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ABSTRACT

The present thesis describes an investigation ®@nailway system motion like a wheel-set, a bogie
or a wagon.

Through the search of equilibrium configuratiortge positions of contact points between rails and
wheels are first located. The detection methodsialllso the definition of the normal vectors to
rail and wheel surfaces and the principal curvatuet contact points. To reduce computing time
the results are stored in a lookup table that eanded for dynamic analysis of wheel-sets, bogie or

wagon.

A dynamic analysis has been performed on a bogigosed of two wheel-sets and a frame. The
bogie frame is joined to the wheel-sets by meana pfimary suspension system, acting on the
three principal directions.e. longitudinal, transverse and vertical.

The bogie moves along rails following its varialpath. In particular, the dynamic analysis
investigates the bogie behaviour in both straighd aurved paths, with or without an initial

perturbation and a super-elevation angle. Imposingnitial transverse disturbance, the hunting
motion is observed and the critical speed valueneséd.

The contact characteristics have been determinednégns of the lookup table. In order to
minimize cpu-time, a new method for the interpalatiof the lookup table entries has been
developed. Finally, two different methods for theegration of the differential equations have been
tested and comparisons with the results obtaineSitmpack-rail multibody software are discussed.
The railway systems have been analyzed in proxiofitheir critical conditions both in straight and
curved tracks.

The critical speed is estimated through the risefupunting motion. The critical speed, the contact
forces in the critical conditions and the derailienits are determined under different load
conditions and track paths; two methods are usettisfdetermination. The influence of the
longitudinal suspension stiffness of the primarg aacondary suspension systems on the critical

conditions of the bogie and wagon are deducedtfaight and curved track type.
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CHAPTER |

FOUNDAMENTAL ELEMENTS IN RAILWAY ANALYSIS

1.1 - Historical considerations on the developmerdf the railway

The birth of railway is not known with precisionhd use of the iron rails goes back to the
middle of 1700 together with the invention of tlrstfsteam machine. In 1803 the first public
railway of the world was inaugurated: tl8urrey Iron Railwayused only for the food
transportation. Various tests with one horse haenldone on this line, at the end of which
one horse was able to carry a convoy of 55 t witip&ople on board.

Richard Trevithickcreated the first locomotive and he deposite@atent in 1800. Four years
later its locomotive was able to carry a cargoXbrkm of railway but he didn’t develop its
creation. In 1814George Stephensobuilt his first locomotive and some years later he
convinces the responsiblestbé Stockton-Darlington’sailway to introduce its locomotive on
their line. In 1823 the English law authorized tdoenpany for the people transport.

Finally on 27 September 1825 George Stephensoredray steam locomotive between
Stockton and Shildon, a part of the 34 km of thecl&on-Darlington line, drawing a cargo of
69 t including 6 wagons of coal and 21 wagons wittoden bench and 600 passengers. He
named this steam-machihecomotionand it was able to move until 24 km/h and it feh&d
the name to this machine. Today this day is comnstlehe birth-day of the railway
transportation and its creator was obviously Geddgephenson. Figure 1.1 shows the
Locomotion while Figure 1.2 its creator, George pG@nson. Table 1.1 reports some

characteristics of the Locomotion.



Figure 1.1 Figure 1.2

The Locomotion George Stephenson (1781-1848)
Gauge 1435 mm
Maximum boiler pressure 176 kg/sz
Power wheel diameter 1219 mm
Mean velocity 6knyh
Weight 6t
Table 1.1

Principal Locomotioncharacteristics

At this time the city of Manchester and the harbofultiverpool were at the beginning of their
industrial revolution with many textile farms thatport a great quantity of cotton from the
America. It was calculated that the time necessatyavel the canal between Liverpool and
Manchester, 50 km long, was longer than the tingeired to cross the Atlantic ocean and the
railway appeared the better solution to resolve thioblem; in 1829 a competition was
published for the building of the best locomotivighvan award of 500 pound.
The characteristics that this machine should hasl wa

* low weight, less than 6 t;

* move at 16 km/h with a load of 20 t.
On 6 October 1829George and Robert Stephenseon the competition with theiRocket
locomotive that can be considered the first modgeam locomotive equipped with all the
principal mechanisms of the modern machines.
The competition included besides the building oiesav locomotive also the construction of a

railway line between Liverpool and Manchester #rid line was the first important railway



of the story. In fact, on 15 September 1830 the liiverpool-Manchester was inaugurated
and with this event began the railway age.

In the first year of operation the line transportadre than ten time the usual number of
passengers and already in 1843 the railway was3@ig km and in 1855 the lengh increases
to 13315 km.

After the Rocket the Robert Stephenson & Cduilt some other locomotives, like the
Northumbian the Planetthat drew a train of 80 t, th®amsonand in 1833 thd atentee,
covered with a patent. This new machine opened dbeelopment of the railway
transportation in all the countries of Europe inled Italy. In this occasion the gauge adopted
by Stephenson, 1435 mm, was adopted in all cosngnien if in some cases other locomotive
builder chose a different gauge, laambard Kingdonhead of theGreat Western Railway
who adopted in 1835 a larger gauge, 7 foot equélt® mm, and he built the railway
London-Bristol.

But since the costs for the railway adjustmentdlierdifferent gauges were too expensive, as
near the switches and in proximity of the statiarieere one could find also three different
gauges, the British Government promulgated the tm@auge Acthat fixed theStephenson
gaugeas the universal gauge to use in all railway liaed except in some cases, all of these

was conformed.

The development of the railway transportation ie tiest of the world was very different
depending from the various countries. In Italy flst railway was theNaples-Porticiline
inaugurated on 3 October 1839 with a Patentee loteennamedvesuvioand produced by
Longridge & Starbuck This locomotive transported King Ferdinando fodistance of 7.5
Km. The design and the capitals was French whiie huilder wasArmand Bayard de la
Vingtrie. In 1840 was built the first Italian plant for tleenstruction and reparation of the
locomotives: thePietrarsa plants After the two Sicilies kingdomit was the turn of the
Lombardo-Veneto statiat built in 1840 thélilan-Monzarailway and in 1842 was the time
of thePadua-Mestraailway. In 1844 thgrand duchy of Tuscaruilt thePisa-Leghorriine.

In 1848 theSardegna kingdorhuilt the Turin-Moncalieri line 8 km long and 833 the first
importantTurin-Genoaline with its tunnel long 3255 m under the Giowssing. In 1861, the
year of birth of the Italy kingdom, the situatiorasvthe following: 101 km of railway in the
Pontificial state 305 km in the grand duchy of Tuscany, 187 krtheatwo Sicilies kingdom,
the linePiacenza-Bologn§1859) and th&ologna-Rimini-Anconéne (1861).



During the first world war the railway transportatihad a fundamental importance: in three
years more than 15 million of men and twenty milliof tons of materials and ammunitions
were transported with a mean of 270 trains at @aying the fascism age there was a large
development of the railway transportation in ItéRome-Napledine in 1927 andBologna-

Florenceline in 1934).

1.2 - The railway track

The track is one of the most important elemenherailway study. Its principal function is to
operate as a guide for all the wheel-sets of the tand to support all the loads transmitted
from the wheels to the rails and to damper theatibn generated during the motion.

The form of the track can be rectilinear or cunegfar, with or without inclination. The radius
of curvature of the track depends from the railwanportance and from the maximum
velocity of the train. For modern high speed traimm®ving with velocity higher than 250
km/h, the minimum allowed radius is very large, gratly about 4000 — 5000 m; for mountain
track, where the inclination is higher thd09%;, , the minimum allowed radius is about 250 m.
In particular cases, for example in the urban farts, the radius can be also 60 m. In the
cases in which the gauge is lower than the standaej the minimum allowed radius is
reduced. Obviously every railway has a maximum adibie train velocity depending from

its minimum radius and its maximum inclination.

The values of the minimum allowed radiqgn and the maximum allowed

inclinationi ., adopted in ltaly are reported in table 1.2 by respethe maximum admissible

velocity V.-
e (%0) | Ry (M) | Vi (KMVH)
30 250 74
25 410 95
20 550 110
16 650 120
13 750 128
11 840 135
8 900 140
<6 >1000 <150
Table 1.2

Relation among the maximum allowed inclination, theminimum allowed radius and the maximum

admissible velocity on a curved track.



1.3 - The track system

The generic railway line can be distinguished i subsystems: the superstructure or track
and the subgrade.

The first subsystem includes the rails, the sleeped the track supports, while the second
one includes the base and the formation layer.

The rails support the load and guide the train W#ebke sleepers distribute the loads applied
and keep the rails at constant distance; the ballas distributes the load, damps the train
vibration and ensures a fast drainage of the raemwa

Figure 1.3 show a scheme of the superstructurerensiubgrade.

rail
s
superstructure: T s ballast
(or track) '
]
) track o~ subballast
' support:
Subgrade i T~ i formation
]
v : layer
oW
base
Figure 1.3
Scheme of a conventional track structure
1.4 — The rails

The rails are the supporting parts with which theeels are in contact. They are steel made
and must resist to the heavy vertical and transvieads transmitted by the wheels. They are
assimilated to a continuous beams put on distrtbatgports. The transverse section is like a
double “T” to guaranties the maximum inertia momwith the same area. The principal parts
of the rails are: thehead that is in contact with the wheels, tto®t that is connected with the

sleepers and theebthat connects together the head and the foot.



The rails are classified as function of the weighta piece long 1 m.; for example the type
UNI 60 have a weight of 60 kg per linear meter.

Today all the dimensions are standardized. In Itiaéytypes more used atgNI 21, UNI 27,
UNI 30, UNI 36, UNI 46, UNI 50, UNI 60the last one is also namé&dC 60 and it is the
most used in the new constructions and in the ratnmv of the old ones. This rail type are
produced in two different lengths: 36 and 48 m.

Generally the rails are inner tilted with a conglanmostly 1/20): the inclination increases
the stability during the motion and permits the alkhget to remain centred by respect to the
track axis; moreover the cone angle compensatealtbence of the differential between the
two wheels in curve where they have the same angelacity because rigidly mounted on
the wheel-set axle; the wheel tread has a coneagegherally equal to the rail one.

The distance between the two rails is namadge Different types of gauges exist depending
from the country. The most used is ttandard gaugealefined as the distance between the
inner sides of the rails, measured 14 mm belowdhmg plane. Tracks with different gauge
exist and it varies from 0.6 m to 1.676 m; somengxas are the following:

* the mentionedtandard gaugeequal to 1.435 m with a maximum permissible raoige
+10 mm and -3 mm,;

» thebroad gaugeequal to 1.524 m (Russia) and 1.672 m (Spainptadomainly for
political reason to prevent the movement of fordigms into the national railway;

e themetric gaugeequal to 1.000 m or 1.067 m;

« thereduced gaugeequal to 0.95 m used in many European railwaie. ddoption of
a reduced gauge permits to economize on the railnalling, especially in the
mountain line where the railway construction is endifficult and expensive than in

the plain, because of the presence of many cunesuanels.

Generally where the track is curved the gauge deemsed to facilitate the circulation of the
wagons without bogies, having the wheel-sets maunt&h large distance. The gauge
expansion depends from the track radius: in Itaé/éxpansion is applied where the radius is
less than 484 m and it is 5 mm; the maximum expanapplicable is 30 mm used where the
radius is less than 300 m. In every cases the sipars applied on the inner rail and the
transition between the rectilinear to the curalin gauges is gradually made (1 mm for each

meter of track wher¥__ = 70¢% and 2 mm/m wher¥,__ <70k ).



Figure 1.4 shows the transverse sections of tlypestof rails: the first, nameadgnola (by its
inventor Charles Vignolakis the most used in the railroads while the sdcamd third types

are used in the urban transport; the last typsesl in the curve.

Vignola Phoenix Gola riempita

Figure 1.4

Transverse sections of rails

1.5 - The sleepers

The sleepers are the transverse elements mourtsagonally to the track axis. They have
the function to connect the two rails in such manthat their distance remains constant
during the time and to transmit the load from thisrto the supports. Generally the sleepers
are in wood made or in reinforced concrete, in samages also in steel, and they can be
created in monobloc or bibloc forms. The dimensidapend from the track characteristics
(i.e the gauge) and the train type; in every céiseg are standardized. They can be made by
different wood types: oak, English oak, Scot pind they can be mounted naturally or soaked
with a particular antiseptic. In Italy the dimenssoand the treatments are regulated by the
UNI 7407

The concrete sleeper type has generally the moadblon, made with prestressed concrete
and reinforced with high resistance steel barss Type are used for the new constructions
and for the old ones renovation. In some casesing&tance in the underground sides, the
sleepers can be absent because the rails arelyirged to the floor by means of particular
elastic connections.

The distance between the sleepers depends frotrattieimportance: in Italy there exist three
categoriesprincipal lines medium importance linesused for wheel-set loaded at maximum
with 16 t - andsecondary linesthe sleeper distances are respectively 0.6 e and 0.75

m.



1.6 - The track support

Usually the track rests on ballast but there amreesoases in which the support is formed by a
concrete slab. In the first case the support igldle while in the second case it is inflexible.

The slab track is used in some networks as inJhpanese and German ones and in tunnels
because it has a smaller cross-section and hedgeaper maintenance. However the ballast
type is preferred for its higher flexibility andatrsverse resistance, especially for high speed

lines.

1.7 - The wheel-and-axle-set

The wheel-and-axle-set is the principal compondrgvery railway system. It is formed by
the wheel-set and the bushes; the wheel-set is @sedpby two wheels and an axle joined
together to form a single mechanical part and thes only non suspended part of the train.
The wheel oneself is formed by two parts: the disd the tread. The disc is directly mounted
on the axle to form a unique block and the tregdirsed on the disc at high temperature.

At the external extremity of the tread there is flaege that has the function to stabilize the
wheel-set during the motion and maintains it onrtéhlsvay.

At the extremity of the wheel-set there are twandf@s where are mounted the bushes; this
extremities sustain the carriage through the suspensystem. On the wheel-set axle are
mounted the brake disks that furnish a wide sudfaloe the brake shoes and they are
furnished by wings to increase the heat transfer.

Figure 1.5 shows a wheel-set and its principalspart

wheel /axle
rail E_ 14 mm
sleeper "
n L0 Iy
Cmmmm e >
gauge
Figure 1.5

The wheel-set and its principal parts



CHAPTER 2

THE CMS DEVELOPED MODELS

2.1- INTRODUCTION

The acronym CMS means “Commercial Multibody SofwtiarThis software used for the creation
of the railway models used to validate first andctompare then the code developed in Matlab

environment aimed to analyze the railway systerhe. GMS models regard the following systems:

* bogie with two wheel-sets;
* wagon with two bogies;
» the buffers-coupler system;

» train formed by two wagons.

2.2 - THE BOGIE MODEL

The bogie developed in CMS environment is formedviay wheel-sets, one frame and the primary
suspension system. The suspension system contectfaime with the wheel-sets; it has the
function to transmit the loads from the frame te theel-sets and to damp the mass motion. It acts
along the three principal directions, that is thiegitudinal, the transverse and the vertical omeks a

it is formed by 12 elements: 6 elastic and 6 viscdlable 2.1 reports the principal mechanical and
inertial characteristics of the primary suspenssgatem while Figure 2.1 shows the CMS bogie

model with the suspension system.
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Wheel-set mass 1595 Kg Longitudinal spring stiffness 10° N/'m
Bogie frame mass 2469 Kg Transverse spring stiffness 2010 N/m
Wheel profile S1002 Vertical spring stiffness 1500 N/m
Rail profile uIC60 Longitudinal viscous coefficient | 249[10° Ns/m
Wheel-set distance 25m Transverse viscous coefficient 111010* Ns/m
Wheel radius 0.457 m Vertical viscous coefficient 3041.0° Ns/m
Rail gauge 1.360 m Vertical length at rest 05m
Inclination rail angle 1/20 Longitudinal length at rest 0.75m
Transverse length at rest| 0.3m Framel,, 1130kgm?
Wheelset |, 935kgm® Framel 1140kgm?
Wheelset |, 174kgm? Framel,, 2142kgm?
Wheelset |, 935kgm?

Table 2.1

Masses, main dimensions and features of the bogiensponents.

<L

wheelset

frame

o

primary 2
suspension system o r

Figure 2.1
The CMS bogie model with the primary suspension sysm

2.3— THE WAGON MODEL

The CMS wagon model is formed by two bogies, one by and the secondary suspension
system. As for the bogie, the secondary susperssisiem transmits the loads from the car body to
the bogies and damps the mass oscillations. trimdd by 6 elastic elements and 6 viscous ones
that act along the longitudinal, transverse andicadrdirections. Figure 2.2 shows the CMS wagon
model and its suspension system while Table 2.2rteghe principal mechanical and inertial

characteristics of the secondary suspension system.
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z .
back bogie front bogie

b)

secondary
suspension system

Figure 2.2
The CMS wagon model: a) the wagon with the two bogs; b) , c) particular of the secondary suspensi@®ystem
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Wagon mass 40816 kg Vertical spring stiffness 1500° N/m
bogie distance 15m Longitudinal viscous coefficient | 310° Ns/m
Wagon |, 30000kgm* Transverse viscous coefficient | 3[10° Ns/m
Wagon |, 687000kgm? Vertical viscous coefficient 300 Ns/m
Wagon|,, 687000kgm’ Vertical length at rest 0.5m
Longitudinal spring stiffness | 810° N/m Longitudinal length at rest 0.75m
Transverse spring stiffness | 5010° N/m Transverse length at rest 0.3m
Table 2.2

Principal inertial and mechanical characteristics @ the wagon and of the secondary suspension system.

2.4 - THE BUFFERS

The buffers principally carry out two functions:

* they maintain constant the distance between twosemrtive wagons or between the

locomotive and the first wagon;

» they damp the longitudinal motion between two contee wagons.
There are various buffer types with different steagepending from the convoy category and from
the track characteristics as the gauge; they casingde or double. The most used type isplate-
pistonone, that makes very fast the change of the t@mfiguration. Recently, because of the rapid
development of the high-speed trains with fixedfigumation, more complex integrated types have
been developed, based on pneumatic systems.

The plate-piston buffer is formed by the followipagrts:

* the piston;
* the cylinder;
* the plate;

» the elastic-viscous elements for the absorpticimefioads.

Figure 2.3 shows a scheme of the plate-piston typ@rder to make better the response of the
buffer during the crash, its elastic element israbi@rized by an hysteresis behaviour, i.e. itdhas

variable stiffnesses during the leaving and apgropbases and its value depends from the
displacement of the piston. Figure 2.4 shows tlastiel stiffness of the buffer used in the CMS
model in function of the piston displacement whieis in approach and in leaving.
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back wagon buffers

front wagon

pistons
spring

Figure 2.3
The buffer and the coupler systems.

5 ELASTIC BUFFER STIFFNESS
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—piston in‘Ieaving /
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Figure 2.4
The buffer stiffness during the approach and leavig phases.

2.5-THE COUPLER

The principal function of the coupler is to transfiee draught from the front to the back wagon.
Many coupler configurations have been designedtiitmost used is thehain type having at
minimum two links, a central threaded element to ipun tension and a hook having different
shapes (see Figure 2.3). As the buffers, the coigpleharacterized by an hysteresis behaviour with
its elastic stiffness function of the displacemdram the phases of the movement of the wagons
(in approach or in leaving). Figure 2.5 shows tlastec stiffness of the coupler used in the CMS

model in function of the coupler end displacemevtign it is in approach or in leaving.
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5 ELASTIC COUPLER STIFFNESS
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Figure 2.5
The coupler stiffness during the approach and leang phases.

2.6 - THE CMS BUFFERS-COUPLER MODEL

A CMS buffers-coupler model has been developedderoto permit the linking of two consecutive
wagons in the CMS train model; it is formed by tbkowing parts:

» buffer cylinders;
» buffer pistons;

* piston plates;

e acoupler,;

» two connecting plates.

The system is assembled in the following mode Esgere 2.6):

The two cylinder pairs of the buffers are fixedwihe respective connecting plates.

The two piston pairs of the buffers are couplechwite respective cylinders through cylindrical
connections.

The piston plates are fixed with the buffer pistons

The coupler is modelled with a piston and a cylmgigth coupled through a spherical connections
with the two connecting plates.

All the elastic elements are characterized by drgsis as shown in Figure 2.4 and 2.5.

In order to make the system more realistic, théeoyflates are modelled with a segment of sphere
having radius equal to 0.5 m
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piston
plate front connecting

buffer plate

piston

buffer cylinder
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coupler
piston

coupler
cylinder

back connecting
plate

contact
spring

buffer
spring v

b)
Figure 2.6
Scheme of the buffers-coupler CMS model.

The contact force between two buffer plates cadibieled in two components: the normal and the

tangential ones. The normal componéhtis directed along the normal versirto the surface in

the contact point and its value is proportionathe maximum normal indentatianbetween the

two plates and to the elastic stiffneksset equal to70[10° N/m. The expression oNis the

following:

N =k, di
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The tangential componefitbelongs to the tangential plane and it is paradiehe relative velocity

between the two bodies in contact and its valueaisulated assuming the Coulomb’s friction
model with the friction coefficieniz set 0.1. The expression ©fis given by:

T = —‘I\T ‘/Jf

wheret is the versor parallel to the relative velocitytlodé two plates in the contact point.

Figure 2.7 shows the two components of the corfidace between the two buffer plates in contact.

T,

Figure 2.7
The two components of the contact force between theo buffer plates in contact.

2.6.1 — Validation of the CMS model

In order to validate the results achieved with@\S model, it has been developed a similar model
in Matlab environment. The new model is a simptifieersion of the CMS model; the variations
regard the buffer plates that are replaced withdamtact springs acting between the buffer pistons.
All the remaining parts are unaltered. The motibthe original model (Figure 2.6) and that of the
simplified version (Figure 2.8) coincide when thewament of the masses are one-dimensional i.e.

it evolves along the symmetry axis. This event ogevhen the following conditions are verified:

* the external force is directed along the couplés éxis of symmetry);

* the initial kinematical conditions are symmetrispect the coupler axis.

Under these conditions the two systems are equizalée scheme of the simplified CMS model is
shown in Figure 2.8 while the scheme of the Masabhplified model is reported in Figure 2.9

where are also showed the simplification due tosgimemetry.
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o

axis of motion

buffer cylinder

buffer piston 7

Figure 2.8
The CMS simplified version of the buffers-coupler nodel.
x
i %
fixed mass  left back buffer  left front buftfer T LT CAh
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| buffer | buffer
Spring fixed spring
movi mass .
contact spring massng contact spring Moving
. . mass
coupler spring coupler spring
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i ]}",j SEMPLIFICATION DUE TO THE SYMMETRY
F (t): active force

m.: connecting plate mass
right back buffer right front buffer me front piston mass
ma back piston mass

Figure 2.9
The Matlab simplified scheme of the buffers-couplemodel.
The masses of the system are the following:
mMx=500 Kg
mg=500 Kg
m=33000 Kg

During the simulation the active force has thedaihg expression:
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F(t) = Aser{Bt)

where

A=150000 N

B=5C

The elastic stiffnessek, of the contact springs i200000N/m The buffer and coupler springs
have a hysteresis behaviour; the following figuegsort the stiffness of the buffers and the coupler

springs:

» front buffer: Figure 2.4;
» back buffer: Figure 2.10;

* coupler: Figure 2.5.

< 10° BACK BUFFER ELASTIC STIFFNESS
7 I
—piston in leaving
6 —piston in approach /

AN

stiffness (N/m
w

/
2 /
1 — =
/
0 0.02 0.04 0.06 0.08 0.1 012

displacement (m)

Figure 2.10
The back buffer stiffness during the approach anddaving phases.

The positions of the masses,, m;, m are named respectively,, x,,x and they are measured

respect to the fixed mass. The initial conditioresthe following:

xl(O) =05m;
X, (O) =0m
x(0)= 05m.

%(0)=%,(0)=x (0)=0.

the lengthl jis equal to 0.25 m. The three masses motion equsasiee the following:
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2
2m, d %21 =2F, -2F,

2m, ‘Z—t)}i” = 2F, + 2F;

md2x
dt?

i =—2F+F, +F(t)

where the symbols have the following meaning:

F,is the force generated by the back buffer sprintherbuffer piston;
IfAis the force generated by the contact spring orfirtivé buffer piston;
Ifl' is the force generated by the front buffer springlee buffer piston;
Ifzis the force generated by the spring coupler omtbeing mass m.
F(t)is the external force acting on the mass m

The values of the elastic forces depend from thgsrpasitions and from the spring elastic
characteristics as follow:

a =k (%, =%, +20,)d
Fo= £,(x. k)0
== (- %, k)
F, = fo(x=1g.k;)

F(t)=F(t)d

the symbols have the following meaning:

0
0

i'is the versor parallel to the coupler axis diredtech the back to the front buffers;

k.is the elastic stiffness of the contact spring;

k,is the elastic stiffness of the back buffer spribgepends from the displacement of the mass
m,and from the fact if the mass is in approach deaving, as shown in Figure 2.10;

k,'is the elastic stiffness of the front buffer; ipp@ads from then, and mdisplacements and from

the fact if the masses are in approach or in lgg\as shown in Figure 2.4,
k,is the elastic stiffness of the coupler; it depefndm the displacement of the massand from

the fact if the mass is in approach or in leavagyshown in Figure 2.5;
l,is the length at rest of the coupler spring, e¢qo&l.5 m.
The functionsf,, f,', f,define the force values under the following coiodis:

F,is null when the coupler is not in tension, thatten (x—1,)< 0
F,is null when the buffers are not in contact, i.le\,ew(x2 -X+ 2[I]p)s 0

Figure 2.11 shows the applied active force reszettme while Figures 2.12-2.17 report the
comparison of the displacements of the three mass$heir velocities obtained by means of the

CMS and Matlab models.
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Figure 2.11
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Figure 2.12

Comparison between the displacements din in the CMS (red curve) and Matlab (blue curve) modés.
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Figure 2.13
Comparison between the displacements digin the CMS (red curve) and Matlab (blue curve) modts.
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Figure 2.14

Comparison between the displacements din, in the CMS (red curve) and Matlab (blue curve) modés.
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Figure 2.15
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Comparison between the velocities oM in the CMS (red curve) and Matlab (blue curve) modts.
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Comparison between the velocities offm in the CMS (red curve) and Matlab (blue curve) modks.
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Comparison between the velocities om, in the CMS (red curve) and Matlab (blue curve) modés.

2.7 - THE CMS TRAIN MODEL

The CMS model of the train is formed by two wagoosnected together by means of the buffers-
coupler system described in paragraph 2.6. Theslmsffoupler system is joined with the wagons
through the two connecting plates. During the notlee buffer plates crash one against the other
and the coupler transmits the draught from thetftothe back wagons. The front wagon is put in
movement by an engine couple applied to its whets-s

back wagon

;% ¥ ;?Z : buffers-coupler
£ system

connecting
plates

front wagon

back wagon front wagon

\

buffers coupler

Figure 2.18
The CMS train model
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CHAPTER 3

THE ROLLING-CONTACT THEORIES

3.1 - INTRODUCTION

The determination of the contact forces between uineel and the rail is one of the
fundamental problem in a dynamic analysis of auay system. Various contact models have
been developed. In this chapter a rigid body cdngadiscussed, with particular reference to
theHertz'stheory and to the wheel/rail creep forces.

The contact between two bodies can be possiblenenpwint or area, depending from the
shape of the two surfaces. In the first case wee lmmonconformalcontact while in the
second one aonformalcontact. When a load is applied on the two botethe case of a
nonconformal contact, they deform at the contaébtpm form a contact area that is very
small as compared with the dimensions of the bodies

In 1882, Heinrich Hertzpresented its contact theory that accounts forstiepe of the two
bodies in proximity of the contact point. The theassumes that the contact area is elliptic.
Generally, in wheel-rail interaction the nonconfatmrmodel is used, in spite of the wheel and
rail surface are significantly different in the reg of contact.

Due to the elasticity of the bodies and to the radrforces applied, some points in the contact
region may sleep or stick when the two bodies aread one respect to the other.

The difference between the tangential strains éndtfhesion area generates the creepages that
are defined considering the kinematic of the twdiés.

The creepages generate the tangential creep farabghe creep spin moment. The creep
forces and moment have a significant effect orsthbility of a railway system.

The force transmitted between the contact surfaaashe evaluated through different rolling
contact theories. For a better understanding,garei 3.1 a scheme showing the theories, their
relationships and interrelations is drawn. Authamsl the period of development are reported

too.
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Generalization of Galin theorem
[Kalker] 1967
Hertz theory
1882

‘ —
Cattaneo Carter Mindlin Kalker
1938 ] 1926 1949 _[ 1967
Johnson- | | Strip theory [ Tohnson CONTACT
Vermeullen 1963 pure spin 1958 [Kalker]
1964 h \ 1979

'Line contact i
[Kalker]
1963

Linear theory Simplified theory FASTSIM
[Kalker] [Kalker] —1 [Kalker]

L9588 ... 1973 1982

Figure 3.1

Scheme of the various rolling contact theories ancklative authors ([2])
In the figure the connecting lines indicate a tleéioal link between theories.
The most used theory in multibody softwares is Klagker's FASTSIM algorithnj2]. This
algorithm is based on the Kalker simplified theorywhich the contact surfaces are replaced
by a set of springs. The advantages of the methed aimplicity of conception and
operational speed. FASTSIM is 1000 times fasten ttiee Kalker's CONTACT algorithm
which is based on the so call&dlker exact theoryHowever, results accuracy is about 15%
lower than experimental evidences.
Polach [27] recently developed a method faster BRBTSIM. This method offers a trade off
between calculation time saving and accuracy.
FASTSIM is embodied in commercial multibody softesuisuch as ADAMS/rail, SIMPACK,
MEDYNA, GENSYS, VOCO.

3.2-THE HERTZ THEORY

In 1882 Hertz (Figure 3.2) presented its contaebti. In this theory the contact area is
assumed elliptic and the theory is valid when theedisions of the contact area are small
compared with the dimensions of the two bodiesthrdelative radii of curvatures.

The general assumptions used in the Hertz’s themmbe summarized as follow:
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 small deformation of the two bodies in the regioh amntact under a static
compression;

» continuity of the two surfaces;

» the stress resulting from the contact force vaigiie distance far from the contact;

» the surfaces are frictionless;

» the two bodies are elastic and no plastic defolnatccurs in the contact area.

3.2.1 - Geometry and Kinematics

We consider a bodf and its surfacé& (see Figure 3.3). It i® a generic point ors. We

consider the inner normal versor3an P namedni and a tangent plabto Sin P.

Figure 3.3
The body B, its surfaceS, the point P, the normal

versor N and the tangential planet

Figure 3.2
Heinrich Rudolf Hertz

We consider a reference systeyhaving the axes andy on the tangent plane, the origin in
P and the axiz directed as the norma.

The surfac&s may be expressed with referenceSpwith the equatiori (x,y )

If we consider only a small interval about the pdtrhaving coordinatg, and y,, the

function f (x, y)may be expressed with a Taylor envelope as follow:
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fOY) = F(% Yo) + f, (%0, Yo) (X=%) + f, (%05 Yo)(Y = Yo) +% Fr(Xos Yo) (X = %0) +
£ 0 Y)Y = Y0 + (0 Yo (X = X)(Y = Y

Where the symbadi; denote the second order derivative respect to émelj variable. Owing

to the choice of the reference system and toahgential plane definition we have:
(X% Y0) =0;
f, (%, ¥o) =0;
f (% Yo) =0.

With these conditions the equation of the surfaasomes:

1y

txy) =3

00 Yo XX+ T, 0% Y)Y = o) + By (0, V)X = X)(Y = Yo

Until now we have considered a generic referenstesy S, ; we may consider a particular

frame S with the same origin and ax&sbut rotate by and anglg aroundZ so that the term
f,,pecomes null.

Considering the smallness of the examined interaslthe Hertz’'s theory contemplates and
hence the negligibility of the first derivative ihe pointP, we may approximate the second
derivative with the surface curvature. In fact éoone variable functiory(x , Xhe curvature

Is given by:

9%y

x®

whereR is the radius of curvature. %X <<1 the curvature expression becontes
X

C

0%y

X
Using the curvature approximation, considering tkat y, =0and expressing the equation
respect toS), f(x,y)becomes:

f(X,Y) :%cxx2 +%cy\(2

Where C, and C, are respectively the surface curvatures respetttet® andY directions of

g.
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It is possible to demonstrate that with the newiahof the reference systers), the
curvatureC, and C are the principal curvatures of the surface inpbiait P.

At this point we may consider the two surfacesantact and for every one we may define a
reference system like the previous one. We have 8juand S|, with the same origi® and
with the axesZ and Z,parallel but having opposite directions. The twoesxX,and
X,belonging to the tangent plane are rotate by ateawmg The two bodies are illustrate in

Figure 3.4.

Figure 3.4
The two bodies in contact and the respective refenee systems.

For the two bodies we can write the following edurad:

1 1
Z1 = E Clx X12 + E C1yY12

1 1
Z,= ECZX X22 + ECZszz

where Z, and Z,are the third coordinates respectively of the fast second bodyC,, and
C,, are respectively the minimum and maximum curvatofetbe first body,C,, and C, are
respectively the minimum and maximum curvaturethefsecond bodyX,and Y, are the two
coordinates of the first body on the tangent plahde X,andY,are the two coordinates of

the second body on the same plane.
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If we consider a poin¥l on the tangent plane and its normal projectiothertwo surfaces we
have the pointdVl, and M, respectively on the first and second surfaces.distance between
M,and M, is defined by:

d,=2,+7, :%Cuxlz "'%Clle2 +%C2XX22 +%C2yY22

In order to simplify thed,,expression we may consider a third reference sys$rhaving

the axesX and Y on the tangent plane and the aXiparallel to the normal surface and to the

axis Z,. The angle between the ax¥sand X, is namedg as shown in Figure 3.5.

Figure 3.5
The reference systemsS! and the gapd, ,between the pointsM,and M.

The transformations betweef! and S, and betweenS! and §, may be expressed as

follow:

X, = Xcosp —Ysery,

Y, = Xserp +Ycosy;

X, = Xcodw - @)+ Yserlw - ¢);
Y, = -Xser{w - ¢)+Ycodw - §).

Replacing the previous transformations, thgexpression becomes:
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d,, = AX* +BY? +CXY
where:
A=2[c, cos ¢ +C, serf +C,, cos (w-¢)+ C, sert (w-9)

B

NI NP N

:Clxserf¢ +C,, COS ¢ +C,,serf (w—¢)+C,, cos (w- ¢)]

C

(C,, ~C,)ser2g - (C,, -C,,)ser(w-¢)]

If we choose the anglg =@ defined by the following relation:

tan2p = (CZy -C,, )sechu
(Cly - Clx ) + (CZy - CZX )COQCL)

the expression ofl,,change into the following:
d,=AX2+BY? (3.1

In this manner if we fixd,,, the points having the same gap belong to anselipth equation
(3.1).

In order to simplify the treatment, we may introdubhe angler given by:

A-B
COST = —
A+B
where:
A-B= %[(c;1X -C, )cosza + (C2X -C,, )cosZ(a)— Fﬁ)];
A+B =%(ch +C,, +C, +C, )

Taking into account the equality = 0and after some passages we obtain:

Jey -, F+(c,, -, F +2Cy, -C, JCu - Cy Jeos2w
(Clx + Cly + CZx + CZy)

(@)

o

4

I
> >l
+
|| @

I

This expression proves thabts7 depends only from the geometrical quantities oftie
contact bodies.

In order to determine the contact pressure betwetwo bodies, we must perform the
following hypothesis:

a) the total applied forcBl between the two bodies must be equal to the natahal

component of the pressypen the contact area, that is:

N = j j pdxdy (3.2)
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b) the displacement at a distance away from the coregon can be neglected;
c) the normal stresses outside the contact regioasm@med to be zero;
d) the normal stresses acting on the two bodies dralance within the contact region;

e) the shear stresses along the surfaces of the badie®ros.

These conditions can be satisfied by assuming thenpressure the following quadratic

form:

p(X.¥)= po\/l—gjz —(%T (3.3)

Where p,is a constantaand b are respectively the maximum and minimum semi-aké¢ise

contact ellipse. Replacing (3.3) in (3.2) after sgmassages we have:

The semi-axemandb have been determined by Hertz as follow:

(o (K K
b‘”(g’“m

where K, and K, are constant depending from the material propeofi¢gise two bodies:

1_
K =4
7E1
1_ 2
K,=-_22
7E2
where:

v,and u, are the Poisson module of the two bodies;
E,and E, are the elasticity module of the two bodies.

The coefficientsn andn are given by Hertz in table 3.1 as functioncokr .
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r(deg) m n r(deg) m n r(deg) m n
0.5 61.4 0.1018 10 6.604 0.3112 60 1.486 0.717
1 36.89 0.1314 20 3.813 0.4125 65 1.378 0.759
1.5 27.48 0.1522 30 2.731 0.493 70 1.284 0.802
2 22.26 0.1691 35 2.397 0.530 75 1.202 0.846
3 16.5 0.1964 40 2.136 0.567 80 1.128 0.893
4 13.31 0.2188 45 1.926 0.604 85 1.061 0.944
6 9.79 0.2552 50 1.754 0.641 90 1.0 1.0
8 7.86 0.285 55 1.611 0.678
Table 3.1

Hertz coefficientsm and n.
Source: Hertz H - Uberdie beriihrungfesterelastischek orperund tiberdie Harte,

VerhandlurgendesVereinszur BeforderungdesGewerbeflésses) eipzig, Nov.1882.

3.3 - THE CREEPAGES

Considering two moving bodies in contact, we casepke two phenomena in the contact
region: therolling and thesliding motion. In general case the bodies have diffdiratir and
angular velocities. The relative angular velocityng the normal to the surface in the contact
point is calledspin, while the relative linear velocity in the contgmint is calledsliding.
When rolling occurs without sliding or spin it illed pure rolling. Generally when two
moving bodies are pressed one against the otharnmymal force some points in the contact
area slip while other ones may stick. The diffeeehetween the tangential strains in the
adhesion area are calleteepages

To define the creepages between wheel and raiomsider the wheel-rail relative velocity
V, at contact points. The creepages are classifigtiree different categories according to

the directions interested:

P |jﬁlong

IIVG ||

trans .

IN ||

norm

IIV ||

longitudinal creepaged =

transverse creepage) =

spin creepage ¢ =

where:

Riong + Nirans » Mnorm @F'€ respectively the longitudinal, transverse roanal versors;
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”\7@ H is the Euclidean norm of the barycenter velocitthe wheel-set.

In Figure 3.6 are represented the wheel-set védscit barycente® , at contact poinP and

the principal contact versors.

Figure 3.6

Velocity of the wheel-set in the contact point angrincipal versors

3.4 - WHEEL RAIL CONTACT FORCES

When a wheel moves on the rail the creepages gertaregential forces in the contact region
and this fact has a great importance in the stgenml stability study of railroad system.
According to the Hertz’'s theory, the contact are&lliptic and when the wheel and rail are
pressed one against the other by a compressive, fililey deform and if they move relative to
each other, tangential forces develop in the coméggon.

In general the contact area is divided in two regidheadhesion regiorand theslip region

In the first region the body particles do not sliééative to each other, while in the second
region there is sliding.

Figure 3.7 show the two regions.

slip area

adhesion area

N\

-—>
rolling
direction

Figure 3.7
The adhesion and slip areas
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The creep forces and the spin moment in generartkfrom the creepages, the extension
and shape of the contact area and from the noona.fThe relationship between the
creepage components - longitudinal, lateral and s@nd the force components —
longitudinal and lateral - and the spin momestgoverned by thereep-force lawlt has

been developed various creep-force theories itirtex the more accurate and applied today

are the following:

» the Johnson-Vermeullen’s theory
» the Kalker’s linear theory

» the Polach’s theory

3.4.1 - Johnson and Vermeullen’s Theory

In this theory the contact surfaces between theroNimg bodies is asymmetrically divided in
two regions: the slip region and the stick or np-sir adhesion region (see Figure 3.7). The
adhesion area is assumed elliptical and its edigecgntact with the edge of the contact area.

The total resulting tangential force idinked as:

1 1)\ - -
o [Bls erend o

N - N
H —G)({Oi +07) forle| >3

where the symbols have the following meaning:

{,andr,are the normalized longitudinal creepages, defasd

_ mbGJ
‘s (Ng
:mqu
T Ny

N is the normal force component;

{ andn are respectively the longitudinal and lateral ceegss;
G is the modulus of rigidity;

a andb are the semi-axes of the contact ellipse;

L is the coefficient of friction.
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r=\¢8 i

i and | are respectively the longitudinal and lateral vesso
The coefficientg and ¢ are function of the complete elliptical integrddgs, C,, D, of

argumente as follow (v is the Poisson’s ratio):

9=B,-u(D,-C,)

2

2 _ |-(2
ll/=Be—U[Ej c. fora<b,e=.|1 (bj

b
(b

w_(_j[De_U(De_Ce)] b 2
a for a>b,e= 1—(—)

a

w= @[De -uC,]

It is important to note that this theory is validthe case of no spin.

The complete elliptical integrals are given asdof:

B - jﬂ/z cos' w dw
° 0 J1-ésintw
7 _3
C.= J'O ”sin? weog? w{L- € sin® w) 2dw
2 sinfw
De - .[o

—dw
J1-€e®sinw

It is clear that the elliptical integrals are reldto each other as follows:

B,=D,-¢e’C,;
D,.-B
Ce e ( e 5 e)
e
In order to simplify the calculation it is reportdte values of the elliptical integrals as
function of g =a/bin table 3.2.



9 B, C, D,

0 1.0 -2+1In(4/9) -1+In(4/9)
0.05 0.9964 2.3973 3.3877
0.1 0.9889 1.7352 2.7067
0.15 0.9794 1.3684 2.3170
0.2 0.9686 1.1239 2.0475
0.25 0.9570 0.9463 1.8442
0.3 0.9451 0.8105 1.6827
0.35 0.9328 0.7036 1.5502
0.4 0.9205 0.6170 1.4388
0.45 0.9081 0.5460 1.3435
0.5 0.8959 0.4863 1.2606
0.55 0.8838 0.4360 1.1879
0.6 0.8719 0.3930 1.1234
0.65 0.8603 0.3555 1.0656
0.7 0.8488 0.3235 1.0138
0.75 0.8376 0.2955 0.9669
0.8 0.8267 0.2706 0.9241
0.85 0.8159 0.2494 0.8851
0.9 0.8055 0.2289 0.8490
0.95 0.7953 0.2123 0.8160
1.0 4 n1/16 n/4

Table 3.2
Complete elliptical integrals, tabulated in JahnkeEmde (1943)

3.4.2 — The Kalker’s linear theory

Kalker (1967, Figure 3.8) suggested that, for vemall creepages, the area of slip is very
small and its effect can be neglected; in this nearthe adhesion area can be assumed to be

equal to the area of contact.

Figure 3.8

Joost Kalker
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This theory is based on a linear relationship betwine creepage and the tangent force. The

tangential components along the longitudinal dicest F, along the lateral direction,

long ?

F

trans ?

and the moment of spikl .. are given by:

spin

Iong = _(CZG(:MZ) nIong
trans _(CZGCZZO + C3GC 3¢)n[rans
spin = _(CgGC?zZ,] + C4GC33¢)nnorm

where:

The symbols have the following meaning:

G, and G, are the wheel and the rail tangent elasticity meslulespectively;

Z,n,¢ are the longitudinal, lateral and spin creepadethe wheel respect to the rail at the
contact point;

C..C,,.C,.C,,,C,, are the Kalker’s coefficients functions of theioad/b and the Poisson’s
module;

A are the longitudinal, lateral and normal versorsaaitact points.

nlong’ hrans, Mnorm
In 1984 Kalker calculated the creepage and spifficemts when the relative slip is small but
the contact area is not necessarily elliptic. Tdatculations were made with the aid of the
programCONTACTand the error found was less than 5% respectetontbasurements. This

fact proves that the Kalker’s coefficients are vacgurate for the analysis of the wheel/rail
problems. In fact nowadays the linear theory ieesively used in railroad vehictlynamic

analysis. The Kalker's coefficients,,, C,,, C,;, C,, andC,, are reported in table 3.3. They

are function of the rati@/b between the two contact ellipse semi axes andhefPoisson
coefficientv .



C11 sz C23 = _C32 C33

g |v=0|Y4|Y2|v=0|Y4|2Y2| v=0| Y4 | Y2 |v=0]| VY4 | 12

1 00 %(1—u) ~ N9 (1+v(;A+In4—5D i(l—v)g

0.1 251 | 3.31)4.85| 251 | 2.52| 2.53 0.334 0.473 0.731 6.42 828 11.7

0.2 259 | 3.37/14.81| 259 | 2.63| 2.66 0.483 0.608 0.809 3.46 4,27 5|66

0.3 2.68 | 3.44/4.80, 2.68 | 2.75| 2.8] 0.607 0.715 0.889 2.49 2096 372

0.4 2.78 | 3.53/4.82| 2.78 | 2.88] 2.98 0.720 0.8283  0.977 2.02 232 2477

olo

0.5 2.88 | 3.62/4.83| 2.88 | 3.01] 3.14 0.827 0.929 1.0y 1.74 103 2(22

0.6 298 | 3.72/1 491 298 | 3.14| 3.3] 0.930 1.03 1.18 1.56 1.68 1/86

0.7 3.09 | 3.81/4.97| 3.09 | 3.28| 3.48 1.038 1.14 1.29 1.48 1.50 160

0.8 3.19 | 3.915.05| 3.19 | 3.41] 3.6 1.13 1.25 1.44 1.34 187 142

0.9 3.29 | 401 5.12] 3.29 | 3.54| 3.82 1.23 1.36 151 1.2y 1.7 1j27

1.0 3.40 | 4.12/5.20| 3.40 | 3.67| 3.98 1.33 1.47 1.63 1.21 1.19 116

0.9 3.51 | 422/ 5.30| 351 | 3.81] 4.14 1.44 1.59 1.77 1.16 1.11 1/06

0.8 3.65 | 436/ 5.42| 3.65 | 3.99| 4.39 1.58 1.75 1.94 1.10 1.p04 0.954

0.7 3.82 | 454/ 558| 3.82 | 4.21| 4.67 1.76 1.95 2.18 1.05 0965 0.852

0.6 4.06 | 4.78/5.80| 4.06 | 4.50| 5.04 2.01 2.23 2.5( 1.01 0.892 O0.f51

0.5 437 | 510/ 6.11| 4.37 | 4.90| 5.56 2.35 2.62 2.96 0.988 0.819 0.650

oo

0.4 484 | 557/ 6.57| 4.84 | 5.48| 6.31] 2.88 3.24 3.7( 0.912 0.747 0.p49

0.3 557 | 6.34/ 7.34| 557 | 6.40| 7.5]1 3.79 4.32 5.01 0.848 0.674 0.446

0.2 6.96 | 7.78/8.82| 6.96 | 8.14| 9.79 5.72 6.63 7.89 0.828 0.601 0.p41

0.1 10.7 | 11.7)12.9| 10.7 12.8| 16.0 12.2 14.6 18.¢ 0.795 0.526 0.p28

21 3-ina) | Z7[p. Lov)E-ing) & [, va-2)
$ 001 -2 {1 A ZV} : { (1—(3)_AV2A2: & } (@- 52{52 +4v) 4{1 (1_'/)A_2+4V}
Table 3.3

The Kalker’s coefficients G, Cyy, Css, Cozand Csp A = |n(1_?j; g= min(% Ej
g a
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3.4.3 - The Polach nonlinear theory

In 1999 Polach (Figure 3.9) introduced an algoritttmthe computation of the wheel/rail
creep forces. In this model the shape of the comtea is elliptic. Since in the Hertz theory
the maximum stress distribution is equalag the maximum tangential stress at any point is

T,... = MO , whereuis the friction coefficient assumed constant inuh®le contact area.

In this theory it is assumed that the relative kdispment between the bodies in the adhesion
area increases linearly from one side A to theratide C, as shown in Figure 3.10. At same
time the tangential stress increases linearly tighdistance from the leading edge. When the

tangential stress reaches the maximum value, glidikes place.

1,0 tangential
4 stress limit

=Gl
A TG

>
X

A adhesion area

O - e m am m m -

X
-

rolling
direction

€-----»

[

slip area a

Figure 3.10
Normal and tangential stress distribution
according to Polach theory

Figure 3.9
Oldrich Polach

The tangential force is given by:

=2

px T

e +tan™® sj
+&

where the symbols have the following meaning:

N is the normal component of the contact force;
£is the gradient of the tangential stress in tha afeadhesion and it is given by:
. 1GrmabG, .

4 N
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whereG is the modulus of rigidity whileC, is a constant depending from the Kalker’s

coefficients as follows:

ch=\/(cn—zj o(ca?]
14 4
V= lz2+,72

where:

{ and 7 are respectively the longitudinal and lateral ceeggs;
C,, andC,,are the Kalker’s coefficients;
Using the modified lateral creepage that accouatsttie effect of spin creepage the

magnitude of the creepage becomes:

Ve SNEE 4,
where the modified lateral creepaggs given by:
ne=n it |n +gal<|y|

ne=n+g¢a) if |n+gal>n|

The lateral tangential force that accounts fordfiect of the spin is given by:

F, = —%a,uNK[1+ 6.3(1—e‘% ﬂ

where K is a constant given by:

and o is given by:

(e, F -1
o =
ieyiz +1

&,is the gradient of the tangential stress andgtien by (C,;is the Kalker’s coefficient):

. _8Gbyab C,ol.
© 3 N 1+6.3(1—e‘%j
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Finally the creep forces are given as follows:

_c ¢

F, = prv—c
i 4

Fy - prv_c+ prl/_

The Polach theory yields accurate prediction of tHregential contact forces and today it is

C

implemented in some computer code for the dynamalstion of railway system.
3.5 - THE SURFACE CURVATURES

In order to determine the principal curvatures [bh] the wheel and on the rail at contact
points let us consider a generic surfaed(x,y) and a generic poir?(x,y) on it. The Gauss
coefficients are defined as follows:
E =1+ p?;
F=pqg
G=1+¢°
r .
/1+ pz +q2 '
S .
/1+ pz +q2 '
t

I1+ p2+q2

where the coefficients, g, r, s, tare the first and second partial derivative§xfy)evaluated

L=

M =

N =

at pointP;
o, o o o 0%
P=ox oy’ ox?’ oxdy’ oy?

The Gauss curvature is given by
_LN-M?

min~max ﬁ

while the mean curvature is:

1 _EN-2FM +GL
H = Z(Cmin +Cmax) Z(EG— Fz)

K=C

Hence, the principal curvatur€s, , and C namely the maximum and minimum ones, are:

Cpin =H -VH?-xk;

Chax =H +VH? =K.
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The two principal directionsp, and ¢,are obtained solving the second order algebraic
equation:

(FN-GM)p? +(EN-GL)gp +(EM -FL)=0

Figures 3.11 and 3.12 show the mapping of the mininand maximum curvatures and the
principal directions on the wheel and rail. It mportant to observe that the curvature of a
generic curve on a surface in a definite pointlsampositive or negative.

In order to better explain the concept we consalsolid limited by a surface. We consider a
curve on the surface and a pdhon the curve. It is defined the tangent line ® ¢hrve inP
namedt. The curvatureCr of the curve inP will be positive if the position of the center of
curvatureC and the solid are to the same part respegtdtherwise it is assumed negative.
Figure 3.13 explains the sign rule used for theyaiure.
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The principal curvatures and angles on the left whel and rail
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The principal curvatures and angles on the right wieel and rail
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surface

Figure 3.13

The rule used for the determination of the curvatue sign

R:radius of curvature

|Cr1|=i

Cr,<0
Cr, 20
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CHAPTER 4

THE STABILITY OF THE MOTION

4.1- INTRODUCTION

The dynamic analysis of railway systems, like wkesdk, bogies or trains, in proximity of
their critical behaviour, is one the most importantlysis for the design of these complex
systems. An important role is played by the dimemsig of the primary and secondary
suspension systems. In the preliminary design lodgie the search of the optimum value of
the suspension characteristics has a major impmetatowever, the stiffness and damping of
the suspension elements have a different effedherbogie behaviour in straight or curved
paths. Let us consider a standard bogie, like treedepicted in paragraph 6.2, provided with
a primary suspension system acting along the thrieeipal directions: vertical, longitudinal
and transverse. When considering two opposite tainis of the longitudinal stiffness one can
observe a variation of the critical speed in strajgaths: the critical speed variation maintains
the same sign of the stiffness variation. This rsahat the higher is the longitudinal stiffness
the better are the stability characteristics oftibgie. On the contrary, considering the bogie
behaviour in curved paths and focusing the attargiothe contact forces between wheels and
rails, we observe that reduction of these loads akieved with lower values of the
longitudinal stiffness. In conclusions, variatiooisthe longitudinal stiffness causes opposite
effects on the bogie when it moves on straightuoved tracks.

This phenomenon is partially explained in Figurgé that reports the two bogie wheel-sets
moving in an horizontal plane. When perturbed, wheel-sets the following configurations

(eigenmodes) can be distinguished:

Tractive modethe two wheel-sets longitudinally move in phassde
Longitudinal anti-phase mogdéhe two wheel-sets longitudinally move in antaph mode;
Shearing modethe two wheel-sets rotate in phase about théce¢exis;

Bending (steering) modéhe two wheel-sets rotate in anti-phase arouad/étical axis;
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To achieve a self-steering ability in curve assecawith a high critical speed, the
longitudinal stiffness should be decreased fortieding mode and increased for the shearing
mode. To guarantee a proper transmission of tharigand acceleration actions between the
wheel-sets and the frame bogie the stiffness mashigh in the tractive eigenmode, this
condition conflicts with the self-steering of thedie in curved tracks. For these reasons an
optimum value of the longitudinal stiffness doessgxdepending on the stability requirements
demanded to the railway system. The effectiveaaiitspeed depends by many variables; one
of the most important is the bogie load ratio, dedi as the ratio between the vertical load
directly applied on the frame bogie and its weightcurved tracks the radius of curvature
also strongly influences the critical speed; sonmsphave been generated to show the
dependence of the bogie critical speed to bothokhe ratio and the radius of curvature.

Shearing mode ' Bending mode

Figure 4.1
The four eigenmodes of a two wheel-sets bogie

An analysis on the influence of the longitudinaffsesses of the primary suspension system
of the bogie on the critical speed and on the atritaces is reported in chapter 8 respect to

the load conditions and the track characteristics.
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4.2 - THE CRITICAL SPEED DETERMINATION

The determination of the critical speed can be nveittetwo methods [4, 6, 8, 9, 15, 26] that

are both connected with the concept of hunting omoti

4.2.1 — The hunting motion

One of the most important aspect of the motion i&ilasystem is the hunting motion.

The hunting motion is defined as the lateral motainthe wheel-set with respect to its
centered position. In a simplified model, the wkesle conical, with the largest diameter at
the internal extremity, that is in proximity of thener faces of the rails, as shown in Figure
4.2.

Figure 4.2

The simplified model of a wheel-set having two cocal wheels.

To explain the hunting motion the simplified modelsed, having two conical wheels and a

cone angle nameg¢t as shown in Figure 4.2. The wheel-set is centegsgdect the two rails
and moves with longitudinal velocity nam&f .. When a perturbation appears the wheel-set

begin to move laterally. We assume that when thestrerse displacemeynbf the barycentre

is not null, the two wheel radii at contact poiate R and R respectively for the right and
left wheels. If y = Ghe two radii are equal, that B = R =R,.

When yis not null, the variations of the two radii in tbentact points respect to the centered

positions are:
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AR=Yyy

and the two rolling radii become:

R =Ry —yy

R=R*yy

If the wheel-set rotates with a constant angulémorgy « , the velocityV, andV, respectively

of the right and left wheels in proximity of thertact points are:

V., =Rw

Vi=Rw

while the velocity of the barycentre of the wheel-s given by:
V - (Vr ;VI) - ROC()

If we indicate with¢ the yaw angle of the wheel-set, as shown in FiguBe the following
expression is valid:
dy
tany =—
v dx

and if ¢y << 1the approximatiortar ¢/ L ¢ is true. The lateral velocity is given by:

V, =—==—=—=yN, =¢N cosy UYN =yRw (4.2)

whereV, is the longitudinal component &f .
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Figure 4.3

The yaw angle{/ and the lateral velocity of the wheel-set.

The rate of change @ can be written as:

Ay _Vi—Vi__2yay
d G G '

where G is the distance between the two contact points aredsrthogonally to the rail axis.

Differentiating equation 4.1 respect to time andssituting the expression o%before

determined, we have:

d2y+(2Row2y

v G jy:O. (4.3)

This equation describes the lateral motion of teeysbed wheel-set moving with angular
velocity «.

The general solution is given by:

y = Asin(w,t +C)

that is a constant amplitude oscillation. The cams Aand Cdepend from the initial
conditions. We note that the previous relationogect if the following relation is true:

w, is the natural frequency of the undamped systenitasdiven by:
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wn :V ﬂ

R,G
Clearly the conicityy must be positive. The oscillation period is giventhe knownKlingel's
formula

_2m_2rm |RG
w, V\ 2y

n

T

When the wheels are cylindrical or in other words ¢tonicity is null, the solution of 4.3 is a
straight line and the motion after a perturbatiemot oscillatory. In the case of negative
conicity the coefficient of is negative and the solution is an exponential oné e lateral
displacement increasing continuously with time. rEfi@e, as these simple kinematic
considerations demonstrate, the fundamental chaistits that a wheel-set must posses to
guarantee a stable oscillatory solution is to haveositive conicity. These concept are

explained in Figure 4.4.

.-vr - == - : J”i‘

X

y=0
Figure 4.4

The three motion types associated with the conicityalues.

It is important to note that th&lingel's formula has been derived only with a simple
kinematic considerations without considering thieafof any forces. In reality the wheel-set
is subjected to the normal and tangential corftaces that influence the oscillatory motion.
In fact when the rolling radii are different, alge velocities in the contact points are distinct
as the creepages. For these reasons, the tandertes create a dissymmetrical condition on
the wheel-set and generate the oscillatory mofidre oscillation can increase or decrease

with time, also with a positive conicity, dependiingm the initial wheel-set velocity.
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From equation 4.1 and 4.2 we can see that theale of the yaw angle is null when the

lateral displacement is null and this means thgtis maximum or minimum whery is null
and vice versa. This implies that there is a phelsét equal to% between the lateral

displacement and the yaw angle.
4.2.2 — Methods for the critical speed detaination

We now consider a wheel-set moving on a straigtti.gd&the initial lateral displacement is
null and if the motion is unperturbed, the whedligenains centered between the two rails.
Otherwise, if the conicity is positive and the moatiis laterally perturbed, an oscillation
appears and it can be damped or undamped, depenainghe initial longitudinal velocity.

If the mass oscillations extinguish themselves wiitie, it means that the longitudinal speed
is lower than the critical one otherwise if the ilations increase then the velocity is greater
than the critical velocity.

The previous definition of the critical speed sugjgethe method for its calculation. One
should observe the motion of the bogie at diffefengitudinal velocities to find the velocity
at which the oscillation amplitudes are at leaststant with time. The method gives precise
results but has the disadvantage of being too tamsuming. The second method searches
for the critical speed starting from the higher ued. The bogie runs with an initial
longitudinal velocity higher than the critical spleen initial perturbation is applied. Because
of the friction forces acting on the wheels, thgiboslows down with time when no driving
forces are applied. When the speed is higher thanctitical one, the hunting oscillations
increase with time. The trend reverses when tloeedsing velocity overcomes the critical
speed. Therefore, in order to determine the ctiipaed one needs only to detect the velocity
value at which the trend changes. This methodsiefahan the first one, but this is paid to the
detriment of accuracy. Figures 4.5a and 4.5b stmanptots used by the first method, whereas
Figure 4.5c and 4..5d the one used by the secotttbche
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Part two
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CHAPTER 5

THE CONTACT CHARACTERISTICS

5.1- INTRODUCTION

The solution of wheel/rail contact problem is reqdi by the dynamic analysis of railways
systems. In particular, for each wheel-set it isassary:

» to define the spatial attitude of the axle in irkspace;
* to locate the actual wheel/rail contact points;
* to compute the value of normal force componentsegdad in the contact between

surfaces.

The compilation of a lookup table - where the numeglationships between coordinates are
stored — makes it possible the development of avaoé dedicated to the dynamic simulation
of the wheel-set, of the bogie or of the entirdway convoy. In this way different types of

analyses [1-6, 8] can be carried out, such as ¢ermhination of wheel-set critical speed and

the simulation of contact forces under dynamic cions.

During dynamic analysis the implemented softwaré/eso numerically the equations of
motion. At each time step the dependent coordinamssistent with the contact constraints,
are obtained through interpolation from the lookaiple.

The advantages of the methods herein presented are:

* reduction of the computation time, since the idertion of the contact conditions is
obtained by a linear interpolation scheme;
» possibility to extend the simulation over a longéiinterval;

» capability of a real time simulation with the appriate hardware;
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« possibility to study the dynamics with different @di-set and rail profiles through the
update of the lookup table.

Different methodologies for the investigation oneghrail contact are available [8,11-15].

These can be classified into two main groups. Tits¢ group searches for the contact points

by solving the system of algebraic-differential atjons that includes the constraints due to

rigid contact between wheels and rails. The secgmmalip, to which the methods herein

presented belongs, introduces elasticity betweemthting surfaces.

In reference [8] the contact points are determithedugh the concept dfifference surface
defined as the distance - measured along the nadiresdtion - between the wheel and rail
surfaces.

If suchdifference surfac@resents only positive values, then the rail dredwheel are not in
contact. If thedifference surfacshows at least some negative values, then therers or
more contact areas. Contact points are locatedemterdifference surfaceeaches its local
minima, with a negative value of the function. Aadiagly, at these points the indentation
between the contact bodies attains a maximum. @ifiierion is also used to calculate the
contact force components.

In order to calculate the minimum of the differendbe simplex method is iteratively
exploited.

The results obtained with this method are compuai#dthose achieved with thgrid method
This last evaluates the function in a series ofnsoiand find the minima comparing all
obtained values. The reliability of tlggid method depends mainly on the number of points
chosen to evaluate the function. Even if the griethnd is simple and reliable, it cannot be

used for this type of application because of ighhltomputational costs.

In reference [12-14] it is hinted a method alteweato the one based on lookup tables. In
particular, the contact characteristics are catedlan-line during the dynamic simulation,
considering the sections of the rails and the wiaekach position of the wheel-set on the
rails. For each section a group of nodal pointased through interpolation by a spline to
mimic the profiles of the contact surfaces. Theitpws of the contact points and directions of
normal versors are then calculated. In partigutais required that the vector joining the
contact points, one on the rail and one on the lylaeel the normals through these points,
belong to the same straight line. This method alalae on-line change of surface profiles.

This feature is useful in case of rail-switch, logauge and slope variations.
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In reference [15-18] two methods for the determarabf the contact points are presented: the
constraint method and the elastic method, with tviihe normal forces on the surfaces can be
calculated as well.

In the constraint method the contact points on lsutlds coincide as it is guaranteed by
imposing the kinematic contact constraints. Inelestic method the contact points do not, in
general, coincide. The contact point on the firsthpis located inside the volume of the
second body when the solids interact each othethigncase, the contact points are selected
within the intersecting volume. Points presentihg tmaximum normal distance are the
elected contact points.

In the constraint method, no penetration is allolwetiveen the bodies since it is assumed that
the surfaces do not experience any deformationthi@nother hand, in the elastic method
penetration occurs and this is used to evaluateacbforces. These are null when penetration
is absent. Two surface parameters are used toiloesitre geometry of each of the two
surfaces in contact. In the analysis, the contaattp are grouped in batches. A batch is a
collection of sets of pairs of nodal points on thigeel and rail, respectively. A limit of two
contact batches is assumed. The two points (ortbeowheel and one on the rail) that lead to
the maximum indentation are selected as the pahtsontact for any given batch. The
number of points of contact between the wheel dedrail is assumed to be equal to the

number of the contact batches.

All methods share the difficulties of lengthy contipg times and of managing great amounts
of data. In fact, these analyses usually requireynitrations and the matrices containing the

surface geometries are huge.

In this paper three new different methods for tleengilation of a lookup table, storing

precalculated solutions for the wheel/rail contlcation, are discussed. According to this
point of view, the location of contact points ilminary established for a given finite set of
independent variables. In a dynamic analysis, thkies of the dependent variables are
obtained through interpolation on previous disceatof values. Obviously, the accuracy of
the interpolation depends on the following factoitse Euclidean distance between two
adjacent nodes of the mesh, the local linearizeapshof the mesh and the admissible
penetrating gap. The numerical tests herein cardetl confirm the reliability and the

computational efficiency of the method.
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5.2- THE WHEEL-SET/RAILS SYSTEM

The shape profile of the wheels and of the raitsise areS1002e UICE0, respectively. Table
5.1 summarizes the main geometric features of theelwset-rails system. Figure 5.1 depicts

the axle, the two wheels (wheel-set) and the tcarisidered in this investigation.

Internal gauge 1.360 m
Wheel radiusr,, | 0.457 m
Rails tilt 1/20

Table 5.1

Main geometric features of the wheel-set-rails system

The wheel-set has six degrees-of-freedom when oostrained. These degrees-of-freedom
reduce to two due to the constraints introducednigyosing continuous contact with rails.
Thus only two independent variables need to becpies] to compute the spatial position of
the wheel-set.

With reference to Figure 5.2, a fixed and a movight-hand Cartesian coordinate system are
introduced. The fixed inertial coordinate systerenated bySRq has its originO in the
middle of the gauge, the axis Xo tangent to thés rand theZo axis directed upward. The
moving coordinate system, denoted 8%, has its origin in the centre of maSsof the
wheel-set, axi¥s directed along the axis of the axle andZheaxis directed upward.

Initially the axes of the fixed and moving coordmaystems are all parallel and the centre of
massG is onZoaxis at a distanag, from the originO.

The absolute coordinates Gf will be denotedxy, Yy, z wheread),, 6y, 6, denote the angles
between couples of, yandz axes, respectively.

The displacemenyy and the yaw anglé, are assumed as independent variables; therefiere, t
four dependent variables should be deduced by imgoa continuous physical contact

between rails and wheel-set.
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Figure 5.1
Axle, wheels and track: Physical model

Figure 5.2
Cartesian coordinate systems and independent
degrees of freedom of the axle

5.3 - MODEL SETUP

The first modeling step is the acquisition of whaed rail profiles, as shown in figure 5.3.
The surface of the rail is obtained by means oksinusion of the rail profile along the,
axis.

The surface of the wheel is generated through alugon of the wheel profile abofs, as
shown in figure 5.4.

The two surfaces are meshed. The coarser is thk thedess is the expected accuracy and
the computation time.
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WHEEL AND RAIL PROFILES
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Figure 5.3
Wheel and rail profile shapes
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Figure 5.4
Meshes representing the wheel and rail surfaces

In spite to locate contact points, as shown inrigh.5a, four fictitious spring elements are

added to the wheel-set: one for each dependenigosariable. The spring ends are attached
to G and to the ground, respectively. Under static ¢t the forces and torques generated
by these spring elements and the contact forces satisfy the following vector equilibrium

equations:
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Fcd
b)
Figure 5.5
Free-body diagram for the static equilibrium of thewheel-set

3K (%=l ) N+ ST BN ST B =0
i=1,3 h=1 g=1

where:

the upperscripit varying from 1 to 3 denotes the y, zcomponents;

k!, is the stiffness of the spring acting along ifAaxis of SRQ

ki

rot

SRo

(5.1)

is the stiffness of the torsional spring which cmuacts rotations about th® axis of
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l,; is the undeformed spring length;

Nn.sand n., are the number of contact points on left and ngheels, respectively;
F" are the contact forces at thBcontact points on the left wheel;

Ifc?, are the contact forces at th& contact points on the right wheel;

GP'" are the vectors oriented froBito theh™ left point of contact;

GF{f’ is the vectors oriented frof to theg" right point of contact;

N. is the versor oriented along tHaxis ofSRo

In table 5.2 the spring stiffnesses are summarized.

N .
ki| 100— [ KX | 560°Nm | loy | ©

m

ke 107% v | 5600°Nm | lo, | 7mm

Table 5.2

Stiffnesses and undeformed lengths of the sprindeznents

5.4 - CONTACT POINTS DETECTION

5.4.1 - The intersecting volume

As shown in the geometry depicted in figure 5.6e intersecting volumé&/,, is the one

shared by the wheel and rail when they are in @britaough a penetration volume between
the bodies.

Let us denote by:

S and$, the wheel and rail portions of surface delimitgchbandn, nodes, respectively;

i=3,..., n andj=3,..., n, the nodes of the wheel and rail surfaces, respygti
\7”. the vector joining the nodesand;;
N, the normal to surfac®r at thei™ node, oriented toward the convexityf

Nj the normal to surfacs, at thej™ node, oriented toward the convexity®f
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The i™ node andj™ node are included in the intersecting volume difilyhe following
inequalities are simultaneously satisfied:

V, N, 20

V, N, <0

Among the nodes included in the intersecting volumeedistinguish those which belong to

wheel, or to the surfac®, and form the intersecting volun\, , from those which belong to

the rail, or to the surfaceS,, and form the volumé&/° . The union ofV,, and V.,

int * int int

gives the

volumeV,, . Hereinafter, we will focus on the determinatidntloe centre of contact on both

int *

surfaces. However, compenetrating volume magnitadesnot really necessary. This is the

reason why nodal points coordinates are used tadesact conditions.

contact point on Sb

surface Sr

intersection

|
volume double contact

surface Sb [ pomnt
L intersection
volume
_ node on intersecting volume
contact point on Sr e contact point
node of surface
a) b)

Figure 5.6

a) Wheel/rail intersecting volume in the method of maxnum distance; b) elastic model used for the contaébrce
between the wheel and rail.

5.4.2 - The contact points

Three different methods for computing wheel-raihtaxt points are proposed and discussed.
All the methods share the same objective of logatire intersections betwe&t{, andV,, .
We named these methods as follows:

*  maximum distance

*  maximum normal distance

* |oad centre
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5.4.2.1 - Method of the maximum distance

All nodes included inV,, are candidate to be contact points between tHacas. For each
nodei’ of § within V,,, we find the nodej of S, within V,, such that the norm (ﬁ’ll has

the minimum value. In this way a correspondenc&éeh the set of nodeésand the set of

nodes|’ is established. The indentation is computed bgmaef the scalar product

C..=V..[N. (5.2)

Among all the set of nodek, ] the contact points are those experiencing the mmaxi

value ofCi*j* )

Crax = max(Ci* j*)
5.4.2.2 - Method of thanaximum normal distance

This method offers a refinement in the computagboontact pointP', but needs the election

of a reference surface. Here the wheel surfacdaptad. The method of maximum distance is
initially applied. Then, with reference to the gegingy depicted in figure 5.7, the coordinates

of the new contact poin®’, on the rail are obtained from:

0P, =0F +(0R -0R ), )N,
where:

OP is the position vector of the contact point on Wieeel computed with the method of the
maximum distance;

OI5b is the position vector of the contact point on th# computed with the method of the
maximum distance;

N, is the normal versor to the wheel surface at pBjint

The maximum indentatio€,, is calculated using the formula:

Cmax = (Olf)t) _Oﬁ)r )ENr
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With this method the accuracy of the computatiodess dependent on the surface mesh
coarseness. This turns also into an overall sgeelthe main limitation of this method is that
the contact points on the wheel surface need todaged on the grid nodes.

» node on intersecting volume
e contact point
o node of surface

Figure 5.7
Wheel/rail intersecting volume in the method of thenaximum normal distance.

5.4.2.3 - Method of thecentre of load

In this method the volumes of intersectidfi andV/, are separately considered.
The contact points are made coincident with thel loentreP;, and P, of the grid nodes on

the boundary oV, . Analytically this results into:

=]

OP'
O Gr = = nr
LT
pel
OP;, =1*——
Gb nb
where :

OP, and OP,, denote the position vectors of the barycentreshef grid nodes on the

boundaries o¥/ andV,, respectively;

Ol5ir and Ol5j'D denote the position vectors of generic grid naateshe boundaries of° and

int

V, respectively;
n, and n denote the nodes number of the intersection voluaiethe wheel and the rail,
respectively.

The maximum indentatio,_,is calculated by means of the formula:



66

Cmax = (OﬁGb - OI:H)Gr )l:Nr
Since P,, does not belong to the wheel surface, the norreegor N, coincides with the

normal to the wheel surface passing throdgh as shown in figure 5.8.

o node on intersecting volume
® contact point
o node of surface

Figure 5.8
Wheel/rail intersecting volume in the method of baycentre.

5.4.3 - Normal contact forces

With reference to the geometry depicted in figurg5the normal contact forcds, and F,,,
in the left and right wheel-rail interface respeely, are computed as follows :
= —CrrakN,
Foa = _Cr?1a><kc
where:
k. is the contact stiffness;

CS _andC¢

max max

are the maximum normal indentations of the left aglt wheel respectively;

Nsande are the outward normals of the left and right whesdpectively.

The value ofk; is established through iteration. In particulaonweergence is achieved when
the variablesg, Yo, Z, 6x 0y, 6, Simultaneously satisfy both the equilibrium eqosi (5.1)
and the following inequalities:

Crax < Crax

cd <camm (5.3)

max —
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amm

where CZ7" is the maximum indentation allowed. In this istigation C;.,"=0.01 mm is

assumed. This last value is broadly justified byneogualitative considerations. The value
should be lower than the expected compression agested by the Hertz theory.
Furthermore, the mesh refinement should be caaugdn such a way that edge effects due to

meshing are lower than the same value.

It should be observed that the values of contatfiness, within a given range, do not
influence the position of the contact points whidpends on the surfaces geometry. The
stiffness values adopted solving the system of @ojus (5.1) are those given in Table 5.2. It
can be observed that changing the stiffness vdaras times, withn spanning between 1 to

10, the maximum values of the contact point dispiaents achieved is 18 m.
ki =ki=n00’ N/
This result, showed in Figure 5.9, proves that plsition of the contact point is almost

independent on the initial preload of the extesm@ings. This rests upon the convergence of
the iterative method.

N

[N)
3
N
o

o
oo -
—

o
'S
—

relative distance (m)
o
(o))
—

o
N
—

2

10

N
w
N
(8]
SO
-
o]
o

Figure 5.9
Relative distance from contact points as regard ta

The proposed algorithm for the detection of contpoints can be summarized in the
following steps:

1) Prescribe the values of the independent variabjes §,. Set to zero the dependent
variables ¥, zg,6y, 0y .

2) Prescribe an initial value to the stiffndgs

3) Define the intersecting volunw, , the position of the provisory contact points, mals

and maximum indentation between the wheels andailse
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4) Compute the normal forces with equations (5.2).

5) Update the values ofxzg, 0, 6y making use of equilibrium equations (5.1).

6) Update the intersecting volundg, , the position of the provisory contact points, mals
and maximum indentation between the wheels andailse

7) If the maximum indentation is less th&j.," then store in a database the valuesypf/x
zg, 0y, 0y, 6; and the contact points;

8) If the previous condition is not satisfied thenrgmse the value & and go back to step
4).

The flow-chart of this algorithm is shown in figus€elO.

initial values of
3 Bz

initial values | o +

‘contact points

Ty
of ke [ 4 . ormal versors
' ‘maximum indentatic
tlal Value
5, ex
computation of
normal forces
A '

~ computation of
dipendent d.o.f. with
the equations of
statics

.....

parison from the
imum indentation

the admissible indent
o em orization of data
Chua = Conax side the lookup table

Figure 5.10
Iteration scheme for the detection of contact poirg

o



69

5.4.4 - The maximum indentation value

The limit C27"= 0.01 mm, adopted as the maximum indentation ydlae been established

max
considering Hertz theory for the contact cylind&ang (see Figure 5.11). The average vertical
load estimated on each wheePis75000 N.

The width L=5mm of the cylinder has the same order of magnitafighe transverse
dimension for the wheel-rail contact area.

The radiuR of the cylinder is the same of the wheel. Cylinded plane are both in steel with

Young’s modulusk = 206E109£2 and Poisson’s coefficiemt = 0.3.
m

Hence, the maximum value of the indentation is

3 _ 2
Com = 2PK g4 in| 2L =~ 011mm where K = 1-v
L 2KPR TIE

Figure 5.11
Indentation in the contact cylinder-plane
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5.4.5 - The stiffness of the lateral flange

Because of the special shape of the wheel profita the presence of a lateral flange, a
linearly variable value of wheel-flange stiffnegsis herein assumed. In particul&y is
linearly interpolated only on the flange betweemaximum valueK,« at the flange base and
a minimum valu&,inat the flange tip.

The value ofKyax at the base of the flange is estimated considettwegHertz's type of
deformation. The value &€, is calculated considering two contributions: thstfone is the
Hertz's deformation, the second regards the fldmgeding as a cantilever beakigure 5.12

illustrates the two contributions to the overabmlacement caused by an applied force at the
tip of the flange.

oel: elastic displacement
oneriz: local Hertz

displacement
wheel tread
wheel flange
el
Ohertz
Fe
Figure 5.12

Contributions to the total displacement of the flage

The stiffnesses due to Hertz's type deformatiatoimputed by means of the formula:

« . 26 1 JE(@9)
hertz 3(1— l/) A/ Dmax + Dmin gW(g)g

where:

G is the tangential module of elasticity;

vis the Poisson coefficient;
D,.x and D, depend on the local curvatures of the two surfatesntact, in particular;

Dmax :maX(Dlong ' Dtrasv)

Dmin :min( Dlong ’ Dtrasv)

with:
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Deng = = (Gl +C2. )

long — E long oong

1 r b
Dtrasv - E ( trasv + Ctrasv)

Ciong and C,gng are the longitudinal curvatures at contact poihthe wheel and the rail,

respectively;

C' ecCP

trasv trasv

are the transversal curvatures at contact pointhef wheel and the rail

respectively;

g= min(g,gj
b a

wherea andb are the semi-axis lengths of the contact elligsdg) andW (g) are elliptic

integrals, defined as follows:

. _ -1/2
W(9g) :Iolz[l—(l— gz)smzw} dy
2 - 12
E(g)= I [1—(1— gz)smzw} dy
0
Replacing the values of the curvatures for theacinin the base and the contact on the tip of

the flange, the stiffness values follows:

kKr =787 ELoloE

hertz
m

kPl = 7.09E109E

hertz
m

where k' _and k™ are the values of the Hertz’s stiffnesses at thee lnd the flange and at

hertz hertz
the tip, respectively. The second contributiofi is obtained considering the wheel flange as

a cantilever beam having the dimensions of the baston equal to (see figure 5.13):

b= 032m

h = 0.045m

| =0.0275n
bh’E

eﬁ’f =— :7.6EL01°E
4 m
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Figure 5.13
Model of the flange as a cantilever beam

The overall stiffness at the tip flange is:

pf pf
kpf — kfhertzkel - = 648 D.Og E
khpertzx + ke’i m

while the ratio between the stiffnesses at thauig the base of the flange is given by:

pf

X= k =0.082

bf
rtz

Figure 5.14 shows the concept. The magnitude of thtio, though significant, seems
neglected in the models available in the curraatdiure. The intermediate stiffnesses values
within the base and the tip of the flange are dated with a linear interpolation assuming as
parameter the distance between the contact poihtrenaxis of the wheel.

K =0.08K..

Figure 5.14
Variation of contact stiffnessk.according to the
position of the point of contactP,
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5.4.6 - The double contact

In most cases, our model finds only one point aitact between the wheel and rail surfaces.
However, in some cases there are configurations witlouble contact,e. flange-rail and
tread-rail. In this case two separated volumestafrsection are created on the same wheel.
With reference to figure 5.15, two different podgiles are considered:

* split intersecting volumes

* merged intersecting volumes

In order to establish if the intersecting volumes split or merged, i.e. the contact is double
or single, the following test is applied: if one more rows of aligned nodes that do not
belong toV,, exists in the group of nodes that form the surfet®/, then there are two
contact points. As can be observed from figures @Bd 5.15, the presence of such rows
implies split intersecting volumes and a doubletaon Figure 5.16 shows the wheel and ralil

surfaces in two configurations: single and douloletact.

split intersecting volumes
{double contact point)

i v g s - & - e o
®
i
;
L
¥
Y
!
7
h i
/
ISES 6445 640 )
g—éi:f&____ s s s G s e 3t m i = )
united intersecting volume
(single contact point)
i I AV 5 gt SRR T = E N s & S i ¢
® i
"II g
/ )
4 i
i
b L
i il
H
a]
AN
] e
b ‘e o0 800
g—ﬁ.\. Eprd S i g s Q-\ s ._.._.—a;fa_—;

erid of surface
® contact point
# node of intersecting volume

4 node of the grid of surface
—— line of separation

Figure 5.15
Example of united and split volume of intersection
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Figure 5.16
Wheel and rail surfaces in two configurations withnormal versors: a) double contact; b) single cont.

5.5 - GENERATION OF THE LOOKUP TABLE

In order to reduce CPU time required, the pointscohtact and all the other contact
characteristics - for a given configuration of thbeel-set - are obtained from a previously
compiled lookup table. This consists of matriceswhich the dependent variables are
computed as a function of the two independent bt

The values of the two independent coordinates aiéonmly spaced within an interval

extended to the obvious engineering range of ietere

—9mms< y, <9mm - 012rad <a, < 012rad.

The values of dependent coordinates are here siaré&@¥x37x100 matrix, . The rows

represent the values of, while the columns define the yaw andfe.
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The contact features stored in the lookup tables ar

» four dependent coordinates;

coordinates of the contact points on the wheel;

coordinates of the contact points on the rail;

components of the longitudinal, transverse and @abrwersors on the wheel in

correspondence to the contact point;

components of the longitudinal, transverse and wabrmersors on the rail in

correspondence to the contact point;

principal curvatures and directions on the whedbse in the contact point;

principal curvatures and directions on the raiface in the contact point;

contact characteristics determined by means oH#ér¢z theory (e.g. the major and minor
semi-axes of the contact ellipse).

Given two values of the independent variables #aaining four values of the dependent
variables are readily obtained through linear piéation. Furthermore, the position of the
contact points between wheels and rails and thealoversors are computed making use of
the interpolated data. All the stored quantities dee visualized by means of three-

dimensional diagrams. The axes represent the cwsyi;, the angle, and vertical depth

is the quantity to visualize. Figure 5.17 showsnapéified scheme of the lookup table while
Figure 5.18 shows the surface of the coordinat the contact point on the left wheel,
obtained with the three discussed methods.

The three methods are denoted as follows:métljod of the centre of lopd2 (method of

maximum distange3 (method of maximum normal distapcé&/e observe that:

« the results of method 1 are much more smoothed tharremaining methods, this is
observed on both wheel-set positions and contantgo

» the results of method 1 are less affected by mefsihement;

« method 2 supplies lightly irregular results, maisused by the location of the contact
points within the grids points;

« method 3 supplies irregular surfaces again, althdbgse are smoothed on the rail; this is

due to the search contact algorithm that referghteel nodes

Figures 5.19-5.22 show the dependent coordinaesus the values ogwndo,.
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Figures 5.23-5.28 show the coordinates of the abip@ints on the left wheel and rail. Figures
5.29-5.31 show the three components of the norraedor to the left wheel in the contact

point. Figures 5.32-5.37 show the coordinates efctintact points on the right wheel and rail.

Figures 5.38-5.40 show the components of the novexalor to the right wheel in the contact

point. Figures 5.41-5.48 show the longitudinal &mashsverse curvatures of the wheel and rail
surfaces in correspondence of the contact point.

All the surfaces are very regular, not presentimg igolated peaks. In the cited figures all the

lengths are expressed in meters, while the angéegigen in radians.

Figure 5.17
Scheme of lookup table
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coordinate er

/0.01
0 / 0009

0.1

-0.15>\/ e
'192 -02  -0.01 yG (m)
Coordinate x of the contact point on the left wheelith the method of center of
load

coordinate er

B -0.005

z Yo (M)
Coordinate x of the contact point on the left wheelith the method of the
maximum distance

coordinate er

02

0.1

er (m)

-0.1

-0.2
0.15

9, ' Vg (M)
Coordinate x of the contact point on the left wheelith the method of the
maximum normal distance

Figure 5.18
Graphic of coordinate x of the contact point on thdeft wheel regarding the two independent positiowariables
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coordinate z,

coordinate X

ol

0
-0.1

-0.005

0
: -0.005
Y (M) 9, 02 001 yg (M)

) . -02 -0.01

Figure 5.19
Coordinate Zg of the wheel-set

Figure 5.20
Coordinate Xg of the wheel-set

‘ 0.01
-0.005
yg (M)

Figure 5.21 Figure 5.22
Angle 8, of the wheel-set.

Angle 0, of the wheel-set.
coordinate Yl
w

COORDINATE Z| |

0.01

Figure 5.23
Coordinate y of the contact point on the left wheel

Figure 5.24
Coordinate z of the contact point on the left wheel
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Xi,, (m)
o

COORDINATE XIW coordinate er

0.C

Q 0
9 0.2 - :
- 0.2 -0.01 Yg (M) Y, (m) 9,
Figure 5.25 Figure 5.26
Coordinate x of the contact point on the left whde Coordinate y of the contact point on the left rail
coordinate er coordinate XIr

0.02 0.2
0 E o
X
-0.02 02
0.2 0.2
0.01 0.01
0 0 0 0
-01 -0.005 0.1 -0.005
1_92 -0.2 -0.01 yG (m) f(yz -0.2 -0.01 yG (m)
Figure 5.27 Figure 5.28
Coordinate z of the contact point on the left rail. Coordinate x of the contact point on the left rail.
normal component Nyl | normal component Nzl |
“ 001

0
-0.005

: 9 02 -0.01
¥, () 01 02 v, 7 ¥g (M)

0.005

Figure 5.29 Figure 5.30
Component y of the normal versor on the left wheel. Component z of the normal versor on the left wheel.
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normal component NxIW

coordinate YrW

792 -0.2 -0.01

Figure 5.31

Figure 5.32
Component x of the normal versor on the left wheel.

Coordinate y of the contact point on the right wheke

coordinate er
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Figure 5.33 Figure 5.34
Coordinate z of the contact point on the right whele

Coordinate x of the contact point on the right whek
coordinate Yrr

coordinate er

0.2

0.005
001 -02 o
Y (M) 2 ¥g (M) iz
Figure 5.35 Figure 5.36
Coordinate y of the contact point on the right rail

Coordinate z of the contact point on the right rail
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normal component NyrW
coordinate er

Xr_(m)
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0.01 -0.2 9
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Figure 5.37 Figure 5.38

Coordinate x of the contact point on the right ral Component y of the normal versor on the right wheel

normal component Ner normal component erW

15
N
Z 05
0 :,
-0.01 0.2 0.01
0.005 - -0.005
0.01 02 02 -
Figure 5.39 Figure 5.40
Component z of the normal versor on the right wheel

Component x of the normal versor on the right wheel

long curv left wheel trasv curv left wheel

long curv |,
- N w

o©
nvo

T0.2
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Yg (M) g (m) 001 -02

(v -0.2 -0.01

Figure 5.41
Longitudinal curvature of the left wheel in
correspondence of the contact point.

Figure 5.42
Transverse curvature of the left wheel in correspodence
of the contact point.
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Figure 5.43 Figure 5.44
Longitudinal curvature of the left rail in correspondence Transverse curvature of the left rail in corresponance of
of the contact point. the contact point.
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Figure 5.45
Longitudinal curvature of the right wheel in Figure 5.46
correspondence of the contact point. Transverse curvature of the right wheel in

o . correspondence of the contact point.
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Figure 5.47 Figure 5.48

Longitudinal curvature of the right rail in

! Transverse curvature of the right rail in correspordence
correspondence of the contact point.

of the contact point.
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CHAPTER 6

THE BOGIE DYNAMIC

6.1 - INTRODUCTION

The dynamic analysis of a single wheel-set andsarrabled bogie plays an important role for
the monitoring the different events characterizimg motion. In particular [1-4, 8, 15, 24], the

following analyses have a significant interest:

*  wheel-set, bogie and convoy critical speed detedation;

e study of the hunting motion, both in time and freqay domain;

e analysis of the behaviour while turning;

* analysis of the contact forces;

. analysis of the limit derailment conditions;

»  study of the forces transferred by the suspendements to the bogie frame;
. passenger comfort optimization;

e study of the acoustic emissions from the contadtsas.

Rail defects, extraneous bodies on the rails, aadr switches, work imperfections cause
sudden perturbations to the motion of a wheel-sebfoa bogie. Under these conditions
hunting motion occurs with transverse oscillationbose amplitudes, frequencies and

eventual decay depend on perturbation itself anthenvheel-set velocity [4,6,8,9,15].

The oscillatory motion is caused by the changinghef curvature radii of the wheels in the
contact points when the wheel-set is displaced fitsntentered position. In fact, when the
barycenter of the wheel-set is moved from the n@diflthe rail, the tangent forces acting on
the two wheels are different. This unbalance gdasra yaw torque. The corresponding yaw

motion is coupled with the transverse motion.
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The oscillations may affect motion stability. Ircfawhen the bogie has a speed lower than the
critical speed the amplitude of the oscillationsréases with time. On the contrary, when the
speed is higher than the critical speed, instgoldcurs.

Because of its influence on contact forces, passecmgmnfort, noise and, in the extreme event
of the derailment of the convoy, bogie travellimgund unstable conditions must be avoided
or at least controlled in transitory events.

The primary suspension system has a beneficiattefie the stability limits of the bogie. The
system acts mainly towards the transverse and tlafigal directions. In this manner the
spring-damper suspension elements reduce the lguntotion and, as a consequence, the

working speed can be increased safely.

For these reasons, it is crucial to assess at wipenating conditions instability occurs. In
particular, an estimate of the critical speed igumed to guarantee the system safety.
Therefore in this investigation a software tool the dynamic analysis of the main bogie
components has been developed. A reliable compautafi a railway vehicle dynamics needs
an accurate wheel-rail contact model. This usualtyeases the computation time. To reduce
the cpu-time required by the simulation the apphnoaicthe lookup tables [1] is adopted. In
particular, precalculated tables have been compilearder to evaluate in a very short time
the actual wheel-rail contact characteristics, sashthe location of contact points and the

direction of normal versors to the surfaces.

The analysis herein described usesKladker linear theoryexplained in detail in paragraph
3.4.2 [2, 3]. Tangential forces are linearly depantdon local creepages between the contact
surfaces.

The starting point has been the creation of theelvéied rail models and their programming in
a Matlab environment. Wheel and rail surfaces aresicered as a node grid. The compilation
of the lookup tables was obtained by adoptingltiael center methodxplained in paragraph
5.4.2.3. The results of this method appear mortotmiand less affected by mesh coarseness.

The classicaHertz theoryhas been adopted for the accounting of the actudhct surfaces.

In order to reduce cpu time, the standard Matladztion that is able to access and interpolate
the numerical values stored in the lookup tables haen substituted with a new one.
Moreover, two different strategies during the imgggpn of differential equations have been

tested; namely thariacrostep methodand ‘variable step methdd
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The main components of the bogie are the two whketl-and a bogie frame. These are
connected through a suspension device. This lastadelled by means of spring-damper
elements acting towards vertical, longitudinal &rashsverse directions. The literature records
different bogie types and models. The main diffeemnregard the accuracy in modelling the
suspension system, the degrees of freedom of thenmmonasses and the models adopted to
manage surfaces contact . Table 6.1 reports asmaaid not exhaustive list of the assumption
made for each model with the appropriate bibliograpeferences.

Al Wheel-set | Bogie Wheel-set Wheel-set Bogie frame BT feeses) (@
Ref { d.o.f frame | Independent dependent Independent Contact model .
system d.o.f. coordinates coordinates coordinates suspensions
This| Bogie 6 6 Yo, Xs.Z6Ox: Dy Lookup table All directions
[4] | Bogie 4 2 | Vo267, Y5, Equivalent conicity All directions
[19] | Bogie All directions
[20] Wheel- Double cone
set
[21] | Bogie Lateral, longitudinal
[22] | Bogie 6 6 Ye b, X6, Zs % 9, Equivalent conicity All directions
[23] | Bogie Lateral, longitudinal
[28] | Bogie Non linear model Active '.atefa' and
longitudinal
Table 6.1

Comparison among different bogie models found intérature.

6.2 - THE BOGIE MODELLING

The bogie here examined is composed of three massesvheel-sets, a bogie frame and a
primary suspension system. The masses, main diomsnand features of the components are

summarized in Table 6.2.

Wheel-set mass | 1595 Kg | Wheel-set distance |2.5m

Bogie frame mass| 2469 Kg | Wheel radius 0.457 m

Wheel profile S1002 Rail gauge 1.360 m

Rail profile uUIC60 Inclination rail angle |1/20
Table 6.2

Masses, main dimensions and features of the bogiensponents.
6.2.1 - The suspension system
As shown in Figure 6.2, for each wheel the primswgpension system has been modelled

with three translational spring-damper elementse dar each principal direction. The

stiffnesses and the damping of the suspension elsnaee reported in Table 6.3.
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Longitudinal spring stiffness | 10° N/m Vertical damping coefficient | 304010° Ns/m
Transverse spring stiffness 200N /m Vertical length at rest 0.5m

Vertical spring stiffness 15010° N/m Longitudinal length atrest [ 0.75m
Iégggiigijgmal damping 249010° Ng'm | Transverse length at rest 0.3m
Lamerse THIS | 1110 Ny

Stifnesses and damping coefficients of the suspemsielements.

Table 6.3

Figure 6.1

The bogie with the primary suspension system
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6.3 — THE WHEEL-SET-RAIL MODEL

Due to symmetry we refer only to the front whedl-3ée first step in the model generation is
the acquisition of wheel and rail profiles (seeufgy5.3) . The creation of the wheel and rail

surfaces is carried out with the procedure desdrnbgaragraph 5.3.

6.4 — THE CARTESIAN COORDINATE SYSTEMS

The following right-hand Cartesian coordinate syseare introduced in the analysis:

. inertial fixed reference syste8R

. reference system fixed with the front wheel-SBont;

. reference system fixed with the back wheelSig$pack

. reference system fixed with the bogie fraBfy;

. reference system that follows the front wheel-sethe rail pattSRrong;

. reference system that follows the back wheel-se¢hemail pattSR ek

The fixed inertial reference syste®R has its origin on the rail longitudinal plane of
symmetry and on the rolling plane, the axj3s tangent to the railway path. The axjds
vertical and directed upward.

The coordinate systemSRsqont and SRyack are framed with the front and back wheel-sets,
respectively. Their origins are coincident with itheenters of masses. The axgson: and
Yeback@re coincident with the wheel-sets axes, whereasafeszsont aNdzepackare initially
vertical and directed upwards.

The coordinate syste®@Rs is fixed with the bogie frame mass. Its origirc@ncident with
the bogie frame center of mass. The aigsis initially parallel to the rail direction, the ex

Zst IS initially vertical and directed upwards.

The two reference systems attached to the wheel-s8R font and SRpack for the front and
back one respectively - have their origins beloggto the track longitudinal plane of
symmetry and to the rolling plane. The originstod two coordinate systems follow the path
of the centers of mass of the wheel-sets (see &ig2). Therefore, when the rail path is
straight, the positions of the two frames havesame coordinates of the wheel-set centers

of mass.
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The axeSxifont @and Xipack are parallel to the rail direction. The ax@gont and zipack are
orthogonal to the rolling plane and directed upwdfdjure 6.2 locates all the coordinate

systems introduced.

Figure 6.2

Reference systems used in the dynamic analysis bé&tbogie

6.4.1 - Transformation between coordinate systems

In order to obtain the transformation matrix betwdwo generic coordinate systems, the
following convention regarding the rotation anghes been adopted: given the two coordinate
systemsS; andS,, S, is assumed fixed whil&, is moving.

Let us denote witha,,a,,a,the Bryant's angles which define the attitudeSpfwvith respect

to S..

The rotation order with whicls, must rotate in order to superimpose himselfSgns the

following:
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* 1° rotation about axig belonging toS,. Under this rotation axesandy move tox’ and
y', respectively.

e 2° rotation about axig’ belonging to the intermediate frame. Under thimtion axisy’
moves toy”;

» 3°rotation about axig” coincident withys.

In this manner the matrix which transforms the secdomponents frons, to S; has the
following expression:
COsx,C0sq, —COS@,COosa Sem, +sem,semy, Cosa,sem,sem, +cosa, sem,
A> =S = semy, cosa, cosa, - sery, COsa,
—Senr,cosy, sem,Ccosa,sem, +seny, cosa, —Sem,sem, sem, +Ccosa, Cosa,

Hence, the relation between the vector componaeritsei two reference systems is:

_ - S0T
Vsa - A?)Dt Vs,,

where:

—

Vs, is the vectolV according tdS;;

Vs, is the vectoV according tc,.

6.4.1.1 - The coordinate system transformations regding the rail path

The analyses regard both straight and curved phthbe first case, making reference to the
motion of a single wheel-set, the fralB& translates with respect ®R) (see Figure 6.3).
When the track is curved, the motion of the fraBRlis characterized by a translational
motion together with a rotational one, such thaaxis is tangent to the rail track centerline
andy; axis points toward the center of curvature. In t@se the reading of the lookup tables
is done with reference to the relative attitudethed frameSR; — fixed with the wheel-set -
respect to the fram8R; then, the relative position and orientationS#% respect t&SR and

all the data obtained from the lookup tables amedformed respect 8R by means of the

transformations reported in section 6.4.1.
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Figure 6.3

SR, attitude in the straight and curved rail path cass.

6.5 — THE EQUATIONS OF MOTION OF THE BOGIE
6.5.1 — The cardinal equations

The equations of dynamics are written only for tii&@n three moving masses. The inertia of
the suspension deformable elements is neglected.

The equations are expressed in the inertial coatdigystenSR, and are given below:

dK ! . . L. dKE
dtG ; Fe:(t = mfra(; ; extM(; = dtG .

Fae=Mag; Mg = (6.1)

where:

subscript or upperscript can assume the meaning @&foht” or “back when denoting the
front or backwheel-set, respectively;

F! . is the sum of all external forces acting onithevheel-set;
a., is the acceleration of the barycenter ofitherheel-set;
m is the mass of thd’ wheel-set;

<ML is the resultant external moment about the cafterass acting on thH& wheel-set;
K. is the angular momentum about the center of mied" wheel-set;

F.I is the sum of all the external forces acting antibgie frame;
Mk is the bogie frame mass;

KZ is the angular momentum about the center of migedogie frame;
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M is the resultant of all external forces momentsuatthe center of mass and acting on

the bogie frame;

6.5.2 — The external forces and moments

The external forces acting on the wheel-sets antherbogie frame are obtained from the

following sums:

) - NI
I:elxt P|+ZCIF|h ZCI‘FI +Fsusp+|:0
h=1
Fay =P + F+Fp

where:

P is the weight of thé" wheel-set;

i
o Ifih is the contact force acting on left wheel regardhr&jwth contact point on th" wheel-set

. F¥ is the contact force acting on right wheel regagahek™ contact point on th#” wheel-

set

IfiS“Sp is the sum of all forces acting dhwheel-set and transmitted by the suspension system
Ifi"is the sum of all possible further external for§esll force, load directly applied on the
masses, etc..) acting on tiffewheel-set;

P, is the weight of the bogie frame;

F:"*"is the sum of all forces acting on the bogie fraand transmitted through the suspension
system;
Iff‘r’ is the sum of the remaining external forces (eudl force, load directly applied on the

bogie frame, etc..) acting on bogie frame;
N; is the number of the contact points on the leftelhe

N is the number of the contact points on the righesl.

The resultant bending moments acting on the whetsland on the bogie frame are:

NI Nr
:z( GP"x, F"+" M/ ) Z(CrGISikxcrlfik+°{M

spin
h=1 k=1

Jo N 50 NG+ 2

spin

Mfr Msusp+ Mo

ext
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where:

,GP"is the vector joining the barycenter of tiffewheel-set with thé™ contact point on the
left wheel of thé™ wheel-set;

CrGlf?"is the vector joining the barycenter of tifewheel-set with thé&" contact point on the
right wheel of the™ wheel-set;

ﬁ'l\ﬁ:pm is the spin moment acting just on th® contact point on the left wheel of th8
wheel-set;

C{I\ﬁ;‘pin is the spin moment acting just on tk& contact point on the right wheel of tie
wheel-set;

MZ3Pis the resultant moment about the center of masthefforces transmitted by the
suspension system to tHewheel-set.

‘MZis the resultant moment about the center of masal gfossible further external forces
acting on the™ wheel-set;

M s the engine couple applied on iflevheel-set;

MS=P is the resultant moment about the center of magheoforces transmitted by the
suspension system to the bogie frame;

+ M2 is the resultant moment about the center of matigeaemaining external forces acting

on the bogie frame;

Figure 6.4 shows the block-diagram used for theadyn analysis of each wheel-set.

Therefore, in this diagram the wheel-set is assuasadolated from the rest.
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Figure 6.4

Flow chart of the wheel-set dynamic analysis.

6.6 — CONTACT POINTS DETECTION

The position of the contact points, the normal @exsand the principal curvatures has been
determined using the lookup table. The contacttgoinas been determined with tmethod

of the barycentrdlustrated in paragraph 5.4.2.3.

6.6.1 — Use of lookup tables

Given the generic valugg and a,, the corresponding values x, zs,a,,a, are computed by

means of linear interpolation of the values staretthe lookup tables.

The query of the values can be done through twiereifit strategies:

* method 1at each integration step

* method 2at previously established steps (macrosteps

In the first method the query to the lookup tabtews every time the Matlab procedure,
namely ODE23t evaluates the differential equations. Alterndgivevith the method 2, a

constant macrostep is introduced. Within the msteppthe dependent values are not updated.
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When switching from one macrostep to the next tmecoordinates at the end of a macrostep
are considered as initial conditions for the naxetinterval. The two different strategies are
sketched in Figure 6.5.

variable variable variable  variable variable n° constant
steps steps steps steps steps macrostep
‘ Y ‘ A §
method n. 2
F 3 F ¥ 7 ¥ 7 ¥
1° contarnt 2° contant 3° constant n-1° constant D microstep (variable)
macrostep macrostep macrostep macrostep |:| macrostep (constarnt)
2 lookup tables lecture
method 1. 1 % i
all variable steps time sinmilation
0 p Lend
Figure 6.5

The two query methods of the lookup tables

With the aim to find the best method for both cpuet and data accuracy, the results of the
two methods have been compared with these obta@renmercial multibody software. For

the second method of query, we have adopted thréfereshit macrosteps, i.e.

10™s,410"s,42007 s.

Figure 6.6a shows the transverse displacementhefwheel-set moving with a longitudinal

speed equal to 12 m/s, initially perturbed throwghransverse velocity of 0.1 m/s. The

simulation lasts for 10 s. Figure 6.6b shows theohlie value of the relative error obtained by

the comparison of the two method results and tlgegen by the commercial multibody

software.

The absolute value of the relative error at timgecalculated as follow:

‘f(t)—g(t)
a(t)

While the mean oérr2™on a intervalty-to) is:

[erre()
e =T )

errg(t) =

In the formulaf(t) andg(t) are two given time functions to compare. It isunak that the lower
Is mearn,, the higher is the result accuracy. Table 6.4 cosgptre two methods for different

macrosteps length. It is evident that the first hodt is the most accurate and (this is

unexpected at first glance) rapid. For this reasenhave adopted the first method in all
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simulations. As a matter of fact, even if the imsieg number of queries should require a
longer cpu-time, the abrupt change of contact dadiencountered in the second method
implies a significant reduction in the time stepofm iterations are needed for the same
analysis) that masks the benefits of lighter qugerie

CPU TIME MEAN RELATIVE

METHOD (sec) ERROR

Method 1 346 0.53
Macrostep (sec)
Method 2 110™ 8415 4.85
400* 1122 1.71
4200* 1037 0.84
Table 6.4

Cpu time for 10 s simulation and mean relative emr referred to the commercial multibody software results
obtained by means of the two methods and with 3 meastep values.

Y10 TRANSVERSE DISPLACEMENT

displacement (m)
i o

—CMS
+ METHOD 1

U /A —— METHOD 2, MACR 10-4
S j ------- METHOD 2, MACR 4"10-4
---------- METHOD 2, MACR 4.2"10-4
0 0.5 1 1.5 2 25 3 3.5
time (s)
a)
ABSOLUTE VALUE OF THE RELATIVE ERROR
——METHOD 1
O T B e METHOD 2, MACR 10-4
I R R R R B P METHOD 2, MACR 4°10-4
Y A METHOD 2, MACR 4.2'10-4
0.6
0.5
Loa
&
©
i}
0.3
02 :
0.1 . -
- e, P ol e
o \2“‘““‘%. N, . M,,_.-—-"‘
25 2.6 2.7 2.8 2.9 3 3.1 3.2 3.3 3.4 3.5
time (s)
Figure 6.6

Wheel-set barycenter motion calculated by means dfie two query methods compared with the commercial
multibody software (CMS) results; a) Transverse diglacement; b) Mean relative error of the transverse
displacement
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6.6.2 — The interpolation of the lookup tables

In order to optimize the interpolation of the vastored in the lookup tables, a new function
calledmy_interp2.mhas been developed in replacement of the two ifumeinterp2.mand
griddata.mgiven in the standard Matlab library.
The interpolation is performed in two steps:

» query of the matrix stored in the lookup tables;

* apply linear interpolation.
The 37x37x100 matrix is initially saved on the mass storage.ditewe refer for generality to
a genericr X mx p matrix, wherer is the number of rowsn the number of columns anm
the number of layers.
Let us denote by andy the two coordinate axes related to the column ramd directions
respectively. The values of andy;, both monotonically varying, satisfy the following
inequalities:
Xiin S X S Xinax
Yoin S Yi S Yinax
where:
X, and y are the values of andy in correspondence to tifecolumn and™ row;

x...and x . are the minimum and maximum values of the colurnes;
Y. and y,.. are the minimum and maximum values of the row eslu

i 0[1,m] and j O[1r] are integer subscripts.

In order to reduce cpu-time a block matrix [A] dmensions2x2x p is extracted from the
whole matrix containing the lookup table. Let usiake byc, and c, the generic values of the

independent coordinates. At the row and column Hatias of the block matrix there are the

stored independent coordinates adjacent ¢gand c, such that (see Figure 6.7)

X S G S X

Yn=C = VYhu

Given [A], the linear interpolation is applied. Thallowing procedure refers to a smaller
block matrix with dimension@2x2x1.

Let us denote by:
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- Z(y,x) the value of the matrix element in correspondesfdtbey andx values and related to
the directions of the row and the column;

- 2, = A(r,s)the value of the block matrix [A] element in coeadence of the™ row and
s" column.

Given the matrix of the whole lookup table and ¥h&iesc, andc, , the linearly interpolated
value z, = z(cy,cx) is computed through the following steps.

1) Form the elements of the block matrix:

z,=Ahn); z,=Ahn+1); z,=Ah+1n); z,=Ah+1n+1);

2) Let A, =x,, — xthe constant column spacing angl=y,,, -y, the constant row spacing.

3) Evaluatez” = z(y, ,c,) and z= = z( Yors Q) in correspondence of the valydy means of
the following expressions:

- Z,,—Z
ZUP = le + (Cx - Xn) 212A 211 ZIOW = ZZl + (Cx - Xn) ZZA “

X X

4) Evaluate the columg, value, namelyz;, by means of the following expression:

) ZIow _ Zup
A

y

zg=2"+ (Cy_yh

5) Evaluatez" = z(cy,xn) and z" = z(cy,xn+1) in correspondence of the valagby means of

the following expressions:

In~4,
A

Z¥ =z,+ (Cy - yh) ZZZA_ & /

y y

Ift

z :Zﬂ+(cy_yh)

6) Evaluate the rowz,, namelyzy, by means of the following expression:

ig _ it
2 =2 +le %)

X

7) Finally, the value of is given by:

_(z+2)
ZO_T.

The Figure 6.7 shows the diagram of the whole Aadtock matrix [A]
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Diagram of the interpolation method used for the lokup table.

In order to test the speedup obtained by adophiaghew function, the cpu time requested for
the interpolation of the two standard Matlab fumas interp2.mandgriddata.m and the new
functionmy_interp2.ms compared. The superiority of the proposed apgrademonstrated
by the fact that using a 2x2 matrix the new functie almost 5.3 and 4.75 faster than
interp2.mandgriddata.m respectively

6.7 — THE CONTACT FORCES

6.7.1 — Classification of the contact forces

The contact forcelfC between the wheel and rail are split in normal &mdjent components.
The normal componenﬂc has the direction of the normal versor at the acinpoint. The

current normal components is obtained adding sptﬂhgand damperN,_. forces.. The

visc

—

tangent component lies in the tangent plane afatnsed by two contributionskF,, directed

long !
along the longitudinal direction ané,, ., parallel to the transverse versor. The tangent

component is estimated by mean¥afker linear theory [2].
In conclusion the following relationships can babBshed:

—

F.=N, + N, =N

c c tang? c visc

|

— —

+N_;

el?

|

—

Fone = Fiong + F

tang long trans?
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6.7.2 — Computation of the normal componenﬂlC
6.7.2.1 — The elastic contribution

The elastic contributiomN,, is expressed in the form

N,, =k,Cri

where:

i is the normal versor to the surface in the corpaatt;

C is the indentation between the wheel and rail;

k., is the elastic contact stiffnesses;

The value ofk,, depends from the location of the area of contadtitis calculated according

to the procedure illustrate in the paragraph 5.4.5.

6.7.2.2 — The damping contribution

The contribution to contact forces due to dampisigpioportional to the interpenetrating
velocity vpen Of the wheel in the rail. One can use the follaywxpressions:
Nyise = CVpen if Ve, >0

visc v ' pen

N, =0 ifv,<0

visc pen
where

Vpen = V5 i

V, =V, +@xGP (6.2)

The previous symbols have the following meaning:

¢, damping coefficient;

HP is the velocity of the wheel in correspondencénefcontact point;
i is the normal versor in the contact point;

\7G is the velocity of the barycenter of the wheel-set;

@ is the angular velocity of the wheel-set;

GP is the vector joining the barycenter of the whestlwith the contact poiri;

The damping coefficient, depends on the material of the solids in cont&ctalue usually

reported in literature for similar analyses it ssamed ag, =10 Ns/m
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6.7.3 — Wheel-rail tangent component analysis

The tangent component of the contact forgg, and F,,..and the moment of spirM ., is

determined by means of the Kalker’'s linear theargoading to the procedure reported in
paragraph 3.4.2 [2]. This is based on a lineati@iship between the tangent forces and the

creepages{,n andg determined as showed in paragraph 3.3.
A creep force saturation coefficients defined according to the modified Johnson-Vene®
formulation [8], that permits to use a nonlineardal instead of a linear one:

R o

ong’ trans trans

Ifnl :é.lfl

long

with € computed according to the following equations

s e G
if Ftan>3,UN g:Fﬂ

tan
The symbols have the following meaning:

F__andF,_. are respectively the longitudinal and transversemmnent of the tangential

long trans
force;
IE,Q,LQ and F? _ are respectively the longitudinal and transvers@ponent of the tangential

force calculated in the non linear model;

N is the normal force component;

Fian :‘ Fanl| =/ kang +F/,« is the Euclidean norm of the tangential fofgg, .
Fong@nd F,care respectively the longitudinal and transversemment of the tangential
force;

M is the friction coefficient equal to 0.2.
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6.8 - FORCES GENERATED BY THE SUSPENSION SYSTEM

The forces generated by the suspension systemuarécklastic and damping effects. These

last are expressed by the following formulas

Eroz(l,-AB) kN F= (Ve )on e
where the symbols have the following meaning:
FS"" is the elastic contribution to the suspensiondprc

F =" is the viscous contribution to the suspensioneprc

ABiis the length of the segment AB,;

k., is the elastic constant of the suspension;

¢, is the damping coefficient of the suspension;

N, is the versor along the line through attachmenttsoh and B, oriented from A to B;
V, is the velocity of point A;

V, is the velocity of point B;

|, is the length of the unloaded elastic element.

In Figure 6.8 is given a scheme of the spring-damgtement modelling the suspension

Figure 6.8

Spring-damper suspension element

6.9 - THE DIFFERENTIAL EQUATIONS

The dynamic equilibrium conditions (6.1) form a teys of 18 second order differential

equations. The unknowns are the following coorgis®f the moving bodies:

xL(t), vi(t), ZL(t) , coordinates of the barycenter of ffidody respect to 8R;

9)(t),9)(t). 9(t) , attitude angles of the frar&s; connected t§" body, respect to &R;
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The subscripj is equal to front”, “back” or “fr” when the variable pertains to front, back
wheel-set bogie frame, respectively.
The accelerations of the barycenters are giveméydllowing relations:

2 J

I, de 7, d%p
dt? o dt2 o dt2 k°

aG_

wherei,, j.,k, denote the versors &R,

The equilibrium at rotation is expressed by théedéntial equations

- dp, . , i
I)!xd_tj_(l i/y_I Jzz)q sz eJ[Vl (J3

- dq, o .
I)J’yd_tj_(l Jzz_I J><x)r P j= eal\/l (J;

d. .
(1) p g = aml

where:

| i

Xx?

1),,1,are the central moment of inertia of jiebody;

p;,q;,r; are the angular velocity components of fRebody expressed in the local frame
SRs;;

XM j YM j

ext'V' g1 ext

ML I, are the Cartesian components of the externalteegunoment about

G ext

the barycenter ¢f" body of the external forces expressed in the lfseate SR;;.

The relations between the angular velocity comptserpressed in the local frames and the
attitude angles and their derivatives are deterdhinemeans of the following transform

. . . j

p, cosa)cosal 0 serw] | |9«
_ j j

q; |= sem, 1 0 |0a,
— j j il

r cosa,semr, 0 cosa, a)

Thej™ body angular velocity components expressed in tiselate frameSR, follow from the

transformation
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CHAPTER 7

THE WAGON DYNAMIC

7.1- INTRODUCTION

As for the bogie, the wagon analysis is very imgattfor many reasons because it allows the
definitions of the stability limits of the wagon aifferent tracks. Moreover the secondary
suspension system makes the analysis more commpexaaiegated.

Beyond the list reported in the chapter 6 introaurtthe following items have a significant

interest in the analysis of the wagon motion:

» analysis of the interactions between the primad/setondary suspension system;

» analysis of the reciprocal motion of the two bogies

* influence of the secondary suspension system desistecs on the critical limits of the
wagon;

* investigation on the transmission of the vibratitmeugh the suspension systems;

* analysis of the maximum attitude values of the lwady during the curved and straight
track;

» analysis of the transient period of the motion kigithe braking and acceleration phase.

These analysis can be carried out by means of andignmodel of the wagon. The model
presented herein has been developed in Matlabamagnt using the two bogie models described

in chapter 6.
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7.2 —THE WAGON MODEL

The wagon described in this chapter is formed byfdflowing masses:

. the car body;
. the two bogies;
. the secondary suspension system.

The secondary suspension system acts on the thresppl directions, that is the longitudinal,
transverse and vertical ones; it is able to damphal car body oscillations and to transmit the
motion from the bogies to the car body.

The masses, main dimensions and features of thpaments are summarized in Table 2.2, while
figure 7.1 shows a scheme of the wagon.

The motion can be analyzed in a straight or cupagths, with or without an initial perturbation.
Some dynamic results are reported in chapter 8 evhiee graphics are compared with those
obtained by means of a CMS software.
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back bogie

suspension

front bogie e

Figure 7.1

The wagon model developed in Matlab environment wit the secondary suspension system
and its reference systems.
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7.3 — THE CARTESIAN COORDINATE SYSTEMS

The following right-hand Cartesian coordinate syseare introduced in the analysis:

» absolute reference syste8R;

» reference systems inherent the front bogie, agitbeskcin paragraph 6.4;

» reference systems inherent the back bogie, asidedan paragraph 6.4;

» reference system fixed with the car-bo8R,, ;

» reference system that follows the car-body on #igath SR, ;
The coordinate syster8R,, is fixed with the car-body mass. Its origin isrc@dent with the
car-body center of mass. The axg, is initially parallel to the rail direction, the ex z_,is

initially vertical and directed upwards.

The reference systenSR. has its origin belonging to the track longitudinglane of
symmetry and to the rolling plane. The origin of toordinate system follows the path of the
center of mass of the car-body (see Figure 7.1¢réffbre, when the rail path is straight, the
positions of the frame has the same coordiratethe car-body center of mass.

The axesx,, is parallel to the rail direction. The axes, is orthogonal to the rolling plane

and directed upward.

7.4 — THE EQUATIONS OF MOTION OF THE WAGON
7.4.1 — The cardinal equations
The equations of dynamics are written only for ii@n seven moving masses. The inertia of

the suspension deformable elements is neglected.

The equations are expressed in the inertial coatdigystenSR, and are given below:

L _. dIKi L L diKf
Fhsimia wMp=Sie RLsimal wME =S ge
R B _ deag
Fev:(’?g = rT\Nag a(\;vag; extM (\gvag = d(t;

where:

subscript or upperscript can assume the meaning @foht” or “back when denoting the
front or back wheel-set respectively while the uppersciiptcan assume the meaning of
“front” or “backK when denoting thé&ont or backbogie;
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ici
I:ext

is the sum of all external forces acting onithevheel-set belonging to th8bogie;

'd; is the acceleration of the barycenter ofithevheel-set belonging to th8bogie;

Jm is the mass of thi' wheel-set belonging to th€bogie;

ex!M. is the resultant external moment about the cesfterass acting on tH& wheel-set
belonging to th¢" bogie;

ng is the angular momentum about the center of miged” wheel-set belonging to th&
bogie;

JE™ is the sum of all the external forces acting antibgie frame belonging to tifbogie;

ext

Jmy, is the bogie frame mass belonging tojtheogie;

KT is the angular momentum about the center of migedogie frame belonging to tjte
bogie;

o'M{ is the resultant of all external forces momentsualthe center of mass and acting on
the bogie frame belonging to ti&bogie;

F. js the sum of all the external forces acting andhr body;

ext

Myag iS the car body mass;

K& s the angular momentum about the center of misgeaar body;

M &% is the resultant of all external force momentsuatibe center of mass and acting on

ext

the car body;

7.4.2 — The external forces and moments

The external forces acting on the wheel-sets, enbibgie frame and on the car body are

obtained from the following sums:

TN, INK,

—-ip iEh ick iECsuspLiEo
R'*'ch Fi +Zcr Fi+Fi +Fi
h=1 k=1

IEI

ext™

TP =Py P+ IF D 41

ext™

=~wag — P =0 = susp2
Fext - Pwag + Fwag + I:Wag

where:

IP is the weight of thé" wheel-set belonging to th&bogie;
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¢l ilfi“is the contact force acting on left wheel regardimgh™ contact point on th&" wheel-
set belonging to th& bogie;

«'F* is the contact force acting on right wheel regagdihe K" contact point on thé"
wheel-set belonging to tH8 bogie;

jIfiSusli is the sum of all forces acting dhwheel-set belonging to th€bogie and transmitted
by the primary suspension system;

jIfi"is the sum of all possible further external foresll force, load directly applied on the
masses, etc..) acting on tifewheel-set belonging to thi8bogie;

IP, is the weight of the bogie frame belonging tojthkogie;

jIfff’“s‘lis the sum of all forces acting on the bogie frabedonging to thg™ bogie and

transmitted through the primary suspension system;
jIff‘:is the sum of the remaining external forces (eul force, load directly applied on the
bogie frame, etc..) acting on bogie frame belongintpej™ bogie;
'NI. is the number of the contact points on the left eViué thei™ wheel-set belonging to the
j"bogie;
INr. is the number of the contact points on the righeet of the™ wheel-set belonging to the
j"bogie;

"Ifff“s’2 is the sum of all forces acting on the bogie frabetonging to thg™ bogie and
transmitted through the secondary suspension system

The resultant bending moments acting onitheheel-sets belonging to tff& bogie, on thg"

bogie frame and on the car body are the following:

Do N D P ~ h LN D P S jo—=susg j -0 j_— mot
ot Mg = Z(cueehxd EM+'M j+ z(crleekxcrlﬁk+ M j+i M+ M + M

h=1 I spin K=1 i 1 spin G G G

extjM(;r =fr jMéUS’i"'fr jl\zg'Ffr jMéuSFﬂ
ext M (\;vag =wag M g +wag M éusiﬂ
where:
«/GP"is the vector joining the barycenter of tifewheel-set belonging to tH& bogie with
theh™ contact point on its left wheel;
cerIfi"‘is the vector joining the barycenter of ifewheel-set belonging to th& bogie with

thek™ contact point on its right wheel;
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cl

M" s the spin moment acting just on th® contact point on the left wheel of th8

i spin
wheel-set belonging to th8 bogie;

cr

M“ s the spin moment acting just on tki& contact point on the right wheel of ti@

i 1 spin
wheel-set belonging to tH8 bogie;

IM&""is the resultant moment about the center of masthefforces transmitted by the
primary suspension system to iflavheel-set belonging to th8 bogie;

iIMZis the resultant moment about the center of massl gfossible further external forces
acting on the™ wheel-set belonging to t§8 bogie;

/M I°is the engine couple applied on ilevheel-set belonging to thH& bogie;

M is the resultant moment about the center of mégkeoforces transmitted by the
primary suspension system to the bogie frame béigrtg thej™ bogie;

+!MZ is the resultant moment about the center of méskieo remaining external forces
acting on the bogie frame belonging to fAdogie;

w 'M3® is the resultant moment about the center of méskeoforces transmitted by the
secondary suspension system to the bogie framediatpto thg™ bogie;

M¢ is the resultant moment about the center of mégheoremaining external forces

wag
acting on the car body;

WagMg“Sﬂ is the resultant moment about the center of masgkeoforces transmitted by the

secondary suspension system to the car body.
7.4.3 - FORCES GENERATED BY THE SECONDARY SUSPENSI® SYSTEM

The forces generated by the secondary suspensgtansyare due to elastic and damping
effects. The force expressions are reported ingoaph 6.8 with reference to the secondary
suspension system; point A of Figure 6.8 beloonghe bogie frame while point B belongs to

the car body.
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7.5 - THE WAGON DIFFERENTIAL EQUATIONS

The dynamic equilibrium conditions of the wagonnfora system of 42 second order

differential equations. The unknowns are the follayv coordinates of the moving bodies:

'x.(t), 'yi(t), 'z (t) , coordinates of the barycenter of jiebody respect to 8R, of thei"
bogie;

'9)(t), '9)(t), '9)(t) . attitude angles of the fran8Rs; connected t¢" body of thei” bogie,
respect to &R,

x29(t), ya=9(t), z29(t) , coordinates of the barycenter of the car boepect to aSR;

9" (t), ﬁyag(t), 9"9(t) , attitude angles of the frame fixed with the lsady, respect to &R;

The subscripj is equal to front”, “back” or “fr” when the variable pertains to front, back
wheel-set, bogie frame, respectively and the siidas equal to front” or “back” when the
variable pertains to front, back bogie.

The accelerations of the barycenters are giveméydilowing relations:

2iy] 2iy,] 2i 5]
iaé:d xG?+d vy - . d sz

| +

dt? ° dt2 Jo dt?

2 wag wag 2 wag
=wag — XG y H ZG i,
%" = dt? o+ d&z °  dt? &

wherei, , J., k, denote the versors &R,

The equilibrium at rotation is expressed by théedéntial equations
- dp, _ _ .
J I _ I - X J

Ixx dt (Iyy Izz)qgj_ eJ[v'(;*

- dq, o .
I)J’yd_tj_(l Jzz_I J><x)r P j= eal\/l (J;

d. .
(1) p g = aml

where:

11, 1],,11,are the central moment of inertia of jiebody;

p;,q;,r; are the angular velocity components of fRebody expressed in the local frame

SR;;
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XpA
extl\/I

e exM é y oM é are the Cartesian components of the externaltesgunoment about

the barycenter gf" body of the external forces expressed in the Ifseate SR;;.
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CHAPTER 8

NUMERICAL RESULTS

8.1- INTRODUCTION
The numerical results discussed in this chaptearceg

» code and lookup table validation;

* monitoring the time-steps variation under stronghy stationary conditions;

* investigation of the wheel-set and bogie criticgdeed under different loads and
configurations;

« analysis of the influence of the longitudinal stéés of the primary suspension system on
the bogie critical velocity;

« analysis of the contact forces between the bogieelghand the rails in a curved track;

* investigation of the derailment conditions in fuoot of the longitudinal characteristics of
the primary suspension system in a curved track;

« analysis of the critical speed in function of tlupar-elevation in a curved track.

8.2 — CODE AND LOOKUP VALIDATIONS

In order to validate the lookup table and the dewetl code, a comparison is made with the
results supplied by a commercial multibody softwd@MS); in particular the analyses
concerns with the behaviour of a single wheel-set af a complete bogie behaviour under
stable, critical and unstable conditions.

To obtain the critical speed of the wheel-set dine bogie - namely andV.”- moving on a

straight path, the two systems - the wheel-set taedbogie - running with a longitudinal
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velocity V, are initially perturbed with a transverse velocitgmponentV, In all

ong trans *

simulations theV

trans

is set equal to 0.1 m/s. For the wheel-set casasl@tssume thaf, , is

lower than theV,'. For establishing theritical speed the hunting motion after the initial
kinematic perturbation should be monitored. If éimeplitudes of the oscillations decrease with

time thenV

long

<V and it is necessary to incremew}, . Otherwise, if the amplitudes

increase, thevi, , >V andV,,,, must be decreased. When the amplitudes are alroostant

ong

in time the condition for whicW

long

=V,is given.
The same procedure is applied to the computation’of In this case kinematic perturbations

are initially applied to both wheel-sets.
Figures 8.1-8.4 show the transverse displacentemtydaw and roll angles of the wheel-set and

the transverse tangent contribution of the tangentponent acting on the two wheels in three

different initial conditions, that i¥, . <V, , V,

—\/W w
ong cr ' Viong _Vcr and\/I >Vcr .

ong
Figures 8.5-8.10 show the transverse, verticallangitudinal displacements and the rotation,
yaw and roll angles of the three masses of theebtingit is the front and back wheel-sets and

the bogie frame; Figures 8.11-8.13 show the twdrdautions of the tangent component and

the normal one acting on the four wheels in the cdy/,, <V, .

ong
Figure 8.14 and 8.15 show the barycentre transwdisggacement and the yaw angle of the
unperturbed wheel-set in a curved track with radiigurvature equal to 900 m and with
initial longitudinal velocity equal to 10 m/s.

Figure 8.16 shows the barycentre transverse displant of all wagon masses - the four
wheel-sets, the two bogie frames and the car badgving with longitudinal velocity equal
to 15 m/s and initially perturbed with a transvevséocity equal to 0.1 m/s. Figures 8.17 and
8.18 show the yaw and roll angle respectively dfwalgon masses; Figures 8.19 and 8.20
report respectively the transverse component of tdregential force and the normal
component of the contact force among all wagon Veheaed rails.

The symbols in the figures have the following megn W=wheel, WS=wheel-set,

CMS=commercial multibody software, BG=bogie, MAT=tl4d.
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TRANSVERSE DISPLACEMENT

displacement {m)

—22.7 m/s (critic speed)[MAT]
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: : H [ 31 m/s (unstable)[CMS]
|

. j |

‘ | - 22.7 m/s (critic speed)[CMS]
0 1 2 3 4 5 6 7 8 ° *
time (s)
Figure 8.1

Plots of the transverse displacement of the wheetts obtained by means of the Matlab software and ¢h
commercial multibody software with three longitudinal velocity: stable, critical and unstable conditios.
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22.7 m/s (critic speed)[CMS]
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time (s)
Figure 8.2

Plots of the yaw angle of the wheel-set obtained bgeans of the Matlab software and the commercial nitibody
software with three longitudinal velocities: stable critical and unstable conditions.
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-5 ROLL ANGLE

%
:'""—M.._

angle (rad)

—22.7 m/s (critic speed)[MAT]
— 31 m/s (unstable)[MAT] i
----- 9 m/s (stable)[CMS] f

----- 31 m/s {unstable)[CMS]
""" 22.7 mfs (critic speed)[CMS]

0 1 2 3 4 5 6 7 8 9 10
time (s)

Figure 8.3

Plots of the roll angle of the wheel-set obtainedybmeans of the Matlab software and the commercial nitibody
software with three longitudinal velocities: stable critical and unstable conditions.

TRANSVERSE TANGENTIAL COMPONENT
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z /:: :,E“,
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0 1 2 3 4 5 6 7 8 9 10
time (s)
Figure 8.4

Plots of the transverse tangent component acting adhe two wheels obtained by means of the Matlab dufare
and the commercial multibody software with three lmgitudinal velocities: stable, critical and unstabé
conditions.
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x10* TRANSVERSE DISPLACEMENT
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Figure 8.5

Plots of the transverse displacement of the two wkksets and the bogie frame obtained by means ofetMatlab
software and the commercial multibody software.
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Figure 8.6

Plots of the vertical displacement of the two wheedets and the bogie frame obtained by means of tivatlab
software and the commercial multibody software.
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LONGITUDINAL DISPLACEMENT
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Figure 8.7

Plots of the longitudinal displacement of the two Weel-sets and the bogie frame obtained by meanstbg Matlab
software and the commercial multibody software.

ROTATION ANGLE
400 j T ! T ! ! ! :
‘ : ! : : : == back WS (CMS)
; / i : : : == front WS (CMS)
S e e o Gl R e e | S bogie frame (CMS)
f f f f f j i 7|——front WS (Matiab)
| : : : : i : — back WS (Matlab)
00wy PR e e e e e

— bogie frame (Matlab)

250

N
o
o

angle (rad)

—_
(4}
(=]

100
50
0
50 i i i i i i i i i
0 05 1 15 2 25 3 35 4 45 5

time (s)

Figure 8.8

Plots of the rotation angle of the two wheel-setad the bogie frame obtained by means of the Matlaboftware
and the commercial multibody software.



118
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Figure 8.9

Plots of the yaw angle of the two wheel-sets andetbogie frame obtained by means of the Matlab softwe and
the commercial multibody software.
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Figure 8.10

Plots of the roll angle of the two wheel-sets andhé bogie frame obtained by means of the Matlab saefre and
the commercial multibody software.
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LONGITUDINAL TANGENTIAL COMPONENT

1000 . : :

500

of
&z i
- !
o i
= v '
bl 500 HiFHE-- - i £ i
£ ‘ !
o
o
o
g !
Qo ! |
1000 oo i|| — —left back W (CMS)
— —right back W (CMS)
— —left front W (CMS)
— —right front W (CMS)
-1500 - — left back W (Matlab) ||
i|| —right back W (Matlab)
. ‘ | ;; i {|| — left front W (Matlab)
H 0.7 0.8 08 1 1.1 13| —right front W (Matlab)
_2000 1 | 1 I 1 Il I T I
0 05 1 15 2 25 3 35 4 45 5
» time (s)
Figure 8.11

Plots of the longitudinal tangent components actingn the four wheels obtained by means of the Matlakoftware

and the commercial multibody software.
TRANSVERSE TANGENTIAL COMPONENT
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Figure 8.12

Plots of the transverse tangent component acting ahe four wheels obtained by means of the Matlab §ware

and the commercial multibody software.
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x10° NORMAL COMPONENT
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Figure 8.13

Plots of the normal components acting on the two lutk wheels obtained by means of the Matlab softwarend the
commercial multibody software.

3 TRANSVERSE DISPLACEMENT
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Figure 8.14

Plots of the transverse displacement of the unpertbed wheel-set obtained by means of the Matlab sefare and
the commercial multibody software in a curved trackwith radius of curvature equal to 900 m and with nitial
longitudinal velocity equal to 10 m/s.
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Figure 8.15

Plots of the yaw angle of the unperturbed wheel-sebbtained by means of the Matlab software and the
commercial multibody software in a curved track with radius of curvature equal to 900 m and with inital
longitudinal velocity equal to 10 m/s.
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Figure 8.16

Plots of the transverse displacement of the wagonasses that is the four wheel-sets, the two bogieafmes and the
car body, obtained by means of the Matlab softwarand the commercial multibody software.
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Plots of the yaw angle of the four wheel-sets, theo bogie frames and the car body, obtained by mearof the
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Figure 8.17

Matlab software and the commercial multibody softwae.
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Figure 8.18

Plots of the roll angle of the wagon masses thattise four wheel-sets, the two bogie frames and thoar body,
obtained by means of the Matlab software and the ecomercial multibody software.
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TRANSY TANGENTIAL COMPONENT
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Figure 8.19

Plots of the transverse tangential components amoribe wagon wheels and the rails; obtained by mearms the
Matlab software and the commercial multibody softwae.
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Figure 8.20

Plots of the normal contact components among the \gan wheels and the rails; obtained by means of thdatlab
software and the commercial multibody software.
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The mentioned figures demonstrate the agreementebat the results obtained by means of the
Matlab code and the commercial multibody softwaredeis described in chapter Il. This is
observed for both the displacements (kinematicsl) tae contact forces (dynamics). Moreover it
can see that the displacement and the yaw angsemira very similar periodicity; this prove that
the hunting motion is coupled and thus generatethbynteraction of the transverse displacement
and the yaw rotation. From the Figures 8.5, 8.80 &ne observe that all the masses concerning the
bogie oscillate in phase; this behaviour is charsstic of the rectilinear track when the

perturbations are applied to the front and backelvkets at the same manner.

8.3 — THE TIME STEP MONITORING

With the aim to monitor the time-step variation idgrintegration, so that the simulation duration,
we have observed that the required step deperaggbtron the degree of variation of the variables
that control the motion of the system. When theialdes are stationary the integration step
increases continuously; on the contrary, when maeryurbations occur, for example when the

contact point crosses from the wheel tread toldrege, the step stays at its lower values.

Figure 8.21 compares in a semi-logarithmic scateeldifferent simulations of the same system
having equal time span but with the following ialtconditions:

» absence of perturbation (Figure 8.21a);

» initial transverse perturbation set to 0.1 m/stted the contact points remain on the wheel
tread (Figure 8.21b);

» initial transverse perturbation set to 0.35 m/such a way that the contact points concern
both the tread and the flange wheel (Figure 8.21c);

One can observe that:

a) the step lengths increase with time up to 0.25théncase of unperturbed motion; the sharp
decrease observed after the first peak is dueeaoséhtical motion of the wheel-set in the
transitory phase;

b) in the case of small initial perturbation, for iwste 0.1 m/s, we have a hunting motion and
the step length, after a first increasing phasshilstes on a value close t2(10° s. This
behaviour can be justified considering the highariation of the motion variables by
respect to the unperturbed motion;

c) with a perturbation allowing the flange contacgu¥e 8.21c, the variables rate of change is

very high when the contact points moves betweentréwed and the flange; in the same
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figure we can observe three consecutive and ate(feft-right) flange contacts. Hence due
to the sharp discontinuities the integration stepeduced .
The step length influences the duration of the fatman and the global step number; in fact we pass

from 125 steps in the first case to 320 in the sdamne and even to 4900 in the last one.
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Figure 8.21

Step length in semi-logarithmic scale in three difrent cases: a) unperturbed motion; b) small initia
perturbation without flange contact; c) relevant initial perturbation with flange contact.

8.4 — THE CRITICAL SPEED

It is well known that the critical speed of a wheet depends also from the external load
applied on it. In fact one can report (see Figug28) the critical speed by respect towiesel-
set load ratig defined as the ratio between the vertical loadadly applied on the wheel-set
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barycentre and the wheel-set weight. At the same tne can plot the curve of the critical
hunting frequency obtained by means of a Four@nalysis of the displacement oscillations by
respect to the load ratio (see Figure 8.22b). rei@i23a shows the bogie critical speed vs. the
bogie load ratiodefined as the ratio between the vertical loa@atly applied on the frame

bogie and its weight. Figure 8.23b reports the &dginting frequency vs. the bogie load ratio.

CRITICAL SPEED OF THE WHEEL-SET
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Plots of the critical speed and hunting frequency fahe wheel-set as regards the wheel-set load ratio
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Plots of the critical speed and hunting frequency fahe bogie .vs. the bogie load ratio

As one can observe from the figures, the criticaié speed is much higher when compared to

the wheel-set one, having the same load ratio. i§higainly due:

- the presence of spaced wheel-sets on the bogie

- the presence of the primary suspension system.
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The strongly perturbed wheel-set is not able, leans of the contact force actions, to generate
a set of forces able to damp the motion. However stabilizing action generated by the bogie

can reach very high values as it is promoted bylikiance of the two wheel-set .

Also the primary suspension system contributebecstabilizing action.

Another interesting evidence is the rise of théical speed when the load ratio increases. This
phenomenon reveals the importance of the contacé$oon the stability of the system; in fact
when the external load is increased also the noamdltangential components rise accordingly.
The system has better possibilities of reactingh® perturbations. In order to explain this
concept we can imagine the limit case where alkttternal loads, included the weight, are null.

The contact forces are null as well and the syst@nmot counter any perturbation.

8.5 — THE INFLUENCE OF THE BOGIE LONGITUDINAL STIFF NESS IN A
STRAIGHT TRACK

The analysis of the influence of the longitudiséffness of the bogie primary suspension
system on the bogie stability limits in the caseswaight track is carried out by the hunting
motion analysis with different value of the stifise In particular we consider the stiffness

value:

Kiong = kg

whereh is a numerical coefficient andk,is the value reported in table 6.3 and it is edaal
10° N/m

The critical speed is determined also with differerad conditions, defined by means of the

bogie load ratio. The used values ffoare:
h=1.5;1;0.5;0.1;0.05;

The critical velocity respect the load ratio akg,is reported in figure 8.24 where the results

obtained by means of the Matlab code and Simpaftwae are compared.
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CRITICAL SPEED OF THE BOGIE
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Critical bogie velocity respect to the load ratio ad kIong

From the figure it is evident that the critical @eity strongly increases wheky, . rises. In fact

we pass from a value like 30 m/s to about 150 nitts an increment of 30 times ok

long *
Observing Figure 8.24 one can notate two diffelsitaviours of the critical speed especially

for the intermediate values &, ; the first one occurs for low values of the loatia and

reveals a rapid change of the critical speed rédpethe load and in the second behaviour the
stability characteristics are not very variablegoees to the load.

This fact permits to define a stability limit aftetich it is possible to use the bogie with a load
stability interval. From the figure one can obsetivat the limit and the interval change with

k that is the higher ik the higher is the stability limit and the lower the stability

long long 1
interval extension. In fact, considering h=1, wewltthat the stability limit is about 3 and the
extension of the interval is from 3 (empty wagdn)8 (full loaded wagon). Any change to the
load ratio generate, at the external of the interadigher change in the critical speed than at
the inner of the interval. It is interesting to ebs that such critical conditions can be
approached also when an emergency braking is reegesés a matter of fact in an emergency
braking of a long train some wagons can have tbail-ratio reduced due to the friction forces

transmitted by bumpers.
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8.6 — THE INFLUENCE OF THE BOGIE LONGITUDINAL STIFF NESS IN A
CURVED TRACK

The influence ofk, ., on the stability limits of the bogie in a curveddk should account of the

effective radius of curvature. The diagrams presgishow the critical speed as a function of

kony NAVING the track radius of curvature as a param@édéicomputations are here conducted

with a fixed load ratio equal to 8.26. The analyssdii of curvature are the following:

Reurv=1000 m, 1200 m, 2000 m, 2500 m, 3500 m, 450006n.
The used values fdrare:
h=1.5;1;0.5;0.1.

The values of the bogie critical speeds as a fanaif k__andR., are reported respectively in

long
Figure 8.25 and Figure 8.26. a comparition betwberresults obtained by means of the Matlab
code and Simpack software are also showed.

CRITICAL SPEED OF THE BOGIE
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Figure 8.25
Critical bogie velocity in a curved track respect b kIong at different radius of curvature. The bogie load rdio

is equal to 8.26.
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CRITICAL SPEED OF THE BOGIE
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Critical bogie velocity in a curved track respect b the radius of curvature at different value ofkIong . The
bogie load ratio is equal to 8.26.

The figures show that for all the radii of curvauhe critical speed increases with the rise of
the longitudinal stiffness, thus reflecting the salmehaviour of the rectilinear track case.
However, the values obtained are much differenfatt in the curved track the critical speed
does not exceed the value of 34 m/s, even wheadating a high stiffness. This apparently
unexpected event is explained by the continuoweantions among the wheel flanges and the
rails when running on a curved track, in particuemong the outer wheels and rail. This
occurrence doesn’t happen in a straight trackefinitial perturbation is sufficiently small. In
fact the graphic reported in Figure 8.24 is obtdiméth an initial perturbation set to 0.1 m/s.
This lateral displacement of the wheel-sets is emaiugh to guarantee the flange-rail contact
condition. Considering a bogie haviingl and load ratio equal to 8.26, when the initial
perturbation is equal to 0.25 m/s, the contact aptba wheel flanges and the rails does happen.
The bogie critical speed strongly reduces passimognfa value of 123 m/s in the small
perturbation case to 43 m/s in the case of sewatenpation. This last value is now comparable
with the one obtained along a curved track everveay large radius of curvature. The
significant reduction of the critical speed is digethe sharp variations of the geometrical

characteristics of the surfaces in contact wherctmact region goes by the wheel tread to the
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flange. This variations have a great influence tw tangential forces in particular on the spin

components affecting the system dynamic.
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b) Yaw angle of the back and front wheel-sets with=1.5 and radius equal
to 3500 m.
Figure 8.27
Yaw angle of the two wheel-sets in the two oscillaty modes, bending and shearing ones.

Figure 8.26 shows that with radius of curvaturduded between 1200 m and 3500 m, the critic
speed slightly decreases with the rise of the sdihile after 3500 m it increases again. This

behaviour is explained with the two different olstdry modes of the two wheel-sets. Figure
8.27 reports the two yaw angles at regime of the wheel-sets, the front oneg?{") and the
back one §>) considering the radius equal to 1200 m and 380 is assumed equal to 1.5;

the critic velocities are respectively 31 m/s aBdban/s. We can notate that the two signs of the
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wheel-set yaw angles are different: in the cas@200 m the two angles have opposite signs,
while in the case of 3500 m the angles have theessign that is they are negative. This fact
demonstrate that in the first case the wheel-sstdlate inbending modevhile in the second
one they oscillate in th&hearing modésee figures 4.1 and 8.27 ) . It is well knowrt tine best
condition for a bogie moving in a curved track ealized when the two wheel-sets are
positioned in a symmetric configuration respecthe radial direction of the track and this
condition is realized when the two yaw angles happosite signs, that is they assume a
bending configuration. This condition influencesaathe bogie critic velocity that tends to be

slightly higher in the bending mode than in theashng) one also in presence of a lower radius.

The plots in the straight and curved tracks sugtiestthe optimum value o, is toward the

highest values, but this is only apparently true.cdmplete and more realistic stability
investigation must consider the wheel-set or bagieas an isolated systems but as coupled
with the rails. In other words, in order to predio¢ stability limits of a railway systems the sail
layout and their geometric and resistance chaiatitsr must be considered as well.

It is the case for example of the lateral displagetof the rails generated by the lateral force
transmitted from the wheel-flange in the contadnporhe rail displacement can produce the
following effects [29]:

- the gage widening,that can lead to a wheel-rail separation as showrrigure 8.28;
- theralil rollover , that is a rotation of the rail about its correes,shown in Figure 8.29.
In many cases one of these effects can cause tine gystem to be unstable.

raY

Figure 8.28 Figure 8.29
The gage widening The rail rollover

For these reasons, in order to analyze these tstctdical phenomena, it is necessary to evaluate
the contact forces between the wheels and theasibs function of the geometrical and dynamical
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characteristics of the system. The lateral compboénhe contact force is the one that strongly
stresses the rail in the horizontal plane. Figug® 8hows the lateral components of the four wheels
of the bogie in a curved track; they are consid@esitive when directed outward the rails.

back
wheel-set

wheel-set

inner rail

Figure 8.30
The lateral components of the contact forces actingn the inner and outer rails in a curved track.

The lateral component of the contact force depende following characteristics:

vertical load acting on the bogie;

» track radius of curvature;

* bogie velocity;

» characteristics of the primary suspension system;

* wheel-rail geometry.

Figure 8.31 reports the plots of lateral componehtse contact forces, transmitted from the four
wheels of the bogie to the inner and outer ragssus the track radius and the longitudinal stiffne
parameteh of the primary suspension system. The velocitshefbogie is the critical one showed
in Figure 8.25. The load ratio is equal to 8.26e Tésults are compared with which obtained by

means of Simpack software.
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Figure 8.31

Lateral component of the contact forces acting orhie outer and inner rails respect to the longitudinstiffness
parameter h and the track radius of curvature.

The figures show how the lateral component is diffidly distributed on the four wheels; the wheel
that strongly stresses the rail is the one belanginthe front wheel-set in contact with the outer
rail. This wheel is the first one that experienthe rail curvature in the transition from the
rectilinear to the curved track. For this reashbis twheel will be accounted for in all following
considerations. With reference to the Figure 8.3dapbserve that the lateral component increases
when the longitudinal stiffness rises at any cwxatadii.

Hence, the use of very stiff longitudinal suspensirom one side increases the critical speed, both
in a rectilinear and curved tracks, but from ano#ide increases the stress on the rails and egpose
the system to a dangerous phenomena. We can adgovelthat the lateral component increases
when the track radius decreases. In fact, the lawedhe track radius, the higher will be the
constraint force.

A significant parameter used for the critical cdiuatis analysis is the ratigv , between the lateral
and vertical components of the contact force aatinghe rail, as shown in Figure 8.32. The two

componentd. andV follow from a different decomposition of the cocttéorce that traditionally is
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decomposed in the normal and tangential compon€hesratioL/V is the most important criterion

for predicting derailment of locomotives or bogdese both to the wheel flange climbing and to the
rail rollover. The studies about this parametereniaitiated by Nadal in 1908. Figure 8.33 reports

the plots ofL/V of the outer wheel of the front wheel-set of a leoi a curved track moving at

critical velocity, as shown in Figure 8.25, undez stationary conditions.

N: normal component
T: tangential component
V' vertical component
L: lateral component

Figure 8.32
The L and V components of the contact force betweemheel and rail.
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Figure 8.33
Ratio L/V of the outer wheel of the bogie front wheel-set ia curved track moving at critical velocity and at
stationary regime
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From Figure 8.33 one can infer that the ratjg increases with the rise of the longitudinal stifae

and with the decreasing of the track radius. Thieegsareported in the figure are not too high

because they are the values obtained at stationanyng, few seconds of motion after the passage
from a rectilinear to a curved track, when all tatedisplacements and force oscillations are
damped.

It is interesting to visualize the plot of the mmaxim ratio (L), shown in Figure 8.34,

max ?

concerning the same wheel and obtained when thie leoger the curved part of the track from the

straight one. The values are higher than the obesined at regimefL/v), . increases when the
radius of curvature decreases. We also see thaiependence ofL/Vv),  from the longitudinal
stiffness is low. The maximum value @fv is obtained at the first interaction between theselh

flange and the rail, after the passage from sttaiglcurved track. Since the interaction is very

short, the suspension system has almost no tinmfleence the dynamics of the system.

RATIO L /V AT MAXIMUM PEAK
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Figure 8.34
Peak of the ratio L/V of the outer wheel of the frait wheel-set of a bogie in a curved track moving atritical
velocity.

The limit values of the ratidL/V),, that predict the derailment of the system are metipely

defined in literature because they depend on margnpeters such as:
» the system analyzed: wheel, wheel-set or bogie;
» thegage wideningr rail rollover phenomena;

* the models or standards adopted.
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Let us denote by the wheel flange angle (see Figure 8.32),/othe friction coefficient between

wheel and rail. ThgL/Vv),_is given by the following simple formula valid far positive angle of

der

attack of the wheel-set:

(Lj _ tana - u 61
V )4 1+ putana ®.1)

Replacing the valuer = 75° andy =0.2 we obtain:

(L] =202
\ der

that is extremely conservative for most practicases. This is due to the simplification of the
Nadal’'s model that consider the tangential force actinky on the plane perpendicular to the track
axis. Other accurate methods that predict theildeat conditions of a vehicle are available.
Blader (1989) [29, 32] showed that if the contact pointtbe rail is near the gage point, the ratio
L/V must be between the limits 0.66 and 0.73 deperfdomgy the shape of the rail. Obviously if the

contact point moves toward the corner of the rdie ratio (L/V),,is reduced. The AAR

(Association of American Railroads) standard dgtishes the systems wheel, wheel-set and bogie
and adopts the following limits:
« (V)Y =1 for wheel;

« (L/v)¥= 1.5 for wheel-set;

e (L/V)!*=0.6 for truckside.

In the case of a wheel-set a Weinstock criteriondspted. The ratigL/vV)"*® of the wheel-set is

calculated as the sum of the absolute values afdies (L/v)" of the two wheels as follows:

" _lL
V V

The advantage of using this criterion is that i$ lmareduced dependence from the coefficient of

w

L

Y (8.2)

) ‘

L R

friction. This coefficient being difficult to measiin an experimental test.

The third derailment measure is the trucksigde ratio. This is the ratio between the sum of the

lateral forces to the sum of the vertical forcastii® wheels on one side of a truck:

(L) = Z(Lj (8.3)

=N

Wheren is the number of wheels on one side of the triitls criterion is devoted to rail rollover.
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8.7 — THE INFLUENCE OF THE SUPER-ELEVATION

In order to reduce in a curved track the contactd® between wheels and rails and to improve the
stability characteristics of the system, the rglliplane is inclined at an angke namedsuper-
elevation angle In this manner the two rails lies on differentrinontal planes, spaced by a

distances named super-elevation. One can establish that:
S
tana = —
G

whereG is the horizontal cross distance between the.r&éimcea is very small, G is generally
approximated with the gauge. With reference to Eg8.33, the super-elevatianis calculated
imposing the equilibrium conditions with the céfutyal force as follow:
mV°G
S=———
R(mg+F)

obtained supposing that the centrifugal force,vtlegght and the force F acting on the bogie frame

(8.4)

are applied on the centre of mass of the systerthelexpression (8.4 is the mass of the system,
V the bogie longitudinal velocityg the gravity acceleratiorR the radius of curvature of the track

andF is the external vertical force applied on the kogi

outer rail

Figure 8.35
The mass and external forces acting on the bogie @the super-elevation in a curved track.

In order to verify the influence afon the bogie critical velocity, the motion of agm®on a curved
track having super-elevati@and radius equal to 800 m has been studied; tiggtialinal stiffness

is set equal tao® N/m. The results are plotted in Figure 8.36.
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CRITICAL AND EQUILIBRIUM SPEED IN FUNCTION OF THE SUPER-ELEVATION
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Figure 8.36
The bogie critical and equilibrium velocities as rgards the track super-elevation with a bogie loadatio equal to
8.26 and track radius equal to 800 m .
The Figure 8.36 shows that the critical velocityincreases with the super-elevation in a nearly

linear pattern from a value of 32 m/s, with a platnack, to 39 m/s in the case of 0.2 m of super-
elevation. This behaviour is strongly influencedtbg intensity of the wheel-rail forces.

Let us denote by, the velocity at which the resultant of the extéarad mass forces acting on the

system has only an orthogonal component to thangofilane. Its value is determined from equation

(8.4). Figure 8.36 reports the plot uf,. There exists a critic super-elevatiay beyond which
V,, >V, . Sincev, is the optimum velocity for a bogie moving in aeed track, the preferred super-
elevation values are those for whigh-v,, and v <v_ whereV is the bogie longitudinal velocity.
These conditions are satisfied wheas, . On the contrary, ik>s_ then it is not possible to find
an equilibrium configurations, may be obtained also by means of the analysis ®fldteral

components of the contact forces acting on the.r&lgure 8.37 shows the plots of two lateral
components of the contact forces transmitted froenttvo wheels of the front bogie wheel-set on

the inner and outer rails. The bogie moves withctiitecal velocity reported in Figure 8.36.
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LATERAL COMPONENT IN FUNCTION OF THE SUPER-ELEVATION
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Figure 8.37

Lateral components of the contact forces transmitte from the bogie front wheel-set to the inner and ater rails
in a curved track with radius equal to 800 m.

Figure 8.37 shows that when the super-elevatioreases, the lateral component acting on the
outer rail decreases while the one acting on tinerimail increases. The plots in both cases are
nearly linear.s, is determined from the equivalence of the latecahgonents acting on the rails.
For s>s, the lateral component acting on the inner rail iedpminant on the one acting on the
outer rail, otherwise whes< s the component acting on the outer rail prevails.

We can also observe that the lateral componemicactin the outer rail assumes negative values
beyond a second-critic super-elevatiay,, that is directed along the inner direction of the
curvature. In this case there is a super-elevatiaess. To overcome this condition it is necessary
to increment the centrifugal force and then theidaglocity beyond the critical one, forcing the
system to move in an unstable condition. A simbahaviour is noticed in the plot of the ratio
L/Vv for what concerns the super-elevation. Figure 8/88wvs the ratios at stationary regime of the

two wheels of the front wheel-set of the bogie mgvat critical speed as a function in a
curved track with radius equal to 800 m and boggl Iratio equal to 8.26.
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RATIO L /V AT STATIONARY REGIME IN FUNCTION OF THE SUPER-ELEVATION
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Figure 8.38
Ratio L/V at stationary regime of the inner and ouer wheels of the front wheel-set in a curved trackith radius
equal to 800 m.

8.8 — THE INFLUENCE OF THE WAGON LONGITUDINAL STIFF NESS IN A
STRAIGHT TRACK

The analysis of the influence of the longitudirstiffness Iq‘g’ng of the wagon secondary

suspension system on the wagon stability limithaicase of straight track is carried out by the
hunting motion analysis with different values ot tktiffness and the load wagon ratio. In

particular we consider the stiffness value:
Keng = LK,
wherehy,is a numerical coefficient and.’ is equal to810° N/m.

The used values fdy, are:
hy, =1.5; 1;0.5;0.1;
The load conditions are defined by means ofwagon load ratiodefined as the ratio between

the car-body and the bogie frame weights. Threeowagtios are considered, that is 12.5, 16.2
and 20.25.

w
long

The wagon critical velocity respect the load ratia k. is reported in figure 8.39 where the

results obtained by means of the Matlab code amp&ik software are compared. Tieogie

value is assumed equal to 1.
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CRITICAL WAGON SPEED IN FUNCTION OF hw PARAMETER
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Critic wagon speed in function of the wagon load réo and the longitudinal stiffness of the secondarguspension
system
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From the figure it is evident that the wagon calivelocity decreases whek,  rises and it

increases when the wagon load ratio rises. We rbagrge also that the wagon critical speed
values are lower than the bogie ones loaded wihsttime vertical cargo; this fact is due to the
mutual influence of the two bogies through the sdemy suspension system that reduces the

critical speed of the entire wagon.
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CONCLUSIONS AND FUTURE WRK

In the thesis the models and dynamic behaviours &ilway systems, as a wheel-set, bogie and
wagon are presented. The bogie is composed bywiheel-sets, a frame and by the primary
suspension system while the wagon by two bogiessrébody and by the secondary suspension
system.

The computer simulation includes a new wheelcaittact model that accounts a different local
stiffness of tread and flange wheel. Thanks to pthmozed use of a a preliminary compiled look-
up table the computation time is reduced consideréi particular, all data that define the complex
contact between wheel and the rail are storedfasciion of two independent coordinates.

Both straight and curved tracks could be analysedHe monitoring of the hunting phenomenon
and critic conditions.

Because of its influence on overall cpu-time, thieripolation procedure of the look-up table has
been optimized.

A particular interest is given by the results canggy hunting instability when varying the load on
each axes and the track radius of curvature .dtke®en recorded a different influence of the load
ratio on the critical speed of the wheel-set andhef bogie assembly. For the wheel-set the load
ratio has an almost linearly proportional influené®r the bogie, this influence is much more
limited in the range of practical interest.

In order to reduce the danger caused by criticeaédpthe influence of the longitudinal stiffness of
the primary suspension system and the super-etevatigle are analysed. Super-elevation changes
the stability motion condition but a careful anayshould be carried out in order not to increase
dangerously lateral loads.

The software developed in Matlab environment haanbealidated through the comparison with
Simpack-rail, a widely tested multibody software ttee dynamic analysis of railway systems.

As regard the future developments, a different Wwhae profiles may be analysed, in particular a
worn out ones to study the influence of the weartlon critic limits and on the contact forces
between the wheel and rail.

As regard the stability analysis field the influenaf the other suspension characteristics thdtes t
lateral and vertical ones and its geometric comfigans may be studied in order to optimize the

design of the primary and secondary suspensioBrggst
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