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Train Aerodynamics — Fundamentals and Applications

A graduate level text book by Chris Baker, Terry Johnson, Dominic Flynn, Hassan Hemida,
Andrew Quinn, David Soper and Mark Sterling, Elsevier 2019
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Further purchase details can be found here and here.
From the Preface

The book is divided into two parts. Part 1 addresses a range of fundamental aspects (chapters
1to 6), and Part 2 (chapters 7 to 13) considers a number of practical applications. The
contents of the individual chapters are as follows.

Chapter1. The historical context. This gives a brief historical context to the subject of train
aerodynamics and how the field has developed over the last two centuries.

Chapter2. Fluid mechanics concepts. This chapter sets out a number of fundamental fluid
mechanics concepts that will be drawn on in the chapters that follow, at the level of graduate
engineers with some fluid mechanics background.



https://www.amazon.co.uk/Train-Aerodynamics-Fundamentals-Chris-Baker/dp/0128133104
https://www.elsevier.com/books/train-aerodynamics/baker/978-0-12-813310-1

Chapter 3. Testing techniques. This chapter provides introductions to full scale testing and
to physical model testing with wind tunnels and moving model rigs. Data processing is also
discussed.

Chapter4. Computationaltechniques. This chapter presents the basics of computational
fluid dynamics (CFD) as applied to train aerodynamics, and also to a range of optimization
techniques.

Chapter5 The flow around trains in the open air. This chapter gives a description of the flow
around trains in the open air with and without crosswind. The flow in different regions around
the train is described in some detail, mainly drawing on a range of full-scale data.

Chapter6. The flow around trains in tunnels. This chapter discusses the special case of the
flow around trains in tunnels, in particular considering the transient pressure waves created by
the passing of trains through tunnels.

Chapter7. Aerodynamic drag. This chapter describes methods for measuring and predicting
train aerodynamic drag; presents a collation of drag data from a wide variety of trains; and
discusses methods of drag alleviation.

Chapter 8. Aerodynamic loads on trackside structures, passing trains and people. This
chapter discusses both pressure loading and velocity (slipstream) loading caused by trains;
presents methods for load measurement and prediction and considers how these loads can
then be applied in the design and risk analysis process.

Chapter9. Ballast movement beneath trains. This chapter considers the various
mechanisms that cause ballast to move under trains, both aerodynamic and otherwise, and
discusses the initiation of motion, ballast rolling and ballast flight. Applications to train
authorization and route risk analysis are also discussed.

Chapter 10. Aerodynamic effects on pantographs and overhead wire systems. This chapter
describes the nature of the overhead line and pantograph system and considers methods for
measuring and calculating the various aerodynamic loads within the system.

Chapter 11. Train overturning in high winds. This chapter describes the determination of the
crosswind forces and moments on trains, the specification of the natural wind and calculation
of the accident wind speed. The issues involved in train authorization and route risk
assessment are discussed, together with mitigation methods.

Chapter 12. Tunnel aerodynamic issues. This chapter considers a range of practical issues
that arise when trains pass through tunnels - the effects of pressure waves on the ears; sonic
booms at the outlet of long tunnels on high speed lines; aerodynamic drag in tunnels,
structural loading and specific problems associated with very long tunnels.

Chapter 13. Emerging issues. This chapter presents short introductions to a range of issues
that may come to be of significant importance in the future.




Trains in crosswinds
January 24, 2020
A blog from a previous version of this website — written in 2017

At the time this blog was written, Storm Friederike has just passed over Western Europe and
has resulted in a number of deaths and considerable traffic chaos. The BBC reported that

Deutsche Bahn had already suspended rail traffic in North Rhine-Westphalia (NRW),
neighbouring Rhineland-Palatinate state and Lower Saxony, when it announced a Germany-
wide suspension of long-distance trains. Any regional trains still running have cut their speed
because of the strong winds.

A spokesman said it was the “right decision” due to the risk of trees falling on overhead wires
and on tracks.

and

The Dutch Railways (NS) and operator ProRail said overhead power lines had been damaged by
the wind, as well as some railway tracks. An alert on the NS website said that “at most, only a
few trains” would run throughout the evening.

Trains do occasionally blow over. The first recorded incident was on the Leven viaduct in south
Cumbria in 1904 when a wooden bodied train blew over on the embankment on the approach
to aviaduct. Anumber of other incidents have occurred around the world in recent years, the
latest being in Switzerland where a video has been posted online of a train in the process of
being blown over — here and here. Clearly as accidents of this type can have potentially very
severe consequences they need to be in some was taken into account by train builders and
railway operators in design and practice.

The effect of cross winds on trains (and lorries to some extent) is a research topic that has
stayed with me throughout my career. My first involvement with the issue was when | worked
for BR Research in the early 1980s in looking at the effects of high winds on the Advanced
Passenger Train. The issue arose again when the Channel Tunnel was opened as the very light
lorry carrying vehicles were found to be at risk of blowing over in ports. Then, with the advent of
high speed trains in the 1990s, considerable effort has been devoted to developing a
methodology to ensure that cross wind effects are taken into account in both design and
operation —in Europe, Japan, Korea, and most recently in China. There is broad agreement on
the methodology that is to be used. It consists of three parts.

¢ An assessment of the aerodynamic loads on the train — usually in the form of graphs of
aerodynamic forces and moments against wind angle.

¢ The use of this aerodynamic data in some sort of mathematical model of the effects of
wind on the vehicle under consideration to determine a graph of wind speed that will
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cause and accident against vehicle speed — usually referred to as a Cross Wind
Characteristic or Characteristic Wind Curve (CWC).

¢ The use of this CWC together with weather, route and operating data to determine the
risk that the train will blow over on the route under consideration.

The design of trains usually considers only the first two steps and the CWC that is obtained is
compared with reference CWCs in the train certification process. Train operators clearly need
to know the output of the third stage, so they can design suitable risk alleviation systems - eg.
slowing trains down, providing protection such as wind breaks etc.

Each of the above steps can have varying levels of complexity.

¢ The assessment of aerodynamic loads can involve physical model tests of different
types — using standard low turbulence wind tunnel tests, wind tunnel tests with a
simulation of atmospheric turbulence or moving model tests. Embankments and
bridges may or may not be modeled. Alternatively the loads can be determined by CFD
calculations, again of varying levels of complexity, from simple RANS calculations,
through to complex (and resource hungry) DES and LES calculations.

e The calculation CWCs needs a simulation of the wind —that can either be the
specification of a simple gust velocity, the specification of a spatially and temporally
varying ideal gust, or the full specification of a wind time history; and also a simulation
of the vehicle system - either a simple one, two or three mass model or the
specification of the suspension system with varying levels of complexity. More recently
some authors have even used calculations that are coupled with the track dynamics
and with the dynamics of a bridge that the train passes over.

¢ Finally the determination of the risk requires detailed wind statistical information that is
not always easily available, together with route topographical information —
embankment heights, bridge geometries etc.

To my mind one of the most important things about this three part process, and one that is not
always appreciated, is that each component has a very different level of precision. The
aerodynamic forces and moments can probably be specified to within 5%. The calculation
methodology for CWCs, given specific values of the forces and moments, is highly accurate
(say to within 1%), whilst the calculation of risk has massive inbuilt uncertainties because of
the uncertainties in the meteorological information. Thus usually the risk of a wind induced
accident can only be specified to within an order of magnitude i.e. 10®or 10°. Thus highly
accurate determinations of CWCs are really pointless when the uncertainties in the risk
calculations are considered.

Having spent the last 40 years involved with this problem to some degree or other, | would thus
like to make the following reflections.




The different aspects of the subject - fluid mechanics, vehicle dynamics, meteorology
etc. — make for a fascinating intellectual mix, and have led to the development of a range
of complex modeling and analytical techniques. For an academic these challenges are
fascinating — but these intellectual challenges can sometimes result in the end points of
the process (train certification and risk specification) to be forgotten. | am as guilty of
this as anyone of course. As an academic | can argue that my work in this area has
enabled progress in other research areas, as indeed it has, but the end goal shouldn’t
be forgotten.

The current train certification methodology in the CEN code is essentially a comparative
one with CWCs for particular trains being compared with CWCs for trains that are
considered safe. As such, accurate values of accident wind velocities are not required,
as long as they were derived in the same way as for the reference safe vehicle. The CEN
code sensibly goes down this route, and specifies a simple type of wind tunnel test to
obtain the force coefficients. However it requires a full multi-body dynamic simulation
with an artificial gust simulation, with a complexity that seems inconsistent with the
accuracy with which the aerodynamic forces and moments can be specified.

The above multi-body simulation technique can, and has in the recent past, resultin
game playing that has no relevance to train operation or safety — by marginally changing
the suspension parameters in an arbitrary way in the dynamic calculations so that the
CWC is above the reference value and thus allowing the train to be certified. There must
be doubts about any methodology that allows such things to happen.

Taking the above considerations a little further, there is an increasing tendency in
published papers in this area to include as many complications as possible - multiple
degrees of freedom of train, track and (if appropriate) bridge; coupling of train
movement with the aerodynamic coefficients; very high resolution (and resource usage)
CFD calculations. In my view the proper way to use such techniques is to carry out
studies to determine the effects of such complex methodologies on overall
aerodynamic forces and CWCs (almost always second order) and then to develop a
much similar methodology that allows for them in an approximate way that is
consistent with the accuracy of the overall process. Just because it is possible, using
modern numerical techniques, to make complex calculations, it is not always sensible,
or a proper use of resources, to do so.

Finally there is the effect of operation that needs to be taken into account, which brings
us back to where we began. In the recent storms, the German and Dutch railway
authorities simply stopped train movement, because of worries about debris on the
track or trees falling onto overhead wires — not because of worries about trains
overturning, as the wind speeds were much too low for that. The same happens in the
UK. When high winds are forecast Network Rail and the TOCs first impose a blanket
regional 50mph speed limit, mainly so that trains have some hope of reducing speed
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when debris is blown onto the track. A major problem in this regard seems to be
trampolines at the moment - see figure 2 below — and at higher predicted gust speeds of
around 65mph, train operation is stopped completely. Also, very often, train movements
are blocked by tree fall onto the overhead. Operational reality takes precedence over all
the wind tunnel tests, CFD calculations and MDS modeling we can conceive of doing.

The study of the effects of high winds on trains is fascinating and alluring academically, and
allows the use of a whole range of fun physical model experiments and challenging
computational techniques. But a sense of perspective is required | think —to keep the various
methodologies simple enough for reasonably routine use in train certification and route risk
assessment; and not to forget the overriding importance of train operational considerations.




Aerodynamic effects on railway infrastructure
January 24, 2020

This post is based on a talk given by the author at the PWI Midland Technical Seminar — High
Speed Rail: The Technical Challenges, on October 19%2017.

Introduction

When the word “aerodynamics” is used within a railway context, most listeners would
immediately think of trains with streamlined front ends whose function is to reduce
aerodynamic resistance and thus fuel consumption. This indeed is an important issue for train
manufacturers and operators, and, since train aerodynamic resistance varies with (train
speed)?, has become of increasing importance in recent years as train speeds increase.
However the most aerodynamic effects on the railway are not simply concerned with train
design and operation, but are of significant importance to the railway infrastructure as well.
These effects include the pressure waves that pass up and down tunnels and affect
passengers aural comfort; the sonic booms that are emitted from the end of tunnels on high
speed lines; the transient pressures that load trackside structures as trains pass; the high
velocity slipstreams flows that can cause problems to passengers waiting on train platforms;
the pickup of ballast beneath high speed trains; and a range of disruptive effects caused by
high winds.

In the next section, we will briefly consider the tools that are available to the engineer to
investigate aerodynamic effects, and then we will proceed to give brief introductions to the
effects outlined above.

The available tools

There are essentially four different tools that can be used to investigate aerodynamic effects on
train infrastructure —full scale testing; physical model scale testing; computational fluid
dynamics (CFD); and the use of codes and standards. We will consider each of these in turn.

Clearly full scale measurements are the preferred type of testing, as these, properly
conducted, will actually measure the reality of the situation. There are well established
techniques for measuring wind velocities (using a range of anemometers of different types)
and pressures (loads) on the infrastructure or the train (using pressure probes and pressure
transducers) — see figure 1 for some slipstreams measurements made by BCRRE staff in
Germany. However, there are serious practical issues. Setting up measurements requires close
liaison with operators, development of safe working practices, possessions to install
equipment etc., all of which can be costly and difficult to organize. Full scale tests are very
vulnerable to weather conditions, and high winds, which unfortunately tend to come at the
most inconvenient time, can make any test results very hard to interpret. To obtain
representative data, usually around 20 passes of trains are required, with trains of the same
configuration running at close to the same speed, which is of course not always achievable.

8




And of course, very often, information is required for trains or structures that are not yet built,
and so full scale testing is not possible. This technique remains the best to use, but these
practical issues can often make it impossible to do so.

Figure 1 Slipstream measurements in Germany

Physical model tests can take a variety of forms. The simplest (used to investigate cross wind
effects) are standard low turbulence wind tunnel tests. However such tests do not properly
reproduce the relative motion between the train and the ground. To model these effects
properly it is necessary to use a moving model rig, such as the BCRRE TRAIN Rig based at
Derby, which is a 150m long test track, capable of firing 1/25™"scale model trains along two
tracks at 75m/s (270 km/hr) — see figure 2 below. Such rigs can also be used to measure tunnel
pressure transients (the TRAIN rig was originally built by BR Research in the 1980s to
investigate transients in the proposed Channel Tunnel); loads on trackside structures;
slipstream effects and (most recently) for the measurement of flow beneath trains in ballast
pickup studies.

Figure 2 The BCRRE TRAIN Rig




CFD techniques have seen major advances in recent years, and there have been a large
number of applications to investigate railway aerodynamic effects. Most investigators use
steady flow methods (usually referred to as RANS — Reynolds Average Navier Stokes —
methods), which can be run on desktop workstations with run times of the order of hours or a
few days. These methods can be learnt quite easily, and can give an indication of the flow field
around trains and railway infrastructure. Whilst they are undoubtedly convenient, they do have
significant limitations in that they cannot fully describe the highly transient an unsteady
aerodynamic conditions that exist in the railway environment. Thus in recent years unsteady
methods such as Detached Eddy Simulation (DES) and Large Eddy Simulation (LES) have come
to be used more and more. Whilst these methods can produce a great deal of flow field and
loading information (see figure 3 below for example), they are extremely resource intensive. For
example recent calculations at Birmingham to measure cross wind effects on trains have used
computational grids with more than 50 million cells, which take weeks or months to run on the
University supercomputer facility. Such methods are not yet practical for routine use in the
train and infrastructure design, although they may well become so in the not too distant future.

e

Figure 3 DES Simulation of the flow field around a Class 43 HST

Finally we come to codes and standards. In recent years much work has been undertaken by
CEN to produce a series of standards entitled “Railway Applications — Aerodynamics
EN14067”. There are six parts to this code — Part 1 Symbols and Units; Part 2 Aerodynamics on
the Open Track; Part 3 Aerodynamics in tunnels; Part 4 Requirements and test procedures for
aerodynamics on open track; Part 5 Requirements and test procedures for aerodynamics in
tunnels; Part 6 Requirements and test procedures for cross wind assessment. These standards
have aimed to synthesise a great deal of work that has been carried out over recent years, and
provide a very valuable resource. Atthe time of writing revisions are underway on parts 4 to 6,
and a further standard on ballast pickup assessment is in the very early stage of development.
Various aerodynamic requirements are also set out in the Infrastructure and Rolling Stock TSls,
often referring back to the CEN standards for the methodology.
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Tunnel pressure waves and sonic booms

The phenomenon of pressure changes in tunnels is well known. Essentially when a train enters
atunnel a compression wave (pressure increase) passes along the tunnel at the speed of
sound. This reflects from the open end of the tunnel as an expansion wave (pressure decrease)
and travels back along the tunnel. To complicate matters when the end of the train enters the
tunnel this generates and expansion wave which again passes along the tunnel but reflects as
a compression wave. These pressure waves can thus bounce from one end of the tunnel to
another, resulting in extremely complicated pressure patterns both in the tunnel and on the
train itself. The complexity can be compounded by the presence of airshafts which can also
cause wave reflections, or by more than one train in the tunnel at the time. On unsealed trains
this variable pressure can be very uncomfortable for passengers, and there are some tunnels
on the GB network where aerodynamic speed limits are in operation. Most modern trains are
sealed of course, and depending on the degree of sealing the pressure transients may or may
not be felt by passengers. The CEN codes specify criteria for allowable pressure changes over
different periods of time — for example 3kPa in 4 seconds in a single track tunnel. These
transients can be quite accurately predicted using very simple one dimensional calculation
methods, based on the equations of gas dynamics, and more complex CFD methods are only
necessary for very detailed calculations around, say, the inlet to the tunnel. The advantage of
the simple methods is that they can be run a large number of times to investigate a wide range
of cases i.e. when trains enter the tunnels from both ends, the time lag between the first and
the second entering the tunnel can be varied to investigate the worst case scenario.

An associated issue is that of the sonic booms that are emitted form the ends of tunnels on
high-speed lines. This was first noticed in Japan in the 1980s as Shinkansen speeds increased
through relatively small tunnels. Once observed, its cause was quite quickly established. The
compression wave that results from train entry into the tunnel is not an instantaneous pressure
rise, but rather a more gradual rise over a short period of time. The pressure wave thus has a
spatial gradient. For long tunnels, particularly with ballasted track, the friction of the tunnel
wall and track bed tends to steepen the wave significantly. When this wave arrives at the far
end of the tunnel, most of the energy is reflected as an expansion wave, but some of the energy
propagates outward as a sonic boom, with an intensity that is proportional to the pressure
gradient at the exit. The method for minimizing sonic booms is straightforward, although
perhaps not intuitive, and involves giving the inlet pressure wave as shallow a gradient as
possible, so that even if it does steepen in the tunnel, its gradient at the outlet is still not
sufficiently large to cause a strong sonic boom. This is achieved by the use of variable area
hoods at the entrance to the tunnel — see figure 4 below for a hood that was tested on the
TRAIN Rig at Birmingham as part of the initial HS2 studies.
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Figure 4 Tunnel entrance hood to eliminate sonic booms
Aerodynamic loading of trackside structures

As the front of trains pass by trackside structures, they generate a transient pressure wave on
the structure with the pressures first increasing and then decreasing. For example figure 5
shows the pressure on the underside of an overbridge as three different trains pass, plotted in
dimensionless terms as a pressure coefficient. The peak to peak pressures are notin general
that large (around 0.5 to 1kPa in dimensional terms) but, when they are repeated many
thousands of times, can lead to fatigue failure of structures such as noise barriers, platform
canopies etc. Guidance on allowing for these effects can be found in the CEN codes, based on
full-scale tests carried out in Germany in the 1980s. These are of course not directly applicable
to the GB situation because of the different loading gauge, so the RSSB have recently
commissioned some tests on the TRAIN rig to measure the pressure transients on a variety of
structures (hoardings, canopies, overbridges, tressle platforms) using 1/25™"scale models, to
provide information for a UK National Annex. The data shown in figure 5 is taken from those
experiments and shows that the pressure transients caused by a Class 66 locomotive is very
much greater than that caused by a Class 158 multiple Unit or the Class 390 Pendolino.
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Figure 5 Pressure transients measured on a 10m wide bridge, 4.5 m above the track in
TRAIN Rig experiments

Train slipstreams

As trains move along the track, not only do they generate pressure transients as outlined
above, but they also generate high velocities. This velocity field is known colloquially as a
slipstream. Along the side of the train (and on the roof) there is a region of flow where the air
around the train is moving at the train speed next to the surface of the train (due to friction
effects), decaying to zero at some distance away from the train. This region is known as the
train boundary layer, and its thickness grows along the train. For passenger trains the boundary
layer can be around 1m to 1.5 thick at the end of the train. For freight trains the boundary layer
can be much thicker and extend 3 or 4m from the side of the train. In the wake of the train, the
flow is very different for passenger and freight trains. For passenger trains the flow within the
boundary layer rolls up into longitudinal vortex structures that can extend for tens or hundreds
of metres behind the train —and indeed for such trains the highest airflow velocities are usually
found in the wake and experienced by passengers on platforms when the train is disappearing
into the distance. For freight trains these vortices do not seem to exist, and the flow velocities
decay rapidly behind the train. This difference in the flow field is illustrated in figure 6, which
shows the average velocities measured at trackside for around 20 train passes, as an ICE2 and
a container freight train pass by. It can be seen that the highest velocities for the ICE2 occur in
the wake of the train, but for the freight train these occur along the side of the train and the high
velocities exists for much longer than for passenger trains. In this figure the air velocities are
normalized by train speed, and the normalized freight train air velocities are much higher than
those for the passenger train. This implies that the air flow velocities caused by freight trains at
their normal operating speed (80 to 100km/h) can be higher than those caused by passenger
trains moving much faster. This issue has come to prominence lately because of two incidents
in the UK. In the first, at Twyford station, a disabled girlin a pushchair was sucked into the side
of a hopper train, and, mercifully, simply bounced of with only a minor injury. In the second an
empty pushchair was moved by the slipstream of a passing container train at Nuneaton station
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and hit the train before bouncing back onto the platform. There is potentially an issue here that
needs to be addressed by the industry.
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Figure 6. Slipstream velocities measured for a high speed passenger train (ICE2) and a
container freight train. (passenger train figure shows velocities at different distances from
the side of the 270m long train; container train figure shows velocities for two different
container consists for a 600m long train)

As noted above, train slipstream velocities can be measured at full scale, with all the practical
difficulties that involves. A methodology is given in the CEN standards, together with limits for
allowable velocities at both trackside and on platforms. Over recent years, it has been
demonstrated that moving model tests an also be used for slipstream velocity measurements,
although careful consideration of scaling effects is required. Standard RANS CFD techniques
are not yet suitable for slipstream velocity assessments, because they do not capture the
highly transient nature of the flow.

Ballast pickup

The problem of ballast flight beneath trains is one that has made itself felt very forcibly over
recent years, with a variety of (usually unpublicised and unpublished) events occurring on high
speed lines, where ballast has been lifted from the track, seemingly by aerodynamic effects,
and caused considerable damage to train under bodies and tracks. The phenomenon seems to
manifest itself in different ways in different countries. In parts of Europe incidents have
occurred in normal weather conditions, where large quantities of quite large ballast have
become airborne and caused extensive pitting of train under bodies. In particular this occurred
during ICE3 tests in French and Belgium lines in 2003 and 2004, where major damage was
caused to the trains, but other incidents have been reported in Italy and Spain. In other parts of
France and the Far East, the problem seems to be due to ice particles falling from trains, that
then displace ballast that then causes train and track damage. In the UK, the problem appears
to be due to smaller ballast particles being lifted onto the track, where they are crushed by
either the train that caused the ballast to lift or a following train, leading to pitting of the wheel
and rail, and the need for more regular maintenance and shown below. Indeed discussion with
operators in the UK suggest that the flight of ballast has been a problem for many years, with
long term requirements for extra wheel maintenance through grinding, for the front and rear
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wheel sets, and regular observations of ballast high up in the underbody equipment during
maintenance periods. But without a doubt the most severe issues occur on ballasted high-
speed lines when operating around and above 300km/hr.

The causes of ballast pickup are quite complex. Ballast experiences a number of different
types of force as trains pass over — mechanical forces due to track vibration and aerodynamic
pressure and friction forces. These forces all vary in different ways with train geometry speed,
ballast size and packing etc., and these variations probably explain the different ways in which
the phenomenon is manifested. This phenomenon has initiated a significant amount of
research work around the world, particularly within Europe, through the Aerodynamics in the
Open Air (AOA) and AeroTRAIN projects. The thrust of these investigations has been towards
developing a method for the certification of new trains, through a standardised testing
procedure, based on measuring the flow velocity beneath trains above a standardised track
form. More recent tests by the University of Birmingham and the University of Southampton on
HS1 have measured mechanical effects and aerodynamic effects simultaneously during the
passage of Eurostars in an attempt to understand more fully the physics behind ballast pick up.
Southampton University developed the technique of using ballast with accelerometers, data
loggers and batteries mounted within the ballast itself — with the data downloaded each
evening via a USB port! Alongside these full scale tests, work was carried out to predict the flow
beneath the train using physical models on the TRAIN Rig and advanced CFD techniques. The
Eurostar model on the TRAIN Rig is shown in Figure 7. It can be seen that the train travelled
along the rig upside down under a false floor, to make access easier for instruments. The
physical model experiments were in excellent agreement with full-scale results and potentially
offer a way for the certification of new train designs, although much further development work
is required.

Figure 7 Upside down Eurostar model on the TRAIN Rig for underbody flow measurements
High wind effects
The study of the effects of high winds on trains has a long history dating back to the risk

assessment that was carried out to determine the risk of the Advanced Passenger Train
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blowing over on the West Coast Main Line in the late 1970s. The Rolling Stock TSI specifies that
all new high speed trains have to demonstrate that they have sufficient cross wind stability (i.e.
they will not overturn) and likewise the Infrastructure TSI requires that a suitable risk
assessmentis carried out before trains can be certified to run on specific routes. The methods
for carrying out these assessments are quite complex and are set out in the TSIs and CEN
standards. The risk assessment requires the exposure of routes to high winds to be assessed,
and the risks of high wind gusts to be specified.

However the effect of cross winds on railway operation is not of course confined to train design
and route risk assessment. In the recent storms in Europe (early 2018), the German and Dutch
railway authorities simply stopped train movement, because of worries about debris on the
track or trees falling onto overhead wires — not because of worries about trains overturning, as
the wind speeds were much too low for that. The same happens in the UK. When high winds
are forecast Network Rail and the TOCs first impose a blanket regional 50mph speed limit,
mainly so that trains have some hope of reducing speed when debris is blown onto the track. A
major problem in this regard seems to be trampolines at the moment (!) and at higher
predicted gust speeds of around 65mph, train operation is stopped completely. Also, very
often, train movements are blocked by tree fall onto the overhead.

Closing comments

It can be seen from the descriptions of the various issues set out above that there are a wide
range of aerodynamic issues that need to be taken into account in railway infrastructure design
and operation, as well as in the design of new trains and other rolling stock. One final point is
worthy of mention however. It seems to the author that this range of issues isill served by a
simple split between train effects and infrastructure effects, as is, inevitably, fostered by the
Rolling Stock and Infrastructure TSI. Aerodynamic effects on the railway are usually a
combination of the effects of train movement around and through infrastructure —trackside
structures, the track itself, tunnels and so on, and cannot easily be compartmentalized. This is
perhaps what makes the subject such a fascinating one for study!
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Train Aerodynamics Researchin 2018 /2019
January 27, 2020
Introduction

The book “Train Aerodynamics — Fundamentals and Applications” (hereafter referred to as
TAFA) was published in early 2019, but in reality took no account of any material published
after June 2018. There has however been a significant number of studies published in the
second half of 2018 and 2019, and it seemed worthwhile to try to collate these in some way,
and this blog post attempts to do this. Selfishly such a collation might help for any second
edition of TAFA that is produced (if the sales warrant it!) but more generally it is hoped that it
may prove useful to all those involved in Train Aerodynamics in one way or another in
signposting ongoing work around the world.

It should be emphasized at the outset that this collation cannot properly be described as a
review. Areview (as | have told my graduate students for the last three decades) needs some
degree of synthesis of the various reports and papers discussed. This of course requires a
number of papers addressing the same issue to be available to synthesise. Looking at papers
from a short time period that cover a wide range of subject matter, this is not really possible, so
what follows is essentially a brief description of the work that has been carried outin 2018 and
2019, with a few interpretive comments.

We consider the various publications roughly in the order of the Applications described in Part
2 of TAFA —train drag, pressure transient loads, slipstream loads, ballast flight, OHL issues,
crosswind studies, tunnel aerodynamics and emerging issues. A brief section is included on
train and tunnel ventilation that was not considered in TAFA. Some concluding reflections are
included at the end of the post.

In the text, published references are linked directly to their DOI, rather than to a reference list.
Those references with no DOI (recent conference publications in the main) are given in a short
list at the end of the post. A full reference list can be found here.

Train drag

One of the major issues in both experimental and computational assessments of train drag is
the simulation of the ground, as the nature of this simulation can have a significant effect on
the measured force. Niu et al (2018b) present some CFD analyses that usefully address this
issue for a number of ground and ballast representations. Overall they show that the effect on
measured drag coefficients at zero yaw angle is small (of the order of 2 to 3%) and probably not
significant in comparison with the large variation in drag measured at full scale, and in different
types of CFD and physical model simulations. Nonetheless the results can give some guidance
for the setting up of physical model tests and CFD trials.
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There have been a small number of train drag investigations looking at the effect of
modifications to different parts of the train on overall drag — nose length, inter-car gaps, bogie
position, roof equipment and for freight trains, container spacing. They will be considered in
turn below.

Chen etal (2019a), using IDDES, looked at effect of nose lengths of between 5 and 10m on drag
on afive-car train. The drag was shown, unsurprisingly, to decrease with nose length. Li et al
(2018b) used the k-omega method to investigate the effect of inter car gap length on drag, and
showed that gap lengths of less than 80mm full scale had no effect on drag. The k-epsilon CFD
work of Gao et al (2019) looked at the effect of changing bogie position on the leading car of a
three-car high-speed train. The results indicate that moving the front bogie back 2m from its
normal position can reduce the overall drag of the front car by 10% and the overall three-car
drag by 6.5%. These drag reductions will of course be a smaller proportion of the overall drag
for full-length trains.

Tschepe et al (2019) investigated the drag of roof-mounted insulators through wind tunnel
experiments. They observed considerable Reynolds number effects and effects of insulator
position on the measured drag (which in aerodynamic terms were in the critical range), and
showed that overall drag due to roof elements could be about 5% of overall train drag.
Interestingly they found that soft insulators displayed a tendency to flutter, resulting in higher
drag than rigid insulators.

Maleki et al (2019) carried out a CFD investigation of the flow around containers using LES.
There were major changes in the wake of containers as container spacing increased. Above a
certain spacing wake closure occurs with high speed flows impinging on downstream
container, resulting in increased drag. They also present potentially useful results for the
optimisation of single and double stack container positions for low -drag.

Pressure transients and loads

A small number of investigations have been reported of the pressure transients and loads
caused by passing trains. Soper et al (2019) made full scale experiments on the transient
pressure loads caused by high speed trains on acoustic barriers, and were able to determine
the effect of variations in track distance and the nature of the overall trackside infrastructure
on the measured loads. The CEN load correlations were found to represent the results well.

Huang et al (2019) added to the small amount of data available on the loads caused by passing
trains through an experimental and compressible CFD study of high speed Maglev trains
passing each other, including detailed calculations of the transient pressure field around the
train.

Munoz-Paniagua and Garcia (2019) developed an optimization methodology for nose shape to

optimize (i.e. minimize) the pressure transients. This involved a large number of CFD runs for
different geometries that were used to train a genetic algorithm. It was shown, perhaps
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unsurprisingly, that nose length and bluntness were the most important parameters in the
optimization. They also considered the optimization of nose shape for cross wind
performance, which will be discussed further below.

Slipstream velocities and loads

In 2018 and 2019 a significant number of papers have been published that use (in the main)
CFD IDDES to calculate trains slipstream and wakes and to look at specific flow effects. These
all give a great deal of information concerning the micro-nature of the flow field that it is not
always easy to interpret of to put into a bigger picture. They are useful however in helping to
build up a picture of the complexity of even the idealised CFD flow fields around trains. As with
draginvestigations described above, these studies were aimed at assessing the effects of
slipstreams of changes to different parts of the train — nose and tail, gaps between double units
and bogies.

Chen et al (2019a) looked at the effect of different nose / tail lengths on drag and lift, but also
looked at the effect of the slipstream behaviour along and behind the train. They found that the
TSI slipstream velocities decreased with tail length, with the longitudinal trailing vortices
becoming weaker. In a further paper they extended this work to look at the effect of changes in
nose length on the slipstreams and wakes in crosswinds (Chen et al, 2019b). Not surprisingly
they found that the effect of nose length on the overall flow field was complex and quite
difficult to quantify.

Lietal (2019b) looked at the effect of the gap in double unit trains on the development of the
slipstream and the wake and showed that the main effect was to increase the boundary layer
and wake velocities downstream of the gap.

Two papers from the same group in Changsha (Wang et al, 2019 and Dong et al, 2019) describe
aspects of an IDDES investigation of flow around bogies. The first looks at the effect of bogie
fairings on the slipstream and wake and, as might be expected, shows that bogie fairings
reduce the velocities in the boundary layer and the strength of the longitudinal vorticity in the
wake. The second studies the effects of simplifying the geometry of train bogies in CFD
simulations. It shows that the effects are mainly felt in the underbody flow region rather than in
the wider flow around the train, and offers some suggestions for appropriate degrees of
geometric simplification.

Finally the IDDES modelling of Wang et al (2018c) should be mentioned. This is a fundamental
study of the effects of bogies on the slipstreams of high-speed trains. The study shows that the
generation of the strong spanwise oscillation of the wake, observed especially in the presence
of bogies is due to the amplification of a natural instability of the time-mean pair of counter-
rotating vortices.
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Ballast flight

The work in this area has focused on two aspects — the nature of the flow field around the train,
and the accumulation of snow in the bogie area.

With regard to the first, two useful studies have been reported that address the issue of the
train underbody flow, which of course controls the flight of ballast. The first of these is the
thesis by Jonsson (2016), which is somewhat outside the publication time range considered
here, but is nonetheless worth mentioning. The author carried out extensive measurements
using PIV to measure the flow field beneath 1/50"scale model trains, with different underbody
geometries and sleeper layouts. Comparisons were made with full scale and showed that the
essential aspects of the underbody flow field could be reproduced. The tests also showed how
important train underbody irregularities were in increasing velocities and thus the likelihood of
ballast flight. The data was also used in a simple analytical framework similar to (and earlier
than, so it takes academic priority!) that included in TAFA.

Also with regard to the underbody flow, Paz et al (2019) consider the nature of ground
simulation in CFD trials, and present a method for simulating track and ballast geometries in
this region, using scanned profiles of real sleeper and ballast geometries. The results show
significant differences between the simulation and the normal flat ground geometries,
particularly close to the ballast where higher levels of turbulence were measured. Overall the
methodology as set out is potentially of great use in simulations for train authorization
purposes.

Two CFD studies, both by the same group have also been carried out to address the related
problem of snow accumulation around bogies — one using a discrete phase model and

IDDES (Liu et al, 2018) and one using a discrete phase model and URANS (Wang et al, 2018b).
A somewhat qualitative validation of the methodology against experiments was carried out.
Similar results were obtained using both methods, but the URANS work used considerably less
computer resource. Unsurprisingly snow was shown to accumulate in areas of low velocity in
the bogie cavity. Overall the results give useful qualitative indications of those aspects of bogie
design that could be altered to reduce snow accumulation.

Overhead and pantograph systems

Two interesting studies on the dynamics of pantograph and catenary systems were reported in
2018/2019. In the first, Li et al (2018a) describes DDES calculations of the flow around and
forces on pantographs on a three car high speed train at yaw angles of 0, 20 and 30 degrees,
thus representing a range of cross wind velocities. As might be expected, the flow around the
pantographs becomes increasingly complex and turbulent as the yaw angle increases. The
aerodynamic forces on the pantograph were found to oscillate around a mean value even at
zero yaw, and as the yaw angle increased a range of different dominant frequencies appeared.
Whilst these results are doubtless quite specific to the case being considered, and the
simulation does not fully reproduce the range of turbulent fluctuations in the atmosphere, they
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do show the potential for high cross winds to excite a range of pantograph oscillations. Thisis
an area where further work would be of significant interest.

Secondly, Xie and Zhi (2019) report wind tunnel results for the dynamic behaviour of catenary
systems, including the effect of wire tension on the natural frequency and displacements of
the contact wire in a range of cross wind conditions. A large scale if somewhat crude
simulation of the near ground atmospheric boundary layer was used. The authors discuss the
possibility of resonant oscillations occurring between the train pantograph system and the
overhead wire. Deflections of 6cm at mean wind speeds of 17m/s were measured. This is again
a topic where further work would be useful —in particular a study of the interaction between
pantographs and the overhead wires in high crosswinds would be very interesting and
potentially very significant.

Crosswind

The number of new studies on trains in crosswinds has increased significantly in recent years
and shows no sign of slowing down. In 2018/19 results of studies have been published on wind
conditions near the track, train aerodynamic forces in cyclonic winds, train aerodynamic
forces in tornado winds, the effects of wind shelter and full-scale measurement of wheel
unloading risk. These will be considered in turn below. Itis perhaps worth noting at this point
however that many of the CFD calculations described below, even though they give a detailed
description of unsteady flow fields, nonetheless do not fully simulate the turbulence structure
of the oncoming atmospheric boundary layer. These results thus not fully represent reality,
where the flow structures around the train can be expected to be disrupted by the oncoming
turbulence. They are nonetheless useful in giving an overall impression of the flow field and the
effects of different geometry changes for example.

Zhang at al (2019b) used IDDES, calibrated against wind tunnel tests, to predict the flow speed
up over embankments of varying geometry, to enable a rational siting of warning
anemometers. This work usefully adds to the data available for the wind speed up over railway
embankments. Hu et al (2019) also consider wind characteristics in terms of the nature of the
wind relative to a moving vehicle. The analytical framework they have produced is more
extensive and rigorous than those developed by earlier authors and has the potential to be
used to generate realistic time series of velocity that could be used in overturning
calculations.

A number of studies have been reported that enlarge the database of aerodynamic coefficients
of trains in cross winds. Noguchia et al (2019) provide experimental and LES data for the
crosswind forces and moments on a range of conventional train types on embankments. Guo
et al (2019) present the results of IDDES calculations that investigated the difference in cross
wind pressures and forces for both a 6 car single unit and a 6 car double unit high-speed train.
They also provide extensive discussions of the nature of the wake and the unsteady flow. The
effect of the gap between the two units was shown to have a significant effect on the crosswind
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forces on coaches in the centre of the formation, and also affected the primary frequencies of
oscillation. Lin etal (2019) report the results of a benchmark test to measure crosswind forces
and moments with two different trains in three different wind tunnels, all of which were carried
out to confirm to the CEN guidelines. Systematic differences in results between nominally
similar tests are observed, and seem to be associated with blockage and boundary layer
effects in the wind tunnels. These results were presented in brief at a conference, and a full
write up of the results should prove extremely interesting and is eagerly awaited by the author.

The optimisation work of Munoz-Paniagua and Garcia (2019) has already been mentioned
above. As with the pressure transients they found that nose length was the major factor
determining the crosswind forces and moments.

The above studies were concerned with trains in cyclonic winds. A couple of studies have been
reported where pressures on trains were measured using Tornado Vortex Generators — that of
Bourriez et al (2019) with a moving model, and that of Cao et al (2019) with a stationary model.
Both these studies have major scaling issues, where the train scale and tornado vortex scale
do not match. Nonetheless they give interesting indicative results. Further developments can
be expected in this field in the future.

In view of the importance of reducing crosswind forces and moments, the literature describing
the effect of wind barriers on trains in cross winds is surprisingly sparse. Recent studies have
gone some way to remedy this — Mohebbi et al (2019), Niu et al (2018a), Hashmi et al

(2019) used a variety of CFD techniques to investigate the effect of wind fences on train forces;
Misu et al (2019) used equivalent wind tunnel tests; He et al (2018) and Flamand et al (2019)
both considered train / bridge systems, where the cost to providing shelter on the train in
increasing the loads on the bridge were considered. Wu et al (2019) looked at a case where
wind shielding effects were undesirable, when a train runs in the wake of a bridge tower.
Through the use of a simple low speed moving model rig to measure transient train forces, and
a dynamic model of the wind / bridge / vehicle system they concluded that the shielding effect
could have an adverse impact on both the running safety and riding comfort of the train.

Finally in terms of assessing safety and risk, two interesting full-scale experimental techniques
have been developed. Wei et al (2018) report a method for measuring wheel unloading by
making continuous measurement of the accelerations and displacements of the wheel set
using relatively simple equipment, rather than the more conventional measurements made by
instrumenting the wheels themselves (although such measurements are themselves quite
innovative and difficult). The results from full-scale experiments on trains for the derailment
and loading coefficients as they move in and out of the shelter provided by wind breaks are
impressive and indicate that the methodology may be of some use in the future. Similarly, Lu et
al (2019) use measurements from primary suspension. Good agreement with instrumented
wheelset data was demonstrated provided a suitable calibration was carried out.
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Tunnels

In 2018 and 2019 a number of papers have been published on tunnel aerodynamics,
addressing the issues of pressure transients and micro-pressure waves, tunnel velocities and
structural loading. We will consider each of these issues in turn.

The work on pressure transients in tunnels has been carried out using both experimental and
computational methods. The experimental work of Heine et al (2019) using a moving model rig
investigates the effect of wall cavities (for cross passages) on tunnel pressures. These cavities
were installed to reduce the pressure load on interconnecting doors, but interestingly the
results show that, by creating extra surfaces for pressure waves to reflect from, the pressure
loading on the doors can actually increase under certain circumstances.

Iliadis et al (2018) also used a moving model rig to look at pressure transients as blunt freight
trains entered a tunnel, with measurements both on the tunnel wall and the train. The major
point to emerge is that for certain freight train loading situations, gaps in the train formation
can result in significant tunnel entry pressure transients, and the maximum pressure in the
tunnel might not always be associated with the entry of the train nose as for passenger trains.

Lietal (2019c) report a k-epsilon CFD investigation of the pressure waves in tunnels with
variable cross section, but with sudden transitions between the sections. Unsurprisingly they
show that a complex series of pressures results from these transitions, but on the whole the
magnitudes of the pressures are reduced from the single area case. Wang et al (2018) describe
a similar investigation using k-omega CFD, but with gradually varying area rather than abrupt
transitions. The pressure magnitudes are again reduced as would be expected. Both of these
also showed that there was the potential for reducing the gradient of the initial pressure wave,
which is the main parameter of importance in the generation of micro-pressure waves, using
such approaches.

Micro-pressure waves were considered in more detail in the work of Saito (2019) who used the
results of moving model rig experiments and a simple analytical formulation of tunnel entry
pressures. He investigated the optimum area and length of unvented entrance hoods, and
derived some useful design guidelines.

Another method of reducing the strength of micro-pressure waves is to use ballast rather than
slab trackin tunnels. Fukuda et al (2019) report on the results of full-scale tests where
experiments were measured before and after slab track in a tunnel was replaced by ballasted
track. Significant reductions in pressure gradient were observed. A simple methodology for
predicting these pressure gradient reductions has been derived.

The propagation of micro-pressure waves themselves has been considered by Zhang et al
(2018) and Zhang et al (2019a). The former developed straightforward analytical models of

pressure magnitudes around the tunnel exit portal, which were calibrated against experimental
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and CFD data. The latter made measurements of the relatively small pressure amplitudes at
the exit of a tunnel simulation using a moving model rig.

In some situations it is necessary to determine the velocity transients in tunnels as well as the
pressure transients, particularly when loads on structures or people are required. These issues
have been addressed by Jiang et al (2019) who carried out a URANS study of the slipstreams
generated by different train types in a double track tunnel, providing a great deal of detailed
information concerning the nature of the slipstream variation with height above the ground and
distance along the tunnel. The work of Iliadis et al (2019) mentioned above for freight trains,
also made such measurements. Kikuchi et al (2019) took a different approach and developed a
simple calculation method based on unsteady incompressible flow for the flow over the roof of
a train. This method takes into account the unsteady boundary layer development along the
train roof, and allows the velocities to be determined that can be used to assess pantograph
performance in confined tunnel situations.

Finally a couple of papers have appeared that have addressed the issues of loads on trains and
tunnelinfrastructure directly. The first, by Lu et al (2018) looked at the fatigue loading caused
by the pressure waves due to two high speed trains passing in a tunnel, and involved the use of
unsteady k-epsilon CFD and a finite element model of the car body to determine the loads at
specific points on the vehicle. Courtine at al (2019) carried out full scale and model scale
experiments to analyse designs of “deflectors” to be placed around lorries in the Channel
Tunnel, particularly with regard to the effect that they might have on the loads on the soft-sided
trailers.

Emerging Issues

The final chapter of TAFA briefly summarises a number of emerging issues. Of the ones
discussed, there are two that have seen further work published in 2018/19 - evacuated tube
transport, and snow drifting.

With regard to the former, two investigations have investigated the shock wave formation
around such tube trains for very high speed vehicles using different methodologies. Zhou et al
(2019) use the compressible Navier-Stokes equation for flow around an axisymmetric body in a
tube, whilst Niu et al (2019) use a variety of different CFD methods, and also consider heating
of the flow. Both reveal complex shock wave patterns, particularly behind the vehicle, and
investigate the choked flow region in particular. Both sets of results serve to emphasise the
complexity of the flows around such vehicles and indicate the formidable challenges that still
remain before this type of transport can be implemented.

The issue of wind blown sand around railways has been addressed by a group at Torino in Italy.
The paper by Raffaele and Bruno (2018) presents an outline of a probabilistic method for
assessing the accumulation of sand around railways, while the second by Bruno et al

(2018) presents a thorough review of current literature and methodologies. Clearly it is not
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possible to easily summarise a review paper — suffice it to say that this provides and excellent
starting point for those who wish to delve into this subject further.

Ventilation

One area of study that was not included in TAFA, and in retrospect probably should have been,
is that of ventilation of tunnels and stations, and the internal ventilation of the trains
themselves. The need for such studies is becoming increasingly urgent as the poor air quality
in underground stations and on trains becomes more and more apparent. Whilst no attempt
will be made to present a full review of this subject here, it is worthwhile to set out the work
that has been done in the 2018/19 period at least.

First of all let us consider the ventilation of tunnels and underground stations. Izadi et al
(2019) present the results of a unsteady RANS calculation of velocities and pressures in a
small number of stations connected by a single tunnel. Pressures and velocities were
predicted for a variety of train operating scenarios using both a simple axisymmetric geometry
and a more complex three-dimensional geometry. Various fan operating strategies were also
discussed. Koc et al (2018) use a simpler one-dimensional approach, but applied to a more
complex network of tunnels and stations. A methodology for using ANNSs to predict pressures
and velocities in complex situations is presented. Zarnaghsh et al (2019) use a finite volume
technique to investigate the behavior of tunnel ventilation fans and in particular the interaction
between the velocity field produced by trains and those produced by the fans themselves. It
was shown that the passage of trains could result in the operating characteristics of the fans
moving significantly away from their nominal operating point.

Work on the ventilation of trains has also been reported. Abadi et al (2019) report a CFD k-
omega study to improve the performance of a roof mounted ventilation system under
crosswind conditions, by varying the inlet geometry. Li et al (2019a) report a DES similar study
to investigate the performance of an ACU with roof inlets on a high speed train at different
speeds.

Concluding reflections

Firstly some paper statistics are of interest, but note the figures that follow are somewhat
arbitrary in many ways and reflect both the chosen publication dates and the sources
consulted. There were 55 items accessed in total, all but one from between mid-2018 to the
end of 2019. Of these, 28 were from Chinese institutions, reflecting the fact that research there
is driven by the rapid development of the Chinese high-speed rail network, with the rest being
spread fairly evenly around Europe, the Middle East and the Pacific Rim. Of the Chinese
papers, 18 were from the Central South University at Changsha, 7 from South West Jiaotong
University at Chengdu and 3 from elsewhere (although there was some overlap of authorship).
In terms of technique used, 30 of the papers were mainly based on CFD studies, although
some included experimental verification of one sort or another. Of the Chinese papers 21 were
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CFD studies, including 16 from Central South University. There was thus a significant
imbalance between the use of CFD in China and elsewhere.

The growing use of CFD techniques is thus notable, and in particular the IDDES technique
seems to be becoming the most favoured. This growth is wholly understandable and will no
doubt continue. Arising from this, it seems to the author that there is a growing need for a small
set of freely available well documented validation cases, ideally from full scale experiments for
a range of train types, that investigators can use routinely to prove their techniques. At the
moment the validations used are somewhat ad hoc, and perhaps a more systematic approach
would give greater confidence in the results, and also allow research papers to be reduced
somewhat in length, as the details of the validation cases would not be required. It would be
interesting to hear from CFD practitioners on such a possibility.

Finally it must be remembered that CFD simulations, in the same way as physical models, can
only offer a simplified representation of the flow around full-scale trains, and need to be
interpreted in this light. There is a tendency amongst some authors (and | name no names!) to
quote numerical results to higher levels of accuracy than is either sensible or useful when the
uncertainty of the full-scale situation is considered. Just as with physical model tests, the role
of the engineer in interpreting CFD results in terms of the reality of the operating railway is
crucial.
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Train pressure transients on the West Coast Main Line in
the UK

February 10, 2020

The experiments described in this post involved a large number of colleagues in the
development and mounting of instrumentation, the sorting of the data and the analysis and
interpretation of the results. Dr Andrew Quinn, Dr Dave Soper, Dr Martin Gallagher and Dr
Stefanie Gillmeier of the University of Birmingham, and Mr Terry Johnson of RSSB deserve
special mention. The assistance of staff at Network Rail who operated the New Measurement
Train is also gratefully acknowledged.

Between 2011 and 2016, as part of a large project sponsored by the UK Engineering and
Physical Sciences Research Council, colleagues at the University of Birmingham made full-
scale aerodynamic measurements on the Network Rail New Measurement Train (NMT). This is
a Class 43 train, with two power cars and a variable number of coaches, which is used to
assess track conditions on main line railways in the UK (figure 1), on a regular two-week cycle.
The aerodynamic measurements were mainly directed at measuring crosswind forces, and
these results have been reported elsewhere. However during its travels around the country the
NMT also detected the pressure transients caused by other passing trains, and by its own
passage through tunnels. Whilst this data is of itself reliable and can be located confidently in
time and space, it is not always easy to get the precise experimental conditions associated
with each set of pressure transients — for example the precise NMT configuration in terms of
number of coaches; the wind conditions; type and speed of passing trains etc.. Thus these
results are not fully adequate for publication. Nonetheless they are of some interest if properly
interpreted, and thus this blog post will present some of these results for open-air pressure
transients, and the next will present some results for tunnel transients. The former are
important as pressure transients caused by passing trains can cause trains to be suddenly
displaced laterally causing passenger discomfort, and can also cause repeated loading on
trains and trackside infrastructure, which can contribute to fatigue failure of components or
structures. Tunnel pressure transients can be a source of aural discomfort to passengers,
particularly in narrow tunnels — and indeed there are locations in the UK where aerodynamic
speed limits have been imposed on tunnels.
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Figure 1. The New Measurement Train

The results that will be presented were all obtained as the NMT passed up and down the West
Coast Main Line between London and Glasgow. This is a 200km/h line, with both four-track
sections (two for fast trains and two for slow trains) and two-track sections. It has branches to
Birmingham, Manchester and Liverpool. In the four-track sections the NMT always travelled on
the fast lines. The services that use the line are as follows.

200 km/h services with limited stops between London, Birmingham, Liverpool,
Manchester and Glasgow, using 9 or 11 car Class 390 Pendolino tilting trains (figure 2a)

200 km/h services that connect a range of towns and cities across the country using
double unit Class 220 4 car Voyager trains (non-tilting) or Class 221 4 or 5 car Super
Voyagers (tilting) (figure 2b), in 8 or 9 car formation. Irregular 4 or 5 coach Class 220/221
units also operate over sections of the WCML route.

Semi-fast and commuter services operated mainly by Class 319 trains (figure 2c) south
of Milton Keynes and by Class 350 trains along the whole line (figure 2d). Both of these
run in single (4 car) unit or double (8 car) unit configurations. Class 350s can travel at
175 km/h and Class 319s at 160km/h.

A variety of freight services hauled by both electric and diesel locomotives. Perhaps the
most common locomotive in use is the Class 66 (figure 2e)
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Figure 2 Train types on the WCML

Typical pressure transients measured on the side of the NMT for Class 390s, Class 221s, Class
350s and freight trains are shown in figure 3. It can be seen that

e alltypes of train show a large positive / negative pressure transient as the nose of the

passing train passes the measuring point and the passenger trains also show a negative
/ positive tail peak;

¢ no tail peak can be observed for freight trains;

e alargetransient can be observed at the gap in the centre of the double unit trains;
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between the peaks there is a small negative pressure, and the passage of individual
carriages can also be discerned on the pressure traces.

The time between the nose and tail transients can be used to determine the speed of the
oncoming train, if the type of train and its length can confidently be specified. This was in
general only the case for the Class 390 trains as it was usually not possible to distinguish
between the different types of four and five coach trains. The results shown for the Class 350 in
figure 3 are one of the few datasets where the train type could be confidently determined.
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Figure 3 Train passing pressure transient types

As noted above, itis possible to determine the speed of Class 390 Pendolinos passing the
NMT. This allows the dimensionless pressure coefficient to be determined (peak to peak
pressure / (0.5 x density of air x velocity of approaching train squared)), which enables the
effect of velocity on the peak-to-peak pressures to be removed in a consistent

fashion. Pressure coefficient is plotted against train separation in figure 4 below. The train
separation is calculated from the track spacing and the train geometry. Here again the data is
less than ideal, and it was not possible to find accurate track spacings easily from NR
databases. They were thus obtained from large scale digital OS maps, and are only accurate to
within about 10cm. It can be seen that, as expected, the pressure coefficients fall with train
separation. Perhaps the most notable pointis the large variability of the data, which reflects
both the uncertainties in track spacing described above, the effects of tilt and curvature and
other operational variables. This level of variability is something that needs to be appreciated
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by both physical and computational models when assessing the engineering significance of
their results.

Two other sets of data are shown on figure 4. The first is the pressure on trackside hoardings
passed by a Class 390, measured in moving model experiments. These hoardings are about
half train height, so one would expect some pressure relief as the disturbed flow passes over
the hoarding, and indeed the pressure coefficients lie at the bottom end of the NMT
measurements. One data pointis also shown for the pressure coefficient measured in free air
as a Pendolino passes. This can be seen to be about half the value of the pressure coefficients
on the NMT at the same spacing.
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Figure 4 Effect of train spacing on peak-to-peak pressure coefficients

Despite not being able to determine train speeds for trains other than the class 390, the
pressure data measured on the train is still reliable for all train types, and the overall type of
train can be identified. Thus the overall distribution of peak-to-peak pressures can be
determined. This is shown in figure 5 for Class 390, 4 or 5 car multiple units and freights trains,
and in figure 6 for all train types. The lower cut-off magnitude for a pressure transient to be
included was 400 Pa. It can be seen that the Class 390 transients, have a distribution from 400
to 1220 Pa, with the peak being between 1000 and 1200 Pa. The freight train distribution is from
400 to 1000 Pa, with the peak in the 600 to 800 Pa interval, reflecting the fact that, although
freight locomotives can be expected to be aerodynamically blunt, they move relatively slowly
and the absolute transient magnitude is somewhat less than for the express passenger trains.
The four- or five-coach multiple units have a very broad distribution of peak-to-peak values,
and the maximum pressure transient values experienced by the NMT are caused by such
trains. The maximum peak-to-peak pressures that were measured in the trials (with values of
1449 Pa and 1498 Pa) were both identified as being caused by passing blunt nosed Class 350
units travelling at 46.7 and 47.7 m/s on the smallest centre-to-centre track spacing of 3.2m.
These values both exceeded the standard value of 1444 Pa. The equivalent pressure
coefficients in both cases were 1.10, somewhat higher than the values shown on figure 4.
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This distribution of peaks is of course very specific to the route under consideration and the
services that operate on it. However it does suggest that, for a mixed traffic railway such as the
WCML, the range of pressure transient loadings on trains themselves is very large, and if any
sort of fatigue loading calculation is required, then a suitable distribution such as that shown in
figure 6 needs to be determined to give the required loading information. If maximum loads are
required, then these are likely to result from passings by higher speed but aerodynamically
blunt trains.
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Figure 5 Distribution of pressure transients experienced by the NMT by passing train type
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Figure 6 Distribution of pressure transients experienced by the NMT for all train types
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Tunnel pressure transients on the West Coast Main Line in
the UK

February 24, 2020

The experiments described in this post involved a large number of colleagues in the
development and mounting of instrumentation, the sorting of the data and the analysis and
interpretation of the results. Dr Andrew Quinn, Dr Dave Soper, Dr Martin Gallagher and Dr
Stefanie Gillmeier of the University of Birmingham, and Mr Terry Johnson of RSSB deserve
special mention. The assistance of staff at Network Rail who operated the New Measurement
Train is also gratefully acknowledged.

In the previous post | discussed the pressure transients measured on the NMT due to passing
trains on the WCML. In this post, | will consider the pressure transients that were measured as
the NMT passed through a number of tunnels on that route. These transients can be the source
of significant aural discomfort for passengers. The five tunnels that are considered are outlined
in Table 1 below. They are arranged in order of length, from the shortest Preston Brook at 71m
to the longest, Kilsby, at 2.2km. All are double track tunnels that cater for either fast trains only,
or for mixed traffic. They were all built in the 1840s when the line was constructed and are
small by today’s standards. Two of them have airshafts.

The pressures that will be presented were measured on the side of the train, although pressure
varied little around the circumference in most cases. They were measured against a reference
pressure in a leaky reservoir on the train itself, and a small correction was required to relate
them to atmospheric pressure. The main unknown was the actual configuration of the NMT at
the time the measurements were made. The NMT could run as two power cars plus anything
between 3 and 5 coaches between them, giving train lengths of 115m to 161m. The pressure
measurement points were 14m from the end of the power car. Also, as these were operational
runs, the train speed could vary by several m/s during any one run. Thus the velocities that are
given below must only be regarded indicative.
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Tunnel Location Length Area (m?) | Perimeter | Shaftarea Shaft
latitude and (m) (m) (m?) location
longitude (m)
Preston 53¢18 35" 71 36.3 20.8 - -
Brook -2°38" 40"
Kensall 51° 39" 49" 290 42.6 24.5 - -
Green -0°13" 30"
Northchurch | 51° 46" 12" 322 45.3 25.3 8.55 161
-0° 35" 00"
Shugborough | 52° 47’ 30" 700 42.4 24,4 - -
-2°01' 07"
Kilsby 52¢19 20" 2225 41.5 24.2 3.32 214
-1° 09’ 08" 5.09 374.9
3.32 519.4
3.32 652.0
226.98 742.5
3.32 909.8
3.30 1050.6
3.27 1251.8
226.98 1473.1
3.33 1680.7
3.33 1855.4
3.27 2076.7

Table 1 Tunnel characteristics

We begin by considering the shortest tunnel — Preston Brook at 71m. Figure 1 shows the
pressure transients measured on the NMT for the front car and the rear car, at similar speeds.
Both pressure records were obtained from runs in the down (London to Glasgow) direction, as
indeed is the case for all the results described below. Consider first the case of the front car.
The nose of the train enters the tunnel around 0.3s earlier than the measuring point (distance
from nose / train speed) and sets up a compression (positive pressure) wave. This takes
approximately 0.2s to travel along the tunnel (tunnel length / speed of sound) and then reflects
as an expansion (negative pressure) wave, taking another 0.2s to reach the initial end. Thus the
measurement point experiences a short period of positive pressure for about 0.1s, before the
expansion wave passes over it causing a dramatic fall in pressure. The pressure then oscillates
with a period of around 0.4s to 0.5s as the wave passes back and forth along the tunnel. The
measurement point leaves the tunnel before the rear of the train enters.

The situation is somewhat different when the measurements are made at the rear of the train.
By the time the measurement point enters the tunnel the initial wave system caused by the
train nose will have traversed the tunnel four or five times, and friction will have attenuated its
magnitude significantly. From the pressure data shown, it can be seen that the measurement
point experiences a small period of positive pressure, before the expansion wave from the rear
of the train passes over it causing a sharp drop in pressure. This tail wave then dominates,

35




reflecting from the far end as a compression wave, with again an overall period of about 0.4s to
0.5s. The data from Preston Brook thus shows the pressure variations due to single waves -

either the nose wave or the tail wave.

Preston Brook 71m, Front Car, 44.4m/s
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Figure 1 Preston Brook tunnel

Kensall Green tunnelis 290m long, and the train speeds are in general somewhat lower than
elsewhere, as trains are accelerating away from Euston. Again, consider the pressures on the
leading car first. The front of the train enters the tunnel around 0.25s before the measurement
point enters. The nose compression wave will take about 1.8s to travel to the far end of the
tunnel and back again. The measurement point first experiences the increase in pressure
behind the initial wave, which grows steadily due to wall friction slowing the flow around the
train. At around 2s, the expansion wave passes over it and the pressure falls rapidly. This wave
reflects back along the tunnel and passes over the measurement point again as an expansion
wave at about 3.8s. Now the tail of the train will enter the tunnel somewhere between 3 and 4s
after the nose depending on the (unknown) train length. Its effect can be seen from the fact
that the regular oscillations up to around 5s are disrupted by interaction between the nose and
tail wave systems. For the rear measurement point, the pressure drops initially as the tail
expansion wave passes over the measurement point. Thereafter the oscillation patternis a
complex interaction between nose and tail wave systems.
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Figure 2 Kensall Green tunnel

Northchurch tunnel (figure 3) is a little longer than Kensall Green and the train speeds are
somewhat higher. The main difference however is that this tunnel has an airshaft at its mid
point. For the front car measurements the nose enters the tunnel at a time of about 1.6s.
Although the main nose wave will take around 2s to return to the start of the tunnel at a time of
3.5 to 4s, a smaller reflected wave from the airshaft can be expected to pass over the
measurement point before that. This can be seen to be the case, with the pressure at the front
measuring point showing a sharp fall as the expansion wave from the airshaft passes over it at
a time of around 2.2s. The main expansion wave arrives at about 3.7s. The train tail enters the
tunnel two or three seconds after the train nose (depending on the unknown train length) and
the resulting expansion wave and its reflections at the airshaft and far end of the tunnel add to
the complications. For the rear measurement point, the expansion wave due to the tail passes
over it first, and then itis subject to the complex interactions between the reflecting waves.
Thus the presence of an airshaft can be seen to considerably complicate the measured
pressures.
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Figure 3 Northchurch tunnel

Shugborough tunnel passes underneath the former Shugborough estate of the Earl of Lichfield,
and its portals are suitably grand (see figure 4). More prosaically, Figure 5 shows the pressure
traces for the 700m long Shugborough tunnel, which has no air shafts. In some ways this is the
simplest of all the traces. The front measurement point shows the initial compression wave
and the gradual increase in pressure due to friction. The initial wave takes about 4s to return to
the entrance, whilst the tail of the train enters the tunnel between 3 and 4s after the nose and
its expansion wave will pass over the measurement point at about the same time as the
reflected nose wave. The sharp drop caused by these waves at about 5s is clear. Thereafter the
two wave systems can be seen to be broadly in phase and pass backwards and forwards along
the tunnel producing complex peaks and troughs of pressure. The rear measurement point
experiences an initial fall in pressure due to the tail expansion wave, and thereafter is subject
to the pressure distributions of the complex interacting waves.

Shugborough Tunnel 700m, Front Car, 41.2m/s
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Figure 5 Shugborough tunnel
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Figure 6 Western portal of Shugborough tunnel

Kilsby tunnel (figure 6) is quite a fascinating construction. When it was built it was the longest
tunnelin the world, at 2.225km and has numerous airshafts (table 1). The largest of these, at
the 1/3 and 2/3 points are vast, and more like caverns than airshafts. A picture of one of the
surface structures for these airshafts is shown in figure 7. In addition there are 10 other open
shafts distributed along the tunnel. Recent investigative work by NR has revealed that there are
a number of other blind shafts or pumping shafts along the line of the tunnel, and some
someway off the line, whose position cannot be precisely determined.

In aerodynamic terms the large airshafts effectively split the tunnelinto three, and this is very
clear from the pressure records for both the front and rear measurement points in figure 6.
Interestingly, the two measurement points on the train may well be in different sections of the
tunnel at any one time, and thus subject to completely different pressure wave systems. As
with Northchurch the measurements record multiple reflections from the airshafts, and the
presence of three or four airshafts in each section results in highly complex flow patterns.
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Figure 6 Kilsby tunnel

Figure 7 Kilsby tunnel airshaft

Finally consider the rear car results from Shugborough for a range of train speed (figure 8). The
40.2m/s speed data has already been shown in figure 4 and shows the expected pattern of a
steep initial drop due to the passage of the train tail expansion wave and then a series of
interacting wave reflections. Similarly the lowest speed 28.2m/s data show the expected
pressure wave oscillations. However the mid-speed range 32.3m/s data shows no such
oscillations here. Itis likely in this case that the initial nose wave returns to the tunnel entrance
as the train tale enters and is cancelled out by the tail expansion wave. Such an effect is of
course critically dependent upon the precise values of train speed (which are not well
specified for these measurements) and tunnel length, but is interesting nonetheless.
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Figure 8 Shugborough tunnel pressures for several train speeds.
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The flow around trains — analysis of CFD results
April 18, 2020
Introduction

In a post of January 2020, | attempted to collate the numerous train aerodynamics research
papers that had appeared since myself and my fellow authors began to write the book “Train
Aerodynamics — Fundamentals and Applications” (hereafter referred to as TAFA) in mid-2018. |
considered these papers under the application headings that were defined in TAFA —train drag,
loads on structures etc. In this post | want to look at a subset of these papers, but consider
them in rather a different way. Specifically | will consider a number of papers that used various
CFD approaches to investigate a range of issues. One of the major benefits of CFD methods is
that they can, in principle, give details of the entire flow fields around the trains that are studied
and | will thus try to assess what information can be obtained from these papers to assist our
basic understanding of the flow around trains. In what follows | will make no comments at all
on the methodology used in the papers, assuming that these have been validated by the
publication procedures, but will rather consider only the results in order to assess the flow
field. I will use the framework outlined in TAFA, for various flow regions — nose region, boundary
layer region, underbody region, wake region and cross wind effects. The papers that | will use
are given in table 1. Note that most (but not all) of these papers come from Chinese institutions
and are thus (naturally) mainly concerned with the variants of the Chinese High Speed Train
(CRH2).
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Author Topic Train Ground Method Reynolds | Cases
number
Chen et al Nose Generic | Not IDDES 1.56 x S5m nose
(2019a) lengths HS, 5 specified 10¢ 7.5m nose
coaches 10m nose
Chen et al Nose Generic | Not IDDES Not given | 5m nose
(2019b) lengths HS, 5 specified 7.5m nose
coaches 10m nose
Dong et al Bogie CRHZ,2 | STBR IDDES 1.8x10% | Complex bogies
(2019) form coaches Simplified bogies
No bogies
Gao et al Bogie CRHC,3 | STBR k-epsilon | 1.85 x Variation of bogie
(2019) position coaches 10° position
Guo et al Singleand | CRHZ,6 | Not IDDES 1.67 x Single 6 coach unit
(2019) double coaches | specified 108 Double 3 coach
units units
Lietal Panto- CRHZ,3 | Not DDES 1.8 x 10¢ | Pantograph
(2018) graph coaches | specified components
Lietal Singleand | CRHZ,6 | Not IDDES 1.67 x Single 6 coach unit
(2019) double coaches | specified 10¢ Double 3 coach
units units
Liu et al Snow CRHZ, STBR IDDES Not given | Snow accumulation
(2018) deposition | 1.5 at different points
coaches
Niu et al Wind- CRHZ,3 | Not DDES Not given | No windbreak,
(2018a) break coaches | specified stationary
No windbreak,
moving
Windbreak
stationary
Windbreak moving
Niu et al Different CRHZ,3 | STBR DDES - Stationary floor
(2018b) ground coaches Stationary track
conditions Stationary ballast
Paz et al Ground ETR500, | Ballast DDES Not given | Various underbody
[2018) and track | 9car and track simulations
simulation
Wang et al Model Generic | STBR IDDES 7.2x10° | Simplified model
(2018) complexit | HST, 2 Full model
y coaches
Wang et al Bogie CRH2C, | STBR IDDES 1.85 x No bogie fairings
(2019) fairings 3 10° Half bogie fairings
coaches Full bogie fairings

Chenetal (2019a) Chen etal (2019b) Dongetal (2019)

Gao et al (2019)

Guo et al

(2019)

Lietal (2018)

Lietal (2019)

(2018b)

Paz etal (2018)

Liu et al (2018)

Niu et al (2018a)

Niu et al

Wang et al (2018)

Wang et al (2019)

Table 1 Papers used in study and web links
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Nose region

Two studies in particular give useful information concerning the pressure pulse around train
noses —those of Wang et al (2019) and Dong et al (2019) both for a CRH2C train. The former
investigates the effect of bogie complexity on a three-coach train, whilst the latter investigates
the effect of bogie fairings on a two-coach train. Neither bogie complexity or fairings however
affect the flow around the nose to any extent. Usefully both authors give data for the two TSI
positions of 0.2m (termed trackside) and 1.4m (termed platform) above top of rail (ATOR) at
various distances from the centre of the track (COT). In TAFA Table 5.1 typical values of peak-
to-peak pressure coefficient for high-speed trains at 1.4m ATOR are within the range 0.15 to
0.20. At this position Wang et al give values of 0.18 and Dong et al a value of 0.14, which are
broadly consistent with TAFA. Both papers also give useful information on how the peak-to-
peak values vary with distance from the centre of the track — see the graphs of figure 1. There is
a difference between the two sets of data which is not easily explicable, as the calculation
conditions and set up are similar. Dong et al also give pressures on the track centre line, with a
value of peak-to-peak pressure coefficient of 0.78 at the height of the top of the rail, 0.66 at
0.05m below the top of the railand 0.52 at 0.23m below the top of the rail. The last value is
similar to the value of 0.48 reported in TAFA Figure 5.19 for track bed pressures under the Class
373 Eurostar.
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Figure 1 Nose pressure transients

Both papers also give data that enables the peak of the dimensionless nose velocity transient
to be determined. Similar data can be obtained from the work of Chen et al (2019a) who
investigated the effects of different nose lengths on an idealized high-speed train model. The
results are shown in figure 2 for the heights of 0.2m and 1.4m above the top of rail. The data
from Chen et alis for a 7.5m nose length. Although this parameter is not tabulated in TAFA,
figure 5.2 gives a value of 0.08 at 0.2m above the top of rail, which is consistent the data from
the more recent papers. There is again no obvious reason for the difference between the
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results of Dong et al and Wang et al. The data for Chen et al for a 7.5m nose is close to that of
Wang et al at 0.10. For the 5m and 10m nose lengths the values are 0.12 and 0.09.
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Figure 2. Nose velocity transients
Boundary layer region

In addition to the three papers mentioned in the last section (Chen et al, 2019a; Dong et al,
2019; and Wang et al, 2019), the papers by Li et al (2019) and Wang et al (2018) also give
information on the nature of the flow in the boundary layer region along the train side and roof.
Li et al (2019) considered the effect of the coupling between two units, comparing the results
found for a single 6 coach unit, and those for two coupled three-coach units, both with CRH2
geometry. Wang et al (2018) used a two-coach model of a more generic high-speed train
shape to study the effects of bogies on the flow. All five papers gave slipstream velocity time
histories that were in principle directly comparable, and could also be compared with the full-
scale data for high-speed trains in TAFA chapter 5. The results are plotted in figure 3, with the
normalised velocity values being given at the centre of each coach. The accuracy for the data
from the published papers is not high, as | have taken the information from small-scale figures,
but it should nonetheless suffice. Specifically the following sets of data are shown on the

graph.
e Chenetal(2019a)-7.5m nose length
e Dongetal(2019) - Complex bogie
e Lietal(2019)-Single unit
¢ Wangetal(2018) - Full model
¢ Wangetal(2019) — No bogie fairings

In general it seems that the slipstream velocities around the CFD models increase much
quicker along the train than for the full-scale data, and thus there is much more rapid boundary
layer growth in the CFD calculations. There is much scatter however, and some of this growth

45




may be due to the specific model configuration used. For example the Wang et al (2019) data
was for the case with no bogie fairings, which might be expected to lead to a rapidly growing
boundary layer. That being said, one would actually expect a more rapidly growing boundary
layer at model scale than at full scale for trains such as those considered here. For smooth
high speed trains, where the analogy with a flat plate boundary layer is appropriate, the ratio of
boundary layer thickness to distance from the nose of the train can be expected, very broadly,
to be proportional to (Reynolds number based)®2. For a model scale of 1/8 and roughly full
scale train speeds, which is the case for most of the calculations considered here, this
suggests that at any point on the train, the scaled up boundary layer thickness for the
computations should be about 1.5 times the actual full scale size, all other things being equal.
For trains with blunter noses, or for freight trains, the size of the boundary layer will be more
influenced by local separations and model scale and full-scale values should be more

consistent.
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Figure 3. Normalised velocity at 3m from COT and 0.2m above TOR

The growth of the boundary layer has been measured by Chen et al (2019a) in terms of the
classic boundary layer parameters of displacement and momentum thickness and form
parameter. His results for the displacement thickness on the side of the train are shown in
figure 4 below for both the trackside and the platform cases, and also on the roof of the train.
For the train side case, the boundary layer thicknesses from full-scale measurements of the
ICE1 are also shown (from TAFA figure 5.12). These can be seen to be somewhat above those of
Chen et al (2019a) which is perhaps not surprising as the blunt nosed ICE1 will cause a
significant boundary layer thickening near the front of the train. For both the side and the roof
results of Chen the form parameter is around 1.25 to 1.3, somewhat nearer to the classical
boundary layer value than the ICE1 values of 1.15.
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Figure 4 Boundary layer displacement thickness along side of train and roof

Figure 5 again shows the data for Chen et al (2019a) for the train roof, but this time showing the
momentum thickness in order to enable a comparison to be made with a comparison with the
results of Li et al (2019). The results can be seen to be similar if not identical.
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Figure 5 Boundary layer momentum thickness along the roof of the train

In terms of overall boundary layer thickness, Gao et al (2019) and Niu et al (2018b) show
contour plots around the train section. The figures shown are too small to take meaningful
numbers from, but do indicate the thickening of the boundary layer close to the bogie region,
and a slight thinning over the roof of the train. Wang et al (2019) provide rather more
information of boundary layer thickness, and the development of the boundary layer down the
side of their models is shown in figure 6, in terms of bogie position. These values are consistent
with the displacement and momentum thicknesses shown above, being about an order of
magnitude greater than the displacement and momentum thicknesses.
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Figure 6 Boundary layer thickness along the side of the train

Wang et al (2019) also give data for the velocity profiles at the side of the train (figure 7). These
show the boundary layer extending to 3 to 4.4m from COT, which whilst broadly consistent with
the various full-scale data sets in TAFA (figure 5.11), are perhaps somewhat thicker than the full
scale results given there.
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Figure 7 Boundary layer velocity profiles

Finally the individual datasets in some of the papers give useful information of the effect of
different train geometries. These are summarised in table 2, which shows the normalised
slipstream velocities at 3m from the centre of the track and 0.2m above TOR for the last coach
of the train for Chen et al (2019a) (different nose lengths); Li et al (2019) for single and double
units; and Wang et al (2019) for bogie fairings. The most noticeable effect is that of the gap
between the units in double unit formations.
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Author Variation Normalised average velocity
Trackside Platform
maximum maximum

Chen etal 2019a 5m nose 0.08 0.035

7.5m nose 0.065 0.025
10m nose 0.06 0.025
Lietal 2019 Single unit 0.11 0.04
Double unit 0.185 0.06
Wang et al 2019 No fairings 0.10 0.08
Partial fairings 0.08 0.08
Full fairings 0.07 0.08

Table 2. Effect of train modifications on normalised velocity (3m from COT, 0.2m above
TOR at the centre of the last coach).

Underbody region

Perhaps the most significant paper to consider the flow beneath trains was that of Paz et al
(2019) who looked at a novel method of specifying ground conditions that was much more
realistic than current methodologies. This involved the scanning of the ballast and sleeper
profiles of real track, with all the inherent irregularities and using this as the bottom boundary
condition in CFD simulations. They showed that this methodology produced velocity profiles
under long trains that conformed well with full-scale experiments, and that results in much
more turbulent and chaotic flows than conventional ground simulations. This has obvious
implications for the movement of ballast beneath trains. It seems to me that this paper sets the
standard for proper ground simulations beneath trains in the future

A number of other papers looked at specific issues to do with the flow underneath the train, but
itis difficult to draw any general conclusions from them, partly because they were addressing
very localized effects and partly because they in general used short trains where the flows
beneath the trains were not fully developed - for example Dong et al (2019) used a 2 car model
when investigating different ground simulations; Gao et al (2019) used a three car model to
look at bogie effects on the wake flow; Liu et al (2018) used a 1.5 car model to investigate snow
accumulation on bogies; and Wang et al (2019) used a 3 car train to investigate the effect of
bogie fairings. Whilst all these results are interesting in their own right, their application is very
specific to the cases considered.

Wake

A number of authors considered the wake flow of high-speed trains in some detail, looking at
the effect of various geometric changes on the nature of the wake. In all cases the broad
structure of the wake was similar to that found by many investigations in the past - a pair of
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counter-rotating longitudinal vortices. The investigations came to a number of conclusions as
to the effect of geometric variations on the strength of this vortex pair as follows.

e Chen etal (2019a) found that the flow pattern for the shortest of the three train noses
they used (5m) created a different wake topology to that with the 7.5m and 10m noses,
and higher slipstream velocities.

e Gaoetal(2019) showed that the precise position of the rear bogies had a noticeable, if
not major effect upon wake topology.

e Lietal(2019) looked at the different wakes for single and multiple unit trains, They
found that the wakes were similar in the two cases, but that for the double unit was
more unsteady, reflecting the greater unsteadiness in the separating boundary layer at
the end of the train due to the inter-unit gap. Overall they suggested however that the
vortex pattern was dominated by the separation from underbody structures.

¢ Wangetal (2018) showed that the presence of bogies on train models enhanced the
unsteadiness of the flow. However the same dominant wake frequencies appeared with
and without bogies, suggesting that whilst the vortex pattern results from the separated
shear layer from the train, and has a certain fundamental unsteadiness, this
unsteadiness is enhanced by the turbulence from the underbody flow

e Wangetal (201), showed, unsurprisingly, that large fairings decrease scale and intensity
of wake flow.

Overall these results suggest that the counter-rotating flow behind a high speed train is
basically formed from the separating shear layers from the train side and roof boundary layers,
but can be significantly modified by high levels of turbulence in the underbody flow. Here a
word of caution is appropriate. As noted above, the underbody flow is the most difficult to
simulate and really requires long trains and a sophisticated ground simulation, neither of
which is usually the case in most CFD calculations. Thus the calculated effects of underbody
flow or geometric changes on the wake structure must only be regarded as illustrative. There is
a danger of reading too much into the various CFD results with regard to the wake structure. In
addition it has been pointed out in TAFA that wake flows are quite sensitive to even small cross
winds. Such winds will have length scales of the same approximate size as the vortex scale and
it can be expected that in reality the general vortex flow pattern will be significantly distorted by
such effects. Care should thus be taken so as not to overanalyze CFD models of wake flows.

These points having been made, it is possible to extract from the various papers values of the
average maximum wake flow velocity, and the TSI gust velocity. These values are shown in
tables 3 and 4 below for the trackside TSI position 3m from COR and 0.2 ATOR for both single
and double units, together with data from TAFA. Very broadly the ensemble mean maximum
peak for the CRH2 tests is consistent with the published data, as are the TSI gust
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measurements, for both single and double units. The ensemble mean maximum for the
generic high speed trains than are however lower than the published values.

If one accepts that the wake structure is largely determined by the nature of the separating
boundary layer at the end of the train, the fact that the CRH2 results are similar to the full scale
results is perhaps a little surprising, in that the train boundary layers seem to grow more rapidly
at model scale than at full scale (see above). It may be that this effect is compensated for by
two effects; firstly that the model scale trains are shorter than the full scale trains, and thus the
boundary layer at the end of the model scale trains will have a scaled thickness similar to that
at full scale; and secondly it may be that the wake flow is not overly sensitive to the precise
boundary layer characteristics at the end of the train. Nonetheless it does suggest some
caution is required in the interpretation of slipstream measurements from reduced scale
physical or computational tests for high speed, relatively smooth trains.
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Table 3 Wake velocities for single units
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Ensemble - - 0.22 0.20
mean wake
peak
TSI gust 0.17 0.226 0.275 0.263
peak

Table 4 Wake velocities for double units
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Crosswind
Of the papers reviewed, four of them looked at specific crosswind effects

e Chenetal (2019b) investigated the effect of nose length on cross wind pressures on the
train. These were found to be small except around the nose and the tail.

e Guoetal (2019) compared the crosswind behavior of single and double units in terms of
cross wind forces and wake characteristics.

e Lietal(2018) looked at the effect of crosswinds on pantograph forces, and also
presented some useful calculations of train roof boundary layers in crosswinds.

e Niuetal (2018a) considered the effects of wind breaks on cross wind forces and wake
characteristics.

All the calculations presented in the above papers give details of the inclined vortex wake
behind the trains in low yaw angle crosswind conditions, and analyse these wakes in some
depth. Now, none of the simulations attempted to reproduce atmospheric turbulence, so they
are all unrealistic in this regard. The length scales of atmospheric turbulence near the ground
are of the same order of size as the trains and the inclined vortices in the train wake. Thus in
reality train wakes will be very disrupted by atmospheric turbulence and the detailed patterns
observed in the CFD results will not occur. This suggests that to carry out a detailed analysis of
the train wake is to over interpret the results.

Thus in what follows, we do not look at the detailed results in these papers, but rather the
results for global force coefficients that can be used to expand the existing database of
information on crosswind forces on trains. Force coefficient data is given in Guo et al (2019), Li
et al (2018) and Niu et al (2018a). Side force and lift force coefficients are set out in tables 5 to
7, with the reference area taken as 10m?in the conventional way. Two major points arise from
these tables.

¢ Thereis little difference between single and multiple unit crosswind forces, except for
the cars near the junction between the two sets.

¢ Thewindbreak calculations suggest there can actually be significant negative side
forces on trains behind wind breaks under some circumstances.
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Side force coefficient Lift force coefficient
Single Unit Double Unit Single Unit Double Unit
Car1l 0.969 0.962 0.264 0.256
Car 2 0.400 0.377 0.438 0.450
Car 3 0.365 0.078 0.255 0.324
Car 4 0.325 0.523 0.326 0.237
Car 5 0.303 0.285 0.357 0.369
Car 6 0.054 0.043 0.378 0.415
Table 5. Force coefficient data from Guo et al (10 degrees yaw)
Yaw angle Side force Lift force
(degrees) coefficient coefficient
0 0.0012 0.0147
10 0.0444 0.0264
20 0.0898 0.0447
30 0.1427 0.0619
Table 6 Pantograph force coefficients from Li et al (2018)
Case Side force coefficient Lift force coefficient
Car1l Car 2 Car 3 Car1l Car 2 Car 3
No windbreak,
stationary 1.669 0.767 0.195 1.708 1.234 0.785
No windbreak,
moving 1.515 0.604 0.130 1.669 1.228 0.990
Windbrealk,
stationary -0.986 -0.186 -0.200 0.995 0.294 0.175
Windbrealk,
moving 0.174 -0.596 -0.520 -0.076 -0.073 0.228
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Train crosswind performance —is there a “best” shape?

June 8, 2020

ICE 3 Velaro

This post arises out of a discussion with a number of colleagues on the issue of train
overturning, in particular Mr Terry Johnson and Dr Dave Soper. Their (perhaps inadvertent)
contribution to the development of the ideas set out below is gratefully acknowledged,
although the responsibility for any inadequacies and errors must remain mine.

1. Introduction

In recent decades a great deal of research has been carried out to investigate the safety of
trains in high cross winds, primarily to determine the wind speeds at which overturning will
occur, and the risk of a wind induced accident (Baker et al, 2019). This usually takes the form of
the determination of the aerodynamic forces and moment coefficient for a particular train, the
use of these coefficients to determine the cross wind characteristic (CWC) - effectively a plot
of accident wind speed against vehicle speed — and then some sort of risk analysis on the route
over which the train will run. The first two steps are usually the concern of train manufacturers
and are undertaken when the design of the train, at least in terms of overall shape and size, is
fairly well advanced. The third step is usually the concern of the infrastructure operator. One
question that is not often asked however is whether there is a “best” design for a train to
minimise the risk of a wind induced accident, and thus to maximise safety. This has been
addressed to some extent by a number of recent investigations that used a combination of
CFD methods to calculate the forces and moments on a train, and optimisation methods to
consider the effect of changes to train geometry. It is not however clear as to what should be
the objective function of such optimisation — for example a number of different force or
moment coefficients for a range of different yaw angles could be chosen. This post addresses
this issue though an analysis of accident risk and investigates the aerodynamic parameters
required to minimise this risk
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2. Aerodynamic force and moment coefficients

In a recent book (Baker et al, 2019) the author suggests a way of parameterising train
aerodynamic force and moment data that seems to have a wide validity. This is set out in Box 1
below, in which the formulation for lee rail rolling moment coefficient is given, and is illustrated
for a specific case. It applies equally well to side and lift force coefficient data. It can be seen
that the form of the rolling moment / yaw angle curve is specified by four parameters —the
coefficients at yaw angles of 30 and 90 degrees and exponent shape factors that describe the
shape of curve, n; and n.. Figure 1 shows a comparison of this methodology with side force
coefficient data from the CEN codes (CEN, 2018) and the AeroTRAIN project (Paradot et al,
2015) as given in Baker et al (2019). All this data was obtained in a consistent way, with an STBR
ground simulation in low turbulence wind tunnels. The agreement can be seen to be in general
good and gives some confidence in the use of the parameterisation in what follows. The biggest
discrepancy is in the transition region between the high and low yaw angle regimes, but it will
be seen that this is not particularly critical to the argument that follows.

MXL

. . C = —_—
Lee rail rolling moment ma () 0.5pARV2

coefficient

M,; is the lee rail rolling moment, p is the density of air, V is the wind velocity
relative to the train, A is a reference area (=10m°) and h is a reference height
(=3m). 1y is the yaw angle.

Craxr (P) ( sin () )“1
Low yaw angle curve Crx(30) sin (30)

Crxt () ( sin () )nz
High yaw angle curve Crx(90)  \sin (90)

10

Lee rail rolling moment coefficient

0 30 60 90
Yaw angle (degrees)

Box 1. Force and moment coefficient parameterisation
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3. Crosswind characteristics

The method used to specify the crosswind characteristic is also taken from Baker et al (2019)
and is set out in Box 2. Using this methodology, the CWC are functions of n; and ny, the ratio of
the moment coefficients at yaw angles of 90 and 30 degrees, and what is defined as a
characteristic wind speed, which is itself a function of train and track parameters. Box 2 gives
the formulation for flat straight track, with a wind angle normal to the track — a fuller form can
be found in Baker et al (2019). A comparison of this method with the results from CEN (2018)
and Paradot et al (2015) is given in figure 2, again from Baker et al (2019). Agreement can be
seen to be good, and this gives further confidence in the use of the methodology in what

follows.
2 2 s
Low yaw angle CWC a* + 0% = (m)m?
2 2 2 2nz
High yaw angle CWC a® + 7 = (2™ Cyxr(30)/Cyxr, (90)) "2 72 ()22
t = u/u, and ¥ = v/u, where u is the wind speed (assumed to be normal to
track) and v is the train speed.
, aMgyrg(sin(30))™
u.« =
Characteristic velocity ¢ 0.5pCy,.(30)AR
o is a factor that allows for degree of wheel unloading required and for
suspension and curvature effects, M is the vehicle mass and y; is the track semi-
width
NL - u)
Accident risk at reference site F@) = (36[][]1?) €

F(@) is the CDF of the distribution of the gust wind speed 1 and A and k' are the
Weibull scale and shape parameters. N is the number of services per hour, and L
is the section length.

Box 2 Calculation of cross wind characteristics
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Box 2 also indicates how the accident risk can be calculated for a specific reference site using
the Weibull distribution to specify wind speed probabilities. We assume a section of railway of
a specified length, with specified values of the Weibull parameters and a typical service
pattern, and we then express the CWCs as a plot of train speed against the probability that a
wind induced accident will occur in the section, rather than accident wind speed. This enables
us to better address the question as to what is a “good” vehicle in cross wind terms, as it will
highlight the relative importance in risk terms of different vehicle speed ranges.

4. Analysis

Figure 3 shows the calculated CWC, expressed as both an accident wind speed plotand as a
risk plot, for what we will take as our base case. The parameters for this case are shown in the
figure. The plot of accident wind speed against vehicle speed shows a reduction in the former
as the latter increases, as would be expected. There is a break in gradient, at the point of
transition between the low yaw angle (at high speed) and high yaw angle (at low speed)
formulations of Box 2. Figure 2 shows that this is quite typical of the calculated CWCs from
Paradot et al (2015). The plot of site risk against vehicle speed shows an increase in risk with
the vehicle speed. At the vehicle speed of 350 km/hr the logarithmic risk is around -8 (but
remember that this absolute value is completely arbitrary). The risk falls by an order of
magnitude as the speed decreases through the low yaw angle range to around 100 km/h, with
an increased rate of fall for low speeds, where the high yaw angle formulation becomes
relevant.
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Figure 3 CWC for base case
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Figure 7 Effect of varying lee rail rolling moment at 90 degrees yaw

Figures 4 to 7 show the effect on the CWCs of changing the parameters for the moment
characteristics. As the low yaw angle exponent n, is varied between 1.3 and 1.7, there are
variations of about half a magnitude in risk for the higher train velocities, although this varies
through the speed range. This parameter is typically around 0.9 to 1.1 for lorries, 1.2 to 1.4 for
blunt nosed trains, 1.4 to 1.6 for streamlined trains, and 1.7 to 2.0 for trailing vehicles. As the
high yaw angle exponent n; is varied, the variations in accident velocity and risk are confined to
the low speed range as would be expected, although here the variations in risk can be several
orders of magnitude. As the lee rail rolling moment coefficient at 30 degrees is varied between
3 and 5, there can be seen to be very significant variations in both accident wind speeds and
risk throughout the speed range. For variations in the lee rail rolling moment coefficient at 90
degrees only the low speed accident wind speeds and risk levels are affected as would be
expected. From these graphs it can be concluded that the risk of an overturning accident will
be reduced for high vehicle speeds if n;increases and the lee rail rolling moment coefficient at
30 degrees decreases; and for low vehicle speeds if n;increases (becomes less negative) and
the lee rail rolling moment at 90 degrees decreases. Of the parameters the 30 degree
coefficient produces most change in accident wind speeds and risk levels across the speed
range, and is perhaps where most design effort should be concentrated.

Now let us consider specific trains. Table 1 shows, for the CEN (2018) and AeroTRAIN (Paradot
et al, 2015) trains, the maximum train speed, the values of the four parameters that define the
rolling moment characteristic, the characteristic velocity, and the risk at the maximum
operating speed. Those shaded red indicate values that would increase risk significantly above
the average, and those shown in green indicate values that would decrease risk significantly
the average. It can be seen that of these trains the ICE3, IR and Silbering has the “best” values
of rolling moment coefficient. For the ICE3 this is presumably due to the nose shape, resulting
in low levels of lift and side force, and thus rolling moment. For the IR and Silberling however,
these low values are due to the lack of underbody blockage, at least as modelled in the wind
tunnel tests. The ICE3 values of n, and n, are around the average, whilst those for the IR and
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Silberling are low, and would thus tend to increase risk. The worst train in terms of rolling
moment coefficients is the double deck M6BX. The IC4, RevCo and ZTER also have high values
of the coefficient at 90 degrees.

k‘:;:;% n; n; CMXL3 0 CMngo ]'l'Lll/CS R{/Snll{axat
ICE3 330 148 | -1.68 | 3.63 4.65 38.0 -8.1
TGV 320 1.38 | -1.69 | 392 5.01 39.5 -8.0

ETR500 | 300 1.54 | -1.41 | 4.39 5.62 - -
1C4 200 1.54 | -2.29 | 4.84 6.19 32.0 -7.7

RevCo 200 1.56 | -0.97 | 4.75 6.07 31.5 -7.6
ZTER 200 1.66 | -2.15 | 4.83 6.18 33.7 -8.3
IR 200 138 | -1.10 | 3.29 4.21 38.5 -8.4
M6BX 160 1.48 | -1.60 | 592 7.57 30.0 -7.3
Silberling | 160 135 | -1.76 | 3.53 4.51 33.5 -7.7
VT612 160 1.53 | -0.79 | 4.07 5.21 33.0 -8.0
AGC 160 142 | -097 | 4.15 5.31 33.0 -7.7
ADR 160 1.53 | -1.56 | 4.35 5.56 38.5 -9.1

Train

Table 1 Performance of a range of trains

The risk at the maximum speed for the all trains, with one exception, is between -7.3 and -8.4
i.e. it varies by one order of magnitude. The ICE3, TGV, ZTER and IR have the lowest risk and the
M6BX the highest for the standard site. This risk variation is perhaps less than would be
expected, and is partly caused by the reduction in risk with the reduction in maximum
operating speed. The outlier from the range of -7.3 to -8.4 is the ADR, which has a low value of -
9.1, which is due to its high mass and high resulting characteristic velocity.

Concluding remarks

From the above, it can be seen that for high speed trains, the aerodynamic parameter that
most affects the overturning risk is the lee rail rolling moment coefficient in the low yaw angle
range, characterised by the value at 30 degrees. In these terms the ICE3 shape is “best”.
However this does not necessarily apply for lower speeds, when the higher yaw angle range
becomes of importance. These points being made there are some important caveats.

¢ The overturning wind speed and thus accident risk depends upon a range of parameters
as well as the aerodynamic characteristics. Train mass is particularly important.

o Similarly the infrastructure characteristics are important, and accident wind speed and
risk will be affected by can’t and topography.

¢ Perhaps mostimportantly, the level of risk is determined by the nature of the train
operation itself — if speed limits are imposed in high winds, it is quite possible that the
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most important aerodynamic characteristics will move from those in the low yaw angle
range to those in the high yaw angle range.

One further pointis of interest. In Baker at al (2019) the head pressure pulse magnitudes and
wake slipstream gust velocities are tabulated for orange of trains. Of those trains included, the
Velaro (i.e. the ICE3) has both the lowest pressure pulse magnitude and the lowest slipstream
gust velocities, suggesting that the nose / tail shape of this train has considerable aerodynamic
advantages.
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Reducing train aerodynamic resistance through the use of
slab track

October 9, 2020

There are major efforts underway to “decarbonize” the GB rail network. One way of pursuing
this goalis to reduce traction energy costs which would contribute to decarbonization either
directly through the reduction in fossil fuel use, or indirectly through the reduction in the use of
electricity produced from non-renewable sources. In this post, | will attempt to show that

the train aerodynamic drag reduction due to the use of slab rather than ballasted

track may result in significant fuel and energy savings for an entire train fleet that would
contribute to the decarbonization agenda and that could radically change the overall business
case for the installation of slab track, which is currently only used in specific circumstances. It
will be seen that the argument is very speculative in places, but perhaps strong enough to
warrant further investigation. We begin in the next section with an introduction to train
resistance.

Train Resistance

The specification of train resistance is required for the assessment of energy consumption,
train timing etc. Now train resistance is, very broadly, composed of mechanical (rolling)
resistance and aerodynamic resistance, and is conventionally described by the Davis equation
given in equation (1).

R =a+ bv + cv? (1)

Here vis the train speed and a, b and c are constants. The first two terms are taken to be the
mechanical resistance, and the last term is taken to be the aerodynamic resistance. The
aerodynamic resistance is thus proportional to the square of train speed and becomes
progressively more important as train speed increases. The parameters a, b and c are usually
obtained from coast down tests on (ideally) straight, level section of track, in which trains coast
from top speed to zero and acceleration, speed and distance are measured. A quadratic curve
is then fitted to data. Typical examples of tests sites in the UK are given in figure 1 and a typical
set of results in figure 2. Note that this figure and most of those that follow are taken from the
recent book “Train Aerodynamics — Fundamentals and Applications” by myself and a number
of colleagues. Note also that itis also possible to estimate the aerodynamic component of
resistance from wind tunnel tests and CFD calculations, but there are significant technical
issues (mainly due to the inability of both techniques to model full length trains) and thus in
what follows we consider only data from full scale measurements.
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Lickey Incline

Figure 1 Coast down test sites
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Figure 2 Typical results for Class 45 and 6 passenger coaches between Thirsk and
Northallerton

Drag coefficient

The coefficient c is related to the aerodynamic drag coefficient Cpby the simple expression of
equation (2).

¢ = 0.5pAC, (2)

Here A is the frontal area of the train and r is the density of air. The drag coefficient for a wide
range of trains is shown in figure 3 (from Train Aerodynamics — Fundamentals and
Applications).

8 | | |
8 Freight trains
7 Medium speed locomotives
1 Medium speed multiple units
<] High speed trains °
6 Freight train fit
Medium speed locomotives fit /
Medium speed multiple units fit
5 High speed trains fit =
o /
v 4 / o
o
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L %,M i
= amh

0
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Normalised length (m)
Figure 3. Drag coefficient correlation

Very broadly, for any individual train class, the drag coefficientin linearly proportional to train
length, and can be represented by the simple form of equation (3).
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L
(p =K, +K; (Tp) (3)

Here L’ is an effective train length (the length of the train minus the length of the nose and tail
sections) and p is the wetted perimeter of the train envelope. The values of the

parameters K;and K; are given in table 1 for the train types shown in figure 3.

Intercept K, Slope K.
High speed passenger trains 0.14 0.0039
Medium speed multiple units 0.61 0.0036
Medium speed locomotive and coaches 0.90 0.0045
Freight trains 154 00067

Table 1 Parameter values
Breakdown of Aerodynamic drag

Figure 4 shows how the components of aerodynamic drag for high speed trains from the work
of two different authors. Whilst there is some variability between the results it can be seen that
the drag of the underbelly and bogies contributes 20 to 50% of the overall drag and skin friction
drag on the train side and roof contributes 30% to 40%. An important point to appreciate is that
the underbody drag includes drag due to the track roughness — energy needs to be used to
overcome the aerodynamic resistance of the track itself. This point does not seem to have
been well appreciated in the past.

High speed trains - Nolte and Wurtenburger (2003) High speed trains - Orellano and Sperling (2009);
Orellano and Kirchhof (2011)

& Nose and tail .
& Nose and tail

4 & Underbelly and bogies ’
V & Underbelly and bogies
Pantograph

“ Gaps and other o ——

Skin friction

Figure 4 Drag breakdown

Pantograph
“ Gaps and other

Skin friction

Referring back to equation (3), K- is a friction coefficient for train, combining the effect of skin
friction on side and roof and bogie and underbody drag. As can be seem from figure 3, values of
0.004 are typical for high speed trains (but note the quality of fit is not terribly good).

Friction coefficients can be obtained directly from measurements of the velocity profile on the
side and beneath the train and then fitting of logarithmic profile to the data. This process is
somewhat difficult and subjective, but has nonetheless been attempted by a number of
authors in the past. Table 2 shows the values for skin friction on the side of the train that have
been obtained, and table 3 shows values for the underbody of trains.
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Source Train Cr

RAPIDE {2001) ICE2 x=1/7m 0.00197
RAPIDE (2001) ICE2 x=28m 0.00297
RAPIDE (2001) TGV 0.00208
Brockie and Baker (1990} Class 43 HST 0.00109

Table 2 Skin friction coefficients

Tests Track Train u- v Cr

Ido et al (2008) Ballast Shinkansen — equipment faired 0.129 0.0334
Ido et al (2008) Ballast Shinkansen =side skirts 0.043 0.0036
Kwon and Park (2006) Ballast KT 0.113 0.0247
Deeg et al (2008) Ballast ETR500 0.141 0.0398
Lazaro et al (2011) Ballast 5103 Velaro 0.172 0.0590
Premali et al (2015]) Ballast Unidentified train 13 car 0.136 0.0367
Premaoli et al (2015) Ballast Unidentified train 13 Car 0.125 0.0310
Premoli et al {2015) Ballast Unidentified train 11 car 0.107 0.0229
Soper et al (2017h0) Ballast Class 373 Eurostar 0.120 0.0289
Deeg et al (2008) Slab ETRS00 0.070 0.0098

Table 3 Underbody friction coefficients

Typical values of the former are 0.0015 and typical values for the latter for ballasted track are
0.03. The higher values for underbody coefficient are of course to be expected because of the
roughness of the train underbelly. For slab track the one set of data available gives a
significantly lower value of the underbody friction coefficient of 0.01.

Synthesis

If we assume that, for high speed trains, skin friction values of 0.0015 and underbody drag of
0.03 and assume that the former acts over 90% of the wetted perimeter and the latter over 10%
these weights give a value of K;0f 0.00435 which is consistent with drag compilation value
from table 1 of 0.004 and result in a drag coefficient of 1.4 for a 200m high speed train. If
underbody drag reduced to 0.01 by use of slab track, the same calculation leads to drag
coefficient of 0.81 — a staggering 40% decrease. A rule of thumb that is often applied is that a
drag coefficient reduction of x% results in an energy saving of 0.4x% suggests 40 x 0.4 % which
suggest a potential reduction in fuel use of 16%.

Now many assumptions have been made in the above analysis, perhaps the most significant
being the value of friction coefficient for slab track, which is based on one set of experimental
results only. Thus the argument that significant fuel cost reductions might be a possibility
through the use of slab track more widely, is at best suggestive but | would suggest merits
further investigation. The question arises as to whether such energy savings have the potential
to change the business case for slab track, which is in general only currently used for very
specific situations such as tunnels, poor ground conditions etc. | would thus suggest a
preliminary investigation that addresses the question of what reduction in drag coefficient
would actually be required to change business case for slab track? As both infrastructure and
trains would be involved, a system approach would be required here. If further investigation of

68




the business case shows that it is worth pursuing these ideas, the next stage would be to
conduct coast down tests with the same train over ballasted and slab track. A long straight
level section of slab track would thus be required. Does such a section of track exist in the UK?
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Train Aerodynamics Research in 2020 Part 1
January 27, 2021
Introduction

The book “Train Aerodynamics — Fundamentals and Applications” (hereafter referred to as
TAFA) was published in early 2019, but in reality took no account of any material published
after June 2018. In January 2020 | posted a review of Train Aerodynamics research published in
the latter part of 2018 and all of 2019 to update the material in TAFA. In this two-part post | do
the same for material published in 2020.

It should be emphasized at the outset that, as in last year’s post, this collation cannot properly
be described as a review, which requires some degree of synthesis of the various reports and
papers discussed. This of course requires a number of papers addressing the same issue to be
available to synthesise. Looking at papers from a short time period that cover a wide range of
subject matter, this is not really possible, so what follows is essentially a brief description of
the work that has been carried out in 2020, with a few interpretive comments.

In this post we consider the papers that address specific flow regions around the train as
outlined in TAFA — the nose region, the boundary layer region, the underbody region and the
wake region. In part 2 we consider specific issues —tunnel aerodynamics, trains in cross winds
and a variety of other effects. In the text, published references are linked directly to their DOI,
rather than to a reference list.

The nose region

The major aerodynamic feature of the flow in the nose region is of course the large pressure
fluctuation that occurs as the nose of trains pass an observer. The major practical issue arising
from this is the loading on passing trains or structures next to the track.

A number of investigators have studied these loads, using full scale, physical model scale and
CFD methods. The most common structures investigated were noise barriers of different
types, and a range of data has been obtained that adds to the general database of train loading
on such structures. Xiong et al (2020) report a series of full-scale measurements to
investigate the loads on noise barriers on bridges caused by different types of high-speed train
running between 390 and 420 km/h. The variation of pressure with position on the barrier was
measured and the results compared with earlier data from other experiments and codes.
Oddly, the variation of load with train speed was considered in a dimensional way and was
shown to increase with the square of the train speed — unsurprisingly implying that the
pressure coefficients were constant. Also, a Fourier analysis of the unsteady data was carried
out, which was not appropriate as the loading was deterministic rather than stochastic. Zheng
et al (2020) measured the vibrational characteristics of semi-enclosed sound barriers at full
scale, consisting of a box over track with panels on one side and on half the roof and an open
lattice structure on the other side. Measurements were made using accelerometers and
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pressure loads were hot measured directly. They supplemented their data with RANS CFD and
FE vibration analysis. The CFD was validated for a short train against earlier tests and used to
predict loads for the full-scale case that were then used in the FE analysis. Good agreement
was found with the full-scale measurements of accelerations. Interestingly the authors found
that to predict the measured vibrations, it was not necessary to take into account the
mechanical vibrations caused by the passing train — this is somewhat contrary to previous work
and is probably a function of the rather rigid geometry of the semi-enclosed barriers. Du et al
(2020) investigated the pressure loads on a range of geometries of low noise barriers caused by
the passage of high-speed trains, using moving model tests. The loads due to both single and
passing trains were measured. The effect of train speed was again investigated through looking
at dimensional pressure values only — but in effect show a near constancy of pressure
coefficient as would be expected. Luo et (2020a) made similar moving model measurements
on two coach Maglev trains passing noise barriers, and investigated various barrier geometries
using IDDES simulations. Unsurprisingly the authors found that the pressures on the barriers
were well in excess of open air values. Slipstream values were also measured and calculated in
the gap between the train and barrier.

Liang et al (2020a) and Liang et al (2020b) measured loads on a bridge over the track and on the
platform screen doors in stations and the roofs of enclosed stations, using moving model tests
and LES or IDDES CFD calculations. Good agreement was found between the physical and
numerical modelling in both cases. For the bridge case, loads were measured at different
positions across the bridge, for different bridge heights. There were no observable Reynolds
number effects on pressure coefficients and good agreement was found with the CEN data
collation. For the station case, good agreement with the CEN correlations was found for the
station roof measurements, but the data for the various platform screens was widely scattered
about the CEN value.

Moving away from the consideration of pressure loads, Munoz-Paniagua and Garcia

(2020) investigated the optimization of train nose shape, with drag coefficient as the target
function, using a genetic algorithm and CFD calculations of the flow around a two coach ATM
(Aerodynamic Train Model). The looked at a large number of geometric variables and
concluded that the most important parameter to optimize for drag was the nose width in the
cab window region. 30% decreases in drag coefficient were reported but it is not clear to me
whether this relates to the nose drag or the drag of the whole train.

The boundary layer and roof regions

A number of studies published in 2020 investigated the boundary layer development along
high-speed trains, often in association with wake flow investigations. Whilst most of

these used CFD techniques, one study, that of Zampieri et al (2020) describes a series of full
scale velocity measurements around an 8 car, 202m long, ETR1000 travelling at 300km/h.
Measurements were made at the TSI platform and trackside positions and profiles of
longitudinal profiles of ensemble average velocities and standard deviations were obtained.
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The effects of cross winds were studied and found to be particularly significant toward the rear
of the train, where a significant asymmetry in flow fields was observed. These tests were
supplemented by a range of CFD calculations using various RANS turbulent models. Only
moderate levels of agreement between the two techniques were found. In my view the most
important aspect of this work is the establishment of a high-quality full-scale dataset for future
use in CFD and physical model validation.

The CFD studies all used DES or IDDES techniques. That of Wang et al (2020a) looked at the
effect of simulating rails in CFD simulations of a two-coach high speed train, and although
mainly concerned with wake flows, does present some boundary layer measurements. Wang
et al (2020b) investigated the difference between the use of conventional and Jacobs
(articulated) bogies for a three coach high speed train. Again, itis mainly concerned with the
effect on the wake, but it does show that the use of Jacobs bogies results in a thinner boundary
layer on the side of the train and reduced aerodynamic drag. Guo et al (2020) describes an
investigation into the effect of the inter-unit gap between two coupled three care high speed
trains. As would be expected from recent full-scale tests, an increase in boundary layer
velocities is observed in the vicinity of the gap, with a significant thickening of the boundary
layer on the downstream unit. Liang et al (2020c) investigated the effect of ballast shoulder
height on the boundary layer and wake development of a four-coach train. Little effect on
boundary layer was observed either on the train walls or roof. Finally, Tan et al (2020) carried
out IDDES calculations for 2, 4 and 8 car Maglev trains. Unsurprisingly the boundary layer grew
to be thicker along the eight-coach train than along the others. The maximum slipstream
velocity increased with train length at platform level but was greatest for the four-coach set
lower down the train.

Work has also been carried out to investigate boundary layer development on freight

trains. Bell et al (2020) describe a series of full-scale velocity measurements around six
different loading configurations of multi-modal trains. Rakes of anemometers were set up at
three locations along the track, that enabled boundary layer measurements to be made. As all
the configurations were different the normal technique of ensemble averaging was not
possible. Nonetheless much valuable information was obtained on mean velocities,
turbulence intensities, length scale and velocity correlations along the track. It was found that
the effect of cross winds was quite marked, with significant differences between the
measurements on the two sides of the track. Also, it was found that in general the effect of
gaps between containers was small, except for the larger gaps in the configurations. The paper
of Garcia et al (2020) looks in detail at various CFD techniques for predicting the flow around
container trains. In particular it investigates the performance of the URANS STRUC-epsilon
methodology and shows that it compares favourably with reference LES results, with a much
lower resource use. As part of the analysis the paper presents calculations for boundary layers
around single containers with gaps in front and behind.
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In a series of five papers, a group from China has investigated “Braking Plates”, flat plates that
are lifted into a vertical position on the train roof in order to increase aerodynamic drag and act
as brakes. All the papers describe IDDES CFD investigation on various geometric
configurations of high-speed trains. Niu et al (2020a) calculated the forces on a two car train
and showed that the increased drag was more significant when the plate was on the centre of
the roof rather than in an intercar gap. Niu et al (2020b) contains very similar material but with
more flow field detail around the plates and the vehicle more generally. Niu et al (2020c) looked
at the interaction between rooftop equipment such as HVAC units and pantographs, and the
highly unsteady turbulent wake behind the plates. These interactions were found to be

small. Niu et al (2020d) investigated the behaviour of plates near the nose and tail of vehicles in
a two coach train, and showed that those near the nose were more effective in increasing drag
than those near the tail, with the latter significantly affecting the vortices in the train wake.
Finally, Zhai et al (2020) calculated the flow over the roof of the train only and studied in detail
the highly unsteady flow field caused the raising and lowering of braking plates at zero and ten
degrees yaw. Whilst this concept is interesting, more work is required to determine how
multiple plates would work together on longer more realistic trains — are the drag benefits
significant in terms of the drag of the whole train. Also, the question remains as to how
effective they would be in an actual braking process. Work is required to model the slowing
down on trains using both conventional and aerodynamic methods to find out the speed range
over which the braking plates make a significant contribution to overall braking forces.

The underbody region

Two studies have been reported that look at specific underbody flow effects, rather than the
effect of underbody changes on the development of the wake which will be reported below.

The firstis by Jing et al (2020) who report an investigation using a wind tunnel model of the flow
over a 1:1 section of ballasted track, together with k-epsilon calculations of the flow beneath a
two-coach train. They specifically look at the pressure distributions on different types of ballast
configuration and draw some conclusions about the “best” ballast configuration to reduce
ballast flight. However, the unrepresentative nature of the wind tunnel tests, and the lack of
any link between the observed pressure distributions and the mechanics of ballast movement
does not enable one to have a great deal of confidence in these conclusions.

Liu et al (2020) describe some very innovative studies of water spray from train wheels,
addressing the problem of ice accretion in cold climates. The IDDES technique was used to
study the flow beneath a two coach HST with detailed bogie simulations and rotating wheels.
Water droplet trajectories were modelled using Lagrangian particle tracking methods. Regions
where water spray impinged on the underbody and bogies, and were thus prone to ice
accretion were identified. It was noted that spray impingement fell substantially as the train
speed increased above 250km/h.
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The wake region

A number of CFD studies of the wakes of high-speed trains have been published in 2020,
mainly carried out with two or three coach high speed trains, using DES or IDDES techniques.
Allidentified the major wake structure as a pair of counter-rotating longitudinal vortices. Most
of the studies investigated the effect of different geometry changes on these structures. Zhou
et al (2020a) investigated the difference between train simulations with and without bogies,
and found the longitudinal vortices were wider when bogies were present. A tail loop vortex
could also be seen that shed alternately from each side of the train with bogies present but
shed symmetrically with no bogies. Wang et al (2020a) investigated the effect of rails in the
simulation and showed that the effect of rails was to constrain the width of the vortices and to
reduce the TSI gust values. Similarly Liang et al (2020c) investigated the effect of ballast
shoulder height on the wake, and in general found that the higher the ballast shoulder the
lower were the wake slipstream velocities, both in term of ensemble averages and TSl values.
High ballast shoulders tend to lift the wake vortices upward and away from the TSI
measurement positions. Wang et al (2020b) describe an investigation of the difference in
wake structures between Jacobs bogies and conventional bogies. The former results in a
narrower wake and lower TSI slipstream velocities. Wang et al (2020c) examined the effect of
different bogie configurations, including a wholly unrealistic no bogie case, but with bogie
cavities. Unsurprisingly this case was shown to result in the largest slipstream velocities, but
because of its unrealistic nature has no real meaning. Guo et al (2020) looked at the effect of
the gap between two three car units on the wake of the combination. They found that the wake
was wider for a double unit than a single unit, presumably because of the increased thickness
of the train boundary layer at the tail. Two further studies of the effect of underbody clearance
are reported by Dong et al (2020a) and Dong et al (2020b). Both use the IDDES technique, the
first on a four coach ICE3 model without bogie representation, and the second on a three
coach ICE3 with realistic bogie simulation. In the first case the ground clearance is directly
changed, whilst in the second case itis changed by adding panels of different thicknesses onto
the track bed. Whilst there are some effects of ground clearance on drag and lift and on the
nature of the boundary layer flow along the side of the train, the primary effect in both cases is
seen in the wake, as the underbody flow and wake vortices interact in different ways. For the
more realistic case of the second investigation, increased TSI slipstream velocities were
observed as the gap width decreased.

Tan et al (2020) present the results of an investigation of the boundary layers and wakes on two,
four and eight car Maglev vehicles, rather longer than the vehicles used in the above
investigations. The wake structures were very different for different train lengths, with a
significant decrease in the Strouhal number of the wake oscillation as the train became longer.

Finally, Wang et al (2020d) investigated the wake structure of a two-car high speed train as the
Reynolds number increased from 5 x 10°to 2 x 107. They showed that the overall flow pattern, in

terms of large-scale vortex structure, tail separation positions and wake Strouhal number, was
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little affected by Reynolds number, although as the Reynolds number increased, more and
more smaller scale vortex structures could be seen.
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Train Aerodynamics Research in 2020 Part 2
January 27, 2021
Trains in tunnels

The most important flow parameter to be considered in a study of tunnel aerodynamics is of
course the rapid change in pressure as trains pass through. A number of investigations in this
area have reported in 2020. Perhaps the most significant is the full-scale investigation

of Somaschini et al (2020). They measured both on track and on train pressure measurements
on a high-speed Italian line. They showed the pressure transients caused by trains in tunnels
were very sensitive to the initial flow conditions in the tunnel, and specifically the residual
velocities caused by the passage of earlier trains. The on-train measurements consisted of the
measurements of pressures around the train envelope, together with the internal pressures for
both sealed and unsealed trains. The effects of train passings were also measured, and the
effect of HVAC shuttering systems on internal pressures identified. This is a very substantial
piece of work and provides much data that could be used for the verification of physical and
numerical modelling methodologies in the future. Lu et al (2020) investigated pressure
transients for trains crossing in a tunnel using RNG k-epsiilon CFD techniques and moving
model experiments. They used three of four coach trains in tunnels of varying length. The main
thrust of the investigation was aimed at investigating the effect of changes in tunnel cross
section. There was a respectable level of agreement between CFD and physical model tests,
and the authors concluded that the optimal geometry for a reduction in tunnel section
depends upon the point at which trains pass, which is of course very difficult to controlin
practice. Izadi et al (2020) used a simple moving model of circular train in tunnel and
compared the results with standard RANS methods. Unsurprisingly there was good agreement.
Although this work is in effect a repeat of work that was carried out in the 1970s and 1980s, it
does have a novel aspectin that the effect of trains accelerating and decelerating was
investigated.

The other major flow parameter of importance is of course the flow velocity, in the slipstream
and wake of the trains. These have been investigated by two studies. Li et al

(2020a) investigated the slipstreams caused by single and passing trains using URANS CFD
calculations around eight coach trains passing through a tunnel roughly three times that
length. Unsurprisingly they found that the slipstreams and wakes were highly complex varying
both spatially and temporally. The highest velocities were in the train / wall gap or in the gap
between passing trains as would be expected. Interestingly they found that the size of the
longitudinal vortices in train wakes decreased as the train entered the tunnel and were
constrained by the tunnel walls, although their vertical extent increased. Meng et al

(2020) used IDDES CFD techniques to investigate the slipstreams and wakes in tunnel for
trains with different nose shapes. A three-coach train geometry was used, with noses of
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variable length. It was found that the long nose shape reduced the slipstream velocities
throughout the tunnel.

The reduction in strength of micro-pressure waves from tunnel outlets continues to be a topic
of investigation. Luo et al (2020b) investigated this effect for mountainous terrain where there
was no space for lengthy for entrance structures, looking instead at the use of cross passages
near the tunnelinlet. Both moving model tests and CFD techniques were used, and good
agreement was found. It was concluded, again perhaps unsurprisingly, that as many large
cross passages near the tunnel entrance as possible had most effect on the strength of the
MPW emitted from the tunnel. Saito and Fukuda (2020) investigated entrance stepped hoods
of variable area with porous opening using acoustic theory and found that the optimal design
could results in significantly shorter hoods than conventional designs.

The study of the aerodynamics of subway systems continues to develop with a number of
investigations carried out. In particular there have been two full scale investigations reported.
The first, by Hu et al (2020) measured airflow characteristics in the tunnels around a subway
station and used the results to calibrate a network model. This model was then used to
investigate the effect of different arrival and departure strategies on the air flow within
stations. The cooling load of train air flow was also investigated, in relationship to mechanical
ventilation methodologies. There were significant variations in ventilation characteristics as
train operation varied, but the authors found it was possible to arrive at an optimized HVAC
operation. Khaleghi and Talaee (2020) carried out full scale velocity measurements in a subway
station with longitudinal ventilation of tunnels, with a novel air curtain system to control the
ventilation flows within the station. The results were used to calibrate a CFD methodology,
which was then used to investigate a range of ventilation and air curtain strategies studied.

Liu et al (2020b) used a standard k-omega SST CFD methodology to investigate a four-coach
train accelerating to 120km/h as it left a station and entered a tunnel, and in particular made
estimates of the time varying pressure and friction drag. As would be expected, the latter
increased substantially on tunnel entry. Huang et al (2020) also used a standard RNG k-epsilon
CFD methodology to investigate the loads on the surfaces of tunnels caused by the passage of
a six-car subway train. The methodology was verified using equivalent moving model tests. The
investigation showed that the loads were particularly sensitive to overall tunnel blockage and
tunnel shape.

Finally, it is necessary to point out that the effect of air movement on the spread of fires in
tunnels is not considered here. The interested reader is referred to Liu et al (2020c) and Peng et
al (2020) for recent investigations.
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Trains in crosswinds
Crosswind forces

One of the basic requirements for the study of trains in crosswinds is a knowledge of the
crosswind induced forces. As pointed out in TAFA, the determination of these forces is not
straightforward either experimentally or numerically. A number of authors have addressed
some of these issues. Liu et al (2020d) investigated the optimum number of pressure taps on a
train to obtain accurate forces and moments through pressure integration using DES
methodology for a three car HST at yaw angles between six to thirty degrees, and compared
their results with directly measured forces from wind tunnel tests. They found that an
arrangement of 15 x 4 taps on each face of the train produced adequate results although the
difference between the computed and measured force coefficient values was considerable (up
to 10% for side force coefficient, and up to 20% for lift force coefficient. Interestingly they
found that only between 2 and 4% of the forces were due to friction rather than pressure
effects. Huo et al (2020) investigated whether the trailing edge shape of dummy vehicle in
crosswind tests (which is conventionally mounted behind the live vehicle) affected the
measured forces and moments. A range of shapes were considered, from blunt ended to
streamlined, using DDES-SST techniques. Little effect was found for yaw angles up to 45
degrees, but both side and lift force coefficients fell below the values for long trains at a yaw
angle of 60 degrees, with the trailing edge shape making little difference. Li et al

(2020b) looked in detail at the choice of the RANS methodology embedded within the DES
approach, an important issue that has not been much investigated in the past. In particular
they investigated the adequacy of the one equation SA-DES approach and the two equation
SST-DES approach as applied to a Class 390 train at a yaw angle of thirty degrees, for which
wind tunnel data was available. Both methods gave similar values and trends, of surface
pressure but there were considerable differences in the predicted separation positions. Side
force and rolling moment coefficients were similar, but lift force coefficient were very different.
The authors concluded that SST-DES was the most appropriate to use.

CFD techniques were also used to investigate the effect of specific geometrical features on
measured and calculated crosswind forces. Guo et al (2020b) used DDES to investigate the
effect of bogie complexity on crosswind measurements and found that the rolling moment
coefficients increased as bogie simulations became more complex, with a variation of around
20%. Jiang et al (2020) carried out a DES investigation of the effect rail type in cross wind
simulation. No rail, simple rail, complex rail simulations were used. It was found that there
was little effect on side force coefficients and rolling moment coefficients were only affected in
the higher yaw angle range but lift force coefficients were significantly affected for all yaw
angles. The results for the simplified and complex rail simulations were very similar. Maleki et
al (2020) in their LES study of double stack freight in crosswind particularly investigated the
effect of the gap between containers. They showed that variations in gap width had a
significant effect on flow topology, which was highlighted through significant differences in
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mode shape appearing in a POD analysis. The flow structures that were observed included
vortices from the leading windward corner of the container and longitudinal vortices from the
top and bottom leeward corners. The authors were mainly concerned with the effect of
crosswinds on drag, and their work illustrated the drag benefit of keeping the gaps between the
containers small, which became more substantial as yaw angles increased.

Zhang et al (2020b) carried out a CFD analysis of the Chiu and Squire idealised train model at
90 degrees yaw and used various optimization schemes to optimize cross wind forces by
geometric changes. They found that the changes had little effect on side forces, but that lift
could be reduced by 20% by small sectional modifications. The work has little practical
significance.

The investigations described above have, if only implicitly, been concerned with the crosswind
forces on train due to normal, cyclonic winds. By contrast Xu et al (2020a), using DES
simulations, investigated the forces on a three-car train passing through a tornado simulation.
The tornado was small in relation to the train, and there were significant scaling issues as in all
such simulations. Forces were calculated for different vortex positions relative to the train, and
whilst of high intensity were found to be transient and very localized. The overall
representativeness of the simulated flow field in relation to real tornadoes must be
questioned.

A number of investigations, usually CFD studies, have looked at crosswind forces on trains in
the presence of different infrastructure geometries. Guo et al (2020c) used DDES techniques to
study flow over embankments with and without trains. A three-car HST model was used, with
embankments up to 7m high, with a simulation of an upstream power law profile. Both
velocities and train forces and moments were measured for a range of different cases. The
results are potentially very useful and need to be integrated with existing compilations of
similar measurements. Wang et al (2020e) carried out a RANS study on a three-car HST to
investigate the effects of ground clearance, typical embankments and viaducts and a truss
bridge, at yaw angles of 30, 45 and 60 degrees. Results are presented for side and lift force
coefficients for the different cases. Li and He (2020) carried out wind tunnel measurements of
a train on a bridge with a ninety-degree wind and measured aerodynamic forces and moments
for different angles of attack. As this angle varied across the range that might be expected in
reality, significant variations in the forces and moments were observed. These results are
valuable, although the authors recognize that strictly they are valid only for the bridge geometry
that they studied. Zou et al (2020) used RANS SST to study the aerodynamic forces and
moments on a three-car HST as it travelled into and out of an area on a bridge sheltered by a
wind barrier. Very high unsteady forces were observed on both train and barrier at entry and
exit. Yao et al (2020) carried out a similar RANS SST study of a train on a truss bridge and also
found similar highly transient and unsteady forces. They also investigated the effect of angle of
attack. Gu et al (2020) report a study of flow and forces behind corrugated wind barriers, with a

wavy section of different types. Very large-scale high blockage wind tunnel tests were carried
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out on a train section at 90 degrees yaw, together with equivalent DES calculations. The forces
on the train section varied significantly with barrier “bendiness”.

Two investigations have looked in detail at the crosswind forces on trains as they emerge from
a tunnel onto a viaduct in complex terrain. Deng et al (2020b) carried out a RANS study and
found very rapid transients for all forces and moments with some significant overshoots of the
equilibrium value. Wang et al (2020f) using SST k-epsilon methods looked at the effect of wind
barriers at the tunnel bridge junction, comparing the transient forces with and without barriers.

Vehicle system modelling

Having determined the force and moment coefficients, the next step in addressing crosswind
safety is an analysis of the vehicle / wind dynamic system. This requires some formulation to
describe wind gusts. There are three basic approaches - the specification of gust magnitudes
alone, the specification of a discrete gust shape, and the full stochastic representation of the
wind. All three approaches were investigated by Yu et al (2019) whose used examples of all
three methods within a generic MDF model for a high-speed train and derived cross wind
characteristics for each. These results showed the relationship between the three methods
and illustrated the arbitrariness in defining peak gust values.

Montenegro et al (2020a) investigated the effect of cross winds on a train bridge system subject
to a stochastic wind field and calculated the forces on both train and bridge. Train bridge
interactions were specifically allowed for and a stochastic track irregularity model was used.
Three criteria were used to define crosswind characteristics — the rail lateral / vertical force
ratios, wheel unloading, and the Prud’homme limit. The comparison with the CWC calculated
from the TSI discrete gust methodology showed that the latter was conservative. The authors
followed up this work in Montenegro et al (2020b) which investigated the adequacy of the TSI
methodology for various bridge heights, and showed that it became progressively less accurate
as the bridge height increased due to the fact that it involves a fixed, rather than variable,
turbulence intensity. A revised TSI methodology with variable turbulence was

proposed. Montenegro et al (2020c) used this methodology to investigate different types of
bridge construction. They showed that direct wind load on trains were more important than the
loads transmitted from the bridge, and also looked at safe running speeds.

Yang et al (2020) investigated the train dynamic response on a tunnel/ bridge system such as
described above. A three-coach train model was used with a many degree of freedom
mechanical model, together with RNG k-epsilon CFD calculations for the train forces. CWCs
were again derived, and the rail lateral / vertical force ratios and wheel unloading criteria were
used to derive CWCs. Sun et al (2020) investigated an HST passing a wind break with a breach.
URANS was used, together with a complex MDF model, and artificial wind gust shapes. It was
found, unsurprisingly, that when the gust duration experienced by the train as it passed the
breach was equivalent to the train suspension natural frequency, then large force and

displacement transients were observed. Wu et al (2020) investigated the hunting stability and
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rail creep on curved track with a cross wind. As such they looked at the dynamic stability of the
vehicle ride, rather than overall stability. They showed that hunting behaviour was changed
significantly by cross winds

Two papers of particular significance are those by Wang et al (2020g) and Liu et al (2020e) The
former considered a stochastic simulation of wind as input to a closed form dynamic model
that allowed only for major suspension effects. Afrequency response method was used that
used wind spectra, mechanical transfer functions to obtain track contact force spectra. This
enabled peak values to be calculated from a normal peak value analysis and CDFs of
exceedances were derived. The second paper similarly adopted a simple model of the dynamic
system, but used both spectral methods and discrete gust profiles, together with force and
moment coefficients from CFD calculations and wind tunnel experiments to calculate train
displacements and wheel forces. The method can also be used to study pantograph

dynamics. Liu et al (2020f) followed on from this work to investigate overturning coefficients for
different windspeed changes over different times and to look at a range of geometry changes.

Finally, the work of Xu et al (2020b) should be mentioned. This is a follow on from the work of
Xu et al (2020a) for the effect of tornadoes on trains but extended to include a MDF dynamic
model. It was shown that derailment was more likely than overturning for the cases
considered, although it must be stressed that the realism of the tornado simulation is doubtful.

Miscellaneous wind effects

Follow on from earlier papers on braking plates discussed in the first post (Nui et al 20204, b, c,
d), Zhai et al (2020), using DES calculations over a simulated train roof looked at the effect of a
cross wind with a yaw angle of ten degrees. The unsteady forces on the raised plate were
considered during the opening process. Unsurprisingly it was shown that crosswinds
increased these forces significantly.

Takahashi et al (2020) investigated the unbalanced tension in the overhead in crosswinds of up
to 30m/s. Measurements were made of wire movement in high winds and it was shown that
flapping wires imposed significant loads on structures. Methods were derived to determine the
frequency and amplitude of the wire movements for use in fatigue analysis.

Emerging issues

Work continues to some extent on evacuated tube transport. Niu et al (2020e) looked at the
acceleration and deceleration of short tube vehicles through the sound barrier using IDDES-
SST techniques, predicting values of drag, pressure and temperature. They validated their
methodology against wind tunnel tests on wedge like shapes. Calculations were performed for
s range of acceleration and deceleration profiles and the flow patterns for the two sets of
profile were shown to be quite different. Zhou et al (2020b) looked at longer, more train-like

vehicles using a 2D axisymmetric k-omega method and investigated the onset of the critical
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flow phase. Both investigations showed the overall complexity of the shock wave pattern
around such vehicles at high speeds.

Although perhaps somewhat peripheral to train aerodynamics, interest continues in air quality
in the railway environment. Islam et al (2019) report measurements of a short trial to measure
gaseous and particulate pollutants around a railway station in India, that measured high values
of PM2.5. Xu and Liu (2020) similarly measured high values of PM2.5 around a Beijing railway
station. The former used a trajectory analysis that indicated the majority of the pollutants were
from local sources, whilst the latter used the data to develop a spatial prediction model based
on modal decomposition that allowed future particulate concentrations to be

predicted. Loxham and Nieuwenhuijsen (2019) present a review of particulate levels on
underground railways from a variety of sources, and in particular look at the health effects of
the measured pollutants. They concluded that the particulates produced by the operation of
the railways themselves was more toxic than the ambient values, because of their metal
content, although their health effects were unclear. Ren et al (2018) looked at the use of
momentum sources in CFD calculations to represent vehicles, as a potentially more economic
type of calculation than using a standard dynamic mesh around trains models. A simple slow
speed moving model rig was used for validation purposes. A significant resource saving was
indeed reported, and it was shown that the methodology could be used to predict particulate
movement in tunnels, with moving trains causing more movement than stationary trains.

Finally, a number of papers present work that looks at train ventilation and air movement within
train cabins. These were mainly concerned with the optimization of HVAC systems — Barone et
al (2020) who developed a dynamic simulation methodology of HVAC for train trips that
included weather effects; Li et al (2019) who conducted CFD calculations to model the flow
over passengers in and HST cabin to determine thermal comfort and airflow

velocities; Schmeling and Bosbach (2019) who carried out laboratory test on a mock-up of a
train cabins with mannikins; and Talee et al (2020) who measured airflow velocities in a long
metro train with a through corridor while accelerating and decelerating. Batutay et al

(2020) report measurements of PM2.5 and CO2 levels in train cabins on a subway line in the
Philippines. High levels of PM were measured at times.

Final reflections

The two trends noticeable in the last review are again apparent — the large number of published
investigations from a small number of Chinese groups, and the growing use of CFD techniques,
and in particular the IDDES technique seems to be becoming the most favoured. Having read
the papers collated in this year’s review | feel it worth quoting directly two of my concluding
comments from last year as they still seem to me to be relevant. Firstly

........ it seems to the author that there is a growing need for a small set of freely available well
documented validation cases, ideally from full scale experiments for a range of train types, that
investigators can use routinely to prove their (CFD) techniques. At the moment the validations
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used are somewhat ad hoc, and perhaps a more systematic approach would give greater
confidence in the results, and also allow research papers to be reduced somewhat in length,
as the details of the validation cases would not be required.....

And secondly.

..... it must be remembered that CFD simulations, in the same way as physical models, can
only offer a simplified representation of the flow around full-scale trains, and need to be
interpreted in this light. There is a tendency amongst some authors (and | name no names!) to
quote numerical results to higher levels of accuracy than is either sensible or useful when the
uncertainty of the full-scale situation is considered. Just as with physical model tests, the role
of the engineer in interpreting CFD results in terms of the reality of the operating railway is
crucial........

These comments still stand.
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Thoughts on the leakage characteristics of trains
February 17, 2021
Preamble

Most modern trains are “sealed” in that they are designed to minimise the leakage of air
between the inside and the outside of the cabin. There are a number of reasons for this. Firstly
HVAC systems require as little leakage as possible to be able to operate efficiently. Secondly,
when a train passes through a tunnel at speed, it generates large pressure transients that can
cause passenger aural discomfort and pain — sealing the train attenuates or even eliminates
such transients in the train interior. However the sealing of trains is never perfect and some
way of quantifying leakage is required, and then of calculating the internal pressure of trains for
the types of external pressure field experienced as trains pass through tunnels, allowing for this
leakage. This brief post looks at the standard methodology for doing this, which is essentially
empirical, and compares it firstly with methods for the calculation of leakage in buildings used
by ventilation engineers, which are based on the concept of an equivalent orifice, and secondly
with a new method which models leakage paths as simple pipe flows. Itis shown that the
empirical model currently used is consistent with the new leakage pipe model, and the use of
the latter enables some of the limitations of the current method to be more fully appreciated.

The railway methodology

The standard method for assessing how well a train is sealed is to pump air into the train to
raise the internal pressure to a specified level and then simply to observe the decay of pressure
when the pump is turned off. It is then assumed that this pressure decay follows the simple
rate equation shown in equation (1), which can be solved to give the exponential decay
expression of equation (2) The parameter T is a leakage time constant and can usefully be used
to quantify the degree of sealing (Note that this is usually denoted by the Greek letter tau, but
this website is unable to cope with Greek letters in the text). Tests are usually carried out for
static trains but can in principle be carried out for moving trains, where one might expect the
degree of sealing to be somewhat less than the static case due to the relative movement of
different parts of the train envelope. Thus two values of the leakage time are often defined

— Tstatic and Taynamic. The sealing criteria themselves vary somewhat around the world and are
usually expressed in terms of a minimum time for the pressure to fall from one specified value
to another. These criteria are usefully summarised in Niu et al (2020). The range of criteria
effectively imply values of T of the order of 10 to 60 seconds. Once a value of T has been
determined, equation (1) can be used in reverse to find how the internal pressure varies for
rapidly varying external pressures, such as when trains pass through tunnels. This usually
requires a numerical solution to equation (1).
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The calculation of leakage in buildings

Now the approach taken in the study of building ventilation is somewhat different. A number of
authors, for example Harris (1990) developed an equation for the flow in and out of buildings
with both major openings such as windows, and with a distributed minor leakage openings. For
the case of leakage only, which is most analogous to the train case, the basic expression used
in given in equation (3). This is effectively an equation for flow through an orifice, and the basic
assumption is that the leakage area can be represented by an equivalent orifice. Itis then
assumed that the change in internal pressure is an adiabatic process, and thus equation (4)
applies. | am not altogether sure why the process should be adiabatic rather than isothermal,
but that is probably due to my lack of understanding of thermodynamics. Putting these
equations together gives equation (5), which is equivalent to equation (1) except that the
change in internal pressure is proportional to the root of the difference between the external
and internal pressures, rather than being directly proportional.
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Now the analysis that leads to equation (5) assumes that the orifice coefficient remains
constant. However, at low orifice Reynolds numbers, the coefficient is known to fall
significantly — see Johansen (1930) and the figure below. (I find | have rather a perverse
pleasure at quoting a technical paper thatis almost 100 years old!). This implies that equation
(5) can only be valid when the pressure differences, and associated leakage flow rates, are
quite high. To investigate this further, on the basis of the experimental results shown in the
figure below, we take the discharge coefficient to vary with the square root of the Reynolds
number as in equation (6). Here the Reynolds number is based on the leakage velocity v and
the average diameter of a single leakage path d (which can be expected to have a very much
smaller area than the overall leakage area A). After some manipulation this results in equation
(7). This is of exactly the same form as equation (1), and the leakage time constant can be
explicitly expressed as in equation (8).
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Discharge coefficient results of Johansen (1930). The x axis is the square of the Reynolds
number. Values are shown for the smallest values of the orifice diameter to pipe diameter

used in the experiments
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There is still however an issue in applying this equivalent orifice analysis to the case of train
leakage. From equation (3) above, the velocity through the orifice is directly related to the
pressure difference, with the energy loss being described by the discharge coefficient. For the
values of pressure difference across building facades, which are of the order of tens of Pascals,
typical values of the discharge coefficient of around 0.6, result in velocities through the orifice
are of the order of Tm/s. The pressure differences between the inside and outside of trains in
tunnels however can be up to 2 or 3Pa, and an orifice type analysis would give velocities of 40
or 50m/s, which is clearly unrealistic. The discharge coefficient method therefore does not give
an adequate energy loss to the leakage flow for high pressure differentials. So this type of
analysis may be applicable in building ventilation, but does not seem appropriate for the
consideration of train leakage. Some other framework needs to be developed to give the
railway methodology for calculating leakage something other than an empirical basis.

Leakage tube methodology

As an alternative, it is possible to conceive of the leakage paths on a train as a set of equivalent
pipes. Equation (3) can then be written in the form of equation (9) —which is effectively Darcy’s
law for flow through a pipe. The energy loss in the system is determined by the Darcy friction
factor. After some manipulation one arrives at the expression of equation (10), which is
equivalent to equation (5). Now for high Reynolds numbers (> around 2000) the Darcy friction
factor will be constant, and the rate of change of pressure will be proportional to the root of the
pressure difference between inside and outside the train — as in the orifice flow analysis.
However at low Reynolds numbers the Darcy friction factor varies inversely with Reynolds
number as shown. This results in equation (11), which gives the rate of change of internal
pressure as being proportional to the difference between the external and internal pressures
rather than the root of the difference i.e. a similar form to the empirical equation (1). An
equivalent value of the leakage time constant can be derived — equation (12). The energy loss in
the system is very much greater than for an orifice flow.
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Implications

The analysis above suggests that the leakage pipe model might form a useful tool for the
interpretation of the current empirical methodology. For a pipe flow, the boundary between the
laminar flow range (when the friction factor is a function of Reynolds number) and the
turbulent flow range (when the friction factor is constant) is at a value of Reynolds number of
around 2000. It is straightforward, using the above equations, to calculate the pressure
difference that results in a Reynolds number of 2000 for different leakage geometries. Typical
values are given in the table below. It can be seen that for leakage diameters between 0.75 and
1.5mm, the value of pressure difference for the transition from laminar to turbulent flow falls
from 7.7 kPa to 1.2 kPa. Typical pressure transient in tunnels have maximum values of 2to 3
kPa. There is thus a possibility that for larger leakage holes, the laminar flow pipe flow
methodology (equation 12) might not be applicable and an equation of the form of equation 10
might need to be used. In this case, the concept of leakage time is similarly not valid. The table
also shows leakage times for each of the cases considered, and these can be seen to fall
between 15 and 500 seconds. These all fall within the range measured in experiments, and
suggests equation (12) might be a useful method for relating geometric leakage characteristics
to leakage time
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Leakage diameter

Mumber of leaks

Maximum pressure
difference for

Leakage time T (s)

(mm) laminar flow (Pa)

0.75 7760 474
1.0 50 3274 200
1.25 2095 102
1.5 1212 59
0.75 7760 237
1.0 100 3274 100
1.25 2095 51
1.5 1212 30
0.75 7760 118
1.0 3274 50
1.25 200 2095 26
1.5 1212 15

Leakage path length= 10 cm; Volume of cabin = 200m?, a=64
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The calculation of train overturning risk — what type of wind
tunnel tests should be used?

March 18, 2021
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A Mark 3 coach —the GB benchmark vehicle

When considering the effect of crosswinds on a new train, an obvious first step is to obtain
data on the aerodynamic force and moment coefficients, usually through the use of wind
tunnel tests, with the forces and moment coefficients being measured for a range of yaw (wind)
angles from 0 to 90 degrees. This process however is not quite as straightforward as it sounds.
The conventional approach is to use static models in a low turbulence wind tunnel. This
approach of course models neither the relative motion between the train and the ground, nor
the effects of atmospheric turbulence. It does however have the merits of simplicity and
convenience. The conventional argument often used to justify this approach is that for high-
speed trains, the relative motion between the train and the wind leads to the train experiencing
low levels of turbulence. Whilst this is the case to some extent, itis not a wholly adequate
argument. Figure 1, from Train Aerodynamics — Fundamentals and Applications (TAFA), shows
how the turbulence length scale, turbulence intensity and velocity shear relative to the train
vary with train speed for a 90 degree cross wind. Values are given as ratios of the values when
the train is stationary. It can be seen that even at 400 km/h, the train still experiences a
turbulence intensity of around 30% of its stationary value, which one might expect to have a
not insignificant effect on the flow around the train,.
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Figure 1 Variation of relative values of turbulence intensity (black), turbulence length
scale (red) and shear (green) with train speed for a 90 degree cross wind (from TAFA)

An alternative approach would be to use a wind tunnel simulation of the atmospheric
boundary layer in which to measure the train forces and moments. This of course is only really
applicable to stationary trains. On the basis of figure 1, | argued in TAFA that low turbulence
wind tunnel tests would be best for train speeds greater than 200 km/h and atmospheric
boundary layer tests would be best for train speeds below that value — but that of course
represents rather a messy compromise. And both methods fail to address the issue of train /
ground relative motion.

So what are the alternatives? The first might be thought to be the use of CFD to properly model
both atmospheric effects and train / ground motion. However, the simulation of a realistic
scenario requires complex CFD methodologies (usually DDES) with very complex domain
boundaries that include the specification of atmospheric turbulence. The calculation of the
flow field for just one yaw angle takes several weeks on supercomputer systems, and in reality
CFD calculations of this type tend to mirror the low turbulence wind tunnel tests.

In physical model terms, two alternatives present themselves. The first is the measurement of
cross wind forces and moments on a moving model rig such as the TRAIN Rig owned by the
University of Birmingham. Again, the experimental issues are formidable. The use of force
balances within moving model rigs is not straightforward, and measurements of this type are
usually made through the measurement of surface pressures with internal transducers, which
because of transducer size and the need to carry out multiple runs to obtains stable average
pressures requires multiple runs, with different pressure positions at any one yaw angle —a
very tedious and complex process. An alternative would be to carry out conventional wind
tunnel tests, but with a range of different turbulence simulations, each simulation being valid
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for one train speed only. The thought of such tests is enough to make wind tunnel operators
consign it to the rubbish bin without much hesitation.

But the issue is important. Figure 2 shows three different sets of lee rail rolling moment
coefficients for the Mark 3 coach, the GB benchmark vehicle that has run on exposed lines for
many decades without incident. The three sets of coefficients are obtained from low
turbulence wind tunnel tests; tests with an atmospheric boundary layer simulation with the
coefficients formed from the mean values of measured forces and velocities; and those
obtained from similar tests but with the coefficients formed from one-second peak values of
forces and velocities (from Measurements of the cross wind forces on trains). The atmospheric
boundary layer results are shown together with corresponding full scale results from field
measurements on a real train. There can be seen to be significant differences between the
three curves, particularly in the low yaw angle range which is important at high train speeds,
with the low turbulence values being significantly above the atmospheric boundary layer
values and the peak values being below the mean ones. If these coefficients are used to obtain
cross wind characteristics (CWCs), which are plots of accident windspeed against vehicle
speed, as outlined in another post and in TAFA chapter 11 and in a recent blog post, then the
differences in acceptable windspeeds can be seen to be significant, particularly in the speed
range around 200 km/h - see figure 3. Note that this plot shows train speeds of up to 400 km/h,
which is wholly unrealistic for the Mark 3 coach —and certainly | wouldn’t care to be in one
travelling at that speed! — but serves to illustrate the lack of agreement between the CWCs
calculated using different moment coefficients. The difference in CWCs can be expected to
make a significant difference to the calculation of accident risk, or to any operational
restrictions that might be imposed, with the low turbulence results giving higher risk values and
more severe restrictions.
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Figure 2. Lee rail rolling moment coefficients for Mark 3 coach
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Calculated CWCs for low turbulence
(black), ABL mean (red) and ABL peak
(purple) coefficients
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Figure 3 Crosswind characteristics for Mark 3 coach

| have to admit this is a problem that | have been mulling over on and off for many years (which
gives a rather sad picture of the life | lead | fear). My thoughts have been basically around the
idea of how to obtain representative force coefficients to allow for the major effect of
atmospheric turbulence at low train speeds and the much smaller effect at high speeds,
perhaps by some interpolation of the low and high turbulence coefficients. This is not simple
however, as there is no direct correspondence between variation of these coefficients with yaw
angle and variation with train speed.

But there is perhaps another way — and that is to consider not the force and moment
coefficients, but rather the CWCs shown in figure 3. It seems reasonable to me to assume that
the most representative CWC would lie somewhere between the low and high turbulence
characteristics, lying close to the ABL curve at low train speeds, and close to the low
turbulence curves at high train speed. Thus figure 4 shows the CWCs formed from giving a
variable weighting to the low and high turbulence curves at different train speeds, with a 100%
weighting given to the low turbulence curves at a train speed of 0 km/h, and a 0% weighting at a
train speed of 400 km/h, with a linear variation in between. More sophisticated weighting
variations could be considered, but this approach is adequate for illustrative purposes. The
two curves of figure 4 are for the interpolation of the CWCs calculated from the mean and peak
coefficients with those obtained from the low turbulence coefficients. It can be seen that this
approach significantly raises the CWCs in the mid speed range from the low speed values and
will thus result in substantial risk reduction.
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Figure 4. Interpolated cross wind characteristics

Up to now, | have referred to potential risk reductions in rather broad terms. It is however
possible to put some numbers to these statements. Table 1 shows the accident wind speed at
a train speed of 200 km/h for each of the above CWCs and the associated risk at the reference
site as defined in my earlier post. For the original CWCs derived from the ABL coefficients, , the
risks is of the order of 107 to 108, but for the CWC derived from the low turbulence conditions,
the risk approaches 10° - almost two orders of magnitude greater. Whilst the absolute values
of risk are quite arbitrary, it is clear that the use of the low turbulence characteristic would lead
to a much more pessimistic (and perhaps unrealistic) risk assessment, and lower than
necessary wind speed restrictions. The interpolated CWCs give values of risk of ca little less
than 10, roughly midway between the atmospheric boundary layer and low turbulence values.

Risk of
Accident wind exceedance in
Crosswind characteristic speed at 200 reference
km/h (m/s) conditions
ABL mean coefficients 398 1.1 x107
ABL peak coefficients 42.3 25 x10™®
Low turbulence coefficients 315 7.8 x 10°°
ABL me_an / Low t_urbulence 357 99 x107
interpolation
ABL peak [ Low turbulence 26.9 53 x107

interpolation

Table 1. Accident windspeeds and risk values for Mark 3 coach at a train speed of 200km/h

So to conclude, the method outlined above gives a potentially realistic way of solving the
problem of what type of wind tunnel test to use for train cross wind risk assessment. It requires
two sets of wind tunnel experiments, one with low turbulence and one with an atmospheric
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boundary layer simulation, which is a more complex methodology than at present, but does
not require extremely complex wind tunnel or CFD trials. The method results in lower values of
calculated risk than would be the case using conventionally derived CWCs, and higher values
of accident wind speeds.
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Ten of the best — a personal choice of Train Aerodynamics

papers from 2021

January 9, 2022

Journal of Wind Engineering & Industrial Aerodynamics
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A field study on the acrodynamics of freight rains

Ariq Quazi %', Timothy Crouch®, James Bell *°, Tony McGreewvy *, Mark C. Thompson *,

Preamble

In January 2020 and January 2021, | posted quite lengthy blog posts that attempted to collate
allthe published papers in train aerodynamics over the previous year —see here for the 2020
post and here and here for the two part 2021 post. . These were intended as supplements to
the book “Train Aerodynamics — Fundamentals and Principles” published in 2019. These blog
posts have been quite widely read. At the time of writing (mid-January 2022) the 2020 post has
had 190 views and the two parts of the 2021 post 129 and 70 views. It had been my intention to
do something similar for the papers published in 2021. However, | have changed my mind on
this, and instead will take a different approach in this post. My reasons for this are twofold.

¢ The number of papers in the field continues to proliferate and, quite frankly, many of
them are of poor quality. This seems to be driven by the need, in some jurisdictions, for
research students to publish papers in order to be awarded a PhD. This inevitably
encourages a low standard of output. Also, | have noticed an increasingly disturbing
trend, whereby when a paper is rejected by one of the higher quality journals, it is
submitted in much the same form to other journals with less impact. | have seen a
number of such papers sent to me to review by different journals —and on two
occasions in 2021 | have been sent the same paper by three journals. Obviously | have
little influence on how researchers submit papers, other than through the normal
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reviewing process, but there seems to me no reason to give such papers the benefit of a
mention in any comprehensive annual compilation.

e The use of CFD techniques in train aerodynamics, which is proliferating at the same rate
as the number of papers, is giving me increasing concern. CFD techniques ranging from
RANS to LES are exceptionally useful tools in all fluid dynamics research and the same
appliesin the train aerodynamics field. But they are as much tools as any physical
model tests and need to be used and interpreted very carefully. There are many
investigators who do just that, including colleagues in my own institution. However, |
fear that that is not always the case Specifically, the use of such techniques is in many
circumstances becoming divorced from practical reality. There is a tendency to apply
quite high level, but inflexible, CFD methods (such as IDDES) to look at quite trivial
problems where much simpler methods could have given equivalent answers over a
wider parameter range. And in the consideration of the results from these calculations,
there is often little appreciation of the uncertainty that is attached both to the CFD
results themselves (for example | have seen the percentage changes in predicted drag
given to two decimal places) or in relation to full scale reality, where the uncertainties
are multiplied by an order of magnitude or more. Further the results of the CFD
calculations are often massively over-analysed. For example, in studies of cross wind
effects on trains, | have come across papers where the predicted wake systems are
analysed in very great detail, with little realisation that any such systems cannot existin
reality due to the (unsimulated) large scale turbulence in the approach flow field — as of
course is the case with many wind tunnel tests. The same can be said of the analysis of
many other applications. Again, there is little | can do to influence these trends, but |
see no reason to publicise such work any further in blog posts.

In the light of such developments, in this post | will not present a comprehensive compilation
of all the train aerodynamics papers from 2021 but will rather choose a much smaller number
(tenin total) which | believe are of particular significance and likely to influence the field in the
future. These are spread across the range of train aerodynamic applications including train
drag studies, trains in tunnels, crosswind effects and emerging issues. The choice of what to
include is of course to some degree subjective and mirrors my own interests, but | hope that
readers find it of interest.

Train drag studies

On the influence of Reynolds number and ground conditions on the scaling of the aerodynamic
drag of trains. Tschepe et al (2021)

Very often the effect of Reynolds number on train drag measurements or calculations is
broadly ignored provided that the Reynolds number is “high enough”. This is of course not
adequate, as the skin friction component of drag must vary with Reynolds number throughout
the parameter range — see for example my historically rather crude analysis of the
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problem from 1991. This paper, drawn from the doctoral work of Tschepe) presents the results
of a thorough experimental and analytical investigation into this effect, using the results from
water towing tank experiments. These experiments are quite novel and deserving of attention in
their own right. The three-dimensional nature of the train boundary layer is clear, and the effect
of ground roughness (ie sleepers and ballast) is shown to be of some importance (see also my
blog post here). A simple analytical approach, based on flat plate theory, allows a correction
method to be developed for extrapolating low Reynolds number results to full scale conditions.

Afield study on the aerodynamics of freight trains Quazi ei al (2021)

This paper presents the results of full-scale measurements of the pressure drag of a freight
container during a typical journey. As such it provides a basic benchmark for further studies.
The technique is of interest in its own right, but the basic result, that, despite the container not
having other containers immediately in front and behind it, the drag coefficientis much lower
than that found in other full-scale, physical model and numerical calculations is of
considerable interest. The authors suggest that this is because of the container position much
further down the train than in other measurements, as well as other modelling issues. The
results perhaps give pause for thought about the measurement of train drag from wind tunnel
tests or CFD calculations.

Tunnel aerodynamics
Influence of air chambers on wavefront steepening in railway tunnels. Liu et al (2021)

The phenomenon of micro-pressure waves (sonic booms) emitted from tunnel portals has
been much studied in recent years. These are caused by the steepening of the train nose
pressure wave as it passes along the tunnel, resulting in a steep wave at the tunnel exit that is
not wholly reflected with some energy being transmitted out of the tunnel in the audible
frequency range. The standard method for the amelioration of such effects is through the use
of tapering tunnel entry portals, that reduce the initial (and thus the final) steepness of the
waves. Such portals can be quite long and extend some way out of the tunnel, and indeed can
be quite expensive. This paper investigates an alternative to such portals —the distribution of
air chambers along the length of the tunnel that in principle reduces the steepening of the
pressure wave. Using a relatively straight forward gas dynamics analytical model, the authors
show that suitably designed chambers can remove the dependence of the exit wave on the
steepness of the inlet wave. Guidance is given for appropriate chamber volumes and the
resistance of the connectors between the chambers and the tunnel. Overall, the method has
much potential for future tunnel design.

Virtual homologation of high-speed trains in railway tunnels: A new iterative nhumerical
approach for train-tunnel pressure signature. Brambilla et al (2021)

The standard methodology to investigate the passage of pressure waves along tunnels is to use
full-scale measurements to measure the pressure wave system on train entry, and then to use
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data from those measurements to predict the pressure wave along the length of the tunnel
using one dimensional gas dynamics methods. The latter can be run many thousands of times
to investigate a range of operational conditions. Clearly the required full-scale tests are
expensive and complex. Recently some full CFD calculations of the flow along tunnels have
been published using sliding grids, which are again highly complex and computer resource
requirements limits their use to just one or two conditions. This paper presents a combined
methodology where CFD calculations using a standard fixed grid are carried out to measure
the pressure characteristics at train inlet to the tunnel, and these are then used in one
dimensional methods. The methodology has been validated against an extensive full scale
data set. Its relative cheapness and flexibility means that it has the potential to become widely
used within the industry.

Semi-empirical model of internal pressure for a high-speed train under the excitation of tunnel
pressure waves. Chen etal (2021)

This paper looks in detail at the development of internal pressures within train cabins in
tunnels. Using a combination of commercial CFD and finite element analysis, together with
simple models of internal ventilation flow, the authors looked at pressure changes due to body
deformation, pressure transmission through gaps in the train envelope and transmission
through the air ducts of HVAC systems. Body deformation has little effect (unsurprisingly in my
view) with the balance between gap and duct transmission varying depending on the degree of
opening of the latter. Whilst the analysis is complex, the results should be of interest in
describing a methodology that could ultimately be applied quite straightforwardly in design.

Pressure fluctuation and a micro-pressure wave in a high-speed railway tunnel with large
branch shaft. Okubo et al (2021)

This paper describes an extensive experimental programme using a moving model facility that
looked at the micro-pressure waves that occur as a result of the junction between the main
tunnel and large branch tunnels with similar diameter (which would be used for passenger
evacuation). The results are skillfully interpreted through the use of analytical models and
show that in some instances the micro pressure wave emitted from the branch tunnel can be
of greater magnitude than that omitted from the main tunnel. Both the physical and analytical
modelling methodology have potential use for the design of complex branching tunnel
systems.

Trains in crosswinds

Influence of the railway vehicle properties in the running safety against crosswinds. Heleno et
al(2021)

linclude this paper with some temerity, as | am named as an author — albeit the last one.
However, my role was very minor, and mainly involved discussions on some technical details
and proof reading the final draft (although they all contribute to my long term aim of getting to
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200 journal publications before my demise!). This paper considers the effect of various railway
vehicle properties on the overturning risk of a rail vehicle. It uses realistic vehicle dynamic and
track roughness models and generates realistic time series of wind speed from wind statistical
parameters. It is more rigorous in its modelling than the current method used in the CEN code,
which uses a very simplified wind gust model. A thorough parametric analysis of the various
vehicle parameters is carried out. In my view the major point to emerge is the lack of sensitivity
of the calculated overturning wind speeds and safety risk to variations in the train suspension
parameters. In principle this could lead to much simpler models for the CEN safety
assessment than are used at present, where full dynamic modelling is required. This is
personally satisfying as | have been arguing this very point for the last 10 to 15 years — see the
discussion in this post from 2020.

Emerging issues

CWE study of wind flow around railways: Effects of embankment and track system on sand
sedimentation. Horvat et al (2021)

I include this paper because it contributes to what | believe to be an important emerging issue
as railways are developed in arid conditions — sand sedimentation over railway tracks. Itis a
straightforward CFD study of flow patterns over different railway track geometries that
calculates wall shear stresses and used these to define potential regions of erosion and
sedimentation. It lays the foundation for future work — possibly to integrate sediment modelling
into the CFD calculations.

Investigation on flow field structure and aerodynamic load in vacuum tube transportation
system. Zhong et al (2021)

This paper is a detailed CFD analysis of the flow around vacuum tube vehicles using IDDES
techniques. Because of the enclosed nature of the vehicles and the well-defined geometry, this
is a case where one would expect good accuracy from such calculations. Also of course the
issues cannot be easily addressed by physical modelling techniques. Both subsonic and
supersonic flows are considered, the nature of the flow field elucidated, and vehicle drag
calculated. The results form a useful addition to the publicly available body of knowledge
about the flows around such vehicles that can be used in further development of the concept.
That being said, it is my firm view that, fascinating as the aerodynamics of the system might be,
vacuum tube systems will not meet with wide adoption due to simple operational constraints —
primarily the low capacity in comparison to conventional high speed rail systems.

General

Railway applications — Aerodynamics — Part 7: Fundamentals for test procedures for train-
induced ballast projection. CEN (2021)

This is not a paper, but rather the latest offering from the CEN working group on Aerodynamics
that looks at the issue of ballast flight beneath high-speed trains. It contains a wealth of
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information of the issues involved, economic aspects of the damage caused by ballast flight,
current national practices and possible ways forward in terms of homologation. Itis well put
together and forms a very useful basis for further work in the field.
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Cross Wind Characteristics — a mathematical curiosity
January 14, 2023

Readers of this blog will know that one of the subjects that | have worked on over the last 40+
years has been the effect of cross winds on trains. By this time, one would have thought that |
should have plumbed the depths of the topic, but it still has the ability to surprise. In this short
(and very nerdy) post | want to describe a mathematical curiosity associated with this subject
that | have recently become aware of.

Box 1, CWC Calculation methodology
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In the book “Train Aerodynamics — fundamentals and applications” | set out a simple
methodology for calculating Cross Wind Characteristics (CWCa) — essentially plots of
overturing wind speed against train speed. This is based on a simple three mass model and the
equations are set out in Box 1 above — equation (A) for the low yaw angle range, and equation
(B) for the high yaw angle range. | won’t describe this in further detail here —the book only costs
£132 on Amazon, so any interested readers can find a fuller description there and provide
some minimal royalties to myself and the other authors.

Recently | have had occasion, as part of a consultancy project, to develop simple spreadsheet
to enable CWCs to be calculated for a range of different types of rail vehicle. The method |
chose was to solve equation (A) for low yaw angles below the critical yaw angle and equation
(B) for high yaw angles above the critical angle, using the Newton Raphson iterative method.
These equations give an explicit solution for the overturning wind speed at a train speed of
zero. The value of train speed is then increased in small increments up to the vehicle maximum
operating speed, with the first estimate in the iteration at any one wind speed being the
converged value of wind speed from the previous calculation with a slightly lower train speed.
Convergence is usually very rapid, usually just one or two iterations.
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Figure 1 Calculated CWCs for n,=1.5, n,=0 for wind directions up to 90 degrees
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Figure 2 Calculated CWCs for n,=1.5, n,=0 for wind directions above 90 degrees
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Figure 3 Calculated CWCs for for n1=1.5, n,=-0.5 for wind directions above 120 degrees

The methodology in general worked well, and some of the results for different wind directions
relative to the train direction of travel are shown in Figures 1 and 2 (for lee rail rolling moment
coefficients at 30 and 90 degrees of 2.2 and 3.5 respectively and parameters n, and n, of 1.5
and 0.0, i.e. a steadily increasing rolling moment coefficient up to the critical yaw angle, and a
constant value above that angle). The two yaw angle ranges can be clearly seen, with the lower
yaw angle range at the higher train speeds, and the higher yaw angle range at the lower train
speeds. For the train aerodynamic characteristics shown here, the calculations are very stable
up to a wind direction of 120 degrees. However, if the calculation is carried out for higher wind
directions, then something odd happens and the iteration becomes unstable as can be seen
for the 135 and 150 degree cases in figure 2. This effect is even more severe for different rolling
moment characteristics. Figure 3 shows the CWCs for the same rolling moment coefficients
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and value of n,, but with a value of n,=-0.5 and thus with a peak at the critical yaw angle, which
is typical of high-speed trains. Here we can see major instabilities for wind directions above
120 degrees. | was very puzzled as to why this was the case. Whilst in practical terms this is of
no significance, as the overturning wind speeds for such wind directions are high and not close
to the minimum critical value at any one vehicle speed, but nonetheless it would still be good
to understand what was going on.

After playing around with the equations for a while, | found the best way to understand this was
to regard equations (A) and (B) as quadratic equations in train speed and solve for train speed
for a range of values of overturning wind speed. This is the wrong way round of course, as the
vehicle speed is really the independent variable that can be specified, and the wind speed is
the dependent variable that needs to be calculated but solving the equations in this way
proved to be illustrative.

As the equations are quadratics, there are two solutions for train speed for each value of wind
speed for each equation, and regions of the vehicle speed / wind speed plane where no
solutions exist. There are thus four distinct solutions to the equations, two for the low yaw
angle range and two for the high yaw angle range. These are shown for a range of different wind
directions in Figure 4 for the same case as in figures 1 and 2. Here the solutions are shown for
both positive and negative train speeds. The critical yaw angle condition is indicated by the
short-dotted lines — between the lines the high yaw angle curves will form the CWC and
outside them the CWC will be formed from the low yaw angle curves. The calculated CWCs (in
the positive velocity quadrant) are shown by the long-dotted line.

Normalised wind speed
W

Normalised vehicle speed

a) Wind direction = 30 degrees

Normalised wind speed
2

Normalised vehicle speed

b) Wind direction = 60 degrees
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Normalised wind speed

Normalised vehicle speed

d) Wind direction = 120 degrees

Normalised wind speed

Normalised vehicle speed

e) Wind direction = 150 degrees

Figure 4 Complete solutions of equations A and B for n,=1.5, n,=0

Consider first the 90 degrees yaw angle case (Figure 4c). Here the solutions are symmetric
about the wind speed axis, and the CWC simply takes the positive high yaw angle solution at
low vehicle speeds, and the low yaw angle solution at higher vehicle speeds. As the wind
direction moves away from this case, the solutions become skewed, although there is still a
degree of symmetry about the 90 degreecase, with the 30 degrees case being the image of the
150 degrees case, and the 60 degrees case being the mirror image of the 120 degrees case.

For the 30 degree case the CWC is formed entirely from a solution to a low yaw angle
equation. At 60 and 90 degrees the CWC is formed from one low yaw angle solution, and one
high yaw angle solution. At 120 degrees, the CWC consists of one low yaw angle solution and
two high yaw angle solutions, whilst at 150 degrees the CWC consists of two low yaw angle
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and two high yaw angle solutions. There is thus considerable complexity here that is not fully
revealed by simply considering the direct calculation of the CWC.

But coming back to the reason for this study, a consideration of the 150 degrees case shows
the reason for the instabilities in figures 2 and 3. One of the high yaw angle curves that
comprise the CWC doubles back on itself —ie there are two values of normalized wind speed
that have the same values of train speed. The iterative method is thus jumping from one value
to another and not converging,

As | said, this is not a practical issue as the overturning wind speeds in the wind direction range
above 120 degrees are significantly higher than the minimum values which tend to occur
around a wind direction of 80 degrees. The iterative calculation method for wind speed at a
particular vehicle speed should only be used with caution in this range, and if values are
required, the rather more cumbersome solutions for vehicle speed at a particular value of wind
speed should be used. In personal terms the graphs of the solutions of figure 4 are rather
attractive and their symmetry and form satisfying, and it was fun trying to sort out the reason
for the instabilities. Being retired one has the leisure for this sort of thing! Perhaps however itis
no bad thing to appreciate a little more the complexities behind what is intended to be a simple
calculation method for CWCs.
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Ten of the best — a personal choice of Train Aerodynamics

papers from 2022

January 20, 2023

> )%

Journal of Wind il ing & Industrial /

Preamble

Since the publication of the book Train Aerodynamics — Fundamentals and Applications in
2019, | have published brief annual reviews of published papers in the field of train
aerodynamics. Last year, in response to a plethora of poor quality papers, and the increasing
use of sophisticated CFD techniques to tackle somewhat trivial problems, | changed the
format slightly and presented brief comments on the ten “best” papers published in 2021. This
seems to have been a popular format and has attracted almost 400 views in the last year, so |
will repeat it this year. The concept of “best” is of course a wholly subjective one, and in reality,
I have chosen the papers that follow for a number of reasons - their intrinsic quality, the fact
that they address novel issues, or that the subject matter simply interests me. There are no
doubt others | could have included. Nine out of the ten come from the Journal of Wind
Engineering and Industrial Aerodynamics, which seems to have established its place as the
leading journalin this field.

2022 seems to have been the “year of the wind fence” with a number of papers looking at the
effectiveness of wind fences of different types and in different locations in protecting trains
from cross winds, using both computational and experimental techniques. Although most of
these have been competently carried out within their limitations, to choose just one for the
following list would have been difficult, and | have thus chosen not to include any. The papers
that are presented are arranged in a number of sections that correspond to Chapters in Train
Aerodynamics — Fundamentals and Applications — pressure transients (2 papers), pantographs
(1), trains in high winds (3), trains in tunnels (3) and emerging issues (1).
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Finally, on a personal note, it has now been five years since | retired from the University of
Birmingham, and | am very conscious that | am to some degree losing contact with the latest
developments in the rail industry. Thus, whilst | will continue to keep an eye on train
aerodynamics papers and may well comments on them individually in this blog, this will be my
last annual review of the field. Unless of course | change my mind.

Pressure transients
600 km/h moving model rig for high-speed train aerodynamics

A maglev train with a speed of 600 km/h or higher can fill the speed gap between civil aircrafts
and wheel rail trains to alleviate the contradiction between the existing transportation demand
and actual transport capacity. However, the aerodynamic problems arising due to trains
running at a higher speed threaten their safety and fuel efficiency. Therefore, we developed a
newly moving model rig with a maximum speed of 680 km/h to evaluate aerodynamic
performance of trains, thus determining the range of the aerodynamic design parameters. In
the present work, a launch system with a mechanical efficiency of 68.1% was developed, and a
structure of brake shoes with front and rear overlapping was designed to increase the friction.
Additionally, a device to suppress the pressure disturbances generated by the compressed air,
as well as a double track with the function of continuously adjusting the line spacing, were
adopted. In repetitive experiments, the time histories of pressure curves for the same
measuring point are in good agreement. Meanwhile, the moving model test and full-scale
experimental result of maglev trains passing each other in open air are compared, with an error
less than 4.6%, proving the repeatability and rationality of the proposed moving model.

This paper is mainly concerned with a description of a new 600 km/h moving model rig at
Changsha in China. It is a remarkable piece of equipment, with sophisticated firing and braking
systems. The development costs must have been significant. Having worked with moving
modelrigs in the past, | know that they can be prone to continual minor breakdown and
breakages, particularly at high speeds, and it would be nice to know how reliable the new rig is,
how many runs can be achieved in a day and so on. From the picture showing the maglev
model that was used, there can already be seen to be signs of damage! The experimental
results that are shown are not particularly novel, and one wonders if the equivalent results
could not have been obtained on lower speed rigs and then scaled by (velocity)?. But
nonetheless the authors (all seven of them) are to be congratulated on their efforts

Characteristics of transient pressure in lining cracks induced by high-speed trains.

Rapidly changing pressure waves in the tunnel can aggravate the crack propagation and cause
concrete blocks to fall off, posing a threat to trains. Therefore, the influences of aerodynamic
pressure on the lining cracks should be considered for high-speed railway tunnels in service. In
this paper, the governing equations of air in cracks were derived based on the conservation of
mass, momentum, and energy, which was verified by numerical simulations using the software
FLUENT. The proposed model was used to analyze the influence of train speed and crack
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shape on the pressure distribution, peak value and pressure waveform in the crack.
Subsequently, the crack tip damage was calculated. The results show that the abrupt change
of pressure can amplify the pressure and damage of the crack tip, which can be aggravated by
the increase of train speed and crack mouth width.

| found this a really interesting paper that addresses an issue that has not been considered in
the past - the amplification of tunnel pressure transients within cracks in the concrete lining of
tunnels leading to further damage and crack growth. Itis a very neat combination of a
theoretical approach informed by CFD work, that leads into a structural damage assessment.
Clearly the authors have given considerable thought to the issue and have used the analytical
and computational tools at their disposal wisely and intelligently.

Pantographs

Influence of train roof boundary layer on the pantograph aerodynamic uplift: A proposal
for a simplified evaluation method

The mean contact force between pantograph collectors and contact wire is affected by the
aerodynamic uplift generated by aerodynamic forces acting on pantograph components. For a
given pantograph geometry, orientation and working height, aerodynamic forces are strongly
influenced by the position of the pantograph along the train roof, since an aerodynamic
boundary layer grows along the train. This paper shows the experimental results of
aerodynamic uplifts of full-scale pantographs located at four different positions along the roof
of a high-speed train and adopts CFD simulations to examine the effect of the boundary layer
velocity profile on the measured experimental forces. It is quantitatively demonstrated that the
same pantograph located at different positions along the train roof can show relevant
differences in the aerodynamic uplift, only due to the different flow characteristics. Moreover, a
new simplified methodology is proposed to evaluate the aerodynamic uplifts at different
positions of the pantograph along the train. Results of the proposed methodology are validated
against full scale experimental results and full CFD simulations exploiting the complete model
of the pantograph installed on the train roof.

This paper addresses an issue that has long been ignored — how the varying nature of the
boundary layer on the train roof affects the aerodynamic performance of pantographs. In the
past the aerodynamic coefficients have been assumed not to vary wherever the pantograph
was placed in relation to the train nose. It represents a very elegant combination of large-scale
wind tunnel experiments and CFD analysis, exploiting the strength of both methodologies, and
leads to a straightforward and practical design methodology.

Trains in high winds

Wind tunnel test on the aerodynamic admittance of a rail vehicle in crosswinds

The aerodynamic admittance of a rail vehicle was investigated by wind tunnel test.
Aerodynamic force was measured in the cases of three typical railway structures, including on
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the flat ground, above an embankment, and on a bridge, under two turbulent flow fields. First of
all, three-component aerodynamic coefficients of the vehicle on each structure were obtained
under uniform flow with respect to three wind attack angles and four wind direction angles.
Secondly, the aerodynamic forces on the vehicle and the corresponding wind speed were
evaluated to establish an aerodynamic admittance function of the vehicle. The aerodynamic
admittance of the rail vehicle approximated a constant value in the low-frequency domain, but
decreased with the reduced frequency increasing. The effects of the different reduced
frequencies on the drag are greater than the lift admittance of the vehicle, while moment
admittance stays steady-state. Finally, in order to reflect the unsteady characteristics of the
buffeting force on the vehicle, the aerodynamic admittance functions of the vehicle were fitted
to the expression of the frequency response function of a mass-spring-damping system, which
was then verified. Furthermore, the effects of flat terrain and mountainous terrain were
investigated, revealing that the influence of turbulence intensity on aerodynamic admittance is
significant.

This experimental paper is the companion of a more theoretical one that was also published in
2022. This theoretical approach to describing aerodynamic admittances is based on work that
| carried outin 2010, and it is good to see it much more fully investigated experimentally than
myself and my co-workers were able to achieve at the time, with high quality aerodynamic
admittance data being obtained for a range of turbulence simulations, and infrastructure and
train geometries. There is more work to do however, in investigating just how important the
concept of aerodynamic admittance actually is in train overturning calculations and how does
its use affect the magnitude of the crosswind characteristics or CWCs (plots of accident wind
speed against vehicle speed). The limited work myself and colleagues carried out on this a
decade ago as we were developing a simple analytical framework for CWCs would suggest the
effectis small, but it would be good to quantify this, and the results outlined in this paper
would enable this to be done.

Impact of the train-track-bridge system characteristics in the runnability of high-speed
trains against crosswinds - Part I: Running safety

This paper studies the influence of different factors related to the structure-track-vehicle
coupling system in the train’s stability against crosswinds, namely the bridge lateral behaviour,
the track condition and the train type. With respect to the former, a parametrization of an
existing long viaduct with high piers has been carried out to simulate different lateral
flexibilities. The study concluded that the bridge’s lateral behaviour has a negligible impact in
wind-induced derailments. Dynamic analyses considering four scenarios of track condition,
ranging from ideal to poorer condition, but still within the limits stipulated by the codes, have
also been carried out, leading to the conclusion that the track irregularities influence the
running safety mainly on the higher train speed levels. This is due to the fact that the Nadal and
Prud’homme indexes strongly depend on the wheel-rail lateral impacts, which become more
pronounced for higher speeds and under poorer track conditions. Finally, four different trains
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have been adopted in the study to cover a wide range of vehicles. The results proved the
importance of carefully considering the trains used in the analysis, since the train’s weight may
vary significantly, leading to considerable different results in terms of vehicle’s stability against
lateral winds.

This is the first of a two-part paper that considers the effect of various system characteristics
on train behaviour in cross winds. This paper considers the safety issue, whilst its companion
considers passenger comfort issues. The analysis uses simulations of wind fields, with a
sophisticated MDOF train dynamic model and looks at the effect of bridge flexibility, track
roughness and train type. With regard to the former, the effects on the calculated CWCs is
small. Whilst this calculation is for a concrete viaduct, the results must cast considerable
doubt on the analysis of a plethora of recent papers that have considered the movement of
trains over bridge of different types, using highly complex methodology to describe bridge
vibrations —was such complexity really required? The effect of track roughness on CWCS was
shown to be somewhat more significant and is an issue that perhaps needs to be taken into
account in any future work in my view. Finally, and intriguingly, the authors show that in some
instances the Prud’homme derailment criterion is critical rather than the train stability criterion
and suggest that this effect ought to be taken into account in the development of CWCS. This is
a significant paper, and, with seven authors, shares the prize for most contributors in this
selection. They are all to be applauded!

Numerical study of tornado-induced unsteady crosswind response of railway vehicle
using multibody dynamic simulations.

The tornado-induced unsteady crosswind responses of railway vehicles are investigated by
using multibody dynamic simulations. Firstly, a tornado-induced aerodynamic force modelis
proposed by using the equivalent wind force method and the quasi-steady theory and validated
by the experimental data. The Uetsu line railway accident caused by tornado winds on
December 25, 2005 is then investigated by the proposed tornado-induced aerodynamic force
model and the multi-body dynamic simulation. The predicted accident scenes show favorably
agreement with those obtained from the accident survey when the maximum tangential
velocity of tornado is around 41 m/s and the core radius is 30m. Finally, the dynamic
amplification factor (DAF) for railway vehicles in tornado winds is systematically studied and it
increases as the passing time decreases. It is found that the DAF can be effectively suppressed
as the damping parameters increase while it decreases slightly as the natural frequency
increases. A simple method to predict the DAF is also proposed based on simulation results.

This paper addresses an ongoing issue in the study of the effect of cross winds on trains —is the
quasi-steady methodology adequate or are more complex models required - this time in the
context of vary rapidly varying tornado loading. In the analysis the use of the discontinuous
Rankine model (without radial inflow) and Burgers Rott model (which was used way outside its
low Reynolds number region of applicability) somewhat limits the adequacy of the analysis,
but probably not in a very significant way. The modelling is calibrated using a low speed moving
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model experiment. The use of the dynamic model enables significant details of the overturning
process to be revealed, and shows that for rapid changes in flow velocity, there are significant
overshoots in train forces from the quasi-steady values. | do wonder however, in view of the
fact that tornado wind field modelling is a very uncertain procedure (and likely to remain as
such) whether the complexity of the use of dynamic models is actually justified. The jury is still
out on this issue | think.

Trains in tunnels
Micro-pressure wave radiation from tunnel portals in deep cuttings

The reflection and radiation of steep-fronted wavefronts at a tunnel exit to a deep cutting is
studied and contrasted with the more usual case of radiation from over-ground portals. A well-
known difference between radiation in odd and even dimensions is shown to have a significant
influence on reflected wavefronts, notably causing increased distortion that complicates
analyses, but that can have practical advantages when rapid changes are undesirable.
Likewise, micro-pressure waves radiating from the portal into a cutting are shown to exhibit
strong dispersion that does not occur in the corresponding radiation into an open terrain. In the
latter case, formulae that represent the behaviour of monopoles and dipoles are commonly
used to estimate conditions beyond tunnel portals, but no such simple formula exists (or is
even possible) for cylindrical radiation that is characteristic of MPWs in cuttings. An important
outcome of the paper is the development of an approximate relationship that predicts the
maximum amplitudes of these MPWs with an accuracy that should be acceptable in
engineering design, at least for initial purposes. The formula shows that peak pressure
amplitudes decay much more slowly than those from an overground portal, namely varying
approximately as r 0.5 compared with r 1, where r denotes the distance from the portal.

This paper describes a thoughtful, analytical study that addresses the effects of deep cuttings
at the exit of tunnels on the reflected and transmitted pressure waves. It is shown that the
reflected waves take longer to develop and are more spread out than with a tunnel outlet on
level ground and that the radiating pressure wave (the MPVs) decay much less rapidly. The
paper gets to the heart of the basic assumptions underlying tunnel pressure wave analysis and
brings to light issues that users of commercial software need to be very aware of.

Experimental study on transient pressure induced by high-speed train passing through an
underground station with adjoining tunnels

Transient pressure variations on train and platform screen door (PSD) surfaces when a high-
speed train passed through an underground station and adjoining tunnel were studied using a
moving model test device based on the eight-car formation train model. The propagation
characteristics of the pressure wave that was induced when the train passed through the
station and tunnel at a high speed were discussed, and the effects of the train speed and
station ventilation shaft position on the surface pressure distribution of the train and PSDs were
analyzed and compared. The results showed that the pressure fluctuation law is different for
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the train and PSD surfaces, and the peak pressure increases significantly with an increase in
the train speed. Ventilation shafts changed the pressure waveform on the surface of the train
and PSDs and greatly reduced the peak pressure. A single shaft at the rear end of the platform
and a double shaft at the station had the most significant effect on relieving transient pressure
on the surface of the train and PSDs, respectively. Compared with the case with no shaft, these
two shafts reduced the maximum amplitude pressure variation of the train and PSD surfaces by
46.3% and 67.4%, respectively.

This paper describes a nicely set up and carried out series of experiments using a moving
modelrig. The situation that is considered (an underground station in a high-speed tunnel
network) is quite generic and could form a useful test case for airflow calculation methods. The
effect of air shafts on reducing pressures is very clear. It would have been nice to see more
variations of air shaft geometry in the experimental programme, but the authors probably felt
they had more than enough to do.

Field test for micro-pressure wave reduction measurement by area optimization of
windows of tunnel hoods.

The air compression of a high-speed train entering a tunnel results in micro-pressure waves
(MPWs), which can cause environmental problems. To mitigate MPWs, tunnel hoods with
discrete windows are installed at the tunnel entrances. By properly adjusting the window
conditions, the efficiency of the tunnel hood in mitigating MPWs can be enhanced. Per
Japanese convention, window conditions are optimized by changing the opening/closing
pattern in the longitudinal direction (pattern optimization). The optimization pattern of the
windows is fundamentally different if there is a change in the train speed, train nose length, the
relative position between the train and the windows, or the train nose shape. Therefore, for
extremely long tunnel hoods, the optimal state of the windows is almostimpossible to detect
numerically or experimentally using pattern optimization. In this study, we realized a rapid and
simple optimization of the windows of the tunnel hood (i.e., area optimization) for mitigation of
MPWs by field measurements. The result demonstrated that the area optimization
considerably helps in mitigating the MPWs, despite the simplicity of the procedures.

To reduce MPW maghnitudes, the initial gradient of the pressure waves caused by train entry
into the tunnel need to be minimised (since these steepen along the tunnel, with steeper
waves producing stronger radiated MPWs at the outlet). One way of doing this is to design a
variable area entrance hood, with openings along the side so that the pressure wave builds up
gradually. The optimisation of these openings has in the past been somewhat hit and miss, and
it difficult to know what is the optimal configuration. This paper describes a simple
optimization methodology and presents a series of quite ambitious full-scale experiments to
validate this methodology. The final result is a very simple but effective arrangement of
openings which represents the best that can be achieved.

Emerging issues
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Diffusion characteristics and risk assessment of respiratory pollutants in high-speed train
carriages

Due to the density of people in the cabins of high-speed trains, and the development of the
transportation network, respiratory diseases are easily transmitted and spread to various
cities. In the context of the epidemic, studying the diffusion characteristics of respiratory
pollutants in the cabin and the distribution of passengers is of great significance to the
protection of the health of passengers. Based on the theory of computational fluid dynamics
(CFD), a high-speed train cabin model with a complete air supply duct is established. For both
summer and winter conditions, the characteristics of the flow field and temperature field in the
cabin, under full load capacity, and the diffusion characteristics of respiratory pollutants under
half load capacity are studied. Taking COVID-19 as an example, the probability of passengers
being infected was evaluated. Furthermore, research on the layout of this type of cabin was
carried out. The results show that it is not favorable to exhaust air at both ends, as this is likely
to cause large-area diffusion of pollutants. The air barrier formed in the aisle can assist the
ventilation system, which can prevent pollutants from spreading from one side to the other.
Along the length of the train, the respiratory pollutants of passengers almost always spread
only forward or backward. Moreover, when the distance between passengers and the infector
exceeds one row, the probability of being infected does not decrease significantly. In order to
reduce the probability of cross infection, and take into account the passenger efficiency of the
railway, passengers in the same row should be separated from each other, and it is best to ride
on both sides of the aisle. In the same column, passengers only need to be separated by one
row, and it is not recommended to use the middle of the carriage. The number of passengers in
the front and back half of the cabin should also be roughly the same.

This is an interesting and important paper, arising of course out of the recent pandemic.
Through the use of reasonably straightforward CFD methodology, the spread of pathogen from
any point within a railway carriage to any other point can be calculated, and from this the
probability of infection can be ascertained. This methodology may have widespread future use
and can be used to inform passenger loading configurations with to minimise infection
probabilities. The calculations were restricted to likely infection from an infected passenger in
a small number of locations. There is no reason why the number of locations should not equal
the number of possible passenger conditions and a matrix produced on of infection in
seatjdue to an infected individual in seat j, which would enable a fuller picture of infection
rates to be developed.
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More on Cross Wind Characteristics

February 26, 2023

Wind blows train off tracks in Xinjiang, Shanghai Daily 02-28-2007

In two previous blog posts | have discussed the method for calculating cross wind
characteristics for train overturning in high winds that is set out in Baker et al (2019). In the first,

| used the approach to look at what might be regarded as the “best” shape for trains in
overturning terms, and in the second | looked at the methodology itself and tried to understand
the quite complex form of the solution of the governing equations. In this post, | will consider
the shape of the cross wind characteristics that are predicted by the method and consider how
the characteristics change as the form of the lee rail aerodynamic rolling moment
characteristic changes.

The method itself is straightforward and is given in the box below taken from a previous blog
post. It assumes a simple three mass model of a train under the action of a wind gust and,
through a suitable assumption for the form of the rolling moment characteristic allows
reasonably simple formulae for the cross wind characteristic to be calculated. The method is
considerably simpler than the methodology outlined in “Railway Applications — Aerodynamics,
Part 6: Requirements and Test Procedures for Cross Wind Assessment. CEN EN 14067-
6:2018” where a multi degree of freedom dynamic model of the train is required, and an
artificial wind gust is imposed. | am strongly of the view that the complexity of the latter
method is unjustified for two basic reasons. Firstly the use of a highly accurate multi-degree of
freedom dynamic model is inappropriate when the input wind gust and aerodynamic
characteristics have major uncertainties associated with them and the outputis used in very
approximate risk calculations; and secondly because the CEN method of specifying the wind
gustis theoretically unsound and not representative of a real wind gust. In any case the
methodology | use here has actually been compared against the CEN methodology and can be
made to be in good agreement if properly calibrated. | would be the first to admit that a more
detailed calibration of the method for a range of “real” effects such as track roughness,
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turbulence scale, suspension effects etc. is probably required, but its simplicity of use has
much to commend it, particularly in helping to understand the physical processes involved.

The methodology of Baker et al (2019)

Those points being made, now let us turn to the matter in hand. The methodology starts from a
curve fit of the measured or calculated lee rail rolling moment coefficients. The forms chosen
are shown in Figure 1 below and effectively requires the specification of four parameters —the
lee rail rolling moment coefficient at 30 and 90 degrees yaw, and the exponents of the curve fits
n. and ny, the first in the low yaw angle range, and the second in the high yaw angle range.
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Figure 1. Curve fit formats to lee rail rolling moment characteristic

This curve fit then leads to the formulae for CWCs in the two yaw angle ranges given as
equations A and B in the box above.. These give the values of normalized overturning wind
speed against normalized vehicle speed, as a function of wind direction, the ratio of the lee rail
moment coefficients at 90 degrees and 30 degrees and the two exponents. The normalization
is through the characteristic velocity which is a function of the train and track characteristics,
including the rolling moment coefficient at 30 degrees yaw.

Let us firstly consider the normalized CWCs calculated from this method. Figure 2 shows
these for wind directions relative to the train direction of travel from 70 degrees to 110 degrees
(where 90 degrees is the pure cross wind case). The lee rail rolling moment coefficients at 30
and 90 degrees are 4 and 6 respectively, and the exponents n, and n; are 1.5 and -1, all of which
are typical values for a range of trains. From the figure it can be clearly seen that there are two
parts of the cross wind characteristic — a low yaw angle range at the higher vehicle speeds,
where the normalized overturning wind speed decreases slowly with increases in normalized
vehicle speed; and a high yaw angle range for low vehicle speeds, where the normalized wind
speed increases above the low yaw angle value, in some cases quite significantly. In general
terms the low yaw angle curve is probably of more practical relevance as it corresponds to the
normal train operating conditions, at least for high speed trains. Here there can be seen to be
little variation of the characteristic with wind angle over the range from 70 to 90 degrees. The
minimum value is usually at a wind angle of around 80 degrees, but the minimum is very flat
and the values of normalised wind speed for a pure cross wind of 90 degrees are very close to
the minimum values.
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Figure 5 CWC variation with ratio R of lee rail rolling moment coefficients at 90 and 30
degrees yaw

Figures 3 to 5 show the variation of the CWC at a wind direction of 90 degrees for a range of
values of the two exponents n; and n; and the ratio R of the rolling moment coefficients at 90
and 30 degrees. Firstly the low yaw angle exponent is allowed to vary between 1.0 and 2.0.
Earlier work has shown that blunt nosed leading vehicle tend to have a value of n, of around 1.1
to 1.3, and streamlined leading vehicles have values between from 1.4 and 1.7. There can be
seen to be very considerable variation in the CWCs throughout the vehicle speed range as this
parameter varies, with the lower values resulting in lower, and thus more critical CWCs (but
remember that these are non-dimensional curves —we will deal with the dimensional case
below). Variations in the high yaw angel exponent n, and the ratio of the rolling moment
coefficients have a somewhat smaller and more localized effect in the low vehicle speed range
only. As to which are the most important parameters, that depends upon the type of train — for
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high speed trains, the low yaw angle range is critical, but for low speed trains, the yaw angles
experienced in practice span the high and low yaw angle ranges so both are important.

To simplify things further, the figures suggest that if the CWCs for the low yaw angle range were
used throughout the speed range, then this would be a conservative approach. Figure 6 shows
such CWCs for the conditions of figure 3 for a wind direction of 90 degrees, which is very close
to the minimum, critical, value, and a range of values of the exponent n1. Note that at zero
normalised speed, the normalised wind speed is 1.0 in all cases. By setting the wind direction
to 90 degrees, equation Ain the box above takes on a very straightforward form, and values of
normalised wind speed can be found for any value of normalised vehicle speed for any value of
n,, although an iterative solution is required.

1.8

1.6

-
]

—nl=1.0

nl=1.25

=1
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—nl=15

nl=1.75

o
T

Normalised wind speed

nl=2.0

M

o] 1 2 3 4

Normalised vehicle speed

Figure 6. CWCs for all vehicle speeds using low yaw angle formulation only.

All the CWCs presented above have been in a dimensionless form. These can easily be
converted to a dimensional form by multiplying the velocities on both axes by the
characteristic velocity. This is know to vary between about 30m/s for conventional low speed
trains to around 40m/s for high speed trains. The variation in the CWC for 90 degrees wind
direction from Figure 2 for these two characteristic velocities is shown in figure 7. The value for
30 m/s lies well below the 40 m/s curve, with very much lower overturning wind speeds at any
one vehicle speed. However whilst the high speed train with a characteristic velocity of 40 m/s
has a top speed of above 300 km/h, the top speed for the low speed, conventional train with a
value of 30 m/s will be around 160 km/h. So a direct comparison at the same speed is not
entirely appropriate.
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Figure 7 CWCs in dimensional form
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Yet more on cross winds effects on trains

April 27, 2023

Train blown over by high winds in Switzerland in March 2023

This post and its attachments continues a sporadic (and what some might call obsessional)
series on the effects of cross winds on trains. It gives links to a report in Appendix 1 and a
downloadable spreadsheet.

The report which follows on from two papers | wrote in 2010 and 2013, presents a detailed
analysis of the effects of unsteady crosswinds on trains using a simple train dynamic system
methodology. This begins with the specification of unsteady wind characteristics that are then
used to calculate unsteady aerodynamic forces. These are then used as input to the dynamic
model to calculate lateral, vertical and rotational displacements and unsteady track forces.
Three specific effects are then considered — wheel unloading criteria, track force criteria and
vehicle displacement criteria, and a rigorous statistical methodology used to specify values of
these under specific unsteady crosswind conditions. A simple methodology for developing
wheel unloading cross wind characteristics (CWCs) is then set out and calibrated using the
dynamic model. This calibration indicates that the simple model is more than adequate to
determine wheel unloading in design, and that the more complex aspects of the suspension,
track roughness of spatial non-correlation of the aerodynamic loads have little effect on the
calculated CWCs. Finally possible extensions to the modelling methodology are outlined —in
terms of investigating a range of effects on wheel unloading dynamics, the extension of the
method to investigate track forces, roof displacements and pantograph / OHL displacements
in cross winds.

126




The spreadsheet gives a simple and straightforward way of calculating the CWCs using the
methodology described in the report. It is made available on the basis that the coding has not
been verified in any rigorous fashion, and that the user takes full responsibility for the output.
That warning being given, | hope some will find it of interest. There are two worksheets. For both
the user-defined parameters are highlighted in yellow. The first calculates the CWC from a
user-specified value of the characteristic velocity The second calculates the value of
characteristic velocity from the vehicle geometric, mass and aerodynamic parameters as in
section 11 of the above report. It uses the same values for these parameters as used in the
report, but these can be changed as required.
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Appendix 1

A detailed study of crosswind effects on train systems
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A detailed study of crosswind effects on train systems|

Chris Baker

Abstract

This report presents a detailed analysis of the effects of unsteady crosswinds on trains using a simple
train dynamic system methodology. This begins with the specification of unsteady wind characteristics
that are then used to calculate unsteady aerodynamic forces. These are then used as input to the
dynamic model to calculate lateral, vertical and rotational displacements and unsteady track forces.
Three specific effects are then considered — wheel unloading criteria, track force criteria and vehicle
displacement criteria, and a rigorous statistical methodology used to specify values of these under
specific unsteady crosswind conditions. A simple methodelogy for developing wheel unloading cross
wind characteristics ([CWCs) is then set out and calibrated using the dynamic model. This calibration
indicates that the simple model is more than adequate to determine wheel unloadings, and that the
more complex aspects of the suspension, track roughness of spatial non-correlation of the
aerodynamic loads have little effect on the calculated CWCs. Finally possible extensions to the
modelling methodology are outlined — in terms of investigating a range of effects on wheel unloading
dynamics, the extension of the method to investigate track forces, roof displacements and pantograph
J OHL displacements in cross winds.
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MNotation

Cr

Cr

Cry

Cs
Coiy)
Crel¥)
Cs(P)

fe

fr
fa

fe2
fa

by (T)
hs(T)

Train referance area (m?)

Roughness parameter (mrad)

Roughness parameter (mrad)

Characteristic velocity for wheel unloading limit (m)/s)
Characteristic velocity for roof displacement limit (m)s)
Characteristic velocity for Nadal limit (m/s)

Secondary rotational damping (Mms/rad)

Secondary lateral damping (kg/s)

Secondary vertical damping (kg/s)

Track curvature (m™)

Lift force coefficient

Rolling moment coefficient about rollcentra

Lee rail rolling moment coefficient

Side force coefficient

Lift force coefficient at yaw angle i

Relling moment coefficient at yaw angle ¥

Side force coefficient at yaw angle i

Dispersion of wheel loading coefficient extreme value distribution
Dispersion of Nadal coefficient extreme value distribution

Dispersion of lateral displacement coefficient extreme value distribution

Admittance factor
2 crd
Curvature factor ((p—b:} = 1) =
v rg
Roughness factor

Suspension rotation factor 1 — s

- My X M, X
Suspension lateral movement factor LT 4 —=e e
My p M p

Suspension other effects factor
Reference height (m)
Lift force weighting function

Side force weighting function
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H Horizontal force on track (N)

I Moment of inertia of secondary suspended mass (kg m?)
k.wr Primary lateral stiffness (M/m)

km, Primary vertical stiffness (N/m)

k.. Secondary lateral stiffness (N/m)

ks Secondary vertical stiffness (N/m)

kg Secondary rotational stiffness (Mm/rad)

i Vehicle length (m])

L Mean lift force (M)

L Fluctuating lift force (N)

Ly Turbulence length scale relative to the vehide (m)

Ly Actual turbulence length scale (m)

My Lift force weighting function parameter

My Side force weighting function parameter

My Mode of wheel loading coefficient extreme value distribution
Mg Values of m; used in the analysis of section 12.

Ty Mode of lateral displacement coefficient extreme value distribution
My Mode of Nadal coefficient extreme value distribution

Mp Primary suspended mass (kg)

M. Secondary suspended mass (kg)

Mzp Total suspended mass (kg)

M, Total vehicle mass (kg)

My Unsprung mas (kg)

n Frequency (Hz)

n; Frequency at increment j (Hz)

My Lift force coefficient low yaw angle exponent

MNia Lift force coefficient high yaw angle exponent

ngy Lee rail rolling moment coefficient low yaw angle exponent
Mg Lee rail rolling moment high yaw angle exponent

Tisy Side force coefficient low yaw angle exponent

Mo Side force coefficient high yaw angle exponent

3
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Xp

Mumber of realisations of dynamic medel

Track semi-width [m)

Probability of exceedance

Centre of pressure height above leeward rail (m)

Centre of pressure height above roll centre (m)

Random number between 0 and 1

Rolling moment causing secondary rotational displacement (Nm)
Rank

Owverturning moment (Nm)

Restoring moment (NMm)

Suspension coefficient

Height of centre of gravity of suspended mass above rail (m)
Height of centre of gravity of total mass above rail (m)
Height of centre of gravity of total mass above roll centre (m)
Height of centre of gravity of unsprung mass above rail (m)
Mean side force (N)

Fluctuating side force (M)

Spectral density of wind relative to the vehicle (m/s)
Spectral density of lateral roughness

Spectral density of vertical roughness

Spectral density of cross track roughness

Unsteady wind spead (m/s)

Unsteady wind speed at time step [ (m/s)

Gust velocity for a specified wheel unloading (m/s)

Mean wind spead taken to be normal to the direction of travel) (m/s)

Vehicle speed (m/s)

Balancing speed (m/s)

Vertical force on track (excluding self-weight) (M)
Mean wind speed relative to the vehicle (m)s)
Time (s)

Primary lateral displacement {m)
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Xz rot
Xe

¥p

¥p max
¥ri

Ye

Yz max

Gy

g

Primary maximum lateral displacement (m)

Lateral roughness (m)

Secondary lateral displacement (m)

Secondary maximum lateral displacement (m)

Secondary lateral displacement caused by body rotations (m)
Lateral movement of centre of gravity of total mass (m)
Primary vertical displacemeant (m)

Primary maximum vertical displacement (m)

Vertical roughness (m)

Secondary vertical displacement (m)

Secondary maximum vertical displacement (m)

Wheel unloading coefficient
¢—fa—fa-fa—fr+fe

Maximurm value of wheel unloading coefficient for realization j
Wind direction

Lateral displacement coefficient

Track canit {rad)

Coefficient of proportionality in equation 11.9
Secondary roll angle (rad)

Yaw angle (degrees)

Madal coefficient

Density of air (kg/m?)

Standard deviation of wind speed (m/s)

Lag time in weighting function (s)

Cross track roughness (rad)

Wavenumber

Roughness parameter (rad/m)

Roughness parameter (rad/m)

Roughness parameter (rad/m)
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1. Introduction and rationale

In two papers from 2010 and 2013 * 2 the author has set out a general methodology for the
consideration of the effects of crosswinds on trains. The first of these developed a theoretical model
for the unsteady forces on trains and calibrated this methodeology using a simple dynamic model of
the train suspension system. The second developed a framework for the consideration of trains in high
winds and in particular proposed a simple method for the calculation of cross wind characteristics —a
plot of accident wind speed against train speed that is used in the train authorization process. The
work of both these papers has been taken further in the book on train aerodynamics by the author
and his colleagues published in 20192,

This paper draws on this work and presents an overall framework for the consideration of crosswinds
on trains, at rather more length than would be possible in a published paper. It considers how the
forces produced by fluctuating wind forces are modified by the track dynamic system to cause wheel
unloading, high track forces and body displacements. The relative importance of a number of physical
parameters — suspension characteristics, track roughness, non-correlation of turbulence on the train
surface are considered. This leads to further developments in the methodology for calculating cross
wind characteristics, which can be applied to a range of cross wind issues other than the one usually
addressed — that of train overturning.

Maturally this paper draws heavily on the earlier work. The two papers and the book give extended
reviews of the work of other authors in this field, and readers interested in more background
information should consult these.

1 CJ. Baker, 2010, "The simulation of unsteady aerodynamic cross wind forces on trains”, Journal of Wind
Engineering & Industrial Aerodynamics 38, 88-39, http://dx.doioreg/10.1016/]. jweia. 2009.0:9.006

* ¢ ) Baker, 2013, “A framework for the consideration of the effects of crosswinds on trains®, lournal of Wind
Engineering and Industrial Aerodymamics 123, 130-142,

http://dx doi.org/10.1016/].jweia.2013.09.015

* ¢ ) Baker, T. Johnson, D. Flynn, H. Hemida, A. Quinn, D. Soper, M. Sterling (2019) “Train Aerodynamics:
Fundamentals and Applications”, Elsevier
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2. Outline of the analysis

In the rest of this report, we consider step by step, the chain of effects and processes that result from
unsteady cross winds impinging on trains. This will be primarily through the consideration of two
specific cases for a typical leading vehicle of a typical passenger train as follows.

# Case 1 for a vehicle speed of 40 m/s and a mean crosswind speed of 20m/s (the same as in
Baker, 2010).

# (Case 2 for the same vehicle speed and a crosswind speed of 32.5 m/s, which is near the critical
wheel unloading condition.

We firstly consider the simulation of unsteady wind speeds as seen by moving vehicles in section 3,
and then in section 4 show how these wind speeds produce time histories of unsteady aerodynamic
forces and moments, including allowing for the non-correlation of turbulence eddies over the train
surface. In section 5 we set out the calculation methodology for calculating time histories of track
roughness and misalignment. Both unsteady wind loads, and track roughness effects are then usad in
a simple dynamic model of a train in section 6. This allows time histories of wheel unloading, track
forces and wehicle displacements to be calculated. A rigorous statistical methodaology i1s then applied
to give robust maximum values of these quantities, with defined levels of probability (sections 7 to 9).
A consideration of these values in section 10 leads to conclusions concerning the relative importance
of a range of modelled effects.

In section 11 we then consider further the methodology for deriving cross wind characteristics in the
light of the dynamic analysis and find that the results strongly suggest that the simple CWC
methodology is more than adeguate for practical purposes, and the complex dynamic effects are very
much second order and can easily be allowed for. A fuller calibration of the CWC methodology using
the dynamic model is set out in section 12 and a final discussion in section 13 addresses ways in which
the methodology may be used in practice and further possible extensions are outlined.
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3. Simulation of wind conditions

The first stage of the modelling process is to model the wind conditions, as experienced by the vehide.
As the starting point for this, we utilize the wind spectrum relative to a moving vehicle as set out by
Cooper®.

nsym __ 4(%) ( m)? _fmy?y [oseaea %"‘]2}) _
R ey @ +(-6 j—{1+,—-n3|;5,,u}} (3.0)

[“?':"E(T

where n is frequency, 5,(n) is the wind spectral density at a frequency i, aﬁ is the variance of the
fluctuating wind speed,ii is the mean wind speed, Fis the mean wind speed relative to the vehicle,
and L, is an effective turbulence length scale given by

Ly=Lg, ({%):+I{J.?ﬂ6(l— (g)z))ﬂ-ﬁ (3.2)

and L., is the actual wind turbulence length scale. In all the calculations that follow we assume L, =
50m and the turbulence intensity o,/ = 0.15. The spectrum of equation (3.1) is plotted in Figure 3.1
below. In effect the movement of the vehicle pushes the wind spectrum to higher frequencies than
for the spectrum at a stationary point. Note that the formulation of equation (3.1) is for wind normal
to the direction of travel, and this condition will be assumed in all that follows. This implies the
following relationship between wind speed and vehicle speed 7.

Ve =v® +0° (3.3)

The values of the spectral density at discrete frequencies nj are then used to calculate the unsteady
wind velocity time wu; series at time i at the position of the train through the following algorithm.

u; = ¥;(25, (ni}ﬂni}u'ssm[znﬂit + 2mry;) (3.4)

where T is a random number between 0 and 1. The process was checked by calculating the average
spectrum of 50 calculated time series. This is also shown in figure 3.1 and can be seen to be a

respectable approximation to the target spectrum.

For each of the calculations that follow, two sets of 50 one-minute-long time series of velocity are
calculated. These were correlated for frequencies less than 0.25 Hz (i.e. used the same random
number time series) but were uncorrelated at higher frequencies. One set was used for calculating
side forces and one for calculating lift forces, in an attempt to model the observed low frequency
correlation between these forces in reality, but the lack of high frequency correlation.

Typical one-minute fluctuating velocity time histories for Case 1 are shown in Figure 3 2a (those for
Case 2 are very similar in form, but with a greater magnitude). Figure 3.2b shows the same fluctuations
over a 10 second period, where the two sets can be distinguished and can be seen to differ at the
higher frequencies as expected.

* Cooper, R.K., 1985. Atmospheric turbulence with respect to moving ground vehicles. Journal of Wind
Engineering and Industrial Aerodynamics 17, 215-238
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4, Simulation of aerodynamic forces

The next step is the specification of the aerodymamic forces and moments on the train. The
prerequisite to such a calculation is a knowledge of the aerodynamic force characteristics. These are
conventionally taken as functions of the yaw angle y. For the normal wind case this is defined as
follows.

tan(y) =7 (4.1)

Following Baker et al (2019), we adopt the following forms, which have been shown to be a good fit
to experimental data.

For low yaw angles

C5(1ﬂ'] = Cs(30 j{:::é{::')] -
Cu) = .(30) (3pag) -

And for high yaw angles

Cs() = C(90 ){:',fg;';,’] (4.4)
cu) = .00) (Grat) (4.5)

The parameter values that are used are given in Table 4.1 below. These are very typical of a leading
vehicle for a reasonably well streamlined train.

Table 4.1 Force coefficient parameters

C5(30) Cs(90) | Cu(30) | G (90) gy Tlga Mgy Mgz

40 5.6 20 28 15 15 -1.5 -15

Figure 4.1 shows a plot of the characteristics that were used.

10
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Figure 4.1. Side and lift force coefficients

The mean side and lift forces can then be calculated in the normal way from the force coefficients and
the velocity relative to the train.

§ = 0.5pAVCs (4.6)
L = 0.5pAV3C; (4.7)

where p is the density of air (=1.22kg/m?) and 4 is the train reference area (10m?). The calculation of
fluctuating forces is somewhat more complex. We use the following formulation as in Baker (2010).

§' = pACsi (1+ ZL%‘;—‘I’; cot (:p)) I hs(u' (2 — Dt (4.8)
L' = pac,i(1+ ij—‘; cot () ) J;” hy ()’ (£ — T)dr (4.9)

hs(7) and hy(7) are the aerodynamic weighting functions for side fore and lift force respectively and
allow for the filtering effect caused by the lack of correlation of forces over the train structure at higher
frequencies (smaller turbulence scales). These can be obtained from wind tunnel measurements of
aerodynamic admittance. The following forms are assumed in what follows.

hs = (2anmg) re ~2TNMST (4.10)

h; = (2mm; )3 re—2TmLT (4.11)

and

’"?-‘f‘ = 2.0sin { ¥) (4.12)
11
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myl .
?I' = 2.55in ( 3) {4.13)

Here [ is the train vehicle length, taken as 20m. The forms of these functions are shown in Figure 4.2,
Essentially their use gives a weighted average of the instantaneous velocity over the previous 0.5s,

and thus effectively act as a low pass filter.

Figure 4.2. Weighting functions for side and lift force.

The overall side and lift forces are then given by the sum of the mean and fluctuating values
§5=5+5 (4.14)
L=L+1' {4.15)
Typical one-minute realizations of side and lift forces are shown in Figure 4_3a and b for Cases 1 and 2
respectively. The effect of applying the weighting function is shown in Figure 4.4 for the side and lift
forces of Case 1. In this figure, the values shown in Figure 4.3 are compared with the quasi-steady
values (i.e. assuming the weighting function integrals in equations 4.8 and 4.9 have values of unity.
Ten second segments are shown. The filtering effect of the weighting function is very cbvious with the
high frequency variations of the quasi-steady forces being damped out.
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5. Track roughness

The track roughness is specified using the formulation of Li et al ?, which was the German high speed
rail formulation of roughness. The alomg track alignment spectrum (in our terms the lateral
roughness), the vertical profile irregularity spectrum (vertical roughness) and cross level irregularity
{cross track roughness) are given by the following expressions.

_ Aylr®
z(w) = [ o, 2wt w2 (5-1)
_ Agwt
Syla) = (W et (e +w, ) (32}
_ [/ e P as®
(@) = Grs D e@ireg (3-3)

@ is a wavenumber and the spectral parameters are given by 4,=2 19107 mrad, A},= 4 03107
mrad, w.= 0.8246rad/m, w,= 0.0206rad/m and w,= 0.4380rad/m. These are shown in Figure 5.1 in
normalized form (i.e. spectral density x wave number / variance). The lateral and vertical spectra are
identical in this format. The cross-track spectrum is different however, with the lower wave number
spectral densities being much smaller.

Figure 5.1 Roughness spectra

From these spectra the time history of track roughness can be obtained in a similar way to the velocity
time histories

% = L(25,(w@ }ﬂmJ] smIch- t+ 2mry;) (5.4)
¥ri = X(25,(w;) e } sm{m €+ 2nry;) (5.5)
@ri = L(25g(w;)Aw } sm[m it + 2mr;;) {5.6)

LY, Qiang 5, Liao H, Xu ¥ L {2005) “Dynamics of wind—rail vehicle—bridge systems”, lournal of Wind
Engineering and Industrial Aerodynamics 93, 483-50 hitp://dx doj.ore/10 1016/ iweiz, 2005 04,001
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6. The train suspension system under crosswind conditions

The next stage of the calculation is to apply the aesrodynamic forces to some model of the vehicle
system. In what follows, we use a simple three mass model — the unsprung mass (wheelsets), the
primary suspended mass (bogies) and the secondary suspended mass (car body). The side and lift
forces are taken to act on the car body only, and the aerodynamic forces transmitted to the rest of
the vehicle through springs and dampers. There are assumed to be no interactions between lateral,
vertical and rotational systems, which is of course a significant approximation. We also assume that
yaw and pitch effects are not significant.

g Secandary Mass
—
—e ke )
klll:‘l.-xi:'*:ul:.l"-lp.] -—
Primary mass
——t k)

H

Figure 6.1 Lateral suspension system

For the lateral forces and displacements, the dynamic system is shown in Figure 6.1. We can write
Newton's Law as follows for each of the three masses, which can be solved by simple numerical

procedures.
Secondary mass
dix, dx; dxp
M‘g_d'i'! =5- kﬂ‘{xi - xp]' — Cax (E - ?) (6.1)

Primary moss

d*x dx, dx,
4y 52 = a5 3p) + G (52 - 557) — a5, - ) (62)

Unsprung mass
kpe(%p— %) = H (6.3)

Here M, and MP are the secondary and primary suspended masses; x, and Xpare the displacements
of these masses; x is the track displacement due to track roughness; k., and i'::p.,qf are the stiffmesses
of the primary and secondary sUSpensions; C., is the secondary suspension damping and H is the
lateral force on the track. The primary suspension is assumed not to be damped. H is thus the side
force component as modified by suspension effects. One would expect the ratio of H and S to be, on
average, equal to unity. Figure 6.2 shows that this is indeed the case, although the fluctuations about
this value are very large.
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Figure 6.2 Ratio of horizontal force on track to aerodynamic side force
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Figure 6.3 Vertical suspension system

For the vertical displacements and masses, we can write equivalent equations, with x replaced by y
throughout. We do not include weight terms — these are effectively allowed for in the zero
displacement conditions of the primary and secondary suspensions. The vertical dynamic system is
shown in Figure 6.3 and the equations of motion are as follows.

Secondary mass

dys s
M d':; =L- ks_].r(}’s - }’p) — Cgy (% _?J:_E) (6.4)
Primary mass

dy dy, d
Mp— = ksy(¥e — ¥p) + €52 (E - TJ:P) — kpy (3 —3r) (6.5)
Unsprung mass
kpy(yp —wr)+ V=0 (6.6)

V is effectively the aerodynamic force on the track, as modified by the suspension system. One would
thus again expect the ratio of this force to the lift force to be unity. Figure 6.4 shows that this is indeed
the case, although, as with the H/S ratio, the fluctuations are very large.
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Figure 6.4 Ratio of vertical force on track to aerodynamic lift force
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Figure 6.5 Rotational dynamic system

To model the rotational displacements, we assume that only the secondary mass rotates abowt a roll
centre at the top of the primary mass (Figure 6.5). Using the same nomenclature as before, the
equation of motion is as follows.

428 48, dp
Is d'r: =R —ksg(6; —@r) — Cop {d'_r: - d'_rr) (6.7)

Here &, is the angle of rotation, I, is the moment of inertia of the secondary suspended mass, and R
is the rolling moment taken as

R=gq's (6.8)
where g' is the height of the centre of pressure above the roll centre.

The above equations can be easily solved through simple numerical methods. The values of the various
parameters that were used are shown in Table 6.1 below, which are based upon the values given by a
number or recent authors (although it has to be said there are wide variations in the values used by
these authors). In solving these equations we assume that there are maximum values of primary and
secondary displacements that can be allowed in the horizontal and vertical directions, and these are
also given in Table 6.1.

Table 6.1 Suspension model parameters
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Mass and inertia Lateral parameters Vertical parameters Rotational parameters

M, kg 35x10% | kg Nfm 3 x10¢ kg Nfm 4 x10¢ ko Nm/r 5 x 106

Mp kg 3x10? Cox kg[S 6x10% Coy ke[S 4x10* | cgr Nms/r | Sx10°

M, kg 4%10° | KpeNfm | 1.2X107 | kpyNfm | 4x10°
I: kg m® 10° [ 0.04 Ve mazx M 0.04
Xp max M 0.01 ¥p max M 0.01

The results for lateral, vertical and rotational displacement for cases 1 and 2 are shown in Figures 6.6
and 6.7 below. The difference between the two cases is basically the mean wind speed (here
interpreted as @ one-minute mean) — 20m,s in case 1 and 32.5m/s in case 2. This is reflected in the
figures, with greater displacements in case 2 than case 1. Significantly these movements are restricted
by the imposed maximum value in case 2 for the primary and secondary lateral displacements and for
the primary vertical displacement.
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7. Wheel unloading criteria

We turn now to consider the overall effects of crosswinds on trains. Perhaps the most important is
the unloading of the windward wheel that in extreme cases will lead to train overturning. This
unloading is the results of two moments acting about the leeward rail — the asrodynamic overturning
moment, and the restoring moment due to the train masses, which may of course be displaced
harizontally). The farmer is given by

Rg=5q+Vp (7.1)
whilst the latter is given by
Ry = Mygp + Mpg(p —xp) + Mz(p — x; — 6:9") (7.2)

The overturning and restoring moments for cases 1 and 2 are shown in Figure 7.1. For the former, the
overturning moment is much less than the overturning moment, but for the latter they are much
closer, with some minor crossovers.

a)Case 1

A

b) Case 2

Figure 7.1 Rolling and restoring moments for cases 1 and 2

By simply taking moments about the leeward rail, the windward wheel unloading is given by

_ {Ro—Fr)

a=1
Mgp

(7.3)
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A value of 1 indicates complete unloading. The unloadings for cases 1 and 2 are shown for one madel
realisation in Figure 7.2 in two forms — the instantaneous wheel unloading, and the wheel unloading
with a 0.55 moving average applied, it being assumed that such a period of time is appropriate when
considering whether or not dangerous conditions have been reached. It can be seen that the average
unloading for case 1 is around 0.4, whilst for case 2 it averages around 0.8 with peak values close to
0.9. This value is often assumed to be the critical value for wheel unloading, and indeed the wind
velocity of case 2 was chosen to achieve unloadings of this magnitude. There can be seen to be a
considerable difference between the averaged and non-averaged values.

1 A A A e

a)jCasel

A

b) Case 2
Figure 7.2. Wheel unloadings for cases 1 and 2

Mow, most of the figures in the preceding sections have shown the results of just a single one-minute
realization of the model. Clearly there will be variability between realisations as the fluctuating forces
are generated using random numbers. This is particularly important for wheel unloadings, where the
peak values are important. Thus, to quantify this spread of maxima, 50 different realisations of the
model were calculated. The maximum value of wheel unloading was taken for each realization &max,j
and an extreme value analysis was carried out on the ensemble of results. This assumed that the
extreme values fitted a Fisher Tippet type 2 distribution of the following form.

Ma T may,
" (7.4)

_p — g ¢
1 Pj._e
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Here F; is the probability that @max,j will be exceeded in any one realization, mg is the mode of the
distribution and d; is the dispersion of the distribution. Py is calculated from the rank of Wyg, ; in the

distribution, Rj, where the largest value has rank 1, and the smallest rank 50.

B = Rj/(N +1) (7.5)
N is the number of samples, in this case 50. The extreme value distribution are shown for cases 1 and

2 in Figure 7.3 below. @y, j is plotted against the reduced variate In [—ln{l = E:,}] which should
be a straight line if the distribution is of the assumed type.

Wheel unloading coefficient

a) Case 1

Wheel unloading coefficient

ssane s B A -8 *

b) Case 2
Figure 7.3 Extreme value distributions for wheel unloading

In what follows we will use the mode of the distribution of wheel unloading as a robust statistical
indicator of the maximum value — this is the intercept on the graphs of Figure 7.3. Note that from
equation 7.4, this corresponds to a probability of exceedance of 0.632. For case 1, the mode is 0.411
and for case 2 it is 0.905, with corresponding dispersion of 0.008 and 0.019.
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8. Track force criteria

Another effect of cross wind is to increase the lateral load on the windward track. The criterion that is
usually applied for assessing whether or not such loads are acceptable is the Nadal criterien, which
states that the ratio of the horizontal to vertical force on the leeward rail should not exceed 0.8. In
the terms of this paper, this ratio is given by the following formula.

28

= Mg-L+s(q/p) {8.1)

u

Here M; is the overall vehicle mass. The coefficients for cases 1 and 2 are shown in Figure 8.1 below
for both the raw and the 0.5 second averaged values as before. Even for the higher speed case 2, the
values fall well below the limit of 0.8. An extreme value analysis was carried out in the same way as
for wheel unloading which gave values of the mode m, of 0.185 for case 1 and 0.333 for case 2, and
for the dispersion dg of 0.003 and 0.004.

e A M A A AN A A

——Nodal coefficient —— 0.5 averaged Nodal cosfficient

a)Casel

b Ay

1

——Nadsl coefficent  ——0.52 averaged Nadyl cosfficient

b) Case 2

Figure 8.1Time histories of Nadal coefficient
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9. Roof displacement criteria

The third effect of crosswinds on trains that we consider here is the displacement of the train body,
potentially leading to the infringement of the kinematic envelope, or causing dewirement of the
pantograph. We quantify this by defining the following roof displacement coefficient, which is the
ratio of the lateral displacement of the roof due to movement on the suspension and to roll to the
vehicle reference height of 3m.

_ EI+A;1E+1', (9.1)
Again, time histories of the coefficient can be obtained and one-minute realisations of these are
shown in Figure 9.1 below. For case 1 the coefficient is around 0.015 and for case 2 around 0.03,
representing lateral movements of 4.5 and 9cm respectively. We do not apply the 0.55 average in this
case, as instantaneous values are of most significance i.e on very short-term exceedance causing some
sort of contact with another body is the critical case.

An extreme value analysis was again carried out in the same way as for wheel unloading which gave
values of the mode of 0.0224 for case 1 and 0.0388 for case 2, and for the dispersion dﬁ of 0.0009 and
0.0010.

'-"'I'\' f i h|',| 1 F'I'-Illl“""“I 'In LA s ll‘
i "l".l."-\\"'l.'rullllll,‘.rf"|'|‘I*'ll|“'l*.hu”r 11‘; |1I'| e J.I.,'ll,r.'l'.,'...,IIH,.,I";«

a)jCase l

. Vo I P s Akt i AT e kA
3 f.'r'tu,‘.ﬁ.'t‘ﬁ rh‘l,""-'l'r- "W VR |*J'r.'"|| *'lF.Iu'**’-r"lr. |

b} Case 2

Figure 9.1 Roof displacement coefficient time history
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10. Parametric analysis

The methodology of extreme value analysis can be used to assess the relative magnitudes of the
different effects that have been modelled. In table 10.1 we present data for the modes of the
coefficients @, u and y for cases 1 and 2 for the following cases.

With no suspension, roughness or admittance effects modelled i.e. the simple Q5 steady three
mass case with no movement on the suspension.

Each of suspension, roughness or admittance (weighting function) effects added singly to the
as case.

The three effects added in pairs to the Q5 case.

All three effects included (the results from sections 7, 8 and 9).

An examination of the results in the Table 10.1 shows the following.

The effects of roughness are very small throughout, changing the mode values by less than
0.01 in most cases, the exception being the roof displacement criteria, where the short-term
fluctuations are not eliminated by the taking of the 0.55 s average. The inclusion of roughness
usually (but not always) increases the mode, making the effect more noticeable.

The effects of admittance are generally to reduce the modes by around 0.02. This is again due
to the filtering out of the short-term peaks.

The effect of including suspension effects (lateral movement and roil) is to increase the modes
by around 0.03.

Thus, it can be seen that suspension effects are the most significant, but even here the change to the
05 values are not very large. It will be seen in what follows that this has practical implications.
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Table 10.1 Modes for Cases 1 and 2, for different calculation types

Case 1 Case 2
v=40m/s v=40m/s
u=20m/s u=325m/s
Line Case Mg iy My, my My 1y,

1 | Qsonly 0.385 0.189 0 0.865 0.337 0

2 |95+ 0.370 0.186 0 0.832 0.336 0
admittance

3 |95 0.384 0.189 0 0.864 0.335 0
roughness
as+

g | 3dmittance + 0.369 0.185 0 0.840 0.333 0
roughness
as+

5 _ 0.419 0.189 0.0188 0.927 0.336 0.0363
SUspension
as+

g |dmitance+ | 4 40s 0.185 0.0178 0.903 0.333 0.0357
SUspension
as+

7 | roushness+ 0.425 0.189 0.0231 0.927 0.336 0.0392
SUSpension
Qs+

o | S 0.411 0.185 0.0224 0.905 0.333 0.0388
roughness +
SUspension
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11. Specification of cross wind characteristics

In this section we present a simple analytical approach to the study of crosswind effects on trains and
use the analysis of the preceding sections to calibrate and verify the adequacy of this simplified
approach. We begin by considering the case of a rail vehicle in a cross wind going through a curve of
curvature C on canted track with a small cant angle £ As in section &, we assume a three-mass vehicle,
with an unsuspended (unsprung) mass of M, (the wheelsets), a primary suspended mass of i'--ri':J (the
bogie frames) and a secondary suspended mass of M, (the train body). The total mass is M,. The track
semi-width is p, and the centre of gravity heights of the unsprung, primary, secondary and total masses
above the rail are sy, sp, 5; and s; respectively. The wind is assumed to blow from the centre of the
curve, displacing the centre of gravity of primary and secondary masses by distances Xp and
x, laterally, and the distance of the overall centre of gravity by a distance x; laterally. The wheel
unloading is a.

The moments tending to overturn the vehicle are the aerodynamic rolling moment about the leeward
rail and the moment due to centrifugal force.

R, = Cpr(0.5pARV>) + (M,Cs,v° cos(e) — M.C(p — x, Jv° sin(e)) (11.1)
The restoring moment is provided by the displaced masses.

Rr = Mygp cos(e) + Mpg(p — %p) cos(e) + Msg(p — xs) cos(e) + Mygsy sin(e) +
My g5y sin(e) + Mygs, sin(z)

(11.2)

The difference between these two moments is the moment caused by the reduced force on the
windward wheel M gp(1 — a). Thus we can write

Megp(l —a) + E&L{U.Epﬂhvz] + M;Cspv® cos(e) — M Cip— xt]vz sin(g) = Mygp cos(e) +
Mpg{p = :rp} cos{£) + My gip — x;) cos(e) + My gs, sin(e) + M, gsy, sin(z) + Mygs; sin{£)

(11.3)

Mow if there were no cross winds, and the curvature forces were balanced by the lateral forces on the
track, we can define the balancing speed v through the following expression.

M:g sin(g) = M:Cvy° cos() (11.4)

From equations 11.3 and 11.4 and making the assumption that the cant angle is small, one obtains
the following expression.

M, C{vp—v7)
Cay(0.5p4RVY) = M (.:a:—"""""——il‘1+L 115
w1 (05pARV?) = Mygp (@ — 52 — T o SHCEE ) (115)
We now assume that the displacement of the primary suspended mass ip is the distance to the
primary bump st0p Xp max- The displacement of the secondary suspended mass has two components

- one due to lateral displacement and one due to rotational displacement. We can assume that the
former is given by the distance to the secondary bump stop and can thus write.
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Xy = Xsmax * Xzrot (11.6)
Xz rpe 15 assumed to be given by

Xoror = cﬂ(u.spghvzj;—:; (11.7)

Here Cg is the rolling moment coefficient about the roll centre, and ;' is the distance of the centre of
gravity of the secondary mass to the roll centre; ksg is the rotational stiffness in Mmj/rad and can be
expressed as kg = Mepgs(1+ £) /s where 5 is the suspension coefficient. Thus x, ., is given by

Exr -]

%sror = Ca(0.5pARV?) e (11.8)

Mow we assume

e=2ta (11.9)
5 Cpy,

and thus

%y ror = Crr(0.5pARV2)e —2 (11.10)

Mo p(1+5)

It can be shown that £ has a value of around 0.3, although it will be seen the precise value is not
critical. After some manipulation equation 11.5 can be written as follows.

2+ _ L+ _ Mi¥smay  MpTpmar | C5(05-T7)
Ca(05pARV?) = Megp (= =) (a o T S 2)) (11.11)

Mow since € is of the order of 0.3, and £ takes values of around 0.1 to 0.2, and as both are small, we
can expand the first term in brackets on the right-hand side of the equation as follows.

2y — — _stsma_r_-"fprpmu Ca(pE-r?)
Ca(050ARV?) = Mgp(1 — e5) (a . e ) (11.12)

We write this as

Car(0.5pARV?) = Megp(fo1)(@ — foz + f) (11.13)

fa=(01—¢€s) (11.14)

fer = I[:‘“‘f;;;‘“ + H”::;:”} (11.15)
2 x

e (@ )

where the parameters f;, [fzz and f; represent rotational suspension effects, lateral suspension
effects and curvature effects respectively. By analogy one can then also include other suspension
effects, admittance effects and track roughness effects in a similar way.
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Car(0.5pARVE) = Mgp(fy)(@ — fiz — fra—fa — . + f2) = Mgped (11.17)

|

S
<L

Figure 11.1 Velocity vectors

MNow consider the generalized velocity diagram for a train shown in Figure 11.1. From this figure one
can write

V2 = ((ucos(f) + v)* + (usin(f1%) (11.18)

u gin (§)

. usin(g) - T
tan(y) = o e O SV ) = e e st sin (ETE

u cos(Bl+v

(11.19)

MNow for the lee rail rolling moment coefficient low yaw angles we can write (as for side and lift force
coefficient in equations 4.2 to 4.5)

Cprlw) _ (=in(p)y"R

Cge(30) (s[n [zu]) (11.20)
And at high yaw angles

Caviw) ain{w)}ﬂm

Cpu {90y (s:i]:l (o0) (11.21)

From equations 11.17 to 11.20 we can write, after some manipulation

2 _ arMgp (sin{30)) R

= spCiEnAn = VEEn())" = (v +u”® + 2uyveos(f)) ER 2y MR (sin(f)) "

(11.22)

where 1, is the wind gust velocity at which the wheel unloading reaches a specific value a. We define
¢ as a characteristic velocity and use it as a normalisation velocity. This gives the following cross wind
characteristic {CWC) at low yaw angles.

(#° + 5% + 2, Pcos(f) ) = (L, sin(p))*"m/(ei=2) (11.23)

Here the owerbar denotes normalization with ¢. Similarly at high yaw angles one cbtains

== = _ gha M=) g, /(Npi—2)
(L- +H," + Euaucﬂs[ﬂj) = (cRL['gD].I'I':RI.{ED]) (I, sin(f))=“"r/r {11.24)
Equations 11.23c and 11.24 give relatively straightforward expressions for the CWCs that Baker (2013)
are in very good agreement with those calculated using much more complex methods. However, to
be useful in design, then it is necessary that the value of ¢ be specified o prieri from the train
parameters ie using equation 11.22. This requires a knowledge of the parameter &' and thus the

parameters of equation 11.17 that describe suspension, admittance, roughness and curvature effects.
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12. Calibration of CWC model

As noted in the last section, the CWC model developed there is only useful if the characteristic velocity
can be specified a priori. This requires the specification of the various parameters that allow for
suspension effects etc. In this section we determine values of these parameters, and show that the
values of the characteristic velocities thus calculated are consistent with the CWCs calculated from
wind gust speeds. The methodology we use is as follows.

Use the vehicle characteristics (geometric, asrodynamic, suspension etc.) used in the earlier
sections for a range of vehicle speeds between 20m)s and 60m/s.

Using the full model, for each vehicle speed adjust the input wind speed (which are essentially
one minute means), so that the mode of 50 model realisations of the wheel unloading m, is
as close to 0.9 as possible.

In the same calculations record the equivalent mode of the wind gust velodty m,,.

Run the same calculations at all vehicle speeds without any allowances for suspension,
admittance or roughness. The values of mg thus obtained, Mmgp, are given by a highly
simplified version of equation 11.17.

Cry [0504RV)

Moy = 121

0 Mgp ([ ]
Repeat the same calculations with suspension roll effects included to give a further mode of
the wheel unloadings, Mgy . From equations 11.17 and 12.1 the suspension roll parameter fi;y

is given by

Mgy

for = (12.2)

Repeat the calculations, but with the sprung masses at their maximum values, to give a further
set of modes at each wind speed m .. From equations 11.17, 12.1 and 12.2 we obtain.

foz = Mgz — Mgy (12.3)

Continue the process by sequentially adding full suspension and roughness, to give two more
sets of modes Mgy and Mgy. From these we can obtain.

fez = Mgz — Mgz (124])
fr=mMgy,— Mgy (12.5)
fz an then be calculated from

fr=089—mg, (12.6)

The equivalent value of the characteristic wind speed for each vehicle speed can then be
calculated from equation 11.22.
The parameters f;; and f3, can also be calculated directly from equations 11.14 and 11.15.

The results of such a calculation are shown in Table 121 below.
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Table 12.1 Model calibration

Crz(30) 317

Cpy (90) 443

ey 1.50

Nga -150

Overall mass (kg) 42000

Primary mass (kg) 3000

Secondary mass (kg) 35000

Maximum movement of 0.0l

primary mass (m)

Maximum maovement of

secondary mass (m) Lila

Track semi-width (m) 0.75

Vehicle speed (m/s) 20 25 30 40 50 &0
Wind speed [m/s) 446 39.8 33.7 325 31.2 321
Wheel unloading 0.90 0.90 0.90 090 0.90 0.90
fn 0.9756 0.9762 09716 0.9603 09685 09726
[z, from equation 11.14 0.9700

i 0.0426 0.0460 0.0494 0041 00414 0.0454
[z from eguation 11.15 0.0454

[z 0.0045 0.0064 0.0126 0.0167 0.0096 0.0004
I -0.0059 0.0014 -0.0011 -0.0007 0.0014 0.0005
fa -0.0067 -0.0105 -0.0141 -0.0199 -0.0232 -0.0196
¢ (mj's) 40.10 39.89 39.86 39.69 40.05 40.28
¢ (m/s) from CWC fit 40.40

From this table we can observe the following.

s  The values of f;, the roll suspension parameter, are all slightly below 1.0, with an average
value of 0.971 and a standard deviation of 0.006. The value from equation 11.14 is 0.970, well
within the standard deviation range.

* The values of fz;, the lateral suspension parameter have an average value of 0.044 and a
standard deviation of 0.003. The value from eguation 11.15 is 0.045, well within the standard
deviation range.

* The value of fig, the parameter describing other suspension effects, has an average value of
0.008 and a standard deviation of 0.005.
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= The value of f, the parameter describing roughness effects, has an average value of -0.001
and a standard deviation of 0.003.

= The value of f;, the parameter describing admittance effects, has an average value of -0.016
and a standard deviation of 0.006.

* The calculated values of the characteristic wind speed ¢ have an average of 40.0m,s and a
standard deviation of 0.2m//s.

It can thus be seen that the parameters concerned with suspension roll and lateral movement fiy
and fg in the calculation of characteristic wind speed. These effects both act to destabilise the
vehide, broadly by moving the centre of gravity towards the leeward rail, and thus reducing the
restoring moment. Other suspension effects, as given by fi; are similar, but much smaller in
magnitude. The effect of track roughness (f;) is minimal, whilst the effect of admittance (f;) is
1o stabilize the vehicle (through filtering out high frequency wind gusts, but the effect is again not
large. The sum of the averages of last three of these factors is -0.008, and the combined effects
can probably be ignored in comparison to the roll and lateral movement suspension effects. Both
of these can of course be predicted a priori from equations 11.14 and 11.15, opening the
possibility of straightforward calculations of characteristic windspeed, and thus CWCs, in wvehicle
design. If this is done, the characteristic wind speed is very similar to the average value at 39_8my/s.

A further comparison can be made. The modes of gust velocity at different vehicle speeds can be
plotted, and a CWC fitted using equations 11.23 and 11 24, to obtain the best fit value of
characteristic velocity. This is shown in Figure 12 1. The best fit value of ¢ is 404 m/s — close to
the values from table 12_1, but outside the standard deviation range. Nonetheless the agreement
is very encouraging.

/

nd spet

Figure 12.1 CWC curve fitted to modes of gust values
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13. Discussion
13.1 Use of wheel unloading CWC methodology

The methodology for calculating wheel unloading CWCs set out in section 11 and calibrated in section
12 offers a potentially powerful design methodology. It basically requires knowledge of the lee rail
rolling moment coefficient for a particular train shape (from wind tunnel tests or CFD calculations and
the basic geometric and weight characteristics of the vehicle, which are used to calculate a
characteristic velocity. The previous two sections have shown that only the basic suspension
parameters (the suspension coefficient and the distances to the bump stops) are of any significance
in the calculation. Such CWCs give the gust speed at which the train will experience a specified degree
of wheel unloading. This gust speed needs careful definition however — it is the one second averaged
gust speed as seen by the train i.e. over a specific length of track. This is thus both a spatially and
temporally averaged gust. Monetheless the methodology allows the CWCs to be developed quite
straightforwardly during the design phase of the train from eqguations 11.123 and 11.24 — although a
simple numerical iteration methed is required.

Once such a curve has been derived, it can be used in a variety of ways.

* The method gives an indication of the overturning wind speed at different vehicle speeds, so
the effects of speed restrictions can be appreciated.

+ [Different wheel unloading specifications can also be investigated as can potential changes to
the major suspension parameters.

* Higher levels of track roughness than those used here (which were high speed track
specifications) could be used to look at the effect of poor-quality track on wheel unloading in
cross winds.

= The equation for characteristic wind speed also contains a curvature term, and it is a
straightforward matter to modify the values of this parameter, and thus the CWCs for a
variety of different track curvatures.

# The overall methodology can then be easily input into whole route risk assessment
methodologies that considers the sum of risk on individual track sections.

In summary, in comparison to current methods which use MDOF train dynamic models with
artificial wind gusts &, it offers a very much simpler way of doing things, with no particular loss of
accuracy.

13.2 Extensions to the methodology

The methodology outlined in section 11 can also be adapted to other cross wind effects — and in
particular the development of CWCs based on limiting values of the Nadal coefficient and the roof
displacement, through the definition of characteristic wind speeds for these effects. We consider
these briefly in what follows.

From equation 8.1, the Nadal coefficient is given by

25

= 131
Meg—L+5(q ) [ )

i

# CEN (2018) EN 14067-6:2018(MAIN) Railway applications - Aerodynamics - Part 6: Requirements and test
procedures for cross wind assessment
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Using the formulations for side and lift force coefficients given earlier one can obtain

V3 (sin(y))" = —LHEEEED (13.2)
D.EpAESQED)[:+ﬁ|{Eﬁ})

From equation 11.22 we can thus define a characteristic wind speed for specific values of the Nadal

coefficient Cy-
7 _ uMg(zin{30);"s

0.5 pac,{zu](z +#{§;;;-:|)

¢ (13.3)

This analysis assumes that the ratio of lift force to side force is constant, which is absolutely true for
the analysis in the previous sections and is 2 generally good approximation in practice. The value of Cy
for Case 2, with @ modal value of the Nadal coefficient of 0.333 is 39.4mys which is close to, although
a little below, the value for wheel unloading at the same conditions. The difference will be due to the
dynamic effects used in the dynamic vehicle model. For the normal limit Nadal, the value of Cy
becomes 133m/s, which gives an unrealistically high CWC. On the basis that the Nadal limit seems
unlikely to be exceeded in the case considered here, it is perhaps not necessary to refine the analysis
further to take into account suspension effects.

If we define a limit value of roof displacement of X, we can write this as

g z  gr(05pavics
X = Ipm” + Xomar +?I:U.-5PAV2(.'5]I =X; -I—m S_rETli (13.4)

From which one can obtain

.. n _ X—Tomar—%pma) Mg (In(200)" 5 145
Vi(sin(y))” = 0.50AC:(20)1 gr = (13.5)

and a further characteristic velocity for roof displacement

3 _ [x_xmu_xmulﬂsﬂ{ajn[a':']]ns’ S 143
- 0.5pAc; (300l gr s

Cx (13.6)

Again, substituting the parameters for Case 2, where the mode of the displacement was 0.116m, gives
a value of £y of 43.8m/s, close to, but above the wheel unloading value. This is in part due to the fact
that the displacement modes are based on the maximum instantaneous values corresponding to the
calculation time step of 0.05s, rather than the 0.55 moving average value, although admittance effects
will mean that the results are still filtered to some degree.

Further development of this methodology to determine these effects might at some stage prove
useful.

13.3 Pantograph / OHL displacement

The roof displacement of the train having been calculated, a fairly simple extension allows the
displacement between the pantograph and the overhead wire to be calculated, a parameter of
importance when considering potential dewirement in high winds. The method is as follows.

* (Calculate the instantaneous pantograph displacement by assuming it is a rigid body on the
roof of the train that has both lateral and rotational movement.
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* Calculate the overhead wire displacement at the position of the train. For the sake of simplicity
it is assumed here that the displaced form of the overhead is a simple sine curve between
gantries and that the displacement is proportional to the square of the three second averaged
wind speed on the overhead.

* The relative displacement between the pantograph and overhead can then be calculated.

A typical result for case 2 is shown in figure 13.1 below. This shows the regular cycle of displacement
between gantries, modified by the turbulent wind and dynamic train effects. The preliminary nature
of this calculation must be emphasised, but it does illustrate the possibility of using the methodology
in this report to study such effects.

|| | ||||'||||r||l|||||| |I|,] I|||| |||| Il

Yl I" |I'i|.'|:
| i AR
| I|.|I ,.' " L LA WL |

Figure 13.1 Displacement between pantograph and overhead for case 2.
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