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Abstract

During the last decade, a novel methodology forelaeear simulation has been developed in
Sweden. The practical objective of this simulatigmocedure is to provide an integrated
engineering tool to support rail vehicle designhwiéspect to wheel wear performance and
detailed understanding of wheel-rail interactioheTool is integrated in a vehicle dynamics
simulation environment.

The wear calculation is based on a set of dynamialations, representing the vehicle, the
network, and the operating conditions. The wheefilgrevolution is simulated in an iterative
process by adding the contribution from each sitmrlacase and updating the profile
geometry.

The method is being validated against measuremayntselected pilot applications. To
strengthen the confidence in simulation resultssitwpe of application should be as wide as
possible in terms of vehicle classes. The purpbski®thesis work has been to try to extend
the scope of validation of this method into thdntigail area, simulating the light rail vehicle
A32 operating in Stockholm commuter service onlithe Tvarbanan.

An exhaustive study of the wear theory and previaask on wear prediction has been
necessary to understand the wear prediction mefiroposed by KTH. The dynamic

behaviour of rail vehicles has also been deepldistlin order to understand the factors
affecting wear in the wheel-rail contact.

The vehicle model has been validated against pusvetudies of this vehicle. Furthermore
new elements have been included in the model irrdabetter simulate the real conditions
of the vehicle.

Numerous tests have been carried out in orderliorate the wear tool and find the settings
which better match the real conditions of the viehic

Wheel and rail wear as well as profile evolutionasi@ements were available before this
work and they are compared with those results nbthirom the simulations carried out.

The simulated wear at the tread and flange partgshef wheel match quite well the
measurements. However, the results are not so doodhe middle part, since the
measurements show quite evenly distributed weargatbe profile while the results from
simulations show higher difference between extreares middle part. More tests would be
necessary to obtain an optimal solution.

Key words. wheel wear, light rail, train, simulation, velaanodel, wear chart, wheel flange,
tread, rail profile, wheel profile.
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1 Introduction

1.1 Background

A first approach to wear needs a definition of fileenomenon. Wear can be defined as
material loss or change in surface texture occgruvhen two surfaces of mechanical

components contact with each other [40]. Therenzaay different types of wear and a wide

variety of working conditions, making wear a vepgmplex problem.

As it occurs between any surfaces in contact, waanail or wheel is something unavoidable
in a railway system. Even with newer techniqudse hutomatic track and wheel lubrication
or the use of advanced wheel and rail materia$ #till something that takes place and that
must be taken into accourt.is so important because, in addition to mainteeaaspects,
even small changes of the wheel or rail profilesl@égroduce a drastic change in vehicle
behaviour. Due to this change, the vehicle loosesharacteristics that were foreseen during
the phase of design. For this reason it would Is&ralele to find a trustable tool to predict this
wear and reduce it as much as possible. Moredverirénd for the future is towards higher
speed and increased axle loads, leading to a hggmsitivity to the wheel profile, which
makes wear control more important.

Wheel and rail wear affects the system performancat least three different ways: The
safety of the system, its dynamic behaviour andréguency of maintenance [1].

Examples ofsafety reductiorare the risk of derailment, safe passing of turs@nd loss of
material strength when the wheel flange becomedtio In this category, the parameters
used to evaluate the condition of the wheel pradile for instance flange thickness, flange
height and flange inclination, which will be explad in detail in Section 4.2.

Theworsening of dynamic behaviois presented as ride instability, increase in elekirack
force levels and worse ride comfort. The parametfexting the stability are most difficult to
evaluate, but are mainly manifested by the equintadenicity which is difficult to measure.

The requirements fanaintenancesan be clearly understood in terms of money. kanmple,
already in 1984 SJ (Swedish State Railways) andAASEaction (now part of Bombardier)
carried out several investigations about cost ggvby introducing radially steering bogies in
trains on two lines of the Swedish railway netwoBuch bogies have a soft primary
suspension in the horizontal plane, so that wheebsdapt better to the radial position on the
curved track. In this way they reduce the frictforces and thus the wear in the contact area.
Table 1-1 shows the cost reduction which coulddieexved due to this change. Consequently
it can be concluded that the focus on infrastrectmaintenance and rolling stock life cycle
costs also draw attention to the possibilities eancontrol.

All these consequences of wheel-rail wear pointh® need of a calculation tool which
permits to predict wear in the best way possibleehSa tool would be useful for maintenance
planning, optimization of the railway system argladbmponents as well as trouble-shooting.
More specifically, the field of application may Inde estimation of reprofiling frequency,
optimisation of wheel-rail profile match, optimizat of running gear suspension parameters
(as in the example above), and recognition of umigable profile evolution influencing the
dynamic response of the vehicle [11].



Stockhollm—Boden | Stockholm—Goteborg
(line with many curves) | (line with few curves)

Passenger coach bogies:
travelling distance (km/year) 300 000 240 000

Cost savings per coach (SEK/year) by

reduced flange wear 42 000 12 000
reduced rail wear 14 000 6 000
reduced running resistance in 4 000 2 000
curve (energy consumption)

Total (SEK/year): 60 000 20 000

Locomotive bogies:
travelling distance (km/year) 225 000 225 000

Cost savings per loco (SEK/year) by

reduced flange wear 32 000 8 000
reduced rail wear 14 000 4 000
reduced running resistance in 4 000 2 000
curve

Total (SEK/year): 50 000 14 000

Table 1-1 Maintenance costs reduction due to bettsteering in curves for two bogies and two linesl]

To understand the mechanisms of wear, it firsteisessary to study the causes behind it. A
rail vehicle needs wheel-rail contact forces tdowwl the track. Thanks to the normal forces
the vehicle is supported on the track and thankbedangential ones it is able to accelerate,
brake and negotiate curves. The tangential forcélsa contact plane are transmitted through
a certain amount of friction in the contact are&isTcontact area is thus divided in two
regions: adhesion zone and slip zone. In the siiye zmall sliding motion between wheel and
rail occurs, and friction or creep forces arisee3écreep forces are identified to be the main
cause of the wheel and rail profile changes oveetiMaterial removal due to this effect is
what we here call wear. Besides, high contact stesn the contact area causes plastic
deformation. How much material is permanently defed depends among other things on
rail hardness, traffic load and curve radii.

As an example, Figure 1-1 and Figure 1-2 show #selting profile and material removal
respectively measured on commuter train X10 in 8tokn for a mileage of 15000 km. This
mileage is close to the one simulated later fovétacle in this study, A32.



Example of worrwheelprofiles 15000 km

50 : : : 77 Initial Wheel
Lo S e S Measured 5L |
A0k S SR e Measured SR |
: : : ——— Measured 8L
30 : : ——— Measured 8R

P T S A S S~ |

B0 FP RS WS S

Figure 1-1 Measured worn wheel profiles for four vineels of a commuter train in Stockholm (mm).
The mileage is 15000 km [11].

Example of wheel wear, 15000 km

6 ! ! ! : :
; — Initial Wheel
sLo 4o S S — Measured 5L ||
: : Measured 5R
. : : ——— Measured 8L
4 L ............ .............. ............ —\—.. Measured8 H

Radial wear depth (mm)

-B0 -40 -20 0 20 40 60
Profile co-ordinate (mm)

Figure 1-2 Measured wheel wear depth for four whde of a commuter train in Stockholm.
The mileage is 15000 km.[11]

Usually a distinction is made between uniform and-oniform wear. The term of uniform
wear denotes deterioration mechanisms leadingpifde change, being constant along the
rail or around the wheel. Those mechanisms aredfsimaterial loss through adhesive or
abrasive wear and material relocation by plastitfordeation. Other phenomena, like
irregularities in material properties, mechaniagdanance, and local overloads may lead to
non-uniform profiles giving out-of-round wheels @il corrugation. The wear produced by
these phenomena is more difficult to determineiamibt considered in this study.
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Oncethe wear mechanisms are understood it is posslatarty out actions to reduce wear as
much as possible. Some ways could be: choosingeproptial wheel and rail profiles
according to the system, using track-friendly begie.g. radial steering), vehicle-friendly
tracks (e.g. avoiding tight curves), smooth tractemd braking and proper lubrication (but
leaving enough adhesion).

Traditionally, corrective actions in order to redusear have been based on experience and
measurements on in-service vehicles and track,samtaly supported by laboratory testing.
Theoretical and predictive methods are rarely dgesl to the level required for engineering
application, in particular suitable for applicationearly design phases.

During the nineties, however, the simulation methbdve been evolving [12], seeking to
merge methodologies from the two disciplines vahicle dynamics and tribology. The
development of computer performance has signifigantreased the possibilities for more
sophisticated simulations of complete vehicles umdalistic operating conditions. For wear
modelling, two principal lines prevail:

One-parameter modeksssuming the material loss to be proportionalissigated energy in
the contact. Different wear coefficients may bedufee different wear regimes. The transition
between regimes is determined by the rate of digstpenergy.

Multi-parameter modelsccording to Archard’s theory [2], where the mialeloss is taken
proportional to the normal force times the slidohgtance divided by the material hardness
(See Section 8). The wear coefficient is dependarthe wear regime expressed in terms of
contact pressure and sliding velocity. Differenvells of lubrication may be taken into
consideration as well.

The relationship between contact parameters and eeedficients are typically characterised
by sudden transitions or steps due to instant @smofjwear mechanisms.

Different approaches for the quantification of whaed rail wear, with different degrees of
sophistication, may be proposed. It is mostly depah on the complexity of the vehicle
multi-body models. These models can be from a singheelset to a complete three-
dimensional vehicle. The simulation time and thenpatational power are the main aspects
that can be decisivior using a more simplified method against a vesynplicated one. A
wide theoretical approach and modelling techniguesexplained in Sections 7 and 8.

Previous work at KTH and Bombardier

During the last decade, a novel methodology foreliagar simulation has been developed in
Sweden. The practicalbjective of this simulation procedure is to pravidn integrated
engineering tool to support vehicle design withpees to wheel wear performance and
detailed understanding of wheel-rail interactiorheTmethod for thistool was firstly
introduced by Jendel [22]. Many studiesrobustness for this tool have thbaen done by
Enblom [11] and others; see the review in Sectidn 5

The method rests on the four cornerstorig@sselection of vehicle operations to be simudate
represented by a relevant set of parameter connsat (i) track-vehicle interaction
response analysis using a three-dimensional mdlilmoodel of the vehicle, (iii) wear depth
calculation and profile updating applying Archardiear model locally to a discrete model of
the contact patch, and (iv) validation through camgon with in-service measurements.

The tool was firstly developed in the Swedish mitidy software GENSYS [15] for the
simulations, and MATLAB [31] for the discretizatioof the track. Recently, this tool is

4



starting to be used &ombardier thanks to the work of Enblom. This tmohow run in the
SIMPACK [20] vehicle dynamics simulation environnmesnd the track discretization is
executed directly in SIMPACK by means of a scrigteloped for this purpose.

1.2 Scope of this work

The method commented above is being validated sigam@asurements by selected pilot
applications. To strengthen the confidence in satioh results the scope of application
should be as wide as possible in terms of vehialeses. The purpose of this thesis wisrto
extend the scope of validation of this method thé® light rail area, simulating the so-called
Flexity Swift vehicle operating in Stockholm comrautservice on the lin@varbanan. For
this purpose a multibody system (MBS) model in SAMIK of the lightweight Rail Vehicle
(LRV) Flexity Swift (the Stockholm designation bgi32) already available at Bombardier
has been used. Detailed information on the velscfgesented in Section 2.1. Moreover, the
original model and the necessary changes and awslittarried out for this purpose are
presented in Section 2.2.

Starting from that model, the scope of this worksists of two parts. Firstly, the model is
revalidated by means of typical dynamic simulatiohsenthe second and main part is to
include in this model the necessary elements tdigiréhe wear by using the tool mentioned.
Many parameters are involved in these wear calouisit They must be selected with care and
evaluated in successive simulations to find thet h@formance for the system. An
exhaustive study of the route, track design geomaetauil profiles, track irregularities,
coefficient of friction etc. is carried out the process of design (see Section 6).

It is also a goal to verify the predicted wear Hssaompared to wheel profile measurements.
These measurements were made in October 2003{lakeryears running.

The vehicle A32 has been running since 2000 orighé rail line Tvarbanan, in the suburbs
of Stockholm. The line has 17 stops and is 11.5l&mgy. The maximum operating speed of
the A32 at the time of the measurements was 50 .Kaothfurther information about the line,

see Section 6.1.

Thesis contents

Chapter 1 has given a brief introduction on weadmtion and on the scope of this thesis.
Chapter 2 presents the main characteristics oigherail vehicle A32, the original model of
the vehicle in SIMPACK and the additional elemeintsoduced in order to implement the
wear prediction tool in the model. Chapter 3 inelsi@ll the simulations carried out with the
aim of validating the vehicle model. Th@tapter 4 presents wide information on wheel and
rail wear and the main factors affecting it. Chafieontains a brief study on previous work
on wear prediction and describes how the wear gtieditool in this study works. In Chapter
6 the network of study is presented and the reteramulation set is defined from the track
data; that is to say the type traclrves that the simulation will include, track graarities,

rail profiles, etc. Once the simulation set is dedl, the contact modelling is presented in
Chapter 7, explaining how SIMPACK calculates thataot forces later used to predict the
wear. The wear modelling and the factors affectimg wear calculation are explained in
Chapter 8. The&hapter 9 gives an explanation on how the wheslleris updated after the
simulations according to the results of wear. Thainmparametric studies and wear
simulations carried out in this study are then @nésd in Chapter 10 and the obtained results
are summarized in Chapter 11. Finally, Chapter rE8gnts the conclusions of the study and



proposes further work. Apart from all this, Appendi\ gives references and Appendix B
gives a brief introduction to rail vehicles whichriecessary to understand this work.



2 The A32 Light Rail Vehicle

In the following chapter the actual vehicle is m@ed as well as the SIMPACK model. In
order to better understand the vehicle charadesjsgeneral knowledge on the main
characteristics of a railway vehicle is necesskoy. that reason, a brief introduction to the
main parts of railvehicles is included in Appendix B. Very detailatformation on rail
vehicle dynamics can be found in [1].

2.1 Vehicle characteristics

The vehicle studieds the light rail vehicle Bombardier Flexity Swifthe Stockholm
designation being A32.

Since 1997 the Stockholm transport authority (Stotk Lokaltrafik AB, SL) has ordered
from Bombardier a total of 31 A32 vehicles for fight rail line Tvarbanan (see Section 6.1
for details about the line). The vehicles have beeservice in the southern outskirts of
Stockholm since 1999 [5]. The vehicles are basethersuccessful concept of the Cologne
LRV's.

This vehicle was built in cooperation between failgneAdiranz Sweden (today part of
Bombardier) and Bombardier in Austria. Figure Zhtbwss a photef the vehicle.

The vehicle has an environmentally friendly desigar instance, it is designed as light as
possible to reduce energy consumption, it has ergéimebraking system and it is made with
a high level of recyclable materials [5]. Moreovtranks to the 70% low floor it is very
accessible to wheelchairs and strollers withoutiiretg the construction of high platforms. It
is also designed for high comfort. The number afspagers fitting in one vehicle is estimated
to be 106 standing, for an average of 4 passenmersquare metre, and 78 seated. It has
resilient wheels (see below) in order to achieweclonoise levels and reduce the wear.
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Figure 2-2 Dimensions of the A32 vehicle [5]




Table 2-1 General data of the vehicle A32 [5]

Dimensions and Weight
Length of vehicle 29.7m
Height 3.60m
Width 2.65m
Floor height above top of rail

» Low-floor entrance 350 mm

+ Low-floor area 400 mm

« Areaabove motorized bogies 580 mm
Percentage of low-floor area 72%
Doors 6 (3 per side)
Wheel diameter (new/wort) 630/550 mm
Gauge 1435 mm
Car weight (empty) 38.3t
Car weight (loaded, 5 standing persorf$/m 55.2't
Technical Characteristics
Nominal voltage supply 750V DC
Motors (number/type) 4/3-phase asynchronous
Motor power 4x120 kW
Performance and Capacity
Maximum speed 80 km/H?
Maximum acceleration (2/3 load) 1.2 mis
Deceleration

e Maximum deceleration (service brake, 2/3 load) 1.2 m/$

« Emergency braking rate 2.7 m/$
Maximum gradient 70%00
Minimum horizontal curve radius 25 m
Minimum vertical curve radius, crest 300 m
Minimum vertical curve radius, sag 300 m

(1) The diameter for the worn case indicates the limder which the wheel must be changed. For vatues i
between it can be reprofiled instead.

(2) The maximum speed from the design is 80 kmbweler, by the time when the wear measurements were
made, the ATP system (Automatic Train Protectioa¥ wot yet operating, so the maximum speed watelimi

to 50 km/h. With this limitation the average spees around 35 km/h, all stops included.

The A32 is thus an articulated vehicle made uphoéd carbodies. The end bodies are
14.15 m long whereathe middle body is only 1.4 m long. The vehiclesygnmetric, with
cabs at both ends and doors at both sides. Consgites bi-directional. It is equipped with
two different bogies: two motor bogies under thd earbodies and one trailer bogie under
the intermediate body. The main characteristidh@$e bogies are presented below.

Motor bogie

The motor bogies, shown in Figure 2-3, have twoveational wheelsets with resilient
wheels. The wheels are located outside the bogredrso that they can be replaced without
having to dismantle the bogie.



1. Motor 10. Mud guard

2. Gear box 11. Life guard

3. Resilient axle coupling (prim.sus}) 12. Traokecier

4. Bolster beam 13. Secondary suspension
5. Wheel 14. Traction rod

6. Mud guard 15. Centre friction plate

7. Two-step hydraulic operation unit ~ 16. Lateradtfon plate

8. Spring brake 17. Return current

9. Brake disc

Figure 2-3 Motor bogie model BM2000 used in the A32ehicle (Courtesy of Bombardier Transportation)

Regarding the primary suspension (between wheealsbagie frame), it consists of rubber
springs providing good ride properties.

The secondary suspension, located between the tvagie and the bolster, consists of:
» Two coil springs per side with rubber cushion opgarts.
* One vertical and one lateral progressive bumpstosioe.
» One vertical hydraulic shock absorber per side.

The propulsion system consists of two AC motorslpegie, one per wheelset, which are air
cooled and self ventilated. The motor is connetteithe gearbox and builds a compact drive
unit.
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For each bogie (both motor and trailer bogie) thakimg system consists of two mechanical
brake discs and two magnetic track brakes (see #gp@) suspended to the axle-boxes.

The coupling system to the carbody is as follolws:liogie has a bolster which is mounted on
the secondary suspension and connectatigacarbody by a pivot pin. The bolster supports
the carbody using centre friction plates. Additiolwead is taken by two friction plates. The
longitudinal forces are taken by two longitudinatls which connect the bolster to the bogie
frame.

As auxiliary equipment it has: oh@ad sensoper bogie, onenud guardper wheel, on&rack
cleanerin front of every wheel, onkfe guard per bogie, oneeturn currentper axle (per
motor), onetransponder(transmitter/responder) per bogie and sandersd (datributors) at
every wheel. All these devices are shown in

Figure 2-3.

Trailer bogie

The trailer bogie under the middle body is a bdgane with four independent wheelsf
resilient type (same as the ones of the motor ho§ee Figure 2-4.

Theprimary suspensiohas the following characteristics:
* The axle box is connected to the bogie frame bynsieaa resilient articulation.

* A linkage between the two axle boxes maintains gheallelism between the two
wheels.

The secondary suspensios achieved by the following components betweenkibgie frame
and the carbody:

* Two coil springs per side with rubber cushion opprts.
* One vertical and one lateral progressive bumpstepside.

» One vertical hydraulic shock absorber per side.

In this bogie the braking and auxiliary equipmentcoupled to the wheels in a unit called
WBU (wheel brake unit). This WBU consists of: tlesitient wheel, the stub axle (mounted
on the axle with two conical roller bearings), ak® disc bolted on the stub axle (mechanical
brake), a return current, a speed sensor and aguad. These units are interchangeable
between each other and easy to assemble and diddssdhere are also two magnetic track
brakes suspended to the bogie frame.

11



1. Bogie frame 6. Mud guard

2. Primary suspension 7. Lateral bumpstop

3. Secondary suspension 8. Spring brake

4. Liftstop 9. Brake disc

5. Linkage for track rod 10. Magnetic track brake

Figure 2-4 Trailer bogie model BR4x0 used in the 32 vehicle (Courtesy of Bombardier Transportation)

Wheels

The A32 vehicle uses the SAB V60 resilient wheelanufactured by GHH-RADSATZ [16].
This kind of wheels is commonly used for low-flotight rail vehicles with limited
installation space, small wheel diameters and ivelgt high wheel loads. These wheels
consist of three steel parts: a wheel ring, a whedly (hub) and a wedge ring. In between it
has a pre-stressed rubber element that gives themnesilient behaviour, see Figure 2-5. They
have medium radial and high axial stiffness.

The advantages of using these wheels are:

* Reduced maintenance time since they can be chawghdut disassembling the
wheelset or bogie.

» Light weight and unsuspended mass reduction, thnardic wheel-rail contact forces
are reduced (see [1], chap. 5)

* Reduction of vibration and noise, leading to adyetbmfort.
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Rubber ring

Wheel tyre

Wedge ring
Wheel hub
Figure 2-5 Resilient wheel SAB V60 [16]
The wheel profile dimensions are shown in Figu@ 2-
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Figure 2-6 Wheel dimensions (mm) [38]
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The nominal wheel diameter is, according to thdaleldata above, 630 mm. Due to the wear
the wheel must be reprofiled to recover the origprafile dimensions, designed for the best
performance. After the reprofilings the wheel beesnsmaller and thus the diameter is
reduced. The minimum permitted diameter for the elhe 550 mm, meaning that before

reaching such a value it must be replaced.

Data about wheel reprofiling on several vehiclesvailable. These data include diameter
values after reprofiling.

2.2 Multibody system model of the vehicle

As part of aBombardier development project a multibody sys{éhBS) model of the A32
vehicle has been created. The purpose of this migdelpart from testing the new wear
prediction tool, to facilitate future in-house velei dynamics investigations of this kind of
vehicles.

The model is implemented in SIMPACK, the multibasiynulation software developed by
INTEC, a spin-off of the DLR (German Aerospace @&nf20].

Original model

This original model in SIMPACK has thus been depelb as accurate as possible in order to
be used not only for wear calculations but also dtiner future dynamic simulations.
Therefore the model includes all the necessary @isnto emulate the real vehicle. In the
model, the bodies are modelled as rigid bodies ri#sg the mass and other inertia
properties. The bodies are connected to each diypaneans of massless coupling force
elements, like dampers and springs. The main elenar: carbodies, bogie frames, bolster
beams, wheel axles, primary and secondary suspensiesilient wheels, coupling systems,
etc. Table 2-2 shows a summary of the number ohehts defining the vehicle in the model.
Figure 2-7 shows thgraphical appearance of the vehicle model.

Elements Number of elements
Bodies 91
Joints 101
Constraints 20
Force elements 156
Degrees of freedom 161

Table 2-2 Number of elements defining the A32 veHiE model
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Figure 2-7 SIMPACK model of the A32 light rail vehicle

The way of modelling the coupling elements for ebobie is presented below.

Motor bogie

The main components of the motor bogie have beeodunced above. Now the way they
have been modelled in SIMPACK is presented. Fi@u8eshows the appearance of the motor
bogie model and remarks some force elements wheha common in typical models.

The centre friction plate connecting the end cadmdbo the bolster beam is modelled by a
non-linear friction element as shown in Figure ZF8e resilient wheel model is presented
below.

In the primary suspension, the rubber componentwdsm axle box and bogie frame are
modelled with spring-damper in parallel.

Regarding the secondary suspension, the coil spramgboth sides are modelled by linear
springs in the three directions. The progressiterdh bumpstops are modelled with spring-
damper serial elements in lateral direction. Theiced dampers at each side of the bogie are
also modelled with such damping elements in vdrilb@ction. The traction rods link the
bogie frame and the bolster beam and are modelkbadawgular damping elements.
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Friction plate Nonlinearfriction element s

Resilientwheels Bushing elements

'Figure 2-8 Motor bogie model with some elements.

Trailer bogie

The primary suspension connecting the axle bokedbgie frame consists of a rubber block
and a spherical bearing. The rubber blocks are Heodey a spring-damper parallel elements
both with stiffness and damping in longitudinaledition whereas the spherical bearings are
bushing elements with stiffness and damping fordikedegrees of freedom (see Figure 2-9
for details).

The carbody and the trailer bogie are interconmedieectly by the secondary suspension
without bolster beam. The two coil springs on esicle of the bogie are modelled, as in the
case of the motor bogie, by linear spring elemeantdateral, longitudinal and vertical
direction. Moreover, the lateral and vertical butops and the longitudinal traction rods are
modelled with spring-damper parallel elements.

Regarding the coupling elements, there is a beameming the axle boxes to maintain the
parallelism. That joint is modelled with a bushiagment with stiffness and damping in
longitudinal, lateral and vertical directions. Tterbodies are connected to each other on the
trailer bogie by articulated joints with frictiorigtes. Those joints are modelled with viscous
friction elements for the rotation around the Ysagee Figure 2-9, bogie/carbody coupling)
permitting the pitch motion in vertical curves.
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Bogie/car body coupling Viscous joint friction

Figure 2-9 Trailer bogie model with some elements.

In addition, in order to provide the vehicle withora lateral and pitch stability, there is a
longitudinal linkage on the vehicle roof couplinigetthree carbodies to each other. It is
modelled with a small beam connected to the cadsoly a linear spring element, defined by
its stiffness (see Figure 2-10).
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carbody/carbody coupling
Spring

Figure 2-10 Coupling system on vehicle roof.

Resilient wheel model

The elastic behaviour of the wheels is implemetgdieans of a force element between hub
and tyre. A bushing element is used, which pertoitapply both forces and torques between
two markers (reference points at each body) in iplaltaxis directions. The markers,
belonging respectively to the hub and to the gnedefined in the wheel centre and rotate in
the opposite direction to the wheel rotation. Timakes the markers stay in the same position
with respect to the wheel turning. Although thectofaws can be defined as nonlinear, they
are approximated by constant stiffnesses and dayvgailues.

Changes and additions to the original model

In order to use the model for wear simulationsas been necessary to add some elements
which permit to make the simulations more similarthe actual running conditions of the
vehicle. Some changes have also been necessdrg existing elements to get more realistic
results. For instance the values for the stiffnesdethe resilient wheels have been updated
according to recent measurements given by GHH [A6Ftording to them, the standard
material used for the elastic rubber rings in theegls has approximately the following
stiffnesse$38]:

Radial (at a radial force of 50 kN): From 118/kih to 128 kN/mm
Axial (at an axial force of 50 kN): From 94 kNimto 106 kN/mm
Pitch (at a torsional moment of 5 KNm): From kNmm/rad to about 9 kNm/rad

Average values arased in the model. A more accurate model should thk nonlinear
dependence of the load into account, but a congtdné is used instead.

Regarding the additional elements included spgcfall wear calculations, it is important to
emphasise that the simplest model was triedhatbeginning. Starting from that model,
simple simulations were carried out. After somenafits it was noticed that other aspects had
to be considered to obtain more realistic results.

In contrast to previous wear studies using the samar calculation method, the urban
lightweight line of this study has narrower cungsd more stops than usual (17 stops per
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direction in 12 km). This fagnhust have, in a first assumption, high influencer@ar due to
frequent braking and acceleration. For that reaboaking and traction systems are added to
the model.

Furthermore, the average speed3&f km/h was quite low when the measurements were
performed. Consequently, too narrow curves provoltexl vehicle to get stopped in the
simulations after short time due to high contactés and such a low initial speed. That is
because in the original model the speed can onlgebes initial speed for each wheelset.
Hence it has been necessary to include some elsntenteep a constant speed during
simulations, except during traction and brakingeSdelements, added to the model to solve
these issues, are presented below.

For more changes in the model related to the typeheel-rail contact used, see Chapter

Traction and braking systems

By definition only the motor bogies of the vehid¢lave traction motors, one per wheelset.
Thus the driving torque is applied on the wheelséthe motor bogies. The force element in
SIMPACK is defined between two markers at the wketelfrom one that is fixed to axle and
does not turn to another that turns with the axle.

When the vehicle is accelerating a constant tradtoque is applied. The value for the total
torque is given by the following formula as an apqmation. Equivalent mass, running
resistance and track gradient is neglected:

T =M@ =41, 2.1

Being for the vehicle:

m=45t Mass of the vehicle
a =0.8 m/$ Vehicle acceleration
r =0.63/2 m Wheel radius

Then the torque applied on each wheel$gt,is one fourth of the total torque. As can be seen

this value depends on the desirable acceleratibe. Vialue for the acceleration has been
chosen as typical average value from the netwotd d@onsequently, the value for the torque
is T,=2835 Nm, which is lower than the maximum torqueoading to the vehicle data given
for maximum power (see Table 2-1).

For the braking torquehe same reasoning is used to choose the appligdetoln this case
braking torque is applied on six wheelsets. For thason the formula used is as follows:

Tbrake_tot = ml]il] = 6EI_brake 22

In this casem andr have the same values as above. As it is brakhwg,atceleration is
negative. The average retardation rate has beesecho -0.8 mfs typical for this vehicle.
Then the braking torque applied on each wheelsedtsd,,xe=-1890 Nm.

Figure 2-11 shows the speed profile resulting fsimulation of this vehicle on a straight
track. When the speed is constant the vehicleuis tieither accelerating nor retarding. That is
achieved thanks to the speed control system, whielxplained below. The consequences of
that are:

* The speed control systemmust bedisconnectedvhile the vehicle is accelerating or
retarding. Equation 2-5, which is explained beltakes that into account.
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 The speedset asreferencefor the speed control must change after the wvehicl
accelerates and after the vehicle retards. Fosithelations, as the acceleration and
retarding have been set with equal rate and duhagsame time, the speed has been
set the same for the vehicle both before accetgratnd after retarding. In order to
solve the problem of the speed change two diffevantibles are defined, the initial
speed, Sto_FS3 v0, and the reference speed, Yrrether variable called reference
applied speed, v_ref_app, takes either one of thalses.

The interval of time when the vehicle accelerated eetards is defined by means of the
following variables:

t tractl Acceleration starting time
t tract2 Acceleration ending time
t brakel Retardation starting time
t brake2 Retardation ending time

Thus the reference applied speed changes with takieag these variables as reference.
Equation 2-4 below shows the expression used inPAEK for that.

The statementif” in SIMPACK works like this: if (x: outl, out2, d8),
x<0 then the output 1 occurs.

x=0 output 2 occurs.

x>0 output 3 occurs [20].

Figure 2-12 shows the driving torque in solid larel the braking torque in dashed line for the
test simulation. There is a remarkable zone imptbe at 30 seconds when the vehicle has not
reached the reference speed after retardatiorr (afieake2 = 30 sec.) and the control system
is activated to make the vehicle run at the corspeied (see below for explanation of the
speed control system implemented in the simulation)
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(*)Torque is negative at driving according to theedtion of y-axis in SIMPACK.

Figure 2-12 Driving and braking torque for traction and braking test

Speed control system

In a first attempt to keep the speed constant,eantmic joint was tried to be used in the
wheelsets. A rheonomic joint permits to define ti@vement of the system along the track by
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means of a constant speed introduced as paramétproblem of such joint was the change
in the number of degrees of freedom of the systera.simpler system that problem could be
solved easily by doing a simple inspection and ghrapsome degree of freedom, but in such
a difficult model with so many degrees of freedainbecomes very difficult. For that reason

it was decided not to use that kind of joint buplgfmg a torque.

SIMPACK has a type of force element which permdsdefine a torque by means of an
arithmetic expression setting when it must be a&gplsimilar to a control loop. What is more,
this way of defining the speed is more similarte tay the traction motors work in reality.

The expression for the torque to be applied dependthe deviation of the speed from the
reference value. Two different cases are presdyekiv:

* If the actualspeed is inside the permitted range of variatittren the torque applied
on the wheelset is variable depending on the diffee between the reference speed
and the actual speed. The permitted range of vamiéd defined with a variable called
v_tolerance, which is 0.01 m/s for the simulatiohisis method makes the speed not
to vary too suddenly but more smoothly.

» If the actual speed is outside the permitted range ofatiam, then the applied torque
is constant. The constant valu€eTis2835 Nm. This value is the same used when the
vehicle accelerates.

The expression for defining the torque in SIMPAQGKnhat are presented in Equation 2.3 to
2.7.

$X _WS1 Speed _dev = '$X_Speed WS1-$X v _ref app 23

$X_v_ref_app =$_v_ref*(if(TIME-$_t_tract1:0,0,15¢TIME-
$ t brake2:1,1,0))+$ Sto FS3 vO*(if(TIME-$ t_tradtl,0)+if(TIME- 24
$ t brake2:0,0,1)

$X_Ty Drive_app_WS1 = 'if($X_WS1_Speed_dev-
$ _V_tolerance:if($X_WS1 Speed dev+$ V_tolerance:-1,
1,($X_WS1_Speed_dev/$_V_tolerance)*3),1,1)*$_Tyveri(if(TIME-
$ t brakel:1,1,0)+if(TIME-$_t_brake2:0,0,1))*(if(ME- 2.5
$_t tractl:1,1,0)+if(TIME-$_t_tract2:0,0,1)))+(if(WE-
$ t tractl:0,0,2)*if(TIME-$_t_tract2:1,1,0))*$_Tyract

$X_Ty brake app = if(TIME-$_t brakel:0,0,1)*it{\E-
$ t brake2:1,1,0)*$ Ty brake 2.6

$X_Ty brake_app_indepwheels = if(TIME-$_t brakeQ;1)*if(TIME-
$ t brake2:1,1,0)*$_Ty brake_indepwheels 2.7

Figure 2-13 shows how the speed drops down aloagtinve when only the initial speed,
2.78 m/s, is set. The solid line corresponds tostlime simulation when the speed control
system is included. Figure 2-14 shows the speefilein detail. It is interesting to see how
the speed does not exceed the tolerance range®028tn/s. Figure 2-15 presents the time
variation of the applied torque to keep the spestsant.

22



Vehicle Speed, curve radius 25 m
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Figure 2-14 Detail of the speed profile with contrbsystem

23




Driving torque, curve radius 25 m
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Figure 2-15 Driving torque applied in a curve of 25m radius for constant speed.
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3 Vehicle model revalidation

Before starting to include the necessary elememtsvear calculations in the model, some
initial tests have been carried out to validatertioelel.

The tests made for the model are:
* Nominal forces
* Eigenmodes
* Linear stability. Critical speed
* Quasi-static curving analysis

It is important to underline that the model usedthese tests is the model withio thirds of
the maximum loadrhis is so because in reality the suspensiompeters depend on the load.
For simplicity, the suspension in this case is nledeas linear, so three separate models with
different load were created.

3.1 Nominal forces

Before any calculation, the model has to be inatesof equilibrium. In order to find the
equilibrium the common way to do it for a railwaghicle is by means of a nominal force
calculation. The force element parameters suchretopds or natural spring lengths must be
calculated carefully to bring the model into echrlim position. Moreover, the equilibrium
position is required by the program for the caltales of linearized system matrices and for
eigenvalue calculation.

In SIMPACK, two different methods are availablec@lculate the nominal forces. The first
method is the linear system method, which assuh@she force pre-loads are only linear in
the equations of motion. The second method is ime tintegration method, which is

preferred for railway models. This method permisiriclude translational and rotational
damping for the force elements and run the sinuiagi certain period of time, defined in the
setting.

A first attempt to calculate the equilibrium positiby these methods was tried for the actual
model. It did not succeed, neither for the lineatimod nor the time integration method. Too

high remaining acceleration was obtained for elédmbalonging to the primary suspension of
the independent wheels (middle car). After manystasbetter solution was found. A single

simulation on rigid straight track without irreguitees was performed. The main forces for

the force elements were represented from the ougsults. Some of them showed a strange
behaviour at the beginning, meaning that the nolhvakes for the forces were not correct.

The average final value from the simulation waetaknd set as initial force. After that, the

model was assembled and a static equilibrium caticodi was performed. The obtained

remaining acceleration was lower than 0.1°mésnsequently the model achieved a correct
equilibrium state.

Table 3-1 shows the inputs for the simulation.
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Parameter Input and output data

Track geometry Straight track

Wheel and rail contact geometry One poigid contact

Track elasticity Rigid track

Speed v=1m/s

Vehicle load 2/3 Maximum load

Vehicle configuration Original vehicle

Output Force at the suspension force elements

Table 3-1 Input and output data for nominal force @lculation.

Figure 3-1 presents two examples which show howdfe® has an initial variation indicating
that the vehicle is not in equilibrium. After sortime the force gets a value approximately
constant, with some periodical variation. The fiteten average value is indicated with a
straight line. The figure on the left shows theditudinal force at the secondary suspension
(spring-damper element) of the leading motor bogdiee figure on the right shows the
longitudinal and lateral forces of the bushing edeimmodelling the resilient behaviour of the
front left wheel of the leading bogie.

force output.$S C1 BM:SF _SSIff x given in Mk ref force output.$F_C1_B_RW1I__WTBI.Force F_x in Mi
34— 0000000000000 o force output. $F_C1_B_RW1I__WTBI.Force F_y in Mi
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334 4 Chosen value——-

R VD g G A

334 .24

334.0

given in ME ref [N]

fx

333.8
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333.6
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Figure 3-1 Force variation at some suspension foraements

3.2 Eigenmodes
After guaranteeing equilibrium for the system, ageebehaviour analysis is carried out.

Calculation of eigenvalues (eigenfrequencies ankhtive damping) and eigenmodes
(eigenvectors) gives important information abowd ttynamic properties of a vehicle. It is
important to know the eigenfrequencies of the Jehto avoid resonance to occur. For
example, it would be dangerous if the frequencythaf hunting motion (see Section 3.3)
coincided with the yaw eigenfrequency of the caybiddl.
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The calculation can be done for any speed, b hetter to do it for low speed to avoid
kinematic (speed dependent) oscillations. Theretbee calculation has been carried out for 1
m/s speed.

A harmonic linearization of the non-linear contagometry is chosen for this analysis
according to the formulas below. As explained ictle& 7, due to the wheel profile shape
depending on the wheel lateral displacement orrdlidy), the contact between wheel and
rail is described by four non-linear functiong(y) (change in wheel rolling radiusy,(y)
(change in the contact angle, with respect to thektframe),®(y) (wheelset roll angle
constraint) andz(y) (vertical position constraint). In the case of syatmncal tread profile
combination, only the three first non-linear fuocis have to be linearised. For a harmonic
linearisation with input harmonic expressipr Alsing, A being the amplitude, the

corresponding functions are as follows:

* Roll angle parametes;
o(A) = eoi [ o(Asing)singtg= e, (A (3-1)

* Equivalent conicity4:
A(A) = % j_’;rA (Asing)singdy (3-2)

« Contact angle parameter,

e =& " 5, (Asing)singlp= e, /(A (3-3)

To be comparable with earlier investigations, thkigs fors, 4 ande for the calculation must
be close to 0.0250, which seems low compared tiedaypalues. SIMPACK does not allow
using the same value for the three parametersjose walues are used instead. Table 3-2
shows a summary of the parameters used for thalattm.

In SIMPACK, the profile parametets 4, ¢ can only be set if the wheel/rail profile geometry
is not automatically quasi-linearized. It is aclaewby choosing the linearization optidgser
Coefficients After freely setting the coefficients, the piefis linearized.

Parameter Input and output data

Track geometry Straight track

Wheel and rail contact geometry Linearization with
0=0.0249 2 =0.0250 £ =0.0251

Track elasticity Rigid track

Speed v=1m/s

Vehicle load 2/3 Maximum load

Vehicle configuration Original vehicle

Output Eigenfrequencies and damping from 0.5 t6120

Table 3-2 Input and output parameters for eigenmodealculation.
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The equilibrium state has been saved as initigk séamd then as linearization state. The
eigenvalues have thixgen calculated by linearising around the line¢ionastate.

The results for the carbody motion frequency rasgeas follows:

Current model Previous studies

Frequency Damping [FrequencyDamping  Description of eigenmode
[Hz] [%] [HZ] [%]

0.74 6.59 0.71 7.1 Lower sway mode
1.27 18.02 1.21 17.4 Car bodies yawing, in phase

131 26.28 131 9.2 Car bodies yawing, counter
phase

1.78 21.26 1.80 24.1 Upper sway mode
1.80 12.44 1.76 11.6 | Bouncing of car bodies, in phase
1.84 11.89 1.75 11.6 | Pitching of car bodies, in phpse
2.00 17.40 2.04 24.1 Bouncing of middle car

Table 3-3 Eigenvalues and eigenmodes of the carbodhotions.

Table 3-3 also gives the results obtained for evistudies of this vehicle (courtesy of
Bombardier). It can be concluded that the resuésssamilar enough to validate the model
against eigenbehaviour.

Figure 3-2 and Figure 3-3 show simple diagrams dtieb understand each motion, since
sometimes the nomenclature used can differ.
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Figure 3-2 Basic carbody modes
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Figure 3-3 Combined carbody modes [1]

Figure 3-4a and Figure 3-4b show the differencevben the upper sway and tloever sway
modes corresponding to the actual vehicle. Uppayswode has the centre of rotation above
the carbody while lower sway mode has it below.

Figure 3-4 a) (Left) Upper sway mode (Centre of mation abovethe carbody)
b) (Right) Lower sway mode @tre of rotation below the carbody)

From the results, considering typical recommendatidor a railway vehicle [4], it is
interesting to comment some aspects:

All eigenvalues in the frequency range have sudfitidamping, higher than 5%. The
bouncing eigenfrequency of the car bodies is higbesapproximately 1 Hz is recommended.
For lower sway mode, the frequency is higher th&H¥; otherwise there is a risk of motion
sickness to appear [1]. The damping of car body gad/ upper sway are usually higher than
30%, while in this case they are a little lowerwewer it is not critical from a running
behaviour point of view.

3.3 Linear stability and critical speed

Wheelsets and bogies or even the carbody in matonstart self-excited periodic or quasi-
periodic oscillations. This phenomenon is callestability or hunting. Hunting of wheelsets
depends on the equivalent conicity,and the speed (for a wider explanation see [1]epag
8:28 to 8:39). As a safety criterion, bogie insipomust be studied and avoided. The speed
above which the bogie is running unstably is calleelcritical speed The bogie stability
increases with decreasing equivalent conicity.
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On the other hand, at certain speed for which thgiebhunting frequency approaches the
natural frequency of the vehicle carbody on thegension, the possibility of considerable
interaction may arise, leading to a limit cycle ibaton during which the amplitude of the
carbody is large relative to that of the wheelsEke kinetic energy is transferred from bogies
to carbody so that the damping of the bogie eigelamiocreases while the damping of
carbody eigenmodes decreases. In that case carbsidyility is produced. However that
instability can be reduced by increasing the spe®tlit is not so important from the safety
point of view but from the comfort.

One way to study the running stability is by meah®igenvalue calculations for different
speeds. A minimum damping is required to deternfirlee linearized system is unstable or
stable. Oscillations with lower damping than thenimum are considered as unstable, and
then the critical speed is reached.

SIMPACK has a function which allows critical paraereanalysis. One of the critical
parameters which can be studied is the vehicledspmé for the present model it cannot be
used because the initial speed is set by two seuhvariables instead of by the vehicle global
parameter. That is so because of the definitiorthef independent wheels. A parameter
variatiort similar to the critical parameter calculation ised instead. In this parameter
variation, the conicity parameters, ¢, o, are varied from 0.025 to 0.35 distributed in 9
variations in an outer loop. In the inner loop tlehicle speed is varied in the range of the
expected critical speed, from 10 m/s to 100 m/&0rvariations, to obtain a smooth enough
plot. Then a calculation of eigenfrequencies anchpglag is performed with the parameter
variation above in

Table 3-4.
Parameter Input and output data (for each variation
var.l | Var.2 | Var.3 | Var4 | Var.5 | Var.6 | Var.7 | Var.8 | Var.9
Track Straight track
geometry

Wheel and| A | 0.0248| 0.0495| 0.0743| 0.099| 0.1485| 0.198| 0.2475| 0.297| 0.3465

rail contact| ¢ | 0.0253| 0.0505| 0.0758| 0.101| 0.1515| 0.202| 0.2525| 0.303| 0.3535
geometry:| ¢ | 0.025| 0.05| 0.075| 0.1| 0.15 0.2] 0.25 0.3] 0.35
Track -
elasticity Rigid track
Speed v from 10 m/s to 100 m/s in 20 variations
Vehicle load 2/3 Maximum load
Vehicle - .
) . Original vehicle
configuration
Output Minimum damping

Table 3-4 Input and output parameters for linear sability test.

Finally the minimum damping is plotted versus tipeesd. The plot obtained is shown in
Figure 3-5.

! A parameter variation consists of successive sitians in which a set of parameters can be varisd bne
step to another. Up to three loops merged into ettedr can be defined.
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With the resulting plot, for a minimum natural dang like 5%, the critical speed can be
obtained for each conicity. A plot representing ¢thiéical speed versus the conicity is shown
in Figure 3-6 for 5% minimum damping. Accordingth@ results, the critical speed is higher
for lower conicities, but a strange behaviour isinfd for conicities above 0.2, since the
critical speed increases again. That behavioumba®een explained yet, but may be caused
by some unusual behaviour in the modelling of #lient wheels or the independent wheels
in the middle carbody. Figure 3-6 also comparedréisalts to those obtained frgonevious
work on this vehicle showing very similar behavidor conicities under 0.2 and the unusual
behaviour for higher conicities.

Minimum Damping

with: 5.000-01 < Im[Hz] < 2.00D+01
Variation of :$p_Conicity

—+— 2.50D-02
-@--- 5.00D-02
- 7.50D-02
—4——-100D-01
—5—— 150D-01

—6— 2.00D-01

—— 2.50D-01
-&--- 3.00D-01
-4—- 3500-01 —0 .50

Minimum natural damping *10¥*=1

-2.0

i)
0.0 20.0 40.0 60.0 80.0 100.0
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Madel: A32c_AWZ2_3_20090122 _nomfarce

Figure 3-5 Minimum natural damping versus vehicle peed for nine different equivalent conicities.
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3.4 Quasi-static curving analysis

Quasi-static curving analysis is a common taskheéndesign process of railway vehicles. The
aim is to know how the vehicle behaves in curve&riow the wheel-rail forces, which are

necessary for the wheel wear calculations. In $tigly this is carried out to compare the
results to previous results of this vehicle [4].

The basic method to assess the curving behavidorfiad the vehicle equilibrium state &
curve. In order to find the equilibrium, the traclust not have irregularities, and the curve
radius and the cant must not change within theecu®ince the vehicle is not standing but
travelling with constant speed, this is not a egglilibrium but a “moving equilibrium” where
the speed is constant but not zero. That is whyg italled quasi-static rather than static
equilibrium.

In SIMPACK this study is performed by means of timegration, letting the vehicle travel
from a straight track into the curve. It is therefalose to the reality and ensures that the
correct equilibrium state is found in the curvegmonsidering bumpstops and other strongly
non-linear kinematics. This time integration is éngrerformed three times by means of
parameter variation of the radius. Then the lataral the vertical forces are plotted and the
final value, which corresponds to the value in dyestate, is taken. That final value is
represented against the radius in Figure 3-7 agar&i3-8.

Parameter Input and output data
Var.1l Var.2 Var.3
Curve 25 m Curve 50 m Curve 150 m
Track geometry . . .
radius radius radius
Wheel and rail contact geometry One poigid contact / Two point contastvariable
Track elasticity Rigid track
Speed v=10 km/h =2.78 m/s
Vehicle load 2/3 Maximum load
Vehicle configuration Original vehicle
Output Vertical and lateral contact forces of tsading bogie

Table 3-5 Input and output parameters for quasi-stéic curving test.
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The curves are right-hand curves with no cantnake case of previous studies.

Lateral forces leading bogie, front left wheel Lateral forces leading bogie, front right wheel
= previous studies ———Motorgue appied ==Drivingtorgue applied = previous studies == Driving torque applied =—=Notorque applied
U T T T T T 1 16000
B . . e —
5000 20 4a 6l 20 100 120 140 160 14000 /_____}____h-.-_‘
12000 —
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-15000 — 8000
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-25000 2000
-30000 0 T
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Figure 3-7 Quasi-static lateral forces (N) for theleading bogie vs three curve radii (m) (the diffeent sign
is due to coordinates system).
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Figure 3-8 Quasi-static vertical forces (N) for thdeading bogie vs three curve radii (m).
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As can be seen the results for the tests have sliffeeences to the results from previous
studies of the vehicle. In a first guess it wasutita that the problem could be caused because
the model could not keep a constant speed intatinee. After other tests the differences
were almost the same.

The differences may be explained for instance dudifferent load of the vehicle when the
studies were made. Previous investigations wengedaout for the vehicle empty instead of
for two thirds of the maximum load. Another reasonild be that in the previous studies two
points of contact arise and the forces are shaeddden these points. In this case only one
point contact is found. No more tests have beefopreed because that is not the purpose of
this work. Anyway, the results have been considgratl enough to validate the model.

The problem of non-constant speed in the beginafrtyis study was because in the original
model the speed was only set as initial speed.okjue was applied on the wheels and then
the speed tended to slow down. The problem wad taebe solved by including the speed
control system (Section 2.2). Figure 3-7 and FigiBeshow respectively in green and red the
differences, but it can be concluded that that daeshave big influence on the weaasults.

On the other hand, in the second attempt, withltsegu red, also the wheel-rail contact was
changed tcs-variable contact (see Section 7). Consequently the comtethod is neither
influencing the result very much.
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4 Wheel-rail tribology

Some important aspects about the wheel-rail weapisented, first from a tribological point
of view and later from a macroscopic one. The ingare of lubrication is presented as well.

The wear on wheel and rail is due to the relativeiom between them at the contact. The
science studying the interacting surfaces in ngatnotion is tribology [28]. The word
tribology comes from the Greek, “tribos”, meaningploing. Tribology has studied for many
years the interactions of the interfacing matesakfaces and the environment. This
interaction may result in loss of material from thefaces. The process of material loss is
known aswear.

Some tribological tests for wheel/rail applicati@rs also presented below.
4.1 Wheel-rail wear

Wear testing

Wear rates for different contact conditions andemat need to be determined experimentally.
Such experiment must be as simple as possiblesitvutlating the real conditions to which
the material will be exposed. Here two methodsctvhpermit to represent the sliding
conditions for a wheel/rail application are present

Twin-disc testingis suitable for simulation of rolling/sliding cauts. Two discs roll against
each other obtaining a so called creepage sinaleailway application. Lubricated conditions
can easily be considered. In order to control tlee rates, appropriate diameter differences
are used. See Figure 4-1.

Typical ver 1-2 mfs
WWheelfrail: 20-50 mfs
Typical v 0.1 mfs
Wheelfrail: = 1 mis

Figure 4-1 Twin-disc testing

The concept of slip (or sliding) velocity is pressshin Appendix B. In railway vehicles the
velocity used as reference is normally the velspleed.

Despite the lower reference and slip speed valoethis setup, similar creep ratios are
obtained with scaling down geometric properties.
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[Q, -R [
U= R:L 1 2 2 :VSHP :Uwref :lel_Rzmga (4_1)

ref

where:
v = Creep ratio.
R = Disc radii.

Q. = Disc rotation speeds.
Relative sliding speed.
v . = Reference peripheral speed.

Pin-on-disc testingis suitable to obtain higher sliding speeds. Thethod consists of a pin
rubbing against a rotating disc. It is a pure slidcontact. In this case it is also easy to
simulate ambient conditions.

Typical v = 1 mis
Wheelirail: £ 1 m/fs

Figure 4-2 Pin-on-disc testing

The main advantage of these scaled-down laboratetitods is the controlled conditions and
the possibility to carry out extensive test series.

Besides these laboratory method®ld measurementsre necessary to know the real
operating conditions, since sometimes the scalifegts cannot be neglected.

Wear mechanisms

It is necessary to know the different wear mechmasisince they have large influence on the
wear rate. The active wear mechanism depends mudeo contact temperature. For the
wheel turn this contact temperature depends ordhéact pressure and the sliding velocity.
Figure 4-3 shows a map with different wear mechmasiss function of normalised pressure
and slip. For railway applications the typical @gis indicated in the figure.
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Figure 4-3 Wear mechanisms [29]

The normalised parameters are, for instance, défise

F= (4-2)
A, tH,
|
\7 — VSle r.O (4_3)
a

= Normal load.
= Nominal contact area.

H,= Material hardness.

v, = Relative sliding speed.
r,=  Nominal contact radius.
a=  Thermal diffusivity.

There exist many different classifications for waachanisms, but the classification above is
commonly used in railway applications: mild, sevanel seizure (or catastrophic) wear.

Mild andseverewear correspond normally to adhesive wear (foromatf welded junctions
between two sliding surfaces followed by sheariffgltese junctions) and sometimes some
portion of abrasion (one surface cuts material afway the other one). On the surface the
material is covered by an oxide layer producedHhwy dontact with the air. The mild wear
produces a smooth and shiny surface since it isleep enough to penetrate the oxide layer.
The transition tseverewear is produced when the oxide layer is brokeoudjh and metallic
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contact is established. Therefore the oxidatioa imtnfluencing the wear rate. Typically mild
wear is found at tread contact and severe wedarajd contact (see Section 4.2).

The damage is much higher for the casseturewear, also called catastrophic wear. This
kind of wear occurs during relative motion underyhigh contact pressure being almost
independent of the sliding speed. Lubrication t@iévthe transition to seizure wear is
decisive.

Figure 4-4 shows the transition from one wear meisina to another.

1079 e
‘Wear rate
k.
10
E
E
£
g 0
3
=
10k /
[ 3
1F/
10" 1 1
1 10 100 1000
Load (M)

Figure 4-4 Example of load dependence. Brass pin drard disc [40]

According to the figure the wear rate increasesway orders of magnitude for the transition
from mild to catastrophic wear. Between mild andese wear the step is typically one order
of magnitude.

Apart from these wear mechanisms, in the wheekaitactsurface fatiguenay arise due to
periodical load in the contact. This variable laaduces the formation of surface cracks.
Cracks may also occur below the surface, dependimgvhere the maximum stress is. It
results in removal of material fragments. This kaidlamage is not taken into account in this
study.

4.2 Wheel-rail profile change

The profiles of wheels and rails change signifipaotrer time due to wear. As explained in

Chapter 1, this change affects directly the saf@ypamic behaviour and maintenance of the
system. The main parameters used as reference dsuneethe wear on different parts of

wheel and rail profiles are presented in this secti

Wheel wear

The main quantities used for measuring wheel weaslown in Figure 4-5: flange thickness
(tr), flange heightlf) and flange inclinationgg). Numerical values indicate the normalised
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distance from where the measurements must be naaét values for these quantities
determine when re-profiling is needed.

70 Wheelset inside gauge 70
wheel "

radius

o

10

tr= flange thickness

flange height | 7

To

~t—te,

by

s

Figure 4-5 Quantities for wheel wear: {, gz, and h. Measures in mm. [1]

Wheel wear can then be divided as follows [1]:
* Flange wearreduced flange thicknegsincreased flange inclination (smaltgy).
» Tread wearincreased flange heightand increased flange thickndss

* Out-of-round wheels eccentricity, wheel flats, corrugation, etc. But i not
considered here.

Wheel flange wear

Flange wear is mostly measured and judged usinflahge thicknes$ andgrfor the flange
inclination. Limits are defined for both measuremseto preserve material strength (mainly
flange thickness) and due to geometric constramtarnouts (track switches). In case of too
high flange angle and too much play between staitland switch blade there would be a risk
of flange climbing on the switch blade.

Main factors influencing flange wear are [1]:

* Curve radius The smaller the curve radius the larger the awnglattack between
wheel and ralil, the larger the creepages and dozeps.

» Friction: the higher the friction coefficient, usually tlaeger the creep forces and then
more wear.

* Running gear The horizontally stiffer the wheelset suspensam the longer the
wheelset base, the larger the angle of attack legtweéheel and rail, the larger the
creepages and creep forces, the more wear.
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Wheel tread wear

Wheel tread wear produces higher flange. If flahgaht becomes too large, it may cause
problems in turnouts or crossings. However, whesdd wear is normally less severe than
flange wear.

Main factors leading to tread wear are [1]:

* Normal forces between wheel tread and rail topasarfin combination with ordinary
or large creepages and creep forces. Large cregpaggeroduced during traction and
braking.

» Tread braking, i.e. with brake shoes pressed aigéiesvheel tread.

Rail wear

Although only wheel wear is to be studied in thedations here, it is important to analyse
the shape of the rail due to wear since it takaseht the same time. The worn rails affect the
latter wheel wear. In this study measured worn pailfiles are used in the simulations to
emulate real conditions.

Rail wear can be divided intgauge corner weaandtop surface wearGauge corner wear
often appears on the outer rail in curves whiledogace wear often appears on the inner rail.
Figure 4-6 shows the typical shape of outer (Fegi6 left) and inner (Figure 4-6 right) rail
in a curve due to wear.

outer inner
wheel wheel

—) R

L

-
g
——————— = creep force i
————— —~ = normal force / * ht
/ \

outer rail

Figure 4-6 Wheel-rail creep and normal forces andyipical rail wear for a wheelset in a curve [1].

Figure 4-6 also shows typical force distributiortvleen wheel and rail in aurve. These
forces are the reason for such a wear distributgee Appendix B for further information
about curving and flange steering.
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Gauge corner wear leads to increased track gaugginMim gauge wear is limited by the
maximum permissible increase of gauge and the mahtrength of the rail head. That is
why rails with higher tensile strength are somesinused for outer rails in sharp curves.
Another option is to use rail lubrication. In tlegidy outer rail lubrication is included in the
model (see Section 4.3).

High vertical load at the inner rail may causedaé producing top rail shelling; i. e. pieces
from the rail head may be lost.

In Figure 4-6, an exaggerated peak of material aggpadded to the end of the profile. It
shows the plastic behaviour of the rail, so in taet change in rail profile is not only due to
wear but also due to plasticity. This effect is mmin@arder to simulate and is ignored for this
study because it is not so significant.

Wheel and rail profile measurements

In the present study the measurements of the wdweelthe rail profiles were done by
Stockholm Local Transport by means of a tool caN&diprof (for details see [10]). Figure
4-7 shows how the tool is mounted on the wheelraidor measuring.

According to the available data, the wheel prafileasurements for the vehicle number 401
(the one chosen to simulate) were performed in Déee 2003 while the measurements were
performed in March 2002 for the rails used in thedg. The difference in date is not so big
since the wear of the rails over time is much slotlvan the wheel wear.

Figure 4-7 Miniprof wheel measuring unit (left) andrail measuring tool (right) [10]

4.3 Wheel-rail contact environment and lubrication

The environment at the wheel-rail contact has asdec effect on the wear of wheels and
rails. This affects mainly two parameters: the Boeint of friction () and the wear
coefficient k). These parameters and how they are related asemied in Section 6.
Moreover, these coefficients depend for example material properties, contact pressure,
sliding velocity, weather conditions and lubricatio

Commonly the coefficient of friction is determinég the weather. This is higher during a
sunny day than on a rainy day. That is a problecalee it becomes difficult to determine a
correct coefficient for simulations. Like the weatltan vary over the day, so can the friction
coefficient. Frost, air humidity, air temperatusen or shade are also important factors [1].
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Contact friction can be lowered very much undettaterconditions when steel particles,
particles from the air, etc. are combined with faimidity and water. All those elements,
especially at autumn time when leaves are fallimg) @e crushed by trains, develop a certain
natural lubrication. At those conditions the caaéint of friction can be as low as from 0.05
to 0.10. In order to avoid that, sometimes the slekihave sand distributors which spread
sand on the rails to improve the friction condisamhen high traction or braking is needed.

However, from a wear point of view the naturallycoring friction coefficients are often too
high giving significant wear, in particular for spacurves and on vehicles with stiff bogies.
For that reason deliberate lubrication is oftenodticed both from trackside devices and from
vehicle mounted devices.

Figure 6-8 in Section 6.2 shows the lubricationidewmounted on the outer rails of curve
radius under 300 non the network of study. The purpose of it isa@duce the friction and
wear at the rail gauge face and wheel flange. ktasplicated to determine exactly the
relationship between friction and wear on railwgplecations. However, some conclusions
from experience and laboratory studies are predeimeSection 6 to explain how the
coefficients are determined for the simulations.
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5 Wheel wear prediction tools

Before presenting the present tool, a short rewaéprevious work on wheel and rail wear
prediction is presented. The profile change duplastic deformation is neglected by all the
authors.

5.1 Previous work on wheel wear prediction

Chudzikiewicz

Chudzikiewicz has, together with Kalker, studied@ #wolution of the wheel profile due to
wear for some years ([6] and [25]). The studiesewaade with different wheel-rail contact
and dynamic models.

Firstly they implemented the complete Kalker's ttyeoombined with Hertz’s theory in a
computer algorithm called CONTACT. Afterwards theyplemented Kalker’'s simplified

theory of contact combined with Hertz’'s theory wahother algorithm called FASTSIM.
They wanted to compare the results to determikrABTSIM, that is a faster algorithm, was
good enough for the purpose. The conclusion was ttiea results with FASTSIM were
acceptable.

The vehicle model consists of a single wheelsehinghon a 1500 m straight track with
measured track irregularities.

The wear model in his study considers that the rmassoval per contact patch area is
proportional to the frictional work in the wheeltreontact. Equation 5-1 is used:

m, =CIW, (5-1)
where:
my = Mass removal per contact patch aneg/iinf),
C = Rate of wearl(g/N mm),
W = Frictional work per contact patch area (N/mm).

The factorC, is obtained from measurements.
The frictional work as a function of the laterabedinatey of the wheelset can be written as

1

W, (y) = [viy)T(x,y) dx (5-2)

vehicle
where:
7(x,y ) = Tangential traction (N/mfj
v(x,y) = Slip velocity (m/s),
X = Distance traversed by the wheel over the rail,
Vyehicle = Vehicle speed (m/s).

Chudzikiewicz concluded from the results that trackgularities are necessary to obtain
more realistic results and that the difference iedgted wheel profile wear between the
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theories of Hertz/FASTSIM and CONTACT is about 10Bhere were no comparisons made
with measured wheel profiles.

The author’s study [8] has the following conclusipn

* The Archard’s assumption about proportionality kesw frictional work and the wear
in abrasion wear type is appropriate.

» How to choose the wear constant in the model isn@ortant matter.

* The coefficient of friction has a large impact tre imagnitude of the creep and creep
forces and consequently also on the wear. Thisficaeft is difficult to determine
because it depends on uncertain aspects.

* The effect of lubricants is important but diffictidt predict.

Fries and Davila

Fries and Davila [14] compare the results for treaghr from four simulations by different
wear models. The simulations consist of runningeaght wagon on a straight track. The four
wear models are variations of Archard’s and Suhts @so models that relate wear directly to
contact pressure and normal load.

The conclusion is that all wear models used bdgipaédict the same tread wear. However,
the best choice is to relate wear proportionalltheonormal load because it is simpler and the
results for different payload give reasonable itssul

The study does not compare the results with anysareeent.

Kalker

Kalker presents in [26] a method to calculate tleamof railway wheeldde simulate only the
wheel tread wear of a metro in Amsterdam and coenber results with measurements.

The wear of the rail is not considered in this gtadd only one rail profile is included in the
simulations.

The contact forces are calculated by means of itnglified theory of Kalker using the
FASTSIM numerical algorithm (see Section 7). Thataeot area and normal pressure are
calculated according to Hertz's theory.

The wear model in his study considers that the mmaessoval per contact patch area is
proportional to the frictional work in the wheeltreontact as in Equation 5-1. The const@nt
is calculated from laboratory measurements. In ¢hse the frictional work is in the form of
Equation 5-3, when patrticl& runs through the contact area over a small distgamall
enough to consider that the contact area is keydtaat).

B B
AW(T) = j plv dt = j plv dx/V (5-3)
A A
where:
p = Tangential traction,
vV = Relative velocity between rail and wheel,
X = Distance travelled by the wheel over the ralil,

AW(T) = Frictional work per unit surface which in one whesolution is stored in particle
in the form of wear.
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\% = Rolling velocity.

Finally he expresses wheel-rail wear irrespectiviégsonature (abrasive, adhesive and fatigue
wear) in the following way, Equation 5-4:

V= kld—T =kW (5-4)
H
where:
\Y = Volume of material worn off,
k1 = Wear coefficient,
d = Sliding distance,
T = Frictional force,
H = Hardness of the material,

k=k1/H = Wear coefficient and
W = Td = Frictional work.

The value of the wear coefficiektdepends on the materials of the wheel and raily the
hardness and relative hardness, lubrication angtbgerties of the lubricants, the pressure
and the traction in the contact, and the magnitfdsip, etc. The values ¢&fcan be obtained
by laboratory experiments or from data collectenrfifield experiments.

No comparisons with measured wheel profiles arsgmied in this study.

The conclusions from hisesults compared to the measurements are: lesgeflaear is
obtained since no curving is considered in the Ktman; in addition, the tread wear is lower
due to the absence of braking.

According to Kalker [25], the Hertzian contact mbidenot adequate enough to predict severe
wear. According to Jendel, Kalker does not givevaaozing comparisons to prove it [22].

Lindner and Brauchli

Lindner and Brauchli study in [30] the possibilityuse non-iterative and non-elliptic contact
model for wheel wear prediction.

The shape of the contact area is taken as the bigily penetration area scaled down by a
factor from 0.55 to 0.65. Then, the obtained canpetch is divided into strips in the rolling
direction and the contact is calculated using Hettzeory for an equivalent ellipse adapted
for each individual strip.

The wear calculation uses the concept of wear Sepulating a certain distance with
constant profiles (one wear step) and then it tatgd for the following wear step. The wear
rate is assumed to be proportional to the frictiggmaver. The proportionality constants are
the wear coefficients, taken from the literaturel a@ependent on the wear mechanism, being
either mild oxide wear or severe metallic wear.

In order to test the method, a wheel wear calautais carried out on a vehicle operating the
Gotthard line. The vehicle is modelled in the Midbdy System (MBS) code MEDYNA.
Measured profiles after 6800 km running are congp#wethose calculated using both elliptic
and non-elliptic contact models.

The conclusions show better results for the naptall (non-Hertzian) contact for the flange
root area. The results are reasonable for the autes.
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Ward, Lewis and Dwyer-Joyce

Ward et al.have developed a model to predict the wear of egilwheels [41]. The model
permits to test different suspension systems, whexdlles and to evaluate new materials. It
helps in designing wheels for minimum wear.

The model is developed in ADAMS/Rail, an availaBltgtware for multy-body dynamics
simulations. The program, in similar way as SIMPAGKnulates the contact condition at the
wheel-rail interface.

The wear modelling is based on an energy approaarding to:

Wearrate(ug/m/mnt) = % (5-5)
where:
T = Tractive force (N),
0 = Slip at the wheel/rail interface (-),
Ke = Wear coefficient{g/Nm),
A = Contact area (m

The wear coefficients have been determined by thsn tests. Depending on the facl'éjr,

three different wear coefficienks are used according to the corresponding wear egim

The contact model is assumed to be approximatelgllgpse. The ellipse is discretised into
longitudinal strips corresponding to the wheelpstriEach strip is divided into equally sized
cells. The profile wears uniformly arouttte wheel.

The wear depth per cell is given by:

TU, Viyenige LA
:Kke vehu; (5_6)

WD

cell

whereyv,

vehicle

the contact.

is the rolling velocityp is the density of the wheel steel afids the duration of

The model has been applied to a simulation of apprately 100kilometreslong. The track
consists of one curve with large radius and trarsiturves before and after the circular part
and also a straight track before and after theeubue to such a large radius, no flange
contact occurred.

Pearce and Sherratt

Pearce and Sherratt predict in [36] wheel wearafénon-linear bogie vehicle” travelling a
fictitious track consisting of a straight trackltmled by a complete reverse curve.

They use Hertzian contact mechanism for the whaaktontact calculation.

The wear rate is assumed to be proportional taigspated energy in the contact zone, taken
as a product of creep force and creep ratio. Tviferént wear regimes, mild or severe, are
considered.
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Simulated results have been compared to measurgnmetgrms of development of conicity
over running distance. The results are said toelng promising.

Zobory

Zobory gives a comprehensive description of a veegaulation approach covering the whole
process from specification of operating conditidasmaterial loss and profile updating in
[42].

First lumped mass vehicle models, discrete track @ofile descriptions, track irregularity
spectral density functions, and creep force laws discussed. Arbitrary networks and
appropriate wear models are tested.

The contact frequency is considered proportionahéonumber of wheel revolutions and may
be seen as stochastic functions.

The material loss is also treated stochasticallg a&bris mass flow process, considered as
function of the energy dissipation in the contaciportionally to the normal pressure. The
wear coefficient is determined empirically and eliff from mild to severe wear.

Jendel

Jendel has developed a wheel profile wear predidbol [22] which has been applied to a
X10 vehicle operating the commuter rail networlStockholm.

The tool only considers the uniform wear, so, asafbthe other authors, the effect of plastic
deformation on the shape of the wheel profile reenlmeglected.

The vehicle model is built in the GENSYS MBS softeca

The methodology is based on a load collective gonaghich determines a set of dynamic
time-domain simulations. These simulations mustalseclose as possible to the actual
conditions of the rail network.

The load collective design is based on parameindies, which are performed by varying the
input load collective and calculating the distribatfor one wear step. In this way the effect
on the wear distribution of different curve radiagkscretisations, rail profiles, track
irregularities and the coefficient of friction cha studied.

The results of his parametric studies on that \elwonclude that:

 The curve radius discretisation has much influeoce the shape of the wear
distribution.

* It is necessary to include more than one rail prafi the load collective for narrow
curves R < 1000m). In this way the wear distribution is sitin@&.

* An average value for the coefficient of friction3Pcan be used, since the shape of
the wear distribution is not affected much by it.

* It is sufficient to use a sample frequency for tthata from the vehicle-track
simulations around 2-3 m (about one wheel perimeter

With these parametric studies and experience seaadius discretisation is derived dividing
the network into radius intervals. The curve radnisrvals are finer for smaller radius curves
since they contribute proportionally more to th&kevear distribution. For each of the curve
radius intervals a so-called type curve is deteechifby calculating the average radius,
average length (transition and circular part) dreaverage cant for all curves in the interval.
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When the wear distribution is calculated for eagetcurve it is weighted by the total length
of all curves within the interval. In this way eadurve radius interval contributes
proportionally with their total length to the totakar distribution.

Track irregularities are included in the studyisitoncluded from measurements that 60% of
the total track length has quality class K1 and 4886 class K2 (Swedish track quality
denomination according to the amplitude of trac&gularities, KO being the best quality).

The wheel-rail contact is modelled by the Hertziagory (elliptical contact) in combination
with tabulated results calculated with Kalker's plifted theory (FASTSIM) for the
tangential solution.

In order to study the suitability of Hertzian/FASWG the results are compared to those
obtained with CONTACT, where the shape of the ocdrdarface can be arbitrary. The results
conclude as follows:

Although there are some discrepancies in the ieshié general worn shape is very close. In
fact, the predicted wheel profiles agree very weth the measured ones. Therefore, as the
CONTACT method is much slower, FASTSIM is considegeod enough for this purpose.

The outputs from the vehicle-track simulationstheeinputs to a wear model. Archard’s wear
model has been used (see Charper 8). The wear gatugiven by:

sN
Voo = K— 5-7
wear H ( )

where:
Vwear = Wear volume (19,
S = Sliding distance (m),
N = Normal force (N),
H = Worn material hardness (Nfn
K = Wear coefficient.

According to Archard’s wear model the sliding dista depends on if it is evaluated into the
adhesion zone (no wear) or the slip zon.

To provide a smooth wear distribution, the congltipse is divided into 5& 50 elements.
The wear depth in each element is calculated acwptd:

p

Az= ki (5-8)
H

where:

p = Contact pressure,

Az = Wear depth in an element,

Is| = Sliding distance for one element.

The total wear distribution can then be calculdigddding the wear depths for each element
for all longitudinal strips of the contact surface.
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The wear coefficientk, is determined by laboratory measurements. The weeificient is
described in a wear chart (see Chapter 8), wittirg)i velocity on the horizontal axis and
contact pressure on the vertical axis. The weart dtes four different regions for the wear
coefficient corresponding to different wear meckanrs.

However, the coefficients are obtained for dry dbads so they must be lowered during
simulations in order to consider the actual envimental conditions.

Moreover, in straight track also a factor is taketo account to compensate for the braking.
These factors have been determined by comparingsithalated wheel profiles with the
measured ones.

A simulation with a running distance of 200000 kiletres has been carried out and the wheel
profiles have been compared with the measuredlgsofrigure 5-1 shows that the results are
very close to the measurements.
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Figure 5-1 Simulated and measured wheel profile andiear distribution of the X10B-3149 vehicle after
200000 km distance [22].

Enblom

The objective of Enblom’s PhD thesis [11] is todfia suitable tool to predict wheel and rail
uniform wear for any condition. The main questienwhether it is possible to do it by
numerical simulation and achieve sufficient accyréx facilitate the use of the obtained
profiles in vehicle dynamics simulations.

The first step in his work is to study deeply threpous work in this field carried out by
several authors. After that, Enblom judges thatntie¢hod proposed by Jendel has the greater
potential with respect to generality and accurday. that reason, he takes as starting point
Jendel’'s method for further research.
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After several tests regarding influence of disckbrg, contact environment and contact
modelling he finds the following results:

» Itis essential to include the tangential flexiyilof contacting surfaces in determining
relative sliding velocities and distances in orterfind the wear distribution over a
contact area subjected to partial slip. These mdait calculations have been
implemented in Fastsim.

» The use of a semi-Hertzian contact in contrast éotztan contact reveals significant
differencies because the former considers neitherhilf-space assumption nor the
non-constant curvatures.

* The simulation set representing the network progerhas been extended with
simulation of braking, applied directly in the mhtidy analysis. Thus the creep forces
change and no scaling factor for braking is needgdonger.

Then a comparison is done between KTH’s wear methexdel’s), Pearce and Sherradi'sl
that of Ward, Lewis and Dwyer-Joyce regarding thergy dissipation calculation. Results
indicate that the tread wear is significantly umd@imated by the latter method compared to
the KTH model. The flange wear predictions are iofilar order of magnitude although a
little low for high friction in the case of KTH's athod.

A simulation is carried out to compare the reshésveen two tribological approaches based
on Archard’s wear model (KTH method) and frictioonk (Ward’s et al. and Pearce and
Sherratt’'s) respectively. The vehicle model usedaicommuter train from Stockholm
Transport. The multibody system model is basedhentttailer car and includes rigid bodies
representing the car body, bogie frames and whselse

Several operating conditions are investigated okggr curve radii, friction, wheelset
stiffness. In a second part the wear contact paesare studied at the contact patch level.

The results show that the KTH and Pearce & Shemathods agree very well in several
cases despite the totally different tribologicalpgaches. The averaging assumption in
Pearce’s method seems to find some correspondettlce detailed Archard model.

Ward’s method shows a principally different behaviahen following the local distribution

of the friction energy throughout the contact afBfae consequence seems to be a too strong
dependence on the friction energy leading to urstienation of tread wear and
overestimation of flange wear. The agreement betwaethods seems to be better for the
case of full slip in contrast to partial slip.

Further research has been performed by Enblom usemglel's method but additionally
including contact surface elasticity, braking siatidn and wear map for moist conditions.
Simulation of 200000 km running corresponding tom@nths service of the commuter train
is compared with the measured worn profiles. Tiselte prove that empirical scaling factors
used by Jendel related to braking and lubricataomlze replaced by improved contact models,
extended simulations and increased material testingreasing the generality of the
simulation procedure.

In particular the tread wear depth and distribut&lmow excellent agreement with the
measurements. Moreover, Hertz’'s contact theorgnsidered valid.

The flange wear results could be improved withHertdevelopment of wear maps for both
ambient and deliberate lubrication. Non-elliptiatact model and non-linear tangential stress
distribution would also help to obtain better résubut it would make the computational

effort a critical issue.
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Dirks

Starting from the wear prediction method proposgddndel (see above), Dirks [9] calculates
the wheel profile development due to wear on thedsh high-speed train X2000 running on
the railway line from Stockholm to Goteborg.

Like for Jendel’s calculations, Dirks dicretisizbe network in a set of dynamic time-domain
simulations with different curves, track irreguteas, rail profiles and coefficients of friction.
For that purpose a previous analysis of the railiveeyand conditions is made.

Parametric studies are performed for optimizatidntiee load collective regarding the
simulation time. Finally a set of ten curves iesé&d.

The vehicle-track simulation is performed with thBS tool GENSYS and the wheel-rall
contact mechanics is modelled according to thezirttheory combined with the simplified
theory of Kalker (FASTSIM).

Archard’s wear model is used for modelling the wede, using wear coefficients measured
by laboratory measurements in previous studies.

In similar way as Jendel, disc braking is estimdigdising scaling factors for straight track
parts. Also compensating factors are used to cenglte environmental conditions at the
contact.

The results are verified by comparing scalar mesasants and equivalent conicity of the
simulated profiles with measured wheel profileshaft vehicle. The results agree very well.

Orvnas

Orvnas [35] studies the rail profile evolution disewear on the light rail line Tvarbanan,
located in Stockholm. The results are compareddasurements carried out in three different
curves of the line.

The wear tool proposed by Jendel is also usedfsrstudy. Therefore the wheel-rail contact
mechanics is modelled according to the Hertzianrtheombined with the simplified theory
of Kalker (FASTSIM).

The vehicle-track simulation is performed with M8S tool GENSYS in combination with a
wear calculation program developed in MATLAB. Arctfa wear model is used for
modelling the wear rate together with wear coedfits already determined by laboratory
measurements. The wear coefficients are reducedafiral and deliberate lubrication. Also
the coefficient of friction is varied for differegbnditions.

The results show a more extensive wear rate foulaiied results than for the actual measured
profiles after the same amount of traffic tonnaagggecially on the outer rails.

However, the shape of the simulated rail profilesrnss to agree fairly well with the existing
rail profiles.

5.2 Present wheel wear tool

In this section the methodology of wear calculagicleveloped at KTH is described. This is
the methodology used in the current study for tH&2 Aight rail vehicle. For the first
applications of this method a tool was developeBIATLAB. The current application is now
included in a user library compiled in FORTRAN bwydom which is run directly in
SIMPACK and the outputs can be read in the outgsilts tool.

51



The simulation steps are collected in the flow tBhown in Figure 5-2. The steps are briefly
described below and the used inputs for the custrmty are described in more detail in the
following chapters.

Initial wheel profile

!

Contact data generation

I

Vehicle-track simulation

Rail profiles

L1

Simulation set

Operating condition

Wheel rail contactresults

Wear step limits: \I/
Max. Wear depth

Max. running distance Wear calculation <=|' Wear map

Scaling to step limit

|

Wheel profile updating

Desired mileage

Figure 5-2 Flow chart for wear simulation

A railway network normally consists of a long traskh many different parts, many curves,
both left-hand and right-hand curves, straightkreections, turnouts, etc. That is the reason
why, in order to simulate the wheel or rail wedne entire network should be considered.
Since that is not possible, in most cases, the maai for the simulation is to find a correct
network discretization. The simulations must betrigted to certain representative track
sections called type curves related to selectegesaof radii. In parallel other parameters may
be varied like running speed, wheel/rail frictiamjl profiles, braking and traction, track
irregularities, etc. The track discretization iexd here parameter set.

There is another point that must be considered. Wineel-rail contact affects the wear, but
also the contact depends on the wheel profile shabieh changes due to wear. That is the
reason for the feedback loop shown in the flow tbéiFigure 5-2. The track is discretized,
the simulation is performed for that set of cunadtgr that the wear is calculated by means of
the chosen wear method and then, the profile masugrated to the worn shape. The
corresponding simulated distance is calculated rdoog to the input maximum limits for
wear depth and distance and then another simulateggnstarts with the furtherorn profile.
This process is repeated until the total desirddage is reached.
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Simulation set

The simulation set includes both the track diszedibn (type curves) and the rest of
parameters which can be considered for each typeeclihe parameter set is kept constant
throughout the simulation of the wheel wear, g3e the same for every wear step.

The main parameters taken into account for the Isithon set of the present study are
described below. At this point it is important tmghasize that for the present model a
simulation as simple as possible was tested abéiggnning. The wear distribution did not
look correct compared to that from the measuremamismany other parameters were needed
to be included to find a better solution. For tredson the simulations became too long and
made it difficult to perform a wider set of paranestudies. This will be discussed later.

Track design geometry

The first step to choose the track geometry reptatge of the network is to analyze the

amount of curves, transition curves and straightsp&urves with smaller radius contribute

more to the wear than curves with a larger radispecially to flange wear. Moreover, the

network has to be studied to determine the symmretgarding the number of right-hand

curves and left-hand curves and their correspondi@mgth. This characteristics of the

network is studied in Section 6.2. If the netwodnde considered as symmetric then the
number of simulations can be halved.

Another aspect that usually must be considered ¢griain parts of a railway network are
more frequently travelled than others. In that casghting factors may be used for those
parts, since they will have a higher contributian wear. In the actual network, called
Tvéarbanan (see Section 6), the vehicles run albegrack in both directions with the same
frequency, so no weighting factors are needed here.

Vehicle speed

According to the chosen curves, the speed mustlbeted approximated to that for the actual
vehicles for such conditions. The speed affectsdyreamic behaviour of the vehicle and
hence the wear. Maximum speed must also be takermagtount in order not to exceed it.
That is important in this study because the A32edpead been limited at the time of the
measurements due to speed control concerns.

Track cant

Cant is the superelevation of the outer rail invesr Thanks to the cant, the lateral
acceleration at the track platevel is reduced and hence the wheel lateral dispt@nt and
dynamic behaviour is affected. Therefore it musinotuided in the simulation set.

Rail profiles

The contact between wheel and rail depends onwlo¢iel and rail profiles. The contact is the
basis for the worn shape, so if wheel wear is tostuelied, worn rail profiles should be

included in the simulation set to better emulate rémal contact condition for each part of the
track. Jendel concluded after his study that treeaidifferent rail profiles spreads more the
wear, giving a more realistic distribution. Diffatevorn rail profiles belonging to the present
track are included in this study.

Track irregularities

Track irregularities are always present on a rajlwatwork. They spread the wear over the
profiles in a natural way. Consequently, in oradeobtain more realistic results they must be
included in the simulation set. As will be explain@ Chapter6, the track irregularities for

53



the present network seem to be very marked and #iew down the simulations
considerably.

Coefficient of friction

The coefficient of friction influences the dynantiehaviour of the vehicle since it affects the
creepage forces. The relation between coefficiértiction and wear rate is not very clear
and is studied in more detail in Chapter 7. Lulirticain sharp curves is common to try to
reduce wear and improve curving performance. Thimi¢ation changes the coefficieot
friction and also the wear coefficients so it miosttaken into account for the simulations. In
Tvérbanan line lubrication devices are installedanrow curves. See Section 6.2.

Wear weighting factors

Although the wear calculation is done one stepratte vehicle-track simulation, some
weighting factors may be necessary to compensatenkironmental conditions. The wear
parameters of the wear map used for the Archardryhwere calculated for dry conditions.
The natural and lubricated conditions must be weijlsomehow for realistic results.

Braking and traction

Braking and acceleration affect wear since thegcafthe sliding in the wheel-rail contact.
Sliding determines the transition between wear raedms. Furthermore, braking and
acceleration also affect the dynamic behaviouhef\tehicle in curves. For the present study
the use of traction and braking was essential. iBgakand acceleration may not be so
important in long distance journeys, but here @mg to be, according to the results, one of
the key factors affecting wear. The frequency opstand starting is very high adnis line.
Seventeen stops in a thirteen kilometre long tesekn enough to consider this.

Vehicle-track simulations

The necessary elements for the simulations arevehe&le model, the track model and the
contact model. The vehicle model in SIMPACK andviiidation has already been described
in Chapter 3, including the additional elementschihihave been implemented in the model
for the present application. The track model isspr¢ed in Chapter 7, representing vertical
and lateral track dynamic behaviour.

The contact problem is studied by means of a tarjesontact model and a normal contact
model. In SIMPACK, before the tangential forces bancalculated, the normal forbein the
contact patch must be known. Where the normal for@@MPACK comes from depends on
the contact formulation selected in the “Vehicleol&ls” setting. For this study different
contact methods have been tested and they arenprdse Chapter 7.

For all methods of normal force calculation thechat considered to be according to Hertz’'s
theory (see Section 7.2).

The main tangential force law is the Simplified Noear Theory of Kalker, presented in
Section 7.2.

In SIMPACK, the wheel-rail geometry functions ameated in a pre-processor. The wheel-
rail pre-processors are used within SIMPACK for #pproximation of measured profiles of
arbitrary railway vehicle wheels and rails as vesllfor the pre-calculation of: the constraints
of the wheel rail contact problem, the co-ordinaikthe point of contact between wheel and
rail and the friction parameters.
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For the time integration analysis the integratioatmd must be defined. In this study the
default method in SIMPACK has been used. This ntktlso called SODASRT_2. The
stepsize and order depend on user-defined erenatodes.

Parametric studies carried out by Jendel [22] eigichat it is not necessary to save output
data every integration time step. It is sufficigot save data with an output time step
corresponding to one wheel revolution.

Wear calculations

Assuming that there is no loss of contact betwebeelvand rail, there will be at least one
contact surface between them at any time. Moreaber,wheel profile is assumed to be
identical around the circumference of the wheel.e@&lhout-of-roundness phenomena like
wheelflats are thus not taken into account.

When predicting wheel profile wear the total weastrtbution over time, i.e. the sum of all
contacts between wheel and rail profiles, mustdiesiclered. It is then necessary to predict
the location, size and shape of the contact suti@teeen wheel and rail for all contacts a
wheel profile will be exposed to.

If one contact is assumed per wheel revolution, thmber of contacts along a track part
depends on the wheel radius. For example, a 5@thgittack leads t&00/(2 7 f, dontacts,
that is 160 contacts for a typical radius of 0.5 m.

Since each revolution forms a wear distributionrabe wheel profile, it is possible to treat
each output time step as a separate contact prokkitting in a wear distribution.

The wear modelling method is presented in detathiapter 8.

Wheel profile updating

Once the wear distribution is calculated for eacive radius interval, the final wear
distribution corresponding to the whole networkcaculated by weighting with the total
length of all curves within the intervals.

After every wear step, the wear distribution is laggbon the wheel profile, so it is updated.
Previous studies show that it is good to apply @athing factor to compensate possible
discretisation errors and to provide physically uglile profiles. The profile updating
procedure is detailed in Chapter 9.
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6 Simulation set

6.1 Network of study: Tvirbanan

The double-track tram line of study is presente#figure 6-1. The length is about 12 km and
it has 17 stops.
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Figure 6-1 Tvarbanan line Stockholm (SL)

The trams run from Sickla Udde to Alvik and backal is an advantage for symmetry. The
leading carbody is, when running tine other direction, the trailing body. This symmaéas
demonstrated in Section 6.2 and the advantagémbéte then explained.

The track from Sickla Udde to Alvik is called therthern trackand the track from Alvik to
Sickla Udde is called theouthern track

6.2 Track design geometry

Type curves definition

The track data is provided by SL (Stockholm Locedrisport) in the form of data files [38].
Figure 6-2 shows an example for one part of théhswo track.
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ELNR. BEG.-SEKT B-RADIE PARAMETER EOORDINATER B-RIKT

LANGD S-RADIE X Y S-RIKT
1 1018.733 B 79304.1023 95536.8811 55.2412
145.474 S 79388.1e602 95647.8574 55.2412
p 1164.207 55.950 B 79398.1602 95647.8574 55.2412
43,000 72.800 5 79422.5117 95683.0854 74.0425

Vo 79416.7804 95669.8268
3 1207.207 72.800 B 79%422.5117 95683.0954 74.0425
132.770 72.800 5 79366.5%022 95783.8830 190.1471

Vo 79459.7910 95769.4007

M 79355.6799 95711.9632

Figure 6-2 Example of a track design data in BIS fionat [38]

In order to define the track parts for being preeesby thdrack design toglthe data have to
be rearranged and saved as a text file. Tablelf®Wsan example corresponding to the same
parts as shown in Figure 6-2.

Category L (m) R (m) u (m) Rt (m)

0 145.47 0.00 0.00 0.00
1 43.00 0.00 0.00 72.80
2 132.77 72.80 0.00 0.00
3 36.00 0.00 0.00 72.80
0 40.80 0.00 0.00 0.00
2 19.84 179.29 0.00 0.00
0 127.17 0.00 0.00 0.00
2 25.45 -760.00 0.00 0.00
0 20.00 0.00 0.00 0.00
2 21.63 1200.00 0.00 0.00
0 34.83 0.00 0.00 0.00
1 20.00 0.00 0.00 -168.90
2 101.50 -168.90 0.00 0.00
3 45.00 0.00 0.00 -168.90

Table 6-1 Example of input format for track analyss

The categories are as follow:
0 for straight track parts
1 for transition curve up (increasing curvature, fnal radius is taken as nominal)
2  for circular parts
3 transition curve down (decreasing curvature, bitiirradius is taken as nominal)

L is the track segment lengtR, the radiusu the cant andr; is the radius connecting the
transition track to the circular part. A minus sigrused to indicate left-hand curves.

It is here important to note that no data for caas given by SL together with the track data.
Values for such cant were sent in additional fileduding running speed but in different
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format, not corresponding to the same definitiotratk parts. The solution for this problem
was to take the cant from these second files qooreting to similar curves (similar radius
and speed).

The track design geometry is primarily discretidibased on the radius in the circular part of
each curve. The actual curves are clustered intimsaclasses and one type curve is defined
for each class. The quantities related to a typeecare shown in Figure 6-3.
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Figure 6-3 Curve discretization parameters.

The first simulations were made by simulating tyy@etcurves shown in Table 6-2 and Table
6-3. This track discretisation is called from now astype curves 1o differentiate to later
cases. Table 6-2 shows the necessary input pagesriet the track definition in SIMPACK.
Table 6-3 shows the rest of the parameters vaepémtling on the type curve.

Name R (m) u (m) L (m) L circ (M) L ot
A32 R35 35.1 0 17.15 24.1 118.4
A32_R79 79.6 0.04 25.55 60 171.1
A32_R143 143.4 0.08 29.15 55.8 174.1
A32 R237 237.2 0.08 29.5 69.8 188.8
A32_R325 325.1 0.06 35.55 80.8 211.9
A32 R701 701.5 0.03 18.55 78.9 176

A32 R1727 1727.6 0 36.1 48.3 180.5
A32_Straight 0 0 0 200 260

Table 6-2 Type curves version 1. Inputs for track dfinition

Distance facor (6) | (i) | ' | ourputs | Pt | B | i | rignt
8.54 4.44| 19.89 49 0.25| 0.35 0.05 0.14
8.82 8.08| 1747 78 0.25| 0.35 0.05 0.14
20.36 12471155 79 0.25| 0.35 0.05 0.14
7.35 13.89 11.43, 87 0.25| 0.35 0.05 0.14
11.8 13.89 13.10; 100 0.35| 0.35 0.14 0.14
10.88 13.89 10.51] 80 0.35| 0.35 0.14 0.14
10.44 13.8910.84] 83 0.35| 0.35 0.14 0.14
21.81 13.89 16.56] 127 0.35| 0.35 0.14 0.14

Table 6-3 Type curves version 1. Parameter set.
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This set of curves corresponds to the intervalsvben the following radii: [0, 50, 100, 200,
300, 500, 1000, 3000]. Curves with wider radius1tBA00 are considered as straight.

How the parameters are calculated is describedhbelo

The radius R, is the mean value of the radius from the curve®riging to the
corresponding interval.

The length of the circular partLg., is the mean length of the total circular length
from the curves belonging to the correspondingruate

The length of transition curvel; is calculated as the average of the length of
transition curve up and down. This is so becausesthndard railway track definition
in SIMPACK does only permits to define one value ti@nsition, which is used as
entry transition and exit transition length. Thereriransition length and the exit
transition length are calculated as the mean vafltlieose belonging to the interval.

Thetotal length L, is calculated with the following formula:
Lt = 2Lt +L + I-vehicle (6'1)

where Lyenicie IS the vehicle length which is added to the tdémigth because the
vehicle needs a piece of track to stand on befa@e&unning simulation.

tot circ

The cant u, is the superelevation included in some curvegettuce the lateral
acceleration. The values for this study are takemfa data file given by SL which
defines the running speed for each track sectiomnbdifferent format than the data in
Table 6-1. Table 6-4 shows a portion of such data.

Section (km+m) Speed (km/h Note

10+728.840 - 10+793.20p 30/ max 8p  Station Gullmplan

10+793.205 - 10+900.000 30 RL/R90/Fh=0
10+900.000 - 11+030.0090 35 R79.3/Fh=80
11+030.000 — 11+320.0090 40 R150/Fh=50
11+320.000 — 11+527.247 50 RL/R2200/Fh=0

11+525.224 — 11+586.2234 30/ max 80 Station Martensdal

11+592.247 — 11+928.432 50 RL/R2200/Fh=0
11+928.432 — 12+002.640 30 R90/Fh=0
12+011.130 — 12+073.130 30/ max 80 Station Luma
12+067.640 — 12+120.040 30 R90/Fh=0
12+120.000 — 12+455.040 50 RL

Table 6-4 Piece of data of Tvarbanan track from S1[38]
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It is important to remark that the maximum spee8®km/h was the maximum design speed,
at the time of measurements, however, the AutomBtan Control (ATC) was not yet
operational so thepeed limitwas reduced to 50 km/h. Nowadays the vehicle ganat the
design speed, but it was not like this at the e measurements.

» Thespeedy, is calculated by the following equation:

_ u
V= \/ Rda,, +9 E'zF) (6-2)

0

whereay imis the maximum lateral acceleration limiting thexmaum speed andi®is
the distance between the nominal wheel-rail corgantts on the left and right side.
The maximum lateral acceleration for the simulaiés assumed to be 0.56 fy/s
being so a typical value for this kind of vehic[@8] and for comfort requirements.
Speeddigher than 50 km/h are truncated due to the speedat the time when the
measurements were made.

* Thesimulation timefor each curveteng is calculated by dividing the total lengthe:,
by the speed..

* Thenumber of outputfor the simulation corresponds to the number wbhaions of
the wheel for the simulated distance. This is stabse one contact per revolution is
considered for wear calculations.

* The coefficient of frictionchanges for outer rails (left rails, since thevesr are
defined as right-hand) for curves under 300 m adiue to additional lubrication. See
Section 6.2.

Other parameters corresponding to each type cueveaek irregularities or rail profiles are
described later.

Symmetry conditions

The Bombardier wear tool implemented in SIMPACK hasutine which takes advantage of
the symmetry in terms of equal distribution of lefind curves and right-hand curves as well
as forward and backward running. Assuming thatjgans that for instance the wheels of the
outer axles will experience the same wear. It iss tbufficient to run each curve only once for
wheel wear depth calculation and profile updaticaresponding to one fourth of the actual
total running distance (see Section 9).
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Figure 6-4 Bisymmetrical wheel wear calculation

Since the wear tool only permits to calculate waaifour wheelsets at the same simulation,
only the wheels of the motor outer bogies are cmrsd. For that reason, the ending bodies
have had to be renamed as B1 and B2. Figure 6:sstiee nomenclature. Then the wear on
the inner body wheels is not considered in thigdytu

As a result, taking advantage of the symmetry ontyworn profiles will be generated, the so
called profilej and the profile are considered. In the SIMPACK model two typewbéelset
are defined, each of them with their corresponditeel profile. At the beginning both
wheelsets start with the same profile, the nomama (see Figure 2-6), but they are updated
separately.

In order to demonstrate that the use of the synmymetronsistent, two different analyses may
be made. Firstly, a simple visual analysis of theasurements gives a clear conclusion.
Figure 6-5 shows the wear depth measured at thelsviogé car 401 corresponding to those
which are to be simulated, i.e. left and right whexd the ending bogies, W1L, W1R, W2L,
W2R, W3L, W3R, W4L and W4R (see Figure 6-4 for mot®. No major differences are
found, so it can be concluded that the wear is sgtratfor the pairs W1&W4 and W2&W3.
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Measurements of wheels 1L, 1R, 2L, 2R, 3L, 3R, 4L and 4R

-1,0E-04
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Depth (m)
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Figure 6-5 Measurements of wear radial depth for tk wheels of the motor bogies of car 401 (14000 km)

According to Figure 6-5, the measurements are vhrye between W1&W4 and W2&W3,
which is not common. Usually W1&W4 have higher wéaan W2&W3 because they are

leading bogies. This behaviour has not been studked, but it should be due to the special
design of this vehicle.

A second analysis is related to the curves accgrtbnthe circular part. The proportion of
right-hand curves and left-hand curves with respethe radius is shown in Figure 6-6.

They look pretty similar so it can be concluded the symmetry assumption is consistent.
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Figure 6-6 Percent of right-hand curves (top) andeft-hand curves (bottom)

Coefficient of friction

The coefficient of friction is an input data to thehicle-track simulations and may affect the
dynamic behaviour of the vehicle since it limite thaximum transmissible resultant creep
force in the plane of contact [22].

However, the relation between this coefficient #melwear rate is not so clear. In some cases
the wear coefficient may even be higher when thedfmeent is low than when it is high [21].
From a engineering point of view, the relationoglisat by lowering the coefficient of friction
the observed wear rate is lowered, but in realitgtichanges is the environment, for example
the lubricants and thus also the coefficient aftion changes.
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It is very difficult to measure the coefficient dfiction in laboratory for this kind of
application so attempts to measure or estimate i@l needed.

In addition, the coefficient of friction depends the sliding velocity, which makes it more
difficult to simulate. The relation can be descdhwith a Stribeck curve (Figure 6-7), which
indicates the different regimes.

.| Boundan

Mixed

Elastohydrodynam

Hydrodynami

a4 e
e

Coefficient of friction

Sliding velocity

Figure 6-7 Stribeck curve [9]

However, the wheel-rail contact is always in theurary lubrication regime why it is
reasonable to use a constant value.

In order to decrease the wear rate on both radsvdreels, the gauge face of the high rail in
this network is lubricated in all curves with aitesdsmaller than 300 m. This is performed by
means of a lubricating device shown in Figure @48 device consists of a box attached to
the rail containing an oil-based lubricant. Frora box a piece of felt is connected to the rail.
The felt absorbs the lubricant, which is spread@lthe curve by the passing wheels. The
lubricating device is located 2-5 m after the tims curve starts and produces a lubricating
effect up to several hundred metres. The effettilmiication decreases with the distance and
so the coefficient of friction increases. Howevar,constant value is considered for the
simulations.

According to Jendel’s study [22], an average vdtuehe coefficient of friction is sufficient
for this kind of simulations. Thus constant valwé$1=0.15-0.25 for curves with lubricating
device, anqui=0.35 for the rest of the curves are used.
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Figure 6-8 Lubricating device used at the embankmen

In the reference case, called simulation 1.1, #ilaes used for the coefficient of friction are
as follows:

Lubrication status M

With lubricating device (outer rails, curves un@80 m radius) 0.25

Natural lubrication only 0.3b

Table 6-5 Coefficient of friction in reference simiation 1.1

Wear factors

The wear factors (or wear coefficients) are inctlde parameters for the wear calculation for
each wheel. They depend on the contact pressurtharsliding velocity. They are discussed
in Chapter 8 where the wear model is presented.

The wear factorsk in Equation5-5, are taken from laboratory measurements for dry
conditions. That is why they must be rescaled Her dctual network conditions wiftaling
factors That is not an easy task. For the present apiglicadifferent scaling factors are used
for average normal conditions and for extra luligdarails, as in the case of the coefficient of
friction.

Tests are made with values from Jendel [22] aratt tzlibrations by Enblom [11].

Track irregularities

Track irregularities are deviations relative to tteninal geometry and are always present in
rail traffic [35]. They give rise to a realistic nation of the contact position and thus a
smoother wear distribution.

The only track irregularities available from thistwork are those used by Orvnas [35] for her
study on rail wear of this vehicle. The measureserdre done at the same time as the wheel
wear measurements. These irregularities correspolydto the track part from the kilometre
point 6.150 to 10.065 of the southern track. Traeethe track irregularities for each curve
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have been chosen from similar parts of the tradrigeng to that interval. The data in Table
6-6 has been used to define the stretch for eaoke doy looking at the radius and speed.
Consequently the track irregularities chosen, liertype curves version 1, are as follows:

Curve | Track irregularity stretch (m)
R35 7720-7830
R79 10560-10650
R143 7980-8060
R237 6760-6960
R325 6451-6660
R701 9925-10065
R1727 7445-7630
Straight 8060-8383

Table 6-6 Track irregularities from southern track chosen for each curve

The first 30 m part of the track corresponding ke tvehicle length is left without
irregularities. A smoothing factor (provided in SIMPACK) of 20% g&elected for the
transition between both parts in order to avoidbfgms of integration. The stretch can be
longer than the track. In that case the remainig is not considered by the program in the
simulation.

From the moment the track irregularities were idefd in the model the standard SIMPACK
contact calleg-constanhad to be changed ssvariableto avoid continuity problems during
integration. The difference between the two contgpes is presented in Chaptér The
integration time increased considerably.

Rail profiles

Only four types of rail profiles for both outer amther rails were available for this study,
apart from the nominal (unworn) one. They are wails generated from measurements. The
measurements were done by the time of the wheal measurements. They are defined by
the kilometre point, so it has been possible temeine the track characteristics at those
points thanks to the data in the form of Table Gable 6-7 summarizes the characteristics.

Rail profile | Track characteristics
220 | [Zooam
2970 | iZoosm
10450 i 0.03m
10600 | Zopam

Table 6-7 Available worn rail profiles

Accordingly, the rail profiles used for each typgwe inversion lare presented in Table 6-8.
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Curve | Rail profile

R35 10610
R79 10610
R143 2970
R237 2970
R325 2220

R701 10450
R1727 10450
Straight| Nominal

Table 6-8 Rail profiles in the simulation set

Later changes are described in Chapter 11.

Braking

In the simulation with type curves version 1, brakis included only in the second half of the
straight track. During 7 seconds the train brakea eate of 0.8 mfsthat is a typical rate
according to SL data [38].

According to the data, the stops are normally oaigit track, but the vehicle has to brake
before the station and accelerate after the stafibat is why in later simulations the effect of

braking in wide curves is considered. No majoreatghces are found anyway (See Section
10.4).
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7 Vehicle-track simulations

The main elements needed to simulate wear arezehiele model, the track model and the
contact model. The SIMPACKehicle model has already been presented in Chapft€he
track model is presented below. Finally, the cantaodel used in the simulations is
presented in detail in order to better understawl the creep forces arising in the contact are
calculated. These forces are then input for ther walgulation, which is explained in Chapter
8.

7.1 Track modelling

The dynamics model of the track is shown in Figine The track piece, moving along with
each wheelset, consists of one suspended masgshséih degrees of freedomertical and
lateral displacement and roll. The mass is defimenh andl (inertia).

The vertical motion is modelled with a stiffnesg, and dampingd,. In the same way the
lateral motion is modelled with a stiffness, and dampingdy,. Values are taken from [34].
They are typical values for railway applications.

Other values and even rigid track have been testddno major differences have been found
in the final results of wear.

LN M_‘ Wuwmﬁ
m=_ [330 [#3000 4 _p[stm]\
[ — (|
| ? WC Z[N.-"I'I'I]\_
Stateshlm Wd z[Nss'm]\
C— \

Figure 7-1 SIMPACK track dynamics model [20]

7.2 Contact modelling

The wheel-rail pairs are the main modelling elermantSIMPACK to calculate the contact
outputs. There is one wheel-rail pair per whedl-cantact. These elements contain all the
parameters and data needed to describe the castpobfile names, geometric data, force law
parameters, etc. Some of these elements are iceddelow.

* Two profile reference markers, one on the rail ané on the wheel Body, which
determine the position of the rail and the wheedpace,

» A Force Element which searches for the contact pravides the normal and
tangential contact forces. These forces are cakmilaccording to a theoretical
background that is presented below.
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* Result elements which output contact-related dath sas wheel and rail forces,
contact positions, etc.

Wheel and rail profiles

Wheel and rail profiles are described in SIMPACK parametric splines which are
approximated to fit the original data. In theesent study the original data has been given by
SL [38] in the form of coordinates. These data ha@en then transformed to profile files in
SIMPACK format. The way how the profiles are measiunas been presented in Section 4.2.

Each wheel-rail pair in SIMPACK has one wheel geofeference marker and one rail profile
reference marker. By means of the geometry parasdtee profile reference markers are
always automatically located at the reference mostfor the wheel and the rail profile
located in the wheel taper line plane and rail haattlle, respectively.

The rail profile reference marker moves with thregularities and the wheel profile reference
marker rotates against the rotation of the wheel.

Regarding the rail profiles in SIMPACK, a recentwwnprofile format has been introduced.
This new profile type is callestvariablebecause it permits to take into account the viariat
of the profile along the track. In other words, grefile can be dependent on theoordinate.
The differences between tseconstanfrofile and thes-variableand the way they affect in
the present study are presented below.

Force elements

Each wheel-rail pair is connected to one wheelfomde element. This force element searches
for contact between the rail and the wheel, and taculates the normal forces and finally
the tangential (creep) forces.

In some situations there may be more than one cop&ich between the rail and the wheel of
the same wheel-rail pair. The forces are then deited for each contact patch separately and
then combined to one resulting force and torquenperel-rail pair.

The process to determine the contact forces i®padgd with the following tasks:

« Evaluate the profile geometries and find the lamaiof the contact patches, then, for
each contact patch:

» Evaluate the kinematics (creepages)
* Determine the normal force, and

» Determine the tangential forces.

Contact functions

The position and orientation of the contact patahttee wheel and on the rail are defined as
functions of the relative measurements betweemtbéle reference frames (markers). The
corresponding reference frames are shown in Figiire
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Figure 7-2 Frames used for describing the wheel-re¢ontact problem [20]

Both the wheel and rail profile reference frameslacated on the track by meanss(, that
is defined as the arc length co-ordinate of theelet along the track.

Two different ways to evaluate the contact arelakb in SIMPACK:Table evaluatiorand
online evaluation|f table evaluations selected, the position and orientation of tbetact
frames on the rail and on the wheel are pre-caledlas function of the distance and the
orientation between the two profile reference frameonline calculationis selected instead,
the contact frame positions and orientations al@ukzed for each right-hand side call of the
calculation.

Due to the axial symmetry of the wheel and the shaipthe rail surface, the geometrical
contact problem depends only on three relativerdinates, namely:

 y lateral deviation of the whewlith respect to the rail reference frame
« ¢ roll angle: first cardan rotation about x-axistoé rail
« yw yaw angle: second cardan rotation about z-axisefvheel reference frame.

The general 3-dimensional contact problem is daioigo two 2-dimensional problems by a
guadratic approximation of the geometry functiorihwespect to the yaw angle

The contact geometry functions are calculated preaprocessor. The general contact pre-
processor generates tables containing the 2-dimeaisspline coefficients for:

* The constrainZ of the vertical deviation of the wheel with respicthe rail reference
frame,

* The contact coordinateof the wheel according to the geometrical constrai

* The contact coordinates of both the wheel and #ieaccording to the physical
contact point and
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» All friction parameters required for the computatif the friction forces.

The values of the contact geometry and the fricharameters are produced by a subroutine
using the wheel and rail profiles. SIMPACK has tfferent algorithms to obtain the contact
parameters:

* Rigid contact the penetration and the profile curvatures atpihi@t of the maximum
penetration are used, or

* Quasi-elastic contacta weighted mean of the penetration and the curest
determined over a certain range, is used. Thisslead regularisation or smoothing of
the profile functions, avoiding sudden jumps of ttentact points when it moves
along possible changes in the profile curvature.

Contact patch

The contact patch is searched for by means of a&ddch between the rail profile and the
wheel profile with the current yaw angle of the whé he contact patch locations are found
by searching for profile penetrations or intersmtsi The patch can be either elliptic or non-
elliptic.

In this study the patch is considered to be etlipitcording to the Hertz theory. Figure 7-3
shows the shape and the coordinates system usledd¢abe the contact.

T Direction
of

rolling
RErnning cirels

Contactpoint
{centre of contact surface)

Contact surface (Hertzian
ellipse)

Figure 7-3 Coordinates system in Hertzian contactatch

The Hertzian contact theory [17] has the advantdgeermitting to treat the normal and the
tangential contact problem separately. The assompbf this theory are the following:

» Deformations are small and the materials in corftage linear elastic behavior.

* The contact area is small compared to the typicaédsions of the bodies in contact,
e.g. the wheel radius.

* The curvatures of the bodies are constant nearahiact area.

» The surfaces are ideally smooth.

* The materials of the bodies are homogenous ansot(same properties in all
directions).

» The bodies are quasi-identical (geometrically dadteally the same), which implies
that the normal and tangential contact problemsbeaineated separately.
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The contact ellipse is described by very few d#ta: position of the ellipse centre and the
semi-axes in longitudinal and lateral directioneTbngitudinal ellipse axis is assumed to be
always in the longitudinal direction of the railofite reference marker whilst the lateral axis
is perpendicular to the longitudinal axis and tantige to the rail profile. Figure 7-4 shows the
main parameters defining the ellipse and the losiliblution.

Figure 7-4 Contact pressure distribution in contactpatch [1]

Normal forces

Before the tangential forces can be calculatectterchine the wear, the normal foden the
contact patch must be known. In SIMPACK, the norrfaate depends on the contact
formulation selected. The different methods aresgméed here. Several tests using these
methods have been carried out in this study totfiedbest solution.

» If constraint contacts selected, a constraint force consisting ofrangedamper with
linear stiffness and damping belongs to the curpemtact patch. In case of multi-
point contact (one contact on the tread and upvtodn the flange/back of flange) the
constraint force is distributed over the contacésan elastic analysis.

» If elasticone-point contacts selected, it is the force of the one-sidedrgpdamper
element that belongs to the current contact patch.

» If elastic multi-point contactis selected, the elastic normal force is calcdlate
internally within the tangential force element bgans of a one-sided spring-damper
formulation.

* If s-variable rail profilesare usedSIMPACK s able to switch automatically from
constraint to elastic contactformulation during the time integration. That is a
advantage that explains the use of this kind ofilpran this study. This is better
explained below.

The tangential force element recognises automatieddich contact formulation is currently
active and reads the normal force from a globahyarif the normal force is calculated
internally the current elastic penetration of thieeel and the rail in the contact patch is read
from the arrays instead.

Tangential forces

Several theories for the calculation of tangerftiates have been developed over the years;
however, among the different force laws that SIMRAGErmits to use, the one used in this
study is theSimplified Nonlinear Theory of KalkdFASTSIM). This is one of the standard
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models to calculate the tangential forces in mattip simulations. This theory is a
simplification of Kalker’s nonlinear creep forcestiry.

For the tangential problem to be solved, the nedadlip velocity between wheel and rail must
be calculated. The sliding velocity in the contectdivided into components in the travel
direction (%), the direction in the contact plane perpendictdathe travel directionvg) and
angular velocity @) about an axis perpendicular to the contact pldme components are
shown in Figure 7-5 as well as the discretisatibtihe contact patch.

Adhesion
— Zone

/H'ff Slip zone
;‘I’_'-

Figure 7-5 Contact patch discretisation

In vehicle dynamics these velocities are normaligath the vehicle speedy, so the
longitudinal creepagdateral creepagendspin creepageare obtained as:

v v, w
V=% oy =" == (7-1)
Y Y Y
where: ve andv, are the average longitudinal and lateral slidiatpeities [m/s]

wis the angular sliding velocity [1/s]
v is the vehicle speed [m/s]
vg andvuy, are the longitudinal and lateral creepages [-]

d¢ is the spin creepage [1/m]

The vector sum of the longitudinal and lateral peages is the total creepage, denotedl. as
For computing the elastic field in the patch theegec creepage is given by:
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- _ o0&
o(&n) ou (E1) (7-2)
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where: U; is the elastic deformation ifadirection

u, is the elastic deformation ipdirection
In the contact patch two different regions mustlistinguished (see Figure 7-6):

* The adhesion region (A), where:
u(m =0
NTe +1,° < pp(é.n)

* The sliding region (S), where:
o¢.m#0

rEm =

EG)
with: S(&,n) is the sliding distance

Hp(&,n)

7¢1S the traction irx-direction
7, IS the traction iry-direction
p is the contact pressure, that, for an ellipti¢rdbstion, is given by:

3N-«f 1- &’ /72 (7-3)

p(&.77) =

2nlalb a’ b?

Figure 7-6 Normal and tangential stress distributim at the contact patch [20]

The elastic deformation according to the nonlirteaory has the following form:
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Us($.7) =L [7.(.7)

(7-4)
u,(¢.n7) =L, 1,(<.n7) (7-5)
U, (§,7) = Ly [p($.7) (7-6)

wherel; are the flexibilities.

In case of small creepages the linear theory idicgippe and then there is adhesion in the
whole contact patch. It leads to:

v(é)=0
v ¢f7( ) (1)
= & T g - 2
rg(f,r/)—(Ll L@jf ay/1- (7/b) 78
7, (&) =%(f— a|/1- (n/b)2)+%(fz -t~ (/b)) (7-9)

where a is referred to the semi-axis in rolling directiandb to the semi-axis perpendicular
to rolling direction.

The flexibilities can be identified by the Kalkeoefficients Ci of the linear theory. The
Kalker coefficients are tabulated as functiongefmin(a/b, b/a)andv (Poisson ratio). Thus
they are expressed as follows:

_ 8
b= 3C,G (7-10)
L, = 5 (7-11)
3C,,G
L = mealb (7-12)
°4C,G

whereG is the shear module.

Kalker coefficients can be defined lgble or online evaluation They can also be defined
with constant value.

The main difference in the simplified theory isttti@e deformation in one point only depends
on the load in this point. In the nonlinear thetitg deformation in one point depends on the
load in all locations. Thus the simplified modeltbé contact can be imagined as a “bed of
springs” which are deformed independently from eattter. The patch is divided in small
cells of Aé xAnpas it is shown in Figure 7-5.

For the nonlinear computation, the saturation @& thction force must be included. The
integration method (discretisized) is as follows:

Fork=0,1...N-1, N being the number of divisions:

+1) V. ¢ ,7
A =ar + Af{-ﬁ + fj (7-13)
Arq(kﬂ) :Ar”(k) +A5(_V_LZ+%(5(I<) —AE/Z)] (7-14)
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It &7+ N1, " > 7p, it takes

K+1
F) = Ar®?

A - ‘Ar(kﬂ)

J7s (7-15)

Normally the equations are normalised to dimens&slequations and the contact area is
transformed into the unit circle. Generally thection force is determined by 9 parameters,
but by normalisation the problem is reduced to rapeeters in the following way:

-I-i = f|(Vf’V,71¢Z1,LI’N1a/b’Rr{lRl;71RV\£flev7) (7'16)
With the dimensionless parameters:
T, \Y ¢(p
t|:_ll ,7|:I_l X|=_ 7'17
LN He H ( )

with:

4 1 1 1
—= + +

p Rr Rw Rw

n

¢=ab

i=4¢.n

Thus:t, = f,(7,.7,, x.a/b)

Where:

Rre is the first main curvature of rail in the contpoint

Rr, is the second main curvature of rail in the conpaint
Rw: is the first main curvature of wheel in the contamint
Rw, is the second main curvature of wheel in the adpaint
Cc is the mean semi-axis of the contact ellipse

Differences between s-Variable and s-Constant contact

The main difference betweesiconstantand s-variable profiles is that thes-constantonly
permits to define a constant rail section alongttaek whilsts-variable permits to define
different rail cross sections. That is very usefig. for simulations of a train running through
a switch. However that is not the reason whyariableis so convenient in this application.

The other difference is shown in Figure 7-7. In thee ofs-constantrofiles, the contact is
calculated either bytable evaluationand quasi-elastic or online evaluationand rigid,
depending on whether the contact is at the treaat tine flange respectively. However, the
contact is always calculated byline evaluatiorandquasi-elasticfor the case o$-variable
That is a disadvantage regarding the simulatioe tiout it is also an advantage because it can
avoid problems of continuity during the integratiarhis issue is presented in Chapter 10
because it was a key factor during simulations.
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s-Variable Profiles

Contacts may act anywhere on profile

Back of
the
wheel

"Flange"” (Frazd]

"Flange2”

= Constraint or Elastic Contact

= Back of the Wheel: Only Elastic Contact

= Only Online Evaluation and Quasielastic

s-Constant Profiles

Contacts act only in their designated
profile sections

"Flange”

_"-v'_
« Constraint or Elastic Contact

» Tread Contact calculated Table
Evaluation and Quasielastic

* Flange and Flange?2 Contacts
always calculated Rigid and Online

Figure 7-7 Differences betwees-variableand s-constantprofiles [20]

1




8 Wear calculations

Several models for wear calculation have been deeel during last years. Among them,
Archard’s model has been chosen as the most seiitadd for this prediction tool, according

to Jendel [22] and Enblom [11].

8.1 Archard’s model

Archard [2] carried out sliding wear tests withfdrent material combinations and formulated
a model for the material loss as function of conpaessure, sliding distance and velocity, and

surface hardness. The basis of the model is ireticatFigure 8-1.

l/v
Vi
S
Figure 8-1 Archard sliding wear model

The material loss in terms of volume is expressed a

sN
Vwear = kTZ (8-1)

where:

Vwear i the volume of wear [th
S Is the sliding distance [m],
N- is the normal force [N],

H is the hardness of the softer surface [Pa],
k is the wear coefficient [non-dimensional] (depeigdam the wear regime).

To provide a smooth wear distribution, the contltipse is divided into 4% 40 elements

(see Figure 7-5). The local model for each elenseadlculated according to:

P, (€,17) LAS(S,77)
H
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where:

AL is the local wear depth [m],

A4s is the sliding distance increment [m],
pr is the local contact pressure [Pa],

The contact pressure is calculated according t@tmu 7-3.

The sliding distance increment is calculated fréva time step and relative sliding velocity,
according to the notation in Section 7.2:

At = A_é (8'3)
V
DS(E,17) = (Ve (€.17) (DL, (€,17) D)) (8-4)
ou (¢,
o4, -2
Vs (5’,7) =V (8'5)
o+, 72

The elastic strain components in Equation 8-5 gopraximated from the flexibility
parameters available in FASTSIM.

8.2 Wear coefficients and scaling factors

The wear coefficients are obtained from a wear tcdapending on the pressure and the
sliding velocity as shown in Figure 8-2.

. s Seizure
Wear coefficient, k (dry) [107] -
3.0 :
Piimdd Mild wear
\K (oxide)

Severe wear

\. Pressure [GPa]
S
; \\
o\
" \
1.\

ks =30-40 (metallic)
o - ,,0’0/_ Crp I . I I l - M]]d wear
Flange ) % o b 64 6 G g (high oxujahon
Tread -~ Sliding velocity [m/s) rate)

/

Vi o Vi, i

Figure 8-2 Archard wear map for dry conditions. Dat from [11].
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The jump to the seizure region is at a pressupe=opinH, were a typical value fquiiy, is 0.9.

The jump from mild to severe wear and vice versat e sliding velocitiesiim 1o and Viim ni.
Typical values for them ar&jm 101=0.2 m/s andim 1=0.7 m/s.

These values may vary somehow depending on thalamnditions. In this study, they have
been varied in order to find a better solution.

The wear factors,k, have been determined both by pin-on-disc and -afisdisc
measurements in laboratory under dry and room teatyre conditions [39]. For that reason
it is necessary to scale them for real conditions.

As explained in Section 4.3, the real contact emritent between wheel and rail may vary
due to weather phenomena, man-made lubricatiorcanthmination. All these effects make
wheel wear prediction a difficult task; not onlychese the contact environment changes
along the track and from time to time, but alsoause many of these parameters are difficult
to measure.

So far only limited wear coefficient measurememts lfibricated conditions are known and
further tests are needed.

By assuming that the effect of lubrication is sanibn wheel wear as for rail wear, it is
possible to estimate how much the wear coefficieatge to be lowered on lubricated track by
looking at the wear rate measurements for railsitmicated curves. Jendel [23] used results
from the rail profile measurements performed byssbh [32] and made the following
assumptions:

* The limits of the wear chart for dry contact enwment remain the same for a
lubricated environment. Thus only the wear coeffitiin each region of the wear
chart is lowered for the contact environment. &ljions of the wear chart are lowered
by the same factor.

» The wear coefficient values can be treated as geeralues.

« If lubrication devices are active, then the valémsthe wear coefficients are lowest
for high rails in sharp curves.

Two different contact environment compensationdexchave been used in this study, one for
lubricated high (outer) rails and one for all otlrack parts, considering natural lubrication.
These factors are calldd,, for man-made lubrication arfdy for natural lubrication only.
Man-made lubrication in this network is appliedtbe outer rails of all curves under 300 m
radius [38].

Jendel compared the rail wear rate in lubricatetireon-lubricated curves and also performed
some parametric werg;,=1/11 and,;=1/5.5.

Recent tests made by Enblom [11] show lower wdasradhat is to say, lower scaling factors
for the wear coefficients. The scaling factors #mes reduced as follows$;,: from 1/5.5 to
1/7;fup from 1/11 to 1/20. Values in between have alsamliested in this study in order to try
to find the best solution for the actual conditiorla the reference simulation, whose results
are presented in Chapter 10, the used values dnd@ss:
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Reference simulation, test 1.1

flub 1/7=0.14

frat 1/20 = 0.05

Table 8-1 Scaling factor in the reference simulatio 1.1

8.3 Hardness

Since no data is available about the material ef pihesentwheels, another source of
information must be found in order to get an appadp value for the hardness.

The value for the wheel hardnebsk,is taken from Nilsson’s study (See Figure 8-3teAre-
profiling, the hardness is considered to becomes#éimee as for a new wheel (the worn layer is
removed and the raw material is on the surfacenpag®oreover, as the figure shows, the
hardness varies with the mileage but in this weal the hardness is considered to be
constant.

The measurements chosen as reference correspaneketocle which had run 14000 km (see
Section 10.1) from the latest re-profiling to thetelwhen the measurements were done. For
that reason an average hardness around 7000 kriddtmihe reference. The graphic starts
from about 60000 km so the value must be extrapdlathe theory of wear says that the
hardness for the softer part must be used for @almikations. Consequently the extrapolation
is assumed for the same linear trend as for thénleas of the tread (dashed line). Thus a
hardness of 330 HV is chosen. Taking the Vickersltess times 9.810° givesH in Pa, so
finally H = 3240@10° Pa for the first simulations. Later a lower valsgested according to
other data source because the wear seems tooitoulgdton 1.4, Section 10.2).

550
—ae— flange
—o—tread - flange
500 - | |==-©--- tread - field side

450 -

400 -

350 -

wheel surface hardness [HV]

300 -

250 T T T T T T 1
0 50 100 150 200 250 300 350
driven distance [kkm]

Figure 8-3 Measured wheel surface hardness, powereéd 0 vehicle [32]
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9 Wheel profile updating

This chapter deals with how the total simulated maistribution is calculated and how the
wheel profiles are updated, based on the simulaezad distribution.

In Section 9.1 the wear distributions for each wheem all contacts of the simulation
outputs of the simulation are summed up to gettal twear distribution over the wheel
profile. In Section 9.2 the size of the wear stegatermined. Then, the discussion on how the
wheel profile is updated to the worn shape is preskin Section 9.3. Finally, Section 9.4
presents the smoothing procedure of the wheel lpr@pplied to provide a physically
plausible profile.

9.1 Calculating the total wear distribution

Each simulation of the simulation set gives ouiatia at a number of time steps of constant
length, i.e.samplesfrom the simulation. As explained above, one outmrresponds to a
wheel revolution, thubsampiE2770 M.

A type curve may have an arbitrary length sincs ibased on the average length of all the
curves within the interval. The length of the typeve for a certain curve radius intervas
denoted by;. Due to the symmetry conditions, the simulatiotpatidata from four wheels
are used to form the wear distribution, so thel ®itaulated length i&sim i = 4L.

Sometimes there are more than one simulation peedrfor each curve radius intervah
each wear step, for instance for different railfiige or different track irregularities. Then the
number of simulations in intervalis denoted by;. Therefore the “real” simulated distance
for each curve radius intervalis given by the Equation 9-1. “Real” means that kngth
corresponds to the actual running distance of énecle.

2,
L

L =N, Lsimi = Ni Mg (9-1)

simreal,i
sample

The wear distribution from one wheel-rail contag{s) is expressed in the local coordinate
system of the contact surfac€f-{) and it is thus defined perpendicular to the whmefile.

As there can be more than one contact point simedtasly (if multi-point contactis
selected), it is convenient to define a wear dstion over the entire wheel profigy). This
wear distribution is the sum @f,(#) for all contact surfaces and for each samp(g) is still
defined perpendicularly to the wheel profile.

Each simulation hag numbers of samples according to Equation 9-2.

n = (9-2)

i
Lsample

The wear distribution for each curve radius intétliat corresponds to the simulated distance
Lsimreali CAN NOW be written as in Equation 9-3, where thierowheelsets, i.e. 1 and 4 (front
and rear wheelsets), have been chosen as an exdangidR indicate left and right wheels
respectively.

82



N;

W, (y) = : inL, jk (y)+ WiR, ik (y)+ WaL, ik (y)+ War, ik (y) (9-3)

j=1 k=1

The next step is to weight the wear distributMify) that corresponds to the simulated
distancelsimreal i With the total track length of each radius intérfaat is to say the sum of the
length of all curves within that curve radius iner Ly j, See Equation 9-4.

W, (y) = Lo W (y) (9-4)

simreal,i

In
Table 6-3, weighting factors are given in percenfagéhetype curves version 1

Now the total perpendicular wear distributiagy(y) can be finally obtained by adding the
wear distributions from thK number of curve radius intervals, see Equation 9-5.

K
W () = D" W, (¥) (9-5)
The total track length is obtained according to &aun 9-6:
K
Ltot = z Ltot,i (9'6)

The values for the total wear distributiog(y) and for the total track length, in each wear
step are however depending on the size of the stepr This is explained below.

9.2 Wear step size

The size of the wear step has to be limited by aimam amplitude ofwio:max fOr anyy.
Otherwise, if the wear step is too long, the prisdicwheel profiles might diverge into
unrealistic, uneven shapes. If, on the other htredwear step is too short, the simulation time
may become a problem. But also the simulated rgndistance of the vehicle is limited.

According to Jendel’s study [22] a reasonable vébuevio; maxis 0.1*10° m perpendicular to
the wheel profile.

Wiol(y) and the correspondinig: are therefore scaled for each wear step so tleascthled
wear distributionvyearstefy) always has the maximum value of 0.1*1M, see Equation 9-7
and Equation 9-8.

010107
Wwearstep( y) = W ( y) (9'7)
tot ,max
010107
Lwearstep = W— Ltot (9'8)

tot ,max

Some wheel profiles used may produce very distiwet-point contact when it is new or
slightly worn. For that reason the wear rate isallgwery high at the beginning of the wheel
profile’s life. That can be seen in the resultstloé simulations. Therefore a short vehicle
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running distance is required to obtain a maximuranveepth of 0.1*10-3 m. When the profile
becomes more worn a longer running distance isatemreach the same depth.

Hence it is not suitable to |&fearstepbecome too long (MviormaxiS very small) since that wear
step will, expressed in running distance, be morportant as compared to the other wear
steps. Therefore a limit of 1500 km is set fQkasiepaccording to Jendel’s tests. Sdikarstep

is longer than 1500 km the wear distribution arel riimning distance for that wear step will
be scaled down according to Equation 9-10.

1500010°
Wwearstep( y) = L— Wwearstep( y) (9' 10)

wearstep

The scaling procedure is of course such that thaimgndistance is the same for both inner
and outer wheels.

9.3 Updating the wheel profile

WyearstefY) 1S thus defined perpendicularly to the wheel peofBy using the contact angje
that the contact surface makes with the wheel lergfaxis the wear distribution from each
wheel-rail contactv(y) can be calculated. The contact anglis constant for alh (andy)
within a contact surface.

The wear depth for eaghin Wyearstefy) cOnsists of wear depths calculated by many differe
local contact anglegx When updating the wheel profile, the wheel peofadnglel (y) is
instead used since it continuously varies oveptioéle.

As presented in Figure 9-1, a certg#a coordinate of the wheel profile is movéganddz to
the updated location based on the wheel profileamtii{y) and the wear depth distribution
WwearstefY), defined perpendicularly to the profile.

Wwearste\(y)

Figure 9-1 Updating of the wheel profile [22]

The new coordinates for the updated wheel proféetlaen defined by:
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yupdate = y + Wwearstep(y)Sin r(y)

(9-11)

Zupdate =z+ Wwearstep( y) Cosr(y)
The final step is to interpolate the new profileobnates so that they become laterally
equidistant again.

9.4 Smoothing

Since the parameter set is a discretization ofréda¢ network, it is unavoidable that the
simulated wheel profiles are not as smooth as ¢aé anes. In order to provide physically
plausible wheel profiles, smoothing effect mustbelied.

Furthermore another reason why the wheel profiedio be smoothed is that the wheel-rail
contact geometry in the pre-processor can fail @ndduce numerical errors during
integration.

Smoothing is thus applied at the end of each wieg. Fhe best results have been achieved
by smoothing the wear distributiomvearstefy) first, followed by updating the wheel profile
and finally smoothing the updated wheel profile][22

A smoothing factor (to make the profile smooth mdery to avoid integration errors) between
0.01 and 10 must be used in the present tool aecgptd Enblom. Several different values
have been tested in this study and finally a factd@.2 has been chosen as more appropriated
in most of the simulations.
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10 Parametric studies

Once the model has all the necessary elementsnimiaging wear, the model can be tested
for wear calculations.

Several tests are carried out starting from thepkgst settings. The key factor for this kind of
simulations is the simulation time. Thus the moda$ to be tested in the beginning with
simple elements in order to find a simple solutith good results.

For the first attempts neither braking nor acceienawere considered. Even the track
irregularities were not taken into consideration.

In the preliminary testsgconstraint one-point contacivas used together with-constant
profiles (see Section 7.2). Consequently, the results stido@ deep wear accumulated in a
very small area near the flange. That was duet@wecurves in the curve definition together
with non-realistic distribution of the contacts. ¢émder to find a better distribution, track
irregularities were necessary because they sprgati® wear across the profile.

The problem of very time consuming simulations cammen s-variable profile was needed
instead ofs-constant

The track irregularities used in the study are hafkem real data of the network, as explained
in Section 6.2. When they were included in the nhottee simulation “crashed” at some
points during the simulation and it made the progsdop the integration. Then, the recently
introduceds-variable profiles were tested. New profiles from raw datarevcreated in this
format. Thus the problem of integration was solvaat, with a new handicaphe time The
simulations started to be approximately 3 timeswslo (that is with track irregularities
together withs-variableprofiles).

The reason for the discontinuity problems couldlbe to the differences betwesftonstant
ands-variableprofiles, already presented in Section 7.2.

When there is a wheel lateral displacement on die for instance in a curve, the contact
point moves across the wheel profile. In the cdseapnstanprofile the contact is calculated
as quasi-elasticand with table evaluationfor the tread in contrast to the flange that is
calculated asigid with online evaluationlIf, during the jump from tread to flange, theual
for the wheel contact position does not coincideldoth methods, it may lead to problems
into the integration algorithm. An example of timpresented in Figure 10-1. The green line
represents the evolution of wheel lateral coordinarsus the wheel lateral shift fogid
contact The red one represents the sameayfasi-elastic contactf the contact jumps from
rigid to quasi-elastic method at the points highiegl in the zoom, the values are too different.

That is the reason why tlsevariable profiles solved the problem of discontinuity despf
increasing the simulation time.

From now on only the results for the latest simala, the most complicated ones, are
presented. Simpler simulations are not reportedumethey do not give any interesting result
and the reached mileage was not representative.

The examples belowhow the process of varying the parameters in di@ebtain results
more similar to the measurements.
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Wheel Contoct Coordinole yw

Discontinuity

- N

Figure 10-1 Jump fromrigid contact toquasi-elasticcontact

10.1 Reference vehicle and mileage

Profile measurements were available for all theelhéor several A32 cars. The cars of the
line are numbered from 401 to 421. The data giweBIlbalso contained data about when the
wheels were re-profiled during their life [38].

The data sheets had registered the kilometres yuhedvehicle since it started to work until
the wheels were re-profiled. They also had regstéhe kilometres run by the vehicle when
the wheel wear measurements were performed. Tha dhaeets from the Miniprof
measurements also contained the date of the measai® A simple subtraction gives the
mileage run by the vehicle between the re-profilamgl the wear measurements. Thus the
vehicle chosen as reference for the study was @ebgcause it was the one with lower
mileage. The reason is because that makes theadiond shorter.

The wheels of vehicle 401 were re-profiled o #ugust 2003with 248498 km and the
measurements were performed dh Becember 2003 with 262485 km. Consequently, the
mileage for this car to be simulated is 262485-2884.3987 ke 14000 km.

Since the symmetry condition has been considerethéosimulations (see Section 6.2), the
wear is the same for right and left wheels andffont and rear wheels respectively (the
contribution is summed). Thus only three differeggulting worn profiles are obtained: one
for the front wheelset, one for the second wheeladtone for the wheels of the middle car.

The middle car wheels are independent (they argamoéd by an axle and they must be
studied more carefully. What is more, the wear jotexh tool only permits to calculate wear
on four wheels at the same simulation, so the iedéent wheels are not considered in this
study. Future studies on this vehicle should carditose wheels.

Since the symmetry is applied to the results, oigliyt-hand curves are simulated. The results
are presented for the wheels of the leading bagmch is the one that suffers more in the
curve. Figure 10-2 shows the material removal measnormal to the wheel surface (radial)
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on the left front wheel of the 401 for 14000 km ming distance. That is the reference
resulting wear which the results from simulatiores @mpared to.

Original wheel profile and measured wear depth

\ o0z
-1.0E-04 L 0.025
\ I 1 e
-3.0E-04
0015
T
-5.0E-04 - 0,01 =
o
% -7 .0E-04 -0 S
O &
- -0,005 5
-9 0E-04 —
/ L 0,01
-1.1E-03 -0.015
Measurements -0,02
—Wheel profile
-1.3E-03 T T T T T T -0,025
-0.06 -0.04 -0.02 0 0.02 0.04 0.06

Lateral coordinate (m)

Figure 10-2 Measured radial material removal for ca 401, left front wheel and nominal wheel profile.

In the same figure the nominal wheel profile ofttiwheel is superimposed. That helps to see
where the maximum and the minimum wear are prodoocettie wheel profile.

According to the figure, the maximum wear is progtliclose to the flange and it decreases
more or less evenly towards the outer part of theek

10.2 Simulations with type curves 1

Simulation 1.1, reference settings

The first results correspond to a simulation wtik settings already presented in Section 6,
the reference settings. The type curves use@arees type 1

Table 10-1 shows the inputs feimulation 1.1The rest of the input parameters have already
been summarized in Table 6-2 and Table 6-3 (Typerecunputs), Table 6-6 (Track
irregularities) and Table 6-8 (Rail profiles). “Itein figure means outer (high) rail.
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Name Wear distance factor (%) (ozlf;) (iﬁ:]gehtr) faif(;irl ilnegf]t Scalirrwigrl:?ctor
A32_R35 8.54 0.25 0.35 1/20 1/7
A32_R79 8.82 0.25 0.35 1/20 1/7
A32_R143 20.36 0.25 0.35 1/20 1/7

A32_R237 7.35 0.25 0.35 1/20 1/7
A32_R325 11.8 0.35 0.35 1/7 1/7
A32_R701 10.88 0.35 0.35 1/7 1/7
A32_R1727 10.44 0.35 0.35 1/7 1/7
A32_Straight 21.81 035 | 0.35 1/7 1/7

Table 10-1 Curve input for simulation 1.1

Additionally, braking is applied only to the strhtgrack with a rate of 0.8 nflsSee Figure
10-3 for the speed profile of each curve.

Wheelset 1 left wheel longitudinal speed. Straight track with braking rate 0.8 m/s2
16
R35
] —— —R79
1% o . . R143
AN —— —R237
1 SN R325
RN R701
_ 1 RO R1727
é i RN T Straight t
2 101 -1
Q ~
K=} i N
(] AN
> > ~
g e
6,
4
0.0 25 5.0 755 10.0 125 15.0 175
Time [s]

Figure 10-3 Speed profiles for the tracks in simuldon 1.1

The wear factors are chosen as follows:
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Seizure wear

ky=35" 10"
f pim  =0.9;
P = H vild 1 ild Vimio = 0.3 m/s;
Severe wear Vim,hi = 0.7 m/s;
wear wear
k= 0.4 ki=3.5- 107 ky=0.5 H =330\~ 3.2410°Pa

o 1o

' v
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Figure 10-4 Wear chart with values for simulation 11

Figure 10-5 shows the resulting scaled and accusdileadial material removal for this
simulation.Scaledmeans that the wear scaling factors of each chave been applied after
each step, andccumulatedmeans that the total scaled wear of each stepnsned to the
wear of the previous step. Remember thakar steps a set of eight representative curves in
this case.

Scaled and accumulated radial material remov al

x 10°°
50
0, — — — — — — — — —
504
—.-100
E
=150
a 4
]
-200
-250 —Step 1
1 —Step 2
-300+ Step 3
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% 40 ~ 20 ~ o 20 ~ 40 e 8o X0
Lateral coordinate (m)

Figure 10-5 Scaled and accumulated radial materiakmoval, simulation 1.1
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As can be seen, after the second step the deptieatiange starts to be very sharp. It
increases for the next steps. That can also beisdbe accumulated distance table in Table
10-2.

Accumulated simulation distance

Outer Hax Depth  —=————————————- Simulated distance---—-—=——======--
iter depth Scaling Nominal Depth scal Step scal Accumul
1 4.33499E-08 2.3068BE+03 6.5708E+02 1.5164E+406 1.SO00E+06§ 1.SO000E+06
2 5.3233E-07 1.878SE+02 6.5706E+02 1.2348E+0S 1.2348E+0SJ 1.623SE+06
3 4.2319E-07 2.3630E+02 6.5707E+02 1.5S533E+0S 1.S5S33E+0S§ 1.7788E+06
4 1.6550E-06 6.0422E+01 6.5707E+02 3.9718E+04 3.9718E+0 1.8185E406
S 1.4229E-06 7.0Z78E+01 6.5706E+02 4.6197E+04 4.6197E+04 1.8647E4+06

Table 10-2 Accumulated simulation distance in simaltion 1.1

In the first step the maximum distance per stepQO1l&m, is reached. However the
accumulated distance does not increase much foneke steps. That is explained by the
scaling factors which become lower to compensaertaximum depth. This maximum depth
is produced close to the flange. That is correcobating to Figure 10-2, but the rest of the
wear is too small.

From the second step a process of “digging” makessimulation distance in each step
decrease more and more and the desired mileageQ k40, is never reached in a reasonable
time. Results for later steps have been checkethkuwear shape did not improve. The wear
must be more extended to the tread and to the eidie.

As seen in Figure 10-6, most of the flange weardagluced in the narrow curve of 35 m. The
reason for that is the high lateral displacementhef wheels produced due to the required
rolling radius difference between right and leftaghto negotiate such a narrow curve. High
creep forces are then generated by the steerimgjalese. The contact patch at the flange is
narrow due to the profile geometry. Such a narrowtact leads to high pressure and thus,
according to Equation 8-2, to high material removal
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Weighted normal material removal, first step
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Figure 10-6 Wear contribution of each curve of thdirst wear step, simulation 1.1

Perhaps the contact pressure is so high thatptheél is overcome and the seizure
(catastrophic) wear region is reached. In the seiregion the wear factdg is applied, and
consequently it leads to a hundred times higher ween if mild weark,, wereconsidered.

In order to study the region of the wear map whieeewear is being calculated, a new output
has been added to the simulation, th@imum pressurat the contact at every integration

step. It is however sufficient for detecting if tbatastrophic region is being reached. Figure
10-7 shows the results. The graphics show eiglessliftorresponding to eight curves) per

wear step.
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Maximum contact pressure
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Figure 10-7 Maximum contact pressure for each curvéor five steps of simulation 1.1, leading wheelset

According to the chosen values fdrand pim, the catastrophic region starts forpjim'H ~
3000 MPa. A red line in the figure indicates thmitiabove which the pressure is higher than
pim'H. As shown, the seizure region is overcome fromseén@nd step (second time that the
set of curves is simulated) for the case of the 3a&dis curve, from the third step for the
79m radius curve and even for the case of 143nusadlirve from the fourth step. After that
the pressure does not increase so much but it nenrathe seizure wear region the following
steps which is “cathastrophic” in terms of wear. tlose narrow curves the lateral

displacement is higher and the contact is mainthafflange. That is why the maximum wear
is on the flange.

Also thesliding velocityat the contact is important to understand the wieaghanism active
in the simulation according to the wear chart (Fég8-2). For that reason this parameter has
been added as output for this simulation as wék fesults are shown in Figure 10-8.
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Figure 10-8 Maximum sliding velocity versus integréion output steps for the eight curves, simulatiori.1

Only the results for the first wear step are repmésd because similar results are obtained for
next steps. That means that the sliding velocitydmall variation from step to step.

Sincevim o = 0.3 m/s, the dots above this line indicate thatdevere wear regioks, is active

(if the contact pressure is belgwy-H). The maximum sliding velocity is produced at the
front left wheel and at the right rear wheel acamgydo Figure 10-8 which is in accordance
with the dynamics theory. Moreover only the filstete curves with lower radii produce such
high values. Previous simulations where performeith wimi, = 0.2 m/s and some
improvement was found for 0.3 m/s so this was saledault. However, few dots are above
the limit and results from some other simulatioasied out indicate that that does not have
significant influence.

Both the contact pressure and the sliding velatgyend mainly on the dynamic behaviour of
the vehicle and on the contact forces calculatecbrding to Hertz’'s contact theory.
According to the model validation of the vehiclee¢8on 3), the dynamic response seems to
be correct.

Several simulations with different values of thietfon coefficient have been performed and
no big differences have been found. This must lekergtood because this parameter does not
affect directly the wear equation but the dynangbdviour and longitudinal creep forces (See
Section 7.2).

Consequently the main changes should be performettheo parameters of the wear model,
that is to say the parameters of Equation 8-2. Tiheltides the coefficients defining the
different regions of the wear chart (Figure 8-2).\iew of that, other simulations with

different settings have been performed. The madstesting results are presented below.

Simulation 1.2

As the main cause of excessive wear seems to bgethere wear region, a simple test has
been made: disabling that region. That has beer @gnincreasingim so much that the
maximum pressure found in previous simulationsas reached. According to Figure 10-7,
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pim‘H=5000MPa seems enough to avoid that type of wear, g 1.5 is tested. The rest
of parameters are kept the same, see also Talile 10-

Sim. 1.1| Sim. 1.2

0.9 15

Piim

Table 10-3 Difference between simulation 1.1 and2..

The results for wear distribution and simulatiostaince are shown in Figure 10-9 and Table
10-4 respectively.

Scaled and accumulated normal material removal.
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Figure 10-9 Scaled and accumulated normal materiaemoval, simulation 1.2
ourer Max Lepth @  ————————————— Fimulared distabhce—————————————-—
iter depth Socaling Nominal Depth scal Step scal Aeocurmal
1 4.3627E-058 Z.2921E+4035 6.5705E402 1.5067E4+06 1.5000E+4+06 1.5000E+4+06
2 3.7357E-08 2.6769E+4+03 6.5707E+02 1,.7597E+4+06 1.5000E406 3.0000E+06
3 Z2.34626E-05 4.0607VE4OS 6.5705E4+02 Z.6693E406 1.5000E+406 4.5000E+4+06
4 3.3986E-058 2.942Z3E+4+03 6.5704E+02 1.9341E+406 1.5000E4+06 o6.0000E+06
5 1.3241E-07 7.5521E+402 6.5704E4+02 4.9641E405 4.9641E+405 6.4964E+406

Table 10-4 Accumulated simulation distance, simulan 1.2

The same number of wear steps has been represeiteever, the total simulated distance
in this case is 6496 km in contrast to 1864 kmhim pprevious simulation. The reason is that
the wear per step now is lower and that leads nigdo wear step distance according to the
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wear step size presented in Section 9.2. Now themen simulation distance per step, 1500
km, is reached in every step until the fifth step.

The wear on the flange typically starts with a kofd‘groove” that gradually moves to the
left. That behaviour can be seen in Figure 10-®reslthe deeper peak of wear is moving to
the left after each step. On the other hand tlagltveear is accumulated at about the same part
of the profile. It is interesting to note the lovear produced in the middle part, between 10
and 25 mm. That distribution does not match the ianéhne measured profile with a more
evenly distributed wear along the profile. The pdion between flange wear and tread wear
is neither good enough. Now the peak at the flang®o short.

Simulation 1.3

A new simulation with some variations with respsichulation 1.1 has been performed. The
only changes are the following:

Sim. 1.1 Sim. 1.3

ki | 350.00E-04 175.00E-04

Piim 0.9 1

Table 10-5 Differences between simulation 1.1 and3lL

Instead of increasingim SO much, a lower value & has been tested. Increaspg means
that the seizure region is more difficult to redebwever reducing; means that if the seizure
region is reached the wear is less drastic. Theshtes demonstrate that the jump in wear
coefficient from mild wear to seizure wear is imms® cases lower than the jump shown in
Figure 8-2.

The problem of the seizure wear mechanism is thatvery difficult to emulate in laboratory
conditions. That makes it difficult to find corrempefficients and it is even more difficult to
study the effect of actual ambient conditions.

The resulting wear for this test is compared tordsilts of the simulation 1.1 and 1.2 for the
same simulation distance: 1800km. The results @septed in Figure 10-10.

The results are interesting because the effeceddiaingk; not only lower the peak at the
flange but also increases the peak at the treadrendear in the middle. That is because the
wear is scaled in different way according to theximam wear and distance per step (see
Section 9.3). That makes it difficult to predictagdy what would happen even if only one
single parameter is changed.

Table 10-6 gives information about the number epstthat are necessary until the simulation
reaches 1800 km. With the default contact (Sim) $eitings, one step (eight curves) of
simulation takes around 4 hours.
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Scaled and accumulated normal material removal
Test 1.1, 1.2 & 1.3. Simulated distance 1800 km.
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Figure 10-10 Resulting wear for simulations 1.1, 2.and 1.3 for a distance of 1800 km

Sim. 1.1| Sim. 1.2| Sim. 1.3
Number of steps for 1800 km simulation 4 1* 2
Simulation time** 16h 4h 5h

(*) It takes a bit longer than one step to reacB0LiBm, since in one step it reaches 1500 km. Ti@iplyc is only
available at the end of every step.

(**) Computer hardware: AMD 1.6 GHz Processor, 2BBM, Win XP 32 bits.

Table 10-6 Number of steps until 1800 km are reackeand Simulation time

A longer simulation with 16 steps (~64 h) has dsen performed with the same settings
(Sim. 1.3). The corresponding simulation distarscerily 5767 km. The average distance per
step from the fifth step was 150 km, which is tbors distance if 14000 km are desired. But
the problem is not only the excessive number gisstaut also that the accumulated wear is
still too low. The distance corresponds to onedtlof the desired mileage, however the
maximum wear both at the flange and at the treedawer than one third of the maximum

wear of the measurements. Therefore, higher rateadérial removal is necessary in order to
match the measurements.

97



Simulation 1.4

The calibration of the wear chart coefficients bagn tried and non-acceptable results have
been obtained, thus another parameter affectingwiéar model has been checked: the
hardnessH.

The original value was taken from Nilsson’s stu@g][as it is explained in Section 8.3.
However, according to the results above the vatwgdcbe too high. A lower hardness would
lead to more wear (see Equation 8-2), so a betteitrcould be obtained.

A lower hardness has been found in a different datarce. That means that the value
extrapolated from Nilsson’s graphics (Figure 8-8uld be inappropriate. Another data base
was consulted instead, the UIC Standard [33]. #cdsessible through the web service called
NormMaster, available from Bombardier. The UIC @ contains data for typical
materials used in the railway business. Accordmtis, steel of class B3 is typically used for
the wheels of railway vehicles. The tensile strangftthat material i$,~ 800 N/mnf (see
Table 10-7). From this information it is possibtefind the equivalent hardness by using a
tensile strength to hardness conversion chart dslhe 10-8. The units in the chart are kpsi
(1 N/mm2=145,038 psi) so 800 N/rfm116 kpsi; from the chart it gives 235 HVickers).

Appendix A - Class of steel - chemical composition - heat treatment on delivery condition and mechanical characteristics
Table 1: Class of steel - chemical composition - heat treatment on delivery condition and mechanical characteristics
| | Chemical compasition {maximum centent in %)* j Mechanical characteristics®
‘ Classof | i | ‘ | f ‘ cr | Heat | RenorRy | Rm | A Ku |
steel G ‘ S | Mn | pc | s° | Cr | Cu | Mo | Ni V| +Mo ;rr\e:;:?:r; 02 min. | min. Falling waight tests ‘
| +Ni ”
| I | | | 7’ | condition® | {imm?) | (Nimm?) ) [ @
| | | - 8001720 | 12 | - | Thetyre mustbe capable of withstanding,
B1 048 050 1.20 | 0,040 | 0,040 | 0,30 0.30 0.08 0,30 ‘l 005 | 0.60 N 600 to 720 18 15 without breaking or cracking under repeated |
[‘ T T - T e ‘ N 700 to 820 —§__ N impacts, a decrease in the inside diameter (in
| B2 0,5 | 050 | 0. 0,040 | 0,040 | 030 | 030 ‘ 008 | 0.30 ‘ 005 | 060 | N or 70010820 | 14 1o | mm)of:
|
{ 83 [Joso | 050 [ 110 | 0040 [0040 | 030 | 030 | 0,08 | 0.30 [ 005 [ 060 | N | information | 75010880 | 12 | 10 o2 |
+ - — —t - ———  purposes o f 25686 |
B4 | 070 | 050 | 0,80 | 0040 {0,040 | 030 | 030 | 008 | 030 | 0,05 | 060 N B00to940 | 10 10 Ryxe
T B5 | 060 | 050 | 080 | 0040 | 0,040 | 030 I"030 | 008 | 030 | 005 | 0,60 | T [TB00wez20 | 14 | 5 | |
| B6 |o0ss J_oij‘o.gﬂ 0,040 | 0,040 | 0.30 | 030 | 008 | 0.30 | o‘tirgfu" T | 90w1080| 12 o 7774‘

Table 10-7 Table of steel properties [33]

TENSILE STRENGTH TO HARDNESS CONVERSION CHART

Brinell Rockwell
Vickers or Scleroscone Approximate
Dia. (mm): Firth c B No P€ | Tensile Strength
3000-kg Load ”aﬁge"‘s Hardness No. 15“"1‘%'}-,"“ 100-kg Load : 1000 psi
10-mm Ball : 1/16" dia. Ball

DiamondCone

3.85 248 248 24 102 36 122
3.90 241 241 I3 100 a5 18
3.95 235 235 peie 99 24 116
4.00 228 228 -4 28 33 13

Table 10-8 Tensile strength to hardness conversiarmart [18]
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Since the wear is still low, the wear coefficieltsand ks are increased a bit as well.
Moreover the pressure limit is increased as in Bin.Table 10-9 shows the changes carried
out with respect to Sim. 1.1.

Sim.1.1) Sim. 1.4

Ko 4.0E-04| 6.0E-04

ks 35E-04 | 40.0E-04

Piim 0.9 15

H(HV) | 330 235

Table 10-9 Differences between simulation 1.1 and4l

In this case the total mileage, 14000 km, is redchel6 steps, which took around 64h. The
evolution of the simulation distance is shown irbl[€al0-10. In this case the evolution is
acceptable, being on average around 850 km perasigphe wear evolution is quite regular.
It indicates that the effect of “digging” at tharfige has disappeared.

Accumulated simulation distance
Cuter HMax Depth @ @ -———————————— Simumlated distance-————-—————————
iter depth Scaling Hominal Depth =cal 5Step =scal Bccumal
1 7.9040E-08 1.2652E+03 &.5T70BE+02 B8.3166E+05 8.3166E+05 8.3166E+05
2 6.1983E-08 1.6133E+03 &.5T706E+02 1.0606E+06 1.0606E+06 1.E8922E+06
3 1.3903E-07 7.1925E+02 &.5T0SE+02 4.72T73E405 4,.T72739E405 2.3650E406
4 2.2890E-07 4.368TE+02 &.5T707E+02 2.8T17E+05 2.8717E+05 2.6522E+06
5 6.8971E-08 1.449%E+03 &.5704E+02 ©9.5303E+05 9,.5303E+05 3.6052E+06
& 5.9283E-08 1.886BE+03 6©.5T70BE+02 1.1087E+06 1.1087E+06 4.7135E+06
7 4,7095E-08 2.1233E+03 &.5702E+02 1.3956E+06 1.3956E+06 6.1095E+06
8 1.0369E-07 9.643%E+02 6.5710E+02 6.3384E+05 &.3384E+05 6.7434E+06
9 5.347BE-08 1.869%E+03 6.5T711E+02 1.2290E+06 1,.2290E4+0&6 7.9T724E+06
10 7.5060E-08 1.3323E+03 6.5T702E+02 B8.755%E+05 &8.755%9E+05 £.84380E+06
11 7.0827E-08 1.411%E+03 &.5T08E+02 9S9.2T90E+05 9.27%0E+05 9.7758E+06
12 1.0864E-07 5.2044E+02 6&.5700E+02 6&.0487E+05 6.0487E+05 1.0381E+07
13 6.0879E-D08 1.6426E+03 6.5714E+02 1.0T795E+06 1.0795E+06 1.1460E+07
14 5.1494E-08 1.0930E+03 &.5702E+02 7.1817E+05 T7.1817E+05 1.2178E+07
15 T7.1765E-08 1.3934E+03 &.5705E+02 9.1558E+05 9,155BE+05 1.309%94E+07
16 T.0075E-08 1.427T0E+03 6.5T7T10E+02 9.3T62ZE+4+05 9.3762E4+05 1.4032E407

Table 10-10All simulation distance, simulation 1.4 (14000 km)

The accumulated material removal on the wheeld®fd¢ading wheelsets is compared to the
measured wear on the front left wheel in Figurel10-The result matches quite well the
shape of the measurements although the total wesditlilittle low and the inner part between
tread and flange is not wearing according to thasueements.
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Sim. 1.4 VS measurements, WS1 left

-1.0E-04 AN

-3.0E-04 ——
-5.0E-04 \

-7.0E-04

-9.0E-04 L—’\
— Sim.1.4 \/\
-1.1E-03

Measurements W

Depth (m)

-1.3E-03 T T T
-0.04 -0.02 0 0.02 0.04

Lateral coordinate (m)

Figure 10-11 Sim. 1.4 versus measurements, total tedal removal

Simulation 1.5

As presented in Section 8.2, the wear map factersalculated for dry conditions and scaling
factors are needed in order to emulate the reallitons. The scaling factors used in the
reference simulation 1.1 may be too small and they be the reason for such low wear. In
this simulation higher values for those factorstasted. The rest of the parameters are left as
in Sim. 1.4. (See Table 10-11).

Sim. 1.1 to 1.4 Sim. 1.5

flub 1/7=0.14 0.25

frat | 1/20 =0.05 0.09

Table 10-11Differences between simulations 1.4 and 1.5

With these settings the simulation took 58 wegpstantil it reached the final mileage, 14000
km. It means around 232 h, 9 days of simulationgclvis too much. The average simulation
distance per step is only about 241 km. This is wuthe scaling process after each step.
Since the ambient factors are increased, the waal also raises and the maximum wear per
step is reached. Then the total wear is scaled @®maxplained in Section 9.3 and the running
distance per step is reduced.

The results of the accumulated material removal slrewn in Figure 10-12 versus the
measurements.
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Sim. 1.5 VS measurements, WS1 left
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Figure 10-12 Sim. 1.5 versus measurements, total teaal removal

As can be seen, the wear distribution is worse tiedare and several peaks appear now due
to the new scaling factors. One improvement is tinatmiddle part is more worn now, but not
in the desired way.

10.3 Simulations with type curves 2

Several tests have been performed wyihe curves Bnd the best results have been obtained
for the simulation 1.4. However the results shdagdmproved somehow. The main problem
is that the wear distribution in the middle partas low in contrast to the wear at the flange
and the tread. For that reason a new class of surag been tested.

When predicting wear, always the narrower curveshagher influence on the total wear.
That is why intype curves lhe chosen intervals are [0-50, 50-100, 100-200;300, 300-
500, 500-1000, 1000-3000, >3000], with more intkr¥ar smaller curve radii.

In narrow curves more wear is produced at the #dmgrause it requires higher difference in
rolling radius between right and left wheels to otegge the curve. Then medium radius
curves are supposed to produce more wear in thdleni8ince the middle part of the profile
is where the obtained wear is too low, maybe thaliome radius curves have been
underestimated before. One way to equally estirtinteurves with different radii is to find a
distribution with similar total track length pernamnval: e.g. curves with radius between 100 m
and 200 m (first interval) and curves between 20@md 250 m (second interval) have a
summed track length in the real network of 1 kmifoth of them.

By means of a MATLAB programme made for this pugadfe curve distribution has been
studied for different intervals and the case ofuFégl0-13 is the best distributed as regards
the track length.
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Figure 10-13 Type curves 2, radius intervals

Those intervals are chosen and all the new setangi€alculated in the same way as it was
done in Section 6.2 for the reference curves. Thaummary of the new simulation set is
shown in Table 10-12. These are the best resulgsnaal after many other simulations.

Coefficient of

Radius interval Rm Rail friction % Lt Distance

(m) (m) profile Outer Inner (m/s) factor

0-90 53 10610 0.15 0.35 5.44 147 0.154
90-150 115 10610 0.15 0.35 9.73 | 162.7 0.1195
150-240 174 2970 0.15 0.35 13.29 | 178.6 0.1349
240-320 285 2970 0.15 0.35 13.89 | 189.5 0.1058
320-700 427 2220 0.35 0.35 13.89 | 203.6 0.0847
700-1200 861 10450 0.35 0.35 13.89 | 188.4 0.1207
1200-8000 3175 10450 0.35 0.35 13.89 | 205.6 0.0792
> 8000 0 Nominal 0.35 0.35 13.89 | 260 0.2013

Table 10-12 Simulation set for type curves 2

The used values for the wear chart coefficientsaar®llows:

ki=17-10°
Piim {=O.8 (simulation 2.1);
prin - H =1.5 (simulation 2.2);
Viim,lo =0.2 m/s;
ki=1 ks=3.510° ki=1.7 Viim,hi =0.7 m/s;
-10° -10° H =330 \& 3.2410°Pa

Saa Yo '
Viim,lo Viim, hi

Figure 10-14 Wear chart with values for simulation2.1



Braking is applied to the second half of curves ®&83174 and the straight track with a rate
of 0.8 m/$[38] (as in previous simulations).

Many simulations have been carried out with thesg ourves with single changes. However
the best results obtained are shown in Table 18Ati3Figure 10-15.

. . . _ Average simulation
Simulation distance (km) | #Steps| Time (h) |
distance per step (km)

Sim. 2.1 14000 10 40 1400

Sim. 2.2 14000 22 88 636

Table 10-13 Simulation steps and simulation time,i®. 2.1 and 2.2

Sim. 2.1 and 2.2 VS measurements, WS1 left
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Figure 10-15 Total radial material removal sim. 2.1and 2.2 versus measurements

The only difference between sim. 2.1 and 2.2 ae¢ tn the latter the seizure region is
disabled by increasing th®, explained in the simulations of type curves 1. Tésults are
not so different, just the peaks on the flangeaabé deeper for the first case. However when
increasingim the simulation time and the number of steps nacgds reach the mileage are
drastically increased.

Now two peaks of wear appear at the flange instéaxhly one that is obtained in most cases
of type curves 1That still does not match the measurements shmeaevear should be more
evenly distributed. What is more, in this casettkad wear and the wear of the middle part
are lower than in previous tests so consequentligatter results are obtained with this new
simulation set.
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10.4 Study on the effect of traction

Another important factor that must be taken intocamt in the simulations is both traction
and braking. In most of the simulations above mgkias been considered at the end of the
straight track or wide curves. That is so becaaseprding to the track data, most of the
stations are located in straight track parts, arakibg has only been considered to occur
before stopping the vehicle at the stations.

In reality braking and traction occur all the timhgring simulations because tipeed control
systembrakes and accelerates the vehicle at any tineedar to maintain a constant speed.
That is in accordance with the actual vehicle behav

Traction in wide curves or straight track has samihfluence on the results. That is the reason
why only braking has been included in simulatiornithwype curves hnd2.

When the vehicle runs on straight track the contaproduced around the running tread. As
soon as the vehicle runs on a curve the contaitteobuter wheels moves towards the flange;
the narrower the curve the closer to the flangecthact is. As the obtained wear in between
tread and flange is too low the vehicle has bestedefor traction in wide curves. It is
believed that perhaps the vehicle acceleratesaielbrmore in wide curves in reality and that
was the reason for such low wear in the resulth@fsimulations. Traction and braking rises
the sliding in the contact and consequently therwea

In order to study the influence on wear of tractatrwide curves, a test has been performed.
The simulation is carried out with only one weapstThe simulation set is now only the
curve R427 (see Table 10-12) repeated five timeéls adceleration at different points of the
running distance. As it was introduced in Sectio?, Zhe acceleration starts tatractl and
ends att_tract2 Seven seconds of acceleration at a rate of 0S8 imave been activated
starting at different time in the same curve. Treeminput data for the simulation are shown
in Table 10-14.

t tractl(s) t_tract2 (s)
(Accelerating starting time) | (Accelerating ending time)
Acceleration case 1 1 7
Acceleration case 2 3 9
Acceleration case 3 5 11
Acceleration case 4 7 13
Acceleration case 5 9 15

Table 10-14 Inputs for simulation of the effect ofraction

Figure 10-16 below shows the speed profile of ike §imulations and the results for the
maximum contact pressure and wheel lateral position
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The small oscillations in the lateral position dree to the track irregularities. However, also
an increase and decrease of the lateral positipmoduced along the curve. The maximum
lateral displacement is at half the distance (8 s&®conds) and the minimum one both at the
beginning and at the end. That is because the @iares with a straight part, the curvature
decreases linearly and after the circular part ¢dhesature increases again. Table 10-15
summarizes the parameters defining the curve aitgptd the method explained in Section

6.2.
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Figure 10-16 Contact results of the simulation “Stdy on the effect of traction”
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Name R (m) u (m) I—t (m) I—circ (m) Ltot
A32_R427 427 0.07 32.09 79.40 173.58

Table 10-15 Data for curve R427

The lateral displacement at the end of the curyagker when traction is applied later, and
thus the wear is produced more on the flange. @mother hand, if traction is applied sooner,
more wear is produced in the middle part. FigurelZGhows the wear distribution for the
five cases.
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Figure 10-17 Wear distribution depending on when taction is applied on curve R427

The conclusion is then that traction does not Haxge influence on the wear of the central
part of the profile as it was desired, so no improent is achieved on the results with traction
on wide curves.

10.5 Study of the contact match

When the wheel displaces laterally, the contacuiscat a different point depending on the
displacement, which is measured with the laterafdinatey. The contact point also depends
on theyaw angleand theroll angle. The function that defines which point of the wih&euld

be in wheelsetontact with the rail at anyis pre-calculated during simulations.

SIMPACK has a function calle@ontrol 2D-Plotswhich permits to visualize the functions
that the program would calculate in the pre-prosesBhen the contacts for different lateral
displacements can be shown in a plot. The onlyts)far the function are the yaw angle and
the roll angle.

As the present results show low wear at the middlee between tread and flange, a simple
view of the possible contacts could explain thebfam.

The rail inclination in the network is 1:40 so tiwbeelset roll angle is approximately 1.4
degrees. That is so becatge = 1/40= 0025, thena =14°. That is the input shown in
Figure 10-18.
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Figure 10-19 and Figure 10-20 show the lines remiasg the possible contacts between
nominal wheel and rail and between worn wheel amchinal rail respectively foelastic
contact The nominal rail profile is the one used in thaight track. The plots show that most
of the lines are accumulated either at the treaak thhe flange. There are few lines (possible
contacts) in the middle. Moreover, the same plat een checked for worn rail profiles and
similar results have been obtained.

Then it can be concluded that the contacts areimédrmly distributed along the profile and
most of the time it is jumping from flange to tread vice versa.

Control 20-Plats
“Yaw Angle psi [deg]: |000E+00 | 0.0CE+00 - |
Foll &ngle phi [deg) |1.40E+00 | D.ODE+00 - |
#[m] Switch ref->Crogz Section: 0.00E+00
Lateral Dieviation min - mas [ml; |-2B0E-02  |1.00E-02

Figure 10-18 Inputs for profile checking plot

Figure 10-19 Wheel-rail contact match for wheel laral displacement between -25mm to +10mm with
respect to the running tread. Original wheel and rd profiles.
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Figure 10-20 Wheel-rail contact match for wheel laral displacement between -25mm to +10mm with
respect to the running tread. Worn wheel profile afer 14000km and nominal rail profil
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11Final results

After all tests, the best obtained results are goreesl in this section. They correspond to
simulation 1.4, which shows quite good distributafrwear in relation to the measurements.
Figure 11-1 and Figure 11-2 show the resulting wiear both types of wheels. Since

symmetry is considered in the calculation of wehere are only two types of wheels: the
wheels of the ending wheelsets (W1L, W1R, W6L andR)Vand the wheels of the second
and the fifth wheelsets (W2L, W2R, W5L and W5R)cbnclusion, the wear obtained for the

flange is approximately 2/3 of the measured one. the tread it is about 1/2 of the
measurements and for the middle part it is aroudd 1

Measurements VS Simulataled W1L,W1R,W6L&WG6R

-1,0E-04 s
-3,0E-04
-5,0E-04
-7,0E-04
E
£-9,0E-04
s —W1L measured
o
-1,1E-03 T~ ——\W1R measured
-1,3E-03 +— W6EL measured —
W6R measured
-1,5E-03 +—
—W 1L, 1R, 6L & 6R , simulated
-1,7E-03 . . .
-0.04 -0.02 0 0.02 0.04

Lateral coordinate (m)

Figure 11-1 Simulated wear versus measured wear, whl 1L, 1R, 6L and 6R
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Measurements VS Simulated W2L, W2R, W5L&W5R
-1,0E-04 W E
-3,0E-04 \ —
-5,0E-04 \‘ — 1

-7 0E-04 : J 0]

E —

g—9,0E-D4 1] W2L measured N

o — \W2R measured V\/\/\ /
O_11E-03 H "4

W5L measured

-1,38-03 1 — W5R measured
-1,5E-03 1 W2L, 2R, 5L, 5R
simulated
-1,7E-03 . . .
-0.04 -0.02 0 0.02 0.04

Lateral coordinate (m})

Figure 11-2 Simulated wear versus measured wear, whl 2L, 2R, 5L and 5R

Figure 11-3 shows the nominal unworn profile togethith the resulting worn profile for the
simulations and the measurements.

Worn profile simulation 1.4 VS measurements

oo

o]
2]

2]
&
L Ha
| =]

3// \ — Momnd!
T T T T — Sim. 1.4
-a.ne/"m‘ 002 0.02 004 n.n*\ 008 |— Measured

Radal coordnate (m )
b

=]
az]
[ae]

Iy

a1
e

=S

Lateral coordinate [m)

Figure 11-3 Nominal profiles, simulated and measwed profile after 14000 km

The simulated wear distribution looks quite simiameasurements fgr= 0.03 to 0.04nd
for y<0.005. In between the wear from simulations isdesp enough.
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12 Conclusions and further work

Many simulation tests have been carried out andhthm factors affecting the wear results
have been deeply studied. Howeube results should still be improved somehow & thol

is to be used for predicting wear in the light raiea. The results show too low wear in
between the flange and the tread and the weaisratbit low as well.

According to the measurements the vehicle has mostkevenly distributed weaalong the
profile (Figure 7-6). This is not common, at least for most of the previous applications for
which this wear tool has been used. For exampl&jgare 1-1 and Figure 1-2 the results of
wear for a similar mileage in a commuter train tocholm are shown. According to them
the wear is mainly produced at the flange, andtsso uniformly distributed along the profile
as it is in the vehicle of this study. Therefohes tase of study seems to be a special case.

The reason for such a different distribution cobé&lthat this vehicle runs in an urban line,
stopping and starting very often and running thfougry narrow curves, in contrast to the
previous studies on vehicles for which the speetiase uniform and the track curvature is
less tight with radii down to approximately 300 m.

Regarding the simulation time, many elements haenhbncluded in the parameter set in
order to better emulate the real conditions ofuékicle. As explained in Chapter 10, when
the track irregularities were included the railfjes had to be changed #avariable which
made the simulations much slower. Such time-consgmsimulations make it difficult to
study the influence afingle parameter changesince in most cases that changes would be
noticed after long distances.

Not only the simulation set with a lot of paramstéut also thevehicle modelis quite
complicated in this case of study. For example,itkdependent wheels, the resilient wheels,
the friction plates joining the bodies and the speentrol system that has been included for
this purpose are elements which make the modehefviehicle more complicated than
previous models used with this wear prediction.tool

One of the elements included in the parametersstteiworn rails. Five different worn rails
similar to the simulated type curves were availab$e explained in Section 6.2. If the
simulations were not so time-consuming, it couldpbssible to include different rails for the
same type curve instead of only one. That would teamore curves per step.

One of the most important aspects affecting ther wessults is the wear map (see Chapter 8).
In Archard’s wear model the worn off material igpdadent on the wear coefficients of the
wear map which depend on sliding speed and coptassure. These coefficients correspond
to the different wear mechanisms: mild, severesmzure. The reference sliding velocity and
pressure which define the jump from one mechanesenbther is a tricky decision that also
depends on many variables difficult to account ferthe present study the wheels seem to be
subjected to higher pressure than usual at thgdlaart, and according to the Archard’s wear
map that leads to excessive wear (seizure wearanesh). A more accurate wear map and
more studies on those coefficients would be necgdsagive a more realistic distribution of
wheel wear in this vehicle.

Moreover, the wear coefficients are calculateddigr conditions. They must be scaled to the
actual environmental conditions of the network.f@#nt factors have been tested and the
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best solution is presented in Chapter 10, howavterré studies could give more appropriate
values for the Stockholm conditions and improverdsallts.

The material hardness, Hs another parameter used in Archard’s formul&kvis not easy
to measure either. An average value is considerethis study but, according to several
studies, this can vary with the rolling distanced aso from one point of the profile to
another. What is more, no data about hardnesseofikieels of this vehicle were available so
other values from literature have been used. A rpogeise value specifically for this vehicle
could help to find better results.

Another important factor in wear simulations is titeeel/rail contact modeln this study an
elliptic contact patch according to Hertz's thebgs been chosen (Section 7.2) for simplicity
and because most previous studies gave good resiths this. However it could be
appropriate for further studies to study the effefch non-elliptic contacion the results. That
would increase the simulation time but would giverenaccurate distribution of pressure at
the contact and then a more realistic wear didiobu

On the other hand, future studies on this vehibtukl alsoinclude the independent wheels
of the trailer bogie in the simulations. They hang been included in this study because the
wear prediction tool only permits to consider faulreels at the same time. They could have
been tested later, but it was thought that bettsults should be obtained for the standard
wheels first.
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B Appendix: Some basics of railway vehicles

This chapter gives a brief introduction of the m&imowledge on railway vehicles that is
necessary to understand the present work. The paaisa and the main systems of the vehicle
are here presented.

Railway vehicles consist of two main parts:

- Carbody. Its function is to carry the payload, i.e. pagm¥a or goods. The carbody
should also protect the payload and provide comdotthe passengers.

- Running gear. It is the part which supports the carbody as wasliguide, brake and,
for a tractive vehicle, drive it.

Normally, the running gear is presented as a b(gge Figure B-1). This bogie consists of
one or more wheelsets, a framework, a primary suspe and a secondary suspension.

Carbody

Secondary suspension ———— Bogie frame
Primary suspension Wheelset
o —
o —— T —
- ~

Figure B-1 Bogie vehicle with two axled bogies [1]

Wheelset

The wheelset is a main component in a railway \‘etaod consists of a pair of wheels rolling
on the rails [1]. Normally the two wheels are carted by a stiff axle so that they turn
simultaneously.

The wheel profile has two different parts: the dread the flange. The flange is the inside
part and prevents the wheel becoming derailed.tiidsal is the conical part. The part of the
tread which corresponds to the rolling circle idlexh running tread. The nominal wheel
diameter refers to this circle.

Due to the conical tread, the rolling circle radinsreases as the wheel-rail contact point
approaches the flange. It mainly occurs for theowteel in curves; while the outer wheel is
increasing its radius the inner one is decreadtngakes the two wheels run with different

linear speed that produces a self-steering capghalifecting the vehicle stability and curving

performance.
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hy= flange height

y = cone angle

ty = flange thickness

Figure B-2 Conventional wheelset (measures in mm}J

Figure B-2 shows the main parts and measures prasem wheelset. The following are
typical values for these measures, for standardeyéi,=1435 mm) [1]:

- Flange thicknes=32.5 mm (new wheels)
- Flange heighh,=28 mm (new wheels)

- Wheel inside gaugeig=1360 mm

- Running tread positioh, =750 mm

- Axle-box distance2=2000 mm

Details about the wheel-rail contact and the conseges of this contact on the wheel profile
change are presented in Chapter 7.

Bogie
A detailed drawing with the main parts of a twoesakbogie is shown in Figure B-3.

The primary suspension connects the wheelsath the bogie frame. The secondary
suspension connects the bogie frame to the carbbdthe example, rubber+coil springs are
used for the primary suspension and air springbhénsecondary suspension. Different types
of suspension may be found. For more informatian[$g
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1 Airspring, support for carbody 7 Wheelset

2 Bogie frame 8 Primary suspension (rubber+smiings)
3 Traction rod 9 Axle-box damper

4 Vertical damper 10 Disc brake

5 Yaw damper 11 Traction motor

6 Anti-roll bar 12 Traction gear

Figure B-3 Bogie example from Bombardier Transport&ion

Depending on the horizontal stiffness of the priynauspension the vehicle hddferent
behaviour regarding curving performance.

A stiff bogie has almost only vertical suspension. Thezbotal motions of the
wheelsets relative to the bogie frame are veryiotstl. This configuration gives good
stability properties, and gives a rather high caitispeed (see Section 3.3), but poor
performance in curves.

A softbogie has rather low longitudinal and lateral @iiynstiffness. This results in a

significant possibility for the wheelsets to yarelative to the bogie frame and gives
good curving performance. On the other hand, ndgability may occur on straight

track at high speed due to so low stiffness.

The main function of other elements shown in Figgi& is presented below:

Bogie frame It gives high-frequency vibration isolation thgbuits inertia and also
reduces the wheel-rail forces since there are éwel$ of suspension.

Traction rod It acts like a very stiff spring which transfelengitudinal forces
between bogie and carbody to allow for vehicle mgland acceleration.

Vertical damper Together with the secondary suspension systeimptoves the
damping between bogie frame and carbody in verticattion.

Yaw damperlt acts by damping the possible yaw motion of bogie frame relative
to the carbody.

2 yaw is the relative rotation of the vehicle pat®ut an axis perpendicular to the track plane.
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- Anti-roll bar. It acts like a torsional spring which connectgjieoand carbody to
reduce the carbody rdll

- Axle-box damper Together with the primary spring suspension ifproves the
damping between wheelset and bogie frame in védiug lateral direction.

- Disc brake A pneumatic or hydraulic system applies pressorthe disc brakes for
vehicle braking. For different types of brakingteyss see [10].

- Traction motor Normally in modern trains the traction power igpglied by an
electric motor through a traction gear (See Fidgaw#). In the case of study, the A32
light rail vehicle, it has four 3-phase asynchranowtors applying torque to the four
wheelsets of the two motor bogies (see A32 chanatits, Section 2.1).

- Traction gear By means of this, the traction motor applies tloerect torque and
rotation to the axle (See Figure B-4)). The powgspdy is assumed to be constant
between the motor and the gear.

Armature Drive
Gear

Shaft
I]]ﬁ i Pinicn
-
I Field

Fixed -the
Stator)

Plan Wiew
A —— Cross Section
Armnature [Rotating -

the Rator)

Traction Motar
Caze

End “iew
Armature Drive Cross Section
Shaft

Armature Field
[Rotating) [Fixed)

Figure B-4 AC motor driving the axle through a tradion gear [37]

Electric AC motor

The traction motor commonly used in railway bussemwadays is the so called AC
asynchronous motor (or induction motor). This i tlse for the A32 vehicle.

An induction motor is a type of alternating curremitor (AC) where power is supplied to the
rotating device by means of electromagnetic inaduncthe electric power is supplied from an
overhead contact line (catenary). An onboard t@nsér converts the power supply down to
an acceptable level and it is controlled by anted@dic control system.

An electric motor transforms electrical power inteechanical power in the rotating part,
calledrotor. It works similarly to a transformer being thetsta(static part, see Figure B-4)
the primary side and the rotor the secondary sfdsuoh transformer. The current in the
primary side produces a magnetic field which intezawith the magnetic field in the
secondary side to produce a resultant torque.

% Roll is the relative rotation of the vehicle paatsout a longitudinal axis.
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Nowadays AC motors are preferred to DC motors beeanodern power electronics permit
to control the speed easily. They also have thamtdge of absence of brushes (required in
most DC motors), which avoids contact losses.

Regenerative braking

Since an electric motor and an electric generaanéchanically the same machine, it was
immediately realized that a train could use itsam®fis generators while braking. In this way
they would return the power to the source and othens could use it. This idea has
succeeded recently thanks to modern power elecs®ystems. The A32 vehicle includes
such system among its characteristics.

Slip/Slide (or Skid) control

During braking and acceleration the torque appiethe wheelset must be limited. Otherwise
slip, in case of accelerating, or slide, in casbraking, may arise.

When the wheels turn normally, the vehicle speedlis QL[f,. If the maximum torque is

overcome then the wheel slips and the vehicle sgeed not coincide to the rotational speed
times the radius. Consequently longitudinal creepds appearF: to try to keep the
adhesion. These forces have a maximum value comedspy to the case of no adhesion.
Figure B-5 shows both cases driving and braking.

A Vo X Af Vo X
> | — 0
T Mo
Fe — ¢
T
ve O (Slip) ve> 0 (Slide)
Fr= 0 (Driving) Fr< 0 (Braking)

Figure B-5 Difference between Slip and Slide (or $d)

The longitudinal creep speed is defined as:

Ueg = Vi(vo —1,Q) (A-1)

0
beingv, the reference speed, which in this case is thielespeed.
The longitudinal creep force can be defined as:

Fe=—f,LuIN (A-2)
The f,factor can vary between (0, 1), being O for puéing and 1 for total slipping (or
sliding) [1].
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The coefficient of frictiong, depends mainly on environmental aspects. Thisrfas studied
in Section 4.3.

Modern vehicles include a wheel slide control syste avoid sliding. The most common of
these systems operates rather like ABS (AntilockkBr System) on road vehicles. The
railway systems usually monitor the rotation of reaxle and compare rotational speeds
between pairs of axles. If a difference appearsvéenh a pair of axles during braking, the
brake is released on those axles until the speguislise, when the brake is re-applied. All
this occurs automatically. Modern systems also aiet@o rapid deceleration of an axle.
Another form of slip/slide detection uses Doppkitar techniques. This measures the ground
speed of the locomotive against the revolutionsaafh wheelset and uses the detection of a
difference to regulate the control systems [37].

For traction control to avoid wheel slip, the cohtsystem reduces the applied torque by
reducing the excitation to the AC motor when sbkpdetected. This is reached by using
modern power electronic systems. For further detsk [37].

Nowadays slip and slide control is performed by shene central control unit thanks to the
modern advanced electronic systems. That is theafabe A32 vehicle.

Electric magnetic track brake (emergency brake)

Since the braking system depends on the adhesiugitioms of the contact, some railway
regulations demand or recommend an additional bfakeemergency situations. Electric
magnetic track brake is the most common alternative

The system is mounted on lifting actuators whicltase of emergency lower the magnetic
track brake to the rail level and switch on thecele power supply. A magnetic field is
generated in a coil, which pulls the pole shoes ¢im¢ rail. This magnetic clamping force is
transformed into a braking force with the frictibatween the pole shoes and the rail, which
in turn is transmitted directly into the bogie frafd3].

The A32 vehicle has this kind of system.
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