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ABSTRACT

A mathematical model of a freight car has been developed
to simulate the dynamic response of a vehicle during curve
entry and exit. The carbody and each truck have three degrees
of freedom. Each wheelset has two degrees of freedom.
Nonlinearities included are wheel/rail geometry, coulomb
friction and creep force saturation. Solution of the
equations to initial conditions are found by fourth order
Runge-Kutta integration. Parametric studies investigated the
effects of wheel/rail geometry, curve entry geometry, coulomb

friction and suspension design.
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Interaxle bending stiffness, ft-lb/rad
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Wheelset right rolling radius, ft



291 Pl P R B Bl @

CPO

[

AXIS

£l

14

Vehicle radius of curvature, ft
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1.1 MOTIVATION

The dynamic performance o f a 1allway Vellcle cable
chatactaeriged Ly $te etability and curving behavion. MNicve &
cettaln critical value of forward speed, amall dletuilbances o
the vehicle will result in coupled lateral and yaw
cescillations that will grow until the whoeols of the vehiicie
hit againet the rails. This hehavior, called hunting, le
accompanied by larqe dynamic loads which cause damage 1o Lot
the vehicle and the track. The most effective way Lo suppyesy
hunting and increasce estability ie to atiffen the pilmary
suspension. Por good curve negotiation, 1t is desirahle that
the vheels alinn themselves radially to reduce wear, nolse and
lateral forces. Unfortunately stiffening the primery
suspension restraine the vheelset to remain parallel causing

curving per formance to detericrate.

™ie conflict between stability and curving performance
has Deen a problem in all rall veri . le designe. Ovarcoming
this conflict has become a major design goal. As a result, a
new concept in truck design, called the radial truck, has hDeen
introduced. Interconnecting the wheelsetn of the truck Dby
redial arms or springs can improve the ability of the

wheelests to align themselves radially in curves without
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decreasing stabilty.

The North American three-plece freight truck suffers from
particularly poor curving performance and stability. Due to
its simple and inexpensive construction, its design has
remained unchanged for years despite its poor dynamic
per formance. The three-piece truck has no primary suspension.
The motion of the wheelset relative to the truck is very
restricted by roller hearings. As the truck enters a curve,
tre wheelsets are prevented from aligning radially with the
track and are forced to move laterally to achieve equilibrium.
The truck assumes a skewed parallelogram shape which allows
the wheelsets some yaw flexibility. It is not, however,
anovgh to significantly enhance the curving performance. High
flange forces develop, resulting in increasing stress levels,
wear and noise. With the advent of the radial truck, however,
there exists a way of improving existing trucks by the use of

radial connections.

Most previous work has been concerned with tangent track
stability and steady state curving. These results however
cannot be used to predict vehicle performance on changing
radius track. In many situations, steady state conditions are
never met due to the transient effects of track alignments and
irregularities and transition curves. Most derailments, in
fact, occur in spiral entries. Tests have observed large

dynamic force variations even on constant radius curves. The
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aim of this thesis is to create a simulation program capable
of predicting forces and displacements during transition curve
entry and exit. The performance of hoth three-piece and

radial freight trucks will be investigated.

1.2 PREVIOUS WORK

The first analytical studies of rail vehicle curving date
back to the nineteenth century. The early work of Porter [1]
was based on a friction center method. This method assumes
that the vehicle is rigid, the wheelsets are cylindrical and
that one or more wheelsets are in flange contact. As a
result, this theory is useful only for vehicles with stiff

primary suspensions on tight radius curves.

It was not until the work of Vermulen and Johnson [2] and
Kalker [3] that a proper understanding of the wheel/rail
friction mechanism needed to accurately describe sfability and
curving was developed. Since then numerous steady-state
models have been proposed. Boocock [4] and Newland [5]
independently used linear analysis to study the effects of
primary stiffness on curving performance. Nonlinear curving
theory was developed by Elkins and Gostling [6], Law and
Cooperrider [7] and Bell [8]. The model by Elkins and
Gostling considers nonlinear wheel/rail profiles with large
contact angles and nonlinear Kalker creep theory [3]. Law and

Cooperrider formulated a model which includes "heuristic”
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nonlinear creep [9], nonlinear wheel/rail geometry and
secondary yaw breakaway. Bell investigated the
stability/curving tradeoff in conventional and radial

vehicles.

In the past several years a few dynamic models have been
proposed to study the effect of curve entry and exit.
Smith [10] formulated a dynamic curving model to study the
effect of spiral length, curvature and initial vehicle
position on the response of freight cars. Although a
nonlinear suspension was considered, his model uses conical
wheels and an unbanked track. Law and Cooperrider [11] have
used a model with nonlinear suspension, creep forces and
wheel/rail geometry to study the influence of track curvature,
superelevation angle and irregularities on the response of
conventional and radial trucks. Clark [12] conducted studies
of the dynamic response of rail vehicles to lateral track
irreqularities. His model includes nonlinear wheel/rail

geometry, creep saturation and rail flexibility.

1.3 RESEARCH APPROACH

Despite its simple design, the three-piece truck is a
difficult system to analyze due to its nonlinear nature. A
model capable of predicting the dynamic curving per formance of
conventional three-plece trucks and radially steered trucks is

initially developed. The equations of motion of the model are
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derived and simulated by digital integration to find time
histories of the state variables, lateral forces,
lateral/vertical (L/V) ratios, angle of attack and work in the
contact patch. Nonlinear wheel/rail geometry, coulomb
friction, creep saturation and rail flexibility will be

considered.

Chapter 2 describes the development of the analytical
model. Chapter 3 examines the influences of spiral length,
degree curve, cant deficiency, radial connections, rail
flexibility, wheel/rail profile and coulomb friction on the
response of the vehicle. Chapter 4 summarizes the results and
includes suggestions for future work. Appendices A,B and C
contain detailed derivations of the equations of motion and

the program listing.
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CHAPTER 2

MODEL DEVELOPMENT

2.1 MODEL DESCRIPTION

The typical Worth American freight car, shown
schematically in Figure 2.1 consists of a carbody supported by

a pair of dual axle three-piece trucks.

Fach wheelset consists of two wheels rigidly attached to
an axle. Tne wheels are tapered outwards to provide
sel f-centering action. As the wheelset is displaced laterally
from the track centerline, the difference in wheel rolling
radii tends to steer the wheelset back to the centered
position. To provide l1ateral guidance in tight curves, wheels
are equiped with flanges on the inner edge. The wheelset
motion is described in terms of lateral and yaw degrees of
freedom. An extra gtate describing the spin rate pertubation
about the axle centerline is necessary to describe the change
in nominal spin rate during curving. The wheelsets are
agsumed never to l1ose contact with the rail, thus the roll

angle is a function of wheelset lateral displacement.

The wheelsets are attached to the truck frame by roller
bearings. Since there is usually no resilient material
between bearings and the truck, the ljateral and yaw motion of
the wheelset relative to the truck is generally restricted.

As a result, the axle connections of freight cars do not
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BOLSTER

~
SIDEFRAME

WHEELSET /_

FIGURE 2.1 SCHEMATIC OF FREIGHT CAR [14]
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provide the yaw flexibility and soft primary suspension needed

for satisfactory curve negotiation.

A conventional three piece truck shown in Figure 2.2
consists of two sideframes and a bolster. The sideframes rest
directly on the wheelset bearing adapters. The bolster is
supported by vertical coil springs which rest in the
gideframes. The coil springs oppose the lateral and roll
motions of the bolster relative to sideframes. Very little
longitudinal motion is possible between the bolster and the
sideframes. The relative yaw of the bolster with respect to
the sideframes causes the sideframes to rotate about the truck
centerline and assume a skewed "parallelogram" shape. This
type of deformation, referred to as warping, is resisted by
friction between the bolster and sideframes and is usually
limited to an angle of two and a half degrees [13] by the
contact of the ends of the bolster against the sideframes.

The warping motion of the truck frame provides the wheelset
with some yaw flexibility. Three degrees of freedom: lateral,
yaw and warp are used to represent the truck moticn. The roll
angle of truck is assumed to be the average of the roll angle

of the two wheelsets.

The freight carbody rests directly on the bolster
centerplate. The carbody also is modelled by three degrees of
freedom: lateral, roll and yaw. Carbody lateral flexibility

and torsion are neglected. The carbody is assumed to roll and
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translate with the bolster. Yaw rotation of the carbody

relative to the bolster is resisted by coulomb friction.

A radial truck is a conventional truck with an additional
direct connection between the wheelsets by means of springs or
radial arms. Interconnecting the wheelsets causes a yaw
moment or lateral force to be transmitted between the
wheelsets. As the truck negotiates a curve, the wheelsets
tend to align themselves more radially in a curve. Two
different radial truck designs proposed for freight vehicles
by Scheffel [16] and List [17] are shown in Figures 2.3 and

2.4.

The model adopted for this study is an extension of a
linear model developed by Hadden [13]. Nonlinear wheel/rail
geometry and creep force saturation have been added. External
forces such as aerodynamics are not included. All rigid
bodies are represented as lumped masses and inertias. The
connections between rigid bodies are modelled by linear
springs in parailel with either coulomb friction elements or
linear viscous dampers [14]. The wheelsets are assumed to run
freely in the bearings without friction or applied torques due
to tractive or braking effects. The rails are assumed to be
flexible and perfectly aligned. Vertical and pitch degrees of
freedom are not considered and are assumed to have negligible
effect on the lateral dynamics. Schematics of the

conventional vehicle model are shown in Figures 2.5-2.7. The
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radial vehicle includes the wheelset interconnections modelled

in Pigure 2.8.

2.2 WHEEL/RAIL CHARACTERISTICS

2.2.1 WHEEL/RAIL GEOMETRY

The wheel/rail geometry shown in Figure 2.9 is described
by the wheelset roll angle, the rolling radii of the wheels
and the contact angles between the wheels and the rails.
Knowledge of this contact geometry is essential to the
accurate calculation of wheel/rail forces. Within the tread
region, the contact parameters can be expressed as linear
functions of the wheel lateral excursion. Rapid changes and
sudden discontinuities in contact geometry, however, are
associated with flange contact. Since flanging is common
during curving, linear profiles do not accurately describe the

contact gecmetry.

Tabulated wheel/rail profiles developed by Cooperricder
and Law [18] are used to determine rolling radii, roll angle
and contact angles. The first and second derivatives of roll
angle are approximated using first order differences of data
points and the time derivatives of wheelset excursions. The
vertical velocity of the wheelset has been neglected. Figures
2.10 and 2.11 show geometric relationships for two wheel/rail

configurations, New Wheel and Worn Wheel on a Worn Rail.
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FIGURE 2.8 SCHEMATIC OF WHEELSET INTERCONNECTION
MODEL [13]

i



S¥dLd ¥d XMLIWOID LOVINOD TIVY/TIHHM 6°C TINDIJI

33
& \\(

“~

ﬁ
L




34

1.0

FONRIJIIA IIAWN
ONITIOY TIZITVWION

odq ‘FATONVTIION LISTITHM

6
4
2
0
-2

-.6-1.0

b
.
!

JONTYIAJIA dTIONV
LOVINOD JTVH INO

WHEELSET EXCURSION [IN]

NEW WHEEL

FIGURE 2.]0 CONTACT GEOMETRY FOR



[ |

[£a]

g

z

2

R J - » &
- 0O

<7}
& »u
n b
g 4@

- i =

% 88
2
B ©x=
n « O

-4

g 8

=

-

-

e a1 1 o
n O ¥ O *vH O 1NN oo “
[ I m

T
HONHHEIAId ITAVYE odd ‘ATONVTION IISTITHM ZONIYdATd ITONV B

ONITINY ddZITYWION LOVINOD JTVH ANO



36

2.2.2 WHEEL/RAIL FORCES AND MOMENTS

When the wheelset is displaced from a centered position,
the difference between rolling radii at the left and right
rails requires that the velocities of the wheels at their
contact points differ. This results in partial slip or
creepage of the wheels relative to the rail. The action of
the normal forces upon the slipping wheelset will result in .
generation of creep forces. Creepage is defined as the
relative velocity between the wheels and rails at the contact
point normalized to the forward velocity of the wheelset.
Expressions for the creepage as functions of vehicle state

variables are given in Appendix A.

Many theories [2,3,9,19] have been developed to describe
the tangential or creep forces between two elastic bodies in
rolling contact. One of the simplesat of these, Kalker linear
creep theory [19], relates the linear creep forceé O creepage
by the relations

Lateral Creep Force

Fy = - %) & - %5 Egp (2.1)
Longitudinal Creep Force

Fx = -f33 ;x (2 .2)
Spin Creep Moment

My = 12 &y " %32 fgp (2.3)
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where = lateral creepage

= longitudinal) creepage

= gpin creepage

fll = lateral creepage coefficient
f12 = lateral/spin creep coefficient
22

a3

= gpin creep coefficlent

)
]

longitudinal creep coefficient

Linear creep coefficients are functione of the normal

load given by the following relations:

f11 = f10 ¢ SO )2/3 2.4
f12 = f130 ¢ go) (2.0
£22 = £330 ! 20)4/3 (2. ¢
£44 = 130 | 20)2/3 (2. 7
where N, = g(mw+§ma+%mc)fccodo

= nominal valuae creep coefficients

4
130 for a nominal normal load

Linear creep theory fails to conus:der tle physicel
limitations imposed on the magnitude of the resultant Crae;.
force by the amount of available adhesion between the whae!
and rail. When the creepages hecome too large, groes eliding
of the wheel over the rail occurs and the creep forcee are nc
longer proporticnal to the creepage but are determined iy the
level of saturation. The nonlinear effect of the adhesion
limit {s approximated by using a cubic saturation expressicon
developed by Vermullen and Johneon {S) and shown in

Figure 2.12. Modifying thie approach 20 {nclude epin creep
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terma, a saturation coefficient {s doetormined by

N r INLARY: 1,1¥[,3 , .
'FT ( Lj | (J"Jﬁ )7 e ,7( ‘uik ) ) for |¥| ‘< Jun
N -
|;1 for [F| = 3uR

whare |F| = (Pi¢p3)1/2 (2 .86)

The saturated creep forces and moments are then defined by

Fy = « =0y = f1505p ) (2.9
Py = o« (-f,,0,) (2 .10 )
My = « (f)0y = £550gp ) (2.11)

In linear analysis, the normal force is usually assumed
to be equivalent to half the axle load. During rail vehicle
curving, however, the normal forces acting at the wheel/rail
interface exhibit nonlinear behavior dependent on longitudinal
and lateral creep forces. The waight distribution is usually
asymmetrical. Also, as the wheels flange, the contact angle
increases and the lateral components of normal force, called
the flange forces, become quite large. Since normal and creep
forces are functions of one another, an iterative approach
must be used at each integration step to calculate the
wheel/rail forces. The iteration is terminated when
successive values for normal force vary by less than 10

percent.
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2.3 NONLINEAR SUSPENSION CHARACTERISTICS

Modelling the vehicle suspension system is particularly
difficult for freight cars due to their complexity and
nonlinearity [14]. The effects of these suspension
nonlinearities are often more pronounced in curve negotiation
than in tangent track operation. The only intentional
suspension components are the coil springs and friction wedges
between bolster and sideframes. The lateral, vertical and
warp motions of the truck are resisted by dry friction at each
sideframe/bolster connection. Each of these connections is
modelled by linear springs in parallel with a coulomb friction
element. The characteristics are shown in Figures 2.13a-c.
The rotation of the bolster centerplate relative to the
carbody is resisted by friction. This resistance is

represented by a breakout torque.

A mathematical representation of a ideal coulomb friction
element [19] is illustrated in Figure 2.14a. In order to
simulate coulomb friction digitally, the model must include a
small velocity region about the origin where friction fecrce or
moment will take on values below the breakout force or moment.
The piecewise linear model of Figure 2.14b enables the
approximation of friction levels below breakout during stopped
conditions. The selection of the width of the linear viscous
band is important. Too wide a band will produce viscous

damping results. If the band is too narrow the discrete
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integration method may miss the stopped condition.

Since coulomb friction is difficult to simulate
digitally, an alternative linear suspension was also studied.
The connections between the bolster and sideframe and bolster
and carbody were modelled as linear springs in parallel with
linear viscous dampers. Coulomb friction is approximated by a
viscous damper equivalent. This method also has drawbacks.
The phenomenon of gross slipping that can occur for actual

friction cannot occur for equivalent viscous damping.

2.4 CURVE GEOMETRY

Superelevation angle, track curvature and track
irregularities constitute the inputs to the vehicle dynamic
system. The superelevation, shown in Figure 2.15a, is defined
as the angle between the track and the horizontal. The track
curvature, usually expressed in degrees, corresponds to the
degrees of arc spanned by a hundred foot cord as illustrated
in Figure 2.15b. The curvature, superelevation and vehicle
speed are often combined into the cant deficiency. The cant
deficiency is used as a measure of the imbalance between the
centrifugal and gravitational forces and is defined by

2

=Z_R_.SE (2 .12)

%a
Balanced running or zero cant deficiency corresponds to the

condition where the lateral component of weight cancels the
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FIGURE 2.15.b. DEFINITION OF DEGREE CURVE [20]
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centrifugal force generated during the curve negotiation.

Track irregularities are due to a combination of
installation error and gradual degradatioﬁ. Four
irregularities are universally used to define track
geometry [20]. Gauge is the horizontal distance between two
rails. Crosslevel is the difference between the elevations of
the rails. Alignment is the average of two rail lateral
positions. Vertical profile is the average of two rail

elevations.

The simulation track in this study is composed of three
distinct sections: tangent, transition spiral and constant
radius curve. Along the transition spiral, the superelevation
angle and radius of curvature vary quadratically as shown in
Figure 2.16. The purpose of the spiral is to reduce the
magnitude of the peak flange force during the traqsition to
constant radius curved track. Track irregularities have been
neglected in this study. Implementation of crosslevel and
alignment irregularities is possible by the addition of a
random disturbances to the superelevation angle and the

lateral excursion term in wheel/rail geometry respectively.

2.5 TRACK FLEXIBILITY MODEL

During flange contact, the net lateral force may become

considerably larger than the lateral track stiffness. Under
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these conditions, the assumption that the rail remains
perfectly rigid is not valid. Allowances must be made for
rail lateral displacement to avoid prediction of excessive

lateral forces during flanging [12].

The track in effect acts as the final element in the
vehicle suspension. Rail movement at each of the four wheels
is assum2d to be resisted by a linear spring in parallel with
viscous damper model shown in Figure 2.17. Neglecting the
mass of rails, the motion of the left and right rails is

determined by the expressions:

bp vy, + Kp ¥y, = Fpy * Ny (2 .13)
and
bT Yp t Kp Yp = Fey Nov (2 .14 )

An effective lateral excursion, found by subtracting the rail
deflection from the wheelset lateral excursion, is used to
determine the wheel/rail contact geometry described in
Section 2.2.1. This method ignores the inertia of rails and
the influence of rail velocity on lateral creepage [12].
Since the lateral creep force is generally saturated during

flange contact, this approximation is justified.

Values for track stiffness and damping vary for different
types of track and loading. Track lateral force/deflection
data [21] shown in Figufe 2.18 illustrates the highly

nonlinear dependence of lateral stiffness on both the lateral
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and vertical load as well as the type and condition of rails,

ties, fasteners and roadbed.

2.6 EQUATIONS OF MOTION

The essential dynamic element of a rail.vehicle is the
wheelset. It is therfore important to describe its curving
behaviour accurately. The wheelset motion is represented by
two degrees of freedom: lateral and yaw and its spin
pertubation rate. The forces acting on the wheelset arise
from the weight it supports, creep forces from wheel/rail
interaction and suspension elements. A detailed derivation of
the wheelset equations, following similar derivations by
Arslan [22] and Nagurka [23], is presented in Appendix A.

This nonlinear wheelset model has been incorporated into the
full freight truck model. The equations of motion for the
complete freight vehicle, an extension of then model developed

by Hadden [13], are derived in Appendix B.

2.7 MODEL EVALUATION

Preliminary evaluation studies were performed to compare
the present model to a nonlinear steady-state curving model
developed by Bell [B8] for passenger vehicles and a tangent

track linear freight car model developed by Hadden [13].
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For comparison with the steady-state curving results of
Bell, the present model was simulated along a constant radius
track. With the initial conditions corresponding to the
previously predicted steady state model, the model
approximately maintained this state. Equilibrium forces were

also found to be consistent.

To enable comparison with the linear tangent track model,
nonlinear effects in the present model were eliminated. These
included creep forces saturation, coulomb friction and
nonlinear wheel/rail profiles. System parameters were chosen
to correspond to the LIMRV vehicle. The LIMRV vehicle has a
softer primary suspension and a resulting critical speed of
139ft/sec [13]. This modified model was run on tangent track
at different speeds to empirically determine the critical
speed. Figures 2.19%9a and 2.19b show the vehicle response to
small pertubations below and above this empirical critical
speed. The result was consistent with the eigenvector

analysis of the linear model.
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CHRAPTER 3

PARAMETRIC STUDIES

3.1 INTPODUCTION

in this chapter, +he influence of vehicle parameters and
operating conditions on dynamic curving per formance are
examined. These conditions are characterized by the roadbed
and wheel/rail geometries, rail flexibility and suspension
design. The curving per formance of the rail vehicle is judged
by the jateral forces, L/V ratios, angles of attack and work
jn the contact regions. These values determine the
possibility of wheel climb, rail rollover and lateral track

shift and the amount of wear.

The equations of motion presented in Appendix B are
transformed into forty-six first order nonlinear differential
equations. solutions of the equations subject toninitial
conditions were obtained by 2 fourth order Runga-Kutta
integration algorithm. The results are time histories of the
state variables, wheel/rail forces and work. Appendix C

contains a 1isting of the computer program.

pue to the restricted movement between the wheelset and
the sideframes, the three-piece freight truck is a very stiff
system. A time step of 0.00075 seconds was required to
maintain a stable integration. A variable time step approach

was therefore used to reduce the computation time. Since the
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nonlinear characteristics of the model are most important
during flange contact, it is necessary to use small timesteps
in this region. During off flange operation, the time step

can be increased without any loss of accuracy.

3.2 PERFORMANCE OF BASELINE VEHICLE

A set of baseline vehicle parameters which correspond to
a unloaded hopper freight car [13] are summarized in
Table 3.1. The baseline vehicle model is simulated through a
one hundred and fifty foot transition spiral (Figure 2.16)
into a two and a half degree curve at a balanced running
velocity of 50 ft/sec. The results obtained are used to
evaluate the effects of changing operating conditions. The
wheel/rail profile, New Wheel, described in Section 2.2.1 is
used. The carbody, initially centered on the track, runs
along tangent track for ten feet before entering the spiral.
The vehicle critical speed is approximately seventy-two

feet/second.

Figure 3.1 shows the lateral excursion of the wheelsets
as the vehicle travels along the track. The outer wheel of
the lead wheelset of the lead truck impacts the rail 1.15
seconds after entering the curve and continues to flange as
the vehicle moves into the constant radius portion of the
curve. None of the other wheelsets contact the flange. After

the impact of the lead wheelset against the flange,
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"TABLE 1

BASELINE FREIGHT CAR PARAMETERS [13]

MASSES AND INERTIAS:

m, = 76.6 SLUGS m, = 36.

mg = 24.0 SLUGS m, = 1102.
s , Tc

Loy = 53.1 SLUGS-FT I, =  448.
Ipg = 178.6 SLUGS-FT' I, =  178.
I, = 77.6 SLUGS-FT® 1. = 13000.
Sz , CX

I, = 234000.0 SLUGS-FT® 1L, =  344.

GEOMETRY :

b = 2.800 FT a = 3.250

a = 2.460 FT hg = .824

hg = .824 FT hy, =  2.994

h, = 2.994 FT L = 18.600

FRICTION AND KALKER CREEP COEFFICIENTS:

f11 = 994670.0 LB/WHEEL f

£,, = 77.5 FT2LB/WHEEL £

SUSPENSION PARAMETERS:

12

kPx = 38000000.0 LB/FT dPX = 0.
kPY = 29000000.0 LB/FT dPY = 0.
ks = 0.0 LB/FT kB = 0.
kSZ = 265800.0 LB/FT dSZ = 7587.
ksY = 24000.0 LB/FT dSY = 12645.
ch = 50.0 LB-FT/RAD dCP = 24009.

kw = 4011000.0 FT-LB/RAD dw = 9318.

1
0
5
6
0
1

FT

FT
FT

0
0
0
0
0
0
0

SLUGS
SLUGS
SLUGS~FT2
SLUGS-FT>
SLUGS-FT2
SLUGS

4607.0 FT-LB/WHEEL
1153000.0 LB/WHEEL

LB-SEC/FT
LB-SEC/FT
FT-LB/RAD
LB-SEC/FT
LB-SEC/FT
FT-SEC-LB/RAD
FT-LB-SEC/RAD
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bgq = 0
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FIGURE 3.1 LATERAL EXCURSION OF THE WHEELSETS OF THE
BASELINE VEHICLE
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oscillations in the wheelset angles of attack occur as shown
in Figure 3.2. These oscillations are much less severe for
the trailing wheelsets. The carbody and the lead truck
experience their peak lateral accelerations coincident with
the initial flange impact. The lead truck also warps at this

time.

Figures 3.3 and 3.4 show time histories of lateral
component of normal force on the left wheel and work for the
four wheelsets. The impact of the lead wheelset flange
against the rail results in a large lateral component of
normal force called the flange force. This flange force is of
short duration and is associated with a corresponding increase
in work. The flange force and work of the trailing wheelsets
do not exhibit this behavior and are significantly lower in

magnitude.

3.3 SPIRAL LENGTH

The length of the transition curve effects the peak
lateral force of the lead wheelset. This is illustrated by
Figure 3.5. Reducing the spiral length increases the peak
force resulting from the initial flange contact. For spirals
up to a critical length, this peak force exceeds the steady
state curving values. corresponds to the maximum force during
curving. Beyond this length, the steady state force is of

greater magnitude. This effect was also observed by Law and
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Cooperrider [11]. For this model the critical length is

approximately one hundred and fifty feet.

3.4 DEGREE CURVE

Curving studies were conducted with the baseline vehicle
for several final degree curves at their associated balance
running speeds. The length of the transition spiral was held
constant. Figures 3.6 and 3.7 show the lateral excursion and
flange force respectively of the lead wheelset as a function
of final degree curve. For tight curves, the wheel flange
impacts the rail soon after curve entry and remains in contact
for the duration of the curve. High flange forces are
associated with this behavior. As the radius of the curve
jncreases, the wheelset oscillates laterally after initial
flange contact. The corresponding lateral forces are lower.
Further increase in radius results in low flange forces and no

flanging.

3.5 RAIL FLEXIBILITY

During curving, the lateral flexibility of the rail,
jllustrated in Figure 2.17, has an important effect on the
modelled vehicle response. Figure 3.8 shows the effect of
rail stiffness on the peak lateral force of a vehicle
negotiating a five degree curve at balanced running speed. As

the flexibility of the track increases while maintaining
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thirty one percent damping [22], the net lateral flange force
experienced by the vehicle decreases. Net lateral force
predicted by a rigid rail model is significantly greater than

that predicted by typical values for rail stiffness.

3.6 WHEEL/RAIL PROFILE

As wheels and rails become worn with service, the
geometry of the wheel/rail interface changes as illustrated in
Figure 2.10 and 2.11. The baseline vehicle conditions
described in Section 3.2 were repeated with the Worn Wheel on
Worn Rail profile. 1In this case both lead wheelsets flange
and the angles of attack are much greater as seen in
Figures 3.9 and 3.10. The flange force, shown in Figure 3.11,
resulting from the initial flange contact is nearly twice as
large as with new wheelsets. The steady staﬁe flange force
increases to a lesser extent. Therefore the critical spiral
length, at which the flange force rasulting from the initial
contact exceeds the steady state flange force, is shorter.
Since the rolling radius difference is less for a given
gravitational stiffness [8], worn wheels do not produce as

great a steering moment as new wheels.

3.7 INTERCONNECTION OF THE WHEELSETS

Interconnecting the wheelsets of a conventional freight

truck results in a significant improvement in the curving ;
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per formance. The angles of attack and flange forces of a
conventional three-piece truck and radial trucks with varying
shear stiffnesses are compared. In each case, the vehicle
travels through a one hundred and fifty foot spiral into a
constant two and a half degree curve. The mass and the yaw
moment of inertia of each wheelset of the radial trucks are
increased by about twenty percent due to the addition of
radial arms [13]. The primary stiffnesses are decreased to
allow the wheelsets to assume a radial position. The bending
stiffness of the radial trucks are held constant.

Figures 3.12 and 3.13 compare angles of attack and flange
forces of the lead wheelset of the conventional three-piece
truck and a radial truck. The lower angle of attack of the
radial truck indicates that the wheelset is aligned in a more
radial position. Dynamic flange forces of the radial truck
are also lower. Increasing the shear stiffness of the radial
truck by one hundred percent had very little effec£ on the

angle of attack, work or flange force levels.

3.8 COULOMB FRICTION

To accurately model the motion of freight vehicles, it is
necessary to consider coulomb friction. The linear viscous
damping elements of the baseline vehicle are replaced with
coulomb friction elements, discussed in Section 2.3, to

determine their effect on the response of the model. Values
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for the breakout forces and moments and spring constants are
given in Table 3.2 [24]. Figures 3.14 and 3.15 show the
angles of attack and flange forces as the vehicle travels
through the spiral. The magnitudes predicted by the model
with coulomb friction are approximately the same as those
predicted by the wodel with linear suspension. The flange

force, however, is much more oscillatory than the baseline

vehicle predicts.
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TABLE 2

NONLINEAR SUSPENSION PARAMETERS [24]

3669.0 LB kSY = 61932.0 LB/FT
606.0 FT-LB kSZ = 257150.0 LB/FT
4687.0 FT-LB kW = 3729000.0 LB/FT
3500.0 LB
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CHAPTER 4

CONCLUSIONS AND RECOMMENDATIONS

A model capable of predicting the dynamic behavior of a
freight car during curve entry and exit was developed. The
model includes nonlinear wheel/rail geometry, coulomb friction
and creep force saturation. By varying the interaxle bending
and shear stiffnesses, both conventional and radial trucks can
be ﬁodelled. Previous curving studies have been predominately
concerned with steady state constant radius analyses which are
unable to predict the dynamic effects of nonuni form track

curvature and cant deficiency.

Solution to the set of nonlinear equations describing the
model were found numerically using a fourth order Runge-Kutta
algorithm. This model behaves consistently with previous
results. With parameters choosen to correspond to previously

developed models, this model predicted similiar results.

Preliminary results demonstrate the ability of this model
to evaluate the effects of roadbed and wheel/rail geometry,
rail stiffness and suspension design. Force levels exceeding
maximium steady-state values have been predicted. This

indicates the importance of continued dynamic analysis.

This model was developed primarily as a design tool. A

useful modification of the program would incorporate track
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irregularities either as explicit data or as a statistical
description. Experimental data should also be obtained to
validate the theoretical analysis. This study indicated the

utilty of further dynamic simulations to analyze the curving

behavior of freight trucks.
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APPENDIX A

DERIVATION OF THE WHEELSET DYNAMIC CJRVINCG

EQUATIONS OF MOTION

A.l INTRODUCTION

This section contains the derivation of the equations of
motion for a single wheelset negotiating an arbitrarily
changing radius curve. The wheelset is connected through a
suspension system to a moving reference frame which travels at
a constant forward speed along the track. The outer rail of
the track is esuperelevated relative to the inner rail. The
wheelset has two degrees of freedom for yaw and lateral motion
and an extra state to describe the spin perturbaticn of the
wheelset. The wheelset is assumed to be a rigid body which

does not lift from the track.

A.2 AXIS SYSTEMS

Figure A.1 defines the two moving coordinate systems used

to develop this model. A track reference axis system, i

~

and kT, moves along the centerline of a superelevated track at

T’ jT

a constant tangential speed. The iT axis is directed along
the track centerline. The jT axis is perpendicular to the
track centerline. The kT axis is normal to the track plane.
The 1w, jw and kw axes are fixed to the center of gravity of

A

an isolated wheelset. The iw axis is positioned along the
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WHEELSET
AXIS
SYSTEM

TRACK
REFERENCE
FRAME

CENTERLINE

TO CENTER OF

CURVE

FIGURE A. 1 DEFINITION OF COORDINATE SYSTEMS
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A

The jw axis lies along the axle centeriine

track centerline.

parallel to the track plane. The kw is normal to and dir-cted

Iw
Yaws and rolls but does not spin with the wheelset center of

i
.
b
13
)
B
-
-
.

upward from the iw— plane. The w-axis system translates,

gravity. Assuming small rol) and Yaw angles the coordinate

transformations between axies are given by

iw 1 LL® 0] iT
kw 0 —éy 1 kT
L. ..J e - . -

A.3 ACCELERATION OF WHEELSET

The inertial acceleration of a wheelset is defined by the

expression

*sg 1t

V3
R It

W ip + oy

+

+

\Y4 " v?:
R%E Jr - R ¥p
(aegptz 9gp) Ky

~

Substitution yields the expression

Rw

Jp + (zytrg) ﬁT

(Aa.

2 )
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e A Ll 2 e A (1] (1] 2 .Y
a, = X; ip * (Yy- g “Tolsp) Ip * (Fytasgpt g *ge) Ky
(A. 3)

A.4 ANGULAR MOMENTUM OF THE WHEELSET

The angular velocity of the wheelset is defined by

- _ " v © 2 i ~
Oy = egp i R kI + o, i, o+ (a+8) Iy + Yy kT
(A . 4)

Small angle approximations reduce this equation to
by = ey iyt oegy Jy ez Ky (A.5)
where W = °SE + ow

mWY =qQ + B8

V L]
owz = "RV Tw

A A

Since a wheelset is symmetric about the iw-kw plane, the
yaw and spin moments of inertia are identical. The angular

momentum of the wheelset is given by

A

By = Igz owx w * Twy 9wy w ¥ Tw %wz " (A.6)
The time rate of change of the angular momentum is expressed

by

DH a4 H
T M © H (a. 7)

— 2R

Dt Tt * Yaxis *
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Since the axis system does not spin with the wheelset, its

angular velocity is described by the expression

A ~

Uax1s = Ywx ‘w t %wz *w (A.8)
Substituting equations A.5, A.6 and A.8 into A.7 and

neglecting small terms gives

Dﬁw .
t

( Iy (Sggtoy) - Ty (a+8) (rym) ) iy

o

b (T8 ) 3y (-9
b 0T (v SRy + 1 (ave) (agprey) ) X

A.5 FORCES AND MOMENTS

A freebody diagram of a wheelset is shown in Figure A.2.
The moments due to the external weight and the creep, normal

and suspension forces are defined by the equation

D_l-iw o o L _
e - RRx(FR+NR) + RL’(FL+NL) + M+ Mp + Mgygp + MEyrp
!
= _ A N ~ (A . 10 )
where RR = av.i, - ajg rRkT

RL = -a!wlT + aJT - rLkT
Meyr = = NWeyp (05-0) iy —

The force expression is




~| | — \/z% |
= < ) ! oHUM / M
mm\ 0, / | . ¢
T
e o+ ©
by
Jhll.‘mxyaxmz
i




88

meay = Fgp + Fp, + Fgygp + Np + N + Iy (aA.11)

where

T, = (¥ V2 o) G - (o) Y v, Yk
N s w¥exr’ %sg’ It W VEXT —Rg~ SE T

Applying Newton®s law to the track reference axis system

yields the following six equations.

Longitudinal Equation —

Lateral Equation

M (Y To%se) ~ (WytWexr ) %a = FrytFryt FSUSPY+ NeytNpy (A . 13)

Vertical Equation

2

] -0 V _
M (Zy+adgp )+ (Wt ) (Lhgoegp) = Fpp+Fp, Wpa Mg (A.14)

Roll Equation

. o V _
wa(ow+0SE)-IWY(n+a)(vw- i)'hWEXT(°d'°w) =

)+M

)+ry (F x MLy

rp(FrytNpy LNy

+a(Fp o -Fpa N, Npy)

Yaw Equation

IWZ(;W.vd%(%))-IWY(n+;)(°W+°SE) =

)+a!W(F -F, N _=N__) (A . 16 )

a(F RY LY TRY LY

rx Frx

+MLZ+MRZ+MSUSPZ

Spin Equation

IWYB = = rRFRX - rLFLX + MLY + MRY (A .17 )
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A.5.1 NORMAL FORCES

The normal forces at the left and right contact points —

are
N, = = Nysin(&; +e )i, + N cos(s; +e )k, (A.18) -
and
Np = NRsln(cR-ow)jT + NRcos(sR w)kT (A . 19)
where _

The normal forces are obtained from the vertical and roll —

equations. Simultaneous solution of equations A.14 and A.l5
furnishes the following expressions for the vertical
components of the normal forces

- * * -
M’ + F, (a-r tan(cL+ow))

L

N_cos(§_.-98.) = (A . 20 )
R R W 2a - rRtan(sR ow) - rLtan(aL+ow)
and M* + F *(a-r_tan(é_,-9..))
Npcos(s +e) = : tanli - )R- T tin(? oy (A 21)
R R %W L L %w
where
oo 'y e V
* - - — -
MY = I, (o +oSE) Iwy(“"'“)('w R
= a(Fy,=Fpg) = FpFpy = TpFpy + Mipyq(eg-0)
(1) .0 2
\4
v * - -
T o= mylzgtaegetg ogp) - Fp, - Frg
+ (w +W ) + 235222. |
EXT Rg SE
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The gravitaional stiffness force is defined as the net

| N BT

lateral compcnent of the normal forces.

FGRAV = - NR31n(6R—ow) + NL51n(6L+ow) (A . 22) -
The gravitaional stiffness is defined by _-
MGRAV = - avw(NR31n(GR—ow)-NL51n(6L+ow) ) (A . 23 ) _
A.5.2 CREEP FORCES AND MOMENTS =
Two axis systems, shown in Figure A.3, are attached to -
the left and right rail contact points. These axes are used
to represent the direction of the wheel/rail contact forces.
The relations between the contact point axes and the body axis
are given by -
]
p— — r— — — -
- - "
‘oL 1 0 0 1.
JCL = 0 cos 6L sin 6L Jy (A . 24)
kCL ] o} -sin GL cos 6L kw ;—
L -~ . - - -

and
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- W o
i.r 1 o o
Icr = 0 cos GR -sin GR
kCR 0 51n,6R cos GR
L - L

<

(A . 25)

After coordinate transformations, the creep forces and

moments in the track reference frame for large contact angles

and small yaw angles can be written as

Le ft Wheel:

FLx = Flyo ~ FLY,chos(5L+ow)
FLY = FLx.ww + FLY° cos(5L+ow)
Fiz = Frye sin(5L+ow)

Moy = MLZ,!wsin(6L+ow)

My = -MLZ.sin(sLMw)

Mg = MLZ.cos(6L+¢w)

Right Wheel:

FRx = FRX' - FRY,YWCOS(GR—OW)
FRY = FRX"W + FRY‘ cos(&R-ow)
FRZ = - Fpye 51n(5R-ow)

M = - M

RX pze Twsinlsg-ey)

(A . 26 )
(A . 27)
(a. 28)
(A . 29)
(A . 30)
(A . 31)
(A . 32)
(A . 33)
(A . 34 )
(A . 35)




93

MRY = MRZ.31n(6R-ow) (A . 36 )

Mo, = Mosecos(sp-o.) (a.37)

where FRi’ and FLi° are the ith component of creep forces
resolved in the contact plane.

th

MRi’ and M are the i component of creep forces

Li®

resolved in the contact plane.

Kalker linear creep theory defines the relation
between the creep forces and creepages as

Lateral Creep Force:

Fy = - £1 & - £15 &g (A.38)
Longitudinal Creep Force:
Fx = - f33 EX (A . 39 )
Spin Creep Moment:
Mzp = £12 &y = £55 &g (A.40)
where
1 a L . .
x= v ( V(1+§' ;5) - ar, - rLB ) (A . 41 )
-1 '- [ . . .
iy = ¥ ( cos 81, (yw V!W+rLow) + sin GL (zw+aow) ) (A . 42 )
—l -. .- L] L ] L ]
gz = v ( -sin 8 (yw V1w+rLow) + cos 81, (zw+aow) Y( A . 43 )
1 . ‘v
Erop™ ( -sin 81, (a+8) + cos 81, ('w'ﬁ) ) (A . 44 )
1 a IR * )
tpx = ¢ ( V(1—g- ;5) + ar, - rps ) (A . 45 )
1 L] L] L]
Ery v ( cos 8 (yw-V!w+rR0w) + sin §p (aow) ) (A . 46 )



%24

i 1 _ . _ . -
Epg = v ¢ -sin &g (¥, V¥, tTRY) + €08 g (ztae,) ) A . 47 )

= 1 i ) y v -
Ersp™ ¥ ( sin &g (a+p) + cos &, (Yw R) ) (A . 48)

Assuming no wheel lift, the vertical creepages are zero.
Substitution of equations A.43 and A.47 into A.42 and A.46
gives new expressions for the lateral creepages.

Ey = 8€C & (Y~ Ve, + r 0,) (A . 49)

sec 8, (yw- Ve, + rRow) (A . 50)

fry

-
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APPENDIX B

DERIVATION OF THE EQUATIONS OF MOTION FOR THE

FREIGHT CAR MODEL

B.1 INTRODUCTION

This section contains the derivations of the eguations of
motion for a freight car moving along curved track with
varying radius and constant forward speed. Schematics of the
complete model showing the degrees of freedom and dimensions
are shown in Figures 2.5-8. The complete gset of equations

are listed in gsection B.6.

The model is comnrised of two trucks, with two wheelsets
each, supporting a carbody. Each wheelset has two degrees of
freedom, lateral and yaw, and an additional state to describe
the spin perturbation rate. The truck has three degrees of
freedom, lateral, yaw and warp. Warp is defined as the
relative yaw of the pbolster with respect to the sideframes.
This motion causes the gsideframes to rotate about the truck
centerline and assume a gkewed parallelogram shape. The
carbody has three degrees of freedom, lateral, yaw and roll.
Since the centerplate restricts the lateral and roll motion of
the bolster relative to the carbody, the bolster is included
in the carbody lateral and roll equations. The truck

components and the carbody are assumed to be rigid bodies.
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The equations of motion for a single wheelset, derived in
Appendix A, are modified to include longitudinal and lateral
suspension elements and wheelset interconnections. The front
truck and carbody equations are derived explicitly. The front

truck equations are modified to describe the rear truck

The degrees of freedom include:

- lateral excursion of lead wheelset of lead

Y

wi truck relative to track centerline

Yl - angle of attack of lead wheelset of the lead
truck

8 - spin perturbation rate of lead wheelset of

1
lead truck

Yo - lateral excurion of trailing wheelset of lead
truck relative to track centerline

¥ - angle of attack of trailing wheelset of the

w2
lead truck

L[]

By - spin perturbation rate of trailing wheelset of
lead truck

Y3 - lateral excurion of lead wheelset of trailing
truck relative to track centerline

Y3 - angle of attack of lead wheelset of the
trailing truck

| ]

By - spin perturbation rate of trailing wheelset of
lead truck

Yya - lateral excurion of trailing wheelset of
trailing truck relative to track centerline

Y4 - angle of attack of trailing wheelset of the
trailing truck

By - spin perturbation rate of trailing wheelset of

trailing truck

g




97

Yoy - lateral excursion of lead truck relative to
the truck reference positon (centered over the
track at lead and trailing wheelset connection
peints)

L2 - yaw angle of lead truck with respect to radial
line passing half way between lead and
trailing wheelsets of truck

81 - warp angle of lead truck

Yoo - lateral excursion of trailing truck relative
to the truck reference positon (centered over
the track at lead and trailing wheelset
connection points)

Yoo - vyaw angle of trailing truck with respect to
radial line passing half way between lead and
trailing wheelsets of truck

82 - warp angle of trailing truck

Yo - lateral excursion of the carbody relative to
track centerline

% - roll angle of carbody

Yo - yaw angle of the carbody

B.2 AXIS SYSTEMS

Four moving axis systems defined in Figure B.l are used
to describe the motion of the vehicle. As in section A.2, a

track reference frame is constructed to describe the inertial

s’ s

fixed to the center of gravity of the sideframes. These axes

acceleration of the venicie. A set of i and kS axes are
translate, yaw and roll with the sideframes. The sideframe
roll angle is assumed to be the average of its wheelset’s
rollangles. For small angles,\$he sideframe axis system is

related to the track reference axis system by the relationship
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C: 1T 172
1S 1 ’T 0 1T
3 =| -¥ 1 Lie +o..) 3 (B . 1)
S Ly 2' "Wl w2 T :
£ 0 - l(o +o ) 1 ﬁ
s 2'YW1 Tw2 T
- = - J 4 i

A A

The iB' jB and kB axes are fixed to the bolster center of
gravity. This axes system warps and yaws but does not roll

with the bolster since the bolster rolls about the carbody

hinge point.

— - -
lB 1l
kB 0
The 1.,

the carbody.
carbody rotates.

gravity.

about the hinge point.

rolls with the carbody.

are defined by

(1T+e

W’

1

-

L

B

The hinge point is the point about which the

2 )

jc and kc axes are constructed at the hinge point of

It is not necessarily the carbody center of

The equations of motion of the carbody are derived

The C-axis system translates, yaws and

For small angles, the carbody axes
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- . —] r— - ~ R T
1C 1 'C 0o lT
e | < -Y. 1 L8 g (B .3)
k 0 -9 1 k
C C

B.3 ACCELERATION

The inertial accelerations of the sideframe, bolster and
carbody are defined by the expression

a = ET+ _u-sTxl—! + :;Tx(.;,rx-li) + ZETx—R + R ( B. 4)
where the track reference frame acceleration and angular
velocity are given by equation A.2 and R is the relative
displacement of the center of gravity from the track reference

frame.

B.3.1 SIDEFRAME ACCELERATION

The displacements of the right and left sideframe center
of gravity relative to the track are given by

A

Rgp,sL = *sr,sp ir * Yp Ip * Zgp,sp Fr (B.5)
Since there is no vertical or roll motion of the sideframes
relative to the wheelsets, the vertical displacement of the

sideframes can be expressed in terms of wheelset rollangles.
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Assuming no wheel 1lift

1 d + h + r

Zps,ns = 3 @ (o toys) S 0 (B.6)

Because the sideframes are assumed to always form a
parallelogram, the longitudinal motions of the sideframes are
constrained by the expression

-Xpg = Xg = "4 (v ten) (B.7)

The displacement of the sideframes may be written as

= (£a (o)) ip +  yp Ip :

RSR,SL B 8)

o thg) Xy

Substitution into equation B.4 gives the acceleration cof the

+ ) + r

1
(50 o002

right and left sideframes.

A

=t alrg *ey)) g

43R, SL
(1) v 2 L1} A
+ (Yp~g - (rg+hg) ogp ) I (B.9)
1 ae (1]} e v 2 A
+ (5ale,+e,,) + asgy + g 8gp ) Ky

B.3.2 ACCELERATION OF THE BOLSTER CENTER OF GRAVITY

Since the bolsters translate with the carbody, the
displacement of the front bolster relative to the track
reference frame is given by

A
—

Ry = (yo +hpe, =Ly, ) dpg+ (hg 41y ) Xy (B.10)
By substituting this expression into equation B.4, the bolster

acceleration is obtained.
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(B . 11 )
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B.3.3 ACCELERATION OF THE CARBODY

The displacement of the carbody center of gravity

relative to the track reference frame is given by

A

R, = (yc + (hT-hc)oC) Jp ¥ (r0+hB+hc) K (B .12 )

Substitution into equation B.4 gives the carbody acceleration.

(1} (1] 2 se A
3. = - A
a. = (yo+ (hp-ho) e, - 1 (ry+ho+hy) e ) 3, (B .13 )
+ (aggp + 5 0 ) X

B.4 ANGULAR MOMENTUM

B.4.1 SIDEFRAME

The angular velocity of the sideframes of the front truck

is defined by

— _ . -~ V A
ug = g i; R K

A L] A

1,° * .
I + 5(°w1+°w2) ig +  ¥g kg (B . 14 )

Transformations and small angle approximations reduce this

expression to

s wgx *s wgy Jg  *
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"
>

where

Ysx SE
= -9 Y
Ysy SE R
_ . _V
ugy, Yo ° R

The time rate of change of the angular momentum of the

sideframe center of gravity is defined by

D Hg a Hg _ _
where
Hy = Igy wgy ig + Igy ugy Jg * Igy ugy Xg

Substitution of the appropriate terms into equation B.1l6

yields the following expression

D H

s _ e l (1] e ?
DT - Igx(0gp + (0 *ey,) ) ig
+ Igp(¥py =V g32(R®) ) kg

B.4.2 BOLSTER

Since the bolster is assumed to yaw with the truck and
1

roll with the carbody, its angular velocity can be described

by
Gy = wgy io + wpy Iy t* upy Ky (B.18) )
where me = 'SE + ’C
w = - !O
BY ROSE
L] L] V
wpz = Yr * & T R
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The yaw component of the rotational equation about the bolster

center of gravity is defined by

D Hy , ~ -
5 ks = Iez(™m*éwm) (B.19)

The roll component of the rotational equation about the
carbody hinge point is defined by

D ﬁB ~ i .
Dt 1. = Iox(®setoc)

a0 e 2 (1]
+ mth(Yc+hT°c'% +(rythg)egp)

(B . 20 )

B.4.3 CARBODY

The angular velocity of the carbody is described by the
expression

— _ A Y- A A ~
w = 5 iI R kI + o, i, + e kc (B . 21 )

In carbody coordinates, this expression reduces to

where Wey = OSE + 'C
- _Vv .
ez =~ ®R ¥ YC

The time rate of change of the angular momentum of the carbody

about its hinge point is defined by

D H DH
__g = Y +

Dt DT Me (B.23)
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where D H . -
0 = I o i
Dt x¥cx e
+  Ioxvexbcz T Iez®cxvcz Ic
t Ioguey ke
Ry = (hg - hp) kg
—- e .. V2 A

Substitution reduces this

expression to

Dﬁ A (L] .0 (13 [ 1]
cC _
bt -~ ( Icx(eggtec)+mo(hy-hy) (y +(hy-ho)e,
v2 oo A
~ R -(r0+hB+hC)oSE ) i,
v (T.-T.)(e. +e )Y 3
cz Iex! V¥set )R c
- d,1 ~
+ Icz('c'vdf(ﬁ)) kq

B.5 FORCES AND MOMENTS

Free body diagrams for the wheelsets, sideframes and

( B.

bolster of the front truck and the carbody are shown in

Figures B.2-4.

are determined from these.

B.5.1 ROLLER BEARING CONNECTIONS

24 )

The equations of motion for each rigid body

The sideframe/wheelset bearing connections are modelled

as parallel combinations of linear springs and viscous dampers

in the longitudinal and lateral directions.

The longitudinal
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Fx1 l “Fy1
Fy 1= -—p
Y1 Fyq
Fx3
Fx3 "
22
“Fys Fya
FY4———' — Q e
v4
] E,
X3
Fya Fyo "’T
- .
71
Fy2 Fya
{ My1 ‘
-F LN F
Y4 va
Fa1 T (t—"Fve |- Fz1
® \1
L FF,, |
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FIGURE B.3 FREEBODY DIAGRAM OF SIDEFRAMES ANL BOLSTER
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forces exerted by the front and rear wheelsets on the

gsideframes are

Fyp = Gpy@( ¥y =Ypy =8y J+Rpyd (¥ ¥y ~0n ) (B.25)
and
Fyo = dpxd(¥yp=¥py =01 ) Kpxd(¥yyp =Ty ~041 ) (B.26)

The lateral forces exerted by the front and rear wheelsets on

the sideframes are

Fyy = ~dpy (¥ =¥y ~P¥py ) Kpy (Yygy =Yg “P¥qpy ) (B.27)
and
Fyo = ~dpy(¥yo=¥py =Py ) Koy (Yyo -y ~b¥q; ) (B.28)

B.5.2. INTERWHEELSET CONNECTIONS

The radial connections of each wheelset pair are modelled
by a lateral and torsional spring pair connecting the two
wheelsets at their midpoints. The forces and moments are

described by

Fyq = ks(ywl-ywz—b(vw1+vw2)+2val) (B . 29)

and

M,. = k(¥ =¥, +22) (B . 30)
Z1l B''W2 W1 "R *
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B.5.3 SECONDARY SUSPENSION

The suspension between the sideframes, bolster and
carbody consists of vertical and lateral linear springs and
coulomb friction elements in parallel at each
bolster/sideframe interface. Additonally, there is a
torsional spring and damper combination at each
bolster/sideframe connection which resists warp motion. The
lateral forces exerted by the bolster and carbody on the
sideframe are

- Ly - A -
Fyg = Kgy(Vipy¥Ye-L¥o-hpoo-5(hg=hg) (e, +o,5))

[ ] L] [ ] [ ] l L]
+  Fy89n(Yq) -Yo LYo -hpoo—5(hg-hg) (o, +e0))

(B . 31)

and

= - - L -
Fys = kgy¥qp-¥otL¥o-hpe -5(hg-hg) (e +ey,))

L] L] L] L] 1 [ ]
+  Fyosgn(¥py-YotL¥o-hpeq—5(hg-hg) (e 4y, ))

(B . 32)

The vertical forces exerted on the carbody and polster by the

gsideframes are

= 21
Fg1 = kggdl(eg= 5oy, +e,5)) (B . 33)
L] 1. [ ]
+ F,,8gn dale, - 5(°w1+°w2))
and
F = k d(o--l-(o +¢ .))
z2 sz ''c” 2''w3 "wa (B .34)

L ] 1 L] L ]
+ Fyosgn d(e —5(e,+e,))
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The moment exerted on the bolster resisting warp is defined by

M,, = kw 61 Tyo 590 (ew1) ( B. 35)

B.5.4 CENTERPLATE

The carbody/bolster centerplate connection is modelled by
a torsional linear spring and coulomb friction element in
parallel which resists relative yaw motion. The yaw moments

acting on the front and rear bolster due to the carbody are

_ . d 1 -. -.

My, = Tcposgn( 'C+LdE('§) Yo ew1) (B . 36 )
and

Mo = T sqn(y.L.3E)-v. -6.,) (B . 37)
74 cp0o39™ ¥o"lae ‘R T2 Cw2 .

B.6 EQUATIONS OF MOTION

B.6.1 WHEELSET

The equations of motion for a typical wheelset are
developed in Appendix A. Modi fications have been made to
include the suspension forces and momemts developed in the
previous section. The lateral equation for the ith wheelset

is given by

- - _ 1 1
m(Yyui~To%se) = (mam tmgram,)g (e, i) (B .38 )
+ Fpys * Frys t Npys * Nrys
+ Fgusp

Yi
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-be__-h_s .. )

where F = =2kpy (Y Yy ~P¥py ~hgey,

SUSPYl

-bY,, -h.¢

245y (Yyg) ~Yipy ~P¥p) ~hg w1)

-by

“kg(¥y1 ~PYy1 Y2 ~PTy2)

+by_.-h_ o )

SUSP 2kpy (Yygp ~Yipy ¥P¥p) gty

Y2

28,y (Yyp =Yy +P¥py ~hgtys)

+kg (Yig) Py ~Yyo Py

-h_ o _.)

Y2~ Ngfy3

2kpy(Yy3 =Yoo ~P

‘2dPY(Yw3'YT2'b'T2 hs°w3)

SUSPY3

-by

kg (Y3~ PYy3~Yys ~Plys)

+b¥_.-h_¢ _..)

SUSP 2kpy (Yiygq =Yy tP¥py ~Ng ity

Y4

PY(YW4 YT2+b' T2 hs°w4)

thg (Y3 "PYy3Yya Py

The yaw equation for the ith wheelset is given by

d,1 _
WZ(’WL E(i)) = (0+B )(Q SE)

) + ay,(F

+ a(F w'Fryi Fryi*

RXi~ LXl

* Mygs ¥ Mpai t MSUSPZi

where M = bk (yw1-bv kB(v

SUSP w1 Yu2"PYy2)
-2d kPx('w1 T1‘°w1)
-2d dpx"’w1 T1'°w1)

bk (yw1-b! -kB(v

w1 Yw2 P¥u2)
-2 kPx('wz 1" w1)
-2d dpx(’wz Yp1~ w1)

M =
SUSPZ2

w2~

(

RYl

w1~ Yw2)

w1 )

B

. 39 )

Npvi

)
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MsuspZ3 = bkg(Yya=D¥ua=yYy,~bry,) kgl -vg,)
'2d2kpx(’w3 Tr2” w2)
-20%8, (73 =¥y o2

"suse,, = bks(ywa'b'w3'yw4'b'w4) kg (Y ~Yy3)
-2a%Kpy (10 Y2~ wz)
‘2d2d ('w4 2%z

The spin equation for the ith wheelset is given by
Twyfi = “TRFmxi “TrfLxi (B.40)

B.6.2 TRUCK FRAME

The equations of motion for the lead truck are derived in
two parts. The equations of motion for the sideframes and the
bolster yaw equation are initially independently derived. The
physical constraints are then incorporated to form the
combined truck equations. The derivations for the trailing

truck follow in a similiar manner.

The summation of the forces and moments of the leading
truck frame freebody diagrams of Figure B.3 yield the

following equations.

Lateral Motion of Sideframes:

2 (1]
Zn (YT1 X =(ro*hg)egp) = -2Fy, ~2Fy  -2msg(eg +‘“’m *w2))

(B . 41 )
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Longitudinal Motion of the Sideframes:

2msd(!T1+ew1) 2Fx1 + 2Fx2 + 2Fx3 (B . 42 )

Yaw Motion of the Sideframes:

- a1y, _
215, (8 “Vag(R)) = Mgy+2b(Fy,-Fy,) (B.43)
Yaw Motlon of the Bolster:
d 1 _
('Tl w1 Var(R)) = Mgy - Mgy -2dF,, (B . 44)

Since the sideframes translate laterally independent of
the bolster, the truck lateral equation is described solely by
B.41. The bolster is lumped with the sideframes to describe
the yaw and warp of the truck assembly. The warp equation is
obtained by adding the bolster yaw equation to the sideframe
longitudinal equation times half the distance between the
sideframes. The yaw motion is described by adding the truck

warp equation to the sideframe yaw equation.

Lateral Equation for Front Truck

2m (le ~g (e +5 (’w1 *)) - (ro+hs);SE)
2kpy (Yiq) *¥yyp =2y ~2b¥y, )
+ 2dPY(§w1+§w2-2§Tl-2b;Tl) ( B. 45 )
- Zkgylyp Yoyt *7('w1+’w2))
- 2FYosgn(yfrl Qc hT’ +l(’w1 toyo))

Yaw Equation for the Front Truck
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2 - al 2
gzt2mgd +I,) (g Ve (R)) + (2mgd™+1Ig,

)9Wl =

2bkpy (Y ")  * 2bd, y (Yy) ~Yyo)

2
+ 24 kPx('w1+'w2‘2'T1'2ew1)

2
+ 24 dP

x("wat

Tep®9n( Ty

Yn~2Yp1 " 20y )
+ °w1)

Warp Equation for the Front Truck

- d, 1, _
(2m d +Ig )(1T1+ewl) - IBszE(ﬁ) =
2d2kpx(vw1+!wz-2!Tl-2ew1)

2 L]
+ 24 dPX('Wl+'

- Ko

Twosgn(ew1)

w2‘2'T1'2°w1)

Lateral Equation for the Trailing Truck

. L
2mg (v, 9 (0545 (03 +oya)) -

(r0+hs)oSE)

2Ky (Y3 t¥ya =2~ Zb'Tz)

+ ZdPY(yw3+YW4-2YT2-2b'T2)
- 2ksy(YT2 Yeo h'r'c+ (°w3 w4))
- 2Fyosg“(yfrz Yc h'r°c+2(°w3 w4))

Yaw Equation for the Trailing Truck

4,1 2
(21 +2m d +I )(v 2" dt(R)) + (2m d +I

Tepo

)°w2

(B . 46 )

(B . 47 )

Sgn(ew1+vT1)

(B . 48 )

2k, (Y3 -Yys) 2bde(Yw3'Yw4)

+ 2d2kpx(v

+Yw4

'2'T2'2°w2)

2 L ] L ] L] L]
+ 24 dpx('w3+'w4'2'T2'2°w2)

+ Tcpoegn(!T2+ew2)

(B . 49 )
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Warp Equation for the Trailing Truck

(2mgd“+T,,,) (T *+0ys) = Ip,Var (R)
2d2kpx(’w3+'w4'2'T2‘2°w2)
2 . . . . (B-SO)
+2d%d, (0 a4, =200, =20y, )
Kebwa ~ Twod9n(0yy) = Toposan(eyg,+eqy)

B.6.3 CARBODY

Summation of the forces and moments of the freebody
diagrams of figures B.3 and B.4 yield the equations of motion
for the carbody and the roll and lateral motion of the

bolster.

Lateral Motion of the Front Bolster

mo (Y +thpdo-g +LY -(rgthplegg) = 2F y y+Fyompg (0 tegp)
(B . 51)
Roll Motion of the Front Bolster
Ipx (0gptec) + mphp(yothpeo- ¢ +(rgthglegp) =
(B . 52)
2dF,, My, -myghy (egp+0.)
Lateral Motion of the Rear Bolster
mB(YC'L'c+hT’C'%?-(r0+hB).SE) = 2Fyg + Fy, (B .53)
Roll Motion of the Rear Bolster
(1] e (1] (] v 2 (1]
Iy (9gptea) + mphy(yo+hyeo-g +(ry+hg)egp)
(B . 54 )

2drzz+ux2-m3ghT(QSE+oc)
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Lateral Motion of Carbody

oo 23 2 23
V —3 - - -
mo{yo+{hp-ho) e g -(rg+thp+hi)eg,) = -Fy -Fo, - m.g(egp+p.)
( B. 55)
Roll Motion of Carbody
.8 Ll (1] L 1] V2 L1
Iox(#ctoge)tma (hp-ho) (yo+(hp-ho) o ~(rg+hp+hy)egp)
- - ( B. 56 )
Myy = Myp + mogho(egp+e.)
Yaw Motion of the Carbody
I (; -V Q(l) = - M,.,-M,,+LF_.,-LF
Cz' C dt'R Z3 24 Y?7 Y6 ( B.57)
The lateral forces, FYG and FY?' and the roll moments,

Mx1 and sz, exerted by the bolster on the carbody are defined
by equations B.51-54. Substitution of the suspension forces

and moments results in the carbody equations.

Lateral Equation for Carbody
(mc+2mB) (yc-g ( 'd"c) ) + (2mBhT+(mc(hT-hc) )oc
- (mc(ro+hB+hc) + 2mB(ro+hB))oSE = ( B . 58)
1
2kgy (Vo) +¥pp=2Y = 2hpe = S(hymhg) (e, o o +e,))
. . L[] [ ] 1 [ ] 1]
+ 2Fy8gn(yy) =Y o~L¥o-hpeo- S(hp-hg) (e, +e,)

1 [ ]
+ 2Fy8gn(Yy Yo +LYo-Npe - S(hg=hg) (e +e, )
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Roll Equation for the Carbody

2 2,7
(ch+2IBx+2mBhT +mc(hT-hC) )oc + (ch+2IBx+2mBhT(r0+hB)
2

+mC(hT-hC)(r0+hB+hC);SE + (szhT+mc(hT'hc))(;c‘ %’

+ (2myghy, - maghp) (eg*egp) =
1
2k gy (Yo Yy =2¥ o =2hp oo - 3 (hp=hg) (e, +oy, +oy+oy, )

[ ] . . . 1 L] L]
+ 2h Fyosgn(yy) -¥o-L¥o-hpde- 5(hg-hg) (e, +e,0))

L] L] L] L] 1 L]
+ 2hTFYOBgn(yT2-yc+L!C—hTec- f(hB-hS)(°w1+°W2)) (B . 59)

1

- Zdzksz(z'c' S0y Toyntoy3to,))
L] l L] L]

- 2dF,,sgn d(oc— E(’w1+°w2))

- 24P, sgn d(e,- e

20 5 dyate

W W4))

Yaw Equation of the Carbody
2 - d,1 _ : d,1, ° i
(o +2L°my) (Yo Vag(R)) = Tepo8an(¥e¥lyg (R) =¥y =0 )

- [ ] d 1 L]
+ TepBIn( ¥o+lgg (R) = Ypp o)

1l
+ Lk -2LY .- 5(h3'hs)(°w1+°w2+°w3+°w4)) (B .60 )

syYr1 ¥Yr2
[ ] [ ] L] L] 1 [ ] L]
+ LF 890 (Yo Y o-L¥o-hpt o= 5(hp-hg) (o, +ey,))

L] L] L] L] 1 L[] L]
+ LFYosgn(yTz-yc+L1c-hToc- E(hB-hS)(°w3+°W4))
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APPENDIX C

LISTING OF PROGRAM

MAIN PROGRAM FREIGHT.FOR SOLVES FOR DYNAMIC CURVING PERFORMANCE
OF FREIGHT CAR

BY FOURTH ORDER RUNGA-KUTTA INTEGRATION OF EQUATIONS OF MOTION

DATA FILES

IDATl - FOROOl - SYSTEM PARAMETERS AND INITIAL CONDITIONS
IDAT2 - FORD02 - WHEEL GECMETRY
IOUT1 - FORDO3 - OUTPUT FILES

CONVENTIONS

VEHICLE CURVING TO THE RIGHT

RIGHTHAND CCORDINATE SYSTEM

LATERAL EXCURSIONS - POSITIVE TO THE LEFT
YAW DISPLACEMENTS - POSITIIVE CCW
LONGITUDINAL DISPLACEMENTS POSITIVE FORWARD

Y(i)

DY (i)
YMAX(i)
YMIN(L)

state vector of system
calculated d¥(i)/dt

maximium vaues of state vector
miniun values of state vector

State Variable Assigmment and Equivalences:

* I,ading Truck,
Y(1l) = YLTUW(1)

Y(2) = YLTIW(2)
Y(3) = YLTLW(3)

Y(4) = YLTIW(4)
Y(5) = YLTIW(5)
Y(6) = YLTIW(6)

Y(7) = YLTLW(7)
* Leading Truck,
Y(8) = YLTTW(1)
Y(14S = YLTTW(7)
* Ieading Truck

Y(15) = YLT(1) =

Leading Wheelset (L.T.L.W.)

= lateral excursion of wheelset w.r.t. track
centerline

yaw angle of wheelset w.r.t. track centerline
lateral velocity of wheelset

yaw angle rate of wheelset

spin perturbation of wheelset

left rail displacement fram rigid trackline
right rail displacement fram rigid trackline

Trailing Wheelset (L.T.T.W.)

(same definitions as L.T.L.W.)

(L.T.)

lateral excursion of truck wrt truck reference
position (centered over track at lead and trail
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wheelset connection points)

Y(16) = YLT(2) = yaw angle of truck wrt radial line passing half
way between lead and trailing wheelsets of truck

Y(17) = YLT(3) = warp angle of the truck
Y(18) = YLT(4) = lateral velocity of truck
Y(19) = YLT(5) = yaw angle rate of truck
Y(20) = YLT(6) = warp angle rate of truck

* Car Body (C.B.)

¥(21) = YCB(1) = lateral excursion of carbody with respect

to traak centerline

Y(22) = YCB(2) = roll angle of carbody

Y(23) = YCB(3) = yaw angle of carbody

Y(24) = YCB(4) = lateral velocity of carhody
) =

Y(25) = YCB(5 roll angle rate of carbody
Y(26) = YCB(5) = yaw angle rate of carbody

* Trailing Truck, Leading Wheelset (T.T.L.W.)

Y(27) = YITIW(1) =
(same definition as L.T.L.W.)

Y(33) = YITIW(7) =

* Trailing Truck, Trailing Wheelset (T.T.T.W.)

Y(34) = YITIW(1) =
(same definition as L.T.L.W.)

Y(40) = YTTTW(7) =

* Prailing Truck (T.T.)

Y(41) = YTT(1) =
(same definition a3 L.T.)

¥(d6) = YTT(6) =

COMMON NEWDT, DT,DTL,DT2, FLANGE,N, T, FTIME
COMMON/OUTPUT1/IOUTPUT, IOOUNT,JPLT (12) , IOUT,NPTS
COMMON/STATES/Y (46) ,DY(46) ,YMAX(46) , YMIN(46)

EQUIVALENCE (Y(1),YLTIW(1)), (DY(1),DYLTIW(1)),
(Y(8),YLrTw(1)), (DY(8) ,DYLTTW(1)),
(y(15),yLr(1)), (DY(15),DYLT(1)),
(v(21),YcB(1)), (DY(21),DYCB(1)),
(Y(27),YTTIn(1) ), (DY(27) ,DYTTLW(1) ),
(Y(34),Yrrm(l)), (DY (34) ,DYTTTW(1) ),
(Y(41),Yrr(1)), (DY(41),DYTT(1))

U Wi+

DIMENSION YLTIW(7),YLTIW(7),YLT(6),YCB(6),YTTIN(7),YTTIW(7) ,YTT(6),
1 DYLTILW(7),DYLTTW(7),DYLT(6),DYCB(6) ,DYTTIW(7) ,DYTTIW(7) ,DYTT(6)

DIMENSION SY(46),Y0(46),Y1(46),Y2(46)

CALL INITIAL

' |
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C NEWDT = -1 FLAGS THE FIRST TIMESTEP
C NEWDT = O FLAGS RUNGE - KUTTA STEPS
C NEWDT = 1 FLAGS A NEW TIMESTEP
C
NEWDT = -1
C
CALL EQUATION
20 CONTINUE
c
NEWDT = 0
C
DO 30 I=1,N
SY(1) = Y(1)
YO(I) = DY(I)
30 Y(I) = DTr*DY(I)/2.0 + Y(I)
T =T + DT/2.0
C
CALL EQUATION
Cc
DO 40 I=1,N
Y1(I) = DY(I)
40 ¥(I1) = SY(I) + DT*DY(I)/2.0
c
CALL EQUATION
C
DO 50 I=1,N
Y2(I) = DY(I)

50 Y(I) = SY(I) + DT*DY(I)
T =T + DT/2.0

C
CALL EQUATION
C
DO 60 I=1,N
PRT1 = 2.0*(Y1(I) + Y2(I))
PRT2 = YO(I) + DY(I)
Y(I) = SY(I) + (PRT1 + PRT2)*DT/6.0
60 CONTINUE
C
C SET COUNTERS FOR PRINTING AND PLOTTING
c

IF (ICOUNT .NE.IOUTPUT)GO TO 70

NPTS = NPTS + 1

ICOWNT = O

1F( (NPTS.LT.1) .OR. (NPTS.GT.105) )GO TO 100

0 IOOUNT = ICOUNT + 1
NEWDT =1
CALL EQUATION

SAVE MAXTMUM AND MINIMM

AN O o

DO 90 I=1,N
IF (Y(I) - YMIN(I).GE.0.0) GO TO 80

MIN(I) = Y(I)
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MAX(I) = Y(I)
20 CONTINUE
c
C SAVE STATE ARRAYS IN ARRAYS FOR OUTPUT
Cc
IF(IOUTPUT.BEQ. ICOUNT)CALL OUTPUT
C
C TEST FOR COMPLETION
C
C
CALL PLOT
CALL PRINT
C
STOP

C
C TERMINATE PROGRAM & PRINT ERROR MESSAGE IF ARRAYS ARE OUT OF BOUND

C

100 WRITE(IOUT,110)NPTS

110 FORMAT(//° NUMBER OF PLOT POINTS (°,I4,°) OUT OF ARRAY RANGE °)
END
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SUBROUTINE INITIAL
INITIALIZES VARTABLES AND ECHOES INPUT DATA

COMMON NEWDT, DT, DT1,DT2, FLANGE,N,T, FTIME,ISUSP
COMMON /OUTPUT1 /TIOUTPUT, ICOUNT,JPLT (12) , IOUT1,NPTS
COMMON/STATES/Y (46) ,DY(46) ,YMAX(46) ,YMIN(46)

COMMON /CONSTANT /VEL, CANTD,G, PI
COMMON/GECMETRY/A, B,D, L, HS, HB, HC, HT, RO

COMMON/INERTIA/MW, MB, MS, MC, MAPP,WIYY, WIZZ, BIXX, BIZZ,
1 CIXX, CIZZ, SIZZ
COMMON/TRACK/FPHISE, FRHO, DTANGENT, DSPIRAL, DCURVE
COMMON/RATL/RATIK, RATIB

COMMON /SUSP /KS, KB, KPX, KPY, KSY, KSZ , KCP, KW,DPX, DPY
CQMMON/DAMP /DSY, DSZ,DCP, DW

COMMON /COULCMB/FYO, TCPO, TWO, FZ0,DEL1,DEL2,DEL3,DEL4
COMMON/CREEP/NO,MJ, F110, F120, F330, F220

COMMON /GEOM/NDIM, XWINC, ARG (242) ,RRDAT (242), RLDAT (242),

1 DRDAT(242), DLDAT(242), PHIDAT(242), DPHI(242),
1 D2PHIT (242)

INTEGER FRONT, CENTER, BACK

REAL MU, MAPP, NO, L, MW, MC,MB,MS,KS,KB,KPX, KPY, KSY,
1 KSZ,KCP, W

CHARACTER*80 RATIFILE,DUMMY, DATE

DATA IDAT1,IDATZ2,IOUT1/1,2,3/
DATA PI,G,T,ZERO, FRONT, CENTER, BACK/3.14156,32.2,0.0,0.0,1,2,3/

DIMENSION YLTIW(7),YLTTW(7),YLT(6),YCB(6),YTTIW(7),YTTIW(7),YTT(6),
1 DYLTIW(7),DYLTTW(7),DYLT(6),DYCB(6),DYTTIW(7) ,DYTTIW(7) ,DYTT(6)

EQUIVALENCE (Y(1),YLTIW(1)),(DY(1),DYLTIW(1)),
(v(8),yLrmw(1)), (DY(8) ,DYLTTW(1)),
(¥(15),YLT(1)), (DY(15),DYLT(1)),
(v(21),vcB(1)), (DY(21) ,DYCB(1)),
(Y(27),YTTIN(1)), (DY(27),DYTTIN(1) ),
(Y(34),yrrw(1)), (DY(34) ,DYTTTW(1)),
(v(41),YyTT(1)), (DY(41) ,DYTT(1))

aounpbwnH-

0 NO PLOT

JPLT(1)
PLOTS TIME VERSES LAT. EXCURSION OF WHEELSETS

nn
=

JPLT(2) = O NO PLOT
1

PLOTS TIME VERSES ANGLE OF ATTACK OF WHEELSETS

NO PLOT

JPLT(3) = O

=1 PLOTS TIME VERSES FLANGE FORCE OF WHEELSETS
0]
1

NO PLOT

JPLT{4) =
= 1 PLOTS TIME VERSES L/V RATIO OF WHEELSETS
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0 NO PLOT
1 PLOTS TIME VERSES WORK OF WHEELSETS

JPLT(5)

JPLT(6) = O NO PLOT

JPLT(7) 0 NO PLOT

JPLT(8) = 0 NO PLOT

JPLT(9)

0 NO PLOT
1 PLOTS TIME VERSES WARP ANGLE OF TRUCK

JPLT(10) = O NO PLOT

JPLT(11) = O NO PLOT

FORMAT(AS0)
FORMAT (1414)
FORMAT(8G15.5)
FORMAT (2X,F6.3,5F11.6)
READ(IDAT1, 500)DIMMY
READ(IDAT1,500)DATE
READ(IDAT1, 500)DUMMY
READ(IDAT1,520)DT1, FTIME,DT2
READ(IDATL, 500)DUMMY
READ(IDAT1,510) (JPLT(I),1I=1,12)
READ(IDAT1, 500)DIMMY
READ(IDAT1,520)A,B,D,L
READ(IDAT1, 500)DUMMY
READ(IDAT1,520)HS, B, HC,HT, FLANGE
READ(IDAT1, 500)DUMMY
READ (IDAT1,520)MW,MB,MS, MC
READ(IDATL, 500)DUMMY
READ(IDAT1,520)WIYY,WIZZ, BIXX, BIZZ
READ(IDATL, 500)DIMMY
READ(IDAT1,520)CIXX,S12Z,CI1ZZ
READ(IDAT1, 500)DUMMY
READ(IDAT1,520 )KPX,KPY,DPX,DPY
READ(IDAT1, 500)DUMMY
READ(IDAT1,510)ISUSP
READ(IDAT1, 500)DUMMY
IF(ISUSP.EQ.O)READ(IDAT1,520)KSY,KSZ,KCP, KW
IF(ISUSP.EQ.1)READ(IDATL, 520)KSY, KSZ,KW
IF(ISUSP.NE.1)GO TO 15
READ(IDAT1, 500)DUMMY
READ(IDAT1, 520) FYO, TCPO, TWO, FZO, DEL1, DEL2, DEL3, DEL4
GO TO 20
CONTINUE
READ(IDAT1,500)DUMMY
READ(IDAT1,520)DSY, DSZ,DCP,DW

1 PLOTS TIME VERSES ACCELERATION OF WHEELSETS

1 PLOTS TIME VERSES LATERAI, EXCURSION OF TRUCK AND CARBODY

1 PLOTS TIME VERSES YAW ANGLE OF TRUCK AND CARBODY

1 PLOTS TIME VERSES ROLL: ANGLE OF CARBODY

1 PLOTS TIME VERSES ACCELERATION OF TRUCK AND CARBODY
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20 CONTINUE
READ(IDATL, 500)DUMMY
READ(IDATI1,520)KS, KB

30 CONTINUE
READ (IDAT1, 500 )DIMMY
READ(IDATL, 520)F110, F120, F220, F330
READ(IDAT1, 500 )DUMMY
READ(IDAT1, 520)MU, RATLK, RAILB
READ(IDAT1,500)DUMMY
READ(IDATL, 520)DTANGENT, DSPIRAL, DCURVE
READ (IDAT1,500)DUMMY
READ(IDATL, 520)PPHISE, RRHO, CCANTD
READ(IDAT1,500)DUMMY
READ(IDATL, 520) (YLTIW(I),I=1,5)
READ(IDAT1,520) (YLTTW(I),I=1,5)
READ(IDATL, 520) (YLT(I),I=1,6)
READ(IDATI,520) (YCB(I),I=1,6)
READ(IDATL, 520) (YTTIW(I),I=1,5)
READ(IDATI1,520) (YTTIW(I),I=1,5)
READ(IDAT1, 520) (YTT(I),I=1,6)
READ (IDAT2,500)RAILFILE
READ(IDAT2, 510)NDIM
READ(IDAT2,525 ) XWINC
READ(IDAT2, 525) (ARG(I), RRDAT(I), RLDAT(I),DRDAT(I),DLDAT(I),

1 PHIDAT(I), I=1,NDIM)
C
C END OF DATA READ IN
c
C DETERMINE FIRST AND SECOND DERIVATIVES OF ROLIANGLE W.R.T.
C LATERAL EXCURSION USING YALUES OF ROLIANGLE (PHIDAT)
C
DO S50 J = Z.ND]M
DPHI(J) = (PHIDAT(J) - PHIDAT(J-1))/XWINC
50 CONTINUE
DPHI(1) = DPHI(2)
DO 60 J = 2,NDIM
D2PHI(J) = (DPHI(J) - DPHI(J-1))/XWINC
60 CQONTINUE
D2PHI(1) = D2PHI(2)
C
C DETERMINE THE NUMBER OF STATES
C
N=46
c
c INITIALIZE THE PLOT AND PRINT COUNTER
c
IOUTPUT=INT(FTIME/ (DT2*100.0) ) + 1
IOOUNT = IOUTPUT
NPTS =1
c
c CALCULATE VALUE OF ROLLING RADIUS
c

CALL CONTACT(1, ZERO, RO, RL, DR,DO,PHI, DDPHI, DD2PHI)
NO = G*(MW + MS + .5*MB + .25*MC)/COS(DO)
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C CHANGE FINAL SUPERELEVATION & CANT DEFICIENCY FROM DEG TO RADIANS

FPHISE = PPHISE*P1/180.0
CANTD = CCANTD#*PI/180.0

DETERMINE FINAL RADIUS FROM FINAL TRACK CURVATURE (DEGREE CURVE)

oNoNe!

FRHO = SIN(RRHO*P1/360.0) /50.0

CALCULATE THE FORWARD VELOCITY

nan

VEL = (FPHISE*G/FRHO)**.5

INTITTALIZE MININIWM AND MAXTMUIM STATE VARIABLES

ann

DO 70 I
YMIN(I)
YMBX(TI)
70 CONTINUE

LN
1.7E38
-lo 7E38

C
C WRITE OUT HEADINGS FOR OUTPUT
C

WRITE(IOUT1, 560)
560 FORMAT(1H1/ /20X, °DYNAMIC CURVING PERFORMANCE OF FULL CARBODY® )

C WRITE INPUT DATA

WRITE (IOUT1,570) DATE,DT1, FTIME,DT2

570 FORMAT( /12X, A20, 9X, °OFF FLANGE TIMESTEP = °,F6.4,
1 /12X, °FINAL TIME (SECS) =°,F6.2,4X,
1  °ON FLANGE TIMESTEP = °,F6.4)
WRITE(IOUT1,600)A,B,D, L, HS,HB,HC, HT,FLANGE, RO,MW, MB,
1 MS,MC
WRITE(IOUT1, 605)WIYY, WIZZ, BIXX, BIZZ,CIXX, SIZZ

600 FORMAT( /12X, “GECMETRY"
1 //12X,°A - TRACK GAGE (FT) =
1F8.3/12X,°B - HALF OF TRUCK WHEELBASE (FT) =
1F8.3/12X, °D - SPACING OF PRIMARY LONG. SUSPENSION (FT) =
1F8.3/12X, °L, - HALF DIS. BTW. TRUCK BOLSTER (FT) =
1F8.3/12X, °HS - HEIGHT OF SIDEFRAME C.G. ABOVE WHEELSET (FT) =
1F8.3/12X, °HB - HEIGHT OF BOLSTER C. G. ABOVE WHEELSET (FT) =
1F8.3/12X, °HC - HEIGHT OF CARBODY C.G. ABOVE BOLSTER (FT) =
1F8.3/12X, °HT - HEIGHT OF CARBODY HINGE ABOVE BOLSTER(FT) =
1F8.3/12X, °FLANGE - FLANGE CLEARANCE (INCHES) =
1F8.3/12X, °RO - CENTERED ROLLING RADIUS (FT) =
1F8.3/ /12X, °MASSES AND INERTIAS®
1 //12X,°W - WHEELSET MASS (SLUGS)
1F8.1/12X, °MB - BOLSTER MASS (SLUGS)
1F8.1/12X,°MS - SIDE FRAME MASS (SLUGS) =
1F8.1/12X, °MC - CARBODY MASS (SLUGS) =
1F8.1)

605 FORMAT(1 2X,
1 °WIYY - WHEELSET SPIN MOMENT OF INERTIA (SLUG-FT2) = °,
1F8.1/12X, °WIZZ - WHEELSET YAW MOMENT OF INERTIA (SLUG-FT2) = °,

1F8.1/12X, °BIXX - BOLSTER ROLL MOMENT OF INERTIA (SLUG-FT2) = °,

© © 0 0 06 0 © o 0 o
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1F8.1/12X, °BIZZ - BOLSTER YAW MC(MENT OF INERTIA (SLUG-FT2) = )

1F8.1/12X, °CIXX - CARRODY ROLL MOMENT OF INERTIA (SLUG-FT2) = °,
1F8.1/12X, °SIZZ - SIDEFRAME MOMENT OF INERTIA (SLUG-FT2) = °,
1F8.1)

WRITE(IOUT1, 610)CIZZ

610 FORMAT (12X,
1 °CIZZ - CARBODY YAW MOMENT OF INERTIA (SLUG-FT2) = °,FB.1)
WRITE (IOUT1,620)KPX,KPY,DPX,DPY

620 FORMAT( /12X, °SUSPENSION PARAMETERS®
1 / /12X, °KPX - LONGITUDINAL PRIMARY STIFFNESS (LB/FT) = °,
1F12.1/12X, °KPY - LATERAL PRIMARY STIFFNESS (LB/FT) = °,
1F12.1/12X, °DPX - LONGITUDINAL PRIMARY DAMPING (LB-SEC/FT) =°,
1F12.1/12X, °DPY - LATERAL PRIMARY DAMPING (LB-SEC/FT) = °,

1 F12.1)
WRITE(IOUT1, 630)KS,KB

630 FORMAT(12X, °KS - INTERAXLE SHEAR STIFFNESS (LB/FT) = °,
1F12.1/12X, °KB - INTERAXLE BENDING STIFFNESS (FT-LB/RAD) = °,
1F12.1)
WRITE(IOUT1, 640)KSY,KSZ,KW

640 FORMAT( 12X, °KSY - LATERAL SECONDARY STIFFNESS (LB/FT) = °,
1 F12.1/12X,°KSZ - VERTICAL SECONDARY STIFFNESS (LB/FT) = °,
1 F12.1/12X, °KW - SECONDARY WARP STIFFNESS (FT-LB/RAD) = °,
1 F12.1)

IF(ISUSP.NE.1)WRITE(IOUT1, 650)KCP, DSY, DSZ,DCP, DW

650 FORMAT (12X, °KCP - CENTERPIATE YAW STIFFNESS (FT-LB/RAD)
1 F12.1/12X, °DSY - LATERAL SECONDAY DAMPING (LB-SEC/FT)
1 F12.1/12X, °DSZ - VERTICAL SECONDARY DAMPING (LB-SEC/FT) =
1 F12.1/12X, °DCP - CENTERPLATE YAW DAMPING (FT-LB-SEC/RAD) =
1 F12.1/12X, °Dd - SBOONDARY WARP DAMPING (FT-LB-SEC/RAD) =
1 F12.1)
IF(ISUSP.EQ.1)WRITE(IOUTL, 660)FYO, TCPO, TWO, FZO

660 FORMAT( /12X, °COUL(MB FRICTION °
1 //12X,°FYO - LATERAL FORCE BTW BOLSTER & SIDEFRAME(LB) =
1F9.0/12X, °TWO - YAW TORQUE BTW BOLSTER & CARBODY (FT-LB) =
1FS.0/12X, °TCPO - WARP TORQUE BTW BOLSTER & SIDEFRAME(FT-LB)
1F9.1/12X,°FZ0 - VERTICAL FORCE BTW BOLSTER & SIDEFRAME (LB)
]Fgcl)
WRITE(IOUT1, 680)F110, F120, F220, F330, MJ

680 FORMAT( /12X, °FRICTION AND KALKER CREEP COEFFICIENTS®
1 //12X, °F110 - LATERAL CREEP COEFFICIENT(LB/WHEEL) =
1F12.1/12X,°F120 - IATERAL/SPIN CREEP COEFFICIENT (FT-LB/WH)=
1F12.1/12X, °F220 - SPIN CREEP COEFFICIENT(FT2-LB/WH) =
1F12.1/12X, °F330 - LONGITUDINAL CREEP COEFFICIENT (LB/WH) =
1F12.1/12X, °MJ - WH/RAIL COEFFICIENT OF FRICTION =
1F12.3)
WRITE(IOUT1, 700)RATLK, RATLB

700 FORMAT (1H1///12X, °RAIL FLEXIBILITY PARAMETERS:°
1 //12X, °RAILK - RAIL STIFFNESS (LB/FT) = '
1F12.0/12X, °RATIB - RAIL DAMPING (IB-SEC/FT) = '
1F12.0)
WRITE(IOUT1,710) DTANGENT, DSPIRAL, DCURVE, PPHISE, RRHO,
1 CCANTD, VEL,RAILFILE

710 FORMAT( /1 2X, °CURVING PARAMETERS®
1 / /12X, °LENGTH OF TANGENT TRACK (FT) = '
1 F12.1/12X, °LENGTH OF SPIRAL TRACK (FT) = '




720
740

750

760

770

780

810

820

830
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F12.1/12X, °LENGTH OF CURVED TRACK (FT) =

F12.1/12X, °FINAL SUPERELEVATION ANGLE (DEG) =

F12.1/12X, °FINAL DEGREE CURVE =

F12.1/12X, °CANT DEFICIENCY (DEG) =

1 F12.1/12X, °VELOCITY (FT/SEC) =

1 F12.2//1i2X, °WHEEL/RAIL GEQMETRY PROFILE® /12X, A80)
WRITE(IOUTL, 720)

FORMAT(1H1// /18X, °INITIAL VALUES OF STATE VARIABLES®)

WRITE (IOUT1, 740)

FORMAT( /12X, °LEAD WHEELSET OF LEAD TRUCK:°)

WRITE (IOUT1, 750 )YLTLIW(1) , YLTIW(2) ,YLTLIW(3) ,YLTLW(4) ,YLTLIW(5)
FORMAT(1 2X, °LATERAL, EXCURSION OF WHEEISET (INCHES) °,7X,F12.6
1 /12X, °YAW ANGLE OF WHEELSEY (DGEREES) °,7X,F12.6
3 /12X, °LATERAL VELOCITY OF WHEELSET (INCHES/SEC)®,7X, F12.6
4 /12X, °YAW ANGLE RATE OF WHFELSET (DEGREES/SEC) °,7X,F12.6
2 /12X, °BETA DOT OF WHEELSET (DEGREES/SEC) °,7X,F12.6)
WRITE (IOUT1, 760)

FORMAT( /1 2X, *TRAILING WHEELSET OF LEAD TRUCK:®)

WRITE (IOUT1,750) (YLTTW(I), I=1,5)

WRITE(IOUT1, 770)

FORMAT( /12X, °LEAD TRUCK:®)

WRITE(IOUT1, 780) (YLT(I),I=1,6)

1
1
1
1

© © o ©° o
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FORMAT (12X, °LATERAL EXCURSION OF TRUCK (INCHES) °,7X,F12.6
1 /12X, °YAW ANGLE OF TRUCK (DEGREES) °,7X,F12.6
1 /12X, "WARP ANGLE OF TRUCK (DEGREES) °,7X,F12.6

1 /12X, °LATERAL, VELOCITY OF TRUCK (INCHES/SEC) °,7X,F12.6
1 /12X, °YAW ANGLE RATE OF TRUXK (DEGREES/SEC) °,7X,F12.6
1 /12X, °WARP ANGLE RATE OF TRUCK (DEGREES/SEC) °,7X, F12.6)
WRITE(IOUT1,810) (YCB(I),I=1,6)

FORMAT( /1 2X, °CARBODY: °

1 /12X, °LATERAL EXCURSION OF CARBODY (INCHES) °,7X,F12.6
1 /12X, °ROLL ANGLE OF CARBODY (DEGREES) °,7X,F12.6
1 /12X, °YAW ANGLE OF CARBODY (DEGREES) °,7X,F12.6
1 /12X, °LATERAL VELOCITY OF CARBODY (INCHES/SEC) °,7X,F12.6
1 /12X, °ROLL ANGLE RATE OF CARBODY (DEGREES/SEC) °,7X,F12.6
1 /12X, °YAW ANGLE RATE OF CARBODY (DEGREES/SEC) °,7X,F12.6)

WRITE(IOUT1, 820)

FORMAT( /1 2X, °LEAD WHEELSET OF TRAILING TRUCK:®)
WRITE (IOUT1, 750) (YTTLW(I), I=1,5)

WRITE(IOUT1, 830)

FORMAT( /12X, °TRAILING WHEELSET OF TRAILING TRUCK:®)
WRITE(IOUTL,750) (YITTW(I),I=1,5)

WRITE(IOUT1, 840)

FORMAT( /12X, °TRAILING TRUCK:®)

WRITE(IOUTL, 780) (YTT(I),I=1,6)

CONVERT INCHES TO FEET AND DEGREES TO RADIANS

YLTIW(1) = YLTIW(1)/12.0

YLTLW(2) = YLTIW(2)*PI/180.0
YLTIWN(3) = YLTIW(3)/12.0
YLTLW(4) = YLTIW(4)*PI1/180.0

YLTIW(5) = YLTIW(5)*PI/180.0
YLTTW(1) = YLTTW(1) /12.0
YLTIW(2) =YLTTW(2)*1/180.0

=

B
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YLTTW(3) = YLTTW(3)/12.0
YLTTW(4) = YLTIW(4)*PI/180.0
YLTTW(5) = YLTTW(5)*PI/180.0
YLT(1) = YLT(1)/12.0

YLT(2) = YLT(2)*PI/180.0
YLT(3) = YLT(3)*1/180.0
YLT(4) = YLT(4)/12.0

YLT(5) = YLT(5)*1/18C.0
YLT(6) = YLT(6)*PI/180.0
YCB(1) = YCB(1)/12.0

YCB(2) = YCB(2)*P1/180.0
YCB(3) = YCB(3)*P1/180.0
YCB(4) = YCB(4)/12.0

YCB(5) = YCB(5)*PI1/180.0
YCB(6) = YCB(6)*PI/180.0
YTTIW(1) = YTTIW(1)/12.0
YTTIW(2) = YTTIW(2)*PI/18C.0
YTTIN(3) = YTTIW(3)/12.0
YTTLW(4) = YTTLW(4)*PI/180.0
YTTIW(5) = YTTILW(5)*1/180.0
YPTTW(1l) = YrrIw(l) /12.0
YTTIW(2) = YTTTW(2)*I/180.0
YTTTW(3) = YTTTW(3)/12.0
YTTIW(4) = YTTIW(4)*1/180.0
YTTTW(5) = YTTTW(5)*P1/180.0
YTT(1) = YIT(1)/12.0

YTT(2) = YTT(2)*PI1/180.0
YTT(3) = YTT(3)*1/180.0
YTT(4) = YTT(4)/12.0

YTT(5) = YTT(5)*1/180.0
YTT(6) = YTT(6)*PI1/180.0
FLANGE = FLANGE/12.0

]

C
C IF' EITHER WHEESLET IS ON THE FLANGE DECREASE TIME STEP
C

DT = DT1
IF( (ABS(YLTIW(1) ) .GT.FLANGE) .OR. (ABS(YLTTW(1) ) .GT.FLANGE) )DT=DT2
IF((ABS(YTTLW(1) ) .GT.FLANGE) .OR. (ABS (YTTTW(1) ) .GT.FLANGE) )DT=DT2

RETURN
END
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SUBROUTINE BEQUATION
CAICULATE THE DY(I) TO BE INTEGRATED IN MATN PROGRAM
caoN NEWDT, DT,DT1,DT2, FLANGE,N, T, FTIME
COMMON /STATES/ Y(46), DY(46), WMAX(46), YMIN(46)
CQYMON/MATRIX/SUSP(17)

DIMENSION YLTIW(7),YLTTW(7) .YLT(6),YCB(6),YTTIW(7) ,YTTIW(7),YTT(6),
1 DYLTLW(7),DYLTTW(7),DYLT(6) ,DYCB(6) ,DYTTLW({7) ,DYTTTW(7) ,DYTT (6)

INTEGER FRONT, BACK, CENTER, TTIW, TTTW
DATA FRONT/1/, CENTER/2/, BACK/3/,LTIN/1/,LTTW/2/ , TTLW/3/, TTTW/4/

BQUIVALENCE (Y(1),YLTIW(1)),(DY(1),DYLTIW(1)),

1 (y(8),YLTTW(1)), (DY(8) ,DYLTTW(1) ),

2 (y(1s),YLT(1)),(DY(15),DYLT(1)),

3 (y(21),ycB(1)), (DY(21),DYCB(1)),

4 (Y(27),YTTIW(1) ), (DY(27) ,DYTTLW(1) ),

5 (Y(34),Yrrmw(l)), (DY (34) ,DYTTTW(1) ),

6 (Y(41),YTT(1)), (DY(41) ,DYTT(1))
DETERMINE THE CURVE GEQMETRY

IF(NEWDT.EQ.0)GO TO 10
CALL CURVE(FRONT)

CALL CURVE (CENTER)
CALL CURVE(BACK)
CONTINUE

DETERMINE THE SUSPENSION FORCES AND MOMENTS

CALL FSUSP

DETERMINE FIRST OPDER EQUATIONS OF MOTION FOR WHEELSET, TRUCK AND CARBODY

CALL WHEELSET( FRONT, LTIW,SUSP(1),SUSP(2),YLTIW, DYLTIW )
CALL WHEELSET( FRONT, LTTW,SUSP(3), SUSP(4),YLTIW, DYLTIW )
CALIL, TRUCK( FRONT, SUSP(5),SUSP(6),SUsP(7),YLT, DYLT )
CALIL CARBODY(SUSP(8), SusP(9),SUSP(10), YCB,DYCB )

CALL WHEELSET( BACK, TTIW,SUSP(11),SUSP(12),YTTIW, DYTTIW )
CALL WHEELSET{ BACK, TI'IW,SUSP(13),SUSP(14),YTTIW, DYTTTW )
CALL TRUCK( BACK, SUSP(15),SUSP(16),SUSP(17),YTT,DYTT)

IF(NEWDT.EQ.0)GO TO 40

ANY WHEELSET IS NEAR THE FLANGE ADJUST THE TIMESTEP

1F( (ABS(YLTIW(1) ) .LT. FLANGE) . AND. (ABS(YLTTW(1) ) .LT.FLANGE) )DT=DT1
1F( (ABS (YLTTW(1) ) .GT.FLANGE) .OR. (ABS (YLTTW(1)) .GT.FLANGE) )DT=DT2
IF( (ABS(YTTIW(1) ) .LT.FLANGE) . AND. (ABS(YTTTIW(1) ) . LT. FLANGE) JDT=DT1
1P( (ABS (YTTLW(1) ) .GT.FLANGE) .OR. (ABS(YTTTW(1)).GT.FLANGE) )DT=DT2

CONTINUE
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SUBROUTINE CURVE (K)

CALCULATES THE SUPEREVELATION ANGLE (PHISE)
FIRST DERIVATIVE OF PHISE (DPHISE)
STCOND DERIVATIVE OF PHISE (D2PHISE)
TRACK CURVATURE (RHO)
FIRST DERIVATIVE OF RHO (DRHO)

1
2

FOR LEAD TRUCK AND ITS WHEELSETS IF K
CARBODY CENTER OF MASS IF K
TRAILING TRUCK AND ITS WHEELSETS IF K= 3

CURVE GECMETRY IS A FUNCTION OF DISTANCE THAT SECTION OF

VEHICLE HAS TRAVELED ALONG THE TRACK

COMMON NEWDT ,DT

COMMON/TRACK/FPHISE, FRHO, DTANGENT, DSPIRAL, DCURVE,

1 A, B, C, D, E

COMMON/C"RVE/DIS(3), PHISE(3), DPHISE(3), D2PHISE(3),

1 RHO(3), DRHO(3)
COMMON/CONSTANT/VEL, CANTD, GG, PI
COMMON /GECMETRY/AA, BB, DD, L

DETERMINE THE COEFFICIENTS OF EQUATIONS

IF( (NEADT.NE.-1) .OR. (DSPIRAL.FQ.0.0) )JGO TO 100
A = 1.0/(.5*DSPIRAL*DSPIRAL)

B = -2.0*A*DTANGENT

C = A*(DTANGENT)**2

D = A*2.0* (DTANGENT + DSPIRAL)

E = -A*(DTANGENT + DSPIRAL)**2 + 1

INITIAL AND INCREMENT THE DISTANCE TRAVELED BY EACH SBECTION

DIS(1) = 0.0
DIS(2) = -L
IF(NEWDT.NE.-1)DIS(K) = DIS(K) + DT*VEL

TANGENT TRACK SECTION

X = DIS(K)

IF(DIS(K) .GE.DTANGENT) GO TO 130
PHISE(K)= 0.0

DPHISE(K) = 0.0

D2PHISE(K) = 0.0

RHO(K) = 0.0

DRHO(K) = 0.0

GO TO 200

SPIRAL - QUADRATIC FAIRING INTO CONSTANT RADIUS CURVE

IF(DIS(K) .GE.(DTANGENT + .S*DSPIRAL))GO TO 140
PHISE(K) = FPHISE*(A*X*X + B* + C)
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DPHISE(K) = VEL*FPHISE* (2.*2.*{ + B)
D2PHISE(K) = 2.0*A*WELAVEL*FPHISE
RHO(K) = FRHO*(A*X*X + B*X + C)
DRHO(X) = FRHO*VEL*(2.*A*X + B)
GO TO 200
140 IF(DIS(K) .GE. (DTANGENT + DSPIRAL))GO TO 150
145 PHISE(K) = FPHISE*(-A*X*X + D*X + E)
DPHISE(K) = VEL*FPHISE*(-2.*A*X + D)
D2PHISE(K) = -VEL*VEL*FPHISE*2.*A
RHO(K) = FRHO*(-A*X*X + D*X + E)
DRHO(K) = VEL*FRHO* (-2.*A*X + D)
GO TO 200

CONSTANT RADIUS CURVE

OO

50 IF(DIS(K) .GE.(DCURVE + DTANGENT + DSPIRAL))GO TO 160
PHISE(X) = FPHISE
DPHISE(K) = 0.0
D2PHISE(K) = 0.0
RHO(K) = FRHD
DRHO(K) = 0.0
GO TO 200

CURVE EXIT

=0ONON

60 X = (2.0*DSPIRAL + 2.*DTANGENT + DCURVE - DIS(K))
IF(DIS(K) .GT. (DCURVE + 2.0*DSPIRAL + DTANGENT) )GO TO 120
IF(DIS(K) .GT.(DCURVE + DTANGENT + 1.5*DSPIRAL))GO TO 135
GO TO 145

200 CONTINUE

RETURN

END
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SUBROUTINE FSUSP

C
C CALCULATES THE SUSPENSION FORCES AND MOMENTS - SUSP(17)

c
COMMON NEWDT, DT,DT1,DT2, FLANGE,N, T, FTIME,ISUSP
COMMON/STATES/Y (46) ,DY (46) , YMAX (46) , WMIN (46)
COMMON/CURVE/DIS(3) ,PHISE(3) ,DPHISE(3),D2PHISE(3), RHO(3)
1 ,DRHO(3)

COMMON/WHGEQM/DWM(4 ) ,DIM2(4 ) ,PHI(4) ,DPHI(4)

COMMON /SUSP /KS, KB, KPX, KPY, KSY, KSZ , KCP, KW,DP X, DPY
COMMON/CONSTANT//VEL, CANTD, G,PI

COMON /GECMETRY /A, B, D, L, HS, HB, HC, HT, RO
COMMON/DAMP /DSY, DSZ,DCP, DW

COMMON /COULOMB/ FYO, TCPO, TWO, FZO, DEL1 ,DEL2,DEL3, DEL4
CQYMON/ INERTIA/MW, MB, MS, MC

COMMON /MATRIX/SUSP (17) ,K(17,20),C(17,20),M,J

DIMENSION X(20),2(20)

REAL LAT,L,MN,MB, MS, MC, K, KS, KB, KPX, KPY,
l IGY' IGZ, ml m

INTEGER FRONT, CENTER, BACK, TTiIW, TTIW

(9]

DATA FRONT, CENTER, BAXK/1, 2,3/
DATA LTLW,LTTW,TTLW,TTTW/1,2,3,4/

DETERMINE MINUS K MATRIX (STIFFNESS) AND MINUS C MATRIX(DAMPING)
FOR LINFAR SPRINGS AND DAMPERS

nnOaQn

IF(M.NE.'].)GO TO 20
M=17
J=20
C LEAD WHEELSET, LEAD TRUCK LATERAL
K(1,1) = =KS - 2.%KPY
K(1,2) = B*S
K(1,3) = KS
K(1,4) = B*KS
K(1,5) = 2*PY
K(1,6) = 2.*B*KPY
K(1,18) = 2.*KPY*HS
C(l,l) = -ZQ*DPY
c(1,5) = 2*pPY
C(1,6) = 2.*B*DPY
C(1,18) = 2.0*DPY*HE
C LEAD WHEELSET, LEAD TRICK YAW
K(2,1) = B*Ks
K(2'2) = -B**z*KS - KB - 2.0*D*D*KPX
K(2,3) = -B*IG
K(2,4) = -B*"2*KS + KB
K(2,6) = 2.0*D*D*KPX
K(2,7) = 2.*D*D*KPX
c(2,2) = - 2.0"D*D*DPX
c(2,6) = 2.*D*D*DPX
C(2,7) = 2.*D*D*DPX
C TRAILING WHEELSET, LEAD TRUCK - LATERAL
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K(3,1) = KS

K(3'2) = -B*[<S

K(3,3) = K5 - 2.*KPY
K(3,4) = -B*KS

K(3,5) = 2.*KPY
K(3,6) = =2.0*B*KPY
K(3,18) = 2.*KPY*HS
c(3,3) = - 2.*DPY
c(3,5) = 2.*DPY
c(3,6) = -2.0*B*DPY

c(3,18) = 2.0*DPY*HS
c TRAILING WHEELSET, LEAD TRUCK - YAW

K(4,1) = B*KS

K(4,2) = -B**2*KS + KB

K(4,3) = "B*KS

K(4'4) = —B**Z*IG - KB - 2-*D*D*KPX
K(4,6) = 2.0*D*D*KPX

K(4,7) = 2.0*D*D*KPX

c(4,4) = -2.*D*D*DPX

c(4,6) = 2.0*D*D*DPX

c(4,7) = 2.0*D*D*DPX

c LEAD TRUCK - LATERAL
K(5,3) = 2.*KPY
K(5'5) = "40*}@Y - 20*KSY
K(5,8) = 2.*KSY
K(5,9) = 2.*KSY*HT + MS*G
K(5,10) = 2.0*L*KSY
K(5,18) = -4.0*KPY*HS + 2.0*KSY* (HB-HS)
c(s,1) = 2.*DPY
c(5,3) = 2.*DPY
C(5,5) = -4-*DPY - 2.*MY
c(5,8) = 2.*DSY
c(5,9) = 2.*DSY*HT
c(5,10) = 2.0*L*DSY
c(5,18) = -4.0*DPY*HS + 2.0*DSY* (HB-HS)
o] LEAD TRIXK - YAW
K(6,1) = 2.0*B*KPY
K(6,2) = 2.*KPX*D*D
K(6,3) = -2.0*B*PY
K(6,4) = 2.*KPX*D*D
K(6,6) = -KP - 4.*KPX*D'D - 4, *B*B*PY
K(6,7) = =4.*KPX*D*D - KCP
K(6,10) = KP
K(6,20) = KCP
c(6,1) = 2.0*B*DPY
c(6,2) = 2.*DPX*D*D
c(6,3) = -2.0*B*DPY
c(6,4) = 2.*DPX*D*D
C(G'G) = -ﬂﬂ? - 4.*DPX*D*D - 40*B*B*DPY
c(6,7) = -4.*DPX*D*D - DCP
c(6,10) = DCP
c(6,20) = DCP
C LEAD TRUCK - WARP
K(7,2) = 2.*KPX*D*D
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K(11,11) =- K8 -2.*KPY
K(11,12) = B*KS
K(11,13) = KS

K(11,14) = B*KS
K(11,15) = 2.*KPY
K(11,16) = 2.*B*KPY
K(11,19) = 2.*KPY *HS
c(11,11) = -2.*DPY
Cc(11,15) = 2.*DPY
c(11,16) = 2.*B*DPY

c(11,19) = 2.0*DPY*HS
C LEAD WHEELSET, TRAILING TRUCK - YAW
K(12,11) = B*KS

K(12,12) = -B**2*KS - KB -2.*D*D*KPX
K(12,14) = -~B**2*KS + KB

K(12,16) = 2.*D*D*KPX

K(12,17) = 2. *D*D*KPX

c(12,12) = -2.*D*D*DPX

c(12,16) = 2.*D*D*DPX

c(12,17) = 2.*D*D*DPX

C TRAILING WHEELSET, TRAILING TRUCK - LATERAL
K(13,11) = Ks
K(13,12) = -B*KS

K(13,14) = -B*KS
K(13,15) = 2.*KPY
K(13,16) = -2.*B*KPY
K{13,19) = 2.*KPY*HS
c{13,15) = 2.*DPY
c(13,16) = -2.*B*DPY

c(13,19) = 2.0*DPY*HS
c TRATLING WHEELSET, TRAILING TRIXK - YAW
K(14,11) = B*KS
K(14,12) = -B**2*KS + KB
K(14,13) = -B*KS

K(14,14) = - B**2*KS - KB -2, *D*D*KPX
K(14,16) = 2.*D*D*KPX
K(14,17) = 2.*D*D*KPX

c(14,14) = -2.*D*D*DPX
c(14,16) = 2.*D*D*DPX
c(14,17) = 2.*D*D*DPX

o] TRAILING TRUCK - LATERAL
K(15,8) = 2.*KsY
K(15,9) = 2.*KSY*HS
K(15,10) = -2.0*L*KSY
K(15,11) = 2.*KPY
K(15,13) = 2.*KPY
K(15,15) = —-4.*KPY - 2.*KSY
K(15,19) =-4.0*KPY*HS + 2. 0*KSY* (HB-HS)
c(15,8) = 2.*DSY
c(15,9) = 2.*DSY*HS
c(15,11) = 2.*DPY



137

Cc(15,13) = 2.*DPY
C(15,15) b -4-*DPY - 2.*DSY
Cc(15,19) = -4.0*DPY*HS + 2.0*DSY* (HB-HS)

C  TRAILING TRUCK - YAW
K(16,10) = KCP

K(16,11) = 2.*B*KPY
K(16,12) = 2.*D*D*KPX

K(16,13) = -2.*B*KPY

K(16,14) = 2.*KPX*D*D

K(16,16) = - KCP =-4.*KPX*D*D -4.*B*B*KPY
K(16,17) = -4.*KPX*D*D - KCP

K(16,20) = KCP

c(16,10) = DCP

c(16,11) = 2.*B*DPY

c(16,12) = 2.*D*D*DPX

c(16,13) = -2.*B*DPY

c(16,14) = 2.*DPX*D*D

C(16,16) = - DCP -4.*DPX*D*D -4.*B*B*DPY
c(16,17) = -4.*1PX*D*D - DCP

c(16,20) = -DCP

C TRAILING TRUKK - WARP

K(17,10) = KCP

K(17,12) = 2.*KPX*D*D

K(17,14) = 2.*KPX*D*D
K(17,16) = -4.*KPX*D*D - KCP
K(17,17) = -4.*KEX*D*D - KCP - KW
c(17,10) = DCP
c(17,12) = 2.*DPX*D*D
c(17,14) = 2.*DPX*D*D
c(17,16) = -4.*DPX*D*D - DCP
c(17,17) = -4.*DPX*D*D - DCP - DW

0 CONTINUE
DEFINE STATE DISPLACEMENT VECTOR FOR LINFAR SUSPENSION ELEMENTS

aaaN

xX(1) = ¥Y(1)

X(2) = Y(2) - B*RHO(FRONT)

X(3) = Y(8)

X(4) = Y(9) + B*RHO(FRONT)

X(5) = ¥(15)

X(6) = Y(16)

X(7) = ¥Y(17)

X(8) = ¥(21)

X(9) = ¥(22)

x(10) = Y(23)

X(11) = ¥(27)

X(12) = Y(28) - B*RHO(BACK)

X(13) = Y(34)

X(14) = Y(35) + B*RHO(BACK)

X(15) = Y(41)

X(16) = Y(42)

X(17) = Y(43)

X(18) = .5*(PHI(LTIW) + PHI(LTIW))
X(19) = .5*(PHI(TTIW) + PHI(TTIW))
X(20) = L*RHO(CENTER)
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DEFINE VELOCITY VECTOR

z(1) = Y(3)
7(2) = Y(4) - B*DRHO(FRONT)
z(3) = Y(10)
7(4) = Y(11) + B*DRHO(FRONT)
Z(5) = Y(18)
z(6) = Y(19)
z(7) = Y(20)
z(8) = Y(24)
7(9) = Y(25)

z(10) = Y(26)

z(11) = Y(29)

7(12) = Y(30) - B*DRHO(BACK)

z(13) = Y(36)

7(14) = Y(37) + B*DRHO(BACK)

z(15) = Y(44)

7{(16) = Y(45)

7(17) = Y(46)

2(18) = .5%(DPHI(LTIW) + DPHI(LTIW) )
%(19) = .5% (DPHI(TTLW) + DPHI(TTTW))
Z(20) = L*DRHO(CENTER)

MULTIPY K AND C MATRICES WLTH DISPLACEMENT AND VELOCITY VECTORS
TO DETERMINE LINEAR SUSPENSION

DO 50 I=1,M
Susp(1)=0.0
Do 50 JJ=1,J
SusP(1)=6USP(I) + K(1,33)*X(3J) + c(1,33)*2(3J)

CONTINUE
IF(ISUSP.NE.1)GO TO 70
DETERMINE SUSPENSION FORCES AND MOMENTS DUE TO COULOMB Fiucrlom
mmmmamsmmmsommopmmm
LAT = Y(24) + HT*Y(25) + L*Y(26) - ¥(18) + (HB-HS) *z(18)
FYl= 2.0*LAT*FYO/DELL
IF(ABS(LAT) .GT.DEL1)FY1l = 2.0*FYO* (LAT/ABS(LAT) )
VAW MOMENT BETWEEN BOLSTER OF LEAD TRUCK AND CARBODY
YAW = Y(26) + L*DRHD(CENTER) - Y(20) - Y(19)
TPl = YAWTCPO/DEL2
IF(ABS(YAW) .GT.DEL2)TCP1 = TCPO* (YAW/ABS(YAW) )
WARP MOMENT BETWEEN BOLSTER AND SIDEFRAMES OF LEAD TRUCK

W1 = -Y(20)*TWo/DEL3
1F(ABS (Y (20) ) .GT.DEL3)TWl = ~IWO*Y(20) /ABS (Y(20) )

VERTICAL FORCE BETWEEN BOLSTER AND SIDEFRAME
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71 = D*(Y(25) - .5*(DPHI(LTLW) + DPHI(LTTW)))
FZ1 = 2.0*Z1*FZO/DEL4
IF(ABS(Z1) .GT.DEL4)FZ1 = 2.0*FZO*Z1/ABS(Z1)

LATERAL FCRCE BETWEEN BOLSTER AND SIDEFRAMES OF TRAILING TRUCK

IAT = Y(24) + HT*Y(25) - L*Y(26) - Y(44) + (HB-HS)*Z(19)
FY2 = 2.0*LAT*FYO/DEL1l
IF(ABS(ILAT) .GT.DEL1)FY2 = 2.0*FYO* (LAT/ABS(LAT))

YAW MCMENT BETWEEN BOLSTER OF LEAD TRUCK AND CARBODY

YAW = Y(26) - L*DRHO(CENTER) - Y(45) - Y(46)
TCP2 = YAW*TCPO/DEL2
IF(ABS(YAW) .GT.DEL2)TCP2 = TCPO* (YAW/ABS(YAW) )

WARP MOMENT BETWEEN BOLSTER AND SIDEFRAMES OF LEAD TRUCK

™wW2 = -Y(46)*WO/DEL3
IF(ABS(Y(46)) .GT.DEL3)TW2 = -TWO*Y(46) /ABS(Y(46))

VERTICAL FORCE BETWEEN BOLSTER AND SIDEFRAME OF TRAILING TRICK

72 = D*(Y(25) - .5*(DPHI(TTIW) + DPHI(TTIW)))
FZ2 = 2.0*22*FZ0/DELA
IF(ABS(Z2) .GT.DEI4)FZ2 = 2.0*FZO*Z2/ABS(Z2)

ADD COULOMB SUSP. ELFMENTS IN PARALLEL, TO LINEAR SUSP. ELEMENTS

SusP(5) = SUsP(5) + FYl

SUSP(6) = SUSP(6) + TCPl

SUSP(7) = SUSP(7) + TCPl + TWl

SusP(8) = susP(8) - (FY1 + FY2)

SUSP(9) = SUSP(9) - HT*(FYl + FY2) - D*(FZl + FZ2)
susp(10) = SUSP(10) + L*(FY2 - FYl) - TCPl - TCP2
SusP(15) = SUSP(15) + FY2

SuUsP(16) = SUSP(16) + TCP2

SUSP(17) = SUSP(17) + TCP2 + TW2

CONTINUE
RETURN
END
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SUBROUTINE WHEELSET( L, K, SUSP1l, SUSP2, W, DYW )

ESTABLISHES THE FIRST ORDER EQUATIONS OF MOTION FOR WHEELSET
TO BE INTEGRATED BY MAIN

1 LEAD TRUXK

3 TRAILING TRUCK

1 LEAD WHEELSET LEAD TRUCK

2 TRAILING WHEELSET OF LEAD TRUCK
3 LEAD WHEELSET OF TRAILING TRUCK

=
LI I T T
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COMON NEWDT, DT,DT1,DT2, FLANGE,N, T, FTIME
COMMON/OONSTANT/ VEL ,CANTD,G,PI
COMMON/GEQMETRY/A, B,D, LT, HT,HS,HP, HC, RO .

COMMON /WHGEOM/RR (4) , RL.(4) ,PHI (4) ,DPHI (4)

COMMON/INERTIA/MW, MB, MS, MC,MAPP, WIYY, WIZZ, BIXX, BIZZ,
1 CIXX, CIZZ, SIZZ

COMMON/CURVE/DIS(3) ,PHISE(3) ,DPHISE(3),D2PHISE(3),RHO(3),

1 DRHO(3)

COMMON/RAIL/RATIK, RATIB

DIMENSION YW(7),DW(7),FORCE(S)
REAL LT,MAPP,MS, MC, MB, MW
DETERMINE THE WHEEL/RAIL GEQMETRY
IF(NEWDT.NE.O)CALL WHGECM(K, YW,DYW)
DETERMINE THE WHEEL/RAIL FORCES
CALIL, WHFORCE(L,K, YW, FORCE)
FIRST ORDER EQUATIONS OF MOTION FOR WHEELSET

o000 o000 oo 0 0
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