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. SUMMARY

Railw&y vehlcles are fltted w1th coned wheels to provide
a measure of stabllity, but 1t can be shQWn that 51nce the forces between
‘;'wheel and track are non—conservatlve, dynamic 1nstab111ty oceurs at
a certain critical speed. Under these condltlons the wheelsets sway from
side-to-smde of the track wath the flanges of the wheels contacting the rails.'
This can lead to derailment when the wheel cllmbs up the rail.an&
eventually Jumps off.‘ o 7' |
| The forces wh:ch exist between wheel and ra11 are due to the
- phenomenon known as "creepaga" and varieus theories exist which predict
| these forces in_the plane of the céntactiafea; An investigation has béen
carried out into these theories with the rallway wheelset problem in v1ew,
particularly the flange contact cases

| It is p9331ble, by assuming small dlsplacements whlch avo:d
flange contact, to carry out a 1inearised study of the lateral dynemics
of a wheél#et but the preéénée of the wﬁeél flanges inffoduces a non- -
1inearity 1nto the problem. 7 '

A m&thematical model of a wheelset and track. has been defined
based dn rgal_wheels_with’a "worn“ tyrelprofile and real track, Computer
progrems have been written which calculate the contact points when the wheel~
set i;;displgced latérally and yEWed by varioua‘améunté, ihcluding.flange
.contadt conditioné. Up to three contact points can exisf between fhe.wheeisetifif
and track. Forces.in the cﬁntact areas have beéh calculated uéingrfhe
<variou§ tﬁeories aSsumiﬁg éhe wheelset to be rolling along the trgdk at a
| constant veiocity'in a displaced position. Thesé fbfces have been .

- manipulated to give the total forces and moments on fhefwheélsét éﬁd are

préSentéd for vafioué_iertical lond distributions énd for various -angular

and latéral digpiacements of the wheelset from its central positioﬁ.
Althdﬁgh theories exist ﬁhiéh preqict #hé fbrceg for flange

'_type contaét; i.es very élongated contact ellipse with a large”amount of_spin"
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present, it became appareﬁt‘during the course of the inve;figation that very
- lﬁttié experimental evidencg'was avgilable for such conditions. As a result
a.rollef_rig was bﬁilt to provide{fhis.data, éﬁd meésu?éments were made of - “
| théliaterél-fdrce'due'to varibué.;@ounts of iafefal cfeep'and'spin on

elonéated contact ellipses. Results from these tests have been compared -

with the available theories and show reasonable agrecment.
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4.

Introduction

In recent years reilwa.y technology, end in partiouler reilway
dyna.mies, is a aubjeet which haa received renewed i.ntereat. 'I'hia is
pro'bably due to ‘the advent of traine which trevel in exeese of 200 km/h
In the pe.et an empirioal approach had been sufficient, ’out at such high
epeeds 8 great num'ber of phenomena nesd to be thoroughly investigated -

and a more scientific approeeh is e.seential.

Whenra ;'eilway 'vehicle-'z"uns'eloz_lg ‘the track e1: eoneteh_"b spee;'i...
there are eecendary motions sssocisted with the basic forward motion. o
These motions can _be'diﬁde.d into o pa'z"t_a?' the _;rer‘l::'l.eail dynamics and -
the lateral dynamics, . The latter comprises 811 the rocking, rolling and
sireying povements of the vehicle body and a'1"ee the aotﬁei 'etebility of

. the wheelsets and bogies, These depend. directly on the interaotion
' phenomena bet'ireen 'Ere.ck and vehiele. (A wheeleet compriaee two wheels

: joined by a rigid common e.xle, while a bog:l.e is a meehanical ayatem fomed.

by the conmection of tlro or three wheelsets),

Railway vehicles are fitted wifh_ coned wheels to provide &

measure of stability but it can be'ehowﬁ'thet since the forces are non-
conservative, dynam:lc inetability ogours: at a certain critica.l apeed.

.'l‘hen motions are chareoterieed by violenf; swaying movement of the axles

o on the track ca:l.led. "hunting « This motion is caused by the ehepe of

' _the wheels and rail, “and the foroes which act in the plane of eontact

* - between them.

To study the lateral dynamics of a complete railway vehicle is :

very difficult since the mechanical 'eyeteﬁ to be considered has a great

number of degrees of freed.om, and in particular several non=linearities, -

The most important of these is dne to the presence of the wheel flenges, )

‘although others may be due to the damping effects of the suepeneion. It

is intereeting to note that for a wide range of praotioa.l Values of the




pa.rameters s the body of a oomplete vehicle does not strongly partici.pate
in the 1ateral moti.ons of its wheelsets at high speeds. |

' It is po';m:l.ble by_ a_ssumin'g smll dispia.oementa of _'l'-.hg.uheé‘la'eta : |
froui their central positions, i.e. displaoeniénfa whi;h a.ra ;mall ‘enouéh
to avoid ﬂange contact, to carry out a linearised. study of the lateral
dynami.cs, and in fa.ot this :la the approaoh uaed by several Europaa.n o
: Railway Adminiatrations, includins Br:l.ti.sh Ra.il It should be noted
"that such studies are only possible with the aid of' digital or analogue

oomputers. '

The results of auoh an inveatigation can ensure that guidanoe
is achieved, avoiding contaot between wheel flanges and ra:lls, during
_normal runnin.g At very high .spaeds the hunting osoillations become
more violent and are limited by the flanges striking thg rails. The
need fo know the fla'nge" forces becomes more and more neoessary é.o that |
| complete laterel dynamics and curving calculations can be carried out on

a8 wheelset, and eventuauy on the complete vehicle.

Actual running speeds, which are _governed. by. the lateral Ce
dyngmics of the vehic:l.e, are usually ﬁaaéa on conifbrt oﬂ.teria, but to
. ensure safety standardslth_'e 1limiting case,_ih:_lch isl_de_rai]’.men'.b,' must .
'_.al.a.o' ve studieci. The start'of.drailme;:t i3 ‘considered to bs when'fhe '
wheelset is dis;élaé;éd laterally so that the flange is in contact :wii_:h - .
the rail. If the wheelset 1s displaced _fnrthei:-‘ in the lateral direstion
then 'Vbhe',.flanggi mugf. 61ifmb. up the rail until the wl;eei' evéntuaily Jumys .
| éff the track, ' Little 13. known sbout the defaiiment_'phepqmem, probably
due .to the fact that the forces acting bétween wheel ami.:l-ail are very
complex a.nd are affected ‘by the motion of tha vehiole. Fu;thermora |
derailment is affected by condit:l.ons of vehiole and traok a,nd depends
_'on how much wear has taken place on the railhead or wheel tyre | If a

1arge amount of wear takes plaee at the railhead then a situation is :'-
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e reached which ie s0 dangeroue that the rail must be replaced. . Various

o fonmlae exiet whioh pred:let the (lateral foroe/vertical force) ratio to .

-_maintain flange contact for a partioular rail/wheel oom'bination. ‘.'l‘hese

o -fomulae are only approximete, and in faot Britieh Rail'e etanderds are

| still based on a graph:l.cal atudy made of fla.nge oontact in 19&-9.

Thua there ia an obvioua need to be able to prediot forees o

: _"which exiet between e wheeleet and the traek under varioue operating

T _' oonditione, inoludi.ng lerge dieplaeements where the flenge of the wheel

- gomes . into contact with the rail.

- The foroes between wheel and rail are due to the phenomena known

as. “creep and a k:nowledge of the relationship between the "oreep and
_ the forcee is of fundamentel importanee. The phenomena of ereep exiete-
. when two. bodies are pressed together with a foroe e.nd allowed to roll
over each other. Under ‘such conditione the oiroumferential velocities |
 of the two 'bod:l.es need not be the same and a parameter called the 'oreepage'
or 'creep‘ for short, can be defined as the difference in eiroumferential
veloeity. - The temgential force between the bodies can very from zero,
when the creepage is zero, to equal /u.N at the onset of gross eliding,
:, _where N i3 the foroe normal to the contact area and /ut. ‘the coeffioient
.' of frietion. Creeps can be defined in the longzl.tudinal and la.teral

: direotions and & term called 'apin' can also 'be defined which is ‘the
diﬁ’erenoe in angular veloo:lty between the bodiea ahout an axie normal
'to the plane of contact. It can 'be eeen‘that complete alip of wheel on

" rall s simply the limit:l.ng case of creep and is very important in studtes
| of trection and braking.

Various theories have been prOposed for the relationahipe between

the creepages ’ spin and tangential forees in the oontaot area.. A review

of these theoriee is given in Section 2.2. ‘This review ie preceded in

2 1 by a. ehort eeotion ehowing how the actual equatione for oreepage and




- epin eriee in a wheeleet ueing a eimple ooned wheelset as. the modol.
: ,Apar't from the theories, a lot of experimente.l work hae aleo been cerried
: out in the field of rolling oonte.ot, 'both in’ oonneotion with ra.ilwa.y
wheels end on rigs designed specifically for measurements of oreep/force
' relationships. A review of experimentel literature ie given i.n Seotion
.3.'._ o _

| _‘ One of the ohjectives of the present work is to investigate 7
.. the variou.s rolling contact theories whioh he.ve 'been propoeed and to eeleot s
| oompare and reoommend those which are moot suited. for epplioetion to
 retlmay wheeleete. _With this in view, Seotibn 3 disouseee, in more deteil,
- the theories most euited to reilwey contact pro'blems. | A computer program”__
: has been written for each of these theories and used later in the analysis

to oaloulate forces on: a wheelset.

" The forces are oeloulated for a matheniatioel nodel of.a"nhe'eleet:
_and track. This model,'l deseribed in Seotion h., is based on a reel wheel- -'
set and ree.l track ueing similar reil and tyre profilee to those found in :
‘eervioe. B British Bail have found thet a standard tyre prof‘ile wears
| Vvery rapidly with use to & I'worn" profile, whioh then remains fairly 7
.- ooneta.nt for a long period. _ Beoause of thie they ha.Ve deeigned new ty're -
‘ .Aprofilee based on th:!.s 'worn' profile, whieh they ole.:i.m, will then remain
etable throughout their 1ife. " In the present vork thie 'worn' profile :
is inoorporeted &s the tyre profile for the wheel._‘ '.T.‘he ra.il profile used ‘_ :
s a Britieh Standard. 110 1'b/yd. reil, but the computer program, which
.-'.-oaloule.tes the ooordinates of the profile, e.llows eimula.ted wear: of’ the '_ -
- rall to be built—in and oomparieons of the foroes ona wheeleet oen be N
_'_:'made between new a.nd worn tre.ok. Thue the wheelset a.nd traok are
'developed mathematioa.lly as three dimensional eque.tione written to -
'_l_eimulate them. By varioue e.xee tra.nefomations end rotetione, the wheel-;
'eet can be moved relative to the track and the points of oontaot found : :

betwee_n the two. : I.arge diepleoements and large yaw anglee of the wheeleet




'reletive to the treck are possible, ‘8o that both treed and flengc contect

'conditione cen be studied.

i.
| A eeoond objeotive is to give & more acourete value of the ,“
E fcroes invclved in derailment than hes preV1ously been possible. , Thie :

Tinvolves calouleting the leteral fbrce on & wheeleet needed to keep the

"flenge in contact with the reil, using the most epproPriate rolling

.p‘ccntact theory, The effects of reil wear on the forces can also be =

etudied using the computer programe developed during the investigation.'

: These objectives allAinvolre the steady stete forees on & .
wheelset rolling along the track at 8 constant Velocity in a displaced
position. | Eeving defined the wheeleet end traek end found the oontect
points for a particular leteral dieplacement and yaw engle, the oreepages
,-can be celonleted, These are the steady state creepeges and do not
ioclude time dependent terms, which would have to be included in e_dynemic
analysis of the wheelset. (Thie was not one of thedcbjectivee ér'iﬁe ;

present work, although it could perhape be pursued at a later datc).

The forces in the planesxﬁ'the centect areas are calculated
from the oreepeges by using one of the theoriee mentioned previously. .
'f‘_Theee foreee are then resolved and summed to give the total forces on the

wheeleet.-.

_ Section 5 eomperes resulte obteined for the creeps and forcee':
'.using the various theoriee, fcr three different ccntect eonditiona of theA
_:‘nheelset. Firstly, for tread contect, eecondly for flange contaet with
l:zero angle of yew and thirdly for flenge contect with a lerge engle of |

fyaw._ The reletive merite of each theory are discussed. |

The complete resulta for both new end worn reils are presented
in Seotion 6 Theee results inoludo forces end creepeges for varioue .
"fleteral displecements, anglee of yaw end loed distributions of the :




T ‘:-:‘76_.- |
o .ﬁ"ﬁheelset. The forcee ere calculated. using the moet relative rolling L

' oonteot theory to euit the oonditions.

| Seotion 7 diecueees the dera.ilment aituetion and defines a

oonvanient ratio oalled the 'dere.ilment re.tio' or 'derailment qnotient'

'whioh ie a measure of how eesy e partieular rail/wheel eom'binetion is to -

' dereil. Varioue approximate formulee are described which have been used

in the pe.st by railwe.y authorities to calculate this retio. . Valuee -
obta.ined using these formule.e for the preeent rail/wheel oombination are'

' _'coxnpered with the present reeults. ,

: For tread oontect between wheelset and treok the spin

| component is small beoauee the cone angle of the tread ie emell, e.nd the_

_contact ellipse is almost circular in shepe._ For flange contact the

opposite is true, the spin component is large and the eonteet ellipse . - o
very elonge.ted. in the rolling direotion. ‘During the theoretioal mveati.'.-

~gation it became eppe.rent thet although theories existed whioh predicted

the foroes due to creeps and’ sp:l.n on elongated oontect ellipees , there was
little experimental evidence evaile'ble to verify the reeulte. _ The only |

experimental work whioh hed been done, was. for oreep without spin- end for K

oontaot ellipses with semi-axes. re,tios, (e./b) . of up to three. . When the

flange i3 in contact with the rail, the oontect ell:lpee ie very elongeted
with (e/b) re.tioe greeter than ten, and the spin is large ‘due to. the large
cone a.ugle of the flange. - Under euch conditions no experimental work hee

been done.

" As a result an exper:l.mental rig was designed and built which '

simulated flange oontaot oonditione. Thie is deecribed in’ Seotion 8. TEe
ob,jeot of the rig wes to mossure the 1ateral force due to vary:lng emounts
of leteml oreep end spiu on elonge.ted oonte.ot ell:lpsee, under conditions
o similer to. thoae found when the flange :la in oonta.ot w:l.th the re.il. In

| etudiee of leterel d,yne.mios or dereilment, the leterel force ie of mein 7




interest, while longitudinal force is used in adhesion and braking
studies. The latter was of little interest in the present investigations

and was not measured experimentally.

~ The results of the experimentsl work are givézi in Seotion 8,5
where the lateral force is plotted for verious creeps, spins, (s/b) ratios
a,nd conﬁacf pressures. A disoussion of theae results follows in 8.6 where _

they are compared w:l.‘bh theoretical results,

Fina.lly Section 9 is a general disoussion of all the work -
mdertaken in the preaent investigation and brings together the various ‘

themes involved.
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2. ﬁeview of Rolling Contaot Theories and Experiments

2,1 Basie Theory

I two bodies of revolution are pressed together with a force

Na contaot_\région -fo'm__’where they touch. According to the theory of

Hertz,' Ref, 1, this region is elliptical in shape and the ratio of the
semiaxes, (a/b), can be oalsulsted from s knowledge of the prinoipal

.'\radii of curvaturs of the bodies of revolution. In order to caloulate
o the a.ctual‘ dimenaions 'of a and b the no:ﬁal roroe has also to be 'knbm,
Ref, 2. I:l' the bod:loa ars spheres, or if one body is a sphere and
| ~ the othor a :I.’la.t aurfaeo, thon tho ahapo of the contaet area will be

_ circular.

frwo'suoh bodies are shomn in Fig. 2.1. 'If the bodies are rotated
sbout their axes 3o that they roll.over each other, tangential forces
can be transmitted in the plane of the contact area, due to dry frioction.

'If a couple is applied to oﬁa body and taken out on the other, it ia
" found that the oircumferential velooities meed mo longsr be the same,

~ without the occurrence of gross al:lding A non-dinenaional term ocalled

the creepage (or oreop) may be defined as the dirferenoe in oircunfarential

‘velooity divided by the nean rolling velocity., If the oreepage is zero
_ then the tangential force, or traction as it is often referred to in the

litarature, ia zero and this condition 15 lmown as free rolling. I

- the creepago 1s inoreuad a point is reached when the ta.ngantia.l rorce

is equal to /um there /u. is the coef‘fic:lent or friction, and this is

' callad srou aliding ‘Thus thore exista some ralati.onship between the

‘tangential force and the oreepage.

- Crespages may be defined in both the 1ong:l.tudina1 a.nd lateral -

‘ diract:f.bns. Another tarn, called spin, may also be dorined if the bodies |
' rota.te a.bout an axis normal to tho plane of the contact ares, th:l.a 'boing
" the dirrerence in angular veloo:l.ty of the 'bodies about an axis nomal to

tho plmo of the oontact area divided by the mean. rolling velocity, and
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thererore has dinensiona (1eng1:h) -1,
The term slip is frequently uaed. and. th:ls refers to the local

' velocity of the bod.ios relative to. each other at a speoified point in
'_the oontact area. - - 811ding is usod to denote the condition of complato

hodi],y al:l.p.
_ The way 1n rhioh creepages aml spi.n arise in a railray wheelset
| ‘oan be seen by referrins to r:lg. 2.2 where a simple coned wheelsst is
- shown. . The wheelset ia assumed to be moving fresly along por:_t‘eotl_y o
© straight track with s constant velocity V in a steady state displaced -
position with angle of yaw { snd lsteral displacement 4. Both these
quantities are asimd %o be smﬁll.. Ii’ the roiling radius with thé'- .
wheelset in the central poaition is Y; , then the angular velocity of
 rotation is given by , § =—-— | (1)
Track sxes (x, ¥, 2) are defined through the centre of the whéﬁlset
‘and moving along with it, Looal axes (1; 2, 3) are defined at each .

_contact point, see Pig, 2.2(b). If Vs Y, are the velooities of the

contact ellipse along the rail in the 01, 02 directions, and V,I s V2

- are the velocities mund'the_ ‘wheel, then for the right hand wheel:

v, = V¥V ' -,-V‘_"I:"O

Lk , | - | 2 | | (2)
! / )
v, = Vg v, = vy

" where Y= rolling radius of right hand uhoe:l..'

The 1onsitudinal oreopase is daﬂned as
X = 1 o ) (3)

i(v + v ) o o

. _gnd the. lafaral oreepgsa aa \st vV, =V, W :
| | (V7))

If )= oone angle, then.

0= F Ay |

o= oy - - _(5)
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| .‘Subati'.tuting fof_f' v, V and V from Kquation 2 into Equation 3

2' 2
and Equation 4 gives 0 N P
e Y=~ | (8
Y=y

and s.’milarly for the left hand wheel,

I .:\-3 and -—0-3 are the angular velooities of spin of the rail
" and wheel about the 03 axis, then the spin is defined as

. Usl . JLS’_'.Q-S

®

T v )
Por the right hand wheel =0 . emd =GN
s e 9

o
.ls a goneralisation it my 'bo noted that the 1ongitudinal creep is
dependo.nt on the hteral duplacement of the whaelset, the lateral creop

 1is dependa.nt on’ the yaw angle and the spin is deﬁpﬂnnt on the econe ansle.

In or&er to oalculat.o the forces on the wha'elsot, \the:probiém is
to know what takes plaoe m the contact srea snd to £ind the relatioa—'
' ships botween 1ongitudinal creep, 1atara1 oreep and spin and heneo S
. 1ong:l.tudinal force » lateral force and moment, Various theorios have

" been proposed for these relationships and these are reviewed in Section -

2._2.‘ Most of them assume that the bodies are smooth surfaces and that
boulom_bs lew of dry friction holds between the bodies.  One theory does
_not make this assumption and takes into socount the roughness of the

surfaces, |

2,2 Theorstical Rov:lu _ _

The earliest thaoretiosl work in rolling contact seems to
have been that of Carter, Ref. 3. He gave an exact solution for the
-relationship botween 1ongi.tudinal oroepaso and tangential forco s from
free rolling to gross slid.i.ng for the tvo dimerisional case or two '



: oyli.ndere wi.th parallel axes rol:u.ng together, with ocreep in the direction

of rolling only. In this oeee_the oonteot area is :l_nﬁ.nitely long and

of width 2e, 806 l':ls. .3. Certer.eeeemed that the oontact w:.l.dth‘ is
ld.:l.vided :l.nto an area of adl;eeion and an area of slip., In the aree of
edheaion, eonetinea called the locked area, the local elip is Zero.

The reenltent treotion dietribut:lon over the eonte.ot width is the differenoe '
of two semicircular dietributione , one eoting over the whole width, equel

'to /u.z e.nd the other over the area of edheeion. tl'.'he resultant traction

is therefore 1eee then /uz.

' Ce.rter assunmed, without proof, that the area of aﬂhesion was at

' ,' the '10551"18 Odse. Later work by Poriteky, Ref. L, prodnoed the same

result but in greeter detail and ehowed that other results were peee:lble ’ ‘
i..e. with the area of adhesion not at the leading edge. Imna dieoueaion
“of Poriteky'e.work by cein, _Ref. 5, he ehowed from the laws of eimple
friotion that thé area of e.dheeion could be only e.dJo:i.ning the leading
odge, This importent oonclusion was in contrast to the statio problem
where the adhesion zone is centrally placed, Pori.teky'e work, like :
.‘Certer'e, only epplied to the two dineneionel case of contact between
infinitely long oylindere. Their derived relationship between lonsitu-

«

d.inel foroe end 1ongitudine1 oreep is plotted in F:lg. : .k. ‘

- The three dimensional case or an elaetio sphere rollins on &
__ jeleetio plene without spin present, was studied by Johneon, Ref, 6. In_
this case the contact area ie eircular and the area of adhesion was also
assumed to be ciroular, The total traction was assumed to be the |
difterenee lbetween. a 'epherioal traction dietr:l.‘_oution' acting over the

_, rhole.oonteot area and another which acts over the adheeion area only.
' This assunption was similar to thet made by Carter, .but in this oeee it ia
not stristly true, einoe the slip and the 'tangent.tel traction do not
oppose eaoh other in an area near the loading edge of the oonte.ot aresa.
In fact any eeeunption of elip between contacting pointe before they have

passed through the locked region can be shown to contradict the law of
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friction, which says that the slip muat oppose the ta.ngentie.l rorce .
ecting between tha aur:aces. This suggests that the assumned shape of

the area of adhesion was not correct.

Johnson oompé.rod lﬂ.a theory with experimental ro’s’uJ:;t‘.'a. 6btq.ined "
by rolling e ball on en inclined plane, and ahowed. that the thaoretical_ |
greep was less than the measured. ocreep for a partieular force, the |
neximm difference being about 25%. N

This work was exte'hd‘ed.by' Johnson a.hd.;,wvlemeul.en", Re_f-. 9',-'1.‘01'
ellipticel contact areas, i.e. -fo_i‘_ the éo;tact _of_ﬁon-éﬁheriéﬂ 'bod:lb_s, _
“but égain for oreep m-‘one direction bnly. Similar umpiions to Ref. 6 |
:were ma.de in that the area of adhesion was a.uumod to be an ellipse Juat
touching the 1ea.d1ng edge of the contact ellipse, and the total traction =
was. given by the difference of two traction distributionn, one over the
wholse contact area and the other over the area of adhasion. Bxperimental
_results were given for lateral craep due to lateral tangential force on '

- contact éllipges with (a/b) ratios from 0.276 to 2.47. - Again the
theorqtioai'creep. was less than the experimental creep for a particular.
- foroe, the mﬂmﬁm'ﬂfrérenoa f»oing abﬁut 25%.

*

Haines and Ollerton, Ref. 11, put forward an apprdximate theory

_for the case of elliptical oontact tith ereep in the Airection of rollins-

only. The contact area was divided into a nuzber of atrips perallel to

" the roll:lng direction, :lntaraction between the strips was :I.gnored a.nd. |
each strip studied using ‘the Carter/Poritsky two dimonsional theory.

It follon from thia aasumption thst the leading edge of the area of

_adhesion touches the lea.dins edge of the contact area, while the trailing‘

B edge of the area of adheaion 13 the trailing edge of the contect area

- 'ahirtea parallel to itself, in the rolling direction, This approxie

mation was best for a contact ellipao narrow in the d.i.reot!.on of rollins.

The theory was suppor'ted by an experimental :lmrestigation using a photo-

elastio frozen streu toohniquo to give the surraco traot:l.on etresses. R




_ _ - 15 - _
'nns ehewed. that the aaennpti.on of the tensential traction in the slip
region being a constant proportion of the normal preaeure at any. point,
= was correet. i ‘The experinento.l work also showed that the ehepe of the
“area of aﬂhaeion was that assumed in tho epproximte theory of the

' euthore. o

In Hainee, Ref. 31 ‘8 eimi.ler investigation was carried out
: for elliptical eonta.et areas with a ehear:lng treotien applied at right

B angles to the rolling di.rection. -

‘ A report given by Hell:!.ng, Refs 1, describes e.nother epproxi-
ne.te solution: for the case of a eiroula.r oonta.ot area rith creep in one

_ d.irection only. Although the area of adhee:len in this. investigation
'uae aeeumed to be elliptical, alnoet the shepe found by Hainee and |
xonerton, an error wes 1ntroduoed beoauee the ell.tpee elightly overlapped
the lea.d:lng edge of the eontaot area, Halling aleo carried out some
experimente on & eteel ball rolling along a flet steel ple.te under
various loads ’ and found that the reeulta a.greed. more Irith his theory
than with Johneon'ea.

| The firet eolutien to ﬂm oresp problem with spin present was
' g:mn by Joknson, Ref. 7. 'l'he motion of an elastic sphere rolling on

“an ele.et:l.e plene was: s_tudiee. with the aphere having an angular velooity
_ol" epin a.beut an arie normal“ fo' the plane. Johnson gave an expreee:len

for the leterel ereep wh:l.ch was cbsetved to acoompany rolling with spin,

eaeuming small epins, circular eontect area and emn amounts of alip,

":It was not possible to nake e euppoeition for the area of adheeion onoe

N ‘,.’el:lp had developed a.nd 'l:hie reault aseumes thet the area of a.dhaeion

' __‘_corers the whola eonteet area, Heaeuremente of‘ the ereep on a einple

. thmat bearing egreed. with ’dxe theory.-

: !l'hie work was oontinuerl ina later report, Johnson Ref. 8
Ly uhere theoretical reletioneh:l.ps were d.erived. for the 1a.tera1 creep d.ue "

to 'I_:oth epplied tangential force and epin., The aeeumptiene of amall
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= '.apin, ‘small tangential fcrce “and ci.rcular contact arsa were cgain ma.dc.

An cxtcnsicn to this work: is given 'by Johncon, Ref. 10, whcre
. .the ahaps cf thc ad.hesicn a.rea. was c‘bscrred for thc oase c:l' rolling with
ap:l.n (no epplied tangcntial fcrcc), by rolling a rubbcr ball on i tranc-

| pc.rent plate onto which a screen of ink cpcts had been prcvicualy printed.

-With increasing spin the slip rcgicna sprcad lcaving a pear ahaped s,rea.

o of. adhesien touching. thc 1ee.ding edge, with :I.ts 1cngitud1na.1 ax:l.s n -

the direction of rolling, Thc widcat part cr the pcar ahapa was tcwardn
tﬁc leading edge. | '

_ Johnson, B.et‘. 10, a.lsc reporta invcstigaticna :lntc the roll:l.ng
contact of cylinders having different elastio conata.nts, together with
ctudy cf a ball rolling in a clcscly ccnfcrming grccve whcrc thc N
: ‘ contact area 13 a narrcw ellipae, This prcblcm is sol'rcd ‘by using tho |
Ha:l.nea/Ollcrtcn stnp theory approach,

Simila.r work was carrlcd cut indcpcndcntly by Hall:l.ng, Ref.

15, for the crccp.dnc to a rolling element in a clcaely ccnform.ing track
with an applied tangential 'fcrcc. The gcnecal case cf clliptical. -
 contact was déé;upea acsumins an cii_.ipsc narrow in thc 'roiltzig"d;j.'ﬁcti.cn,
the contact area beihg divided into strips and the two diniccaiccal‘_Cartcr/

_'-‘Pcritslqy theory cppli.cd. ‘Halling ccnclndcc that wear can. be minimi.scd. .

‘whcn the ccnbincd cffcct of ccnfcrmity a.nd tangential force raducca thc
 creep rati.c to zero, The special case of a ball rolling alcng a ﬂat
.pllate was considered and theoretical results were compared with thc _
: experimental results of Jchnccn-,l Rcf.6 end Halling, Ref. 14 with-vcfy
3ccc1 agreemant. - | | | | i o

_ - A more refincd. solution fcr the threc dimenaional case cf
c:l.rculcr ccntact with infinitesimal crcapage and ap:!.n is givcn by Bc :
.Pa.tcr, Ref. 12, The area of adheaicn is casumed to ccvcr thc entire B

ecntcct crea, and Pciaaons ra.tic is ascumecl tc bc zerc. Thic rcctricticnf}" :

 ig lifted by m.kar, Ref, 13, whore & complctc amlytical coluticn 1; R
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5iven ror the more oompucated problem in ‘which © 4’ o . A compa.r:lson i
.between Kalkar s theory and the exper:hnantal results of .Tohnson, Ref. 6,

~ 1s ma.de in Ref, 12 and shou very gooa agreement- _

All the theories mertioned so far have had some restriction
on their use, é.g;- aomsh apply for ceircular coﬂtact areas §nly, aome for
- oreep in_oné' direotion ﬁnly; some for zero Poissons ratio, etc. One
" of the main difficulties encountered by investigators _l_:.as- been defining
"ti;e avea of adhesion. Solutions have been cbtained for the liniting
case of infinitesimals '.creepagld and spin, where it is auunied. there .:l_.a
| no siip_awthei'o.ip the 6ontact area and /u. tends to ix_xfinitj. -.Theée
have been discussed in the previous pamgmﬁhs. The oppoaité. case has

also béen investigé.tad i.e. the case of very large oreei:age é.nd spin

| - where completa slip 1s assumed throughout the contaot area, This was

the basic assumption made by Lutz, Refs., 17, 18 and 19 and Wernitz, Refa.'
20 and 21, |  They alsc assumed that the influence of the elastic Vdeform.-
:tion o.f. thé bod.i.gs eould 'ba"negle_cted in calculatiné' tﬁe local alip,' i.e.
| the slip was regarded as pure 'rig:l.d body rotation, and was apeé:lfiéd by
"the oreepagé. and aﬁin-aloixe. Knowing the direction of tha local alp,
| and theretoro the direction of the trs,otion, the total tangential force
1 and moment could be oaloulated since the magnitud.e of the local
_traotions was also l:nown. I.utz, Re;. 18, considered a circular contact
" area which is a special case .o_.f the results gﬁeix by Wezﬁitz » Ref, 20,

for elliptic contact area.s,' both essuming creep in 6ne direction only.

-4part from these limiting cases for infinitesimal oreepage

| and ap.‘..n“and for v'ery large creepage and spin, the only case for which

- there existed a theoretical relationa’h:l.ﬁ was that for pure creepage.
Unfortunately :.mu.t.oasos of praotia@ interest, eapeoialiy _in the railway
wheelset application, 11e between the two limiting theories and generally

involve both creep and spin;
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SR " big step forwe.rd was med.e vy Kell:er, Ref. 22, whero o
: nmnerioa.l method was given for the threo dimensionel case of erbitrery
oreep and. spin. ] Thie theory is mainly of eoedemio interest i‘or the B E
- 'oese of pure oreepese, but for oreep and spin ooourring together it

'was the ﬁ.rst sveileble nethod. for pred.ioting the foroes. - The theory

. was developed i.n more detsil by Ke.lker, Ref, 25, where results were o
_. oompe.re& with the experimental reeults of Johnson, Rei‘s. 6, 7 8, 9 e.nd
o Heines ando.llerton, Ref, 11. ‘

: In generel, theory e:nd experinent egreed very well f.or the
oeses testod, and 5raphs ehowing these oomperioons are given later in
Section 2.3. ‘ The numerical method failed to oonverge for(a/‘b) ratios
: 5reeter than 2, end oen be used. only for near circular oontaot areas, .
In view or its possible epplioetion to the reilsey wheeleet probl it
i disonssed. in more deteil, together with its limitations, in Seotion 3. | .

Also in Ref. 25, the Lutz-Wemits theory for hrge oreepege .i
end spin was extended 'by 1ifting the restriotion of having the oreepeée , |
| a.long one of ‘the prinoipel axes of the oontaot ellipse only Integrel' :
'expreseions are given for the i‘oroes vrhioh can be solved numericel]y
- This method is elso disoussed in Seotion 3. -

. The oese of :l.nfinitesimali creepage e.nd. spin has been trea.ted
by Johnson, Ref. 7, De Peter, kef. 12 and Ke.lker, Ref, 13, for oiroular
‘oonteot arees. !l‘h:l.s theory was generalised in Ref. 23 :t‘or elliptioel .

- contact erees ’ detsils or the method 'being g:i.nn in Seotion 3.

In Ret, 21+, Ke.lker 5enere,1:|.ses the strip theory of Haines and
.Ollerton, Ref. ", and .Tohnson, B.ef. 10, to take eooount of 1atera1
oreep end elso spin to 3 1imited extent. !.‘hus in a sense it is 8 .-
5enere1 theory for er‘bitrery creep and epin, but dne to other 1imitations
1t is not used in the present amlysis. 3 In this theory the oonplioated
reletionshipe between the ele.stio ﬁisplacements and the treotions :I.n the g
oonteot ares are simplified by ignorins some oi‘ the oross aepenaonoe L
terms, : It is ergued thet this epproximstion is less 8076:’0 then the
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_ follouing étrip i:heory aéauhpfions which_'aro also mades

- (a) the traction distributi.on is assumed to chanse s].owly in the

lateral d.iroction, 80 that the al:l.p 13 auumed constant in this
d:!.root:l.on. - (From this assumption it follows that best results

are achievad for contact ellipses whioh are narrow in the d.i.rection _

of z-onmg)

(b) 'the traction distribution for a f:lxed Jateral ordina.te is the
- difforemo of two half elliptical traction distributiona, one
aoting over the whole oo_x_ltaot width and the other over the area

of adheaion;

Two typaa of aolution are conaidered.
| (a) when them is no area of adhesion; and

(b) when there is an area of adhesion

In tha iattoz_' case the Cartir traction distribution is |
assumed, and it follows from the boundary -cond-itio_ns that in order for
the avea of slip to touoh the trailing edge and for the law of frotion
to hold in tho area of a.dhea:lon, then a restriotion must be placed on
‘the spin pa.ra.a_zotar. . This cond.ition says that ’ l{l [ < ,

o
Wy (10)
2mA | |

a._‘_ = semiaxes of contact allipse in rolling direction

where (P=

‘b = semlaxes of oontaot ellipae in lateral dj.reetion

and 4 = 211"
| 2Trab &

In, Ref. ‘21;, the fheory is tested for the case of pure |
'cre_epa5§ and the case of pure spin, In the case of pure oreepage the
.:_-eanlts: are good for the total tangentisl force when the contact ellipse
is narrow in the direction of rolling, but in the caze of circular

| contact area, the resu]-.f.ts‘ are poor, with errors of up to 25%. For |

the pure .sp'in‘ case, errors of the order of 20% are possible ‘when
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- (a/‘b) = 0.2 and as high as 40% for circ'ular.confact a.rea.a._; In bcth'_._

cases Poilcona ratic is nct accura.tcly accounted fcr. In the limiting -

~ case of Y1 = 1, the erea cf adheaicn vaniahes, lrh:llc for llPl >1 no
area of ‘adhesion foma at all, and thia leads to a vanishing tota]. -

fcrcc. Thic ccntradicta the numerical thecry ana Johnacn 8 experimantc, o

- which chow that the tangent:lal force cnly va.niahea .’m thc limit whcn L
D1 tends to o B

In thc rolling whcclact problem, ccntact is eithcr on the

tread of the wheel or on thc ﬂange. In thc f‘ormer caac, ccntact areas _'

are near c:l.rcula.r in cha.pe and aince the creeps and spins are gcnaral],y
| swall, the numerical thccry or the mfinitcaiml creop theory can bc
used without difficulty. Fcr flansc ccntact cond:l.t'lonc ‘the contcc‘h -
cllipse is very elongated in the rclling direction, an& bccauae of the
largc ccnc a.nglc the cp.’m is grcat. "l‘haac ccnditicnc mke the strip
| thccry totally ina.dcquatc and therefore it has not 'bccn used in tha |

- present mlysia.

!‘cr cases cr rcllins contact invclrins crccp without apin on’

clliptical ccnta.ct arca.c, thc thecrica of Jchnscn and Vermcillun, ‘Ref, 9, S

Haines a.nd. O]lcrtcn, Rcf. 11, and Kalker, Ref. 2k, hcu already becn
" mentioned,  Johnson and Vermeulen's theory has been ahcwn to give riac '
to errors of up to 20% while Haines and Ollerton and Kalker are good for
~slender contact cll:lpscs (slcndcr in the rolling dirccticn), but for

cthcr shapas, even circular they are less acourate, In Ref, 25, Kalker '

proposes ‘an empirical fcmla wh:l.ch ia tcstcd againat the thecricc Jnct
mentioned and also aga.:l.n.st the numerical method cf' Ref. 23_. Agreenent

" between these results and the prc.poaed formula are 'gencra:lly,with:ln 10%.

A linited amount of work has been done on the rolling contact

- of boddes with different elastio constants, In this case the mormal

prcssurc and the tangential tra.ctiona are nct indapcndcnt of cach cthcr o

"a_s is normally assumed, Jchnacn, Bef,. 10, gives some qualita.tivc |
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N conoluai.ons a.bout the effeot of alip for tho case or two cylindera in
rolling contact while Bentall and. Johnoon, Ref. 26 aolve the problem
approxinate]y using a numerioal method ahowing that the effoct of slip
on ths rolling friotion is 5onara11y onall Kalkor, Ref. 30, s:l.'rea
‘the creop/foroa relationships for elastioally d:lasinila.r oylindera for
.‘ a oonpleto range of values of /U- These results are dorivod t‘x‘on 8
‘minimm p:r.l.noiple for the law of dr,y friotion which leads to a linear L
3 programing problem. This method does not assume the ohapo of the
. adhesion area bef'ore atarting to solve the problem, as thia 1s takon
oare of i.n the nathemtioal a.nalysis. : |

Kglkor haa also investigated transient pl_iohoniono..for the two
dimensional case of cylinders rolling over eocﬁ other inlof. 2'?,.28, .
29 and 30. He has deviood a step-by-step numerical method and f‘ound‘.

: tha.t the taﬁgential force distribution given by Carter, Ref. 3, for
this case, could be achieved after two oontaot ridths ha.d beon traversed.

"~ A similar result was achieved for diu:l.nilar oylindera :I.n oontaot, and .
he conoluded that most cases of praotioal intoreat in whioh tho -
tangential foroo ohanseo dnring roll:l.ng, oan be rogarded aa a aucoeuion
of steady atajes. The same pro'blem is oonsidorod in Ref. 30 uaing

 linear programing.

Briaf mention ahould be made to a oompletel,y difrerent approaoh
to the problem of rolling contaot taken by Ea.yak Ref. 32, who preaants _
a theozy which doos not assume either smooth surfaces or that coulom'bs
lewof friction 1s valid in the contact region. ' l'ay&k argues that
exporinenta_l inve_atigati.ons .'_m rolling contact do not _alwaya produoe
results which agree with the smooth surface theor:l.os', and although there
are mony‘pou‘iblo reasons for theao dio'asreementa (and these are |
d:l.souasod 1ater) his main oriticism is. the assuaption of COulombs law in
the oonta.ot rogion. In his theory the law of friotion ia ‘baaod on

oxper:l.nenta.:l. obsorvations of junction deformations.

'rhio theory, whioh pootulstes aurfaca roughneu effeots to be
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inporte.nt,r is given in a refined form in Ref.-33; _The thoory only
a.pplies for two dimenaional contaot of aimilar bodies, and to be ablo

| to use the theory a profilometrio examination of the bod\y sur:t‘acea has

to be mde to calculate a surta.ce roughnesa parameter. Results given
oompa.ro qualitatively with experinental reaults anﬁ Rayak cono].ndes '
that surface roughneu efreots are not important for amooth rolling

'bodies or when the contaot pressure is hish. i

‘The .rol:_l.ing contact phenomonon is still béing investigated

by Kalker and recently he has proposed a theory in which the displace-

~ ment differences (u, v) end the 'traotionp- x, Y) are connected by
simple: o@msiions | L
| u = .Sxx-

v = Sy!

where Sx, Sy are callod the inverae stiﬂ‘neusea. 'i‘hia is an obvious
aimplit'ica.tion on tho exact thaory where the rala.tionships between
these pamatera ars very complicated. This so called Simpii:_fied
Theory adapts the governing parsmsters in a special way so that therq :

'is agreement betieen the resuita it predicts' and the numerioal theory.

A.lthoush this theor,r is still 'beins devemped a.t Dolft,
~ brief report has been written on it, Ref. 36, and with the suthor's

permission, the essence of this is g:lven in Appendix 2, 'l‘hia theory,

= although it has not been proven exparimentally, has obvioua advmtagea

- for use in the preaent work ainoe 1t can treat the case of creep with
apin on any shapo contact ellipse and beoause of this it is diaoussed
in more detail in Section 3.

The nnmerioa,l method of Kalker, Re:l'. 23, has also been

' reoently modified and it can now treat the easo of elongated ellipses, ,' )

although the actual program is still rather cumbersome to use,

(11)
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| This modified varsion, which is still being developea, haa not been usea:, .

in the present tork, _elthough Dr. Kalker hee rn his progran for
seleoted cases to compare uith experimﬁta.l results produced la.ter. :
 These are given in Section 8. e | |

Snmming up, this review or theoretioal work in the field of
" rollins contact ehows that moh progress has been nade ainoe Carter
' published hia two dimenaional a.nalysis in 1926 to reach the aophisti-

‘cated numerical techniquee uhioh Kn.lker is developing for the completely

5enera.1 case of arbitra.ry oreep and spin. It seema that a aolution :

,will soon be available whioh_ pr_ed.ioto the forces for this generel oase. ‘ '

Bven then it wiil'be rather oumberaomo, te.kin/3 a lot of oomputer time
7 if used, aay in the oomplete dgnamie caloula.tions of a re.ilway vehicle.,
In view of this, some: of the approximate theories have obvious )
ettraotiona for use in particular casea, such as, for oxemple normal
“tread contact of a wheelset where the creeps and spin are small. .
‘Theories which can be used tor different types of contact in the reilway
wheelset situation are given 1n more detail in Section 3, and a oomputer
. progran has been written for each method. A oompa._rison' of results
using these different theories is given in Section 5,

2.3 meﬂ;ﬂenfal"keﬂow

Many exi)oriments havo been carried oﬁf in the field oi‘ rolling
oontaoct. Some heve been direotly applica‘ole to railway wheelsete and |
the teete havo been oarried out uoi.ng eoale wheels on a reil/wheel

maohine, genera.lly ou.lled a roller rig, while in other experiments real '

_wheels on real tracks have. 'been uaod. | Pro'ba‘bly the moet eooureto creep -

' mea.auremente bave been mads using apparetus designed epeoii‘ioe.lly for
thia purposs, end ueually comprise a sphere rolling on a. rlat suri‘aoe

giving a oirouler oonta.ot ares. -
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Experimental evidenca falls into three categories: (a)

_ longitudinal oreep, (b) le.toral, oreep and (c) 1atera1 forces due to

~ spin, In the early days the na.:l.n intemé£ in creep phencmena was.

due to the adhesion of reilwey wheels or move speoifically to the lack

of it, This meant an interest ih‘.longitud.i_.nai oreep, andv.-Ca_ftera =
theory, Ref. 3, published in 1928, applied o th.'!.a caae. Ina aﬁﬁéy' '

| report 'by Hob'ba s Ref. 3k, there is mention of a British Rail report by o
' ‘.Loach publisheﬂ. in 1935, 1n which expariments wore carried out ona
roller rig using two cylindricel rollers. The longitudinal force due
%o varying amounts of longitudinal creep was ﬁeasured. The ﬁsﬂté
have been manipulated by Hobbs into ron-dimensional form and are |
reproduced in Pig, 2..‘?', along'with other 1ongitudiﬁa1 ocreep axperimeﬁtn,
to show the comparison between them and Kalkers humeri_oal theory. The
varying contact conditions are taken care of inathe non=-dimensional
para.meter plotted, which was proposed by Johnson and Vermeulen, Ref. 9,
for their elliptical contaoct work.

- This experimant was probably one bf.the first ocreep/force
peasurenents to be carriéd out, _'.There.ha.d been e;rlier attempts to |
messure the coefficient of friction (éi- coefficient of adhesion, which
1s more sppropriste in railway terminology) and this, of course, is the

limiting case for large creeps.

The first sxperiments on fozﬁ.ea due to latersl creep were
carried out by Davies, Bef. 41. In this report, in which the author
is concerned with the lateral ospi.llatibm of railway vehicles,
~experiments were desoribed using .q. 1/5 scale model of a four wheeled
‘ - - vehicle with cylindrical steel wh'aels rolling on flat topped ateci rails.
| 3 A brake foroe could be applied to one of ths uheels to give longitndinal
- creep and la.tera.l oresp was achieved by banld.ng the tra.ck. As the
: experimants wers oconducted with either "line oontact" or point oonta.ot,
- it ia not possible to compa.re Davies's results with any of the theoriea.
In this report the author oompa.res his 1ongitudina.1 creep experinental
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reeulte with Certera theory showing goorl agreement over the lineer .

| . resion, but for lerger tengenti&l foroee the creep ie greeter then

‘Carter's theory pred;lets. The ereep/roree eurvee of Deviee are

" asymptotio to a line, indicating a eoeffieient of friction or o.125

; wh:leh is a.lao the value o'bteined. trom the experiment by locking the
) wheels, 1.8, the eoefrieient of alidi.ng friotion. Cheng.’mg the apeed )
did not ef'fect the reaulte for either longitudine.l or 1etere1 oreep.

L The moat exteneive experimental work in the field of rolling :
leontaet hes been cerried out by K.‘n. J‘ohneon, ueing various p:l.eoee of_ B '
epperetue. He hae nee.aured foreee dne to longitudinel oreep, latere.l

- creep and spin, senerelly on spheres rolling on a flat or inel:l.ned

| plene, e.nd thus the results apply for o:lrculer eontect areas only.

The spheres have always had a very good eurfece _finieh of probe'bly

70..025 'Vto:O.O_S /b(n C.L.A., e.ndin iorder to got repeeteble feeﬁlt'e
lubricated surfaces s end therefore low coefficients of 'rriotion,” have
“nearly always been used. o evoid any hyd_rodyneeie lubriee.tioe" effects,
the experiments heve been cerried out at very lew speeds. The contact
preesures have been high with aversge . pressuree greeter then L83 llN/m .
Althoush most of the experimente have 'been mentioned br:l.eﬂy in. Seetion

| 242 they are d:lscueaed :l.n more deteil here. : N

Johnson, Ref. 6, deeeribee an experiineﬁt which meesurea creep
' dne to both longitudinel and hterel te.ngential forces eeperetely. - Felr
: 1ongi.tudjnel ereep meaeuremente, the experiment ooneieted of two herdened |
eteel be]la of 25 mm dieneter mounted on a apind.le. These ba.lls rolled '
ona ha.rdened steel atrip in a. direotion normel to the axis of the

| epindle, end. could dbe 1oaded bj means. of tvo henger.s mounted. on ball _

- ¥aces at the ends of ‘I:he spindle. Longitudinel ereep was inreetigeted
Iby t:llting the plans end nea.euring ‘the creep w:l.th a niorometer erter |
tra.vers:l.ng the ball np and dom the ple.ne, the syatem be:l.ng restrained
from free rolling by etrings perellel to the plane peea:l.ng over pulleye

at the top of the plene. * Both the balls and the plane had very good
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. surface finishes and the, ba.lla were cleaned, ‘washed in 'benzene a.nd

. wiped dry before each experiment. The coefficient of ro:l.'l.ing friction
was meaaured as being 0.09 oompared with a value of 0.12 - 0.11+ for the
alid:l.ng coefficient. - e

L_ateral creep experiments were cerried oi_lt on the same PiQOQ .
of apparatué ‘by tilting the plane through an angle perpendicular _td tho |
a.ngle of rolling, but maintaining it horizontal. :che' ba.lls. were rolled |
by hand at very small velocities, less than 3 n/min, and the oreep was-
measured with a nicrometer. The ooefficient of roll:lng rriction for

la.teral croap was measured as 0.11.

_These experinents were performed G‘dry'. and 'alap' w:!.th surfaces
flooded with iubt“ioatingr‘oil. In vj.;w of the very low velocities A' -
involved, the hydfodynanic‘ effect of the oii ;as negligible, but even
50 the cosffiolent of friction only fell from 0,11 to 0,09 with the
1ubricated' Surfa.oes. Tohnson concludes fron this that a thin greaso
© £ilm must have been present for his: ‘d.ry' runs.

The longitudinel results ai-e shown in Pig. 2.5 and the lateral
rosults :I.n Fig. 2. 6 where it can be seen that agreenent between
Johnson'a ezperinental results and. Kalker'a numerica.l theory is var,y
good for this case where (a/b) 1. These resulta are o.lso ahom 1n
rig. 2.1 .7 where they are plotted ua:l.ng Kalkers non-dinenaions.l oreep

- parameters referred to in Section 3.

In Johnson and Vermeulen, Ref. 9, experinental results are |
glven for lateral tangential forco dne to latera]. oreop on elongatad. .
contact ellipses with the follouing ratio of semiaxes: (a/b) = 0.276
0.685, 1.57 and 2.47. Thopxpe:.tmental procedure is not desc:l'ibed_in’
dotail but the measured coefficients of friction o;re éabulatéﬂ. as. 0.11,
0416, 0.17 and 0,14 respe.ci':irvely, * The aﬁtﬁdrs use the foli@wing |

expressions to correlate their results for the various (a/b) ratios:
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FIG 27 The Total Force Due to Lonthuclmal |
and Lateral: Creepage (a/b=1,0=0.28, X O)
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These eiéreseiens have been used in I’ig'e.ﬂ 2.5 and 2,6, where i't';‘"oa.nlr

_ besee‘n' that esreement between experixeent and theory is not as good';
‘:'e.e for the o:lrcular contact exper:lments me:rtioned previously. This
_ may be dus to unwanted creep being preeent in the ezperiment or more
1ike1y that the eoeffioient of friotion aaeumed. was not comet. By
a different choice of /A. a11 pointa can be brought oloaer to the
theereticel cu.rveg'*.. this means, however, that points eorresponding
- to eemplete s1iding lie above the eurve. Thie oould. be expla.ined by
-'eeeuming the;coefﬁeieﬁt of frietion increases with inereuing slip.

- The prodlem of finding a oorrelation function for pure
oreopage in either longitudinel or lateral directions is discussed :Nrther
by Kalker, Ref. 25. A very eompl:lea.ted function 1s derived whioch
correlates the’experimex_ztel evidence of Johnson, Rer._6, Johnsén and
Vermeizlen, Ret'.l '9,. and the hurerieal theory of Kalker, better'thm ths -
correlation function rnentioned-ebove'. - This empirical formula- compares
well with the exact theory when (a/b) = 0.2, ‘but the agreement becomes
~worse wi.th :uzcreasing (e/b) ratio. Kalker suggeete thet the formula. o
used by Johnson a.nd Vemeulen is best when (a/b) is lerge.

Johnson's first ep:ln ea:perimenta are described in Ref. 7 |
' where measurements were mede ef the le.teral oreep which aeeonpanies. '
rolling with spin. ~ The apparatus consisted of a simple thrust bearingﬁ_.._‘"-; =
 with ﬂet horizontal races, the load being franemitted through three
symmetrically epaeed balla. | Spin is senereted by rotating the.' 'on raee' |
_ relative to the bottom, and the 1etera1 ereep :l.a given by the outward |

_ displacement of the balls, mea.aure& with a micrometer. _ Varlous normal

| loads a.nd. ba.ll diameters were used the experiments being performed e‘l: -

- “low veloci‘biea to ensure eentrifusel t‘oroee were negligi'ble. ' -
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e effect of different coeffiotents of :I.‘r:lotion s
obtained by having different aurfaoe oondit:lons on the races whioh wero _
.oither "hard! or 's0ft?; in en "as ground® or polished conditien, the . -
_ balls a.t all timea boing ha.rd a.nd polished. Some meaauroments were o
| ‘;_mado d.ry but most had a lubrioant present. . Tho ooefficient of sliding
friotion was meuured in each case and variod betwoon C. 12 to 0.25,
dependins 1ittlo on surfo.oa finish and. hardnoss. The creep measure-
nments, howevor, aia ahow a8 marked ohango whon tho races were poliahed.
;:From hia obsorvationo of thia and othor oxperiments Johnoon oonoludes
: ‘that the rolling ooefficient of friot:l.on oannot be compared with the
steady s].iding valuo.

Agrooment botveon these experiments and Kalker's numertoal

5 'theory is good over the linear rosion. An attompt was mode to moasure
: .tho apin moment 'by neasuring the twisting moment on the bearinsa and
‘aubtrooting the elaat:l.o hysterisis moment. ~ Por small api.ns tho
hysterisio erfoot was nmoh larger than the spin momont and 80 no
oomparison was posaiblo, ‘out for largor opina the tota]. twisting momont
'departs from its linoar dopondonoo and appmachea 8 limiting valuo. |

Further apin experiments a_re_ described by Johnaon, Rof. 8,

' whoro oopafato apparatua were deoignod to measure oreep under the action - '

‘ot omall tansential roroes for small spins, and for large spina , 80 that
.each of the parameters oould bo variod indepondont].y. . The apparatus
for suall spi.ns oonaiatod,of a hardened steel ball rolliﬁg 'ootwoen two _
: ha.rd flat surfaces. - The o.ppor flat was fixed a.nd could be loaded' with
'iweighto » while the lower £lat was constrained to slide in a-circular
“aro about o. pivot point, causing tha ball to roll and introduoo a small
angular velocity of spin. A force oould be applied to the ball by
moans of a thread attached on its axis of rotation. The lower mt

was reoiprocated by ha.nd and for a large enough numbor of: tra,versa.lo ’
the radial displaoemont due to ‘the tangential foroe and spin oould be

:meaaured with a nicrometer, This_-is the _latoral creep, since the
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‘direction of creep resulting from epin end. 1etere.l force ie |
independent of‘ the rolling directien. : The apin parameter was varied
' 'by chenging ball eize encl treek radiue, while the creep was mea.eured.

err a range of forcee. '

The apparatus fcr lerge apins was eimiler to that ueed 'by .

Johnecn, Ref. 7, in that it coneieted of tlo identieel herdened steel o
. discs, the lower one. being fixed uhile the upper d.iec was free tc : |

rotate about its exia. : Lce.d was trenemitted throush three equally L
spaced hardened eteel balls eepareting the disce. '.l'heee 'bell'c-'ren' in .‘
shallow groovee of lerge radius- ground in the diec face, oneuring that
the centect a.ree was. almcet ciroular, Ae the disc rotated the bello 5
moved. radielly outterde until they reeched a eteady ete.te poeition :
where the force due to epin was reacted by the component cf the normel
forces at the contact pcinte. The angle of inclinetion to the conto.ct

~plane ceuld then be meoeured and the tengontial force found the crecp
: being given by the radial displacement of the belle. A range “of ball

) diamsters and diece ware inveetiga_ted giving s wida ra.n.ge ori‘ epine.

J ohneon f.ound that for the lerge epin parametore, where

.there is considereble elip taking plece in the oontact eree, there was
.e. lot of ecatter in the reeulte due to slight differencee in the surfece

- .conditicne, euch as roughnee.s ‘and. the preeenoe of lu'bricent, effeotins “

the creep. There lre.e noticeebly more. ecetter in the eecond eet of '

' experimente tha.n the first. A comparieon between Johneon s experimentel

results. and Kalker'e nunerice.l theory io ehown in Fig. .8 end 1"15. .9. o
Ae the coefficient of t‘riotion was not lmown it was adjueted to obte.in

the beet correletion. y I‘is. 2.8 ehowe the leterel force pare.meter _‘ 'Fop f

. "plotted egainst epin parameter fer zero creep, -~ the va.lue of /Ub ueed

io 0.09&- a.nd ueing thie the correletion ie very good Fig. 2.9 ehc\re

" the correlation between theory end experiment for combined 1eteral creep

d epin over the 1inear region for a range of epins. - Ae /u, was n_ot_ . |
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known i'b wae eeeumed that jal- = 0.085 for cmee obteined. ueing the

' .emall spin experinent and /u. = .102;. ror reeulte ueing the 1arge epin o
-'experinent. - It oan be eeen that e.s the. spin :lncreeeee the elope also
ineree.see with good eorrelation over the lineer region for thie eaee of

cironla.r contact area and. very low coeffieient of friction. )

Johnson's experinente iere .oarried out using nrj emoetle ‘balls
'lith high contect preeeures reeulting :Ln very low coeffieienta of -
friction. lluch lerger veluee of /u. were found by llueller, Ref. 42,
who carried. out full ecele experiments on a reilwey wheeleet with eylindrieel
wheels. Some experiments, to meaeure laterel oreep, were performed. on.
very clean dry reile and values of /u. between O.IJ a.nd 0.511. were found
- . to exist, while others wers carried. out on wet ralls with /u, very:lng

between 0.25 end. 0.58. These results are plotted :I.n Pig. 2.6 ehowins

- reaaona.ble egreement between them e.nd. the mmerica.l theory. :

| Reeently publiehed work i.n J’epan by Matsui e.nd Yokoee, Ref. L}, __ |
give 1etera1 and longitudinal creep reeulte on 1/5th and 1/101:11 scals
models, '.l‘he tests were oerried out on e rig which consisted of a coned
.wheeleet placed upon a roller, with freedom to yaw end. to be dieplaeed ..

laterally. Lateral forces and yawing mente could be applied to the _

o wheelset and the resultins yaw and letere.l dieplaeement measured, the

fomer givins a measure of the laterel oreep and the htter the longitu-
dinel creep. .' Some of the reeulte are plotted :ln 1!':15. 2.5 end. l‘ig. .6
B ehowing good agreement betueen theory encl experinent. Al.‘l. erperimente
were carried out at low epeede of leea than 3 m/e and with eetimated
cosfficients of friction between 0.25 and 0.35. - PFurther teete using L
a model bogie with a wheelset etrein geuged to measure leterel end

longitudinal tread forces yielded. 1eee eetiefectory ereep reeulte. o
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' British Rail at Dar‘bj have .carried._:out_ some lateral creep

ltasts___ on a 1/5th scale unre_afrained._ whccia_et xccuafed onK a‘-rcll.er rig,
Hobbs, Ref. 34. ._The iheelsat had cylicda'ical treads to .rcdcc.e‘ long-
itudinal crccp and a_rac made from aluminium elloy so that wheel loads
cculd. be reduced and cz;oei)agea acaled. | The wheelset was auapcmied.
from s yckc which was in turn pivcttad a'bout a point approximately -

{1 m ahead of the wheelset. This arrsngement coupled yaw with lateral
displacement so that the ’ay.-.tqm wes stable in the lateral plane under
the action of lateral fo:;cea.: Latcral' crecp was diractly pro;ﬁortional
to yaw angle and. the experimcnt was carried out 'by applying vary.l.ng
1atera1 fcrces to the thcelsct and meaauring the raaulting yaw anglc _
optically. .Tha wheel was run at apee_ds of between 2 m/s and 22m/s
showing no corrslation batﬁeen speed and creep over this range, The
wheels were slightly abraded to achieve repeatable results and
ccefficients of friction catvaen 0.125 and 0.39 were recorded.
Reductions of 50% 1n the creep ccaff‘:lcianta were observed when lubricant
was applied to tl;a wheels, The averaged results which are within 10%
‘of the theoretical values are §1ottea in Pig, 2.6. Attenipta me to
measurse lataral creep d.ue to apin by uains a radiuscd whcclaet were

unsucces afnl .

Although Barnll and Wcolacott, Ref. M., _'lere mainly interested
in the coafficient of adheaicn ‘batwean rail and. whcel they d.o publiah |
soms- longitudinal crecp reaulta obtained using tha same apparatus u.sad
by Loach meat_j.oncd earlier, . The rig, which was basically a roller rig, ) |
was enclosed in an air conditioning unit so that humidity and temperature
of the surroundings could. be _ccatrollcd. as well as surface traat:aenta
of the rail and wheel. In order to obtain repcata’olc results for
tary! conditions R it was found necessary to abrade the auz;faces wit_h'

'wot and dry' carbcmcnin paﬁcr. ' These dry resulta are plottcd. in
l‘ig. 2,5 and when compared with Kalker s theory they ahow about twica ,'

 the 'bhe_orctical valuc__or _creepaga ror t_he same force. . ’.I.'hia discropancy
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eould be due to one of several reasons a'suoh as: (a) surface viﬁr&ﬁon
~ in the rolle'r rig dus to out of balance; (b) 1a.teral oreep being
_present or (c) aince the experimen‘l:s were carried out at fairly high
speea it could be dne to hydrodynamio lubrication boing present. It
is intoresting to note that the coefficient of friotion was affeoted .
by atmospherio donditions and/or aurface contamination, with /u, mrying' :
from 1.0 for well sanded surfaces to 0.1 for surfaces wi.th considerable
organio material on them" Changea :ln humidity had draatic effects, :
' _red.uoing tha coefficient of fr:l.otion by a:l.most 50% for a relative
- humidity greater than 75% The effect of humidity on S is shown in
Fig. 2.10.

-Halling, Ref. 1k, carried out similar experiments to .Tohnaoh_
* using a steel ball on a ﬂat surface, end measured the longitudinal
- creep due to a longitudinal force. A series of balls with various
| diameters were investigated for a rangs of loads ;ith'h:lgh contact

. pressures (average pressure >~ 800 llN/mz) and low velocities. Good

. agreement between Halling's theory and experiilent was oBtAined by

assuning M = 0,075. The coefficient of sliding friction measured
was 0,090, g;l.fins the ratio of rolling to aliding.cogrficients of - :
friction as (0.6’?3_"/0.090) = 0.85; This 1a the Qe;_me ratio 'foux;d by
Johnaon.'_ N - | o | o |

'Halling end BrotherQ, Ref. 1,5', inve‘stigated the longitudinai
oreep on a smooth ball aubjected to varioua normal and tangent:lal
surface traot:l.ona 'hen rolling on pla.nes of various surface finiahea. )
 The st_xrfaoqs investigated had roughnesses betweon 0.1 and 0.81.. Mm |
Celehs They found surfece roughness had no apparenf effect on ofedpa ,
or on the coefficient of sl:l.ding friotion, providing Y large normal
: load na paintained. In all their test..-. the average contect preaaura
| was greater than 760 llN/n . |
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I:n & paper by Halling and. Al-Qishtaini, Ref. 46, other
faotors effeoting the contaot conditions betwaen a ba.ll and track
were investigated. They measured the longitudinal-creep for a
circular oontaot ares with dry surfaoes a.nd :t'ound difﬂculty in
obtaining consistent results at large normal loads N, or when the
B tangential foroe e.pproached. its limiting value of /ULN. They sugsested
B this was dno to wear debr:l.s on the rolling contaot surfeces, and to
: overcoms. this_ they oontinuously removed._the_debris wit_h_a olean dry
pad, thereby achieving consistent results, They found that S was
. greater at the higher norma]. loads, causing great difficulty in the——---- S
choioe of /Ut. to oorrolste theory and experi.ment. |

| Vi'bration effeots were investiga.ted by varying the frequenoy
© . and s.mp].itude of the normal load, but results showed no significant
.deviation from thoee obtainod u_sing a oonstant load. "This is an
. interesting result as va'ria't_ions in nor;nal load must of'ten oceur in
practice and. the present roeults show that such conditions do not
neoossarily invalidate the steady state oreop/forco theories. . '.l‘his
reeult was also pred.icted by Ka:lker.

Ezpor:lmental work on roll:lng contact and in particular when
spin is present, -h'as been carried. out by Poon _and. Haines, .Ref. L7 and
Poon,- Refs; hB_ and hé. The aims of the sxperiments desoribed in Ref,
47 was %o meosure_ forces due 'to_raxying__amounts ‘of spin, using different
types of lubrioa.nt. The rosults of tois investigation are outside
the eoope of the present work but tho rig used was very interesting :
and has possibilities regardins further spin experiments. _ The arra:gée-
ment oonsisted cof a ball in eontaot with a flat top roller. The |
.roller was supported on 8 oircnlar :Lnnor ring which in turn was supported.
on a fixed outer ring. The inner ringl oould be moved relative to the
outer ring and had a vernier scale marked on to measure the relafive .

rotation. The ball resting on top of the roller was mounted on s .
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shaft which oouid" slide in a aémi-c'ircular vertical ring, constrained
by an axtepded stra.:ln ga.uge ring, allowins movement :Ln the plano of =
the r:\.ng only Th:l.a strain gaugo ring was in turn mounted throush

ﬂexible croas springs to a moveable pla.tfom. The otrain gauge ring
had eight atra.in gauges atta.ched a,nd by aelecting different com'binat:lons

“of them, tha longitudinal force, Fx, lateral foroe,' ry and. moment llz‘ -

oould be found in the plano of the contact ares betwoon ball and roller.
Poon a,nd. Haines found, in faot ’ tha.t the moment associated with rolling

plns spin was tco small to be measured, - e S

The normal load could be varied through cords attached to

‘the spindle of the ball, the lsteral creep could be varied by rotating
~ one a'upport ring relative to the other and the spin ocould be varied i:y:

z;o‘batihg the spindle of the bdall around the vertical ring. Aithough

_ Poon and Hainas only investigated a ball on a ﬂai-:‘t'op roller, giving'
~ & ciroular contact orea, it would be posoi'ble using a similar rig to

 look at elliptioa;l_. contact areas 'by‘having rollers with different radii,

'.l'ho 'authora carried out their oxperimanfs using hardened steel balls with

* very fine surface finishes of 0,05 to 0.06 ALm C.L.A. and they remark

that below speeds of 3 m/min the load was entirely supported by direct

asperity oontact, even 'I;housh the sﬂrfa.oes.were lubricated.

In Ref. l.8, Poon atudios the surface shear tract:lon aria:lng
t'rom two bodies in rollins oontaot with spin present, uaing tha frozen

 stress photoelastio techn_ique._ The experiment consisted of two spheres,
- pade from Araldite oasting‘ resin, in rolling contact enclosed in a

‘heated oven, When removed, the contact area was sliced into strips

| and by o'bserting the slices using the normal photoelastio teohnique,

 the ahear traotion boundary oould be found When oompared with Kall:or'

. atrip theory tho_re was very good a.greemen‘b.

~ Poon, Ref, L9, investigates rolling with spin for a circular



T —thie being: the ratio. or eonteet ellipse semiaxee found 1n pra.otiee.

L _,oont'eot a.:‘-ee but _iith-elaete hydredynmie_lubricetioe preseﬁt;" '
' An extensive ser:l.es of ereep ezﬁeriments were carried out
by Itami, B.ef. 50, to measure 1ongitudina1 oreep, leterel creep e.nd
a eombination of beth, witheut spin, ona roller rig ueing 1/5 scals -
wheels. The teete were deeigned to give further ineight :Lnto triotioe,
ereep and effeot of certain pe.remetera on oontaet oonditions of reilway | |

loeomotive wheels. VWheels with diame‘bera of 150 mm, 200 mm and 250 m
were used with pmﬁle red.‘..i addueted 80 that (e/'b) = 1,57 in. each case,

Wheel normel 1eade were varied giving a range of eontact preaeurea

~ between 930 lm/m ‘and 1810 IN/m (maximum contact preseure) 'l‘his is
the sort of velue feund on 1ooomot1ves. - Wheels of different hardnese
were ueed, while snrfe.oe roughness was elwaya between 0.51 end 0.76 fen
c.I-.A._- In eeeh case the erreot of speed on creep end frietien was
investigated thmugh the linited rangs 8 to 24 lm/heer. '

The experimenta were cerried out d.ry efter the wheele were
thoroughly cleaned with vythene. " When running the surfaces Were
continuouely wiped with cheeseeloth. Some d:lrrieulty was experieneed |

| in obtaining force rea.dinge when the longitud:l.nal- oreep was large_ _
eneugh'te cause complete .'eli&j.n"g in the eenteot'_e.ree.; ~ flat sp_ets o
quiekly' appeafed on the 1hee1 which then'hsd te‘be removed.' by fegrindins. |

Longitudinal creep reaulte showed good agreement over the -
linear region with Kelker'e and Johnaon/Vemeulen s reeulte, but not 80
good over the‘remeinder of the curve. ) A eemp].e of theee reeults 13 ”
plotted in rs.g.‘ .5. The coeffioients of rriction were found to be
fe.:i.rly high, in the range 0.55 te 0.67.

A eemple of the leteral creep reeulte ie plotted 1n Fis. .6

e.nd. shows that as the lsteral ereep is increeeed the laterel force —

: reechee a8 maximum e.nd then drops to level off at a velue which ie a‘bout
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80% of the maxinmn Although this effeot is: common in automobile

tyree it hee ‘not. 'beon obeerved :I.n other le,'!:ere;l. oreep_ experinente.'

The exper:heente ehowed. no eppe.rent epeed effect while the

. effeot of :!noreaeing oonteot pressure oe.ueed a drop in the ooeff:loient

of friotion- thie result :I.e reproduoed in F:lg. 2.11. Chengee in :

..eurfeoe he.rdneee did not effect the resulte, but it emet be noted

that the oontaot preeeure wee e.lwa.ye high. Itami aleo obeerved the
effects of humidity, notioing the.t on daye of high humidity the o

ooeffioient of friot:l.on was 1ow, end in fact he dieoont:lnued hie teete
" on days when the relative humidity was sree.ter the.n 50%

?o.oomplhent the oreep experimente juet dieoueeed the
Eleotro llotive Divieion of Generel Notors oa.rried out a seriee of full
eoale experimente to measurs longitud.ine.l ereep on a reilway locomotive.

Their reeulte are publieheﬁ in a report by llerta, Mels & Itami, Ref. 51

~ which dieoueeee the field. teete in oothmot:l.on with the leboretory
'teete and oomperee the reeulte. ’l'he locomotive used had 1 n d.ie.meter
wheele giring a meximum contaot preeeure of eround 1!..00 l!N/m o« It was

'fully 1netrumented and oreep mee.euremente were made at speeds between

8 and 16 km/hr for wet, dry e.nd eend.ed oonditione, 'but alweye with a
typioelly contemine.ted rail. Ineuffieient infomation is gi.ven in the

report 1n order to plot the results on Fig. .5, but a oomperieon ie |

"mede in F:I.s. 2 12 between Johneon end Vemeulen s fomule e.nd the field.

‘ reeulte. : Agreenent ie reeeone'ble ooneidering the diffioultiee '

eneountered in me.’dng full eoe.le nee.euremente euch as these, - .

‘Ina U.S. Depertment of Treneportetion report by Heyak et al,'__

| ‘Ref. 33, a theory of oreep is preeented whioh is based on ‘surface
: roughneee. ’l'he aim of th:!.e work ie to try and eooount for the

differences which exist betueen ths smooth eurfeee theory of Kalker

_and me.ny of the expe_r_:lmental‘reeulte evident_i:n Fig.-_ Se '.l‘o euppor‘b '
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their new theory the suthors caried out some longitudinal creep tests
with an aluminium oylinder on a flat Snrface, giving a re_ctang..ular_.-
oqntaot area. The surface of the cylinder was roughaned,withj@

eniery oloth and the aurfaces x'un in before oreep maa&urementa' were

: made, in order that the aurfaoe roughneu was held. fairly con.stant.

The noma.l 1oad was alaso kept oomtant and the oreep meaaured. for _
vary;l.ng tange_ntial loads, A gmry of the results. obtaineq. is re=
produced in Fig. 2,13, where they are compared with smooth aui'faéé'

.. theory. A consid.erable anountwof‘ scatter was experianaod at high

loads. The reaults aupport qualitatively the rough surfaoe theor,y of
Nayak in that inoreasins norual 1oad.s bring oloser corrolation between

smooth surraoe theory and experiment. :

Sonme exper:l.menta wers also carr:led out by v:l.‘bra.ting one of
the contaot surfaces and measuring the oeresp for a constant normal
and tangential load, but varying gmplitude and frequency. These
regsults seem to indicate & decreass in erfective coefficiént of friction
due to aurraoo vi‘bration, a result which has a.lao been observed 'by
Tolstoi, Ref, 52 and. Rabinowicz, Ref. 53. Tolatoi showed that the
costficient of friotion during s1iding dspended on the stiffneps and

damping of the contacting bodies,

Brief mention should h§ mads of 'o'tha.i- oreep tests which have
besn oarried out, generally w:lth oylindrica.l wheels, such as thoaa of
Cabble, Refa. 54 and 55, In theae, where the contact areaws not
elliptical, but reotangular, the euthor measured. the longitudinal oraop‘l_
on a 1/10th aoale wheel with ma,ximum contact pressures ‘netween

- 650 gm/m - and 1180 HN/_m . Coeft‘icients of friction varied 'between

0.6 and 0.66 for dry conditions, but dropped drastically to between

O+1 and 0,11 in the presence of'oii or viq.ter. ' Tho contabt'pressuré . |
was found to have no effect on /.4. 3 frobably baéausé it was very high'
a.n,y'lray, while i deoreased slightly with increasing speed. '.l'h§ iqtjter :

result :l.s unusual,.
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o " Similar tests were ca.rirod. out by Creso and Tslbort, _
'.:Rof. 56, to messure the lateral forcc dne o lateral oresp on & mis~
cligned,s_tocl-rcller,. again the-ccntact area being rectangular in
"sha.pc. ~ The roller used was 25 mm wide by 100 mm di‘a.mct'cr.': The
.cxperiment was carried out at speeds of about 1.5 m/min with yaw
angles up to 3 being investigated, 'I‘he__ourfacoa were ground, giving
a coefficient of friotion of 0.16. -Some tcsta were carried out on

- rusted curraces , this being achieved by repeatod applications of a wa.rm _

“agueous solution of salt ‘and hydrochloric aci& and th'o- "coefficiont of
friction was then found to be 0.22.

Some ﬁ:ll scale 1a.teral creep tests are daocribed by Koci
and Marta, . Ref, 57 s in which a fully instrumented whcelcet was used
to study creep and transverae 1oad rea.ctiona resulting between a wheel
and rail during curve negotiction. Measurements were made on ordinary
contaminated track and showed a coefficlent of friction of 0.29, while
complete sliding occurred for about 'l-o of wheel jalr.

Finally, sinoe the theme of ‘the present torkr is the forces
on railway'rheolaeta due to the oreep phenomenon, it ic'uaeful to bear
- in mind the range of values of Pad found in practice on railway tracks.
A very comprchenaive report on recent rcooarch into rail/wheel adhesion
" is given by Gollins and Pritchard, Ref, 58. This report does not
measure creop as such, but locks at conditiona on running rails, and
tries to correlate them with laboratory cxporimenta giving detailcd |
exaninaticn to surfcco conta.minaticn and itc o:l.’fect on /u. .

A histogram ahowing tho va.lues oi‘ /u. obtained in good o
?weather is reproduced in l'is. .1&.. Fig. 2,15 shows the eﬁ’ect of oil .
and humidity on the coefficient of friction, meaoured in thc labcratox-y,
but using il wiped from actual tra.ck. '.l‘his was found to be very
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|
:' ‘surface 'lnctive and 'mdre viscous than ordinary-. gearbox oil. It can

be seen that /u, can drop rrom 0.7 to 0.2 with only amll amounta of

oil prasont when acuompanied by humidity changea. SR
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.Theoriee'usedJin Presentt Aeis

Thie aeetion deecribee in Bor'e deteil, those theories which

‘ have 'been used 1ater in the report to eelculete the foreee on a whee].set.

Saetion 3. 1 preaente the theory o:!' infiniteeiml creep and spin, Seetion
Ja2 the limiting oaee of large creopage an& spin, and Seotion 3.3 two '

theoriee for ar'bitrary creepege a.nd epin. _ In eaoh casze the theoriee

' _are diaeueeed with a vie' te epplying then to the railway theeleet .

' problem. Bach of the theoretieal methoda hae been progre.mmed. in

""Fortran IV a.nd ell the programs and eubroutinee nentioned in thie Seetion T
" are lieted in Appendix 5 R together with briet deeoriptione of their R |
. nBthOdﬂe

A comparison betwesn the results obtained for the forces on a

wh.e_eleet_ using the different theories is made later, in Section 5.

3.1 The Limiting Case of Infiniteeinal Creepage and Sgin '
The theory of De Pater, Ref. 12, and Kalker, R.ef. 13, is.

generalised in Ka.lker, Ref, 23 ’ for arbitra.ry Poieeone retio and ellipt-

ical contact areas., The besic eppmximtion in this theory is that the

“ oreepage and spin are 'euumeti to be so small that en"eree. of adhesion

.eovere the entire eonte.et area and there is no elip. Thus the relative

| elip equations, from Appendix 1 becone.

.

5 = an — Y2y + %—‘;’ =Oﬂ h - )
SR =Y T ;—.::,“O SR CE

Ae it is impoeeible to: have no aree of alip when there is orespage and

spin present thie aesumption leade to a eolution with an infinite _

tractiou foroe at the edge of the oonteot aree, whioh inpliee that this
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point is in an area or slip. However Kalker. shows, in Ref, 23, that

" even uith thesa sssunptions, no alip takes pla.ca at the lead.:l.ng edso.

In Bef. 23 & ut'of linear e'qaatiops are derive.d, called the
léad-d.isplﬁﬁemont equa.tioﬁs , whioh g'iie the rela’cionships bétieen the .
'nomal and traotion forcea a.nﬁ the surface diaplacements. " Theae are
'solved for a aet of houndary oonditions, after first removing the
singularity from the leading edge, giving the total forces and moment
*’*_ in the plane of the oontact area in terms of a aet or creepa.ge a.nd. apin

~ coefficients, which are _tabulated.
The forces in the contact area are given'by
B o= =1y Yoo o B ¢ )
R T MU
and the couple about axis (3) is |
"3=,f232fa'f33°"3_ | B
The c're'epage‘ and spin, Y, Xz‘* (& 3 Were given in the previous section,
while fii' are defined as |
. fp = GG, | )
r23 = G (ab) ‘c23 :
. .
| The creepage and spin coefficients, c,_J “are tabulated in
Ref. 23 for various (a/b) ratios and Poisson's ratio based on the .
" mbdulus of rigidity, G. ~They are also plotted and tabulsted in Hobbs,

‘Ref, 34, for a Poiaspn"a ratio of 0.3, based on Youngs modulus. ‘The '

~ Qsfinitions for fj; then become:




£y = B (ad) Cqq

2 = E(s) Gy (7)

- T3 = E _(?ab)i_czj n
. o7 aa2a !
f5y = BAeP) Gy
f_."T'hese' co@t’ﬁciéﬁts ﬁre reprod_dced :I.n 'ra.b_lé_ 3.‘_I o
‘ :-For valnes of (a/b) > 10 the :t‘ollowi.ng approziute
o e romlaa ahould be used to ca}.culate c”, G 23 and 035 . o |
3—2n& e
+ (8) 5
(A.Zcrddg,l A_zo‘z |

3- fm‘!’)(l °">
o [(T-)mcrh { (0 @mch‘”

°23 ’-032" gd_’J: g(l—cr)[\, 2*_4_0_% (10)‘
| 3,3 . T (I=2e)A-2+Ge Ty

-

| (i-e)A-2+4

| whore A_ [v\ (16/52) : | ' o - | ‘

_ (!l'.'neao a.symptotio formulae ure given to the t.uthor by Dr. Kalker in . -
a privato oomnication) o .

4 A subroutine called COEFF has been ur:l.tten which interpolates.
values of Ci:. for any (a/‘b) ratio and this includes the asymptotio
rornmlae given a‘bovo.. :

'.l'ho values of the coeffiuicnta 611, c 50 023 have been

o conparod 1n Ref, 23 with Johnson s ezperinenta.l results, Refs, 6 and 8,

r_qr the case of ciroula.r conta__ct area, showing good agreement, 01 1

for elliptical contact areas have been compared with the exﬁor:t-

Y

" mental results of Johnson and Vermeulen, Ref. 9, showiné differences

of up to 7%.
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Cree deaﬁdsucoofﬁo ents for O = 0,3

 Table 3.1 pag p i 3

| o |Gy | o
10 12 | 135 | 0.8 0.195 3e3h
Sobe pooasr | 1o ] o.zu2 174
B O T AT 1.06 0.288 1.18
i | Lo 1k . 1.1 | 0328 | . 0.925
ted | 5 AT T8 | 0,368 .- 0,766
] .6 1.50 1.22 | owio 0.661"
e 54 | 1.28 | 0.51 0,588
.8 1.57 Do1432 ] 0,493 0,533
9 160 |0 139 | 04535 | 0.492
1. 1.65 143 | . 0.579 0,458
9 | 0 149 0.628 0.425
.8 1,75 | 156 | o.689 0.396
7 1,81 1465 0.768 0.366.
6 1,90 1,76 .| o.875 0.336
ba | o5 2,03 1.93 1,0k 0.30%
' ol 2,21 2.15 1.27 0.275
3 2.51 2.5k 1.7 0.246
.2 3,08 3.26 | 2.6 0,215
a4 | n6o 5.5 | 5.81 04183
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 The foroas can also iao expreased in fems of non-dimensional

rorce a.nd moment parametera gliven by -

‘_ ‘ '_= i_ M s . 5
£ /*N_ | ' 4.".,J— , (12)

Bl .- %#(cnwcux) I3

) md -. 3 M3 | 3((*6‘)5 (C.ZSY(' C33x) (“I-)

/uNc. 4'11‘;\[—

- whepe " E is the- conplote ell:l.ptic integral of the aeooncl kind S

(Plotted in Pig. 19.2)

g N TL ; Xr are non-_dimensiorial oreepage snd spin paramete:fs"‘ defined

. §= _)_{_I_é.e__ 3 | VZ = izﬁ_ ) xsﬁ (15)
and . g = min (a/b, b/a) )

- One of the'-i;roblema in using thi# *amall creep theory" is
deciding whether in fect the 6reepages and spin in a partioular problem
are small enough for the ﬁethod. to give rea#onable values for £y, f, and
my . “ As a general guide it is suggestad that the following tests are

' earried outs

The maximum snd minimum values for £, (from equation 12) are *1 -

_=4rdy €. o &mr‘% | a8
gmx- 3(;3:0')?'@ Cy )_ gmn'—3({"°‘)_cu |

g should lie between these values

Similarla' for 5 from equation 13, the maximum and minimum ;ir#_iués ave -
N o ‘ .

.'. when x O

' 4wy
) ?lmx 3(‘_6 sz YZMII\ 3('_9_)5 c., (17)

Q should lie betwaen these values, .

_m'hen 7" O XMQX 4y IXMM SCF;\/');Czs(w)

3({—5-)E C23



% should 110 between those values.
It khould be noted th_a.f; the:‘se' conditions are necessary
but not sufficient, ' |

| 'l'o ensure tha.t the creopasaa and spin are sufficiently small :
. for the theory to apply, the following should alao hold5 |

(S 0 ) <#(gmm( .'" mex)
(W< Y]

(this 1s ganerally true for a/b >>1 and less aocurate for

e <)

In order fo_ use the method, a subroutine-"called SMALL has

" been written “whAioh calculates the force parameters from the creeps,

| spin and contact ellipse semi axes, To ‘:anrease its generality,
certain extensions to the théury have been built in to the method from
‘a Imowledge of re.f:ulta. obtained using the numerical theory described

in Seotion 3.3.1. Thess are as follows:

(a) the 'vaiuoa of €+ f( é.re tra.nsrerréd to polar ooordinates
- where € = \)ctro& Q \)A.AMJ\ |

B r, 1s then assumsd to 1:|.e ‘betnen zero and coscf

(b) £5 is assumed to lie between sinc( and £s ¢ for

='?. O)
' the partioulsr value of X/ 1a question.

£2 (?_q‘ o)' is obtained from resulta given for the nmnerical

~ theory, Ref, 23 where ourves of (f2 v % ) are plotted, with
for (a/b) ratiqa of 0.2, 0.5, 1. and 2, . These results are shomn in
. Pge 341 'whééa':l.t .can be aeen.that for aﬁail n:l.uea. o:l." x the curves
 are linear with slope inoreasing for increasing (a./'b). Frou these
E results, l‘ig. 3.2 has bean produced, which only appl:loa for small - |
~ spins, An :I.ntorpolation subroutine , called MAXFY, has been written
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' baasd on this gnbh, to oalculate +the n,lue of r2 ( 'L' o)

l'oroea havo been ca.lculated on a ra.ilway wheelset using th:la
"sm.ll oreep theory" and results are given in Section 5. It may bo
' noted that there is no restriotion on (a/b) ratio using this nothod -
a.nd s0 it can bo appliod i.n pr:l.nciple, to both tread and flange
eontact points providins the creeps and spin are "amall"

The case of very large creepage and Spin has been tree.ted by
“Lutz, Refs, 17, 18 and 19 a.nd Wernitz, Refs, 20, 21, Lutz considore& -
only circular contact areas, and Wernits olliptical areas, but with the
restriotion of oreep in one direction only, which :l.s the situation in
. friction &rius «-—the ‘application oonsidered by both Lut: end Wernitz.
 This restriction is 1ifted in Kalker, Ref. 23, where a solution is given

for elliptical contact aress and ocreep in any direction.

- The basio assumption_:ln t‘h.is. method is that the creep end ;piﬁ
are so Ia'rg'o“tﬁa.t the influence of elastio defomtioﬁ on local il).ip
_ d_an be neglected, and the contact area has no area of adhesio-n. Thus
the exl-:re's\aiona for the relat1v§ ‘sl?p inltéa.dy roli:lng, from Appeﬁd.ix
1, bacoi_ne' f - o ) | | o | :
S o= Y-+ N ke k- S (D
5 - Y%+-0zx _i—bv e Y ke (20)
| The slip :l.s then regarded as pure rigid bod,y rotation about a "spi.n
pole” whose coordinstes are given by 'x- -—\éi ) % b/_ (21) "

:'.I!he aurraoe tra.ction at a point :|.n the ocontact area is perpendicular

%o g linq from the point to (=’ , v’ ) and its mgnitude is given by
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The total foree s.nd moment ca.n then bo found by integre.ting

over the surfa.oo. Lutz and Wernitz integra.to firot w:l.th respect to
' "x e.nd. obtain a rosult involving oonpleto ellipt:lo integrala of the

o ﬁ.rst and second kind, which are then integrated numerically to give -

~ the roaolt. In the 3enera.1 case of an elliptioal contact’ area and

w":"_""wereep in ony direction, the result’ a.lso eontaina olliptio 1’“’95“'1’ of ... -

- the third kind,- Ka.lker, Ref, 23, introduceo new variables, X = QNMGGU:'F

and y = LmeM‘P giv:lns repeated integrals whioh can be aolved

o _'numerioally These ars:

2T,

o 2l [T et

o Suian(X Lizeu0 " B .‘“-4;59 'gg_-" 5 dy :

257 J:M ,[(J—w ?J’?%)*(_WM '755) m?l{u)
‘ 2

%
: o eV CEEC T

()

k- (3¢

o _Theso fomolao applyfor X#:O) a<b _!(_>o —S->O

Ir -xso 7C g 1cz=_vl-. . where \) = 37'-!-?7‘

V-

'-l'or valneo outsi_do this range, th_e following symmetry rolationships

o hold:

Assuming -.f)éo_.-.o_( : )%“P - | i;hen :
() = f1(4,8)

2(0,-8) =2 (b f) ! | e
K @“Y:F')w o= om (d-,ﬁ) | R




0l = 'f1(°'~)P) )'

'fg'("_"‘JF)_-__' Lo fz(*)'F) ' SRR (27)
.@“3("*)!3) - -ms(osﬁ) |
f‘l(c")k’ d)ﬁ) = "fz(L q’) F) “) )

(28)

ns(a Bd)ﬁ) - e O %Ff*)

A suhroutine ca.lled I.ARGE nhich oaloulates f1, rz and m3

using equa.tiona 23, 21;. a.nd 25, ha.a been written inoorporating the above -
: symetry relationship. The .mtesrations are carried out numerically |
naing Sinpson's mle, and a aubroutine, ca.lled SIEPSON ' has been written H

for this purpoae. g | o

As before, the dit‘ﬁ.culty in apply:l.ng this method is to judge
o .whon the creepages a.nd spin are, this time, large enough to give
.reasonable values for £y, £2 and m3 . 43a general guide the follow:l.ngi :
should holds B
|X,| > %% max. (% max. i..ar'sivo.n in Section 3.1)

where S>> l i.0. tho ﬁpih pa,ramefer should be very much greater
'.tha.n XM. The resson for this is as followa' the theory assumes
that £1 is solely dependent on §.fzom and my on X, but the
- mumerdoal method of Section 30349 shows that £, 15 dependent on Y and
x (aee Pig. 3 .1). - This haa also been shom in Johnson's experinents,
B.ef. 8, whero the lateral force due to spin haa been measured, Rosults
- of both theory and experinent show that as. x is inoreued, £, rises to a
| 'ma:d.nnm, then falla off as X—POO . -Therefore for the method _to glve

L a good approximation for f 5 0 % should be aorlar‘g'e that the lateral
force_‘ due to spin is negligitle. This is not 0 eritical for £y , thus |
G oan be an AraQ: of magnitude less if only f; is required. |

~ The above conditien is not the only criteria for using this

method, . It can be observed from the mumericsl results of Kalker,:




B -57-7 |
Ref', 23, tha.t in the space (t1 ’ fz » x ) the para.metar \/(%)
. _13 of mterest.‘ Thiu is discusaod further in Section 3.3.1 but a

'further condition for uaiﬁg "largo croep theory" can be stated as

Vv = > g!vmw
ML, ([) XW) ,

Foroos have been caloulated on a railway whoelset using
'this "1arse creep thoor,y and results are given in Seotion 5. As for
the previous method, there is no restriction on (a/b) ratio.

3.3 Arbitrary Creeme and Spin

3.3 M’fm |

In Ka.lker, Rof. 22, a nunerical method is described
'whioh gives a aolution to the case of arbitrary oreepaga and spin,
with or without bodily alidins. . This theory is given in more
dotﬁJ. in Ref. 25. The load displaoement equationg méntioned in
Seotion 3.1_ are further developed fér the case where the to.ngent:!.ai
tractions vanish at the edge of the omtact area. The boundary
conditicns are wr:ltten. down in the form of an integral over the .
surface which is divided into 3 factors and can on‘ly be satisfied
if at every point of the conta.ct ares one of the factors vanish.
Tho first raotor vanishes on the edge of the contact area, tho
ucond in an area of slip and the third in an area of adheaion.
The traotions givon by the lcad diaplacement oquations are

introduced intt the integral, which is then minimised to g:l.ve a

solution.
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_ A conputer progranm was ‘written in AI.GOL-GO by Kalker
o and. m uaod to prodnce a aet of results ‘which are tabula.ted :Ln
B.ef. 35 for the following parmtera: | |

o028, a/b' =2, X =0, .5 1, 2,358 7 varisble g Q

"a/b=1 ')_C-:o, .5,1 2, 5,10 .
B n a/b = 0‘5 %= 0’ 1’ 2’ 3’ 5’ 10 ' : 7 LA
- . : ‘a/b = 0.2 xa 0’ .5, 1.’ 2,' 5,- 10 ! ... T '

uhere S lz nnﬁ % are the non-dimenaioﬁai ;roapage and ap:l.n

paraneters. '
In't_ho tabi_os ; gand fz are given is polar coordinates defined
g = Vomet (= Vi
. The results are only tabulated for the following
'mﬂ"-_-.'_, L ; | '
Xﬂ:o > -%>_O)§> Q

For values outaide these ranges the following ametry
7 'relationahips muat be applied.

‘  = (g,.z,x) —HESLX) = f (80 X) F (s» . ¥,
(X AESBY- Rl DYkl
o n3(§)rl>X) Ms(g ‘z’x) "M3(§> ?3 x) M-?-(g) ?i"%)

' An oxanple or these results 1s 5iven in F:lg. 3.1,

(29)

R where fhe lateral force dus to spin is shown for zero creep and
" vardous (a/b) ratios, The complete results of t.| and f£5 for the’

7 case (a/0)= 1s X = 0 are given in Fig. 3.3, for x = 2 in Fig.
o 3-& and for X 5 in Fig. 3.5. On inapection of these 3 .grapha :
one can. ms:lm ﬁze three combined into the three dimenaional space

: .(ﬂ, fz, X ). ' The sur:l’aces of constant oreepago \) /3 + YZ.
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FIG34Numerlcc1l Theory Results (alb-1 X 2)
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“to the origin. Thus the radius of the "$ube" is roughly deter—

‘mined by the quanti.ty \VWI

h the cases of puré orespage, pure spin and lateral oreep with spin,

due to the fact that the moment due to elastic hysterisis, which

- moment due to surface friction. (The moment is unimportant in

-52 -

form "tubes” ‘which lie inside the oyiixidéf (:l!', + fz ) 1 end

_have roughly o:lrcular intarsection with the pla.nea X = oonsta.ht.

The radius of the "tube® increasea as \) :l.noreaaes, and as the

spin X is inoreased, the ra,dius decreaaas with tho"eya" moving

' Kalker has compared h:ls results with the vﬁribu_s -.

experiments of Johnson, Réfs. 6 and 8, snd Haines-snd Ollertom, . ..

Ref, 11, shoying good agreement between the force yarametora for

tﬁé total force being within 10% in all cases. . The experiments
mentioned have been discussed in Seofion.ZJ, _ahcl the actual
comparisons plotted in Figs. 2.5, 2.6, 2.7, 2.8 and 2.9; The

correlation betwaen hom_énts 4id not agree, but this was probadly
was present in the experiments, was of the same order 'au the

the present work 50 this disagreeméﬁf is 'irréleva;nt) It s
worthwhile noting that all the exper:lmental results were for
circular oontaot areas. -The thaory ha.a not ‘been tented for 'A
elliptical contact ‘areas apart fron the coefficients Cij, whioh

were oompared rith the results of Johnson and. Vemeulan, Ref. 9. :

The progran develloped By Kalkez?', using much 'computei:'

time to produoe each rasult fa.iled. to connrse on a solution ror .

' oontaot areas with (a/b) ratios greater than 2, and even for

(a/b) 2 aberrations were founcl in the naults near tho peak of

the £, v x curve ( %® Y( O) In view of this it was deoidod :

not to use the program in the preaent applioation’ but instead to

' _interpolate the results given in Rof. 35, where appmpriato.
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S:lnce these were only 5iven for (a/b) ra.tios of 0.2, 0.5, 1 and.

2 they could. obvioualy not be used for elongated contact ollipses

. such as those found on the flange.

A aubroutine, called mmm:c, put ‘the inpntssa/b, g X X

- in suitable form and applied the ametry rela.tionahipa 51ven by

equation 29, 30 and 31.  This then called on anothsr subroutino, _
TAPB, which interpolatad the results, previously atorod. on mgnetic " |

o tape R to give “the appropriate va.lues of f1 ’ 1‘ “and ms Apart

from interpola.t_ing the 3iven values, the subroutine will alho '
extrapolate'for (a/b) ratios of up to 3.0. l‘or values grea.ter -

than this it was felt errora could he exoesaive.

. In this way the results of the numerioa.l theory could

be usad without having to run the program for-oach case. The

processing time on tho computer was very ahort but errors dus to the

interpolation were incurred.

In récént montha Ka;ikor-haa' produced a new nunariéh
theory which has not yet been publiahed. . Thias new method, whioh -
is still baing dev:].omd, can a.lao handle oases with slender

oontact ellipases » but ‘15-9.5 slow as the old mthod_ to run on the

computer, Prel:lninary results show agreement between the old
and nat numerical mothods. Alﬁhbuéh 'th_ia new numerical method - ° -

has not been used in the-prasentwork, Dr, Kalker has run his

computer prosram for aoveral cases to compars with experimenta.l

| results obto,ined la.ter in the raport. :
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3.3.2 smgnfied 'rheag" - o R
Thia theory has rooontly 'boon developed by Kalker, Rof.

36 and in it the oonplicatod relat:lonahips of tho half. space

| theory, mentioned in the previous seotion, aro replaced by nuoh

g si.nplor ones. Us:lng thia method it 1s poaa:lblo to give an |

a.nalytioal aolution for tho non- 1inoar cases of puro longitndinal

and puro latoral oreopago, and. also tho linearised case whers -

_the oontaot area’ is asaumod 'l:o bo all’ a.dhoa:lon. : For arbitrary |
ereepage and apin a nunerioa.l method is proposed wh:l.oh by adapting

.tho governing pe.ramoters :Ln a Speoial way, a.ohioves reaaonable
agroomont betlreon. this method and the numor:l.oa.l thoory, diacussed.

in tho pre'tiouo section. According to Kalker, although discrepancies
| do ooour thoy generally happen where the numorioa.i thoory ia or- ' |

E doubtful quality, and 80 it is not nooouurﬂy the aimpliﬁed |
theory 'hioh is at fa_ult. A more refined numerical mothoﬁ for tho

-solution of the simplified theory is still under devolopment at

Delft ami. the .resulta are awaited with interest. |

- If :I.a usuaed and th:l.a ia the basic aimplification,
that the displacoment differsnces (u, v) and the tractions (x r)

oonneoted by:
. . S
Y o= SyY

where Sy and Sy are oalled tho :I.nvorse stiffnesses.

(32)

 These simple relationahipa roplaoe the oonplioatod 1oad-
d:laplaoemont equations of the exaot thoory whioh are approx:lmated

in tho previoua numerical mothod.

Since the theory has not yet ‘been publishod it is

. reproduood in Appondix 2 tith Dr. Ka.ll:er's pomiuion. A subroutine,
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called ROL, has been written in Fortran based on the method, and
results obtained using it are compared with Kalker's results in

Appendix L.

Basioally the oontact ellipse is divided intoa grid of

points, the program starts at the 1eading edge of each y ordinate

d teata whether there is adheaion or slip. It thore is adhosi.on,
then the tmctions can be calculated. directly._ If there is slip,

_... .the. equa.tiona are- ainsular and apec:lal preca.utions have to be taken -
+o0 guoulate the starting velue of O, . where in th_e slip area

I = . 2 cos 6 ' ‘

- _/" | - (33)
= /U\?; sin© '
These a.zfq inoorﬁoz;ated in the pmgram..'

Having aolvedlthe‘le'ading odge condition, the progr'amh .
is stepped along the y ordinate and tested to f£ind whether there
is adheaion or slip in the new point and the corrasponding equa.tions

used to glve the traction forcea. '

Having covdred the whole contact ared in this way, the .
program prints out values of the _slip/a_fﬁidh: boundaries together-
with pressure, traction forces and relative .slips at _‘th'e grid
pointa. Theaé are mtegmted-over_i_;he area to £ind the totali
forces, Arcorrect-ion is made if the prétsure integrated over this

ares does not equal the normal force.

A suggested method for adapting the govemins paramotera :
for use in the simpliﬁ.ed ‘bheory together with the oalculstions |
for tha inversse atiffnesses are given in Append.i.x 3. A aubroutine,
called SIIP, has been written which oarriea out these operations

| and ths simplified th_eory can then be ;med 4;]33'?‘;0;111113 subroutine
'ROL. Tﬁe grid size can be variled according to tﬁe_ shape of the




oontact ellipse. : A (13 x 13) grid. haa been uood for tread oontaot

' pointa while a (l|.1 x 3) grid. has genorally been uaod. for the very

' sfep

" elongatod oonta.ot ellipses of tho flanga.: T}io .lJ.:I.p lons‘l:h oan .

also bo variod. and. 0.02 was foond to be the optimum as: regards

B aoouraoy and oonputor time. SRS T

L A comparison botwean sinplified thoory and nunorioa.l _
theory :I.s shown in Pig. 5.7 whoro f2 ia plotted asa.inat x for the o

| ca.ae of pure apin Ihon (a,/'b) = 1': : For x < 2 tho agreement

‘is very good, but for % sreater than this ,: there aro difforenoos L

of up to 20% Results uaing simplif‘ied. theory for the case

| X = 5, a/o =1 are g_iten in Fig._ +6 and thess may be oomparod

with Fig. 3.5 which are the equivalent results using numerical’

theorjo L

The simplified thgggy"¢ag be usod for:olongaied-oontaot
ellipses but ca.nnot bo oomparod with tho numerioal theory under '
these oonditiona. A oomparison batween the author'a experimontal
rosulta for elonsated oonta.ot ollipsoa and the simplified thoory '
ia made later. | - |

In the wheolaet application, the aimplifiea theory has ‘iifi

boen used %o oalculate foroes for both tread and flango oontaota .

~and those are given in Seotion 5. =



—~__ FI6.36 Simplitied Theory Results

o (amarx=5)




~ FIG.37 Comparison of Numerical Theory & Simplified Theory
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4o Mathematical lﬁodel of Wneelset and Track
l.-._‘i Int Qticm '
~ Intnis seotion s theoretical model of a whsolset rollins |

'along track in a steady atate displaced position is gi\ren. The model
_is based on a real whaelaet roll:lng on rea.l track. - The forces and

_ nomenta between wheel and rail due to creepage can be calculated usins
the theories. described. in Section 3+ These forogs can then be

resolved and aummed to give-tho total forces on the wheelset.

"'-—-vw e

" The a.nalysis allows the wheelset 10 be yaved and./or moved lateral_'l.y

with either tread or ﬂange contact,
. ”

. The gecmatry of the system is dsfined in Sections 4e2 and |
43+ The rail is based on 'a BS1104 profile and the coordinates of
which are celculated in Track Axes in he2. Wear of the raii can be
taken into acooust in these calculations. The wheelset is dsfined in
Wheelset Azes in h.3 and 1s assumed to have & British Bail ED) "worn®
tyre profile., | Coordinates are celculated for the complete tyre profilé' -
includinst_mad and flgnge portiona. | |

Having defined the wheelset and traok, the three dimensioral
_equationa of’ each are caloule,ted in tha:lr own axes systems. By allowing
| translation and mtation t_:f one axes syatem relative to the o'l:her,
‘movement of the wheelset relative to the track can be achieved and the
: contact points found for various lé.teral displaeements and yaw angles.
‘ Conputar progrm have 'been written whioh calcula.te the contact points
numerica.lly and these are dssoribed in Section L.h. In those prosrams
two or three conta.ot points can e::ist between the rheelaet and the

track,

Knowing the position of the contact points, the semiaxes of .
~the contact ellipses are calculated in Section 4.5,




._70 _ L

The wheelaet ia acsumed to ro]lalong perfectly straight E :

o treck at & ccnstent velocity 1n a di.epleccd pcsition. Hav:l.ng fcund
~ the cccrdine.tes of the conte.ct pcints, the creepe,ges end apin a.t thcse
points are then calculated in Secticn l|..6. From ‘these the ccntact area

forces can be calculated ueing the varioua theoriee of Section 3. o

_Theae fcrces are rcsolved and snmmed tc g:lve the total forcea and

; momenta on the wheelaet 1n Secticn l.-.?. A computer prcgram is described
- ‘which calculetee the total forcea a.nd mouente fcr e.ny d:l.aple,ced poeition

of the whcelset using any of the theories of Seoti_cn 3.. '.l'hie progra.m
"1teretes to £ind the e.ngule.r Velocity correcpondins to & zero rolling
_ monent of the wheelset about its axes, cnd calculetea the creepases and

forces for this condition,
Results obtained using thic program are given in Section 5."'

All the prosrams and subroutines referred to in this Section
are described in Appendix 5 tcgether wi.th computer 1istinge.

4e2 Ra:l. Geometg '

~ The re.il head proﬁ.le is bascd on a British Ste.ndard 1101.
This 1s s flat bottom rail aection weighing 100 1h[yd., the baeic o
dimcnsicns of which are shom in Fig. l...‘l. .

| The track, which ie assumed to be ctraight is me,dc up of two
rails ce.'nted inwarda e,t a slopc of 1 in 20, a. diatence ape.rt equal to | .
the gauge, G, Track Axcs are defined with orisin midway between the ._ .‘
reils end at & distence of 0.75- (19 mm) Delow the top of the ralls, S
thi’ be-‘-ns thc point where the gauge is measured. ‘ The Track Axes’ are ‘:‘ 3
shomn in Fig. l...2 and dcnoted by a auff:lx t. o A P
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It can be seen in Fig. 4.1 that the rail-head profile is

made up of five oirculer sres which blend in to each other. . The

. coordinates of the crouover points 'hetreen these ares can be calculated

and

in Ra:l.l head Axes ahoun, together with the equation of eaoh cireular arc, -
The end points, where tha 110 20 lines run in to the 0.5% radid, can also
be ca.loulated. These pointa are ca.lled @ for the —uc. ';\R point,
nnd @ for the +R ng point.,_ _Crosaover points @ to @.110 ]
between theae. ' | | | N

A point oan also be found where a line with & 1 in 20 slops
is tangent to the rail-head, this being the top most point when the rail

is cented over, ( Yr .y Zr, ).

The tra.naformtioﬁ} from Bail-head Axes to Track Axes may be

considered as a transformation and rotation, shown in Pig. L.B(a), ‘yrher:e.‘

¥ = -3 +%Qm9+zga&w\9 | k )

’t = z,,+z,cm9 3em9 . - "(25.
The value of ¥, oan be found from equation 1 where

To = §-ougemb-zeaid - e

zo can be found from equation 2 where

lzy == 05 B, 0t Yry M8 (s

Knowing (¥o, zo), the coordinates of all the orossover points
and equations of the profile arcs, can be caloulated in Track Axes
using equations 1 and 2,

A computer subi‘outiha; called B.Am, has been m'itten_ based .
on the above equations to caloulate ﬂ:e oroasbve_r.points and:coﬁffioienta '
of the oircular arc equations for the reil in Track Axes.  Since one

of the objeotives_ of the pressnt investigation is to look at wear effects
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on wheelaet forcos, the program allovra tha oorner ra.diua, nominally
.5 ,to be varied. _‘ L
| has'ulta o%i:&izi'edt-léingthi&:px;dg:rﬁﬁ' 'aré" gi'v'éz'z':'i"n' 'Ta-lile lp. .

o 'wher.autlie rossover points and ooeffioients are J.isted f'or a "stanc‘iar&" :

-'_0.5" oomer radi'as rail, and for a "worn" 0.7“ comer radius rai.l. e E

4,"A comparison of' theso two ra.tl prof‘ilea ia ahoun in Fig. l...t,.. e

The equations of the o:lrcula.r a.rca are given 'by L B
| ( - A) + (lzt . B) = - 112. (5) |

- fwhe:-a the coeffioients A and B are the coordinatea of the centru of
: :'I:he aro of re.dins R. '

!...3 Wheel Gaoaetm E

' | 'I‘he a‘ha.ndard tyre used on: British Bail wheela :ls ba.sioally
"made up of two cones, ‘the tread portion with a very ama.ll oona a.ngle
- of 1 in 20, or about 2 degreas, and the fla.nge vith a oone a.ngle of L
_about 63 o .The wheel oontaots the rail eithar on the tread whioh :' |
 Ais the point of loed supporb or tho flange whioh ia ths point or o
| guidanca. ‘ Between thasa points there is 8 gap on the tyre where
| oonta.ct ra.fely occurs until the tyre becomea worn. : Thi.s means that
;'-.wear is conoentrated in a very narrow band, approximately ‘l.!.. o wide, e
and as a result the tyre wears very rapidly to a different mre h011§w
profile. : Aa thia occurs the wear band gata wider and the pmceas ‘ -
.slows down until a terminal proi’ile ia reaohed where wear is diatributod
” .-:""over the whole width of the trea.d. RN AT o

Bacause of thia, 1t was felt 'by Br.ltiah Rail to be more SR

sensible to deaign vohieles to operato on wom" prorilaa, as it ia only

with this type of profile that any degree of lons term stability or




1 Rail Profile Coordinates and Equations

Tab;o &; Squatl _( ] '

T TREENNN—S—S—SSS

- 75 -

| Right Hend Rall -

Track Axes

. Stendsrd Rail ' Worn Rail
o fe = 12.70(0.5") o = 17.78(0.7")
Point v | % | T "2y
1 71596 | - =3.054 71616 |+ 0,849
2 725,16 15,261 730,45 | -16.522
3| w063 | -tB.o8y 740,63 | -18.08
L 769.65 | =19.036 © 759.65 ~19.036
5 | 715.33 “17.772 775.33 | -17.772
6 | 785.69 - 6.545 785.69 | - 6.5u5
¥i max. - Zy max,
.sémm,‘. e
Rail | 761 .12!- . -19005
| Worn - o o
“Rail | 76144 | =19.05

| Rquation of C:l_reuiar Are .(yt -‘A)z + (2, - 3)2 = b %
X - Standard Rail - Worn Rail
Are - _ 4
|1=2" | 12,70 | 728,66 | ~3.054 | 17.78° |733.94 | O0.849
2=3 | 79.375 | TW7.07 | 61.029 | 79.375 | T47.06 | €1.029
34 | 304.8 | 765.37 | 285.71 |30u.8 [ 765.37 |285.7
W5 | 79375 | 7610 | 60.33 | 79.375 | 761.04 | €0.325
5 12,70 | 773.06 - 5.277 | 17.78 773.05 .| = 5.277 -

All dimensions in mm
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‘-".,',wheo]/rail oonte,ot cond:l.tions ooour. This faot was: realised. 38 yeare

. ago by Profeeeor Houmann who pointed out in Ref. 37, tha desirability
B or etarting w:l.th a "worn" proﬁ.le. . |

N :-:: ._ Britioh Re.il comiasioned. Heumann to desisn a ‘l'.yre profile |
5 'be.eed on hie reeea.rohes. i The deeign of this profile, a.nd the praotioal

o ':a.epoota of' 1ta uee, are disouased 'by Koffman, Ref, 38. - Britieh Ra.il

o ._themeelves have oontinued th:le work, mainly as a 'by-produot of their

'roaearch on vehiole stability, and. have produoed four atandard "worn®
profiles that. they ola.ini l’u:l.ll :I.mprove t;y're life 'between tuming, reduce
B 'Hertzian contact etreeeea by inoreaeing contaot area, and improve . ',

. guidanoe on ourvee' '.'l‘he four profilee are doaignated m, RD5, RD6

- . and RDSA, The RDS and RDSA are: baeioally improvemente on the Heuma:on

o profiie. It 13 propoeed that eventually coned wheela will not be

required on’ any vehiolee, and RD&. a.nd RD6 will rem:l.n as the only pmtiles
”:Ln common uoe._ A brief desori.ption of the design of these new profiles
is g:lnn by Kins, Ref. 39. - L |

. Beoauee' of the likelihood .of its ii't_ieepr'ee.d future use on

' trains ._s_och:'as the Adre.hoed Passenger Train, l‘l_:he wheels in fho_ present.
| '_"analj'eie 'a.re eeeomea. to._hove.".RDk-‘.Tjrra Proi_'ilee,' the dimensions of which
- are given in Fig. ko5, The :d.:l..am'alter of ilze theel measured at point A

is taken to: be 750 mn a.nd the distance eoross fla.nge baoke as 1560 mme |

Raoh whael cen be considered ae a three dimensional body of
' revolution about an axis eyten pa.eeing through the centre of the

. ‘wheeleet as ehown in Fig. I...G Thie-exis eyetem :I.e referred to e.e
_Wheeleet Axes and &enoted by a eurfix \t. " Thojshape of the b.ody is
3':_dsfined by the tyre profile 1lrhioh ia made up of four ciroular ares and

tmo straight seotione. 'I‘he parts of the whoel with a oiroular profile'

| can be repreeented by the equationa o
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© FIG45 RD.4 Tyre Profile
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(y'-a) , (R. 'b) = jrz (6)
'.'“2_ - m et e - o

' where & b are the ooordinates of the oentre of the c:lroular are of !
radius . T in the x,, = 0 plane. '

| Sections with .stra..ight profiles cen ﬁo_'*'regrea-.entea by the
eqmtiqu_ R
| -R=,,.!l.7'+.c . o (8)
a.d_d eqdation 7 above, | | |
where m = slope and ¢ = ‘inte:roept on the plado' Xy = O

Us:lns the: dimonaions glven in”l'ig. l...S a.nd the equatioﬁs
6, 7 and 8, the ooordinatea of tho intersection poi.nts ‘between each
part of the tyre profile can be calculated togsther with the oonstan‘l:a
a, b, n and C. IKnowing these valuea the wheelset is oompletely defined
as a three dimenaiona.l body in wheelset axes.

A subroutme called WHEEL has been written to perform these
calculations based on the above equations and results obtained using

- this progra.m are given in Ta.blo 4.2.

hek Contact Points

Having derined the whoelaet a.nd track th:ls seotion desoribea o

' how one may be moved rela.tive to the other and the resulting contact pointa'

| _found. Before this can be done the datum or zero position haa to be o

| found where ‘l:he wheelset is in the oontral position. This ia described

in L.h..1 and the vertical diata.noe batween wheelset a.xes origin and

track axes origin found, together with the contact point ooordi.nates.
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Teble 4.2 Wheel Profils Coordinates and Equations (Wheelset Axes)

Poinfe B S R S

780.40° - | 375.37 .
769.9% - | 375.37

73325 | 377.41
749.44 | 380.01 -
710,54 | 387.55
707.61 | 39479
691.85 | 405.89

N oW EwWN -

Equation of Circulér"m (7 - a)z_ s (2, _ b)2 - y2

. Equation of Straight Section  Z_ = .y + G

- 769.9k. | 705.57 | 330.2
D 7ube5kC [ 478.39 | 1016

722,31 | 392031 | 1270
691413 . | 388,13 17.78 -

]
~ v £ W

N wN
'

Straight |
Section L

12 | 0 | 375.37
i5m6i | =62.867]2146.19

m. c

All dimensions in mm. R
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s

Th#re are, of doursi, two contact pcints between the wheeiaet and traok .

-when it ia in the central poaition, a8 1eft hand oontact point and a right
hand contact point both on the treads

: For displaoemsnt of the whoelaet from thia oentral position, o
three separate programs have been written to calculate the ccntact
poi.nta. - In Sec_t:lon l...l...2 a program 1a.descri_bed wh.'_tch allows the
wheslset to be.mov‘ed .latgerally,. without yaw, to any position ineluding

| flange contact, while Section 4.h.3 conteins a prpgi‘an which sllows the
wheelset to be yawed without lateral &isplacemént; In Section kel |
.a numericel iteration method. is described which calculates tha contact
points when a wheelset is moved latorally until the flange contacts the
rail and then yawed with the f;l.a.ug_e remaining in contact with the rail,

| Lol.1 Wheelset in Central Position
o wlith.the v'rﬁee'iz_sét'ilzi the céntrs_.l position, tﬁo c.ontaot'
points between the rail and wheel have to be found together with
the vertical di;t_an'oé between the Wheelset Axes origin and thg
Track Axes origin. If this verticsl distance is called H, then

_ the transformation between the two axes systems is

o= Xy
Yt = j' ‘ ) ' : o : (9)
5t = - .3' w H

The slope at any point on the rail is given by differezitiatins

equation 5 to give: | :
" . ( & = A = 3% ' ' . o
| Mo BB (10)
and the alope on a oircula.r are of the wheel is given by d.iffer-
entiating equation 6 to give: |

(i*-) e an
M),  FtH-b o N
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An iterative teohnique can be employed to celoule.te :
the contaoct pointe by ﬁndi.ng where the re.il e.nd wheel alopes mtch._

'I'he correeponding value of H followe from the equations. '

This iteration is ce.rried out in a. subroutine oelled.

FINDH, gi\r:l.ng the following values for the right hand. side oonte.ot

' po:l.nt. '

Sten_da_rd reils (yg.= 739.83 am, . ‘t- --18.015 ue, H= 59&--75 mn

 Worn rail: . yi = 739.83 m, LI =-1a.015 om, H = 394.74 om

(The lert he.nd eide contact point 15 a mirror 1mese of the right
hend eiﬁe). | |

The contact point lies on & rail profile radius of |
79.375 mm end a wheel redius of 330.2 mm. Fige 447 shows ‘Ehe
r:l.ght hand side contact point with the wheeleet in the central

'poaition on a "standard®rail.

helis2 ﬁhee]_.eet. moved laterally only
o When the 'eeﬁti‘e of the wheelset is moved laterally a
distance Yo, the contact pointa remain in the ple.ne xt = 0, while
the oentre undergoee a vertical diaplecement ' Zg and an angle of roll
90. ,‘ Que.litatively, as the wheelset :Ls diepleoed laterally

" towards the right hand rail, the c_onte.ct point moves along the

tread until a point is reached when ths rlahse elso contacts the |
rail'.‘ For this partieula.r ve.lue of Yo there are three contact
points between wheeleet and treck two on the right hand wheel and
one’ pn the left hand wheel. For further letera.l displacement the
flange of the Vr:lg_ht hand wheel olimbs up the rail with the tread now
lifted off while_ the .left hand wheel remains in tread contact. ~ This

displacement can be achieved by the transformation of axes shown in
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|  Pig. l.-.}(b) which is given 'by the following equations:
| _ _
| : S _

Tm = (2o~ 24" H)A,Me +(3,, %)me. i )

‘ iy = "(? i'-t H)en8o + Oie '3a)Mv~9 o

' - Using theao equations, any po:l.nt on the wheelset can be expressed
| in Track Axes for given values of Fos 5o and B,. |

: lAcoording to equafions 6 and 7, for eircular ares of
~ the tyre profile ' ) B |
Ty =82 + (-1 = & (Meaxy=0) (13
Differentiafins this equatidn g:i.vos: |

(%&)ﬁ e ()

- Subs.titutin‘g for yw and tw from equation 12 into equation 13 gives: '
Y24 22 - 29 (B FacssBot baimbe)~ 22,20~ H-ainbstbenbs)
“'[(?., H) +42+2(2~H)Y bexbBe —qw95)+2'50@m9 +‘om9) (15)

+a 4 b - r‘]

(Th:l.s could be written in the form (y; = ) + (% p1)2 12

= Y
i required)
Substituting for y' and. z,, from equation 12 into equa.tion 1!.. gives:

L e - "30+acao9o+bm90 4 (16)
. )%t | (Eo—H).i-q,Mgo"be‘éeo |

According to oquation_s 7 and 8 for straight profiles:

Differentiating this equation gives: - e
= o ' 18
asw . . | (18)

Subatituting for: S o.nd z‘, from eguation 12 into equation 17 gives-

Yy (i G- Mane.,)nt(cme + wadin o)~ (h-“)(weomm@o)‘
(19)

”%o(me Mmeo) 0 = O .
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- Snbstitutiﬁg for y-(and.z' f£rom equation 12 into equation 18 gives:

lb'é'g - menBe — AmGo j. T k(éo)'],
BT ton 8o + w Al Bo e o
o Thus equa.tions 15, 16 19 and 20 d.efine points and alopea on the -

o wheel profile in tho diSplacod pos.ttion.

Points on the rail profile aro given 'by oquation 5 which :I.a R

(n A) P e (21)

Difforentiating equat:lon 5 g:lns:
- . R -. A= Me | o o
yﬁt 'Et B , l . ' (22)

];"or A 5:I.ven la.teral dd.aplmement of the wheelset, Ym

there are six unl:nowna to be found: (yt , "t)R.H.S. .
("ti "t)IIQHoSo’ zo':; and 90‘ ”

The six equations available for the solution of these
parameters are 1:I.sted below: h | o

1. The rail eqnation for the right hand sid.a (from equation 21)
_ > -

Gt =A%+ (-8 = 22 (z:)
N '2. The rail equation for the left hand side (rrom equation 21)
_(?tl‘:.-A.) ¢ (s, -3)° = n,f (@)

. 3. ‘l‘he wheel equation for the right hand 316.0 (either equation 15

or equation 19)

-

R L‘:I.the!‘ .

| .'t&;ze 2‘:8,_(‘5,+q.m9°+[oéem9) 2zt(2. “‘We +£,£mg )

_' +.C(z.;_' )+3¢, +2(z. H)(b,zme, aéwgo)*'z'ﬂo(“&“g +‘°¢A”‘"9‘)
| - ay + Q‘ =t _] 0

‘it(me —mameo){- Ee(caaew MRNMG.)‘ |
-(2° )(meo*-mﬁtw»\e) 3 (Ame M,gmg) O
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&-. The wheel equation for the .1eft hand side (either equation 15
or equation 19)
- Either

‘:3+.,_+ e, "2%th(%o+%m9o+fo MG) 22t (z. H-q M6, +Lgm&.) |
*‘[(z ~Hfr g +2(30-be a0 -0, 4in0o) # 29, me,w, om8)
o kot bron ]
%t,_(meo -, caoG )+.'~:¢,_(cm9°+m,_m9°)
- (- HXC&G,-PMLMMQ) ':!o(meo M..Cmeo) ¢ = 0
5. Bquating ra.il and wheel alope on right hand side (equation 22

(26)

and either oquation 16 or equat:lon 20)

: . A-%ti = ljc'!'a-gmee"‘Bnge—%bé .
Zea— B 2e,= (2o H) +agdinbo=beeoBe

(27)

6. Bquating rail and wheel slope on left hand side (equation 22

and either equation 16 or equation 20)

A-Se. Yy + A B0 + b dimBo — Y, -
2,~3 2y ~(2-H)tatmbB-boembe  (28)

Sinoé tﬁéaé qqﬁaﬁons are non-linear 't'he problem of
reducing the varié.'hleé is very cumbersbme, even if some of the
iari_ai:le: are assumed to be small. This problem is complicated
further since it is not lmown which erc on the rail profilo touches;
: whioh aro or straight 1ine on the wheel profile and beoause of this,
a numer:lcal itera.tive teohnique was used for the solution of t.he B
equations. A computer program called LATERAL WHEELSET was written
for this purpose ,» based on the follow:lng approach: Cons:lderins
one side only, say the_right hand side of the wheelset, throe-‘
équationa can be applied, 23, 25 and 27, 1In these equations there
_are four unhmwns,*ﬂw f.‘-.tR’ Bo andzo . If one of these unlmom

is assumed, say O,, then the other three oen be calculated.
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smnarwro'r the left hand side .thera are three equations, 2, 26
- and 28 and asauming a value for 90, Yt.,, z¢, and 7°can be fo;xnd, bv.ﬂ:
3z should. be the same on either aide since the two sides are

'conneoted. Thus the correot aolution is when zo for the ‘right hand
side is equal to ’o for the left hand side. '

This 1s rlt..he _!.)aa:l,a‘l of the program omea LATERAL WHEELSET,

| ﬁut since the rail profile is made nﬁ of -_aeieral eircular arcs and
the tyz-a7 préﬁn botk ci'rcu.lar.'arca and atrdight lines, solutions
have to be aought for each- eombina.tion of thoae. " A subroutine
callad STRWH, was written to aolve the equationa for stra.ight profiles
and a subroutine, oo,lled CIRWH, to solve the equations for circular

- profiles., The value of‘ 9 is varied until values of 7z, are aqual on
both sides and when this ocours the coordinates of jthe contaot points
on either side can be calculated.

In practice ,. since it is known approximately where the
- contact points will be, some of the combinations can 'obvi:ohsl} lbé
discarded and it was found using the progran that there was gemerally
oniy one"sensi'ble solution left. As a check, the rail and wheel
profiles were then drawn in their displaced position on the computer
graph plbilzter,“ 5 x full size, to make sure fhat_thoy Justl touched

and did not cross anywhere.

Tho pmgra.m worked well and reaulta ahowed (for the

"standard* rat) thet as ‘the wheelset 1s moved laterally tomards ‘the

_ right hand rail, the contaot points move along the tread until when
= 6,11 mm there are three contact pointa between wheelsot ‘and
tra.ck._ . One_. oonta,ot point 'is on the tread of the left hand wheel,
one oﬁ\tho"tread of tl:ie right-hand wheel and oné on the flang'e of' '
the fight hand wheel, For largar values of Yo there 13 a contact
point on the lert hand wheol troa,d. and one on the right ha.nd whoel

flange .
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Results are given in '.l'a.'ble L3 for the "sta.ndard" rail

' aﬁd in Ta.ble Ly for the "worn® rail.. The contact poin’c, coordinates”

._ for both oa.aées are given _t'br 1ater'a1 dihiﬁle;cein'ents' of O .fo 7._.62 pm, |

-, !':i.gs. .8 to heils show pictorially the wheel and rail in N
the d:lapla.ced position for Var:lous amounts o:t’ 1atem1 diaplaoement.
Figa. h-.B to 1...11 are using the "standard' ra.:l.l profilo lrhile Figs. :

h..12 to L.il-are uaing the "worn" ra.il profila. o

lu..!a..j Wheelset Yawed M _ L
When ‘the wheelset ia rotated. threugh an a.ngle of yaw, the

contact point moves along tho rail 1n the x¢ direction, and also moves
vertica.lly by a small anount. However, ainoe there is‘no lateral

diaplacement, there is no accompanying roll. Therefore the three

‘dimensional equa.tiona for the wheelsot and trac]: have to be used to

fi.nd the contact points, but d.ue to symmetry, there is only need. to

oons:lder ons a:i.de of the wheelset.

The transformation from Wheelset Axes to Track Axes as:

the vhe_é.‘;.seﬁ is yawed through an angle ¥ and allowed to move

- vertically by an amount h 'is shown :Ln.Fig'. Lo3(e)s Thq,eéﬁatiéﬁﬁ_ -

which give this tranéforﬁation are:

; .

A Y + 'j’ng‘.F . o
- —x Ay + “.}tm‘l’ | _' o (29). '

g
o
!

N
fl

" Using these equations any point on the wheelset can be expressed
- in Tracliﬁbs for given fa_li:ei of tlJ and.'/\

According to equations 6 and 7, for circular ares of the tyre
). = rz : .  o ) (30)
where R® = _x,,z +z?,‘,? E ()
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S " Table " . 3 | Goordinates of Contact Points.'  Wheelset Moved Laterally

vy, Standard Rail

All dimenéioris in mm ., . o

Yo

(rad)

zo

 L.H, WHEEL (&) ' R.H. WHEEL

@

- R.H. WHEEL

(c)

) v

_.zt :

.\y',

Tt - Zg

'Yw"

0

|-139.83

LBy

~18.015

y'

739,83

739483

18,015

739483

1 2.5

0.00033

- 01067

f-;l 3 329

=716 .51

738,96

~17.930

736.29

3.8

0.00046

- 05232

?753-67 B

«19,037

'765065

738.53

~17.884

.73&.5#: ‘fn

71:.5008_

0.00057

~ 11857

;76°Q°9.

~194042

f765039

73699

-17.70k

751069&

1 6440

0.00069

- 19710

“760.43

=19.047

~766.78

73347

-17.117

726,82

0.00070

- 420193

~760.45

1-19.047

f756.83

733406

~17.099

726,67 -

.7100h9 .:‘

602

0.00119

- 58039

-760.59

-19.047

""767 027 .

710.20°"

23

0.00181.

=1.0528

~760.77

“19.05

=767.80

709.82

© feu0

0,0028%

=149558

-761.08

~19.05

=768,767 |- -

709016.

RN

0400559

=3.9573

'761{59

-19,05

707.58 -

;5-3137'

'761073 .

772,12

.706.86_J

e

0400735

-19:05




S g Table L.l _Coordinates of Contact Points,

Wiié eisef Koiéd I'-aterallx. . :Orilx'.' -

‘Worn Rail

.-eo

(red)

" B.H, WHERL (B)

Ly

L.H, WHEEL (A).

o

ywl

N

Tt

ey

© R.H. wHEEL (C)

Jw

739,85

739.83

-18,015

739.83 |

[ 5,08

0.00057%

4.‘1450' |

“19.043

765,38

736.96

~17.700

731,67

7453

0.00091

-.3801

~19.050

~769400.

16,477

724,00

56139

/710,00 |

1 7.62

0.0014

- «761.07

£19.050

769,22

729.95

717.39

TH74

-5.,7887

709.28 |

A dimensions. in mm
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Substituting for x', y', : from equat:lon 29 into oqua.tions 30 and 31

gives._ '.

Y+ 1c,=+ i¢+2aactmq: 2a3¢m({1 t2%e(“ L\)
R RICAV N P |
 where X = %% ety + thtjt qu&mcp +‘:!tsz\ q/+Et+2at(H k)+(|-|-|r\)1'

"(32)_ | |

'The 310pea can be found by differentiating equation 32 siving

2 =YerammyFoO T (e copainy +deaiiy)
531‘. R % "'CH L\)*"(G(X)éC'Et +H- !/\) | ' (33)

1 . S D L
TN — e —atim ¢ F (Y] (et +Yecnqing) ()
3y Yoy (e;(){)‘i (pempamy + 4y )

(The third slope may he"rouha r:’-om tho’sa two if required)

For straight sections or the tyre profile, a.coording to eqna.tions

7 and ‘8 R' = nyy + o, - - (35) )
“R* = x +_z'2 - ; | (36)

: Snbstituting fOr Xyy Fuys .4.,' from ei;uation 29 into squations 35 and

36
(Cm @ = WA Al S")+ 31; (MM '+’ g q’) +35+. * Zn%tcmrmw(lm)

. (37)
*'2i~\c3ctm¢—2w.c3t<:mq +2‘:‘t(ﬂ- )+(_H- y-ct=0O

The sl_opes can be found by differentiating’ equation 37 giving:

e o el ¢ - mienty)-Ye e gy (+wf) + me oo @
9% | Zer H-h | (38)

b%t =2y (et — Wi ’~P) 0 cm%wl’({m)-mcm‘!/
% ety - miety) + Gctcmtqul(h‘w\)—mmq/
The problem is to find (xg, ¥4, %) at the point of

(39)

contact between rail and wheel using the above equations, A variablo, .
h, has been introduced which is dependent on (x¢, ¥4, 8¢) making
four unknowns to be found for a partioular value of yaw angle, \{1 .

The foui:'. equatibns_ available for the solution of these parameters

~ are listed below:
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1. 'l'he rail equation (f‘ron equation 21)

e men? o)

2. ‘The wheel aquation (either equation 32 or equation 37)

' Either ‘:’stt'-'ﬂt +3‘__+ZQ'.\:€M({I 243-&6&‘{’*2%(“ ,'\)
L e el (H- L\)tng}—{__‘_T"

h .'
-w ere )’C Ig(‘.m Y +2xe‘3tcmtpwty+ﬂtm‘t‘v +2e LW
o= + 22, (H-h) + (H-h)
'-‘Ce(cw - wininlp) + 42 (pty - wicmy) + 28 +2=ce‘decao¢r4mq’((+u‘)
+2men Amq# - 2wty + 2z, u-(«)i-(l-f («)" = O
-3+ Equating rail and wheel slope, (5& )(froxn equation 22 and
9

“equation }3 or 38) '
A-de _ -‘:!u-a.m(ybe(X) (e emphiny +3tw‘w)
2-3 2+ (H-h)Eb(X)2 (zet H-h)

. or

'- -%t(Am" W —wide™ )= 2 oAy (l+wdiMecol (2)
Zt"’H h

be Equating rail a.nd. wheel slope, (Sﬂ_f,) (from equation 34 or 39)

*t
| 0 —'-xt-QAm'f’:F‘ﬁ(X) (xtcao q*-l-'i(-,Ca:aq/AMALV)

| - (43)
. or "':C-g(m'{’ - WA uy) ‘jtmq»mq/(l*rm)-mc./uuq/

o ocnputer program has been written, called YAWING
WHEELSET, which sclves these equations and calctl;tes.the‘. values of
(xt,: yt, ’t) and h for a g:lven angle of yaw. Since the vheell o
equa.tions are different depending on whether tho contact poin'l: lies
on a oiroular a.re, or a atra;lght aection of the profile, aeparo.te

subroutines have been written to aolve the aquations for theae cases,
- For circular arcs the_:aubrout:lne is cmad CIRCIEZ and for straight-
: éectiots it 1s called STRGHT2.  The main program 13 ‘based on the
following method: A value of ‘t ‘is asauned (2¢5 = =19 m) ’ whioh
is increaaed 1n steps. The oorresponding valuo of yt is calculated
fro:n the rail equation 40 and khowing. these two values, the alope of
' the rail ( kit/b‘st ) can be caloulated, The same values are



used in th'e ‘whesel & quations and the slope (%, / dde ) of the
.wheel found using the appropr:l.ate equations for one of the wheel ‘
sections, If the two valuea for ( )‘tt / b‘ie ) are within & -
- .oerbain pre-set li.m:lt then the program 1terates over this vs,lue
“of {7 in very small stspa, until a point is fou_nd where the slopea
'are equal, - If the slopes do not match for any value of zt then
the next tjre 'section is :aneatigated. ' The point where the alopes -.
are equal is assumed to be tho contact point and the values of x¢,
\
\

=y-|; and h are printed out.

‘Although this program was only used in the present .'
investigation to calculate contact points with a British Rail RDL
~ tyre pr;ofile, 1t could be adapted, without too much aifficulty,
to give contact poﬁta for any "worm" meaauz:-ed ‘profile., providing
it oould be divided into & series of eircular ares and straight
lines. | |

The program was used to f:l.nd contact points 'betweén
rail and wheel for a range of yaw angles from 0° to 3%,  Results
are given in Table k4.5 for "gtandaﬁ_l" and "worn" rail profiles
with an RDL tyre profile. N o

* lolyoly Wheelset Moved Laterally a.nd. Yaia’d

 In thé' préiioﬁs two sections methods were dssoribed
for tinding the ontaot point when the wheelset 1is displaced by an
amount yo, or ye.wed through an angle ql « The oompletely general
_. case of arbitrary yawing plus arhitrary 1ateral displacement would
be very complica,ted to solve and does _not _hava mucl_: practiocal

‘significance 1n the present context; To railway'engineera derail-

ment of a wheelset is oonsidered to begin when it is shifted laterslly




o . Table g:' 5 Goordinates of Contaot Points, ~ Wheelset Yawed, ~ Right Hand Side

A11 dimensions dp mm .

" ° STANDARD RAIL

_WORN ~ RATL

%y

)

-ﬁt.

oy

739.83

18,015 |

0

. yf

739.83

-18,015

0

o1

| ;¥i1;2319

73983

0.00457L

-1.2309

| 739.83

~18.015

~0.013431

“.‘;03

__ _ 3.6932

. 739.83

 18.015 -

0.00660k

~3.6932

739.83

=18,015

-0.019380

s

.:"6.15h4 .

739.83

-18.015

0.007874"

6,54

739.83

~18.015

-0.01763

e |

12,3114

739.85

| -18.016.

0.015316

-12.3139

9.8,

-18.015

~0.01026,

" )20

a2ba651

739.93

18,02

0.06614 -

24,6632

  7390927

-18.024

<0.03665

3.0

37,00 |

740410

' =18,039

0.09370

740.10

18,039

|-0.08825

-37_.01;.6‘} : 7

s

A

© e
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so that the flange of the wheal just Souches the rail, and in
‘this,positidﬁ thteé obntact.fbinfs exist between the wheelset and ,
lthe trﬁck.' This Section describes a method which enables the |
coordinates of these three contaﬁt pbints to be found for ﬁ_ -
" wheelset yawed throush_gn angle v, and‘then mp,,d'laferally by

an amount _'3° until tha flanée just.touches theffaii.:

It is possiblo to set up equationa at oach of the

. contaot points, but the ides of reduoing the variables to solvo

..those equations analyjically was abandoned when 1t was realised

_thero were elcven unknownn in the systenm. Theae ars (x, v, z)t
for each of the three contaot pointa, tosether with the roll angler

and the vertioal movement of the wheelaet in being displaced.

. Instead of this, a numerical method is employed which is divided

. into two diétinot parts, the firast finding the contact points
| approximately and the second iterating on‘thgse approximate values

to converge on a solution,

.'fhe approximate contact points are foﬁnd'by yawing the
wheolaet by the required amount and using the method dssoribed in
Section h L.S to find the contact points on the tread.  The
flange cohtact is assumed to‘be at the point where the diétance

:between tha wheelset in the yawed position and tho rail is a
minimum. ‘ Theae contact points are only approximate aince the
wheelsat rolls and moves vertically as it is displaced laterally

:from the yawsd poaition, and both the tread and flange contact |

".pointa will change.

A basicaliy similar method was used by Johansen, Rer.hﬂ,-
 who found the flange contact point graphically by yawing the
" wheelset and then drawing wheol sections in vertical planea at .

differenx_vglues of Xt. - ?his involved drawing projections of the
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_basid tyre end rail profiles. The minimum lateral distance between
_ ea.ch"..-.ceo_tion ax-zdl.the rail préfiie'. 'a;s the.n-‘meaaured, and the minimum
: 31’ 81l these was assumed to be Ithellater'a]..‘ displacement needed for
" the fla.nﬁé to touch th§ reil. ‘_ ' The position of fhe_ flange oontact -
quint‘ was assumed to-‘ooinclzide wi.th this minimum point. In order
to"z'w'hien eny accuracy using"_fhi.s mothod the drawings had to be
;rery J.afge, and Jsﬁaﬁaen ciﬁiﬁs .t_o have worked some of them 16 x

full size, and even then only gusrantees S%Iscou'rgcy. This does

not include the errors involfed. whgn the wﬁoelset is then displaced '

laterally by the cﬂ.l_culhted aiuoimt, .since the accompanying roll

- and ve:rtical‘ movement ars not ascounted for.

In the pre;sent investigation the approximate contact
points are caloulated on a digital computer using the method |
desoribed earlier. The program given in Section _1;.1...3; called
YAWING WHEELSET, oaloulates the tread comtact points and also sets
up the three dimonniona:l.? squations for the yawed wheelset iﬁ |
Track Axes, Having found these it is a small step to calcﬁlate,
firatly, the wheel profile for any value of xi, and secondly, the
minimum distanoe between wheel and rail for each prﬁfilo. The
flange contact point is assumed to lie at the value of x, where this
distance is a minimum, |

A subroutine, called JOHANSEN, has been written based
on this method. and when used in conjunction wi;th YAWING WHEELSET

gives the coordinates of the approximate contact points.

* Another prqg‘ram.h.aa been written, called Acm, which
then uses these points and iterates to £ind more accurate values
- fori the coordinates of the‘ contact points, This program feqﬁire_ﬁ
~ as input data the spproximate (xg,_jrt, zt)ébo_rdinatu of each of the

three contact points toget'her'-ith'estiméted'vglues of Yo, Zo and

90 « The wheslset is assumed to be displaced towards the right 3
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hand rail with contaet poin'b A on the lef‘t ha.nd tread contaot

point ‘.B on_the right hand tread and-oontact point C on the right :
_‘hand-fla.r_xg'g; A grid of values (xt_, o Tt o) is set up at ea.ch of the .: : _:‘
" app:oximﬁfe contaet points. Sinoe the wheelset ia yawed through
'.an #ngle '-P the transfomation givan by equs.t:lon 29. can bo used to'
Cfind the equivalent valuas of (xw, yw) for the grid points

Xy = ‘r.tocmp + ‘it Aqu
e “%«W'{’ toeemy |
Know:l.ng the values of (x,,, y,,) on the wheol, the oorreaponding

@

value of Zoy can be found using ‘the appropria,te wheel equations.

2
(%w"ﬂ-) ('R’ L) = \r
or ..'R=Wsw*‘°- S ) :
where -R 'x'w + 3w | . = " - ‘
The oorreaponding value of Xt, can then be calcnlated at ea.ch grid. ‘ |
point since z,, = zp + _H - h (from equation 29) ‘_ -~ (46)

If the wheelset is then dihplﬁ.oefl 1atera.11y'by an amount Yo»

- vortically by zo end rolled through an angle s » the coordinates

of the grid points 'beoome

s xe;. -
4= '3t°m90+2tomgo ¥ %o (lﬂ) |
z\g = E%Cmeo .3%/9-»«6 +2,~ H*L\ B 1

‘The next part of the program considéra each contact point in tum, -
' Firatly the wheolset is shifted. laterally until the fla.nge Just ‘

touches the rail, 1.0, yo is va:rled until contact point C Juat
touches the rail. Sacond.ly, the wheelaet is raised vertioally
until oonta.ot point B ;]ust touches the rail, 1.3. zo is varied a.nd.

f:l.nally the wheelaet is rolled about contaot B until the left ha.nd

tread Just touches the rail at ‘Ae In roll:l.ng the whaelsot about =

_ this po:lnt, the uentre of tho whaelset soes through vertical and
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horizontal diaplaoements, amd therefore new veluee are obte.ined.

:017 ‘(yf’_,’ :‘_io , 90 ),

_ '.l‘his process ia repeated. until the vartieal distenoe |
between urheel a.nd rail e.t pointe A, B a.nd C is lees then 25 x 107 7 om., '
e . The prosram then at0ps end prints out the solutien for the contact

pointe together with Valusa of yo, ‘o and. 90. ek _. S

o Thie progra.m worked. well and . values of yo, 'o: ,‘90, Xg
| 3‘-‘:'31;, "t are plotted aga.i.nat &P :I.n F:I.gs. h.. 5 te la..20 uaing a’ 'sta.nda,rd‘
rails The ectuel tyre e.nd ra.:ll profilea are ahown in Fig. h..21 e.nd

| Fig. 22 for ¢ =1° end ta Pisa- 23 and z..zz, for. gU 3%

h-.5 onta.ot mipae . o
| Aceording to the theory of Hertr. when two bodiee of revolution

| are presaed together the ares of oonta.ct formed between them ia ell:lptical
| shape. The wheel' a.nd._ rail may be _oonsidereldr as bodies of revd:tion, |
- end before the"‘forces ‘can be e'aloulated.-e.t the eoﬁtect' poin;es, the S
creepages and the size of the contaot ellipae have to be round.. _ The
oomplote anelyeis for the contaot ellipse 13 given in Love, Rer. 1, and

S Timoahenko e.nd Goodier, B.ef. 2. The theory used ror celculeting the

e oonteet ellipae is g:lven :I.n Appendix 9 where it can. be seen thet the

' B aetua,l size of the contect ellipee depends on the redii of the 'bodiee a.nd

. the norme,l foroe, but. the ehapo of the ellipse :l..e. the reﬁ.oot' the
. semiaxes (e./b), dependa only on the rad.ii. | P

A program has 'been written, ce.lled CONTACT, based. on the theory
- of Appendix 9, which oalculatea the principal radii- of ourveture at the

. __'oonta.ct points, the angle between them, _the constanta A a.nd .'B a.nd the

angle e ’l'hie progrem requires as input d.eta. q/ ; yo, no, 90 plua the -
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coordinates of the contact points in Track Axes.

In calculﬁting ‘the aﬁgie betweexi pri;acipal radii;' fhe equations
of the planea containing these radii ere found from the coordinates of
: 3 po:l.nts in the plane.  The theory for this and for subaequent]y findins
the angle is given in Appendix 6.

B Sineo the tyre and rail prof:l'.loa a.m mdo up of varicus circular
" arecs, the ratio of contact ellipse semiaxes, (a/b), varies depending on
i the pos:l.tion of the contaot point. Although the arcs blend in to each
6th.erla.nd therafore: thé slopes .'nt_.the crossover po_iﬁt# match, there are
discrete radii ché,ngéafand therefors discrete changes in (q/‘b) ratio.
G@nerauy it may be "s.a.':ld that fér :I:read_ contact poihts the contact
ellipses are neﬁr ciroular while for fla.nge .con’caot po:lnfs they are very
'elonsatad in the rolling direction, Fig. 4425 shows how the (a/b) ratio

ohanges as the wheelsat is diaplaced laterally. _

L6 Creogagea and S;g:l.n
" The wheelset is essumed to be rollins freely along perfectly

atraight traok in a disPJ.aced position, at ‘a constant veloc:lty, v, a.nél
'with an .angular veloocity, § « Itis yawed through an angle, (/,
and displaced latérally by an amount, *'ﬁyo., from 11:3 central position,
'.l’here can be two or three points of contact between wheelset and track,
as shom in ]!'is. !u26 ‘where axes 1 and 2 are defined in the plane of

: the contact area and axis 3 norml-tq it. In deriving expressions for
the creepages, both the yaw 'ansié and lateral displacement are sssumed

‘constant i.e. there are no ¢ and ¥, terms included.

A simplified plan view of the wheslset is shown in Pige L4.27.

At contact point A, the velocity of the contact ellipse around the wheel -
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o sml similarly a.t contact pointa B and c

. : <'

are:

- .119 o

in direction 1 = -—§r Oca()U

18
§““s cmq/ “8)

L= —§i},cmqa

" The Volooity ot the contact ell:lpsos around the wheel in direotion 2

"-Vz,\“' "_ErAAA.N\LrCU%XA R
YL S (19)
t . :
\éc. = ‘§¢.°M(Pm>\c
where *I‘A,J‘B ) }'c. ~are the wheel radii at the points of contact.’

The velocity of the contact ellipses along the rail in directions 1

" The teloo_ify of the contact ellipses along the rail in direction 2 are:

v,

Vs e 0 o0

2

The 1055' Ltudine) oreeg‘as e is defined as, -

VV’__' S (52)
‘.l‘he lateral orcegag is defined as, . . ‘ ' B
. \(.:- V V' _ | ' N (53)
o s(Vi+ V’) '

 and substituting from oqua.tionn L8, 49, 50 and 51 into oquationa 52 and

- 53 the creepagea for eaoh contaot point become:

o (it can be seen from equations 55 that when ff: 0, the lateral creepages

Y - ViBhemy Y . EnAmp ey
3 ' | ,_(V—ﬁr;wtp) o é__(\/-ﬁm'mt?)

__ V&g VY 2 _ZR Ay ol |
e =R EE—Gy Yoer LV Eremy) 69
Y, = _VeBemy Y. Eh Mwyande

¢ 2(V-Bremy) e 3(V-Eeny)

are  also zero)

V= Vig= Y=V (50
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b5 g '..Q. and .-'.Q..s- are the angular velooities of spin of the rail and
wheel respeotively, about axis (3) then: -

- ., .._0—3 — -D-“"S —(3--5“ = O ‘ ' | (56)

B TP OW

.

‘ . S . ' : : |

gy = E““"”“f"_)‘s .

| S |

|

- Theii_h 1s deﬁﬁed a.s," W= ':(L\}'+ \70)— (58)
. ‘ ‘

|

and substituting from equations 56 and 57 into 58, the spin at each

‘gontact point beconos
Oy = = % ey dia da
z( V _EJ‘Aw.\ql)

(59)

According to these dsfin:ltions, the 1ongitudim1 and lateral oreopage

are non=dimensional while the spirn has dinensiona_ (1ength)

are used, These ai:'e d,et'ined as

N ame (@

whei'e € = cheracteristic length = 1 / % (A + B) (from Seotion !4-.5)

|

|

) |
In the present investigation non-dimensional creepage and spin parameters ‘
|

|

/‘U-' = coefficient of friction }
' |

|

"C = ,,ab - = geometric mean of contact ellipse semiaxes.

It can be aéen that, according to the above equations, the

creepage and apin at the oontaot points are cdlculated from the velooitiea

v and § the cone angle N\ a.nd wheel radius i“ The contact area
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: ;...forcee can be ca.lculatad. f‘rom the creepa.gea uaing the thecriea a.escribed

3 h Section 3. A prcgrem to calculate the tetal forces on the wheel“‘b
R -is deeeri'bed in the next Section, and in. thie program the "I'G‘W'P’*"ge‘5 a.rc
. Lr-.";'.'_',calcule.ted as ‘an intermedie.te etep uc:!.ng equatiena 51|- 55’ 59 a.nd 50

' 2...7 l?orcee

””'gthe contact area,f 74 in the longitudinal direction and Tp in the 1atera1‘
j-'direotion. A moment N3 :I.e defined about en e.xis norme.l to the plane of' '

-'l_\‘the contact aress The moment and fcrces can 'be celcule.ted from the

creepe.gca ueing e,ny of the oreep force theoriee described in Seotion 3.

The totel forces e:nd momente on the wheclset can be ca.lculated ‘

-by reaolving and. summing the appropriate conte.ct area forces ae followe-

.T;Af='1TA

T'-SAI = zkf.‘.aa}\A EAM»A)\A N .' (61)

Tap = __.EAC”XA + AA‘M)\A ‘
Myn = =Mog dim Ay :
’ ‘M-z' = M:',ACB“)\A

-i_-.Te”ej-'T M-T >.\3 ’

4
wl‘“
o
1'23
'
§ ¢
>
~

H o
!";{" _
§55 !
>

_._Z%:: (525 

e
o .

" oa
]

Mg N (g

<
Y]
_ |
)
~
n

’.[’he contact aree. fcrces T1 a.nd T2 are deﬁned :Ln the pla.ne cf -
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_ Ie fhe,folldwihg.non-dimensional force and moment parameters are )
 dofined as: '§: - T . & , w|3= My ) - (a)
R MBS T uTRy Mhe o

Then, 'by aubatitution into equations 61 62 and 63, forces normal to

the pla.no of the oontact area may be written a3 |

T, o= =
s S - - (65)
Ty = — s
& .0 >\g +./V‘-FZB Ara >\8
N '= | T;c.
3(.‘. G )\c +‘/DL AA;A)\G
It may be noted that in order to caloulate Tz, the lateral

force parameter, fz, has first to be calculated. Thia is done by the

appropriate creep/force theory, using the non—dimenaional creep and spin

parametera. However, in order to caleulate these parametera, T3 has
. first to be lmown,

4n iterative procedure is used to calculate the normsl force,

~ T3, which assumes as a first approximation that

rs &'EET | | - (66)

~The total forces and moments on the wheelset in Track Axes, are found
7 by summing equations 61, 62 and 63 giving:

Tes= Tta_

T“S: T':-‘a* 1753+ Ty,

+ T+ Ta-r:.c

'Tz=TiA+T t R, = -W @
Mes Tl LR RL RERL
M% H%Jr H%*‘H\a 'I-Txh?' +'T:c.l‘ ‘l'T'x.“ E‘-‘C "'T?.B‘-’Cs T

M, - M!A*M%s "M, H;A Tels Tx‘f +'l§a “-Tgs'x:ssf T'&’-\Cc )




where

| -'.123 -

q.. EA %ﬁ""” rs—- EB Ze"'” %c, EQ+H

Q%%ﬂ,faguo,ﬁ ts° .

-(::, v z) are the ooordinates of the eonteot pointe in_ Tmek Axes.

A progrem, celled. FORCES, has 'been written which caloulates

",the forces on a dieple.ced wheelae'l: for a.ny weight dietr:l'bution and

epeed. 'J.‘he required inputs are the coord:!nates of the oonte.ct poin'l:e .
(xt, Ft» "I:)l ’ (xto Yt: zt)B ’ (31;: Yt: zt)c ’ the vertioal force’
T'*n’ T.,_ » T'a. and the forward velocity V.- If one of the Vertioal forces

ie zero then it ia esaumed that the respective contact point Just touches

.e.nd d.oee not contri'bute to the force system, In the program, an angule,r

velocity, § , is aeeumed, the’ oreep and spin peremetera calculated, and
from theee, the non-d.imensional force parameters found by using the

required theory. Subroutines have been written for each of the creep/

* forse theories mentioned in Section 3 and any one of these may be called

in the mein program since they _ell have the same forme.f, and'ue'._loulete ~

the same force peremetera. It is possible in the program to use one

theory for one contact point and a different theory.for another contact
po:lnt. The total forces and momente are then found using equations 67.

T 1s varied wntil the total rolling moment of the wheelset is zero,

e, the moment about the wheel bearings, H'Sw is gero. This may involve

several .{teretiona of the complete program but when thia condition is

reeched, the velocity, creepases and forces are printed out,

-

This program was used to calculate all the reaults given in
Seotions 5, 6 and 7.
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- 19 'comgarieoe of Theoriee S

' _5 1 Introdnotion

i I‘rom the literature eurvey on rolling oonte.ot theoriee, _

- Section 2, it wae obvioue thet very feu of them were edapteble enough
'. to oalouleto 'bhe foroes on a railway wheeleet R moet were very limited :
'--in applioation. '. The theories thet were euite.ble heve been desoribed .

” in more detail in’ Seotion 3. : Two of these were limiting theoriee,
o | lthe firat given in 3.1 eeeumee i.nfiniteeima.l oreepage end epin while"
o ~ the theory desoﬁbed in 3.2 appliee for very larse oreepage e.nd spin. -
.‘The first of thee__e ier particulerly attraetive es it is a linea.x_-__ theory'
'z'md as such can oonveniez‘xily be inc'oz.-p'ora‘l:ed into the dyoamio enaiyaien':_.r
of a wheelset or a complete vehicle. The lerge cneep theory is not | :
| . very convenient to use as it involvas time ooneuming numerioal integrations -

and acme gross- approximations.

_ 6n1y'two suitable theoriee existr-for' e'fbitrarf or_eep and -
spin, The first of these, tiie' 'humeifioal ‘fheoi-y of Se_o‘tion"‘.j.S.‘l, h;-.; n
~ been proven expe;'imentelly orer ‘moet of its iﬁnée-of epplioatioh, but _.
- eu.f‘fers 'from' the tiisednntege oi‘ noi: oonoergiﬁg i‘oi? eiohg'et'ed'oonteet" o
- ellipsee. The eeoond theory, the ‘simplified theory, ‘has not been proven -
, "’experimentrally, epert £rom oomparisone with the numerioel theor;y over . 3

= i_’ eome of the rs.nge of valuee.

| 0 In this eeotion 'I:he theoriee are oompared by oelouleting the .
: tote:l. forcae and moments on a wheelset ueing the progrem FORGES ’ deeoribed;'-
in the previous eeotion in oon.junotion with the verioue eu‘bmutinee whioh
rj_ ha,ve 'been written :!‘or eaoh of the theoriea. o
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o 5.2 Results

i 'I'he theories are oompared for 3 different cases which have

'different loa.d. distributiona aml a.ngles of yaw, the rosults 'being gi.von

in Tablos He 1, 5.2 and. 5.3. In thoso ta.'blea oontaot point Ais on the '
loft hami traad, Bon the right hand tread and C on the right hand

ﬂa.nge. The wheelset is. a.ssumed. to ha.vo an RDl.. tyro prof:l.lo am’.l run

o along track with a BS1104 muheaa profilo. T

In the program which calculates the forcos, the forward

velooity, v, is assumed oonstant ond i3 fixed at 30.5 m/s for oaoh case,

o while tho angula,r Velooity ;E ia Varied until a oondition exiata whero

, Mj' =0, i.e.  zero moment sbout tho axle of the wheelaet., (Th:ls

would only be ach:!.eved in real lifo if tho wheolset ran i.n friotionlesa

The total weight of the wheelset i3 assuned fixed at 164,58 kN,
Table 5.13 The wheelset is displaoed laterally (no jre.u): until the
flange almost touches the rail (Yo = 6411 zm)e There
ere two contact points, one on the tread 'of-ea.oh"whe'_ol
and it is assumed that T”A ==82.29 kN, T’B = f-82.29 xR,

T

5 =Q°

Table 5.2;  The wheelset is displaced laterally (mo yaw) with the

ﬂa.ngo Just touohring the rail, whilo the tread of the
~same wheol is Just lifting off.. (¥o ‘_ = 6411 mm),

There are therefore two oonta.ot pointa » One on the tread
.of the left hand wheel and one on the fla.n,ge of tho right
hand whool a.nd it is aasumed that T, A ---82.29 kN ,

T, =0, T, =-82.20 kN.
I.B ’ zc 9



(ﬂfb)A = 2-53; (a/b)a = 1-014- XZA -. XZB
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. 'l'a'bl'o o1 FORCES AND CREEPAGES |
S :Wheelaot .‘Ilovod Laterall.x TR o
'--'f”'..n-‘f,",_"’ov Yo'.—611 mm, ’m 'r --'-82 29kN, T,

| cf”ao’. =0

’ZA -——-“&a o, ?.%30#5m/5'

o Jl = Tread Contact Point on L.H.Wheol
o B = Tread Contact Point on R. H. Wheel

Creep -
-  Theory.

A Numerical’

G BT A: Large
. Case | B Theory o

Creep
Theory -

1A  Simplified
|B Theory | B

& ('ma/s)_ = 80,8855 | = 80.8007 | - 80.8125 . | ~ 81,0475

| W3, (@ ) |7 040233 | - 04023 | 0,023 | . .0,0233

Y, T 0-400214-"',' 0,003 | 0.0053 | ro.m.‘.

8 | ot | osms | owsme

" 041165

Xa |  ‘o.0306 | o0.302| o032 | 0.0305

| f&, | oo | 1.0 | o2 | 0.985

Cow220 | - o | oot | o,

my, | 00066 | . 0,008 | 0,002t |  0.1206

- 600027

- ouss

- 0,0017"
.= 0.469

- 000019 ’

- 0.00&8.-
= 0.470

-; ; Q)BB-(mf

13919
’ '_{02958 '.

- 07.86;.1..
= 14006

-0.9421 °

- 1.4007 -

o= 2,4051
- 1027

e 0.7857 i :
S a0u3515 )
= 0.1680

- 0.9355'_
A 001699
L <0215

= 0524k
-om382
- 002026 .. B

- 0.9637
;Jlf%O.

- 0.233

5. 95

7- -ZL.Z

- 7-13

3055
| ‘: ','.1005.0.

he21 - -7

| -13:.()8 -

7‘56 o
=302
y “1“.1

. =549
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" Table 5.2 FORGES AND CRERPAGES
.-'Wheelset Moved La.tera]_._lx . _ ’
o Hy—O "Jo'=611m,_T,A.=Tzc=~82.29kN, TZB-O LF 0
| & = Tread Contaoct Point on L.H, Wheel =
o= .‘.Fl_jange Contact Point qn R.H.Wheel
1 2 1 3 P 6
A, Numerical Theory |A Simpli=|A Small | A ZLargs
e e fled Creep Creep
~ Case i Theory | _ Theory Theory
' R C Small | C Simpli=-{C  Large - , g
~Creep | fied - -Creep C. Simplified Theory
' Theory Theory | Theory . :
$(rad/s) =78.8023 | =80.4054 |=79.0476 =80.2802 |-80.3786 | -80.3785
Yy | 0.0285| o.008, | 0.0254 | 0.0099 | 0.0087 | 0.0087
Wz (m 1) 0.023 | 0,023 0,023 0.023 | 0.023 | 0,023
8,0253 | 2.3682 | 7.150h | 2.7948 | 2.4497 | 2.4500
X 0.0298 | 0.0305 | 0.0299 | 0.0301 | 0.0301 | - 0,0301
fxy 1.0 | 0.9996 [ 1.0 0.952k | 1.0 1.0
£3, 0.0 0.0052 | 0,0 0.0073 | 0,0 0.0
@z, | 0.0 | 0.,0057 | 0.0 0.0031 | 0.0066 | 0,0067
Y | ©0.0010:|= 0.0210 |- 0.0041 |- 0,085 |- 0.0208 | - 0,0208
“"sc (m"j =20 - |= 242 |= 2,40 - 2,42 e 2052 - 2.2
Sc | -0.0u90 |- 1.0174 |- 0.1797 [- 0.9485 |- 1.0072 | - 1.0072
Ao | -0.816 |- 0485k |- 04825 |- 0.4860 |- 0.4863 | - 0.1863 |
frg | ~0.5479 |- 0.4823 {=0.3472 |- 0.4566 [« 0.4785 | = 0.4785
fye | -0.8366 |- 0.5257 [=0. |- 0.5310 |- 0.5273 | - 0.5273
/mpg | 041624 |- 041239 |- 1,484 |- 0.1108 |- 0,4223 | - 0.1223
Mep(kim)] 5141 | 60,5 | 82.9 | 60.0 [€60.0 | 60.0
Mpp(kim)| 29,9 |-29.9  [-29.2 28,  |-29.9 -29.9
Typ() | 123, [-146.  |-205.6  |-15.8 5.9 | -u5.9
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' Teble j.s FORCES AND CREEPAGES

= ] (a/b)A - 24,

-

(e/b)c

£

'-‘_ Wheeluet Ya.wed and Moved. Laterallx 7
v-'ny = o, !P 3° ) Yo= 5.75 mm, 'n.-,A = Tzc = 82,29 kN, !!23--. o, o

=16 68

S V= 30.5 lq/a

Tread Contact Point on L.H. Wheel o
~ Flenge Contact Point on R.H.Wheel - -

A

‘Numerioal - Theory

C.

Small Creep

Theory' -

c.

- Simplified -

C.

Large Créep
Theory

B(ratfs)

- 79 -5515

Theo;w
= 79.5547

- 79.09%

- 0.0519‘ |

0.0292

10,0207
- 0.0519

0,020

L 0.0262

= 0.0517

0.0289 |

W

5.7435

0.0384

' 5.8057 -

0.0262

15,5677

7.3646

= h.5231

0.0379 -

- 0.9152

0_.3521 ‘

- 0.9030 -

- 0.9173

- .3799':'
- 0.3509

- 2,39

= 0.0052
S = 0.0191
-i242

.= 0.,0203

L= 239

. é— 6;h£29.f'-
. ._-..' 1',0565- N
= 0,4801

- O.lp711':‘:_j""

- 00'4-855

N 0 1396’ ‘

- 00236 }

- 0.4788

- 0.9222

T 49,1891

T =10.2032
0.0549 " -

- 0.2332

Cooqoe |
_‘0.7752 -

W6
i -“' 1600
- 9u.6

C w011 .

4740

-3 48

 08.2
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. Table 5.3: . 'l'he wheelset is yawed through 3 and then moved 1stera.11y .

_‘ until the flo.nge touches the rail, while the tree,d of the :
- so.me wheel is Just liftins off. , Therefore there are two
| foontaet points a.s before and it is again assumed that -

L .ZA = 82 29 kN 1?‘3 . 0 T’c - 82-29 kN- ]

- In esoh oase the oreepsges and foroes are tabulated.

' 5.3 Discuesion _ e , ,
.} ol Wheelset Displaced I.atere,lly No Yaw, Tz& _‘.- 82 29 kN = ..

T,_B » Tz c':" o (B.esults in Table 5.1)

| N In this case the eontsct points are on the tresd of eaoh
| 'wheel, the wheelset being displooed tomards’ the right ha.nd side |
- giving 8 eontaot ellipse on the left hand wheel of (a/'b) = 2.38
end on the right hand wheel of (e/b) .ou. . The difference in -
: these ratios is due to the left ha.nd wheel oontoot being on a rail-:f;
' | hee.d radius of 79.375 ma while the right hand wheel contsot 18 on e. T
* railhead radius of 304.8 um. - As (a,/b) = 2,38 is only just outside.j.“
the tabulated ‘range of values given for the numerioa.l thoory, the- 3
_results were extrapolated to give the forces at ‘this contact point.:_" .
_ Table 5.1 givos resu.lte obtained using ee.oh theory for 'both oontaot
. points where E wss varisd to give the condition My' -7 0 in ee.oh

- case.

R 'l'he numerioal theory gives the total leteral foroe ) |
needed to keep the whaelset in ‘this position, '.l‘y 2 w7, 13 kN while .‘ 7
the simplified theory gives Ty = - b, 19 kN. It must be remembered '
1ooking st the results the.t since § is different in eeeh oase, |
'the oreepnses e.re d.ifferent and therefore the foroes will 'be

Pan

_A.different s._nypsy. . The }i.- s are only different beoause the foroe G
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" coefficients predicted ‘by_ each '.theory are different, Thus .

diffﬁreﬁoes in the' theoriés are accumulative ':ln the final answer.

 For oxample ip § = « 80, 8125 rad/s (given by simplified theory)

and numerical theory 1s used then fo = .8882 (.5252), fn = .0187
(.0114), fxp = = 6021 (--.52&;), fn = = 4001 (- .I+382).

(The aimplified theory resulta given in brackets), 'I‘his is

oomparins like with 11ke and offers a better compa.riaon between

the two theories, lly and therefore § are’ afrected beoause of

tlx_eée differences in fx. Kalkaf ezpei-iencod aoﬁe_ diffioulty in |

obtaining results for the case (q/b) = 2 and since these results

é.re used to obtain results when (a/b) = 2,38 it is possible that‘

the simplified theory gives a better answer than the numeriocsl

‘ thoorg‘r'f:or thi# case,

The small creep theory prediots a total lateral force
of = 10.50 kN, which is greater than that given by the numerioal

‘and simplified theories. Applying the tests outlined in Section

' 3_.1 to oheek whethér the creepages and spins are amall

Caax.y = 586 Qmax.y = 3.91

')me.A = 1,025 Xma.x.g = 2.5

' Comparing these values with the va.lues for € and - % given in

Table 5 1 it can be seen that on side A, g > gmaz and therefore
the small creep theory predicts too large a value for fy . On
side B, g < gm, therefore small creep theory should pred.:l.ct a
rea_sona.‘blo answer, although probably still on the high side.

The_sé ié.lues affect F and thus the oversll results are different.

In general small cteep theory is 2 good approximation

for tread contaoct and in v:l.ew of it 'being a linear theory is used
by some Europea.n Reilway Administrations to calculate the forces on
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e wheelaet Por such oonditions. '.l‘he la.rge creep theory should
” __not ‘be uud for tread contact since \) < \) l%’

< ')6 max‘ Si.noo the 1atara1 1oada for tread oontaot ara

o | small myway, the differences shovm aro not phyaioally significant.‘.‘ -

' .5.2 Wheelset Diaglaeod La.teragx, Ho Ya.w, '.l‘z A“" - 82.29 N
 Tgy = o, TzC =- 82.29 XN - (Reaulta in Table .2)
| In this caae the conta.ot area on tho left ha.nd uheol
he.s an (a/b) ratio of 2.38 and on the right hand. wheel of (a/'b)

16. 68 the latter ratio being well outside the ra.nge of numer:l.oal

o theory resulta and thus cannot be used.. In oa.ses 1 2 and 3

: _'numerioal theory is usod for the left hand. oonta.ct po:lnt, whilo .

- small oreep theory, s:l.mpl:l.f':lod theory and. 1argo oreep theory a.ro

| _‘ usod f‘or the flange oontaot point respeotively. Tho remaining :

' threo cases analysed use simpli.fiod theor_v for tho flango conta.ot f
point with simplified theory, case L; small creep theory, case 5, )
and. 1arge oreep theory, ‘oase 6 for the tread: oontaot point 7

- respeotively.

In a1l oases the 1eft hend wheel, with the tresd
_'oonta.ot is ahown to be. aliding a.long the traok with fo = 1,

. -fYA, = 0.  The real pro'blem is deoid.ing whioh theory ahould. 'be “ .‘. i -
-_ 'usod on the fle.nge, in each case widely difrerent reaulta are
obtained e.s. _- -

using small croep theory on the flango Tm = -123 kN

| using simplified) " " M m n 46 W
- using large creep. " nm " TYT= -2_06 kN

1
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_ Tho main oontribu’cion to the tota.l la.teral foroe is |
" the latersl foros at C, 1.0a the right hand flange contact, .
| Using the _larse.oraep-theory.fyc is olwayo ZeT0 (s;i.noe the latora_l _'
'oroep 1a ‘z'oro)': and so the only latorai force ia' dﬁo' 'oo'reaolved.
- ‘component of the nomal foroe. Therefore this theory produces a

|

|

. e
*--r-very h:lgh Valuo for tha total lateral foroo on the wheelaet. R }
. : L

|

|

|

|

X c> .0613 a.nd therefore % >>/>C Thi{s., .‘ :

" means amall creep theory should not be used at this point If_

: 1% ia uaod, w:l.ll over estimte ‘the lateral force due to spin and. the

total 1atora1 forco on the wheelset will be very small. :

"It may be notod tha.t the largo oreep. theory produces a

reaaonable value for f c ;. a.nd therefore E bot to produce ‘

E!
- ]

a cloaer value for fy X noeds 'l:o be an order of magnitude

o e PP PRt TR

When the simplifiad theory is used on the flanse it
. produces a result in bat‘lreen the small oreep theory and the le.rgo S

. theory and this one would. expeot.

Since the left hand troad is shown to be sliding, cases - }
S
hy 5 a.nd. 6 all ahow the same results sinoe aimplified theory 13 S }
|
|

“used for the flange oontaot point in each case.

| 5 3.3 Wheelset Displ_laoed Lateral_ly and Yawed, ‘[’

Ty =- 82.29 kN, Tpy = 0, T,c - 82.29 kN '

(Results in Tablo 5.3)

'J!he three cases ana.lysed. all uae numerieal theory for =

. . .-‘-':-"the tread oonta.ot with small oreep theory, simpliﬁed theory and

.-"large oroep thoory for tho ﬂanso contaot point. In ‘each ‘case.




e . -1133'--.-" o . :
. the tread on the left hand side is found to be sliaing. . Numericsl
‘theory cannot be used on the flange because the (a/bj ratib s well

: o.utldff renge of the fs;bula.f.ed results as in the previous set of

résults .

When the wheelset is yawed the lateral oreepage inorea.sea.
‘ _On the flange, tha 1atera.l force due to spin a.nd. the lateral force
‘ . ; i .J s ’ "4_.
} L .' _dne to lateral orespage act in the same directicn, both tending to

: 1:Lft the wheel off ths rail,

Using large creep theory the la.teral force due to spin o
_13 .assumed. to be zero while ‘I:he lateral force due to lateral oreep '
| givos fy, = - 0.7109, this oompa.res with £y, = =0 when ¢ = 0.
: -Therefore using this theory, there iaahrge dmnge inthe total léteral |
'_i‘orce as the wheelset is yawed° TyT drops from = 206 kN when | . 7
Y =0° to - 108 kN when ¥ = 3°, Since the effect of spin is not
a.ocounted for, ‘this theory still p-oduees aslikhtly higher value for

~ the lateral force on the wheelset, tha.n the other theorig;,m_f

B PN i e o

o _The simpiii'iéd theory and tho sm_ali creep theory give
- .. siniler values for Type This is because the wheelset has been |
o  yawed through such H large angle that the lateral creepage is very
' 'iarge a.mi"thé fpr&e dus to it, combined v}ith_ tﬁe._lateral foroe dus
to the spin, shows fhe iheelsét to.‘pe almost slidiﬁg on the .flange.: |

As before the aimplified theory sives a value ” }

T o T et sy =

for Ty'l.‘ :ln 'between the other two theorieaz

Small oreep thaory o - 9L, K L

o
|

| =

| _ JT .
: Simplified theory ) TyT = = 1011 KN

= = 108.2 XN

Large Cresp theory S Ty*l‘



N ' 5.14. " Conolusions

‘ -‘:'OIn'e"olf" the o'b.jcctivcs of'thc p'z"e‘ecnt inveatigation is to
’ compa.re thc available creep/foroe theor:lea and givc thcir limita.tione |

. vhcn e.pplied to the problem of a wheelcet rolling along 8 railway treck

5 in a dieplaced position. It has becn chom that the problem can be -

separated into two distinct regione, tread contact an:l flange contect .

: conditions. :

The numerical methcd of Ka.lkcr, B.ef. 23, is based on exe.ct
thcory e.nd should. give thc beat a.vaile.ble raeulte within the re.nge in -
-_ which it can 'bc used. It haa 'been compared with cxperimental resulta'l' . |
and found to give good correlation. ' The numerical method f‘ailed to -
. converge for (c/b) greater than 2 and for thie reascn cermot be ueed
for flange contact. It is impractica.l to run Kclker 8 program for
N each case reqnired but the method can be utilised 'by 1ntcrpolating
" his given tabulated results, -This can be done numcrioa.lly on the
- computcr if the tabulated resulta- are stored on disc or magnet:l.c tepc.
In thie way :l.t is convenient to use the methcd for tread contcct the
& crecpagee a.nd spine ta.buleted caa:.ly cover the re.nge of' valuec found

in the wheelset problel_n. ‘_'

The linecriced or amall creep theory 13 eccy to uee e.nd gives |
good cnswcrs if the orcepegee em! spin arc amall cncugh to be in the R
. _lincar region of thc crecp/foroe curves. In order to chcok thie, ‘
certain teets are outlined in Section 5 1._ These teets he.ve been "
-. ocrried out on the present results. Becioally va.lucs of g naxe
((_ maxs Xma.x arc ce.lculated for thc contcct cllipce in quoetion and
depcnding on whether g, ’( % ‘ave greater or less than thesc o

Valucs, thc oreepe.gec a.nd sp:!.n oan 'be called "le.rsc" o'r "small" -
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The small creep theory ueed in thie report has ‘boen modified

o ‘by siving limiting values for f,_- and t‘y for a particular creepage and |

epin. (Theee modifioatione haVe been desoribed in Seotion 3 1) _e“:. :
resulte given in Tebles 5.1, 5.2 and 5.3 ahow that even this modifiod

‘ ",.-_vereion gives une,ooeptable reeults for :t‘le.nse conta.ot exoept near the )

sliding oondition when the yaw angle, e.nd. therefore the. laterel ereepage,

o ‘-j"f 18 very large. The theory oa.n 'be used on the tread giving aoeeptable LRy

:reaulte, and he.s the obvious advantage of being 8 linearieed thoory.

'.l'he lerge.ereep\_theory, d;souased iri_Seotion }.Z'hae very

limited usé. Its main disadvantags is thet the lstersl force glvem .

'l__'b;ftheltheory is 'Iindependent .of the spin. . Thus the theory'c'e.o' ohly' be

| used wﬂen :the. apin is seffioiently large. 50' tha.t the lle.tera.l fot'oe "d.ue"
- toit is negligi‘ble. ' This is not the only reetriotion on ite use,

" another was given. in Seotion 3.2, but it exoludes its use for tree.d.

' oontact where the spin is relatively emall, The theory predicts high

lateral forces neocessary to keep the wheelset in flange contact since

- the gontribution from the spin is zero,

" The simplified theory, io'-not yot fully developed but it seens
to be a good "engineering” approe.oh to the eubjeot. - The displaoementa o

d the tre.otione are assumed to be connected by the eimple relationships

| _ ‘u'= sxx v = SyY. 'l‘he etiffnes.sea Sx and S.Y are then oaloula.ted from .

.‘ 'the initial slopes of the omep/foroe ourves, i.e. from the ooeffioients
- Ciq »- 022 . " This theory can be used for any value of (a/‘b) ae long as
Cqq , etc. at'e lmown. . '.l‘heee oe.n bo oeloule.ted outside the tabulated. |
o range of Ref. 23 uaing the e.eymptotio fomule.e given :Ln Seotion 3. 1. T
-:VThie theory was found to be easy to use ‘and has an advantege over the
| numerioal theory in that better a.oouraoy can be obtained ‘by tak:lng

i emller atep 1engthe a.t‘the oxpense_of extre- computer t:I_.me.- . The results




e

ley between the two limiting theoriee, es would be expeeted but epart ‘-:'

o from thie it is not possible at this etage to say- qpantitatively whether

the answers are right or wrong eince there is nothing to eompare the .'

reeulte with.

The pain preblem leye An calculating the fbreea et the flenge

where the epin is large end the conteet ellipse very elongated. The

-.f numerical method cannot be used for eueh eonditiene and the simplified

theory has not been checked experimentelly for these kind of valuee.'

) In view of this an experimental program was initiated to provide data

_ for the oreep/foree reletionehip on elongeted conteet ellipsee with &

e :
large emount-of spin present e.g.-flange gg;e conditions. leaeuremente:
_were made of  the laterel force due to varying amounte of lateral creep

and epin between wheels with an elongeted contaet ellipee. Theee results,

-\tegether with a full description of the rig, are given in Seotion 3

| where they are compered with’ eimplified theOry..‘

Brief mention should be ﬁade'ef'the fact that Kalker is -
preeently working on a numericel method which can eleo treat the elongated

oontect ellipee caee. Although this method is not yet availeble, Dr.

- Ralker has very kindly run his. program as it stands to compare with some

" of the authors experimentel results given leter, and theee have been o

superimposed on the graphs, o
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6. Gomparison of wheelset forces using new and worn rails RES

- 6.1 Introduotion

There 1s very little infomation availa‘ble neither theoretioal |

. nor experi.ments.l, for the foroes and moments on a wheelset when in -'
flange contaet with the rail. The - ca.ses e,nelysed in the previous _
| seotion were very 1imited as they applied. only for one ys.w a.ngle and
'for one side-to-side loed distribution. Sinoe the computer programs
discussed in Seotion l.. were available, a whole rs.nge of cases have 'been

calculated for different side-to-side loe.d distributions, different

' flange-to-tresd load distr:l.'butions s.nd. different engles of yaw. Results

have been oalculated using both the sts.nderd BS110A rail head profile _
with the 0.5" (12.7 mm) corner radius and the tworn’ profils with the
.7" (17 8 mn) corner radius. In all casss, numerical theory has been
' used for the treed oontaot point(s) and simplified theory for the flange

_ contaot point.

- .5.2 Results | _
The program FORIES haeagain been used to oaloulate the ,
| "" results. In a.ll cases the forward velocity v is assumed oonste.nt B

and. is fixed at 30.5 m/s while the angu.lsr velocity § is varied until

S the cond:l.tion exists when the rolling moment about the axle, My'w', is

zero. : The total weight of the wheelset is sssumed fixed a.t 16&-.58 kN

apd it i3 assumed. to heve an RDL “tyre. profile. _ As before oonteot point :_ -

A is on the left-hand tread, B on the right-hend tread and C on the
- ‘risht-hand flange.

B.esults using the stands.rd' re.il profile are giVen in Figs. o

',6 1 to 6. 12 and using the 'worn' rail profilein Figs. 6. 13 to 6.18.

For eaoh profile three side-to-side losd distr:l.butions hs.ve ‘been - S
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~ considered; (a) T,A = = 41,15 kN, (T,,B + T, ) = = 12344 kN,
(b) TZA T - 82 29 XN, (T,B + '1.',0) = - 62 29 kN, (c) TzA = = 12344 kN
: ('1' + Ty c) = = 41,15 kN, and foz- : these, three flange-to—tread

diatributions. In'all cases yaw anglea were varied from = 1 to 3 .

The ooefficient of friotion was taken as O, 25 fbr all cases.

In Figs. 6.1 to 6. 6 the coreeps and spins are plotted against

yaw angle for the tatandard® rail cases.

-~

In Figs. .7 to 6.12 the total forces and moments on the

wheelset are. plotted versus yaw angle for the 'standard' rail.

In Figs. 6.13 to'6.18 the total foroes and moments on the

wheelset are plotted versus yew angle for the 'wdrn"rai1.

6.3 Discussion and Conclusions

Considering the 'standard' rail results it ean be seen in Figs.
6.7, 6.9 and 6,11, where ?VT is plotted for each of the three side~to-side
wheel load distributions, that the lateral force increases as the 1oad

carried on the flange inoreases. The 1ateral force drops off as the yaw

- angle incresses since the lateral creep also increases, and the effect of-

this is to lift the wheel up. The shape of the three curves on each of
’these graphs is interesting and can be expleined as follows. When all
tha load is carried on the tread, whare the cone angle is very small, the
: effsot of apin is negligible and the ahape of the curve is dependent on
the 1atera1 creep/lateral force relationship. Thus the curve goes from
sliding in one direction to sliding 1n the other direction batween

([J t 0.5 . When all the load is on ‘the flenge, where the spin

.i .is large, the lateral force due to this is also large, and the effect of




'Uha.nging lateral creep is not 8o signifioa.nt. - On the graphs this ca.n"
be seen where the curves 'become more 'S' shaped as the load is tra.nsferred

from flange to tread.

The ‘hotal la.teral force on the wheolset is, of cour.se, dominated , i
'by the 1ateral forca on tha fla.nge a.nd thia 13 evident in the curves of
v l.}J Figs. .7, 6.9 a.nd. 6.11. This effect is red.ucod. as the

vertical load carried on the fla.nge is reduced. '

The rolling moment, M"L‘ plotted in Figs. 6 8, 6.10 and 6. 12
for the throe distr:l.butions, is largely dependent on the vertioal and. '
‘la.tera.l forces at the contact points ’ thus the shapes of these curves
- are similar to the Tyc ourvea. A +ve rolling moment indioatea a
~ restoring moment i.e, one tending to pull the wheelSet down onto the |
right-hand rail, The only time it is ~ve is in Fig. 6. 8 when there isla
" vertical load of = 41.15 KN on the tread at point A and - 123,44 kN on
the tread at point B, which is pro'bably an unresl situa.tion. _ Genera.lly- |
tha rolling moment inoreases as the vertical load is transferred from the
‘rightehend side to the left-hend side. It may be noted-that in real
1ife the load distribution would sort itself out to the state ﬁhore the:
rolling moment about the vehicle centro oflgrav'ity was zoro.. 'A Knoﬁing :
the height of 2 vehicle c.g. a‘oove the wheelset centre thia condition

can 'be evaluated from the results presented.

All the resolts ,wez;o caloulatecl by vo:;jlﬁg thsﬂ ahgﬁlar_velocitj _
| of the nlloelset until ‘tho'rolling nioment was zero. This condition

: generally occurs when the speeda on the right-hand side are rearly
matched, This is the side towards which the wheelaet 1is displaced and.
has the larger rolling radii., As e result, the longitudinal oreep

is smell on this side but large on the loft-haod aid_o. ; _.'i'ha: yawing

moment is largely dependent on the loogitudi.ool forces which in turn

. depend on the longitudinal creeps. - Thus the yawing moment is 'largely' |
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dependent on what happens at contect poiﬁfl where the spin is negligible.

Mg is a meximum when fxi is amaximum, 8, When f_,,-o or the yaw angle

T
is zero, When the flange ia taking all the load the 1ongitud.inal oreep

‘on the left~hand aide is. very-large and. 15' hardly affeoted 'by changes of
yaw angle. Alternatively when the trea.d is taking all the loed the

longitud:l.na.l creep is small, anﬂ. therefore . grea.tly affeoted 'by yow angle
changea. This explaina the shape of the MZT curves as the load is

transferred from flange %o tread in Figs, 6.8, ‘6.10‘ and 6.12,

COmparing results using the 'atandard' rail with the ‘worn!
rail results given in Figs. 6. 13 to 6,18, there is practioally no
difference between the two. If anything, the lateral force required to |
keep the wheelset in flénge contact f‘ér the 'worn' rail is slightiy less o

and this would be expected. The 'worn' profile used was based on measured

- profiles on the Glasgow Su‘burban Reilway s.nd. results indicate that the

wheelset forces are little cha.nged by this amount of wear. The rails

obviously have to be sidecut by a much grea.ter smount before perfomance

~ 1is affected. (This is discussed further in Section 7.)

Tt mey be noticed that ﬂ:‘_‘e‘ results plotted in this section are
slightly different from the equivalent results tabulated in the previot;é '
section. !Ehis is because an improved vefsib_n of the subroutine SIMP wes

used to obtain the present results.

In conclusion, the results given.f_dr the fdmes and moments

" on a wheslset are calculated using the latest oraep/foi-ce theories and

cover a wide range of yaw angles and load distributions. ~ Although thej

are given for a speciﬁ.o rail and wheel, it is the first time tha.t flange -

foroes have been calculated using rolling contact theories , and 'I:he

results should prove valuable in future derailment sﬁd'ies.
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Derailment Ratib'

| s Introduction

With railway trains operating at ever increasing speeds the H_.-"

.-question of safety ariaes, and this reqnires a better understanding of

the dersilment phenomena. Since the forces between wheel and rail are
80 complex,_eapeciaily when the flange contagts_the rail, little work

has been done in thia‘area.. ' The problem is complicated further since

rit depends on many other factors, one of these being the condition of -

 wheel and track, which varies from one vehicle to snother. This problem

is also of interest to the railway civil engiﬁeer‘who needs to know hoi
much wear cen be tolerated on the'traok before it is taken out of.

service and renewed.

"As a guide to dersilment proneness various formulae have been .

' proposad which give a (lateral force/%ertical force) ratio for a particular

rail/hheel ccmbination. Thia ratio is usually called the 'derailment ratio!

“or 'derailment quotient' and is denoted by (F/W).

The wheelset normally runs along the track nesr its meutral

position with a point of contect on the treed of each wheel. If a side

force aots on the wheelset it movés laterally until the flange of one

wheel also contacts the rail. If this side force is inc&eased further a
load tranafer'takes place dntil there ia.only contect on fhe flangedof one
iﬁeel and thertfead of the odeaite iheelQ This condition is cdnéidered |
to be the start of derailment and if F and W‘are the lateral and vertical
forces at the flange, respaotively, ‘then the derailment ratio (BA) 1s

used as a measure pf the running safety of wvehicles.

Since the forces have been calculated on a wheelset, during the

present investigétion, for both new and worn rails for a range of yaﬁi

angies, Section 6, it is a small step to compare the (F/W) ratios for these

results with existing formula for the same theoretical wheelset. The




 present a.na.lysia is the ﬂ.rst time any rolling oontact theory has been

o used to pred:l.ct flange forces, and since it inuludea api.n effects > should.

.give 8 more accurate estimats of the (F/W) ra.tio. S

_ 'I'he existing formlaa are described. in Section 7.2 followed-f ,
‘ in T3 hy a comparison between these formulae and the present results. A

_discussion of the correlation betueen the two follows in Section 7.l+. -

7o 2.1 Nadal's Formula J
Th:la formula is very aimple and very a.ppmximate aince it
-l ‘does not allow for yewing of the wheel relative to the rail and does |
not take account of spin effects due to the flange cone angle. It :
assumes the ‘fla.nge is sliding on the rail and as suoh ia‘the limitiﬁs"'

value for very 1ai-ge lateral creeps, i.e. very 1arge yaw angles.

If, in Fig. 7.1, Fand W are the lateral and vertioal
' foroes at the flange respeetively, and. Ty end T3 are the forces in the '

plane, aml normal to the oontaot area respeotively, :

 Then F Ty cosXA - T3:'sin,>\ E | (1)

jénd -5

\

|

\

|

|

|

|

|

|

|

|

|

T2 misting formulae for Derailment Batio S S ' ‘
Tyes X+ T snAh @
: .« . N N . 0 B . : i < E ‘
\

Assuming T2 = /4_'1‘3 -.

Then -

-l -

‘Bquation 3 is Nadal's formula for the 'derailmeﬁt_ ratio.
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FIG.71 Forces at Flange Contact Point

FIG 72 Flange Contact Pomt showmg forward
shift’ due to vaw
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i 7.2.2 Wa&er's Formula

- This is ‘more mfined tha.n the previous formula since it
takes account of ’bhe ya.w a.ngle between wheel and ra.il ’ and. allows
the flange con’caot point to move forwara as the yaw angle is changed."
It still does not take care of ;pin le_lffects a.mi_ again assumes the

flange is sliding on the rail, i.e. ve,rj lafée yﬁw’ angles,

.’.l'he_: f‘lﬁnge shown in Fig. 7.2 is assumed tobe yawed |
relative to the ra:i.l, and the contact pbint has moved horizontally
and vertically by amb'unfsf 1 and 15, respectifely, ‘from,the.tr.ea'd
conta.df point, As a result the lateral force S no longer acts
in a vertical plane but at an angle B to the vertical as shown.

Wagner's formula can be derived from equations 1 a.nd 2, assuming .

Ty = /“"T | |

Thus P = Tz (_/JLcos)\ - sin )\ )

and - = T5 (cos A +'/uain)\_ )

o0  Pem o F W O

- )ucos)\ --sin-)\. ) cpa>\ +/o'\sin>\
i.ee -_W@in)\ = /u.Wcos A ~ + Feos A +/+Fs;l.n >\ ~(5)
ﬁhen the wheel is. yawéd re'la;tive tt;_ the re.j.l_ fﬁe compoﬁent ﬁf the

vertical foroce in the plare of the oontact érea, Wsin A '_ = Scos p'

N Thus  Wsin. A -7= | (/Q_W cos A + F cos A .+ /.(;-\Frta'nin}rxaéos"#

and Po_ g:{._n A=~ Mc'o; )\ ocos
LA (coa)\~+/usin>\ )cosﬁ
i.e. F ban )\ = e -
z | ©

(1 +'/u;ta::1 ‘X :)cos F

(o be correct this is a modified version of Wagner's formula due

to Heﬁmann. The original equation by Wagner did not contain the

tern /u.oos ,@. in the numemtor a.nd as such does not tend to -
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Nadal's forﬁula:, equation?l-;_"j'-‘,‘ as it should).

1

= O

a.nd. rs= distance between tread oontaot point and axle. '

(Thi.s equation for the forwa.rd. movement of the contact point as the’

‘wheel is yawed, is proved in Appendi:_:])

|
|
|
|
|
\
Equation 6 contains en obvious irratiopality in that as 1 — a0, }
cos g——~0 and (F/W)—=«0 .  This irrationality arises }
because the formulajiihherently assumes that the angle of yaw ia large

. : ' ' S |

. . . ‘

by saying Te = /&T;.

" 7423 Johansen's Fohﬁula ' - ' ' ,

 In thia fomula as in Wagner s formula, the forward move-

ment of the flange contact point as the wheel is yawed is catered for, ‘
although the flange_ is assumed to be 51iding on the rail, i.e. S =

/A.T}, and again the lateral force due to apin_ia not allowed for.

'I'he fomula may be aer:l.ved from equations 1 and 2 where |

it 1s assumed that T2 8 cos '3 Ql- s -/u.T3

Thus. E‘= /u.T;oos p . CO8 )\ - '1'3 sin)\
end fﬁ: i‘; cos \  + )u.T; t’:an sinx R o ‘
Thus P .s:l.n)x - Mcos)& cos :B

W

ooa)x - /ucos B sin )\

i.0.

- ta.n}\ - Moosp__ o o (8)."

-l L]

-+/utan A cosF
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‘This formula does not contain the irrationality of. Wagner's formula
| 'since as ©cos F——-———’- 0, (F/W)——->-tan)\ "_, which is_th_e ,: |
expected result 1f 1-._he ._spin qff_ect is 1gnored. o

J oh.a.nsen calculates ﬁ in a slig;htly different wa.y to Wagner but

the end result is practically the same for large cone angles. '

B g

s sfERy e

1&&_—;& . (Nadsl's formulg) _

L T

1 f/bl.ta.n)\ :

_ Thi_.s was also true of Wegner's formula, equation 6.

7_.3 Results

In Section 6 forces were oa.lmilated on a wheelset using
simplified theory for the flange oontact point, and nnmerical theory for
the tread contact points, Results_were oalculated for Various load
c}iatributions for a standard reil with a 0.5" ‘corner radius and for &
*worn' rail with a 0,7" corner radilus.." . These results were plotted in

 Pigs, 6.1 to 6.18,

In these results the derailment ratio, (F/W) is given by

| (Tyc/ 'J.‘zc) when TzB = 0.  Since three side-to-side load distributions
were analysed, three curves can be drawn for ('l'yc/ TZC) v ({/ for the -.
standgrd rail and three for .the worn rail. The results for the'worn reil

" are Iilottéd in Fig. 7.3. The results for the_ standard rail are

" indistinguishable from these results. |




- FIG.73' Derdilment Ratic v Yaw Angle
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-,Thé resulfq_fbr'(E/W)7uaing the three formulae just desoribed
~ in Sections 7.2.1, 7.2.2 and 7.2.3 are also plotted in Fig. 7.3 from
“ fesults given in Table 7.1, Thé values ianéblé-7.f are'obtgihed from

- the éoorﬁ;ﬁatea of.thé épnfgqt'poihts:uaing'fhe *worn’ rail,

Tablée 7.1 Derailment Ratio's for 'Worn' Rail

¢ | O ESP ] 055 |eaan) | Gefansen)

o | o o | e e | a5
 0u 6,56 | 6.64 | 619 9.85 1 2.2
03 | 208 |2 [225 | 351 | 1.
05 | 13 [16n |17 | 235 | 1.8
1.0 0.6} 1.15' 1,26 ‘1.68_‘ 1.5k
2.0 | o35 |06 [105 | 152 | 1ae
5.0 | o3 [105 [t | otaz |
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. Tebe. Discussion and Conclusions

. The d‘érailment ra.tio is a qualitative measure of how easy a
particular rail/wheel combination is to derail. Tho greater this ratio
is the better, since the lateral force needed to maintain ﬂange .contact

is greater and thus-'.le:s's likely to occur in praotioé.

- The various formulae that have been proposed ars very crude

‘and none of fhem account for -8pin ei’fects. . Nadal's foi'niula. assumes the

flange is sliding on the rail and takes no account of the yaw anglo

between wheel and rail. As a reault it gives the worst case and results
will tend to this value at large a.ngles of yavr. For the. present rail/

wheel combination it is 1.4.

Wagner's formula is an 'a.ttempt to take aoooont of the forward -

'movement of the contact point as the wheelaet is yawed, 'but again assumes

the flange to ‘be sliding on the rail end does not allow for spin. Tha
resulting g‘onnula. tends to 1.4 for large angles of yaw but has an irration-
ality at Y = 0° where (B/W) tends to infinity,

Johansen's formula is better since et ¥ =0°, (F/F) = tan N ,.
but again spin is not accounted for, . The flange is assumed to be sliding -
on the rail and the resuli:o tend to 1.;':?'0:- large yaw angles, the value

given by Fadal's formula,

It can be seen that as cos B tends to 1. both_Wa@er'o _forhula

and Johansen's formula tend to Nadal'o formula.

The basic difference between Wag'ner's‘ formula and Johansen's

_ formula can be seen by referring to Figs, 7.1 and 7.2, Wagner assumes

that the inolined force 5 1is given by

.8 = Wsin.ﬁ
ooap -

while Johansen as'sinnes | o S

1l
N

cosp -
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Since the latter result is the correct ocne, Johansen's formula should

~ give more sensible results for the derailineht ratio.

The effect of ln.tefé.l fdf_ce due to lateral éi'eep f_or .poaitiv'e.
‘yaw angles is to tend to 1ift the wheel off the rail,’. ’I'ﬁe effeot of‘. :
spin is the same, Thus Joha.nseh'# foﬁulé. .whioh does not cétér fof
B spin, gives too large a value for the derailment ratio at Y = 0°an6. N

too 1ow a value at large +ve yaw angles.

' The (F/’W) ratio varistion with yam angle plotted in Fig. 7.3,
| using the present theoretical resulta R is the first time a rolling coni:aotl,r. '
theory has been uaed to predict *!;his ratio and the simplified theory used
| on the flwée takes account of spin and lateral creeﬁ. Curves for three |

different side-to-side load distributions are shown in Fig. 7.3. The
curves _tend to Nadal's values for la.rge yaw angles but lie beﬁem Né.dal'.s‘.
‘value -and. Johansen's value at Y= 0°. The curves show that the (7/w)
ratio falls as the yaw angle is increased and the minimum values frc:m. |

- these curves are (F/W)\: 1.9 st Y= 0° and (F/W)' = 1.57 at 3°,

_ In J‘ohansen 8 report, Ref. l.O, he prediots very low value.s for

3 the (F/W) ratio, e.g. for & new tyre and new rail (not the profilea used.

~in the present a.nalyais) at LF 5 a.nd._ U = 0,25, (F/W) s as low as :
1.0, In Ref. 40 the contact points are found 'by drawing sections through

' the reil and wheel sbout 16x full size. By drewing different projectit.ma. o
of the wheel he is able to meaéizrg the 'distig.ﬁces between flange and ré.ili |
and assumes that if the wheel wére displaced -laterally by the calculated
amount, that is where the fiange contact point would be. Errors are
mvolved. in this pmced.ura aince roll and vertical displaoement of the

wheelset &s it is moved laterally are ‘not allowed for, and apart from this: _'

there are inaccuracies involved in the drawing prooeaa.
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~According to Baguley,llef. 61‘, ,'t;.h_e valus of (F/W) ratio uﬁgd_
by British Rail as a Standard is 1.04 and this was probably based on
Johansen's work or oﬁ Nadal's formula. It li_a.;_ been shown in the present
enalysis that for values of yaw less than 3° (which is "_prc.f.bably a very '
B large value in practice) thes'e; ‘fdrm;]..ae preaict_ i'athef low _vallues' for
(F/W)e. It must be remembered 'w_rhen quoting.th'ese- fesuits that they are

caleulated assuning steady loads and do not epply to impuilsive loads.

Mdtaui, Ref.-..éo, describes Qome expeﬁments whicﬁ were .carr:i.ed
- out by the Japanese National'nailways to méaﬁure the derailment ratj.o .on
1/10 and 1/5_"_51_:&19 moﬁel ﬁheels. ~ They found (F/W) tenﬁéd to ﬁéda;l's

‘vélue for angles of j&w greafer than 1° and. ten&éd_. t'o‘tan )\ at Y= Oo,
These tests wers <:>a.rr.ied' out with a standard J.N.R. whéel wh.igh ha;?s a 60°

cone angle.

The (F/W) ratio used by J.N.R. on their high speed Tokaido line
is 0;8, whioch i3 & very low value in view of the fact that the cone angle -
used is 700. '

It seems‘ that values of (F/W) ratios uaeﬁ by ré.ilway suthorities
are minimum values. and therefore safe values, .Hoﬁreve:", the présent |
 results give,the,variﬁtion of (r/w) with yaw angié,.tak:l_.ng'aéeopnt of
spin, end show that in fact thé’"(F/W)' ratio is larger than the ‘epproximate
Vfomtlxlae predioted_ovef_ most of tlié ‘i'a‘née. . This would mean:rthatl'mdre_ ;
wear can be tolerated between rail and wheel than using préaent.stand.ards ,

thus improving the economics .of'the railways., .




8. E;pgrimental Ihveetggetion

between the tread of the wheel end the reil. Under ‘such. conditions
the contact area is elmoet circuler in ehepe end the oreepege and spin
are both small, Verioue theoriee exiat which have been proven
experimentally, to calculate the contect area forces for theee

conditiona.

It has been ehown in the previoue eectione, thet when thc
flenge contacte the rail ccnditione ‘are Very diffcrent- the contact=
ellipse becomee elongated end the epin is lerge due to the large cone
angle. Although theoriee exiet which can predict contact ares forces
for such oonditione, there is no experimentel evidcnce evailcble to

support them,

Beceuee of thie, an experimental progrem of work was-
commenced to provide deta on elongeted contect ellipeee with varyins
emounts of oreep gnd epin preeent.. It was ergued that if experimentel
and theoretical resulta correlated for a ecele wheel of Jknown geometry
then the theoriee could bc ueed with some eafety to' predict wheeleet
fbrces under flenge contact: conditions. In this eituetion 1t ie the
1eterel fcrce which is of prime importence and this arieee due to both
leteral creep and epin. Becauee of thie longitudinel forces due to
1ongitudinel creep were elimineted as fer es poeaible in the design

of the rig.

The ris simulates flange contect of a reilwey wheel and eneblee
1eteral fbrce due to varyins emounte of 1etere1 creep end epin to be

meaeured on wheele with elongeted ccntect ellipeee.

8.1 Introduction

. ' For ncrmal running of a wheeleet on treck ccnteot exists o
|
|
|
|
|
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) The rig is descr:!.bed. in Section 832 and the theory given
in 8.3.. The procedure edoPted in earrying out the tests is given
in 8.#. Verioue oombinetione of wheels were tested giving different
oontect ellipses and different emounta of apin. rFor each case the
leterel oreep, eontact pressure and epeed were Veried. The results
of these teets are g:i.ven :Ln Seotion 8.5 a.nd a diaeuaeion of the
eorrelation between them and theory followa in 8 6 COnolueions end

recommenda‘tions are g:l.ven in Seotion 8.7.

8,2 Rt Deeori tio

The rig nhieh was designed to meet the following objectives,
ia shom in Figs. 8. 1 8.2 8.3 and_diegrame.tically in Fige 8.4

1. To eimulete flange eonteot oonditione as eloaely as
posaible with 1ongitudinal oreep eliminated.

2, To vary the lateral creep at the contact point throughout

the range from pure rolling to groee eliding
3+ To vary the spin.

L4, To vary the shape of the contact ellipse and partiocularly
to investigate elongated contact ellipses (long in the
direction of relling)

5. To measure changes in lateral force due to variations of

lateral creep and spin.
6. To investigate speed effects.

7+ To vary the pressure between contact surfaces,
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FIG. 81 Overall View of Roller Rig
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FIG. 82 Rear End View of Roller Rig
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FIG.83 Front End View of Roller Rig
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8. To oonform as olosely as possible to e.ssumptions me.de
in the theories, ne.mel;r thet the bodies in oonteet have
smooth surfeces end that Coulomb or d.ry friotion existe
between them.

The rig oonsists of a hardened steel wheel of' a.pproximately
0.305 o die. whioh is driven et constent speed in oonte.ot with a similer
wheel whioh is free to rote.te in its ‘bearings. - The lower, or driven
wheel, (or 'reil') has a profile radius maohined around its periphery,
while the upper, “or. free wheel hes a straight oonical profile. - The
upper wheel is mounted on a. short stub shaft e.nd ie supported in self-
aligning bearings, these in turn are attached to.a yoke whioh is
pivotted ahout a point approx;imetely 1 n ahead of the wheel e.xis to a
rigid i‘reme. The pi%t is 'y Hookes Joint which ellows the upper wheel
to pitoh and yaw rele.tive to the lower wheel, 'but prevents roll. The
Hook.es Joint cen ’be moved along s horizontel slider snd cle.mped in any
position 20 thet an a.ngle of yaw ce.n be set between ‘the two wheels.
The horizontal diepleoement of this pivot ie meeeured with e dial test
indioetor ce.li'brated to 0 0025 mm. ".The yaw e.ngle is given by the DTI
measurement d.ivided. ‘by the distanoe from the pivot to the wheel exis.
It will be shom le.ter that the letere.l creep is direotly rela.ted to

the ye.w angle.

The spin is varied by ueing upper wheels with different oone
e.ngles » while the contect ellipse ehape is varied by nsing lower. wheels
with different profile red.ii. Longitudinel oreep was eliminated 'by
e.llowing one wheel to freely rotate on the ether with as little f‘riotion

as possible in the beerings.

Initielly the weight of the upper. wheel and yoke is supported.
on its beering oepe by two vertioal supporte ettaohed to the frame of

the rig., . These are edJusteble in height 80 that the rolling redius on -
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the upper. rheel7can be selected. - The yoke can be llo:ed.ed', cr the -
 weight counfer balanced fhrcugh & 'sjsfeﬁ of pollejs tc inveatige.te -
'verietion of contact pressure ‘cetween the rolling surfaces. A 1a.tere1
| force can be e.pplied to the upper wheel through an ‘arm welded to the
yoke, i:he poi.nt of application of thic force being edduetable to

en.sure that it pesses through the centre of the conteot area. . The_
‘I:‘actual !‘oroe 13 applied by & wire pa.ssing over 8 pulley attached to a

.loe.d ring and turn buckle.

Ha.ving set the required. angle of ye.w and startad the motor,

--the 1atere1 fcrcc is then inoreaced until the upper wheel 'begine to’

cl:l.m'b up the lower wheel. ’l‘h:l.s is obeerved by the upper whcel bearing

. oeps lif‘ting off the supports. ‘ At this point the f‘orces are in

balance, and the contact area forcee can be calculated from the maacured

leterel and vertical forcee. , Thus the 1atera1 force corresponding to
known . amounts of lateral creep ‘and spin can be f_ound, whilo the ehap_e

of the contact area can be calculated from the wheel geombtr,fr.”

The equations for the croep, spin and. forcea on thc rig are .

' derived in Section 8.3 while the experimentﬂ. procedure adopted is given

in more detail in 8elo A detailed explanstion of the various parte
of the rig follows. ' o |

The wheelc uced are ehown 1n Figs. 8.5 and-l 8. 6 Their main :
.dimeneione and phyaical propertiea are given in Table 8 1. Each was
_ machined, case hardened and then ground to its final profilo.‘.' : T_he‘
hs.rdne.ss and roughnesc of ‘ee.‘ch“' rh'eel‘wac rneeaured 'before_r runnins and

is also given' in Table 8.1,

Sheft_e on chich the lwheele'a.re mounted, Fié; 8.7, ere 'me.dcﬁ
| from mild steel iith s collar wel&ed. on to react. thrust 1@&:. The j 7_
‘lcwer ehéft, which is mounted :l.n celf eligning bcaringa attachcd .
rigi.d.'l.y to the bese, hes & 'Fermer' timing belt pulley which tra.nsmits |
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Teble 8.1 Physical Properties of Wheels B o

Table 8.3 Spin Pa.rameter for the Cases Tested )

| Lower Wheels - ‘Upper: Wheels
 Vheel & b ¢ a . e
Corner radius(mu) 10145 635 | 3.18 - -
Cone angle - - - _ !+9° " 670
Outside dia.(mm) 30448 3048 | 304.8 3048 188,0
B __wiaxh(mm) 349 25 | 254 | 254 ',25.4_
Ma.ﬁe_ria.; EN36 | EN36 , EN36 | EN56' EN}S.V
e Rocimell o. s | e 6o | 60 [ s
Roughness (mm) 508 | .610| w457 Al as7 |
. Table 8.2. P-afam.e.térs of Caé.és; .Tested
Case 1 2 3 .‘_ll-‘:‘ 5 6
' Lower wheel a a b 5 2 c ©
Upper wheel d e 4 e da - e
ry (mm) 1015 | 101.5 6.35 |  6.35 | 318 3418
Ao | oy 67 | w9 | €7 49 | e
r, (zm) 1113 | 1175 14942 48,0 . 1151.3 115045
r, (un) 1413 f 76:2 | 135.0 67.9 - {1424 71.a.‘
| Q(M)-_ . 209.6 | 21'8.4‘ " 2440 241 124 12.4
x (a/h).. 14038 | 14111 ' ‘6.45 | 6.75f 10,0 | 1043
Cx(¥). s616. | 6222, | 77, | 12000 | a3t 2.
- X maxs 246 | 2.3 0.262 00256 | - 0.122| 0,122
( .Xmax. = value of then f’g = 1 for the ease g = "L =0
- according to linear:.sed tfeory) S S -

Case 4 2 3 b 5 6
o= o6 3072 | 7.26. | 0.426 | 0.795 | 0.212 | 04392
s T 309 | 6,22 | 0,365 | 0,681 | 0.182 | 0.336
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Upper Wheels
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. FIG.87 Wheel Shafts
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the drive from the electrlc motor to the lower wheel, via a flexible e

timing belt,

‘ The lower wheel :I.s driven by a3 h.p. constant speed motor o
| 'through -an ecldy current eoupling in which the speed of the wheel is kept
eonstant by & feedbe,ok system using the voltege produced by a magslip.
The _required speed _oo‘ult_l be set on t_he_Speed Contrql Unit shomn in
Fig. .8.3. B e .

The upper wheel is attached through its bearings to a rigid
yoke, Fig, 8. 8 roughly triangular in shape. During msnufaoture the
yoke was pla.oed on the bed of & milling machine and the diste.nee from '

| pivet poi.nt to bearing centre aceura.tely measured.

| A close up of the Hookes Joint arrangement is shown in Figs
| 8.9, Im order-to'accommodai:e different size wheels on the rig, the
whole pivot point can be moved verticelly in two slots » ensuring thst

the yoke is horizontal for ee.eh wheel tested.

'J.‘he lateral load is applied either by means of weights, for
light loads, or using a load ring and turn 'buokle for 1arger loads,
In each case the force is applied v:le a pulley to an-erm welded. on to
_the joke.  The force is applied in a line horizontal with the contact

point e,nd. normsl to the lower wheel,

 Sumarising the mein fea‘bures of the roller rig it fulfills
its main objectins as follows: |
1. It eliminates 1ongitudinal ereep by ensuring the upper

wheel is free to rotate in its bsarings.

2, Lateral ereep can be var:}.ed. by chsnging the a.ngle of

yaw of one wheel rela.tive to the other,
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FIG. 8.9 Hookes Joint




} . o o S R
} 3. Sp:ln can be varied by using upper wheels with dii'ferent_ _
'.'cone a.ngles. ' | |
b '.l‘he ratio 'of.dohtaof elliisse aemi.s.'xea can be vai'ied 'by
| ‘using wheels with different d.iameters a.nd. different o

'pmﬁ.le radii.

- : ';'.a_terai forqe due to lateral creep and spin can be

measured. '
6. The speed can be varied using the Speed Controller.

7. The contsct pressure can be varied by changing the

" vertical load through the contact point.

8. The assuﬁptions made in the rolling contact theories
: are adhered to, i.e, the rolling contaot surfaces were
ground high contact presaures were maintained a.nd. the

axperimenta were run dry.

" The next section derives the expressions for creep, spin end

. forces on the rig.,

8.3 Creep_ngsea and ?orco

Creeﬂg -es '.: _
’ Expreaaiona for the 1ongitudina.1 creepage, X ’ lateral
o ,crsepage : X a.nd spin t.«.‘n3 are dorived 1n Appendix 7. for the roller

o ‘rig uaing veotor_ ana.lyais.. L

Sinoe the upper whee]. is free to rota.te when in contact with

. the lower driven wheel, it is assumed tha.t tho logitudinal creeg is.

l ‘zer_o, i.?o X} = 00
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From equation 8 of’ Appendix 7 . - _
| :where ;.3_ i are the angular velocitiea of the upper a.nd

lower whee].a respeotively and t;,, , *e, ,_ are the res:motive rolling .

" radii o

'. The 1a.te creeg is givan 'by equation 9 which ia

K —Egrgw __*'.-_t‘(‘z)"}
e _where ‘{/ yaw anglo, : )\ = aone angle s.nd V = mean velocity. _
| (It can be seen from this equation tha.t the aign of X depends on

_-the direotion of rotation of the wheel)
" .The spin is given by squ'mbn 10 which is o
(‘J; ‘ A*"h‘.k.(ﬁ,, '."_- rg)_p. I (3)
- (The ,',_,m‘ is 'inaepe_ﬁde:it'or ‘the rolling aii-sofidn) .o
-'Non-dimensional creep and. spin paramsters are’ defined as:
Xe e g €
= o ’)C_
g /Ugc, : Q /u,c _ /U-
- nhere e is the charaoteristic length of the bodies, given by
L._;,;_L_L\ig)t,,‘, L _t.{_ S IR SR B
¢t 2 TElrmTE e.., i
B:: )y ‘are the prinoipa.l ra.dii of curvature of the lower (+) a.nd

. 'upper (-) wheela, taken +ve when the corresponding centre of curvature

' 1ies inaide the halt' space under conaideration.

R .

: ,’t; = profile radius of lower wheel -
: /u. = coefﬁqient_ qf‘fric'tiori -




""o"" Q-.',-'_"‘,'I_ab ,',_' where a, 'b are the semiaxas of the oontact ellipse

‘:'which can be caloulated using the method given in .A.ppendix 9. (eqn. 10)

= . ) On the roller rig, a latera.l foroe is applied. to tha upper wheel
‘; 7in a horizontal line with the contact point. '.l‘h:ls force ia inoreased

o until the upper whael Just 'beg:lns to 11ft off 1ts vertical supporta.

"At this point 1% is assumed that’ the forces are in balance and can be

{reaolved %o give a force in the plune of the contact area and a foroe

: normal to it.

| If exes ere defined at the contact point, as in Pig. 8,10

_"fl.iy"=..1-‘_2‘§0a)b\--1‘3 sin \ | | (l}.) '

and Ty = r,'oo'i.)\‘:, -:i‘g sin)\--. T ) B
: ‘If W and F are the meaaured vertical and. horizontal reaetions

Cthen T, = =W - amd T = F

e f2 :i.a Y non-dimensional foroa para.meter, defined as '1'2 = /u.'l‘3 fz

Thén_- 2 ‘.T3,_=‘-_ N ‘4_'___ o e | R
| (coo)\ i-/u.-(m)\)

' rain}\ o+ Woos'-’)\-

. By varing the angle of yaw, end therefore the lateral creop, the

N 'relat:lonahip between the lateral force parameter, :I!'2 ’ and the lateral

‘ .oroep can be round for a oomtant valua of apin.

For large valueo of 1atera1 creop, the value of f2 tenda to 1

o -:;,fana therefore at 1arge +ve and - ve angles of yaw, /x-t‘z tenda to the

" value of /u. This is usaf‘ul as i.t enables a value of /u. to. bo

" I_ estimated rrom the results. |
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" FIG. 810 Forces at Contact Point
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S Having found /qu, tha nomal foroe N -is si‘ren by equation o
" " 64. B may be noticed tha.t ainoe f2 varies with the ansla of yaw, t[/ R
- 'then the nomal force N also 'varies with t,V ('.l'hia feature also
" ocours :Ln the caso of a real railway wheel) To overcoms this dis-
- j_- .' ad.vantage resul'l:a are plotted. 1n the form /u,t'z v (l{’/ Nt). _'i'he reason
- for this ia tha.t since £y = f (x{), it 1s logical to plot resuj.ts '

in the forn (f2 vy )e In order to caloulate 7 f bas to be kuom,

© but in this case, /u. is unlcnom and has to ‘be estimated from the results,
L To do this it ia best to plot the results in the form ( /u.fz v /u.tz

-

,z %e . denye
Nlcm)s(SN(l-c')Ee)'i.. |

= '4' "Bt 0 [arGdy
LTI wxdstee

_ The terms inside the square brackets are either constant

or solely dependent on the geometry of the system, (Note that Ife.ria [ -.-.{V{

therefore the term —@ ~Ro i dictates the sign).

When the ya,w angle is 1arge, the lateral foroe needed to 14t

o l'rthe wheelaet off its aupports is alao large. Because of this the terms .
"':containing F in equa.tion 7 are very much larger than those oontaining
. r:w and. in the linit. /u.fz._..p.__m)._ - ‘_“e )\ fss when

}\ 6° . ./u,rz-—-p- .36 and when A = 149° /u.rz—-—a,-.- 869,

Ir the valuo of /u, existing between the surfaoes ias greater than this N

o limiting value ,'lhen at large +va yaw a.ng‘l.es the reaulta will 'be a.symptotio .

to thia value rather than /UL




8.& Prooedure : o

_ This section 15 roughly divided into three perte. " The
| method of setting up the rig ie given, followed by the cleaning routine :
| - for tb.e rolling contect surfeoee and finelly the ectuel experimentel |

prooedure 13 discueeed.

Before monnting the wheela on the rig they were firet _
mee.eured, weighed end the cone ansles checked., The wheele were :
mountea. on their ehefta and put between oentree on a lathe to measure .

| fletneee. The roushnees of the eonioel surt‘aces wee measured ocn a :

; Te]ysurf 3 end the. roughneee of the radii measured with a detum attach-

: ment ueing the same mchine. o

. The pair of wheels to be tested was selected and each was
meunted in its bearings. The Vertical position of the Hookes Joint

S pi_.iof: was chosen to give the required rolling rediue on the upper wheel

~ with the yoke horizontal. The rolling radius on the lower wheel was

.ﬁxee’.' by the ccme angie. The beaﬁng supports for the upper wheel _
B were reieedleo that the bearing ceps rested on them with the yoke hori-
zontal. The .vert:loe.l poaitio'n's’otl" the euppo;-te-end pivot were fixed in
‘these positions :throeghoet the test,. 'Theee'peait'ior-xe were only sltered
when a.nother rolling ra.diuu of the upper whesl was required, or the -

wheele were to be chansed- _. '

Having set the yoke horizontal, the oounterbalance wire pulley'
' | was e.djusted 30 that the wire was ver'ticel. " Sideways adjustment could

: be achieved by moving the pulley in a elot while fo:_-e and aft adjustment
was possible by packing with washers, In some tests a counte_rbb.l_anee _
weight was used and in others the weight of the yoke plus wheel aeaemb:l,v_'..
gave the required contact pressure. This wire also provided 'e.eonven._ien't
way of finding the weight of the yoke and upper wheel eeeemﬁly acting :
through the contact point by adding counterbalance weights' until the- wheel
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Just 1lifted off its suppor'-ts. Thia weight included & olinometer mounted

- on the yoke to measure roll angles.

" The 1a.tera.1 force was a.pplied in the same horisontal plane as )
the conta.ct point 'by 8 wire attached to an amm weldad to the yoke. This
wire passed over a pulley and the aotual load was applied vertios.lly, |
either by hanging we:l.ghta on the wire or via a tum buckle and loed ring. .
'J.'he turn buck.'l.e was used’ for foroes 5reatar than 67 N while the weights
were used for forces less than this valus. ‘The cali‘bration curve for the
load ring is given in Fig. 8.11. The vertical di..stande' between tho
contaot point and the base was measurea with a height gauge and. the hor

1zontal wire set at the same distanoe from the baae.

‘ | Having set the wheels ulp and adJuStéd the wifes , the angle of
- ya.w‘o'.f one'_whe'ei relative to the other was varied by sliding the pivet
point sideways in slots. By .meaﬂ,auri.ng this sideways diaﬁladoinen"t with a
- DTT and divid:lng by the distwce from the pivot to the contact point the

yaw angle oould be calculated. .

It was importent to datipe_'the-zerd_ yaw or datum position
é.céurate.iy_'.becauae spin wes always present in the tests, due to the large
cone angle 6f the upper wheel end this meant a .laterai force at zéx_-o yaw

i 'ahglé_." ‘Thus the DIT had to be set to zero with the two wheels pérfeqtly

" in 1ine. Two methods wérb used to locate ‘this zero position, | The first

" was an optical method where the principle wes to shine a alit of 1ight on
to the baok fates of the wheels, thus getting two reflected alits on a
soreen, The angle of yaw ‘be_tween the wheels was then changed until these
s1its were in line, this being the serc yaw position. Either the back

.‘ faces of the wheei;,'or nirrors attached to 'thém could be used to'x_'eflect

" -the light slit, With mirrors there.was & possibility of errors being
11itroduced if the mirror was not perfectly flat against the wheel, while

the disadvantage of using the aotuel wheel face was a poorer quality -
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S reflected. imésé. ST
The 1ight source uae& was a moreury vapour ‘bulb whioh was set

E'up on an optical bench with a telesoope 1ena ana an addustable slit as
shoun 1n Fig. 8 12. An optioal mirror was uaed to reflect the alit on

rto the junotion of the two wheels and. a screen was plaoed a'bout L m awa.y |

P ,to view the images.

_ ‘f. The - zero yaw position was found by sliding the pivot from
"'_left to i'ight and. taking the D'I.'I rea.ding when the .slita 1inec1 up, then -
© . moving the pivot froem right %o left and asain taking the reading. This
was repeated several timas for different wheel positions and the average
:eading taken ga the zero pogitiqn.l Having qet the zero yaw position,
in this waf it ft:a.s ..t.hen lchecllced. w_j-.:th.fhe. wheels _rbfafihg. ' Hoquer, .
the defihifidﬁ of the reflected slit.on the screen was of poor quality
‘”Vidne to the 'grain' effect of the whsel surface, and made accurate dynemie

' fmeasurementa diffioult.

| Tho‘seéond meihod for setting the zero was based on the fact’
' fhat when the diréctibn‘of fotation of the wheels ié chenged, the lateral
force due to lateral creep changes direction, while the lateral force :

due to spin acts in the same direetion. Thus, i lateral force is plotted

B ;:againat lateral creep for the wheals rotating in different directions a

" orossover point can be found on the ourves where the 1ateral force due to

' oraep is zero, this being the zero yaw poaition. In moat cases this |
'..method aerved as a check on the previoua one, although with the 101.5 ﬁm 1
radiua wheel it was tho only method that could be applied, since tha e
whole faoe of the wheel was curved and therefore it was not poasible to
'V'Zreflect the light suit, = -

The shape of the oontact ellipsa was oalculated from the o
- "rolling radii. These were easily msasured since the point where the . o

vheels touohed was clearly visible as 8 ring of wear debria on each

.'whe@l.




. FIG. 812 'Opt-ical' System for Locating Zero Yaw Position

‘mirror

slit

| 'ler{s \bulb |

Yl

| 1)

“sgreen

' back faces |
~of wheels

k1




:-plaoe. _

- - 1'95' -

A ohook on the shapo of tho oonta.ot ellipse was also made

"'by inserting oa.rbon paper between tho wheels (whon thoy were atationary) ,
| ,to obtain an imprint of the oontaot aroa.. : This was not very accurate ) |
“_j boos,uso of the poor definition around tho oontaot area edges, but it

" was posoi'ble to say whether tho (a/b) ratio was 1¢1, 37 1 or 10 : 1

and did givo some roaasuranoo to the calculationa. S

Various methods oi‘ oleaning the rolling oontaot ourfacos were

- tried in order to obtain repeatablo resnlts. It was importa.nt to obtain_ -
' consiatent rolling oonta.ot surfaces throughout tho test and this was

"i__diffioult when operating with dry surfaces hooause of wear taking

At the start of teating the wheels were degreasod. with carbon

:tetraohlorido , thon abraded with 600 wet and dry paper and. wiped dry

with a tissue,. They wers thon allowed 2 ahort running—in period, tmdor

-loaa, bof_ore,moasurements were aotually;takon. A frunh oonsisted.- of

~ setting the whesls to various engles of yaw and meoaoring the lateral

force nee'ded for tho upper whool 'to just lift off its aupports. The

wheels wore wiped with a dry tissue aftor sotting eaoh yew angle. The :

' load was then increased as’ rapidly as possible 80 the.t the read.i_ng could

" be takon before wear da‘bris built up on tho surface. Other investig&tors

have oontinuously wiped thio off, but in view of the possibility of B

'introduoing longitudinol oreep this method was not adoptod here.

| The debris on the surfaoe was ‘an iron oxide powdor simila.r in :

- oolour to rust and was observed to build up’ quiokly at the 1argo yaw
| ._'angloo and la.rge loads. By wiping tho whools betwoen each road.ing, tho .
amount of do‘bris on the surfaoe was kept relativoly constant. This gave
| -'ropeata'blo reaults but with larse ooeffioients of friotion. A .oertain
s _ _laok of ropeatability was noted on days whon the relatiVo humidity was

i ‘hj_gh. Each wheol oom’bination was testod on several diff'eront days omi .




196 -
'with.different loads 50 that repeotahility could'bo ohecked.f_;"

- The foroes wers assumed to be in balance when tho lateral
forco was such that the ‘upper wheel had jnst lifted off ita supporto_-
and a 0.050 o feeler gauga oould be slid between tho bottom of the
baaring cap and the support. Va.rious methods were tried. in order to -
indicate when the wheel had 1ifted off, such as: DTI'a, micro switches

eto, but all were disoarded 1n favour.ofAthe fesler gauge.

In general tho'aystem,wao aﬁﬁble siﬁce aa'tho'wheal starts

"".i’to 1Pt off 11:3 supports it also tenda to move sidawaya ’ thus increasing

.the angle of yaw, which means it needs a 1arger foroo to maintain ita T
‘new position. The opposite situation was true when the direotion of
orotofion was reversed. In this case the wheel was 1eading the pivot

'point rather than trailing it which was a very unstable situation.

| Hhving increased the lateral force to make’ the upper wheel just lift

-'off its supports, the tendency was to inorease the ansle of yaw so that

:the lateral foroe reqpired to keep 1t in the new position was now less

and the wheel Just kept climbing. '

For.normal rotafion the tesfs were conducted from ldrge -ve
angles of yaw to large mvolangles, thus the lateral force needed to .
- 1ift the wheel ﬁas'greator for oach_suooeasive:jaw angle oettiné; At
large -vo anglos:of yaw the rig ﬁaa-very unstoble and osoilloféd vioiently,

. probably due to‘the large emount of surface olidiog prosént exciting the

. natural freguencies of the rig.:-:At-large +ve angles of yaw the wheel
frequencies'were exclited, probobly for the same reosona;_résultihg in
& high ?itoh squeelinglnoise. ‘This also indicafes the'voof'dnj_oonditions_'
present in the contact area. Tﬁis effect hos also been observed by |

Barﬁall; Ref. 59, during some recent traction tests on a locomotive,

Quoting from Ref, 59,.*When the locomotive driving wheels were Just on

the point of slipping, a ringing:éiéo was to be heard",
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Ax eaoh yaw setting the speed of the lower wheel was ohecked
with -3 hand taohomater when the wheel was just lifting off. If necessa:y _
the spead oontrol was finely adjustad to maintain the same speed for all

: _the results..

|
1 e . The resdings taken at each yaw angle wWere as follows:=
| | 'f(1) the lateral.displaoemént of the pivot point;
(2) the laféfﬁl_forqo needéé to just 1iftrthe uppef wheel off
S its. supporta° o _ ” -
_”’_‘T“““"ﬁ(j) ‘the-angle-of roll. on_the olinomete:,

(h) the apeed of the lower wheel.

A sample experimental data sheet is given in Appendix 10.

| Having gone through the range of yaw angles, the direetion of
rotation of the motor was changed, and readings were taken around the
. zaro yaw position. The two sets of results should cross at the point:
Y =0, Becaus§_6f the unatadle néfura of thé‘wheél when run in this
direotion,only_suffioient readinga‘wgre taken tp'dsfine the curve and thus

establish the crossover point.

: ﬁaoh wgbel-oombinaﬁion was tested on different days at twﬁ.
different speeds aﬁd genérally'with three diffgrent_vertical i;ighta.
By plotting results in the form ( mfp) v (¢, /N/3), they coula a1l be

"'Qhown 6n.£he'sams graph, Tﬁe-aotual résuits ffom thé‘tests are givép-

in the next section.

.5 Results
" 'Each of the thrae lowar wheels a, b and ¢ (Table 8 1) ware
“tested with each of the two upper whsela d and o glving a total of 6 -

|

|

|

o

cases, Each case was run with different vartioal weights and at different

|

|

\
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speeds. The 6 cases have different (e/b) ratios and spins, ‘this can be -
"'seen in Table 8.2 where the main parameters are listed for eeoh case.~-'

The results are plotted in the form €/1f2) v ( 9’/'N%) for ‘
‘*reasons described in Section 8.3. Using this parameter results obtained

for different vertioal weights oen be plotted on the same greph.

If required, the value of the lateral creep parameter, VZ ’

- corresponding to a value of ( 4’/ N3) oan be. found using equation 8, which is

e —-§gu ".e : 4TrG-Je ] .'
'_ ij‘ " N*[( IVl IC-DCE ] S

&  upe W @R)K
/&LQ - hJ l\/l
‘where K for each case is tebulated in Table 8.2 (p.f78) essuming‘
= 79.6 GN/n° and o~ = 0.3 . |
The 5p1n paremeter, 3‘, can be found from equation 3 using
the values given in Teble 8.2. :The values of )C corresponding to

. /u..—, 0.6 and /&: 0.7 for each case are tabulated in Table 8.3 (p.178).

. The effect of varying rolling speed is shown in Flg. 8.13 for :

case 1 where//&f is plotted egeinst Ve

The nain results are plotted in Flgs- 8.14 to 8.19 for cases -
1 to 6 resPectively. In ell cases the speed of the lower wheel wes constant
at 160 rem/min Whloh is approximetely equivalent to a 11neer velocity

of 2.l|- m/So

Average contact pressures for these cases are glven 1n Teble 8elte
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8 6 Discussion : ‘ P _
‘ 8.6.1 Vhliditx, Aoourgcx and Rogeatabilitz of Result
- Tho prime objeotive of the exparimental investigation itﬂr
'.-was to provido teat’ data on the 1atera1 force due to varying ::.
amounts,of late:al creep and spin_on bodiea in rolling oontaot .
-t'forming elonsoted contaot eliipses. During the tests verious
other effects were investigated, auoh as different ratios of |
contact ellipae semiaxes, speed effects and differont oontaot
pressures. . Conditions existing.on the‘tig noro‘similan in
aavonal reabecto to the contact betwoon.a railnay‘whool ond‘tho
track when in.flange contact, Firstly, the vertical 1oad was
oonatant as tho angle of yaw was varied thereby giving different
,1oads normal 40 the plane of the contact area for different yaw
angles, while the amoont of spin remained constant. Seoondly,
as the angle of yaw wao chonged the‘oontnot point moved either

formard or backward by a small amount,

" The roller rig modol did not ropnesent actual nhoel to
rail_inte:oétion in the following ways: (a) 1ongitudina1.croop
was excluded fron tno roller rig by having one surface freely
rotating on the other, and (v) there were the cbviocus differences
in acale, materiala, aurfuce finishes, oontamination of the traok,
amounta of_vibration, etc.‘_ The rig was.not designed to simulate :
such conqitiona; but to oonforn as olosaly:aa poasible to.aasumptiono
made in the rolling contect theordes.. These are that the bodies _"'
in contact have smooth surfaces end that Coulomb friction exists ::"

between them,
- The 1atter assunption was valid since sll the resuito
, prosented in. Figs. 8. 1k to 8.19 were obtained with "dry" conditions,

The rig was in feot designed on this basia and could provido lateral-‘
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3fforoes corr33ponding to the 1arge coefficients of friction |
o measured between the aurfaces under such condit:lons. Some tests '
were carried out with lubrioatad surfhcea, but because of the 1ow
'A_coefficient of friction (of the order of 0 1), the changes in
| lateral force due to yaw angle were 50 small as, to he undistinguish-
”able. Anothar disadvantage in running with lubricated aurfaces.
was that the spaed ‘needed to ta very low in order to avoid
hydrodynamio lubrication effeots, and this was not possiblo on the
rig. ' The minimim speed that could be obtained was o.B m/s. As-
& comparison Johnson, Ref. 6, ren his lubricated tests with speeds
as low ﬁs’}.{'m/hin. " The mdin advantage of running at such low
speeds and with lubricated surfaces is that the amount of wear is

‘ .reduc.'ed.. :

In order to keep.wea: to a minimﬁm.dn the present rig;
. dinoe.the surfaces ware to be rﬁn_dny, fhe materigl used for théi.:
i whédis was a case hardened steel. Each wheel wds machined, oaud
. hardened and then ground to its £inal surface finish, which varied
- from wheel to wheel between 0. 18/u.m CLA and 0.61/am CLA. This
-was not as good as the gurfaoe finishes achieved by John;on, bgt} |
4% was hoped thet by meintaining fairly high:obntadflﬁresSﬁréa and
felativéiy low spéeds! rdughness effects wouldrbe minimised énd'- |
that a_dowpafdaon with smooth surface theory was valid, . This
had been the conolusion régoﬁed by‘Halling,dRer; {5; anddeyhk,‘
Ref. 33. T

Since the bodies were accurately ground and’ the rig was
.carefully assembled the amount of surface vibration on the wheels
when running was minimal : According to Tolatoi Ref. 52, the

‘efrect of vibration 1s to reduce the. effective coefrioient of

friotion and there ia no’ evidenoe of this in the results..‘
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, The ratio oi‘ eonteot ellipse semi-axes was calculated

'_.from the prinoipal radii of ourve.ture of‘ the rolling bodiee s

E ..Appendix 95 ‘which in tum depended on the rolling a.nd profile
radii of the wheels. The profile radius of each uheel was ‘,

' checked on & Talysurf meohine with a datum atteohment by setting o

the nominel redius on the mae!_line and then following the profilo -

around, When th_e rediue wes correct, the resulting trace was a

E etreight 1ine with the roughneae superimposed,  The mlling

. ‘radiue of each wheel could be measured eeeily einoe a wear bend

around the wheel was olee.rly visible ef‘ter each test,

A cheok was also mede on the celeuletione for (a,/‘b)

ra.tio, 'by sliding carbon paper 'between the wheela when stationery '

and o'bta.ining an imprint of the contact area. This served only

a3 a rough guide , end no quantitative measuremente oould be made,

since the edges of the ellipse were poorly defined,

‘Tt was assumed in the experiments that longitudinal

_ creep was zero 'beoeuee the upper wheel was allowed to roll freely'l ,

on the 1ower uheel. No attempt was made to rmeesure differencee

in apeed of the two wheele sinece the rollirig" radii which osour o

on a high.'l.y curved body of revolution, could not be measured with"-

eufficient aoouraoy to Justify measuring velocity differenoee.

The reeults themselves do not show longitudinal oreep being present',

as this would be indicated by ourves with a slope. somewhat less
than the theory. There is no evidence of thie and in faot the

oppoeite is true in some cases,

The emount of lateral creep present was ce.louleted :E'rem

. the yaw angle according to equation 2. Thie- formula talcee into

account the formard or beekward movement of the eontect point as

the wheel 1s ye.wed which inoidentelly, makes eonsidereble
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:differen'cetc the fesms. Initially it mas: excluded from the '
celculations and obvious differences in slope occurred between B
the sxperimental and thecretical values. The yal angle was
calculated by measuring the leteral displacement of ‘the pivot

point on a diel test indicetcr reeding to 0.0025 mm, snd dividing
."this by the distance from the pivot to the contact point._‘.The-'
latter distance was measured eccurately befbre3testing with the' -
‘yoke placed on the sea "of a nilling maohine. Ideelly the pivot
point should move 1n a circular aro with centre at the oontact
point. = The error introduced by moving the pivot laterally was
very smell, since the meximum lateral displacement of the pivot

was :l: 5 mm, compared with the radius of 806 mm, The fors and eft _
movement of the oontact_point due to yaw, mentioned above, was

'_several orders cf‘msgnitude greater than this shift. |

Both upper wheels tested had large cone angles, hS and
67 , which meant large amounts of spin present in all cases. . 'As
a result ‘at zero yaw angle or zero laterel creep, there was &
‘considerable latersl force due to'spin. | ‘Since this was one of.
'the parameters heing investigated some method hed to be found of
accurately determining the ‘zero yaw position gs it was not possible
| to deduce this from the results alone. '

Two methods,were.uSed for finding this, The prineiple
of the first was to shine a s1it of light at the Junction of the R
two wheels in their stetio position and then to examine the
'rafleoted image on a soreen some distance away from the rig. The'
'wheals were assumed to be in the zero yaw position when the images
of the two slits were in line. This was done for various positicns -

- of the wheels and the average taken as the zero position.
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The vé§tic§i'weight_wgs also fériéd and the zero o
 _fbund'correspond1ng fo each weighﬁ uséd;‘ It wa3 noficedﬁle
that the zero position varied slightly as the vertical Ioad was
1ncreased for example in Casa h the Z6T0 Was found to be at 6.06
~'~.mm when W hkm5 N, at 5.66 mm when‘w = 1?8 N and. at 5.&9 m when
- W ~.311.5 N. A similar trend was. obaerved for all the wheel

oombinations teated.

Possible explanatiéns fdr.tﬁis béh@viﬁﬁr'are thﬁt-it
‘may be due to defleotion'pf the vertioﬁl supports or due to_roli “
of'thq uppér wheel. Considering déflectiénfof‘the‘vertical-
' suppdrts; since thé zere is being set with thgiﬁheéls Stati#,
the weight of the wheei asaembly:ié.suppbrtéd,rthus'causiﬁg_“
'defiectio#‘of the aupporfs aﬁd therefors lateral diéplaoemént
‘of the uppgr‘wheel. ' This deflection would be diffefént fof_- |
' differant'vértical'ﬁeights;‘_Thé deflection of the supports'wés;; |
'actually measurea in Test 1 of'Appendix 11 and found to be aﬁproki-
.ﬁaﬁely'0.25 mm when W = 396 N. This iS‘not a 5ign1f1c§nf amount, -
and in any case, ‘causes a displacement in the oppoaite direction |
to the observed effect.

The secon& possible effect is dus to the oounterbalanoe .
wire not beins vertioally above the contaot point. Thia would |
cause g_rolling moment which wou}d be dependent on fhe_amount off
counterbalance force. | On inspection of the-rig‘it was pbssible
fbr the offset betwoen the line of action of the counterbilance
wire and the oontaot point to be as much as 13 mm, and although
the Hookes Joint theoretically restrained the whael aasembly in
- roll?ra certain flexibility was possible at the contact point in |
this direction. o
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A rblliog homent cauces the upper wheel to-roli cbout :
. an axis paasing through the centre of the Hookes Joint. : Since
this is at some distance above the oontact point veny small roll
angles can result in significant lcteral diaplaoements at tho N
contact P°1nt 8eBe with the hS- -upper wheol, a roll angle or 2/ -
results in a lateral di5placement at the contact point of 0.25 mm. a
Lateral displacement also oceurs when the upper whoel rolls
relativa to the lower wheel, sinoa apart from affeotively changihg
the cone angle (and therefore the amount of apin), thc point of -

contact is also ahifted.

It seems likely that the obaerved lateral shift of the
r'zero yaw poaition for diffbrent vertical weights is a comhination '

of these effects. It was not possible to make an accurate check -
of the zero yaw positiou with the wheels rotating using the opticael

|

|

|

umethod due to the poor quality of the rofleoted imagea. - ”3
X ! Lo

|

|

\

\

The second method used for finding the zero yaw position
was to obtain two sets of reaults of lateral force versus. yew |
“angle with the whsels rotating in opposite directions and to plot o
'these on the same graph. - The zero should then lie at the orocs-: _
over point of the two curvoc;1‘_Thic'is'posaiblc sioce the lateral .
force due to spio ia'ihﬁeoandont of the dirootion of rotation of -
the whcels, while the 1atoral force due to lateral creep depends

~ on the direction of rotation.

These results also indicated a shift tn the zero yaw
position for different vortioal weights, in the same;diicoticn as f
noted previously; .The'same crgumcnt can be‘appliec'cs-bcfofo, |
“1.,e. as the oounterbalanoe load inoreaaes, the rolling moment

increases resulting in a roll angle and thus a latcral shift of the |
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_tfzero.. Differences 1n zero poeitione indicated by the 'croesover'
"Fmethod and the optical' method were within h% of each other and can

B e:be explained as the difference between the etatic' zero position

end the 'dynemic' zero pceition.

B In the 'croeeover' method the laterel 1oad was increasedt_.
) nntil the wheel Jnet lifted off its eupporte. At thie point all
t}ﬁthe 1oade peeeed through the contect point and the wheel was in its
'rnatural poeition, free of any. reetreinte._ Changea in roll engle i
. between 'etatic and 'dynemic' settings reeult in dieplecement of
the zero yew position. For & -ve change of roll ensle the dis~
plaoement is to the lef%, end for a +ve change of roll angle die—

plaoement of the zero ie to the - right.

Other effeote have also been. investigated to explein -
,‘pceeible differences between 'etatic and 'dynamie* zero positions.
As the 1atera1 load is increesed the verticel load on the eupports'
" ia reduced until it 1s zero when the measurements are actuelly
taken, - Thue the upper wheel moves verticelxy upwarde by soms
small amount as the laterel_loed is increaeed, and in so doing aust

also move sideways, effectivelj ehifting‘the zero yaw poeition.

The wire which appliee the laterel load ia set horizontal
with the wheele in the stetic position. As the laterel loed is '
increased ths upper wheel movee upwerds resulting in an anti-clookwise
rolling moment applied to the yoke. Thia tende-to shift,the zero

position towards the left reletive_to'tne 'etetic'-gero_poeition; 8

_ Since the diepleoement of the vertieal support is smell
loss than 0 25 mm ror the range cf weighte teeted, both these effeots -
are conaidered to be second order compared with the change of roll
engle fron fetetio’ to-'dynemio' poeition of the-wheel.,' The
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Vexperimental evidonoe agrees with this hypothesis sinoe the zeno
n:found.by ths 'crosaover' mathod is somatimes to the left and |

”somstimes to the right of the zero0 found optically.

It was not possible in all caaea, to use both methods

- Por 1ocatin5 the zero, for example, the 101.5 o raaiua wheal (a)

 was’ radiused almost to its oentre and 80 the 'optical' method

';‘oould not be used. In all the other cases taated the zero yaw
position waa fixed by oonsidering both tho zero 's. from the 'optical'
method and the 'croasovar' method. It was not automatically
aaaumed that the 'dynamic’ zero givon'py tho Forosaover' method"
wes the'hootpaoouiate,'aihco the yhool hed to be run in a very. )
unstable condition to obtain this ialueﬁ. This shift of the zero
yaw position for different amounts of coonterbalanoe haa been
-incorporated in the results present in Figs. 8 14 to 8. 19 and the
results for each welght are baaed on. the z8T0 indioated.by the

ashove methoda.

| The shift of the zero yaw position for different .
vertical weights raises a further question as to whether it also
shifts as tha lateral foroe inoreases.  The effect of this would

be to changa the slope of the results ainoe, as the yaw angle 3

. incresses, the 1ateral load reqpirod to 1ift the wheel off its

supports also increases. |

A poasi‘blo way in which thia situation oould arise, is
-if the lateral force were not applied in -3 horizontal line with
the oontact point, The effactive rollins moment would then -

inorease as the 1atera1 1oad increaaed.

The main rsasons for aasuming this did not ocour are
that firatly, the load wire was acourately set at the same height

as the contact point prior to each test and secondly, the roll_




- angle was continuouely monitored for eech run and did not very by :f

';;,more than. 3 throughout the leteral loed renge.

Apart"from thie; e‘further'seriee of'roll‘teete'tepe
carried out by deliberately offeetting the laterel load by known
.V-femounte end observing the effeots.- When the wire: wee offset by
6 mm, the roll engle veried by as muoh as 10 throughout the renge
.'of lateral 10ede. Theee teste are reported in Appendix 11 where
the results are ehown grephioelly . They show that when the wire .
is offeet it 1s apparent from ‘the reeulte since the roll angle ) &3
, progreeeively increases as the leteral 1oed increeees._ The tests i;
also ehow that even when the wire is offset by these reletivoly
large emounte, the ohenge “to the overall resulte is not veny |

greet. '

B In a eecond series of teste, which are eleo reported.in
Appendix 11, a diel teet indicetor wee ueed to meesure the leterel |
_ dieplaoement of the upper wheel Juet above. the oonteot point.

Thie ehowed thet the wheel was displaced by ebout 0 64 mm from the :
’étatio to 'dynemic' poaitions, ut for changee of yaw engle the -

.-_veriation was leas then 0.25 mm throughout the renge.

The-roll‘ehgle ees meeeured'throughout.the‘ﬁein eepiee
~of teets end where . thie was different from ‘the engle of roll et the
zero yew position, the correeponding 1etere1 diepleoement in the

: plane of the contact point hee been calouleted end the resulte
joorreoted. Since the engloe of roll throughout the renge of loede :
'were within 3 R thie correotion makes veny little differenoe to the

measured velues. '

The verietion of 1etere1 force due to 1eteral oreep is

repreeented, in Fige. 8 111. to 8. 19, by the slope of the grephs R while
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the amount of lateral force due to spin can be estimated from

the zero yaw va.lue of fz. : The amount of spin is given by aquation
r',.3whiohia.'. ' o P ' '
= sin)\(—'- 4-” le).- |

This shows that ap:ln is a function of cone anslo a.nd rolling radii 3

and the va}.idity of eaoh of‘ these parametera has been cheoked,

The oons. angle was acourately ground on the wheel and. the rolling
| _. . radii oould. be measured eaaily, ainoe tha conta.ot of the two

wheels left & olearly marked traok on the snrfaoe. Th_e effect of

- roll angle on spin has alrea_dy been mentioned and is _negligi'blo,
since measured o‘,.ngles' of roll woro less tnanjl, and this makes -

very 1ittle difference to the sin) term in the above equation,

‘The non-dimensional spin pa.ra.meter used in the analysis
is def‘:lned as X =t:8 '

Vasd

This shows that X, is depandent on the ooeffioient of
friotion but ind.ependent of the normal load, whioh means :ln the
present 1nvestigation, that it is constant for variation of yaw

. angle. Values of x are tabula.ted in Table 8.3 for eaoh case

' 'corresponding to /u. 0 6 and /UL 0.7._

. When the Va.rious theories were disoussed earlier, the -
ourve (f2 v X) for €= '?.z 0 was mentioned. Thia .ourve S '.
' inoreaues linearly for sma,ll- valueo_ of X and then non-lin'early
y until it resches a maxi.mum value. '_ s X is further inoreased
_the value of fy falls. The va.lue of x when the initial slopet
' reaches £y, =1 ha.s beon called %max. and occurs approxima.tely at
the maximum f2 position. This runction, X max, has been oalculated '
3 using equation 3.18 and 13 tabulated for eaoh case in Ta.ble 8e2. -
.It can be seen that by comparing Table 8.2 with Ta‘ole 8.3, _'
X >/>Cmax. in each case. ~ The greph (f2 vx) for g Vl: o
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- . : hé,é noi: be'exi pldﬁ:éd for the expérimentai reaﬁlfs ‘Sinc'e thére aré
‘.only two values, corresponding to the two cone angles , for each :

- (a/b) ratio. Instead, these values are ta.'bulated. in Ta'ble 8.5,

. 8.3 auming /‘&“ 07 »

7 The results plotted in Figs. 8.11.. to Figs. 8 19 are
| preaented in the form ( /u.fz), v ( ‘-{’/ M 3). This parameter -
ta.kes care of the variation in normal load as the yaw angle is
© changed and thus sllows results with diffevent verticel loads to
| be plotted on the same graph. Atvla-rge' angles of yaw (both +7o
~ and -ve) f2 theoretically tends to 1 end the curves therefore level

off at the value of /u. existing between the wheels. B

The 1m.lma of fr was unknown in the tests since it
could not be measured directly and it is not neceSs#rily the same
" as the steady sliding value of /u; The only indication of its

value was from the method mentioned abéwe, i.e. the asymptoteé of

the results, but there were difficulties in ruhning the rig at large

angles of yaw to obta.iﬁ these, 3inde the contaoct area was theh o
‘nearly all sliding resulting in 8 lot of wear taking place.
(Brothers and Halling, Ref, 45, have done experimental work on: this

subjeot and shown that wear increases as the creep increases)

Because the surfa.ces were sliding over each other, vibrations were .'

exoited in the rig. At the large =ve . angles where the contact
pressure is low, the whole rig osoillated and :l.t was very difficult

: to take rea.dinga. .M: the large +ve angles ’ with high contact -

pressures ’ wheel frequencies were excited and a high pitch squeeling‘

noiso waa emitted with a 1ot of surface debris being collected. -
This noise indicated the dry conditions present. (Ita.mi, Ref, 50

also .encountiex_-ed difficulty in ,obtaihihg' readings 1n_ this region).'"
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At the very 1arge +ve yaw a.ngles, where the 1a.tera1
force requ:lred to 1ift the. wheel off :I.ta aupports was 1arge, |
inoreasing the 1a'!:eral loa.d had little effect. _ 'This cen be seen A_

by referring to’ equation 7 whioh is :

o \«/M)\ "‘l:un>\
T TR N+ Wesh

For very 1arge valuea of F. /U.fg tends to - cot )\, thus reaults

are asymptotic to tha ‘1ine = 0.424 for the 67° wheal and - O, 869
for the_l..9 ‘wheel. Si.nce the latter value is greater than the

value of /LL » the 'regults are asymptotio to /u. for this paae.

Apart from this, limitations of the rig itself prevented
lateral loads great than 750 N ‘being applied. * This meant, for ‘.
some cases s stopping the run well befo_re reaching the asymptotic

. value of/ufz..

~ Because of the verious reasons mentioned 11: was difficult. ‘.
" %0 obtain rasul‘hs at large +VYe or large -ve anglas of yaw. ;
However, from the results that were obta,ined, & value of SAe= 047
in most caaoa, /u. 046 in others, was in&icated. . 1'11_13 is very__, -
larse s but considering that the tests were carried out dry and that
the wheels were abraded and iipea béfore each run, 1t is not
unre.aaonable. Johnson s experiments, where /u. was found to be
approximately 0.1, were carried out with Very smooth surfaces whioh _

were generally lubricated.

‘The lateral oreep tests of Itami Ref. 50, indioated 8 |
coefficient of friction between 0.55 and 0. 67 with clean, dry,
rolling contact sv._xrfa.ces. ‘Itami plotted a graph, reproduced_ in
Fig. 2.11 showing how_the_éoeff1¢1en£ of friction'ah;pgea with
wheel lpad. Tﬁia érapi; indiéatga _é value of)u.)‘f_“O.G with .tha

contact pressures used in the present inveatigation; ’
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' Initially verious methods were tried to. obtain
repeaﬁabie resulte. The difrioulty was in obtainins consistent
: rolling contact surfaces throughout the test when operating with

dry surfaces. This-wae finslly overoome by abrading the wheels

= with a fine carborundum paper between eech run an& then wiping

with a tissue, 80 that the amount of wear debris on the surfaoe o

wes kept to & minimum. Hobbs, Ref- 3#, and Barwell and Wbolacott,.'

Ref. LL, alao found that they had to abrade the rolling contaet

surfacee to obtain repeatable reeults.

: It was observea that if the wheels were allowed to run
for a lons period under preesure ther the contaminent 1ayer built
up- and the lateral 1oad required to make the wheel 1ift off its _
supports changed. Beoause of this readings were taken as-qpiokly-
‘as possible efter the surfaces had been wiped, but it was inevitable
at the higher loeds that readings took slightly longer. ' Evidence
shows, Ref, 35, that the oxide layer formed by wear has a eﬁallef
"tendonoy to form a etrong adhesive bond with itself than does the
metal, consequently the preeenoe of an oxide layer usually reduoes

the coefficient of friction.

on daya when the relative humidity was ‘high, more scatter
than usual was neticed in the results and testing was in faet

'curtailed on very humid days.

8.6.2 Correlation with theory
|  In order to be able to oompare the experimental reaults

with existing theories, a program was written, called LAB whioh
simulated the conditiona on‘the roller rig by.incorporeting the

equations for the oreepages and forces given in Section 8.3.  The
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_;oontaot area forces are caleulsted from the croepages by calling
t tton one of the subroutines for the individual theories desoribed |
_ in- Seotion 3. Rssults were oalculated for a range of yaw anglesn
---and for a range of friotion ooeffioients. Each case was considered,'
in turn by inputting to the program the appropriate rolling radii,f
| ocone angle and vertical weight.:: Rssults were output from the
lprogram in the fonn (/uié) v ( 42/’?J§) 80 that they oould be

'comparsd with experimental results directly..:

The only theories available which prediot the oontact
- ares forces for arbitrary oresp and spin are the numerical theory
(Section 3.3. 1) and the simplified. theory (Section 3.3.2).  Since
' the numerical theory can only be used for contact areas with (q/h)Q'l
" ratios up to 2, it is only possible to compare the results of cases |
1 and 2, where (a/b) -“-1 lrith this theory. Simplified theory
Acan bo used on elongated oontaot ellipses and the results of all the '

.oases are oompared with this._ It has been mentioned previously
thst Kalker is still developing a numerical theory which can also treat ‘

i elongated contaot ellipses and he has TN his program as it stands
for several points on each of the cases with elongated contact o '
_ : ‘
\

- ellipses. -

. The mein objeotive of the-ekperimental work waa to.
iprovide data on the lateral foroe due to lateral oreep and spin on-'
elongated contaot ellipses., This is done in oases 3 end h where :
‘.(q/h)-nFG 6 and cases 5 and 6 where (a/h)-“-10. However, it was
deoided that ‘& check on the rig should first be msde by investigating |
'_'a case with a near oircular oontaot area, sinoe the numerical theony
had. been proven for this case for a wide- range of spins by Johnson s'

J experimental results, Ref. 8. This is done in cases 1 and 2.
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Ih Fig. 8.20 the experimental results for case 1 are'
reproduced from Fig. 8,14 and compered. with numerical theory

_results, The comparison with simpliﬁed. theory,ia made 'in Fis.'\

_ | 8.21. In each case theoretioal reeults are plotted oorresponding
- to )&L 0.6 and /AL= 0.7. | | | | |

. The correletion between ‘numerical %h:eory and expenimental
results for this case is good, especislly over the linear re'gion -
where the valus of fé_ 'l'for . .(,l/= 0 is in geoci agra’eine'nt,'aa is the

"casel when fy = 0. The major area of disagreement is at large
'yaw angles where some d.ifficulty was experienced in obta:lning
_‘results. It is also worth mentioning that the numerical theor;y '
has not been proven 1in tnj,e reéien, einee Johnson's e;penimental. .

results were for the linean region only.

The comparison of case 1 results with simplified theory,T
Fig. 8,21, shows a disagreex'nent in slope for the same value of‘./u o

| Case 2 has a larger anou.nf_ of a'pinrthen'.case 1 since the *
cone angle is 67° as compared witn l|.9° but the contact area
remains circula.r ‘in snepe. - The oomparison between experimental

- ‘ -  results and numerical theory is shown in Fig. 8,22 and simplifi.ed :
theory in Fig. 8.23. The slopes of the experimental results end
numerical theory results ag'ree-w.ell and ceri'elation botween the.
two is-goed. Ueing simplified. theory, the predicted curves
have lesa slope than the experimental resul‘ts, as in the previous
case, The inverse stiff‘nesses, Sx and Sy, of the simplified

~ theory have been. caloulated according to the method outlined in

_ Seetien 3.3.'2 .and Appendix'3. .If the 'beéias were covered in a
thin leyer of material whioh was stiffer then the bulk of the body |
then the values of Sx and. Sy would. be reduoed resulting in a steeper

-‘2 v l{/ curve and better correlation with experiment

o S B
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Experi.menta.l resulta with the circular contact area a
Just discussed, were encouraging, since there was good agreement
| between '_l:hem _and the numerical theory. Prev:.ously the numcricc,l )
thec.ry had 'be'en- compared. with 'Ehe expcriments of Johnson rrfxlch were
- ca.rried cut using a ball rolling between :anlined surfaces tc give
- a circular ccntact area and the. required amount of spin. The
| present reaulta were achieved bctween two wheels which 'by dcsign, .
had radii giving a circular contact area., and cone angle which,
g_ave the required amount‘of spin. ‘This. 15 more like the physiocal

problem of a reilway wheel contacting the rail,

| For Vccse.si}',r &,5 ‘and 6 wlth'fhc elo:léated contact

enipsac',-tﬁe experiments are only correlated with simplified

theory and with a few points using Kalker's new numerical theory.

The latter are all ca.lculated. assuming /u. 0.7 while the simplified. .
* theory results are calcu.lated for =0, 6 and Pk 0.7. |
. Agreement ‘between the new numerical methcd. end thc simplified

theory is generally good, 'but Kalker admits that in fact‘ both

theories could cver estimate the lateral forcc dcc -tc_ spin bj as

much as 10%, - | | o |

7 For (a/b) == 6.6 case 3 results are plotted in Fls. -8.21;.: |
and case 4 results for the larger cone angle in Fig. 8.25, F':lg.
8.24 shows good agreement between the sha.pe of the experimental
- and theoretical curves, but one curve appears tc be shif‘ted.
relative‘ to thecther._ Since thcre is no Justiﬁ.oation for
shifting the experimental resulta ecross to match the theory, it
must-be concluded that the effeot of spin in__‘l:l;e s__implified 'l?hcory
is over cmphasised. ' Tllere is good,correlction between the '- |
experimehtai results using different vertical weights, but it is

aifficult to estimate the value of A from them. TFrom the

simplified theory slopes it appears that S for the ‘experimental
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- reeulte ie between 0 ol and 0.8 but this probebly over estimates -

_the value Wi and it is in fact between 0. 6 end 0.7. The S
lnew numerieel theory pointe lie oloeer to the experimentel veluee _;'
. then the simplified theory, but both theories probebly over- e

.'-eetimete the effeot of epin._-'

- QCese L4 in Fig.- .25 egein ehows a difference in elope
:.between experiment end simplified theory, while the new numerioal o
theony pointe indicate e sloPe somewhere between the two. Corre-
| ~lation between the experimental reeulte for the different weighte
;lie vary good and sinoe the roll efféete hewe been fully'explored
in Section 8 6 1, there is no Justification for further changing

the slope of the experimentel pointe.

" When (e/b) 10, cases 5 and 6, Fige. ..26ieﬁd 8.27 E
respectively, the same trende ‘are shom as in the previous two.
..'“oaeee, The simplified theory and new numerioal theory'egree very‘
well for these oeeee.' In Fig. 8.26 the simplified theo:y curve
foorreeponding-to ,4&'f 0.5 ie aleo plottei einoe there ie_eome

_findieetioh from'the experimentel reeulte thet perhaoea)ﬁt'ie:j
..between 0.5 end 0 6. This is poeeible einoe the eurfece finiehee
_of the wheels used in these tests (3. 18 om redius and h9 ) were |

' better than the other wheels ueed.

. 8,7 Conolueioreiggd Reoommendetiooe | : T ,':l ,"_

In generel the experimental reeults'were.reoeetable aﬁd -

ooneistent and ehow the varietion of 1atere1 force with lateral ereep

ff on two eurfeoee in rolling contect with an elongeted eonteot ellipee

' between them. Reeulte were obteined for two retioe of oonteet ellipee',’ﬂ
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- case hardened. steei which were thcn sround to a good eurfaoe finieh.
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= semi-exes, (e./b) = 6.6 e.nd (e./b) 10 end for two values of spin._ In -

__eech case the leterel creep wes varied by varying the e.ngle of yew 7 .

between the: rolling conteot surfe.ces. The contect pressure wee elso

| varied. Apert from this : a set of' resulte was' eleo produced for a ‘

oiroular oontaot e.rea., since the numerical theory hed ‘been proven for

thie case by Johnson s experiments ’ Ref. 8 and this served 83 a oheck- :

on the rig. )

The rig wa.s designed to coni’orm as closely as poeeible to

eseumptions mede in the rolling oonte.ct theories, i.e. smooth surfeoee : 'l

f"""'and Coulomb friction. : '.l‘hie wa.e echieved by using wheels mede out of - | |

' ,'rhe experiments were. cerried out "dry“ et rele.tiVely low -peede end o

high contact pressures. The wheels were abraded bef‘ore ee.ch test e.nd -

- wiped 'before eeoh reeding._ Thie aohieved oonsistent surfaoee and

therefore repeeteble results. -

The value of /-b estimeted from the reeults R epproximetely 0.7

'.wee high but not altogether unexpected in view of the dry oonditions :
| .preeen_t. There_is no__evidence _to_show t_hat /u. veried with_ contect g

pressnre within:.the:rangertested.*_ : Spe'ed. effeo'ts.. were negligible, |
again within the re.nge tested and e.lthough longitudinel oreep was not

measured there seeme little doubt tha.t it was. 80 smell as to not e.ffect

the,resulte. :
Poesible errors 'in the reeults heve ‘been.' diec:u'seed in some

deteil in the previous section, These inolude the celculetion of the

- ye.w e.ngle between the wheels, fixing the zero yew position e.nd roll
o effects. 'rhe yew engle was oelculeted by meeeuring ‘the leterel dle= |
: ""plaocment of a pivot point on a dial test indicetor end dividing this -

by the distance from the pivot to the contect point.- This wes not a very

e 'direct we.y of measuring the yaw e.ngle e.t ‘the eotual oonte,ot point end
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could have led to some inaccuracy. The expression for the lateral
creep on the rig included a term whioh_tdok account of the fore and aft

' _movement of the contact point as the wheel was yawed.

Aa "t.'.here. ‘:wa.e 8 .laz‘-ge amunt of .epi.n prea'e'nt in eaei; £eat it
 was important to be able to fix the zero ys,w position so that the
a.mount of 1ateral force due to spin could. be estimated Two methods
were used to do this and ‘each one.suﬁ_i_‘ex'_'ad from some dieadva.nfage, but.
- even eokt'he ldifferen:ce in reet'z.iée was small. 'Bo't-h methbds sleewed that
the ‘zero position changed for differeht vertical weights. This effect
has been allowed for in the results e.nd has been diacuesed at some _
- length in Section 8.6 where the main conolueion is the.t it is due to

. roll effeota of ‘the counterbalance wire.

The Hookes Joint arrangement for jav_rifxg- one wheel reietive |
to the other was theoietioally restrained in roll, but because of play
in the_'.bee:;ing.e' and flexibility in tﬁe rig has :beeﬁ .si-mwn to allees.a‘
certain degree of roll. These sffects were investigated. by a further |
"series of tests and all the results have been "roll" corrected, although

this made very little difference to the measured values.

Correlation between theory and experiment was good, 'eebecielly.
when the resulte were .compared with nuperical theory for the case (a./‘b) =
1, .Jolmson's experimente for-tﬁis case wefe 'ceri?iea out with a ball

on a flat surface, thereby giving a oircular contact area, while the
present results were achieved under conditione more like those found on

"a. railway wheel, yvith both rolling surfaces being bodies of re_vo_lution.

All the results, izicluding_ thoee with elengeted. contact ellipses s
‘have been compa:red with simplif'ied theory, which is the. o.nly available
theory-for arbitra;‘y creep eﬁd spin that can be used for such conditions,
It seems apparent from the results 'theﬁ__'e‘ither.the spin or the inverse

stiffness iel not welll accounted for_in the simplified and new nuinerice.l
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theor:lee end. in fect Ke.lker admite that both might over~catimate the )

' effeot of' spin by as mueh as 107’ oo

In Vgenera.l the results were enooureging and ehow reaeonable - |
agreement between eimplified theory end experiment for flenge type
oonts.ot oonditions. - In view of the unoertainty in lmovring the ooeffioient
of friotion :l.n the reel ceee, 1t woul& seem thst eimpliﬁed theory can
be ueed to g:l.ve a good eetimate of foroes between a wheeleet and. the

tra.ck when in ﬂa.nge eontaot.

7--'S'e__vere1 reoommem&et‘ionsl can be:.fmede with respect to the rig.

e — - It--_ooi:id be improved by having & more direct method of measuri!;g the yaw

_ | e.ngie' e\ioh a..e” the ome attempted-in the experimemt, e.s. 'bjf ehiminé a slit

of light onto the back fecea of the wheele and meesuring the engle from
the refleetea. imagee when in motion. In the present 1nvestigation the

. refleoted image was not oonsiatent enough ,to;allow_ ao_curate meaeurememte

.. with ﬁ:a‘_ wheele rotatihg, and so the method was only edopted-ae a s:etting-

' up prooedure. In future tests it would. be advieable to have the baok

- fa.oee of the wheele polished a.nd. perhe.ps even eilvered thus enabling-
e,ngles to be meeeured direotly at the rollins oonta.ot-eurfaoes a.nd
eliminating errors .inheremt inthe pree‘ente;ve‘tem ane'te flexibilities.

A.nother improvement would be either to etiffen the yoke, or
- better etill to he.ve a diff‘erent arrangement for supporting the upper
wheel, perha.pe more elong the linee of the rig ueed by Poon, R.ef. 49,

Thie ie not only e stiffer errangement but aleo allowe the spin to be

” inﬁnitely variable. ‘ It would also mean that the vrheele could be run -

:l.n the reverse direction a.nd without the :I.nherent instebility of the

- present rig.
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9., General Discussion and Conclusions

fthith tﬁe.present trend of;highgr‘éﬁeeda showing.beftér
.ecpﬁomics for rail travel, railway désigners 6f_late have shown rénewed
| interest in fhe fie1d Sf.railwayﬂvéhioie dynamics. " In the past an,empirical
apﬁfoaoh'ﬁas.sufficient, but at high speeds a number of phenomena need' to bé |
investigatéd mors thoroﬁghly.: 'Thé.baSic fdrgb inputsrfq the dynamic‘bai-:l
culations of a reilway vehicle are those which arise between fhe'wheel and
rail and are due tq‘the'phenomeﬁ§n Imown as oreépage. This pheﬁomaﬁoh was
first ahniysed by Carter, Ref;.j, who considered.fhe fbliing.of a cylinder

- on a flat surface.

A railway wheelset comprises two_wheelsron'a fixed axle, _The
wheels are coned to provide a'measure of stability; thé cone_ﬁhgle of the '
tread is epproximately 3° while the cone angle;of the flange is approximately
70°, During normel running, the wheelset rolls on its treads with the
oreepage forces providing thé_necessary guidanbe; Latef&i‘aisplacement of
the-wheelset produces longltudinal oreepage, while a yaw angle displacement
produces lateral creepagé. A spin component is also presént due to the coné

angles of the tread and flange.

The creepage forces are non-oonserfative‘and cﬁntlead to a
dynemic instability at high sﬁeeds,-known as huhting, whiéh is caused by a
combination of these forces and the:suspensiah'pafaﬁeterS. This is
characterised by a violent swaying of the wheelset from sideéto-side_with the
flangé$ of the wheels in contact witﬁ thé rails., Although actual rﬁnning
speeds, which are governed by the lateral dynami§§ of the‘wheelset, aré based
on:comforﬁ criteria, it is important from the safety viewPoiﬁt to. know thé 3
order of magnitude of the forcesrinfolféd whehnthe'flgnge contacts the fgil,
Thié is génerally'cohsidered the start:of deréilment. Forla wheélset ﬁdl _
derail, it has to nove sideways (with or without an angie_of yew) uﬁtil_the'
‘flanée contacts the rail and then, if the lateral fbfceyia 1ncré;§éd fﬁftﬁer,_{"

it climbs up the rail until it eventually jumps_off.
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Various fﬁeories exisf whioh predict tﬁe forces 1n.tﬁe plane.
of the oontaot ares, due to creepage and spin, of two bodies of revolution
in rolling contact, This report sst out to investisate theae theories and
to soieof, oomparo'and reoommend thoae most appropriate to the railwqy
: wheoioot probleﬁ. ' This inocluded calculations of the creepages and forces
for various lateral and angular displaoements of a wheelset from its central

position, including flange contaot oonditions.

A historioal review of the work done in the field of rolling
‘oontact is given in Section 2 which is divided in two parts, a.fheoretical

roeview in 2.2 and an exberimenta; review in 2.3.

Most of the theories whioh have been dsveloped have some
restrictions placed upon them, e.g. some apply to oircular oontact areas only,
some apply for small creeps, others for large creeps_and so on, For
application to the roilway wheelset problem it is desireble to'ﬁoé a to;ory:
which cen tsks account of varying amounts of iongitudinal.oreop,_lateral
'_ creep and spin, and alao apply to Various ghapes.of cohtaot'ellipse._ For.
tread confaot this area.is'hear circular in_sﬁapo, whiie.on‘tﬁe'flongo the-
contaot ollipse is very elongated in the'folling direction. ' fhe spin,'ihioh
is a function of cone angle, also varies oonsiderably from the small cone angle

of the tread to the large flange cone angle.

© All but one of the existing theories have as basic aosoﬁptiono
that both bodies in rolling contaot have sﬁooth surfaces and tﬁat Coulomb
friotion exists between them. In posfulating such theorieo, the 1
difficulfy hes boen to define which part of the contect area is ao area of
slip ohd_whioh-part is adhesioh. 7 ‘One type of theory assumes that the
creepage and spin are infinitesimal and there is no'slip anywhero in the-
- contact area. This type is diooussed ;h Section 3.1 ohd is useful for
raiiway whoalset pfobleﬁs when displacements from the central position are

small, i.e. tread contact points only. Since the relationship between

creepagé and force is linear, it can be incorﬁorated easlly in a dynamio
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anelysis of a wheelset rolling on its treads, and is in faot used by gome
'railwey authorities for this purpose.. For more general uee, a check should
elwaye ﬁe ma&e on the relative'ﬁagnitude of the- creeps and spin beforo use.
The way in which this cen be done is outlined in Section 3«1 where certain

modifications are also suggested in order to extend its use, for approximate

A second type of theory eesumes that the ereepage aﬁd spin are
_ veny large and there is complete slip throughout the contact area. This type

is discussed in Section 3.2, and again one of the problems in using it is

- deciding whether the creepage and spin are large enough.for the,approximations”‘

to be valid. This theory, in fact, assumes that the spin_is s0 large that
: the lateral force due to 1t is negligible. It is’felt.that this is a gross
approximation, and because of it the large creep theory has limited use for

railway wheelset application.

_ Another approach to the problem has oeen to divide the_conteot
area into a uumber.of strips:parallel‘to the rolling-direotion aua‘eech strip
is then eougidefed as two-dimensional. These thedfies generally prediot'good
results when the contact ellipse is narrow in the rolling direction, but

reeults are poor'even for circular contact arces. Beoause of this, strip

theony is not seen to have any applioation in the railway wheelset problem f :

aend as such has not been used in the present. analysie.

The final type of smooth surface theories are those which apply
for arbitra:y creep and spin. Kalker, Ref. 23, presents a numerical theory .
" which ocan be applied for the three-dimensional case of arbitrazy creep and
apin and thias is deéscrided in Section 3.3.1 The disadvantage of using this

method is that it is very cumbersome as regards computer tiﬁe, and the

numeriéal iterations fail to converge for (a/b) ratios greater than two. _For l:

(a/b) ratios less than two Kaller has published tables of results of non-

dimensional force parameters for various oreeps, spins “and contact ellipses.




- 238 -

In the railway wheelset application this theory is useful for accurate values
of forces due to oreepe and spin for trea.d oontaot but ca.nnot be used on the ‘
- -flange due to the very elongated eontaot ellipses present It is pro‘oa.bly
most convenient to use the method, as has been done in the present analysis,

by interpolating ‘l_:he tabulated reaults to obtain the required values.

Kalker is at present working on a new numerical theery which can
-aleo treat elongated eonte,ot ellipses. This work is as yet unfinished but, if

eucoessf‘ul ehould preve useful for ﬂange contaot problens,

Another theory for arbitrary creep and spin is the simplified
'theory:deecribed in Section 3,3.2, where the complicated relationships between
displacement and traction of the numeriosl theoryere replaced by very simple

'reletiohshipe. By adapting: the goverriin,g' parameters in a epecial way,

' edlutions can be foun& for the forcee' due to a.rbitrary ore‘epe end. epin on any.
shape contact. ellipee'including elongated ellipses, The simplified theory
‘is in fzot the only theory avallable at liresent for ar‘bitra.ry'creep and epin,
i whioh can 'be used. to prediet the forces for fla.nge contact of a railway

_ wheeleet. _

Unlike the smooth eurfaoe theoriee'just mentionetl, a theery dus
to Naysk, Ref, 32, does not makel the same baeic assimptione of smooth surfaces
" and, Coulomb friction. | The theory only applies for two-dimensional contact
:of similar bodies, and to be able to use the theory & profilometrio examination
of the body surfs.ces ha.s to be mede. Therefore it is impraotieel for use in

ra.ilwa.y ocontact pro‘olems.

Experimental work in the field of rolling contact, reviewed in

~ Section 2,3, can generally be divi_d.ed into two groups: .

(e) experiments carried. out on real wheeleets or with scale

" wheels on roller rigs, and
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(b) experiments using apparatus speeifically designed

for. the purpose.

Up until the 1e.st_ ‘dec‘a.‘de adhesion studies were the main concern
of r,r.ul.:l.vm;t,r engineers and as ‘s result most experinents in-group (a) were designe&.
to' neasure lengitudinal creep. Recently some experiments have been’ carried
out where 1a.tere.1 creep was also measured., but in all cases only tread contact .
| has been considered. Generally, experimentel results obteined. from real
‘ wheel tests have not agreed well with the theories, probe.bly because of the

difficulty in controlling all the paremeters accurately in such tests, espeoially

The moet accura.te creep measurements have been made on apparatus
‘designed 3peoifically for the purpose, group (b), end have ususlly comprised a
sphere rolling on a flat or inclined surface, giving a circular contact areea. |
Experinxents of this type have been ce.rried. out by Johnson, Refs. 6, 7; 8 and 10,
for longitud:l.nal creep, 1a.fera.1 creep and creep with spin, ail for circular
oontact arcas, Johnson and Vermeulen, Ref. 9, carried out tests on ellipfical
" contaot areas with (a/b) retios up to 2.5 and measured the lateral force due to |
latersl ocreep. All these tosts were carried out with extremoly smooth surfaces
- and at very low speeds, genera:l.'l.y with the surfaces lubricated. As a result,

| estimated coefficients of friction were very low, of the order of O.1.

The numerical theory of Ref. 23 has been caﬁpma rith Johnson's
-experimental results for a wide ‘range of creeps and spins, and the ’eof.el foreces
have been within 10% of each other in all cases. The creepage and spin
coefficients of the small ¢reep thegrjr heve been ceinp_a.red with these .experiment.al
reeu.lta. together with Johnson and Vermeulen's results, again with very good |
egﬁeinent. For .cases where botli creep and spin .were present, the numerical
' theory has only been compared with experimental results for circular contact
areas , while for cases without spin, contact ellipses with (a/b) ratios up ‘l:o

2. 5 have been compared.
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_ The simplified theory ha.a only 'been compared with numerical
theory results, and since the latter can only be found for (a/b) ratios up

to 2, it has not been proven for elongated contaot ellipses.

In view of the lack of experimental results availa'ble for more

elonsated contact ellipses, espeoially with spin present, as is the case with

'fle.nge contact of a railway wheel, = 'series of tests wers carried out during

the. present inveatigation. The experimental rig is described in Section 8

and was designed to provide data on elongated. contact ellipses with varying

,a.mounts of lateral creep _anispix_ipresent. _ Longitud_inal creep was execluded

from the rig by allowing one surface to rloll,f,reely on the.other.

The rig basically oonsists of two wheels in rolling conta.ct
one driven and one free, The lateral creep ia varied by yawing one wheel |
relative to the othér, and spin and _contac'_h ellipse shape are varied_. 'by using
wheels with va;ribias cone ﬁngles and radii;' while contact préssure and speed ca.n

also be varied on the rig. In order to achieve repeatable results the

 experiments were run 'dry' at low sp'e'eds and with relatively high contact .

pressures. The principle of the rig was to inorease the lateral :E‘orce until

one wheel tended to ride up on the other. At this point the forces were in

balance and the lateral foroe oorreaponding to known a.mounts of lateral creep

' and spin could be calculated.

‘A set of results 1lre"re- produced fi..:.'st for a cifcular -contacf. ai‘ea
by using wheels “of suita'lile radii, "llhis. allowed a comparis'on with 15rov_en
theories to bhe made and Aei;ved as a .éheok 6h the rig. Good.-correl'ation was “
achieved between the expei'im'ental reaults and numerical theory for the two ‘.

values of spin tested.

~ The coefficient of friotion present had to be estimated from the
results and they wers presented in such a way that this was possible, values

of /U\. L= 0,7 were found to exist between the rolling surfaces. This is
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not eltogether eurprieing in view of the dry conditione present end similar

values have been found by other investigators for similar conditions.

Results were produced fcr ccntect ellipeee with eemi-axes ratice
of (q/b) = 6 6 and (e/b) = 10, Theee reeults, together with the circular
contact area resulte, were compared with simplified theory, ehich is the only
theory exieting that can be used fer arbitrary creep end epin on elcngated '
contact ellipses. -In all cases the elepes of the theoretical and experimentcl
results were different. This also applied for the circular contact area -

results which had previously egreed well with numericel theory. This seens

to indicate that perheps the lateral force due to spin is overeetimated by the s

simplified theory.

Possible errors In the experimental results have been discussed
in Secticn 8 Theae inelude the measurements of yaw angle between the wheele,
locating the zero yaw position, poesible roll effeots and difficulties in

estimating the eoefficient of frietion preeent.

Possible errors in the eimplified theory could be due to either
the inverse etiffnese or the spin not being well aecounted for. Kelker,
fact, admits that the effect of epin could be cvereetimated by as much as 10%,
and his own checks with numerical theory show this. Since the spin parameter
is dependent on the value of /Ak-, this would affect tee elope of the_reeults

and the lateral force due to spin.

However, since the simplified theory end experimental results
show reaeonable agreement within 15% of each other, and in view of the :
uncertainty in knowing the coefficlient of friction and the other parametere for
the real oase, it would seem that eimplified theory ¢an be ueed to give an

estimate of forces between a wheelset and track when in flange contact.

It has been pointed out earlier in this discussion that one of the

_objectives of the investigation was to;calculate'the'creepagee and forces on a
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wheelset for various amounts of laterel and angular displacement ffom_ifs'

ccnt:al position, including flenge contact conditions. A comparison betﬁeen

forces caloulated using the various rolling_contact‘theories could then be

made as well as an estimate'cf the forces on the wheelset with the'flangc in
contact livith.__the rail. Previocc ce.lculaticns cf flange forces ha&l not ':ba.kex.a_'.-l- |
intc;cccount the force due tc apin and assumed the flangc to.be_sliding on thc
rail, Using the present thco_z'ies this ir_:.fcrmation cculc. be up&ated. A |
third objective was to itlvest:lgate wear eff‘cdts‘and asccas_ how the forces .

changed with rail wear,

Before the forces on = wheelset cculd be calculated using the
rolling contact theoriea it was necessary to define 8 mathematical model of a
real wheelset and real_trcek so that representative values of cr;cp, spin and
contact ellipse were used in the anél&sis. This mcdel is described in Secticn
4, and i3 based on & BS 110A rail secticn end a British Rall RDY tyre prcfile -
on a 750 mm diamcter wheel, ‘Three-dimensicnal_cquaticns were calculated for
both track (assuming it to be'sfraight) and wheelset, these being written in
the form of computer subfcutines., The program which defined the rail allowed
the corner radius to be varied : so that rail wear could be simulated. The |

RDA tyre profile was chosen as it 15 one of British Rail's.'worn'_prcfiles_-'

' they found standard profiles wore Very rapidly to a profile which then remained -

relatively constant for the life of the wheel cﬁd fhe RD4 worn profile was
based on this shape. Prog?ams werc w:itten to enable thexwheelscﬁ to be
displaced 1a'tera11;}, and also ,'mea, rela.tiv;e to' the track and the resulting -
contaot points found, This included large displacements so that the flange |
contacted the rail. Vértical'displacementc'and angles of roll were acccunfcd_-

fcr in the programs, together with fore anﬂ af't movement of the contact point,

‘83 the wheelset was displaced.

The creepages were caloulated assuming the wheelset to be

rolling along the track at a constant velocity in a displaced positicn. _Frcm.c_
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these the contact srea fbrces were calculated using tho subroutine appropriate
to the required theory. A computer Program was uritten, for each of the
_theories in the same input anri output format ao that any one of t.hem oould be
used to obtain the forces. Tho total forces on 'bhe wheelset were then cal-

culated by summing and resolving the contact area_ forces.

A program was written which carried out these oaloula.tions and

veried the angular velocity of the whoolaet and therefore the creepages,
'until the total rolling\ monbntuaszero. The program then printed out the
r_creepagea contact area foroes and total forces on the wheelset for the .
appropriate lateral displacement and angle of yaw.

. In‘Soction 5 fhis model?and its acoomoaoying prograos were used
to caloulate the total forces and;:'ﬁoments on tho wheelset'using different

comblnations of theories for the tread and flange contaot points. Three casos

were analysed (a) tread contact only, (b) flange contact with zero angle of yaw, .

and (6) flange contact with 3° angle of yaw. For case (a) there was reasonable
. agreement between numérioal theory,.simplified'theorw'and small oreop theory.
Alfhough.confaot remalned on'the'treaﬂs, the displocemonf'ﬁas in fact'lorge.

| Small creep theory being a linearised'theozy has obvious httractions for tread
~ contact points but woulo.not.normally.he used for such lorge displacements.
.“wﬁen the flange was in contact iith'the,rail;lcoses (v) and.(c),tho ruﬁericol
theory oould.not be usod because of the very elongated contact ellipse. The
large creep theory produced a 1arge lateral foroe neoessary to keop the wheelf
- set in flange contaot because the effeot of lateral force due to spin,which
tends to 1lift the wheel up, is not acoounted for in this theory. The modified

small oreep theory produced a small lateral force. necessary to maintain flange

contect since the lateral force due to spin is over-estimated; The s1mplifiad '

theory produced results between the latter theories, as would dbe éxpeotod.
S is lnterosting to note that for large angles of yaw all three theories
produce very similar results since the 1aterol force due to both the'laforal

creep and the spin components are large. The differences between the theories




are mych more noticesble at zero yaw angle, i.e. zero 1etere._1' creep.

The cases mentioned abcve. were only a sample of all the results
cﬁteined. B The complete resulta using both & new and worn rail profile are. .
:‘ presentedin Secticn 6 for a range of yaw angles ’ 1aterel dieplacements e.nd load
distributions. In all cases numerical theory was used for tread contact
pcints and simplified theory for flange contact points. The 'new' rail had. e. : 3
12.7 mm corner radius while the 'worn' rail considered in the analys:.e had. 8 |
17.8 mm corner radius. Since there wes_ prectically no difference 'be‘_l:ween the
wheelset forces oalculated for the two cases it must be cccciuded_that rails
. have to‘be-eiﬁiecut b_y. n;ﬁ'éﬁlﬁ"gré;fe;- a.mounte befoi;e perfofﬁahce, is affeci:ed. |
'Although the resnli-:s. presented ap;ﬁly for a par‘bicule.r rail/eheel ccmbihation,
‘it is the first time ‘l:hat fle.nge forces have 'been caleulated using rolling -
ccntact theories and the results shculd prove useful in future derailment

studies .

_ - In this connection, the results have been uaed. in Section 7 to
calculate the 'derailment ratio' or 'derailment quotient?. This is a pa.ra.meter'“.
used by ;‘ailway engineers as a measu;'e of how easy a perticular reil/wheel. _
" combination is to derail. It is simply ﬁersiﬁd le‘:t:eralrforce/verticelz force -
at the flange contact point, " Previously thie.ratio has lbeen calculated using
N "various approximete formulse which have not taken eccount of spin effects e.nd.
Vuaually assume the flange to be sliding on the rail. These formulee are
reviewed in Section 7 and compa.reei with the present results. The formule. used
by Bri‘l:ieh Rail is the 1imiting case for very large a.nglea of ya.w.' At ..sme.ll-‘- or.”_”‘
- zero yaw angles the. present work shows thet the derailment ratio is considerably
greater the.n the limiting value which means the lateral force is less likely to

‘ _Occer in Iiractice. The value used by British Re._il_is' therefcre a safe limit, -

In conclusion, the preeent investigation has shown that for tread

contact of a railway wheel linearised theory can be used to- predict the contact -

area. forcee and. results compare fevoura‘nly with numerical theory. The latter

i e
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theory 1s ve{r_;"rfoﬂunibereome to use ddrectly tut existing results oan be
'effectively and easily interpolated, and in'_this form, is a possibility to

use for tread contact points where greater accuracy :ls required, The

-lineserised theory has been modified in the present analyeis and as euch can be

used to give aocepta'ble results fer a wider range of dieplaoementa.

For flange oontaot points the only e.vailable theory at present
wh:lch can be used to calculate the oontaot area foroee 13 simplified theory.
This has been rcompe.red with experiments in the present investige,tion a._nd showrx
to gife reascnable results for 1’_lange type contact conditlons. The 1.e.tere.1
force due to spin seems to be o'ver:-"estim'ated by the simpiified theory, but
even so results were always withi; 159'?3'01‘ each other, Results have been
caloulated on a theoretical wheelset using numerical theory for the tread
contect points e;nd. simplified theory for the flange contact point, These
results show the magnitude of forces and ;';':_“iiomente on a wheelset ‘wh.en. the -
flange contacts the rail and should prove useful in future _dera.ilment stﬁc_iies.
The _dere.ilment retio has been calculated from these results and is the ".first

time spin effects have been included in the celculations of this ratio.

It is possible the.t in the not too distant future other theories-

will appear which can be used for elonge.ted contact ellipeee and as such

could be used to calculate the forces at the flange., The experimental results

presented oould be used as a check on these theories as and when they eppear. '
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'APPENDICES o -

APPENDIX 1

" Derivation of the Relative Slip Equations for Stesdy Rollin

‘ Assumizig two bodies touoh each other along an elliptical contact area ' -

which lies in the plane z = 0. The 'oentre of‘the ellipse 1s taken as the

origin and the axes of the ellipse are the coordinate axes x and y, the -

positive x axis i3 assumed to _coinoido with the _rolling directiou.

A pa.rtiolze' that 119'5 in' (x, ¥, %) in the ﬁndeformed state lies in

Ax+u, 3+ MER w) :Ln the ‘deformed sta.te, where u (u, v, w) is the

‘elastio displacement "of the particle.

In the undeformed state the velocity is YV ‘where

(o 4)

In the defomed state the volooity is V where

Y = Ve+ %ﬁL -3raﬂ(51 - | 1  ) _u

The slip is defined as the Velocity of the upper body with respect to '

the lower body in the deformed state (+ refers to lower bodgr, - refers to

upper body). Then_(z—-'-v )=(V-'-V+)+-, 5(1;-11 ) “'-&-X'.

(T - T e erd (a* +57) + %(zr ). erea (u - W) @

The third term in the- e.bove equatioh may be ignorod oompé.rod with the
first term since the displaoement gradients are small compared with unity.

The materia.l of the bodies flows through the coordinate sys’cem in the

direction of the -ve x axis, therefore % (Vr + !r+ ) (-V,VO, 0) 1.8

! tho'oﬁposite.of the roiling fo_looity.'

The last tem in equation 2 :  then becomes -V S(u_ = ut

and (g_ - 1*) = (!r— '- Yr+ ) - v ——(———-———l for stead,y mlling. . (3) h
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Now the velooity of the undeformed bodies can be regarded as a velocity

-~ at the origin and a rotation a'bout the z axi.s 1.e. _

R

.and similarly for the upper body

where ..(\- -+ ..:z_a

body reapeotively. _

The creeps are then defined as

end the spin as Wy =

et (e det, A )
i x4
" where from equations 4 and 5 . IR . |
g VeV 45 ol V- LV (e Ve)
:(12 'WXQ*‘”'D:!":- '°((3+=4-'-'-VY%*°°(D‘;- \/“’i)
e = (Ve - Vigada \/\{.3*-\/&03 )

The relative slip ‘s (sx, sy) is defined as .

slm) = 4@ty

(Y %QE-I- N —u) b/mco” MV V-z),;" :

if the elastic displacement differences are written as u=ul =u
. . ; ’ : 3 -
vV=V =V .

- Then 8y = Xx';wa"ﬁ""bsg

m

for é.fea.dy rolling

are the angular velocities of lower and upper =

(..n_;___n_t;) . ._-"(5)'




. Sim lified'Théd v (Kalker, Ref. 36

(Va.lues such  as a, b Z refer to simplified. theory Valuea)

The relative slip”is gi_feh bys (Appéndi_ic 1),

-A..S= ¥3+Qe‘ic +§§é‘ _ 7 . - lz) "

The basic approximation of the method assumes the displaderﬁe'nt'_ E

differences {u, v) and the tractions (x, Y) are connected by

wsgmx R D o
vo= Y (&)
wiiere Sxs .SyA ave called the inverse. at'if:f‘nssrsera T '
Then | | o S
%‘i" _SxX' - ) )

If N is the normasl force then call pé.ra:ieter foo = 3131_-'5!—'; :

In the helf spdce theoxry of Ref, 23, the normal preasure Z was of the

*‘°°f - S il

This presaure ha.s a vertical ta.ngent at the edge of ‘the contaot area.

form

which meens that the tractions Xeand Y will have also. - In the simplified
theory theae would give rise to infinite rela.tiva slips. Beoa.use of thia,

8 different pressure distribution is used here which is olosely akin to that |

given Wy equation Te

. roo(l (__) (5 )) S o | (8)




|
| | | |
i | - . —258 -
Assuming Z and Z are equal over the contact area then

e [2dedy = (2 hecdy = Frabb - TibL

(9)

R SO 9K *

A

ey

Comparison of lineariéed theo 6ree age a.ﬁd spin 'coeffioienf

- 'l’his theory assumes that the oontaot area is all adheaion a.nd the

‘relative slip is zero., i.e. equationa 1 and 2 become

N Yx__ (‘3'\‘."&"‘ S,c){ -.=._ ' '(10')‘.
S apd” X‘é + .U_.!"Ot‘. + S5YI= O . (11)

If the leading edge is given by

\.-i'x=1-(y)=°;l[ -(E)z_ o ‘ (:12?'

' then equations 10 and 11 have the solution

X (x, §) = (X-:c. CJ;%%(L(%) --ac.) | | . (13) ..
| : _ | . L PR N , )
end ¥ (x, y) = .XS(L_CZ\)"'-’O)"'SzUa (L(.‘:S) :c.) )
- . : o % | . l |

-8ince the traction foroe is zero on the leading edge.

- The total forces and moment are then given by:

Fx = KX(:,QO‘ACO(% 3 &@LE‘X? o .. (15)
v [ Vit B TEEL 0
et By o




SPTIN :

The e«iuivqlent foroes given by the linearised theory are

et @
Ty = G'G-L" Cn\";x ¥ G(QL)§ Cz:', s E : - G9)
Mg = ""G-(q.fo)!_ Cua¥y + GlabYCuWe | - (20).

Honce the equivalent simplified theory coéf‘fioini':s‘ are

=% 3 cm-% 3 CeTa [ ; |
6S. 36Sy 4@455 o
zse .

Arbitrﬂ' Créggage and Spin
(a.) Avea of Adhesion |

In ‘the area of adhasiou, the rela.tive slip is zero, therefore

equa.tiona 1 and 2 become ‘ . |
A= O xz—amsx S @

If the value of x where the partiolo enters th:ls area of

adhesion is xg and the tract:l.on forces at this point Ia, Y2 then solving

equations 22 and 23 for X and. Y they beoome

(Xac 7 ‘-J;'i) (,’Jc. '20“) >( S @) ;
Y = __ X'a('ac- ?-q) ;:QE ('1’,:— ’x“) . \L (25) ’

This _ﬁrea. of adhesion extends from X until X° + ¥~ 3> /JZ"
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(b) Area of Slip
| In the area. of alip '

-/u.E ¢ 6
A= Y- w;‘;\{-S,X' WY )
,4.5_ ){.3 + ch'r, " S.aY Y R
_Differentiating equationa 26 and 27

= pE b - /uze Ame

_r' =/«~Z'Am9 +/u29 me

Substituting in equations 28 and 29
155 wsus,c(/&me -/azeme) )\/uZmQ
Yy e + sﬁg,.&me %zeme) >\/~ Zwin®
Eliminati_ng 7>\ fz_-om-equat_ipns 32 and 33 gives |

/ule (‘gx A0 + Sy 6)-. (e~ "31-‘3.)&1-..9‘
= (Y oia)me ot ‘(S Sg)cmemg

7 This equation cen be solved. numerically for e ’ except at the edges o

(26)
" (27) -'  -
(28)

(29)

C(30)

(1)

(32)

o

(34)

of the contact area where the presaure -4 is ze;-o and the equation

singﬁlar. X and Y then follow from éque.tions 26 and 27. ,

When )\ becomes ~ve adhesion sets in. .'l‘hi.a nay be_. fomulated_by

| mltiplying oqustion 28 by syx and equation 29 by sxir and edding

>\(S Xz+ gw.Yz) S XQXn Q4 + S::.X')
| + S Y(X&s*'d!x + S%Y)
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. Subatituting for X aﬁa Y from. equations 26 and 27, X and Y’ from
} - | equations’ 30 and 31 o
. SemBond (- 8+ S Tt -Mzemeg,i
SVA"Z mzé + gnﬂzztm 6 |
- ga/MZme(Xg*‘ta*-SqMZ' 9+§=\M¥.9m19)
R /u Yot O +€:~7Mz?.m9 -
S'-\ Ame(xz 01'53 + Sxme(\&s‘? ‘-Jzﬂ'}) + g':c.gu\ Mz,
MBS A0 + stm'-e)

the condition for slip 1s when

Sy e208 (¥ Qz's) + S_:c. MQ(KQ Qg:o) + S',Ss/uz' > 0 (35)

. Adhesion to slip transition : XX+ Y - /uz becomes +ve

[T

Slip to . ad.hesion transition

+ S S':S /’*Z | - becomes -ve,

_ As this is a step by step solution, the leading edge conditions
have first to be establishad.. As 2 =0on the leading edge, the
condition for adhesion is o

@ ey L M) | (36)
substituting for x/ ana ¥’ from equations 22 and 23 '

5 i_(.l{r-_”!)} L §o (e ) } < pEY

Se Sy
there is adhesion. .

I there is not adhesion at the lééding edge then equa.fion 3 is

singular end it becomes

(¥ uaa)me (¥5+°31715)Coo9 + /uE (Sx )n;;Q.wQ,-aO (37)

G can ‘be found numerically using Newton's method.

5&;9 Q‘Ka-da%)f- amQ(‘Xvwﬁ) ]
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_ _ | : R
To be able to move away from the leading edge,. the starting value Q°

 must also be found by differemtiating equation 37.

" Having solved the ‘leading edgg condition move along the y ordinate
in smell steps and test at each point if there is slip or adhesion.

. Use the appropriate equations to find the tractions,
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APPENDIX 3

‘Ad.agtion of 5oveming Earamefe'rs for use in simp'liﬁ'ed th'eo;g'

' (a, b refer to the semi-axes of the contaot ellipse end €, 2 X are the |

longitudinal, lateral and spin‘para.maters. 6 = ,’a b

Barred terms, such as &, refer to the adapted paremeters).

The first requirement:is that the maximum possible total force will be

" the same in the aimplii‘ied theory aa in the exact th'eory. _

Thus 'i" .(./u.?_o(acol:x -—c\.Q ‘F

: fbom equation 9

and  Fo. = ' 2 © inAppendix 2
| e L/‘M_“"‘A =Tl ‘“/* R
end since  Fy,, = B
3 & :

—

s Vpey, = L5 ufnE < Il__llsfyafooﬁ

‘where 1, s are the major and. minor 5emi—axes of the oontact ellipse

respectively, and. E isa complete ellip'bio integra.l of the 2nd kind.

For reasons which become apparent later, all moments calculated by the

. simplified theory are multiplied by a factor X '

i.e.' X 2. sE}Ago'a E -

Y - 4ot L€ R . @
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| Another requirement is that the initial slopes of the force and moment

| " must be equal in the aimplified and linearised theor_ie.s.i ‘Thus from _eqﬁé,tioné

15 and '1'8__

| ia;f = Gab Gy,
~ Therefore - 22l : o - . 5
L ' HGS,_ 3ab Cy - : ' ‘ (‘);-

From e quations 16 and 19 in Appendix 2

B .F:;l-.)go = _33}B \6"5 = G'ablc'nxa-;:. -

3 S% . | %u,_ab
Therefore GSy'. = -3%30——2; R ' L o o (1..) -

. Also from the same equations

‘&;02 Ifs—gf!_r. G’@L) Cn(-); F'*X 0 :

——

Ry

Therefore = ‘!T'_O.L_o___ ' ()]
: e X | _

From equa’cions 17 s.nd. 20 in Appendix 2

Pl N < -GG = F

_ : o . . R
Thus _ G'Sy = ch; E , - o S (6).

NPTEA Y .
Also from the same equations

Ma, o ‘”‘?#— - G(alyC

> e

__fl‘hus I S
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. It can be seen tha.t equations 1 to 7 constitute aeven equations to

find 6 unknowns, namely a, b, Sx, Sy, foo and ‘6 . Because of thi:__n one

equation has to be dr0pped. and this 1s a matter of choice. : Ob'vioualj

equa.tions 3, 4k and 5 should be reta.ined since 'l'hey ensure the correct slope

of the forces results. Kalker has Vsuggested that equa.tion € be dropped

si.nce'there is not much significance to this equaﬁibn and there is some

evidence to show that Coz changes as the spin inoreases. Anyw&y, if X -"‘-1 o

‘equat:!.on 5 guarantees the dspendence of My on - Xy

']’.‘hus the equations that are retained are 1, 2, 3 s 4, 5 and 7, and the

parameters celoulated in the following way:

1) Find 011, 022, 023 and 033 either from Ref, 23 or 'l:he asymptotic

" formlae given in Section 3.1 (or from Cqq ebo. given in Table 3. 1)

2) Assume ¢ =1 and N =1
Then 3N

s

foo =

-
= — f—

3) Equating equations 4 end 5 gives

- _ 2 . C“ . . ‘ ‘ ) ~
a = 3..". sz < ‘ . (8)

- Thus & can be calculated.
}4) Equating eq;ua.tiéns 3 and 7 gives

th z Sab CEQ '

Thus from equation 2, aubstituting for Y gives

- 12 Cs. E 75 e

o9 C" ' _E:
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By considering equations 8 and 9 expressions can be obtained for

5 ¢ w5, D)

A ERES L -
_(& “.. E.E.._Cszc J—.ﬁ | S
me ¥ - () - TpUERES | "
1 i=5 >z <5 | o
e g -2 - 2EGC o an

B 4§ Cn CRJ—‘
Thus E cen be caleulated from either equation 10 or eguation 11.

Note, hoﬁever, that E depends on g and thus an iter@tion’ i1s necessary

to £ind the value of §. Since E only veries between 1 and  T/2 this

is not very diffioult.
5) b follows from & and 3.

.6) G = %I'—J__‘i where § depends on g
_ - T %

7) 8y can be caloulated Prom equation 3 where

=T |-
s, -
2ab Ci G
and S& cen be calculsted from equation 4 where
5 . SEE

The traoﬁ'on bound used in the simplified theory described in Appendix 2

is of the form

ThiS-diff'ered from the exact theory where the traction bound was

/’”'F” l"(t Ci L | | (13)

plopdall-GI-@ -



The. reason this was not used in the simplifiad theory was because it would '. |

give rise to infinite slips.
Using the traction bound of equation 12 leads to

- . 4-46
fé5o = Sa‘fo ‘Foo

However _Kalkexf has rec_ently modified thé :I.mplenientation of the simplifiwed
- theory and has tried the traetion' bound of equation 13. -This mét ﬁith little
: success and con.sequently the latest form of the simplified theory uses =
combination of both. S Z being of the form given by equation 12 near the

edge of the contact srea and glven by equation 13 inside the contact area.
Using the traction bound of equation 13 gives
fm = 2L, - (12)
ak ™ .

This is the value for f3p used in thé iat.eat form gf_ _th_e simplified theory

while all the other parameters stay the same.
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APPEND L
Comparison of results obtained using subrecutine I_lgL with Kalker's simplified
theory program - e

The following cases were compared:

Case . o a/b 8 C
b3 | 0. © 0 |- W355 | L1841
2 .3 10. o | o | .8
3 ‘3 | ton | o |-1.288 | 3aTn
. 3 | 6se | o |- 219 355
- o3 2,695 | 0 |- o565 | 1.221
6 3 | 238 | 686 | o | .03t
Results:
Case s 2 3 4 5 6
6rid Size|(13,13) {(13, 13)13, 13)[(13, 13) (13, 13) |(43,13)
i Step 03 |- 03] w02 | .03 -{ .02 02
| ég 5 | o o} o o | o .7800
£y |-.3027 | .8258] .1683 | .5116 | .u428 ~0213
m, .718 355 1 511 | 610 | sy -007
Grid Size|. (13,13)[(13,13) K13, 13)1(13, 13) [(13, 13) [(13, 13)
Step .02 02) .02 | .02 .02 02
8| % .0 o}y o { o o o
fy - |-e3158 | 8282 1719 | L5136 | .hA20 0244
m, |25 | 331 | 515 | 605 | .86} w007
6rid Size|(13, 13)|(13,13) (13, 13){(13, 13) (13, 13) [(13, 13)
Step .01 01| .01 | .01 .01 .01
S o | o] o 0 o o
£y, |~3158 | 8282 | w719 | 5136 | awz0 | Lozu
‘my, | 725 | W33t | 515 | 605 | .86 007
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used in the jgresent- investigation. A brief ﬁéscfiptio_n of each is given in

Program Déscrip_tions N
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Seotion A followed by a complete listing in Section B.

Program
Number

W N AWV W N -

N DN BN OD N e ad ed b o = oak ok e b
'&’:Na\\nr&m-ﬁowm-\lmmrum—-o

Name

SMALL
COEFF
ELLIP.
MAXFY
LARGE
SIMPSN
NUMERIC
TAPE
SDP

ROL
RATTAT
FR1

FINDH
LATERAL WHEELSET

CIEWH
YAWING WHEELSET
CIRCLE2
STRGHT?2
Z200B;
JOHANSEN
CIRY

LY
ACCURATE
CONTACT
FORCES-

Reference
Section

3o
31
3.1
3.1
3.2 °
342
34341
3301
3342
3342
b2
ko2
b3
R
Lekia2
bYeka2
hole2
holie3
Lole3
holie3
Lebhe3
Loliokt
holpedy
Lol
Loh.l
L.5
L7
8.6.2

. Deécription
Page Number

‘The following programs and subroutines were developed and

Listing
Page Number

270
274
271
272
272
274
274
275
277
278

) 279

280
281

282
283
28
285
286
286
287
288
289
290
291

29
292
293
29

296
296
301

304

302
303
303
305
308
311

315
17
318
319
321

32
324
326
326
330
332
33k
337
338
338
348
35k
359
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Section A

4, SUBROUTINE SWALL (¢, K, T, U, E, FX, Y, ZM)
PURPOSE L R
To oalcuiate thenon—ﬁimenaional.fofoé parémétgrs fi; fz,'m3 from the‘h
. creepage.agd'spin.parameters g; ’ ?;”, 3C'Jand the :atio (a/b), 
using the small creép:theory of Section 3,1.;- : | .
DESCRIPTION OF PARAMETERS |
Mintmm (a/5, b/a) = g
=1atgs (ah); =2128= (va)
Sbin parameﬁér, )C‘_ ' a '
': Lateral creep pgramefer, n
Longitudinal creep ?argmater, . §
Longitudinal force parameter,‘fa

Lateral force parsmeter, f, ‘ Y output

¥
K

T

v
E
X .
o

Moment paramefer, n3

SUBROUT INES . USED

COEFF,  ELLIP,  MAXFY

METHOD |

The creep and spin coefficients Cyj are caleulated in‘CbEFF‘for‘a',
Poisscms ratio of 0.3 and required (s/b) ratio.

The_value of‘gg is found in ELLIP for the required (s/b) ratio.

The values of fy, fp, By are found from equations 12, 13 and 1k of
Section 3¢1. The remainder of the program‘chehks thaf the values obtained .

are within the bounds mentioned in Sectdon 3.1, using MAXFY_to give the

 valve of fé(§=f“°) |




S
' 2, SUBROUTINE CORFF (G, K, Ci1, €22, €23, C33)

PURPOSE |
To caloulate the oreepage and spin coefficients, Cij, for eny (e/D)

ratio.

DESCRIPTION OF PARAMETERS

¢ Mintoun (a/b, b/a) = &

_ _ ) R ~ Input
K =t1ifg=(s/b);=24ifg= (v/a) .
G11 Gy " | | | )
c22 ¢ .

2 ‘2 Output

€23 - Co3.
C33 C33

~ SUBROUTINES USED ;

None e ‘ - ‘ -_:

_ _ |

The_cbefficients are 11nearl§ iuterpolatgd from the values given in

- Table 3.1 for Poissons ratio of 0.5. For vaiues of a/b ::> iO the
_asyhptotio formulas giveﬁ in Section S;i are used, "BefbrE usﬁng

this subroutine the-values given in Table 3.1 must be read into the
_array COF(19, L).

3, SUBROUTINE ELLIP (G, E)
" puposE = | |
To caleulate E, the complete elliptic integral of the 2nd kind for

" the required value of g,

DESCRIPTION OF PARAMETERS
¢ 7 Minimun (a/b, b/a) = g B ) Input

E- B, complete elliptio integral of 2nd kind ) Output
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SUBROUTINES USED

None

M:ETHOD
The value of E is linearly interpolated from values of E given

on page 58 of Ref.23.

L, SUBROUTINE MAXFY (BA, S, FYM)'
_PURPOSE '

To give an estimated va,lue of f, due to spin when the longitudinal

and lateral creeps are zerc,

DESCRIPTION OF PARAMETERS

- SR ra.tio (v/a) of contact ellipse senl axes '
o . Input
s api.n parameter, X .

FYIM estimated value of £, ' o ) Output

SUBROUTINES USED

None

For a given (b/a) ratio, the value of ( X /£3) 1is linearly inter~
polated from Fig. 3.2 - Know:lng the spin, f, is calculated.

Should only be applied for amall apins.

5. SUBROUTINE LARGE (G, K, T, EW, ET, FX, FY, ZM)

. EURPOSE

To calculate the. non-dimensipnal'foroe paraheters €45 Tp, é.nd my from .

the creepage and spin paremeters §, W , x and the ratio (a/b),

| ‘using the lai'ge creep theory of Section 3.2.
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DESCRIPTION OF PARAMETERS
Minimumn (a/b, b/a) = g |
=1if g = (a/b), =21if g = (v/a)

spin paremeter, X . o Input

B

lateral creep Qarame‘.t;er, | V(

| longitudinal ereep parameter,

> (M

longitudinal force paramete_r, '(, :

lateral force parameter, fo S Output

BpHEgY =R

. moment parameter, I3

~ SUBROUTINES USED

SIMPSN, FUNC, FUNC2, FUNC3, FUNCh, FﬁNcsy

' Since the intégra.ls given in Section 3.2 only apply for X #.0,'

a < b, —G,%- > 0, > O this is cheoked at the 'beginning of ‘
the subroutine, If any of the paremeters are outside this ra.nge, . o

. : _ |

the symmetry relations givén in 3.2 are applied.

The double integrationm, using the formulae given in 3.2, is carried out

using the Simpsons rule 's'u'broutine, SIMPSN, to calculate f1, £, and m3.

~ The aotua.l terms to 'be integrated are ca.loula.ted in the fol]pwing

function sub programs:

) " (P__.

ok J(J"Mm.m) (M%&‘-z %
ez = (g ainbeny + £} (_%‘a 3 ny

' FUNC3 J(Fm@mty i-l) +(———'£ | 7)%)

FUNGL = Ksin B

FUNG5 = Koos'D sin©
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6. _SUBROUTINE SIMPSN (X. Y, N, R)

PURPOSE

To give y = ff(x) using Simpsons rule for numerical integration.

DESCRIPTION OF PARAMETERS

x afray x(N), value of x3j | _

Y 'é.rray Y(N), value of y3 = £(x;) - ) Input
N | mﬁnber of poi?xts, must ble an odd number

R " value of iﬁtegral : : : ) Output

SUBROUTINES USED

. None

METHOD -

‘Numerical integration using standard Simpsons rule formula.

7. SUBROUTINE NUMERIC (6, K, T, U, E, FA, FB, CM IF, IT)

PURFOSE L S .
To calculate the non-dimejasioh#l force pardmetefs,_ £4, £5, m3 from the
creepege and spin parameters. €, V( , X and the rgtio (a/b), using
the numerical theory of‘ Section 3._3.1. | .

DESCRIPTION OF PARAMETERS

Hinimum(afb. b/a') =8

G

K =1if g=1a/, =24if g=1b/a |
iy spin parameter, X ' ' ) | Inpﬁt
U | lateral creep pé,rametgr, '( | ‘ '
B . Longituﬁing]. oreep paramatez",. S . | |

FA longitudinal foroe pa.raméter, £4 ) |
B lateral fo.roé pa.:"aﬁeter‘,. £y | . Output

o moment parameter, my

S



o o T ==

- ‘ | o St

IF . this cdgnter is normally set at 1 but if the value Qf‘ (a/b) .
18 butside the faﬁée (#2 -5.) then the fne;ﬁhbd cannot be
applied and this counter is set to 2. |
. IT if this subrotlxtiné- is used several'tixﬁ_és in e program there
| 'is only need to read the tabﬁlated.'res_ult‘s off magnetic -
tape .o_nce. |
To ensure this is done, this counter is :mitiauy set tlb 1
and after the ‘results have been read it is automatically set

to 2 80 they will not be read again.

SUBROUTINES USED
| TAPE

METHOD | __
The input va.luea of S '( and x are checked to ensure they lie _
within the ta'bula.‘bea. results of Ref. _35. Ir not the symmetry relations
given in Section 3.3 1 are applied. S ' '2 are changed to polar
coordinates. The valuea of f1, f2 R m3, giVen in Ref', 35, are stored
on magnetic "I:a.pe for various creeps and spins and for (a/b) ratios of
0.2, 0.5, 1. a.nd. 2; . This su‘broutine cells on TAPE whioh interpolates
thess values to give f1, f‘z and m3- for the inpu'b values of S 7 and. x ‘

| for the four (a/‘b) ra.tios. These resu_lts are ,then interpola._tea agein
in this subroutine f‘or‘ the regﬁifed (a/b) ratid‘. For 2 <(a/‘b) < 3
the resuita are extrapolated. The Subréut-ine- aetﬁ IF =21if 3 <a/b <.2_

and no re'suita are glven. .

8, SUBROUTINE TAPE (SPP, ALP, VP, IT)
I ” |
To interpolate the tabulated results of Ref. 35 to find the non-

dimensional foroe parameters £1, £2 and m3 from the creepags and spin

para.metera in polar cooxﬂinates X, V and o for (a/b) ratios of 0.2
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.5, .o, 2.0 .,

DESCRIPTION OF PARAMETERS (Tnput)

.SPP ' sPin paramster, )(. .
ALf‘ | ' _polar coordinates for ‘the longitudinal and lateral |
‘_VP o creep pa.ra:neters where g VP cos (AI,P) and. ?
o VP sin (ALP) |
IT. | ' =1 1if tdbulated results have to be read off magnetio
— tape _nﬁv_wg;__“

= 2 if tabulated results have been read off magnetic
tape. _ . - _
(This is explained more fully in the write up on sub-

" routine NUMERIC)

SUBROUT INES USED

None

METHOD

-The complete set of results given in Ref. 35 are read off magnetio

tape into the subroutine. - The results are firstly interpolated for

'lthe required value of V giving 156 values of £4s f2 and my .

These are then interpolated for ‘the reqpired value of cﬁ. giving 24

' Valuea of fﬁ, fo, M3 Finally these are again interpolated for . the

| required value of )C givzng L values of f1, fz and m3 corresponding

to (a/b). ratios of 0.2, .5,. 0 and 2,0 , These values sre held in"
arrays T1/Fi(4), F2(4), F3(4).
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T RBBBB

% SUBROUTINE SIMP (AAAAA, BBBBB, CCCCC, Fa K: NA, NB, FXM, FYM, .AMZM, JH"! '

PURPOSE
To calculate the non-dmensional fcrce parametera s f1, £, xrs from the
creepage and spin pare.meters €, Y( x and the ratio (a/'b) using

-the simplified theory of Section 3 3.2,

'DESCRIPTION OF PARAMETERS |
AMAA . longitudinal oreep parameter, §

lateral ereep- parameter, — Y(
GCcce 'spin para.meter,"'x . N
| - ininimﬁm (a/b, b/a) =g = A ) Input -

b
K =1if g = (a/b), -2:I.fg=_(b/a.) |
NA pumder of 4ve X ordinates notl‘iixcluding x=0
NB pumber of +ve ¥ crdina.'l:ea not including y=0)
P - lcngitudinal force para.meter, f'l | )
PN lateral force perameter, £, _ : | Output
- AMZX moment pa.i'c.xﬁetei',‘mj |
JIF if this ccunfcr 'set to 3 on entry "bc the subroutine some

intermediate steps in the subroutine are printed out, For

"~ normal use JIF =[= 3.

SymROyTTNG USED

' COEFF, ELLIP, ROL, 'SIMPSN

The governing paramete'x;s are adapted for use in the simplified theory
in the manner outlined in Appendix 3. ~ The values of 011'; Coo and 633

~are found in'subrcutinc COEFF while E is foi.md. in su'broii’tine ELLIP.

The stiffnesaes are calculated as per Section 3.3 - These paramcters"--

_are then put into arrays which are carried into subrcutine ROL in the

COM&ON/GRP. These erreys are described in the mte_up on ROL.‘ _ The _'




- actual simpliﬁ.ed theory outlinecl in Appendix 2 is the baais of subrout:lne :

"~ ROL.

1-278- :

On return from ROL the values of fjand f2 calcula.ted are modified

by a factor found by comparing the normal foroe on the contaot area’ with

the pressure integrated over the area., This numerical integration ia
ca.rried out over the 5rid of points using S:I.mpsons rule in the form of -

subroutine SIMPSN .

The traction forces and the relative slips caelculated at each of the grid. '

of the

values

In the

" the total forces in the'contaot'._area. and a counter JIF was put in the |
_ subroutine to suppress this latter information if not required as a
print oiit. |

10, SUEROUTINE _ROL -

_ —‘“ﬁoihtsj

eve.found in ROL_and carried into this subroutine, The condition

leading edge at each y_' ordinate is also given together with the

of x salong each y ordinate where a slip/stick boundary occurs,

present work the simplified theory was used mainly to calculat'e_'- .

To oalculate the foroe para.meters £y, fp, m3 using the simplified theory

| of Section 3.3 2 from the governing parsmeters calculated in au‘broutine

SDIP.

- DESCRIPTION OF PARAMETERS
The  £ollowing paremetérs ere transferred betwsen this subroutine and '
subroutine SIMP in the COMMON/GRP,

-es(1) .

cs(2)
cs(3)
Gén(i)
GEL(2)

longitudinal oresp parameter, 3
“ lateral creep parameter, V& |

adapted spin parameter, X

S5x, longitudinal inverse stiffness

Sy, lateral inverse stiffness
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GE(B) ‘ ‘E,’ semi-axis of adapted contact ellipse
GEL(L) 'S, semi-axes of aﬁapted contact ellipse
GEL(B) step length

X, Y traction arreys

VX, VY | alip arrays

G array of slip/stick boundaries

ANUZ - £56

SUBROUTINES USED

. None |

METHOD .

This me_thod is based on the theoryrsiven in Appendix 2. '

Having divided the contect area into a grid of points ths program
starts at the leading edge of each y ordinate and’ 'I':e;sts" if there is
. adhesion or slip. If there is adhesion there is no problem, but if
there is slip the equations are singular and special précaﬁtiona have

" to be taken to calculate the starting value of 6 , where'_.in the slip

area, X = mZcos@ adYs= ML sin 6.

Having solved the 1eading" edge condition, the program is stepped along
the_s- y ‘ordinate and tested to f£ind whether there is aghesion o.r 31115 in
the new point and corresponding to which it is, the respective equations
used tq glve the traction forces. The traction forces are th.en inteérated

to give the total force.

11, SUBROUTINE RAILAT
) . . SE_. B
To caleulate rail profile coordinates end centres of rail profile radii

in track axes,.
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DESCRIPTION OF PARAMETERS

Rt . Crowm radiu's‘(‘iZ")‘

B2 . Radius either side of crom (3.195")

RCI Tnside corner redius of right-hs.nd. rail (nominally 0.5") -

RCE | Outside corner radius of right-ha.nd rail (nom:l.na.lly 0.5“) Inpuif
CYDR © Width of profile with radivs R1 (0.75") - |

v, Wid:l'.h of railhead (2.75") ,

YT(I) 'y coordinate of point i in track axes |

ZT(I) | ig coordinate of point 1 in track axes R |

AL(I) ' y coor"dina.te of centre of radius i in track exes P _.Oﬁtput

\
BL(I) % coordinate of centre of radius i in track sxes | |
. : ' ' |

RL(I) radius 3 ' _ | , S
|

SUBROUTINES USED

None _ | _ ~ o |
METHOD

The ooordina.tes of the points are flratly calculated in Railhead axes
" and then transfomed to Track exes uaing the methoa. descri‘bed. in Section
Ye2e . |

~ The values R to W listed sbove have to be r‘ead into the' subroutine,

The values of these varisbles for a BS110A ra.il‘ are given in brackets,

The arrays Y'.l', 2T, AL, BL, RL are filled and can be transferred to any
other subroutine using COMMON/RAIL

12, SUBROUTINE FR1 (Y, Z, X)
P . SE‘ " K A S e

To 'ca.lc_ulate g4 coordinate of rail if yi is known or to caloulate -

¥t if z4 is known.




1
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DESCRIPTION OF PARAMETERS

Y yt. coordinate o"f‘rail
Z zt coordina.te of ril
X = 1 if zy 1s known and y; to 'be calculated

=2 if ¥y is known and z, to be caleulated

' SUBROUTINES USED

RATLAT

METHOD

~ The profile radius in which the desired point.lies is first located

and the (y/z) coordinate found using the co"x;i'esponding' equation,
(already' celculated in RAILAT).

1t 3,: (1) >8> tw-) 2= lo-0

)
¥ oz, < ~-075" - Y= loo.o - § limits
x oz > ztw O Ye=4.0)

o SUBROUTINE WHBEL
PURPOSE

To caleulate wheel profile coordinates and centres of wheel profile
rb.dii in Wheelset axes. |

DESCRIP'.EION OF PAR.AJETERS

R wheel radius at point A (29.6")
wW(1) 3, of point 1.(30.7125")

TW(2) 3, of point 2 (30.3125")

TW(7) ¥, of point 7 (27.2375")
A Yy Of point A (29.5625")

77 verticsl distance between A and 7 (1.18")

AN(1) ¥q of centre of faid_ius RD(1) (30.3125%) :
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AN(2) 3, of centre of radius RD(2) (25.3125")

AN(3) Yy OF centre of fadius RD(3) (28.4375") -

33(1) radius between 2 and 3 (13.7)
BD(Z) radius betnecn 3 and & ) (L.n)' ’
RD(3) redius between L end 5 ° (0.5")
ED(4)  redius between 6 emd 7 (0.7%)

 SUBROUTINES USED

None

The tyre profile is based on & British Rail RDL 'worn' profile and
the coordinates of the pointa are ca.lculated in Wheelset exes.. (The

actual velues of the inputa are in bracke‘bs)
The points referred tc' sbove are shown in Table_' l...2.

The arrays QM, C, BN, AN W, ZW, BD are calculated in the subroutine
and stored in commor«/xmn/

(Qu, C are the clope and inter_-cept of the straight line portions:: of
_profile), |

1), SUBROUPINE FINDH (H, ¥)
To caloulate the vertical distance 'bctween Track axes origin and
Theelset axes origin with wheelset in central position, a.lso, to give .
coordinates (in Track axes) of contact point on right-hand wheel with

wheelset in central position. :

DESCRIPTION OF PARAMETERS

H " yvertical distance betmeen wheelset axes origin and ‘brack ;
' _axes origin ' - ‘1.£;Oﬁtput
Y Y ¥ coordinate ('I‘ra.ck axes) of contact point on right

hand wheel
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SUBROUTINES USED

None

METHOD |

An ‘init;l.a.l‘apprbxima.tioﬁ is made for the Valt':e'of yt.' Thel cori*espondin‘g
values of:;t and sloPe. §n the ra.ill are f‘o'un&...' The value of yy i.a‘ ‘lthen. .
stepped until the slopes on both rail and wheel are equal. This is |
fher_x_the contact point énd v_a.lu.es of ¥4, 'zt, (b; /53)1: and B are printe& '

out,

15, LATERAL WHEELSET
To glve points of contact between rail and wheel when wheelset is

displaced laterally by an emount y.

INPUT PARAMETERS

YO = lateral displacement of wheelset (¥,)

TH angle of roll due to lateral displacement (O) (assumed).

SUBROUTINES USED

RATLAT, WHEEL, FINDH, STRWH, CIRWH
The initial value of O is read into the pﬁogmm.' The x.‘ight-hand‘eidq
and left-hand gi_dé are considered sepérétéiy, gnd. 'Vthel'rvalues of ¥y, 24
~and 7, calculated for each mi]/ﬁhegl mpro'file Qegﬁxent combina£ion ﬁs:!.ng
the equations given inSection Loha2. The gotuai equations are solved
in subroutine S.TRWH for 5traight tjre profiles and i_ﬁ subroutine CIRWH .
' for ciroular tyre profiles. . o | |

The program prints out possible solutions for the left-hand and right~hand

vheels corresponding to the input velue of 'O . O is then stepped and
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another set of solutions found ‘ These results can then 'ba interpolated

to glve a sclut:lon where the calculated values of Zo on either side EE

are identical. The ooordinates of the contact points then follcw.

16, SUBROUTINE STRWH (YO, TH, A, B, R, @, G, YT, 2T, D27, 7d, H
'l‘o solve equat:.ons bctwoen straight ‘byre profiles and circular rail

proﬂles when wheelset is displaced laterally

. DESCRIPTION OF PARAMETERS

YO " lateral displacememt of wheelset, yo

TH angle of rol1, 6 }

A it of centre of rail pr;ofile aroc

B Zy of c’entre.of reil profile arc .. . Input
R radius of rail profile aro 7

Q slope of straight tyre profile

c intercept of straight tyre profile )

IT " solution for yy )

zP acluticn for z't-

p2T - solution for ( d2/D%), Output
g - solution for zo o | - - .' )

H:‘ . ‘vertical distanca between origi.n of wheclset axec and traclc

s (wheals et central)
-SUBROUTINES USED
None

The values of ¥y, 2, Zo» ()i /5‘3)'& are caloulated using equations 23 to .

28 for input values of y, end 8 .



: 11..suaaourm CIRWH (Y0, TH, A, B, R, AN, BN, RD,'H, YTX, 2TX, DZX, ZgX) .
. . SE N . . ) AT E P . o R

To solve equations between ciroular tyre proﬁles a.nd. circular rail

-85

: profilea when wheelset is displaced la‘teral_'ly. -

DESCRIPT ION OF PA.R.AME!'.EERS

-

m.gg:ww

ZTX

- DzX

zﬁx'

e.ngle of roll 9

3¢ of centre of rail profile are

3 solution for 2t

'lateral displacemen‘b of wheelsnt ’ yo _

P ¢

¥t of centre of ra:l.l profile arc .

Iﬁput
radius. of rail profile arce o
Yy OFf centre of tyre profile aro

Zy of centre of tyre profile arc

redius of tyre profile aroe

,'ver‘bioal distance 'between ‘origin of wheelset axes a.nd.' A

track sxes  (wheelset centralf,)

- solution for Yy

solution for (52 /5‘3),_.

“solution for zo

- SUBRODTINES USED

Nena -

LIETHOD

The values of Yo zt s Zo and (3% / 35),, are oa.lcula.tecl using equ&tions

23 to 28 of Section 4.4.2 for input values of Yo ana e

Output -




18, YAWING WHEELSET -

PURPOSE

To find contact points when wheelset is yawed through an angle: (f/

INPUT PARAMEERS ‘

= PSI S angle of yaw of wheelset, ' 4

' SUBROUTINES uszn |
| RATLAT,  WHEEL, FIﬁbH,'_  CIRCLE2, STRGHT2
_’l‘he ‘ctlmt.é,ct_points are found using the xﬁethod outline_d in Sat.s.tion’

lp.lp.3. -anh tyré profile segment is invest:lga.ted in turn by either
calling CIRCLE2 whieh solves the. equations for oircular tyre profile

' segments, or STRGHT2, which solves the equations for stra.ight tyre
prof:lle segments,’ : If no solution is found in a particular segment -

- then the program goes on to the next segment, and so on-u_ntil a ‘solu_tior‘i

| . :l.a_ found,

The coordinateé of the contact point are output in track axes and

wheelset exes, -

19, SUBROUTINE CIRCIE? (P, A, B, R, G, TP, IP2, NS
To solve equations between a ciroular tyre profile segmen‘b and the

rail when the wheelset is yawed.

DESCRIP‘I‘ION OF PARAM:ETERS (Input)

| P o angle of yaw of wheelaet ({/
A | Yy of centre of tyre profile are
'B 2y of centre of tyre _prof:l._ie arc

radius of tyre profile aro



IP2
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H vertical distance between origin of wlf_xeelsét axes and
track axes (wheelset central).
P4 o | o
point TP1 to point IP2 on tyre profile

KSTOP = {-normally, but set to 2 if a solution is found

SUBROUTINES USED |

RATLAT, WHEEL, 2200B

- METHOD

The value of zt is initially set to - 75" s.nd this 1a inoreased in

‘steps of 01", ‘The corresponding values “of y¢ and (5% / b".&t)

are found. from the rail equation. These valuea of y¢ and z4 are then

put in the wheel equations given in Section 1...3, which are solved for

X4 and h, A fourth order equation has to be solved. to give x4 and thia

- is done numerica.lly 'by oalling subroutine Z200B. Only real roots are

retained end tests are carried out on all the roots to ensure the cbrrect

one is used. The value of (bzt / b‘it)“ is caleulated and compared with

~ the equivslent value for the rail, if the two values are within a pre-

 set limit the prdgfam itera.tés_ over this value of z¢ in very small Stepa

 until the slopes are equal,

If no solution is found then the subroutine says so and returns to the

' master program.

20,

SUBROUTINE _STRGHT2 (P, g, €. H, IP1, ;__P_g Ns_@_

"PURPOSE

To solve equations between a straight tyre profile segment and the rail

when wheelset is yawed.
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 DESCRIPTION OF PARAMETERS (Input) :

P
Q
c
H

™

P2
NST@P

angle of yaw of wheelset l,V

_ slope of straight tyre profile

intercept of straigh‘b tyre profile

vertical distanoe between origin of wheelse'b axes a.nd.

“track sxes (wheelset oentra.l)
_' point IP1 to poi.nt IP2 on »tyre‘ profile

- 1 normally but oet ‘Eo 21f a solution is found

SUBROUTINES USED

RAILAT,

METHOD

WHEEL

The method 1is hasically the same as ou'blined. for the previous subroutine

exoept that this time “equations’ 7 and 8 of Section 1;..3 are solved, |

These second order equa.tion are solved within the subroutine.

21, SUEROUTINE 2%200B (A, R, GI, KAD, N)

To find the root of a n'th order polynomial equation

DESCRIPTION OF PARAMETERS

T
o
6T
KAD

SUBROUTINE USED

None -

. a.rray of coefficients star‘bing with a,

order of polynomial,

1

array of imaginary parts of roots Output

)
array of rea.l parts or roots o
= 2 if method fails (normally = 1)
)

Input
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METHOD

This subroutine 1is based on a standard procedure for finding the .
n=1

roots of a polynomial equation in one varisble of the form % + aix
Fo e + ar,infr + ap where all the a's are resl numbers. The

maximum degree of the'eqnation which the program can solve 18 L0.

The method used is an iterative procedure derived by'Bairstow.-7

The program can fail if a large number of iterations are required to

reach a solution, if there are'a large number of zero coeﬂficients in

the equation or if the equation is ill conditioned 2.8+ coincident

roota,

22, SUBROUTINE JOHANSON
PURPOSE
" To find the minimum lateral distance and its position, between flange

and rail when wheelset is yawed,

DESCRIPTION OF PARAMETERS (transferred in COMMON/JOH)
PSI “angle of yaw of wheelset,
H vertioal distance between origin of wheelset axes and traok

axes (wheelset central)

SUBROUTINES USED

LINY, CIRY, RAILAT WHEEL, FINDH, Z200B

METHOD ' : , o ~

The shape of the tyre profile is found for different values of x¢

at intervals of 0.5" using equation 29 of Section L.4.3. These
equations represent vertical planes through the wheel. The shortest
lateral distance between the tyre profile and the rail profile is then
found in each of these planes. The value of xt where.the minimum

distance occurs follows., The program then.goes back to the beginning
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of the intervel and increases x¢ in smaller _étéba of 0.05" and the

same procedure carried out.

‘The minimum distance between flenge and rail is printed out along with

the values of Xy 2y Ttopyq and yﬁﬁheel where this occurs., |

23, SUBROUTINE CIRY (X, %, K1, K2, ¥8)
~ To calculate the value of yt onia circular tyre profile are knowing x4 end

z¢ when the wheelset is yawed.

DESCRIPTION OF PARAMETERS

5 o
| *t )

z. : Zg o * ) ; .

' Input

K4 ' - _ . ; _

' point lies in section K1.to K2 -
‘Ko L : - ' )

s _ calculated value of y, )  Output

SUBROUTINES.UsED

Z200B |

The yaw angle ‘and vertical distance between' Tz'-a:ok' Axis origin and Wheelset
‘Axis origin, are trensferred in COLMON/JOH_ a3 .Equatio.h 3.2 of Seotion L.ke3
is solved to find.'. T This is a hth éi'dér polynomial equation which '4
oxpresses points oﬁ oirc{zlar tyre profile afoﬁ in traqk,oo;rd:l.ndtes when

the wheelset is yawed,



: P(IBPOSE
To ca.lculate the value of yt on & straight ‘l'.yre profile section Imowing

Xt and zt when the wheelset is yawed.

‘ DESCRIPTION OF PARAMETERS

z B t ) Input
K1 3 , S ) g

_ - point lies in section X1 to K2 S

K2 ) o 3 - )

¥S  calculated value of Yy }  Output
METHOD

Similar to above except that equation 37 of Section h.4.3 is solved
to £ind ytc .

ACCURATE
To oa.lculate the contaot pointa for a wheelset yawed and then moved
laterally until the flange contac'tts the rail. |

. INFUT PARAMETERS

PSI -q) » yeu a.ngle (rad:l.us)
HL by, amount wheelset moves Vertically in being yawed through ﬂf’
| H - vertical distance between origin of track sxes and vheelset |

_axes, wheelset in centra.l position. :

_ YO_ - ‘approximate lateral distance to touch flange

'I'H | approximate roll angle | '

o __approxirqate _vertioal movement - |
XAS, | approximate values of x¢ for contact poiﬁt A (left-hand tread),

2h SUBROUTD!E LIy (x, 2 m,Kz, Ys) R L
|
|

XB5, XC5 B (right-hand tread), C (right-hand flange)



e

125, Y85, Similerly for yy. °
"HYGB | "

SUBROUTINES USED

. mm, WHEEL, FINDH, FR1-

-mm .

" The method outlined in Section h.h.h is used to find the three

contact points by a process of. iteration from the approximate values

tmpot.

-The iterotion continues until the vertioaltdistanoo between

reil and wheel at’points‘A, B and C is loss‘than .0000001",

| The solution should be checked to make sure m, XBy» %Cy» Thys TBy

are within & ,04" of the approximate input values and yct is within

z.02", (Thia is the range of values in which a solution is sought).

26, CONTACT

" PURBOSE - | |
To calculate the principal radii'of curvature et oontaot points between:
a wheelset and:traok. The program also calculates tho angle between
_ ' L
the prinoz.pal radii end the constents A end B,
" INPUT PARAMETERS

YO . lateral displacement of wheelset

A0 .vertical displacement of wheolset'.'
PSI -angle of yaw
™ angle of roll

XA,YA,ZA. coordinates of contact point A, in track axes
XB,YB,2B8 coordinates of contact point B in traok axes

- XC,Y6,2C coordinates of contact point C, in track exes




| SUBROUMTNES USED
| RATLAT, WHEEL, PINDH
Bach contact point is considered in turn and the principal redii of
' cu_rvatﬁre cé.lculatéd.‘ ) The"eqﬂétibng of 'l;he planes ébntaining th.e
principal rad:li _are also caiculated, uéing the method given in
Appendix 6 together with'-the .angle between the planes. The consta.nts

Aand B are calculated from the principal radii using the formulae

given in Appendix 9. All these pare.meters are outpu'b on the line printer.

27, FORCES
 PURPOSE
A oalc_.ul'ateuth‘e 'éreepdgea" and forces on 'a'dis'plaoed .'ﬁheelaei':_'which | |
has up to. tﬁreé'éontact poihts betweon itself and the track. Various.
load distributions, speeds a.nd coefficients of friction can be input

to the prcgra.m

mmgffmm
; wm coeffioient of friction |
v velocity A
FD initial guess at va.lue of angular VGlocity to give zero

) rolling moment.
TZA,TZB, vertical loads carried at contact points A, B end C
TZ26 respectively ' ’

XTA,YTA, coordinates of con‘l:e.ct point A, in track axes
XTB,YTB, coordinates of contact point B, in track axes
'XT'C,'YTC,- coordinates of contact point C, in track axes
276 ' ' ' |




Y0 IIateral .. displacemént of wheelset

PSI - yaw angle |

APBA, - (A + B) for contact points A, B, C respectively
APEB, . Siad
APRC

GA,GB,GC minimum (a:/b, b/a) for conta.ot point 4, B, C respectively‘_

~ AL,BL,CL ocone angle at contact point A B C respectively

 SUBROUTINES USED

NUMERIG, TAPE, SMALL, COEFF, LARGE, ELLIP, SIMP, ROL.

METHOD
If' one of the :I.npuf vertical loads is zero then the prog\ra-_m agsumes

- there is no contact at this pomt. .The oreepages and. spin at each
contact point are calculated using the assumed value of a.ngular
velocity § « The foroes in the planes of the cont_:aot ereas are
calculated using the requifed theory_byl calling on the appropriate

_ subroufine. The total forces .and moments on the wheéiéet are then‘
caleulated, F 15 varied and the whole process repeated until
the total rolling moment on the wheelset is zero. When this is
achieved after several itérations, the program stops and the creepages

and forces are output on the line printe:r"."

PURPOSE

' To caloulate forces on ekperimental roller rig for various wheel
6ombination.§ and for various amounts of yaw aﬁgle; using any of the

roiling ‘contact theories.

INPUT PARAMETERS

RR  rolling radius of lowsr wheel

RW rolling radius of upper wheel -
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AL cona angle of ui)per whéel
APBA (& +B) for contact ares
GA ninimum (a/b, ﬁ/a)_ -

w , vertical weight

SUBROUTINES USED

NUMERIC, TAPE, SMALL, COEFF, LARGE, ELLIP, SIMP, ROL.

METEOD - . _
The progrem simulates conditions on the roller rig by incorporating

the equations for the creepages and forces given in Seotion 8,3,

The contact area forces are calculated from the creepages using any - -

one of the rolling contact theories. Results are calculated for a

range of yaw angles and coefficients of friction and oi:‘i:put in _‘I:he

form /ufz and "{7/1‘!?!.. |




e -296-—--:' R c
SecthnlB ‘?:___5 _ : GENERAL LISTING (XRLP) 28/06!?3 o

'%jSUBROUTINE SMALL(G,KoTrUs E.Fx FV.ZM) '
_COMMON/CFF/COFC19,4)
" CALL COEFF(G.+K, c11 c22 023.c33)
o PI=3, 141592654 . _
. D EMAX=T
CUMAX=U T
. EMAX=E | . _
 CALL ELLIP(G,E)" : ‘ -
CFX1=3, % ?*E*C11*EMAXI(A *PI*SQRT(G)) _ ' SR
L FY1S3Lx  TXEX(C22*UMAX+C23xTMAX) / (4, *PI*SQRT(G))
L ZME3 ?*E*(CSS*TMAX czs*UMAx)/(4 *PI*SQRT(G))
O FEX=FX1 :
L FY=FY1
" AT=ABS(THAX) SR
. "CALL MAXFY(G, AT.FYM)-‘ o T
IFCFYM,GT,1.) FYM=1, . R S
; ALPHA=ATAN(UMAX{EMAX)_H,' o IR -
" SALP=SINCALPHA)
© . CALP=COS(ALPHA)
- AFX=ABS(FX1) -
Lo TFCAEXJLT. CALP) ) TO 10 - Lo C
AFX=CALP e e T
~ FX=SIGN(AFX, Fx1) L o S
" 10 CONTINUE
U IF(TMAX)20,30,30
30 IF(SALP.LT.FYM) GO TO 40 .
- 1TF(FY1.G6T.SALP) FY=SALP . -~
- TFCFYT.LT, FYM) FY :FYM
o 60.TO 60 - o
40 IF(FY1.GT, FYM) FY= FYM ‘
© O TF(FY1.LT.SALP) . Fy= SALP -
.60 TO 60 :
200 FY2==FY1 . . ' o
. IF(SALP,LT.FYM) GO. 10 70 B
IFC(FY2.6T.SALP) FY--SALqu'j e
O TFCFY2.LT. FYM) =-FYM' T e
S0 60 TO 600 - S A PR
" 70 IF(FY2.GT.FYM). FY--FYM R
o TE(FY2.LT.SALP) FY= -SALPf R O
. 60 CONTINUE - R AR
L FXM= SQRT(FX*FX+FY*FY)
. TF(FXM.LT.1.) GO TO 80
S FMM= SQRT(1.-FX*FX) '
S U FY=SIGNCFMM,FY1) .,
-'BO‘CONTINUE "-___ ---;ﬂ;u.ijf_1] ‘QL_.
C RETURN  3% " fff ',j]_rff.; ﬂ'“
- END - S e T -
- suanourlns COEFF(GK, c11.c22 23, 033) e
. COMMON/CFF/COF(19,4) SR RS
P1=3,141592654 . g‘,\'=‘*--f.~~='~-1.'~
o i.o L TF(K,EQ.2) 60 To 10 AT
82 T TR 111412013 “'ﬁ{:.,"
783 . 11 WRITE(2,100) - '
C 84 5 100. FORMAT(10X;17HA/B - LESS THAN 0 1)

NN NN
Wi =

WM NN N
oV~

Gl W W W N W
[+ SRV I PR S B

WWW
WoNN W

~ S
SN -S o

Py
Al ol

&b
O Q0

v VA
- -

TUsS  12 €11=2C0F(1,1)

56 ... C22=COF(1, Yy

':f}w5?75;5~___~\‘c23;q0F(1;3)9*{‘?




24 _
T C22=C0F(5,2)

15

C33=COF(1,4) -

60 TO 102

TE(G=,2)14, 15 16 S ' IR
C11=(COF(2,1)=-COF(1, 1))*(6- 1)/ 14COF (1, 1)-*

C22=(COF(2,2)=COF(1,2))*(6~.1)/.14COF(1,2)

C23=(COF(2:3)-COF(1,3))*(G=,1)/.1+COF(1, 3)"”3
€33= (COF(Z.A) COF(1 4))*(6- 1)1, 1+COF(1 4);“

G0 TO 102
C11=COF(2,1)
C22=COF(2,2) .
C23=COF(2,3)

‘c33=cor(2.4)A5I:”

L60.TO 102

BEYS
A

IF(G=.3)17,18,19:

C11=CCOF(3.1)=COF(2,1))%(G=.2)7. 1+COF(2 N
€22=(COF(3,2)-COF(2,2))#(G=.2)/.14C0F(2,2)
. C23=(COF(3,3)=COF(2,3))%(6-.2)/.14COF(2,3)
 €33=(COF(3,4)~ COF (2, 4))*(5- 2)7.14C0F(2,4)

60 TO 102

" £11=COF(3,1)
€22=CO0F(3,2) T
€232COF(3,3) 7 o

€33=COF(3,4)

60 TO 102 .

1F(6=.4)20,21, 22 L

C11=(COF{4,1)~ COF(3;1))*(G- 3/, 1+COF(3 1) L
. €22=(COF(4,2)=-COF(3,2))*(G=,3)7/.1+4COF(3,2) -

- C23=(COF(4,3)- COF(3:3))*(G-'3)I'1+COF(3E3)

| C33=(COF(4,4)-COF(3,4))#(6=.3)/. 1+COF(3 4
S60 TO 102

L 217C11=COFC4,1) -

£22=COF(4,2)
C23=COF(4,3)"

€33z c0F(4'4)‘

Y

23

GO . TO 102 -
1F(G=,5)23,24, 25
D={(G=-,4)/.1

C11=(COF (5, 1)'COF(4 1))*D+COF(4 1f

 C22=(COF(5,2)-COF(4,2))%D+COF(4,2) .

25
26

27

C23=(COF(5,3)=-COF(4,3))*D+COF(4,3)

€C33=(COF(5,4)=COF (4, 4))*D+COF(4 4)-f'

GO TO 102
C11=COF(5,1)

C23=COF(5,3) .-
C33=COF(5,4)

60 T0:102
IF(G-., 6)26,27, 28
D=(G6~.5)/.1 o

€11=(COF(6,1)-COF(S5, 1))*D+COF(5 1)j'
£22=(COF(6+2)-COF(5,2))*D+COF(5,2)

C23=(COF(6,3)~COF(5,3))*D+COF(S,3) .

| C33=2(COF(6,4)=COF(5,4))*D+COF (5, 4)

G0 70 102
C11=COF (6, 1)

- c22=cosxs.2>.“-7'7'

. €C23=COF(6,3)

C22YC/FR6V2[

C332C0F(6,4)




17 . . GO TO 102 o - o :
118 . 28 1F(6-.7)29,30,31 L N R EL GI
119 7 29 p=(G=.6)/.1 o o
1200 . €11=(COF(7,1)=COF (6, 1)) %D+COFCE,1) ",
U120 L . C22=(COF(742)=COF(642))%D+COF(6,2) " :
122 C23=(COF(7,3)=COF(6,3))*D+COF(6.,3) =
S 123 C33=(COF(7.4)-COF (6, 4))*D+cor(6.4) Y
424 - T60°TOC102 0 _ s Ty
125 7 30 CV1=COF(7,1) - R - Lo e
126 . €22=COF(7,2)
127 . C23=COF(7.3)
128 . C33=COF(7,4)
1290 60 TO Y02
1300 .31 IF(G-.8)32,33, 34
131 - 32 p=(G=,7)/.1 ' ' _
T9320 1 . C11=(COF(8,1)~ cor<?.1))*o+c0F(7 1)
133 . €22=(COF(8,2)=COF(7,2))*D+COF(7,2)
134 - - .- C23=(COF(8,3)=COF(7,3))*xD+COF(7,3)
135 7 07 C33=(COF(8,4)=COF(744))*D+COF(T7,4)
136 - 60 TO 102 ‘
37 33 C11=COF(8,1)
el 43S e €22FCOF(8,2) e SRR
139 €C23=COF(8,3) =~ s , = S
140 - C33=COF(8,4) . S . , o S
141 160 TO 102 - :
142 - 34 IF(6=-.9)35,36, 37
143 '35 D=(G-.8)/.1 o
144 .. . €C11=(COF(9,1)= ~COF(8,1))*D+COF(8,1)
145 . £22=(COF(9,2)=COF(8,2))*D+COF(8,2)
146 C23=(COF(9,3)-COF(8,3))*D+COF(8,3)
147 7 -C33=(COF(9,4)~-COF(8, 4))*D+COF(8 4y
148 - GO TO 102 : .
149 . 36 €11=COF(9,1)
150 © . €22=COF(9,2)
Co151 ~ €23=COF(9,3)
452 - . -C33=COF(9,4)
153 60 TO 102 S
154 © 37 1F(G=1.)38,39,40
0155 38 D=(6=,9/.1 SN o
- 156 - C11=C(COF(10,1)~COF (9, 1))*D+COF(9 T
157 £22=(COF(10,2)-COF(9,2))*D+COF(9,2)
.-158 . .€23=(COF(10,3)=COF(9,3))*D+COF(9,3) -
159 - €33=(COF(10,4)~COF(9, 4))*D+COF(9 4111'
S160 .. . 60 TO 102 o '
161 o 39 C1s =COF (10, 1)‘]3__-;
162 €22=CO0F(10,2)
1163 - €23=COF(10,3) =
164 :c33=cos<10;4);p; S
165 7 60 7O 102
166 40 WRITE(2,103) = - ol L
167 . "‘103,FORMAT(10X:20HAIB GREATER THAN 1 0)"
. 168 .. GO TO 101 . '
169 . 10 TF(G6=.1)41,42,43
170 41 VINV=ALOG(16, I(G*G)) : '
AR 4 R C11=2,*%PIx(1, 41,6137/ (VINV~, 6))I(VINV- 6)/6
S ATZ 0 €222 %PTR (1,41, 6137%,7/ (. 7XVINV+,6)) /(. ?*VINV+ 6)IG
73 U €232, 4PI/ (3, +6*SART(G)I *(, 7*VINV=,8)) -
BEUEE ¥ £/ SCN - C33=pI*(. 4*v1~v-.2>/4 /C.7T*VINV=,8)
SES I & NI = c11* 384 . L




176
177
178
179
180

1381

- 184
185

. 188
189

192

; 196
197

- 199
201

205

214
215

219

226

229

. 231

182
183 -

186
187 7

190
191 .

193
194
195 -

198
200

202 -
203
204

2060
207 .
208 -
1209

210

S kI

212
213

216
- 218 -

220 .
S22
o222
223
224
225

;>227'T'”‘
C228

230
232 o

 111 233_ *ﬂ-'
. 234

- €22=022%.384

-
4

Coemea

€23=C23%.384
€33=C33%,384

60 TO 102
42

€11=COFC19,1)

€222COFC19,2) < o
C23=COF(19,3) .0 ot

C33=COF(19.,4) -
60 70102 e
IF(G=.2)44,45,46

C11=CCOF(19,1)=COF(18,1))+(.2=6)/. 1+COF(18'1);_‘
C€22=(COF(19,2)=COF(18,2))3+(,2-G)/.1+COF(18,2)

. C23=(COF(19,3)=COF(18, 3))%(.2-6)/.1+COF(18,3)

C33=(COF(19.,4)~- COF(1B 4))*( 2- G)I 1+COF(18 4} 

GO TO 102

C11=COF(18,1) -
€22=COF(18,2) - -

€C23=COF(18.,3)

" C33=COF(18,4)
© .60 TO0 102

A
S

1F(G=.3)47,48,49

C11=(COF(18,1)=COF(17,1))%(.3=6)/, 14COFCI7,1) R
€22=(COF(18,2)=COF{17,2))%(.3=6)/;1+L0F(17,2) —

© . C23=(COFC18,3)=COF(17,3))%(,3-6)/,1+4CO0F(17,3)

. €33=(COF(18,4)~ COF(17,4))4(.3-6)/.14COF(17+4) o

- 60 TO 102

- 48

49

50

€11=COFC17,1)

€22=COF(17,2)..

€23=COF(17.3)

C33=COF(17+,4)
60 TO 102 . - =
IF(6=-.6)50,51,52

C11=(COFC17,1)=COF(16,1))I%( 4~ G)/ 1+COF(16n1)-

C22=(COF(17,2)=COF(16,2))*(,4=G)Y/ 14COF(16.,2)

C23=(COF(17,3)=COF(16,3))%( 4=~G)/, 14COF(16,+3)

" €33=(COF(17,4)- COF(16 4))*( 4= G)I 1+COF(16 4)“

GO TO 102 : 8
.51

C11=CO0F(16,1) "
C22=COF(16,2) . - .
€23=CO0F(16,3)
C33=2COF(16,+4)

. 6010 102 7\.'~4'
.52
.-53

IF(G=-,.5)53,54, 55 .

€11=(COF(16,1)=COF(15, 1))*( 5-6) /. 1+cop<15 1)f

C22=(COF(16,2)~COF(15,2))*(.5=-6)/.1+COF(15,2) .~

© £23=(COF(16,3)=COF(15,3))%(.5-6)/.1+COF(15,3)
€33=(COF(16,4)=COF(15,4))#(.5-6)/.1+COFC15,4) *

60 TO 102

54

€11=COF(15,1)"
. C22=COF(15,2) - .
. C23=COF(15,3) .

 €33= cor<15r4r

- 55
56

60 TO 102 BRI
1F(G-.6)56,57,58

C11=(COF(15,1)=COF(14,1)D*(.6=6)/.14COF(14,1) =
C22=(COFC15,2)=COF(14,2)D*(,6=6)/,1+4COF(14,2) -
€23=(COF(15,3)-COF(14,3))2¢.6-6)/.1+COF(14,3)

!

~ C332(COF(15,4)=COF(14,4)) 5 (.66 /. 14COF (14, 4);7
G0 TO 1027 .

S

S e
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235
236
237
" 238

239
240

- 243

248
250
252

S 254
~. 255

257

264
262

266

268
269
270
271

273

275
276
277

279
280
281

- 282
© 283
- 284

287

292

241
2642

244
245
246
247
249
1251

253

256 _
258

259
260

282
S 264
1265

267

272
274

278 |

285
286 1
288
c 289

S0

':293§7 f

C11=COFC1441)
€22=C0F(14+2) -

€23=COF(14,3)

 C33=COF(14,4) ..

58
59

.61

62

- 63

64
65

60 TO 102

TF(G=.7)59,60,61

C11=(COF(14,1)=COF(13, 1))*( 7-6)1. 1+cosc13.1)1””

C22=(COF(16,2)=COF(13,2))*(,7-G)/ ,1+COF(13,2)
C23=(COF(14,3)=COF(13,3))+(,7-G)/,1+4COF(13,3)

C33=(COF (14, 4) COF(13, 4))*( ? -6)/.1+COF(13, 4).

GO TO 102

‘C11=COF(13,1)
. €22=CO0F(13,2)
£23=COF(13,3) .
'-c33=c0F(13,41_

60 TO 102

IF(6=,8)62,63,64" . | L
£112 CCOF(13515=COF (12,122 % (.B=6) /. 1+C0F(12,1) _
. €22=CCOF(13,2)~COF(12,2))*(.8~6G)/.14COF(12,2)

€23=(COF(13,3)=COF(12,3))*(,.8-6)/.1+CO0F(12,3)

- C11=COF(12:1)
C22=CO0F(12.2)
€23=C0F(12:3)

C332COF(12,4)

G0 TO 102

1F(G=,9)65,66, 67

C11=(COF(12,1)~COF(M1,1)1)*(,9-G)/, 14C0FC11,1) .
"€22=(COF(12,2)-€CO0F(11,2))%(,9-6)/,1+COF(11.,2)
CC23=(COF(1243)=COF(11,3))x(.9~G)/.1+COF(11.3) .
C33=(COF(12,4)~ COF(11 4))*( 9 G)I 1+COF(11;4)

60 70 102

€11=COFU11,1)
€22=C0FC11,2)

© €23=COF(11.43)

87

.70
105
101
102

.69 _
- C22=COFC10.2) . -
-C23=COF(10.3)

€33=COF(1144)"
G0 TO 102 -
TF(6=1.)68,69,70

€11=(COFC11,1)~
S £22=(COF(11.,2)~

1 C23=(COF(11,3)
© C33=3(COF(11,4)-
160 TO 102

-COF(10, 1))*(1
=COF(10,2))%C1.

~COF(10,3))x(1,

=COF (10, 4))*(1

C11=COF(10.1).

033=COF(10}§)_f ~

G0 TO 102
WRITE (2, 105) -

CONTINUE"

~ .C33=(COF(13,4)-C0F(12,4))+(.8-6)/, 1+cos(12.4) '
60 TO 102 '

-G)I.1+COF(10.1)‘_-.T”
=6)/,1+COFC10,2) -
-G)/.,1+4COFC(10,3)
-G)I.1+COF(10.4) o

FORMAT (10X, 20HBIA GREATER THAN 1 0) e

CONTINUE,

c22=Cc22/,384
€23=C23/.384

el Ve .

 €33=C33/.384

- RETURN 7

.

Ay . A

. €11=C11/.384

e T R T
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04 L
295

296

297
298

299
S 300

301

302

303
304
305

306
307

308

309

310 .
311
- 312

313

316
317
318
. 320
1322
324

325
-326

336

338

T 348
C 349
.. 350

L 314
| 315

st L
o352 -

399
329
323

327
328
329
330
331 -
332 .
333
334
335

. 33?‘._4

339 -
340 -
341

S 342 .

343 .

344
345
‘346
347 -

110 I
—_— _GO To 1000__ S _..'”

END

r“suanou11~e ELLIP(G.E)

10

. 20

30

7 60-T0 1000
50, s
© /60 T0 1000

60

70
© G0 TO 1000

80

90

100

120
130

140
150

160
170

180

190

200

210
220
230
240
- 1000
PR RETURN_*‘

IF(G-.05)10, 20 30
E=1.+,2%G .

G0 TO 1000

E=1.01

60 TO 1000 -
IF(G=.1)40,50,60

E=1,01+. 2*(6- 05)
E=1.02

1F(G=-,18)70,80,90
E=1.02+¢1.064-1. 02)*(6-

E=1.04 -

GO TO 1000

I1f(G-. 26)100 110,120

GO TO 1000

E=1,08 .
1£(6-.36)130,140,150
E=1.08+(1.13-1.08)+(6-.
GO TO 1000

£51.13 .

G0 TO 1000 N
TF(G=.473160,170,180

E=1.13+(1.19-1. 13)*(64.36)1( 47-.36)‘; ~

GC TO 1000 =
E=1.19 B

60 TO 1000 ' '
IF(G=.62)1%0, 200:210 .
£21.19+(1.29-1. 19)*(G-

. GO TO 1000

E=1.29 .
GG TO 1000.
IF(G=.79)220,230, 240

E=1,29+(1.41-1, 29)*(6-
‘60 TO 1000 - :

E=1.41
GO .TO 1000

E=1.414(1, 5? 1'41>*(G-

CONTINUE-

END

| ;Qsof.;ﬂ“‘"”

137018~ 1) .

E=1.04+(1.08~1, 04)*(G-;18)/( 26- 18)1

26)/¢, 36- 26)

47)/( 62-.47)

62)1C. ?9-.621.

79)/(1 -.?9) S

 SUBROUTINE MAXFY(BA, S, EYMY

IFC(BA.GT.0..AND.BA.LE..5) DXF=1. 25*BAI 5 -
IF(BA.GT..5.AND.BALLE,1,) DXF=1.25+1.%(BA~, 5)7. 5
TF(BA.GT.1..AND.BA.LE.1.5) DXF=2.25+.84%(BA=1.)/.5
"31F(BA.GT.1.S;AND.BA;LE.Z;)'DXF=3.09+.63*(BA-1.5)!;5
IF(BA.GT.2..AND.BA.LE, 2.5) DXF=3,72+.27*(BA=2.)/.5
1F(BA.GT.2.5.AND.BA.LE,3,) DXF=3,99+4,13%(BA~2.5)/.5
. TF(BA.GT.3..AND.BA.LE.3.5) DXF=4.12+.10%(BA=3.0/.5
" 1F(BA,GT.3.5.AND.BA.LE.&.)DXF=4,22+ . 08%(BA=3.5)/.5"
. IF(BA.GT.4..AND,BALE.4,5) DXF=4.3+,04*(BA=4.)/,5"
"TF(BA,6T.4.5,AND.BA.LE.5.)" DXF 4 34+, 03*(BA 4, S)I 5

IF(BA.GT.5.) DXF= 4 38
BFEX= 1 IDXF ‘

= e e o s i 1 S e Sy Pt <2, i it g ot L er e e a e e




vi&
N

ek D W) 00 ™ OGN WA B NN = OO QO

= .

A o = 302 - -
“FYM=DFX*S : o
. RETURN
CUEND S , S o
“7_SUBR0UTINE LARGE(G.K.T.EN.ET.FX.FY.ZM) C o
- DIMENSION PS(73),FC1(?3),FC2(73), FC3(?3)-TH(19) R1(19) 92(19).R3('
19),FP1(19), FP2(19>.FP3(19)_ - AR
‘TF(K.EQ.2) 60 TO 5. - oL o
60 T0 6 . . S S
5 EUM—-ET.
CETM==EW
- EWSEWM
CET=ETM
6 CONTINUE =
PI=3.1461592654
PR= (PI*S )I180._”
CNT=19. '
NP=73 -
TH(1)=0,
DO 10 .ITH= 1 18 °
KTH=ITH+1 -

10 TH(KTH)= THCITH) +PR

DO 40 ITH=1319 — - — - .~ o L e
PSC1Y=0, o o T T T T e S L
DO 20 1pPS=1,72 : PR o o e ' o
KPS=1PS+1
20 PS(KPS)=PSCIPS)+PR
DO 30 IFN=1,73 . : ' .
"FCI(IFN)= FUNC1(PS(IFN):G EUoET T, TH(ITH)),;
. FC2CEEN)=FUNC2C(PSCIFN) +GsEW,ET,ToTH(ITH))
30 FC3(IFN)SFUNC3(PSCIFN) ;G/EW, ET+»T.THUITH))
-CALL SIMPSN(PS.FC1,NP,R1(ITH))
" CALL SIMPSN(PS,FC2,NP,R2(ITH))"
CALL. SIMPSN(PS-FCS NP.RS(ITH))
40 CONTINUE ‘
DO S0 IFN=1, 19 S B
. FPICIFN) = FUNCA(TH(IFN)-R1(IFN))
- FP2CIFN)=FUNC4CTHCIFN) ,R2CIFN))

"503FP3(IFN)=FUNCS(TH(IFN):RS(IFN))

- CALL SIMPSN{TH,FPY.:NT,RA)
ALL SIMPSNCTH,FP2,NT,RB)
LALL SIMPSN(TH, FP3/NT,RC) .
T=SIGN(1.,T)
X=-3, *SORT(G)*ST*RA/(Z *Pl) _ ,_
Y=3.#ST*RB/ (2. *PI*SQRT(G)) S
M=3,.*ST*RC/(2.%PI) : T
kM IM=FY* CEW/T) - FX*(ET/T)
CIF(KLEQ.1) GO TO 51
- FXM==FY :
- FYM==FX
FX=FXM
- FY=FYM .
EW==ETM
 ET==EWM

.51 CONTINUE . ff,\.ffu’i‘ S T DA ST

RETURN

END. \ : ' e
FUNCTION . FUNc1(Ps. :EuiET.T THY
“A=SQRT(G) -
S F1= A*SIN(TH)*COS(PS)+ENIT

e g B P 0. By (Y R P g T L T = e e e e m g e e e L em e . R L s



ge= (SIN(TH)#SIN(PS)IA) ETIT

e R T . s i B . [
Wy e iy et e o 1 g SR e Tk i Lo o S ettt e

lji;‘303 -

FlzF1eFl

FZ=F2x¥F2

. FUNCA= SQRT(F1+F2)*SIN(PS)_

RETURN = . . o S
FUNCTION FUNC2(PS¢G EH;ET T TH)_ N "_-; R

© A=SQRT(6)
Fas= A*SIN(TH)#COS(PS)+ENIT

FI=F1*F1 : .
F2= (SIN(TH)*SIN(PS)IA) ETIT

. F2=F2#F2-
© FUNC2s SQRT(F1+F2)*COS(PS)

"RETURN:
END

S FUNCTION puucs(ps.e EH.ET.T ™Y

A=SQRT(G)

F1= A*SIN(TH)*COS(PS)+EHIT

F1=F1*F1
F2= (SIN(TH)*SIN(PS)IA) ~ET/T

CF2EFRNFR ___Wff;_};m T

FUNC3=SQRT(F1+F2) T
RETURN T REA S
END

 FUNCTION FUNCA(A B)

FUNC4= SIN(A)*SIN(A)*B
RETURN -« *

END

FUNCTION FUNC5(A B)

FUNCS= SIN(A)*COS(A)*COS(A)*B
RETURN

“END

© SUBROUTINE srmpsucx Y, N R)

EERL

To 0020 1=24Ke2 S j_  ‘r_;;_y\

"DIMENSTON X(N),Y(N)
H=(X(N)~ x(1))/<N 1)
J=N=2 =
K=N=1 O L,

SH=0,. . o T L Lo
PO 10 1=3,4,2 o oo e
SH=SH+Y(I) & RN S SRR
TH=0.

TH TH+Y(E) =
H*(Y(1)+Y(N)+2 *SH+4 *TH)I3

“RETURN

END

SUBROUTINE NUMERIC(G Ke T:U.E-FA FB:CM.IF;IT)

DIMENSTION F18(4),F2S(4),F35(4) - ' ' ' ‘ :
COMMON/T1/F1(4) . F2(4), F3(4)IT2/ABF(4) SPS(Z&) ALS(156) VS(1785):’
" 18¢1785) FYS(1?85);ZMS(1785) NVS(156) NKS(24) NAS(&)

"IF(K.EQ. 8) GO TO 10 ' oo , : A

. AT=6.

 20

7 16

30

1FCAT.GT:3..0R. AT. LT..Z) GO 10 20
60 70 30 .. B
1F=2 | S I PRI

G0 TO 102 B Lo
AT=1./6G o SR Sl
CIFCAT.GT.3,.0R.AT, LT..Z) GO TO 20 0 S
CONTINUE . | B T T L

- s T AL i P L R 4 Tk - - D T T I T e ke




i o S X i s o ks 2 L it i e u . A V- L S N .4 FENGON il P A

B - 10 e SRR
- IF(U,EQ.0.) GO T0.9 T
2 W=SQRT(EXE+U*U)
. 60 TO 8
: . 9 . W=ABS(E).
b 8 CONTINUE
h - c
;19 FORMAT(SX 4520 6)
B .- € SYMMETRY RELATIONS T
p. IFC(EJLT.0.,AND.T.GE.0,) GO TO 32
.o 1F(E,GE.0.,AND.T.LE.0.) GO TO 40 .
S 1F(E,LT.0..AND.T.LE.0,) GO TO 50 -
? .. IF(E.EQ.0,.AND.U.EQ.0.) 60 TO 150
8 “IF(E,EQ.0.,AND.U.GT.0.) GO TO 132 =
o . IF(E.EQ.0..AND.U.LT.0.) GO TO 140
b . ALP=ATAN(U/E) o
b “ALP=ALP*57.3
F GO TO 134
5 150 ALP=0, .
p - GO TO 134
) - 132 ALP=90,
e 2o 60.TO 134 L A U
P 140 ALPE=90, T T T e
; 134 CALL TAPE(T,ALP,W,I1T) 7 = A : ‘
B GO 'TO 60
b " 32 CONTINUE = S
I LALP=ATANCU/(=E))
f - . - - ALP=ALP#57.3 .
B 133 CALL TAPE(T,ALP.U, IT)
b po 31 I=1,4 AR
i Y F1(1)--F1(l)- o '.i PR
3 . 60 TO 60 - . ST
P 40 IF(E,EQ,0,) GO To 135_ B
B - . ALP=ATAN(-U/E) - . . -
L ALP=ALP*57.,3 -
. .60 TO 141
b 135 1F(U.GT.0.)" ALP-~90
F TF(ULLT.O0.) ALP=90. -~ . PURTTIE TP
B S IF(ULEQL0L) CALP=0, T e e
P 141 CALL TAPE(-T,ALP, w.IT);¢- F O Lo
DT p0 4T I=1,4 :
e F2UD)==F2(1)
R L 3¢ ==F3(1) o
B .. 60 T0 60 S
. 50 ALP=ATAN((- Uy /(- E))
5 ALP=ALP*57,3 - - .. .
b ":jCAtL TAPE(=T/ALP, u.IT).;N'
P b0 51T I=1,4 -
B U F1(I)==F1(1)
P .. F2(1)=-F2(1)
D 51 F3(I)==F3(I) "~
S 60 CONTINVE - -~ "
P " F1S€1)=F1(4)
B - F1S(2)=F1(2) B R S
ST U USFIS3YEFI ()Y PR T S B
b o FAS(&I=FI(3Y o T o IR
b F2S{1)=F2(4)
p oo F2S(2)=F2(2)
B . F2S(3)=F2(1)..
P . F2S(4)=F2(3) .




F35(1)=F3¢4) -

L E3S(2)=F3(2)

F3S(3)=F3(1)
F3S(4)=F3(3)

PO 61 I=T,4
CEICD =F1S(D)

61

1

S F2(D)= F25C1)

F3CI)=F3SCI) =
iFC.2-AT)70, 80 80~."«3,‘*
FA=F1(1) - - SR

FB=F2(1)

. cM= F3¢1)

70
73

 CME(F3(2)=F3(1))*(AT-, 2)1. 3+F3(1)"”'
.60 TO 99

-
76
75
74

":“_ 79

6 78

b 101 S |
. IF(AFA.EQ. 1..AND.U.EQ. 0 ) GO 10!200

202

200

ONOWMEWN=O NN

102

GO TO 99 : >
IF(:5- AY)71 ?2:?3

FA=(F1(2)- F1(1))*(AT- 2)/ 3+F1(1)

=305 -

FB=(F2(2)=F2(1))*(AT=~.2)/.3+F2(1)

FA=F1(2)

‘FB=F2<2)’

o CM=F3(2)Y
~60 T0-99-- T
71

IF(Y. -AT)?&:?S:?é ' o

FAZ(F1(3)=F1(2))*(AT~, 5)/ 5+F1(2)

CFB=(F2(3)-F2(2))*(AT=.5)/.5+F2(2)

CM=(F3(3)-F3(2))*(AT~, 5)/ . 5+F3(2)

60 TO 99

FAZF1(3)
FB=F2(3)

B T 25 '
e aes e e L

IF(2.=AT)79, 78, ?9

FAZ(F1(4)=E1(3)I*(AT=1.)71. +F1(3) 

FB=(F2(4)=F2(3))+(AT=1.)/1.+F2(3)

FAZF1(4)
FB=F2(4)

o CCM=EF3(4)
H 99
- IFCFA.LT.1,.AND. FA GT. -1 ) GO T0 101

CONTINUE

FA= SIGN(1.:FA)

."l
AFA=ABSC(FA) o

FAB=SQRT(FA*xFA+FB*FB) -

CCIF(FABJ.LT.1.) 60 TO. 102 3 :
FORMAT (20X, 32HSQRT(FX*FX+FY*FY) GREATER THAN 1)
BFB=SQRT(1,=FA*FA) :

FB=SIGN(BFB,FB)} . . -
GO TO 102, o
FR=0.,

CONTINUE

RETURN

END

'SUBROUTINE TAPE(SPP ALP, VP IT)

S CM=(F3(A) - FS(S))*(AT 1 )I1 +F3(3)'
‘GO-TO 99 o '

DIMENSION AB(&).SP(Z#) AL(156)oVL1?85),FX(1?85):FY(1?85):ZM(1785)

CAINVC(156) 4 NK(24) . NACSE)
. COMMON/TA/FA(L) ,F2(4), F3(4)IT2!ABF(4) SPS(Z&);ALS(156);VS(1?85) F
1S(1?85):FYS(1?85);ZMS(1?85)'NVS(156).NKS(24) NAS(4) . . L

TR T A S T A

-

L bkt o e e et

j BERGE Raon:
j .1.;'7: D T e LTI -
S
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589
590
591

592

. 593

594. 

595

596
597
598 .
599 . . o
600
601 . .
603
604
605
606
607
608"
609
610
611
. 612
613
614 -
616
617
618
619
620
621

622

623

624

626
627

628
. 629
Co631
633,
634
Sl 635
636
637 .
638
S 8390
- 640
641
- 642 .
643 -
646
S 647

625 .

199 L
00 201 1=1.26
201 =

202
50

 51

52

701

702

703

502

”,1:(17 E0. 2) GO

REWIND 6

- D0 .199. 1= 1 156
READ(6INVSI(I)

READ(6INKS(I)

DO 202 I=1.4 o
READ(6INAS(I) -

DO 50 I=1,4

READ(6)ABF(I)
DO 51 1=1,24

"READ(6)SPSTI)
DO 52 1=1.156

READ(SIALSCE)

DO 53 I=1,1785

READ(6)VS(I).
READ (6)FXS(1)

READ(6)FYS(I)
READ(&);MS(I)-

IT=2

REWIND -6 — o

- CONTINUE :
DO 700 I=1,156

NV(I)=NVS(CI) -

ALCI)=ALSCD)

. DO 701 1=1,24
NKCI)=NKS(T)
SP(I)=$PS(1)

PO 702 I=1,4
NACI)=NASCI)
AB(T)=ABE(I)

T0 1000

DO 703 1=1,1785 .

V(IY=VS(1)
FXCI)=FXSCI) .
FYCD=EYSCD)

ZM{I)=ZIMS (1)

TO SOLVE FOR VP(NU)fcﬁw-V

k=0
PO 2 J= 1-156
DO 3 I=1.NV(J)

L K=K+

ZMCIIZZM KD + CZM(K) = ZM(KZ))*(VP —VCKD ) /(Y CK) - vcxz))
| JAND.ZM(K2).GT.0. . AND,ZM(J) . LT.0.) GO T0. 50
CTFCZMCK) (LT, 0L AND. ZM(K2)- LT, 0..AND 2M¢J).6T. Q. ) 60-T0 50
60 70 28 _ o . | ‘
ZMCIY=0.

31

.

S50L=VpP- V(K)

CONTINVE -
CONTINUE

Q=let . . R R
FX(J)= COS(AL(J)*3 141592653589/180 ).
A ACRE SIN(AL(J)*S 141592653589!180 )‘""“

K2=K=1 .

IFC(ZM(K) . GT. 0,

G0 TO 28

FXCII=ZEXCKY -
CFYCIIEFYCRY

 1F(SOL)30, 31.32l7:f,;i7




it e b P

656
657

677

678
679

680

648
649

650
651
652
653

30

L BEREE UL
ZM(J)Y=ZM(K) e
GO TO 28 . .- .
IFCI.EQ.1) GO TO 14?

oK2=K=1 s S S
EXCI)=CCFXCK)=FX(K2)) % (VP= V(K2))I(V(K) LV (K2)))HEX(K2)
FY(JI=CCRYCK)=FY(K2)Y % CVP=V(K2) 3/ (V(K)=V(K2)))+FY(K2)

655

658

659

660

661
662
663
- 664
665 .
666 -

667
- 668 .
669

670

674
672
673
674

675

676

681

682 -
1301

683

684

685

686

687
688 .

689

691

690

692
693

694

695

L6986 .

697
- 698
699
700
“701

702

703
704
705
706

00

147

130

fm

‘ .. v - N
LONEY S PSSV QY - S

CZMCI) = ((ZMIK) =ZM(K2) ) *(VP- VEK2)) 1 VKD - v<x2>>>+zm<x2)_f'

GO TO 28
K3=K+1

FXCII=FX(K3)= (FX(KE) FX(K))*(V(K3) VP)/(V(KS) V(K))-_
FYCII=FYIK3)=(FY(K3)I=FY(KII*(V(K3Y=VP) /(V(K3)=V(K))
M) = ZM(K3)-(ZM(K3) ZM(K)}*(V(KS) VP)I(V(K3) V(K)):

K=K=T+NV{J)"
CONTINUE

T0 SOLVE FOR ALP(ALPHA)

- K=0 ‘ ' :
PO 101 J=1, 24 ]

DO 102 1=1, NK(J)
K=K+1 ' ‘

“_SOL SALP=ALCK) . o
TFCSOLI130,13151327 0 =

CONTINUE
CONTINUE-
FXUII=EXC(K) &

FYWI)=FY(K)

ZM ) =ZM(K)

GO TO 128 T
[F(1.EQ.1) GO TO 1301
X2=K=1

FX(J)= ((FX(K) FX(KZ))*(ALP AL(KZ))I(AL(K) AL(K?)))+FX(K2)
FY(JY=((FY(K) - FY(KZ))*(ALP AL(KZ))I(AL(K) AL(KZ)))+FY(KZI

.60 10 .128

ZMCd) = C(ZM(K) = 2M(K2))*(ALP AL(KZ))!(AL(K) AL(KZ)))+ZM(K2)

ALP2=~ALP

K=K~-1 - -

. D0.1302 1= 1 NK(J)
K=K+1 '

- SOL= ALPZIAL(K)

1305
1302

1304

1303

aoo0 L

1281

101

128

IF(S0t)1303,1304, 1305

CONTINUE
CONTINUE =
FXCIIZEX(KD)
EYCII=FY(K)

CIMCYI=ZM(K)

G0 TO 1281
K2=K=1 -

FXCI)=(CFX(K) = FX(KZ))*(ALP? AL(KZ))I(AL(K) AL(KZ)))+FX(K2

-FY(J) (CFY(K)=FY(K2))*(ALP2=AL(K2))/(AL(K)=AL(K2)))I+FY(K2

CIM) = {(ZM(K) ZM(K’))*(ALPZ AL(KZ))I(AL(K) AL(KZ)))+ZM(KZ

FY(I)==FY(J) .
IM(J)==2ZMCJ)
GO TO 128
K=K=T+NK(J)
CONTINUE

TO SOLVE FDR SPP(KI) S

-

iy St e =




K=0

R T

- DO 401 J 1 4

402

439

401
19

4

M PAWN-2OCOVORNOVNEWNSOOONOVPIWN SOV XNV SWN=O

e s s s, . A i A R A T 1 Ay o ot i S e e e - . S e mam s e e

DO 402 I= 1.NA(Ji
K=K+1 '

K2=K=1" : S ‘ ' e
CEX()) = FK(K)+(FX(K) FX(KZ))*(SPP SP(K))I(SP(K) SP(KZ))

.60 TO 428
430

428 o - o
B e e

CEND ' ' Lo | SRR

- SUBROUTINE SIMP(AAAAA BBBBB,CCCCC,F oK, NA, NB, EXM, EYM, AMZM, JIF)
 DIMENSION XDIMC41),YDIM(21),2¢41,21) :
C DIMENSION XINTC&1) YINT(41), vv(21) R(21)

—

CS(1)=AAAAA

T |AMUZ= 2 /Pl

1

1&’CONTINUE

GEL(3)=3.395%(23/C22

";aoo 5. *CB3*GEL(3)*SQRT(F)IC1T

U TE(sOL) 430, 431,432
432

CINADI=2+*NX+1

SOL=SPP-SP(K)  wf‘_‘_" e e e

CONTEINUE .~ _'_"‘ ‘a5?-,‘; _=. |  i e
CONTINUE R T

FY (J)=FYCK)+(EY(K)=FY(K2))*(SPP-SP(K))/(SP(K)=SP(K2))"
ZM (I =ZMLK) + (ZH(K) =ZM(K2)) * (S PP~ sp(x))/(5p<x) =$P(K2))
GO TO 428
FXCJ)=EXCK)
FY(JI=FYCK)
ZM(J) =ZM(K)

-

K2=K=1 . . :
FX(J)'((FX(K) FX(KZ))*(SPP SP(KZ))/(SP(K) SP(KZ)))*FK(KZ)
FY(I)=C(FY(K)=FY(K2))*(SPP=SP(K2))/(SP(K)=SP(K2)))+FY(K2)
ZM(I)=((ZM(K)-ZM(K2) ) *(SPP~ SP(KZ))I(SP(K) SP(KZ)))+ZM(K2)
K=K=I+NACJ) '

F2()=FY(J)
F3(J)=ZM{J) -
CONTINUE
FORMAT(5X,4E20.6)
RETURN : '.

COMMON/CFF/COF(19,4) '
COMMON/GRP/CS(3),GEL(S), X(41 21)., Y(41 21) VX (41, 21).VY(41 21, G(Z
r10)nlE(21)-ALE(21)1AMUZ-NX NY FX. FY:AMZ.NDI:NDJ

c5(2) BBBBB ‘e ,_-,f.' e .l S
PI 3 1415926536 S e e e e

NX = NO. OF +VE X ORDINATES NOT INCLUDING X
"NY = NO. OF +VE Y ORDINATES NOT INCLUDING Y

NADJ=2*NY+1

CALL COEFF(F: K'C11.c22.c23 €33y : ' e
FORMAT(5X,4HC1124F7. 442X WHC22=,FT. 4,2x nuczs-.s7 4, 2x.4uc33-,rr

IMARK=1Y . T e s
JTF(CCCCC.GE.O. ) GO 105 :
IMARK=2

€S(2)==C5(2)

ceCee=-ccccc. .

CONTINUE

IF(K.EQ.1) GO TO 6
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12

CALL ELLIP(F/E)
CONTINUE . = L
CALL ELLIP(GBAR,EBAR) S
. GBAR2= GBARB*SQRT(EBARIE) B A

. GDIF=GBAR2~GBAR | | S S

BOD=SQRT(BDD) -

- GBAR=BDD/GEL(3)

GBAR3=GBAR

GA=ABS(GDIF)
ITF(GA_LE.,0001) . GO TO 8
GBAR= GBARZ v

GO TO 7

—

CONTINUE =~ = ' L
GEL(4)=GBAR*GEL(3). I

GEL(1)=(8, *GEL(S}*GEL(S)*GEL(4)*4 *3. 1415926536*50RT(F))/(3 *C11*

X1, =-POI)*E)

(1, ~POI)*E) -
AMUZ= 4??5/(GEL(3)*GEL(4))

S €s(3)y=cccCce

‘60 _TO0 9

BDD=5, *C33*SQRT(F)/C11*~>-a;_u;_¢,

GBAR=GEL(3)/BDD . ' S T T T et

CALL ELLIP(F-E)‘
CONTINUE

CALL ELLIP(GBAR,EBAR). . .

 GBAR2=GBAR*E/EBAR -

- GDIF=GBARZ2~GBAR

GA=ABS(GDIF) IR
TF(GA,LE..0002) $0. TO 11 .
GBAR=GBARZ - - =

60 TO 10

SRR L

CONTINUE. . :
GEL(4)= GEL(S)IGBAR

60 Y0 12 -

CONTINUE _ 1 __”‘{‘
GEL(S5)=, 04 . , o
IFCJIF.NE 3) GO TO. 130

WRITE(2,30)(CS(I),I=1, 3. ST T "f

30

. WRITE(2,40)(GEL(E)»,1=1,5)

=

o
130

FORMAT{(5X,SHUX = ,F7. 4.2x snuv .F?.A.ZX.SHPH = .F? 4)
FORMAT(5X,5HSX = ,F7.4, 2X, 5usv
che2XSHDM = LF7.4) - -
WRITE(2,21)NXNY : ,_‘
FORMAT(SX,5HNX = ,12,5X,SHNY =
CONTINVUE S g
NDI=2*NX=-1

f.r7,4.zxa4nn = 1F7.4.2X,4HB

[R—— “_“___4_“_ .:

12);g

 NDJ=2#NY~1

 NTIM=2#NX --"”.,,;]" Gl

CALL ROL

C1FCJIF.NE.3) 60 TO 131 555w;;”

131

S U WRITE(Z2,45)FX,FY, AMZ
U WRITE(2,50)
50

FORMAT (SX;SHFX = ,F7.4,2X, SHEY = PF7.402X.SHMZ = ,F7.4)

-

FORMAT (5X, 12HCONTACT . AREA)V' 

"CONTINUE

H=GEL(3) /NX

‘7ax01M(1)=-cEL(3)]’ . S e T e T
YDIM(1)==GELC4) "\ - o b T e

- GEL(Z) (8. *GEL(S)*GEL(S)*GEL(h)*4 *3. 1415926536*SQRT(F))I(3 *C22%

‘;F
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O\DOO"\IO“U‘S\WN—'Q‘OODNJO\U\J’"LNN—"O‘OACX}'\IO\W‘ B

=310 -
DO 60 I=2, NADI Lo
; J I-1- .
60 XDIM(I)= XDIM(J)*H
. AK=GEL (&) /NY
DO 70 1=2,NADJ.
J=1-1

70 YDIM(ID = YDIM(J)+AK

'NK=NDJ+1

'NKK=NADJ " - .
IFCJIF.NE.3) GO TO 1?4 L
DO 80 1=1, NDJ"”

NK=NK=1 .

. NKK=NKK-1

1F(G(NK; 1), LT 0D 60 TO 72- T
WRITE(2,71)YDIM(NKK) , (G(NK,J),Jd=2, 10)

71 FORMAT(S5X,4HY = ,F7.4,2Xs11HL.E. sr:cxs.957 4)

60 TO 74
72 WRITE(2, 73)YDIM(NKK):(G(NK-J) J= 2 10) .
73 FORMAT(5X,4HY = 1F7.4, ZX 11HL E SLIPS

. 74 CONTINVE -

‘80 CONTINUE | . o

TI174 CONTINUE —— — 2l L il
DO 85 J=1,NADJ ' '
DO 85 I=1,NADI.

-P=1, -XDIM(I)*XDIM(I)IGEL(S)IGEL(3) YDIM(J)*YDIM(J)IGEL(&)IGEL(4)

Z¢1.,4)=0, -
IF(P.GT,0.,) 7(1, J) AMUZ*SORT(P)
85 CONTINUE .- - ‘
' NTY=2*NY .
NK=NDJ+1. R ; .
NKK=NADJ = e T
IF(JIF. NE 3) 60 TO 1?5 i
DO 90 J=2,NTY
NK=NK=-%
NKK=NKK~-1 -
“WRITE(2, 81)YDIM(NKK) -
81 FORMAT(5X,AHY = ,F7. 4)-'
WRITE(2,82) '

82 FORMAT(11X;1HX}10X 1HZ:9X ZHTX 9X ZHTY 9X 2HVX-9X ZHVY 9X 2HXY:9'

AR

XLE= GEi(3)*SQRT(1.-YDIM(NKK)*YDIM(NKK)/GEL(4)IGEL(4))

CXTE==XLE | .. Ly
DO 90 I=2,NTIM

CTFOXDIMC(I) . .GE.XLE,OR. XDIM(I) LEiXTE) GO TO 90
XARG=SAQRT(X(I, NK)*X(I.NK)+Y(I:NK)*Y(I NK) )

VARG=SQRT (VX (I NK)XVX(I,NK)+VY (T, NKI*VY(I,NK)) , : R -
NRITE(Z:SS)XDIM(I):Z(I:NKK) X(I;NK):Y(I NK) ., VX(I NK):VY(I,NK) XAR

1 VARG.

83 FORMAT(?X.F? 4:4X.F? 4 4X;F? 4, 4X F? 4 4X F?7. 4 4X F? 4 4 F? h 4

1F7.4)
90 CONTINVE -
175 CONTINUE
__‘qu FX.-

:':AMZM;AMZ R
. TFC(IMARK.EQ,%1) GO0 TO 161
FYMs=FYM = oo o

- AMZM==AMZM
161 CONTINUE
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L R 1 £ I
‘RETURN. .~ R
END

SUBROUTINE ROL

o 10).15(21),ALE(21) Amuz.Nx.Nv FX, Fv.AMz.NDI NDJ
ux= CS(1) :

N DN S e

PH=CS(3) :
DM=GEL(S)"
SX=GEL(1)..
. SY=GEL(2)
- "ASGEL(3)
B=GEL(4) -
CHEA/NX
" AK=B/NY
p1=3. 1415926536
CzZP=AMUZ*2,./A/A
KSET=2*NY=-1 S .
“d==(KSET=1)/2=1 .o
00 100 JCOUNT=1, KSET
=J+1 - ' '
ALE(JCOUNT) A*SQRT(1 -AK*AK*J*JIBIBILW7M;Tfm
TE(JCOUNT) =, 99*ALE(JCOUNT)IH : :
. ICOUNT=2%NX+1
==NX=1 g
DO 110 NCASE=1,ICOUNT
I=1+1 ) )
CIFCI., LT.-IE(JCOUNT) OR.I.GT. IE(JCOUNT)) GO T0 111
_ 60 T0 112 |
111 X(NCASE,JCOUNT)=0,. o K
" Y(NCASE.JCOUNT)=0. =~~~
VX(NCASE,JCOUNT) =0, o
VY(NCASE,JCQUNT)=0,
112 CONTINUE
110 CONTINUE -
DO 120 1=1.,10"
- 120 G(JCOUNT,I)==3.%A
_100 CONTINUE ' o
" TF(UX=PH¥B,GT. 0.) G0 TO 121
EVCERUHIE PP
: THV==1.
7 |eo 10 122 -
121 THVYE
122 CONTINUE

MIE=IEC1) :
IF(KSET.EQ.1)" G0 TO 124
~'DO 123 JC=2,KSET
U IMIE= MAXO(MIE.IE(JC))
- 123 'CONTINUE . = -
124 CONTINUE -~
© U UKSET=2*NY-1
S d==(KSET=1)/2-1 "
. DO 150 JC= 1.KSET .

Sod=Ede
@=Jd*AK
P=ALE(JC) | .
pG:p R N . . .' _)‘n‘
CUX=UX=PH*Q ° L

THY= THV*ATAN(UYI(ABS(UX PH*B)+ 00000001))+PI*(1 -THV)’?-

e b e e v £y P b b e e ol b

COMMONIGRPICS(S)}GFL(S) X(41 21J'Y(41 21) VX(41 21) VY(41 21):6(2




i e iy e v P YRR S . S Poes. PR 2PN S e

| f_]’--312"- :

3 NPIJL=2. - _
4 - CUY=UY+PHx*P ' o
5 - CALL. AMAAKZ(P Q.ZN CZ.CZP A a AMUZ)
6 X6=0, : .
7 YG6=0.
8 Xv=0," e DL S
9 yv=0, . . - T S T
0 vv=0, : S s - SR
1 C1=1E(JC)
2 IC=MIE+1+42
3o G(IC.1) =1, o ' ' ' ' T :
A 1IF(CZ*CZ~ CUX*CUXISXISX CUY*CUYISY/SY 67.0.) 60 TO 50
5 C SLIP AT THE LEADING EDGE DETERMINE T(HETA)
6 : G(JIC,1)==1. L L
7 ~ IF(CUX.GT. 0 ) GO TO 1
8 TEeta L
9 GO TOo 2
0 T=1.
1 2 CONTINUE - - S
2 o T= T*ATAN(CUYI(ABS(CUX)+ 00000001))+Pl*(1 -T)IZ.
3. 10 S=SIN(T) |
4 . . .C=COS(T). T S ' B
5 ANU= (cux*s cuv*c CZ*(sX- SY)*C*S)I(CUX*C+CUY*S CZ*(SX SY)*(C*C S*
6 1)
7  T=T=ANU"
8 IFCABS (ANUY, GT..001) 6O TO 10
b9 THY=T o
0 . C=COS(T)
1 ‘ §=SIN(T) - ' '
2 c THE.- STARTING VALUE OF T HAS BEEN FOUND
’3 € THE DERIVATIVE IS DETERMINED IN A SPECIAL WAY.
P 4, TP‘(PH*C+CZP*(SX SY)*C*S)I(CUX*C+CUY*S CZ*((3 *C*C= 1 )*(sx sv) S
6 20 IF((P -DM) . LT (I*H+ 000001)) G0 T0 21
7 D=-DM .
r8 . 60 TO 22
r9 21 D=I*H=P o e e REEEE
80 .22 CONTINUE . f. L .;_J.‘Kf L e T
B - -PN=P+D : ' B ‘ S o ]
B2 CALL AMAAKZ(PN, Q. ZN, CZ.CZP A B AMUZ)
B3 "TN=T+D*TP g N
B 4 ‘S=SINCTNY ~ - & & -; R
RS . C=COS(TN) ' ' ‘
36 . CUY=UY+PH*PN . ' CoT ' ER
B7 TPN=(CUX*S=CUY*C~ CZ*C*S*(SX sv)>IZN/(sv*C*c+sx*s*S)_p.
B8 T=T+, 5*D*(TP+TPN) | i
RY. . S=SIN(T) .
PO - . C=COS(T)"
Py - _XKN=ZN*C -
D2 YNSZN*S R
p3 V= CUX*SY*C+CUY*SX*S CZ*SX*SY
D4, - . IF(V.LT.-.,00004) 60 TO 25 -
5. ... 60.TO 26 - - R SR
T 25 TF(ABS(VV). LT..0000000001) 60 TO 23 L
p7 - OUANEVV/ (VYY) : .
P8 - ; ;GO T0 24
No .- : :24;c0NTINuE L e o S T o
1 Cowv=0. T
- R
""’"'*"""‘j"h) A T . - A S T T *’J ' ‘f.




: C:OCD~JO\n#*uru-lG*OtbﬁlO\AFQMfU-'O*OOO\H>\nb(ﬂhJJ<D¢TM'NC>U1b§NhJﬂ<=iDmfﬂo\ﬂr‘wiv-‘¢f003ﬂ<>U‘*}“NHE 

32 AN=,9
.33 CONTINUE
o AvELL=AN

CAV=E1.=AN
u“PG=AV*P+AN*PNJ"~‘
GCJCNPIJL)=PG
NPLJL= NP!JL+1
_P=P6
CIF(NPIJLLGT. 10) NPIJL 10 . Lo
C XVEAVAXVHANRXN U ST T
XG=EXV . R S T
YG= AV*YV+AN*YN IR
S YV=YG . :
G0 T0 30
©26 CONTINUE - g '
. sLIp IN THE NEu POINT
XV=XN :
YVEYN
. P=PN ' ' '
40 TP=(CUX*S~ cuv*c CZ*C*S*(SX SY))IZNI(SY*C*C+SX*S*S)
TFC(P.GT.(I*H+,000001)) 60 'TO 20 -
CUXCIC,ICISXN
YCIC,4C)=¥YN =
- XP==ZN*S*TP=CZ*C

. _YPEZN*C*TP=CZ*S o R SRR
VXCIC,JCYSCUX+SX®SP 77 T e

VY(IC,4C)=CUY+SY*YP
vv=v . ,

S I=1-1
IC=IC-1" S ‘
TFCILLT. -IE(JC)) GO TO 150
60 10.20 -

'-‘50 CONTINUE,

ADHESTON AT L.E. l‘éﬂ
LF(CUX.6T.0.) 6O TO 41
= 1 -
GO TO 42
61 T=1.

42 CONTINUE

THV= T*ATAN((UY+PH*P)I(ABS(CUX)+ ooooooo1>>+p1*<1 —T)/Z.

30" PN 1*H

=CUX* (PG~ pu)isx+xe . ; B
YN (UY+,5%PH*(PG+PN)) * (PG~ PN)ISY+YG o
CALL AMAAKZ(PN,Q:ZN,C2,CZP,A+B, AMuz)
V=ZN- SORT(XN*XN+YN*YN) o ' .
CIECVILT.-.00004%AMUZ) "GO -TO 31 I A

.TRUEISL[P R FALSEISTICK o
60 TO 36 ..o AR

31 CONTINUE

SLIP | e S

CTFCABS(VV), LT..0000000001) 60 TO 32]"
CAN=VV/ (VV-V)
60 T0 33

C O pP=AVAP+AN®PN
“G(JCr NPIJL) P o
V=0, o
NPIJL‘NPIJL+1' S

o XV= AV*XV+AN*XN_
. YVEAVKYVHANAYN

- ~— A P P e o . S e S P gt D e e s E T s e o




S famim a i L : I T I ) JE e SRR L, e

;[- Bﬂp-f_
IF(NPIJL 6T. 10) NPIJLE 10 ' ot
TF(XV.GT.0.) 60 TO 34-_
T==1, e
G0 TO '35
34 T=v.
35 CONTINUE ;.‘:_; S St e R
CUY=SUY+PH#P " . - - S
T= T*ATAN(YVI(ABS(XV)+ 00000001))+PI*(1 -T)lz.;;ﬁ |
C=C0S(T) . R _ _ B R o
§=SINCTY - .. - : -‘:._,; o SRR
_ I o
|

N

 CALL AMAAKZ(P, Q;ZN.CZ.CZP A B AMUZ)
- GO TO 40 ‘
36 VVEV
¢ . STICK
C o Xcae.e= XN e T e
Y(IC JCy=yN~ - C C ‘ o : : :
- YV=YN-
VX(IC, JC) 0.
. VY(IC,JC)=0,
S £ T IR
— e IC=IC-T_ A
| P=PN - R i L
1F(1.GE. -IE(JC)) 60 TO 30 E L - o

150 CONTINUE - . o T E
€ . - THE ARRAYS ARE FILLED THE INTEGRALS ARE DETERMINED. .-
o0 T4 *AKSS, S . R
TN=2,.*AK
- FX=0,
FY=0. . o o o
CAMZ=0, . T T ‘
Y KSET=2*NY-1  ; . ﬁ e Tt ooee s '._;,:: W
J==(KSET-1)/2=-1" " S SRR : : L " -
DO 80 JC=1,KSET- . |
Co=der
- I=IEQJC) -
U ICEMIE+I+2
CID=IC=2%Y - -
NPIJL=T o ' .
P=(ALE(JC)- I*H)IZ -Hls‘* P R T
Yp=dRAK S T T o
' C Px(XCIC, JC)+X(!D.JC))} HE e P
=Ppr(Y(IC,JCY+Y(ID,JC))
D P*i*H*(Y(Ic,JC) Y(ID.JC))
P=2,*H/3. |
-NPIJL 1 ’ |
b0 90 ICC= ID IC T S |
I=141 0 S T SO IR DY
C=C+P*X(ICC,IC) Lt T ' L e
C D=D+P*IkH*Y(ICC,J4C)- ‘
S= S+P*Y(ICC.JC) -
o P=YN=-Pp :
90 CONTINUE .
COFXSFX+T*C |
"FYSFY+T#*S . L ‘
. AMZ=AMZ+T* (D~ YP*C)_J L Ce
TETN=T U T e e e
o , : ‘ o |
|
|
|

O NOVNLWN A VI NONSI;WN=SCOXNONPNN=SOVONITNPTWNLSOOINRNFWN=SOO NS

‘,Sb,courlnue Lo

o e s o i L R e B o s s b e e T R PR 1 e ————
) o ’ el T DA e RS B T T B TR
o . R - - . . N . . Ly
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- - - T L P O T

'QySQ

RETURN , .

END S
- SUBROUTINE AMAAKZ(P Q.uz.nz.ozz.A B, AMUZ)
CAL=E,9

- . §=SQRT(1. -AL*AL)
CAWSAXSQRT (Y, -Q*QIBIB) _ N ju;‘j-

. P1=3.1415926536 e S ' *

- F=AMUZ*PI/2, IAI(ATAN(ALIS)+(2 /3 -AL+AL*AL*ALI3 )/S)
CTECP,.GT.C(AL*AW)) GO TO 10 - _

. WZ=E*SQRT(AW*AU=P*P)~F/2, *AN*S

" DZ=F*P/SQRT(AU*AU- P*P) x
GO TO 20

10 WZ=F*(AW*AW=-P*P) /2. /Au/s

DZ=F*P/AW/S R S ' "'_ o R

o D2Z=F/AW/S

" .20 CONTINUE

1" FORMAT(6F0.0)- — — - ..

‘RETURN:

END o

SUBROUTINE. RAILAT

- COMMON/RAIL/YT(6), ZT(6) AL(S) BL(S) RL(S)
' FORMATS

2 FORMAT(3X,4HZCR=sFB.6,3K, 4HZDR=,FB.6,3X,5HABCR= jF8'6-3X 4HBBC=, F8

163X+ 4HYBR=,F8.6,3X,4HZBT=,F8.6) |
3 FORMAT(3X, 5HAABR—;F8 6, 3Xa4HBAB—.F8 643X, 4HYAR-.F8 6:3X 4HZAT=,F8
- 16)
4 FORMAT(3X, SHYTOP—:FS 6-3X 5HZTOP—.F8 6)

5 FORMAT(3X,4HYTO=,F9.6,3X, 4HZTO~;F9 6)

6 FORMAT(20X,12HRAIL PROFILE) - - o '

7 FORMAT(2X,6HYTC1)=,F9.642X,6HYT(2)=,F9.642X, 6HYT(3)—.F9 6 2x 6HYT

C14)=F9.6,2X,6HYT(5)=,F9.6,2X, SHYT(6)=,E9.6,2X,6HYTMAX=,F9.6) .

"8 FORMAT(2X,6HZT(1)=,F9,.6:2X,6HZT(2)=,F9.6,2X,6H2T(3)=,F9.6,2X,6H2ZT
14)=,F9.6,2X,6HZT(5)=,1F3.6,2X,6HZT(6)=,F9.6,2%X,6HZTNAX=,F9.6)

9 FORMAT(3X,6HAL(1)=,F9,6,3X,6HAL(2)=,F9.6,3X, 6HAL(3)-.F9 6, 3x 6HAL
14)=,F9.6:3X,6HAL{5)=,F9.6).

'H10 FORMAT(3X,6HBL{1)=,F9.6.3X, 6HBL(2)-;F9 6.3X 6HBL(3)—:F9 6, 3X 6HBL

14)=,F9.6¢3X+s6HBL(5)=,F9.6)

11 FORMAT(3X,6HRL(1)=,F2.6,3X, 6H§L(2) -F9.6:3X-6HRL(3)=;F9.6.3X;6HRL

14)=,F9.6,3X,6HRL(5)=,F9, 6)

12 FORMAT(//) T e S
‘13 FORMAT(3X, 5HABCL-;F10 6 2X:4HYBL-:F10 6 2X e 5HZBTL—:F10 6) ) :
A Y FORMAT(SX;SHAABL-;FS 6 SX 5HBABL-:F8 6.3X 4HYAL rF8 6,3X,5HZATL=,

18 6y -
- READ (1., 1)R1 Rz.ncr RCO von.u N B
*von YDR/2. - _ . o
© YCR=-YDR : i R
ZCR=R1= SQRT(R1*R1 YCR*YCR)
. ZDR=R1- SQRT(R1*R1 YDR*YDR)
ACD=0, . o
BCD=R1 o :
ABCR=(R1=~ RZ)*YDRIR1
. "ABCAL==ABCR C :
B2= (ABCRIYDR)*(R1 zcn)
* BBC=R1-8B2 .
"DA=W/2. -RCO ABCR -
FA=W/2.-RCI-ABCR.
"BC=R2*DAI(R2-RCO)

BCL=R2HFA/(RZ=RCI) o

y Ay o
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YBR=ABCR+8C .
YBL=ABCL-BCL

ZBT=BBC=-SQRT(R2*R2~ (YBR ABCR)*(YBR ABCR))
ZBTL=BBC~- SQRT(RZ*RZ (YBL ABCL)*(YBL ABCL))

 BO=BBC=-2BT
- BOL=BBC=ZBTL -
" AO0=BO*(R2-RCO)/R2
"AQL=BOL*(R2~- RCI)IRZ
BAB=BBC~AQ -
. BABL=BBC=-AOL
- AABR=W/2.-RCO
" AABL=~-W/2.+RCI1
© HT=RC0/20,
- HTL=RCI/20.
- ZAT=BAB=HT
ZATL=BABL-HTL '
FL=SQRT(RCO*RCO=HT*HT)
FLL=SQRT(RCI*RCI- HTL*HTt)
CYAR=AABR+FL
" YAL=AABL=FLL"
“WRITE(2,6)

R WRITE(2,12).

WRITE(Z, 2)ZCR;ZDR,ABCR BBC;YBR:ZBT
WRITE(2, 14YAABL,BASL, YAL,ZATL -
WRITE(2,3)AABR,BAB,YAR,ZAT
WRITE(2,13)ABCL,YBL,ZBTL

C TO CALCULATE POINT AT WHICH A 1/20 LINE IS TANGENT TO THE RAILHEAD

AM=SQRT (399.)

Am= 1./AM

AM1 = ABCR+AM*BBC _ .
- Zh= 1 FAMEAM ' -
. ZB==2, % (AM1=ABCR) *AM= 2.+B8C

 ZTOP==ZB~SQRT(ZB*2B=4, *ZA*ZC)
C2T0P=ZTOP/(2.%2ZA)"

" YTOP=AM1-AM2%2TOP
WRITE(2,4)YTOP,2TOP

-sp=1,/720. T
CP=SQRT(399.)/20. S PR
- 270=-~,75- ZTOP+CP+YTOP*SP o
YT0=28.1875-YAL*CP=-ZAT*SP.
MRITE(2,5)YT0,ZT0

| q}:cboanluares OF POINTS IN TRACK AXES.

CYTC1)=YTO+YAL*CP+ZATL*SP
YT(2)=YTO+YBL*CP+ZBTL*SP .
o ‘YT(3)=YTOtYCR*CP+ZCR*SP-:: .
C YTC4)SYTO+YDRACP+2DR*SP =
YTMAX=YTO+YTOP*CP+ZTOP*SP
¥YT(5)=YTO+YBR*CP+ZBT*SP
"YT(6)Y=YTO+YAR*CP+ZAT*SP &
- WRITE(Z2,7)(YT(1) 121, 6).YTMAX
SO ZT(1)=ZTO+ZATL*CP=YAL®SP .
2T(2) = ZTO+ZBTL*CP_YBL*SP
L 2T(3)=2TO+ZCR*CP-YCR*SP
CZT(4)=2TO+ZOR*CP~YDR*SP -

| - 3&6:-:'  J

ZC=(AMT~ABCR) * (AM1- ABCR) +BBC*BBC~- RZ*RZ

YTOP = POSITION OF TOP OF RAIL WHEN CANTED OVER (Y R/H)

, "ZT0P = POSITION OF TOP OF RAIL WHEN CANTED OVER (Z RIH)
ITO FIND ORIGIN OF RAILHEAD AXES IN TRACK AXES:YTO AND 270
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C ZTMAX=Z2TO+ZTOP*CP=YTOP*SP
2T(5)=2T0+2BT+CP-YBR*SP
CZT(6)=2ZTO+ZAT*CP=YARXSP. R
CWRITE(Z,8)(ZTCI) . 1=1, 6).ZTMAX a
"AL(1)=YTO+AABL*CP+BABL*SP
ALC2)=YTO+ABCL*CP+BBC*SP . . B T
'AL(3)=YT0+ACD*CP+BCD43Pj--rj..“g>j. o
ALC4)=YTO+ABCR*CP+BBC#*SP " e ' P
AL(5)=YTO+AABR*CP+BAB*SP = - o ‘
CWRITE(2,9)AL(1) /AL(2) (AL(3), AL(A) AL(S) i \
BL(1)=ZTO+RABL*CP~ AABL*SP ' ‘
BL(2)=ZTO+BBC+CP-ABCL*SP
C BL(3)=ZTO+BCD*CP-ACD¥SP S \
CBL(4)=2TO+BBC*CP~ABCRASP - - ,'; . “'_'_' L ‘
BL(5)=2TO+BAB*CP=-AABR*SP =~ .= - T
WRITE (2, 10)Bt(1).BL(Z):BL(3);BL(4):BL(5). 3
"RL(1)=RCT C ‘
RL(2)=R2 ‘
RL(3)=RY . b R v B T T
- RL{4)=R2 -~ TR .; . : L oo
\
-
\
|
\
\

VENOVMPNN=D2DOINOIVREWN=COO

o RL(5)=RCO ‘ - | o e
- m_m;mf_wRITE(2o11)RL(1)aRL(Z);RL(S):RL(4)uRL(S) N o
: c - B e L
Co RETURN . . ’ ST . . .
END , |
SUBROUTINE FR1(Y-Z:K)
COMMON/RATL/YT(6),2T¢6) /ALCS), BL(S) RL(S)
IF(K,EQ.2) GO TO 100 :
1F(Z.GE.ZTC1)) Y=YT(1) SR | ‘
© IF(Z.LT.ZT(1)LAND.Z,6T, zr(2>) Y= ALCH - SQRT(RL(1)*RL(1) (z- BL(1))*
Co1z=BLCIYYY N
COIF(Z.EQ.ZT(2)) YaYTC2) - | | | R
CTF(2,LT.ZT(2).AND.2.6T:2T(3)) y= AL(2)- SQRT(RL(Z)*RL(2) (2- BL(Z))*
12-BL(2))) | | .
CIF(Z.EQ.2ZT(3)) V= YT Lo e S
TF(Z,LT.2T(3) AND.Z.GT. zr<4>> Y=AL(3)-SQRT(RL(S)*RL(3)-(ZfBL(3))*
1Z-BL(3))) L R . . - o
'1F(Z.EQ. zr(&)) Y= YT(4> 1 - S ' L Vo
1F(Z. LT 2ZT(4) AND, Z. GE.-.75) ‘Y=&L(4)-SQRT(RL(4)*RL(4)€(Z-BL(4))?

12-BL(4))) -
o U TFCZL LT =0 75) Y= 100 o o '
e S TF 2¢=.75 PROGRAM PUTS 2= 100

B0 GO‘TO’ZOO'H_.' L _
B4 - - 100 |[CONTINUE- | '
B2 .. |IF(Y.LT. YT(1)) 2=10. _
B3 - TE(Y.EQ.YT(1)) 2=2TC1) = R S U A PO
B4~ - |TF(Y.GT.YT(1).AND Y. LT, YT(2)) Z=BLC1)-SQRT(RL(1)I*RL(1)=(Y=-AL(1))*
B5 1 AY=AL(DD) L R
B IIF(Y.EQ.YT(2))" z 2T S
87 - . IF(Y.GT. YT(2) .AND.Y.LT, YT(3)) Z=BL(2)=SQRT(RL(2) *RL(2)=(Y=AL(2))"
ea";a-z_a1¥ AL(2))) . B o L e
B9 .- IF(Y.EQ, v1(3)) 2= 27(3) , o e R
Do . . TF(Y.GT,YT(3),AND, v LT, YT(&)) 2=BL(3)~SQRT(RL(3)*RL(3)~(Y=AL(3)):

91 7 T 1Y=AL(3)))

b2 ... TF(Y.EQ.YT(4)) 2= 27(4) o v CRRTEL
33 .. - ©IF(YLGT.YT(A) AND.Y.LT, vr<5)) Z=BL(4)-SQRT(RL(AI *RL(4)=(Y=AL(4))"
-4‘.;" “r\1v AL(4))) - ' T R s
95 . ~TF(Y.EQ, YT(S)) 2= ZT(S) PR Lo L
96 -.IF(Y GT.YT(5), AND Y LT. YT(6)) = QL(5)450RT(RL(5)*RL(S)-(Y-AL(S))*

R T L SURIPU - - e R o IR S ol B e I

o
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5 - R - 318 -
) 1Y AL(S))) . St

8. - . IF(Y,.EQ. YT(6)) Z= ZT(6) o

\9 o TR(YLGT. YT(6)) 2210, - TR

6. C - o - TF.Y<YT(1) OR Y>YT(6) PROGRAM purs z 10.

T . 200 CONTINUE

2 " "RETURN S el R “~;

3 CEND . o -_5._'.' R

4 SUBROUTINE WHEEL - ' - - ' o '

5 ..o - COMMON/WEEEL/QM(2),C(2), BNC4), ANCE) 4 Yu(?).zu(?) RD(4)

6 - C ~ FORMATS

7 10 FORMAT(8F10.0) HES oo o T
8 . “523 FORMAT(8H -zu(1)—.s9 6 su ZW(2)=,F9. 6'8H-AZN(3);.F9.6t8H ZW(4) =
9 . ' 1F9.6,8H  ZW(5)=,F9.6:8H  2U(6)=,F9, 6 8H - ZW(7)=,F9.6) o
0" S 30: FORMAT (20X, 13HWHEEL PROFILE) L T S L

1 40 FORMATC(/ /) , o L ST

2 522 FORMAT(8H " vw(1)=;F9;6.8H*;vu(2)=;F9.6,8H YW(3)=,F9.6,8H YW(4)=
3 C UMF9.6+8H  YW(S5)=,F9.6.8H YW(6)=,F9.6,80 YW(?)I=,F9.6) o
4 © 524 - FORMAT(8H AN(1)=,F9.6,8H AN(2)=,F9.6,8H . AN(3)=,F9.6,8H AN(4)=
5" CUAF9.6) o T o S o :
6 525 FORMAT(8H "~BN(1)=,F9.6.,8H BN(2)=,F9. 6‘8H BN(3)=,F9.6,8H  BN(4)=
7 1F9.6) S :

8~ 526" FORMAT(8ﬂﬁka(1)—-F9 6 8HW7RD(2)-.F9 6.8H RD{})E:E?.Q;Qﬂ“mRD(4)=
9 1F9.6) ‘ ST

527 FORMAT(8H ' QM<1)-.F9.6.8H amM(2) =, F9. 6) S
‘528 FORMAT(3H  C(1)=,F9.6,84 C(2)=,F9.6)
R=14.8 ' - ‘ ; - S
Yue1)=30,7125 - -
YW(2)=30,3125 _ - T )
YM(7)=27.2375 - Cel c T C e
. YA=29.,5625. . .
SZ7=1.48 0 0 T
AN(1)=30.3125 ' S
CAN(2)=29,3125"
CAN(3)=28,4375
ROC(1)=13.
RD(2)=4,
CRD(3)=.5
RD(4)=,7 co ' - o
BNC(i)=R+SQRT{(169, -(YA —ANC1) ) #(YA- AN(?))) e
C(1)=BN(1)~ SQRT(169 -(YN(Z) AN(1))*(YW(2) AN(1))) :
S aM(1)=0, - - : , :
CL2u(t) = cc1) , _
Cooue2Y=c1y - ' ' ‘ Lo '
LYW =YW(2)=(YW(2)~ AN(Z))*(RD(1)JI(RD(1) RD(Z)) L
. Z3=BN(1)- sunrtno(1)*noc1) (vu<3> AN(1))*(YN(3) AN(1))) '
CZW(3)=23 . :
BN(2)=Z3+SQRT(RD(2)*RD(2) - (YH(3) AN(Z))*(YN(3) AN(Z))) N
YWCL)=ANC2) =4, *(ANC2)=ANC3)) /3.5 R
Z4=BN(2)~ SQRT(RD(Z)*RD(Z) (YW(4) - AN(2))*(vw<4) AN(Z)))‘-"”
ZWi4)=24 - :
BN(3)= 24+SQRT(RD<3)*RD(3) (YN(&)= AN(3))*(YN(4) AN(3)>)"
L QME2)=-TAN(3.141592653589%68. /180.) : L .
CoBME1 L+ /(AM(2) *QM(2)) ' ' o
© T YW(5)=2,*AN(3) *BM=SQRT (4. *AN(S)*AN(S)*BM*BM 4, *BM*(AN(3)*AN(3)*BM
C o ARDA3IFRD(3))) .
YWC5)=YW(5) /(2. %BM) L ; R R -*u"‘
-25=BN(3)~- SQRT(RD(S)*RD(S) (YH(S) AN(S))*(YU(S)-AN(B)))T
S ZW(5)Y=25 . S I L
€(2)= zs chz)*vw(S) e e BN P

*%?117

. . g o A N e el T I S
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. S N -319 - L
ZCB SQRT((RD(a)*RD(A))I(1 +QM(2)*QM(2)))%
YCA==-QM(2)*ZCB - :
S YK3= C(Z)*QM(Z)*YCA ZCB
27= R+Z? :
YK&4=27~ YK3 - :
YKA=1, +QM(2)*0M(2)
2W(TY=27 '
YKB==2. *YN(?) -2. *QM(Z)*YK4 e S
YKC=YW(?)*YU(7)+YKL*YKb~ RD(A)*RD(&) o o B A
ANC4)==YKB+SQRT(YKB*YKB=~4, *YKA*YKC) i EEE o T
ANCLY=SANCL) /(2. *YKA)Y R ’ o T
"BNC4)Y=QM{2) *AN(4)+YKZ"

YW(6)2ANC4)+YCA -

o ZW(éd= YN(b)*OM(2)+C(2)
CWRITE(Z2.20) :

20 FORMATC/1/1>

WRITE(2,30)
WRITE(2,40) ' o
- WRITE(2, 522)(vu(1).1 1,7)
CMRITE(2,523)(ZWCI)1=1,7) .
CWRITE(2,524) (ANCI) . 1=1,4)
o WRITE(2,525)(BNCI),1=%,4) . - "' . S
CWRITE(2,526) (RD(I)/1=21,4)
TWRITE(2,527)QMC1) ,QM(2)

NRITE(Z 528)0(1)-6(2) o

-RETURN I
_END L _
SUBROUTINE: FINDH(H-Y) - ' ' S
comnouikAxlerté).21(6).AL(5) BL(S) RL(S)/wEEEL/oM(Z) cc2) BN(A).
1N(4)1YU(?):ZU(7)!RD(4) = .
Y = APPROX POSITION OF CONTACT PO!NT B
=29, 127504 :
30 v Y=-,0001 .
- TF(YT(5)=Y)40,41,42

© 40 WRITE(2,140) SR
140 FORMAT (10X, 20HY GREATER THAN YT(S))

5 +#@—F+——4aaﬁa1vi0#*-GTEA+Er—fnﬁ*_%+&gﬁ§, ﬁ-;_ Lo nenhL s e
| ,41|z =ZT(5) e AT

DZDY=0, 0000000001
.|60.70 100 '

a2 [TFCYT(A) =Y 43444045 - A
43 |22BL (42 =SART(RL (4) +RL(4) - (YfAL(A))*(Y AL(A)))l‘q'

[PZDY=(ALLAI =YD /(2=BLL4))
S 160.70 100

T44012=2T¢4) :ih\,;ﬁu,.“

'ﬁ+,f#;HH>1;¢:--ﬂ

L dehlar SR

iDZDY=(AL(4) = Y)I(Z BL(4))
60 TO 100 ¢

s TROTIevr46naT, 48 S e
. -46 2=BL(3)~ SQRT(RL(3)*RL(3) (v AL(S))*(Y AL(S)))_TM"

. DZDY=(AL(3)=Y)/(Z~ BL(S))i i
60°TO 100 2

47 2221

.. DZDY= (AL(S) Y)I(Z BL(S))
G0 TO 100 B

'7R“J48 IF(YT(Z) v)aé 50 51




T , - 320 - o
2= BL(Z) SQRT(RL(?)*RL(?) (v AL(Z))*(Y AL(Z}))'
DZDY=(AL(2)- Y)I(Z BL(Z)) -
60 10 100 . .. R f‘” L o
2=27(2) S e T
J.D2DYS(AL(2) - Y)I(Z BL(Z)) R T T :
" 60 TO 100 . . B : R
CTFCYT(1)-Y)52, 52,53 - ' o T
Z=BL(1)-SQRT(RL(1)*RL(1)~ (Y AL(1))*(Y AL(1)>>'
*DZDY=(AL(1)~ Y)I(Z BL(1))' o "
- 60.70 100 . _
"WRITE(2,54) - ' '
FORMAT(1OX,1?HY LESS THAN vr(1>)
GO TO 99

" .YsZ AND DZ/DY .ARE NOW KNONN AND CAN BE PUT IN THE '.JHEEL EQUATIONS

CHNOUNR NN SO ORNF NP NNDOCONONIRNSOCRNOVNIUWNSOOINOW

FF(YW(2)~Y)60,62.62 - |

WRITE(2.4) ‘ ‘ ' v

.FORMAT(10X:39HCDNIACT POINT on NHEEL BETMEEN 1 AND 2.)

60 TO 99 ,

TFCYW(3)=Y)63,63,65 -

P2=1.+1./(DZDY*DZDY) = ‘ -

< Y2=SQRTC((2, *AN(1)*D2)*(2 *AN(1)*DZ) -d, *DZ*(AN(1)*AN(1)*D2 RD(1)*R

SEYCIS

UTY21=(2. *AN(1)*DZ+Y2)I(2 D2y e ; :
 ¥Y22=(2.*AN(1)Y*D2=Y2)/(2,%02) - - LT
YA1=ABS(Y-Y21) . - ' I |
YAZ=ABS(Y=Y22) : e T

LIMIT OF JUMPING OUT OF LOOP = .0001 e SR

“IF(YA1.LT,.0001) GO TO 150 o R ‘ | I
1F(YA2,LT.,0001) 6O TO 150 -~ - ... 0 . L e
G0 TO 30 : R |
H=C¢AN(1) = Y)IDZDY+BN(1) z e e

GO TO 200 N o o -
TF{YW(L)=Y)66:66, 67 IR oo I
.p2=1.+1./(DZDY*DZDY) : c R
Y2=2SQRT((2. *AN(Z)*DZ)*(Z *AN(Z)*DZ)-4 *DZ*(AN(Z)*AN(Z)*DZ RD(Z)*H

1¢2))) - _

Y2i=(2. *AN(Z)*DZ+Y2)I(2 *DZ) .
Y22=(2.%AN(2)*D2~ YZ)I(Z *DZ) :

- YA1SABS(Y=Y21) . :
YA2=ABS(Y-Y22) -

© TF(YA1.LT..0001) GO TO 151
“TF(YA2. LT..0001) GO T0 151

60 TO 30

- H=(AN(2)~- Y)IDZDY+BN(2) z.

GO YO 200 : _
“TF(YW(5)~Y)68, 68,69
D2=1.+1./7(DZDY*DZDY) ‘ I : el
Y2= SQRT((Z *AN(S)*DZ)*(Z *AN(S)*DZ) -4, *DZ*(AN(S)*AN(S)*DZ RD(3)*F

1(3))) .

Y2i=(2. *AN(S)*D2+Y2)I(2 *02)

S ¥22=(2.%AN(3)%D2- Y2)/(2.4D2)
~YA1=ABS(Y=Y21)

. YA2=ABS (Y=Y22)

. TF(YAT, LT..0001) GO T0 152

. IF(YA2.LT..0001) GO TO 152 -
4+%%#+é#~++&&%++—&+—r+-T5%?
60 TO 30 ' ' -

'152 H=CAN(3) - v)/ozov+a~<3> z

-~

. . - .




e ;.3. S -3z1ﬁ;*:.
o 60 TO 200 ST Lo : _
69 WRITE(2,5) - ' ' T T o
5 FORMATC(10X., 38HCONTACT POINT ON HHEEL BETHEEN 5 AND 6)
0 60-70-99 o . ST .
200 WRITE(2,521) s e e
521 FORMAT(///1). ; AT AUERE
S WRITE(2.7). ’ o T Sy
7 FORMAT(8X, 16HCENTRAL POSITION) _ St
. WRITE(2,6)Y,Z,DZDY,H | PRI B
© 6 FORMAT(10X,29HCONTACT POINT (TRACK AXES) v-.r9 6 AH Z2=,F9.6,8H.
1ZIDY=,F9.644H N-.F9 6) . S R
- 99 CONTINUVE =~ _ T - e

CRETURN. o0 e e
END . SR '
 MASTER LATERAL WHEELSET ‘ I - B
DIMENSION YTX(2),2TX(2),DZX(2),20X(2), YR(10,5),2R(10, 5).09(10 5).,
10R¢10,5),YLC10,5),2L(10,5),20LC10, 5).nL(10.5).va(10 5).sz<10.5)
2YWL(10,5),2WL(10,5) .
_ COMMON/RAIL/YT(6),2T(6), AL(S).BL(S) RL(S)
BN COMMQNIUEEELIQM(Z).C(Z) BN(4) AN(4) vw(?).zw(?) RD(4)
c - T e e
. CALL RAILAT: S o C
© CALL WHEEL . o
~ CALL FINDH(H, YTSO) ,

Yo=. 3 '
. MRITE(2, 130)
130 FORMAT(IHY) = -
P wRITE(2.140)Yo;t: LT
140 FORMAT(5X,5HYO = ,F10,6) -

TH=, 001198 Sl
DO 310 ICOUNT= 1.200 e
TH=TH+. 000002
. SP=SIN(TH) -
: ﬁ_CP coscrﬂ) o S
co . o0 RIGHT HAND WHEEL
. DO 60 KN= 1.5 T P Lo
© AKN=AL(KN)
BKN=BL(KN) T o R ‘,: C _‘. L '4'. 
“RKN=RLCKN) o o R R

CALL STRWH(YO,TH+AKN, BKN, RKN.QM(1),C(1) YR(1 KN):ZR(1 KN)-DR(1:KN
¢ ZORCT+KN) 2 HY - -
T CALL CIRNH(YO.TH AKN, BKN RKN AN(1).3N(1).RD<1).H vrx.zrx.ozx.ZOX)
. DO 20 £=1,2 o ‘
K=I+1 o

CYRCK,KNY= YTXCD)

CZROK KNI =ZTXCD) |
: DRCK,KNI=DZX(I) . |
20 ZOR(K,KN)=20X(1) R ' - R
" CALL CIRWH(YO, TH AKN BKN RKN AN(2)-BN(2) RD(Z).H vTx.sz ozx.zox)

—

. D0 30 1=1,2
S K=1+43
UYR(K KNI = YTX(I)
L ZR(K, KNI=Z2TX(I)
DR(K,KN)=DZ2X(1)
30 zon(x KN) zoxcl)

RSB ORNOCVN PN DO OO NAN P WNNSOCEHNOVNPWNDICSOINCONFWNNSDOOX®ENOVFPUWN =SSO NS

e e R e el




o . e, pom,

- 322 -

CALL CIRNH(YO:TH AKN;BKN RKN AN(3):BN(3)-RD(3) H YTX.ZTX DZX-ZOX)
DO 40 - 1=1,2 ¢ , . .
=I+5 '

. ‘YR(K KN) = YTX(I)
ZR(K,KNY=ZTXCD)

. DRCK,KNY=DZX(I):
40

v

ZOR(K,KN)=ZOX(1) , B ' R
CALLSTRWH(YO.TH,AKN, BKN:RKN OM(E) C(Z)rYR(B KN).ZR(B KN):DR(S KN)

1ZOR(B,KN) ,H)

, CALL ClRNH(YngH AKN:BKN RKN AN(4) BN(A) RD(&);H:YTX;ZTX DZX:ZOX)

 'K I+8

50 1=1, 2

YR(K,KN) = YTX(I)

CZR{KSKNY=ZTXCI)

50

60

1) ,20LC¢1,KN) +H)

- 80

D0 70 .KN=1 :5'

DRCK,KN)=DZXCI)

20R (K, KN)=Z0X (1)

CONTINUE - o S
CLEFT HAND WHEEL
AKN==ALCKN)

BKN=BL(KN)

__RKN=RL(KN):

_ X . : - : e
T CALL STRNH(YO:THlAKN;BKN RKN.-QM(1) cC(, YL(1;KN);ZL(1 KN): (1UE

CALL CIRWH(YO,TH, AKN,BKN, RKN,-AN(1) BN(1).RD(1) H YTX.ZTX sz 20
DO 80 I=1,2 : _ ,

K=1+1

YL(K,KN)= YTX(I)

ZLCK A KNY=ZTXC(T)
DL(K,XN)=DZX(1) - . B
Z0OL(K KNY=20X<C]) T

~ - CALL CIRWH(YO, TH:AKN BKN RKN.-AN(Z) BN(Z) RD(Z):H;YTX-ZTX DZX:ZO]

- 90

DO 90 1=1,2

K=1+3

YL(KsKNI= YTXC(E)

ZLK KNI=ZTXCT)

TDLCKGKNI=DZXCI): - - o . .
ZOL(K,KN)=Z20X (1) e : e .
CALL CIRWH(YO,TH,AKN,BKN, RKN.-AN(3).BN(3).RD(3). .YTX;ZTx,ozx,zo)

D0 100 1= 102
K=I+5. -

YLCKS KNI =Y TX (1) : ﬂ - ”iif\'
CZLCK KNY=ZTX(1) oo

~ DLCK,KN)I=D2ZX(I) -

.100

ZOL(K, KN) = 20X(1) _ | : S |
CALL STRWH(YO, THQAKN an RKN.-QM(Z):C(Z)-YL(S xn).cha KN).DL(S |

1), Z0L(8LKN) L H):

CALL CIRWH(YO, THHAKN BKN RKN:-AN(A) BN(4),RD(Q)oH:YTX:ZTXnDZX:ZO)
D0. 110 I= 1;2 ‘ S ‘ : L ol

CK=1+8 .
YLK KNI =YTXCD)

110

“_ 70

ZL(K KN)= ZTX(I)
“DLCK,KNY=DZXCI)

ZOL(K,KN) = zoxcl)

CONTINUE . -~ -

: CHANGING TO HHEELSET AXES

PO 120 1=1,5

D0 120 J=1,10

‘ _*rYwR(J 1= (zoa(J.lj ZR(J.I) H)*SP+(YR(J.!) YO)*CP

B s X o T . . -
[ p—" R R L S B PR . I IRl S -
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VR NGVEANNSDSOCENCNIWN2OVXINCVPRWN=SO 00NN WN

COBNOVLEWN—SOBXNCE VNP WN=2O

120

’;'150

160

170 S
L MRITE(24430)
430

~TF(IB,EQ.4)"

FORMAT(//)
WRITE(Z2,160)

FORMAT (30X, 8HTHETA =

TH. -

WRITE(2,170)

FORMAT (/)

o i o et o it Bk et L

L

. ' ..523 _ ‘,_(v'
1YNL(J.I) (ZOL(J.I) ZL(J 1)- H)*SP+(YL(J.I) YO)*CP
CZWRCI, I S(ZREI S II+H=ZORCI L 1) I *CP+(YR(JI, I)=YO) *SP

ZUL(J D Z(ZLG D #H-Z0LGS DI ¥CP+(YLQT D - -Y0) #SP
WRITE(2,150) .. )

LE13.6)

FORMAT (10X SSHPOSSIBLE RIGHT HAND NHEEL SOLUTIONS) S
B0 400 -TA=1, - _ .

DO 400 I1B=1,

CIFC(IBLEQ.1)
 IF(I8,EQ.2)

IF(1B,.EQ.3)

TFCIB.EQ.S)

CIFCIB.EQ.6)

IF(IB,. EQ.7)

- ITF(IB.EQ.8)

440 FORMAT(10X,5HYT. =-
.'F

_IFCIB.EQ.9)
G0 TO 415

Ic=1

50«70‘420L3"'

Ic=2 .

GO TO 420'l

I1C=3

G0 TO 420

1c=4

GO TO 420”

1C=5

GO TO 420
IC=6. :
CONTINUE

TF(IB.EQ.6. AND: IA £Q.2)
,'lF(lB EQ.7.AND, 1A EQ.2)
IF(1B.EQ.4.AND.IA.EQ.3)"
. IF(1B.EQ,5,AND.IA.EQ.3)
IFC(IB.EQ.6.AND.IA.EQ,.3)
TTFCIB.EQ, 7. AND.TA_EQ.3)
IF(IB.EQ.6.AND.IA,EQ,4).
IF(IB,EQ.7.AND.TA.EQ.4). .
JEFCYRCIB,TA) LTLYT(IA) ,OR.YR(IB,IA). GT YT(IA+1}) GO T0 400

5

10
60
GO0

GO

GO
GO

GO
GO
GO

60 10

.10

10

10

T0
T0
T0

T0

TO

413

14
415

7410w;.
411
412
492
413 -

.GO-

GO

GO

GO
G0

-GQ

GO

60

70

T0

TO

TO
T0

T0

10
T0.

400 .
400 |
400 .
400 .
400

400"

400

400

TFCZRCIB,1A) .GT,ZTCIA) ,OR.ZRCIB,IA) . LT.ZT(IA+1))- GO :TO 400
TECYWRCIB,TA) JGT.YWCIC) . OR.YWRCIB,TA) LT, YU(IC+1)) GO T0: 400

IF(ZOR(IB,IA) ,GT.1,.0R.,ZORCIB,TA).LT.=1.) 6O TO 400.

- WRITE(2,440)YR(IB, IA).ZR(!B.IA) YWUR(IB.IA),20R(IB, IA) 18,1A .
+E13.6, SX:SHZT
= ,E13. 6 SX:1H(.IZ.1H.;I1:1H))
400 CONTINUE ~ R

~WRITE(Z, 170)

o WRITE(2,450)
'l450

«-513,6 SXeSHYW =

PE13. ¢.5x,suz

fORMAr(10x.34HRO§SIBLE LEFT HAND NHEEL SOLUTIONS) o co
- DO S00 I1A=1,5 o | | _
“ DO. 500 IB=1,

10

"1F(IB.EQ.1) GO TO 510
TF(1B.EQ.2) GO TO 511"
-.IF(IB EQ ,3) GO TO 511




O R NO VA UN SOOI NONFWNSSOONGINSFWNS

[AY]

RS ' '.

L TR T

RUEE

IF(1B,

TF (I8,
TF(IB.

- 1F(IB,
CIFCIB.
TF(1B.

| 60 T0 -
510 1C=1

GO 10

511 ‘1€=2 -

. 'G0-TO
512 1¢=3

. -..GO0"TO.
- 513 IC=4

G0 TO

544 1C=5

: GO TO
515 1C=6

£EQ,5) GO0 TO 51&:

EQ.9) GO.TO 515
515 .

520
520 .
520
s20°

520

520 CONTINUE .

~TFCIB,
- TF(IB,
IFCIB
~IF(I8

IFCIB.,
~IF(IB,

STOP:
END

EQ.6.AND. 1A.EQ.2)
£0.7.AND.TA.EQ.2)

.EQ.4 . AND,TA,EQ.3)
LEQISTANDTIALEQL3)
T1e(iB.
IF(1B.

EQ.6.AND.TA.EQ.3)
EQ.7.AND.IA EQ.3)

EQ.6.AND.IAEQ.4)
EQ.7.AND.IA.EQ,4)
CIFCYLCIB,IA)Y.GT.=YTCIA) . OR.YL(IB,IA). LT,

SPESIN(TH)
CP=COS(TH) =
. DZT=(Q*CP~- -SP)/(CP+Q#SPY
ZT=B=R/(SQRT(DZT*DZT+1.))
YT=A=DZT*(2T=-8) - - - B
- 20=YT*(SP~ Q*CP)+ZT*(CP+Q*SP) YO*(SP Q*CP) c
© 20220/ (CP+Q*SP) - .
L 20=Z0+H -
':RETURN

END

£EQ.4) GO TO 512.

EQ.6) .60 TO 513 -
EQ.7) GO TO 513
EQ.8) GO TO 514

60 T0
60 TO
GO TO

6O--TO .-
G0 TO.

60 T9O

60 TO

GC TO

500

500

500

500

500

500._ .. -
500
500 .

=YT(IA+1)) GO TO 500

. IF(YWLCIB,IA) ,LT.~YWCIC).OR,YWL(IB,IA).GT,=YW(IC+1)) GO TO 500"

"1FCZOLCIB,IA).GT.1..0R,20LCIB,TA),LT.~1.) GO TO 500 - - ‘

. WRITE(2, AQO)YL(IB IA).ZL(IB IA) YNL(IB IA);ZOL(IB IA) 1B, IA o
500 CONTIENUE : . : .

" 310 CONTINVE.

1000 CONTINUE -

SUBROUTINE STRHH(YO TH A B R QaC-YT-ZT DZT-ZO H)

SUBROUTINE CIRNH(VO:TH:A BsRs AN BN:RD H YTX:ZTX DZX:ZOX) ‘

DIMENSION RI(Z) YTX(Z).ZTX(Z).DZX(Z)'ZOX(Z)
SP=SINC(TH)Y - )
S (p= COS(TH) T T v ‘ )
XK1=(AN*SP= BN*CP)*(AN*SP BN*CP) AN*AN BN*BN+RD*RD+(AN*CP+BN*SP)*
1N*CP+BN*SP) ' . I ‘ .
A1=R*R=XK1 L I
"BY1E=2,*YOXR*R~- -2. *AN*CP*R*R 2 *BN*SP*R*MZ *A*XK1 - ’ '
‘C= R*R*(YO*YO+2 *YO*(AN*CP+BM*SP)+AN*AN*CP*CP+2 *AN*BN*CP*SNBN*
1*SP*SP) AxA*XKT1 . . o .
BRA=B1*B1-4. *A1%C1

-_1;(51

EQ.0.) 60 T0 31

» 'ﬂ“'\tﬂl;!”ﬂ.n’--,-‘?“-!q_ﬂ’—ﬂ-l‘.F-,--a—.—-,J.-fv.lﬂfq- W g e
. - . . oLt IR



La - L PO . P

Aﬂ#‘WPU—inOOOWIO\ﬂl\WTV-?O‘OOO‘JO\RS’UIN-*C:Q(bﬁJ0\ﬂ¢fulvjﬁg7‘ -

29

.40

'IF(BRA LT.0.) GO 10 31

- 525 -

S RICY)=(- B1+SQRT(BRA))I(2 *A1) )
T RI(2)=(-8B1~ SQRT(BRA))I(Z *A1)

00 30 1= 1 2

S YT=RI(I)

CRRERAR-(YT-AI#(YT=AY - . s e

TF(RR.LT.0.) 6O TO 29 ~ . i

 ZT=B=SQRT(RR) . . ‘,;.-“_; a ._- ) "Lf' 

DZT=(A=YT)/(2ZT=8) :
HDAS= ZT+AN*SP~ ~BN*CP=(2T- B)*(YO+AN*CP*BN*SP YT)I(A YT)

20= HDAS+H

©ZOX(1)=20 .

GO TO 30

YTXCE)= =0,

. 2TX(1) =0, U A
SDZXC()=0. T o

ZoX(1)=0,
CONTINUE

.60 TO 40

CONTINUE — "~ —-— o ol i
00 32 -JJ=1,2 - ' s

CYTXII)=0,.

32

RETURN -~ T

i
|
|
| o L
..zrx<1)=zr: T R U U PR
DZX(IY=DZT R
|
|
|
|
|

2TX(JJ)=0,
DzX(J4)=0,

CZOX(44)=0,-

CONTINUE -
CONTINUE
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- 326 -_;"
(GENERAL LISTING (XRLP), 04107/73

'-MASTER YANING HHEELSET
S DIMENSION PS(6)

10

12

10
13

14
15

e
7
20

29

 COMMON/RAIL/YT(6),ZT(6), AL(S) 1 BLES) »RLES)

o COMMONIHEEELIQM(B);C(Z) BN(4} AN(4) YN(?).ZN(?)'RD(ﬁ)
: - COMMON/JOH/PSIH,HL
7 COMMON/CON/HA, X:Y:ZnXN3cYU3:ZH31

: FORMATS - .
FORMAT(6F10.0) -

FORMAT (5X,29HNO SOLUTION IN SECTION 1 TO 2)

1
F/."ATR6F10COL R
FORMAT(S5X,29HNO SOLUTION IN SECTION 2 -TO 3)
FORMAT(5X,29HNO SOLUTION IN SECTION 3 TO 4)
FORMAT(5X,29HNO SOLUTION IN SECTION & TO 5)
FORMAT(5X,29HNO SOLUTION IN SECTION 5 TO 6)
FORMAT(S5X,29HNO SOLUTION IN SECTION 6

T0°'7)
FORMAT (1H1) o . _ o
FORMAT(30X,6HPST = ,F10.6,7HRADIANS)
FORMAT(/) ' ’ R
CALL RAILAT
CALL WHEEL

CCALULTFINDHCH, YTSO) ™ —— — — o

READCT1,10X(PSCL)1=1,6) .
DO 100 XPS=1,6 '

 NSToP=1

PSI=PS(KPS)/57.3

MWRITE(2,20)

WRITE(2,21)PSI T '
WRITE(2,22)

FROM . POINT 1 TO POINT 2 ON NHEELSET

. CALL STRGHT2(PSI,QM(1),C(1) H,1,2, NSTOP)
~ IF(NSTOP.EQ.2) GO TO 1110 -

WRITE(2,12)

FROM POINT 2 TO POINT 3 ON WHEELSET

 CALL CIRCLE2(PSI, AN(1):BN(1):RD(1) Ho2, SoNSTOP)i o

IF(NSTOP.EQ.2) GO TO 1110
WRITE(2,13) '
FROM POINT 3 TO POINT 4 ON WHEELSET.

CALL CIRCLE2(PSI,AN(2) ,BN(2),RD(2), Hc3:4 NSTOP)}

F(NSTOP.EQ.2) GO TO 1110 o
RITE(2,14) - | |
FROM POINT & TO POINT 5 ON WHEELSET

ALL CIRCLE2(PST,AN(3),BN(3)/RD(3) /H, 4.5.Nsrop)f

1F(NSTOP.EQ.2) .6O: 70 1110
RITE(2,15) '
'FROM POINT 5 TO POINT 6 ON UHEELSET

‘CALL STRGHT2(PSI,QM(2),C(2),H,5,6, NSTOP)

(IF(NSTOP.EQ,2) G0 TO 1110

WRITE(2:,16)°

- FROM POINT 6 TO POINT 7 ON UHEELSET

CONTINUE

CALL JOHANSEN
CONTINUE -
S sTOP.

. END S

,SUBROUTINE CIRCLEZ(P A B RrH:IP1rIP2:NSTOP)

= i, e i 8 i Ry b B A E

CALL CIRCLEZ(PSI:AN(4):BN(4)rRD(A):H 6. 7 NSTOP)_
S WRITEC(2.17)Y ' - . '
S 1110
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107

g el Tt e

_ o L - 327 =
DIMENSION COC4),RI(4),61(4), LBZ(4),C2¢4) ‘~\I_» e
" COMMON/RAIL/YT(6), ZT(6) AL(5),BL(5), RL(S) - Co et
- COMMON/WEEEL/QM(2),C(2), 8N(4).AN(4).YN(?).ZW(?) RD(A)
_COMMUN/CON/H11 XtYerXN3:YN3t2N31 : :
| FORMATS : . g _
14 FORMATC//). ' ' ' ' E S
15 FORMAT(6X, ASHCOORDINATES oF CONTACT poxnr IN TRACK AXES ' (+E13.64"
THesE13.6,1H, E13.6,1H)) S R R .
17 FORMAT(/)Y - ' - o L e
21 FORMAT(6X, zzu(ozrlnvr) SHOULD BE = +E13. 6) ‘l T
91 FORMAT(10X,6H2TP = ,E13.6) - L o

212 FORMAT(5X,22HCONTACT POINT BETWEEN J11,5H AND. .11;18n‘0n'uH£ELsgrl

L% YW I1,2HY=,F9.6:5X, 3"?”(!11:2“)-0F9 6) . R :
213 FORMAT(10X,4HH = ,E13.6) ' R o -
214 FORMAT(6X:4BHCOORDINATES aFfF CUNTACT POINT !N UHEELSET AXES (1513
o 16, 1Hfl‘E13 6 1“:0513 6, 1H)) : ‘

" 215 FORMAT(6X,22HCALCULATED(DZT/DYT) = ,E13.6)

: \
9 FORMAT(10X,22HCONTACT POINT BETWEEN ,I1.5H AND .lz.AOHBUT UNABLE
10 FIND SOLUTION IN FINE LOOP)
YWI1=YWC(IP1) -
YW2=YW(IP2)
_ _.CP=COS(P)" S S . . |
: . SP=SINCP) T T T — I el I e ] e ] ’ |
"CPP=CP*CP . S ST T
spp=sp*sp - o A S T
- 1L00=1 ST . oL _ ‘ o S . o ‘ ;
ZTP==.76 ‘
DO 1109 11=1,80 |
L 2TP=ZTP+.01 }
B V-8 6 ' R T S
: o ZTP = ASSUMED yALUE OF T ;*fx‘]' T TR
U TRRLE0- e
o R THIS Is INCREASED IN STEPS 0fF .01 -
Y SLRV.LERE TS VN T R
| TO CHECK wH:CH-pART-OF RAIL cunve ZTP-IS'IN -
: <80 VRY AR

103 IF(2TP=2T(4))104,105,106

‘104 YTP=AL(4)- -SQRT(RL(4)*RL(A)=(ZTP~ BL(&))*(ZTP BL(A)))
. DZT=(AL(4) = YTP)I(ZTP BL(A)) ' . _
0 TO-2001 .

105 YTP=YT(4)

- 60 TO 2001 - _
106 tpczrp zr(3>)10?.103.109 .

TP=AL(3)=SQRT(RL(3)*RL(3)=(2TP~- BL(S))*(ZTP BL(3)))
DZT=(AL(3)=YTP)/(ZTP~- -BL(3)) - -
60 TO 2001

. S T T S R
ZT=(AL(4) - YTP)I(ZTP BL<4)) o T T |

108 YTP=YT(3)

o DZT=(AL(3)=YTP)/(2TP- BL(S)) R S S S
6o .10.2000 SR b T A

~=‘109,1r<zrp~zr<z>)d1o 111,112 IR
110 YTP=AL(2)=SQRT(RL(2) #RL(2) = (ZTP= BL(Z))*(ZTP-BL(Z)))

DZT=(AL(2)~ YTP)I(ZTP BL(Z))

|

S GO TO 2001 . |
111 YTP=YT(2) : L |

L DZT=(AL(2) - YTP)I(ZTP BL(Z)) S |

_ .60 7O 2007 - Lo K B R
112 IF(ZTP 27(1))113,114.11t ST _.,-_w
o ‘

|

|




O~ -

X

-

NPV P WN2OORNOVNP WNL2OORNAVNPANSCOXINCVNFANSORNONTNFAWNNSO

113

]
|

S =328 - ,
'vrp =ALCT) - SQRT(RL(1)*RL(1) (ZTP-BL(1))*(ZTP 8L(1)))
DZT=(AL(1)=YTP)/(ZTP=BL(1)) . ,

GO TO 2001 -

114,
2001

60 TO 2003
2002
2003

YTPSYT(A) e e
DZT= 99999999999999 | e Ce
CONTINUE
DYT=0,

IF(LO0=-2)1109, 31:31
KAB=1

Y=YTP

Z= ZTP

alt=2. *A*spétz.QCPP) 2. AYRCPHSP

CLEY*Y+AXA*SPP+4 . *A%xA*SPP~- 2 *A*Y*CP+A*A+B*B+B*B*CPP*CPP 4, *A*Y*CPi

1SPP-Y*Y*SPP=2, *B*B*CPP~R*R=AXA*SPP*(PP.

DL=2  KAXY XY XSPH2,  xAXARAXRSPPASP=4, *A*A*Y*CP*SP+2 *A*A*A*SP+2 *A*B*E
1%5P+2 *BABAY*XCPP*CP*SP=2., *A*A*Y*CP*SPP*SP 2. *A*Y*Y*SPP*SP -2, *B*B*W
Z*CP*SP 2. *B*B*A*SPACPP=R*R*2 *xA*SP

CELSYRY*AXAXSPP-2. *A*A*A*Y*CP*SPP+A*A*A*A*SPP+A*A*B*B*SPP+B*B*Y*Y*

IPP*SPP-AXAXYXYXSPP*SPP=2, *B*B*A*Y*CP*SPP R¥R*A*A*SPP

_Co(N)= BLLIALL_ ' _ '

CO(2)=CL/ALL ™ -:~—~n”~3~74m_m_¢;”;_7mmy;%_ e
CO(3)=DL/ALL = -'-.'__ R T T e
CO(G)Y=EL/ALL ' C TS T _ ,

“1£(L00.£0.2) GO TO 30

C1d=4

. CALL- ZZOOB(CO.RluGI.KAB IJ.az.cz)

I1F(KAB.EQ.2) GO TO 1109 .
DO 81.1=1,4

IF(GI(I).NE.0.) GO TO 31*‘

90

X=RI(I)} _

B1= (X*CPP+Y*CP*SP)*(X*CPP+Y*CP*SP)*B*B
. B1= B1l((x+A*SP)*(x+A*SP)) .
B2=X*X*CPP :

- B3=2. *X*Y*CP*SP

BL=Y*Y*SPP
81=B1~-B2~B3=84 -
CH=Z*2-B1" -
BH=2,%2 .
RAZBH#*BH~4 , #CH =
TF(BRA.LT.0.) GO TO 81 .
H11=H+BH/2,-(SQRT(BRA)/2.).. ' ' '
pZTN—-Y+A*CP+(X+A*SP)t(X*CP*SP+Y*SPP)I(X*CPP+Y*CP*SP)
D2TD1=Z+H~H11~- (X+A*SP)*(Z+H ~H11) /(X*CPP+Y*CP*SP) -
DZT1=D2TN/DZTDT1 .
XW3ISCP*X+SPY -
YW3=Y*CP~X*SP
ZW31=Z+H=H11 | B
RRW31= son1<xu3*xw3+zu31*zu31)_=
CIF(YW3.6T.YW1) GO TO 81 a

¥
1
¢




o 329 -_j

-GENERAL LISTING <anp> 04107173 ;Lfl{7'

'_IF(YNS LT. YH2) GO TO 81
TFCRRW31.6T7.15.98) GO TO 81" .
IF(RRW31.LT.14,778347) GO TO 81 -~
"TF(H11.G6T,.1.,0R.H11%, LT;-1 ) 60 TO 81 , T .
DIF1=DZT=DZT1 | , e
IFCI1.EQ.1) 60 TO ?0 T P
GO. TO 71 S T AR
81 CONTINUE - ' A R
A
DIF2=0, . . C et
.60 TO 1109 . 3 R
70 DIF2=DIF1
.60 TO 1109 : -
71 1F(DIF2.EQ.0.,) GO TO ?2
IF(DIF1.GT, 0..AND DIF2, LT 0 ) GO T0 28
. IF(DIF1,LT, 0..AND DIFZ GT.0. ) GO TO 23
72 DIF2= DIF1 ' : -

1109 CONTINUE.-

G0 TO 982

28 CONTINUE

TLE0=2 T e e e
Z1p=2-,0101 : : :

. D0 31 KK=1,200

C L ZTP=ZTP+,0001

GO 'TO 103

30 1J=4 - ‘
CALL ZZOOB(CO RIrGI:KABrIJ;BZ:CZ)
IF(KAB.EQ.2) GO TO 21

DO 32 I=1,4 O T
TF(GI(I).NE.0.) GO TO 32 . - = -
X=RI(I) ,

B1= +(X*CPP+Y*CP*SP)*(X*CPP+Y*CP*SP)*B*B
81= B1l((X+A*SP)*(X+A*SP)) :
 B2=X*X*CPP S '
B3=2. *X*Y*CP*SP_'
. B4=Y*YWSPP.
B1=B1-B2-83-84
CCH=Z*Z-B1 - -
BH=2.,%2 ‘
BRA BH*BH=4, *cu .
IF(BRA.LT.0.) GO TO 32 -
W11 =H+BH/2.~-(SQRT(BRA)/2,) . R
DZTN -Y+A*CP+(X+A*SP)*(X*CP*SP+Y*SPP)I(X*CPP+Y*CP*SP)
DZTD1 Z+H=-H11= (X+A*SP)*(Z+H H11)I(X*CPP+Y*CP*SP) R
DZT1= DZTNIDZTD1 S .
XW3I=CPxX+SP*Y
CYW3=Y*CP=X*SP
. ZW31=Z+H~H11
RRW31= snRT(xw3*xw3+zu31*zu31)
"IF(YW3.G6T.YWY) GO 70 32 o _
IF(YW3.LT.YW2) GO TO 32 . '
IF(H11.6T.1..0R. H11 LT.-1. ) GO TO 32
_ DIF3=Dp2T=-DZTYV
1F(KK.EQ,1) GO TO 170
60-TO 171 :

32 CONTINUE

DIF3=0,

e e e e g g §




o ' : S 330 .0 e T
3 60 .TO 31 . T o
) - 470 DIF4=DI1F3
). . 60 TO 31
171 CONTINUE \ ' .
) . 1F(DIF4.EQ.0.) GO TO 172 - ' '
S : IF(DIF3.6T.0..AND.DIF4.LT.0.) GO TO 128
. IF(DIF3.LT. 0..AND DIF4,6T.0.) 60 TO 128
b - 172 DIF4=DIF3
. 31 CONTINUE
- 0 TWRITE(2.17)
B U WRITE(249)1IP1, IPZ
p - . WRITE(2,91)2
) . 60 TO 98% o
128 WRITE(2.17) -
p S _WRITE(20212)IP1 IP2 IP10YU1 IPZIYH2_ ;
I CUUMRITE(2.14) L
o " WRITE(Z, 15)XlYJZ
5 - WRITE(2,17) .
S WRITE(Z2,213)H1%
y  WRITE(2.,17)
B - wRITE(2.214)xu3.Yw3.zu31
) . MWRITE(2.,17) . . R o S e
). WRITE(2,21)D2T" “‘"fﬂ‘“fﬂ?”—“f“_“%”_“*m%~f~—w—~e¢w,n;;._n
o S wRITE(2,215)Dzr1 ' S o
: - 981 NSTOP=2
i . 982 CONTINUE
Tt RETURNT »
END ' '
" SUBROUTINE: STRGHTZ(P.Q n H.!P1.IP2.NSTOP) _ _
.~ COMMON/RAIL/YT(6),ZT(6),AL(5),BL(5),RL(S) . '
B . - - COMMON/WEEEL/QM(2),C(2),BN(&L),ANCA) ,YW(7), zu(7) RD(A)
y ’ ) COMMON/CON/HY 1+ X, Y lZJXU3tY”3:ZN31 B s 7
) - € , FORMATS - o Lo

‘ 9 FORMAT(10X,22HCONTACT POINT BETHEEN J11, 5H AND +12,47HBUT METHOD U
: s " 1NABLE TO FIND SOLUTION IN FINE LOOP) i S
£ 14 FORMAT(//) C o ' S

: 15 FORMAT(6X,4SHCOORDINATES" oF conrAcr POINT IN TRACK AXES (+E13.6.1
h ’ 1H,+E13.6, 1H, ,£E13.6., 1”)) ' ’ . ‘
b . A7 FORMATC(/Y - ' :
P .- 21 FORMAT(éX,ZZH(DZTIDYT) SHOULD BE --.E13 6) o
B 91 FORMAT(10X,6HZTP = ,E13.6) ' ' o
) 212 FIORMAT(5X,22HCONTACT POINT BETWEEN ,I1.,5H AND . .11 18H on NHEELSET
D VL YW, T142H)2,F9. 65X 3HYW(, 11, 2K)=,F9.6)

s 214 FPRMAT(bX.ASHCOORDINATES OF CONTACT POINT IN. HHEELSET Axss .(.513.
P 46 TH 1 E13.6,1H, 2 E13.6,1H)) - o R . ’
b 215 FORMAT(bX.22HCALCULATED(DZTIDYT) = .E13 6) L

L .- PSI=p . . c
‘CP COSCPSI) -
. SP=SIN(PSI) -
- LT CppECPRCP .
B ... spp=spasp . .
P - L00=1 o
) Y1=YW(IPY)
ST Y2=YWLIP2)
2TPz==,76
DO 1109 1=1, 80
. ZTP=2TP+.0% R
: o 29 IF(ZTP-ZT<5))101.102a103 .
: ‘ 102 YTP YT(S) ) :

- - . - - - Pt e R N A B 0 TS T TS ] o P " T S T A DRSS eSgme s ia e s T e D e e e e———
- - * " " A " h " s RS . B
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- 331 -
_ pzT=0. S e P S
- 760 TO 2001 | | c S e
103 TF(2TP=2T(4))104, 105.106 L : T A
104 YTP=AL(4)=SQRT(RL(4)*RL(4)~ -(2TP- BL(&))*(ZTP BL(&)))*“,
o DZT=(AL(S) - YTP)I(ZTP BL(A)) PR _ R
- .60 TO 2001 P T e ,_: T
105 YTP=YT(4). B S oy
| DZT=(AL(4)= YTP)I(ZTP*BL(A)) B R -
.. 60 TO 2001 e . ) -
406 1F(ZTP-2T(3))107,108,109 ' - .- -
107 YTP=AL(3)=SQRT(RL(3)*RL(3)~ -(2TP~ BL(S))*(ZTP BL(B)))‘.f S -
- DZT=(AL(3)~ YTP)I(ZTP BL(3)) .
60 TO 2001 -
108 YTP=YT(3) o R SR
© L pZTE(AL(3) - YTP)I(ZTP BL(3)) A R T P TR T
GO TO 2001 | R I
_ 109 IFCZTP-2T(2))110,111,112 =~ o B
110 YTP=AL(2)=SQRT(RL(2)*RL(2)~(ZTP~ BL(Z))*(ZTP BL(Z)))_'
DZT=(AL(2)=YTP)/(2TP~ BL(Z))
GO TO 2001 _
- 111 YTP=YT(2) : |
———— - DZT= (AL(Z)—YTP)I(ZTP BL(Z)) |
S GO TO 2001 - ‘ |
112 1f(ZTP~ 21(1)>113.114 114 o _
113 YTP=AL(1)-SART(RL(1) *RL{1)=(ZTP~ BL(1))*(ZTP BL(1)))
PZT=(AL(1)~YTP)/(2TP=-BL(1)) :
GO0 TO 2001
114 YTP=YT(1)
- D2T= 99999999999999.
2001 CONTINUE -~ 1
. -opYT=0, - S |
576 XTPN==YTP*CP*SP~ G*Q*YTP*SP*CP o*o*sp S . o
CXTP=XTPN/(CPP= Q*Q*SPP) :2 o I S TR
B=2.%27p , : o co _ . R
BB=B*B. - ‘ '
c8= XTP*XTP*CPP+2 *XTP*YTP*CP*SP+YTP*YTP*SPP+ZTP*ZTP Q*Q*YTP*YTP*CP
1p+2, *Q*Q*XTP*YTP*SP*CP-Q*Q*XTP*XTP*SPP-D*D 2. *Q*D*YTP*CP+2 *Q#D*XT
2P*SP .
: BR= SQRT(BB 4 *cs)
" BR=BR/2, -
HP1=H+B/2.=BR S | ' SRS
- DZTN= Q*Q*YTP*CPP~ Q*Q*XTP*CP*SP+O*D XTP*CP*SP YTP*SPP
. DZT1=DZTN/(ZTP+H=-HP1)
. XW3=CP*XTP+SP*YTP . -

YW3=YTP*CP=XTP*SP
- ZW3i=ZTP+H-HPY . .
RRW31= sanr(xus*xw3+zw31*zu31) | : C e
- TF(LO0~2)19,81,81 {V‘_, BRI TR U LN
19 DIF1=DZT-D2T1 - B P T P T L Py
IF(YW3.6T.Y1) GO TO 23
"TF(YW3. LT, Y2) 60 TO 23
Z1=Y1%Q+D
22=Y2QQ+D -

IF(HP1,GT, 1..0R HP1, LT.-1 ) GO TO 23
1f(1,EQ.1) GO TO 23 - T
. IF(DIF1.GT.0..AND.DIF2,LT. o ) 60 TO 25.-.”13'5
 IF(DIF1.LT.0..AND. DIFZ GT 0.) GO TO 25'-[-' '
60 TO 23 '
25 L00=2" |




. 27P=zTP-.0101
DO 28 KK=1,200

- 2TP=2TP+,000% -

GO T0 29
DIF1=D27=-DZTY

CIF(YW3.GT.Y1) GO TO 27
TF(YW3,LT.Y2) GO TO 27

IF(KP1.6T,1..0R.HP1, LT.-1 ) GO TO 27

. IF(KK.EQ.1) GO TO 27

TF(DIF1.6T.0. AND_ DIF2,.LT. 0 ) GO TO 30

TF(DIF1.LY.0..AND.DIF2, GT. o ) GO 70" 30

27
28

23

101

1109

DIF2=DIF1
CONTINVE
GO TO 428
DIF2=DIF1
CONTINUE
CONTINUE

- GO TO 1999

 428

WRITE(2,17)

CWRITE(2,92)IPY,IP2

WRITE(2,91)27P

60 TO. 2000 e T
WRITE(2717) ~7 s e
WRITE(2, 212)191 192.:p1.v1.lpz.v2 : . T

C WRITE(2,14) _
| uRITE(2.15>xrp.va.zrp :

18

WRITE(2,17) .

WRITE(2:18)KPT

FORMAT(10X,4HH = 3513 6)

WRITE(2.17) s =
‘NRITE(2:21A)XNSIYN3JZW31 .
WRITE(2,17) - , ' Co -

 WRITE(2,21)02T

CWRITE(2, 215)0211‘
NSTOP=2
CONTINUE

CHAMEHRY o

X=XTpP

CysyTe o i

222TP ,*x‘ JR e SSRGS
RETURN | - T T
END -

 SUBROUTINE 2200B(A.R,GI,KAD,N,B/C) . . e

DIMENSION A(N),B(N), C(N) R(N) GI(N)

. ABSF(X)= =ABS(X) -
SQRTF (X) santx)

NUMBER'1,”‘

. ERROR=,0000017

00 350 1JKLM=1, NUMQER

1T=0

KrR=0 -
IF‘N‘1)3514|6
G==A(1) :
E=0.

KR= KR+1

. R(KR)=G

" GI1C(KR)=E.

GO0 70 35'

6

IF(N 2)7:?-8




7 P=A(YY

Q=AY
.60 70 28
"8 CONTINUE.. .-
82 P=A(1)

Q=A(2)
864 M=1 o

‘9 B(1)Y=A(H)-P. . . o

B(2)=A(2)~P*B(1)~-Q
DO 10 K=3,N '
10 B(K)=A(K)~ P*B(K-1)~O*B(K 2)
- L=N=-% . _
‘C(1) B(1)~ P :
C(2)=R(2)-P*C(1)~ Q
DO 11 4=3,L
11 €(II=B(I)=P*C(J=1)=Q*C(J=~ 2)
DIFF=C(LY=B(L) o
IF{(N=-3)13,12,13
12 D=C(N=2)*C(N=2)~ DIFF
G0 TO 14 T s
‘ 13 D=C(N=2)*C (N~ 2) DIFF*C(N -3)
m ——— V4 _TF(DIN17:15.,17 : . e S
: © 15 KAD=2 ’f*T”‘*‘_f*mf«Wffjﬁ;;_;_QmV

. WRITE(2,16) ‘ '

16 FORMAT(29H DIVIDED BY ZERO HETHOD FAILS )
"GO0 TO 35
47 TF(N=3)>19.18, 19
~. 18 DELTP=(B(N~- 1)*C(N -2)~- B(N))ID
- 60 TO 20 . ‘
19 DELTP=(B(N=1)*C(N=2)-B(N)*C(N=- 3))ID
20 . DELTQ=(B(N)*C (N~ Z) B(N 1)*DIFF)ID
P=P+DELTP
. Q=Q+DELTQ ' S
101 SuM= ABSF(DELTP)*ABSF(DELTQ)
' 1F(M-1>35.21.22'
217 SUM1=SUM -
60 TO 24 ‘
22 1F(M- 25)24.23;240
240 IF(M=99)24,26,26 S
.23 IF(SUM SUM1)24 26 26 -
24 M=M+1 . .
.25 TF(SUM~- ERROR)ZB 28 9
26 TF(IT=-N+2)38, 39.38
38  IT=IT+1 '
A IF(A(IT))381.26.381
381 P= A(!T+1)IA(IT) .
GO TO 84
. Q= A(IT+2)IA(IT)
39 KAD= 2 ‘
. WRITE(2, 2?) o ' '

27 FORMAT({(33H FUNCTIONS DIVERGING METHOD FAILS )
ST G0 1O 35 : N . o ,
28 G==p/2. . 1-;'-*- L

i F=Q-P*P/4.ﬂ-'?fr:

E CIFCF)29,29.3% . o

29 E= SQRTF(ABSF(F)) '

o T=6 7 o

1="335 -  ;

Ll S=E




_ o s e .
G=T+S .. Sl e
KR=KR+1
). R(KR) =G
4  GIC(KRY=E .
; . N=N~% '
' o §==8 .
| . . 6=T*S .. o
: © 30 KR=KR+#1 .~
’ . R(KR)=G
GI(KR)=E
© N=N~1 ' .
' o TF(N)Y 35, 35.32 :
b " . 31 E=SQRTF(F) = .
' " KR=KR+1
3 R(KR)=G -
' GI(KR)=E
i E==E -
"N=N=1 "~
% - 60 FO 30 . .. ;-
8 32 DO 33 I=1,N
33 A(D)=BCD)>. - . I S S
! 60 10 3 4.._.,,,...:_.-_,, B e . _'._-,,'l,,, S S S T
f - 35 CONTINVE : : g : - -
H 350 CONTINVE.
p RETURN
) END - R o
. SUBROUTINE JOHANSEN : ' ' L
_DIMENSION YTW(7), CO(A):R!(A),GI(4).ZTu(?).zu3(?):xu3(?) ”;
- COMMON/RAIL/YT(6),2T(6),AL(5),BL(5),RL(5) R
COHMONINEEELIQM(Z).C(Z) BN(4).AN(4).YH(?).ZH(?) RD(A)/JOHIPS! He HL
; 702 FORMAT(//) --.‘, "
y - 61 FORMAT(S5X, ?HX(T) aFS.Z)_ 
R .. 62 FORMAT(/) . - ' , ,
) 60 FORMAT(5X,6E13, 6) a B R
) - 23 FORMAT(SX THZ(TY . .E13 6 3x.13HY(r)<RA1L) +E13.6,3X, 14HY(T)(HH
- AELY = 4E13.6+3X%, ?HYOIF +E13. 6.2x.5Hle-..F8 4) .
p 327 FORMAT(ZOX LBHMINIMUM LATERAL DISTANCE BETWEEN FLANGE AND RAIL)
3 - .. 328 FORMAT(10X,39HWHEEL COORDINATES AT THIS VALUE OF x(r))
502 FORMAT(3X,9HYTU(I) = ) o C .
5 503 FORMAT(3X,9HZTW(I):= ) . . = ;; R
3 S SPESINCPSIY e b
; .. cp=COS(PSI) - . I
: - SPP=SP*Sp
: CPP= CP*CP .
) L IL=t .1;
o X==2, 5
R 13 CONTINUE
3 - , DO 10 NXS=1,21 - =
"'?IF(IL EQ.1) 60 TO ?03 .
5 CX=X4,05 o R -,;?;~_,- ’___ SR
6 Go TO 704 . .0 - 'tf;g_;_ R
7 703 x=xsus L 0t
3 7064  CONTINUE = \-:'"‘_wt R ,;
. 27 D0 50 1=1,7 ) '
0 50 YTW(I)= (YN(I)+X*SIN(PSI))ICOS(PSI)
. - D0 500 1=1.,7 , R
2 "'-500'xw3(1) X*CP+YTH(I)*SP j“-*'- o
gy e o ~“r“_“."—-'*"'"'7*”»?:"'.*—-—‘-Mf--w,-jt-:,.-.- T T L T




R OVRNOUVFAUWNSOOONOVSAWN=O

. 72

R1=QMC1) SYHC +CCE)

N P i Sy s e e

'A}{'i ;f‘fJ,j35..;‘ s ‘tﬂ,l": f_f.:;f{‘. 5

~ ZW3S=R1*R1~- xu3(1)*xu3(1)

ZW3C1)SSQRT(2ZW3S)Y 7 e _, :.f' e

R1=QM(1)*YW(2)+C (1) L
ZW3S=R1*R1~- XUS(Z)*XHS(Z)

‘f‘zwscz) 2SQRT(ZW3S) " . . E ' R
- R3=BN(1)- SQRT(RD(1)*RD(1) —CYH(3)- AN(1))*(th3) AN(1)))‘ B

_R4=BN(2)~SQRT(RD(2)*RD(2)=(YW(4)~- AN(?))*(YH(&)-AN(Z))),'

ZW3(4)=SQRT(R4*RA=XUI(4)*XW3(4))

 R5=BN(3)=SQRT(RD(3)*RD(3)=(YW(5)~ AN(S))*(YN(S) AN(S)))”E*'“"

ZW3(5)=SQRT(R5*R5=-XW3(5)*XU3(5)):

R1=QM(2)*YW(6)+C(2)

 ZW3(6)=SART(R1*R1= U3 (68N (63)

501

“IFCZ.6T.ZT(4)) 60 TO-30 — — i . s
YR=AL(4) - SQRT(RL(&)*RL(A) (Z BL(4))*(Z BL(A)))" R | -.—u

R6ZBN (&) +SART(RD(AI*RD (L) =(YUW(7)~ AN(‘))*(YH(?) AN(&)))‘

2N3(?) SQRT(R6*R6 XNS(?)*XH3(?))
po 501 I1=1,7

ZTUCD) = ZU3(I)+HL H.

2==.33 -

DO 20 N2S=1.,10

2=2+.01 ' o

: CALCULATE VALUE OF Y ON RAIL

|

e B

ZW3(3)=SQRT(R3*R3-XW3(3)*XU3(3)) Lo
\

\

R1A=RL(4)

- PHI= ATAN((AL(k)-YR)I(Z BL(4)))

-0 30

S34

32

GO TO 40 .

1F(2.6GT, ZT(3)) 60 TO 31 Lo Do
YR=AL(3)~ SQRT(RL(S)*RL(S) (Z BL(3))*(Z BL(S)))A-
R1A=RL(3)

PHI=ATANC(AL(3)~ YR)I(Z BL(S))) R
GO TO 40 ' -
IF(Z.6T.27(2)) GO TO 32

| YR=AL(2)=SQRT(RL(2)+RL(2) - (z 51(2))*<z at(Z)))ﬁ‘L_f'

R1A=RL(2) -

PHI= ATAN((AL(Z) YR)I(Z BL(Z)))

GO TO 40

IF(2.GT. ZT(1)) 60 TO 33 - T EEE
YR=AL(1)~ SQRT(RL(1)*RL(1) (Z BL(1))*(Z BL(1)))

U R1A=RL(DY
PHISATANC(AL(1)= vn)/(z BL(1)))
. GO TO 40

"33
“YR=YT(1)
‘RTA=RL(1)
‘CONTINUE

40

Z=27(1)

PH=PHI*S57.,3 o i a
" CALCULATE VALUE OF Y ON UHEEL

CIF(Z.GT.ZTH(2)) 6O TO 70
CCALL LINY(X,Z/1,2, YS)_,A ‘53,«‘

' RZA 99999999999999

70
CALL CIRY(X,Z:243,YS)
”iRZA'-RD(1)

NY=2 -
60 1071 L S
TF(Z.6T. ZTN(4)) G0 TO ?37‘uf

IF(Z.GT.2TH(3)) GO TO.72




[

E o it > Tt S S S
co U CALL CIRYUXeZe304sYS) o 0 o e
-R2A=-RD(2) o e T RN
_ GO T 71 ' Cw et ' L e
73 IfF(Z.GT. ZTH(S)) GO TO ?a
© 0 CALL CIRY(XeZs445,¥8) o o0 s
- R2AS=RD(3) = LT T
. ONY=4- : ;“ B R
oL GO0 TO. 71 :
L 74.1F(Z,6T, ZTw(é)) G0 TO 75
" CALL LINY(X:2,5,6,¥S)

*

. R2A=99999999999999,
CNY=5 - |
‘60 TO 71 : ' :
75 CALL clavcx.z.é 7 vs>
T R2A= RD(4) ’
©ONYS6
71 CONTINUE :
YDIF=ABS (YR~ -YS)
TF(N2S.EQ.1) GO TO 2% y
IFCYDIF.GT, YDIFZ) GO T0 zz
21 YDIF2=YDIF o , S o
20 CONTINUE _."""‘* e *—— e T LI S S
22 CONTINVE = R Tk
 IF(NXS.EQ.1) 60 TO 11 S o T
1F(IL.EQ,.2) GO TO 80 . .
TF(YDIF2.GT.YDIFX) GO TO 12
GO TO 11
80 IF(YDIF2.GT.YDIFX) co ro 14 :
11 YDIFX=YDIF2 o
- 10 CONTINUE - ;s;;,.‘___f;."
12 X=X-1, S L
‘ IL=2
- 60 TO 13
14 CONTINUE :
 WRITE(2,702)
" WRITE(2,327) .
‘X=X~.05 o
- WRITE(2,61)X "
CWRITE(2,62) -
"WRITE(2,328)
RITE<2'502)_~:
o 0. 329 I=1,7 '
329 YTW(I)= (Yw(I)+X*SIN(PSI))ICOS(PSI) I - e
o unrre<2.60><vru<1> I= 1.7) N _n.-‘;, LT
 WRITE(2,503) - =~ . Cel T S
S D0 300 121,77 i
300 XW3(I)= x*cp+vru(1>*sp
T R1=AM(1) #YW(1)+C(1) -
2U3S= n1*n1-xw3<1>*xu3<1)
ZW3(1)=SQRT(ZW3S) -
- R1= QM(1)*YN(2)+C(1)
“ . ZW3S=R1*R1 - xw3(z>*xw3(z) _ _
. ZW3(2)=SQRT(2U3S) ' | -
U R3=BN(1)~ SQRT(RD(1)*RD(1) (vw<3) AN(1))*(YH(3) AN(1)))E‘
L ZW3(3)=SQART(R3I*R3=-XW3(3)*XW3(3)) S
 R4=BN(2)=SQRT(RD(2)*RD(2)}=(YW(4)~ AN(Z))*(YW(&) AN(Z)))””
U ZW3(4)=SQRT(RAL*RA=XWI (L) *XW3(4)) " o
o R5=BN(3)- sanr<no(3>*ao<3) (YN(S)-AN(3))*(YN(5) A~<3>))f

SOVRNGCVHIEWN=SOVRNGINFWN-
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! - 357""
ZN3(5) SQRT(RS*RS XN3(5)*XH3(5))
R1=QM(2)*YW(6)+C(2) - - N
C 2UW3(6)=SQART(R1*R1~ XN3(6)*XU3(6)) : ' o
- R6=BN(4)+SQRT(RD(4)*RD(4) = =(YW(7)~- AN(‘))*(YN(?) AN(4)))
ZUW3(7)=5QRT(R6*R6~ XU3(?)*XN3(?)) .
pDC 30% I=1.7 R ) . i oo - : .‘“
S301 2TW(I)= ZW3(1)+HL H. S S P T
"WRITE(2, 60)(ZTN(I)'I 1, 7) - o o
YDIF=YDIFX . _ _
“TF(Z.GT.2T(4)) GO T0 90 : B
YR=AL(4) - SQRT(RL(4)*RL(4) (Z-BL(4))*(Z BL(4)))_'

R1A=RL(4)
PHI=ATANC(AL(4) = YR)/(Z-BL(A)))
60 TO0 140 -

90 IF(2.6T.2T(3)) 6O TO 91 \ .
"YR=AL(3)~- =SQRT(RL(3)*RL(3)~ (z BL(S))*(Z BL(3))) o
‘R1A=RL(3)

PHI= ATAN((AL(S) YR)I(Z BL(S)))
G0 TO 140 :

91 1F(2.GT.2T(2)) GO TO 92

 YR=AL(2)- SQRT(RL(Z)*RL(Z) <z BL(Z))*(Z BL(2)))

RYAZRL(2) A
“PHI=ATANC(AL(2)= YR)I(Z-BL(Z)))ﬁ_,m;an o N
Ga T0 140 - N T e

92 1F(2.6T.ZT(1)) 60 TO 93

YR=AL(1)- SQRT(RL(1)*RL(1) (Z BL(1))*(Z BL(1)))
RTA=RLC(1)

CPHI=ATANCCAL(1)= YR)I(Z BL(1)))

GO TO 140 S

93 z=2T¢1)

vREYTC) -.if”; ,

© R1A=RL(1)
140 CONTINUE

OO NOUVNEWN=0

 PH=PHI*57.3

YS=YR=YDIF : ' o

"WRITE(2, 23)z.YR YS-YDIF PH §

RETURN .

- END ' '

_ SUBROUTINE. CIRY(x.z.x1.K2.YS) :

DIMENSION CO(4),RI(4),GEC4), 32(4) cz<4) -
OMMONINEEELIQM(Z) C(Z).BN(&).AN(&) YH(?).ZH(?).RD(4)
OMMON/JOH/PSI,H s HL -

F(K1,EQ.2) X3=1
F(K1.EQ;3),K3=2_---
F(K1.EQ.4) K3=3 .

 TF(K1.EQ,6) K3=4&

‘SP SIN(PSI)

- .cp=COS(PSI) A S SRR

CSPPESPRSP - e S TR T A
Cpp=sCp*CP .~ - " o : SR D S

. A;AN(KS)ff- R
. B=BN(X3) -

"R=RD(K3) R ‘-g- ‘ R A f,. ._r s

COC1)==4 xAxCP .~ . ' ’ : o

CO0(2)==2.%R*R=2, *(~ X#X=2%2=2. *A*X*SP 2 *2*(3 HL) A*A B*B (H HL)*(I

1=HL))+4 ¥ AXA*CPP~4 *B*BASPP

CO(3)=4, *RAR*AXCP =4, kX *X*AXCP=4, *Z*Z*A*CP -8, *A*X*SP*A*CP+4 *A*CP*l

T =2 #Zx(H=HL)~A*A=B*B=(H=HL) *(H~ HL)) 8. *B*B*X*CP*SP o

L EIGH-HLS(HeHL

PP e et i 4 om ot o mie o e b 1op e e e e s a o am s e e n e & e e




. E2==B¥B=E1 .

S E3==-A%A+E2 R

' 54--2 *#Z2% (H- HL)+E3 -

 E5=-2,%A®X*SP+EL
E6'-Z*Z+ES'

E7==X*X+E6
CO(4)= R**4+2 *R*R*E?+X**4 2 *X*X*E6+Z**4 =2. *Z*Z*E5+4 *A*A*X*X*SPP
14 KAKRXKSPHNELHG ¥ Z*Z*EY =4 *Z* (H=HL) *E3+A**4=2, *A*A*E2+B**4+2 *B*B*
C 21+E1*E1~4. *B*B*(X*X*CPP+Z*Z+2 *Z*(H HLY+E1D)
o KAB=1 _ AR
. 1i=4 S ’ ' '
CALL 22008(CO, RI;GI KAB:!J.BZ;CZ)
DO 20 I=1,4.. - -
TF(GI(I).NE.O.) . 6o TO 20 R

- IF(RICII.GT.Y1) 60-TO 20 ~

STF(RICI) (LT.Y2). GO T0 20
Y$=RI(I)

.60 TO0 21 .

_CONTINVE'

CONTINUE
- RETURN -

_END___- ' S o
SUBROUTINE anv(x.z.x1.xz.v3) i
COMMON/JOH/PST HeHL > .
COMMON/WEEEL/QM(2) (C(2) ,BN(4), AN(A) Yu(?).zu(?) RD(A)

- TFCK1.EQ,.1) K3=1

. TF(K1.EQ.5) K3=2
SP=SIN(PSI) -

CP=COS(PSI) |

- SPP=SPRSP
CPp=CP*CP
Q=QM(K3)

B=C(K3)

YSA=SPP=Q*Q#CPP .

YSB=2, #X*CP¥SP*(1,+Q+Q)=2, *QeBACP ' '
YSC=X*#X* (CPP=Q*Q#SPP)+Z*Z+2. *Q*B*X*SP+2 *Z*(H-HL)+(H HL)*(H HL) a

4B S .
Y=SQRT(YSBAYSB=4.%YSA*YSC) o PR ',A"?

C¥S1=(=YSB4Y)/(2,+YSA) S |

YS2=(=YSB=Y)/(2.*YSA)

IF(YS$S1.GT.Y1) GO TO 20

S IFCYST.LT, Y2) GO TO 20

L YS$=YSt

60" 70 30_

Ys=ys2- .
CONTINUE
- RETURN
. END - ‘
-MASTER ACCURATE . B o o
~ " DIMENSION XA(9).xa(9).xcc9) YA(9) YB(9)., YC(9).zA(9 9).23(9 9).2c<~

M149)0YCR(9,9) . Y(D), YMD(9) ,ZMD(9) 4 ZCR(D,9) +2DR(Y, 9)+Y¥51(9, 9).
"DIMENSION YBTT(9),2BTT(9),251(9,9) ' |

- COMMON/RAIL/YT(6),2T(6),AL(5),BL(5), RL(S)INEEELIQM(Z) c12) Bnta).

”r1N(4),Yw<7).zu<?).no<4) D

© CALL RAILAT
- CALL WHEEL -
CCALL FINDHCH,YTSO) -

0
1
2.
2
4
5

6 .
-
8
9 .
0
1
27.
3
4 .
5

6 .
7.
8

9
0.
1.
2‘
3

"
.
6
7
8

. B T P P g i o A PR L i ot e d e e e T




. ¢

'\ ' 1

D 206

3 1
‘ ‘ 310

d 501

y R |

B . 503

D 1000

¢ 1001
‘ 1002

2 1003

3 - - 1004
o 1005

5 1600

5 1601
. 1602

8 c.

| ST

1 N

2

3

A

5

6

7

8 .

@ ... G

0 .

1

2

3

4

5

6

7

8

9

6 - C

177 ¢

2

3.

4

5.‘

5.

7

8 L

9 5

0 ¢

1. C

2 "C”

3

b .

5

6

[

,.,_._...u‘,——.ﬁq-..——.'..s -

- XC(1)=XC5-,04
- YA(1)=YA5~,04=Y0 -

em9-

 FORMATS'

FORMAT(8F10.0) e _ :
"FORMAT(1H1) ; - T B L -
iF9. G.SX,SHZO‘=ffFQ.6.5X.5HTH = sF9.7,5X.7HZMINC=

A

FORMAT (5X,SHYO =

1 F9.7) ' S S . T
FORMAT(5X,5HYO = .F9 6.5x.5Hzo = ,F9.6+5X¢SHTH = +F9,7,5X,7HZMINB=

(F9.7) - - - R S
FORMAT(5X,5HY0 = .F9 6 5Xs 5Hzo = .59.6.5x.snru'= s FO.7:5X, THZMINA

W FO.7) . - :
FORMATC(///) c ‘- - ' -
FORMAT(5X,6HPS] = +F9. 6 2X:5HKRL = :F9 6 2X:4HH = iF9.6)
FORMAT(S5X,24HAPPROXIMATE INPUT VALUES) . : N
FORMAT(10X,5HXA =.,F5,3,2X,5KXB = ,F5.3, zx.Sch = ,F5.3) -
FORMAT(10X,5HYA = ,F8.4,2X,5HYB = ,F7.4,2Xs5HYC = +F7.4) -
FORMAT(1OX SHYO'='.F6 A.ZX SHTH =;;F8.6.2X:5HZO =z ,F9,6)
FORMAT(//11) o |

FORMAT(5X,4HYBT=,F9.5,5X,4H2ZBT= .F9;5.SX.4HXBT=;F9.3)-,_ o _
FORMAT(5X, 4HYCT=,F9.5,5X44HZCT= rFI.5,5X,4HXCT=,F9.5) = B
FORMAT‘SX;LHYAT?JFQ.SJSXJAHZAT={F9;SISX:AHxAT=jF9.5)‘ '

READCIsVIPSI HL/YO,TH, 20 |
__READ(1,1)XAS,XBS,+XC5,YAS,YB5,¥C5

CWRITE(2,2). T F e
WRITE(2,1001) e ' L - -

WRITE(2,1000)PSI,HL/H
WRITE(2,1004)Y0,TH,20

 WRITE(2,1002)XAS,XB5,XC5 "

WRITE(2,1003)YA5,V85,YC5 e
WRITE(2,1005) Lo

SP=SINCPST)
 CP=COS(PSI)
SPP=SP*SP
CPP=CP*CP

XAC1)=XA5-.04 .
XB(1)=XB5=-.04

YB(1)=YB5~-,04~Y0

¥YC(1)=YC5-,.02- -Y0

RANGE OF VALUES OF X(T) Y(T) FOR EACH CONTACT POINT SOLUTION
IS SOUGHT WITHIN. THIS RANGE S
Do 5 1=2,9 ‘

J=1~1 S I

“XA(I)= XA(J)+ 01,

© XBCI)=XB(J)+.01
CIXCCII=XC(II+. 01
YACI)=YAQJ)+.01

S YB(I)=YB(J)+,01
YC(I) YC(J)+ 005

VALUES OF (X(T).Y(T)) FOR EACH CONTACT POINT CHANGED TO. R

WHEELSET AXES (X(W)sY(W)) ASSUMING WHEELSET YAWED ONLY, j'
D0 10 1=1,9 . - | N S
DO 10 J=1,9

XWA= xA(I)*CP+VA(J)*spf1 T

CYWAZYACJ) *CP=XA(I)#SP -

-HXUB=XB(I)*CPfYB(J)%sp,

-




RN VNENNADORNOVNPUNSOORNTNSUWN=S

I g b

Xy

60

f_sé

T 68

%0

AR

‘50

30

90

69

70

7
80

'100

.150

.'110
119

120

130

200

10 CONT!NUE

YWB=YB(

XWC=XC(

J)*CP=XB(1)*SP
1)#CP+YC(II*SP. .

YNC YC(J)*CP XC(I)*SP

CALCULATING VALUES OF Z(U) FOR CONTACT POINT A
IF(YWA.GE.=YW(3) . AND.YWA.LT.=YW(4)). GO0 TO 39
.IF(YHA GE.-YW(2).AND.YWA.LT.=YW(3)) GO TO 40
IF(YWA.GE.=YW(1) . AND.YWA. LT.-YN(Z)) GG TO 50

AK= BN(4)+SQRT(RD(4)*RD(4) (YHC AN(&))*(YNC AN(&))I

ZWA=SQRT (AK*AK~ XHC*XHC)
60 TO0 200
AK= QM(Z)*YNC*C(Z)

GO TO -1 :
AK=BN(3)~- SQRT(RD(S)*RD(3) -(YWC- AN(S))*(YHC AN(3)))'
- 60 -T0 1 .
140 AK= BN(Z)-SQRT(RD(Z)*RD(Z) (YHC AN(Z))*(YNC AN(Z)))‘”

60 TO 1

11 1 g Sl
1.
AR

ZC(1,0)=2ZWA

CINI

T1AL STEP LENGTHS B

. BETA 0.

P P T, 1 IR B P A T S 8 7 ST T S

o -‘3“35 ..m

N >

WRITE(2:60)YWA
FORMAT (10X, 6HYHA = .Fa 8]
60 TO 30 : ' '
AK=BN(2)~- SQRT(RD(Z)*RD(Z) (YUA+AN(2))*(YUA+AN(2)))
GO TO 41. ,
AK=BN(1)~ SQRT(RD(1)*RD(1) (YNA+AN(1))*(YWA+AN(1)))
ZWA=SQRT(AK*AK= wa*qu) '
GO 10 30
AK=C(1) .
GO TO 41 _
ZACT»I)I=2ZWA ' i ' . ' :
. CALCULATING VALUES OF zcu) FOR CONTACT PO[NT B
IF(YWB.GE.YW(5) . AND,YWB LT, YW(4)) GO TO 68 -
IE(YWB.GE,YW(4) AND,YWB.LT,YW(3)) GO TO 69
T T IF(YMBLGELYW(3) LAND,YWBLLT, YW(2)) GO _TO 70
' 1FCYWB.GE.YW(2) ,AND,.YWB,LT. vu(1)) GO. 10 80 —
"WRITE(2,90)YWB R
FORMAT(10X,6HYWB = ,F8. 4)
- 60 TO0 100 '
AK=BN(3)~ SQRT(RD(3)*RD(3) (vue AN(3))*(YNB-AN(3)))
60, TO 71 . :
AK=BN(2)~ SQRT(RD(Z)*RD(Z) -{YWB~ AN(Z))*(YHB AN(Z)))-
G0 TO.- 71 )
AK=BN(1) - SQRT(RD(1)*RD(1) (YNB AN(1))*(YHB AN(1)))
ZWA=SQRT (AK*AK~ xwa*xua) :
GO 70 100 o
AK=CC1) -
GO TO 71
2BC1,d)=2WA° _ _

' CALCULATING VALUES OF Z(W) - FOR' CONTACT POINT C
FCYWC.GE.YW(7).AND.YWC.LT.YW(6)) 60 TO 110 '
F(YWC.GE.YW(6).AND YWC.LT.YW(5)) 6O TO 120“*-
F(YWC.GE.YW(S5) . AND.YWC.LT.YW(4)) GO TO 130

" IF(YMC,GE,.YW(4) (AND.YWC, LT YW(3)) GO TO 140
WRITE(2,1500YWC - . S
FORMAT (10X, 6Hvuc .Fa 4)

G0 TO 200 '




'uuhuumfac>0<x~dqxn:-eralo~ocb~ua\n:-wlvetc~ooo~aa\m;~wru-o-ocp~1o\n:~wrv-c§aco&c»uuptnnJa<=1>m~{

s X 2]

1302

¢ .

DELTA=.0008
 DELTA1=.0005 - .

DELTA2=:00005
IJCOUNT=1

IMARK=1

11

CONTINUE

NHEELSEf MOVED LATERALLY UNTIL CONTACT PO!NT C ALMOST TOUCHES

e e s 4 e A i - . T 4 Pl ) S 8 ot o sk o g b L e 7 St

—ma-

.‘_

THE RAIL. (YO VARIED)(ZO TH CONSTANT)

. b0 301 1=1,9

DO 304 J=1.9

L YS1CI,d)=YC(JI*COS(TH)I+2C(T, J)*SIN(TH)+Y0

C2ZCR(I,3)Y=ZC(1,J)*COS(TH) - YC(J)*SIN(TH)+ZO H*HL
CALL FRICYST(I.J),YCR(1,J),2)
ZOR(I,J)=YCR(I/,J)=2CR(I.J)

- IF(ZDR(1.,J))302, 303'303

YO=YO=-DELTA

- IMARK=2

304

© . 60 TO 11
303

CONTINUE
CONTINUE

YMD(]1)= AMIN1(ZDR(I'1)lZDR(IlZ)IZDR(IJS)IZDR(I 4)!ZDR(IIS)IZDR(1061

~—-f—1:ZDR(Ip7);ZDR(I 8),Z0R(1.9)) .

4302
1304

2306 e
O UZBTTCI)=YLRCIGTY

2307,

IFCYMD(I) . EQ.ZDR(I,1))
1F(YMD(1),.EQ,ZDR(I,2))
IFCYMD(I).EQ,ZDR(I,3))

- TFCYMD(I) ,EQ,ZDR(I,4))

FFCYMD(I) .EQ,2DR(1,5))

- TF(YMD(1).EQ,ZDR{(1,+6))

1300

1301

TFCYMD(I) . EQ,ZDR(1,7))
IFCYMDCI) ,EQ,ZDR(1.8))

~TF(YMD(I1) ,EQ, ZDR(I 9))

CONTINUE _
YBTT(I)=YS1(1.,1)
ZBTT(1)=YCR(I,Y)
G0 TO 1305 S
YBTTCId=YS1(I, Z)j-
ZBTTCI)=YCR(I1,2)

GO TO 1305

YBTTCI)=YS1(I,3)

ZBTTC(I)=YCR(1,3).

1303

- 2305

GO TO 1305

YBTTCI)=YS1C(I,4) -
ZBTTC(I)=YCR(I &) °
60 'TO 1305 o

YBTT(I)>=YS1(1,5)
ZBTTCI)=YCR(1,:S)

G0 TO 1305 ..
YBTTCID=YS1CI,6). -
ZBTTCI)=YCR(I,6).
60 TO 1305. - . ..
YBTTCI)=YS1C1,7)

G0 TO 1305

YBTT(1)=YS1(1,8)
- ZBTT(I)=YCRCI,8) .
-~ - .60 T0.1305

2308

CONTINUE

YBTT(1)= v31<1.9i.-g

"ZBTT(I) YCR(I.9)

GO -

GO
GO
GO
GO
GO
6o

GO -

GO

T0

T0
T0
T0
TO

T0

TO

T0

1300— — = .l .- ,__‘_..,f _, ; .

1301

1302
1303
1304
2305
2306
2307

2308




[

-

: | TP *ﬁ3h2 T e .
5 .. 1305 CONTINUE . . ERRE S T R o
7 301 CONTINUE . : BT ' o
3 - ¢ - - DIST. BETNEEN FLANGE AND RAIL: = YMIN. (VERTICAL)(CONTACT o
p YMIN= AMIN1(YMD(1);YMD(2)¢YMD(3).YMO(L).YMD(S).YMD(é) YMD(?) YMD(S)
- ¢ YMD(9))

7 IF(YMIN, EQ.YMD(1))_GO 10 1306.-'f-‘-;__;a | ;VL o  ' - el
- .. TF(YMIN.EQ.YMD(2)) 60 TO.1307 -~ . ~~ = e

g
—

3 . IF(YMIN.EQ,YMD(3)) GO TO 1308 -

.o . TF(YMIN,EQ,YMD(4)) 6O Y0 1309
5 -  IFCYMIN.EQ.YMD(5)) GO TO 1310
6 -7 TF(YMIN,EQ,YMD(6)) GO TO 2310°
7 © IF(YMIN,.EQ,YMD(7)) GO TO 2311
8 IF(YMIN,EQ.YMD(8)) GO TO 2312
9 . - IF(YMIN.EQ.YMD(9)) 60 TO 2313
0 1306 CONTINUE _ ' .

S YCT=YBTT(L) -
o ZCT=ZBTTC(Y) -
OXCT=XC(YY

.60 TO 1314

1307 YCT=YBTT(2).

. 2CT=ZBYT(2)

XCT=XC¢2) - . S R
TGO TO 131 e e e e e
1308 YCT=YBTT(3) o e R - o T
- - ZCY=2BTT(3Y L : S SRR ‘

XCT=XC(3) -
S0 60 TO 1314
1309 YCT=YBTT(4) -
B ZCT=2ZBTTC4)Y ER
Xcr=xcesy
o G0 10 13117 - T
1310 YCT=YBTT(SY .~ =~ .
: ZCT=2BTT(S)
XCT=XC(5)
.. 60 TO 1311
2310 YCT=YBTT(6)
1 ZCT=ZBTTLE) &
XCT=XC(6) R
. 60 TO 1311 £
2311 YCTEYRTT(TY
o CT=2BTT(7) . - S T
XCT=XCC?Y) L _ _ o
: 0 70 1311
12312 YCT=YBTT(3)
. 2CT=ZBTT(8) .
. XCT=Xc(8) .
.60 TO 1311
‘2313 CONTINVUE . .
. YCT=YBTT(9) - -
ZCT=2BTT(9Y = . .
S XCT=EXC9Y

“.1311 CONTINUE o ' ' C ERR
SR SRR COORDINATES OF FLANGE CONTACT poxnr lesu BY xcr.vcr.zcr

. TF(IMARK.EQ. 2) G0 10 305 _

. YO=YO+DELTA
- 60.TO 11, '

305 WRITE(2,306)Y0,20,TH, YMIN

. MRITE(2, 1601)YCT.zcr.xcr
._ZMINC SYMIN .




B

307

o
1802
1796

L2797

1803
309

" IMARK=1

320

_308-

1797 : D
: L YBTT(I)= YS1(I.1)

1800
: ZBTTCI)=2ZDRC(I, 2)_
"GO TO 1803 . - -
CYBTT(I) = =Y$1(1,3)
- ZBTT(I)=ZDR(I,3)
.60 TO 1803 -~

2799

2800 1 R
L YBTT(I)=YS1(IL,9)
ZBTTCI)=ZDR(I,9) .

LA y o Wiy . i s s s o A it e it i 2 At s A 9o e e g L PRy 1t b e i -

BT B
60 TO 320 o e
20=20-DELTAY . oo T
IMARK=2 -

CONTINUE

NHEELSET.MOVED VERTICALLY UNTIL CONTACT POINT B ALMOST TOUCHES
THE RAIL (20 VARIED) (Y0, TH CONSTANT) SR

D0 309 I=1,9
.- DO 308 J=1.,9 ' B
XSG = YB(J)*COS(TH)*ZB(I J)*SIN(TH)+Y0
 ZCR(1,J)=2B(I,d)*COS(TH)~ YB(J)*SIN(TH)+ZO-H+HL
"CALL FRI(YSI(I,J),2DRCI J),2) "
CYCR(I,J)=

ZDRCI+4)=2CRCI, 4D
IF(YCR(I.J))so?.soa.sos ,
CONTINUE |

YMD (1) = AMING CYCR(I, 1).vcn<r.2).vcntr,3> YCR(I:&):YCR(IaS)rYCR(Ioé)

1 YCR(I,7),YCR(I,8),YCR(I,9))
CTEC(YMD(1).EQ.YCR(I,1)) GO

- TF(YMD(1).EQ.YCR(1,2)) 6O
. 1TEC(YMD(I),EQ.YCR(I,3)) GO
TF(YMD(I).EQ.YCRCI|4)) 6O
CTFCYMD(I) . EQ.YCR(I,5)) GO
. TFCYMD(I) EQ.YCR(1,6)) 60"
TF(YMD(I),EQ,YCR(1,7)) GO

TO-
T0
T0.
T0
T0
TO
T0
TO.
T0

1797

1800

1801

1802

1796 R
2 79 7 e e e L ‘_ — ___7.‘,7
2798 -
2799 .

TECYMDCI) . EQ.YCR(I,(8)). GO L
2800 . -

IF(YMD(]I) EQ, VCR(I 9)) GO
CONTINUE g

28TT(I)=ZDR(1,1). - .
GO 10.1803 ~

-
|
|
|
|
|
|

__‘
|
|
|
|
|

. 1
YBTTC(E)=YS1(1,2) -~ 7~

YBTT(I)=YS1(1,4) .
ZBTT(I)=2DR(1,4)

60 TO 1803 - ,

YBTTC(I)=YS1CL,5) .. .

ZBTTCI)=ZDR(IL5)
G0 TO 1803 T

YBTTCI)=YS1CI,6) - . .

zaTT<1)=zoR(I.6)-f,fj;f7

S GO TO 1803 -
2798

YBTT(I)=YS1(1,7)
ZBTT(1)=2DR(1,7)

60 TO 1803 . . - .
YBTTCI)=YS1(1,8).

ZBTT(1)=2DR(1,8) .

GO TO 1803

CONTINUE -

courluuz-
conr:nus
DIST.

BETHEEN TREAD AND: RAIL ZMIN (VERTICAL)(CONTACT B)

h:ZMIN AHIN1(YMD(1) YMD(Z):YMD(3):YMD(4):YMD(5):YMD(6) YMD(?):YMD(B‘

NSO OO NOVNPERNNSOORNCNSTUWNDOOVRNITNIWNSS 00N

L 1YMD(9)). o N

WS W e e mn g b w4 wieB e e = mLemiee oAl

- -.-"a--n-,—-—-—m H—ﬁ”-‘ﬂ‘ﬁ"ﬂ. ﬁﬁﬁﬁﬁ .
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iw ..

NG ™

IF(ZMIN.EQ;
TF(ZMIN.EQ,

1F(ZMIN,EQ.,
IF(ZMIN.EQ.

" TF(ZMIN,EQ,
CIFCZMIN,EQ,

TF(ZMIN, EQ,

“I1F(ZMIN,EQ,

99

1804

IF(ZMIN.EQ,
CONTINUE

YMDC1)) GO

YMD(2)) GO
YMD(3)) GO
YMD(4)) GO
YMD(5)) 6O
YMD(6)) GO
YMD(7)) GO
YMD(8)) GO

YMD(9)) GO

YBT=YBTT(1)
. ZBT=ZBTT(1) .
XBT=XB(1)

GO TO 1808

YBT=YBTT(2)

ZBT?ZBIT(Z)“; o

T0

T0
10
T0

T0

T0

T0
T0
T0

o T P R S i e R R ey




1806
1798

. 2801

903

- XBT=XB(2)

‘ 18°5

ZBT=ZBTT(3) .

. GO TO 1808
YBT=YBTT(4)

GO TO 1808
YBT=YBTT(3)

XBT=XB(3)

ZBT=ZBTT(4)

 XBT=XB(4)

GO TO 1808 . v7:;.'j_‘ ~ L  ;.”,i'  i;  &_ f o _j }\:'f .

YBT=YBTT(5)
" ZBT=ZBTT(5)

. XBT=XB(5)

GO TO 18038

YBT=YBTT(6).
- 2BT=2BTT(6).

T XBT=XB(6)

2802

YBT=YBTT(7)
ZBT=2BTT(?7)

o XBT=XB(7?)

.'M2803u
- ZBT=28BTT(8)

2804 :
YBT=YBTT(9)

1808

321

G0 TO 1808

|

|
GO TO A808. .. ot
Y8T = YBTT ¢ 8 ),A, —ti ,‘,;, . __ e _ 4__ — ,;_,,_-7 . ._ .

XBT=XB(8)

GO TO 1808 e T

CONTINUE

ZBT=ZBTT(9) « = . | o S el : L

XBT=XBC¢9) .. -~ -~ o R T

CONTINUE =~ L - c e T LT
" COORDINATES OF TREAD CONTACT XBToYBT:ZBT‘

IF(IMARK EqQ.2) GO0 TO 321

-20=Z0+DELTAY1
- GO TO 320

WRITE(2, 310)Y0:ZO:TH:ZMIN

- URITE(2:1600)YBT,ZBT,X8T

ZMINB=ZMIN"

T IMARK=1

- CONTINVE - . “'  B S
|

‘BETA= BETA+DELTA2 I
- G0 TO 902 AT
'315“

BETA= BETA DELTAZ s




- IMARK=2

902 CONTINUE . T e Gl
¢ ... WHEELSET ROLLED ABOUT CONTACT POINT 8 UNTIL CGNTACT po:nr A

c _° ALMOST TOUCHES THE RAIL (Yo.zo.ru VARIED)
' " p0.-317 1=1.9
DO 317 J=1.9
YCR(I,J)= YA(J)*COS(TH)+ZA(I.J)*SIN(TH)+Y0
. 2CR(I,J)=ZA(T,J)*COS(TH) = YA(J)*SIN(TH)+ZO H+HL -
_ . YCRCI,J)=YCR(I.J)=-YBT
© 317 2CR(I1,J)=ZCR(1, J) =2BT
. .00 900 .1=1,9 _
DO 901 J=1.,9 A S ‘ - o
- CONS= SQRT(YCR(I-J)*YCR(I J)+ZCR(I J)*ZCR(I:J)) S S
.. ALPHA=ASIN(ZCR(I,J)/CONS) : : C
"ALPHA=3,.141593-ALPHA-BETA
YS1¢1,3)=COSC(ALPHA) *CONS.
ZS1¢1,4)=SINCALPHA) *CONS
CYCRCI,II=YST1(1%J)+YBT
ZCRCI,J)=2S1C1,J)+2BT
YCRCI,$)==YCR(I.J)
- CALL FR1(YCR(I.J):ZDR(I.J)-2) -
S YCRCI,J)==YCR(I,J) L
TTYS1(L,9)Y=2D0R(1,)) - —2CRCT, Y
- TF(YS1(1,4))315,316.316
316 CONTINUE
. 901 CONTINUE
YMD(I)= AMIN'l(YS1(I:1);YS1(I:2)!YS1(It3)tYS1(I'li)lYS"(IrS):YS"(Ilé)
oYST1CIe7) »YSTCI8),¥S1(1,9)) _

TF(YMDC(I).EQ,YS1(1,1)) 6O TO 1342 S R o
“TFC(YMD(I).EQ.YS1(I,2)) GO TO 1313 L - LT
FFCYMDC(I).EQ.YS1(I,3)) GO TO 1314 , e . R

TF(YMD(I) . EQ,YS$1(1,4)). 60 TO 1315 = T : S

IF(YMD(I) EQ,YS1(I,5)) 6O TO 1316

. TF(YMD(I).EQ.YS$S1(I.6)) GO TO 2317
S TFCYMDCI) L EQ.YS1(I,7)) GO TO 2318
CTF(YMD(I) . EQ.YS1(1,8)).60 TO 2319 ;
. IF(YMD(1).EQ, vs1(1.9))_eo TO 2320 .
1312 CONTINUE - o :
C o YBTTCI)=YCR(IL1)Y IR
L IBTF(I)=2DRCILY) - . e
. 60.T0 1317 ‘ o :
1313 YBTT(I)=YCR(I,2)
. .. 2IBTT(1)=ZDR(1,2)
- 60 TO 1317 R - R . B
A3 YBTTCEYSYCRCIN3) - 0 o n e e S e
- 2BTT(1)=2DRCI.3 S a .
o 60 YO 1347 0 T
1315 YBTT(I)=YCR(I,4) R
ZBTT(I)=ZDR(1,4) =
o 60°TO1317. .
1316 YBTT(I)=YCR(1,5)
o ZBTTY(I)=ZDR(I,5)
. .60 TO 1317
- 2317 YBTT(I)=YCR(1,6) -
S ZBTTCII=ZDR(IL6)
. .60 TO 1317 S
2318 YBTT(I)=YCR(I,7) =
S ZBTTC1)=2DR(I,?)
6070 1317 -
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YBTTC(I)=YCR(I,8)"
ZBTY(I1)=2ZDR(I,8)
GO TO0 1317
CONTINUE :
"~ YBTTC(I)=YCR(1,9)
"ZBTT(I)=2DR(I,9)
CONTINUE -
CONTINUE

. . DIST. BETNEEN TREAD AND RAIL o
ZMIN=AMINTICYMD (Y1), YMD(Z) YMD(S):YMD(&) YMD(S) YMD(6):YMD(?);YMD(8)

1;YMD(9))
IFCZMIN,EQ,YMD(1))

‘IF(ZMIN EQ.YMD(2)):

 IF(ZMIN.EQ.YMD(3))
"IFCZMIN,EQ.YMD(4))

IFCZMINLEQ.YMD(5))

IF(ZMIN,EQ,YMD(6))
1F(ZMIN.EQ,YMD(7))

IF(ZMIN,.EQ,YMD(8)).

CTF(ZMIN.EQ.YMD(9))
CONTINUE
YAT=YBTT(1)

CZATEZBIT(I) T

XAT=XA (1)

60 TO 1322
YAT=YBTT(2)
ZAT=2BTT(2)

. XAT=XA(2)

GO TO 1322
YAT=YBTT(3)
ZAT=ZBTT(3)

TOXATEXAC3)Y

60 TO 1322
- YAT=YBTT(4)

. ZAT=IBTT(4)"

XAT=XA(4)

GO TO 1322

YAT=YBTT(5)

L ZAT=ZBTT(S)

XAT=XA(5) . -

60 T0.1322
"YAT=YBTT(6)

ZAT=2BTT(6) -

CXAT=XA(6)

GO0

GO
GO~
GO

GO
GO

60
GO
T

60 TO 1322 -

YATSYBTT(?7)
- ZAT=ZIBYIT(7)
XAT=XA(7)
.60 TO 1322

CYAT=YBTT(8) -

ZAT=ZBTT(8)

XAT=XA(8) -

60 .TO 1322
CONTINUE
YAT=YBTT(9)
ZAT=ZBTT(9)
CXAT=XA(9)
CONTINUE

COORD!NATES OF TREAD CONTACT

‘70
T0

70

-T0
.70
10
‘70

70
T0

~1318'”f'

1319 "
1320

1321
1323
2324

2325

2326
2327

ZMIN(VERTICAL)(CONTACT A)

th.#nr}zﬂt*




'f_ 348 - f‘ :J,Tf

LLIF(IMARK EQ 2) GO 10 500
.. G0 TO 903
500 YT10=Y0-YBT . ’ S
© . ZT10=20-ZBT=H SRPLER
"CONS= SQRT(YT10*YT10+ZT10*ZT10)
ALPHA=ASIN(ZT10/CONS) R Lo
ALPHA=3,1461593=ALPHA=BETA ', -~~~ . = "°
. .YW20=COSCALPHA)*CONS T . g
- ZW20=SINCALPHA) *CONS o ST e
YTO=YW20+YBT = - S AP
270= zw20+ZBT+H L T
YO=YTO
. Z0=2T0
 TH=BETA+TH ' o
_ WRITE(2, 501)vo.zo.Tn.2M1N,
- HRITE(2.1602)YAT:ZAT:XAT
IMINA=ZMIN - :
IMARK=1
“DELTA1=DELTA1/5. :
DELTA2=DELTA2/10. _ = s
CIF(IJCOUNT,.EQ.2) DELTA DELTAI1O
 TJCOUNT=2 g ' _
WRITE(2,503) — — — — — S DU
TF(ZMINA.LT..0000001, AND zn:na LT..0000001 AND ZM!NC LT..0000001)
160 TO 502 o o o
: 60 TO 17
502 CONTINUE
o STOP
END . o | - S
"MASTER CONTACT = ' ' ‘ '
COMMONIRAIL/YT(b).27(6).AL(5).BL(5> RL(S)IHEEELIQM(Z) C(Z).BN(4)u
1N(4).vu<?).zu<?).n0(4)

- CALL RAILAT
CALL WHEEL R P U R T
CALL FINDH(H,YTSO) . . = .~ . .

: FORMATS - LT T e T e
"FORMAT(9F8.0) ' e : o - T
FORMAT(5X,5HXA
FORMAT(5X,5HXB
FORMAT(S5X,5HXC

F10.6) ‘
"J2F10.6) .
. _ " 2F10.6)
FORMAT(10X,43HCOORDINATES OF CONTACT POINTS IN TRACK AXES):

3 +F10,.6,2X,5HZA
IA
S
7 FORMAT(10X,46HCOORDINATES OF CONTACT POINTS zn wHEELSET AXES)
10 : _ L
18

+F10.6,2X,5H28
+F10.6.,2X,5H2C

WF10.6.2X,SHYA
4 F10.6,2X,SHYB
F10.6,2X,5HYC .

LI 1]
Hon

W

FORMAT(5X,22HYWC GREATER THAN YW(&)) o

18 FORMAT(S5X,19HYWC- LESS THAN YW(?7)) ;’
21 FORMAT (20X, 34HFLANGE conrAcr POINT ou R H uHEEL)'“J” ‘
22 FORMAT(//) ' . \ L

23 FORMAT(5X,15HR1A (RAIL) = .513 6)
24 FORMAT(5X,23HR1B (RAIL) .= 'INFINITY)
. 25 FORMAT(5X,15HR2A (WHEEL) =  ,E13.6):
26 FORMAT(5X,15HR2B (WHEEL) = ,E13,6) ' R
27 FORMAT(SX, ASHANGLE BETHEEN NORMAL PLANES OF R1A AND R2A = .E13 6)
28 FORMATC(/)Y - -
: 29 FORMAT(S5X, 6HA+B = .E13.6.3X.6HB = .513 6.3x.13Hcos<THETA) .51
. 4,6+3X.8HTHETA = ,E13. 6.?HDEGREESE - _ o
.97 FORMAT(70X,6HPSI = ,F8.6,7HRADIANS). _
© 98 FORMAT(1H1) : e
: 129 FonMAT(AOx 13HCOS(TOR) = .513 6, 3x 8HTOR  +E13.6,7HDEGREES)

PGNP PU (Y R e e
- - - ——— [t : “ -
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140 FGRMAT(ZOX 33HTREAD CONTACT POINT ON R.H.
141 FORMAT(5X,4HA =
Y42 FORMAT(ZOX:33HTREAD CONTACT POINT ON L H,

+E13,6,5X,4HB =

DO 2 NCASES=1,7
 READ(1.1)Y0,20,TH,PST . .~
: READ(1;1)XA:YA:ZA XB;YB:ZB:;C:YC:ZC

PSI=PS1/57, 3
SP=SIN(PSI)

- CP=COS(PSI)
. SPP=SP*SP
CPP=CP*CP
- STH=SIN(TH)

CTH=COS(TH)

B e L o T L e R S E—"

- +E13.6)

. _"’

WHEEL)
WHEEL)

CHANGING.CONTACT POINTS FROM TRACK AXES T0 HHEELSET AXES.-Z

 XWASXA*CP+(YA=YO)*SP*CTH+(2ZA=ZO0+H) *SP*STH
L XWB=XB*CP+(YB=-YO)*SP*#CTH+(2ZB~20+H) *SPASTH

f‘.XHC?XC*CP+(YC—YO)?SP*CTH+(ZC-ZO+H)*SP*STH
T YWA==XA*SP+(YA=YO) *CP+CTH=(ZA=Z0+H) *STH+CP

YWB==XB*SP+(YB=YO)*CP+CTH=(ZB=Z0+H) *STH*CP
YWC==XC*SP+(YC=-YO)*CP*CTH~(ZC~ ZOfH)*STH*CP

C ZWA=S(YA=YO)*STH+(ZA=Z20+H)*CTH _
T ZWB=(YB=YO)*STH+{(ZB~-Z0+H)*CTH- ——»% S

ZWC=(YC-YO) *STH+(Z2C~ ZO+H)*CTH
WRITE(2,98)

MRITE(2,97)PSI

WRITE(2,6) '
WRITE(2,3)XA.YA,ZA
WRITE(2,4)X8.YB,Z8B
WRITE(2,5)XC, YC:ZC
WRITE(2,7)

WRITE(Z2, 3)XHA:YWA:ZHA _
WRITE(Z2,4)XWB,YWB,ZWB

MRITE(2,5)XWC,YUC, ZUC

YAA=ABS(YA)

"IF(YAA.GT, YT(1) AND. YAA LT vr<2))
IFCYAA.GT.YT(1) . AND.YAA.LT.YT(2))
CIFCYAA.GT.YT(2) . AND.YAA. LT.YT(3))
IF(YAA.GT,YT(2).AND.YAA. LT, YT(3))
IFCYAA.GT.YT(3) . AND,YAA.LT.YT(4))
IF(YAA.GT.YT(3).AND,YAA.LT,.YT(4))
- TFC(YAA.GT YT(4),AND YAA.LT,.YT(5))
U TFCYAALGT . YTC(A) JAND,YAAL LT, YT(5))

CTF(YAALGT.YT(5) . AND.YAA. LT, YT(6))
TFC(YAA.GT.YT(S5).AND,YAA, LT YT(6))
- DZDYA=(ACR=YA)/(ZA=-BCR)

IF(YB.GT.YT(1),AND,YB, LT, YT(Z))
IF(YB.GT.YT(1) . AND,YB LT, YT (2))

. TFCYB.GT.YT(2),AND,YB.LT,YT(3))
CIF(YB.GT.YT(2) ., AND.YB.LT,YT(3))
CTFCYB,.GT.YT(3) .AND.YB,LT.YT(4)}))
TF(YB,GT. YT(3).AND,YB. LT.YT(4))
TF(YB.GT.YT(4) AND,YB,.LT,.YT(5))

IFC(YB.GT.YT(4),AND, .YB.LT.YT(5))

CTF(YB,6T,.YT(5),AND.YB.LT.YT(6))

.- CTF(YB.GT.YT(5).AND.YB, LT YT(6))
- bzDYB=(ACR~ YB)/(ZB BCR) . ‘

"TFC(YC.GT.YT(1).AND,YC, LT YT(Z))

TF(YC . GT.YT(1) ,AND.YC. LT, YT(2))

ACR==AL(1)
BCR=BL(1%)
ACR==AL(2)
BCR=8BL(2) .
ACR==AL(3)

"BCR=BL(3) '
ACR==AL(4)
BCR=BL(4)
ACR=~AL(S5)
BCR=BL(S)

ACR=AL(1)

BCR=BL(1)

ACR=AL(2) ~

BCR=BL(2) .
ACR=AL(3)
BCR=BL(3)

ACR=AL(4) -

BCR=BL(&)

AcnsAL(S),.":

BCR=BL(5)

ACR=AL(1)

BCR=BL(1)
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;-IF(YC GT. YT(Z) AND YC. LT YT(3))
CIF(YC.GT.YT(2) JAND.YC.LT.YT(3))
TIFCYC.GT.YTC(3)  AND, YC. LT.YT(4))
IF(YC.GT.YT(3) AND, YC. LT.YT(4))
TFCYC.GT.YT(A) ANB.YC. LT, YT(3))
- TF(YC,GT.YT(4) LAND.YC,LT, YTC(5))
CLFCYCLGT.YT(5) JAND,YC.LT.YT(6))-
“TF(YC.GT.YT(5) ., AND,YC.LT. vrfé))
- pZDYC=(ACR-YC)/(ZC- aca> :
WRITE(2,28)
WRITE(2,143)D2ZDYA, ozovs ozov

ACR= AL(Z)Q - A
BCR=BL(2) . - B
ACR=AL(3) ~ o
BCR=BL(3) BT NS
ACR=ALCA) . o
BCR=BL(A) - . . o o
ACR=AL(5) .. D T PR
acR=aL<5)}. S,

' 143 FORMAT(SX 9H(DZ/DY)A .F10 6:2X.9H(DZIDY)B--F10 6:2X 9H(DZIDY)C-:F

\
1

- 10. 6) -
' CONTACT POINT c (FLANGE)(R

R = RADIUS PC IN BOOK(P.335)

,_R =SQRT(XWC*XWCH+ZWC*ZWC)

H, SIDE)

TO CALCULATE THETA IN BOOK(P 335)

IFCYWC=YW(4))8,8,9
9 WRITE(2,10)
GO TO 99
.8 1F(YWC- vw(S))11 11.12 _
12 DYX= (BN(3) R)l(vuc AN(3))

,,GO TO 1 3 e —

11 TF(YWC~ YH(6))14 16:15

.45 DYX= RI(QM(Z)*(QM(Z)*YNC+C(2)))

: G0 TO 13 -
14 TF(YRC-YWN(7))16, 1?;1? .

16 WRITE(2.18)

o000

o

O

GO TO 99 .
17 DYX=(BN(4)~ R)/(YHC AN(&))
13 CONTINVE
THB=1,./DYX
" THB= ATAN(THB)
'RZB R/COS(THB) -
TO CALCULATE ANGLE BETWEEN

POINT 2 XW=0,,YW=YWC,ZW=0.
XZ--YUC*SP ' o -
S Y2=2YO4YUWC*CP#*CTH
Z2=20- “H=YWC*CP*STH =~~~
: POINT 3 xu 0., YW= 0.:2u= 0.

- X3=0, :

- ¥3=YO0 .

23=20=H

R1A AND RZ2A

KNOWING 3 POINTS IN A PLANE THE EQUATION OF THE PLANE ff
CONTAINING R2A CAN BE CALCULATED. LI S R
POINT 1 (XC,YC,ZC) TRACK AXES . - - D _ i

THEREFORE EQUATION OF PLANE CONTAINING R2A (P 35)

CE=(XC*(ZC=22)+(X2~XCI*(2C=-23))/ ((Y3= YC)*(ZC zz>+(23 zc>*(v2 YC))

F=((X2=XC)+E*(Y2~ YC))I(ZC 22)
G==XC=E*YC=F*Z(

PH=ACOS(CSPH)
PHD=PH*57.,3,
TO FIND R1A

J
|
\
\
1
|
|
'y
\
\
\
|
|

T ANGLE BETWEEN TMO PLANES. (P.34)T'
CSPH=1. ISQRT(E*E*F*F+1 0 o

TFCYC.GT.YT(1) AND, YC.LT, YT(Z)) R1A RL(1);;

1F(YC.GT.YT(3)) GO TO 99
. TO FIND R2A .

IF(YC.G6T,YT(2) . AND.YC.LT, YT(S)) R1A= RL(Z) - f‘jg-'_ S ;f;
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LIF(YNC GT. vu(?> AND.YWC.LT.YW(6))

S TFCYMC.GT.YW(6) LAND. YWC.LT.YN(5)).
" TFCYWC.GT.YW(5) L AND.YWC.LT.YW(4))
CIFCYNC.GT.YW(A)) (6O TO 99

WRITE(2,22)

C MWRITE(2,21)
;uaxre<2.23>n1al"

"WRITE(2,27)PHD .~

"WRITE(2:24) o
WRITE(2,25)R2A
WRITE(2,26)R2B

C CALCULATING HERTZ CONSTANTS

coo |

"APB=,5%(1,./R1A+1 . /R2A+1,/R2B)

BMA=(1./R1AY*(1./R1A) +(1./R2A=1. )RZB)*(1 IRZA 1 IRZB)+2 *(1 IR1A)

1(1./R2A=1, IRZB)*COS(Z *PH)
gBMA—.S*SQRT(BHA)

CSTH=BMA/APB

- TF(CSTH.6T.1.) CSTH= 1

 IF(CSTH.LT.=-1.) CSTH==1,
“TH=ACOS(CSTH) -

. TH=TH*57,.3

CWRITE(2,28)

 BEBMA+A S  ?¥-7

~~WRITE(2,29)APB, BMA.csrn Tuf,

" WRITE(2,28) .
TOR=ABS(1./R2B-1. IR1A 1 IRZA)
" TOR=TOR/(1,./R28+1,/R1A+1,/R2A)

"ATOR=ACOS(TOR) .
ATOR=ATOR*57,3
WRITE(2,129)TOR, ATOR -
A=(APB~- BMA)IZ

HRITE(Z:141)A B

RZA RD(&) -
R2A= 1000000000000
RZA'-RD(3)

_CONTACT POINT. B.(TREAD)(R H.SIDE) .

TO FIND R1A

1F(YB,GT.YT(1).AND YB, LT, YT(B)) R1A=RL(1)_
CIF(YB.GT,.YT(2).,AND,YB, LT, YT(3)) RY1A=RL(2)
IF(YB,.GT.YF(3).AND,¥B. LT . YT(4)) RI1A=RL(3)
IFCYB.GT . YT(4) AND, YB.LT.YT(5)) RIA=RL(4)
ITFCY8, GT YT(5).AND,YB LT, YT(6)) R1A=RL(5)

R1B = INFINITY - .

TO FIND R2A

TO FIND R2B: ‘
R=SQRT(XWEB*XWB+ZWB*ZWB)
TFC(YWB.LT.YW(5)) GO TO 99

o ITFCYWB.GT.YW(5),AND. YWB.LT, YU(4))

- 30

©o32.

3

CIFCYWB.GT.YWC(4) . AND.YWB.LT.YW(3))

TFCYWB.GT.YW(3) ,AND.YWB . LT.YN(2))
IFCYWB.GT.YW(2) . AND. YUB.LT, vu<1))
GO TO 99 . | .
R2A=-RD(3) . ' -,",
PYX=(BN(3)~ n)/(vwa AN(3>),T?J"
GO TO 34 :

R2A==RD(2) - ' : -
DYX=(BN(2)=R)/(YWB~ AN(Z))‘--

GO 10 34 |
R2A==RD(1).

. DYX=(BN(1)- R)I(YWB AN(1)) o
.. 60 TO 34 -
33

R2A= 1000000000000

6o To 30
GO TO 31.
GO TO 32

GO TO 33 -




emooo

oo

. TEC=YA,GT.YT(S5) .AND,.=YA.LT.YT(6)) R1A=RL(S)

34

-352...

DYX= RI(QM(1)*(QM(1)*YNB+C(1)))
CONTINUE - _
THB=1,/DYX

 THB=ATAN(THB)

2 R2B-RIC0S(THB)

TO CALCULATE ANGLE BETHEEN R1A AND RZA

KNOWING 3 POINTS IN A PLANE THE EQUATION OF‘WHE PLANEj 

.. CONTAINING R2A CAN BE CALCULATED,
POINT 1 (XB,YB,»ZB) TRACK. AXES
“'POINT 2 Xw= 0..vw YHB:ZW 0.

N fxz--va*SP
Y2=YO0+YWB*CP*CTH

- Z2=Z20=H=YUB*CP+STH

POINT 3 Xw=0. .vu'o..zw 0.
X320, -
Y3=Y0

:Z3=20- -H

THEREFORE EQUATION oF PLANE CONTAINING RZA (P 35)

E=(XB*(ZB=22)+(X2=-XB)*(ZB~- 23)>1<(v3 ve>*cza zz)+<zs-zs)*<v2 va);

F=((X2=XB)+E*x (Y2~ YB))I(ZB-ZZ)
G==XB=E*Y(C~F*2C ‘ '
. _ANGLE BETWEEN TWO PLANES. (p. 34)
CSPH=1, ISQRT(E*E+F*F+1 *1 )——_me,rm_
PH=ACOS(CSPH)Y .
" PHD=PH#57.3
WRITE(2,22)

CUWRITE(2,140)

WRITE(2,23)R1A

"WRITE(2,24)

- WRITE(2,25)R2A° -
WRITE(2,26)R28 = -

WRITE(2,27)PHD -
APB=,5*x(1,/R1A+1, IR2A+1 IRZB)

BMA=(1./R1AI* (1. /R1A)+(1,/R2A- 1‘IR28)*(1 IRZA 1 IRZB)+2 *(1 IR1A)

1€, /R2A=1./R2B)+COS (2. *PH)
BMA=,5*SQRT(BMA)

- CSTH=BMA/APB -

IFCCSTH.6T.1.) CSTH=1.
IECCSTH.LT,=1.) cswn--1

o [TH= ACOS(CSTH}

TH=TH*57.3

. IMRITE(2,28) . ‘1”  [-"~f'

WRITE(2, 29)APB:BMA:CSTH TH

U MRITEC2,28)

ITOR=ABS (1, IRZB 1. IR1A 1 fR2A)
TOR=TOR/(1./R28+1,/R1A+1, IRZA)
TATOR=ACOS(TOR)

 'ATOR=ATOR*57.3 - o
 'WRITE(2:129)TOR,ATOR .

‘Az (APB-BMA)IZ

B=BMA+A

 WRITE(2,141)A,8

CIFC-YALGT.YTC1) . AND. =YA.LT.YT(2)) R1A=RL(1) y o

TE(=YAGT.YT(3) . AND.=YA.LT.YT(4)) RIA=RL(3)

" CONTACT POINT A (TREAD)(L H s:os)
7O FIND R1A :

IF(=YA.GT,YT(2) . AND,=YA. LT, YT(3)) R1A=RL(2)

CIF(-YA,GT,YT(4) ,AND.=YA,LT.YT(5)) RI1A=RL(4)




o et i A — i S0

O TF(=YWALGT,YW(4) AND,.=YWA, LT, YW(3))

40 R2A=-RD(3)

R1B = INFINITY
“T0 FIND R2A
© TO EIND R2B ..
CRESQRT(XWA*XWA+2ZWAYZWA).
IF(=YWA.LT.YW(5)) GO TO 99 :
TF(=YWA.GT.YW(5)  AND. =YWA,LT.YWC4))

CTF(=YWA.GT.YW(3).AND ,=YWA.LT.YW(2))
TF(=YWA.GT.YW(2) . AND.~YWA, LT vu(1))
60 TO 99

DYX=(BN(3)~- R)/(vuA+AN<3))S'"f
GO .TO 44 | o

.;AI-RZﬁ“-RD(Z)

DYX=(BN(2)~- R)I(YNA+AN(2)) -
GO TO 44 a

42 R2A==RDC1)

OO nn.

DYX=(BNC1)~ R)/(va+Au(1))
GO TO 44

43 R2A=1000000000000. R
X DYX=R/ (~QMC1) (= QM(1)*YHA+C(1)))———*
. 44 CONTINUE-— -~

THB=1,/D0YX
.~ THB=ATAN(THB)
"~ R2B=R/COS(THB) . '
' " TO CALCULATE ANGLE BETUEEN R1A A

' 'f353fff1J;' .

G0 TO 40

60 TO 41
60 TO 42
GO TO 43

ND R2A

R e L R T

4:.‘;KN0HING 3 POINTS IN A PLANE THE EQUATION OF THE PLANE
"CONTAINING R2A CAN BE CALCULATED,

"POINT 1 (XA,YA,ZA) TRACK AXES
©_POINT 27 XW=0.; YW=YWA, ZW=0.
L X2=-YHA#SP : ST
Y22Y0+YMAXCPHCTH.
22270-H=YUA*CP*STH |
. POINT 3 xus 0..Yw 0..zu 0
X3=0,

o ¥3=v0

- 23=20-H

-  THEREFORE. EQUATION OF PLANE. CONTAINING RZA (P 35) '
CE=(XA* (ZA=22)+(X2-XA) *(ZA~ Z3))I((Y3-YA)*(ZA ZZ)+(Z3 ZA)*(YZ YA))

 F=((X2=XA)+E#* (Y2~ YA))I(ZA 22)
“GzaXA=E*xYA~F*ZA .

ANGLE BETWEEN TWO PLANES. (9134)f

. CSPH=1./SQRT(EXE+F*F+1, %1, >
"PH=ACOS(CSPH) . - o

CPHDSPH#S57.3 L

WRITE(2.22)

WRITE(2,142) = .
CWRITE(2,23)R1A
CWRITE(2,24) -

WRITE(2,25)R2A
"WRITE(2,26)R2B
CWRITE(2,27)PHD . |
T APB=.5%(1,/R1A+1./R2A+1 /R2B)"

BMA=(1./RT1A)* (1. /RT1AY+ (1, lRZﬂ -1. IRZB)*(1 IRZA 1. IRZB)+2 *(1 IR1A)

1(1 /RZA=1./R2B)*C0OS(2, *PH)
. BMA=,5%SQRT(BMA) ‘
.CSTH BMA/APB . - B
U IF(CSTH.GT.1. ) CSTH=1,
- TF(CSTH_.LT, -1_) CSTHf-1




AN DO OR N NFWN SOV NN UNDOORNRN -

99 CONTINUVE. o e

R

TH=ACOS(CSTH)
. TH=TH*57.,3
WRITE(2,28) . .
L WRITE(Z, 29)APB/BMA, CSTH.TH
. WRITE(2.,28) :
 TOR=ABS(1./R2B=1, IR1A -1, IRZA) o o e
- TOR=TOR/(1./R2B+1./R1A®1./R2A) .~ . . PR
~ ATOR=ACOS(TOR) S
ATOR=ATOR*57,3 o
WRITE(2,9129)TOR/ATOR '
A=(APB=BMA)/2, S
‘B=BMA+A’
WRITE(2, 161)A B

-2 CONTINUVE -

- sTOP

. END .

. MASTER Fonces
DIMENSION PPD(10).YYTM(10)
COMMON/CFF/COF(19,4)

B FORMATS

1 _FORMAT(19F4,0) ST -
10 FORMAT(8F10,0) — — i~ — e

11 FORMAT(2E11.4) - o T T T T T e

16. FORMAT(312)
166 FORMAT(3E20.6)"
200 FORMAT(1H1)

201 FORMAT (20X, 6HINPUTS:10X 8HCASE NO.:IZ)

202 FORMATC(/) -

- 203 FORMAT (5X, 3HUM=, 3.2, 2X,5HAPBA=,F7.6+2X, SHAPBB=,F7.5,2X,SHAPBC=,F

‘4.5:2Xs3HGA=,F4. 3, 2%, 3HGB=,F4,3,2X,3H6GC=,F4.3)
204 FORMAT(SX:SHAM-:F4 2 2X03HBH—;F4 ZoZXaSHCM-;FQ 2, 2X:3HAN-:F4 3|2X
‘ 13HBN=,F4.3,2Xs3HCN=,F4.3)" '
205 FORMAT(SX:AHTZA-rF? 0., ZXaAHTZB=lF? 0 2XJ4HTZC rF? 0 ZXJLHPS‘-0F7
" 4,2X.3HAL=,F5,.4,2X,38BL=,F5.3, 2Xe3HCL=,F6.4)

207 FORMAT(SX,4HPOK=,E11.4,2Xs4HE = ,E11.4)
208 FORMAT(5X,8HPHI DOT=,f8.4) ~

209 FORMAT(//)

'210‘FORMAT(10X-4HG1A~;E13 6:5%, 4HG1B-.E13 6+ 5X;4HG1C=:E13 6)

211 FORMAT (10X, 4HG2A=,EV13.6,5X, 4HG2B=,E13.6,5X,4HG2C=,E13,6) Lo

212 FORMAT(10X,4HG3A=,E13,6,3X, 4HG3B=,E13, 645X 4HG3C=,E13,6)

o 72137F0RMAT(5X;5HKA = ,12,2Xs5HKB = ,12,2X,5HKC = ,12) E T
 ,220'FORMAT(10X:3HTA +E13. 6 5X;3HUA-rE13 .6:5X%, 3HEA oE13 6:5X:3HCA-;E1’

- 16)

'-221 FORMAT(10X, 4HFXA—-E13 6;5!;4HFYA—;E13 665X, 4HMZA-;E13 6 10X AHTYJ

1,E13.6)

: 222 FORMAT(10X 3HTB—:E13 6:5X;3HUB-;E13 6, 5X:3HEB-:E13 6 5X, 3HCB~;E1

16)

© | 223 FORMATC10X, aurxs-.s13 645%, 4HFYB= .513 6,5X,4HMZB=,E13.6, 10x;4n1v

1,E13.6) .~

"224 FORMAT(10X 3HTC-:E13 6-5X:3HUC-.E13 6 5X-3HEC‘:E13 6:5X:3HCC--E1

- 16)

i225 FORMAT(10X LHFXC=,E13.6, 5X.4HFYC-.E13 6 5X:4HMZC='E13 6 10X:4HTY

- 1,E13.6)

300 FORMAT(5X, GHTZTZ,F7.0,2X, 4HTXTZ)F6.1,2X, HTYT=, 7.0, 2X.4HMZT=.F7

42X AHMYT=,F10.3.2X, 4HMXT-.F? 0L2x.?uuv1<u>-.r1o 3)

400 FORMAT(zox.sﬂourpur)’

744 FORMAT(S5X,5HZ20 = ,F9,69 3Xs 4HH 5,;F9 6:3X 4HY = oF4 0,3X, ?HPPD(1)

1F8.443X, 7uppn<2)-.ra S S I

Lo
ST

- o s o o o s . e e i e




745
746

747

748"
749

822

s s e e i i i o g Ml e e Bk i - . . e m g e

- 355 -

T e N e L B s

EORMAT (5Xs HXTAZ s F10. 602X 4HXTB=0F10. 642X 0 bHXTC .F1o;6)-.’"]=7,_“(

FORMAT(5X,4HYTA=,F10,6,2X,4HYTB=,F10.6,2X4HYTC=,F10.6)
FORMAT(5X,4HZTA=,F10.6+2X,4HZTB=,F10.6,2X,4H2TC=,F10,6)
FORMAT(S5X, 4HXWA=,F10.6,2X+4HXWB=,F10.6,2X,4HXUWC=,F10, 6)?-
FORMAT(5X,4HZWA=,F10.6,2X,4HZWUB=,F10,6,2X,4HZWC=,F10.6)

FORMAT(5X,100HNUMERIC-METHOD" CAN NOT BE

USED TO CALCULATE THE FORC

-1ES AT POINT A BECAUSE-A/B RATIO OUT OF RANGE )

- '826 FORMAT(5X,100HNUMERIC METHOD CAN NOT BE. USED TO CALCULATE THE FDRC

828

FORMAT(10X,4HT3A=,E13.6)

" "4ES AT POINT B BECAUSE A/B.RATIO OUT OF RANGE )

'-829 FORMAT(5X,100HNUMERIC METHOD CAN NOT. BE. USED TO CALCULATE THE FORC

831
832
1202

1ES AT POINT

FORMAT(10X,4HT3B=,E13,.6) .
FORMAT(10X,4HBT73C=,E13,6)

C BECAUSE A/B RATIO OUT OF RANGE Y

FORMAT(5X,SHYO = sF5.3,3X, 6HPSI.=:.F§.3)

1IT=1 v
READ (1, 1)((COF(I J)cl 1;19)J=1-4)

" READ(1,11)POK.,E

. DO 2000 NCASES=1,2 -
READ(1,10)PPD(1)PPD(2)

READ(1,10)UM,APBA,APBB, APBC GA GB GC-YO
READ(1,16)KA,KB,KC

READ(1:10)AM,BM,CM,AN,BN, CN L -

READ(1.10)T2ZA, TZB;TZC:PS]:AL gL.CL -

READC1,10)YTA,YTB,YTC,XTA,XTB.XTC,20,H
READ(1!10)ZTA02TBJZTCrZNA:ZWB:ZUC -

READ(1,10)XWA, XNBJXHC V

WRITE(2,200)

WRITE(2,201)NCASES

CMRITE(2,202) T ‘ ;;,;5]-*
CWRITE(2,1202)Y0,PST ~ = = -

PS1=pPS1/57.3

WRITE(2,203)UM,APBA,APBB, APBC GA GB GC
WRITE(2,213)KA,KB,KC :

 WRITEC2,204)AM,BM,CM,AN, Bn.cn

WRITE(2,205)TZA,728B,T2C,PSI, AL.BL cL

WRITE(2,207)POK,E
WRITE(2.,744)20/H.V, PPD(1) PPD(Z)

C WRITE(2,745)XTA,XTB,XTC
L WRITE(2,746)YTA,YTB,YTC

WRITE(2,747)ZTA,2TB,Z7C
WRITE(Z2,:748)XWA,XUWB,XUC
WRITE(2, 749>zuA.zua.zuc

"WRITE(2,209)
WRITE(2,400)

CUMRITE(2,202)
T CP=COS(PSI) -
- $P=SINCPSI)

" CLA=COS(AL)

" CLB=COS(BL) -

CLC=COoS(CL)

. SLA=SINCAL)

SLB=SIN(BL)

"SLC=SIN(CL)

PI=3,141593

COXTA=XTA/M12.
CooXTB=XTB/12.

XTC=XTC/12,

'{f ZWA=ZWA/A2. ?'ﬂ"

e



~ ZwB=ZuWB/12. - .
oZwe=z2WcC/12.

XWA=XUWA/I2,

. XWB=XWB/12,

CXWC=Xuwe/12.
ELA=YO=YTA: L T s T
ELB=YTB=-YO * ~ - T e s
“ELC=YTC=YO. . : S Co
ELA= ELA/12.

. ELB=ELB/12.

. ELC=ELC/12.

RAR=2TA=ZO0+H
 "RBR=2TB=20+H . ..
" RCR=ZTC=Z0+H
RAR=RARI12.
:RBR=RBR/12.
~ _RCR=RCR/12.

CRA=(1 .1 C, 5*APBA))I12
RB=(1,/(.5*APBB))/12.
"IF(APBC.EQ.0.) GO .TO 1209
RC=(1./7¢C, 5*APBC))I12

. GO TO - 1210 T :

4209 REE0. e e Tl T
o210 CONTINUE = - . IR T T T T e
N APBA=APBA*12, . - S : I T
g . APBB=APBB*12,
p . APBC=APBC*12,
) 00 21 I=1,10 |
L IF(1LLE.2) .60 TO 12

2 1F(1,EQ.3) 60 TO 93 "~ _ ' SR

; o IMI=T-1 o IR Lol R

L IM2s1-2. ' S |

5 O IM3=1-3 : S

Lk pPD(II=PPDLINI)- YYTM(IM1)I((YYTM(IM3) vv1m<1u2)>/<ppo<1n3) -PPDCIM2
7 Dy _

R : GO TO 12 - - ‘ R ' S
13 pPD(I) = (YYTM(Z)*(PPD(Z) PPD(1)))I(YYTM(1) YYTM(Z))+PPD(2)
12 pD=PPD(I1)

" WRITE(2,208)PD _
VA=0,5%*(V~PD*RAR*CP)
VB=0,5*(V-PD*RBR*CP)
 VC=0.5%*(V=-PD*RCR*CP)

- G1A=(V+PD*RAR*CP)/VA
. G1B=(V+PD*RBR*CP)/V8
- G1C=(V+PD*RCR*CP)/VC -
© G2A=PD*RAR*SP*CLA/VA
" G2B=PD*RBR*SP*CLB/VB
- 62C= PD*RCR*SP*CLCIVCj

G3A==PD+CP*SLA/VA .
© G3B=pD*CP*SLB/VB
. G3C=pD*CP*SLLC/VC
T3A=T2A/CLA
TSB=TZBICLB;» -
~T3C=T2C/CLC.
-~ DO 61 J=1,3" -
ABA=, 75*PI*T3A*POKIAPBA
. ABA=ABA*ABA
- ABA=ABAW®%, 3333333
.“ABA AM*AM*ABA

PO OVRNOCVIWN=SVORNGEWVM I WN=COF




e Bt B St

S L L S T o S
- CA=SQRT(ABA) I P )
EA=(G1A*RA) /(UM*CA) S : : |
UA=(G2A*RA) /(UM*CA) - - .~
. TA=G3A*RA/UM ' '
1FA=1 '
TV=TA.
- GK=GA
- CALL NUMERIC(GA KAsTA, UA EA.FxA FYA.ZMA IFA.IT)
IFCIFA.EQ,2) GO TO 261 R
"T3A2=T3A
.T3A= TZAI(CLA+UM*FYA*SLA) , FE s g
- DA=T3A-T3A2 -~ . e R
61 CONTINUE S e B o - S S
261 CONTINUE .
- IfFB=1
IF(TZB.FQ.0,) GO TO 162
DO 62 J=1,3
ABB=, ?S*PI*T3B*POKIAPBB
ABB=ABB¥ABB :
. ABB=ABB*¥% 3333333
o ABB=BM*BN*ABS
T - CB=SQRT(ABB)Y - - I o S o L
o EB=(G1B#RB)/(UM*CBY - - = 7 S
UB=(G2B*RB)/(UM%CB) : : ’ o S
- TB=G3B*RB/UM
"6J=GB -
" TX=TB
Jad= 1
CALL SIMP(EB,UB,TX, GJ.KB,10.3 EXB, FYB.ZMBvJBJ) - . R
IF(IFB,EQ.2) GO TO 262 T SRR

9

T3B2=T738 - o
" T3B= TZBI(CLB UM*FYB*SLB)
' PB=T38B-T382 :
. 62 CONTINUE
262 CONTINUE
. GO TO 163 ‘ S
162 TZB 0. e S e
a=o.g
B=0, .
B=0,
NTINUE
cz1 . I
IF(TZ2C,EQ.0, ) GO TO 164
‘DO 63 J=1,3
"ABC=, ?S*PI*TSC*POKIAPBC
ABC=ABC*ABC o
ABC=ABC#*+%_,3333333
ABC=CM*CN*ABC. -
~ CC=SQRT(ABC) .
EC=(G1C*RC)/ (UM*CC)
UC=(G2C*RC)/ (UM*CC) -
TC= GSC*RCIUM ‘
- 66=6C -
S TT=TC _
S Jd=1 ‘ ' B
©CALL SIHP(EC uc, TT-GG KC, 10 1, Fxc Fvc.zmc JJ)
IF(!FC EQ.2) GO TO 263 ' . :

=—MMNTIT

163

B L T T TR SRR




..—_—-‘-..-.—-—-“ o i o Ll okt b

: - =358 =
TSCZ T3¢ _ B
T3C=T2C/(CLC~ UM*FYC*SLC)
- DC=T3C-T3C2 :
63 CONTINUE
263 CONTINUE.
S GO TO 165 oo cot o ‘
164 TZC=0. . e
. T3C=0, 1 : o -
FXC=0- :
FYc=0 P
S zZmMe=0,
165 CONTINUE :
IFCIFA.EQ.1) GO TO 821
WRITE(2,822)"
GO TO 825
- 821 CONTINUVE - . L
© TYA=UM*T3A®FXA .
"AZM=UM*T3A*CAXZMA . |
_  TYA=UM*T3AXFYA*XCLA-T3A*SLA
825 1F(1FB.EQ.1) 60 70 823
o - WRITE(2,826)
— - 60_TO_827 L S
; 823 CONTINUE _ e e S S o ) _ _
TYB=UM*T3B*FXB SR : . T T T e e =
BIM=UM*T3B*CB¥ZM8 ST Lo EERT :
- TYB= UM*TSB*FYB*CLB+T3B*SLB
p - 827 IF(IFC,EQ.1) GO TO 824
S WRITE(2:829)
p GO TO 830
h . 824 CONTINUE o g
. TACEUMST3CH*EXC - - ¢
D . C3ME=UMAT3C*CC*ZMC '
3 : TYC= UM*TSC*FYC*CLC+T3C*SLC
' 830 CONTINUE - -
5 C _ TOTAL FORCES
S . TE(1FA.EQ.2) GO TO 1000
tF(IFB.EQ,2) GO TO 1000
IF(IFC.EQ,2) GO TO 1000 - S - -
TXA=TVA 0 e D
TXB=T18 P T T L T
TXC=T1C : :
OTXT= TXA+TXB+TXC
L TYT=TYA+TYB+TYC .
TZT=TZA+TZB+T2C
ZAM=AZM*CLA -
~ ZBM=B3M*CLB
~ ZCM=C3M*CLC.
. YAM==A3M#SLA
YBM=83M+SLB.
YCM=C3M*SLC, P : ' L
2TM= ZAM+ZBM+ZCM+TXA*ELA+TYA*XTA TXB*ELB+TYB*XTB TXC*ELC+TYC*XTC .
YTM= =YAM4+YBM+YCM+TXA*RAR+TXB#*RBR+TXC*RCR=TZA*XTA-TZB*XTB~ TZC*XTO
 XTM==TYA*RAR=TZA+ELA- TYB*RBR+TZB*ELB TYC*RCR*TZC*ELC S
TXWAS TXA*CP+TYA*SP*CTH*TZA*SP*STH S

*

. T2WA=TYA*STH+TZA*CTH '

. TXWB= TXB*CP'!-TYB*SP*CTH+TZB*SP*STH_
- TZWB=TYB*STH+TZB*CTH : S
S TXUC TXC*CP-FTYC*SP*CTH*TZC*SP*STH E
O TZWC=TYCHSTH+TZC*CTH -

PO NOVMFEWNNSOOVONTNFUWNSOVONT

— PR - e - T R T PR o S e § S T e e e T e e e e
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WA TN WY W T W T

.16

- 359 = -

WMYA YAM*CP*CTH ZAM*STH*CP

- WMYB=YBM*CP*CTH-ZBM*STH*CP

21
22

1000
2000

1

>

10

1

12
30

31
'32
33

'wmvc YCM*CP*CTH=2CM*STH*CP =

YWTM= UMYA*NMYB+HMYC+TXUA*ZNA*TXUB*ZNB+TXNC*ZNC TZUB*XWB TZWC*XWC'T
1ZNA*XUA . ; 7 _ : :

YYTM(I)=YWTM - ' o
WRITE(21300)72T TXT:TYT!ZTM VTM XTM YNTH
AYTM=ABS(YWTM) .

TFCAYTM, LT..001) GO TO 22

~CONTINUE .

CONTINUE

WRITE(2,210)G1A,618,G61¢
WRITE(2,211)G2A,62B,G2¢C L T o - S
WRITE(2,212)G3A,G38B, G3C ' ' c ‘ R
WRITE(2,828)T3A SR . R : S . o
WRITE(2+220)TA,UA,EA,CA

WRITE(Z2,831)T38

WRITE(2,222)TB, UB:EB:CB

 WRITE(2, 832)r3¢ . . o K

WRITE(2,224)TC,UC,EC,CC | R
WRITE(2,221)EXA,FYA,ZMA,TYA - e
WRITE(2,223)FXB,FYB,ZMB,TYB .
~uRITE(2.225)Fxc FYC:ZMC;TYCgA,_“Uf S e
CONTINUE . S T PR
CONTINVE =~ - _ o o .
STOP o

END

MASTER LAB
~COMMON/CFF/COF(19, 4)

FORMATS \ SR

FORMAT(19F4,0) - - ST
FORMAT (5X,43HNUMERIC METHOD CANNOT BE USED FOR THIS CASE)
FORMAT(8F10,0) . _
FORMAT(2E11.4) :
FORMAT(5X.SHCASE ,12) _
FORMAT(4F10,.0,110) : o ' ' .
FORMAT (5X, 4HAPB=,F7.5,2X,2HG=s Fé . 2.2x.2Hw-.53 0 2x.3HAL-.F8 6 Zx 2
THM= s F4 . 2,2XKe2HNZ,F4 . 2,2X s 4HPSTI=,F8.6:2Xs3HMU=,F4.2)
FORMAT(5X,3HRR=,F7, s.zx 3HRW=,F5.3,2X, 4HPOK=,E13. 6.2x 2nE=.E13 642

1X+3HKA=,12)

FORMAT (SX, 4HT3A vE13,.6, 2X;3HTY—:E13 6, ZX.SHMY"E13 6lZX:3HMZ~rE13
162X+ 3HFW=+E13.6,2X:,4HPLT=:,E13.6) : .

FORMAT(S5X,3HCA=,FB,6,:,2X,3HEA=,F9,6,2X, 3HUA=-F9 642X, 3HTA=:F9 6:2Xi
14HFXA= ¢+ F6.4,2X, 4HFYA—:F6 442X, 4HMZA tF7.4s2X s 6HFY*UM=,F9,.6) -

166 FORMAT(3E20.6) .

200 FORMAT(1H1) -

201 FORMAT(20Xs6HINPUTS)
202 FORMAT(/Y.
_—30+-Ff‘1#*ﬂzﬂé¥éufxik~?5-

400 FORMAT(20X,6HOUTPUT)

S1T=1 _— ' T
READ(1:1)((COF(1;J);I 1 19)J 1:4) T B

.~ READ(1,11)POK,E
READC1,10)RR/RU, AL

“RR=RR/12,

- RU=RW/12.

SLA=SINCALY |
CLA=COS(AL)




L e o e bt o i e

e e, s B 4 o ot e, 4 o b e R e —

PI=3,141593
WRITE(2,200) o
READ(1,16)APBA,GA, AM AN KA -
RA=(1./(.5%APBA))/12..
- APBA=APBA*12, '
. W=59, - o T
umM=,4 T R PURIEE L R
DO 100 JKB=1.:4 o : : '
UM=UM+. 1
T3A=W/CLA
PS1=-,005 -
" DO 100 JKC= 1.24 '
“pPSI=pPSi+, 0005
WRITE(2, 166)13A'
DO 61 4=1,20
"ABA=, ?S*PI*T3A*POKIAPBA L R C . .
. ABA=ABA*ABA o o = I oo : -
ABAzABA** ;3333333 ' : I o -
ABA=AM®*AN®ABA
CA=SQRT(ABA)
UA= -RA*PSII(CLA*UM*CA)
. EATO0. R ,
TA= +RA*SLA*(1 IRR+1 Inw)luu__,ﬁm_gﬁ__-

SRR Co e e 360 -
‘ ‘ S

TV= TA . _. o e J;J — R
GK=GA . o BERE _ : - . : : C
1FA=1 : ) ' o
. CALL NUMERIC(GK KA, TV.UA EA FXA» FYA;ZMA.IFA.IT) _
. IFCIFA.EQ,2) GO TO 99 L
64 CONTINUE _ , ‘ SRR S
" T3A2=T3A o &. St T T e
TES= (CLA+UM*FYA*SLA) e TR ' P
TF(TES.LE.0,) GO TO 63 .
T3A“-NI(CLA+UM*FYA*SLA)
, GO TO 62 :
63 T3A=-Wx100. "
62 CONTINUE . =
-~ WRITE(2, 166)T3A _
DIFF=ABS(T3A2=-T3A) T e
. LF(DIFF.LE,.5) 60 TO 65 RN B - R
61 CONTINUE : oL . e e '
65 CONTINUE =~ . -~
- Tvy= TSA*(UM*FYA*CLA SLA)
S YM==UM*T3A*CA*ZMASSLA =
M= UM*T3A*CA*ZMA*CLA AP
FW=TY/W : '
' NRITE(Z.201) ,
‘WRITE(2,30)APBA, GA:M, AL.AM AN, PSI UM -
WRITE(2,31)RR,RU, POK.E:KA .
" WRITE(2,400) R
FYUM=UM*FYA - ' -
PLT=PSI/((~ TSA)** 3333333)‘
WRITE(2:,33)CA,EA,UA, TAEXA:FYA,ZMA, FYUM
”RITE(2032)73A TYYM,ZM FUPLT - .
o HRITE(Z.ZOZ)._
. .60 TO 100
99 WRITE(2.2)
©..100 CONTINUE
S sTOP

L i L i i B ¥ i T 4R e = e mmda e e =

D T
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' APPENDIX 6
Coordinate Géometg |
1. Plané through 3 given Eoiﬁts:
S ‘Assume equation of plane given by ax + by + oz + 4 = 0 and

this passes through POi!‘t’ (xl:'yn_’;)i (xz’ Tas "z)q (x;i Ys» ”3)

Then ax, + by, + ez + ad = 0 . (1)
L ax, + by, +cav.,..~l-6._=.‘.04j (@
a.x‘. + bys‘_' + oz, + d =0 B (3)
or x ¢ (t/a)y + (c/a)s +(8/a) = O (&)
- | x, + (b/a)y, + (c/a)z, + (d/a.) = 0 } A- (5)
T _x:: ’(T,];)}:f(};/;)i;"i (_d'.'/d)'_' ,;,___0.7____7, N O

u' e = (b/a) £ = (c/a), g = (d/a), then from equation b

e= -x -~ em'-_fz.f- R (7)

from equations § and 7

e (e ':(cE? 4;:(‘1;_ 4) - (8)

Substituting for g and £ from equations 7 and 8, into equation 6

- and rear_ra.ngihs

(1' xile‘zz) + (x;,,—I.)(Eg‘-fs) '. ._ . 7 . o (9) -
(%3 3 XE- :) + (Ez‘zsﬂsg“é.) ' .
equation of plane ia

. x + ey + f3. + g = 0 - . - ' ~{10)

2. Ansle between 2 Planes _ 7
" If the equa.tions of the plams are
x+ey-+fz._+g=0-_ o
] f

/ 4 ? (11)
and X + ey + f£2 + g’ = _

' Then angle between planes
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._ =co;'{'-'-(f+ez *—H) }

JQHQ +-f‘)(l4-1z.'2+1c")l

(In the case of contaoct betuuen rail snd wheel, the eqnation of &
‘plane through the rail has the equation .

f_'.ﬂQ ~angle between;plaﬁei-‘




gitudinal Creep. Lateral Creep and Spin on Roller Rig

(Lower wheel is denoted by suffix 'n')

Assume contact point.on lower wheel is originally &t the point
iR = (O’Oa' -B.)

and the a.ngular velooity at this point :I.s
Wy = ©, &y o)

-

where 5 R is the angular v'elocity of the lower jrheel.

e When the upper wheel is yawed through an angle Y/ relative ‘!:o the lower
wheel, the contact point on the lower wheel moves forward and laterally by
smell smounts xp and yp respectively, re_la.tive to the original oontaot

.'point 50 that the new position vector becomes S:R = (xR’ Yps = R)'

When one wheel is yawsd relative to the other wheel, the tangent plene,
in plan view, between the surfaces, rotetes through an angle of where
A < Y

and the transformation ﬁ:atrix is

- 1 -0
o 0 1

If }V js the cone angle of the upﬁer wheel, 1., the anglé bétﬁeen the

axes in the plane of, snd normal to, the contact area using the tranafomation o

'
: tangent plane and the horizon’cal, then the contact point oan be defined in . |
|
matrix :

|

0 " oos)\ _ 's'in>\

0 . -gin )\ cos >\
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Com_binihg these transformation matrices they become
1 | A o

~olcos )\ cos )\ sin)\

Lain)  -sin)\  cos)\
" (The axes syé.tems for the ﬁpper and lower Iwheels .are shown in Fig. A?.‘l)‘ .
Thus, the position vector becomes '
T = (:r.g-:- Ap s~ ?cgokfm)w‘i too ) — Amk L ctm)\ %gm)\ 1&&:)9
and t_he angular velooity vec_:tor '
The velocity v'eot.or is givér_x by ( | 3:9, A We )

rzizotha.t
R G VRSN We ), §Am>\('iacm)s ta MM)\ xniﬂw)\)

‘EgC&a )\ (zckaam)\ ‘igm)\ g&h)\)

=t (1 g)s Fo e (ot ) —wF, (30 em

— & Ao ) — :r,g.LCao)\)__ |
But oL and yj are smalllquantitiesl so‘that ' eL%R-.E‘-_-O
merstore (ke x o), = 2 Fpemh +aFehainh O

Asf’@g O:-e NGO
Then 7.'.!.".R= —oLl*'RﬁM}\ | ' ) (&)

.a.nd. (& Awk)zg'__é AJ:AAX('&R+J.%R3_&ée(xggmx;.jgmx

~Tyees
;-._::cgE A + ok Bpemh -
. b b Eeuid +heEpemh
I A e

s A
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| FIG.AT1 Axes System for Upper & Lower Wheels
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If the upper wheel is denoted by suffix 'W' then a similar set of
equations may be derived’ fbr the contact goiﬁt"_dn this wheel. '
-If = (xW’ YW’ ¥ )
- &nd LJ = (0’ W’ 0)

~W

Assuming the contact f:oint on the uppér wheel is rot#ted fhrough an

\
o
angle (= B ) (see Fig. 48,1 ) then the transformetion matrix becomes - | ‘

T 4 =B 0
ﬁ.cbsk cos A . sin)

Therefore the posit:n.on vector is-

Ty = (m ‘in, 'chﬁwo)\+3wcaak+rww>\ ‘smwm)\ gwm)\wm)\)

, _and the angular velocity vector begomes: | |
= (- F§W)§me, ‘ENMA\)\)
_ The velocity vector is given by ( Hu A Yy )
© so that ' '

( twl\‘:’;w)l

~Fuen) (fetmh= pacw/w)\ Yo A ) )
N ®

EEVIET R B (- o) + B Ew (o bia )

\
' — oA (20 B Co N+ 4 Lok + n,—,/mx) | -
\
|

_‘ Since yy and F are small quantities_‘ , ywp-‘.—‘-o

~ and assuming ( Lw A (‘-‘lw)zl =0
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!

. ( i?z. A E’;wl)z ?-§uAﬁM>\ 'acw + ﬁ{ Ch)\

5, Mxp K- ﬁw\)\ +§§ rwmx

o

" Now. xp = 'xw_ SR

From squatlons h-and A

-eu-e GMX =—p N ﬁN\)\

Therefore oL, R = ﬁ.f‘w. - L | S (9)

. This result is obvious from the geometry of the system and can be seen in
© Fig. A8.1.

If the longitudinal oreep is defined as

v L A - (Te A Ye),
B S VT
Cwmers Ve [H( (kA ), +(¢gAgR))r

.‘e..- = -;‘2-“” El}
"'i‘.' Y| l (§ +£— Fg)’

'I.‘hus the condition for zero 1ongi.tudina1 creep is

_E 'rw §a‘rﬁ ‘=-°.

The lateral oréep is defined as - .
Y _G:-w A ww)z (‘re A e )z_
Y
_” '&T’WEM ‘_” o(‘b .Eg
TN ek
Y
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_ (-BER‘Q '--';crgié;)

] j-§et‘g (“B) S
SV o

It is shown in Appendix 8 tha.t the yaw angle (,U= el + ﬁ

(It can be seen from this expression that ¥, depends on the direction of .

rotation of the wheel)

The spin is defined as
I

- ., = =3 ~R3
7
=B Team)

e
=( o +§g)m)\
- lVf -
'5 ( ”)”’“x
R Q _ .‘

('.I’.‘he spin : 033 does not depend on the rotation of the wheel) .
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~ APPENDIX 8

| Angle of yaw, W/ , of upper wheel relative to lower whee_l- '
Assume Y = fa.ngle of yaw of uppéf- wheel reiﬁtiye to lower wl;q‘ei. :
"°L, = angle of rotation of contact point on lowsr _whéel.
B = angle of rotation of contact point on upper wheel,
Since both upper and lower wheels are bodies of Vrevolution,'rin plen view
they can be’ re;’préseﬁte'd by circles which roll _arb'und" each other, as shown in’

Fig. A8:.1-- '

~.A

lower

wheel 7 ‘wheel o
e  Pig. 8.1
Prom Pig, AB.1
KB = 180° - (4 + B)
EBC = oA+
e = 180° -

£
2
§C.}

~

+ ﬁ-«- 1800 - q’ = 1.800
| Yedeg
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APPENDIX 9
Contact Ellipse Semi-Axes a, b

.'Aasumo.'nxt, Ry*' are the principal radii of cﬁrvatm at the point .'
_of contact between two bodies of revolution, where + refers to the 1ower? .;
body and =~ to the uppe;' body. These are oonsidered +ve if tha centre of
curvature lies within the body. It mey be noted that for the body of

revolution shown in Pig. A9.1 the principal ra.dii are given 'by R.1 and

(32 /ose&)

l{/ angle between pla.nes oontaining Rx and Ry~ , then-
oonsta.nts A and B may be defined as:

L(der bt ot) ) w
“3=z(e;"e,;"_e§"k.; - .m_.
o Lo Ly (L -_'
- Bde: [( : .;).*(&Z Ky (e,,, E%XE” R Cmz‘a(?-'),
and c‘t-a's 6 = 24 ‘ - | (3)

A+ B

The semiaxes of the contact ellipse & and b are gi¥en by

N ey S MR,

I F e Y

k. fZTr TRy N O}
(A+B) - - .

where m and n are functions of Q ana are plotted in Fig. A9.2

.:,_ l- _011 ‘ _ | : o =.. ['—'o—._._}‘
,él_,__ﬁ_E__ __ma_ *é?_ —""“"———‘_IT,E

( ﬁ, 4 fez are equal, if the elastio oonsta.nts of both bodies are the.
same).

N = ﬁomal force

It may be noted that (a/b) = (m/n), a.nd therefore d.oea not depend on the o

normal force whereu the actual values of a and b do.
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* Spall Yaw Angle Approximation
If the angle Y/ is small then the expressions for the constants -

" may be written as:

(L. L - e
A -.:‘_72-_ Q-,t-+ E;) S S (6)
A tern | e ’ called the oharacteriatio length of the bodies is dofined as.
I :1( L ) | '8 o
¢ 2 4 E*+E“ " Rs ()
. e L, Lo 1 } . '
“and cos O = /Ex Ex e“ Ry

(ErEretE) - (9)

54 = min. (a/b, b/a) is plptted in Pig, A9.2 as a function of O

If A>B  them a <D
andif,&.gn then © <a
| ‘S('\Q.Q

This g:l.ves the 93:090 of the contact ellipse. The actual zize of
the contaot ellipae also depends on the normal load and it my be shom
that |

Y 3’N(|—<r)(=: _?J 3NU—«)E€ ey
‘ (A+-__B)- 2T G 8 o o c= 4TFG-J%—1 ' (10)

where - .o.s".'m‘. o -

g = oomplete elliptic integral of the 2nd. kind plotted in

 Pig. 49.2 as a funotion of 6.,
' G = Mod.ulus of Rigidity -

_ The size of the contact ellipae can 'bo oalculated using equa.tion 10,

_ The area of contact = . T ab

AN

' The average pressurs = _N_
' T ad
" The maximum contact pre;-.sure ‘= 1,5N
S A ' - Trab
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APPENDIX 10

: Experimental Data Sheet |
Date: 10.8.72.
| ~ Radius .(;.if ]..ower'wheelall 9;“.‘(6.35 m)
| Cone a#gle ﬁf ul.aper'whelei-:” 19° |
Rolling radius of 'lowerlwlheel:" 5.375“._ (1-l|.9'.2 mm) |
Bpl;ing r;.dius éf _uppe;' w.he(_\ellzl 5.}13; <135 mm)
Vertical losd (W): 59 1b. (2627) |
‘Speed of _1o.wer wi‘zeél: | 165 :l-evs/n.:in.‘.
Clinometer ._static settings 0° 17
Distence from pivot'rto ocontact point: 31 75" (805 mm) f
DTI readings with 8lits of light in line for different whéel_ 'posit_:;ions..

(statio): L2437, .2u11, .2398, .2&78,..2h§6, .2520,_.23&5; 2511,
.2356, 2505, .2333 : | o

Average value = 0.2'!;337 |




L . __:"+'1're Rotation

o Fprr (om) -F-‘.'f'_;cliin'..'
q/(gfj._) ~ (ved,) |Load Ringm (k) /u- 2 " (minc:)-'

.21 | - 00104 32 | .09 576 ‘26_‘.
w22 f-.00072 | ooin7 | a0 | 533 23
235 | -.000 | 52} 05 | o.m6. | 23

w25 | w0002 | .15 | a2 | w0 23
w26 | .000n | w203 | saz7 | 393 | 23
| vz | wocoss | wz29 s ] w5 | 23
b 28 | w0117 | cu256 | 169 ] 201 23
.29 | .ooms | .z05 0 | uz00.| 206 | 22
e300 0018 | .35 «228 elld 22
1 | w0211 | .n06 | .265 | 066 | 22
3z | w002h3 [ w70 | w307 | - .08 | 22 |
S 33 F . 002741 .559  } .365 |- 092 .| . 22
o34 200306 | Je12. ] .no1 | - 4136 | 22
|35 | 00337 | w666 | w36 | =475 | 22
36| L0038y | .57} aey | -e23b | 22

.38 | woou31 | 8w | o5m | - .25 | o220

| oian | -w0009 | 65 fiaio |oaez | 2]

39 | w00u83 | u9rs | lea | - 339 | 220

. =ve Rotation - .

15" “/“szrl | Clinos | S

(ms.) | (lf;a;) B <30 (ary |
[ 2] -ooton | usor [ | |
o3 oo | v am | |2 |

| s | w22 | ass  |iazs | a2

ek | = 00009 | w205 | azs b e | et T

a2 | wooosk |oaes fae ol ase | Tase

c2r | wo0oss | sy | aon ) 3| 22
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APPENDIX 11
" Roll Effeots on Experimental Rig

N Teet 13 Deflection of Vertical Supp_o_rte -
| A load was applied to the vertical eupporte and the '

defleetion measured with a d:l.alteet indieator. The reeulte are showmn

B in Fig. A11 1 where the deflection is plotted versus loe.d.

. Test 23 Effeet of Built-in 3011 Homent

o A ser:l.ee of teeta were ce.rried out on- the rig ueing the ‘
| 'lower wheel with the 101 .5 mm redius (a) e.nd the 149° upper wheel (d)
: The lateral load was’ applied in three different poeitione ’ firstly .
-in & horizontal line with the contact point,: seoondly 6. 1.. mm below
| "the oonteet point e.nd thirdly 6ok mm- above the contact point. " In
eeehcese the lateral loed required to l.ift the wheel off ite eepporte'
was meesured for various ysw angles, together with the angle of roll |
“on the ol.inemeter. = 396 N in each oaee.. The'reeulte are plotted .
_in Fig. A11,2 where 1t can be seen that when the wlre is offset there
are obvioue chenges in roll ansle as the latere.l loed is inereased. :
‘The effeete of theee cha.ngee can 'be seen in Fig. A11.5 where ( /u.fz)
is ‘plotted age,inet (y.~ N%‘ ) for the measured foroee. The change
_ in elope of the reeulte ie due to the induced rolling momente. |

2 .Te'et 2. : | lteesurement‘of.'-I..e.terel‘I.)i.-eg”eoement
SR A d.te.lteet indioa.tor wae fixed in a horizontal poeition in
| : order to meeeure la.teral diepleoement of the upper 1lvheel. It was |
positioned Jjust e.'bove the oonteot point ageinet the flat pertion of
:the wheel., The same wheels were ueed as in the previous teet, i.e.
101 5 mm red.:l.us lower wheel with the l|.9 upper nheel. '.l'eets were. o
- o oa.rried out with two different vertioal 1oa.ds W= 596 N and W = 129 N, SR

both w:l.th the 1stera.l load epplied :ln a horizontal line wi.th the
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:FIG A112 Effect of Rolhng Moment on Roll
Angle c1nd Lclteral Force
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contact point; The wheel was set at various yaw a.ngles ,. and tho 'ste.tio'
;displaoement on the DTI and the 'statio 11 angle were both meesured. ;
The wheele were then roteted and the laterel foroe increa.sed until the :

| upper wheel Just 1ifted off its supporte, whereupon the DTI and

. ol:l.nonnetcr were again read together with the 1ateral loa.d. o

- The reeults of these teete are showninl?ig. :m.,zF for the

B g396 N- load end 1n Fig. .A.11.5 ror the 129 X 1oed. They ehow up several
| interesting points mentioned in the disoueeion o:t‘ reeults, Section |

8464 - | | ’ '

(1) Both figuree ehow the ohange in latoral displs.oement
B from the 'etatic' to 'd,ynamio' positiona e.nd :!.n both caeee the upper. R
“wheel is displaced to the left as the lateral load is increased. o

o Aocompanying this lateral dieplaoement ie a roll angle which ie -ve.:-.::;

(2) It ocan be seen thet the roll anslee are praotically
“'oonstant throughout the range of yaw a.nglee ’ for both 'statio! a.nd |
) 'dynemio' positionc. ‘The 'dynamio' roll a.ngle is dif'ferent for the |
129 N case from the 396 N case beoauae the rolling moment dne to the

-counterbalance weight is difrerent in eaoh case,

__ (3)‘ Ilt-'can be seen in both ?15.111' L and rié. A1'1.'5"5:t'h££ o
as the jaw ensle a.nd therefore the lateral load is increased the o _
- upper wheel is dieplaoed elightly, effeotively ohansing the zero yaw o |
-"-:-‘.position. : This effeot is very much less tha.n the zero shift from
' 'gm.tic' to 'dynamio' poeition and is Jess then 0425 mm for the oomplete |
ra.nge of yaw angles , but it does show that fcr very sma:l_l roll engle -
cha.ngee, the lateral ehift in the pla.no of the contact point ie aignifi-r:‘
| cant. |

i A11.6 is a plot of (/u.rz) v ( L#'/Ns) ror the two.

. sets of reeults, while Fig. A11.7 ahowc the resulte modified to ta.ke

- into aooou.nt the zZ8ro ahift due to ro].l. It: can be seen thet the slope

of the reeuJ.te at: 1arger 1oade ’ changee slightly when the roll oorreotion"r N
- is ‘spplied. i
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""__'FIG A11 5 Roll Angle Lateral Displacement Lcltercll
N Force v Yc1w Angle (W 129N)
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