requirement the work is based on European standards EN14067-6 [9] for
the CFD calculations, the ground roughness is implemented as per the EN 1991 2-4 [10]. The
generalised domain width which is enough to satisfy the norms is used, the RANS model is
used for turbulence, the block profile and atmospheric boundary layer profile of wind inlet is
used. The computational approach is based on the best practice recommendations [34]
developed within the AeroTRAIN project, a research project in railway aerodynamics lead by
UNIFE that ended May 31st, 2012, supported by the European 7th Framework Programme
[33].
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2 Crosswind stability background

2.1 Methods to assess crosswind stability

The train experiencing crosswind will be subjected to the aerodynamic load such as side force
and lift force due to the resultant effect of train speed and wind speed as well as the resultant
wind angle (Figure 2.3). Figure 2.1 shows that these aerodynamic loads cause an overturning
moment about the lee rail. The restoring moment is only provided by the mass of the vehicle
[9,11]. Apart from aerodynamic load there are certain vehicle dynamic loads that can increase
the overturning moment, i.e. track excitation, suspension loading and in curves the
unbalanced lateral acceleration and displacement of centre of gravity of the vehicle. Since the
aerodynamic load is the dominating factor, the crosswind stability of the vehicle is assessed
by the characteristic wind curves (CWC) [9]. The CWC indicates the characteristic state of
the wheel vertical load, not the overturning threshold. The criterion to define CWC is the
average value of wheel unloading (AQ), of the most critical running gear. Crosswind analysis
involves the study of vehicle aerodynamics and vehicle dynamics. The CWC takes into
account both. However, as the vehicle dynamic characteristics do not change between
different ground set-ups, the study was limited to analysing the aerodynamic load.

Cross-wind

&#

g T FLat- acc. Cross-wind
M F

Overturn g Dynamic track
F
Mass

Figure 2.1, Load acting on vehicle during cross wind condition [20].

2.2 Aerodynamic assessment

The aerodynamic load can be obtained in three ways [9]. The predictive equations,
computational fluid dynamics (CFD) and wind tunnel test. The predictive equations are used
for preliminary analysis or conservative assessment of e.g. heavy locomotives. Wind tunnel
tests are the primary tool for certification of rolling stock, with CFD as an option when
fulfilling requirements on suitability. CFD is commonly used for design analysis and
feasibility studies.
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2.3 Aerodynamic coefficients

The aerodynamic coefficients are force coefficients and moment coefficients. These
coefficients are dimensionless numbers calculated from the forces and moments acting on the
vehicle.

U2
(Fdrag: Fsidge, Flift) = pZR A (Cy, Cy' C;) (1)
p UR
(Mroll' Mpitch: Myaw) = 2 AL (me' Cmy' sz ) (2)
b,
me,lee = Cpx — TCZ (3)

Here the reference area A = 10m?, reference length L = 3m and half track width b,= 0.75m in
full scale [9]. p is the air density 1.225kg/m3. Uy is the free stream velocity past the train,
which is the resultant component of train speed v, and wind speed v,, as shown in Figure 2.3
(v in figure). g and B,, are resultant yaw angle and wind yaw angle respectively. C,, C,, C,
are drag force, side force and lift force coefficients along X, y and z axis respectively.
Cinx> Cmy» Cm @re roll moment, pitch moment and yaw moment coefficients about x, y and z
axis respectively as shown in Figure 2.2. The roll moment about the lee rail C,,, ;o given in
equation 3 is a quite interesting parameter formed by roll moment and lift force coefficient,
which can predict vehicle over turning in the two-dimensional case in the absence of other
coefficients [9,11]. In vehicle overturning, C, ee Provides a good measure of the overall
effect of the aerodynamic load [4]. In general the non dimensional force and moment
coefficients are dependent on the object’s shape, since the coefficients are obtained by
normalising the force and moment with air density, reference area, length and resultant
velocity square. Here the reference area and length are fixed [9], the non dimensional force
and moment coefficients are dependent on train shape, reference area and length for different
trains. Hence different train shapes have different coefficient values and the idea of non-
dimensional force and moment coefficients leads to model scale wind tunnel testing provided
the shape is retained and the Reynolds number is in the super critical range. Baker [30] shows
that for appropriate modelling of ABL turbulence characteristics and for super critical
Reynolds number the force and moment coefficients can be expressed as a function of
resultant yaw angle.

Figure 2.3 (left) shows the two different velocity profiles, the wind tunnel velocity profile and
the real wind velocity profile. In wind tunnel condition the onset wind velocity is the resultant
wind velocity which has a constant velocity profile over height and constant yaw angle to the
vehicle. In the real wind velocity profile, the velocity of wind varies with height above the
ground and the resultant wind velocity profile has a skewed boundary layer which depends on
a number of factors such as roughness and topography of ground and turbulence
characteristics of the ABL wind [29]. In this thesis both the wind tunnel and real velocity
profile are used.

12
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Figure 2.3, Wind profile for crosswind on wind tunnel and on road (left) [21]. Cross wind speed
vector diagram (right)

2.4 Ground roughness

The ground roughness affects the onset wind velocity by increasing the ground boundary
layer thickness as shown in Figure 2.4 [19]. The roughness is classified into four terrain
categories. They are shown in Table 2.1 [10]. z, represents the ground roughness. As

roughness increases the thickness of the ground boundary layer increases, which reduces the
side force coefficient [2].
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Table 2.1, Terrain categories and roughness values [10]

Terrain categories and related parameters

terrain category k, z,lm] Zninlm] £

I Rough open sea, lakes with at least 5 km 0,17 0,01 2 [0,13]
fetch upwind and smooth fiat country
without obstacles

Il Farmland with boundary hedges, occa- 0,19 0.05 4 [0,26]
sional small farm structures, houses or
trees

il Suburban or industrial areas and per- 0,22 03 8 [0:37]
manemnt forests

IV Urban areas in which at least 15% of the 0,24 1 16 [0.46]
surface is covered with buildings and
their average height exceeds 15 m

Height
inm
city core
500
94 %

100 - 90 outskirns

98 %
300

open land
75 90
200 | 95 %
61 77 a1
100 | 86
[ fl 56

0 aﬂl il

0 T T T 2
5 10 o

L] 5 10 o

75

5 0
Wind Speed in m's

Figure 2.4, Different ground category and wind profiles [19].

2.5 Reference wind and reference height

The ground roughness and atmospheric boundary layer are highly used in the meteorological
field. Reference wind is taken as 10 minutes mean wind at the reference height of 10m from
the ground of terrain category Il given in Table 2.1 [10]. In train aerodynamics the reference
height for the wind is defined at 4m from the ground [9]. In EN14067-6 annex G, atmospheric
boundary layer wind tunnel testing [9], the reference height for ABL is taken at 3m from the
ground. In this thesis the reference height for the wind speed is taken as 3m, while the
influence of 4m reference height is also assessed.

2.6 Atmospheric boundary layer

The wind moving in the atmosphere has a specific velocity profile which is called
atmospheric boundary layer (ABL). The ABL profile depends on the terrain category and
their corresponding ground roughness z,. The velocity profile of the wind is calculated either

14



by log law or power law. The power law is empirical and easily integrated over heights, while
the logarithmic law is based on physical considerations. In both cases the estimation of the
parameters z, and a are based on the meteorological measurements.

The power law [32]:

U(z) = Uy (ﬁ)a 4

« = () ®

By knowing the reference velocity U, at the reference height z,.., from the ground, the
velocity profile of the wind and the value of a can be found by equation (4) and (5).

The log law [13]:

u==1In (Z+Z°) (6)

K Zo

The k-o turbulence modelling:

u?

k = 7

N @)
__u

€= K(z+2zy) (8)
=

w = CoK %)

where w, is the frictional velocity, C, is a constant 0.09, k is the von Karman constant 0.4, k
is turbulent kinetic energy, w is specific dissipation rate and z is height from the ground.

Frictional velocity u, is found by applying a reference velocity for u and reference height for
z in equation (6). Then velocity profile is obtained by using the friction velocity u, in the
same equation (6) at different height z from the ground.

In atmospheric wind engineering, both formulas are used by many modellers. Power law is
suggested by Gilberto A. A. Moreira et al. [12] due to curve fitting matches with experimental
results. P.J. Richards and S.E.Norris [13] claim that the ABL velocity profile is following the
log law not the power law. They refer to Richards and Hoxey (1993), Hargreaves and Wright
(2007) and Blocken et al. (2007). They used the log law for the velocity profile and they
provided many suggestions to overcome the problems in implementing the horizontal
homogeneous turbulent surface layers. Richards and Norris [13] explain the problem with
ABL and eddy viscosity turbulent models like k-¢ and k- models. Figure 2.5 shows the ABL
for different ground roughness. Since the train is 4m in height the ABL near the ground has
significant effect on the train with respect to various ground roughness. In this example all

15



profiles approach the speed of 12 m/s near the top of the boundary layer (of the order of 1000
m) [18].

100 —

Grasg field, z0 = 002m
Open sea, 70= 0.0002

Height minus displacement length (m)
g
|

o —1
I I I T I I I T I T T | I I 1

o 1 2 3 a 5 = 7 a8 o 10 11 12 13 14 15
wWind speed (m/s)

Figure 2.5, ABL for different ground roughness.[18]

2.7 Computational Fluid Dynamics (CFD)

Fluid dynamics deals with flow of fluids, which interest scientist and engineers to understand
the phenomena and solve the industrial problems. Like other branches of science it needs
mathematical and experimental tools to understand [22]. Aerodynamics is a branch of fluid
dynamics which deals with excitation of forces, moments and heat transfer on a body due to
flow of air [23]. There are three different approaches to fluid dynamics, i.e. the pure theory,
the pure experiment and computational fluid dynamics. The recent advancements in the
digital computers are used to predict the fluid flow phenomena based on governing equations

of fluid dynamics (conservation laws) [22].

CFD is based on flow geometry, the flow properties of the fluid such as velocity, temperature
and pressure, the fluid properties such as density and viscosity, the initial and boundary
conditions. The governing equations are discretised by the finite difference and finite volume
method, more details can be found in standard text books [24, 25]. The results of CFD should
be interpreted carefully since it has many sources of errors. There are discretization errors due
to application of numerical methods, the input data error, the initial and boundary condition
error and the modelling error. These errors can be minimised by using an appropriate
numerical method. Higher order of accuracy, size of the domain, mesh type and mesh density
are the factors that reduce the discretization error. The initial and boundary condition error is
reduced by taking data from a proper source. The choice of turbulence modelling,
atmospheric modelling and flow modelling influences the accuracy and error of the modelling

[22].
CFD is the dominating tool in fluid dynamics in recent years due to its advantages. It is quick

and cheap, it generates solutions throughout the domain of interest, it can simulate realistic
and ideal conditions. It is easy to vary the parameters to be studied. The unnatural events can

also be simulated using CFD [24].
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In this thesis different ground setups, different trains and various wind yaw angles are
simulated and results are compared in a short time and economically cheap using CFD. The
same work would have taken a long time and have been very expensive if done
experimentally in a wind tunnel. Other advantage is that CFD provides a simple means to
simulate the realistic conditions like implementation of ABL, rough ground and moving
ground scenarios. Implementation of the realistic condition setup in the wind tunnel is
difficult [29]. Controlling air property in a wind tunnel experiment is quite expensive and
difficult, where as in CFD it is quite simple.

2.7.1 Computation mesh

The finite volume difference method used in CFD simulation is based on the computational
mesh. The group of small volume cells constitute the mesh. These cells determine the
accuracy of the results obtained in the simulation, the time taken to generate the mesh and the
time taken for the simulation to convergence. Many different types of cells are used in CFD
practice. Some of them are two dimensional triangular, rectangular or unstructured cells or
three dimensional tetrahedral cells, hexahedral cells or polyhedral cells [14, 25]. Along with
these cell types, the viscous boundary layers are treated with highly structured boundary layer
cells also known as prism layer cells or inflation layer cells. Diedrichs [5] mentioned that
using polyhedral cells takes around 30% longer time per iteration (normalised with cell count)
and credited the much quicker convergence and high accuracy due to more neighbouring cells.
The mesh should be capable of capturing the phenomenon and regions such as boundary
layers, vortices, recirculation cells, stagnation points, wake, and flow accelerations [9]. In
practice this translates to that more cells are required the sharper the gradients in the solved
flow variables.

2.7.2 Computation method and Turbulence models

The computational methods should be able to solve viscous, unsteady, three dimensional,
turbulent and strongly separated flows. If steadiness of the flow is evident then steady method
is appropriate [9].

In crosswind analysis of the train vehicle the Mach number is moderate Ma < 0.3, hence the
flow is considered to be incompressible. And also, the thermal effects are not considered for
the cross wind assessment.

The direct numerical simulation (DNS) of the Navier-Stokes equation requires an extremely
fine grid to capture all turbulent length scale and a small time step to capture the entire
turbulent spectrum. These requirements of DNS are not satisfied computationally with the
computer resources available now.

In large eddy simulation (LES) only the big eddies whose dimensions are larger than the filter
width, which is connected to the cell’s dimensions, are computed directly. The smaller eddies
or non-resolvable eddies are modelled with specific turbulence models named Sub Grid Scale
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(SGS) or Sub Filter Scale (SFS) turbulence models. LES is essentially an unsteady and 3D
simulation [26]. Many applications find LES as a feasible turbulent model but still it is
expensive computationally. It requires very fine grids, particularly near walls, which in
combination with fine time steps make it computationally expensive [27]. In the work of
Hemida [31] computation took 3 months with 38 CPUs to perform LES on 14 million
hexahedral cells.

Detached eddy simulation (DES) a hybrid LES-RANS approach, which use RANS model
near the wall and LES away from the wall [26]. This model reduces the computational effort
near the wall compared to the pure LES model.

The Reynolds averaged Navier-Stokes (RANS) model is a classical turbulent model used for
the last 50years. Many different forms of RANS models are developed during these years.
The RANS simulation uses statistically averaged flow, however, unresolved parts flow has to
be modelled. The general method used is the eddy viscosity concept. The industry standard
and widely accepted model are two equation models k-¢ and k-w. They are based on the
Boussinesq approximation that the Reynolds stresses are proportional to the local mean flow
strain rate. This eddy viscosity or the turbulence is computed from two transported variables
k (turbulent kinetic energy) and either eddy dissipation ¢ or specific dissipation @ [28]. Both
models have advantages and disadvantages. The k-¢ model works well for an attached
boundary layer and insensitive to free stream turbulence. On the other hand, the k- model
works well in an adverse pressure gradient and it is sensitive to free stream turbulence [28,
14]. The positive aspects of both models are incorporated in a model known as k-& SST. This
is the combination of both the k-¢ and k-® model. In this study RANS with the k-o SST
turbulence model was used.

2.7.3 Reynolds number
The Reynolds number% is based on the free stream velocity and a characteristic length,

which for crosswind following the EN norm is 3 m at full scale. For high Reynolds number
applications where flow around the body is mainly dependent on the shape of the body and
not on viscosity of the fluid, the Reynolds number super criticality is achieved at lower values
say one order of magnitude lower than the real condition [27]. Baker 1986 explains that a
Reynolds number above the super critical value does not affect the force coefficient values,
since the boundary layer separation takes place on the leeward edge of the model, but for Re
lower than the critical value boundary layer separation takes place on the windward edge
which affects the coefficient values. Gawthorpe [29] pointed out that the Reynolds number
should not be less than 2.5x10° where as in a real condition Re is around 10-14 million. This
ensures the flow similarity between the model scale and full scale. The flow similarity and
reaching a sufficiently high Re is an important aspect in wind tunnel testing where by
necessity scale models are used.
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2.8 Different ground configurations

Three different ground configurations are used for this thesis. The true flat ground (TFG)
configuration is extremely simplified with just a gap between train and ground. The single
track ballast and rail (STBR) configuration is a simplified representation of ballast and a rail.
The third configuration is the 6m high standard embankment.

2.8.1 Single track ballast and rail (STBR)

This is the standardised 1m ballast and rail configuration, the standard ground configuration
in the EN 14067-6:2010. It is a simplified model such that the sleepers are not modelled.
Usually the wheels are flattened to avoid wheel rail contact so that the force measurements are
not affected. The under body flow field is fairly represented in this configuration by providing
the appropriate blockage to the air flow [17].
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Figure 2.6, STBR front view (all dimensions are in mm) [9].
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Figure 2.7, STBR side and top view (all dimensions are in mm) [9].

2.8.2 True flat ground (TFG)
The true flat ground is a simplified configuration without the ballast and rail. It is the set-up
used in the German standard for cross wind RIL 807.04 and it is one of two configurations in
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the HS RST TSI:2008. The HS RST TSI:2008 cross wind requirements only apply to trains
with speeds > 250 km/h. It is currently under revision.

The clearance height between the top of the rail (T.O.R) and the ground should be 235mm in
full scale [9]. The flat ground is historically used in the wind tunnel at 0° yaw angle, in such
cases the under body blockage is represented fairly well. In case of other yaw angles the under
body air flow is not represented correctly, which affects the results [17].

Figure 2.8, TFG front view (all dimensions are in mm) [9].

2.8.3 Embankment

The standard 6m embankment should be modelled with slope of arctangent (2/3). It is one of
two configurations (the other being the TFG) in the HS RST TSI1:2008. As mentioned in the
previous section the HS RST TSI:2008 cross wind requirements only applies to trains with
speeds > 250 km/h and is currently under revision. The later EN 14067-6:2010 aim to replace
the two HS RST TSI:2008 configurations with the STBR. As it is not possible to model the
embankment configuration correctly in a wind tunnel [17], only the geometry is used together
with realistic conditions.

In this thesis, two different embankment configurations are used: one is 6m high standard
embankment and the other is 3m high embankment. The 3m high embankment is made by
reducing the height of 6m standard embankment to 3m and keeps the same slope of arctangent
(2/3). The height of the embankment and slope gradient changes the pitch and velocity of the
natural wind deflected along the embankment [2]. The train is positioned on both the
windward and leeward tracks.
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Figure 2.9, Double track embankment front view (all dimensions are in mm) [9].

2.8.4 Embankment over speed effect

When the wind approaches the embankment the velocity component normal to the
embankment gets accelerated, while the velocity component parallel to the embankment
remains unchanged [9]. In this thesis this concept is used to convert the force and moment
coefficients from the results of TFG configuration or STBR configuration to the high
embankment results.

Figure 2.10 [17] shows that the velocity normal to the embankment gets increased with the
speed up factor of f,,,, over the embankment and the velocity parallel to the embankment
remains the same, the resultant velocity V,,,,;, and the yaw angle S get increased.

Wind approaching the embankment Wind velocities on the embankment

Unormal

fornn X Unormal

. —— — ———

Figure 2.10, Embankment velocity speed up [17].

Vemb = \/(VT + U cos IBW)Z + fembz(U sin Bw)z (10)
_ femp U sin By,
p = arctan (VT+ U cosﬁw) (ll)

Equations 10 and 11 give the resultant velocity and yaw angle over the embankment. For
converting the TFG result to the embankment the train velocity V; is kept zero since the train
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is stationary. To obtain the embankment coefficients, the measured TFG coefficient are scaled
with resultant velocity V,,,, and the yaw angle . The yaw angle scaling is done by
interpolation and extrapolation of Cmx,lee value at 20° and 30° to the embankment yaw angle
B. The velocity scaling is done by squaring the (V,,,,/U). Equation (12) gives the Cmx,lee
value corresponding to the embankment.

Cemp (IBW) = C(ﬂ) * (Vemb/U)2 (12)

Here the value of f,,,,is taken as 1.23 for converting TFG coefficients to high embankment
coefficients and 1.188 is taken for converting STBR coefficients to high embankment
coefficients [17].
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3 Methods

3.1 Approach

This section describes the train models, the CFD approach, the physics setup and mesh setup
used, and the boundary conditions applied in the simulations. The validation method used for
mesh independence check, Reynolds number independence check and the benchmark test are
provided. The approach towards the full model scale analysis, roughness and atmospheric
boundary layer implementation and embankment case setup is explained.

3.2 Trains

The stream lined train ICE3 and a conventional Regional train model are used for the study.
The ICES3 train represents the high speed, stream lined trains, and the geometry is that of the
reference train in the EN norm. The Regional train is blunter and represents the trains with
conventional speeds.

Figure 3.1, ICES3 (left) and Regional train (right) train

The critical details to note on these trains are that ICE3 has a long streamlined nose and a
smooth round shaped roof. The Regional train has blunt nose, a rectangular body shape, a roof
box and roof lines from the nose to the end of the vehicle. These details have a significant
impact on the flow field around the vehicle.

The under body and bogies are modelled in a way that the blockage is represented. The
pantograph is neglected. The first vehicle is the most critical vehicle to cross wind and
therefore considered in this study. The half vehicle and full vehicle are modelled downstream
in the ICE3 and Regional train respectively. The coefficients are calculated for the first
vehicle. In the case of ICE3, the coefficients are computed excluding the gangway.

3.3 CFD Setup
The approach used for the mesh setup and physics setup are the recommendations of the
AeroTRAIN guidelines based on derived good practice [34].

23



3.3.1 Coordinate system

The coordinate system is given in EN14067-1 as shown in Figure 2.2. the X-axis represents
the direction of travel, the Y-axis represents the direction perpendicular to the side of the train
and the Z-axis represents the direction towards the ground. The moments Mx (roll moment),
My (pitch moment) and Mz (yaw moment) are taken anticlockwise to the respective axes.

3.3.2 CFD code
Computational fluid dynamic analysis of the crosswind assessment was done in STAR-CCM+
6.02, the codes used in the program are stable and conform with the industry standards.

3.3.3 Computation domain

The generalized rectangular box domain is used for the analysis, as proposed by the
AeroTRAIN project [34]. The train and track are aligned parallel to the sides of the domain.
The front and left side are used as inlets (transparent), whereas the right side and rear are
outlets (orange). The same domain and mesh setup could be used for any wind angles (both
Bwand B) just by changing the boundary conditions. This considerably reduces the mesh
generation time for different yaw angles. The size of the domain is big enough to satisfy the
requirement of EN14067-6:2010 [9]. For the embankment case the domain size is made
bigger such that the blockage ratio is kept small and there is no influence on the side inlet
boundary pressure.

Figure 3.2, Computation domains: STBR (left), 6m embankment (right) (all dimensions are in m)

3.3.4 Mesh setup
The volume and surface mesh are defined by control volumes and prism layer settings.
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3.3.4.1 Control volumes

The cell sizes near the train and STBR should be very fine so that the small eddies, flow
separations and boundary layer phenomena can be captured. Large vortices in the far wake
can be resolved even with a bigger cell size. The cell sizes and regions are defined through the
control volumes, Table 3.1 and Table 3.2 for ICE3 and Table 3.3 and Table 3.4 for the
Regional train. It includes both WT models and full scale models, which are only differing by
a scale factor.

Table 3.1, Control volume cell sizes used in ICE3 domain.

Control volume | 9% of | Absolute value (1:25) | Absolute value
Level name Base (m) (full scale) (m)
1 Vehicle 5 0.0025 0.0625
2 Near vehicle 10 0.0050 0.125
3 Lee wake 27 0.0135 0.3375
4 Far away 85 0.0425 1.0625
5 Full domain 100 0.0500 1.25

Table 3.2, Control volume zones used in ICE3.

Control Zone picture Description
volume
1 Name: Vehicle

Contains: Vehicle
and rails

Most of the
separation lines are
located in  this
region; this should be
resolved with very
fine mesh.
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Name: Near vehicle

Contains: Near
vehicle and
underbody including
track.

Flow field around the
vehicle should be
resolved with good
resolution.

Name: Lee wake

Contains: Around the
vehicle extended in
lee side and STBR

Vortices near the
vehicle should be
resolved properly.

Name: Far wake

Large vortices
formed in the far
wake region should
be resolved with a
proper mesh.
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Table 3.3, Control volume cell size used in Regional train domain

Control volume | % of | Absolute value(1:15) | Absolute value(full

Level name Base (m) scale) (m)
0 fine mesh 4.5 0.0036 0.054
1 Vehicle 7.5 0.0060 0.09
2 Near vehicle 10 0.0080 0.12
3 Lee wake 28 0.0224 0.336
4 Far away 90 0.0720 1.08
5 Full domain 100 0.0800 1.2

The Regional train has a blunt nose and a roof box and roof lines that need a very fine mesh.
The region is shown in Table 3.4. The other regions are similar to the ICE3 control volume as
shown in Table 3.2.

Table 3.4, Control volume zone used in Regional train domain.

Control | Zone picture Description

volume

0 Name: Fine mesh
Complex geometries of the
nose, to resolve flow
separation at roof box, roof
rails and car gap.

3.3.4.2 Prism layers

The automatic mesh generator of STAR-CCM+ is used to generate mesh with very little
inputs. The Polyhedral cells are used with the cell sizes given in the control volume. The
boundary layers are formed as prismatic layers with inputs of:
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Table 3.5, Prism layer properties

scale models WT scale FS and emb
No of prism layer 9 15
Growth rate 1.2 1.3
total thickness(% to adjacent core cell size) 100% 80%
Reynolds no. ~0.6M ~10M - ~14M

This prism layer setup keeps the average y+, dimensionless wall distance value, in the buffer
zone of 10 to 30.

front view showing control volume zone
meshing

L

S, .‘3".::‘:{‘" fine meshing near vehicle

Figure 3.3, ICE3 mesh showing control volumes and prism layers.

3.3.5 Physics setup

The computational method is based on steady, incompressible, viscous, turbulent and
isothermal flow. The Mach number involved is less than 0.3 hence the incompressible
formulation of the governing equations is used. The flow solver deals with steady RANS
equations with constant density, solving the equations in a segregated way using the pressure-
correction scheme of the SIMPLE algorithm. The convective fluxes are approximated with a
2nd order upwind scheme. The turbulence model K-o SST is used. The wall treatment
automatically switches between low- and high Reynolds formulations depending on the actual
dimensionless distance using all y+ treatment in STAR-CCM+.

3.3.6 Boundary conditions

The boundary conditions are given in Table 3.6. The boundaries of the domain like sides (see
section 3.3.3), ground and train are given in the first column and the respective boundary
conditions applied on these boundaries are given in the other three columns. The boundary
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conditions are grouped based on the model setup. In the WT setup, the model size is WT scale
model size and the inlet is block profile (BP) which is applied on front and right side of the
domain, the ground and train conditions are no-slip and smooth walls. The embankment setup
is a more realistic setup, in which the inlet is a ABL. A mapped ABL is applied on the front
wall of the domain. The ABL wind is sent 90° to the embankment from the right wall for
WWC and left wall for LWC and the front wall is kept as symmetry condition. Velocity over
front wall is taken and train speed is added to it and mapped on the front wall as a velocity
inlet in the simulations. Ground and embankment conditions are no-slip, rough and moving
wall. In the full scale (FS) setup both WT condition and realistic conditions are simulated.

Table 3.6, Boundary conditions for various configurations.

Boundary WT setup FS setup Embankment setup
Front BP inlet BP / ABL inlet ABL mapped inlet
. . . ABL inlet(WWC) / Pr.
BP inlet BP / ABL inlet
Right inle / inle outlet(Opa)(LWC)
ABL inlet(LWC) / Pr.
Left Pr. outlet(Opa) Pr. outlet(Opa) outlet(0pa)(WWC)
Rear Pr. outlet(Opa) Pr. outlet(Opa) Pr. outlet(Opa)
Ground no-slip, smooth| no-slip, smogth/rough wall, no-slip, rough wall, moving
wall non-moving/moving
Top symmetry symmetry/ABL inlet ABL inlet
Train no-sllsv,aslinooth no-slip, smooth wall no-slip, smooth wall
STBR/emb no-slip, smooth| no-slip, smoc_)th/rough wall, R liRroug Al oing
wall non-moving/moving
Reynolds no. ~0.6M ~10M - ~14M ~10M - ~14M

3.3.7 Roughness implementation
The roughness to the ground and track is representing the reality in terms of ground condition.
The ground roughness of z;=0.01 m, terrain category 1, is implemented in some simulations
(cf. sections 2.4 and 2.6).

The wall function for fully rough surface is given by [35]:

L =25InZ+85
u* kg
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k.is the equivalent sand grain roughness. The wind engineering roughness z, and equivalent
sand grain roughness k; are related such that k; = z, * 30.

In general commercial CFD solvers have limitations in roughness implementations. In STAR-
CCM+ some of the wall function parameters have to be modified and the mesh resolution has
to be changed to implement the roughness.

In STAR-CCM+ the wall function is given as [14]:

v_1 1yt

— =-In(E"y™) (14)

E'=E/f (15)

f=B+CR* (16)
+ ksu*

R* =2 (17)
+_yu

yt == (18)

The default values are B=0, C=0.253, E=9, RJnootn = 2.25, Ripygn = 90. k= 0.42 yields

v A

=241In7+85 (19)

According to the STAR-CCM+ user guide [14] “The user should take care that the distance
from each wall-adjacent cell centroid to the wall is larger than the wall roughness height.
Should this condition be violated, STAR-CCM+ will locally limit the roughness height such
that Rt = y*”

Hence implementing kg would lead to large first cell size for the prism layers. To avoid this
limitation, roughness in terms of z, is implemented just by modifying the default parameters
such that C=E, z, = k,/30, R}5,, = R};,,,/30, k= 0.4. Then equation (19) becomes.

v A

—~=251In . (20)

The roughness value used in the simulation is z,=0.01 m for the ground and k;=4 cm
(z,=0.00133 m) for ballast.

The DeuFraKo project AOA- [15] recommends a minimum of 20% of kg for the wall
adjacent cell size for good result. In the current thesis 50% of k, is used for wall adjacent cell
size and a growth rate of 1.0 and 3 layers are used for ground, track and ballast.

For results and discussion on the simulation corresponding to ground roughness see appendix
2 and section 4.4.
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3.3.8 Moving ground

To represent the reality of relative velocity between train and the ground, the moving ground
is implemented in some simulations. For moving ground the train speed is given in negative
x-direction as the boundary condition for the ground and STBR in moving ground simulations.
Along with moving ground the ground roughness mentioned in section 3.3.7 is also
implemented. For results and discussion on the simulation corresponding to moving ground
see appendix 2 and section 4.4.

3.3.9 Atmospheric boundary layer

The inlet wind velocities used in wind tunnel test and in previous simulations are a block
profile. In reality there is an atmospheric boundary layer where the wind speed varies with
height. In the simulations the ABL is modelled as explained in sections 2.4 and 2.6, with the
wind direction being normal to the track (wind angle 90°).

For atmospheric surface layer as a horizontally homogeneous turbulent surface layer
(HHTSL), the top boundary condition should be consistent with the inflow condition [16].
Hence the top boundary condition is given as Dirichlet boundary condition which is consistent
with the inlet flow profile.

The ground is considered as no-slip, rough and moving. The simulations are carried out on
both the ICE3 train model and the Regional train model. For results see appendix 2 and for
discussion of results see section 4.4.

3.3.10 Embankment

The standard embankment is a 6m high embankment over which the double track ballast and
rail (DTBR) is placed (Figure 2.9). In this thesis, the train on wind ward track and lee ward
track is considered. Due to the large domain size and the small cell size required over the
embankment the total number of cells becomes higher. Hence two different meshes are used,
one for the windward case (WWC) and another for the lee ward case (LWC). The control
volumes used in the ICE3 train and the Regional train are given below in Table 3.7 and Table
3.8. The near train sizes are the same as in the simulations without embankment.

Table 3.7, ICE3 embankment configuration control volume cell size.

Level Control volume % of Base Absolute value
name (m)
1 Vehicle 5 0.0625
2 Near vehicle 10 0.1250
3 embankment 28 0.3500
4 Lee wake 60 0.7500
5 far away 90 1.1250
6 full domain 120 1.5000
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Table 3.8, Regional train embankment configuration control volume cell size.

Level Control volume % of Base Absolute value
name (m)
0 fine mesh 4.5 0.054
1 Vehicle 7.5 0.09
2 Near vehicle 10 0.12
3 embankment 28 0.336
4 leewake 60 0.72
5 far away 90 1.08
6 full domain 120 1.44

The boundary conditions used are no-slip, rough, moving ground. The no-slip, smooth

conditions are applied to train surface.

3.4 Validation of CFD setup

According to EN14067-6 norms the CFD setup should be validated before starting the
simulation study. Validation of the CFD setup includes mesh independence, benchmark test
and Reynolds number independence.

3.4.1 Mesh independence check
According to the AeroTRAIN proposal, mesh independence should be established for 1.25
refinement with the limit of 1% difference in Cmx,lee results.

Refinement factors are
— 1.25 fine mesh = (base size)*0.8

— 0.8 coarse mesh = ( base size)*1.25

Figure 3.4, The mesh refinement of ICES3 train, fine mesh(left), base mesh(center) and coarse
mesh(right).
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Table 3.9, Mesh refinement check for various configurations

setup mesh % difference with base mesh
Cy Cz Cmx Cmx,lee
fine mesh 1.5% -1.1% 1.7% 0.9%
ICE3_STBR
coarse mesh 2.3% 1.3% 2.4% 2.1%
fine mesh 0.8% 1.1% 0.8% 0.9%
ICE3_TFG
coarse mesh 0.9% -2.2% 1.1% 0.4%
fine mesh -0.2% -0.7% -0.4% -0.5%
RT_STBR
coarse mesh -1.4% 5.8% -2.0% -1.0%
fine mesh -0.6% 3.2% -0.4% -0.2%
RT TFG
coarse mesh 1.2% -18.3% 0.5% -0.4%
ICE3_ H WWC fine mesh 0.8% -1.8% 1.2% 0.004%
ICE3 H LWC fine mesh 0.2% -0.1% 0.3% 0.2%
RT H WWC fine mesh 2.7% -8.9% 2.7% 1.4%
RT H LWC fine mesh 1.2% -5.2% 1.4% 0.7%

Table 3.9 above shows the result of the mesh refinement check done at 30° yaw angle for
ICE3 and Regional train model in STBR, TFG and embankment. Cmx,lee of the fine mesh
differs less than 1% from the base, which is within the limit of 1%. Hence the simulations are
found to be free from mesh dependence. Only the Regional train WWC on high embankment
exceeded the limit of 1 %. However, it is in this context regarded to be sufficient.

3.4.2 Benchmark testing

According to EN14067-6:2010, the benchmark test should be carried out for at least one of
the three vehicle models: ICE3 end car, TGV Duplex power car or ETR 500 power car. The
benchmark test should have the same test setup as of the vehicle under investigation. The
result of C,,, 1c IS an important criterion for the benchmark test. The difference in the result is
found for the benchmark test and the result provided in EN 14067-6:2010 appendix C[9] for
the benchmark vehicle. The tolerance for the low turbulent test is given as:

Cmux,lee,test— Cmx,lee,bmk
max [ mx,leetes mx,lee,bm < Emax (21)
me,lee,bmk
me,lee,test_ me,lee,bmk
mean < Emean (22)
me,lee,bmk

The limitations for these tolerance values are &,,,,= 0,15 and €,,.4,= 0,1
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Table 3.10,

ICE3 1:25 model scale STBR configuration simulation result compared with EN
results for yaw angles 20° - 50°.

ref name | yaw angle force coefficient moment coefficient

Cx Cy Cz Cmx Cmy Cmz | Cmx,lee
EN 20 -0.257 2543 | -2.631 | 1.396 | 0.463 | 3.590 | 2.053
S-2 Diff with EN -45.1% | -5.0% | -19.3% | -6.4% | -6.5% | -2.1% | -10.5%
EN 30 -0.101 4455 | -4.702 | 2457 | 2384 | 4385 | 3.632
S-1 Diff with EN -170.4% | -3.0% | -15.7% | -3.4% | -53.4% | -4.7% | -7.3%
EN 40 0.200 6.806 | -6.368 | 3.773 | 3.443 | 4.840 | 5.365
S-3 Diff with EN 113.6% | -1.8% | -13.8% | -3.9% | -55.6% | 17.5% | -6.8%
EN 50 0.954 8.655 | -7.158 | 4.783 | 5.165 | 6.392 | 6.572
S-4 Diff with EN 3.2% -0.4% | -11.4% | -1.8% | -26.1% | 16.9% | -4.4%

The benchmark test of the ICE3 STBR configuration results are shown in Table 3.10, the
maximum difference in Cmx,lee value is -10% for 20° yaw angle, which is less than the 15%
limit and the average is -7.25% which is less than the 10% limit. The simulation results are
excluding the gangway, if gangway results are included then the values in simulation results
will increase marginally and reduce the difference with EN result. Hence the simulation
results are in good agreement with the wind tunnel test and EN14067-6 norm.

From Table 3.10, it is clear that the values of the simulation results are lower than the wind
tunnel results. Apart from Cmx,lee results the side force Cy, lift force Cz, and roll moment
Cmx have significance in cross wind analysis. The lift force Cz of the simulation is
significantly lower (-11% to -19%) than the wind tunnel result compared to the other two
coefficients.

The AeroTRAIN project mentions that the predictions for streamlined trains are closer to the
measurement. For conventional Regional trains with blunt nose and roof box they are less
accurate and the predictions are higher than the measurements [34]. Hence AeroTRAIN
proposed more conventional trains as benchmark train [34]. The focus on relative
performance of the trains limit the influence of the prediction accuracy.
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Figure 3.5 ICE3 1:25 model scale STBR configuration simulation result plot compared to EN
results.

Figure 3.5 shows the trend of the simulation results and the EN results. It is clear that as the
yaw angle increases the coefficients increase. Here the simulations are done for 20° to 50°, if
we look in to the EN results from EN14067-6 [9] after 50° yaw angle the coefficients drop.

3.4.3 Reynolds number independence check

Table 3.11 shows the results of the Reynolds number independence check for Re: 555000
(base) and Re~1,000,000. Both fulfil the required Re according to EN14067-6:2010 and are in
the range common to wind tunnel tests (see also section 2.7.3). Since the flow in CFD
simulations is turbulent, the main difference is the average y+ value and the boundary layer
reaching the train. For the WT model scale simulations the mesh is the same and the Re
number is increased. For full scale simulations the mesh is modified to obtain the average y+
values in the range of the buffer zone (y+ value between 5 to 30). The difference in Cmx,lee
value is small.
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Table 3.11, ICE3 and RT train models Reynolds number independence check on STBR and
TFG configurations at 30° yaw angle.

Comparison with full scale

-1.4% 15.0% -4.8%
| -L4% | 150% | -4.8%

Hence the validation of the CFD setup is agreeable with the recommendations of EN-14067
and the AeroTRAIN proposal.
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4 Discussion on result

4.1 Comparison of STBR and TFG conditions on the ICE3 train

Table 4.1 shows that the TFG configuration is having lower force and moment coefficient
values in all yaw angles compared to the STBR configuration. Cmx,lee values of TFG values
are 17% to 24% lower than for the STBR configuration. The lift force coefficient in the TFG
configuration is 35% to 51% lower than for STBR. The side force and roll moment
coefficients are also lower in the TFG configuration.

Table 4.1, Comparison of STBR and TFG on ICE3 train in WT model scale.

ref name | yaw angle force coefficient moment coefficient
deg Cx Cy Cz Cmx Cmy Cmz Cmx,lee
S-2 (STBR) 20 -0.141 2.416 -2.123 1.307 0.433 3.516 1.837
TFG Diff with STBR 39.6% -13.1% | -35.3% | -10.2% | -350.7% | -16.5% | -17.4%
S-1 (STBR) 30 0.071 4.321 -3.965 2.374 1.111 4.180 3.365

TFG Diff with STBR -254.1% | -15.9% | -39.3% | -15.0% | -12.1% -6.5% -22.1%
S-3 (STBR) 40 0.427 6.681 -5.489 3.627 1.529 5.689 5.000

TFG Diff with STBR -79.8% -11.4% | -51.2% | -8.0% -76.1% | -28.1% | -19.9%

S-4 (STBR) 50 0.984 8.622 -6.341 4.695 3.819 7.470 6.280

TFG Diff with STBR -55.8% -18.4% | -48.2% | -16.3% | -88.6% | -20.0% | -24.3%

ICE3 STBR Vs TFG

—t— Cmx,lee STBR —4 =Cmx,lee TFG
8 1| —e—CmxSTBR —e -Cmx TFG

6 1 Cz STBR CzTFG 7"‘*
4

|

coefficient
o

yaw angle(deg)

Figure 4.1, Trend of ICE3 WT model on STBR and TFG

The trend over different yaw angles can be seen in Figure 4.1 above. The solid lines represent
the STBR configuration and dashed lines represent the TFG condition. As the yaw angle
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increases the coefficient values increase in both configurations. The STBR configuration has
higher coefficient values compared to the TFG configuration. The lift force coefficient
increases more as the yaw angle increases in the STBR configuration.

Vielocity: Mogrifudo (m/s)
Q000 _JLN 22223 3334 M4 5558 sisd7 J777E esesy 1of

Velocity: Mognifudo (m/s)
00000 J1M11 22222 33333 Ad4dd 55556 SGse7 7RIS Eassy 1of

Vielocity: Mogritudo (m/s)
Q000 JLNI 22220 333U M4l 5555 SGAT J777E 8880 IO

Velocity: Magnitude (m/s)
0.0000 11.111 22222 33333 44444 55556 066.667 77.778 88.889

100.00

Figure 4.2, Velocity contour plot of STBR(left) and TFG(right). at cross sections: front
bogie(top), between bogies(middle) and rear bogie(bottom) of the ICE3 first car at 30° yaw angle.

The differences between TFG and STBR Cmx,lee are due to higher side force, roll moment
and lift force coefficient of the STBR configuration. In the STBR configuration the presence
of track and ballast obstruct the flow of air in the under body of the train, while in the TFG
configuration the gap is larger between the carbody and the ground giving less obstructions
for the air flow. Figure 4.2 shows the velocity magnitude and the vector field over the train on
three different planes. In the STBR configuration there is a higher suction pressure over the
roof (see Figure 4.4) due to more flow of air with high velocity and hence lift coefficients are
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higher (Table 4.1). The vortex on the lee ward side on both configurations is seen in Figure
4.2. The vector field shows the strong vortex field near the roof and also near the ground in
the STBR configuration but the TFG shows strong vortex near the roof.

Pressure Coefficient
-1.5000 -1.2700 -1.0400 -0.81000 -0.58000 -0.35000 -0.12000

0.11000 0.34000 0.57G00 0.80600

Figure 4.3, ICE3 30° yaw angle lee vortex in STBR (top) and TFG(bottom) (lambda2 value -
250000).

Figure 4.3 shows the lee vortex obtained by the lambda2 vortex visualisation technique
available in Star-CCM+. Both configurations have a strong vortex formation over the nose,
but STBR configuration has a strong under nose and under bogie vortex formation. In the
STBR configuration the vortices formed under the nose and bogie join with the strong vortex
formed over the nose. This strong vortex structure in the STBR configuration causes low
pressure on the lee side (see Figure 4.4), hence side force and roll moment are higher than in
the TFG configuration (Table 4.1). In the TFG configuration the under body vortex formation
is weak due to the higher flow of air which is shown in Figure 4.2.
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Figure 4.4 Cp over the train car body of STBR(top) and TFG(bottom) showing windward side
(right) and lee ward side (left) for 30° yaw angle ICE3 train.

4.2 Comparison of STBR and TFG condition on Regional train model

In the conventional train model the effects are the same as for the streamlined ICE3 train but
the differences are higher. Table 4.2 shows that the TFG configuration is having lower force
and moment coefficient values in all yaw angles compared to the STBR configuration.
Cmx,lee values of TFG values are 20% to 35% lower than STBR configuration. The lift force
coefficient in the TFG is 60% to 83% lower than STBR which is a much higher difference
than for the ICE3 configuration. The side force and roll moment coefficient is also lower in
the TFG configuration.
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Table 4.2, Comparison of STBR and TFG on Regional train model

yaw
ref name angle force coefficient moment coefficient
Cy Cz Cmx Cmy Cmz Cmx,lee
S-9 (STBR) 20 -0.325 3.296 -1.723 1.977 0.703 4.902 2.408
TFG Diff with STBR 4.2% -11.2% | -60.1% | -12.3% | -90.7% | -3.3% | -20.9%
S-8 (STBR) 30 -0.366 6.935 -2.485 | 4.136 1.750 6.893 4.757
TFG Diff with STBR 2.8% -18.9% | -73.5% | -19.9% 29.0% -15.2% | -26.9%
S-10 (STBR) 40 -0.098 10.159 -3.261 5.965 2.066 9.616 6.781
TFG Diff with STBR 196.4% | -17.6% | -83.2% | -16.6% 46.5% -37.4% | -24.6%
S-11 (STBR) 50 0.339 12.560 | -4.044 | 7.618 4.066 | 12.602 | 8.629
TFG Diff with STBR -136.4% | -26.4% | -74.9% | -29.8% | -114.6% | -44.5% | -35.1%
Regional train STBR Vs TFG
10
Cz STBR CzTFG
g | | —e—cmxSTBR —e -Cmx TFG _—4
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Figure 4.5, Trend of STBR and TFG on Regional train model.

The trend over different yaw angles can be seen in Figure 4.5 above. The solid lines represent
the STBR configuration and dashed lines represent the TFG condition. As the yaw angle
increases the coefficient values increase in both configurations but the lift force coefficient in
TFG remains the same for 20°, 30° and 40° yaw angle and increases marginally in 50° yaw
angle. This flatness in the TFG lift force coefficient gives higher difference with STBR
compared to the ICE3 lift force coefficient difference. The STBR configuration has higher
coefficient values compared to the TFG configuration.
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Figure 4.6, Cp over the train car body of STBR(top) and TFG(bottom) showing windward side
(right) and lee ward side (left) at 30° yaw angle Regional train.

Figure 4.6 shows pressure coefficients over the carbody for both the STBR and TFG
configuration. The wind ward side of both cases has similar Cp but the lee ward side of STBR
configuration has low Cp values compared to TFG. These low Cp values in STBR
configuration cause higher side force and roll moment (Table 4.2). Similarly the pressure on
the roof is lower with STBR, as more air is forced over the train.

4.3 Comparison of ICE3 train and Regional train

The ICES3 train is a stream lined train with rounded roof having the dimensions of 3.89m x
2.95m x 25.7m (h x b x I). The Regional train is a conventional train with a roof box and blunt
nose having the dimensions of 3.86m x 2.85m x 25.6m (h x b x 1) (4.08m height including
roof box). The dimensions are in full scale.
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Table 4.3, Comparison of ICE3 and Regional train model on STBR configuration.

ref name | yaw angle force coefficient moment coefficient
deg Cx Cy Cz Cmx Cmy Cmz Cmx,lee
S-2 (ICE3) 20 -0.141 2.416 -2.123 | 1.307 | 0.433 3.516 1.837
RT Diff with ICE3 130.1% 36.5% -18.8% | 51.3% | 62.3% 39.4% 31.0%
S-1 (ICE3) 30 0.071 4.321 -3.965 2.374 1.111 4.180 3.365
RT Diff with ICE3 -614.9% | 60.5% -37.3% | 74.2% | 57.5% 64.9% 41.3%
S-3 (ICE3) 40 0.427 6.681 -5.489 | 3.627 | 1.529 5.689 5.000
RT Diff with ICE3 -122.9% | 52.1% -40.6% | 64.5% | 35.1% 69.0% 35.6%
S-4 (ICE3) 50 0.984 8.622 -6.341 4.695 3.819 7.470 6.280

RT Diff with ICE3 -65.5% 45.7% | -36.2% | 62.3% | 6.5% 68.7% 37.4%

Table 4.3 shows that the Cmx,lee value of the Regional train is 31% to 41% higher than for
the ICE3 train in STBR configuration. The side force and roll moment coefficients are higher
in Regional train whereas the lift force coefficient is lower compared to the ICE3 train. The
higher side force in the Regional train is due to the conventional box shaped carbody that
increases the force on both windward and leeward sides. The increase in roll moment of the
Regional train is approximately 15% more compared to the increase in side force coefficient.
This suggests that the lever arm for the roll moment is higher compared to the ICE3 train. The
roof box in the Regional train has a considerable influence on the lee vortex generation which
causes low Cp on the lee side near the roof box. More over the blunt nose of the Regional
train causes a more complex lee vortex (Figure 4.6). This also increase the side force in the
conventional train. On the contrary the lift force is higher in the ICE3 train, this is due to
speed up of velocity over the round shaped roof in the ICE3 train.

Pressure Coefficlent o 5
18 _izmo iom osum gswe om0ty gy uﬁ ) .
— ST

Figure 4.6, Lee vortex on ICE3 (left) (lambda2 value -250000) and Regional train model (right)
(lambda2 value -100000) at 30° yaw angle
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4.4 Full scale models
4.4.1 1ICE3

4.4.1.1 WT scale vs. full scale

The wind tunnel scale model and the full scale model are compared in Table 4.4. The
differences in result are comparatively small when considering the benchmark criteria, though
they are not applicable here. The trend in results is that the side force and roll moment are
lower in the full scale model, while the lift is higher.

Table 4.4, Comparison of WT scale model to full scale model on ICE3 train

aw
ref name ayngle force coefficient moment coefficient

deg Cx Cy Cz Cmx Cmy Cmz | Cmx,lee
S-1 (WT) 30 0.071 | 4.321 | -3.965 | 2.374 | 1.111 | 4.180 3.365
S-2 (WT) 20 -0.141 | 2.416 | -2.123 | 1.307 | 0.433 | 3.516 1.837

S-16 diff with S-2 -22.9% | -7.0% | 13.7% | -9.9% | -11.1% | -1.0% -3.1%

4.4.1.2 Non-moving vs. moving ground and influence of rough ground

Table 4.5 shows that the moving ground leads to a higher roll moment and lift force
coefficient compared to the non-moving ground. This is due to the effect of the moving
ground having an additional force on the adjacent air. In the rough ground scenario, the
difference in the coefficients between moving and non-moving ground is higher, besides for
the Cx coeffieient.

Table 4.5, Comparison of non-moving and moving ground on ICE3 train 20° yaw angle.

yaw
ref name angle force coefficient moment coefficient

deg Cx Cy Cz Cmx Cmy Cmz | Cmx,lee
S-16 (N-MG,
smooth) 20 -0.108 | 2.245 | -2.414 | 1.177 | 0.384 | 3.480 1.781

MG Diff with N-MG 11.8% 5.5% 4.0% 5.1% | -28.8% 4.7%
-0.123 2.07 -1.94 1.11 0.228 3 1.595

5-18 (N-MG, RG) 20

MG Diff with N-MG
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Figure 4.7, Velocity profile for smooth ground and rough ground of ICE3 train at 20° yaw angle.

Figure 4.7 shows the velocity profile of smooth and rough ground of a full scale ICE3 in
STBR non-moving ground condition with block profile velocity at 20° yaw angle. The
velocity profile is taken half way between inlet and train where the boundary layer is formed
and not influenced by presence of the train. Smooth ground has a small boundary layer hence
a larger face of the train will be hit by the maximum wind velocity compared to rough ground.
This has an effect of lower side force and lift force with rough ground (Table 4.6).

Table 4.6, Comparison of smooth and rough ground, ICE3 train at 20° yaw angle.

yaw
ref name angle force coefficient moment coefficient

deg Cx Cy Cz Cmx Cmy Cmz | Cmx,lee
5-16 (N-MG,
smooth) 20 -0.1089 | 2.2459 | -2.4145 | 1.1776 | 0.3849 | 3.4803 1.781

RG Diff with smooth ground 12.9% | -7.8% | -19.7% | -5.7% | -40.7% | -13.8% | -10.5%

S-17 (MG,
smooth) 20 -0.1218 | 2.37 -2.51 | 1.2372 | 0.2739 | 3.5146 | 1.865

RG Diff with smooth ground 2.4% -2.3% | -83% | -0.4% | -50.7% | -5.1% -3.0%

Rough and smooth grounds are compared in Table 4.6. The rough ground has lower
coefficient values compared to the smooth ground. In the non-moving scenario, the
percentage differences are considerable, where as in the moving ground scenario (see Figure
4.7 and 4.8), the ground exerts force on adjacent air and increase the force coefficients and
thus percentage difference between rough and smooth reduced compare to non-moving
scenario. As explained before the vehicle in rough ground experiences a lower velocity
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compared to the smooth ground which has an effect on lift force, side force and in turn on roll
moments.

4.4.1.3 Influence of atmospheric boundary layer

velocity profile at Y=-35
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Figure 4.8, Velocity profile comparison of ICE3 train at 20° yaw angle.

Figure 4.8 shows the velocity profile of non-moving smooth ground, moving rough ground
with block profile and moving rough ground with ABL. The non-moving ground has a small
boundary layer due to velocity drops to zero at ground and then full vertically straight profile.
The moving rough ground has a roughness which provides a larger boundary layer but the
moving ground reduces the effect of roughness on the boundary layer formation and makes it
closer to the non-moving smooth ground. The ABL has a lower velocity below the reference
height 3m from the ground (2m in Figure 4.8) and a higher velocity above the reference
height. Hence half the height of the train in ABL experiences a lower velocity and the other
half experiences a higher velocity, which cancel out the effects of ABL profile and make the
difference with the WT_STBR configuration small (see Table 4.7).
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Table 4.7, ABL comparison with WT model and full scale MG-RG of ICE3 train.

ref name yaw angle force coefficient moment coefficient
deg Cx Cy Cz Cmx Cmy Cmz | Cmx,lee
S-2 (WT_STBR) 20 -0.141 | 2.416 | -2.123 | 1.307 | 0.433 | 3.516 1.837
ABL 3m diff with WT_STBR -1.4% -1.6% 5.0% | -0.9% | -81.1% | -9.4% 0.8%
S-19 (MG-RG) 20 -0.125 2.315 | -2.302 | 1.233 | 0.135 | 3.336 1.808
ABL 3m diff with MG-RG 11.6% 2.7% -3.1% 5.0% | -39.4% | -4.5% 2.4%
S-1 (WT_STBR) 30 0.071 | 4.321 | -3.965 | 2.374 | 1.111 | 4.180 3.365
ABL 3m diff with WT_STBR -23.2% | -0.6% 21% | -0.2% | 34.5% | -1.5% 0.5%
S-22 (MG-RG) 30 0.083 4114 | -4.281 | 2.223 1.757 | 4.350 3.294

ABL 3m diff with MG-RG

-34.0% | 43% | -5.5% | 6.6% | -14.9% | -5.4% 2.7%

Table 4.7, shows that ABL gives a very slight increase in the Cmx,lee value compared to the
wind tunnel setup. This slight increase in Cmx,lee is caused by the increase in lift force. On
seeing the comparison of MG-RG with block profile and ABL, there is an increase of around
2.4% (20°) and 2.7% (30°) in Cmx,lee for ABL. This is caused by the increase in side force
and roll moment even though the lift force is reduced.

The atmospheric boundary layer (ABL) is simulated at the reference height of 3m from the
ground. The influence of the 4m reference height is checked by simple calculation. Table 4.8
shows the yaw angle and reference velocity at the reference height of 3m and 4m. The
Cmx,lee result obtained from the simulation of 3m reference height is scaled by 4m reference
height velocity square to get the Cmx,lee value at 4m reference height yaw angle. Then results
of 4m reference height yaw angle are extrapolated to obtain the 4m reference height Cmx,lee
value at 20° and 30° yaw angle. The Cmx,lee value corresponding to 4m reference height are
8% to 10% less than the results of 3m reference height (see appendix 2 for results). The
difference is highly influenced by scaling of yaw angle than the scaling of velocity.
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Table 4.8, 3m and 4m reference height yaw angle and velocity.

4.4.1.4 Conclusion full scale ICE3

Vref ref
vehicle | B(deg) | (m/s) height

ICE3 20 73,09 3
ICE3 20,91 73,53 4
ICE3 30 50,00 3
ICE3 31,23 50,64 4
RT 20 47,30 3
RT 20,92 | 47,58 4
RT 30 50,00 3
RT 31,23 | 50,64 4

Figure 4.9 shows the trend of Cmx,lee for various configurations in ICE3 at 20° yaw angle.
The Cmx,lee value of WT-TFG is minimum and MG-smooth is maximum. The ABL3m,
MG-smooth, MG-RG and N-MG-smooth are closer to WT-STBR result. Hence the realistic
setup ABL_3m is closer to WT-STBR and further away from the WT-TFG setup.

ICE3 20deg yaw angle
2,0
1,9
1,8
(]
9
§1,7
(@]
1,6 ||
1,5 ||
1,4 T T T
WT STBR WT TFG N-MG, MG, N-MG,RG MG-RG ABL 3m ABL4Am
smooth smooth
1:25 1:25 N-MG, MG, N-
config STBR TFG smooth | smooth | MG,RG | MG-RG | ABL3m | ABL4m
%diff with
STBR 0% -17% -3% 1% -13% -2% 1% -7%
%diff with TFG 21% 0% 17% 23% 5% 19% 22% 12%

Figure 4.9, Cmx,lee comparison of different configuration and percentage different with WT

STBR and WT TFG.
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4.4.2 Regional train model

4.4.2.1 WT scale vs. full scale

Table 4.9 shows that the full scale model has a higher Cmx,lee value compared to the wind
tunnel model. The difference is higher (4.5%) for 30° yaw angle compared to 20° yaw angle
(2.2%). This is the effect of one order higher Reynolds number. For the Regional train model,
the difference of 4.5% is small since the difference would fall within the tolerance of the
numerical error.

Table 4.9, Comparison of WT scale model to full scale model on Regional train model.

ref name yaw force coefficient moment coefficient
angle
deg Cx Cy Cz Cmx Cmy Cmz Cmx,lee

S-32 diff with S-9 8.0% 2.5% -0.7% 2.8% 9.4% -0.5% 2.2%

The effect of rough ground and moving ground is similar to the ICE3 train but the difference
is doubled since the geometry of the train is box shaped with a blunt nose and also the yaw
angle is 30° instead of 20°. Effect of Cmx,lee is shown in Figure 4.10. For detailed results see
Appendix 2.

4.4.2.2 Influence of atmospheric boundary layer

Table 4.10 shows the comparison of ABL with the WT model and full scale moving rough
ground. The lift force in ABL is less compared to the other two. For 30° yaw angle, the roll
moment is slightly lower for ABL but for 20° yaw angle, the roll moment is slightly higher
than WT STBR and FS MG-RG. Hence the difference in Cmx,lee varies from -4.3% to 1.7%.
Still the difference is small.
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Table 4.10, ABL comparison with WT model and full scale moving rough ground.

yaw
ref name angle force coefficient moment coefficient
deg Cx Cy Cz Cmx Cmy Cmz Cmx,lee

S-8 (WT STBR) 30 -0.366 6.935 -2.485 | 4.136 1.750 6.893 4.757
MG-RG diff with WT STBR -203% | -2.8% | -13.0% | -0.2% | 15.1% 13.9% -1.9%
S-27 (MG-RG) 30 -0.310 7.035 -2.231 | 4.319 2.391 7.322 4.876
ABL 3m diff with MG-RG -5.9% -4.2% -3.1% -4.4% | -15.7% 7.2% -4.3%
S-9 (WT STBR) 20 -0.325 3.296 -1.723 1.977 0.703 4.902 2.408
MG-RG diff with WT STBR -3.9% 3.2% -18.7% | 6.2% | -10.2% 3.6% 1.7%
S-30 (MG-RG) 20 -0.316 3.393 -1.527 2.070 0.707 5.004 2.452

ABL 3m diff with MG-RG

-1.3%

0.3%

-8.3%

1.4%

-10.8%

1.5%

-0.1%

4.4.2.3 Conclusion full scale Regional train
Figure 4.10 shows the trend of Cmx,lee for various configurations in the Regional train at 30°
yaw angle. Just like for the ICE3 train, in the Regional train also WT-TFG is the minimum
and MG-smooth is the maximum. The ABL3m, N-MG-smooth and MG-RG are closer to the
WT-STBR result similar to ICE3. In ICE3 MG-smooth is also close to WT-STBR (1%
difference) but in the Regional train MG-smooth is 12% higher than WT-STBR.
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config STBR TFG smooth | smooth | MG,RG | MG-RG | ABL3m | ABL4m
%diff with
STBR 0% -27% 4% 12% -21% 3% -2% -10%
%diff with TFG 37% 0% 43% 54% 8% 40% 34% 24%

Figure 4.10, Cmx,lee comparison of different configuration and percentage different with WT
STBR and WT TFG.

4.5 Embankment

4.5.1 Flow field

The wind flow field over the high (6m) embankment without the train is shown in Figure 4.11.
When the 25m/s ABL wind (at 3 m above ground) is simulated over the embankment at 90°
yaw angle (without train speed), the velocity over the embankment gets increased which is
mentioned in Section 2.8.4 as embankment speedup effect. The full embankment view shows
that the presence of an embankment causes a recirculation vortex in the lee side of the
embankment. On the close-up view, one can find a small recirculation vortex between the two
tracks and also one small vortex on the lee side of lee track. These vortices will have an
impact on the flow around the train. The boundary layer separates at the leading edge of the
embankment. This separation causes the low velocity over the lee ward track for a certain
height compared to the wind ward track. The flow angle shows that the wind ward track
experiences a more angled wind compared to the lee ward track which experiences a
perpendicular wind to the sides of the train.
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Figure 4.11, ABL over high embankment, full embankment view (top), and close-up view to
tracks (bottom). Velocity magnitude normalised with inlet flow speed at 3m height.

Figure 4.12 shows velocity contour plot for the wind over the low (3m) embankment. The
flow pattern and recirculation vortex formation are similar to the high embankment. The
velocity experienced by the train on the tracks is less compared to the high embankment due
to the velocity profile of approaching ABL wind and also the less speedup effect of the
velocity over the embankment due to lower embankment height.
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Figure 4.12, ABL over low embankment, full embankment view(top), close-up view to
tracks(bottom). Velocity magnitude normalised with inlet flow speed at 3m height.
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Figure 4.13, Pressure coefficient over ICE3 train for different configurations.

The pressure coefficient over the train for different ground configurations is shown in Figure
4.13. The variation in the high pressure on the wind ward side due to various velocity profiles
is seen in the figure. The foot print of strong lee vortex from the nose top for various
configurations is seen in the figure on the lee ward side, and also variation in low Cp near the
leeward side of the front spoiler is seen. For embankment situations the suction on the
windward side roof edge is seen to be more significant, which is due to the higher velocity of
air flow over the roof edge.

ABL_3m_20 H_WWC_20 H LWC 20

Front bogie

Between bogies

Rear bogie

Velocity: Magnitude (m/s)

00000 11.111 22222 33.333 44444 55556 66.667 77.778 88889 100.00

Figure 4.14, Velocity magnitude and vector comparison of ICE3 train at 20° yaw angle for
ABL_3m, high embankment WWC and LWC.

The velocity magnitude contour for ICE3 ABL, H_ WWC and H_LWC is shown in Figure
4.14 for 20° yaw angle. In the ABL_3m case the ABL is approaching the train without any
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speed up effect and forms the lee vortex at the nose bottom clearly seen at the front bogie X-
plane and another vortex at the nose top which is seen at the X-plane between the bogies.
These two vortices are joining to make one big vortex that can be seen at the rear bogie X-
plane and the interaction of the vortex with the ground. For embankment cases Figure 4.11
shows the presence of three vortices only with embankment, here in Figure 4.14 the
interaction of the train with those vortices and vortices formed by the train are shown. For the
H_WWC case the flow that hits the train is angled from ground towards top, and the flow is
accelerated over the windward roof edge. The X-plane between the bogies for H WWC
shows different vortices at the lee side of the train. These vortices have a complex flow field
on the lee side of the train. For H_LWC windward side, the accelerated flow is seen on the
roof edge, the middle section has a more perpendicular flow attack and at the bottom the
presence of a between track vortex interacts with the train.
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Figure 4.15, Velocity profile of ABL and embankment case of ICE3 at 20° yaw angle.

Figure 4.15 shows the velocity profile over the embankment between train and the front inlet.
This shows the speed up of the velocity over the embankment. The high embankment has a
higher velocity than the low embankment case. The WWC have higher velocity up to 4m over
the embankment compared to the LWC, this is also seen in Figures 4.11 and 4.12.

Hence high embankment conditions have higher side force and higher lift force than low
embankment (see Table 4.12) and WWC have higher side force and lift force compared to
LWC (see Table 4.13).

4.5.2 Comparison of embankment with wind tunnel STBR and ABL

Table 4.11 shows that Embankment cases have higher Cmx,lee compared to a train on a
STBR configuration with both block profile and ABL wind inlet. For the ICE3 train on high
embankment the wind ward track case (H_WWC) has around 13% increase in Cmx,lee and
the lee ward track case (H_LWC) has around 5% increase compared to STBR configurations.

56



The major contributor for the increase in difference of Cmx,lee value is the increase in lift
force for all ICE3 embankment cases, as is seen by the small difference in Cmx. On H_WWC
the side force is 7% to 9% higher than STBR but the roll moment is almost the same or
slightly lower than STBR. This implies that the lever arm for H_WW(C is lower than for
STBR configurations. On H_LWC both side force and roll moment are lower than for the
STBR configuration. These lower side force and roll moment are due to the strong suction on
the wind ward roof edge on ICE3 cases.

Table 4.11, Comparison of embankment with WT_STBR and ABL at 20° yaw angle.

config yaw angle ICE3 embankment Regional train embankment
20 deg Cy Cz Cmx | Cmx,lee Cy Cz Cmx | Cmx,lee

H_WWC diff with WT_STBR | 7.2% 48.6% | -0.9% | 13.4% 33.5% 35% | 32.2% | 27.0%
H_WWC diff with ABL 3m 8.9% 41.5% | 0.1% 12.5% 29.3% | 27.4% | 24.5% | 24.9%
H_LWC diff with WT_STBR | -1.7% | 22.8% | -1.8% 5.3% 18.6% | -12.1% | 20.2% | 14.4%
H_LWC diff with ABL 3m -0.1% | 16.9% | -0.8% 4.5% 14.8% 8.1% | 13.2% | 12.5%
L_WWC diff with WT_STBR | 3.1% 32.0% | -1.5% 8.2% 20.3% | -12.1% | 19.8% | 14.1%
L_WWC diff with ABL 3m 4.7% 25.6% | -0.6% 7.3% 16.5% 8.1% | 12.9% | 12.2%
L_LWC diff with WT_STBR 0.9% 18.4% | 2.4% 7.0% 13.0% | -18.5% | 15.2% 9.2%
L_LWC diff with ABL 3m 2.5% 12.7% | 3.4% 6.2% 9.4% 0.2% 8.6% 7.4%

In the Regional train, the standard embankment has around 27% and 15% higher Cmx,lee
value for WWC and LWC respectively compared to the wind tunnel STBR model. This
increase in Cmx,lee is caused mainly by high side force and roll moment due to the shape of
the train. The H_LWC and L_WWC Cmx,lee are almost the same in the Regional train case
and also the lift force and roll moment are more close to each other.

4.5.3 High embankment vs low embankment

Table 4.12, shows the comparison of the high embankment and the low embankment
configurations. For ICES3 train, the placement of train on WWC or LWC makes a difference.
On WWC, the high embankment has a higher Cmx.lee value than the low embankment. But
on LWC, the high embankment has a lower Cmx,lee value than the low embankment. In all
cases lift is higher in the high embankment configuration. On LWC, even though lift force is
slightly higher on high embankment, the lower side force and roll moment play a major
contribution in the lower Cmx,lee value than low embankment configuration.
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Table 4.12, Comparison of low embankment over high embankment.

yaw Regional train, low emb diff with high emb
config angle ICE3, low emb diff with high emb in % in%

deg Cy Cz Cmx | Cmx,lee Cy Cz Cmx Cmx,lee
L_WWC 20 -3.8% -11.2% | -0.6% | -4.6% -9.9% -15.1% -9.3% -10.2%
L_WwWC 30 -1.0% -13.8% | 3.3% -3.3% -11.5% -8.7% -11.2% -11.0%
L_LwC 20 2.7% -3.6% | 4.2% 1.6% -4.7% -7.3% -4.1% -4.5%
L_LwC 30 3.9% -1.5% | 5.9% 3.4% -4.8% -4.2% -4.7% -4.7%

Similarly the comparison of high embankment vs low embankment on the Regional train
shows that around 10% to 11% and around 4.5% higher Cmx,lee value for high embankment
in WWC and LWC respectively compared to a low embankment configuration. High

embankment has higher side force and lift force compared to the low embankment.

4.5.4 Wind ward case vs lee ward case
For the ICES3 train in Table 4.13, WWC is having a higher Cmx,lee value compared to LWC

due to higher lift force coefficient. For high embankment, WWC shows 7% to 10% higher
Cmx,lee value compared to LWC. For low embankment, WWC shows 1% to 4% higher

Cmx,lee value compared to LWC.

Table 4.13, Comparison of LWC over WWC

aw
config ayngle ICE3, LWC diff with WWC in % Regional train, LWC diff with WWC in %
deg Cy Cz Cmx | Cmx,lee Cy Cz Cmx Cmx,lee
High emb LWC 20 -8.3% | -17.4% | -0.9% | -7.1% -11.2% -15.1% -9.1% -10.0%
High emb LWC 30 -8.8% | -24.3% | -1.6% | -10.4% -12.0% -17.4% -11.0% -11.7%
Low emb LWC 20 -2.1% | -10.3% | 3.9% -1.1% -6.0% -7.3% -3.8% -4.3%
Low emb LWC 30 -4.3% | -13.6% | 0.8% -4.1% -5.4% -13.4% -4.4% -5.5%

In the High embankment scenario of the Regional train the WWC has 10% to 12% higher
Cmx,lee value compared to LWC. And in the low embankment scenario of the Regional train,
the WWC has around 5% higher Cmx,lee value compared to LWC. These higher values for
WWC are due to higher side force and lift force.
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4.6 Cmx,lee comparison of all configuration

Cmyx,lee of different ground configuration
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Figure 4.16, Cmx,lee comparison of all configuration

Figure 4.16 shows the trend in the Cmx,lee value of all configurations. 30° yaw angle has
higher Cmx,lee values compared to 20° yaw angle. The Regional train has higher Cmx,lee
values compared to the ICE3 train for 20° and 30° yaw angles. The trend shows that
WT_TFG has lower values and H_WWC has higher values.

By using the Baker hypothesis the high embankment results can be calculated from the TFG
result or STBR result without doing experiments or simulations for the embankment scenario.
Here the Baker hypothesis is applied on the WT_STBR and WT_TFG condition to get a
Cmx,lee value for high embankment. The Baker hypothesis is based on the speed up effect
given in Section 2.8.4 and paper [17]. The values of Cmx,lee are obtained and given in Table
4.14 along with a change in velocity and yaw angle over the embankment. The values
obtained in the Baker hypothesis are compared with other configurations in terms of scaling
factors in Figures 4.16, 4.17 and 4.18.

Table 4.14, Baker hypothesis result for high embankment from STBR and TFG configuration.

Velocity Bemp Vemb
Configuration | B(deg) (m/s) | Cmx,lee (deg) (m/s) | Cmx,lee,emb
S-2(ICE3-STBR) 20 70 1,837 23,4 71,7 2,468
S-1(ICE3-STBR) 30 70 3,365 34,4 73,5 4,461
S-9(RT-STBR) 20 45,5 2,408 23,4 46,6 3,356
S-8(RT-STBR) 30 45,5 4,757 34,4 47,8 6,397
F-2(ICE3-TFG) 20 70 1,517 24,1 72,1 2,089
F-1(ICE3-TFG) 30 70 2,620 35,4 74,4 3,625
F-9(RT-TFG) 20 45,5 1,905 24,1 46,8 2,706
F-8(RT-TFG) 30 45,5 3,478 35,4 48,3 4,879
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Cmyx,lee scaling factor for different ground configuration with

WT STBR setup
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Figure 4.17, Scaling of Cmx,lee value with respect to WT_STBR.
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Figure 4.18 Scaling of Cmx,lee value with respect to WT_STBR, 4m reference height.

Figure 4.17 shows the scaling of Cmx,lee values of various configurations with respect to the
WT_STBR value, the ABL reference height 3m is taken in this plot. The trend shows that two
different yaw angles of the same train have almost the same scaling factor. The scaling factor
value is around 1.0 for the FS condition and 1.0 to 1.1 for the ICE3 embankment and 1.1 to
1.3 for the Regional train embankment. These differences in scaling factor for two trains show
that the shape of the train has influence on the results in the embankment case. The Baker
hypothesis applied on the TFG configuration (H_bak TFG) gives closer values to the
simulation results of high embankment of ICE3 train than when it is applied to the STBR

60



configuration (H_bak STBR). For regional train Baker hypothesis applied on both
(WT_STBR and WT_TFG) configurations are not representing the simulation results.
Moreover the difference in WWC and LWC is not observed in the Baker hypothesis, it
provides only one value for high embankment. The other drawback of the Baker hypothesis is
that it cannot represent the difference in train shape say streamlined ICE3 and blunt Regional
train. Figure 4.18 shows the scaling of Cmx,lee values of various configurations with respect
to the WT_STBR value when the ABL reference height is taken as 4m .

For FS ABL4m the scaling factor drops to 0.92 and for the embankment cases also there is a
reduction of 8% to 10%. Comparing 3m and 4m reference height for ABL, the 3m reference
gives closer scaling factors for two different yaw angles in the embankment cases and for FS
ABL3m is almost the same as WT_STBR, MG-RG and N-MG_smooth.

Cmx,lee scaling factor for different ground configuration with
WT TFG setup
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Figure 4.19, scaling of Cmx,lee value with respect to WT_TFG

Figure 4.19 shows the scaling of Cmx,lee values of various configurations with respect to the
WT_TFG value. The trend shows that scaling with respect to WT_TFG does not give
correlation between scaling factors of different trains or yaw angles.
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5 Conclusion

The validation benchmark test is in good agreement with the EN norm and the CFD
simulations are mesh and Reynolds number independent. The AeroTRAIN project mentions
that the predictions for streamlined trains are closer to the measurements while the
conventional trains with roof box and blunt nose are less accurate. The generalised domain
used in the simulation does not represent the wind tunnel setup in terms of vehicle orientation
and blockage ratio, hence the deviation in results are not directly representing the simulation
accuracy. ICE3 train Cmx,lee predictions are maximum 10.5% and in average 7.25% lower
than the EN measurements. These results show that CFD simulation is a good tool to carry out
crosswind analysis.

TFG has low force and moment coefficients compared to STBR configuration for both ICE3
and the Regional train. These results are due to high flow of air in the under belly gap in TFG
and restriction of air flow due to presence of STBR.

The ICE3 train shows low side force and Cmx,lee coefficient and high lift coefficient
compared to the Regional train. This is due to the shape of the trains. The more rounded roof
of the ICE3 train gives high lift force and the box shaped Regional train gives more side force
and Cmyxlee value.

The Full scale model has small differences in results with model scale results. Moving ground
has increased Cmx,lee, lift and side force coefficient values compared to non-moving ground.
This is due to the addition of force on the air due to the moving ground. Rough ground shows
reduced values of Cmx,lee, lift and side force coefficients compared to smooth ground. This is
due to the boundary layer development on rough ground which reduces the velocity hitting
the train.

Full scale moving rough ground and ABL_3m in the STBR setup are more agreeable with
model scale WT_STBR setup which is presently the EN setup. The WT_STBR setup
represents the realistic configuration without embankment well, whereas the WT_TFG setup
has large difference with realistic configurations.

In the embankment case, where there is an increase in the velocity of the flow, the ICE3 has
higher Cmx,lee values compared to the ABL_3m and WT_STBR setup. This is due to the
higher lift force value which influenced the higher Cmx,lee value. In ICE3 high embankment
in LWC has lower Cmx,lee values compared to low embankment LWC. This is due to strong
suction pressure on wind ward side roof edge of H_LWC which reduces side force and roll
moment. High embankments have a higher accelerated flow over the embankment, which in
turn has a higher accelerated flow over the train wind ward roof edge and cause strong suction
pressure.

In the Regional train embankment, the higher side force value has influenced the higher
Cmx,lee value. High embankment shows higher Cmx, lee values than low embankment.
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In all embankment cases WWC has higher Cmx,lee value than LWC.

The scaling factor with the STBR_WT setup is around 1.0 for the FS condition and 1.0 to 1.1
for ICE3 embankment and 1.1 to 1.3 for the Regional train embankment with 3m reference
height for ABL. The impact of embankment on the aerodynamic coefficients depends on the
train shape.

The Baker hypothesis applied on TFG_WT setup to obtain high embankment results is closer
to the results obtained in realistic setup simulations of ICE3 on high embankment compared
to the H_bak STBR. For regional train the Baker hypothesis applied on both WT
configurations does not represent the embankment simulation result. The Baker hypothesis
does not capture the effect of train shape or WWC and LWC case in the results.

For ABL, 3m reference height gives better results compared to 4m, since the FS results are
almost the same as WT_STBR results and scaling factors of embankment cases for different
yaw angles are bit closer to each other.
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Appendix

Appendix 1: Simulation setup
Air density = 1.225 kg/m3

CFD code CCM+6.02 and mesh type polyhedral

Turbulence model k-w SST and convective discretization 2nd order upwind.

Prism layer properties:

scale models WT scale FS and emb
No of prism layer 9 15
Growth rate 1.2 1.3
total thickness(% to adjacent core cell size) 100% 80%
ICES:
inlet No.
ref yaw ground model | velocity Inlet dynamic Ave. Cells | mesh
name | angle | configuration | scale profile velocity | visocity Re y+ [M] ref
deg m/s E-05 Pas
S-2 20 STBR 1:25 BP 70 1.86 0.6 11.3 17.2 MI-1
S-1 30 STBR 1:25 BP 70 1.86 0.6 12.3 17.2 MI-1
S-3 40 STBR 1:25 BP 70 1.86 0.6 12.7 17.2 MI-1
S-4 50 STBR 1:25 BP 70 1.86 0.6 12.9 17.2 MI-1
S-5 30 STBR 1:25 BP 70 1.86 0.6 10.2 31.9 MI-2
S-6 30 STBR 1:25 BP 70 1.86 0.6 15.8 9.5 MI-3
S-7 30 STBR 1:25 BP 70 1.03 1.0 20.6 17.2 MI-1
F-2 20 TFG 1:25 BP 70 1.86 0.6 11.6 15.1 MI-4
F-1 30 TFG 1:25 BP 70 1.86 0.6 12.8 15.1 MI-4
F-3 40 TFG 1:25 BP 70 1.86 0.6 13.2 15.1 MI-4
F-4 50 TFG 1:25 BP 70 1.86 0.6 13.2 15.1 MI-4
F-5 30 TFG 1:25 BP 70 1.86 0.6 10.5 28.3 MI-5
F-6 30 TFG 1:25 BP 70 1.86 0.6 16.3 8.3 MI-6
F-7 30 TFG 1:25 BP 70 1.03 1.0 21.3 15.1 MI-4
STBR, N-
S-15 30 MG_smooth 1:1 BP 70 1.86 13.9 22.9 19.8 MI-7
STBR, N-
S-16 20 MG_smooth 1:1 BP 73.09 1.86 14.5 21.8 19.8 MI-7
S-17 20 STBR, 1:1 BP 73.09 1.86 14.5 22.3 19.8 MI-7
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MG_smooth
STBR, N-
S-18 20 MG_RG 1:1 BP 73.09 1.86 14.5 22.6 16.7 MI-8
S-19 20 STBR, MG_RG 1:1 BP 73.09 1.86 14.5 23.4 16.7 MI-8
S-20 20 STBR, MG_RG 1:1 ABL 73.09 1.86 14.5 23.7 16.7 MI-8
S-21 20 STBR, MG_RG 1:1 ABL_cons 73.09 1.86 14.5 23.7 16.7 MI-8
S-22 30 STBR, MG_RG 1:1 BP 50 1.86 9.9 18.3 16.7 MI-8
S-23 30 STBR, MG_RG 1:1 ABL 50 1.86 9.9 18.5 16.7 MI-8
E-1 30 H_WWC 1:1 ABL 50 1.86 9.9 19.7 23.6 MI-9
E-2 30 H_LWC 1:1 ABL 50 1.86 9.9 18.5 24.2 | MI-10
E-3 30 H_WWC 1:1 ABL 50 1.86 9.9 19.9 37.5 MI-11
E-4 30 H_LWC 1:1 ABL 50 1.86 9.9 18.7 38.7 | MI-12
E-5 20 H WWC 1:1 ABL 73.09 1.86 14.5 25.0 23.6 MI-9
E-6 20 H_LWC 1:1 ABL 73.09 1.86 14.5 23.8 24.2 MI-10
E-7 30 L_ WWC 1:1 ABL 50 1.86 9.9 19.2 23.1 | MI-13
E-8 30 L_LWC 1:1 ABL 50 1.86 9.9 18.5 23.7 MI-14
E-9 20 L_ WWC 1:1 ABL 73.09 1.86 14.5 24.5 23.1 | MI-13
E-10 20 L_LWC 1:1 ABL 73.09 1.86 14.5 23.8 23.7 MI-14
Regional train:
inlet No.
ref yaw ground model | velocity Inlet dynamic Ave. Cells mesh
name | angle configuration scale | profile | velocity | visocity Re y+ [M] ref
deg m/s E-05 Pas

S-9 20 STBR 1:15 BP 45.5 1.86 0.6 15.1 17.4 MR-1
S-8 30 STBR 1:15 BP 45.5 1.86 0.6 15.8 17.4 MR-1
S-10 40 STBR 1:15 BP 45.5 1.86 0.6 16.4 17.4 MR-1
S-11 50 STBR 1:15 BP 45.5 1.86 0.6 15.8 17.4 MR-1
S-12 30 STBR 1:15 BP 45.5 1.86 0.6 12.9 32.4 MR-2
S-13 30 STBR 1:15 BP 45.5 1.86 0.6 20.3 8.8 MR-3
S-14 30 STBR 1:15 BP 45.5 1.03 1.1 26.7 17.4 MR-1
F-9 20 TFG 1:15 BP 45.5 1.86 0.6 15.1 15.6 MR-4
F-8 30 TFG 1:15 BP 45.5 1.86 0.6 16.1 15.6 MR-4
F-10 40 TFG 1:15 BP 45.5 1.86 0.6 16.6 15.6 MR-4
F-11 50 TFG 1:15 BP 45.5 1.86 0.6 14.9 15.6 MR-4
F-12 30 TFG 1:15 BP 45.5 1.86 0.6 13.2 28.7 MR-5
F-13 30 TFG 1:15 BP 45.5 1.86 0.6 19.8 8.4 MR-6
F-14 30 TFG 1:15 BP 45.5 1.03 1.1 27.1 15.6 MR-4

STBR, N-
S-24 30 MG_smooth 1:1 BP 50 1.86 9.9 20.0 20.1 MR-7

STBR,

S-25 30 MG_smooth 1:1 BP 50 1.86 9.9 20.4 20.1 MR-7

STBR, N-
S-26 30 MG_RG 1:1 BP 50 1.86 9.9 18.3 17 MR-8
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S-27 30 STBR, MG_RG 1:1 BP 50 1.86 9.9 20.4 17 MR-8
S-28 30 STBR, MG_RG 1:1 ABL 50 1.86 9.9 20.4 17 MR-8
STBR, N-
S-29 20 MG_smooth 1:1 BP 47.3 1.86 9.4 17.6 20.1 MR-7
S-30 20 STBR, MG_RG 1:1 BP 47.3 1.86 9.4 18.3 17 MR-8
S-31 20 STBR, MG_RG 1:1 ABL 47.3 1.86 9.4 18.6 17 MR-8
E-11 20 H_WWC 1:1 ABL 47.3 1.86 9.4 19.3 26 MR-9
E-12 30 H_WWC 1:1 ABL 50 1.86 9.9 22.1 26 MR-9
E-13 20 H_LWC 1:1 ABL 47.3 1.86 9.4 18.7 26.7 | MR-10
E-14 30 H_LWC 1:1 ABL 50 1.86 9.9 21.0 26.7 | MR-10
E-15 30 H WWC 1:1 ABL 50 1.86 9.9 22.4 41.3 | MR-11
E-16 30 H_LWC 1:1 ABL 50 1.86 9.9 21.1 42.8 MR-12
E-17 20 L WWC 1:1 ABL 47.3 1.86 9.4 19.0 25.4 | MR-13
E-18 30 L_ WWC 1:1 ABL 50 1.86 9.9 21.4 25.4 | MR-13
E-19 20 L_LwcC 1:1 ABL 47.3 1.86 9.4 18.5 26.1 | MR-14
E-20 30 L_LwC 1:1 ABL 50 1.86 9.9 20.8 26.1 | MR-14
Appendix 2: Simulation results
ICE3:
ref yaw Inlet
name | angle force coefficient moment coefficient velocity
deg Cx Cy Cz Cmx Cmy Cmz Cmx,lee m/s

EN 20 -0.257 2.543 -2.631 1.396 0.463 3.590 2.053 70

EN 30 -0.101 4.455 -4.702 2.457 2.384 4.385 3.632 70

EN 40 0.200 6.806 -6.368 3.773 3.443 4.840 5.365 70

EN 50 0.954 8.655 -7.158 4,783 5.165 6.392 6.572 70

S-2 20 -0.141 2.416 -2.123 1.307 0.433 3.516 1.837 70

S-1 30 0.071 4.321 -3.965 2.374 1.111 4.180 3.365 70

S-3 40 0.427 6.681 -5.489 3.627 1.529 5.689 5.000 70

S-4 50 0.984 8.622 -6.341 4.695 3.819 7.470 6.280 70

S-5 30 0.074 4.387 -3.923 2.414 1.022 4114 3.395 70

S-6 30 0.077 4.419 -4.019 2.431 1.030 4.172 3.436 70

S-7 30 0.093 4.405 -4.021 2.408 1.326 4114 3.413 70

EN 20 -0.110 2.330 -1.760 1.350 | -0.620 | 3.250 1.790 80

EN 30 0.010 4.170 -2.790 2.390 1.540 3.840 3.088 80

EN 40 0.240 6.400 -3.560 3.680 3.480 3.590 4.570 80

EN 50 0.520 8.470 -4.300 4.920 5.140 4.260 5.995 80

F-2 20 -0.197 2.099 -1.374 1.173 | -1.085 2.935 1.517 70

F-1 30 -0.110 3.636 -2.405 2.019 0.976 3.909 2.620 70

F-3 40 0.086 5.920 -2.676 3.336 0.365 4.090 4.005 70

F-4 50 0.435 7.032 -3.286 3.930 0.437 5.978 4.752 70
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F-5 30 -0.110 3.665 -2.431 2.035 0.980 3.855 2.643 70
F-6 30 -0.125 3.669 -2.351 2.042 1.083 3.860 2.630 70
F-7 30 -0.101 3.620 -2.519 2.007 0.880 3.902 2.637 70
S-15 30 0.142 4.260 -4.560 2.261 1.504 4.181 3.401 70
S-16 20 -0.109 2.246 -2.415 1.178 0.385 3.480 1.781 73.09
S-17 20 -0.122 2.370 -2.510 1.237 0.274 3.515 1.865 73.09
S-18 20 -0.123 2.070 -1.940 1.110 0.228 3.000 1.595 73.09
S-19 20 -0.125 2.315 -2.302 1.233 0.135 3.336 1.808 73.09
S-20 20 -0.139 2.377 -2.230 1.295 0.082 3.184 1.852 73.09
S-21 20 -0.141 2.356 -2.218 1.279 0.067 3.185 1.834 73.09
S-22 30 0.083 4.114 -4.281 2.223 1.757 4.350 3.294 50
S-23 30 0.055 4.293 -4.048 2.369 1.494 4.116 3.381 50
E-1 30 0.349 4.559 -5.784 2.282 2.766 5.236 3.728 50
E-2 30 0.218 -4.157 -4.378 | -2.245 | 2.130 | -4.837 3.340 50
E-3 30 0.361 4.597 -5.680 2.308 2.899 5.237 3.728 50
E-4 30 0.224 -4.166 -4.373 | -2.253 | 2.333 | -4.839 3.346 50
E-5 20 -0.056 2.589 -3.155 1.295 0.717 3.774 2.084 73.09
E-6 20 -0.071 -2.374 -2.607 | -1.284 | 0.483 | -3.183 1.936 73.09
E-7 30 0.222 4.514 -4.988 2.357 2.129 4.849 3.604 50
E-8 30 0.174 -4.320 -4.312 | -2.377 | 1.886 | -4.636 3.455 50
E-9 20 -0.093 2.490 -2.801 1.287 0.416 3.654 1.988 73.09
E-10 20 -0.090 -2.438 -2.514 | -1.338 | 0.350 | -3.175 1.967 73.09
Regional train:
ref yaw Inlet
name | angle force coefficient moment coefficient velocity
deg Cx Cy Cz Cmx Cmy Cmz Cmx,lee m/s
S-9 20 -0.3249 | 3.2961 | -1.723 | 1.9769 | 0.7026 | 4.9019 2.408 45,5
S-8 30 -0.3661 | 6.9349 | -2.4849 | 4.1355 | 1.7501 | 6.8927 4.757 455
S-10 40 -0.0977 | 10.1593 | -3.2612 | 5.9654 | 2.0662 | 9.6158 6.781 45,5
S-11 50 0.3391 12.56 | -4.0444 | 7.6181 | 4.0664 | 12.6017 | 8.629 455
S-12 30 -0.3616 | 6.9203 | -2.4673 | 4.1179 | 1.5165 6.7147 4.735 45,5
S-13 30 -0.3097 | 6.8348 | -2.629 4.051 1.7553 | 6.7956 4.708 45,5
S-14 30 -0.3472 | 6.8756 | -2.5745 | 4.0835 | 1.6143 | 6.9434 4.727 455
F-9 20 -0.3387 | 2.9258 | -0.6869 | 1.733 | 0.0655 | 4.7405 1.905 45,5
F-8 30 -0.3763 | 5.6246 | -0.6587 | 3.3129 | 2.2577 | 5.8457 3.478 455
F-10 40 -0.2896 | 8.3692 | -0.5491 | 4.9766 | 3.0264 | 6.0172 5.114 45,5
F-11 50 -0.1235 | 9.2418 | -1.015 | 5.3478 | -0.5929 | 6.9985 5.602 455
F-12 30 -0.3927 | 5.5901 | -0.6795 | 3.3012 | 2.3726 | 5.9429 3.471 455
F-13 30 -0.3617 5.69 -0.5384 3.33 2.2389 | 5.7297 3.465 45,5
F-14 30 -0.3734 | 5.6671 | -0.6219 | 3.3328 | 2.3075 | 5.8643 3.488 455
S-24 30 -0.273 | 7.2179 | -2.6201 | 4.3134 | 1.9747 | 7.4917 4.968 50
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S-25 30 -0.2732 | 7.5496 | -2.9271 | 4.6068 | 3.0836 7.393 5.339 50
S-26 30 -0.3706 | 5.4383 -1.935 3.2601 | 0.6743 6.1563 3.744 50
S-27 30 -0.31 7.0348 | -2.2308 | 4.3185 | 2.3911 7.3224 4.876 50
S-28 30 -0.2917 | 6.7422 | -2.1616 | 4.1268 | 2.0149 7.8489 4.667 50
S-29 20 -0.3509 | 3.3769 -1.711 2.0324 | 0.7687 | 4.8784 2.460 47.3
S-30 20 -0.3164 | 3.3932 | -1.5268 | 2.0703 | 0.7068 5.0037 2.452 47.3
S-31 20 -0.3123 | 3.4029 | -1.4004 | 2.0986 | 0.6307 5.0799 2.449 47.3
E-11 20 -0.3478 | 4.3995 | -1.7838 | 2.6125 | 1.6115 5.0934 3.058 47.3
E-12 30 -0.135 8.9608 | -2.7456 | 5.4607 | 4.2021 8.6053 6.147 50
E-13 20 -0.3147 | -3.9078 -1.514 | -2.3756 | 0.8558 | -5.6146 2.754 47.3
E-14 30 -0.2452 | -7.8889 | -2.2668 | -4.861 | 3.4945 | -8.2969 5.428 50
E-15 30 -0.132 9.2001 | -2.5011 | 5.6071 | 4.1342 8.5262 6.232 50
E-16 30 -0.2572 | -7.9797 | -2.1483 | -4.9288 | 3.5239 | -8.2555 5.466 50
E-17 20 -0.3427 | 3.9637 | -1.5139 | 2.3686 | 1.0629 5.187 2.747 47.3
E-18 30 -0.2179 | 7.9337 | -2.5062 | 4.8468 | 3.1977 7.8598 5.473 50
E-19 20 -0.3141 | -3.7243 | -1.4034 | -2.2782 | 0.6947 | -5.4472 2.629 47.3
E-20 30 -0.2565 | -7.507 | -2.1708 | -4.632 2.9194 | -8.2755 5.175 50
ICE3 and RT embankment ABL reference height 3m to 4m converted values.

ref ref Beta Cmx,lee ref Beta Cmx,lee
name height deg Vel m/s 3m height deg Vel m/s 4m

S-20 3 20 73.09 1.852 4 20.91 73.53 1.7016

S-23 3 30 50 3.381 4 31.23 50.64 3.1226

E-1 3 30 50 3.728 4 31.23 50.64 3.4458

E-2 3 30 50 3.340 4 31.23 50.64 3.0985

E-5 3 20 73.09 2.084 4 20.91 73.53 1.9198

E-6 3 20 73.09 1.936 4 20.91 73.53 1.8195

E-7 3 30 50 3.604 4 31.23 50.64 3.3294

E-8 3 30 50 3.455 4 31.23 50.64 3.1987

E-9 3 20 73.09 1.988 4 20.91 73.53 1.8274

E-10 3 20 73.09 1.967 4 20.91 73.53 1.8177

S-28 3 30 50 4.667 4 31.23 50.64 4.296

S-31 3 20 47.3 2.449 4 20.92 47.58 2.23

E-11 3 20 47.3 3.058 4 20.92 47.58 2.7575

E-12 3 30 50 6.147 4 31.23 50.64 5.6395

E-13 3 20 47.3 2.754 4 20.92 47.58 2.4922

E-14 3 30 50 5.428 4 31.23 50.64 4.9852

E-17 3 20 47.3 2.747 4 20.92 47.58 2.4797

E-18 3 30 50 5.473 4 31.23 50.64 5.0227

E-19 3 20 47.3 2.629 4 20.92 47.58 2.3788

E-20 3 30 50 5.175 4 31.23 50.64 4.7518
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Appendix 3: Figures Cp over train
Order of figures:

e Bottom (under belly)
e Leeward side

e Top (roof)

e Windward side

e Front (nose)
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