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Resumen en Castellano
El viento, como factor medio-ambiental, ha sido objeto de numerosos
estudios por los efectos que induce tanto en vehículos como en estructuras.
Dentro del ámbito ferroviario, las cargas aerodinámicas debidas a la acción del
viento transversal pueden poner en compromiso la seguridad de los vehículos
en circulación, pudiendo llegar a ocasionar el vuelco del mismo. Incluso el
sistema de cables encargado de realizar el suministro eléctrico necesario para
la tracción del tren, conocido como catenaria, es sensible a la acción del viento.
De hecho, al igual que ocurre en ciertas estructuras de cables, la interacción
entre las fuerzas aerodinámicas no estacionarias y la catenaria puede ocasionar
la aparición de oscilaciones de gran amplitud debido al fenómeno de galope.
Una forma sencilla de reducir los efectos no deseados de la acción del
viento, es la instalación de barreras cortavientos aguas arriba de la zona que
se desea proteger. La instalación de estos dispositivos, reduce la velocidad en
la estela generada, pero también modifica las propiedades del flujo dentro de
la misma. Esta alteración de las condiciones del flujo puede contribuir a la
aparición del fenómeno de galope en estructuras caracterizadas por su gran
flexibilidad, como la catenaria ferroviaria. Estos dos efectos contrapuestos
hacen evidente la importancia de mantener cierta visión global del efecto
introducido por la instalación de barreras cortavientos en la plataforma
ferroviaria.
A lo largo de este documento, se evalúa desde un enfoque multidisciplinar el
efecto inducido por las barreras cortavientos en varios subsistemas ferroviarios.
Por un lado se analizan las mejoras en la estabilidad lateral del vehículo
mediante una serie de ensayos en túnel de viento. La medición de la
distribución de presiones en la superficie de un modelo bidimensional de
vehículo ferroviario proporciona una buena estimación del nivel de protección
que se consigue en función de la altura de una barrera cortavientos. Por otra
parte, se analiza la influencia del mismo juego de barreras cortavientos en las
características del flujo situado sobre la plataforma ferroviaria, mediante la
utilización de anemometría de hilo caliente (HWA) y velocimetría de imágenes
de párticulas (PIV). En particular se centra la atención en las características
en la posición correspondiente a los hilos conductores de la catenaria.
En la última parte del documento, se realiza un análisis simplificado de
la aparición oscilaciones en la catenaria, por el efecto de la inestabilidad de
galope. La información obtenida sobre las características del flujo se combinan
con las propiedades aerodinámicas del hilo de contacto, obtenidas en mediante
una serie de ensayos en túnel de viento. De esta manera se realiza una
evaluación del riesgo a la aparición de este tipo de inestabilidad aeroeslástica
aplicada a una catenaria ferroviaria situada sobre un viaducto tipo.

Abstract
Wind as an environmental factor may induce undesirable effects on vehicles
and structures. The analysis of those effects has caught the attention of several
researchers. Concerning the railway system, cross-wind induces aerodynamic
loads on rolling stock that may increase the overturning risk of the vehicle,
threatening its safe operation. Even the cable system responsible to provide
the electric current required for the train traction, known as the railway
overhead or catenary, is sensitive to the wind action. In fact, the interaction
between the unsteady aerodynamic forces and the railway overhead may
trigger the development of undamped oscillations due to galloping phenomena.
The inclusion of windbreaks upstream the area that needs wind protection
is a simple mean to palliate the undesirable effects caused by the wind
action. Although the presence of this wind protection devices reduces the
wind speed downstream, they also modify the flow properties inside their wake.
This modification on the flow characteristics may ease the apparition of the
galloping phenomena on flexible structures, such as the railway overhead. This
two opposite effects require to maintain a global perspective on the analysis
of the influence of the windbreak presence.
In the present document, a multidisciplinary analysis on the effect induced
by windbreaks on several railways subsystems is conducted. On the one
hand, a set of wind tunnel tests is conducted to assess the improvement on
the rolling stock lateral stability. The qualitative estimation of the shelter
effect, as function of the windbreak height, is established through the pressure
distribution measured on the surface of a two-dimensional train model. On
the other hand, the flow properties above the railway platform are assessed
using the same set of windbreaks. Two experimental techniques are used
to measure the flow properties, hot-wire anemometry (HWA) and particle
image velocimetry (PIV). In particular, the attention is focused on the flow
characteristics on the contact wire location.
A simplified analysis on the catenary oscillations due to galloping
phenomena is conducted in the last part of the document. Both, the flow
characterization performed via PIV and the aerodynamic properties of the
contact wire cross-section are combined. In this manner, the risk of the
aeroelastic instabilities on a railway overhead placed on a railway bridge is
assessed through a practical application.
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Chapter 1
Introduction

Winds as an environmental factor has become a relevant topic to the scientific
community. The interaction between the structure dynamics and the unsteady
aerodynamic forces compromises the structural integrity of several systems
immersed in the Atmospheric Boundary Layer (ABL). The railway transport system
requires the construction of extensive rail networks and infrastructure. It is clear
that the construction of such infrastructure isolated from the ABL is not practical
and economically inviable. Furthermore, the wheeled vehicles running on the rail
network are subjected both to the cross-wind presence and to the aerodynamic forces
produced by their movement. As a consequence, the railway transport system, both
the vehicle and the infrastructure, have been named as wind-sensitive systems.
The present document is divided into three main topics related to the analysis
of the wind influence on the railway infrastructure. The first topic is concerned
about the shelter effect that provides a set of wind-protection devices to the rolling
stock. The second topic is related to the characterization of the flow downstream
the wind protection device. The third topic is the analysis of the occurrence of
flow-induced-vibrations on the railway overhead. For the sake of clarity, an specific

railway overhead

train
utrain

pantograph
windbreak

uwind

ballast

Figure 1.1: Sketch of the basic elements that compose the railway transport system.
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introduction is included in the Chapter devoted to each different topic. However,
a brief and quite general framework to some of the phenomena related to wind
action on the railway transport system is described in section 1.1. The background
and motivation behind some of the main research lines, which are currently open,
including the topics covered in the present document are presented in section 1.2.
Finally, the goals and the structure of this thesis is included in section 1.3.

1.1

Cross-wind influence on railway infrastructure

The main goal of the railway transport system is the conveyance of passengers
and goods. The modern electric railway system, see figure 1.1, consist of three
basic elements in its simplest form, the wheeled vehicle, the railway track and
the electrification system. The transference of passengers and goods is carried out
by rolling stock running on pre-existing railway tracks. Additional elements are
required to improve the efficiency of the railway transport system operation. For
instance, the high-speed lines are designed to keep broad curves and flat terrain.
Railway bridges, embankments and tunnels are widely adopted solutions to keep
the terrain as flat and uniform as possible. Also along the railway line several
devices, such as wind protection barriers or sound screens, can be found.
It is pretty obvious that both the vehicle and the railway infrastructure are
exposed to the wind action, as both are immersed in the Atmospheric Boundary
Layer (ABL). In consequence, the cause to the wind-sensitiviness of the railway
system is two-fold, the rolling stock and the infrastructure. This sensitiveness to the
wind action may compromise the safe operation, and in consequence the efficiency,
of the railway transport system.
Amongst the different subsystems involved in the railway system operation, lets
focus only on three of them: wind, the rolling stock and the infrastructure. The
possible interactions between these three subsystems are represented in the Venn
diagram shown in figure 1.2. The mitigation of wind-related effects is included as

Wind action

V
II

I
IV

Infrastructure

III

Rolling Stock

Figure 1.2: Interaction between different subsystems involved in the railway transport
system. (I) Cross-wind action on the moving vehicles, (II) aeroelastic instability
of the infrastructure, (III) Interaction between vehicle and infrastructure, (IV)
Wind action on the vehicle-structure dynamics, (V) Mitigation of the effects
induced by the wind presence.
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a subset of the wind presence. Each interaction between the subsystems leads to
several interesting phenomena, that may be included in five basic categories.
I. Cross-wind action on the moving vehicles
II. Aeroelastic instability of the railway infrastructure
III. Interaction between vehicle and infrastructure
IV. Wind action on the vehicle-structure dynamics
V. Mitigation of the effects induced by the wind presence
Cross-wind action on the moving vehicles
The significant increase on the rolling stock speed over the last decades has improved
the efficiency and the competitiveness of the railway transportation system. The new
advances in the railway track design, the weight reduction on the vehicle structure
and the growth of the power plant capabilities have lead to this increase of the
vehicle cruise speed. However, the implicit increase on the wind loading on the
rolling stock may lead to the overturning of high-speed trains if cross-wind speed
reaches a threshold value, see figure 1.3. This threshold value is defined by the
Characteristic Wind Curve (CWC) to provide a certain level of protection against
train overturning (European Railway Agency, 2008).
As already mentioned, bridges and embankments are a usually constructed to
keep broad curves and an uniform terrain on the high-speed line design. However,
the degree of overturning risk rises when the train is running along such exposed
locations due to the increase on the wind velocity. In the case of railway bridges, the
wind speed increases because the velocity in the ABL grows as the height from the
ground to the bridge deck increases (Kaimal and Finnigan, 1994). Also, at ground
level there may be other elements, mainly vegetation, acting as wind protection
utrain
ζs

unsafe vehicle operation

galloping instability

uwind

Figure 1.3: Appearance of two effects associated with the wind presence on the railway
transportation system, the possibility of vehicle overturning and the aeroelastic
instability of the railway overhead. The overturning risk of high-speed trains
is analysed by the Characteristic Wind Curve (red). The aeroelastic instability
of the cable structures under particular conditions can be determined by the
relationship between the structural damping ratio (ζs ) and the aerodynamic
damping ratio (ζa = f (uwind )) (blue).
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devices which could eventually slow down the wind speed. The acceleration of the
wind in the surroundings of hills has been object of a special attention (Baker,
1985; Carpenter and Locke, 1999; Kaimal and Finnigan, 1994; Lubitz and White,
2007; Shiau and Hsieh, 2002). More specifically, the wind flow pattern on railway
embankments represents a good example of the significant increase on the wind
loads on rolling stocks placed on the hill crest (Bocciolone et al., 2008; Cheli et al.,
2011b; Chen and Cai, 2004; Dorigatti et al., 2012; Raghunathan et al., 2002; Suzuki
et al., 2003).
Aerodynamic loads on ground vehicles and on trains under cross-winds have
received the interest of many scientists, and many papers dealing with this
phenomenon have been published. Most of these papers are devoted to the
determination, either through wind tunnel experimentation (Baker, 1986; Baker
and Humphreys, 1996; Barcala and Meseguer, 2007; Kwon et al., 2001; Matschke
and Heine, 2002; Sanquer et al., 2004; Suzuki et al., 2003) or by numerical methods
(Khier et al., 2000; Bettle et al., 2003; Diedrichs, 2003) of the aerodynamic loads
on trains subjected to cross-winds when they are travelling on flat terrain, although
some attempts have been made to characterize the aerodynamic response to crosswinds of vehicles on bridges (Suzuki et al., 2003; Barcala and Meseguer, 2007).

Aerodynamic instability of the railway infrastructure
Aerodynamic instabilities of civil structures remains as one relevant concern of wind
tunnel experimentalists. The appearance of flow induced vibrations on bridges is
one of the most acknowledged phenomena since the collapse of the bridge Tacoma
Narrows reported in 1940. The unsteady aerodynamic forces induced by the
interaction between the structure dynamics and the cross-wind presence were the
main cause of the structural failure. That incident raised the awareness both to
clarify the origin on the structural collapse (Matsumoto et al., 2003b) and to prevent
the appearance of similar phenomena in new constructions. Even the current
literature shows the interest on the wind loading effects on bridges (Schewe and
Larsen, 1998; Matsuda et al., 2001; Ricciardelli et al., 2002; Diana et al., 2010), in
particular in those characterised by lightweight structures and long spans (Vairo,
2003; Miyata, 2002; Zhang and Sunb, 2004; Kazama et al., 1995).
The wind presence can also lead to other undesirable effects, such as the the onset
of large amplitude oscillations in slender structures due to unsteady aerodynamic
forces (Luongo and Piccardo, 1998; Bartoli et al., 2006; Luongo et al., 2008). The
geometrical shape of the cable cross-section is usually unstreamlined, and may fit
into the category known as “bluff bodies”. The elastic properties of cable structures
combined with this unstreamlined cross-section make these structures sensitive to
instabilities induced by the action of the incident flow. The interaction between the
wind and other environmental factors may induce an external modification of the
cable cross-section that may eventually lead to structural instabilities. For example,
ice accretion on power transmission lines (Yan et al., 2013; Koss et al., 2013) or the
creation of water rivulets on cable-stayed bridges (Macdonald, 2002; Matsumoto
et al., 2003a) may lead to flow induced vibrations. Although railway overhead,
power transmission lines or cables on cable-stayed bridges are prone to experience
these structural instabilities, the studies focused on the aerodynamic response of
railway catenaries are more scarce.
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In fact, Johnson (1996) and Scanlon and Oldroyd (2000) have reported the
vulnerability to wind-related problems experienced by the cable system that
composes the railway overhead. Under the effect of cross-winds, large amplitude
oscillations due to cable galloping of railway overheads have lead to the delay and
cancellation of train transits at several locations of Scotland (Stickland and Scanlon,
2001) and the British East Coast Main Line (Stickland et al., 2003). Galloping
phenomena have been usually analysed by simplified criteria, as den Hartog criteria.
The trigger mechanism of galloping phenomena depends on the velocity of the
incident flow, figure 1.3. Although the rolling stock stability may seem independent
from the structural instabilities on the railway overhead, latter on will be discussed
that some wind protection devices may improve the lateral equilibrium of the vehicle
while they may worsen the structural stability of the catenary.
Interaction between vehicle and infrastructure
The interaction between the moving vehicle and the static infrastructure fits into a
category focused in the analysis of moving loads acting over fixed structures. The
phenomenon may appear both on the lower and the upper part of the modern electric
trains. While the former consists on the contact between the railway track and the
rolling stock wheels, the latter refers to the dynamic contact interaction between the
overhead catenary line and the train pantograph. The weight distribution, the small
dealignments on the railway track, and the orography are just a few causes that affect
the contact between the railway track and the rolling stock wheels. Obviously this
contact influences directly the comfort perceived by the passenger, and the vehicle
stability. The interaction between the railway overhead and the train pantograph
can be even more complex if the contribution of the dynamic interaction between
the railway track and the moving vehicle is considered.
The framework in which is included the present thesis lays the interest only on
the interaction between the catenary and the pantograph. The motion of electric
trains causes the collector strip on the pantograph to slide along the contact wire.
The contact between both elements establishes the electro-mechanical phenomena
which provides energy to electric trains (Bucca and Collina, 2009). This process
is often referred as pantograph-catenary system dynamics or pantograph-catenary
dynamic interaction. A crucial aspect on the railway overhead design is to guarantee
that there exists no contact loss between both elements. Numerical simulations
and analysis are directed towards the catenary design optimization in order to
allow faster train circulation, before the contact quality decreases. Finite Element
Method (FEM) (Cho, 2008; Cho et al., 2010; Pombo and Ambrosio, 2012) and
simplified models (Wu and Brennan, 1999; Lopez-Garcia et al., 2006a; Maroño
et al., 2007) have become widely adopted methodologies to perform the numerical
simulations. Even several alternative formulations have been proposed to study the
pantograph-catenary interaction, such as numeric integration (Arnold and Simeon,
2000), analytical formulation (Metrikine, 2004; Metrikine and Bosch, 2006) or
multibody dynamics.
Wind action on the vehicle-structure dynamics
The phenomena induced by the wind presence on the railway overhead can play a
crucial role in the dynamics of the interaction between catenary and pantograph.

6

CHAPTER 1. INTRODUCTION

For instance, aerodynamic forces appear both on the rolling stock and on the
pantograph head due to the wind generated by the train movement. Also, the
flow induced vibration on the railway overhead due to the presence of cross-wind
affect the interaction between catenary and pantograph. Obviously, the complexity
associated to dynamic processes such as the pantograph-catenary system dynamics
will increase with the inclusion of the wind effects on the model.
It is clear the undesirable effects that wind presence may induce on the static
railway infrastructure. Some limited steps have been conducted towards the
inclusion of the aerodynamic loads. For instance, Bouferrouk et al. (2008) and Baker
(2009) were interested in the lateral displacements between the pantograph head
and its base, taking into consideration the displacement experienced by the train
under cross-wind action, although they do not include influence on the pantographcatenary interaction. Bocciolone et al. (2006) take into consideration both the
aerodynamic force on the pantograph due to the train moving speed and the
turbulence on the incident flow, on the sliding contact between both elements.
However the aerodynamic loads on the contact wire have not been included yet. This
is one of the long-term goals in TRA2009-13912-C02-01 and it will be further
investigated in the future, as proposed in the future lines of work, see section 4.4
Mitigation of the effects induced by the wind presence
The inclusion of windbreaks at both edges of the railway platform is a simple
mean to decrease the aerodynamic loads on rolling stock travelling across exposed
locations, such as bridges or embankments. However, the inclusion of these
protection devices alter the flow conditions above the railway platform. The use
of wind protection devices can have to opposite contributions, figure 1.4, leading to
structural stability concerns that may risk the railway safe operation. As already
stated, the railway overhead has been reported to experience large undamped
oscillations due to galloping phenomena. The installation of windbreaks upstream
those structures, may ease the onset of those oscillations if the windbreak shear
layer reaches the railway overhead location (Avila-Sanchez et al., 2010b,a). Under
those circumstances it is evident that there is no simple solution to mitigate the
undesirable effects introduced by the cross-wind presence. Along chapters 2 to 4,
the influence of a set of windbreaks on the aerodynamic loads on rolling stock,
on the flow patterns above the railway platform and on the onset of the galloping
phenomena on the railway overhead will be analysed.

1.2

Research background and public funding

The purpose of the following section is twofold, describe the research background
that leads to the conception of the research work presented by this thesis, and
express an additional acknowledgement to the experience acquired (and the people
involved) in all the side projects that have contributed, directly or indirectly, in the
realization of the thesis.
The thesis has been nourished by the knowledge acquired and the effort invested
in side research projects conducted during the last years. However, some of
these projects are not explained in the following chapters in order to improve
the readability of the thesis. The main reason is either the nature of some works
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wind loads

windbreak

railway overhead

overturning risk

cp

hwb = 0

galloping phenomena

cp

hwb = 15
α (t)

U∞

β = 0◦
Figure 1.4: Influence of the windbreak presence on two subsystems of the railway transport
system. The presence of the windbreak may lead to a decrease on the
aerodynamic loads on the rolling stock, and in consequence the windbreak
introduces a positive effect because the lateral equilibrium of the vehicle is
improved. However, the windbreak presence modifies the properties of the flow
around the railway overhead. This effect may lead to the presence of undesirable
oscillations of the railway overhead due to galloping phenomena.

either the early stages of the current progress on the specific topic. Nevertheless,
the experience and knowledge acquired during their realization have a significant
influence on the progress of the research work described in the present document.
For instance, some analysis on flow induced vibrations of slender structures are
conducted in chapter 4. Although that Chapter is focused on the galloping
instability of the railway overhead, the preliminary phases undertaken in similar
topics have improved the understanding of these aeroelastic instabilities, such is
the case of the Vortex-Induced-Vibrations analysed by Barrero-Gil et al. 2012. A
similar comment may apply to the analysis conducted by Sorribes et al. (2012) on
the acceleration experienced by a contact wire subjected to the cross-wind action,
although in this case the post-processing of the information provided during the
field tests may be considered to be in early stages. There exist three project
publicly available that may seem indirectly related, but that whose contribution
to the basics on some experimental techniques or methodologies have benefited
the thesis. The first one has been an extensive campaign on the mitigation on
aerodynamic loads on a field of solar parabolic troughs by the use of windbreaks
of different porosities. This effort has a humble contribution in (Torres García
et al., 2014), but has improved the experience of the author of this thesis on
basic experimental techniques. The collaboration with Desmond et al. (2014) has
improved the knowledge and experience in more recent experimental techniques,
such as particle image velocimetry. Not least important are some contributions that
may seem of smaller relevance in my research field, such as the works conducted
with Pindado et al. (2012) and some publications under progress, but they have
served to improve the transversal knowledge that defines the outline of the present
thesis.

8

CHAPTER 1. INTRODUCTION
Table 1.1: Summary of the publications directly related to the effect of cross-wind on the
railway systems [a-h], and the topics covered during the research progress (blue
cell).
Scale
Measures
Bridge
Embankment
Railway Overhead

Pressure
Measurement
[f, g]
[e]

Hot-wire
Anemometry
[b, c]
[a]

Field
Experiment

[d]

a. Avila-Sanchez et al. (2010a)
b. Avila-Sanchez et al. (2010b)
c. Avila-Sanchez et al. (2010c)

FEM
Analysis

PIV

[h]
d. Avila-Sanchez et al. (2011)
e. Avila-Sanchez et al. (2014)
f. Meseguer et al. (2011)

g. Sesma et al. (2013)
h. Sorribes et al. (2012)

Amongst all the projects conducted during the last years, there exist three
honourable mentions, because of their financial contribution required to the
conclusion of the thesis, and they agglutinate the main goals that motivated the
research:
• Ministerio de Fomento, under the contract PT-2007-024-17CCPM
• Ministerio de Ciencia e Innovación, under contract TRA2009-13912-C02-01
• “Consejo Social de la Universidad Politécnica de Madrid”
These projects can be considered as the nexus to most of the publications along the
last years. Those publications more directly related to the present document are
summarized in table 1.1.
The project PT-2007-024-17CCPM is aimed towards the characterization
of the influence of the inclusion of a set of windbreaks on the railway platform.
In particular, the influence of the windbreak presence on the aerodynamic loads
on a two-dimensional carbody model (chapter 2), the wind loading on a railway
bridge, and the influence on the turbulence intensity at the contact wire location
(section 3.2).
The project TRA2009-13912-C02-01 focuses on the dynamic interaction
between the railway overhead and the pantograph head. The long term goal is
to include the influence of cross-winds on the catenary-pantograph dynamics. The
complexity associated to the real phenomena is leading towards the consideration of
FEM simulation and the application of probability theory and stochastic analysis.
However the use of these tools are on the preliminary steps, and just the simplified
approach based on experimental tests is explained in section 3.3 and chapter 4.
The “Consejo Social de la Universidad Politécnica de Madrid”, has provided
some financial support to conduct an internship in a foreign research laboratory.
The internship conducted in the laboratoire PRISME in the Université d’Orléans
has served to improve the experience and knowledge in advanced experimental
techniques, such as Stereo-PIV. This experience has become invaluable on the
definition and the realization of the wind tunnel tests described in section 3.3.

1.3

Thesis organization

The present thesis is divided into three main chapters. The three core chapters cover
different aspects of the influence of cross-winds on the railway transport system.
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For the sake of clarity, a set of appendixes are attached at the backmatter of the
document. Each appendix is associated to one of the main chapters, in order to
provide the bulk graphic information. Each chapter and the corresponding appendix
address a specific objective of the present research work.
chapter 2: A simplified analysis on the overturning risk of a standard rolling stock
is presented. The analysis is conducted based on the pressure distributions on
the surface of a two-dimensional train model. The global aerodynamic loads
on the carbody, obtained by numerical integration of the surface pressure
distribution, are used as the comparison parameter to determine the shelter
efficiency of a set of vertical windbreaks.
appendix A collects some of the pressure coefficient distributions on the
two-dimensional train model surface, in order to illustrate some of the trends
exhibited by the global aerodynamic loads on the carbody model.
chapter 3: A characterization of the flow properties and the velocity field above
a railway platform is presented. Two different approaches are held. The first
one is a characterization of the flow properties at the contact wire location by
means of hot-wire anemometry (HWA). The second approach is the acquisition
of the flow field in a more extensive region above the railway platform, by
the use of particle image velocimetry (PIV). The information provided by
the latter experimental technique will be used in the subsequent chapter to
improve the analysis on the aerodynamic instabilities of the railway overhead.
appendix B gathers most of the figures related to the flow field
characterization, in order to improve the readability of the Chapter. Two
different categories of figures are included in the appendix, a two-dimensional
representation of the characterization of several flow properties, and the
vertical profiles of some flow properties, along the vertical line that passes
through the contact wire locations.
chapter 4: The onset of large undamped oscillations of the railway overhead, due
to galloping phenomena, is analysed by means of the simplified den Hartog
criteria. Both, the contact wire cross-section and the flow properties
are responsible for the onset of the oscillation. The flow properties are
characterised in chapter 3, while the aerodynamic coefficients of a standard
BC-120 cross-section are determined in an independent wind tunnel test. The
information is combined in a set of stability maps in order to check the
susceptibility of the contact wire to experience galloping phenomena. The
aerodynamic coefficients corresponding to other prismatic shapes are easily
available in the literature. They are analysed in a similar manner in order to
asses the possible mitigation of the galloping phenomena.
appendix C collects the stability maps addressed along the chapter.
Finally, chapter 5 presents a brief summary of the research described in chapters 2
to 4. In this concluding chapter some possible lines that could guide future studies
are also mentioned.

Chapter 2
Wind loads on static rolling stock

The presence of cross-winds may lead to an increase of the overturning risk of rolling
stock travelling through exposed locations, such as railway bridges or embankments
(Bocciolone et al., 2008; Cheli et al., 2011b; Chen and Cai, 2004; Dorigatti et al.,
2012; Raghunathan et al., 2002; Suzuki et al., 2003). Windbreaks are a simple
wind-protection device to diminish the overturning risk, although as mentioned
before their installation may affect other subsystems of the railway infrastructure,
see chapter 3 and chapter 4.
The aerodynamic flow pattern around the leading car of a train is clearly
three-dimensional (Cheli et al., 2010b; Guilmineau et al., 2013). However, the
simulation of the relative movement between the train model and the railway
platform requires certain level of complexity in wind tunnel experiments (Baker,
1986, 2002), especially if the influence of a set of windbreaks on the aerodynamic
loads wants to be assessed.
This chapter presents a two-dimensional analysis on the influence of solid fences
on the aerodynamic loads on a static train model, section 2.2. This simplified
analysis should be considered a preliminary approximation to the real phenomena
due to its limitations, although it provides two advantageous insights. First,
a simplified approach eases the evaluation of best trade-off solutions in multidisciplinary problems, such as the project PT-2007-024-17CCPM. Second, the
information derived from two dimensional wind tunnel tests can be useful for the
calibration of Computational Fluid Dynamics (CFD) models (Sesma et al., 2013),
see section 2.3.

2.1

Introduction

The effect of the wind on structures and constructions has been largely studied
since the XIX century. There are many works in the literature devoted to analyse
the interaction between wind and civil engineering structures (Cook, 1985; Holmes,
2001b). The efforts to increase the safety of constructions have resulted in standard
codes that classify the wind effects as a function of the local terrain, establishing the
11
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(a)

(b)

Figure 2.1: Schematic wind profiles on typical exposed locations of the railway
infrastructure. (a) bridge exposed to the atmospheric boundary layer. (b) wind
speed-up experienced on the embankment crest

maximum loads on a reduced number of typical building forms (ASCE/SEI 7-05;
EN 1991-1-4:2005).
The acceleration of the wind in the surroundings of hills is normally object of
a special attention in the aforementioned standard codes, figure 2.1(b), as both
the increase of wind speed and the change of its direction can produce high wind
loads on elements located there (Baker, 1985; Carpenter and Locke, 1999; Kaimal
and Finnigan, 1994; Lubitz and White, 2007; Shiau and Hsieh, 2002; Takahashi
et al., 2002). More specifically, the wind flow pattern on railway embankments
represents a good example of this problem, as it could significantly increase the
wind loads on rolling stocks and, therefore, the risk of vehicle overturning can take
place (Bocciolone et al., 2008; Cheli et al., 2011b; Chen and Cai, 2004; Dorigatti
et al., 2012; Raghunathan et al., 2002; Suzuki et al., 2003). The degree of overturning
risk increases when the train is at exposed locations such as bridges, because the
velocity in the Atmospheric Boundary Layer normally grows as height increases,
figure 2.1, leaving aside the fact that at ground level there may be other elements
acting as windbreaks, mainly vegetation, which could eventually slow down the wind
speed. In addition, over the last decades train speeds have risen significantly thereby
increasing the overturning risk.
Aerodynamic loads on trains under cross-winds have received the interest
of many scientists, and many papers dealing with this phenomenon have been
published. Most of these papers are devoted to the determination, either through
wind tunnel experimentation (Baker, 1986; Baker and Humphreys, 1996; Barcala
and Meseguer, 2007; Kwon et al., 2001; Matschke and Heine, 2002; Sanquer et al.,
2004; Suzuki et al., 2003) or by numerical methods (Khier et al., 2000; Bettle et al.,
2003; Diedrichs, 2003) of the aerodynamic loads on trains subjected to cross-winds
when they are travelling on flat terrain, although some attempts have been made to
characterize the aerodynamic response to cross-winds of vehicles on bridges (Suzuki
et al., 2003; Barcala and Meseguer, 2007).
One of the most effective ways to reduce the risk of overturning and cross wind
loads is by placing screens or windbreaks, either solid or porous, upstream the
elements to be protected. Unfortunately, these specific elements produce new flow
patterns due to wake interactions or, more directly, due to changes in the flow
velocity distribution that could lead to the introduction of additional wind loads.
As an example, the fences formed by trees and bushes have been traditionally used
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Figure 2.2: Sketch of conical vortex formation on the upper leeward corner of a train.

in agriculture to protect crops (Campi et al., 2009; Dierickx, 2003; Foereid et al.,
2002; Schwartz et al., 1995). The use of this kind of wind breaks spread along
the XX century to other applications such as odour dispersion (Lin et al., 2006)
or noise reduction (Cianfrini et al., 2007). After some former studies in this field
(Da Riva et al., 1970, 1971), several research works have been carried out at the
IDR/UPM Institute to analyse the effectiveness of parapets to alleviate the wind
effects on different specific problems such as wind-loads on low-building flat roofs
(Pindado, 2003), wind-loads on cars, lorries and trains travelling on bridges (Barcala
and Meseguer, 2007, 2008; Pindado et al., 2008), dust spreading on cargo docks
(Pindado, 2007), or the wind protection of parabolic solar troughs (Torres García
et al., 2014). The results of these works indicate a positive effect of porous fences
in terms of reduction of the wind effects.
With regard to the general railway transport system, it should be said that crosswinds can strongly affect both railway infrastructure and rolling stock travelling
along it. On the one hand, galloping phenomena of the railway overhead have been
reported to influence the safe operation of the railway system, see section 4.1.2.
On the other hand, the most damaging aerodynamic loads on trains are mainly
determined by the cross-wind speed and the shape of both the vehicle and the
surroundings (Cheli et al., 2010a). The risk of train overturning increases if crosswind speed reaches a threshold value. This threshold value is defined by the
Characteristic Wind Curve (CWC) to provide a certain level of protection against
train overturning (European Railway Agency, 2008). Regarding the flow pattern
around a train travelling under cross-wind, it should be pointed out that one of
the most damaging aerodynamic effects in civil aerodynamics, the conical vortex
(Pindado, 2003), has been observed on the upper leeward corner of trains at certain
yaw angles (Baker, 2010; Copley, 1987), figure 2.2. As in the aforementioned cases
regarding crops protection or noise and odour reduction, different types of parapets
have been proposed to alleviate the effect of conical vortices, acting on their position
with respect to the studied structure and, especially in the case of porous parapets,
on their intensity as some small-scale turbulence generated at the parapets may
interact with the vortices and reduce the generated suction on the structure surface
(Pindado and Meseguer, 2003).
Some efforts have been made to analyse the effectiveness of parapets and
windbreaks to protect trains and other vehicles from cross-wind effects (Zheng,
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(a)

(b)
Figure 2.3: Effect of a windbreak installed on a bridge on the flow above the railway
platform. Streamlines corresponding to the mean velocity field, with the bridge
exposed to a upstream angle of incidence α = 0◦ . The blue circle references
the contact wire locations. Railway bridge with no windbreak (a) and with a
straight windbreak 55~mm high (b). figure 3.18 from chapter 3.

2009). The effects of parapets on the aerodynamic loads (lateral force and rolling
moment) acting on a typical high-speed train vehicle on a double-track bridge
deck equipped with different types of parapets have been experimentally analysed
elsewhere (Kwon et al., 2001; Barcala and Meseguer, 2007). Provided the parapet
height is large enough, experimental results show that very drastic reduction of the
wind load coefficients can be obtained, figure 2.3, and that the addition of eaves
to the parapets improves the shelter effect of the wind barriers. However, there
seems to be a lack of qualitative and organised information regarding the shielding
effects of wind protection devices placed around railway embankments. As far as the
author’s knowledge is concerned, most of the studies focusing on train loads due to
cross-winds at embankments have considered only the unprotected case (Bocciolone
et al., 2008; Cheli et al., 2010a; Diedrichs et al., 2007). Nevertheless, it is also fair to
say that the protected case, with static and moving train models has been studied
in (Baker, 2002).

2.2

Experimental analysis

The aim of the present experimental analysis is to characterise the influence of a
simple windbreak geometry on the aerodynamic loads produced on a carbody placed
on a railway platform. The effect of the inclusion of different eave length at the tip of
straight windbreaks is analysed, figures 2.6 and 2.7. Similar parapet geometries have
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already been tested regarding building aerodynamics (Baskaran and Stathopoulos,
1988; Kopp et al., 2005c,b), with very good results in terms of wind-loads reduction
when the parapets were equipped with eaves at their tip (Pindado and Meseguer,
2003).
A two-dimensional testing campaign was carried out to asses the shelter
effectiveness of the windbreaks, taking as main comparison parameter the
aerodynamic loads on a typical train cross-section, section 2.2.2. Experimental
results corresponding to the coach placed both at the windward and the leeward
railway tracks are included in this work. Several models were built to reproduce
a typical twin railway track located at both exposed locations, a bridge and
an embankment, section 2.2.1. The present two-dimensional analysis should
be considered as a first approximation to the problem, as it is clear that the
aerodynamic flow pattern around the leading car of a train is three-dimensional
once the train has reached a certain speed, especially if the aforementioned conical
vortex is formed on the leading upper edge, figure 2.2. However, it should also be
mentioned that the fluid flow structure and the suction caused by this particular
aerodynamic effect (the conical vortex) has been successfully analysed with twodimensional models (Cook, 2002; Banks and Meroney, 2001b,a). Furthermore, a
similar tendency regarding the effects of parapets (in terms of wind-load reduction
on roofs) when oblique and perpendicular-to-roof-edge wind flows are compared,
has been experimentally measured (Kopp et al., 2005a), indicating that the positive
effect of the wind break barrier is not only measured in the worst case (generally, in
case of oblique wind direction), but also reflected in case of perpendicular-to-roofedge wind directions.

2.2.1

Scale models

Several mock-ups have been built to conduct the wind tunnel tests. Some general
remarks apply to all the models. As it is well known, the model should reproduce
the aerodynamic characteristics of the vehicle and the surroundings. However, the
working section dimensions establish a maximum admissible size of the model in
order to ensure proper boundary conditions (Barlow et al., 1999; ESDU 80024;
Maskell, 1965). For this reason the mock-ups scale is set to 1:50th.
The dimensions provided in this section refer to the wind tunnel test scale,
unless stated otherwise. Scale models are designed for a set of two-dimensional
tests, therefore, in case of omission the transversal dimension of the mock-up is
around the distance between the tests section walls, i.e., models are around 200 mm
wide.
2.2.1.1

Train model

The reference train model chosen to conduct the experimental tests is the high-speed
electrical train RENFE Class 120 (S120) manufactured by CAF. The scale model,
see figure 2.4(a), consists of a cylinder with base a characteristic cross-section of the
S120. The cylinder base is approximately 80 mm high and 59 mm wide.
Two different train models were built. The first one is characterised by an
aerodynamically clean surface for strain-gauge balance tests on a railway bridge,
as reported in (PT-2007-024-17CCPM). The second model was equipped with 48
pressure taps to measure the pressure distribution along its middle section, see
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u1∞
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s/smax = 0

(b)

(a)

Figure 2.4: S120 train mock-up equipped with pressure taps (a), and train cross-section and
reference axes definition (b).
Table 2.1: Non-dimensional coordinates of each pressure tap installed on the S120 model
surface. The reference axes are shown in figure 2.4(b)
#
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

x1 /hc
0.00
-0.06
-0.12
-0.18
-0.23
-0.28
-0.31
-0.33
-0.35
-0.35
-0.35
-0.36
-0.36
-0.36
-0.36
-0.36

x3 /hc
0.50
0.50
0.49
0.47
0.45
0.40
0.35
0.28
0.22
0.16
0.10
0.04
-0.02
-0.08
-0.14
-0.21

s/smax
0.50
0.48
0.46
0.44
0.42
0.40
0.37
0.35
0.33
0.31
0.29
0.27
0.25
0.23
0.21
0.19

no.
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

x1 /hc
-0.35
-0.34
-0.31
-0.29
-0.24
-0.19
-0.13
-0.06
0.00
0.06
0.13
0.19
0.24
0.29
0.31
0.34

x3 /hc
-0.27
-0.33
-0.39
-0.45
-0.48
-0.49
-0.49
-0.50
-0.50
-0.50
-0.49
-0.49
-0.48
-0.45
-0.39
-0.33

s/smax
0.16
0.14
0.12
0.10
0.08
0.06
0.04
0.02
0.00
0.98
0.96
0.94
0.92
0.90
0.88
0.86

no.
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48

x1 /hc
0.35
0.36
0.36
0.36
0.36
0.36
0.35
0.35
0.35
0.33
0.31
0.28
0.23
0.18
0.12
0.06

x3 /hc
-0.27
-0.21
-0.14
-0.08
-0.02
0.04
0.10
0.16
0.22
0.28
0.35
0.40
0.45
0.47
0.49
0.50

s/smax
0.84
0.81
0.79
0.77
0.75
0.73
0.71
0.69
0.67
0.65
0.63
0.60
0.58
0.56
0.54
0.52

section 2.2.2. The pressure taps are made of 1 mm inner brass tubes connected to a
pressure scanner through pneumatic inputs (section 2.2.2). The geometrical shape
of the cross-section is shown in figure 2.4 and the pressure tap distribution is defined
in table 2.1.
2.2.1.2

Windbreaks model

The windbreaks models consist of a 5 mm thick vertical wall placed at both edges of
the railway platform, as indicated in figure 2.5. An eave orthogonal to the vertical
wall can be attached at the tip of the windbreak.
The different experimental tests described in Chapters 2 and 3 involve the same
windbreak geometry. Three different parameters have been studied along all the
experimental tests: the parapet height (hwb ), the eave length (ae ), and the fence
porosity (φwb ). It should be mentioned that not all the windbreak configurations
were assessed in some of the wind tunnel tests. Some configurations induced nondesirable effects on specific subsystems of the railway infrastructure, project PT2007-024-17CCPM, and further analysis was discontinued.
Windbreak heights ranging from hwb = 0 mm (no windbreaks installed on the
railway platform) to hwb = 55 mm have been reproduced. Up to eight different
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Figure 2.5: Windbreak cross-section. (a) Solid windbreak, (b) Porous fence. Windbreaks
consists of a vertical wall (4) attached to the railway platform (2) by a side-walk
(1). A wind deflector (3) is supported by the side-walk. On top of the vertical
wall, an eave (5) can be installed.

windbreak heights have been taken into consideration. The eave length can adopt
four different values: ae = 0 mm (no eave installed on the windbreak), ae = 5 mm,
ae = 10 mm and ae = 15 mm.
Porous windbreaks are similar to solid ones but with thirteen 10 mm diameter
holes, figure 2.5(b), drilled evenly spaced along the parapet span. Parapet porosity,
φwb (hwb ), is defined as the ratio of the open area of the parapet to its frontal
area. Since the open area is the same for all porous parapets, porosity decreases
as the parapet height increases (φwb (25) = 15%, φwb (35) = 11%, φwb (45) = 8%,
φwb (55) = 7%).
2.2.1.3

Railway bridge model

Two different bridge surroundings are mentioned along the thesis framework, see
section 1.2. The first one corresponds to a railway bridge which are located on the
Northwest of Spain, near “O Eixo”. Sorribes et al. (2012) have instrumented the
railway overhead to measure the oscillations induced by the cross-wind actions when
different windbreak are equipped on the railway platform.
The second bridge geometry is based on a basic cross-section shape shared by a
few bridges located along the Northwest of Spain, such as the bridge over the river
“Ulla” or the river “Deza”. A simple parametric bridge model has been reproduced
following instructions provided by ADIF, see figure 2.6. Two different bridge heights
are considered, Hb = 65 mm and Hb = 85 mm. The bridge deck is crp = 280 mm
wide. A double track ballast mock-up is placed on top of the bridge deck, in order
to attach the carbody model on some tests. The distance from the symmetry plane
to the tracks middle point is lwt = llt = 55 mm. The windbreak models can be
included at both edges of the railway platform.
2.2.1.4

Railway embankment model

Rolling stock circulation requires flat and uniform terrain due to comfort and
efficiency reasons. Embankments basically consist of artificial hills to level terrain
and to prevent circumvention of certain obstacles. A wooden box frame has been
shaped to reproduce an isolated embankment, figures 2.7 and 2.8. The same railway
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Figure 2.6: Sketch of the railway bridge cross-section equipped with a ballast track. The
bridge and ballast width are crp = 280 mm and cballast = 220 mm, respectively.
Hb is the bridge height. The vertical force (cx3 ), side force (cx1 ) and pitching
moment (cm2 ) coefficients are referred to the bridge reference axis (x1 , x2 , x3 ).

x3
x1
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Figure 2.7: Railway embankment and ballast track cross-section. The twin railway track
is c = 280 mm wide. The embankment is hem = 80 mm high. Two different
embankment lengths, lem , are considered: lem = 80 mm (1:1 slope) and
lem = 160 mm (1:2 slope).

platform and ballast model equipped by the bridge model, figure 2.6, were placed
on top of the central box.
Two different embankment slopes have been reproduced. Embankment slopes
1:1 and 1:2 are chosen as representative values of the railway infrastructure. The
embankment model was attached to a spanned ground lT = 1600 mm long, as
indicated in figure 2.8, slightly larger than the embankment width (c + 2lem ), to
ensure an appropriate simulation of the flow direction over the windward parapet
model. The leading edge of this spanned ground is rounded in order to prevent
boundary layer separation.

2.2.2

Experimental set-up

The experimental tests are conducted in the Wind Tunnel (WT) A4C located at
IDR/UPM, see figure 2.9. This facility is an open-return wind tunnel with a closed
tests section designed to perform two-dimensional tests. The wind tunnel working
section consists of a 1.2 m long × 1.8 m high × 0.2 m wide volume. The maximum
stream velocity at the WT test section is around 30 m/s. The models are tested in
the middle section, where the wind profile is uniform, see figure 2.10. The upstream
turbulence intensity can be modified by changing the mesh size of the screen placed
at the contraction inlet.
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Figure 2.8: Sketch of the embankment model and the twin railway track equipped with
windbreaks. The train coach model is located on the windward rail track.
The embankment slope vertical length is hem = 80 mm. The length of the
embankment is c + 2 lem . The width and length of the complete mock-up are
w = 200 mm and lT = 1600 mm, respectively.
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Figure 2.9: A4C WT top view (a), and schematic view (b). 1, nozzle with two-dimensional
contraction; 2, test section; 3, diffuser; 4, centrifugal fans; 5, open return; 6,
instrumentation and technical equipment; 7, test section access door; 8, A4C
WT control system. Arrows indicate the flow direction.
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Figure 2.10: Dimensionless wind profile, u/U∞ , and turbulence intensity profile, Iu ,
corresponding to the model position on the test section. x3 is the vertical
distance from the test model position.
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Pressure distribution on the model surface is obtained using a Scanivalve Corp.
pressure scanner, model ZOC33, with 128 pressure inputs. The pressure scanner is
connected to the pressure taps distributed along the mock-up middle section, see
figure 2.4 and table 2.1. The pneumatic signal is acquired at 100 Hz during 20 s.
The dynamic pressure, q, is measured by an Air Flow 048 Pitot tube connected
to a General Electrics pressure transducer, model Druck LPM5480. The dynamic
pressure is defined as usual as the difference between stagnation pressure, pt , and
static pressure, ps ,
1
2
(2.1)
q = pt − ps = ρa U∞
2
where ρa is the fluid density and U∞ the free stream velocity. The pressure
coefficient, cp (x1 , x3 ), on each pressure tap is defined as
cp (x1 , x3 ) =

p (x1 , x3 ) − ps
q

(2.2)

where p (x1 , x3 ) is the averaged pressure measured at the pressure tap located at
coordinates (x1, x3 ) indicated on table 2.1. Numerical integration of the pressure
distribution yields the global aerodynamic load coefficients in the reference axis
defined in figure 2.11. The drag coefficient, cd , the lift coefficient, cl , and the moment
coefficient about the carbody centre point, cm0 , are expressed as
Z
1
cp (x1 , x3 ) dx3
cd = −
hc
Z
1
cl = −
cp (x1 , x3 ) dx1
(2.3)
hc
 Z

Z
1
cmv0 = −
− x3 · cp (x1 , x3 ) dx3 + x1 · cp (x1 , x3 ) dx1
hc cc
where hc and cc stand for the coach height and width, respectively. The overturning
moment about the leeward rail, cmv , is defined as
cmv = cmv0 + cd ·

tw
hc
+ cl ·
2cc
2cc

(2.4)

where tw is the track width. Aerodynamic loads induced by cross-wind have been
analysed both for the coach placed on top of the railway bridge and the railway
embankment.
Measurements were done at U∞ = 22 m/s upstream flow speed, with a Iu = 5.5%
turbulence intensity. The tests are carried out placing the model at the centre of the
testing chamber, with a 1 mm gap being left between the model and the chamber
walls. As already stated, the size of the working section establishes a maximum
admissible size of the model in order to ensure proper boundary conditions (Barlow
et al., 1999; ESDU 80024; Maskell, 1965). In order to minimize the blockage effects
as much as possible, the scale 1/50 was chosen.
The studied configurations were tested in low turbulence condition. The rolling
moment of heavy road vehicles due to wind-loads has been already analysed in such
condition by other authors such as (Cheli et al., 2011a,b), and although experiments
under low turbulence condition produce some differences with regard to the results
from tests carried out with wind boundary layer simulation, it is also fair to say that
the general flow pattern is not altered, the rolling moment being very similar. For
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Figure 2.11: Railway platform cross-section with train model placed on top of the ballast
track. The model is approximately hc = 80 mm high and cc = 59 mm width.
The distance from the coach roof to the ballast is around hd = 89 mm.

Figure 2.12: Railway embankment set-up for surface pressure measurement.

instance, Cheli et al. (2011a) show in their Figure 12 the rolling moment coefficient
on a van vehicle as a function of the wind yaw angle, measured in low turbulence
condition and with wind boundary layer simulation. It can be observed in that
figure that, leaving aside some differences, the results can be considered similar up
to a certain point.

2.2.3

Carbody placed in a railway embankment

Aerodynamic loads induced by cross-wind have been analysed both for the coach
placed on top of the railway bridge, section 2.2.4, and the railway embankment.
The carbody model placed on the railway embankment is shown in figure 2.12.
The results of the wind tunnel tests conducted on the railway embankment have
been presented by Avila-Sanchez et al. (2014). As stated in section 2.2.1.2, two
parameters characterize the solid windbreaks, the vertical height (hwb ) and the eave
length (ae ). Eight different straight windbreaks (i.e., with no eave) have been tested:
hwb = 0, 5, 10, 15, 25, 35, 45 and 55 mm. Amongst that set of fences, those with
a height hwb ≥ 10 mm were tested with an eave installed on top.
The coach model was attached to the ballast with two rectangular prisms to
simulate the distance between the track and the train model, see figure 2.11.
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Figure 2.13: Coach rolling angle, β. Negative rolling angles correspond to a counterclockwise rotation around x2 axis (a), whereas positive values correspond to a
clockwise rotation (b).
Table 2.2: Values adopted by the parameters analysed via surface pressure measurement.

parameter
Embankment slope
hwb [mm]
ae [mm]
β [◦ ]
carbody location

values
1:1, 1:2
0, 5, 10, 15, 25, 35, 45, 55
0, 5, 10, 15
−6◦ , 0◦ , 6◦
windward/leeward track

Different static rolling angles of the carbody, β, were considered in order to
determine their influence on the aerodynamic load coefficients induced by crosswind. The definition of the rolling angle is represented in figure 2.13. Three
different values were reproduced, β = −6◦ , β = 0◦ and β = 6◦ . The train
model was tested placed either at the windward either at the leeward track. 312
different configurations were analysed. Values adopted by the different parameters
are summarized in table 2.2.
In figures A.1 to A.4 the pressure coefficient distribution for all rolling angles
is shown, plotted along the carbody cross-section. In those figures the influence of
the eave length for two given windbreak heights, hwb = 15 mm and hwb = 25 mm,
can be easily analysed. Small variations of the eave length equipped at the tip of
the vertical fence seem to have negligible effects on the surface pressure distribution
to some extent. Very similar trends are exhibited by the pressure distributions on
the carbody for both embankment slopes, i.e., the windbreak presence upstream
the rolling stock model seems to mask the influence of the embankment slope.
However, further tests should be conducted to determine the influence on the
pressure distributions of the embankment slope and its height, see section 2.3.
Influence of the windbreak height on the train surface pressure coefficient
distribution is shown in figures A.5 to A.8. Two eave lengths are analysed, ae = 0 mm
and ae = 10 mm. Analogously to the previous set of Figures, the qualitative
trends exhibited by the surface pressure distributions remain quite close for both
embankment slopes. As can be appreciated, windbreak height mainly affects the
suction peak located on the windward side of the train roof. When the carbody
is located on the windward track, the presence of small windbreaks lead to the
presence of the aforementioned suction peak. The suction peak intensity decreases
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Table 2.3: Aerodynamic load coefficients, cl0 , cd0 , and cmv0 , corresponding to the
configurations tested without parapets (h = 0 mm). The reference axes are
indicated inside the train section in figure 2.11.
a Embankment Slope 1:1
β [◦ ]
−6◦
0◦
6◦

Train at windward track
cl0
cd0
cmv0
−0.27 1.26
0.47
0.31
1.24
0.65
0.29
1.27
0.65

Train
cl0
0.58
0.91
1.03

at leeward track
cd0
cmv0
0.53
0.35
0.54
0.38
0.59
0.35

b Embankment Slope 1:2
β [◦ ]
−6◦
0◦
6◦

Train at windward track
cl0
cd0
cmv0
−0.17 1.18
0.45
0.29
1.21
0.63
0.24
1.25
0.63

Train
cl0
0.57
0.82
0.99

at leeward track
cd0
cmv0
0.56
0.38
0.48
0.35
0.57
0.35

as the fence height increases. When the rolling stock is placed over the leeward
track it already presents a suction peak on the windward side of the rooftop. The
intensity of the suction peak in such configuration is diminished by the presence of
any windbreak.
Numeric integration of the pressure distributions measured on the train surface,
see equation (2.3) and equation (2.4), yields the global aerodynamic coefficients. The
force coefficients and the moment coefficient (cl0 , cd0 , and cmv0 ) corresponding to all
configurations tested without any parapets on the railway platform are presented
in table 2.3. As expected, the side force and rolling moment decrease when the
train is located on the leeward track for both slopes tested, i.e., the windward
location is more exposed to the effect introduced by the presence of cross-wind. In
fact, drag experienced by the carbody on the windward track doubles the value
adopted on the leeward location, for both embankment slopes. However, there is a
significant variation on the values regarding the rolling moment, that experiences a
slight increase in the windward location (∆cmv0 ∼ 16 − 26%). The explanation for
this effect can be found in the following analysis of the lift coefficients.
Lift coefficients corresponding to rolling angles β = 0◦ and β = 6◦ are quite
similar, leaving aside the fact that the train located at the leeward track is exposed
to higher lift forces. However, a large variation is observed comparing the lift
coefficients at β = 0◦ and β = −6◦ , especially in the case of the train located at the
windward track which experiences a change of the lift force direction. This trend is
related to the variation of the pressure coefficient distribution on the train surface.
A great suction is produced at the lower side of the carbody, when it is located at
the windward track for β = −6◦ . The suction peak is close to s/smax = 0.05, see
figures A.5 and A.7. This suction is created by the acceleration of the flow under
the train due to the negative rolling angle. The negative rolling angle configuration
produces a displacement of the stagnation point towards a lower location at the
train windward surface, increasing the venturi effect under the train, and therefore
the lift is reduced when compared to the β = 0◦ configuration.
The aerodynamic loads corresponding to the case with no wind protection
devices (hwb = 0) and a static rolling angle β = 0◦ will be assigned as the
reference configuration (cl0 , cd0 , and cmv0 ). In order to assess the shelter efficiency
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Figure 2.14: Lift, cl /cl0 , drag, cd /cd0 , and rolling moment, cmv /cmv0 , coefficient ratios as
a function of the windbreak height, when the train coach is placed on the
windward rail on the embankment with slope 1:2. Four eave lengths are
considered, a = 0 mm (circles), a = 5 mm (rhombi), a = 10 mm (squares),
and a = 15 mm (triangles). Each column represents a different coach rolling
angle, β = −6◦ (left), β = 0◦ (centre), and β = 6◦

of the tested windbreaks, the aerodynamic loads are referred to the reference
configuration. The non-dimensional lift (cl /cl0 ), drag (cd /cd0 ), and rolling moment
(cmv /cmv0 ) coefficients calculated from the measured pressure distributions are
shown in figure 2.14 (slope 1:2; windward track), figure 2.15 (slope 1:2; leeward
track), figure 2.16 (slope 1:1; windward track), and figure 2.17 (slope 1:1; leeward
track), as a function of the windbreak height, hwb .
It can be observed in the figures that the presence of eaves at the tip of the
windbreak does have a relevant effect on the pressure distribution and consequently
on the force coefficients, although, as previously said, the effect of the eave length
does not seem to induce a relevant effect. Also, the results from the same windbreak
and track configurations, but different embankment slope, indicate a reduced effect
of this parameter.
An increase of the lift coefficient, cl /cl0 , is experienced by the train located on the
windward track for low values of hwb . The lift coefficient ratio drops till negligible
values as the fence height approaches the higher value tested (see figures 2.14
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Figure 2.15: Lift, cl /cl0 , drag, cd /cd0 , and rolling moment, cmv /cmv0 , coefficient ratios as a
function of the windbreak height, when the train coach is placed on the leeward
rail on the embankment with slope 1:2. Four eave lengths are considered,
a = 0 mm (circles), a = 5 mm (rhombi), a = 10 mm (squares), and a = 15 mm
(triangles). Each column represents a different coach rolling angle, β = −6◦
(left), β = 0◦ (centre), and β = 6◦

and 2.16). The variations in the lift coefficient are a direct consequence of changes in
the intensity of the suction peak located on the coach roof surface. Initially, as the
parapet height increases, the intensity of the suction peak increases as the velocity
of the flow is rising close to the round upper corner of the train, and the stagnation
point is closer to this corner. However, for hwb = 35 mm and higher values the
shear layer created at the upper extreme of the windbreak introduces small scale
turbulence on the flow close to the mentioned round upper corner, making the
pressure distribution more uniform and reducing the suction peak.
The drag coefficient, cd /cd0 , of rolling stock placed on the windward track shows
a more uniform trend. The only exception being the carbody with a positive rolling
angle downstream a windbreak without eave. As already presented in figures A.5
to A.8, the pressure distribution becomes more uniform with the windbreak height.
Consequently, the drag coefficient ratio (cd /cd0 ) decreases as the windbreak height
increases. In fact, if the windbreak height is large enough, the drag coefficient
becomes negative, that is, the aerodynamic force on the coach is acting against the
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Figure 2.16: Lift, cl /cl0 , drag, cd /cd0 , and rolling moment, cmv /cmv0 , coefficient ratios as
a function of the windbreak height, when the train coach is placed on the
windward rail on the embankment with slope 1:1. Four eave lengths are
considered, a = 0 mm (circles), a = 5 mm (rhombi), a = 10 mm (squares),
and a = 15 mm (triangles). Each column represents a different coach rolling
angle, β = −6◦ (left), β = 0◦ (centre), and β = 6◦

main direction of the incident flow. This effect is in agreement with former studies
on the wind loads on the leeward windbreak installed on similar emplacements (cliffs
and embankments) provided with wind protection devices (Holmes, 2001a). Similar
effects have been reported in the drag force of buildings placed inside the wake of
buildings with similar geometric characteristics (Khanduri et al., 1998; Lam et al.,
2008). More specifically related to the wind-train interaction, it should be mentioned
that this effect has been already reported both for static and moving model tests
by Baker (2002), the recirculating flow pattern in the separation bubble behind the
fence being suggested as the presumably main cause of this behaviour.
The trend exhibited by the rolling moment coefficient ratio, cmv /cmv0 , of the
model placed on the windward track is quite similar to the one shown by the drag
coefficient ratio. Obviously, due to the train cross section and the configurations
analysed, there seems to be a greater correlation between the rolling moment
coefficient and the drag force coefficient than between the rolling moment and the
lift. Rolling moment coefficient also experiences a change of direction for the higher

27

2.2. EXPERIMENTAL ANALYSIS
3.0
cl /cl0
2.0

?=6º

?=0º

?=-6º

1.0
0.0
-1.0
1.2
cd /cd0
0.8
0.4
0.0
-0.4
-0.8
1.2
cmv /cmv0
0.8

ae = 0 mm
ae = 0 mm
ae = 5 mm
ae = 10 mm
ae = 15 mm

0.4
0.0
-0.4
-0.8

0

15

30

45
60
hwb [mm]

0

15

30

45
60
hwb [mm]

0

15

30

45
60
hwb [mm]

Figure 2.17: Lift, cl /cl0 , drag, cd /cd0 , and rolling moment, cmv /cmv0 , coefficient ratios as a
function of the windbreak height, when the train coach is placed on the leeward
rail on the embankment with slope 1:1. Four eave lengths are considered,
a = 0 mm (circles), a = 5 mm (rhombi), a = 10 mm (squares), and a = 15 mm
(triangles). Each column represents a different coach rolling angle, β = −6◦
(left), β = 0◦ (centre), and β = 6◦

windbreaks. This effect indicates the important role of the aerodynamic drag in the
lateral equilibrium of the vehicle.
The embankment slope deflects the incident flow, increasing the angle of
incidence near the railway platform. The presence of the windbreak increases
the distance from the shear layer to the railway platform. As a consequence,
the installation of fences on the railway platform edges decreases drag and rolling
moment coefficients, compared to the unprotected case. However, the lift coefficient
experiences an increase when the rolling stock is placed on the windward track.
The small distance between the windward fence and the carbody modifies the flow
boundary conditions. The incident flow experiences a speed-up close to the train
roof, which originates the suction peak that boosts the lift coefficient.
figures 2.15 and 2.17 show more uniform trends regarding aerodynamic force
coefficients of the model located on the leeward track, in comparison to those
presented by the train at the windward track.
In the configurations corresponding to the train at this position, all the lift
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Figure 2.18: Railway bridge model for surface pressure measurement.
Table 2.4: Values adopted by the parameters analysed via surface pressure measurement.

parameter
α [◦ ]
hwb [mm]
ae [mm]
carbody location

values
−6 , −3◦ , 0◦ , 3◦ , 6◦
0, 25, 35, 45, 55
0, 5, 10, 15
windward/leeward track
◦

coefficients, cl /cl0 , smoothly decrease as the windbreak height increases. As can
be observed in figures A.6 and A.8, an appreciable suction peak appears on the
train roof surface when no windbreaks are installed. As the windbreak height
increases the area enclosed by the suction peak decreases. As a consequence,
the lift coefficient decreases, reaching negligible values for the higher windbreaks
analysed. The behaviour of the drag coefficient, cd /cd0 , presents similar patterns to
the ones measured in the windward configurations. When the windbreak reaches
a certain height, the drag force on the train opposes the upstream flow direction.
Finally, analogously to the windward configurations, the rolling moment coefficient,
cmv /cmv0 , shows similar trends to those from the drag coefficient.

2.2.4

Carbody placed in a railway bridge

The aerodynamic loads on a two-dimensional coach model placed on top of a railway
embankment have been presented in section 2.2.3. Similar wind-tunnel tests have
been conducted to analyse the wind loading on a carbody model placed on the
railway bridge, see figure 2.18. The results of the wind tunnel tests conducted on
the railway bridge have been presented by Meseguer et al. (2011). They have also
been used to evaluate the performance of a two-dimensional CFD model by Sesma
et al. (2013) and by Sesma (2013), see section 2.3. In that work is shown the
capabilities of CFD models to reproduce wind tunnel results regarding the overall
influence of the windbreak height and eave presence on the aerodynamic coefficients.
This agreement may suggest that a CFD approach can be a useful tool for carrying
out a parametric study prior to experimental tests.

29

2.2. EXPERIMENTAL ANALYSIS
Table 2.5: Aerodynamic load coefficients, cl0 , cd0 , and cmv0 , corresponding to the
configurations tested without parapets (h = 0 mm). The reference axes are
indicated inside the train section in figure 2.11.
α [◦ ]
−6◦
−3◦
0◦
3◦
6◦

Train
cl0
1.01
0.93
0.73
0.47
0.40

at windward track
cd0
cmv0
0.81
0.50
0.80
0.48
0.91
0.51
1.10
0.58
1.13
0.59

Train
cl0
1.03
1.01
0.97
0.95
0.91

at leeward track
cd0
cmv0
0.79
0.50
0.73
0.46
0.65
0.42
0.60
0.39
0.56
0.36

Information regarding the global aerodynamic coefficients and the pressure
distribution on the carbody placed on the railway bridge can be consulted in
Meseguer et al. (2011). For the sake of briefness a small summary is herein
presented. The force coefficients (cl0 (α), cd0 (α), and cmv0 (α)) corresponding to all
configurations tested without any parapets on the railway platform are included in
table 2.5. The aerodynamic loads corresponding to the case with no wind protection
devices (hwb = 0) will be referred as the reference configuration (cl0 , cd0 , and cmv0 ).
The lift (cl ) coefficient of the static train model placed on the unprotected bridge
decreases with the angle of incidence of the flow on the bridge. Similar trend is
exhibited by the drag (cd ), and rolling moment (cmv ) coefficients of the train model
placed on the leeward track. However, the drag and rolling moment coefficients of
the train model placed on the windward track decreases when the angle of attack
increases.
In order assess the shelter efficiency of the tested windbreaks, the aerodynamic
loads are referred to the results corresponding to the unprotected bridge. Note that
the reference case depends on the angle of attack. figures 2.19 and 2.20 show the
normalised lift (cl /cl0 ), drag (cd /cd0 ), and rolling moment (cmv /cmv0 ) coefficients as
a function of the windbreak height, hwb . The global aerodynamic loads have been
obtained by numeric integration of the pressure distributions along the carbody
surface, from equation (2.3) and equation (2.4). Results for three angles of attack
are shown in the figures, α = −6◦ , α = 0◦ and α = 6◦ . Small variations of the eave
length seem to have negligible effects on the train aerodynamic coefficients to some
extent, analogously to the results of the carbody on the embankment location. The
only exception to this behaviour is the lift coefficient of the carbody placed on the
windward track. In this configuration the inclusion of an eave at the windbreak tip
decreases the value of the lift coefficient. The difference is more evident when the
bridge is exposed to non-negative angles of attack.
In general, the windbreak presence decreases the lift coefficient ratio (cl /cl0 ) on
the carbody. However, the inclusion of small windbreaks on the railway bridge
exposed to non-negative angles of attack leads to an increase on the lift coefficient
the train model placed on the windward track. An increase on the windbreak
height decreases the lift coefficient ratio in all configurations. In fact, the value of
the lift coefficient becomes negligible for the highest windbreak, when the bridge is
immersed in a flow with an angle of attack α > 0◦ .
The drag coefficient ratio, cd /cd0 , of the carbody model exhibits a more uniform
trend for both the windward and the leeward location. The inclusion of the
windbreak at the railway platform decreases the drag force on the model. The
drag coefficient ratio decreases as the windbreak height increases. In fact, if the
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Figure 2.19: Lift, cl /cl0 , drag, cd /cd0 , and rolling moment, cmv /cmv0 , coefficient ratios
as a function of the windbreak height, when the train coach is placed on
the windward rail on the railway bridge. Four eave lengths are considered,
a = 0 mm (circles), a = 5 mm (rhombi), a = 10 mm (squares), and a = 15 mm
(triangles). Each column represents a different angle of attack over the bridge,
α = −6◦ (left), α = 0◦ (centre), and α = 6◦

windbreak height is large enough, the drag coefficient becomes negative, that is, the
aerodynamic force on the coach acts against the main direction of the upstream flow.
This aerodynamic effect is in agreement with the results described in section 2.2.3.
As expected, the rolling moment coefficient, cmv /cmv0 , exhibits trends quite
similar to those corresponding to the drag coefficient ratio. The rolling moment
coefficient decreases with the inclusion of the windbreak. The reduction is larger
when the windbreak height increases, and may achieve negative values for the higher
windbreaks.
The variation on the coefficient ratios with the angle of attack is shown in
figures 2.21 and 2.22. The results corresponding to two different eave lengths are
represented, ae = 0 mm and ae = 10 mm. The two different trends on the lift
coefficient are easily identified. The first trend occurs for the carbody placed on the
windward track protected by small windbreaks, hwb ≤ 35 mm. In this configuration
the lift coefficient increases with the angle of attack. The other trend takes place
when larger windbreaks are used and the model is placed on the leeward side. In this
case when the angle of attack increases the lift coefficient on the carbody decreases.
The results shown by the drag coefficient are more uniform. An increase either
of the windbreak height either on the angle of attack decreases the drag coefficient.
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Figure 2.20: Lift, cl /cl0 , drag, cd /cd0 , and rolling moment, cmv /cmv0 , coefficient ratios as a
function of the windbreak height, when the train coach is placed on the leeward
rail on the railway bridge. Four eave lengths are considered, a = 0 mm (circles),
a = 5 mm (rhombi), a = 10 mm (squares), and a = 15 mm (triangles). Each
column represents a different angle of attack over the bridge, α = −6◦ (left),
α = 0◦ (centre), and α = 6◦

This effects happens both on the carbody placed on the windward and the leeward
track. Analogously to the aforementioned results, the rolling moment coefficient
exhibits very similar trends to the ones exhibited by the drag coefficient.

2.3

Discussion and future work

In the present chapter the windbreak sheltering effect on the cross-wind flow around
a static rolling-stock model is experimentally analysed. The pressure distribution
and the aerodynamic force coefficients (lift, drag and rolling moment) are selected
as the main comparison parameters. Two different scenarios are analysed, a railway
bridge (Meseguer et al., 2011; Sesma et al., 2013) and a railway embankment. Some
general conclusions apply to both case scenarios.
• Windbreaks, even those with small height, provide sheltering effects to the
vehicle with regard to the measured rolling moment coefficients.
• There exists a threshold windbreak height, hwb ∼ 0.2−0.3 in the embankment
location, for which drag and rolling moment coefficients become reversed.
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Figure 2.21: Lift, cl /cl0 , drag, cd /cd0 , and rolling moment, cmv /cmv0 , coefficient ratios as a
function of the angle of attack, when the train coach is placed on the windward
rail on the railway bridge. Four windbreak heights are considered, hwb = 25 mm
(circles), hwb = 35 mm (rhombi), hwb = 45 mm (squares), and hwb = 55 mm
(triangles). Each row represents a different eave length, ae = 0 mm (up) and
ae = 10 mm (down)
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Figure 2.22: Lift, cl /cl0 , drag, cd /cd0 , and rolling moment, cmv /cmv0 , coefficient ratios as a
function of the angle of attack, when the train coach is placed on the leeward rail
on the railway bridge. Four windbreak heights are considered, hwb = 25 mm
(circles), hwb = 35 mm (rhombi), hwb = 45 mm (squares), and hwb = 55 mm
(triangles). Each row represents a different eave length, ae = 0 mm (up) and
ae = 10 mm (down)
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Figure 2.23: Comparison between the wind tunnel tests and the CFD simulation. Global
aerodynamic coefficients on the train model, at an angle of incidence of the
flow on the bridge α = 0◦ (Sesma et al., 2013).

In the bridge location, see PT-2007-024-17CCPM, this threshold value also
depends on the angle of incidence of the flow over the bridge.
• As expected, the results indicate that the drag force is the main influence on
the overturning moment.
• Inclusion of an eave at the windbreak tip improves the shielding effect.
However, the influence of the eave length seems to be negligible to some extent,
at least amongst the tested eave lengths.
As a side project, the comparison amongst a CFD approach and experimental tests
has been presented in Sesma et al. (2013) and in Chapter 3 of Sesma (2013). The
CFD simulation is based on the case of the train model placed on top of the railway
bridge. The carbody was placed at the windward track, where the train is most
exposed to the cross-wind effect.
The comparison between the aerodynamic coefficients obtained by both
approaches is shown in figure 2.23. CFD simulations were able to capture
satisfactorily the experimental trends exhibited by the aerodynamic coefficients.
The numerical simulation yields slightly lower values for the aerodynamic coefficient,
except in the absence of wind protection devices. There should be considered
two main contributions to this effect. The first one is related to the different
simplifications applied in the CFD simulation and the wind tunnel tests, concerning
the mock-up cross-section and the wind tunnel boundary conditions. The second one
is related to the turbulence closure problem, which may be improved by information
obtained by a latter experimental test presented in section 3.3.2.2.
Nevertheless, despite the small disagreements, the CFD simulation seem an
adequate approach to perform preliminary studies. This numerical parametric
studies can reproduce the overall trends, and may alleviate the number of the wind
tunnel tests.
Future work A simplified two-dimensional approach to assess the influence of
windbreak on the train loads has been herein conducted. The study shows the
reduction on the wind loading as the windbreak height increases on two different
surroundings, a railway embankment and a railway bridge. Both locations were
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modelled based on typical values adopted by the railway infrastructure. However
it may be of interest to extend the study to a larger range of embankment slopes,
embankment heights or bridge cross-section. The results herein presented should be
considered just as a preliminary study, because there exists room for improvements.
One question that remains open is the analysis of the windbreaks influence in
a three-dimensional wind tunnel tests. Although the same limitation presented
by this analysis is present, the relative motion between the train and the
environment. Although with some difficulty, this may be overcome trying to adapt
a methodology similar to that proposed by Baker (1986). Another approach to take
into consideration the train movement in the physical model is to conduct CFD
simulations.
Also, the Atmospheric Boundary Layer (ABL) is not considered in the present
study. In some locations, such as certain railway bridges (section 3.3) the influence
may be neglected. However, the influence of ABL on the aerodynamic loads
experienced by a train travelling on railway embankments or low height bridges
may be non-negligible.

Chapter 3
Flow characterization above the
railway platform

Windbreaks consists of a vertical fence attached to the railway infrastructure. Their
influence on the pressure distribution of a static rolling stock placed on the railway
infrastructure was analysed in chapter 2. Fences can alleviate aerodynamic loads
on the rolling stock, however they also may trigger unwanted effects on other
subsystems of the railway infrastructure. In this Chapter, the flow field above the
railway infrastructure, both with and without parapets, is characterised. This flow
characterization will allow further analysis on the aerodynamic instabilities of the
railway overhead in chapter 4.
Two different experimental facilities are employed to conduct the herein
presented flow characterization. The first analysis on the flow at both contact
wire locations is conducted in the A4C wind tunnel, section 3.2, by means of hotwire anemometry (HWA). The second characterization analyses the flow properties
above the railway platform, section 3.3, using the experimental technique named as
particle image velocimetry (PIV) at the ACLA16 wind tunnel.

3.1
3.1.1

Introduction
Review on the influence of windbreaks

As already described, section 2.1, windbreaks are a simple solution to diminish the
undesirable effects induced by the presence of cross-winds. Windbreaks have been
and still are extensively studied because of their use in agriculture (Campi et al.,
2009; Dierickx, 2003; Foereid et al., 2002; Schwartz et al., 1995), wind-erosion control
(Alhajraf, 2004; Lee et al., 2002; Yeh et al., 2010) and reduction of wind loading
on civil structures (Torres García et al., 2014; Peterka et al., 1986, 1987; Peterka
and Tan, 1988), amongst other applications. Traffic safety and comfort can also be
improved by the use of such wind protection devices. Several authors have conducted
experimental analyses to study the effects of parapets on the aerodynamic loads
acting on a typical high-speed train vehicle on a double-track bridge deck (Barcala
35
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and Meseguer, 2007; Kwon et al., 2001). A very drastic reduction of the wind load
coefficients can be obtained by the inclusion of parapets on the railway platform,
and the addition of eaves to the parapets can improve the shelter effect of the
wind barriers. Besides wind loads measurements, either CFD simulations (Diedrichs
et al., 2007; Diedrichs, 2008) either smoke visualization (Barcala and Meseguer, 2007,
2008) can assist the identification of the flow morphology around the train models.
Obviously smoke visualization require low values of the Reynolds number, so that
the aim of smoke visualization is just a qualitative insight to the phenomenon under
consideration. The flow around a bridge deck, either with or without parapets, is
driven by boundary layer (BL) separation and smoke visualization can provide a
preliminary estimation of the real flow features. The BL separates at the upper
windward edge of a clean bridge deck. The resulting shear layer can reattach at
the bridge deck forming a recirculation bubble, provided the angle of attack is small
enough. However, if the angle of attack is high enough, the separated boundary
layer from the upper side of the bridge merges with the one produced at the lower
side forming a wide wake downstream the bridge. A similar wake downstream the
bridge appears even when the reattachment occurs, because the boundary layer
separation will occur at the leeward edges. When the railway bridge is equipped
with solid fences, the height of the separation point over the deck increases, and the
vertical distance of the shear layer to the deck increases accordingly, as shown in
Figure 2 by Avila-Sanchez et al. 2010b. The inclusion of eaves at the parapet tip
boosts this effect (Barcala and Meseguer, 2008). If the parapet is high enough, the
resulting shear layer can impinge the catenary, increasing the turbulence intensity
at the contact wire locations.
As it has been pointed out by Scanlon and Oldroyd (2000), the increment of
turbulence intensity at the catenary contact wires due to the presence of windbreaks
is of great interest in order to provide a more detailed description of the cable
galloping phenomenon. Once the spectral properties of the actual wind of the site
are known, the wind speed time series can be numerically obtained, see for instance
(Hansen, 2008). Using these wind speed time series and the aerodynamic properties
of the contact wire cable as inputs to a FEM simulation, the displacement, velocity
and acceleration of the cable can be computed and a nonlinear analysis of the
galloping phenomena can be obtained.
As it has been already mentioned, over the past few decades several studies
have been devoted to analyse the shelter efficiency of windbreaks and shelterbelts.
Three different approaches have been established in order to characterise the shelter
efficiency of a given wind protection device. The first approach consists on the
characterization of the effect induced in an obstacle downstream the fence, such
as the aerodynamic properties of a train model analysed in chapter 2. The second
approach considers its resistance to the flow through the drag coefficient of the wind
protection device (Allori et al., 2013; Guan et al., 2003). The third approach relies
on the characterization of the flow patterns or the flow properties behind the wind
protection device.
The characterization of the properties of the flow field behind windbreaks and
shelterbelts includes full-scale measurements (Boldes et al., 2001; Flesch and Wilson,
1999; Hagen and Skidmore, 1971; Schwartz et al., 1995), wind tunnel experiments
(Dong et al., 2007, 2010; Lee and Lim, 2001; Yaragal et al., 1997), and numerical
simulations (Alhajraf, 2004; Fang and Wang, 1997; Maruyama, 2008; Santiago
et al., 2007; Speckart and Pardyjak, 2014; Wang and Takle, 1996). A large variety
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Figure 3.1: Flow patterns due to the presence of the windbreak. (A) Displaced profile, the
streamlines are lifted and the flow above the fence is accelerated. (B) Wake. (C)
Small vortex-like structure. (D) Reverse cell. (E) Re-equilibrium zone. Adapted
from Speckart and Pardyjak (2014) and Sanz Andrés et al. (2002)

of experimental techniques have been used to characterize the flow properties
downstream the windbreak, amongst them are included the measurement with vane
probes (Cornelis and Gabriels, 2005; Dierickx et al., 2003), cup-type anemometers
(Flesch and Wilson, 1999; Hagen and Skidmore, 1971), particle tracking velocimetry
(PTV) (Lee and Kim, 1999) or flow visualization (Lee et al., 2002).
The influence of several windbreaks placed on a symmetric railway bridge is
analysed in this document by use of two experimental techniques already used to
describe flow patterns behind fences, hot-wire anemometry (Boldes et al., 2001;
Shiau, 1995) and PIV (Dong et al., 2007, 2010; Kozmar et al., 2012; Lee and Lee,
2012).
Most of the above mentioned studies are concerned about the aerodynamic
characterization of the wind protection device placed upwind the protected
area. Those works they provide valuable information on aerodynamic features
of windbreaks and shelterbelts, and the perturbation they introduce on the flow
(figure 3.1). However, there is no information regarding the wind properties in
a plane located at an equivalent distance to the relative position of the catenary
contact wire. In consequence their results are not enough to properly extrapolate
the information to the flow patterns above a railway bridge equipped with two wind
fences. It is also fair to mention that Kozmar et al. (2012) studied the influence of
a couple of windbreaks on a bridge using PIV technique. However two limitations
prevent the application of the results measured in that experimental work. The
first one is the asymmetric bridge cross-section, and in particular the inclination of
the bridge deck. The second is that their study considers the influence of porous
windbreak, and also the height of the windbreak installed at the windward edge is
larger than the leeward one.
There exist some discrepancies concerning the sheltering efficiency between the
different studies, because the wind velocity reduction and the turbulence intensity
increase is directly related to both the wind barrier design and the incoming flow
characteristics. The flow properties downstream the windbreak are influenced by its
porosity, shape, orientation and spacing. The design parameter which is considered
to have the main influence on the wind properties downstream the fence is the
porosity (φwb ). It is widely accepted that low porosity values produce higher wind
velocity reductions in the parapet wake, but also the turbulence intensity decreases
with the use of high porosity fences (Fang and Wang, 1997; Hagen and Skidmore,
1971; Dong et al., 2007, 2010). Although low porosity fences produce higher wind
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reductions, their shelter distance may be smaller than the corresponding to high
porosity parapets, because the increased turbulence downstream may result in a
sooner recovery of horizontal wind velocity.

3.1.2

Introduction to stochastic processes

Lets consider a random process denoted as {x̃ (t; ω) , ω ∈ Ω, t ∈ T }, that assigns a
number to every outcome of the sample space Ω. The sample space is also referred
to as ensemble space. Lets assume that t ∈ R+ is a deterministic parameter that
represents the time. x̃ (t; ω) is a discrete random variable with a probability density
function (pdf) given by fx̃ (x̃). The kth moment and the kth central moment of the
random variable are defined as
mk
m0k

Z
 k
= E x̃ = x̃k fx̃ (x̃) dx̃
h
i Z
k
= E (x̃ − E [x̃]) = (x̃ − E (x̃))k fx̃ (x̃) dx̃

(3.1)
(3.2)

respectively. The (k + r)th moment of two random variables can be expressed as
mkr



= E x̃k ỹ r =

Z Z

x̃k ỹ r fx̃ỹ (x̃, ỹ) dx̃dỹ

(3.3)

The mathematical expectation X = E [x̃] corresponds with the first moment. The
second
centrali moment is the variance of the random variable σx2 = Var (x̃) =
h
E (x̃ − E [x̃])k . The moment m11 = Cov (x̃, ỹ) = E [x̃ỹ] is the covariance of two
random variables.
An experiment can be considered as one ensemble or realization of the stochastic
process, i.e., {x̃ (t; ω0 ) , t ∈ R+ } is the time series corresponding to an arbitrary
ω0 ∈ Ω, see figure 3.2. In order to characterise the process, the joint pdf’s
can be estimated from a sufficiently large number of realisations or experiments.
Unfortunately, in some experimental fields only one realization is available and
additional hypotheses are required to model the stochastic process. Hereafter, the
experiments would be assumed as stationary ergodic processes. The stationariness
in the wide-sense implies that the first and second moments remain constant over
time. A stationary process is said to be ergodic if the statistical properties of the
random variable of the process can be inferred from one realization. In order to
simplify the notation, the time series is referred to as x̃ (t).
The flow field acquired through wind tunnel testing will be assumed to describe
a stationary ergodic process. The random variable x̃ (r, t) will denote a velocity
component or the local pressure on the location r = (x1 , x2 , x3 ) at an instant
t. The random variable, described by n samples, may be decomposed into
a fluctuating component, x0 (r, t), and a mean component, X (r), through the
Reynolds decomposition
x0 (r, t) = x̃ (r, t) − X (r)

(3.4)
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Figure 3.2: Sketch of a stochastic process x̃ (t; ω). A random variable can be obtained either
at fixed instants, x̃ (ti ; ω) either at fixed realisation, x̃ (t; ω0 ). The time series
resulting from a fixed ω = ω0 corresponds to a realisation, or experiment, of the
stochastic process. Adapted from (Newland, 1993).

the above mentioned mathematical moments can be expressed as
n

X = E [x̃] =

1X
x̃i
n i=1
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= E (x̃ − X) =
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= E [x y ] =
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(3.5)
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n

(x0

·

0 0

(3.7)

the ratio between standard deviation (σx ) and mean (X) values is defined as
Ix =

σx
X

(3.8)

which is also known as turbulence intensity if the random variable refers to a wind
velocity time series.
As an example of a random field, the Newtonian fluid motion around a body
will be considered. The pressure (p̃) and density (ρ̃) fields are required by the
conservation of mass and the Navier-Stokes equations to describe the fluid motion
∂ρ
= −∇ (ρũ)
∂t
Dũ
ρ
= −∇p + µ∇2 ũ + f
Dt

(3.9)
(3.10)

where f represent the body forces acting on the fluid. The velocity field may be
decomposed in by Reynolds decomposition (3.4) into a time average component (U )
and a velocity fluctuation (u0 ). For certain atmospheric fluxes, it can be applied
a model with constant viscosity and incompressible flow. Under the additional
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hypotheses of stationary flow, both equations can be time averaged leading to the
well known RANS equations (presented under Einstein notation)
∂Ui
= 0
∂xi
∂
∂Ui
=
[−P δij + µTij + λij ] + Fi
ρUj
∂xj
∂xj

(3.11)
(3.12)

where
Tij = ∂Ui/∂xj + ∂Uj/∂xi

(3.13)

is the viscous stress and λij = −ρu0i u0j is the Reynolds or turbulent stress tensor.
Both the divergence of the mean velocity field and the fluctuating velocity are
zero, ∂Ui /∂xi = ∂ui /∂xi = 0. Besides the four mean variables Ui (r) and P (r),
non-linearity resulting from the product of stochastic variables has introduced new
unresolved terms to the averaged motion equation. The new unknowns consist
on the six independent components of the symmetric Reynolds stress tensor, u0i u0j .
The Reynolds stress tensor consists on the covariance of two velocity components
fluctuations, ui and uj , in a location r. If that covariance is known, more
meaningful information concerning the flow statistics would be available. This
additional information can be used to improve the statistical characterization of
several structures exposed to turbulent flow.
Turbulence modelling in Computational Fluid Dynamic (CFD) algorithms
require the determination of these unknowns to properly model RANS equations.
Additional equations are required in order to define their value as function of Ui and
P . This is generally referred as the Turbulence Closure Problem.
Although reproducing a CFD model of the phenomena is not considered in the
short term scope of the present document, some information is provided regarding
the turbulence closure problem. Interest is two-fold, first, to provide a brief insight
into the turbulence component of the flow above the bridge deck, and also to define
a nexus to future analysis concerning the flow structure or CFD models. There
exist two main limitations implied in the standard PIV method, regarding the flow
density (ρ) and the turbulent velocity components (u0i ). On one hand, flow density
cannot be determined simultaneously to the velocity field by means of the herein
presented analysis. On the other, only in-plane velocity components and gradients
are available. To restrain the loss of information, wind tunnel tests are designed to
provide almost two-dimensional boundary conditions close to the measured plane.
Even thought, any real phenomenon is essentially three-dimensional.
As consequence, all these restrictions imply that the Reynolds stress tensor is not
fully available, unless out-of-plane gradients and velocity components are neglected.
Turbulent Kinetic Energy (TKE) represents the flow mean kinetic energy per unit
mass. The TKE associated only to the vertical and horizontal velocity fluctuations
is expressed as

1  02
u1 + u02
(3.14)
TKE =
3
2
TKE can be understood as a global index which provides information about the
fluctuation intensity associated to the eddies. The turbulent shear Reynolds Stress
(RS), Ru1 u3 /ρ, consists on the off-diagonal term of the tensor
Ru1 u3
= (u01 · u03 )
ρ

(3.15)
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The Reynolds shear stress represents the correlation between the vertical and
horizontal fluctuating velocity components, u01 and u03 respectively.

3.2

One point characterization

As already mentioned, cable systems, such as railway overheads, have been reported
as wind-sensitive structures, section 4.1.2. In fact, the presence of cross-wind
may trigger large undamped oscillations of the railway overhead due to galloping
phenomena (Johnson, 1996; Stickland and Scanlon, 2001). Windbreaks are a simple
solution to alleviate the effects produced by cross-wind. However the wake produced
by the windbreak introduce significant changes on the downstream flow properties
(Lee and Lee, 2012; Shiau, 1995; Dong et al., 2007, 2010). Special attention should be
paid in those cases in which the contact wire lays within the wake of the windbreak,
see figure 4.4.
A first set of wind tunnel tests have been conducted on a two-dimensional
experimental facility to gather qualitative information about the windbreak
influence on the flow properties around the contact wire locations. The information
concerning the flow properties has been measured using the hot-wire anemometry
technique, section 3.2.1. The turbulence intensity at the contact wire location has
been chosen as the main comparison parameter to check if the railway overhead
is enclosed by the windbreak wake. Dong et al. (2010) mention that the shelter
efficiency of fences in terms of sediment transport is directly related to the turbulence
intensity. Two possible locations of the railway platform have been considered, a
railway bridge (section 3.2.2) and a railway embankment (section 3.2.3).

3.2.1

Experimental set-up

A set of wind tunnel tests were conducted on the A4C WT in order to characterise
the flow properties at both catenary contact wire locations, figure 3.3. The A4C WT,
already described in section 2.2, is the same wind tunnel used in the characterization
of the aerodynamic loads on a carbody model. The same bridge, embankment
and windbreaks mock-ups described in section 2.2.1 were used to conduct the
experiments. The railway platform was attached to a positioning goniometer
NEWPORT, installed in the access door to the test section (figure 3.4). No rolling
stock model was placed on top of the ballast track during this run of tests.
The flow speed at contact wire locations was acquired through How-wire
Anemometry (HWA) technique. The wind tunnel was equipped with a DANTEC
HWA system (CTA module 90C10). The velocity magnitudes orthogonal to the
contact wire have been measured by means of a one-component probe, type 55P16
(figure 3.4). The HWA probe was calibrated in a StreamLine 90H02 Flow Unit
air jet calibrator. Temperature was taken into consideration in order to ensure the
validity of experimental results.
The HWA technique allows the indirect measurement of the flow velocity. Two
one point statistics are computed from the time series, the mean wind speed (U )
and the root mean square (RMS) velocity value (σu ). Both variables are measured
in the orthogonal plane to the contact wire, (x1 , x3 ) in figures 2.6 and 2.7, with
StreamWare acquisition software provided by DANTEC. A set of preliminary tests
are conducted to establish the sampling rate and period. Sampling rate was set to
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Figure 3.3: Railway overhead location refered to the ballast track model. The distance from
symmetry plane to the tracks middle point is lwt = llt = 55 mm. The distance
from the railway overhead to the track is about hcw = 104 mm.

Figure 3.4: Complete embankment mock-up, with twin track, and parapet. Hot-wire probe
is placed to measure the windward contact wire location. To conduct the tests
the railway platform can turn around the rotation axis (A), in such a way that
the parapet side (B) ends up at the wind tunnel wall (C).

43

3.2. ONE POINT CHARACTERIZATION
Table 3.1: Values adopted by the parameters analysed via HWA

parameter
Hb [mm]
hwb [mm]
ae [mm]
α [◦ ]

values
65, 85
25, 35, 45, 55
0, 5, 10, 15
◦
−6 to 6◦ , at ∆α = 1◦

500 Hz. Signal was acquired for 20 s at each bridge configuration, and for 30 s at
each embankment configuration.
As is well known, turbulence intensity is defined as the ratio of the root mean
square velocity to the mean velocity,
Iu =

σu
U

(3.16)

In order to assess the influence of the different windbreak models on the flow
properties at the contact wire location, the turbulence intensity (Iu ) and the wind
speed ratio (U/U0 ) at that location are established as the comparison parameters.
In the following, U0 and Iu0 refers to mean flow velocity and the turbulence intensity
measured without any parapet on the model, while the rest of parameters remains
the same.

3.2.2

Railway overhead over a railway bridge

Detailed information regarding the tests conducted for the railway platform on
a bridge has been published in Avila-Sanchez et al. (2010b). In that work the
main comparison parameter is the reduced turbulence intensity defined as the
ratio η = Iu /Iu0 . However, in order to compare the results obtained later in
section 3.3, the parameter turbulence intensity is herein presented. In order to avoid
unnecessary duplication of information, a brief summary to establish the comparison
with section 3.3 and for a basic understanding is herein presented.
Five different parameters have been analysed, the bridge deck height (Hb ), the
windbreak height (hwb ), the eave length (ae ), the angle of incidence of the flow (α),
and the fence porosity. Note that the windbreak porosity decreases as the parapet
height increases, section 2.2.1.2, because the open area is the same for all porous
parapets (φwb (25) = 15%, φwb (35) = 11%, φwb (45) = 8%, φwb (55) = 7%). Values
adopted by those parameters are summarized in table 3.1. Since the model crosssection corresponds to a double-track bridge deck, both the windward (CWww ) and
the leeward (CWlw ) positions of the catenary contact wire are considered.
The influence of the windbreak porosity is shown in figure 3.5 (wind speed ratio,
U/U0 (α)) and in figure 3.6 (Turbulence intensity, Iu ). Porosity allows the flow to
pass through the windbreak. The effect is two-fold, first the height from the shear
layer to the bridge deck near the fence is smaller than in the case of solid parapets,
second this flow injected inside the re-circulation bubble prevents the shear layer
reattachment. In consequence the detached region becomes thinner at low values of
the angle of attack, but thickens at large values of this angle. As a consequence, the
windward catenary is less perturbed by the presence of porous parapets, leading to
lower turbulence intensity values and lower flow speed-ups that in the case of solid
fences.
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Figure 3.5: Wind speed reduction, U/U0 (α), at the windward (left) and leeward (right)
contact wire locations. Bridge model with height H = 65 mm equipped either
with solid fences (open symbols) either with porous fences (solid symbols).
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Figure 3.6: Turbulence intensity, IU , at the windward (left) and leeward (right) contact
wire locations. Bridge model with height Hb = 65 mm equipped either with
solid fences (open symbols) either with porous fences (solid symbols).

figure 3.5 shows that negative angles of attack tend to speed up the wind flow
around the contact wires, leading up to a 20 − 25% speed-up on both catenary
contact wires for the highest windbreak analysed (hwb = 55 mm). According to the
definition of the angle of incidence, figure 2.6, and the definition of the windbreak
height, figure 2.5, an increase on the angle of incidence of the flow widens the parapet
wake. In consequence, as the angle of attack increases, the wind flow around the
contact wire location is slowed down. This effect is even more noticeable in the
leeward contact wire, because of the presence of the leeward parapet that prevents
the reattachment of the flow on the railway platform.
The influence of bridge deck height is represented in figure 3.7 (wind speed ratio,
U/U0 (α)) and figure 3.8 (Turbulence intensity, Iu ). As can be appreciated very
similar trends are exhibited in both bridge configurations, the only difference being
the higher reduction of velocity presented for the bridge deck Hb = 85 mm, and
slightly larger values of the turbulence intensity on the leeward contact wire. These
differences may occur due to blockage effects induced by the larger frontal area of
the bridge which is Hb = 85 mm high. The influence of the bridge deck height on
the turbulence intensity at the windward contact wire location seems negligible for
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Figure 3.7: Wind speed reduction, U/U0 (α), at the windward (left) and leeward (right)
contact wire locations. Solid fences installed either on the bridge 65 mm high
(open symbols) either on the 85 mm high (solid symbols).
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Figure 3.8: Turbulence intensity, IU , at the windward (left) and leeward (right) contact wire
locations. Solid fences installed either on the bridge 65 mm high (open symbols)
either on the 85 mm high (solid symbols).

a bridge equipped with a 55 mm high windbreak.
The influence of the windbreak height is shown in figure 3.9 (wind speed ratio,
U/U0 (α)) and figure 3.10 (turbulence intensity, Iu ). Both figures also show the
influence of the inclusion of an eave on top of the windbreak. Only one of the eave
lengths is presented, because in Avila-Sanchez et al. (2010b) is pointed out that
the results are independent to some extent from the eave length. A similar trend
was exhibited by the aerodynamic loads on a static carbody, chapter 2. The area
enclosed by the wake produced by the windbreak depends on its size. When the
bridge is exposed to a negative angle of attack, the windbreak induces a speed-up of
the incoming flow at the contact wire location. However, when the angle of attack
is large enough, the contact wire is located below the detached shear layer, and the
flow around the contact wire is slowed down. The slow-down is more significant at
the leeward contact wire.
The turbulence intensity at the contact wire locations increases both with the
windbreak height (figure 3.10) and with the angle of incidence of the flow (figure 3.8).
As is expected (See Avila-Sanchez et al. (2010a) for a more detailed analysis on the
influence of the windbreak height), presence of small windbreaks is almost negligible
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Figure 3.9: Wind speed reduction, U/U0 (α), at the windward (left) and leeward (right)
contact wire locations. Bridge model with height Hb = 65 mm equipped with
solid fences either without an eave (open symbols) either with an eave of length
ae = 5 mm (solid symbols).
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Figure 3.10: Turbulence intensity, IU , at the windward (left) and leeward (right) contact
wire locations. Bridge model with height Hb = 65 mm equipped with solid
fences either without an eave (open symbols) either with an eave of length
ae = 5 mm (solid symbols).

at both contact wire locations. Even negative angles of attack counterbalance the
perturbation introduced by the larger windbreak height at the contact wire locations.
The eave inclusion increases the vertical distance from the shear layer to the
bridge deck; therefore the effect of its inclusion should be comparable to a small
increase on the windbreak height. As can be appreciated in figures 3.8 and 3.10, the
eave presence boosts the turbulence intensity at the wire positions and slows down
the mean flow velocity.

3.2.3

Railway overhead over a railway embankment

Detailed information regarding the tests conducted on the railway platform on a
embankment has been published in Avila-Sanchez et al. (2010a), using as the main
comparison parameter the dimensionless reduced turbulence intensity (η = Iu /Iu0 ).
Analogously to the previous Section, a summary of the results are presented using
the turbulence intensity as comparison parameter.
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Table 3.2: Values adopted by the parameters analysed via HWA

parameter
Slope
hwb [mm]
ae [mm]

values
1:1, 1:2
10, 15, 25, 35, 45, 55
0, 5, 10, 15

1.5

U
U0 (α)

1.25
1
0.75
0.5
Slope
Slope
Slope
Slope

0.25
0
5

15

1:1,
1:2,
1:1,
1:2,

ae
ae
ae
ae

= 0 mm
= 0 mm
= 10 mm
= 10 mm
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Figure 3.11: Wind speed reduction, U/U0 (α), at the windward (left) and leeward (right)
contact wire locations. Comparison between the embankment model with slope
1:1 (open symbols) and slope 1:2 (solid symbols).

Three different parameters have been analysed, the embankment slope, the
windbreak height (hwb ) and the eave length (ae ). The values adopted by those
parameters are summarized in table 3.2. Since the model cross-section corresponds
to a double-track bridge deck, both the windward (CWww ) and the leeward (CWlw )
position of the catenary contact wire are considered.
The influence of the windbreak height on the wind speed ratio (U/U0 ) is
represented in figure 3.11, and on the turbulence intensity (Iu ) in 3.12. As can be
appreciated, results corresponding to both embankment slopes exhibit very similar
trends. When the windbreak height increases, the turbulence intensity on the
leeward contact wire raises and the mean flow velocity decreases. However, the
windward contact wire experiences a raise on the turbulence intensity for windbreak
heights between 25 − 35 mm, while the mean flow velocity remains constant for
those values. These conditions of the incident flow can lead to oscillations of the
contact wire, section 4.1.2, although further analysis would be required to asses the
probability of ocurrence of the aerodynamic instability.

3.2.4

Conclusions

In this section has been presented a straightforward analysis based on local
information on the incident flow speed. This analysis should be considered as a
preliminary study prior to the experimental tests described in section 3.3.
As general remarks, parapet wake is determined by its geometry and incident
flow properties. An increase on the parapet height or the angle of attack widens the
parapet wake, leading to an increase on the turbulence intensity. Windward contact
wire is less susceptible to the windbreak presence, because the shear layer requires
larger angles of incidence or higher windbreaks to reach that contact wire location.
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Figure 3.12: Turbulence intensity, IU , at the windward (left) and leeward (right) contact
wire locations. Comparison between the embankment model with slope 1:1
(open symbols) and slope 1:2 (solid symbols).

Graphic summaries of the basic trends exhibited by the parameters considered on
the experimental tests can be found in Avila-Sanchez et al. (2010b,a,c).

3.3

Two-dimensional flow characterization

Some preliminary wind tunnel tests have been already described in section 3.2. The
influence of a set of windbreak on the flow properties at the contact wire location
has been assessed through two simple parameters, the mean wind speed and the
turbulence intensity. A windbreak hwb = 55 mm high seems to be one of the most
disadvantageous option based on the value reached by the turbulence intensity at
the contact wire locations. In this section, the influence of that specific windbreak
height is studied by means of a more advanced experimental technique, Particle
Image Velocimetry (PIV).
Three main objectives are behind the use of PIV technique. The first one is to
compare the results with those obtained with the use of HWA technique, section 3.4.
The second one is to gather enough information to improve the characterization
of the flow properties in the area above the railway platform in future analysis,
section 3.5. The third reason is to assess the contact wire instability, in a small area
around the contact wire location, chapter 4.

3.3.1

Experimental set-up

A bridge model with similar cross-section to the one presented in Avila-Sanchez et al.
(2010b,c) was analysed in the wind tunnel ACLA16, figure 3.13. The ACLA16 WT
is an open-return wind tunnel, with a closed test section. The straight test section is
2.2 m wide × 2.2 m high and 18 m long. The wind tunnel is powered by 16 variable
speed fans with a nominal output of 10 kW each one. The wind tunnel tests are
conducted in the main testing location (E2, figure 3.13) in order to allow the natural
development of the wind tunnel Boundary Layer (BL). No additional BL generators
are used. In order to compare the tests conducted in ACLA16 WT and the ones in
A4C WT, the bridge mock-up is placed just above the BL height (δ), see figure 3.14
and table 3.3.
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Figure 3.13: ACLA16 WT top view. Two testing locations are available inside the test
section, (E1) and (E2). Flow direction is indicated by arrows. The fans (V) are
placed between the the diffuser (D) and the return duct (R). The contraction
(C) of the test chamber is just upwind the first test-section.
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Figure 3.14: Basic statistics of the ACLA16 BL. Continuous lines, PIV for Rec1 ; dashed
lines, PIV for Rec2 ; squares, 3CHW for Rec1 ; triangles, 3CHW for Rec2 . In
b): white symbols, u; yellow symbols, v ; red symbols, w . In d), the green
symbols represent the ‘two-components’ energy, k̄2C calculated from the 3CHW
measurements.
Table 3.3: Main characteristics of the undisturbed inflow BL for Rec1 = 11.39 · 104 and
Rec2 = 22.54 · 104 . The lengths δ and z0 for the WT simulations are shown in
WT scale. A reference value δ = 0.22 m is selected hereafter. θ is the momentum
thickness. Adapted from Yeow et al. (2013)

Symbol
δ [m]


u∗ ms−1
5
z0 × 10 [m]
θ × 103 [m]
Uδ θν −1 × 104
u∗ z0 ν −1

3.3.1.1

2CHW
0.240
0.314
1.04
20.0
1.04
0.219

Reh1
3CHW
0.220
0.293
1.08
20.3
1.00
0.212

PIV
—
0.306
1.02
—
—
0.208

2CHW
0.230
0.596
0.52
18.4
1.92
0.206

Reh2
3CHW
0.210
0.572
0.54
18.1
1.80
0.205

PIV
—
0.565
0.59
—
—
0.226

Particle Image Velocimetry instrumentation

figure 3.15 shows the basic set-up in the wind tunnel to perform the flow
characterizations. In the figure is described the relative position between the bridge
model and some elements of the PIV instrumentations. The PIV instrumentation
is a TSI Inc. set-up. A dual pulsed laser Nd:YAG system, model EverGreen 200
manufactured by Quantel, provides 200 mJ/pulse. The wavelength of the laser beam
is 532 nm. Both a spherical and a cylindrical lens were attached to the laser head
nozzle to illuminate the flow with a light sheet between 1 − 2 mm thick, up to 1 m
distance from the laser source. The air flow was seeded with Sebacate particles
produced by a Laskin nozzle-based generator.
Particle images are acquired via a charge-coupled device (CCD) camera, model
POWERVIEW Plus 4M, with a 2048 × 2048 pixel resolution. Laser and cameras are
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synchronized by a LASERPULSE Synchronizer Model 610035. Image acquisition
and vector field processing wereperformed using Insight 4G software, provided by
TSI. Part of the instrumentation was located outside the main conduct, to reduce
air flow distortion.
The CCD camera was positioned at a focus distance dlf ' 0.8 m. To improve
contrast between Sebacate particles and background, the CCD camera equipped a
visible light polariser and the test section was darkened during the tests. The camera
was fixed to a stiff support 0.46 m above the ground. As is known, there exist several
basic rules of thumb concerning PIV technique to improve the quality of the captured
images (Raffel et al., 2007; Ins, 2011). The experiment set-up complies with these
rules of thumb, among them, the camera focus and aperture were adjusted to have
particle images about three to four pixels in size in order to minimize correlation
noise. Taking into consideration the flow properties in the main test section of the
ACLA16 BL, figure 3.14, the appropriate time intervals between laser pulses were
chosen to obtain a displacement of the particle image about 25-30% of the 32 pixel
by 32 pixel interrogation window size.

3.3.1.2

Model description

In order to reproduce mean two-dimensional flow conditions in the ACLA16 WT
two alternative means are available: either build a long-span model, either attach
two plates to both sides of a thin model. Note that the second solution requires that
at least one of those plates is made from transparent material, such as glass. As
is well known, several factors affect the image quality obtained by PIV technique,
section 3.3.1.1. Attaching two plates to both sides of the model has the inconvenience
of increased light reflection and image distortion by small de-alignment of the laser
beam and the glass window (Green and McAlister, 2004). Therefore, the best tradeoff solution to preserve flow conditions around the testing model as close as possible
to mean two-dimensional conditions, is to reproduce a long span bridge model,
figure 3.16. However, this solution presents some disadvantages concerning the
relative position between the camera focus and the model, i.e., the model may
interfere with the visible space from the camera sensors.
The tested model consists of two main bodies, a windbreak (figure 2.5) and a
bridge deck with ballast track (figure 2.6). The geometry of both cross-sections
has already been described in section 2.2.1. The new bridge model is built with a
bridge height Hb = 65 mm. Three different configurations have been considered, the
bridge with no windbreaks installed (hwb = 0 mm, ae = 0 mm), the bridge equipped
with a solid straight windbreak (hwb = 55 mm, ae = 0 mm), and the bridge with a
windbreak equipped with a short eave (hwb = 55 mm, ae = 5 mm).
A small mask, consisting on a small thickness wooden lamina, was attached
around the perimeter of the bridge model (figure 3.16, right). This mask was placed
close to the middle section, just to one side of the plane illuminated by the laser
beam. The purpose of this wooden mask is to avoid high intensity reflections on the
CCD. The benefits are twofold, the PIV image quality is improved and the sensors
of the CCD camera are provided with some level of protection against high intensity
light source.
The bridge model was supported by a couple of vertical legs. The distance from
the bridge deck to the ground was around 370 mm, see figure 3.15. This set-up
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Figure 3.15: Sketch of the experimental set-up, showing the relative position between the
bridge model, the laser head and the CCD camera. The laser lens is placed at
a distance dlg ' 1.38 m from the wind tunnel ground in order to ensure the
best illumination properties above the bridge deck. The distance between the
laser plane and the camera focus is dlf ' 0.8 m. The distance from the camera
to the ground is df g ' 0.46 m. The camera was attached to a sliding rail to
ease the measurement of the three frames denoted as (I, II, III) in the sketch.

Figure 3.16: Pictures of the bridge model used in the PIV tests. Model equipped with a
windbreak just after the dark paint has dried (left). Close view of the wooden
mask use to protect the CCD camera from the laser beam reflection on the
model (right)

51

52

CHAPTER 3. FLOW CHARACTERIZATION ABOVE THE RAILWAY PLATFORM

guarantees that the test model is located within the BL region with negligible mean
velocity vertical gradient.
3.3.1.3

PIV acquisition configuration

PIV technique involves large data sets, both from the acquired image pairs and
from the processed vector fields. Several basic algorithms are provided by TSI Inc.
software (Insight 4G) to process vector fields from the image pairs. The image
acquisition and image processing are controlled by a set of parameters, that have
been set to an optimum value, either after a few preliminary tests, either based upon
previous experience (Desmond et al., 2014; Yeow et al., 2013).
Three image frames, described in figure 3.15, were measured during the
experimental tests. Reference pictures with a calibration plate placed on the bridge
deck were acquired for each frame. The distance from the camera focus and the
laser beam provides a resolution near to 102.5 µm/pixel, i.e., 1 mm on real scale is
represented by around 9.75 pixels on the image plane. The size of the captured field
in each image frame is about 210 × 210 mm.
A set of 1000 image pairs were recorded for each frame, using the frame
straddling technique. The separation between laser pulses on the same image pair
was ∆t = 135 µs. The capture rate was set at around 3.63 image pairs per second.
The image pairs are pre-processed to improve the accuracy of the crosscorrelation algorithms. The average intensity image of each frame is subtracted
from the set of images, in order to improve the signal to noise ratio (SNR) of the
image. Also a mask is applied to process only the information inside the region of
interest (ROI), i.e., those areas non-illuminated by the laser beam are discarded to
speed-up the post-processing time.
Each set of 1000 pre-processed images is analysed to compute the velocity vector
fields. A recursive Nyquist grid engine is used to increase the spatial resolution. It
processes the images in several passes. The first pass computes an initial vector field
with a 64 × 64 pixel square interrogation window with a 50% overlap grid spacing.
Subsequent passes use the information computed by the previous step, with a lower
interrogation window size. Three different final interrogation windows are analysed,
32 × 32 pixels, 16 × 16 pixels, and 8 × 8 pixels. The interests to analyse the three
final interrogation window sizes lays on its influence on one-point and two-point
statistics, as reported by Henning and Ehrenfried (2008) and by Lecordier et al.
(2001).
Fast Fourier Transform (FFT) correlation algorithm provides a reasonable tradeoff between computational time and precision. A Gaussian peak engine is used to
ease the location of correlation peaks. To minimize the number of non-valid vectors,
Rohaly-Hart Analysis (RHA) is enabled. This method is applied only on those spots
that failed the SNR validation test. RHA is an iterative algorithm that adds the
correlation maps of neighbouring spots, up to a 5 × 5 neighbour size, to improve the
correlation SNR.
Recursive Nyquist analysis requires a validation pass between steps. Two
validation tests are performed, a local vector field validation and a vector field
conditioning. The local validation steps conducts a median test on a 3×3 neighbour
size window, that replaces non-valid vectors by a valid first secondary peak. The
vector field conditioning, fills the gaps left by non-valid spots with the local median

3.3. TWO-DIMENSIONAL FLOW CHARACTERIZATION

53

Table 3.4: List of parameters analysed in the PIV tests.

Parameter
Angle of attack, α
Windbreak model
Final interrogation window

Values
−6◦ , 0◦ , 6◦
no windbreak (hwb = 0 mm, ae = 0 mm),
straight windbreak (hwb = 55 mm, ae = 0 mm),
windbreak with eave (hwb = 55 mm, ae = 5 mm)
32 × 32 pixels, 16 × 16 pixels, 8 × 8 pixels

on a 5 × 5 neighbour size window. No vector field smoothing is applied between
passes.
Once the main processor pipeline is finished a local validation is performed, with
a median test on a 5 × 5 neighbour size window. Invalid vectors are replaced either
by a valid secondary peak either by the local median value.

3.3.2

Flow field analysis

The flow above a railway track bridge is characterised by measuring three
consecutive frames. Neighbouring planes are overlapped in order to ease the
matching between the vector fields. Three different angles of attack and three
different windbreak configurations were tested. The vector field was computed using
three different final interrogation window sizes for each of the nine configurations.
The list of parameters is summarized in table 3.4
The coordinate system used to present the information is fixed to the bridge
cross-section as sketched in the model description, see figure 2.6. The reference
point of the coordinate system lays in the symmetry plane of the bridge deck, just
on top of the ballast. When the angle of attack is α = 0◦ , the x1 -axis direction is
aligned with the main wind direction and the x3 -axis with the vertical direction.
3.3.2.1

Basic flow description

Particle image velocimetry is a complex measurement technique which involves
dealing with large data sets. Herein is presented a preliminary approach based
in the one-point statistics of the vector fields, in order to stablish a basic foundation
to perform more complex analyses in the future, as it will be proposed in section 3.5.
As previously stated, flow properties as the velocity magnitude U (x1 , x3 ) and local
angle of incidence of the flow, α (x1 , x3 ), can be described as stationary random
variables, section 3.1.2. Mean and variance values are estimated as was described
in section 3.1.2, respectively. These one-point statistics provide a first qualitative
understanding of the disturbance produced both by the windbreak and by the angle
of incidence of the free-flow.
The mean component of the velocity magnitude, U , and the local angle of
incidence of the flow, α, is shown in figures B.1 to B.9. For the sake of briefness
only the results corresponding to the 16 × 16 pixels final interrogation window size
are shown. The Cartesian components of the mean flow velocity, U1 and U3 , are
also presented in those Figures. The graphic scale of the two velocity components
(U1 , U3 ) is set to ease the visualization of the transition between positive and negative
values.
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figures B.1 to B.3 correspond to the bridge with no wind protection device
installed. As can be expected, wind flow exhibits a speed-up close to the leading edge
of the railway platform, while the flow velocity decreases inside the wake produced
by the bridge. The mean vertical component of the velocity, U3 , increases with the
angle of attack. This effect leads to higher speed-ups on the leading edge with the
angle of attack, and a higher deflection of the flow close to the leading edge. It
should be noted the small value exhibited by the mean velocity variance outside the
bridge wake.
The presence of straight windbreaks on the railway platform, figures B.4 to B.6,
displaces the detachment point of the shear layer to the windbreak tip. As can be
appreciated, the upper edge of the windward fence is the source of a region where
σu2 experiences a sudden increase. This edge corresponds to detachment point of the
shear layer produced by the windbreak, that is, located inside the region with high
values of σu2 . Analogously to the unprotected bridge, an increase on the flow velocity
is experienced in the region near to the detachment point. The windbreak implies a
solid boundary that deflects the incident flow and slows down the flow downstream,
below the detached shear layer. As the bridge angle of attack increases, the resulting
wake widens. The distance from the shear layer to the bridge deck increases, and
a larger area above the railway platform experiences the sheltering effect provided
by the windbreak. When the angle of attack increases to non-negative values, a
region with mean reverse flow condition (negative longitudinal velocity, U1 ) appears
downstream the parapets.
The distance from the contact wire to the track is around hcw = 106 mm,
figure 3.3, that corresponds to 5.3 m at real scale. Both contact wires are located at
lwt = llt = 55 mm from the symmetry plane, that is both contact wires are separated
5.5 m at real scale. As can be appreciated, both contact wires are immersed in the
shear layer detached by the windbreak in some configurations. Also, the leeward
contact wire is located close to the reverse flow region. This incident flow conditions
may lead to unwanted oscillations of the railway overhead, as will be analysed in
chapter 4.
The flow field corresponding to the inclusion of eaves on the windbreak is shown
in figures B.7 to B.9. Very similar topology to the one produced by the straight
windbreak is exhibited. The main difference is the displacement of the detachment
point slightly upstream the bridge section. The distance from the shear layer to the
bridge deck will experience a marginal increase, and the bridge wake will be slightly
wider.
The trends exhibited both by the velocity magnitude and the local angle of
incidence of the flow seem to suggest the possible presence of a recirculation bubble
located between both windbreaks, see section 3.3.3.
3.3.2.2

Flow field of the fluctuating velocity component

As already explained in section 3.1.2, wind velocity time series in the wind tunnel
can be described as a stationary ergodic process. This description allows to apply
the Reynolds decomposition (3.4) to the velocity field. The local velocity (ũ (x1 , x3 ))
can be separated into a time averaged component (U) and a velocity fluctuation
(u0 )
ũ (x1 , x3 ) = U (x1 , x3 ) + u0 (x1 , x3 )

(3.17)
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The two components TKE and Reynolds shear stress are computed with the
fluctuating velocity components, equations (3.14) and (3.15). The wind tunnel
experiment was designed to keep nearly two-dimensional flow conditions close to
bridge model. The standard PIV method herein conducted provides information
only about the in-plane velocity value. Although the out-of-plane velocity
component should be negligible in order to obtain good quality images via standard
PIV technique, any real phenomena is essentially three-dimensional. This implies
that to obtain the complete description of the TKE and Reynolds shear stress,
the out-of-plane velocity component should be measured using more advanced
techniques, section 3.5.
TKE and Reynolds Stress per unit mass density are gathered in figures B.10
to B.12. As already stated, the TKE can be understood as a global index which
provides information about the fluctuation intensity associated to the eddies. In
consequence, the detached shear layer will be characterized by high TKE values.
The inclusion of windbreaks on the railway platform results in the leeward
contact wire location being enclosed by the region with high TKE. The windward
contact wire is near to the shear layer detached at the windward fence. Provided
the angle of attack is high enough, both contact wires are embedded by the shear
layer detached on the windward fence.
The inclusion of an eave on the windbreak slightly increases the size of the high
turbulence region. The effect is slightly more appreciable near the windward contact
wire, where the distance to the shear layer decreases.
The Reynolds shear stress in a two-dimensional flow describes the correlation
between the two fluctuating velocity components. As can be appreciated, both
variables are anti-correlated in the shear layer detached either by the bridge
(figure B.10) either by the windbreak (figures B.11 and B.12). A strong positive
correlation appears in two zones. The first one is the area close to the detachment
point. The second zone corresponds with those areas with reversed longitudinal
mean velocity, U1 < 0.

3.3.3

Streamlines patterns from the time averaged velocity
field

Given a velocity vector field at an instant t = t0 , the tangent to the streamline, s (τ )
at a location x0 should be equal to the velocity vector, i.e.,
∂s (τ )
= U (x, t0 )
∂τ

(3.18)

The streamlines describe the flow direction at a given instant. Note that the
streamlines parametrization is independent of time. If the vector field u (x) is
stationary, the streamlines coincides with the trajectory described by the particle
immersed in the vector field U (x).
To ease the understanding of the behaviour exhibited by the mean flow velocity
and the TKE value, the streamlines corresponding to the mean velocity field are
computed. Note that the streamline patterns do not represent the path followed by
any real particle immersed in the flow due to two main reasons. The first one is
that in the current experimental tests the displacement of any particle between two
laser pulses is larger than the interrogation window size. The second reason is that
herein are obtained the streamlines of the time averaged velocity field. In order to
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(a) Railway bridge with no windbreak

(b) Railway bridge with a straight windbreak 55 mm high

(c) Railway bridge with a windbreak 55 mm high equipped with an eave
Figure 3.17: Streamlines corresponding to the mean velocity field, with the bridge exposed
to a upstream angle of incidente α = −6◦ . 16×16 pixel final interrogation
window. The blue circles references the contact wire locations. Railway bridge
with no windbreak (a) , with a straight windbreak 55 mm high (b), and with a
windbreak 55 mm high equipped with an eave (c). The gray area is the shadow
projected by the bridge.
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(a) Railway bridge with no windbreak

(b) Railway bridge with a straight windbreak 55 mm high

(c) Railway bridge with a windbreak 55 mm high equipped with an eave
Figure 3.18: Streamlines corresponding to the mean velocity field, with the bridge exposed to
a upstream angle of incidente α = 0◦ . 16×16 pixel final interrogation window.
The blue circles references the contact wire locations. Railway bridge with
no windbreak (a) , with a straight windbreak 55 mm high (b), and with a
windbreak 55 mm high equipped with an eave (c). The gray area is the shadow
projected by the bridge.
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(a) Railway bridge with no windbreak

(b) Railway bridge with a straight windbreak 55 mm high

(c) Railway bridge with a windbreak 55 mm high equipped with an eave
Figure 3.19: Streamlines corresponding to the mean velocity field, with the bridge exposed to
a upstream angle of incidente α = 6◦ . 16×16 pixel final interrogation window.
The blue circles references the contact wire locations. Railway bridge with
no windbreak (a) , with a straight windbreak 55 mm high (b), and with a
windbreak 55 mm high equipped with an eave (c). The gray area is the shadow
projected by the bridge.
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compute the trajectory of a real particle all the snapshots should be considered, and
even in that case a time-resolved PIV configuration would be required for a proper
accuracy.
figures 3.17 to 3.19 show the streamlines corresponding to the mean velocity
field. These figures can be understood as a graphic summary of all trends explained
along this Chapter. In those figures can be easily appreciated both the velocity
reduction induced by the windbreak presence, and the incident flow deflection.
figure 3.17 shows the streamlines corresponding to an angle of incidence of
the flow α = −6◦ . The flow above the unprotected railway bridge experiences a
negligible deviation above the ballast track. When a windbreak is included in the
railway platform the averaged direction of the flow on the windward contact wire
experiences a small deviation. A vortex-like structure appears in the downstream
area of both the leeward and the windward fences. Also a small vortex-like structure
appears close to the downstream side of the windward fence. In fact, the topology
shown in figure 3.17(c) by that small vortex-like structure is pretty similar to the
one presented by Dong et al. (2007) in their Figure 12. The inclusion of the eave
on the windbreak seem to have a negligible effect, from a qualitative point of view,
as the trajectories described by the streamlines in both configuration seem quite
similar.
figure 3.18 shows the streamlines corresponding to an angle of incidence of the
flow α = 0◦ . Similar comments to the angle of incidence of the flow α = −6◦ apply
to these configurations. However, the vortex-like structure located between both
windbreak seem have been displaced near the leeward contact wire. Analogously to
the angle of attack α = −6◦ , the inclusion of the eave on the windbreak seem to
have a negligible effect, from a qualitative point of view.
figure 3.19 shows the streamlines corresponding to an angle of incidence of the
flow α = 6◦ . The inclusion of the eave on the windbreak tip exhibits the same
behaviour than in figures 3.17 and 3.18, i.e., from a qualitative point of view there
are no significant changes on the streamlines due to the inclusion of the eave. There
are two relevant effects shown for an angle of incidence of the flow α = 6◦ . The first
effect is that the time averaged streamline that reaches the windward contact wire
location also passes near the edge of the windward fence. The second effect is that
the time average velocity field near the leeward contact wire corresponds to a mean
reverse flow region.
The presence of the bridge itself deviates the flow, and even in those
configurations with no wind protection devices the flow around the contact wires
seem slightly deflected from the angle of attack of the flow. This seems to the flow
is affected by small deviation around the contact wire locations, figures 3.17(a),
3.18(a) and 3.19(a). Although when the angle of attack increases the deflection of
the flow is more noticeable, specially on the windward contact wire. In fact, when
the angle of attack is α = 6◦ , figure 3.19(a), the flow detaches at the windward edge
of the railway platform.
When a windbreak is included at both edges of the railway platform, the influence
of the angle of attack is more evident. As can be appreciated, for an angle of attack
α = −6◦ the flow detached at the windward fence seems to almost re-attach at upper
part the leeward windbreak figures 3.17(b) and 3.17(c). Also for α = −6◦ a vortexlike structure appears between both windbreaks. When the angle of attack increases
to α = 0◦ this vortex-like structure is displaced towards the leeward contact wire.
With an angle of attack α = 6◦ the time averaged streamline that passes close to the
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windward fence reaches the windward contact wire, and the leeward contact wire
is immersed in a reverse flux area of the averaged velocity field. For this angle of
attack another vortex-like structure appears close to the leeward windbreak.
It should be reminded that these trends are strictly valid only in the sense of the
time averaged vector field, and that instant vector fields may not be in agreement
with such trends.

3.4

Wind profiles through the catenary contact
wires

Flow properties above the railway platform have been analysed by means of two
different experimental techniques, hot-wire anemometry (section 3.2) and particle
image velocimetry (section 3.3). Both experimental methods are conceived within
different scopes, but a small comparison can be established between the information
regarding the flow around the catenary contact wire locations.
Four variables are compared, the horizontal and vertical velocity components,
ũ1 and ũ3 , the velocity magnitude, ũ, and the local direction of the flow, α̃.
Two different statistics are used to compare the velocity components, the mean
(equation (3.5)) and the turbulence intensity (equation (3.8)) values. The mean
velocity values are referred to the bridge configuration with no windbreak exposed
at the same angle of incidence of the flow
ũ (x3 ) ũ1 (x3 ) ũ3 (x3 )
,
,
ũref (x3 ) ũref (x3 ) ũref (x3 )
Note that the velocity components may yield negative or even zero values,
appendix B. In order to avoid ambiguity, the velocity ratio and the turbulence
intensity of the velocity components, ũ1 and ũ3 , are referred to the local mean
velocity magnitude, ũref .
The local angle of incidence of the flow, α̃, is analysed by means of its time
averaged value (equation (3.5)) and its standard deviation, σα , obtained as the
square root of the variance estimator (equation (3.6)).
Two different wind profiles are analysed. The vertical profile containing the
windward contact wire, section 3.4.1 and the vertical profile corresponding to the
leeward contact wire, section 3.4.2. Although hot-wire results are plotted in these
profiles, it must be reminded that the comparison between both experimental
methods is subjected to certain limitations. table 3.5 summarizes some of the values
corresponding to the HWA technique (section 3.2). These values are represented in
the vertical profiles included in appendices B.3 and B.4 as blue dots.

3.4.1

Vertical wind profile through the windward contact
wire

figures B.13 to B.15 show the profiles of the vertical line which contains the windward
contact wire. Results corresponding to the three final interrogation windows sizes
analysed via PIV technique are shown. Similar studies concerning characterization
of isolated porous fences on flat terrain have been conducted by Dong et al. (2010)
and by Lee and Kim (1999). Both studies provide information on the turbulence
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Table 3.5: Summary of results obtained using Hot-wire Anemometry.

windbreak
α [◦ ]
-6
0
6
windbreak
α [◦ ]
-6
0
6

windward catenary contact wire
B00A00
B55A00
B55A05
U0 (α)[m/s] IU [%] U/U0 (α) IU [%] U/U0 (α) IU [%]
16.02
6.7
1.22
5.9
1.20
9.2
16.62
6.1
1.17
10.9
1.12
16.5
17.29
6.0
1.01
19.3
0.73
35.4
leeward catenary contact wire
B00A00
B55A00
B55A05
U0 (α)[m/s] IU [%] U/U0 (α) IU [%] U/U0 (α) IU [%]
16.48
5.2
1.18
10.0
1.18
9.7
16.78
5.8
0.96
23.6
0.83
30.6
17.34
7.6
0.5
42.3
0.43
42.5

intensity and velocity profiles on different distances to the windbreak than those
presented here. Both vertical profiles of the velocity components and the turbulence
intensity profile are qualitative similar to the ones reported in those studies, despite
the evident differences between those studies.
As can be appreciated in figures B.13 to B.15, the windbreak presence speeds-up
the flow near the contact wire in most of the cases, even though the flow is slowed
down up to a height x3 ∼ hwb . In fact, similar speed-ups are obtained through HWA,
leading to a good fit regarding mean velocity profiles between both experimental
techniques. The vertical velocity component is almost negligible in the case with no
windbreak. Windbreaks produce a small increase of this component, mainly due to
the deflection of the flow by the presence of a solid obstacle, section 3.3.3.
As expected, the presence of the windbreak increases the turbulence intensity
of the flow around the contact wire location. This effect was already shown in the
results obtained by the HWA technique in section 3.2, although some differences are
found in numerical values provided by both experimental methods.
The most remarkable effect is the influence of the final interrogation window
on the wind flow statistics. The turbulence intensity increases when the final
interrogation window size decreases. This effect is more evident on the unprotected
case and also at heights x3 > 2 · hwb . The ratio between the mean values of the wind
velocity components collapses into the same curve for the three final interrogation
window sizes.
It is very noticeable that most of the changes in the flow properties happen close
to the contact wire position, at least for the given windbreak height. For the case of
a railway bridge equipped with a medium-high wind fence, this effect may lead to a
high sensitivity of the catenary contact wire to the angle of incidence of the flow.

3.4.2

Vertical wind profile through the leeward contact wire

The wind profiles corresponding to the vertical line which contains the leeward
contact wire are represented in figures B.16 to B.18 . Analogously to the previous
wind profiles, both the horizontal and vertical velocity components exhibit trends
similar to the ones reported by Dong et al. (2010); Lee and Kim (1999), at least from
a qualitative point of view, as both studies are focused on isolated fences placed on
flat terrain.
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There exist some differences compared to the windward contact wire. The
presence of windbreak slows-down the mean flow around the leeward contact wire
for non-negative angles of attack. However, turbulence intensity levels experience
an increase by the presence of the parapet.
Analogously to the previous case, data provided by HWA and by PIV are in a
reasonable agreement. Although the influence of the final interrogation window size
on the leeward contact wire seems only noticeable for the unprotected case.

3.5

Discussion and future work

A simple approach to characterise the flow properties above a railway platform has
been proposed. Two experimental techniques have been used, hot-wire anemometry
(section 3.2) and particle image velocimetry (section 3.3). As expected, in both
cases it can be appreciated that the inclusion of windbreaks on the railway platform
disturbs the flow, and both, turbulence intensity and local angle of incidence of the
flow at the contact wire location are strongly affected.
Obviously, the vector field surrounding any model, either in wind tunnel testing
either in a real case scenario, is three-dimensional. However, the two-dimensional
information obtained by PIV technique seems to be sufficient for the preliminary
analysis concerning the dynamic instability of the railway overhead, described in
chapter 4.
Nevertheless, there exists always room for improvement, either by the study
and application of more advance post-processing algorithms to the currently
available information, either by the design of new experimental tests. An improved
flow characterization is planned in the near future by the application of Proper
Orthogonal Decomposition (POD) (Bernero and Fiedler, 2000; Graftieaux et al.,
2001) to the vorticity and velocity flow fields, in order to identify the flow structures.
The standard PIV method herein conducted provides non-time-resolved
information only about the in-plane velocity components. More advance PIV
techniques, such as Stereo-PIV, should be conducted in order to obtain information
about the lacking orthogonal component of the flow. Despite this limitation, the
advantage of PIV, compared to HWA, is the spatial characterization of the flow.
However HWA is better suited for applications that require time resolution. The
flow statistical description at the contact wire location should be characterised with
a two or three components HWA analysis, in order to improve the analysis conducted
in chapter 4.

Chapter 4
Contact line wind-sensitiveness

Tensil structures are widely acknowledged as lightweight architectonic elements due
to the aesthetic and economic appeal. Although cable trusses are structurally very
efficient, these structures are characterized by low bending stiffness which results
in nonlinear static behaviour to loading (Kwan, 1998; Thai and Kim, 2011). These
geometrical non-linearities combined with a constitutive material behaviour may
yield significant influence on the dynamic response of non-circular cables exposed
to turbulent flow conditions (Martinelli and Perotti, 2001), which may result in
wind-excited oscillations.
From a geometrical and structural perspective, a railway overhead is just
a particular arrangement of the elements conforming a cable truss (figure 4.1).
Subsequently, contact lines experience similar nonlinear behaviour to external
excitation as the tensil structures (section 4.1). Regardless of the non-linear
properties of the railway overhead, a simplified linear analysis can be used to
characterize the onset of the wind induced oscillation due to galloping phenomenon
(section 4.2). A practical case is studied combining this linear analysis and the
information gathered in chapter 3, about the flow characterization over a railway
platform. A feasibility analysis on the alleviation of wind induced oscillations by
geometrical change of the cable cross-section is conducted in section 4.3.

4.1

Introduction

The railway overhead, also known as contact line or catenary, is the system of cables
responsible for the electric supply required by the train traction and the auxiliary
equipment. A simple form of the catenary geometry can be described by three
basic elastic components, figure 4.1: a messenger wire, a contact wire and a set of
droppers. The contact wire is the cable responsible to supply the electrical current to
the train. The messenger wire supports the weight of the contact wire and provides
adequate stiffness to the structure. The droppers link both cables. Electric trains
are usually equipped with an articulated arm on the top. This extensible device,
known as pantograph, collects the electrical current provided by the contact wire.
Both elements, the railway overhead and the pantograph, are designed to facilitate
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dropper

messenger wire

contact wire
collector strip
pantograph

Figure 4.1: Pantograph-catenary dynamic interaction. The basic elements of the railway
overhead are the contact wire, the messenger wire and the droppers. The contact
wire and the collector strip on the pantograph are the elements under contact.

a smooth contact between the contact wire and the current collector. However,
the structural flexibility associated to cable truss structures subjected to external
loads will lead to the presence of complex physical phenomena. Two basic external
excitations are herein reviewed, punctual moving loads (section 4.1.1) and unsteady
distributed loads (section 4.1.2).

4.1.1

Pantograph-Catenary dynamic interaction

The motion of electric trains causes the collector strip on the pantograph to slide
along the contact wire. The contact between both elements establishes the electromechanical phenomenon which provides energy to electric trains (Bucca and Collina,
2009). This process is often referred as pantograph-catenary system dynamics or
pantograph-catenary dynamic interaction. Several authors have addressed theirs
concerns on the proper modelling of this phenomenon, either to guarantee a smooth
contact between both elements, either to decrease the wear rate they experience.
Wear affects both the maintenance costs of the railway infrastructure, and the
contact quality between the pantograph head and the contact wire. Obviously,
wear rate on the collector strip and on the contact wire depends on their material
and lubrication (Bucca and Collina, 2009; He et al., 1998), the sliding speed
(Bouchouchaa et al., 2004) and the normal force amongst the elements under friction
(Ding et al., 2014). However there exist other parameters that govern the wear rate,
and may decrease the number of life cycles, such as an increase of the electrical
tension (Bucca and Collina, 2009; Ding et al., 2014; He et al., 1998; Jia et al., 2007)
or a decrease of the contact wire mechanical tension (Bucca and Collina, 2009).
Also the appearance of arc discharges due to contact loss between the pantograph
and the catenary erodes both contact surfaces (Ding et al., 2014; Kubo and Kato,
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Figure 4.2: Sketch of the geometrical shape adopted by a suspended cable subjected to its
own weight.

1998, 1999), and increases the mechanical stress on the contact re-establishment.
Wear affects the sliding contact, which leads to the interconnection between
the effects associated to friction (wear) and to the electrical phenomenon (arcing).
A crucial aspect on the railway overhead design is to guarantee an adequate
behaviour under the contact of the pantograph head, i.e., there exists no contact loss
between both elements. Numerical simulations and analysis are directed towards
the catenary design optimization in order to allow faster train circulation, before
the contact quality decreases. Finite Element Method (FEM) has become one of
the most widely adopted methodologies to perform these numerical simulations,
despite the computational costs to perform parametric or preliminary studies (Cho,
2008; Cho et al., 2010; Pombo and Ambrosio, 2012). However, FEM models are
adequate to capture realistic stiffness distribution of the contact wire, or to asses
the influence of the contact wire pre-sag on the contact force (Cho et al., 2010).
Most of the studies conducted via FEM are based on simple structural elements.
Contact wire and messenger wires are often modelled by elastic catenary elements
(Andreu et al., 2006; Jayaraman and Knudson, 1981), which is the static equilibrium
shape adopted by a suspended cable under uniform gravity load, figure 4.2. In fact,
the railway overhead borrows the designation catenary because the messenger wire
acquires this geometrical shape. There exists more variety of formulation concerning
the droppers. Cho (2008) employed non-linear models to account the slackening
behaviour, i.e., the lack of resistance when the cable is under a compression
state, into the dynamic interaction between pantograph and contact wire. For
computational time efficiency, often the dropper was characterized by zero stiffness
for the slack condition.
The origin of simplified models is based on the compromise between
computational efficiency and modelling fidelity of the physical phenomena. Most
of these simplified models simplify the contact line contribution to a time varying
stiffness, and the pantograph is reduced to a multiple-degrees-of freedom oscillator
(Wu and Brennan, 1998). Lopez-Garcia et al. (2006b) and Carnicero et al. (2004)
illustrated how a simplified model can attain realistic descriptions of the railway
overhead stiffness distribution. Lopez-Garcia et al. (2008) proposed an intermediate
method including the non-linear slackening behaviour only when a compressive
deformation appears on the dropper.
One-dimensional simplified models sacrifice information concerning physical
phenomena, such as wave propagation, in benefit of reduced simulation times
to model specific behaviours, such as the contact force between pantograph and
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Figure 4.3: Karman vortex street of a cylinder exposed to an incident cross-flow, u1 .

catenary. There also exist more complex simplified models (Wu and Brennan, 1999),
based on the substitution of the contact wire by a periodically spring-supported
string. These improved simplified models have a clear advantage over the onedimensional ones because wave propagation effects along the contact wire can be
characterized. Several alternative formulations have been proposed to study the
pantograph-catenary interaction, such as numeric integration (Arnold and Simeon,
2000), analytical formulation (Metrikine, 2004; Metrikine and Bosch, 2006) or
multibody dynamics. Two main limitations affect the simplified models. On one
hand, the difficulty to establish a proper definition of the boundary conditions. On
the other, the lack of flexibility to extend their application to more general analysis,
i.e., their formulation is focused on the analysis of specific behaviours.

4.1.2

Catenary instability induced by cross-winds

The geometrical shape of the contact-wire cross-section is usually unstreamlined,
and these elements may fit into a category known as “bluff bodies”. The elastic
properties of cable structures combined with their unstreamlined cross-section makes
these structures sensitive to incident flow.
As it is well known, when a two-dimensional cylinder is exposed to an incident
flow, the wake downstream the body (figure 4.3) is characterized by a periodic
shedding of vortices known as Karman vortex street (Davenport and Novak, 2002;
Nakamura and Kaneko, 2008; Païdoussis et al., 2011). The vortex shedding yields
periodic pressure fluctuations, with a frequency dependent on the mean flow velocity.
An aerodynamic instability known as Vortex-Induced-Vibration may arise when
the vortex shedding and the natural frequency hold similar values. This physical
phenomenon is behind the oscillation of several elastic structures, such as the
instability reported by Alonso et al. (2007a) during the construction works of a
highway bridge located at Spain.
Besides Vortex-Induced-Vibrations there exists a large variety of flow induced
vibrations, that are classified according to the physical triggering mechanism of the
oscillation (Davenport and Novak, 2002; Nakamura and Kaneko, 2008; Païdoussis
et al., 2011). For example, slender structures with non-circular cross-sections may
experience large undamped oscillations at lower frequency than the vortex shedding,
due to galloping phenomenon (Alonso et al., 2005, 2007b). Galloping phenomenon
belong to a category of aerodynamic instabilities know as self-excited vibrations,
because the oscillation is originated by the motion itself. A small perturbation
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on the angle of incidence of the flow induces an aerodynamic force that increases
the effect of the original perturbation. An external modification of the cable crosssection may lead to the presence of this phenomenon, such in the case of ice accretion
on power transmission lines (Yan et al., 2013; Koss et al., 2013) or the creation of
water rivulets on cable-stayed bridges (Macdonald, 2002; Matsumoto et al., 2003a).
Wake interference occurs when a body is immersed in the wake originated by
an obstacle upstream. The oscillation of the body downstream is triggered by the
unsteady incident flow (Brika and Laneville, 1999; Hover and Triantafyllou, 2001;
Luo et al., 1999; Flamand and Leclair, 2005). Power transmission lines can also
experience wake interference due to the staggered arrangement of the overhead power
line bundles (Akosile and Sumner, 2003; Alam and Zhou, 2013).
Winds as an environmental factor not only compromise the lateral stability of
the rolling stock, see chapter 2, but they can also cause significant difficulties for
the safe operation of the railway infrastructure. The complex phenomena involving
the interaction of train, pantograph and railway overhead are further complicated
by the incident flow non-steadiness. The non-circular geometry of the contact wire
could eventually trigger aeroelastic instabilities (Meseguer et al., 2001). In fact,
Johnson (1996) and Scanlon and Oldroyd (2000) have reported the vulnerability to
wind-related problems experienced by the cable system that composes the railway
overhead. Under the effect of cross-winds, large amplitude oscillations due to cable
galloping of railway overheads have lead to the delay and cancellation of train
transits at several locations of Scotland (Stickland and Scanlon, 2001) and the
British East Coast Main Line (Stickland et al., 2003).
One way of decreasing the wind loads acting on a vehicle under cross-winds is
by using simple wind protection devices, such as fences. However, Avila-Sanchez
et al. (2010a,b) have reported that the contact wire may be enclosed in the shear
layer detached at the windbreak edge, increasing the turbulence intensity value at
the contact wire location (figure 4.4). This increment on the turbulence intensity
may affect the aeroelastic behaviour of downstream structures. For instance Linder
(1992) has studied the effect of turbulence intensity on galloping vibrations of
rectangular prisms. The amplitude of the vibration depends both on the mean
velocity of the flow and on the fluctuations of the velocity upstream. The turbulent
flow induced by upstream obstacles may lead to buffeting phenomena of bluff bodies.
Therefore, even several aeroelastic instabilities may interact together, such in the
case of buffeting and galloping of iced conductor lines (Martinelli and Perotti, 2001).
From this point of view, incident turbulence at the catenary contact wire location
plays a crucial role in the evaluation of the galloping phenomenon. Similar concerns
drive the investigation conducted at a railway bridge at the north west of Spain by
Sorribes et al. (2012). In this study, the oscillations on the contact wire due to the
presence of a set of wind-protection devices on the bridge deck are assessed.
It is clear the undesirable effects that wind presence may induce on the static
railway infrastructure. Obviously, the complexity associated to dynamic processes
such as the pantograph-catenary interaction will increase by the presence of crosswinds. Some limited steps have been conducted towards the inclusion of the
aerodynamic loads in the pantograph-catenary dynamics. For instance, Bouferrouk
et al. (2008) and Baker (2009) were interested in the lateral displacements between
the pantograph head and its base, taking into consideration the displacement
experienced by the train under cross-wind actions, although they do not include
the influence of the pantograph-catenary interaction. Bocciolone et al. (2006)
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Figure 4.4: Shear later detached at the tip of a windbreak installed at the edge of the
railway platform. If the contact line is enclosed by the shear layer, the turbulence
intensity of the incident flow will increase, and galloping instability of the railway
overhead may be triggered.

models the sliding contact between pantograph-catenary, taking into consideration
both the aerodynamic force on the pantograph due to the train moving speed
and the turbulence of the incident flow. However the aerodynamic loads on the
contact wire have not been included yet. This is one of the long-term goals in
TRA2009-13912-C02-01 and it will be further investigated, as proposed in the
future lines of work, see section 4.4

4.2

Linear onset of galloping instability

A brief overview concerning flow induced instabilities which may be exhibited by
the railway overhead has been described in section 4.1.2. Dynamic instability is
a consequence of the conjoint contribution of the cable mechanical properties and
the aerodynamic forces induced by the incident flow and the cable movement itself.
As previously described, several physical mechanism which lead to such oscillations
are included by the general term Flow Induced Vibrations (FIV) (Blevins, 2002;
Païdoussis et al., 2011; Nakamura and Kaneko, 2008). Determination of the main
triggering mechanism is of paramount importance to analyse the railway overhead
instability. The complexity associated to model induced oscillations is increased by
the possibility of a coupled interaction amongst several FIV mechanisms (Bokaian
and Geoola, 1984; Mannini et al., 2014; Nemes et al., 2012).
There exists a general consent on the galloping phenomenon as one essential
mechanism which causes the oscillation of certain cable systems exposed to crosswind, such as elastic suspended cables (Luongo and Piccardo, 1998; Luongo et al.,
2008) or iced conductors on power transmission lines (Egbert, 1986; Nigol and
Buchan, 1981; Yan et al., 2013). The similarities of the railway overhead to those
structures contribute to the sensitivity to suffer galloping instability (Scanlon and
Oldroyd, 2000; Stickland and Scanlon, 2001). The galloping instability of a standard
conductor used in the Spanish railway is analysed along the following section. The
cross-section aerodynamic properties, section 4.2.1, are required to establish a first
approximation to the linear stability predicted by the quasy-steady theory, that
is presented in section 4.2.2. Then a practical application case is constructed in
section 4.2.3, by the combination of this linear theory and the flow information
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Figure 4.5: Wind tunnel S1C. 1, centrifugal fan; 2, settling chamber; 3, two-dimensional
contraction; 4, test section; 5, diffuser.

gathered in chapter 3. This practical case pretends to establish the effect of the
parapets on the sensitivity of the catenary overhead to undergo galloping instability.
Amongst the studied parameters the contact wire shape and location have been
considered.

4.2.1

Contact wire aerodynamic properties

Wind tunnel information and numerical studies concerning the aerodynamic
properties of two-dimensional bodies are available in the current literature. A
large number of studies are focused in the determination of the aerodynamic
loads of shapes commonly used in the engineering, see section 4.3, under different
incident flow conditions. Even wind load coefficients due to ice accretion on power
transmission (Chabart and Lilien, 1998; Yan et al., 2013) or due to water rivulets on
inclined cables (Du et al., 2013; Gu, 2009) have been characterized. However, the
available information concerning the aerodynamic properties of the cross-section
of railway contact wires seem to be limited to the stability derivative at α = 0◦
(Stickland and Scanlon, 2001; Stickland et al., 2003).
A set of wind tunnel tests were conducted at the S1C WT to measure the contact
wire (CW) aerodynamic coefficients. S1C WT is an open-return blow-down wind
tunnel with a closed test section. The working section consists of a 1.2 m long ×
0.8 m high × 0.15 m wide volume. The wind tunnel is driven by a centrifugal fan
VCHSOT 25/13 powered by a 7.5 kW engine WEG 132MY0699. The maximum
wind speed is around 30 m/s. The wind speed is uniform within a ±1% and the
turbulence intensity is around 3% at the model location, figure 4.6.
The aerodynamic loads on the contact wire mock-up have been measured by a
six-component strain-gauge balance, model Gamma SI-130-10 manufactured by ATI.
The strain-gauge balance was installed on a positioning goniometer, that allows the
2
model rotation within a precision of ±0.5◦ . The dynamic pressure, q = 0.5ρa U∞
, has
been acquired by a Pitot tube connected to a pressure transducer Lucas Schaevitz
P-3061-2WD. The sampling rate and the sampling period were 100 Hz and 10 s,
respectively, based upon previous experience and several preliminary tests. The
mean wind speed on the test chamber during the test was about U∞ = 10 m/s. The
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Figure 4.6: Dimensionless wind velocity profile, u/U∞ , and turbulence intensity profile, Iu ,
corresponding to the model position on the test section. x3 is the height above
the wind tunnel ground.
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Figure 4.7: Simplified sketch of the contact wire cross-section tested at S1C WT. (a) no
visible wear, (b) model with intermediate wear, (c) cross-section with the
maximum admissible wear. hcw = 64 mm, e1 = 11 mm, e2 = 21 mm.

Reynolds number based on the model diameter is Re ∼ 4.3 · 104 .
The standard contact wire reproduced consists of a circular shape with a couple
of symmetric grooves, figure 4.7(a). The cross-section shape is based on the
normalized contact wire BC-120 described by the standard EN 50149:2012. The
model scale is 5:1. The diameter of the circumscript circle is hcw = 6.4 · 10−2 m.
The width of the CW model, wcw = 0.145 m, is slightly smaller than the distance
between the wind tunnel walls.
The external surface of both the railway overhead and the pantograph change due
to the friction produced by the contact between both elements (Bucca and Collina,
2009; He et al., 1998). It is obvious that aerodynamic properties and the onset of
galloping are mainly driven by the shape of the cable cross-section (Koss et al., 2013;
Nigol and Buchan, 1981; Stickland and Scanlon, 2001; Yan et al., 2013). Therefore,
the wear level of the contact-wire strongly affects the aerodynamic behaviour of the
catenary. Three different wear levels of the contact wire cross-sections are tested.
figure 4.7 shows the three wear level tested, that is a wire with no visible wear,
figure 4.7(a), a wire with an intermediate worn area, figure 4.7(b), and a wire in its
maximum admissible wear, figure 4.7(c).
Lift (L) and drag (D) forces on the contact wire are referred to the dynamic
pressure (q) and the frontal area (hcw · wcw ) to establish the aerodynamic force
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Figure 4.8: Contact wire lift, cl , and drag, cd , coefficients measured at S1C WT. Three
different wear conditions are analysed.

coefficients as defined in figure 4.10(a). Lift (cl ) and drag (cd ) force coefficients are
expressed as
L (α)
q · hcw · wcw
D (α)
cd (α) =
q · hcw · wcw
cl (α) =

(4.1)
(4.2)

The aerodynamic loads, figure 4.8, have been measured at angles of attack ranging
from α = −90◦ to α = 90◦ , with ∆α = 2◦ steps. Note that cl (90◦ + α) =
−cl (90◦ − α) and cd (90◦ + α) = cd (90◦ − α)) due to the cross-section symmetry.
In section 4.2.2 the relationship between the linear onset of the galloping
instability and the derivatives of the aerodynamic coefficients, clα and cdα , will
be established. Both derivatives will be also evaluated in the case of other crosssection shapes available in the public literature, section 4.3. Due to the presence of
some unevenly spaced data amongst them, a Lagrange polynomial fitting is used to
compute those derivatives according to the following equation
∂f (α)
2α − αi − αi+1
= fα (α) = f (αi−1 )
∂α
(αi−1 − αi ) (αi−1 − αi+1 )
2α − αi−1 − αi+1
+ f (αi )
(αi − αi−1 ) (αi − αi+1 )
2α − αi−1 − αi
+ f (αi+1 )
.
(αi+1 − αi−1 ) (αi+1 − αi )

(4.3)

For evenly spaced data, the equation (4.3) evaluated at α = αi is equivalent to
fα (αi ) =

f (αi+1 ) − f (αi−1 )
.
2∆α

(4.4)

72

4.2.2

CHAPTER 4. CONTACT LINE WIND-SENSITIVENESS

Linear mathematical model

As already described in section 4.1.1, the contact line is composed by a set of
suspended cables that may present aeroelastic instabilities in the presence of wind,
and in particular to galloping phenomenon. Den Hartog criterion (Den Hartog, 1932,
1956) applied to small angles of incidence is widely addressed to establish the linear
threshold of galloping instability (Alonso and Meseguer, 2006b; Avila-Sanchez et al.,
2011; Ibarra et al., 2014; Nigol and Buchan, 1981; Robertson et al., 2003; Stickland
and Scanlon, 2001). The classical Den Hartog criterion can be expressed by the
following inequality
∂cl
+ cd < 0
(4.5)
dH0 =
∂α
However, this expression is strictly valid only for the case in which the structure is
exposed to a flow with an angle of attack α0 = 0. There exist at least three possible
reasons that may require to stablish an equivalent instability condition. The first
one is when the structure is exposed to and incident flow with an arbitrary angle
of attack α 6= 0 (Carassale et al., 2013, 2014; Nikitas and Macdonald, 2010). The
second reason consists on the inclusion of multiple degrees of freedom on the analysis
of the galloping phenomenon (Carassale et al., 2013, 2014; Macdonald and Larose,
2008; Luongo and Piccardo, 2005). The third reason is based on the inclusion of
non-linearities in the analysis (Luongo and Piccardo, 1998; Thompson and Sieber,
2014). In chapter 3 the flow behind a windbreak referred to different variables
was described . In this flow characterization it was shown that the mean value of
the local angle of attack could adopt values different from zero around the contact
wire locations. In consequence, the Den Hartog criterion will be modified along
this section in order to take into account the non-negligible value of the angle of
incidence of the flow.
The arrangement of the cables conforming the railway overhead lead to nonuniform mechanical properties along the span dimension of the catenary (LopezGarcia et al., 2006b; Cho et al., 2010). In the absence of wind, two main forces
act on a static railway overhead, the longitudinal tension and its body weight.
The periodic mechanical properties under that condition allow the implementation
of simplified models, such as single-degree-of-freedom (SDOF) oscillators (Wu and
Brennan, 1998, 1999), tension beams (Park et al., 2003) or infinitely long strings
(Metrikine and Bosch, 2006).
The following analysis models the contact line motion as a SDOF oscillator,
as sketched in figure 4.10(a). The contact line motion is assumed to be restricted
to a vertical plane. The generalized governing equation of motion in the vertical
direction, x3 (t), may be written as
mẍ3 + cs ẋ3 + kx3 = f3 (x3 , ẋ3 , ẍ3 , t)

(4.6)

where m is the contact line equivalent mass, cs stands for the structural damping
coefficient, k is an averaged stiffness and f3 is the vertical component of the
excitation force. Note that the external excitation term in equation (4.6),
f3 (x3 , ẋ3 , ẍ3 , t), has been generalized in order to consider different models of
non-linear oscillators. The assumptions adopted by several authors have been
expressed as different models or simplifications of the external fluid-dynamic force,
f3 (x3 , ẋ3 , ẍ3 , t). These simplified models of the forcing term have eased the analysis
of different instability mechanisms. For example, the excitation term may consider
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Figure 4.9: Railway overhead exposed to an unsteady incident flow. (x1 , x2 , x3 ) are the
reference axis used along this section.
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Figure 4.10: SDOF oscillator sketch (a) and definition of the angle of attack, α, on the
contact wire (b). (x1 , x3 ) are the reference axis. m, k (t), and cs stand for
the equivalent mass, stiffness and damping, respectively. f3 is the external
excitation. ur is the upstream velocity. cl and cd are the lift and drag force
coefficients.

just the time-dependent drag coefficient in the case of streamwise oscillations of
circular cylinders (Currie and Turnbull, 1987), or the fluid force may be modelled
as an harmonic lift force for Vortex-Induced-Vibrations (VIV) to characterize the
regime where the body oscillation frequency is synchronized with the periodic
vortex wake (lock-in state) (Khalak and Williamson, 1999; Barrero-Gil et al., 2012;
Facchinetti et al., 2004).
As already described in section 4.1.2, the analysis of transverse galloping
can be simplified by assuming that the oscillation frequency is lower than the
frequency associated to other aeroelastic instabilities, such as vortex-inducedvibrations (Alonso et al., 2010; Gomez et al., 2014). A quasi-steady analysis is
usually followed in order to asses galloping instability of the system described by
equation (4.6). According to this theory the aerodynamic forces at a particular
instant t = t0 are equivalent to those induced by a steady flow with the same
instantaneous properties f3 (x3 , ẋ3 , ẍ3 , t)|t=t0 , i.e., the inertial and time-dependent
effects in the flow can be neglected. The wind properties will be assumed constant,
although it is well known that even the wind turbulence affects the instantaneous
flow properties (Kaimal and Finnigan, 1994). In the following analysis, the
excitation term for the transverse galloping phenomenon will be characterised by
the contribution of the lift and drag forces (Avila-Sanchez et al., 2011; Nikitas and
Macdonald, 2010; Robertson et al., 2003). Assuming the quasy-steady hypothesis,
the contribution of the lift and drag coefficients to the vertical component of the
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excitation force may be expressed as
1
f3 (ẋ3 ) = f3 (α) = ρu2r S (cl cos α + cd sin α)
2

(4.7)

where the angle of attack (α) implicitly depends on ẋ3 , see equation (4.9). The
contact line is exposed to an incident flow that may be decomposed in its vertical
and horizontal components u1∞ and u3∞ , respectively, see figure 4.10. Once the
oscillation takes place, the instantaneous contact wire velocity is ẋ3 and the effective
flow velocity (ur ) and the angle of attack (α) relative to the SDOF oscillator can be
expressed as
q
(4.8)
u21∞ + (u3∞ − ẋ3 )2
ur =
tan α = (u3∞ − ẋ3 ) /u1∞

(4.9)

In the following, the incident flow velocity and the angle of attack referenced to the
static equilibrium position (ẋ3 = 0) will be denoted as ur0 and α0 . If the velocity
of the contact line is smaller than the wind speed of the incident flow (ẋ3  ur ), it
can be assumed that the railway overhead is oscillating about the static equilibrium
position (ur0 , α0 ). Thus the effective angle of attack (α) may be decomposed into
a static and a unsteady components, i.e., α0 and α0 respectively. See figure 4.10(b)
for the definition of both components. The unsteady contribution to the angle of
attack, α0 , defined as
α0 = α0 − α
(4.10)
can be expressed as
ẋ3
cos α0
ur
u2 + u2r0 − ẋ23
= r
2ur ur0

sin α0 =

(4.11)

cos α0

(4.12)

Assuming slow oscillations of the contact line, ẋ3  ur , small variations of the angle
of incidence about the static equilibrium position are expected, |α0 | = |α0 − α|  1.
Assuming that the contact line oscillates about the static equilibrium position, the
external excitation (f3 (α)) can approximated by the truncated Taylor series about
the static angle of incidence of the flow, α0 ,
∂f3
(α − α0 ) + o (kα − α0 k)2
∂α α=α0
(4.13)
1
= ρu2r S [(clα + cd ) cos α0 + (−cl + cdα ) sin α0 ] (α − α0 ) +
2
+ o (kα − α0 k)2

f3 (α) − f3 (α0 ) =

equation (4.6) and equation (4.13) can be related to thenatural frequency ωn =
p
√
k/m and the structural damping ratio ζs = cs / 2 km . In agreement with the
hypothesis of small amplitude vibrations, the unsteady component of the angle of
attack can be approximated to (α0 − α) ' ẋ3 cos α0 /ur . The linearised external
load about the equilibrium position
f3 (α) − f3 (α0 ) = −2mωn ζa ẋ3

(4.14)
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is proportional to an equivalent aerodynamic damping ratio, ζa , given by
ζa (ẋ3 ) =

ρur S
(clα + cd + (cdα − cl ) tan α0 ) cos2 α0 + o (kẋ3 k)2
4mωn

(4.15)

Note that for α0 = 0 the aerodynamic damping is proportional to the familiar
den Hartog criterion. In fact, stability analysis of a resembling contact wire crosssection has been conducted by Stickland and Scanlon 2001; Stickland et al. 2003
using den Hartog criterion for very low values of the angle of attack. Due to
the quasi-steady analysis performed to obtain equation (4.15), the lift and drag
coefficients should be taken as time-averaged values. It is presumed that the
contact wire oscillates about its static equilibrium position. Therefore the governing
equation of the SDOF oscillator is
ẍ3 + 2ωn (ζs + ζa ) ẋ3 + ωn2 x3 = 0

(4.16)

Actually, equation (4.16) is a simplified version of the well-known Liénard equation
ẍ + f (x) ẋ + g (x), Liénard (1928) as referred by Lynch and Christopher (1999).
In the case under consideration, f (x) = 2ωn (ζs + ζa ) and g (x) = ωn2 are constant
polynomials. According to (Chen et al., 2007; Lynch and Christopher, 1999) for the
given set of parameters equation (4.16) can not present any limit cycle. Therefore
this simplified model is only valid to analyse the appearance of cable oscillations. In
order to explore the severity of the oscillation amplitude or hysteresis phenomenon
higher order models or FEM analysis should be considered (Kim and Nguyen, 2006;
Liu et al., 2014; Luongo and Piccardo, 1998; Luongo et al., 2008; Martinelli and
Perotti, 2001).
The structural damping ratio is always positive, therefore if the aerodynamic
damping ratio is negative, ζ < 0, then the aerodynamic force is supplying energy
to the system and oscillations due to galloping instability will appear. Note
that since the aerodynamic damping ratio in equation (4.15) is proportional to
the incident flow velocity, a negative aerodynamic damping may destabilize the
dynamical system (Gu, 2009; Macdonald and Larose, 2006; Nakamura and Kaneko,
2008; Van Oudheusden, 2000; Stickland and Scanlon, 2001) once the incident flow
exceeds a threshold value. For the sake of simplicity, hereon either the condition
ζa (ẋ3 ) =

−1 ∂f3
2mωn ∂ ẋ3

<0

(4.17)

ẋ3 =0

either the simplified expression
dH (α0 ) = (clα + cd + (cdα − cl ) tan α0 ) cos2 α0 < 0

(4.18)

will be referred as the generalized Den Hartog criterion.
One-dimensional galloping is triggered by the vertical projection of the
aerodynamic force, equation (4.7). When the wind direction is almost aligned
with the vertical plane the main excitation consists of the aerodynamic drag, which
opposes movement. In such conditions galloping phenomenon will not occur. This
conclusion is in agreement with the linear theory, as the generalized Den Hartog
criterion at α0 ' 90◦ implies ζa ' 0 and the structural damping ratio in general
is ζs > 0. Theoretically, a similar reasoning explains why a circular cylinder in an
idealized cross-flow condition (clα = cdα = 0) do not exhibit galloping instability
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Figure 4.11: Generalized Den Hartog criterion dH (α), equation (4.18), corresponding to
the BC-120 contact wire cross-section. Three different wear conditions are
analysed: no wear (solid line), medium wear (dash-dot line) and maximum
admissible wear (dashed line)

(Alonso and Meseguer, 2006b; Alonso et al., 2009; Ibarra et al., 2014; Païdoussis
et al., 2011). However, a slight inclination of the cable implies a non-circular effective
cross-section, leading to the appearance of galloping instability even in single circular
cylinders (Macdonald, 2002; Macdonald and Larose, 2006, 2008; Raeesi et al., 2011).

4.2.3

Application to the flow above a railway platform

The aerodynamic coefficients corresponding to the BC-120 cross-section were
presented in section 4.2.1.
figure 4.11 shows the generalized Den Hartog
criterion, equation (4.18), for the three tested wear conditions. The derivatives
of the aerodynamic coefficients have been obtained via the Lagrange polynomial
interpolation (equation (4.3)). As can be appreciated, a contact line equipped
with new contact wires seems practically unaffected to galloping phenomenon, at
least according to the limitations imposed by the linear one-dimensional model,
see section 4.4. Risk of transverse galloping arises for small values of the angles of
incidence of the flow, but only once the worn level on the contact wire is appreciable.
It is obvious that the onset of the oscillation due to galloping instability depends
both on the aerodynamic characteristic of the contact wire and the incident flow
properties, section 4.1. The aerodynamic characteristic of the BC-120 cross-section
have been described in the present Chapter. The flow properties downstream a solid
parapet placed on the railway platform on a bridge section have been analysed in
chapter 3. According to the information obtained in the flow characterization, small
values of the mean angle of incidence in locations closed to the contact wire location
have been measured for some of the test configurations. As can be appreciated in
figure 4.11, a worn BC-120 contact wire cross-section can present some instability
issues for small values of the angle of attack.
A simple academic abstraction is conducted to asses the possibility of galloping
instability in a rectangular interrogation window, centred at the contact wire
location. In order to assess the contact wire instability both sources of information
have been combined into a set of stability maps presented along appendix C. The
modified Den Hartog criterion for the three tested contact wires, dH (α) as expressed
in equation (4.18), have been evaluated using the information about the local angle
of the flow measured via the PIV technique. The stability criterion have been
analysed at the data grid provided by the PIV analysis in order to obtain the
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Table 4.1: Colour key to the summary tables corresponding to the stability maps presented
in appendix C. The data quality, qcw , is defined as the ratio of valid spots to the
total number of spots in the interrogation window. The contact wire stability,
scw , is the ratio of stable spots to valid spots.
Contact wire stability scw
scw < 0.5
0.5 ≤ scw < 0.75
0.75 ≤ scw ≤ 1

Data quality qcw
qcw < 0.5
0.5 ≤ qcw < 0.75 •
0.75 ≤ qcw ≤ 1

Table 4.2: Qualitative stability information corresponding to both railway contact wire
cross-sections. The colour key is presented in table 4.1. The three model
configurations analysed are the bridge with no windbreaks (H00A00), the bridge
with a straight windbreak 55 mm high (H55A00) and the bridge with a windbreak
55 mm high an eave (H55A05).

Standard1

BC-120

H00A00
H55A00
H55A05
windward
leeward
windward
leeward
windward
leeward
6◦ 0◦ −6◦ 6◦ 0◦ −6◦ 6◦ 0◦ −6◦ 6◦ 0◦ −6◦ 6◦ 0◦ −6◦ 6◦ 0◦ −6◦
no wear
medium wear
high wear
no wear

•

low wear

•

medium wear

•

high wear

•

stability maps presented in appendix C. Black circles stand for unstable spots, and
red crosses for those spots with lack of information about Den Hartog criterion. The
maximum displacement of the contact wire location inside the interrogation window
is ∆x1 = ∆x3 = 5 mm, which corresponds to 0.25 m at real scale. Inside that
interrogation window, the maximum and minimum angle of attack of the flow that
can be found in any of the tests configurations are about αmin ∼ −3◦ , αmax ∼ 29◦ ,
according to the information measured via the PIV technique. It must be pointed
out that the validity of the quasi-steady hypothesis for this academic abstraction
encounters some limitations due to the wind turbulence contribution. However,
further improvement would be applied to the simplified approach herein presented,
as proposed in section 4.4.
Two contact wire geometries are considered. The first contact wire consists
of the BC-120 cross-section, already analysed in section 4.2.1. The stability map
corresponding to the BC-120 contact wire is presented in appendix C.1. As can be
appreciated, most of the stability issues appear for the unprotected railway platform.
Also some concerns arise at the leeward with the maximum admissible wear case,
for negative angles of attack of the bridge cross-section. The second geometry
consists of the standard cross-section studied by Stickland and Scanlon (2001) and
by Stickland et al. (2003). The stability map of this standard cross-section is shown
in appendix C.2. However, there is no information concerning the aerodynamic
coefficients of this standard contact-wire cross-section, the only information available
consist of the simplified Den Hartog criterion, dH0 = clα + cd . Nevertheless, for low
values of the angle of attack this information provides a reasonable approximation
to the stability analysis on this academic abstraction. For instance, at α0 = 10◦ ,
85% of the contribution to the generalized Den Hartog criterion (dH (α)) consists
1

Standard railway cross-section analysed by Stickland and Scanlon (2001)
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of the term clα + cd . Analogously to the previous cross-section, contact wires with
appreciable wear effect are more susceptible to suffer from galloping instabilities.
Despite some lack of information, the cross-section tested by Stickland and Scanlon
(2001) seems to be more sensitive to galloping instability than the BC-120.
In order to summarize the information provided by the stability maps, two
parameters are defined. The first parameter accounts for the data quality, qcw . It is
defined as the ratio of valid spots to the total number of spots in the interrogation
window. The second parameter quantifies the contact wire stability, scw , as the ratio
of stable spots to valid spots. A simple colour key is assigned to those parameters
to ease the visualization of the information, see table 4.1. Both parameters are used
in table 4.2 to summarize the information presented by the stability maps. As can
be seen, in both cases an increase on the wear level of the contact wire increases
the possibility of galloping instability. In the case of the BC-120 contact wire the
presence of the windbreak seems to improve the contact wire stability. However a
more extensive experimental campaign should be undertaken in order to stablish a
proper conclusion. In the case of the cross-section tested by Stickland and Scanlon
(2001) there is a small lack of information on the Den Hartog criterion, as can be
appreciated in the Table. For small wear level of this contact wire cross-section, the
inclusion of the windbreak seem to ease the onset of the galloping instability.

4.3

Galloping instability mitigation

Flow induced vibrations, section 4.1.2, have arisen the interest of several authors
because they can lead to structural failure or unsafe operation, but also because of
their potential use to harvest energy (Barrero-Gil et al., 2010, 2012; Bernitsas et al.,
2008). In order to alleviate the effects of flow induced vibrations, two conventional
approaches are usually proposed, the introduction of additional damping to the
system (Modi et al., 1995) or the shape modification of the structure (Kleissl and
Georgakis, 2011). These surface shape modifications intend to alter the interaction
between the flow and the structure. For example, the uniformity on the vortex
shedding process may be altered by the addition of helical strakes (Zhou et al.,
2011; Kleissl and Georgakis, 2012) or spherical bumps (Owen et al., 2001; Bearman
and Branković, 2004) along the structure. Also FIV may be mitigated by slits
(small apertures) along the cross-section which passively inject flow into the wake
(Baek and Karniadakis, 2009), or by the installation of splitter plates with free
rotation (Assi et al., 2009). There exist more complex suppression mechanisms,
such as momentum injection by moving surface boundary-layer control (Munshi
et al., 1999). Unfortunately, most of these proposed solutions are not suitable to
be adopted by the railway overhead due to the nature of the pantograph-catenary
dynamics.
Three alternatives to suppress the galloping phenomenon on the contact line
have been proposed by Scanlon and Oldroyd (2000):
• modification of the cross-section
• generation of mechanical damping forces
• reduction in the wind loading.
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Extremely low levels of damping eases the appearance of the cable vibration,
equation (4.16). Additional damping can either reduce the oscillation or inhibiting
its onset. The installation of mechanical dampers has already been reported to
alleviate wind vibrations on stay cables placed on bridges (Takano et al., 1997;
Nakamura et al., 1998). Stickland et al. (2003) assessed the influence of additional
mechanical dampers on a section of the British East Coast Main Line, which was
reported to exhibit galloping instability. The increase on the structural damping
raises the wind speed required for the onset of the oscillations, and in consequence
it helps to prevent the galloping phenomenon.
Windbreaks have been widely considered to palliate undesirable effects
introduced by the wind presence. Scanlon and Oldroyd (2000) assessed the wind
speed reduction by the provision of windbreaks upstream a railway embankment
model. However, the presence of windbreaks on flat terrain not only modifies
the wind speed but it also alters the turbulence intensity profiles (Lee and Kim,
1999; Dong et al., 2010). In fact the parapet presence has been reported to cause
both a deflection of the incident flow over the railway platform and an increase of
the turbulence intensity levels at the contact wire location (Avila-Sanchez et al.,
2010b,a,c). This increase of incident turbulence may trigger galloping instabilities
on the suspended contact wire (Gattulli et al., 2007).
Stickland and Scanlon (2001) already assessed the influence of slight modification
of the contact wire cross-section on the galloping phenomenon, but unfortunately
no significant advantages were appreciated. Nevertheless, Kleissl and Georgakis
(2011) proposed geometrical modifications to the cables of a cable-stayed bridge
which result in appreciable changes on the cable aerodynamic damping. However,
this shape modifications are impracticable for the case under study because they
affect the uniformity of the cable cross-section along its longitudinal axis, i.e., the
cable geometry can not be assumed two-dimensional.
As an academic abstraction, some changes of the contact-wire cross-section are
proposed, in order to asses their wind-sensitiveness under similar conditions to those
presented in section 4.2.3. Note that this exercise remains just as an academic
abstraction because other parameters are not taken into consideration, such as
electrical conductivity, fatigue reliability or the manufacturing process. Literature
of non-galloping bodies is scarce, but aerodynamic coefficients of simple geometrical
shapes are easily available in the literature. For the sake of briefness, along this
section is assessed the galloping instability of only five of these alternative crosssections of the contact wire: a triangular cross-section (section 4.3.1), a rectangular
prism (section 4.3.2), a square contact-wire (section 4.3.3), and a rhomboidal and a
biconvex cross-section (section 4.3.4).
Galloping instability of this alternative cross-sections is assessed in a similar
procedure to that presented in section 4.2.3. Generalized Den Hartog criterion,
presented in equation (4.17), is evaluated combining the aerodynamic properties of
the new alternative cross-section, and the mean local angle of incidence measured via
PIV technique and presented in chapter 3. The stability criterion is summarized in
a set of tables presented along the present Section. Some of the more representative
configurations are presented in the stability maps included in appendix C.
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Figure 4.12: Triangular cross-section analysed by Alonso and Meseguer (2006b).
orientations have been considered, upwards (a) and downwards (b).

4.3.1

Two

Triangular cross-section

Transverse galloping of isosceles triangular cross-sections, figure 4.12, was analysed
by Alonso and Meseguer (2006b). In their study, stability of the triangular crosssection was assessed for angles of attack from α0 = 0 to α0 = 360 based on the
simplified Den Hartog criterion (dH0 = clα + cd ).
A set of wind tunnel tests were conducted on nine different models h = 0.1 m
high. The triangle vertex angle β varied from β = 10◦ to β = 90◦ , at steps of
∆β = 10◦ . Lift and drag coefficients, cl (α) and cd (α), were measured by a sixcomponents strain-gauge balance, in a range of angles of attack from α = 0◦ to
α = 360◦ , at steps of ∆α = 5◦ . The wind speed and turbulence intensity at the test
section were close to U∞ = 20 m/s and Iu = 4%, respectively. Reynolds number
based on the model chord is Re ∼ 1.4 · 105 .
The derivative of the aerodynamic coefficients provided by Alonso and Meseguer
(2006b) are recalculated using Lagrange polynomials, following equation (4.3). Two
different rotations of the cross-section are considered, equivalent to a rotation of the
original data of α0 = 90◦ (vertex angle pointing upwards) or α0 = −90◦ (vertex
angle pointing downwards). Den Hartog criterion (dH (α)) for both orientations is
shown in figure 4.13. Note that when the triangular cross-section points upwards, the
cross-section keeps the same geometry when the wear level increases. However, if the
triangular cross-section points downwards, an increase on the wear level modifies the
cross-section. For that reason the analysis of the galloping stability of the upwards
orientation theoretically does not change with an increase on the worn area. But in
order to asses the influence of the wear level on the downwards orientation, it would
be required to use the aerodynamic properties of trapezoidal cross-sections.
Stability maps for value of the vertex angle β = 10◦ , 30◦ , 60◦ , and 90◦ are
presented in appendix C.3 for the vertex pointing upwards, and in appendix C.4 for
the vertex pointing downwards. table 4.3 summarizes the stability information about
the isosceles triangular cross-sections. As can be appreciated, the configurations
with the vertex angle pointing downwards seem more susceptible to the galloping
phenomenon. A vertex angle of β = 20◦ seems the most stable configuration, only
affected by galloping phenomenon in three configurations. Values β ≥ 60◦ yield
equivalent results, they seem susceptible to galloping phenomenon in the case of
an unprotected bridge, but they present only one unstable configuration when the
windbreak is installed on the bridge. However, caution should be taken in the
analysis of the results due to the very low values adopted by Den Hartog criterion
in the range of interest as shown in figure 4.13.
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Figure 4.13: Generalized Den Hartog criterion (dH (α)), equation (4.17), corresponding
to the triangular cross-section analysed by Alonso and Meseguer (2006b).
Numeric differentiation is performed via Lagrange polynomials, equation (4.3).

Table 4.3: Qualitative stability information corresponding to the triangular cross-section.
The colour key is presented in table 4.1. The three model configurations
analysed are the bridge with no windbreaks (H00A00), the bridge with a straight
windbreak 55 mm high (H55A00) and the bridge with a windbreak 55 mm high
an eave (H55A05).
H00A00
H55A00
H55A05
windward
leeward
windward
leeward
windward
leeward
6◦ 0◦ −6◦ 6◦ 0◦ −6◦ 6◦ 0◦ −6◦ 6◦ 0◦ −6◦ 6◦ 0◦ −6◦ 6◦ 0◦ −6◦
β = 10◦
Triangular upwards

β = 20◦
β = 30◦
β = 40◦
β = 50◦
β = 60◦
β = 70◦
β = 80◦
β = 90◦
β = 10◦
Triangular downwards

β = 20◦
β = 30◦
β = 40◦
β = 50◦
β = 60◦
β = 70◦
β = 80◦
β = 90◦
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c
h

w
(a) sharp edge

h

w
(b) small chamfer

Figure 4.14: Rectangular cross-section. h and w and the height and width of the crosssection, respectively. A small chamfer at 45◦ may be present in some
configurations (b), defined by the chamfer height (c).

4.3.2

Rectangular cross-section

The analysis of the aerodynamic properties of rectangular cross-sections, figure 4.14,
has focused the efforts of a large number of wind tunnel and numerical studies. For
instance, lift and drag coefficients of this geometrical shape has been reported by
D’Auteuil (2006) and by Knisely (1990).
D’Auteuil (2006) tested rectangular prisms, h = 76.2 mm high, with variable
width, w. The aerodynamic coefficients were measured via two balances installed at
the NRC Trisonic blowdown wind tunnel, located at the National Research Council
of Canada. The wind tunnel tests were conducted at a Mach number M = 0.15. The
aerodynamic coefficients are provided for several Reynolds numbers and turbulence
intensity conditions. The aerodynamic coefficients for Re = 0.3 · 106 and Iu = 5%
have been used in the following analysis, as those values are the closest to the
tests conducted with the BC-120 cross-section. Only angles of attack ranging from
α = −2◦ to α = 10◦ at steps of ∆α = 2◦ are available. Three different form factors
are tested, w/h = 2, w/h = 3 and w/h = 4. Two different corner morphologies
are analysed, sharp edges (figure 4.14(a)) and chamfered corners (figure 4.14(b)).
Den Hartog criterion, dH (α), for the sharp edge condition and the configuration
with a small chamfer on the corners c = 0.04h high is shown in figure 4.15.
The stability maps for the cross-section with sharp edges are presented in
appendix C.5 and for the chamfered edges in appendix C.6. Unfortunately there
exists some lack of information due to the range of angles of attack analysed by
D’Auteuil (2006). For those cases with enough information, cross-sections with a
form factor w/h ≥ 3 are quite stable to transverse galloping instability.
The aerodynamic coefficients corresponding to the tests performed by Knisely
(1990) were obtained through the work conducted by Steggel (1998). Knisely studied
several cylinders with form factors ranging from w/h = 0.04 to w/h = 2.0 at angles
of attack from α = 0◦ to α = 90◦ . Three values for the form factor are herein
analysed, w/h = 0.25, w/h = 0.5 and w/h = 1.0. Note that since the angle
of attack extends to 90◦ , due to the symmetries, w/h = 2.0 and w/h = 4.0 are
also available. The Reynolds number on the selected form factors, based on the
maximum cross-stream dimension, varies from Re = 2 · 104 to Re = 7 · 104 . General
Den Hartog criterion from the Knisely (1990) data is presented in figure 4.16.
Stability maps for the cross-section with form factor w/h ≤ 1 (original rotation
θ0 = 0◦ reported by Knisely (1990)) are presented in appendix C.7, whereas the
results corresponding to the form factor w/h ≥ 1 (aerodynamic coefficients reported
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Figure 4.15: Generalized Den Hartog criterion (dH (α)), equation (4.17), corresponding
to the rectangular cross-section analysed by D’Auteuil (2006). Numeric
differentiation is performed via Lagrange polynomials, equation (4.3).
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Figure 4.16: Generalized Den Hartog criterion (dH (α)), equation (4.17), corresponding
to the rectangular cross-section analysed by Knisely (1990).
Numeric
differentiation is performed via Lagrange polynomials, equation (4.3).

by Knisely (1990) shifted θ0 = 90◦ ) are shown in appendix C.7. table 4.4 summarizes
the stability information about both rectangular cross-sections. The results evidence
that for a form factor w/h = 4 seems the most stable configuration, in agreement
with the results from D’Auteuil (2006). Also the rectangular cross-section with form
factor w/h ≤ 2 seems too unstable to be used as an alternative cross-section shape.

4.3.3

Square cross-section

Square cross-sections similar to those sketched in figure 4.17 have been widely
analysed in the literature. Lee (1975); Tamura and Tetsuya (1999); Carassale et al.
(2013, 2014) are just a few examples of publications with information regarding the
lift and drag coefficients of square prisms in cross-flow. The results from Tamura
and Tetsuya (1999) are in reasonably good agreement with previous experiments
conducted by Lee (1975). For the sake of briefness, only the aerodynamic coefficients
from two of those publications are used in what follows.
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Table 4.4: Qualitative stability information corresponding to the rectangular cross-section.
The colour key is presented in table 4.1. The three model configurations
analysed are the bridge with no windbreaks (H00A00), the bridge with a straight
windbreak 55 mm high (H55A00) and the bridge with a windbreak 55 mm high
an eave (H55A05).

D’Auteuil (2006)

H00A00
H55A00
H55A05
windward
leeward
windward
leeward
windward
leeward
6◦ 0◦ −6◦ 6◦ 0◦ −6◦ 6◦ 0◦ −6◦ 6◦ 0◦ −6◦ 6◦ 0◦ −6◦ 6◦ 0◦ −6◦
w/h = 2, sharp edge
w/h = 3, sharp edge
w/h = 4, sharp edge
w/h = 2, small chamfer
w/h = 3, small chamfer
w/h = 4, small chamfer
Knisely (1990)

w/h = 1, θ0 = 0◦
w/h = 0.5, θ0 = 0◦
w/h = 0.25, θ0 = 0◦
w/h = 1, θ0 = 90◦
w/h = 0.5, θ0 = 90◦
w/h = 0.25, θ0 = 90◦

r

c

w
(a) sharp edge

w
(b) small chamfer

w
(c) round edge

Figure 4.17: Square cross-section.

Tamura and Tetsuya (1999) conducted the experiments in an Eiffel-type wind
tunnel at Tokyo Institute of Technology. Aerodynamic loads are measured with a
three-component load cell at angles of attack ranging from α = −5 to α = 30, at
steps ∆α = 1◦ . Three different corner shapes are analysed: sharp edge, chamfered
edge (c = 1/6w) and fillet corner (r = 1/6w), see figure 4.17. Three different
turbulence intensities were analysed, Iu = 0.4%, Iu = 6.5%, and Iu = 14.0%.
However, only the smoother and the more turbulent conditions are available for
all the geometries sketched in figure 4.17. Iu = 0.4% is selected because trends
exhibited for that turbulence intensity were more similar to those corresponding to
Iu = 6.5% in the case of sharp edge. The Reynolds number for these experiments
based on the square size (w = 50 mm), is Re = 3.0 · 104 . figure 4.18(a) shows the
generalized Den Hartog criterion.
Carassale et al. (2013, 2014) conducted a series of experimental tests in the
closed-circuit wind tunnel at the University of Genova. The aerodynamic loads were
acquired via six resistive load cells from α = −5 to α = 45, sampled at unequally
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Figure 4.18: Generalized Den Hartog criterion (dH (α)), equation (4.17), corresponding
to the square cross-section analysed by Tamura and Tetsuya (1999) and
Carassale et al. (2013, 2014). Numeric differentiation is performed via Lagrange
polynomials, equation (4.3).
Table 4.5: Qualitative stability information corresponding to the square cross-section. The
colour key is presented in table 4.1. The three model configurations analysed are
the bridge with no windbreaks (H00A00), the bridge with a straight windbreak
55 mm high (H55A00) and the bridge with a windbreak 55 mm high an eave
(H55A05).
H00A00
H55A00
H55A05
windward
leeward
windward
leeward
windward
leeward
6◦ 0◦ −6◦ 6◦ 0◦ −6◦ 6◦ 0◦ −6◦ 6◦ 0◦ −6◦ 6◦ 0◦ −6◦ 6◦ 0◦ −6◦
Tamura2
Carassale3

sharp edge
chamfer edge

r/b = 1/15

round edge
r/b = 0
r/b = 2/15

space from ∆α = 1◦ to ∆α = 5◦ , approximately. The turbulence intensity is about
Iu = 5% and the integral length scale Lu ∼ 20 mm at the model location. Three
different configurations were analysed, corresponding to different values of the corner
radius: r = 0 (sharp edge), r = 1/15 and r = 2/15. The Reynolds number for each
configuration is Re = 3.6 · 104 for r = 0, Re = 7.9 · 104 for r = 1/15, Re = 2.5 · 104
for r = 2/15. The general Den Hartog criterion corresponding to Carassale et al.
(2013, 2014) cross-section is presented in figure 4.18(b).
The generalized Den Hartog criterion of the square cross-section with sharp
edges, figure 4.18, exhibit very similar tendencies in both set of experiments. Even
the model with rounded corners (r/b = 1/6) analysed by Tamura and Tetsuya (1999)
experiences a behaviour similar to the case r/b = 2/15 from Carassale et al. (2013,
2014), despite the slight difference in the corner radius.
appendix C.9 shows the stability maps corresponding to the cross-section
analysed by Tamura and Tetsuya (1999) and appendix C.10 the ones corresponding
to the cross-section presented by Carassale et al. (2013, 2014). The summary of the
2
3

Square cross-sections analysed by Tamura and Tetsuya (1999)
Square cross-sections analysed by Carassale et al. (2013, 2014)

86

CHAPTER 4. CONTACT LINE WIND-SENSITIVENESS

h

h

w

w
(a) rhomboidal

(b) biconvex

Figure 4.19: Non conventional cross-sections

stability information of square cross-sections is presented in table 4.5. The results on
the stability of the configurations with sharp and rounded edges are consistent. The
first case (sharp edge) seems to have a highly unstable behaviour. As expected, this
behaviour is obviously in agreement with the results corresponding to rectangular
sections with form factor w/h = 1, section 4.3.2. The model with rounded corners
shows real instability issues in the case of an unprotected bridge.

4.3.4

Non conventional cross-sections

Some non-conventional cross-sections have been also analysed in the public
literature. For instance, traverse galloping of Z-shaped (Gomez et al., 2014),
D-shaped (Liu et al., 2013), trapezoidal (Luo et al., 1998), elliptical (Alonso
et al., 2010), rhomboidal (Alonso et al., 2009; Ibarra et al., 2014) and biconvex
(Alonso et al., 2009) cross-sections have been investigated. Even some information
about trapezoidal cross-sections can be found in studies concerning flow induced
instabilities of bridge decks such as Schewe and Larsen (1998); Schewe (2001).
Alonso et al. (2009) analysed both rhomboidal and biconvex cross-sections,
similar to those presented in figure 4.19. The characteristic length of the biconvex
profile is c = 0.125 m and the chord of the rombhi c = 0.075 m. The aerodynamic
coefficients were measured by a strain-gauge balance in a two-dimensional open
circuit wind tunnel, at angles of attack from α = 0◦ to α = 90◦ , at steps of
∆α = 5◦ . The turbulence intensity in the test chamber is about Iu = 4%. Tests
were conducted at 25 m/s which yields a Reynolds numbers Re = 2.2 · 105 for the
biconvex cross-section profile and Re = 1.3 · 105 for the rhomboidal one.
Six biconvex cross-section prisms were tested, the aspect ratio (τ = h/w) being
τ =0.183, 0.344, 0.504, 0.667, 0.742 and 0.839. Eight different rhomboidal prisms
were analysed, with aspect ratios τ =0.194, 0.252, 0.329, 0.357, 0.460, 0.580, 0.799
and 1.000. It must be pointed out that the measurements provided by Alonso et al.
(2009) have been corrected by usual wind tunnel correction methods to take into
account test chamber blockage using the model proposed by Barlow et al. (1999).
General Den Hartog criterion corresponding to both cross-sections is presented in
figure 4.20.
appendix C.11 presents the stability maps of the rhomboidal cross-section with
aspect ratio τ = 0.194, 0.329, 0.580 and 1.000. appendix C.12 presents the stability
maps of the biconvex cross-section with form factors τ = 0.183, 0.504, 0.667 and
0.839.
table 4.6 summarizes the stability information about rhomboidal and biconvex
cross-sections. As can be appreciated, rhomboidal cross-section with aspect ratios
τ > 0.357 seem reasonably stable for all the configurations. However, further wind
tunnel tests are required to asses the influence of wear on the stability of rhomboidal
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Figure 4.20: Generalized Den Hartog criterion (dH (α)), equation (4.17), corresponding
to the rhomboidal (a) and biconvex (b) cross-sections analysed by Alonso
et al. (2009). Numeric differentiation is performed via Lagrange polynomials,
equation (4.3).
Table 4.6: Qualitative stability information corresponding to the non-conventional crosssections. The colour key is presented in table 4.1. The three model configurations
analysed are the bridge with no windbreaks (H00A00), the bridge with a straight
windbreak 55 mm high (H55A00) and the bridge with a windbreak 55 mm high
an eave (H55A05).
H00A00
H55A00
H55A05
windward
leeward
windward
leeward
windward
leeward
6◦ 0◦ −6◦ 6◦ 0◦ −6◦ 6◦ 0◦ −6◦ 6◦ 0◦ −6◦ 6◦ 0◦ −6◦ 6◦ 0◦ −6◦
τ = 0.194
τ = 0.252
Rhombi

τ = 0.329
τ = 0.357
τ = 0.460
τ = 0.580
τ = 0.799
τ = 1.000
τ = 0.183
Biconvex

τ = 0.344
τ = 0.504
τ = 0.667
τ = 0.742
τ = 0.839

cross-sections. In the case of the biconvex cross-section, only the case with the
highest aspect ratio analysed (τ = 0.839) shows a reasonably good stability.

4.4

Discussion

The transverse galloping instability of a standard contact wire has been analysed.
A simple formulation to determine the risk of one-dimensional galloping has been
established, in agreement with former studies (Nikitas and Macdonald, 2010;
Macdonald and Larose, 2006). The stability of two wire cross-sections, the BC120 contact wire (EN 50149:2012) and a standard contact wire (Stickland and
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Scanlon, 2001), has been assessed through a practical application, making use of
the information gathered in chapter 3. However the presented analysis faces some
restrains that can be easily overcome in the future, with the guidance of current
literature.
Linear formulation of the galloping onset Several studies have reported the
existence of hysteresis phenomenon in oscillations induced by galloping phenomenon
(Alonso et al., 2012; Barrero-Gil et al., 2009; Liu et al., 2013). This behaviour
suggests the existence of limit cycles on the mechanical system, which has been
widely studied by mathematical models, which model the external excitation
with higher order polynomials (Chen et al., 2007; Lynch and Christopher, 1999).
Two different analysis can be followed in the future, in order to reproduce the
experimental results on this hysteresis phenomenon. The first analysis consists on
the use of higher order polynomial to model the external excitation, equation (4.13),
assuming the validity of the quasy-steady theory. The second analysis consists of
the experimental determination of the non-steady aerodynamic coefficients, i.e., the
aerodynamic coefficients measured when the cross-section is oscillating with known
amplitude and frequency.
As already stated, the simplified formulations can establish the onset of the
galloping phenomenon. However, non-linear analysis is required to obtain the
vibration response or to predict the maximum oscillation amplitudes. Higher order
models or FEM analysis have been usually proposed to conduct this evaluation (Kim
and Nguyen, 2006; Liu et al., 2014; Luongo and Piccardo, 1998; Luongo et al., 2008;
Martinelli and Perotti, 2001).
Application of galloping instability to the flow over a railway bridge
According to the Den Hartog criterion the two contact wire cross-sections analysed
along this chapter are prone to experience galloping phenomenon, but the
appearance of oscillations will depend on the angle of incidence of the flow. A
simple exercise has been proposed, using the information provided in the flow
characterization above a railway embankment conducted in chapter 3. The
Den Hartog criterion is evaluated at the mean values of the local angles of attack.
Two main lines to improve the analysis can be performed. On one hand it should
be performed a sensitivity analysis on the interpolation method to calculate the
derivatives of the aerodynamic coefficients. In the other hand, a stochastic analysis
can be conducted to asses how the turbulence of the incident flow affects the
galloping instability of the contact wire.
Galloping mitigation via cross-section modification In order to evaluate
some simple means to improve the stability behaviour, the modification of the
cross-section shape is proposed. The aerodynamic properties of simple geometrical
shapes accessible in the current literature have been used to evaluate the galloping
instability of alternative cross-sections for the contact-wire. However, most of the
information available in the literature is focused on geometrical shapes prone to
experience galloping phenomenon. In consequence, most of these alternative crosssections exhibited galloping instability, for some the configuration proposed in the
practical application described in sections 4.2.3 and 4.3. This academic abstraction
has two limitations that may be easily overcome by further experimental tests in
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order to characterize the aerodynamic coefficients of new geometrical shapes. The
first limitation, as already mentioned, is the use of cross-sections prone to galloping
instability because of their availability in the current literature. The second, is the
lack of information to asses the effect of wear level on some of the cross-sections
analysed along the chapter.

Chapter 5
Summary and future research lines

This document has presented a research on the effect of crosswinds on several
subsystems of the railway infrastructure. The wind actions compromise both the
rolling stock stability and the structural integrity of the railway overhead. A twodimensional approach is herein proposed to study the influence of a set of windbreaks
on both railway subsystems, the rolling stock and the railway overhead.
Windbreaks have been usually adopted as a simple solution to alleviate the wind
effects on several other areas, and their use in the railway infrastructure provides
certain level of protection against the cross-wind action on rolling stock travelling
at exposed locations, such as embankments or bridges.
Aerodynamic loads on a static carbody model. A set of two-dimensional
wind tunnel tests has been conducted to obtain the pressure distribution on the
model surface. The numeric integration of the pressure distribution yields the
aerodynamic loads on the model. The static train model placed on a railway

(a)

(b)

Figure 5.1: Surface pressure distribution on a two-dimensional train model placed on the
windward track of a railway bridge. The angle of incidence of the flow is
α = 0◦ . (a) Bridge with no wind protection devices, (b) bridge with a windbreak
hwb = 55 mm high.
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(a)

(b)

Figure 5.2: Surface pressure distribution on a two-dimensional train model placed on the
leeward track of a railway bridge. The angle of incidence of the flow is
α = 0◦ . (a) Bridge with no wind protection devices, (b) bridge with a windbreak
hwb = 55 mm high.

embankment or a railway bridge experiences a suction peak in the windward side
of the roof, figures 5.1(a) and 5.2(a). The installation of a couple of vertical fences
on the railway platform decreases the intensity of the suction peak, as described in
chapter 2. If the windbreak height is large enough, the pressure distribution on the
carbody surface becomes almost uniform, figures 5.1(b) and 5.2(b). This effect on
the surface pressure leads to the reduction of the wind loading on the carbody.
The highest windbreak tested in the current experimental campaign can even
change the direction of the rolling moment coefficient on the train. Baker (2002)
suggested the recirculating flow pattern in the separation bubble behind the fence
as the presumably main cause of this behaviour. In fact, the flow characterization
above the railway platform conducted in chapter 3 shows how the inclusion of the
windbreak leads to the presence of reverse flow condition in some areas within
the parapet’s wake, figures 3.17 to 3.19. The flow above the railway platform
was characterised in the absence of a rolling stock model. A more meaningful
insight could be achieved if similar experiments to those presented in chapter 3 are
conducted in the future with the train model placed on top of the railway platform.
Although the physical phenomena behind the aerodynamic loads on moving
rolling stock are highly three-dimensional, in this document a two-dimensional
methodology has been adopted to study the problem. The main reason lays behind
the technical difficulties to properly model the three-dimensional effects in the
wind tunnel, in particular the relative velocity between the rolling stock and the
static infrastructure. This additional complexity may explain a certain lack of
information regarding the influence of windbreaks on rolling stock travelling on
railway embankments.
Two different approaches may be addressed to improve the understanding on
the windbreak influence on the train aerodynamics. The first one, would be the use
of moving vehicles in wind tunnel experiments (Baker, 2002), but this approach
involves additional complexity on the model instrumentation and experimental
facilities. The second approach would be the use of CFD simulations. In section 2.3,
the two-dimensional CFD analysis conducted by Sesma et al. (2013) has predicted
similar trends to those presented in section 2.2.4 from wind tunnel experiments, once

93

U

U

U

U

contact wire

contact wire

(a)

(b)

Figure 5.3: Streamlines corresponding to the mean flow field, and vertical velocity profile
on the line that passes through the contact wires. The angle of incidence of the
flow is α = 0◦ . (a) Bridge with no wind protection devices, (b) bridge with a
windbreak hwb = 55 mm high.
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Figure 5.4: Vertical turbulence intensity profile on the line that passes through the contact
wires. The angle of incidence of the flow is α = 0◦ . (a) Bridge with no wind
protection devices, (b) bridge with a windbreak hwb = 55 mm high.

the CFD model is properly calibrated. CFD simulations present as an advantage
the possibility to model the relative motion between the train and the surroundings.
However this approach presents two main bottle-necks, the computational resources
(CPU, RAM and storage) required for a so intensive three-dimensional analysis and
the turbulence closure problem (section 3.1.2). A set of wind tunnel tests focused on
the flow characterization with the train model placed on top of the railway platform
may help to determine the hypotheses required for the turbulence closure problem.
Flow characterization above the railway platform Although the windbreak
presence benefits the rolling stock stability, the flow pattern downstream the
windbreak is altered by the inclusion of such elements on the railway platform,
figures 5.3 and 5.4. Two experimental techniques, hot-wire anemometry (HWA)
and particle image velocimetry (PIV), have been used to analyse the flow properties
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contact wire

Figure 5.5: Sketch of the stability map around the contact wire location of a railway bridge
with a windbreak hwb = 55 mm high. The angle of incidence of the flow is
α = 0◦ .

above the railway platform, chapter 3. Both experimental techniques yield similar
results concerning the flow velocity and turbulence intensity around the contact
wire location of a railway bridge. The mean flow velocity around the contact
wire location is usually reduced, although some configuration exhibits a small
speed-up, appendices B.3 and B.4. However, the general increase of the incident
turbulence intensity around both contact wires locations may lead to some structural
instabilities due to galloping phenomena, chapter 4.
It is clear, that a more extensive parametrization should be considered to improve
the characterization of the flow properties using PIV technique. A larger range
of windbreak heights (hwb ), angles of incidence of the flow on the railway bridge
(α) and the eave lengths (ae ) should be considered. Also, it will be interesting
to conduct a similar experimental analysis to investigate the influence of the
embankment slope and the crest height on the flow patterns above a railway
embankment. The preliminary flow characterization through the basic statistic
descriptors may be sufficient for a simplified analysis on the contact wire instabilities,
chapter 4. However, in order to identify the flow patterns additional post-processing
should be performed. The Proper Orthogonal Decomposition (POD) of the flow
field properties, such as the TKE, Reynolds Shear Stress or the vorticity will be
considered in the near future for that purpose.
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Galloping instability of the railway overhead chapter 4 describes a linear
analysis of the galloping instabilities of the railway overhead. The simplified
Den Hartog criterion (dH0 = clα + cd < 0) has been usually addressed to estimate
the onset of the cable oscillations due to galloping phenomenon. However, strictly
speaking, that expression is only valid to establish the onset of one-dimensional
transverse galloping at an angle of attack α = 0◦ . A more general criterion, in
agreement with (Carassale et al., 2013, 2014; Nikitas and Macdonald, 2010), has
been derived in order to consider non-negligible angles of attack on the contact wire,
section 4.2.2. In the present document is proposed to use this general expression
(equation (4.17)) to combine the aerodynamic coefficients of a standard contact
wire cross-section with the information obtained during the flow characterization
(chapter 3). The results are a set of stability maps that represent the susceptibility
of the contact-wire to experience galloping phenomenon within an area around its
original location, figure 5.5. This set of stability maps, appendix C, is indeed a
practical application of the contact wire galloping instability to the “experimental
case scenario”. Some improvement may be attained if on-site information about the
incident flow is used to compose the practical application. Following this approach,
is simple to extend the analysis to determine the suitability of non-standard wire
shapes as an alternative contact-wire cross-section. The aerodynamic properties
of common geometrical shapes, such as rectangles or triangles, are easily available
in the current literature. Unfortunately, the main interest on these geometrical
shapes lays on their susceptibility to develop galloping phenomena. In consequence
it is not easy to stablish an alternative cross-section geometry, leaving aside other
technical aspects such as maintenance costs or fabricability. The determination of
the aerodynamic properties of other simple geometrical shapes would be of interest
in order to palliate the galloping phenomena of the railway overhead. In this
analysis, only the contact wire contribution to the galloping phenomenon have been
considered. Further analysis is required in order to determine the contribution of
the messenger wire and droppers to the railway overhead aerodynamic properties.
This simplified analysis is focused on the qualitative understanding of the
influence of the windbreak presence on the galloping phenomena. A more meaningful
insight on the galloping phenomena could be achieved if a two-dimensional model
is used. Even a non-linear approach can be derived in order to study the possibility
of limit cycles and the maximum amplitude of the oscillation. The analysis is
based in the first statistical moments, following the hypotheses of quasy-steady
theory. However, the turbulence in the incident flow may affect the galloping onset.
The contribution to the oscillation onset of the unsteady velocity components can
be investigated using stochastic analysis, but due to the restrictions of the PIV
technique a new flow characterization using a two-dimensional HWA test or a time
resolved PIV experiment should be conducted.
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Appendix A
Pressure distribution on the carbody

In chapter 2 the pressure distributions on a two-dimensional train model have been
analysed. The global aerodynamic loads on the carbody, obtained by numerical
integration of the pressure distribution, have been presented in section 2.2.
In this Appendix, some pressure coefficient distributions on the train surface
are presented, in order to clarify the trends exhibited in figures 2.14 to 2.17. The
cross-section shape of the model is described in figure 2.4(b) and table 2.1.
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Figure A.1: Pressure coefficient, cp , distributions with the carbody placed on the windward
railway track on an embankment with a slope 1:2. Influence of the eave length.
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Figure A.2: Pressure coefficient, cp , distributions with the carbody placed on the leeward
railway track on an embankment with a slope 1:2. Influence of the eave length.
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Figure A.3: Pressure coefficient, cp , distributions with the carbody placed on the windward
railway track on an embankment with a slope 1:1. Influence of the eave length.
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Figure A.4: Pressure coefficient, cp , distributions with the carbody placed on the leeward
railway track on an embankment with a slope 1:1. Influence of the eave length.
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Figure A.5: Pressure coefficient, cp , distributions with the carbody placed on the windward
railway track on an embankment with a slope 1:2. Influence of the windbreak
height.
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Figure A.6: Pressure coefficient, cp , distributions with the carbody placed on the leeward
railway track on an embankment with a slope 1:2. Influence of the windbreak
height.
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Figure A.7: Pressure coefficient, cp , distributions with the carbody placed on the windward
railway track on an embankment with a slope 1:1. Influence of the windbreak
height.
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Figure A.8: Pressure coefficient, cp , distributions with the carbody placed on the leeward
railway track on an embankment with a slope 1:1. Influence of the windbreak
height.

Appendix B
Characterization of the flow
downstream the windbreak

In chapter 3 the flow field above the railway platform is presented. For the sake
of completeness, herein are gathered most of the Figures that correspond to the
analysis described in chapter 3. Several properties of the flow are represented in
this Appendix, such as the mean and variance values of the flow velocity or the flow
turbulence intensity. These properties are presented in two different types of figures,
a two-dimensional representation of the flow field (appendices B.1 and B.2) and the
wind flow profiles corresponding to the vertical line that passes through the contact
wire (appendices B.3 and B.4).
The basic field description presented in section B.1 consist on the mean (X) and
variance σx2 values of the local flow velocity and angle of incidence of the flow, being
x the corresponding wind speed component. The mean and variance values can be
obtained using the n samples measured during the experimental tests as
1X
x̃i
(3.5 revisited)
X = E [x̃] =
n

 1 X 02
σx2 = E (x̃ − X)2 =
xi
(3.6 revisited)
n
The TKE and Reynolds Shear Stress, section B.2, are defined as

1  02
u1 + u02
(3.14 revisited)
TKE =
3
2
Ru1 u3
= (u01 · u03 )
(3.15 revisited)
ρ
The windward (section B.3 ) and leeward (section B.4) wind profiles show the mean
velocity value referred to the bridge with no protection device
ũ (x3 ) ũ1 (x3 ) ũ3 (x3 )
,
,
ũref (x3 ) ũref (x3 ) ũref (x3 )
and the turbulence intensity profile defined as
σx
Ix =
(3.8 revisited)
X
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Figure B.1: Local velocity magnitude and angle of attack. Mean and standard deviation values. Railway bridge with no windbreak exposed to an incident
flow at α = −6◦ . 16×16 pixel final interrogation window.

B.1
122

APPENDIX B. CHARACTERIZATION OF THE FLOW DOWNSTREAM THE
WINDBREAK

Figure B.2: Local velocity magnitude and angle of attack. Mean and standard deviation values. Railway bridge with no windbreak exposed to an incident
flow at α = 0◦ . 16×16 pixel final interrogation window.
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Figure B.3: Local velocity magnitude and angle of attack. Mean and standard deviation values. Railway bridge with no windbreak exposed to an incident
flow at α = 6◦ . 16×16 pixel final interrogation window.
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Figure B.4: Local velocity magnitude and angle of attack. Mean and standard deviation values. Railway bridge with a straight windbreak 55 mm high
exposed to an incident flow at α = −6◦ . 16×16 pixel final interrogation window.
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Figure B.5: Local velocity magnitude and angle of attack. Mean and standard deviation values. Railway bridge with a straight windbreak 55 mm high
exposed to an incident flow at α = 0◦ . 16×16 pixel final interrogation window.
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Figure B.6: Local velocity magnitude and angle of attack. Mean and standard deviation values. Railway bridge with a straight windbreak 55 mm high
exposed to an incident flow at α = 6◦ . 16×16 pixel final interrogation window.
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Figure B.7: Local velocity magnitude and angle of attack. Mean and standard deviation values. Railway bridge with a windbreak 55 mm high equipped
with an eave exposed to an incident flow at α = −6◦ . 16×16 pixel final interrogation window.
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Figure B.8: Local velocity magnitude and angle of attack. Mean and standard deviation values. Railway bridge with a windbreak 55 mm high equipped
with an eave exposed to an incident flow at α = 0◦ . 16×16 pixel final interrogation window.
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Figure B.9: Local velocity magnitude and angle of attack. Mean and standard deviation values. Railway bridge with a windbreak 55 mm high equipped
with an eave exposed to an incident flow at α = 6◦ . 16×16 pixel final interrogation window.
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(c) Upstream angle of incidence of the flow , α = 6◦

(b) Upstream angle of incidence of the flow , α = 0◦

(a) Upstream angle of incidence of the flow , α = −6◦

TKE and Reynolds Stress per unit mass density

Figure B.10: Logarithmic value of the Turbulent Kinetic Energy (log(TKE)) and value of the Reynolds Shear Stress (u01 u03 ). Railway bridge with no
windbreak. 16×16 pixel final interrogation window.
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Figure B.11: Logarithmic value of the Turbulent Kinetic Energy (log(TKE)) and value of the Reynolds Shear Stress (u01 u03 ). Railway bridge with a windbreak
55 mm high with no eave. 16×16 pixel final interrogation window.

(c) Upstream angle of incidence of the flow , α = 6◦

(b) Upstream angle of incidence of the flow , α = 0◦

(a) Upstream angle of incidence of the flow , α = −6◦
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Figure B.12: Logarithmic value of the Turbulent Kinetic Energy (log(TKE)) and value of the Reynolds Shear Stress (u01 u03 ). Railway bridge with a windbreak
55 mm high equipped with an eave. 16×16 pixel final interrogation window.

(c) Upstream angle of incidence of the flow , α = 6◦

(b) Upstream angle of incidence of the flow , α = 0◦

(a) Upstream angle of incidence of the flow , α = −6◦
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Figure B.13: Velocity field profiles corresponding to the vertical line through the windward contact wire. Railway bridge with no windbreak, at three different
angles of incidence of the flow, α = −6◦ (a), α = 0◦ (b) and α = 6◦ (c)
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Figure B.14: Velocity field profiles corresponding to the vertical line through the windward contact wire. Railway bridge with a windbreak 55 mm high with
no eave, at three different angles of incidence of the flow, α = −6◦ (a), α = 0◦ (b) and α = 6◦ (c)
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Figure B.15: Velocity field profiles corresponding to the vertical line through the windward contact wire. Railway bridge with a windbreak 55 mm high
equipped with an eave, at three different angles of incidence of the flow, α = −6◦ (a), α = 0◦ (b) and α = 6◦ (c)
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Figure B.16: Velocity field profiles corresponding to the vertical line through the leeward contact wire. Railway bridge with no windbreak, at three different
angles of incidence of the flow, α = −6◦ (a), α = 0◦ (b) and α = 6◦ (c)
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Figure B.17: Velocity field profiles corresponding to the vertical line through the leeward contact wire. Railway bridge with a windbreak 55 mm high with
no eave, at three different angles of incidence of the flow, α = −6◦ (a), α = 0◦ (b) and α = 6◦ (c)
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Figure B.18: Velocity field profiles corresponding to the vertical line through the leeward contact wire. Railway bridge with a windbreak 55 mm high
equipped with an eave, at three different angles of incidence of the flow, α = −6◦ (a), α = 0◦ (b) and α = 6◦ (c)
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Appendix C
Contact wire instability regions

In chapter 4 the appearance of large undamped oscillations of the railway overhead
due to galloping phenomena is described. The occurrence of these oscillations is
affected mainly by the contact wire cross-section and the properties of the incident
flow. On one hand, the flow above the railway platform has been characterised
in chapter 3. On the other hand, the aerodynamic coefficients corresponding
to the BC-120 cross-section have been presented in section 4.2.1. Even the
aerodynamic coefficients about other prismatic shapes are easily available on the
current literature, section 4.3. In order to assess the contact wire instability both
sources of information have been combined into a set of stability maps presented
along this Appendix. A qualitative summary of the stability information has been
presented in tables 4.2 to 4.6.
The local angles of attack obtained through PIV technique, figure C.1(a), and
the aerodynamic coefficients of each cross-section, figure C.1(b), have been used to
evaluate the generalized Den Hartog criterion, equation (4.18)
dH (α) = (clα + cd + (cdα − cl ) tan α0 ) cos2 α0

(4.18 revisited)

The stability maps, figure C.1(c), show the sign of Den Hartog criterion, dH (α), in
a square region around the contact wire. The square side is 2∆x1 = 2∆x3 = 10 mm,
which corresponds to 0.25 m at real scale. figure C.2 shows the arrangement of the
stability maps.
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PIV vector fields

Cross-section aerodynamics

(a)

(b)

+

Stability Maps
(c)

unknown

unstable

contact wire

stable

cross-section no. n

cross-section no. 1

Figure C.1: The mean local angle of incidence (a) and the aerodynamic coefficients of the
cross-section (b) are combined into stability maps (c). The stability is assessed
at the data grid provided by the PIV analysis within a square section with
∆x1 = ∆x3 = 5 mm. Black circles denote the unstable spots. Red crosses
correspond to those spots where Den Hartog criterion, equation (4.18), cannot
be evaluated.

Figure C.2: Stability maps arrangement for either the leeward/windward contact wire. Each
row represents a fixed cross-section. Each column always corresponds to the
same angle of incidence of the flow on the bridge model.
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Figure C.3: Contact wire instability region corresponding to BC-120 cross-section. Railway bridge with no windbreak. Den Hartog criterion is calculated
at each data point provided by the PIV analysis, using the mean angle of incidence of the flow. A black circle denotes an unstable spot, a red
cross represents an angle of attack for which Den Hartog criterion is unavailable.
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(b) leeward contact wire

α = 0◦
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Figure C.4: Contact wire instability region corresponding to BC-120 cross-section. Railway bridge with a straight windbreak 55 mm high. Den Hartog
criterion is calculated at each data point provided by the PIV analysis, using the mean angle of incidence of the flow. A black circle denotes an
unstable spot, a red cross represents an angle of attack for which Den Hartog criterion is unavailable.
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Figure C.5: Contact wire instability region corresponding to BC-120 cross-section. Railway bridge with a windbreak 55 mm high equipped with an eave.
Den Hartog criterion is calculated at each data point provided by the PIV analysis, using the mean angle of incidence of the flow. A black circle
denotes an unstable spot, a red cross represents an angle of attack for which Den Hartog criterion is unavailable.
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Standard cross-section analysed by Stickland and Scanlon (2001)
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Figure C.6: Contact wire instability region corresponding to the contact wire cross-section analysed by Stickland and Scanlon (2001). Railway bridge with
no windbreak. Den Hartog criterion is calculated at each data point provided by the PIV analysis, using the mean angle of incidence of the
flow. A black circle denotes an unstable spot, a red cross represents an angle of attack for which Den Hartog criterion is unavailable.

C.2

no wear

low wear

medium wear

high wear

no wear
low wear
medium wear
high wear

148
APPENDIX C. CONTACT WIRE INSTABILITY REGIONS

α = 6◦
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Figure C.7: Contact wire instability region corresponding to the contact wire cross-section analysed by Stickland and Scanlon (2001). Railway bridge with
a straight windbreak 55 mm high. Den Hartog criterion is calculated at each data point provided by the PIV analysis, using the mean angle
of incidence of the flow. A black circle denotes an unstable spot, a red cross represents an angle of attack for which Den Hartog criterion is
unavailable.
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Figure C.8: Contact wire instability region corresponding to the contact wire cross-section analysed by Stickland and Scanlon (2001). Railway bridge with
a windbreak 55 mm high equipped with an eave. Den Hartog criterion is calculated at each data point provided by the PIV analysis, using the
mean angle of incidence of the flow. A black circle denotes an unstable spot, a red cross represents an angle of attack for which Den Hartog
criterion is unavailable.
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Triangular cross-section (upwards orientation)
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Figure C.9: Contact wire instability region corresponding to the triangular cross-section analysed by Alonso and Meseguer (2006b). Railway bridge with no
windbreak. Den Hartog criterion is calculated at each data point provided by the PIV analysis, using the mean angle of incidence of the flow.
A black circle denotes an unstable spot, a red cross represents an angle of attack for which Den Hartog criterion is unavailable.
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Figure C.10: Contact wire instability region corresponding to the triangular cross-section analysed by Alonso and Meseguer (2006b). Railway bridge with
a straight windbreak 55 mm high. Den Hartog criterion is calculated at each data point provided by the PIV analysis, using the mean angle
of incidence of the flow. A black circle denotes an unstable spot, a red cross represents an angle of attack for which Den Hartog criterion is
unavailable.
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Figure C.11: Contact wire instability region corresponding to the triangular cross-section analysed by Alonso and Meseguer (2006b). Railway bridge with a
windbreak 55 mm high equipped with an eave. Den Hartog criterion is calculated at each data point provided by the PIV analysis, using the
mean angle of incidence of the flow. A black circle denotes an unstable spot, a red cross represents an angle of attack for which Den Hartog
criterion is unavailable.
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Triangular cross-section, downwards orientation

(b) leeward contact wire

α = 0◦

α = −6◦

Figure C.12: Contact wire instability region corresponding to the triangular cross-section analysed by Alonso and Meseguer (2006b). Railway bridge with
no windbreak. Den Hartog criterion is calculated at each data point provided by the PIV analysis, using the mean angle of incidence of the
flow. A black circle denotes an unstable spot, a red cross represents an angle of attack for which Den Hartog criterion is unavailable.
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Figure C.13: Contact wire instability region corresponding to the triangular cross-section analysed by Alonso and Meseguer (2006b). Railway bridge with
a straight windbreak 55 mm high. Den Hartog criterion is calculated at each data point provided by the PIV analysis, using the mean angle
of incidence of the flow. A black circle denotes an unstable spot, a red cross represents an angle of attack for which Den Hartog criterion is
unavailable.
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Figure C.14: Contact wire instability region corresponding to the triangular cross-section analysed by Alonso and Meseguer (2006b). Railway bridge with a
windbreak 55 mm high equipped with an eave. Den Hartog criterion is calculated at each data point provided by the PIV analysis, using the
mean angle of incidence of the flow. A black circle denotes an unstable spot, a red cross represents an angle of attack for which Den Hartog
criterion is unavailable.
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α = 6◦

(a) windward contact wire

α = 0◦

α = −6◦

(b) leeward contact wire
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Figure C.15: Contact wire instability region corresponding to a rectangular cross-section with sharp edges (D’Auteuil, 2006). Railway bridge with no
windbreak. Den Hartog criterion is calculated at each data point provided by the PIV analysis, using the mean angle of incidence of the flow.
A black circle denotes an unstable spot, a red cross represents an angle of attack for which Den Hartog criterion is unavailable.
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Figure C.16: Contact wire instability region corresponding to a rectangular cross-section with sharp edges (D’Auteuil, 2006). Railway bridge with a straight
windbreak 55 mm high. Den Hartog criterion is calculated at each data point provided by the PIV analysis, using the mean angle of incidence
of the flow. A black circle denotes an unstable spot, a red cross represents an angle of attack for which Den Hartog criterion is unavailable.
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Figure C.17: Contact wire instability region corresponding to a rectangular cross-section with sharp edges (D’Auteuil, 2006). Railway bridge with a windbreak
55 mm high equipped with an eave. Den Hartog criterion is calculated at each data point provided by the PIV analysis, using the mean angle
of incidence of the flow. A black circle denotes an unstable spot, a red cross represents an angle of attack for which Den Hartog criterion is
unavailable.
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Figure C.18: Contact wire instability region corresponding to a rectangular cross-section with chamfered edges (D’Auteuil, 2006). Railway bridge with no
windbreak. Den Hartog criterion is calculated at each data point provided by the PIV analysis, using the mean angle of incidence of the flow.
A black circle denotes an unstable spot, a red cross represents an angle of attack for which Den Hartog criterion is unavailable.
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Figure C.19: Contact wire instability region corresponding to a rectangular cross-section with chamfered edges (D’Auteuil, 2006). Railway bridge with a
straight windbreak 55 mm high. Den Hartog criterion is calculated at each data point provided by the PIV analysis, using the mean angle
of incidence of the flow. A black circle denotes an unstable spot, a red cross represents an angle of attack for which Den Hartog criterion is
unavailable.
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Figure C.20: Contact wire instability region corresponding to a rectangular cross-section with chamfered edges (D’Auteuil, 2006). Railway bridge with a
windbreak 55 mm high equipped with an eave. Den Hartog criterion is calculated at each data point provided by the PIV analysis, using the
mean angle of incidence of the flow. A black circle denotes an unstable spot, a red cross represents an angle of attack for which Den Hartog
criterion is unavailable.
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Figure C.21: Contact wire instability region corresponding to a rectangular cross-section (Knisely, 1990). Railway bridge with no windbreak. Den Hartog
criterion is calculated at each data point provided by the PIV analysis, using the mean angle of incidence of the flow. A black circle denotes
an unstable spot, a red cross represents an angle of attack for which Den Hartog criterion is unavailable.
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Figure C.22: Contact wire instability region corresponding to a rectangular cross-section (Knisely, 1990). Railway bridge with a straight windbreak 55 mm
high. Den Hartog criterion is calculated at each data point provided by the PIV analysis, using the mean angle of incidence of the flow. A
black circle denotes an unstable spot, a red cross represents an angle of attack for which Den Hartog criterion is unavailable.
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Figure C.23: Contact wire instability region corresponding to a rectangular cross-section (Knisely, 1990). Railway bridge with a windbreak 55 mm high
equipped with an eave. Den Hartog criterion is calculated at each data point provided by the PIV analysis, using the mean angle of incidence
of the flow. A black circle denotes an unstable spot, a red cross represents an angle of attack for which Den Hartog criterion is unavailable.
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Figure C.24: Contact wire instability region corresponding to a rectangular cross-section (Knisely, 1990). Railway bridge with no windbreak. Den Hartog
criterion is calculated at each data point provided by the PIV analysis, using the mean angle of incidence of the flow. A black circle denotes
an unstable spot, a red cross represents an angle of attack for which Den Hartog criterion is unavailable.
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Figure C.25: Contact wire instability region corresponding to a rectangular cross-section (Knisely, 1990). Railway bridge with a straight windbreak 55 mm
high. Den Hartog criterion is calculated at each data point provided by the PIV analysis, using the mean angle of incidence of the flow. A
black circle denotes an unstable spot, a red cross represents an angle of attack for which Den Hartog criterion is unavailable.
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Figure C.26: Contact wire instability region corresponding to a rectangular cross-section (Knisely, 1990). Railway bridge with a windbreak 55 mm high
equipped with an eave. Den Hartog criterion is calculated at each data point provided by the PIV analysis, using the mean angle of incidence
of the flow. A black circle denotes an unstable spot, a red cross represents an angle of attack for which Den Hartog criterion is unavailable.
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Figure C.27: Contact wire instability region corresponding to a square cross-section (Tamura and Tetsuya, 1999). Railway bridge with no windbreak.
Den Hartog criterion is calculated at each data point provided by the PIV analysis, using the mean angle of incidence of the flow. A black
circle denotes an unstable spot, a red cross represents an angle of attack for which Den Hartog criterion is unavailable.
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Figure C.28: Contact wire instability region corresponding to a square cross-section (Tamura and Tetsuya, 1999). Railway bridge with a straight windbreak
55 mm high. Den Hartog criterion is calculated at each data point provided by the PIV analysis, using the mean angle of incidence of the flow.
A black circle denotes an unstable spot, a red cross represents an angle of attack for which Den Hartog criterion is unavailable.
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Figure C.29: Contact wire instability region corresponding to a square cross-section (Tamura and Tetsuya, 1999). Railway bridge with a windbreak 55 mm
high equipped with an eave. Den Hartog criterion is calculated at each data point provided by the PIV analysis, using the mean angle of
incidence of the flow. A black circle denotes an unstable spot, a red cross represents an angle of attack for which Den Hartog criterion is
unavailable.
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Figure C.30: Contact wire instability region corresponding to a square cross-section Carassale et al. (2013, 2014). Railway bridge with no windbreak.
Den Hartog criterion is calculated at each data point provided by the PIV analysis, using the mean angle of incidence of the flow. A black
circle denotes an unstable spot, a red cross represents an angle of attack for which Den Hartog criterion is unavailable.
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Figure C.31: Contact wire instability region corresponding to a square cross-section Carassale et al. (2013, 2014). Railway bridge with a straight windbreak
55 mm high. Den Hartog criterion is calculated at each data point provided by the PIV analysis, using the mean angle of incidence of the flow.
A black circle denotes an unstable spot, a red cross represents an angle of attack for which Den Hartog criterion is unavailable.
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Figure C.32: Contact wire instability region corresponding to a square cross-section Carassale et al. (2013, 2014). Railway bridge with a windbreak 55 mm
high equipped with an eave. Den Hartog criterion is calculated at each data point provided by the PIV analysis, using the mean angle of
incidence of the flow. A black circle denotes an unstable spot, a red cross represents an angle of attack for which Den Hartog criterion is
unavailable.
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Figure C.33: Contact wire instability region corresponding to a rhomboidal cross-section Alonso et al. (2009). Railway bridge with no windbreak. Den Hartog
criterion is calculated at each data point provided by the PIV analysis, using the mean angle of incidence of the flow. A black circle denotes
an unstable spot, a red cross represents an angle of attack for which Den Hartog criterion is unavailable.
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Figure C.34: Contact wire instability region corresponding to a rhomboidal cross-section Alonso et al. (2009). Railway bridge with a straight windbreak
55 mm high. Den Hartog criterion is calculated at each data point provided by the PIV analysis, using the mean angle of incidence of the flow.
A black circle denotes an unstable spot, a red cross represents an angle of attack for which Den Hartog criterion is unavailable.

τ = 0.329

τ = 0.580

τ = 1.000

τ = 0.194
τ = 0.329
τ = 0.580
τ = 1.000

176
APPENDIX C. CONTACT WIRE INSTABILITY REGIONS

α = 6◦

α = 0◦

α = −6◦
τ = 0.194
τ = 0.329

τ = 0.194

τ = 0.329

(a) windward contact wire

τ = 0.580
τ = 1.000

τ = 0.580

τ = 1.000

(b) leeward contact wire

α = 0◦

α = −6◦

Figure C.35: Contact wire instability region corresponding to a sqrhomboidal cross-section Alonso et al. (2009). Railway bridge with a windbreak 55 mm
high equipped with an eave. Den Hartog criterion is calculated at each data point provided by the PIV analysis, using the mean angle of
incidence of the flow. A black circle denotes an unstable spot, a red cross represents an angle of attack for which Den Hartog criterion is
unavailable.
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Figure C.36: Contact wire instability region corresponding to a biconvex cross-section Alonso et al. (2009). Railway bridge with no windbreak. Den Hartog
criterion is calculated at each data point provided by the PIV analysis, using the mean angle of incidence of the flow. A black circle denotes
an unstable spot, a red cross represents an angle of attack for which Den Hartog criterion is unavailable.
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Figure C.37: Contact wire instability region corresponding to a biconvex cross-section Alonso et al. (2009). Railway bridge with a straight windbreak 55 mm
high. Den Hartog criterion is calculated at each data point provided by the PIV analysis, using the mean angle of incidence of the flow. A
black circle denotes an unstable spot, a red cross represents an angle of attack for which Den Hartog criterion is unavailable.
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Figure C.38: Contact wire instability region corresponding to a biconvex cross-section Alonso et al. (2009). Railway bridge with a windbreak 55 mm high
equipped with an eave. Den Hartog criterion is calculated at each data point provided by the PIV analysis, using the mean angle of incidence
of the flow. A black circle denotes an unstable spot, a red cross represents an angle of attack for which Den Hartog criterion is unavailable.
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